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Abstract: The assembly of well-defined large cluster com-
pounds of ionic light metal hydrides is a synthetic challenge
and of importance for synthesis, catalysis, and hydrogen
storage. The synthesis and characterization of a series of
neutral and anionic pyrazolate-stabilized lithium hydride
clusters with inorganic cores in the nanometer region is now
reported. These complexes were prepared in a bottom-up
approach using alkyl lithium and lithium pyrazolate mixtures
with silanes in hydrocarbon solutions. Structural character-
ization using synchrotron radiation revealed isolated cubic
clusters that contain up to 37 Li* cations and 26 H  ions.
Substituted pyrazolate ligands were found to occupy all corners
and some edges for the anionic positions.

The ionic or “saline” s-block metal hydrides and their
complexes are of importance as reagents in synthetic trans-
formations, such as hydride transfers and reductions, in
catalysis, or for hydrogen storage applications.!!! However,
a single metal hydride that fulfils all of the properties that are
required for an efficient hydrogen storage material has not
been reported to date.”! The light s-block metal hydrides
show several of the properties that are required for such
materials, including high hydrogen content (e.g., 12.7% for
LiH), but their bulk phases are too thermally stable for facile
dihydrogen release.”! One approach to improve those proper-
ties entails the use of nanosized materials. Nanoscale metal
hydride particles are of high relevance because of an
appreciable difference in properties compared with their
bulk phases.”) Many studies on the structures and properties
of nanosized metal hydride clusters rely on quantum chemical
calculations®* under idealized conditions, and it remains
unclear how these results will translate to the condensed
phase, and how bulk quantities of those materials can be
accessed. Furthermore, it has been proposed that soluble,
ligand-stabilized, hydride-rich clusters could play a role as the
active catalyst in s-block metal ion catalysis.!""”!

The chemistry of well-defined s-block metal complexes
has rapidly developed in recent years, because a convenient
method for the metathesis of metal amide or alkyl groups into
metal hydride fragments using commercially available silanes
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has been developed (silane method),® and suitable classes
of stabilizing ligands have been identified that can prevent
complex decomposition, which would release insoluble bulk
metal hydride.! This has very recently led to a number of
MgH cluster compounds that are stabilized by sterically
demanding ligands,”! and that were also investigated for
thermal dihydrogen release;"° the largest MgH cluster
compounds described to date have a central MggH;,**
core.™ For Group 1 metals, the majority of hydride com-
plexes are mixed element hydrides that are better described
as “-ate” complexes, and the unique mixed Al/Li example
[({(Me;Si),N}AIH,Li);(LiH)] contains one hydride that is only
bound to Li centers.’) Furthermore, cationic [L¢LigH]* (L=
chelating anionic ligand) and neutral [LsLi,H] complexes with
an interstitial hydride ion have been prepared,”'"! and the
structure of the large mixed lithium alcoholate/hydride
cluster [(fBuOLi),s(LiH),,] was reported.!'] We have recently
used the silane method to synthesize hydrocarbon-soluble
[(LLi),(LiH),] (L =DipNPPh,, Dip=2,6-iPr,C¢H;), which
contains a central (LiH), cube.'” The complex was found to
undergo hydrolithiation reactions with activated unsaturated
organic substrates,'>¥ although the stabilizing phosphinoa-
mide ligand L can perform competing addition reactions with
the substrates."! Herein, we report the generation and
structural characterization of a family of up to nanometer-
sized, well-defined pyrazolato lithium hydride clusters from
hydrocarbon solutions in a bottom-up approach.

Reacting the ligand precursor 3,5-di-tert-butyl-1H-pyra-
zole (pzH) with more than one equivalent of n-butyllithium in
a hydrocarbon solvent, such as benzene, toluene, or n-hexane,
followed by further conversion of the remaining nBuLi
equivalents with phenyl- or diphenylsilane (Scheme 1) ini-
tially leads to clear solutions that can turn milky upon
standing, and from which mixtures of pyrazolato lithium
hydride clusters could be isolated after concentrating or
cooling. The complexes [(pz)sLi;H] (1), [(pz),,LirHi,] (2),

1.) x nBuLi (1.3<x<4.4),
hydrocarbon solvent

[(pz)sLizH]  +  [(pz)10Liz2Hi2]l  +
- 1 2

2.) (x=0.8) Ph(R)SiH,

(R=Ph, H) [(pz)1oLiz7Hos]  +  other products

pzH
l THF/n-hexane

1.) ca. 3.5 nBuLi, n-hexane . .
> [Li(thf)4][(pz)12Lis7(thf)2Hze]
2.) ca. 2.8 Ph(R)SiH,

(R=Ph, H) 4

3.) THF

Scheme 1. Synthesis of complexes 1-4. pzH = 3,5-di-tert-butyl-1H-pyra-
zole.
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Figure 1. Molecular structures of complexes 1-4 (Thermal ellipsoids
set at 25% probability). Carbon gray, hydrogen light gray, lithium
orange, nitrogen blue, oxygen red. Only hydride hydrogen atoms are
shown. Minor disordered parts, solvent molecules, and the cation of 4
were omitted for clarity.

and [(pz),Lis;Hys] (3) were structurally characterized using
synchrotron radiation (Figure 1).'Y The complex [(pz)sLi;H]
(1) could be prepared and isolated when only a small amount
of LiH was generated in solution. However, product mixtures
were formed across the investigated pz/hydride ratio range.
The addition of THF to hydride-rich solutions reproducibly
led to low to moderate yields of isolated [Li(thf),][(pz);,Lis-
(thf),Hy] (4; Scheme 1 and Figure 1).!* The same complex 4
was obtained by recrystallizing a crude product rich in
[(pz)1;LisHys] (3) from THF/n-hexane.

The structure of complex [(pz)¢Li;H] (1; obtained as
[(p2)sLi;H]-CiHyy  and  [(pz)sLizH]o o[ (p2)sLisOly.4 CoHe)!™
derives from a rhombic dodecahedron with a central Lig
cube, a ppz ligand on each face of the cube, and an
interstitial hydride ion (Figure 1), which is an arrangement
similar to that of the previously characterized complex
[(pz)sLisO].""! As with the latter example, the structure of
1 is poorly ordered. Furthermore, only seven lithium atoms
are expected to reside on eight cube corner positions for
charge-balance reasons, which is supported by the refinement
model for 1.' Several related examples of cationic [L¢LigH]*
(L =chelating anionic ligand) and neutral [L,Li;H] com-
plexes have previously been studied by Wheatley and co-
workers. ')

The structure of [(pz), Li»nH,] (2) is based on lattice
cutout A, the structures of neutral [(pz);,Lis;;H,s] (3; structur-
ally characterized as [(pz),Lis;Hay 6o(OH) 35]-2.5 CeH, 4 (37))14
and the salt [Li(thf),][(pz),,Lis(thf),H,s] (4; structurally
characterized as [Li(thf),][(pz),,Lis;(thf),Hy]-2 CsH,4-2 THF
(4) and [Li(thf),][(pz)1:Liz(thf);Hye]-0.5 CgHy 4 THE (47))1)
are based on lattice cutout B (Figure 2). For the two crystal
structures of complex 4, only the anion [(pz);,Lis;(thf),Hy]~
could be refined to a satisfactory degree."¥ Structures A and
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Figure 2. Lattice cutouts A and B.

=

B represent three-dimensional cubic lattice cutouts of S x 3 x 3
(=45) and 5x5x3 (=75) ions, respectively, with alternating
cations (Li") and anions (H™ or pz~; Figure 2). These uneven
numbers are inevitably associated with either a charge
(monoanionic as found for 4) or an expected point defect
(12H" on 13 positions in 2; 25H™ on 26 positions in 3) for the
lattice cutout. The central ionis a H™ in structure A, and a Li*
in structure B. The cores of A and B have a region of 3x 1 x 1
(2Li*, 1H") or 3x3x1 (5Li", 4H") ions, respectively, with
a surrounding environment that is comparable to that in cubic
bulk LiH with six identical nearest neighbors. The structural
types A and B have in common that a p*-pz~ ligand is placed
at every corner of the square cuboids, and alternating p*-pz-
or H™ ligands are found at the center of the longer cuboid
edges (with a length of 5 lattice positions or ions). For
structure B, the two outer 5x 5 faces have two p*-pz~ ligands
at the center of two neighboring edges, and not on two
opposing edges. The same is true for the respective remaining
central p*-H™ positions on those edges. Dividing the two outer
5 x5 square faces in B into four 3 x 3 squares results in one
quadrant that is connected to two p'-pz~ edge ligands, two
quadrants with one u*-pz~ edge ligand, and one quadrant
without any p'-pz~ edge ligands (see also the Supporting
Information, Figure S12). For the [(pz),,Lis;(thf),H,¢]” anions
in 4, a THF molecule is coordinated to one Li* per outer 5x 5
square; and this Li cation resides on the border of two
quadrants with one and no u'-pz~ edge ligands, respectively,
and the THF molecule resides above the least hindered
quadrant that does not have any p*-pz~ edge ligand. In the
neutral, THF-free compound [(pz),,Lis;;H,s] (3), the central
outer H™ ions on the least protected quadrant (i.e., no p*-pz-
edge ligands) were subjected to partial hydrolysis (modeled as
19% OH content),™! which suggests that this is the most
reactive site of the complex.

The edges of the inorganic cores of the LiH cluster
compounds that are based on A and B are approximately 0.8
0.9 nm (5 ions) or 0.45 nm (3 ions) long, as determined from
their corner pz N-N midpoints; space diagonals of approx-
imately 1.3nm (B) or just under 1.1 nm (A), and face
diagonals of approximately 1.2 nm (B, 5x5) or just under
1.0nm (A, 5x3) were determined. The Li—N(pz) bond
lengths in the characterized examples are in a similar range
to previously reported examples of (pz)Li compounds.’>!°!
The Li--H contacts measure around 2 A and are close to those
of previously characterized examples,®? and to that in cubic
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LiH (ca. 2.04 A)."'I Solvent-free [(pz),,Lis;H,s] (3) contains
1wt% of hydride moieties. In 4, only twelve pzligands
stabilize an entity with 26 hydrides. Complexes 3 and 4, which
are derived from structure type B, contain 37Li ions and are
the largest crystallographically characterized molecular lith-
ium aggregates that have been described to date. Very large
previously reported examples include the less geometrically
ordered LiH superaggregate [(fBuOLi),¢(LiH),;] (Li;;)"! and
some polyhedral main group element lithium cluster com-
pounds that contain 26 Li* ions.

Complex [(pz)¢Li;H] (1) only shows resonances for one pz
environment in its 'H and “C{'H} NMR spectra, and one
lithium environment in its "Li{'H} NMR spectrum, suggesting
a structure that is on average symmetric in solution. The
resonances are distinct from those of the previously reported
hydride-free complexes [(pz),Li, )" and [(pz)sLisO].""! Once
crystallized, the larger pyrazolato lithium hydride clusters
only show a low solubility in deuterated benzene, which
somewhat improves upon addition of THF. Complex
[Li(thf),][(pz);,Lis;(thf),H,] (4) shows multiple overlapping
resonances for the protons of the pyrazolate ligands in
deuterated benzene. Very broad resonances (6 3.4-4.0 ppm)
are found for the LiH fragments, and only one set of
resonances for the coordinated THF molecules can be
found in the 'H and “C{'H} NMR spectra of 4, suggesting
THF exchange processes. Overlap of the two THF multiplet
resonances with both the pyrazolate rBu resonances and the
LiH resonances in the 'HNMR spectrum preclude the
gathering of accurate information from resonance integra-
tion. The 7 Li{'H} NMR spectrum of complex 4 shows a broad
resonance region at d 0.8-4.3 ppm that correspond to numer-
ous lithium centers. Complex 4 slowly decomposed in deu-
terated benzene at elevated temperatures (80°C), with the
formation of [(pz)sLi;H] (1) and insoluble LiH by implication
or possibly higher clusters. A similar decomposition was
observed when deuterated THF was added to the solution.
Partial decomposition of neutral [(pz),,Li;H,s] (3) and
liberation of LiH fragments is required when forming
[Li(thf),][(pz),Lis;(thf),H,s] (4) from recrystallization of 3
from THF/n-hexane (Schemel). A sample rich in
[(pz)1LinH;,] (2) showed overall 'H (and Li{'H}) NMR
spectroscopic features that were similar to those of cluster 4,
including two broad resonances at approximately 6 3.6 ppm
and 0 3.8 ppm for the LiH fragments. The fingerprint region
of the IR spectrum of [Li(thf),][(pz),Lis(thf),H,] (4)
showed some very broad stretches at approximately 1050—
950 and 900650 cm™" (Figure S1), which, in comparison with
literature values,'”! were tentatively assigned to LiH lattice
fragments. No apparent gas formation was observed when
complex 4 was heated to approximately 300 °C under nitrogen
atmosphere. The large soluble LiH clusters, such as 4, reacted
rapidly and highly exothermic with protic reagents under
hydrogen evolution.

In summary, we have presented several well-defined
pyrazolato-stabilized lithium hydride clusters with inorganic
cores in the nanometer region, which were prepared in
a bottom-up approach using the silane method. We have
identified a simple pyrazolate as a suitable stabilizing ligand
that can occupy both corner and edge positions in these
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square cuboid ionic cluster compounds. We hope that this
strategy can be further extended to other light metal hydrides
and mixed metal systems with improved characteristics that
are of relevance for use in synthesis, catalysis, and hydrogen
storage applications.
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