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Cluster anions [Cp*RuPby]* (1) and [Cu@Cp*RuPby]> (2)
represent the first vertex-substituted Zintl icosahedra and 1 is the
first non-centered Zintl icosahedron isolated in the condensed
phase. Complexes 1 and 2 are both 12-vertex, 26-electron closo-
clusters with Cs, point symmetry and are static on the 27Pb NMR

time scale in solution.

Homoleptic and mixed-atom main-group icosahedra are
emerging as a diverse class of highly symmetrical clusters that
are reminiscent of the fullerenes.! In contrast to transition
metal clusters, these Zintl phase species usually contain no
supporting organic ligands, often possess rigorous /, point
symmetry and unusual electronic structures. Unlike the borane
and transition metal icosahedra, such as [B12H12]%7,2 C2B1oH12,3
[3,3’-M(1,2-C3BgH11)2]~ (M = Fe, Co, Ni) 4 and the hetero-nickel
clusters, [Nijpo(EMe),(CO)18]1> (E = P, As, Sb, Bi),> and
[NigTes(CO)12]%,6 the isolated examples of Zintl ion based
icosahedra invariably contain endohedral metal atoms.” The
homoleptic [M@Pbi,]" clusters contain a range of endohedral
metal atoms (M = Ni, Pd, Pt, Co, Rh, Ir, Au; n = 2, 3) 737 as do
the mixed-atom complexes, such as the [TI@TI4;Pbg]* ion & and
the closo-[Pd@Pd,PbioBis]* polyhedron.?® The [TI@TIi2]11"
cluster 10 found in the NaszKsTli3 Zintl phase also confirms the
tendency of embedding endohedral atoms in bare icosahedra.
The ubiquitous occurrence of endohedral atoms suggest that
their presence is necessary to either template or stabilize the
structures through radial bonding. The large J-coupling
between the NMR spin-active endohedrals and the icosahedral
vertices (e.g. Uazo7pb-10spt = 3440 Hz for [Pt@Pbiy]%) are
consistent with this hypothesis.”¢
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The presence of NMR spin-active nuclei (e.g. 1195n and 207Pb;
I = 1/2) in the [M@Pbi]™ framework structures provides a
powerful probe of bonding and fluxional properties. For
example, the nine Sn atoms of [Pt@SnyPt(PPhs)]%,1 are in fast
exchange on the NMR time scale whereas the two Pt atoms are
not. In contrast, the [EsM(CO)s]4 complexes where E = Sn, Pb;
M = Cr, Mo, W, are static on the NMR time scale with no
observable exchange of vertex atoms.12

We report here the synthesis and characterization of the
[Cp*RuPbi11]3~ icosahedral cluster, (1) and the endohedral
derivative [Cu@Cp*RuPbi1]%-, (2). Cluster 1 is the first ML,
vertex-substituted icosahedron and the first endohedral-free
icosahedron in this class of Zintl clusters. 27Pb NMR studies
show that insertion of the Cp*Ru vertex into the framework
renders both 1 and 2 static on the NMR time scale. 3Cu NMR
studies on 2 show that the static structure and its inherent
asymmetry fail to eliminate the quadrupolar effects observed in
other symmetric endohedral Cu* complexes. The Cp*Ru vertex
substitution also causes static distortions in the structures of
both 1 and 2 that are not present in the homoleptic icosahedra.
The absence of an endohedral metal atom in 1 suggests that
other endohederal-free icosahedra, such as those observed in
the gas phase, may be accessible in the condensed phase.
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(c)
Fig. 1 ORTEP drawings of the [Cp*RuPb11]3~ ion, 1, showing (a) a side
view and (b) a top view down the Rul—-Pb12 axis. For clarity, the two

different Pbs pentagonal planes normal to the Rul-Pb12 axis are shown
in different colors (black and light green). (c) ORTEP drawing of the
[Cu@Cp*RuPb11]? ion, 2. Thermal ellipsoids were drawn at the 50%
probability level.
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The {[K(18-crown-6)];[K(en),(18-crown-6)]}(1) salt s
monoclinic, space group C2/c and contains non-interacting
[Cp*RuPbi1]3 icosahedra (Fig. 1a) with two [K(18-crown-6)]*
and one [K(en),(18-crown-6)]* cations per anion (Fig. S1a). The
two [K(18-crown-6)]* cations and the [K(en)(18-crown-6)]*
cation show some disorder, which was successfully modeled.
Both of the [K(18-crown-6)]* cations are coordinated to the
cluster through K*--Pb interactions (3.719(3) A, ave). A
summary of the crystallographic data is given in Table S1 and
the selected bond distances are given in Tables S2 of the
Supporting Information. The [Cp*RuPbii]3>* anion contains
eleven Pb atoms and one Ru atom that define the vertices of
the icosahedral cage (Fig. 1a). The n>-Cp* ligand symmetrically
caps the Ru atom and is in a staggered configuration with
respect to the top Pbs ring (Pb2—Pb6), giving overall Cs,
molecular symmetry (Fig. 1b). Using a Wade-Mingos electron
accounting analysis,13 each Pb atom contributes two electrons
to cluster bonding, the Cp*Ru moiety contributes one electron,
and the -3 charge provides three electrons to give 26 cluster
bonding electrons [(11 x 2) + 1 + 3 = 26] and a 2n+2 closo
architecture where n is the number of deltahedral vertices. As
such, the [Cp*RuPb11]3 cluster anion possesses a 12-vertex, 26-
electron closo structure and is isostructural and isoelectronic to
the [Cp*RuC,BgH11] metallocarborane.1

The icosahedral framework of 1 is distorted relative to known
endohedral [M@Pb1,]™ clusters containing homoleptic vertices
(M = Ni, Pd, Pt, Co, Rh, Ir, Au; n = 2, 3).727¢ The major impact on
structure results from the five short Ru—Pb contacts (2.9304(12)
A, ave.) relative to the average of the 25 Pb—Pb contacts
(3.166(9) A, ave.). As a result, the Pb—Pb contacts within the top
square plane (Pb2 through Pb6) are statistically shorter
(3.023(8) A, ave.) relative to the Pb—Pb contacts in the
remainder of the structure. The ten Pb—Pb contacts between
the top and bottom pentagonal planes are the longest at
3.235(9) A, ave., whereas the remainder average 3.113(9) A.
These asymmetries result in three groupings of Pb—Pb contacts:
short contacts within the top pentagonal plane, long contacts
between pentagonal planes and "normal” contacts within the
bottom pentagonal plane (Pb7 through Pb11) and to the Pb12
vertex. For reference, the Pb—Pb contacts in the [M@Pb1,]™
clusters have averages that span the range from 3.078A (Ni)72
to 3.216 A (Pt).7¢ In addition, the distortions observed in 1 are
quite different from those observed in the related [Es]* ions (E
=Sn, Pb) and their metallated [closo-EsM(CO)sls- derivatives (M
=Cr, Mo, W; E = Sn, Pb) 12 where the interatom contacts within
the bottom planes are elongated.

As expected, the electron deficient Ru—Pb contacts in 1 are
longer than 2c-2e Ru—Pb bonds reported in the literature, which
span the range from 2.667(5) A to 2.802(6) A.1> The Ru—Pb
bonds in 1 are more akin to the Mo—Pb bonds (3.001(6)—
3.093(7) A) found in the planar cyclo-[{{OC)3sMo}Pbs{Mo(CO)s}]*
ion.16 The Ru—C distances to the Cp* ligand average 2.201(14) A
are significantly longer than those in the related Cp*Ru-
metallaborane complexes (1.819 A),17 but are comparable to
other Cp*Ru-compounds that are less electron deficient (2.15 A
~2.25A).18

2| J. Name., 2012, 00, 1-3

The {[K(18-crown-6)]a(tol)2}(2) salt is triclinic, space group P-
1 (No. 2), and contains two toluene solvate molecules in the
crystal lattice. A summary of the crystallographic data is given
in Table S1. Selected bond distances and angles for the clusters
are given in Tables S3. Both of the [K(18-crown-6)]* cations are
coordinated to the cluster through K*---Pb interactions (3.693(6)
A, ave), with one of the [K(18-crown-6)]* cations being
disordered in two different orientations. The structure of the
[Cu®@Cp*RuPb;;]? ion, 2, is shown in Fig. 1c. The formal
insertion of the Cu* ion into the [Cp*RuPb1;]3- cluster results in
an overall -2 charge for 2 but does not alter the total electron
count due to the d?9 configuration of the cuprousion.1® As such,
2 is also a Cs, 12-vertex, 26-electron closo cluster and is
isostructural to 1. The average metric parameters of 2 are
statistically equivalent to those of 1 except for a slight
contraction within the top pentagonal plane. The groupings of
bond distances persist in 2 with short contacts within the top
pentagonal plane (3.068(18) A, ave.), long contacts between
pentagonal planes (3.267(7) A, ave.) and "normal" contacts
within the bottom pentagonal plane and to the Pb12 vertex
(3.182(5) A, ave.). The five Ru—Pb contacts and the 11 Cu—Pb
average 2.945(7) A and 3.011(11) A, respectively. The Cu* is
symmetrically centered within the icosahedral structure with
the exception of the shorter Cu—Ru contact (2.843(1) A) relative
to the longer Cu—Pb12 contact (3.075(1) A). The Cu—Pb contacts
in 2 are significantly longer than the 2.700(7) A contacts found
in the related [Cu@Pby]3 ion.20

The 207Pb NMR spectrum of the [Cp*RuPb11]3 cluster, 1, (Fig.
S10) shows three 2°7Pb resonances at 315, -88 and -365 ppm,
with the expected relative intensity ratio of 5:5:1. These data
are consistent with expectations based on the solid state
structure and show that the cluster is static on the 2°7Pb NMR
time scale, as described below. Based on the integrated peak
intensities, the three resonances can be assigned to the two
pentagon rings and the unique vertex Pb atom, respectively.
The 315 and -88 ppm peaks each contains satellite doublets
(1J207pb.207pb =4198 HZ) with relative intensities of 1.0:3.8: 1.0
(averaged over several experiments). The satellites arise from
1J507pb-207Pb Mutual coupling between the chemically distinct Pb
atoms of adjacent Pbs pentagonal rings. In the solid-state
structure, the Pb atoms in each pentagonal ring are bound to
two chemically equivalent Pb atoms within their own ring and
two chemically inequivalent Pb atoms in the adjacent ring. Only
207Pp atoms is observed
experimentally and gives rise to the satellite patterns on the 315
and -88 ppm peaks. Using a statistical analysis of isotopic
coupling between chemically inequivalent 2°7Pb atoms (297Pb, |
= %; abund = 22.1%), one predicts a 1.00 : 3.66 : 1.00 intensity
ratio for the central resonance and its satellites, which is similar
to the experimentally observed ratio. The 4198 Hz J,07pb-207Pb
interplanar coupling in 1 is similar to that observed in the
related closo-[1-Mo(CO)s(n?%Pbs)]* anion (4500 Hz).12¢ The 207Pb
NMR resonance at-365 ppm is a second order resonance arising
from the apical Pb12 atom in 1. The pattern shows a central
peak at -365 ppm with 4 other primary lines at non-interval
spacings (Fig. S10).

coupling to the inequivalent

This journal is © The Royal Society of Chemistry 20xx
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- 1 The  electronic  structure of [Cp*RuPby;]®  and
(eV) (== [Cu@Cp*RuPb;1]?> were investigated via density functional
-1.01 === theory calculations, which revealed a sizable HOMO-LUMO gaps
-2.04 LUMO of 1.638 eV and 1.611 eV, respectively, indicating stability of the

4d-Ru
-3.04 -y 3d-Cu HOMO
== 4s-C
40/ i s-Cu
-5.04
-6.0{ (T
Cp‘z‘Ru HOMO-1 -2

Fig. 2 Electronic structure for Cp*;Ru, 1, and 2, and frontier orbitals for 1.
Total density of states (black) and PDOS for 4d-Ru, 3d-Cu, and 4s-Cu. Green
levels denote the main Pbii character.

Spectra collected from different crystalline samples at three
different magnetic field strengths (Fig. S12) give the same
multiplet pattern with the same peak separation in Hgz,
indicating that the multiplet arises from second order coupling
associated with the Pb12 atom.

The insertion of Cu*! ion into the [Cp*RuPbi1]3" cluster gives
the [Cu@Cp*RuPbi1]? ion, 2, which shows significant upfield
shifts of the Pb signals relative to the parention 1 (Fig. S11, left).
Cluster 2 remains static on the NMR time scale and shows two
equal intensity resonances associated with the top and bottom
pentagonal rings. The signals appear at -430 ppm and -623 ppm,
which are more than 500 ppm upfield from the corresponding
resonances of 1. The ~4900 Hz J,07pb-207pb cOupling between the
two rings is similar to that of 1 but is poorly resolved due to the
lower signal-to-noise ratio of the spectrum. The resonance for
the Pb12 atom of 2 was not located. The ¢3Cu NMR signal for 2
appears as a broad resonance centered at 885 ppm, with a line
width of 9015 Hz (Fig. S11, right). The peak is downfield by 1215
ppm compared to the related [Cu@Pbs]3 and [Cu@Sns]3 ions20
and is significantly broadened due to the quadrupolar nature of
the 83Cu nucleus (°3Cu, | = 3/2; abund = 69.2%). In the [Cu@Es]3-
complexes, the quadrupolar broadening is eliminated due to
the symmetrical environment of the endohedral Cu*! ion
provided by the fluxional behavior of the Pbg cage and the %3Cu
NMR spectra are sharp with well-defined coupling. The inherent
asymmetry of 2 precludes the elimination of quadrupolar
broadening. The data show that clusters 1 and 2 are static on
the 297Pb NMR time scale. The three distinct resonances
observed for 1 show that there is no exchange between the
pentagonal rings or the apical Pb12 atom. In addition, the
integrated satellite intensities on the signals for the pentagonal
rings show that each Pb atom is only in contact with two Pb
atoms on a neighboring pentagonal ring, which shows that Pb
exchange within the pentagonal rings is also slow on the 207Pb
NMR time scale.

The electrospray-ionization time-of-flight (ESI-TOF) mass
spectra for [K(18-crown-6)]2[K(18-crown-6)(en):](1) and {[K(18-
crown-6)]x(tol)2}(2) salts dissolved in CH3CN are shown in Fig.
S3-S7. Intense peaks are observed for the oxidized parent ions
of 1 and 2 along with the expected K* and (K-crown)* ion pairs
of the molecular ions. Stable gas phase degradation products
are also observed in the spectra, including [Cp*RuPbg]?,
[CP*RuPbi1o]?, [CU@Pb1o]? and [Ru@Pb1:]? (Fig. S6-57).

This journal is © The Royal Society of Chemistry 20xx

clusters similar to other bare and ligand-protected clusters.2?

For comparison, the HOMO-LUMO gap for Cp*,Ru is 3.412 eV
(Fig. S15). This difference originates from the frontier orbitals of
1 and 2, being largely composed by the nido-Pbi,* fragment
high-lying orbitals (green lines in Fig. 2). These frontier fragment
orbitals have a significant overlap with the Cp*Ru* fragment.
For Cp*;Ru, the HOMO and LUMO are of mainly d-metal and
ligand character, respectively, as usual for metallocenes.??

Projected density of states (PDOS) is given for each species in
order to account for the contribution from 4d-Ru, 3d-Cu, and,
4s-Cu shells (Fig. 2), where the 3d-Cu shell remains as a non-
bonding shell in the electronic structure for 2, and thus not
contributing to the stabilization of the Pb;;Ru cage. For all the
systems, 4d-Ru orbitals contribute mainly at the frontier
orbitals, accounting for the ruthenocene resemblance of 1 and
2.

For 1 and 2, the main interactions involve the valence-
electron system containing the tangential orbitals of the parent
nido-Pb11* cage and the dyz.,2/dx/d2-Ru (HOMO, HOMO-1,
HOMO-2) orbitals, resulting in a bonding scheme related to
Cp*,Ru. Slight differences are found between 1 and 2, where
the main characteristic of the later is the appearance of a
bonding orbital involving the 4s-Cu levels and a totally
symmetric tangential shell composed by 3p-Pb and 4d,>-Ru
atomic orbitals (blue arrow bottom in Fig. 2, and supporting
information), as responsible for the bonding stabilization of the
endohedral copper atom, in addition to the non-bonding 3d-Cu
shells. Moreover, the localized molecular orbital (LMO) analysis
reveals the resemblance between 1 and 2 as 26 cluster bonding
electrons species, where 3d-Cu levels appear as five lone-pairs
(1c-2e) not contributing to the cage bonding. The closo-
characteristics of their icosahedral cage, suggest an aromatic
behavior reminiscent to /,-Pb1,%" and related group 9 and 10
endohedrals.”’27¢ 23 The calculated NICS value at the center of
the cage 1 shows a shielding of -24.0 ppm, similar in magnitude
to the obtained for closo-Pbi,% (-28.6 ppm),2* supporting the
presence of a spherical aromatic character which is also
extensible for 2.

FITE

’ '
3XLP 4d-Ru  ON=2.0 »
” £ s £
5x3¢-2¢  3x3c-2e 5x 3¢-2e IIxLP
Pb-Pb-Pb  Pb-Pb-Pb Pb-Pb-Pb 6p-Pb
ON=20 ON=20  ON=20 ON=20  3.LP 3d-Cu ON=20

Fig. 3 Localized Molecular Orbitals (LMO) for 1 and 2, Note the Lone-Pair (LP)
character of 3d-Cu orbitals in 2 (1c-2e 3d-Cu). Occupation numbers (ON)
are given.

J. Name., 2013, 00, 1-3 | 3



ChemEomm

Moreover, the Cp*Ru-cage interactions within the related
Cp*3Ru, [Cp*RUC,BgH11]Y, and the new structures 1 and 2, was
evaluated via calculations. The analysis shows an increase in
interaction along the series from -208.5 < -299.4 < -390.6 < -
327.9 kcal-moll, respectively. This difference is given by the
enhanced electrostatic character provided by the formal
[C2BoH11]%, [Pb11]%, and [Cu@Pbii]3, resulting in a more
favorable Cp*Ru-cage interaction in the new species.

In the present work, we describe the synthesis and
characterization of two new vertex-substituted icosahedral
clusters [Cp*RuPbs1]3- (1) and [Cu@Cp*RuPb1;]2 (2). These two
clusters are the first example of vertex-substituted Zintl
icosahedra and ion 1 is the first non-centered Zintl icosahedron
isolated in the condensed phase. The RuPbi; icosahedral
frameworks of both 1 and 2 are static on the 207Pb NMR time
scale at room temperature showing three distinct, mutually-
coupled 2°7Pb NMR resonances with the expected 5:5:1
intensity ratios.
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