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We have made a naked diatomic dianion of bismuth with a
short Bi-Bi bond of 2.8377(7) Å that suggests possible multiple
bonding. While diatomic molecules with multiple bonds are
known among the lighter elements and are abundant in nature
(O2 and N2 account for 99% of the atmosphere, C2

2- in CaC2),
they are rare or nonexistent among the heavier main-group
elements (only S2, Se2, and P2 at high temperatures). Substituted
diatomic species with multiple homoatomic bonds, on the other
hand, have become quite common. Numerous examples of RPd
PR, RAsdAsR, R2SidSiR2, and R2GedGeR2 are known.1 In
addition to these, a few examples of the heaviest pnictogens, Sb
and Bi,2 and group 14 congeners, Sn and Pb,3 have been made
more recently although the multiplicity of the bonds in the latter
two is questionable. A triply bonded gallium molecule was also
reported,4 but the multiplicity of its bond has been also disputed
ever since.5 An important feature common for all of these
substituted species is the extremely bulky organic substituents
that stabilize the species but at the same time makes them
inaccessible for reactions. The multiple bonds are the result of
the abnormally low coordination that is sterically forced by the
organic groups. There is also a number of substituted diatomic
species with single bonds.1,6,7Singly bonded naked molecules are
also known but all in insoluble neat solids. Examples are CaP,
CaAs, Ca11Sb10, and Ca11Bi10 with P2

4-, As2
4-, Sb2

4-, and Bi24-,
respectively, and Ca5Si3, Ca5Ge3, Ba5Sn3, and Ba5Pb3 which
contain Si26-, Ge2

6-, Sn2
6-, and Pb26-, respectively.8 All of these

are isoelectronic with the well-known soluble O2
2-, S2

2-, and the
neutral diatomic molecules of the halogens. This collection, until
now, lacked a naked diatomic molecule with a double bond. We
report here the synthesis and structure of the soluble (K-crypt)2Bi2
(1)9 which contains Bi22- with a very short bond distance

comparable to the distances in the two known RBidBiR
compounds with a double BidBi bond.2a,b

Compound1 was initially detected as a small fraction,∼10%,
of a multiphase product crystallized from ethylenediamine solution
of a precursor compound K5In2Bi4, the latter made by heating a
stoichiometric mixture of the elements.10 The green-blue solution
of the precursor in ethylenediamine and crypt is filtered, and the
filtrate is carefully layered with toluene.11 The reaction vessel
was left undisturbed for a week in the initial synthesis. During
that time crystals grow on the walls as a result of the toluene’s
diffusion into the ethylenediamine. The synthesis is reproducible
and was successfully carried out repeatedly. The product usually
contains two other phases as well, (K-crypt)2(InBi3) (2) with
tetrahedra of [InBi3]2- ( ∼80%) and (K-crypt)6(In4Bi5)2 (3) with
monocapped square antiprisms of [In4Bi5]3- ( ∼10%). The
structures of2 and 3 were also determined from single-crystal
X-ray diffraction12 and were found to be isostructural with
previously reported compounds. Compound2 is isostructural and
isoelectronic with (K-crypt)2(Sn2Bi2) and (K-crypt)2(Pb2Sb2),13a,b

while compound 3 is isostructural but not isoelectronic with (K-
crypt)6(Sn9)2 and (K-crypt)6(Pb9)2.13c,14 The initial goal was to
investigate whether it was possible to make deltahedral hetero-
atomic clusters of elements differing by two or more groups, i.e.,
In and Bi from groups 13 and 15, respectively. Thus, the existence
of compound3 proves that this is possible.

The yield of 1 was later improved greatly by increasing the
amount of toluene and prolonging the time for its diffusion into
the ethylenediamine. Apparently, the solubility of1 in ethylene-
diamine is very high, and quantitative extraction (crystallization)
is achieved by lowering that solubility with additional toluene
and longer time for the diffusion. The product of such process
carried out for over a month contains nearly 80% of1 and the
size of the crystals is in the order of 3 to 4 mm.

The crystals of1 are hexagonal red-brown plates (greenish
when thin). Several of them were selected and sealed in glass
capillaries, and the structure was determined from X-ray diffrac-
tion data collected from one of them.15 The compound crystallizes
in a very high-symmetry space group, rhombohedral R3h, perhaps
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due to the simplicity of the molecules it contains, Bi2
2-. The naked

dianions (Figure 1) are oriented along the 3-fold axis. Each
molecule is surrounded by eight [K-crypt]+ cations, two are along
the molecular axis (shown in Figure 1) and the other six are
around the molecule in two sets of three on both sides of the
equatorial plane. The closest neighbors to the bismuth atoms are
aliphatic hydrogen atoms at distances of 3.47 Å and longer. The
corresponding carbon atoms are at distances larger than 3.9 Å.
These distances are longer than the sums of the corresponding
van der Waals radii (rvdw ) 1.20 and 1.70 Å for H and C,
respectively, estimatedrvdw ≈ 2.02 Å for Bi), and therefore the
molecule is indeed isolated and nonbonded.

The Bi-Bi distance is 2.8377(7) Å. It compares very well with
observed double-bond distances between bismuth atoms in
substituted diatomic species, 2.8208(8) Å in [2,4,6-{(Me3-
Si)2CH}3H2C6]2Bi2 and 2.833(1) Å in [{2,4,6-Me3C6H2}2H3C6]2-
Bi2.2a,b The distance in Bi2

2- is slightly longer, most likely due
to the electrostatic repulsion of the negative charges. This is very
similar to C2

2- in CaC2 with a C-C distance of 1.19 Å,16a and
the C-C distance of 1.18 Å in the corresponding H-substituted
acetylene.16b It has already been shown that these distances
correspond to a double bond for bismuth.1a,2a,b,5a,17The Bi-Bi
distance of 2.8377 Å in1 corresponds to a Pauling bond order of
2.01.18 For comparison, the Bi-Bi distances in dimers with single
bonds are 2.990(2) and 3.035(3) Å in the substituted Ph4Bi2 and
(Me3Si)4Bi2, respectively,6 and 3.15 Å in the naked Bi2

4- anions
found in Ca11Bi10.19

There are different possibilities for the electronic structure of
the Bi22- species. The molecule is a 12-electron system, isoelec-
tronic with known species such as B2H6, C2H4, N2H2, and O2.
Although isoelectronic the latter four show different bonding
modes, i.e., diborane is double-bridged, ethylene and diazene are
with oneσ and oneπ bonds, while oxygen is with a double bond
but with oneσ- and twoπ-type overlaps where two unpaired
electrons occupy the twoπ* MOs, making it paramagnetic. Since
there are no substituents on Bi2

2- it is likely to be O2-like. Ab
initio calculations were performed on the species (with electron
correlation and relativistic effective-core potentials, B3LYP
functional with (4s4p1d)/[2s2p1d]20,21). The optimized distances
from these calculations, 2.954 Å for the triplet and 2.958 Å for
the singlet states, are in substantial disagreement with the
experimental 2.8377 Å. This is most likely due to the assumption
that the species are isolated in gas phase with no counterbalancing

cations. The calculations also suggested triplet ground state. To
test the latter we measured the magnetization of the solid
compound and the EPR of the solid and solution of the redisolved
compound at different temperatures.22 These measurements
showed diamagnetic behavior and therefore a singlet ground state
for the molecule. There are a few possible reasons for the “failure”
of the calculations. One is that the bond distance was not
optimized accurately to begin with. Second, it has been pointed
out that “theoretical investigations of anions is traditionally among
the most demanding fields in quantum-mechanical ab initio
calculations” due to: (1) the much larger correlation energy of
anions compared to neutral molecules, and (2) the much more
diffuse electron density of anions.23 Third, bismuth is very heavy
and its relativistic effects are difficult to handle in calculations.
As a consequence, “much more sophisticated treatments of the
correlation energy combined with one-particle basis sets aug-
mented by diffuse and high angular momentum functions are
required for an appropriate description of the extra electrons in
anions”,23 or in other words, the calculations should be done at
much higher level in order to asses the real electronic state of
the Bi22- species.

It is important to note also that our attempts to make1 from
precursors containing only K and Bi (nominal composition
“K 2Bi2”, treated similarly as the synthesis of K5In2Bi410) were
unsuccessful. The product contains only the known (K-crypt)2Bi4
with squares of Bi42-.24 The latter can be thought as made of two
Bi22- by oxidative ring formation, 2Bi2

2- - 2e- f Bi42-. The
reason for the different outcomes from the different precursors
is not clear, although it can be speculated that the structure of
K5In2Bi4 and the formal charges of the bismuth atoms in it are
important for the formation of Bi2

2-. The precursor K5In2Bi4
contains chains of edge-sharing tetrahedra of bismuth centered
by indium, and the chains are separated by the potassium cations.
There are one-, two-, and three-bonded bismuth atoms with formal
charges of 2-, 1-, and 0, respectively. The “K2Bi2” precursor,
on the other hand, contains elemental potassium and the com-
pound KBi2. The latter is isostructural with the so-called Laves
phase MgCu2, a structure typical for alloys with a network of
heavily interconnected Bi-atoms with uniform formal charges of
0.5-. This means that the atoms are not reduced enough for the
formation of Bi22- where the charge per atom is 1-. The
availability of low-coordinated bismuth atoms with very negative
charges in K5In2Bi4 clearly makes the difference. Furthermore,
the other two phases that cocrystallize with1 are with less reduced
bismuth, formally Bi(2/4)- in 2 and Bi(3/9)- in 3. Also, they “extract”
the indium atoms from the chains and provide the highly charged
bismuth atoms for the formation of the dimers. Experiments to
use alkali-metal rich precursors such as K3Bi containing isolated
Bi3- species are in progres, and may prove more appropriate and
rational for the synthesis of Bi2

2-.
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Figure 1. An ORTEP drawing (50% probability level for the thermal
ellipsoids) of Bi22- and the two neighboring K-crypt cations along the
bond direction (see text). The carbon and hydrogen atoms are shown as
crossed ellipsoids and open circles, respectively. The bismuth, potassium,
nitrogen, and oxygen atoms are drawn as ellipsoids with shaded segments.
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