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Most discussions have described the AuH3 molecule as a T-shaped complex. A recent study showed that a
nonclassical Au(η2-H2)H complex was more stable than the classical AuH3 “aurane” complex by roughly 30
kcal/mol. The present study shows that the nonclassical isomer is only loosely bound (∆Edis ) 13.44 kcal/
mol) vs AuH and dihydrogen, and that the dimerization of AuH3 units to a Au2H6 “diaurane” molecule is
exothermic by roughly 20 kcal/mol. Additional data is provided which may prove useful for matrix-isolation
experiments.

1. Introduction

An attempt to synthesize the classical AuH3 “aurane” complex
was made by Wiberg and Neumaier in the mid 1960s.1 They
used several common agents to reduce AuCl3 to AuH3; however,
they only obtained gold metal and hydrogen gas. Similarly, gold
and alkanes were produced from the decomposition ofC2V AuR3

(R ) alkyl) complexes.2 There was some evidence that
complexes of the reducing agents were formed at 150 K (i.e.,
Au(AlH4)3), but the systems were not stable enough to isolate.
Although previous discussions have described AuH3 as a
T-shapedC2V molecule, a recent study has suggested a dihy-
drogen complex Au(η2-H2)H is more likely.3 Present day matrix
isolation studies may be able to produce AuH3 complexes
because interactions of dihydrogen with CuCl,4 Pd5 and alkali
metal halides6 have been observed using these methods.
Theoretical studies of on each of these complexes shows that
the dihydrogen is strongly bound to CuCl (-20 kcal/mol (CPF))4

and Pd (-17.5 kcal/mol (DFT/B3LYP)),5 but weakly bound to
alkali metal ions (-1.5-2.1 kcal/mol (MP2)).6

The orbitally ranked symmetry analysis model (ORSAM) was
introduced for the prediction of geometries of molecular systems
(specifically of transition metal polyhydride complexes) through
consideration of the electron count of the system and the number
and type of ligands.3 According to this model, d8 ML3 systems
such as AuH3 can have one of two “high-symmetry”C2V
geometries: a T-shaped structure (C2V) and a Y-shaped structure
(C2V′). When L) H-, the angle between the equatorial hydride
ligands in theC2V′ geometry can become so small that the system
should be considered a nonclassicalM(η2-H2)H complex. This
case effectively reduces the metal to d10 and results in a linear
ML2 system for purposes of ORSAM analysis.

The two C2V geometries result from pseudo Jahn-Teller
distortions fromD3h. Analogous distortions have been discussed
in the Extended Hu¨ckel model for the decomposition of
trialkylgold(III) complexes7 where theC2V′ geometry lies at the
entrance of the exit channel for decomposition. However,
previous discussions of AuH3 systems8 have only considered
distortions along the b2 coordinate (C2V), probably because
analogous halide and alkyl systems are expected to be T-
shaped.7,9 The ORSAM study demonstrated that systems of
AuH3 stoichiometry have a global minimum at theC2V′ Au(η2-
H2)H geometry roughly 30 kcal/mol lower in energy (MP2) than

the classical T-shapedC2V AuH3 complex. Unfortunately, no
experimental data is available for either of these species.

Many recent reviews have shown the successes in applications
of theoretical methods to transition metal polyhydrides.10 In this
study, theoretical data is provided which may assist experimen-
talists who wish to search for AuH3 isomers. The relative
energies of the classical and nonclassical isomers are presented
as well as the dissociation energies to H2 and AuH. Theoretical
frequencies are included for comparison to experiment. In
addition, since AuX3 (X ) halide) complexes are usually found
as dimers or polymers,11 similar oligomers may occur for AuH3
as suggested by Schwerdtfeger et al.8 We examine the formation
of the dimer Au2H6 dubbed here as ‘diaurane’ in accordance
with Wiberg and Neumeier’s nomenclature and in loose analogy
to diborane.

2. Theoretical Section

Calculations were performed in four basis sets based upon
the Dunning triple-ú basis for hydrogen12 and the Ermler-
Christiansen gold basis13 with relativistic effective core poten-
tials (RECPs) using the GAMESS-UK suite of programs.14

Basis set I:Au: Ermler-Christiansen RECP (5s6p4d)/
[4s4p4d]

H: Dunning (5s1p)/[3s1p] H: p(ú ) 1.0)
Basis set II: Basis I+ Au: f (ú ) 1.1) (5s6p4d1f)/[4s4p4d1f]
Basis set III: Basis I+ Au: d(ú ) 0.03), f (ú ) 1.2, 0.4)

(5s6p5d2f)/[4s4p5d2f]; H: p (ú ) 1.1, 0.33) (5s2p)/[3s2p]
Basis set IV: Basis III+ Au: p(ú ) 0.016), d(ú ) 0.01),

f(ú ) 0.1) (5s7p6d3f)/[4s5p6d3f];
H: s(ú ) 0.25), d(ú ) 1.0) (6s2p1d)/[4s2p1d]
The metal basis sets include the (n+1)s and p orbitals in

accordance with studies by Couty and Hall.15 Cartesian functions
were used, thus each d and f function adds an s and p orbital,
respectively, to the basis set (i.e., BSII (contracted) for Au could
be written as [8s5p4d1f]).

Geometry optimizations of H2, AuH, AuH3 and Au(η2-H2)H
were performed in BSI-BSIII at the HF, MP2, MP3, and
CCSD(T) levels. Fletcher-Powell optimization algorithms16

were used to find the geometries in BSII and BSIII and with
the MP3 and CCSD(T) methods. Zero-point energies (ZPE),
thermal corrections and entropic corrections were calculated at
the MP2 level at 150 K in BSI using the Gaussian 98 package17

and applied to all calculations at higher levels of theory. Basis
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set superposition error (BSSE) calculations18 were performed
in BSI-BSIII on the MP2//MP2 and CCSD(T)//CCSD(T)
geometries. Optimizations of the Au2H6 isomers were performed
in Basis I and II at the MP2 level and corrected for ZPE.

Calculations on analogous gold trichlorides were performed
at the MP2 level in BSI on gold. The chlorine centers were
represented by a triple-ú Stevens, Basch, and Krauss basis with
a Wadt-Hay effective core potential.19 A d polarization function
was added to chlorine (ú ) 0.619).

3. Results and Discussion

Ground State of AuH3. The relative energies of the two
isomers are listed in Table 1. Selected geometric parameters
are shown in Figure 1 with additional geometric data listed in
the Supporting Information (Table S1). At all levels of theory,
the nonclassicalC2V′ isomer is shown to be the global minimum
with relative energies ranging from 25 to 30 kcal/mol. The
geometries for both systems are consistent for all basis sets and
levels of theory although the addition of the f-type polarization
function in BSII leads to a slight contraction of the Au-Heq

bond length in theC2V systems which does not appear in the
larger BSIII calculations.

The bonding of dihydrogen to a transition metal occurs
primarily through the donation of electron density from theσ
bonding orbital of H2 to an empty orbital on the metal center
(M r σ). The resulting electron-transfer reduces the dihydrogen
bond strength and increases the H-H bond length. A secondary
bonding effect can occur through back-donation from a filled
metal dπ orbital into theσ* of H2 (M f σ*). If this interaction
is strong enough, the dihydrogen unit is cleaved through
oxidative addition, effectively oxidizing the metal from M(N)
to M(N + 2). In the present case of AuH3, conditions are not
favorable for oxidative addition. The preference of Au(I) versus
Au(III) may seem unusual, but the relative energies of the gold
system are smaller than those for the comparable AgH3 system
(56 kcal/mol3) where the occurrence of a Ag(III) T-shapedC2V
complex would be unexpected. Regardless of the oxidation state
of the metal, both of these isomers are expected to use 6p
orbitals in their bonding. Mulliken population analyses at the
HF level in BSI at the MP2/BSI geometry show that the 6p
orbital is significantly populated in both geometries: 0.66e in
C2V (px) and 0.30e inC2V′ (pz). The lower population in the
nonclassicalC2V′ case is consistent with donation of electron

density from the H2 σ orbital to an empty metal orbital.3 These
values are significantly larger than the population of the 6pz

orbital in AuH (0.09e) where p orbitals are not essential to
bonding. Furthermore, analysis of the MO coefficients indicates
that the M-H2 interaction occurs mostly through the primary
M r σ interaction as very littleσ* character appears in the dπ
MO.

In the nonclassical Y-shaped complex, the H-H distance of
the coordinated dihydrogen is only slightly longer than in free
hydrogen and the resulting donation of electron density into
the metalσ orbital increases the axial Au-H distance slightly
vs free AuH. By comparison, the dihydrogen distance in Cu-
(η2-H2)Cl (0.807 (MP2) and 0.794 Å(CPF))4 is similar to that
in the nonclassical gold complex, but the M-H2 bond distance
is shorter (1.572 (MP2) and 1.611 Å (CPF))4 in accordance with
the smaller copper atom. The H-H bond length in Pd(η2-H2)
is stretched by 0.05 Å over Au(η2-H2)H.5 The classical aurane
complex is essentially the nonadiabatic doubly excited state of
the Y-shaped complex where a pair of electrons are excited from
the a1 M r σ orbital into the b2 metal p-H2 bonding orbital.
The geometric parameters for aurane are similar to those found
previously except for a slightly shorter equatorial Au-H bond
length (1.641 Å8 vs 1.629 Å) in the present work due to an
improved basis set.

The MP2//BSI vibrational frequencies have been listed in the
Supporting Information (Table S2). Mixed hydride-deuteride
complexes have also been calculated for comparison to experi-
ment. In the nonclassical complex Au(η2-H2)H, the calculated
intensities for all of the IR frequencies do not exceed 50 km/
mol and the Raman intensities do not exceed 110 Å4/amu. The
most important absorbances for identifying these gold complexes
in the frozen matrix and distinguishing between the aurane and
nonclassical isomers are the symmetric H-H stretching modes
(Table 2). However, the calculations do not show any significant
intensity for this mode in the IR spectrum for this band, probably
due to the lack of a large change in dipole moment. The larger
calculated Raman intensities suggest that Raman spectroscopy
is a more appropriate tool for examining this system. For the
C2V complex, the Raman band is shifted to 2160 cm-1 versus
free dihydrogen (4271 cm-1 MP2/BSI) and is close to the
equivalent IR band in PdH2. Monodeuteration in the axial
position shifts the band to 1794 cm-1 and dideuteration shifts
it to 1533 cm-1. This mode in the nonclassical Y-shaped
complex is much closer to the value for free hydrogen as
expected. These frequencies range from 3830 cm-1 for Au(η2-
H2)H, 3335 cm-1 for the monodeuterated complex and 2722
cm-1 for the dideuterated complex. Compared to Cu(η2-H2)Cl,
the H-H stretch in the nonclassical complex is closer to free
H2 regardless of the similar bond distances. However, the
symmetric H-H stretching band in Pd(η2-H2) is shifted to a
lower wavenumber due to a longer H-H distance.

Figure 1. Structural parameters for theC2V andC2V′ isomers of AuH3

at the MP2/BSIII (CCSD(T)/BSIII) levels.

TABLE 1: Relative Energies between T-shaped (C2W) and
Y-shaped (C2W′) Geometries

method
∆E(C2V′-C2V)

(kcal/mol)
∆E(C2V′-C2V)

(kcal/mol)
∆E(C2V′-C2V)

(kcal/mol)

BSI BSII BSIII
HF//HF -36.47 -34.28 -34.61
MP2//MP2 -25.37 -25.70 -30.88
MP3//MP2 -31.53 -26.72
CCSD(T)//MP2 -31.18 -26.09
MP3//MP3 -25.76 -27.08 -30.14
CCSD(T)//CCSD(T) -26.30 -26.30 -29.92

TABLE 2: Theoretical and Experimental H -H Stretching
Frequencies for AuH3, Au(η2-H2)H, Cu(η2-H2)Cl, PdH2, and
Pd(η2-H2)

AuH3 PdH2
a Au(η2-H2)H Cu(η2-H2)Clb Pd(η2-H2)a

ν M(H2) (cm-1) 2160d 2199b,c 3830d 3517d 2935b,c

(3222)e (2971)e

ν M(HD) (cm-1) 1794d 3336d 3055d (2334)e

(2900)e

ν M(D2) (cm-1) 1534d 2719d 2489d (2169)e

(2395)e

a Data from ref 5.b Data from ref 4.c Theoretical frequencies at the
DFT/B3LYP level.d Theoretical frequencies at the MP2 level.e Ex-
perimental infrared frequencies.
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The need for high angular momentum functions in correlated
calculations is demonstrated well in the present calculations.
The addition of a single set of f-type polarization function to
the metal in BSII lowers the energy by 205 kcal/mol at the MP2
level and 185 kcal/mol at the CCSD(T) level. Use of two sets
of polarization functions on Au and H in BSIII stabilizes by an
additional 50 kcal/mol at the CCSD(T) level. The calculations
in BSIV appear to approach the CCSD(T) basis set limit as
only an additional 6.2 kcal/mol of stability are added. It may
be useful to note the “agreement” between the MP3 and CCSD-
(T) values. Other agreements between MP3 and coupled-cluster
calculations for transition metal systems have been noted in
previous studies.15b,20

Dissociation Energy of Au(η2-H2)H. As the nonclassicalC2V′
complex is significantly more stable than the classical system,
it may be possible to obtain a “AuH3” complex starting from
AuH and H2. The free energies of dissociation to dihydrogen
and AuH are listed in Table 3 and include ZPE corrections.
The AuH bond length (CCSD(T)//CCSD(T), BSIII) is consistent
with previous theoretical studies21 and in complete agreement
with the experimental value of 1.524 Å.22 The MP2/BSI and
MP3/BSI frequencies for AuH (2316 and 2291 cm-1, respec-
tively) are within 10-15 cm-1 of the experimental values.22

The relative energy of the dissociative process is 13.44 kcal/
mol (∆Gdis ) 7.58 kcal/mol) at the CCSD(T)/BSIV//CCSD-
(T)/BSIII level from theC2V′ complex and exothermic by about
10 kcal/mol from the C2V geometry. Thus, the∆Edis is
comparable to other transition metals complexes such as Cu-
(η2-H2)Cl 4 and Pd(η2-H2).5 In comparison, the dissociation
energy of C2V AuCl3 to Cl2 and AuCl is endothermic by
approximately 30 kcal/mol at the MP2//MP2 level.

BSSE corrections are included in Table 3, but are not included
in the listed values of∆Edis and ∆Gdis. BSSE can effectively
measure the completeness of a basis set such that the more
complete the basis, the lower the BSSE correction. In the present
calculations, the BSSE is not significantly changed by the
addition of an f-type polarization function in BSII. However,
double polarization functions on both Au and H in BSIII give
a reduction in BSSE for a corrected∆Gdis of 5.94 kcal/mol at
the CCSD(T) level. BSIV is expected to have very little BSSE
as it appears close to the basis set limit. However, the large

counterpoise correction in the smaller basis sets casts doubt on
the general validity of these corrections.

Dimerization of AuH 3. Due to the tendency of AuF3 and
AuCl3 to form polymers and dimers, respectively,8,11 the pos-
sibility of dimerization to Au2H6 (or diaurane) is also considered.
MP2 geometry optimizations of four differentD2h isomers gave
only the planar dimer shown in Figure 2. The structure is similar
to previous calculations of Au2H6 at the HF level and the X-ray
crystal structure of Au2Cl6.8

Calculations also show that the dissociation energy of
diaurane to two Au(η2-H2)H units is endothermic by 20.1 kcal/
mol at MP2/BSII. Dissociation to two auranes is endothermic
by 72.9 kcal/mol (∆Edis (HF) ) 49.5 kcal/mol).8 The geometry
of diaurane (Figure 2) is fairly consistent between BSI and BSII.
The bond distances between the terminal hydrides and the gold
centers are unchanged, but the distances between gold and the
bridging hydrides decreases by 0.05 Å thus contracting the ring
slightly. The change from a nonclassical minimum in the
monomer to a classical isomer in the dimer results from the
types of metal AOs available for bonding in the molecule. In
Au2H6, the hydride ligands decompose as 2ag + b1g + b2u +
2b3u. Because each metal center is d,8 each one contributes a
6s, 5d and 6p orbital for bonding with the hydride ligands.3

Examination of the decomposition of the metal orbitals inD2h

symmetry shows that two b3u combinations are required: one
5d and one 6p. The stability imparted through the mixing of
these two orbitals explains whyII , the isomer directly analogous
to diborane, is not a minimum. Twisting the terminal hydrides
out of the plane prohibits mixing of the pA and d B
combinations.

The calculated frequencies for diaurane are listed in the
Supporting Information (Table S3). The most intense band for
diaurane and diaurane-d6 is the b3u stretching mode which
appears at 1100 cm-1 and shifts to 784 cm-1 in the perdeuterated
complex. The analogous band in (PdH)2 appears at 1348 cm-1

with a shift to 950 cm-1 in (PdD)2.5 The calculated spectra of
the dimers of the mixed hydride-deuteride AuH3 complexes have
also been included for completeness.

4. Conclusions

This study confirms the stability of a nonclassical Au(η2-
H2)H isomer over a classical AuH3 isomer. However, the

TABLE 3: Dissociation Free Energies of Au(η2-H2)H to
AuH and H2 at 150 K

method basis
∆Edis

(kcal/mol)
∆Gdis

(kcal/mol)
BSSE

(kcal/mol)

MP2//MP2 I 11.16 5.75a 2.64
II 13.57 8.04a 2.10
III 15.91 10.05a 0.95
IV 16.76 10.90a,b

MP3//MP2 I 9.48 4.07a

II 4.84a

CCSD(T)//MP2 I 9.35 3.94a

II 4.84a

MP3//MP3 I 9.55 4.14a

II 10.52 5.11a

III 12.74 6.88c

CCSD(T)//MP3 I 9.40 3.99a

II 4.97a

CCSD(T)//CCSD(T) I 9.37 3.95a 2.92
II 10.40 4.99a 2.84
III 12.56 6.7a 0.76
IV 13.44 7.58a,b

a Includes thermal, entropy (∆Sdis ) 27.11 cal/(mol K)), and ZPE
corrections from MP2//MP2 optimized geometry in Basis I.b Performed
from the MP2/BSIII or CCSD(T)/BSIII optimized geometry.

Figure 2. Structural parameters for diaurane at the MP2/BSI (MP2/
BSII) level.
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nonclassical system is only bound by approximately 13.44 kcal/
mol vs AuH and H2. Therefore, the species would be expected
to have only a transient existence, as suggested by the ob-
servations in Neumeier and Wiberg’s experiments.1 However,
modern matrix isolation experiments may allow observation of
these species through characteristic bands in the Raman spectra.
The AuH3 systems also have an exothermic path to dimerization
to theD2h square planar dinuclear molecule which may also be
observed. Identification of diaurane in the matrix should be
obvious from the shifts vs AuH3, Au(η2-H2)H, and AuH.
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