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Using density functional theory calculations, here we show that a
series of B,Au,®~ (x = 5-12) dianions possesses structure and
bonding similar to the famous deltahedral closo-borane cages,
B.H*~. Effective atomic charges on Au in B,Au,?~ are very similar
to those on H in BH,?~, indicating that Au in the closo-auroboranes
is indeed analogous to H in the closo-boranes. The present
theoretical predictions of ByAu,?~ 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 19¥2these 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-workéfsfirst 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 unitt This represents a milestone in establishing
the validity of the molecular orbital theory.

In particular, theclosaboranes (RHy?") have aesthetically
pleasing symmetries because their structures are based o
deltahedral B cages. Of particular interest is the icosahedral
B1,H:,2~ dianion, which was first synthesized by Hawthorne
and Pitochelli in 1966 shortly after its theoretical prediction

* To whom correspondence should be addressed. E-mail: Jun.Li@pnl.gov
J.L.), Is.wang@pnl.gov (L.-S.W.), boldyrev@cc.usu.edu (A.Il.B.).

T Utah State University.

* Pacific Northwest National Laboratory.

§ Washington State University.

(1) (a) Stock, A.; Massanez, Chem. Ber1912 45, 3539. (b) Stock, A.
Hydrides of Boron and SilicqrCornell University Press: Ithaca, NY,
1933.

(2) Bell, R. P.; Longuet-Higgins, H. QNature 1945 155, 328.

(3) Eberhardt, W. H.; Crawford, B.; Lipscomb, W. N. Chem. Phys
1954 22, 989.

(4) Lipscomb, W. N.Boron Hydride ChemistryAcademic Press: New
York, 1975.

10.1021/ic060615i CCC: $33.50
Published on Web 06/16/2006

© 2006 American Chemical Society

Uniersity Drive,

by Longuet-Higgins and Roberts in 1955 recent years,
Hawthorne and co-workers have synthesized and determined
the structures of many compounds containing substituted
closoB1,R12™ (R = Me, OH, OCHPh, OCOPh) dianions,
thus significantly enriching the chemistry ofoseboranes

and their potential applications. Here we predict a new class
of closcauroboranes #wu,>~ and present theoretical evi-
dence showing that Bu,®>~ can be viable new gold-rich
compounds. While, to the best of our knowledge, there
are no published experimental data ogAB?~ closo
auroboranes, there are many known-Aarborane com-
plexes®® Mitchel and Stoné? Reid and Welcl® and
Baukova et af reported examples alosccarboranes with

Au bonded to C by 2c-2e bonds. Stone and co-workers
reported the synthesis and characterization of a serigs@f
carboranes interacting with Au via cluster bond#ig!
Hawthorne and co-workers synthesized and characterized
aurocarboranes with -€Au 2c-2e bonds with and without
Au—Au interactions’ Wesemann and co-workers reported
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the synthesis and characterization of geftith—closcborate
compounds with SrAu bonds? Au—B compounds were
summarized in a recent revie\.

and Gaussian 0% with three types of basis sets using also
pseudopotential on Au: (1) LANL2DZ on B and Au
(B3LYP/LANL2DZ); (2) aug-cc-pvT2° on B and Stuttgart

There are also a few compounds not related to boranes opseudopotential and basis Zevn Au (B3LYP/B/aug-cc-

carboranes, which also have 2c-2e&J, N—Au, and B-Au
bondst*'2 The compounds containing the hypercoordi-
nated trigonatbipyramidal C(AuPP§)s™ and octahedral
C(AuPPh)e?" cations are examples of interesting species
with C—AuPPh bonds!?* Theoretical studies of model
systems BRHAUPHg)*, wheren + m = 3 or 4 and charge
kis =2, ..., +12¢ and model complexes [(LAEX]™,
[(LAU) sX ] ™ DF and [(LAURX ] ™27 [with central atoms
X1 =B, X =C, and % = N and ligands L= PH; or
P(CHb)3],*2¢ where the authors analyzed the importance of
Au—PR; interactions for the stability of these systems, have
also been published. Pure XAU clusters have been
theoretically studiet# for the purpose of understanding the
influence of Au-PRs interactions on chemical bonding in
X(AuPPh),™" systems. The synthesis and characterization
of the B-centered Au cluster in the [(€B)B((AuPPh),] "BF;~
salt have also been report&dThere are also several reports
on gold diboride AuB compounds, which have hexagonal
layers of B atoms with Au atoms in betwe&8:k

Our work on the RAu,?~ closaauroboranes was inspired
by the recent discovery of the AtH analogy in several
binary Au-containing cluster$.It was first demonstrated that
SiAug and SiAy (n = 2 and 3) have structures and bonding
similar to the silanes SiHand SiH, respectively:32 The
SibAu, (n = 2 and 4) clusters were subsequently shown to
be analogous to &il, (n = 2 and 4)!3* We have recently
found that the B-Au bonds in the AuB;~ clustet3care also
covalent and similar to the-BH bonds in the BH,™~ clustert

On the basis of the AdH analogy, we conjectured that
the closcauroboranes B\u,?~ 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® as implemented ilNWChem 4.%
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pvTZ/Au/Stuttgart); (3) cc-pvT2 on B and Stuttgart
pseudopotential and basis set on Au (B3LYP/B/cc-pvTZ/
Au/Stuttgart). We optimized geometry and calculated fre-
qguencies for BH,>~ and BAu (x = 5—12) at B3LYP/
LANL2DZ, ByH,?~ (x=5—8) at B3LYP/B/H/aug-cc-pvTZ,
BH,>~ (x = 9—12) at B3LYP/B/H/cc-pvTZ, RAU®™ (X =
5—8) at B3LYP/B/aug-cc-pvTZ/Au/Stuttgart, andAau2~
(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 th&saussian 0®rogram. 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 th&lWChenprogram. The B3LYP results
for BsAug?~ were also compared with other DFT functionals
and ab initio calculations to validate the methods used.
Preliminary global minimum searches for theABis>~ and
BsAug?~ clusters were performed using CPMD simulated
annealing via the plane-wave DFT codeNdVChem With
various starting geometries and annealing temperatures, we
did not find any energetically more stable structures. While
a few structures of B\us?~ and BsAug®~ 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 foHE~ and BAuUZ ™ (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 thelosoborane BH,>~
dianions from crystal data are available for= 6 and 8-12.
Our theoretical B-B and B—H distances for the free B>~
dianions agree within 0.08 A, with the corresponding values
for the same dianions in crystalSimilarly, our Au—B
distances (2.0562.072 A) are in reasonable agreement with
the crystal Au-B distance (2.162.19 A) in the [(CyP)B-
((AUPPR)4]TBF,~ salt!?f

According to our calculations using the B3LYP method
with the largest basis sets, tlsbosc-auroboranes Bu,?~
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Figure 1. Optimized geometric structures offB2~ and BAuUZ~ (x =
5—-12) with selected BB distances in angstroms (yellow, Au; blue, B;
orange, H). See the Supporting Information.

Figure 2. Calculated natural bond effective atomic chargegein(at
B3LYP/LANL2DZ) for ByHy2~ and BAu2™ (x = 5—12).

with x = 5—12 have minimal energy structures completely
identical with those of the correspondingB?~ species. The
B—B bond lengths for the auroboranegAB,?>~ are indeed
very similar to those of the corresponding borangkl,8
(Figure 1). The shortest AuAu distances in BAUZ™
decrease slightly with increasingfrom 4.56 A in BAus?~

to 3.95 A in B,Aui>, but they are still significantly larger
than the equilibrium AtAu distance (2.47 A) in Apor
the Au—Au distance (2.884 A) in bulk Au, indicating that
there is no direct At-Au bonding in theclosc-auroboranes.
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The shortest AtrAu distances in BAu*~ are also outside
the range of 3.06t 0.25 A for aurophilic interactiond,
suggesting that the AuB bonding, analogous to the-BH
bonding in the purelosaboranes and the SiAu bonding

in the Si/Au binary cluster§2? dominates in the BuZ~
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
theclosaauroboranes Bwu,*~ might be made if the synthesis
starts with the cage boranes or their derivatives.

To further elucidate the analogy betweepAB,*~ and
B,H,%>~, 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 BH,>~ and BAu,?~ dianions are indeed very similar,
although the Au-B bonds are slightly more polar than the
B—H bonds. Thus, the covalentB\u bonding in theclosoe
auroboranes is indeed analogous to the-Bcovalent bonds
in BxH,?~, indicating that Au indeed mimicks H in,Buy? .

The relativistic effects account for the covalent character of
the B—Au bonds?*

The present research suggests thatdlescauroborane
dianions can be viable new building blocks in chemistry.
We expect that BAu,?~ clusters may undergo catenation in
the solid state and thus may require ligand protection, such
as the PPhgroups. 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 tH{aLBPh),*~
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 [(GR)B((AuPPR)s"BF;~
salt?' provide additional hope that such a synthesis might
be feasible. The Au atoms in tlotosc-auroboranes represent
highly atomically dispersed Au and may potentially exhibit
novel catalytic and chemical properties.
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