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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
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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

1



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 Egjig, + 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;gy = 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, 7-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.

Li-O-C 83.66°

R i Li-O-C-C —41.91° Li-O-C 175.48°
Y
2073A 22234
1.303 A 1321 A
1.380 A 13514
(2a) (2b)

FIGURE 3. Optimized structures of monomer CH,=CHOLIi 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°;

_ Li;-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°

(Cp (B3LYP) (C)) (PM3)
(4a) (4b)
o --3400A7 77
&2~ 06, LMIA - 1§1-0,-C485.05° Li,-0,-C, 133.60°;
1.820A e O Li,-0,-Li, 79.14°
13354 Li;-0,-C5-C, 46.62°; Li|-0,-C;-C, 4.13°

(C) (B3LYP)
(4c)

T0,-C3 1.32A;C4-C, 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,=CHOLi), 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°

(C3) (PM3)

Li;-0,-C3 131.14% 0,-Liz-O5 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/6-314+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).
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FIGURE 8. Energetically stable endo conformations found for 1-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

i‘t‘ Li
:%{—J:}F;‘:J g‘h
< o0 Y

B

W

—

A
5, ;%’:o'.' 'i.‘%_ A
:.‘ :5 i ,ﬁl __:ﬁu"jlfé E .

i\ ¢ h +2.12

(8a) (8b) (8c)

o

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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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



1. Theoretical studies in organolithium chemistry 15

i~
[

N

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 C; 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

/

Li
Bu—NA N
FBU TN NN = Bu-r
/ Li
Li /
Bu— NN
! /\/\7N—Bu-t
Li

(16a)

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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Reprinted with permission from Reference 16b. Copyright 1996 American Chemical Society
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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



1. Theoretical studies in organolithium chemistry 19

Starting Mixed Transmetalated
compounds aggregate compounds

solvated 0.0 5.3 —-10.1
unsolvated 0.0 -8.7 (-9.1) —12.4 (-10.1)

"—Q\

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 6s6pld/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
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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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17d) Gy,

(17e) C5, 171) Gy

FIGURE 15. Asymmetric unit in the X-ray crystal structure of [Li—O—C(Me)-(c-Pr),]¢ 17a, cyclo-
propane 17b (D3,); 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 140974
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-
difluoroallyD)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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A =H in calculations.

SCHEME 3. (Alkoxy)allylmetalation of cyclopropene, the four-centered transition states leading to
both a-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 o*-(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 29. Optimized geometries for the reactants, transition structures and products in the
sequence of reactions between the lithium enolate (LiEn) derived from acetaldehyde and formalde-
hyde. The total reaction sequence is: LiEn+CH,; O— complex-1—TS1—P1—complex-2— TS2— P2
(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



40 Eluvathingal D. Jemmis and G. Gopakumar

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;mu_; = 0.92
LiEn + CH,O — TS1 —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,0 — 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 p;-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 {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 Li4F4 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 Liy 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 226+2 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, [+-BuLil,
0y @ &)

FIGURE 6. Solid-state structures of the basic [RLi]4 tetramers [MeLils (1), [EtLi]ls (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], » 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 [z-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-PrLil¢*? (5),
[c-PenLils* (6), [c-HexLile** (7), [c-PrH(Me)4sCH,Li]s* (8), [(z-Bu),CsHsLils* (9) and
[Me3SiCH;Lil*" (10) are readily soluble in non-polar hydrocarbons. In the Lis 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]o (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)s]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

A
.'bm‘- 5

gt

[(THF)LiMe], [(TMEDA),(LiMe),]..
an 12)

[(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-t],* (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

(b)
[(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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[(TMEDA)(LiBu-n)], [(Et,O)LiBu-f], [LiC(SiMe;)3],
(23) (24) (26)

N7
[{(—)-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-t],%'
(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;],% (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.

sé’ A
S At
7, A

R

[(TMEDA)LiC;(Me),SiMe;],  [(THF)Li,C;(Me),Si(NBu-H)Me, ],
30) 31)
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,]"?
(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



2. Lead structures in lithium organic chemistry 63

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(cenery 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]..’8 (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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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.
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TABLE 8. Molecular fractions of polymeric lithium cyclopentadienyl derivatives
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n* Li---C, Li—-O, N CCDC Reference

Compound n= n(center) code
[(C¢Dg)Liy(CsBns),] 46 52 191/248 RAQWUB 84
Lithocenes
[CpoLi] ™ 47 5 201 HESJIY 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,CsH,C(Me),PPh] 51 5 194/214  208/214 XALMAY 89
[(TMEDA)Lis{CsH4Si(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 (CioHjp).
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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,(SiMe;3)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,(SiMes)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- - -Cs(eneery 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)4Lir{C1,H,(Bu-1)4}]1"?!
(84), [(TMEDA),Li,(C24H4)]'?* (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 Cgcentery—Li—Cécenter) 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)]eo'?’ (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 7*-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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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(C¢HsOMe), 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),LiCsH3Naph,]'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,
(128) 129) (130)

[LiC¢H;(CH,PMe,), ], [(Et,0)LiC¢H,(CF5)5],
(134) (135)

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.



84 Thomas Stey and Dietmar Stalke

Although shorter Li—F distances were detected in molecular lithium fluorosilylamides
(190 pm in [LiFSi(Bu-t);NBu-¢],'%, 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-
1,12 (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;0)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],'7* (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)LiC;oHsC(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

& ‘r‘
{5 ! ﬁgm..f L‘:f’:{’

- ~rI _r= -,‘- . J
[(TMEDA)LiNaph], [(THF)C,,H¢OMel,
(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)LiCoH¢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.

[LiC4HgN(Me)(CH,);NMe, 1, [(TMEDA)Li-c-CgH;(SiMes),]
(140) (141)

A

o,
.
. S
L
SLi
e i)

JAN

B
[(C;Hg)Liy-c-(CgMe,){BN(SiMes), },CsHMe,] [(TMEDA )Li-bicyclo-CgH,)
(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,

s

B b . oLi %

e T ;
¢ eLi o ?“‘—“’;}

- —;_;' N
- -L'r -
[(TMEDA)Li,CH,B- [(E,0),Li;C3B,(Me)5(CeHMe,),  [(Et,0),LisC,BHs(Me);Mes]

(NEty)l, {C(SiMe3), }]
(145) (146) (147)
¢ %

:*&? ol ;?
1 ? 1
f\r O u?

[(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).



90 Thomas Stey and Dietmar Stalke

[(THF)sLi,C,SiPhy] [(TMEDA)LI,C,GeEt].,
(153) (156)
o "\.
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[(TMEDA),Li,CyGeH,Ph,] [(TMEDA)(THF)L12(C4GeEt4)3]
157) (158)

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)sLi;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)3;] 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).

[(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)LiC3P,(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)LiCsH3Tip,]'*°
(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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[(Et,O)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)LiC3;H3(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}2] 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 III.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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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),Pyl® 189 3 192 201 COXTEO 224
[(TMEDA)LiC(SiMes),Py1? 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
I

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)}C¢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)3;]** (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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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].,2' (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).

[(THF);Li,(CH,NPh,),] [(TMEDA)LiCH,PPh,], [(TMEDA)LiCH,SMel,
(226) (227)

", \.“ &
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o
[(THF)Li,CH,S(NBu-t),], [(THF)Li,(C4SH,)S(NBu-1),], [(TMEDA),Li,CH,S(NBu-);]
(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 236 217 192 REMHIA 267
[(z-BuOMe)LiC(CH,)CcH3Me:s ], 237 220 190 REMHOG 267
[(TMEDA),Li,C4(Me),(SiMe3),] 238 216 220 PETVOZ 268
[(DME),Li,C4Phy] 239 216 201 POJNIL 269
[(Et,0),LiC(Ph)CCPh;] 240 210 191 YOZJUS 270
[(EtO0)LiC(CCPh,)CsH4OMe] 241 225 196 YOZKAZ 270
[(THF),Li,C4(Bu-t),1» 242 2119217% 1914/195*  DANTAN 271
[Li,C{P(Ph),NSiMes},]» 243 167¢ 210 GOQXEP 272
[LioC{P(Ph),NSiMes}>]» 244 168¢ 211 GUBVOO 273
Lithiated RC species

[(TMPDA)LiC=CPh], 245 215 212 CIGXUL 274
[{(PMDETA,THF)Li},C=N][CuBu-1,] 246 210 202, 210/229 NUTBIN 275
[LiC,Si(Me),CsH4OMe]g 247 224, 213/221 217 RICCIP 276

4n2-Coordinated.
bg-Coordinated.
¢C---Li4 center distance.

ring is built without any further interaction of the cation to the phenylethynyl r-electron
system. In the cation of the remarkable SSIP of [{(PMDETA,THF)Li},C=N][CuBu-1,]*”
(246), a cyanide anion is mutually C- and N-coordinated by a (PMDETA,THF)Li unit
each to give an almost linear LiCNLi arrangement. The anion is reminiscent of the
lithiates discussed in Section IV.A.3. The single Cu(I) cation is linearly coordinated by
two ¢-Bu groups. The hexamer [LiC,Si(Me),C¢H;OMe]?’¢ (247) is generated along a
crystallographic axis. The terminal carbon atom of the Si—C=C unit p,-bridges two
lithium atoms of which one is O-side-arm-coordinated and the second n*-coordinated by
the formal carbon triple bond. These few structural examples already prove that multiple
bonds are attractive to lithium coordination.

V. CO-COMPLEXATION OF BASIC LITHIUM ORGANICS

As pointed out on various occasions in the course of this chapter, it is a major goal to
deaggregate lithium organics to enhance their reactivity. This has to be done in a most
controlled way to tune the reactivity to the required target system. Not always is the more
reactive RLi necessarily the better RLi. The fine-tuning should provide some additional
features like enantioselectivity, discrimination of specific functional groups against others,
or enable definite reaction conditions like polar or non-polar solvents, higher or lower
reaction temperatures, etc. Starting originally from a laboratory curiosity, today it is a
flourishing area of research to generate tuned lithium organics like BuLi sponges or
nanoporous lithium organic solid-state materials from the basic starting materials. By
inspection of the solid-state structures of those products, it is obvious that those basic
lithium organics seem to remember their ‘structural past’ and superimpose their ‘structural
memory’ on the new products. Comparison of the changes and quantification of the effects
enables firm judgment on the frequently quoted structure—reactivity relationship. This will
be elucidated in the following section.
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A. Release of the Lis - - -C Motif

If the substituent and the donor-base provide the right steric and electronic profile,
even monomers of basic lithium organics can be stabilized. In just very few cases is
this accomplished by the release of the leading structural motif of the C,-u3-capped
Li; triangle. As one might anticipate, substituted lithium aryl derivatives discussed in
Section C are a good choice to enable co-complexation of basic lithium organics, as
they provide the whole range of Li—C o - and m-interactions. The two terphenyl units in
[LiCsH3Dip,],'* (109) accommodate two lithium cations in the inner metal core via metal
m-interactions. In [(C¢Hg)LiC¢H3Tip,]'* (110), just a w-bonded benzene molecule is
required as a donor-base (Figure 22). Due to the possible integration of two metals and the
need for only weak donor bases, it seems not surprising that LiC¢H,Tip, co-complexes one
equivalent of z-BuLi in [Li,(Bu-1)CgH3Tip,])*"° (248) (Figure 38). Compared to benzene,
the butanide anion is a far better donor.

The structure of [Li;(Bu-n)Mes*],'0 (249) is a co-complex of n-BuLi and Mes*Li in a
dimer. One lithium cation is o-bonded to the alkyl and the aryl carbanion, emulating the
structures of the lithiates discussed in Section IV.A.3. The second is bonded to the alkyl
carbon atom and n%-coordinated to the C¢ perimeter like in [LiTip],'3® (101) (Figure 21).
At the methyl group lithiated trimethyltriazacyclononane co-complexes an equivalent of
t-BuLi in the dimeric complex [Li,(Bu-#)CH,—c-N3(Me,)(C>Hy)31,2'¢ (250). The cyclic
tripodal donor attained the right additional coordination site to (N, N, N)-accommodate
the second lithium atom from the basic lithium organic. The butanide anion bridges the
N-coordinated and the C-bonded lithium atom of the metalated methyl group to give a
C,Li;N five-membered ring. These three examples document that lots of coordination
abilities have to coincide to generate monomeric basic lithium organics. In most cases,
under less ideal conditions, the ‘structural memory’ of the basic lithium organics is active
and generates at least a single Lij triangle.

B. Retention of the Lis - - -C Motif

In the isomorphous structures of [Liz(Bu-n){N(Pr-i)CH(Pr-i)CH,0OMe},]?"" (251),
[Liz(Bu-s){N(Pr-i)CH(Pr-i)CH,OMe}, 1”7 (252) and [Li3(Bu-t){N(Pr-i)CH(Pr-i)-
CH,0Me},]*”7 (253), an equivalent of n-BuLi, s-Buli and z-BuLi, respectively, is co-
complexed to two equivalents of an enantiomerically pure amide with a methoxy side-arm.
The molecules crystallize in chiral space groups and are made up from a Lij triangle,
which is not us-capped from the carbanionic C, atom. This is located almost ideally
in the plane of the metal triangle, u,-bridging one Li---Li side. The two remaining
sides are also p,-bridged by the amide nitrogen atoms. The two lithium corners, adja-
cent to the carbanion, are additionally coordinated by the side-arm (Figure 38). The
structure of [Lig(Bu-1),{C(Et),C4NH,)},]*"® (254) shows a calix(4)pyrrole reminiscent
of [(THF)LiC4NH,(c-CsH )14'%® (161), presented in Section II1.D.3. The two Li cations

FIGURE 38. Solid-state structure of [Liy(Bu-#)C¢H3Tip,] (248)
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at each side of 161 host another one from ¢-BuLi to build a Li; triangle above and
below the macrocycle. One corner of the metal triangle is (N, N)-chelated by two pyr-
role nitrogen atoms, while the remaining two are n°-coordinated by the two other pyrrole
rings. Like in the solid-state structure of [t-BuLi],3' (3), the Lis site is p3-capped by the
C, carbon atom of the anion (Figure 39). As both capped faces are arranged staggered,
the Lig moiety can be regarded as a Lig octahedron sliced perpendicular to the axis by
a macrocycle.

In the dimer [Li,(Bu-n){CH,Si(Ph),CH,N(CH,),0Me},],>”° (255), two edge-sharing
Li; triangles are assembled. Each is yt3-capped by the C, carbon atom of the n-butyl anion
like in the solid-state structure of [n-BuLils’! (4). One lithium cation is (N, N)-chela-
ted by the side-arm and the remaining edges are p,-O and -C, bridged. [Li,
(Bu-n)CH(SiMe3){CsH(Me),(CH,NMe»),}1,2%° (256) exhibits a similar arrangement.
Again, the Lij triangles are capped by a n-butyl anion. As opposed to 255, the anionic
carbon atom of the ligand is not bridging a Li- - -Li edge, but coordinated to a corner. The
ligand side-arms prefer likewise the terminal metal contact. Two fused Lis triangles can be
found in [Li,(Bu-n){C¢H3(CH(Et)NMe,),}1,28! (257) as well. In the dimer two equivalents
of n-BuLi are complexed. As the metalated ipso-C of the ring is almost located in the

[Li;(Bu-){N(Pr-i)CH(Pr-i)CH,0Me} ,] [Lig(Bu-1),{ C(Et,)C,NH,)} ]
(253) (254)

[Lis(Bu-n){ CH,Si(Ph),CH,N(CH,),0Me} [(THF);Li;Me{(+-BuN);S}]
(255) (258)

FIGURE 39. Solid-state structures of lithium organic co-complexes that show retention of the
Liz - - -C motif
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plane of the Liy area and the side-arms coordinate the involved lithium cations, the C,
atom is considerably displaced from the center of the metal triangle. In [(THF);LizMe{(z-
BuN);S}1%? (258), one equivalent of MeLi is co-complexed. The structure shows a
triimidosulfite coordinated to three lithium atoms w,-arranged at every SN, bisection
to form a Lij triangle known from the basic lithium organics. The upper triangle face is
shielded by the triimidosulfite substituting the top (THF)LiMe;?~ site in the tetrahedron
of [(THF)LiMe],* (11), while the lower face is capped by the methanide anion. The
sulfur atom occupies the site of the apical lithium atom mimicking the tetrahedron of the
starting material (Figure 39).

C. Retention of the Deltahedron

The first class of co-complexes is generated from chiral alkoxides with a methoxy
side-arm. The method takes advantage of the fact that lithium alkoxides predominantly
aggregate to give [LiOR], cubes. However, with the employed bulky substituent there is
not enough room to accommodate four alkoxides in a cube, the more they attain donating
side-arms. Obviously, it is just possible to arrange three alkoxides close together. The
missing lithium atom to occupy the four vertices in the LisO4 cube is recruited from
n-BuLi. This is promoted by the fact that there is just enough room to fit in the n-butyl
anion. In the first example, in the structure of [Liz(Bu-n)(C7H30,)31%% (259), four
lithium atoms organize to build a tetrahedron and three oxygen atoms of the alkoxide
ligands p3-cap three faces. This would be equivalent to a LisO4 cube with a miss-
ing O-vertex. This missing vertex is occupied by the C, atom of the butyl anion. It
pus-caps the otherwise unoccupied Lij triangle. The metal atoms of this triangle are addi-
tionally donated by the three methoxy side-arms. Li- - -Cy interactions are not required.
[Lis(Bu-n)2{C17H2,0,(Bu-1)},]*%* (260), [Lis(Bu-n)>{C17H2,0,(Si(Me),Bu-1)},]*** (261)
and [Lis(Bu-n),{C;7H2,0,(SiMe;3)},]?%* (262) are constructed by the same principle plan,
although they got even bulkier alkoxide ligands and thus only two can organize around
a virtual LisO4 cube. As a consequence they include two equivalents n-BuLi in their
molecular architecture. All six C, atoms of the butyl anions in 260, 261 and 262 n;-cap
their Lis face. At first sight, the structure of [(Et,0)4Liz(Bu-n),{N(Ph)CsH,},(NPh;)]?%
(263) looks very complex and incomprehensible (Figure 40). However, application of the
lead building principles in lithium organics and lithium amides immediately clarifies the
architecture: the main building blocks are seven lithium cations, three diphenylamides
and two n-butyl anions. Thus, at first sight there are two negative charges missing. For-
tunately, four of the seven lithium atoms organize to form a tetrahedron. As anticipated,
the two butyl anions p3-cap two Lis faces. The three amides take the remaining three
lithium anions to form a lithium amide ladder structure®2~3°. However, that ladder is
connected via uj3-capping of two Lis faces by ortho-phenyl carbon atoms discussed with
the structure of [(-Bu),CsH3Lils*® (9) in Section IL.A. Thus, two phenyl groups at the
ends of the lithium amide ladder are ortho-metalated and provide the missing negative
charges. This example impressively documents that the Li; formation principle of lithium
organics and the lithium amide stacking and laddering principle interact at mutual benefit.
While the related complexes 256 and 257 from the previous section just support Lij tri-
angles, in [Li;(Bu-n)CH,{C¢H(Me),(CH,NMe,),}1,2%¢ (264), the tetrahedron is retained.
Two benzylic C, anions p3-cap two Lis faces and the remaining two are capped by the
butyl anions. A particularly remarkable example for co-complexation of basic lithium
organics with retention of the deltahedron is provided in [Lig(Bu-7)4(OBu-1)4]%%" (265).
The complex can be rationalized as ‘on his way’ to mix the [LiOR], cube with the [LiR],
tetrahedron. Although rather distorted, one Li, tetrahedron stays intact in the structure.
Two faces are butyl-capped and two are BuO-capped. In the second, one edge of the tetra-
hedron is already broken on its way to reorganization. While the butyl groups are still
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[Liy(Bu-n),{C;7H»,0,(Bu-1)},] [(Et,0)4Li;(Bu-n),{N(Ph)C¢H, },(NPh,)]
(260) (263)
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[Lig(Bu-n)4(OBu-1),] [Lis(Bu-n),N{(PNBu-1),NBu-1},]
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[Lig(Bu-n),{N(SiHMe,)(SiH(Pr-i),)},]
(270)

FIGURE 40. Solid-state structures of lithium organic co-complexes that show retention of the delta-
hedron

3-capping, the BuO groups are shifted towards the edges of the Li; triangles. However,
whether the molecule is on its way to organize to a mixed [LisBu,(OR),] aggregate or
to disintegrate any further remains open by just looking at that structure, although the
analogy with 259 to 261 suggests the first.
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[Lis(Bu-n),N{(PNBu-7),NBu-},]** (266) provides an appropriate link from the reten-
tion of the tetrahedron to the retention of the octahedron, because the hemispherical
trianionic PN ligand promotes the generation of a distorted square-pyramidal Lis metal
core in the cradle. The two additional metal cations derive from co-coordination of two
equivalents n-BuLi. The Li, face is assembled via dual u,-bridging of the opposite edges
by the terminal and the central amide nitrogen atoms. The second terminal amide p3-caps
a Liz face in the radial direction of the ligand. The lateral Li; faces are occupied by the
butyl anions. As anticipated from the structures of basic lithium organics, the unoccupied
Li; face shows the widest Li- - -Li distances.

Obviously, the co-complexation of basic lithium organics with lithium alkoxides is not
limited to tetrahedra. In [Lig(Bu-1)4(C13H,50,)2]1% (267), two of the previously discussed
alkoxide ligands pj-cap two opposite sides of the Lis octahedron. The other four are
capped by the butyl anions. In [(Et,0)Lis{Bu-n},{CH(Me)(CsH,(Bu-1),0),},1° (268),
four Lis triangles are capped by the oxygen atoms of the bis(alkoxide) ligands. The remain-
ing two accommodate the two butyl anions. The tripodal monoanionic OC(CH,PMe;);
ligands in [Lig(Bu-n)4{OC(CH,PMe,)3},]*' (269) facilitate the pre-organization of a Lis
triangle by the phosphorus donor side-arms. The anionic oxygen atom is in the right
position to ps-cap that metal triangle. Arrangement at opposite sides of the octahe-
dron leaves four faces vacant for butyl coordination. The structure of [Lig(Bu-7n)4{N(SiH
Me,)(SiH(Pr-i)1)},1?°? (270) shows a combination of the us3-capping from the butyl
groups and p,-bridging already discussed in the amide 266. The bis(silylamide) in 270
bridges two opposite Li- - -Li vectors in the equatorial position of the octahedron.

D. Correlation of the Structure Formation Principles

Looking at the discussed complexes containing basic lithium organics, it might be most
striking that the vast majority of those complexes are donor-base-free compounds, thus
members of the class of lithium organics with which this chapter started. Normally, donor
bases are employed to deaggregate basic oligomeric lithium organics. However, solid-
state structural information on donor-base-stabilized monomers or even dimers are scarce
(see Section II.C, Table 4). In this chapter we presented one structure with a single MeLi
moiety (258%%2), two structures with a single n-BuLi unit (251277, 259?83) and two struc-
tures with a unique 7-BuLi molecule (248°!°, 253%"7). This suggests that co-complexation
of basic lithium organics seems to be the more promising approach to deaggregation
than merely donor-base addition. The tools to model the appropriate environment for the
required aggregate are much more sophisticated than working merely on a collection of
solvents. The combination of both methods will give great impetus to the field. Molecu-
lar pre-organization is likely to supply the right cavities, suitable coordination sites and
the right mix of weak and strong molecular interactions, like o-bonds, donor bonds of
readily modified Lewis bases, m-bonds, Li- - -Cy interaction, stereogenic fixation via side-
arm donation etc. None of the previously discussed classes of compounds showed such
a tremendous diversity in interactions (Table 30). We have just started to understand and
utilize the structure formation principles and there is still a lot to learn.

VI. CONCLUSION

To uncover new reaction pathways towards unprecedented target materials, the understand-
ing of structure formation principles is important. One of the lead structural principles
in lithium organic chemistry is the w;-capping of the metalated carbon atom C, to a
lithium triangle. This motif can further aggregate to form deltahedra. The tetrahedra and
octahedra can either be free of solvent or be coordinated by Lewis-basic donor molecules
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at their metal vertices. Among these interactions the Li---Cy contact seems to play an
important role. Normally, the coordination of donor molecules supplies charge density to
the cationic lithium metal and the bond towards the carbanion becomes less attractive.
The second important structure formation principle is the additional favor of the lithium
cation for delocalized 7 -systems. The n°-coordination is particularly important. If there is
the choice of a Cs perimeter in competition with any other ring, the lithium coordinates
the first. Aryl carbanions hardly ever get n°-coordinated. In this case, the lithium cation
prefers the o-bond to the carbanion in a Li,C, four-membered ring, still in demand of
easy-to-polarize charge density. One of the most fruitful chemical concepts during the
last years was the intramolecular side-arm coordination, not only to deaggregate basic
lithium organics but also to keep the metal in a fixed position relative to the carbanion.
Certainly, this approach is in its importance comparable to the application of phosphanes
in transition metal chemistry. Introduction of heteroatoms near the metalated carbon atom
alters the charge density at the carbanion considerably. Nitrogen substitution depletes the
electron density at the carbanionic center and it might rather mimic the coordinational
behavior of an amide. Silyl substitution increases the charge density at the carbanion and
the Li—C bonds get shorter, even against steric strain. A most interesting and promis-
ing area of research is the co-complexation of basic lithium organics with various metal
organics. Other structure formation principles, like the lithium amide ring stacking and
laddering principle and the formation of lithium alkoxides, start to get involved in this pro-
cess. A blend of today’s donor-base application, side-arm donation and co-complexation
will further improve the stereogenic stability of chiral lithium organics. We have just
started to elaborate the structure—reactivity relation. No doubt, the insight in structure-
determining factors will further unearth new reaction pathways and will provide access
to unprecedented molecules and materials.
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I. INTRODUCTION: SCOPE AND DEFINITIONS
A. Thermochemistry

The current chapter is primarily devoted to the relatively restricted property, the
‘molar standard enthalpy of formation’, A¢H,,°, often called the ‘heat of formation’,
AH; or AH;°. This chapter foregoes discussion of other thermochemical properties
such as entropy, heat capacity or excess enthalpy. We will only tangentially discuss
bond dissociation energies (e.g. of the C—Li bond), Gibbs energy, and complexation
and clustering energies (e.g. oligomerization enthalpies). Temperature and pressure are
assumed to be 25°C (‘298 K’) and 1 atmosphere or the nearly equal 1 bar (101,325
or 100,000 Pa), respectively. The energy units are kJ mol~!, where 4.184 kJ is defined
to equal 1 kcal. The relationships between enthalpies of formation in the solid (s),
liquid (Iq) and gaseous (g) phases are expressed in terms of enthalpies of vaporization
(vap), sublimation (sub) and fusion (fus) (equations 1-3).

AvapI-I = Ameo(g) - AmeO(lq) (1)
AawH = Ameo(g) - AmeO(S) (2)
AnsH = ArHy' (1) — AtHp" (5) 3)

In attempting a systematic analysis of related organolithium species, it would be advan-
tageous to consider all of them in at least one common phase. Our preference is for the gas
phase where intermolecular interactions are usually absent, although this may not hold true
for organolithium species. Unfortunately, most of the desired phase change enthalpies for
organolithiums are not found in the experimental literature. However, where the species
of interest is a liquid, we can employ the published ‘CHLP protocol’ for the estimation
of the enthalpy of vaporization!.

AvpH =471+ 13nq+3.0+b 4)

where 7. and nq are the number of non-quaternary and quaternary carbons, respectively,
and b is a substituent-dependent parameter.

The only measured enthalpy of vaporization? is for a-butyl lithium, 107.1 £
2.9 kImol™!, from which the constant b(Li) in equation 4 is derived as 85 kJ mol~!. This
is a ‘hefty’ value compared to b(OH) = 29, b(—S(0),—) = 53 and b(Cl) = 11 kJ mol .
However, the oligomeric states of the organolithium liquid and gas phases are not known
with certainty. This is reminiscent of problems for hydrogen-bonded species such as
carboxylic acids and hydrogen fluoride.

B. Nature and Nomenclature of Lithium-Containing Species
of Interest

Unlike our earlier review on the thermochemistry of lithium compounds?, we limit our
attention to compounds containing a C—Li bond and therefore discuss only alkyl and aryl
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lithiums and a few of their derivatives. We will not discuss species with Li bonds to any
other element and so avoid any thermochemical investigation of alkoxides, carboxylates
or halides. Whichever lithiated species are chosen, they are not likely to be monomeric.
Lithium compounds, from the very smallest to quite large, are known to associate in
solution, in the condensed phases and even in the gas phase, most typically as dimers,
tetramers or hexamers®*.

There are multiple systems for naming organolithium compounds. In one, C¢HsLi is
named phenyl lithium and n-C4HoLi is n-butyl lithium. In another, these species are
named lithiobenzene and 1-lithiobutane, respectively, when the lithium atom is regarded
as a substituent on the hydrocarbon parent. A third nomenclature approach assumes these
species are ionic salts, e.g. the above two compounds are called lithium phenylide and
lithium butylide. We will bypass any questions of aggregation by referring to these com-
pounds by their monomeric names (e.g. phenyl lithium and not dimeric phenyl lithium,
phenyl lithium dimer nor diphenyl dilithium), and where monomeric species are actually
meant, we will make this explicit.

C. Sources of Data

Thermochemical investigations of reactive, often flammable, organolithium compounds
have been difficult, rare and sometimes suspect. Combustion calorimetrists, used
to working with well-defined materials and well-defined processes, have generally
avoided organometallic compounds. Consequently, most experimental enthalpy data
for such compounds were determined from reaction-solution calorimetry>®. A
serious source of error in most of these studies is the lack of enthalpy of
formation or of solution data for some of the reaction species and thus the
necessity for making assumptions and estimations. Phase-change enthalpies are
notably missing.

Experimental enthalpies of formation for twelve alkyl- and aryl-lithium reagents were
derived by Holm’ from the enthalpies of reaction 5 in which the organolithium reagents
were dissolved or suspended in ether or in petroleum ether.

RLi(soln/susp) + HBr(soln) LiBr(s) + RH(g/soln) (®)
Although Holm calculated the enthalpies of formation of RLi, no details are given
regarding the enthalpies of solution used to derive the enthalpies of formation of the
condensed-phase compounds. The reaction enthalpy values appearing in the Sussex-NPL
Tables® are recalculations of Holm’s data that most likely incorporate corrections to the
enthalpies of solution of RH in the calorimetric mixture. The most recent review of
organometallic thermochemistry by Martinho Simdes is part of the NIST Standard Refer-
ence Data Program online database’. Again, Holm’s original data have been recalculated,
this time on the basis of a single set of ancillary data used for the entire database. The
recalculated data are nearly the same as the original, except for isopropyl lithium for
which the recalculated values are inexplicably nearly 18 kImol~' more negative. The
data appear in Table 1. Generally, we will use the average or ‘consensus’ value for a
particular species.

Frequently, comparisons will be made between the organolithium and the correspond-
ing compound wherein Li is replaced by H. Unreferenced enthalpies of formation for
these and any other organic species in the current chapter are taken from the now
‘classic’ thermochemical archive by Pedley and his coworkers!?. These thermochemi-
cal numbers are usually for comparatively simple and well-understood species where
we benefit from the data evaluation performed by these authors, rather than using the
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TABLE 1. Enthalpies of formation of lithium compounds (kJ] mol~!)

Compound AH®¢(1g/s) Reference AH(g)
LiMe, s —74.9 7
—71.1+2.1 8
—-72.0+2.1 9
LiEt, s —-55.2 7 61.5¢
—53.0+2.2 8,9 63.7 £2.2¢
—58.7+5.4 56,9 58.0 +5.5¢
Li allyl, s -5.9 7
—5.0+2.2 8
—3.8+3.2 9
Li(i-Pr), 1q -57.7 7
—745+2.1 8
—75.7+2.1 9
Li(n-Bu), 1q —109.2 7 —2.1°
—108.7 £ 2.1 8 —1.6"
-109.5+3.2 9 —2.4+43b
Li(sec-Bu), Iq —87.9 7
—87.4+2.1 8
—88.2+3.2 9
Li(tert-Bu), 1q -92.0 7
—91.1+2.1 8
-925+24 9
LiPh, s 51.5 7
51.4+2.1 8
50.4+2.1 9
LiCH,Ph, s 17.6 7
17.4 £ 2.1 8
16.7 +2.1 9
Li(CcHyMe-p), s 5.9 7
5.7+2.1 8
5.0+2.1 9
Li(CgH4Cl-p), s 7.5 7
7.6+2.2 8
6.7+24 9
Li cyclopentadienide, s —-76.5£2.9 10(a)
Li, cyclooctatetraenide, s —140.9 £ 8.5 10(b)
—142+13 9
Li,Cy, s —67.7+4.3 11

“The enthalpy of formation of the gas was derived from the enthalpy of formation of the solid and the enthalpy
of sublimation, 116.7 + 0.8 kJ mol~!, from Reference 2.
bThe enthalpy of formation of the gas was derived from the enthalpy of formation of the liquid and the enthalpy
of vaporization, 107.1 £2.9 kJ mol~!, from Reference 5.

raw, but much more complete, set of data found in the recent, evolving, on-line NIST
WebBook database!®. A major conceptual problem in using the currently available ther-
mochemical data is ambiguity as to what phase many of the starting materials and
products are in. For example, in the absence of enthalpy of solution data, it is not
obvious whether to consider the non-organolithium species, i.e. the related hydrocar-
bon species, as liquids or gases. Our assumption is to consider the species as they would
be found under the reaction conditions if they were pure substances and therefore to
assume that these enthalpies of solution cancel. The value accepted for the enthalpy
of formation of gaseous monoatomic lithium is the ‘JANAF’!'* recommended value,
159.3 + 1.0 kImol ™"
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Il. ISOMERIC AND HOMOLOGOUS ALKYL LITHIUM SERIES

We would like to begin by discussing a homologous series of organolithiums, perhaps the
n-alkyl lithiums, and the linear correlation of their enthalpies of formation with the number
of carbon atoms. Such correlations are well-established for other functional group homolo-
gous series® The slope of the regression line for the gaseous n-alkanes (n-R—(CH,), —H),
—20.6 kJmol™!, and the similar values of the slopes for other n-R—(CH,),—Z series, is
often called the ‘universal methylene increment’®. However, there are enthalpy of for-
mation values for only two gaseous n-alkyl lithiums, ethyl and n-butyl lithium. The
slope of the line for their enthalpies of formation vs. the number of carbon atoms is ca
—32 kI'mol~!, rather larger than the universal methylene increment. A rough estimate of
the enthalpy of formation of gaseous n-propyl lithium interpolated from the ethyl and
n-butyl homologs is ca 29 kImol™'. The ethyl and n-propyl liquid enthalpies of forma-
tion calculated from equation 4 and the experimental or derived gaseous enthalpies of
formation are ca —36 and —73 kI mol™', respectively. The methylene increment is ca
—36, again about 10 kI mol~! more negative than for the liquid n-alkanes.

The enthalpy of formation of solid methyl lithium is ca 17 kJ mol™" more negative than
for solid ethyl lithium. In n-RZ series where Z is more electronegative than carbon, the
methyl derivative, R=CH3;, exhibits a positive deviation from the otherwise straight line
established by the other members of the series. For electropositive Z=H, and boron- and
aluminum-containing substituents, just as with lithium, the experimental methyl deviations
are in the opposite direction. The magnitude of the gaseous methyl deviations can be
correlated to the electronegativity of Z!>. The enthalpy of formation of monomeric gaseous
methyl lithium has been calculated as 122 kI mol™' using the experimental enthalpy of
formation values for CH;®* and Li*'.

The secondary isopropyl and sec-butyl lithium compounds, for which there are liquid-
phase enthalpy of formation values, are two in a homologous series. Their enthalpy
of formation difference, representing one methylene group, is ca —13 or —30 kJmol !
depending on which enthalpy of formation is chosen for isopropyl lithium. By comparison,
the methylene increment for liquid-phase 2-methylalkanes is ca —25 kJmol™".

In isomeric alkanes substituted with an electronegative atom such as n-, sec- and
tert-butyl bromide, alkyl group branching at the carbon bonded to the substituent atom
increases the thermodynamic stability in both the liquid and gaseous phases. The increas-
ing stability parallels the alkyl group carbocation stability. It might be expected that a
substituent atom which is more electropositive than carbon, such as lithium, would reverse
the stability trend. Among the isomeric n-, sec- and tert-butyl lithium, all as liquids, n-
butyl lithium is indeed the most stable, but within the uncertainty intervals, the enthalpies
of formation of sec- and fert-butyl lithium are equal. Whether this equality arises because
of experimental error, substituent electronic effects on carbanions or steric effects on
solvation or aggregation, is not known.

The enthalpy of isomerization of the primary n-butyl lithium to sec-butyl lithium is
ca +21 kImol™. From the two different enthalpies of formation of isopropyl lithium
and the previously derived liquid-phase enthalpy of formation of n-propyl lithium, the
isomerization enthalpy is either ca +15 kJmol™' or nearly zero. Considering both this
result and the one earlier that also compares the two different enthalpy of formation values
for isopropyl lithium, the value from Reference 7, —57.7 kJmol ™', seems more plausible.

lll. COMPARISON OF ORGANOLITHIUMS AND GRIGNARD
REAGENTS

Organolithiums and Grignard reagents are two key classes of carbanion-like
organometallics. In addition to the organolithiums, Holm determined the enthalpies
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TABLE 2. Enthalpies of formation of organomagne-
sium bromides and organic bromides (k] mol™!)

R RMgBr(soln)” RBr(lg)®
Me —331.8 —59.4+1.2
Vinyl —264.4 —

Et —323.0 —90.1 +£2.8
Allyl —265.7 122 £3.6
n-Pr —360.7 —121.8+3.0
i-Pr —339.7 —130.5+2.6
n-Bu —378.2 —143.8+1.3
i-Bu —391.6 —160.217
sec-Bu —368.2 —154.8+1.2
tert-Bu —370.7 —163.8+1.9
n-Pentyl —406.7 —-170.2+ 1.5
1-Ethylpropyl —389.9 —
n-Hexyl —427.6 —1942+1.6
n-Heptyl —452.3 —2184+1.6
n-Octyl —478.6 —245.1+23
Cyclopropyl —211.3 —
Cyclobutyl —229.7 —
Cyclopentyl —336.8 —
Cyclohexyl —380.3 —
Cycloheptyl —-379.5 —
Cyclooctyl —395.4 —

Ph —208.4 60.9 £4.1
Bz —252.3 16.0 £2.7
p-Tol —244.8 12.117
p-CIC¢Hy —251.5 28.517

“All values are from Reference 17. The experimental uncertain-
ties are £2.2 kJ mol ™',
b All values are from Reference 12 unless otherwise stated.

of formation of a collection of organomagnesium bromides'’ by direct-reaction static
calorimetry in diethyl ether. Some of the data from the study are in Table 2.

There are seven species with n-alkyl groups and three with sec-alkyl groups with which
to derive methylene increments by a least-squares analysis for the Grignards. For the
solution-phase species, the n-alkyl series methylene increment is —25.0 % 0.8 kJ mol !
and the sec-alkyl series increment is —25.1 + 2.0 kI mol~!. These values are reasonable
and nearly the same as their liquid-phase alkane counterparts. Consistent with the devi-
ation of methyl lithium, the methyl magnesium bromide enthalpy of formation is more
negative than that for ethyl magnesium bromide. The enthalpies of formation of methyl
derivatives bonded to electronegative atoms are typically less negative than those of the
ethyl derivatives. In the isomeric butyl series, the most stable is the isobutyl magnesium
bromide in which there is a branched alkyl group (stabilizing, generally) and the elec-
tropositive magnesium bonded to a primary carbon. The other three isomers exhibit the
same behavior as their lithium counterparts: n-butyl is most stable and the sec-butyl and
tert-butyl are of comparable stability.

There is a variation in the differences between the enthalpies of formation of
RMgBr(soln) and RLi, depending on the class of hydrocarbon substituent. For the sole
example, or the average of multiple examples, the enthalpy of formation differences
between the organolithium and the corresponding solution-phase Grignard are methyl
(259), primary (268), secondary/tertiary (280) and aryl (256) kJ mol . Generally, the
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solution Grignard species has an enthalpy of formation some 267 % 10 kJmol~' more
negative than the corresponding condensed-phase organolithium’; more precisely, for the
linear equation 6

AtH® n(RLi) = mA¢H® ,(RMgBr) + b ©6)

the regression analysis values are 0.87 == 0.04 for the slope, m, and 228 & 11.3 kI mol ™
for the intercept, b. The squared correlation coefficient, r, is 0.98. From these constants,
the enthalpy of formation of n-propyl lithium is —86 kI mol™!, presumably as the liquid.
This value is compatible with the measured enthalpy of formation of liquid n-butyl lithium
where the methylene increment is ca —23 kI mol ™. It is also compatible with the earlier
derived value of —73 kImol™"' from Section II. The estimated enthalpies of formation
of the cycloalkyl lithiums, C;—Cg, are: 44, 28, —65, —103, —102 and —116 kJmol_l,
respectively.

There is also a variation in the differences between the enthalpies of formation of
RMgBr(soln) and RBr(lq), depending on the class of hydrocarbon substituent. For the
sole example, or the average of multiple examples, the enthalpy of formation differences
between the solution-phase Grignard and the corresponding liquid-phase alkyl bromide
are methyl (272), primary (234), secondary (211) and tertiary (207) kJ mol ', Omitting
the data for R=Me because of the methyl deviation of methyl bromide, and including
data for the allyl and aromatic magnesium bromides, the regression analysis for the linear
equation 7

A¢H® (RBr) = mA¢H®,(RMgBr) + b @)

yields the constants m = 1.20, b = 310 and > = 0.97. We could derive a linear equation
describing the relationship between organic bromides and organolithiums. However, the
only other monobromo compounds for which there are liquid enthalpy of formation mea-
surements are n-alkyl bromides. Since they form a homologous series, with a constant
methylene increment, we can expect to learn nothing new regarding enthalpies of forma-
tion of substituted lithium compounds from this approach.

IV. PROTODELITHIATION REACTIONS
A. Protodelithiation with HBr

All of the thermochemical investigations of both organolithiums and Grignard reagents
by Holm” 7 discussed in the previous section involved measurements of the enthalpy of
protodelithiation by HBr in ether or petroleum ether. Of all the protodelithiation studies
to be discussed in this chapter, these are the only ones that include determination of
organolithium enthalpies of formation. Using one of these as a benchmark species, we
can calculate enthalpies of formation of other organolithiums by combining their measured
protodelithiation enthalpies if we assume that all solvation and aggregation energies and
other terms cancel, that is, for a given Z and given reaction conditions, these additional
terms are plausibly assumed to be independent of R.

More explicitly, from the measured enthalpy of the protodelithiation reaction for the
benchmark organolithium, RLi (equation 8), we subtract the protodelithiation enthalpy of
some other organolithium, R'Li (equation 9), under the same reaction conditions to result
in the enthalpy of the formal, generally hypothetical reaction 10.

RLi + HZ RH + LiZ (8)
R’Li + HZ R’'H + LiZ )
RLi + R'H R’Li + RH (10)
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From the known, or estimated, enthalpies of formation of RLi, RH and R'H we derive
the enthalpy of formation of the R'Li of direct interest. Again, we will use the average
enthalpy of formation where there are more than one listed for a species in Table 1.

B. Protodelithiation with Ethanol

Brubaker and Beak!® used ethanol in diethyl ether as the proton source and
reaction medium, and found reaction enthalpies of reaction 9 (as monomers) for R’ =
allyl, —212.0 & 5.4; E-1-propenyl, —217.5 £ 2.1; 2-propenyl, —279.1 £ 10.5; phenyl,
—246.9 +3.3; ethyl, —270.3 £5.4 kJmol™'. The first three organolithiums generate
the same product, propene, upon protodelithiation. Within our assumptions above, the
difference between the enthalpies of protodelithiation therefore equals the difference
between the enthalpies of formation of these species. The large difference of ca
60 kJmol™' between the E-1- and 2-propenyl isomers is partly ascribed by the original
authors to decomposition of 2-propenyl lithium during the enthalpy measurement. It is not
surprising that the allyl species is the most stable. In addition to the stabilization from 7-
electron delocalization, the allyl anion presumably offers all three carbons for coordination
with the lithium cation*. The authors cautioned against comparing the propenyl and allyl
lithiums because of their great variation in structure and aggregation: while the 1-propenyl
lithium is tetrameric, the allyl lithium’s aggregation of between two and ten varies with
concentration.

From equation 10 with phenyl lithium as the benchmark species, RLi, and the hydro-
carbon compounds, R’'H, in their reference gaseous states, the derived enthalpies of
formation of allyl, E-1-propenyl, 2-propenyl and ethyl lithium, are —12.8, —7.3, 54.3
and —58.3 kI mol ™!, respectively. The first and last of these are remarkably consistent
with the values in Table 1.

C. Protodelithiation with 2-Butanol

Geurink and Klumpp'® used 2-butanol as the proton source in benzene solvent. They
found an exothermic protodelithiation of —221 &4 kJmol™" for n-butyl lithium and
—240 4 5 kI mol™" for the isomeric sec-butyl lithium to form the same n-butane prod-
uct. The difference between the protodelithiation enthalpies is 19 & 6 kI mol~!, the same
as the difference between the enthalpies of formation of the two alkyl lithiums. From
Table 1, the difference is ca 21 kJmol™', in complete agreement.

The protodelithiation enthalpy of n-propyl lithium is very nearly the same as for the n-
butyl species, —219 & 2 kJ mol~'. From reaction 10 with n-butyl lithium as the benchmark
species and the enthalpies of formation of the hydrocarbons in their gaseous reference
states, the enthalpy of formation of n-propyl lithium is calculated as ca —91 kImol™, a
value consistent with that of —86 kJ mol ™" derived from n-PrMgBr in an earlier section. If
the reference state of n-butane is taken as the liquid instead, the enthalpy of formation of
n-propyl lithium is ca —70 kJmol~!, a value consistent with another previous derivation
of ca —73 kImol™'. At least with respect to consistency with the enthalpies of formation
in Table 1, the best reference state for ethane and propene is the gas; it is not yet clear
which is better for butane.

These authors also investigated 2-norbornyl lithium and found a protodelithiation
enthalpy of —222 £ 5 kImol~'. They asserted that the norbornyl lithium was present
in an exo/endo ratio of essentially 1:1. Equating Gibbs energy and enthalpy differences
(vida infra), we will assume there is a negligible difference between the enthalpies of
formation of the isomeric norbornyl lithiums. From equation 10 with n-butyl lithium as
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the benchmark species, and with norbornane in its solid reference state and n-butane
in its liquid reference state, the enthalpy of formation of 2-norbornyl lithium is ca
—57 kImol~!. For n-butane in its gaseous reference state, the enthalpy of formation is ca
—78 kImol~!. We might have expected the protodelithiation enthalpy of the secondary
norbornyl lithium to be more negative than it is and to resemble the reaction enthalpy of
sec-butyl lithium instead of n-butyl lithium. The results seem to suggest that norbornyl
lithium, and so the norbornyl anion, is relatively stabilized. From Reference!” the
exothermicities of the reaction of the Grignards with HBr are: Et, —290.8; n-Bu, —288.6;
i-Pr, —301.2 cyclobutyl, —289.1; cyclopentyl, —291.6; cyclohexyl, —298.7 kImol™".
In that the angle strain of the bicyclic norbornyl is between that of cyclobutyl and
cyclopentyl®, the protodelithiation enthalpies of primary and these cyclic secondary
derivatives are similar in both the organolithium and Grignard series.

D. Protodelithiation with Isopropyl Alcohol

Arnett and Moe studied the protodelithiation of organolithiums with isopropyl alcohol
in hexane/ether mixtures?'. These authors found protodelithiation enthalpies for n- and
sec-butyl lithium of —209.2 £ 4.2 and —220.9 &£ 2.9, respectively. The difference between
their enthalpies of reaction, and so of the enthalpies of formation of the two organolithi-
ums, is 11.7 £ 5.1 kI mol™', about half the difference between these species as found in
Table 1. The protodelithiation enthalpy of fert-butyl lithium is —237.7 £ 7.5 kImol .
From equation 10 with n-butyl lithium as the benchmark species, and the butane hydro-
carbons in their liquid reference states, the derived enthalpy of formation of fert-butyl
lithium is —87.5 kI mol™", in good agreement with that found before by Holm’.

We note two more measurements by Arnett and Moe: methyl lithium, —174.1 £ 2.9,
and phenyl lithium, —177.0 £ 1.3 kI mol~!. Both values are considerably smaller than
those of the butyl lithiums documenting the reverse stabilization pattern of organolithi-
ums over that of hydrocarbons substituted with more electronegative elements. From
equation 10 with phenyl lithium as the benchmark species, and benzene in its liquid ref-
erence state and methane in its gaseous reference state, the derived enthalpy of formation
of methyl lithium is —75.2 kJmol™", in good agreement with that found by Holm’. In
summary, all of the protodelithiation enthalpies except for sec-butyl lithium are consistent
with those found in other sources. The deprotonating power of alkyl lithiums increases in
the order methyl < primary < secondary < tertiary, and aryl lithiums are less basic than
alkyl lithiums.

V. ARYL HALOGEN-LITHIUM EXCHANGE REACTIONS

In principle, each of the above protodelithiation reactions is in equilibrium. It is clear that,
in practice, they are not. The protonating species, HBr, isopropanol and 2-butanol, are
simply too acidic for the reaction to be reversible. Although the hydrogen/lithium exchange
equilibria cannot be studied in both directions, halogen/lithium exchange reactions with
aryl substituents evidently are true equilibrium processes. Winkler and Winkler? studied
reaction 11 (among others), in either diethyl ether or in THF at 25°C.

p-TolBr + PhLi =———= p-TolLi + PhBr (11)

For the equation as written, Koy = 0.56 = 0.04 (ether) and K,q = 0.40 £ 0.03 (THF)
where equilibrium was approached from both sides and in varying concentrations. A
van’t Hoff plot of results at other temperatures led to AH®y;7 = 0.71 +0.20 kJ mol ™!
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(ether) and AH®,77 = 0.04 £ 0.54 kI mol~! (THF). The entropy change was also small
for the structurally similar reactants and products: AS°,77 = —2.59 £ 0.63]J mol™! deg_l
(ether) and AS°y7; = —7.74 £ 1.97T mol ™! deg’l (THF). Because the enthalpy change for
the reaction is essentially equal to O, the difference between the enthalpies of formation
of the two aryl bromides is the same as the difference (with opposite sign) between the
enthalpies of formation of the two aryl lithiums. The difference between the two bromides
is ca 49 kI mol~!, in spectacular agreement with the 46 kI mol~! difference found for the
two lithiums by Holm’.

Because the free energy of the aryl halide/lithium exchange equilibrium is essentially
equal to the enthalpy change of the reaction, we consider other reactions from the same
source of the general type (equation 11),

ArBr + PhLi ArLi + PhBr (12)

We will explicitly ignore entropy and any other temperature-related phenomena and use
the simplified expression given by equation 13,

AH, = —RTInK = —2.303RT logK (13)

Usable equilibrium constants were obtained only for Ar = p-CHj, m-CH; (i.e. p-Tol and
m-Tol) and p-Ph and were reported for approach to equilibrium from both the left and right
sides of the equation with equimolar concentrations of reactants. The averaged Kpsq values
are 0.64, 0.86 and 3.78, respectively. The corresponding values of AH; estimated from
equation 13 are 1.1, 0.37 and —3.3 kJ mol™'. From equation 11, the enthalpy of formation
of p-tolyl lithium is calculated to be ca 3 kImol™" where the enthalpy of formation of
p-tolyl bromide is 12.1 kImol~!, as suggested in Reference’. The enthalpy of formation
value for p-tolyl lithium derived here is nearly identical to that in Table 1. Unfortunately,
there is no measured enthalpy of formation of m-tolyl bromide. However, the difference
between the enthalpies of formation of phenyl bromide and phenyl lithium (9.8 kJmol™")
must be about the same as the difference between the enthalpies of formation of the m-tolyl
bromide and the m-tolyl lithium when the reaction is thermoneutral for equation 12.

Acknowledging complications in the measurement and concomitant analysis of the
calorimetry of organic bromides?}, we nevertheless accept the enthalpy of formation for
p-bromobiphenyl (115.1 kI mol™") calculated from the reported enthalpy of combustion
of the solid suggested in Reference?*. From the enthalpies of formation of p-BrCsH4Ph,
PhLi and PhBr, and the enthalpy of reaction, slightly more exothermic than the oth-
ers, the enthalpy of formation of 102.4 kI mol™ for p-lithiobiphenyl is derived. If only
the p-bromobiphenyl were a liquid, we could compare this value to that obtained from
equations 6 and 7.

Halogen—lithium interchange equilibria were measured for several organo-
lithium/organic iodide pairs such that Kypeg > 12°. Generally, the effect on the equilibrium
of the solvent differences between ethyl ether and 40% ether—60% pentane or the temper-
ature differences between —70°C and —23 °C on the equilibrium were not large. All of
the equilibrium constants were converted to log K constants for reactions of the various
organolithiums with standard phenyl iodide (equation 14).

Phl + RLi PhLi + RI (14)
At a temperature of —70 °C in a 40:60 ethyl ether/pentane medium, the observed values of
log K are: vinyl, —2.41 &+ 0.02; cyclopropyl, 0.98 £ 0.02; Et, 3.50 4= 0.04; n-Pr, 3.88 &+
0.09; i-Bu, 4.59 + 0.06; neopentyl, 5.46 &£ 0.06; cyclobutyl, 6.14 £ 0.07 and cyclopentyl,
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6.90 &+ 0.10. Continuing to assume that Gibbs energies and enthalpies are essentially
equal, the above reaction is endothermic by 14 kImol~' for R = vinyl. However, it is
exothermic for the other R groups: cyclopropyl, —6; ethyl, —20; propyl, —22; isobutyl,
—26; neopentyl, —31; cyclobutyl, —35 and cyclopentyl, —39 kJ mol~'. The values are in
the order expected for carbanion stability.

Unfortunately, we lack measured enthalpy of formation values for most organic iodides
of interest here except for ethyl, n-propyl and phenyl iodides. From equation 14 and with
phenyl iodide in its reference liquid state and with ethyl and propyl iodides in their
reference gaseous states, the enthalpies of formation of ethyl lithium and of n-propyl
lithium are calculated to be ca —54 and —74 kJ mol~!, respectively. The former value is
the same as those from Table 1 and the latter is compatible with one of the other values
for n-propyl lithium derived in earlier sections.

VI. OXYGENATED ORGANOLITHIUMS: INTRAMOLECULAR COMPLEXATION
AND ENTHALPIES OF FORMATION

A. Aliphatic Ethers

Geurink and Klumpp'® measured the protodelithiation enthalpies of 3-lithiopropyl
methyl ether, 3-lithiobutyl methyl ether, 5-lithiopentyl methyl ether and 7-syn-methoxy-
2-exo-lithionorbornane in the same study that was discussed in an earlier section for
the non-oxygenated compounds n-propyl lithium, n-butyl lithium, sec-butyl lithium and
2-norbornyl lithium. The reaction enthalpies for the oxygen-containing lithium species
with sec-butyl alcohol in benzene were —190+2, —199 +4, —190+3 and —199 &+
2 kI mol ™!, respectively, where all of the lithiated ethers purportedly exist as tetrameric
species.

The enthalpies of the formal exchange reaction 15 between corresponding oxygenated
and deoxygenated species

MeO(CH,),.,;R + H(CH,),CHRLi

MeO(CH,),CHRLi + H(CH,),. R (15)

are —29 £+ 3 kImol™! for n = 2, R=H; —41 + 6 kImol™" for n = 2, R=Me and —30 =+
5 kImol™" for n = 4, R=H, where the average of the protodelithiation enthalpies for n-
PrLi and n-BuL.i are used for the unmeasured n-pentyl lithium protodelithiation enthalpy.
The exchange enthalpy for the norbornyl derivative is —23 £ 5 kI mol™'. The largest
exothermicity is for the sec-butyl system, where all the lithiated species are tetrameric
and the favorable exchange reaction enthalpy was attributed to non-sterically hindered
intramolecular complexation of the 3-lithiobutyl methyl ether. The smaller exothermic-
ity for the likewise secondary norbornyl system could be due to steric crowding of the
intramolecular complex in the tetrameric cluster as suggested by the original authors, or
perhaps to complications in the measurement of the protodelithiation of the 1:1 mixture of
exo- and endo-2-lithionorbornane. The enthalpically less favorable exchange reactions for
the primary alkyl systems were partly due to the enthalpy of deaggregation from a hexam-
eric alkyl lithium to a tetrameric methoxy alkyl lithium!®. Assuming that the enthalpy of
the protodelithiation reaction would be essentially the same as for the other primary alkyl
systems if the protodelithiation enthalpy of n-pentyl lithium were available, it is notewor-
thy that the intramolecular complexation strength is the same for both the 5-membered
cycle of 3-lithiopropyl methyl ether and the 7-membered cycle of 5-lithiopentyl methyl
ether. Although the 5- and 7-membered carbocycles, cyclopentane and cycloheptane, have
very similar strain energies?’, this finding is nonetheless a surprise since most chelates
(and other intramolecular metallic complexes) contain either 5- or 6-membered rings.
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The derived enthalpies of formation of the n-propyl and sec-butyl lithiated methoxy
ethers are —260 and —275 kJmol ™!, respectively, from equation 16, the enthalpies of
protodelithiation, the enthalpy of formation of n-butyl lithium from Table 1 and of liquid
n-butane, and the measured enthalpies of formation of methyl n-propyl ether (Iq, —266.0 &
7 kI mol™!) and n-butyl methyl ether (Ig, —290.6 £ 1 kI mol™}).

MeO(CHy),+1R + n-BuLi MeO(CH,),,CHRLi + n-BuH (16)
The enthalpy of formation of methyl n-pentyl ether is unavailable from experiment, but
a value of —316 kJmol~! is obtained from the linear regression analysis of the known
enthalpies of formation of methyl n-alkyl ethers vs. the number of carbon atoms in the
ethers?®. The methylene increment of —25.3 kImol~! for this homologous ether series
is nearly identical to the methylene increment for n-alkanes. Because the experimental
protodelithiation enthalpies for the two primary lithio ethers are identical, the methylene
increment in that homologous series as calculated here is necessarily identical to that
of the homologous methoxy ethers. As calculated from the methylene increment or from
equation 16, the enthalpy of formation of 5-lithiopentyl methyl ether is ca —309 kJ mol™".

If the enthalpy of formation of 4-lithiobutyl methyl ether is interpolated between the val-
ues for the lithiopropyl and the lithiopentyl ethers to be —285 kJ mol~", then the enthalpy
of isomerization to the less stable 3-lithiobutyl methyl ether is +10 kJmol~!, which is
about half that of isomerization of n-butyl lithium to sec-butyl lithium (+21.3 kJmol™").
However, a linear interpolation assumes the same strain energy for the 6-membered 4-
lithiobutyl ether as for the above 5- and 7-membered w-lithioalkyl methyl ethers. If it is
less strained, then the isomerization enthalpy would be larger. How much of the isomeriza-
tion enthalpy difference is due to other differences, such as intramolecular complexation
and/or aggregation among the various species, is not known. Unfortunately, there is no
enthalpy of formation measurement for the delithiated 7-methoxynorbornane.

B. Aryl Ethers

Beak and Siegel”’ studied the protodelithiation of the lithioanisole isomers by ethanol in
di-n-butyl ether solution. As are phenyl lithium in diethyl ether solution and o-lithioanisole
in dibutyl ether solution, the p- and m-lithioanisoles also were presumed to be pre-
dominately dimeric in the di-n-butyl ether solution. As dimers, the o-isomer is some
35 kJmol™' more stable than the nearly isoenergetic m- and p-isomers, consistent with
intramolecular association between the lithium and oxygen. That the inductive effect
is small in comparison with association is shown by the nearly identical enthalpies of
protodelithiation of the p- and m-lithioanisoles.

Klumpp and Sinnige?® proceeded similarly, using sec-butyl alcohol to protodelithi-
ate the anisoles and other lithiated aryl ethers in di-n-butyl ether. The protodelithiation
enthalpies for all the lithiated aryl ethers, as monomers, from the latter study are listed
in Table 3. The reaction enthalpies for the o- and p-lithioanisoles are ca 20 kJmol™'
more negative from Reference? compared to the ones from Reference?’, presumably
due to differences in the reaction media. From the exchange reaction, equation 17, and
the enthalpies of formation of phenyl lithium, benzene and the relevant aryl ether, the
enthalpies of formation of the lithiated aryl ethers can be derived. The calculated values
are shown in Table 3.

PhLi + ROArH PhH + ROATrLi R =Me, Ph )

Interestingly, the protodelithiation enthalpy of 2-lithio-1,3-dimethoxybenzene is very
nearly the same as that for the single methoxy species o-lithioanisole. If the stabiliza-
tion of lithium by an ortho ether group is due mainly to intramolecular complexation or
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TABLE 3. Enthalpies of protodelithiation?® and calculated enthalpies of formation of
lithioaryl ethers

Lithium compound A H (protodelithiation) Calculated A Hy
(kJ mol™") (kJ mol™")
Lithiobenzene (phenyl lithium) —174+2 51.5 (from Table 1)*
o-Lithioanisole —137+£2 —149 430
p-Lithioanisole —152+3 —134 440
2-Lithio-1,3-dimethoxybenzene —136+3 —318 £ 5¢
o-Lithiophenyl phenyl ether —147 +4 —62 454
p-Lithiophenyl phenyl ether —165+3 —44 4 54
1-Lithiodibenzofuran —139+3 106 £ 8¢
2-Lithio-1-methoxynaphthalene —150+4
4-Lithio-1-methoxynaphthalene —170+5
8-Lithio-1-methoxynaphthalene —142+5

“The enthalpy of formation of benzene (1q) is 49.0 + 0.6 kI mol~! from Reference 12.

bThe enthalpy of formation of anisole (Iq) is —114.8 & 0.8 kJmol~" from Reference 12.

“The enthalpy of formation of m-dimethoxybenzene (s) is —283.3 & 1.9 kJ mol~! from Reference 29.
4The enthalpy of formation of diphenyl ether (s) is —32.1 & 1.5 kJ mol™! from Reference 12.

¢The enthalpy of formation of dibenzofuran (lq) is —29.0 = 4.8 kI mol~' from Reference 30.

chelation, then it is likely that the phenoxy is less stabilizing than methoxy because in
aryl ethers, less basic than their aliphatic counterparts, the oxygen electrons are delocal-
ized into the substituted phenyl ring via resonance and so the relatively positive oxygen
is a poorer electron donor for chelation. However, the protodelithiation enthalpy of 1-
lithiodibenzofuran with its phenoxy-like substituent ortho to the lithium is very nearly
the same as for o-lithioanisole. Consideration of the experimental error bars shows that
the differences are quite small.

The protodelithiation enthalpies of the 2- and 4-lithio-1-methoxynaphthalenes are ca
15 kJmol™' more exothermic than for their o- and p-lithiomethoxybenzene counter-
parts. The enthalpy of formation difference between 1- and 2-methoxynaphthalene in
the solid phase is calculated (using estimation approaches of Reference 31) to be less
than 1 kJ mol™', indicating virtually no destabilization of the 1-isomer due to repulsion
with the (8-) peri hydrogen. That the 2-lithio-1-methoxynaphthalene would be destabi-
lized relative to the corresponding benzene analog is apparent: if the oxygen is coordinated
to the lithium, the methyl substituent must be oriented toward the peri hydrogen, or if
the peri repulsion is avoided, the intramolecular association between the oxygen and
lithium is reduced. The protodelithiation enthalpy for the internally complexing 8-lithio
species is similar to that for the other complexed lithioethers, and relative to the 4-
lithio-1-methoxynaphthalene, suggestive of considerable O- - -Li stabilization. However,
it remains enigmatic why the protodelithiation enthalpy value for the 4-lithio species
is so much larger than that for p-lithioanisole. There would not seem to be that much
peri repulsion between the Li and the (5-) hydrogen or between the methoxy and the
(8-) hydrogen. Lacking the enthalpy of formation of 1-methoxynaphthalene thwarts our
efforts in deriving the enthalpy of formation of either lithio-1-methoxynaphthalene.

VII. PERLITHIOCARBONS AND LITHIATED AROMATIC ANIONS
A. Perlithiocarbons

Many perlithiocarbon species have been reported but the thermochemistry of only two
have been studied, C,Li, and CLi4. The enthalpy of formation of the former, dilithium
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acetylenide (lithium carbide), is recommended'! to be —67.7 + 4.3 kJ mol ™. The enthalpy
of formation of solid acetylene may be deduced to be ca 205 kJ mol~", found by arithmeti-
cally combining its archival gas-phase enthalpy of formation, 228.2 & 0.7, and a consensus
value®? of its temperature-uncorrected enthalpy of sublimation, ca 23 kJ mol™'. Thus, the
enthalpy of the formal protodelithiation reaction (corresponding to a simple Li/H exchange
reaction) is 4273 kJ mol™! or some +136 kI mol~! per lithium. This is in stark contrast
to alkyl lithiums for which the formal protodelithiation enthalpies are exothermic, or to
aryl lithiums where the formal reactions are nearly thermoneutral. Then again, if we view
Li,C, as a solid salt, considerable stabilization is expected. The enthalpy of formation of
solid Li,O is over 300 kJ mol~! more negative than that of liquid H,O, its conjugate acid,
and Li,S and Li,Se are over 400 kI mol~! more negative than gaseous H,S and H,Se,
the corresponding conjugate acids'® 3.

The enthalpy of atomization of CLi, was shown'! to be 1219 4 31 kI mol~" at 1065 K.
How do we derive the value at 298 K and thereby derive an enthalpy of formation
at 298 K? Linearly interpolating between 1000 K and 1100K (from Reference 14), the
enthalpies of formation of atomic C and Li are 719.4 and 150.2 kJ mol™', respectively, and
so the enthalpy of formation of CLi, at 1065 K is 101 & 31 kJ mol~'. The enthalpies of
formation of gaseous Li,O and LiF at 298 K are —166.9 kJ mol~!" and —340.1 kJ mol™!,
respectively'#. Interpolating between 1000 K and 1100 K4, the enthalpies of formation
at 1065 K are —185.5 kJmol™' for Li,O and —352.3 kJmol~' for LiF. The enthalpy
of formation differences between the two temperatures are thus ca 19 and 12 kJmol™
for these two substances, or roughly 10 kJmol~! per lithium. Very roughly then, the
enthalpy of formation for CLi4 at 1065 K is ca 40 kI mol~! more negative than at 298 K,
corresponding to a value of ca 140 kImol™' for the desired enthalpy of formation of
solid CLiy.

The related hydrogen-containing species, gaseous CH4, NH3, H,O and HF, show an
enthalpy of formation difference of only ca 3 kJmol™" per hydrogen at the two tem-
peratures. We thus conclude that CLis has a more positive enthalpy of formation than
CH4(—74.44 0.4 kJmol™") by 214 kImol™" or ca 54 kImol™' per lithium. This is in
comparison to ca 40—60 kImol™" per lithium in alkyl species and the effectively no dif-
ference in the aryl species. We thus find that even though we might have expected CLiy4
to be considerably destabilized as would be expected from electrostatic repulsion of the
positive lithiums and the general instability of anions with multiple negative charges, no
such destabilization was found. C™*(Li*), is an inadequate description of CLiy.

B. Lithium Cyclopentadienide and Lithium Cyclooctatetraenide

Lithium cyclopentadienide (s), LiCp, may be formally protodelithiated to cyclopen-
tadiene (Iq) by a simple Li/H exchange with an accompanying reaction enthalpy of
182.4 kImol~!. The large endothermicity is not unexpected for the nominally aromatic
cyclopentadienyl anion. By comparison, for formal protodelithiation of solid LiOH to
liquid H,O is 199.1 kI mol .

We close this chapter by considering solid (di)lithium cyclooctatetraenide, Li,cot. The
two choices for the protodelithiated product are 1,3,5- and 1,3,6-cyclooctatriene. Gas-
phase equilibrium studies® suggest the former is the more stable isomer by 13.6 kJ mol~".
From the enthalpy of formation of the latter olefin®>, 196.3 kimol™!, the enthalpy of
formation of the former is 182.7 kI mol™'. Applying the CHLP protocol' to estimate the
enthalpy of vaporization results in an enthalpy of formation of 142 kJmol™" for liquid
1,3,5-cyclooctatriene. This corresponds to a Li/H exchange enthalpy of 284 kJmol~! or
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some 142 kJmol~" per lithium. This considerable stabilization, while less than for LiCp,
is comparable to that found in the other dilithium species, C,Li,.
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I. INTRODUCTION

A. General Aspects of Organolithium Compounds

The alkali metal lithium is present as a constituent in a number of important contexts,
such as inorganic salts, glassy materials, solid electrolytes, lithium containing batteries,
lithium intercalation carbonaceous materials and in sedatives. In many of these areas solid
state NMR spectroscopy plays an important role in the characterization of the materials.
This review is, however, restricted to the application of solid state NMR to organo-
lithium complexes including lithium amides and phenolates, an area of organometallic
chemistry which is closely related to the progress made in organic synthesis. Thus, organo-
lithium compounds constitute a commonly used and very important class of organometallic
reagents, as evident from this volume. They have been successfully used in organic and
organometallic chemistry for nearly a century!, but much is still unknown about the
structure and reactivity of these systems.

The interaction between the carbon and lithium atom in these species was unclear
at first. For example, the solubility of organolithium compounds in non-polar solvents
seemed to indicate a covalent interaction. However, more recent results clearly demon-
strate that the interaction is chiefly of an ionic nature?. This fact also explains the prevalent
aggregation of organolithium compounds, where monomers can be considered as dipoles,
dimers as quadrupoles, tetramers as octapoles etc.>*, stabilized by Coulomb interactions
(Figure 1). It is convenient to indicate the aggregation and solvation as Li, A,S,, where x
indicates the size of the aggregate built up of lithium cations (Li) and relevant anions (A),
and y indicates the number of solvent or ligand molecules (S) present in the complex.

In the solid state, the degree of aggregation depends largely upon the steric requirements
of the anion and the complexing ability and steric factors of the ligands, as well as on its
denticity. Polydentate ligands tend to produce smaller aggregates or monomers. In solu-
tion, experimental conditions such as temperature and concentration play an additional,
but equally important role.

The aggregation phenomena are important as it is generally recognized that the degree
of aggregation and complexation has a strong influence on the reactivity and selectivity
of the complexes. Consequently, it is of general interest to understand the structures of
these reagents in order to optimize the reaction conditions under which they are used®~!7.
These aspects are treated in other parts of this volume.

Investigations by various experimental techniques have been prompted by the
structural diversity of organolithium complexes. The methods used range from
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(©)

FIGURE 1. Organolithium aggregates described as interacting negatively charged carbon and posi-
tively charged lithium ions: (a) monomers viewed as dipoles, (b) dimers as quadrupoles and (c) tetra-
mers as octapoles

colligative measurements'8, different spectroscopic methods, mainly NMR spectroscopy in
solution'?=2¢ to X-ray crystallography in the solid state’’ ~3'. In addition, there have been
a number of theoretical investigations in which the structures of a variety of organolithium
compounds were studied? 3% 33,

As for NMR, it is of historical interest that already in 1936 an attempt was made to
utilize the magnetic properties of "Li to detect the phenomenon later to be called nuclear
magnetic resonance®*. However, the effort was not met with success, probably due to sat-
uration of the signal. Already in the beginning of the 1960s the possibility of observing
the NMR active lithium nucleus in organolithium complexes was utilized and solution
NMR spectroscopy was applied to the field of organolithium chemistry®~3’. 'H and *C
chemical shifts were used to determine the charge distribution, aggregation, solvation, or
the position of the equilibrium between contact ion pairs (CIP) and solvent-separated ion
pairs (SSIP) of such complexes!*~6. 13C~'H coupling constants were used to deduce the
hybridization of the lithium bearing carbon®® and '3C-%7Li couplings were employed
to gain direct information about the degree of aggregation.?*~*' Scalar couplings to 3'P
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in hexamethylphosphorous triamide (HMPA) have improved our understanding of sol-
vation phenomena'”#2-#, In the area of lithium amides, couplings between ®’Li and
5N have played an important role in understanding the chemistry of such N-lithiated
species.!> %40 Dynamic aspects have been investigated by variable temperature studies
combined with lineshape analysis.!>*’~3! Dipolar interactions have been used in one-
and two-dimensional °Li,'H heteronuclear Overhauser effect spectroscopy (HOESY) to
deduce the location of the lithium cation relative to the anion*»>>~%. In a few appli-
cations diffusion investigations have been conducted to obtain further information about
aggregation phenomena®®~%0

With respect to structural investigations of organolithium compounds, one relevant
question to answer is whether the solid structures of organolithium complexes, as deter-
mined by X-ray crystallography, are suitable models for the structures present in solution.
One way to relate the information gathered by X-ray crystallography to the solution
structure is to compare data from solution NMR with those from solid state NMR. More-
over, solid state NMR spectroscopy will enable the study of, for example, polylithiated
systems®!, which are difficult to study in solution due to limited solubility and, for the
same reason, difficult to obtain as single crystals suitable for X-ray determinations. As
shown below, solid state NMR investigations can also give direct structural information
regarding geometry and interatomic distances and, as an important advantage over X-ray
investigations, NMR parameters are sensitive to dynamic phenomena.

B. General Aspects of Solid State NMR

In the early days of NMR, wideline spectra of solids defied a straightforward inter-
pretation and this area remained for a long time a domain of solid state physics. It was
only after considerable progress had been made through the introduction of line nar-
rowing and other techniques that chemical applications of solid state NMR came into
reach. Over the years, and with the advent of the Fourier transform technique, methods
have been developed that circumvent the complications introduced by various factors into
solid state NMR spectra. Among these, the most important is without doubt magic angle
spinning (MAS), but sensitivity enhancement by cross-polarization (CP, Hartmann—Hahn
experiments), high power decoupling and pulse NMR are equally indispensable. Thus,
high-resolution solid state NMR spectra can today be obtained routinely and their inter-
pretation and analysis yields important parameters for structural research®?. As it turns
out, wideline or static spectra as well as MAS spectra for many nuclei are easily obtained
and analysed and in the present context those of '*C and both lithium isotopes, °Li and
7Li, are of particular relevance. In the following, we shall show examples of several solid
state NMR techniques.

The complications that arise in solid state NMR spectra as compared to NMR spectra
in solution are the consequence of the fixed orientation of the sample relative to the
external magnetic field By. Mainly three interactions are responsible for the enormous line-
broadening that can be observed for solid powder samples. These are (1) the shielding or
chemical shift, including the chemical shift or shielding anisotropy CSA or Ao (Hcsa),
(2) homo- and/or heteronuclear dipole—dipole coupling (Hpp) and (3) in addition, for
nuclei with spin >1/2, the quadrupolar interactions (Hg).

The total Hamilton operator for solid state NMR, including the Zeeman term (H,), is
given in equation (1):

H = Hy + Hcsa + Hpp + Hq (D
Theory®> % shows that the lineshape contribution of these factors is characterized by an
angle dependence of the type (3 cos?6 — 1), where 6 is the angle between the principal
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tensor axis of the respective interaction and the direction of By. At the angle 6 = 54.7°
this term is equal to zero and the interaction vanishes; this angle is thus called the magic
angle. In solution, as a consequence of molecular motion, 6 is averaged over all possible
values and the direct lineshape contribution of the interactions (1)—(3) vanishes on the
NMR time scale. They only contribute to relaxation.

The expressions for the various parts of the Hamiltonian (equation 1) are well
documented®-%* and for our purpose and the following discussion it suffices to
summarize the results for axially symmetric situations in angular frequency units with
the equations 2—-6, where o, and Ao are the isotropic part of the shielding tensor and
the shielding anisotropy, respectively, D is the dipole coupling, eq or V is the electric
field gradient at the nucleus, eQ is the nuclear quadrupole moment and the other symbols
have their usual meaning:

Ho = —y Bol, )
Hcsy = —y Bl [03, + Ao i(3cos® 6 — 1] (3)

where ai,, = (011 + 022 + 033) and Ao = oy, — 033,
Hpp = —D(3cos?0 — DI.S, (heteronuclear) @)
where D = (uo/47)y1ysh/ris’,

Hpp = —D%(3 cos’ 0 — D[3I.I,, — (I;I,)] (homonuclear) (®)]
Ho = (eQeq,./th)i(3cos’0 — )3} — 1P /41 (21 — 1) (6)

According to the properties of the nuclei of interest, the individual contributions of the
factors (1)—(3) discussed above to the solid state NMR lineshape differ considerably. In
the case of spin-1/2 nuclei, quadrupolar interactions are absent, but many of these nuclei
are abundant and strong homonuclear dipole—dipole couplings dominate the linewidth. A
typical example for this situation is the proton. In the spectra of rare spin-1/2 nuclei, on
the other hand, homonuclear interactions are absent and heteronuclear interactions may
be eliminated if appropriate decoupling techniques are used. If sensitivity problems can
be overcome, these nuclei are thus favourable candidates for solid state NMR. A typical
example for this situation is carbon-13, where the lineshape is dominated by the CSA
term. On the other hand, abundant spin-1/2 nuclei may be isolated from each other as a
consequence of the chemical structure so that homonuclear dipole—dipole coupling, which
depends on the distance factor 1/r3, vanishes. This situation is often met for phosphorous-
31 in organophosphorous compounds. Finally, for the large group of quadrupolar nuclei
with / > 1/2 the magnitude of the quadrupolar constant, Q, and the spin quantum number
are factors that govern the degree of complexity introduced by quadrupolar interactions. In
general, it is true that the larger the quadrupole moment, the larger the observed effect. In
addition, there is a difference between nuclei with half-integer and integer spin quantum
number, where second-order effects complicate the spectra in the former case. Typical
powder patterns calculated for spin-1 (°Li) and spin-3/2 ("Li) nuclei with dominating
quadrupolar interaction are shown in Figure 2.

In the present context, solid state NMR spectra of '3C and the lithium nuclides °Li
and "Li are of relevance and specific aspects of these techniques are discussed in the
following sections.
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FIGURE 2. Calculated powder patterns for spin-1 (a) and spin-3/2 (b) nuclei with a dominating
quadrupolar interaction (QUASAR® simulation); 7 is the asymmetry parameter of the quadrupolar
interaction (equation (9))

1. 13C solid state NMR

For this spin-1/2 nucleus shielding effects and heteronuclear dipole—dipole coupling are
important. In solution only the isotropic chemical shift will be observed, as the molecules
tumble rapidly on the NMR time scale. In the solid state, however, all possible orientations
of the molecules relative to the magnetic field will be present, unless a single crystalline
sample is used. This will result in broad signals, as the chemical shift is a tensor property.
The line shape of the observed signal depends on the CSA and its asymmetry. The CSA of
carbon atoms varies between ca 20 ppm up to ca 450 ppm in extreme cases, such as the
charged carbon of the z-butyl cation®. In cases where the samples only give rise to one
signal, the CSA can be very informative as it depends on the electron distribution about
the nucleus. However, in samples containing many different nuclei, the CSA will lead to
severe signal overlap. One experimental technique to deal with this line broadening is to
exploit the angular dependence of the chemical shift interaction as in the MAS technique,
where only the isotropic shift remains if the rotation rate is fast relative to the CSA.
Under favourable conditions, linewidths of a few Hz can be obtained using this method.
The CSA will appear as a pattern of spinning sidebands if the rotation speed is slow in
comparison to the magnitude of the CSA. This opens up the possibility to determine the
CSA even for samples giving rise to several signals by the analysis of the intensity of the
spinning sidebands®’. For chemical shift measurement, line-overlap can be avoided using
special techniques which allow sideband suppression, such as TOSS% % or SELTICS™.
The methylene resonance of adamantane at 38.4 ppm relative to the '*C resonance of
TMS is usually used as external reference. In general, the '*C chemical shifts of the
organic moiety are the same in the solid and in solution if the structures are identical.

The line will also broaden due to dipolar interactions to neighbouring magnetically
active nuclei, typically protons. This broadening can to a certain extent be reduced by
proton decoupling. As the dipolar interaction is much larger than the scalar coupling, the
decoupling field has to be quite strong. The dipolar interaction has an angular dependence
such that it vanishes at the magic angle (equations 4 and 5), an additional advantage of
MAS. Of course, due to the low natural abundance of '*C, homonuclear '3*C couplings
are absent in solid state spectra.

The third technique generally utilized in '*C solid state NMR spectroscopy is to improve
the signal amplitude by magnetization transfer from 'H to '*C by cross-polarization. The
combination of these methods is called CP/MAS®>70,
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2. %/7Lj solid state NMR

Turning now to lithium, we have two nuclides available for NMR measurements:
Li and Li. Both are quadrupolar nuclei with spin quantum number I of 1 and 3/2,
respectively. The natural abundance of "Li (92.6%) provides enough NMR sensitivity
for direct measurements, but also °Li (7.4%) can easily be observed without enrichment.
However, isotopic enrichment poses no practical problem and is advantageous if sensitivity
is important, as for measurements of spin—spin coupling constants in solution and of
quadrupole coupling constants in the solid state.

In solid state NMR it turns out that, contrary to the situation described for '3C, ¢/7Li
spectra are affected by all three factors discussed above, albeit with varying importance.
The lineshapes of %7Li solid state NMR spectra obtained from different species may thus
be quite different, as Figure 3 demonstrates with three examples.

a. Chemical shifts. The chemical shift range of %7Li is relatively small, normally ca
5 ppm, due to a near-cancellation of the diamagnetic term and the relatively small para-
magnetic shielding term. "Li has a larger spectral dispersion than ®Li as the gyromagnetic
ratio is larger, but this advantage is often cancelled by a larger linewidth.

The chemical shift in solution is affected by factors such as solvent effects, viscosity,
temperature and concentration. These effects are often of the same order as the shift
changes induced due to structural effects’®7* (Table 1). This often limits the structural
information that can be gained from the ®’Li chemical shift. In cases when the lithium
cation experiences the ring current of delocalized anions™ the shift range is expanded
considerably’®77. As seen in Table 2, a change in solvent can induce large chemical shift
changes if the equilibrium between the CIP and the SSIP is affected. For example, the "Li
chemical shift of fluorenyllithium is —6.95 ppm when the CIP dominates in diethyl ether
(DEE) and the lithium cation experiences the effect of the ring current of the delocalized
anion, and —2.08 ppm when SSIP is dominating in tetrahydrofuran (THF) and the lithium
cation is mostly interacting with the solvent’s.

The chemical shift is measured relative to a reference compound, for example LiBr in
THF or H,0. Due to the common dynamic processes observed between organolithium
complexes, an external reference is often used. One problem is that there is not a single
reference compound in general use, but different external references are employed. Thus,
chemical shifts reported in different investigations must be compared with caution.

In the solid state the situation for Li can be further complicated due to second-order
effects as the nucleus has a spin quantum number of / = 3/2. The magnitude of this
effect depends on the Larmor frequency and the size of the quadrupolar interaction, but
is often relatively small, up to ca 1 ppm. Since the chemical shift range of lithium is
so small, however, this effect can be significant in special cases. In order to correct for
this second-order quadrupolar interaction, the quadrupolar coupling constant has to be
measured. A straightforward way to circumvent this complication is to use °Li NMR
for shift determinations because second-order effects are absent for spin-1 nuclei and the
primary isotope effect on the shielding constant can be neglected. In addition, the smaller
linewidth of °Li spectra is advantageous for the resolution of overlapping resonance
lines™.

The magnitude of the chemical shift anisotropy depends on the bonding situation and
the nucleus gyromagnetic ratio. Since the bonds formed by lithium in organolithium
compounds or other lithiated systems are mainly ionic, the anisotropy of the lithium
chemical shift is generally small. It is more pronounced for "Li than for SLi. "Li spectra
are dominated by the quadrupolar effect and the CSA contribution to the "Li lineshape
is often negligible. Exceptions are compounds with poly-hapto bound lithium, such as
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TABLE la. "Li chemical
shifts” of inorganic lithium
salts in various solvents’*

Solvent 8 (ppm)
Pyridine +2.54
Acetone +1.34
DMF +0.45
Methanol —0.54
THF —0.60
DMSO —1.01
Acetonitrile —2.80

“The scale is changed to corre-
spond to modern convention.

TABLE 1b. "Li chemical shifts, in ppm?, of selected
organolithium compounds in various solvents’?

System” Cyclopentane Benzene DEE*
EtLi 1.55 1.25 0.80
n-BuLi 1.55 1.50 0.75
BzLi —0.45 0.15 —0.15

“Chemical shift, in ppm, as read out of the figure in the original
paper; the scale is changed to correspond to modern convention.
bEt = ethyl, n-Bu = n-butyl, Bz = benzyl.

‘DEE = diethyl ether.

TABLE 2. "Li chemical shifts, in ppm?, of some selected delo-

calized organolithium complexes in various solvents?’8
System Solvent®

DEE THF DME
Cyclopentadienyllithium —8.86 —8.37 —8.67
Indenyllithium —8.99 —6.12 -3.11
Fluorenyllithium —6.95 —2.08 —3.06

“Chemical shift, in ppm, relative to external 1.0 M aqueous LiCl; the scale
is changed to correspond to modern convention.

For a more complete list see References 24 and 25.

“DEE = diethyl ether, THF = tetrahydrofuran, DME = dimethoxyethane.

various lithium salts of anions of cyclic m-systems, where a strong ring current effect is
observed for the Li nuclei’®””. A typical case where the shift anisotropy dominates the
lineshape is lithiocene, as demonstrated in Figure 3b.

b. Dipole couplings. Heteronuclear dipolar coupling of %7Li in organolithium com-
pounds is generally present to protons and gives rise to pronounced line broadening. It
is normally eliminated by high-power decoupling. In these cases, the sensitivity of the
6/7Li signals may also be enhanced by cross-polarization® 32, However, the heteronuclear
dipolar interaction can be used to advantage as it depends on the distance between the
coupled nuclei.
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In solution, dipole—dipole interactions constitute a relaxation mechanism, and the dipo-
lar relaxation which is the basis for the well-known nuclear Overhauser effect (NOE),
mostly used in the homonuclear 'H,'H case. The 2D HOESY method between 'H and
®Li has been used to obtain structural information of many organolithium systems in
solution®%33:33:36.83-89 and this field was reviewed in 19952, °Li is commonly used as
the relaxation is dominated by the dipole—dipole mechanism and the relaxation time is
relatively long. Knowledge of the proximity of the lithium cation relative to protons in
the substrate is used to derive information about the structure and aggregation of organo-
lithium systems in solution. In a few cases quantitative investigations have been made®®-%°.
An average error of the lithium position of ca 0.2 A was reported.

In the solid state, the dipolar interaction is suppressed by MAS. If suitably placed
rotor synchronized pulses are applied, however, the dipolar interaction is active under
MAS conditions. This fact has been used to measure atomic distances in solids with the
Rotational Echo Double Resonance (REDOR) experiment, introduced by Guillion and
Schaefer for heteronuclear spin-1/2 systems in 1989°!. In the REDOR experiment, the
heteronuclear dipolar coupling leads to a dephasing of the observed signal, in addition
to the normal 7, relaxation. A function of both 7, relaxation and dipolar dephasing is
fitted to the observed signal decay, giving the dipolar coupling constant as one of the
parameters. An experiment without the rotor synchronized pulses is conducted in order to
estimate the 7, relaxation time. The obtained dipolar coupling constant is directly related
to the distance separating the two interacting nuclei according to equation 7,

3 ﬂ)’ll/sh
dr D

rs = N
where ryg is the distance separating nuclei I and S, D is the dipolar coupling constant in
rads~! and the other symbols have their usual meaning. The determination of the dipolar
couplings thus gives direct quantitative structural information.

An example of a spin-1/2 and spin-1 pair, i.e. '*C and *H in enriched DL-[2->H,3-13C]
alanine was later studied by the REDOR technique®?, proving the applicability of the
method in these cases as well. Another spin-1/2 and spin-1 pair of interest in the present
context is '*C—SLi. In Figure 4, the dipolar coupling between SLi and '*C is given as
a function of the carbon-lithium distance. It is clear from this graph that distances up
to ca 4 A can be measured by this method and successful applications of the REDOR
technique for the measurement of C—Li distances have been reported (see Section I.D).

Homonuclear lithium-lithium dipolar coupling, on the other hand, is expected for
situations where two or more lithium nuclei exist and a short distance allows effective
interactions such as in aggregates. Since this effect between quadrupolar nuclei cannot be
eliminated by the MAS technique, considerable line broadening may result (Figure 3c).
An interesting approach to solving this problem is °Li or "Li decoupling in a sample
enriched with the appropriate isotope. The undesired homonuclear coupling is thereby
transformed into a heteronuclear coupling which allows double resonance experiments.
This technique is promising as recent experiments show, where the ’Li linewidth could
be considerably reduced (Figure 5)°>%*. ®Li decoupling experiments were first performed
in a study of methyllithium and dilithio methane by Yannoni, Lagow and coworkers® .
Here, the resulting '*C resonance was extremely broad. By a combination of °Li isotope
enriched material and simultaneous 'H and SLi high-power decoupling the half-width
of the line was reduced to 80 Hz (Figure 6). This is still much wider than commonly
observed in *C solid state NMR spectroscopy under MAS conditions.

¢. Quadrupolar interactions. The lithium nucleus has yet another very useful NMR
property, i.e. an electric quadrupole moment, as both SLi and 7Li have a spin quantum
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FIGURE 5. Reduction in linewidth in the "Li solid state NMR spectrum of the dimer of
(E)-2-lithio-1-phenyl-1-(o-lithiophenyl)pent-1-ene  (90% °Li) by various techniques:
TLi{'H} spectrum, halfwidth 6.3 kHz; (b) “Li{'H} CP/MAS spectrum, rotational frequency 3 kHz;
(c) central transition in the "Li{'H} CP/MAS spectrum, halfwidth 130 Hz; (d) central transition in
the "Li{'H} CP/MAS spectrum with additional °Li decoupling. The two "Li resonances are separated

by 1.25 ppm; lineshape analysis yields half-widths of 92 and 81 Hz, respectively

93,94

(a) static
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(a)

(b)

r ey

FIGURE 6. The first (proton decoupled) '*C CP/MAS NMR spectrum of an organolithium spectrum,
methyllithium at —150 °C: (a) CH]Li, (b) CHSLi, (c) CHSLi with both 'H and °Li high-power decou-
pling. Reprinted with permission from Reference 95. Copyright 1984 American Chemical Society

number I > 1/2. The resulting quadrupole coupling constant, x, is related to the electric
field gradient at the nucleus and thus to the bonding situation of the lithium cation. For
an atom at a site of cubic symmetry, for example in a spherical, tetrahedral or octahedral
environment, the quadrupolar coupling constant is expected to vanish. Any deviation from
this situation, however, leads to observable quadrupolar coupling constants. The relation
is expressed according to equation 8

X = eQeqzz/h ()

where x (in Hz) is the quadrupole coupling constant elementary charge, eQ the nuclear
quadrupole and eq,, the largest principal component of the electric field gradient tensor
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at the nucleus Planck’s. The electric quadrupole moments of °Li and 7Li are relatively
small, °Li actually has the smallest of all quadrupolar nuclei (Q = —8.2 x 10~* [barn]
for °Li and —4.0 x 10~2 [barn] for "Li)**.
In addition, the asymmetry parameter of the quadrupolar coupling, 7, is defined in
equation 9
n= (G —qy)/qz ©

n is zero for axial symmetry (.. = ¢y,) and close to 1 if g, > ¢,, holds.

The theoretical background for the quadrupole coupling constant was developed already
in the 1950s%7-%8. Direct calculation of quadrupolar coupling constants is still not straight-
forward and depends heavily on the basis set used”®~'9. The quadrupolar coupling
constant is thus mainly used as an empirical parameter. Nevertheless, experimental trends
can be reproduced quite well with available theoretical methods as shown in Section ILF.

Experimentally, x values for gaseous lithium halides were determined as early as 1949
by molecular beam resonance experiments!*~1%_In solution, the quadrupolar interaction
of ethyllithium and of ¢-butyllithium were investigated in 1964'%7. It was found that
tetrameric and hexameric aggregates have different interactions. In the solid state x of
tetrameric methyl- and ethyllithium was determined in 1965 and 1966'%!% and for
lithium formate in 1972!'°. However, it was not until Jackman started his investigations
of lithium enolates and phenoxides in solution that the quadrupolar interaction was used
in a systematic fashion to obtain structural information''!.

In solution, the quadrupolar coupling constant is not measured directly. Instead, the
quadrupolar splitting constant is obtained from relaxation time measurements. The QSC
is related to x according to equation 10:

2
QSC = /1 + % (10)

However, certain assumptions must be made in order to derive the QSC. First, it is often
assumed that the relaxation of 7Li is totally dominated by the quadrupole mechanism, i.e.
T, = TIQ. If the relaxation of °Li is measured on the same sample, relaxation contributions

from other mechanisms can be eliminated''2. T, is related to QSC by equation 11'":
1 27?2 5
T, 5

where 7 is the rotational correlation time. This quantity has to be estimated, normally
from 3C relaxation time measurements, assuming that the relaxation is dominated by
the dipole—dipole mechanism, and that the C—H vector under consideration does not
experience any extra local dynamic process, i.e. internal rotation within the aggregate.
In the solid state, however, the quadrupolar coupling constant can be obtained directly
from the spectrum without the above-mentioned assumptions. The coupling constants,
which range from about 10 to 600 kHz for ’Li depending on the structure, can be mea-
sured having the sample either static in the magnetic field or under MAS conditions. If
the sample is static in the magnetic field and a suitable single crystal is at hand, the x and
n values, as well as the direction of the principal components of the electric field gradient
tensor relative to the molecular framework can be determined. This is rarely the case for
organolithium complexes, but has been realized for inorganic lithium salts''3='15. Nor-
mally, having a microcrystalline or a powdered sample, only x and 5 can be determined
from the resulting powder pattern and not the orientation of the tensor. A quadrupolar
echo sequence is used to measure the fast decaying signal'!®~'!8, As shown in Figures 2b
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FIGURE 7. (a) Experimental'?? and (b) WINFIT'?® simulated static "Li solid state NMR spectrum
of the TMEDA complex of trimethylsilylcyclopentadienyllithium. The x and 5 values are 156 kHz
and 0.1, respectively. The small effect of CSA was neglected in the simulation. In (b), the singularities
are indicated together with the relation of these to the x and 7 values'!”

and 7, the powder spectrum is a Pake doublet overlaid by the central 1/2 to —1/2 transition
for an I = 3/2 nucleus.

When a powdered sample is rotated about the magic angle, a number of spinning
sidebands are obtained, separated by the spinning speed (Figure 8). These are distributed
over an area determined mainly by the strength of the quadrupolar interaction. The central
transition is not affected by the quadrupolar interaction to first order. The other transitions
are affected by this interaction, and the degeneracy of the transitions vanishes. In Figures 7
and 8 it is indicated how the singularities at Av;, Av, and Av; are related to the x and
n values. A straightforward direct analysis is possible on the basis of equations 12 and

13, which hold for static as well as for MAS spectra of spin-3/2 nuclei''? 120,
X =2(Av; + Avy) = 2Av; (12)
n = (Avy — Av))/(Avy + Avy) =1 —2Av; /Av; (13)

However, x(’Li) and n("Li) are mostly derived by spectral simulation, as shown in
Figures 7b and 8b. Various programmes are available for this purpose'?!.

As a consequence of the small quadrupole moment of °Li, the quadrupolar interaction
in solid state NMR spectra is much smaller for °Li than for "Li. This has been used to
advantage for the determination of the °Li chemical shift anisotropy from the °Li static
solid state powder spectrum of 2,4,6-tris(isopropyl)phenyllithium (see below)!?>. Applying
MAS up to 10 kHz, the CSA contributions to the lineshape can be completely eliminated
in most °Li spectra of organolithium compounds. If the measurement of the quadrupolar
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FIGURE 8. 116.589 MHz 'Li MAS spectrum of [((H3C)3Si),NLi-OEt,],; rotational frequency
3.5 kHz; 5000 transients; (a) experimental'?*; (b) QUASAR® simulation with yx = 298 kHz,
n=0.2, Ao =—42ppm, n(CSA) = 1.0, exponential line-broadening 320 Hz. During the
simulation the x and 7 values are optimized together with the CSA and residual ’Li—'Li dipolar
couplings. In case of small quadrupolar coupling constants (<20 kHz), few sidebands are generated
and n("Li) is less well defined. In these cases additional static spectra have to be measured

coupling constant is of interest, the use of ’Li is thus advantageous. The second-order
quadrupolar effect is usually very small and chemical shift data obtained from °Li and "Li
MAS spectra of organolithium compounds are often identical within experimental error.

Finally, an important experimental aspect of solid state NMR studies of organolithium
compounds is the stability of the air- and moisture-sensitive samples during the NMR
measurements. Sample cells, usually rotors used for MAS and static spectra, have to be
filled and sealed under argon in a glove-box or an equivalent device. Kel-F plastic caps
are in general tight enough to guarantee stable conditions, but specially designed rotor
inserts'?® have also been used'?’

It has been found that the "Li quadrupole parameters x(’Li) and n(’Li) are sensitive
probes of solid state structures of organolithium compounds, for example with respect
to aggregate size, solvation, ion pair structure and the X-Li—X structural angle. These
results will be discussed in the following sections.

Il. APPLICATIONS
A. ¥C Chemical Shifts in Solid Organolithium Complexes

It was not until the study of methyllithium and dilithiomethane by Yannoni, Lagow
and coworkers that solid state '3*C CP/MAS NMR was applied to organolithium systems
(Figure 6)*%. However, as mentioned above, heteronuclear dipolar "Li,'3C coupling
unfortunately complicated the observation of the single '*C resonance in this particu-
lar case, even if °Li decoupling in a SLi-enriched compound was used. The need for
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triple resonance MAS probes, uncommon at that time, further deterred investigations of
organolithium systems by solid state NMR spectroscopy. Today, this situation has changed
because later studies showed that dipolar 7Li,'*C coupling is not important in most cases
and high-resolution solid state '*C NMR spectra can be observed for the great majority of
organolithium systems without this complication. In fact, it has been found that data for
the solid sample and the species in solution agree closely if the structure is retained. One
point particular to solid state NMR should, however, be kept in mind when solid state '*C
NMR spectra are interpreted: the number of signals may be larger than expected on the
basis of a given structure if time-averaging by dynamic processes in the solid structure is
slowed down and/or non-equivalent molecules exist in the unit cell of the solid.

In a first application of general interest, fluorenyllithium complexes (1, Scheme 1) were
studied by 3C solid state NMR spectroscopy'?®. One reason for the choice of this system
was that the results from the X-ray investigation presented at that time and solution NMR
investigations were in conflict. The bis-quinuclidine complexes investigated in the solid
state by X-ray analysis show that the lithium cation is asymmetrically positioned relative
to the carbon framework of the anion, mainly interacting in a n* fashion with carbons

C-1, C-9a and C-9 (Figure 9)'%.
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In solution, NMR investigations of fluorenyl complexes give rise to only seven '3C

signals, either due to a symmetric position of the lithium cation relative to the car-
banion framework or to fast exchange on the NMR time scale under the experimental
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FIGURE 9. The X-ray structure of the bis-quinuclidine complex of fluorenyllithium; the lithium
cation interacts in an unsymmetrical > fashion with the anion'?’

conditions'3% 13!, Furthermore, as these complexes are monomeric, dipolar couplings to

more than one lithium cation, as observed in the methyllithium complexes mentioned
earlier, can be neglected.

As seen in Figure 10a, the 3C CP/MAS NMR spectrum of the quinuclidine complex
shows the expected asymmetry (for instance, different signals for C-8a and C-9a) due
to the asymmetric position of the lithium cation relative to the carbon framework in
accordance with the X-ray investigation'?. The observed linewidths are not exceptionally
large, and only small effects on the linewidths were observed when ’Li was substituted
by °Li, as shown in Figure 10b.

Other fluorenyllithium complexes were investigated as well. As is evident from
Figure 11, the quinuclidine and DEE complexes give rise to asymmetric structures.
However, the spectra of both the tetramethyl-ethylenediamine (TMEDA) and the THF
complex indicate symmetric structures as for example shown by the lack of splitting of
the C-8a, C-9a signals. Again, this apparent symmetry could be due to rapid exchange
even in the solid state. To investigate this further, a variable temperature study of the
TMEDA complex was undertaken. The signals of the fluorenyl system were unaffected
by lowering the temperature down to —60°C'?%. However, the broad signal from the
TMEDA ligand observed at ambient temperature was resolved into three signals, due to
a dynamic process of the ligand. This dynamic process has been indicated for several
TMEDA complexes as large thermal anisotropy parameters of the ligand atoms in the
pertinent X-ray structure and was later investigated in detail for several organolithium
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FIGURE 10. '3C CP/MAS NMR spectra of the bis-quinuclidine complex of fluorenyllithium: (a) "Li
isotopomer and (b) ®Li isotopomer. Reprinted in part with permission from Reference 128. Copyright
1990 American Chemical Society

TMEDA complexes using solid state '3C and "N variable temperature (VT) CP/MAS
NMR spectroscopy (see Section ILE)'2.

The conclusion from the NMR study was that '3C spectra of high resolution can be
obtained from these monomeric complexes and, more importantly, that the position of
the lithium cation relative to the fluorenyl system depends on the ligand/solvent. This
indicates that the potential energy surface is rather flat, as predicted by simple theoretical
investigations'33~13% and later confirmed by a more stringent theoretical treatment'3°.

Another system that has been investigated by '*C CP/MAS NMR spectroscopy as a
function of different ligands is o- (dimethylamino)benzyllithium (2, Scheme 1)'%7. The
DEE complex was proven to exist 1n the solid state as an 5° coordinated dimer'3.
All the studied complexes are of an 5’ type according to comparison to solution NMR
data. However, the actual structure varies as reflected by the shift difference between
the two ortho-carbons. This difference ranges from 4.4 ppm for the N, N, N, N, N"-
pentamethyldiethylenetriamine (PMDTA) complex to 20.3 ppm for the TMEDA complex.
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FIGURE 11. 3C CP/MAS NMR spectra of fluorenyllithium complexes: (a) Quinuclidine complex,
(b) DEE complex, (c) TMEDA complex and (d) THF complex. Reprinted with permission from
Reference 128. Copyright 1990 American Chemical Society



156 Dan Johnels and Harald Giinther

In a study of related benzyllithium systems (3—5, Scheme 1) it was found that char-
acteristic differences in '*C chemical shifts are observed for CIP and SSIP structures'>.
While in the CIP structure the negative charge is stabilized at C, by the C,—Li con-
tact, the SSIP structure allows a more effective delocalization of charge into the ben-
zene ring by separating the lithium cation from C,. This leads to '3C shielding for the
ortho- and para-positions. For example, the complexes of «-(phenylthio)benzyllithium
(3) with one and two moles of 12-crown-4 exist as CIP and SSIP structures, respectively
(see Section II.C.5), and exhibit A§(**C) values of —5.5 ppm for the ortho-carbons and
—5.6 ppm for the para-carbon in going from the CIP to the SSIP. At the same time,
a high-frequency shift (deshielding) of +9.9 ppm is found for C, as a consequence of
reduced charge density and a hybridization change towards sp?. It is interesting to note
that the '3C data of the mono-crown ether complex in THF solution are nearly identical
with those of the solid state SSIP structure obtained with two moles of crown ether indi-
cating the same structural motif, i.e. solvent separated ion pairs. Furthermore, in the solid
the rotation of the phenyl ring around the C,—C-1 bond is slow on the NMR time scale
and two signals are observed for the ortho- and meta-carbons.

A number of phenyllithium complexes have also been investigated by solid state '*C
CP/MAS NMR spectroscopy'*°. This choice stems from the fact that phenyllithium is one
of the best characterized organolithium systems. A number of different aggregates of var-
ious solvating ligands, i.e. monomers, dimers and tetramers, have been investigated in the
solid state by X-ray crystallography and in solution by NMR spectroscopy!”:#1: 42 140-149
More than 50 entries of lithiated benzene derivatives are found in a search of the Cam-
bridge Structural Database (version 5.23 April 2002), restricting the search to complexes
where lithium is the sole metal.

In the solid state NMR study, uncomplexed phenyllithium, assumed to be a tetramer,
as well as the TMEDA complexed dimer and the PMDTA complexed monomer were
investigated. Both 7Li and ®Li isotopes were used in the preparations. The '3C spectra of
the complexes are presented in Figure 12. It is evident that the substitution of "Li with SLi
has profound effects on the linewidths, especially of the ipso-carbon at ca 180 ppm in the
aggregated uncomplexed system (Figure 12a and 12b, respectively). This is in accordance
with the previously mentioned study of methyllithium. However, even the other positions
are affected by the dipolar couplings to the four quadrupolar lithium cations, but to a
lesser extent due to the larger C—Li distances.

The same effect is noted for the dimer in Figure 12c¢ and 12d, but it is attenuated because
the ipso-carbon is only coupled to two lithium cations. The lineshape of the TMEDA
ligand indicates that, again, a dynamic process occurs. This complex was included in
the investigation of dynamic processes previously alluded to and discussed below in
Section ILE'32,

In the monomer the ipso-carbon signal of the "Li isotopomer is split into a quartet,
typical for a scalar coupling to one lithium cation of spin / = 3/2 (Figure 12e). However,
closer inspection of the signal reveals that the splitting is not symmetric. The origin of
this asymmetry is the combination of scalar and dipolar couplings. The magnitude of the
coupling constant is in the expected range for a monomeric organolithium complex*! 143,
The coupling to SLi is, however, not resolved due to the smaller coupling constant. A
similar splitting was later observed in a multinuclear solid state NMR investigation of
the 2,4,6-tri(isopropyl)phenyllithium, indicating an interaction between the ipso-carbon of
this complex with one lithium cation'?. This complex will be further discussed below.

In Table 3, the observed '3C chemical shifts obtained in the solid state are compared
to the shifts in solution. It is evident that the agreement between shifts in the solid state
and solution is relatively good. The largest discrepancy is observed for the ipso-carbon
in the uncomplexed phenyllithium tetramer model and the tetramer in solution measured
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FIGURE 12. '3C CP/MAS NMR spectra of the "Li (a, c, d) and SLi (b, d, f) isotopomers of
phenyllithium; (a, b) uncomplexed phenyllithium, (c, d) with TMEDA as ligand and (e, f) with
PMDTA as ligand, respectively. Reproduced with permission of Elsevier Science from Reference 150

in 1:2 DEE—cyclohexane. The complex in solution is without doubt solvated by DEE, a
fact that explains the observed difference.

The general conclusion from this investigation is that even aggregated organolithium
species can be studied by solid state '*C NMR spectroscopy, and that these complexes
seem to retain the solid state structure in solution.

In another solid state NMR study a tetrameric aggregate of phenyllithium, prepared from
13C enriched [1-"*C]bromobenzene and [°Li]n-butyllithium in benzene, was investigated in
order to increase understanding of the origin of the observed '*C NMR chemical shifts'>!.
The naive presumption would be that the ipso-carbon should be shielded relative to the
corresponding neutral system, due to the increased electron density in the organolithium
system, as is observed in aliphatic complexes. However, the ipso-carbon is deshielded on
substitution of hydrogen with lithium. This was known from solution data and explained
as due to a small AE term in the paramagnetic contribution to the shielding constant in
the Ramsey equation'! 2 as a consequence of the electron pair in the sp? hybrid orbital
of the C—Li bond'#!* 152 In the solid state study, the possibility to recover the shift tensors
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TABLE 3. '3C NMR chemical shifts, in ppm“, of phenyllithium aggregates in
the solid state and in solution'>®

Isotopomer Aggregate ipso ortho meta para

Solid state

TLi uncomplexed 180° 143.3 128.3¢ 128.3¢
TLi dimer 189.1 144.6 124.8°¢ 124.8¢
TLi monomer 197.5 143.7 124.6 122.0
Li uncomplexed 186.3 142.5 127.5¢ 127.5¢
Li dimer 188.6 144.8 124.9¢ 124.9¢
Li monomer 197.9 143.8 124.5 122.0

Solution

7L tetramer 176.2 142.9 127.9 127.1

oLie dimer 188.5 144.6 124.8 123.2

oLj¢ monomer 196.7 1434 124.8 120.9

“Relative to adamantane used as external reference.
PBroad signal.

“Signals not resolved.

46 M in DEE, 26°C.!#

€0.26 M in THF, —103°C.!%

from the spinning sideband pattern was used, and the results were compared with results
of theoretical IGLO calculations. These calculations give the shift tensor as the result. In
earlier studies the tensors were disregarded and the results compared to solution NMR
data, where just the isotropic shift is measured'*3.

The studied powdered material did not allow the experimental determination of the
orientation of the tensors relative to the molecular framework. The combination of the
experimental data with the calculated data, however, allowed the alignment of the tensors.
Agreement between the experimental and theoretical data was good, even though by
today’s standard the calculation was conducted at a low level. The theoretical results
explained the observed deshielding by comparison to the chemical shift tensor in benzene.
The largest change occurs in the tensor component perpendicular to the C—H and C—Li
bonds and in the plane of the phenyl group in the two systems. This component is
deshielded about 180 ppm in the latter case, overcompensating the shielding effect due to
the increased electron density. This change was again explained as an effect on the AE
term in addition to an increased 1/7> value for the C—Li bond, resulting in a larger o®
contribution in the Ramsey equation'! 152,

In a study of 2,2’- and 1,2"-biindenyl dilithium (6, 7, Scheme 1), *C solid state NMR
investigations were used, in combination with solution NMR studies and calculations, to
obtain information about the existence of so-called ‘triplet structures’>®. Triplet structures
are alkali metal complexes of dianions that arrange in a structure akin to dimers in
Figure 1b and were found by X-ray crystallography for the TMEDA complex of the
dilithium salt of 9,9’-bifluorene (Figure 13)!%*. This kind of structure has been proposed
to account for the unexpected small difference in the first and second pK, value in some
systems, where ApK, is found to be less than 1 pK, unit®.

The chemical shifts obtained in solution under different experimental conditions were
compared to the shifts of the TMEDA complexes in the solid state. For 6, all data indicate
a triplet structure of the CIP. The most compelling evidence for the triplet structure is the
polarization of charge towards the two bridging carbons under CIP conditions. However,
for 7, the charge distribution differs under CIP conditions in solution and in the solid
state, as reflected by the chemical shifts. In solution, the shift data indicate again a triplet
structure. In the solid state, however, the cations are not located at the bridging carbons,
but shifted towards the five-membered ring systems.
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FIGURE 13. X-ray structure of the TMEDA complex of the dilithium salt of 9,9’-bifluorene!**,
where a triplet structure is evident

13C solid state NMR spectroscopy was also used in combination with solution NMR
and semi-empirical calculations to investigate the electronic and ring current structure
of phenalenyl ions (8, Scheme 1)!3. The solid state spectrum of the DEE complex of
phenalenyllithium correlates closely to the solution spectrum using DEE as solvent. It
was proposed that the lithium cation was positioned over the central C-9b carbon in the
CIP structure in solution as well as in the solid state. This arrangement was also favoured
in the MNDO calculations when the lithium cation was treated as a sparkle.

The TMEDA and THF complexes of the very sterically crowded methyllithium deriva-
tive tris(trimethylsilyl)methyllithium (9, Scheme 1) were studied by multinuclear solid
state NMR spectroscopy in combination with solution NMR spectroscopy and X-ray
crystallography to reveal the structure and dynamic behaviour of the complexes®. In the
solid state, this complex crystallizes as an ate-complex, with one lithium cation inter-
acting with two substituted methyl anions while the other lithium cation is complexed
by two TMEDA ligands. In solution, the ate-complex is partly transformed into solvated
monomers or aggregates, depending on the experimental conditions.

B. ¢/7Li Chemical Shifts in Solid Organolithium Complexes
1. Lithium complexes of localized anions

A number of different phenyllithium aggregates of known solid state structure (10—24)
have been investigated (Scheme 2). The ’Li chemical shifts of these systems are
summarized in Table 4. The data for the first 15 complexes vary in a narrow range
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of —0.8 to 2.0 ppm without any clear dependence on either aggregation or complexation.
The only deviations are found for the last two entries, where the chemical shifts are —4.6
and —4.7 ppm, respectively. The reason for this difference is that the lithium cation is
complexed in a n°® fashion by a 7-system of a benzene or phenyl ring, thus experiencing
a diatropic ring current.

For SSIP structures, a typical shift value of —2.4 ppm is found when the lithium cation
is complexed by, for example, two 12-crown-4 molecules. This was shown recently for a
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TABLE 4. 7Li solid state NMR chemical shifts for various aryllithium complexes'>®

No Aggregation state Aryl system” Ligand Donor atom 8%/ (ppm)
1 LiAS; 10 PMDTA N 2.0
2 LiAS, 11 MeTMEDA N 1.4
3 LiAS, 12 DEE (6] —-0.8
4 LiAS, 13 DEE (6] 0.7
5 LiAS 14 DEE (0] 1.5
6 LirAySy 15 Internal® N 0.8
7 LizAsSy 10 TMEDA N 1.2
8 LiyApSy 16 Internal® N 1.7
9 LizAsSs 17 DEE (6] 1.2
10 Li A, 18 — — 0.8
11 LizA3Se 19 Internal® N 0.9
12 LisA4Sy 20 Internal® N 0.4
13 LisA4Ss 21 Internal® (6] 0.3
14 LisA4Sy 22 Internal® (6] 0.3
15 LisA4Sg 23 Internal® N,O 0.2
16 LiAS 14 Benzene C/n® —4.6
17 LirAS, 24 Internal® C/n® —4.7

“See Scheme 2.
bRelative to external 1.0 M aqueous LiCl.
“The cation is complexed to a substituent on the aryl system.

number of lithium cuprates'®’ (see Section I1.C.5) and has also been observed for some
complexes of delocalized organolithium systems (see below)!?? 158,

Recently, a study of methyllithium complexes was presented where solid state NMR
was used in combination with X-ray crystallography and solution NMR spectroscopy'®.
The aim of this study was to find suitable ligands to increase the solubility and
reactivity of methyllithium. The use of diethoxymethane (DEM) or triazasulphite
dianion was proposed. Using DEM as ligand, polymeric rods are formed in the solid
state, [(MeLi)4(DEM); 5]o. These rods form channels which can accommodate solvent
molecules, thereby increasing the solubility. “Li multiple quantum MAS (MQMAS)'®0
NMR investigations were used in order to resolve two signals in the ratio 1:3 at 1.0 and
2.1 ppm, respectively (relative to saturated aqueous LiCl). These signals were assigned to
the lithium situated on the rod axis and to the three lithium cations perpendicular to the
three-fold axis of the rod. An equilibrium between monomers, oligomers and polymers
was indicated by the NMR spectrum in solution. The addition of a dilithium triazasulphite
increased the solubility of methyllithium by the formation of a monomeric complex. In
the "Li MQMAS experiment, two signals were revealed at 1.55 and 2.75 ppm with a ratio
of 1:2, presumably due to the slightly different carbon—lithium distances in the crystal'®.

2. Lithium complexes of delocalized anions

One of the most thoroughly investigated delocalized organolithium system is that of
complexes of substituted cyclopentadienyl (Cp*) lithium. In the solid state, these com-
pounds have been shown by X-ray crystallography to adopt at least six different structure
types depending on substitution and the choice of ligand, as shown in Scheme 3: CIP
(A), SSIP (B), sandwich structures (C), inverted sandwich structures (D), super-sandwich
structures (E) and higher polymeric species (F)!®:162. A number of these systems were
selected and studied by ’Li solid state NMR spectroscopy'3. The 7Li chemical shifts of
the investigated complexes are reported in Table 5 together with the substitution pattern



162 Dan Johnels and Harald Giinther

LiS,
?—I ) Lis, |
Li Li Li
lis, s é Lis, é !
(A) B) ©) D) (E) (F)

SCHEME 3. Structures of cyclopentadienyllithium systems

of the cyclopentadienyl system. As mentioned, the chemical shift of the lithium cation
is markedly affected if it experiences the ring current effect of a delocalized system as
shown for the CIP complexes, entries 1—13 in Table 5. The chemical shift varies in a
range from —7.1 to —9.1 ppm for these complexes. There seems to be a weak trend in
this series of compounds, i.e. lithium cations interacting with oxygen rather than nitrogen
ligands are slightly more shielded.

Larger effects are observed when the type of complex is changed. In the sole inves-
tigated SSIP a 7Li chemical shift of —2.4 ppm was observed (Table 5, entry 14), well
outside the range of the different investigated CIP complexes. The lithium cation is inter-
acting with two 12-crown-4 ligands in this complex, and does not experience the effect
of the ring current of the cyclopentadienyl anion.

TABLE 5. Solid state Li NMR chemical shifts of selected Cp*Li complexes'®

Entry System” Type Structure Ligand Ligation 5¢(ppm)
according No.b
to Scheme 3

1 Me-Cp A CIP TMEDA 2(N) -7.1
2 TMS-Cp A CIP TMEDA 2(N) =75
3 tris-TMS-Cp A CIP TMEDA 2 (N) =75
4 bis-TMS-Cp A CIP TMEDA 2(N) -7.8
5 tris-TMS-Cp A CIP PMDTA 2(N) =75
6 bis-TMS-Cp A CIP TMPDA 2 (N) -89
7 tris-TMS-Cp A CIP TMPDA 2(N) =77
8 tris-TMS-Cp A CIP Quinuclidine 1 (N) -7.7
9 tris-TMS-Cp A CIP THF 1 (0) -9.1
10 bis-TMS-Cp A CIP DME 2 (0) —8.4
11 tris-TMS-Cp A CIP DME 2 (0) —8.3
12 tris-TMS-Cp A CIP Diglyme 2 (0) —8.8
13 Cp A CIP 12-crown-4 4 (0) -7.3
14 tris-TMS-Cp B SSIP 12-crown-4 8 (O) -24
15 Cp C Sandwich PPh} n'0 —129
16 Cp C Sandwich Diglyme n'0 —12.4

—-1.6
17 bis-TMS-Cp C Sandwich  Diglyme n'° -122

-2.0
18 Cp F Polymer — n'0 —13.1

“Me = methyl, TMS = trimethylsilyl.
bNumber (and type) of donor atom.
“Corrected for second order quadrupolar interactions, relative to 1.0 M aqueous LiCl.
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One sandwich complex of known solid state structure was studied as well. The chemi-
cal shift of the lithium cation is —12.9 ppm, again well outside the range of the other CIP
complexes, due to the effect of the ring current from two cyclopentadienyl units (entry
15). A tetraphenyl phosphonium cation was used as the counterion in the preparation of
the solid material. Based on these findings two additional complexes were assigned the
sandwich type structure, i.e. two diglyme coordinated systems. The "Li MAS spectrum
consists of two lithium signals, as the counterion in these cases is a solvent separated
lithium cation (entries 16 and 17). Finally, a cyclopentadienyllithium polymer was inves-
tigated. The chemical shift clearly falls in the range of cations experiencing ring currents
from two cyclopentadienyl systems (entry 18).

Results for other delocalized systems which have been investigated, such as indenyl and
fluorenyllithium complexes, are summarized in Table 6. In the case of fluorenyllithium,
it is known from the '3C solid state studies mentioned that the position of the lithium
cation relative to the carbon framework of the anion varies, depending on the ligand used.
In the structurally known bis-quinuclidine system, a "Li chemical shift of —1.8 ppm was
obtained. The lithium cation is interacting with the anion in a n* fashion. The cation is
occupying a position where the shielding and deshielding effects of the ring current of
the fluorenyl anion cancel each other.

In the DEE complex a chemical shift of —5.6 indicates that the ring current has a much
more profound effect in this complex. However, the solid state structure was not known
at that time. In the TMEDA complex, the lithium cation is postulated to be positioned
above the central five-membered ring, and the ’Li chemical shift is —7.5 ppm, i.e. in
the range of CIPs of cyclopentadienyllithium. In the THF complex, a shift of —2.6 ppm
was observed. Again, no effect from the ring current is observed. However, based on the
quadrupolar interaction this system was assigned as an SSIP, as discussed below.

Two other complexes of known solid state structure have been included: the SSIP
of the dianion of ethylene-bisfluorenyllithium!'®* and the CIP TMEDA complex of
indenyllithium'®*. The observed chemical shifts were in accordance with expectations
i.e. —1.8 ppm for the SSIP complex and —7.9 ppm for the CIP complex.

From these investigations it is clear that the "Li chemical shift gives a clear indication
of the lithium cation position when there are direct effects from ring currents in delocal-
ized anions. However, as shown for the quinuclidine CIP and THF SSIP fluorenyllithium
complexes, the correct assignment cannot be reached solely based on the chemical shifts.
Furthermore, there is no clear-cut information about solvation to be gained from the chem-
ical shifts. As we discuss in the following Section, the quadrupolar interaction is much
more sensitive to these effects. In order to obtain maximal structural information from
"Li NMR spectroscopy, the chemical shift should be determined and used in combination
with the quadrupolar coupling constant.

TABLE 6. Solid state ’Li chemical shifts of different delocalized
organolithium complexes.'??

No. System Ligand Structure 8¢ (ppm)
1 Fluorenyl Quinuclidine CIP —1.8
2 Fluorenyl DEE CIP -5.6
3 Fluorenyl TMEDA CIP -7.5
4 Fluorenyl THF SSIP —-2.6
5 Ethylene- THF SSIP —1.8
bisfluorenyl
6 Indenyl TMEDA CIP -79

“Relative to 1.0 M aqueous LiCl.
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C. Lithium Quadrupolar Interactions
1. Applications of the quadrupolar splitting constants in solution

Jackman and Szeverenyi were the first to systematically correlate the quadrupolar inter-
action with molecular structure, i.e. with the aggregation of lithium enolates'!'. They noted
that a tetrameric aggregate had a smaller QSC than a dimeric aggregate, ca 135 kHz com-
pared to an estimate of 230 kHz for the dimer. The QSC of the tetramer was shown to
be of the same magnitude in three different ethereal solvents.

In a later study, substituted lithium phenolates were investigated in different solvents
Here, the lithium phenolates were shown to exist as monomers, dimers and tetramers,
depending on the solvent and substitution pattern. It was found that the different aggregates
have different QSC ranges, where the QSC is smaller for higher aggregates. It was also
noted that the QSC value depends to some extent on the solvent, especially on the type
of coordinating atom, i.e. O vs. N in ethers and amines, respectively.

Wen and Grutzner used, among other NMR parameters, the QSC of the lithium enolate
of acetaldehyde to deduce that it exists as tetramers of different solvation in THF and
THF/n-hexane solvent systems'®. However, the most thorough study of Li QSC and
the most interesting in the present context was reported by Jackman and coworkers in
1987'%7, The effects on the QSC values of both aggregation and solvation in a number
of organolithium systems was studied in this paper, i.e. different arylamides, phenolates,
enolates, substituted phenyllithium complexes and lithium phenylacetylide.

It was again found that aggregates of different sizes have QSC values in different
ranges, higher aggregates having lower QSC values. In general, tetrameric aggregates of
the LigA4S4 type show QSC values between 50 to 100 kHz, with small effects due to
the type of anion. Lower solvation and reduced symmetry results in higher QSC values.
Dimeric aggregates of the Li;A,S, type show QSC in a range between 150 to 160 kHz.
For the lithium arylamides it was shown that solvation has a significant effect on the QSC.
The QSC was found to be 151 kHz for a LiA,S4 system and 317 kHz for a Li;A,S;
system. Monomers of the type LiAS; have QSC values in the range of 210 kHz, and
desolvation to LiAS, increases the QSC to more than 350 kHz.

Finally, in another study the QSC of fluorenyllithium in different solvents was inves-
tigated, an investigation that will be further discussed below!!2.

165

2. Localized anions

In order to explore the quadrupolar parameter further, and to test the validity of the
assumptions used when determining QSC values in solution and to investigate if solid
state aggregates are relevant models for the aggregates in solution, a "Li solid state NMR
study of phenyllithium complexes was conducted'*’. Three different aggregates of phenyl-
lithium had been structurally determined by X-ray crystallography, i.e. a LisA4Ss DEE
complex'%®, the LiyA,S; TMEDA complex'®® and the LiAS; PMDTA complex'”®. How-
ever, the diethyl ether complex proved to be unstable under the experimental conditions,
so the internally coordinated 2-[(dimethylamino)methyl]phenyllithium was used instead
as an LizA4S4 model!”!. The X-ray structures of these investigated aggregates are shown
in Figure 14. The slight deviation from tetrahedral coordination of lithium in this LisA4Sy4
complex is expected to increase the x value, as noted already in solution. The results,
reported in Table 7 entries 1, 5 and 9, supported the earlier conclusions that different
aggregates have different y-value ranges, a fact also observed for a series of Li[BH,]
comple)f;s where the number of donor atoms around the lithium varied (Table 7, entries
15-18)"".
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FIGURE 14. (a) The monomeric PMDTA complex of phenyllithium'”. (b) The dimeric TMEDA
complex of phenyllithium!®. (¢c) The tetrameric DEE complex of phenyllithium'®®. (d) The internally
coordinated tetramer of 2-[(dimethylamino)methyl]phenyllithium'”!

With the aim to obtain additional benchmark values, a larger number of substituted
phenyllithium complexes with known solid state structures were included in this study'®.
They range from monomers of different solvation, over dimers and one trimer to different
tetramers. The investigated aryl systems are shown in Scheme 2 and the obtained x values
are reported in Table 7.

a. Monomers. Six different monomers were investigated ranging from LiAS; to LiAS.
It was again noted that the x value is very sensitive to the solvation, increasing from
260 kHz for a LiAS; system to 400 for a LiAS, system when complexed with amines
(entries 1 and 2, respectively). Changing from amines to ethers reduces the x value
significantly from 400 kHz for the amine to ca 310 kHz for two different LiAS,-type
DEE complexes (entries 2 and 3). Reducing solvation, i.e. going from LiAS, to LiAS,
increases the x value from ca 310 kHz to 475 kHz for yet another DEE complex (entries
3 and 4).



166

1X9) 995 (N UBY) JYIRI O ST WOJR JUNBUIPIOOD A} SNY) JUSA[OS SB JH L Ul PAINSLAW ST UONN[os Ul anfea JSO YL,
‘woysAs [AIe oy uo juamnsqns € 03 paxa[dwod sI uoned dAYJ,,

“autwrerpauedoid-g [ -[Ayowenal- N, N NN ¢

* PWAYOS 99,

I N "W1dNH - ! ["Hal'T 81
e N r1kd - I ["HAI'T L1
4! N VLANd - I ["HalrT 91
SrI< N VAdNL - ! qrHdIv1 Sl
9¢¢ D ‘wshs-u [euIau] ve I sty 4!
yee D ‘woNsAs- 1 duazuag 14 1 SV el
8¢€1 O'N [ewrau €C I 8Sry iy cl
[44! 6] [eulau] (44 I rStvirg I
8 ¢8 €8 O [euIouf | 4 1 8STVITT 0l
911 LTT 48! N [ewrau 0T I TSty 6
4! N [euIau] 61 I stV 8
00¢ - QUON 8I I yaq L
€0¢ (6] H449d LI I istva 9
VAdAL

pC91 191 TLT “8ET°LY1 N 10 ,[euraiug 9T ‘ST ‘01 € rSever S
SLy O g4d 141 I SVI'T 14
01€-80¢ 6] e €1 ‘Tl [4 tsvrl €
00¥ N oVAdNLIN I 1 SVl C
09¢ N VIANd 01 ! SV !

(zHY) uonnjos (zHY) pIos sox9[dwod adKy
2SO 2SO (zHY) onfea-X woje Iouo([ puesr LUIAISAS [ATY parpnis Jo "ON x9rdwo) Anug
JziSexe[dwod “[YHEIT] pue oo .o WNIYHIAIe pImnsqns jo sjueysuod Sumids pue Surdnood rejodnipenb 17, £ gIGVL



4. Solid state NMR spectroscopy in organolithium chemistry 167

b. Dimers. For a number of amine complexed dimers of the Li,A,S, type the x values
range from 138 kHz to 171 kHz, substantially smaller x values than for the monomers,
entry 5. The surroundings of the lithium cations deviate from a tetrahedral arrangement
to different extents, as do the bond lengths, which affect the observed x values to some
degree. One Li,A,S; system was also included in the study, a DEE complex of 2,4,6-tri-
isopropylphenyllithium!??, entry 6. This complex was incorrectly assumed to be a Li;A,S,
system in the 'Li NMR study'.

One dimer of the unsolvated Li,A, type was included in the study and the yx value
was found to be 200 kHz, entry 7.

c¢. Trimers. In a few rare cases trimers have been reported. One example was included
in the mentioned study, a Li3A3S¢ system!”>. The x value of 141 kHz falls in the range
of Li;A,S4-type dimers, entry 8. Inspecting the local environment of a lithium cation, it is
surrounded by two anions and two ligands as in Li,A,S4 dimers. The angles and distances
differ, however, but the net effect is obviously that the ranges for the x values overlap.

d. Tetramers. Apart from the mentioned Lis A4S, system (entry 9), a tetrameric LizA4Sg
system was studied with oxygen as coordinating atom (Table 7, entry 10). The x value
is smaller than for the LisA4S4 system, possibly as a result of both increased solvation
and a change in ligating atom.

For an additional LigsA4S, tetramer, the internally coordinated 2-methoxyphenyllithium,
the four lithium cations have different environments according to X-ray crystallography!7*.
One of the lithium cations is coordinated to two oxygens, two lithiums are coordinated
to one oxygen each and one lithium cation is not coordinated by any Lewis base at all.
The experimental ’Li NMR spectra, however, give just one signal with a x value of
142 kHz, entry 11. The reason for this is probably that this compound can form polymor-
phic crystals, where the actual structure depends on the experimental conditions. Further
experiments are needed to determine the structure of this complex. Polymorphism has
been observed in several cases, for example 2,4,6-tri-isopropylphenyllithium (17), where
a disolvated dimer is obtained from DEE!7?> and a monosolvated monomer when crystal-
lized from benzene'”. This latter structure is of a relatively new type, where the lithium
cation is interacting in a n® fashion with the aromatic system, as discussed in the next
section.

In yet another investigated LisA4Ss-type complex, the lithium cation is coordinated
by one N and one O atom. This leads to an increased x value due to the different
donicities of nitrogen and oxygen, i.e. 138 kHz, entry 12. This is in the range found for
dimeric species.

e. w-Solvated lithium cations. In a few recent cases, the lithium cation behaves akin to
transition metals and is interacting in a n° fashion with an aromatic system, a behaviour
that has recently been investigated theoretically by Tacke'®.

The x value of the n° coordinated 2,6-bis(2,4,6-tri-isopropylphenyl)phenyllithium com-
plex (14) and a related dimeric structure of 2,6-bis-(2,6-di-isopropylphenyl)phenyllithium
(24) have been determined as well. The lithium cations are in similar environments in
these two systems regardless of the aggregation state, as seen in Figure 15. In the dimer,
the lithium cation is not coordinated to an external ligand but coordinated to an aromatic
ring in the neighbouring molecule. The values are 334 and 336 kHz for the monomer
and dimer, respectively (Table 7, entries 13 and 14). This is in the range of disolvated
monomers. The “Li chemical shift, however, differentiates this type of complex from the
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FIGURE 15. (a) X-ray structure of the -complexed lithium in the monomeric benzene complex of
2,6-bis(2,4,6-tri-isopropylphenyl)phenyllithium!”’. (b) X-ray structure of the m-complexed lithium
in the dimeric 2,6-bis(2,6-di-isopropylphenyl)phenyllithium'””. It is evident from the Figure that the
local environments around the lithium cations are similar

other aggregates, as mentioned in Section IL.B.1. The "Li chemical shift in these % com-
plexes are —4.6 and —4.7 ppm due to the effect of the ring current, whereas it is between
—1 and 3 ppm for the other complexes (Table 4).

A system that displays polymorphism is the aforementioned 2,4,6-tri-isopropylphenyl-
lithium (17). It crystallized as a Li,A,S, system from DEE!?, but as an n° cyclic
tetramer from non-coordinating solvents'”>. Furthermore, a combined solid state °Li and
"Li NMR study indicates a third type of complex, notwithstanding the attempt to prepare
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the mentioned Li; A,S; DEE complex!?. From *C CP/MAS experiments, however, it was
clear that the prepared complex did not contain any DEE. Thus it must be some other type
of structure. The ®Li x value was determined to be 6.63 kHz, which translates to 324 kHz
for "Li, due to the 48.9 times larger nuclear quadrupole moment for 7Li. This agrees well
with the y value obtained from a Li powder spectrum, i.e. 320 kHz. However, when
determining x values from °Li, the resulting spectrum is affected profoundly by other
interactions as well. For example, the CSA has to be considered. The observed x value
would fit a n-type complex, nevertheless the chemical shift is not in the expected negative
range but rather +0.7 ppm relative to aqueous LiCI%%!%5, Furthermore, the ipso-carbon
shows the typical splitting pattern for a carbon interacting with a single "Li, i.e. a quartet
with a splitting of ca 40 Hz. An ab initio calculation was performed on an unsolvated
monomeric unsubstituted phenyllithium system, giving a x value of 360 kHz. Based on
these findings the author proposed that the structure of the investigated system is that of
an unsolvated monomer, LiA!>. However, we believe that most probably this study dealt
with the tetramer,'”> a structure not considered by the author.

f. Comparisons of ”Li QSC and x values in aryllithium complexes. The QSC val-
ues determined in solution can be compared with QSC values in the solid which are
derived from the measured quadrupole parameters according to equation 10. For three
complexes, a LiA;S, dimer, a LiyA4S, tetramer and a LisA4Sg tetramer, QSC values
have earlier been determined in solution (Table 7, entries 5, 9 and 10, respectively)'¢’.
For 2-[(dimethylamino)methyl]phenyllithium (20), a LiyA4S, tetramer, the QSC values
are 116 kHz and 117 kHz in solution and in the solid, respectively. These values agree
within experimental error, even if the compound investigated in solution was the 4-methyl
isomer, which was used due to solubility problems with the parent compound. Thus, for
these compounds, the same structure exists in solution and in the solid state.

2,6-Dimethoxyphenyllithium (21) is an internally coordinated LisA4Sg system. The
QSC value is 85 kHz in the solid state and 82 kHz in solution'®’, again virtually identical.

For the investigated unsubstituted phenyllithium (10) dimers, the measured QSC values
are 161 and 162 kHz, respectively. However, the solid material is a TMEDA complex
whereas the solution data are obtained in neat THF'®’. This difference in ligating atom is
expected to affect the quadrupolar interaction to some extent. The reason for the similarity
in x value for the dimers could be fortuitous, and due to fast exchange between complexes
of different solvation in solution. It should be mentioned that the measured QSC value
represents a weighted average of the different aggregates and solvates present under the
experimental conditions if they are in an equilibrium that is fast on the NMR timescale.
This is most probably also the explanation for the large x value noted for the diethyl
ether solvated phenyllithium dimer, i.e. 250 kHz'%. This high value indicates a substantial
amount of a LiA,S, complex in solution.

Knowing that a change in the local structure around the lithium cation changes the
x value significantly, the conclusion from these data is that, for the internally com-
plexed aggregates, the solid state structure is indeed a good model for the structure in
solution. However, for the complexes that are externally solvated, dynamic processes in
solution, such as an equilibrium between complexes of different solvation or even aggre-
gation states, change the observed QSC values from the benchmark values obtained in
the solid state.

From these studies of aryllithium complexes, it can further be concluded that the
quadrupolar interaction is a very sensitive indicator of the type of aggregation and sol-
vation state. In certain cases the x-value ranges overlap, but additional investigations
can often easily clarify the ambiguity, such as the ligand/metal ratio. The latter can,
for example, be determined by a solution 'H NMR spectrum of the solid material in a
suitable solvent.
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8. Quadrupolar interactions in lithium phenolates. For lithium phenolates it was found
that '*C NMR chemical shifts in solution and in the solid state are not always applicable for
the differentiation between aggregates of different size!’8. Instead, a better discrimination
is possible on the basis of the observed "Li QSC values.

When determining QSC values of dimeric lithium phenolates in solution, the value
has to be corrected for anisotropic rotational diffusion as the complexes have an oblate,
non-spherical shape!”. The Li,A,S, complex of 2,6-di-t-butylphenolate has a "Li QSC
value of ca 280 kHz in a number of different solvents. The 2,6-dimethylphenolate system
is present as an Li;A,S, complex in THF and apparently as an Li;A,;S, complex in DEE.
These complexes have QSC values of 170 and 270 kHz in the two solvents, respectively.

The QSC value of the lithium phenolate tetramer in THF solution is between 40 and
46 kHz at —67 and 430 °C, respectively!’®. For other tetramers the QSC ranges from
35 to 57 kHz, depending on substitution pattern and solvent. It was observed that the
magnitude of the observed QSC values correlates with the Lewis basicity of the solvent.

Lithium phenolate is present as a mixture of tetramers and hexamers in 1,3-dioxolane
solution. Crystallization of lithium phenolate from THF yields an LicAcSe aggregate, as
determined by X-ray crystallography, although the predominant aggregate in solution is
the tetramer!’®. In the solid state the measured x value is 67 kHz with a n value of 0.77,
which translates to a QSC value of 73 kHz. This agrees with the QSC value of 72 kHz
measured for the hexamer in dioxolane solution.

Again, the sensitivity of the quadrupolar interaction to both aggregation and solvation
is proven.

3. Delocalized anions

The m-type interaction to a lithium cation was proposed in the 1960s for delocalized
carbanions. The basis for this was the observation of high-field 7Li chemical shifts’6~78180
As mentioned earlier, (Sections I.B.2.a and II.B.2), the chemical shift is strongly affected
by the ring current of delocalized carbanions.

The effect of structure and solvation on the "Li quadrupolar interaction was studied for
a relatively large number of cyclopentadienyllithium derivatives'>® of known solid state
structure'® 12 As mentioned above, these complexes have been shown to form several
types of structures (Scheme 3)!'6!:162 Again, the factors determining the structure are
the steric requirements of the substituents and ligands. For solubility reasons, most of the
complexes studied by X-ray crystallography are substituted, often with large trimethylsilyl
substituents.

The results from this study are summarized in Table 8. The lithium cation is interacting
with the Cp* systems in a more or less symmetric #°> manner in the CIP complexes.
The remaining coordination sites of the lithium cation are occupied by Lewis bases. In
entry 1, a single quinuclidine molecule acts as ligand. The resulting x value is 172 kHz.
Increasing the solvation of the lithium cation by addition of a bidentate ligand reduces the
x value to ca 155 kHz (entry 2). The magnitude of the reduction is smaller than observed
for the previously discussed aryllithium complexes. Three different bidentate nitrogen-
based ligands were studied, among them PMDTA. This potential terdentate ligand was
shown by X-ray crystallography to interact with only two of the nitrogens'®!. With a ¥
value of 157 kHz, this complex falls nicely in the expected range of 150—158 kHz for a
bidentate nitrogen ligand. Changing the complexing atom to oxygen reduces the x value
by approximately 50 kHz compared with the nitrogen-containing analogues (entries 3 and
4). The magnitude of the reduction is again smaller than for localized carbanions. Once
more, a potential terdentate ligand, diglyme, only interacts with two of the three oxygens.
This fact has earlier been noted in solution as well'82,
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Increasing the coordination number of the ligand further reduces the x value even
more as seen in entry 5. In this complex 12-crown-4 was used as ligand. Introduction of
a TMS group on the cyclopentadienyl anion leads to a SSIP when 12-crown-4 was used
as a ligand. As expected, the observed x value is small (entry 6).

Three sandwich-type structures were examined, one of which had been investigated
by X-ray crystallography'®3. In that case the counterion was a tetraphenyl phosphonium
cation, consequently only one Li signal was observed. In the other two proposed sandwich
structures, diglyme was used as ligand. Now two Li signals are observed, with different
chemical shifts. In spite of the spectral overlap in the static spectrum, both x values can
be extracted by spectral simulation with x values of 51 and 26 kHz and n = 0.17 and
0.21, respectively, as shown in Figure 16. The 26 kHz peak is assigned to the high-field
signal, i.e. the lithium within the sandwich, as this gives a better fit to the experimental
spectrum (entry 7).

A polymeric material, the polymer of the parent compound, was included in the
study'®. The x value is of so small a magnitude that it cannot be determined from
the static spectrum (entry 8). The quadrupolar interaction was investigated using MAS in
order to measure the x value. Furthermore, when the quadrupolar interaction is of this
small size, other interactions have to be considered as well, such as the CSA and dipolar
effect from other adjacent lithium cations.

Other delocalized anions have been investigated as well, such as complexes of indenyl
and fluorenyllithium'??, These data are also included in Table 8. The sole investigated
indenyllithium system was the TMEDA complex. It is known from X-ray crystallography
that the lithium cation is located above the five-membered ring and that the TMEDA
binds in a bidentate fashion'®*. The x value is somewhat larger than for the corresponding
cyclopentadienyllithium complexes (entry 9).

As discussed earlier, the structures of fluorenyllithium complexes were not known from
crystallographic studies, except for the bisquinuclidine complex, when the NMR study was
started. The TMEDA complex was suggested to be a symmetric structure with the lithium
cation positioned above the central five-membered ring based on '*C and "Li chemical
shifts. The observed x value supports this proposal, as it falls nicely in the trend observed
for the Cp* and indenyl systems (entry 10). In the quinuclidine complex, the lithium is
removed from the centre of the carbon framework and is interacting in an n> fashion'?
(Figure 9). This is reflected in the quadrupolar interaction as well, because the x value
is increased in a profound way (entry 11). The DEE complex is again asymmetric, as
pointed out earlier. The x value is reduced compared to the quinuclidine complex (entry
12). The assignment of this type of structure was, however, not straightforward. In order
to resolve this uncertainty, single crystals were grown and the solid state structure was
determined by X-ray crystallography'®® As it turned out, the lithium cation interacts in
an n? fashion with the carbanion in this system (Figure 17). This is one example where
solid state NMR spectroscopy has served as a means for selection of suitable candidates
for X-ray crystallography.

The THF complex of fluorenyllithium is according to the small x value an SSIP-type
structure (entry 13). The polymorphism of fluorenyllithium is in accordance with the-
oretical investigations which show that the global minimum of monomeric unsolvated
fluorenyllithium is a structure where the lithium cation is interacting in an 1> fashion with
the central five-membered ring!34-136:185.186 However, the potential-energy surface above
the delocalized anionic systems is rather flat, leading to the presence of other local minima.
Thus, the effect of crystal packing and steric effects could have an impact on the overall
structure of complexes of delocalized anions. In one paper, the effect of DEE solvation of
fluorenyllithium was investigated theoretically'®. The conclusion was that, for this sys-
tem, intramolecular steric effects determine the preferred structure. However, a polymeric
DEE complex of fluorenyllithium was obtained under different experimental conditions'®’.
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FIGURE 16. (a—c) Simulated and (d) experimental static "Li NMR spectrum of the diglyme complex
of cyclopentadienyllithium at 38.92 MHz. Reproduced with permission of John Wiley & Sons Ltd.
from Reference 158

Without solvation, fluorenyllithium has been shown to crystallize as a dimeric sandwich
structure where the lithium cations interact with the fluorenyl units in 7% fashions'8.
Finally, we mention that the variation in quadrupolar interactions of different lithium
cations was used to resolve three different lithium environments in the solid state by a "Li
quadrupole nutation MAS NMR experiment'®® of a sulphinamidinolithium complex'®.
The investigated 12-crown-4 complex of N, N’-bis(trimethylsilyl)benzenesulphinamidino
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FIGURE 17. X-ray structure of the DEE complex of fluorenyllithium'®®

lithium crystallizes as a complex solvent separated ion pair. One lithium is interacting with
two anions, giving an ate complex; the other is complexed by two 12-crown-4 ligands.
These crystals undergo a phase transition at room temperature into what was proposed to
be a CIP structure. A co-mixture of these two forms explains the three resonances observed
in the room-temperature solid state ’Li NMR spectrum. However, the magnitudes of the
x values were not determined in this study, but only used qualitatively to distinguish
different lithium sites. In toluene solution, however, only one resonance, assigned to a
CIP structure, is observed in the ’Li NMR spectrum even at low temperatures.

a. Comparisons of "Li QSC and x values in delocalized anions. The equilibrium
between CIP and SSIP structures of fluorenyllithium has been thoroughly investigated in
solution by several methods!3% 131 191-19% Tn one study the QSC values of fluorenyllithium
were investigated in several solvents!!?. In that study, the contribution of the quadrupolar
relaxation mechanism of ’Li was determined by the measurement of °Li relaxation in
the same sample, thus correcting the ’Li relaxation for the dipole—dipole and CSA
mechanisms. This correction is of most importance in THF, where it is known that
the SSIP dominates the ion-pair equilibrium. Due to the small QSC of the SSIP, other
relaxation mechanisms can make significant contributions to the observed relaxation. The
measured QSC in THF varies between 22 kHz at —70°C and 58 kHz at 60°C. The
measured QSC is a weighted average of the different ion pairs present in solution. These
QSC values reflect the larger amount of CIP at higher temperature. The corresponding
value in the solid SSIP THF complex is 29 kHz'?2.

In the more sterically hindered ether, 2-methyltetrahydrofuran (MTHF), the change in
QSC is larger, varying from 60 kHz at —70°C to 180 kHz at 60 °C. This is in accordance
with a larger amount of CIP already at —70 °C compared to THF solution, as also shown
earlier by other methods'*. In DEE, the QSC value varies between 220 kHz at —20°C
and 150 kHz at 56°C. In this case, the QSC value decreases at higher temperatures.
This effect is not fully understood, but aggregation phenomena were suggested as an
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explanation''?. The QSC values observed in solution are of the same magnitude as that
observed in the solid state, i.e. 190 kHz.

4. Dependence of x(’Li) on the structural X—Li—X angle (X = N, C)

An investigation of lithium diisopropyl amide (LDA) by solid state NMR'?* led to
the observation of dramatic differences between the spectra of the solid polymer and
the complex crystallized from THF. "Li as well as '*C and N MAS spectra showed
large sideband patterns in the former case and only a few sidebands in the latter. For
both materials X-ray data are available and establish a helix structure for the polymeric
material, which is insoluble in hydrocarbon or ethereal solvents, and a dimer structure of
the THF complex (25, 26, Scheme 4). The obvious difference between both structures,
apart from the solvent coordination in the THF complex, is the magnitude of the structural
N-Li-N angle, which is close to 180° in the first case and close to 90° in the second (176°
and 107°, respectively). Thus, a large difference for the electric field gradient around the
Li cation is expected for the different bonding situations.

In order to test this hypothesis, a set of lithium amides with varying N-Li-N angle was
investigated (25-29, Scheme 4). The results (Table 9) established a linear relation which
describes the dependence of x(’Li) on the N-Li-N angle for two-coordinated lithium
cations (equations 14 and 15):

x (Li) = (4.1 £0.5)/N-Li-N — (110.8 £ 69.0) (14)

or
/N-Li-N = (0.24 £ 0.03) x ("Li) + (27.2 + 17.0) (15)

On this basis, information about the aggregation state and the solid state structure of
lithium amides becomes available. A similar relationship is known for x('’0O) and the
Si-O-Si angle in silicates'®.

Later, this type of investigation was extended to lithiated carbon compounds in order
to reveal a possible relationship between x(’Li) and the structural C—Li—C angle'®®.
Again, a set of systems was selected where structural data were available from X-ray
investigations (compounds 30-35, Scheme 5). The data (Table 9) yielded equations 16
and 17.

x(Li) = (3.9 £ 0.4)/(C—Li—C) — (215.2 £ 55.6) (16)

or
L(C—Li—C) = (0.25 4+ 0.03) x ("Li) + (58.8 &+ 8.6) a7

A graphical representation of both /X—Li—X/x(’Li) relations is given in Figure 18.
It was argued that the fact that carbon and nitrogen systems display practically the same
slope means that the angular dependence is governed primarily by geometrical factors and
x('Li) is mainly determined by electrostatic interactions. This supports the ionic nature
of both the C—Li and the N—Li bonds. The different magnitude of the x(’Li) values in
both series, on the other hand, can be attributed to the different charge separation in these
bonds. According to a straightforward consideration of the electronegativities for nitrogen
and carbon, the N—Li bond should be more polar than the C—Li bond, a result also found
by calculations®®. Atomic charge densities obtained from ab initio calculations for simple
model systems further supported this conclusion. The calculated charge separation in the
N—Li bond was in all cases larger than in the C—Li bond of the corresponding system.
Since x(’Li) is proportional to the z-component of the electric field gradient at the Li
nucleus, the more polar bond is expected to yield the larger x value.
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27 (28)
R = Si(CHj),

(29)

SCHEME 4. Structures of lithium amides with different N-Li-N angles

This aspect is further supported by observations made for the dimers of phenyllithium
systems 10, 17 and 31 (Scheme 6)*7-208_ The quadrupolar coupling constants in this series
increase as shown in Scheme 6, while the C—Li—C angle is not much changed. The same
is true for the C—Li distances. A reasonable explanation for the observed trend is found if
one considers the inductive effect of the alkyl groups in 17 and 31, which should increase
the charge density at the lithiated carbon. This is borne out by calculations, which show
that the charge difference in the C—Li bond increases in going from 10 over 31 to 17. In
addition, the change in Ap is proportional to the change in x ("Li).
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SCHEME 5. Structures of organolithium compounds with different C—Li—C angles
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FIGURE 18. x("Li) vs. the X—Li—X angle in lithium amides (X = N) and organolithium com-
pounds (X = C)
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2249 A
Li ) Li ) Li
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x('Li) (kHz) 234 264 308
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Ap 1.996 2.203 2.489

SCHEME 6. x(’Li) (in kHz) and charge separation in the C—Li bond of phenyllithium systems:
ligand-free (phenyllithium),?*°, (mesityllithium),(THF),22, (2,4,6-tri-isopropylphenyllithium),
(DEE),'7?; C—Li—C angle o from X-ray investigations of the dimers; charge separation Ap for
the C—Li bond from HF/6-311G** calculations®'”

Finally, the asymmetry parameter of the quadrupolar interaction, n(’Li), also correlates
with the C—Li—C angle in the series of compounds studied (equation 18).

n("Li) = 14 cos/(C — Li — C) (18)

This fact parallels observations made for 7O in silicate glasses and agrees with the
results of ab initio calculations®!!-212,

5. CIP vs. SSIP: The quadrupolar coupling constant as a new indicator of structure

An aspect of general interest in organometallic chemistry is the equilibrium between
contact and solvent-separated ion pairs, because metal cations which are surrounded by
an individual solvent cage are expected to show different reactivity towards basic centres
than those closely attached to carbanions or amines?'® 2%, At the same time, the anionic
centre is less shielded in an SSIP than in a CIP and thus expected to be more reactive.
In solution, the differentiation by NMR methods between both structural motifs relies in
most cases on chemical shift interpretations and, if possible, on heteronuclear Overhauser
(NOE) measurements. The latter method is especially powerful in the case of lithium
organic compounds, where 'H,%Li or even 'H,’Li NOE can be detected by one- and
two-dimensional experiments?3.

Numerous X-ray investigations have unravelled the solid state structure of contact and
solvent-separated ion pairs?’ 3!, It was therefore considered to be of interest to evaluate
also the potential of solid state NMR as a tool for the investigation of this structural
problem. In addition to the study of chemical shifts discussed above (Section IL.B), the
quadrupole coupling constant of the nuclide 7Li, x ("Li), was expected to be an ideal sensor
for the bonding situation around the lithium cation because, due to its dependence on the
electric field gradient, the quadrupolar interaction for this spin-3/2 nucleus is strongly
influenced by local symmetry, as exemplified in Section II.C.3. This is also shown with
some model calculations in Section ILF.

These aspects have been investigated for a number of substituted benzyllithium sys-
tems—a-(phenylthio)benzyllithium (3), «-phenyl-«-lithiodithiane (4) and «-trimethylsilyl
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benzyllithium (5) (cf. Scheme 1), where different complexing agents were used for
stabilization!®. It was shown that x ("Li) values > 80 kHz are observed for all CIP struc-
tures, while the SSIP structures, where the lithium cation is separated from the carbanionic
centre by double complexation with 12-crown-4, have y(’Li) values < 50 kHz (Table 10).
As discussed above (Section I1.A), the different structures are also revealed by characteristic
changes in the *C and ®’Li chemical shifts.

An interesting case is 3¢12-crown-4, where an SSIP structure was proposed in THF
solution on the basis of NMR results’*. Here, the solvent THF may provide suitable
additional ligand molecules which assist the separation of the lithium cation by the added
crown ether. In the solid, these auxiliary reagents are not available and a CIP structure,
characterized by a x(’Li) value of 110 kHz, results.

Independent support for the low x(’Li) values typical for SSIP structures was
recently obtained from a study of lithium cuprates, where several X-ray structures are
available (Table 11). Lithium(12-crown-4),dimethyl and diphenyl cuprate (36, 37) and
lithium(THF), tris(trimethylsilyl)cuprate (38) (Scheme 7) have been investigated with
respect to the quadrupolar coupling constant y (“Li) and the asymmetry parameter n(’Li)
(Table 11)!37:215, The y(’Li) values range from 18 to 30 kHz and confirm the small
magnitude of this parameter for the symmetric environment of a solvent-separated lithium
cation. Again, typical §(’Li) values around —2.5 ppm relative to LiBr/H,O were observed
(cf. Section I1.B.2). The x(’Li) value for the THF-separated lithium cation in 38 is in
close agreement with the value found for the same structural moiety in 35 (Table 9). It is
interesting to note that the TMEDA-separated lithium cation in 34 gives rise to a much
larger x ("Li) value (126 kHz, Table 9), which is already in the range of CIP structures.
The lower symmetry in the case of 34 is also indicated by the difference found for
the asymmetry parameters n(’Li): 0.73 for Lit*(TMEDA), vs. 0.05 for Li*(THF),. The
lithium environment in Lit(THF), is thus close to tetrahedral.

The ability of the crown ether ligand, 12-crown-4, to separate the lithium cation from
the organic moiety, thus stabilizing the SSIP structure, was also observed in the study
dealing with cyclopentadienyllithium systems'*®. As described in Section II.C.3, SSIP
structures of these compounds are characterized by low x(’Li) values. However, it is
important to realize that the variation found for x(’Li) is basically caused by the local
symmetry around the lithium cation and other highly symmetric situations will also lead to
small x(’Li) values. Examples are the sandwich compounds mentioned in Section II.C.3.
It is thus necessary to consider also ®7Li and '*C chemical shift data in order to classify
a certain complex as SSIP or CIP.

The potential of x(’Li) for structural studies is further demonstrated by results obtained
for dianions of substituted ethenes. Reduction of (Z)-1,2-bis(trimethylsilyl)-1-phenylethene
with lithium in THF led to the formation of a dimer which in solution shows two distinct
SLi resonances at 0.37 and —1.20 ppm relative to 0.1 M LiBr?'7. The structure derived
from NMR studies in THF solution (39, Scheme 7) contains one lithium cation in close
contact to the organic moiety and the other one, at high field, at a larger distance and
presumably surrounded by solvent molecules. In the solid, two "Li resonances separated
by 1.85 ppm are found, which yield x("Li) values of 180 and 30 kHz for the low- and
high-field MAS sideband pattern, respectively, thus supporting the CIP structural motif for
the lithium cation that gives rise to the low-field resonance and the SSIP structural motif
for that which resonates at higher field.

A similar result is obtained for the dianion of (E)-1,2-diphenyl-1,2-bis(trimethylsilyl)-
ethene which in solution shows °Li resonances at —0.8 and —3.8 ppm respectively?!$.
The "Li MAS NMR spectrum of the solid displays the superposition of two sideband
patterns separated by 2.5 ppm which yield quadrupole parameters x(’Li) of 135 and
32 kHz with n(’Li) values of 0.27 and 0.80, respectively (Figure 19)?!°. Here, the lithium
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SCHEME 7. Structures of lithium cuprates and the Schlenck dimer formed by Li reduction of
1,2-bis(trimethylsilyl)-1-phenylethene

TABLE 11. 7Li NMR quadrupole parameters x(’Li) and n("Li) for
cuprates 36—38, see Scheme 721

Compound x (kHz) n 8("Li)/(SLi)(ppm) Reference for

X-ray data
36 23 0.50 —2.3/-2.1 216
37 30 0.45 —2.9/-2.8 216
38 18 0.25 —1.8/-1.8 205

cation giving rise to the high-field resonance has the larger quadrupole coupling, in line
with the stronger interaction with the phenyl rings deduced from the solution studies.

D. ¢Li-'3C Dipole Couplings

As mentioned in Sections 1.B.2.b and IL.A, the dipolar coupling between 7Li—'*C may
complicate solid state NMR spectra of organolithium compounds and its elimination is
often desirable. On the other hand, dipolar coupling constants are related to atomic dis-
tances and their determination can yield important structural information. It is therefore of
general interest that the REDOR technique, briefly described in Section I.B.2.b, provides
a means to determine these parameters.
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In our context, especially C—Li distances are of interest. A first successful ®Li—!3C
REDOR study was undertaken in order to establish the structure of the previously dis-
cussed TMEDA complex of fluorenyllithium??°, prepared from °Li-enriched n-butyllithium
and fluorene with '3C at natural abundance. The REDOR pulse sequence used is depicted
in Figure 20. The number of rotor cycles is increased in a symmetric fashion about the
central 3C m-pulse in order to increase the dephasing time.

The resulting '3C spectrum consists of five peaks from the aromatic anion that can be
partly assigned based on the solution NMR spectrum!'®° (Figure 21). The limited resolution

/2
T Decoupl
Iy cP ecouple
b3
FID
e cp
T T
T T T T
OLi
Rotor
| | J
0 T, 2T,
/2
I Decoupl
Iy CP ecouple
T
13C CP
T T T T T T T T T T
ol || || |z| || |zt t| |7| |7| || |*
OLi
Rotor
| | | | | | J
0 T, 2T, 3T, 4T, 5T, 6T,

FIGURE 20. The first two experiments in the REDOR pulse sequence, where the dephasing delay
is increased by adding more rotor periods and ®Li 7-pulses symmetrically around the *C r-pulse.
Reproduced with permission of Blackwell Publishing from Reference 221
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FIGURE 21. '>C MAS spectrum of the TMEDA complex of fluorenyllithium. ssb = spinning side-
band. Reprinted with permission from Reference 220. Copyright 1997 American Chemical Society

of the '3C spectrum results in overlapping signals at 119 and 122 ppm, respectively. The
signals show different decaying behaviour. The signal decay as a function of dephasing
time for the signals at 78 and 114 ppm are shown in Figure 22. In Figure 22a, unfilled
symbols, the typical undulation of a signal dominated by the dipolar dephasing is noted.
In Figure 22b, a signal with a smaller dipolar contribution is shown. The dipolar coupling
of the assigned signal at 134 ppm was also determined. The obtained parameters are
reported in Table 12. From the distance information it is possible to locate the position of
the lithium cation relative to the fluorenyl framework. The optimized structure is presented
in Figure 23. The position was determined with a precision better than 0.2 A. Compared
to X-ray crystallography of small molecules, this is a relatively large error. However, the
precision is certainly good enough to select one out of several possible positions of the
lithium cation.

In the study the REDOR transform was applied to the peaks from overlapping
signals??*223, This transform can deconvolute different dipolar couplings under favourable
circumstances. When applied to the signal at 119 ppm, the transform gives rise to two
peaks at 130 and 300 Hz, respectively (Figure 24). This indicates that this signal originates
from two carbons with large differences in the carbon-lithium distance. The signal at
122 ppm only gives rise to one signal after the REDOR transform at about 100 Hz.
The conclusion is that the difference in the carbon-lithium distance is too small for the
REDOR transform to resolve.

With the lithium position determined, it is now possible to calculate the lithium—carbon
distances to the remaining carbon atoms. Based on these results, the complete assignment
of the 13C spectrum can be made, as shown in Table 12.

Another °Li—'3C REDOR study was recently reported??!. The aim of this study was
to compare the structure from a REDOR experiment with the results from X-ray crys-
tallography. The TMEDA complex of indenyllithium was selected as test system for this
comparison. The X-ray structure of this complex was determined already in 1975'%4, The
lithium is positioned above the five-membered ring interacting with the carbanion in a
slightly asymmetric 5’ fashion. The difference in carbon—lithium distance is minute, less
than 0.004 A, and is well below the resolution of the REDOR experiment. However, the
ligand is also asymmetrically positioned relative to the carbon framework. This leads to a
splitting of some of the signals in the '*C NMR spectrum. The signals were assigned by
comparing with solution NMR data'*. The obtained dipolar couplings and the resulting
carbon-lithium distances are reported in Table 13 together with the average distances
from the X-ray study. As is evident from Table 13, the REDOR method systematically
overestimates the Li—C distances by ca 0.1 A on the average (FREDOR VS ’'X—ray). The
error gets larger, however, for longer distances, i.e. smaller dipolar couplings, due to the
inherent difficulty in accurately determining small dipolar coupling constants.



186 Dan Johnels and Harald Giinther

100 T T T T
78 ppm
3
=
2
g
g
Time (ms)
(@
100 T T T T
114 ppm

3

=

2

g

g

0 | | | |
0 5 10 15 20 25
Time (ms)
(b)

FIGURE 22. Best fits to the signal decays of the '3C signals at (a) 78 ppm and (b) 114 ppm. Filled
symbols, experiment without °Li m-pulses, giving an estimate of the T relaxation time. Unfilled
symbols, experiment with SLi -pulses. Reprinted with permission from Reference 220. Copyright

1997 American Chemical Society

To locate the lithium cation, the distances based on dipolar couplings larger than 100 Hz
were used. The result is shown in Figure 25, where the darker lithium cation corresponds
to the position according to X-ray crystallography and the lighter grey cation corresponds
to the position according to REDOR. The difference between the Li positions according

to X-ray and REDOR is ca 0.15 A.
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FIGURE 23. Stereoview of the position of the lithium cation relative to the fluorenyl system in the
TMEDA complex of fluorenyllithium as determined by REDOR NMR spectroscopy

TABLE 12. °Li-'3C dipolar couplings and calculated Li—C distances between the
indicated carbon atoms and the Li cation in the TMEDA complex of fluorenyllithium
based on the dipolar coupling and on the structure optimization?2

Carbon d* (Hz) rrepOR (A) Foptimized (A) 8 (ppm)
9 354 + 33 2.32 £0.07 2.34 78
9a 271 £ 54 2.54 £0.17 2.39 134
3 71+ 12 3.97+0.22 4.10 114
1 3.31 119
2 4.05 122
4 3.44 122
4a 2.48 119
aq = DJ2x.
9
8 8a 9a |
O
4b 42
6% 3
500 T T T T T

300

100
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FIGURE 24. REDOR transform of the decay of the peak at 119 ppm clearly indicating two over-

lapping signals of different dipolar couplings. Reprinted in part with permission from Reference??’.
Copyright 1997 American Chemical Society

The observed difference between the REDOR lithium position and the position accord-
ing to X-ray crystallography can be explained by dynamic effects, and from instrumental
imperfections. A recent theoretical investigation shows that NMR and X-ray distances are
expected to differ to some degree??*. Dynamic processes have different influences on X-
ray and REDOR, especially at higher temperatures. In this system the TMEDA ligand is
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TABLE 13. °Li—"3C dipolar couplings and calculated Li—C distances between the indicated carbon
atoms and the Li cation in the TMEDA complex of indenyllithium according to REDOR and X-ray
crystallography??!

Carbon 8 (ppm) d* (HZ) TREDOR (A) Toptimized (A) I'X—ray (A)
1,3 92 310 £ 13 243 +£0.03 243 2.31
2 115 324 £ 15 2.39 £0.06 2.39 2.28
3a,7a 127 281 +£ 18 2.51 £0.06 2.51 2.38
4,7 121, 122 87+693+6 3.63+£0.07, 3.71 £0.09 3.46 3.35
5,6 117 50+2 4.46 = 0.06 4.18 4.08
ad = D/2r.
i 7a !
6
2
(@€,
" 3a 3

FIGURE 25. Stereoview of the position of the lithium cation relative to the indenyl system in the
TMEDA complex as determined by REDOR NMR spectroscopy (light grey) and X-ray crystallog-
raphy (dark grey). Reproduced by permission of Blackwell Publishing from Reference 221

likely to be involved in dynamic processes, similar to those investigated in detail in some
related organolithium complexes!32. This dynamic process could change the position of
the lithium cation to an extent that affects the observed dipolar coupling, as mentioned in
the next section.

In conclusion, the investigations presented show that the °Li—!'3C REDOR technique
can be a valuable tool for the structural characterization of organolithium complexes.
Contrary to X-ray, there is no need for single crystals. Although the carbon-lithium
distances are to some extent overestimated by the REDOR technique, the precision is
sufficient to discriminate between various possible lithium positions in the complexes.

One problem with the REDOR method and other similar solid state NMR techniques is
that unambiguous results only can be obtained when the spin system is based on isolated
spin pairs, as shown in a recent publication?”. This means that the prevalent aggregates
found in organolithium complexes cannot be studied by these methods. However, a recent
3D TEDOR study of uniformly '3C—'>N labelled peptides gives some hope, provided that
the interacting nuclei have different chemical shifts??

E. Dynamic NMR of Solid Organolithium Compounds

A unique feature of NMR is its sensitivity for dynamic processes. Using different
techniques, from the well-known lineshape analysis to the application of relaxation time
measurements, the correlation times of dynamic processes which can be studied span a
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FIGURE 26. NMR methods and correlation times for dynamic processes

range of several orders of magnitude (Figure 26). This applies to high-resolution NMR
in the liquid phase as well as to investigations of solids by solid state NMR techniques.

Molecular motion in solids has been the object of many studies in the field of physical
chemistry of polymers®, but dynamic processes in molecular crystals of organic and
inorganic compounds are less well investigated. In fact, the average chemist is not aware
of the fact that processes like internal rotation or ring inversion proceed in solids quite
often with barriers which are not very different from those found for these types of
internal motion in the liquid state. Thus, for the equatorial — axial ring inversion of
fluorocyclohexane values of 42.4 and 43.9 kI mol~! have been measured in the liquid®*’
and the solid??®, respectively. The familiar thermal ellipsoids of individual atoms obtained
from X-ray studies are qualitative indicators of molecular motion in the crystal, but a more
quantitative study of such processes is only possible after appropriate solid state NMR
techniques are applied.

In the case of organolithium compounds, besides internal rotations or conformational
changes in the carbanionic moiety, dynamic processes associated with the ligands are of
particular interest because, in solution, such processes might affect the reactivity of these
systems. Since dynamic processes which, for example, involve the cleavage of dative
bonds are absent in the solid, the situation in the solid is in many cases easier to analyse
than the analogous process in the liquid because infermolecular exchange is not encoun-
tered. On the other hand, solid state NMR spectra are sensitive for solid—solid phase
transitions caused by a change of the crystallographic modification and/or the chemical
structure. This well-known phenomenon is used to calibrate the temperature in the rotor
of MAS experiments??% 230,

In many cases the temperature dependence of the quadrupolar coupling constant is
an indicator of dynamic processes, because the symmetry around the lithium cation is
affected by motions which are fast on the NMR time scale. If the rate of these processes
exceeds 1/, the effective symmetry around the lithium cation increases and a decrease
in x("Li) results. In "Li MAS spectra, a broadening of the satellite transitions can be
observed which eventually disappear completely if the rate of the dynamic process comes
in the order of the quadrupole frequency®'. This behaviour was observed for the THF
solvated dimer of bis(trimethylsilylamido)lithium, where the 7Li MAS spectrum at 353 K
shows only the central transition and the sidebands caused by CSA and homonuclear
7Li-"Li dipole coupling (Figure 27)°*%*. The simulation of the high-temperature spectrum
yielded —20 ppm and 1300 Hz for these quantities, respectively. The dipole coupling
agrees closely with the theoretical value of 1319 Hz calculated from the Li—Li distance
of 2.4 A, which was determined by an X-ray study.
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FIGURE 27. "Li{'"H} CP/MAS spectrum of bis(trimethylsilylamido)lithium(THF), at different
temperatures®> %

In a variable temperature study of the TMEDA complex of trimethylsilylcyclopen-
tadienyllithium, Pietrass and Burkert observed that the x value decreases linearly with
increasing temperature, from ca 190 kHz at ca 200 K to ca 165 kHz at 340 K?*2. The
slightly higher value at ambient temperature than that reported in Table 8, entry 2, could
be due to the assumption of a zero asymmetry parameter in the variable temperature study.
The effects of the temperature on x values of inorganic salts have been investigated in
some instances as well?**»2*, For example, for lithium di(z-butoxydimethylsilyl)amide,
(t-BuOSiMe,),NLi, a change of x(’Li) from 100 kHz at 273 K to 88 kHz at 383 K was
associated with a phase transition from monoclinic to tetrahedral®®.

In a recent investigation of the ¢-butyllithium tetramer, the temperature dependence
of the x(’Li) was used to demonstrate the exchange of ligands in the solid state>*S. At
temperatures below 150 K, the x value is 100 kHz. At higher temperatures it becomes
smaller and is <5 kHz at 293 K. This process was proposed to be an intra-aggregate
exchange of the lithium ions between the different tetrahedral sites. "Li T} relaxation time
measurements were used to establish a phase transition and to determine the rate constant
for this dynamic process in both phases. Extrapolation to RT indicates an exchange rate
of 8.5 x 108 s~

In another study®>®*, a sudden spectral change and a reduction in x (Li) from 360 kHz
at 213 K to 85 kHz at RT was observed for the LDA-THF complex (26, Scheme 4,
Table 9) between 282 and 286 K. Again, this result can be associated with dynamic pro-
cesses which involve, according to '3C and 2H NMR investigations of partially deuteriated
species, the THF ligands.

A prominent feature of many organolithium compounds is complexation by TMEDA
ligands. The resulting heterocyclic five-membered ring has, according to X-ray
investigations'®, a twist conformation. Two dynamic processes (Scheme 8) can be
expected in this system: ring inversion A = B and, presumably with a higher activation
barrier, rotation by 180° (C = D).

The ring inversion of the TMEDA-Li metallacycle often results in a broadening and
disappearance of the '3C resonance of the methylene groups caused by the phenomenon
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SCHEME 8. Dynamic processes for the Li-TMEDA metallacycle: ring inversion (A = B) and rota-
tion by 180° (x-flip, C = D)

of dipolar broadening®’. It occurs if the power of the proton decoupler field B, matches
the exchange rate between non-equivalent positions. At the point of largest linewidth,
the condition y B, = 1/1, holds and the exchange rate k = 1/t can be determined if the
power of the decoupling field is known.

Solid state NMR investigations of the phenyllithium (10) dimer, [Li(TMEDA)uw—-CgHs]»,
revealed on the basis of temperature-dependent lineshape analyses of the '*C and >N
spectra dynamic processes characterized by barriers AG*(326) of 40 and 68 kJ mol~!,
respectively!®2. These were assigned to the ring inversion process and the 180° ring flip,
respectively. Again, a temperature-dependent x ("Li) was observed, with values of 146 and
90 kHz at 297 and 340 K, respectively. For the 180° ring flip in the dilithiumnaphthalenedi
ide(TMEDA), complex a barrier of AG¥(317) = 64 kImol~! was found on the basis of
15N lineshape measurements and a two-dimensional >N EXSY spectrum (Figure 28) mea-
sured with a modified 90° — 1; — 90° — 1), — 90°, FID(,) pulse sequence, where the first
90° pulse is replaced by a CP sequence®*.

The rotation of the TMEDA rings on the two sides of the naphthalenediide moiety
is uncorrelated, as shown by the temperature-independent '3C spectrum. A 180° ring
flip with a similar barrier, AG*(293) = 65.9 & 11.4 kJmol~!, was also observed for the
Li—-TMEDA ring in pyrrolidinatolithium(TMEDA), [c-(CH,)4NLi),(TMEDA)],'*.

Temperature-dependent lineshape changes were observed in an early study of the fluo-
renyllithium(TMEDA) complex!?. A detailed study by '3C lineshape analysis, which was
also applied to the TMEDA complex of 2,3-benzofluorenyllithium(TMEDA) (Figure 29)"2,
yielded barriers AG*(298) of 44.4 and 41.9 kJ mol~! for the 180° ring flip in these sys-
tems, respectively?">. A second dynamic process, which was detected via the temperature
dependence of T, , the spin—lattice relaxation time in the rotating frame, is character-
ized by barriers of 35.1 and 37.6 kI mol~!, respectively, and may be ascribed to the ring
inversion process. For the fluorenyl complex, a barrier AG* (298) of 15.9 kJmol~! for
the methyl rotation in the TMEDA ligand was determined from temperature-dependent 2H
NMR spectra of the deuteriated system.

Finally, an interesting temperature effect was observed in the spectra of o«-
(phenylthio)benzyllithiume3THF (3, Scheme 1)*>*. Differences exist in the '3C and Li
CP/MAS spectra observed at 293 and 208 K, respectively, which indicate a phase
transition. This was confirmed by differential scanning calorimetry (DSC), which yielded
a transition temperature of 204—212 K. The most characteristic NMR parameters of the
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FIGURE 28. Two-dimensional natural abundance >N solid-state EXSY spectrum of the dilithium-
naphthalenediide(TMEDA), complex at 292 K!32

high- and low-temperature modification are collected in Table 14. In going from 293 to
208 K, deshielding of C, and the ipso-carbons C-1 and C-7 is observed, while the para-
carbon C-6 is more shielded. There is apparently less charge on C, in the low-temperature
structure. At the same time the lithium resonance is shielded, presumably due to a higher
electron density. With less negative charge on C, and less positive charge on the lithium,
the C,—Li bond in the low-temperature structure is thus less polar than in the high-
temperature structure. This conclusion is supported by the difference in the quadrupole
parameters. The more polar C,—Li bond in the high-temperature modification yields a
larger field gradient and x ("Li) increases. The increase in the asymmetry parameter, (’Li),
on the other hand, indicates an increasing difference between the transverse components
of the field gradient, g, and g,, (cf. equation 9), which may be related to a stronger C,—S
interaction, as reflected by the shielding of C-7. The origin of these changes is not known,
but changes in the Li—O distances to the THF ligands or in the C—Li distance could be
important. Since the '*C chemical shifts measured in solution at RT and at 193 K?® are
identical within experimental error with the low-temperature solid NMR data, the low
temperature structure is also present in solution. In line with this interpretation is the fact
that the high-temperature solid state NMR data do not match the RT solution state NMR
data. Finally, the X-ray structure determined at 220 K,?* just above the phase transition
temperature, must correspond to the high-temperature solid state modification and thus
does not represent the solution-state structure.

F. Calculations of ’Li Quadrupole Parameters

The possibility to calculate x(’Li) and n(’Li) parameters for a given structure is an
important aspect for the interpretation of the experimental data. A number of theoretical
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FIGURE 29. Experimental (left) and calculated (right) '3C CP/MAS partial spectra of 2,3-benzoflu-
orenyllithium(TMEDA) showing the lineshape changes for the methyl resonances?!?

TABLE 14. Characteristic solid state '3C NMR parameters for the high- and low-temperature
modification of a-(phenylthio)benzyllithium-3THF (3)>*°

NMR parameter High temperature form low temperature form Difference
8 (13C,)(ppm) 31.3 353 —4.0

8 (13C-6)(ppm) 113.8 110.6 3.2

8 (3C-1)(ppm) 153.6 156.2 —-2.6

8 (13C-7)(ppm) 144.0 151.3 -73

8 ("Li)(ppm) 0.2 -0.5 0.7

x ("Li)(kHz) 132 80 52
no("Li) 0.82 0.29 0.53

approaches are available which allow the calculation of the electric field gradient of an
atom and thus open the way to the calculation of both x(’Li) and n(’Li).

The simplest approach is to apply a point charge model (PCM). It is based on the
physical definitions of electrical quantities, where a charge ¢ at a distance r from the origin
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contributes to the components of the electric field gradient according to equation 197!,

3xiX; 1
Vij= o (”’—8~ ) (19)

= — i
4y \ 13 I3

The electric field gradient at an ion in an ionic compound is then given as the sum of
contributions from individual components surrounding this ion (equation 20),

.
A; linear B; 90° angle
% 4
Lt
C; trigonal planar D; tetragonal planar E; trigonal pyramidal
[t
) .
= L
F; tetrahedral G; trigonal bipyramidal H; quadratic pyramidal
&
L ‘ -
l .
I; octahedral J; cube K; quadratic antiprisma

SCHEME 9. Models for ligand spheres around a lithium cation
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7 3x7—r* Bun 3xk 2k
V= —— 32 3 337 — 12 3yz (20)
ij — 47'[80 7'5 k Yk yk 2yk k2
koTk 3xkzk 3yrzi 3z —r

where Z is the partial charge of the k-th atom. The inclusion of orbital terms has improved
this essentially electrostatic model®*?, but its success for complicated structures is still
limited. However, in the case of organolithium compounds where the most important
C-Li interaction is highly ionic, even this simple approach can yield results which reflect
experimental trends. An example is the model calculation of yx(’Li) for a number of
geometrical arrangements of ligands around a lithium cation as shown in Scheme 9.
Using an arbitrary distance of 2.0 A and point charges of —1, the results (Table 15) give
a clear indication about the relative magnitude of x ("Li) to be expected in real structures
of related geometry.

As a refinement, the bonding geometry can be taken from results of an X-ray analysis
of the structure of interest and the atomic charges may be calculated on this basis by
a standard quantum-chemical program. Alternatively, the geometry can be optimized by
calculations. The distances and charges derived in either way are then used as input param-
eters for the PCM calculations. For example, geometry and atomic charges for the struc-
tures shown in Scheme 10, which represent situations encountered for lithium cations in
solvent-separated ion pairs, were obtained from structures which were geometry-optimized
by ab initio calculations of the HF/6-31G* type using the program SPARTAN?!°. The
quadrupole parameters derived on the basis of PCM calculations are collected in Table 16.
Alternatively, the electric field gradient at the lithium cation of interest can be calculated
on the basis of an optimized geometry by the program GAMESS??. These results are
also given in Table 16. In general, the x (’Li) values are better reproduced than the n(’Li)
values and the results obtained by GAMESS are closer to the experimental values than
those of the PCM calculations in the case of the highly symmetric systems [Li(THF),]"
and [Li(12-crown-4),]*.

Finally, more sophisticated quantum-chemical programs like WIEN95** or the well-
known program GAUSSIAN98?*# allow the calculation of the electric field gradient and
the quadrupole parameters, but involving more computer time. Results obtained on this
basis for a number of systems are collected in Table 17!23:236:246 They compare quite well
with the experimental data, except for the polymeric structure of lithiumdiisopropylamide
(25, Scheme 4). In this helical structure the ionic centres of several monomer units are in
close proximity. The resulting perturbations of the electric field gradient are not reproduced
by the calculations, which were based on only two monomer units.

TABLE 15. PCM calculations for model systems of Scheme 9?3

Point charges Geometry Vyy — V& V. (a.u.) x ('Li)(kHz)
2 A 0 0.5349 517
2 B 0 0.2674 258
3 C 0 0.4012 388
4 D 0 0.5349 517
4 E 0 0.1337 129
4 F 0 0 0
5 G 0 0.1337 129
5 H 0 0.1337 129
6 I 0 0 0
8 J 0 0 0
8 K 0 0 0

“Consequently, nQ(7Li) =0 in all cases (cf. equation 9).
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FIGURE 10. Examples for solvent-separated lithium cations

TABLE 16. Calculated and experimental quadrupole parameters for the solvent-separated-lithium
cation in selected complexes (Schemes 1, 5, 7 and 10)>%°

Compound CN(Li)* x (Li)(kHz) no("Li)
calc. exp./compound calc.’ exp.
[Li(THF)4]* 4 28 15 19/35 0.12 0.3 0.05
18/38 0.25
[Li(12-crown-4),]" 8 15 35 30/3 0.26 0.0 0.20
24/4 0.45
28/5 0.01
23/36 0.50
30/37 0.45
[Li(12-crown-4)(THF)]*™ 5 71 53 110/3 0.24 0.75 0.22

“Coordination number.
bLeft entry PCM calculations, right entry GAMESS?*? results.

TABLE 17. 7Li quadrupole NMR parameters calculated by high-level
ab initio methods of selected compounds (Schemes 1, 4, 5 and 6)125,:236,239,246

Compound Theoretical x ('Li)(kHz) n("Li)
method®

calc. exp. calc. exp.
[C¢Hs5Li]n, 10 a 223 234 0.05 0.45
35 a 465 478 0.29 0.12
27 a 286 298 0.16 0.18
25 a 898 610 0.02 0.07
5-TMEDA b 288 274 0.31 0.75
5.PMDTA b 153 128 0.66 0.98
[(CH3)3CLi]Z b 150 100¢ — —
174 c 320 360 — —

“a: hydrogens were added to the X-ray heavy atom structure and geometry-optimized with
the program SPARTAN; this geometry was then used for 6-311G**6d10f calculations of
the electric field gradient by the program GAUSSIANOS; b: geometry-optimized DFT
B3LYP calculations using GAUSSIAN98; ¢. GAUSSIAN92 with MP2/6-31G** basis set.
bReference 236.

‘At 150 K.

4Reference 125.
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lll. CONCLUSIONS

The results collected in this review clearly demonstrate the potential of solid state NMR for
structural studies in the field of organolithium compounds. '*C as well as %7Li spectra pro-
vide parameters that correlate with various structural features like aggregation, solvation,
structural angles and distances, as well as dynamic processes. For 13C the information
comes primarily from the chemical shifts, while for %’Li in addition the quadrupolar
interactions are valuable sources of information. NMR and X-ray investigations nicely
complement each other. While X-ray diffraction is unsurpassed in the determination of
the complete geometry of a complex, NMR yields information about the charge distribu-
tion and dynamic processes. Solid state NMR spectroscopy is furthermore indispensible
in cases where only microcrystalline powders are available which prevent X-ray mea-
surements. Calculations by theoretical methods allow predictions of solid state NMR
parameters which can be used to differentiate between several alternatives available for
a given structure. With the ongoing progress in NMR instrumentation and methodology,
solid state NMR investigations of organolithium systems hold promise also for the future.
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I. INTRODUCTION

The study of the interactions between organic compounds and alkali—metal cations, in
the gas phase, is related to many topics such as ion solvation, catalysis and molecular
recognition. Furthermore, mass spectrometry has been used for the analyses of organo-
lithium compounds and supramolecular assemblies that contain lithium cations. Alkali
cationization is an important ionization technique, implemented for the analyses of a
wide range of organic compounds. Finally, gas-phase studies are also useful for the quan-
titative determination of lithium cation affinity. The interaction between lithium cation
and organic substances is thus related to different aspects of gas-phase chemistry and
mass spectrometry.
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Il. DETERMINATION OF ORGANOLITHIUM COMPLEXES
A. Alkyllithium

Alkyllithium compounds form clusters containing multicentered bonds not only in the
solid state and in solution but also in the gas phase. The C—Li bond is largely ionic
in nature, dominated by electrostatic interactions'. This leads to structures where the
lithium bridges anionic centers. A typical number of lithium atoms in an alkyllithium
cluster is 2, 4 or 6, however in certain cases larger or odd membered aggregates have
also been observed. Gas-phase experiments on alkyllithium compounds were performed by
Berkowitz and coworkers in 19612, They have investigated the vapor of ethyllithium using
electron-impact mass spectrometry (EIMS) with the aid of a double-chambered, separately
heated Knudsen cell. Mass peaks corresponding to Li,R,_;T(R = ethyl;n = 1-6) were
observed, RLi,* and R;Liy* being the most abundant ions in the spectrum. The high
abundance of RLi,* was attributed to the fragmentation of the tetramer R3Lis*. Peaks
corresponding to LigRs™ and Li;R;™ had appearance potentials that were 3—4 eV lower
than any of the other Li,R,_;T peaks and were thus assumed to be parent ions. The
results show that ions of the hexamer and the tetramer that are predominant species
in ethyllithium vapor decompose into smaller Li, ,R,_, T ions, where x is an even
integer. Methyllithium, the simplest metal—alkyl compound, has also been the subject
of theoretical and experimental investigations concerning the nature of its structure and
bonding. The electron-impact mass spectrum of methyllithium has been obtained by using
flash-vaporization mass spectroscopy®. Positive ions corresponding to the lithiated species
(CH3);Lis*, (CH3),Lis™ and CHsLi,™ were observed. The authors conclude that the
largest clusters in methyllithium vapor are tetramers>.

The gas-phase structure of #-BuLi has also been probed by McLean and coworkers using
photoionization mass spectrometry*. At room temperature, they detected only tetramers
and determined the ionization potential of (#-BuLi)4 to be 6.2 eV. Other ions were detected
above 8 eV with general formulae R,Li;*(n = 1-3) and RLi, " (R = 7-Bu). Both R3Lis "
and RLi,™ had also been observed by Brown and coworkers in the EI spectra of z-BuLi
vapor, while R;Li;* and RLis* had not>.

Liy(+-Bu)y + hv — Liy(t-Bu)s* — Li4(l—Bl,l)3+ + C4H9 + e

Plavsi¢, Srzi¢ and Klasinc performed a detailed electron impact mass spectrometric
investigation of alkyllithium compounds®. They have concluded that MeLi, i-PrLi, s-
BuLi and 7-BuLi consist of tetrameric clusters only, while n-PrLi, n-BuLi and i-BuLi
form mixtures of tetramers and hexamers, in the gas phase. Fast atom bombardment
(FAB) mass spectrometry was used by Abdul-Sada, Greenway and Seddon to show that
the extent of aggregation of #-BuLi is tetrameric while n-BuLi is hexameric (Table 1).
Nevertheless, for both alkyllithium compounds the ion corresponding to (RLi)Li* is the
most abundant in the spectrum, as also shown in other studies of alkyllithium vapor.

More recently, Szepes and coworkers investigated the electronic structure of some
alkyllithium clusters by photoelectron spectroscopy®. In their study two distinct types
of spectra have been observed. This is explained by the different degree of association
of the compounds in the gas phase, as determined by the steric demands of the alkyl
substituents. Thus, i-PrLi, s-BuLi and ¢-BuLi form tetramers while EtLi, n-PrLi, n-BuLi
and i-BuLi are mixtures of tetrameric and hexameric clusters, in the gas phase®. Lagow
and coworkers showed that the vapor species observed for polylithium compounds include
(CH,Li,),*(n = 1-6), (CLiy),*(n = 1-5) and (C;Li4),*(n = 1-3). They also showed
that polylithium compounds undergo rearrangements at high temperature and the following
thermgtl l?tability series has been established from this work: CLi; < C,Lis < C3Li4 <
C,Li," .
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TABLE 1. Assignment of the FAB mass spectra of n-BuLi and ¢-BuLi in
Nujol” (RA = relative abundance)

mlz Ton RA (%), R = n-Bu RA (%), R = t-Bu
391 [(RLi)sLi]* 8 —
327 [(RLi)sLi]* 8 -
263 [(RLi),Li]* 7 1
199 [(RLi);Li]* 35 75
135 [(RLi)Li]* 14 8
71 [(RLi) Li]* 100 100

B. Organic Functionalized Lithium Salts

Mass spectra were also recorded for lithium z-butoxide and lithiomethyltrimethylsilane'?.
It was demonstrated that lithium ¢-butoxide is a hexamer in the vapor phase, while
lithiomethyltrimethylsilane has a nearly 100% tetrameric composition at 100 °C. Further
on, the association of LiB(CHj3), in the gas phase was examined by Stucky and coworkers,
using EIMS!3:14, They found that at an ionization potential of 18 eV and a temperature of
150°C, the two most intense peaks in the mass spectrum correspond to LiB(CH3);" and
B(CH;),*. At 25 eV additional peaks, corresponding to LiB(CH3)4™ and B(CH;3)3™, can
be identified and at 70 eV and 90 °C the highest mass value detected corresponds to the
tetramlfrig species LisB4(CHj3) 5™, indicating that LiB(CHj3), is also associated in the gas
phase!® 14,

Thus, it might be said that in the gas phase, alkyllithium polyhedra of high stability
are the hexamer and the tetramer and that the dimer, considerably higher in energy, is the
next most stable species.

The development of electrospray ionization (ESI) enabled multiply charged ions, sol-
vated ions, and metal-coordinated species to be formed in the gas phase. Recently, Kass
and coworkers showed that collision-induced dissociation (CID) of RCO,Li containing
ions (e.g. 1) leads to the loss of carbon dioxide and the attachment of Li to R (Scheme 1)"°.
This is an exceptionally stable alkyl lithium compound that could be synthesized, in the
gas phase, under relatively mild conditions.

Co,
cIp cD
. Li
CO,Li CO,Li !
@
SCHEME 1

High-level ab initio calculations indicate that thermodynamic deprotonation of phenyl-
lithium will produce a bridged ortho dianion that is remarkably stable. The deprotonation
energy of phenyllithium is predicted to be only 389.5 kcal mol~!, or about 10 kcal mol~!
less than that for benzene. The relative energies of the isomers of these salts are based on
interplay of competing effects, namely coulombic repulsion of the dianions and electro-
static stabilization of the ion triplet!3. Tons corresponding to CsH,4Li,* have been observed
by electrospray mass spectrometry, thereby confirming their stability (Figure 1).
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FIGURE 1. CID spectrum of LiCeH4CO,~ (m/z 127). The fragment ion at m/z 83 corresponds to
CgHsLi™. Reproduced with permission from Ref. 15

lil. LITHIUM CATION AFFINITY

Gas phase experiments utilizing various mass spectral techniques were used in order
to determine the lithium cation affinity (LCA) of substances and it has been shown that
molecular binding energies of Li* are substantial even for hydrocarbons. For example, the
LCA of cyclohexane is 24 kcalmol~! and 37 kcalmol~! for benzene!. LCA of alkenes,
like proton affinity (PA), increases with methyl substituent at a double bond (isobutene >
propene) and the trend of LCA values in n-bases is the same as for PA as well, that is
Me,O > MeOH > H,0 and Me;N > NH;. The nature of the proton—base bond is very
different than the lithium—base bond!”-'®. The proton adds to the base forming a polar
sigma bond with a partial positive charge of 0.35 electronic units or less at the hydrogen
atom itself. In contrast, the bonds formed with Li* are ionic and the lithium bares a major
part of the positive charge, i.e. 0.8 electronic units or more!”-!8,

In addition to the different nature in binding between proton and lithium cations that
result in the significantly lower LCA values when compared with the corresponding PA
values!?, lithium shows a chelation effect in its binding, as will be discussed shortly. Li
ion solvation has been quantitatively defined by gas-phase studies. Some of these studies
offer a relative LCA scale using various experimental techniques. Frequently cited is the
work of Dzidic and Kebarle?®, who measured the binding energies of Li* to multiple H,O
ligands. Until recently, the reference point used to provide absolute LCA values was the
LCA of water that was measured in this study [LCA(H,0) = 34.0 kcal mol™1)]%°. The
Li*—OH, bond energy was extrapolated from measurements made for larger Li™—(H,0),
clusters. Lithium water clusters have also been studied experimentally and theoretically
by others?' =24, and recently Rodgers and Armentrout reported the first direct measurement
of the Lit—OH, bond energy as well as the dissociation energy for Lit —(H,0), clusters
(n = 1-6)%, using kinetic energy-dependent CID experiments in a guided ion-beam mass
spectrometer. Table 2 summarized the bond enthalpies that were measured in this work
and those measured by Dzidic and Kebarle?®. The Li* —OH, dissociation energy reported
by Rodgers and Armentrout is 1.2 kcalmol~! lower (32.8 kcalmol™!) than the value
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TABLE 2. Bond dissociation enthalpies of Li(H,0),,, n = 1-6, at

298 K

Species AHyog? (kcalmol~!) A Hso” (kcal mol~!)
Li(H,0)* 32.8 34.0
Li(H,O0),* 27.3 25.8
Li(H,0);* 22.5 20.7
Li(H,0), 17.0 16.4
Li(H,0)s™ 14.4 13.9
Li(H,0)¢* 15.1 12.1

“Reference 25.
bReference 20.

reported by Kebarle and Dzidic. This implies that the absolute values of all lithium ion
affinity scales that are anchored to the LCA of water should be slightly revised.

Armentrout and Rogers also suggest more suitable anchor points for the LCA scale, e.g.
the lithium cation bond energies to methanol or dimethyl ether. They further examined
the kinetic energy dependences of the CID of Lit—ROH with Xe?® and reported that
the dominant dissociation process in all cases is the loss of alcohol. The thresholds for
Li"—ROH dissociations were determined and converted to enthalpies and free energies
at 298 and 373 K for comparison with previous equilibrium data on these systems. LCA
values at 298 K for a series of alcohols are summarized in Table 3. The experimental
results are compared with enthalpies of H* binding (PA) at 298 K (Figure 2) and a linear
correlation between the LCA and the PA is found.

Since many of the LCA values are measured by comparison methods, a reliable ref-
erence point to which all data are anchored is important. For example, Woodin and
Beauchamp measured LCAs for several compounds?’. They report that the LCA of MeOH
is 38.1 kcalmol~!, 1.0 kcal mol~! higher than the LCA of methanol reported by Rodgers
and Armentrout?®. Both investigators used the dissociation of Li*—OH, as a reference
point and the 1.2 kcalmol™! correction that was lately introduced for this value can
account for the discrepancy.

Cole and coworkers?® studied mixtures of LiCl and equimolar quantities of MeOH,
EtOH and n-PrOH with electrospray ionization (ESI) and showed that the tendency for
lithium binding to an alcohol follows the order n-PrOH > EtOH > MeOH. They point
out that different effects can provide an explanation for this trend, such as polarizability,
inductive effect and size effect. However, literature reports of Taft and coworkers indi-
cate that the polarizability effect is likely to predominate in the gas phase®. ESI mass
spectra obtained from solutions of LiCl in dimethylformamide (DMF), dimethylacetamide
(DMACc) and dimethylpropionamide (DMP) show that DMP has the greatest tendency to
form lithium cationized adducts followed by DMAc, which is situated well above DMF
(Figure 3). These experimental trends have been correlated to calculated differences in
electrostatic charges and binding energies of the homologous amides. Calculations indicate
an increased inductive effect on part of the longer alkyl groups attached to the carbonyl

TABLE 3. LCA values, in kcal mol~! 2¢

MeOH EtOH n-PrOH i-PrOH
37.5 39.6 41.3 41.8
n-BuOH i-BuOH s-BuOH t-BuOH

41.0 40.9 422 43.1
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FIGURE 2. LCA vs PA at 298 K (in kcalmol~!)0. Open circles show CID results from Refer-

ence 26 and inverted triangles show a range of values measured with an FT-ICR and cited in
Reference 26
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FIGURE 3. ESI mass spectra of 0.4 M LiCl in an equimolar mixture of DMF, DMAc and DMP.
Reproduced with permission from Ref. 28

carbon in comparison with DMF that may result in higher LCA. In addition, the larger
lithiated amides also have increased abilities to dissipate internal energy and are therefore
more stable?®.

Gal and coworkers measured relative LCAs for amides of the structure RC(O)NRR' (R,
R’ = H, Me)* using the kinetic method?!. From this work, the effect of methyl substituent
at the amide nitrogen and the alpha carbon can be derived (Table 4).
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TABLE 4. LCB values, in kcal mol~! 3¢

HCONH, HCONHCH3; HCON(CH3),
37.5 39.6 41.5

CH3;CONH, CH3;CONHCH3 CH;3CON(CH3),
39.9 41.4 43.0

The same group studied the lithium cation basicities of a series of compounds of the
general formula R'R?R3PO, i.e. phosphine oxides, phosphinates, phosphonates and phos-
phates, by using Fourier Transform Ion Cyclotron Resonance (FTICR) mass spectrometry.
A summary of their results is shown in Figure 4%2. The effect of methyl substitution on
LCA as well as the correlation between LCA and PA was also investigated by Taft, Yafiez
and coworkers on a series of methyldiazoles with an FTICR mass spectrometer®®. They
showed that methyl substituent effects on Li binding energies are practically additive.

The most comprehensive study of lithium cation basicities for organic bases was
conducted by Taft, Gal and coworkers'® 3, who investigated the effect of molecular struc-
ture on the gas-phase cation and proton basicities. Taft’s LCA scale'® was revised and
extended®*, and the lithium cation basicity scale now includes over 200 compounds. In
the same work the correlations between gas-phase basicities toward lithium cation (LCB)
and proton (GB) were examined. Good correlations are obtained provided that separate
lines are drawn for homogeneous families and the differences in slopes are traced back
to the different sensitivities to structural effects. Large deviations are explained by either
a different attachment center for Li™ and H' or a chelation effect toward Li*. Figure 5
describes three types of interactions that involve chelation of a lithium cation.

Earlier comparisons'® of experimental basicities toward H* and Li* have led to the
conclusion that there is no precise general correlation between LCBs and GBs, espe-
cially when diverse families of compounds with different functional groups are included
(Figure 6).

However, closer examination of data reveals that the correlations for the families with
the same basicity center are much better and even more so for subfamilies where the basic-
ity center is the same functional group (i.e. nitrogen in cyano group, oxygen in carbonyl
group etc.). All oxygen bases that were investigated exhibit fair correlation between GB
and LCB**. For alkyl-substituted alcohols a significant deviation from a linear relationship
between LCB and GB values is evident for methoxy-, fluorine-, chlorine- and phenyl-
substituted compounds such as CH;0OCH,CH,OH (LCB deviates from the correlation line
by 11.7 kcal mol~!), CF;CH,OH (deviation of 2.4 kcal mol~!), CCl;CH,OH (deviation of
2.1 kcalmol™!) and PhCH,OH (deviation of 3.4 kcalmol~'), which form bidentate ring
structures with the Li* cation, but not with a proton (Figure 5). Reasonably satisfactory
correlation is observed for all carbonyl compounds (including aldehydes, ketones, esters,
amides, carboxylic acids etc.). Here one point, corresponding to (CF;CO),NH, deviated
strongly from the regression line (by 6.2 kcalmol™') as this compound is assumed to
exist in the gas phase in the enol form (compound 5 in Figure 7).

Significant deviations toward decreased stabilities of Lit complexes from a linear
relationship between LCB and GB values also appear for several fluorine-substituted
compounds while reasonably good correlation is observed for the S=0O (sulfoxides and
sulfones) and P=0O bases. Within the class of oxygen bases the ethers give the worst
correlation between basicities. This is because the lithium adducts are much more prone
to bidentate chelate ethers as is evident by the enhanced stabilities of Li* complexes of
methoxy- and fluorine-substituted ethers. Their LCBs are therefore significantly higher
than predicted from the linear relationship between LCB and GB values for unsubstituted
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Compound ALCB  (kcal mol™)
(MeO),HPO .
1.31
(MeO);PO . 1.36
0.23
1.6

(MeO),MePO .

0.38 0.15 1.67
(i-PrO),HPO s |
(CICH,)(EtO),PO_ T 0.26 1.75
(p-CF3C¢H,0)Ph,PO 1.84

1.09
0.67 1.21 1 30 098
(Et0),MePO l 253
(Et0);PO 0.23 2.65
(MeO)MePhPO 0034 2.68
(Ph0);PO 0.09 275
0.39 0.65
0.50
(p-FCgH,0)Ph,PO 316
0.03
Me;PO | -
1.03 1.22
Et;PO 4.26
0.18
(PhO)Ph,PO 445
0.75
0.78

(Me,N);PO ¢ 5.02
Ph;PO 0.02 S04

FIGURE 4. LCB of phosphoryl compounds, measured with an FT-ICR mass spectrometer. ALCB
values referred to (CH30),HPO3?

alkyl ethers [for (CH;0CH,), by 9.3 kcal mol~!, for (CF3;CH,),0 by 8.3 kcalmol~!, for
CF;CH,0CH; by 4.4 kcalmol~! and for (CF3),CHOCHj; by 4.3 kcal mol™'].

The N bases have the worst correlation. However, within the subfamilies, the correlations
between LCB and GB are better. Thus cyanides exhibit good correlation between LCB
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(2) 3 @

FIGURE 5. Different types of chelation in Li* cation complexation: (a) true chelation in a polyfunc-
tional compound (e.g. CH;OCH,CH,OH—Li", 2); (b) formation of nonclassical chelates involving
fluorine or chlorine atoms (e.g. (CF3),CHOH—Li%*, 3); (c) unexpected ‘chelate structures’ (e.g.
PhOCH;3—Li*, 4). Reproduced with permission from Ref. 34
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FIGURE 6. Correlation between experimental LCBs and gas-phase basicities towards the proton
(GB). Reproduced with permission from Ref. 34

and GB, and when bidentate compounds are excluded the correlation for cyclic amines
improves considerably as well.

LCA toward amino acids and nucleic bases has also been measured. Wesdemiotis and
Cerda® measured the alkali metal ion affinities of nucleobases in the gas phase from
the dissociation of metal ion-bound heterodimers [nucleobase + B]M™, in which B rep-
resents a reference base of known affinity and M is an alkali metal. By assessing the
dimer decomposition for two different internal energies, entropy is deconvoluted from
enthalpy and LCA values are obtained. For guanine, cytosine, adenine, thymine and
uracil, the corresponding Li*T —nucleobase bond energies are as follows: 57.2, 55.5, 54.1,
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FIGURE 7. Differences in the mechanism of protonation and lithium cation addition to (CF3CO),NH
(5) as seen by DFT calculations®*: proton adds directly to the nitrogen atom in the enol form while
lithium displaces H* at the oxygen atom and the displaced proton moves to the nitrogen. Reproduced
with permission from Ref. 34

51.4 and 50.5 kcal mol~!. The magnitude of the operating entropy effects gives informa-
tion on the structures of both the metal ion-bound dimers and the metalated nucleobase
monomers. It is found that Lit, Na™ and K* bind very similarly to the nucleobases.
Specifically for [Gly + adenine]Li" heterodimer, it is suggested that binding to lithium
restricts more rotations in the amino acid than in the nucleobase. As a consequence, there
is less entropy gain upon the formation of [Gly]Li* 4 adenine than upon the formation
of Gly + [adenine]Li™, resulting in a negative A(AS°Li™) quantity. A net entropy loss
would increase the apparent LCA of adenine upon collision activation. Wesdemiotis and
Cerda® also propose structures for [NB]Li* (Scheme 2).

+ +
M*----NH, -0~ M\\ I|\IH2
N SN NN L INT N
<\ | ) + )\ = % M‘\ )2\ Z
*T N H,N N IT+ -0 1|\1+
H H H
adenine (A) guanine (G) cytosine (C)
M* M+
9 o
CH; 4
HNT b 4 HN 4
072N 072N
H H
thymine (T) uracil (U)

SCHEME 2. Structures for lithium (M) cationized nucleobases’
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A parallel investigation on the binding of alkali metal cations to nucleobases, employ-
ing guided ion beam mass spectrometry, has recently been reported by Rodgers and
Armentrout®%37,

IV. HOST-GUEST INTERACTION AND SUPRAMOLECULAR ASSEMBLIES

Ton-crown ether complexes are of the simplest molecular recognition systems studied in
the gas phase. The selective binding involved in host—guest complexation requires an opti-
mum structure for each substrate prior to possible bonding interactions. Gas-phase media
provide an optimum environment to study the intrinsic behaviors of alkali metal—crown
ether interactions without the interference of solvent effect. Complexation of alkali metal
cations with macrocyclic ligands was initially studied by Johnstone and coworkers using
fast-atom-bombardment mass spectrometry, in glycerol. They found that the abundances of
gas-phase ions corresponding to metal cation—ligand complexes reflect the calculated con-
centrations of these complexes in solution®® 3. Dearden and coworkers showed the specific
binding of lithium cation to 12-Crown-4 using laser desorption techniques (Table 5)*.

Maleknia and Brodbelt generated ion complexes of crown ethers with different alkali
metals by liquid secondary ion mass spectrometry (LSIMS) and used the kinetic method
to estimate relative affinities of crown ethers for alkali metal ions. This study determines
qualitatively size selectivity of crown ethers in a solvent-free environment*!. Crown ether
selective cation complexation with alkali metal ions has also been established using ESI.
For example, it has been shown that crown ether acetals of structures 6a—6d (Figure 8)
tend to preferentially bind smaller ions as compared with the corresponding simple crown
ethers possessing the same number of ring oxygen atoms. This is probably the result of
ring-contracted deformation and hydrophobic effects of the diphenyl groups*?.

Lariat ethers of structure 8 were found to be selective toward Li* ion and the lariat
crown ether—Li* complexes are more stable than the corresponding complexes with Na™
or K*, in methanol. Nevertheless, experiments conducted in aqueous solution showed
that Na* had a better complexation ability than the other two alkali metal cations. Hence,
selective complexation of lariat crown ethers with cations changes with the solvent sys-
tem; this may be due in part to the difference in solvation between solvent and cation
(Figure 9)%.

ESI has been used to study the effect of the basicities of the side arms on the abilities of
these lariat ethers to extract metal ions from solution. A series of compounds of structure
9 were studied and the authors conclude that the lariat ether with the least basic side arm
binds best to the smaller cations (Table 6). Specifically for Li*, it was found that it is best
bound to the lariat ether with the ester side arm. It is proposed that electrostatic repulsion
of the lariat ether side arm and the electron-rich 7 cloud of the adjacent aromatic ring
play a dominant role in determining cation selectivities. The least basic side arm has
lower electron density and thus these compounds have smaller cavity sizes and are more
selective for smaller ions*.

TABLE 5. Observed alkali cation bound dimers of crown ether. Reproduced with
permission from Ref. 40

Cation (12-Crown-4),M+ (15-Crown-5),M+ (18-Crown-6), M+
Lit yes no no
Na*t yes yes no
K* yes yes no
Rb* yes yes yes

Cs* yes yes yes
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FIGURE 8. Relative intensities of ions corresponding to alkali cationized crown ethers 6a (@), 6b
(0), 6¢ (M), 6d (O) and benzo-18-crown-6, 7 (A). Reproduced with permission from Ref. 42
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FIGURE 9. ESI mass spectrum of compound 8 with LiCI*}
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R! R?
9a H H
9b H OCHj
R R? 9c C3Hy OCH;
9d H OCH,CO,H
J L 9% C3Hy OCH,CO,H
9f H OCH,CO,C>Hs
o o 9g C3Hy OCH,CO,C>Hs
K/ o\) 9h H OCH,CON(CHs),
9 CsHy OCH,CON(CHs),
® 9j H OCH,CONH,
9k C3Hy OCH,CONH,

TABLE 6. Alkali metal selectivities of lariat ethers 9a—9k measured by ESI in
chloroform—methanol (1:19). Reproduced with permission from Ref. 44

Lariat ether (LE) % [LE + Li]* % [LE + NaJ* % [LE + K]*
92 7 54 39
9b 4 40 56
9 5 37 58
9d 0 79 22
9%e 0 87 13
9f 60 40 0
9g 77 2 1
9h 0 60 40
9§ 0 84 16
9j 0 73 26
9k 0 80 20

A class of crown spirobenzopyrans 10 exhibit thermally irreversible photochromism
only in the presence of alkali-metal cations (Scheme 3). The favored complexation
between 10 and lithium cation was thus revealed by the effect of lithium salt on the
electronic absorption spectra of 10. Lithium complexation was also corroborated on
the basis of FAB mass experiments. Before addition of Lil to 10, ion peaks for MHY,
[M + Na]* and [M + K]t were detected; after the addition the signals decreased, while
a peak for [M + Li]" appeared (Figure 10)*.

Carbohydrates show a considerable affinity toward alkali cations, which are frequently
used for their mass spectral analyses. Lithium cation exhibits specific affinity toward glu-
cose, as has been detected by electrospray ionization mass spectrometry. The experimental
results were found to be consistent with the ab initio theoretical calculations and confirm
the folli)éwing order of stability of the M*—glucose complexes: [gl-Li]" > [gl-Na]* >
[gl-K].

Another class of lithium cationized species that were generated and studied are polyg-
lycols. Backbones or molecular chains of functional polyglycols are often difficult to
dissociate in tandem mass spectrometers using low energy CID*43. Apparently, Li* can
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SCHEME 3. Isomerization of spirobenzopyran 10 to colored merocyanine 10'eM™ is induced by
recognition of alkali metal cations as well as by UV irradiation®

catalyze these processes and provide informative MSMS spectra under the same con-
ditions. The observation of more intense low mass fragment ions generated using Li™
compared to other metal ions was attributed to the fact that the lowest energy conformer
of [PEG + Li]" requires less oxygen atoms. Since lithium polyglycol adduct ions can be
readily fragmented, it opens the possibility of using conventional and readily available
low energy CID tandem MS to study polyglycol structures*®. Wesdemiotis and cowork-
ers report that the lithium and sodium ion complexes of the polyglycol-derived radicals
(R*) H(OCH,CH,),,O(CH,),,* are produced in the gas phase by FAB ionization and their
structures and unimolecular decompositions were investigated by tandem mass spectrom-
etry. Molecular orbital calculations show that the [R® + X]* ions (X = Li, Na) carry their
positive charge and unpaired electron at distinct centers. These dystonic [R* + X]* ions
undergo typical radical site decompositions. Although these reactions are induced by the
unpaired electron, the metal ion is not just a spectator. The presence of alkali cations
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FIGURE 10. FAB mass spectra of 10 (a) before and (b) after addition of Lil. Reproduced with
permission from Ref. 45

influences these reactions either by preventing bond rotations in R® (through coordina-
tion), allowing for the formation of intermediary metal ion-bound heterodimer complexes,
or influencing the energetics of the radical site decompositions (Scheme 4)*,

HO., O HO. , .O—CH;. __, HO., O—CH,
Li ¢ Li ) Li ’
y ) \

O~ _H .
Osc< D) Os¢n
H
miz 112 .
—-CH,0 \CHO
mlz 82 mlz 83

SCHEME 4. Lithium cation mediated fragmentations in cationized PEG production*
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V. CATIONIZATION MASS SPECTROMETRY

Experimental and theoretical aspects of cationization mass spectrometry have recently
been reviewed*>°. Alkali ion attachment (cationization) of organic molecules occurs
in the gas phase near the surface, giving rise to cationized molecular ions under the
conditions of ESI, FAB, matrix assisted laser desorption ionization (MALDI) and other
ionization techniques. There have been numerous studies that include the analyses of
organic compounds using alkali ion cationization. Alkali cation salts are either present
or being added to the organic mixture under study, to facilitate metal cationization for
the characterization of organic molecules. Many studies also include CID of biologically
important molecules such as fatty acids and sugars®'~>3. Metal cationized closed-shell ions
having highly localized charge sites were found to undergo charge-remote fragmentations
(CRF) giving straightforward structural information®®. Specifically, lithium cationization
followed by CID has been extremely useful in the location of double bonds in fatty acids,
esters and alcohols™* %3,

As stated above, the presence and nature of the alkali cation can affect the frag-
mentation behavior and regularity. Lithium cationized molecules sometimes exhibit very
different fragmentation behavior than the protonated analogs and provide complemen-
tary structural information. For example, the product ion formation characteristics of the
four diastereomeric benzo[ghi]fluoranthene tetraols was studied using MALDI ionization
with post-source decay (PSD) activation. The protonated molecules of all four isomers
are unstable and lose water readily, therefore no MH™ ions are present in the spectra.
However, all four diastereomeric tetraols form product ions by the losses of one and/or
two water molecules in varying proportions when lithium-cationized molecule ions are
selected for PSD product ion analysis. The differences in the PSD spectra of these four
LiT-cationized molecules are rationalized in terms of 1,2-water elimination which involves
the loss of a hydrogen atom and hydroxyl group that are cis with respect to each other
on adjacent carbons (Scheme 5)°°.

Lit
HO H
NV H 50
H OH
Lit .
HO OH no reaction
H H

SCHEME 5. Syn-elimination of water in lithium cationized diols>

Specific interactions between organic substances and alkali metals may dominate the
fragmentation behavior. It was shown that lithium and sodium cationized fatty acid esters
show a remarkably different behavior upon high energy CIDY. Accordingly, lithium
cationized n-butyl oleate 11 exhibits excessive loss of butene (Figure 11a) while the
corresponding ion in the CID spectrum of the sodium cationized analog is very low
(Figure 11b).

Lithium and silver cationized loganin, epi-loganin and ketologanin also fragment dif-
ferently, as has been shown by Madhusudanan and coworkers®®. They also compared
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FIGURE 11. High-energy CID of lithium (a) and sodium (b) cationized n-butyl oleate™®
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the CID spectra of ammonium cationized loganic acid 12 with those of metal cationized
species and found that glycosidic cleavage and ring cleavages of aglycone and sugar
moieties are the major fragmentation pathways observed for [M + NH4]" (Figure 12)
while lithium adducts show fragmentation characteristic of both the aglycone and the
sugar moieties®®. Glycosidic cleavage results in the [Aglycone + Li]* ion which fur-
ther loses H,O (Scheme 6). There are also peaks corresponding to eliminations of CO,
from [Aglycone + Li]* and [Aglycone + Li — H,O]", respectively. Elimination of CO,
is characteristic of the fragmentation of lithiated species and is not observed in the case
of [M + NH,]* ions (Scheme 6)%.

Another characteristic of the CID behavior of lithium containing cationized loganic
acid is the retro Diels—Alder (RDA) reaction that affords several possible fragmentation
products. These so-called cross ring cleavages are very useful in the structure determina-
tion of various compounds and are typically present in the CID spectra of alkali cationized
ions of several groups of compounds (Schemes 7 and 8)*% !,

In some cases lithium cationization is particularly useful, since the resulting [M + Li]*
ions give rise to informative CID spectra. Liu and coworkers used electrospray ion-
ization and MS” experiments for the structural analysis of ginsenosides®?. They find
that [M + Li]" ions afford much more abundant fragment ions than the correspond-
ing [M + Na]™ and MH™ precursors. The fragmentation pathways of [M + Li]™ are

CO,H
215
100 — X
HO
CO,H o]
/
HO N Ogle
0 (12)
% OH," [M + NH,]*
394
179 197 34139 377
0 |||||||||||||||||||||||||I\|IIII|II|||||||||||||||||||||||||||||||||||||||
50 100 150 200 250 300 350 400

FIGURE 12. Decomposition of the [M 4+ NH4]* ion of 125

Cco Cco
o -C0, 5 > -H;0 5D
HO JLit HO JLit
\ 0 9) 0. Lit

SCHEME 6. Typical lithium-cation induced fragmentations in the CID spectra of lithiated loganin:
loss of water and CO,%°
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SCHEME 7. Fragmentation characteristic of the substituents present in either aglycone or sugar
parts of the molecule>
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HO OH

SCHEME 8. The fragmentation routes of Rha-Rha-Cjo-Cjo (Rha = Rhamnosyl) [M + Na]* and
[M + Li]™ precursor ions during high-energy CID®!

similar to those of the corresponding [M + Na]' precursors, except for the higher effi-
ciency of glycosidic bond cleavage and cross ring cleavages at the disaccharide moieties.
Gross and coworkers examined the high-energy CID spectra of a series of oxofatty
acids®. It is clearly demonstrated that cationization affords efficient and informative
fragmentation upon high-energy CID (Figure 13). The CID spectra of the MH" ion of 10-
oxohexadecanoic acid (13) and the corresponding [M + Li]™ and [M — H + 2Li]" ions
are very different. The CID of the MH™ ion is not distinctive and does not allow the
detection of the oxo group position as it mainly consists of the [MH — H,O]" ion. Loss
of water is also observed in the CID spectra of [M + Li]*. However, the [M — H + 2Li]"
ion affords the so-called charge remote fragmentation series of ions, that allow the posi-
tioning of the oxo group in the alkyl chain while loss of water is suppressed because the
OH group is replaced by OLi (Figure 13).
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FIGURE 13. High-energy CID spectra of (a) MH*, (b) [M + Li]* and (c) [M — H + 2Li]" ions of

Chagit Denekamp
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10-oxohexadecanoic acid 13. Reproduced with permission from Ref. 63
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Fujii developed a method for detecting radical species in the gas phase with the use
of lithium ion attachment to chemical species. Li ions have been chosen as reactant ions,
because the affinity of the species is highest among all the alkali metal ions. The author
also explored some of the unique properties of Li ion attachment in mass spectrome-
try. This technique provides mass spectra of quasi-molecular [R + Li]* ions formed by
lithium-ion attachment to the radical species under high pressure*® %4,
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I. INTRODUCTION

The most straightforward way of observing vibrational transitions of molecules is through
absorption of infrared (IR) radiation. The interaction of matter with electromagnetic radi-
ation is subject to selection rules and hence not all vibrations may give rise to absorption
bands in the IR spectrum. The prerequisite of IR activity is the change in dipole moment
of the molecule during a given normal mode of vibration. Because of this the stretching
vibration of a homonuclear diatomic molecule (such as H,, O, etc.) or the totally sym-
metrical vibrations of larger molecules having a centre of symmetry, as well as any other
vibrations which do not generate a vibrating electric dipole, are IR inactive. In order
to detect such vibrations, it is necessary to consider the inelastic scattering of light, a
phenomenon that is referred to as Raman scattering. This is governed by different selec-
tion rules compared to the absorption of light. A given normal vibration of a molecule
may appear in the Raman spectrum if at least one component of the polarizability tensor
changes during this vibration!~®. However, the distinct advantage of Raman to IR is that in
Raman, there is little or no sample preparation, and the ability to use glass optics and work
in aqueous media. Samples can therefore often be examined in the form in which they are
submitted, and the samples can usually be returned unaffected after the measurements.
Further, low wavenumber measurements are possible and hence signals can be observed
easily below 100 cm~'. Thus, IR and Raman spectroscopy are powerful complementary
tools for obtaining precise and detailed information about the structure of organolithium
compounds, particularly since lasers have been developed in optical spectroscopy!=°.

However, the high frequency of the laser irradiation in the visible region may lead to
photochemical reactions in the laser focus. Besides, fluorescence can often cover the whole
Raman spectrum. Such problems can be avoided by using an excitation wavelength in
the near-infrared (NIR) region, e.g. with an Nd:YAG laser operating at 1064 nm. Deficits
arising from the v* dependence of the Raman intensity and the lower sensitivity of NIR
detectors are compensated by the Fourier-Transform (FT) technique, which is widespread
in IR spectroscopy'"*.

In modern chemistry, the IR or Raman spectroscopy in combination with the matrix
isolation technique has been frequently used to clear up the reaction mechanism of several
compounds and to characterise the products’~°. One of the first matrix reaction techniques
for alkali metal reactions was developed by Andrews and Pimentel'”. The experimental
goal is to bring lithium atoms and reactive molecules together long enough for primary
reactions to take place and then to quickly trap the products in the grid of a solid and inert
host material at low temperature for spectroscopic study. For matrix materials often-rare
gases and pure nitrogen are used. In this way inter- and intramolecular interactions can
be prevented’~1°.

Spectroscopic methods such as IR and Raman have proven to be exceptionally powerful
methods for solving many chemistry problems'~!°. However, the vibrational assignment,
as well as the understanding of the relationship between the observed spectral features and
molecular structure or reactivity of the sample, can be very difficult. Theoretical methods
can certainly assist to obtain a deeper understanding of the vibrational spectra of new
compounds. These are the well-established force field calculations, semi-empirical and ab
initio methods!.

Il. LITHIUM COMPLEXES OF SATURATED HYDROCARBONS
A. The Methyl- and Ethyllithium Compounds

Early spectroscopic investigations on such organolithium compounds concerned the IR
spectra of methyl- and ethyllithium in the 700—4000 cm™~! spectral region'!~!6. The first
two groups of workers involved in these investigations came to different conclusions.
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The first study belongs to Brown and Rogers'!, who measured the IR spectra of methyl-
and ethyllithium as Nujol mulls, and of ethyllithium in benzene solution, and assigned
the bands observed at 880 and 925 cm™' to the C—Li stretching vibrational modes of the
monomeric and polymeric species, respectively.

Shortly after, Rodionov and coworkers studied the IR spectra of methyl- and ethyl-
lithium in the vapour phase'?~'# as well as a great variety of organolithium compounds as
solids and in solution'> !¢, They completely based their interpretation on the vibrational
assignment proposed for CH;Li, which was assumed to be monomeric in the vapour phase
and to have C3, symmetry'>~'. Accordingly, the peak at 1050 cm~!, which was not
taken into consideration by Brown and coworkers, was ascribed to the C—Li fundamental
stretching mode in all organolithium compounds, while the bands in the 850-930 cm™!
spectral region were attributed to the C—Li vibrational modes of various polymers.

The disagreement between the two groups of researchers was later solved by an infrared
study of West and Glaze!” on methyl- and ethyllithium as mulls in dry white petroleum
oil. To eliminate complications from C—H bands in the mulling agent, methyllithium was
also measured as mulls in perfluoro-kerosene. Additionally, ethyllithium was examined
at various concentrations in benzene solution and as vapour. They extended the spectral
region to 300 cm™' and used lithium and hydrogen isotopes to clear up the previous
assignments.

In the C—H stretching region, methyllithium present two peaks at 2840 and 2780 cm™!,
which shift to 2150 and 2027 cm~! upon deuterium substitution (Table 1). Accordingly,
they have been ascribed to symmetrical and asymmetrical C—H stretching motions
and their appearance at much lower wavenumbers was attributed to a multicentre
Li—C—Li bonding!!, such as in polymeric dimethylberyllium'®!® and dimeric aluminium
trialkyls®> 2!, The absence of the bands in the usual C—H stretching region, as the earlier
investigators reported it'!, show that free CH; groups are not present in methyllithium
(Figure 1)?2. The methyl groups cap the Liz faces.

TABLE 1. Infrared absorption bands (cm™') observed for some alkyllithium compounds

Methyllithium Ethyllithium
CH;°Li CH;'Li CD;%Li CD;5’Li C,H;50Li C,Hs’Li
2940 b 2940% b
2840 2840 2150 2150 28404 ? 2840%?
2780 2780 2027 2027 2760%? 2760%°
1480 1480 1100 1100 1450¢ 14507
1427 1427 1043 1043
1383% b 1383« b
1096 1096 827 827 1098 b 1098+ »
1061 1061 815 815 1050% ° 10504 °
(1025) (1025)
(923) (923) (923) (923) 945%:b 945%:b
(900) (900) (900) (900) 920" 920"
(867) (867) 8774 8774 b
517 514 455 436 570" 566"
565¢ 535¢
446 417 348 336 496“ 465¢
3624 340¢

“Bands observed in mulls'”.
bBands observed in the vapour!”.
Reprinted with permission from Reference 17. Copyright 1961 American Chemical Society.
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FIGURE 1. Solid-state structure of: (a) [(H3CLi)4], (b) [{(H3CLi)4}3] and (c) [{(H3CLi)4}c]. Repro-
duced with permission from Ref. 24

Two bands were observed for ethyllithium in the C—H stretching region at unusual
low wavenumbers (2840 and 2760 cm™!), as for methyllithium. Besides, a new band at
2940 cm™! was found in the proper C—H stretching vibrational region of the terminal
CH; group, not influenced by multicentre bonding. The symmetrical stretching motion of
the CH; group should occur near 2870 cm™' 2* and so probably overlaps with and con-
tributes to the CH, stretching band at 2840 cm~!, whose value is lowered by electrostatic
interaction.
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The IR spectra of methyllithium exhibited two C—H bending vibrational modes at
1480 and 1427 cm™!. Their assignment was again substantiated by significant isotopic
shifts to 1100 and 1043 cm~! in the deuterium compound (Table 1). Only one weak band
was observed for ethyllithium in the C—H deformation region at 1450 cm~!. Moreover, a
new sharp peak was detected at 1385 cm~! and ascribed to the C—H symmetrical bending
mode of CHj3. Its absence in the IR spectrum of methyllithium is a further indication that
free methyl groups exist only in ethyllithium.

The bands at 1096 and 1091 cm~!, which were attributed by Rodionov and coworkers
to symmetrical and asymmetrical Li—C stretching modes in methyllithium'2~!®, did not
shift on ®Li substitution (Table 1). Therefore, they cannot represent modes of vibration
involving carbon and lithium to any significant extent. West and Glaze!” assigned them
to C—H rocking or deformation. Similar peaks were found at 1098 and 1050 cm~' for
ethyllithium and ascribed to C—H deformations.

All of the modes discussed above present important shifts upon deuterium substitution
(Table 1). Consequently, the authors came to the conclusion that they mainly involved
motions of hydrogen atoms. The isotopic ratios (vg/vp = 1.30 to 1.36)!7 are in this case
comparable to those for the hydrogenic stretching and deformations modes found in methyl
chloride (vy/vp = 1.31 to 1.37)%.

As we have already mentioned, both earlier groups of scientists assigned the signals
between 950 and 870 cm™! to C—Li stretching bands in polymeric species of methyl-
and ethyllithium, respectively. West and Glaze!” noticed that their intensities strongly
depended on the method of preparation of methyl- or ethyllithium or they were entirely
absent. Therefore, these bands must be due to some impurities present in variable amounts
in most methyl- and ethyllithium preparations. From their position in the IR spectra of
methyllithium it seems possible that C—O vibrations of oxidation products are respon-
sible for these peaks. In the vapour spectra of ethyllithium they may also be due to
skeletal deformations in the C,Hs groups'”-?3. Anyway, these modes were not shifted
upon hydrogen or lithium isotopic substitution (Table 1).

Bands, which do shift upon lithium substitution, were found in both compounds below
600 cm~!. The two absorption bands observed near 500 cm~! in methyllithium appeared
at much higher wavenumbers in the corresponding ®Li compound. Most of the shifts
observed upon °Li substitution (Table 1) are smaller than the characteristic shifts for
harmonic C—Li bonds (about 26 cm™! for bands near 500 cm™!)>, as expected since
they represent complex vibrational modes. Furthermore, all of these signals are signifi-
cantly shifted upon deuterium substitution, which indicates that they involve the motion
of hydrogen as well as lithium (Table 1)!7.

Therefore, the appearance of the C—Li bands at unexpected low wavenumbers and
their behaviour upon isotopic substitution demonstrate that these bands represent complex
modes of vibration in polymeric molecules rather than simple C—Li stretching motions
(Figure 1)?2. It is well known that organolithium compounds are strongly associated in
solution'!-2% 27 Furthermore, the C—Li bands occurred in the mulls and solution spectra
of ethyllithium at similar positions to those in the vapour spectra, namely in the region
from 570 to 340 cm™! (Table 1)!7. In benzene solution the bands were found at 560 and
398 cm~! for C,H;%Li and at 538 and 382 cm~! for C,Hs'Li. This seems to confirm the
previous finding of Berkowitz and coworkers that ethyllithium is polymeric even in the
vapour phase?®.

In their papers Rodionov and coworkers described the polymerization of organolithium
compounds in terms of the formation of ‘lithium bonds’ (Scheme 1), analogous to hydro-
gen bonds, which brought about cyclic or linear association of these compounds in
solution'?~1%, However, the strong association of alkyllithium compounds, persisting even
in the vapour phase, indicates that their association takes place through the formation of
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multicentre bonds like in polymeric dimethylberyllium and the dimeric aluminium trialkyls
(Figure 1)'"17-22_ A few years later, the multicentre Li—C—Li bonding was proved by
the X-ray studies on methyllithium of Weiss and coworkers?® 30, Afterwards, the crystal
structure of deuteriated methyllithium was refined by neutron powder diffraction at 1.5
and 290 K3'. At both temperatures a cubic body-centred arrangement of (LiCD3), units
(T; symmetry) was found. In agreement with the first X-ray investigations (290 K), each
tetramer contains a distorted cubic Li,C, core with pyramidal methyl groups in staggered
positions with respect to the adjacent Li; unit (Figure 1). So the intermolecular interac-
tions between the tetrahedra could be related to the physical properties of methyl- and
ethyllithium.

---Li—C---Li—C---Li—C- -~

SCHEME 1

B. The t-Butyllithium Compound

Polymerization in electrostatic systems like the ones mentioned above is sterically
inhibited by alkyl substitution at the a-carbon®®?!, which must assume a coordination
number greater than 4. Coates and Glockling have treated this inhibition of polymer-
ization in terms of decreased electronegative character of the branched alkyl groups?.
Therefore, stimulated by the idea that 7-alkyllithium compounds may exist as low poly-
mers or even as monomeric molecules, Weiner and coworkers®® and Kottke and Stalke**
have isolated ¢-butyllithium as a pure substance for the first time and characterised it
by spectroscopic methods®® and X-ray diffraction®. The colourless crystalline solid was
found to be tetrameric over a range of concentrations in both benzene and hexane’ 34,

The observed IR and Raman bands for 7-C,Ho"Li and its isotopic species, #-C4Ho°Li,
are summarized in Table 2. As for methyl- and ethyllithium'”, a pair of bands was observed
in the C—H stretching region of ¢-butyllithium. However, their appearance at unusually
low wavenumbers could not be explained in this case by the influence of multicentre
bonding on the character of the a-carbon—hydrogen bond, since the corresponding carbon
atoms in #-butyllithium had no attached hydrogen atoms. So the assignment of these bands
remained unequivocal.

According to the literature® 38, the peaks at 1450, 1375, 1210, 1130, 1000, 925 and
780 cm~! were attributed to various vibrational modes of the ¢-butyl moiety**. Upon Li®
substitution, the bands were retrieved at the same position in the IR and Raman spectra,
which substantiated the proposed assignment (Table 2).

As expected'’, bands which do shift upon lithium isotopic substitution were found
below 625 cm™! (Table 2) and their appearance at such low wavenumbers is consistent
with their assignment to complex vibrations of the tetrameric molecules.

In the Raman spectrum of ¢-butyllithium-7, only the strongly polarized band at 521 cm™
shifts significantly upon Li® substitution (563 cm™!) (Table 2). It was assigned to a totally
symmetrical C—Li stretching mode. The peak at 525 cm™! in the IR spectrum was attributed
to an impurity, because it exhibited widely variable intensity in various determinations and
disappeared in one spectrum®:.

Two general types of structures have been considered for the tetrameric molecules of
t-butyllithium. The first structure is an eight-membered cycle, in which ordinary three-
centre electrostatic interaction is present, involving two lithium atoms and one carbon.
The highest possible symmetry would be that of regular puckered crown form, in which
the eight atoms in the ring constitute a Cy4, point group. The second structure is that of a
cube, in which lithium atoms at alternate corners have been pushed in along the three-fold
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TABLE 2. IR and Raman wavenumbers (cm~') observed for ¢-butyllithium

1-C4HoOLi t-C4Hy'Li
Raman® IR Raman® IR
Benzene Nujol Benzene Vapour Benzene Nujol Benzene Vapour
2833 2835
2810 2805 2810 2805
2781 (dp) 2780 2782 (dp) 2780
2755 2757
2730 2725 2730 2725
2692 (p) 2692 (p)
2603 (p) 2603 (p)
1474 (dp) 1475 (dp)
1455 1455
1436 (dp) 1433 (dp)
1385 (dp) 1375 1385 (dp) 1375
1360 (dp) 1350 1355 1360 (dp) 1350 1355
1210 1215 1210 1210 1215 1210
1129 (p) 1130 1130 1130 1130 (p) 1130 1130 1130
995 990 980 995 990 980
929 (a) 930 930 925 933 (a) 930 930 925
773 (dp) 775 780 774 (dp) 775 780
608 580
563 (p) 521 (p)
538 (533) 522 (525)
500 496 480 480
463 (p) 467 (p)
429 429 415 420
383 (dp) 386 384 388 (dp) 385 384

@p—rpolarized, dp—depolarized, a—possibly due to a benzene vibration®>.
Reprinted with permission from Reference 33. Copyright 1962 American Chemical Society.

axes (Figure 2). The lithium and «-carbon atoms make up the framework of a structure
of T; symmetry33.

While both types of structures are equally consistent with the IR spectral pattern, the
Raman spectra of z-butyllithium-6 and -7 allows distinguishing between the two models.
The totally symmetric C—Li stretching mode at 525 cm™! was used as diagnostic band,
because it should be IR-active in structures of Cy, or lower symmetry and IR-inactive in
structures of symmetry class T,%°. As we have already mentioned, none of the IR bands
in this spectral region exhibits such a significant shift on °Li substitution to be assigned
to a totally symmetrical C—Li mode. Therefore, the tetrahedral structure is favoured™.
The proposed structure, similar to that found by Rundle and Sturdivant for the tetramer
of tetramethylplatinum*’, has four-centre bonds, each involving three lithium atoms and
the sp® orbital of one of the a-carbon atoms, and was later confirmed by one of our X-ray
studies (Figure 2)*.

C. Complex Formation between Ethyl- and t-Butyllithium

The complex formation between ethyl and ¢-butyllithium in benzene was later investi-
gated by Weiner and West*! by spectroscopic methods. The new organolithium compounds
differ from any pure component, but contain both types of alkyl groups bonded to lithium.
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FIGURE 2. Solid-state structure of 7-butyllithium. Reproduced with permission from Ref. 34. Copy-
right 1993 Wiley-VCH

It was already established that pure ethyl-'"!7 and ¢-butyllithium?? exist as six- and four-

fold polymers, respectively, in benzene solution. Apparently, C—Li bond cleavage takes
place in this solvent leading to an exchange of alkyl groups between polymeric organo-
lithium molecules when both compounds are present. The products are believed to be
electron-deficient polymers of the type (EtLi), (z-BuLi),,_,, where m is a small number
such as 4 or 6*'.

The IR spectrum of a benzene solution containing a 1:1 mixture of Et’Li and ¢-Bu’Li
presents a strong broad band centred around 500 cm™!, not found in the IR spectra of any
of the components. As we have already shown in this chapter, ethyl-'7 and ¢-butyllithium?3
have in benzene solutions strong absorption bands at 538 and 480 cm™!, respectively,
which were attributed to C—Li modes. A closer examination of the IR spectra of Et’Li
and ¢-BuLi showed that the band at 500 cm~! could not result from an overlapping of
the bands of the components. Moreover, in a 1:1 solution of EtSLi and ¢-Bu’Li it shifted
to 514 cm™!. So the peak at 500 cm~' was assigned to C—Li framework vibrations in
one or more new organolithium species containing both ethyl and 7-butyl groups.

I1Il. LITHIUM COMPLEXES OF UNSATURATED HYDROCARBONS
A. The Li(C2H.)4,2 and Li.C,H, Compounds

The possible complexation between lithium atoms and different = systems of unsatu-
rated hydrocarbon compounds has stimulated various theoretical and experimental research
on lithiocarbon species**~>°. One of the first experimental studies is that of Manceron and
Andrews*’ concerning the simultaneous matrix deposition of lithium atoms and acetylene
molecules at high dilution in argon on a Csl window maintained at 15 K, which led to
the appearance of new IR bands attributable to different species. The absorptions could
be correlated to four different species, Li(C,H,); 2, Li»C,H, and (Li,C;H,)/, by means
of concentration effects in either lithium or acetylene and UV-VIS irradiation. More-
over, the IR spectra of these new compounds and their deuteriated species provided new
information about their structure and bonding situation (Figures 3 and 4).

The authors established that the main reaction product has a LiC,H, stoichiometry and
ascribed six of the observed fundamentals to this species (Table 3)*’. The presence of only
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FIGURE 4. Infrared spectra recorded after deposition of Li atoms with various acetylene
isotopic molecules in an argon matrix. Total concentration of acetylene in the argon
matrix (C,Hy/Ar = 1/800) was kept constant: (a) °Li 4+ C,H,; (b) ®Li + '*C,H,; () "Li + C,H,;
(d) ®Li + C,Dy; (e) "Li + CoH, (10%), C;D, (50%) and Co,HD (40%). The open arrows designate
absorptions of the LiC,HD species. Reprinted with permission from Reference 47. Copyright 1985
American Chemical Society

one signal in each C—H and C—D stretching region of LiC,HD (the open arrows marked
1/1 in Figure 3) shows that the two C—H bonds in LiC,H, are chemically equivalent.
The existence of an ethyl radical-like adduct is ruled out, because it would have led to
two sets of bands for each isotopomer (Scheme 2)*”->°. Thus, the two signals observed
for LiC,H, in the C—H stretching region at 2953 and 2908 cm~! were attributed to
symmetrical and asymmetrical motions (Table 3). It should be mentioned that they are
significantly shifted to lower wavenumbers in comparison with the corresponding modes
of free acetylene (3374 and 3290 cm™'), which indicates a substantial rehybridization
of the acetylene unit. In addition, after '>C/'3C isotopic substitution the two signals at
2908 cm~! and 2953 cm™' were detected at 14 and 7.5 cm™!, respectively, lower [the
open arrows marked 1/1 in Figure 3(a) and (b)]. This demonstrates that the stretching
motion at 2908 cm™! is coupled with another motion of the same symmetry, namely the
C=C stretching. Therefore, the symmetrical C—H vibrational mode appears at a higher
wavenumber than the asymmetrical one (Table 3).

cC=—C and cC=—C
/

SCHEME 2



237

*£10100§ [eoTWOY)) ueoLRWY G861 WSLAdOD /¢ 9ouargyey woay uorsstuuad yim pajundoy

-oue[d-jo-ino—-d-o ‘ouerd-ur—-d'1 ‘[eoInownASe—WASE [ROINOWWAS—WAS,
‘JUOWUSISSE QATBIUAL,
*gJeInoorul JudwaInseaw sayew JurddeponQ,,

09% 69¥ €oF 09% 99¥ 69¥
S16 ¥26 S16 616 L16 816
616 0£6 616 LT6 LT6
16 626 926 0£6 €€6
J(CHOU D) 7601 00TT €601 7601 8601 00TT
(HD) Mg dr 169 969 99¢ 99¢ L69
(HD) “fs*a (@) 41T €88C 068¢ TS1T 4919 068¢
THDTT (HD) ™Fa (HD) T16C 616¢ 9€6¢ 9L1T 9L1T 9€6¢
wLLY
(HD) “Ave -do WSLY »0LE wILE 06¥
A €0L €0L
(HD) ™vg -d'1 869 LOL €LS €LS LOL
(dD) a 091 0991 6951 6951 0991
S(CHO)'T o(HD) “iea 4S88T 46€1T 46€1T 4S88C
(HD) "9 ‘do Sov LOY 8LY 6LY L9€ 89¢ 08¥
(HD) " €9 €9
Qrp “a LT9 4SY9 €9 109 » »S€9 S€9
(HD) Mg +dt 80L PIL LLS LLS SIL
QD) a »S091 »S091 L6ST »SS9T 1951 1961 »8S91
(HD) Eé (ap) ceee (ap) ceee 0062 806¢ 191¢ 191¢ 806¢
HOI1 (HD) “fsa (HD) 0£6¢ (HD) 0€6¢ 6£6¢ £56¢ TLTT TLTT €56C
1, T,
JJuowugisse
[euoneIqIA aH% 1 HD¢ /My THO/MT, ar, KeCelia CHY/M T,
(SUOTIORAI X1neW Quo[Ajaoe—wole Wiy 91d0jOST Ul PAAIISqO A_\Eov spueq uondiosqe parenyu] ‘¢ FTdVL



238 I. Pavel, W. Kiefer and D. Stalke

Structurally, the equivalence of the two C—H oscillators in LiC,H, means that the
new molecule kept at least a two-fold symmetry axis, or a symmetry plane bisecting or
including the CC bond. Strictly speaking, the structures in Scheme 3 are consistent with
this experimental fact*’.

Li Li Li Li Li
: i H I AN AN
¢ ! /C B ! /C H H /C\ ; /C\
C H—C C C

” -~ 7 H H
C H H /

VRN H

H H
@ (2 3) C)} 5)
SCHEME 3

If we accept structure 1 (Scheme 3) as possible, the position of the two CH motions,
the symmetrical mode above the asymmetrical mode, would not be in accord with all
data of comparable structures. Moreover, the two bending motions observed at 714 and
480 cm~! are very unlikely due to a rocking or wagging motion of the CH, group. Hence,
structure 1 can be ruled out.

Models 2 and 3 (Scheme 3) have the major disadvantage of not predicting an active
symmetrical C—H stretching mode without involving a fluctuation of electron density
between the 7 system and lithium, which is determined by a change in the C—H dis-
tance or the partial C—C stretching character of the C—H symmetrical stretching. This
seems unlikely since the symmetrical C—H stretching mode is more intense than the
C—C stretching mode. Besides, structure 2 (Scheme 3) would not have any direct lithium
contribution in the hydrogen bending modes.

Unfortunately, the only available theoretical study on lithium—acetylene species is
that of Apeloig and coworkers on dilithioethylene*?, in which the most stable isomer of
Li,C,H, was found to have a C,, geometry with two lithium atoms bridging the C—C
bond and the C,H, group in a cis planar position. This seems to indicate structure S more
probable than structure 4. Consequently, the structure, which meets best all conditions, is
5 (Scheme 3)*'.

Further, the normal coordinate analysis using a harmonic model together with the
isotopic data reinforced the conclusion that structural model 5 has a C,, symmetry with
the lithium atom bridging the 7 system and cis C—H groups with CCH and CLiC bond
angles of 140 & 10° and 40 =+ 5°, respectively*’. As expected, the C—C bond is clearly
the most affected by metal complexation. The Fcc force constant decreased by 40%
from 16 to about 10.5 mdyne A=' ¥7. The considerable weakening of the C—C bond was
experimentally demonstrated by the position of the C—C stretching mode at 1655 cm™!,
which is near the value for ethylene, probably due to electron density sharing between
the 7w system of C,H, and lithium rather than a valence electron transfer from lithium
into an antibonding 7* orbital of C,H,.

A closer examination of the IR spectra in Figures 3 and 4 shows that all four peaks
attributed to Li(C,H;), motions are very little shifted in comparison with the correspond-
ing modes of the LiC,H, species (Table 3). Additionally, the experiments concentrated
in both C;H, or C,D, did not lead to any new signal, which indicates that the two C,H,
groups are inequivalent in the Li(C,H,), species. It seems that the structure of Li(C,H,),
is analogous to a LiC,H, complex ‘solvated’ by another acetylene molecule*’, like in the
acetylene dimer, where one acetylene molecule is hydrogen bonded to the 7 system of
another molecule®! 32, A decrease in the acidity of the C—H bond in the LiC,H, unit indi-
cates the solvating acetylene molecule as proton donor. This was experimentally proved
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by the presence of only one signal in the C—H stretching region, which is not significantly
shifted from the corresponding one in LiC,H, (Table 3). The bending modes observed for
the Li(C,H,), system present a similar behaviour (Table 3). All this rules out the possible
decoupling of the two CH oscillators in the LiC,H, unit. In good agreement with the
trend observed for the acetylene dimer®">2, the C—C stretching mode at 1662 cm™! is
also selectively shifted compared to the other motions of the same Li(C,H;), compound
(Table 3).

Three fundamentals have been observed and assigned for the Li,C,H, species (Table 3).
Experiments performed with the mixed Li,C,HD species showed that the two CH stretch-
ing modes keep their symmetrical and asymmetrical character, but the symmetrical motion
is much weaker coupled with the C—C stretch (Table 3, the open arrows marked 2/1 in
Figure 3). This can be due to a smaller CCH angle and/or the appearance of the v (CC)
mode at lower wavenumbers*’. So the intensity ratio between the symmetrical and asym-
metrical stretching modes (/vs/Iv, = 1.8 &£ 0.3) calculated in the very crude model of the
bond dipole moment>*3* allowed the estimation of the mentioned angle (127 # 2°)%.

The (Li,C,H,)/ species showed a behaviour strictly parallel to that of the Li,C,H, com-
plex, but upon UV-VIS irradiation the (Li,C,H,)/ compound did not dissociate. However,
a different stoichiometry could not be excluded based on a similar Li/C,H; ratio.

B. The Li(C2H4)1,2,5 and Li>C2H, Compounds

The next logical step in the investigation of lithium atom interaction with unsaturated
hydrocarbons would be the reaction with ethylene. An early theoretical study predicted
that this reaction was unlikely to give anything else than an ethyl radical-like adduct>.
Moreover, the potential energy surface of 1,2-dilithioethane has been the subject of a
thorough investigation but has never been confronted with experimental data*>*>. That
is why Manceron and Andrews carried out an IR study on the products of lithium atom
matrix reactions with ethylene molecules trapped in solid argon and solid ethylene*®. They
found that the chemistry of lithium atoms with ethylene was surprisingly richer than that
with acetylene. At least eight different species were evidenced, which demonstrated differ-
ent Li/C,H, stoichiometries. Four of these, namely Li(C,;Hy4); 3 and Li,C,H,4, contained
only lithium and ethylene, whereas all others contained in addition nitrogen and will be
discussed in the following section.

As for LiC,H,, the authors have shown spectroscopically by using partial asymmetri-
cal deuteriation [Li,(CH,CD;),,] that lithium bridged symmetrically the carbon—carbon
bond* 30, Possible structures for the Li(C,Hy,),, n = 1, 2, and 3 complexes are depicted
in Scheme 4.

The bridging position was further confirmed by the °Li/’Li or >C/'3C isotopic shifts
of the Li—C,H, symmetrical stretching mode at 400 cm~!, which were too large and too
small, respectively, for a simple C—Li oscillator*®.

The Li(C,H4), 2.3 species have strong IR bands in the C=C and CH, scissoring spectral
range, showing important shifts upon H/D substitution and insignificant or nonexistent
shifts upon ®Li/’Li substitution. On the contrary, in the lower spectral region, the observed
shifts are more substantial upon SLi/’Li substitution.

The vibrational spectrum of LiC,H4 presents some striking similarities to that of ethy-
lene bonded to other metals*®:3%37, The C—C stretching and in-phase CH, scissoring
modes were found to be very strongly IR-activated. The other symmetrical vibrations, CH,
wagging and Li—C stretching motions, were detected at about 700 and 300 cm~' 4830,

In order to give a more quantitative view of the relative perturbation of each vibrator
(C=C stretching and CH, scissoring), the authors performed calculations for this complex
based on simplified harmonic models involving mechanical couplings between the C=C
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stretching and CH, bending oscillators. The C=C bond with a force constant lowered
by about 30% was found to be the most affected by the complexation. This led to a
Rcc internuclear distance of about 140 pm**%°. The perturbation on the CH, bond angle
deformation was only 6%.

The normal coordinate analysis also allowed the authors to quantify the relative weak-
ness of the metal—carbon force constant in comparison with other metal—ethylene com-
plexes (0.33 vs 0.58 mdyne A~")*:50,

Upon °Li/Li substitution a small shift was noticed for the modes involving the C—C
coordinate. This seems to indicate a vibrational coupling between the C—C and C—Li
motions, but an analysis of the IR intensities showed that the main contribution to the
IR activity comes from the carbon—carbon oscillator itself. That is, the fluctuation of
the C—C distance results in a very large variation of the overall dipole moment of the
LiC,Hs complex, in the direction of the metal, perpendicular to the C—C bond itself.
Therefore, this fluctuation has a large influence on the amount of possible charge transfer
between the ligand and metal atom, which is also probably the cause of the vibrational
coupling between v(CC) and v (LiC,). That is, it is not necessary to invoke large puck-
ering distortion of the ethylene group to explain the large IR intensification of the C—C
coordinate*® 30,
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For di- and triethylene lithium the use of isotopic mixtures enabled the authors to show
that the Li(C,H4)(C;D4) and Li(C,Hy),2(CyDy) species have only one isotopomer and
therefore two and three equivalent ligand molecules (Scheme 4).

Li
Li
H-->C——C-"H
7 N
H H
SCHEME 5

It was found that ethylene molecules do not vibrate independently of one another when
they are bonded on the same lithium atom. The appearance of all in-phase C—C motions
at higher wavenumbers than the out-of-phase ones indicates that stretching of one of
the C—C bonds within a complex favours the shortening of the others. This was further
substantiated by the calculated decrease in the Fc force constant on going from C,H, to
LiC,H4 (—30%), Li(CoH,), (—21%) and then to Li(C,Hy)3 (—16%)*:3°,

For the fourth species, Li,C,Hy, the lithium atoms are not equivalent and at least one
of them bridges the C—C bond. Such a structure with no inversion centre is presented in
Scheme 5.

The C—C bond was found to be slightly more perturbed than in the monolithium species
(i.e., LiC,H,) and the Li—C interactions somewhat more rigid. The normal coordinate
analysis showed that such a model is capable of satisfactorily reproducing the measured
isotopic shifts on the observed 12 fundamentals. However, the very important Li—Li
vibration, which could prove the proposed geometry, was not detected in the expected
far-infrared spectral region*® 3,

The ab initio study performed by Kos and coworkers on the isomers of 1,2 dilithio-
ethane® led to more symmetrical structures and did not consider the one pointed out
by the experimental investigations of Manceron and Andrews*®°. They showed that this
structure might be only an energy subminimum kinetically stabilized in their experimental
conditions by a sizeable barrier to rearrangement. However, the fact that addition of a
second metal atom takes place rather on the first metal centre than on the other side of the
C—C bond may also indicate why an «,B-dilithioalkane reagent has not been synthesized

so far*® 4,

C. Ternary Li/C;H4/N, Complexes

As could already be noted from the previous paragraph, complexes of Li with alkenes
have the ability to fix one or several nitrogen molecules**~>°. To explore this unique prop-
erty among the unsaturated hydrocarbon series, Manceron and coworkers extended their
studies to lithium—ethylene—nitrogen complexes® . During the condensation of lithium
atoms with ethylene and nitrogen molecules a series of Li(C,Hy),(N>), mixed complexes
were produced spontaneously even in inert rare-gas matrices. Their IR spectra are char-
acterised by very intense N=N stretching bands in the 2300-2220 cm™' spectral range
and mixed C=C stretching and CH, deformation modes similar to those of Li(C,H,),
species with n = 1-3*"39, A detailed spectral analysis of these regions and observations
throughout various experimental conditions and clear-cut isotopic patterns allowed the
authors to determine the stoichiometry of almost all species.

The Li(C,H,)(N>), compounds with y = 1-3 were very unstable and required large
excesses of nitrogen to be observed. As discussed above, the authors showed that the
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Li(C,Hy);3 species represents the highest possible level of aggregation and the most stable
compounds in the Li + C,H, system. Hence, the existence of a tetracoordinated form was
at first sight surprising. But nitrogen is not as bulky as ethylene and could be bonded dif-
ferently to the metal centre (especially in an end-on configuration), which would allow one
to reach tetracoordination. The characteristic N=N stretching modes (2275-2195 cm™!)
were detected at about 100 cm~! higher than those in transition metal complexes. There-
fore, the lithium—nitrogen interaction in these compounds is weaker than that in transition
metal nitrogen complexes. This is further substantiated by the very small perturbations of
the LiC,H, subunit with respect to uncoordinated LiC,H4*$-%.

It was found that the stability of the mixed complexes increased considerably with
the number of ethylene ligands. More exactly, the Li(C,H4),(N,) complex was sta-
ble up to the temperature at which the rare-gas matrix sublimed. It was identified and
described as a Li(C,Hy4), complex with two equivalent ethylene ligands, slightly perturbed
by the addition of a N, molecule (Scheme 6)*3°. The comparison of the IR spectrum
of Li(C;Hy4)>(N,) with those of Li(C,Hy), and Li(C,H4); indicated the presence of a
new weak peak at 1273 cm~!, which was identified at 1386 cm™! for the (C,D,) species
(Table 4). In a partial force field model it was attributed to the symmetric motion at
1258 cm™!, which should not be IR-active for a D,, symmetry, but should occur in the
IR spectrum of the structure of C,, symmetry. In order to check this statement and obtain a
more qualitative comparison with the Li(C;Hy4),, n = 1-3 compounds, the authors under-
took calculations of the vibrational fundamentals based on simplified harmonic models
involving the C=C stretching and CH, bond angle deformations of the ethylene subunits,
as for the Li(C,Hy), species. The calculated modes for the Li(C,H4),(N;) compound with
a Cy, structure showed acceptable agreement with the experimental values (Scheme 6).
A value of 140 & 15° for the angle 6 between the ethylene ligand axes could then be
determined from the relative intensity ratios of the A; and B, symmetry motions of
the coupled ethylene submolecules. However, the experimental data could not provide a
definitive determination of the binding arrangement of N,. The very large IR activation
of the N=N stretching mode suggested a maximal asymmetry between the two ends of
the molecule, and therefore an end-on configuration*>°,

The fifth product was detected at high lithium concentrations. Its IR spectrum presented
a N=N stretching mode at 1795 cm™!, characteristic of the Li* N, ion pair with side-on
bonding of the lithium atom and equivalent nitrogen atoms. However, this species was
not observed in solid argon without ethylene having been added to the sample*® .

TABLE 4. Comparison between observed and calculated wavenumbers (cm™!) for Li(CoH,)(Ny)
using a 6 x 6 harmonic model including the C=C stretch and two CH, bond angle deformations of
the ethylene subunits*

Mode Cay Li(CoHy)2(Ny) Li("3C2Hy)2(N2) Li(C;D4)2(N2)

Vobs Veale Vobs Veale Vobs Veale
v A 1485 1461 1383 1386
%) B, 1479 1481 1462 1460 1339 1342
V3 Ar? 1443 1437 1076
vy B\® 1443 1437 1076
Vs Ay 1273 1258 1229 953
Ve B, 1200 1201 1175 1171 941 939
“IR active.

bClose to parent vy absorption.
Reprinted with permission from Reference 49. Copyright 1986 American Chemical Society.
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It is clear from these experiments that the presence of ethylene catalyses the fixation
of nitrogen in lithium complexes. This assisted complexation was also observed with
methyl-substituted ethylene and butadiene. It is a characteristic property of lithium—alkene
complexes, as experiments performed with other lithium complexes have so far not yielded
such ternary complexes. If one can easily anticipate that the fractional positive charge on
the lithium in LiC,Hy4 and Li(C,H,), facilitates the coordination of N, with, presumably,
a o-donation to lithium, and possibly, to a weaker extent, p-donation from the metal, it
is difficult to rationalize why LiC,H, and LiC,H,4 behave so differently with respect to
nitrogen, for instance.

D. Carbonyl- and Arenelithium Complexes

The most important application of organolithium reagents is their nucleophilic addi-
tion to carbonyl compounds. One of the simplest cases would be the reaction with the
molecule CO itself, whose products are stable at room temperature. Recently, it was shown
that a variety of RLi species are able to react with CO or -BuNC™® in a newly devel-
oped liquid xenon (LXe) cell®®. LXe was used as reaction medium because it suppresses
electron-transfer reactions, which are known to complicate the reaction®. In this way
the carbonyllithium and acyllithium compounds, as well as the corresponding isolobal
isonitrile products, could be characterised by IR spectroscopy for the first time.

In a first experiment a pressure of 2 bar of CO at —100°C was applied to a satu-
rated solution of n-BuLi in liquid xenon. Surprisingly, no free CO was detected, but a
stretching vibrational mode of the carbonyl adduct of the lithium alkyl®! %2 was observed
at 2047 cm™! (triple-bonded CO group). Warming up to —30°C led to the appearance of
a new v(CO) peak at 1635 cm~! (double-bonded CO group), while the IR band of the
carbonyl adduct vanished. The new absorption was therefore attributed to the acyllithium
compound, which also decomposed at slightly higher temperature (—20 °C) (equation 1)38,

n-BuLi + CO

[n-BuLi— CO]
-100 °C -30°C

[-Bu—C(O)Li] (1)

While in the following experiments with PhLi the corresponding carbonyllithium com-
pound with an absorption band at 2047 cm~! could be reproduced, no complexation of
CO was detected with sterically hindered z-BuLi. The PhLi adduct decomposed during
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heating, but noticeable amounts of acyllithium species could not be found under these
reaction conditions.

For further investigations r-BuNC, which is isolobal to CO, was used. With PhLi and
¢t-BuLi, the characteristic vibrational mode of the lithium isonitrile adduct (2135 cm™')
was observed at a lower wavenumber than that of the free isonitrile (2179 cm™"). Unfor-
tunately, n-BuLi did not undergo complexation. As indicated by the C=N stretching
vibrational mode at 1510 cm™!, only ¢-BuLi—CN—R reacted further to afford the lithiated
Schiff base up to —20°C (equation 2).

LX
+-BuLi + R—NC 146» [-BuLi— CN—R] [-Bu(L)C=NR] (2)

0 °C

Only the most reactive organolithium compound, e.g. ¢-BuLi, is able to attack the
carbon—nitrogen triple bond at temperatures below —20°C. For the other less reactive
species, namely PhLi and n-BuLi, higher temperatures in ordinary solvents like pentane
would be more appropriate to synthesize their lithiated Schiff bases. However, for their
detection IR spectroscopy seems to be unsuitable, since the relevant C=N stretching mode
will be hidden by strong CH deformation modes of the solvent.

For a precise determination of the structures, ab initio calculations on the energies
of formation and characteristic harmonic wavenumbers have been performed at the HF
and MP2/6-31G(d,p) level of theory with the Gaussian 92 program for the species of
interest’® 9. The ab initio calculated energies and harmonic vibrational wavenumbers are
given in Table 5.

The addition and insertion of one molecule of CO into the lithium—hydrogen bond
of the (LiH); model compound turned out to be a slightly endothermic partial reaction
(23 kImol~!) (Table 5)%, which is hard to believe in light of the successful experiment
in LXe. Using (LiMe), as substitute it was shown that the reaction is actually exothermic

TABLE 5. Ab initio calculated energies (Joule)* and harmonic vibrational wavenum-
bers (cm™!) of the species of interest’®%3

Species Electronic energy Zero-point energy v(CO)/v(CN)
(107187) (10721]) (cm™h)
HF HF HF
CO —451.5 244 2171
LisHy —140.1 128.6
Li4H4CO —631.7 159.1 2207
Li4H3(COH) —631.7 183.5 1441
MP2 HF HF
CO —492.7 20.9 2118
LiyMe,CO —1316.7 682.7 2475
LisMe3;(COMe) —1316.8 706.7 1626
HF HF HF
CNH —404.8 74.1 2054
Liy,H,CNH —545.1 210.1 2108
LiyH3(CHNH) —545.2 245.6 1426
MP2 HF
Li* - PhH —1041.1 480.0
LiH - PhH —1044.3 492.2
LiMe - PhH —1215.2 627.8
LiPh - PhH —2048.6 889.8

“Reaction enthalpies were determined at O K and corrected by the zero-point vibrational energy.
Wavenumbers were scaled with a factor of 0.89.
Reprinted with permission from Reference 63.
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(—32.6 kImol~!) (Table 5) and that the wrong sign of the enthalpy in the first case is
due to the inadequate (LiH); model.

This addition led to a linear LiCO substructure with a relative long Li—C distance of
234.0 pm. The d(Li—C) in tetrameric methyllithium was theoretically determined to be
221.0 pm®. However, the calculated geometry of Li;Me;CO did not point out backbond-
ing to CO, as it was also indicated by the CO stretching mode, which was determined
at much higher wavenumber (2475 cm™!) than for free carbon monoxide (2118 cm™!)
(Table 5)%3. The second possible isomer presenting likewise linear CO substructure is
higher in energy. The insertion of carbon monoxide into the lithium—carbon bond is now
exothermic (—17.6 kJmol~!) and the resulting acetyl group coordinates with its carbon
atom to a lithium atom [d(LiC) = 210.8 pm] and with the oxygen atom to two lithium
atoms of a lithium tetrahedron face [d(LiO) = 196.9 pm]. This coordination in a p3 fash-
ion favours the exothermic reaction pathway for the insertion. Figure 5 illustrates the
results at the MP2/6-31G(d,p) level of theory of the above-mentioned reaction steps.

In this second case, the results of the calculations were in good agreement with the
experimental data®®. The organolithium compound with the RC=O coordinated in the
proposed w3 fashion may now explain the significant shift of the carbonyl stretching
mode from 2047 cm™! in n-BuLi—CO to 1635 cm™! in n-Bu—C(O)Li (equation 1).

Li-C: 223, Li-Li: 243

+CO

Li-C: 246, C-O: 111

AHyy =~=73.5kJ mol™!

Li-C: 211, C-O: 127, Li-O: 193

FIGURE 5. MP2/6-31G(d,p) optimized geometries of LiysMe4, LisMe4sCO, and LisMe3;(COMe). The
selected bond lengths are in pm. Reprinted with permission from Reference 63
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Further investigations regarded the isonitrile reaction (equation 2). Addition of HNC to
(LiH), is accompanied by an energy release of 46 kI mol~!, and a long lithium—carbon
bond is formed (225 pm). The resulting adduct Li;H,CNH has a linear LICNH unit and
displays C3, symmetry. The calculated CN stretching mode at 2108 cm™! differs only by
27 cm™! from the experimental value. The second step of the reaction involved insertion
into the lithium—hydrogen bond again. This partial reaction is exothermic (—54 kJ mol~!)
and a similar product with C; symmetry was found. The HCNH group coordinates to all
three lithium atoms in a lithium tetrahedron face. The lithium—carbon distance of 213 pm
is identical with the one found in Li;H3(COH). The CN stretching mode was again
underestimated (1426 cm™') in comparison with the experimental value (1510 cm™!).

As carbonyl complexes, arene organometallic fragments were believed to be an exclu-
sive area of transition metals due to their ability of backbonding to these ligands. But
recently, crystals of (2,4,6-i-Pr;C¢H,),CsH;Li were obtained from benzene/hexane solu-
tion as monomers with the lithium centre coordinated at the benzene molecule®. Unfor-
tunately, X-ray crystallography could not determine the strength of this w interaction.
However, ab initio calculations again performed at the MP2 level for geometries and HF
level for IR harmonic vibrational wavenumbers and zero-point energies were able to fill
the experimental gap®. Three simple types of lithium compounds (LiH, LiMe and LiPh)
were allowed to interact with a benzene molecule (Figure 6).

Upon coordination of the simplest model to benzene, an unexpectedly high change
in the reaction enthalpy of —87.9 kI mol~! was determined. A weak interaction like the
hydrogen bonding would give about —12.6 kImol~!. The Li—H stretching mode shifts
from 1420 cm™! in free LiH to 1338 cm™! in coordinated LiH. These total changes
of about 6% also indicate a major interaction. Correspondingly, the Li—H bond length
varies from 162.4 pm to 163.3 pm. There is very little change in the bond lengths in
the benzene molecule. Even the hydrogen atoms stay nearly in the molecular plane. The
resulting lithium—carbon length of the adduct in Cs, symmetry is 252.0 pm.

The theoretical results gave in all three cases a consistent picture of the coordina-
tion of benzene to LiH, LiMe or LiPh (Figure 6)%°. The interaction energy is about
—83.7 kJmol~! % unexpectedly high and suggests that the new complexes are held
together with more than weak Li—benzene interactions, as suggested by the crystal struc-
ture determination®. When bis(benzene)chromium was used as reference compound for
the bonding strength of the metal-benzene interaction, an interesting comparison came
out. It was established that the formation of Cr(CgHg), from a chromium atom with two
molecules of benzene needs about 334.7 kI mol~!. Therefore, the bonding energy of each
benzene unit to the chromium centre is 167.4 kJmol~!, which is only twice the inter-
action energy between lithium and benzene (83.7 kI mol~!). This high energy is due to
the covalent nature of the lithium—carbon bond in the starting compound, which shows
why lithium behaves like a transition metal. However, two years later, Dinnebier and
coworkers determined the solid-state structure of the unsolvated Lewis base-free phenyl-
lithium (LiC¢Hs) by high-resolution synchrotron X-ray powder diffraction and solved
it by ab initio methods in combination with difference Fourier analysis and consecu-
tive Rietveld refinement®. Solid phenyllithium was found to consist of dimeric Li,Ph,
molecules, which strongly interact with adjacent Li,Ph, moieties, forming a polymeric,
infinite-ladder structure along the crystallographic b-axis. In the Li,Ph, units the two Li
atoms and the C(ipso) atoms of the two phenyl rings formed an absolutely planar, four-
membered ring with the two phenyl rings perpendicular to it. The bonding of the C(ipso)
atom to the two Li atoms has been described as a three-centre, two-electron bond, where
the filled sp? hybrid orbital of the C atom of the phenyl anion overlaps with an empty sp?
hybrid orbital located on each Li* cation, respectively (Scheme 7)%. The third sp? orbital
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LiC (benzene): 247.0 (average)

FIGURE 6. MP2/6-31G(d,p) optimized geometries of the adducts of benzene with LiH, LiMe and
LiPh. The selected bond lengths are in pm. Reprinted with permission from Reference 63

of the Li atom interacts with the lobe of a filled m-system (one of the two HOMOs of
the benzene m-system) from an adjacent phenyl ring (Scheme 7)%.

Carbonyl- and arenelithium complexes were characterised by IR spectroscopy and ab
initio calculations for the first time. The studies underlined the ability of lithium to act
like a transition metal in subcoordinated organyl compounds without having d orbitals
available for bonding.
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SCHEME 7

IV. OTHER ORGANOLITHIUM COMPOUNDS
A. Lithiation of Triphenyl((trimethylsilyl)imino)phosphorane, Ph;P=NSiMe;

Recently, we have shown that lithiation of triphenyl((trimethylsilyl)imino)phosphorane,
Ph;P=NSiMe;, with MeLi leads to a new ortho-metalated species [Li(o-C¢H4PPh,-
NSiMes)],-Et,O, which has all the requirements of an organometallic ligand capable
of sidearm donation (Figure 7)% 7. The deprotonated ortho phenyl carbon atom leads
to metal—carbon o bonds in reactions with metal halides and the Ph,P=NSiMe; moiety
donates an electron pair to that metal via the imine nitrogen atom. Its effectiveness as a
chelating ligand was then demonstrated by reactions with zinc, copper, indium, germanium
and iron halides®” . Moreover, it was found that it stabilizes diarylstannylenes and
plumbylenes in their monomeric forms®.

One of the first questions was: how are the C—Li and the formal P—N double bound
affected by ortho phenyl ring metalation and metal coordination? Such processes are

FIGURE 7. Optimized geometries of Ph3P=NSiMe; and the model compound [Li(o-C¢H4PPh,-
NSiH3)],-H,O. Reprinted with permission from Reference 67. Copyright 2001 American Chemical
Society
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in all cases accompanied by P—N bond lengthening. This effect should be detectable
in vibrational spectroscopic experiments as not all organometallic species can be
obtained as single crystals. Therefore, to elucidate the coordination behaviour of [Li(o-
CsH4PPh,NSiMe;)],-Et,O in relation to the parent starting material Ph;P=NSiMes, the
IR and Raman spectra of the two compounds were recorded and discussed with the help
of our DFT calculation results.

The geometrical parameters of Ph;P=NSiMe; and the model compound [Li(o-
C¢H4PPh,NSiH3)],-H,O were calculated at the BPW91/6-31G(d) and BPW91/6-31+G(d)
levels of theory (Figure 7) without any symmetry restriction. In the solid state, [Li(o-
CsH4PPh,NSiMe;)],-Et,O consists of two Ph;P=NSiMe; units, each deprotonated at the
ortho position of one phenyl group. The iminophosphoranate anions bind the metal with
these ortho carbon atoms and additionally coordinate via the imido N donor centres with
a single central lithium ion. A second lithium ion is bonded to the two ortho ring carbon
atoms and additionally coordinated to the oxygen atom of a diethyl ether molecule. The
computed structural parameters for the two compounds were in good agreement with
the experimental values, especially at the BPW91/6-31+G(d) level of theory. The P=N
bond length in the lithium complex [156.2(2) pm, calculated 157.3(4) pm] is elongated
by 2 pm compared to the parent iminophosphorane, while the P—C bond lengths do not
differ significantly [180.2(2)—181.2(3) pm, calculated 181.8(3) —182.1(4) pm for [Li(o-
CsH4PPh,NSiMe;)],-Et,O and Ph;P=NSiMe;s, respectively].

The IR and Raman spectra of the lithium complex and the starting material, in the
range from 1800 to 400 cm™~!, are presented in Figure 8. The complete assignment is
given in Table 6.

o0
o
o
— =)
(=) L
o = = -
| vPn © / © v(Li-C)
e ht ©
] v(P=N) =]
5 ®
g v (Li-O) ©
= oy o)
g 3 = oo
E | g'/ =
g 2 2
) SN
——— T ———
1800 1600 1400 1200 1000 800 600 400

<——— Wavenumber (cm™)

FIGURE 8. FT-Raman (at the bottom) and FT-IR (at the top) spectra of Ph;P=NSiMe; (a, c¢) and
[Li(o-CsH4PPh;NSiMes)],-Et,O (b, d). Reprinted with permission from Reference 67. Copyright
2001 American Chemical Society
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One of the most relevant features of the vibrational spectra of organometallic com-
pounds are the metal—carbon stretching vibrations, since they are directly related to the
most substantial property of the molecule, that is the M—C bond strength”. However,
the assignment of the v(M—C) vibrational modes is often hampered due to the pres-
ence of other bands in the same region or due to their low intensities. In our case,
the lithium—carbon stretching vibration appeared only in the IR spectrum of [Li(o-
CsH4PPh,NSiMe;)],-Et, O as a weak signal at 956 cm™!. The assignment of the v(Li—C)
vibration was based on the results of theoretical calculations. Significant changes in the
position and relative intensities of some other bands could be observed in the Raman
spectrum of the lithium complex. Thus, the band at 684 cm~! (calculated 687 cm™!)
assigned in the spectrum of Ph3P=NSiMe; to the v,(Si—C) vibration is shifted to lower
wavenumbers by 6 cm™! and the intensity is increased due to convolution of the v,(Li—N)
vibration in the same spectral range’!. The signal around 1100 cm™! assigned to the
v(P—Ph) vibration’! is more intense in the spectrum of [Li(0-C¢H4PPh,NSiMe3)],-Et,O.
The new shoulder that appeared at 739 cm~! was attributed to the vy(Li—O) vibration of
the new lithium compound”. In the Raman spectrum of [Li(o-CsH4PPh,NSiMe3)],-Et,0,
the broad band at about 1331 cm™! (calculated 1332 cm™') was assigned to the v(P=N)
stretching mode’. In comparison to the corresponding vibration of Ph;P=NSiMes, this
band is shifted to higher wavenumbers by 10 cm~!, due to the N—Li coordination. The
shift of the v(P=N) vibration confirms our observation that the iminophosphorane units
coordinate through the imino nitrogen atoms. The peaks, which dominate the Raman
spectra of the two compounds, are due to phenyl vibrations, the most representative being
assigned to the ring stretching (1573 and 1589 cm™!, calculated 1585 and 1600 cm™')
and ring breathing (1000 cm™!, calculated 997 cm™') modes. The other characteristic
motions of aromatic groups were observed in the expected spectral regions’ "3, no dif-
ferences appearing in the spectrum of [Li(o-C¢H4PPh,NSiMes)],-Et,O compared to that
of the starting material Ph;P=NSiMe;s.

B. Lithiation of N,N',N"-tris(t-butyl)sulphur triimide, S(NBu-t);

Isoelectronic replacement of the oxygen atoms in the simple p-block element oxoanions
by a NR imido group is currently a flourishing area of main group chemistry’*~7°, In the
polyimido sulphur anions the central sulphur atom can either adopt the oxidation state IV,
as in the S-alkyliminosulphinamides®*~% [RS(NR’),]~ and iminosulphindiamides®
[S(NR)3;]?, or the oxidation state VI, as in the S-alkyldiiminosulphonamide [RS(NR’)3]~
and tetraimidosulphates® [S(NR)4]>~. The anionic SV species are derived from sulphur
diimides by addition of organolithium species or lithium amides to the formal S=N
double bond®'. By analogy, the SY! species are derived from sulphur triimides by
similar nucleophilic addition reactions®'. However, the chemistry of sulphur triimides®?,
in contrast to the chemistry of sulphur diimides, is rather unexplored®>. One of the
reasons might be the limited synthetic access to sulphur triimides. Until recently, only
two reactions were known in which the sulphur triimide backbone is formed®*~°°. In our
investigations of the [S(NR);]>~ ligand, we found a new, simple and quantitative route to
sulphur triimides®’. Hence, the way is opened up to prepare S-alkyldiiminosulphonamide
and new lithium tetraimidosulphate complexes and to explore their coordination behaviour.
Consequently, dilithium tetrakis(zert-butyl)tetraimidosulphate [(THF),Li,(NBu-#)4S] was
prepared in the nucleophilic addition reaction of lithium(tert-butyl)amide to N,N',N"-
tris(zert-butyl)sulphur triimide in THF (equation 3)%.

) THF/hexane . (3)
S(NBu-f); + 2LiHNBu-t ———— [(THF)4Li»(NBu-1)4S] + H,NBu-
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As mentioned, Raman spectroscopy is an important tool for determining structural
parameters of such organolithium compounds. Unfortunately, only very few Raman spec-
troscopic investigations have been reported for the starting material®>** 1%, These authors
tentatively assigned only some of the observed bands. Therefore, at the beginning of our
investigations we studied the vibrational behaviour of S(NBu-7); using various Raman
techniques, and assigned vibrational modes with assistance of the results from DFT
calculations. On the basis of these results the first Raman investigation of a dilithium
tetraimidosulphate complex was presented®®.

In the case of the sulphur triimide S(NBu-7)3, the dispersive Raman technique applying
a double monochromator and a CCD camera was employed to obtain the information
from polarized measurements (solution studies) and also to obtain high-resolution spectra
by low-temperature measurements. In the case of the main group metal complex, only
FT-Raman studies with long-wavenumber excitation were successful, since visible-light
excitation caused strong fluorescence. The FT-Raman spectra of the tetraimidosulphate
residue were similar to those obtained from excitation with visible laser lines.

The DFT calculations led to a structure of Cj, symmetry for the model compound
S(NMe); (Figure 9 and Table 7) with 42 normal vibrations, whose irreducible representa-
tion is given by 8A’ (Ra) + 18E’ (Ra/IR) + 6A” (IR) 4+ 10E” (Ra). The brackets indicate
activities in Raman scattering and/or infrared absorption.

The sulphur triimide S(NBu-7); can also be considered to have Cjz, symmetry; in
this case the methyl groups were treated as point masses. In contrast to the published
values®> %% 1% in which the SN vibrations of sulphur triimides were assigned in the
region around 1200 cm™! to the asymmetrical and around 1150 cm™! to the symmet-
rical mode, we located them at lower wavenumbers, i.e. in the 640-920 cm~' range
[Vasym (SN3) = 918 cm™! and vy, (SN3) = 641 cm™']. We should mention that all of the
stretching modes, which are described in Table 7, are mainly due to motions of one bond,
SN or CN. However, most of the vibrations are not pure vibrations with only one internal
coordinate involved. This assignment is supported by the DFT calculations on S(NMe)s,
in which vaem(SN3)(E’) was found at 880 cm™! and vy, (SN3) at 661 cm™!. Only the
latter gives a strong polarized Raman band at 641 cm~!. For the CN stretching modes,
the Raman-active A’ band was theoretically determined at 1072 cm™!, whereas the exper-
imental one was detected at 1058 cm™! as a polarized band of very strong intensity. The
computed E’ bands (Ra/IR) at 1169/1168 cm™! were attributed to the medium intensity
band at 1227 cm™!%,

@¢ N3 C(@—o

N PO
o

FIGURE 9. DFT-calculated geometry of S(NMe)s, resulting in a molecule of C3j, symmetry®®. This
structure is known for S(NBu-7)3, and S(NSiMe3)3 from crystal structure analyses® 11, Reproduced
with permission from Reference 98. Copyright 1998 Wiley-VCH
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FIGURE 10. FT-Raman spectra of sulphurtriimide S(NBu-7); (a) and dilithium tetraimidosul-
phate [(THF)4Liy(NBu-7)4S] (b). Reproduced with permission from Reference 98. Copyright 1998
Wiley-VCH

The mode at 276 cm™! appears in the Raman spectra of the complex with very strong
intensity. It is caused by the coordinated tetrahydrofuran (THF). From this coordinated
THF molecule, the high intensity of the bands at 1452 and 1215 cm™!' (compared with
the ligand spectra) can also be rationalized (Figure 10 and Table 7)%.

In conclusion, the Raman spectroscopic experiments and the assignment of the SN
vibrations to much lower wavenumbers than previously reported suggest a mainly elec-
trostatic contribution in the > ST—N~—bond of sulphur triimides and related metal
complexes. The hypothesis of valence expansion at sulphur to three covalent double
bonds [S(=NR3)] seems no longer valid®!*3.

V. POLYLITHIUM COMPOUNDS
A. Polylithiation of Propyne

Infrared spectroscopy is one of the few physical chemical methods which can help in
determining the structure of notoriously insoluble and pyrophoric polylithium compounds
such as C3Lis'%2. By examining the changes in the IR spectrum during the formation of
C;Liy by reaction of propyne with n-butyllithium in hexane, West and coworkers could
get important information about the structure of the new polylithium compound'?? 103,

Figure 11 presents the IR spectra recorded in the most interesting region, namely
2200-1400 cm™!, as a function of time and temperature after addition'®2. It is known
that propyne itself does not have absorption bands between 2100 and 1600 cm~!. But
after addition of propyne to 4 equivalents of n-butyllithium in hexane, three new signals
were detected at 1870, 1770 and 1675 cm™'. As one can notice, the band at 1870 cm™!
grows weaker with time in comparison with the other two bands and disappears entirely
upon brief heating!'%2. Later, with longer refluxing, the peak at 1770 cm™' shows a sim-
ilar behaviour. The peak at 1675 cm™! remains the only strong signal in this spectral
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FIGURE 11. Infrared absorption in the allenic region for propyne (left) and for propyne + 4
n-butyllithium in hexane, as a function of time and temperature after addition. Reprinted with
permission from Reference 102. Copyright 1969 American Chemical Society

range. Because CH3;C=CLi is insoluble in hexane and has a C=C stretching motion at
2050 cm™!, none of the three bands can be due to this monolithium compound. More-
over, when propyne was added to only 2 or 3 equivalents of n-butyllithium, the same
three bands were found again in the IR spectrum, but the bands at higher wavenumbers
were proportionately stronger and did not disappear on refluxing. Therefore, the three
absorption peaks were attributed to three different species, namely C3H,Li,, C3HLi3; and
C;Liy.

Similar metalation studies were carried out on 1,3-bis(trimethylsilyl)propyne. The IR
bands observed in the 2200—1600 cm~! region of acetylenes, allenes and all the lithiated
derivatives are summarized in Table 8.

As one can notice, the C=C stretching vibrational mode of all acetylenes appears
between 2190 and 2130 cm~!, whereas for allenes the C=C=C asymmetrical stretching
motion occurs below 2000 cm~! (Table 8). Starting with propyne to lithiopropyne and then
to the polylithium species, the characteristic stretching vibrational mode is lowered by 80,
180 and then by 90—100 cm~! for each lithium atom, respectively (Table 8). West and
Jones associated the very large change from C;H;Li to C3H,Li, with a structural change
from the acetylenic to the allenic form!'%2. Anyway, several years later the interpretation
of the IR spectra of polylithiated terminal acetylenes was revised in terms of propargylide
and allenic anions. This will be discussed later in this chapter.

Of all the lithium derivatives, only the salt-like CH;C=CLi has absorption bands above
2000 cm™'; all the others give absorption below 1900 cm™! '%2, Because these modes
occur at too low wavenumbers to be acetylenic, West and Jones concluded that the other
lithium derivatives C3HLi(SiMes),, C3Li,(SiMes), and C3;Li(SiMes3); also have allenic

structures'??.

B. Polylithiation of Nitriles

After the preparation of C;Li4, which can be formally regarded as a derivative of the
linear trianion C3*~, isoelectronic with carbon dioxide, Gornowicz and West tried to fill
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TABLE 8. Infrared absorption bands (cm™') in the 2200—1600 cm™!
region for acetylenes, allenes and some lithiated species

Compound v (C=0) v (C=C=C)
Propyne 2130¢

Allene 1970°

Monolithio

CH;C=CLi 20504

PhCH,C=CLi 2050¢

PhC;5(SiMejs), Li 2000¢ 1850¢
PhC3H(SiMes)Li 1870¢
C;HLi(SiMe3), 1870
C;Li(SiMes); 1850¢
CH,=C=CHLi 1890¢

Dilithio
C;H;Li, 1870¢
C;Li,(SiMe3), 17904
PhC;HLI, 1900¢
PhC3(SiMes3)Li, 1790¢
Trilithio
C;HLI; 17704
PhC;Li3 1790¢
C5(SiMe3)Li; 17704
Tetralithio
CsLiy 16754

“Data from Reference 102.
’Data from Reference 104.
“Data from Reference 105.
4Data from Reference 106.

in the gap at —3 charge in the isoelectronic series of linear species containing 16 valence
electrons (the carbon dioxide structure)!?’ (Table 9). So they metalated several nitriles
and investigated the structure of the new polylithium compounds by IR spectroscopy'®.

The absorption bands found for the mono- and dilithiated species in the 2400—1600 cm ™!
range are listed in Table 10. The presence of more than one peak in the mentioned spectral
region for the monolithium derivatives of acetonitrile demonstrates that they exist in more
than one tautomeric form (equation 4)'%,

The monolithium species, Li(Me;Si),C,N and LiMe,C,;N, have only one absorption
at 2000 cm~! (Table 10). This absorption cannot be due to a lithiated ketenimine,
R,C=C=NLi, as it appears at too high wavenumbers. It seems possible that these

TABLE 9. Isoelectronic species with 16

valence electrons!?7- 108
Charge Species
+1 NO,*
0 CO,, N;0, CS,, FCN
-1 NCO~, NCS™, N3, CNO~
-2 NCN?-
-3
—4 (CCC*)

Reprinted with permission from Reference 108.
Copyright 1971 American Chemical Society.
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TABLE 10. Infrared absorption bands (cm™')
in the 2400-1600 cm™! region for metalated

nitriles'%8

Compound Wavenumber (cm™')
LiC,H,N* 2130, 2040
LiC,Me,N? 2000
LiC,(MesSi),N¢ 2000
Li,C,HN¢ 1820
Li;C;MeN¢ 1880
Li,C,PhN® 1900
LirC>(Me;Si)N¢ 1900

“Suspension in THF—hexane.

bSolution in hexane.

“Suspension in pentane or hexane.

4Suspension in ether.

Reprinted with permission from Reference 108. Copy-
right 1971 American Chemical Society.

monolithium derivatives exist in the R,LiCCN form'%.

LiCH,CN =———= LiCH=C=NH LiC=CNH,

o

HC=CNLiH

H,C=C=NLi

All dilithiated nitriles show one peak in the 1900—1800 cm~' range. They could also
occur in several tautomeric forms (equation 5).

RLiC=C==NLi

RCLi)CN — RC=CNLi, 5)

When R is hydrogen, more tautomeric forms similar to those of monometalated ace-
tonitriles can be written'®®. These modes appear at too low wavenumbers to be acetylenic
or nitrile absorptions and therefore they were attributed to ketenimine derivatives of
form R(Li)C=C=NLi. For the ionic species, Gornowicz and West proposed a delocal-
ized strgucture (Scheme 8)!%8. Klein and Brenner called it sesquiazacetylene in a previous
study'®.

(RC===C==N)>"

SCHEME 8

C. Polylithiation of Phenylpropynes

Mulvaney and coworkers reported a polylithiation of a non-terminal acetylene for
the first time, more exactly the formation of C¢HsC;Li; and C¢H4LiC;Li; from 1-
phenylpropyne and n-butyllithium in hexane'!®. Stimulated by their work, West and
Gornowicz prepared and investigated new polylithium compounds from phenylpropy-
nes and their polysilicon derivatives!®. The structures of several of them were analysed
by IR spectroscopy.
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In order to determine the structures of the intermediate organolithium compounds,
1-phenylpropyne was metalated with 4 equivalents of n-butyllithium in refluxing
cyclohexane!®. One hour later, no absorption due to lithiated phenylpropynes was
detected. The IR spectrum showed only a strong peak at 1775 cm™~! due to a trilithioallene,
which gradually became much stronger. Apparently, the introduction of the first Li atom
is much slower than subsequent lithiations, so no mono- and dilithiated species were
observed in the IR spectrum.

Anyway, the same polylithium compounds can be obtained from either 1- or 3-
phenylpropyne, because 1-phenylpropyne when lithiated in the methyl group immediately
rearranges to give the more stable lithium acetylide, 1-lithio-3-phenylpropyne'®. So 1-
lithio-3-phenylpropyne was prepared by West and Gornowicz by adding n-butyllithium to
10 equivalents of 3-phenylpropyne!®. Its IR spectrum exhibits only one weak peak in the
2200-1600 cm~! range, namely at 2050 cm~!. Derivatizing with trimethylchlorosilane
led to the product 6 (equation 6). 3-Phenylpropyne and 2 equivalents of n-butyllithium
gave a yellow solid with intense allenic absorption at 1900 cm'. Derivatizing again with
trimethylchlorosilane gave predominantly 7 (equation 7)'%.

PhCH,C=CH
Hon
PhC=CCH; + n-BuLi [PhC=CCH,Li] —@> PhCH,C=CLi ©
l Me;SiCl
PhCH,C= CSiMej
(6)
Me;SiCl
Ph(Li)C=C=CHLi Ph(Me;Si)CHC == CSiMe; 7

)

When 3-phenylpropyne was treated with 3 equivalents of n-butyllithium, a soluble
complex of 1-phenyl-1,3-dilithioallene and n-butyllithium was obtained. The IR spectrum
of this deep red solution shows two peaks, at 1900 and 1780 cm~!. While the weak
absorption at 1780 cm™! due to the phenyltrilithioallene increases with time, the strong
absorption at 1900 cm~! gradually disappears.

The further lithiation of compounds 6 and 7 led to organolithium compounds with
interesting structures and properties. While the mono- and dilithiated species of 6 shows
only allenic absorptions at 1870 and 1790 cm™!, the monolithiated species of 7 have both
acetylenic and allenic absorptions at 2000 and 1850 cm™! (Table 8). Their unchanged
spectral profile suggests the existence of two isomers: Ph(Me;Si)CLiC=CSiMe; and
Ph(Me;Si)C=C=C(SiMe;)Li. West and Gornowicz explained the stabilization of the
acetylenic form by a combination of delocalization of charge onto the benzene ring and
the strong acidifying effect on silicon!%.

The authors noticed that polylithiated phenylallenes have a vibrational behaviour sim-
ilar to that of polylithiated propynes and butynes (Table 8)!%. The monolithium com-
pounds from terminal acetylenes were found to have acetylenic structures (2050 cm™),
whereas the monolithium derivatives of non-terminal acetylenes could exist in either
acetylenic (2000 cm™!) or allenic (1870—1850 cm™!) forms (Table 8)!%. The polylithium
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compounds were found to have only allenic absorptions, significantly lowered by the
lithium substitutions.

However, several years later Priester and coworkers revised the interpretation of
the IR spectra of polylithiated acetylenes in terms of propargylide and allenic anions
(Table 11)'!!. They divided the compounds into two categories: those that can directly
form lithioacetylides (the terminal acetylenes) and those that must undergo hydrogen or
alkyl shifts to form acetylides (the internal acetylenes).

While the mono- and dianions of internal acetylenes still have allenic structures,
polylithiation of terminal acetylenes results in anions having a different structure, as
previously reported!?? 1% (Scheme 9).

Initially monolithioacetylides, R—C=C~Li", are formed. Further lithiation results in a
large bathochromic shift (180 cm™!) of the characteristic absorption band, which indicates
bond reorganization upon dilithiation (Scheme 10). The new structure (8 in Scheme 9)
was called propargylide, because it contains both acetylenic and propargylic lithium!!!.

Priester and coworkers showed that the confusion in the previous assignments is due
to the appearance at the same position of the IR absorptions of the propargylide dianion

TABLE 11. Infrared absorption bands (cm™') in the 2200—1600 cm™! region for lithiated
internal and terminal acetylenes in hexane'!!

Compound Acetylides and Allenic anions
propargylides
Monolithiated

H;C-C=C-Li“ 2050

Me,CH-C=C-Li 2050

MeCH,—-C=C-Li 2040

PhCH,—C=C-Li* 2050
[Me3;SiCH—C=C-SiMe;]Li* 1870
[(Me;Si),C—C=C—SiMes]Li* 1850
[Ph(Me3Si)—C—C=C—SiMe;]Li" 2000 1850
[Ph—CH—C=C-Ph]Li¢ 1870
[Me—CH—-C=C-Ph]Li¢ 1870

Dilithiated

H,C;sLi¢ 1870

MeHC3Li2 1850

M€2C3Li2 1850

PhHC;Li? 1900
[PhC—C=C—Ph]Li;¢ 1790
[Me—C—C=C—Ph]Li,¢ 1795
[Ph—C—C=C-SiMe;]Li," 1790
[Me3Si—C—C=C-SiMes|Lix* 1790

Trilithiated
HC;Liz? 1750
PhC;Lis" 1780
Me3SiC3Li3“ 1770
MeC;Lis 1770
Tetralithiated
CsLiyg 1675

“Reference 102.
bReference 105.
“Reference 112.
Reprinted with permission from Reference 111. Copyright 1976 American Chemical Society.
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1-

D).
e

SCHEME 9

Successive lithiation of propyne vs. allene and internal acetylenes

RCH,C=C—R (~2200 cm™)

—C=C—H (130cm™) -320 cm™

—-80 cm™!

Monolithioacetylide (2050 cm™)
CH,= C=CHj, (1970 cm™)

-180 cm™! /90 cm™!

Monolithioallene (~1880 cm™)

Dlhthlopropargyhde (1870 cm™ R, Y R
c=cC=cC
W N
/(c) = Li|Li Li
\ -90 cm™!
—100 cm”
Dilithioallene (~1790 cm™)
Trlllthlopropargyllde (~1770 cm- 1) R v R
c=C=cC
L'/ N i
/ ——( ——Li|Li ! Li
R=Et
HMeZSi
—95 cm™ Me3G,e
Me351

Tetrallthlopropargyllde (1675 cm™)
(Tetralithiopropyne)

ettt
(o= == Li|Li
Li/

SCHEME 10
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and allenic monoanion. However, since the extent of lithiation is different, these two
anions must have different structures. Dilithiopropargylides have another hydrogen at the
carbon atom 3 and consequently can undergo further lithiation in either an sp’- or a
p-type orbital to give trilithiopropargylide (9) and trilithiosesquiacetylene (10), respec-
tively (Scheme 11). The resulting organolithium compounds 9 and 10 have propargylic
or acetylenic structure, respectively. By coincidence, the IR absorption of trilithiated
species occurs at the same wavenumber as the one of dilithiated compounds with allenic
structure!!!,

= 51 sH B ol sB|
/@O@C@ o> b

(10)

Li L12

SCHEME 11

A tetralithio derivative can be obtained only for propyne. It was described either as a
tetralithiopropargylide (11) or a tetralithiosesquiacetylene (12) (Scheme 12)!!!.

| 2L o1 sH A 51 sl

Li—C C C Li | Li,

/@O@C@ 0“0 0

an 12)

SCHEME 12

Taking into account that allylic and vinylic hydrogen atoms have approximately the
same acidity (pK, ca 36), a propargyl and an allenic anion were expected to be of
comparable stability. However, the acetylide anion is much more stable than an sp?
anion. Therefore, the formation of propargylide dianions is more favoured than that of the
allenic dianions. In agreement with this prediction, phenylallene gem-dilithiates to give
the propargylide dianion rather than metalates at the benzylic position to give an allenic
dianion!!!- 113

As one can notice, the monolithiated allenic isomer seems to be preferred in almost
all cases in hexane. However, West and Gornowicz reported that the IR spectrum
of monolithio-1,3-bis(trimethylsilyl)-3-phenylpropyne exhibits two bands at 2000 and
1850 cm™! and attributed them to the acetylenic and allenic forms'®. In light of the new
interpretation, Priester and coworkers ascribed the band at 2000 cm~! to the propargyl
anion, where both phenyl and silicon stabilized the charge at carbon atom 3'!!

The product distribution from the two types of anions is also very different. Propargylide
anions derivatize to give acetylenic products exclusively (except when steric interactions
favour the allenic products), while allenic anions with unhindered derivatizing agents give
both allenic and acetylenic structures!9 111- 114-116_
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D. Polylithiation of 1,3-Pentadiyne

The reaction of 1,3-pentadiyne with excess n-butyllithium complexed with TMEDA
led to another tetralithium compound, CsLis'!”. The IR spectrum of the new perlithiated
species presents a strong signal at 1800 cm~!. Chwang and West attributed it to an allenic
stretching mode'!”, significantly lowered by the lithium substitution'> 1%, A very weak
peak was observed in the same spectral region, at about 2050 cm~!. Its presence was
explained by the incomplete polylithiation and formation of some monolithiated species'!”.
It seems that isomerization takes place during polylithiation of 1,3-pentadiyne, as it does
in lithiation of propyne and 1-phenylpropyne!?? 105 118,

In an earlier study, Skattebol reported the synthesis of a very unstable pentatetraene,
2,6—dimethyl—2,3,4,S—heptatetraenel19. Even though the compound was not isolated, a weak
signal could be detected in its IR spectrum at 2010 cm™'. The band appears at 210 cm™!
higher than the strong one at 1800 cm™! in the IR spectrum of CsLi4. A similar difference
of 290 cm~! occurs between allene and the tetralithioallene, Li,C=C=CLi,'?.

The possible tautomeric structures of CsLiy are depicted in scheme 13.

Li
LIC=C— C=CCLi3 LiIC=C—C—C=CLi
13 |
13) Li
(14)
Li
LiC=C—C=C=CLi, Li,C=C=C=C=CLi,
(15) (16)

SCHEME 13

The tautomeric forms 13-15 would be responsible for a relatively strong signal at
2050 cm™', characteristic for 1-lithioacetylenic moiety'%? 1%, Furthermore, it is hard to
account for the strong and relatively broad band at 1800 cm~! from either species 13 or
14. All of the spectral features seem to indicate the tautomeric structure 16 as the most
probable, with species 15 not fully excluded as a possibility. However, the simplicity
of the spectral pattern indicates that one structure predominates in case of a mixture of

tautomers!!’.

VI. CONCLUSION

In this chapter we have presented the IR and Raman spectroscopic investigations of
the most representative organolithium compounds present in the literature. It is clear
now that due to major progress in Raman excitation (lasers), detection techniques (CCD
cameras, FT-techniques together with modern FT-IR spectroscopies) and unambiguous
signal assignment by DFT calculations, state-of-the-art vibrational spectroscopy is an
excellent tool to investigate highly reactive species like lithium organics. Although the
analysis of older spectra was already successful in determining the stoichiometry and the
degree of aggregation of alkyllithiums, certainly the potential of the method today has
improved considerably. Previous accurate signal assignment in combination with other
physical investigations like X-ray structure analysis will provide even continuous on-line
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analysis of organolithium reaction intermediates in industrial processes or characterization
of notoriously pyrophoric and insoluble polylithiums.
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I. THE NATURE OF STRUCTURAL EFFECTS

A. Introduction

The objective of this work is to describe methods for the quantification of the effects of
structural variation on measurable chemical and physical properties, chemical reactivities
and biological activities of organolithium compounds.

ABBREVIATIONS
Ac acetyl 2-Fr 2-furyl
1-Adm 1-adamantyl 3-Fr 3-furyl
Ak alkyl H1 halogen
An anthracenyl Har heteroaryl
Ar aryl Hx hexyl
Bu butyl c-Hx cyclohexyl
i-Bu iso butyl Me methyl
s-Bu sec butyl 1-Nh 1-naphthyl
t-Bu tert butyl 2-Nh 2-naphthyl
G, ethynylene Oc octyl
DME 1,2-dimethoxyethane Pe pentyl
DMSO dimethyl sulfoxide i-Pe isopentyl
Et ethyl Per perylenyl

Ph
Pn
Pr
c-Pr
i-Pr
Py
Pyr
2-Tp
3-Tp
Tet
Vi
2-Vn
1-Vn

B. Structure-Property Quantitative Relationships (SPQR)

phenyl
phenylene (C¢H,4)
propyl
cyclopropyl
isopropyl
pyridyl
pyrenyl
2-thienyl
3-thienyl
tetracenyl
vinyl
vinylene
vinylidene

Structural variations in a chemical species (molecule, ion, radical, carbene, benzyne
etc.) generally result in changes in some measured property of the species. The property
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measured may be a chemical reactivity (rate or equilibrium constant, oxidation potential
etc.), a chemical property (resulting from a difference in intermolecular forces between
an initial and a final state), a physical property (either of the ground state or of an
excited state) or a biological activity. The change in the measured property that results
from a structural variation is a structural effect. Structural effects within a set of related
species can be modeled by the correlation of the measured properties with appropriate
parameters using statistical methods. The resulting equation is called a structure—property
quantitative relationship (SPQR). The parameters required for modeling structural effects
may be obtained from physicochemical reference data sets for electrical effects’? and
intermolecular forces®; calculated from molecular geometry*, by counts of branching at
each atom of the longest chain® ®, or by molecular mechanics calculations”-? in the case of
steric effects, obtained from quantum chemical calculations’, topological algorithms'0-!?
and from comparative molecular field analysis (COMFA)!?. An alternative to the use of
statistical methods is the use of neural networks'#~16,

The use of physicochemical quantities generally results in pure parameters that have
a direct cause and effect relationship to some property. A pure parameter is a parameter
which represents a single structural effect. A composite parameter is a parameter that
represents two or more structural effects. Steric parameters calculated from molecular
mechanics are also pure parameters. Quantum chemical calculations can generate either
pure or composite parameters, depending on the system chosen and the quantity calcu-
lated. The COMFA model involves the calculation of the interactions of fragments at
the intersections of grids which form a box enclosing the species of interest. The choice
of fragment determines the type of interaction. Thus, charged fragments model electrical
effects, methyl groups model van der Waals interactions, OH groups model H acceptor
effects, etc. Again, these represent pure parameters. Topological parameters are almost
always composite parameters, as they represent a count of the number of atoms of each
kind, the number of bonds of each type, the number of valence (bonding), lone pair
(nonbonding) and core electrons, and the extent of branching, as well as the number of
OH and NH bonds and of lone pairs on O and/or N atoms'” '8, Composite parameters
can generate a predictive SPQR just as well as pure parameters'®; they are much more
difficult to interpret however, unless their composition is known.

SPQR have three functions:

1. They are predictive. Once the SPQR has been determined, the value of the property
can be calculated for any chemical species for which the structural effect parameters are
available. This makes possible the design of chemical species with specific chemical,
physical or biological properties.

2. They are explicative. SPQR can be used to explain structural effects on a mea-
sured property. In the case of chemical reactivity, they can provide information useful in
determining reaction mechanism.

3. They are archival. Information regarding structural effects on measurable properties
can easily and concisely be stored in this way.

Data sets are of three types. The most frequently encountered type has the form XGY
in which X is a variable substituent, Y is an active site (an atom or group of atoms
responsible for the observed phenomenon) and G is a skeletal group to which X and Y
are bonded. A second type has the form XY, the substituent X being directly bonded to
the active site Y. In the third type, designated Xy, the entire chemical species is both
active site and variable substituent.

Structural effects are of three types: Electrical effects, steric effects and intermolecular
force effects. Each of these types can be subdivided into various contributions.
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Il. ELECTRICAL EFFECTS
A. Introduction

It has long been known that a substituent X in an XGY system can exert an electrical
effect on an active site Y. It is also well known that the electrical effect which results
when X is bonded to an sp® hybridized carbon atom differs from that observed when X
is bonded to an sp? or sp hybridized carbon atom. As electron delocalization is minimal
in the first case, it has been chosen as the reference system. The electrical effect observed
in systems of this type is a universal electrical effect which occurs in all systems. In the
second type of system, a second effect (resonance effect) occurs due to delocalization
which is dependent both on the inherent capacity for delocalization and on the electronic
demand of the active site. In systems of the second type, the overall (total) electrical
effect is assumed to be a combination of the universal and the delocalized electrical
effects. Over the last sixty years much ink has been spilt and there has been a great
deal of ‘sound and fury signifying nothing’ concerning the mode of transmission of the
universal electrical effect. Two models were proposed originally by Derick?®, a through
bond model (the inductive effect) and a through space model (the field effect). These
proposals were developed into the classical inductive effect (CIE)?! and the classical field
effect (CFE)??> models. As the CIE model could not account for the observed dependence
of the electrical effect on path number, a modified version was introduced (the MIE
model)?3. The matter has recently been treated in some detail’* 2. The dependence on
molecular geometry is in best agreement with a modified field effect (MFE) model?6-?7.

B. Triparametric Electrical Effect Model

Electrical effects are conveniently described by the triparametric (three independent
variables) LDR equation 1%

QOx = Lo + Doyx + Rox +h (D

or relationships derived from it. The parameters are described below.

oy is the localized (field) electrical effect parameter; it is identical to o; and of. Though
other localized electrical effect parameters such as o have been proposed, there is no
advantage to their use. The o* parameter and the F parameter have sometimes been
used as localized electrical effect parameters; such use is generally incorrect as both of
these parameters contain a small but significant delocalized effect contribution. As was
noted above, the available evidence is strongly in favor of an electric field model for
transmission of the localized effect.

oy 18 the intrinsic delocalized (resonance) electrical effect parameter; it represents the
delocalized electrical effect in a system with no electronic demand.

o, is the electronic demand sensitivity parameter. It adjusts the delocalized effect of a
group to meet the electronic demand of the system.

The electrical effect is characterized by two quantities derived from equation 1:

The electronic demand, 7, is a property of a system or of a composite electrical effect
parameter that is itself a function of both o, and o,. It is defined as R/D, where R and
D are the coefficients of o, and oy, respectively.

The percent delocalized effect, Pp, is defined by equation 2:

100D

Pp = 2
P~ 1L+D @
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Diparametric equations® can be obtained from equation 1 in two ways. One alternative
is to combine o0; and oy to form a composite parameter ocp, with a fixed value of Pp,
resulting in the CR equation (equation 3):

Ox = Cocppx + Roex +h (€))

The other alternative is to combine o, and o, to form a composite parameter with a
fixed value of n. This substituent constant is designated op. The resulting LD equation is
equation 4:

Ox = Loix + Dopx + h 4

A monoparametric equation results when a composite electrical effect parameter is
obtained by combining all three pure electrical effect parameters with fixed values of both
Pp and 5. The Hammett substituent constants are of this type. The Hammett equation is
given by equation 5:

QOx = pox +h &)

The Hammett equation traditionally combines 3-substituted and 4-substituted benzene
derivatives into a single data set using the composite o, constants for the former and
o, constants for the latter. This is justifiable only if p3 is equal to ps (Ap ~ 0). We
have shown that this is generally not the case?*?’, except when the geometry of XGY is
comparable to that of the benzoic acids from which the o,, and o, constants were defined.
The Yukawa—Tsuno and related equations are based on the assumption that p; is equal
to p4 and are limited to applications in which this is at least approximately correct. They
are briefly reviewed elsewhere?®.

C. Modified Yukawa-Tsuno Model

The Yukawa—Tsuno equation for 4-substituted benzene derivatives is approximately
equivalent to the CR equation®>2*. This observation has led to the development of a
modified Yukawa—Tsuno (MYT) equation which has the form of equation 6:

Ox = pox + Rox +h (6)

with o5 taking the value o, for 3-substituted benzene derivatives and o, for 4-substituted
benzene derivatives, while o,x for 3-substituted benzene derivatives is 0. The o5, constants
have Pp equal to 50 and 5 equal to zero; they are therefore equal to the sum of the o;
and o, values.

If the sensitivity to electronic demand is held constant, the LDR equation reverts to
the LD equation (equation 5). By means of an equation analogous to the MYT equation,
the modified LD (MLD) equation (equation 7) is obtained:

Qx =p'ox + Dopx +h @)

where o is o, for 3-substituted and o; for 4-substituted while op is O for 3-substituents;
3- and 4-substituted benzene derivatives can be combined into a single data set. Again,
use of the MLD equation is restricted to systems for which Ap is not significant.

The choice of electrical effect parameterization depends on the number of data points
in the data set to be modeled. When using linear regression analysis the number of
degrees of freedom, Npr, is equal to the number of data points, Ng,, minus the number
of independent variables, N;,, minus one. When modeling physicochemical data Npr/N;,
should be at least 2 and preferably 3 or more. As the experimental error in the data
increases, Npg/N;, should also increase.
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Values of electrical effect substituent constants for typical groups are presented in

Tables 1-3.

TABLE 1. Electrical effect substituent constants for common substituents®?

X oy 04 O, Oc143 0c16.7 050 0c60

AKk, c-Ak

Me —0.01 —0.14 —0.030 —0.03 —0.04 —-0.15 —0.22
Et —0.01 —0.12 —0.036 —0.03 —0.03 —0.13 —0.19
c-Pr 0.01 —0.17 —0.069 —0.02 —0.02 —0.16 —0.25
Pr —0.01 —0.15 —0.036 —0.04 —0.04 —0.16 —0.24
i-Pr 0.01 —0.16 —0.040 —0.02 —0.02 —0.15 —-0.22
Bu —0.01 —0.15 —0.036 —0.04 —0.04 —0.16 —0.24
i-Bu —0.01 —0.14 —0.036 —0.03 —0.04 —0.15 —0.22
s-Bu —0.01 —0.14 —0.036 —0.03 —0.04 —0.15 —0.22
t-Bu —0.01 —0.15 —0.036 —0.04 —0.04 —0.16 —0.24
Pe —0.01 —0.14 —0.036 —0.03 —0.04 —0.15 —-0.22
CH,Bu-¢ 0.00 —0.16 —0.040 —0.03 —0.03 —0.16 —0.24
c-Hx 0.00 —0.14 —0.036 —0.02 —0.03 —0.14 —0.21
1-Adm —0.01 —0.12 —0.060 —0.13

CH,Z

CH,Br 0.20 —0.08 —0.026 0.19 0.18 0.12 0.08
CH,0OH 0.11 —0.10 —0.025 0.09 0.09 0.01 —0.04
CH,C1 0.17 —0.06 —0.024 0.16 0.16 0.11 —0.08
CH,CN 0.20 —0.01 —0.011 0.20 0.20 0.19 0.18
CH,0Me 0.11 —0.10 —0.041 0.09 0.09 0.01 —0.04
CH,CH,CN 0.09 —0.11 —0.024 0.07 0.07 —0.02 —0.08
CH, Vi 0.02 —0.16 —0.039 —0.01 —0.01 —0.14 —0.22
CH,OEt 0.11 —0.10 —0.041 0.09 0.09 0.01 —0.04
CH,;GeMe; —0.02 —0.31 —0.028 —0.07 —0.08 —0.29 —0.49
CH,SiMe; —0.03 —0.30 —0.029 —0.08 —0.09 —-0.27 —0.48
CH,SnMejs —0.03 —0.16 —0.028 —0.06 —0.06 —0.19 —0.29
CH,-2-Tp 0.06 —0.12 —0.028 0.04 0.04 —0.06 —0.12
CH,-2-Fr 0.05 —0.12 —0.028 0.03 0.03 —0.07 —0.13
CH,CH,CO,Et 0.08 —0.12 —0.027 0.06 0.06 —0.04 —0.10
CH,CHMeCO,Me 0.07 —0.12 —0.027 0.05 0.05 —0.05 —0.11
CH,NEt, 0.03 —0.12 —0.038 0.01 0.01 —0.09 —0.15
CH,Ph 0.03 —0.13 —0.057 0.01 0.00 —0.10 —0.17
CH,CH,-2-Py 0.02 —0.13 —0.03 0.00 —0.01 —0.11 —0.18
CH,CH,-4-Py 0.02 —0.13 —0.03 0.00 —0.01 —0.11 —0.18
CZ,

CF; 0.40 0.13 —0.026 0.42 0.43 0.53 0.60
CCl; 0.36 0.10 —0.018 0.38 0.38 0.46 0.51
C(SiMe3)3 —0.09 —0.21 —0.028 —0.13 —0.13 —0.30 —0.41
VnX

Vi 0.11 —0.08 —0.12 0.10 0.09 0.03 —0.01
2-VnVi 0.12 —0.37 —0.12 0.06 0.05 —0.25 —0.44
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TABLE 1. (continued)

X o 04 Ce Ocl43 Ocl16.7 Oes0 Oc60
C,Z

CH 0.29 —0.02 —0.10 0.29 0.29 0.27 0.26
C,Me 0.30 0.29 —0.089 0.01

C,-C,H 0.39 0.04 —0.10 0.43

Ar

CeFs 0.31 0.08 —0.068 0.32 0.33 0.39 0.43
Ph 0.12 —0.12 —0.12 0.10 0.10 0.00 —0.06
PnZ

4-PnNMe, 0.09 —0.32 —0.12 0.04 0.03 —0.23 —0.39
4-PnNEt, 0.08 —0.27 —0.12 0.04 0.03 —0.19 —0.34
4-PnCl 0.15 —0.01 —0.070

4-PnMe 0.10 —0.12 —0.041

4-PnOMe 0.11 —0.15 —0.062

4-PnNO, 0.23 —0.01 —0.045

Har

2-Fr 0.17 —0.18 —0.13 0.14 0.13 —0.01 —0.10
3-Fr 0.09 —0.13 —0.12 0.07 0.06 —0.04 —0.11
2-Tp 0.19 —0.20 —0.11 0.16 0.15 —0.01 —0.11
3-Tp 0.10 —0.15 —0.11 0.07 0.07 —0.05 —0.13
(CO)Z

CHO 0.30 0.27 —0.10 0.35 0.35 0.57 0.71
CO,H 0.30 0.17 —0.041 0.33 0.33 0.47 0.56
Ac 0.30 0.25 —0.095 0.34 0.35 0.55 0.68
CO,Me 0.32 0.16 —0.070 0.35 0.35 0.48 0.56
CO,Et 0.30 0.18 —0.064 0.33 0.34 0.48 0.57
CONH, 0.28 0.12 —0.055

CONMe, 0.28 0.05 —0.060

Bz 0.30 0.22 —0.11

CN 0.57 0.12 —0.055 0.59 0.59 0.69 0.75
Si

SiBr; 0.36 0.07 0.018 0.37 0.37 0.42 0.47
SiCl; 0.36 0.10 —0.017 0.38 0.38 0.46 0.51
SiF; 0.41 0.14 —0.004 0.43 0.44 0.58 0.62
SiHj 0 0.13 —0.038 0.02 0.03 0.13 0.20
SiMej —0.11 0.13 —0.046 —0.09 —0.08 0.02 0.09
SiPhj —0.04 0.33 —0.055 0.02 0.03 0.29 0.46
Ge

GeMes —0.08 0.11 —0.050 —0.06 —0.06 0.03 0.09
GePh; —0.05 0.24 —0.053 —0.01 0.00 0.19 0.31
Sn

SnMej; —0.09 0.12 —0.051 —0.07 —0.07 0.03 0.09
SnPh; —0.04 0.33 —0.055 0.02 0.03 0.29 0.46

(continued overleaf)
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TABLE 1. (continued)

X oy 0d Oe Ocl43 Ocl6.7 O¢s0 Oc60
N

N3 0.43 —0.27 —0.12 0.38 0.38 0.16 0.02
NH, 0.17 —0.68 —0.13 0.06 0.03 —0.51 —0.85
NHMe 0.13 —0.67 —0.18 0.02 0.00 —0.54 —0.88
NHAc 0.28 —0.35 —0.088

NMe, 0.17 —0.66 —0.24 0.06 0.04 —0.49 —0.82
NEt, 0.15 —0.65 —0.18 0.04 0.02 —0.50 —0.83
NO 0.37 0.31 —0.056 0.42 0.43 0.68 0.84
NO, 0.67 0.18 —0.077 0.70 0.71 0.85 0.94
P

PMe, 0.10 —0.50 —0.27

POMe, 0.30 0.14 —0.036

PO(OMe), 0.36 0.24 —0.036

(0]

OH 0.35 —0.57 —0.044 0.25 0.24 —-0.22 —0.51
OMe 0.30 —0.55 —0.064 0.21 0.19 —-0.25 —0.53
OAc 0.38 —0.24 —0.005 0.34 0.33 0.14 0.02
OEt 0.28 —0.55 —0.070 0.19 0.17 —-0.27 —0.55
OPr-i 0.27 —0.55 —0.067 0.18 0.16 —0.28 —0.56
OBu 0.28 —0.55 —0.067 0.19 0.17 —0.27 —0.55
0OSiMes 0.25 —0.44 —0.053 0.18 0.16 —0.19 —-0.41
OPh 0.40 —0.51 —0.083 0.31 0.30 —0.11 —0.37
S

SH 0.27 —0.40 —0.098 0.20 0.19 —0.13 —0.33
SMe 0.30 —0.38 —0.13 0.24 0.22 —0.08 —0.27
SAc 0.39 —0.08 —0.057 0.31

SEt 0.26 —0.39 —0.12 0.19 0.18 —0.13 —0.33
SPh 0.31 —0.34 —0.17 0.25 0.24 —0.03 —0.20
SOMe 0.54 —0.01 —0.037 0.53 0.52
SOPh 0.51 —0.02 —0.052 0.49 0.48
SO,Me 0.59 0.13 —0.052 0.31 0.62 0.72 0.79
SO,Ph 0.56 0.08 —0.082 0.57 0.58 0.64 0.68
SF; 0.59 0.04 —0.040 0.63 0.65
Se

SeMe 0.30 —0.41 —0.096 —0.11 —0.33
Other

H 0 0 0 0 0 0 0
Br 0.47 —0.27 —0.028 0.42 0.42 0.20 0.06
Cl 0.47 —0.28 —0.011 0.42 0.41 0.19 0.05
F 0.54 —0.48 0.041 0.46 0.44 —0.06 —0.18
1 0.40 —0.20 —0.057 0.37 0.36 —0.20 0.10

“Abbreviations can be found in Section LA.
b For oc,n type constants, the number after C is the value of Pp, the percentage delocalized effect.
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TABLE 2. Values of op for common substituents®

X a,? ox op oR a; a?
AK, c-Ak

Me —0.03 —0.09 —0.16 —0.16 —0.16 —-0.25
Et —0.01 —-0.07 —0.14 —0.14 —0.14 —0.28
c-Pr 0.01 —0.08 —-0.15 -0.19 —0.27 —0.43
Pr —0.16

i-Pr —0.04 —0.09 —0.16 —0.16 —0.16 —0.34
Bu —0.16

i-Bu —0.16

s-Bu —0.16

t-Bu —0.05 —0.11 —0.18 —0.18 —0.18 —0.33
Pe —0.16

CH,Bu-t -0.17

c-Hx —0.15

Oc —0.16

Vinyl

CH=CH, 0.45 —0.08 —0.15 —0.15 —0.15 —0.56
CH=CH-CH=CH, —0.02 —-0.23 —0.29 —0.38 —-0.57 —-091
CH=CHPh 0.02 —0.23 —-0.30 —-0.30 —-0.30 —1.01
Ethynyl

C=CH 0.28 0.13 —-0.04 —-0.04 —0.12 —0.45
C=C-C=CH 0.34 0.19 0.02 0.01 -0.17 —0.36
C=CPh 0.16 —0.14 —-0.21 —-0.21 -0.21 —1.03
Aryl

Ph 0.28 —0.04 —0.11 —0.11 —0.17 —0.69
C¢H4Ph-4 0.18 0.00 —0.14 —0.20 —-0.36 —0.68
1-Nh 0.12 —-0.07 —0.18 —0.26 —-0.57 —-0.75
2-Nh 0.19 0.01 —-0.13 —0.20 —0.50 —0.67
CgFs 0.28 0.20 -0.02 0.02 0.01 -0.19
PnZ

4-PnCl 0.05 0.00 -0.07 —0.03 —0.15 —0.30
4-PnMe 0.00 —-0.07 —0.12 —0.13 —-0.20 -0.32
4-PnOMe —0.01 —0.19 -0.27

4-PnNO, 0.29 0.04 -0.03 0.03 —0.18 -0.21
CH,Z

CH,Br —0.10

CH,O0H —-0.07 —0.15

CH,Cl —0.08

CH,CN —0.04

CH,0OMe —0.10

CH, Vi —0.14

CH,SiMe; —-0.23 —-0.30

CH,Ph -0.13

CZ;

CCl; 0.08

CF; 0.20 0.18 0.11 0.11 0.15 0.00

(continued overleaf)
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TABLE 2. (continued)

X URG ox op oR op op
Carbonyl

CHO 0.57 0.53 0.15 0.15 0.15 —0.04
Ac 0.56 0.41 0.20 0.20 0.06 —0.05
CONH, 0.28 0.23 0.08 0.08 0.08 —0.10
CO,Me 0.37 0.30 0.11 0.11 0.11 —0.12
CO,Et 0.37 0.31 0.11 0.11 0.11 —0.06
CN 0.26 0.26 0.08 0.08 0.08 —0.10
N

NH, —0.30 —0.55 —0.42 —0.80 —1.10 —1.05
NHAc —0.09 —0.28 —0.25 —0.35 —0.47 —0.75
NMe, 0.05 —0.30 —0.44 —0.88 —-1.22 —1.38
NO; 0.41 0.37 0.10 0.10 0.10 —0.08
N3 0.08 —0.11 —-0.21 —0.31 —0.47 —0.67
P

PMe, 0.30 —0.14 —0.35 —0.55 —1.03 —1.63
POMe, 0.24 0.22 0.08 0.12 0.14 0.00
PO(OMe), 0.34 0.33 0.15 0.21 0.25 0.12
(0]

OH —045 —0.45 —0.46 —0.62 —0.64 —0.71
OMe —0.36 —0.51 —0.44 —0.58 —0.66 —-0.83
OEt —0.35 —0.51 —0.44 —0.57 —0.65 —0.86
OAc —0.23 —0.16 —-0.22 —0.23 —0.26 —0.32
OPh -0.27 —0.44 —-0.42 —0.48 —0.64 —0.96
S

SH —0.11 —-0.29 -0.32 —041 —0.56 —-0.81
SMe 0.01 —0.24 —0.31 —0.38 —0.55 —-0.97
SAc 0.09 0.00 —0.08 —0.09 —0.13 —0.34
SEt —0.04 —0.10 —0.30 —0.30 —0.59 —0.99
SPh 0.16 —0.11 —0.24 —0.34 —0.65 —1.00
SOMe 0.13 0.05 0.00 0.00 —0.10 —0.70
SOPh 0.03 0.06 —0.07 —0.07 —0.21 —0.81
SO,Me 0.18 0.35 0.11 0.11 0.11 —0.12
SO,Ph 0.32 0.22 0.12 0.12 —0.16 —0.42
SFs 0.03

Se

SeMe 0.01 —-0.23 —0.31 —0.42 —0.65 —1.02
Other

F —0.61 —0.58 —0.44 —0.48 —0.37 —-0.25
Cl —-0.25 —0.30 —-0.25 —-0.25 —0.21 —0.41
Br —0.21 —0.28 —0.25 —-0.25 —0.19 —0.44
I —0.06 —0.18 —0.16 —0.16 —0.16 —0.57
H 0 0 0 0 0 0

“Values are from References 24, 25 and 27. Those in italics are estimates.
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TABLE 3. Values of Hammett substituent constants

X Om o, oy op a;'
Ak, c-Ak

Me —0.06 —0.15 —0.15 —0.17 —0.31
Et —0.06 —0.09 —0.12 —0.15 —0.28
c-Pr —0.08 —0.09 —0.15 —0.22 —0.46
Pr —0.06 —0.17

i-Pr —0.04 —0.12 —0.12 —0.15 —0.28
t-Bu 0.00 —0.15 —0.14 —0.19 —0.26
CH,Bu-t —0.05 —0.17

c-Hx —0.05 -0.17

Vinyl

CH=CH, 0.02 0.21 0.02 —0.05 —0.30
CH=CH—-CH=CH;, —0.08 —0.17 —0.20 —0.33 —0.76
CH=CHPh —0.06 0.13 —0.16 —0.28 —0.68
Ethynyl

C=CH 0.24 0.50 0.26 0.21 0.05
C=C-C=CH 0.36 0.72 0.41 0.37 0.26
C=CPh 0.26 0.39 0.11 0.12 —0.39
Aryl

Ph 0.09 0.08 0.00 0.01 —0.51
CgH4Ph-4 0.06 0.11 —0.03 —0.09 —0.42
1-Nh —0.02 0.05 —0.07 —0.17 —0.28
2-Nh 0.01 0.13 —0.03 —0.11 —0.25
CH,Z

CH,Br 0.17 0.10

CH,OH 0.10 0.04

CH,Cl 0.15 0.09

CH,CN 0.20 0.16

CH,0OMe 0.08 0.01

CH,SiMes —0.11 —0.26

CH,Ph —0.01 —0.10

CX;

CF; 0.46 0.74 0.52 0.53 0.61
CCl3 0.40 0.44

Carbonyl

CHO 0.36 0.91 0.50 0.45 0.53
Ac 0.38 0.82 0.46 0.50 0.51
CONH, 0.31 0.62 0.37 0.37 0.39
CONMe, 0.31 0.62 0.37 0.37 0.39
CO;Me 0.36 0.74 0.46 0.44 0.49
CO,Et 0.35 0.74 0.46 0.44 0.49
Bz 0.36 0.41

CN 0.61 1.02 0.69 0.65 0.66
N

NH, —0.21 —0.51 —040 —0.63 —1.30
NHAc 0.11 0.03 0.00 —0.12 —0.46
NMe, —0.22 —0.35 —0.44 —0.67 —1.50
NO, 0.74 1.29 0.82 0.77 0.79
N3 0.27 0.38 0.20 0.08 —0.25

(continued overleaf)
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TABLE 3. (continued)

X O o, oy op a;'
P

PMe, —0.25 —0.18 —0.37 —0.61 —1.40
POMe, 0.35 0.65 0.42 0.43 0.50
PO(OMe), 0.46 0.87 0.56 0.59 0.73
(0]

OH 0.13 —0.24 —0.10 —0.38 —0.61
OMe 0.11 —-0.25 —0.12 —0.28 —0.78
OEt 0.07 —-0.27 —0.16 —0.29 —0.73
OAc 0.31 0.20 0.21 0.16 0.06
OPh 0.23 —0.04 —0.01 —0.08 —0.57
S

SH 0.07 —0.04 —0.06 —0.19 —0.58
SMe 0.09 0.04 —0.02 —0.17 —0.60
SAc 0.34 0.50 0.33 0.28 0.18
SEt 0.16 —0.01 —0.07 —0.04 —0.63
SPh 0.23 0.18 0.01 —0.15 —0.64
SOMe 0.47 0.74 0.47 0.54 0.21
SOPh 0.50 0.75 0.51 0.44 0.44
SO,Me 0.63 1.13 0.71 0.70 0.75
SO,Ph 0.62 0.95 0.68 0.68 048
Other

SeMe 0.05 0.03 —0.06 —0.21 —0.68
F 0.34 0.03 0.17 0.06 —0.07
Cl 0.37 0.28 0.27 0.22 0.11
Br 0.34 0.30 0.26 0.22 0.15
1 0.35 0.35 0.27 0.24 0.13
H 0 0 0 0 0

lll. STERIC EFFECTS

A. Introduction

The concept of steric effects was introduced by Kehrmann® over a century ago.

V. Meyer*® and Sudborough and Lloyd®! shortly thereafter presented kinetic results sup-
porting the steric effect explanation of rate retardation in the esterification of 2-substituted
and 2,6-disubstituted benzoic and 3-cis-substituted acrylic acids. Major early reviews
of steric effects are given by Stewart’> and Wittig®>. Somewhat later reviews are by
Wheland®*, and in a volume edited by Newman®. Steric effects are proximity effects that
result from and are related to substituent size.

B. The Nature of Steric Effects
1. Primary steric effects

These effects are due to repulsions between electrons in valence orbitals on adjacent
atoms which are not bonded to each other. They supposedly result from the interpenetra-
tion of occupied orbitals on one atom by electrons on the other, resulting in a violation of
the Pauli exclusion principle. All primary steric interactions raise the energy of the system
in which they occur. Their effect on chemical reactivity is to either decrease or increase
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a rate or equilibrium constant, depending on whether steric repulsions are greater in the
reactant or in the product (equilibria) or transition state (rate).

2. Secondary steric effects

Secondary steric effects on chemical reactivity can result from the shielding of an
active site from the attack of a reagent, from solvation, or both. They may also be due
to a steric effect that determines the concentration of the reacting conformation of a
chemical species. The secondary steric effect of a nonsymmetric group will also depend
on its conformation.

3. Direct steric effects

These effects can occur when the active site at which a measurable phenomenon occurs
is in close proximity to the substituent. Among the many skeletal groups exhibiting direct
steric effects are vicinally (1,2) substituted skeletal groups such as ortho substituted ben-
zenes, 1, cis-substituted ethylenes, 2, the ortho (1,2-, 2,1- and 2,3-) naphthalenes, 3, 4 and
5, respectively, and peri (1,3) skeletal groups such as 1,8- substituted naphthalenes, 6.
Other vicinal examples are cis-1,2-disubstituted cyclopropanes, cis-2,3-disubstituted nor-
bornanes and cis-2,3-disubstituted [2.2.2]-bicyclooctanes, 7, 8 and 9, respectively. Some
skeletal groups do not always show steric effects; 2,3-disubstituted five-membered ring
heteroarenes such as thiophenes and selenophenes are generally free of steric effects. This
is probably due to the larger XCC angle in these systems as compared with ethene and ben-
zene systems. Geminally substituted (1,1) skeletal groups, such as disubstituted methanes,
10, and 1,1-disubstituted ethenes, 11, also seem to be usually free of steric effects.

X Y
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4. Indirect steric effects

These effects are observed when the steric effect of the variable substituent is relayed
by a constant substituent between it and the active site, as in 12 where Y is the active
site, Z is the constant substituent and X is the variable substituent. This is a type of
buttressing effect.

(12)

5. The directed nature of steric effects

This is easily shown by considering, for example, the ratio r of the steric parameter
v (which is defined below) for any five carbon alkyl group to that for 1-pentyl. Values
of r are: 1-Pe, 1; 2-Pe, 1.54; 3-Pe, 2.22; CH,Bu-s, 1.47; CH,Bu-i, 1.00; CH,Bu-¢, 1.97;
CMe,;Pr, 2.40; CH(i-Pr)Me, 1.90. All of these groups have the same volume and therefore
the same bulk, but they differ in steric effect®®3’. In order to account for this, it is
necessary to consider what happens when a nonsymmetric substituent is in contact with
an active site. We consider the simple case of a spherical active site Y in contact with
a nonsymmetric substituent, CZ-ZMZS, where the superscripts L, M and S represent
the largest, the medium-sized and the smallest Z groups, respectively. The C—G bond
and the Y—G bond are of comparable length. There are three possible conformations
of this system (Figure 1). As all steric repulsions raise the energy of the system, the
preferred conformation will be the one that results in the lowest energy increase. This is the
conformation which presents the smallest face to the active site, conformation 13c. From
this observation we have the minimum steric interaction (MSI) principle which states: a
nonsymmetric substituent prefers that conformation which minimizes steric interactions.
The directed nature of steric effects results in a conclusion of vital importance: that in
general the volume of a substituent is not an acceptable measure of its steric effect’® .
There are still some who find this incomprehensible. It is nevertheless true that group
volumes are not useful as steric parameters except in the case of substituents that are
roughly spherical, and not even always then. Volumes are actually measures of group
polarizability. In short, for a range of different substituent shapes in a data set steric
effects are not directly related to bulk, polarizability is.

zk ™ VA z- ™ 78
N N, N7
N—" N—" —"
(13a) (13b) (13c)

FIGURE 1. The three possible conformations of a cis-1,2-disubstituted ethene having a spherical
reaction site in contact with a tetrahedral substituent consisting of a central atom M bearing large
(Z"), medium (ZM) and small (ZS) sized groups. The energies of the conformations are 13a, lowest,
and 13c, highest. The same types of conformation occur in other 1,2- and 1,3-disubstituted systems
in which substituent and reaction site are in contact
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C. The Monoparametric Model of Steric Effects

The van der Waals radii, ry, have long been held to be an effective measure of atomic
size*8. Charton proposed the use of the van der Waals radius as a steric parameter®® and
developed a method for the calculation of group van der Waals radii for tetracoordinate
symmetric top substituents MZ3, such as the methyl and trifluoromethyl groups®. In later
work the hydrogen atom was chosen as the reference substituent and the steric parameter
v was defined as in equation 8§,

Ux =Tyx — vy :rvx—l.ZO (8)

where ryy and ryy are the van der Waals radii of the X and H groups in Angstrom units*!.

Expressing ry in these units is preferable to the use of picometers, because the co-
efficient of the steric parameter is then comparable in magnitude to the coefficients of the
electrical effect parameters. Whenever possible, v parameters are obtained directly from
van der Waals radii or calculated from them. An equation has been derived which makes
possible the calculation of v values for nonsymmetric tetrahedral groups of the types
MZ,5ZF and MZ5ZMZ" in which the Z groups are symmetric*?. These are considered
to be primary values. For the majority of substituents, however, v parameters must be
calculated from the regression equations obtained for correlations of rate constants with
primary values. The values obtained in this manner are considered to be secondary v
values. All other measures of atomic size are a linear function of van der Waals radii®’.
There is therefore no reason for preferring one measure of atomic size over another. As
values of v were developed for a wide range of substituent types with central atoms
including oxygen, nitrogen, sulfur and phosphorus as well as carbon, these parameters
provide the widest structural range of substituents for which a measure of the steric effect
is available.

1. Steric classification of substituents

Such classification is useful in understanding the way in which different types exert
steric effects*. Substituents may be divided into three categories based on the degree of
conformational dependence of their steric effects:

1. No conformational dependence (NCD). Groups of this type include monoatomic
substituents such as hydrogen and the halogens, M*=M" substituents such ethynyl and
cyano and MZ; groups.

2. Minimal conformational dependence (MCD). Among these groups are: (a) Non-
symmetric substituents with the structure MH, (Ip);_,, such as the hydroxyl and amino
groups (Ip is a lone pair). (b) Nonsymmetric substituents with the structure MZ,5ZF,
where S stands for small and L for large.

3. Strong conformational dependence (SCD). These groups have the structures:
(a) MZ,*Z5 and MZMZMZS, where the superscript M indicates medium. (b) Planar 7-
bonded groups MZLZS where M and either or both Zs are sp® hybridized, such as phenyl,
acetyl, nitro (X, groups). (c) Quasi-planar 7-bonded groups such as dimethylamino and
cyclopropyl.

The steric parameter for NCD groups can be obtained directly from van der Waals
radii or calculated from them. The values for MCD groups are often obtainable from
van der Waals radii, although in some cases they must be derived as secondary values
from regression equations obtained by correlating rate constants with known values of the
steric parameter. Steric parameters for SCD groups of the nonsymmetric type are usually
obtainable only from regression equations.
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2. Planar 7-bonded groups

In the case of planar 7-bonded groups, the maximum and minimum values of the steric
parameter are available from the van der Waals radii (Figure 2). Both the steric effect
and the delocalized electrical effect are a function of the dihedral angle when this type of
group is bonded to an sp? hybridized carbon atom of a skeletal group™.

D. Multiparametric Models of Steric Effects

In some cases a simple monoparametric model of the steric effect is insufficient.
Examples are when the active site is itself large and nonsymmetric, or alternatively when
the phenomenon studied is some form of bioactivity in which binding to a receptor deter-
mines the activity. The failure of the monoparametric model is due to the fact that a single
steric parameter cannot account for the variation of the steric effect at various points in
the substituent. The use of a multiparametric model of steric effects that can represent
the steric effect at different segments of the substituent is required. Five multiparametric
models are available: that of Verloop and coworkers*, the simple branching model, the
expanded branching model, the segmental model and the composite model. The Verloop
model will not be discussed, as its assumption that the maximum perpendicular radius of
a group is a useful parameter no matter where in the group it occurs is erroneous.

1. The branching models

The simple branching model*’ for the steric effect is given by equation 9:

Sy =) ani +ayn, ©

i=1

where S represents the steric effect parameterization the a; and a; are coefficients, n;
is the number of branches attached to the i-th atom, and n, is the number of bonds
between the first and last atoms of the group skeleton. It follows that n;, is a measure of
group length. Unfortunately, it is frequently highly collinear in group polarizability, which
greatly limits its utility. For saturated cyclic substituents it is necessary to determine values
of n; from an appropriate regression equation*®. For planar -bonded groups, n; is taken
to be 1 for each atom in the group skeleton. For other groups, n; is obtained simply by
counting branches. The model makes the assumption that all of the branches attached to a
skeleton atom are equivalent. This is at best only a rough approximation. Distinguishing
between branches results in an improved model called the expanded branching equation*
(equation 10):

m 3
SY =Y "> ayny +am, (10)
i=1 j=1
Z M2 ML M3
N\ 7 N 7
! M2
| |
(@ (b)

FIGURE 2. Examples of types of planar w-bonded groups. (a) Doubly bonded groups such as
ZC=0, Z'C=NZ?, ZC=S, ZN=0, N=N, C=C etc. (b) Aryl, heteroaryl, nitro, carboxylate etc.
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which allows for the difference in steric effect that results from the order of branching.
This difference follows from the MSI principle. The first branch has the smallest steric
effect, because a conformation in which it is rotated out of the way of the active site is
preferred. In this conformation the active site is in contact with two hydrogen atoms. The
preferred conformation in the case of a second branch has the larger of the two branches
directed out of the way. The smaller branch and a hydrogen atom are in contact with
the active site. When there are three branches, the largest will be directed out of the way
and the other two will be in contact with the active site. The problem with the expanded
branching method is that it requires a large number of parameters. A data set large enough
to permit its use is seldom seen.

2. The segmental model*®

This model is often the simplest and most effective of the multiparametric models.
In this model each atom of the group skeleton together with the atoms attached to it
constitutes a segment of the substituent. Applying the MSI principle, the segment is
considered to have that conformation which presents its smallest face to the active site.
The segment is assigned the v value of the group which it most resembles. Values of
the segmental steric parameters v;, where i designates the segment number, are given in
Table 4. Numbering starts from the first atom of the group skeleton which is the atom
that is attached to the rest of the system. The segmental model is given by equation 11:

Sy =Y S (11)
i=1

When only steric effects are present, equation 12 applies:
Ox = S¥x (12)

In the general case, electrical effects are also present and the general form of the LDRS
equation (equation 13):

Qx = Lo + Doyx + Roox + Syx +h (13)

is required.

3. The composite model

This model is a combination of the monoparametric v model with the simple branching
model. This method has proven useful in modelling amino acid, peptide and protein
properties®. It is an improvement over the simple branching model and requires only one
additional parameter.

E. Bond Length Difference as a Factor in Steric Effects

The steric effect exerted by some group X is a function of the lengths of the substituent-
skeletal group (X—G) and active site-skeletal group (Y—G) bonds>!. The steric parameters
described above function best when they are of comparable length. In that case the contact
between X and Y is that shown in Figure 3a. If the YG bond is much shorter than the
XG bond the contact is as shown in Figure 3b. In that case, the distance from Y to the
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TABLE 4. Steric effect parameters for common substituents”

Marvin Charton

X v Uy Uy ni ny
AKk, c-Ak

Me 0.52 0.52 0 0 0
Et 0.56 0.52 0.25 1 0
Pr 0.68 0.52 0.52 1 1
i-Pr 0.78 0.78 0 2 0
Bu 0.68 0.52 0.52 1 1
i-Bu 0.98 0.52 0.78 1 2
s-Bu 1.02 0.78 0.52 2 1
t-Bu 1.24 1.24 0.52 3 0
Pe 0.68 0.52 0.52 1 1
i-Pe 0.68 0.52 0.52 1 1
c-Hx 0.87 1.5 0.74
Hx 0.73 0.52 0.52 1 1
Oc 0.68 0.52 0.52 1 1
1-Adm 1.33 1.33

CH,Z

CH,Br 0.64 0.52 0.65

CH,Cl 0.60 0.52 0.55

CH,OMe 0.63

CH,CH,;CN 0.68 0.52 0.52

CH,GeMe; 1.53

CH,SiMej 1.46

CH,-2-Tp 0.70 0.52 0.57

CH,-2-Fr 0.70 0.52 0.57

CH,CH,CO,Et 0.68 0.52 0.52

CH,CHMeCO,;Me 0.52 0.78

CH,NEt, 0.52 0.63

CH, CH,-2-Py 0.68 0.52 0.52

CH, CH,-4-Py 0.68 0.52 0.52

Vn

Vi 0.57 0.57 0.57

2-VnVi 0.57 0.57 0.57

2-VnPh 0.57 0.57 0.57

Ar

CeFs 0.57 0.57 0.57

Ph 0.57 0.57 0.57

PnZ

4-PnNMe, 0.57 0.57 0.57

4-PnNEt, 0.57 0.57 0.57

4-PnCl 0.57 0.57 0.57

4-PnMe 0.57 0.57 0.57

4-PnOMe 0.57 0.57 0.57

4-PnNO, 0.57 0.57 0.57

Har

2-Fr 0.57 0.57 0.57

3-Fr 0.57 0.57 0.57

2-Tp 0.57 0.57 0.57

3-Tp 0.57 0.57 0.57
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TABLE 4. (continued)

X v [ Uy ni ny
Si

SiBr3 1.69 1.69 0.65
SiCl; 1.50 1.50 0.55
SiF3 1.01 1.01 0.27
SiH3 0.70 0.70 0
SiMe; 1.40 1.40 0.52
SiPh; 0.57
Ge

GeMes 1.44 1.44 0.52
GePh;s 0.57
Sn

SnMej 1.55 1.55 0.52
SnPh; 0.57
N

NH, 0.35 0.35

NHAc 0.35 0.50 0.32
NMe, 0.35 0.52 0
NO, 0.35 0.32 0.35
N3 0.35 0.35 0.35
P

PMe, 1.09 0.52 0
POMe, 1.39 0.52 0
PO(OMe), 1.29 0.32 0.52
(0}

OH 0.32 0 —
OMe 0.32 0.32 0.52
OEt 0.36 0.32 0.52
OAc 0.48 0.32 0.52
OSiMe; 0.50 0.32 1.40
OPh 0.57 0.32 0.57
S

SH 0.60 0.60 0
SMe 0.64 0.60 0.52
SAc 1.09 0.60 0.50
SEt 0.94 0.60 0.52
SPh 1.00 0.60 0.57
SOMe 0.76 0.74 0.52
SOPh 1.10 0.74 0.57
SO, Me 1.13 1.03 0.52
SO,Ph 1.03 0.57
Se

SeMe 0.74 0.70 0.52
Other

H 0 0 —
F 0.27 0.27 —
Cl 0.55 0.55 —
Br 0.65 0.65 —

I 0.78 0.78 —

¢ Abbreviations can be found in Section L.A.
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FIGURE 3. The effect of bond length on steric effects. (a) A system in which substituent X and
reaction site Y have comparable X—G and Y—G bond lengths; G!, G*> and G> are atoms of the
skeletal group. (b), (c) A system in which X—G and Y—G bond lengths are significantly different.
Reproduced with permission from Reference 52. Copyright 1996 John Wiley & Sons, Ltd

X—G bond is less in Figure 3b than it is in Figure 3a although the XY distance in both
Figures 3a and 3b is the sum of the van der Waals radii, ryx and ryy. The effective size
of the van der Waals radius of X is reduced. Steric parameters were originally derived
for systems like that in Figure 3a. In a system like 1b, corrected steric parameters are
needed. An approximate value of the effective van der Waals radius of X, ryy, can be
calculated for the case in which the X—G and Y—G bonds are parallel to each other
from a consideration of Figure 3¢ and Scheme 1, where /xg and lyg are the lengths of
the X—G and Y—G bonds, respectively.

XY =ryx +rwy

XB =lIx¢ — lyc

BY = [(XY)* - (XB)’]'?

BY = [(rvx +rw)* — (xc — Ive)*1"?
BY =ryy +riy

ryx = [(rvx +rvy)? = (Uxe — lve)1"* = ryy

SCHEME 1

Values of steric effect substituent constants for typical groups are given in Table 4.

IV. INTERMOLECULAR FORCES
A. Introduction

Inter- and intramolecular forces (imf) are of major importance in the quantitative
description of structural effects on bioactivities and chemical properties. They may make
a significant contribution to chemical reactivities and some physical properties as well.
Common types of intermolecular forces and their parameterization are given in Table 5.5%

B. Parameterization of Intermolecular Forces

1. Hydrogen bonding

Two parameters are required for the description of hydrogen bonding. One is required
to account for the hydrogen atom donating capacity of a substituent and another to account
for its hydrogen atom accepting capacity. The simplest approach is the use of ny, the
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TABLE 5. Intermolecular forces and the quantities upon which they depend’

Intermolecular force” Quantity
Molecule—molecule

Hydrogen bonding (hb) qmH > qumE, orbital type
Agostic bonding

Dipole—dipole (dd) dipole moment
Dipole—induced dipole (di) dipole moment, polarizability
Induced dipole—induced dipole (ii) polarizability

Charge transfer (ct) ionization potential, electron affinity
Ion—molecule

ion—dipole (Id) ionic charge, dipole moment
ion—induced dipole (Ii) ionic charge, polarizability

“ Abbreviations are in parentheses. dd interactions are also known as Keesom interactions; di interactions are also
known as Debye interactions; ii interactions are also known as London or dispersion interactions. Collectively,
dd, di and ii interactions are known as van der Waals interactions. Charge transfer interactions are also known as
donor—acceptor interactions.

number of OH and/or NH bonds in the substituent, and 7,, the number of lone pairs on
oxygen and/or nitrogen atoms as parameters®>°. The use of these parameters is based on
the argument that if one of the phases involved in the phenomenon studied includes a
protonic solvent, particularly water, then hydrogen bonding will be maximized. For such
a system, hydrogen bond parameters defined from equilibria in highly dilute solution in an
‘inert’ solvent are unlikely to be a suitable model. This type of parameterization accounts
only for the number of hydrogen donor and hydrogen acceptor sites in a group. It does
not take into account differences in hydrogen bond energy. An improved parameterization
would result from the use of the hydrogen bond energy for each type of hydrogen bond
formed?2. For each substituent, the parameter E;,x would be given by equation 14:

m

Euwx =Y _ nywi Eni (14

i=1

where Ejx is the hydrogen bonding parameter, Ej; is the energy of the i-th type of
hydrogen bond formed by the substituent X and nj,; is the number of such hydrogen
bonds. The validity of this parameterization remains untested. In any event, the site num-
ber parameterization suffers from the fact that, though it accounts for the number of
hydrogen bonds formed, it does not differentiate between their energies and can there-
fore be only an approximation. A recent definition of a scale of hydrogen bond acceptor
values from 1-octanol—water partition coefficients of substituted alkanes shows that the
site number method strongly overestimates the hydrogen acceptor capability of the nitro
group and seriously underestimates that of the methylsulfoxy group®®. It has now become
apparent that there are many weak types of H donors and H acceptors that are capable
of contributing significantly to the intermolecular forces which are responsible for many
properties involving a change of phase. Green reported evidence many years ago for the
H donor activity of CH groups, and in a more recent work Nishio, Hirota and Urezama
have reviewed evidence for CH—7 interactions>>°. Much remains to be done in properly
parameterizing hydrogen bonding.

2. Agostic bonding

Some time ago Brookhart and Green reviewed crystallographic, NMR and IR evidence
showing a bonding interaction of the type C—H---M where M is a transition metal.
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They stated that this was a three-atom two electron covalent bond, which they named an
agostic bond from the Greek oyootw, to clasp or hold to oneself. The agostic bond is

characterized by:>*

1. Crystallographic data giving MH distances less than the sum of the van der Waals
radii and some elongation of CH bond lengths.

2. NMR spectra showing chemical shifts to high field (§ is —5 to —15 ppm) and lower
coupling constants ['J(CH) is 75—-100 MHz].

3. Lower IR vibrational frequencies (vcy is 2700—-2300 cm™!).

The agostic bond was extended to C—H- - -Li interactions by Kaufmann and cowork-
ers?®, who regard it as a ocy—ny; interaction which induces a small polarization of
the C—H bond toward the hydrogen atom, giving it an increment of negative charge.
The hydrogen atom is therefore a ‘hydridic’ donor. These authors report that calculated
energies of the agostic bond are a function of the degree of aggregation with values
from —0.8 kcal mol~! for the monomer of MeLi to —4.6 kcal mol~' for the tetramer. The
magnitude of the energy of agostic bonds in organolithium compounds is such that they are
best regarded as intermolecular forces. It is tempting to regard an agostic bond as a type of
hydrogen bond, but this does not seem to be the case. An ordinary hydrogen bond involves
a hydrogen donor B>~ —H?%* and a hydrogen acceptor, B; B:~ and B are Lewis bases. The
hydrogen bonded species is B~ —H?®* - ..B. The hydrogen in the donor has an increment
of positive charge and is considered protic. The corresponding hydridic hydrogen bond
involves a hydrogen donor A®**—H%~ and a hydrogen acceptor A, where A* and A
are Lewis acids. The hydrogen atom in the donor has an increment of negative charge.
The hydrogen bonded species is A**—H®~ -..A. An agostic bond in an organolithium
compound is of the type C>~—H?~ -..Li*, where C is the charged atom of a carbanion
and is therefore a Lewis base while Li* is a Lewis acid; the H atom has an increment of
negative charge. It is conceivable that a hydrogen bond of the hydridic type could exist
in LiH.

3. van der Waals interactions

These interactions (dipole—dipole, dd; dipole—induced dipole, di; and induced dipole—
induced dipole, ii) are a function of dipole moment and polarizability. It has been shown
that the dipole moment cannot always be replaced entirely by the use of electrical effect
substituent constants as parameters>>°. This is because the dipole moment has no sign.
Either an overall electron donor group or an overall electron acceptor group may have the
same value of w. It has also been shown that the bond moment rather than the molecular
dipole moment is the parameter of choice. The dipole moments of MeX and PhX were
taken as measures of the bond moments of substituents bonded to sp* and sp? hybridized
carbon atoms, respectively, of a skeletal group. Application to substituents bonded to sp
hybridized carbon atoms should require a set of dipole moments for substituted ethynes.

Dipole moments u for MeX and PhX can be calculated from equations 15 and 167:

Unmex = 5.11(£0.497)01x + 1.99(x£0.541)0,4x + 0.0129(40.205) (15)
ey = 5.47(£0.150)0;x + 4.30(£0.446)0,x + 6.94(£1.91)0,.x + 0.420(£0.172) (16)

The polarizability parameter used here, «, is given by equation 17:

MRy — MRy MR
X B X 0.0103 (17)
100 100

o
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where MRy and MRy are the group molar refractivities of X and H, respectively® 3% 52,

The factor 1/100 is introduced to scale the o parameter so that its coefficients in the
regression equation are roughly comparable to those obtained for the other parameters
used. Many other polarizability parameters have been proposed, including parachor, group
molar volumes of various kinds, van der Waals volumes and accessible surface areas, Any
of these will serve as they are all highly collinear in each other**>°. The advantage of
« is that it is easily estimated either by additivity from the values for fragments or from
group molar refractivities calculated from equation 18:

MRy = 0.320n, + 0.682n;, — 0.0825n, + 0.991 (18)

where n., n, and n, are the number of core, bonding and nonbonding electrons, respec-
tively, in the group X°22,

Atomic polarizabilities Py, for atoms M may be used as polarizability parameters but
they are not directly comparable to « values, thus a comparison of coefficients obtained
from correlations with « are not directly comparable to those obtained with Py,. In order
to obtain « values for some atoms we have first defined A Pj, in equation 19:

where M is the atom of interest and H is hydrogen. This is directly comparable to the
definition of « in equation 11. Values of AP, for the set H, F, Cl, Br, I (Table 6) were
then correlated by equation 20:

APy = Aay + a, (20)
to give the regression equation 21:
APy =31.4(£0.428)a — 0.0507(£0.0305) (21)
10072, 99.94; F, 5396; S5, 0.0472; 5°, 0.0304; Ny, 5.

Inclusion in the data set of the APy values for N, P, O, S and Se (Table 6) gave the
regression equation 22:

APy =30.6(£1.70)aps — 0.197(x£0.126) (22)
10072, 97.26; F, 320.0; S,;, 0.248; 5°, 0.183; Nyp, 11.

Though the goodness of fit of equation 22 is decidedly poorer than that of equation 21,
the values of A are not significantly different and the intercepts in both equations are
not significant, furthermore, both equations are significant at the 99.9% confidence level.
Values of APy for the Group 14 elements seem to lie on their own line. We have used
equation 22 in the form of equation 23:

ay = 0.0318A Py — 0.00183 (23)

to calculate o values for the alkali metal elements. These values are given in Table 7.

TABLE 6. APy and o values of the atoms M*

M, AP, a: H,0,0; F, =0.11, —0.001; CI, 1.513, 0.0510; Br, 2.383, 0.079; I, 4.033, 0.129; O,
0.135, 0.015; S, 2.233, 0.082; Se, 3.103, 0.114; N, 0.433, 0.038; P, 2.963, 0.107; C, 1.093, 0.039;
4.633, 0.146.

@ Py values are from T. M. Miller, in Handbook of Chemistry and Physics, 67th edn., R. C. Weast, (Ed.), CRC
Press, Boca Raton, 1986, pp. E66-E75.
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TABLE 7. Intermolecular force substituent constants used in applications?

Marvin Charton

X a (sp?) u(sp*) np n,
AK, cAK

Me 0.046 0.37 0 0 0
Et 0.093 0.37 0 0 0
c-Pr 0.125 0.48 0 0
Pr 0.139 0.37 0 0 0
i-Pr 0.140 0.40 0 0 0
Bu 0.186 0.37 0 0 0
i-Bu 0.186 0 0 0
s-Bu 0.186 0 0 0
t-Bu 0.186 0.52 0 0 0
Pe 0.232 0 0 0
CH,Bu-t 0.232 0 0 0
c-Hx 0.257 0 0 0
Hx 0.278 0 0 0
Oc 0.372 0 0 0
1-Adm 0.396 0 0 0
CH,Z

CH,Br 0.124 1.87 2.069 0 0
CH,Cl 0.095 1.83 1.895 0 0
CH,OH 0.062 1.71 1.58 1 2
CH,CN 0.091 343 3.53 0 0
CH,OMe 0.114 0 2
CH,CH,CN 0.145 3.92 0 0
CH, Vi 0.135 0.364 0.438 0 0
CH,OEt 0.160 0 2
CH,GeMej; 0.300 0 0
CH,SiMe; 0.285 0.68 0 0
CH;SnMejs 0.353 0 0
CH,-2-Tp 0.276 0.81 0 0
CH,-2-Fr 0.215 0.65 0 2
CH,CH,CO,Et 0.256 1.84 0 4
CH,CHMeCO,Me 0.256 1.84 0 4
CH,NEt, 0.278 0.612 0 1
CH,Ph 0.290 0.22 0.37 0 0
CH,CH,-2-Py 0.212 0 1
CH,CH,-4-Py 0.212 0 1
CZ,

CF; 0.040 2.86 2.321 0 0
CCl 0.191 1.95 0 0
C(SiMes); 0.760 0 0
VnX

Vi 0.100 0.13 0.364 0 0
2-VnVi

C,Z

C,H 0.085 0.70 0.7809 1 0
C,Me 0.131 0 0
C,Ph 0.322 0 0 0
Ar

C¢Fs 0.230 1.99 1.73 0 0
Ph 0.243 0 0.37 0 0
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TABLE 7. (continued)

X o n(sp?) 1(Gsp*) ny My
PnZ

4-PnNMe, 0.388 1.60 0 1
4-PnNEt, 0.475 1.81 0 1
Har

2-Fr 0.169 0.65 0 1
3-Fr 0.169 1.03 0 1
2-Tp 0.230 0.674 0 0
3-Tp 0.230 0.81 0 0
(CO)Z

CHO 0.059 2.92 2.69 0 2
CO,H 0.059 1.86 1.70 1 4
Ac 0.102 2.88 2.93 0 2
CO,Me 0.118 1.92 1.706 0 4
CO,Et 0.164 1.846 1.84 0 4
CN 0.053 4.14 3.9185 0 0
Si

SiBr; 0.338 0 0
SiCl3 0.251 0 0
SiF; 0.098 0 0
SiHj; 0.101 0 0
SiMeBr, 0.305 0 0
SiMeCl, 0.247 0 0
SiMeF, 0.145 0 0
SiMe, Cl 0.243 0 0
SiMej 0.239 0.42 0 0
SiMe, Et 0.285 0 0
SiEts 0.380 0 0
SiMe,Ph 0.436 0 0
SiPhj 0.830 0 0
Ge

GeMes 0.254 0 0
GeEt;3 0.392 0 0
GePh,Br 0.681 0 0
GePh; 0.845 0 0
Sn

SnMe; 0.307 0 0
SnEt; 0.380 0 0
SnPh,Cl 0.705 0 0
SnPh; 0.898 0 0
Pb

PbPh; 0.915 0 0
N

N3 0.092 1.56 2.17 0 1
NH, 0.044 1.49 1.296 2 1
NHMe 0.093 1.77 1.01 1 1
NHAc 0.139 3.75 3.71 1 3
NMe, 0.145 1.60 0.612 0 1
NEt, 0.232 1.81 0 1
NO 0.042 3.17 0 3
NO, 0.063 4.28 3.56 0 4

(continued overleaf)
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TABLE 7. (continued)

X o u(sp?) uisp*) nn n
o

OH 0.018 1.40 1.77 1 2
OMe 0.068 1.36 131 0 2
OAc 0.114 1.69 1.706 0 4
OFEt 0.114 138 1.22 0 2
OPr-i 0.160 0 2
OSiMe; 0.259 118 0 2
OBu 0.206 0 2
OPh 0.267 113 1.36 0 2
S

SH 0.082 121 1.52 0 0
SMe 0.128 129 1.06 0 0
SAc 0.174 0 2
SEt 0.174 0 0
SPh 0.333 137 150 0 0
SOMe 0.127 3.98 3.96 0 2
SOPh 0.320 4.02 0 2
SO,Me 0.125 473 0 4
SO»Ph 0.322 5.00 473 0 4
SFs 0.089 3.44 0 0
Se

SeMe 0.160 131 0 0
Other

H 0 0 0 0 0
Br 0.079 170 1.84 0 0
cl 0.050 170 1.895 0 0
F —0.001 1.66 1.8549 0 0
I 0.129 171 1.618 0 0

“ Abbreviations can be found in Section LA.

4. Charge transfer interactions

These interactions can be roughly parameterized by the indicator variables n, and np,
where n, takes the value 1 when the substituent is a charge transfer acceptor and 0
when it is not, and np takes the value 1 when the substituent is a charge transfer donor
and 0 when it is not. An alternative parameterization makes use of the first ionization
potential of MeX (ipmex) as the electron donor parameter and the electron affinity of
MeX as the electron acceptor parameter. Usually, the indicator variables n4 and np are
sufficient® 3%, This parameterization accounts for charge transfer interactions directly
involving the substituent. If the substituent is attached to a m-bonded skeletal group,
then the skeletal group is capable of charge transfer interaction the extent of which is
modified by the substituent. This is accounted for by the electrical effect parameters of
the substituent.

5. The intermolecular force equation

The intermolecular force (IMF) equation is a general relationship for the quantitative
description of intermolecular forces. It is written as equation 24:
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Ox = Lox + Doux + Roex + My + Aax + Hinpx
+ Hanux + lix + Bpxnpx + Baxnax + S¢rx + B? (24)

Values of imf parameters for common substituents are given in Table 7.

V. PROPERTIES OF THE GROUP 1 ELEMENTS

A number of useful properties of the Group 1 elements (alkali metals) are given in Table 8.
They include ionization potentials and electron affinities; Pauling, Allred—Rochow and
Allen electronegativities; ionic, covalent and van der Waals radii; v steric parameters and
polarizabilities. It should be noted that the ionic radii, r;, are a linear function of the molar
volumes, Vy, and the « values. If they are used as parameters, they cannot distinguish
between polarizability and ionic size.

A. Electrical Effect Substituent Constants for Lithium

There are two substituent constants that have been reported for Li. Knorr’*, on the
basis of '"H NMR coupling constants of XRC=CH, in THF and Et,0, has reported o}
constants for Li of —0.78 and —0.71, respectively. A value of 0.13 was reported for o}

TABLE 8. Properties of Group 1 elements

Property Li Na K Rb Cs Fr
xp% 0.95 0.93 0.82 0.82 0.79 0.7
Xar>¢ 0.97 1.01 0.91 0.89 0.86 0.86
Aspec? 0.912 0.869 0.734 0.706

IP (kcalmol~!)>¢ 124.0 119.8 101.2 97.4 90.8 96.7
EA (kcal mol~!)»f 14.5 12.8 11.7 113 11.0 10.6
r(pm)>8 78 98 133 149 465 180
re(pm)>h 123 203 235 na
ra(pm)™t 152 153.7 227 247.5 265.4 870?
ry (pm)?J 189 219 253 264 278 na
v 0.69 0.99 1.33 1.44 1.58 na
Vyr(em?)bk 13.00 23.68 45.36 55.79 70.96 na
Py! 24.3 23.6 43.4 473 59.6 48.7
o 0.750 0.727 1.36 1.48 1.87 1.53

na, not available.

“Pauling electronegativities.

YFrom J. Emsley, The Elements, Oxford University Press, Oxford, 1990.
¢Allred—Rochow electronegativities.

4 Allen electronegativities. L. C. Allen, J. Am. Chem. Soc., 111, 9003 (1989).
“First ionization potentials.

fElectron affinities.

$Tonic radius.

"Covalent radius.

’ Atomic radius.

Jvan der Waals radius from Reference. 43.

kMolar volume.

"From T. M. Miller, in Handbook of Chemistry and Physics, 67th edn., R. C. Weast (Ed.), CRC Press, Boca Raton,
1986, pp. E66—E75.
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of OLi. As these parameters are only crudely related to other scales of localized (field)
effect substituent constants, their significance is unclear. Angelelli and coworkers> have
determined a value of o equal to 0.144, from the integrated IR intensity of PhLi. In
view of the very largely ionic nature of the C—Li bond, the significance of this value is
also questionable. The substituent constants of ionic groups are strongly dependent on the
nature of the solvent and the ionic strength of the medium.

B. Nature of the Carbon-Lithium Bond

There is now a consensus that the carbon—lithium bond is ionic®® 3. There is agreement,
however, that a small significant covalent contribution exists.

C. Aggregation of Organolithium Compounds

Lithium compounds in general and organolithium compounds in particular exist as
oligomers, with n ranging from two to six. The value of n depends on the state, the solvent
if in solution and the structure. In hydrocarbon solution, unbranched lithium alkyls other
than MeLi, which is tetrameric, are hexamers>’. Branching at C1 results in a preference
for tetramers. The oligomers have been accounted for by point charge (tetramer) and hard
sphere (hexamer) electrostatic models*®~>°. Organolithium compounds may also exist as
contact ion pairs (CIP) and solvent separated ion pairs (SSIP) in polar solvents®-62,

VI. APPLICATIONS

We now consider the application of the methods and parameters described above to
organolithium compounds.

A. Chemical Reactivities (QSRR)
1. Deprotonation

Arnett and Moe® have reported enthalpies of deprotonation, A H gy, for 4-substituted
phenols and for the alcohols XCH,OH (sets CR1 and CR2, Table 9) with LiN(SiMe3),
in THF at 25 °C. For the phenols only electrical effects were considered. Best results were
obtained with the LD equation (equation 4). The regression equation is equation 25:

AHpy = —6.28(£0.620)075 — 5.31(£0.607)0, — 23.7(£0.266) (25)
100R?, 98.40; A 100R?,98.08; F, 123.1; Seyy, 0.386; S°, 0.167; Ny, 7, rap i 2.0;
F14, 0.275; 11, 0.540; re, 0.232; Pp, 45.8;7, 0; C1, 54.2; Cy, 45.8.

The failure to detect a dependence on o, is probably due to the small size of the data set.
As only the localized electrical effect and a possible steric effect need be considered
in this data set, the AH values for the alcohols were correlated with equation 26:

Ox =Lox + Svx +h (26)

giving the regression equation 27:

Ox = —14.5(£0.484)0x + 1.56(£0.147)vx — 15.9(£0.118) 27)
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100R?,99.89; A 100R?, 99.84; F, 457.8; S.y, 0.158; S°, 0.0661;
N,/],, 4; Yagiv s 05, Fly, 0225, C[, 903, Cd, 9.68.

Due to the small size of this data set no reliance can be placed on these results. We have
carried out the correlation only to illustrate the method. In an earlier paper Arnett and
Moe® reported AHgp for the deprotonation of i-PrOH by lithium N-alkyl and N,N-
dialkyl amides, and by lithium alkyls (sets CR3 and CR4, Table 9). As the electrical
effects of alkyl groups are constant within experimental error, only the number of alkyl
groups, their steric effects and their polarizabilities can be variables. Values of AHg,,
for the amides were correlated with equation 28:

Ox =an| +any +acnc +a, (28)

where n; is the number of N—C bonds, n, is the sum of the number of branches at C1
of the alkyl groups and n¢ is the total number of C atoms in the amide. The regression
equation is equation 29:

Ox = 4.42(x£1.54)n; + 1.67(£0.774)n, + 0.546(£0.201)n¢ + 10.4(£1.98) (29)
100R?,93.34; A 100R?, 90.68; F, 18.70; Sy, 1.62; S°, 0.365; Nyp, 8; 4 iv» 1.33;
r12,0.645;r1c, 0.317; rp¢, 0.228; Cy, 53.4; C,, 20.2, Cc, 26.4.

TABLE 9. QSRR data sets

CR1. —AHg,, (kcal mol™1), 4-C¢H4OH + LiN(SiMe3),. X, —AHgprm: NOy, 29.2; CN, 27.3;
CO,Me, 26.8; Cl, 25.1; H, 23.5; ¢t-Bu, 22.9; OMe, 22.7.

CR2. —AHg,, (kecal mol~!), XCH,OH + LiN(SiMe3),. X, —AHp: CF3, 20.3; Ph, 17.8; Et,
15.7; t-Bu, 13.9.

CR3. —AHpn, (kcalmol™'), i-PrOH + LiINR'R?: R!, R%, —A Hyp: c-Hx, c-Hx, 31.8; i-Pr,
c-Hx, 29.6; i-Pr, i-Pr, 28.6; Et, Et, 23.4; ¢-Hx, H, 21.8; i-Pr, H, 21.3; #-Bu, H, 21.2; Oc, H, 18.9.

CR4. — AHgp, (kcalmol™'), i-PrOH + AKLi. AK, —AHgp: £-Bu, 56.2; s-Bu, 52.8; Bu, 50.0;
Me, 41.6.

CRS. K, for reaction 32, 3- or 4-XCgH,4Br, Et,0 at 20° C. X, K,: 4-Me, 0.61; 3-Me, 0.76; H,
1.00; 4-Cl, 13.2; 3-Cl, 41.2.

CR6. 10°k, for reaction 32 at various T (degK). X, T, k,: 4-Me, 288.15, 0.083; 4-Me, 293.15,
0.133; 4-Me, 298.15, 0.212; 3-Me, 288.15, 0.102; 3-Me, 293.15, 0.162; 3-Me, 298.15, 0.246;
3-Me, 303.15, 0.390; 4-Cl, 273.15, 1.44; 4-Cl, 288.15, 5.60; 4-Cl, 293.15, 7.70; 4-Cl, 298.15, 12.0;
3-Cl, 251.95, 2.55; 3-Cl, 257.4, 4.70; 265.2, 9.66; 273.2, 18.11.

CR7. K, for reaction 32, 3- or 4-XC¢H,4Br, X, K,: H, 1; 3-Me, 0.88; 3-CF3, 289; 4-Me, 0.60;
4-Ph, 3.78; 4-Cl, 53.

CR8. k, for reaction 32, 3- or 4-XCgHyBr. X, k,: H, 0.59; 3-Me, 0.34; 3-CF3, 170; 4-Me, 0.19;
4-Ph, 0.65; 4-Cl, 5.4.

CR9. log K, for reaction 40, MTArH ™ ion pairs. ArH, M, Sv, log K,: NhH, Li, Et,O, 3.104;
AnH, Li, Et,0, 1.623; AnH, Li, THF, —6.538; AnH, Li, DME, —7.748; AnH, Na, THF, —4.796;
AnH, Na, DME, —7.553; AnH, K, THF, —6.167; AnH, K, DME, —6.921; TetH, Li, Et,O, 1.204;
PyrH, Li, E,O0, —0.569; PerH, Li, Et,0, —0.119; Per, Li, THF, —8.699; PerH, Li, DME, —9.420;
PerH, Na, —5.770, PerH, Na, —9.051; PerH, K, THF, —5.658; PerH, K, DME, —7.051; PerH, Cs,
THF, —4.796; PerH, Cs, DME, —4.174.

CR10. AH,, (kcalmol™") for LiAk + HBr, Ak, —AH,.,,: Me, 77.9; Et, 85.7; i-Pr, 86.9; Bu,
85.2; s-Bu, 90.3; t-Bu, 90.9.

CR11. Bond dissociation energies (kcalmol~') of AKLi. Ak, Dax_ri: Me, 62.0; Et, 48.0; i-Pr,
43.4; Bu, 48.7; s-Bu, 40.0; t-Bu, 35.9.
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The AHgym values for the lithium alkyls were correlated with equation 30:
Ox = ainy +acnc + a, (30)
giving the regression equation 31:
Ox =3.10(£0.171)n; 4+ 1.73(£0.147)n¢ + 39.9(x£0.345) (€20

100R?, 99.95; A 100R?, 98.83; F, 1001; S,y, 0.242; S°, 0.0447; Ny, , 4;
Yafiv» 05, ric, 0775, C[, 373, Cc, 62.7.

The excellent correlation is probably fortuitous. While the data sets are too small to permit
conclusive results, it seems likely that sets CR3 and CR4 are a function of polarizability
and steric and/or electrical effects.

2. Aryl halide—aryl lithium exchange

Batalov and Rostokin® have reported equilibrium and rate constants (sets CRS and
CR6, Table 9) for the exchange reaction given in equation 32:

XC¢H,Br + PhLi = X!“C¢H,Li + PhBr (32)

Only electrical effects should be of major importance. The equilibrium constants were
correlated with the Hammett equation (equation 5). This was necessary, due to the small
size of the data set which included both meta and para substituents. The application of
the Hammett equation to data sets including both mefa and para substituents is most
successful when the geometry of the system resembles that of the benzoic acids from
which the Hammett constants were obtained. That is not the case in this reaction. The
regression equation is equation 33:

log Kx = 3.73(0.433)0 4 0.212(40.0903) (33)
10012, 96.11; F, 74.13; Sy, 0.190; 5%, 0.255; Ny, 5; g jiv» 2.0.

The range of substituents studied is so limited that no reliable conclusions can be drawn
other than that in the range of substituent effects studied there is a single mechanism.
As the rate constants were reported at various temperatures, they were combined into a
single data set by introducing. in the correlation equation the term 7 t, where 7 is defined
by equation 34:
100

e (34)

T =

and ¢ is the absolute temperature. The correlation equation then becomes equation 35:
Ox=pox+Tt+h (35)
The regression equation is equation 36:
Ox =5.07(£0.357)ox —20.8(£3.71)t + 6.84(%£1.28) (36)

100R?,95.55; A 100R?, 95.21; F, 129.0; Sy, 0.194; S°, 0.236; Ny, 15;
Ydf jivs 60, Fors 0746, Ca, 421, CI, 57.9.
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The magnitude of p is in accord with a reaction at a ring C atom. Winkler and Winkler
have also reported equilibrium® and rate®’ constants (sets CR7 and CRS, Table 9). We
described above a modified Yukawa—Tsuno (MYT) equation®? (equation 6) with o tak-
ing the value o,, for 3-substituted benzene derivatives and o5, for 4-substituted benzene
derivatives, while o,x for substituents in the meta position is 0. For this application the
appropriate value of P, was unknown and all three pure electrical effect parameters were
used for the para substituents; thus the MYT equation used was equation 37:

QOx = L(ojx4,0,x3) + Doyys + Roya + h (37

Correlation with equation 37 showed that the o, 333 constants were suitable for use with
the 4-substituted compounds in correlations with equation 6. The regression equations are
equation 38 for the equilibrium constants:

log Kx = 4.90(0.227)0.33.3,x + 0.167(40.0537) (38)
10072, 99.15; F, 464.7; S,y 0.114; §°, 0.113; Ny, 6, rap/iv , 4.0.
and equation 39 for the rate constants:
log Kx = 4.73(£0.669)0.333.x — 0.333(£0.158) 39)
1002, 92.58; F, 49.89; S, 0.335; 5°, 0.334; Ny, 6; 747 iy, 4.0.

The failure to observe a dependence on o, is almost certainly due to the small size and
range of the data sets.

3. Aromatic hydrocarbon radical ion disproportionation

Szwarc and coworkers®®~72 have reported equilibrium constants for the disproportion-
ation reaction given in equation 40:

KE
2M*ArH ™) == 2M*ArH* + ArH

in diethyl ether, 1,2-dimethoxyethane (DME), dioxane and tetrahydrofuran (THF) for
various aromatic hydrocarbon radical ions ArH®*~ with various alkali metal ions (set
CRY, Table 9). It is necessary to parameterize the solvent effect, the variation in metal
ion Mt and the variation in ArH*~. To account for the solvent effect we have used the
Er solvent parameter. The effect of the metal ion was parameterized by its ionic radius,
ry. It seems unlikely that the ArH®~ react by a face-to-face collision as this would have to
overcome electrostatic repulsion. If two ion pairs collide with the free side of the ArH®*~
in one contact with the metal ion of the other, then the electron can be transferred via
the metal ion from one ArH®*~ to the other. (Figure 4). Then the effect of variation in
ArH*~ structure should depend on the extent to which the negative charge is delocalized
and the polarizability of ArH. We considered that in alternant ArH the delocalization
should depend roughly on n¢, the number of C atoms in ArH. The polarizability is also
a function of n¢,’! The correlation is then given by equation 41:

(40)

0 =asEr +ayr; +aamnc + a, (41)
The regression equation is equation 42:
log K, 4isp = —2.61(£0.188) E7 + 2.56(F0.816)r; + 89.0(£6.83) (42)
100R?, 87.42; A 100R?, 86.99; F, 97.29; S,;, 1.32; S°, 0.373; Ny, 31;
Tarivs 14.0;1gn7,0.304; Cer, 97.4;C,p, 2.58.
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ArH*~ ArH*~

M* M*

)

ArH ArH*

). C

C

(d)

FIGURE 4. Side view of the transition state for reaction 40: (a) side view before electron transfer;
(b) side view after electron transfer

The reference values used to calculate C were E7, 37; r;, 1. The equilibrium constant
decreases with increasing solvent polarity and decreases with increasing metallic ion size.
It also seems to decrease with increasing aromatic hydrocarbon size, but the descriptor
nc is ineffective. In view of the different temperatures and methods of determination of
the K, values, the goodness of fit is satisfactory. More variation in aromatic hydrocarbon
structure is needed to determine its effect on K,.

4. Other reactions

Enthalpies for the reaction of lithium alkyls with hydrogen bromide’>7* have been
correlated with equation 28 (set CR10, Table 9), where n; and n, are the number of
branches at the first and second C atoms of the alkyl group and n¢ is the number of C
atoms in the alkyl group. The regression equation is equation 43:

AHy = —17.0(£3.13)n; — 9.72(£6.36)n, — 327.8(£5.96) (43)

100R?, 91.40; A 100R?, 89.25; F, 15.93; Sy, 7.34; S°, 0.415; N, 6;
Tdf jiv» 1.5; Fpl,2, 0; Ful,C, 0.754; Ful,Cy 0.612; Cn] s 63.6; an, 36.4.
There is clearly a dependence on branching at n; and possibly a dependence on branching
at n, as well.

Bond dissociation enthalpies of gaseous alkyl lithiums’ (set CR11, Table 9) have also
been correlated with equation 28. The regression equation is equation 44:

Dpiae = —34.5(4.85)n, + 244(+8.63) (44)
10012, 92.69; F, 50.71; Sy, 11.4; 5%, 0.331; Ny, 65 rap i » 4.0.

Branching at the first C atom accounts for the variation of the dissociation enthalpy with
structure.
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B. Chemical Properties (QSCR)
1. Conformation

Free energies AG have been reported for the rotational barriers in allyl alkali metal
compounds (set CP1, Table 10)7%77. As the only variable is the alkali metal ion, the AG
values were correlated with equation 45:

AGy+ =a,riy+ +a, (45)
giving the regression equation 46:
AG py+ = 40.3(£7.23)r; p+ + 13.0(£9.04) (46)
10072, 91.19; F, 31.04; S,;, 4.90; S°, 0.383; Ny, 5 rar/iv 1.5.

The rotational barrier increases with increasing ionic radius of the metal ion. We have
noted above that r; is highly linear in the polarizability parameters « and Vj, and are
therefore unable to determine whether this dependence is due to ionic size or ionic polar-
izability.

Z/E ratios have been reported for [Ak—CH—CH=CH,]~ M* with M = Li, Na, K
and Cs, in various solvents at various temperaturesm’” (set CP2, Table 10). These ratios
are equivalent to the ratios Cz/Cg, where Cz and Cg are the concentrations of the cis
and trans conformers, respectively. They are equal to the conformational equilibrium
constants for the process depicted in equation 47:

Z-AkKCH=CH—CH, M* === E-AkCH=CH—CH, M* A7)

The three subsets in hexane at —48°C with constant M* that vary in the number of
branches at C1 were correlated with the simple branching equation in the form of
equation 48:

log(Z/E) = ajn; + a, (48)

giving the regression equations 49—-51:

108(Z/E)na+ = —0.715(£0.0729)n, 4 1.07(40.136) (49)
10012, 97.96; F, 96.10; S, 0.163; 5%, 0.202; Ny, 4; rap i 2.0.

l0g(Z/E) g+ = —0.841(£0.166)n; + 1.67(0.310) (50)
10012, 92.79; F, 25.75; Sy, 0.371; 5%, 0.380; Ny, 4; rap i 2.0.

108(Z/E) ey = —1.27(£0.173)n; + 2.73(£0.324) (51)

1001%, 96.43; F, 54.09; S,;, 0.387; S°, 0.267; Ny, 45 14 /iv, 2.0.
while in diethyl ether at 0°C the regression equation is equation 52:
log(Z/E) i+ = —0.574(£0.154)n; + 0.238(£0.129) (52)
10072, 97.20; F, 69.46; S, 0.154; 8°, 0.237; Ny, 4; 47 iy 2.0.

Correlation of the coefficients a; of the four subsets with r; gave the regression
equation 53:

ayy+ = —0.752(£0.150)r, + 0.0414(£0.185) (53)
10072, 92.59; F, 25.01; S,y 0.100; 5%, 0.385; Ny, 4; rgr i, 2.0.
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TABLE 10. QSCR data sets

CP1. Rotation barriers AG (kcal mol™!) for VICH,"M™ at various 7. M, T (deg, C), AG: Li,—51,
10.8; Na, 5, 11.6; K, 68, 16.9; K, 68, 17.2; Cs, 68, 18.2.

CP2. Z/E ratios of AKCH=CHCH,~ M in various Solvents (Sv) at various T. Ak, M, Sv,
T(°C), Z/E: Me, Li, Et,0, 0, 2.03; Pr, Li, Et,0, 0, 0.316; i-Pr, Li, Et,0, 0, 0.163; ¢-Bu, Li, Et,O,
0, 0.0309; Me, Li, THF, 0, 5.67; Pr, Li, THF, 0, 4.00; Me, Na, HxH, —48, 13.3; Pr, Na, HxH,
—48, 1.56; i-Pr, Na, HxH, —48, 0.613; t-Bu, Na, HxH, —48, 0.0753; Pr, Na, THF, —48, 5.67;
t-Bu, Na, THF, —48, 0.0890; Me, K, HxH, —48, 24.0; Pr, K, HxH, —48, 15.7; i-Pr, K, HxH, —48,
1.27; t-Bu, K, HxH, —48, 0.0870; Et, K, THF, 26, 6.14; i-Pr, K, THF, 26, 1.86; Me, Cs, HxH,
—48, 99.9; Pr, Cs, HxH, —48, 10.0; i-Pr, Cs, HxH, —48, 1.94; t-Bu, Cs, HxH, —48, 0.0989; ¢-Bu,
Cs, THF, 0, 0.136.

CP3. —AGy;+, AKSH. Ak, —AG;+: Me, 23.2; Et, 24.1; i-Pr, 25.1; Pr, 25.2; i-Bu, 26.4; t-Bu,
26.6; Bu, 26.8.

CP4. —AGy;+, AK'SAK?. Ak', AK*, —AGyi+: Me, Me, 26.1; Et, Et, 29.2; i-Pr, i-Pr, 31.7; Pr, Pr,
31.7; Bu, Bu, 33.8; t-Bu, t-Bu, 33.8; Me, Et, 27.8.

CP5. —AGy;+, AKOH. Ak, —AGy;+: Me, 31.2; Et, 33.1; i-Pr, 35.0; Pr, 34.1; i-Bu, 35.2; Bu, 35.6.
CP6. —AGy;+, AK'OAK?. Ak!, Ak?, —AGy;+: Me, Me, 32.3; Et, Et, 36.0; i-Pr, i-Pr, 38.3; Pr, Pr,
37.5; Bu, Bu, 39.3; Me, ¢-Bu, 36.9.

CP7. —AG+, XCH,0H. X, —AGy;+: CCls, 33.1; CF;, 29.3; Ph, 38.6; ¢-Hx, 37.0; H, 31.2; Me,
33.1; Et, 34.1; Pr, 35.6; i-Pr, 35.2; t-Bu, 35.8; OMe, 45.4°.

CP8. —AGy;+, XCN. X, —AGy;+: H, 28.7%; CICH,; 32.2, Et, 38.0 Pr, 38.1; Ph, 38.3; i-Pr, 38.5;
Bu, 38.6; t-Bu, 39.2; MeOCH,, 35.6; Me, 36.7; MeSCH,, 37.0; PhCH,, 37.8; 1-Adm, 40.9; NMe,,
41.8; Oc, 40.3.

CP9. —AGyi+, XMe. X, —AGy;+: SH, 23.2%; SMe, 26.1¢; NH,, 34.1; CHO, 34.5; NHMe, 34.9;
NMe,, 34.8; OH, 31.2; Ac, 38.0; CO,Et, 38.8; OMe, 32.3; SOMe, 43.0; CONH,, 42.1; CO,Me,
37.8; CN, 36.7; CONMe,, 45.6.

CP10. A Hyg for Na™ + AKOH. Ak, AHygs: Me, 17.3; Et, 19.0; Pr, 19.5; i-Pr, 20.4; Bu, 19.7;
i-Bu, 19.7; s-Bu, 20.9; t-Bu, 21.4.

CP11. A H,gg for Na™ + AKCI. Ak, A Hyog: Et, 10.8; Pr, 11.6; i-Pr, 12.3; Bu, 12.1; i-Bu, 12.3;
s-Bu, 13.0; ¢-Bu, 13.7.

CP12. AH,og for Na™ 4+ MeX. X, AHyg: H, 7.2%, SH, 17.5%, OH, 24.0; NH,, 26.3; CN, 32.5;
OMe, 22.2; CO,Me, 31.8; CONH,, 34.7; CONMe,, 37.5; HCO, 27.5; Ac, 30.8.

CP13. log K, for N-(4-XCgH4CH,)monoaza-15-crown-5 + Li*, MeCN, 25° C. X, log K,: OMe,
4.82; H, 4.63; Cl, 4.46; CN, 4.31; NO,, 3.70.

CP14. log K, for N-(4-XC¢H,CH,)monaza-15-crown-5 + Na™, MeCN, 25° C. X, log K,: OMEe,
5.74; H, 5.68; Cl, 4.70; CN, 4.52; NO,, 3.97.

All AG and AH values are in kcal mol~'.
“Excluded from the correlation.

This result together with the results for the subsets led to correlation of the combined
subsets for Na®™, K* and Cs* with equation 54:

log(Z/E) =an; +61M+V[,M+ +a,, (54)
The regression equation is equation 55:
log(Z/E) = —0.943(£0.105)n; + 1.23(£0.428)r; pr+ + 0.196(0.599) (55)

100R?,90.83; A 100R?, 89.91; F, 44.57; S, 0.406; S°, 0.350; Ny, 12;
Ydf jiv» 45, Tnirps 0; Cn] . 352, Cr], 64.8.
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Inclusion of the subset for Li*" gave regression equation 56:
log(Z/E) = —0.851(£0.0929)n, + 1.56(%£0.312)r; p+ — 0.428(0.409) (56)

100R?, 89.34; A 100R?, 88.58; F, 54.49; S,,, 0.415; 5°, 0.362; Ngy, 16;
Tafjivs 0.5 u,ry, 0; Cny, 43.4;C,,, 56.6.

As the coefficients of equation 55 are not significantly different from those of equation 56
and the goodness of fit is comparable, the inclusion of the Li* subset is justified. Inclusion
of the data in THF gave the regression equation 57:

log(Z/E) = —0.862(£0.0777)n; + 1.31(£0.263)r; y+ + 0.0703(0.321) (57)

100R?, 87.60; A 100R?, 86.98; F, 67.14; Sy, 0.403; S°, 0.379; Ny, 22;
Tafivs 9:5:nyry» 0.1515 Gy, 39.7; C,, , 60.3.

The goodness of fit is poorer. The coefficients have not changed significantly. The terms
in n; and r; are highly significant. The conformational equilibrium in these compounds
is not significantly dependent on solvent or temperature. As the data are from three
different laboratories and are generally good to only two significant figures, the results
are very good.

2. Metal ion affinities

In modeling metal ion affinities we have assumed that they are a function of ion—dipole
and ion—induced dipole interactions. The effect of the charge on the metal ion was
assumed to be a function of its magnitude and of the ionic size and/or polarizability.
The charge on both of the ions studied is 41. Their size and polarizability could be rep-
resented by their ionic radius. As both of these quantities were constant throughout each
data set, they did not have to be parameterized. The contribution of the organic substrate
to this property will be a function of bond moment, polarizability and possibly of steric
effects of the variable substituent X. The bond moment can be represented by electrical
effect parameters or by the dipole moments of suitable model compounds. Polarizability
can be represented by either « or, if the substituents are all alkyl groups, by nc. In the
latter case steric effects are represented by the branching parameters n;.

Taft and coworkers®® have reported lithium ion affinities, AG;+, for various types
of compounds. Values of AG;+ for alkyl thiols, dialkyl sulfides, alcohols and dialkyl
ethers (sets CP3, CP4, CP5 and CP6, Table 10) were correlated with equation 27. The
regression equation for the alkyl thiols is equation 58:

AG i+ = 1.16(£0.0753)n¢ + 21.9(£0.240) (58)

10072, 97.95; F, 238.5; S, 0.213; 5°, 0.170; Nap, T5r4p7iv, 5.0;
Tnyngs 0.2555 7 0, 0.607; 7, 0.550.

For the dialkyl sulfides, equation 26 takes the form of equation 59:

Ox =a1Xn; +aXn, +acXnc + a, (39)
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The regression equation is equation 60:
AG i+ = 1.21(£0.0651)Xnc + 24.1(£0.372) (60)
10072, 98.58; F, 347.8; S,y 0.376; S°, 0.141; Ny, 7; 74f jiv, 5.0.
Correlation of AG;+ values for alkanols with equation 27 gave the regression equation 61:
AG i+ = 1.01(£0.0623)n¢ + 0.846(£0.152)n; + 30.3(£0.240) (61)

100R?, 98.54; A 100R?, 98.33; F, 202.7; Sy, 0.243; S°, 0.148; Ny,, 9;
rdf/,»v,3.0;rnlnc,0.349;C 781,Cn1,219

neo

while correlation of the values for the dialkyl ethers with equation 59 gave the regression
equation 62:

AGp;+ = 0.970(£0.0877)Zn¢ + 0.468(+0.119) X1, + 30.6(£0.399) (62)

100R?, 98.60; A 100R%, 98.32; F, 141.1; S,, 0.332; 5°, 0.156; Ny, 7;
Farjivs 2:03 Fune > 0.577; Coie, 86.15C,y, 13.9.

ncs

The sulfur compounds depend only on polarizability; the oxygen compounds show a small
dependence on steric effects as well.
Correlation of the AGp;+ values for XCH,OH (set CP7, Table 10) with equation 63

Ox = Loix + Aax + h, (63)
gave the regression equation 64:
Ox = —8.09(£1.87)0;x +26.0(£3.43)ax + 31.6(£0.565) (64)
100R?, 91.75; A 100R?,90.72; F, 38.94; Sy, 0.901; S°, 0.343; Ny,, 10; rr/iv, 3.5;
Yo, 0.022; C,, 60.8; C,, 39.2.

In equation 63 the bond moment is parameterized by o;. The data point for OMe was
excluded from the correlation due to the probable formation of a cyclic species involving
the two oxygen atoms.
Correlation of the AGp;+ values for XCN (set CP8, Table 10) with the LDRA
equation 65:
Ox = Loy + Dogx + Roex + A+ h (65)

gave, on exclusion of the value for HCN, the regression equation 66:
Ox = —18.1(£4.10)0;x — 13.2(£2.05)0,x + 10.4(£2.76)a + 34.7(£0.728)  (66)

100R?, 85.94; A 100R?, 83.38; F, 22.37; Sy, 1.01; S°, 0.444; Ny, , 145143y, 3.335 114, 0.335;
Tig, 0.152; 744, 0.122; Pp, 42.2(£9.01); n, 0; C;, 54.2; Cy4, 39.6; C,, 6.21.

In equation 65 the bond moment is represented by oy, o4 and o,.
Correlation of the AG;+ values for MeX (set CP9, Table 10) with equation 67:

QX = M/’LX + A(XX + h() (67)
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gave, on exclusion of the data points for MeSH and MeSMe, the regression equation 68:
AGy =2.21(£0.35D) ux 4 52.4(£8.02)ax + 27.0(£1.12) (68)

100R?, 90.45; A 100R?, 89.58; F, 47.33; Sy, 1.45; 5°, 0.352; Ny, 15; rpjiv, 6.0;
Fua 0.132;C,,, 29.7; C,y, 70.3.

Ohanessian and coworkers®' have collected gas-phase sodium affinities (A Haog val-
ues). Correlation of these values for alkanols and alkyl chlorides (sets CP10 and CP11,
Table 10) with equation 27 gave, for the alkanols, the regression equation 69:

AHy,+ = 0.456(£0.0893)n¢ + 0.932(£0.110)n, + 17.0(£0.228) (69)

100R?,98.12; A 100R?,97.81; F, 130.4; S, 0.204; S°, 0.173; Ngy, 8;
Taf fivs 2.5 nyne, 0.641;C, ., 59.5;C,,, 40.5.

nc»
and equation 70 for the chlorides:

AHy,+ = 0.530(£0.0358)n¢ + 0.910(£0.0358)n; + 0.210(£0.0409)n,
+ 8.86(%0.0643) (70)

100R?,99.94; A 100R?, 99.92; F, 1768; S,y 0.0314; 5°, 0.0363; Ny, 7;
Fapivs 1.03Tnynys 0.520; 7 e » 0.3465 7,0, 0.520; C,r., 58.7;C,, 4 33.6; oy, 7.75.

The excellent fit for the alkyl chlorides is probably fortuitous. The coefficients of nc and
n, for the alkanols and alkyl chlorides show no significant differences. Steric effects due
to branching at C2 in the chlorides are much less than those at C'.

Correlation of the sodium affinities of MeX (set CP12, Table 10) with equation 67, on
excluding the data point for MeSH, gave the regression equation 71:

AHy = 4.05(£1.19)ux + 63.0(£26.2)ay 4 13.7(+2.64) (71)

100R2, 83.48; A 100R2, 81.42; F, 17.69; S,y, 3.94; 5°, 0.486; Ny, 10; rrjiv, 3.5;
Fuas 0.520; C,p, 39.1; Cy, 60.9.

As in the case for the lithium affinities, polarizability is the major factor. The goodness
of fit is much poorer for the sodium affinities of MeX than it was for the lithium affini-
ties. This may be due to the fact that the former were determined in several different
laboratories while the latter were determined in a single laboratory.

3. Crown ether complex formation

Values of log K for the formation of N-(4-substituted benzyl)-monaza-15-crown-5, Li*
in acetonitrile®” (set CP13, Table 10) were correlated with the CR equation (equation 6)
to give the regression equation 72:

log Ky = —0.846(+0.211)0¢5, + 4.63(£0.107) (72)
100r2, 84.31; F, 16.12; S, 0.195; 5%, 0.511; Ny, 5 rrjiv, 1.5.
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Log K values for formation of the corresponding Na* complex (set CP14, Table 10) on
correlation with the LDR equation gave the regression equation 73:

log Ky = —2.24(£0.506)0;x — 0.998(£0.437)0,x + 5.72(£0.250) (73)

100R?, 94.65; A 100R?, 92.87; F. 17.69; S.yr, 0.251; 5°, 0.366: Ny 5: Farjiv- 1.0;
Fogags 0.329; Cyy, 69.2; Cy, 30.8

The lithium ion and sodium ion complexes show very different dependencies on electri-
cal effects.

VII. APPENDIX GLOSSARY

This appendix is an updated and slightly modified version of one we have published
elsewhered*,

General

X: A variable substituent.

Y: An active site. The atom or group of atoms at which a measurable phe-
nomenon occurs.

G: A skeletal group to which X and Y may be attached.

Parameter: An independent variable.

Pure parameter: A parameter which represents a single effect.

Composite parameter: A parameter which represents two or more effects.

Modified composite parameter: A composite parameter whose composition has been
altered by some mathematical operation.

Monoparametric equation: A relationship in which the effect of structure on a property is
represented by a single, generally composite parameter. Examples are the Hammett and
Taft equations.

Diparametric equation: A relationship in which the effect of structure on a property is
represented by two parameters, one of which is generally composite. Examples discussed
in this work include the LD, CR and MYT equations. Other examples are the Taft,
Eherenson and Brownlee DSP (dual substituent parameter), Yukawa—Tsuno YT, and the
Swain, Unger, Rosenquist and Swain SURS equations. The DSP equation is a special case
of the LDR equation with the intercept set equal to zero. It is inconvenient to use and
has no advantages. The SURS equation uses composite parameters which are of poorer
quality than those used with the LDR and DSP equations. The MYT equation has all the
advantages of the YT equation and gives results which are easier to interpret.

CR equation: A diparametric electrical effect model using the composite o and pure o,
parameters. A value of Pp is assumed and a value of n calculated.

LD equation: A diparametric electrical effect model using the pure o; and composite op
parameters. A value of Pp is calculated and a value of n assumed.

Multiparametric equation: An equation which uses three or more parameters all of which
may be either pure or composite.

Electrical effect parameterization

o7 The localized (field) electrical effect parameter. It is identical to o;. Though
other localized electrical effect parameters such as o} and or have been pro-
posed, there is no advantage to their use. The o* parameter has sometimes
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been used as a localized electrical effect parameter; such use is generally incor-
rect. The available evidence is strongly in favor of an electric field model for
transmission of the effect.

The intrinsic delocalized (resonance) electrical effect parameter. It represents
the delocalized electrical effect in a system with zero electronic demand.
The electronic demand sensitivity parameter. It adjusts the delocalized effect
of a group to meet the electronic demand of the system.

A composite delocalized electrical effect parameter which is a function of oy
and o,. Examples of op constants are the of and o constants. The o
constants, where k designates the value of the electronic demand 7, are also
examples of op constants.

A composite delocalized electrical effect parameter of the op type with n equal
to 0.380. It is derived from 4-substituted benzoic acid pK, values.

A composite delocalized electrical effect parameter of the op type with n equal
to —0.376. It is derived from 4-substituted phenylacetic acid pK, values.

A composite delocalized electrical effect parameter of the o, type with n equal
to 2.04. It is derived from rate constants for the solvolysis of 4-substituted
cumy] chlorides.

A composite delocalized electrical effect parameter of the o type with n equal
to 3.31. It is derived from ionization potentials of the lowest-energy 7 -orbital
in substituted benzenes.

A composite delocalized electrical effect parameter of the op type with n equal
to —2.98. It is derived from pK, values of substituted nitriles.

A composite delocalized electrical effect parameter of the o type with n equal
to —1.40. It is derived from pK, values of substituted anilinium ions.

A composite parameter which is a function of oy, 04 and o,. Its composition
is determined by the values of k and k’. The Hammett o,, and o, constants
are of this type.

A composite constant that is a function of o; and o,; its composition is deter-
mined by the value of k'.

An electrical effect modified composite parameter.

Any electrical effect parameter.

The electronic demand of a system or of a composite electrical effect parameter
that is a function of both o, and o,. It is represented in subscripts as k. It is
a descriptor of the nature of the electrical effect. It is given by R/D, where
R and D are the coefficients of o, and oy, respectively.

The percent delocalized effect. It too is a descriptor of the nature of the elec-
trical effect. It is represented in subscripts as k’.

LDR equation: A triparametric model of the electrical effect.

Pra

Pep

Po

The percent of the oy, values in a substituent matrix which exhibit an electron
acceptor electrical effect.

The percent of the oy, values in a substituent matrix which exhibit an electron
donor electrical effect.

The percent of the oy /4 values in a substituent matrix which do not exhibit a
significant electrical effect.

Steric effect parameterization

rv

The van der Waals radius. A useful measure of group size. The internuclear
distance of two nonbonded atoms in contact is equal to the sum of their van
der Waals radii.

A composite steric parameter based on van der Waals radii. For groups whose
steric effect is at most minimally dependent on conformation, it represents the
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steric effect due to the first atom of the longest chain in the group and the
branches attached to that atom. The only alternative monoparametric method
for describing steric effects is that of Taft, which uses the Eg parameter. This
was originally developed only for alkyl and substituted alkyl groups and for
hydrogen. Hansch and Kutter’® have estimated Eg values for other groups
from the v values using a method which in many cases disregards the MSI
principle. It is best to avoid their use.

0 A steric effect parameter based on van der Waals radii that has been corrected
for the difference in bond length between the X—G and Y—G bonds.

Simple branching equation (SB): A topological method for describing steric effects which

takes into account the order of branching by using as parameters »n;, the number of atoms

other than H that are bonded to the i-th atoms of the substituent.

n; The number of branches on the i-th atoms of a substituent. These are the steric
parameters used in the SB equation.

Expanded branching equation (XB): A topological method for describing steric effects

which takes into account the order of branching by using as parameters n;;, the number

of j-th branching atoms bonded to the i-th atoms of the substituent.

nj The number of j-th branches on the i-th atoms of a substituent. These are the
steric parameters used in the XB model of steric effects.
np The number of bonds in the longest chain of a substituent. It is a steric param-

eter which serves as a measure of the length of a group along the group axis.

Segmental equation: A steric effect model that separately parameterizes each segment of

a substituent. It requires fewer parameters than the XB equation and is generally more

effective than the SB equation.

v; A steric parameter based on van der Waals radii that is a measure of the steric
effect of the i-th segment of a substituent. The i-th segment consists of the
i-th atom of the longest chain in the substituent and the groups attached to
it. The MSI principle is assumed to apply and the segment is assigned the
conformation that gives it the smallest possible steric effect.

MSI principle: The principle of minimal steric interaction, which states that the preferred

conformation of a group is that which results in the smallest possible steric effect.

Intermolecular force parameterization

o A polarizability parameter defined as the difference between the group molar
refractivities for the group X and for H divided by 100. Many other polariz-
ability parameters, such as the van der Waals volume, the group molar volume
and the parachor, can be used in its place. All of these polarizability parameters
are very highly linear in each other.

ny A hydrogen-bonding parameter which represents the lone pair acceptor (proton
donor) capability of a group. It is defined as the number of OH and/or NH
bonds in the group.

ny A hydrogen-bonding parameter which represents the lone-pair donor (proton
acceptor) capability of the group. It is defined as the number of lone pairs on
O and/or N atoms in the group.

i A parameter which represents ion—dipole and ion—induced dipole interactions.
It is defined as 1 for ionic groups and O for nonionic groups.

np A charge transfer donor parameter which takes the values 1 when the sub-
stituent can act as a charge transfer donor and 0 when it cannot.
na A charge transfer acceptor parameter which takes the values 1 when the sub-

stituent can act as a charge transfer acceptor and 0 when it cannot.
IMF equation: A multiparametric equation which models phenomena that are a function
of the difference in intermolecular forces between an initial and a final state.
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Other parameterization

T A parameter that accounts for the effect of temperature on the reaction velocity.
It is defined as 100/T where T is the absolute temperature.

¢ A parameter that accounts for the effect of concentration of a component in a
mixed solvent. It is the mole fraction of that component.

¢ A parameter used to combine two or more data sets into a single set. It is

determined by choosing a substituent present in each of the data sets to be
combined and defining Q for that substituent as ¢. Thus, if the substituent
chosen is Z and there are sets 1, 2 and 3 to be combined, the ¢ values are
Qz1, Qz and Qgzs, respectively.

Statistics

Correlation equation: An equation with which a data set is correlated by simple (one

parameter) or multiple (two or more parameters) linear regression analysis.

Regression equation: The equation obtained by the correlation of a data set with a corre-

lation equation by means of simple or multiple linear regression analysis.

Ny The number of data points in a data set.

N; The number of independent variables.

Degrees of freedom (N ): Defined as the number of data points, Ng,, minus the number

of independent variables (parameters), (N;,), plus 1. [df = Ny, — (N;, + 1).]

F statistic: A statistic which is used as a measure of the goodness of fit of a data set to a

correlation equation. The larger the value of F, the better the fit. Confidence levels can

be assigned by comparing the F value calculated with the values in an F table for the

N, and DF values of the data set.

100R? A statistic which represents the percent of the variance of the data accounted
for by the regression equation. It is a measure of the goodness of fit. It is used
when the regression has N;, > 2. When N;, = 1, the statistic is 10072

Sest The standard error of the estimate. It is a measure of the error to be expected
in predicting a value of the dependent variable from the appropriate parame-
ter values.

S° Defined as the ratio of S, to the root mean square of the data. It is a measure
of the goodness of fit. The smaller the value of S°, the better the fit.

T jiv This is the ratio of Ny to N;,. The reliability of the results of a correlation

increases with the size of this ratio.
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atomic absorption spectrometry

atomic emission spectrometry
correlation spectroscopy via long-range couplings
correlation spectroscopy
cross-polarization/magic-angle spinning
density functional theory
1,2-dimethoxyethane
N,N-dimethylformamide
N,N’-dimethyl-N,N’-propyleneurea
dimethyl sulfoxide

dynamic nuclear magnetic resonance
diffusion-ordered NMR spectroscopy
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HMPA
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HMTTA
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HRMS
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MALDI
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double pulsed field gradient spin echo

double stimulated echo
ethylenediaminetetraacetic acid
electron-nuclear double resonance

electron spin resonance

extended X-ray absorption fine structure
exchange spectroscopy

heteronuclear chemical-shift correlation
N,N,N’,N’,N",N"-hexamethylphosphortriamide
heteronuclear multiple-quantum coherence
N,N,N’,N",N"” N""-hexamethyltriethylenetetraamine
heteronuclear Overhauser enhancement spectroscopy
high resolution mass spectra/spectroscopy
heteronuclear single quantum correlation
inductively coupled plasma

individual gauges for atoms in molecules
laser ablation

lithium selective electrode

limit(s) of detection

limit(s) of quantation

matrix assisted desorption-ionization
magic-angle spinning NMR

multiple quantum magic-angle spinning NMR
2-methyltetrahydrofuran

nuclear Overhauser effect

nuclear Overhauser effect spectroscopy
optical emission spectrometry
N,N,N',N”,N"-pentamethyldiethylenetriamine
quadrupolar coupling constant

quadrupolar splitting constant

rotating-frame Overhauser effect
rotating-frame Overhauser enhancement spectroscopy
relative standard deviation

restricted variational space

size-exclusion chromatography
Tetrahydrofuran
N,N,N'’,N"-tetramethylethylenediamine

total correlation spectroscopy

time of flight

ultraviolet-visible

X-ray absorption near edge structure

X-ray diffraction

Il. INTRODUCTION

A. Scientific and Technological Significance of Organolithium Compounds

Organolithium compounds are all synthetic substances of great relevance in modern
chemistry, utilized as reagents in organic synthesis and polymerization at the laboratory
and industrial levels'~8. In Table 1 are listed lithium-containing organometallic and met-
allorganic compounds that can be commercially acquired. The main objectives that can
be served when using these compounds in a synthesis step may be attaching either
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TABLE 1. Commercially available organolithium compounds

Compound [CAS No.]* Properties® Note
a. C—Li bond
Methyllithium [917-54-4] Pyrophoric solutions in THF or
Et,0, flammable non-pyro-
phoric solution in
THF-cumene, SH2374D.
Ethyllithium [811-49-4] Flammable solution in
hydrocarbons.
Isopropyllithium [1888-75-1] Flammable solution in pentane
n-Butyllithium [109-72-8] Pyrophoric solution in hexane,
SH636A.
s-Butyllithium [598-30-1] Pyrophoric solution in hexane,
SH636B.
t-Butyllithium [594-19-4] Pyrophoric solution in hexane,
SH637C.
n-Hexyllithium [21369-64-2] Flammable solution in hexane.
Phenyllithium [591-51-5] Flammable solution in cyclo-
hexane/Et,O or in Bu,O.
Lithium cyclopentadienide Pyrophoric solid, SH2153C, ¢
[16733-37-4] (1a) SR(2)3121A.
Lithium 1-z-butylcyclopentadienide Pyrophoric solid.
[50356-03-1] (1b)
Lithium tetramethylcyclopenta-
dienide [51905-34-1] (2a)
Lithium pentamethylcyclopenta- Pyrophoric solid.
dienide [51905-34-1] (2b)
2-Thienyllithium [2786-07-4] (3) Flammable solution in THF.
Lithium acetylide, ethylenediamine Flammable solid, I(2)946A,
complex [6867-30-7] SH2148C, SR(2)2705H,
0J5565000.
Lithium phenylacetylide Flammable solution in THF.
[4440-01-1]
b. N—Li bond
Lithium dimethylamide Pyrophoric solid, SH2155B,
[3585-33-9] SR(2)3061E.
Lithium diethylamide [814-43-3] Pyrophoric solid, SH2154B,
SR(2)3061G.
d

Lithium diisopropylamide
[4111-54-0]

Lithium diisopropylamide,
tetrahydrofuran complex
[123333-84-6]

Lithium dicyclohexylamide
[4111-55-1]

Dilithium phthalocyanine
[25510-41-2] (4)

Lithium bis(trimethylsilyl)amide
[4039-32-1]

Lithium bis(dimethylethyl-
silyl)amide

Pyrophoric solid, SH2154C,
SR(2)30611.

Flammable solution in
hydrocarbon, SH2155A,
SR(2)3061H.

Pyrophoric solid, SH2154A,
SR(2)3061J

Amax 058 nm, SR(2)2825B.

Flammable solid, SH2150D,
SR(2)2987G.
Flammable liquid.
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TABLE 1. (continued)

Compound [CAS No.]*

Properties” Note

c. O—Li, S—Li bonds

p-Toluenesulfinic acid, lithium salt
[16844-27-2]

Lithium acetylacetonate
[18175-70-3] (5)

Lithium ¢-butoxide [1907-33-1]

Lithium ethoxide [2388-07-0]

Lithium isopropoxide [2388-10-5]

Lithium methoxide [845-34-9]

Lithium phenoxide [555-24-8]

D-Lactic acid, lithium salt
[598-82-3] (6)

Lithium acetate dihydrate
[6108-17-4]

Trifluoroacetic acid, lithium salt
[2923-17-3]

2-Oxobutyric acid, lithium salt
[3483-11-2]

Todoacetic acid, lithium salt
[65749-30-6]

Cyclohexanebutyric acid, lithium
salt [62638-00-0]

Citric acid, trilithium salt hydrate
[6132-04-3]

Gluconic acid, lithium salt
[60816-70-8] (7)

Succinic acid, lithium salt
[16090-09-8]

Benzoic acid, lithium salt
[553-54-8]

Salicylic acid, lithium salt
[552-38-5] (8a)

3,5-Diiodosalicylic acid, lithium
salt [653-14-5] (8b)

Orotic acid, lithium salt
[5266-20-6] (9)

Poly(ethylene-co-methacrylic acid),
lithium salt [27135-20-2]

Carminic acid, lithium salt
[12772-56-4] (10)

Squaric acid, dilithium salt
[104332-28-7] (11)

Lithium triflate [33454-82-9]

5-Sulfoisophthalic acid,
monolithium salt
[46728-75-0] (12)

n-Dodecyl sulfate, lithium salt
[2044-56-6] (13)

N(2)1592B, SR(2)2193B.

Flammable solid.
Flammable solid.
Flammable solid, SR(2)3057A

Flammable solution in THF.
[@]f +14.3°(c = 1, H,0),
1(1)548B, SR(1)625H,
0J6311000.
1(2)1275B, SR(1)601G. f
SR(1)623B.
1(1)552D, SH18D, SR(1)635M.

N(1)853B, SR(1)6211.

1(2)1283C. 8
1(2)1282A, SH893B, !
SR(1)631K, TZ8616000. ,
h
SR(3)3573M, 0J5720000. i
J

SH1287D, SR(2)1885D.
s

N(1)709B, SH274A.

SH2159D, SR(1)1055G.

SR(1)1079D.

(continued overleaf)
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Compound [CAS No.]*

Properties”

Note

Lucifer Yellow CH
[67769-47-5] (14)

Lucifer Yellow VS
[71231-14-6] (15)
O-Acetylphosphoric acid, lithium
potassium salt [92249-01-1]
Lithium thiophenoxide [2973-86-6]
Lithium trimethylsilanolate
[2004-14-0]
Poly(lithium styrene-4-sulfonate)
[9016-91-5]

d. Miscellaneous

Lithium 2-thienylcyanocuprate
[112426-02-5] (16)

(S)-Alpine hydride
[100013-07-8] (17)

Superhydride [22560-16-3] (18a)

Superdeuteride [74540-86-6] (18b)
L-Selectride [38721-52-7] (19a)
LS-Selectride [60217-34-7] (19b)
NB-Enantride [81572-37-4] (20)

Lithium 9-BBN hydride
[76448-08-3] (21)

Lithium dimethylborohydride
[84280-31-9]

Lithium ¢-hexylborohydride
[76430-48-3]

Lithium 7-hexyllimonylborohydride
[38218-68-7]

Lithium tetraphenylborate,
tris-(1,2-dimethoxyethane)
complex [75965-35-4]

Lithium tri-z-butoxyalumino-
hydride [17476-04-9]

Lithium tri-z-butoxyalumino-
deuteride [50306-58-6]

Lithium tris[(3-ethyl-3-
pentyl)oxy]aluminohydride
[79172-99-9]

Amax (&) 280 nm(24200),
428 nm(11900) in water,
1(2)955B, U427, SH2163D,
SR(2)2835C.

Amax 427 nm, U429, SH2164A,

SR(2)2835E.

Flammable solution in THF.
SR(2)2967B, VV7175000.

Flammable solution in THF,
SH2158D.

Flammable solution in THF,
SH109D.

Flammable solution in THF,
SH3209A.

Flammable solution in THF,
SH3208D.

Flammable solution in THF,
SH2163A.

Flammable solution in THF,
SH2163B.

Flammable solution in THF,
SH2523D.

Flammable solution in THF.

Flammable solution in
hydrocarbons.
Flammable solution in THF.

Flammable solution in THF.

Flammable solid, N(3)732A,
SR(2)3029B.

Flammable solution in THF,
SH2159C, SR(2)3065B,
0J5585000.

Flammable solid.

Flammable solution in THF,
SH2160A.

m
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TABLE 1. (continued)

Compound [CAS No.]* Properties® Note
Lithium tetrakis(2-methyl-8- Amax 243 nm,

hydroxyquinolato)boron photoluminescence at

[338949-42-1] (22) 470 nm.

Lithium (1,2-ethanediolato-0O)
bis[1,2-ethanediolato(2-)
0,0/ ]silicate [155740-37-7] (23)

“The putative anchoring site of the Li atom need not necessarily fit the crystallographic analysis of the compound.
bCodes beginning with I, N and U denote FTIR spectra in Reference 10a, NMR spectra in Reference 10b and UVV
spectra in Reference 11, respectively. Codes beginning with SH denote data for safe handling in Reference 12,
while those beginning with SR are entries on safety regulations in Reference 13. A code of two letters followed by
seven digits is a reference to a protocol in Registry of Toxic Effects of Chemical Substances (RTECS) of National
Institute for Occupational Safety and Health/Occupational Safety and Health Administration (NIOSH/OSHA). See
also Reference 14 for toxicological data.

“Used in the synthesis of cyclopentadienyl derivatives and metallocenes.

4 A sterically hindered, non-nucleophilic strong base, useful for carbanion generation'>.

¢Base for aldol coupling reactions'®, and the synthesis of lactone precursors!’ and ketones'®.
/Source of lithium ions in psychiatric disorders'”.

$Lithium standard salt in organic systems.

"Used in dermatological disorders'”.

Diuretic and urinary disinfectant. The pharmaceutical effects mentioned in note f may cause complications'
J Antirheumatic agent. The pharmaceutical effects mentioned in note f may cause complications'®.
KDyestuff!”.

Monomer for synthesis of water-dispersible polyesters.

"Intracellular marker in biological systems. Fluorescent dye for nerve cells.

"Useful in the synthesis of other cyanocuprates®! 2.

°Chiral reducing reagent for ketones>>. Also available with (R)-configuration.

PChiral reducing reagent for «,S-acetylenic ketones?*.

9
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the organic group or the lithium atom to the substrate or taking advantage of the strong
Lewis basicity of some of them to catalyze certain processes. Use and disposal of all
organometallic (Li—C bonds) and many of the metallorganic compounds (Li—heteroatom
bonds) requires special precautions, besides the usual safety measures taken when dealing
with organic compounds in general®. Some of these compounds are pyrophoric, sponta-
neously igniting on exposure to air, thus affecting their transport regulations.

Working with organolithium compounds at very low temperatures frequently requires
special solvents, alone or in admixture with others to achieve higher solubility, rever-
sal of association, lowering the viscosity of the solution and forming crystalline solvates.
Among the most frequently used solvents are simple alkanes, benzene and some of its alkyl
derivatives like toluene and cumene, ethers such as Me,O, Et,0, tetrahydrofuran (THF),
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2-methyltetrahydrofuran (MTHF) and 1,2-dimethoxyethane (DME), polydentate tertiary
amines such as N,N,N’,N’-tetramethylethylenediamine (TMEDA), N,N,N’,N",N"-penta-
methyldiethylenetriamine (PMDTA) and N,N,N’,N”,N",N"'-hexamethyltriethylenetetra-
amine (HMTTA), and tertiary amides such as N, N-dimethylformamide (DMF) and N,N,N’,
N',N",N"-hexamethylphosphortriamide (HMPA). Liquid ammonia may be used with ad-
vantage for certain organolithium compounds of lower reactivity. These solutions may
themselves be flammable if the flash point of the solvent is low and even pyrophoric if
the concentration of a pyrophoric solute is high.

Exposure of alkyllithium or aryllithium compounds to the atmosphere may cause degra-
dation due to reaction with oxygen (equation 1) or air moisture (equation 2). Certain
organolithium compounds are unstable at room temperature in the neat form, and require
dilution; even then they should best be stored at low temperature. The instability may be
the result of reactions such as the eliminations depicted in equations 3 and 4, taking place

as the temperature rises®.

RLi + O, — = ROOLi —“~ 2ROLi ey
. . RLi .

RLi + H,0O — RH + LiOH —— 2RH + Li,O (2

/\/\Li - - /\/ + LiH (3)

N—Li —— N + LiH 4)

P

The presence of organolithium compounds in etheric solvents at temperatures above
0°C may lead to extensive decomposition of the solvent and solute’®?’; a slow electron
transfer side reaction of lithium naphthalene or sodium naphthalene with the THF solvent
(equation 5) has been reported®®?°. The three isomeric forms of BuLi were shown to
induce extensive decomposition of THF. The main path for this process is metallation at
position 2 of THF, leading to ring opening and elimination of ethylene. An alternative path
is proton abstraction at position 3, followed by ring opening. The presence of additives
such as (—)-sparteine (24), DMPU (25), TMEDA and especially HMPA does not prevent

decomposition but strongly affects the reaction path?’.

L

CyoHg + Li* "OCH,CH,CH,CH, —= inert ®)
products

Li*C 10Hg ~

) )

N N - ~
T

24) (25)
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Aromatic solvents used when handling organolithium compounds, such as toluene or
cumene, may undergo ring or side-chain metallation with alkyllithiums, catalyzed by
certain alkoxides®. This reactivity of organolithium compounds usually requires working
at low temperatures under an inert atmosphere of nitrogen or argon; however, if metallic
lithium is used in the experiment, only argon is recommended, as nitrogen can react to
give lithium nitride. The so-called Schlenk techniques are very popular for laboratory
syntheses and physicochemical investigations?!- 32,

B. General Considerations on the Analysis of Organolithium Compounds

Elsewhere in the Chemistry of Functional Groups series some remarks were presented
on problems confronted in modern chemical analysis*3. Quality control of reagents used
in the laboratory and industrial processes is a condition for the success of the intended
chemical reactions. The analytical methods that fulfill this aim should afford an optimal
combination of reliability and economy. As for reliability one must choose accuracy and
precision ranges that fit the nature and aims of the experiment. The economy desideratum
involves multiple aspects: Short sample preparation and end analysis times, low investment
in labware and instrumentation, low cost of reagents, minimal downstream operations
and expenses (e.g. disposal of dangerous wastes stemming from the analysis) and, from
the human point of view, a minimal training level for the application of the method
and interpretation of results. Well established routine procedures for determination of
the organolithium function were developed in the 1960s. Trace analysis of functional
groups related to physiological, pharmacological, environmental or forensic investigations
is practically devoid of relevance for many organolithium compounds in their original
form, as they totally decompose on exposure to air or aqueous media, leaving only lithium
ions and the derivatives of the organic residue to be analyzed for. Some research activity is
shown at present in elemental analysis of lithium, by both wet and spectrometric methods.
The high reactivity of most organolithium compounds makes their analysis as such rather
cumbersome, requiring extreme dryness of the glassware, and, at least in part of the
procedure, maintaining low temperatures and avoiding exposure to the atmosphere.

The main advances in analysis of organolithium compounds are related to their struc-
tural characterization by instrumental methods. These rely heavily on NMR spectroscopy
and, when possible, on crystallographic methods, although other spectroscopic and physic-
ochemical techniques are occasionally employed. A modern approach to the solution
of complex analytical problems involves, in addition to the evidence afforded by these
experimental techniques, consideration of quantum mechanical calculations for certain
structures. The results of such calculations support or deny hypothetical assumptions on
structural features of a molecule or possible results of a synthetic path. The following two
examples illustrate these proceedings.

One investigation deals with the process depicted in equation 6 for the preparation of
chiral formylated derivatives 27, and the structure of the readily formed and relatively
stable diastereoisomeric metallated intermediate 26>+, The first step consists of a DFT cal-
culation using the hybrid B3LYP//PM3 method with Anders’ lithium parameters®~%7. A
complete conformer search carried out for the two diastereoisomers (45,65) and (4S,6R)
of 26 without solvent helps finding the two lowest energy conformers. Two Me,O ligands
are then introduced into each of these conformers, and their geometry is optimized to
calculate the global energy minima. The energy of the (4S,6R) diastereoisomer is found
to be significantly higher (by 6.1 kcal mol™!), probably due to steric hindrance, because
the i-Pr and the SMe groups are on the same side of the heterocyclic ring. Both mini-
mum energy conformers are stabilized by the carbonyl oxygen, forming a five-membered
chelate ring. The preferred (45,6S) configuration of the organolithium compound is the
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one shown in equation 6 and the preferred conformation has the C—Li and S—Me bonds
in antiperiplanar arrangement. This structure can be confirmed by 'H and '3C NMR,
DPFGSE-ROE and IR spectra®.

X JEp
i .- SMe
07 N DsMe L o7 Ny,
Ph-- --H Ph-- --H
Ph Pr-i Ph Pr-i
(26)
several | R’
steps R>: Y
(6)
(0}
PGX (6] NH
JV CHO + Ph-H-H
R R Ph Pr-i
27)
PG = protecting group or H
X =0,NH
Y =0,NR”

Another example attains the rationalization of the possible outcomes of the reaction of
organolithium reagents with «,-unsaturated fatty acids (28), variously substituted on the
a and B positions with H, Me or Et groups. This, of course, requires excess reagent to
neutralize the carboxylic proton, before other processes can take place. The main reaction
paths proposed are a conjugate 1,4-addition of the organolithium compound, ultimately
resulting in a B-alkylated saturated carboxylic acid, and a metallation reaction ultimately
resulting in a rearrangement from o, - to 8,y -unsaturation. Metallation is assumed to take
place at the (E)-y-position; however, in some cases replacement of a (Z)-y-H atom is
also possible. To somehow simplify the involved picture presented by the set of reagents
RLi (R = Me, n-Bu, s-Bu, #-Bu, Ph) and substrates (28) studied in this work, three simple
cases were chosen for performing semi-empirical PM3 calculations, namely 2-butenoic
acid (equation 7), 2-methyl-2-butenoic acid (equation 8) and 3-methyl-2-butenoic acid
(equation 9), reacting with 7-BuLi. It should be pointed out that the simpler MeLi reagent
cannot be considered because it fails to react, probably due to its strong tendency to form
stable clusters in solution (see Section V.B.1). Taking into account the structure of the
transition state complexes for the three proposed reaction paths and the corresponding acti-
vation energies, it is found that for equation 7 the activation energy of (E)-y-metallation
should be slightly higher than that of conjugate addition, this order being reversed for
the transition states of equation 8. The calculations are in accordance with the observed
yields of equations 7 and 8. For equation 9, the activation energies for conjugate addition
and (E)-y-metallation are quite similar to those found for the other two equations. How-
ever, the activation energy calculated for (Z)-y-metallation is substantially lower, thus
explaining the f,y-unsaturated product and the failure to achieve alkylation of the acid3®.
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C. Scope of the Chapter

The quantitative analytical aspects of organolithium compounds are considered in two
sections, dedicated to elemental analysis of lithium (Section III.A) and determination of
the compounds as such (Section III.B).

For all the compounds listed in Table 1 and their analogs one may postulate bond-
ing of the lithium atom at its anchoring site ranging from polarized covalent bonds to
well defined ion pairs. Another important structural feature in the chemistry of organo-
lithium compounds is coordination of the lithium atom with p- and m-electrons. A further
bonding type is found among the complexes of atomic lithium and arene molecules, fre-
quently considered as an ion pair between an aromatic free radical anion and a lithium
cation. Lithium arene complexes are an intermediate stage in organic synthesis. Section IV
deals with methods that can be considered for structural characterization. Although the
inventory of spectral analysis used in organic chemistry has also been applied in the
characterization of organolithium compounds, NMR techniques have been preponderant.
As is frequently the case of organometallic compounds that form sufficiently large and
ordered single crystals, X-ray diffraction (XRD) analysis has been applied to investigate
the solid structure.

Organolithium compounds tend to associate into dimers, higher oligomers and polymers
of two types: Complexes where the Li atoms are linked to each other by a chain of one
or more atoms of other elements (C, N, O etc.), and complexes where the Li and other
metallic atoms are close to each other, forming clusters. Section V presents examples of
application of instrumental methods—mainly NMR and XRD—to structural elucidation
of these associated species.

The presence of a specific organolithium compound in a synthetic process is sometimes
assumed without isolation or further evidence other than having attained the expected
product by a rationalized mechanism. For example, the synthesis of the alcohol depicted
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in equation 10 was carried out by adding the ketone to a ‘red solution’ resulting from
the reaction of 2-bromopyridine with n-BuLi, where ortho-metallation of the pyridine
ring is surmised and the intermediate is assumed to be quenched by the ketone reagent®.
In the regiospecific process shown in equation 11, n-BuTeLi is taken to be a reactive
intermediate quenched by ethanol and then further reacting with an acetylenic compound.
Numerous descriptions of anionic polymerization processes appear in the patent literature,
where organometallic compounds serve as initiating reagents. Some examples of such
proceedings are mentioned in Section VI. Many important procedural details such as
temperature, solvent and reaction time are frequently omitted in the discussion, as they
fall outside the scope of the chapter, while some details on the instrumental methods for
reaction monitoring or product characterization are mentioned.

Q. on

N Li
70°C (10
° @)
n-Buli + Te —F » [4-BuTeLi] —» [n-BuTeH]
R =alkyl, aryl,
CO,R’,COR’ |H—=—=—R
CHO (1 1)
n-BuTe R
H H

Given the capabilities of modern instrumentation, the author thinks that some effort
should be invested in demonstrating the presence of certain intermediate metallized species
in a reacting system. Many ‘surprises’ probably await researchers on these undertakings.
This could help improving the synthetic methods, on the one hand, and deepen our
understanding of organolithium compounds, on the other hand. One example of such
endeavor is the in-depth investigation of the influence of association on the reactivity of
butyllithium toward benzaldehyde and cyclopentadiene in THF solution, carried out by
the rapid-injection NMR technique*'.

lll. QUANTITATIVE ANALYSIS
A. Elemental Analysis of Lithium
1. General

When describing a new compound in the literature it is customary to report a calcu-
lated and experimental elemental analysis; however, analyses of Li in new organolithium
compounds are usually omitted and only those of the ‘organic’ elements are reported.

Many methods for determination of lithium in samples of environmental, mineral,
industrial and biomedical origin have been proposed, based on intensity measurements of
UVYV light. The sample preparation is in most cases much more complicated than what
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would be needed for a solution of an organolithium compound in ether or hydrocarbon
solvents. In the latter instance, hydrolysis with dilute acid would usually be sufficient to
cause total extraction of the Li* cations, followed by spectrometric absorption or emission
measurements, or carrying a spectrophotometric end analysis after addition of a complex-
ing dye and ancillaries. In some cases previous mineralization of the organic matrix would
be required; for example*?, the lithium content of a polystyryllithium solution was deter-
mined by evaporating the solvent, burning off the organic matter taking care not to exceed
500°C to avoid Li losses, dissolving the residue in acid and carrying out the end analysis
spectrophotometrically using a chromophoric complexing agent. A single ion chromatog-
raphy run on a high capacity cation exchange column, using an electrolytically generated
methanesulfonic acid diluent, can be applied to determine down to trace levels the main
cations (Li*, Na*, K+, NH,*, Ca’* and Mg?") present in drinking water, wastewater and
soil extracts. Alternative methods for such analyses usually require a separate procedure

for each cation or at least for the ammonium ion**.

2. Atomic absorption spectrometry

A convenient method is the spectrometric determination of Li in aqueous solution
by atomic absorption spectrometry (AAS), using an acetylene flame—the most common
technique for this analyte. The instrument has an emission lamp containing Li, and one
of the spectral lines of the emission spectrum is chosen, according to the concentration
of the sample, as shown in Table 2. The solution is fed by a nebulizer into the flame
and the absorption caused by the Li atoms in the sample is recorded and converted to a
concentration aided by a calibration standard. Possible interference can be expected from
alkali metal atoms, for example, airborne trace impurities, that ionize in the flame. These
effects are canceled by adding 2000 mg of K per liter of sample matrix*. The method
covers a wide range of concentrations, from trace analysis at about 20 wg L™! to brines
at about 32 g L™!, as summarized in Table 2. Organic samples have to be mineralized
and the inorganic residue dissolved in water. The AAS method for determination of Li in
biomedical applications has been reviewed* 4.

3. Inductively coupled plasma emission and mass spectrometry

An alternative to AAS is the more sensitive spectrometric determination of Li by
inductively coupled plasma atomic emission spectrometry (ICP-AES) or optical emission
spectrometry (ICP-OES). In Table 3 are summarized the spectral lines of the Li emission

TABLE 2. Recommended spectral lines for
AAS analysis of lithium**

Concentration Wavelength

range (nm)

(mg L")

0.02-5 670.8¢
10-2000 3233
200-32000 610.4

“The use of a sharp cutoff filter is recommended to
avoid second-order interference from the Ne
335.5 nm line emitted by the lamp.
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TABLE 3. Emission lines used for determi-
nation of Li by ICP-AESY

Wavelength Element file
(nm)

367.040 U
379.472 La®
413.219 Ba“
413.256 Ba“
413.262 Ba“
460.286 Li?
610.364 ic
670.781 Li¢

“In the absence of this element, Li may also be
determined at this line.

bThe relatively large background of this line makes
it suitable only for large Li concentrations.

“The relatively low background of this line makes
it suitable for low Li concentrations.

4The very low background of this line makes it suit-
able for Li trace analysis.

spectrum that are recommended for measurements. For samples derived from organo-
lithium compounds, probably all the lines are suitable for Li determination, with due
consideration of the effects of concentration.

The most convenient form of sample for end analysis would be an aqueous solution
after mineralization of the organic primary sample. However, it is possible to feed organic
solutions to the instrument after certain hardware modifications and changes of the instru-
ment operating mode; operating with organic solutions can be justified when long series
of analyses have to be carried out, because of the savings in sample preparation. As in
the case of AAS, a spectral line is chosen according to the analyte concentration and the
presence of interfering elements (a rare occurrence with samples derived from experi-
ments with organolithium compounds). The intensity of the emission signal is converted
to a concentration with the help of calibration standards®. Several analytical quality
aspects of ICP-OES determinations of single elements in solution were investigated for
sixty-four elements. Application of the proceedings of this research turn the method into
high-performance ICP-OES?!.

ICP-AES was validated for the simultaneous determination of Al, B, Ba, Be, Cd, Co,
Cr, Cu, Fe, Li, Mn, Ni, Pb, Se, Sr and Zn in human serum in a clinical laboratory. The
samples underwent digestion and yttrium was used as an internal standard. The LOD
were as follows: 0.002—0.003 uM for Ba, Cd, Mn and Sr; 0.014-0.07 uM for Be, Co,
Cr, Cu, Fe, Li, Ni, Pb and Zn and 0.2-0.9 uM for Al, B and Se. The concentrations
of Al, Be and Co in human serum were found to be above the LOD, while those of
Cd, Cr, Ni and Pb were below the LOQ; however, in case of acute intoxication with the
latter elements the method is valid>?. Matrix effects were evaluated for ICP-AES analysis
using solution nebulization and laser ablation (LA) techniques. The main matrix-related
interferences stem from elements with a low second ionization potential; however, these
are drastically reduced when pure He is used as carrier gas. This points to Ar (the usual
carrier) participation in the interference mechanism, probably by interacting with doubly
charged species™.

Application of ICP-MS in geology and the semiconductor industry®® has been
reviewed. The ®Li:’Li isotopic ratio of the stable lithium isotopes is an important param-
eter in geological®™ and chemical studies. This ratio may be determined by thermal MS

54,55
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or ICP-MS. LA in combination with the latter method can be applied directly on solid
samples of minerals. An online monitoring method was proposed to deal with the inter-
ference caused by nonanalyte signals on the accuracy of Li determination by the ICP-MS
method®”. Recent examples follow the application of various ICP-MS modalities to anal-
ysis of biomedical and mineral samples.

A sector field ICP-MS instrument was used for determination of forty-two elements in
urine after 20-fold dilution in ultrapure water containing dilute nitric acid. The concentra-
tion of most elements was above the LOD, with RSD about 10%°8. ICP-MS was proposed
for monitoring trace elements (Ba, Bi, Cd, Cu, Li, Mg, Mn, Mo, Pb, Sr, Tl and Zn) in
mature breast milk. Total element concentrations in samples taken from thirty mothers in
the Turin area were similar to those reported for human milk in other parts of the world™.
Thirty-one elements were determined in wine by ICP-MS, at concentrations ranging from
0.5 wg L7! to 100 mg L~!, using In as internal standard. The effects of the presence of
ethanol in the matrix were investigated®. Multicollector ICP-MS was applied for accurate
and precise determination of the Li isotopic ratio in seawater and standard rocks, after
carrying out a separation protocol for Li. The same protocol was proposed for efficient
determination of the Li isotopic ratio in silicate rocks with low Li content, such as mete-
orite and the peridotites®'. A sample preparation method was proposed to avoid matrix
effects on the ICP-MS determination of Li. The method was applied to the determination
of Li isotopic ratio in marine carbonate sediments containing the foraminifera Pullenitina
obliquiloculata and Globorotalia tumida. Sediments of the former species were proposed
as a record tracer for the changes of the Li isotopic composition in seawater through the
geological ages®?. An ICP-MS instrument was designed for continuous operation in harsh
marine conditions. It was used for mapping trace elements and isotopic concentrations in
seawater. A 65% depletion of Ba was discovered in a stretch of tens of kilometers off
the shores of Baja California%®. ICP-MS was applied in the determination of Al, As, Be,
B, Cd, Co, Cu, Fe, Mn, Mo, Ni, Pb, Li, Rb, Se, Sr and Zn in serum and whole blood
of viscachas (Lagostomus maximus). In the case of whole blood a digestion method was
developed for the trace elements®. The same elements were determined in human serum.
Among the advantages of ICP-MS for multi-trace element determination in serum are
the short analysis time, high accuracy and precision, and low LOD. The disadvantages
include a high risk of sample contamination from the environment, the relatively delicate
sample handling and the high cost of the equipment®. A three-step analytical strategy
was proposed for the analysis of sixty-seven elements in water by the ICP-MS method®.
On the first step the major solutes are determined (Na, Mg, Si, S, Cl, K and Ca). Most
elements to be analyzed on the second step are relatively abundant on the earth crust
and are of widespread industrial use (B, Al, P, Cr, Fe, Mn, Ni, Cu, Zn, As, Se, Ag, Cd,
Sb, Ba, Hg and Pb). The elements to be determined on the third analytical step include
relatively abundant ones and extremely rare ones (Li, Be, Ti, V, Co, Ga, Ge, Br, Rb, Sr,
Y, Zr, Nb, Mo, Sn, Te, I, Cs, La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu,
Hf, Ta, W, Pt, Au, T, Bi, Th and U). The figures of merit derived from such an analytical
scheme are adequate for water quality monitoring and application of water fingerprinting
to water management®®. The lithium isotope ratio was determined in open ocean seawa-
ter, nine international rock standards and one C1 chondrite by thermal ionization MS as
an alternative to other methods, such as ICP-MS and ion probe. A sample preparation
technique was proposed for samples of low lithium content®’.

LA-ICP-MS was used for in situ determination of ultratrace elements in quartz. The
analytical protocol included the following elements: Al, Ba, Be, Cr, Fe, Ge, K, Li, Mg,
Mn, Pb, Rb, Sr, Th, Ti and U®. Application of the LA technique to heterogeneous
samples usually requires preparing a homogeneous glass by fusing with lithium borate®. A
difficulty encountered with multi-element LA-ICP-MS analysis is the absence of standards
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with similar matrix composition. It was proposed to use solutions for calibration coupled
with an ultrasonic nebulizer™.

4. Ultraviolet-visible spectrophotometry and colorimetry

In Table 4 are summarized some of the complexing agents that have been proposed for
the UVV determination of lithium in solution.

Samples containing various alkali metals and other ions may need separation of Li
before proceeding with its end analytical determination. This may be conveniently accom-
plished using lithium-selective sequestring agents to transfer this ion from the aqueous
solution into a nonaqueous phase. The crown compounds mentioned in Table 4 accom-
plish the specific ion transfer; furthermore, their UVV absorption maxima undergo spectral
shifts when forming the lithium complex, thus allowing Li* determination. Three 14-
crown-4 chromogenic derivatives (30a—c) were synthesized and tested for their transfer
capacity of Li* from slightly acidic or neutral aqueous solutions to 1,2-dichloroethane. 7-
(2-Hydroxy-3,5-dinitrophenoxy)methyl-2,6,9,13-tetraoxatricyclo[12.4.4.0" 1*]-docosane
(30c) showed good transfer capacity and 100-fold selectivity for Li* vs. Na®. Trans-
fer of the other alkali metal cations is practically nil®'. Other chromogenic complexes
of Lit with crown ethers®?, aza-crown ethers®>~®> and solubilized derivatives of TMC-
crown formazan (35)%-%8 have been reported. The selectivity of 14-crown-4 derivatives
for lithium ions and their potential application as ionophores for spectrophotometry, flow
injection analysis, ion sensors and membrane separation was reviewed®®. Application
of macrocyclic complexing reagents to the colorimetric determination of lithium was
reviewed’*.

A visual and digitalized colorimetric system for Li* determination was developed with
operational principles similar to those of the well established pH paper. The optode is
based on a thin PVC film (organic layer) applied to a paper sheet that carries the aqueous
solution of the analyte at a certain pH. The organic layer contains a neutral ionophore (36,
denoted as X), a cationic lipophilic dye (37, denoted by AH") and a lipophilic anionic
additive (38, denoted as A ™) serving as counterion to the cationic dye. The color changes
are based on the process depicted in equation 12, where the o and w subscripts denote
the organic and aqueous phases, respectively. The analyte is extracted by the ionophore
into the organic phase, forming an ion pair with the anionic additive; the latter was
originally combined with the cationic dye, which becomes neutralized in the process, with
a consequent change of color. Additional color effects can be obtained by incorporating
a screening dye into the optode, which is an azo dye (39b) derived from Disperse Red 1
(39a). Digitalization of the color for automated measurements is based on the tristimulus
principle, akin to the color perception of the eye. The linear range of the colorimetric
optode for Li* is from 10 uM to 0.1 M. The method was validated for determination of
Li* in saliva in the therapeutic range of 1 mM; an instrument for home use based on this
colorimetric system was in development when this chapter was written®,

asLitA; da OH;,

Lif, + £, + AH'A;, === ZXLi*Aj + A, + Hf, K= (12)

ait dy, AAH*A|

Ion chromatography is a convenient method for simultaneous determination of alkali,
alkaline earth and ammonium ion concentrations in solution. The identity of the analytes
is set by the retention times and quantation is carried out by a detector. Conductivity is
frequently used, after chemical suppression of the eluate, by which chloride counterions
were exchanged by hydroxide. UVV spectrophotometric measurement of hydroxide ions at
200 nm was proposed as an alternative method to suppressed conductivity. Both methods
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TABLE 4. Complexing dyes for spectrophotometric and colorimetric determination
of the lithium cation

Compound [CAS No.] Properties” Note
b

1,3-Bis(8-quinolyloxy)propane
derivatives (e.g., 29)

Chromogenic 14-crown-4 ¢
derivatives (30a—c)
8-Hydoxyquinoline [148-24-3] (31) 1(2)859D, SH1960C, d
SR(2)2617G, VC4200000.
2,3,7,8,12,13,17,18-Octabromo- Amax nM (log €) in water, ¢
5,10,15,20-tetrakis(4-sulfonato- pH 7.0: 376 (4.54), 478
phenyl)porphyrin (32a) (5.30), 657 (4.25) and 760
(4.07).
Quinizarin [81-64-1] (33) 1(2)87A, U606, SH3024A, !
CB6600000.
Thorin I [3688-92-4] (34) 1(2)998D, U705, SH3340A, 8
SR(2)2749L.

“Codes beginning with I and U denote FTIR spectra in Reference 10a and UVV spectra in Refer-
ence 11, respectively. Codes beginning with SH denote data for safety handling in Reference 12,
while those beginning with SR are entries on safety regulations in Reference 13. A code of two
letters followed by seven digits is a reference to a protocol in Registry of Toxic Effects of Chemical
Substances (RTECS) of National Institute for Occupational Safety and Health/Occupational Safety
and Health Administration (NIOSH/OSHA). See also Reference 14 for toxicological data.

bThe fluorescence of compounds such as 29 significantly increases in the presence of lithium
perchlorate. The increase is proportional to the lithium concentration. In MeCN the linear range is
2 to 100 wM of LiClO4, while in MeOH the concentration has to be >30 mM7.

“These include 14-crown-4 ethers (30a—c), their aza analogs and other crown compounds. The
phenoxide can provide a convenient counterion for the lithium cation. Other variants may involve
fluorescence and photoinduced electron transfer’?. See text in Section IIL.A.3.

dThe lithium complex can be determined colorimetrically by the greenish fluorescence emitted
between 490 and 570 nm when illuminated with UV light”>. A review appeared on the colorimetric
assay of Li’*.

¢The UVV spectrum of 32a is pH dependent. In the presence of LiT ions the spectrum of 32b
shows a specific shift that allows quantation, which is carried out at 490 nm, pH ~ 13. Possible
interference by traces of heavy and transition elements is masked with [Mg-EDTA]?>~ added to the
sample. The method was tested for Li* in seawater and deproteinized plasma’>.

/Determinations of Li in drugs and blood serum are carried out at 601 nm in alkaline solution’®.
8Originally designed for colorimetric determination of thorium in trace amounts’’. Measurements
of the lithium complex can be carried out over a wide range of wavelengths: Determination in
pharmaceuticals at 468 nm, with linear range of 0.1 to 4.0 mg L~!73; analysis of blood serum at
480 nm, after protein removal’®; seawater can be analyzed at 482 nm in the presence of Me,CO
and at 452 nm without this additive®C.

QO OO Lo

(29) N

(R2Y)
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(32) (@M =2H [i—lz(OBTPPS)4’J AsO3H,
(b) M = Li [Li(OBTPPS)*"]
(34)

have about the same LOD for the univalent cations (1 to 6 g L™!) and spectrophotometry
slightly lower ones for the bivalent cations (4 to 19 vs. 6 to 67 g L™1)°L.

(35)
R = electron-withdrawing group
R’, R” = H, MeO, OCH,CO,H,
NO,, E, Cl, Br

(36) 37
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(38) 39)(aR=H
(b) R =CgH3;

An instrument was proposed for measurement of Li concentration in human serum,
based on the turbidimetric or nephelometric determination of the maximum rate of pre-
cipitation of a Li complex, which is related to the Li concentration in the serum. The
precipitating reagent was prepared by dissolving KIO, and FeCl; in a KOH solution.
Measurements were made every 10 s for 5 min at 550 nm. No interference was recorded
for the presence of triglycerides, cholesterol, Nat or K+°2.

5. Lithium selective electrodes

Development of lithium selective electrodes (LiSE) and their application in clini-
cal chemistry have been amply reviewed”~'®. Several models of lithium ion specific
electrodes are commercially available. The central problems in developing such sens-
ing devices are their dynamic range, the accuracy and precision by which the signals
are correlated to the concentration of the analyte and the selectivity towards that species,
especially in relation to other alkali metal cations. Additional problems of practical impor-
tance are the times of response and recovery and the durability of the electrode in the
intended service.

a. Neutral ionophores in polymeric membranes. The most extensively applied work-
ing principle for LiSE consists of incorporating a neutral ionophore into a poly(vinyl
chloride) membrane to accomplish complexing of Li* ions; sometimes specific lipophilic
anionic constituents and lipophilic solvents that serve as plasticizers are also added to
the membrane formulation. Among the lipophilic anionic components the tetraphenylbo-
rate (40) and cobalticarborane (41) anions have been found to effectively counterbalance
the cationic charge. Lipophilicity in this case contributes to durability of the LiSE, as
it reduces leaching out; anions 40c and 40d are more lipophilic than 40a and 40b'°'.
The neutral ionophores usually are crown compounds, amides or combinations of these
functions; however, other functional groups such as phosphine oxides and substituted
1,10-phenanthrolines have also been investigated. Specificity for Lit is achieved by
a crowded stereochemistry that reduces the volume of the inner hole in the puckered
macrocyclic compound and makes complexation with other cations thermodynamically
unfavorable®* 9799102,

Many crown compounds have been investigated as specific ionophores for Li*, for
example, dibenzo-18-crown-6 (42) or dicyclohexano-18-crown-6 (43) in conjunction with
the cobalticarborane anion (41). The sensitivity of such combinations is higher for K* than
for Li* (55 vs. 14 and 51 vs. 27 mV per M concentration decade, respectively)'?!. Other
examples are the 16-crown-4 derivatives 44a—d, for which in the best case the LiSE shows
a higher than 600-fold selectivity for Li* vs. Nat!9%1%: compound 44a with the THF units
in cis-configuration has excellent selectivity for Li™ vs. Na*. K+, NH;, Mg*" and Ca’*,
and the components of blood serum do not interfere with the Li* determination'®; 5,5-
dibenzyl-14-crown-4 (45) also shows good selectivity!®~1% Placing bulky substituents
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on the ethano sections of 14-crown-4 ionophores, for example compound 46, will improve
selectivity for Lit, forming a 1:1 complex with 14-crown-4 and its derivatives, as the ten-
dency of forming 2:1 and 3:1 adducts of the ligand with the other alkali metal ions is steri-
cally precluded'”. Lactonization of monensin (47) by condensing the groups denoted with
an asterisk, followed by acylation of the hydroxyl groups yielded macrocyclic crown com-
pounds such as 48, that showed good Li* selectivity in the presence of dibenzyl ether!!°.

. .
R

45) (46)

47)

(48)

Another type of neutral complexing agents are carboxamides carrying large substituents
on the N atom, such as compounds 49'!'!, 50 and 51'">~!!%_ Electrodes containing
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compound 51 were designed for solid contact operation. Compounds 52a—d and 53 were
investigated for their activity in LiSE. They combine the structural features of both the
crown compounds and the sterically crowded diamides. Compound 53 is a variation of 52
obtained on replacing both R groups with a single tetradecamethylene chain. Membranes
containing 52d and 53 show good selectivity for Lit against other univalent and divalent
cations, especially the latter macrocyclic compound with selectivity better than 30-fold
against Na*t, several 100-fold against K*, H*, Ca** and NH; and better than 1000-fold
against Rb*, Cs*, Mg?*, Sr>* and Ba?* !5, Derivatives of 14-crown-4 bearing two amido
groups (54a and 54b) show good selectivity for Lit vs. Na* !, A LiSE based on the
simpler tertiary diamide ETH 1810 (55) with 2-nitrophenyl octyl ether as lipophilic solvent
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has a higher than a thousand-fold selectivity for Li* over other alkali metal cations, a

linear response in the range from 32 WM to 0.1 M and a detection limit of 16 wM; the
Nernstenian response is 56.0 mV per decade'!”.

R

~
N
{ N
(52) (a) R = CH,Ph
(b) R =CHPh,
(¢) R = CH,CH,;N (53)

@R=-

(\‘ o
0O O CON(Hex-c),
NR
o o ﬂ : CON(Bu-i),

o)
(54) (a) R = s-Bu (55)
(b) R =n-Bu

Tonophores containing the phosphine oxide group with bulky groups attached to the P
atom have also been incorporated to LiSEs, for example compounds 56 and 57'%2,

1,10-Phenanthroline derivatives disubstituted at the 2,9-positions were investigated as
ionophores for Li*. Best results were obtained for 2,9-dibutyl-1,10-phenanthroline (58),
with excellent selectivity vs. Nat, K*, Mg?* and Ca?>*!!8, The importance of the plas-
ticizer employed in the fabrication of the membrane of a LiSE was demonstrated. Thus,
1-phenoxy-2-nitrobenzene gave the best results for electrodes based on compound 58'°.
The bridged 1,10-phenanthroline derivatives 59, with four to seven methylene links, were
investigated as neutral ionophores; the lipophilic tetrakis(4-fluorophenyl)borate anion [(4-
FC¢H,)4;B~] was added to the LiSE membrane to improve its selectivity'?’. The behavior
of PVC membranes containing poly(3-octylthiophene) (60) was investigated; the latter
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polymer is defined as a p-type semiconductor and the membrane shows a response to
alkali and alkali earth ions'?"'?2, Incorporating polyaniline in a LiSE contributes to the

stability of its response114~ 122,123
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b. Electrochemical host—guest reactions. A different approach to LiSEs is based on
making a membrane containing A-MnO, selective for Li*, which is used in combination
with a Pt electrode in electrochemical determination by a redox reaction of the analyte!%.
The potentiometric response of a graphite-epoxy electrode containing A-MnO, was inves-
tigated for the determination of Li*. The response is log-linear over the range from 1 pM
to 33 mM, with an intensity of 58.2 mV per decade, unaffected by pH in the 4—10 range;
the selectivity for Lit is about 30-fold against Na* and about 100-fold against K*, Cs*,
Mg?*, Ca?*, Sr** and Ba?*. The response time of the electrode is less than 30 s and the

lifetime more than 6 months'?*.

B. Determination of Organolithium Compounds
1. General

When using alkyllithium compounds as initiating agents in anionic polymerizations it
is important to have a quality assessment, because it is assumed that at the end of the
initiation period each organometallic molecule will be responsible for the creation of a
propagating chain, that does not undergo chain transfer or termination in the absence
of oxygen or an electrophile such as the proton of methanol. This assumption on the
initiation stage allows making an estimate of the degree of polymerization based on
the number average. Furthermore, in some cases the presence of alkoxide and other
impurities may somehow interfere with the polymerization process (see, for example,
comments on methacrylate and isoprene polymerization in Section V.A.2, on superbases
in Section V.A.4 and on telomerization of ethylene at the end of Section VI.B.7).

2. Titration methods

Determination methods for organolithium compounds by titration have been
reviewed'?’. Alkyl and aryllithium reagents (RLi) usually contain the corresponding ROLi
as an impurity. The most probable origin of this is exposure to oxygen in air, as shown in
equation 1. A further degradation of organolithium may occur on exposure to moisture,
as shown in equation 2, leaving a colloidal suspension of LiOH or Li,O. Therefore,
acid—base titrations of the total alkalinity generated on hydrolysis of an organolithium
sample overestimates the organometallic content. Furthermore, it is frequently the case
that one is interested in knowing the content of both RLi and ROLI, for any desired or
undesired effects the latter species might have. A most popular procedure to overcome the
pitfalls of acid—base titration consists of carrying out a double titration. The first aliquot is
hydrolyzed and titrated for total basicity (RLi + ROLi + LiOH equivalents) with a standard
acid solution. The second aliquot is treated with benzyl chloride, for a short time (2 min)
followed by hydrolysis with water and titration with standard acid. In the second titration
the organometallic compound totally reacts with benzyl chloride according to equation 13,
while reaction with the other bases is much slower. The difference between the two
titrations is the amount of organolithium compound in the aliquot'?’. The reagents need
to be of high purity and the conditions strictly controlled to attain good reproducibility by
the double titration method'?” 128, An especially careful and tedious variation of a double
titration method with benzyl chloride!? was described for the standardization of a BuLi
solution in benzene!*.

RLi + CICH,Ph — > RCH,Ph + LiCl (13)

A variant for the determination of the organolithium compounds avoiding the double
titration is based on the use of diphenylacetic acid in THF solution, to which the solution
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of the organometallic is gradually added. The acid readily neutralizes the alkoxide and
the organolithium species according to equations 14 and 15, respectively. However, only
after having added one equivalent of RLi is the end point reached, where excess organo-
lithium, acting as a strong base, causes abstraction of the benzylic proton in the dipheny-
lacetate anion, with yellow discoloration'?!. Similar effects are observed when using
4-biphenylmethanol (61), 4-biphenylacetic acid (62) or 4-biphenylcarboxylic acid (63)
as titrants, the latter in the presence of triphenylmethane. The preferred titrant/indicator is
61 because of its turn to orange-red, whereas 62 turns to yellow and with 63 the colorless
solution becomes yellow or green before it turns to red at the end point!®2,

Ph,CHCO,H —~21

Ph,CHCO, Li* (14)

Li

Ph,CHCO,H —» Ph,CHCO, Li* —=» Ph,C~CO, 2Li* (15)

4-PhC¢H,CH,OH  4-PhC¢H,CH,CO,H  4-PhC¢H4CO,H/Ph;CH
(61) (62) (63)

Methods for direct titration based on various working principles have been proposed.
Alkyllithiums and phenyllithium form colored charge transfer complexes with 1,10-phen-
anthroline (64) and 2,2’-biquinoline (65). These heterocyclic compounds can be used
as indicators in the direct titration of the organometallics with an alcohol, according
to equation 16. The end point is reached on the disappearance of discoloration!*}, The
same reaction may be applied for the determination of organolithium compounds by
thermometric titration with an alcohol, taking advantage of the exothermic nature of the
process. The reagent is added at a fixed volumetric rate and the temperature of the sample
solution is recorded as a function of time. The temperature reaches a top value and starts
a descending curve. The end point is determined on linearly extrapolating the heating-up
and cooling-down curves. Titration time is of the order of 1 min'3.

QU0

(64) (65)

RLi + HOR” —— RH + R’OLi (16)

A known amount of benzoic acid (equation 17) or acetophenone (66a, equation 18)
is titrated under nitrogen atmosphere, with a solution of the organolithium compound in
DMSO-DME-hydrocarbon solvent, using triphenylmethane as indicator. Yellow to red end
points are obtained for reaction 17 with alkyllithium compounds while with PhLi the end
point is green to red-brown. When the protons of the carboxylic acid (for total basicity)
or the electrophilic ketone are consumed, metallation of Ph;CH takes place, and the pres-
ence of DMSO promotes a change of color at the end point'3>. High frequency titration
with acetone (66b) may be used for the determination of organolithiums in hydrocarbon
solution, based on equation 18. The titration is carried out in an oscillometer, measur-
ing the change of capacitance of the solution as its composition changes on adding the
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titrant. The titration curve may undergo a gradual change of direction, passing through a

maximum; however, an abrupt change of direction marks the end point!3.
RLi + PhCO,H —— RH + PhCO,Li (17)
O R OLi
I QU T p— X
R’ Me R’ M
€ (18)
(66)
(a) R"=Ph
(b) R”=Me

A sample of organolithium compound solution is added to an excess of standardized
iodine solution in Et,O; the excess iodine is extracted with aqueous KI and titrated with
standard thiosulfate solution. Evaluation of the organometallic compound is made accord-
ing to equation 19'?7. A possible interference can be expected from the coupling reaction
in equation 20. This was shown to be negligible, as demonstrated spectrofluorometrically
for phenyllithium'?’, whereas a low titer was found for n-BuLi, attributable to this side

reaction'?8.

RLi + I, —— RI + Lil (19)
RLi + R —— R, + Lil (20)

An indirect oxidimetric titration method for alkyllithium compounds may be carried out,
taking advantage of the fact that vanadium pentoxide causes fast and complete oxidation of
alkyllithiums in solution. After the end of this reaction the reduced vanadium compounds
are dissolved in sulfuric acid and titrated with Ce(IV) sulfate, using as indicator Fe(II) and
1,10-phenanthroline (64) sulfate. This method is inadequate for aryllithium compounds
because the lithium phenoxide impurities reduce vanadium pentoxide'?’.

3. Gravimetric analysis

Phenyllithium in ether solution can be directly analyzed after addition of excess triph-
enyltin chloride. An insoluble precipitate of tetraphenyltin is formed, filtered, washed,
dried and weighed'?®. This method affords a large amplification factor for phenyllithium.

4. Gas chromatography

A method based on equation 21 may be performed, where the organic residue of an
organometallic compound becomes derivatized with excess dimethylphenylchlorosilane
(67) and determined by GC, using cumene (i-PrPh) as internal standard. Although lithium
alkoxide impurities also react with 67, the product appears at a different retention time.
The method is also suitable for Grignard reagents'33.

Me Me

|
RLi + Cl—S|1—Ph — LiCl + R—S|1—Ph @1

Me Me
(67)
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5. Nuclear magnetic resonance spectroscopy and magnetic titrations

Part of the NMR spectroscopy techniques mentioned in Section IV.B can be used for
quantitative determination of organolithium compounds in solution.

'"H NMR can be used for assessment of the purity of organolithium RLi initiators. The
presence of ROLi can also be determined. The dimetallated initiator 1,4-dilithio-1,1,4,4-
tetraphenylbutane cannot be determined by this method due to its low solubility'?8.

The progress of the reaction depicted in equation 22 may be followed by 'H NMR, mea-
suring the disappearance of (Me;Si)4Si (§ 0.23 ppm) and MeLi (§ —2.07 ppm) reagents
and the appearance of the (Me;Si);SiLi (6 0.07 ppm) product. The latter crystallizes in a

stable solvated form as (Me;Si);SiLi-3THF'¥.
. . . THF . P .
(Me3Si),Si + MeLi —— (MesSi);SiLi + MeySi (22)

Magnetic titrations are based on an operating mode different from integration of the
specific peaks of the analyte. For example, they may be carried out by introducing a
500 pL aliquot of a 1 M THF solution of an alkali metal arene in an NMR tube, under
controlled atmospheric and temperature conditions, adding 2 pL increments of a proton
donor, and measuring the attaining downfield shift increments Av of the o—'H of THF.
A plot of Av vs. the stoichiometric donor/metal arene ratio in solution shows a gradual
decrease of Av until no further effect is noted for the added donor increments. The titration
break point denotes the stoichiometry of the metal arene reaction with a proton. For
example, lithium naphthalene titrated with methanol has the break point at 0.5, indicating
a 1:2 stoichiometry, that is, it takes one proton to react with two naphthalene radical ions.
Titration with n-BuNH, shows a 1:4 stoichiometry, which is in accord with the MeOH
result, because one amine molecule can provide two protons. A similar technique can be
applied to measure the reaction kinetics of quenching, but now the total amount of proton
donor is added, Av, values are recorded as a function of time and a plot of In(Av, — Avy,)
vs. time shows the reaction rate behavior'*’. A magnetic titration of Li-CyHg in THF
solution, carried out with -BuCl, following the chemical shift of the THF protons as the
addition of the alkyl halide proceeds, shows the break point when 0.5 moles of alkyl
halide per mol of lithium naphthalene were added, pointing to a 1:2 stoichiometry for this
process'4!.

In an earlier work, the formation of the univalent naphthalene radical anion could
be followed by measuring the magnetic susceptibility of the solution. In the presence of
excess lithium, reduction of the magnetic susceptibility was indicative of the appearance of
the diamagnetic naphthalene dianion. This could be reversed on addition of naphthalene
to the solution. The total alkalinity of the solution includes both the monovalent and
divalent anions'#?. The kinetics of naphthalene dianion formation from the singly charged
radical anion in THF solution can be followed by simultaneous measurement of magnetic
susceptibility and alkalinity of the solution?® 143, Only lithium naphthalene solutions lead
to the doubly charged naphthalene anions; sodium naphthalene solutions are stable in the
presence of excess sodium. However, side reactions such as equation 5 may cause loss
of both magnetic susceptibility and alkalinity?®.

6. Ultraviolet-visible spectroscopy

The optical density of n-BuLi shows good linear behavior at 285 nm (¢ =91 +4
L mol~! cm™'), in benzene solution, in the concentration range from 0.002 to 0.031 M.
The weak absorption maximum in this region shifts slightly to a longer wavelength on
increasing the concentration!?®. The kinetics of n-BuLi addition to 1,1-diphenylethylene
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in benzene solution (equation 23) may be followed spectrophotometrically at 428 nm,
corresponding to the maximum in the absorption spectrum of the carbanion in the ion
pair 68. No analogous addition takes place with either tetraphenylethylene or 1,1,3,3-
tetraphenylbut-1-ene!3.

Bu-n

n-BuLi/CgHg r
Ph | Li (23)
Ph

d[68
Ph™ Ph Ei ] {[PhyC = CH,J[n-BuLi]*!®
t

(68)

The kinetics of the initiation step, involving formation of ‘living’ polystyrene chains
(69) in benzene solution according to equation 24, can be followed by measuring
the optical density at 335 nm, whereas the kinetics of the propagation step (growth
of x) can be determined by following the disappearance of styrene at 291 nm*.
Formation of w-lithiopolystyrene, w-lithiopoly(1,1-diphenylethene), w-lithiopolyisoprene
and w-lithiopoly(1,3-butadiene) and polyisoprene was monitored by following the optical
densities at wavelengths according to their specific UVV absorption spectra!# 143,

n-BuLi + CH,=CHPh —~ n-Bu+ CHZCHPhtCHZC’HPh Lit
(69)

(24)

Generation of radical anions by various aromatic compounds in the presence of lithium
can be ascertained by development of discoloration. Generation in THF gives a dark blue
solution of lithium 1,4-di-z-butylbiphenyl (70) at 0°C, a dark green solution of lithium
1-(dimethylamino)naphthalene (71) at —45 °C which decomposes at 0 °C and a dark green
solution of lithium 2,6-di-#-butylnaphthalene (72) at 0°C. Only 72 may be generated in
Et,0 at 0°C, in relatively low yield, as a deep purple solution'*®. Deep colored radical
anion adducts of aromatic hydrocarbons with lithium, in substoichiometric concentrations,
may serve as intermediate metallation agents of many types of substrates by lithium metal
(see Section VI.C).

NMe2
Lit Lit
OO QO
(70) (71)
i+
: Li l Bu-1
t-Bu 72)

IV. CHARACTERIZATION METHODS
A. Crystallographic Methods

Application of XRD crystallographic methods for structural analysis of organic com-
pounds is today quite a routine, though non-trivial, undertaking. However, given the high
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reactivity and thermal instability of many organolithium compounds, special techniques
are needed to handle the sample. It might be necessary to perform the mounting of the
crystal in a glove box and to flush the diffraction chamber with a dry inert gas. In some
cases mounting the crystal in a capillary with some mother liquor avoids decomposition
of the sample, while in other cases dipping the crystal in an oil is sufficient. Provision
is made in the instruments for maintaining very low temperatures when acquiring the
diffractograms of compounds that are thermally unstable at room temperature.

In this section are presented a few instances of the application of XRD crystallography
for structural elucidation. Additional examples appear in Section V, dealing with associa-
tion of organolithium compounds in the solid state, and in Section VI, when dealing with
solid products of reactions involving organolithium intermediate stages.

The adduct formed by two lithium atoms with polycondensed aromatic hydrocarbons
crystallizes with two solvating molecules of TMEDA. The structure of the crystals derived
from naphthalene (73)'4” and anthracene (74)'® was elucidated by XRD. This arrangement
of the unsolvated lithium atoms, in 5°-coordination fashion on the opposite sides of two
contiguous rings, was found by MNDO calculations to be the most favorable one for
naphthalene, anthracene and phenanthrene (75)'%.

TMEDA Li
(73)

(75)

The dilithium adduct of 4,4',5,5'-tetramethylbiphosphinine (76) was analyzed by XRD,
after crystallization in the presence of the cryptand C(2.2.1), showing a solvent-separated
ion pair structure. DFT calculations point to a preferred transoid configuration of the
organic moiety, as determined crystallographically, and the natural bond order analysis
points to a charge distribution in the ring of allylic nature, rather than a classical phosphide
structure, in accordance with the puckered configuration of the six-membered rings'*°.

— —+

2 0 0
N,

§)
Z

(76)

Porphyrins can be lithiated by replacement of the two N—H protons. Dialkali metal salts
have been synthesized and characterized by XRD crystallography. The hole-in-the-middle
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of the porphyrin nucleus has sufficient room to accommodate a lithium ion, yielding a
triple ion structure, as shown, for example, in formula 77. With the larger sodium and
potassium ions the atoms sit out-of-plane on both sides of the porphyrin nucleus, equally
coordinated to the four N atoms'>! °2, Similarly, XRD crystallography shows that lithium
phthalocyanines consist of ion pairs variously distributed in space, including a planar anion
containing a central lithium atom (78) and a cation that may be coordinated with various
ligands, e.g. Li"-2PPh}**, n-Buy,N* and 2n-BuyN*.-F~-0.5H,0'>*.

)

(78)

The structure of the Se insertion product of equation 25 was demonstrated by single-
crystal XRD of the solvated complex (79-THF-TMEDA). The Li atom has tetrahedral
coordination to both N atoms of TMEDA, the O atom of THF and the Se atom!.

PhC=CH —%~ PhC=CLi —%—~ PhC==CSeLi (25)
(79)
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The structure of compound 80 was elucidated by XRD crystallography, where the
Li atom forms part of a four-membered ring also containing C, Si and N atoms. This
compound has been used for the preparation of other organometallics by transmetallation
with HgBr,, AICl;, GaCl; and SnCly. Excepting the organomercury compound where no
coordination of the amino group with the metallic atom takes place, the four-membered
ring containing the metallic heteroatom is preserved'3.

Me,
Me;Si Si_
P NMCQ
Me;Si Li
/
THF THF
(80)

B. Nuclear Magnetic Resonance Spectroscopy

The few examples presented below in this section and the rest of the chapter point to
various properties that can be investigated by NMR spectroscopy. Table 5 presents data
on the atomic mass and nuclear spin of elements that are relevant to the MS and NMR
spectroscopic techniques applied to organic and some organometallic compounds.

While 'H and '3C NMR spectra are extensively reported for the structural character-
ization of many organolithium compounds and their derivatives containing no lithium
atoms, use of °Li and 7Li NMR and their two-dimensional and solid-phase variants
for direct structural characterization is more limited. Applications of NMR spectroscopy
to organolithium compounds have been reviewed'>® and are amply discussed in other
chapters of the present volume. An earlier review deals with the application of two-
dimensional NMR and the nuclear Overhauser effect (NOE), combining 'H, °Li, "Li
and 3C NMR, to obtain structural, mechanistic and kinetic information on the dynamic
behavior of organolithium compounds in solution'®. Some recent advances of NMR
spectroscopy of organolithium compounds have been reviewed, including the isotopic fin-
gerprint method related to SLi, one- and two-dimensional pulse experiments for homonu-
clear and heteronuclear spin systems, and structural aspects related to benzyllithium
and formation of polylithium systems'®®. Some relevant properties of the stable iso-
topes of lithium are summarized in Table 5. In certain cases it is convenient to carry
out NMR experiments using samples that were isotopically enriched with Li. A review
appeared on NMR spectroscopy of ®Li-enriched organolithium compounds'®'. Experi-
ments with °Li—'>N double labeling have been reviewed. These are useful for determina-
tion of structural, solvation and association features of lithium dialkylamides and similar
species 92,

An extensive review appeared on the configurational stability of enantiomeric organo-
lithium reagents and the transfer of the steric information in their reactions. From the
point of view of the present chapter an important factor that can be evaluated is the ease
by which an inversion of configuration takes place at the metallation site. It happens
that 'H, "Li, 3C and 3'P NMR spectra of diastereotopic species have been central to
our understanding of the epimerization mechanism depicted in equation 26, where C and
epi-C represent the solvated complex of one chiral species and its epimer, respectively.
It has been postulated that inversion of configuration at the Li attachment site takes place
when a solvent-separated ion pair is formed. This leads to planarization of the carbanion,
its rotation and recombination to form the C—Li bond, as shown in equation 27, where
Li*.L, is the solvated lithium cation. An alternative route for epimerization is a series of
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TABLE 5. Stable isotopes frequently appearing in organic and organolithium

compounds®

Isotope Natural Atomic mass Spin Nuclear
abundance (Da)? magnetic

(%) moment (nm)

'H 99.985(1) 1.007825032 12+ +2.79285

’H 0.015(2) 2.01401778 1+ +0.85744

SLi 7.5(2) 6.0151223 1+ +0.82205

Li 92.5(2) 7.0160041 3/2— +3.25644

10 19.2(2) 10.0129371 3+ +1.8006

g 80.1(2) 11.0093055 3/2— +2.6886

2c 98.93(8) 12.000000000 0+ 0

B¢ 1.07(8) 13.003354838 12+ +0.70241

14N 99.632(7) 14.003074007 1+ +0.40376

BN 0.368(7) 15.00010897 12— —0.28319

160 99.757(16) 15.994914622 0+ 0

170 0.038(1) 16.9991315 5/24 —1.8938

180 0.205(15) 17.999160 0+ 0

19p 100 18.9984032 12+ +2.62887

85i 92.22(2) 27.97692653 0+ 0

28i 4.69(1) 28.9769472 12+ —0.5553

30si 3.09(1) 29.97377022 0+ 0

3p 100 30.9737615 12+ +1.13160

323 94.93(31) 31.9720707 0+ 0

33 0.76(2) 32.9714585 32+ +0.64382

A 4.29(28) 33.9678668 0+ 0

368 0.02(1) 35.9670809 0+ 0

31 75.78(4) 34.96885271 32+ +0.82187

e 24.22(4) 36.96590260 32+ +0.68412

7Br 50.69(7) 78.918338 3/2— +2.106400

8IBr 49.31(7) 80.916291 3/2— +2.270562

1271 100 126.904468 52+ +2.8133

“Effective literature cutoff for data in this table is December 2000'%7.
bIn the chemical scale the atomic mass of '2C is exactly 12.000000000 Da.

jumps of the Li atom to adjacent coordination sites and its return to the opposite side of
the original site (the so-called guided tour, equation 28). NMR studies include calculation
of energy and entropy barriers for epimerization (AG*, AH* and AS*) by carrying out
kineticlgleasurements with variable temperature and estimation of structural and solvation
effects'®.

C epi-C (26)
A A
Li_ Ph LitL, , bh LitL, , Ph Li_ Ph
7| 7 |-
27

inversion



8. Analytical aspects of organolithium compounds 345

. Li Li .
H. .-Li H ; H H Li
X : / —_—— : S —— N ' — S '
P’ N %T/ Ph/QIII/ Ph/<N/ (28)

Ph inversion

The dynamic behavior of various solid organolithium complexes with TMEDA was
investigated by variable-temperature '3C and >N CP/MAS and "Li MAS NMR spectro-
scopies. Detailed analysis of the spectra of the complexes led to proposals of various
dynamic processes, such as inversion of the five-membered TMEDA-Li rings and com-
plete rotation of the TMEDA ligands in their complex with the PhLi dimer (81), fast
rotation of the ligands in the complex with cyclopentadienyllithium (82) and 180° ring
flips in the complex with dilithium naphthalene (83)!%*. The significance of the structure
of lithium naphthalene, dilithium naphthalene and their TMEDA solvation complexes, in
the function of naphthalene as catalyst for lithiation reactions, was discussed!®.

MR TERRN
NWASA WV /N N\ .C
[N\ o N Li !
Li Li j J\ . Li
/NI S . ~ -7
N O N N N
. . - ~
SNE N _J/
(81) (82) (83)

A BC NMR study in hydrocarbon solvents points to a large charge delocalization
and sp? character at the a-carbon of compounds 84 and 85, containing benzyl moieties,
while the allylic compounds 86 and 87 have an intermediate state of hybridization at the

a-carbons!%°.
Ph Li Ph Li

(84) (85
(86) (87)

The structure of the organolithium compound 89 in solution, obtained on metallation of
a cyclic aldonitrone (88), according to equation 29, seems to have the resonant structure
(89), as determined by '3C, '*N and "Li NMR spectroscopy. Based on the spectroscopic
evidence and ab initio calculations (MP2/6-31 + G*) on a simplified model compound (H
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atoms replacing the five Me groups) it was concluded that the lithium atom has partial
covalent bonds to C(, and the O atom (cf. 90)'%".

0*
H 0 Lit /
>Z‘ N<3> >( 6) >( N,
(29)
N<1>
(88) (89)
Li
\ _
/O
="Ng)
Ifu)
(90)

An extensive study was undertaken of the structural analysis of organolithium com-
pounds based on the coupling constant J(°Li, '*C) observed when running '*C NMR
spectra at low temperatures. Besides purely hydrocarbon structures many derivatives bear-
ing halogen atoms geminal to lithium (91-101) were investigated, at temperatures usually
below —100°C!®8,

H Cl
LiCHX, LiCX3 MeCBr,Li Cl Li
91 92) 93) 94)
Br Li
Li Br Li
Br Li
1
R
95) (a)R=H (96) 97) (98)
(b) R =t-Bu
X Li
Li .
Br Li
Ph j Br /
99) (a) E (100) (101)

(b)z
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The 'H and '*C chemical shifts of some unsaturated species, their carbanions and the
corresponding lithium complexes were calculated by the IGAIM method'® and com-
pared with experimental values in THF solution. Examples are the lithium salt of the
allyl carbanion (102), the dimeric form of the latter (103) and the lithium salt of the
bicyclo[3.2.1]octa-3,6-dienyl carbanion (104)'7°,

H
H. A
)\/\ H H
H Li H H Ll L m
) H TR u H
H H H
H H H
(102) (103) (104)

Optimization of the HMQC technique for the IS, nuclear spin system was examined, to
avoid the appearance of unwanted peaks or reduce their intensity. In such spin systems I
represents a metal atom of spin 1/2 or 1 and S, represents n atoms of spin 1/2 coordinated
to L. TI}sloptimization method can be applied to the analysis of the Li HMQC or HSQC
spectra’ .

The quadrupolar coupling constant x ("Li) (QCC) is a useful property for elucidation of
the coordination environment of the Li atom in a compound. It can be applied to investigate
whether the Li™ cation is directly coordinated to the anionic site or separated from it by
solvating molecules, for example, in the three solid complex systems, 105a—d, 106a—c and
107a—c. 'Li MAS-NMR spectroscopy of all three systems of crystals complexed with two
molecules of 12-crown-4 (108) show significantly lower x ("Li) values (<30 kHz) than all
the other listed complexes (>100 kHz). This may be interpreted as the complexes 105a,
106a and 107a having the Li* cation sandwiched between the two crown molecules in
a tetragonal-type coordination environment. The rest of the complexes can be considered
as contact ion pairs'’? (for example, the structure of the solid 107¢c is shown by XRD to

Li Li

Ph
)\ _Ph % )\
Ph S Li Ph SiMe;
(105) (106) 107)
(a) complex with 2108 (a) complex with 2108 (a) complex with 2108
(b) complex with PMDTA (b) complex with PMDTA (b) complex with PMDTA
(c) complex with 3THF (c) complex with 3THF (c) complex with TMEDA

(d) complex with 108

—

MezN NMez

[ O o j Li Php*
S

Megsi
(108) (109) (110)

C,
D
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be as depicted in 109, with the Li atom in tetrahedral coordination with both N atoms
of TMEDA and to the a- and ipso-positions of the benzyl group'”®). A low yx("Li)
value may point to ion separation as in the cases just discussed or to a highly symmetric
coordination environment of the 7Li atom, even if in close contact with the counterions, as
in compound 110'74, Other applications of yx ("Li) to structural elucidation are mentioned
in Sections V.A.1-3.

Di-2-pyridylmethane can be metallated by n-BuLi in THF solution to yield compounds
of peculiar structure, such as 111a. In the presence of a ligand stronger than THF, such as
12-crown-4 (108), 111b disproportionates into a lithium lithiate, with a solvent-separated
ion pair structure, where the lithium cation is sandwiched between two crown molecules
(112). The crystalline materials were characterized by XRD analysis and by °Li and
"Li CPMAS/NMR spectroscopy. During the NMR analysis of compound 112 (two SLi
peaks) a certain amount of a second compound appears, presumably 111 (one °Li peak),
a reversed disproportionation taking place as a result of the mechanical stress exerted
on 108 by the sample tube rotating at 12 kHz. The structure of the anion of 112 is very
favored, allowing the synthesis of an analogous sodium lithiate crystal by carrying out the
metallation reaction in the presence of a superbase containing n-BuONa!’>. The structure
of compounds 111a and 112 may be characterized by XRD crystallographic analysis!7®.

7~
Q Q 12-crown-4
5 N_ N |
N. _N A Li
QL0 we
7\ 12-crown-4
L L S~

(111) (a) L = THF (112)
(b) LL = 12-crown-4

7Li NOESY spectra can be used to characterize dilithium porphyrin salts such as 77
in solution. In DMSO at room temperature two bands of equal intensity are observed
(—1.12 ppm/vy/» = 4 Hz; —11.55 ppm/v,;, = 52 Hz). These bands broaden and finally
coalesce to a single peak (—6 ppm) on warming to 100°C. The lower field signal is
ascribed to a lithium ion symmetrically surrounded by solvent molecules, whereas the
broader high field corresponds to a lithium ion strongly shielded by a m-electron sys-
tem. At higher temperatures a fast interchange between these two sites takes place.
Similar behavior is observed in acetone solution, however, over a lower temperature
range. In solvents of lower polarity only one temperature-independent "Li{'H} signal is
detected (—12.8 ppm/THF, —16.5 ppm/TMEDA and C¢Hg), which may be interpreted as
the lithlislém atoms being symmetrically bound to the porphyrin nucleus as depicted in 113
or 114>~
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'H and '3C NMR spectra were applied to elucidate the electronic structure of the
dianions in the dilithium arene compounds formed with anthracene, phenanthrene and
1,2,3,4-dibenzocyclooctatetraene (115). Although the three dianions have 16-m isoelec-
tronic systems, the former two differ due to their charge distribution, and 115 due to the
steric strain in the cyclooctane ring, interfering with a coplanar configuration!”” 78

%

O

(115)

Diindeno[1,2,3,4-defg;1’,2',3' ,4’-mnop]chrysene (116a) can be considered as a symmet-
rical cap that was cut out of the fullerene C¢y molecule. This compound and its alkylated
derivative (116b) react with Li to yield dianions and tetraanions in solution. The stan-
dard two-dimensional NMR techniques are insufficient for the structural assignment of
the spectra. A special carbon edited NOESY approach was developed for total assign-
ment of the spectra of the neutral species and the dianion. DFT calculations aided in the
assignment of the tetraanion spectra!”® 180,

hOges
R: :R

(116) (a)R=H
(b) R=1-Bu

The structure of dilithium dibenzo[a,c]naphthacene and its Na and K analogs (117a-c)
was studied by 'H and '*C NMR spectroscopy, including long-range COSY techniques.
The protons may be separated into a low-field group belonging to the phenanthrene section
and a high-field group of the anthracene section. It was proposed that the negative charge
is conc?sl}trated mostly on the anthracene side, while the phenanthrene side remains almost
neutral '®".

The 3J('3C, 'H) coupling constant value of the CH=N group of aldonitrones is taken
as indicative for the feasibility of the alkoxide-catalyzed isotope exchange of the methine
hydrogen by MeOD or the metallation of the methine C by s-BuLi. The value of this
coupling constant is larger for the E-configuration, prevalent in cyclic aldonitrones, than
for the Z-configuration of the open-chain aldonitrones. Stabilization of the intermediate
carbanion by coordination of H or Li to the oxygen atom seems to be a condition for either
reaction to take place. Thus, for example, compound 118 does not undergo D-exchange
nor Li metallation, whereas for its cyclic analog (119) the isotopic exchange is finished
after 40 hours at room temperature. The progress of this reaction can be followed by
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SO0 UIE:

(117) (@) M =Li
(b) M =Na
(c)M=K

measuring the disappearance of the methine proton by 'H NMR. Metallation to 120 is
carried out at low temperatures (—70°C) and its progress is followed by quenching with
benzaldehyde to give 121, separating the mixture by preparative TLC, and measuring the
products by 'H NMR!%2,

3C,H)=15 3/(C, H)=4.5

?
N _ N
el 0
H H
(118) (119)

/N\

o

Ph OH
(120) (121

C. Miscellaneous Methods
1. Ultraviolet-visible spectroscopy

The interaction of solvents with compounds where the lithium atom is attached to
an organic chromophore has been investigated by UVV spectroscopy, for compounds
with organic chromophores. Two states in equilibrium can be distinguished for fluorenyl
(F1) carbanion-alkali metal cation compounds (122) in solution, namely a contact ion
pair FI"Li* and a solvent-separated ion pair FI~||Li* (equation 30). The equilibrium
displacement depends on the cation, solvent and temperature. A bathochromic shift is
observed when in the contact-type compounds the ionic radius of the cation increases
along the series from 122a to 122d. For the solvent-separated ion pair the absorption
maximum is at Ay, = 373 nm, allowing quantation of both types of species (e.g. the
contact ion pairs in THF have Ay, = 349, 356, 362 and 364 nm for M = Li, Na, K
and Cs, respectively). Solvent separation is much influenced by the solvent polarity; for
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example, the lithium analog (122a) at room temperature appears as a contact ion pair in
toluene and dioxan, whereas in THF 80% undergoes ion separation and in DME, DMSO
and pyridine total ion separation takes place. For a given solvent and temperature, ion
separation depends on the solvating capability of the cation; thus, for DME at 25 °C the
fraction of ion separation is 100% for Lit, 95% for Na*, ca 10% for Kt and nil for
Cs™. The tendency is for solvent separation to increase as the temperature is lowered, for
example, in the case of fluorenylsodium (122b) the equilibrium constant K grows from
0.064 at 24.2°C to 6.15 at —63.0°C'%3,

QO

M

(122) (a) M =Li
(b) M =Na
(e M=K
(d)M=Cs

FI-M* Fl-||M*+ K = [FI~ |[M*]/[FI"M*] (30)

solvent

Lithium reduces naphthalene in THF solution. The color of the solution turns first
green, corresponding to a singly charged naphthalene radical anion, and finally deep
purple, corresponding to a doubly charged anion (broad maximum at 550 nm). On adding
a slight excess of biphenyl the solution spectrum turns into a superimposition of the spectra
of singly charged naphthalene and biphenyl radical anions. Similar behavior is noted for
phenanthrene, the doubly charged ion of which has a sharp absorption peak at 415 nm
and a broad maximum at 580 nm; this dianion turns to a mixture of singly charged radical
anions on addition of a slight excess of biphenyl'®*. The color is reversible on adding a
slight excess of naphthalene. The UVV spectrum of solutions of alkali metal-arene adducts
(MTA"~, M*,A?") was measured for A = anthracene, tetracene, pentacene, biphenyl, p-
terphenyl and p-quaterphenyl. A slight difference is observed between the spectra of the
ion pair NatA*~ and that of the corresponding free polycondensed arenide anion A*~; for
the polyphenylene chain type arenes, close but distinctive spectra are shown by NatA*~
and A*”, with the latter shifted to longer wavelengths. More tangible differences are
noted for the double adducts. The M*,A?~ adducts with A = anthracene are practically
undissociated ion pairs over the temperature range from —75 to 25°C, showing two
absorption bands with A« slightly displaced from each other in the order Li < Na < K.
For A = tetracene and pentacene distinctive spectra are obtained for the associated species
Lit»A%" and the dissociated anion A”~, the latter being slightly displaced to longer
wavelengths'®. The effect on the UVV spectrum observed for various solvents may be
attributed to their capacity of turning the M*A*~ and M*,A?" solutes from contact ion
pairs or triple ions to solvent-separated ions'$?.

The changes in structure attending the formation of alkaline metal salts of porphyrins
can be followed by UVV spectroscopy. For example, on preparing the dilithium salt of
octaethylporphyrin (77), the Soret band of the free base (398 nm) is shifted to 416 nm.
Going to a higher symmetry in the salt, the four Q-bands (496, 528, 568, 622 nm) are
replaced by two bands at 522 and 588 nm. Similar changes are observed for the disodium
and the dipotassium analogs. Hydrolysis of the salts to the original free base can be

followed spectrophotometrically'2.
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2. Infrared spectroscopy

Tronpentacarbonyl reacts with organolithium compounds yielding lithium acylferrates,
as shown in equation 31. The lithium atom is probably bound to the carbonyl moiety of
the acyl group, as indicated by the significant shifts observed in the IR absorption peaks
of the C=0 group of compounds 123a and 123b as compared with compounds 124a and
124b, obtained after quenching with Me,NBr!'®,

1. RLiI/Et,O 2. MeyNBr
Fe(CO)s RC(OLi)Fe(CO)4 RCOFe(CO),NMe,
(123) (a) R =Me (124) (a) R = Me (D
(b) R=Ph (b) R =Ph

A series of investigations was performed on the structure of the complexes formed by
unsaturated hydrocarbons with lithium dissolved in a solid argon matrix. The structures
proposed for these complexes are based on assignment of the perturbations observed in
the IR spectra of the free hydrocarbons and their isotopically enriched species.

With acetylene at 15 K four different complexes can be detected, depending on the
concentration of lithium and acetylene; on raising the temperature to 30 K these complexes
disappear, possibly yielding associated and dismutated species. °Li, "Li, C,H,, C,HD,
C,D, and *C,H, were used in this study. The main products are Li-C,H, and Li-2C,H..
The planar structure 125 is proposed as the most probable one for the 1:1 complex,
with the CC bond weakened and elongated towards ethylene values and a CCH angle of
140 £ 10°. The 1:2 complex is assigned a probable H-bonded structure as in 126, with
the second acetylene molecule acting as H-donor. Two minor complex products have
a 2:1 stoichiometry (2Li-C,H;). One of them is assigned structure 127, with the C=C
distance and the CCH angle approaching the values of ethylene. The second 2:1 complex
is distinguished by its stability to UV-radiation'®’. The instability of the 2:1 complexes
is possibly related to the findings of ab initio molecular dynamics calculations, that the
most stable configuration of singlet 2Li- C;H; is LiH-HC,Li, namely lithium acetylide in
association with lithium hydride's®.

H H
H __Li

’Li H—==—H"{_Li j?
H H g~ U

(125) (126) 127)

Lithium atoms form two types of complexes with benzene molecules dissolved in solid
argon, namely Li-C¢Hg and Li-2C¢Hg. Assignment of the perturbations observed in the IR
spectrum of free benzene and its deuteriated analog in the presence of Li atoms leads to the
conclusion that the lithium atom sits on the C, axis of the benzene ring of the 1:1 complex
and on the common axis for the two rings of the 1:2 complex. No analogous complexes
are observed for Na'®°. The adducts formed by Li and phenylacetylene or styrene vapors,
trapped in a matrix of solid argon, were analyzed by IR spectrophotometry, observing
the perturbations on the IR spectra of the free hydrocarbons and their deuteriated analogs
caused by the presence of Li in the system. It may be concluded that there are complexes
where the lithium atom is coordinated to the -system of the side chain and others where
coordination takes place with the w-system of the phenyl group, the latter being the most
stable. The former type can be transformed to the latter by photochemical activation.
A third type of complex is observed, where the Li atom is sandwiched between two
phenylacetylene molecules, coordinated to the phenyl groups'®.
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Various adducts may be identified by IR spectroscopy of Li and ethylene in a frozen
argon matrix, using SLi, 7Li, C,H4,"*C,H,, CH,CD; and C,Dy. Bonding of Li to the
m-electrons of ethylene causes the HCH planes to form dihedral angles with the CC bond
(128). This puckering effect is the strongest for the Li-nC,H, complex when n = 1 and
is weakened along the series n =2, 3. Two structures (129 and 130) are concomitant
with the experimental result for the Li-2C,Hs complex, with D,, and D,; symmetry,
respectively. For the Li-3C,Hy complex two structures (131 and 132) with D3, symmetry
may be proposed. As for the 2Li-C,H4 complex, structure 133 with C,, symmetry is

found to best fit the spectra'®!.

(128) (129) (130)

R

AV > Ly
>o Qo < HH ]&1\ HH

(131) (132) (133)

3. Electron spin resonance

Naphthalene is reduced by alkali metals in solvents such as THF or liquid ammonia,
yielding mono- and dinegative anions. The singly charged anion is paramagnetic, with
the extra electron residing in a 7-LUMO of naphthalene. The doubly charged one is
diamagnetic'®?~1%*, Lithium naphthalene (Li-C;oHg) has ion pair structure and the anion
is also a free radical. This was demonstrated by ESR spectroscopy. At 20°C the anion
spectrum presents two splitting sets, related to two groups of four equivalent H atoms
(al = 4.83 gauss and a? = 1.82 gauss). Superimposed on this is a quartet hyperfine

splitting due to contact ion pair formation with 7Li* (spin 3/2, @ = 0.39 & 0.02 gauss).
However, the magnitude of the latter value is strongly dependent on temperature and
solvent, due to the solvation capacity of the cation, interfering with contact ion pair
formation. Investigation of lithium naphthalene should be carried out on fresh solutions
because the solute gradually decomposes by reaction with the solvent!**~1%_ The adducts
of alkali metals with anthracene and azulene (134) show in their ESR spectra hyperfine
splitting constants with the various H atoms that point to perturbations dependent on
the metal, solvent and temperature. This variability can be attributed in part to ion pair
formation'®’.

The structures of the radical anion of dibenzo[a,c]naphthacene (135) and the corre-

sponding radical cation were investigated by ESR and proton-ENDOR spectroscopies'®!.
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@ M

(134) (a) M =Li
(b) M=Na
(ccM=K

(135)

4. Mass spectrometry

A low pressure, a gaseous stream of benzene or variously substituted chlorobenzenes
was exposed to lithium vapor and the resulting products were condensed on a cold finger
filled with liquid N,. The accumulated condensate of each run was quenched with deu-
terium oxide and the organic mixture was analyzed by GC, and the analysis was confirmed
by high resolution MS. The identified deuteriated species may be assumed to be derived
from the corresponding organolithium compounds. For example, 65% of benzene reacts
yielding the following major products: C,Li,, C;Li4, C,Lig, Cs3Li4, C3Lig, CsLig and less
than 1% of PhLi, as the main representative of a series of minor metallated benzenes'®3.

5. Electrochemical methods

Cyclic voltammetry and second-harmonic AC voltammetry can be applied to determine
the electrochemical oxidation potentials of PhCH,Li, allyllithium and ¢-BuC=CCH,Li
in THF-HMPA solution, and the values used to make an estimate of the pK, of the
corresponding hydrocarbons. Electrochemical measurements for Ph,CHLi and cyclopen-
tadienyllithium allow making estimates of the bond dissociation energy of Ph,CH, and
the pK, of cyclopentadiene, respectively, whereas the electrochemical behavior of MeLi,
n-BuLi, PhLi and vinyllithium does not allow making useful estimates other than the
lower limits to the pK,, of the corresponding hydrocarbons'®.

The electrical conductivity of the fluorenylmetal compounds 122a, 122b and 122d in
THF solution may be measured at temperatures in the —70 to 25°C range in order to
investigate the thermodynamics of their dissociation?®. The electrical conductivity of the
dilithium salt of octaethylporphyrin (77) varies according to the solvent; thus, in acetone
and acetonitrile conductivities indicate the presence of a 1:1 electrolyte, while in THF
the solution is practically nonconducting, pointing to a strongly bound ion-pair structure.
This is in accordance with ’Li NMR evidence, interpreted as the ion pair being solvent
separated in polar solvents such as acetone or DMSO and of the contact type for less
polar solvents like THF and TMEDA %2,

The molar conductance of MTHF solutions of alkali metal-arene adducts (MTA*~,
M*,A?") was measured for A = anthracene, tetracene, pentacene, biphenyl, p-terphenyl
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and p,p-quaterphenyl. In the case of adducts MTA*~, at a given temperature from —75 to
25 °C, the conductivity slightly increases with the size of the organic molecule, for both the
polycondensed and the chain arene series. The effect of temperature is different for each of
the metals: Conductivity is relatively the lowest for M = K, showing a slight decrease with
temperature over the range, for M = Na conductivity passes through a maximum at mid-
range becoming the highest of all there and for M = Li the conductivity shows an almost
linear increase from the lowest value at —75 °C to the highest value at room temperature.
The conductivity of adducts M*, A%~ (A = polycondensed hydrocarbon) is significantly
lower than for adducts M*A*~, with that of Li*,A%~ being slightly higher than the other
two and all show nil to weak variation with temperature. The conductivity behavior may
be interpreted in terms of the presence in solution of nonconducting ion pairs and free
metal cations and arenide anions'®3. The adducts of alkali metals with A = anthracene
in THF solution precipitate at —70°C, with composition Li,A-4THF, Na,A-3THF and
K;A-2.6THF. On thermal treatment in vacuum of these compounds the solvating THF
evaporates, leaving Li A, Na, A and K, A, respectively. The specific conductivity of these
solids is pressure dependent and larger for NayA than for Li, A%!.

6. Calorimetry

The relative basicity of eighteen organolithium compounds was studied by calorimetric
measurements of the compounds dissolved in hexane—Et,O (9:1 by volume) interacting
with isopropyl alcohol. The order of exothermicity is shown in equation 3222,

R-Li > R,N—Li > RNH-Li > RO—Li (32)

V. ASSOCIATION
A. Monomers, Dimers, ..., Polymers
1. General

Various methods have been applied, singly or in combination, to determine the degree
of association of organolithium compounds in solution, including kinetic measurements,
differential vapor-pressure, cryoscopy, ebulliometry and osmometry. Among the NMR
methods direct observation of the spectra and determination of certain functions such as
quadrupolar coupling and splitting constants (QCC, QSC) have been applied, both for
evaluation of association equilibria in solution and for structural characterization of the
associated species. An empirical correlation (J = 17 Hz/n) was proposed for estimation
of the association number n of ®Li-enriched compounds in solution, based on measurement
of the coupling constant 'J ('*C—°Li)?%. For the solid state, XRD structural analysis is a
direct solution of the problem; however, MAS NMR solid-state techniques may be useful
in cases where no suitable crystals are available for XRD.

The importance of solvation in establishing the degree of aggregation of organolithium
species cannot be overemphasized. Determination of the state of aggregation of organo-
lithium compounds in solution is usually a difficult task, complicated by a plethora of
possible structures in dynamic equilibrium. In such cases theoretical calculations may be
helpful to focus attention on certain species that one may try to sort out from a complex
scene of experimental evidence. MNDO calculations were carried out to determine the
enthalpy of formation of monomeric (136), cyclic dimeric (137), open-chain dimeric (138)
and triple ion species (139), derived from lithium N,N-dialkylamides solvated to various
degrees with water, dimethyl ether, THF, phosphortriamide and HMPA. Except for one
minor irregularity, predicting an energetically favorable open-chain dimer doubly solvated
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with HMPA (138b-2HMPA) as compared to the cyclic analog (137b-2HMPA), calcula-
tions are in accord with experimental observations derived from °Li, "N and 3'P NMR
spectra of 136a—c in solutions containing THF and HMPA2*,

R\ R /L‘\ /R R\N/LI\N/LI
_ N N
N—Li / N\
N 7N\ /
/ TR R R R
R
(136) (a) R = Me 137 (138)
(b) R =i-Pr
(©RR=( R_ R .
N—Li—N Li
% N
R R
(139)

The association number of Li amides, such as LiN(SiMe3),, organolithium compounds
bound at the «-position to S or Se atoms, such as LiCH,SePh, and various transition metal
complexes was determined at 0°C in THF or at —35°C in Et,0, by differential vapor-
pressure osmometry. The method allows handling compounds sensitive to autooxidation,
moisture and temperature®® .

Fractional kinetic orders of homogenous reactions in solution may point to association
of a particular reagent. The kinetics of the initiation step of styrene polymerization in
the presence of n-BuLi (equation 33) is in accordance with the assumption that this
organolithium compound in a nonbonding solvent forms aggregates of six molecules on
the average*?.

d[BuLi
[d‘; 1 4 [n-BuLi]/*[PhCH = CH,] (33)

2. Compounds with C—Li bonds

Cryoscopy and '*C NMR spectroscopy may be applied to determine the state of associ-
ation of organolithium compounds in solution. #-BuLi is dimeric in Et,O and monomeric
in THF solutions. Other organolithium compounds that remain monomeric in THF solvent
are s-butyllithium, phenyllithium, mesityllithium (140a) and supermesityllithium (140b).
Isobutyllithium in THF at —108°C is in equilibrium, with the monomeric and dimeric
species present in 88:12 molar ratio; for dilute PhLi in THF at —103 °C the ratio becomes
35:65. Addition of PMDTA to the solution turns all dimeric species into monomers. The
C—Li bond has a strongly ionic character and the magnitude of the C—Li coupling con-
stants depends mainly on the state of association of the organolithium compound®®. On
the basis of cryoscopic determinations, f-Buli was assumed to form a yellow-orange
complex with naphthalene of formula 2¢-BuLi-2C;oHg (MW 360 % 14) in hydrocarbon
solution?”’; however, the same results were interpreted more recently as corresponding to
the complex 4¢-BuLi-CjoHg (MW 384)!4!. From differential vapor-pressure and kinetic
measurements it may be concluded that MeLi and n-BuLi are tetrameric in Et,O or THF at
25 °C, allyllithium is monomeric, vinyllithium trimeric or tetrameric and PhLi dimeric?®.

A study was carried out applying °Li and '*C NMR spectroscopies, on the behavior
of ®Li-enriched BuLi and PhLi (RLi) in toluene solution, in the presence of chelating
diamines 141-143 and (—)sparteine (24), denoted by L. Dimeric complexes 2RLi-2L
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(144) are formed in each case. In the presence of a mixture of two diamines (L and
L) the homosolvated (2RLi-2L and 2RLi-2L") and the heterosolvated species (2RLi-L-L")
are formed, and the relative free energy of solvation can be estimated for the com-
peting diamines. For certain pairs the heterosolvated species is highly stable, pointing to
correlated solvation. The rates of reaction of RLi in the presence of TMEDA can be deter-
mined by IR spectrophotometry for the 1,2-addition to imine 145 (equation 34) and for
a-metallation of imine 147 (equation 35), following the disappearance of the substrates.
The mechanism proposed for both reactions involves a monomeric solvated molecule of
RLi, as depicted by intermediates 146 and 148, respectively?®. XRD crystallographic
analysis shows that the Li atoms in the solid dimeric complex 2PhLi-2TMEDA have
contacts with the ipso positions of the other phenyl groups?'?. BuLi in THF solution con-
sists of solvated dimer and tetramer species in equilibrium. On raising the temperature,
equilibrium is displaced towards the tetramer. The presence of Li alkoxide in solution
leads to formation of mixed alkyllithium—lithium alkoxide species containing up to three
alkoxide ligands. This study was carried out by 'H and "Li NMR spectroscopies>!!.

B BE
i-Pr N Me,N ﬂ i-Pr N—Li
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(145) (146)
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A SLi, 3C and >N NMR study reveals that at low temperatures 2-lithio- N-methylpyrro-
lidine is dimeric, for example, having the homochiral (S,S) configuration 149, whereas 2-
lithio- N-methylpiperidine and its 4-¢-butyl derivative are monomeric, for example, having
the (R) configuration (150a,b). It can also be observed that these anomers are chirally
stable at low temperatures. Reacting these compounds with electrophiles such as aldehydes
or ketones leads to conservation of configuration at the Li-bearing carbon. Furthermore,
reacting with electrophiles such as alkyl halides usually leads to inversion of configuration.
However, in compound 150b, where the bulky 7-Bu group maintains the Li atom fixed
in a pseudoequatorial conformation, no inversion of configuration can take place?'?.

H R
0% %

N—Li
\
Li——N R H

H

I

(149) (150) (a) R =H
(b)R=+-Bu

Methyl «-lithioisobutyrate (151) in THF solution, in the concentration range between
0.05 and 2.0 M, below ca —70°C, appears as a mixture of the dimer and the tetramer,
as shown by two distinct chemical shifts in the ’Li NMR spectrum?'3. A study involving
"Li and 3C NMR spectra, conducted at low temperatures on THF solutions of 151 in
the presence of LiCl, points to formation of mixed dimeric 151-LiCl and mixed trimeric
151-2LiCl complexes over a large temperature range. The possible mixed tetrameric com-
plex 151-3LiCl, observed below —55 °C, dissociates into 151-2LiCl and free LiCl at higher
temperatures. The behavior of 151 is taken as a model for the effect of the presence of
LiCl on the dispersity of poly(methyl methacrylate), as the salt may affect the modes of
aggregation of the living polymer (152a)>'*. An investigation was carried out using 'H,
°Li, 'Li and *C NMR spectra, in both homonuclear (COESY, NOESY, ROESY) and
heteronuclear (HET-COR, COLOC, HOESY) variants. These were applied to determine
the degree of self-association of lithium 2-(2-methoxyethoxy)ethoxide (153) in solution,
and the formation of mixed aggregates of this alkoxide with di-z-butyl 2-lithio-2,4,4-
trimethylglutarate (154). Such complexation behavior may be used as a model to aid
understanding how the association of living polymer 152b with 153 may affect the poly-
merization process?'®. The effect of the presence of LiCl on such polymerization was also
investigated by the same methods?'S. It should be pointed out that MNDO calculations
were carried out to discern energetically favored associated species that could not be
differentiated by spectral methods alone?!> 216,
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Complexes (Me;Si),CHLi-TMEDA and (Me;Si),CHLi-PMDTA are shown to be mono-
meric by ebullioscopy, and the latter also by XRD crystallography. The short C—Li
distance (213 pm) points to the covalent nature of this bond?'”.

The degree of association of organolithium compounds depends strongly on the solvent.
Some of these compounds are very soluble in liquid ammonia and resist ammonolysis.
The degree of association (n) in such solutions can be investigated by cryoscopy. The
value of n measured at a certain molal concentration (m) is given for the following
compounds as (n/m): 2-Phenylethynyllithium (155, 1.56 0.14/0.1500) at the given
concentration is present about 56% as a dimer and about 44% as a monomer; this com-
pound is mainly a dimer in THF solution, whereas in the solid state it is either a dimer
or a polymer of tetrameric units. Lithium cyclopentadienide (1a, 1.40 +0.13/0.1533) is
mostly monomeric in liquid ammonia, with some extent of dimerization; NMR studies of
CpLi in polar solvents point to a contact ion pair structure and XRD of some derivatives
point to a preferred n°-coordination (156). Various possible structures can be suggested for
the dimeric species: a solvated complex with mixed n2-n3-coordination (157), or, keeping
in mind the preferred n°-coordination, formation of unsolvated (158) or solvated (159)
lithiocene anions, in combination with a Li* cation solvated with ammonia. The structure
of a possible trimer has been suggested as the combination of one of these anions with

the complex cation 16028,
Li @ | >
PhC=CLi NH;3), Li Li (NH
Zlg (NHy); Li, Li (NHs),

155) (156) 157)

Li Li-

<= I N s
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The 7Li quadrupolar coupling constant (QCC), x ("Li) = e?Qq/h, where Q is the
quadrupole moment, ¢ the field gradient at the nucleus, e the elementary charge and
h the Planck constant, can be determined from ’Li solid-state NMR spectra, and bears
useful correlations to structural features of the compound, such as the association state
of the molecules and the coordination of Li to neighboring atoms. A correlation exists
between the C—Li—C angle as determined by XRD crystallography and the "Li QCC
value, as shown for compounds 161-166. Such behavior of the ’Li QCC may be useful
for discerning structural details in cases where no suitable crystals are available for XRD
analysis®'®. Ab initio (HF/6-31-G*) and DFT (B3LYP/6-31 + G*) calculations were carried
out for theoretical justification of the formation of monomeric, dimeric and tetrameric
complexes of aryllithiums, and the participation of TMEDA in these processes®2.

114°/264 kHz
106°/156 kHz
LLi L Li_
2TMEDA
(161) 4THF
(162)

143°/334kHz  i-Pr

118°/252 kHz i-Pr
Me;Si SiMe
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Me;Si SiMe; .
i-Pr
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(164)
174°/460 kHz ) 180°/478 kHz )
Me;Si SiMe; Me;Si SiMe;
Me331§\ /g SiMe; MqSi% Li—é SiMe;
Li
MC3Si SiMC3 Me3Si SiMe3
Li*(TMEDA), Li*(THF),
(165) (166)

Similarly to compound 164, sterically crowded aryllithium compounds such as 167
crystallize with the lithium atoms n®-coordinated to aromatic rings. Compound 167b crys-
tallizes as a dimer, with the lithium atoms coordinated to one of the phenyl substituents
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of the paired molecule (168). A further example of this type of coordination is com-
pound 169, that crystallizes with a benzene molecule. The structure of these crystals was
determined by XRD. No evidence for the presence of n°-coordination is found for com-
pounds 167 in solution from 'H and '*C NMR spectra, probably due to solvation of Li
by etheric solvents being stronger than its coordination to 7-systems>?!. Crystallographic
analysis of complex 170 shows that it is monomeric. Coordination of the lithium atom
of 170 is rather meager, as it shows close contacts only with the central C atom, the
O atom of THF and a rather weak contact with the ipso position of one of the phenyl

groups??2,

(167) (a)R=H
(b) R=i-Pr

(168)

O Me,PhSi

i-Pr Pr-i Li i-Pr Pr-i MezPhSi+Li_o<j

Me,Si \©

(169) 170)

A function closely related to QCC is the ’Li quadrupolar splitting constant (QSC),
defined as QSC = (1 + n?/3)!/?x ('Li), where n is the asymmetry parameter. The Li
QSC values can be estimated from the "Li and '*C(para) spin—Ilattice relaxation times.
The QSC values are correlated with the effects of structure, solvent and temperature on
association in solution for aryllithium compounds (155, 171, 172). Conclusions can be
drawn about the structure of the associated species in cases where no supporting XRD
evidence is available??3.

Li Li
MeO OMe -

a71) 172)
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1-(Dimethylamino)naphthalene becomes metallated by n-BuLi at the 8-position. The
product is oligomeric (173) in hydrocarbon solution; however, in the presence of moder-
ately binding solvents such as diethyl ether, it turns into a dimer (174), as shown in the
equilibrium depicted in equation 36. This equilibrium is strongly temperature-dependent
starting at the nearly pure ether-solvated dimer at —90°C to the pure oligomer at 0°C,
and mixtures thereof at intermediate temperatures. The structure of the aggregates can
be characterized by 'H, '*C and 7Li NMR spectra. Crystals of 174 can be analyzed by
XRD. The dimer shows a pair of Li atoms bound to the same pair of C atoms on two
naphthalene molecules, to the amino groups and to a pair of Et;0 molecules?**.

A change of the heteroatom in the following tridentate lithium compounds may induce
totally different modes of association in the solid phase: (MeOMe,Si);CLi crystallizes as
independent dimeric units (175) whereas the analogous (Me,NMe,Si);CLi crystallizes as
a linear polycarbanion structure (176)*%.
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The degree of aggregation in solution of «-lithiocarboxylic esters was determined by
vapor-phase osmometry. Ethyl a-lithioisobutyrate (177), for example, shows an average
degree of aggregation of 6.6 in benzene solution, that diminishes to 3.5 in THF solution.
Adding equivalent amounts of -BuOLi to the solution reduces the degree of aggregation to
2.8 and 1.8 in benzene and THF, respectively. Consideration of the effect that introduction
of Li in the a-position has on the IR absorption bands related to the carboxylic ester
function led to the conclusion that association takes place mainly through coordination of
carbonyl groups, as illustrated for a dimer (178) of 17726,
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"Li NMR association studies carried out on living polyisoprenes in hydrocarbon solution
show upfield chemical shift displacements on increasing the degree of Li association.
Monofunctional polyisoprenyllithium shows an equilibrium between dimeric (§ 0.02 ppm)
and tetrameric (§ —0.10 ppm) associated species*?’. The dilithio compound 179 serves
as initiator for isoprene polymerization, as shown in equation 37. The «, w-dilithio living
polymer (180, the tacticity not assured) presents two groups of bands, one similar to
that of the monofunctional polymer, and a weaker upfield one with resonances at §—1.64,
—1.85 and —1.92 ppm. These peaks may be tentatively assigned to tetrameric associations
involving cyclic and linear aggregates, thus changing the chemical environment of the Li
atoms. Addition of THF to the solution suppresses the higher order association, leaving
mainly the dimer signal and a minute signal at §—0.37. Addition of Me,SiCl, to the
dilithio polymer solution replaces the upfield bands by one at §—1.63 ppm, attributed to
association of LiCl with living polymer chains??®.

Li Li

O Q 2

179) (180)

3. Compounds with N—Li bonds

Monomeric crystalline organolithium compounds containing N—Li bonds are rather
scarce. Such is the product of excess phenyl-2-pyridylamine reacting with n-BuLi in
HMPA (181), as shown by XRD analysis?®’. A solid dimeric form (182) was obtained
and characterized crystallographically, from excess phenyl-2-pyridylamine reacting with
n-BuLi, containing the original amine acting as solvating agent?*°. An interesting feature
of these complexes is the presence of H-bonding between the solvating and the metallated
amino groups, possibly causing an agostic H—Li interaction. In the analogous dimeric
species 183, formation of the internal hydrogen bonds and H—Li contacts, involving the
secondary amino groups of the solvating molecules, are probably precluded by the bulk
of the trimethylsilyl groups, as shown by the XRD crystallographic analysis?*!.

Aggregation of lithium dialkylamides in noncoordinating solvents and in the presence of
varying concentrations of ligands was investigated using NMR techniques. Thus, to a solu-
tion Pr,NLi enriched with °Li and "N dissolved in hydrocarbon solvent various amounts
of a solvating agent, S (184-187), are added to attain various degrees of solvation. The
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possible degrees of association and solvation are depicted for the dimer (188-190) and
the trimer (191-194). The picture presented by °Li {!>N} NMR spectra of the solvates
with oxirane (184) is the clearest: A nearly unresolved peak of the oligomers 188 and
191 appears in the absence of a solvating agent. On adding 0.25 equivalents of 184, the
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unsolvated peak persists together with peaks ascribed to the partially solvated species
189, 192 and 193. On increasing 184 to 0.5 equivalents only small amounts of unsolvated
species persist, and some disolvated dimer (190) appears. At 0.75 equivalents of oxirane
nearly all consists of disolvated species 190 and 193, with a small amount of 189 still
remaining. On adding 1 equivalent of solvating species only 190 is present in solution. A
two-dimensional °Li,'’>'N HMQC spectrum was also performed, based on °Li{’N}, and
SN{'H,Li} decoupling. Analogous species are formed on solvation with 185 and 186;
however, in no case is formation of the trisolvated trimer (194) noted. Diisopropylamine
(187) is a rather ineffective solvating agent**2. The degrees of oligomerization and sol-
vation seem to depend on the steric demands of the groups attached to the N atom. For
example, if Me;Si in placed instead of i-Pr, only a partially solvated dimer and the unsol-
vated trimer are formed; on the other hand, adding substoichiometric amounts of etheric
ligands to Et,NLi leads to formation of ladder-like oligomers such as 195233234,

N
i-Pr Pr-i iPr | Pri
. _Li. / . Li_ /
i-Pr=—N N—=Pr-i i-Pr=—N N—=Pr-i
| | | |
Li. _Li Li. _Li
N N
KRN KRN
i-Pr  Pr-i i-Pr  Pr-i
(191) (192)
S S
iPr, | Pri iPr | Pr B Bt Et  Et
Pr— N N=Pri  iPr—N O N—=Pri \ W/ /
I-rr |' |. -1 I-rr | | -1 Et\lTI_Irl_ITI_Irl_ITI"Et
S/LI‘N’L1 S/LI‘N'L'\S Li—N—Li-N—Li
AN AN /o iN SN N
i-Pf Pr-i i-Pf Pri S E{ EtEf Et S
(193) (194) (195)

A solid-state investigation was carried out using °Li, 'Li, 3C and SN MAS and
CP/MAS NMR spectroscopy techniques, including DNMR, the main objective of which
was correlation of QCC and QSC values with the structure of lithium amides, crystallizing
in various forms of association: Cyclic dimeric species, such as lithium diisopropylamide
solvated by THF (196) and lithium bis(trimethylsilyl)amide solvated by Et,O (197), a
cyclic trimer, such as lithium bis(trimethylsilyl)amide (198), a cyclic tetramer such as
1-lithio-2,2,6,6-tetramethylpiperidine (199), a ladder tetramer such as 1-lithiopyrrolidine
solvated by TMEDA (200), a cyclic ladder hexamer, such as 1-lithioazacycloheptane
(201), and a helix polymer, such as lithium diisopropylamide (202). A solid of unknown
structure, derived from pyrrolidine and lithium, was assigned a polymeric ladder structure
(203) based on its x(’Li) value, which is correlated to the N—Li—N angle?®.

A study of the state of association of the functionalized organolithium compounds
204a—d was carried out by multinuclear (‘H, °Li, "Li, '*C, "N and *' P) NMR spectroscopy,
using °Li- and 'N-enriched species. Spectral evidence, supported in part by XRD crystal-
lographic evidence, points to compounds 204a—c being dimerically associated in etheric
solutions in three different forms (205-207). The interconversion among these three
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isomeric forms was investigated by DNMR. Addition of strongly solvating solvents such
as TMEDA or PMDTA does not disrupt the association; however, HMPA partially does.
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Compound 204d appears to be strongly chelated but no dimeric species are formed; how-
ever, dimerization into a lithium lithiate (208) is induced on adding HMPA to the solution.
236

The o-methoxy groups contribute to the stabilization of the complex

N\ ¢ .
Li ‘N, Li >\ —N—Li—N—Li—N—
N [ .
/ \ —Li—N—Li—N—Li—
/ O U
(202) (203)
RN
NR, Li!
Li
Li ;
X NR,
(205)

(204) (a) X =H, R, = Me,
(b) X=H, Ry =Et,
(¢) X=H, R, =Me, i-Pr
(d) X =0OMe, R2 = MCQ

(208)

A variable-temperature SLi, *C, "N NMR spectroscopy study was carried out on the
ligand structure and association behavior of [°Li, '>N]-enriched lithium bis(trimethylsilyl)-
amide in hydrocarbon solution. The system behaves as shown, for example, in equation 38,
with the solute adopting a dimeric form (209), which turns to the monomeric 210 on
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adding a ligand such as the bidentate TMEDA. With excess TMEDA the 3-coordinated
Li may become 4-coordinated by n'-bonding to an additional TMEDA molecule. On
addition of THF to the solution the dimeric form 209 persists in solvated form (211).
Adding TMEDA to the solution containing THF leaves 211 unchanged. At very low
temperatures two Me signals can be distinguished for the N—Me groups of 210, due
to puckering of the five-membered ring, giving rise to two conformers; on raising the
temperature these signals coalesce. DNMR line shape analysis allows the estimation of
AH°% =7.540.3 kcal mol~! for the conformer interconversion. The behavior of 209
was also studied in the presence of other ligands of various types (diamino, such as 24,
141b,c, 142, 143, its cis-isomer and 212); triamino, such as PMTTA and 213; tetraamino,
such as HMTTA; diether, such as DME and 214; open-chain polyether (215), crown ether,
such as 108, 216 and 217; mixed amino-ether, 218—220 and the cryptand C[2.1.1] (221)*".

. N/
MesSi . SiM MesSi.
e 1\ WLico es TMEDA/CsH,, SN ‘/N
N N _— N—Li
\L./ AN '/ \
Me;Si 1 SiMe; Me;Si /,N\
(209) (210)
THF/CsH,; or
TMEDA + THF/CsH,
(38)
THF
Megsi\ /L'i\ /SiMe3
/N\L'/ N\
MesSi ! SiMes
THF
(211)

Me,N  NMe, |

Y OO
OO0 & 4 %%
PN PN
(212) (213) (214)

wotth )

O

215) & O\)O

(216)
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o/_\o
o~y Y
(220) & o\)

(221)

The ligand structure in these solvation complexes varies over a wide range of coor-
dination modes, depending on the ligand and its stoichiometric relation to the lithium
amide. Thus, solvated monomers and dimers can be observed with one or more solvat-
ing molecules coordinated to lithium. An interesting case of insolubilization by gradual
addition of a solvating solvent is shown for DME in equation 39. Starting with the dimer
(209) solution an equilibrium with a dimerized dimer (222) is established towards a
DME:Li = 1:4 stoichiometry; on increasing the DME:Li ratio dimer oligomerization takes
place, and towards a 1:2 ratio precipitation takes place, presumably due to dimer telomer-
ization to 223; further addition of DME towards a 1:1 ratio brings about resolubilization
of disolvated dimer units (224); finally, with a large excess of DME an equilibrium is
established with the solvated monomeric units (225)>7.

Triple ion species (226) are formed from the dimer (209) in the presence of compounds
108, 216, 217, 220 and 221. The crown ether ligands (108, 216, 217) may yield uni- (226a)
and dicoordinated (226b) lithium species, the latter presumably involving a Li* cation
sandwiched between two ligand molecules. The ether-amine (220) and the cryptand (221)
ligands totally surround the cation. The latter two cases and the complexes 226b can be
considered as solvent-separated ion pairs. Oligomers with point group C,;, (n =2,...)
symmetry can be distinguished on applying the inverse-detected ’N zero-quantum NMR
technique, °Li—">N resonance correlations by single frequency "N decoupling or °Li—'"N
HMQC spectroscopy>*’.

MesSi SiMe;|
‘N—Li—N Li*-nL
Me3Si SiM€3
(226) @) n=1
(b)yn=2

A stable triple ion species of a different nature can be isolated as crystalline solid (227)
on reacting pentafluorophenyl iodide with pentafluorophenyllithium (equation 40). XRD
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analysis of adduct 227 shows the ring planes at nearly right angles to each other and a
very long, nearly linear C—I—C bond arrangement®*®.

TMEDA

C6F5 —Li+ [— C6F5 [C6F5 —I— CﬁFS]_ Li*2TMEDA

(227)

Bis(trimethylsilyl)methyllithium undergoes a double 1,2-addition to the CN group of
aromatic nitriles as shown in equation 41, to yield a lithium «, 8-diketiminate, that crystal-
lizes in dimeric form (228). XRD crystallographic analysis shows that the two diketiminato
ligands lie on different planes and that the Li atoms are not coplanar with them?. Similar
processes take place with organolithium reagents bearing 2-pyridyl or 2-quinolyl groups
on the carbanion, as shown, for example, in equation 42, leading to monomeric (229) or
dimeric (230) adducts, depending on the stoichiometric ratio of benzonitrile?*.

Ph\(_\\( Ph

Me3Si N N
Li + 2Ph—C=N —— Messi” / LiT siMe,
Me;Si MesSi_ i /_-SiMes 41

(40)

SiMe3

N SiMes

Ph
4PhCN

/EL,O

Me;Si—N.

PN
PhCN OEt,
(229)

(42)

Li

|
QN’ "N— SiMes
Z Ph
SiMC3
(230)

Metallation of malonaldehyde bis(phenylimine) hydrochloride with two equivalents
of n-BuLi, in the presence of HMPA, yields lithium N,N’-diphenyl-j3-diketiminate. The
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product crystallizes as a dimer complex with the Li atoms coordinated to the O atoms of a
pair of HMPA molecules (231), as shown by XRD crystallography. The dimeric complex
exists also in solution, as attested by 'H, *'P{'H}, "Li and '3C NMR spectroscopies>*!

e
o
=

jast
o
. V2R -
S(CONN)d=— o ° ---d*(NPIN)
=R
as)
T

~

Z

-

T
o]
=

(231)

N,N’-Diphenylbenzamidine undergoes metallation in toluene, the crystalline precipitate
(232) is probably polymeric and contains solvating toluene (average 0.7 mol per Li atom).
The lithium imidinate solid produced in the presence of HMPA is dimeric (233) whereas
the solids obtained in the presence of bidentate and tridentate ligands (e.g. TMEDA and
PMDTA) are monomeric (234 and 235). The products were characterized by 'H NMR
spectra and XRD crystallography, except for 232, for which no crystals suitable for XRD
could be prepared®*?.

N—Li N : N
~N. .0~
0.7Ph i i
Ph—\<N TPhMe Ph 4<§1 PN 1\>1>7 Ph
/ / \
Ph Ph P(NMe»); ph
n
(232) (233)
Ph Ph
%N\ Nj AN
ph—(( Li ph—(( LiT—NZ
e s
NT o T NN ~
Ph Ph
(234) (235)

The reaction depicted in equation 43 between a nitrile and a lithium amide takes place
as a 1,2-addition to the cyano group. The product crystallizes as a dimer (236) in which
the lithium atoms are solvated by nitrile molecules and differently bonded to the amidine
moieties, as shown by XRD analysis. Low-temperature 'H NMR spectrum in solution
points to uniform chemical environments for both the aryl groups and for the Me—Si
groups, and to rapid rearrangement of the Li—N coordination structures. Acidolysis of
the dimer in solution yields the corresponding amidine (237)***. The crystal structure of
the THF-solvated analog of 236 shows dissimilar N—Li bond lengths for the two Li atoms
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in the dimer®*. A trimer species (238) crystallizes from hexane, where one of the lithium
atoms is bound to four amidine N atoms and a fifth N atom belonging to benzonitrile;

the other two Li atoms are bound only to three amidine N atoms

. . Ar=p-RCe¢Hy
ArCN + (Me3Si),N-Li ———

THF/hexane
Ar=Ph (1:10)
/hexane
o]
=
(@]
Me381 ||| SlMe3
MesSi— T SiMes
L1 L1
N N
Me;Si \( SiMe;
Ph
(238)

@\ Py SiMe3 n-BuLi, Et,0,
N N e ——
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H
(239)
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/O\ SiMe;
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Me351 U
(240)
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N N

~, .-

- Ll ~
MezN NMCZ

(241)

(44)

The 2-aminopyridine proton of 239 is sufficiently acidic to participate in the N-
metallation reactions depicted in equation 44. The process yields crystals of dimeric
structure (240); however, in the presence of a strongly binding ligand such as TMEDA the
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precipitate is monomeric (241). The quinoline derivative 242 shows a similar behavior. A
5:2 mixture of 239 and the primary amine 243 undergoes metallation with seven n-BuLi
equivalents to yield a crystalline complex [7Li-5239-2243(—7H")], where every amino
group has lost one proton and every lithium atom has a different chemical environment.
The structure of the crystalline products was determined by XRD analysis?*,

QL

/N

H™ SiMe;
(242) (243)

2

Interesting reactions take place in benzene solution at 20 °C between s-triazine (244)
and lithium amides and carbides, as depicted in equations 45—47, leading to ring open-
ing and rearrangement crystalline products, such as 245-248, which were analyzed by
single-crystal XRD. The crystalline reaction product of equation 45 is trimeric. Cryoscopic
measurements of 245 in benzene solution show an average association number of 2.6,
indicating that the trimeric structure of the crystalline state is also largely prevalent in
solution. "Li{'H} NMR spectra point to the presence of two types of Li atoms, in 2:1
ratio. Addition of strongly binding solvents such as TMEDA or PMDTA does not affect
this trimer. The stability of the trinuclear structure of 245 is further supported by the MS
spectrum showing a parent peak at m/z 503, corresponding to the Li;L} ion, where L
is the organic residue of the complex. The stability of the association complexes derived
from carbylamides is lower. For example, product 246 undergoes a structural change to
247 when it is recrystallized in the presence of the tridentate solvent PMDTA. A complex
equilibrium exists between various isomers of 248 in solution; thus, variable-temperature
"Li NMR experiments show many peaks of variable strength at —90 °C, which gradually
coalesce to one peak on raising the temperature to 15°C; the '"H NMR of this solution
at —60°C shows twelve peaks for the SiMe protons, pointing to the existence of six
isomers?¥7.
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Iri
N N
@ LiCH(SiMe3),/C¢Hs f m
N = N N ><N
(244) H CH(SiMes),

47
vacuuml 140 °C

N N X
[Me3SiN/ N3N \CHSiMe3}
Li* 4
(248)
The "Li QSC values may be correlated with the effects of structure, solvent and temper-

ature on association in solution for arylamides such as lithium indolide (249) and lithium
N-alkylanilides (250a—c)?%.

R ~ Li
N
Qo
\
Li
(249) (250) (a) R =Me

(b) R=i-Pr
(¢) R=+Bu

Dimethylzinc reacts with N-2-pyridylaniline to yield the corresponding zincamide
(251), which undergoes transmetallation with butyllithium to yield a lithium zincate (252a
and 252b), as shown in equation 48. Compound 252a undergoes oxidation at the Zn
nucleus with gaseous O, bubbled into a solution in toluene, with the butyl group turning
into butoxide, as shown in equation 49. The oxidation product dimerizes and crystallizes
in either of two forms, depending on the nature of the cosolvent: A unidentate coordinating
solvent such as THF yields isolated dimer units [(2-PyPhN),ZnOBu-n-Li-THF], (253),
whereas the solvated crystals obtained in the presence of a bidentate cosolvent such as
DME are linear polymers of the dimeric units {[(2-PyPhN),ZnOBu-n-Li],-DME} ., (254).
Characterization of compounds 251-254 was carried out by XRD. Supporting information
was obtained from 'H and '*C NMR spectra. The 'H spectrum of 252a shows a 2:1 ratio
between 2-pyridyl and n-butyl groups. Cross-peaks appear in the NOESY between the
a-methylene and the aromatic signals, pointing to a heterobimetallate complex in C¢Dg
solution; furthermore, NOESY shows that the complex can adopt various geometries,
and COSY points to one of them as dominant («-methylene with § 1.75 and 29.7 for
'H and '3C NMR, respectively). Two types of 2-pyridyl groups can be distinguished in
the crystalline state of the oxidized product 253, namely an endo and exo configuration.
The *C NMR spectrum of 253 in hydrocarbon solvent shows double peaks of aromatic
signals, pointing to preservation of the configuration prevalent in the crystal. 'H NMR
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spectroscopy shows that compounds 253 and 254 have the same dimeric structure in
hydrocarbon solution®*3.

oy
@\ | RL N N/ THF
NH + ZnMe, — [2-PyPhN],Zn 4
2

(251) NN (48)
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4. Compounds with O—Li bonds

The solubility of normal lithium alkoxides in hydrocarbon solvents is much lower than
that of the branched ones. This can be attributed to formation of insoluble associated
species in the case of the normal alkoxides. The solubility of lithium dialkylamides is
lower than that of the analogous alkoxides?*.

The following n/m values were obtained for the degrees of association n at molal
concentration m, measured in ammonia by cryoscopy. Lithium phenolate (255a, 2.21 &+
0.20/0.1530) is nearly dimeric in ammonia, while in pyridine and dioxolane it is tetrameric,
as shown by vapor pressure and NMR measurements. The 2,6-dimethyl homologue (255b)
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is mainly dimeric both in dioxan solution and as a solid solvated by THF. Lithium thio-
phenolate (PhSLi, 1.32 = 0.12/0.0708) is mostly monomeric in liquid ammonia. Lithium
acetophenone enolate (256, 2.18 & 0.20/0.0708) is dimeric in liquid ammonia®'®. Lithium
enolates solvated by THF are tetrameric in the solid state, as determined by XRD anal-
ysis, while in THF solution association varies from dimers to tetramers. The "Li QSC
values are correlated with the effects of structure, solvent and temperature on association
in solution of lithium phenolates (255a and 255b) and aromatic lithium enolates (256a,
256b and 257)%%.

O—Li O—Li O—Li
R R ~__R : I
(255) (@) R=H (256) (a)R=H (257)
(b) R=Me (b) R=Me

The term superbase applies to the complexes formed when an alkyllithium compound
and an alkali metal alkoxide are present together in solution. These combinations show
increased nucleophilic reactivity, hence their name, and have been applied in organic
synthesis and anionic polymerization>°. A linear increase of the solubility of n-BuOLi
in n-heptane, from ca 1% to ca 9%, is observed on changing the concentration of n-
BuLi from 0 to ca 1.1 M?>*. The complex [n-BuLi-z-BuOLi},; was analyzed by XRD,
revealing two sets of four Li atoms. In one set the Li atom has contacts with two «-C
atoms and one B-C atom of n-Bu groups, one O atom and one of the H atoms on the 8-C
atom. The second set of Li atoms is characterized by two contacts with O atoms and one
contact to an «-C atom of an n-Bu group, leaving the fourth coordination empty. Such
structure may be related to the increased reactivity of superbases in solution®®!. Superbases
including chiral alcoholates are important reagents to induce asymmetric syntheses and
to initiate asymmetric anionic polymerizations. n-BuLi in hexane solution produces in
the presence of lithium anisylfencholate (258a) a 1:3 complex precipitate, with a central
Li4O;C distorted cubic core (259), where the C atom belongs to the butyl group and
the O atoms are the alkoxide moieties; furthermore, the three O atoms of the methoxy
groups are coordinated to Li vertices of the cube. When the anisyl group carries a Me;Si
substituent (258b) a 2:1 complex precipitates, with a central Li4O,C, distorted cubic core
(260). In this complex the two Li atoms that are not coordinated to methoxy groups show
agostic interactions with the -C atoms of the butyl groups, with Li—H contacts as close
as 218 and 225 pm. In formulas 259 and 260 the arcs represent the organic residue of
compounds 258a and 258b, respectively. The structure of these complexes was elucidated
by XRD crystallographic analysis®>2.

(258) (@ R=H
(b) R = SiMe3
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N,N,N’-Trimethylethylenediamine undergoes metallation and subsequent 1,2-addition
to variously substituted benzaldehydes, as shown in equation 50. The lithium alcoholate
products precipitate as tetrameric aggregates (26la—c) with a central LiyO, distorted
cubic core, as shown by XRD crystallographic analysis. In the case of benzaldehyde
(R=H) none of the four N atoms of the NMe, groups have contacts with the Li atoms
at the vertices of the cube (262), whereas in the two other cases such contacts exist with
concomitant weakening of some Li—O contacts; however, these effects are distributed in
different fashion in both products. The behavior of the products 261a—c in solution was
investigated by variable-temperature 'H and 'Li NMR, HMQC and 'H DPFGSE NOE
techniques. The corresponding tetramers (262) are preserved in solution but dissociation
sets in on dilution, possibly leading to ladder- and cyclic-type oligomers, down to the free

metallated diamine and the aromatic aldehydes®>.
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The process depicted in equation 51 affords several associated products that crystal-
lize in different forms, depending on the conditions. The structure of these products was
elucidated by 'H NMR spectroscopy and single-crystal XRD. The Al atom of methy-
laluminium bis(2,6-di-¢-butyl-4-methylphenoxide) (263) has planar trigonal coordination.
This compound can crystallize with THF (263-THF) and other ligands. Transmetallation
between 263 and organolithium compounds R’Li takes place, leading to the formation
of the lithium phenolate 264, that crystallizes as a solvated dimer [264-THF],. The Li
atom of crystalline 265 has a pseudo-distorted octahedral coordination, due to four very
short Li- - -HC agostic interactions with nearby methyl groups. Also, the Li—O distance
in compound 265 is exceptionally short?®*, Other examples of compounds with reported
agostic interactions for Li are [Li(us-Me);BMe;]oo?> 2%, [(Me3Si),NLi],7 and anti-
[(ELO)LiL>[(r-Bu)sAleOgMe, 5.
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2ROH 3R’Li/PhMe
Me;Al MeAl(OR), 2ROLi + MeLi + Al
(263) (264)
i MeAI(OR),
Bu-¢
ve, e 1)
R =Me - Al
B RO/ \OR
-t
u N/
Li
(265)

5. Miscellaneous Li bonds

The salts 266—268 form solid dimers solvated with THF. The association into dimers
is preserved in solution. They can be characterized in solution by 'H, "Li and '*C NMR
spectroscopies and in the solid state by °Li MAS NMR, 3C CP/MAS NMR and two-
dimensional "Li MAS NMR spectroscopies and XRD crystallography?>.

t-Bu 2- Bu-¢ t-Bu 2- Bu-r t-Bu 3-
\ / \ / \
N N N N N
H,C / Lit \ CH / Lit \ CH / Lit
ORI 12 LT 12 - - 13
\ / \ / \
N N N N N
/ \ / \ /
L t-Bu i | But t-Bu i | But t-Bu i
(266) (267) (268)

The organolithium compound 269 yields a lithium monoalkylcuprate according to
equation 52. The product crystallizes in monomeric (270) and dimeric (271) forms, depen-
ding on the crystallization procedure. The Na analog of 271 can also be prepared. The
K analog product of equation 52 crystallizes as a cubic cage tetramer, with no sol-
vent molecules and N and K atoms alternatively placed on the vertices of the cube.
Characterization of these compounds can be carried out by 'H, '*C and *Si NMR
and IR spectroscopies and by single-crystal XRD. No dialkylcuprates analogous to
[{(Me3Si);C},Cu] Lit are formed?®. Synthesis involving lithium dialkylcuprates was
reviewed?®!. The structure of the higher order cyanocuprate obtained from CuCN + 2BuLi
was investigated by X-ray absorption near edge structure (XANES) and extended X-ray
absorption fine structure (EXAFS) spectroscopies. In contrast to the cyanocuprate formed
by CuCN + BuLi, the CN ions of CuCN + 2BuLi are found to be removed from the Cu
atoms. Ab initio calculations are in accord with these findings, showing that in the most
stable structure the cyanide is associated with the alkyl groups bound to the Cu atoms?®2.

(Me,PhSi);CLi + Cu(I)CN —— (Me,PhSi);CCu(CN)Li
(269)

(52)
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THF THF
N S
Li
/ N\
(Me,PhSi);CCu(CN)Li+-3THF (MezPhSi)3CCuCN\ /NCCuC(SiMezPh)3
Li
/ N\
THF THF
(270) @271)

The silylene 272, a thermally stable carbene analog, undergoes an intercalation reaction
with silicolithium or carbolithium compounds (equation 53). The mechanism probably
involves donor—acceptor intermediates (273) that rearrange to the silanolithium com-
pounds 274. The products were characterized by various methods: 'H, 7Li, '*C{'H} and
2Si{'H} NMR spectroscopies (variable-temperature 2°Si spectra of 274a point to disso-
ciation of the Si—Li bond in solution); electron impact MS (the M—Li-nL peak is either
the parent peak or a strong one for all the products) and single-crystal XRD (the Si to
Li distance is quite large as compared to the distance of Si to the other bonded atoms).
It may be anticipated that the lithium compounds 274a—d would be good transfer agents
for the silylene to other metals®®3.

// Bu-r // Bu-t

N\ L =THF or Et,0 N\
/Si + LiR /Si*-’LiR
N N

(. .

Bu-r Bu-t
(272) (273)

//Bu-z (53)

N R
N/
Si
/N
N Li-nL

Bu-t

(274) (a) R = Si(SiMe3)3, nL = 2THF
(b) R = Me, nL = 2Et,0
(¢) R = +-Bu, nL = 3THF
(d) R = CH(SiMe3),, nL = Et,0

Organolithium compounds of structure 275 can been applied as transfer agents for
transition metal ions, for example, as shown in equation 54 for scandium(IIl) with tetra-
hedral coordination (276). The structure of these complexes, elucidated by XRD crystal-
lography, shows the transition metals forming part of an anionic entity, paired to solvated
lithium cations. Further structural information can be obtained from 'H, 13C and ''B NMR

spectroscopies?%*.
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BH;
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I >: Lit-nL
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R/

(275) (a) R =R’ = Me
(b)R=H,R’ =Me
(¢)R=H, R’ =n-Bu
(d) RR = HC = CH, R’ = Me

DME N N
275¢ + ScCly [ »o— sc — « ] Li*- 2DME

N T N G4

Bu-n . H;B
H;3;B — N/\N —Bu-n
L \__/ _
(276)

The functionalized tertiary phosphine 277 undergoes, in the presence of THF, specific
metallation at a benzylic site (278), according to equation 55, but not at the other probable
sites denoted by an asterisk. Let two molecules of monomer 278 be designed as ALi and
BLi, respectively. An asymmetric dimer ABLi, (279) crystallizes from the solution bearing
asymmetric centers on both P atoms and one of the benzylic positions of each monomeric
unit. Crystallographic analysis by XRD shows that the absolute configuration of 279 is
RRSS. One of the Li atoms has close contact with a benzylic C, the adjacent ipso- and
ortho-positions of ligand A and the P and one of the N atoms of ligand B; the other Li atom
has contacts with a benzylic and ipso-carbons on ligand B and P and one of the N atoms on
ligand A. Multielement NMR spectra of the product in toluene solution point to the preser-
vation at low temperatures of most of the structural features of the dimeric solid; however,
some internal rearrangements yield a C, symmetry with only one P and one Li environ-
ment. On the other hand, four distinct signals are shown for the Me protons, pointing to
slow inversion at the NMe, groups. On raising the temperature the Me signals coalesce in
pairs. Interesting behavior is observed for the variable-temperature 'Li and *'P{'"H} NMR
spectra. At low temperature the 7Li signal is a doublet (8§ 0.93) and the 3!P signal a 1:1:1:1
quartet, (8 — 47.6), with 'J (3'P-"Li) = 63.2 Hz, pointing to individual P—Li units. On
raising the temperature the bands do not turn to singlets, as would normally be expected,
but to a 1:2:1 triplet and a 1:2:3:4:3:2:1 septet, respectively. Formation of a P,Li, unit in
the dimer is precluded for several reasons, and therefore the observed splitting is attributed
to time averaging given by ['J(*'P-"Li) +"J('P-"Li)]/2 = (63.2 4+ 0)/2 = 31.6 Hz
(n > 3)*%. Equation 56 shows that in petroleum ether metallation of 277 with n-BuLi
takes place at the P-Me site to give 280, leading to the formation of a tetramer (281).
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(55)

(279)

Thermal treatment of the dimeric species 279 brings about a rearrangement to tetramer
281 (equation 56). The structure of 281 can be characterized by 'H, *C{'H}, 3'P{'H} and
"Li NMR spectroscopies. Recrystallization of 281 from toluene yields solvated crystals of
formula 281-3PhMe, which show a core 12-membered macrocycle of C, P and Li atoms
according to XRD crystallography?6¢-267,

The reaction of N,N’-diphenylbenzamidine (282 = AmH) with Me,Zn and ¢-BuLi fol-
lowed by oxidation yields different lithium zincate derivatives, depending on the solvent
composition (equation 57). The products were crystallized and their structure was ana-
lyzed by single-crystal XRD. These are cage-like structures, each one with its peculiar
coordination mode for the added oxygen atoms. In compound 283 the O atoms are in
tetrahedral coordination with Me, Li and two Zn atoms. In compound 284 the only oxy-
gen atom 1is in distorted octahedral coordination with the four Li and the two Zn atoms;
regarding two of the Li atoms and the Zn, their placement is disordered. Compound 285
is a polymeric string of cubic cages with oxygen atoms in tetrahedral coordination®®®.

The n-lithium complex 286 undergoes an equilibrium dimerization in solution, as shown
in equation 58. This can be followed by "H NMR spectroscopy, with the appearance of
the peak for the N—H bonds in 287. Boiling a solution of 286 brings about formation of
287 crystals. The structure of the monomeric and dimeric forms was determined by XRD
crystallography. Transmetallation of the Li atoms leads to the formation of a variety of
Ni, Co and Ru complexes®®.
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(58)

(THF),Li

B. Clusters of Metallic Atoms

1. Simple organolithium species

Organolithium compounds tend to form clusters of lithium atoms?’%27! and crystallize

preserving the associates, with solvent molecules frequently being included in the crystal.
Clusters of two (288) or three (289) Li atoms (shaded circles) are rare, for example,
(t-BuLi-Et,0),, (r-BuLi-TMEDA), and MeLi;S(NBu-¢);-3THF. In the latter complex the
Me group is coordinated to all three Li atoms of the triangular cluster. PhLi forms a
crystalline dimer of structure 144, where the Li atoms at a distance of 249.0 pm from
each other may be considered as a cluster of two Li atoms?'?. The crystalline trimeric
species 238 may be taken as an example of a loose cluster of three Li atoms, with
interatomic distances of 277.0, 262.1 and 256.2 pm?*. The most frequent associations
of organolithium compounds are into tetrahedral clusters (290a—c) of four Li atoms and
octahedral ones (291a—e) of six Li atoms.

OOk K0

(288) (289)
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(290) (a) R = Me (291) (a) R = i-Pr
(b) R=Et (b) R =n-Bu
(¢) R=¢-Bu (¢) R = c-Hex

(d) R = i-Pr,CHCH,
() R = Me;SiCH,

The structure of solid organolithium compounds was elucidated by single-crystal XRD
analysis. Coordination between the «-carbon of the R group and Li is usually with a
triangular face of the Li cluster, as shown for simplicity for one R group only in 290 and
291. However, a long-range interaction with a vertex Li atom of a neighboring cluster is
also important, as was shown by XRD for the d;-Me analog of 290a. This was further
confirmed by Li MAS NMR, yielding two signals of 3:1 ratio, the first one for the Lis
triangular face and the second one for the vertex. On the other hand, 13C MAS NMR
could not resolve the two signals, yielding a single broad band®’'. Early CNDO/2 cal-
culations pointed to charge delocalization and diminution of polarity of the C—Li bond
in RLi compounds (R = Me, Et, vinyl) in the series monomer > dimer > tetramer, and
consequent decrease of nucleophilicity of the compound?’?. More recently, a theoretical
quantitative analysis of the intramolecular forces leading to associate formation in organo-
lithium species was carried out using the RVS decomposition scheme. The electrostatic
contribution to the stabilization of the complex overcompensates the instability introduced
by distortion of the associating species®”>.

XRD analysis of (n-BuLi)s (291b) reveals that the cluster of six Li atoms has an
approximate Ds; symmetry (trigonal antiprismatic), with the six n-Bu groups placed
around the axis of rotation. Each Li atom is coordinated to four Li atoms, one «-C and
one B-C atom; the conformation of the six n-Bu groups is such that the «-C atom is
coordinated to the three Li atoms of a face of the distorted octahedron and the 8-C atom
to one of them only?’*.

Indirect evidence for the aggregation into hexamers of n-BuLi in benzene is obtained
from the rate of formation of adduct 68 in equation 23'3°. The state of association of 7-
BuLi in various solvents and the rate of interconversion of the oligomers can be examined
by NMR spectroscopy*"2”>. The a-CH, 'H NMR peaks at —84 °C point to formation
of dimeric and tetrameric associates, while 2D-TOCSY experiments allow assignment of
all the butyl group resonances. Also "Li spectra show both oligomers, while "Li EXSY
experiments point to a slow Li interchange between associates. Diffusion-ordered NMR
spectroscopy (DOSY) with 'H and 7Li detection can also be applied for these purposes,
using a DSTE sequence with longitudinal eddy current delay to suppress the effects of
convection currents. The integrated resonances are used to calculate diffusion coefficients
and relative diffusion coefficients of the associates. The results of these measurements
are in excellent accord with those obtained for the solvates (n-BulLi),-4THF and (n-
BuLi)4-4THF on applying the Stokes—Einstein equation (D = kgT /6 nr), where D is
the diffusion coefficient, kp the Boltzmann constant, 7 the absolute temperature, 1 the
viscosity and r the radius of the diffusing molecule. The viscosity of the neat solvent
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can be taken from the literature?® and the radius may be calculated from the molecular
volume according to published XRD structures®’® 2’7 or from PM3-optimized structures>’
using Anders’ parameters for Li*. The (n-BuLi); complex in THF solution shows Li—f-
H interaction, as revealed by the -'H, °Li-*H HOESY spectrum, with the n-Bu group in
the energetically most favorable conformation®’8.

When bidentate solvents are present, the clusters may crystallize forming linear poly-
mers by linking clusters together, as in complexes 292—295. This further diminishes sol-
ubility and reactivity of the alkyllithium compound, making the unassociated RLi species
the most probable reactive form in synthetic processes. MeLi dissolved in diethoxymethane
shows at room temperature a single ’Li NMR peak, that resolves into four distinct peaks
at —80 °C, pointing to temperature-dependent monomer/oligomer/polymer equilibria®’!.

[(MeLi)4-2Me,NCH,NMe,].. [(n-BuLi)s-Me,NCH,NMe]...
(292) (293)
[(n-BuLi);-MeOCH,0Mel].. [(MeLi); 1.5MeOCH,OMel]...
(294) (295)

Two approaches were reported for disruption of the tendency of MeLi to form the
tetrahedral clusters, thus increasing its reactivity in organic synthesis. One was producing
the 295 polymer, which has an ice-like crystalline structure, with micropores of diameter
0.72 nm, that are full with the solvent, thus helping solubilization of non-associated units.
The other approach is by disturbing the quadruple coordination of the methide groups in
the (MeLi), cluster. This can be done by adding certain lithium salts that form new types
of complexes; for example, according to equation 59, after adding lithium sulfide in the
presence of tri-z-butylamine, the methide group is coordinated only as in 289 while the
long-range coordination with the vertex of a neighboring cluster is absent, as was shown
by single-crystal XRD. The °Li and "Li MAS NMR spectra of 296 show two peaks in
2:1 ratio, pointing to a structure where the methide ion is closer and equidistant to one

pair of Li atoms than to the third one?’'.

(MeLi); + 2[LiS{N(Bu-f)3}, —-» 4[MeLi;S{N(Bu-r);} THF);]
(296)

(59)

The equilibria depicted in equations 60a—e take place simultaneously in a solution
containing an alkyllithium and a lithium halide. The LiX species appearing in equation 60b
can also participate in association equilibria on its own, of which only equation 60f is
shown. A variable-temperature 'H and ’Li NMR investigation was carried out on the
behavior of MeLi solutions in Et,O in the presence of LiBr and Lil, the interpretation
of which takes into account the prevailing 290a cluster structure. At low temperature
four species can be distinguished in the presence of LiBr, namely Li;Me,, LiyMe;Br,
LisMe;Br,, and equilibrium 60f with X = Br. In the case of Lil only the LisMe;I cluster
can be assigned®”.

L