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Synthesis of [Ni;;Pd;;(CO)4]* and
[NiyPd,(CO)s,]* and Structural
Characterization of
[NnBu,]4[Ni;cPd;6(CO),4]**
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Joanna Wolowska

Recent collision-induced dissociation studies on the gas-
phase [Pd;(CO),]~ cluster!] supplement other experimental
observations,>”] which seem to suggest the feasibility of
homoleptic carbonylpalladium derivatives. Thus, although the
measured average Pd—CO bond dissociation energy (ca.
134 kJmol') is weaker than that measured for the
[Pt;(CO)¢]~ congener (ca. 173 kJmol™?), its value does not
seem, however, sufficient to rule out the possible existence of
binary palladium carbonyl compound in solution, unless their
formation is hindered by some competing reaction.l!! The
belief that the preassembly of a Pd kernel of critical size could
ultimately favor the synthesis of a binary palladium carbonyl
compound in solution led us to tackle the synthesis of Ni—Pd
homoleptic carbonyl bimetallic clusters (HCBCs) as potential
precursors of the former. So far, only the related phosphane-
substituted derivative [NigPd;;(CO),(PPhy)e]*® and the
trimetallic derivative [AugNig(Pd_Ni,)Niy(CO).]0 ! have
been reported. To our knowledge, the only Ni-Pd HCBC
cited in literature is the incompletely characterized
[Niy_,Pd (CO)J*~ (x~16; y~36) species, which has been
used as precursor for the synthesis of the giant complex
[Pdse(CO)3,(PMes), ] 1)

Investigation of the reaction of [Nig(CO),,]*~ with Pd!
compounds in miscellaneous molar ratios and reaction
solvents displayed the existence of wide series of Ni—Pd
HCBCs. We report here our first results on the synthesis,
chemical properties, and X-ray structurual characterization of
the tetraanion [Ni;Pd;s(CO)y]* (1), as well as preliminary
details of the closely related hexaanion [Ni,Pd,,(CO)s,]~ (2).

The tetrabutylammonium salt of 1 separated out in about
50% vyield (based on Pd) as a microcrystalline dark precip-
itate directly from the reaction of [NnBu,],[Nig(CO);,] with
[PA(SEt,),Cl,] in THF and was recrystallized by extraction in
acetone and precipitation with n-hexane. Crystals of
[NnBu,]s[2] were obtained in low yields (5-10%) from the
filtered THF reaction solution upon layering with n-hexane.
The structure of 1" is shown in Figure 1; its metal skeleton is
represented in Figure 2 (left) as deriving from condensation of
two NigPdy vertex-truncated v;-tetrahedra through their
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Figure 1. The structure of 1: black spheres represent the palladium atoms.
Range of M—M bonds [A]: Ni-Ni 2.426(1)-2.473(1), Ni-Pd 2.582(1)-
2.825(1), Pd-Pd 2.674(1)-2.930(1). The Ni—Ni inter-layer separations of
the outer pair of layers are outside of the above range (mean value 3.07 A).
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Figure 2. Comparison between the ¢p metal framework of 1 (left; oriented
as an abcbca sequence of compact layers) and the ccp metal framework of 2
(right; as an abcabca sequence).

Ni,Pd;s hexagonal faces, giving rise to a six-layer close-packed
metal framework. Two Pd atoms are encapsulated in two
Ni,Pd;, twinned cubooctahedral moieties and the cluster
surface solely comprises triangular faces with all possible
combinations of the two metals. The forty carbonyl groups
display most possible CO coordination modes. They comprise
linear, and symmetrical edge- and face-bridging ligands, as
well as unsymmetrical and semibridging carbonyl groups with
sub-van-der-Waals Pd—C contacts of 2.3-2.5 A. Only nickel
atoms bind terminal carbonyl groups. Both homo- and
heterometallic edges are spanned by bridging CO groups.
Notably, only the Pd; triangles of the miscellaneous Ni;_ Pd,
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(x=0-3) triangular faces are not capped by a face-bridging
carbonyl group. CO binding to Pd only as a bridging ligand in
1is in keeping with its preferential coordination as a bridging
adsorbate on Pd surfaces of different topologies.'"! Such
preferential coordination has been explained by a theoretical
study.['é]

The HCBC 2'7) displays a metal structure closely related to
that of 1 and a similar carbonyl distribution comprising also
capped Pd; faces. As shown in Figure 2 (right), its metal
framework formally derives by sandwiching a NigPd, layer
between the two NigPdg vertex-truncated vs-tetrahedra and
addition of four capping Ni atoms. As a result, four Pd atoms
are encapsulated in the cubooctahedral moieties.

The Ni-decorated palladium kernels of 1 and 2 (Figure 3)
bear little structural resemblance with the so far known Ni— Pt

HCBCs, namely [H,_ ,NigPt;(CO), )"~ (n=2-4), [NizPt,-
(CO),s)°~, and [Hg_,NisgPto(CO)ys]"~ (n=4-6).181 The only
similarity is shown by the metal atoms of the NisPd; outer
moieties, which are arranged as the related moieties of
[Hy_NigPt;(CO) "

Figure 3. Space-filling model of the nickel-decorated Pd frameworks of 1
(left) and 2 (right).

Extended Hiickel(EH) MO calculations with the CACAO
program!'”! on 1 and 2 disclose neat energy gaps after the
360th and 500th (from bottom) molecular orbitals, respec-
tively. The four and six additional valence electrons, respec-
tively, present in 1 and 2, populate closely spaced weakly
antibonding molecular orbitals delocalized over the inner
metal core and carbonyl ligands. The nature of the frontier
orbitals and the energy separations between them suggest
that 1 and 2 could have several valence electrons and be
magnetic.?*- 21 However, preliminary magnetic measurements
at room temperature with the Gouy method did not substan-
tiate the presence of unpaired electrons in 1 and 2.

Both 1 and 2 readily eliminate Ni(CO), under a carbon
monoxide atmosphere and afford unstable species that
contain insignificant amounts of nickel; their solutions display
IR patterns almost coincident with those of the smallest
carbonylated crystalline Pd/poly(vinylpyrrolidone) col-
loids,? and absorption wavenumbers influenced by their
redox state (terminal and bridging CO in the 2040 - 1990 (mw)
and 1930-1890 (s) cm~! range, respectively). If nothing more,
the Ni-Pd HCBC may turn out to be possible precursors of
palladium carbonyl colloids of tailored size.
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Experimental Section

[PA(SEt,),Cl,] (1.80 g, 5.04 mmol) was added in portions to a solution of
[NnBu,],[Nig(CO),,] (3.54 g, 3.02 mmol) in THF (60 mL) under stirring
over a period of 6 h. The mixture was left to react for 12 h. The resulting
dark brown suspension was filtered. The microcrystalline precipitate was
thoroughly washed with water (40 mL) and THF (40 mL), extracted in
acetone (40 mL), and precipitated by layering of n-hexane (60 mL) to give
black prisms of [NnBuy],[1] (743 mg, 49.8% based on Pd). The salt is
soluble in acetone, acetonitrile, dimethylformamide, and dimethyl sulf-
oxide, sparingly soluble or insoluble in THF, alcohols, and nonpolar
solvents. IR (acetonitrile): 7, =2016 (s), 1883 (m), and 1820 (m) cm™' .

Layering of n-hexane on the filtered THF reaction solution afforded black
crystals of [NnBuyls[2]-xC¢Hyy (94 mg). The salt is soluble in acetone,
acetonitrile, dimethylformamide, and dimethyl sulfoxide, sparingly soluble
in THF, and insoluble in alcohols and nonpolar solvents. IR: (acetonitrile):
Teo=2015 (s), 1863 (ms), and 1800 (w) cm~.
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[Li(thf),],"[Ga,(C3Hy)y9)* 2 The First
Molecular Compound with an Icosahedral
Ga,, Framework**

Andreas Schnepf, Gregor StoBer, Ralf Koppe and
Hansgeorg Schnockel*

Starting from metastable AlIX and GaX solutions (X =Cl,
Br, I), which can be prepared by using a cocondensation
method,!"! metalloid clusters such as ALR,,” Al,R¢ P!
Al;R,> 11 (R =N(SiMe;),) and Ga,RgP! (R =Si(SiMe,);,
Ge(SiMe;);) have recently been synthesized in metathesis
reactions. In contrast, there are only a few examples in which
polyhedral species such as (AIR),*/(GaR),* (x=0, 1, 2)
have been prepared from AIX/GaX solutions or similar
routes. In addition to tetrahedral (MR), compounds, for
example B,R,.[ AL,Cp#, and Ga,[C(SiMe;);],, as icosa-
hedral species for the two lightest elements of Group 13,
besides numerous boron compounds, only the following
aluminum species have been structurally characterized:
Al,iBup?~ Pl and Aly,(AlBr) - 2THE! 1 A corresponding
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molecular gallium compound is as yet unknown,!'?! although
there are numerous examples of icosahedral partial structures
for gallium in solid-state chemistry.l'¥l We report here on the
first molecular compound with an icosahedral Ga,, unit.

A metastable GaBr solution, which was obtained by the
simultaneous condensation of the high-temperature molecule
GaBr with a toluene/THF mixture, was treated with a
fluorenyllithium/toluene solution at —78°C. Allowing the
mixture to warm to room temperature, followed by removal
of the solvent in vacuo gave a dark red oil, which was
subsequently dissolved in THF. Crystals of [Li(thf),],-
[Ga;,(Ci5Hy)y] (1) were obtained from the resulting dark
red THF solution. The result of an X-ray crystal structure
analysis of the anionic Ga;, unit is shown in Figure 1.

Figure 1. Molecular structure of Ga,,(Cj3H,),i>~ in 1: For clarity only the
carbon atom directly bound to the gallium atom is shown in each case for
the fluorenyl ligands. Bond lengths (min./av/max.) [pm] in the different
regions labeled by numbered arrows: d(Ga—Ga),=264.72(7)/265.3/
265.87(7), d(Ga—Ga), =258.27(7)/258.9/259.14(6), d(Ga—Ga); =267.33(9)/
268.4/269.69(8).

The structure reveals that fluorenyl ligands are only bound
to ten of the twelve gallium atoms, which are arranged in the
form of an icosahedron. This iscosahedron is slightly elon-
gated in the direction of the “naked” gallium atoms, thus the
longest Ga—Ga contacts (268.4 pm) are found between the
two Gas rings. The distances between the “naked” Ga atoms
and the Ga atoms of the respective Gas rings (265.3 pm) are
only slightly shorter. The shortest Ga—Ga distances
(258.9 pm) of the Ga,, framework are found in the Ga; rings.
The ten fluorenyl ligands are each bound to one gallium atom
(2059 pm) in a o-like fashion and are tilted in a regular
fashion in one direction, which is particularly evident on
inspection of 1 along an axis running through the two “naked”
Ga atoms (Figure 2).

Since the question of whether the “naked” Ga atoms are
each saturated by a H atom could not be answered unambig-
uously from the X-ray structure analysis, we recorded IR
spectra on the crystals; however, these revealed no indications
of a Ga—H bond. These experimental findings were confirmed
by quantum-chemical calculations,"*! which showed that the
Ga—Ga and Ga—C distances calculated for the model com-
pound Ga,(CH;),i>~ are in good agreement with those
measured in 1.1

In order to compare the bonding in 1 with the Wade-like
bonding in polyhedral boranes by using simple MO diagrams,
we performed additional density functional theory (DFT)
calculations for Ga,,H,,>~ (1a), Ga;,H,;>~ (1b), B;,H,>~ (1a’),
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