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Using density functional theory calculations, here we show that a
series of BxAux

2- (x ) 5−12) dianions possesses structure and
bonding similar to the famous deltahedral closo-borane cages,
BxHx

2-. Effective atomic charges on Au in BxAux
2- are very similar

to those on H in BxHx
2-, indicating that Au in the closo-auroboranes

is indeed analogous to H in the closo-boranes. The present
theoretical predictions of BxAux

2- suggest that the closo-auroborane
species are viable new chemical building blocks that may be
synthesized in bulk. The Au atoms in the closo-auroboranes
represent highly atomically dispersed Au and may potentially exhibit
novel catalytic and chemical properties.

Since the discovery of boron hydrides (boranes) by Stock
and Massanez in 1912,1 these compounds have played a
major role in advancing chemical bonding theory beyond
the classical idea of two-center, two-electron (2c-2e) bonds.
Longuet-Higgins, Lipscomb, and co-workers2,3 first put
forward the concept of three-center, two-electron bonding
to explain the structures of all known boron hydrides, in
which the bridging B-H-B bond appeared to be the key
structural unit.4 This represents a milestone in establishing
the validity of the molecular orbital theory.

In particular, thecloso-boranes (BxHx
2-) have aesthetically

pleasing symmetries because their structures are based on
deltahedral B cages. Of particular interest is the icosahedral
B12H12

2- dianion, which was first synthesized by Hawthorne
and Pitochelli in 1960,5 shortly after its theoretical prediction

by Longuet-Higgins and Roberts in 1955.6 In recent years,
Hawthorne and co-workers have synthesized and determined
the structures of many compounds containing substituted
closo-B12R12

2- (R ) Me, OH, OCH2Ph, OCOPh) dianions,7

thus significantly enriching the chemistry ofcloso-boranes
and their potential applications. Here we predict a new class
of closo-auroboranes BxAux

2- and present theoretical evi-
dence showing that BxAux

2- can be viable new gold-rich
compounds. While, to the best of our knowledge, there
are no published experimental data on BxAux

2- closo-
auroboranes, there are many known Au-carborane com-
plexes.8,9 Mitchel and Stone,8a Reid and Welch,8b and
Baukova et al.8c reported examples ofcloso-carboranes with
Au bonded to C by 2c-2eσ bonds. Stone and co-workers
reported the synthesis and characterization of a series ofnido-
carboranes interacting with Au via cluster bonding.8d-h

Hawthorne and co-workers synthesized and characterized
aurocarboranes with C-Au 2c-2e bonds with and without
Au-Au interactions.8i Wesemann and co-workers reported
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the synthesis and characterization of gold-tin-closo-borate
compounds with Sn-Au bonds.9 Au-B compounds were
summarized in a recent review.10

There are also a few compounds not related to boranes or
carboranes, which also have 2c-2e C-Au, N-Au, and B-Au
bonds.11,12 The compounds containing the hypercoordi-
nated trigonal-bipyramidal C(AuPPh3)5

+ and octahedral
C(AuPPh3)6

2+ cations are examples of interesting species
with C-AuPPh3 bonds.12b Theoretical studies of model
systems BHn(AuPH3)m

k, wheren + m ) 3 or 4 and charge
k is -2, ..., +1,12c and model complexes [(LAu)6Xm]m+,
[(LAu)5Xm](m-1)+, and [(LAu)4Xm](m-2)+ [with central atoms
X1 ) B, X2 ) C, and X3 ) N and ligands L) PH3 or
P(CH3)3],12d where the authors analyzed the importance of
Au-PR3 interactions for the stability of these systems, have
also been published. Pure XAun

m+ clusters have been
theoretically studied12e for the purpose of understanding the
influence of Au-PR3 interactions on chemical bonding in
X(AuPPh3)n

m+ systems. The synthesis and characterization
of the B-centered Au cluster in the [(Cy3P)B((AuPPh3)4]+BF4

-

salt have also been reported.12f There are also several reports
on gold diboride AuB2 compounds, which have hexagonal
layers of B atoms with Au atoms in between.12g-k

Our work on the BxAux
2- closo-auroboranes was inspired

by the recent discovery of the Au-H analogy in several
binary Au-containing clusters.13 It was first demonstrated that
SiAu4 and SiAun (n ) 2 and 3) have structures and bonding
similar to the silanes SiH4 and SiHn, respectively.13a The
Si2Aun (n ) 2 and 4) clusters were subsequently shown to
be analogous to Si2Hn (n ) 2 and 4).13b We have recently
found that the B-Au bonds in the Au2B7

- cluster13c are also
covalent and similar to the B-H bonds in the B7H2

- cluster.14

On the basis of the Au-H analogy, we conjectured that
thecloso-auroboranes BxAux

2- could be viable new building
blocks in chemistry. To test this idea, we performed quantum
chemical calculations using hybrid density functional theory
(DFT) method B3LYP,15 as implemented inNWChem 4.716

andGaussian 0317 with three types of basis sets using also
pseudopotential on Au: (1) LANL2DZ18 on B and Au
(B3LYP/LANL2DZ); (2) aug-cc-pvTZ19 on B and Stuttgart
pseudopotential and basis set20 on Au (B3LYP/B/aug-cc-
pvTZ/Au/Stuttgart); (3) cc-pvTZ19 on B and Stuttgart
pseudopotential and basis set on Au (B3LYP/B/cc-pvTZ/
Au/Stuttgart). We optimized geometry and calculated fre-
quencies for BxHx

2- and BxAux
2- (x ) 5-12) at B3LYP/

LANL2DZ, BxHx
2- (x ) 5-8) at B3LYP/B/H/aug-cc-pvTZ,

BxHx
2- (x ) 9-12) at B3LYP/B/H/cc-pvTZ, BxAux

2- (x )
5-8) at B3LYP/B/aug-cc-pvTZ/Au/Stuttgart, and BxAux

2-

(x ) 9-12) at B3LYP/B/cc-pvTZ/Au/Stuttgart levels of
theory. Optimized geometries, harmonic frequencies, total
energies, and other molecular properties of calculated species
are summarized in the Supporting Information. B3LYP/
LANL2DZ calculations have been performed at Utah State
University using theGaussian 03program. B3LYP/B/H/aug-
cc-pvtz, B3LYP/B/H/cc-pvtz, B3LYP/B/aug-cc-pvtz/Au/
Stuttgart, and B3LYP/B/cc-pvtz/Au/Stuttgart calculations
have been performed at the Environmental Molecular Sci-
ences Laboratory facility at Pacific Northwest National
Laboratory using theNWChemprogram. The B3LYP results
for B6Au6

2- were also compared with other DFT functionals
and ab initio calculations to validate the methods used.
Preliminary global minimum searches for the B5Au5

2- and
B6Au6

2- clusters were performed using CPMD simulated
annealing via the plane-wave DFT code ofNWChem. With
various starting geometries and annealing temperatures, we
did not find any energetically more stable structures. While
a few structures of B5Au5

2- and B6Au6
2- clusters with low

symmetry and Au-Au interactions were found to be lower
in energy at the B3LYP level of theory than the deltahedral
structures, they are significantly higher at the MP2 level of
theory, indicating that the structures in Figure 1 are likely
to be the global minima.

Selected geometric parameters for BxHx
2- and BxAux

2- (x
) 5-12) calculated at our highest level of theory are
summarized in Figure 1, with Cartesian coordinates of all
of these species collected in the Supporting Information.

Experimental geometries for thecloso-borane BxHx
2-

dianions from crystal data are available forx ) 6 and 8-12.
Our theoretical B-B and B-H distances for the free BxHx

2-

dianions agree within 0.08 Å, with the corresponding values
for the same dianions in crystals. Similarly, our Au-B
distances (2.056-2.072 Å) are in reasonable agreement with
the crystal Au-B distance (2.16-2.19 Å) in the [(Cy3P)B-
((AuPPh3)4]+BF4

- salt.12f

According to our calculations using the B3LYP method
with the largest basis sets, thecloso-auroboranes BxAux

2-
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with x ) 5-12 have minimal energy structures completely
identical with those of the corresponding BxHx

2- species. The
B-B bond lengths for the auroboranes BxAux

2- are indeed
very similar to those of the corresponding boranes BxHx

2-

(Figure 1). The shortest Au-Au distances in BxAux
2-

decrease slightly with increasingx from 4.56 Å in B5Au5
2-

to 3.95 Å in B12Au12
2-, but they are still significantly larger

than the equilibrium Au-Au distance (2.47 Å) in Au2 or
the Au-Au distance (2.884 Å) in bulk Au, indicating that
there is no direct Au-Au bonding in thecloso-auroboranes.

The shortest Au-Au distances in BxAux
2- are also outside

the range of 3.00( 0.25 Å for aurophilic interactions,8i

suggesting that the Au-B bonding, analogous to the B-H
bonding in the purecloso-boranes and the Si-Au bonding
in the Si/Au binary clusters,13a,b dominates in the BxAux

2-

molecules. While it is nearly impractical to prove if these
high-symmetry minimum structures are the most stable
among all of the possible structures, it is conceivable that
thecloso-auroboranes BxAux

2- might be made if the synthesis
starts with the cage boranes or their derivatives.

To further elucidate the analogy between BxAux
2- and

BxHx
2-, we calculated the effective atomic charges using

natural bond analysis (Figure 2).
We found that the atomic charges on Au and H in every

pair of BxHx
2- and BxAux

2- dianions are indeed very similar,
although the Au-B bonds are slightly more polar than the
B-H bonds. Thus, the covalent B-Au bonding in thecloso-
auroboranes is indeed analogous to the B-H covalent bonds
in BxHx

2-, indicating that Au indeed mimicks H in BxAux
2-.

The relativistic effects account for the covalent character of
the B-Au bonds.21

The present research suggests that thecloso-auroborane
dianions can be viable new building blocks in chemistry.
We expect that BxAux

2- clusters may undergo catenation in
the solid state and thus may require ligand protection, such
as the PPh3 groups. While it is hard for us to speculate if
Au-B species without donor ligand protection can be
isolated in the condensed phase, we believe that Bx(AuPPh3)x

2-

would be the most viable species to be synthesized in the
condensed phase. The synthesis and characterization of the
B-centered Au cluster in the [(Cy3P)B((AuPPh3)4]+BF4

-

salt12f provide additional hope that such a synthesis might
be feasible. The Au atoms in thecloso-auroboranes represent
highly atomically dispersed Au and may potentially exhibit
novel catalytic and chemical properties.
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Figure 1. Optimized geometric structures of BxHx
2- and BxAux

2- (x )
5-12) with selected B-B distances in angstroms (yellow, Au; blue, B;
orange, H). See the Supporting Information.

Figure 2. Calculated natural bond effective atomic charges in|e| (at
B3LYP/LANL2DZ) for BxHx

2- and BxAux
2- (x ) 5-12).
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