High-nuclearity [Pd,;Ni,;(CO),,]*~ containing a 26-atom Pd,;Ni,,
core with an unprecedented five-layer close-packed triangular
stacking geometry: possible substitutional Pd/Ni crystal disorder

at specific intralayer nickel sites T
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[Pd,3Ni,o(Niy _ [Pd )(CO);,]* 1 has been prepared in essentially quantitative yields (>90%) from room-temperature
reactions of [Nig(CO),,]*~ with either Pd(OAc), in DMF or Pd(MeCN),(BF,), in DMSO. The crystal structure of 1
as the [PPh,]" salt was determined from low-temperature CCD X-ray crystallographic analyses of three crystals. 1
was also characterized by elemental analysis, IR, "H NMR, and electrochemical (CV) measurements. Its structurally
unprecedented 26-atom metal polyhedron consists of a 5-layer close-packed triangular stacking arrangement of
pseudo-C;, symmetry with an [a(Ni)b(Ni,)c(Pdg)a(Pd,Ni;)c(Ni;M;)] sequence. The overall geometry of the 20-atom
v; tetrahedral Pd;;Ni, framework in the top four ccp layers is analogous to the pseudo-T, cubic geometry of the
metal-core previously found in [Pd;sNi,(CO),,(PPh;),]*~ and [Os,o(CO),)*". Each M in the bottom fifth Ni;M,

layer denotes an inner triangular atomic site where a substitutional Pd/Ni crystal disorder may occur; the composite
composition of the three M sites corresponds to Ni; _ Pd, with x = 0.45 for crystal A and 0 for B and C. We thereby
formulate 1 to possess a stoichiometric Pd,;Ni,; core even though crystallographic evidence from crystal A indicates
the existence of a crystal disorder involving a small substitution of Pd for Ni at two of the three inner atomic M sites
within the Ni;M; layer. The entire geometry of 1 (including the 34 carbonyl ligands) ideally conforms to C;, trigonal
symmetry. A qualitative structure/bonding analysis was performed in order to correlate the geometry of 1 with its
electron count. The maximum metal-core diameter is ca. 0.87 nm parallel and 0.56 nm perpendicular to the principal

3-fold axis.

Introduction

High-nuclearity transition metal clusters (i.e. those arbitrarily
designated by us to contain at least 10 metal-core atoms with
direct metal-metal bonding) are of considerable current inter-
est because their special intermediate positions at the diffuse
boundary between monometallic species and colloidal/bulk
metals may possibly result in unusual physical properties due
to quantum-size effects.! Such ligand-stabilized metal clusters
possess an important advantage over both naked and ligand- or
polymer-supported colloidal metal clusters in having a well
defined geometry and normally being monodispersed. The lig-
and coordination to large metal cores of clusters may model
ligand coordination on metal surfaces.> High-nuclearity metal
clusters may also produce facile multicenter transformations of
small molecules and thereby function in an analogous fashion
to homogeneous and heterogeneous metal catalysts.* Hetero-
metallic carbonyl clusters are especially useful as precursors for
obtaining decarbonylated support-attached species for hetero-
nuclear interactions and bifunctional catalysis.** For instance,
the SiO,-supported [PdgFe,H(CO),,]*" trianion was used to
generate a Pd—Fe bimetallic catalyst that exhibited high selectiv-
ity toward methanol synthesis from CO/H, reaction.’ In gen-
eral, heterometallic species usually have higher catalytic activity
and chemicoselectivity than either of their metal constituents as
separate entities. Prime examples are: (1) PdNi, alloys encaged
in NaY zeolite are more selective in promoting CO hydrogen-
ation than either monometallic Pd/NaY and Ni/NaY samples

T Dedicated to Professor Sheldon Shore, a remarkable boron/transition
metal cluster chemist and good friend, on the occasion of his 70th
birthday.
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or their physical mixtures;® (2) palladium-nickel colloids
containing 40-80% Pd, prepared from the reduction of pal-
ladium and nickel salts by ethylene glycol at high temperature,
have much higher catalytic activities in the hydrogenation of
nitrobenzene to aniline than both palladium and nickel mono-
metallic clusters;” (3) experimental/theoretical studies® of
palladium films supported over Ni(111) surfaces showed that
the electronic perturbation of Pd atoms produces a striking
catalytic efficiency toward the hydrogenation of butadiene.

We are especially interested in nanosized heterometallic clus-
ters containing palladium because they are of potential techno-
logical importance in the design of new materials with useful
catalytic, electronic, magnetic, optical, and photochemical/
electrochemical behavior.® Palladium as the bulk metal or con-
tained in compounds, alloys, and clusters is widely utilized as
homogeneous/heterogeneous catalysts®®!° or as catalytic pre-
cursors'! in many organic reactions. In addition, palladium
metal has been utilized for hydrogen isotope separation,
purification, and storage of tritium for over 20 years."?

Prior to our research, only a few high-nuclearity hetero-
metallic palladium carbonyl clusters had been prepared and
crystallographically characterized. These include the iso-
structural but electronically non-equivalent [PdsFey(CO),,H]*~
trianion®® and [Pd4Ruq(CO),J*~ dianion,®® the [Pd,,Au,-
(CO)o(PMe;),,]** dication, and subsequently the electronically
equivalent and structurally analogous neutral PdOss(CO),o-
(dppm), and Pd4Os;H,(CO),5(dppm),.'s Over the past five years
we have prepared, isolated, crystallized, and stereophysically
characterized a number of new high-nuclearity close-packed
heterometallic palladium clusters, which include the [Pd;;Nig-
(CO),(PPhy)g]*" tetraanion,'® the [Pd;sNi,(CO),,(PPhj),)*~
dianion,'® the tentatively formulated [Pd;,_ Ni(CO),]*" tetra-
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anion (x = 14; y~36),"” the [Pd,Ni,;3(CO)s,]*" and [Pd,¢Ni,-
(CO),0]* tetraanions,™ the [Pd,q,Ni,, 5(CO)l°" hexaanion,®
and the neutral [Pd(PtPMe,)(PtPPh;),,H,,(CO),,].*°

Since the phase diagram of the binary Pd-Ni intermetallic
system consists at room temperature of a continuous solid solu-
tion,? it is remarkable that complete segregation of Ni and Pd
atoms occurs in all metal-core sites in the above-mentioned
Pd-Ni carbonyl clusters,'®!#! except possibly for the Pd,, _ -
Ni, cluster'” (ie. there is no crystallographic evidence of a
substitutional Pd/Ni crystal disorder at any atomic metal site).
However, the recently reported trimetallic [AusPdg(Pde_ .-
Ni)Niy(CO),]% hexaanion? possesses a non-stoichiometric
38-atom AucPd(Pds - Ni,)Ni,, nanosized core (where x was
determined from least-squares analyses of X-ray data for seven
crystals to vary from 2.1 to 5.5). A salient structural feature is
that the substitutional Pd/Ni crystal disorder occurs at only six
specific non-adjacent pseudoequivalent atomic sites.*

Herein, we report two reproducible preparative pathways
under controlled, mild conditions that produce in high yields
another large bimetallic close-packed Pd—Ni cluster, [Pd;;Ni;-
(CO)4,]* 1. Its initial formulation with a non-stoichiometric
26-atom Pd,;5Ni,((Ni; _ ,Pd,) core (x = 0.45) was based upon a
crystallographic least-squares analysis of X-ray data from a
crystal A which pointed to a relatively small but yet detectable
replacement of Ni with Pd atoms at two of three pseudoequiv-
alent atomic sites within the bottom basal v, triangular Nig
layer. Since subsequent X-ray crystallographic examinations of
two other crystals B and C from different preparations showed
no evidence of any substitutional Pd/Ni crystal disorder at
these intralayer sites (i.e. x = 0), 1 is thereby formulated to pos-
sess a stoichiometric Pd;;Ni;; core. Details of the particular
microscopic crystal disorder found in crystal A and resulting
implications are presented. This anion 1 as the [PPh,]* salt was
also characterized by elemental analysis and by IR, 'H NMR,
and electrochemical (CV) measurements.

One major goal of our research is to provide reproducible
preparative pathways under controlled conditions to produce
high-nuclearity metal clusters in reasonably good yields (by
optimization of the boundary conditions) to enable physical/
chemical studies. In this case the [Pd;;Ni;;(CO);,]*" tetraanion
1, isolated in essentially quantitative yields (>90%), has been
utilized as a precursor in reactions with trialkylphosphines
to generate other intriguing high-nuclearity Pd-Ni and Pd
carbonyl phosphine clusters.?

A recent report by Longoni and co-workers?* presents the
preparation of [Pd;(Ni;(CO),J*" and [Pd,Niy(CO)s,]®” and
the crystallographic characterization of the tetraanion as the
tetra-n-butylammonium salt.

Results and discussion
Synthesis of the tetraanion 1

This cluster was isolated in high yields (>90%) from two differ-
ent preparative methods. Each involved the use of [Nig(CO),,J*~
as both the reductant and source of Ni and CO. However, these
two methods differ with respect to the palladium(1) precursor,
the solvent, and the Pd:Ni equivalent reactant ratio; whereas
method 1 utilizes Pd(OAc),, DMF, and a Pd:Ni ratio of 1:3,
method 2 uses Pd(MeCN),(BF,),, DMSO, and a Pd:Ni ratio
of 1:4.

The fact that these variations in reaction boundary condi-
tions between the two preparative procedures do not impact
upon the formation and isolation of compound 1 in high yields
deserves the following comments concerning reaction param-
eters that do influence the formation/isolation of other high-
nuclearity Pd-Ni carbonyl clusters (given in the Introduction).
First, it should be noted that the two Pd: Ni reactant ratios for
methods 1 and 2 are not markedly dissimilar in that both indi-
cate that an appreciable excess of the [Nis(CO),,]*~ reductant is

Fig. 1 Pd;;Ni;)M; core of [Pd;;Ni(Ni;_ Pd)(CO),]*" 1 with
identical labeling under pseudo-C;, trigonal symmetry for symmetry-
equivalent metal atoms: Pd (white), Ni (dotted), and M sites (cross-
hatched). Its unprecedented 26-atom metal framework may be
described as the triangular stacking of five layers in a close-packed
[a(N1)b(Niz)c(Pdg)a(Pd,Ni;)c(NizM;)] sequence. Each M in the inner
M, triangle of the fifth basal v, triangular Ni;M; layer denotes an
atomic site where a substitutional Pd/Ni crystal disorder may occur; the
composite composition of the three M sites corresponds to Ni; _ Pd,
with x =0.45 for crystal A and 0 for crystals B and C. The resulting
non-stoichiometric formulation of Pdj;,sNij,ss for crystal A is in
accordance with 1 representing the superimposed composite of all co-
crystallized individual isomers in the crystal-averaged unit cell of this
crystal.

required. In general, similar variations in the ratios of the Pd/Ni
reactants do not dramatically alter the types of Pd—Ni clus-
ters formed but do significantly influence product yields. We
normally vary the reactant ratios in a systematic fashion in
order to optimize the yield of a given cluster, but in this case did
not because of the high yields of 1. However, the nature of the
palladium(11) reactant and solvent are often crucial in other
similar reactions involving [Nig(CO),,J*". For example, reac-
tions in our laboratory of Pd(OAc), with [Nig(CO),,J*" in
DMSO produced the partially characterized [Pd,,_ Ni.-
(CO),J*" tetraanion (x=14; y=36)," while corresponding
reactions with similar Pd:Ni ratios in acetone afforded
the [Pd,4Ni,(CO),0]*" and [Pd,Nig(CO)4;]*" tetraanions,' and
in DMF produced [Pd,;Ni;;(CO),,]*" 1, as reported here. On
the other hand, Longoni and co-workers?* synthesized
[Pd4Ni (CO),0]* from the reaction of Pd(SEt,),Cl, with
[Nig(CO),,]* in THF. Reactions of Pd(PPh;),Cl, with
[Nig(CO),,J* in DMSO afforded [Pd,;Niy(CO),,]*” and [Pd,,-
Ni (CO),,(PPh;),J*" as the two major products.'®

It is apparent that the reaction pathways that occur in
solution are complex and that changes in even one of the
reaction boundary conditions (i.e. reagents, solvent, reactant
mole ratios, concentrations, temperature, reaction time) may
profoundly influence the nature of the isolated products.

Structure/bonding of [Pd,;Ni,,(Ni; _ ,Pd )(CO);,]*" 1

(a) Overall configuration. A view of its metallic framework is
shown in Fig. 1 and its entire geometry in Fig. 2. The maximum
metal-core diameter is ca. 0.87 nm parallel and 0.56 nm
perpendicular to the principal 3-fold axis. The 26-atom metal-
core polyhedron, for which there is no previous example (to our
knowledge), may be described as a five-layer close-packed
stacking arrangement of pseudo-Cj, trigonal symmetry. The
top four layers consisting of 13 Pd and 7 Ni atoms are stacked
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Table 1 Mean metal-metal connectivities under pseudo-Cj, (3m) trigonal symmetry in [Pd,;;Ni;o(Ni; _ Pd )(CO),,]* for crystals B (x =0) and A

(x =0.45) and corresponding individual ranges for B*

Metal-metal connectivities” N¢ Mean/A Range/A

Ni(A)-Ni(B) 3 2.70 (2.70) 2.683(1)-2.737(2)
Ni(B)-Ni(B) 3 2.46 (2.45) 2.449(1)-2.460(1)
Ni(C)-Ni(D) 3 3.24 (3.25) 3.214(2)-3.270(2)
Pd(A)-Pd(B) 6 2.84 (2.84) 2.821(1)-2.851(1)
Pd(B)-Pd(B) 3 2.86 (2.85) 2.831(1)-2.892(1)
Pd(A)-Pd(C) 6 3.04 (3.05) 2.966(1)-3.087(1)
Pd(B)-Pd(C) 6 2.74 (2.74) 2.712(1)-2.751(1)
Pd(B)-Pd(D) 3 2.76 (2.76) 2.751(1)-2.762(1)
(Ni-bridged) Pd(C)-Pd(C) 3 2.77(2.77) 2.759(1)-2.781(1)
(non-Ni-bridged) Pd(C)-Pd(C) 3 2.78 (2.78) 2.761(1)-2.789(1)
Pd(C)-Pd(D) 6 2.77(2.78) 2.747(1)-2.785(1)
Ni(B)-Pd(A) 3 2.58 (2.58) 2.565(1)-2.601(1)
Ni(B)-Pd(B) 6 2.63(2.64) 2.613(1)-2.667(1)
Ni(C)-Pd(A) 3 2.59 (2.60) 2.570(1)-2.608(1)
Ni(C)-Pd(C) 6 2.68 (2.69) 2.669(1)-2.696(1)
Ni(D)-Pd(C) 6 2.73 (2.74) 2.693(1)-2.766(1)
M-M 3 2.64(2.67) 2.635(1)-2.647(1)
M-Ni(D) 6 2.48 (2.50) 2.479(1)-2.495(1)
M-Pd(C) 6 2.74 (2.76) 2.733(1)-2.762(1)
M-Pd(D) 3 2.70 (2.73) 2.699(1)-2.710(1)

“ The means and individual ranges for symmetry-equivalent distances are for crystal B; corresponding means for A are given in parentheses. Means
for C (x =0) agree within 0.01 A with those for B. ® Atom labeling for the bimetallic core is given in Fig. 1. M designates the three individual
symmetry-related atomic sites of the inner Ni; triangle within the basal v, Nig triangle that are partially substituted at two of the three individual Ni
sites by Pd atoms in crystal A but not in B and C. The value x denotes the composite 3-site crystal disorder of the (3 — x)Ni/xPd atoms. ¢ Denotes the
number of symmetry-equivalent metal-metal connectivities under C;, symmetry.

Fig. 2 The entire tetraanion 1 of pseudo-C;, trigonal symmetry with
atomic displacement ellipsoids at 50% probabilities. The 34 carbonyl
ligands consist of nine Ni-attached terminal COs, 18 doubly bridging
COs, and 7 triply bridging COs. The principal threefold axis passes
through the top Ni(A), the internal Pd(i) (labeled Pd(D)), and the
bottom M;-attached triply bridging CO.

in a cubic close-packed (ccp) [a(Ni)b(Ni;)c(Pdg)a(Pd,Nis)]
sequence. The overall geometry of this 20-atom v, tetrahedral
metal framework is analogous to the pseudo-T7} cubic geometry
of the metal core found in the high-nuclearity [Pd;¢Ni,-
(CO),,(PPh,),J* dianion 2, and [Os,,(CO),J*~ dianion 3.%°
The centered hexagonal Pd, fragment of the fourth Pd,Ni; layer
in 1 forms a hexagonal close packed (hcp) linkage via only
direct metal-metal bonding with the fifth 6-atom basal v,
triangular Nig layer. The resulting one interior Pd(i) atom in the
fourth layer is encapsulated by 12 hcp atoms. This close-packed
metal core has 7 octahedral and 15 tetrahedral interior holes.
Vertex truncation of this 26-atom polyhedron (Fig. 1) by
removal of the Ni(A) atom in the top layer and the three
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symmetry-equivalent Ni(C) vertices in the fourth Pd,Ni, layer
(under Cy, symmetry) gives rise to a 22-atom metal polyhedron
that is analogous to the Rh,, core found in the [Rh,,(CO);,]*"
tetraanion.?

(b) Nature of microscopic crystal disorder in the metal core of
crystal A. The formulation of the metal core of compound 1 as
Pd;;Ni;; (x =0) is in harmony with an elemental analysis (see
below). Nevertheless, least-squares crystallographic refinement
of the X-ray data for crystal A revealed that a small substi-
tutional Pd/Ni crystal disorder occurs at two of the three
independent atomic nickel sites (labeled M in Fig. 1) in the
inner Nij triangle of the basal Nigz layer. For the initial crystal A,
individual Pd/Ni occupancies of 0.23/0.77, 0.22/0.78, and 0/1.00
were determined (i.e. there was no crystallographic evidence of
any substitutional disorder at any of the other 24-atom metal
sites including the third atomic M site). This non-stoichiometric
formulation corresponds to 1 representing the superimposed
composite of all co-crystallized stereoisomers of 1 in the
crystal-averaged unit cell of a given crystal. It is noteworthy
that all crystals in the same sample are not expected to have the
same fixed non-stoichiometric composition (i.e. the identical
composite Pd/Ni substitutional disorder denoted by x) as that
in crystal A.

X-Ray diffraction analyses were then performed on two other
crystals B and C from different samples. However, their least-
squares refinements provided no crystallographic indication of
Ni being partially substituted by Pd atoms at any of the three
atomic M sites. Hence, it is presumed that compound 1 in all of
its crystalline materials is essentially composed of individual
[Pd,3Ni;;(CO),,)* tetraanions.

(c) Metal-metal connectivities and resulting implications.
Since the corresponding mean metal-metal distances under
assumed C;, trigonal symmetry for both crystals B and C
(which give rise to the stoichiometric Pd;;Ni;; core) agree
within 0.01 A, only those for crystals B and A are presented in
Table 1. Differences between the corresponding mean distances
for the two crystals are within 0.03 A; only those for B are
utilized in this discussion. The corresponding variations of the
individual metal-metal distances for each of the means for
crystal B are also given in Table 1 in order to show the relatively



small dispersion of distances for a given mean under pseudo
C;, symmetry.

Of the 36 Pd-Pd bonding connectivities, only six interlayer
Pd(A)-Pd(C) connectivities (mean, 3.04 A) are markedly long;
the means for the seven other different kinds of Pd-Pd con-
nectivities (under C;, symmetry) show only small variations
(maximum, 0.07 A) from the overall mean of 2.79 A. This value
is close to that of 2.75 A in ccp palladium metal.?” The much
longer Pd(A)-Pd(C) connectivities are presumably a con-
sequence of deviations from a regular close-packed structure
due at least partially to the 0.11 A difference in covalent radii
between the Pd and Ni atoms?® as well as steric effects arising
from the disposition of the carbonyl ligands.

Likewise, the smaller dimensions of the v, Nig triangle in
the basal fifth layer relative to those of the v; Pd,Ni; triangle
in the fourth layer result in the three interlayer Ni(C)-Ni(D)
distances (mean, 3.24 A) being unusually long and essentially
non-bonding. Consequently, the adjacent interlayer Ni(C) and
Ni(D) atoms are geometrically prevented from forming bond-
ing connectivities even though the entire 26-atom metal core in
1 exhibits a close-packed atomic arrangement. The means of
the other non-bridged Ni(A)-Ni(B) and CO-bridged Ni(B)—
Ni(B) bond connectivities are 2.70 and 2.46 A, respectively. The
Ni-Ni distance in ccp nickel metal is 2.50 A.¥

The five different means for the 24 Pd-Ni bonding con-
nectivities vary from 2.58 to 2.73 A; this 0.15 A range is readily
attributed to the combined effects of carbonyl ligation and
irregular variations within the close-packed atomic lattice.
These values are within the normal range of Pd-Ni bonding
connectivities found in other Pd-Ni carbonyl clusters.

In Table 1 M designates for crystal B the three symmetry-
equivalent atomic sites (under assumed Cj, symmetry) of the
inner Ni atoms within the basal v, triangular Nig, layer, while M
designates for crystal A the three possible substitutional Pd/Ni
crystal-disordered atomic sites that correspond to the Ni; _ [Pd,
formulation (x = 0.45). The observed bonding connectivities of
the three M atomic sites to each other (means 2.64 vs. 2.67 A for
crystals B and A), to the three intralayer Ni(D) atoms (means
2.48 vs. 2.50 A), to the six interlayer Pd(C) sites (means 2.74 vs.
2.76 A), and to the interlayer interior Pd(D) atom (means 2.70
vs. 2.73 A) are all self-consistent with respect to the partial
substitution of larger Pd for Ni atoms in crystal A.

(d) Carbonyl distribution and resulting consequences. The 34
carbonyl ligands in compound 1 consist of 9 Ni-attached ter-
minal COs, 18 doubly bridging COs, and 7 triply bridging COs
(Fig. 2). The disposition of these COs enveloping the 26-atom
metal core and resulting consequences are as follows: (1) the
top-layer Ni(A) has three terminal COs, while each of the other
six Ni atoms has one terminal CO; (2) both the second Ni; and
third Pd, layers have only interlayer COs. The third Pd, layer is
connected to each of the adjacent second Ni; and fourth Pd,Ni,
layers by three edge-bridging and three capping COs; (3) the
fourth Pd,Ni;, layer additionally has six intralayer edge-bridging
COs spanning the six Ni(D)-Pd(C) connectivities along its
three triangular Ni-Pd-Pd-Ni edges; and (4) the basal v, tri-
angular Ni;M; layer has only intralayer carbonyls, namely three
Ni-attached terminal COs, six edge-bridging COs spanning the
M-Ni(D) connectivities along the three triangular Ni-M-Ni
edges, and the one triply bridging CO which caps the three
atomic M sites.

This particular CO distribution results in the conformity of
its metal-carbonyl connectivities to pseudo-Cj, symmetry. The
principal threefold axis passes through Ni(A) in the top layer,
the internal Pd(D) in the fourth Pd,Ni; layer, and the M;-capped
CO. One important consequence is that the top two Ni and Ni,
layers and the bottom two Pd,Ni; and Ni;M; layers are solely
connected by close-packed metal-metal bonding interactions.

The means of the determined M—-CO bond lengths are:
Ni-CO, 1.78; Ni~(u-CO), 1.92; Pd—(u-CO), 1.99; Ni—(pu;-CO),

1.96; Pd—(p;-CO), 2.37 in the Ni,Pd-capped COs; and Pd—(p;-
CO), 2.13 A in the Pd,-capped COs. The means of the C-O
bond lengths are 1.13 A for terminal COs, 1.16 A for p-COs,
and 1.17 A for p,-COs.

(e¢) Bonding analysis via electron-counting schemes. The
observed number of metal cluster valence electrons (CVEs) in
this close-packed cluster, which may be considered to possess
globally delocalized metal-metal bonding, is 332 (i.e. 26 X 10
(Pd,Ni) + 34 x2 (CO) + 4 (charge)=332). The -calculated
number of CVEs obtained from the use of either the Mingos
model** or Teo/Zhang model*"** for close-packed metal clus-
ters is 326. An explanation accounting for this predicted elec-
tron count being 6 electrons less than the observed number is
that the entire 26-atom metal core does not conform to a close-
packed polyhedron in that the three Ni(C) vertices in the fourth
Pd,Ni; layer and the corresponding Ni(D) vertices in the basal
Ni,M, layer are sufficiently far apart (mean 3.25 A) that their
close-packed connectivities are non-bonding (see above). If
these three interlayer pairs of Ni(C) and Ni(D) were connected
at shorter bonding Ni(C)-Ni(D) distances to give a fully metal—
metal bonded close-packed geometry, it is then presumed that a
loss of the terminal CO attached to each of the three Ni(C)
atoms, which are tetrahedrally coordinated to four COs, would
occur such that the resulting observed electron count of 326
(instead of 332) would then be in agreement with the calculated
value. Hence, the observed carbonyl ligation is completely
compatible with the fact that the close-packed lattice distortion
gives rise to non-bonding Ni(C)-Ni(D) connectivities.

Comparative geometrical analysis of [Pd,;Ni,,(Ni; _ Pd,)-
(CO)34]4_ 1, [Pd|6Ni4(CO)22(PPh3)4]2_ 2, and [0520(C0)40]2_ 3
and implications concerning the different carbonyl dispositions

Formal removal of the basal Ni;M;(CO),(u-CO)4(u5-CO) layer
from the tetraanion 1 produces the hypothetical [Pd,;Ni,(CO),,]
fragment which has an analogous metal-core framework with
that in the [Pd,(Ni,(CO),,(PPh,),]* dianion 2. This latter clus-
ter, which was previously prepared and structurally character-
ized in our laboratories by Kawano et al.,'® is best described as
a 20-atom ccp tetrahedron of pseudo-T7, cubic symmetry con-
taining four metal atoms along each of the six tetrahedral edges
with the four Ni atoms located at the four tetrahedral corners.
Under T, symmetry there are four equivalent Pd(A) atoms
located at the centers of the four 10-atom tetrahedral Pd,Ni;,
faces and 12 equivalent Pd(B) atoms distributed as the two
inner metal atoms along each of the six tetrahedral Ni-Pd(B)—
Pd(B)-Ni edges. The pseudo-7, Pd;,Ni, core may also be
viewed along each of the four symmetry-equivalent threefold
axes as a four-layer ccp stacking arrangement composed of
individual a(Ni)b(Pd;)c(Pdg)a(Pd,;Ni;) layers. This four-layer
ccp sequence only differs from the corresponding sequence in
the top four Pd;Ni, layers in 1 by formal replacement of the
Ni, triangle in the second layer of 1 with a congeneric Pd,
triangle in 2. The ligand polyhedron surrounding the Pd,(Ni,
core in 2 consists of four triphenylphosphine groups each ter-
minally coordinated to one of the four corner Ni atoms, four
terminal COs each linked to the central Pd(A) atom on each
tetrahedral Pd,Ni; face, and 18 doubly bridging COs, of which
each spans one of the three adjacent pairs of metal atoms along
each of the six tetrahedral Ni-Pd(B)-Pd(B)-Ni edges.

Of particular interest are the observed differences in the dis-
position of the 24 CO ligands about the hypothetical Pd,;Ni,
fragment in the tetraanion 1 versus that of the 22 CO/4 PPh,
ligands about the Pd;(Ni, core in 2. A comparative analysis
reveals the following salient differences.

(1) The top Ni(A) atom in the tetraanion 1 has a trigonal
pyramidal ligand array of three terminal COs with only direct
Ni—Ni bonding to the adjacent Nij layer, while each of the other
three symmetry-equivalent corner Ni(C) atoms has a localized
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tetrahedral ligand environment composed of one terminal CO
and three edge-bridging COs connecting it to a Pd, triangle. In
2 each of the four symmetry-equivalent nickel vertices has a
localized tetrahedral ligand environment consisting of the ter-
minal PPh; and three edge-bridging COs linking it to the
adjacent Pd; layer (along with the much weaker Ni-Pd bond-
ing). This difference in localized ligand coordination presum-
ably reflects the combined electronic/steric effects of primarily
the bulky electron-donating PPh; ligands in 2 coupled with
formal replacement of the adjacent second-layer Ni, triangle in
1 by the second-layer Pd; triangle in 2.

(2) In the pseudo-T, Pd,¢Ni, core of the dianion 2 each of the
six equivalent Ni-Pd-Pd-Ni edges is spanned by three doubly
bridging CO ligands. In the corresponding four-layer pseudo-
C,, Pd;Ni; fragment of 1, 12 doubly bridging COs link the 12
Pd-Ni pairs along the three Ni(A)-Ni(B)-Pd(A)-Ni(C) and
three Ni(C)-Pd(C)-Pd(C)-Ni(C) edges, while the six triply
bridging COs cap the Pd(B)Ni(B), and Pd(B)Pd(C), triangles
on each of the three symmetry-equivalent Pd;Ni; faces (Fig. 1).

The Os,, core of the [0s,)(CO), > dianion 3, which like-
wise has an analogous ccp v; tetrahedral geometry, is encapsu-
lated by 40 terminal COs, of which three are coordinated to
each of the four Os vertices, two to each of the other 12 Os
atoms along the six tetrahedral edges, and one to the central
atom on each of the four 10-atom tetrahedral faces.

One major consequence of the above different carbonyl
arrangements about the geometrically analogous metal frame-
works of the anions 1, 2, and 3 involves the mode of carbonyl
linkage to the central (terrace-like) metal atom on a given 10-
atom tetrahedral (111) face. In sharp contrast to one terminal
CO being coordinated to the central metal atom on each 10-
atom tetrahedral face in 2 and 3, the central (terrace-like) Pd
atom on each of the three triangular Pd;Nis faces of the
pseudo-C;, Pd;;Ni, fragment of 1 is connected to two PdNi,-
and Pd;-capped carbonyl ligands. This latter coordination
thereby provides a striking illustration that a terrace-like metal
site in a ccp (111) metal surface may be connected to bridging
COs instead of one terminal CO, depending upon the types of
atoms on the metal surface as well as the extent of CO coverage.

Atomic site preferences in heterometallic systems

(a) Previous studies. The particular geometrical arrangement
of different metal atoms in a heterometallic cluster is presumed
to reflect differences in the bond-energy capabilities of the dif-
ferent metal constituents. A recent comprehensive review by
Miller** of atomic site preferences in solid-state intermetallic
structures illustrated that theoretical analyses via second
moment scaling techniques have provided good estimates of the
structural energy differences for different atomic arrangements.
Such calculations have been highly successful in predicting
structure/composition/property relationships in many binary
intermetallic compounds.

The phase diagram of the binary Pd-Ni intermetallic system
consists of a continuous solid solution at room temperature.?!
Therefore, the isolation of completely segregated Pd/Ni cores
(i.e. ones without crystallographic evidence of a substitutional
Pd/Ni crystal disorder at any atomic site) in the [Pd;;Niy-
(PPh;)§(CO),]* and [Pd4Ni,(PPh;),(CO),,]*~ anions,'® the
[Pd,Ni;4(CO)4;]* tetraanion,™ and the [Pd;4Ni;(CO),* tetra-
anion,®** must be a consequence of the markedly different
coordination behavior of Pd and Ni with the carbonyl/
phosphine ligands at each atomic metal site in the resulting
bimetallic core.

The trimetallic [AugPdg(Pd, _ Ni, )Ni(CO),,]* hexaanion?
contains a non-stoichiometric AugPdq(Pds_ Ni,)Ni,, nano-
sized core, in which a substitutional Pd/Ni crystal disorder was
found to occur at only six specific non-adjacent pseudo-
equivalent atomic M sites (three crystallographically independ-
ent); for the composite six-site crystal disorder of the (6 — x)Pd/
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xNi atoms, x was determined for seven crystals to vary from 2.1
(65% Pd, 35% Ni) to 5.5 (8% Pd, 92% Ni). In order to provide
an explanation as to why this particular Pd/Ni substitutional
crystal disorder occurs solely at six symmetry-related specific
atomic sites as opposed to exclusive occupation of either Au, Pd
or Ni atoms at the other 38 atomic metal positions, a qualitative
structure/bonding analysis was performed. The results clearly
indicate that metal-carbonyl as well as metal-metal bonding
must be taken into account in determining site preference
effects.”> In other words, stabilization-energy differences
between different metals at each atomic site in a heterometallic
carbonyl cluster are critically dependent upon composite con-
tributions of both metal-CO and metal-metal bond and site
energies. In this connection it has been shown theoretically for
CO-bridged metal sites that metal-CO bonding is dominant
relative to metal-metal bonding.

In sharp contrast, Teo et al** have recently shown that a
quantitative model based only on calculated relative metal—
metal bond energies can provide correct predictions of the
atomic site preferences determined crystallographically for their
unparalleled vertex-sharing centered polyicosahedral series of
bimetallic (Au-Ag) and trimetallic (Au-Ag-M; M = Ni, Pd or
Pt) clusters with phosphine/halide ligands.’® Their model**
assumes that metal-metal bonding in a heterometallic stereo-
isomer is composed of a covalent component and an ionic
component which are modeled in the bond-energy calculations
by use of cohesive energies and electronegativities, respectively.
The distance dependence of the metallic bond energy was
estimated by use of the Leonard—Jones potential. Teo et al.**
pointed out that their model, which compares the relative
strengths of metal-metal bonds for various stereoisomers, can
be applied to other heterometallic transition metal clusters, but
only where differences in metal-metal bonding are dominant
relative to differences in metal-ligand bonding. Site preference
effects of different metals in naked and ligated heterometallic
clusters were reported by Mingos and Zhenyang* on the basis
of their extensive analysis via MO perturbation theory.

(b) Possible substitutional Pd/Ni crystal disorder in [Pd,;Ni, -
(Ni; _ Pd)(CO),,J*" 1. Single-crystal X-ray diffraction analyses
of the initial crystal A indicated for its 26-atom bimetallic core
that 13 atomic sites are occupied by only Pd atoms and 7 atomic
sites by only Ni atoms within the top four layers. Crystallo-
graphic least-squares refinement including occupancy factors
revealed that in the bottom fifth v, triangular Ni, layer two of
the three pseudo-equivalent atomic sites within the inner Ni,
triangle possess a relatively small substitutional crystal disorder
involving the replacement of Ni by Pd atoms; the composite
composition for the three individual M sites was found to be
Ni; _ Pd, with x = 0.45 for crystal A. The sole presence of either
Pd or Ni atoms at the other 23 atomic sites with substitutional
Pd/Ni crystal disorder being limited to only the three M sites is
related to the extent of dissimilarity of the stabilization-energy
differences in the composite metal-metal and metal-carbonyl
bonding interactions for the resulting possible stereoisomers.
The relative bond-energy strengths of such interactions in the
tetraanion 1 are critically dependent upon the metal-metal dis-
tances within the distorted close-packed metal-core geometry,
whose observed large irregularities are attributed to metal
atom-size differences and bond-shortening effects of bridg-
ing carbonyl ligands coupled with resulting steric packing
influences among the surrounding carbonyl ligands.

The occurrence of only Ni atoms at the seven vertices in
the tetraanion 1 is in accordance with the previously deter-
mined crystal structures of close-packed Pd—Ni carbonyl clus-
ters.!%18:19:24 Thig atomic preference may be rationalized in terms
of terminal COs forming much stronger bonding interactions
with Ni than with Pd. Persuasive evidence for the terminal Pd—
CO bonds being much weaker is given by the paucity of known
palladium complexes (and clusters) that have terminal CO



ligands;'®*7 of these, a considerable number are not thermally

stable and undergo decarbonylation.

The presence of only Ni atoms at the three triangular sites in
the second layer of the tetraanion 1 is completely consistent with
CO-bridged Ni—Ni connectivities being much stronger (due
primarily to Ni-CO bonding) at the observed short intralayer
distances (means 2.46 and 2.45 A for crystals B and A). How-
ever, the means for the other metal-metal connectivities (Table
1) do not permit one to rationalize why substitutional Pd/Ni
crystal disorder is found in crystal A solely at the M sites in 1.
One can only generalize that its occurrence is a consequence
of the resulting overall relative energy stabilities based upon
combined metal-metal and metal-CO bond energies not being
sufficiently different for each individual stereoisomer. In this
connection the non-stoichiometric Pd,; 4sNi,ss core of 1 in
crystal A represents the superimposed non-stoichiometric
composite of all co-crystallized individual stereoisomers in the
crystal-averaged unit cell of this crystal.

Experimental
Syntheses of [Pd,;Ni,;(CO),,]* 1 as the [PPh,]" salt

(a) Method 1. In a typical reaction, Pd(OAc), (0.28 g, 1.20
mmol) was dissolved in 15 mL of DMF and added dropwise
over 20-25 min via a stainless steel cannula to a stirred solution
of [NMe,],[Nig(CO);,] (0.50 g, 0.60 mmol) in 15 mL of DMF.
The solution changed quickly from cherry red to dark brown
without any precipitate being formed. It was stirred at room
temperature for 6 hours, after which 4.5 g of PPh,Br dissolved
in 15 mL of MeOH were added via a cannula. An ice bath was
used to cool the reaction mixture before the addition of 150 mL
of distilled/degassed water. A dark brown solid, which precipi-
tated, was separated from the clear solution by filtration. The
solid was washed first with MeOH (4 X 50 mL) to remove the
excess of PPh,Br and then with THF (2 X 20 mL) to remove
the unchanged [Nig(CO),,]*". Extraction of the residue with
acetone gave a dark brown material (0.41 g) which was charac-
terized by X-ray diffraction as [PPh,]",[PdsNi,o(Ni;_ Pd,)-
(CO),,]* (where x = 0.45 for crystal A and 0 for B and C). After
the acetone extraction, a small amount of black powder
remained. In general, yields of the tetraanion 1 as the [PPh,]*
salt are >90% based on palladium.

(b) Method 2. A 0.15 g sample of the tetraanion 1 was also
prepared from the reaction of Pd(MeCN),(BF,), (0.20 g,
0.45 mmol) in 10 mL of DMSO with a mixture of [NMe,],-
[Nig(CO)y,] (0.25 g, 0.30 mmol) in 10 mL of DMSO and
Me;NO-2H,0 (0.07 g, 0.60 mmol) in 5 mL of DMSO. The
reaction was allowed to continue for 2 days at room temper-
ature, after which the product was isolated as described in
method 1. High yields (>90%) were again obtained based on
palladium.

X-Ray diffraction analyses

Crystallographic data are given for three crystals A, B, and C
selected from different samples.

Crystals from each sample were grown as dark brown, thin
plates by the slow-diffusion technique. The sample was dis-
solved in acetone and MeCN (1:1 ratio) and then layered with
diisopropyl ether in the dark in order to grow crystals (i.e. long
exposure to light led to the formation of an uncharacterized,
oily product). Intensity data were collected at —140 °C via a
SMART CCD area detector system mounted on a Siemens P4
diffractometer with graphite-monochromated Mo-Ka radi-
ation from a standard sealed-tube generator. An empirical
absorption correction (SADABS) * was applied to each data set
(for Mo-Ka: crystal A, n=3.648 mm™!; crystals B and C,
pw=3.625 mm™"). The structural determination was obtained
by use of direct methods. Anisotropic least-squares refinement

(based on F?) was performed with SHELXTL.* A centro-
symmetrically disordered solvated acetonitrile molecule lies on
one inversion center in the triclinic unit cell.

(1) Crystal A. [PPh,]",[Pd,;Ni(Ni; _ ,Pd )(CO),,]* -0.5Me-
CN, x=0.45; M=4498.48, triclinic, space group PI,
a=17.226(1), b=17.937(1), ¢=22.828(1) A, a=82.433(2),
B=87.584(2), y = 70.599(2)°, ¥ = 6595.00(3) A3, Z = 2. A sphere
of 41393 data was collected via 0.3 ¢ scans over a 20 range
of 3.60-50.00°. Refinement (1761 parameters/7 restraints for
solvent) on 22 169 independent merged reflections (R;,, = 0.039)
converged at wR2(F?)=0.110 for all data; R1(F)=0.043 for
18 263 observed data (I > 2a(1)).

(2) Crystal B. [PPh,]",[Pd;;Ni;(CO);]* -0.5MeCN, M =
4476.78, triclinic, space group P1, a = 17.205(3), b = 18.061(3),
€=22.922(4) A, a=82.306(3), f=87.368(3), y=70.283(3)°,
V=66452) A%, Z=2. A sphere of 35 088 data was collected via
0.3 w scans over a 20 range of 3.52-50.00°. Refinement (1774
parameters/79 restraints on the positional and the displacement
parameters of the solvent atoms, and the displacement param-
eters of four other light atoms) on 23,018 independent merged
reflections (R, = 0.047) converged at wR2(F?)=0.149 for all
data; R1(F) =0.050 for 17 604 observed data (I > 20([)).

(3) Crystal C. [PPh,]*,[Pd;;Ni;(CO);,)* -0.5MeCN, M =
4476.78, triclinic, space group P1, a=17.206(2), b = 18.040(2),
€=22.930(3) A, a=82.320(2), #=87.301(2), y= 70.260(2)°,
V =6639.0(14) A3, Z = 2. A sphere of 35 779 data was collected
via 0.3 w scans over a 20 range of 3.52-50.00°. Refinement
(1774 parameters/43 restraints on the positional and the
displacement parameters of the solvent atoms, and the dis-
placement parameters of two other light atoms) on 23 076
independent merged reflections (R, =0.069) converged at
wR2(F?) =0.274 for all data; R1(F) = 0.066 for 17 669 observed
data (I > 2a(1)).

CCDC reference number 186/2171.

See http://www.rsc.org/suppdata/dt/b0/b004595k/ for crystal-
lographic files in .cif format.

Elemental analysis and spectroscopic/electrochemical
characterization of [Pd,;Ni,,(Ni; _ Pd )(CO);,]*" 1 as the
[PPh,]* salt

An elemental analysis was performed by Desert Analytics
(Tucson, AZ) on a crystalline sample. Calculated values are for
[PPh,]",[Pd,3Ni;5(CO),,]* +0.5MeCN. Calculated (found): C,
35.14 (34.34); H, 1.83 (1.79); N, 0.16 (0.21); Ni, 17.04 (16.82);
Pd, 30.90 (30.99)%. The agreement between corresponding cal-
culated and observed percentages is good for each element. The
elemental analysis does not allow one to discriminate between
the stoichiometric [Pd;3Ni;3(CO)s,]*" formulation (x=0 for
crystals B and C) and the crystallographically determined
non-stoichiometric formulation (x = 0.45 for A).

An IR spectrum (MeCN) of [(PPh,),][Pd;3Ni;;(CO),,] exhib-
ited absorption maxima at 2027(vs) and 2001(sh) cm™* for ter-
minal carbonyls and at 1911(sh), 1887(s), and 1859(s) cm ! for
bridging carbonyls. A 'H NMR spectrum of 1 (500 MHz,
CD;CN, 23 °C) did not reveal any resonances which could be
ascribed to hydride species. A *C NMR spectrum (126 MHz,
CD,CN) gave signals corresponding to only the [PPh,]* counter
ions; resonances characteristic of the carbonyl ligands were not
detected either at room temperature or at —30 °C.

Cyclic voltammograms were obtained via a BAS-100 Electro-
chemical Analyzer with the electrochemical cell enclosed in a
nitrogen-filled atmosphere glove box. At 50 mV s~! scan rate in
acetonitrile (0.1 M NBu,PF, as supporting electrolyte) at a
platinum disk working electrode, two broad irreversible oxid-
ation waves at ca. 0.1-0.4 and 1.3 V and two broad irreversible
reduction waves at ca. —0.5 and —1.9 V (vs. SCE) were
observed.
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