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The quest for organo-alkali metal monomers:
unscrambling the structure—reactivity relationship

*

Organo-alkali metal reagents are essential tools in synthetic chemistry. Alkali metal organometallics

aggregate in solution and solid-state forming clusters and polymers. The structure of these aggregates

and their structure—reactivity relationship have been of great interest for many decades. This Perspective
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1. Introduction

The Jekyll and Hyde of the periodic table - there are two very
different sides to alkali metal (Group 1) chemistry. On the one
hand predictable, stable, relatively unreactive compounds such
as table salt (sodium chloride), yet on the other highly reactive,
often pyrophoric, alkali metal organometallic reagents. Both
sides play an essential and widespread role in society."?

Within the organo-alkali metal complexes, and organo-
metallic complexes in general, alkyllithium compounds domi-
nate, being some of the most widely used reagents in both aca-
demia and industry."** First synthesised in 1917 by Wilhelm
Schlenk,” they are reagents that at a first glance may appear
simple and predictable, however on further investigation
quickly reveal a much more complicated picture.

A key part of this picture is aggregation. Alkali metal
organometallic compounds aggregate in both solution and
solid-state, which stabilises the polar and reactive M-C
bond.*® The preferred coordination number and coordination
sphere of the metal, the size and bulkiness of the carbanion
substituent, and the strength of the M-C bond interaction all
influence the aggregation level. For the alkali metals, M-C
bonds are predominately ionic and polarised and therefore the
metal and organic substituent can be usually thought of as a
cation and anion respectively. When the MR units aggregate,
each metal forms interactions with multiple R™ moieties and
each R™ forms interactions with multiple metal centres. This
stabilisation from aggregating apparently means that, the
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will look at the strategies that have been employed to isolate low aggregates and, in particular, mono-
meric complexes of the most common alkali metal alkyls (M = Li—Cs, R = methyl, trimethylsilylmethyl,
bis/tris(trimethylsilylmethyl), butyls and benzyl) and the relationship between level of aggregation, struc-

[MR],, aggregates are not as reactive as the hypothetical MR
‘naked’ monomers.*

Coordinating solvent or Lewis basic ligands, such as ethers
or amines break down the oligomers into smaller aggregates,
which coordinate to the metal through dative bonds via the
N/O lone pair of electrons.” Some of the most common ligands
are shown in Fig. 1.

There are two main reasons we want to break organo-alkali
metal aggregates. Firstly, deaggregation to a monomeric
species is often postulated to be a key step in alkali metal
organometallic mediated reactions and therefore structural,
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Fig. 1 A selection of common neutral N/O-ligands in organo-alkali
metal chemistry.
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Fig. 2 The presumed aggregate size—reactivity relationship.

mechanistic and computational studies of these isolated
monomers are considered of high value for establishing
mechanistic understanding.’® Secondly, it is hoped that by
breaking the alkali metal organometallics into smaller aggre-
gates, the reactivity can be increased, and/or unlocking novel
reactivity patterns (Fig. 2).° In general, for organolithiums, cal-
culations have revealed the Li-C bond to be more ionic with
decreasing aggregation size and hence, presumably, mono-
mers should be the most ionic and most reactive.”
Nevertheless, readers will soon find out that this is a moot
point in Fig. 2: lower aggregates do not necessarily lead to
higher reactivity. On the other hand, a very recent report from
our group did prove that lower aggregates (specifically an orga-
nosodium monomer) can unlock new reaction patterns cf.
their parent polymeric complexes.®

The metal, carbanion substituent and ligands all influence
both the structure and reactivity. The influence of ligands is
two-fold. On the one hand, they coordinate to the metal centre
and deaggregate the clusters into, hypothetically more reactive,
lower aggregate species (Fig. 2). On the other hand, sterically
bulky ligands can also reduce the metal centre’s accessibility
for incoming substrates, i.e., shielding the reactive site, and
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hence reduce the reactivity. As one descends the Group
1 metal series, the metals’ ionic radii get larger and thus, can
accommodate a larger coordination number. From a bonding
perspective, the M-C bond gets more polar (can be superfi-
cially understood as the metals’ electronegativity gets smaller)
and ionic and hence, more reactive.*'® The steric and elec-
tronic properties of the carbanion substituent affects the level
of aggregation as well. Electron donating groups destabilise
the carbanion, whereas electron withdrawing groups help to
stabilise it.'" An example of this is the greater reactivity and
instability of tert-butyllithium (‘BuLi) over n-butyllithium
("BuLi).

Aggregation and the aggregate size-reactivity relationship
are some of the most important topics (if not the most impor-
tant ones) in organo-alkali metal chemistry, or organometallic
chemistry in general. Given the unique position of monomers
in the aggregate size spectrum, an overview of the state-of-the-
art would be of significant scientific value. However, despite a
number of reviews focusing on aggregation in organo-alkali
metal chemistry,>*® none of these specifically focuses on the
monomers. This status quo, along with our own recent work in
this direction, motivates us to summarise the community’s
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achievements to date towards synthesising organo-alkali metal
monomers and their reactivity studies, along with our perspec-
tives in this regard. It is important to note that this Perspective
is not a comprehensive review: we focus on the most used
alkyls, namely methyl (Me), trimethylsilylmethyl (CH,SiMe;),
bis/tris(trimethylsilyl)methyl (CH(SiMe;), and C(SiMe;);),
butyls ("Bu, **Bu, ‘Bu) and benzyl (Bn). There are also many
other examples of monomeric and low (<4) aggregate organo-
alkali metal complexes with less common alkyls (e.g., isopro-
pyl;'> CHPh,;"™* C(SiMe;),Ph;'® CPh, *°), aryl,"” ' or hetero-
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atom substituted and stabilised alkyl:**
included in this Perspective.

To help our readers follow the discussion in this
Perspective, for each alkyl group, a table is provided to sum-
marise SCXRD structural parameters and references of the
monomers and key aggregates (Tables 1-6). While we believe
that the tables provide a comprehensive coverage of the mono-
mers, they should not be treated as comprehensive summar-
isations of all the aggregates (dimers and higher): only the
ones which are relevant to our discussion are included.

these cases are not

Table 1 A summary of methyl-alkali metal complexes (MeM; M = Li, Na, K, Rb, Cs), their aggregate sizes, and M—CH3z bond lengths

Metal Formula Aggregate size M-CH; bond length (&) Ref.
Li [(MeLi)4]e Tetrameric polymer 2.31(5) (within tetramer), 2.36(5) (between tetramers). 5,52,71
[[CD;Li]4]s at = 1.5 K = 2.256(6) (within tetramer), 2.356 and 72
(6) (between tetramers)
[MeLi(THF)], Tetramer 2.230(5), 2.248(4), 2.228(5), 2.242(5), 2.241(5), and 2.253 53
()
[{(MeLi),(p- K '-N-TMEDA), } ] Tetrameric polymer 2.274(6), 2.234(6), 2.279(6) 59
[{(MeLi),(u-k'-O-DEM); s}oo] Tetrameric polymer 2.240(6), 2.271(4), 2.273(5) 65
(DEM: diethoxymethane)
[Li(p-CH;)((R,R)-TMCDA)], (1)  Dimer 2.252(7), 2.277(7), 2.214(7), 2.219(7) 60
[Li(p-CH;)(x*-N,N'"- Dimer 2.188(4), 2.195(5), 2.21(3), 2.21(2) 61
PMDTA)],[MeLi, (2)
[Li(CH;)(DETAN)] (3) Monomer 2.099(5) 62
[Li(CH3)(Me;TACN)] (4) Monomer 2.1076(18) 64
Na [(MeNa),]o, Tetrameric polymer, [(CD3;Na)y] at 1.5 K = 2.528(4), 2.569(2), 2.834(4), 2.911 67 and
connected through discrete (3), 264.4(6), 2.679(5), 2.569(4), 2.589(5) 73
Na/methyl ions
K [MeK],, Polymer 3.22 68-70
Rb [MeRb],, Polymer 3.36 70
Cs [MeCs]y Polymer 3.53 70

Table 2 A summary of SCXRD-characterised MCH,SiMesz complexes (M = Li, Na, K), their aggregate sizes, and M—C bond lengths. There is no
report on Rb/CsCH,SiMez complexes

Aggregate
Metal Formula size M-C bond lengths (A) Ref.
Li [(DABCO),(LiCH,SiMe; )] Octamer 2.152(2), 2.152(2), 2.191(2), 2.195(2), 2.193(2), 2.163(2), 2.271(2), 2.230 86
@)
[LiCH,SiMe;]s Hexamer 2.28(2), 2.22(2), 2.20(1), 2.17(4), 2.28(2), 2.20(1), 2.15(2), 2.24(2), 2.17(2), 76
2.24(1), 2.15(2), 2.29(1), 2.17(2), 2.29(2), 2.20(1), 2.15(1), 2.27(2), 2.24(1)
[(Et,0),(LiCH,SiMe;),] Tetramer 2.287(3), 2.292(3), 2.340(3), 2.266(3), 2.291(3), 2.298(3), 2.222(3), 2.244 79
(3), 2.247(3), 2.203(3), 2.214(3), 2.255(3)
[(‘BuOMe),(LiCH,SiMe3),] Tetramer 2.342(9), 2.381(9), 2.393(11), 2.293(8), 2.345(12), 2.455(8), 2.158(8), 79
2.204(7), 2.274(8), 2.133(8), 2.187(8), 2.307(11)
[(DME)(LiCH,SiMe;)], Dimer 2.196(2), 2.226(2), 2.261(2), 2.213(2) 79
[(Sc)-LiCH,SiMe;],, S¢ = Dimer 2.365(4), 2.365(4) 80
cyclohexyldimethoxysilane
(TMEDA)LiCH,SiMe; ], Dimer 2.317(4), 2.253(4), 2.183(4), 2.306(4) 81
{(-)-Sparteine}LiCH,SiMe;], Dimer 2.147(3), 2.661(3) 81
(Qu),(LiCH,SiMe;),], n=2or 3; Qu= Dimer n=2:2.185(2), n = 3: 2.169(4), 2.280(4), 2.181(4), 2.284(4) 83
quinuclidine
Li(CH,SiMe;)(PMDTA)] (7) Monomer 2.113(2) 81
Li(CH,SiMe;)(R,R-TMCDA)] (8) Monomer  2.069(3) 83
Li(CH,SiMe;)(MegTren)] (9) Monomer 2.122(5) 48
Na NaCH,SiMe;]o, Polymer 2.642(2), 2.577(2), 2.825(2), 2.601(2) 87
(TMEDA)NaCH,SiMe; Polymer 2.523(9)-2.530(8) 88
(PMDETA),Na,(CH,SiMe,);] Trimer 2.4672(77)-2.7322(74) 84
Na(CH,SiMe;)(MegTren)] (10) Monomer 2.5054(14) 8 and
84
K [(TMEDA),(KCH,SiMe;),] Tetramer 2.922(3)-3.247(3) 88
[(PMDETA)KCH,SiMe; | Polymer 2.9151(19), 3.0358(19) 88
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Table 3 A summary of SCXRD-characterised MCH(SiMe3), complexes (M = Li, Na, K, Rb, Cs), their aggregate sizes, and M—C (carbanionic carbon)

bond lengths

Metal Formula Aggregate size M-C bond lengths (A) Ref.
Li LiCH(SiMe;), ] Polymer 2.14(3), 2.21(3), 2.22(3), 2.18(3), 2.27(2), 2.13(3) 89
Li(CH(SiMe;),)(THF)], Dimer 2.204(2), 2.274(3) 91
Li(CH(SiMe;),)(TMEDA)] (12) Monomer 2.070(3)/2.083(3) 91
Li(CH(SiMe;),)(PMDTA)] (11) Monomer 2.13(5) 92
Na NaCH(SiMe3); ] Polymer 2.555(10) (average) 90
Na(CH(SiMe;),)(THF)]s Polymer 2.778(4), 2.657(4) 91
NaCH(SiMe;),],(TMEDA), Dimer 2.520(2) 91
K K(CH(SiMe;),)(THF)]o Polymer 2.956(4), 3.012(4) 93
K(CH(SiMej3),)(tBuOMe)]. Polymer 2.988(8), 3.012(8) 94
{KCH(SiMes);},(PMDTA}], Open tetramer 3.095(5), 3.040(4), 3.017(4), 3.059(5) 94
Rb Rb(CH(SiMe,),)(PMDTA)], Dimer 3.361(9) and 3.485(8) 90
Cs Cs(CH(SiMes),)(TMEDA)],, Polymer 3.425(2) 94

Table 4 A summary of SCXRD-characterised MC(SiMez)s complexes (M = Li, Na, K, Rb, Cs), their aggregate sizes, and M—C (carbanionic carbon)

bond lengths

Metal Formula Aggregate size M-C bond lengths (A) Ref.
Li [LiC(SiMe;);], Dimer 2.291(6), 2.303(6) 95
[Li(THF),][Li{C(SiMe3)s},] Ate complex 2.16(1), 2.20(1) 99
[Li(THF);][Li{C(SiMe3)3}.] Ate complex 2.172(8), 2.164(8) 100
[Li(TMEDA),|[Li{C(SiMe3)s},] Ate complex 2.213(5) 101
[Li{C(SiMe3);},|[CHLi(PMDTA)},] Ate complex 2.171(13) 103
Na [Na(TMEDA),(Et,0)] [Na{C(SiMe3)s},] Ate complex 2.479(6) 102
K [KC(SiMe3)s]o Polymer 3.090(11), 3.104(11) 96
[KC(SiMe;);(TMEDA)]., Polymer 2.92(1) 98

Rb [RbC(SiMe3)s]eo Polymer 3.291(7), 3.287(7) 97

Cs [Cs{C(SiMe3)3}(CsHe)3]-0.5CcHs (13) Monomer 3.325(12) 97

Table 5 A collection of SCXRD-characterised "BulLi, *BuLi and ‘BuLi complexes

Butyl Formula Aggregate size Li-C bond lengths (A) Ref.

"Bu n-BuLis Hexamer 2.280(3)-2.295(3) 110
(n-BuLi)4(TMEDA)],, Polymeric tetramer 2.145(11)-2.326(8) 120 and 125
Li(n-Bu)(TMEDA)], Dimer 2.215(11)-2.227(9) 120
Li(n-Bu)((—)-sparteine)], Dimer 2.234(5), 2.291(5), 2.321(5), 2.230(5) 126
Li(n-Bu)((R,R)-TMCDA)], Dimer 2.279(6); 2.233(7); 2.214(6); 2.261(6) 127
Li(n-BuLi)(DPE-6)], Dimer 2.212(2) to 2.235(2) 128
(n-BuLi),(T¢BuTAC)], Open tetramer 2.274(3), 2.378(3), 2.131(3), 2.184(3), 2.199(3), 2.455(3) 133
(n-BuLi),(PMDTA)], Open tetramer 2.207(5), 2.225(6), 2.121(6), 2.146(5) 50

*Bu Li(sec-Bu)((R,R)-TMCDA)] (14) Monomer 2.104(11) A 60

‘Bu tert-BuLi], Tetramer 2.147(17)-2.370(14) 109
(tert-BuLi)(Et,0)], Dimer 2.174(6), 2.194(6) 109
Li(tert-Bu)((—)-sparteine)] (15) Monomer 2.114(4) 132
Li(tert-Bu)((R,R)-TMCDA)] (16) Monomer 2.064(15) 109
Li(tert-Bu)(TEEDA)] (17) Monomer 2.101(3) 49
Li(tert-Bu)(TtBuTAC)] (18) Monomer 2.083(2) 133

2. The cha llenges 2.1 Challenge 1: beyond SCXRD - what is going on in

Before starting surveying the M-R monomer complexes (M:
Group-1 metals; R: -CHjz;, -CH,SiMe;, -CH(SiMej),,
(SiMe;);, "Bu, *“Bu, ‘Bu, ~-CH,Ph), we would like to bring to
our readers’ awareness a few challenges in Group-1 metal
organometallic chemistry faced by the community, and how
the community’s effort tackling these challenges has reshaped,
and is still reshaping, the landscape of organometallic
chemistry.

This journal is © The Royal Society of Chemistry 2023

solution?

Among all the five Group-1 metals (Li, Na, K, Rb, Cs), by far the
most studied are organolithiums and hence, most of the discus-
sion in the following sections are dominated by organolithium
complexes. Synthetic organometallic chemists have devoted
decades of effort to synthesising organolithium monomers and
studying their structures and reactivity, but such monomeric
complexes still present grand scientific challenges: (1) their com-

Dalton Trans., 2023, 52, 8172-8192 | 8175
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Table 6 A collection of SCXRD-characterised Group-1 metal benzyl complexes

Metal ~ Formula Aggregate size M-C bond lengths (A) Ref.
Li [Li(CH,Ph)(Et,0)]s Polymer 2.189(8)-2.229(8) 144
[Li(CH,Ph)(THF),]o Polymer 2.36 and 2.31 143
[Li(CH,Ph)(TMEDA)(THF)] (19) Monomer 2.210(5) 149
[Li(CH,Ph)(Me;TACN)] (20) Monomer 2.18(2)/2.15(3) 107
[Li(CH,Ph)(PMDTA)] (21) Monomer 2.144(5) 13
[Li(CH,Ph)(MegTren)] (22) Monomer 2.352(3) 153
Na [Na(CH,Ph)(THF), ] Polymer 2.543(2), 3.113(2) ) 144
[Na(CH,Ph)(TMEDA)], Eight-membered ring tetramer  2.64 (average) (C%), 2.76 (average) (C?%°) 149
[Na(CH,Ph)(PMDTA)]., Polymer 2.75,2.79 , 13
[Na(CH,Ph)(MesTren)] (23) Monomer 2.556(1) (C%), 3.183(1) (C**) 153
K [(KCH,Ph);(THF)4]w, [(KCH,Ph),(THF)],,  Polymer 2.965-3.485, 2.92 146 and 147
[K(CH,Ph)(PMDTA), 5(PhCH,)]s Polymer 3.171(2)-3.297(2) 151
[K(CH,Ph)(MegTren)] (24) Monomer 3.097(4)-3.250(4) (to aromatic ring) 153
Rb [Rb(CH,Ph)(THF),]s Polymer 3.105(6), 3.269(6), 3.420(6), 3.230(6) 145
[Rb(CH,Ph)(PMDTA)],, Polymer 3.26(2)-3.30(2) 151
Cs [CS(CH,Ph)(THF)g_5] Polymer 3.267(2), 3.432(2), 3.372(2) 145

prehensive characterisation in both solution and solid-state is
challenging, especially regarding the relationship between the
solid-state structures (SCXRD) and solution-state structures; (2)
their structure-reactivity relationship is still unclear, despite
decades of effort.>® Almost all the organolithium-mediated reac-
tions take place in solution, and it is now well-accepted that the
SCXRD structures do not necessarily reflect the solution-state
structures, therefore a cautious approach must be adopted when
using the plethora of SCXRD structures as a base to deduce the
structure-reactivity relationship in solution.

Unlike the intuitive SCXRD, characterising solution-state
structures requires sophisticated and specialised techniques.
NMR is the most useful probe.® Diffusion-ordered NMR spec-
troscopy (DOSY) separates NMR signals via their diffusion
coefficients and allow the estimation of molecular weight of
the solution-phase species.>**” Other than DOSY, hetero-
nuclear 'J coupling constant can provide direct information
regarding the surrounding environment of the metal centre,
e.g., the number of metal-carbon bonds. For organolithium
compounds, *C-*7Li YJ;;_c-coupling has been used to deter-
mine the number of Li-C interactions and hence the aggrega-
tion state.® But this technique usually requires isotope (e.g.,
BC and °Li) enriched samples,>*>* which causes an extra
barrier. “Li residual quadrupolar couplings have themselves
also been wused to determine aggregation state.**?*
Heteronuclear Overhauser effect spectroscopy (HOESY)*® and
exchange spectroscopy (EXSY)*® have also been utilised to
study aggregation and exchange. Early research often used
cryoscopic measurements (freezing point depression), but the
calculated value shows only a statistic average of the degrees of
aggregation in solution.’®?® Computational calculations can
further add information such as structural, geometry and
energy calculations, bonding insights and reaction pathways.*”

2.2 Challenge 2: metal scope - synthesising organo-heavy
alkali metal monomers

Another challenge is synthesising monomeric organo-heavy
alkali metal (Na, K, Rb, Cs) complexes. Organosodium and

8176 | Dalton Trans., 2023, 52, 8172-8192

organopotassium compounds were among the very first
organometallic complexes, which were synthesised as early as
1858 by James Alfred Wanklyn.*® Despite being reported nearly
60 years earlier than the first organolithium complexes in
1917, the organosodium/potassium complexes have received
much less interest compared with their lithium counterparts.
This is partly due to the presumed poorer thermostability of
these heavier Group-1 metals complexes. However, we have to
point out here that, the presumed low thermostability of these
heavy alkali metal complexes is not necessarily true: recently,
we proved that [NaCH,SiMes],, is at least as stable as its Li
congener in C¢Dg solution.®

Another result of the larger metal ionic radii is their low
solubility:*® the larger metal cations could facilitate the for-
mation of polymeric structures, which would be less soluble
than lower aggregates (e.g., hexamer, tetramer, dimer).
Moreover, as we understand, there had been little motivation
for the community to develop the heavy alkali metal chemistry:
the paradigm is that they follow similar, if not identical, reac-
tivity patterns with their Li counterparts. In other words, his-
torically speaking, the heavier alkali metal alkyl complexes did
not exhibit unique enough reactivity for the synthetic chem-
istry community to pursue, beyond the ubiquitous, easier-to-
operate, and commercially available organolithium reagents.
Bringing together these factors, organo-heavy alkali metal
complexes remain largely unexplored nowadays.

Nonetheless, the status quo started changing since the late
2010s. There is a current trend of renaissance of organoso-
dium chemistry,>*°™*” largely driven by the sustainable and
economic merits of sodium (higher abundance Na 2.36% vs.
Li 0.002%, lower cost/toxicity). Among these recent advances,
we reported the first “Na-exclusive” reactivity (vide infia),®
which highlighted the grand potential of organo-heavy alkali
metal complexes as a “pasture-new” of alkali metal chemistry.

2.3 Challenge 3: ligand design

Given the strong aggregating tendency and presumed high
reactivity, supporting ligands are of vital importance to isolate

This journal is © The Royal Society of Chemistry 2023
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organo-alkali metal monomers. The most successful strategy
to break the aggregates and isolate monomers is to employ
neutral multidentate amines (see Fig. 1 for examples), which
coordinate to the metal and kinetically stabilise the mono-
mers.? These ligands must be multidentate enough to break
down the parent aggregates and saturate the coordination
sphere to prevent re-assembling. Ligands should also be as
chemically robust as possible, containing no reactive C-O or
N-H bonds, to avoid quick decomposition, although ligand
metalation is still observed in cases of highly reactive mono-
meric species.*®>°

3. Organo-alkali metal monomers:
the state-of-the-art

In the following sections, we will cover the synthesised and
SCXRD-characterised organo-alkali metal monomers, includ-
ing their structural features and reactivity. We will especially
focus on their structural and reactivity differences in compari-
son with their higher aggregates congeners. This section will
be categorised into five parts according to the alkyls: (3.1) R =
Methyl; (3.2) R = CH,SiMe;; (3.3) R = CH(SiMe;), and
C(SiMe3)s;; (3.4) R = "Bu, **“Bu or ‘By; (3.5) R = Bn.

3.1 R=Methyl

Methyllithium (MeLi) was first synthesised by Schlenk in
1917° and is the parent archetypal member of the organo-
lithium, or generally speaking, organo-alkali metal family.
MelLi has been widely used as a methyl synthon, a nucleophilic
reagent and a strong Brensted base.>® The unsolvated SCXRD
structure of MeLi was first reported by Weiss and co-workers
as early as 1964, which is tetrameric with strong interaction
between the tetrameric units, forming a “polymer of tetramer”
structure.”® A discrete MeLi tetramer SCXRD structure was
reported in 1993 as a tetrahydrofuran (THF) adduct.”® Other
than the solid-state SCXRD structures, 'H, ®’Li, *C and
3C-"Li coupling NMR spectroscopic methods®**® and the
differential vapour-pressure technique®® were used to probe
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the aggregation of MeLi in THF, diethyl ether (Et,O) and tri-
ethylamine (TEA) solutions. These solution-state studies all
indicated that MeLi exists as tetramers in such Lewis basic sol-
vents, where solvent-coordination likely occurs.

Ligand-free MeLi monomers have been observed in inert
gas matrix and as a short-lived species in sub-millimeter
spectroscopy.”’”® In the regime of synthetic coordination
chemistry, the mainstream, and so far, the most successful
strategy to isolate “bottleable” MeLi monomers is utilising
neutral amine ligands. This is also the prevailing strategy for
synthesising other monomeric Group-1 metal alkyl complexes
(LMR; L: neutral ligand; M: Group-1 metal; R: alkyl) through-
out this Perspective.

Since monodentate ligands such as the abovementioned
THF, Et,O and TEA could not break MeLi’s tetrameric struc-
tures any further, Weiss and co-workers turned to bidentate
N,N,N'N'-tetramethylethylenediamine (TMEDA):>* upon treat-
ing with the bidentate TMEDA, the tetramer—polymer structure
is deaggregated into an infinite network of discrete TMEDA-
capped tetramer units, where each Li is capped with only one
N atom of TMEDA, and the TMEDA acts as a bridging ligand.
The inability of THF and TMEDA to deaggregate the tetrameric
units highlights the strength of the [MeLi], tetrameric unit,
and subsequent difficulty of its deaggregation.

Dimeric MeLi complexes using bidentate ligand (R,R)-N,N,
N',N'-tetramethyl-1,2-diaminocyclohexane [(R,R)-TMCDA] (1)
and tridentate ligand N,N,N',N”,N"-pentamethyldiethyl-
enetriamine (PMDTA) (2) were reported by Strohmann and co-
workers in 2007 °° and 2020,°* respectively. The MeLi dimers 1
and 2 (Fig. 3 & 4) both feature bridging methyl groups, and the
TMCDA and PMDTA both act as bidentate ligand. Unusually,
the tridentate PMDTA coordinates to Li via its two, instead of
three, N atoms. We rationalise this is due to the flexibility of
PMDTA: a rigid ligand backbone may be essential to facilitate
higher coordination number and therefore, unlock MeLi
monomers.

Following this line, in 2021, we designed a hexadentate
amine ligand, namely DETAN (N,N',N"-tris-(2-N-diethyl-
aminoethyl)-1,4,7-triaza-cyclononane) (Fig. 1 & 4). The DETAN

N N
Et,N
g\lEt
Et,N
N
/N N

CON>~—

N N
o0

Unsolvated \—/

Tetrameric Polymer Dimer Monomer

Synthesis — Schlenk 1917 § Strohmann Lu
SCXRD structure — Weiss 1964 52 2007 €0 2021 &2
@ cH: @

Fig. 3 Schematic representation of MeLi SCXRD structures: unsolvated tetrameric polymer (left); dimeric (middle); monomeric (right).
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Fig. 4 The reported SCXRD-characterised MeLi dimers and monomers.

ligand features a rigid TACN macrocyclic backbone, combined
with three flexible sidearms. With the DETAN ligand, we syn-
thesised the first MeLi monomer: [Li(CH;)(k*-N,N',N"-DETAN)]
(3) (Fig. 4).°> The SCXRD structure of 3 is exhibited in Fig. 5.
Complex 3 features a short terminal Li-C bond (2.099(5) A),
which in the computational studies was found to be predomi-
nantly ionic and polarised but with a non-negligible orbital
overlap-driven covalency. In 3’s SCXRD structure (Fig. 5), the
macrocyclic backbone in the DETAN ligand provides structural
rigidity and the three coordination-free pendant arms form a
protective cavity around the monomeric MeLi unit.”> 3 is
stable at —20 °C indefinitely, but decompose via ligand C-H
and C-N bond cleavage to produce N,N-diethylethenamine
and de-coordination at room temperature. This decomposition
itself is evidence of enhanced reactivity of MeLi by forming a
monomer: the [(MeLi),]. is stable even in solutions of diethyl
ether.®

Very recently, Manfien, Sirsch, Anwander and co-workers
reported the second ligand-supported MeLi monomer using

Fig. 5 SCXRD structure of the first MeLi monomer [Li(CH3)(*-N,N',N"'-
DETAN)] (3).5?
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Fig. 6 SCXRD structure of the second MeLi monomer [Li(CHz)(*-N,N",
N"-MesTACN)] (4).5*

the 1,3,7-trimethyl-1,3,7-triazacyclononane (Me;TACN) ligand,
namely [Li(CH;)(Me;TACN)] (4) (Fig. 4).°* The SCXRD structure
of 4 is exhibited in Fig. 6. The Li-CH; bond lengths in 4 is
2.1076(18) A, which is very close to that in 3 (2.099(5) A).

The synthesis of 4 is a part of the Anwander group’s effort
to pursue high-purity MeLi.®* While commercial solutions of
MeLi are contaminated with lithium chloride, the authors
(Anwander and co-workers) designed a route to achieve high-
purity MeLi by utilising potassium bis(trimethylsilyl)amide
(KN(SiMes),, i.e., KHMDS) as a halide-trapping reagent. Both
the pure and commercial MeLi solutions reacted with
Me;TACN to form 4, but the compound from the commercial
solution resulted in a single-crystal structure with a chloride
site occupancy of 9% (at the C10 position in Fig. 6), whereas
the pure MelLi resulted in a chloride-free structure. Like 3, 4
was found to decompose readily at room temperature.
Reactivity studies showed enchanted deprotonation reactivity
of 4 towards toluene, which is not deprotonated by the unsol-
vated MeLi aggregate [(MeLi)4]w-

Other than using Lewis basic amine/ether ligands, another
strategy to deaggregate MeLi is via multimetallic chelation of
the methyl carbanion. In 2001, Stalke and co-workers reported
a reaction of dilithium triazasulfite with [(MeLi),]. to form the
Liz(u-Me) complex [(THF);Liz(p-Me){(N‘Bu);S}] (5) (Fig. 7,
left).®> In 2022, Carmona, Jover and co-workers reported a
complex [Mo,{(p-H)Li(THF)(u-CH;)},(Ad”'PP?),] (Ad°"PP* = HC
(NDipp),; Dipp = 2,6-diisopropylphenyl) (6) with one MeLi unit
coordinated to Mo=Mo bond, forming a H-Mo-Mo-C-Li
framework (Fig. 7, right).®® In both these complexes, the

THF\L_ (l:HgL_ _THF THF
izz-l-oLi
CLisE THF AL
/ N/A%tB“ T G
Bu—N~L=N-1By [Mo=Mo]

[(THF)sLiz(u-
Me){(N'Bu)sS}I** (5)

[Moo{(n-H)LI(THF )(u-
CH3)}2(AdDipps),1* (6)

Fig. 7 Multimetallic chelation strategy to isolate monomeric methyl
anion [CH3]™.

This journal is © The Royal Society of Chemistry 2023


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3dt00980g

Open Access Article. Published on 30 May 2023. Downloaded on 3/13/2026 1:03:03 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Dalton Transactions

methyl carbanion (CH;™), although monomeric, acts as a brid-
ging ligand shared by multiple metal sites (Fig. 7). Since their
significant structural differences compared with all other com-
plexes we discuss herein, the two metal-cluster-stabilised
monomeric methyl anion complexes 5 and 6 are not included
in Table 1 (vide supra).

While the structures of polymeric methylsodium (MeNa),
methylpotasium (MeK), methylrubidium (MeRb) and methyl-
cesium (MeCs) have been identified by powder X-ray/neutron
diffraction (Table 1), to date, no ligand-supported complexes
of these species have been reported.®**”~7°

3.2 R=CH,SiMe;

Trimethylsilylmethyl lithium (LiCH,SiMe;) is a widely used
and commercially available organolithium and organosilicon
compound. The CH,SiMe; alkyl group is popular in organo-
metallic chemistry for a number of reasons: (1) compared with
ethyl, isopropyl and butyls, CH,SiMe; does not have
B-hydrogen atoms, hence it is immune to p-hydrogen elimin-
ation; (2) the trimethylsilyl group is believed to enhance solu-
bility of the organometallic complexes; (3) more profoundly,
compared with its carbon analogue, i.e., neo-pentyl, the M-C
bond in MCH,SiMe; complexes enjoys extra stabilisation via
partial overlap between the M-C ¢ bonding orbital and the C-
Si o* antibonding orbital, i.e., known as the a-Si effect.”*””
The o-Si effect originates from the favourable C-Si ¢* anti-
bonding orbital energy level.

LiCH,SiMe; is the starting material for almost all the
MCH,SiMe; complexes via salt elimination, with reports
known for where M is a d-block, s-block, f-block or p-block
metal. LiCH,SiMe; is commercially available as pentane solu-
tions. Given the wunderpinning infrastructural roles of
LiCH,SiMe;s, research into its own structure and reactivity is
relatively limited, partially due to a prejudice that there is
little, if any, new chemistry remaining to be discovered in such
an infrastructural complex.

The unsolvated solid-state structure of LiCH,SiMe; is a
hexamer, namely [LiCH,SiMe;]s, which was characterised by
Oliver and co-workers in 1986.”° The SCXRD structure features
a cage structure, which comprises two-deck six-membered
rings. A [LiCH,SiMe;]s polymorph was reported in 2020, which
only have trivial structural differences compared with the orig-
inal 1986 report.””””® It remains hexameric in solution in cyclo-
hexane, however in benzene, it was observed that at lower con-
centration it is likely mainly tetrameric; whereas when the con-
centration increases, a move towards a hexameric species was
seen.>®

The [LiCH,SiMe;]s can be further deaggregated into tetra-
mers and dimers using ether or amine ligands. In 2010, the
Stalke group reported an  Et,O-solvated tetramer
[(Et,0),(LiCH,SiMe3),], where two out of the four Li centres
are coordinated by a Et,0 molecule.”® A bidentate ether,
dimethoxy ethane (DME) can further deaggregate LiCH,SiMe;
into a dimer [(DME)(LiCH,SiMe;)],.”° Similar dimeric struc-
tures were also reported with other bidentate ligands, such as
0,0-cyclohexyldimethoxysilane (Sc)-coordinated [(Sc)-

This journal is © The Royal Society of Chemistry 2023
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LiCH,SiMe;],,* N,N'-TMEDA-coordinated [(TMEDA)
(LiCH,SiMe;)],,**  N,N'-(=)-sparteine-coordinated [{(—)-spar-
teine}(LiCH,SiMe;)],,** and N,0-Me,N(CH,),OMe-coordinated
[(Me,N(CH,),0Me)(LiCH,SiMe;)],.**> Monodentate N-donor
quinuclidine (Qu) was also reported to form two different
dimers,* the symmetrical [(Qu)(LiCH,SiMe;)], and the asym-
metrical [{(Qu)(LiCH,SiMe3)H{(Qu),(LiCH,SiMej3)}].

There are three reports of LiCH,SiMe; monomers. The first
example, [Li(CH,SiMe;)(PMDTA)] (7), was reported in 2008 by
the Stalke group (Fig. 8).*' Compared with the bidentate-
ligand-coordinated dimers reported in the same paper, the tri-
dentate PMDTA facilitate the formation of monomer. While,
no reactivity studies were reported in the paper, it was noted
that the monomeric complex showed increased sensitivity
towards air, compared to the donor-free hexamer and
increased reactivity relative to that of the dimeric aggregates
synthesised, because of improved accessibility to the methyl
carbanion and lithium-centre. In 2023, Hevia and co-workers
reported "H DOSY NMR on 7, which showed that it is mono-
meric in C¢D;, solution.®*

The second LiCH,SiMe; monomer, namely [Li(CH,SiMe;)
(R,R-TMCDA)] (8), was reported by the Strohmann group in
2019 (Fig. 8).** Compared to the abovementioned Qu-co-
ordinated dimers from the same paper, the rigid bidentate
R,R-TMCDA ligand enabled the isolation of a monomer.
Interestingly, the authors (Strohmann and co-workers) found
that the monomer 8 was less reactive than the Qu-coordinated
dimers for the deprotonation of N,N-dimethylbenzylamine.
The authors attributed the unexpected low reactivity of the
monomer 8 to its rigid TMCDA ligand, which kinetically pre-
vents incoming substrate from approaching the Li-C reactive
centre. This observation challenged the popular perception
that a monomeric organolithium complex will be more reactive
than its higher aggregates and emphasised the versatility of
organolithium chemistry.

The third and the latest LiCH,SiMe; monomer, [Li
(CH,SiMe;)(MegTren)] (9) (Fig. 8), was reported by us in
2022.*% Notably, in the SCXRD structure of 9, only two of the
three MegTren side arms coordinate to the Li centre, while the
other is coordination-free (Fig. 8). Variable-temperature NMR
(VI-NMR) studies proved that 9’s partially coordinated geome-
try retains in C¢Dg solution: lowering the temperature allowed
us to observe the fast coordination-dissociation equilibrium in
solution.*®

Compared with the relatively inert 8, 9 exhibited higher C-
H activation reactivity towards toluene, surpassing the
[LiCH,SiMe;]s hexamer.*® While the [LiCH,SiMe;]s hexamer
does not react with toluene for at least several hours at room
temperature, 9 deprotonates neat toluene within seconds at
room temperature. 9’s high reactivity was also reflected by its
relative low stability. While 9 is stable as a crystalline solid at
—35 °C for several weeks, it decomposes via C-H and N-C
bond cleavage of one (likely the coordination-free) sidearm of
the MegTren ligand, to afford N,N-dimethylethenamine, tetra-
methylsilane and a lithium amide complex [Li{N
(CH,CH,NMe,),}] in C¢D¢ or n-hexane solution at room temp-
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Fig. 8 The LiCH,SiMes monomers (7-9) and their SCXRD structures.

erature for 3 days. We conducted thorough kinetic studies of
9’s decomposition and confirmed that it is a two-stage
process.*®

A comparison between the reactivities of the LiCH,SiMe;
monomers 8 and 9 is intriguing. Since 8 is quite inert but 9 is
rather reactive (both benchmarked towards toluene C*P’-H
activation), it is obvious that the perception, ie., “the smaller
the better”®? (the term ‘better’ means more reactive), has to be
taken with caution, if not being treated as a groundless “folk-
lore”.®® The perception was also challenged on the other end
of the aggregate size spectrum, i.e., the higher aggregates are
not necessarily lower in reactivity. The Stalke group reported a
DABCO-coordinated LiCH,SiMe; octamer, namely
[(DABCO),(LiCH,SiMe;)g] (DABCO:  1,4-diazabicyclo[2.2.2]-
octane),®® which can conduct toluene C-H activation at room
temperature, hence is more reactive than the lower aggregate
hexamer [LiCH,SiMe;]e.

Heavy alkali metal alkyl MCH,SiMe; (M: Na, K, Rb, Cs)
complexes are much less studied compared with LiCH,SiMe;.
In 2010, Klett and co-workers reported the unsolvated crystal
structure of [NaCH,SiMes].,, which is a polymer chain com-
prised of tetrameric subunits.?” Very recently, we performed
"H DOSY NMR on the [NaCH,SiMe;].., the result revealed that
it exists as a tetramer in C¢Dg solution.? In 2011, Klett also
reported the reactions of Na/KCH,SiMe; with bi- and triden-
tate ligands TMEDA and PMDTA, to form helical chain poly-
mers [(TMEDA)Na(CH,SiMe;)]., and [(PMDTA)K(CH,SiMe3)]w,
and a tetramer [(TMEDA);(KCH,SiMe;),], respectively.®®

The first and so far the only NaCH,SiMe; monomer, [Na
(CH,SiMe;)(MegTren)] (10) (Fig. 9), was reported simul-
taneously by the Hevia group® and us® in 2023, but from
rather different perspectives especially regarding reactivity

8180 | Dalton Trans., 2023, 52, 8172-8192

[Na(CH,SiMe;)(MegTren)] & &
(10)

Fig. 9 The only NaCH,SiMes monomer [Na(CH,SiMe3)(MegcTren)] (10)
and its SCXRD structure.

standing points. Hevia and co-workers employed MegsTren,
among other ligands (e.g., PMDTA), to increase the solubility
of [NaCH,SiMe;],, and to deliver benzylic C-H activation of
toluene and substituted toluenes, which were subsequently
treated with Weinreb amide to afford the nucleophilic substi-
tution products.®*® The core of NaCH,SiMe; reactivity in the
Hevia work is Brensted basicity, which was found to be
enhanced by the formation of the monomer 10. In comparison
with the toluene C-H activation of 10, Hevia and co-workers
found that treating [LiCH,SiMes]s with MegTren cannot deliver
toluene C-H activation.®® We are particularly interested in
such an observation, since it is apparently contradict with our
previous report that the isolated [Li(CH,SiMes)(MegTren)] (9)
can activate toluene C-H bond.*®* A closer examination
revealed that the 9 mediated toluene C-H activation is concen-
tration dependent: since we conducted the reaction in neat
toluene,*® Hevia and co-workers used stoichiometric toluene
in hexane solution.®* This delicate but crucial difference leads

This journal is © The Royal Society of Chemistry 2023
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to totally different, and apparently contradictory conclusions,
once again emphasising the importance of details in organo-
alkali metal chemistry.

We compared the reactivity of [NaCH,SiMes]u,
[Na(CH,SiMe;)(MegTren)] (10) and [Li(CH,SiMe;)(MegTren)]
(9) towards benzophenone.? As expected, we found that both
the [NaCH,SiMe;],, polymer and [Li(CH,SiMe;)(MesTren)] (9)
resulted in the nucleophilic addiction product [MO{C
(Ph),(CH,SiMe;)}, (M: Li, Na). In contrast, methylation
resulted using [Na(CH,SiMe;)(MegTren)] (10), which produced
1,1-diphenyl ethylene, free MesTren and [Nag(OSiMe;);4] [Na
(CeHe)(MegTren)]". We expanded the substrate scope of this
C=O0 methylenation, to produce terminal alkenes using 10 to
include a variety of ketones, aldehydes and amides. We then
further developed a ligand-catalysis strategy to conduct ketone/
aldehyde methylenations, using [NaCH,SiMe;]., as the CH,
feedstock and MegTren as the catalyst (5 mol%). It was postu-
lated that [NaCH,SiMe;],, rapidly reacts with the carbonyls in
a nucleophilic addition manner to form a cluster alkoxide
intermediate, which is subsequently slowly dissembled by the
catalytic amount of MegTren into lower aggregate(s) intermedi-
ate(s), which then undergoes methylenation, eliminates
NaOSiMe; species and regenerates the ligand catalyst
MesTren. The most striking feature of this work is the metal
identity-dependent distinct reaction patterns between 9 and 10
(Fig. 10), which was analysed using DFT calculations and
revealed to be metal identity dependent.®

All the reported MCH,SiMe; (M: Li, Na, K) complexes,
monomers and higher aggregates, and their M-C bond
lengths are summarised in Table 2. It should be noted that
there are no Rb/CsCH,SiMe; complexes to date.

3.3 R = Bis/tris(trimethylsilyl )methyl (CH(SiMe;), and
C(SiMejy)3)

The CH(SiMe;), and C(SiMejs); alkyl groups have allowed the
synthesis of a plethora of complexes with interesting aggrega-
tion and structural features, including unusual ate complexes.
In addition to an increase in steric bulkiness, replacing
protons with trimethylsilyl groups results in additional elec-
tronic stabilisation of the carbanionic centre, via the aforemen-
tioned a-Si effect. Furthermore, the extra trimethylsilyl groups
improve solubility in hydrocarbon and aromatic solvents — an
issue with many Na-Cs organometallics. These factors mean
that the crystals structures of a number of heavier alkali metal
bis/tris(trimethylsilyl )methyl complexes have been reported.

v v /\;‘/:N//
/N\/\j 7L.I7CQZ N—~Na—CH,
Li \/,L\\ SiMe; o N SiMes CH,
J () I (10) )]\
4\ _SiMes —— R R' — R
RR' g Nucleophilic Methylenation R
% Addition

Fig. 10 Distinct reaction patterns between 9 (nucleophilic addition)
and 10 (methylenation).®
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The crystal structure of unsolvated bis(trimethylsilyl)
methyllithium and bis(trimethylsilyl)methylsodium were
found to be linear 1D polymers.®*>®® The corresponding
heavier alkali metal bis(trimethylsilyl)methyl complexes have
been unable to be isolated as an unsolvated structure, due to
their insolubility in hydrocarbon solvents. The solution aggre-
gation behaviour was also investigated using DOSY NMR and
cryoscopy measurements. Bis(trimethylsilyl)methyllithium was
found to be dimeric in solution in cyclohexane. Bis(trimethyl-
silyl)methylsodium showed concentration-dependent aggrega-
tion behaviour, with dilute cyclohexane solutions resulting in
tetramers, whereas hexamers were observed in more concen-
trated solutions.”

Bis(trimethylsilyl)methyllithium forms the THF-solvated
dimer [Li(CH(SiMe;),)(THF)],. The coordination of TMEDA or
PMDTA results in monomeric complexes [Li(CH(SiMes3),)
(PMDTA)] (11) and [Li(CH(SiMe;),)(TMEDA)] (12) (Fig. 11),
both in solid-state and cyclohexane solution.’’*> In contrast,
bis(trimethylsilyl)methylsodium retains a 1D polymeric chain
structure when solvated with THF, with one THF molecule co-
ordinated to each sodium. The addition of TMEDA resulted in
crystals of the dimeric complex [NaCH(SiMej3),],(TMEDA);, in
which two TMEDA coordinated ‘monomers’ are bridged
through an additional TMEDA molecule.”*

It is interesting to note that, in contrast to many organo-
lithium and sodium compounds, neither bis(trimethylsilyl)
methyllithium or sodium were reported to undergo decompo-
sition in THF, highlighting the unusual stability of these bis
(trimethylsilyl)methyl compounds.

Single-crystal structures have been reported for bis(tri-
methylsilyl)methylpotasium complexes with THF, tert-butyl
methyl ether (tBuOMe), and PMDTA. Both the THF and
tBuOMe form mono-solvated 1D linear chain polymers. The

MCH(SiMej3), and MC(SiMe3); Monomers

| /\
f 'V/\ NN
—N—Li—N— Li
/ \
Me;Si SiMe3

Me3Si~ “SiMe,

[Li(CH(SiMe3),)(TMEDA)]%?
(12)

[Li(CH(SiMe3),)(PMDTA)]®"!

(11) OO
o

[Cs(C(SiMe3)3)(CeHe)3-0.5CeHg &7
(13)

SiMe3

Cs—¢—SiMe,

SiMe;,

Fig. 11 The reported SCXRD-characterised
methyllithium monomeric complexes.

bis/tris(trimethylsilyl)

Dalton Trans., 2023, 52, 8172-8192 | 8181


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3dt00980g

Open Access Article. Published on 30 May 2023. Downloaded on 3/13/2026 1:03:03 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Perspective

single-crystal structure of the PMDTA complex revealed the
open tetramer [{KCH(SiMe;)s},(PMDTA)],.>>** Single-crystal
structures of organorubidium and organocaesium complexes
are uncommon, however a dimeric bis(trimethylsilyl)methyl-
rubidium complex has been reported using the PMDTA ligand,
[Rb(CH(SiMe3),)(PMDTA)],, and a 1D linear chain polymer
complex of bis(trimethylsilyl)methylcaesium was reported
using TMEDA, [Cs(CH(SiMe,),)(TMEDA)],,.”***

The even bulkier tris(trimethylsilyl)methyllithium was
found to be dimeric when unsolvated in the solid-state, [LiC
(SiMes)s],, however cryoscopic molecular mass determination
suggested that complex was monomeric in benzene in solu-
tion.”> Surprisingly, a search of the CSD revealed that the
unsolvated sodium analogue has not been reported, whereas
the unsolvated K and Rb complexes are known. Due to their
high reactivity and low solubility in hydrocarbon and aromatic
solvent, unsolvated crystal structures for heavier alkali metal
organometallics are very rare. Both tris(trimethylsilyl)methyl-
potasium and tris(trimethylsilyl)methylrubidium were found
to have a 1D polymeric structure, however in the rubidium
complex, the rubidium cation was found to interact addition-
ally with the eight methyl groups from the trimethylsilyl com-
ponent, in addition to the carbanionic carbon-centre.”®°”

Both the tris(trimethylsilyl)methyl-potassium and -rubi-
dium complexes involved benzene as a solvent in the crystalli-
sation conditions, but no coordination to benzene was
observed in the crystal structures. In contrast, the crystallisa-
tion of tris(trimethylsilyl)methylcaesium from benzene
resulted in a remarkable benzene-solvated monomeric organo-
caesium  complex, [Cs{C(SiMe;);}(CcHs)3]:0.5CcHs  (13)
(Fig. 11), with each caesium cation coordinated to the central
anionic carbon and three benzene molecules. Uncoordinated
benzene was also found in the crystal.”” The coordination of
TMEDA to tris(trimethylsilyl)methylpotasium results in a poly-
meric chain structure, linked via coordination of the potass-
ium cation, through one of methyl groups of the trimethylsilyl
moiety.”®

Compared to the structures of the other alkyl groups dis-
cussed in this perspective, the THF adduct of tris(trimethyl-
silyl)methyllithium features a unique structural category: sol-
vated lithate complexes [LiR,][Li(solv),]". Some representa-
tives of this ate complex family are presented in Fig. 12. It
should be noted that, though the examples in Fig. 12 feature
mono-metallic organolithium fragments, they are different
from the other neutral organo-alkali metal monomers in this
Perspective, hence are not numbered.

In 1983, Eaborn, Smith and co-workers reported the crystal
structure of the product from the metalation of tris(trimethyl-
silyl)methane and methyllithium in THF - the first structurally
characterised lithate complex [Li(THF),][Li{C(SiMe3)s},].>° The
anion exhibits a linear C-Li-C linkage. It was postulated that
the steric hindrance of the bulky tris(trimethylsilyl)methyl
group disfavours the normally observed contact ion pair struc-
ture [Li-R(L)],, as well as stabilisation of the negative charge
on the carbon atoms of the anion by the silicon atoms,
enabling the isolation of the lithate complex. The related
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Fig. 12 The reported SCXRD-characterised tris(trimethylsilyl)methyl-
lithium/sodium ate complexes.

crystal structure, [Li(THF);][Li{C(SiMe;)s},] has also been
reported."®®

The addition of TMEDA to [Li(THF,)][Li{C(SiMes)s},]
resulted in the ate complex [Li(TMEDA),][Li{C(SiMe3);},].""*
Both complexes were subject to solution and solid-state NMR
studies. The solution NMR studies confirmed the presence of
the ate complexes in THF and toluene solutions, together with
another species, with exchange between the species observed
at NMR time-scale at higher temperatures. The sodium ate
complex [Na(TMEDA),(Et,0)][Na{C(SiMe;);},] has also been
prepared via the metalation of tris(trimethylsilyl)methane
using methylsodium with TMEDA in diethyl ether. The anion
of this complex features a linear C-Na-C linkage with the
sodium atom two-coordinate.'%

The reaction of tris(trimethylsilyl)methane with MeLi in the
presence of PMDTA, resulted in the complex [(PMDTA)Li(p-CI)
Li(PMDTA)|[Li{C(SiMe3;);}], with the cation featuring a linear
Li-CI-Li linkage.'®® As previously mentioned in Section 3.1,
Meli is often contaminated with LiCl as a result of its syn-
thetic procedure, which leads to this structure.

What affect does this ate structure type have on reactivity?
Reich and co-workers studied the structure and reactivity of
tris(trimethylsilyl )methyllithium complexes in  solution
(Fig. 13). Tris(trimethylsilyl)methyllithium was found to exists
as a mixture of three species in THF/ether solution. A separ-
ated ion pair (SIP), a contact ion pair (CIP), and an ate
complex, referred to as a triple ion pair (TIP). These species
were found to slowly exchange at NMR time-scale. It was
observed that at around —70 °C, the NMR signals corres-
ponding to the CIP and SIP coalesced. Above 50 °C, the signals
of TIP also coalesced with the CIP and SIP into an averaged

This journal is © The Royal Society of Chemistry 2023
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Fig. 13 The three tris(trimethylsilylmethyl)lithium (CIP, SIP and TIP) species in THF/ether solution.

signal. In diethyl ether solution, only the CIP was detected.
The addition of hexamethylphosphoramide (HMPA) comple-
tely converted tris(trimethylsilyl)methyllithium to a HMPA-sol-
vated SIP species. %

The reactivity of the three species (CIP, TIP and SIP) was
investigated and compared using low-temperature rapid-injec-
tion NMR (RINMR). At —132 °C The THF-solvated SIP was over
fifty times more reactive towards methyl iodide (Mel) than the
monomeric CIP and over 5 x 10'° times as reactive as the TIP,
i.e., the reactivity sequence is SIP > CIP >3 TIP. Monitoring of
the reaction between Mel and tris(trimethylsilyl)methyllithium
in 3:2 THF/ether at —85 °C, showed that the NMR signals
corresponding to the SIP and CIP species disappeared in
under one second to form tris(trimethylsilyl)ethane. The
signals corresponding to the TIP remained, which reacted
slowly over a period of 1-2 hours. Kinetic experiments revealed
that, at these low temperatures, the TIP and CIP do not react
directly with Mel, but must first dissociate to the SIP, which
then reacts rapidly. This is particularly interesting to note
since it highlights that the structure of the isolated solid-state
crystal structure, i.e. [Li(THF)s,][Li{C(SiMe;);},] for the THF
adduct of tris(trimethylsilyl)methyllithium, is not necessarily
the same as the reactive species in solution.

3.4 R = Butyls (n-, sec-, tert-)

Despite being perhaps the most well-known, widely used and
most studied organometallic reagent,” no isolated monomeric
complexes of "BuLi have been reported. An often encountered
problem with trying to isolate n-/tert-/sec-BuLi monomers, is
the tendency of the lower aggregate species to lithiate the
ligands used.***%'%7"1%° However, a number of studies have
taken place to investigate the structure-reactivity relationship
of butyllithium reagents.

"BuLi crystallises from pentane as an unsolvated
hexamer.'° In solution, "BuLi mainly exists as a hexamer in
hydrocarbon solvents at room temperature, but is primary an
octamer at low temperature.*>?>''" It is tetrameric in diethyl
ether,®''° and a tetramer-dimer mixture in THF.>>*%12 Thig
intriguing mixture of tetramer and dimer in THF has enabled
insightful NMR studies to take place. Reich and co-workers
reported rapid injection NMR (RINMR) studies of the relative
reactivity of the "BuLi-THF dimer and tetramer towards a
number of substrates, with astonishing findings."'*'** They
found that for the metalation of trimethylsilylacetylene at
—130 °C, the "BuLi dimer reacts in under two seconds,
whereas the tetramer reacts over several hours. However, the
rate of reaction of the tetramer is zero order to trimethyl-

This journal is © The Royal Society of Chemistry 2023
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silylacetylene and is consistent with the rate of tetramer to
dimer dissociation, i.e., essentially, the tetramer itself does not
react (or very slow) with trimethylsilylacetylene at —130 °C, but
has to deaggregate to the dimer (Fig. 14). It was estimated that
towards this substrate, the dimer least 40 000 times as reactive
as the tetramer.'*® Further experiments reviled that "BuLi
dimer is 320 000 000 times as reactive as the tetramer toward
phenylthioacetylene at —130 °C."*>'"

It is well-known that the reactivity of "BuLi is enhanced via
the addition of TMEDA,**™"'° which forms dimers in solution
and solid-state when 1:1 '>°""** (polymeric tetramers has been
reported in solid-state when 0.25 equivalents of TMEDA were
added"**'*®). This enables the deprotonation of toluene, with
no reaction taking place in the absence of TMEDA.''?
Additionally, the "BuLi aggregates react with ferrocene to
produce monolithioferrocene in only very low yield, while the
addition of TMEDA enables the synthesis of 1,1'-dilithioferro-
cene in high yield."*"?

Dimeric "BuLi complexes were also isolated by the coordi-
nation of ligands such as (—)-sparteine,'*® (R,R)-TMCDA"*” and
1,2-dipiperidinoethane (DPE-6)."*® A dimer [Li("Bu)(R,R-
TMCDA)], was found to be able to deprotonate benzene, which
the unsolvated [*BuLi]s hexamer is stable towards."*’

There is evidence from on “Li quadrupolar couplings that
"BuLi forms a monomer with PMDTA in solution in dg-
toluene.*® However to date, the only product that has been
crystallised with PMDTA has been the open tetramer,
[("BuLi),(PMDTA)],.>

[BULi(THF),]4 [NBULI(THF), ],

-130 °C

Li
ﬂLiESiMea

MesSi

MesSi—=—

Me3Si—=—H

>—S|Meg

Me38|

Fig. 14 Rapid injection NMR (RINMR) studies of reactions between
"BuLi (dimer & tetramer) and trimethylsilylacetylene at —130 °C.**
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sec-Butyllithium (*BuLi) and tert-butyllithium (‘BuLi) are
more sterically bulky than "BuLi and form lower aggregates in
solution and solid-state.* Solution-state NMR studies have
revealed that unsolvated “BuLi is a hexamer-tetramer mixture
in hydrocarbon solvents,’*® a dimer-monomer mixture in
THF"?° and monomeric when PMDTA was added to the THF
solution,”® however this has not been crystallographically
characterised.

Only one crystallographically characterised monomer of
*BuLi has been reported to date. In 2007, Strohmann and co-
workers reported a ‘BulLi monomer using the (R,R)-TMCDA
ligand, namely, [Li(sec-Bu)(R,R-TMCDA)] (14) (Fig. 15).%°
Monomer 14 was found to be extremely reactive and able to
deprotonate benzene and toluene using sub-stoichiometric
amounts of (R,R)-TMCDA. The crystal structure of the *BuLi
monomer 14 revealed an open Li centre, barely shielded by the
ligand and hence offering a free and accessible coordination
site for potential substrates. This is in sharp contrast with the
inert [Li(CH,SiMe;)(R,R-TMCDA)] monomer (9), which was
also reported by the Strohmann group.®?

‘BuLi, the bulkiest butyllithium, is an unsolvated tetramer
when crystallised from pentane,"'® and is tetrameric in solu-
tion in hydrocarbon solvents.’*! From diethyl ether, a bis-sol-
vated dimer results in solid-state"'® and is also dimeric in
diethyl ether solution."*°

‘BuLi is monomeric in THF solution.”*® Interestingly, it was
observed that when TMEDA was added to ‘BuLi-THF solu-
tion,"*® the TMEDA stayed as largely free ligand and was poor
at competing with THF for coordination. This observation,
among others, raised the question that whether TMEDA,
despite its widespread use, is actually a good ligand for
lithium in the 1990s,% which still remains largely unanswered
nowadays.
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In 2003, the Strohmann group reported the first SCXRD-
characterised ‘BuLi monomer, supported by the chiral amine
ligand (—)-sparteine, namely [Li(tert-Bu)((—)-sparteine)] (15)
(Fig. 15)."** This was followed by reports from the same group
in 2007 and 2008 of [Li(tert-Bu)(R,R-TMCDA)] (16)'° and [Li
(tert-Bu)(TEEDA)] (17)*° (TEEDA is TMEDA’s ethyl-substituted
analogue; N,N,N',N'-tetracthylethylenediamine), respectively.
In 2014, the Mitzel group employed a tridentate macrocyclic
ligand 1,3,5-tri-tert-butyl-1,3,5-triazacyclohexane (TtBuTAC) to
stabilise a ‘BuLi monomer [Li(tert-Bu)(T¢BuTAC)] (18)"**
(Fig. 15).

From a reactivity perspective, as observed in the previous
sections, ligand plays underpinning roles for the ‘BuLi mono-
mers’ reactivity. The (—)-sparteine-coordinated ‘BuLi monomer
15 is inert towards toluene/benzene C-H activation at room
temperature,"**> which is less reactive than THF-solvated ‘BuLi
dimer.'*® In contrast, the R,R-TMCDA-, TEEDA- and TtBuTAC-
coordinated ‘BuLi monomers 16-18 all exhibited high reactiv-
ity towards toluene/benzene C-H activation and/or ligand
lithiation.*>'%%'33 A particularly interesting case is the ligand
(TEEDA) lithiation of 17. Instead of o-lithiation (deprotonating
N-CH,-CHj3;), 17 was found to undergo f-lithiation (deproto-
nating N-CH,-CH;) of the TEEDA ligand at room tempera-
ture.*® The preference for a- over p-lithiation was explained by
the distance and arrangement of the o- and p-hydrogen atoms
toward the carbanionic ‘Bu group, which is an example of the
structure-reactivity relationship per se.*®'% This type of struc-
ture-reactivity relationship is known as the complex-induced
proximity effect (CIPE)."**

Organolithium-mediated deprotonation reactions can
proceed via two possible reaction pathways. Firstly, a ‘direct’
deprotonation route, where pre-coordination of the lithium-
centre to a functional group does not occur. Deprotonation

WY

(7

SCXRD-Characterised sec- and tert- Butyllithium Monomers

\N/ N \N/
\ \
. N < N .
N N -

/\ /\
[Li(sec-Bu)(R,R-TMCDA)]*° [Lictert-Bu((-)-sparteine)] % [Li(tert-Bu)(R,R-TMCDA)]'%®
(14) (15) (16)

- \Li/ N—

[Li(tert-Bu)(TEEDA)*®

7‘”"N{/UJ\N/K
LN—/

[Li(tert-Bu)(T'BUTAC)] "33
(18)

Fig. 15 The SCXRD-characterised *BulLi (14) and ‘BuLi (15-18) monomers.
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takes place via a bimolecular Brgnsted acid-base reaction
between RLi and the substrate through the most stable tran-
sition state. In these cases, selectivity can be determined via
steric factors or electrostatic interactions."** The second possi-
bility is the aforementioned CIPE, which proceeds via the pre-
coordination of functional group to the lithium-centre. In this
intermediate complex, the reactive groups (i.e., the carbanionic
centre and acidic protons) are in close proximity to each other.
The spatial proximity of these groups results in a decreased
reaction barrier and hence the observed selectivity.'**

The CIPE explains the difference in the observed regio-
selective (a vs. p deprotonation) in the decomposition reactions
of the aforementioned tert-butyllithium monomers (Fig. 16,
top). In the reaction between (R,R)-TMCDA and tert-BuLi, the
isolated monomeric complex [Li(tert-Bu)(R,R-TMCDA)] (16) is
the intermediate pre-coordinated complex in the CIPE. The
structure of this complex shows the a-proton position in close
spatial proximity to the carbanionic centre, which results in
a-lithiated (R,R)-TMCDA. o-lithiation is challenging due to the
repulsion between the nitrogen lone pair of elections and car-
banion centre but are sought after targets due to them being
important building blocks in synthesis."*°

Likewise, the monomeric complex [Li(tert-Bu)(TEEDA)] (17),
is the pre-coordinated complex in a reaction between TEEDA
and tert-butyllithium. The structure reveals close spatial proxi-
mity between the p-proton position and the carbanionic centre
(Fig. 16, bottom). This closer proximity of the p-protons com-
pared to the a-protons to the carbanionic centre, results in a
lower energy barrier for p-deprotonation (92 kJ mol™) com-
pared to a-deprotonation (119 kJ mol™*).* Therefore deproto-
nation occurs at the p-position, followed by elimination of
ethene, resulting in the observed product. After initial deproto-
nation of the MegTren side-arm, a similar elimination of N,N-
dimethylethenamine, occurred following the decomposition of
[Li(CH,SiMe;)(MegTren)] (9).*®

Other ligands have also been studied regarding their CIPE
and its effect in ligand lithiation, with TMEDA/ter¢t-BuLi found
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to undergo o-lithiation.*® 1,3,5-Trimethyl-1,3,5-triazacyclohex-
ane/tert-BuLi was found to deprotonate at the methylene
bridge of the triazacyclohexane, rather than the expected
methyl group, which again was a result of closer proximity of
the methylene bridge to the carbanionic centre, compared to
the methyl group, in the pre-coordinate complex.'*>**¢

The CIPE is not a new concept, though. It has been investi-
gated for decades, due to its importance in understanding
organolithium selectivity and control and improving our
knowledge of the structure-reactivity relationship. An early
interesting example was observed in 1983 by Julia, who
showed that the selectivity of the reaction between (Z)-thioenol
and sec-BulLi, could be altered via the addition of HMPA. It was
postulated that, in the absence of HMPA, the lithium-centre
coordinates to the methoxyl group, resulting in deprotonation
of the nearest proton. Therefore, lithiation occurred p- to
sulphur. In contrast, in the presence of HMPA, the lithium-
cation is likely saturated with HMPA ligands, preventing pre-
coordination of the substrate to the lithium-centre. This
results in the most acidic proton being deprotonated, with
lithiation occurring a- to sulphur.'®” The CIPE effect has been
reviewed more widely, and in more detail, in a number of
reviews and book chapters.'?*1387140

A further case of ligands altering the selectivity of organo-
lithium reactions was observed by Clayden. It was found that the
addition of six equivalents of HMPA to the reaction between 7-,
sec-, or tert-BuLi and THF, followed by quenching with phenyl
chlorothioformate, resulted in a product formed via lithium but-
3-en-1-olate, suggesting possible p-deprotonation, i.e., overriding
the usual directing effect of the oxygen. In contrast, when the
reactions were performed in the absence of HMPA, a different
product formed via a-deprotonation.*!

Very recently, Thomas and co-workers conducted °Li/**C
rapid-injection NMR (RINMR) studies on °Li enriched ‘BulLi, in
the presence of a variety of Lewis basic ligands."** The RINMR
studies on °Li enriched ‘BuLi at —125 °C showed that, ‘BuLi
was monomeric in 3:2 dg-THF:Et,O and also monomeric

H H Spatial proximity

N _lithiati
O/ ~ o-lithiation N._ Li
"’N/ - tBuH ,,/N/
! |
(R.R)-TMCDA
N/ \/ -lithiation
SN/ e N N PAation -\
N Ng - tBuH, I N—
- CoHa Li
TEEDA
[Li(tert-Bu)(TEEDA)]®!

Fig. 16 Regioselective deprotonation of (R,R)-TMCDA/tert-BuLi and TEEDA/tert-BuLi due to the CIPE.
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when one equivalent of HMPA was added. However, when two
or three equivalents of HMPA were added, NMR signals con-
sistent with a triple ion pair (TIP) [{(‘Bu),Li} -{Li(HMPA),}']
were observed. They propose that this is likely in equilibrium
with small quantities of a highly reactive separated ion pair
(SIP) species [(LyLi)"-“Bu~]."*> The authors (Thomas and co-
workers) claimed that the formation of TIP/SIP plays essential
roles in delivering the observed abnormal deprotonation site
selectivity of a number of O-heterocycles (Fig. 17). The pre-
coordination of the lithium cation to the heteroatom prior to
deprotonation, is responsible for the selectivity of lithiation. In
the SIP, the lithium-centre is saturated, preventing the coordi-
nation of the lithium cation to the heterocycle and therefore,
the resulting directing effect and ‘normal’ selectivity, can be
overridden. The TIP [{(‘Bu),Li} -{Li(HMPA),}'] was found to be
inert for deprotonation, while the SIP [(L,Li)"'Bu~] was very
reactive. To our understanding, this raises a question about
deprotonation: what is the real active species for deprotona-
tion? We, as the authors of this Perspective, understand that
deprotonation is a Brensted acid-base reaction by definition: a
Bronsted base centre is the essential reactive centre. In this
regard, a naked ‘Bu” carbon anion (such as in the SIP) is a
superb Brgnsted base centre, and can deprotonate wherever it
is thermodynamically favourable. In contrast, the {(‘Bu),Li}"
anion in the TIP is not a good Brgnsted base centre.

R-Li o

-~

é/u

Traditional RLi
Site Selectivity

(@) O
Li

BuTHMPA4L*
—_— HMPA Li*
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Ligand is not the only factor influencing the reactivity: the
alkyl group also have a profound effect. It is particularly intri-
guing to compare toluene C-H activation reactivity, of the R,R-
TMCDA-coordinated monomers of LiCH,SiMe;, “Buli and
‘BuLi (Fig. 18). The authors (Strohmann and co-workers)
employed DFT calculations to plot Connolly surface, as a
probe to gauge the different kinetic shielding effects of
CH,SiMe; and °Bu over the Li-C (the presumed reactivity
centre).®>® The striking reactivity difference in the series of 8,
14 and 16 once again highlights the delicate nature of organo-
lithium, or organo-alkali metal chemistry in general.

3.5 R = CH,Ph (benyl: Bn)

Like R = bis/tris(trimethylsilyl)methyl, R = benzyl has single
crystal structures reported for all the Group-1 metals (Li-Cs),
therefore important information can be gained by not just
comparing the ligand/alkyl effects, but also the effects of
metal identity. It is intuitive that the heavier alkali metal
cations feature larger ionic radii, hence could accommodate
higher coordination numbers, and as a result, tend to form
larger aggregates. Regarding the alkyl group, benzyl is gener-
ally more stable than the saturated alkyls for two reasons: (1)
the sp>hybrdized CP* is slightly more electronegative than a
sp®>-hybrdized C (by approximate 0.2 Pauling electronegativity
units), hence acting as an electron-withdrawing group to stabil-

)

SIP Site Selectivity
- HMPA,LI*

L)

tBu/HMPALi*

Fig. 17 Contrasting site selectivity towards oxygen heterocycles between traditional organolithium reagents and tBu™/(HMPA),Li* separation ion

pair (SIP) species.
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Fig. 18 The alkyl's effect on reactivity: different reactivity of the R,R-TMCDA-coordinated LiCH,SiMes, *BuLi and ‘BuLi monomers.
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ise the negatively charged carbon centre; (2) the [PhCH,]™ can
delocalise and allow the negative charge to be shared through
the whole benzyl fragment."*

In solution, benzyllithium (BnLi) exists a monomer in
THF.”>*® The THF solvated adducts and their single-crystal
structures, are known for all benzyl-Li-Cs, which all exist as
polymeric structures (vide infra). It is interesting to note,
however, the change in how the metal-centre coordinates to
the benzyl group as the group is descended.

The 1D BnLi polymer [Li(CH,Ph)(THF),]., crystallises with
each lithium coordinated to two benzyl groups and two THF
molecules.'®® The lithium-centre forms almost exclusively n'-
Li-C oc-interactions with two -CH, moieties of the benzyl
group (C%). In diethyl ether, a similar polymeric structure
results, namely [Li(CH,Ph)(Et,0)]., but with only one diethyl
ether molecule coordinated to each lithium."**

Benzylsodium (BnNa) also forms a 1D polymer with two
benzyl groups and two THF ligands coordinated to the
sodium, [Na(CH,Ph)(THF),]."*> In this complex, n’*-coordi-
nation of the sodium cation to the C* and C?*° carbons of the
benzyl anion, is observed in the single-crystal structure.

Benzyllithium Monomers
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Fig. 19 SCXRD-characterised BnLi monomers.
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Two benzylpotassium (BnK) THF solvates have been
reported: the sheet-like 2D polymer [(KCH,Ph);(THF),],, and
the chain-like polymer [(KCH,Ph),(THF)],, with only one THF
coordinated potassium per dimer unit.'*®'*” The benzylrubi-
dium (BnRb) THF solvate also forms a 1D polymer [Rb(CH,Ph)
(THF),], whereas the benzylcaesium (BnCs) THF solvate is a
2D polymer [Cs(CH,Ph)(THF)g 5]c0-"*

In the BnK THF solvated polymers, contacts between the
potassium cations to both the C* and phenyl ring carbons are
observed, whereas in the rubidium compound, the interaction
of the rubidium cation is exclusively with the n-system of the
phenyl ring, resulting in a coordination-free CH, site. For the
BnCs analogue, each caesium cation is coordinated to one
THF ligand and two 1%, one n°® and one n°® interactions are
observed to four benzyl anions.**™**

The bidentate amine ligand TMEDA, forms a monomeric
TMEDA/THF adduct complex with BnLi [Li(CH,Ph)(TMEDA)
(THF)] (19) (Fig. 19) and an eight-membered ring tetramer
with BnNa."®'*® The tridentate ligands, Me;TACN and
PMDTA, form monomers with BnLi too, namely [Li(CH,Ph)
(Me;TACN)] (20)'” and [Li(CH,Ph)(PMDTA)] (21),"*° respect-
ively (Fig. 19). In contrast, PMDTA forms polymeric chains
with BnNa, BnK and BnRb.'***!

The deprotonation of toluene using "BuLi/"BuNa and
TMEDA produced the mixed lithium-sodium benzyl complex
[(PhCH,),Li,_,Na,,(TMEDA),], which was found to possess an
octagonal ring structure.'®® The structure is similar to that of
[Na(CH,Ph)(TMEDA)],."*® Both metal cations are in the same
coordination environment and are interchangeable in the bulk
crystal.'>?

Davidson, Mulvey, Robertson and co-workers reported a
series of monomeric benzyl-lithium, -sodium and -potassium
complexes, utilising the tetratentate MegTren ligand (22 for Li,
23 for Na & 24 for K, see Fig. 19 & 20).">® They were the first
examples of crystallographically characterised monomeric
ligand-supported benzylsodium and benzylpotassium com-
pounds. In all three cases of 22-24, n* coordination of the
Me,Tren ligand to the metal centre is observed in the SCXRD
structures.

The series of [M(CH,Ph)(MesTren)] {M: Li (22), Na (23), K
(24)} provide a unique platform to establish metal identity-
structure relationship. As elucidated in Fig. 20, the lithium

\\N’“ L'—N// \/N”'N’a—N// \/N/"'K——N//
N N | X
(N W (o
[Li(CH,Ph)(MegTren)] [Na(CH,Ph)(MegTren)] [K(CH2Ph)(MegTren)]
(24)
(22) (23)

Fig. 20 The MegTren coordinated benzyl-lithium/-sodium/-potassium monomers 22—24 and their different coordination modes with benzyl.*>®
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cation in 22 is exclusively coordinated via c-bonds to the CH,
moiety (C%) of the benzyl anion. In 23, the sodium cation exhi-
bits an interaction with both the C* and C7*° carbons of the
benzyl group, with the sodium cation moving towards the
phenyl ring. In contrast, in 24, the potassium cation is exclu-
sively coordinated to the benzyl group through the delocalised
n-system of the phenyl ring, resulting in a planar naked CH,,
with no interaction to the potassium cation. NMR analysis of
the complexes suggested that the solid-state structures persist
in solution-state."®® A similar trend was observed with alkali
metal 3,5-dimethylbenzy complexes,'>* and alkali metal diaryl
methyl and fluorenyl complexes.'*

Both the THF and Me¢Tren complexes show a clear trend of
the preference of the more polarisable, larger and softer alkali
metals to coordinate to the aromatic n-system of the benzyl
group, whereas the more polarising, smaller and harder alkali
metals prefer coordination at the anionic CH,~ site.'**>1%3154
The change in coordination environment can be explained by
the stronger charge delocalisation on the benzyl anion with
descending Group 1 metals.

4. Conclusions and outlook

Is the quest for organo-alkali metal monomers complete?
Much has been learned over the past two decades in particu-
lar, but many knowledge gaps remain.

While there are numerous reports of different structures,
there are much fewer reports of comprehensive reactivity
studies of monomeric organo-alkali metal complexes. It is
extremely desirable for us to have an understanding of how
reactivity is influenced by varying factors such as the aggrega-
tion size, alkali metal, ligand and the alkyl group. Importantly,
we also need to understand why we may observe different reac-
tivity in order to improve our understanding of the structure-
reactivity relationship, which would be greatly beneficial in
reaction design and help us unlock novel reactivity. A compre-
hensive understanding of both the solution and solid-state
structure, together with computational calculations, are
crucial to help us understand this.

One primary motivation for pursuing the monomers, is
enhancing the reactivity, as the perception is “the smaller, the
better”. However, it is quite clear now that a monomer is not
necessarily more reactive than its higher aggregates. This is
also true from the other way round: a higher aggregate is not
necessarily less reactive than its lower congeners. A clear and
generally applicable aggregate size-reactivity relationship is
still out-of-reach at the moment. Actually, given the vast struc-
tural versatility of organo-alkali metal complexes, and the very
delicate nature of their chemistry, it is likely that such a
general aggregate size-reactivity relationship would be very
little more than oversimplified “folklore”. A case-by-case
approach, taking even seemingly trivial details into account,
may be more appropriate. A potential universal approach to
estimate reactivity and gauge aggregate size-reactivity relation-
ship is DFT calculations, to probe the steric shielding around
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the reactive M-C bond. This approach was firstly implemented
by the Strohmann group for their TMCDA-coordinated organo-
lithium monomers.®*?

Nevertheless, the reactions do not necessarily involve both
the metal cation and the carbon anion, ie., the M-C bond
does not necessarily act as the reactive centre. If a multidentate
ligand saturates the coordination sphere of the metal cation,
decreasing the Lewis acidity of the metal, should the reactivity
then be dominated by the carbanion? Yet, there are a number
of examples of poorly reactive monomers where the carbon
anion is still fairly exposed, but with a shielded metal centre.
In traditional contact ion pairs (CIP), the strong interaction
between the metal and carbanion means the metal plays a
greater role in reactivity, whereas in separated ion pairs (SIP),
reactivity is dominated by the carbanion.'** The recent work
from the Thomas group, especially the comparison between
their TIP and SIP (see the end of Section 3.4), is very intriguing
in this regard."*

Another open question is the definition of “reactivity”.
What are we talking about when we are saying “more/less reac-
tive”? In almost all the cases to date, “more reactive” means
faster and easier deprotonation, usually on the methyl of
toluene, and in less common cases, deprotonation of benzene
or ligands. The reactivity landscape is quite homogeneous in
this regard. It would be very tempting to be able to tune
different reaction patterns for different aggregate sizes, e.g.,
monomer conducts nucleophilic addition, polymer conducts
deprotonation, and so on. This new concept will unlock brand
new chemical space. Very recent, we reported the first clear-cut
case of such aggregate size-dependent reaction patterns. A
NaCH,SiMe; monomer [Na(CH,SiMe;)(MegTren)] (10) con-
ducted C=O bond methylenation, while [NaCH,SiMes].,
polymer underwent nucleophilic addition towards the C=O
bond.?

Exploring different metal identities would potentially
unlock another totally unexplored chemical space. Very recent
works from the Hevia group®* and us,® started challenging the
paradigm that all Group-1 metal alkyl complexes following the
same reaction patterns. We proved that, by changing metal
identity (e.g., from Li to Na), they can be tuned to exhibit
totally different reaction patterns.®

One motivation of employing the ligands in organo-alkali
metal chemistry is increasing their solubility. Some polymeric
complexes, such as [NaCH,SiMe;].,, are poorly soluble hence
difficult to use. Ligand-coordinated lower aggregates are gener-
ally more soluble than their polymeric parent complexes.
Nevertheless, the other potential way to circumvent the solubi-
lity issue is “removing the solvent altogether”, i.e., solvent-free
solid-state synthesis. Since 2022, a few groups, including us,
started introducing mechanochemical ball milling"**"*” into
alkali metal chemistry. The early effort has already led to excit-
ing discoveries, such as new room-temperature stable alkali
metal electride®®® and solvent-free Birch reductions.>%%°

The more pieces of the ‘jigsaw’ we have, the better our
understanding and to be comprehensive both the solid- and
solution-state structure (aggregation state and dynamic behav-

This journal is © The Royal Society of Chemistry 2023
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iour), computational studies and reactivity studies are desired.
All the factors that affect the structure and reactivity, highlight
the complexity and beauty of organo-alkali metal chemistry. It
is clear the degree of aggregation can have a dramatic impact
on reactivity, but there are still many mysteries and exciting
discoveries awaiting when it comes to alkali metal mediated
reaction mechanisms and the structure-reactivity relationship
of Group 1 metal organometallics.
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