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Abstract

Reactions of the [Nig(CO)y;)*~ dianion with Ph;PAuCl have led to the isolation and crystallographic/IR/electrochemical
characterization of the [AugNi,»(CO),,}*~ dianion (as the [PPh;Me]* salt). Its idealized T, configuration consists of a central
Aug octahedron which is tetrahedrally linked to four triangular Ni;(CO),(u,-CO), ligands by the trigonal-antiprismatic (pseudo-
octahedral) capping of the four Ni, triangles on four alternate Aug triangular faces. The resulting structurally unprecedented
Au¢Ni;, core may be envisioned either as five face-fused octahedra or as the composite of four Au,;Ni; octahedra joined by
the vertex-sharing of each of the six gold atoms between two adjacent Aus;Ni, octahedra. This 18-vertex metal cluster, the
first known discrete Au-Ni bimetallic-bonded species, was obtained in low yields (<5%) by the remarkable, unexpected
cleavage of the Ph;P ligand from each gold atom along with concomitant metal-metal condensation to give the AugNi;,
framework; each Ni(CO);(u,-CO); fragment retains the pseudo-Cj;, architecture found in the two Ni;(CO)s(u,-CO); moieties
comprising the trigonal-antiprismatic [Nig(CO),,]*~ precursor. A theoretical bonding analysis of the [AugNi;;(CO),,J*~ dianion
was performed via the parameter-free Fenske-Hall MO method in order to elucidate the nature of the Au-Ni orbital bonding
interactions. It was found that the mr-accepting 7* CO ligands within the four Ni;(CO)s(u,-CO); fragments play a crucial role
in the formation of this cluster by greatly lowering the energies of the atomic 4p Ni AOs and thereby providing a favorable
energy-matching in the orbital overlap of the out-of-plane 4p, Ni AOs with primarily the 6s Au AOs in the central Aug
octahedron. Four filled, multicenter, two-electron frontier MOs, the a; SHOMO (second highest occupied MQO) and three t,
HOMOs under T, symmetry, provide the essential ‘glue’ (in addition to presumed relativistic bonding effects due to strongly
enhanced 6s-5d gold hybridization) for holding this Au-Ni carbonyl cluster together; each triply degenerate t, HOMO (47%
Au, 25% Ni, 28% =* CO) has large 6s Au—4p, Ni AO bonding interactions, while the totally symmetric a, SHOMO (67%
Au, 25% Ni, 8% =* CO) has both 6s Au-6s Au and 6s Au—4p, Ni AO bonding interactions. In order to reconcile this bonding
description obtained from the Fenske—Hall MO method with that obtained from several electron-counting schemes, a qualitative
delocalized interoctahedral bonding model is proposed involving four S° core-bonding electron pairs for the five face-fused
octahedra of this cluster. It is also concluded that this AugNi,, cluster furnishes a prime illustration that electron-counting
procedures (although generally invaluable in successfully correlating the geometries of small-to-moderately large transition
metal clusters to their observed numbers of cluster valence electrons) do not necessarily provide physically meaningful electronic
models for the actual bonding in transition metal clusters.
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1. Introduction

A highly active area in cluster chemistry during the
last decade has involved the synthesis and character-
ization of mixed transition metal-gold cluster com-
pounds [1]. Interest in these compounds stems from
their potential to serve as models for the particles
found in supported gold alloy catalysts [2]. A few of
these cluster compounds have also shown catalytic
behavior under homogeneous conditions [3]. Incor-
poration of gold into catalytically active transition metal
clusters generally results in an increase in activity and
selectivity, even though gold itself is not catalytically
active [3d,4]. Similar significant changes in catalytic
activity and selectivity have been observed upon addition
of gold to platinum heterogeneous catalysts [3b,3c,5].

A number of general synthetic routes for the formation
of gold mixed-metal clusters have evolved. Reactions
of Ph;PAuCl with anionic metal carbonyl clusters have
given rise to the formation of higher nuclearity clusters
in which the [Ph;PAu]™ moiety occupies edge-bridging
or face-bridging sites within the transition metal clusters,
often without appreciable alterations of their basic
skeletal geometries. A related synthetic route involves
reactions of Ph;PAuMe with neutral metal carbonyl
hydride clusters, with the formation of methane serving
as the driving force for cluster aggregation. A large
number of cationic mixed transition metal-gold clusters
have been synthesized by Pignolet and co-workers [3d,0]
by reactions of PPh,AuNO; with transition metal phos-
phine complexes containing Re, Ru, Os, Rh, Ir, Pd
and Pt. Gold clusters possessing electron-rich metals
have the greatest potential for catalytic activity, given
the prominence of these metals in commercial catalysts.
In this connection, Pignolet and co-workers [61,]] recently
reported that gold-platinum clusters are very active
homogeneous catalysts for the H,-D, equilibration re-
action and therefore serve as models for the activation
of H, by supported Au-Pt catalysts. Teo et al. [7] have
synthesized a remarkable series of high-nuclearity
gold-silver clusters by reduction of gold and silver salts
or complexes with NaBH, in the presence of tertiary
phosphines; these ‘supraclusters’ or ‘clusters of clusters’
consist of linear, trigonal and tetrahedral arrangements
of vertex-linked centered polyicosahedra, of which the
first reported trimetallic supracluster [7j] has a linear
Au,,Ag,,Pt biicosahedral framework composed of two
icosahedra, one Pt-centered and one Au-centered,
sharing a common Au atom. Steggerda and co-workers
[7k] subsequently reported a structurally analogous
Au,,Ag,;Pt, biicosahedral supracluster consisting of two
identical Pt-centered icosahedral subunits sharing a
common Ag vertex.

While large numbers of gold-metal clusters containing
eight of the nine electron-rich Group VIII (8-10)
transition metals (viz., Fe, Ru, Os, Co, Rh, Ir, Pd, Pt)

have been isolated, it is curious that prior to this
research there were no reports in the literature of
gold-nickel bimetallic-bonded compounds. Conse-
quently, our efforts were directed towards the synthesis
of a gold-nickel cluster by reaction of the [Nig(CO),,]*~
dianion with Ph;PAuCl. It was hoped that the trigonal
faces of the trigonal-antiprismatic (pseudo-octahedral)
[Nig(CO)y,]*>~ dianion would serve as viable sites for
the coordination of [AuPPh;]* fragments. No such
cluster adduct was isolated. Rather, in addition to small
amounts of the known Au,,(PPh;),Cl; cluster [§], a
new gold-nickel cluster, [AugNi;,(CO),,]*~, wasisolated
in low yield. This cluster is formed via bond-scission
of the PPh; ligand in the precursor from the gold atom,
resulting in a central octahedron of gold atoms which
is capped on each of four alternating faces by a triangular
Ni;(CO)s(u,-CO); ligand in a trigonal-antiprismatic
(pseudo-octahedral) configuration. The cleavage of the
PPh; ligand from each gold atom was unexpected,
because the PPh; ligand in Ph;PAuCl is generally
retained by the gold atom in other cluster aggregation
reactions.

Attempts to isolate and characterize other gold-nickel
clusters were unsuccessful. Reaction products were
highly susceptible to decomposition within short periods
of time, even when kept under inert atmosphere, in-
dicating that these products were quite unstable. The
apparent instability of gold-nickel systems in general,
as evidenced by the absence of gold-nickel clusters in
the literature, prompted us to investigate the bonding
in the geometrically-unprecedented [AugNi o(CO),q]*>~
dianion by use of the Fenske-Hall molecular orbital
method [9]. It was hoped that this theoretical inves-
tigation would provide a definitive understanding of
the nature of the Au-Ni bonding interactions which
not only would account for the occurrence of this
unique gold—nickel cluster but would also [urnish insight
concerning the possible designed synthesis of other
stable gold-nicke! clusters. The calculated orbital com-
ponents of the four frontier MOs obtained via the
Fenske~Hall MO model for this cluster are shown to
conform to a multicenter core-bonding description in-
volving five face-fused metal octahedra. In striking
contrast, it is also shown herein that the normal ap-
plication of different electron-counting methods [11-13]
predicts the correct valence electron total for four
vertex-sharing Au,Ni; octahedra but nor for five face-
fused metal octahedra (i.e. the central Au, octahedron
is assumed not to contain a multicenter core bond).
A qualitative delocalized interoctahedral bonding model
is proposed to resolve this problem by modification of
two valence electron-counting schemes such that the
predicted cluster valence electron count for five face-
fused octahedra agrees with the observed electron count.
It is our current premise (vide infra) that this com-
parative analysis provides a striking illustration that
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qualitative electron-counting procedures do not nec-
essarily provide a physically meaningful description of
the actual electron-density bonding interactions in tran-
sition-metal cluster systems. A preliminary account of
the synthesis and structural analysis of this cluster has
been reported [10].

2. Experimental
2.1. General comments

All reactions and manipulations were carried out
under an inert atmosphere of dry nitrogen gas using
standard Schlenk apparatus or a nitrogen-filled Inert
Atmospheres glove box. All solvents were dried and
distilled under nitrogen immediately prior to use. The
following drying agents were used: hexane (CaH,),
toluene (Na), THF (K/benzophenone), diisopropyl ether
(K/benzophenone), acetone (CaCQ;), and methanol
(Mg).

The [Nig(CO),]*~ dianion [14] as the Na* salt was
prepared by use of a slightly modified version of the
synthesis published by Longoni et al. [14b]. This Na~
salt was then metathesized to the [PPh,PMe]* salt
by addition of [PPh;Me]*Br~ (Aldrich). Ph;PAuCl
was prepared [15] from HAuCl, (AESAR/Johnson
Matthey). SiO, (Kieselgel 60, 230-400 mesh: Merck)
was activated by heating it to 180 °C for 24 h, followed
by addition of 5% H,O by weight to ensure consistent
activity.

IR spectra were obtained with a Beckman model
IR-4240 spectrophotometer using nitrogen-purged so-
lution cells with CaF, windows. Cyclic voltammograms
were obtained with a Bioanalytical Systems electro-
chemical analyzer (BAS-100); these experiments were
performed with a Princeton Applied Research (PAR)
electrochemical cell in a nitrogen-filled Vacuum At-
mospheres drybox. The cell consisted of a platinum
disk working electrode and a coiled platinum wire
counter electrode. The reference electrode was a porous
Vycor-tipped aqueous saturated calomel electrode sep-
arated from the test solution by a salt bridge with a
0.1 M tetra-n-butylammonium hexafluorophosphate/
MeCN filling solution. Additional details are given
elsewhere [16]. An iR compensation for solution re-
sistance [17] was made before determination of the
current versus voltage curves.

2.2. Preparation of the [AusNi;;(CO),,]°~ dianion

In a typical reaction, AuPPh,Cl (0.30 g, 0.60 mmol)
was dissolved in 20 ml of THF and added dropwise
via a stainless steel cannula to a stirred suspension of
[PPh;Me]*,[Nig(CO);,)*~ in 70 ml of THF. The mixture
immediately changed from a bright orange-red to a

dark red color with concomitant formation of a dark
brown precipitate. After being stirred under anaerobic
conditions at room temperature for 18 h, the red solution
was filtered from the brown solid. Addition of hexane
to the red solution resulted in complete precipitation
of the mixture. It should be noted that this reaction
mixture is highly unstable and is very susceptible to
decomposition when solvent is removed by N, purge
or under vacuum. The solid was washed with hexane,
then redissolved in 15 ml of THF and chromatographed
under N, on an SiQ, gel column. Elution produced
three separate bands. The first band eluted with THF
was peach colored; an IR spectrum of this band in
THF displayed only carbonyl frequencies in the terminal
carbonyl region. Efforts to crystallize this band were-
unsuccessful. The second band eluted with THF was
bright red in color and quite unstable; an IR spectrum
of this band contained bands in both the terminal and
bridging carbonyl regions. Efforts to crystallize this band
were unsuccessful due to excessive decomposition of
the material. The third band eluted with 95% THEF/
5% acetone gave the title compound which was crys-
tallized as the [PPh;Me]* salt by slow diffusion of
diisopropyl ether into a concentrated THF solution.

The brown precipitate which was observed in the
reaction flask was extracted with acetone. An IR spec-
trum (in acetonitrile) showed broad absorptions at
1993(s) and 1888(s) cm~'. Two contrasting sets of
crystals of different morphology and color (viz. red and
black) were obtained by slow diffusion of diisopropyl
ether into an acetone solution. X-ray diffraction studies
of one red plate-like crystal revealed the compound to
be the known Au,;(PPh,),Cl; [8]. Most of the crystals
were black in color; none was suitable for X-ray dif-
fraction studies.

2.3. Characterization of
[PPh;Me] ™ ;[AugNi;,(CO)o0J? ™

Dark red in color, this compound is moderately
unstable to air, both in the solid state and in solution.
It is insoluble in non-polar solvents such as hexane,
benzene and toluene but soluble in THF, acetone and
acetonitrile. An IR spectrum in THF solution exhibits
carbonyl frequencies at 2040(s), 1860(s) and 1840(m)
cm™'. A cyclic voltammogram in acetonitrile displayed
a quasi-reversible reduction wave at E,,= —1.5 V (ver-
sus SCE) and an irreversible oxidation wave at E,=
+14 V.

2.4. Structural determination of
[PPh;Me] ™ ;[AusNi;;(CO) 2 J* - C,HsO

A block-like black crystal with dimensions
0.5x0.5%0.5 mm was glued with epoxy inside an argon-
filled 1.0 mm Lindemann glass capillary. The ortho-
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rhombic crystal structure was determined from single-
crystal X-ray data collected on a Siemens P3F dif-
fractometer with graphite-monochromated Mo Ka ra-
diation (A=0.71073 A). Cell dimensions and the or-
thorhombic D,,-mmm Laue symmetry were verified from
axial photographs. The data were corrected for Lorentz
and polarization effects and for a small crystal-decay
(i.e. ~3%, based on three standard reflections mon-
itored every 47 reflections during data collection). Mea-
sured intensities of one independent reciprocal-lattice
octant gave 14 113 data, of which 7656 independent
reflections (with |F|>3.00(F)) were utilized in the re-
finement. An empirical psi-scan absorption correction
based on 360 psi-scan measurements was made [18].
The structure was elucidated via direct methods followed
by successive Fourier difference maps which revealed
the independent atomic positions of one dianion, two
[PPh;Me]* counterions, and a THF solvent molecule.
For least-squares refinement, each of the six phenyl
rings was constrained as a rigid group (idealized to the
well-known Dy, geometry of the benzene ring). All non-
hydrogen atoms were refined anisotropically except the
phenyl ring carbon and THF atoms which were refined
isotropically. The phenyl hydrogen atoms were included
as fixed-atomic isotropic contributors (U=0.08 A%) with
idealized coordinates during the final stages of refine-
ment. A final difference map exhibited no unusual
features. The largest positive residual peaks were heavy-
atom ripples located at physically ncn-meaningfull dis-
tances (i.e. too short to be due to light atoms) from
the Aug octahedron. The absence at the center of the
Aug octahedron of a significant electron-density peak,
the assigned isotropic thermal parameter of which upon
an arbitrary designation as an interstitial carbon atom
‘blew up’ to an abnormally high value upon a separate
least-squares refinement, provided convincing evidence
for a non-centered Au, octahedron (vide infra).
Crystal data, data collection and refinement param-
eters are presented in Table 1. Atomic positional pa-
rameters and equivalent isotropic thermal parameters,
selected interatomic distances, bond angles, anisotropic
thermal parameters, and idealized coordinates for the
hydrogen atoms are available elsewhere [10,19].

2.5. Fenske—Hall molecular orbital calculations of the
[AusNi; ,(CO),,]?~ dianion

2.5.1. General comments

Molecular orbital calculations were done with the
Fenske-Hall model on a Micro Vax II computer system
[19]. This MO model is based on a non-parameterized,
non-empirical, approximate Hartree~Fock—Roothaan
procedure. The results of each calculation (eigenvectors
and eigenvalues) are completely determined by the
nature and size of the basis set and by the assumed
geometry of the molecule. A detailed description of

Table 1
Crystal, data-collection, and refinement
[PPhsMe]* 5[ AugNi,(CO),. ) - C.HO

parameters  for

Temperature (°C) 18

Formula AugNiP,CosOrsHay
Formula weight (g mol™") 3185.22
F(000) 10224
Crystal system orthorhombic
a (A) 17.730(5)

b (A) 29.518(6)

c (A) 30.676(14)

v (A% 16054.4(93)
Space group Pbca

Z 8

D, (calc.) (g cm™?) 2.64

o (mm™7) 7.21

Scan mode Wyckoff »
26 limits (°) 3.5-50

Scan speed (°/min) variable (2.93-29.3)
No. check reflections/data 3/47

No. independent data (|F|>30(F)) 7657

No. parameters refined 708
Data/parameter ratio 10.8:1

R(F)*® 8.38

R (F)* 7.74
Goodness-of-fit (GOF)* 1.29

*R(F)=Z|F,|— F/ZIFo| X 100;  Ru(F) = [ZwilF| - [FJFRwdF. T
X 100; GOF = [SwjF,|—|F?(m—n)}"?, where w; = [o7(F,) +
(0.0009)F,*]~!; m=no. independent data, and n=no. variable pa-
rameters.

this method and examples of its applications are given
elsewhere [20-23].

2.5.2. Basis functions

Basis functions for neutral C, O and Au atoms and
for monocationic Ni atoms contained in the Fenske—Hall
molecular orbital package were originally generated by
the numerical Xa atomic orbital program of Herman
and Skillman [24] in conjunction with the Xa-to-Slater
basis program of Bursten and Fenske [25]. These basis
functions are based upon ground-state atomic config-
urations for carbon and oxygen and a d'%' neutral
configuration for each gold atom. Each nickel atom
was assumed to possess a d’s° cationic configuration;
the valence s and p exponents for the nickel atoms
were determined by minimizing the energy difference
between the valence eigenvalues obtained from mo-
lecular calculations and the experimental ionization
potentials of Ni(PF;), [20]. The numerical Xa-AOs
were fit to double-{ analytical Slater-type functions for
the valence d AOs of the Ni and Au atoms.

2.5.3. Geometry

The geometry for [AugNi;,(CO),,J*~ was taken
from the X-ray structural data for [PPhMe]*.-
[AugNi(CO),,°~ -C,HgO and idealized to T, sym-
metry based upon the average bond distances given in
Table 2.
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Table 2
Bond lengths (A) used in the idealized geometry of [AugNi;,(CO),4)*~
-

Au-Au 2.835 Ni-Cr 1.780
Au-Ni 2.694 Ni—Cyg 1.913
Ni-Ni 2.400 Cr-Or 1.110

Cg—Os 1.160

* Subscripts T and B denote terminal and bridging carbony! ligands,
respectively.

08 08b

Fig. 1. [AugNi;»(CO),,]*~ dianion with atomic thermal ellipsoids of
20% probability.

3. Results and discussion

3.1. Description of the structure of
[PPhsMe] " ;[AugNi;» (CO)2 ]*~ - C,HsO

The orthorhombic cell of Pbca symmetry contains 8
discrete dianions, 16 cations, and 8 tetrahydrofuran
solvent molecules, all located in general positions. There
are no interionic contacts shorter than normal van der
Waals separations.

The idealized T, configuration of the [AugNij,-
(CO),,J*~ dianion (1), shown in Fig. 1, consists of a
central Au, octahedron which is capped on each of
four alternate faces by an Niy(CO)s(u,-CO); ligand
oriented in a trigonal-antiprismatic (pseudo-octahedral)
configuration. The AuNi,, core (Fig. 2) can be described
either as five face-fused octahedra or as a composite
of four vertex-sharing Au;Ni; octahedra. Each of the
four equilateral nickel triangles contains an analogous
arrangement of three terminal and three doubly bridging
carbonyl ligands, as found in the two Ni;(CO);(po-
CO); moieties comprising the trigonal-antiprismatic
[Nig(CO),)*~ precursor.

The 12 independent Au-Au distances in the central
Aug octahedron of 1 vary from 2.786(2) to 2.882(2) A;
the mean of 2.84 A is shorter than the corresponding

Fig. 2. T; AugNiy, core of the [AuNi;5(CO),,J2~ dianion (1) with
atomic thermal ellipsoids of 35% probability.

mean Au-Au distance of 2.98 A on the ‘surfaces’ of
the Au,,X;(PAr;), clusters (where X=1I, SCN, CN;
Ar=p-YC¢H, in which Y=Cl, F, Me) [26] but com-
parable to the mean Au-Au distance of 2.81 A on the
‘surface’ of the [Aug(P{p-tol};)s]’* cluster (where p-tol
denotes 4-methylphenyl) [27]. To our knowledge, there
are no previous examples of a non-centered octahedral
Aug cluster. The yellow [Aug(P{p-tol};)¢]** dication,
originally formulated [28] as a non-centered octahedral
cluster, was recently shown by Schmidbaur and co-
workers [29] from their extensive work on the analogous
[Aug(PPhs)e(1e-C)J*+ dication to be the corresponding
[Aug(P{p-tol};)s(us-C)]** dication with octahedral co-
ordination of the six AuPR, fragments to an interstitial
carbon atom; the presence of the carbide-centered atom
in this Aug(ue-C) cluster gives rise to a normal electron
count [30] and accounts for the significantly longer
Au-Au distances of 3.02 A (av.). Of particular relevance
is that both non-relativistic and relativistic theoretical
analyses [31,32] of these [Aug(PR3)s(ne-C)JF* dications
suggest attractive tangential interactions between the
Au(l) atoms with Au-Au distances of 3.0 A; these
conclusions are in accordance with spectroscopic/crys-
tallographic evidence by Schmidbaur and co-workers
[33] for the existence of attractive tangential interactions
between Au(I) atoms in these and other gold com-
pounds. The 0.2 A shorter Au-Au distances in 1 indicate
relatively strong direct Au—Au bonding within the non-
centered gold octahedron.

The possibility that the Aug octahedron in 1 also
has a second-row interstitial atom at its center was
ruled out on account of the observed absence in the
final difference map of a significant electron-density
residual peak (whose assigned isotropic thermal pa-
rameter upon an arbitrary designation as a carbon atom
‘blew up’ in a least-squares refinement). The non-
existence of an interstitial atom such as carbon is likewise
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consistent with the octahedral Aug cavity in 1 being
too small to accommodate a carbon-centered atom, as
evidenced by its mean Au-Au edge-contact distance
being substantially shorter (by 0.2 A) than that in the
reformulated [Aug(P{p-tol},)(us-C) P+ (3.02 A) as the
[BPh,] ™ salt [28], in [Aug(PPh;)s(us-C)>* (3.00 A) as
the [MeOBF,]~ salt [29], and in [Aug(P{i-Pr};)e(ps
OF* (3.02, 3.03 A for two independent half-cluster
dications) as the [B;O5F,]~ salt [33c]. In addition, the
Fenske—Hall MO results and electron-counting models
presented herein (vide infra) provide convincing support
for both the composition and structure of 1.

The 24 independent Au-Ni distances in 1 vary from
2.632(4) to 2.757(4) A with a mean of 2.69 A. Although
no Au-Ni bond distances have been reported previously,
comparison to reported Au—Co bond distances (which
range from 2.46 to 2.87 A and are typically between
2.65 and 2.75 A) [34] and to the only reported Au-Cu
bond distance of 2.896 A [35] indicates that the 2.69
A distance in 1 is also consistent with strongly bonding
Au-Ni interactions. The average distance of 2.40 A
for the 12 intratriangular carbonyl-bridged Ni-Ni dis-
tances (2.385(6)-2.410(5) A range) in 1 is virtually
identical to the average Ni-Ni distance for the cor-
responding Ni;(CO);(u-CO); fragments contained in
the [Nig(CO),,J*~ dianion (2.38 A) [14a], in the
[Nig(CO)s?~ dianion (2.39 A) [36], and in the
[Ni;;(CO),,;H,_,I"~ anions (n=2-4) [37]. The mean
terminal and doubly bridging Ni—CO distances are 1.78
and 1.91 A, respectively, while the mean terminal and
doubly bridging C-O distances are 1.11 and 1.16 A,
respectively. The terminal carbonyl ligands lie essentially
in the plane of the Ni; triangle, whereas the bridging
carbonyls are tilted by 24° (av.) out of the plane of
each nickel triangle away from the Au, octahedron.

3.2. Molecular orbital analysis

3.2.1. General considerations

The origin of the right-handed master coordinate
system was chosen to be at the center of the gold
octahedron. Right-handed local coordinate systems were
defined as follows: the z axis of each of the gold atoms
points at the origin of the master coordinate system,
the z axis of each nickel atom is perpendicular to the
plane containing the nickel triangle, and the z axis of
each carbon atom points toward the oxygen and vice
versa for the z axis of each oxygen atom in each carbonyl
ligand.

The cluster was divided into five fragments: four
neutral Niy(CO),(u,-CO);, triangles and the neutral
gold octahedron. Calculations were first carried out
on these fragments and then on the composite
AugNi;,(CO),, cluster. The eigenvectors resulting from
calculations of the Au, octahedron and the Niy(CO);(po-
CO), fragments were used as basis sets when the

calculation was done on the entire molecule. This
transformation of the basis sets from atomic orbitals
to molecular ‘fragment’ orbitals allows for an easier
interpretation of the Ni-Au bonding scheme in the
molecular complex. In order to simplify the fragment
analysis, calculations were performed initially on the
‘hypothetical’ neutral cluster transformed from the neu-
tral fragments, after which the two additional electrons
corresponding to the negative charge were added. Sub-
sequent calculations for the cluster dianion showed
little change in orbital compositions and relative orbital
energies of the frontier MOs compared to the corre-
sponding ones for the hypothetical neutral cluster,
although all frontier MOs in the dianion were expectedly
shifted to higher energies by an approximately constant
factor.

3.2.2. Fragment analysis

(i) Aug octahedron. The qualitative conclusions of this
MO calculation on the neutral Aug octahedron support
those of a previous extended-Hiickel treatment [30a].
The filled gold 5d AOs combine to form a narrow band
of 30 Au, symmetry orbitals (SOs) at low energies.
The d-d overlap integrals are small to the point of
being almost insignificant, causing the energy-spread
of the SOs generated to be rather small when these
AOs combine in an Aug cluster. This feature is char-
acteristic of the late transition elements and arises
primarily from a radial contraction of the d AOs due
to insufficient screening effects as the nuclear charge
increases across a given row of the transition metal
series. At higher energies there are six SOs with pre-
dominately gold 6s character, and, at higher energies
still, 18 SOs with predominately gold 6p character. The
most important frontier orbitals to be considered are
the filled a,, and t,, SOs (under O, symmetry) depicted
in Fig. 3. The filled a,, SO is composed of the totally
symmetric combination of the gold 6s AOs and is strongly
metal-metal bonding. The partially filled triply degen-
erate t;, SOs consist of essentially non-bonding com-
binations of trans 6s orbitals (with some mixing of the
higher-lying 6p, and 6p, orbitals). The energies and
percent compositions of the important frontier SOs for
this Au, fragment are given in Table 3.

The Fenske-Hall model does not take into account
relativistic effects associated with the heavy gold atoms
[31,38—41]. The extremely large relativistic core effect
for the gold atom manifests itself in increasing its
relative electronegativity and substantially altering the
chemical and spectroscopic properties of gold-contain-
ing compounds. In Au(I) complexes the relativistic
contraction of the outer valence 6s Au AO (by ~17%)
and concomitant relativistic expansion of the 5d Au
AOs induces 6s—5d hybridization and thereby gives rise
to greater stability and shorter Au-Au and Au-ligand
bonds in gold clusters [31,39-41].
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Fig. 3. Frontier molecular orbitals for the neutral Aug octahedron.
Symmetry labels are for an idealized O, geometry.

Table 3
Energies and percent compositions of the frontier molecular orbitals
for the neutral Aug octahedron under O, symmetry

MO Energy 6s 6p, 6p.,6p,
(eV) (%) (%) (%)

a;, (SHOMO) —6.37 100

t;, (HOMOs) —3.23 753 3.7 15.4

e, (LUMOs) -1.93 67.5 31.6

In conjunction with spectroscopic studies [42d,42¢]
of Aus~ and the extensive physical/chemical charac-
terization of the [Augs(PR;)6(1s-C)]** dications [29,33],
sophisticated ab initio theoretical treatments including
relativistic effects have been carried out on naked Au,®
species (n=2+, 1+, 0, 1—) [31,42a—42c] and on hy-
pothetical [AugX]” cores (X=B, Al, n=1+; X=C, §j,
n=2+; X=N, P, n=3+) containing an interstitial X
atom encapsulated in an Aug octahedron [41b]. Of
interest is that a capped pentagonal geometry (Cs,)
with an 'A; ground state was found at the highest level
of theory {42a,42b] to be the most favorable structure
in energy for neutral Aug; the lowest energy state of
the Augs* ion was found to be a ?E, state with the
capped pentagonal structure, and hence this state was
predicted to undergo a Jahn-Teller distortion [42a].

Scattered-wave Xa calculations performed [31,42c]
for the naked octahedral Aug** cluster indicated that
the non-relativistic description of chemical bonding is
unrealistic, because there is significant 6s~5d hybridi-
zation in the bonding MOs due to relativistic effects.
In a preliminary investigation [31a], the electronic struc-
ture of the Aug”* octahedron was analyzed as a fragment
of the C-centered [AusLg(ue-C)]** model (with L=SH,
instead of PPh, to simplify the calculations). It was
found that the relativistic treatment yields the expected

increase (by about (.2) in the 6s Au population, with
the 5d Au population decreasing by nearly the same
amount. It was pointed out that non-relativistic cal-
culations are adequate for a qualitative orbital inter-
action analysis and offer the advantage of symmetry
classification in accordance with a normal point group.
Interpretation of the much more complex relativistic
orbitals necessitates the use of double groups with their
lower number of irreducible representations. Further-
more, substantial spin—orbit interactions in gold atoms
introduce additional complications in relativistic cal-
culations. These interactions can be ignored in a qual-
itative bonding description.

Subsequent calculations [31b] on hypothetical
[Aug(PH,)e(te-X)]" analogues (X=B, n=1+; X=C,
n=2+; X=N, n=3+) of the known [Augs(PPh,)s(sts-
O)J** dication were carried out via a self-consistent
discrete-variational Xa method with and without re-
lativistic effects. These calculations revealed that the
bonding contributions of the 5d Au AOs are as important
as those of the 6s Au AOs and that symmetry-dependent
6s-5d gold hybridization leads to tangential Au-Au
bonding interactions and a strengthening of the
Au-ligand and Au-X bonds. Relativistic effects were
found to strongly enhance this interaction mechanism
and therefore are significant for the overall stability of
gold clusters.

(i1} The four symmetry-related Ni;(CO);(u,~-CO); frag-
ments. The important frontier SOs for each neutral 42-
electron fragment are depicted in Fig. 4; the energies
and percent compositions are given in Table 4. The
highest filled SO consists of an a, combination (under
C,, symmetry) of in-plane 3d and 4p Ni AOs. This SO
is clearly metal-metal bonding. The lowest unoccupied
symmetry orbital (LUSO) of a, symmetry is about 4.1
eV higher in energy. It consists of in-plane 3d and 4p
Ni AOs and in-plane #* CO orbitals. This SO is
antibonding with respect to Ni-Ni interactions but
bonding with respect to Ni-CO interactions. The second
lowest unoccupied SO (SLUSO), which lies 0.66 eV
above the LUSOQ, consists of an a, combination of the
out-of-plane 4p, Ni AOs and out-of-plane #* CO or-
bitals. This SO is bonding with respect to both Ni-Ni
and Ni~CO interactions. The orbital nature of each of
these three frontier orbitals is remarkably analogous
to that of the corresponding three frontier orbitals
obtained from several extended-Hiickel calculations [43]
for the [M5(CO),(1,-CO);]%*~ monomers of nickel and
platinum; however, the LUMO and SLUMO are re-
versed in energy, and the HOMO-LUMO gap is much
smaller. These energy-level variations of the frontier
orbitals may be readily attributed to the extended-
Hiickel calculations [43] being based upon a planar
M;(CO),(1,-CO); moiety of D,, symmetry instead of
a non-planar one (with markedly bent (24.1°) bridging
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Table 4

Energies and percent compositions of the frontier molecular orbitals for Ni;(CO)s under C;, symmetry

MO Energy 3da2-y2 3d, 4p,,4p, 4p, 7* CO(B) 7* CO(T)
(eV) (%) (%) (%) (%) (%) (%)
a; —-793 18.5 18.5 23.6
a, —3.82 9.6 6.4 235 39.1
a; ~3.16 29.0 29.1 27.9
Au  Aug (On) [AugNiia(CQ)pu 02 4fNig(CO)e] (Cq,) Ni, CO
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Fig. 4. Frontier molecular orbitals for the neutral Ni;(CO)4 fragment. (

Symmetry labels are for an idealized C;, geometry.

carbonyls) of C,, symmetry in 1 as well as to fundamental
differences in the calculation procedures.

3.2.3. The [AusNi;,(CO)..J?~ cluster

A molecular orbital diagram for the [AugNi,,-
(CO).,)*~ dianion is given in Fig. 5. The cncrgies and
percent compositions of the important frontier MOs
are given in Table 5. This cluster possesses three
degenerate HOMOs of t, representation, each having
approximately 47% gold character (principally antisym-
metric combinations of trans 6s Au AQs, which are
actually non-bonding from orbital overlap considera-
tions, but with some mixing of the higher-lying 6p Au
AQs) with the remaining percentage made up of 4p,
Ni AOs (25%) and =* CO orbitals (28%). The SHOMO
(second highest occupied molecular orbital) is composed
of the totally symmetric bonding combination of the
6s Au AOs (67%) with a mixing of 4p,, 3d,. Ni AOs
(25%) and 7* CO orbitals (8%); it results from the
symmetry-adapted a, combination of four identical sets
of Niy(CO);(u,-CO); SOs. Although the SHOMO is
primarily a 6s Au-6s Au bonding MO with most of
the electron density residing on the Aug octahedron,
it also contains significant 6s Au—4p, Ni AO bonding

-

Fig. 5. Molecular orbital correlation diagram for [Au¢Ni(CO).. P~
The energy levels of the cluster MOs are for the neutral
[AugNi;2(CO),4] in order to show relative changes in energy arising
from orbital interactions of the neutral Au, and Ni;(CO)e fragments.
Two electrons were added to the HOMOs to give the closed-shell
configuration of the dianion.

Table 5
Energies and percent compositions of the frontier molecular orbitals
for [AucNi;(CO)2,]° under T, symmetry

MO Energy Au Ni CcO
(eV) (%) (%) (%)
a; —8.13 67 25 8
ty —5.89 47 25 28
4 —4.43 5 49 46

character. An examination of the Au-Ni orbital overlap
populations of the SHOMO reveals that the 6s
Au-3d,: Ni AO interactions are essentially zero in
contrast to the 6s Au—4p, Ni AO interactions. These
results, which emphasize the relative importance of the
more diffuse 4p, Ni AOs in forming stronger Au-Ni
bonding interactions at long Au-Ni distances, can be
attributed to the relatively high nuclear charges of the
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nickel atoms which give rise to highly contracted low-
energy 3d Ni AOs.

The cluster possesses three degenerate LUMOs (of
t, representation) which arise from interactions between
the filled in-plane 3d Ni AOs and the (formally) vacant
in-plane 4p Ni AOs and 7 CO orbitals, with little
contribution from the Au AOs. Thus, the important
frontier orbitals in this cluster are composed primarily
of 6s Au and 4p Ni AOs with relatively little contribution
from the 3d Ni AOs.

The carbonyl ligands play a crucial role in the for-
mation of the Ni-Au bonds. Calculations on the naked
AugNiy, cluster showed that the 4p Ni AOs are too
high in energy to overlap effectively with the gold
frontier orbitals, and thereby give rise to Au-Ni bonds.
Addition of the m-acidic carbonyl ligands to give four
isolated neutral Ni,(CO);(u,-CO); fragments results in
favorable interactions of the 7* (CO) orbitals with the
4p Ni AOs, forming four a, Ni/CO SOs (under C,,
symmetry) which are ~6 eV lower in energy than the
isolated degenerate nickel 4p AOs. In turn, these four
2, SOs of mainly 4p, Ni AOs and out-of-plane 7* (CO)
orbitals have the proper symmetry characteristics (a,
and t, under 7, symmetry) and favorable energy-match-
ing to interact with the bonding a,, and non-bonding
t;. orbitals of the gold octahedron and to give four
frontier MOs (the a, SHOMO and t, HOMOs) which
provide the necessary ‘glue’ to stabilize this cluster.

It is apparent from the previously described relativ-
istic effects of gold [31, 40a, 41a] that the above non-
relativistic  bonding description based on the
Fenske-Hall model should be appropriately modified
via the substitution of 5d-6s hybridized Au orbitals in
place of 6s Au AOs. Although the inclusion of 5d-6s
hybridized Au orbitals in place of 6s Au AOs would
no doubt give rise to considerably stronger Au-Au and
Au-Ni bonding interactions, it is our strong prejudice
that the overall bonding description and resulting con-
clusions based upon the Fenske-Hall model are not
affected.

3.2.4. Resulting implications of Fenske-Hall MO calcu-
lations

The necessity of the carbonyl w* orbitals for the
formation of Au-Ni bonding in this cluster may shed
light on the curious lack of Au-Ni clusters in the
literature. Mixed-metal gold clusters containing late
transition metals typically have electron-donating PPh,
and/or hydride ligands rather than electron-accepting
carbonyl ligands. A triphenylphosphine ligand, as a
good o-donor and a relatively weak w-acceptor, would
not be expected to stabilize the nickel valence orbitals
to the same extent as the carbonyl ligand. The hydride
ligand, as a strong o-donor with no m-accepting ability,
would be expected to destabilize the nickel valence
orbitals via a build-up of electron density on the nickel

atoms. Thus, it becomes apparent that the electronic
characteristics of the ligands coordinated to the nickel
atoms determine whether or not Au-Ni bonds will be
formed.

The unexpected loss of the PPh, ligand from the
gold atom of the AuPPh,Cl precursor is also attributed
to electronic effects. It was originally thought that
reaction of AuPPh,Cl with the [Nig(CO),,}*~ dianion
would possibly result in the [PPh;Au]™ moiety bridging
triangular faces or edges of a resulting nickel cluster.

The large 1.5 eV HOMO/LUMO gap is consistent
with the observed high reduction potential (—1.5 eV
versus SCE) indicated from a cyclic voltammogram of
the dianion. The triply degenerate LUMOs arise from
combination of the Niy(CO), a, orbitals, which are-
composed of in-plane 3d and 4p Ni AOs and in-plane
bridging CO =* orbitals; these orbitals are bonding
with respect to Ni-CO interactions but antibonding
with respect to Ni-Ni interactions. The quasi-reversible
reduction wave observed in the cyclic voltammogram
suggests that population of the triply degenerate LU-
MOs would probable result in a Jahn-Teller distortion.
The irreversible oxidation wave at 1.4 eV suggests that
removal of an electron from the triply degenerate
HOMOs, which are the principal Au-Ni bonding or-
bitals, would result in an irreversible alteration in the
cluster geometry. The high potential required to oxidize
the cluster is consistent with the closed-shell electron
count (vide infra), indicating an inherent stability of
this cluster.

The shift to higher frequency (by 60 cm™') of the
CO IR absorption bands in the [AugNi;,(CO),,)*~
dianion relative to those in the [Nig(CO),,]*~ precursor
[10] suggests a substantial withdrawal of electron density
from the 7 (CO) orbitals. This may simply be due
to the dispersion of the —2 charge over a larger
number of metal centers (viz., 12 nickel atoms in
[AugNi,(CO),*~ versus 6 nickel atoms in [Nig
(CO)1,J*~ and/or a withdrawal of electron density from
the #* CO orbitals by the electropositive gold core.
The Mulliken atomic charge on each gold atom in the
cluster was calculated to be -+0.12, which represents
a substantial reduction in positive charge from the
formally Au(I) in the AuPPh,Cl precursor. Indeed,
homonuclear gold clusters (e.g., Au,(PAr;),X; (where
Ar=Ph; X=1I) [26] and [Aug(PPh,)s]>*X ™5 (where
X =NO,;) [27]) have been synthesized via reduction of
AuPPh,X with NaBH,, in which the gold atoms have
a formal oxidation state between 0 and -+1. Further-
more, a small quantity of Au,,(PPh,),Cl, was isolated
as a minor product (and structurally characterized)
from the reaction of AuPPh;Cl with [Nig(CO),.J*".
Thus, it would seem probable that the electron-rich
[Nig(CO),,]>~ dianion initially acts as a reducing agent
towards AuPPh;Cl, resulting in the formation of the
bare gold octahedral core with concomitant conden-
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sation of the Ni(CO)s triangles on four faces of
the octahedron. Fenske-Hall calculations on the
[Nig(CO);,)*~ dianion (which utilized the same pa-
rameters for the Niy(CO), triangles as were used in
the AugNi,, cluster) revealed that the negative charge
on each nickel atom (—0.16) in the [Nig(CO);,]*~
dianion is very similar to the negative charge on each
nickel atom (—0.18) in the [AugNi;,(CO),,]*~ dianion;
however, the average negative charge on each CO ligand
(—0.09) in [Nig(CO),,])*~ is considerably higher than
the average negative charge on each CO ligand (—0.025)
in the AugNi,, cluster. This charge-density difference
indicates a net transfer of electron density from the
nickel triangles to the Aug core, which is consistent
with [Nig(CO);,]*~ acting as a reducing agent. The
reduction in negative charge on the CO ligands upon
formation of the [AugNi;,(CO),,)*>~ dianion is also
consistent with the upward shift of 60 cm ™" in the IR
frequencies for the terminal and bridging carbonyl
absorption bands relative to those for the [Nig(CO),,]*~
precursor.

3.3. Application of electron-counting models to the
[AudNiIZ(CO)24]2_ dianion

3.3.1. General comments

The observed number of metal cluster valence elec-
trons (CVEs) in this cluster, which may be considered
to possess globally delocalized metal-metal bonding, is
236 electrons (i.e., (611 (Au)+12x10 (Ni)+24x2
(CO) +2 (charge)=236). We previously pointed out
[10] that electron-counting models predict the correct
total electron count for four vertex-sharing Au,Ni,
octahedra but not for five face-fused metal octahedra
(vide infra). We then concluded that 1 is best considered
from an electronic viewpoint as the composite of four
vertex-sharing Au;Ni; octahedra. However, the results
from the Fenske—-Hall model suggest that the stability
of 1 arises from delocalized bonding interactions in the
frontier MOs involving the central Aus octahedron as
well as the four Au;Ni; octahedra (which would appear
to correspond to the five face-fused octahedral bonding
description). In order to resolve this indicated contro-
versy, a bonding analysis of 1 via the different electron-
counting schemes (which are outlined elsewhere [44]
in applications to a variety of transition metal clusters)
is presented herein; based upon this comparison, we
propose a qualitative bonding model which (in our
view) reconciles electron-counting descriptions of 1 with
the MO results.

3.3.2. Polyhedral skeletal electron-pair (PSEP) model
An important extension of this model [45], adopted
by Mingos [11] for condensed polyhedra, is the Mingos
fusion rule [11c] which treats condensed clusters for-
mally composed of polyhedra that intersect at a vertex,

an edge, or a face. According to this rule the sum of
the electron counts for the constituent polyhedra minus
the electron count for the intersecting set of atoms
equals the electron count for the condensed cluster.
In the case of four octahedra sharing six vertices, the
fusion rule predicts a total of 236 electrons (i.e.,
(4 X 86) — (6 x 18)=236) in agreement with the observed
CVE count for 1. On the other hand, if 1 is depicted
as five octahedra sharing four triangular faces, the
predicted count is 238 electrons (ie., (5x86)—
(4 X 48)=1238) which is at variance with the observed
value. It is noteworthy that this latter total count is
based upon the subsequent Mingos proposal [11d, 11g]
that the total polyhedral skeletal electron count (c) for
a face-condensed polyhedron composed of deltahedra
A and B which have six or more vertices can be predicted
by use of the general formula c=a+b 48 (instead of
c=a+b—50 [11c]), where a and b are the electron
counts of the A and B deltahedra.

3.3.3. Cluster-of-clusters (C?) model

For this procedure developed by Teo and Zhang
[12], 1 is considered as a supracluster formed by n
polyhedral clusters. In general, the total number of
electron pairs (T) is given by T=6V_+V,+B, where
V.. and V, are the number of transition metal and
main-group vertices, respectively, in the cluster. The
value B is the number of (filled) bonding cluster valence
orbitals formed by the 3} cluster orbitals (where
V=V, +V.,), which in the context of the PSEP model
corresponds to the number of apparent skeletal electron
pairs. In the case of a supracluster (s,), defined as a
cluster of n smaller cluster units fused together via
vertex-, edge-, or face-sharing, B may be obtained as
the sum of the skeletal electron pairs (B;) of the
individual cluster units minus the overcounted skeletal
electron pairs (B,) of the shared vertices, edges, or
faces (corresponding to three, five, and six electron
pairs, respectively).

For four Au;Ni; octahedra in 1 sharing six (gold)
vertices, the total number of skeletal electron pairs is
given by B=4X7 (oct.)—6X3 (shared vertices)=10.
Here each octahedron contributes 7 skeletal electron
pairs, and each of the six shared vertices overcounts
by 3 electron pairs. Since V=18 and V=0, the
total number of electron pairs is given by
T=6V,+B=(6x18)+10=118, which results in the
correct total electron count of N=2T=236. The al-
ternative description of five metal octahedra sharing
four triangular faces gives a predicted electron count
(N) of 238 (viz., B=5X7 (oct.)—4x6 (shared
faces)=11; T=6V,+B=(6X18)+11=119; and N=
2T=238) which is two electrons in excess of the observed
value.
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3.3.4. Graph-theory derived model

In this model developed by King [13], the valence
orbitals of the atoms in the metal clusters are partitioned
into internal and external orbitals. Internal orbitals
participate in the metal cluster skeletal bonding, while
external orbitals participate in metal-ligand bonding.
In the case of a globally delocalized transition metal
carbonyl cluster consisting of fused octahedra, King
[13i] makes the following assumptions: (i) each vertex
unique to a single octahedron uses three internal or-
bitals; (ii) the common vertex between two vertex-
sharing octahedra (11 vertices) uses six internal orbitals,
viz. three for the skeletal bonding in each octahedron;
(iiiy each of the two common vertices between two
edge-sharing octahedra (10 vertices) uses five internal
orbitals, viz. one for the six-center, two-electron core
bonding orbital (a,,) in each octahedron, two for surfacc
bonding, and one for forming the two-center, two-
electron bond along the shared edge; (iv) each of the
three eommon vertices between two face-sharing oc-
tahedra uses four internal orbitals, viz. one for the six-
center, two-electron core bonding in each octahedron
and two for surface bonding. Particularly noteworthy
is that in the cases where the number of internal orbitals
per vertex determined by the King model differs from
the normal three per vertex, it follows that the resulting
number of skeletal electron paris obtained from the
King model does not correspond to the apparent number
obtained from both the PSEP and cluster-of-cluster
models (i.e., these latter models generally assume that
each transition metal vertex uses only three internal
orbitals and has the usual 18-electron noble-gas elec-
tronic configuration).

Of special importance to our reinterpretation of the
PSEP and cluster-of-clusters electron-counting models
for [AugNi,(CO),,J*~ (vide infra) is the recent mod-
ification and extension by King [13i] of his graph-
theoretical treatment of fused octahedral metal clusters
to account for thc obscrvation that both the face-fused
bioctahedral Ir, core in [Irs(CO)y)° ~ [46] and the face-
fused trioctahedral Ir,, core in [Ir;,(CO),s*~ [47] have
two more apparent skeletal electrons than the corre-
sponding structurally analogous Rhy and Rh;, cores in
[Rhy(CO),0)° ~ [48] and H,Rh,,(CO),s [49], respectively.
This difference in apparent skeletal electron counts
between these analogous rhodium and iridium clusters
was attributed by King [13i] to the presence of much
stronger interactions between the six-center core bond-
ing orbitals in adjacent octahedra in the rhodium clusters
relative to those in the corresponding iridium clusters.
Thus, King [13i] proposed that for both [Irs(CO),0]*~
and [Ir,,(CO),c]*~ there are insignificant interoctahedral
interactions between the fully symmetric six-center S”
core orbitals in adjacent octahedra; consequently, the
combinations of these S? core orbitals remain essentially
non-bonding, and each combination thereby accom-

modates an electron pair. However, strong interocta-
hedral interactions were postulated for the two face-
fused Rh, octahedra in [Rhg(CO),s]*~ such that the
antibonding combination of the two S” orbitals no longer
possesses an electron pair. Likewise, it was proposed
for the three face-fused Rh,, octahedra in H,Rh,,(CO),s
that strong interactions among the three core S” orbitals
in the three octahedral cavities result in only the formally
bonding and non-bonding combinations (but not the
antibonding combination) being occupied by electron
pairs. Hence, this King model [13i] suggests that both
[Rhe(CO)yoJ*~ and H,Rhy,(CO),s can be regarded as
missing one pair of core-bonding electrons.

In the specific application of his model to the
[AugNi,,(CO),,)°~ dianion, King [13i] utilized the fol-
lowing sources of internal orbitals and valence electrons:
(i) each of 12 Ni(CQ), vertices belonging to one of
the four Au;Ni; octahedra uses three orbitals and
provides two electrons; (ii) each of six Au vertices
shared between two Au;Ni; octahedra uses six orbitals
and provides five electrons; (iii) the —2 anionic charge
provides two electrons. This electron-counting scheme
gives rise to a composite total of 72 internal orbitals
(i.e., 12(3) +6(6)=72) and 56 valence electrons (i.e.,
12(2) +6(5)+2=56). The 72 internal orbitals and 56
electrons were used in each of the four Au;Ni; octahedra
to form one six-center, two-electron bond (24 orbitals;
8 electrons) and six two-electron surface bonds (48
orbitals; 48 electrons). Because the internal orbitals
and skeletal electrons required for the globally delo-
calized bonding in this cluster matched exactly to those
available, King [13i] concluded that this cluster is orbital-
and electron-precise. King [13i] stated that his bonding
scheme was based upon two assumptions: (i) six of the
eleven valence electrons of each bare gold atom with
six internal orbitals are required for its 9 - 6 =3 external
orbitals, leaving 11—6=5 skeletal electrons available
from each gold vertex; (ii) each of the four Au;Ni,
octahedra contains a six-center, two-electron bond, but
the central Aug octahedron does not contain a mul-
ticenter core bond. He further pointed out that the
distance between the core molecular S orbitals (vide
infra) in the four tetrahedrally oriented Au;Ni; oc-
tahedra is “much too far for any interaction between
them”. His second assumption and the above-mentioned
conclusion are of particular relevance to our reinter-
pretation of the PSEP and cluster-of-cluster models in
terms of a model involving five face-fused octahedra
which is shown to be in accordance with the results
of the Fenske-Hall MO calculations.

3.4. Proposed reconcilability of the face-fused octa-
hedral bonding description of [AugNi;,(CO),,J°~ via
electron-counting models with the Fenske-Hall MO
results

Since none of the electron-counting procedures pre-
dicts the observed valence electron total for five face-
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fused metal octahedra, we suggested in our preliminary
report [10] that this Au-Ni dianion is best considered
from a bonding viewpoint as the composite of four
vertex-sharing Au;Ni, octahedra. However, the orbital
character obtained via the Fenske-Hall MO calculations
for the filled a, SHOMO, shown in the MO correlation
diagram (Fig. 5), is %Au=67, %Ni=25, %CO=8.
Similarly, for the t, HOMOs, the orbital character is
%Au=46, %Ni=25, %CO=28. On this basis we con-
clude that the totally symmetric (a,) multicenter, two-
electron bonding SHOMO includes the central Au,
octahedron as well as the four Au;Ni; octahedra. In
this connection, it is especially noteworthy that King
[13i] rationalized that the missing pair of core bonding
electrons in both [Rhg(CO);]*~ and H,Rh,;,(CO).s is
a consequence of relatively strong interactions between
the S core MOs in adjacent face-fused octahedra which
raise the energy of one of these MOs to an antibonding
(and hence unoccupied) level. One can likewise ra-
tionalize that a similar phenomenon occurs in the
AugNiy, cluster such that the symmetrical Augoctahedral
a, combination combines with the symmetrical a, com-
bination of the four Au;Ni, octahedra to give an oc-
cupied bonding MO and an empty antibonding MO.
Hence, the a, SHOMO and t, HOMOs for the AugNi;,
dianion correspond in each electron-counting scheme
to the four multicenter, two-electron core bonds. These
four frontier MOs, which mainly involve bonding 6s
Au—-6s Au and 6s Au-4p, Ni AO bonding interactions
in the interoctahedral core-binding a, combination (viz.,
the SHOMO) and 6s Au—4p, Ni AO bonding interactions
in the core-bonding t, combinations (viz., the three
degenerate HOMOs), are the major contributors in
accounting for the existence of this Au-Ni cluster. It
is noteworthy that the inclusion of relativistic effects
would give rise to a considerably greater binding energy
via strongly enhanced 6s-5d gold hybridization, which
in turn would strengthen both the Au-Au and Au-Ni
bonding interactions.

This interoctahedral bonding model involving four
S? core-bonding electron pairs for the five face-fused
octahedra in 1 is also consistent with the similar bonding
descriptions proposed from different theoretical treat-
ments [43a, 50-53] for the triangular-metal stacking
geometries of the [M;(CO);(u,-CO);),°>~ oligomers
(M =Ni, Pt; n=2,3). In the case of the trigonal-anti-
prismatic [Nig(CO);,]*~ dianion, extended-Hiickel cal-
culations {43a, 50], pseudo-potential calculations [51],
local density functional (LCGTO/LDF) calculations
[52], and Fenske-Hall calculations [53] all indicated
that the major contributor to the binding energy or
‘glue’ holding the two Niz(CO)a(u,-CO); interlayers
together is the totally symmetrical HOMO containing
the extra electron pair (due to the —2 charge); fur-
thermore, this in-phase bonding combination, composed
predominantly of out-of-plane 4p, Ni AOs and #* u,-

CO orbitals, may likewise be considered as an octa-
hedral-like S° core-bonding MO.

The fact that the interoctahedral bonding model
applied to the five face-fused metal octahedra in
[AugNi;,(CO),*~ gives rise to a total electron count
of 236 valence electrons in agreement with the observed
electron count is important from two viewpoints. It not
only reconciles the PSEP and cluster-of-clusters elec-
tron-counting methods with the Fenske—-Hall MO resuits
but also indicates that (contrary to our earlier suggestion
[10]) one cannot necessarily conclude from electronic
considerations that 1 is best considered as the composite
of four vertex-sharing Au;Ni; octahedra. Hence, this
comparative analysis emphasizes that electron-counting
procedures do not necessarily provide an unambiguous
physical picture concerning the nature of the electron-
pair distributions in a transition metal cluster. This
conclusion is consistent with the view expressed by
Woolley [54] that the isolobal principle and electron-
counting rules owe their generality and utility to being
symmetry-based, but that the energetics and details of
the electronic structures of transition metal clusters
are a separate matter requiring appropriate methods
of theoretical chemistry.

3.5. Physical properties of the [AugNi;;(CO),,J°~
dianion and resulting surface-science implications of its
bimetallic core

The AugNi,, core may be considered as a segregated
bimetallic phase, in which the central Aug core is encased
in a layer of twelve nickel atoms, such that the gold
and nickel may be considered to be immiscible com-
ponents. Other mixed-metal carbonyl clusters with seg-
regated bimetallic cores include the [PdsFe (CO),H]*~
trianion with a trigonal-antiprismatic (octahedral) Pd,
kernel [55], the [PtsNi;s(CO)s,H,]* ™ anions with an
octahedral Pt, kernel [56] and the [RhsNis(CO), H, >~
trianion with a trigonal-bipyramidal Rhs kernel [57].
In the case of 1, the octahedral gold kernel of each
AugNi,, particle of pseudo-cubic 7, symmetry is en-
capsulated by 12 symmetry-equivalent Ni surface atoms.
The geometrical arrangement of the nickel atoms can
be described in terms of a T-distorted polyhedron of
the 324 cuboctahedron, a semi-regular centrosymmetric
polyhedron of cubic O, symmetry with 12 vertices, 6
square and 8 equilateral triangular faces, and 24 edges
[58]. The particular cubic T, distortion giving rise to
the 12-vertex nickel polyhedron in 1 involves the
compression of 12 edges comprising one set of alternate
triangular faces and concomitant expansion of the 12
edges comprising the other set of alternate triangular
faces. The particle size of this non-centrosymmetric
Aug-centered nickel polyhedron varies from 5.8 A in
diameter between the two centroids of the opposite
compressed and elongated triangular faces along each
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of the four body-diagonal C;-3 (111} axes to 5.0 A in
diameter between the two centroids of the rectangular
faces along each of the three S,4 (100) axes.

1 may be considered to be a molecular analog to
the ‘chemisorption-induced aggregation’ (CIA) model
experimentally documented from surface-science studies
[59] for other bimetallic systems containing Group VIII
(8-10) metal-Group IB (11) metal atoms. The normal
surface-enrichment composition rule invoked for bi-
metallic particles (under ultrahigh vacuum) states that
the metal component with the lower heat of sublimation
(i.e., normally weaker metal-metal interactions) should
concentrate at the surface in order to lower the surface
tension. However, according to the thermodynamic-
based CIA model [60], the surface-enrichment com-
position can be reversed if an absorbate gas binds much
more strongly to the other metal component with the
higher heat of sublimation [61]. Thus, for Ni-Au alloys
(and in general for other Group VIII (8-10)
metal-Group IB (11) metal alloys) under an inert
atmosphere, the surface-science rule predicts that the
gold atoms would concentrate at the surface because
the Group 11 gold has a lower sublimation energy than
the Group 10 nickel. However, Auger electron spec-
troscopic studies of Ni—~Au alloys [59¢] have given
evidence for dramatic changes in surface composition
upon oxygen chemisorption. Since the nickel-oxygen
bond is stronger than the gold—oxygen bond [62], the
surface becomes expectedly nickel-rich. Hydrogen chem-
isorption also causes nickel enrichment at the surface,
but to a lesser extent than for oxygen chemisorption;
this variation was attributed to the nickel-hydrogen
bond being stronger than the gold-hydrogen bond but
the difference in bond strengths being less than that
for the case of oxygen chemisorption. The fact that
carbon monoxide chemisorbs strongly and selectively
to platinum (a congener of nickel) rather than to gold
results in the expectation that a CO atmosphere would
lead to an enrichment of platinum atoms at the surface.
This phenomenon was observed for Pt-Au alloys in
ultrahigh vacuum and in the presence of CO [59a].

It is presumed in 1 that the nickel-coordinated car-
bonyl ligands play an analogous role. A similar reversal
of surface composition has been observed for the
[Ag,;Feg(CO)s,]*~ tetraanion [63], which contains an
Ag,; centered cuboctahedron with each triangular
face capped by an Fe(CO), group, and for the
[CugFe, (CO)6)*~ dianion [64], which contains a Cu,
octahedron capped on each of four alternating faces
by an Fe(CO), fragment.

Attempts to synthesize silver and copper analogues
of [AugNi;,(CO),,]>~ by reactions of [PPh;Agl], and
(PPh,),CuCl with [Ni,(CO),,]*~ were unsuccessful. No
reaction was observed at room temperature in THF
with the copper reagent, while reactions with the silver
reagent produced [Nig(CO);5)°~, which has been ob-

tained previously [36] via oxidation of [Nig(CO),)*.
Preliminary Fenske-Hall calculations on the hypo-
thetical [AgeNi,(CO),,] cluster indicated that formation
of an Ag, octahedron is not favored because the highest
occupied t,, SOs, which are non-bonding in the Aug
octahedron, are strongly antibonding in the Ag, oc-
tahedron.
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