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Beryllium gets going, finally. Recent highlights in
the organometallic chemistry of beryllium

Bhagyashree Das and Vadapalli Chandrasekhar *

Beryllium, despite belonging to the s-block of the periodic table, has long remained a chemical enigma.

Its notorious toxicity, stringent handling requirements, and limited availability have collectively stunted the

pace of exploratory research compared to its heavier congeners. Yet, in the last decade, pioneering

efforts by many research groups have challenged this narrative by uncovering a surprising spectrum of

unusual and unprecedented molecular architectures of beryllium compounds. Recent advances have

demonstrated that beryllium can engage in bonding and reactivity patterns previously considered inac-

cessible to s-block elements. These include the realization of multiple-bond character, the stabilization of

low-coordinate and open-shell species, and the isolation of compounds featuring unusual electronic

structures. Notable achievements encompass the synthesis of beryllium complexes supported by strong

donor ligands such as CAACs, the isolation of diberyllocene featuring a Be–Be bond and the first structu-

rally isolated beryllium radical cations and tricoordinate radical species. In parallel, the emergence of het-

erobimetallic systems featuring polarized Be–M interactions across the s-, p-, and d-blocks has under-

scored the ability of beryllium to engage in cooperative bonding and reactivity with diverse metal partners.

This review aims to comprehensively document the recent breakthroughs in molecular organometallic

chemistry of beryllium in the last decade, emphasizing the unusual bonding paradigms and reactivity that

redefine the long-standing perception of s-block inertness.

Introduction

The chemistry of beryllium has historically been relegated to
the periphery of mainstream inorganic and organometallic
chemistry research, largely due to the significant health
hazards associated with exposure to beryllium and its
compounds.1–3 While the acute toxicity of Be2+ ions is compar-
able to that of other commonly encountered toxic metal
cations, such as Ba2+, Cd2+, Hg2+, or As3+, the primary risks
associated with beryllium arise from its unique immunological
response pathways following inhalation or dermal exposure.
Consequently, experimental investigations involving beryllium
require stringent exposure-control measures, including glove-
box or HEPA-filtered containment, strict particulate-manage-
ment protocols, and specialized training. As a result of these
practical considerations, the molecular chemistry of beryllium
has progressed more slowly than that of its heavier alkaline
earth congeners, including magnesium, calcium, strontium,
and barium. For decades, beryllium research was focused on
niche applications such as ceramics, aerospace alloys, thin-
film coatings, and nuclear materials science, with few contri-

butions to molecular coordination or organometallic
chemistry.4–6

Its combination of low density, high elastic modulus, and
high melting point makes beryllium highly attractive for aero-
space and space technologies.6 In nuclear applications, beryl-
lium’s transparency to X-rays, low neutron capture cross-
section, and strong neutron scattering render it indispensable
as a plasma-facing material.7 Beryllium oxide (BeO), with excel-
lent thermal conductivity and radiation resistance, has been
explored as an additive to uranium dioxide fuel pellets to
improve heat dissipation.8 In semiconductor science, beryl-
lium is established as a reliable p-type dopant in GaAs and
GaN.9 Collectively, these applications underscore the dual
nature of beryllium: a material of unparalleled promise, yet
shadowed by its toxicity and the demanding safety protocols
required for its industrial use.

Most alkaline earth metals (Mg, Ca, Sr, and Ba) exhibit
bonding that is largely ionic, with weak orbital overlap and
less directionality. Their larger size and low electronegativity
make electrostatic interactions dominant. In contrast, beryl-
lium, being the smallest and most electronegative of the alka-
line-earth elements can form bonds with a high degree of
covalency.10 Be2+ is the smallest ion among all the metal ions
with an ionic radius of 0.59 Å which is smaller than that of Li+

(0.60 Å), and an exceptionally high charge/radius ratio value of
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6.45 Å−1,11 far exceeding that of Li+ (1.67 Å−1).12 Owing to
these features, beryllium typically can engage in bonding with
considerable covalent character. Furthermore, its small radius
and high charge density can enforce strong orbital overlap
with donor atoms (C, N, O), leading to short, directional, and
polarized bonds. Thus, the chemistry of beryllium resembles
p-block chemistry more than its s-block congeners. Like
boron, beryllium is electron-deficient and often adopts
unusual coordination geometries such as trigonal or linear
arrangements. Be–X bonds display a strong degree of covalency
and polarization like B–X bonds. Furthermore, the stabiliz-
ation of Be(0) complexes (although the formal oxidation state
in such complexes is contested) with CAAC ligands closely
parallels the chemistry of carbene-stabilized Si(0), Ge(0), and
Sn(0) species in group 14.13–16 Likewise, the presence of Be–Be
bonds in diberyllocene mirrors the bonding observed for B–B
species17 as well as heavier congeners such as Ga–Ga and
Sn–Sn.13,18,19 Taken together, these comparisons place beryl-
lium in a conceptual bridge position between the ionic
alkaline-earths and the covalent, electron-deficient p-block
elements.

Nuclear magnetic resonance spectroscopy is a key tool for
elucidating the bonding characteristics in molecular beryllium
compounds. The only stable and naturally abundant isotope of
beryllium, 9Be (I = 3/2), is therefore the nucleus of choice for
NMR investigations and provides a sensitive probe of the local
electronic structure, coordination environment, and ligand
donor properties.20

Despite a relatively slow start, the chemistry of beryllium is
finally looking up. An excellent account by Kraus and Schulz
has provided a comprehensive overview of modern molecular
beryllium chemistry, while also clearly addressing the health
hazards associated with beryllium and its compounds and out-
lining established protocols for their safe handling.1 Buchner2

has made significant contributions to elucidating the mecha-
nisms associated with beryllium-related health risks and in
promoting responsible experimental practices, which have
been instrumental in enabling the continued development of
the field. Together, these efforts have helped demystify beryl-
lium chemistry and have laid a robust foundation for its safe
and systematic exploration. Around this period and slightly
afterwards, researchers have unveiled a series of unpre-
cedented beryllium compounds that pushed the boundaries of
main-group chemistry.12,21–24 The discovery of s-block multiple
bonding was first demonstrated through the isolation of di-
ortho-beryllated carbodiphosphorane, offering direct evidence
of a covalent BevC linkage.25 Perhaps, the most iconic
advance was the report of diberyllocene, a genuine Be(I)
species exhibiting a direct Be–Be bond.12 The isolation of
stable, crystalline beryllium radical cations further emphasized
that open-shell electronic configurations could be accessed
and stabilized in a controlled fashion.21 Beyond these, unusual
bonding motifs such as mono-ortho-beryllated carbodipho-
sphoranes and tricoordinate beryllium radicals have high-
lighted the versatility of beryllium in engaging with highly
electron-rich or radical-stabilizing environments.26,27

Importantly, cross-disciplinary insights emerged when a cyclic
alkyl amino carbene bismuthinidene was isolated, mediated
uniquely by a Be(0) complex, underscoring the role of Be frag-
ments as reactive mediators in heavy main-group element
chemistry.28 The most recent developments, such as the for-
mation of nucleophilic beryllyl complexes via metathesis at
[Be–Be]2+, reveal a surprising depth of Be–Be cooperation
chemistry and nucleophilic reactivity in systems traditionally
dominated by transition metals.29 Parallel breakthroughs
include the discovery of polarized heterobimetallic Be–M lin-
kages spanning the s-, p-, and d-blocks, and the emergence of
beryllium multiple bonding to carbon, nitrogen, and
oxygen.12,30–33 Other classes of beryllium compounds have
been reported earlier, including dialkyls (BeMe2, BeEt2,
BetBu2), cyclopentadienyls (BeCp2, BeCp*2), and halides/
hydrides, which continue to serve as valuable precursors in
film deposition and semiconductor doping.1 Furthermore, the
coordination and organometallic chemistry of beryllium has
seen remarkable progress in the last decade. Classical aqueous
motifs such as tetrahedral [Be3(µ-OH)3(donor)6]

3+ continue to
dominate beryllium coordination chemistry; however, studies
in non-aqueous media most notably liquid ammonia have sig-
nificantly expanded the known speciation of Be2+. In addition
to simple ammine complexes such as [Be(NH3)4]

2+, systematic
investigations have established the formation and structural
characterization of tetra- and diammine beryllium halides and
pseudohalides, as well as more complex amido- and oxyamido-
beryllate species. These include tetra- and octanuclear amido
clusters, unprecedented anionic amidoberyllates, and oxyami-
doberyllate motifs formed via reactions of beryllium metal
with ammonium or alkali metal reagents in liquid ammonia,
highlighting the rich and previously underexplored coordi-
nation chemistry of beryllium in non-aqueous environments.34

Recent years have seen important progress in understand-
ing Schlenk-type equilibria in organoberyllium chemistry, an
area that underpins the structure, stability, and reactivity of
Grignard-analogous Be reagents. In a detailed study, Buchner
and co-workers35 demonstrated that reactions of beryllium
halides with diarylberyllium compounds in the presence of
neutral donor ligands (N-, O-, C-donors) consistently favor
heteroleptic species, rather than homoleptic analogues.
Complementary work by Helling and Jones36 systematically
examined the role of aryl steric bulk in Schlenk-type redistribu-
tion processes of arylberyllium bromides. They showed that
sterically demanding aryl groups suppress dynamic equilibria
and stabilize discrete heteroleptic ArBeBr species, whereas less
hindered systems engage in temperature-dependent equilibria
or dimerization. These studies establish Schlenk equilibria as
a central, yet controllable, feature of organoberyllium chem-
istry, analogous to classical Grignard reagents.

The use of modern ligands has opened new directions;
NHCs enabled Be-induced carbene activation and the first
structurally characterized beryllium borohydride [{(NHC)}Be
(BH4)2], scorpionate and amide complexes expanded bonding
modes, and β-diketiminate systems uncovered unusual ether-
cleavage and polymerization reactivity.37,38 Organometallic
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chemistry has likewise advanced, with the isolation of BeMes2.
(Et2O), sterically hindered ArBeX complexes, and π-bound
BeCp*2, and notably the first solid-state structure of a homo-
leptic berylliumorganyle, BePh2, underscoring renewed pro-
gress in the structural characterization of fundamental beryl-
lium–carbon bonding motifs.39–41 Building on earlier reviews
of beryllium chemistry,1,42 this article highlights developments
in the last decade, from 2016 to 2025, focusing on the unique,
novel, and unusual bonding, reactivity, and electronic pro-
perties of organometallic compounds of beryllium that have
emerged during this period (Fig. 1). Notably, the article high-
lights the isolation of beryllium compounds where beryllium
is present in all three oxidation states (0, +1, and +2). This
article also highlights the chemistry of beryllium which is
based on its ability to form multiple bonds with other p-block
elements. Together, these advances signal that beryllium
chemistry is no longer confined to a few sentences in text-
books but is entering the major league opening new frontiers
in s-block element science. A few selected examples that rep-
resent these advances are depicted in Chart 1.

Bis(CAAC)-stabilized beryllium compounds

Low-valent main-group compounds are of considerable inter-
est in main-group and organometallic chemistry due to the
synthetic challenge, structure and reactivity.49 Over the past
decade, stable low-valent p-block compounds have emerged as
valuable synthetic targets, displaying both transition-metal-
like reactivity and unique bond-activation chemistry.50 In
contrast,15,16,19,51,52 the chemistry of zero-valent s-block
elements remains scarcely explored. Braunschweig et al. in
201623 reported the isolation of neutral Be(0) complexes stabil-
ized by two cyclic (alkyl)(amino)carbene (CAAC) ligands,

although the assignment of the zero oxidation state has been
later challenged.53–55

The synthesis of the beryllium complexes 7 and 8 was
achieved by reducing beryllium(II) species (5 and 6) in the pres-
ence of the MeL. The molecular structure of these compounds
was confirmed by X-ray crystallography, which provided struc-
tural data consistent with a two-coordinate beryllium center,
where the beryllium atom is bound to two CAAC ligands,
forming a linear C–Be–C arrangement (C–Be–C bond angles
are 180.00(7) and 179.3(2) for 7 and 8 respectively).

The Be–C bond lengths in 7 (1.664(2) and 1.659(5) Å) and 8
(1.659(4) and 1.657(4) Å) are significantly shorter than those

Fig. 1 Chronological overview of beryllium chemistry in the last decade, depicting the progression of major discoveries, methodologies, and con-
cepts. Dots indicate works discussed in this review, while stars denote works not covered.12,12,22–25,27–33,40,46,47,48

Chart 1 Representative examples illustrating the diversity of organo-
metallic beryllium complexes.27,35,38,41,43,44–46
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observed in compounds 5 (1.779(3) Å) and 6 (1.791(2) Å). The
9Be NMR resonance for these complexes appeared at ∼32 ppm,
which is downfield shifted compared to typical two-coordinate
beryllium species41,45 but still appearing upfield from other
known complexes in the literature.56 Interestingly, while 7 con-
taining homoleptic ligands could be isolated from the
reduction of 5, an analogous reaction with 6 afforded the het-
eroleptic compound 8 (Scheme 1). The reaction of 7 with CO2

and selenium, afforded the zwitterionic species 9 and selenone
10 (Scheme 1), respectively, with the removal of elemental ber-
yllium, indicating the potential of these beryllium complexes
to interact with small molecules.

The assignment of the formal oxidation state in the CAAC-
supported beryllium complexes 7 and 8 has been the subject
of active debate, as highlighted by several recent theoretical
investigations.53–55 In their analyses, Corral, Jana, Salvador,
Andrada and coworkers53 employed multireference methods,
real-space bonding descriptors, and electron-density analyses
to show that the Be–C interactions in these complexes are
highly covalent, with substantial electron sharing between ber-
yllium and the carbene ligands. On this basis, they argued that
a classical oxidation-state description becomes ambiguous and
that within a formal framework, the complexes may reasonably
be described as Be(II) species supported by strongly donating
CAAC ligands i.e., (L)−1–(Be)2+–(L)−1, rather than genuine low-
valent beryllium compounds. In contrast, Pan and Frenking54

analyzed the same systems using energy decomposition ana-
lysis, orbital interaction schemes, and charge-partitioning
methods, and proposed that the electronic structure is best
described as Be(0), with the CAAC ligands acting as neutral σ-
donors and π-acceptors. There is no experimental evidence so

far that demonstrates a chemical reactivity that unambiguously
supports Be(0)-type behavior for these complexes. This
absence of low-valent reactivity seems to support the Be(II)-
based formulation advocated by Andrada and co-workers,55

while simultaneously underscoring the limitations of assign-
ing oxidation states in highly covalent main-group systems.
Taken together, these studies demonstrate that the CAAC–ber-
yllium complexes occupy a borderline electronic regime, where
extreme covalency blurs the distinction between formal Be(0)
and Be(II) descriptions.

Gilliard, Benkő, and coworkers28 isolated a cyclic(alkyl)
(amino)carbene–bismuthinidene complex using a Be-CAAC
complex as a reducing agent. Starting from (Et2CAAC)Bi(Ph)Cl2
(15), attempts to reduce with KC8 only led to decomposition
and precipitation of Bi metal. The key breakthrough was the
use of Be(CAAC)2 (13), which acted both as a mild reducing
agent and as a ligand-transfer reagent, thereby enabling the
clean formation of the sub valent Bi(I) species (14) (Scheme 2).

Be–M bonded (M = Be, B, Al, Ga, In, Sn, Fe, Ni, Mn and Re)
molecules

Although low valent Mg(I)–Mg(I) and Ca(I)–Ca(I) dimers are
well established,57 analogous Be(I) complexes long remained
elusive. In 2023, Aldridge, Boronski, and co-workers12 syn-
thesized diberyllocene (CpBe–BeCp) 18, a stable Be(I)–Be(I)
dimer, providing the first isolable Be–Be bond in molecular
chemistry.

This was achieved through the reduction of BeCp2 (17) with
a dimeric magnesium(I) complex (16) (Scheme 3).
Diberyllocene was fully characterized by X-ray crystallography,
which confirmed a direct Be–Be interaction. The Be–Be bond
length (2.0545(18) Å) in 18 is aligned with the sum of the
single bond covalent radii for Be (2.04 Å).58 The 9Be NMR spec-
troscopy of compound 18 shows a single high-field signal at
−27.6 ppm, reflecting the electron-rich nature of the beryllium
center. The ability of diberyllocene to act as a reducing agent
forming beryllium–aluminyl compound (19) by treating 18
with (NON)AlI and a beryllium zinc compound (20) by treating

Scheme 1 Synthesis of CAAC-stabilized beryllium(0) complexes 7
and 8.23

Scheme 2 Synthesis of CAAC–bismuthinidene (14) by using 13 as a
reductant and a ligand transfer agent.28
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with (DippNacnac)ZnI, expanded the potential of organo-
metallic beryllium compounds as reducing agents that could
have synthetic applications (Scheme 3). The 9Be NMR chemical
shift of 19 appears at −28.7 ppm. The diberyllocene 18 exhibits
a comparable shift, indicating that its beryllium center is simi-
larly electron-rich, consistent with a metal–metal bonded ber-
yllium(I) species. Likewise, the Be–Zn complex shows a reso-
nance at −27.7 ppm, which supports the presence of a highly
electron-rich Be center, analogous to that in 18 and 19.

Aldridge, Boronski, and co-workers in 202429 extended the
chemistry of diberyllocene CpBe–BeCp (18) by demonstrating
its ligand-metathesis reactivity (Scheme 4).

The reaction of 18 with KCp* gave Cp*Be–BeCp (21), while
treatment with potassium boryloxide furnished the unsymme-
trical complex [K{(HCDippN)2BO}2]Be–BeCp (22) (Scheme 4).
X-ray diffraction confirmed intact Be–Be bonds, with 21

showing a bond length (≈2.05 Å) like 18, whereas 22 displayed
an elongated bond (≈2.135 Å), reflecting strong bond polariz-
ation. The 9Be NMR resonances were observed at −28.6 and
−21.7 ppm for 21, and −29.8 ppm (BeCp) and +9.5 ppm
(BeNHBO) for 22 respectively, clearly evidencing the inequiva-
lent electronic environments of the two Be centers. The Cp-
bound Be thus appeared highly shielded, while the boryloxide-
ligated Be was deshielded. Importantly, 22 acted as a source of
the beryllyl anion [BeCp]−, transferring it to electrophiles such
as trityl cation [CPh3]

+ to form a Be-carbon bonded compound
(24) (Scheme 4). This reactivity mirrors that of sp2–sp3 dibor-
anes,59 underscoring unexpected parallels between beryllium
and boron chemistry and establishing the first example of a
polarized, mixed-valence Be0/Be2+ complex capable of nucleo-
philic Be transfer.

Harder, Buchner and co-workers reported in 202460 a het-
erobimetallic Mg–Be bonded complex, 26, providing an
example of a formal Be(0) species. The complex was syn-
thesized in near-quantitative yield via salt-metathesis between
25 and the sterically accessible Cp*BeCl, whereas the more
hindered Be[N(SiMe3)2]2 was unreactive (Scheme 5). Single-
crystal X-ray analysis revealed a nearly linear Mg–Be–Cp* motif
in 26 with a Mg–Be distance of 2.469(4) Å, close to the sum of
covalent radii, and elongated Be–Cp* contacts indicative of a
low oxidation state at Be.

Multinuclear NMR spectroscopy showed retention of the
solid-state structure in solution, with a markedly upfield 9Be
resonance at ca. −23.7 ppm, signalling substantial electron
density at Be. DFT calculations supported a strong yet polar-
ized Mg–Be bond (ΔHhomolytic ≈ 69.6 kcal mol−1), comparable
to Be–Be bonding, with pronounced Mgδ+–Beδ− character (NPA
charges, Mg +1.21, Be +0.62). Despite this polarization, the
complex is thermally robust and largely inert toward small

Scheme 3 Synthesis and reactivity studies of the beryllium(I) com-
pound (18).12

Scheme 4 Synthesis of 21 and 22 through metathesis reactions with
diberyllocene 18 and the reactivity of 22.29 Scheme 5 Synthesis and reactivity of Mg–Be compound 26.60
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molecules such as H2, CO, and N2, while reactions with benzo-
phenone, azobenzene, phenylacetylene, CO2, and CS2 are slow
and unselective. In contrast, reaction with 1-adamantyl azide
leads to reductive coupling to form a N6 chain 27,
accompanied by insertion of the azide into the Cp*–Be bond
(Scheme 5).

Beyond direct Be–M bonding, unconventional beryllium–

boron reactivity has further expanded this field. In a recent
study, Buchner and co-workers61 reported the first example of
boron to beryllium transmetalation in phosphorus-based scor-
pionate systems, involving transfer of a [CH2P(

iPr)2]
− fragment

rather than a simple salt metathesis process. Even though
compounds 28a and 28b do not contain a direct Be–B bond
these are discussed in this section for the sake of continuity.
Organo-beryllium complexes (28) are initially formed at low
temperature, however the formation of 29 occurs via transme-
talation, involving migration of the phosphanylmethyl unit
from boron to beryllium (Scheme 6). Notably, Ph and nBu
groups do not undergo transfer. This transformation constitu-
tes the first experimentally verified transmetalation from a
more electronegative element (B) to a less electronegative
element (Be).

Jones et al. in 201948 reported the molecular complexes fea-
turing covalent beryllium–aluminium (Be–Al) bonds. This
work showed that beryllium, traditionally confined to halide
or donor–acceptor chemistry, could in fact engage in unsup-
ported, non-dative covalent bonding with another main-group
element. By reacting beryllium dihalide adducts with an alu-
minium(I) heterocycle (30), the compound 31 was isolated,
having a Be–Al bond (Scheme 7). DFT studies revealed a strong
σ-character in the Be–Al bond and low polarity due to the
nearly identical electronegativities of the two metals. The
broader implication of this discovery is that beryllium can
behave in a more transition-metal-like manner than previously
recognized, with the capacity to form robust, covalent, and
relatively nonpolar metal–metal bonds. Moreover, the Be–Al
systems might have a potential utility as single-source precur-
sors for Be–Al alloys, which have significant applications in
aerospace materials.62

The reaction of beryllocene 17 with nucleophiles [K{E
(NON)}] (32) (E = Al, Ga; NON = 4,5-bis(2,6-diisopropylanilido)-
2,7-di-tert-butyl-9,9-dimethylxanthene) was reported by
Aldridge, Buchner, and co-workers.24 The substitution of one

Cp ligand in 22 leads to the formation of heterobimetallic
complexes 19 and 33, which contain direct Be–Al and Be–Ga
linkages (Scheme 8). Remarkably, the Be–Al distance in 19
(2.310(4) Å) is shorter than in all previously reported ana-
logues, and computational analyses identify a non-nuclear
attractor (NNA) for the Be–Al bond, indicating that the electron
density is concentrated between Be and Al rather than loca-
lised at the respective nuclei. Interestingly, because beryllium
and aluminium have comparable electronegativities, the
charge distribution is inverted relative to expectation; the Be
atom (+1.39) is calculated to be less positively charged than Al
(+1.88). Therefore, the Be center exhibits nucleophilic reactiv-
ity, a rare and counterintuitive behaviour for this element.
Indeed, 19 and 33 react with N,N′-diisopropylcarbodiimide
through nucleophilic attack at beryllium, affording a beryl-
lium–diaminocarbene complex 34 and a guanidinate-type

Scheme 6 Synthesis of 28 and 29.61

Scheme 7 Synthesis of 31 which contains a Be–Al bond.48

Scheme 8 Synthesis and reactivity studies of Be–Al and Be–Ga com-
pounds 19 and 33.24
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system coordinated to the gallium center 35. However, in the
case of the gallium–beryllium complex 33, the observation is
different, beryllium having a more positive charge than
gallium. Consistently, the 9Be NMR resonances of 19, 33 and
nucleophilic addition product beryllium-diaminocarbene 34
appear at −28.7, −26.9, and −24.6 ppm, respectively.

Building on their earlier work on Be–Al (19) and Be–Ga (33)
heterobimetallic systems, Boronski, Aldridge, and co-workers
further expanded this chemistry in 202463 by isolating a Be–In
molecular complex. Using an analogous salt-metathesis strat-
egy to that employed for the aluminium and gallium conge-
ners, reaction of Cp2Be with a nucleophilic indium(I) precursor
[(NON)In]K enabled selective substitution of a Cp ligand and
formation of 36 (Scheme 9).

In 2025, the scope of Be–E bonding was expanded to group
14 with the isolation of the first structurally Sn–Be molecular
complex reported by Dietz, Boronski, Aldridge and co-
workers.32 In this study, a bis(boryl)stannylene, 37 was found
to undergo a formal reductive addition of a Be–Be bond upon
reaction with 18, affording the heterometallic complex 38
(Scheme 10) containing the first structurally confirmed Sn–Be
bond. Single-crystal X-ray analysis revealed a tetrahedral tin
centre bearing two boryl and two beryllyl ligands. The Sn–Be
bond lengths (2.388(3) and 2.389(3) Å) are slightly shorter than
the sum of the covalent radii, while the long Be⋯Be separation
(3.577(6) Å) confirms complete cleavage of the Be–Be bond.
Based on electronegativity considerations, this process is best
described as reductive addition of Be–Be bond at Sn(II),
leading to a formal Sn(0) assignment.

Multinuclear NMR spectroscopy further supports the solid-
state structure. The 9Be NMR spectrum of 38 displays a single
resonance at −24.5 ppm, accompanied by unresolved 117/119Sn
satellites, providing direct spectroscopic evidence for Sn–Be

bonding. Due to coupling with multiple quadrupolar nuclei,
no resolved 119Sn NMR resonance was observed for this
complex.

A significant expansion of beryllium chemistry into the
d-block has been realized through the isolation of well-defined
iron– and nickel–beryllyl complexes by Boronski, Aldridge, and
coworkers in 2024,30 demonstrating that controlled Be–Be
bond activation provides access to unprecedented heterometal-
lic bonding motifs. Reaction of 0.5 equivalents of Fe2(CO)9
with 18 furnished the diamagnetic 18-electron complex 39
(Scheme 11). Single-crystal X-ray diffraction establishes a cis-
octahedral coordination geometry at iron, with short Fe–Be
distance in 39. The corresponding 9Be NMR spectrum of 39
displays a single resonance at δ(9Be) ≈ −18.0 ppm, substan-
tially downfield relative to 18 (δ ≈ −27.6 ppm), supporting the
absence of Be–Be bonding and highlighting enhanced Be → Fe
σ donation in the heterobimetallic framework.

An even more striking manifestation of beryllyl donor
strength is observed in the nickel system. Treatment of Ni
(COD)2 with three equivalents of 18 leads cleanly to Ni(BeCp)6
(40) (Scheme 11). X-ray crystallographic analysis reveals a
highly symmetric pseudo-octahedral environment at nickel,
defined exclusively by six BeCp ligands, with exceptionally
short Ni–Be bond lengths that underscore the strong covalent
character of the interaction. The electronic structure of this
complex is highly unusual: population of nickel 4p-based orbi-
tals gives rise to an inverted ligand field, while multicenter
NiBe6 bonding interactions contribute to the stabilization of
the formally high-valent coordination environment. The 9Be
NMR spectrum of 40 consists of a single resonance at δ(9Be) =
−16.7 ppm, the most downfield shift reported for any CpBeX-
type complex. This pronounced deshielding has been attribu-
ted to strong metal–beryllium orbital mixing and possible aro-
matic ring-current effects within the delocalized NiBe6 frame-
work, and contrasts sharply with the high-field shift observed
for Be–Be bonded species such as 18. Collectively, these
studies establish beryllyl ligands as uniquely potent donors
capable of stabilizing highly unusual coordination numbers
and electronic structures at transition metals.

Additionally, Boronski, Aldridge, and co-workers31 reported
the synthesis of bis(beryllyl) manganese and rhenium com-
plexes as reactive intermediates for hydrocarbon beryllation.
Photolysis of CpMn(CO)3 or CpRe(CO)3 with 18 in cyclohexane
at ambient temperature affords trans-CpMn(CO)2(BeCp)2 (42)
and trans-CpRe(CO)2(BeCp)2 (41), respectively (Scheme 12).
Both complexes are diamagnetic 18-electron species adopting

Scheme 9 Synthesis In–Be compound 36.63

Scheme 10 Synthesis of Sn(0) complex 38 from stannylene 37.32 Scheme 11 Synthesis of Be coordinated Fe 39 and Ni 40 complexes.30
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a four-legged piano-stool geometry with trans-oriented BeCp
ligands. Single-crystal X-ray analysis showed Mn–Be distances
of 2.169–2.172 Å and Re–Be distances of 2.298–2.316 Å in 42
and 41 respectively. The 9Be NMR spectra exhibit resonances
at −12.5 ppm (42) and −10.5 ppm (41), indicating the elec-
tron-rich and Lewis acidic nature of the beryllium centers.
Notably, both complexes react with methane under ambient
photochemical conditions to produce CpBeMe and CpBeH,
demonstrating the unique ability of beryllyl ligands to
mediate C–H elementation that is inaccessible to analogous
boryl systems.

Be–E (E = C, N and O) multiple bonded compounds

The multiple bond chemistry of main-group elements64 is
uncommon for s-block metals owing to the predominantly
ionic bonding character of these metals. Nevertheless, recent
years have witnessed a series of seminal discoveries demon-
strating that beryllium can engage in multiple bonding with
carbon, nitrogen, and oxygen, thereby redefining the bonding
capabilities of s-block.

A landmark breakthrough in this context was reported by
Buchner, Frenking, Sundermeyer and co-workers25 with the
synthesis of a di-ortho-beryllated carbodiphosphorane featur-
ing a BevC, representing the first experimentally example of a
metal–carbon double bond involving an s-block element. 45
was accessed via a salt elimination strategy using a carbodi-
phosphorane ligand bearing ortho-functionalized aryl substitu-
tents 43, where deprotonation generated a dianionic precursor
44 that reacted with a beryllium halide under inert conditions
to afford an air- and moisture-sensitive crystalline material
(Scheme 13).

Single-crystal X-ray diffraction revealed a markedly shor-
tened Be–C bond distance 1.704(2) Å in 45 relatives to typical
Be–C single bonds of Be-CDP and Be-CDC and a near-coplanar
Be–C–P arrangement, enabling effective π-donation from the
carbodiphosphorane carbon lone pair into the vacant Be 2p
orbital. Complementary DFT calculations, together with
EDA-NOCV analyses, established that the BevC interaction
consists of a dominant σ-donation accompanied by a substan-
tial π-donation component, providing compelling evidence for
multiple-bond character.

Early experimental evidence for BevN multiple bonding
was provided by Schulz and co-workers in 2015,45 who
reported the first solid-state structure of the monomeric beryl-
lium diamide Be[N(SiMe3)2]2 and demonstrated, through com-
bined X-ray diffraction and DFT analyses, that the Be–N inter-
action is predominantly ionic but exhibits a significant partial
BevN double-bond character. Building on this conceptual
advance, Gilliard, Wilson, and co-workers22 reported the first
isolable beryllium imido complex BevNR (46) in 2021,
marking a significant extension of multiple-bond chemistry to
Be–N systems. 46 was obtained by the oxidation of 13 with tri-
methylsilyl azide (Scheme 14).

The molecular structure revealed a remarkably short Be–N
bond length of 1.464 Å. The 9Be resonance at 9.01 ppm is
notably upfield shifted. DFT studies supported the existence of
a strong π-interaction between beryllium and nitrogen, arising
from overlap of the Be 2p orbitals with the N lone pair (46b).
NBO and energy decomposition analyses reinforced the view
that the BevN bond approaches a true double bond in 46a,
albeit with some polarity toward nitrogen.

Buchner et al.44 subsequently expanded the Be–N bonding
landscape by synthesizing imide complex [Be(NCPh2)2]3 (47),
prepared via protonolysis of Be(iBu)2 with diphenylmethani-
mine (HNCPh2) under thermal conditions (Scheme 15). Single-
crystal X-ray diffraction revealed short Be–N bonds to the term-
inal imido nitrogen atoms 1.502(3) and 1.507(3) Å compared to
the bridging nitrogen atoms. Detailed Computational studies
demonstrated that the Be–N bonds comprise covalent σ inter-

Scheme 12 Synthesis of Be–Re (41) and Be–Mn (42) complexes and
the reactivity of 42.31

Scheme 13 Synthesis of 45 by using carbodiphosphorane ligand 43.25

Scheme 14 Synthesis of beryllium(II) imido complex (31).22
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actions supplemented by significant π-donation from nitrogen
lone pairs, resulting in partial BevN double-bond character
that is distributed over multi-centre bonding motifs rather
than localized at a single Be–N unit.

Zhou et al.65 identified transient HNBeCO with compu-
tational evidence for Be–N triple bonding. Also, Be–O and Be–
F multiple bonds had been predicted computationally.66,67

These computational predictions were realized experi-
mentally in 2025 by Jones et al.,33 who synthesized monomeric
two-coordinate beryllium complexes featuring Be–N and Be–O
triple bonds. 48 and 49 were synthesized by reacting Be(II) pre-
cursors with appropriate ligands, stabilizing highly covalent

Be–N and Be–O triple bonds (Scheme 16). This work demon-
strated that beryllium could form stable, low-oxidation-state
multiple bonds with both nitrogen and oxygen. Notably, the
9Be NMR resonances for 48, and 49 appeared at 12.3 and
11.0 ppm, respectively indicating the highly deshielding,
covalent environments of beryllium in these compounds. The
X-ray crystallography of these complexes revealed strong Be–N
(1.434(2) Å, 1.437(3) Å) and Be–O (1.4035(14) Å) bonds, which
were further confirmed by computational studies. However,
smaller aryl substituents (Ph, Mes) afforded dimeric structures
(50 and 51) (Scheme 16).

A more explicit cross-comparison of Be–E bonding analyses
highlights that beryllium engages in markedly different
bonding regimes depending on the electronegativity and
orbital compatibility of the partner element. In Be–N and Be–
O multiple-bonded systems, such as terminal imido BevNR22

in 46 and oxo-like BeuO33 in 49 species, the Be–N (1.46 Å) and
Be–O (1.40 Å) distances are significantly shorter than typical
Be–X single bonds (>1.70 Å), and indicative of substantial π
character, noting that beryllium intrinsically forms short bonds
to electronegative elements due to its small size and high polar-
izing power. Computational analyses (NBO, EDA-NOCV, QTAIM)
consistently show strong but highly polarized π- interactions,
where the π-electron density resides predominantly on the elec-
tronegative N or O atoms, supporting a formal Be(II) description
despite the presence of multiple-bond features.

Beryllium radical and radical cation species

The isolation and stabilization of main group radical cations is
inherently challenging. While, examples of stabilization of
p-block radical cations are now well established,68 the stabiliz-
ation of s-block radical cations remains significantly more
difficult. In 2020, however, Gilliard et al.21 reported a break-
through in this area with the isolation of the beryllium radical
cation, [(CAAC)2Be]

•+ (53) (Scheme 17), thereby opening the
door to open-shell beryllium chemistry. A one-electron oxi-
dation of 13 using TEMPO afforded a radical cation, 53, whose
EPR spectrum indicated substantial delocalization of the
unpaired electron over the NCBeCN framework. Consistent
with this description, spin-density analysis revealed only
partial localization at the beryllium center (0.38 e Å−3), with
significant contributions from the carbene carbon atoms (0.18
e Å−3 each) and the nitrogen atoms (0.13 e Å−3 each).
Hyperfine coupling to 9Be further confirmed Be participation
in the singly occupied molecular orbital. Treatment of 53 with
NaBArF4 afforded 54 and the trimetallic disodium/beryllium
cation (55). 53 could be reduced with KC8 to regenerate 13,
along with a bimetallic K/Be species (56) (Scheme 17).

In 2024, Braunschweig et al. advanced the beryllium radical
chemistry by isolating an open-shell tricoordinate Be com-
pound, [(CAAC)(Et2O)BeDur]·(2-Et2O) (58), synthesized through
the one-electron reduction of a CAAC–Be precursor (57)
(Scheme 18).27 DFT spin-density analysis and EPR calculations
revealed that only a small fraction of the unpaired spin density
(3 to 6%) is localized at the beryllium center, with the majority
delocalized over the CAAC carbon (57–72%) and the nitrogen

Scheme 15 Synthesis of 47.44

Scheme 16 Isolation of Be–N and Be–O triple-bonded compounds
48, 49 and dimeric compounds 50, 51.33
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center (16–19%). These findings support a bonding descrip-
tion in which 58 is best regarded as a formal Be(II) complex
bearing a reduced [CAAC]•− ligand rather than a true Be(I)
species. These stable radicals exhibited ligand exchange and
C–H activation reactions, which resulted in a beryllacycle (59)
as a minor product when 1.05 equiv. of lithium sand was used.
However, 59 could be isolated in 85% yield by using 2.05
equiv. of lithium sand.

9Be NMR spectroscopy as a probe of electronic structure. 9Be
NMR spectroscopy provides valuable qualitative insight into
the electronic structure, oxidation state, and coordination
environment of molecular beryllium species. Highly
deshielded resonances at strongly positive chemical shifts (δ ≈
+25 to +32 ppm) are characteristic of low-coordinate, electron-

rich beryllium centers, particularly zero-valent or strongly σ-
donating carbene-stabilized Be species (Table 1).

For example, bis(CAAC)-stabilized Be(0) complexes exhibit
the most downfield shifts observed to date (δ ≈ +32 ppm),
reflecting significant electron density at Be combined with
minimal coordination (Table 1). In contrast, classical two-coor-
dinate Be(II) complexes supported by strong σ-donor ligands
such as CAACs, imido, nitrido, or oxo ligands cluster in a nar-
rower range between +9 and +14 ppm. This consistency
suggests that for low-coordinate Be(II) species, the 9Be chemi-
cal shift is governed primarily by coordination number rather
than the identity of the terminal multiple-bonded ligand.

A marked upfield shift (negative δ values) is observed upon
formation of Be–Be or Be–metal bonds. Be(I)–Be(I) dimers,
Cp*-supported Be–Be systems, and heterobimetallic complexes
with Al, Ga, Zn, Sn, Mg, and transition metals typically res-
onate between −10 and −30 ppm (Table 1). This pronounced
shielding is consistent with increased covalency, metal–metal
bonding interactions, and effective electron delocalization
away from the Be center. Mixed-valence systems display two
distinct resonances, directly reflecting inequivalent Be oxi-
dation states within the same molecule. Overall, the available
9Be NMR data demonstrate that chemical shifts become pro-
gressively more shielded with increasing coordination
number, metal–metal bonding, and covalent character.

Scheme 17 Isolation and reactivity study of beryllium radical cation
(53).21

Scheme 18 Synthesis of tricooordinated beryllium radical 58 and ber-
yllacycle 59.27

Table 1 9Be NMR chemical shift values for representative beryllium
complexes

9Be δ (ppm) Compounds Description

+32.0 7 & 8 Bis(CAAC)-stabilized Be(0) complexes
+26.3 45 BevC bonded molecule
+13.7 12 CAAC-stabilized Be(II) complex
+12.9, +12.8 5 & 6 CAAC-stabilized Be(II) complexes
+12.3 48 Monomeric two-coordinate BeuN

(nitrido-type) species
+11.0 49 Monomeric two-coordinate BeuO (oxo-

type) species
+10.6 54 & 55 Radical cationic Be species and

trimetallic disodium–beryllium cation
+9.5 22 Mixed-valence Cp–Be–Be–boryloxide (Be

(II) site)
+9.0 46 Terminal Be(II) imido complex (BevNR)
+7.52 56 Bimetallic potassium–beryllium complex
−10.5 41 Be–Re heterobimetallic complex
−12.5 42 Be–Mn heterobimetallic complex
−16.7 40 Be–Ni heterobimetallic complex
−18.0 39 Be–Fe heterobimetallic complex
−21.7 21 Cp*Be–BeCp (Be–Be bonded site)
−23.7 26 Cp*Be fragment in Mg–Be complex
−24.5 38 Be–Sn heterobimetallic complex
−24.6 34 Low-coordinate beryllium

diaminocarbene complex
−26.9 33 Be–Ga heterobimetallic complex
−27.6 18 Be(I)–Be(I) bonded dimer
−27.7 20 Be–Zn heterobimetallic complex
−28.6 21 Cp*Be–BeCp
−28.7 19 Be–Al heterobimetallic complex
−29.8 22 Mixed-valence Cp–Be–Be–boryloxide (Be

(I) site)
— 31 Be–Al complex (9Be resonance not

observed due to quadrupolar
broadening)
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Conclusions

Although beryllium chemistry remains one of the least
explored areas in the periodic table due to the toxicity and
challenging handling requirements of this element, as well as
its low availability, the last decade has produced a series of
remarkable discoveries that have redefined its chemical
profile. In this review, we specifically focused on the recently
developed novel and unusual properties of beryllium, which
showcase its ability to transcend the boundaries traditionally
associated with s-block chemistry. The pioneering work on
CAAC-stabilized Be complexes opened the door to concepts
once thought unattainable for an s-block element, such strong
π-backbonding, multiple bonding, and radical stabilization.
Subsequent studies have demonstrated that beryllium could
engage in covalent metal–metal bonding, sustained radical
and open-shell species, and even form multiply bonded
BevC, BevNR and BeuX (N, O) units with unprecedented
bond strengths and reactivity patterns. These advances estab-
lish beryllium as an outlier within the alkaline-earth series,
displaying transition-metal-like features despite belonging to
the s-block. Taken together, these findings underline that ber-
yllium is not merely a lightweight, toxic, and industrially rele-
vant metal but also a unique element capable of supporting
bonding motifs and reactivity modes previously reserved for
the p- and d-blocks. By stabilizing unusual oxidation states
(0, +1, and +2), enabling radical reactivity, and forming strong
covalent and multiple bonds (double and triple bonds), beryl-
lium has emerged as a fertile ground for conceptual advances
in main-group chemistry. It must be mentioned that the
nature of bonding including the formal oxidation states of ber-
yllium in these compounds would be subject to more intense
theoretical studies and will remain a subject of debate.53–55,67

While experimental exploration will remain limited by safety
concerns, the discoveries highlighted here underscore that ber-
yllium can no longer be regarded as an outlier but rather as a
versatile element with potential to inspire new directions in
bonding, reactivity, and materials design. Looking ahead, the
field of beryllium chemistry offers several compelling direc-
tions that extend far beyond the discoveries reported to date.
One of the most immediate needs is a deeper theoretical
understanding of the unusual bonding scenarios now known
for Be, particularly in species exhibiting strong π-back
bonding, multiple bonding and the typical oxidation states
such as Be(0) and Be(I). At the same time, the design of ligand
frameworks especially those combining strong σ-donation with
controlled π-acceptor ability, or incorporating redox-active or
multidentate architectures can hold promise for stabilizing
even more reactive or unconventional beryllium species.
Further exploration of metal–metal interactions, including het-
erometallic Be-transition and rare earth metal systems may
reveal cooperative reactivity or new modes of small molecule
activation. In particular, the emerging radical and open-shell
chemistry of beryllium points to exciting possibilities in acti-
vating H2, CO2, N2O, and unsaturated substrates, potentially
through mechanistic pathways distinct from both s- and

p-block analogues. Finally, progress in experimental strategies,
and the development of bench-stable beryllium transfer
reagents will be crucial to expanding the accessible chemical
space.
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