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The existence of ions [Pn3]3- for Pn (Pnictide) ) As, Sb, or
Bi in liquid ammonia was proposed initially by Zintl seventy years
ago.1 Later, some of these Zintl ions were observed in molten
salts, but had not been isolated and structurally characterized
before.2 Our interest in such species started with the discovery
of the naked double-bonded molecule [BidBi] 2- in (K-crypt)2-
Bi2 (crypt ) 4,7,13,16,21,24-hexaoxa-1,10-diazabicyclo[8.8.8]-
hexacosane) crystallized from an ethylenediamine solution of the
compound K3Bi2.3 The latter, itself, contains the [Bi2]2- dimer
but has also an extra electron that is delocalized over the structure
to make the compound metallic.4 A second precursor compound,
K5Bi4 with zigzag tetramers of [Bi4]4- and also with a delocalized
“extra” electron, was found in this system as well.5 It also readily
dissolves in ethylenediamine and crypt, and the same compound
(K-crypt)2Bi2 containing the bismuth dimers [Bi2]2- can be
crystallized from the solution. More oxidized species, squares of
[Bi 4]2- in (K-crypt)2Bi4, are also known.6 These observations
imply possible coexistence of a variety of bismuth species in these
solutions. We have not been able to crystallize any other “naked”
species yet, but we have been successful in stabilizing the trimer
[Bi 3]3- by coordinating it to two transition-metal (M) tricarbonyl
species, Cr(CO)3 and Mo(CO)3. We report here the synthesis and
structure of the heteroatomic clusters [Bi3Cr2(CO)6]3- and
[Bi 3Mo2(CO)6]3- with the shape of trigonal bipyramids made of
bent [Bi3]3- and two equatorial M(CO)3 groups.

Transition-metal tricarbonyl fragments of M(CO)3 have been
used before in combinations with existing Zintl anions such as
[E9]4- in [K-crypt]4[E9Cr(CO)3] for E ) Sn and Pb7 and [Pn7]3-

in [K-crypt]3[Pn7M(CO)3] for Pn ) P, As, and Sb and M) Cr,
Mo, and W,8 and have proven very effective in forming such
heteroatomic species. At the same time, it is surprising that despite
the extensive studies of Zintl ions made of the lighter pnictides
P, As, and Sb,9 there is very little done with the heaviest
homologue bismuth. On the other hand, a number of bismuth-
transition metal compounds made by a different approach, i.e.,
without the use of Zintl ions, have been reported recently.10

The new compounds K(K-crypt)5[Bi3M2(CO)6]2‚3en, where M
) Cr (1) or Mo (2) and en) ethylenediamine, were synthesized
by reacting ethylenediamine solutions of K5Bi4 and crypt either
with solid (mesitylene)Cr(CO)3 or (cycloheptatriene)Mo(CO)3,

respectively, or with their toluene solutions. The color changes
quickly from blue-green for the ethylenediamine solution of the
precursor (absorption at 434 and 604 nm) to brown-red for the
product (absorption at 360 and 500 nm measured for2). Crystals
of 1 and2, both with the same brown-red color, crystallize in a
week (about 40% yield for both1 and2, based on the amount of
dissolved precursor) as a result of the slow diffusion of carefully
layered toluene.11 The same slow diffusion but in the absence of
a transition-metal complex yields (K-crypt)2Bi2 with the [Bi2]2-

dimers,3 while evaporation of that solution reportedly produces
the more oxidized squares of [Bi4]2-.6

The structures of1 and 2 were determined by single-crystal
X-ray diffraction.12 The two compounds are isostructural but the
structure of1 was refined in a subcell half the size of the unit
cell of compound2, i.e., the real supercell was missed for1 (most
likely due to its much weaker diffraction and the use of a less-
sensitive diffractometer), and a few atoms were refined disordered
among split positions in1. The compounds contain pairs of
trigonal bipyramidal clusters of [Bi3M2(CO)6]3- (Figure 1), where
the M(CO)3 fragments are equatorial. The shape and the electron
count of the cluster are consistent with acloso-deltahedron, i.e.,
12 delocalized bonding electrons for acloso-cluster (2n + 2,
wheren ) number of vertexes) and 6 electrons for lone pairs
(three naked vertexes) are available from the three Bi atoms and
the charge. The cluster is isoelectronic and isostructural with the
known trigonal bipyramidal [E5]2-, where E) Ge, Sn, Pb,13 and
[Bi 5]3+.14 The two clusters in Figure 1 are crystallographically
different in 2, labeledA and B, but are refined as one unique
cluster in1. The distances in the clusters follow the general pattern
observed for other trigonal bipyramidal clusters, i.e., the equatorial
distances are considerably longer than the apical ones. Thus, the
equatorial M-M distances, 3.097(3) Å for the chromium cluster
and 3.220(3) and 3.253(3) Å for the molybdenum clustersA and
B, respectively, are too long for M-M interactions. The lack of
interactions is evidenced by the IR spectrum of2, which shows
only three carbonyl bands.15 The equatorial Bi-M distances are
also very long, with average distances of 3.035 Å in1 and 3.128
and 3.156 Å for clustersA andB in 2, respectively. The average
apical Bi-M distances, 2.706 Å in1 and 2.852 and 2.848 Å for
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clustersA andB in 2, respectively, are quite shorter. Also, they
differ significantly for the two transition metals while the Bi-Bi
distances differ only slightly, 2.955 Å in1 and 2.987 and 2.999
Å for A andB in 2, respectively.

The species [Bi3M2(CO)6]3- can be viewed also in a “non-
cluster” way, i.e., without delocalized bonding. Thus, they can
be described as made of bent [Bi3]3- molecules coordinated to
two neutral M(CO)3 moieties. The trimer [Bi3]3- is isoelectronic
and isostructural with ozone, O3, where the average bond order
is 1.5 per bond, i.e., [Bi-BidBi] 3- T [BidBi-Bi] 3- or
[Bi.Bi.Bi] 3-. Hence, the Bi-Bi distances are relatively short
and fall between the single bond distance of 3.02 Å (according
to Pauling’s sum of single-bond radii)16 and the double bond
distance of 2.8377(7) Å observed for the naked diatomic molecule
[BidBi] 2-.3 They are also noticeably shorter than the average
distance of 3.157 Å in the triangular bismuth unit found in
[{Bi3Fe3(CO)9}BiFe(CO)4]2-,17 and the apical distances in the
isoelectronic trigonal bipyramidal [Bi5]3+, 3.013(5) Å.14 On the
other hand, these distances are somewhat longer than the average
distance of 2.939 Å in the [Bi4]2- square which has a bond order
of 1.25.6 The reason for the elongation is clearly the coordination
of the transition-metal moieties to theπ-system of the trimer and
the resulting electron back-donation and partial population of the
π*-antibonding orbitals of [Bi3]3-, just like for coordinated
alkenes.

The elongation of the Bi-Bi bonds can be rationalized also
by considering that the electrons carried by an isolated [Bi3]3-

are delocalized over the whole deltahedral cluster and do not
belong just to the trimer any longer. Furthermore, simple
molecular orbital calculations on the isolated trimer [Bi3]3- show
that none of these electrons is antibonding, and therefore sharing
them with other atoms leads, logically, to bond elongation.

The [Bi-BidBi] angle in [Bi3Cr2(CO)6]3-, 93.02(3)°, is
virtually equal to the [C-BidBi] angle of 92.5° in {2,6-
Mes2H3C6-BidBi-C6H3-2,6-Mes2}.18 These angles in clus-
ters A and B of [Bi 3Mo2(CO)6]3- are also close to orthogonal,
97.17(5) and 96.29(5)°, respectively. This indicates that the central
bismuth atom in both [Bi3]3- and [C-BidBi] is not s-p
hybridized, but rather the bonding is achieved by orbitals of almost
pure p-character. Reduced hybridization and smaller bonding
angles are quite typical for the heavy elements. For example, the
angles in the series{2,6-Mes2H3C6-PndPn-C6H3-2,6-Mes2} are
103.6 (av), 98.5, 94.1, and 92.5° for Pn ) P, As, Sb, and Bi,
respectively.18,19 The angle in [Bi3]3- can be compared with the
angles in similarly bent P3 and As3 units coordinated to transition
metals in K[(Cp*)2ZrP3] with a planar ZrP3 core and [(CpMo)2-
(As3)(AsS)] with a trigonal bipyramidal Mo2As3 core, respectively.
The two compounds can be considered as K{[(Cp*)2Zr]2+[P3]3-}
and {[(AsdS)(CpMo)2]3+[As3]3-}, respectively, with [Pn3]3-

species, although they were not viewed as such in the original
publications.20 The Pn.Pn.Pn angles follow the same trend,
119.4° for [P3]3-, 107.3° for [As3]3-, and the observed here angles
close to 90° for [Bi 3]3-. The distances within the [Pn3]3- trimers,
2.10 Å for [P3]3-, 2.374 Å for [As3]3-, and those of [Bi3]3-

observed in1 and 2, are all shorter than the corresponding
Pauling’s single-bond distances,16 and manifest their multiple
nature. Also, theoretical calculations for [Sb3]3- have shown that
the bent, ozone-like species are more stable than the triangular
ones.21

There are five cryptated and one free potassium cations per
two clusters of [Bi3M2(CO)6]3- as well as three solvent molecules
of ethylenediamine. The two clusters “point” toward each other
with their carbonyl groups and are linked by the noncryptated
potassium cation (Figure 1). The latter is “coordinated” to oxygen
from four carbonyl groups (two from each cluster, one per
transition metal) with quite short K-O distances in the range
2.67(1)-2.74(1) Å. The coordination sphere is completed by two
ethylenediamine molecules with K-N distances of ca. 2.85 Å.
This and one cryptated potassium cations in the structure of1
are refined disordered among two half-occupied positions related
by an inversion center.
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Figure 1. ORTEP drawing (shown for2 with 50% probability thermal
ellipsoids) of the pair of trigonal bipyramidal clusters [Bi3M2(CO)6]3-

(labeledA andB in 2, refined as one cluster in1). Distances in1 [Å]:
Bi-Bi 2.956(1), 2.954(1), Biap-Cr 2.694(2), 2.696(2), 2.711(2), 2.725-
(2), Bieq-Cr 3.045(2), 3.025(2), Cr-Cr 3.097(3) (Bieq and Biap are
equatorial and apical atoms, respectively). Distances in clusterA of 2
[Å]: Bi -Bi 2.992(1), 3.005(1), Biap-Mo 2.838(2), 2.854(2), 2.863(2),
2.855(2), Bieq-Mo 3.123(2), 3.133(2), Mo-Mo 3.220(3). Distances in
clusterB of 2 [Å]: Bi -Bi 2.987(2), 2.987(1), Biap-Mo 2.844(2), 2.834-
(2), 2.868(2), 2.844(2), Bieq-Mo 3.134(2), 3.184(2), Mo-Mo 3.253(3).
The clusters are “connected” by a noncryptated potassium cation
coordinated to oxygen of four carbonyl groups (two per cluster) and two
ethylenediamine molecules.

4092 J. Am. Chem. Soc., Vol. 123, No. 17, 2001 Communications to the Editor


