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Abstract

Gold-gold interactions in small polynuclear complexes are analysed using extended Hiuckel calculations. They are influenced by the
nature of the ligand donor atoms, by the bridging ligands, but most by the formal oxidation state of the metal. Au—Au bonds are much
stronger in complexes of Au(II) and Au(III), but a weak interaction between two d'° centres exists for Au(I) complexes, owing to mixing
of the s and p orbitals with the d orbitals. Phosphines induce stronger metal-metal bonds when coordinated trans to the Au—Au bond in
[Au(ID[(CH,),PPh,IL], (Ph = phenyl), but have the opposite effect when bonded orthogonally to the metal-metal axis in Au(l)
binuclear species. When two gold atoms are bridged by a single carbon atom, belonging either to mesityl (Mes = 2,4,6-Me,CH,) or
CR,, the former produces stronger Au(I)-Au(I) interactions, reflected in shorter distances. Formal oxidation states are proposed for the
gold atoms in two mixed-valence clusters, [Au (C4F;),{(PPh,),CH},(PPh;),KCIO,), and [{(2,4,6-C4F;H,)Au(CH,PPh,CH,),Au},-
Au(CH,PPh,CH,),AulClQ,),. The results suggest a higher oxidation state for the outer gold atoms, in both the T-shaped tetranuclear
cluster and the Aug linear chain.

Keywords: Gold; Metal-metal bonds; Extended Hiickel calculations; Bond lengths and strengths; Bridging ligands

1. Introduction One is the presence of neighbouring L—Au-L units,
arising from the cyclic geometry of the molecule 1a.
The other arises when these fragments share a common
ligand, R. The bridge may be a single atom 1b or more.

The two gold atoms in 1a may also be regarded as
being bridged by two ligands, while those of 1b are
bridged by only one ligand. Unsupported Au—Au bonds
are very seldom observed, and we have studied them
previously [2].

The binuclear gold(I) phosphorus complex
[{Au{(CH,),PPh,}},]is one of the simplest examples of
type 1a [3]. There are a number of examples of 1b-type
complexes with a single atom bridging AuL units, some
resulting in hypercoordinated species [4]. Some of these
complexes have ligands R with one carbon atom bridg-
ing only two AuL fragments. These R ligands may
coordinate to gold through a tetrahedral carbon atom, as
in CX,, or through an sp? aromatic carbon atom, as in
the mesityl group (2,4,6-Me;CcH,,Mes). The most
striking example of the latter type is the all-symmetrical

* Corresponding author. gold star complex [{Au(Mes)};1[5], in which gold atoms

Gold organometallic chemistry has been growing in
recent years and much structural information is avail-
able [1]. Among the gold complexes, there are a signifi-
cant number of Au(I) compounds. These exhibit a fairly
regular pattern, showing the tendency for a linear L-
Au(D-L coordination around each gold atom, where L
can be a carbon, a sulphur or a phosphorus donor. This
linear arrangement can, of course, be forced to distort
by geometrical factors, either steric constraints of the
molecule as a whole, or the ligand coordination charac-
teristics, such as the bite angle for bidentate species.
Metal-metal interactions between different Aul., frag-
ments of the molecule can also be responsible for
disrupting the ideal linear coordination around each
gold atom.

The existence of short Au(I)-Au(I) distances in a
complex is normally associated with two main factors.
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are bridged by Mes, in a cyclic arrangement, resulting
in a five-pointed star-shaped complex. The designation
of gold—gold attractive interactions in these species is
not straightforward since it involves Au(l) atoms but,
nevertheless, the metal-metal distances are significantly
shorter in the mesityl bridged species (d,,_,, = =27 R)
than in the CX,-bridged species (d,,_,, > 2.9 A) [6].
When the bndgmg ligand allows the formation of a
larger than three-membered ring, the Au—Au distances
can be longer, depending both upon the nature of the
donor atoms and upon steric constraints imposed by
substituents.

In fact, although Au(I) has a d'° closed-shell config-
uration, attractive interactions between two Au(l) cen-
tres are well known and have been explained, on the
basis of extended Hiickel results, by the mixing of
empty metal s and p orbitals into the d shell [2,7]. This
phenomenon, described as *‘aurophilicity’’ [4], is below
the Hartree—Fock limit by ab-initio calculations and
attributed to relativistic and correlation effects [8]. The
great number of recent publications dealing with this
problem, such as ab-initio studies on [(XAuPH,),]
dimers, a tetrahedral Au, cluster and AuL species re-
sulting from gas-phase reactions [9], and also some on
related Cu(I) (d'°) species [10], shows that this topic is
still of considerable interest. A recent study of gold—gold
interaction on gold—phosphine complexes with main
group atoms [11] indicates that extended Hiickel calcu-
lations are still useful as the basis of an analysis of
gold—gold bonds.

In this work, extended Hiickel calculations [12] are
performed on model complexes to study the Au—Au
interactions. Special attention is given to understanding
the direct influence of the nature of the bridging ligand
on the Au—Au bond strength, while other important
factors, such as the formal oxidation state of the metal,
and the effect of the ligand #rans to the Au—Au bond on
phosphine ylide binuclear complexes, are also ad-
dressed.

The resulting knowledge is applied to a tentative
assignment of formal oxidation states for the different
types of gold atom in two mixed-valence complexes,
the tetranuclear [Au (CF;),{(PPh,),CH},(PPh,),]-
(C10,), [13] and the hexanuclear [{(2,4,6-C¢F;H,)-
Au(CH,PPh,CH,),Au},Au(CH,PPh,CH,),AulClO,),
[14], where oxidation states are not easily assigned.

2. Results and discussion

2.1. Bonding in low nuclearity gold(l) complexes with C
and P donors

The presence of Au(I)-Au(l) attractive interactions is
well documented and has been studied mainly in com-
plexes of type la, where two L—Au-L units are close
enough [2,7]. Some of the simplest are formed when
two bidentate ligands support the gold—gold bond, re-
sulting in a cyclic structure, as in the eight-membered
ring complexes 2. The bridging ligands may contain
carbon, sulphur or phosphorus donor atoms, one exam-
ple being the carbon atom donor (CH,),PPh,, in the
bis(ylide) complex [{Au{(CH,),PPh,}},] [3]. Two of
these structural units 2 can be bound [15] or fused
together [16]. There is also a recent example of a
mixed-metal complex of cobalt and gold in a distorted
ten-atom cycle supported by a bidentate phosphine
(dppm) [17].

C}

However, in all these compounds the gold—gold in-
teractions may be constrained by the bidentate ligands,
the corresponding bond distances ranging from 2.9 to
3.0 A. The presence of chelating ligands in all these
species somehow obscures the influence of the donor
atom on the intermetallic bond strength, as each pair of
gold atoms may be forced together into apparent bond-
ing distances by the bite angle of the ligand.

In contrast, the existence of complexes of type 1b,
with open structures as shown in 3 and Au-Au dis-
tances longer than the previous distances (dyy_ay>30
A), prompted us to look for metal-metal interactions
and to compare the influence of carbon and phosphorus
donors on the gold—gold bond strength.

pho X \/
\\ P //Ph P
P P W PPh,
| é |
Alu----/|\u R =Me or Ph /?u—Au----Au
R R PPh, p
B Ph  Ph
a 3
b

In the binuclear complex 3a, the_ intermetallic dis-
tance is 3.15 A for R = Me and 3.25 A for M = Ph [18],
and each gold atom is attached to one carbon and one



L.F. Veiros, M.J. Calhorda / Journal of Organometallic Chemistry 510 (1996) 71-81 73

phosphorus atom. In the trinuclear complex 3b, very
long Au—Au distances of 3.39 and 3.54 A are observed
[19], but steric effects arising from the phenyl groups
are responsible for this lengthening. Another geometri-
cally similar trinuclear species for which this argument
no longer holds, [Au,(p-PPh,CH,PPh,),Cl,]*, also
exhibits Au—Au interatomic distances much greater than
3.0 A (d,,_,, =3.07 and 3.16 A) [20].

In these open-chain molecules 3, the gold atoms are
separated by distances longer than in the eight-mem-
bered ring species 2. Their coordination sphere com-
prises at least one P atom, rather than only C donors.

Calculations were performed on simple model dimeric
species 4, differing in the number of carbon and phos-
phorus ligands, in order to study the gold—gold bond in
this particular situation, and to determine the influence
of the ligand donor atom type on the strength of the
metal-metal bond. The geometrical parameters used in
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the models, as well as computational details of all the
calculations, are given in the Appendix.
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The gold—gold overlap populations (OPs) calculated
for a fixed d,,_,, = 2.8 A increase with the number of
carbon donors (from left to right in the structures 4). As
overlap populations directly reflect bond strengths, these
values suggest that carbon ligands may indeed induce
stronger Au—Au bonds. This is consistent with the
tendency for shorter bonds to be associated with an
increasing number of carbon ligands, as observed exper-

Fig. 1. Diagram of the interaction between two AuL, units in the Au,L, gold(I} species [Au,(CH;),)*~ (left) and [Au,(PH,),J** (right).
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imentally. There are steric constraints in these models,
owing to the close proximity of hydrogen atoms. This
effect, which was studied in greater detail in a previous
study [2], is essentially constant along the series and
does not influence the general trends observed. For the
staggered conformations of the ligands, the Au-Au
overlap populations are very similar.

The well-known general features of the bonding be-
tween two L—Au(I)-L units [2] can also be found in
Fig. 1, which applies to the two extreme cases of type 4
structures: [Au,(CH,),J’~ and [Au,(PH;),J**. The
main contribution to the intermetallic bonding, for both
C and P donors, arises from the mixing of s and p with
the d,._ . orbital of each metal fragment. In the ab-
sence of s and p mixing, this would have produced a
destabilizing four-electron interaction. Thus both Au—Au
orbitals are stabilized: o, with an enhancement of its
bonding character, and the antibonding counterpart o,
which becomes almost non-bonding (5).

This general picture applies to ligands having either
C or P donors. However, a closer look at the diagram in
Fig. 1 reveals the difference between the two models.
As the phosphorus donor orbital have lower energies
than the corresponding carbon orbitals each AuL, frag-
ment orbital will be comparatively stabilized for the
phosphine complex. Since the orbitals involved in the
Au—Au bonding (o, and o, ) are L-Au-L antibonding
orbitals, their energies will be lower when L is a P
donor, resulting in a larger energy difference between
the metal s and p, levels and the d orbitals involved in
the Au—Au bonding. This leads to a poorer mixing
when the ligands are PH 5, and consequently to a weaker
gold—-gold bond, reflected by the composition of the o
orbital, which happens to be the highest occupied
molecular orbital (HOMO) for both cases (Fig. 1). For
[Au,(CH,),}*", it is composed of 37% of gold s and p,
(34% s and 3% p,) and 25% of d,._,» whereas for the
phosphine model [Au,(PH,),]**, the gold s and p,
contribution drops to 23% (21% s and 2% p,) and that
of d,2_. rises to 56%.

Another way of analysing these results is to look at
the gold s and p, electron occupancies. For the phos-
phine complex the s and p, orbitals are populated with

0.768 and 0.035 electrons respectively, while for the
CH, model those populations rise to 0.933 and 0.045,
showing their increased involvement when L is a carbon
donor.

The stabilization of Au-L orbitals for PH; com-
plexes produces a secondary effect contributing to the
weakening of the metal-metal bond. In fact, for
[Au,(PH,),** (diagram on the right-hand side of Fig.
1), the metal p, orbital is Au-L bonding and therefore
so stabilized that it becomes close to d,, and they both
mix (orbitals w4 and m in Fig. 1), resulting in a
strong destabilizing four-electron interaction.

These results suggest that Au—Au interactions in
gold(I) species having phosphorus donors are expected
to be weaker than in complexes having carbon donors,
consistent with the fact that in the open-ring complexes
3 the Au-Au distances are longer than in complexes
such as 2 where all ligands bind through carbon. De-
spite the small number of known complexes, the trend
seems well defined. Nevertheless, the very large gold—
gold distances observed for 3b have their origin in the
steric hindrance between neighbouring phenyl groups,
rather than in an electron effect [19].

The striking gold complex with mesityl bridges,
[{Au(Mes))] [5], which has a beautiful cyclic structure
with alternating metal atoms and Mes bridges, produc-
ing a five-pointed star-shaped molecule (Fig. 2), is an
example of a not very rigid structure having only carbon
ligands and short Au—Au distances of about 2.7 A.

This type of bridge has also been reported recently in
a mixed gold and silver complex, where it spans asym-
metrically each Au—Ag bond [21], and the mesityl
group is closer to the gold atom.

In this work we focused our attention on species with
a carbon atom bridging two gold(I) fragments. Besides
the mesityl groups, Mes, only tetrahedral carbon groups
CR, are observed in such roles, in polynuclear com-

Fig. 2. Structure of [{Au(Mes)}s] (gold atoms are shaded and hydro-
gen atoms are omitted).
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plexes where the resulting Au—Au distances are signifi-
cantly longer (between 2.908 and 2.92 A) [6].

Calculations were performed on two model com-
plexes, one with an aryl bridge (C;H;), and the other
with a tetrahedral carbon (CH,), bridging two gold
atoms, and also the real structures of both the Mes-
bridged cluster [{Au;(Mes),}] [5] and another containing
a tetrahedral carbon bridge, [SPPh,C(AuPPh,),PPh,-
CH(AuPPh,)COOMEe]CIO, [6a). The results were con-
sistent. The OPs for structures 6 calculated for a fixed
Au-Au distance, reveal a stronger interaction for the
aryl-bridged species, consistent with the experimental
data.

The bonding between each bridging group R and the
metal fragment is depicted in Fig. 3 and consists of two
donations from the bridging-ligand filled orbitals to
empty metal orbitals, resulting in two R—metal bonds.
There is a symmetrical interaction a, involving the
carbon sp orbital pointing towards the middle of the
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Fig. 3. Diagram of the interaction between a Au,H, fragment (central) and a bridging CH3™ in the [(+-CH,)Au,H,]*~
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Au—Au bond, and the antisymmetrical counterpart b,
with the carbon p orbital parallel to the metal-metal
bond. The orbitals of the metal fragment involved are
essentially symmetrical and antisymmetrical combina-
tions of gold sp orbitals, since Au(I) has filled d or-
bitals.

The main difference between the bonding of the two
bridging species lies in the antisymmetric interaction b,.
For methylene the orbital involved is a carbon pure p,,

=

Au—Au
H” “H

complex (left), or a

bridging C4Hy in the [(n-C¢Hs)Au,H,]™ complex (right). The antibonding orbitals are not represented.
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while for the phenyl group the b, donor orbital (one of
the benzene e, set) is part of the ring m-aromatic
system. So the corresponding bridging carbon p, orbital
is distributed among the six 7 orbitals and only *‘par-
tially’’ involved in the R—Au bonding, as shown by the
OP for the b, fragment orbitals: 0.180 for R=C,H;,
and rising to 0.445 for the methylene-bridged species.
The energy differences between these fragment orbitals
reveal the same tendency, the b, donor orbital being
significantly stabilized for the aryl ligand, and giving a
poorer energy match with the metal b, (5.65 eV) than in
the methylene case (4.25 eV).

The electronic consequence of bridge formation in
either case is the partial filling of two metal-fragment
orbitals. Although the population of the metal-metal
bonding orbital a; enhances the intermetallic bond
strength, the opposite effect arises when electrons are
placed in the antibonding orbital b,, the balance be-
tween these two factors determining the strength of the
Au—Au bond in the bridged species. Thus, as the main
difference between the bonding of the two bridging
groups is the nature of the b, interaction, they will
produce Au—Au interactions of different strengths in the
final species, as the populations of the metal-metal
antibonding orbital b, will be different. In fact, for the
aryl bridging group this orbital receives 0.206 electrons,
and when the bridging group is methylene that popula-
tion rises to 0.492 electrons, justifying the Au—Au bond
weakening in this case, and the accompanying bond
elongation from about 2.7 to about 2.9 A. In the case of
alkyl bridges, this electronic effect leads to an Au—C~Au
angle of 77° around the ‘‘tetrahedral’’ bridging carbon
atom, as the distortion away from the normal bond
angle is needed for the two gold atoms to approach each
other.

The influence of the bridging group type on the
metal-metal bond is also reflected in the bridge bonds
Au-C in R—-Au,L,. For the two examples studied, that
bond is stronger for the methylene than for the aryl
group, as shown by the OP between fragments (1.005

for R=CH, and 0.687 for R = C¢H;) or by the R—
Au,L, binding energies (—4.6 eV for R=CH, and
~3.6 eV for R = C¢H,). The binding energies are the
difference between the energy of the molecule and the
sum of the energies of the two isolated fragments,
namely the CH, or C;H; group and the metal frag-
ment. This is not surprising if we remember that in the
methylene-bridged species both interactions between or-
bitals a, and b, are strong, while for the aryl-bridged
complex the latter is much weaker. More simply, when
two gold(I) atoms are bridged by a carbon atom, stronger
Au-—-Au bonds are achieved at the expense of weaker
C-Au bonds. This is consistent with the experimental
C-Au distances between 2.13 and 2.20 A for the Mes
bridges in [{Au(Mes)}5] complex [5], and between 2.104
and 2.121 A for the polynuclear species with CR,
bridges [6].

2.2. Bonding in low nuclearity gold(Il) and gold(Ill)
complexes

There are a number of gold binuclear bis(ylide)
complexes of type 7, with the metal in formal oxidation
states I, II or III, and different ligands X, and X, trans
to the intermetallic bond. Some examples are given in
Table 1.

[ Ph  Ph "t
\/
P

X, —Au—Au—X,

P
/\
Ph Ph

7

A brief analysis of the data in Table 1 shows a clear
influence of the metal oxidation state on the Au—Au
distance, the longest being found for the gold(IIl) com-

Table 1

Examples of dinuclear bis (ylide) gold complexes: experimental intermetallic distances and calculated overlap populations

Complex X, X, n dayv-au Reference Au-Au OP
0]

Au(I) complex

A [Au(CH,),PPh,], — — 0 2.98 [3] 0.104

Au(I) complexes

B [Ph,PAu(CH,PPh,CH,), AuPPh,** PPh, PPh, 2 2.58 [22] 0.318

C [Ph;PAu(CH,PPh,CH,), Auw(C(F;)]* PPh, CFs 1 2.66 [23] 0.299

D [(C¢F;)Au(CH,PPh,CH,), Au(C¢F;)] CyF;s CF; 0 2.68 [24] 0.295

Au(III) complex

E {(n-CH, {Au(CH,), PPh, },(C(F),] CyFs CFs 0 3.11 [25] 0.029
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plex E, which has a type 7 structure with an extra CH,
group bridging the two gold atoms. The gold(I) species
A has an intermediate Au—Au distance and the com-
plexes B—D with gold in oxidation state II have the
shortest Au—~Au bond lengths.

A less obvious trend exists (Table 1). A closer
analysis of Au(ID)-Au(Il) distances shows a slight but
significant shortening with the increasing number of
phosphines coordinated frans to the intermetallic bond.

All these differences in the nature and strength of the
intermetallic bond are reflected by the calculated Au—Au
OPs. The values reproduce the experimental distances
well, indicating that electronic reasons associated with
the Au-Au bond can, in principle, explain the structural
differences.

Calculations on two model species, where X, and X,
are two C or two P donors, were performed, aimed at

4.0
4 Gsp !
5.0 4 !
-6.0— /
Elev H H
i \ H
20 - Vo
y bd*
-10.0-
-11.0—4
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H3C—IAI.\
CH3 CHJ
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CH; (l',‘Hg —I
H;C—Au Au—CH,3
CH; CH;

?U_CHJ

understanding the trans influence of the phosphines on
complexes B-D. The results are pictured in Fig. 4,
where only the more significant interactions are shown.

The general features of the bonding are quite similar
to those found for the interaction between two L-—
Au(D-L fragments (Fig. 1), the main intermetallic bond
interaction relying on the same d,._  orbital. Neverthe-
less, there are some important differences between the
gold() and the gold(Il) cases. Thus, whereas in the
gold(I) species the metal-metal bond was achieved
through s and p, mixing with the d,._ > orbital, as both
the bonding (o) and the antibonding (o, ) molecular
orbitals were occupied, for the gold(I) species that
mixing still exists but is no longer the main contributor
to the Au—Au bond. These complexes have two elec-
trons less than the gold(I) complexes and the HOMO is
0,4, the antibonding o, being empty and becoming the

' od
ad
CH, (':Hs
H3P——/l\u /I\U—PHs
CH, CH;
CH, CH,
H;P—Au——Au—~PH,
CH, CH;

Fig. 4. Diagram of the interaction between two AuL; fragments in the gold(II) species Au,L, [Au,(CH;)]*~ (left) and [Au,(CH;)(PH,),]

(right).
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lowest unoccupied molecular orbital (LUMO) (Fig. 4).
This explains the significant Au—Au bond length short-
ening on going from gold(I) to gold(IT) complexes (see
below).

A more subtle difference between the two cases lies
in the nature of the fragment orbitals directly involved
in the metal-metal bond. These are essentially d ,:_ > in
character but, whereas in the Au(I) species in Fig. 1
they are AuL, antibonding, in the Au(I) complexes
there is an extra ligand L on each moiety. The antibond-
ing AuL; character of the orbital is therefore increased,
its energy being pushed up by about 3 eV. As the
metal-metal bond is the result of the interaction of
those orbitals, leading to the two molecular orbitals o,
and o, the nature of the ligands L has a direct influence
on the Au—Au bond strength. This was observed for the
Au(I) cases discussed above and also causes the change
in intermetallic distances for the gold(Il) complexes
with different X, and X, ligands. Thus, the good
energy match and overlap between the phosphorus or-
bitals and the metal orbitals previously discussed pro-
vides a more stabilized HOMO o, (about 0.7 eV) and
consequently an enhanced Au-Au bonding character,
whenever the ligands frans to the metal bond (X, and
X,) are phosphines. This result is clear from the com-
parison of both sides of the diagram in Fig. 4. The
overlap population between the fragment orbitals re-
sponsible for the Au—Au bond is 0.264 when X, and
X, are both carbon donors and rises to 0.307 for the
phosphine derivatives, showing the stronger Au—Au
bonding character of their o, orbital.

These results are consistent with the experimental
distances given in Table 1 and explain the #rans influ-
ence of the phosphine ligands on the Au-Au bond
strength for the gold(ID) complexes B—D. However, it
should be noted that the differences found are small
(Fig. 4), as are the differences in the intermetallic bond
lengths (Table 1), 0.1 A for the two extreme cases B
and D. Unfortunately, the number of available com-
plexes is very small and no statistical meaning can be
attached to these values.

Experimental studies of the trans influence of the
ligand in related complexes (X, and X, are an alkyl
and a halogen respectively) showed that although the
ligand has a strong influence on the Au-X bond length,
the intermetallic distance remained almost unchanged
[26].

Of the complexes presented in Table 1, the gold(IID)
complex E, which has a methylene group bridging the
two metal atoms, exhibits the longest intermetallic dis-
tance.

The bonding between the bridging CH, and the Au,
fragment is depicted in Fig. 5 and consists of two
electron donations from the bridging carbene orbitals a,
and b, to appropriate empty metal orbitals. These are
the equivalent of o, and o, described for the gold(I)

-8.0—

-9.0—

-10.0—

EleV

-11.0-

-12.04

-13.0

2-
CH,
2-
CH; CHs H\H —I
CHy C\ CH;
H,?u—Au\
CH3 CH3

Fig. 5. Diagram of the interaction between a bridging CH2~ and a
Auy(CH,)(H), fragment in the complex [(uw-CH,)Au,(CH,),-
(H), ).

and gold(II) species in Figs. 1 and 4 and are now both
empty, as the metal oxidation state is III. The different
symmetry labels arise from the C,, symmeiry of the
model used in the calculations.

The symmetrical component of the bonding results
from the interaction between the carbon sp orbital point-
ing towards the middle of the Au—Au bond (a,) and the
corresponding metal orbital (o, in Figs. 1 and 4). The
antisymmetrical counterpart b, involves the carbon p
orbital parallel to the Au—Au axis and the metal orbital
corresponding to o, in Figs. 1 and 4. The overall result
is the formation of two Au—C bonds and the partial
filling of two empty metal orbitals.

We now have all the data needed to compare metal—
metal bonds in gold(I), gold(ID) and gold(Ill) com-
plexes. The comparison between gold(I) and gold(Il)
compounds is straightforward. For Au(I), both metal-
metal bonding and antibonding orbitals are filled (o
and oy in Fig. 1), and the only attractive interaction
results from s and p mixing into the d orbitals. Calcula-
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tions performed for A using coordinates taken from the
real structure lead to a metal-metal overlap population
of 0.043, indicating a weak Au—Au bonding interaction.
On the contrary, for Au(Il) derivatives (Fig. 4), only the
metal-metal bonding orbital o, is occupied. The anti-
bonding o, orbital remains empty, and therefore the
Au—Au bond is stronger (OP, 0.295 for the model
complex [Au,(CH,)¢ P 7).

Comparing Au(Il) and Au(Ill) complexes is also
easy, as for the latter there is only partial occupation of
the two relevant orbitals. The Au-Au bonding orbital
o, (a, in Fig. 5) gains 0.868 electrons, while the
antibonding orbital o, (b, in Fig. 5) receives 0.772
electrons (OP, 0.029). Thus, for Au(IIl) species, there is
only partial occupancy of the Au—Au bonding orbital
which is filled for the Au(Il) complexes. In addition, the
antibonding orbital is also partially populated, but the
equivalent orbital stays empty in the gold(I) com-
pounds.

From these arguments, it is clear that gold(Il) com-
plexes have the strongest Au—Au bonds and the corre-
sponding shorter distances, as only the Au—Au bonding
molecular orbital is occupied.

The difference between Au(l) and Au(III) complexes
A and E is, however, less obvious, because the two
species have both metal-metal bonding and antibonding
orbitals filled (Figs. 1 and 5). The answer lies in the
nature of the ¢, orbital. For the Au(I) species there is
no third ligand L coordinated trans to the Au—Au bond,
so that the d,._ : orbital involved in the metal-metal
bonding is AuL, antibonding, and metal p, mixes in
such a way that the resulting o, orbital becomes
almost non-bonding (8a). In contrast, in the Au(IIl)
complex, the ligands X, and X, frans to the Au—Au
bond imply that the orbital involved in the metal-metal
bond is AuL, antibonding. The mixing of the metal p,
orbital has the opposite effect to that of the previous
case, decreasing the Au-L antibonding character and
enhancing the Au-Au antibonding character. As a re-
sult, o,' becomes more antibonding for Au(IIl) com-
plexes 8b.

In other words, the Au—Au bond is stronger in the
gold(I) complex A than in the gold(Ill) complex E,
because the ligands X trans to the Au—Au bond in the
latter produce a less effective s and p mixing into the d
block, preventing better stabilization of the partially
filled o, orbital.

6 O 8 0
o 0 oa@Che
¢ O ¢ 0

2.3. Gold-gold bonding and oxidation state assignment
in mixed-valence complexes

" The previous description of gold—gold bonds and the

knowledge obtained can be applied to the assignment of
formal oxidation states of gold atoms in some polynu-
clear clusters. This is not always a straightforward task,
as sometimes a simple electron-counting scheme con-
sidering all the metal atoms identical will end up with
non-integral oxidation states. This is the case for
mixed-valence complexes, and the use of calculations to
understand the electronic structure of these molecules
can be a helpful tool.

As an example, the Au; complex [[{Au(CH,),
PPh,},-(C¢Fy)l, Au(C(F;),]* has five gold atoms in a
chain with a 9 + total charge [27]. Previous calculations
showed that the outer metals were involved in stronger
Au-Au bonds, suggesting the following oxidation state
distribution for the chain: Au(IID-Au(D-Au(D-Au(D)-
Au(II). The charge distribution is consistent qualita-
tively with this [2].

The two new mixed-valence complexes with contro-
versial oxidation states assignments for the various metal
atoms prompted us to perform some calculations in
order to understand the intermetallic bonding and to
assign tentatively the various metal oxidation states.

The first of these species is closely related to the
above-mentioned Aug chain and contains a linear Aug
chain [{(2,4,6-C(F,;H,)Au(CH,PPh,CH,),Au},-
Au(CH,PPh,CH,),AuKCIO,), [14], with three Au,
bis(ylide) units. Its geometry is depicted in the structure
9. The six gold atoms bear a total formal charge of
10+ .

P}\ Ph Ph, ph Ph‘ Ph 2+

anale

CeF3Hy—Au—Au— —Au——Au—C¢F3H,

L/ k) L

Pﬁ Ph Pﬁ Ph pﬁ Ph
dau-ar®
" 2.84 2.65
Aur—Au—Au—Au—Au—Au
2.74
9

The second complex, [Au,(C.F;),{(PPh,),CH},-
(PPh,),KC10,), [13], is tetranuclear and has a T frame
arrangement of the metal atoms, three in a row, with the
fourth interacting with the central atom. Its geometry is
depicted in the structure 10. In this case the metal
fragment has a 6 + total charge.
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2+
CeFs
AL dau-avh

/ AN Au/ \ Au

P

HC—P I\ _CH 2.91
AN CGFS":""'NAHK A A—Au
P—Au—P ppy,
10

Calculations were performed on model complexes,
and the results show that the outer atoms of 9 and 10
behave differently. These atoms have greater electron-
deficient character and form stronger Au—Au bonds, as
demonstrated by the experimental bond distances of 9
and 10 and the calculated OPs (11).

Charges OoP
or 0.14 015 0.23 -0.05 Au
Au—Au—Au—Au—Au—Au 0.05

0.07 0.03
Chﬂrges -0.09 0.01 0.23 Au Au_AU

0.15

11

These results are similar to those found for the Aug
chain [2], and as the bonding scheme is the same it will
not be repeated here. Briefly, the inner atoms are more
electron rich, with electron distributions close to Au(I)
d!®, and they participate in weaker Au—Au bonds sup-
ported by s and p mixing. However, the outer metal
atoms have empty d orbitals, and are able to form
stronger intermetallic bonds, as in the simple dinuclear
complexes discussed previously (Figs. 1 and 4).

The nature of the metal d orbital involved in the
Au-Au bonding is responsible for the electronic differ-
ences found between the inner and the outer metal
atoms. This orbital has AuL antibonding character and,
as already discussed for the cases of Au(I) and Au(IIl)
dinuclear bis(ylide) complexes 7, the numbers of lig-
ands L, coordinated to each metal atom have a direct
influence on its composition. Only the outer atoms of 9
and 10 are AuL, units, all the others being AuL,. Thus,
whereas the inner atoms use Aul., antibonding orbitals
for the Au—Au bonds, the outer atoms use AuL; anti-
bonding orbitals with higher energies and consequently
more likely to be empty (12).

The proposed formal oxidation-state distribution for
9 is then Au(lID-{Au(D],~Au(IlD), and for 10 is
Au(ID)-Au(D-Au(ID) for the Au, chain, and Au(D) for
the fourth atom. Although the latter assignment is with
that proposed for 10 based on Au-Au distances and
each metal coordination sphere [13], the same type of
argument implies the assignment [Au(ID],-[Au(D],—
[Au(ID], for the Aug chain 9. One must bear in mind
that these are mixed-valence species in which no clear
unique oxidation state can be defined, and they are

|
L
0 0
ob T pe
0 0
Aulz anti bonding ﬁ:} Auljz anti bonding

Aulp anti bonding

12

probably better described by a combination of assign-
ments.

3. Conclusions

We tried to understand the electronic characteristics
associated with Au—Au bonds in different coordination
environments and metal oxidation states. In the binu-
clear bis(ylide) gold complexes, phosphine ligands in-
duce stronger metal-metal bonds when coordinated
trans to the Au(II)-Au(Il) bond, and they have the
opposite effect in gold(I) dinuclear compounds. Indeed,
P ligands stabilize the metal orbitals involved in the
Au-Au bonding, which results in a stronger intermetal-
lic bond for gold(Il) compounds, since only the bonding
orbital is occupied. In contrary, in the case of gold(I)
this same stabilization allows less s and p mixing into
the occupied antibonding orbital, owing to poorer en-
ergy match.

The Au-Au bond strength of two Au(I) atoms bridged
by one carbon atom, was found to be closely dependent
on the ligand type, aryl ligands, such as mesityl, induc-
ing stronger intermetallic bonds than tetrahedral carbon
ligands, CR,.

Mixed-valence polynuclear complexes were also ad-
dressed, and oxidation-state distributions proposed. The
outer metai atoms of linear arrangements were found to
be less electron rich and to participate in stronger
Au-Au bonds, the reason being related to the number
of ligands on each metal.

Appendix

All the calculations were done using the extended
Hiickel method [12] with modified H; ; values [28]. The
basis set for the metal atoms consisted of ns, np and
(n — 1)d orbitals. The s and p orbitals were described
by single Slater-type wavefunctions, and the d orbitals

were taken as contracted linear combinations of two
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Slater-type wavefunctions. The parameters used for Au
were for H,; (eV), { as follows: 6s, —10.92, 2.602; 6p,
—5.55, 2.584; 5d, —15.07, 6.163, 2.794 ({,), 0.6442
(C)), 05356 (C,). Standard parameters were used for
other atoms.

The calculations were performed on model com-
plexes with idealized geometries taken from the real
structures referenced in the text. Phenyl groups were
replaced by hydrogen atoms and the bis(ylide),
(CH,)PPh,, by two methyl groups, since the results
were not qualitatively altered. The Au—-Au bond dis-
tance was 2.8 A for all the ,compounds, except for the
Aug chain in which a 2.7 A separation was used. The
other bond distances were as follows: Au-C, 2.1 A
Au- P24A Au-H, 1.7 A, C-C, 1.4 A; C-H 1.1 A,
P-H, 1.4 A.
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