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Heteroleptic hydride complexes of the group 2 metals have seen
considerable attention as Earth-abundant synthetic tools, yet
anionic derivatives are exceedingly rare. We described the facile
synthesis and in-depth characterisation of an anionic beryllium
hydride dimer, featuring a dynamic [Be,Hs] cluster at its core with
a short Be---Be distance. Despite this, there is no formal Be—Be
bond in this complex, with only hydride bridging interactions
leading to this remarkable structural attribute.

Main group metal hydrides are ubiquitous in chemical syn-
thesis and as synthons in catalysis. As such, this broader class
of compounds remains a field of intensive study, particularly
in regards to uncovering fundamentally unique systems, and
hitherto unknown reactivity." The s-block metal hydrides are
perhaps historically the most utilised, the neutral binary
systems (e.g. LiH, KH, CaH,) being main-stays of the modern
laboratory as drying agents and synthetic building-blocks, and
even as candidates for hydrogen storage materials.
Heteroleptic hydride complexes of the group 2 metals (ie.
LMH; M = Be-Ba, L = anionic ligand) have been investigated
fervently in recent years, due to their well-defined and potent
hydridic chemistry,’® such as alkene insertion and arene
deprotonation,®* in addition to their capacity in catalytic
regimes."**>® Until very recently, however, well-defined
hydride complexes of the group 2 elements were limited to cat-
ionic and neutral species.*” This may be due to the high rela-
tive electropositivity of the group 2 elements, leading to highly
polarised, and thus highly reactive M-H fragments. Indeed, a
recent report from Hicks and co-workers supports this notion,
whereby anionic Mg and Ca hydride complexes A and B
rapidly insert carbon monoxide (Fig. 1).® These, alongside the
beryllium species [{(Et,BeH),}Na,] (viz. C, Fig. 1), are the only
structurally characterised examples of anionic hydride com-
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An anionic beryllium hydride dimer with an
exceedingly short Be:--Be distancef

plexes of the group 2 metals. We note that further characteris-
ation data for C are lacking. Still, Coates and co-workers pio-
neered earlier work regarding the formation of anionic beryl-
lium hydride species, and indeed broader beryllium hydride
chemistry.'® Ashby and co-workers also developed synthetic
methodologies for simple hydrido-magnesiates, MMgR,H (M =
Na, K; R = *Bu, "Bu),"* which are closely related to A, though
their chemistry is ill explored. In our own work, we are particu-
larly interested in the chemistry of beryllium hydride species,}
given that this remains one of the few seldom explored terri-
tories in metal-hydride chemistry. Indeed, early work from
Coates, though again lacking in contemporary characterisation
methods, demonstrated that beryllium hydrides should be
highly reactive,'® despite the highly covalent character of the
Be-H bond. Our own work has also shed some light on this
point: complex D, which features a chelating phosphine-
appended amido ligand, generates a dimeric beryllium formyl
compound through insertion of carbon monoxide into the Be-
H moiety."> We now demonstrate that reducing the amide
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Fig. 1 Known structurally characterised anionic group 2 hydride com-
plexes (A-C), our own previously reported heteroleptic beryllium
hydride complexes, D, and the anionic complex reported here.
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ligand coordination number in employing a monodentate
bulky amido ligand allows for the generation of an anionic
beryllium polyhydride complex, through formal delivery of
[H]” to a neutral amido beryllium hydride. The triply hydride-
bridged anion features a [Be,H;]" cluster core with a Be---Be
distance considerably shorter than those calculated and
observed in beryllium(i) dimers. Supported by computational
insights, it is apparent that this is enforced by the three brid-
ging hydride ligands, forming three 3-centre-2-electron bonds
with the Be centres.

In a similar manner to our earlier reported phosphine-che-
lated amido beryllium halide complexes,"> complex 1 was
accessed through addition of toluene to a rapidly stirred solid
mixture of L*K (L* = [(*Pr;Si)(Dipp)N]~; Dipp = 2,6-Pr,CeHj;)"
and [Br,Be-(Et,0),],"* precooled to —80 °C. The resulting
amido beryllium bromide complex is remarkably soluble, with
up to 2 g dissolving in 10 mL heptane at ambient temperature.
Storing these saturated solutions at —40 °C leads to crops of
crystalline 1, single crystal X-ray diffraction (XRD) analysis of
which revealed a monomeric etherate structure with a three-
coordinate Be centre (Fig. S201). Structural aspects of 1 are in-
keeping with previously reported monomeric heteroleptic ber-
yllium halide complexes."®

Our goal in employing a bulky, monodentate and monoa-
nionic ligand was to access the likely highly reactive low-coor-
dinate beryllium hydride, [L*BeH] (Scheme 1). Reaction of
heptane solutions of bromide complex 1 with [Li(HB’Bus)],
without stirring, led to the formation of large colourless crys-
tals after room-temperature storage for 24 h. These, however,
were not found to be the target neutral beryllium hydride.
Rather, the anionic hydride [L*Be(p-H);BeL*]” (2) was identi-
fied by XRD analysis, featuring the [(THF);-Li(p-Br)Li-(THF);]"
counterion (2a, Scheme 1). This species presumably arises
from the initial formation of the desired neutral hydride
system, which rapidly reacts with a further equivalent of the
hydride source in forming 2a. This product selectively forms,
albeit in poor yields, even when a sub-stoichiometric amount
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Scheme 1 Synthetic access to compound 1, 2a/b, and 3. (i)

BeBr,-(Et,0),, toluene, —80 °C—RT; (ii) [Li(HB*Bus)] (1 M, THF), heptane,
—80 °C—RT, - LiBr (2a) or 2LiBr (2b, in the presence of TMEDA), — *BuzB;
(iii) [K(HB°Bus)] (1 M, THF), heptane/TMEDA, —80 °C-RT, — 2KBr, —
SBU_?,B.
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of [Li(HB°Bu;)] is employed. Though the connectivity in the
anionic part of 2a is clear, significant disorder in the cationic
part rendered this data set unpublishable. However, conduct-
ing the reaction in the presence of N,N,N',N'-tetramethyl-
ethylenediamine (TMEDA) allows for the isolation of charge
separated anion 2 with the [(TMEDA),-Li] counterion (2b,
Scheme 1 and Fig. 2). Compounds 2a and 2b represent rare
examples of structurally characterised beryllates, and indeed
the first examples of salt-separated hydrido-beryllates. Both are
colourless crystalline solids, which are indefinitely stable
under an inert atmosphere, both as solids and in aprotic
organic solvents, but are highly moisture and air sensitive. The
"H NMR spectra for both complexes reveal a single Be-H reso-
nance at 6 = 2.00 ppm in dg-THF, and § = 2.64 ppm in C¢Dg.
This resonance is broadened, presumably due to the quadru-
polar °Be nucleus, and significantly high-field shifted when
compared with our reported neutral beryllium hydrides com-
plexes (e.g. D: for R = Ph, R’ = 'Pr, § = 3.81 ppm).'? This is in
line with the hydride ligands being considerably more
shielded than known examples, due to the anionic nature of
the [L*,Be,H;] moiety in 2. That one signal is observed for the
three hydride ligands in 2 may suggest that a dynamic [Be,Hj]
core on the NMR timescale. Comparing the °Be NMR spectra
of 2b with our previously reported amido-beryllium hydride
complexes D, a high-field shift is again observed (e.g. D: for R
=Ph, R ='Pr, 5§ = 5.1 ppm; 2b: § = —4.2), due to the increased
charge density at the Be centres in this compound, and is a
known effect for electron rich beryllium systems.'®'”
Specifically, this Be NMR shift for 2b is at the lower range for
4-coordainte Be systems, which are typically found from
—1.5 ppm to lower field, with a peak width at half height (,,)
of 120 Hz, in agreement with heteroleptic beryllium organome-
tallics reported earlier."**® Calculated Be-H IR stretching fre-
quencies (1542 and 1578 ¢cm™') align with broadened bands
observed in the IR spectra of 2a (1530 cm ') and 2b
(1540 cm™).
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Fig. 2 Above: the molecular structures of (a) the anionic part in 2b, and
(b) the full molecule of 3, with thermal ellipsoids at 30% probability, and
H atoms removed for clarity, aside from [Be—H] ligands. Below: a
magnified view of the [Be,Hs] core in (c) 2b, (d) 3, and (e) the DFT-opti-
mised structure of 2.
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The solid-state structure of 2b indicates that no close-con-
tacts are present between the anionic and cationic parts of this
compound (Fig. S21 in ESIY). At the core of the anionic part
sits a discrete electron-deficient [Be,H;]" cluster, supported at
the Be centres by the bulky [L*]™ ligands. This core is reminis-
cent of those observed in Me;PACP-stabilised (Mes;PACP =
1,4,7,10,13-pentamethyl-1,4,7,10,13-pentaazacyclopentadecan)
cationic [M,H;] hydride species (M = Ca, Sr) recently reported
by Okuda and co-workers, despite the differing charge situ-
ation.'® The Be-H distances range from 1.405(3) to 1.529(2) A,
slightly longer than the sum of the covalent radii for these
elements (1.27 A),"® but in keeping with reported values for
bridging Be-H-Be units.'> More noteworthy is the Be-Be dis-
tance: this is remarkably short, at just 1.836(4) A, significantly
shorter than the sum of covalent radii (1.92 A). Further, this
value is shorter than that in the recently reported Be' dimer,
(CpBe),, which features a Be-Be bond distance of 2.0545(18)
A and even more so than DFT-investigated (*NacnacBe),
derivatives ("Nacnac = [(RNCH),CH]"), with values of 2.162 A
(R =Me) and 2.134 A (R = Ph).?° still, given the geometry at the
Be centres in 2 it is unlikely that a formal Be-Be bonding inter-
action is present. It is most likely that the highly cationic
nature of the Be®" ion, alongside its small size, leads to a close
Be---Be distance through the favourable nature of the bridging
hydride interactions (vide infra).

In an attempt to attain the target neutral beryllium hydride
complex, beryllium bromide complex 1 was also reacted with
[K(HB'Bus)]. Here, we believed that the precipitation of KBr
may favour the initial salt-metathesis step. This, however, was
not the case, with the contact ion pair 3 isolated in good yield
(Scheme 1 and Fig. 2(b)). Again, this product is selectively
formed even when a sub-stoichiometric amount of [K(HB*Bus)]
is added, indicating that intermediary [L*BeH] is more reactive
than starting material 1. The [(TMEDA)-K] unit forms an n°
interaction with one Dipp group of the L* ligand, and a close
contact with one hydride bridging ligand. The former arene
interaction is reminiscent of those in a number of anionic s-
and p-block systems reported recently,”’ and is likely impor-
tant in the stabilisation of 3. This only slightly affects bonding
in the central [Be,H;] unit of 3 relative to that in 2, with a
slight increase in the mean Be-H distance (in 2b: 1.46(2) A; in
3: 1.48(4) A), and a slight increase in the Be-Be distance to
1.843(8) A. Some charge distribution from Be to K is further
borne out by the slight contraction of the Be-N bonds in 3
(Table 1), indicative of strengthening of this bond compensat-
ing for reduced negative charge density at Be. As for 2b, the
hydride signal for 3 presents as a broad singlet in the "H NMR
spectrum (6 = 2.19 ppm), again indicative of fluctional behav-
iour of the hydride ligands, despite coordination to the [K
(TMEDA)]" counterion.

To gain further insights into the nature of the bonding in
the [Be,H;] core of these species, we employed DFT and
QTAIMs computational methodologies. Primarily, the full
molecular structure of the anionic part in 2 was optimised. For
comparison, this was conducted with two different func-
tionals, namely B97 and B3LYP, at the def2-TZVP(Be,N,Si)/
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Table 1 Selected bond lengths (A) for the anionic part in 2b, 3, and
DFT-optimised 2°

Experimental Calculated (B97, B3LYP)
Gas- SMD: SMD:
2b 3 phase benzene THF
Bel-Be2  1.836(4)  1.843(8)  1.827 1.839 1.849
1.800 1.807 1.818
Mean 1.46(2) 1.48(4) 1.515 1.519 1.522
Be-H 1.498 1.501 1.504
Bel-N1 1.607(3)  1.597(6)  1.616 1.616 1.613
1.602 1.599 1.603
Be2-N2 1.607(3) 1.582(7) 1.618 1.618 1.617
1.605 1.605 1.599
H1AK1 — 2.72(4) — — —

“The full molecule of 2 was optimised at both B97-D3 and B3LYP-D3
levels, in the gas-phase, and also using the SMD solvent model. The
def2-TZVP functional was used for Be, N, and Si. def2-SVP was used for
all other atoms.

def2-SVPlevel of theory with D3 dispersion corrections. Solvent
effects were considered using the SMD model, for benzene
and THF. Optimised structures in absence of calculated sol-
vation lead to shorter Be-H bonds, which, for B3LYP, are on
average closest to the experimentally observed values.
Calculated Be-N values in this case are also close to the real
values, suggesting an accurate picture of the charge distri-
bution in 2. Still, a contracted Be-Be distance of 1.800 A is
observed here, possibly indicative of an increased charge
density in this unit. Solvation, which typically leads to greater
and indeed more realistic charge distribution, leads to an
increase in Be-H distances in all cases. On the whole, however,
B3LYP//def2-TZVP in combination with the SMD-THF solvent
model gives the best overall representation of 2, when compar-
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Fig. 3 (a) Selected HOMOs for the optimised structure of 2, represent-
ing the bonding in the [Be,Hs] core of this compound, and (b) QTAIM-
derived bond paths with (right) and without (left) bond critical points.
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Table 2 Metrical parameters and FIA values for model neutral hydride complex [(L'BeH),], and for the anionic congener?

d(Be-Be), A Mean d(Be-H), A HIA

Gas-phase SMD-THF Gas-phase SMD-THF Gas-phase SMD-THF
[(L'BeH),] 1.951 1.972 1.463 1.469 384.9 664.8
[L'Be(u-H);BeL']” 1.806 1.826 1.510 1.515 — —

“ HIA values calculated using isodesmic anchoring the Me;SiH/[Me;Si]" reference system (see ref. 17).

ing calculated and experimental data (Table 1). Observing the
frontier orbitals of this optimised structure, the HOMO
(highest occupied molecular orbital) and HOMO-1 each rep-
resent electron density at hydride ligands, and nitrogen lone
pairs (Fig. S22 in ESIf), whilst the HOMO-7 and HOMO-9 to
HOMO-11 largely represent 3-centre-2-electron bonds of Be-
H-Be linkages (Fig. 3(a)), with some delocalisation to nitrogen
centres presumably due to N — Be donation. No orbitals were
found which represent a direct Be-Be interaction. A topologi-
cal analysis utilising Bader’s QTAIMs further supports these
observations (Fig. 3(b)). That is, no bond critical point is
observed between the two beryllium centres, but are clearly
found between the Be centres and each hydride ligand, further
supporting the presence of three 3-centre-2-electron bonds.
Paths are also found between each hydride ligand, which also
incites formal cluster character in the [Be,H;] core. The calcu-
lated Mayer bond order (MBO) for the Be-Be interaction is in
fact quite large, at 0.53, though this is likely an artefact of the
aforementioned cluster character, leading to an ‘artificial’
bond order. MBOs between 0.28 and 0.65 are found for Be-H
interactions (Table S2 in ESI{), also in agreement with a highly
delocalised bonding nature.

Finally, to computationally address the formal Lewis acidity
of the Be centre in the targeted neutral dimeric hydride
complex [(L*BeH),], the HIA (hydride ion affinity) for the
model structure [(L'BeH),] (L' = [(Me3Si)(Xyl)N]7; Xyl = 2,6-
Me,C¢H3) was determined using isodesmic anchoring to the
Me;SiH/[Me;Si]" couple, in both the gas phase, and using a
THF solvent model (Table 2). Employing this solvent model
has a large effect on the stabilisation of the anionic 2, with a
highly favourable HIA of 664.8, comparing to 384.9 in the gas
phase. The former value is taken as more accurate, given the
importance of solvation for charged species. This is a remark-
ably high HIA value, and in fact may classify neutral [(L*BeH),]
as a Lewis super acid.>> We are presently developing synthetic
methodologies to access this neutral system and related com-
plexes featuring low-coordinate beryllium, to further define
such Lewis acidic parameters.

In conclusion, we report a facile synthetic approach to
stable, crystalline anionic beryllium hydride dimers featuring
[Be,H;] cores, best described as discrete beryllium hydride
clusters. Computational orbital and topological analyses give
key insights into the electron-sharing nature of the Be-H and
H-H interactions in this core, displaying three 3-centre-2-elec-
tron bonds. These findings give a new perspective on the

This journal is © The Royal Society of Chemistry 2024

bonding nature of hydride systems of the lightest member of
group 2.
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