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Alkali Metal Organometallics — Structure and Bonding

2.01.1 Introduction

This article summarizes the chemistry of alkali metals with group 14, 15, and 16 ligands with specific emphasis on
structure and bonding. With several excellent, recent review articles in the area, we focus specifically on newer
developments, with already reviewed material only mentioned briefly to show trends and connections.

The importance of alkali group 14, 15, and 16 derivatives cannot be overstated, with a host of far reaching
applications, as summarized in several review articles on the subject."”'? Outstanding coverage on the subject is
also provided in Elschenbroich’s organometallic text.'®

The compounds are strong bases with important applications in synthetic chemistry whose reactivity depends
critically on their structure. In addition to their value in organic synthesis, these compounds (particularly the
lithium and potassium species) have shown enormous utility in the preparation of organometallic compounds
throughout the periodic table. The organopotassium derivatives are also discussed as reactive intermediates in
superbase chf:mistry.14 An understanding of the structure—function relations of the reagents requires detailed
insights into the metal-ligand bonding, and extensive investigations have resulted in theory rationalizing metal—
ligand binding trends.

This chapter is concerned with structure and bonding in alkali metal centers connected to group 14, 15, and 16
ligands, with a specific section on mixed metal species. The overlying structural theme of these compounds is their
strong tendency toward aggregation, which in solution and the solid state critically depends on the nature of the
ligand, donor, solvent, temperature, and concentration with occasional striking differences between the two states of
matter.

Aggregation of the alkali metal species is very common and well documented with an extensive section in COMC
(1995).7 Aggregates include monomers, dimers (as head-to-tail aggregation products of monomers), trimers (typically
in the form of six-membered rings), tetramers (typically in the form of dimers of dimers), and hexamers (as dimers of
trimers). There is significant evidence for the formation of higher oligomers, as well as polymers, often consisting of
polymeric chains or ladders (Scheme 1).

As documented in detail for organolithium species, ligand and donor play a key role in determining the degree
of aggregation. Methyllithium adopts a hexameric structure in hydrocarbon solvents.™!® In the presence of
monodentate, donors such as THE or diethyl ether tetramers are observed, while the increase in donor denticity
to 2 (1,1-Dimethoxyethane (DME), N,N,N’',N'-Tetramethylethylenediamine (TMEDA)) affords monomeric
structures. Further documenting the differences between solution and solid states, [CH;Li]y adopts a tetrameric
structure in the lacter,'>153-15¢

The size of the ligand is crucial in deciding the degree of association, as shown by the very similar structural
features of methyl- and "butyllithium derivatives. With hexameric structures in cyclohexane, the addition of diethyl
ether affords tetramers in both cases. Further demonstrating the importance of the donor, the two-dimensional
phenyl ligand also adopts a tetrameric structure in diethyl ether [Li(OEt;)Ph]4, which upon addition of the bidentate
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Scheme 1 Graphical representation of various aggregation modes in alkali metal compounds.
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TMEDA changes into the dimeric [PhLi(TMEDA)],. Monomeric phenyllithium PhLi(PMDTA) is observed if the
tridentate donor ligand PMDTA (PMDTA = N,N,N’, N’ ,N"-Pentamethyldiethylenetriamine) is utilized.™®

The ligand and/or an additional neutral donor may interact with the metal center in various bonding modes,
including highly polar o- or m-bonding. The different metal-ligand binding modes have a significant effect on the
structural chemistry of the resulting complexes, and will be discussed in the pertinent sections below.

Information on structure and bonding in alkali metal species with group 14, 15, and 16 ligands has been mainly
focused on lithium derivatives; the heavier analogs have been dealt with to a much-reduced extent. As mentioned in a
2004 review article,11 a search in the Cambridge Structural Database (CSD) revealed 778 structures with an Li-C
bond, but only 197 with an Na-C, 235 with a K-C, 57 with an Rb-C, and just 31 with a Cs—C bond.

Interestingly, more structures with a K—C than Na—-C bond are known, despite the increasing reactivity of the
compounds as descending the group of alkali metals. As frequently observed, K, Rb, and Cs compounds display
somewhat similar chemistry, which typically differs from that of the lithium analogs. Sodium, in many instances,
adopts a chemistry that resembles more that of lithium than the heavier congeners, most likely a function of the ionic
size.

The slow development of heavy alkali organometallic chemistry is due to high reactivity, as rationalized by the
increase of polar character of the metal-ligand bond due to the reduced polarizing ability of the metals. The increase
in ionic character on descending the group of alkali metals is clearly demonstrated by the increase in ionic radii with
Li*(0.69A), Na*(0.97 A), K*(1.33A), Rb*(1.47 A), and Cs*(1.67 A), resulting in a radius of Cs* that is more than
double of that of Li*.

The increase in ionicity on descending the group of alkali metals is demonstrated clearly within the group of
CH;3M species (M =Na, K, Rb, Cs), with CH3Na crystallizing in the CH3Li structure as a cubic body-centered
heterocubane consisting of Nay tetrahedra with methyl groups capping the faces.! Further supporting the similarity
of organolithium and sodium compounds, structural information on the solvent-free CH3;M (M = Li, Na) using
millimeter and submillimeter spectroscopy revealed very similar structures with Li—C and Na—C distances of 1.959
and 2.299;\, respectively.!® The H-C-H angles in both compounds display slightly pyramidal character with 106.2°
and 107.2°. These data agree well with @b initio calculations.'® In contrast, the potassium, rubidium, and cesium
species adopt the ionic lattice of the NiAs structure type, where the methyl groups are surrounded in trigonal
prismatic fashion by the alkali metals, while the metal coordination spheres are comprised of an octahedral
environment provided by six methyl groups.!>3-15¢

In addition to the decreased polarizability of the heavier metals, their larger radii require higher metal coordination
numbers to achieve steric saturation. As a result, extensive aggregation, frequently coinciding with rather limited
solubility in non-donor solvents, and occasionally even in donor solvents, complicates the characterization of these
species in solution and the solid state. In fact, several structural characterizations of organoalkali species have relied
on recent advances in powder diffraction techniques using synchrotron radiation.'”1?

A further significant factor slowing the development of the chemistry of the heavy alkali metal derivatives has been
the high reactivity of the complexes, with frequent attack of the ethers used to break up the aggregates in hopes to
achieve increased solubility. In fact, ether cleavage is a common observation and manipulations at very low
temperatures are often required to overcome this issue.” Ether cleavage may also be suppressed by the introduction
of nitrogen-based donors such as TMEDA and PMDTA.

With solubility as one of the principal problems to obtain structural information, the introduction of lipophilic
ligands has been particularly successful, as shown impressively with the silyl substituted [CH(SiMe3),]” and
[C(SiMe;)s]™ ligands.2® Steric bulk has also been applied successfully to reduce the tendency toward aggregation.
"This has been vividly demonstrated by recent chemistry utilizing terphenyl ligands.21

2.01.2 Alkali Metal Chemistry with Carbon-Based Ligands

A major surge in the chemistry of alkali organometallics occurred during the 1980s and the 1990s. Organolithium
chemistry was summarized as recently as 2004," while the organometallic chemistry of the heavier metals was
reviewed in 1999, with a limited number of new results accumulated since. As a result, we will keep this section brief
in order to avoid duplicating information already summarized.

The flow of information on the highly reactive alkali organometallics in the 1990s is certainly closely connected to
the wider availability of low temperature crystallography and advanced crystal mounting techniques,?? allowing the
structural characterization of compounds previously deemed too reactive for investigation.
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2.01.2.1 Alkyl Derivatives
2.01.2.1.1 Methyl derivatives

Structural information on the alkali metal methyl derivatives is available for all metals (Li-Cs), as mentioned
above, 13:15:15a-15¢,16 Replacement of the hydrogen atoms in the methyl groups by other substituents to afford
more sterically demanding ligands supports the view that kinetic stabilization and the ability for charge delocalization
is critical in isolating these highly reactive species. Not only is the isolation of the complexes possible, so are solution
studies and the more facile growth of single crystals. While the recent advent of powder diffraction studies using
synchrotron radiation may circumvent some of the solubility difficulties, limited reagent solubility is typically met
with reduced usefulness in synthetic applications. Some of the developments on substituted methyl derivatives will
be discussed below.

2.01.2.1.2 Benzyl, diphenyl, and triphenyl methane derivatives

A unique compound in this category is the alkali metal salt of a benzenoid radical anion [(n°CH,CqHs)K(18-
crown-6)] 1.2 In this complex the potassium 7-bonds to the aromatic segment of the ligand rather than o-bonding
to the methylene unit. The isolation and subsequent structural characterization of this highly reactive toluene radical
anion is possible due to the kinetic stabilization of potassium by 18-crown-6. The radical anion crystallizes as a tight
ion pair with the crown encapsulating the potassium which is bound in an approximate 1°-fashion to the planar C¢Hs
ring, with carbon—potassium distances ranging from 3.044(5)A to 3.311 A. Not only do the K-C bond lengths vary
widely, so do the C-C bonds, as well as the endocyclic angles within the six-membered ring with a range from
117.4(6) to 123.4(6)°.

More classical metal-ligand bonding is observed upon deprotonation of toluene to afford alkali metal benzyl
derivatives, with the prototypical example being the lithium chain polymer [C;H;Li(OEt;),]., 2232 The chain is
constructed of alternating lithium and benzyl units. The lithium centers exhibit trigonal planar geometry, comprised
of two benzyl ligands and one diethyl ether. Structural features in the compound reveal extensive perturbation within
the benzyl units. The structural features of this compound resemble that of [(2-CH,CqHy),Li(TMEDA),] 3,24 with
similar interactions between the metal and ligands. Other examples include [(C;H;)Li(DABCO)]. 425 and the
mixed donor species [(C;H,)Li(THF)(TMEDA)] 5.2

Heavier metal analogs include the tetrameric [(C;H;)Na(TMEDA)], 6,27 as well as the polymeric
[(C;H,)Na(PMDTA)] ., 7,28 [(C;H;)K(PMDTA)] x [0.5CH;CHs] 8, and [(C;H;)Rb(PMDTA)].. 9.2° The struc-
tures of the PMDTA solvated potassium and rubidium compounds display polymeric zigzag arrangements. In both
compounds, 7°-metal ligand arrangements are observed, with rubidium situated slightly asymmetrically over the
arene ring. "T'he metals also bind to the CH; group, resulting in a planar ligand geometry to allow for maximum charge
delocalization. The comparison of benzyl compounds clearly shows that the trend towards 7-bonding increases for the
heavier alkali metals.

Alkali metal triphenylmethanides have been the subject of structural and calculational investigations, but only a
small group of compounds have been well characterized. Examples include [(CPh3;)Li(TMEDA)] 10,30 and the
charge-separated lithium triphenylmethanide [Li(12-crown-4)][CPh;)] 11.3! Heavier metal derivatives include the
TMEDA and PMDTA adducts [(CPh;)Na(TMEDA)] 1232 and [(CPh;))M(PMDTA)] [M=K 13, Rb 14, Cs 15
(Figure 1)1, as well as several other potassium derivatives with various donors.>* In contrast to the benzyl
derivatives, all the triphenylmethane compounds display monomeric structures due to the increased steric
demand of the ligand. This observation is further confirmed by studies involving substituted benzyl derivatives,
including o-(dimethylamino)benzyllithium 16,3 where the increased steric demand of the ligand affords monomeric
formulations. NMR studies of this compound in THF reveal a dynamic equilibrium between an n'- and an n*-isomer,
of which the n'-derivative is thermodynamically preferred. Substitution of the benzylic system may also suppress
m-interactions, as seen with the trimethylsilyl substituted potassium a,a-bis(trimethylsilyl)benzyl derivative 17.3¢
This compound is also polymeric, but potassium is only 77°-coordinated to the benzylic ligand, due to steric repulsion
with the large trimethylsilyl substituents. The coordination sphere on potassium is completed by several agostic
interactions involving the SiMej substituents.

Similar work on diphenylmethanides is almost non-existent, with only the charge-separated [Li(12-crown-4)]
[(HCPh,)] 18,37 the polymeric [(HCPh,)Na(TMEDA)],, 19, and the monomeric [(HCPh,)Na(PMDTA)] 20
known.® Recently, a pair of crown ether encapsulated rubidium diphenylmethanides with two different metal
coordination modes, depending on the temperature of crystallization, was rf:ported.z’9 Crystallization at —23°C led
to a 7°-contact rubidium diphenylmethanide 21 (Figure 2), in which the metal assumes a geometry with one face
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15

Figure 1 The structure of [(Ph3C)Cs(PMDTA)] 15. Hydrogen atoms have been omitted for clarity.

21

Figure 2 The structure of [°Ph,CHRb(18-crown-6)] 21. Hydrogen atoms have been omitted for clarity.

capped by the crown ether and the other occupied by the ligand, resulting in a metal coordination number of 9. The
rubidium is directly bonded to the methylene carbon of the ligand at a distance of 3.063(3) A with two longer
interactions to the phenyl rings at 3.311(3)/0\ and 3.393(3);\. The C2-C1-C8 angle of 132.6(3)° is consistent with a
near planar geometry at the central methine carbon atom. T'he phenyl rings are slightly twisted (4.4° and 7.6°) relative



6

Alkali Metal Organometallics — Structure and Bonding

22

Figure 3 The structure of [nGPhZCHRbﬁ 8-crown-6)] 22. Hydrogen atoms have been omitted for clarity.

to the plane of the methine, methine hydrogen, and #pso carbons. This is in contrast to the alkali metal triphenyl-
methanides, in which these angles regularly exceed 2503033

Crystallization of the reaction mixture at 4°C leads to the formation of the 7°-coordinated rubidium diphenyl-
methanide 22 (Figure 3), where the metal is again encapsulated by crown ether. Here, the metal sits slightly below
the center of the crown ether with average Rb—O distances of 2.85(5) A. THF is located at an axial position, while one
n°-coordinated ligand phenyl group occupies the other with a metal—ring (centroid) distance of 3.076(9) A, resulting in
a formal coordination number of 13. On average, the phenyl bond lengths in the bound ring do not deviate
significantly from those in the unbound one with values of 1.382—1.412(15)1&. The C2-C1-C8 angle of 133.0(9)°
suggests a near planar geometry at the methine carbon atom.

Previous theoretical work focused on the degree of charge localization induced by the cation in the ligand.m’41
The prevailing theory suggests that the larger, more diffuse alkali cations flatten the potential energy surface
and allow for larger flexibility in m-type coordination, explaining in part the isolation of the two different
modifications.

Other diphenylmethanides include the charge-separated compounds [K(18-crown-6)(THF),][HCPh,] 23, [Cs,(18-
crown-6);] [HCPh,], 24, [Rb(15-crown-5),][HCPh,] 25, [K(15-crown-5),][HCPh;] 26, [Rb(12-crown-4),][HCPh;,]
27, [K(2.2.2 crypt)][HCPh;,] 28, [Rb(2.2.2 crypt)][[HCPh;] 29, as well as the contact pair [([HCPh;,)Cs(2.2.2 crypt)]
30.% In all species, the anion structure is very similar, based on conformational disorder in the diphenylmethanide
anion. Generally, these compounds crystallize as charge-separated ion pairs, although this is greatly influenced by the
size of the crown cavity. In the case of cations that fit well in the cavity of the donor, the cation is coordinatively
saturated, and the metal-carbon interaction completes the metal coordination sphere. In cases where the cavity size is
too small to fully encompass the cation, however, the need for further electrostatic stabilization cannot be filled by the
organic ligand, and often a second crown ether will coordinate to the metal affording a sandwich-type complex with
separated ions. This arrangement appears to take place regardless of reagent stoichiometry. An example for this trend
is given by the contact structures of [(HCPh,)Rb(18-crown-6)], 21, 22, whereas utilization of 15-crown-5 leads to the
separated ion [Rb(15-crown-5),][CHPh,] 25. The tendency to form separated ion pairs is even more exaggerated in
solution; all of these complexes display extremely little differentiation in chemical shift in both the 'H and *C NMR
studies. In polar solvents such as "T'HF the contact structures appear to dissociate completely.

Clearly demonstrating the steric difference between a hydrogen atom and a phenyl group, the diphenylmethanide
anion adopts a geometry that is approximately planar through the central methylene carbon with C-C-C angles of
about 132°. This widening allows for the phenyl rings to be effectively coplanar with only minor ring twisting (ca. 5°).
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This is in strong contrast to the ring twisting observed for the triphenylmethanide anions with twist angles in the
range of 30°.

While the di- and triphenylmethanide anions are resonance stabilized, there is a tendency for isolating the
m-system with a systematic localization of the double bonds; this discrete arrangement of single and double bonds
has been observed and studied in detail in alkali bisdipyridylmcthanidf:s.‘w”45

Several studies have examined the relationship between di- and triphenylmethanides of the alkali metals and the
corresponding pyridylmethanes.*>*® In the trityl systems, low coordination numbers are favored for the smaller
cations with the heavier metals tending toward higher coordination and polymerization, with as many as 20 close
contacts to the metal being observed. This trend is explained by noting that the polarizing power of the cation
decreases with increasing size of the ion, and subsequently the ability of the metal to localize charge density at one
point in the anion is reduced. In the pyridyl analogs for both the diphenyl and trityl systems, the presence of the
nitrogen in the ring draws the majority of the charge density into that atom, and coordination is exclusively through
that point. Indeed, it was noted that the diphenyl anion might only be called a carbanion in the most formal sense;
all indications are that there is very little charge density on the methylene carbon. In addition, it is well established
that the potential energy surface for these compounds is very flat, with difficulties in trying to assign minima. ***7
This critically important observation implies that attempts to explain the structural features of the heavier alkali
metal diphenylmethanides using simple electrostatic point charge models may not be entirely adequate.

2.01.2.1.3 Silyl substituted alkanes

The steric demand and high lipophilicity of the [CH(SiMe;),]™ and the [C(SiMes);]™ ligands have allowed the
preparation and structural characterization of a significant number of alkali metal complexes. Examples of such
compounds are contained in several comprehensive reviews, the latest published in 20012204749

The success of preparing heavy alkali metal complexes with these ligands can be accredited to the large
number of methyl groups helping to increase solubility. Trimethylsilyl substitution also increases the size of the
ligands helping to kinetically stabilize the metal centers and prevent extensive aggregation. Furthermore, the
absence of -hydrogen atoms helps to suppress unwanted side-reactions. The introduction of the bis(trimethyl-
silyl)methane and tris(trimethylsilyl)methane ligands affords alkali metal derivatives with reasonable to excel-
lent solubility in hydrocarbon and etheral solvents, providing access to donor-containing and donor-free
derivatives.

T'he structural chemistry of silyl substituted alkali methyl derivatives began to emerge about 30 years ago. Since
then, an extended selection of fascinating compounds with a variety of structural features has been published. Work
on these ligands was summarized in 1995,%° 1996,* and 2001.* We review here some key compounds within the
series, and discuss some newer developments obtained by replacing some of the SiMe; groups by phenyl or methoxy
groups to introduce the capacity for m-bonding or intramolecular interaction.

"T'he first structural evidence of an alkali metal derivative bearing a silyl substituted alkane ligand was the unusually
stable [(SiMe3);CLi], 31.5% 3! The kinetic acidity of the HC(SiMes); ligand was shown to be greater than the
commonly known and used HCPh; due to the delocalization of negative charge into - and o -orbitals of silicon.*” As
such, synthetic access proved to be straightforward (under strictest inert gas conditions), and the improved solubility
properties of the ligand made the isolation of a significant number of complexes possible. Since then, a multitude of
compounds, including ionic species such as the elusive lithiate [Li(THF)4][{(SiMe3);C},Li] 32 (Figure 4),%2 clearly
demonstrate the unique capabilities of the ligand systems.

The two main groups of silyl substituted alkane ligands HC(SiMe3); and HCH(SiMe3), demonstrate significantly
different steric demands, and we will discuss the two groups of alkali metal complexes separately. Only select
compounds will be discussed.

Sodium complexes of [CH(SiMe3),] ™ afford polymeric, donor-free [(SiMe;),CHNa],, chains 33,53 Being isostruc-
tural to the lithium analog, [(SiMe;),CHLI] ., 34,54 the polymer displays planar CHSi, coordination, with C-Na-C
angles within the polymer at 143°. This arrangement suggests weak secondary interactions between the SiMe; groups
and the metal. The good solubility of the ligand in hexane suggests an easy breakup of the polymeric chain into
monomeric units, further underscoring the significant steric demand of the ligand.

Crystallization of the potassium derivative in THF affords [(SiMe3),CHK(THF)] . 35, as an infinite polymer, with
each metal center ligated to THF and two ligand carbon atoms.>® Replacement of THF by zrz-butylmethylether
affords an isostructural species, 36.%° Demonstrating the importance of metal size and donor denticity, crystallization
of the rubidium derivative in the presence of PMDTA affords a dimeric molecule [(SiMe3),CHRb(PMDTA)], 37
(Figure 5),57 while the larger cesium displays polymeric chains with the same donor. [(SiMe;3),CHCs(TMEDA)]
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32

Figure 4 The structure of [Li(THF)4][{(Me3Si)sC}5Li] 32. Hydrogen atoms have been omitted for clarity.

Figure 5 The structure of [(Me3Si)xCHRb(PMDTA)], 37. Hydrogen atoms have been omitted for clarity.

38 crystallizes with formally five-coordinate metal centers.>® One of the recurring structural features with these
ligands are dimeric units, as observed in the tetrameric [(u-SiMe;),CHK(PMDTA)K(u-CH(SiMes),K(u-
CH(SiMe3)),K(PMDTA)] 39 exhibiting a central K,C, four-membered ring flanked by two potassium units
coordinated by PMDTA.>®

Replacement of the hydrogen in [CH(SiMe;);]” by SiMe; increases the ligand bulk, the resulting ligand is
coined T'si. Examples of heavy alkali metal derivatives include the donor-free potassium and rubidium com-
pounds [(SiMe3);CM], (M=K 40,°® Rb 41%%) obtained from crystallization from ether solution. While the
unsolvated sodium derivative [(SiMe;);CNal,, has not been isolated yet, the potassium 42 and rubidium 43
compounds display an infinite chain comprised of alternating metal and C atoms, with several additional contacts
between the metal and the SiMes groups. Interestingly, the cesium analog crystallizes from benzene solution as
the benzene solvate [(Sil\ie;)3CCs(77(’C(,H(,)3] 44 (Figure 6), clearly demonstrating the preference of the large
metal toward 7r—b0nding.60
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44

Figure 6 The structure of [u-(MezSi)sCCs(1°CgHg)s] 44. Hydrogen atoms have been omitted for clarity.

Other examples include the donor-containing compounds [(SiMe;);CK(TMEDA)] 45,01 Here, the large steric
demand of the ligand is demonstrated by a “loose” polymeric arrangement, with molecular units linked into chains by
the coordination of potassium to neighboring molecules via agostic interactions, leaving each potassium formally four-
coordinate. Not surprisingly, the compound is highly reactive.

The T'si and the CH(SiMe;), ligands are capable of stabilizing elusive “ate” complexes, as shown initially with the
isolation of the lithiate [Li(THF)4][Tsi,Li] 46.°% Originally postulated by Wittig,®® the lithiate has since been
identified in several other instances.’*®® The sodium compound [Na(OEt,)(TMEDA),][Tsi,Na] 47, together with
a sodium cyclopentadienide (see below), is a rare example of a sodiate.®®

The replacement of one, two, or even three methyl groups in tris(trimethylsilyl)methane by phenyl leads to
[C(SiMes),(SiMe,Ph)] ™, [C(SiMes)(SiMe,Ph),]™ as well as the [C(SiMe,Ph);]™ ligand. All possess the capabil-
ity for metal m-bonding; alkali metal complexes have been prepared for all three. With the exception of the
lithium derivative [(SiMe,Ph);CLi(THF)] 48,67 the heavier alkali compounds bearing the [C(SiMe,Ph);]™ ligand
afford donor-free species in the form of polymeric chains. While the monomeric lithium species displays some
m-interactions, the donor-free nature of the heavier analogs can clearly be understood by the increased
propensity of the alkali metals toward m-bonding on descending the group. In fact, the chain polymers are
held together by m-interactions between neighboring molecules. Further underscoring the strength of the 7-
interactions, the donor-free compounds were obtained after crystallization from THE for the Na 49,56 K 50,%8
Rb 51, and Gs 52 derivatives.®! All display low solubility in benzene or toluene, attributed to the inability of
the solid to interact with neutral arenes since the metal centers are already coordinatively saturated by metal—
ligand (arene) bonding.

If only one or two of the trimethyl groups in the [C(SiMe;);]™ ligand are replaced by SiMe,Ph, the competition
between arene coordination and donation can be nicely demonstrated. With a reduced capability toward m-bonding,
donor-containing complexes with good solubility in hexane including [(SiMe3),(SiMe,Ph)CNa(TMEDA)] S3 are
obtained.®’ Phenyl substituted silylalkanes are also capable of stabilizing
[Li(TMEDA),][{(SiMe;),SiMe,Ph)C},Li] 54.%8

The introduction of intramolecular coordination sites by placement of donor atoms within the ligand affords the
ligand systems [C(SiMe3)(SiMe,X)]™ (X=NMe, or CsH4N-2)® or [CH(SiMe;){SiMe;_,(OMe),} 1~ (z=1, 2).%
These ligands afford metallacycles with the alkali metals, as demonstrated in [(SiMe;),(SiMe,NMe,)CLi(TMEDA)] S5,
where the metal center is coordinated to carbon, two nitrogen atoms from TMEDA, and the NMe; ligand group, thus

”»

ate” complexes, as shown with

providing an increase in metal coordination number without external donor or aggregation.68 Examples of alkali metal

9
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complexes carrying a methoxy substituted ligand system include the octamer [(SiMe;)(SiMe,OMe)CHLilg 56, the
polymers [(SiMe3)(SiMe,OMe),CHLi(SiMe3)]o S7 and [(SiMe,OMe),CHLi], S8.

Examples of heavier alkali metal complexes include [{CH(SiMe;3)(SiMe,OMe)}M] (M =Na 59, K 60) as well as
the polymeric etherate [CH(SiMe3)(SiMe,OMe)K(OEt,)] 61.%° All these examples demonstrate the potency of
intramolecular coordination, since methoxide—metal interactions under formation of metallacycles are observed in all
cases.

2.01.2.2 Aryl Derivatives

Aryllithium compounds have been investigated in quite some detail, including NMR and crystallographic studies of
donor-containing compounds. An excellent overview of this chemistry has been provided in a 2004 review article.!!

Donor-containing phenyllithium derivatives display a variety of structural modes, as seen for the tetrameric
[PhLi(OEt,)]4 62, the dimeric [PhLi(TMEDA)], 63,7 and the monomeric [PhLi(PMDTA)] 64,72 clearly demon-
strating the structure-determining role of the donor.

Only a few examples of base-free organolithium compounds have been structurally characterized, all of them
bearing alkyl ligands; examples include [EtLi], 657373 and ["BuLils 66.”%7** So far, the low solubility of
unsubstituted phenyl derivatives has prevented the growth of suitable crystals. Structural information on Lewis
base-free PhLi 67 was accomplished by synchrotron powder diffraction methods,” revealing a new structure type
in organometallic lithium chemistry. With a Ph,Li, dimer as a fundamental unit, the central C,Li, rings are
required to be absolutely planar as the result of a crystallographic inversion center. The phenyl rings are
perpendicular to the central C,Li, ring. The individual dimers are arranged in an extended structure by 7°-
coordination to neighboring phenyl rings, thus creating a polymeric zigzag ladder arrangement. With this
structural information in hand it is now possible to understand why donor-free phenyllithium displays such
poor solubility in hydrocarbons. Addition of Lewis bases cleaves the metal-arene interactions, reducing the
degree of aggregation.

Substitution of the phenyl rings affords compounds with increased solubility and steric demand, thus displaying a
reduced degree of aggregation. Examples include the dimeric [MesLi(THF),], (Mes = Mesityl, 2,4,6-Me;CcH;) 68
(Figure 7)?3232 o1 the donor-free terphenyl dimer [(2,6-Mes,CeH3)Lil, 69.76 Again, ligand bulk is detrimental;

68

Figure 7 The structure of [MesLi(THF),]» 68. Hydrogen atoms have been omitted for clarity.
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Figure 8 The structure of [TripLi], 70. Hydrogen atoms have been omitted for clarity.

replacement of the methyl groups in the o77ho-positions by isopropyl as seen in the donor-free [TripLil, 70 (Figure 8)
increases aggregation to 4.7 In this tetramer, each lithium atom is o-bonded to one aryl ring, and 7,°-coordinated to
the aryl system of a neighboring unit resulting in a four-membered ring. Use of the larger zer7-butyl substituents
affords a dimeric molecule, [Mcs*Li]Z 71 (Mcs*=Supcrmesityl, 2,4,6-'Bu3Cg¢H,) displaying similar metal-ligand
interactions.”® The even larger 2,6-'Pr,CqH, substituents in the orzho-position afford a dimeric molecule with o- and
m-bonding 72.77

T'he influence of ligand size is further demonstrated in a series of unsolvated aryllithium derivatives, made possible
by the introduction of alkyl groups. Not surprisingly, introduction of substituents in the 4 position has no or little
effect on steric demand, affording polymeric molecules as displayed in the polymeric species [4-"BuCgHyLi] 73,
[4-SiMe, BuCgH,Li] o, 74, and [4-BuCgH,Li] o 75.78 Introduction of two tert-butyl groups in the 3 and 5 positions
reduces aggregations to the hexameric [3,5(‘Bu),CsH;Lils 76 (Figure 9).78 As observed previously, reduction of
association is also displayed in the presence of donors, and indeed, monomeric molecules may be obtained if sterically
demanding ligands and donors are used, as seen in [2,6-Trip,CsH3Li(OEt,),] 77.7 Detailed discussions of the effect
of phenyl ring substitution on aggregation pattern in the sterically very demanding terphenyl lithium derivatives can
be found in Refs: 80-82.

Examples of heavier alkali metals bearing phenyl ligands are scarce; only one example of a terphenylsodium
derivative [(2,6-Mes,C¢H3)Nal, 78 has been structurally characterized (Figure 10).83 Many structural features of
this sodium dimer resemble that of the dimeric lithium analog with o- and m-bonding motifs.”® The structural
differences between the lithium and sodium structures can be clearly accredited to the larger radius of sodium
with its increased tendency toward m-bonding. In the lithium compound the metal centers interact primarily with
the zpso-carbons of the phenyl rings, and also display fewer interactions with the mesityl 7pso-carbons in the or7ho-
positions.

Introduction of Lewis donors provides access to a larger library of compounds, including the dimeric
[PhNa(PMDTA)], 793* and the rare mixed metal “ate” complex [{Na(TMEDA)};PhyLi] 80.55 Intramolecular
coordination has been used successfully in the trimer [2,6-(CH,NMe,),C¢H;Nal; 81 (Figure 11),%¢ as well as the
hexameric 2-3-[N,N-dimethylamino]ethoxyphenylsodium 82.87 This hexamer consists of two stacked trimers with a
pseudo-threefold inversion axis. The Nag polyhedron forms a distorted octahedron, with the bonding resembling that

of hexameric ["BuLile.”*7*?
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76

Figure 9 The structure of [3,5-('Bu),CgHsLils 76. Hydrogen atoms have been omitted for clarity.

78

Figure 10 The structure of [2,6-Mes,CgHsNa], 78. Hydrogen atoms have been omitted for clarity.
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Figure 11 The structure of [2,6-(CH:NMe,),CgHsNalz 81. Hydrogen atoms have been omitted for clarity.

2.01.2.3 Cyclopentadienide, Fluorenide, and Indenide Derivatives

The first organometallic compound containing a cyclopentadienide (Cp=CsHs) ligand was CpNa, prepared in
1900.%8 Only a year later, CpK was reported by the same authors.’ Several excellent review articles are available

_O . . .
2092 here we review only recent information.

on the subject;

Intense studies in the 1950s focused on the nature of the metal-ligand (Cp, substituted Cp, fluorenide (F1), and
indenide (Ind)) bond establishing a largely ionic bonding model with a smooth increase in polarity of the RsCs—M
bond as descending the group of alkali metals, but detailed structural information did not become available until
1976.23°7 Since then, significantly more information has been gathered providing detailed data on substituted,
unsubstituted, as well as ionic Cp’s, Ind’s, and FI’s. The compounds may exist as unsolvated as well as solvated linear
polymers, oligomers, and also monomers, with the main structure-determining factor being ring substituent(s),
co-ligands, and the metal.

Unsubstituted, unsolvated complexes have been observed for all metals, but their low solubility prevents the
growth of quality single crystals. This problem was recently overcome with data collected on a powder sample on a
synchrotron X-ray source followed by Rietveld refinement.!”* Not surprisingly, the structures display polymeric
chains with alternating metal and Cp units.

Vividly demonstrating the influence of ring substitution as well as the effect of donor molecules, monomeric
complexes can only be obtained if the substitution pattern on the Cp ring is extensive, thus significantly increasing
the ligand’s steric bulk, as strikingly demonstrated with 1,2,4-(Me;Si);CpLi(THF) 83.98

A family of recently published Cp complexes sheds a more detailed light on the role of the donors on the overall
structural pattern. Demonstrated with a group of Cp derivatives in the presence of the crown ethers 15-crown-5 and
18-crown-6, monomeric complexes may be obtained in the form CpNa(15-crown-5) 84.°° In a parallel fashion,
18-crown-6 has been shown to be effective in supporting monomeric structures of the heavier alkali metals bound
to Cp. Examples include CpM(18-crown-6) (M =K 85, Rb 86, Cs 87).100:101

Structural details in CpNa(15-crown-5) 84°° show the Cp and the crown ether to be arranged in an almost coplanar
manner with the oxygen atoms coordinated in a slightly asymmetric manner to sodium (Na-O 2.42-2.55 A). The Cp
ring displays an asymmetric metal coordination mode with two close (2.67 and 2.71 A), two medium (2.85 and 2.91 /o\),
and one longer Na—C distance (2.99 A). The asymmetric metal coordination may be accredited to the small sodium
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radius not being able to support a coordination number of 10. With the 12-crown-4 analog of sodium not being
available to support this assumption, a 12-crown-4 derivative has been reported for lithium 88. Here, much more
symmetrical Li—C interactions (2.34-2.42 A) are observed.'??

Monomeric 18-crown-6 complexes in the form of contact ion pairs (CIPs) are also known for K 89, Rb 90, and Cs 91.
Again, the metal radius is structure determining, with potassium within the plane of the crown ether; the heavier metals
are located above the plane of the crown ether oxygens toward the Cp ring. While the potassium 89 and rubidium 90
compounds exhibit an almost coplanar arrangement between Cp and the crown, the cesium analog 91 displays a bent
geometry with angles of 154.7° and 160.1° (two independent molecules) between the two plancs.mo’ 108 7¢ appears
reasonable to accredit the distortion to somewhat similar factors as observed in the bent Cp derivatives of the alkaline
earth metal derivatives,'”® where facile distortion from ideal geometry due to the largely ionic bond contribution and
lack of orbital control is observed.

A significant number of substituted Cp complexes have been prepared and structurally characterized.
Substituents frequently consist of alkyl or silyl groups used to enhance the solubility of the resulting complexes,
although a small number of arene substituted derivatives are known as well. Pentamethyl substituted Cp,
commonly known as Cp (MesCp=Cp) is frequently used, although recent work included multiple SiMe;
substituted species as well. Besides increased steric bulk, alkyl substituents on the Cp result in slightly increased
metal-ligand bond strength, while silyl substitution has the opposite effect.”t The influence of methyl substitu-
tion can be verified by comparing bond length in a series of lithium compounds with increased methyl substitu-
tion on Cp. Indeed, a small but recognizable bond shortening is observed upon Cp substitution, as explained by
increased electron density in the ligand. The slight bond weakening in the silyl substituted derivatives is less
intuitive, since the substituents also increase the electron density of the o-system. However, negative hypercon-
jugation draws electron density from the Cp-7 system, slightly overcompensating for the bond-strengthening
effect of the o-electron donation.

Most commonly, structurally characterized potassium pentamethylcyclopentadienides involve  strongly
coordinating bases, such as Cp*K(IS-crown-()) 92 104 [Cp*K(pyridinc)]oc 93,105 [Cp*K(THF)](X, 94,19 3nd
[1-(CsMeySiMe,CH,CH=CH,)K(THF)] . 95.19 Each of these crystallizes as an extended structure, with alter-
nating Cp and metal moieties. Further increase of ligand size increases the likelihood to obtain monomeric or
oligomeric  compounds, as demonstrated with the monomeric [(PhyCsH)Na(DME),] 96'%7  or
[(benzyl)sCsK(THF);] 97.1%8

The Ind and F1 ligands can be classified as the benzo and dibenzo analogs of the Cp anion, and may be viewed as
closely related Cp analogs. Indeed, many structural parameters closely resemble that of the more intensively studied
Cp’s. Structural information on heavy alkali metal FI’s and Ind’s dates back to the 1990s with the characterization of a
series of fluorenyl alkali metal PM'TDA adducts as well as IndK(TMEDA) 100.11° Since then, the alkali metal
chemistry of these ligands has been extended toward the remaining alkali metals, incorporating a variety of donors,
including 15-crown-5 and 18-crown-6."1%1 In analogy to the Cp’s, ligation to crown ether affords monomeric, nearly
coplanar species with metal-7 bonding. Selected examples include [IndNa(15-crown-5)] 101, and [FINa(15-crown-5)]
102,” [IndM(18-crown-6)] (M =Rb 103, Cs 104)* and [FIM(18-crown-6)] (M =Rb 105, Cs 106).""" A series of
fluorenyl alkali metal diglyme complexes reveals contact and separated ion pairs including [Li(diglyme),][F1] 107,
[Na(diglyme),][F1] 108, the trimer [FIK(diglyme)]; 109, the nonamers [FIRb(diglyme)]y 110, [FICs(diglyme)]o 111,
the dimer [FINa(diglyme)], 112, and the polymer [FIK),diglyme]., 113.11 Complementing this series of fluorenyl
complexes bearing tridentate donors are [FINa(TMEDA)] 114'"2 as well as [FIM(PMDTA)] (M =Na 115, Rb 116,
Cs 117).12 13 Ap interesting dimeric molecule, bis-p-diglyme bis-fluorenyl disodium 118, has been reported.
Here, diglyme bridges the sodium centers with fluorenyl in terminal positions (Figure 12). M1

The significant structural differences between the tridentate PMDTA and diglyme complexes indicate the
importance of small differences affecting the structural features of the resulting compounds. The slightly more
sterically demanding PMD'T'A donor (two methyl groups on the nitrogen as compared to one methyl group on oxygen
in diglyme) affords monomeric species, whereas additional coordination is needed to saturate the metal center for the
smaller diglyme, resulting in the formation of higher aggregates. This demonstrates nicely the ongoing problem of
predicting the structural chemistry of alkali metal compounds: very small differences may have a profound effect on
the ion association, aggregation, and overall geometry of the resulting complexes.

Studies of CpLi solutions showed high conductivity, suggesting ionic particles in solution.”! Tonic particles
could consist of the free ions, but anionic cyclopentadienides MCp,~ particles isoelectronic to the well-known
alkaline earth cyclopentadienides Cp,M (M =alkaline earth metal),'*® could also be envisioned. Moreover, the
structural motif of a sandwich complex where two Cp ligands bind to a metal center is well established

114-116

throughout the periodic table. Indeed, the Cp, Li anion was suggested based on NMR techniques, and
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Figure 12 The structure of [FINa(diglyme)], 118. Hydrogen atoms have been omitted for clarity.

structural proof for the lithocene anion [PPhy][Cp,Li] 119 was first provided in 1994 by Harder and
Prosenc. 171172 Gince then, several other examples have been isolated including [(Me,N);S][Cp,L.i] 120,“8’“8"l
[PPh,][Cp,Na] 121,12 [(Me,N);S][Cp,Na] 122,188 [ppp 1[CpsCs,] 123,12%1202 the fused ring system [Li(12-
crown-4),][(CpCsHg)Li)] 124,2! in addition to the zer7-butyl substituted [Ph,PMe,][(‘BuCp,)Li] 125.12% Other
examples of substituted lithiocenes include di(isodicyclopentadienide)lithium 126.'2! The lithiocene complexes
typically display a staggered configuration with approximate Ds-symmetry. The coordination of two Cp rings to
lithium results in significant bond lengthening as compared to LiCp, likely due to steric repulsion between the
two Cp rings. Since the alkali metal-Cp bond increases in polarity as descending group 1, two competing factors
determine the strength of the metal-ligand interaction. Apparently, steric arguments prevail, as calculations
showed the association of a second Cp to be more exothermic for sodium than for lithium.”! A very unusual
example of an anionic complex is the dianion [(F1);Na]*~ 127.1222 Here, the three Fl anions adopt a paddle
wheel conformation around sodium.

Several examples of ansa-alkali metallocene sandwiches exist, in which the two Cp rings in a [Cp,M] ™ arrangement
are  bridged and the molecular geometry underlies geometrical restraints. Examples include
[PPh,][(Me4C,)Cp,Nal, 't [PPhy][(ally]),SiCp,Na] 128,123 and [Li(THF)4][Me,Si(F1),Li] 129.12* In some of the
molecules the Cp tilt angles are as small as 100°.

Another group of charged Cp derivatives needs to be mentioned, a group of “inverse” sandwich complexes of the
type [CpM,]*. Here, a Cp unit is flanked by two alkali metals. Examples include the triple cation
[(MeCp)Li-(TMEDA),] 130,'%° in addition to the [CpNay(THF)s] 131'2° and [BuCpKx(18-crown-6)] 132127

cations.

2.01.2.4 Alkali Metal Interaction With 7-Systems

T'he deprotonation of alkenes by organometallic reagents affords allyl species. As the simplest example of delocalized
organometallic systems, the alkali metal allyl system has been studied in solution and the solid state in quite some
detail;'®® this work has been further supported by theoretical studies.'?® Allyl species are usually very reactive
undergoing complex rearrangement reactions, and often, the reaction products cannot be directly characterized.
Instead, they are often identified by their reaction products.

T'wo main structural types have been identified for allyl alkali metal species: solvated ions in the form of
CIPs where a delocalized anion with metal coordination is perpendicular to the ligand plane,'3°13% or
unsolvated allylic lithium compounds displaying localized ligand systems with NMR spectra closely resembling
those of alkenes.'35138
The study of solvated alkali metal allyl species remains a complex topic due to a variety of reorganization processes.

Structural data on alkali metal allyl derivatives include [C3HsLi(TMEDA)] 133,139 where solvated lithium ions act as
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bridges between the terminal CH, groups of the allyl ions. In contrast, Li is coordinated to the allyl 7w-system if the
tridentate donor PMDTA is utilized. For example, [n2C3H5Li(PMDTA)] 134 crystallizes as a monomeric mole-
cule.*® The unexpected n?-coordination appears to be the result of the large steric shielding by PMDTA. The
argument of steric shielding is further supported by the crystal structure of [1,3-diphenylallylLi(TMEDA)] 135,
where 77°-metal coordination is confirmed for the first time in the solid state.!*! This observation is further confirmed
with structural data on [C3H3(SiMe3),Li(TMEDA)] 136, where essentially symmetrical geometry, slightly perturbed
by lithium—TMEDA coordination, is observed.!*?

Calculations of alkali metal allyl derivatives involving all alkali metals (LLi—Cs) indicate a preferred geometry with
the metal symmetrically bound in a predominantly electrostatic manner to all three carbon atoms.*® Solution studies
of allyllithium in ether indicate the compounds to be highly aggregated; in THF complex dynamic behavior is
observed.

To further study the preferred coordination of the alkali metal ions and its potential toward synthetic
applications, recent studies focused on the preparation of compounds by encapsulating the metal in an allylic
lithium compound by coordinating it to an attached ligand, resulting in the first structural characterization of
an internally solvated pair by NMR methods.!** The attachment of pendant arms to the center carbon of the
allylic moiety afforded an extended family of compounds that were investigated by NMR and crystallographic
methods."*¥1*8 These compounds display structures (by NMR) that lie between the two expected structural
types: solvated ions in the form of CIPs or an unsolvated allylic lithium compound with a localized ligand system.
This work established that the role of the tether is critical in determining the geometry of the metal. If the tether
is too short, it may not be possible for lithium to position itself on the center of the allylic plane; rather
coordination closer to one of the terminal allylcarbon is observed, thus affording a compound with a partially
localized m-system.

Heavy alkali metal allyl systems include [1-phenylallyINa(PMDTA)] 137 with the expected 7*-metal coordina-
tion;'* the 17°-coordination is in stark contrast to that of the corresponding n*-lithium derivative.* The metallation
of 1-phenyleyclohexene with sodium in the presence of PMDTA also affords an allyl system 138.1#1492
Interestingly, the solvated sodium cation does not coordinate to the allyl moiety but is 1°-centered over the phenyl
ring. The rationale for phenyl rather than allyl metal binding lies in the strong shielding of sodium by PMDTA
preventing its close approach.

In contrast to the allyl system, where the reduction of an isolated double bond is investigated, the reduction
of extensively delocalized aromatic systems has been in the focus of interest for some time. Reduction of the
systems with alkali metals in aprotic solvents under addition of effective cation-solvation agents affords
initially radical anions that have found extensive use as reducing agents in synthetic chemistry. Further
reduction is possible under formation of dianions, etc. L.ike many of the compounds mentioned in this article,
the anions are extremely reactive, and their intensive studies were made possible by the advancement of low
temperature X-ray crystallographic methods (including crystal mounting techniques) and advanced synthetic
capabilities.

Compounds of this type may only be isolated in the presence of suitable donor molecules, among those, diglyme
has been used frequently, but other examples include TMEDA or 2,2,1-crypt for sodium.'®® The reduction of
naphthalene or anthracene with sodium in diglyme affords separated ions with the radical anion
[Na(diglyme),][naphthalene/anthracene] 139, 140.151

Numerous other examples of alkali metals in conjunction with extended 7-systems have been reported; we present
only a very brief overview. In many cases, extensive distortion upon reduction is observed, especially when the
second electron is added. This is shown in the cesium contact “multiples” containing bis-diglyme salts of the
tetraphenylethanediyl ligand 141, where extensive association between neighboring molecules through m-bonding
is observed. In the dianion, the [Cs(CgHs),] halves are twisted by 76° around the single C—C bond, and the C-C bond
is elongated from 1.36A in the neutral precursor to 1.51 A2 These changes in geometry upon deprotonation are in
agreement with the analogous disodium salt 142,153:1532

Other selected examples include tris(tetramethylethylene diamine—sodium)-9,9-dianthryl 143,'5* alkali metal salts
of 9,10-bis(diisopropylsilyl)anthracene 144, as well as the closely related “naked” 9,10-bis(trimethylsilyl)anthra-
cene radical anion 145,156 This chemistry is further extended to the solvent-shared and solvent-separated alkali metal
salts of perylene radical anions and dianions 146, 147,'5¢ while other examples focus on alkali metal salts of 1,2-
diphenylbenzene and tetraphenylethylene derivatives, where reduction with potassium in diglyme afforded contact
molecules with extensive m-bonding, [1,2-Ph,CsH4K(diglyme)] 148.57 Extensive m-coordination is also observed in

(1,1,4,4 tetraphenylbutadiene-2,3-diyl)tetracesiumbis(diglyme)bis(methoxyethanolate) 149.158
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2.01.2.5 Alkynyl Alkali Metal Derivatives

The simplest (and smallest) alkali metal alkynyl derivative, ethynyllithium, can only be obtained in the form of single
crystals as a base adduct. In the presence of ethylenediamine (en), a polymeric compound as double strands
connected by the en donors is obtained, 150.1%°

The strong tendency toward aggregation, a commonly observed structural motif within organoalkali metal deriva-
tives, is widely observed in alkali metal alkynyl chemistry, likely due to the small size of the ligand.

Demonstrating the strong tendency toward aggregation, and the importance of the donor molecule, phenyl-
ethynyllithium crystallizes either as a dimer 151 or a cubane-like tetramer 152: the dimer is obtained in the
presence of N,N,N'N’-tetramethyl(1,3-propanediamine),'®® whereas the longer chain donor N,N,N'N’-tetramethyl-
1,6-hexanediamine affords a polymeric structure with cubane-like CyLiy units. 11912 providing a strong argument for
parallel solid-state and solution studies, >C NMR studies in Dg-THF indicated a smaller degree of aggregation in
the form of a dimeric phf:nylethynyllithiurn,162 a result also confirmed by cryoscopic measurements. 1% Aggregates
are also observed in fer-butylethynyllithium derivatives, where both a dimer ['BuCCLi(THF)], 153 (Figure 13)
and a dodecamer ['BuCCLi(THF),] 154 were obtained from identical THF solutions.'®* The compounds display
heterocubanes — a common structural motif in organolithium chemistry. In the tetramer, each lithium is also
coordinated by a THF, whereas the dodecamer is comprised of fused cubanes with THEF located only at the
endpoints of the oligomer.

The larger radii of the heavier alkali metals, and the pronounced aggregation tendencies of the alkynyl ligands,
even observed for the small lithium, indicate extensive aggregation chemistry for the heavier metals. Indeed, only
sparsely soluble compounds were obtained for a series of [CH3;CCM], (Na 154, K 155, Rb 156, Cs 157).
Structural data were obtained from powders using synchrotron radiation.!6®195%166 15 contrast to the lichium
compounds, the heavier metal analogs prefer a doubly bridged m-structure, with each metal symmetrically located
over a face.

The tendency toward aggregation may be suppressed by application of large, multidentate donors, as shown with
the monomeric [PhCCK(18-crown-6)] 158.1¢7

153

Figure 13 The structure of 'BuCCLI(THF)], 153. Hydrogen atoms have been omitted for clarity.
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2.01.3 Alkali Metal Derivatives with Heavy Group 14 Ligands
2.01.3.1 Alkali Metal Silanides

Over the past decade alkali metal silanides have gained importance due to their application as reagents in synthetic
chemistry, resulting in an upsurge of detailed information available on such compounds. Several review articles
summarize recent developments, 168-168a-168¢

Alkali metal silanides were first intensively studied in the 1950s by Gilman ez @/.!%% 17° Later work by Wiberg ¢z /.
focused on MSiPh;, available by the cleavage of the Si—Si bond in Ph3SiSiPh; with alkali metals. However, the
amount of undesired byproducts was very high.171

Since then, several different alkali metal silanide systems have been reported. One of them, the hypersilyl
[Si(SiMe3);]~ ligand, was first prepared by Gilman and Smith.'”® 73 Another ligand includes supersilyl [Si'Bus]~
prepared in 197517176 Geveral other variations of the ligand systems are known with the recent addition of
[Si'Bu,Ph]~, for which several alkali metal derivatives have been prepared and characterized.!”178

Amongst the different silanide ligands, the hypersilanides [Si(SiMe;);]” have received most attention. The
advantages of this ligand are its ease of preparation, the high solubility in a variety of solvent systems, and large
steric demand resulting in effective kinetic stabilization of the metal centers. Moreover, the alkali metal derivatives
may be prepared with ease using several different synthetic routes.

[(Me;Si);SiLi(THF),] 159 was first prepared by Gilman and Smith in 1967,17% 180 \ith structural data
becoming first available about 15 years later with [(MesSi);SiLi(DME),s] 160"  followed by
[(Me;Si);SiLi(THF);] 161.18%182a

Heavy alkali metal hypersilanides were first prepared by Klinkhammer, who reported on a series of donor-free
dimers of the form [(Me3Si);SiM], (M =Li 162, Na 163, K 164, Rb 165, Cs-1.5CcHsCHj3 166) (Figure 14) from
crystallization of aromatic solvents.!83 18 A rare example of an ether-solvated product is [{(Me3Si);SiCs}, THF] 167,
with the THF bridging the two metal centers.'®®

The use of crown ether or multidentate donors with alkali metal tris(trimethyl)silyl silanides affords both
contact molecules and separated ion pairs, depending on the coordinative saturation provided by the ligand.m(’ As
an example, [(Me;Si);SiK(18-crown-6)] 168 (Figure 15) crystallizes as a contact molecule, whereas use of the
smaller crown ether, 12-crown-4, affords separated ions with two crown ethers coordinating to the cation in a
sandwich-type fashion as seen in [K(12-crown-4),][Si(SiMe;);] 169 or for the larger metal with 18-crown-6 in

166

Figure 14 The structure of [(MegSi)sSiCs(CgHsCH3) 5]o 166. Hydrogen atoms have been omitted for clarity.
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168

Figure 15 The structure of [(MesSi)sSiK(18-crown-6)] 168. Hydrogen atoms have been omitted for clarity.

[Cs(18-crown-6),][Si(SiMe;);] 170. An interesting example, rubidium hypersilanide with 18-crown-6, crystallizes
with two contact molecules and one separated ion in the form [Rb(18-crown-6)Si(SiMes)s], [Rb(18-crown-
6),][Si(SiMe3);] 171, indicating energetic similarities between solvation and ligation. The presence of two contact
molecules and one separated ion pair in one asymmetric unit is independent of reagent stoichiometry. Underscoring
the subtle, but distinctive differences between silicon and germanium, the addition of 1.5 equiv. of 18-crown-6 to
rubidium hypergermanide afforded only the contact molecule [(Me;Si);GeRb(18-crown-6)] 172.187

The alkali metal tris(trimethylsilyl)silanides dissociate in solution into separated ion pairs, as indicated by very
similar chemical NMR shifts in aromatic solvents.'® The dissociation into separated ions supports the view of highly
polarized alkali metal-silicon bonds. The ease of dissociation into separated ion pairs can also be rationalized when
analyzing the structural parameters of MSi'Bu,Ph (M = Na 173, K 174).177178 While the sodium derivative displays a
polymeric chain held together by 7m-interactions involving the phenyl rings and the sodium centers, the potassium
analog displays a dimeric structure based on 7-interactions between the alkali metal and the ligand. The propensity
for m-bonding provides a rationale for the formation of separated ions as observed in NMR studies of hypersilanides.
The isolation of the benzene solvate [(Me;Si);SiK(CeHg)s] 175 (Figure 16)184 further underscores the propensity for
heavy alkali metal-aryl interactions.

All alkali metal hypersilanides display highly pyramidal central silicon centers with Si—Si-Si angles around 100°.
Remarkably, these angles do not differ in the contact or separated ion pairs, further indicating the large degree of
charge transfer from the alkali metal cation to the silanide anion. The pyramidalization is also an expression of the
increased p-character of the Si-Si bond, and consequent increase in the alkali metal-silicon bond.

The tris(trimethylsilyl)silyl ligands can be easily modified by reactions with silyl chlorides, as shown with a
series of phenylated species Mes_,Ph,SiCl (n=0-3)."88 Furthermore, triisopropyl, thexyldimethylsilyl, 189 or serr-
butyldimethylsilyl substitution are all easily possible.190 The crystallographic characterization of some of the alkali
metal derivatives indicates a direct correlation between ligand size and resulting structural parameters.

The chemistry of the supersilyl Si("Bu); ligands was established about 20 years ago with the report of a straightforward
ligand syntl’lcsis.w1 Since then, several examples of alkali metal derivatives have been disseminated, including a series
of supersilyl derivatives [(‘Bu);SiM] (M = Na, K, Rb, Cs), prepared by treating silyl halides with the appropriate alkali
metals.'?? The supersilyl derivatives exist in a number of structural motifs depending on the presence of donor
molecules during the preparation and the solvent of crystallization, as shown for the contact molecules
[("Bu);SiNa(THF),] 176 or [(‘Bu);SiNa(PMDTA)] 177 (Figure 17).192 Underscoring the high affinity of potassium
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175

Figure 16 The structure of [(MesSi)sSiK(CgHeg)s] 175. Hydrogen atoms have been omitted for clarity.

177

Figure 17 The structure of ['‘BusSiNa(PMDTA)] 177. Hydrogen atoms have been omitted for clarity.

toward aromatic solvents, crystallization of the lithium and sodium derivatives in hydrocarbon solvents affords a dimeric
species, whereas crystallization of the potassium derivative from benzene yields [(‘Bu);SiK(CgHg);] 178. Simple ethers
may be exchanged by stronger donors such as PMD'TA, crown ether, or cryptand-Z,Z,Z.192

It is instructive to compare the geometry of the supersilyl with the hypersilyl ligands. The geometry at the
supersilyl ligands is clearly less pyramidal with C-Si—C angles frequently in the range of 106-107°. In contrast,
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180

Figure 18 The structure of [(‘Bu,Me);GeLi] 180. Hydrogen atoms have been omitted for clarity.

Si—Si—Si angles in the hypersilanides range around 100°, an expression of reduced ligand bulk due to the longer Si-Si
as compared to the Si—-C bonds. However, not all silanides display a pyramidal environment at the central silicon
atom, as shown with a donor-free silyl and germyllithium derivative [(‘Bu,Me);ELi] (E=Si 179, Ge 180
(Figure 18)).193 In contrast to the above results, the environment at the central silicon atom is trigonal planar with
Si-Si-Si angles close to 120°. The planar geometry at silicon and germanium is made possible by secondary metal—
ligand interactions in the form of CH-Li agostic interactions.

The degree of pyramidicity of alkali metal derivatives bearing heavy group 14 ligands increases on descending
group 14, as evident upon comparing triphenyl silanides, germanides, stannides, and plumbides. The C-E-C angles in
the compounds compress smoothly with 101.3°(avg.) for [Ph3SiLi(THFE);] 181,194 98.3°(avg.) for [Ph3GeLi(OEt,);]
182,95 96.1° (avg.) for [Ph;SnLi(PMDTA)] 183 *°, and 94.3° (avg.) for [Ph;PbLi(PMDTA)] 184.1%7

The silole and germole anions have been a topic of interest for quite some time, with initial theoretical studies of
the silole anion dating back to 1983.1%8 The following narrative provides a brief glimpse into this arca.

In 1993, Boudjouk proposed the aromaticity of these systems based on NMR data.'® Since then, several studies have
been attempted to provide detailed insights into the bonding in these systems. Interestingly, localized and delocalized
systems have since been prepared, including the lithium salt of the germole anion [(MeC),GeSi(SiMe;);]™ 185 as a highly
localized structure with significant variations in C-C ring bond lengths.zm’zm"‘ Further investigations provided the
dilithium salt of the tetraphenylgermole anion, which was crystallized from dioxane. Depending on the temperature,
two different compound modifications are observed. Crystals obtained at —20°C display a reverse sandwich structure
with two lithium atoms above and below the five-membered ring 186. In contrast, in crystals obtained at 25°C, one
of the lithium atoms is coordinated n' to the ring system while the other coordinates in an n’-fashion to the five-
membered ring 187. In both compounds the electrons in the ring are highly delocalized with nearly equal C—C bond
lengths.2’! The structure of the product crystallized at room temperature is closely related to the silicon analog
[(PhC),SiLi,]-5THF 188, which also contains 7'~ and 7°-coordinated lithium centers, with nearly identical C-C
bond lengths.zo2 Theoretical investigations showed only a small aromatic stabilization energy of 5.3 kecal mol ™" for
the compound reported by Tilley ¢ a/., while theoretical studies for a hypothetical [H4C4Ge]*~ anion indicate the
high likelihood for identical C—C distances with an aromatic stabilization energy of 13.0kcal mol 12! These studies
also indicate the 7°-coordination as energetically preferred over the 7'-coordination by 25kcalmol™'. Further
theoretical work by Schleyer e a/. also indicates that the free silole dianion would be highly aromatic and

form dilithium, sodium, and potassium with the metals bound to both sides of the ring.203
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Several closely related systems have since been described, with more recent examples of dilithio and disodio salts
9%%* and germole dianion 190.2%° In analogy to some of the compounds
mentioned above, the X-ray structure of the lithiumsilole shows two differently coordinated lithium atoms, one 7',

of aromatic benzannulated silole 18

also coordinated to three dioxane molecules, while the other is 7° with coordination to two dioxane molecules. The
dilithium salt of the germole dianion displays 7°-bonding to the lithium centers, and nearly equal C—C bond lengths
suggest a significant degree of aromaticity. Demonstrating the timeliness of this work, a recent example includes
1,2-disila-3-germacyclopentadienide, 191, a 67 aromatic system, where lithium is situated in an 7°-fashion above the
five-membered systcm.zo6

Over the last few years, structural data on rare examples of dilithiosilanides and germanides have been reported. This
group of compounds has not received extensive attention due to synthetic difficulties. Dialkali metal derivatives were
initially reported only for siloles and germoles as mentioned above. Lagow ez a/. reported the generation of the 1,1-dilithio
derivative 2,2-dilithio-1,1,13,3,3-hexamethyltrisilane 192 by pyrolysis of [(Me3Si);SiLi(THF),] at 140-150°C in low
vields.2’” Other attempts included the preparation of the bulky aryl substituted [(Dipp)TbtSiLi,] 193
(Dipp = 2,6-Pr,CeHjy; Thbt = 2,4,6-tris[bis(trimethylsily)methyl]phenyl); however, no structural or spectroscopic data
have been reported.zo8 [(iPr;;Si)g,Li(THF)Z] 194 has a monomeric structure, with each lithium coordinated to two THF
donors and the central silicon.?”” The central silicon has nearly tetrahedral geometry with somewhat expanded bond
angles (112-114°) due to the bulkiness of the two ligands. Recently, the same group has reported on two dilithiogermanes,
the first of their class.2” The two compounds bear the sterically demanding bis(triisopropylsilyl) 195 or the bis(di-ze/7-
butyl(methyl)silyl) ligands 196. The crystal structure of the bis(di-zez#-butyl(methyl)silyl)dilithiogermane was deter-
mined to reveal dimeric molecules. Containing a central Ge,Li, ring, each germanium is bound to three lithiums, two
bridging and one terminal. Each of the lithium atoms (bridging and terminal) is bound to a THF donor.

2.01.3.2 Alkali Metal Germanides

Despite a significant number of reports on the synthesis of germyl anions®'”, relatively little is known about the structural
chemistry of alkali metal germanides; among those, the tri(trimethylsilyl) germanide ligand ([Ge(SiMe;)s]™ ligand) is
most prominent. A rare example of a lithium germanide with a different ligand system is [Ph3GeLi(OEt,),] 182.1%°
While the parent compound for [Ge(SiMes)s]™, Ge(SiMes)4 was reported decades agz,o,212‘212"l
remain scarce and examples are mainly limited to a few lithium derivatives. Examples include
[Ge(SiMe;);sLi(THF)s] 197, [(Me3Si);GeLi(PMDTA)] 198" and  [Li(12-crown-4),][Ge(SiMes)s]  199.2'*

Germanides involving the heavier alkali metals had been limited to [Ge(SiMe3);Cs], 200,185 until very recently,

metal derivatives

when two studies provided detailed information on the structural chemistry of the heavy alkali metal germanides.

The combination of heavy tris(trimethyl)silylgermanides with crown ethers or multidentate donors atforded
families of contact molecules and separated ions.?!® Examples include the contact molecules [(Me;Si);GeK(18-
crown-6)] 201, [(Me3Si);GeRb(18-crown-6)] 202, and [(Me3Si);GeK(TMEDA),] 203. The list of separated ions
includes [K(15-crown-5),][Ge(SiMejs);] 204, [K(12-crown-4),][Ge(SiMes);] 205, and [Cs(18-crown-6),][Ge(SiMej)s]
206 (Figure 19). In analogy to the silanide structural chemistry reported above, contact molecules are obtained if the
crown cavity and cation diameter match, as is the case for 18-crown-6 and potassium or rubidium. Separated ions are
observed if the crown is too small to fully encapsulate the metal center. In these cases, the metal will coordinate to
two crown ether macrocycles under the formation of sandwich complexes. The drive toward cation coordinative
saturation is so strong that the formation of sandwich complexes is also observed if only 1 equiv. of crown ether is
present. The separated ions resulting from this arrangement are observed for a potassium cation coordinated to two
15-crown-5 or 12-crown-4 macrocycles, as well as the coordination of cesium to two 18-crown-6 donors.

In the presence of multidentate nitrogen donors (TMEDA, PMDTA), essentially analogous trends as seen for
the silanides are observed, and again the ability of a donor to sterically saturate a metal center is key. The degree
of cation steric saturation is also the main determining factor in regard to reactivity. Rather than observing
increased reactivity on descending the group of alkali metals as one may expect, the coordinative saturation of the
alkali metal is essential. As such, it comes as no surprise that the five-coordinate [(Me;Si);GeK(TMEDA),] 203 is
significantly more reactive than the related crown ether complexes, while the THF adducts are too reactive to be
isolated and fully characterized.

The comparison of metal-ligand bond lengths in the closely related silanides'®” and germanides®'®
M-Ge bond lengths than M-Si, despite the “larger” ionic radius for germanium. As an example, [(Me3Si);Ge K
(18-crown-6)] 201 displays K-Ge distance of 3.399(8) A with the corresponding K-Si distances in 168, 3.447(8) A.186
This initially curious result, considering the larger germanium radius (ionic radius Ge*t (CN=4)=0.53 A; Sit+

reveals shorter
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Figure 19 The structure of [Cs(18-crown-6),][Ge(SiMeg)s] 206. Hydrogen atoms have been omitted for clarity.

(CN =4)=0.40 A)1° may be explained by the increased polarity in the metal-germanium bond due to larger
differences in electronegativity (Allred Rochow electronegativity Si=1.74, Ge =2.02).2!7

Similar trends are observed for other members of the series, such as lithium silanides and germanides where
consistently shorter Li-Ge bonds than Li-Si are observed.?'® Similarly, heavy alkaline earth metal silanides and
germanides display the same trend — slightly shorter M—Ge bonds than M-Si distances.?18-220

The geometry in the [Ge(SiMes);]™ anions is very consistent, with Ge—=Si bond lengths ranging from 2.34 to 240 A
and significant pyramidal geometry with the Si—-Ge-Si angles of about 100°. These values are very similar to those of
the hypersilanides, further underscoring the close chemical relationship between silicon and germanium. The
pyramidicity of the Si compounds has been discussed above and similar arguments may be applied to the heavier
congeners. With very similar geometries for contact molecules and separated ions, the charge transfer between cation
and anion must be substantial in all cases, supporting the view that the metal-ligand bond is highly polar. This view
is further supported by spectroscopic studies where the formation of separated ions is observed upon dissolution in
De-benzene, again in complete agreement with the silicon analogs.

A group of oligosilyl potassium germanide derivatives has recently been reportc:d.221 The geometry at the alkali
metal closely resembles those reported by Teng ez a/. where crown ethers were used to stabilize the metal center.
With the structural characterization of two dianions, [{(Me3Si),(Me,Si),Ge}»{K(18-crown-6)},] 207 and
[{(Me3Si),},Ge{K(18-crown-6)},] 208, Fischer ¢ a/l. confirmed that the coordination of 18-crown-6 to potassium
tends to produce contact molecules.??! Geometrical data for the germanides bound to the alkali metals are very
similar to those reported above, with a distinctly pyramidal character and angles of about 100°.

A recent addition to the structural variety of alkali metal germanides is a trimeric, donor-free [(Me;Si);Gellil; 209.2%2
T'his trimeric molecule is the first such example among all structurally characterized heavy group 14 element-centered
anionic species. 'T'he molecule displays an equilateral triangle with Li- - -Li distances of 3.3 /e\, which is somewhat longer
than in trimeric aryllithiums (2.96-3.17 A).223’223"”223b The planar Li;Ge; core displays formally two-coordinate Li
centers with several additional CHj- - -Li interactions. The geometry of germanium is a distorted trigonal bipyramid.

2.01.3.3 Alkali Metal Stannides

Alkali metal stannides date back to 1922 with the preparation of [Me3;SnNa] 210 by the reduction of Me;SnBr with
sodium in liquid ammonia.??* Since then, the alkali metal stannides [R;SnM] have been used extensively in organic
chemistry, most prominently in Sn element coupling reactions.'® Almost exclusively, the reagents have been used
in situ with little or no information on their structural chemistry. This is now changing with an increasing number of
well-characterized alkali metal stannides. A review article summarizing the chemistry of heavy group 14 ligands
appeared in 1995.225:2252

Examples of alkali metal stannides are mainly limited to tris(trimethylsilyl)- and triphenylstannides. NMR studies of
trimethyl- and tributylstannide in ether, THF, and hexamethylphosphoramide (HMPA, OP(NMe;);) reveal the com-
pounds to be monomeric in solution, as indicated by the large Li-Sn coupling. The addition of HMPA produces an
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unusual dimeric structure [BuzSnLi(HMPA);], 211, in which each tin is coordinated by one lithium, and the two lithiums
are bridged by three molecules of HMPA. In ether and 'THF solutions, the addition of more than 2 equiv. of HMPA
affords separated ions.??® The facile formation of separated ions in polar solvents was already mentioned in 1987.2%47

Structural data on lithium triphenylstannides were first disseminated in 1991 with [Ph;SnLi(PMDTA)] 183.2%8
Another example involving the triphenylstannide anion is the monomeric [Ph3SnK(18-crown-6)] 212.22° Both compounds
display pyramidal geometries at Sn, with a C—Sn—C angle of 96.1° for the lithium species, and with almost similar values
for the potassium compound (sum of angles at Sn: 290.3°). An unusual variation of triphenylstannide is obtained when one
phenyl group is replaced by a very bulky terphenyl ligand.>>° The donor-free dimer [(2,6- Trip,CsH3)Ph,SnLil, 213 has a
symmetrical structure without a Sn—Sn bond, and is associated through Li-aryl interactions.

Triphenylstannide anions are also observed as separated ions, a common occurrence as the alkali metal group 14
bond strength decreases upon descending group 14. Competition between solvation by strong donors such as HMPA
or multidentate donors such as PMD'TA and ligation often results in the separation of cation and anion, illustrating
the polarity of the alkali metal group 14 element bond. Examples include [LiZ(HMPA)S]ZJr [SnPh;s], 214,23’l as well as
[Li(CTMEDA),][SnPh;] 215.232 The facile formation of separated ions further underscores the high polar character of
the alkali metal-Sn bond.

Several examples of alkali metal stannides carrying the Sn(SiMes); ligand have been reported, including
[(Me;Si);SnLi(THF);] 216, published in 1999.233 The closely related TMEDA adduct [(Me3Si);SnLi(TMEDA),]
217 was mentioned in an overview article.?*®® An unusual dimeric stannyllithium derivative, [{(Me3Si);Sn},(u-
Li(THF))(u-Li)] 218, with one solvated and one donor-free lithium has recently been disseminated.??®> The central
Sn,Li, ring is bent with a dihedral angle of 21° between the Sn1-Li(1)-Li(2) and Sn(2)-Li(1)-Li(2) planes. Angles
within the ring are quite narrow with 57° and 58° for Sn(1) and Sn(2). In analogy with geometrical values in the
monomeric complexes, the environment at Sn is quite pyramidal with angles of about 303°. It is important to note
that the coordination environment on the non-solvated lithium is completed through several Li---CHj3 interactions.
Other examples involving the tris(trimethylsilyl)stannane ligand are the recent [(Me3Si);SnLi(12-crown-4)] 219,
[(Me3Si);SnM(18-crown-6)], (M =Na 220, K 221, Rb 222, Cs 223), as well as [(Me3Si);SnCs(2,2,2-crypt)] 224.
However, structural data are only available for the sodium derivative 220,2* which can be compared to the previous
[(Me3Si)3SnNa(n°-CoHsCH3)] 225184

In analogy to the corresponding silanides Si(SiMe3);~ and germanides Ge(SiMes);~, the lithium and sodium
stannides display either separated ion pairs or almost exclusively monomeric contact molecules as a result of the
sterically demanding ligand and the coordination of either 3 THE or a TMEDA to lithium, or one crown ether to
the larger alkali metal centers. The presence of 18-crown-6 in conjunction with sodium or potassium supports the
formation of a monomeric contact molecule. For the heavier alkali metal, structural predictions are less straightfor-
ward as the larger metal centers are situated above the plane of the 18-crown-6 cavity. As such, for the rubidium and
cesium derivatives, sandwich-type complexes [M(18-crown-6),][E(SiMes);] (M = Rb, Cs; E =Si, Ge) with separated
ions may be observed, but this assumption will need to be verified experimentally.

Other alkali metal stannides include the toluene-solvated potassium derivative [(CH,'Bu);SnK(n°-CeHsMe)s]
226.%%5 This compound displays contact molecules with pronounced pyramidicity as expressed by average C-Sn—C
angles of 91.7°. Structural data also exist for the tripodal triamido [{(4-MeCsH4)NSiMe,};CHSnLi(THF);] 227236
the cyclosiloxy derivative [(OSiPh,0),CLSnu-Li(THF),] 228,27 as well as a 1,2-oxastannetanide as an intermediate
in the tin-Peterson reaction, in the form of separated ion pairs [K(18-crown-6)(H,0),][SnPh,{OC(CF3),SPh}] 229238

Several tri(cyclopentadienyl)tin(ir) and lead(i1) complexes have been prepared with alkali metal cations. The
arrangement of Cp rings around the metal is in a paddle wheel configuration; the alkali cation is bound to Cp and
not Sn or Pb, further supporting the view of a weak alkali metal group 14 bond. Representative examples of these

compounds include (i7°-Cp),E(u-Cp)-Na(PMDTA) (E = Sn 230, Pb 231).23%24

2.01.3.4 Alkali Metal Group 14 Zintl Clusters

Numerous alkali metal cations with heavy group 14 anions have been observed as Zintl phases in the form of
homoatomic clusters.2*?*12 The following is a brief glimpse of this emerging area of Zintl chemistry. Among the
homoatomic clusters involving group 14 anions, the EgM, (M =alkali metal; E =Si, Ge, Sn, Pb) clusters are most
prominent; selected examples include Gey;K;, 23224 Si;7Rby; 233,23 GegM, (M =K 234, Cs 235),24242 45 well
as PboK, 236.2* The listing of the 17:12 clusters as examples for E¢My geometry is not a mistake, since EgMy
clusters coordinate with additional E44_ units.
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Use of sequestering agents such as crown ethers or cryptands to dissolve the alkali metals led to the isolation of a
larger variety of discrete E, clusters, an example being Geo’™ 237.246:246a-246c iper selected examples include
[2,2,2-crypt-K]5[KSno] 238,2*7 the dicationic [GegenK(18-crown-6),] 239.2* or the tin analogs [K(18-crown-
6)1:[KSno(en)] 240 and [Sno[K(18-crown-6)],4] 241.2* In all species, alkali metal group 14 contacts are present.

2.01.3.5 Anionic Group 14 Element Alkyne Derivatives

Stable group 14 alkyne derivatives may be reduced by alkali metals to form singly and doubly reduced congeners
[ArEEAr]™ and [ArEEAr]*~ (E=Ge, Sn, Pb; Ar, Ar*:tcrphcnyl).zso’ZSO“‘ZSOh Prepared by the reduction of a
terphenyl halide Ar'ECI (E = Ge, Sn) with an alkali metal, several species with alkali metal group 14 contacts have
been isolated, including [Ar'GeGeAr'K] 241, [Ar'GeGeArLi] 242, [K(THF)g][Ar'SnSnAr’] 243, and [Ar'SnSnAr'K;]
244 (Ar' :C6H3—2,6—Dipp2).251 In many of these compounds the alkali metal cations are complexed by the 7-cloud
of the arene rings, providing n°-metal-arene coordination. In several instances, interactions between the group
14 elements and the alkali metals are evident as well, as seen in [{Ge(2,6Trip,CeHj3),},K,] 24S and
[{Sn(2, 6Tr1p2C(,H )2}.K>] 246.%°% Here, the alkali metals are 7-coordinated to the aryl rings, while displaying Na-Ge
contacts of 3.1 A and K-Sn bonds of 3.6 A. The alkali metal group 14 element contacts are rather weak, since the
contacts are longer than the predicted single bond distance for Na-Ge (2.86 A) or the Na—Ge distance in [Na(15-
crown-5)][CsMesGeMes] 247, (3.0 A).zss In a similar manner, K-Sn bonds (3.579(2) and 3.591(2)10\) are slightly
longer than those previously determined. The sum of covalent radii is 3.36/0%, and the K-Sn bond length in
[(CH,'Bu);SnK(1°C¢HsCHs);] 226 is observed at 3.548(3);\.23(’ Other examples of alkali metal group 14 contacts
in this group of compounds include [Ar' GeGeAr Na,| 247 or [Ar SnSnAr'K,] 248 (Ar*:2,6Dipp(16H3).251 Alkali
metal group 14 bonds are also observed in a singly reduced compound [(2,6Trip;),CsH3Na(THF)3] 249, obtained by
the reduction of Sn(CI)(2, 6Tr1pZ)ZC6Hg with sodium and anthracene in THF.?>* The compound crystallizes as a CIP
with an Na-Sn distance of 3.240(7) A. This value is c0n51derablv longer than that in (7°CoHsCH;)NaSn(SiMes); 226
(3.070(5) A1 or [(Me;Si);SnNa(15-crown-5)] (3.075(2) A) 220.23*

2.01.3.6 Alkali Metal Plumbides

As discussed above, the strength of the alkali metal group 14 bond decreases as descending group of alkali metals
and 14, as such; only a small number of compounds displaying alkali metal lead bonds are known, with first
structural data appearing in 1992 with [PhsPbLi(PMDTA)], 184."°7 As discussed above, the lead center is highly
pyramidal, with narrow C-Pb-C angles. This compound is stable for only about 12 h, upon which it decomposes.
This observation may explain the scarcity of other compounds in this group, another example being [Pb(2-
Py);Li(THF)] 250.%5 The increased stability of the pyridyl compound may be due to its cage structure resulting
in a symmetrical coordination of the lithium center by the pyridyl N-centers of the [Pb(2-Py);]™ ligand.

2.01.4 Group 15 Alkali Metal Bonded Complexes
2.01.4.1 N-M Bonded Complexes

One of the most intensively studied classes of alkali metal complexes are the N-bonded species. In particular, the
utility of secondary amidolithium compounds (R'R*NLi) as selective Bronsted bases in organic synthesis has led
to detailed investigations regarding their reaction and aggregation behavior.?>*?%” The structures adopted by
secondary amidolithium complexes, and also by iminolithium complexes (R'R*C=NLi), were reviewed in detail
by Beswick and Wright in COMC (1995).” These complexes also played an important role in the development
of the now well-established ring-laddering and ring-stacking principles in alkali metal structural chem-

258.258a.258b (Lor carly reviews on ring-laddering and ring-stacking, see Refs: 259 and 259a.) These concepts

istry.
remain central in rationalizing the aggregation patterns of various alkali metal complexes and updated reviews by
both Mulvey and Chivers are available.2%%%! Indeed, these ideas have also been successfully applied to
classify the solid-state structures adopted by other main group complexes and even organic ammonium hali-
des.2622522 Oyer the last decade many enlightening contributions have been made through the application of
NMR spectroscopic techniques to determine the behavior of alkali metal N-bonded complexes in solution. Of
particular note to ring laddering is a study of lithium diethylamide solvated by oxetane, THF or Et,O, which

revealed that four-, five-, and six-rung ladders, as well as the more commonly encountered cyclic dimers and
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trimers, exist in solution.?®> Collum has reviewed the use of °Li—**N double labeling NMR studies to determine
the solution structures of lithium amides,?** and a detailed account of the solvation of lithium hexamethyldi-
silazide (LHMDS) is also available.?*®

Since the COMC (1995) review, there have been significant developments in the characterization of a broad range of
N-M bonded complexes. One of the highlights in this area has been the synthesis and structural studies of metallated
ligands composed of imido (NR) units that are bonded to a central p-block element. Separate articles by Chivers and
Russell review the imido analogs of the widely studied isoelectronic oxo anions.?¢02%7 Wright has also reviewed an
emerging class of nitrogen-containing inorganic macrocycles, many of which contain alkali metal counteractions, and
Stalke published an article specific to sulfur polyimido anions.?®® 2%? The chemistry of imino-aza-P(v) species has been
reviewed by Steiner, and an article by Gade detailing tripodal triamidometallates has been published.2”*2! Lappert has
also contributed an extensive review covering the coordination chemistry of the popular 3-diketiminate ligands.?”2
Pauer and Power have written an extensive article on lithium complexes of the main group elements excluding carbon.®
"T'his section of the present review will concentrate on the characterization, primarily in the solid state, of specific classes
of N-bonded alkali metal complexes that have been significantly developed since 1993 and which have not been
reviewed in detail elsewhere. Specifically, the chemistry of primary amides [RN(H)M], hydrazides [R'(R*)N-N(R*)M],
and five-membered anionic heterocycles containing at least one N=N unit (pyrazolates, triazolates, and tetrazolates) will
be detailed as representative classes of ligands that have received attention. This section of the review will be restricted
mainly to homometallic, homoleptic complexes in order to illustrate any emerging trends.

2.01.4.1.1 Primary amide complexes
Only a handful of structural reports of primary amidolithium complexes were available prior to 1993. Their
investigation as an independent class of ligands was undoubtedly overshadowed by their secondary amidolithium
counterparts. However, primary amidolithium compounds have found use in polymcrizations,273 epoxide clea-
vages,>”* metallations,?”> and in asymmetric organic synthesis.?’®276%276 [ turn, this interest has led to the
coordination chemistry of these species being studied in more detail. The early characterizations of monomeric
[2,4,6-BusCoH,N(H)Li (TMEDA)] 251 and N(H)-bridged dimeric [2,4,6-Bu;CsH,N(H)Li(OEt,)], 252 did not
suggest any unusual aggregation chemistry for this class of ligand.?’"*”® However, as detailed in Table 1, the
structural characterization of primary amidolithium complexes has revealed an unexpected degree of complexity.
This can be demonstrated on comparing the structures formed by various solvated forms of lithium anilide,
[PAN(H)Li-L,]. As shown in Scheme 2, lithium anilide has been characterized in dimeric, trimeric, tetrameric,
pentameric (as part of a polymer), and hexameric forms. This remarkable set of compounds displays several
unexpected structural aspects. First, as is commonly encountered for s-block complexes, altering the amount of
Lewis base present can dramatically affect the structure adopted. The dimeric complex 261 was prepared by
lithiating aniline in neat THF, whereas the highly unusual distorted hexameric ladder complex 271 crystallizes
from hexane solutions of lithium anilide on the addition of 1.5 molar equiv. of THF.?82°* The positions adopted by
the neutral Lewis bases are also of note in 267 and 271, where the ligands bridge between a pair of metal
centers.2832%* This type of bridging is also seen in polymeric complex 273.2% Application of the tridentate donor
PMDTA (2 molar equiv.) results in the formation of trimer 264, instead of a tetracoordinate monomer as may have
been expected.?®® Another unusual aspect of trimer 264 is that three-, four-, and five-coordinate lithium centers
coexist in a single aggregate. All of these anilide complexes retain Li,N, ring cores as components of their structures.
A significant development in general for lithium amide structural chemistry came with the characterization of the ladder
polymers 273, 274, and 275.2°2%8 It has been long assumed that many insoluble secondary amides, as well as many other
classes of ligands, adopt infinite ladders, and the structural elucidation of these primary amidolithium derivatives supports
259.2593 I these instances, solubility is achieved either through the use of a chelating group on the ligand backbone
or alternatively through the use of a weak Lewis base that is unable to deaggregate the polymer on crystallization.

this view.

Interestingly, in addition to the ladder-type structures, which can be considered comparable to their secondary
amide counterparts, primary amidolithium complexes have also been found to adopt tetrameric cubane 266,

Q . . . g
0,2 and also prismatic octameric 2722%°

prismatic hexameric 27 structures in the solid state. Such prismatic
structures are unusual for sterically demanding secondary amidolithium complexes but are commonly encountered
for lithium alkoxides and alkyllithium complexes.?>*??2 3¢, °Li, and N solution NMR spectroscopic studies of the
primary amidolithium compounds ‘BuN(H)Li and Me,NCH,CH,N(H)Li confirm the presence of prismatic struc-
tures in solution, although their exact identity has not been fully established.?*® Solid-state, solution NMR spectro-
scopic and computational studies have also been conducted on the competitive lithiation of primary and secondary

amine mixtures.2?33%0 Generally, addition of a simple monoalkylamine such as ‘BuNH; to a sterically encumbered
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Table 1 Crystallographically characterized primary amidolithium compounds

Compound Structure References
[2,4,6-'Bu;CoH,N(H)Li(TMEDA)] 251 Monomer 277
(2,4,6-BusCoH,N(H)Li(OE )], 252 Li,N, ring dimer 278
[2-Me,As-CoHN(HDLi(THF), ], 253 Li,N, ring dimer 279
[{'Pr(Me;Si)N}LSI(F)OSi'Bu,N(H)Li], 254 Li,N; ring dimer 280
[(2,4,6-Me;3-CoH,),BN(H)Li(OEt,)], 255 Li,N; ring dimer 281
['‘Bu,(F)SIN(H)Li(TMEDA)], 256 Li,N, ring dimer 282
[PhN(H)Li(Pyr),], 257 Li,N, ring dimer 283
[PhN(H)Li(4-Me-CsH4N),], 258 Li,N; ring dimer 283
[EtCH,C(H)=C(‘Bu)N(H)Li(HMPA)], 259 Li,N; ring dimer 284
[1-LiN(H)-3-(2-Me-CHy)-isoquinoline(HTriMEDA)], 260 Li,N; ring dimer 285
[PhN(H)Li(THF),], 261 Li,N, ring dimer 286
[CoFsN(H)Li(THF),], 262 Li,N, ring dimer 286
[NCC(H)=C(Me)N(H)Li(Pyr),], 263 Li,N, ring dimer 287
[{PhN(H)Li};(PMEDTA),] 264 Distorted trimer 288
[(Me,N)3;SiN(H)Li], 265 Tetrameric ladder 289,289a
[‘Bu,(Me)SiN(H)Li]4 266 Tetrameric cubane 290
[{PhN(H)Li}4(4-‘Bu-pyr)e] 267 Distorted tetrameric ladder 283
[(8-quinolylamidoL.i)4(OEt,),] 268 Tetrameric ladder 291
[(PhN(H)Li)5(DMP),] ., 269 Pentameric distorted ladder 292
[Me,NCH,C(Me),CH,N(H)Li], 270 Prismatic hexamer 293
[{PhN(H)Li}o(THF)g] 271 Distorted ladder 294
['BuN(H)Li]g 272 Prismatic octamer 295
[{PhCH,N(H)Li},(THF)], 273 Distorted ladder polymer 296
[PhCH,N(H)Li-N(H),CH,Ph] ., 274 Ladder polymer 297
[H,NCH,CH,N(H)Li], 275 Ladder polymer 298
But
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Scheme 2 Aggregated forms of variously solvated lithium anilides.

dialkylamidolithium such as 'Pr,NLi results in transamination. The key element in this process is the ability of the

primary amide to form prismatic aggregates, which increases the local electron density at the metal centers and is

therefore preferred on electrostatic grounds. In addition, examples of primary amines acting as Lewis bases to

secondary amidolithiums have been characterized, as have mixed anion aggregates containing both lithiated primary

and secondary amides.?”> More specifically, monoalkylamines tend to solvate the relatively weak base (Me;Si),NLi
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rather than undergoing transamination. However, addition of a chelating primary amine such as Me,NCH,CH,NH,
to (Me3S1),NLi results in the establishment of a highly complex series of solvates and mixed anion aggregates,
demonstrating the importance of the chelate effect.3!

Overall, the ability of primary amidolithium complexes to form such a wide range of architectures can be
considered as a consequence of the relatively small steric demands of the N(H) unit. These complexes therefore
possess a combination of characteristics of secondary amidolithium complexes and the sterically less encumbered
imidolithium species previously reviewed in COMC (1995).”

The geminally dilithiated primary amides, [(ArNLi;);o(L.),], where Ar=1-CoH;, L = Et,O, 7 =6 276; Ar = CgHy-
4-CPh;, L=E0, n=6 277; and Ar=CcHy-4-Me, L=THF, =10 278, have been prepared by the direct
metallation of the aromatic primary amines with 2 molar equiv. of BuLi in the appropriate donor solvent.3%3%3
These three compounds possess isostructural (Li;sNyo)°~ cores, consisting of two fused rhombic dodecahedra
(Figure 20). Molecular orbital calculations of these systems indicate that the donor solvent plays a critical role in
the stabilization of the geminal dimetallated complexes. Direct dilithiation appears to be limited to aromatic amines
due to their ability to delocalize the large charge buildup on the nitrogen center. However, dilithiated primary amides
have been reported to be prepared via the transmetallation of distannylamines, RN(SnMej3),, with 2 molar equiv. of
an alkyllithium reagent.3** The dilithiated amides can subsequently be converted into diborylamines or disilyl-
amines, which are difficult to access by other means. A mixed anion cage aggregate that contains dilithiated
biphenylamide, [(2-biphenyl-NLi,)s(MeLi),(Et,0)s] 279, has also been structurally characterized.>**

Only a small number of heavier group 1 metal primary amides has been structurally characterized. Table 2 lists six
compounds, three containing sodium and three containing cesium. The structures characterized contain the well-
established M,N, ring motif to build dimers 280 and 281, a tetrameric cubane 282, and polymers 283-28S. The

276

Figure 20 Core of the molecular structure of the dilithiated amide 276.

Table 2 Crystallographically characterized heavy alkali metal primary amides

Compound Structure References
[(2-PhO-C4H,)N(H)Na-PMDTA], 280 Na;N, ring dimer 305
[PhN(H)Na-PMEDTA], 281 Na,N, ring dimer 288
[Me;SiN(H)Cs]4 282 Tetrameric cubane 306
[{'BuN(H)Na},N(H)'Bu],, 283 Polymeric ladder 307
[{2-N(H)CsH4N}Cs(12-crown-4)] . 284 Polymer of tetramers 308
[{(2-N(H)CsH4N)Cs},(18-crown-6)] ., 285 Polymer of dimers 309
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structural diversity found from this handful of complexes suggests that further studies will reveal rich coordination
chemistry for primary amides of the heavier alkali metals.

2.01.4.1.2 Hydrazide complexes
Alkali metal hydrazides, (R'TR®NNR?*)M, are useful intermediates in the preparation of a wide range of metal and non-
metal hydrazides 310311311231 A¢ oy pected, lithium hydrazides are the most intensely studied systems from group
1, and T'able 3 lists the monolithiated hydrazides that have been structurally characterized. The most commonly used
strategy for the synthesis of lithium hydrazides is by the deprotonation of the requisite hydrazine with an alkyllithium
base. However, a complication for the hydrazides is that the attached functional group may migrate during the
metallation (Scheme 3). (For early studies of anionic hydrazide rearrangements see Refs: 312 and 312a.) For example,
the N,N'-dibenzylated hydrazide 291 was unexpectedly obtained during the deprotonation of the N,N-dibenzyl
derivative.>'” An NMR study of this system suggests that both the N,NV'- and N,N-dibenzylated species are present
in solution but that interchange between them is slow after the metallation is complete. Reduction of the hydrazine
unit may also occur upon metallation, resulting in fragmentation of the N-N backbone. This fragmentation process
becomes more common upon dimetallation of hydrazines due to the increase in charge on the ligand backbone.
Opverall, the structures adopted by these complexes are reminiscent of their secondary amidolithium counterparts but
with some additional features due to the donor properties of the N=N linkage. A recurring motif in many of the structures
in Table 3 is Li,N, central rings formed between the anionic nitrogen centers and the metals. However, in some
instances, the tertiary nitrogen is employed as a chelating group, resulting in side-on coordination of the hydrazide to the
metal centers and formation of LiN; three-membered rings. It is noteworthy that this coordination mode was predicted
in advance of the structural studies by computational methods.*?* The Li-N(dative) bond lengths are normally in the
order of 0.1-0.2 A longer than those to the anionic nitrogen. LiN rings are seen for all of the structures of 290-296.31%
3211 contrast, chelation of the hydrazide does not occur in complex 297 but rather the metals form close contacts to the
aromatic m-systems of the attached phenyl groups.>'® The stabilizing effect of Li-Ph 7-interactions allows for the
construction of trimeric (LLiN); rings for 298 and also for the assembly of the unusual tetrameric (LiNPh), ring structure
of 299.3'8 Chelation of the hydrazides is also absent in the monomers 286 and 287,3331* and in polymer 301,32
presumably due to filling of the metal’s coordination sphere by the neutral Lewis bases. It is however worth noting that

Table 3 Crystallographically characterized monolithiated hydrazides

Compound Structure References
[Me,NN(Ph)Li-PMDTA] 286 Monomer 313
[(Me3Si(Ph)NN(Ph)Li(OEt;),] 287 Monomer 314
[{'BuN(H)N(SiMe;)Li}(GaMes)], 288 (LiN,), ring dimer 315
[{'BuN(H)N(SiMe3)Li}(InMe3)], 289 (LLiN3), ring dimer 315
[(Me3Si),NN(SiMes)Li], 290 (LiiN); ring dimer 316,316a
[Me;Si(PhCH,)NN(CH,Ph)Li], 291 (LiN); ring dimer 317
[PhCH,(SiMe5)NN(SiMes)Li], 292 Li,N, ring dimer 318
[(Me(Ph)Si),NN(H)Li], 293 Li N, ring dimer 319
[{Me,(‘Bu)Si}(H)NNSiMe,(‘Bu)Li(THF)], 294 Li,N; ring dimer 320
[‘Bu(H)NN(SiMe3)Li(THF)], 295 Li,N; ring dimer 320
[Me,NN(Si(‘Bu),F)Li(THF)], 296 Li,N, ring dimer 321
[Me;Si(H)NN(Ph)Li(OEt,)], 297 Li,N; ring dimer 318
[Ph,NN(SiMes)Li]; 298 (LiN); ring trimer 318
[(Me3Si),NN(Ph)Li], 299 (LLiNPh), ring tetramer 318
[Ec(H)NN(Et)Li], 300 Prismatic hexamer 322
[Me,NN(Ph)Li(THF)], 301 1D chain polymer 323

1 3 1 3 1 2 1
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Scheme 3 Migration of hydrazine substituents upon metallation.
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chelation of the dimeric hydrazides is retained in complexes 294-297 despite the presence of external donor sol-
vents. 318320321 This demonstrates that the bonding within the aggregates is relatively strong.

An alternative structural arrangement is found in complexes 288 and 289, where the lithium hydrazides act as
Lewis base donors.>™® These complexes are isostructural and contain a central (LLiN;), six-membered ring with either
MesGa or MesIn bound in a terminal fashion to an anionic hydrazide nitrogen center. In these instances, the N-N
backbones of the hydrazide units act as “end-on” bridging units between the metal centers instead of chelating. Only
one example of a hexameric lithium hydrazide aggregate has been characterized.>?? Complex 300 again contains
chelated hydrazide units, but in this case the relatively small size of the groups attached to the ligand (hydrogen and
ethyl) allows for cage formation. Scheme 4 shows the molecular structures adopted by a representative set of
monolithiated hydrazide complexes.

Solution studies of the complexes outlined in Table 3 are in general agreement that they remain aggregated in
solution, with the most common form being dimers.3® Solution studies of 300 in arene solvent indicate that at least
two independent aggregates coexist.>?? The most likely scenario from the data available is that a dimer—hexamer
equilibrium is present in solution. Gas-phase studies of the hydrazides have proved to be problematic due to
decomposition of the complexes on volatilization.

A highly interesting series of dilithiated hydrazide complexes has also been structurally characterized, as outlined
in T'able 4. A common structural motif is double side-on coordination of the N=N linkage by a pair of metal centers to
form Li,N, bicyclic rings. These Li,N, units may remain monomeric if sterically encumbered hydrazides are used
and the coordination sphere of the metals can be satisfied by binding to donor solvent molecules, e.g. 302 and 303.
Otherwise, the complexes aggregate to form cage dimers 304, 305, trimers 306, 307, and tetramers 308-311.
Figure 21 shows the molecular structures of three representative compounds.

Both 302 and 303 adopt very similar monomeric structures wherein each metal binds to both nitrog