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Abstract: Reaction of the tris-hypersilyl nonagermanide Zintl cluster
salt, K[Geg(Hyp)s] (Hyp = Si(SiMes)s;) with [Rh(n?n%-L)ClI], (L = 1,5-
cyclooctadiene, COD; norbornadiene, NBD) afforded eleven- and
twelve-vertex homo-multimetallic clusters by cluster core expansion.
Using a stepwise procedure, starting from the Zintl cluster
[Rh(COD){Gey(Hyp)s}] and [Ir(COD)CI],, this methodology was
expanded for the synthesis of eleven-vertex hetero-multimetallic
clusters. A mechanism for the formation of these first examples of
closo eleven-vertex Zintl clusters is proposed, informed by density
functional theory calculations.

Introduction

Transition metal main group element alloys (TMMGAs) integrate
the highly reactive properties of the late transition metals with the
low melting points of the heavier main group elements. At
elevated temperatures these molten alloys contain “solvated”
catalytically active transition metal atoms in a main group element
matrix.[' These alloys have been used as catalysts for industrially
relevant processes such as the dehydrogenation of light alkanes
to produce dihydrogen and alkenes, or graphitic carbon on
complete dehydrogenation.!'-3!

Crucially, the ratio of the elements employed in such alloys
appears to have a significant influence on the catalytic efficacy of
TMMGAs. For example, Wasserscheid and co-workers recently
demonstrated that for rhodium/gallium liquid mixtures, varying the
rhodium:gallium ratio from 1:125 (where single atoms of rhodium
are present in the melt), to 1:25 (where intermetallic compounds
are formed at the alloy surface), resulted in a significant change
in productivity for the catalytic dehydrogenation of propane, with
the former showing the highest performance over the entirety of
the temperature range sampled.[!

These studies prompted us to investigate Zintl clusters
containing transition metals and main group (semi-)metals as
hydrocarbon soluble molecular models for TMMGAs. Such
species have previously been postulated as model single atom

catalysts.[’l This led to the synthesis of the first Zintl cluster found
to be active in homogeneous catalysis: [Rh(COD){Gego(Hyp)s}] (A;
COD = 1,5-cyclooctadiene).®l More recently, we extended these
studies to show that related clusters are competent catalysts for
H/D exchange and C-H bond activation processes.”! Our work
shows that Zintl clusters have the potential to be optimized to give
precisely defined molecular species that mimic the impressive
reactivity of TMMGAs. To best achieve this goal, it would be
useful to be able to tailor the transition metal to main group
element ratio, in order to complement the compositional diversity
available when using alloys. In this work, we present the
controlled modification of rhodium:germanium ratios in Zintl
clusters through a cluster core expansion strategy. We also show
that it is possible to use this stepwise strategy to access hetero-
multimetallic compounds containing rhodium, iridium and
germanium. While reactions of substituent-free Zintl clusters
[Eqo]* (E = Si—Pb) with transition metal reagents are known to give
rise to multi-metallic species in which cluster fragmentation often
takes place,'® here we show that the nuclearity of
nonagermanide clusters can be sequentially built up by addition
of one, two and three transition metal fragments to access ten-,
eleven- and twelve-vertex clusters in a controlled fashion.

Results and Discussion

K[Geo(Hyp)s] was initially reacted with one equivalent of
[Rh(COD)CI], (i.e. Rh:Ge = 2:9) at —78 °C in toluene solution. The
reaction vessel was allowed to gradually warm to room
temperature yielding a mixture of products from which A, and
the novel bimetallic cluster [{Rh(COD)}{Geg(Hyp)sCl}] (1) were
isolated in low yields (<10 %). This reaction is accompanied by
extensive decomposition which we believe arises from the low
solubility of K[Geg(Hyp)s] at these temperatures, and the resultant
non-stoichiometric ratio of reactants in solution. To avoid such
undesirable low yields, the bimetallic compound 1 can instead be
selectively prepared (>85% isolated yield) using a stepwise
synthesis starting from preformed A (Scheme 1).B These
reactions indicate that stepwise cluster assembly is desirable over
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a simple one-pot reaction, where the rhodium precursor and
K[Geg(Hyp)s] are combined in the appropriate ratio.

| CI‘
—Rh Rh—
I
p—

Hyp

[Rh(COD)CI]2

(<10 % Yield)
Hyp Hyp
K[Geo(Hyp)s]

Hy

0.5 [Rh(COD)CI],

29 N
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0.5 [Rh(COD)CI],

0, f 0, f
©2% Yiela) < SoHyp (85% Yield)
.Laé‘é, o=Ge

Hyp = Si(SiMe3)3

Hyp A

Scheme 1. Synthetic pathways to [{Rh(COD)}{Ges(Hyp)sCl}] (1).

The "H NMR (nuclear magnetic resonance) spectrum of 1 shows
the loss of resonances corresponding to the hypersilyl
substituents of the precursor (0.29 and 0.57 ppm) and the
appearance of new resonances at 0.50, 0.54 and 0.69 ppm (in a
1:1:1 ratio). This indicates the generation of a low symmetry
complex that is not fluxional on the NMR timescale. In addition to
this, multiple new resonances between 1.4 and 5.7 ppm are
observed, the integrals of which are consistent with two
magnetically inequivalent COD ligands. The 2°Si/'"H HMBC
(Heteronuclear Multiple Bond Correlation) NMR spectrum exhibits
four 2°Si signals at —79.74, —74.85, —62.92 and —8.16 ppm and six
cross peaks (suggesting that two of the 2°Si NMR signals arise
from 1+1 overlapping resonances). This further confirms the
presence of three inequivalent hypersilyl substituents (see
Supporting Information).

Red-brown crystals of 1 suitable for single-crystal X-ray
diffraction were obtained from an n-hexane solution stored at
-40 °C.'"" The asymmetric unit contains one molecule of
compound 1 and half a molecule of n-hexane. As can be seen in
the crystal structure of the product (Figure 1), the reaction resulted
in the addition of a Rh(COD) fragment to A, forming an eleven-
atom cage from the ten-atom cluster precursor. This is in contrast
to the reaction of compound 1 with [Ni(COD),], which under
similar conditions yielded the trimetallic cluster
[Rh(COD)Ni(COD)}{Geq(Hyp)s}], where the Ni(COD) fragments
coordinate in an n? ‘capping’ fashion to the sides of the bicapped
square antiprismatic cluster rather than being incorporated into
the cluster core.®

In addition to the increase in nuclearity, a chloride substituent,
originating from the [Rh(COD)CI], precursor, is retained in the
product, having been transferred to an adjacent germanium atom
(Geb6). The hypersilyl substituents have also rearranged (as
supported by DFT calculations; vide infra), two of which are now
attached to adjacent germanium atoms. To the best of our
knowledge this is the first example of a Zintl cluster possessing
an exo-halide bond.

The cluster core in 1 adopts an asymmetric, edge-contracted
icosahedral geometry containing two Rh(COD) vertices bridged
by two germanium vertices. One Rh(COD) fragment is
coordinated in an n* mode to the germanium support (Rh1 as
labelled in Figure 1), as in Al The second Rh(COD) vertex (Rh2)
sits in an n°-coordination site of the cage, as observed in
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[Rh(DPPE){n5-Geg(Hyp)s}] (DPPE = bis(diphenylphosphino)-
ethane),® and the [M(CO)s{n>-Geq(Hyp)s]}]- (M = Cr, Mo, W)
series reported by Schnepf.['213 Compound 1 is a closo eleven-
vertex deltahedron with 24 valence electrons available for cluster
bonding (Rh(COD)=2x1e,Ge=5x2¢e", Ge(Hyp) =3 x 3 e,
Ge(Cl) =1 x 3 e"). Itis isostructural and valence isoelectronic to
the only two structurally characterized edge-contracted
icosahedral clusters [Bi1H¢1]>~ and [B11H1o(SMep).l'4151 Zintl
clusters with eleven vertices are uncommon and none of the
examples reported to date have a closo electron count.l'd! The
synthesis of 1 represents a rare instance of a closo to closo
cluster expansion reaction.['l Similar transformations are known
in the chemistry of carboranes, although they tend to proceed via
reduced nido species that are generated in situ.['819

Figure 1. Single crystal X-ray structure of compound 1. Anisotropic
displacement ellipsoids set at 50% probability. All carbon and silicon atoms are
pictured as spheres of arbitrary radii. Hydrogen atoms and solvent of
crystallization are omitted for clarity. Selected bond lengths (A): Rh1-Ge6:
2.380(1), Rh1-Ge7: 2.535(1), Rh1-Ge8: 2.592(1), Rh1-Ge9: 2.687(1), Rh2—
Ge1: 2.514(1), Rh2-Ge2: 2.614(1), Rh2-Ge5: 2.861(1), Rh2-Ge6: 2.415(1),
Rh2-Ge7: 2.681(1), Ge6-Cl1 2.251(1), Ge1-Si1 2.456(2), Ge3-Si5 2.418(2),
Ge9-Si9 2.420(2).

Interested in extending the stepwise methodology used for the
synthesis of 1, we attempted to access heterobimetallic
complexes with a complementary topology. We proposed that
using a different metal reagent would also allow us to determine
which of the rhodium metal centers present in 1 was originally
present in the precursor, A, and thus allow us to understand the
mechanism of cluster growth. The second metal should thus
ideally contribute the same number of electrons and have a
similar steric profile to Rh(COD) to retain the closo 24 valence
electron count. For this purpose, [I(COD)CI], was used as the
precursor in the synthesis of a Rh/Ir heterobimetallic complex,
[{Rh(COD)¥Ir(COD)}¥Gego(Hyp)sCl}] (2) (Scheme 2).

A toluene solution of compound A cooled to —78 °C was
added to a toluene suspension of [Ir(COD)CI],; at the same
temperature, then stirred for 3 hours at ambient temperature. The
resulting brown solution was dried in vacuo and extracted into n-
pentane to remove a small amount of black solid. The solvent was
removed in vacuo and the resultant brown solid lyophilized from
benzene. It was found that performing the reaction and workup in
the dark improved yields and decreased the formation of black
insoluble decomposition products. Compound 2 is moderately
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unstable in solution and decomposes completely within three
days at room temperature to an intractable mixture, indicated by
broadening and subsequent loss of the 'H NMR resonances
relating to the hypersilyl substituents, which limited the study of
further reactivity.

Hyp 0.5 [IcCoD)CI],

_ To(Luegert
78 C

2
(69% yield)

Hyp = Si(SiMe3)s © = Ge

Scheme 2. Preparation of [{Rh(COD)}{Ir(COD)KGeo(Hyp)sCl}] (2).

The NMR spectra of compound 2 are qualitatively similar to that
of 1, indicating, again, a loss of C,y symmetry (see Supporting
Information). Dark red crystals of compound 2 suitable for single-
crystal X-ray diffraction were obtained from an n-hexane solution
stored at —40 °C. The molecular structure (Figure 2) exhibits the
same cluster topology as compound 1 with the two transition
metal centers occupying unique sites, confirming incorporation of
an Ir(COD) vertex. There is no evidence of positional disorder at
the sites occupied by the two metal centers.

At the n* coordinated Rh(COD) vertex, all bond lengths are
similar to compound 1, differing by no more than £0.01 A in either
the Rh—Ge or Rh—C distances. The n® coordinated Ir(COD) vertex
is also similar to its rhodium counterpart in compound 1,
accounting for the slight increase in radius (~0.02 A).[2021

Figure 2. Single crystal X-ray structure of compound 2. Anisotropic
displacement ellipsoids set at 50% probability. All carbon and silicon atoms are
pictured as spheres of arbitrary radius. Hydrogen atoms are omitted for clarity.
Selected bond lengths (A): Selected bond lengths (A): Rh1-Ge6: 2.375(1),

Rh1-Ge7: 2.541(1), Rh1-Ge8: 2.588(1), Rh1-Ge9: 2.691(1), Ir1-Ge1: 2.519(1),

Ir1-Ge2: 2.606(1), Ir1-Ge5: 2.861(1), Ir1-Ge6: 2.424(1), Ir1-Ge7: 2.700(1),
Geb6-Cl1 2.244(2), Ge1-Si1 2.458(2), Ge3-Si5 2.417(2), Ge9-Si9 2.412(2).

Since the Ir(COD) fragment is valence isoelectronic to Rh(COD),
compound 2 has the same electronic structure as compound 1
and can also be classified as an eleven-vertex closo deltahedron
with 24 valence electrons available for cluster bonding. Given the
similar covalent and ionic size of rhodium(l) and iridium(l),
previous reports of n* bound Ir(COD) fragments on tetrel Zintl
clusters,'”22 and the absence of scrambling between metal
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fragments over the n* and n® sites, we can deduce that the
Rh(COD) group at the n* vertex (Rh1) in both 1 and 2 most likely
originates from the precursor compound A.

To investigate this further, density functional theory at the
BP86-D3/Def2-TZVP (polarizable continuum model = benzene)
level of theory was employed to elucidate a thermochemically
feasible mechanism starting from A and half an equivalent of
[Rh(COD)CI]» (see Supporting Information, Figure S10, for full
details and alternative considered pathways). The computed
reaction pathway reveals four key processes. The first step
involves exo-coordination of a Rh(COD)CI fragment to the
electron rich closo-cage (—18.8 kJ mol™'), which is followed by
chloride transfer from rhodium to a germanium vertex (-8.3 kJ
mol="). This process has a barrier of 30.9 kJ mol~'. From there,
rhodium insertion into the cluster core affords an eleven-vertex
cluster with an n®-coordinated rhodium center. This is an
exergonic step (—20.1 kJ mol~") with a low activation barrier of
27.6 kJ mol™". Finally, hypersilyl transfer from one germanium
vertex to an adjacent, less sterically hindered, germanium center
requires an activation energy of 67.8 kJ mol~" to afford the product,
which is (overall) —85.8 kJ mol~' lower in energy that the reagents.
Evidence for this type of migration has been postulated by Sevov
for the fluxional processes present in the tetra-functionalized
cluster [Geo(Hyp)sEt].1?324 Alternative cluster formation pathways
were ruled out due to higher activation barriers.

Isolation of compound 1 prompted us to ask whether a second
closo to closo cluster expansion may allow access to a twelve-
vertex trimetallic icosahedron, a geometry that is ubiquitous in
cluster chemistry.? However, adding further equivalents of
[Rh(COD)CI); to 1 resulted in no observable change by 'H NMR
spectroscopy. We reasoned that this may be due to the bulky
COD ligands sterically restricting further reactivity and therefore
turned to the use of [Rh(NBD)CI]. (NBD = norbornadiene), which
contains a smaller diene, as the rhodium precursor.

The stepwise methodology used for the preparation of
compound 1 led us to first target [Rh(NBD){Gegs(Hyp)s}], the NBD-
containing analogue of A, by adding 0.5 equivalents of
[Rh(NBD)CI]. to K[Geg(Hyp)s]. Analysis of the reaction mixture by
"H NMR spectroscopy, however, did not display the expected two
hypersilyl resonances in a 2:1 ratio between 0 and 1 ppm. Instead,
unreacted K[Geg(Hyp)s] was observed, in addition to three peaks
in a 1:1:1 ratio relating to three inequivalent hypersilyl NMR
resonances that signaled a loss of symmetry. Addition of
[Rh(NBD)CI]> (1 eq.) to this mixture consumed the excess
K[Geo(Hyp)s], and increased the intensities of the resonances
associated with the new species. In addition, nine broad signals
relating to NBD ligands were observed.

R ci
Hyp—o—2-0—Hyp HyR T
N 15[RANBD)C, N rrK [ PR,
') _—
. _To(l}uegq,t Hyp

J7AN!
N/
78 C Hyp

Hyp KCl

K]

Hyp = Si(SiMes)s o= Ge

Scheme 3. Preparation of [{Rh(NBD)}3{Geg(Hyp)sCl2}] (3).

The experiment was repeated with one and a half equivalents of
[Rh(NBD)CI]; in toluene solution at —78 °C and allowed to warm
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to room temperature overnight (Scheme 3). Crystallization from
n-pentane at -80 °C produced dark red crystals of
[{Rh(NBD)}s{Geg(Hyp)sCl-}] (3) in an 80% isolated yield.

The asymmetric unit of compound 3 contains one
crystallographically unique molecule of 3 and 1.5 equivalents of
n-pentane as solvent of crystallization (Figure 3). The cluster has
a distorted closo 12-vertex icosahedral geometry and can be
interpreted as a closo twelve-vertex deltahedron with 26 valence
electrons available for cluster bonding (Rh(NBD) =1 x 1 e~, Ge =
5x2e,Ge(Hyp)=3x3e,Ge(Cl)=1x3e).

Cl2

Figure 3. Single crystal X-ray structure of compound 3. Anisotropic
displacement ellipsoids set at 50% probability. All carbon and silicon atoms are
pictured as spheres of an arbitrary radius. Hydrogen atoms are omitted for
clarity. Selected bond lengths (A): Rh1-Ge6: 2.470(1), Rh1-Ge7: 2.482(1),
Rh1-Ge8: 2.723(1), Rh1-Ge9: 2.606(1), Rh1-Rh2: 2.989(1), Rh2-Ge2:
2.415(1), Rh2—-Ge6: 2.499(1), Rh2-Ge7: 2.551(1), Rh2-Rh3: 3.119(1), Rh3-
Ge1: 2.541(1), Rh3-Ge2: 2.489(1), Rh3-Ge5: 2.682(1), Rh3-Ge6: 2.418(1),
Ge2-Cl2: 2.210(1), Ge6-Cl1: 2.243(1), Ge1-Si1: 2.428(1), Ge7-Si5: 2.457(1),
Ge9-Si9: 2.419(1).

The structure shows two Rh(NBD) fragments (Rh1 and Rh3)
coordinated in an n® mode by four germanium atoms and a central
rhodium atom, with Rh—Ge distances in the range of 2.4148(4) to
2.5510(4) A. The central Rh2 binds in an n?® coordination mode,
bonding to three germanium atoms and the two flanking rhodium
atoms with Rh-Ge distances in the range of 2.4177(3) to
2.7229(4) A. The rhodium vertices are separated by 2.9892(2)
and 3.1194(3) A, which are longer than predicted for a discrete
single bond.?% Two chlorine atoms (CI1 and CI2) have been
transferred to adjacent germanium (Ge3 and Ge9) atoms, similar
to compounds 1 and 2.

The Rh-C distances range between 2.170(5) and 2.206(3) A
and are, on average, slightly shorter for the central Rh(NBD) than
the flanking Rh(NBD) environments. These bond lengths are
comparable to [Rh(NBD)(L)] complexes in the literature, for
example: [Rh(NBD)(Ind)] (2.07(1) to 2.15(1) A) (Ind = indenyl),28!
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[Rh(NBD)(Tol)J[SbFs]  (2.09(2) to 2.13(1) A)L7 and
[Rh(NBD)(DPPE)][BF] (2.207(3) to 2.236(3) A).128!

Conclusion

In conclusion, this work describes the controlled expansion of
[Rh(n?,n?-L){Geg(Hyp)s}] (L = diene) clusters by reactions at the
cluster core, showing that the Zintl cluster support itself can take
part in further reactivity. By reacting K[Geq(Hyp)s] or A with group
9 metal alkene complexes, we were able to prepare a series of
novel homo- and hetero-polymetallic clusters which retain their
diene ligands, advantageous for potential applications in catalysis.
This demonstrates some unique capabilities of a Zintl cluster
based complex over traditional transition metal compounds
featuring organic ligands as molecular models for TMMGAs.
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Multimetallic Clusters
Tunable Compositions

The stepwise growth of eleven- and twelve-vertex multimetallic clusters from a ten-atom precursor is demonstrated. These rare
examples of closo- to closo- cluster expansion reactions offer insight into the mechanisms by which Zintl clusters assemble in
solution. The resultant clusters possess exo-bonds to chlorine atoms that may allow for post-synthetic functionalization and their
incorporation into materials.
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