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Hirshfeld Atom Refinement (HAR) and Complementary
Bonding Analysis of Lithium m-Terphenylhydridoborates

Containing B—H---Li Linkages

Daniel Duvinage,” Lorraine A. Malaspina,™® Stefan Mebs," Simon Grabowsky,

Emanuel Hupf,** and Jens Beckmann*®

The synthesis and characterization of the lithium m-terphenyl-
hydridoborates [Li(2,6-Mes,C¢H;)BH5l, (1), Li(2,6-Mes,C¢H;),BH,
(2) and Li(OEt,)(2,6-Mes,C¢H;),BH, (3) are reported. Hirshfeld
Atom Refinement (HAR) of the experimentally obtained molec-
ular structures by single-crystal X-ray crystallography allowed
the determination of the exact positions of the hydrogen

Introduction

Alkali metal salts of the tetrahydridoborate ion, [BH,]", and
organic derivatives thereof, [R,BH,.,]” (R=alkyl, aryl; n=1-3),
are widely employed as effective reducing agents in organic
synthesis."! More recently, they also received interest as hydro-
gen storage materials.”! Their reactivity may be fine-tuned by
the judicious choice of the organic substituents R and the
solvation of alkali metal ions, an observation that prompted
extensive structural investigations into this compound class. As
early as 1974, the X-ray structure of [Li(DME),][Mes,B(u-H),]
revealed that the cation and anion are associated by two
B—H--Li interactions.” Since that time, it has become clear that
there is a wealth of (solvated) lithium hydridoborates, [BH,]~*™
organohydridoborates, [RBH,]'*?? diorganohydridoborates,
[R,BH,]7"*7%28 and triorganohydridoborates, [R,BHI'? pos-
sessing B—H--Li linkages in their solid-state structures, which,
however, are poorly understood in detail. This is partly due to
the fact that the positions of the hydrogen atoms were difficult
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atoms. The bond situations of the various B—H--Li linkages were
investigated by a complementary bonding analysis using
various methods including atoms in molecules (AIM), electron
localizability indicator (ELI-D), non-covalent interaction (NCI)
index and the compliance matrix.

to locate by single-crystal X-ray crystallography using independ-
ent atom model (IAM) refinements. Consequently, bond param-
eters involving the hydrogen positions were not discussed due
to lack of accuracy and precision. Hirshfeld atom refinement
(HAR) is a rather new method that uses ab-initio calculated
atomic form factors based upon aspherical atom partitioning of
quantum-mechanical molecular electron densities.”**” It allows
the free refinement of all atomic positions and anisotropic
displacement parameters (ADPs), even for hydrogen atoms.
Structural parameters for hydrogen atoms bonded to light
elements determined using HAR are as accurate and precise as
those obtained by neutron diffraction.®”

In this work, we report the synthesis and full character-
isation of three discrete lithium m-terphenylhydridoborates,
namely [Li(2,6-Mes,C¢H;)BH;1, (1), Li(2,6-Mes,C¢H;),BH, (2), and
Li(OEt,)(2,6-Mes,C¢H;),BH, (3), possessing two-electron-three-
centre (2e3c¢) B—H--Li bonds, which were precisely and
accurately determined using HAR. The experimental results are
supported by a theoretical complementary bonding analysis®"
including electron density-based methods, such as atoms in
molecules (AIM),®? the electron localizability indicator
(ELI-D),®¥ the non-covalent interaction (NCI) index®? and the
compliance matrix.”!

Results and Discussion
Synthesis and Characterization

The reduction of the previously known m-terphenylboron
fluorides 2,6-Mes,C,H;BF, (I) and (2,6-Mes,C4H,),BF (DB with
lithium aluminium hydride, LiAIH, provided the lithium m-
terphenylhydridoborates [Li(2,6-Mes,CsH;)BHsl, (1) and Li(2,6-
Mes,C¢H;),BH, (2) as colourless crystalline solids in yields of 76
and 96%, respectively (Scheme 1). Upon addition of
diethylether, Et,0, to 2, Li(OEt,)(2,6-Mes,C¢H;),BH, (3) was
produced as colourless crystals in quantitative yield (Scheme 1).

© 2024 The Author(s). Chemistry - A European Journal published by Wiley-VCH GmbH
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Scheme 1. Synthesis of lithium m-terphenylhydridoborates 1-3.

In solution, 1-3 were characterized by multinuclear NMR
spectroscopy ('H, ’Li, ''B, and C). The ""B-NMR spectrum (CgHs)
of 1 shows a quartet centered at §=—30.9 ppm with a coupling
constant of "J('H-"'B)=73 Hz, which is consistent with values
reported for other organotrihydridoborates."” The 'H NMR
spectrum (C¢Hg) of 1 reveals also a 1:1:1:1 quartet character-
istic for the "'B isotope centered at §=—0.02 ppm with a
coupling constant of 'J('H-""B)=71 Hz. Unfortunately, the ’Li
NMR spectrum (CsHs) of 1 gave only a broad singlet at 6=
—5.1 ppm, which tentatively suggests a dynamic bond situa-
tion, presumably due to dissociation in solution. For the bis(m-
terphenyl)boron species, the ''B NMR spectra (CgHg) of 2 and 3
gave rise to triplets centred at 6=-14.5 and —16.1 ppm,
respectively, with coupling constants of 'J('H-''B)=73 and
72 Hz, which fall in the range of  other
diorganodihydridoborates." In contrast to 1, the “Li NMR
spectra (CgHg) of 2 and 3 show sharp signals at 6=—2.5 and
—3.5 ppm, but no coupling information.

The molecular structures of 1-3 after HAR refinement of the
crystal structures are displayed in Figures 1-3. In all three
structures, the spatial arrangement of the B atoms is distorted
tetrahedral. In 1, the coordination sphere of the B atom is
defined by a CH; donor set. The B1-H2 and the B1-H3 bond
lengths of 1 are equal (1.206(7) A) and identical within the
experimental error compared to the HAR-refined (2,6-
Mes,C¢H,),BH (1.203(4) A) possessing a trigonal B atom.”® The
average terminal B—H bond length from 27 neutron-diffraction
studies is 1.185(18) A°” Hence, these two reference values
indicate that B1-H2 and B1—H3 are not elongated (within the
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standard uncertainties) despite the interaction with the Li atom.
The remaining B1-H1 bond length of 1 (1.222(7) A) is slightly
elongated. The computationally optimized dimeric geometry of
1 is more symmetric than the experimental solid-state structure
and consequently the HAR-refined X-ray and neutron diffraction
results (1.2190 A, 1.2361 A and 1.2364 A) have a larger variance,
which highlights the importance of reliable experimental
determinations.

The IR-spectrum of 1 reveals three bands at v=2289, 2170
and 2113cm™ in the expected area for B—H stretching
vibrations. The computed values, derived from the frequency
analysis, are at 7=2342, 2341, 2256, 2231 and 2194cm™,
respectively. However, close inspection of the vibrational modes
reveal that these are not isolated B—H stretching vibrations, but
strongly coupled with other vibrations.

In 1, the Li atom engages in a n° coordination to one of the
flanking mesityl groups (Li—C: 2.472(2)-2.555(2) A) and is addi-
tionally coordinated to three H atoms with bond lengths of
Li1-H1 2.134(7) A, Li1--H2 2.099(7) A and Li1a--H3 1.995(7) A. In
agreement with the observation that the B—H bonds are not
significantly elongated because of the interaction with the Li
atoms, there is no correlation between the experimentally
determined B—H and Li-H bond lengths. As observed for the
B—H bonds, the computed optimized Li—H bonds differ less
from each other than the experimentally observed bonds with
values of 1.9378, 1.9339 and 2.0209 A, due to the difference in
symmetry.

The structures of 2 and 3 are affected by the steric crowding
induced by the two bulky m-terphenyl substituents. The

© 2024 The Author(s). Chemistry - A European Journal published by Wiley-VCH GmbH
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Figure 1. Molecular structure of 1 after HAR showing 50 % probability of ADPs and the essential numbering scheme. Freely and anisotropically refined (B—)H

atoms are shown, whereas all other H atoms are omitted for clarity, although also refined freely and anisotropically. Selected bond lengths [A]: B1-H1
1.222(7), B1-H2 1.206(7), B1-H3 1.206(7), Li1--H1 2.134(7), Li1--H2 2.099(7), Li1a--H3 1.995(7).

Figure 2. Molecular structure of 2 after HAR showing 50 % probability of ADPs and the essential numbering scheme. Freely and anisotropically refined (B—)H
atoms are shown, whereas all other H atoms are omitted for clarity, although also refined freely and anisotropically. Selected bond lengths [A]: B1-H2

1.219(3), B1-H1 1.257(3), Li1--H1 1.817(3).

coordination spheres of the B atoms are defined by C,H, donor
sets. The C—B bond lengths of 2 (1.641(1) and 1.656(2) A) and 3
(1.631(1) and 1.645(1) A) are significantly longer than that of 1
(1.603(2) A). The C—B—C angles of 2 (122.80(2)°) and 3
(117.52(4)°) are considerably larger than the tetrahedral angle.
The B1-H2 bond length of 2 (1.2193)A) featuring an
unperturbed terminal H atom is significantly shorter than the
B1—H1 bond length of 2 (1.257(3) A) and the B—H bond lengths
of 3 (1.255(4) and 1.244(5) A) being involved in B—H--Li linkages.
These elongated B—H distances correlate with significantly
shortened Li—H distances below 1.9A in 2 and 3 (further
discussion in the next paragraph). Although the absolute values
disagree, the trend is preserved in the computationally
optimized geometries leading to B—H bond lengths of 1.2052 A
and 1.2424 A for 2 as well as 1.2416 A and 1.2381 A for 3,
respectively. The IR-spectra of 2 and 3 each reveal bands at 7=

Chem. Eur. J. 2024, 30, 202403218 (3 of 9)

2223, 2166 and 2110cm™' and at »=2214, 2116 and
2081 cm™', respectively in the area of B—H stretching vibrations.
Like in 1, computed values are 2422 cm™' and 2195 cm™' for 2
as well as 2202 cm™ and 2171 cm™ for 3 show strong coupling
with other vibrational modes and difference are most likely due
to the higher symmetry.

In 2, the Li atom engages in a n° coordination with two of
the flanking mesityl groups (Li—C: 2.325(2)-3.030(1) A), which
resembles the coordination mode of the recently reported
undistorted [Lim>C4He),]T cation having nearly co-planar
benzene rings.”™® However, in 2, the mesityl rings differ
substantially from co-planarity due to the additional Li1--H1
interaction (1.817(3) A, computed: 1.7071 A), which is markedly
shorter than those of 1. In 3, the Li atom coordinates only in a
n’-fashion (Li—C: 2.424(1)-2.938(1) A) due to the coordination to
the ether molecule, which accounts for a Li1-O1 bond of

© 2024 The Author(s). Chemistry - A European Journal published by Wiley-VCH GmbH
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Figure 3. Molecular structure of 3 after HAR showing 50 % probability of
ADPs and the essential numbering scheme. Freely and anisotropically refined
(B—)H atoms are shown, whereas all other H atoms are omitted for clarity,
although also refined freely and anisotropically. Selected bond lengths [Al:
B1-H1 1.255(4), B1-H2 1.244(5), Li1—O1 1.888(1), Li1--H1 1.835(5), Li1--H1
1.893(4) A.

1.888(1) A. In addition, there are two Li--H interactions of
1.835(5) A and 1.893(4) A (computed 1.7607 and 1.8778 A)
about midway between those of 1 and 2.

Computational Analysis

Density functional theory (DFT) computations were performed
on 1-3 with the aim to analyze the B—H bonds and the Li-H
interactions, as well as the hapticity of the lithium towards the
mesityl units of the flanking terphenyl substituents by means of
a complementary bonding analysis.®" Selected topological and
integrated bond properties are summarized in Table S2 of the
Supporting Information. In all three investigated borates, a

single Li--H bond critical point (bcp) is observed for each
compound in a topological AIM analysis.”*? However, the
bonding scenario is different in all three cases.

In 2, the situation is most straightforward because one clear
Li--H coordination is observed, whereas the second hydride
points away from the lithium. This is manifested by the
topological parameters found for the B—H bcps, which correlate
with the significantly different B—H bond lengths discussed
above. The non-coordinated B—H bond shows electron density
values (p(r),.,) and Laplacians (V?p(r)y,) at the bcp of 1.14 e A~
and —4.3 eA~5, respectively. In comparison, the B—H--Li coordi-
nated bond shows reduced electron density and a more
positive Laplacian (0.95 eA=3/0.3 e A~%), which is indicative of a
reduced strength of the covalent interaction in the latter one.
This is further corroborated by a larger kinetic energy over
electron density value (G/p(r),,,) in the coordinated Li-H
interaction (Table S2). The electron density as well as the
Laplacian at the Li-H bcp in 2 of 0.17eA™® and 3.0eA™?,
respectively, compare well to respective values reported for
Li-H interactions in LiNMe,BH, (0.11 to 0.18 eA~* and 1.86 to
291eA%L? The Li~H interaction is dominated by ionic
contributions as indicated by the strongly positive G/p(r)y.,
value of 1.10 he ' with the total energy over electron density
value (H/p(r)y,,) being close to zero (0.12 he™).

In 3, both hydrides H1 and H2 point towards the lithium
(compare Figure 3). Nevertheless, only a single Li--H bcp is
found (Figure 4, left). The very large ellipticity of the Li--H bcp
of 0.99 is an indication of an interaction also to the second
hydride, despite the lack of a second bcp. Furthermore, the
electron density minimum found along the direct Li--H axes are
similar with values of 0.17 eA™ (0.18 eA~® at the bcp) and
0.14 eA~3 (no bcp) as are the delocalization indices 8(Li |H) of
0.055 (with bcp) and 0.044 (no bcp). In an attempt to visualize
the Li-H interaction, we plotted the electron density onto the
Li AIM basin and it shows that the electron density is clearly
distributed towards both hydrides (Figure 4, right). Hence, the
B—H--Li interaction is best not described as two directed

A N

4

Figure 4. left: AIM molecular graph of 3 with bond critical points as red spheres with the inset providing an enlarged view on the Li--H region; right: electron

density mapped on the Li AIM atomic basin (in units of e bohr3).
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atom--atom interactions but as a BH,-Li bifurcated linkage
between molecular fragments.””

In 1, the bridging Li atoms are situated between two BH;
moieties. The AIM analysis reveals for each Li atom one Li-B
and one Li--H bcp (Figure 5). Notably, these bcps are formed of
opposing B-sides (Figure 5, inset). The electron densities (0.15
and 0.12 eA=®) and the Laplacians (2.8 and 2.1 eA~%) as well as
the G/p(fye (1.15 and 1.05he™) and H/p(r),, (0.13 and
0.14 he™") values for both types of bcps are similar to the values
of Li--H bcps found for 2 and 3 comprising predominantly ionic
interaction (Table S2). However, the very large ellipticity of the
Li--B bcp of 2.9 shows the extreme smearing of the electron
density and indicates that the Li atoms are most likely
interacting with two BH,-moieties rather than interacting with
one H- and one B-atom. This is further manifested upon
inspection of the electron density distribution on the Li AIM
basin which shows high smeared-out electron density values
towards both H-atoms (Figure 5 right). Interestingly, the deloc-
alization indices between the Li and those two H-atoms of 3(Li|
H) of 0.035 and 0.038 are larger than the respective Li—B
delocalization index of §(Li|B)=0.017 (Table S4), but yet very
similar to the one, where a Li—H bcp is found (5(Li|B)=0.036).

As for 2, the interaction of the Li atom towards the H-atoms
may be best described as a bifurcated H-Li—H, linkage in an
electronically delocalized scenario between molecular frag-
ments and not as directed atom--atom bonds.

The AIM atomic charges also point to the hydridic nature of
the H-atoms being involved in interactions with the Li with
charges varying between —0.64 e to —0.67 e in all three
compounds (Table S3), which are slightly more negative
compared to the H-atom (—0.57 e) of the non-coordinated B—H
bond in 2. The non-covalent interaction (NC)®* index of 1 and
3 is shown in Figure 6 (for 2, see Figure S13).

The extended regions of non-covalency (green color)
between the Li and BH, moieties are indicative of predom-
inantly dispersion interactions. However, there are disks of light
blue color on the Li--H axes indicating that there are attractive
forces between those atoms, but also that they are not directed
but delocalized in space, in agreement with the conclusions
from the AIM analyses above.

Within the ELI-D®¥ topological analysis (Table S2), no
disynaptic B-H bonding basins were found unlike we could
assumed if the H atoms were fully hydridic, but instead only
protonated monosynaptic B basins were observed. There are no

Figure 5. left: AIM molecular graph of 1 with bond critical points as red spheres with the inset providing an enlarged view on the central region; right: electron

density mapped on the Li AIM atomic basins (in units of e bohr™).

Figure 6. NCl iso-surfaces of 3 (left) and 1 (right) at s(r) = 0.6 color coded with sign(X,)p in a.u. Blue surfaces refer to attractive forces and red to repulsive

forces. Green indicates weak interactions.
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disynaptic Li-H bond basins either, in conjunction with
predominantly ionic and dispersion interactions. The total
number of electrons in the respective Li and H ELI core basins
are very similar among the series of investigated borates and
vary between 1.93-1.99 e for the H-atoms and 2.03 e for all Li-
atoms.

The Li-H and B—H interactions were also investigated by
the generalized compliance constants method.®” Within this
method, smaller numerical values indicate stronger interactions
(Tables S5 and S6). The terminal, non-coordinative B—H bond in
2 gives rise to a constant Cg, of 0.300 A mdyn~', which is
smaller compared to the B—H bonds coordinated to Li in 2
(0.385 A mdyn™") and 3 (0.365 A mdyn~' to 0.373 A mdyn™").
This correlates with the bond distances and the topological AIM
parameters discussed above. The ( and (;, values are
significantly larger than the Cg, values, pointing to much
weaker Li—H and B—Li interactions. In 2, the C;;; constant shows
a smaller value (2.190 A mdyn™") compared to Gg; (5.682 A
mdyn~"), whereas in 3, this trend is reversed (C;;=2.307 and
3.803A mdyn™"; C,z=1.690A mdyn~'). However, in both
compounds substantial coupling between the Li—H and B—Li
fragments is observed of up to 1.847 A mdyn~' (2) and 1.493 A
mdyn~' (3), which is significantly larger compared to the
coupling between the respective Li-H and B—H fragments of
0.012 A mdyn™" (2) and —0.007/—0.048 A mdyn~' (3), which
makes the interpretation difficult, but corroborates the picture
of the delocalized fragment--fragment interaction found in AIM
as well. In 1, the G, values range from 0.321 to 0.369 A mdyn™"
and are thus comparable to 3; the C;,; constants are larger than
Cis, but show also significant coupling of the fragments
(Table S5). The Li-atoms in borates 1, 2 and 3 are not solely
coordinated by the BH, units, but also by the flanking mesityl
groups of the terphenyl ligands. The different Li—C,. bond
distances in the borates, vide supra, suggest that the coordina-
tion is not equally distributed which may lead to hapticities
smaller than six. In each borate, only a single Li—C,,., bond path
is detected in AIM. However, it is known that due to a rather flat
electron density gradient in metallocene type compounds the
AIM analysis fails to provide certain bcps and thus under-

0.0100
0.0075
0.0050
0.0025
0.0000

estimates the hapticity, with better results being obtained by
the inspection of the virial field."" Interestingly, in our case the
virial field also yields only a single Li—C,.; bcp in all three
borates.

In order to uncover the hapticity in the three borates 1-3,
we examined the delocalization indices of the Li—C,., inter-
actions and compared the results with the [Lin®-CgHe),]"
cation®® (optimized at the same level of theory), in which the
delocalization indices are 8(Li|C,,) =0.023 for all Li—C inter-
actions (see Table S3).*'*% In contrast, the delocalization indices
for the borates 1-3 vary substantially. Each borate exhibits at
least two larger 3(Li|C,.s) values of 0.033 and 0.028 (2), 0.024
and 0.021 (3) as well as 0.024 and 0.019 (1). In 1 and 2, one
additional coordination with a medium 3(Li | C,,) value of 0.015
is observed, whereas all other values are between 0.001-0.009,
which suggests a n*** coordination for borates 1 and 2 and a n?
coordination for 3. The different hapticities of the investigated
borates in this study and the [Li(C¢He),]" can be visualized by
mapping the electron density on the C., AIM basins (Figure 7).
The [Li(CsHg),]* shows a perfectly ring-shaped distribution,
whereas in borate 2 the electron density on the mesityl C AIM
basins is not equally distributed and leads to regions with
higher and lower electron densities on top of the six-membered
ring.

Conclusions

The lithium m-terphenylhydridoborates [Li(2,6-Mes,C4H;)BH;],
(1), Li(2,6-Mes,C¢H;),BH, (2) and Li(OEt,)(2,6-Mes,CH,),BH, (3)
prepared in this study possess various B—H--Li linkages of
different types. In 2, there is a significant difference in B—H/Li--H
distances from experiment and theory, AIM topological values
of the electron density and values of the compliance constant
between an unperturbed non-coordinated B—H bond and one
in the B—H--Li linkage. This confirms that there is a measurable
3-center-2-electron interaction. In 1 and 3, the complementary
bonding analysis we performed led to the finding that there are
no directed atom--atom interactions, but rather delocalized

Figure 7. Electron density mapped on the C AIM atomic basins of the mesityl groups (in units of e bohr~3) of [Li(CgHe),]* (left) and 2 (right). The Li atoms are in
blue color and sit on top of the considered 6-membered ring. For a better visualization regarding the position of the mesityl unit, all six Li-C,, sticks are

included in the representation of borate 2 even if they are not bonds.
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BH,Li (3) or H-Li—H, (1) bifurcated linkages. The forces
underlying these interactions are ionic and dispersive, covering
an extended region in space.

This study also shows that Hirshfeld Atom Refinement (HAR)
of in-house X-ray data is a reliable source of accurate and
precise hydrogen-atom positions and anisotropic displacement
parameters. This makes much more cumbersome neutron-
diffraction experiments obsolete for light-atom structures such
as (lithium—)borates. Moreover, this study showed that DFT
geometry optimization in the isolated state are more symmetric
and therefore not representative of the experimentally obtained
solid-state structures. Therefore, they did not yield reliable
hydrogen-atom positions, rendering the HAR results even more
important. Hence, this is the first study where B—H and Li--H
distances were discussed and complementary bonding analyses
were performed on alkali metal borates focusing on the impact
of the hydrogen atoms.

Experimental Procedures

General Information

Unless otherwise stated, all reactions and manipulations were
performed under inert atmosphere (argon) using anhydrous
solvents. Reagents used in this work including BF;-Et,O and Mel
were obtained commercially and were used as received. Commer-
cial LiAlH, was purified by extraction with anhydrous Et,O (thus
removing insoluble gray material). The m-terphenylboron fluorides
2,6-Mes,C¢H3BF, (I) and (2,6-Mes,C¢H5),BF (Il) used as starting
materials prepared following the published procedure.®® Anhy-
drous dichloromethane, hexane, tetrahydrofurane and toluene
were collected from an SPS800 mBraun solvent purification system
and stored over 4 A molecular sieves. Et,0 was dried by refluxing it
over Na/benzophenone under argon atmosphere. Deuterated
solvents were degassed and dried over 4 A molecular sieves under
argon.

Unless otherwise noted, NMR spectra were recorded at room
temperature on a Bruker Avance 360 MHz and Avance 600 MHz
spectrometer. 'H, “C{'H}, "B, ""B{'"H} and 'F NMR spectra are
reported on the J scale (ppm) and are referenced against SiMe,,
BF;Et,0 (15% in CDCl;) and CFCl;, respectively. 'H and "*C{'H}
chemical shifts are reported relative to the residual peak of the
solvent (CDHCI, 5.32 ppm for CD,Cl,) in the '"H NMR spectra, and to
the peak of the deuterated solvent (CD,Cl, 53.84 ppm) in the C
{'"H} NMR spectra. The assignments of the 'H and "C{'H} resonance
signals were made in accordance with the COSY, HSQC and HMBC
spectra. The labelling schemes are attached to the 'H and '"C
spectra.

The ESI HRMS spectra were measured on a Bruker Impact Il
spectrometer. Acetonitrile or dichloromethane/acetonitrile solu-
tions (c=1-10" molL™") were injected directly into the spectrom-
eter at a flow rate of 3 uLmin". Nitrogen was used both as a drying
gas and for nebulization with flow rates of approximately 5 Lmin~’
and a pressure of 5 psi. Pressure in the mass analyser region was
usually about 110> mbar. Spectra were collected for 1 min and
averaged. The nozzle-skimmer voltage was adjusted individually for
each measurement. IR spectra were recorded on a Nicolet Thermo
iS10 scientific spectrometer with a diamond ATR unit. The
absorption bands are reported in cm™' with indicated relative
intensities: s (strong, 0-33% T); m (medium, 34-66% T), w (weak,
67-100% T), and br (broad).
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Synthesis and Characterization of Li[2,6-Mes,C¢H;BH;] (1)

Mes,C¢H;BF, (362 mg, 1.00 mmol, 1.00 eq.) and LiAlH, (80.0 mg,
2.00 mmol, 2.00 eq.) were placed in a Schlenk tube and cooled to
—80°C. To this mixture, diethylether (12 mL) was added. The
reaction mixture was warmed up to 0°C over the course of 3 h and
then the solvent was removed under reduced pressure. The residual
solid was dried at 60°C/5-10° mbar. Afterwards, toluene (20 mL)
was added and warmed up to 90°C to extract the product. The
suspension was filtered hot and the remaining solvent was
removed under vacuum. The colourless solid was washed with n-
hexane (3x5 mL) to afford the title compound as colourless solid
(253 mg, 76 %).

"H NMR (600 MHz, C,D):

0=7.22 (t, *J(H-'H)=7.46 Hz, 1H, H4), 6.92 (d, *J(H-"H)=7.46 Hz,
2H, H3 and H5), 6.78 (s, 4H, H9 and H11), 2.09 (s, 6H, H14), 2.02 (s,
12H, H13 and H15), —0.02 (g, 'J('H-""B)=70.90 Hz, 3H, H16) ppm.
BC{"H} NMR (151 MHz, C,Dy): 6 =146.0 (s, C2 and C6), 144.1 (s, C7),
136.6 (s, C8 and C12), 136.6 (s, C10), 128.4 (s, C9 and C11), 126.5 (s,
C3 and (5), 123. 7 (s, C4), 21.0 (s, C14), 20.7 (s, C13 and C15). ppm.
’Li NMR (233 MHz, C,Dg): 0 =—5.1 (s) ppm "B NMR (193 MHz, C,Dy):
0=-309 (q, "J("B-'H)=73.1Hz) ppm. HRMS ESI (m/z): [M]”
calculated. for C,,H,sBH;, 327.22895; found, 327.22889. IR (ATR,
neat): #(B—H) =2289 (m), 2170 (m), 2113 (m)cm™".

Synthesis and Characterization of Li[(2,6-Mes,C¢H;),BH,] (2)

(Mes,CgH5),BF (656 mg, 1.00 mmol, 1.00 eq.) and LiAlH, (80.0 mg,
2.00 mmol, 2.00 eq.) were placed in a Schlenk tube, which was
cooled with an ice bath. Diethylether (12 mL) was added slowly.
The reaction mixture was stirred for 48 h. After this, the solvent was
removed under reduced pressure and the residue was dried at
60°C/5-10* mbar. The remaining solid was suspended in a mixture
of toluene (10 mL) and n-hexane (20 mL) and warmed up to 80°C.
The suspension was filtered hot and the solvent was removed
under reduced pressure. The remaining solid was washed with 2-
5mL n-hexane and dried at 80°C/5 107> mbar to yield the title
compound as a colourless solid (620 mg, 96 %).

"H NMR (600 MHz, C,D,):

0=7.00 (t, *J('H-'"H)=7.48 Hz, 1H, H4), 6.79 (d, *J(H-'H)=7.48 Hz,
2H, H3 and H5), 6.66 (s, 4H, H9 and H11), 2.15 (s, 6H, H14), 1.97 (s,
12H, H13 and H15), 1.67 (q, '"J('"H-""B)=69.75 Hz, 1H, H16) ppm. *C
{'H} NMR (151 MHz, CiD¢): 6=152.0 (q, 'J(°C-"'B)=58.91 Hz, C1)
145.7 (s, C2 and C6), 145.5 (s, C7), 137.1 (s, C8 and C12), 135.5 (s,
C10), 129.4 (s, C3 and C5), 128.6 (s, C9 and C11), 123.7 (s, C4), 21.9
(s, C13 and C15), 21.1 (s, C14). ppm. ’Li NMR (233 MHz, C,Dy): 6 =
—2.51 (s) ppm. "B NMR (193 MHz, C,Dy): 6=—14.5 (t, "J("'B-'H) =
69.8 Hz) ppm. HRMS ESI (m/z): [M]~ calculated. for C,HsoBH,,
639.41676; found, 639.41731. IR (ATR, neat): #(B—H)=2223 (w),
2166 (m), 2110 (m)cm™".

Synthesis and Characterization of [Li(OEt,)][(2,6-
Mes,C4H,),BH,] (3)

Li[2,6-Mes,C¢H5),BH,] (2) (65.6 mg, 0.1 mmol, 1.00 eq.) was dissolved
in diethylether (4 mL). The solvent was removed under reduced
pressure at room temperature to obtain [Li(OEt,)][2,6-
Mes,C¢Hs),BH,] as a colourless crystalline solid (73.0 mg, quant.).

© 2024 The Author(s). Chemistry - A European Journal published by Wiley-VCH GmbH
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"H NMR (600 MHz, C,D):

0=7.07 (t, *J('H-"H)=7.46 Hz, 1H, H4), 6.79 (d, *J('H-'H)=7.46 Hz,
2H, H3 and H5), 6.72 (s, 4H, H9 and H11), 2.90 (q, *J('"H-"H) =7.06 Hz,
2H, CH, (OEt,),) 2.21 (s, 6H, H14), 1.88 (s, 12H, H13 and H15), 1.76 (q,
'J('H-""B)=71.6 Hz), 0.78 (t, *J('H-'"H)=7.06 Hz, 3H, CH, (OEt,)) ppm.
BC{"H} NMR (151 MHz, C,Dy): 6=147.2 (s, C2 and C6), 145.5 (s, C7),
137.3 (s, C8 and C12), 135.0 (s, C10), 129.1 (s, C3 and C5), 128.8 (s,
C9 and C11), 124.1 (s, C4), 66.3 (s, CH, (OEt,)), 22.3 (s, C13 and C15),
21.1 (s, C14), 14.3 (s, CH; (OEt,)) ppm. ‘Li NMR (233 MHz, C;Dy): 6 =
—3.5 (s) ppm. "B NMR (193 MHz, C,D¢): 6=—16.1 (t, "J("'B-'H)=
71.6 Hz) ppm. HRMS ESI (m/z): [M-Et,0]  calculated. for C,Hs,BH,,
639.41676; found, 639.41731. IR (ATR, neat): ¥(B—H)=2214 (w),
2116 (m), 2081 (m)cm™".

X-Ray Crystallography

Single crystals of 1 and 2 were grown by recrystallization from
toluene and toluene/n-hexane (1:1), respectively. Single crystals of
3 were obtained by dissolving a sample in a minimal amount of
ether and then letting the same volume of n-hexane slowly diffuse
into the ether layer. X-ray diffraction data were collected at 200 K
for 1 and at 100 K for 2 and 3 using an open flow nitrogen stream
on a Bruker Venture D8 diffractometer with a Photon 100 detector
in shutterless mode using a microfocus source (Moka=0.71073 A).
All structures were solved using the dual-space algorithm in
ShelXT®*" and refined against structure factor magnitudes |F|? with
the use of SHELXL"” (Independent Atom Model - IAM) within the
WinGX program package.*® All non-hydrogen atoms were refined
using anisotropic displacement parameters. Hydrogen atoms were
located from the Fourier difference map and had their positions
and isotropic displacement parameter refined freely.

The geometries obtained from the IAM provided the initial model
used as input for the subsequent Hirshfeld Atom Refinement
(HAR)**% performed using the Gaussian-HAR method with the
lamaGOET™ interface for Tonto®” at the B3LYP/def2-TZVP level of
theory. A self-consistent field of point monopoles and point-dipoles
based on Hirshfeld charges for each atom in an 8 A radius around
the central formula unit was used in the iterative quantum chemical
calculation step in order to simulate the crystal environment
influence over the theoretical electron densities. HAR was
performed against structure factor magnitudes F using a merged
set of reflections, whereby negative |F|? reflections, reflections with
|F| <3.0 sigma(|F|) (and 4.0 for 3) and all systematic absences
were pruned. All H atoms were refined freely and anisotropically
within HAR. Refinement statistics for the HAR models can be seen
in Table S1. Crystallographic data including structure factors for the
structural analyses have been deposited with the Cambridge
Crystallographic Data Centre, CCDC nos. 2346916-2346918. They
can be downloaded free of charge from https://www.ccdc.cam.ac.
uk/structures/.

Computational Results

Geometry optimizations of the isolated-molecule structures were
performed using density functional theory (DFT) with the
B3PW91"" functional and the cc-pVTZ basis-set.* Initial molecular
geometries were taken from the experimentally obtained crystal
structures and, in case of [Li(CHy),]", from the literature.*®
Subsequent frequency analyses confirmed all obtained structures
to be local minima on the potential energy surfaces. Dispersion
effects were modeled using Grimme’s GD3BJ parameters.”™ All
computations were performed with the Gaussian16 software.*¥ The
wavefunction files were used for a topological analysis of the
electron density according to the Atoms-In-Molecules partitioning
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scheme®? using AIMAIL®> whereas DGRID®® was used to generate
and analyze the Electron-Localizability-Indicator (ELI-D) related
real-space bonding descriptors® applying a grid step size of
0.05 a.u. The NCI®¥ grids were computed with NClplot.”” AIM,
ELI-D and NCI figures were generated with VMD.®® The electron
density values along the Li—H; axes were obtained with Multiwfn_
3.8.5% The determination of the compliance constants and com-
pliance coupling constants were carried out with the COMPLIANCE
software (version 3.0.2)” using the respective Gaussian *.log file
containing the frequency analysis.
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