
Chemistry of alkaline earth metals: It is not all ionic and definitely not
boring!

Katharina M. Fromm
University of Fribourg, Department of Chemistry, Chemin du Musée 9, CH-1700 Fribourg, Switzerland

Some scientists might consider group 2 chemistry as ‘‘boring, closed shell and all ionic, aqueous chem-
istry, where everything is known! It is not worth investigating”. How wrong they are! Far from forming
only purely ionic compounds, this review will shed light on some spectacular molecules, showing that
alkaline earth metal ions can behave similar to transition metal ions. After general remarks about each
element, from beryllium to barium, mainly recent examples of group 2 coordination compounds will
be presented, their bonding situation will be discussed and examples of applications, e.g. in catalysis, will
be given.
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1. Introduction

The name ‘‘alkaline earth” comes from alchemist times and
relates to their basic oxides, while ‘‘alkali” derives from the Arab
term for ‘‘ashes of the saltwort”, saltwort being flowering plants
growing in a salty environment. The alkaline earth metal elements
Be, Mg, Ca, Sr, Ba, and Ra are all silvery shining metals with an ns2

electronic configuration. Some of the alkaline earth compounds are
known since prehistoric times, like gypsum, limestone or chalk,
while others have been discovered between the 17th and the
19th century.

Their electron affinity as well as the ionization energies are low,
resulting in the formation of typically divalent cations M2+ upon

oxidation. As usual in the main groups of the periodic table, the
first element, Be here, behaves ‘‘not like the others”. It has the high-
est electronegativity of all the alkaline earth metal elements with
1.57 (Pauling scale), followed by Mg with 1.31, while the heavier
elements have an electronegativity of around 1.0. Beryllium also
has the highest melting and boiling point in the group 2, which
can be explained by strong interactions between the atoms due
to a better orbital overlap. The chemistry is hence mainly covalent
for Be, while it becomes generally more ionic as one moves down
in the group.

Due to their high, but less violent reactivity when exposed to air
and humidity compared to the group 1 elements, the alkaline earth
metals are usually not found in their elemental state in nature, but
are rather associated to minerals. The elements can be extracted
from the molten compounds using electrolysis (Mg-Ra), or by
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reduction with a less noble alkali metal (Be). Among the typical
minerals of the alkaline earth metals, the transparent, colorless
beryl is an aluminium cyclosilicate of beryllium. It adopts different
colors when doped with iron or chromium ions, leading to the light
blue aquamarine (Fe2+-doping), the green emerald (Cr3+) or the
golden helidor (Fe3+). Manganese doping leads to the pink morgan-
ite (Mn2+) or the red beryl (Mn3+). Magnesium, together with cal-
cium among the ten most abundant elements on Earth’s crust, is
typically found as carbonate, either alone (magnesite) or with the
latter (dolomite), or in silicates (e.g. talc) or other (soluble) salts.
Calcium carbonate is the most frequent mineral for this element,
but others, like limestone, gypsum, fluorite or apatite are also
widely found. Celestine (SrSO4) and strontianite (SrCO3) are the
most common sources for the production of strontium, and for bar-
ium, the analogue minerals are called barite, respectively whi-
terite. The radioactive element radium, discovered by Marie and
Pierre Curie, does not present its own mineral, but is associated
with uranium and thorium ores.

The coordination chemistry of the alkaline earth metal ions has
been reviewed previously [1], covering earlier references, so that
this review focuses mostly on selected examples of the more
recent literature. Based on the large electronegativity difference
between the alkaline earth metals and their most frequent binding
partners, the metal–ligand interactions are mainly considered as
predominantly ionic and, due to usually negligible orbital interac-
tions, also as non-directional based on ionic potentials. Hence, the
interactions of ligands with the M2+ metal ion are therefore mostly
governed by electrostatic and steric factors. There are however
observations, such as unusual geometries, or good solubility in
organic solvents, that hint to bonds with covalent character in cer-
tain alkaline earth metal compounds that will be particularly dis-
cussed for each element in the following chapters.

2. Beryllium

Beryllium is the least reactive metal among the alkaline earth
metals and reacts with oxygen only upon heating. It is therefore
used either pure or as ingredient in alloys for many different appli-
cations. For example, since it has a low absorption for X-rays, it is
used in high purity as radiation windows for X-ray tubes, detectors
and in synchrotrons. In alloys with other metals, it improves the
mechanical strength and dimensional stability. Thus, it can be
alloyed with copper or nickel, leading to metallic materials com-
bining elasticity, high electronic and heat conductivity, and resis-
tance to corrosion and fatigue. It can be used for watch springs,
surgical instruments or non-sparking tools, e.g. to work with

inflammable gases. Being non-magnetic, beryllium tools are cho-
sen when working with magnetic compounds or strong magnetic
fields.

While well known in alloys, molecular zero-valent beryllium
compounds were first predicted by theory [2] and their existence
was confirmed in 2016 with two examples, a homo- and a
heteroleptic complex based on N-heterocyclic carbene ligands
(Fig. 1) [3]. Beryllium has then a linear coordination based on
Be–C bonds of ca. 1.66 Å, which is significantly shorter than in sim-
ilar Be2+ compounds (ca. 1.78 Å) and hence shows the partial
double-bond character based on the effect of the p-back-bonding
from beryllium to the carbene in addition to the r-donation by
the carbene ligands to the metal atom. The electronic configuration
of the beryllium atom is suggested therefore to be 1s22s02p2 with
the 2e-p-bond stretching over the three-atom core of C–Be–C [3].

Covalent, electron-deficient chemical bonds (three-center-two
electrons; 3c-2e) are also found in solid beryllium hydride
(BeH2)n, where a network of corner-sharing BeH4-tetrahedra is
formed [4]. Here, beryllium shows a diagonal relationship with alu-
miniumand its hydride (AlH3)n,which is also a polymer, but is based
onhexacoordinated aluminiumions featuring six 3c-2ebonds [5]. In
the gas phase, BeH2 is linear with an sp-hybridisation [6]. The fluo-
ride of berylliumbehaves similarly to the hydride in the solid and in
the gas phase, while beryllium chloride (and bromide and iodide)
forms one-dimensional chains via edge-shared tetrahedra in the
solid phase, and linear monomers as well as chloride-bridged
dimers for BeCl2 with 3-coordinate beryllium in the gas phase [7].
In contrast to the insoluble hydride, the berylliumfluoride possesses
ionic bonds, making it well soluble in water.

In water, the divalent beryllium ion behaves as a cation acid and
is thus able to hydrolyze water molecules. From tetrahedrally coor-
dinated [Be(OH2)4]2+, obtained by dissolving beryllium salts in
water, hydrolysis occurs to yield [Be(OH2)3(OH)]+ species that
easily condensate into the trimeric [Be3(OH)3(OH2)6]3+ [8].
[Be(OH)2] precipitates above pH 5 and redissolves in basic medium
to give the tetrahedral anion [Be(OH)4]2� [9].

The coordination chemistry of beryllium ions is thus typically
dominated by tetrahedral coordination, as recently reviewed by
others [10] that can be derived from both, VSEPR (Valence Shell
Electron Pair Repulsion) and hybridization models. O- and N-
donors can lead to monomeric complexes, ring-type structures,
aggregates or coordination polymers. For example, while basic
beryllium acetate forms a [Be4(O)(OAc)6] aggregate (Fig. 2, left)
[10], the reaction of BeCl2 with benzoic acid in benzene leads
to elimination of HCl and formation of a Be12-ring molecule
[Be(PhCOO)2]12 (Fig. 2), which resembles wheel-type structures
obtained with transition metal ions [11]. The tetrahedron around

Fig. 1. Heteroleptic zero-valent beryllium compound stabilized with N-heterocyclic carbene ligands (left) and schematic representations of the involved r-donation and p-
backdonation (right, adapted with permission from [3]).
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each metal ion can be more or less distorted in case of e.g. polyden-
tate ligands, like in the fluorescent molecule designed for beryl-
lium detection in cells, using 2,6-bis(2-hydroxyphenyl)pyridine
(BHPP) as tridentate and water as terminal ligand (Fig. 3, left)
[10]. Three-coordinate, trigonal planar beryllium ions are observed
with sterically demanding ligands, like di-methylamine (Fig. 3,
middle), where probably the sp2-hybridization describes best the
r-bonds, with the possibility for p-interaction between the filled
orbitals at the ligand and the remaining empty p-orbital on beryl-
lium. Square planar beryllium complexes are achieved with planar
macrocyclic ligands like phthalocyanine (Fig. 3, right) [10]. Macro-
cyclic ligands comprising four pyridine entities were recently
shown to possess the highest binding affinity with moderate cova-
lent character for beryllium, followed by magnesium and calcium,
making such ligands useful for (alkali and) alkaline earth metal ion
sequestration [12].

As the beryllium ion is smaller than magnesium and zinc ions
and has hence a higher charge density, it is expected to have a
higher binding affinity to the ligands of Mg2+ and Zn2+ and should
therefore be able to displace these latter in their numerous
enzymes and biological roles. It is thus claimed to be extremely
toxic, carcinogenic and provoking the chronic beryllium disease
upon inhalation [13]. The LD50 value for rats for e.g. BeCl2 is how-
ever reported to be much higher (86 mg/kg) than for Hg(NO3)2
(26 mg/kg) [8], showing thus much less toxicity than mercury even
if concentrations are considered: 0.1 mmol/kg tolerated for BeCl2
versus a limit of 0.08 mmol/kg for Hg(NO3)2. While the exact
(bio-)-molecular mechanisms are still to be proven, beryllium

and its compounds should nevertheless be handled with precau-
tion [8]. Yet, the recent changes in the image of beryllium in the
context of toxicity have led to a renewed interest in its chemistry.
For example, beryllium azides, a diketiminate or a trispyrazolylbo-
rate were recently synthesized, and Lewis-base stabilized BeCl2
could be used in salt elimination reactions to yield organo-
beryllium compounds that are reminiscent of Grignard compounds
(Scheme 1) [14].

Bulky N-heterocyclic carbenes are typically good ligands to sta-
bilize low coordination numbers, such as 3 (or 4) for beryllium,
magnesium and the heavier alkaline earth organometallic com-
pounds (Scheme 2). The further interested reader in the coordina-
tion chemistry of N-heterocyclic carbenes with the alkaline earth
metal ions may refer to a recent review on this subject [15].

3. Magnesium

Magnesium is the ‘‘big brother” in the diagonal relationship
with lithium. Like lithium is the only chemical element to react
with nitrogen at ambient temperature and pressure, magnesium
reacts with nitrogen at high temperatures to form Mg3N2. Magne-
sium hydride adopts the rutile structure, is rather ionic and serves
potentially as hydrogen storage system. While several binary com-
pounds between magnesium and boron can be formed, MgB2

gained particular attention when it was discovered to be a super-
conductor in 2001 [16]. The electronic structure of MgB2 is
believed to be based on two types of electrons at the Fermi level,

Fig. 2. Basic, oxide-centered (left) versus non-basic, cyclic (right) beryllium carboxylate (Be: green, O: red, C: grey) (adapted with permission from [10;12]).

Fig. 3. Examples of distorted tetrahedral (left), of combined trigonal planar and tetrahedral (middle), and of square planar coordination of beryllium ions (right, adapted with
permission from [10]).
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one corresponding to sigma-bonding, responsible for the supercon-
ductivity, the other corresponding to p-bonding interactions.

Magnesium has recently also been investigated as alternative
electrode material for lithium in batteries [17]. In this context, tri-
flic acid [18] and trifluoromethanesulfonate [19] magnesium com-
plexes with tetraglyme were investigated for improving the
electrolyte properties.

Magnesium is, like beryllium, also able to form organometallic
compounds, featuring (polar) covalent bonds between the metal
ion and carbon. The famous Grignard compounds are obtained
through an ‘‘Umpolung” of the carbon atom, inserting the elec-
tropositive magnesium into a carbon-halide bond. In a recent
study, dimethylmagnesium was shown to possess the same struc-
ture than dimethylberyllium, namely a one-dimensional chain
structure, in which the tetrahedrally coordinated alkaline earth
metal ions are bridged by the methyl groups [20]. Some recent
examples on how to obtain Grignard compounds use one or two
N-heterocyclic carbene ligands on magnesium halides [21]. In con-
trast to beryllium, magnesium typically tends to have higher coor-
dination numbers, as exemplified in the carbene chemistry of both
metal ions [22]. Indeed, with the same N-heterocarbene ligand, the
magnesium compound rather forms a dimer with bridging halide

anions and coordination number 4, while beryllium forms a mono-
mer with coordination number 3 (Fig. 4, top).

While most of its coordination chemistry is dominated by Mg2+,
these N-heterocyclic carbenes can be reduced at least once using
KC8, leading to a complex in which the radical is then stabilized
by a chelating N-donor ligand such as bipyridine (Fig. 4, bottom)
[22].

Mg+-compounds with a Mg–Mg bond (Scheme 3) have been
obtained by reduction with potassium, yielding [(L)MgMg(L)],
where L is {(Ar)NC(NPri2)N(Ar)}– or {[(Ar)NC(Me)]2CH}– (Ar = 2,6-dii
sopropylphenyl, Me = methyl, Pri = isopropyl) [23]. While the HOMO
orbital comprises the r-bond, the two lowest unoccupied orbitals,
calculated for a model compound {Mg[(Ar’N)2C(NMe2)]}2 with
Ar’ = C6H3Me2-2,6 are almost degenerate with only 0.11 eV
(=2.6 kcal/mol) energy difference and stem mostly from metal-
metal p-bonding orbitals derived from metal px- and py-orbital over-
laps. Such compounds can be used as 2e--reductants with CO to yield
dimeric deltate complexes [24]. They can also lead to non-cyclic 1,2-
dimagnesioethane or –ethene compounds that can be useful as mul-
tipurpose reagents for organometallic synthesis [25].

Mg+-halides have been studied in comparison with magnesium
metal as reducing agents, for instance in the reaction with P–Cl

Scheme 1. Examples of new organo-beryllium compounds (reproduced with permission from [14]).

Scheme 2. Examples of 3-coordinate alkaline earth metal complexes stabilized by N-hetercyclic carbenes, Ad = adamantyl, Mes = mesityl, IMe4 = 1,3,4,5-tetramethylim-
idazolin-2-ylidene (adapted with permission from [15]).

4

ht
tp
://
do
c.
re
ro
.c
h



bonds [26]. The same reference mentions also relatively stable
(with respect to disproportionation into Mg0 and Mg2+ species)
biradical species such as [MgBr(NnBu3)]2 and metalloid clusters
like the anionic [Mg16Cp*8Br4K]–, whose proposed structure was
calculated to possess multiple Mg–Mg bonds.

Recent results for Mg2+ compounds include studies on hydrogen
storage, which lead to new N-donor-ligand stabilized oligomers of
magnesium hydride, releasing up to five equivalents of H2 (Fig. 5a)
[27]. Similarly, magnesium carbonate clusters were calculated in
the context of possible CO2-storage intermediates [28]. Along those
lines, the parent oxide clusters were predicted not only for magne-

sium, but also calcium and strontium, and compared to the barium
oxide aggregates [29].

While compounds with hetero metal–metal bonds, like in Cu–
Mg or the recent Mg–Pd compounds described by Crimmin et al
[30,31] or the above-mentioned Mg+-compounds [22–24] as well
as the hydrides with sterically demanding ligands [27], feature
coordination number 3 or 4 (tetrahedral) for the alkaline earth
metal, the Mg2+ ion, like for beryllium, can also be coordinated in
a square planar fashion in e.g. porphyrins [32]. Low coordination
numbers can in general be achieved with bulky ligands, as exem-
plified in a study on dithiolenes [33]. Coordination number 5 has

Fig. 4. Top: Comparison of coordination number for Mg2+ (left) and Be2+ (right) with the same N-heterocyclic carbene ligand (adapted from [22]); Bottom: Reduction of such
complexes in presence of chelating N-donor ligands to form radical species (adapted with permission from [22]).

Scheme 3. Mg+-compounds obtained via reduction of Mg2+-precursors with potassium, Ar = 2,6-diisopropylphenyl, D = N-heterocyclic carbene, or 4-dimethylaminopyridine
(adapted with permission from [23;24]).
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been realized for instance in some 1,4-dioxane complexes of di(hy-
drocarbyl)magnesium compounds, depending on the size of the
organic group [34], as well as with the help of capping N-donor
ligands, i.e. with amide ligands [35]. Six-coordinate magnesium
compounds are for instance used for catalysis, as exemplified by
the complex of Mg2+ with ketoimine ligands such as N-quinolyl-2
-imino-5,5-dimethyl-hex-4-one that has been useful in the ring
opening polymerization and copolymerization of L-lactide and e-
caprolactone [36]. Coordination number 6, based on (distorted)
octahedra, is also often observed in coordination polymers with
polydentate carboxylic acid ligands [37]. Some magnesium-based
stable metal organic frameworks (MOFs) have been obtained,
exhibiting for example luminescence properties that are useful

for explosive and metal ion sensing [38]. Other coordination poly-
mers can serve as antimicrobial coatings for titanium-based
implant materials [39] or for the detection of e.g. myoglobin [40].
A mixture of ligands, as used in the solvothermal reaction of 1,4-
benzene dicarboxylate (H2BDC) and 4,40-dipyridyl-N,N’-dioxide
(BPNO) with magnesium nitrate generates a porous framework
able to selectively absorb and separate nitriles [41]. The bridging
ligand 4,40-(4-aminopyridine-3,5-diyl)dibenzoic acid (H2APDA)
binds to magnesium ions via the carboxylic groups and the pyri-
dine N-atom to yield a luminescent sensor for pesticides, antibi-
otics and Fe3+ (Fig. 6) [42]. Zirconium-based MOFs with large
enough pore size react with [Mg(OMe)2(MeOH)2]4 to yield Mg-
doped MOFs that contain MgZr5O2(OH)6 units (Fig. 5b) pointing

Fig. 5. a) Magnesium hydride cluster stabilized by sterically demanding N-donor ligands, able to release 5 equivalents of H2 upon heating (adapted from Ref. [27]); b)
MgZr5O2(OH)6 clusters present in MOFs with improved catalytic properties towards nerve agent decomposition (Mg: green, Zr: blue, O: red taints, C: grey; blue and green–
blue lines indicate geometry, no chemical bonds; adapted with permission from [43]).

Fig. 6. Ligand H2APDA (top) and coordination of the deprotonated ligand to Mg2+ to yield the MOF-structure of [Mg2(APDA)2(H2O)3] (bottom) (adapted with permission from
[42]).
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into the cavities, which was shown to enhance the catalytic activity
toward the hydrolytic degradation of nerve agents by breaking of
P–F and P–S bonds [43]. The magnesium ion has then a coordina-
tion number of 8.

A recent review highlights on the multiple interactions possible
between magnesium (and the heavier alkaline earth metal) ions
and main group fragments, leading to a large variety of cage com-
pounds [44]. The alkaline earth metal ions then typically have a
coordination number between 4 and 6. The structural outcome of
such aggregates depends often on the presence or not of O- or N-
donor solvents. In presence of donor solvents, these latter form
the outer shell of the different aggregates and the metal ions point
outward of their cage, while in the absence of donor solvent, the
ligand plays the role of sterically shielding the cluster. Two such
examples for magnesium are given in Fig. 7. The same publication
discusses the possibility to formally obtain alkaline earth metal ion
– element double bonds [M = E] with alkylidenes, (E = CR2), imides
(E = NR), silylenes (E = SiR2), and phosphandiides (E = PR), although
such multiple bond formalism does not describe its exact bonding
nature (Fig. 7, right).

4. Calcium

Magnesium and calcium are both essential elements in biology
and their ions are therefore frequently considered as biocompati-
ble. For instance, magnesium plays an important role in chloro-
phyll of plants as well as in our body as cofactor in numerous
enzymes, it is essential for the synthesis of DNA, RNA and glu-
tathione and our energy production. A normal adult human body
contains roughly 1 kg of calcium, mostly as calcium apatite in
the skeleton and teeth, but it also plays a major role as messenger
ion, in blood clotting or muscle contraction. One of the famous cal-
cium complexes in nature is certainly the oxygen-evolving center
of photosystem II, in which one calcium ion is coordinated by up
to eight O-donors and is integrated into a heterocubane-derived
structure with manganese ions [45,46]. Chemists are challenged
to mimic its structure and function and have come up with a num-
ber of similar complexes (Fig. 8), of which some recent ones are
cited here [47,48].

Like for beryllium and magnesium, the question arises whether
low-valent states of calcium and other heavier alkaline earth met-
als can be generated. One such attempt was performed with CO,
which was coordinated to the heavy alkaline earth metal atoms,
forming octa-carbonyl complexes M(CO)8 (Fig. 9), that could be
isolated in a solid neon matrix and were shown and calculated to
be similar to transition metal compounds by following the 18-
electron rule [49]. A strong red shift of the carbonyl stretching fre-
quencies was observed and attributed to M�CO bonds via [M
(dp)]? (CO)8 p-backdonation. The bonding situation in these com-
pounds is however currently controversially discussed as other
authors claim ionic species like Ca2+(CO8)2� to be a more realistic

description [50 a and b]. Along those lines, the isoelectronic dini-
trogen ligand was used to recently generate the octa-coordinated
metal-nitrogen compounds M(N2)8 for calcium, strontium and bar-
ium (Fig. 9) [51]. These highly reactive species were again trapped
in a low-temperature solid neon matrix, and also follow the 18-
electron rule. Their spectroscopic analysis hints to a cubic symme-
try and calculations indicate interactions based on [M(dp)] ? (N2)8
p-backdonation.

Monovalent calcium compounds (as well as of the heavier alka-
line earth metals) could be identified mainly in the gas phase, e.g.
monocyclopentadienyl compounds (CaCp or SrCp, [52]) or mono-
halides like CaCl [53], although these might also stem from initial
hydrides such as CaHX [100]. A highly unusual inverse sandwich
complex based on monovalent calcium ions was obtained from
the reaction of bromo-2,4,6-triphenylbenzene with activated cal-
cium, yielding the highly reactive, black [(thf)3Ca{l-C6H3-1,3,5-
Ph3}Ca(thf)3] (Fig. 10) [54]. This compound features Ca � Ca0 and
Ca � C distances of 4.27(3) and 2.59(3) Å, respectively, and is para-
magnetic with a spin of S = 1 (triplet) at g = 2.0023 in ESR. The cor-
responding reaction with magnesium had led to a Grignard type
compound, [(thf)2Mg(Br)-C6H2-2,4,6-Ph3]. For the understanding
of the bonding situation in the calcium complex, calculations,
including dispersion, with different complexity and basis sets were
carried out, and led to differing results, some of which fit well to
the experimental values. Findings suggest that one electron is com-
pletely transferred from the Ca atoms onto the organic ligand, and
that the HOMO-1 and HOMO-2 occupied molecular orbitals delo-
calized from one calcium atom via the aromatic ligand to the sec-
ond metal ion with notable d-orbital contribution and overlap with
the p-MOs of the arene ligand, leading to a partial charge on the
calcium atom of 0.6 as confirmed via Löwdin population analysis
[54].

Fig. 7. Examples of ligand-shielded aggregates (left) versus solvent-shielded clusters (middle); R = tBu; Compound with formal magnesium–element double bond (right)
(adapted with permission from [44]).

Fig. 8. Crystal structure of an artificial mimic of the oxygen-evolving CaMn4-cluster
of photosystem II (inspired with permission from [47]).
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Ca2+ ions (ionic radius 114 pm) are larger than Mg2+ ions
(86 pm), and favour therefore higher coordination numbers. Yet,
the formation of calcium amides with coordination number three
for the alkaline earth metal ion could recently be achieved in the
absence of solvent, using ball milling to deliver the required activa-
tion energy [55].

Aromatic ligands, such as substituted cyclopentadienyl entities,
are able to stabilize heavy alkaline earth metal alkyls as mono-
meric complexes and hydrides as dimers with THF as co-ligands.
The dimeric forms with bridging hydride anions are reminiscent
of the electron-deficient 3c-2e bonds described before in the chap-
ter about beryllium. Formal coordination numbers of 3 in the
monomers and 4 in dimers are thus realized for several examples
of calcium compounds if taking into account only the number of
ligands, while there are five, respectively six electron pairs con-
tributing in total to the coordination (Fig. 11), and examples of
strontium and barium complexes, all with coordination number
4 in terms of ligand number, are also given [56]. The poor coordi-
nation gives access to and infers a high reactivity of the hydrides
towards alkene hydrogenation reactions.

Tetrahedral coordination is possible using sterically encum-
bered ligands, such as bulky formamidinate anions (Scheme 4)
[57]. The excellent chemical reactivity and catalytic activity of
heavy alkaline earth metal ion compounds with low coordination
numbers using sterically encumbered ligands has been reviewed
e.g. in 2010, highlighting the above type and other fascinating
coordination compounds [58].

In analogy tomagnesium, calcium is able to form a large number
of different Grignard type compounds. It is however interesting that
thedirect synthesis ofmethyl calciumcomplexes in analogy tomag-
nesium is not as simple and rather leads to the formation of Wurtz-
type coupling products CaX2 and R-R [59]. Instead, a metathetical
approach between LiMe and Ca{N(SiMe3)2}2 allowed to yield
dimethylcalcium [60]. Heteroleptic alkylcalcium complexes could
be prepared via insertion of 1-alkenes into Ca-Hmoieties of dimeric,
hydridebridged calciumcomplexesdescribed in Scheme4 [61]. Fur-
ther Grignard compounds of calcium and the heavier alkaline earth
metals were recently collected and described in detail by Wester-
hausen et al., hence we refer the interested reader to this excellent
overview [62]. Most of these organometallic compounds are stabi-

Fig. 9. The calculated structures of M(CO)8 (left) and M(N2)8 (right) obtained in a neon matrix (taken with permission from [49;51]).

Ca

Ca

THF
THF

THF

THF
THF

THF

Fig. 10. Scheme and molecular structure of inverse organo-calcium compounds (adapted with permission from [54]).
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lized by neutral donor ligands such as THF, with a typical overall
coordination number of 6. The review also shows that only few
examples of strontiumand bariumGrignard compounds are known.

N-donors that are substituted with fluorine-bearing organic
residues may coordinate to alkaline earth metal ions by additional
M�F interactions, such as in M[N(C6F5)(C(CF3)3)]2 (M = Mg, Ca, Ba;
Scheme 5 left [63]; [Ca{l-N(SiMe3)2}{N(C6F5)2}]2 (Scheme 5 right,
[64]) or [Ba{l-N(C6F5)2}{N(C6F5)2}�toluene]2 [64]. While the formal
coordination number with respect to N-donors would be as low as
2 for magnesium or 3 for calcium, the fluorine atoms add to the

stabilization of the metal ion coordination sphere, reaching coordi-
nation numbers 5–6.

Five-coordinate guadinate calcium complexes stabilized with
bis-trimethylsilylamide and THF-donor ligands were shown to be
useful catalysts, e.g. in hydroamination reactions and could com-
pete with analogous zinc compounds [65].

Bulky O-donor ligands are also able to stabilize calcium (and
other alkaline earth metal ions) ions with low coordination num-
bers, for example in the series of [IM(OtBu)4{Li(thf)}4(OH)] com-
plexes (Fig. 12), in which for all heavier alkaline earth metal ions

Scheme 4. Coordination compounds of calcium with coordination number 4 or 5, stabilized by bulky N-donor ligands (Scheme with permission from [57]).

Scheme 5. Monomeric Mg[N(C6F5)(C(CF3)3)]2 and dinuclear [Ca{l-N(SiMe3)2}{N(C6F5)2}]2 [adapted with permission from 64].

Fig. 11. Bulky cyclopentadienyl ligands stabilizing low coordination numbers for calcium ions (adapted with permission from [56]).
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as well as 2+ lanthanide ions, a similar coordination was observed.
Interestingly, these complexes can be observed as entire entities,
just lacking the THF ligands, in electrospray ionization mass spec-
trometry, indicating a molecular behavior [66].

That calcium compounds can also have antimicrobial properties
was shown with its antifungal anthranilato complex, in which the
metal ion is octahedrally coordinated by two ligands in a chelating
manner as well as two axial water molecules [67].

As for transition metal ions, rigid dicarboxylic acid ligands have
been used together with the neutral 4,40-bipyridine or 4,40-bipyri
dine-N,N0-dioxide to generate porous MOFs with e.g. calcium ions
in octahedral coordination, that are able to selectively absorb CO2

over methane (Fig. 13) [68]. In another example, 4,40-
sulfonyldibenzoate (SDB) was used to construct another MOF, [Ca
(SDB)]�H2O, able to reversible absorb CO2 with a good discrimina-
tion between CO2 and N2 [69]. One special application of a calcium
fumarate based MOF, which was synthesized in analogy to a
zirconium-based MOF, is its ability to remove undesired fluoride
from brick tea infusions [70].

MOFs with seven-coordinate calcium ions were obtained using
a D-p-A type ligand, namely 2-(4-(1H-1,2,4-triazol-1-yl)phenyl)-
1H-imidazo[4,5-f][1,10]phenanthroline (TAPIP), to yield [Ca
(TAPIP)2(H2O)3]-based coordination polymers with different
amounts of guest water molecules. The compound with five addi-
tional water molecules per unit cell in the structure, leading to a
chain of water molecules in the packing, was shown to produce
much stronger two-photon excited fluorescence than the com-
pound with only two additional water molecules present per entity
in the structure. This is explained as resulting from the different
torsion angles, respectively stacking options of the TAPIP ligands
observed in the crystal structures [71].

Molecular seven-coordinate calcium compounds have recently
been synthesized as precursors for e.g. CaS, which is among the
alkaline earth sulfides (MgS, CaS, SrS, BaS) that are interesting
materials for emissive layer matrices in thin-film electrolumines-
cent displays when doped with other elements [72]. Xanthate
complexes can be stabilized with neutral donor ligands like etha-
nol, N,N,N0,N0 0,N0 0-pentamethyldiethylenetriamine (PMDTA) or sub-
stituted pyridines, and the coordination geometries reach from
(distorted) pentagonal bipyramidal to distorted capped prismatic
(Fig. 14). This mainly originates from the number, size and shape
and denticity of the ligands as well as from the size and shape of
the solvent molecules.

Octa-coordinated heavy alkaline earth metal cations with a
coordination sphere derived from a hexagonal or octagonal bipyra-
mid were recently described with open-chain polyether type
ligands in which one ethyl group has been replaced by a disila
entity. The O-donor ligands wrap around calcium, strontium or
barium cations in a more or less equatorial fashion, using 6–8 O-
atoms, depending on the size of the cation (Scheme 6). The axial
positions are typically occupied by the anions, e.g. triflate or iodide,
although the angle for the axial ligands is often not linear [73]. For
strontium, depending on the ligand size used, the iodide counter
ion may or not remain coordinated on the metal ion. The elec-

Fig. 13. Ca-MOF able to selectively take up CO2 over CH4 (Ca: orange, O: red; C: grey; H: white) (adapted with permission from [68]).

Fig. 12. Mixed alkali-alkaline earth metal compound [IM(OtBu)4{Li(thf)}4(OH)]
with M = Ca, Sr, Ba. (image taken with permission from [66]).
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tronegativity difference between the larger alkaline earth metals
and the heavy halogens like iodine are smaller than 2, hence are
in the range for a covalent, very polar bond. The non-linearity of
the axial I–M�I or TfO–M�OTf motifs in these compounds may
be related to the observation that the molecular alkaline earth
metal halides are rarely linear in the gas phase. This will be dis-
cussed in the chapter for barium. Total coordination numbers
reach 8 on calcium, 8 or 9 for strontium and 10 for barium in this
particular set-up.

Mixed-metal compounds in which alkaline earth metal ions are
coordinated by metallo-ligands, hence ligands that already contain

another metal ion, can be interesting for example in the context of
catalysis and as precursors for mixed metal oxide materials, but
also to stabilize low coordination numbers. Thus, an example for
five-coordinate calcium ions is obtained by using tetraalkyl-
aluminates or –gallates as ligands for calcium in presence of
scorpionate-type co-ligands, leading to mixed-metal compounds
with a high reactivity (Fig. 15) [74].

When metallic calcium is reacted with [LGeCl] (L = 2,6-(CH =
NAr)2C6H3, Ar = 2,6-iPr2C6H3), a dianionic radical species [LGe]2�

is formed, which itself coordinates to the produced calcium ions
to yield a penta-coordinated calcium complex (Fig. 16) [75].

Fig. 14. Heptacoordinated calcium xanthate compounds with pyridine-derived co-ligands can act as precursors for CaS (with permission from [72]).

Scheme 6. Disila polyether complexes with Ca2+, Sr2+ and Ba2+ (adapted with permission from [73]).

Fig. 15. Scorpionate-type bulky ligands are able to stabilize tetraalkylaluminate (and –gallate) calcium complexes (R = Me, Et) (with permission from [74]).
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Some other examples of such heterobimetallic species comprise
the coordination polymers {[CaCr2(pyim)2(C2O4)4]�2MeOH}n,
{[SrCr2(dpa)2(C2O4)4]�8H2O}n, or {[BaCr2(bipy)2(C2O4)2(H2O)2]�
4H2O}n (pyim = pyim = 2-(20-pyridyl)-imidazole, bipy = 2,20-bipyri
dine, dpa = dpa = 2,20-dipyridylamine) [76]. Yet other copper- and
nickel-metalloligands obtained with salen-derivatives form coor-
dination polymer, respectively molecular entities depending on
the size alkaline earth metal ion [77]. A recent review further high-
lights the effect of alkali metal ions on organometallic compounds,
including the ones of the alkaline earth group [78].

Molecular as well as polymer trifluoroacetate compounds were
obtained mixing alkali and alkaline earth metal ion carbonates in
the presence of trifluoroacetic acid. The resulting heterometallic
compounds were shown to yield the mixed metal fluorides upon
heating [79].

5. Strontium

As described earlier for calcium, strontium ions with low coor-
dination numbers can be stabilized as well using steric and p-
bonding encapsulation, e.g. with aryl-substituted and sterically
demanding triazenes or heteroleptic aminotroponiminate [80,81].

Famous examples are the cyclopentadienyl double-decker com-
pounds MCp2, which are bent for M = Ca, Sr, Ba [82], and the triple-
decker compounds with general formula [(C5HR4)M(l,g8:g8-C8H8)
M(C5HR4)] with R = CHMe2 and M = Ca, Sr, Ba, in which the metal
ions possess a coordination number of 2 referring to the number of
ligands (7 with respect to electron pairs) [83]. For the magnesium

compound, it seems that the 3d orbitals of magnesium lie too far
above the 3s and 3p functions to contribute significantly to the
bonding, while for calcium, the 3d orbitals can contribute as they
are closer to the 4s orbital. In all cases, the bending and the bond
types are explained by mainly ionic bonding but also a contribu-
tion of the in principle empty d-orbitals of the metal ions which
can lead to a p-overlap with ligand orbitals [82] as shown in more
quantitative detail for the next example below.

Indeed, the ‘‘exotic” ligand numbers 3 and 4 were realized for
calcium, respectively strontium again with cyclooctatetraenyl as
middle ligand in an inverse sandwich type complex, but now with
an amido moiety and THF as terminal co-ligands on the metal ions
(Fig. 17) [83,84]. Electrons are transferred from the metal to the
organic cyclooctatetraene, resulting in the latter forming a biradi-
cal. Calculations trying to describe the interactions between the
alkaline earth metal and the cyclic ligand gave a natural population
analysis (NPA) partial charge of 1.83 for Ca and 1.86 for Sr in [M–
(C8H8)–M]2+ fragments and orbital occupations of 4 s0.023d0.16 for
Ca and 5 s0.024d0.13 for Sr. Calculations also included barium, and
it was found that the ionic character of the interaction increases
from Ca to its heavier congeners, that the d-interaction diminishes
from Ca to Ba analogues, whereas the extent of p-interaction
increases in the same order [85].

More examples are shown in the review on catalytic properties
of the heavier alkaline earth metal compounds, including com-
plexes with N-heterocyclic carbenes, triazenide, aminotropinimi-
nate, tris (imidazolin-2-ylidene-1-yl)borate and cyclopentadienyl-
derived ligands [86].

Fig. 16. Synthesis and molecular structure of the radical species [LGe]2��Ca(THF)32+ (adapted with permission from [75]).

Fig. 17. Calcium (left) and strontium (right) complexes obtained with the cyclooctatetraenyl ligand (adapted with permission from [83]).
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The sterically highly demanding b-diketiminate ligand DIPePBDI
(CH[C(Me)N-DIPeP]2, DIPeP = 2,6-diisopentylphenyl) was used
not only with calcium, but also with strontium to stabilize hydride
and alkyl complexes of strontium with low coordination numbers
and high reactivity (Scheme 7). Similarly as for beryllium and mag-
nesium, bridging hydride anions indicate the formation of 3c-2e
bonds [87]. These compounds do not only possess beautiful struc-
tures, but act also as catalysts in the nucleophilic substitution of
e.g. benzene.

Using the b-diketiminato ligand L = CH(CMe-2,6-iPr2C6H3N)2
has led to penta- and hexacoordinated strontium ions in a
hydrocarbon-soluble, dinuclear fluoride or chloride complex
[LSr(thf)(l-X)2Sr(thf)2L], X = F, Cl (Fig. 18) [88].

In other dinuclear complexes, the more common coordination
number 6 is reached for the strontium ions, using N- and O-
donor ligands such as aminoalkoxides and 2,2,6,6-tetramethyl-3,
5-heptanedionate (tmhd) [89]. The less sterically demanding these
ligands were, the higher nuclearity of the final compound could be
reached, i.e. the tetranuclear, heterocubane-type [Sr(dmapmp)
(tmhd)]4, where dmapmp = 1-(3-(dimethylamino)propoxy)-2-me
thylpropan-2-olate [89]. Hexanuclear strontium hydride clusters
were recently isolated with stabilizing N-donor ligands and shown
to possess a coordination number of 6 to 8 (Fig. 19 left) [90]. The
largest aggregate of strontium ions with coordination number 6
probably still is the Sr12-compound (Fig. 19, right) in which two
hexanuclear entities are linked via an iodide anion [66]. A compar-
ison of both structures show a hydride, respectively oxide in the
centre of the octahedral structures formed by six strontium ions.
The octahedral coordination sphere around each strontium ion is
in both cases heavily distorted.

In the literature, other similitudes between alkaline earth halide
or alkoxide or aryloxide coordination compounds can be found, as
exemplified in the strontium clusters based on either iodide- or
aryloxide-bridged Sr2+-triangles (Fig. 20) [91,92].

In coordination polymers of strontium, the coordination num-
ber varies, depending on the size and shape of the ligands, while
solvent molecules such as water, alcohol or amines are typically
found to fill free coordination sites. Ligands based on carboxylate

Scheme 7. Synthesis and reactivity of strontium hydride and alkyl complexes (taken with permission from [87]).

Fig. 18. Dinuclear complex of Sr2+ with penta- and hexacoordination (Image taken
with permission from [88]).
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donor groups have recently been reported to yield coordination
numbers between 6 and 9 in two-dimensional and three-
dimensional frameworks based on strontium ions (Fig. 21) [93].
Given the many different possibilities to fill the coordination
sphere of large, closed shell cations such as Sr2+ and Ba2+, it is how-
ever often tricky to predict the outcome and structure of a polymer
structure.

Heptacoordination is quite frequently encountered for stron-
tium as well as barium compounds, with geometries derived from
a pentagonal bipyramid. The distortion is mostly due to the bite
angles of chelating ligands, as exemplified in salen-type ligands
with solvent molecules as co-ligands, such as in [Sr(salen(t-Bu))
(HOEt)3] [94]. P,N-donor ligands such as diphosphanylamide lead,
in presence of coordinating THF-molecules, to a severe distortion
of the geometry, as shown in Fig. 22. [95]. These examples show
also the nice analogy of the heavy alkaline earth metal ions with
divalent lanthanide complexes (see also ref. [66]).

An example of an octacoordinated Sr2+ is the two-dimensional
coordination polymer obtained with the zwitterionic 1,3-bis(car
boxymethyl)-imidazolium ligand (Fig. 23) [96]. It shows that the
ligands have different binding modes, connecting either with one
or two oxygen atoms of the carboxylate moieties. Furthermore,
the sheet-type structure of the compound allows to intercalate
an almost planar arrangement of water molecules.

Nona-coordinated strontium ions are for instance found in
metal–organic frameworks using (tetrafluoro-)phthalic acid as
main ligand and water as co-ligand [97].

6. Barium

Although magnesium has a higher density than calcium
(1.738 g/cm3 for magnesium versus 1.55 g/cm3 for calcium), the lit-
erature cites the alkaline earth metals as of calcium and higher as
the heavy group 2 metals.

As a metal, barium can, under pressure, adopt very complex
structures that are difficult to determine. Only recently, the most
complex of these crystal structures was solved, namely that of
the phase Ba-IVc, which was obtained at 19 GPa. It turned out to
be a commensurate host–guest structure with 768 atoms in the
basic unit, and intertwined S-shaped Ba12-chains [98].

The halides of the heavier alkaline earth metals, in particular of
calcium, strontium and barium gave rise to intense experimental
and theoretical work, as there were hints that some MX2 molecules
had a bent structure in the gas phase [99]. Results were however
ambiguous as vibrations may give on average a linear structure.
A review by Magdolna Hargittai from 2000 gives the (historic)
details of the developments in this particular field [100]. From
the valence shell electron pair repulsion (VSEPR) model, the alka-
line earth metal halides are expected to be linear. In terms of
hybridization, either sp or sd hybrids have been discussed, and only
the ns(n-1)d hybrid could lead to a bent structure. Polarizability
was another factor discussed to explain the bending in MX2 struc-
tures. From computational studies, it could be shown that both,
polarizability and (n-1) shell d-orbital participation were impor-
tant to reach the correct structures. The choice of basis set is crucial

Fig. 19. Hexanuclear strontium hydride complex (left, image with permission from [90]) and a Sr12-cluster (right, image with permission from [66]).

Fig. 20. Triangle-shaped Sr3-complexes with aryloxide (left) and iodide (right) as bridging ligands (with permission from [91] (right) and [92] (left))
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Fig. 21. Top: examples of coordination numbers 6 and 7 in coordination polymers of Sr2+ obtained with carboxylate-containing ligands; Bottom: panoply of coordination
polymers of Sr2+ (images taken/inspired with permission from [93]).

Fig. 22. Synthesis of bis(diphosphanylamido) complexes of strontium (and europium) (scheme and image taken with permission from [95]).
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to calculate the correct bond angle of MX2, and uncontracted d
polarization functions were recommended to obtain realistic bend-
ing energies. For beryllium and magnesium, which do not possess
any close (n-1)d orbitals, the dihalides are all linear. For calcium, all
dihalides are found to be linear, except CaF2, for which an angle
around 154� was determined, yet with a low energy difference
between the linear and bent geometry of roughly 1 kJ/mol. For
the MX2 molecules that appear linear on average (quasilinear),
the values for the bending energies are ca. 0.8 kJ/mol for SrCl2,
<0.2 kJ/mol for SrBr2 and ca. 1.7 kJ/mol for BaI2. For unambiguously
bent molecules, like SrF2, BaCl2, or BaBr2, the barrier to linearity is
below 8 kJ/mol, and only BaF2 was found to possess a bending
energy of 25 kJ/mol. A very recent theoretical study resumes the
geometry of the heavier alkaline earth metal halides and hydrox-
ides, some of which are exemplarily resumed in Table 1 [101,102].

In water, most of the solid alkaline earth metal halides dissolve
into ions, but in organic solvents such as tetrahydrofuran, the com-
pounds can be dissolved as molecules and are stabilized with
donor solvent molecules in equatorial positions, while the X–
M�X moiety remains intact and is typically bent, as for instance
in [BaI2(THF)5] [99]. Now, this could be argued as due to the asym-
metric coordination of five THF molecules in equatorial positions,
leading to the bending of the I–Ba–I entity. A solution to this prob-
lem could be the use of crown ethers. Barium ions have a similar
ionic radius than potassium ions (152 pm) and hence fit perfectly
into the cavity of 18-crown-6. This ligand can indeed be employed
to coordinate to the cation occupying six equatorial positions. The
coordination sphere of the barium cation is then typically com-
pleted by two anionic ligands in axial positions, resulting in the
coordination number 8, as for example in the metal–organic com-
pound [Ba(CHPh2)2(18-crown-6)] (Fig. 24) [103].

Even now that the equatorial ligand is symmetrically dis-
tributed around the ‘‘belt”, the axial ligands are not quite linear.
This has been further investigated on behalf of alkaline earth metal
acetylides, for which the classical VSEPR also fails [104]. The
authors come to the conclusion that donor–acceptor interactions
between the acetylinic moiety and the crown ether would be

responsible for the deviation from ideal geometry in the solid state
analysis.

As such, the alkaline earth metal halides very much behave like
transition metal halides in organic solvents, hence they do not dis-
sociate and can be used to perform substitution reactions with
group 1 metal compounds under salt elimination. Solid state struc-
tures of (mixed) halides of barium were recently published with
typical coordination number 9 [105]. The gas phase iodides of
the heavy alkaline earth metals further show a surprising bent
structure, which is the most prominent for BaI2, for which it can
be stabilized by coordination of neutral donor ligands like THF
[106]. This behaviour is also observed for the transition metal

Fig. 23. Example of a layered coordination polymer (right) with 8-coordinated Sr2+ ions (left) (with permission from [96]).

Table 1
Calculated and experimental bond distances and angles for the alkaline earth fluorides and chlorides [100–102].

Molecule M�X (Å) calc. M�X (Å) exp. X–M�X (�) calc. X–M�X (�) exp.

CaF2 2.013 2.1 157 135
CaCl2 2.476 2.51 180 180
SrF2 2.139 2.20 ± 0.03 136.4 108
SrCl2 2.635 2.606–2.67 161.4 120 ± 20
BaF2 2.246 2.32 ± 0.03 123.1 95
BaCl2 2.761 2.82 ± 0.03 133.5 100 ± 20

Fig. 24. Octacoordination of barium in [Ba(CHPh2)2(18-crown-6)] (taken with
permission from [103]).
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halides, for which e.g�THF adducts are likewise known [107]. That
the substitution of halide, in particular iodide can take place in a
controlled manner has been recently studied with different strong
O-donors [91,108]. Recent calculations on saturated barium halide
vapors indicate the possible existence of different (charged) cluster
entities with different barium:halide ratios (Fig. 25) [109,110].

In analogy to the bent gas phase structure of BaI2, low-
coordinate boryloxides of barium also possess coordination num-
ber 2 and a bent geometry, as exemplified in [Ba(OB{CH
(SiMe3)2}2)2] (Fig. 26) [111]. The THF-solvate of this compound
has a coordination number of 4, while the heteroleptic dimer [Ba
{l2-N(SiMe3)2}(OB{CH(SiMe3)2}2)]2 has a coordination number of
3 [111].

Metal-organic compounds of barium can be accessed by direct
metalation of protonated ligand, producing hydrogen as side pro-
duct, or by using metallic barium metal in excess and organic
ligands of type HL, such as amine, cyclopentadiene, pyrazole or

phenol, in presence of triphenyl bismuth [112]. This second
method generates metallic bismuth and benzene as side products
and is called redox transmetalation protolysis.

Being also the softest alkaline earth metal cation with the low-
est charge density, barium is easily polarizable and interacts also
with aromatic systems in a cation-p interaction [113] or via weak
contacts with alkyl H-atoms (Fig. 27).

As for the other alkaline earth metal ions, low coordination
numbers for barium can also be stabilized with bulky ligands, often
amides. However, since barium is the largest non-radioactive
cation in the family with 149 pm radius, the ligands need to be ‘‘su-
perbulky”, like the b-diketiminate ligand DIPePBDI (CH[C(Me)N-
DIPeP]2, DIPeP = 2,6-di-isopentylphenyl) (Fig. 28). This ligand is
able to cover half of the coordination sphere, leaving the other half
for a bis(trimethylsilyl)amide entity. Compared to barium amides
with smaller ligands, this coordination compound is stable in solu-
tion over several weeks and at temperatures up to 140 �C [113].

Fig. 25. Examples of barium halide structures in the gas phase: a) Ba3F5+, b) Ba4F7+, c) BaI2, d) BaI3- , e) Ba2I3+, f) Ba4I7+ (images taken with permission from [109,110]).

Fig. 26. The bent 2- and distorted trigonal 3-coordinate examples of barium boryloxides (images taken with permission from [111]).
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Coordination number 6 is reached e.g. when metallic barium is
reacted with 1,4-diaza-1,3-diene derivatives, as for example in the
DME-stabilized (DADDipp)2Ba(DME), where DADDipp = N,N0-bis(dii
sopropylphenyl)-1,4-diaza-1,3-butadiene (Fig. 29) [114].

Coordination numbers 7 or 8 for barium were achieved by
shielding one side of the coordination sphere with a crown ether
type ligand that is too small to accommodate the cation, and hence
binds in a side-on manner using all five donor atoms [115]. The
remaining positions at the barium ion are then taken by bulky N-
donor ligands, as shown in Scheme 8. The crystal structures of
these compounds indicate additional weak interactions between
H-atoms of the silyl and/or adamantyl moieties with the alkaline
earth metal ion, and compounds were shown to be catalytically
active in the hydrophosphination of vinylarenes.

In mixed metal coordination polymers using iron hexacyanofer-
rate and trifluoroacetate as bridging ligands, as well as 1,10-

phenanthroline as terminal ligands, the two-dimensional coordi-
nation polymer {[Ba6(Phen)12(CF3COO)6{Fe(CN)6}2(H2O)8]�6H2O}n
was obtained, in which the coordination number of the barium
ion is 8 [116].

Coordination number 9 is realized for example in Schiff base
complexes of barium using the tridentate ligand 2-
pyridylcarboxaldehyde isonicotinoylhydrazone, L. Two such
ligands coordinate to the alkaline earth metal ion in addition to
two water ligands and one perchlorate anion to yield {[Ba(L)2(H2-
O)2(ClO4)](ClO4)} [117].

Barium coordination polymers with dinuclear metal ion nodes
reminiscent of paddlewheel structures, as the ones known for
e.g. [Cu2(Ac)4] [118] have been realized with trans-1,2-bis(4-
pyridyl)ethylene as connecting ligand and thiocyanate as bridging
anion between two barium ions (Fig. 30). With water as co-ligand
and depending on the ligand to metal ion ratio, different dimen-

Fig. 28. Heteroleptic barium amide complexes stabilized by a superbulky b diketiminate ligand (with permission from [113]).

Fig. 29. Direct Synthesis of DADDipp Complex of Ba and its molecular structure (with permission taken from [114]).

Fig. 27. [Ba(C6F5)(N3ArAr’)] (scheme (left) taken with permission from [113]; crystal structure (right) from [80]).

18

ht
tp
://
do
c.
re
ro
.c
h



sional structures can be obtained [119]. The coordination numbers
in such compounds are typically 9 for the barium ions.

Coordination numbers 9 and 10 are realized for example in a
one-dimensional coordination polymer with e.g. bridging bipyrim-
idine derived ligands, in presence of hexafluoroacetylacetonate and
methanol as terminal co-ligands. [120]. Two-dimensional struc-
tures with the same coordination numbers were obtained when
BaCl2 was reacted, depending on the pH, with fully or partially
deprotonated N,O’-bidentate pyrazine-2,3-dicarboxylate as ligand
and water as co-ligand [121]. The coordination geometry is then
derived from a monocapped or dicapped tetragonal prism, respec-
tively. The first of these two compounds, {[Ba(l-H2O)(H2O)2(l-
pyzdc)]}n and {[Ba(H2O)2(l-Hpyzdc)(Hpyzdc)]∙2H2O}n, that have
different ligand to metal ion ratios, was used to produce BaCO3

(nano-) particles. Barium-mixed-anion coordination frameworks
were obtained from a mixture of barium oxalate, phosphoric acid
and diethylamine in water to yield a 9-coordinate barium ion in
a two-dimensional structure. The coordination geometry relies
on a monocapped tetragonal prism and is completed by water
molecules [122]. The coordination chemistry of radium is little
explored as it is radioactive, yet seems to be similar to the one of
barium [123].

7. Conclusions

The coordination chemistry of the alkaline earth metal is a fas-
cinating area of research. It is challenging due to the fact that the
closed shell metal ions do not show preferences for specific coordi-
nation geometries. Partially covalent (polar) bonds can be the

interpretation of the bent structures of the heavier molecular alka-
line earth metal halides. Computational studies indicate a contri-
bution of the d orbitals, leading to hybridization of ns and (n-1)d
orbitals that can explain the bent geometry. Their behaviour is fur-
thermore far from simple, especially when handled in non-
aqueous solvents. Especially in organic solvents, the metal ions
and counter ions are not completely separated into ions, but
remain intact as solvated molecules. While remaining connected,
they can undergo substitution reactions, as for example shown in
reaction of the alkaline earth metal iodides in THF solution with
alkali alkoxides, leading to elimination of alkali iodide. The evolu-
tion of synthetic chemistry has furthermore led to the develop-
ment of bulky ligands by which the coordination sphere of the
alkaline earth metal ion can be better controlled, and through
which low coordination numbers can be realized. This allows not
only to isolate beautiful new structures of molecular alkaline earth
metal compounds, but also of new coordination polymers. If the
access to the metal ions can be well controlled, such compounds
may serve as catalysts in many useful reactions. Other applications
include the (precursor) formation of functional oxide materials,
antimicrobial agents or porous materials.

While magnesium and calcium are the best studied among the
alkaline earth metal compounds, the heavier alkaline earth metals
have not yet been studied in detail, and recent results show the
potential progress to be done. The most exciting progress has been
made for beryllium, whose chemistry was certainly hampered
based on the general knowledge that it is considered as toxic.
The newest results show however that this might not be as drastic
and has therefore boosted research in beryllium chemistry. Excit-
ing results are also the ones about zero- and monovalent alkaline

Scheme 8. Crown-ether type ligands for the controlled stabilization of coordination numbers 7 and 8 at the barium ion. (Schemes with permission from [115]).

Fig. 30. Barium coordination polymers with coordination number 9 (Images taken with permission from [119]).
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earth metals, whose bonding situation is quite exotic and remains 
to be fully understood. There is definitely more to come in the near 
future!
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