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Unusual Five-Center, Four-Electron Bonding in
a Rhodium ± Bismuth Complex with
Pentagonal-Bipyramidal Geometry**
Zhitao Xu and Zhenyang Lin*

Pentagonal coordinated molecules always provide very
interesting bonding features. For example, in [In{Mn-
(CO)4}5]2ÿ (1),[1] the indium atom and five manganese atoms
lie almost in a plane. The bonding was elegantly described as
an In3� ion that binds the pentagonal Mn5 ring.[2] In the
pentagonal ring there are five two-center, two-electron bonds.
Each manganese center satisfies the 18-electron rule. In the
recently synthesized pentagonal [Ni5(m5-S)(m2-StBu)5]ÿ cluster
(2),[3] the bonding has been described as having a six-center,
ten-electron bond in the central Ni5(m5-S) unit.[4] The cluster
has a total of 70 valence electrons and actually conforms to the
16-electron rule. Very recently Ruck reported the synthesis
and structural characterization of, and calculations on, a
structurally remarkable ternary subhalide of bismuth con-
taining the discrete rhodium ± bismuth molecular complex
[{RhBi7}Br8] (3).[5] In this complex the seven bismuth atoms
are bonded to the central rhodium atom in a regular
pentagonal-bipyramidal arrangement. The eight bromine
atoms bridge the apical and equatorial bismuth atoms in a
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m2-mode in which four are above the equatorial plane and the
other four below the plane. In such an arrangement, two of the
five equatorial bismuth atoms are coordinated to only one Br
atom.

The results of band-structure calculations by Ruck[5] show
that the interactions between the central Rh atom and the
coordinated Bi atoms are almost exclusively bonding, the Bi ± Bi
interactions between the equatorial atoms are all bonding while
those between the equatorial and the apical Bi atoms are non-
bonding. It was also noted that the Rh ± Bi bonds within the
equatorial plane are weaker than those along the axis. These
weaker Rh ± Bi bonds are compensated by an additional,
homoatomic bond in the five-membered ring. Indeed, the
average Bi ± Bi nearest-neighbor distance of 3.22 � in the Bi5

ring is longer than the sum of two covalent radii (2.92 �) but
shorter than the recently reviewed closed-shell Bi ± Bi inter-
action distances (3.50 ± 3.80 �).[6] This bonding feature is very
intriguing. What does this additional homoatomic bond look
like? What is the overall electronic structure of this molecular
cluster complex? In this communication we attempt to
provide a clearer picture of the bonding based on the simple
orbital interaction concept to describe the intriguing elec-
tronic structure of this molecular complex with the aid of ab
initio molecular orbital calculations.

Full geometry optimizations were performed at both the
HF and B3LYP levels (see Experimental Section for details).
The optimized structural parameters are listed in Table 1, and
where reported, experimental values are included for com-
parison. In view of the size of the metal cluster, the calculated
structural parameters agree reasonably well with the exper-
imental values. Overall, it seems that the B3LYP results agree
better. The agreement could be improved if we increased the
size of the basis sets by adding polarization functions for the
Br atoms. It should also be noted that our calculation is for an
isolated cluster. The close packing effect, as noted by Ruck,[5]

certainly influences the geometry of the cluster. An exact
comparison is therefore not possible. However, our aim is to
provide a qualitative bonding picture to understand the
intriguing feature of the electronic structure.

Before continuing our discussion of the calculation results,
we examine the relevant electron count of the complex. In the
molecular complex, none of the seven Bi atoms has a terminal
ligand. One can assume that each Bi atom has one lone pair of
electrons whose maximum electron density is pointing away
from the central Rh atom. In other words, each Bi atom has a
lone pair (two electrons) that is not involved in the Rh ± Bi or
Bi ± Bi bonding. The assumption should be reasonable in view
of the fact that many naked Bi clusters (e.g., Bi3�

5 and Bi2�
8 ),[7]

which conform to Wade�s electron counting rules, have this
feature in their electronic structures. Excluding these lone
pair electrons and those electrons involved in the metal ±
bromide bonding, we can immediately have a valence electron
count of 22 for the metal complex. These 22 metal electrons
are responsible for the Rh ± Bi and Bi ± Bi interactions.

For a Rh complex in a three-dimensional ligand environ-
ment, one would expect it to conform to the 18-electron rule.
An 18-electron regular ML7 pentagonal-bipyramidal transi-
tion metal complex would normally have seven metal ± ligand
bonds (14 electrons) and two non-bonding d electron pairs
(4 electrons in the dxz and dyz orbitals if the axis of the
pentagonal-bipyramid is defined as the z axis). In the Rh
complex, we would expect a similar bonding picture in which
fourteen electrons are required to form the seven Rh ± Bi s-
bonds (two axial and five equatorial bonds) and four electrons
occupy the two non-bonding dxz and dyz orbitals. The remain-
ing four electrons can be considered to be involved in the Bi ±
Bi interactions. Since the distances between the apical Bi and
the equatorial Bi atoms are significantly longer than those
between the adjacent Bi atoms in the equatorial plane, the
remaining 4 electrons can be assigned to the Bi ± Bi bonding
among the 5 equatorial Bi atoms. This unprecedented five-
center, four-electron bond is thus responsible for the observed
Bi ± Bi bonding in Ruck�s band structure calculations.

Table 1. Selected bond lengths [�] and bond angles [8] of the [{RhBi7}Br8]
molecular complex from both calculation and experimental results.

HF B3LYP EXP

Rh ± Bi(1) 2.734 2.735 2.732
Rh ± Bi(2) 2.734 2.735 2.738
Rh ± Bi(3) 2.751 2.743 2.749
Rh ± Bi(4) 2.719 2.732 2.742
Rh ± Bi(5) 2.751 2.743 2.719
Rh ± Bi(6) 2.831 2.793 2.735
Rh ± Bi(7) 2.831 2.793 2.719
Bi(1) ± Bi(2) 3.256 3.285 3.266
Bi(2) ± Bi(3) 3.183 3.171 3.228
Bi(3) ± Bi(4) 3.235 3.232 3.191
Bi(4) ± Bi(5) 3.235 3.232 3.203
Bi(5) ± Bi(1) 3.183 3.171 3.194
Bi(1) ± Bi(6) 3.950 3.913 3.813
Bi(1) ± Bi(7) 3.934 3.898 3.882
Bi(6) ± Br(1) 3.175 3.077 2.897
Bi(6) ± Br(2) 2.796 2.871 2.876
Bi(6) ± Br(3) 2.900 2.949 2.962
Bi(6) ± Br(4) 3.332 3.197 3.010
Bi(1)-Rh-Bi(2) 73.10 73.80 73.32
Bi(2)-Rh-Bi(3) 70.95 70.74 71.08
Bi(3)-Rh-Bi(4) 72.50 72.36 71.05
Bi(4)-Rh-Bi(5) 72.50 72.36 71.81
Bi(5)-Rh-Bi(1) 70.95 70.74 71.73
Bi(6)-Rh-Bi(7) 179.49 179.67 178.91



COMMUNICATIONS

1688 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998 1433-7851/98/3712-1688 $ 17.50+.50/0 Angew. Chem. Int. Ed. 1998, 37, No. 12

At this stage, one would ask how the five-center, four-
electron bond is formed. Examining carefully the local
coordination environment of each Bi center in the equatorial
plane, we find that each Bi atom has one p orbital not used in
the Bi ± Br and Bi ± Rh bonding. This unused p orbital is lying
on the equatorial plane and is tangential to the pentagonal
ring. The symmetry-adapted linear combinations of five such
tangential p orbitals (each Bi atom contributes one) can be
easily derived from group theory.[8] A pictorial illustration of
the five symmetry-adapted linear combinations is shown in
Figure 1. One can see that there are two bonding and three
antibonding orbitals in the five linear combinations. Occupa-
tion of the two bonding orbitals (e2 in a five-fold rotational
point group) gives the five-center, four-electron bonding
picture.

Figure 1. Schematic illustration of the five symmetry-adapted linear
combinations based on the five tangential p orbitals of the Bi atoms. The
relative locations of the MO energy levels are given.

Indeed, the two tangential Bi ± Bi bonding molecular
orbitals (e2 in a five-fold rotational point group) are found
from our ab initio molecular orbital calculations. Based on the
B3LYP results, they are in the region of highest occupied
molecular orbitals (HOMOs). Other molecular orbitals in the
HOMO region also include those involving the seven Bi lone
pairs pointing away from the Rh center. Figure 2 shows the
spatial plots[9] of the two Bi ± Bi bonding molecular orbitals
obtained from the B3LYP calculations. These two molecular
orbitals are mainly derived from the tangential p orbitals of

Figure 2. Spatial plots of the two Bi ± Bi bonding molecular orbitals of the
[{RhBi7}Br8] molecular complex obtained from the results of B3LYP
calculations.

the five equatorial Bi atoms, and the electron density is
maximized between Bi ± Bi bonds in the equatorial pentago-
nal ring. Slight mixings with orbitals from Br atoms and Rh
can also be seen. The mixings are desirable, because Br atoms
are p-donating ligands and Rh ± Bi bonding orbitals (contain-
ing metal d orbitals) are low-lying and fully occupied.
Ignoring the mixings, the overall features of these two Bi ±
Bi bonding molecular orbitals resemble the e2 representations
shown in Figure 1.

A preliminary examination of the Laplacian of electron
density (r21) on the equatorial plane indicates that all Bi
atoms have maximum electron density pointing away from
the central Rh atom. This result gives support for the
assumption that each Bi atom has one lone pair of electrons
not participating in metal ± metal bonding. Since the Lap-
lacian plot gives the overall feature of the electron density, it
does not correlate directly with the five-center, four-electron
bond discussed above.

In summary, the bonding in the [{RhBi7}Br8] complex can
be described as follows: The complex has 22 valence electrons
available for Rh ± Bi and Bi ± Bi bonding interactions. The Rh
center satisfies the 18-electron closed-shell electronic require-
ment. The remaining four electrons are mainly responsible for
the Bi ± Bi bonding among the five Bi atoms in the equatorial
plane. An unusual five-center, four-electron bond is discov-
ered in this complex. The approach here is to consider the
Rh ± Bi interactions first. The Bi ± Bi bonding interactions are
then derived from the available orbitals of individual Bi
fragments from their local metal ± ligand coordination. This
kind of ªlocal metal frontier orbitalº approach has proved
extremely successful in understanding the metal ± metal
interactions of transition metal cluster complexes containing
mainly p-donating ligands.[4, 10]

Experimental Section

Quasi-relativistic pseudopotentials of Stuttgart-type[11] were employed in
our ab initio calculations. Full geometry optimizations were performed at
both HF and B3LYP levels with the Gaussian 94 suite of programs.[12] The
pseudopotential basis sets of the central Rh atom were described with
(8s7p6d)/[6s5p3d], corresponding to a triple-z representation for the metal
d orbitals. For the Bi atoms, basis sets with the polarized functions (4s4p1d)/
[2s2p1d] were used, while for the Br atoms, basis sets of (4s5p)/[2s3p] were
used. The total number of basis set functions used in the calculations was
215.
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Two-Step Synthesis of trans-2-Arylcyclo-
propane Carboxylates with 98 ± 100% ee
by the Use of a Phosphazene Base
Arlette SolladieÂ -Cavallo,* Ahn Diep-Vohuule, and
Thomas Isarno

We found recently that oxathiane 1 (see Scheme 1) is a very
efficient chiral auxiliary that allows the preparation of various
pure trans-diarylepoxides in high yields (� 85 %) and with
high enantiomeric purities (98.5 ± 99.9 %).[1] We report here
the extension of this method to the synthesis of disubstituted
cyclopropanes.

Since the first Simmons ± Smith reaction in 1958,[2] exten-
sive work has been devoted to the synthesis of enantiomeri-
cally enriched polysubstituted cyclopropanes. Pure trans- (or
pure cis-) disubstituted cyclopropanes with levels of enantio-
selectivity up to 93 % have been obtained from trans- (or cis-)
olefins by the use of stoichiometric quantities of an external
chiral promoter and an excess of the preformed Zn(CH2I)2 ´
DME complex.[3] However, with catalytic amounts of a chiral
promoter only 90 % ee could be achieved.[4] Although styrene
was converted into a trans-alkoxycarbonyl-substituted cyclo-

propane with 99 % ee by adding only 1 mol% of a chiral
copper catalyst,[5] an exotic and very hindered ester had to be
used to obtain a trans/cis ratio of 94/6. Starting from the
inexpensive and commercially available ethyl ester, low trans/
cis diastereoselectivities (trans/cis� 70/30) are obtained. Fur-
ther difficulties arise from the fact that diazo reagents have to
be used and that they have to be added slowly (over about
16 h for 0.02 mol) to avoid the formation of side products.[6, 7]

Therefore, for large-scale preparations the sulfur ylide
method might be more promising, as already stated by
Corey.[8] However, until now the chirality had only been
located on the olefinic moiety, and either yields[9] or diaster-
eomeric excesses[10] were low. In the method described here
the chirality is located at the sulfur center of the reagent,
which is recoverable and can thus be reused (Scheme 1).

Scheme 1. Synthesis of cyclopropanes 4a ± d. 2a : R�Ph, Y�TfO; 2b :
R� p-NCC6H4, Y�TfO; 2c : R� p-tBuC6H4, Y�BF4; 2c'': R� p-
tBuC6H4, Y�TfO; 2 d : R� 2-naphthyl, Y�BF4; 4a : R�Ph; 4b : R� p-
NCC6H4; 4c : R�p-tBuC6H4; 4d : R� 2-naphthyl. B�NaH, EtÿP2.[13]

(Arylmethyl)sulfonium salts 2 a ± d were prepared in about
80 ± 85 % yield from RCH2OH, Tf2O, and pyridine in
CH2Cl2

[11] or from RCH2Br AgBF4. Only one diastereomer
was detected by 1H and 13C NMR spectroscopy, and the axial
position was assigned for the arylmethyl group in 2b ± d based
on a comparison with spectra of the known 2 a.[12] The
corresponding ylides were generated in situ with either NaH
or EtN�P(NMe2)2ÿN�P(NMe2)3 (ªEtÿP2º)[13] as base (Ta-
bles 1 and 2). With NaH in THF at ÿ30 8C full conversions
were achieved, as seen from the 1H NMR spectra of the crude
product, but 24 to 76 hours were required. Whereas cyclo-
propane 4 a was isolated in high yield (83 %) and with
complete enantioselectivity (100 % ee), 4 b and 4 d were
obtained with slightly lower enantioselectivities (� 96 % for
4 b and � 95 % for 4 d, Table 1). Only traces of the cis isomer
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Table 1. Synthesis of cyclopropanes 4 a ± d from 2 a ± d in THF atÿ30 8C with NaH
as base.

4 R cylide [m] t [h] Crude product trans-4 Reisolat-
ed 1 [%]trans/cis[a] yield [%][b] ee [%][c]

a C6H5 0.22 24 95/5 83 100 89
b p-NCC6H4 0.23 48 80/20 62 95.8 89
c p-tBuC6H4 0.23 72 � 99/1 50 60.8 80
d 2-naphthyl 0.19 6 95/5 78 94.8 80

[a] Determined by 1H NMR spectroscopy (200 MHz). [b] Not optimized. [c] De-
termined by chromatography on a chiral phase (see ref. [16] and the supporting
information).


