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Contemporary research on Zintl ions pushes the boundaries
of inorganic chemistry, materials science, and cluster physics.
In particular, the area of main-group metal clusters embed-
ding one to three d-block or f-block metal atoms, designated
as intermetalloid clusters, has developed rapidly during the
last decade."

Anions such as onion-type [As@Ni,,@As,,]*"? or its Sn/
Cu analoguel’ are spectacular examples, besides complex
deltahedra like closo-[Ni,@{BisNig(CO);)]*" ! or non-delta-
hedral clusters [M@Ge, J'~ (M =Fe, Co).’! These are inter-
esting not only for their architectures and complexity, but also
as they point toward new aspects of cluster formation,
bonding, as well as to dynamics in solution or in the gas
phase. Oligo-/polymers of Zintl anions were also brought into
focus,!"! as well as organic derivatives to reduce charges and
add functionalities, as in neutral [Ge,{Si(SiMe;);};{SnPh;}].1%!

As Zintl anions usually act as precursors to intermetalloid
clusters, the low solubility of many Zintl phases has been
a limitation of the synthetic approach. Hence, most inves-
tigations were undertaken with fairly soluble polytetrelide or
polypnictogenide anions (E')* 0" (E¥,)*" ¥ or (Bi,)*,”
which was only recently extended by reactions of tetrahedral
(E",)*" anions, albeit in liquid ammonia.l” Heterometallic
Group 14/15 or 13/15 anions proved advantageous in this
regard, as they possess lower charges and consequently higher
solubilities. Reactions with (Sn,Sb,)*~,!""! (Sn,Bi,)*" ' or
(InBi;)* ¥ with various transition metal complexes yielded
first ternary intermetalloid anions, such as [Sn,Sbs-
(ZnPh),]>~ M [Zn@ZnsSn;Bi;@Bis]*~,"  [Ni,@Sn,Bis]*~,!
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[Ln@Sn,Bi;,_,]*", and [Ln@Sn,Bi;;_,]*” (Ln=La, Ce, Eu),"
[Pd;@SngBig]*,l""" or {[La@In,Bi,],(u-Bi),)*".) We have
recently shown that reactions of pseudo homoatomic
(Pb,Bi,)*~ with Ni’ or Zn** lead to homologous results.!'")
However, we noted that solubilities and yields improve
dramatically on using the Pb/Bi anion, which prompted us
to perform further studies with this precursor.

In contrast to the above observations, the reaction of
[K([2.2.2]crypt)],(Pb,Bi,)-2 en™ with [Pd(PPh,),], as a source
of Pd’, in ethane-1,2-diamine (en) produced an unprece-
dented intermetalloid anion with several structural and
electronic peculiarities.

[K([2.2.2]crypt)],[Pd@Pd,Pb,(Big]-2 en (1), comprising the
heaviest intermetalloid cluster anion known to date, was
obtained as extremely air-sensitive, black crystal plates
(Scheme 1). We provide the crystal structure, *’Pb NMR

[K([2.2.2]crypt)]o(Pb2Biz)-en + [Pd(PPhs)s]

en, filtration, layering by toluene,
crystallization at 4°C

[K([2.2.2]crypt){[Pd@Pd;PbiBic]-2 en (1, 60%)

Scheme 1. Synthesis and crystallization of compound 1.

spectra, X-ray spectroscopic and mass spectrometric inves-
tigations, as well as quantum chemical studies on the stability
and electronic structure of the anion.

The K/Pd/Pb/Bi ratio (4:3:10:6) of 1 was confirmed by
energy dispersive X-ray spectroscopy (EDX; Supporting
Information, Table S3), and the composition of the anion
was confirmed by detection of the mass peak by electrospray
ionization mass spectrometry (ESI-MS) of single crystals of
1 dissolved in dimethylformamide (DMF; SI, Figure S3-S9);
these also affirmed the anion to be stable in solution, and its
potassium adduct [K,Pd;Pb;Bis]” (m/z 3684.39; SI, Fig-
ure S4) to be transferrable into the gas phase.

At 4°C, compound 1 crystallizes in the triclinic space
group P1,?" as determined by single-crystal X-ray diffraction;
the structure of the [Pd@Pd,Pb,,Bi¢]* anion is shown in
Figure 1.

The molecular structure of the cluster, representing a Pd-
centered [Pd,(Pb/Bi),,] icosahedron with two main-group
element triangles attached, has no symmetry, but three
different pseudo symmetries can be considered (C,,, Cs, or
C,), depending on the assignment of two Pb and four Bi atoms
(Pb/Bi)9,10, and (Bi/Pb)3-6. However, as Pb and Bi atoms are
not distinguishable by X-ray diffraction, the assignment of the
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Figure 1. Structure of the anion in 1 (ellipsoids set at 50% probability),
with Pb/Bi assignment according to DFT-based perturbation calcula-
tion. Selected bond lengths [A] and angles [°]: Bi—(Bi/Pb) 2.965(2)—
3.004(2), (Bi/Pb)—(Bi/Pb) or (Pb/Bi)—(Pb/Bi) 3.002(2)-3.036(2), Pb—Pb
3.118(2)-3.382(3), Pb—(Bi/Pb) 3.158(2)-3.208(2), Pd-Bi 2.744(3)—
2.750(3), Pd—(Bi/Pb) 2.781(3)-2.963(3), Pd1-Pb 2.823(3)-3.035(3),
Pd2,3-Pb 2.905(3)-2.938(3), Pd—Pd 2.754(4)—2.769(4); Pd2-Pd1-Pd3
106.4(1).

atoms to the atomic positions was done by means of quantum
chemical calculation: The quantities known from the experi-
ment (charge g = —4, Bi/Pb ratio of 6:10, atomic coordinates)
were used for the optimum choice of the reference wave-
function that was subject to perturbational treatment,?!!
which served to determine preferred sites for the lighter
versus the heavier atom. A DFT calculation (density func-
tional theory with BP86 functional® and dhf-TZVP bases,*”!
compensation of the negative charge with the conductor-like
screening model®!) performed with the program system
TURBOMOLE®! with an average nuclear charge at each of
the 16 Pb/Bi positions, Z,, = (10 Zp, + 6 Zg;)/16 =82.375, was
performed for g = —4, yielding a stable closed-shell occupa-
tion (HOMO-LUMO gap of 1.2eV). It was shown previ-
ously?! that the first-order energy change upon change of the
nuclear charge for each position can easily be calculated from
the electrostatic potential at the respective position. As shown
in Figure S11, this first-order estimation indicates that posi-
tions labeled in Figure 1 as Bil and Bi2 are clearly preferred
by Bi atoms (ca. 90 kJmol '), whereas positions Pb1-Pb8 are
preferred by Pb atoms (Pbl and Pb2 by ca. 95 kJmol™', Pb3
and Pb4 by ca. 60 kI mol™', Pb5-8 by ca. 30 kI mol™"). For the
six positions (Bi/Pb)3-6 and (Pb/Bi)9,10, Bi atoms are
preferred by ca. 30-50 kJmol™'. The immediate conclusion
from these treatments would be a composition of eight Pb and
eight Bi atoms for the system and thus a charge of —2, which
was not realized in the crystal. For the actual charge of —4, ten
Pb and six Bi atoms are thus required, four of which are
predicted to reside at four of the six positions (Bi/Pb)3-6 and
(Pb/Bi)9,10. Indeed, energies for compounds with any dis-
tribution of four Bi and two Pb atoms at these six positions are
similar (after full DFT treatment including optimization of
structure parameters).

The intuitively assigned distribution would comprise two
(W’-Bi;)” units attached to a (Pd,Pb,,)*>" icosahedron (opti-
mized in C,, symmetry). However, two isomers were found,
which are slightly more favorable in energy (ca. 20 kJmol™).
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For both, positions labeled (Pb/Bi)9 and (Pb/Bi)10 are
occupied by Bi atoms. For the first, (Bi/Pb)3 and (Bi/Pb)5
(or equally (Bi/Pb)4 and (Bi/Pb)6) are occupied by Pb atoms
(C, symmetry); for the second, (Bi/Pb)3 and (Bi/Pb)6 (or
equally (Bi/Pb)4 and (Bi/Pb)5) are Pb atoms (C, symmetry).
Comparison of calculated and measured distances indicates
no preference of one of the three isomers. Mean values and
standard deviations for all distances below 3.50 A are similar,
524+4.0pm for C,, 54+4.4pm for C, and 52+5.2 pm for
C,. Smallest errors, 5.0+ 3.9 pm, are found for the averaged
atom distribution at the six positions in question (realized by
pseudo atoms with Z=2382.666). These numbers have to be
related to comparably large scattering in measured data, for
example, distances ranging from 2.870 to 2.969 A for Pd2,3-
(Pb/Bi)9,10 or distances ranging from 2.967 to 3.039 A in the
(n*-Bi,_,Pb,) rings.

Most probable is thus the co-existence of all of these
isomers that may be summarized as {Pd@Pb,,_, Bi, [Pd(1’-
Bi,_,Pb)],}*” (x=0, 1). Given that the situation in the solid
state and solution dynamics are similar, which does not
necessarily need to be the case, this is also in line with the
findings of ESI mass spectra of the single crystals, for which
apart from Bi; fragments (as released from the first isomer)
also Bi,Pb units (fragments of the other two isomers) are
observed with similar abundances (SI, Figure S8; as con-
firmed previously,'”! the precursor itself, as a potential source
of impurity, does not produce significant amounts of these
fragments under ESI-MS conditions). Additionally, also
a species with one (Bi;)~ and one (Bi,Pb)*" ring (no
symmetry) could exist, representing a hybrid of all of the
situations. The observed *’Pb chemical shifts also suggest
a mixture of isomers.

The central (Pd,Pb,, ,Bi,,)*" icosahedron that embeds
a third Pd atom is similar to the topology of known [M@E,,]~
anions (M/E/q = Tr/Sn/3;% Ni/Pb/2,?®! Pd/Pb/2,*®! Pt/Pb/
206b<l) \which were generated by the use of (Eo)* (E = Sn, Pb)
and represent homoatomic stannaspherene or plumbaspher-
ene cages, according with Wade-Mingos?”! 26-electron closo-
clusters. However, in 1, the icosahedron itself is a pallada-
plumbaspherene (or a pallada-bisma-plumbaspherene in case
of the other isomers), thus heterometallic in nature, which has
only been described so far for the Ni/Bi or Zn/Bi icosahedra
in closo-[Niy3;,@{BigNig(CO)}]* ™ or in [ZnyBi, ]’~,”* as
well as for the central, cationic [Bi;,Au,]*" heteroicosahedron
in [Bi;pAu,](SbBi;Bry),.™ Naturally, with two of the icosa-
hedral sites substituted by Pd atoms, the electron number is
different from those of the plumbaspherenes, and thus
requires electron donating ligands to achieve an isoelectronic
situation.

The Pb-Pb distances (3.118(2)-3.382(3) A) are in good
agreement with the values found for other polyplumbide
cages as in [M@Pb,(CO);]* (M =Cr, Mo, W; Pb-Pb 3.03-
3.41 A)» [Ni@Pb,,]> P [Cu@Pb,]*",*™ or [M@Pb,,]*
(M=Ni, Pd, Pt; Pb-Pb 3.02-3.23 A).*®< The Bi-Bi/Pb
distances (2.965(2)-3.004(2) A) are within those observed at
other Bi-containing polyanions, such as Bi/Ni (2.954(1)-
3.1204(6) A)¥ or Zn/Bi (3.1072(8)-3.3121(9) A)* heteroa-
tomic clusters, the quoted La/In/Bi cluster (2.9724(9)-
3.3847(7) A)"¥! or the (Bi,)*" ring (2.936(2)-2.967(2) A),*
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and somewhat shorter than in Bi-containing polycations like
[M@Bi, )"t (M/gq=Pd/4, Au/5; 3.082(2)-3.198(2) A).12%>3
Together with the interstitial atom, the three Pd atoms
adopt an angular arrangement (Pd-Pd-Pd 106.4(1)°, Pd---Pd
2.754-2.769(4) A). The distances compare well with values
reported for [Pd,@Ge,]*" (2.831(1) A),® or those within
[Pd;@SngBig]*~ (2.756(2)-2.774(2) A);""! unlike in 1, the Pd,
unit of the latter formed an equilateral triangle and was
completely embedded within the Sn/Bi cage. The only further
example for an open arrangement of three Group 10 metals
within an intermetalloid cluster is
given in [(Ni-Ni-Ni)@(Ge,),]* with
a straight alignment of three nickel
atoms within and on the shared
apex of two Ni-capped (Geg)*

of 0.26e~ each, Pbl and Pb2 of 0.14e"; charges for the other
atoms are below 0.1e”. For the [Pd(Bi;)]” unit, 0.42¢" is
found at the Pd atom and ca. 0.2e” for each Bi atom.
Replacement of a Pb atom with this unit without recalculation
of density and charges corresponds to summarizing of the
numbers of the last two columns in Table 1. This leads to
a charge of —0.68¢™ for the respective Pd atoms. Validation of
this description is evident by the similarity of these charges
with that resulting from the density calculated for the entire
system (first column in Table 1). The charges of the three Pd

Table 1: Atomic charges according to a Bader analysis based on the BP86/dhf-TZVP density for the
cluster ion in 1 assigned as {Pd@Pb,,[Pd (n*-Bi;)],}*~ (x=0; structure parameters optimized within G,
symmetry), for the modified ion [Pd@Pb,,]*~ and for the [Pd(n*-Bi;)]” fragment.

Cages.[34] Atoms Atomic charges [e7]

The most intriguing difference {Pd@Pby[Pd (’*-Biy) |}~ [Pd@Pb,,J" ¥ [Pd (n’*-Biy)] ™
of the anion in 1 with all known ppy ) _0.27 ~0.14 -
homoatomic, heteroatomic, or Pb3-8 —0.09...0.10 —0.08...0.09 -
intermetalloid Zintl anions is the Pb9,10 —0.01 —0.04 -
presence  of  the  triangular Pd23/Pb11,12 —0.58 —0.26 —0.42
(Biy_, Pb)**Y~ unit, which, in Pd1 —052 —061 -

Bi —0.18...0.22 - —0.19...0.20

agreement with the ESI-MS data,
may be either (Bi;)”, thus the
second monocyclic polybismutide
anion beside the square (Bi,)*", or
(Bi,Pb)*". In both cases, the cycle contains 16 valence
electrons in the sum, thus two electrons more than a hypo-
thetic “(Bi;)™”, which would be isoelectronic with the two-
electron  Hiickel-aromatic  cyclopropenylium  cation
(C;H,)*.>%) Thus, it should represent an 1’-four-electron
ligand to contribute to a 14-electron fragment [Pd(n’-
Bi;_,Pb)®™D7], which serves to accomplish the required
electron number for a closo-cluster according to Wade—
Mingos rules, as most simply explained on the isomer with
two (Bi;)~ rings (x=0): in the presence of two transition-
metal atoms, the icosahedron should comprise a total of 70
valence electrons to match the number of 2 42 =26 skeleton
electrons upon subtraction of exo-cluster electrons. Indeed, 10
Pb atoms plus 2 [Pd(Bi;)]” fragments plus 1 interstitial Pd"
atom plus 2 additional negative charges result in 10 x4 +2 x
144+0+42=70 valence electrons. Identical numbers are
obtained for the Pb/Bi-exchanged isomers (x =1).

We investigated by quantum-chemical treatments (BP86/
dhf-TZVP), whether regarding the isomer with Pb atoms at
positions (Pb/Bi)9,10 (that is, x = 0) as “[Pd@Pb,,]*~ with two
Pb atoms replaced with [Pd(n’-Bi)]” units” is justified, and
whether an analogous description is possible for the isomer
with Bi atoms at those positions. At first, structure parameters
of this isomer were optimized, next, the [Pd(n’-Bi;)]” units
were replaced with Pb atoms, and finally, atomic charges were
calculated for the resulting three systems (for [Pd@Pb,,]*~
and for [Pd(n’-Bi;)]” without further optimization of struc-
ture parameters). We employed the method by Bader®” in
a preliminary implementation in a local version of TURBO-
MOLE.”!

In [Pd@Pb,,]*, the central Pd atom carries a comparably
high charge of 0.61 e, the two Pb atoms that replaced the two
[Pd(Bi3)]™ units (labeled as Pb11 and Pb12) comprise a charge
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[a] Without further structure optimization.

atoms are lower by ca. 0.1e", that of Pb1l and Pb2 higher by
ca. 0.15e7, and differences for the other atoms are 0.03e™ or
smaller; the accumulated changes in atomic charges amount
to 0.77e". These small differences support the above descrip-
tion of the C,,-symmetric anion in 1.

For the isomers with interchanged positions (Pb/Bi)9,10
and (Bi/Pb)3,5 (or (BiPb)3,6)), the respective description
would be {Pd@PbgBi,[Pd(n*-Bi,Pb)L,}*" (x=1), with “two
[Pd(n’-Bi,Pb)]*~ units replacing two Pb atoms in
[Pd@Pb,(Bi,]*"”. This would, however, mean a rather inho-
mogeneous assignment of negative charges, which is not
expected for a polyanion consisting of elements with similar
electronegativities. In fact, the analogous calculation of
charge differences between fragments [Pd(n*-Bi,Pb)]*" plus
[Pd@Pb,,Bi,] and the entire cluster {Pd@PbgBi,[Pd(n’*-
Bi,Pb)],}*" (both isomers, C; and C,) yields accumulated
values of ca. 3.1e", indicating an equilibration of charges in
the “real” cluster and thus a significant deviation from this
simple model.

Whereas in the reported bimetallic [Pd@Pb,,]*~ plumbas-
pherene the Pb atoms are all equivalent on the NMR
timescale, the distinct differences of the Pb atoms in 1 is
reflected by *’Pb NMR spectroscopy investigations of
solution of single crystals in DMF at —5°C (SI, Figure S10).
One observes four peaks, one of which accords with the
precursor signal (—3870 ppm), indicating that the sample
included microcrystalline or powdery precursor, which tends
to precipitate along with the products.'*'” The three product
peaks are very broad, most likely representing an overlay of
several signals of Pb atoms with similar electronic situations.

To correlate the order of the experimentally observed
27ph chemical shifts, as well as the number and broadness of
the signals, with the anionic structure, the electrostatic
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Figure 2. Electrostatic potential at the (possible) Pb nuclei i (i=1-15),
without the contribution from the respective nucleus i, in the three
discussed isomers of {Pd@Pb,,_,,Bi,[Pd(n*-Bi;_,Pb,)],}*".

potential at each atomic position i was calculated (without the
contribution of the nuclear charge at i) for each of the three
isomers (Figure 2).

Both chemical shifts and electrostatic potential values at
the nuclei are sensitive to the chemical environment in
a similar manner and thus the latter may serve at least for
a qualitative picture for the interpretation of the measured
27Pb NMR spectra. There are two explanations possible in
principle: 1) only the C,,-symmetric isomer is observed, with
three groups of signals being distant from each other by
approximately equal values; however, in this case, one would
not be in the position to explain the observed broadness of all
three peaks; 2) the co-existence of the three isomers is
observed, with the three signal groups representing the three
“packages” of electrostatic potential values shown in
Figure 2; here, the relative position of the signal groups are
not exactly equidistant, but still well-separated, with each of
them covering a considerable range in agreement with the
broad signals, even according with the peak with the smallest
width arising in lowest field, the broadest appearing in
moderate low field, and a somewhat less broad high-field
signal (SI, Figure S10). These findings once more support the
second interpretation of a co-existence of the isomers as the
most probable.

We conclude that the employment of a pseudo-homoa-
tomic precursor anion (Pb,Bi,)*” instead of homoatomic
(Pby)*~ significantly affects the product formation in reactions
with [Pd(PPh;),]: a trimetallic cluster anion with 19 atoms is
formed with a unique 14-electron [Pd(n*-Bi;_,Pb,)**D"] unit
(x=0, 1) that formally replaces two Pb atoms of the Pd-
centred plumbaspherene obtained upon use of (Pby)*.
Although the intuitively suggested replacement of the Pb
atoms with [Pd(n>-Bi;)]” is supported by only small differ-
ences in atomic charges as compared to the [Pd@Pb,,]*~
anion, a combination of comprehensive experimental and
quantum chemical studies show that a co-existence of several
isomers with Pb/Bi exchange on six atomic positions is most
likely.

Experimental Section
Synthesis: All manipulations were performed under an argon
atmosphere (standard Schlenk or glovebox techniques) using dry
and freshly destilled solvents stored under Ar. [2.2.2]crypt (Cryptofix,
Merck) was dried in vacuum for 13 h. Tetrakis(triphenylphosphine)-
palladium(0) (99 %, Aldrich) was used as received. For details of the
synthesis and analyses of 1, see the Supporting Information.
Single-crystal X-ray diffraction: Data collection was performed at
100 K on a D8 Quest area detector system (Bruker AXS) using
MoKa radiation. A numerical absorption correction based on
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measured crystal faces has been applied. The structure was solved
by direct methods and refined with SHELX software.*® For details
see the Supporting Information. CCDC 951743 (1) contains the
supplementary crystallographic data for this paper. These data can be
obtained free of charge from The Cambridge Crystallographic Data
Centre via www.ccdc.cam.ac.uk/data_request/cif.

Quantum chemical methods: DFT treatments were carried out
with the program system TURBOMOLE®! using the BP86 func-
tional® with dhf-ECPs®™! and dhf-TZVP basis sets® as well as
respective auxiliary basis sets;* spin-orbit effects are treated self-
consistently within the DFT procedure.*!! The COSMO solvation
model® was applied with default parameters. Atomic charges were
calculated according to Bader’s mothod,” with a preliminary
implementation in our local version of TURBOMOLE, mainly
following the technique proposed by Rodriguez et al.?
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