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Abstract: An unusual lithium lithiate [Li(diglyme),]-
[(diglyme) Li,(C,H;S);], made up from three carbanions, two
lithium cations, and a single donor base molecule in the anion
and a single lithium cation, coordinated by two donor base
molecules, is investigated in a combined study including X-ray
diffraction, NMR spectroscopy and computational approaches
in solution and the solid state. While the multicomponent
lithiate is the only species present in the solid state, solution
NMR spectroscopy and computational
employed to identify a second species in solution. The dimer
[(diglyme) Li(C,H;S)], coexists with the lithiate in solution in
a 1:1 ratio, the more the higher the polarity of the solvent is.
Only the combination of this multitude of methods provides
a firm picture of the whole.

methods were

Addressing structure—reactivity relations is an important
area of organolithium research. In solid state and solution,
these compounds exist as diverse aggregates and coordination
motifs based on the complex interplay of solvation effects,
Lewis—basic additives, and the carbanion itself.!"! While in
nonpolar media larger aggregates and contact ion pairs (CIP)
dominate, they are progressively converted to smaller
arrangements and solvent separated ion pairs (SSIP) when
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solvents with higher dielectric constants are employed. The
presence of such charged species was already proposed in
1933 on the basis of conductivity measurements® and
confirmed for phenyllithium by Wittig etal. in the early
1950s.! Lithium lithiates [Li(donor),]"[LiR,]™ containing an
anionic triple ion are rare in organolithium chemistry.
However, it is known that steric bulk® and polydentate
ligands,”! especially crown ethers!® and hexamethylphosphor-
amide,” promote their formation. Triple ions may be formed
with localized sp> and sp’-centered carbanions, yet also
delocalized lithium m-complexes such as cyclopentadienyl
lithiums or carbamides could be characterized.®

The most frequently used methods for structure elucida-
tion of organolithium species have been single-crystal struc-
ture analysis and high-resolution as well as solid-state NMR
spectroscopy.”! In many mechanistic studies the reactivity or
selectivity was found to strongly depend on the aggregates,'”
which in the case of lithiumamides and organolithiums are
assumed to be mainly monomers, dimers, open dimers, and
SSIPs.' This underlines the importance of accurate structure
elucidation to adequately tune reaction conditions and
thereby also reaction pathways. In the course of our studies
on lithiated thiophenes™ we were able to synthesize an
unprecedented carbon-centered lithium lithiate that further
broadens the territory of known organolithium species. The
structure and aggregation were characterized by means of X-
ray diffraction and NMR spectroscopy combined with
electronic structure calculations.

The reaction of thiophene with nBuLi in Et,O followed by
addition of an excess of diglyme and subsequent storage at
—19°Creproducibly yields very temperature sensitive crystals
that easily decompose upon removal from the solvent. The
crystalline material could be characterized as [Li(diglyme),]-

[Li(diglyme)2]+
1. n-BuLi
S 2. ex. diglyme / N/ -
3 i\ /7 = —O0 o o= ™)
Et,0, 30 min, 0°C s N S

Scheme 1. Reaction of thiophene and nBulLi in the presence of an
excess of diglyme reproducibly yields crystals containing the solvent
separated ion pair 1. Dark gray indicates an arrangement resembling
dimeric structures, while light gray represents a monomeric motif.
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Figure 1. Molecular structure of [Li(diglyme),][(diglyme)Li,(C,H;S);]
(1).”° Ellipsoids are set at 50% probability; only the major domain is
depicted, and hydrogen atoms are omitted for clarity.

[(diglyme)Li,(C4H5S)5] 1 (Scheme 1, Eq. (1)), which crystal-
lizes in the orthorhombic space group Pbca, containing one
complete SSIP in the asymmetric unit (Figure 1). Although
the detailed discussion of bond lengths and angles is impeded
by a high amount of disorder in the crystal (see also the
Supporting Information), the structural motif can unambig-
uously be derived: the complex anion is composed of five
charged moieties, namely two lithium cations and three
carbanions. One p-bridging thienyl moiety (dark gray) is
coordinated to both lithium cations resembling the arrange-
ment in dimeric R,Li, aggregates, whereas the environment of
the other two residues (light gray) resembles a monomeric
motif with only one Li—C, contact. The coordination sphere is
completed by p-coordination of diglyme. The counter ion
[Li(diglyme),]* is a prominent cation present in many other
solid-state structures."!

To the best of our knowledge, this multicomponent
lithium lithiate is unprecedented in homometallic organo-
lithium chemistry, although the assembly of five (two
positively and three negatively) charged moieties is fre-
quently found in heterobimetallic “ate” complexes (partic-
ularly in magnesiate and zincate compounds)."" In this case,
the charges add to zero, yielding predominantly neutral
complexes both in the solid state and in solution.

To enable a thorough analysis of the behavior in solution,
selected crystals of 1 from the mother liquor were directly
transferred into NMR tubes, dissolved in [Dg]toluene, and
sealed. Drying of the crystals as well as handling at ambient
temperature for more than a few minutes led to decompo-
sition, while the solution stayed stable for several days. The
prepared sample was subjected to various 'H, ’Li, and
3C NMR experiments both at room temperature and below.
In accord to the assumption of a fast equilibrium exchange of
the digylme molecules in the anion and the cation, only one
set of signals can be observed in all spectra obtained at room
temperature.

In the '"H NMR spectrum, 2-thienyllithium can straight-
forwardly be identified alongside an excess of diglyme,
thiophene, and Et,O from the mother liquor (Figure 2). The
BC chemical shift of the quaternary carbon atom directly
attached to the lithium was already used as an indicator for
the degree of aggregation in 2-thienyllithium derivatives
before." With a value of 172.5 ppm (for full spectrum, see the
Supporting Information), it is in the range of dimeric
structures previously observed in the presence of the Lewis
bases dimethoxyethane (DME) or N,N,N',N'-tetramethyl-
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Figure 2. "H NMR spectrum of 1 in [Dg]toluene at 25°C. The corre-
sponding integrals as well as existing impurities and solvents are
marked. Owing to fast exchange at room temperature, only one set of
signals is observed for the diglyme molecules.

ethylene-1,2-diamine (TMEDA). By means of COSY as well
as HSQC and HMBC experiments (see Supporting Informa-
tion), a complete peak assignment was accomplished at room
temperature.

To distinguish between the different lithium sites in
a possible SSIP, low-temperature NMR experiments at 0,
—25, =50, and —80°C were conducted. Over this whole
temperature range, only one broadening set of signals could
be observed in the '"H NMR spectrum. In contrast, a splitting
of the initial Li singlet into at least three distinct signals with
significantly dissimilar line widths is observed at —80°C
(Figure 3). As a result of the SSIP structure, two distinct
lithium environments are justifiable, just as the observation of
broad lines for the complex anion owing to its lower
symmetry.*” Therefore, the presence of three or more signals
promotes the assumption of additional and interconverting
species in solution. Comparable rearrangements both in the
solid state and in solution are known.*" "]

[Dgltol / -80 °C

[Dgltol / RT

PS / [Dgltol / RT

4.0 2.0 0.0 -2.0 -4.0 -6.0

Figure 3. Low-temperature Li NMR spectrum of 1 in [Dj]toluene at
—80°C (top), and the corresponding isotropic (center) and anisotropic
(bottom) NMR spectra at room temperature.
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More elaborated NMR experiments, such as diffusion or
Heteronuclear Overhauser Effect (HOE) experiments at low
temperature, were hampered by the immense line broadening
observed at lower temperatures (see the Supporting Infor-
mation). It has to be concluded at this point that there are
more than two species involved in an equilibrium that is still
fast at temperatures as low as —80°C, impeding an unambig-
uous structural assignment. Therefore, further experiments
were solely carried out at room temperature.

'H- and "Li-DOSY spectra were then recorded at room
temperature. The diffusion coefficient for the thienyl moiety
(D =8.5x10"10 m*s™') matches the one extracted from the
Li DOSY experiment. This indicates all lithium atoms either
to be bound tightly to thienyl moieties or at least be
incorporated in species with the same diffusion coefficient.
The diglyme fragment shows a different diffusion coefficient
(D=12x10"m?s™") that is due to the excess present in
solution, leading to an averaged value between coordinated
and free molecules. As the build-up of the 'H,’Li HOE could
successfully promote the characterization of aggregates in
solution before, 'H,’Li HOESY spectra with varying mixing
times (0.01-0.8s) were recorded. A representative 'H,Li
HOESY spectrum is depicted in Figure 4a.

In the 'H/Li-HOESY spectrum, cross-peaks to the
thienyl proton as well as to the CH, and CHj; groups of the
coordinating diglyme molecules are easily observed. The
hitherto obtained absolute integrals are plotted as a function
of the mixing time, which results in a typical HOE build-up
(see the Supporting Information). Subsequently, the slope of
the build-up at low mixing times is extracted and comparison
with the H—Li distances from a geometry optimization of the
SSIP yields the correlation represented by the black squares
in Figure 4b. Therein, the methyl contacts appear to be
overrepresented by the distances derived from the geometry
optimization. This further supports the hypothesis that the
aggregation of 1 in solution cannot be described by one single
structure alone for example, a SSIP. Dissociation of one
sidearm or an additional species, such as a dimer with
a bidentate coordination of both diglyme moieties, seem
feasible expansions.

To obtain complementary information on the solution
structure and to judge on possible aggregates, an anisotropic
sample was prepared by letting a polystyrene stick (0.2 vol %
DVB) swell one week in a solution of 1 in [Dg]toluene. As this
lithium lithiate is very sensitive and easily decomposes,
swelling was carried out at 4°C, which could be identified as
reasonable swelling condition in an earlier investigation.®! A
room-temperature 'Li (I=3/2) NMR spectrum (Figure 3,
bottom) was recorded, which displays a clear quadrupolar
triplet with a splitting of Avo=48 Hz in the anisotropic
environment. This is in accordance with a low-symmetry
aggregate (less than 7,)."]

To better understand the NMR experiments, electronic
structure calculations were conducted as a complementary
source of information. In a first step, the lithium lithiate (1a)
as well as dimeric (1b), monomeric (1¢), and trimeric (1d)
arrangements, all with a 1:1:1 ratio of thiophene, lithium, and
diglyme, were identified as conceivable structural motifs,
while tetramers and higher aggregates were not considered.
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Figure 4. a) Representative 'H,’Li HOESY spectrum of 1 in [Dg]toluene
recorded at 25°C (top) with the mixing time 0.5 s. Cross-peaks could
be observed to the neighboring thienyl proton along with the CH, and
CHj; groups of diglyme. b) Comparison of the slope of the build-up
with calculated Yr(H--L)™® from the geometry-optimized SSIP 1a
(squares), dimer 1b (dots), and a 1:1 mixture of both (triangles).

The possible disorder of the thienyl rings was accounted for
by sampling different orientations of the ring and a separate
optimization was carried out for the two ionic species that
form the crystal structure. Furthermore, the formation of
another “ate” species, commonly referred to as a triple ion, is
not feasible owing to the low steric demand of the thienyl
moieties. Preliminary structural studies of 1a-d were carried
out, confirming stable minima for structures only of the type
la-1c (Figure 5a), whereas the trimeric arrangement only
yielded dimers and was not considered for further calcula-
tions.

The structures obtained in our preliminary calculations
were then re-optimized at the B3LYP-D3/def2-TZVP level of
theory!"®! (Figure 5a, see the Supporting Information for
Cartesian coordinates and further computational details) and
Gibbs formation energies were calculated including solvent
effects through the COSMO model.™ We included both
toluene (¢ =2.4, NMR solvent) and Et,0 (e =4.3, solvent for
synthesis). Local coupled cluster calculations were also used
to further refine the electronic energies (LCCSD(T0)).* The
basis set applied in the latter calculations was cc-pVTZP! (cc-
pCVTZP! for Li, correlating the 1s electrons). DFT calcu-
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Figure 5. a) Final structure refinement for minimum energy structures at the B3LYP-D3/def2-TZVP level of theory (1a SSIP, 1b dimer, 1c
monomer; see also Scheme 2). The two species of the SSIP 1a were optimized separately, and hydrogen atoms are omitted for clarity. b) Reaction
energies of possible interconversions. B3LYP-D3 and local coupled-cluster theory with single and double excitations including non-iterative
perturbative triples (LCCSD(TO0)) approaches were combined with COSMO corrections for the solvents environments ¢ =2.4 (toluene) and ¢=4.3

(Et,0).
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Scheme 2. Calculated interconversion reactions of 1 (see also Figure 5).
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comparison of the latter values is
depicted in Figure 5b. Consider-
ing the general trend of the ener-
gies upon going from the gas
phase to a solvent description,
the formation of a dimer is ther-
modynamically favored yet desta-
bilized upon introducing the sol-
vent environment. This trend is
sustained with increasing solvent
polarity, while the charged (ion
pair) crystal structure is stabilized
at the same time. This observation
agrees very precisely with both
the solid state structure and the
NMR analysis. The presence of
Et,0 from which the crystals were
obtained considerably favors
charged species, yet only to
a small extent still outnumbered
by the energy gain of crystal
formation. The presence of polar
components (excess diglyme,
Et,0) in the NMR sample sup-
ports the coexistence of dimers
and charged species, which could
be further supported by a fitting
of the 'H,/Li HOE data to a 1:1
mixture of the solvent separated
ion pair 1a and the dimer 1b
(cicles and triangles in Figure 4b)
and is in good agreement with
residual dipolar coupling (RDC)

lations were performed with the ORCA program package,®
wave function calculations with Molpro2010.1.124

To judge the thermodynamic stability of the aggregates,
the free energies were used to calculate free reaction energies
for different interconversions (for example, two monomers 1¢
can interconvert to one dimer 1b; Eq. (2) in Scheme 2). A

Angew. Chem. Int. Ed. 2014, 53, 1328213287

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

data, which does not fit one structure alone despite modeling
of the inner flexibility of this type of compounds.

In summary, we could show that a combination of X-ray
diffraction experiments with NMR spectroscopic studies and
electronic structure calculations allows a first deeper insight
into the formation of this unprecedented type of lithium
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lithiate. It underlines the diversity of lithium species still to be
investigated. Owing to the complex behavior of 1 in solution,
which depends significantly on the polarity of the solvent and
Lewis base additives, more investigations will have to be
conducted to get a complete in depth picture of the analyzed
compound, which at this point is most reliably described by
computational methods. Starting from these data, this would
require chemical shift calculations, additional in situ studies,
NMR titrations, (low-temperature) NMR experiments in
[Dyg]-diethyl ether as well as the comparison with other
compounds and the extraction of reaction rates to judge the
reactivity and selectivity of the new lithium species presented
herein.

Experimental Section

For NMR measurements, crystals of 1 were taken from the mother
liquor at low temperature, dissolved in [Dg]toluene, and the tube was
sealed. '"H NMR (400.13 MHz, [Ds]toluene, 25°C): 8 =7.89 (d, *Jyy =
4.1 Hz, 3H, H;), 7.65 (d, iy =2.8 Hz, 3H, H;), 7.51 (dd, Ty =4.1,
2.8 Hz, 3H, H,), 3.21 (m, 12H, H,), 3.16 (m, 12H, H,), 3.09 ppm (s,
18H, CH;); *CNMR (100.61 MHz, [Dg]toluene, 25°C): 6 =172.5
(Cy), 136.3 (C;), 130.0 (Cs), 127.1 (C,), 71.2 (Cy), 69.6 (Cy), 58.3 ppm
(Cy): 'Li-NMR (155.51 MHz, [Dg]toluene, 25°C): 6 =1.60 ppm (s).

Single crystals of 1 were mounted in inert oil under argon
atmosphere by applying cryo-application techniques.””! The X-ray
data set was collected at 100(0.2) K on an INCOATEC microfocus
source®  with mirror-monochromated Mo-K, radiation (A=
0.71073 A) and equipped with a Bruker Smart Apex Il detector.
The data were semi-empirical absorption corrected (SADABS)."!
The structure was solved by direct methods with SHELXS and
refined by full-matrix least squares on F* for all data with SHELXL
within the SHELXle GULP Distance restraints and ADP restraints
were applied to stabilize refinement of the considerably disordered
model (for the refinement and data, see the Supporting Information).
Along with the data presented herein, we collected data from on-sight
prepared crystals at various temperatures and wavelengths at the
APS. However, none of them was any better in quality than the
presented data.

1: Li;C3yHs,0,S;, M = 672.71 gmol !, orthorhombic, space group
Pbca, a=16.158(3), b=14.931(3), c=31.134(6) A, V=7511(3) A’
Z =8, u(Mo-K,)=0.242mm™!, T=100(0.2) K, 172801 reflections
measured, 5410 unique reflections, R;,,=0.1626, 854 parameters
refined, R1 [1>20(1)] =0.1167, wR,[I>20(I)] = 0.3639, GOF = 1.560,
largest diff. peak and hole 0.878 and —0.489 eA
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