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Methyllithium (MeLi) is the parent archetypal organolithium
complex. Meli exists as aggregates in solutions and solid states.
Monomeric Meli is postulated as a highly reactive intermediate and
plays a vital role in understanding MeLi-mediated reactions but has
not been isolated. Herein, we report the synthesis and structure of
the first monomeric MeLi complex enabled by a new hexadentate
neutral amine ligand.

Since the pioneering work by Wilhelm Schlenk and Joanna
Holtz in 1917," organolithium complexes (RLi; R: alkyl, aryl,
alkenyl, and alkynyl) have enabled numerous organic, inor-
ganic, organometallic and polymerization reactions, acting as
the cornerstone of organometallic chemistry,>” and are still an
active research frontier.® RLi complexes exist as aggregates in
solutions and solid states.””™' On the one hand, these aggre-
gates stabilise the highly polar and reactive Li-C bonds; but in
general, these aggregates also deactivate the RLi reagents.'?
Breaking the aggregates into the corresponding RLi monomer
is postulated as the key step in RLi-mediated reactions.” There-
fore, the synthesis and structural studies of RLi monomers are
of crucial importance to understand the mechanism of these
RLi-mediated reactions and are hence germane to physical
organic and organometallic communities.

To break RLi aggregates, Lewis basic ligands, such as amines
and ethers, are necessary.® Ligand-supported RLi monomers have
been pursued by coordination chemists for decades, but there is
still a significant knowledge gap. All such reported isolable RLi
monomers are stabilised by sterically bulky alkyls (R), ie.
-CH,SiMe;,"> -CH(SiMe;),,"*'¢ tert-butyl,'*** sec-butyl'® and
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isopropyl,’” electronically delocalised aryls*®**'/benzyls,>* or

heteroatom-substituted alkyls.>® Methyllithium (MeLi) is the par-
ent archetypal member of the RLi family,">**> which has been
widely used as a methyl synthon, a nucleophilic reagent and a
strong Brensted base.>® However, to the best of our knowledge, an
isolable ligand-supported MeLi monomer is unknown.

Though a ligand-free MeLi monomer has been observed in an
inert gas matrix’” or as a short-lived species in sub-millimeter
spectroscopy,”® all previous attempts to synthesize ligand-
supported MeLi monomers resulted in dimers. For instance, the
N,N,N',N",N"-pentamethyldiethylenetriamine (PMDTA) and (R R)-
N,N,N',N'-tetramethyl-1,2-diaminocyclohexane [(R,R}TMCDA] sup-
ported MeLi dimers were reported by Strohmann and co-workers in
2007"® and 2020,? respectively (Chart 1a and b). The state-of-the-art
bi- and tri-dentate ligands, such as [(RR)-TMCDA] and PMDTA,
which though working for bulkier alkyls (e.g. tert-butyl), are proven
to be insufficient to stabilize the MeLi monomer against dimeriza-
tion. In this work, with a bespoke hexadentate ligand, N,N',N"-tris-(2-
N-diethylaminoEthyl)-1,4,7-triAza-cycloNonane (DETAN) (1), we
report the first isolable monomeric MeLi complex [Li(CH;)(x>-
N,N',N"-DETAN)] (2) (Chart 1c).

The DETAN ligand 1 is designed and synthesized (Scheme 1)
by combining a rigid macrocyclic backbone and three flexible
pendant arms. Meanwhile, 1 is composed of only inert C-H,
C-C and N-C binds to avoid ligand lithiation.>**' These
features are essential to stabilize highly reactive species such
as the MeLi monomer. The following reaction between 1 and
Meli requires a careful design. For example, cyclic ethers such
as tetrahydrofuran (THF) must be avoided due to their liability
of C-H activation and ring-opening decomposition with alkyl-
lithium reagents.*>*® Gratifyingly, a 1:1 reaction between 1
and MelLi (1.6 M in Et,0) in hexane/Et,O (20/1) mixed solvents
at lower temperatures (—80 to —30 °C) produced the desired
MeLi monomer [Li(CH;)(x*-N,N’',N"-DETAN)] (2) as colourless
crystals in 25% yield (Scheme 1). Complex 2 is stable as
colourless crystals under —20 °C for several days but decom-
poses at room temperature within 15 minutes, possibly via the
a- or B-deprotonation of the DETAN ligand (similar to the
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Previous work: MeLi Dimers
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Chart1 (a and b) Previous studies on methyllithium dimers.*®2° (c) This
work: a hexadentate ligand DETAN (1) and the DETAN-supported methyl-
lithium monomer (2).
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Scheme 1 Synthesis of the N,N-diethyl DETAN ligand (1) and the methyl-
lithium monomer [Li(CH3)(x*-N,N’,N”-DETAN)] (2).

PMDTA/TMCDA ligands”"). Once crystallized, complex 2 is
insoluble in aliphatic solvents and decomposes in ethereal and
aromatic solvents, e.g. THF and toluene, at —20 °C. The
instability prevents us from obtaining reliable NMR spectra
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and CHN elemental analysis data. It is noteworthy that similar
experimental challenges were reported in the PMDTA-supported
MeLi dimer,” [(RR)}-TMCDA}supported 'PrLi dimer'” and *BuLi
monomer."”

The instability of 2 was rationalised by a room temperature
reaction between 1 and MeLi (Scheme 1). Instead of 2 from the
low-temperature reaction, a complex mixture was obtained,
among which N,N-diethyl ethenamine (3)***° and 1 can be
identified using the "H NMR spectrum (Fig. S3, ESIZ). It should
be noted that the mixture is heterogeneous, containing a minor
amount of white solid insoluble in dg-benzene, which is
possibly a mixture of [MeLi], and other decomposition pro-
ducts. At least two decomposing pathways can be postulated:
(1) C-H and N-C cleavages to produce 3 and (2) de-coordination
to produce [MeLi], and 1 (Fig. S3, ESI¥). Similar ligand C-H and
N-C cleavages were reported in a ‘BuLi monomer®® and a
scandium imido complex®® but not in the MeLi dimers."®*°
In general, MeLi was considered to be less reactive than ‘BuLi
and "BuLi.”*® However, the facile decomposition of 2 suggests
that the MelLi reactivity is enhanced by forming a monomer.

The solid state structure of complex 2 is elucidated by
single-crystal X-ray diffraction (SCXRD), which confirms its
monomeric nature (Fig. 1). Complex 2 crystallises in the
trigonal P3 space group with the Li1-C1 bond orientated along
a three-fold axis such that only one-third of the molecule is
crystallographically independent. The most salient structural
feature of 2 is the monomeric MeLi unit. Unlike the higher
Meli aggregates,”® there are no intermolecular Me- - -Li inter-
actions in 2. In fact, the intermolecular interactions in the solid
state packing structure of 2 are dominated by van der Waals

C)

(b)

Fig.1 (a) X-ray crystal structure of [Li(CHz)(k®>-N,N'N"-DETAN)] (2) at
150 K with 50% probability ellipsoids. Hydrogen atoms are omitted and
only the orientation of the macrocycle with the highest occupancy is
shown for clarity. Only atoms of the crystallographically independent
fragment are labelled. (b and c) Space filling presentation for 2, top-view
(b) and side-view (c) against the Lil-C1 bond, respectively (grey: carbon;
green: lithium; blue: nitrogen). The selected bond distances (A) and angles
(°) are Li1-C1, 2.099(5); Li1-N1A, 2.106(4); C1-Li1-N1A, 127.62(12);
N1A-Li1-N1A, 86.63(18). The atomic colour codes: Li (green); C (excluding
Li—CHj3) (grey); Li-CHs (fuchsia); N (blue).

This journal is © The Royal Society of Chemistry 2021
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and dispersion forces without observable hydrogen bonds or
Me- - -Li interactions. The methyl group is terminally coordi-
nated to the Li centre, which is at the short end of all reported
Li—-C bond lengths. The Li1-C1 bond in 2 is at the short end of
all reported Li-C bond lengths.”?” It is much shorter than the
Li-“CH;, bonds in the previous MeLi dimers (2.18-2.28 A),**°
reflecting the monomeric nature of 2, and is slightly shorter
than the Li-C*™ bond (2.114(4) A) in a [Li(“Bu)(—)-sparteine]
monomer.'* The Li1-C1 bond length in 2 is only superseded by
the [Li(‘Bu) (R,R-TMCDA)] monomer (Li-C™" = 2.064(15) A),
which is likely a result of the relatively small (R,R-TMCDA)
ligand."® Besides the methyl group, the Li centre is coordinated
by three neutral nitrogen atoms (N1A) in the macrocyclic ring
via the Li « N®™ dative bonds (2.106(4) A), forming a
Li-centred tetrahedral geometry. The macrocyclic backbone
provides the essential structural rigidity to support the mono-
meric MeLi unit. Meanwhile, the pendant arms are coordination-
free but play a vital role in stabilizing the monomeric MeLi unit by
forming a protected cavity. This is clearly illustrated by the space-
filling model (top-view and side-view along the Li1-C1 bond) of
complex 2 (Fig. 1b and c). In comparison, the N,N’,N"-trimethyl-
1,3,5-triazacyclononane (Me*TACN) ligand, which bears a similar
macrocyclic TACN backbone but does not have the pendant
arms, was reported to form a tert-butyllithium trimer
[(‘BuLi);(Me*TACN)].*®

Geometry optimisations using density functional theory
(DFT) calculations within the approximation of the wB97x-
D3*° exchange and correlation functional and a def2-TZvP*°
basis set were conducted to gain structural insights into the
MeLi monomer 2. The bond lengths and angles obtained
compared well to those obtained using SCXRD (Fig. S5, ESIL¥)
(Table S3, ESIf), e.g. Li-CHj 2.069 A (calculated) ¢f 2.099(5) A
(SCXRD). The nature of the Li-C bond in alkyllithium com-
plexes, particularly in the parent MelLi, is a long running debate
in the theoretical chemistry community; however, most of the
previous studies were based on a hypothetic gas-phase mono-
meric MeLi molecule.”’™® Complex 2 provides an unprece-
dented opportunity to probe the Li-C bonding scenario in a
synthesized monomeric MeLi molecule.

Natural population analysis (NPA) (wB97x-D3°°/def2-TZVP*°)
gives a Li atomic charge of +0.451, while the C™® atomic charge
is —1.313. The Li NPA atomic charge of +0.451 may suggest
some Li-C bond covalency;**™** however, atoms-in-molecule
(AIM) analysis gives a Li and C™® atomic charges of +0.854
and —0.400, respectively (Table S4, ESIf). Caution must be
taken when interpreting the bonding character using atomic
charge values alone: as shown, different methods can give rise
to very different values.*” Thus, orbital and topology analyses
are conducted to gain an overview of the Li-C bonding picture.

Natural bonding orbital (NBO) analysis (wB97x-D3*¢/def2-
TVZPP?’) returns a highest occupied molecular orbital (HOMO)
as a o bonding orbital (Fig. 2) localised between Li and CHj,
with a major carbon character (66%, among which 4.2% s and
61.8% p) but also a non-negligible lithium contribution (8.8%,
among which 2.7% s and 6.1% p). The donor-acceptor inter-
action analysis of NBO was carried out by examining all
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Fig.2 The Kohn-Sham highest occupied molecular orbital (HOMO)
of complex 2 at the wB97x-D336/def2-TVZP37 level of theory. MOs
isovalue = 0.03. The percentage of atomic orbital (AOs) contribution to
the HOMO was computed through the NBO analysis.

possible interactions between ‘filled’ Lewis-type NBOs (donors)
and ‘empty’ non-Lewis NBOs (acceptors) and estimating their
energetic significance using the 2nd-order perturbation theory.
It was found that the lone pair anti-bonding (LP*) of the Li
atom and the lone pair (LP) of C™* give the strongest stabilisa-
tion energy in 2 (78.87 kcal mol '), compared to much weaker
N — Li dative interactions (11.97 kcal mol™'). These results
clearly suggest that the Li-C™® bond in 2 is not purely ionic
(electrostatic) in nature but with non-negligible orbital over-
lapping and substantial electron density sharing.

Despite the NBO analysis suggesting evidence for Li-C
covalency, to address the discrepancy between the NPA and
AIM atomic charge calculations, we conducted quantum theory
of atoms in molecules (QTAIM) and electron localisation func-
tion (ELF) analyses. Both of these analyses were conducted with
the electron density obtained from DFT (wB97x-D3°). The
combination of QTAIM and ELF methods has been successfully
used to address the bonding covalency/ionicity problem.>*>"
For 2, the QTAIM®* analysis returned a Li-C bond critical point
(BCP) closer to the Li atom than to the CM® atom (Fig. 3a), with
the electron density (p) and Laplacian (V?p) values (a.u.) at
BCPs of 0.034 and 0.134, respectively. The values of 0.036 (p)
and 0.202 (V?p) for the Li-CH; bonds were obtained from

r}‘\dﬂ

Fig. 3 (a) Graphical representation of (3,—1) BCPs (red) involving the Li
atom and all other remaining BCPs (orange) from the QTAIM analysis of
complex 2 carried out on the CCSD electron density. All other nucleus
(3,—3), attractor (3,—3), ring (3+1), and cage (3+3) CPs are not shown for
clarity. (b) The ELFs of complex 2, focusing on the Li-CHsz unit.
Isovalue = 0.65.
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coupled cluster single-double (CCSD) -calculations. These
values, in agreement with the AIM atomic charge values,
suggest a highly ionic Li-C bond. To corroborate the relevance
between the QTAIM calculation and the Li-C bonding
scenario,®® we conducted ELF analysis, which suggests that
the electron density largely remains on the C™ atom (Fig. 3b).

In conclusion, using a hexadentate neutral ligand DETAN (1),
we were able to isolate the parent organolithium, methyllithium,
in its monomeric form. The DETAN-supported MeLi monomer,
[Li(CH;)(i>-N,N'N"-DETAN)] (2), features a short terminal Li-C
bond (2.099(5) A), which was found to be predominantly ionic
and polarised but with a non-negligible orbital overlap-driven
covalency. Further reactivity studies of 2, as well as those on its
heavier group 1 metal congeners, are underway.
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