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One-Sentence Summary: A stable compound featuring a beryllium-beryllium bond is
reported, its geometric structure determined and its reactivity in the formation of M-Be bonds
explored.

Abstract: The complex diberyllocene, CpBeBeCp (Cp = cyclopentadienyl anion), has been
the subject of numerous quantum chemical investigations over the past five decades, yet has
eluded experimental characterization. Here we report preparation and isolation of the
compound by the reduction of beryllocene (BeCp,) with a dimeric magnesium(I) complex
and determination of its structure in the solid state by X-ray crystallography. Diberyllocene
acts as a two-electron reductant in reactions that form beryllium-aluminum and -zinc bonds.
Quantum chemical calculations indicate parallels between the electronic structure of
diberyllocene and the simple homodiatomic species diberyllium (Be;).

Main Text: Due to the extreme biotoxicity of beryllium, its chemistry is the least well-
developed of all the non-radioactive elements.(/—3) This toxicity is a manifestation of
beryllium’s unique chemical properties — it forms the smallest of all metal ions (Be*"; ionic
radius, 0.31 A; cf. Li* 0.60 A), with unparalleled charge density (6.45 A™'; cf. Li", 1.67 A™).
Its bonding interactions often feature significant covalent character on account of the highly
polarizing properties of the dication.(2) Given this capacity for covalency, the fundamental
nature of beryllium-beryllium bonding has been debated for more than a century.(4—17) Basic
molecular orbital theory predicts that diberyllium (Be,) should have a bond order of zero, and
only recently has meaningful insight into the true nature of the beryllium-beryllium
interaction in gaseous Be, been obtained.(/2,/3) Moreover, despite seminal reports of zinc-
zinc and magnesium-magnesium bonds in the early 2000s, and a host of quantum chemical
investigations into the potential stability of beryllium-containing analogues, the isolation of a
compound featuring a beryllium-beryllium bond in the condensed phases has not been
achieved.(/14-17)

Given the dearth of compounds featuring beryllium-beryllium bonds, in recent years,
synthetic studies have focused on the preparation of low-valent beryllium species stabilized
by redox non-innocent carbene ligands.(/8—20) Compounds proposed to contain beryllium in
the 0 and +1 oxidation states have been synthesized. However, such descriptions have proved
controversial and are a source of ongoing debate within the literature.(2/—-24) We recently
reported the beryllium-aluminyl complex CpBeAl(NON) (1, NON = 4,5-bis(2,6-
diisopropylanilido)-2,7-di-tert-butyl-9,9-dimethylxanthene; Cp = cyclopentadienyl anion,
[CsHs] ), which displays reactivity expected from low-valent, nucleophilic beryllium.(25-27)
Here we present diberyllocene, CpBeBeCp (2), an unambiguous beryllium(I) compound
which is stable in the condensed phases and features a Be-Be bond. The experimentally
determined properties of diberyllocene (which is stable at 80 °C for extended periods)



validate past quantum chemical predictions of its stability with respect to disproportionation
to Be(0) and BeCp,.(7)
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Figure 1: Synthesis, crystallographic, and electronic structure of diberyllocene (2). A)
Synthesis of 2 via reaction of magnesium(I) complex 3 and beryllocene; B) Molecular
structure of 2 in the solid state, as determined by x-ray crystallography. Thermal ellipsoids set
at 50% probability; C) Calculated highest occupied molecular orbital for 2 (isovalue: 0.03
a.u.).

Synthesis and characterization. We previously succeeded in employing beryllocene BeCp,
for the synthesis of beryllium-aluminyl complex 1.(25, 28) Calculations indicate compound 1
features a higher partial positive charge at aluminium than beryllium. Thus, the formation of
1 could be viewed as a reduction of beryllium(II) to beryllium(I) by the aluminyl anion, with
associated one-electron oxidation of aluminum(I), forming a covalent Be-Al bond. We
therefore set out to examine the possibility of reducing beryllocene to form a covalent Be-Be
bond between two beryllium(I) centres. We turned our attention to di-magnesium(I) reagent
[(M*Nacnac)Mg], (3, M*Nacnac = [(MesNCMe),CH] ", Mes = 2,4,6-trimethylphenyl) which
has been used for the controlled reduction of various organometallic compounds.(6,/7) At
room temperature, under an inert atmosphere, reaction of one equivalent of 3 with two



equivalents of BeCps in toluene leads to quantitative formation of diberyllocene CpBeBeCp
(2) and (M*Nacnac)MgCp, as indicated by multinuclear NMR spectroscopy (Figure 1 and
S5). Both compounds are highly soluble in alkane solvents, such as pentane and hexane.
However, 2 is a volatile solid and can be purified by sublimation at room temperature,
allowing for its isolation in 85% yield.

Compound 2 can be crystallized from a concentrated hexane solution, yielding crystals
suitable for the elucidation of its structure via single crystal X-ray diffraction (Figure 1B).
Compound 2 is shown to feature two half-sandwich (cyclopentadienyl)beryllium units linked
via a beryllium-beryllium bond. Zinc is the only other element for which the dimetallocene
structural motif has been reported — for example in Cp*ZnZnCp* (4, Cp* =
pentamethylcyclopentadienyl anion [CsMes] ) — and the configuration of 2 closely resembles
that of 4.(/4,15) Both 2 and 4 display Ds, symmetry in the solid state, with the
cyclopentadienyl ligands adopting a parallel, eclipsed configuration. At 2.0545(18) A, the
Bel-Be2 distance in 2 is in line with the sum of the single bond covalent radii for beryllium
(2.04 A).(29) This value is extremely close to that predicted by previous computational
investigations of this compound (2.041 — 2.077 A).(7-9) Examples of hydride-bridged
beryllium compounds of the form XBe(u-H),BeX all feature wider Be-Be separations (range:
2.098(3) — 2.212(8) A; mean: 2.136 A).(26,30-32) The Be-C distances within 2 range from
1.923(2) — 1.938(2) A (mean: 1.930 A), and are significantly longer than that of BeCp,
(range: 1.862(9) — 1.936(8) A; mean: 1.904 A).(28) Consistently, the Be-(nS-CsHs) centroid
distances for Bel and Be2 are both 1.519 A, which is again significantly longer than that
reported for BeCp, (1.485 A). These bond metrics reflect the lower oxidation state and
greater ionic radius of the beryllium(I) centres in 2, compared with the beryllium(II) centre in
BeCps,.

Compound 2 was investigated by multinuclear nuclear magnetic resonance (NMR)
spectroscopy. The 'H NMR spectrum of 2 consists of a single resonance at 5.73 ppm,
corresponding to the five equivalent cyclopentadienyl ligand protons. The 'H NMR
resonances of terminal beryllium-bound hydride ligands are generally found between 4 and 5
ppm.(32,33) Thus, 2 shows no signals attributable to Be-H hydrides in its '"H NMR spectrum,
only the resonance corresponding to the cyclopentadienyl ligand. Similarly, the °C NMR
spectrum of 2 features one signal at 102.7 ppm. Compound 2 was also investigated by *Be
NMR spectroscopy — which offers a convenient probe the electron density at the beryllium
center — and shows a single high-field resonance at —27.6 ppm.(25,34) The coordination of
strongly electron donating anionic ligands to beryllium generally shifts the Be NMR
resonances further upfield, as the increasingly electron-rich beryllium center becomes more
strongly shielded. So, for example, whilst CpBeCl exhibits a 9. shift of —19.5 ppm, the
corresponding signals of CpBeMe, CpBeGa(NON), CpBe[Si(CHj3);], and beryllium-aluminyl
compound 1 are found at —20.5 ppm, —26.9 ppm, —27.7 ppm, and —28.8 ppm, respectively
(Table S2).(34) These data suggest that the beryllium centre in 2 is similarly electron rich to
that in 1, consistent with the description of 2 as a metal-metal bonded beryllium(I)
compound.(25, 34) Moreover, the “Be NMR shift for compound 2 also provides evidence
against a bridging hydride formulation for this compound, as such a species would be
expected to show a much lower field chemical shift (Figure S23).(34)

To further argue against the hydride formulation for 2, attenuated total reflection infrared
(ATR IR) spectra were measured for samples of 2 prepared in both protio and perdeutero
toluene solvents (Figure S14 and S15). The spectra are identical and neither features an
absorbance band in the 1500 to 2000 cm™ region where a Be-H stretch might be expected to



be observed.(35) The infrared spectra of both 2 and the hypothetical complex CpBe(u-
H),BeCp were simulated via quantum chemical calculations (Figure S17 and S18). The
experimentally derived ATR IR spectrum of 2 closely matches the spectrum calculated for
this complex (Figure S19) and differs significantly from that of the hydride bridged species
(Figure S20), which features a very intense band at 1527 cm’ (vy(Be-Hy)). The beryllium(II)
hydride compound (CpBeH), is thermally fragile and has been reported to undergo ligand
redistribution, forming BeCp, and BeH,, within minutes at —10 °C.(35,36) This reactivity
contrasts with the relative stability of 2, which shows no obvious signs of degradation upon
heating in solution at 80 °C for 48 hours.

Quantum Chemical Investigations. Quantum chemical calculations were performed on 2
(B3LYP D3BJ def2-TZVP def2/]), in light of the new experimental data which had been
unavailable for previous theoretical investigations of this molecule.(7—9) Key structural
parameters align well with those determined crystallographically (e.g. d(Be-Be) = 2.046 A,
c.f. 2.0545(18) A). These calculations indicate that the energetic separation between the
highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital
(LUMO) is 5.541 eV. The HOMO of 2 is calculated to be the Be-Be c-bonding orbital, with
some Be-Cp o-bonding character (Figure 1C); the lower-lying HOMO-1 to HOMO-4
correspond to the Cp-Be n-bonding combinations. As with the homodiatomic molecule Be,,
the Be-Be o* antibonding orbital (LUMO+1) of diberyllocene is calculated to be significantly
lower in energy than the Be-Be m-bonding orbitals (LUMO+4 and LUMO+5) (Figures S27
and S29).(/2,13) This implies that further reduction of 2 would lead to a weakening of the
Be-Be interaction. Indeed, the Be-Be distance in Be, (2.45 A) is significantly longer than that
measured for 2 (2.0545(18) A).(12, 13) As such, the core of 2 could be considered to be a
(cyclopentadienyl-stabilized) dication of diberyllium, [BeBe]*", which molecular orbital
theory would predict to feature a beryllium-beryllium 6-bond and a formal bond order of one,
as is found here.(37,38)

Natural bond orbital (NBO) calculations were employed to examine the bonding and charge
distribution within 2. Natural population analysis (NPA) indicates that the 2s valence orbital
of each beryllium atom is significantly populated (0.98 electrons), with non-negligible
population of the beryllium 2p orbitals (0.17 e). These data are consistent with a formal
beryllium(I) oxidation state. NBO calculations suggest that the Be-Be bond comprises 93%
2s character and 7% 2p character, with each beryllium center contributing equally (50:50). A
Wiberg bond index (WBI) of 0.90 is calculated for the Be-Be bonding interaction, i.e. slightly
greater than the WBI calculated for the Al-Be bond of 1 (0.82).(25) The charge distribution in
2 was probed by both NPA and quantum theory of atoms in molecules (QTAIM)
calculations. QTAIM analysis indicates a non-nuclear attractor is present for the Be-Be
interaction, as has been indicated by previous theoretical studies of 2, and yields a charge of
+1.33 for each beryllium atom.(§) NPA charges at each beryllium center are significantly
lower (+0.84), but these do not take into account the presence of the non-nuclear attractor.
QTAIM calculations previously performed on 1 provide a charge of +1.39 for the beryllium
centre in this compound, suggesting the beryllium centres in 1 and 2 are similarly electron
rich. This is consistent with the similar "Be NMR shifts measured for the two compounds.(25,
34)

Due to the high quality of the X-ray crystallographic data obtained for 2, quantum-
crystallographic methods were employed to gain further evidence that this compound does
not feature bridging hydride ligands. It should be noted that, even without employing
quantum crystallographic methods, there is insufficient residual electron density to account



for the presence of bridging hydride ligands (Figures S34 and S35). The NoSpherA2 method
was employed; this technique allows for refinement of crystallographic data based on the
partitioned wavefunction of a molecule, rather than the traditional approach of refining
against a model in which electron density is considered as point charges associated with
specific atoms (independent electron model, IEM).(39, 40) Using NoSpherA2, essentially all
electron density in the data collected for 2 is accounted for (Figure S31 and S32). Indeed, the
electron density associated with the cyclopentadienyl C-H bonds can be clearly identified
(Figure S35) and there is no residual electron density resulting from bridging hydride ligands

(Figure S31 and S33).
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Figure 2: Reactivity of compound 2 with metal-iodide complexes, leading to the formation of
beryllium-metal bonded complexes 1 and 5.

Reactivity Studies. In view of the metal-metal bond in 2, its reactivity as a source of low-
valent beryllium was probed. Complex 2 does not react with H, (one atmosphere), even at
elevated temperatures — a finding consistent with di-magnesium(I) compounds, such as 3,
which also do not react with H,.(/7) However, compound 2 reduces (NON)AIIL to cleanly
and quantitatively yield the known beryllium-aluminyl compound 1 and CpBel (Figure 2,
left), evidencing the utility of 2 for the synthesis of beryllium-metal bonds.(25) This
reactivity would not be expected from a beryllium(II) hydride compound. The reaction of 2
with (P"PNacnac)ZnlI (®*"Nacnac = [(DippNCMe),CH] ", Dipp = 2,6-diisopropylphenyl) was
similarly tested, to examine whether the formation of a (hitherto unknown) Zn-Be bond could
be achieved (Figure 2, right). In a similar fashion, '"H NMR spectroscopy indicates the
complete consumption of 2, along with quantitative formation of CpBel and a new
(PP’ Nacnac)-containing species. Additionally, the formation of a small amount of dark grey
metallic precipitate was observed. Crystallization from hexane yielded CpBeZn(°""Nacnac)
(5), which was structurally authenticated by single crystal X-ray diffraction (Figure S21).

The Zn-Be bond within compound 5 represents a very rare example of a beryllium-metal
bonding combination, and provides further evidence for the constitution of 2 itself.(25,27,41)
The Zn-Be bond distance within 5 (2.169(10) A) is in line with the sum of the covalent radii
of Be and Zn (2.20 A), and is consistent with the presence of a covalent metal-metal
bond.(29) Additionally, 5 exhibits a "Be NMR resonance (—27.65 ppm) consistent with a very
electron rich beryllium metal centre, similar to 1 and 2.(25,34) Quantum chemical
calculations performed on 5 (B3LYP D3BJ def2-TZVP def2/]) yield a similar Zn-Be distance
(2.175 A) to that determined crystallographically and indicate that the HOMO is a Zn-Be
sigma-bonding orbital (Figure S30). On the basis of the Pauling electronegativities of
beryllium (1.57) and zinc (1.65), compound 5 might be assigned a beryllium(II)/zinc(0)
formalism. However, quantum chemical calculations indicate significant covalent



contributions to the Zn-Be bonding in this compound, in similar fashion to the Be-Al bonding
in 1.(25) For example, NPA calculations imply that the valence orbitals of both zinc and
beryllium are significantly populated (Be: 2s, 1.00 e; 2p, 0.16. Zn: 4s, 1.04 e). Additionally,
NBO analysis suggests that beryllium and zinc make almost equal contributions to the Zn-Be
bond (Zn:Be, 49.9:50.1). Thus, a beryllium(I)/zinc(I) formulation seems a more appropriate
descriptor for 5.

After half a century, diberyllocene (2) has been synthesized. The Be-Be distance in 2
(2.0545(18) A) is in line with all previous quantum chemical investigations of this
compound. Moreover, 2 reacts as a two-electron reductant and can be used to synthesize
beryllium-metal bonds.
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