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Perfection belongs to narrated events, not to those we live.

Primo Levi, The Periodic Table
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Abstract

The presented work deals with the synthesis and characterization of ‘Hume-Rothery inspired
complexes and clusters’ of the general formula [TMyE,](R). (TM = transition metal; E = group
13 metal; R = organic ligand). The central objective of the project is the enhancement of the
cluster reactivity through better accessible sites at the clusters. A special focus is set on the
application of liquid injection field desorption ionization mass spectrometry (LIFDI-MS) as well
as a density functional theory (DFT) calculations assessment of the clusters, regarding their
structure and bonding situation.

Apart from common organometallic structure elucidation techniques (single crystal X-ray
diffraction, NMR, MS), an advanced DFT screening approach is presented to identify the
structure of the synthesized clusters. The methodology is applied to an inseparable and co-
crystallizing ensemble of closely related cluster of the formula [Nis/7/sGas/7](Cp*)s and reveals
an octahedral (NiCp*)s shell around a central metal core as common structural feature. The
identification of structures associated with the presence of naked Ni atoms within some of the
cluster cores, allows to target these reaction center and selectively react individual clusters
with substrates. Treatment of the ensemble with terminal alkynes leads to the isolation of
pure [NisGag](Cp*)s(acetylide),. Cp* transmetalation from Ga to Niis identified as driving force
for the cluster formation. The cluster [NisGas](Cp*)s(dvds), is isolated as a reaction
intermediate on the way to the ensemble and contains GaCp* as well as NiCp* moieties.

To avoid Cp* transmetalation from Ga to Ni, as in the case of the ensemble, the alternative
GaTMP is employed, leading to the remarkably reactive cluster [NizGa7](TMP)7. In presence of
H; the cluster forms different (poly-)hydride species, which are active in semihydrogenation
catalysis of alkynes. The selectivity is reasoned by a cooperative effect between Ni and Ga.
The structures of the (poly-)hydrides are elucidated by a combination of 2D NMR and DFT
calculations. The cluster’s structure and its catalytic selectivity are in strong relation to the
solid Hume-Rothery phase NisGas, strengthening the perception of clusters as molecular
models for their solid-state counterparts.

An alternative strategy to form reactive sites at clusters is the partial removal of the protective
ligand shell of the cluster. Under hydrogenolytic conditions a undercoordinated [RuGas](Cp*)s
species is formed, which subsequently activates H, and HSiEts (Si-H) or toluene (C-H). The
resulting species are used to perform bonding analysis on the Ru-Ga bond. Through
photochemically induced reductive elimination of H, and HSiEts from [RuGaz](Cp*)3(SiEts)(H)s,
the transient [RuGas](Cp*)s can be reformed and trapped as diphosphine adduct in form of
[RuGas](Cp*)s(dppe). The highly reactive [RuGas](Cp*)s intermediate is proven to be
catalytically active in the hydrogenation catalysis of 3-hexyne and it could further be shown
to act as seeds for cluster growth reactions.

Mass spectrometry is the central analytical method in this work. The progress in this work is
based on the advancement in fully inert mass spectrometry. A high-resolution orbitrap with
LIFDI is coupled to an inert atmosphere glovebox, enabling MS under fully inert conditions.
The improvement is demonstrated by a testing the setup to notoriously sensitive reaction.
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Zusammenfassung

Die vorliegende Arbeit befasst sich mit der Synthese und Charakterisierung von "Hume-
Rothery-inspirierten Komplexen und Clustern" der allgemeinen Formel [TMKEy](R);
(TM = Ubergangsmetall; E = Metall der Gruppe 13; R = organischer Ligand). Das Hauptziel des
Projekts ist die Steigerung der Reaktivitat der Cluster durch besser zugangliche Stellen an den
Clustern. Ein besonderer Schwerpunkt liegt dabei auf der Anwendung der ,Liquid Injection
Field Desorption lonization-Massenspektrometrie (LIFDI-MS) sowie Dichtefunktional-
Theorie (DFT) Berechnung der Cluster hinsichtlich ihrer Struktur und Bindungssituation.

Neben den klassischen metallorganischen Strukturaufklarungstechniken (Einkristall-
Rontgendiffraktometrie, NMR, MS) wird ein innovativer DFT-Screening-Ansatz zur
Identifizierung der Struktur der synthetisierten Cluster vorgestellt. Die Methode wird auf ein
untrennbares und Co-kristallisierendes Ensemble von eng verwandten Clustern der Formel
[Nie/7/8Gas/7](Cp*)s angewandt und zeigt eine oktaedrische (NiCp*)e-Schale um einen
zentralen Metallkern als gemeinsames Strukturmerkmal. Die Identifizierung von Strukturen,
die mit der Anwesenheit von nackten Ni-Atomen in einigen der Clusterkerne verbunden sind,
ermoglicht es, diese Reaktionszentren anzusteuern und einzelne Cluster selektiv mit
Substraten umzusetzen. Die Behandlung des Ensembles mit endstandigen Alkinen fihrt zur
Isolierung von reinem [NigGas](Cp*)s(Acetylid),. Die Cp*-Transmetallierung von Ga zu Ni
wurde als treibende Kraft fur die Clusterbildung identifiziert. Der Cluster [NiaGas](Cp*)s(dvds),
wird als Reaktionszwischenprodukt auf dem Weg zum Ensemble isoliert und enthalt sowohl
GaCp*- als auch NiCp*-Einheiten.

Um die Cp*-Transmetallierung von Ga zu Ni zu vermeiden, wie im Fall des Ensembles, wird
der Alternativligand GaTMP verwendet, woraus der bemerkenswert reaktive Cluster
[Ni3Ga7](TMP); resultiert. In Gegenwart von H; bildet der Cluster verschiedene (Poly-) Hydrid-
Spezies, die aktive Katalysatoren fiir die Semihydrierung von Alkinen darstellen. Die
Selektivitat ist auf einen kooperativen Effekt zwischen Ni und Ga zuriickzufiihren. Die Struktur
der (Poly-)Hydride wird durch eine Kombination von 2D-NMR und DFT-Berechnungen
aufgeklart. Die Struktur des Clusters und seine katalytische Selektivitdt stehen in enger
Beziehung zur Hume-Rothery-Festphase NisGas, wodurch die Interpretation von Clustern als
molekulare Modelle fiir ihre Festphasendquivalente gescharft wird.

Eine alternative Strategie zur Schaffung reaktiver Stellen an Clustern ist die partielle
Entfernung der schiitzenden Liganden Hille des Clusters. Unter hydrogenolytischen
Bedingungen wird eine unterkoordinierte [RuGas](Cp*)s-Spezies gebildet, die anschliefRend H;
und HSiEts (Si-H) oder Toluol (C-H) aktiviert. Die resultierenden Spezies werden zur Analyse
der Ru-Ga-Bindung verwendet. Durch photochemisch induzierte reduktive Eliminierung von
Hz und HSiEts aus [RuGas](Cp*)s(SiEts)(H)s kann das transiente [RuGas](Cp*)s wieder gebildet
werden und als Diphosphin-Addukt in Form von [RuGas](Cp*)s(dppe) stabilisiert werden. Das
hochreaktive [RuGas](Cp*)s-Zwischenprodukt ist in der der Hydrierungskatalyse von 3-Hexin
katalytisch aktiv, und es konnte zudem gezeigt werden, dass es als Keim fir
Clusterwachstumsreaktionen dienen kann.
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Massenspektrometrie stellt die zentrale Analysemethode in dieser Arbeit dar. Der Fortschritt
dieser Arbeit beruht auf den Fortschritten in der Massenspektrometrie unter komplettem
Luftausschluss. Ein hochauflésendes Orbitrap-Gerat mit LIFDI wurde mit einer Inert-
atmospharen-Glovebox gekoppelt, wodurch MS unter vollstindig inerten Bedingungen
ermoglicht. Die Verbesserung wird durch einen Test des Aufbaus an einer bekanntermalien

empfindlichen Reaktion demonstriert.
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1. Introduction & Theory

1.1 Heterobimetallic Metal Interactions in Molecules and Solids

1.1.1 Principles of Metals Bonds

Metals are crucial for most catalytic chemical transformations. In industry, typically
monometallic systems are employed. The catalytically active metals are, however, often
supported by a second metal e.g., on metal oxides (Cu@ZnO for methanol synthesis from CO>
and H>)[, and sometimes doped with small amounts of other metals (Potassium in the
Fe-based Haber-Bosch catalyst for the ammonia synthesis from the elements)!l. These
non-innocent influences derive from cooperative effects between the metals, which result in
improved catalytic performance and make the utilization of the catalysts (even more) viable.
On the other site, it is difficult to elucidate the role of the metal-metal interactions on the
atomic level and at the reactive site. Indeed, this is a major challenge in heterogenous catalysis
because the rational improvement of the catalyst is related to a precise understanding of the
catalytic reaction steps on the molecular level.?l In contrast, there are well-understood
monometallic examples with innocent support, such as platinum on carbon for the catalytic
hydrogenation.B! Carbon as a support is chemically innocent and solely accounts for a good
Platinum dispersion by preventing Pt agglomeration. It is thus a classical example for a
transition metal on an innocent support. On the molecular level, a dihydrogen molecule is split
into two hydrides and the electrons for the bond cleavage (oxidative addition to Pt in the
words of a molecular chemist) are taken from the conductive band of the Platinum. After
adsorption of the alkene on Pt, it is subsequently hydrogenated to the respective alkane. As a
matter of fact, ‘chemistry is a local event: bond breaking and bond making are confined to the
catalytically active site(s)’™, it thus might be feasible to look at molecular compounds, with a
chemical environment close to the catalytically active sites. In this regard, the conductive band

of an ‘infinite’ solid becomes a directed metal-metal bond in a molecular assembly.



From the perception of molecular metal-metal bonds, hydrogen activation on solid metal is in
a way reminiscent to the addition of H, to a homometallic TM-TM multiple bond in a molecular
complex. Similar to unsaturated bonds in organic chemistry, multiple TM-TM bonds are prone
to oxidative additions. The complex [Mo2{HC(N-2,6-iPr,CsHs).}2] (iPr = iso-propyl) activates H,
along its quintuple Mo-Mo bond, yielding the trans-dihydride and a quadruple Mo-Mo bond
(Figure 1a)Pl. This phenomenon is reversible. In a heuristic view, multiple metal-metal bonds
may represent an ‘electron reservoir’ that can also be found in metal clusters and is promising
for reactivity.
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Figure 1: a) Schematic representation of the reversible reaction between a quintuple and a quadruple Mo-Mo bond with
hydrogen. Reprinted with permission.®! b) Intermediate of the copper catalyzed azide alkyne cycloaddition, featuring
metallophilic Cu-Cu interactions.

In general, metal-metal bonds in molecules possess a broad scope of reactivities. Among other
factors, their reactivity depends on the nature of the two metals (or one metal for the
homometallic case), the associated polarity of the bond, the bond order and the nature of the
substrate which is again coupled the related activation pathway(s).[®! In molecules, reaction
intermediates are typically easier to characterize, as in solid-state materials. Even metal-metal
interactions with a formal bond order smaller than one exist and can be studied in molecules
and can be studied on the atomic level. Such a metallophilic Cu-Cu interaction plays a key role
in the catalytic cyclization of alkynes with azides, known from click chemistry. The identified
reaction intermediate could be stabilized by using tailored carbene ligands (Figure 1b). The
alkyne is activated in a o,mt-acetylido complex with one o- and one m-interaction to each Cu
atom, along a Cu-Cu bond.!”! Further detailed information about fundamentals, reactivities
and current developments in homometallic bonds can be found in recent overview articles.®
Despite the apparent relevance of homometallic bonds to the chemical sciences, polarized
heterobimetallic bonds show a fascinating chemistry — in materials as well as in molecular

compounds.



Heterobimetallic bonds between late transition metals and main group metals are polarized,
in solid-state materials as well as in molecules.®® The different nature of the metal atoms often
assigns them to a different role in their reactivity. Especially compounds with bonds between
late TMs and the more electropositive group 13 elements E (E = B, Al, Ga, In) are a
combination, which keeps attracting interest, due to their supreme catalytic properties. Apart
from the above briefly introduced factors as bond order and polarity, the type of assembly
featuring the TM-E bond is pivotal. With increasing molecular size, the compounds can be
defined as molecular complexes, atom precise clusters, nanoparticles and bulk-phase
intermetallics. In the following, the role of TM-E interactions in compounds of different size

regimes are discussed.

1.1.2 Hume-Rothery Phases

Hume-Rothery phases (Figure 2) consist of metal combinations between a TM and
electropositive main group metal E, from group 12, 13, 14 (Sn, Pb). The borders between
different types of intermetallics are, however, blurry and depend on multiple factors, such as
atomic radii ratio, electronegativity difference and the ‘electron concentration’. A detailed
and comprehensive assessment of Hume-Rothery phases as well as a discrimination to other

intermetallic phases can be found in the dissertation of Jana WeRing."!

Solid-state intermetallic Hume-Rothery phases are investigated as heterogeneous
catalysts.['% They are a low-cost alternative to precious metal-based catalysts, due to their

supreme catalytic properties. It should be noted that solid-state Hume-Rothery phases are
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Figure 2: Schematic representation of a Hume-Rothery phase (left), an especially relevant section of elements for Hume-
Rothery phases (middle; note the 'blurry' lines between the metals - Ag is sometimes employed as E, e.g. in PdAg) and
important characteristics of Hume-Rothery phases (right).



infinite, but highly ordered solids, from which single crystals can be obtained.[!! In contrast,
alloys show a randomized atom distribution. The stoichiometric PdGa phase is well-studied
and therefore a good example to understand bimetallic cooperativity in intermetallic
phases.['1121 pdGa nicely reflects the so-called site isolation concept, where a single TM atom
or TM atom ensemble is surround by E atoms and distinct and isolated TM sites are formed.
In PdGa every atom is surrounded by seven Ga atoms. The Pd atoms show only negligible
contacts with each other, indicated by the relatively long Pd-Pd distances (3.016 A or longer).
In contrast Pd-Ga interactions are much shorter (2.543 and 2.712 A), pointing to bonding
interaction.l! In addition to isolating the catalytically active TM atom(s), the electropositive
Ga atoms alter the electronic situation of the Pd, another reason for the beneficial catalytic
properties. This is supported by X-Ray photoelectron spectroscopy (XPS), that shows a shifted
Pd signal in PdGa, compared to metallic Pd and indicates some sort of covalent bonding
interaction between Pd and Ga.[*! Apart from electronic “fine tuning’, the second metal simply
offers an alternative binding partner for the substrate of a catalytic process. For the
semihydrgenation reaction (acetylene to ethylene) this may increase the selectivity.
Calculations on the active centers of the Pd2Ga phase show, that active sites with a triangular
arrangement of one Pd and two Ga atoms, bind differently to acetylene and ethylene:
acetylene forms di-o bonds bridging along the Ga-Ga site, in contrast ethylene weakly bounds
to Pd in a m-manner (such alkyne-metal interactions remind as well of the copper catalyzed
azide alkyne cycloaddition). Due to the strong acetylene interactions with the surface, it gets
hydrogenated, whereas for ethylene desorption is easier, than further hydrogenation.!*3!
Especially studying molecular defined substrate interactions under catalytic conditions is
experimentally very challenging and a lot relies on advanced computations. Molecules, in
contrast, are by far easier to study under reaction conditions and reaction intermediates can

sometimes be isolated.

An in-depth discussion on bimetallic Hume-Rothery phases in the application of
(semi-)hydrogenation catalysis as well as their relation to atom precise complexes and clusters
can be found in the dissertation of Julius Hornung.[*¥ It should though be emphasized, that
local and atomically defined active centers have pivotal influence on the substrate interaction
and therefore on the catalytic selectivity — irrespective of ‘less local’ processes such as
hydrogen migration and the fact, that under realistic conditions, materials suffer from defects

sites on their surface.



1.1.3 Hume-Rothery Inspired Nanoparticles

The reactivity of Hume-Rothery nanoparticles (NPs) basically relies on the same principles as
in solid-state intermetallics: site isolation of TMs, subtle changes of the electronic situation of
the TM and additional reaction centers in form of E sites. Despite the non-trivial synthesis of
phase pure NPs, they are crystalline and therefore well-ordered on the molecular level.[* The
smaller the NP becomes, the less order is intrinsically possible. Benefit of NPs is the higher
surface-to-volume ratio, which is promising for increased substrate interaction and therefore
higher activity. On the other side, surfaces are always prone to form defects and other
irregularities, their number is thus increased. Moreover, agglomeration of such nanophases
has to be hampered by using surfactants, which act as protecting groups and are located on
the surface of the nanoparticle. Without the choice of the right surfactant often amorphous
metallic agglomerates are obtained. Ideally the surfactants are bound to the E atoms, while
the TM centers remain well-accessible. In a way, this introduces some diffusion limitation,
which however should not be too high in the homogenous phase, if sufficient substrate is
present. Colloidal NPs in a surfactant shell are typically soluble and can therefore be regarded

as ‘quasi-homogenous’.l'®! Alternatively NPs can be deposited on a stabilizing support.[*”]

Yet, there is not a big number of publications on Hume-Rothery NPs. This is most likely due to
their difficult synthesis: non-noble metals have a different redox potential than noble metals,
which typically precludes co-reduction approaches - the established procedure in the
synthesis of monometallic NPs.[8] A standard procedure to phase pure Hume-Rothery NPs is
still not developed and once more emphasizes the difficulties in forming TM-E bonds. The
‘organometallic approach’ (Figure 3), which involves organometallic precursors as the TM and
E source, recently allowed to access different TM/E NPs with rather narrow size-distributions:
controlled decomposition of organometallic precursors in presence of stabilizing agents (e.g.
ionic liquids) produced catalytically active Ni/Ga and Cu/Zn NPs.[*® The use of the o-donating
E(l) ligands, that coordinates the TM in solution, leads to small and uniformly distributed TM/E

NPs, via smaller clusters and was successfully demonstrated for Ni/Al, Pd/Ga and Fe/Al.[20



Figure 3: Schematic representation of the ‘organometallic approach' towards bimetallic nanoparticles. In the presence of a
surfactant (grey), a TM (blue) and an E (green) precursor form (ideally a narrow size distribution of) different surfactant-
stabilized TM/E particles. The reaction is typically triggered by temperature or microwave irradiation.

Especially detailed theoretical studies shedding light on cooperative effects in Hume-Rothery
NPs are missing to date. This would be of high interest, especially due to a possible
combination of experimental observation and theoretical findings. Colloidal nanoparticles
may be regarded as nano cut-outs of intermetallics, being in solution and quasi-homogenous
at the same time. This opens up the use of a pool of analytical methods that cannot be used
in the solid-state. Despite it should be noted, that nanoparticles are not atom precise and
always formed in mixtures. An in-depth discussion on bimetallic Hume-Rothery nanoparticles
and their application in (semi-)hydrogenation catalysis can be found in the dissertation of Lena

Staiger.l21

1.1.4 Defined Bimetallic TM/E Complexes
1.1.4.1 Bonding principles

Following the order of size regimes, atom precise clusters would have to be discussed here. In
the interest of this thesis, clusters are skipped for the moment and heterobimetallic
complexes, the ‘smallest’ molecules (in terms of metal atom number), are introduced.
Whereas the study of TM/E-substrate interaction in the solid-state is highly complicated,
requires sophisticated in-operando techniques and modern quantum computational
approaches,?l molecular compounds offer much more analytical techniques and thus better
accessible and more precise information about such interactions. Information gained from
atom precise molecular complexes may provoke a structure-reactivity-relationship that can
be transferred to solid-state intermetallics.['¥ The more accurate the knowledge about
structures and processes at the active site is, the higher the chances to improve the catalytic

properties of the material.



The formation of bonds between TM and E, independent of being based on covalent or
coordinative interactions, is very difficult and often such bonds are not stable — this is also
well-known in chemistry bimetallic clusters and nanoparticles.??! In contrast, solid phases are
formed by ‘simple’ alloying of two metals in the correct stoichiometry. Especially in the last
decade, multi-dentate pincer-type ligands were recognized as scaffolds to bring TM and E
atoms in sufficient proximity to each other. Here, the transition metal is typically in the
oxidation state 0 and is coordinated by phosphines. The group 13 element is formally in its
most stable oxidation state +3, either coordinated by amides or alkyls.[?2l Interactions
between TM and E can be explained by the electron richness of the TM atom and electron
deficient situation at the E atom. They act as Lewis-base (TM) and Lewis-acid (E) pair. So, E(lll)
is considered to be a Z-type ligand: the filled d-orbitals of the TM donate electron density into
the empty p-orbitals of the E in a dative o-type bond.[?3! This withdraw of electron density
alters the electronic situation of the TM and thus changes its catalytic properties. The type of
interaction is somewhat reminiscent to the situation in frustrated Lewis pairs.?¥ The
o-acceptor properties of E ligands are in sharp contrast to common organic L-type ligands
applied in TM chemistry (Figure 4): phosphines are strong o-donors and weak m-acceptors,

whereas especially the t-accepting properties increase for ligands like carbon monoxide.[?!
Z-type ligand  X-type ligand L-type ligand
M: —L M=<——>L M-=——-:L

Figure 4: Schematic representation of different metal-ligand interactions.

Besides beneficial electronic influence, another advantage of TM-E bonds in (catalytical) bond
activation is the non-innocent part of the E atom. Often substrates are activated along the
TM-E bond and both elements participate. Metal-Ligand-Cooperation (MLC) (Figure 5) is
especially attractive for polarized substrates A(6*)—B(67), which are coordinated by the
TM(8°)-E(8*) in inverse manner.[2°]
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Figure 5: Simplified example for metal-ligand-cooperativity.



1.1.4.2 Pincer ligands as scaffolds for TM-E bonds

The probably best studied TM-E (E = group 13 element) bond is the bond between TM and
Boron (Braunschweig 2001,2010).127! Metalloid boron effectively alters the electronic situation

of the TM, due to its high Lewis-acidity and therefore good Z-type ligand properties.[?®!

A breakthrough example how to employ TM-E bonds in a pincer scaffold for catalysis, was the
hydrogenation of styrene and 3,3-dimethylbut-1-ene to the respective alkane, with a Nickel-
Boron pincer complex.!?®l The sterically unshielded Ni atom heterolytically activates the
hydrogen in cooperativity with the adjacent Boron atom (Figure 6). The spectroscopically
observed hydride bearing complex features a terminal hydride (Ni-H) and a bridging hydride
between Ni and B (Ni-H-B). It is suggested that the Lewis acidic Boron accepts the H  and the
Lewis basic Ni accepts the H*.[?°l Moreover, the Boron atom helps to overcome the typical
instability of monomeric Ni systems with two terminal hydrides, which typically results in

instant reductive elimination of H,.[3

4?/ @-l;th

/ H2 B, H'_TI"“"H
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_H2
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Figure 6: Cooperative hydrogen activation by a Ni-B pincer complex enables catalytic hydrogenation of alkenes. Reprinted
with permission.[2°]

Similar cooperative H bridging between TM and B has been observed in Pd-B complexes, using
KH as hydride source and can be catalytically exploited in the hydrodechlorination of aryl
chlorides.B! In the latter example, the ‘intermediate’ hydride bearing complex can even be
crystallographically characterized. Fixed atom positions are known, and defects or

irregularities as in the solid-state materials do not exist.

Flexible incorporation of the heavier group 13 congeners and the use of different ‘true’ main
group metals Al, Ga and In as ligands is by far more difficult, due to their high Lewis acidity
and reactivity. A prime example is the hydrogenation of alkenes to alkanes with a Ni/E (E = Al,
Ga, In) series in a 3-fold N,P-multidentate scaffold (Figure 7).3% Though a different scaffold is

used, this can be place in context of the above-described hydrogenation with a Ni/B complex.
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Figure 7: Bimetallic pincer complex. Activity of the catalytic hydrogenation depends on the choice of Al (no catalysis), In (low
activity) and Ga (full conversion). Modified version reprinted with permission.32

A series of Ni/E complex was prepared and tested for their catalytic activity. A stronger dative
bonding from Ni to E can be observed with increasing ion size (In > Ga > Al), which results in a
more electron deficient Ni. Whereas the Ni complex without E in proximity, as well as the Ni/Al
complex show neither interaction with H, nor catalytic activity, the Ni/Ga and Ni/In analogues
do. For Ni/In the H, adduct can be isolated, while for Ni/Ga it can only be observed
spectroscopically. Interestingly, the Ni/Ga compound is 24 times more active in hydrogenation
catalysis as the Ni/In compound. The reason for the significant difference in catalytic activity
is not fully investigated, however experimental evidence suggests that H-H bond cleavage, as
well as olefin coordination are associated with the rate determining step. Heuristically one
might conclude that the remarkable stability of the dihydrogen Ni/In complex, which has been

identified as resting state, intrinsically leads to a slow catalysis.

The same Ni/Ga complex was also tested in the hydrogenation of CO,. While the pure Ni pincer
complex shows no conversion of CO; to formate, the Ni/Ga compound is a highly active
catalyst (initial turnover frequency 9700 h1).33 The reaction mechanism elucidates the
essential role of the Z-type Ga ligand: Upon H; pressure the dihydrogen complex is formed,
which is deprotonated by a base and forms the anionic complex H-NiGa, featuring a terminal
hydride (Figure 8). The CO; inserts into the Ni-H bond, resulting in an anionic Ni(0) formate
adduct, with the protonated base as counter ion. Eventually, formate extrusion occurs under
formation of [HCO:][BaseH] and the parent Ni/Ga complex, which was identified to be rate
determining step. Decisive for the catalysis to occur is the stabilization of the Ni-H, formed

from deprotonation of the H,-NiGa complex. This striking feature is only possible, because the
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Ga atom withdraws electron density from the dip Ni center. Solely adding GaCls to the pure Ni
complex yields no formate. This once more highlights the advantage of the molecular world:
atom precise compounds together with multiple solution-based analytical techniques
(including theoretical modelling, to access bond situations in molecules) even allow to
understand subtle electronic changes and then to define catalytic cycles. Interestingly NiGa

phases were shown to be active CO; hydrogenation catalysts.
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Figure 8: Proposed mechanism for the catalytic CO, conversion to formate using a Ni/Ga pincer complex. Reprinted with
permission.’33!

Even higher turnover frequencies in hydrogenation of CO; are reached with Co/Ga complexes.
The entire series (Al, Ga and In) of Co/E complexes was tested, and again the Ga Z-type ligand

is crucial for stabilization of the active Co(-I) species.3*

So far, the Z-type E ligands were placed in trans position to the reaction center, activated the
TM, however, did not directly participate in the reaction. This is different in the Rh/Al
catalyzed magnesiation of aryl fluorides.?%! In the in-situ generated catalyst, the Al acts as
X-type ligand (two amide, one amine coordinating to Al — formally Al"') and the Rh is only
coordinated by two phosphines. Sterically this allows the aryl fluoride to coordinate along the
Rh-Al bond (Figure 9). Calculations show that the F atom is directed to the Al atom, and upon
C-F cleavage the aryl binds to the Rh. The catalyst can be renewed by reduction with Mg, which
also leads to the magnesium aryl compound. The latter can then be converted to benzoic acid
with CO;. Calculations on the mechanism clarify, that a Rh-only-centered C-F activation would

energetically be extremely unfavored. Sadly, the authors did not perform an in-depth

10



Me
/
N

Fe.
1/2 PhyMg + 1/2 MgF, N
(I /AI'*Rh'
NP/

~—P
4
MgCl,
Mg
e c\| cl
N—AI"-Rh!
D i e
Me P
v N~ N/
N-A"-Rp! 2 Al'-Rh!
i 2 vy
N._-P P = P(i-Pr), or PPh, N\_FP

4 ‘\—/

C—F bond activation

Mg

reduction of A"

Figure 9: Proposed mechanism for activation of aryl fluorides along a Rh-Al bond. Reprinted with permission.35!

calculation on the Rh-Al bond in this complex. They propose rather an Al(l)-Rh(-1) interaction,

but not too much is known about this.[3>-3¢l

The use of pincer-type ligands for bimetallic cooperativity is still it’s infancy and a young
research field. Though, it nicely illustrates the power, as well as the richness of a transition
metals in proximity to group 13 metals. It further allows to gain mechanical ideas of bimetallic
cooperativity on the molecular defined level. An especially interesting aspect of these
molecules is the fact, that their chemistry is not limited to bond activations: even catalytic
transformations are possible. More fascinating examples of this intriguing chemistry, including
ammonia synthesis from its elements®7}, can be found in a very recent review??, as well as a

special issuel3® in Chemical Science.

11



1.1.5 Hume-Rothery Inspired Atom Precise Clusters

Another class of molecules that lies between complexes and nanoparticles are clusters. Only
a limited number of TM/E clusters has been found so far. Usually they all share subvalent E(I)R
(R = organic ligand) L-type ligands. The unpaired electrons resemble a lone pair with 2S
character, making these ligands strong o-donors. A common R group is Cp* (Cp* = CsMes), due
to its good shielding properties and flexible binding modes. ECp* (E = Al, Ga, In) is thus isolobal
to more classical ligands such as carbon monoxide, phosphine and N-heterocyclic carbenes
(Figure 10). This has been proven by extensive substitution chemistry®® and theoretical

investigation on their bonding properties3% 40,
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Figure 10: Isolobal relation between ECp* and the common ligands, carbon monoxide, phosphines and N-heterocyclic
carbenes (from left to right).

Compounds resulting from reaction with TM precursors range from ‘classical’ complexes, that
can be explained by the 18 valence electron rulel® 41 up to large intermetalloid
superatoms[*#2l, The intrinsic donor properties of ER ligands create direct TM-E bonds,
without the need of elaborated scaffolds, such as multidentate pincer ligands. Indeed, often
the strong o-donation of the ER ligands leads to high electron density at the TMs, which in
turn is promising for reactivity. Several bond activations have been reported within this
compound class and all can be related to a bimetallic cooperativity. Substrate activation
usually is centered at the TM, which is activated by the o-donation of the ER ligands. The
driving force, however, is often associated to the irreversible oxidation of E(I) to E(Ill) and the
formation of strong E-C bonds. This limits substrate activation to stoichiometric reactions so
far. In solid-state compounds, also the TM plays the active role, while E takes over a supportive

character.

A well understood example is the oxidative addition of aromatic C-H and Si-H bonds to the 16
VE intermediate [Ni(AlCp*)3] (Figure 11).14%] Interestingly, the Si-H bond activation takes place
at the Ni and the hydride as well as the silyl are both bound to the Ni center, giving
[(H)(SiEt3)Ni(AICp*)s]. All Al(l) ligands are intact and the reversible rection can be thermally

induced. In contrast, the C-H bond is most likely activated at the Ni too, however the hydride
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Figure 11: The intermediate [Ni(AICp*)s3] in ir-/reversible bond activation.

is now in a u2-bridging position between Ni and Al and the phenyl is completely transferred to

an Al atom. The Al atom is formally oxidated to Al(lll) and the reaction is thus irreversible.

Similar C-H activations have been observed in the AICp* analogues of Fe(CO)s and Ru(CO)s.[*4!
Here the C-H bonds in two of the five Cp* ligands get intramolecularly activated, again
resulting in u2-bridging hydrides between Al and Fe/Ru and direct H,C-Al bonds. The complex
[Cp*Rh(CH3)2(GaCp*)] even shows a facile intramolecular C-C bond activation of Cp* under
surprisingly mild conditions, yielding in the Ga(lll) compound [RhCp*(CsMesGa(CHs)3)].[*"]
Under hydrogenolytic conditions the [Ruz(Ga)(GaCp*)7(H)s] cluster is formed, featuring
hydrides from H, activation and a naked Ga from Cp* hydrogenolysis.!*®! Also, compounds with
more than two TM atoms show interesting reactivity towards substrates. The hydride rich
cluster [(H)aCus(AICp*)s] forms the adiminate [(PhHC=N)(H)3CusAlCp*s] species in presence of
benzonitrile via hydride migration: one hydride inserts into the C-N triple bond and reduces it
to a formal double bond.[*”! An example of the diverse reactivity of bimetallic cluster is the
radical [#Cu7(AICp*)s], which either incorporates another Cu atom, or activate C-H or Si-H
bonds to get into a closed-shell configuration and to form [Cusg(AlCp*)s] or [(H)Cuz(AlCp*)e]
respectively.[*8] Notably, the large triradical [Cus3Al12Cp*12] cluster shows no related reactivity,
such as solvent activation. This can be explained by its uniformly coordinated protective Cp*1
shell and its low solubility.*22 Most interestingly, the latter cluster already shows an electronic

structure closely related to a conductive band, as common in bulk metals.
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Hume-Rothery inspired atom precise clusters are indeed the link between molecules and the
bulk phase. Several reports on the structural resemblance between Hume-Rothery inspired
molecules and their respective solid-state counter parts can be found.*” %’ The metal core of
the introduced Cu/Al cluster series [(H)aCus(AlICp*)s], [*Cu7(AICp*)e], [(H)Cuz(AICp*)s] and
[Cus(AlCp*)s] shows striking similarity to the nested polyhedral in the molecular structure of
solid-state y-brass (Figure 12).147! In this context, the hydride-bearing clusters might be
regarded as a hydrogenated Cu/Al surface site, and the insertion reaction with benzonitrile as

the first step of a hydrogenation reaction.

Figure 12: Molecular structure of [(Cp*AlCu)sH4] (Cu atoms orange and green, Al atoms blue) (left) compared to the 26-atom
nested polyhedral of y-brass (right) with highlighted bicapped tetrahedron (black). Graphic adopted and reprinted with
permission.[471

If clusters mimic the local structures of solid phases, can they also mimic their reactivities? A
thought-provoking example, that not only the structure, but also the reactivity and associated
selectivity of Hume-Rothery phases is reflected in clusters, is the DFT study on a series of Ni/Zn
complexes (Figure 13).590 Ni/Zn phases were previously shown to be very selective in the
semihydrogenation catalysis of acetylene to ethylene.l'®! The complexes [Ni(ZnR)a(C2Hx)2]]
(R= Cp*, CHs; x = 2,4) show a different coordination of acetylene or ethylene to the NiZn
center: Whereas ethylene solely coordinated to Ni (m-manner), the acetylene gets activated
by coordination to Ni and Zn in a bridging fashion (o-manner). The different coordination to
Zn and Ni is indeed analogous to the solid-state Pd/Ga example introduced above: acetylene
binds in a di-o bond to two Ga sites, whereas ethylene solely shows a weak m-coordination.

Despite a lot of effort has been made, such complexes were not isolated so far.[*4
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Figure 13: Concept figure for using atom precise compounds as cut-outs of surfaces. Reprinted with permission.(59!

Clusters combine two interesting aspects: 1) they are atom precise, as the pincer complexes,
which allows to follow bimetallic cooperativity and its influence on reactions on the molecular
level - with all the advantageous analytical methods. 2) they resemble the structure and partly
the reactivity of solid-state intermetallics, making them interesting model systems to

understand the roles in metal cooperativity in solids.

The presented reactivities are interesting and the compound class is promising to exhibit
unprecedented reactivities and/or bond activations. Being a link from the atom precise
molecular world to materials chemistry at the same time, makes studying these compounds
even more attractive. A controlled access to reactive sites at clusters, or smaller ‘proto cluster
species’, would be essential to encounter novel reactivities. Inspired by solid-state phases,
nanoparticles and pincer complexes, however, the question arises if L-type coordinated
molecular defined clusters can participate in catalytic transformations? Can the observed
reactivities be eventually related to the solid-state phases? And if yes, can conclusions be

drawn conclusion from it, and how far can they advance knowledge about cooperativity?
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1.2 The Wet Chemical Synthesis of Metallic Clusters

1.2.1 Why Clusters?

The world of metal aggregates ranges from infinite bulk materials over nanoparticles to metal
containing molecules and complexes (Figure 14). Metal clusters are molecules and molecules
are atom precise. Clusters are situated on the border to bigger and less defined materials,
such as nanoparticles or even bulk metals. In the size regime of clusters (and molecules in
general) ‘every atom counts’. Clusters are very sensitive towards small changes of their
composition and structure: the number of metal atoms and/or cluster geometry have pivotal
influence on their physical and chemical properties, whereas materials are by far less affected
by such subtle changes.PY Exemplary for this phenomenon, a Pt1, cluster shows more than
two-fold catalytic activity in the oxygen reduction reaction, compared to the one atom larger
Pt13 cluster.’? The difference between the reactivity of clusters and bulk is even engraved:
bulk gold is notoriously noble and unreactive, whereas Au clusters are active catalysts for
several reactions.®3 The sensitive response to small changes makes metals clusters an

interesting compound class. The directed synthesis of such molecules is, however, intrinsically
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Figure 14: The world of metal aggregates - from molecules to materials.
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1.2.2 Basic Electronics of Clusters

The altered and sometimes amplified reactivity of clusters compared to nano/bulk materials
can be rationalized by the superior surface-to-volume ratio and therefore high number of
surface atoms. Moreover, the electronic structure of clusters is crucial in determining the
reactivity. Multiple simplifying theories have been developed to describe electronic situations
of clusters. Especially for spherical clusters the jellium model, and with it the superatom
concept was proven to be an appropriate description.® This model presumes, that the
positive nuclear charges are homogeneously distributed over the spherical cluster and the
electrons are subject to the resulting potential field.®! This is reminiscent to an atom, where
the central nucleus is surrounded by its electrons. Hereby jellium orbitals are occupied that

again are similar to atomic orbitals (Figure 15).

The cluster Ali3™ (originally studied in the gas phase,®® later also prepared by wet chemical
synthesis®”)) is a well-studied example of a superatom, which reflects electronic structure as
well as the reactivity of a single atom. The geometry of theis superatom can be best described
as a Ali; icosahedron, which is filled with one Al atom. The anionic species features 40
electrons (13x3 + 1) and is thus in closed-shell 2P jellium configuration. The Al1s™ superatom
shows striking similarity to halogenides: not only because of the closed P shell, but also the
reactivity strongly reminds of that of a classical halide: when an ion stream of Al13™ reacts with
hydrogen iodide, IAl13 can be observed.®! Quantum chemical calculations reveal, that the Al1s
kernel is still intact and binds to the iodine atom without significant structural changes.
Therefore Alis™ is regarded as a ‘superhalogen’. Exemplarily by oxygen etching, the compounds
IxAl13™ (x = even number) can be observed, which are ‘polyhalogenides’.!*8 Recently the Alis"
cluster was also wet chemically prepared assisted by dendrimers (vide infra) and showed

stunning stability, e.g., towards air.”]
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Figure 15: Electronic situation with respective orbitals of an atom (left) and a superatom (right). Reprinted with
permission.>®!

Clusters in the gas phase, are good models to study fundamental properties and reactivities.
They show pronounced reactivity towards molecules, which are considered rather inert, such
as methane.® The high reactivity can be explained by the unprotected and ‘naked’ cluster
surface, which is not shielded by protective ligands. Upscaling is however very limited and
associated to support the clusters on solids, e.g., by soft landing methods.®% Wet chemical
cluster chemistry also allows to study fascinating properties of clusters, maybe ever under
‘more realistic’ conditions. Whereas gas phase clusters are typically produced by laser ablation
and then mass selected, the selective wet chemical synthesis is by far more complicated. In
addition, the synthesis of bi- and multimetallic cluster is more intricate in the gas phase by

laser ablation.

1.2.3 Synthesis Principles of Ligand Stabilized Clusters

The wet chemical synthesis of ligand stabilized clusters can be divided into two approaches:
1) bottom-up - the clusters are formed from typically smaller compounds and 2) top-down -
preformed clusters are extracted from solid phases.[®! The latter is the state-of-the-art
procedure in Zintl cluster chemistry. Zintl phases are ordered and consist of elements with a
high difference in electronegativity (not always, but often group 1/2 with group 14/15

elements).[> 611 By the use of strong coordinating organic molecules as solvents (liquid
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ammonia, ethylene diamine), preformed polyhedral Zintl clusters are extruded from the solid-
state into solution. Once in solution, the polyhedral entities can be regarded as clusters and
subjected to chemical transformation such as functionalization or cluster growth — this is then

somewhat reminiscent of the bottom-up approach.©

In the bottom-up approach, clusters are build-up from smaller molecules, typically containing
only one metal atom. For most metals, this relies on reduction of the metal(-organic)
precursor. The stabilizing organic ligand, which is also one parameter to stir the growth
process, can already part of the precursor or can be added to the reaction solution. The
resulting metal cluster is then surrounded by a monolayer of the protective ligands. Most gold
clusters are prepared accordingly to these principles and are commonly protected by
phosphines and thiols.[>* 63 The |atter are often reductant and protective ligand at the same

time, giving disulfides and Au clusters as redox products.[®3]

1.2.4 Hume-Rothery Inspired Clusters

In a way reminiscent to the dual role of thiols in gold chemistry, o-donating group 13 E(I)R
(E = Al, Ga, In; R = Me, CsMes) compounds can either act as reducing agent and/or stabilizing
ligand for transition metals — eventually allowing to access bimetallic systems in a bottom-up
fashion. As reactivity towards TM(0) complexes, typically coordination along with ligands
substitution is observed. In particular weaker donors such as olefins, CO or phosphines are
fully or partially replaced.3%¢ 3% Here the chemical complexity is rather limited, and synthesis
is plannable. So the cod (1,5-cyclooctadiene) ligands are fully replaced from Ni(cod). by AlCp*
giving Ni(AlCp*)4!*3], whereas a full phosphine replacement from Ni(PEts)s is hampered by
polarization effects and only Ni(AICp*),(PEts), is obtained.[3%¢! Such reactions can generally be
regarded as reversible processes. Due to the formal oxidation state +1, the subvalent E ligands
are prone to oxidation (acting as reductant). E is often oxidized in presence of TM precursors
where the formal oxidation state is higher than 0 (+1, +2, ...). Such disproportionation often
give formal TM(0) and E(lll) containing compounds and are irreversible. Regularly E(Ill)
compounds are observed as by-products of the reduction, whereas the TM(0) atoms form
clusters (by an metal agglomeration process) — sometimes stabilized by coordination of E(I)R
ligands which did not participate in redox reaction. A suitable example for such processes is

the formation of the superatomic Mss Mackay-type cluster [CuasAl12](Cp*12), which is formed
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from the reaction of AICp* with Cu(l)Mes (Mes = mesityl). Cu(l) is reduced by AlCp* and
incorporated into the cluster, with is stabilized by a protective icosahedral (AICp*)12 shell.1423]
Notably the reaction proceeds with low vyields, pointing to a non-selective transformation.
Depending on the choice of reaction conditions (stoichiometry, time, temperature, additives),
also smaller Cu/Al clusters, which are potentially involved in the cluster growth process cluster
up to [CuasAl12](Cp*)12, via species like [(H)aCues(AICp*)e], [*Cu7(AICP*)6], [(H)Cu7(AICp*)e] and
[Cus(AlCp*)6], as well as redox side products, e.g. AlIMess can be observed. In the isolated
intermediate cluster [CusAls](Cp*)s(Mes), Cu(l)Cp* as well as Al(l)Mes can be identified as
structural motives.[*®! This displays another possible reaction type: ligand exchange. Such a
reaction is assumed to be irreversible (Cp* binds stronger to ‘soft’ Cu, and Mes to hard Al).
Depending on the respective example, however, it theoretically could be reversible, because
no change of the formal oxidation state is involved. This for example is clearly different for the
formal redox reaction of ligand (Cp*) transmetalation from E(I) to TM(0), leading to MCp*
and E. Such reactivity has been observed for late TM (e.g. Fe, Co, Ni, Cu) because of their
tendency to for stable half-sandwich complexes.!®* But similar reaction products are also

known in the Cu/Al system, in form of the triangular [Cu2Al](Cp*)3.[%8!

[Cu Al ](Mes)(Cp*)s [CuzAl(Cp*)s
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Figure 16: Isolated species of the 'Cu/Al family' as example for the chemical diversity in cluster solutions. Adopted and
reprinted with permission.[4¢!

In reality, all the described reactivities can (and often do) run parallel. Formed intermediate
species are often transient and tend to engage in further reactions (again parallel with
multiple possible reactivities). Therefore, it is hardly possible to follow cluster growth step by

step, which would be a requirement to design planned synthesis procedures, as organic
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synthesis uses the retrosynthetic approach. This remains so far illusive in preparative cluster
chemistry — independent of mono vs. hetero metallic and top-down vs. bottom-up, etc.
Findings usually relies on cluster which are confined to the ‘islands of stability’ (Figure 16):
simply too many species in solution are too reactive to be isolated and only certain
thermodynamic sinks (and/or kinetically controlled) can be accessed — and depending on the
reaction conditions, they do not necessarily have to have a high concentration in the reaction
solution. Heuristically, cluster chemists do not go out to reach ‘the desired island’, they rather
explore a so far undiscovered ‘archipelago of unknown islands’. Especially bi- or even multi
metallic clusters intrinsically possess a wide variety regarding their composition (number of
atoms, stoichiometry) and their structure (geometry, isomerism) — and before being formed,
the numerous intermediates follow multiple reaction pathways: every aspect (reactivity,

formation, structure, etc.) is difficult or even impossible to control.

1.2.5 Dendrimer Supported Multimetallic Clusters

The use of dendrimers to form and stabilize clusters, is an approach (bottom-up) which offers
an alternative to the established ‘trial and error’ strategy in solution. Metal salts (typically
metal halides) are selective bound in dendrimers and eventually reduced (by common
reductants as NaBH,) to yield metal clusters supported within the dendrimer.>> Dendrimers
are highly branched macromolecules, in which ‘multiple layers’ (typically four layers, also
called generations or G) surround a central seed in a tree-like manner (Figure 17). Depending
on the choice of dendrimer and the associated functional groups, metal salts can be selectively
trapped in the dendrimer.®! State-of-the-art systems are phenylazomethine (DPA) and its
derivatives: Lewis-basic imine units serve as coordination sites and the phenyl groups create
a rigid mt-system in the side chains. Interestingly, the Lewis-basicity decreases from the inner
to the outermost sites and thus a ‘negative potential gradient’ is induced. This can be exploited
for the selective coordination of metal salts: first the inner sites (G1) are coordinated,
consecutively followed by the outer-next generations (G2-G4). The coordination thus is
underling thermodynamic control. Modification of the dendrimer allows for coordination fine-
tuning: attaching electron withdrawing fluorogroups at the phenyls next to an imine unit
weakens the Lewis-basicity of the respective site and changes the order of coordination. (65!

Adding one pyridine moiety to the central dendrimer-seed (the dendrimer ‘grows’ in four
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directions), also renders the complexation order.[%! The pyridine moiety induces a kind of
polarity into the dendrimer, now allowing to add two metals more, where the pyridine site
and the adjacent one could potentially be regarded as G-1 and G-0 .15 Despite this dendrimer
has only one site more, it does not follow the original core-shell-shell-shell like 4-8-16-32
series and heuristically also allows for ‘asymmetric cluster growth’. Also, the rigid m-system in
the side chains was showen to be important for a controlled stepwise complexation.
Dendrimers without this feature lead to a distorted growth due to the flexibility of the side

chains.[>5 67

Figure 17: The pyridine modified DPA dendrimer template as example. a) Molecular structure b) Complexation of metal salts
at the imine and pyridine sites c) Potential gradient in the dendrimer with an addition G-0 site (= Py). (purple: higher electron
density, yellow: lower electron density). Reprinted with permission./5

The counter part to the Lewis-basic imine sites are the Lewis-acidic metal salts. If
heterometallic clusters are prepared, the order of complexation is influenced by the metal
salt: stronger Lewis-acids (e.g., FeCls > GaCls > AuCls; > SnCly) bind to the stronger Lewis-basic

sites close to the dendrimer-seed — in a way this is common in ‘simple acid-base reactions’.[®”]

The use of dendrimers allows for a controlled cluster synthesis and is thus an impressive tool.
Nevertheless, it still has its inherent limitations: stronger acids will always choose the
innermost stronger basic sites, preventing to build up heterometallic cluster structures with
central elements coming from elements with typical Lewis basic salts (especially relevant for
clusters with M > 12). Despite, this eventually may be overcome by extensive and laborious

fine-tuning of the dendrimers (selective attachment of electron withdrawing/donation groups
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in the dendrimer) and ideal choice of metal salts (with the matching Lewis basicity).
Irrespective of the exact arrangement within the dendrimer, it is very difficult to identify the
exact ‘molecular structure’ of the cluster after reduction. Alloying of the different metals is
clearly proven, e.g., by X-ray photoelectron spectroscopy, and also the sizes of the clusters can
usually be estimated by high resolution transmission electron microscopy, nevertheless an
exact molecular structure remains unrevealed.l>! Such questions are far from being solved,
at least experimentally. Single crystal X-ray diffraction is probably the only technique that
would allow for assessing such complex structures (up to six different metal elements in a M1y
cluster) and is elusive for obvious reasons (cluster@dendrimer). A theoretical assessment, also
taking the highly Lewis-basic dendrimer support into account, would probably be the most
promising solution to solve the problem - at least being able to predict the most probably
isomers. This research field, dominated by the Yamamoto group, at least seems to be aware
of the synthetic challenges: recently they used a novel dendrimer-seed and coupled it via
tritylium (triphenylcarbenium) ions to the tailored DPA branches, in the end allowing them to

overcome the four-layer size limitation by accessing a Rhss cluster.[®8]

Even though the several approaches are investigated in wet-chemical cluster synthesis, and
innovative advances have been made, a retrosynthetic approach in analogy to organic
chemistry is still elusive and by far not insight. The multiple parallel reactivity of (sub)nano
compounds and species involved into their formation process are simply to complex and have

to be studied in most cases individually per system.
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1.3 Accessible Sites at Bimetallic Complexes and Clusters

1.3.1 Prologue

Synergistic effects between two different metal possess very interesting properties for bond
activation and catalysis. Atom precise TM/E clusters (TM = transition metal; E = electropositive
metal) may allow to study these effects experimentally on the molecular level. Therefore, a
central objective of this thesis is to enforce accessible sites at bimetallic clusters and study
their reactivity, with the ultimate goal, to study cluster-substrate interactions. To understand
the challenges that go along with creating such reactive sites at clusters, first the key
challenges of synthetic cluster chemistry have to be named. The chemistry of wet chemical
accessible, ligand protected clusters always faces three major challenges: 1) directed synthesis
of a targeted cluster; 2) making the structure of a specific cluster predictable and 3) predicting
and/or steering the physical and chemical properties of a cluster (e.g., the reactivity). The
three challenges are general and thus valid for any type of cluster, however, their details relate
to the individual system. Presumably it will be more challenging in the case of multimetallic
systems, because a larger set of variables has to be taken into account. For Hume-Rothery

inspired TM/E clusters this may be defined as the following:

1) Directed synthesis. As outlined in chapter 1.2, clusters are confined to ‘islands of stability’
— not every agglomeration of metal atoms is stable. Stability is not only defined by
composition, but also by geometry and the associated electronic structure. Though certain
concepts (e.g. superatom theory) help to understand why certain clusters are stable. It is
barely impossible to predict whether a cluster is stable or not. Especially the formation of
TM-E bonds is difficult, mainly due to the different redox potentials of TM and E thus the
instability of the bond (1.1). This leads to multiple reaction types, that might be involved into
the TM/E cluster formation, which can run consecutive and/or parallel. It might also be
possible that the same intermediate participates in competing reactions. This leads to multiple
reaction products and the reaction outcome is difficult to control. If more than one metal is
involved and the metals differ in their properties (e.g., redox potential, affinity for a ligand,
possible coordination number), it is even more delicate to gain control over the synthesis
outcome (1.2). In the chemistry of ligand protected TM/E clusters, typically the TM precursor
gets either coordinated or reduced by ER. Same accounts for the formed intermediates.

Whether the reaction steps are reversible (e.g., coordination) or irreversible (e.g., redox
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processes) plays a decisive role, for the eventual product distribution, as well as for the
possibility to steer a reaction in a desired manner. In contrast to the retrosynthesis concept in
organic chemistry, a cluster synthesis cannot be designed ‘from scratch’. A system rather must
be screened for the existing clusters (‘islands of stability’) and the reaction might be optimized

towards enriching a selected species.

This goes hand in hand with another challenge: in-situ quantification techniques to monitor
reactions and enrichment of species are missing, because the common methods of
organometallic chemistry fail. Exemplary, NMR gives only information about ligands and not
about the metal nucleus. Moreover, fluctional processes often hamper clear assignment and
heavier clusters suffer from bad solubility. This typically results in a ‘trail-and-error’ approach,
where several reaction conditions are tested (usually without knowing details about species
in solution), until ‘something crystallizes’. In contrast, mass spectrometry is not a quantitative
method, but a powerful tool to give the composition of a set clusters. Having knowledge of
the possible reaction involved from previous work on similar systems, helps to understand

and manage a new cluster synthesis.

2) Structure prediction. Predicting the structure of a cluster "from scratch" is usually very
difficult. For clusters of a given elemental composition, there are many ways to arrange the
atoms spatially, even under strong constraints such as a spatially optimal arrangement of the
organic ligands at the surface of a core of metal atoms. Simple structure prediction models
such as Wade-Mingo's rules based on counting valence electrons or framework electrons
often fail for larger cluster compounds.l>> 1 As a basic principle, a metal cluster aims to
minimize its surface area. In gas phase chemistry it is somewhat established to conclude the
structure of a pre-selected cluster: from its m/z value the composition can be assessed, further
gas phase spectroscopies allow to identify structural motives and theoretical considerations
give possible structures.!¢ 38-5%. 701 The |atter plays a key role in the structural prediction and
demands a precise and well-fitting theoretical model (e.g. correct functional in DFT). To
identify the most probable geometry, the lowest energy structures are matched to structural
motives that can be concluded from experimental data (if such data exists) and eventually the

one most likely structure can be predicted.

In ligand protected cluster chemistry the molecular structure is commonly revealed by

SC-XRD. If a single crystal of sufficient quality is obtained, the geometry of the cluster can be
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revealed, and the atom position are assigned. Notably, crystalline material is usually
associated to enriched solutions of the respective compound. For TM/E clusters the metal
assignment is sometimes more delicate: when working with metals with a similar electron
density (e.g., Cu/Zn, Ni/Ga), it sometimes is difficult to distinguish between the metal types
and only a metal framework can be deduced. In order to pin down the metal positions, the
allocation is to be further supported by means of spectroscopy (e.g. NMR, IR) or theory
(calculation the different isomers).*2Pl An ‘ab initio’ prediction of wet chemical accessible
bimetallic clusters based on mass spectrometry has only been performed on Au/Ag Mjs
cluster, where certain Au atoms were replaced by Ag atoms, while maintaining the original

M3s skeleton.[71]

3) Reactivity control. Gaining control over the reactivity of a cluster is challenging, because
usually multiple reaction pathways are possible. Ligand stabilized metal clusters can be
involved in various types of reactions. With respect to the reaction site (core or ligand
periphery), distinction of two general types of reactions can be made: i) cluster growth or
degradation: reaction with a metal source (e.g. metal complexes, clusters) can lead to an
increase of the number of metals in the core (growth) while reaction with strongly binding
ligands can lead to a decrease of the number of metals in the core (degradation)8! and ii)
interaction of either the cluster core or the ligands with organic substrates (ligand
coordination, substrate activation, etc.).[*> 461 While cluster growth was discussed in 1.2,
accessible reactive sites are essential for the latter reaction type. Many classical
organometallic reactions are possible, ranging from simple ligand/solvent coordination to
bond activation reactions. In monometallic cluster chemistry, the ligands are intrinsically the
only instrument to influence the properties, and thus the reactivity of a cluster (assuming a

predetermined cluster composition and geometry).7%

In bimetallic TM/E cluster chemistry, both metals have a major influence on the reactivity of
the cluster. While the transition metal usually remains the active site, its electronic properties
are also influenced by the electropositive E metal, either indirectly by changing the electronic
situation of TM (frontier orbitals, polarization, etc...) or directly by acting as a second reaction
center. The observation that E cooperatively alters the electronic situation of a TM center in
a TM/E compound, and thus the selectivity of a reaction, has so far been limited to
complexes.??l The involvement of E as a second reaction site in bond activation processes has

also been documented: The highly reactive complex [Cp*Rh(CHs)2(GaCp*)], for example,
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triggers intermolecular C-C bond activation of a CsMes ligand under unusually mild
conditions.*?! Intramolecular C-H bond activation is observed in Fe/Al and Ru/Al compounds.
Intermolecular C-H and Si-H activation of C¢Hs and HSiEts is mediated by the intermediate
[Ni(AlCp*)3].[*3! This is a consequence of the high donor capacity of the ECp* ligand, which
leads to highly nucleophilic TM centers that are readily accessible for stoichiometric oxidative
addition reactions. The thermodynamic driving force of these reactions can be partially
attributed to the irreversible oxidation of the low valence Al(l) centers and the formation of
strong Al-C bonds. Nevertheless, these reactions remain stoichiometric and non-reversible,
which prevents their application in catalytic cycles. Another challenge is to keep the TM sites
accessible in the cluster synthesis. There are numerous examples of transmetalation of Cp*
from ECp* to TM, blocking the TM centers and preventing any substrate interaction. 42 73]
Several approaches have been investigated to prevent or circumvent the blocking of TM
centers by ligands: Cp*H elimination by hydrogenation[*® or protolysisl’4, oxidative
cleavagel”], protolytic ligand replacement!’®!, phosphine dissociation[3°¢ 771 or additively
controlled cluster synthesis’3l. However, the examples prove to be rather difficult or not very

general, remaining limited to the respective systems.

1.3.2 Concluding remark on the three challenges

While the three major challenges of cluster chemistry can be defined individually, in practice
they are always interrelated and cannot be addressed independently. As indicated earlier, (1)
the directed synthesis of a cluster, and most likely (2) its spatial structure depends on (3)
controlling the reactivity of the cluster and its intermediates. This is why cluster chemistry is
so complicated, difficult to understand, and probably under-researched. At the same time, it
makes cluster chemistry a highly interesting field of research, characterized by chemical
complexity and diversity. In the following, the three challenges of cluster chemistry will be
discussed in the context of the research on which this thesis is based. Cross references to the
one or multiple challenges in the respective context will be made be in brackets and in italic:

e.g., synthesis (1); structure and reactivity (1, 3).
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1.3.3 Mass spectrometry in cluster research

A prerequisite for assessing the composition of reaction solutions (1) and to follow the
reactivity of the respective clusters (3), is an analytical method that allows the individual
species to be observed directly in solution. Common solution techniques such as NMR fail in
the study of clusters because they are limited to the analysis of the organic ligands bound to
the cluster surface and do not provide sufficient information about the metal core (e.g.,
number of metal atoms). Mass spectrometry (MS), on the other hand, provides information
on the overall cluster composition. The combination of a high-resolution molecular mass with
its isotopic pattern (‘fingerprint’ of the elemental combination) allows to determine the exact
composition of an ionized species or at least to propose a small number of suitable
compositions. The determination of compositions is further facilitated if all possible reactants
(type of metal atoms, ligands, additives and solvents) are known and can usually be pinned

down to one species by labeling experiments.

For this purpose, an ionization method must be chosen that is sensitive enough not to
decompose the cluster species during ionization. For charged gold as well as Zintl clusters,
electrospray ionization (ESI) is the method of choice.l”” For neutral Hume-Rothery inspired
clusters, LIFDI-MS (Liquid Injection Field Desorption lonization) has already been shown to
yield the M* ion from pure substances in many cases.®9 This method has its origin in the very
sensitive ionization method field desorption (FD): a dissolved sample is placed on an
electrically conducting emitter rod, which has a high surface dendrite structure. By applying a
strong electric field in a vacuum, the weakest bound electron of a compound is removed -
usually yielding the M* ion, even for sensitive organometallic compounds. The technique can
be applied to moisture and air sensitive compounds by passing the liquid sample through a
thin fused silica transfer capillary (LIFDI) by piercing the protective septum of the vial stored
under an inert atmosphere.[#! Regardless of the transition from FD to LIFDI, the inner surface
of the transfer capillary, connecting the ionization chamber to the sample, is constantly
exposed to moisture and air. When working with reaction solution and mixtures (in which
several compounds are present only at low concentrations) of very moisture and air sensitive
compounds (which decompose upon contact with the adsorbed water molecule on the
capillary), it is necessary to ensure that each species "survives" transport to the emitter.
Therefore, a setup was developed that combines a ThermoFisher Exactive Plus Orbitrap mass

spectrometer (high resolution) with a liquid injection field desorption ionization source
28



connected directly to an inert atmosphere glovebox (2.6).18% Since the transfer capillary is
constantly kept under inert atmosphere, much less decomposition is observed compared to
the classical LIFDI setup. This is vividly illustrated by the observation of a series of highly

reactive Cu/Al clusters!*®! or even a mixture of up to 24 Cu/Zn clusters!,

1.3.4 Ni/Ga: Cp* transmetalation as root for a mixture in a crystal

Leading research questions: How to deal with inseparable mixtures? Can structure be predicted

from composition? Can reactive sites be selectively addressed?

The power of LIFDI-MS in monitoring different clusters in solution is also reflected the case
study on the cluster ensemble [NixGay(NiCp*)s] (Cp*=1,2,3,4,5-pentamethylcyclopentadienyl)
(Chapter 2.2). A mixture of at least five closely related clusters is obtained from the reaction
of GaCp* with Ni(olefin) complexes and can be isolated in form of a co-crystallate. All clusters
consist of a distorted octahedral (NiCp*)e shell, surrounding different Ga-rich cores, which may
include Niatoms (namely: Gas, Gay, NiGas, NiGay, Ni»Gag). A directed synthesis (1) of a singular
cluster species is never achieved, even though several reaction parameters were screened
(temperature, time, stoichiometry, reactants, additives). The choice of Ni(olefin) precursor,
however, influences the product distribution. LIFDI-MS is thus the only method showing the
composition and chemical richness in these black crystals. Due to co-crystallization of the
different species, a clear structural assignment was not possible by SC-XRD. Indeed, a
structural prediction (2) ‘from scratch’ is possible in this case, applying an advanced DFT-based
screening approach. In analogy to gas phase chemistry, structural information about the three
most prominent clusters (serving as reference) in the ensemble are gained solely knowing the
clusters composition from MS and assuming the Cp* ligands are intact (spectroscopic
evidence, vide supra). The design principle essentially relies on the combination of two
independent strategies (see chapter 2.2 for details). Most interestingly, both strategies lead
to very similar results. The theoretically predicted structural feature of the (NiCp*)e shell in all
clusters, is also reflected in several spectroscopic data (*3C MAS NMR, IR and Raman, EPR and
SQUID). The theory-based prediction is thus validated by multiple experimental techniques
(2). Having elucidated the structures allows for a detailed look into the bonding situation of
the different clusters: it rationalizes why their synthesis is so difficult to control, and why they

are always formed in mixtures (1). The superatomic [Gas(NiCp*)s] cluster can be identified as
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parent species. It is able to bind to Ni and Ga atoms simultaneously, however, in different
bonding-manners. Simplified the parent [Gas(NiCp*)s] cluster, may be regarded as a ‘sponge’
that randomly takes up either Ni and/or Ga atoms. This is also in line with the stirring tool to
influence the product distribution: the olefin in the Ni precursor. Probably the olefin is crucial
for the stabilization and respectively for the availability of Ni atoms in solution (1). Once
formed, the clusters seem to be in a thermodynamic sink and cannot to take up more atoms

or exchange them (1, 3).

The key difference between these electronically and structurally closely related species is the
presence of naked Ni atoms in some of the cluster cores. This fact is reflected in the reactivity
assessment (3) of the ensemble. Carbon monoxide (prone to bind to Ni) can be used as probe
molecules and shows enhances reactivity (adduct formation, decomposition) towards the
naked-Ni-containing clusters. Inspired by this selectivity, employing the stick-like
triisopropylsilylacetylene (TIPSA) as substrate under irradiation (350 nm), allows to selectively
react (3) it with [Ni2Gas(NiCp*)s]. The product [(TIPSA);Ni>Gas(NiCp*)e] (two naked Ni atoms,
two activated TIPSA) can be isolated in pure form and analyzed by means of SC-XRD (2). It
shows a distorted polyhedral structure, where all Cp* ligands are attached to Ni atoms. The
TIPSA ligands are bound to the Ga atoms, probably a result of a transfer from Ni (where TIPSA
is presumably activated) to Ga. The detailed formation mechanism is still under investigation,
however, these preliminary results perfectly match the proposed structures (2) of the
individual cluster species. This underlines the value of the performed work: without
elucidating the structure (2) of the individual species by DFT, the crystals would have been
discarded, a striking example of chemical complexity in cluster chemistry (1) would have

remained undiscovered and a planned follow-up chemistry (3) would not be possible.

Moreover, the Cp* transmetalation from Ga to Ni, which is also foreseen by theory (2), could
be identified as a major problem when aiming for cluster-substrate interactions.
Transmetalation has experimentally been observed for Ni/Ga as well as other systems such as
Fe/Al and Ni/Zn (1). It relies on the fact, that late transition metals are keen to form stable
half-sandwich complexes. For the reaction yielding the cluster ensemble, a key ‘intermediate’
is isolated and characterized (see chapter 2.1).164 Starting from [Nix(dvds)s] (dvds = 1,1,3,3-
Tetramethyl-1,3-divinyldisiloxane) and GaCp*, the compound
[(u?-GaCp*)(Ni2)(u2-GaNiCp*)2(dvds),] is typically observed as byproduct on the way to the

ensemble (1), following this route. It can be accessed in good yields from [(Cp*Ga)Ni(dvds)] in
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a solid-state reaction with itself (1) and contains one GaCp*, as well as, two NiCp* units and
is further stabilized by two dvds ligands (2). As a pure compound, containing both GaCp* and
NiCp*, it serves as important reference compound for the spectroscopic investigations of the
ensemble. Moreover, it shows how Cp* transfer seems to be important for cluster growth and
how potent stabilizing ligands (flexibility of dvds, chelating ligand) can capture intermediates

by blocking reactive centers (1, 3).

A key conclusion from studying the Ni(olefin)/GaCp* system, is the value that can be drawn
from a mass spectrometric assessment in combination with advanced DFT calculations.
Deriving complex molecular structures only from composition (2) and accessing different
reactivities from closely related clusters (3) opens up novel perspectives to study cluster
mixtures in solution without isolating singular clusters (1). It also well-illustrates the chemical
complexity, which already exists ‘within a crystal’ and how minor changes (number of atoms,
Ni vs. Ga) have pivotal on reactivity (1). Nevertheless it also questions the role of the Cp*
ligand, probably a source for chemical complexity (1), however, blocking several potential

reaction sites (3).

1.3.5 Reactive sites by ligand removal

Leading research questions: What is the role of the Ga in Ru/Ga mediated bond activation?

Are undercoordinated species formed under hydrogenolytic conditions? Can reactive sites be

generated by soft photochemical activation?

To overcome the blockage of TM centers by Cp* transfer and to be able to study the
interactions between clusters and substrates, Cp* might be removed by hydrogenolysis. This
has already been shown for the Ru/Ga system: The reaction of Ru(olefin) precursors with
GaCp* under H; pressure leads to [Ruz(Ga)(GaCp*)7(H)3]“®l. The cluster contains a bare Ga
atom, the formation shows free Cp*H, in addition to three hydride ligands (requires two
molecules Hy). It is thus a good starting point for studying the reactivity of undercoordinated
and/or hydride-rich Ru/Ga clusters (3). LIFDI-MS identifies the reaction products of Ru(olefin)
precursors with GaCp* under hydrogenolytic conditions: The presence of the
undercoordinated [Ru(GaCp*)s] species, can be traced by the observation of

[Ru(GaCp*)3(C7H7)(H)s] and [Ru(GaCp*)s(SiEts)(H)s] (see chapter 2.3).[83] The species are the
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result of activated H; (H-H activation) and solvent (triethylsilane or toluene; C/Si-H activation)
(3). In the case of the thermodynamically favored Si-H activation, the reaction proceeds
selectively and the product can be isolated (1) in high yields (70%). In contrast, the reaction in
toluene leads to several toluene-containing species, and the target compound
[Ru(GaCp*)s3(C7H7)(H)s] can only be observed by MS (1). A combination of experimental data
and DFT optimizations allows to determine the position of the hydrides and predict the
structures (2). This is critical for the C-H activation product, as activation can potentially occur
at four different positions (ortho, meta, para, benzylic). Ultimately, the aromatic C-H bonds
are preferentially activated, but the exact position cannot be determined: the energy
differences are so small that even the possibility of isomers in solution must be considered (1,
2, 3). Both species (C-H and Si-H activation) are isostructural and all Ga atoms are foreseen to

remain in the formal oxidation state +1.

Interestingly, the Ru-phosphine equivalents of the described compounds are known in
literature. Despite the preparation pathways differ significantly from the Ru/Ga complexes
described above (3), they are good models to compare the Ru-Ga to the more established
Ru-P bond. A major difference is indeed a slightly weaker covalent o-donation and an
enhanced polarization of the Ru(6)-Ga(6*) bond, including ionic contributions. Theory also
predicts that [Ru(GaCp*)3(H):] is thermodynamically favored in the bond activation of both

substrates, compared to P equivalent (3).

Irrespective of being far from undercoordinated (7-fold coordination), [Ru(GaCp*)s(SiEts)(H)s]
could be reactive towards substrates because of its three hydrides. TM hydrides are well
known to participate in insertion reactions e.g., into unsaturated hydrocarbons. Moreover, it
could be possible to thermally induce a reductive elimination of silane from the complex and
create a free coordination site, in analogy to [Ni(AICp*)s(SiEts)(H)]. It was thus surprising, that
the complex did not show any of these reactivities (1, 3). Irradiation the yellowish complex at
its absorption maximum, hydrogen and triethylsilane become liberated, along with the
formation of [Ru(GaCp*)3], [Ru(GaCp*)s(SiEts)(H)] and [Ru(GaCp*)s3(H)2] (3). This
photochemical induced reductive elimination enables the selective removal of ligands at mild
conditions (room temperature, no Cp* transfer to expected), reminiscent to concept of
protective groups in organic chemistry (see chapter 2.4). To further stress this, the RuGas
species was trapped by using the chelating phosphine dppe (dppe = 1,2-

bis(diphenylphosphino)ethan), giving [Ru(GaCp*)s(dppe)].The phosphine stabilized product is
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the result of a double reductive elimination from Ru(VI) to Ru(0)(1,3). [Ru(GaCp*)s3(SiEts)(H)s]
can also be photochemically activated in presence of alkynes and hydrogen, resulting in
catalytic hydrogenation, predominately to alkanes (3). LIFDI-MS of catalytic reaction solutions
reveals a [Ru(GaCp*)s:(hexyne)(hexene)] species, which can be interpreted as catalytic
intermediate (3). Most interestingly, the catalytic conversions are never complete. When the
amount of substrate (and stabilizing ligand at the same time) decreases, cluster growth
emerges (1, 3). Indeed, unsaturated hydrocarbons can be used as additives (with or without
presence of dihydrogen) to influence the outcome of the cluster growth reactions. Irradiating
samples in presence of hydrogen and without any stabilizing ligands, leads to fast cluster
growth (1, 3). To gain precise control over these mixtures is still under investigation, they seem
to be highly reactive however: already the addition of toluene lead to severe changes of the

species in cyclohexane solutions (3).

Employing hydrogenolytic conditions in the Ru/Ga system allows to form undercoordinated
and thus highly reactive ‘proto-cluster’ species (1). Depending on the choice of substrate they
engage in un-/directed bond activation reactions (3). Especially for the unselective reactions,
DFT calculation are pivotal for the structural prediction (2) and help to rationalize the bond
activations (3). Introducing a novel and soft activation strategy, by removing ‘protective
groups’ from compounds illustrates the common competitive reactivities of undercoordinated

species: substrate activation or cluster growth (3).

1.3.6 The influence of R on reactive sites

Leading research questions: Does avoidance of transmetalation lead to reactive sites? How to

access the polyhydride structures? Can TM/E clusters participate in catalytic transformations?

What is the relation of molecular clusters and the solid-state?

Especially the Ni/Ga case study shows that Cp* transmetalation blocks potential active Ni sites
and already occurs at temperatures slightly above ambient conditions.[’8! A strategy using
alternative GaR sources!®¥, would imply to sacrifice the superior shielding properties of Cp*,
its flexible binding modes (and the associated chemical variety) along with risk of leaving the

rather established TM/ECp* chemistry. On the other side, a more robust E-R bond may avoid
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transmetalation, and eventually lead to active TM(0) sites. To ensure that stable TM/E clusters
are formed, R has to be bulky enough to shield the cluster and to avoid further metal
agglomeration, but not too sterically demanding, that the metal agglomeration stops on the
level of 18 VE complexes (1). When using GaTMP (TMP = 2,2,6,6-tetramethylpiperidienyl)
instead of GaCp*, analogous to the reaction leading to the Ni/Ga ensemble, no
transmetalation is observed. In contrast, the clusters [Ni»(GaTMP);] is obtained. Following up
on these results, the cluster [Niz(GaTMP)7] could be synthesized in the stoichiometric reaction
of GaTMP with [Ni(cod):] (see chapter 2.5). Its molecular structure can be best described (2)
as a central Nisz triangle surrounded by GaTMP. Pressurizing the cluster with H; leads to a
mixture of NisGay di-, tetra- and hexahydrides. The species are formed by the addition of one,
two or three H, molecules respectively, in a highly reversible reaction (3). DFT calculations
were performed on a well-selected set of possible isomers of each species and several
structures were found, with only small energetical differences (2). Combining the proposed
structures with ROESY-NMR spectroscopy data, a defined structure for the di- and
hexahydride can be validated respectively (2). These (poly-) hydridic clusters are active in
hydrogenation catalysis. Internal alkynes are mainly converted to alkenes, with rather small
amounts of alkanes. Interestingly, the clusters selectivity is fairly similar to the NsGas phase, a
semihydrogenation catalyst the is known to be well-balance between activity and selectivity.
In addition, triangular Niz sites were identified as the catalytically active centers. From a
heuristic viewpoint, the cluster might be regarded as a cut out active site in solution and may
also be in line with the site isolation concept. Such molecular mimics of Hume-Rothery phases
were so far restricted to a structural resemblance only. Now having found an example with
catalytic reactivity may eventually allow to transfer information gained from solution-based

analytics (NMR in this case) to soild-state materials (Figure 18).

Figure 18: Schematic representation of clusters being local cut-outs of catalytically active surfaces.
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1.3.7 Epilogue

Building on the previous discussions of TM/E interactions (synergistic effects; chapter 1.1), the
difficulties in forming such bonds/interactions (unstable, involvement in redox processes;
chapter 1.1) at the sub/nano scale, and the synthetic challenges for hetero/metal clusters
(three problems of cluster chemistry; chapters 1.2 and 1.3), it can be concluded that a
retrosynthetic approach to clusters, analogous to the retrosynthesis of organic molecules,
would be highly desirable. This would meet the challenge of directed synthesis (1), thus allow
isolation of pure material, which in turn would increase the chance of clearly interpretable
spectroscopic and X-ray data, allowing the assignment of a unique spatial structure (2). From
this point, structure-reactivity assessments could then be explored (3). Following this logic, a

retrosynthetic approach to clusters may be called the "Holy Grail of cluster chemistry."

To put it bluntly: Let's assume that after an exhausting day (or even night) in the lab, Aladdin's
genie appears and allows three freely chosen wishes (Figure 19). A passionate cluster chemist
knows about the three challenges of cluster chemistry and will choose his wishes wisely,
accordingly. Thus, the genie grants him a large Schlenk flask with a pure (1) and fully
characterized (2) cluster that exhibits remarkable reactivity toward a desired substrate (3).
But a really smart cluster chemist would probably want something else (health, happiness,
and eternal research dollars aside): He would want the knowledge of a retrosynthetic concept
that allows the synthesis of any cluster imaginable. A single cluster with intriguing reactivity
may be fascinating, but it will not allow any general conclusions about structure/reactivity
relationships. Because: to truly assess a structure-reactivity relationship, a large number of
clusters with distinct structural differences would have to be tested with respect to their
reactivity toward a substrate. Against this background, the previously described and highly
desirable retrosynthetic approach to clusters (somewhat possible with the dendrimer
approach; chapter 1.2) is in reality only partially desirable. Pharmaceutical research might be
a good metaphor to illustrate this: Organic retrosynthesis provides access to a large number
of similar organic molecules, each of which differs only slightly from the other. Here the
challenge is not the synthesis, but to test all molecules for their efficacy against a specific

disease, and thus to finally select the most effective substance.
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Figure 19: Aladdin's genie allowing for three wishes. Genie graphic taken from https.//www.disneyclips.com/ with
permission and extended with bubble and text.

It would therefore be interesting to evaluate the properties of clusters without their
(laborious) isolation as pure substances - which is indeed reminiscent of screening strategies
in pharmaceutical research. That is: the disadvantage of unselective cluster synthesis could
thus perhaps be an opportunity for rapid cluster reactivity screening. By using ‘tailored’ mass
spectrometry in combination with advanced theoretical predictions (chapter 2.2), clusters
need not necessarily be isolated before structure-reactivity patterns can be investigated.
Mixtures (which may contain highly reactive and therefore non-isolatable species) can be
exposed to substrates, and the reactivity difference of the individual species can be studied.
Cluster synthesis (cluster assembly/disassembly) would also benefit from such an approach.
However, this does not necessarily preclude subsequent isolation of the clusters of interest:
It may be possible to use a synthesis robot to sift through the experimental space of
influencing parameters to enrich for a desired species. If this species still cannot be isolated
by common separation methods (e.g., crystallization), tailored HPLC separation techniques

are possible. This is already established for the separation of gold clusters. 8!
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Apart from ‘bypassing’ the three problems of cluster chemistry, the ‘library approach’ could
eventually allow to support heterogenous catalysis researchers in elucidating the active
catalyst sites on the molecular level (essential for rational catalyst design). Hume-Rothery
inspired clusters show a significant resemblance, regarding structure and reactivity, to their
solid-state counterparts. Connecting it to the thoughts, that a cluster reflects one defined site
of a catalytically active surface (chapter 2.5), and that those solutions consist of multiple
different clusters, a solution may be regarded as a ‘dissolved surface’ (Figure 20). Different
clusters (or sites) show different reactivities and can be tested at the same time and

conditions.

Living Libraries
of Intermetallic Superatoms

@
O
A
L {} Fe|[Co|Ni (CulZn|G
DA
o Pd|Ac
&. ~‘~. H 9

Parameter Control
Components, Concentration
Solvent, Temperature, Time

Figure 20: Schematic illustration of the 'Living Library' concept.
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2.1.1 Abstract

The reactivity of GaCp* towards different Ni® olefin complexes is investigated. The reaction of
GaCp* with [Ni(cdt)] (cdt = all-trans-1,5,9-cyclododecatriene) leads to simple adduct
formation and the 18 valence electron compound [Ni(GaCp*)(cdt)] (1). In contrast, [Ni2(dvds)s]
(dvds = 1,1,3,3-tetramethyl-1,3-divinyldisiloxan) is converted to the undercoordinated and
highly reactive 16 ve complex [Ni(GaCp*)(dvds)] (2), which represents an intermediate in the
formation of the propeller-shaped My cluster [NisGas](Cp*)3(dvds), (3). Extensive
characterization of the latter compound by experimental and computational means reveals
Cp* transfer from Ga to Ni. Therefore, the title compound can be best expressed by the
structural formula [(12-GaCp*)(Ni2)(M2-GaNiCp*),(dvds)z]. The flexible dvds ligands stabilize
this arrangement via alkene-Ni and O-Ga interactions. Furthermore, compound 2 exhibits fast
GaCp* ligand exchange with external GaCp*, which is rather unexpected for [TM(ECp*)a]
compounds, which usually do not undergo substitution reactions with two electron donor
ligands like CO, phosphines or GaCp*.
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2.1.2 Main Text

To date, experimental access to reactive
intermetallic [TM4Ep]Lc (TM = transition metal;
E = Ga, Al, Zn; L = stabilizing donor ligand)
clusters remains a big challenge. While the
synthesis of clusters of the general type
[TM4Ep](Cp*)c (@ £ 6, b> a, c = b) follows
established
straightforward for

strategies and is comparably
TM/E

combinations?, the generation of reactive

many

sites at such cluster cores, which are
subsequently available for substrate binding,
remains elusive. We followed several
strategies for creating vacant coordination
sites on preformed TM/E clusters, e.g. Cp*H
elimination by hydrogenation® or protolysis?,
protolytic ligand replacement® or phosphine
dissociation®’. The homoleptic compounds
[TM2(GaCp*)s] (TM = Pd, Pt), so far represent
exceptional cases which undergo reproducible
and predictable ECp* exchange reactions
leading to [TM2(GaCp*)3(L)2] (L = CO; PPh3).t In
general, TM-ECp* bonds are considered to be

not inclined to substitution.®

However, none of the presented reaction
pathways leading to accessible reactive sites
can be considered as generally applicable and,
in all cases, very specific requirements on the
nature of the clusters limits their application.
An alternative and potentially more general
TM/E
compounds bearing labile olefin ligands. In

access to reactive clusters are
contrast to PR3 as stabilizing ligands which
have been shown to become more inert when
TM/E

substitution of weaker olefin ligands seems

coordinated to clusters®’, the

feasible.

In this contribution we study the reaction of
homoleptic [Ni(olefin),] complexes towards
GaCp* with variation of the olefin ligands to

cdt (all-trans-1,5,9-cyclododecatriene) and
dvds (dvds = 1, 1, 3, 3-tetramethyl-1, 3-
divinyldisiloxan). The use of GaCp* allows the
application of mild synthetic conditions due to
its high solubility even at low temperatures
which is in contrast to the low solubility of
AlCp*.° Unlike the well-established [Ni(cod)a],
the alternative Ni° sources [Niz(dvds)s] and
[Ni(cdt)] give access to a variety of Ni,Gap
complexes and clusters featuring stabilizing
olefin ligands. These results point towards the
existence of a larger family of Ni.Gay clusters
featuring different nuclearities and Ni/Ga
ratios as well as potentially replaceable olefin
ligands. Therefore, the new compounds
reported herein represent promising starting
points to explore the reactivity of Ni/Ga
complexes and clusters towards unsaturated
hydrocarbon substrates like e.g. alkynes or
with
hydrogenations.!01!

alkenes relevance to catalytic

Computational Details. Structures of the
calculated molecules were optimized using the
ORCA4.0%° software package and Becke’s
with
(BP86).
Dispersion correction including Becke-Johnson
(D3BJ)?324 After
preoptimization and analytical calculation of
the Hessian using Ahlrich’s def2-SVP basis set,
these structures were further optimized using
the def2-TZVPP basis sets with subsequent

frequency calculations.?> Note: for compound

exchange  functional®! Perdew’s

correlation functional?? Grimme’s

damping was  used.

3 no frequency calculations were performed at
the def2-TZVPP level, due to the system size.
However, already the def2-SVP results show
good agreement to the experimental results
from single crystal XRD. The resolution of
identity approximation (Rl) was applied to
speed up the calculations.?®
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Synthetic protocols.

[Ni(GaCp*)(cdt)] (1). GaCp* (463 mg,
2.262 mmol) was added dropwise to a pre-
cooled solution of [Ni(cdt)] (500 mg,
2.262 mmol) in n-hexane (10 mL) at O °C.
The
stirred for 10 min before it was allowed to
settle at -50 °C. Cannula filtration afforded
1 as an orange solid which was washed

resultant orange suspension was

twice with a small amount of n-hexane and
dried in vacuo. Further purification was
of the
toluene

achieved by re-crystallization
from  saturated
solutions at -30°C. Yield: 0.771 g
(1.810 mmol, 80 %). Dec. 167 °C.
'H NMR (CgDs, r.t.): 81 [ppm] = 4.37 (m, 6H,
CH), 2.33(m, 6H, CH.), 195 and
1.92 (overlapping signals, 21H, Cp*/CH.).
13C NMR (CeDs, r.t.): 6¢c[ppm]=113.57
(CsMes), 102.86 (CH), 41.10 (CH>),
9.97 ppm (CsMes). IR (ATR, neat) [cm™]:
3004, 2961, 2938, 2880, 2837, 2816, 2789,
1508, 1470, 1413, 1366, 1312, 1296, 1262,
1231,1187,1164, 1016, 969, 935, 902, 878,
862, 840, 786, 585, 541, 499, 449, 408.
LIFDI-MS [a.u.] m/z=425.4  ([M]*,
calc. 425.9). Anal. calc. for CzH33GaNi
(M =425.91g/mol): C 62.04, H 7.81, Ga
16.37, Ni 13.78. Found: C61.97, H 7.66, Ga,
Ni not determined.

compound

[Ni(GaCp*)(dvds)] (2). A solution of [Nix(dvds)s]
(600 mg, 0.89 mmol, 1.0 eq.) dissolved in
(1 mL) is cooled to -30 °C.
Subsequently, a cooled solution (-30 °C) of

toluene

GaCp* (366 mg, 1.78 mmol, 2.0 eq.) in toluene
(0.5 ml) is added. After 10 min at -30 °C an
orange precipitate is formed which is
separated from the remaining solvent by
cannula filtration. After drying in vacuo, 545

mg of [Ni(GaCp*)(dvds)] as an orange powder

are obtained (1.21 mmol, 68 %). Yellow crystals
suitable for XRD analysis can be obtained from
a toluene solution cooled to -30 °C. 'H NMR
(400 MHz, CeDs, 298 K): & = 3.01 (m, 4H, CH>),
2.69 (m, 2H, CH), 1.84 (s, 15H, GaCp*), 0.57 (s,
6H, Me), -0.05 (s, 6H, Me) ppm. 3C NMR (101
MHz, Ce¢Ds, 298 K): 6 = 113.8 (s, CsMes), 55.2 (s,
C=C), 47.9 (s, C=C), 9.2 (s, CsMes), 1.9 (s, CH3),
-0.4 (s, CHs) ppm. IR (ATR, neat) [cm™]: 2962,
2912, 2856, 1604, 1522, 1473, 1410, 1379,
1297, 1241, 1203, 1097, 1066, 1035, 978, 859,
822, 765, 709, 615, 671, 565, 509, 433, 415.
LIFDI-MS [a.u.] m/z = 450.0 [M]* (calc.: 450.1)
Elemental Anal. Calc. for CigH33NiGaSi,O: C,
48.0; H, 7.4; Ni, 13.0; Ga, 15.5; Si, 12.5; found:
C,47.7;H,7.6; Ni, 12.5; Ga, 14.5 %; Si, 12.5 %.

[NisGas](Cp*)3(dvds), (3). In the solid state
[Ni(GaCp*)(dvds)] (2) (100 mg, 0.22 mmol) is
heated to 110 °C for 2 h in vacuo, resulting in a
black crystalline material, which is washed with
cooled n-hexane (0.5 ml, -30 °C). After drying
in vacuo 37 mg (0.12 mmol, 54 %) of the black
solid is obtained. Single crystals with sufficient
crystallinity for SC-XRD were obtained by
recrystallization in cooled (-30 °C) n-hexane. H
NMR* (400 MHz, Tol-ds, 298 K): 6 =3.77 - 2.53
(m, 12H, HC=CH,), 2.06 (s, 15H, GaCs(CHa)s),
1.91 — 1.82 (m, 30H, NiCsMes), 0.49 —0.10 (m,
24H, CHs) ppm. ¥C NMR* (101 MHz, Tol-ds,
298 K): &6 = 115.2 (s, GaCsMes), 98.3 (s,
NiCsMes), 63.9 — 43.8 (s, C=C), 10.4, 4.6 — -2.7
(s, CHs) ppm. IR (ATR, neat) [cm™]: 2945, 2907,
2855, 1461, 1245, 1293, 1379, 1200, 1173,
1152, 987, 822, 767, 713, 682, 623, 606, 551,
493, 469, 410. LIFDI-MS [a.u.] m/z = 1222.1
[M]* (calc.: 1222.4). Elemental Anal. Calc. for
CasHg1NiaGasSis02: found: C, 45.2; H, 6.7; Ni,
19.2; Ga, 17.1; Si,9.2; O, 2.6; found: C, 42.0; H,
6.6; Ni, 18.1, Ga, 16.5; Si, 10.2.*

(Only shifts of symmetric isomer).
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Synthesis and characterization of
[Ni:(GaCp*)i(olefin)i]

10 min, 0 °C
[Ni(cdt)] + GaCp* — [Ni(GaCp~)(cdt)]
(n-hexane)

10 min, - 30 °C

-

[Niy(dvds);] + 2 GaCp*
(toluene)

(2)

[Ni(GaCp*)(dvds)]

1)
3h,110 °C

R

[(GaCp*)(Niz)(GaNiCp*),(dvds),]

@)

(in vacuo)

Scheme 1: Synthesis of Ni/Ga compounds (1-3) featuring stabilizing olefin ligands.

The Ni/Ga-olefin compound 1 can be
selectively synthesized by the reaction

Scheme 1). The stable 18 ve complex is air
and moisture sensitive but can be stored
under an inert atmosphere for months
without signs of decomposition. It is well
soluble in non-polar organic solvents, like
toluene or benzene. Characterization of 1
by *H NMR spectroscopy gives rise to three
4.37, 2.33
corresponding to the CH, and the two

signals at and 1.92 ppm
chemically distinct hydrogen atoms of the
CH; units of the cdt ligand, respectively.
The latter signal coincides with an intense
singlet at 1.95 ppm which is attributed to
the GaCp* ligand. The 3C NMR spectrum
shows the expected sets of signals for the
ring carbon atoms and methyl groups of the
Cp* ligand at 113.57 and 9.97 ppm, along
with two additional peaks corresponding to
the sp?
and sp3-hybridized carbon atoms of the cdt
ligand at 102.86 and 41.10 ppm. The overall
composition of 1 was confirmed by mass
spectrometric measurements using the
mild liquid injection field desorption
ionization (LIFDI) method which gives rise
to the molecular ion peak [M]*at m/z 425.4

(calc. 425.9).

of equimolar amounts of [Ni(cdt)] and
GaCp* in n-hexane at 0 °C (

Figure 1: Molecular structure of [Ni(cdt)(GaCp*)] (1).
Displacement ellipsoids are shown at the 50 % probability level,
hydrogen atoms and disordered sites are omitted for clarity.
Selected and averaged interatomic distances (A) and angles
(deg): Ni-Ga av. 2.308, Ga-Cp*centr av. 2.017, Ni-C av. 2.094,
C=C av.1.38 Cp*cntrGa-Ni av.167.6, (C=C)centr-Ni-Ga
104.6 - 111.7. Symmetry code to create equivalent atoms: x, -
Y, Z.

The molecular structure of 1 (Figure ) was

determined by single crystal X-ray
diffraction analysis of suitable crystals
which were obtained from saturated
toluene solutions at -30 °C within several
days. Compound 1 crystallizes as twinned,
orange plates in the monoclinic space
group Pm with four crystallographically
independent molecules of 1 per unit cell. Its

molecular structure features a central Ni
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atom bearing one GaCp* as well as one
ligand,
tetrahedral

disordered n®-coordinated cdt
distorted
coordination environment (counting each
C=C bond and the GaCp* as ligator sites)
which exhibits angles between 104.6 and
111.7° at the Ni center (with the centroids
of each C=C bond as pivotal points of the

leading to a

tetrahedral axes; Figure 1). The average
Ni-Ga bond is 2.308 A with an
average Ga-Cp*centroid distance of 2.017 A.

length

The Ni-C distances are 2.094 A on average
and the C=C bonds of the ethylene moieties
are average 1.38 A.

[Ni(GaCp*)(dvds)] (2) can be prepared in a
similar manner by treatment of [Niz(dvds)s]
with two molar equivalents of GaCp* at -30 °C
in toluene. At this
[Ni(GaCp™*)(dvds)]
reaction solution as an orange crystalline solid.

temperature pure

crystallizes from the
2 decomposes slowly in solution as well as in
solid state at ambient temperature and
therefore has to be always handled at low
temperatures. Prior to synthesis of 2, single
crystals of [Niy(dvds)s] were obtained and
analyzed (Figure S1). The compound however
is of limited relevance for this work and
therefore discussed in the supporting
information.

The H-NMR spectrum of freshly prepared
solutions of 2 shows three doublets of
doublets between 3.01 (vinylic, 4H) and 2.69
(vinylic, 2H), a singlet at 1.84 (GaCp*, 15H) and
two singlets at 0.57 and -0.05 ppm (SiMe
groups, 12H). The 3C NMR spectrum is
consistent with the signals observed in the 'H-
NMR: The GaCp* signals are found at 113.8
and 9.2 ppm respectively, in accordance with
Ni-GaCp*
literature.®'*27 The signals of the dvds ligands

other compounds reported in

at 55.2,47.5, 1.9 and -0.4 ppm are only slightly
shifted compared to the starting material
[Niz(dvds)s].28

Single crystals suitable for X-ray analysis were
toluene solutions

obtained from cooled

at -30 °C after several days (Figure).

c17 c18

Figure 2: Molecular structure of [Ni(GaCp*)(dvds)] (2).
Displacement ellipsoids are shown at the 50 % probability level
and hydrogen atoms are omitted for clarity. Selected
interatomic distances (A) and angles (°): Ni-Ga: 2.2528(4), Ni-
C(dvds): av. 2.00, C=C (dvds): av. 1.41, Ga-Cp*centroiq: 1.941, Si-
0-Si: 129.07(9).

The Ni-GaCp* distance of 2.2528(4) A is in the
range of other Ni-GaCp* distances but slightly
elongated compared to homoleptic
[Ni(GaCp*)s] (2.2188(5) A), however shorter
than in 1 (2.308 A). The Ga-Cp* centroid distance
of 1.941A is somewhat shorter than in
[Ni(GaCp*)4] (2.003(4) A) and 1 (2.017 A) which
is consistent with the electron poor nature of
the Ni center and suggests a stronger dative
Ga—>Ni bond as in 1.* The dvds ligand adopts
a chelating coordination mode as it is also
found in [Ni2(dvds)s]. The Ni-C distance in 2 (av.
2.00 A) is significantly shorter as in 1 (2.09 A)
and shorter as in [Niz(dvds)s] (av. 2.05 A), with
expected effect for the C=C bonds. In 2 they are
elongated (av. 1.41 A) compared to [Niz(dvds)s]
(av.: 1.39 A) and 1 (av. 1.38 A) and distinctly
longer than the C-C bonds of the related
[Ni(cdt)(PR2R")] (av. 1.31 A).2°
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Table 1. Crystallographic data for [Ni>dvdss], 1, 2 and 3 (for full details see Sl).

[NidedS3] 1 2 3
formula C24H34Ni20sSie C22H33GaNi C1sH33GaNiO,Si CasHg1GasNis0;Sis
M [g/mol] 676.59 423.40 450.03 1222.39
crystal habit vellow-orange orange fragmen vellow-orange black fragment
fragment fragment
cryst syst monoclinic monoclinic triclinic triclinic
space group P2/c Pm P1 P1
a [A] 6.9926(8) 8.453(4) 9.5552(10) 12.844(14)
b [A] 10.7321(12) 13.432(4) 10.9769(12) 13.324(17)
c [A] 23.987(3) 17.910(6) 11.8382(13) 20.60(2)
al’] 90 90 64.916(4) 86.12(4)
Bl 94.064(4) 91.894(12) 80.903(4) 77.76(3)
7[°] 90 90 72.007(4) 89.64(4)
V [A3)] 1795.6(4) 2032.4(13) 1069.0(2) 3437(7)
VA 2 4 2 2
pc[gem3) 1.251 1.384 1.398 1.181
F(000) 724 890 472 1268
T [K] 100 100 100 100
u[mm=1] 1.271 2.743 2.254 2.326
data / restrain 3678/39/18¢ 7470 /588 /441 4210/0/217 13046 / 1424 / 93¢
/ parameters
GOF (F?) 1.085 1.021 1.029 1.135
R13, WRyP (> _
26()) 0.0346,0.0787 0.0760, 0.1482 0.0245, 0.0548 0.0560, 0.1111

3 R1=X(||Fo | — |Fel|)/Z | Fo|; ® WR2 = {E[w(Fo? — F2)?]/Z[w(Fo2) 2112
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Cluster growth reaction and synthesis of
[(NisGasz)(Cp*)3(dvds).]

When toluene solutions of [Ni(GaCp*)(dvds)]
are kept at ambient temperatures, their color
readily changes from orange to black. Time and
in-situ  LIFDI-MS
measurements of a heated toluene solution of

temperature dependent
[Ni(GaCp*)(dvds)] indicate a conversion to a
new species with 1222.1 m/z among with the
formation of additional by-products. We found
that heating an orange crystalline sample of 2
to 110 °C also leads to a color change to black.
Analysis of the product confirms a highly
selective solid-state reaction of 2 to 3 (yield >
95 %). After workup by recrystallization, the
cluster  [(u-GaCp*)(Ni2)(u-GaNiCp*)2(dvds).]
(3) can be obtained in yields higher than 50 %.
Single crystals suitable for X-ray
crystallography were obtained by cooling a
concentrated hexane solution to -30 °C. The
(Figure)
unambiguously reveals a Cp* transfer reaction

single crystal structure analysis

from Ga to Ni.

Displacement ellipsoids are shown at the 50 %

probability level, hydrogen atoms and
disordered sites are omitted for clarity. The
carbon atoms are depicted in wireframe mode
Selected
interatomic distances (A) and angles (°): Nil-
Ni2: 2.340(2), Nil-Gal: 2.389(3), Nil-Ga2:
2.399(3), Ni1-Ga3: 2.402(3), Ni2-Gal: 2.396(3),
Ni2-Ga2: 2.430(3), Ni2-Ga3: 2.362(3), Ga2-Ni3:
2.347(3), Ga3-Ni4: 2.313(3), Ni3-Cp*centroid: av.
1.78, Ni3-Cp*centroid: av. 1.81, Gal-Cp*centroid:
av. 2.01, Ni1-C1/2: 1.92-2.05, Ni2-C9/10: 2.02-
2.09, C1-C2: av. 1.43, C9-C10: av. 1.48, C7-C8:
1.443(6), C15-C16: 1.441(8), Ga2-01: 2.801(3),
Ga3-02: 2.887(3), Si-O-Si: 141-144. Average

values or ranges are given due to disorder.

to highlight the My cluster core.

Figure 3:

Molecular
[(1-GaCp*)(Niz)(u-GaNiCp*)x(dvds)>] (3).

structure of

The My core of 3 is propeller-shaped and
features a Ms motif which is reminiscent of
that found in [TMy(ECp*)s] complexes
(TM=Ni, Pd, Pt; E=Al, Ga)*3. In these
compounds the central TM; unit is bridged by
three ECp* ligands and each TM atom s
additionally coordinated by one terminal ECp*
ligand. In 3, the central Niz-unit is bridged by a
single GaCp* ligand and two bare Ga atoms.
Each of these two Ga atoms is bound to a
NiCp*, resulting in a ‘GaNiCp*’ unit. The metal
core structure is further stabilized by two dvds
ligands each bridging two nickel centers, one of
the central Niz-unit and one of the NiCp*.
Moreover, stabilization is attributed to the
short Ga-O distances of only 2.801(3)/2.887(3)
A between the bare Ga-atom of the GaNiCp*
units and the O-atom of the dvds ligands. The
Ga-0 interaction is also supported by QTAIM
calculations exhibiting a Ga-O bonding path
Figure S32).
coordinated to the central

(see Sl The vinyl groups
Niz-unit are
disordered with two positions. This suggests
the existence of two isomers which differ in the
relative orientation of these vinyl groups, one
the other

perpendicular relative orientation (Figure). The

with a parallel, one with a

intermetallic  distances, including the
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unprecedented formal Cp*Ni'-Ga® bond are all
in the range of other Ni-Ga interactions.3%32
The M-Cp*centroid distances are distinctly
different for M = Ni and Ga, with Ni-Cp* centroid
(av. 1.78/1.81 A) being about 0.2 A shorter
than Ga-Cp*centroid (av. 2.01 A). Both distances
with
comparable compounds in literature.333% The
calculated bond distances at  the
BP86-D3/def2-TZVPP level of theory match
well with the crystal structure. Different metal

are consistent values found for

assignments were tested by DFT calculations,
without successful convergence. This is further
supported by NMR spectroscopy.

Figure 4: Schematic representation for possible coordination
modes of the ethylene-moieties of dvds to the central Niy-unit
resulting in different isomers of 3. (Ni = green, Ga = pink, C =
gray, Si = yellow, O = red).

Based on the experimental crystal structure a
definite assignment of the NMR-data (see SI

Figure S$9-515)
unprecedented Cp* transmetalation from Ga

is possible. However, the
to Ni as well as the existence of at least two
isomers drastically complicate the 'H and *3C
NMR spectra.

The 'H NMR of 3 shows several signals for the
SiMe (0.43-0.12 ppm) and vinylic protons
(3.75-2.53) of the dvds ligand. The large
number of signals and their broad ppm range
is in accordance with the observed disorder of

the dvds ligand leading to an unsymmetrical
(C1) isomer as well as an isomer of higher
symmetry (Cz). The Si-Me groups lead to two
sets of signals between 3.0 and -1.0 ppm. One
set of signals gives rise to eight signals (3H
each) and is assignable to a C; symmetric dvds
coordination. The second signal set shows four
singlets (6H each), i.e. corresponds to a dvds
coordination exhibiting an element of
symmetry (e.g. C; or Cs). Respective signals of
dvds are consistent with the 3C NMR. The M-
Cp* protons give rise to four singlets at 2.06
(GaCp*), 1.90 and two overlapping signals at
1.84 and 1.83 ppm (all NiCp*) with an
integration ratio of 30:15:30:15. By 2D HMBC
experiments the *H can be linked to 3C shifts.
The 3C NMR spectra shows five peaks in the
Cp* range with the signals at 115.2 and 114.6
ppm attributed to GaCp* and the peaks at
98.8, 98.6 and 98.3 ppm assigned to NiCp*
units. A tentative comparison of the peak
integrals supports this assignment. Low
temperature 'H-NMR studies (see S| Figure
§15) also confirm this assignment and reveal a
decoalescence of the GaCp* signal at -20 °C
into two distinct singlets with an integral ratio
of 1:1.

This is well consistent with the existence of two
isomers, that differ in their symmetry along the
Ga-Cp*centroid axis. However, a reproducible
small *H NMR signal at 1.87 ppm (with integral
3 relative to 15H of one Cp*), as well as 3C
NMR peaks at 114.3 and 99.0 ppm point to
trace amounts of a third isomer, which could

not be further identified.

Spectroscopic  Investigations  of
Substitution in [Ni(GaCp*)(dvds)]
Since 2 represents a stable 16 ve complex, we

Ligand

were interested whether the corresponding 18
[Ni(GaCp*)2(dvds)]
spectroscopically

ve compound can be

observed,
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respectively. Addition of GaCp* to a freshly
prepared solution of [Ni(GaCp*)(dvds)] and
analysis via 'H-NMR reveals coalescence of the
signals for free GaCp* (1.93 ppm) and 2 (1.84
ppm) with a chemical shift of the coalesced
signal which is consistent with a fast exchange

(Fehler!
gefunden

of free and coordinated GaCp*
nicht
werden.). Down to -95 °C (see Sl Figure S16) no

Verweisquelle konnte
splitting

of the coalesced signal is observed pointing to
a very low barrier for the GaCp* exchange.
Indeed, DFT calculations (BP86-D3/def2-
TZVPP) on the 18 ve
[Ni(GaCp*)2(dvds)], representing a plausible

species

intermediate in an associative GaCp* exchange
reaction, suggest a low barrier for the ligand
exchange reaction by a very low energy
difference of the two species. DFT calculations
predict the [Ni(GaCp*)2(dvds)] species being
favored by 5 kcal/mol compared to
[Ni(GaCp*)(dvds)] and free GaCp* (Gibbs free

enthalpy in vacuum). Interestingly the
optimized structure of [Ni(GaCp*)2(dvds)]
shows two distinct GaCp* ligands with Ni-Ga
distances of 2.31 and 2.41 A, respectively.
Treatment of [Ni(GaCp*)(dvds)] with PEts
results in the formation of [Ni(PEts)(dvds)]
(calculated: 363.3 m/z, observed: 362.9 m/z)
as observed LIFDI-MS directly from the
reaction solution (see S| Figure S18). DFT
calculations confirm an elongation of the Ni-Ga
bond in [Ni(PEts)(GaCp*)(dvds)] by 0.27 A with
respect to 2, while the Ni-P distance (2.17 A) is
almost the same as in the corresponding 16 ve
complex [Ni(PEts)(dvds)] (2.16 A). The Ni-Ga
bond seems to be more labile as the Ni-P bond.
The observed lability of the Ni-GaCp* bond in
2 was unexpected and similar dissociation
reactions have not been observed before. In
fact, it has always been assumed that the TM-
ECp* bonds are rather inert.®

Given the fact that substitution at 16 ve
complexes might be more likely we followed

free GaCp*
1.5 eq. GaCp*
N
1.0 eq. GaCp*
N
0.5 eq. GaCp*

N

[Ni(GaCp*)dvds]

_j\_

Figure 5: 1H-NMR spectra of solutions of [Ni(GaCp*)(dvds)] (1) (bottom), GaCp* (top) and their mixtures with varying‘
equivalents of GaCp* in CsDg. The pure samples exhibit the estimated signal for the GaCp* protons of [Ni(GaCp*)(dvds)] at

1.84 ppm and for GaCp* at 1.93 ppm. For the mixtures only a single signal can be observed indicating fast fluctional processes

leading to the coalescence of the two signals.
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the addition of an excess PEt; to a freshly
prepared solution of the 18 ve compound
[Ni(GaCp*)2(PEts)2] by 3P NMR, confirming the
formation of [Ni(GaCp*)(PEts3)s], supporting
the lability of the Ni-GaCp* bond.

Conclusion

In this contribution we reported on three new
Ni/Ga complexes with olefinic co-ligands. The
existence of potentially labile olefinic co-
ligands enables the introduction of organic
substrates, which opens a link between TM/E
TM/E
selective

clusters as reactivity models for

intermetallic catalysts. However,
removal of these olefinic groups by e.g.
thermal treatment or under hydrogenolytic
conditions proved challenging in preliminary
experiments, leading to complex product
mixtures in all cases. Mass spectrometric
analysis of these complex mixtures as well as
the identification of reaction conditions
leading to well defined clusters are currently

investigated and will be reported elsewhere.

An interesting result of this investigation is the
role of the transmetalation reaction: While
such Cp* ligand transfer reactions have been
observed in various cases in mononuclear
the NiCp*
groups as well as the "naked" Ga centers

transition metal complexes®®,
resulting from the Cp* migration seem to be
crucial for the formation of the higher
nuclearity cluster 3. However, at the same
time the reactive Ni sites, that are vital for
substrate binding are blocked by the Cp*
groups. We therefore started to investigate
the employment of Ga(l) ligands stabilized by
bulky alkyl?” or silyl®® groups in order to

suppress ligand transfer reactions.

As a
investigate the

long-term goal, we are curious to
reactivity of catalytically
relevant substrates (alkynes/alkenes, H,, CO,

CO,, ..) on complexes and clusters with
different TM/E ratios in order to explore
interesting substrate-cluster interactions (e.g.
preferential alkyne vs. alkene coordination)3®
or to discover unexpected reaction behaviors
as for example the C-H activation of benzene
[Ni(AICp*)3]
intermediate.® The formation of such reactive

on a low-coordinated

transition metal centers in multinuclear

intermetallic clusters remains a challenge.
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2.1.4 Additional Data and Information

Experimental Data

Comment on [Niy(dvds)s] and adopted synthesis.

[Ni2(dvds)s] was synthesized from [Ni(cod),] in a classic ligand exchange reaction with an
excess of dvds following a procedure described in literature, leading to an orange crystalline
solid and not to an orange oil as described there.! After the reaction the *H NMR (Figure S)
shows several multiplets in the range of 6 = 4.05 — 2.94 ppm, fitting to coordinated vinylic
protons which are shifted compared to the free dvds ligand (6 = 5.38 — 4.89 ppm). The broad
splitting of the olefinic protons together with the six signals for the methyl group protons
suggest an unsymmetrical coordination of the dvds ligand. The molecular structure of the
higher homologue [Ptz(dvds)s]? shows one dvds ligand bridging two [Pt(dvds)] units, which
could be a potential explanation for the observed NMR signals of [Niz(dvds)s]. The mentioned
methyl groups in [Niz(dvds)s] exhibit six singlets (6 = 0.53 —-0.33 ppm), each representing two
methyl groups, and not just one singlet (6 = 0.26 ppm) for all four CHs groups, as the free dvds
does. This is supported by the 3C NMR of [Niz(dvds)s] showing 5 peaks, one with doubled
intensity, in the range of § = 67.1 — 68.5 representing the C-atoms of the olefinic groups. The
methyl group resonances are in the range of 6 =-1.13 — 2.51 ppm. Data match with literature
values.! Indeed, single crystal X-ray diffraction analysis confirms the analogue molecular
structure for [Niz(dvds)s], featuring one bridging and two terminal dvds ligands, isostructural
to the higher homologue [Pt2(dvds)s].

Figure S1: Molecular structure of [Nixdvdss]. Hydrogens and disordered sites omitted for clarity. Ellipsoids are drawn at 50%

of probability. Symmetry code to generate equivalent atoms: -x + 1, y, -z + 1.5.

57



Single crystals, in shape of large orange needles, were grown within a week in hexane, cooled
to -30 °C. At first sight, there is no significant difference between a terminal and bridging dvds,
according to the Ni-Colefin distance. Both the Ni-C and C-C bond lengths are in similar ranges
but will not be discussed in detail due to disorder. The crystallographic data of [Nix(dvds)s]
reveal the intrinsic flexibility of the dvds ligand, which is already obvious by its occurrence as
terminal and bridging ligand within the same molecule. The torsion angles of the O-Si-bond
with the C-C-double-bond of the terminal dvds are -133.08(19)° and 141.12(19)°, whereas for
the bridging dvds they are around -174° and 22° (no exact values due to disorder). Further,
the bond angle of the Si-O-Si-bond ‘back bone’ is 129.33(9)° for the two terminal ligands, in
contrast the bridging dvds has an angle of 159.77(19)°. This remarkable degree of flexibility
enables a big overlap of the nickel and olefin orbitals and results in a good interaction, that
exceeds other prominent olefin chelate ligands, as cod or cdt.
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Figure S2: 'H NMR of [Ni,(dvds)s].
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Figure $3: 13C NMR of [Niy(dvds)s].

Synthetic protocol

[Niz(dvds)s]: [Ni(cod).] (4.00 g, 14.54 mmol, 1.0 eq.) is suspended in diethyl ether (45 mL),
after addition of 1,3-divinyltertramethyldisiloxane (19.44 g, 104.27 mmol, 7.0 eq.) the orange
reaction solution is stirred for 24 h at ambient temperature. Volatiles are removed in vacuo,
the remaining brown oil is dissolved in n-hexane (20 ml), filtered over Celite® and washed with
n-hexane (3x3 ml). After removing all volatiles, 4.92 g of [Ni2(dvds)s] as an orange powder are
obtained (7.27 mmol, 50 %). Single crystals are grown in n-hexane at -30 °C, in shape of large
orange needles. 'H NMR (400.0 MHz, C¢Ds, 298 K): & = 3.92 (dd, J = 20.7, 4H, CH2), 3.77 (d, J =
13.0, 2H, CH), 3.51 — 3.40 (m, 4H, CH), 3.23 — 2.98 (m, 8H, CH,), 0.48 (s, 6H, CH3), 0.46 (s, 6H,
CHs), 0.14 (s, 6H, CHs), 0.07 (s, 6H, CH3), -0.13 (s, 6H, CHs), -0.27 (s, 6H, CH3) ppm. 3C NMR
(101 MHz, CDs, 298 K): 6 = 68.5 (s, C=C), 67.9 (s, C=C), 67.5 (s, C=C), 67.3 (s, C=C), 67.1 (s,
C=C), 2.5 (s, CHs), 2.0 (s, CH3), 1.9 (s, CHs), 1.4 (s, CH3), -1.1 (s, CHs), -1.1 (s, CHz) ppm. IR [cm"
11: 2956, 2905, 2843, 1598, 1522, 1397, 1335, 1241, 1084, 1041, 1009, 990, 922, 828, 772, 778,
709, 678, 596, 559, 458, 409. Elemental Anal. Calc. for C24Hs4SisO3Ni»: C, 42.6; H, 8.1; Si, 24.9;
Ni, 17.4; found: C, 41.6; H, 8.1; Si, 23.1; Ni, 15.7.
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Comment on [Ni3Gaa](Cp*)s(dvds)

In the LIFDI-MS spectra (Figure S21) of the reaction of [Niz(dvds)s] with GaCp*, the mass (m/z)
1181.8 a.u. is most probably related to [Niz(GaCp*)s(dvds)]. The calculated isotopic pattern of
[Ni3Gaa](Cp*)a(dvds) nicely fits to the experimental spectrum (Figure S21). Also, the existence
of the analogous compound [Pd3(GaCp*P*")s(dvds)] that has already been extensively
characterized? supports the assighment of the LIFDI-MS signal to [Ni3Gaas](Cp*)s(dvds).
Performing DFT calculations (Figure S29) based on the already published structure of
[Pd3Gas](Cp*)a(dvds) results in a minimum and therefore both compounds could be
isostructural.
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[Nizdvdss] (CCDC 1979648)

Diffractometer operator C. Jandl

scanspeed 1-5 s per frame

dx 50 mm

4179 frames measured in 16 data sets
phi-scans with delta_phi=0.5
omega-scans with delta_omega = 0.5
shutterless mode

Crystal data
C24Hs4Ni203Sis
M, =676.59

Monoclinic, P2/c

Hall symbol: -P 2yc
a=6.9926 (8) A
b=10.7321(12) A
c=23.987 (3) A

B = 94.064 (4)°
V=1795.6 (4) A3
z=2

F(000) = 724

Dx=1.251 Mgm™

Melting point: ? K

Mo Ko radiation, A = 0.71073 A

Cell parameters from 9557 reflections

0=

N

.6-27.5°

1

1
[EEN

.27 mm~
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=100K

Fragment, yellow-orange

0.38 x0.25 x0.21 mm
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Data collection

Bruker Photon CMOS
diffractometer

Radiation source: TXS rotating anode

3678 independent reflections

3393 reflections with [ > 20(/)

Helios optic monochromator
Detector resolution: 16 pixels mm™

phi— and w—-rotation scans

Absorption correction: multi-scan
SADABS 2014/5, Bruker

Trmin = 0666, Tmax = 0.746

88275 measured reflections

Refinement

Refinement on F?

Least-squares matrix: full

RIF? > 26(F?)] = 0.031
WR(F?) = 0.080

5=1.09

3678 reflections
184 parameters
39 restraints

0 constraints

Rint = 0.046

emax = 26.40, emin = 2.6°

h=-8 8
=-13 13
I=-29 29

Secondary atom site location: difference

Fourier map

Hydrogen site location: inferred from
neighbouring sites

H-atom parameters constrained

W = 1/[32(FO?) + (0.0337P)? + 1.4479P]
WHERE P = (FO? + 2FC?)/3

Extinction correction: none

Extinction coefficient: -

Primary atom site location: intrinsic phasing
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Compound 1 (CCDC 1829782)

Crystal data

4(C12H18GaNi)-4(CioH1s)

M, =423.40
Monoclinic, Pm

Hall symbol: P -2y

a=8.453(4)A
b=13.432 (4) A
c=17.910(6) A

B =91.894 (12)°
V=2032.4(13) A3

/=

ES

F(000) = 890

Dx=1.384 Mg m™3

Melting point: ? K

Cu Ko radiation, A = 1.54178 A

Cell parameters from 9983 reflections
0=4.9-74.5°

n=274 mm™

T=100K

Fragment, orange

0.22 x 0.13 x 0.08 mm
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Data collection

Bruker Photon CMOS
diffractometer

Radiation source: IMS microsource

Helios optic monochromator Rine=2
Detector resolution: 16 pixels mm-*

phi— and w—rotation scans

Absorption correction: multi-scan
TWINABS 2012/1, Bruker

Tmin = 0.640, Tmax = 0.754

7470 measured reflections

Refinement

Refinement on F?

Least-squares matrix: full

RIF? > 20(F?)] = 0.061

wR(F?) = 0.161

$=1.02

7470 reflections
588 parameters
441 restraints

0 constraints

Primary atom site location: intrinsic phasing

Bmax = 74.5°, Bmin = 3.3°

7470 independent reflections

6266 reflections with /> 20o(/)

Hydrogen site location: mixed

H atoms treated by a mixture of

independent and constrained refinement

W = 1/[3%(FO?) + (0.0661P)? + 6.9187P]
WHERE P = (FO? + 2FC?)/3

(A/0)max = 0.003

Apmax = 0.97 e A3
Apmin=-1.15e A3

Extinction correction: none
Extinction coefficient: -
Absolute structure: Flack®t.12

Absolute structure parameter: 0.11 (6)
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Secondary atom site location: difference

Fourier map
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Compound 2 (CCDC 1979647)

C13

C15

Diffractometer operator C. Jandl
scanspeed 1-2 s per frame

dx 34 mm

1524 frames measured in 7 data sets
phi-scans with delta_phi=0.5
omega-scans with delta_omega = 0.5
shutterless mode

Crystal data

Ci1gH33GaNiOSi, F(000) = 472

M, = 450.03

Triclinic, P Dx=1.398 Mg m™

Hall symbol: -P 1 Melting point: ? K

a=9.5552 (10) A Mo Ko radiation, A = 0.71073 A
b=10.9769 (12) A Cell parameters from 9965 reflections
c=11.8382 (13) A 0=2.2-27.6°

a=64.916 (4)° p=2.25mm

B =80.903 (4)° T=100K

vy =72.007 (4)° Fragment, yellow-orange
V=1069.0 (2) A3 0.35 x 0.26 x 0.23 mm

zZ=2
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Data collection

Bruker Photon CMOS
diffractometer

Radiation source: TXS rotating anode

4210 independent reflections

3887 reflections with [ > 2o(/)

Helios optic monochromator

Detector resolution: 16 pixels mm™

phi— and w—-rotation scans

Absorption correction: multi-scan

SADABS 2014/5, Bruker

Trmin = 0620, Tmax = 0.746

19885 measured reflections

Refinement

Refinement on F?

Least-squares matrix: full

RIF > 20(F?)] = 0.022

WR(F?) = 0.056

5=1.03

4210 reflections
217 parameters
0 restraints

0 constraints

Rint = 0.034

emax = 26.00, emin = 2.6°

h=-11 11
=-13 13
I=-14 14

Secondary atom site location: difference
Fourier map

Hydrogen site location: inferred from
neighbouring sites

H-atom parameters constrained

W = 1/[3%(FO?) + (0.0212P)? + 0.8013P]
WHERE P = (FO? + 2FC?)/3

Extinction correction: none

Extinction coefficient: -

Primary atom site location: intrinsic phasing
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Compound 3 (CCDC 1979649)

Diffractometer operator C. Jandl
scanspeed 2-10 s per frame

dx 40 mm

1670 frames measured in 7 data sets
phi-scans with delta_phi=0.5
omega-scans with delta_omega = 0.5
shutterless mode

Crystal data

CasHs1GasNiz0-Sis

M, =1222.39
Triclinic, P

Hall symbol: -P 1
a=12.844 (14) A
b=13.324(17) A
c=20.60(2) A

o =86.12 (4)°
B=77.76 (3)°

y = 89.64 (4)°
V=3437 (7) A3

F(000) = 1268

Dx=1.181 Mgm™3

Melting point: ? K

Mo Ko radiation, A = 0.71073 A

Cell parameters from 4207 reflections

0=

N

.2—-25.6°

33 mm!

1]
N

- T

=100K

Fragment, black

0.32x0.31 x0.20 mm
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Data collection

Bruker Photon CMOS
diffractometer

Radiation source: TXS rotating anode

13046 independent reflections

10404 reflections with I > 2g(/)

Helios optic monochromator
Detector resolution: 16 pixels mm

phi— and w—rotation scans

Absorption correction: multi-scan
SADABS 2014/5, Bruker

Trmin = 0570, Tmax = 0.745

77161 measured reflections

Refinement

Refinement on F?

Least-squares matrix: full

RIF? > 26(F?)] = 0.043

WR(F?) = 0.119

5=1.14

13046 reflections
939 parameters
1424 restraints

0 constraints

Rint = 0.076

emax = 25.70, emin = 2.20

h=-15 14
=-16 16
I=-25 25

Secondary atom site location: difference
Fourier map

Hydrogen site location: inferred from
neighbouring sites

H-atom parameters constrained

W = 1/[3%(FO?) + (0.0449P)? + 2.9018P]
WHERE P = (FO? + 2FC?)/3

(A/o)max = 0.002
Apmax = 0.67 e A3
Apmin=-0.66 e A3

Extinction correction: none

Extinction coefficient: -

Primary atom site location: intrinsic phasing
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Figure $5: 1H NMR of [Ni(GaCp*)(cdt)] (1).
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Figure S6: 13C NMR of [Ni(GaCp*)(cdt)] (1).
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Figure $8: 13C NMR of [Ni(GaCp*)(dvds)] (2).

72



0 || Ni—— Ni || o

,/ N

NiCp* Cp*Ni

RO, W, |

.0 2.5 2.0 1.5 1.0 0.5 0.0
chemical shift (ppm)

16.18=
7.05 =
24.42=

Figure $9: 'H NMR of 3 with peak assignment by colors.

| Me.
SN
/Nélles M;Ni\
[ ]
e o
J | Ll L

140 130 120 110 100 90 80 70 60 50 40 30 20 10 O -1C
chemical shift (ppm)

Figure $10: 13C NMR of 3 with peak assignment by colors.
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Figure $11: 2D HMBC NMR experiment of 3.
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Figure $12 2D HMBC NMR experiment of 3, assinging NiCp* and GaCp* shifts.
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Figure $13: 1H-VT-NMR spectrum of 3, showing the coalescence of the GaCp* resonance.
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Figure $14: Zoomed 'H-VT-NMR spectrum of 3, showing the coalescence of the GaCp* resonance.
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LIFDI-MS spectra
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Figure $16: LIFDI-MS spectrum of 1 and related fragments.
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Figure $17: LIFDI-MS spectrum of 2. Thermally induced conversion to 3 observable.
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Figure $18: LIFDI-MS spectrum of pure 3, showing product mass and related fragments.
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Figure $19: LIFDI-MS spectrum of Ni(PEts)(dvds), with isotopic pattern.
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Figure S20: LIFDI-MS spectrum of reaction solution [Nixdvdss] + 2 eq GaCp* 2h at ambient temperature with peak
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IR spectra
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Figure S21: IR spectra of [Ni(GaCp*)(cdt)] (1).
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Figure $22: IR spectrum of [Nidvdss].
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Figure $24: IR spectrum of [Ni>(GaNiCp*),(GaCp*)(dvds),] (3).
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Optimized Structures on BP86-D3/TZVPP level of theory, if not stated otherwise. Existence of
local minima tested positive frequencies.

XYZ coordinates of optimized molecules
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Figure S25: DFT optimiezed structure of [Ni(GaCp*)(dvds)] (1), hydrogen atoms omitted for clarity.
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Figure S26: DFT based structure of of [Ni(GaCp*),(dvds)], with different Ni-Ga distances.
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Figure S27: Optimized structure of 3 (BP86-D3/SVP), hydrogen atoms omitted for clarity.
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-12.049360000000
-10.814296000000
-10.706554000000
-13.421621000000
-14.052136000000
-15.113272000000
-13.525537000000
-14.043235000000
-11.227604000000
-11.995130000000
-12.084890000000
-11.931166000000
-13.128203000000
-11.099829000000
-10.729223000000
-9.943169000000
-9.344189000000
-9.261522000000
-8.325622000000
-9.952077000000
-9.811058000000
-9.118572000000
-8.906555000000
-9.742819000000
-8.153509000000
-11.185388000000
-10.390751000000
-12.063581000000
-11.483951000000
-10.529095000000
-10.750058000000
-9.887653000000
-10.884626000000
-11.652198000000
-7.115990000000
-7.537206000000
-7.943754000000
-8.391827000000
-6.506512000000
-6.811652000000
-5.561117000000
-5.406880000000
-5.414595000000
-4.453032000000
-6.228781000000
-4.492006000000
-3.026155000000
-2.636357000000
-2.431728000000
-2.805042000000
-8.188707000000

14.521709000000
14.406110000000
14.667987000000
13.558045000000
17.301852000000
17.657570000000
16.450038000000
18.116195000000
17.012172000000
17.521863000000
17.811214000000
18.414428000000
16.755080000000
16.095130000000
13.489639000000
13.974446000000
15.057809000000
13.824704000000
13.415321000000
14.025850000000
13.079790000000
13.287905000000
14.365167000000
12.852227000000
12.813919000000
11.882636000000
10.628310000000
9.953744000000
10.061291000000
10.842618000000
15.369763000000
15.899487000000
15.279369000000
16.025672000000
12.075473000000
11.058920000000
10.369417000000
11.544181000000
10.436247000000
15.781978000000
16.729773000000
17.292473000000
16.468515000000
17.537789000000
18.717190000000
19.324611000000
20.630373000000
21.489052000000
20.679757000000
20.793534000000
18.536391000000
18.817960000000
19.404554000000
17.882240000000
19.400351000000
19.290793000000

35.735132000000
36.157723000000
34.642981000000
35.888842000000
39.085212000000
39.926986000000
39.458082000000
38.840040000000
35.883947000000
34.621804000000
34.785296000000
34.232627000000
33.821065000000
35.958335000000
33.593840000000
32.602012000000
32.777232000000
32.247158000000
31.617015000000
30.356351000000
29.618738000000
28.260542000000
28.014671000000
28.189979000000
27.458329000000
30.418833000000
29.976857000000
30.827514000000
29.251750000000
29.473672000000
29.871105000000
29.308080000000
29.193976000000
30.710612000000
31.652636000000
32.734995000000
32.828156000000
33.722750000000
32.542876000000
39.412035000000
39.025005000000
39.894418000000
38.365484000000
38.301071000000
37.503527000000
37.123070000000
36.403226000000
37.111447000000
35.842572000000
35.678756000000
37.704166000000
37.569660000000
38.430562000000
37.521343000000
36.652939000000
37.332309000000
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-8.517977000000
-8.229108000000
-8.941268000000
-5.074653000000
-4.326808000000
-4.124348000000
-4.893691000000
-3.345733000000
-8.088868000000
-9.910469000000

Figure S28: Optimized structure of of [Ni3(GaCp*)4(dvds)] (BP86-D3/SVP), hydrogen atoms omitted for clarity.

7.314132000000
8.144742000000
10.247913000000

6.029723000000
4.225462000000
4.349104000000
3.491679000000
4.363322000000
5.271763000000
3.973163000000
3.799246000000
3.951290000000
3.772587000000
2.757061000000
4.500514000000
3.902609000000
3.463863000000
2.561800000000
3.255324000000
4.289473000000
3.906871000000
2.993828000000
3.894655000000

19.818605000000
20.019918000000
18.502077000000
17.438092000000
16.365887000000
16.646721000000
15.413798000000
16.156795000000
14.230542000000
13.965816000000

1.454366000000
3.196231000000
2.362219000000
3.882107000000
5.248309000000
6.509435000000
7.187370000000
6.305399000000
7.076511000000
3.916970000000
3.054252000000
3.846864000000
3.390343000000
3.639161000000
3.873832000000
2.296350000000
1.594264000000
1.444030000000
1.143189000000
1.017333000000
3.438408000000
2.832779000000
4.277473000000

38.255173000000
36.500416000000
37.115344000000
38.419436000000
39.154273000000
40.211440000000
39.166963000000
38.681220000000
38.154616000000
38.303224000000

5.899296000000
4.461574000000
4.849787000000
4.186225000000
4.882159000000
5.687149000000
5.485958000000
6.773322000000
5.445940000000
5.364192000000
4.225113000000
3.033068000000
1.613812000000
1.235599000000
0.931098000000
1.512825000000
4.332021000000
4.962744000000
3.344551000000
4.800126000000
6.785774000000
6.964091000000
7.506853000000
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4.780320000000
4.225473000000
4.355563000000
3.400585000000
5.133683000000
4.617091000000
8.897761000000
7.998280000000
6.738204000000
6.403670000000
5.905165000000
6.872101000000
8.072433000000
9.463251000000
10.243619000000
11.740754000000
12.110956000000
12.135208000000
12.202721000000
10.009824000000
10.218886000000
10.955554000000
9.304195000000
6.928397000000
6.718171000000
6.004695000000
7.129528000000
9.336834000000
9.735804000000
10.025275000000
8.909823000000
10.603910000000
8.577226000000
9.470468000000
10.681432000000
10.648681000000
10.757710000000
11.615005000000
8.116102000000
7.252665000000
8.074878000000
7.617295000000
7.681110000000
8.242804000000
6.565166000000
5.762937000000
5.265194000000
5.354789000000
5.461072000000
7.692401000000
7.837333000000
8.271213000000
6.624893000000
9.451539000000
10.597052000000
10.613226000000

2.791611000000
5.202709000000
6.397521000000
6.966224000000
7.102207000000
6.107269000000
3.012052000000
3.597178000000
3.023489000000
3.575384000000
3.057856000000
1.963515000000
4.675761000000
4.913587000000
3.981763000000
3.974389000000
4.732317000000
2.992387000000
4.215999000000
5.979063000000
6.925389000000
5.650938000000
6.212331000000
5.456054000000
6.378689000000
4.851330000000
5.762578000000
3.187504000000
2.218197000000
2.757459000000
1.532021000000
1.594561000000
0.896475000000
0.534852000000
1.278883000000
1.464075000000
2.269959000000
0.725491000000
0.988315000000
0.034280000000
-1.010171000000
-2.303429000000
-3.132571000000
-2.591614000000
-2.254797000000
0.135401000000
-0.108070000000
-0.548143000000
1.161945000000
2.280045000000
2.274833000000
3.128190000000
2.494537000000
-0.696935000000
-1.616201000000
-2.474552000000

7.028750000000
3.440329000000
2.541292000000
2.490565000000
2.897515000000
1.505558000000
6.735625000000
9.097519000000
9.675111000000
10.581788000000
8.945665000000
9.971242000000
8.146108000000
7.854337000000
8.632464000000
8.712263000000
9.438624000000
9.036099000000
7.733302000000
6.957697000000
7.504525000000
6.485384000000
6.136636000000
7.579282000000
8.164198000000
7.563178000000
6.532413000000
9.412615000000
10.487173000000
11.416997000000
10.756221000000
10.194996000000
3.905079000000
1.649542000000
1.177412000000
0.083703000000
1.677733000000
1.396283000000
1.506556000000
2.136334000000
2.694937000000
3.297867000000
2.559158000000
4.165136000000
3.639647000000
2.228490000000
1.264649000000
2.997453000000
2.513705000000
0.877062000000
-0.225682000000
1.295063000000
1.073394000000
2.387448000000
2.681315000000
1.973981000000
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11.576181000000
10.517613000000
9.881086000000
11.317180000000
12.764328000000
13.324575000000
13.266822000000
12.885913000000
10.767936000000
9.377774000000
9.076288000000
7.719047000000
7.311886000000
7.739724000000
6.991108000000
8.370151000000
7.882018000000
7.562073000000
8.828370000000
11.590990000000
12.224199000000
12.274978000000
10.960694000000
10.269367000000
10.457056000000
10.597220000000
11.353368000000
9.590224000000
11.364025000000
12.504872000000
13.564675000000
12.292342000000
12.393632000000
11.692490000000
11.610864000000
12.719646000000
10.977363000000
11.696737000000
11.844045000000
12.209749000000
12.790890000000
12.427319000000
9.769877000000
8.504022000000
8.527423000000
9.496546000000
7.717060000000
8.391473000000
8.704091000000
7.833638000000
9.618841000000
8.743276000000
6.848152000000
6.449748000000
5.964687000000
4.912178000000

-1.106425000000
-2.033575000000
4.350475000000
5.584145000000
5.202269000000
5.928417000000
5.170593000000
4.203232000000
6.468419000000
6.672037000000
5.953017000000
5.892487000000
6.908564000000
5.354675000000
5.368321000000
7.459880000000
8.235350000000
6.801340000000
7.973333000000
7.189398000000
7.964148000000
6.510928000000
7.701883000000
5.299805000000
4.579160000000
5.306979000000
3.930996000000
3.944549000000
-0.310766000000
-1.801164000000
-1.490759000000
-2.578582000000
-2.266483000000
0.424150000000
-0.334321000000
0.841540000000
1.243334000000
0.994910000000
0.642004000000
2.285006000000
2.848414000000
2.572213000000
-0.884200000000
-1.361440000000
-3.250318000000
-3.618249000000
-3.641625000000
-3.683962000000
-0.676152000000
-0.970993000000
-1.043817000000
0.430249000000
-0.743418000000
-1.173538000000
0.044062000000
0.176674000000

2.600164000000
3.703927000000
3.540318000000
2.238299000000
2.108475000000
1.478680000000
3.095342000000
1.643815000000
3.250700000000
2.941306000000
1.734876000000
1.099956000000
0.911903000000
0.133277000000
1.758251000000
3.727270000000
3.099150000000
4.118253000000
4.593935000000
4.278534000000
3.793286000000
4.827300000000
5.028207000000
1.286495000000
-0.016100000000
-0.845435000000
-0.001125000000
-0.280306000000
6.140541000000
5.908344000000
6.021822000000
6.671774000000
4.909382000000
7.840366000000
8.642488000000
7.870271000000
8.049655000000
4.839961000000
3.802627000000
5.148547000000
4.396466000000
6.191958000000
6.022660000000
7.040214000000
7.077459000000
7.474421000000
7.727020000000
6.066107000000
8.779457000000
9.401355000000
9.281968000000
8.739822000000
6.390278000000
5.453798000000
7.146371000000
6.840603000000
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6.200631000000

Figure S29: Optimized structure of [Ni(AlICp*)(dvds)], hydrogens omitted for clarity.

14.882938000000
15.551568000000
16.415601000000
17.784569000000
17.757517000000
18.207987000000
19.537692000000
19.849073000000
20.325716000000
19.499623000000
17.141854000000
17.169699000000
18.183670000000
16.813831000000
16.526071000000
18.540530000000
19.618751000000
18.244029000000
18.381612000000
16.035680000000
14.705100000000
14.789668000000
14.239370000000
14.009392000000
16.151604000000
14.920430000000
16.276232000000
16.340502000000
16.709903000000
15.345602000000
17.013739000000
15.119329000000
15.417657000000
14.090082000000
15.117014000000
17.962315000000
18.313299000000
19.358400000000
17.605144000000

0.349529000000

35.048303000000
34.180158000000
34.054578000000
35.692091000000
33.551888000000
33.600563000000
33.128873000000
33.679740000000
33.248762000000
32.061525000000
34.133867000000
34.347589000000
34.563073000000
33.453572000000
35.184986000000
33.029410000000
33.188352000000
33.516604000000
31.947473000000
34.413956000000
34.961483000000
35.612020000000
35.548940000000
34.148011000000
34.292684000000
33.287641000000
40.135260000000
41.744427000000
41.577202000000
42.207630000000
42.462734000000
38.909076000000
38.710773000000
39.294089000000
37.952804000000
39.368796000000
38.133721000000
37.904489000000
37.644579000000

8.179164000000

-7.232925000000
-7.299599000000
-6.081552000000
-5.367569000000
-6.041168000000
-4.676494000000
-4.170816000000
-3.274043000000
-4.925407000000
-3.903190000000
-3.878210000000
-2.395014000000
-2.034522000000
-1.860100000000
-2.096397000000
-7.207616000000
-7.077243000000
-8.145237000000
-7.335308000000
-4.746133000000
-4.329428000000
-3.449853000000
-5.130988000000
-4.071640000000
-8.211461000000
-7.429966000000
-4.161247000000
-3.193859000000
-2.172099000000
-3.128404000000
-3.682846000000
-3.319202000000
-2.279802000000
-3.309356000000
-3.860941000000
-4.328589000000
-3.715928000000
-3.487943000000
-3.041806000000
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18.787814000000
15.650495000000
15.753031000000
14.504912000000
14.799984000000
13.503152000000
14.439034000000
15.316183000000
16.039553000000
14.317572000000
15.327302000000
16.834279000000
17.682249000000
18.619091000000
17.457449000000
18.287931000000
17.915640000000

Figure S30: Calculated structure of [Ni(PMes)(dvds)] - hydrogens omitted for clarity.

16.939148000000
16.821931000000
17.621408000000
18.200779000000
16.864315000000
18.305584000000
15.652210000000
16.177345000000
14.872831000000
15.150238000000
18.108949000000
18.323570000000
19.301506000000
17.735800000000
18.937460000000
15.943308000000
15.445644000000
13.902314000000
14.135926000000
13.140239000000
13.460972000000
15.053927000000

40.023282000000
40.530836000000
39.662344000000
38.248721000000
37.516590000000
38.622410000000
37.725406000000
40.870673000000
41.697719000000
41.303373000000
40.375628000000
36.955180000000
37.589735000000
37.287141000000
38.951713000000
39.650628000000
37.877970000000

35.818577000000
40.668814000000
42.212249000000
41.975247000000
42.963946000000
42.666246000000
39.905148000000
39.602357000000
40.627314000000
39.019830000000
39.424531000000
38.206917000000
37.717598000000
37.971070000000
39.800083000000
41.165330000000
40.230786000000
39.267325000000
38.518307000000
39.945983000000
38.741996000000
41.427543000000

-4.635500000000
-5.654828000000
-7.072676000000
-7.024175000000
-6.258251000000
-6.770617000000
-7.988826000000
-8.443264000000
-8.474110000000
-8.287487000000
-9.424711000000
-7.900666000000
-7.629537000000
-8.106932000000
-7.283990000000
-7.442087000000
-5.660749000000

-5.130772000000
-4.189542000000
-3.479292000000
-2.575623000000
-3.214404000000
-4.209868000000
-2.927323000000
-2.010282000000
-2.646125000000
-3.342012000000
-4.703188000000
-4.018817000000
-4.046017000000
-3.126194000000
-5.316636000000
-5.514224000000
-6.800694000000
-6.313397000000
-5.543234000000
-5.905404000000
-7.172385000000
-8.193457000000
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15.949190000000
14.278334000000
14.697526000000
15.516633000000
16.542128000000
17.211419000000
16.794799000000
17.720916000000
17.313299000000
18.336513000000
15.506448000000
16.455221000000
15.592145000000
15.357325000000
14.606523000000
18.388023000000
19.238385000000
18.356589000000
17.402109000000
15.953094000000
15.573809000000
15.357772000000
14.609735000000
16.044433000000
15.212872000000
14.488989000000
16.239286000000
18.354196000000
17.500912000000
19.270436000000

Figure S31: Optimized structure of [Ni(GaCp*)(PEts)(dvds)], hydrogens omitted for clarity.

8.789639000000
7.328495000000
5.923912000000
8.333915000000
7.415621000000
9.551222000000
9.312749000000
10.259751000000
11.084014000000
10.645344000000
8.842853000000

41.998140000000
42.145929000000
40.891269000000
37.297037000000
37.676566000000
37.089492000000
39.040592000000
39.466499000000
37.871792000000
34.984917000000
35.852913000000
34.591655000000
36.825438000000
34.744664000000
35.927497000000
35.477550000000
35.314505000000
33.462353000000
34.258278000000
35.185239000000
33.395063000000
32.794675000000
33.723332000000
32.734133000000
33.757436000000
34.947173000000
34.691534000000
32.959746000000
33.088326000000
33.148380000000

9.982084000000
11.562018000000
11.778506000000
13.556979000000
12.485632000000
7.559312000000
7.993949000000
9.030542000000
9.238249000000
8.325097000000
6.427696000000

-8.477758000000
-7.891996000000
-9.084384000000
-7.506067000000
-7.542385000000
-8.179065000000
-7.279721000000
-7.684359000000
-5.714466000000
-4.228574000000
-3.943569000000
-6.441899000000
-3.438833000000
-2.897805000000
-4.573799000000
-3.246404000000
-4.765663000000
-4.076429000000
-6.895655000000
-7.216913000000
-6.072549000000
-6.967975000000
-5.662490000000
-5.336269000000
-3.351085000000
-2.254757000000
-2.246206000000
-5.052312000000
-3.502749000000
-3.551789000000

8.848844000000
10.012298000000
7.083038000000
7.646637000000
6.714325000000
8.760792000000
7.411058000000
7.099088000000
8.260244000000
9.285173000000
9.449191000000
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9.259910000000
7.760956000000
8.933882000000
8.350601000000
8.093415000000
7.401256000000
8.786078000000
10.363146000000
11.108194000000
9.398103000000
10.675088000000
12.274836000000
13.228035000000
12.306533000000
12.280988000000
11.326650000000
12.168666000000
10.636360000000
11.756677000000
5.555551000000
5.698258000000
4.924423000000
5.611753000000
5.087792000000
4.588288000000
4.778174000000
4.569133000000
3.581360000000
5.945760000000
4.951280000000
6.683367000000
6.243704000000
7.985181000000
8.206291000000
8.599330000000
6.917406000000
10.146672000000
10.370813000000
10.809680000000
10.390041000000
7.841673000000
7.008935000000
8.682055000000
8.547220000000
9.712138000000
7.618140000000
6.561708000000
7.112957000000
6.134651000000
6.996456000000
5.493871000000
5.541257000000
5.663837000000
9.349843000000
9.800800000000
9.581571000000

5.440310000000
6.404244000000
6.490811000000
7.361718000000
8.042864000000
7.059210000000
6.442092000000
9.739649000000
10.557479000000
10.195981000000
9.047387000000
10.148382000000
9.581449000000
10.675576000000
10.923597000000
8.111037000000
7.388091000000
7.697923000000
9.049070000000
10.601724000000
9.604283000000
10.591044000000
11.767608000000
12.657997000000
12.815631000000
12.896773000000
13.844482000000
12.371631000000
10.029506000000
9.545933000000
9.412124000000
10.034154000000
15.298761000000
15.372439000000
16.055183000000
15.564696000000
13.117023000000
12.131362000000
13.875123000000
13.050855000000
13.456434000000
14.120091000000
12.993582000000
13.374980000000
12.662530000000
10.511284000000
11.331272000000
12.256526000000
10.544456000000
10.206892000000
11.172377000000
9.648572000000
11.681807000000
10.500660000000
11.446812000000
10.359276000000

9.148656000000
9.204403000000
10.551713000000
6.446509000000
5.613187000000
6.933793000000
5.994448000000
5.776767000000
5.813834000000
5.471544000000
4.964939000000
8.374169000000
8.283129000000
9.350353000000
7.583856000000
10.606087000000
10.516546000000
11.369681000000
11.011703000000
9.736457000000
9.285937000000
10.644589000000
8.935280000000
9.335297000000
6.241204000000
5.151038000000
6.657301000000
6.386400000000
6.397931000000
6.482580000000
6.948702000000
5.329893000000
7.004398000000
5.919562000000
7.536143000000
7.149396000000
7.411627000000
7.866813000000
7.876184000000
6.332172000000
9.455686000000
9.760937000000
10.495499000000
11.524637000000
10.274568000000
11.905541000000
13.216568000000
13.492318000000
14.460085000000
15.066350000000
15.113891000000
14.188003000000
12.665556000000
12.599036000000
12.239847000000
14.106174000000
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10.668752000000
9.117457000000
9.182628000000
9.871403000000
7.097989000000
7.638206000000
8.745213000000
7.337839000000
7.261161000000
5.987757000000
7.395610000000

10.383201000000
11.192953000000
9.411636000000
9.701180000000
8.717089000000
7.751619000000
7.698897000000
8.029000000000
6.725333000000
8.726754000000
8.366931000000

14.329315000000
14.670733000000

14.514891000000
12.034598000000
11.895784000000
12.952501000000
12.926599000000
13.981209000000
12.761706000000
11.890295000000
10.884401000000
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EDA-NOCV data

Intermetalloid clusters are known to exhibit complex electronic structures.® 4 To better

understand these fascinating compounds, calculations on the DFT level of theory were applied

to analyze their bonding situations by EDA-NOCV (Energy Decomposition Analysis with

extension for Natural Orbitals for Chemical Valance).

Table S1: EDA-NOCV data of [Ni(GaCp*)(dvds)] (2).

Energy in [kcal/mol] (Cp*Ga)Ni-(dvds) (dvds)Ni-(GaCp*)
AE;, -122.22 -36.46
A Epay 406.03 101.24
A Egpe. -285.13 -79.77
AEy, -226.53 -44.65
AE, - -5.89
AE, - -28.30

Table S2: EDA-NOCV data of [Ni(AlICp*)(dvds)].

Energy in [kcal/mol] (Et;P)Ni-(dvds) (Et;P)-Ni(dvds)
AE;y, -115.91 -53.92
AEp 440.15 136.38
AEg,. -298.77 -120.46
Ay, -241.65 -55.60
AE, - -7.64
AE, - -31.40

Table S3: EDA-NOCV data of [Ni(PEts)(dvds)].

Energy in [kcal/mol] (Cp*Al)Ni-dvds (Cp*Al)-Ni(dvds)
AE,, -120.69 -48.63
Ay, 473.88 148.34
AEg,. -301.08 -118.67
AEg, -240.59 -64.31
AE, - -
AE, - -42.66
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QTAIM analysis

10.94 4 10.70

9124,

3654

8.77 7.70 9.
Length unit: Bohr Length unit: Bohr

Figure $S32: QTAIM schemes for 3. Bond critical points indicate Ni-Ni interactions in the Ni,-unit and Ni-Ga interactions in
GaNiCp (left). Further the bond critical between Ga (GaNiCp) and O (dvds) suggests strong Ga-0O interactions (right). Bond
critical point = blue, ring critical point = orange.

Energy Decomposition Analyses with the natural orbital for chemical valence extension (EDA-
NOCV)>7 were carried out using the ADF (2017.113) program package® at the BP86/TZ2P+
level of theory with the previously optimized uncontracted Slater-type orbitals (STOs) were
employed as basis functions in self-consistent field (SCF) calculations.® Triple-zeta quality basis
sets were used which were augmented by two sets of polarization functions (p and d functions
for H, d and f for other atoms). An auxiliary set of s, p, d, f and g STOs was used to fit the
molecular densities and to represent the Coulomb and exchange potentials accurately in each
SCF cycle. Scalar relativistic effects were considered using the zero-order regular
approximation (ZORA).10 11,1214 The bond formation between the interacting fragments is
divided into three steps within the EDA calculations. In the first step, these fragments (in the
frozen geometry of the whole molecule) are superimposed without electronic relaxation
yielding the quasi classical electrostatic attraction AEeistat. The second step involves anti-
symmetrization and normalization of the product wave function which gives the repulsive
term AEpaui. In the final step, the molecular orbitals are allowed to relax which gives the
stabilizing orbital interaction AErw. This orbital term can be further divided into contributions
of different symmetry, representing different bonding situations (o, 1, etc.). Dispersion forces
are accounted for using Grimme’s D3 dispersion corrections. These contributions sum up to
the total interaction energy AEint:

AEin; = AEgistar + AEpguii + AEorp + AEdisp
Calculations within the formalism of the quantum theory of atom in molecules (QTAIM)?!> were
performed using the MULTIWFN package.'®
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2.2.1 Abstract

Do not discard reaction solutions of mixed-metal cluster syntheses! The composition of each
cluster in a mixture can be identified by high-resolution mass spectrometry. The structure
assignment can be achieved by advanced computational screening and consideration of the
complete structural space in combination with a set of spectroscopic techniques. The
powerful methodology overcomes the limitation of the typically unselective syntheses of
clusters. Exemplary, we demonstrate the application of the methodology on an inseparable
ensemble of Ni/Ga clusters, containing Cp*-ligated Ni/Ga cores of similar nuclearities M1,
Mi3 and M1a. The structure rationalization and bonding analysis is built upon the superatomic
complex [NisGas](Cp*)s = [Gas](NiCp*)s (1). The obtained structure assignments are validated
by reactivity tests using carbon monoxide, which selectively binds to Ni sites, whereas
triisopropylsilyl-acetylene selectively binds to Ga sites.
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2.2.2 Main Text

The understanding of physical and chemical
properties of metal clusters depends on the
elucidation of chemical structures, which,
however, relies on directed bottom-up wet
chemical synthesis. In contrast to organic
clusters cannot be

compounds, metal

accessed in a plannable retrosynthetic
fashion. Transient species in cluster growth
reactions are usually highly reactive and
therefore can follow multiple parallel
pathways. This situation further complicates
when more than one metal element is
involved. For the synthesis of a pure
bimetallic cluster, a high trial-and-error effort
in the

optimization of reaction parameters (precise

has therefore to be invested

control of  reactants  stoichiometry,
temperature, time, solvent). Typically, the
mixed-metal cluster generating reaction
solutions contain several, if not many species
of very similar composition and structure

(including intermediates and isomers). The

clusters from these solutions may be
extremely difficult if not practically
impossible.!

A well-studied example for intermetallic
compounds is the Ni/Ga case. Solid state
Hume-Rothery bulk phases, colloids and
nanoparticles as well as small molecular
complexes have been thoroughly
investigated in the recent past. Atom-prcise
clusters, however, are unknown to date. This
is certainly a consequence of the highly
complex synthetic access to pure
compounds. But progress in the area of
intermetallic clusters wet chemistry may not
depend on the isolation of pure clusters. Is it
possible to generate structural information
on individual species from complex cluster
mixtures? We now wish to report on a prime
example how to deal with the richness of
mixed-metal cluster synthesis. A unique

methodology (Figure 1) synergistically
combining experiment and theory bypasses

the intrinsic limitations of isolating pure

targeted isolation of individual (stable)
. & | Synthesis \EH[UD COMIJOSI'EIDH\?;'EE Structure \U Bonding )
* Two component * Mass-tag label *  Permutative * Rationalization
reaction with derivatives metal core of electronic
* Crystallization: and isotopes screening structure
inseparable * Fragmentation + ldentification of * Originin
cluster mixture analysis preferred superatomic
structural structural
o /L /o \motive N\ _motive /
,--f--._ Structure Validation ,--:1---._
\/ Reactivity Spectroscopic Electronic \/
:""(C": probing technigues structure J

Figure 1: Schematic outline of the developed methodology: After synthesis the compositions of each cluster in the ensemble

are unequivocally assigned by high resolution mass spectrometry (mass-tag labels and fragmentation experiments) and their

respective structures are assessed by a computational permutative screening approach, taking all possible structures into

account. The bonding situation of the species can then be explained through DFT calculations and the individual structure is

further validated by spectroscopic characterizations and their chemical reactivity towards probe substrates.
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compounds. The key element of this
methodology is the assignment of chemical
structures to each species in the cluster
ensemble by employing a computational
permutative

approach considering all

isomers. As input for these
the

are

possible

calculations serve elemental
which

high-resolution

compositions unequivocally
identified by

spectrometry,

mass

(e.g.
isotope) labeling as well as collision-induced

including mass-tag

fragmentation experiments. The result of this
individual structural assignment is cross-
validated by experimental spectroscopic data
as well reactivity studies of the whole
ensemble. This powerful methodology is
demonstrated on an inseparable ensemble of
strongly related superatomic Ni/Ga clusters

stabilized in a CsMes ligand shell.

Synthesis

The clusters are generated from the reaction
of Ni(0)-olefin complexes with GaCp* in
toluene or mesitylene at moderately
(70-110°C). The
reaction leads to the parent and inseparable

[Nis/7/8Gae/71(Cp*)s,
of different metal

atomicities (nuclearities): M1, M13 and M

elevated temperatures

cluster ensemble
containing clusters
respectively (Figure 2). All products are very

moisture  sensitive  and decompose
immediately upon exposure to air. Crystalline
material is obtained from saturated solutions
at ambient temperature. Classical analytical
techniques completely failed in
this
numerous SC-XRD measurements
different  batches

conditions, the results of the refinement

characterizing material:  Despite

using
and  crystallization
remain inconclusive (Figure S22), however,
an octahedral (MCp*)s shell around an inner

metal core is conclusively obtained in all

Ni(olefin) + GaCp*

Figure 2: left) Generation of the cluster ensemble, mainly
consisting of [NisGag](Cp*)s (1), [Ni;Gas](Cp*)s (2),
[NisGaz](Cp*)s (3), [Ni,Gas](Cp*)s (4) and traces of
[NisGas](Cp*)s (5). Compositions were established by from
LIFDI-MS. right) Structural assignment derived from a DFT
screening approach of the full configuration space in
combination with analytical and spectroscopic techniques.

structural refinements. However, the exact
Ni/Ga distribution could not be obtained. The
elemental composition of solid bulk samples
of the ensemble obtained by crystallization
have been assessed by classic elemental
analysis (C, H) as well as atomic absorption
spectrometry (Ni, Ga) (Table S22). These
results were substantiated by XPS analysis
(Figure S25). In all samples the Ni/Ga ratio is
close to 1:1 with a slight bias to Ni. However,
due the fact that all samples represent
practically inseparable mixtures of several
clusters, which are isolated as co-crystallites,
a detailed interpretation and assignment of
the analytical data is not reasonable without
independent quantification of the molar ratio
of the clusters in the mixtures. Unfortunately,
the clusters do not feature species specific
spectroscopic features to be wuseful for
deriving the molar ratios.
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INLGa.J(Cp)s [NiGa(NiCp*). (2)

[Ga](NiCp"). (1)

Ga ](NCpi(
[ {1h]
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Figure 3: LIFDI mass spectrum of the complex cluster
ensemble. All sum formulas (verified by mass-tag labeling)
are assigned to the peaks. Box on the left shows patterns
between 1560 and 1590 enlarged.

Mass Spectrometric Characterisation

The way out in the identification of the
reaction products lies in the accurate analysis
of in-situ mass spectra, which reveals the
elemental compositions of the individual
clusters. Sum formulas are accessible by high-
resolution m/z data of their molecular ions
detected by LIFDI mass spectra (LIFDI = liquid
injection field desorption ionization) as well
as by careful analysis of their isotopic
patterns (Figure S11-13).
resolution mass spectra (Figure 3), it can be

From the high-

deduced, that all clusters present in solution
contain exactly six Cp* ligands with different
numbers of metal atoms: NisGas (1), NizGas
(2), NisGaz (3), NizGa7 (4) and NigsGas (5). The
unambiguous assignment of sum-formulas is
achieved by labeling the clusters with 7'Ga
and Cp*f  (CsMesEt),
relating the observed mass shifts to the

respectively, and
number of Ga atoms or Cp* groups in the
clusters (Figure S16-18).

Notably, all patterns are very broad and some
overlap. The observed m/z values point to the
fact that during ionization the clusters loose
hydrogen atoms: [NisGasCp*s-2H]* (1),
[NizGasCp*s-2H]* (2), [NisGas;Cp*s-H]* (3),
[NizGasCp*s-3H]* (4) and [NisGasCp*s-4H]*
(5). Such phenomena have been observed in
field desorption mass spectra of organicl® as
a 4 pefore.

well as cluster compounds!?

Notably, there is no spectroscopic evidence
for C-H activation or dehydrogenation in
solution (vide infra). Collision experiments in
a higher-energy collisional dissociation (HCD)
cell allowed the distinction of the molecular
ions from their fragment ions formed upon
ionization during the mass spectrometric
(Figure  S19-21).  Species
containing less than six Cp* ligands were
with
fragmentation patterns showing the cleavage

experiment

identified as  fragment ions,
of Cp* as well as the splitting of NiCp*,. The
latter species is also detected as a molecular
ion in the mass spectra. It should also be
noted that clusters with other metal cores, in
particular the species [NisGas](Cp*)s and
[NisGas](Cp*)s were observed in traces, yet
their small quantities did not allow for
unambiguous assignment. By varying the
Ni(0) olefin precursor (olefin: cod = 1,5-
cyclooctadiene, dvds = 1,1,3,3-tetramethyl-
the

composition remains always the same, while

1,3-divinyl-disiloxane), qualitative

the quantitative composition varies -
Ni(cod), leads to mixtures with NigGas (3),
while Nix(dvds)s gives mixtures with Ni;Gas
(2) as the major component (Figure S13).
Notably no significant differences between
mass spectra from crystalline material or
from reaction solution are observed (Figure
$14-15).

We want to emphasize that determination of
the absolute quantities of the clusters is not
feasible based on mass spectrometric peak
intensities only, since identical ionizability of
different clusters cannot be presupposed and
a precise calibration would need pure
isolated clusters as references, which are,
however, not accessible. Nevertheless,
evaluation of the LIFDI-MS data including the
labelling

experiments unambiguously

delivers the elemental composition of each
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component present in the ensemble. As an
important first result we conclude that the
clusters present in solution are all-Cp* ligand-
the

protected and share formula

[NigxGagsy] (Cp*)s (x+y < 2).

Structure Assignment by Computational
screening

For the assignment of chemical structures to
the
compositions of the clusters, a computational

mass  spectrometrically-determined
permutative approach has been developed
using an ab initio methodology for total
energy calculations. Due to the large number
of possible structural isomers, we established
a systematic method for screening the
complete structural space of Mi3 (2 and 3)
and M4 (4) clusters (Figure S28). Our design
principle the
combination of two independent strategies:

essentially relies on
First, a set of monometallic clusters is
obtained from gas-phase ab initio FHI-aims
calculations (Figure 4). The metal positions in
then
randomly substituted by the second metal,

these monometallic clusters are
resulting in a large set of bimetallic core
structures. This scheme was applied with and

without the presence of Cp* ligands placed

on designed sites above the Ni/Ga clusters.
the

The second strategy uses

Optimization

Ni/Ga randomly
distributed input

Unprotected cluster:
Ga on surface

atom positions as input. By exchange of atom
positions between four distinct chemical
environments of the M1z and Msis cluster
(Figure S34),
positions unchanged, a second large set of

while keeping the ligand
cluster geometries is created. The cluster
structures obtained by these two strategies
were combined and evaluated.

As a first step of the evaluation process, the
whole set of optimized structures was
screened for structural similarities with the
target of reducing the number of clusters for
further analysis. For this purpose a Hungarian
algorithm as well as an in-house modified
Euclidian similarity distance algorithm were
employed.”? With the resulting set of unique
cluster structures, we performed spin
polarized geometrical optimizations using
FHI-aims with the PBE functional on the light-
tier-2 basis set on each obtained structure
and compared all structures in terms of
relative energy (Figures S29-32). The most
stable isomers of both the M13 as well as M1
the Cp*

protecting shell) show the Ni atoms on the

naked clusters (i.e. without
structure’s inner sites (Figure 4; Figures S35,
S37 and S39), following the radius order
between the Ni and Ga atoms. The values for
excess energy for nanoalloy formation is

negative in all cases, i.e., their formation from

—

Optimization

Protected cluster:
NiCp* on surface

Figure 4: Schematic representation of the DFT screening approach. Optimization of a large set of randomly distributed
unprotected bimetallic (Ni: green, Ga: yellow) clusters followed by Cp* (grey) addition to the unprotected clusters, identifies

Ni atoms to be located on the surface, attached to the Cp* ligands, in the clusters of the ensemble.

crystallographically estimated core metal

the elements is thermodynamically
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favorable. Structural parameters as effective
(ECN),
magnetic moments and

coordination  number
(dav),
chemical order (o) were obtained (ESI,
Figures S36, S38 and S40), however there is

not an apparent trend in these indicators if

average
distances

compared to the relative energy of the
isomers. As the Cp* ligands are added to the
calculations, we observe key changes on the
favored Ni and Ga positions. Now, the most
stable isomers show the Ni atoms on the
outermost sites of the clusters (scheme 1b).
The Cp* ligands coordinate to these Ni sites
(Figure 4; Figures S41, S43-45, S48). Notably,
their overall topology is fully consistent with
the SC-XRD data (vide supra). Especially the
M-Cp* the
structure point to M being rather Ni than

distances in experimental
Ga.[?¢ 81 Once the metal atoms at the Cp*
binding are exchanged to Ga atoms, an
energy increase up to 5 eV (Mis) or 4 eV (M13)
is observed. The magnetic moments are 1 for
the metal-cores Ni;Gaz and NieGaz but are 0
for NizGas. Notably, this is well consistent
with the diamagnetic nature of NiyGae
concluded from SQUID measurements (vide
infra). Charge analysis shows a slight charge
transfer from the metal core to the Cp*
ligands with a correlation of the relative
energies and average distance from Cp* to
the metal core.

In summary: Our computational ab-initio
approach, screening the complete structural
space of [Nis/7Gas/7](Cp*)s, reveals that the
most stable cluster isomers are all built upon
the same structural prototype: a pure Gas or
NiGas/7
monometallic (NiCp*)s shell. This is well

inner core, surrounded by a
consistent with the interpretation of SC-XRD
data,

assumption by

but we can further support this

spectroscopic data, in

particular 13C  MAS NMR, vibrational
spectroscopy and SQUID (vide supra).

The reaction obviously includes complete
Cp* transfer from Ga to Ni. This is a common
transmetalation pattern in the reaction of
ECp* (E = Al, Ga, Zn) with transition metal
complexes and has also been observed in
reactions of GaCp* with organometallic
nickel, 1]

platinum,*2 iron,[3! and rhodium.'* The

complexes of palladium or
driving force of this Cp* transfer step is
the

stable

related to formation of

thermodynamically half-sandwich
transition metal fragments with strong TM-
Cp* in the
computational section, this reasoning also

applies to this case.

interactions. As discussed

Structure Validation by Spectroscopy

In contrast to mass spectrometric analysis,
spectroscopic information does not address
individual species directly but concerns the
whole cluster ensembles. Dependent on the
synthetic conditions ensembles enriched
with either 2 or 3 can be produced (vide
By SQUID/EPR as well as RAMAN
studies information on the architecture of the

supra).

metal core of the clusters is available: SQUID
of samples enriched with the intrinsically
NisGa7s (3)
paramagnetism,

show
the
corrected SQUID data of samples enriched

paramagnetic indeed

stronger whereas
with diamagnetic Ni;Gas (2) exhibit a “cusp”
at 220K, which is indicative for samples with
a large diamagnetic component (Figure S26).
EPR this
interpretation: signal

measurements confirm

In all samples a
centered at g = 2.13 is observed, which is
intense in

considerably more samples

enriched in the paramagnetic cluster 3
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Raman
different
connectivities in 2 and 3 (skeletal Ni-Ga and

(Figure S27).
significantly

spectra point to

metal core
Ga-Ga stretching modes below 250 cm™?)
FT-IR and Raman spectroscopic data of the
cluster mixtures (ATR, solid state; Figures S6-
S10) confirm the very symmetric and uniform
shielding of the metal core by intact Cp* units
(Figure 2). No evidence is present for any
intramolecular bond activation of the Cp*
ligands. A detailed assignment of all IR and
Raman signals is given in the supporting
information (Table S1) and has also been
recently reported and discussed in detail .[1%
The most valuable information on the ligand
shell of the clusters is derived form 13C NMR
spectra of cluster ensembles: The (Cp*)s
ligand shell gives rise to a single set of signals
at 98.10 and 12.77 ppm which correspond to
the ring carbon atoms and the methyl groups
of Cp*, respectively (Figure S2). This strongly
indicates the presence of only one metal type
the Cp*,
‘homometallic’ (MCp*)s shell. The observed

coordinated to therefore a

chemical shift at 98.1 ppm is typical for NiCp*
groups measured in solution % & 9 while

Cs
Ga----
W
Ga— Ga |
E Ga-7a f
I,’
————— Ga
(a)

(b)

validating the structure assignment strategy
via a DFT screening approach.

Bonding Analysis

To further investigate and rationalize the
cluster structures from a bonding point of
view and to analyze common features as well
as subtle differences in their electronic
situations, we optimized the structures of the
model series [Nig/7/sGae/7](Cp*)s by means of
DFT calculations at the BP86/TZ2P level of
theory (see Computational Details, ESI). The
use of simple CsHs (Cp) in place of the real
CsMes (Cp*) ones allowed a straightforward
analysis of their electronic structures. In a
second step, the [Nis/7/8Gas/7](Cp*)s series
was also optimized and compared to its Cp
counterpart. All the structures discussed
below are true energy minima confirmed by
frequency calculations and all even-electron
species show a significant, although not very
large, HOMO-LUMO gap. Selected computed
data are given in ESI Table S23. Over the
course of our calculations, we identified
[NisGas](Cp)s (1°P) as a base frame, as it is part

Figure 5: Bonding analysis of [Gag](NiCp)s = [NisGae](Cp)s (Cp = CsHs): (a) The cubic parentage of the Gas framework. (b) The
DFT-optimized geometry and (c) electron density mapping of the LUMO.

GaCp* signals are typically found at 110-115
ppm.[2d 8. 8dl |0 summary, all spectroscopic
data with  the
computationally derived structures, thus

are well consistent

of all other structures. Although 1 appears as
a minor component of the cluster ensembles,
at least based on LIFDI-MS data, 1 will be
our “reference” species in the following
bonding analysis.
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The lowest energy structure of 1% can be
described as an octahedral (NiCp)e outer shell
encapsulating aninner Gas “cube” having two
missing vertices that are situated along one
of its solid diagonals (Figure 5a?). In such a
“cubic” configuration, every “square” face of
the “cube” is made of three Ga and one
vacant vertex. Each of the six faces of the
“cube” are capped by one (NiCp) unit (Figure
5Sb).
arrangements were often found as structural

Interestingly such  cubic core
motives in the screening approach (vide
supra). The bonding within this GagNis core is
ensured by 36 electrons, three provided by
each Ga atom and three by each Ni(n°-CsRs)
fragment. Neglecting the long Ga..Ga
contacts (~ 3.0 A), the 36 electrons can be
assigned to the 18 Ni-Ga bonds. Within this
localized 2-center/2-electron bonding
description, the Ni centers obey the 18-
electron rule, while the Ga atoms feature a
sextet electronic environment, a reasonably
stable situation for group 13 elements,
although somehow electron-deficient. This
electron deficiency is associated with the
presence of a rather low-lying vacant sp
hybrid orbital on each individual Ga center.
The six vacant Ga sp hybrids combine and
their lowest (thus bonding) combinations mix
somewhat with the occupied Ni-Ga orbitals,
thus conferring some Ga...Ga through-bond
attractive interaction, as exemplified by the
Ga...Ga “non-bonding” contacts (Table S23).
The LUMO of 1% is the in-phase combination
of the six Ga sp hybrids (Figure 5c). With
substantial Ga...Ga overlap inside the Gas
cage, it resembles the 2S orbital of a
superatom.®® The computed HOMO-LUMO
gap of 1°? (0.65 eV) is indicative of reasonable
chemical stability. Thus, [NisGas](Cp)s can be
described as an intermetallic superatom

complex.

The electronic structure of the superatom
base cluster [NisGas](Cp)s (1°°) allows for the
integration of one or two additional metal
atoms resulting in the extended derivative
clusters [NizGas](Cp)s (2°?), [NisGas](Cp)s
(3°°), [NizGa7](Cp)s (4°°) and [NisGas](Cp)s
(5°°). The optimized structure of
[Ni7Gae](Cp)s (2°P) (Figure S50a) can be
described as resulting from the occupation of
one of the “missing” cube vertices in 1P by
one additional (“exposed”) Ni atom (Table
S23 and Figure S50c). Its bonding to the 1%
fragment results from two components. One
is associated with a 3d(Niexp) donation into
the accepting orbitals of 1P discussed above
(1.05 electron). As a result, the superatomic
2S-type LUMO of 1 is now completed by a
d,2(Niexp) contribution in 2P (ESI Figure S50b).
The other bonding component results from a
(1.05 electron), but
electron transfer into the 4s/4p AOs of the

similar backward,
“exposed” Ni from its three Ni neighbors.

Adding a Ga atom to the base cluster 1
results in [NigGa7](Cp)s (3°P). 3P is an odd-
electron species, for the sake of simplicity we
investigate first its closed-shell cation [3%P]*.
It is obvious that the single Ga atom in 3% is
substantially weaker bonded to 1¢P than a the
single Ni atom 2¢, as exemplified by long
Gaexp-Ga (3.131 A) and Gaexp-Ni (3.298 A)
distances (Figure S50c and Table S23). This is
consistent with the fact that now there is
negligible electron transfer from Ga to the 1°°
fragment. The major electron transfer occurs
between the 3d(Ni) and the vacant 4p
orbitals of the “exposed” Ga* (0.83 electron).
Therefore, this “exposed” atom does not
participate to the 2S-type LUMO of
[NisGa7](CsRs)6* (R = H, Me), which resembles
that of the uncapped 1. Going now to the
3¢,
changes the cluster structure, which nicely
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underlines the electronic flexibility of the
base cluster 1%, Occupying the 2S-type
LUMO of the cation cluster by a single
electron results only in some shortening of
the Ga-Ga distances within the 1°° cage, in
line with the Ga...Ga bonding character of this
orbital (Table S23). Calculations show that it
is possible to cap the 1% cage on both sides
of the Gs axis by two atoms of Ni and/or Ga
nature, thus completing the cube of Figure
5a. The data obtained for 4°? and 5 (Table
S23) show similar characteristics as their
monocapped relatives.

The computed Cp* series of clusters 1-3
provided quite similar results as that of their
Cp homologues (Figure S23). They exhibit
slightly lower HOMO-LUMO gaps. This is in
Ga...Ga
contacts. This is also consistent with the fact

line with their slightly shorter
that their potential energy surfaces were
found quite flat and their equilibrium
structure less symmetrical that that of their
Cp counterparts. In particular, concerning 3
the “exposed” Ga atom is connected to one,
rather than three, Ni atoms as in 3P,

To conclude, the electronic structures of
clusters 1-3 are strongly related to each
other. Thus, clusters 2 and 3 are formed by
addition of Ga or Ni atoms to the inner Gas
core of the superatomic base cluster 1,
without remarkable structural deviations of
the metal core. In some way this may
metaphorically be linked to the fact that
these clusters occur experimentally only in
ensembles, preventing targeted synthesis of
single cluster species by the organometallic
route.

Structure-Reactivity Relationship

Despite their strong electronic and structural
similarities, the clusters should be markedly

different in their chemical reactivity. Thus
clusters 2, 4 and 5 contain naked Ni atoms in
the inner core, whereas clusters 1 and 3
contain Ga atoms only. In order to investigate
whether this structural difference is reflected
in the reactivity of the singular species of the
ensemble, we exposed the cluster mixtures
to CO as a probe molecule for naked Ni
atoms. Pressurizing respective samples in
toluene-ds with CO 2.5atm at ambient
temperatures results in dark red solutions
after 120 min. Careful analysis of the LIFDI-
MS spectra point to a significant reactivity
difference of the four major cluster species 1-
5, (ESI, Figures 56-59): While the patterns of
[NisGae](Cp*)s (1) and [NicGa7](Cp*)s (2) are
virtually unaffected by the presence of CO,
the intensity of pattern assignable to the M3
[NizGas](Cp*)s  (2)
considerably, indicating a high affinity of this
species towards CO (ESI, Figure S58-59). The
pattern of the M1a cluster [Ni;Ga7](Cp*)e (4) is
still detectable in the presence of CO,
however, in addition its CO adduct
[(CO)NiNigGa7](Cp*)s is observed at m/z =
1734.4. This striking reactivity difference of
the four species nicely correlates with the

cluster decreases

presence of active nickel atoms in the cluster
core. A more detailed analysis of all identified
species and cluster degradation products
induce by CO can be found in the ESI.

By DFT calculations stable adducts for the
interaction of carbon monoxide with
[NizGas](Cp*)s (2) and [NizGa7](Cp*)e (4) were
found. The CO binds to the “exposed” Ni
atom of the inner core, with rather short Ni-
CO distances of 1.774 and 1.770 A,
respectively. The CO lone pair interacts inter
alia with the superatomic 2S-type LUMO,
which has Niexp character. The whole cluster
structures are little affected by the CO
coordination.
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Figure 6: Molecular of [NigGas](Cp*)s(TIPSA), in the
crystalline state. All atom positions unambiguously
assigned. All Cp* attached to Ni, TIPSA attached to Ga. Ni
(green), Ga (pink), Cp* in wireframe, isopropyl groups and
H atoms are omitted for clarity. More details see ESI.

As a second probe molecule for screening
cluster reactivity, triisopropylsilyl-acetylene
(TIPSA) was used. Alkynyl ligands are widely
employed as stabilizing ligands for metal
clusters.[%]

In fact, the reaction turned out to be highly
selective, allowing separation of a singular
species: The cluster ensemble is treated with
an excess of triisopropylsilyl-acetylene
(TIPSA) under irradiation (350 nm) and the
cluster [NigGag](NCp*)s(TIPSA), was isolated
in pure single crystalline form. Here, an
unambiguous assignment of the structure,
including all metal atom positions, is possible
(Figure 6). Indeed, in agreement with all
results presented above, the Cp* ligands are
attached to Ni atoms only, while the two
alkynyl ligands are attached to Ga atoms and
not to Ni (as the CO would). A discussion of
the structural details of this derivative,
together with insights into its formation
mechanism are subjects of ongoing research.

Conclusions and Perspective

Our case study on the novel, superatomic
cluster ensembles [NisxGae+y](Cp*)s (X + y <
2) demonstrates how to gain valuable
structure-property relationship data without
Our
methodology uses mass spectrometry for

isolating analytically pure clusters.

determination of cluster compositions from

raw synthetic mixtures and relies on
advanced computational methods for the
elucidation of  chemical structures.
Uncontrollable cluster synthesis creates a
chemical complexity of parallelly formed
clusters, each with an individual composition,
structure and reactivity. A second level of
complexity is related to the analysis of each
individual in an (almost) unlimited space of
isomers  (shape,

distribution).  An

computer assisted approach allows us to find

possible connectivity,

element advanced
a solution for the latter (analytic complexity),
which in turn enables us to fully embrace the
first (synthetic complexity). In other word the
exact chemical structures of a variety of co-
existing products is accessible by a new
combination of experiment and theory.
the
structures can be unambiguous assigned.

Based on present methodology
Structural rationalization then gives insight
into the bonding situation and enables the

design of experiments to selectively obtain

and isolate derivatives in pure form.
The introduced “ensemble approach”
suggests an avenue for exploiting the rich
synthetic complexity. Cluster science is
progressed by developing integrated
combinatorial methods for synthesis,
structural characterization and reactivity

studies. We anticipate the discovery of
interesting, potentially novel reactivities of so
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far unknown, and larger intermetalloid

clusters and reactive superatom complexes.
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2.2.4 Additional Data and Information

Synthesis procedures

Synthesis of 1A — major component (3). [Ni(cod),] (500 mg, 1.181 mmol) was suspended in
toluene (5 ml) and Ga(CsMes) (435 mg, 2.122 mmol) was added at room temperature. The
dark solution was heated to 65 °C for 2 days. Upon slow cooling to room temperature, a black
solid (200 mg) was obtained, which was extracted with 16 ml of hot (100 °C) mesitylene. The
hot mesitylene solution was concentrated under reduced pressure and analytically pure single
crystals of 1A were obtained upon slow cooling to room-temperature, isolated by means of
canula filtration and dried under reduced pressure to yield 1A as black crystalline solid
(155 mg).

Synthesis of 1B — major component (2).* Ga(CsMes) (482 mg, 1.07 mmol) was added to a
solution of [Ni(GaCsMes)(dvds)] (290 mg, 1.42 mmol) in toluene (2 mL). After heating the
dark red reaction solution to 110 °C for 3 h, the hot solution was filtered via a canula. The
solution was allowed to cool to ambient temperature overnight and a black precipitate was
formed. This was separated from the reaction solution by means of canula filtration. The
residue was washed with small amounts of cold n-hexane and dried under reduced pressure,
to yield 1B as black crystalline solid (60.8 mg). *The synthesis can be performed also with
[Niz(dvds)s] instead of [Ni(GaCsMes)(dvds)], while the Ni/Ga ratio is kept constant. Work up,
yield, and spectroscopic results are identical.

General Procedure for Reactions with CO. 10 mg of 1A or 1B were dissolved in 0.4 mL
toluene-ds in a high-pressure J-Young NMR tube. The reaction mixture was pressurized with
1.0 bar CO at 25°C for 2 h. LIFDI-MS analysis, 0.1 ml of the reaction mixture was diluted with
0.2 mL toluene. For IR measurements, the reaction mixture dropped on the IR instrument and
the solvent was evaporated.

Detail on Density Fuctional Theory Calculations

Part | (Screening): Our total energy calculations were based on spin-polarized density
functional theory (DFT) within the semilocal exchange-correlation energy functional proposed
by Perdew—Burke—Ernzerhof (PBE).5Y The Kohn—-Sham (KS) orbitals, which are required to
solve the KS equations, were described by numeric atom-centered orbitals (NAO), as
implemented in the all-electron Fritz—Haber Institute ab initio molecular simulations (FHI-
aims) package.®? As provided within the FHI-aims package, we employed a minimal NAO basis
set with a set of additional NAO added hierarchically up to the second basis set improvement,
called light-tier2 in FHI-aims notation. For the relativistic corrections, we employed the scalar-
relativistic framework with zero-order regular approximation (ZORA).53! Thus, the present
framework, provides great flexibility to screen large number of complex trial configurations
(geometric optimizations), which is required in the present study. For the self-consistency
solution of the KS equations, we employed a total energy criterion of 10-5 eV, while the
equilibrium geometries were obtained once the atomic forces were smaller than 10-2 eV A-1.
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For the vibrational frequency calculations, we decreased the forces criteria for 10-4 eV A1 to
calculate the Hessian matrix elements using atomic displacements of 2.5 x 10-3 A. To avoid
fractional occupation of the highest occupied molecular orbitals (HOMO) and lowest
unoccupied molecular orbitals (LUMO), we employed a Gaussian broadening of 1 meV.

Part Il (Bonding analysis): Density Functional Theory (DFT) calculations®® were carried out
with the use of the Amsterdam Density Functional code (ADF2017)[S9] with the addition of
Grimme’s D3 empirical corrections® in order to consider dispersion effects. The triple-§
Slater basis set plus two polarization functions (STO-TZP),5™ was used, together with the
Becke-Perdew (BP86)151213lexchange-correlation functional. All the optimized structures were
confirmed as true minima on their potential energy surface by analytical vibration frequency
calculations. The NMR chemical shifts were computed according to the gauge-independent
atomic orbitals (GIAO) method,®'* assuming the Zero Order Regular Approximation (ZORA)
for clusters with S = 1/2.[515]
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NMR MAS Spectroscopy
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Figure S1: 'H MAS NMR spectra of 1A (3 major component) and 1B (2 major component) showing a broad signal at
2.15 ppm assigned to the Cp* shell. 6 [ppm] = 6.71 (mesitylene, CH), 2.04 (s, Cp*).
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Figure S2: 13C MAS NMR spectra of 1A (3 major component) and 1B (2 major component). Top, blue 13C NMR: 6 = 129.0
(toluene, ArC), 96.9 (Cp*, ring), 12.3 (Cp*, CH3) ppm. Bottom, black 13C NMR: & = 138.1 (mesitylene, ArC), 98.7 (Cp*, ring),
13.7 (Cp*, CHs) ppm. The 13C Cp* ring shifts fit well to shifts of the NiCp* signals of [(uz-Ga(CsMes))(Niz)(u2-
GaNi(CsMes))z(dvds),] (Figure S3). Despite the paramagnetism of 3 (1A major component) shifts of 2 and 3 are very similar
and in a common range. This phenomena has been observed before for bigger metal clusters, like for the polyradical cluster
[Cua3Al12](Cp¥)12.
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Figure $3: 13C MAS NMR spectra of [(uz2-Ga(CsMes))(Niz)(uz-GaNi(CsMes))(dvds),]. 3C NMR: 6§ = 115.08 (GaCp*, ring), 98.43
(NiCp*, ring), 61.73 —46.27 (dvds, HC=CH), 10.82 (Cp*, CH3), 3.05 —0.02 (dvds, CHs) ppm.
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NMR Spectroscopy in Solution
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Figure S4: 'H NMR in toluene-ds for 1A (3 major component) and 1B (2 major component). For 1B, residual signals of dvds
are apparent. For both mixtures, no cluster signals are detected due to its bad solubility.
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Figure S5: 13C NMR in toluene-ds for 1A (3 major component) and 1B (2 major component). For both mixtures, no cluster
signals are detected due to its bad solubility.

Infrared Spectroscopy
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Figure S6: FT-ATR-IR spectra of 1A (3 major component) and 1B (2 major component). IR (ATR, neat, cm): 2968, 2881,
2843, 2705, 1460, 1422, 1372, 1022, 728, 1153, 1072, 947, 797, 696, 671, 596, 546, 465.
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Figure S7: Mid-infrared ATR spectrum of solid 1A (3 major component) sample without ATR correction. The band intensities
are normalized to the strongest band at 1370 cm, taken as 100 arbitrary intensity units. (The experimentally recorded
intensity of this band was 0.14 absorbance units).
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Raman Spectroscopy
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Figure $8: Raman spectra of 1A (3 major component) and 1B (2 major component).
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Figure S9: Mid-infrared ATR spectrum (upper trace) of solid 1A (3 major component) without ATR correction and Raman

spectrum (lower trace). The IR band intensities are normalized to the strongest band at 1370 cm-L, taken as 100 arbitrary

intensity units. Raman band intensities are normalized to the strong band at 606 cm-L, taken as 100 intensity units.
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Figure S10: Mid-infrared ATR spectrum (upper trace) of solid 1B (2 major component) without ATR correction and Raman

spectrum (lower trace).

Table S1: Experimental infrared and Raman frequencies (cm™) and their tentative assignments for 1A. Relative band
intensities are in brackets; Selected bands for 100 intensity units; Abbreviation of week bands and band shapes; w, weak; vw,
very weak; b, broad; sh, shoulder.

Infrared Raman Suggested assignments and their notations
3011(3)2
2968(15) CHj asym stretch (n,CHs)
2945(15)
2881(60) CHj sym stretch (nsCHs)
2843(63)
2797(33)sh Combination bands and overtones
2736(24)sh 2 x 1370 (2 x dsCH3)
2709(26)
2365(4)
1759(6)
1605(15)
1468(30) CHj; asym deform (d,CHs)
1447(39)
1422(49) n1(A1) P ring sym CC stretch and C-Me stretch (nsCC)
ne(E1) naCC ring
1370(100)¢ CHs sym deform umbrella (daCHs); n11(Ez2) ring CC asym stretch + C-Me asym
stretch
1247vwH
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1150(16) 1153(44) n12(E2) (?)
1134w,sh
1063(10) 1061(4) n12(E2) ring CC stretch + C-Me stretch + CH; rocking (rCHs)
1046(5)
1019(63) 1022(20) CHs rocking (rCHs)
990 w,sh 991(5)
939(19) 941(38)
882(15) 871(5), b n7(E1) (?)
860w,sh 854(7)
832(53) 832(5) n;(E;) ring CC asym stretch (n,CC)
815(5)
794(30) 798(14)
758w,b 750(4)
726w,sh 723(9)
704(5)
685(40) nig(E7) ring in plane deform (dCCC)
672(30) 674(15)
626w,sh 627(15) n,(A;) ring CC sym stretch (nsCC)
603(11) 606(100)¢
593w,sh 590(30)sh
567vw 567(8)
543(10) 543(38) ns(A;) C-Me in plane deform (bCMe)
513(12) 515(7)
497w,sh 492(3)
472(6) n14(E2) ring CCC in plane deform (dCCC)
463(4) 462w,sh
442(3)
430(4)
384(70) n4(A1) Ni-Cp* sym stretch (ns Ni-Cp*)
286(31) n1o(E1) Ni-Cp* asym stretch (tilt mode) (naNi-Cp*)
267(30)
253(37)
217(53)sh n3(A:1) C-Me out of plane deform (gCMe)
203(64) ng(E;) C-Me in plane deform (bCMe)
177(53) n13(E2) C-Me in plane deform (bCMe)
126(250) ng(E1) C-Me out of plane deform (gCMe)
110(150)sh nis(E,) C-Me oop deform (gCMe)
177(53) Ni-Ga, Ga-Ga stretching modes
177 (250)
110(150)sh
90(3) Cluster skeletal deformations and lattice modes
76(7)
43(3)
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LIFDI Mass Spectra

Isolated clusters

Calculated isotopic patterns

[NigGa7](Cp)g
- .

[Ni;Ga;](Cp*)e

lmn“M \“Hn | N T

1630 1640 1650 1660 1670 1680 1690 1700 1710 1720 1730
m/z / a.u.

1A

Figure S11: Relevant cut out of LIFDI mass spectra of cluster mixtures 1A (3 major component) exhibiting molecular ion
signals of [NisGa;](Cp*)s (orange) and [Ni;Ga;](Cp*)s (green).

Calculated isotopic patterns

[Ni;Gag](Cp*)g

[Ni;Ga,](Cp*)s

1B

lhl \‘,'IMIIHU‘, o ,..IMH,HHLH..‘,
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Figure S12: Relevant cut out of LIFDI mass spectra of cluster mixtures 1B (2 major component) exhibiting molecular ion
signals of [Ni;Gas](Cp*)s (blue) and [Ni;Ga7](Cp*)s (green).
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Figure S13: Full LIFDI mass spectra of cluster mixtures 1A (major component 3, bottom) and 1B (major component 2, top).
m/z = 1639.5 ([Ni;GasCp*e]*, calc. 1638.6), 1649.3 ([NisGa,Cp*s]*, calc. 1650.3), 1706.7 ([Ni;Ga,Cp*s]*, calc. 1706.7) with

zoom-in for a better depiction of signals < 1400 m/z.

Table S2: Measured clusters and related mass shifts by H-atom and CsMes fragmentation including reactivity tests.

Measured m/z

Measured cluster

Attributed cluster

[(OC)(NiGa7)(NiCsMes)e]* -H

328.1694 [Ni(CsMes),]* [Ni(CsMes)2]
750.2112 [(Ni;Gas)(CsMes)s)?* -3H [(Ni7Ga)(CsMes)s]
819.3131 [(Ni;Gas)(CsMes)s]* -2H [(Ni;Gag)(CsMes)g]
877.3982 [NisGas(CsMes)3(CO)]* [NisGas(CsMes)3(CO)]
933.4577 [NisGaa(CsMes)3(CO)s]* [NisGaa(CsMes)3(CO)s]
989.2956 [NisGas(CsMes)3(CO)s]* [NisGas(CsMes)3(CO)s]
1166.6057 [NisGaa(CsMes)4(CO)al* [NisGaa(CsMes)4(CO)a]

1194.5725 [NisGaa(CsMes)4(CO)s]* [NisGaa(CsMes)4(CO)s]

1237.3485 [NisGas(CsMes)a]* -3H [NisGas(CsMes)s]

1306.3661 [NisGag(CsMes)s]* -4H [NigGas(CsMes)s]

1444.0381 [NisGas(CsMes)s* -H [NisGas(CsMes)s]

1503.0914 [Ni-Gag(CsMes)s]* -3H [Ni-Gag(CsMes)s]

1513.9057 [NisGas(CsMes)s]* -2H [NisGas(CsMes)s]

1568.9456 [(NiGas)(NiCsMes)g]* -3H [(NiGas)(NiCsMes)e]

1579.3361 [(Gae)(NiCsMes)s]* -2H [(Gae)(NiCsMes)e]

1639.5566 [(NiGas)(NiCsMes)g]* -2H [(NiGas)(NiCsMes)e]

1649.3240 [(Gas)(NiCsMes)s]* -H [(Ga)(NiCsMes)s]

1706.7280 [(NiGa7)(NiCsMes)g]* -3H [(NiGa7)(NiCsMes)e]

1707-1720 [(NiGa7)(NiCsMes)gHy]* [(NiGa7)(NiCsMes)gHy]

1736.3855

[(OC)(NiGa7)(NiCsMes)e]
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Table S3: Tabular pattern of [Ni(CsMes),].

m/z relative intensity
327,15701 37.93278
328,16404 100
329,16723 19.61349
330,15796 36. 38609

331,1646 7.58823

Table S4: Tabular pattern of [(Ni;Gag)(CsMes)s]?*.

m/z relative intensity
745,80136 17.28214
746,30392 7.71162
746,80698 37.57649
747,31055 20.74337
747,81464 58.15704
748,31923 29.88889
748,81461 79.66233
749,32022 49.39291
749,82633 95.72439
750,32322 55.73508
750,82059 100
751,31846 54.4833

751,8266 78.69696
752,32548 41.59237
752,82484 47.76618
753,32471 20.88495
753,82507 25.83276
754,32594 7.04958
754,81746 6.00376

Table S5: Tabular pattern of [(Ni;Gag)(CsMes)s]?*.

m/z relative intensity
816,89204 50.69447
817,39056 23.0507
817,88954 77.38423
818,38898 37.35102
818,88887 100
819,38922 52.53035
819,89003 81.15509

820,3913 48.33168
820,89303 54.86947
821,38405 24.85441
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821,88669 20.98484
822,3898 6.66308
822,88216 10.80773

Table S6: Tabular pattern of [NisGas(CsMes)s(CO)]J*.

m/z relative intensity
873,85517 58.76044
874,86066 16.6387
875,85558 100
876,86452 32.12259
877,85052 92.31414
878,86291 30.05687
879,85229 63.71766
880,85575 17.21035

881,8485 26.51345
873,85517 58.76044
874,86066 16.6387
875,85558 100
876,86452 32.12259
877,85052 92.31414
878,86291 30.05687
879,85229 63.71766
880,85575 17.21035

881,8485 26.51345

Table S7: Tabular pattern of [NisGas(CsMes)s(CO)]J*.

m/z relative intensity
927,85029 16.66429
928,85642 5.04295
929,85075 64.47679
930,86014 22.27274

931,8442 100
932,85684 37.42308
933,84407 97.40764
934,84642 36.92606
935,85038 58.68291
936,84236 23.04152
937,83592 28.04804
938,84471 10.69985
939,84145 10.1901
940,83979 5.1593
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Table S8: Tabular pattern of [Ni,Gas(CsMes)3(CO)sJ*.

m/z relative intensity
985,84822 60.61613
986,84725 17.13547
987,83308 100
988,83514 34.33648
989,83871 97.8972
990,84382 35.30131
991,83565 59.49191
992,82896 15.3932
993,83863 21.93666

Table S9: Tabular pattern of [NisGas(CsMes)s(CO)4]*.

m/z relative intensity
1161,88361 45.36654
1162,89857 21.68904
1163,89602 86.79557
1164,89476 43.87516
1165,89479 100
1166,89611 49.3013
1167,87978 83.13031
1168,88366 39.98315
1169,88883 46.22334
1170,87629 21.47925
1171,88403 20.9447
1172,87402 9.101
1173,88435 7.35934

Table $10: Tabular pattern of [NisGas(CsMes)4(CO)s]*.

m/z relative intensity
1189,87819 41.57827
1190,89107 19.46198
1191,88574 85.48513
1192,88165 41.27225
1193,87881 100
1194,87722 47.8827
1195,87688 79.99068

1196,8778 38.12319
1197,87998 46.5697
1198,88341 19.94846
1199,86839 18.99554
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1200,87433

7.61123

1201,88153

5.51062

Table S11: Tabular pattern of [(NisGas)(CsMes)4]*.

m/z relative intensity
1231,64151 42.66806
1232,64663 13.85806
1233,65298 69.96209
1234,63998 34.84223
1235,64877 92.64551

1236,6588 50.97934
1237,64942 100

1238,6619 46.77776
1239,65492 82.11756
1240,64914 35.3182
1241,66531 46.75654
1242,66194 22.06385
1243,65978 21.8133
1577,56791 10.56862
1578,54904 5.18729

Table S12: Tabular pattern of [(NisGas)(CsMes)4].

m/z relative intensity
1299,55839 30.94977
1300,55881 15.95074
1301,56039 60.02883
1302,56313 32.42021
1303,56703 93.05909
1304,57209 50.80303
1305,57832 100

1306,5633 54.87798
1307,57183 91.3854
1308,55908 47.4851
1309,56992 70.09436
1310,55943 30.98551
1311,57259 38.86939
1312,56437 18.86574
1313,55727 17.742
1314,57391 6.85318

1315,5691 6.81482
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Table $13: Tabular pattern of [(NisGag)(CsMes)s]*.

m/z relative intensity
1437,70467 18.6758
1438,71352 29.19795
1439,69753 55.74515
1440,70847 60.86807
1441,69452 85.80158
1442,70758 80.38935
1443,69568 100
1444,71084 80.60071
1445,70100 82.86013
1446,71828 63.09803
1447,71051 68.1918
1448,70376 36.56838
1449,69803 28.72266
1450,69332 8.96359
1451,68965 7.35914

Table S14: Tabular pattern of [(Ni;Gag)(CsMes)s]*.

m/z relative intensity
1497,60857 29.69234
1498,59859 8.12387
1499,61714 36.13902
1500,63672 8.7817
1501,62974 41.27537
1502,62375 8.8802
1503,61875 39.21342
1504,64242 22.27703
1505,63942 100
1506,63741 28.44248

Table S15: Tabular pattern of [(NisGa;)(CsMes)s]*.

m/z relative intensity

1507,6364 33.57786
1508,63638 22.04713
1509,63736 67.2132
1510,63933 40.5724

1511,6423 88.86922
1512,61837 53.44879
1513,62331 100
1514,62926 60.84805
1515,63621 83.02229
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1516,61615 45.44515
1517,62508 59.89516
1518,63501 28.86777
1519,61786 31.09466
1520,62979 15.53685
1521,61458 11.94242

Table S16: Tabular pattern of [(NiGas)(NiCsMes)g].

m/z relative intensity
1560,55985 9.20692
1561,55442 20.34585
1562,54993 36.94623

1563,5464 43.7215
1564,54382 66.67271

1565,5422 69.97564
1566,54153 86.48722
1567,54182 88.79004
1568,54307 100
1569,54528 91.27486
1570,54844 91.6635
1571,55257 78.68838
1572,55767 67.81736
1573,56373 49.88777
1574,54112 41.67222
1575,54908 27.38829
1576,55801 18.49319
1577,56791 10.56862
1578,54904 5.18729

Table S17: Tabular pattern of [(Gag)(NiCsMes)s].

m/z relative intensity
1571,84759 31.24904
1572,85297 14.12468

1573,8297 43.56054
1574,86662 17.28074
1575,84523 80.36374
1576,85444 39.45797
1577,83491 100
1578,84603 56.47025
1579,85814 97.14968

1580,8414 56.72672
1581,82558 68.13657
1582,84055 37.02157

1583,8266 37.88993

1584,8435 9.67171
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Table $18: Tabular pattern of 1B.

Table S19: Tabular pattern of 1A.

1585,83142

8.97115

m/z relative intensity
1629,73434 11.58002
1630,76454 7.67025
1631,76446 31.93859
1632,76529 21.99933
1633,76705 61.64393
1634,76972 41.65335
1635,74195 89.66781
1636,74644 60.61426
1637,75187 100
1638,75822 64.44706

1639,734 83.70823
1640,74218 54.66276
1641,75128 64.00252
1642,76132 38.40984
1643,74068 42.48728

m/z relative intensity
1639,74946 9.22273
1640,75765 6.6503
1641,73523 20.7523
1642,74526 17.4663
1643,75622 46.64255
1644,73648 35.59128
1645,74928 77.53418
1646,76301 56.74664
1647,74596 100
1648,76154 69.47934
1649,74628 98.72563

1650,7319 64.63276
1651,75025 79.04945
1652,73767 51.51337
1653,75787 50.32614
1654,74709 33.08134
1655,73719 28.79991
1656,72819 16.50902
1657,75209 13.61196
1658,74489 8.10834
1659,73859 5.67744
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Table $20: Tabular pattern of [(NiGa;)(NiCsMes)s].

m/z relative intensity
1697,65659 5.28835
1698,65226 10.12338
1699,68203 23.98616
1700,67948 30.90347

1701,6778 55.1649
1702,67701 58.46905

1703,6771 85.18713
1704,67806 76.55479
1705,67991 100
1706,64921 82.74693
1707,65279 95.6326
1708,65727 74.27194
1709,66263 74.1018
1710,66887 50.20393
1711,67601 45.4295
1712,65042 29,08788
1713,65931 23.24051
1714,66909 12.0013
1715,64605 7.66613

Table $21: Tabular pattern of [(OC)(NiGay)(NiCsMes)g].

m/z relative intensity
1729,71408 32.62559
1730,70393 18.98724
1731,69464 64.33649

1732,7204 37.52542
1733,71284 90.225
1734,70614 57.06226
1735,70028 100
1736,69528 58.90946
1737,69114 86.8921
1738,68785 49,3679
1739,68542 61.50577
1740,68385 31.82106
1741,68314 37.1474
1742,68329 16.39531
1743,68431 18.84153
1744,68618 7.55527
1745,65433 9.1702
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Cluster mixtures

— [Ni(cod),] + 2 GaCp*
in situ measurement after 24 h
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Figure $14: Full LIFDI mass spectra of the reaction mixture of 1.0 equiv. [Ni(cod),] and 2.0 equiv. GaCp* in toluene at 60 °C
after 24 h (analog to the synthesis of 1A) showing the similar signals compared to isolated crystals of 1A (major component
3) and some additional signals with lower and higher masses.

— Ni,dvds,; + GaCp*
in-situ after 3h at 110 °C

T T T
1000 1500 2000

m/z

T
0 500

Figure $15: In-situ LIFDI-MS spectrum of the reaction of Nixdvdss and 2 eq GaCp* in toluene at 110 °C after 3 h. Similar
signals compared to isolated crystals of 1B (major component 2) and some additional signals with lower masses are
observed.

132



Labeling and Fragmentation Experiments

Labelling: "*GaCp*
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Figure $16: Cutout of the LIFDI MS spectrum of the labelling experiment - Ni(cod), (1.0 eq.) and 72GaCp* (1.0 eq.) in toluene
at 60 °C for 24 h - showing a mass shift of m/z = 8 (top: LIFDI MS spectrum of GaCp* supported cluster ensemble with
natural abundance, bottom: LIFDI MS spectrum of 7*Ga-labelled ensemble). REMARK: The Ni,Gas cluster shows a higher shift
of 16 Da due to its low concentration and enhanced fragmentation of the molecular ion; nevertheless, the observed and
calculated pattern of the 71Ga labelled species fits well.
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Figure $17: Comparison of measured (top) and calculated (bottom) isotopic patterns of 72GaCp* labelled cluster species
obtained from Ni(cod), (1.0 eq.) and 7?GaCp* (1.0 eq.) in toluene at 60 °C after 24 h.
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Figure $18: Comparison of Cp* (top) and Cp*Et supported cluster ensembles (bottom) generated from Ni(cdt) (1.0 eq.) and
GaCp* (1.0 eq.) in toluene at 110 °C (4 h); all Cp*Et labelled cluster species show a mass shift of 84 Da indicating six Cp*
units per cluster.
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Figure $19: | vs. CE plots for molecular ions of the reaction mixture generated from Ni(cod), (1.0 eq.) and GaCp* (1.0 eq.) in

0,10

0,08

0,06

0,04

Rel. peak intensity (a.u.)

0,00

Figure 520:

toluene at 60 °C after 24 h; outliers are highlighted with a cross.

Fragmentation: Ni(cod), + GaCp* (24 h, 60 °C)
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Cutout of the | vs. CE plots for the cluster species NiGas, Ni,Gas and NiGay; outliers are highlighted with a cross.
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Figure $21: | vs. CE plots for molecular ions of the reaction mixture generated from [Ni(dvds)(GaCp*)] (1.0 eq.) and GaCp*
(1.0 eq.) in toluene at 110 °C after 4 h; outliers are highlighted with a cross.
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SCXRD analysis

Crystal data

Figure $22: Optimized structures obtained by SC-XRD measurements.

(CGDHQDGaG GGNiG 61)'2(C9H12)

M, =1904.01

Triclinic, P

Hall symbol: -P 1
a=12.6698 (7) A
b=12.7434(7) A
c=13.9656 (8) A
o =88.476 (2)°

B =69.582 (2)°

y = 65.805 (2)°

V'=1909.59 (19) A3

z=1

F(000) = 973

Dy = 1.655 Mg m™

Melting point: 2 K
Mo Ka radiation, A = 0.71073 A

Cell parameters from 9932 reflections
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Data collection

Bruker Photon CMOS diffractometer

Radiation source: IMS microsource

Helios optic monochromator

Detector resolution: 16 pixels mm-

phi—and w-rotation scans

Absorption correction:
multi-scan SADABS 2016/2, Bruker

50781 measured reflections

6995 independent reflections

6070 reflections with [ > 20(/

Rint = 0.028

Bmax = 25.4°, Omin = 2.2°

h=-15 15
k=-15 15
I=-16 16

Refinement

Refinement on P2
Least-squares matrix: full
R[F?>20(F?)] = 0.039
WR(F?) = 0.097

5$=1.04

6995 reflections

914 parameters

1633 restraints

0 constraints

Primary atom site location: jterative

Secondary atom site location: difference Fourier map

Hydrogen site location: inferred from neighbouring sites

H-atom parameters constrained

W = 1/[5%(FO?) + (0.040P)2 + 3.3861P] WHERE P = (FO? + 2FC?)/3

(8/0)max = 0.004
Dpmax=0.55 e A3

Appyin = =0.65 e A3
Extinction correction: none

Extinction coefficient: -
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PXRD analysis
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Figure $23: PXRD measurement of 1A (major component 3) and comparison with calculated pattern out of SCXRD
measurements.
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Figure S24: PXRD measurement of 1B (major component 2) and comparison with calculated pattern out of SXRD
measurements.

139



XPS measurements
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Figure S25: Ni 2psy, (left) and Ga 2ps/; (right) photoemission spectra of 1A (major component 3) and 1B (major component
2) evidence the presence of both metals predominately in their metallic state. For comparison, lines pinpoint the Ni 2ps,,
binding energy of Ni° and Ni?* species (main line and satellite) as well as the Ga 2ps/, binding energy of Ga® and Ga3* species,
respectively. As the binding energy of metallic and oxidic species in the cluster components 1A and 1B might vary from the
one obtained for bulk materials we determined the binding energy for the oxidized species after oxidizing the clusters in air.
The metallic reference was obtained by electron-induced reduction upon Ar* ion sputtering. The oxidation states were
confirmed considering the peak position and shape of the Ni LMM and Ga LMM Auger spectra, respectively. Quantitative
analysis of the Ni 2ps/, and Ga 2ps/, spectra reveals a molar Ni/Ga ratio of 1.1 (1A) and 1.0 (1B).

Elemental Analysis

Table $22: AAS analysis of 1A (major component 3) and 1B (major component 2) and theoretical values of various cluster

compounds.

%C %H %Ni %Ga Ni/Ga ratio

1A 42.6 5.5 27.4 24.3 1.12
1B 45.0 5.6 25.1 24.2 1.04
[NigGas](Cp*)e 423 5.7 27.5 24.5 1.12
[NizGas](Cp*)s 43.7 5.8 249 254 0.98
[NizGa7](Cp*)s 42.0 5.6 239 28.4 0.84
[NisGa7](Cp*)s 43.5 5.8 21.2 294 0.72
[NigGas](Cp*)e 42.7 5.4 31.3 20.7 1.51
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SQUID and EPR measurements
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Figure $26: y\T of 1A (major component 3; closed circles) and 1B (major component 2; open squares) detected by SQUID

measurements plotted against the temperature T. The red line indicates an isolated spin % with g = 2.30.
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Figure S27: EPR spectra of 1A (major component 3; blue) and 1B (major component 2; black) measured at room

temperature.
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DFT calculations — Part 1

Procedures and Strategies for the Atomic Structure Generation

Here, we propose a systematic approach to study of the M13 andM14 clusters protected by
(CsMes)s ligands. Figure summarizes the strategy and procedures employed to generate the
atomic structure configurations. As we show in the Figure, initially the study is divided on two
pathways. The right side of the scheme was tentatively performed for the naked clusters
based on the XRD data. Furthermore, on the left of the scheme, a pure theoretical approach

based on a previous work from our group, in which the transition metal (TM) clusters with 215

atoms were studied. These paper shows a rich conformational set for unary clusters that was

used to enrich our structural set.

DFT Study on [Ni,Ga,](Cp*), for
My, and M,; core systems.

QTNano Gas-phase models
from RBHMC method.[t

I_*

54 and 52 different structures for M5
and M14 unary clusters, respectively.

! +
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Figure $28: Systematic approach to generate atomic structure configurations for the M1z and M4 clusters.
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Structural Analyses of the Unary and Binary Clusters

To characterize the most important structural parameters of the unary and binary clusters,
namely, coordination number and bond lengths, we employed the effective coordination
concept (ECC), which yields the following parameters: (i) weighted bond lengths, d'a, and
effective coordination number, ECN/, in number of nearest neighbor (NNN), for each atom, j,
within the cluster. Those values are obtained using a self-consistent approach based on
exponential decay functions. The ECC considers that every atom i is surrounded by atoms j at
different differences, and using an exponential decay function, a weight is calculated for each
i j distance. As expected, the closest atoms have a larger weight and the more distant ones
have a smaller weight. Thus, ECN' is obtained by the following equation:

. dij\°
ECN! =Zexp 1—-\=
- dav

where dj is the distance between atom i and j, while d's is obtained by the following
equation:

i,new

d'av is obtained self-consistently, i.e., |dav — dégld < 0.00010|. The smallest bond length
between the atom i and all j atoms, di min, is used as the initial value for d’s,. The final values
of d'sy are obtained within 3-4 iterations, which are then used to calculated ECN; as indicated
above, which is obtained by the sum of all weights and does not have to be an integer value.
The average results, ECNyy and day, are obtained by the following equations:

1
ECN,, = —Z ECN?t
N i=1
N
1 i
doy = deav
i=1

where N is the total number of atoms in the cluster. This approach is suitable for systems with
lower symmetry, which is the case of systems addressed in this study.
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Atomic Structure of the Unprotected Unary M1z and M4 Clusters
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Figure $29: Atomic structure configurations optimized for the Niys clusters. Using clustering algorithms all optimized
structures were separated into 10 groups, and the lowest energy configuration of each group are indicated within the figure.
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Figure $30: Atomic structure configurations optimized for the Gays clusters. Using clustering algorithms all optimized
structures were separated into 10 groups, and the lowest energy configuration of each group are indicated within the figure.
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Figure $31: Atomic structure configurations optimized for the Nii4 clusters. Using clustering algorithms all optimized
structures were separated into 10 groups, and the lowest energy configuration of each group are indicated within the figure.
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Figure $32: Atomic structure configurations optimized for the Nis clusters. Using clustering algorithms all optimized
structures were separated into 10 groups, and the lowest energy configuration of each group are indicated within the figure.
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Figure $33: Structural parameters for the Niy3, Gais, Niis, and Gayg clusters: average effective coordination number, ECN, in
number of nearest neighbor (NNN), average weighted bond length, d,,, in A, average cluster radius, Rq,, in A, and dipole
moment, u, in Debye.

Unprotected Binary M1z and M4 Clusters

Structure Frame from XRD Results

Figure S indicates the structure for the M4 cluster obtained from the experimental XRD results
without the indication of the ligands. Thus, based on the geometric analysis of the structure,
we can provide the following observations: (i) the atoms indicated in light blue are near to the
geometric center, and are called first shell, while the atoms in light pink belong to the second
shell of atoms. (ii) the atoms indicated by green indicates the atoms in the equatorial vertices,
while the remaining the dark brown atoms defined the axial vertices. Although the present
structure framework is provided, the correct positions of the Ni and Ga was confirmed by
density functional theory calculations by assuming all possible sites as occupied by the Ni or
Ga atoms for a given composition. Thus, using an enumeration process, and analysis of the
similarity among the configurations to remove similar structures (modified Euclidean metrics
analysis), we could obtain and identify the lowest energy configurations for the protected
clusters. Similar procedure was employed for M3 clusters.
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Figure $34: Atomic structure of the M4 cluster based on the SCXRD results.
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Figure $35: Structural set for the unprotected Ni;Gajy clusters. The magnetic moment is equal to 1 for the major part of the
structures, except for the structure 21, that is 1:25 eV above lowest energy configuration for these systems. In the lowest
energy configuration, the Ni atoms preferential sites are in the inner sites of the clusters, and these trends is observed on the
systems 18, 14, 23 and 2, that shows relative total energies smaller than 1 eV from the lowest energy configuration. The
excess energy was further calculated, resulting to negative values for all the systems, that represents a stabilization of the
alloy clusters in comparison to the unary Niiz and Gaiq clusters.
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Figure $36: Geometrical and electronic analyses for the unprotected Ni;Gay clusters: average effective coordination number,

ECN, in number of nearest neighbor (NNN), average weighted bond length, dav, in A, average cluster radius, Rav, in A, and

dipole moment, u, in Debye, chemical ordering parameter, o, and effective Hirshfeld charge, e.
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Figure $37: Structural set for NigGay naked clusters.
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Figure $38: Geometrical and electronic analyses for the unprotected Ni6Ga7 clusters: average effective coordination number,

ECN, in number of nearest neighbor (NNN), average weighted bond length, dav, in A, average cluster radius, Rav, in A, and

dipole moment, , in Debye, chemical ordering parameter, o, and effective Hirshfeld charge, e.
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Figure S40: Geometrical and electronic analyses for the unprotected Ni7Ga6 clusters: average effective coordination
number, ECN, in number of nearest neighbor (NNN), average weighted bond length, dav, in A, average cluster radius, Rav, in
A, and dipole moment, i, in Debye, chemical ordering parameter, o, and effective Hirshfeld charge, e.
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Protected Binary M1z and Mi4 Clusters

Ni;Gaz

Using the previous core structure separated in 4 different regions, as shown in Figure S, were

selected 10 different systems for the Cp* coordination study. We have inserted the Cp*

ligands on the 6 vertices of the molecule, as showed on Figure S. The relative energies were

calculated considering the lowest energy’s isomer as the referential (zero energy). If we

compare to the previous results, on the naked clusters, the preferential sites for the Ni atoms

migrate from the inner to the surfaces sites on the Cp* coordinated systems. The magnetic

moment for the more stable isomer is 1, varying to 3 in an interval of few eV. The coordination

of the Cp* ligand contributes to the stabilization of the Ni atoms on the surface and the

unpaired electrons stabilization, as see on the quadruplet isomers on the interval smaller than

1 eV from the lowest energy isomers.
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Figure $41: All calculated configurations for the [Ni;Ga;(Cp*)s] systems.
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Figure S42: Geometrical and electronic analyses for the protected [Ni;Ga(Cp*)s] clusters (only metal atoms): average
effective coordination number, ECN, in number of nearest neighbor (NNN), average weighted bond length, da, in A, average
cluster radius, Ra, in A, and dipole moment, i, in Debye, chemical ordering parameter, o, and effective Hirshfeld charge, e.

Figure $43: Lowest energy configurations obtained for the protected [Ni,Ga;(Cp*)s] systems obtained from the structures
based on the unary systems (A) and on the experimental XRD structure (B).
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Ni;Gas and NisGay

Figure S shows all configurations optimized by the FHI-aims package for the protected Ni;Gas
clusters, i.e., 14 different configurations. From the results, the energy different between the
highest and lowest energy configurations is about 4:0 eV, which can be explained by the
location of the Ni atoms, i.e., those atoms bind to the ligands, as indicated in Figure S.
Furthermore, in Figure S of the most important geometric parameters for all calculated
configurations, which can be seen clearly by the preference of the Ni atoms for high-
coordination sites (supported by the effective coordination number). Similar results are also
observed for the protected NisGay clusters.
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Figure $44: Structural configurations optimized for the protected [Ni;Ga7(Cp*)s] clusters.
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Figure S$45: Lowest energy configuration for the protected [Ni;Gas(Cp*)s] systems.
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Figure $46: Geometrical and electronic analyses for the protected [Ni;Gas(Cp*)s] clusters (only metal atoms): average
effective coordination number, ECN, in number of nearest neighbor (NNN), average weighted bond length, dq, in A, average
cluster radius, Ra, in A, and dipole moment, , in Debye, chemical ordering parameter, o, and effective Hirshfeld charge, e.
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Figure $47: Structural configurations optimized for the protected [NisGa;(Cp*)e] clusters.

Figure S48: Lowest energy configuration for the protected [NisGa(Cp*)s] cluster.
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Figure $49: Geometrical and electronic analyses for the protected [NisGaz(Cp*)¢] clusters (only metal atoms): average
effective coordination number, ECN, in number of nearest neighbor (NNN), average weighted bond length, dq,, in A, average
cluster radius, Ray, in A, and dipole moment, i, in Debye, chemical ordering parameter, o, and effective Hirshfeld charge, e.
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DFT calculations — Part 2

Bonding Analysis - Computational Details

Density Functional Theory (DFT) calculationsi®® were carried out with the use of the
Amsterdam Density Functional code (ADF2017)5° with the addition of Grimme’s D3 empirical
correctionst!% in order to consider dispersion effects. The triple-§ Slater basis set plus two
polarization functions (STO-TZP),51 was used, together with the Becke-Perdew (BP86)(512-13]
exchange-correlation functional. All the optimized structures were confirmed as true minima
on their potential energy surface by analytical vibration frequency calculations. The NMR
chemical shifts were computed according to the gauge-independent atomic orbitals (GIAO)
method,®'# assuming the Zero Order Regular Approximation (ZORA) for clusters with S =
1/2.651]

Table $23: HOMO-LUMO gaps (Aw.) and selected averaged interatomic distances (in A) of the computed clusters. Niey, and

Gaexp designate “exposed” atoms.

Dy (eV) Ni-Ga Ga-Ga Niexp-Ga Niexp-Ni Gaexp-Ga Gaexp-Ni
[Gas](NiCp)s 0.65 2.457 3.009 - - - -
[NiGag](NiCp)s 0.69 2.452 2.907 2.349 2.771 - -
{[Ga7](NiCp)e}* 0.72 2.451 2.923 - - 3.131 3.298
[Ga;](NiCp)s - 2.471 2.873 - - 3.124 3.289
[NiGa7](NiCy)e - 2.471 2.823 2.373 2.756 3.161 3.224
[Ni,Gas](NiCp)s 0.71 2.471 2.844 2.359 2.762 - -
[Gag](NiCp+)s 0.51 2.492 2.878 - - - -
[NiGag](NiCy*)s 0.55 2.482 2.798 2.412 2.761 - _
{[Gas](NiCp*)e}* 0.55 2.500 2.851 - - 3.117 3.079
[Ga;](NiCp*)e - 2.523 2.817 - - 3.123 3.076
[NiGas](NiC,*)s - 2.491 2.780 2.414 2.761 3.231 3.164
[Ni,Gas](NiCp*)s 0.55 2.499 2.802 2.395 2.756 - -
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Figure S50:. The optimized geometries of: (a) [NiGas](NiCp)s, (b) LUMO of [NiGage](NiCp)s (c) {[Ga](NiCp)s}* and (d)
[NiGa7](NiCp)e.
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Reactivity Tests: CO

While in [Gag](NiCp*)s and [Ga7](NiCp*)s all nickel atoms are protected by a Cp* ligand, the
Mis cluster [NiGag](NiCp*)s and the Mis cluster [NiGa7](NiCp*)s exhibit an additional and
exposed "active" nickel atom, without Cp* capping as part of the inner Ni/Ga core which is
available for the Ni-CO coordination. For the M3 cluster [NiGas](NiCp*)s, however, the
intermediate adduct complex [(CO)NiGas](NiCp*)s is apparently not stable, leading to cluster
degradation. We also assume that all clusters degrade over time in the presence of CO.
Degradation products can be observed in 'H, 13C and "*Ga NMR, IR spectroscopy and LIFDI-
MS. The presence of free GaCp* (*H NMR: 1.92ppm; 3C NMR: 113 and 9.4 ppm; "*Ga NMR: -
650 ppm), Ni(CO)x (*3C: 192 ppm; IR) and one dominating pseudo-Cs symmetric molecule
probably assignable to Ni(CO)3(GaCp*) or related species (3C: 184 and 100 ppm, IR: 1950 and
1987 and 2066 cm™; ESI Figures S51-55). This is also reflected in the LIFDI-MS spectrum:
several smaller species are observed and the main products of this reaction are the species
[(CO)xNisGas](Cp*)a (x = 4, 5) and [(CO)yNisGas](Cp*)s (y = 1, 3, 5) (ESI, Figure S55-59).

NMR spectroscopy
GaCp*
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| JM“‘ / \ 'l
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Figure $51: 'H NMR spectra (toluene-ds) of 1A (major component 3) and 1B (major component 2) upon exposure to CO
showing a signal of free GaCp*. 'H NMR (400 MHz, toluene-ds, r.t.): 6y [ppm] = 6.17 (s, mesitylene-CH), 2.17 (s, mesitylene-
CHs), 1.93 (GaCp*). The residues of dvds in 1B originate from co-crystallized dvds.
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Figure S52: 13C NMR spectra (toluene-dg) of 1A (major component 3) and 1B (major component 2) upon exposure to CO

showing a signal of [Ni(CO)4], free GaCp* and [Ni(CO)s]x. 3C NMR (400 MHz, toluene-ds, r.t.): 6¢c [ppm] = 192 (s, Ni(CO),),
137 (s, mesitylene-Carom.), 113 (s, GaCp*, Carom.), 20.9 (s, mesitylene-CHs), 9.44 (s, GaCp*, CHs). The residues of dvds in 1B

originate from co-crystallized dvds.
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Figure §53: 72Ga NMR spectra (toluene-dg) of 1A (major component 3) and 1B (major component 2) upon exposure to CO
650 (GaCp*).

(blue, top) showing a signal of free GaCp* (see reference, black, bottom). 72Ga NMR (400 MHz, toluene-ds, r.t.): Sca [ppm] = -
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IR spectroscopy
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Figure S54: FT-IR measurements of 1A (major component 3) and 1B (major component 2) with CO. IR (ATR, neat, cm™): 2960
(w), 2900 (m), 2857 (m), 2066 (s), 1987 (s), 1950 (s), 1851 (w), 1829 (w), 1808 (w), 1483 (w), 1448 (w), 1380 (w), 1357 (m),
1258 (s), 1155 (w), 1089 (m), 1067 (m), 1021 (s), 945 (s), 863 (w), 799 (w), 685 (w), 659 (W), 626 (w), 587 (w), 480 (m), 459

(s).
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Figure S55: Representative cutout of FT-IR measurements of 1A (major component 3) and 1B (major component 2) upon
exposure to CO showing new signals which can be assigned to species with a X-Ni(CO)s structure.
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LIFDI-MS measurements
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Figure $56: Representative cut-out of LIFDI-MS measurements of 1A (major component 3, bottom) and 1B (major
component 2, top) upon exposure to CO showing the new signals [Ni;Ga;](Cp*)sCO (m/z = 1736.9) and [NisGasg](Cp*)s
(m/z = 1837.3). MS (LIFDI-TOF, toluene): m/z = 1165.9 ([NisGa,Cp*s]*, calc. 1167.1), 1193.8 ([NisGa,Cp*sCO]J*, calc. 1195.1),
1637.8 ([Ni,GasCp*s]*, calc. 1638.6), 1649.8 ([NisGa,Cp*s]*, calc. 1650.3), 1706.7 ([Ni,Ga,Cp*s]*, calc. 1706.2), 1734.4
([NisGa;Cp*sCOJ*, calc. 1734.2), 1835.9 ([NisGasCp*]*, calc. 1836.7).

Calculated isotopic patterns
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Figure S57: Representative cut-out and zoom-in of LIFDI-MS spectra of 1 upon exposure to CO showing the new signals
[NisGa3]( Cp*)s (m/z = 1167.1) and the corresponding CO adduct [NisGa,](Cp*)sCO (m/z = 1195.1). Both 1A (major
component 3) and 1B (major component 2) show identical signals in this region.

162



1A + CO

LI

1000 (100 1200 1300 1400 1500 1600 1700 1800 190
m'z fa.u.

1000 1100 1200 1300 1400 1500 1600 41700 1800 1900
m/z / a.u.

Figure S58: Full LIFDI mass spectra of cluster mixture 1A (major component 3) after treatment with CO zoom-in for a better
identification of small cluster signals.
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Figure $59: Full LIFDI mass spectra of cluster mixture 1B (major component 2) after treatment with CO with zoom-in for a
better identification of small cluster signals.
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2.3.1 Abstract

Treatment of [Ru(COD)(MeAllyl);] and [Ru(COD)(COT)] with GaCp* under hydrogenolytic
conditions leads to reactive intermediates which activate Si-H or C-H bonds, respectively. The
product complexes [Ru(GaCp*)s(SiEts)Hs] (1) and [Ru(GaCp*)s3(CsH7)Hs] (2) are formed with
HSiEts or with toluene as the solvent, respectively. While 1 was isolated and fully
characterized by NMR, MS, IR and SC-XRD, 2 was too labile to be isolated and was observed
and characterized in-situ by using mass spectrometry, including labelling experiments for the
unambiguous assignment of the elemental composition. The structural assignment was
confirmed by DFT computations. The relative energies of the four isomers possible upon
toluene activation at the ortho-, meta-, para- and CHs-positions have been determined and
point to aromatic C-H activation. The Ru-Ga bond was analyzed by EDA and QTAIM and
compared to the Ru-P bond in the analogue phosphine compound. Bonding analyses indicate
that the Ru-GaCp* bond is weaker than the Ru-PRs bond.
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2.3.2 Main Text

Cooperative effects between transition
metals TM and electropositive metals E (e.g.
group 12 and 13 elements) play an important
role in bond activation reactions of small
molecules'?, both in molecular compounds’
as well as intermetallic solid-state
materials!®'2, The cooperative effects are
mostly attributed to the electronic properties
of intermetallic bonds, featuring electrophilic
centers E(d*) in direct vicinity to an electron
rich TM(d) with pronounced reductive
character.’316 Key examples are the Ni/Al
[(Cp*Al)sNi(m-H)AI(CeHs)(h*-Cp*],

which is formed by C-H activation of CsHs

complex

(benzene) at the coordinatively unsaturated
16 VE intermediate [Ni(AlCp*)s],}” and the
Rh/Ga complex [Cp*Rh{h>-CsMe4Ga(CH3)s}],
which is formed by C-C activation of Cp*.18
DFT that the
electrophilic character of the gallium center

calculations  revealed
favors the crucial C-C activation reaction step,
allowing the reaction to proceed under
extremely mild conditions.

Unsaturated Ruthenium phosphine
complexes [Ru(PRs3)n] (n=3, 4) are well-
established and are known to activate H-H*®-

21 C-H?? and C-C? bonds. Berry and co-

workers reported on an oxidative-
addition/reductive-elimination equilibrium
of different substituted silanes in

[Ru(PMes)4(SiR3)H].?* The same complex is
also capable of activating the C-H bond of
benzene in a sequence of similar reactions.
They also report the formation of the
polyhydride  [Ru((PMes3)s(SiEts)Hs]
[Ru(PMes)4H,].2*

[Ru(GaCp*)3H;], which is formed by H-H
activation,

from

has been identified as an

intermediate in the formation of the cluster
[(GaCp*)sHRu(u-Ga)RuH2(GaCp*)s]?°.

In the light of these results and the fact, that
experimental as well as theoretical studies
support the isolobal relation between GaCp*
and phosphines?®32 we were interested to
investigate the reactivity of the unsaturated
[Ru(GaCp*)3H2] in C-H and Si-H bond
activation in the context of cluster growth.

The complex [(Ru(GaCp*)s(SiEt3)Hs3] (1) is
obtained from [Ru(COD)(MeAllyl);] (COD =
1,5-cyclooctadiene; MeAllyl = 2-methylallyl)
and GaCp* in HSiEts under hydrogenolytic
conditions, whereas in less reactive solvents
(n-hexane,  cyclohexane),  uncontrolled
cluster growth is observed. Complex 1 is a
structural analogue to [Ru(PMes)s(SiEts)Hs].
It was characterized via SC-XRD, NMR, MS, IR,
Raman, UV/Vis and elemental analysis. The
analogous complex [Ru(GaCp*)3(CsH7)Hs] (2)
is formed upon C-H activation of toluene and
was identified by high-resolution mass
spectrometry, with DFT calculations allowing
the assignment of a plausible structure.
Finally, we performed a detailed comparison
of the Ru-Ga and Ru-P bondings, including
energy decomposition analysis (EDA) and
quantum theory of atoms in molecules
(QTAIM) analysis.
Synthesis and Characterization

[Ru(GaCp*)s(SiEt3)H3] (1)

The stoichiometric reaction (based on the
Ru/Ga ratio) of [Ru(COD)(MeAllyl);] (COD =
1,5-cyclooctadiene; MeAllyl = 2-methylallyl)
with of GaCp* in
triethylsilane under 3 bar H, pressure leads to

three equivalents
a dark orange solution after 6 h at 60 °C (fig.
1la). After removing all volatiles in vacuo,
yellow crystals suitable for single crystal x-ray
diffraction (SC-XRD) of 1 can be obtained by
recrystallization from n-hexane at -30 °C. SC-
XRD reveals a ruthenium centered complex,
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Figure 1: a) Reaction scheme for the synthesis of 1. b)
Molecular structure of [Ru(GaCp*)s(SiEts)Hs] (1). Ellipsoids
at the 50% probability level. H atoms are omitted for
clarity. Selected bond lengths (A) and angles (deg):
Rul-Gal = 2.376(3), Rul-Ga2 = 2.376(4), Rul-Ga3 =
2.385(6), Rul-Sil = 2.373(2), Ga-Cp*cent = 1.970-1.982;
Gal-Rul-Ga2 = 96.43(2), Gal-Rul-Ga3 = 99.36(2),
Ga2-Rul-Ga3 = 97.29(2), Gal-Rul-Sil = 120.98(2),
Ga2-Rul-Sil1 = 119.73(2), Ga3 - Rul - Si1 = 118.10(3).
Space group: P 1 21/c 1. ¢) DFT-optimized structure
(BP86/TZ2P) showing the hydrides’ positions. Ru-H = 1.626
- 1.631 A; Si-H = 2.067 — 2.155 A Other C and H atoms
omitted for clarity.

tetrahedrally surrounded by three GaCp*
ligands and one SiEts unit (fig. 1b). The
compound’s architecture is isostructural to
Berry’s complex [Ru(PMes)s(SiEts)Hs]. It
should be noted that the hydride ligands
could not be located with final certainty in
the structure refinement. The Ru-Ga bond
lengths, which vary only slightly from
2.376(3) A to 2.385(6) A, as well as the Ga-
Cp*centroid distances (1.970 — 1.982 A), are in
good agreement with distances reported in
the literature.?> 3335 The Ru-Si bond length
(2.373(2) A) also matches Ru-Si bond lengths
reported in the literature.3%3” Notably, it only
differs 0.003 A from the
[Ru(PMe3s)s3(SiEt3)H3].2*  The
structure is distorted, due to the three

isostructural
tetrahedral

sterically demanding GaCp?*, resulting in Ga-
Ru-Si angles ranging from 118.1 °to 121.0 °.

The *H NMR gives the expected set of signals
for the three GaCp* (6 = 1.88 ppm, s, 45 H)
and the three ethyl groups of the silyl
(6=1.26 ppm, t, 9 H; 6 = 0.92 ppm, q, 6 H).

This is in good agreement with the 3C signals:
The Cp* ligand (ring carbon at 6 =113.5 ppm
and methyl groups at 6 = 10.0 ppm), as well
as the silyl-ethyl signals for CHs (6 = 10.5 ppm)
and CH; groups (6 = 20.2 ppm). Moreover,
the 'H NMR shows one broad singlet at
6=-13.31 ppm with a relative intensity
equivalent to 2.7, strongly indicating the
presence of three hydrides similar to
[Ru(PMes)s(SiEt3)Hs]. The
hydrides is further supported by vibrational

presence of

spectroscopy: In the infrared spectrum an
intensive broad band at 1898 cm, along with
asmall shoulder at 1771 cm™ is present in the
typical Ru-H region. The expected band in the
Raman spectrum, is observed at 1913 cm™
(fig. S24). High resolution liquid injection field
desorption ionization mass spectrometry
(LIFDI-MS) gives rise to a signal for [M-2H]**
(m/z =832.131; calc = 832.134), we attribute
the loss of two H atoms to fragmentation.
Based on the SC-XRD structural data of 1, its
geometry was fully optimized by DFT
calculations at the BP86/TZ2P level (see
Computational Details). In analogy to the
molecular structure of
[Ru(PMes)s3(SiEt3)H3]?*, the
lowest energy found for 1 (confirmed as a

structure of

minimum by frequency calculations)
corresponds to a configuration in which the
three hydrides are located in an umbrella-like
arrangement (fig. 1c). The DFT-simulated
(fig. S22) is in

agreement with the experimental

reasonable
data,
showing Ru-H bands at 1985 cm™ (symmetric
stretch), 1961 cm™ and 1942 cm? (both
This
structure is in very good agreement with the

spectrum

asymmetric  stretches). optimized
crystal structure. Ru-Ga and Ru-Si bonds only
differ by less than 0.005 A, and bond angles
of the ‘metal core’ (Ru/Ga/Si) only by less

than 4°. The computed Si...H distances (2.067
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A - 2.155 A) are indicative of no bonding
interaction. All calculated Ru-H distance are
almost equivalent, ranging from 1.626 to
1.631 A. The computed H-H distances (2.404
A —2.493 A) indicate classical hydride ligands
rather than dihydrogen-bonding. This is
confirmed in a T1 relaxation NMR experiment
(fig. S5), with T1(min) = 546 - 1231 ms (193 K
— 293 K). The computed *H hydride chemical
shifts (-10.3 ppm) are 3 ppm lower than their
experimental counterparts, whereas the
other computed *H signals differ by less than
1 ppm than their observed homologues. The
same situation is found for the hydride signal
in the related complex [Ru(PMes)s(SiEts)Hs]
(computed: -10.53

ppm?4), whereas the average deviation of all

-7.7 ppm; recorded
other proton signals is also less than 1 ppm.
All these
trihydride nature of 1.

results strongly support the

C-H activation of toluene:

[Ru(GaCp*)3(C7H7)H3] (2)

After observing that Si-H bonds can be
activated, we wanted to investigate whether
C-H bonds can also be activated in a similar
manner. Thus [Ru(COD)(MeAllyl);] and
[Ru(COD)(COT)] (COT =1,3,5-cyclooctatriene)
were reacted with GaCp* under analogous
reaction conditions to 1 in toluene. Both
reactions lead to dark brown solutions even
after a short time of 20 minutes. Notably, the
formation of 1 seems to be slower as judged
by the color change to orange after six hours.
LIFDI-MS suggests the formation of a series of
toluene containing compounds. As shown by
experiments with different Ru precursors,
the nature of the Ru source is important for
the
differences become prominent only after

product distribution, however,

prolonged reaction times. After one hour the

reaction solutions of
[Ru(COD)(MeAllyl);]/GaCp* as well as
[Ru(COD)(COT)]/GaCp* in toluene contain
products producing the same series of ions,
which can be assigned to different toluene
containing species: [Ruz(GaCp*)a(CsHs)H2]**
(m/z =1116.056; calc = 1116.058),
[Ruz(Ga)(GaCp*)3(CsHs)H]** (m/z = 980.933;
calc = 980.933), [Ruz(GaCp*)3(CsHs)H2]**
(m/z=912.015; calc = 912.014),
[Ru(GaCp*)s3(CsHs)H21** (m/z =810.109; calc
= 810.110), [Ru(GaCp*)2(C7Hs)]**
(m/z =604.051; calc = 604.051). While the
mass spectrum of the reaction solution of
[Ru(COD)(COT)]/GaCp*
unchanged over time, the mass spectrum of
the reaction solution of
[Ru(COD)(MeAllyl);]/GaCp* reveals almost
exclusively the ion [Ru(GaCp*3)(C7H7)Hs]**
(2**) after 48 hours. We conclude from the

measured sum formula that this signal does

remains largely

not represent a fragment but rather the
molecular ion 2*°, since the corresponding
neutral complex 2 satisfies the 18 valence
electron (VE) rule and is isoelectronic to 1. A

A) o [RuGa,Cp*,(C;Hy)H]

-GaCp*

[RuGa,Cp*s(CrH)Hs]
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Figure 2: a) size focused LIFDI-MS spectrum of 2 with the
composition of the molecular ion and the main fragments
given. b) LIFDI-MS patterns of 2 for the reaction in toluene
and the labeling experiment using toluene-ds and c) the
LIFDI-MS patterns of 2 with Cp* and Cp*t. The m/z
difference of 8 and 42 respectively shows the incorporation
of one toluene and three Cp* into the compound.

pattern at m/z = 604.051

169



([Ru(GaCp*)2(CsHs)]**) is assigned to the
fragment [M-GaCp*-2H]** of 2 (fig. 2a). These
assignments and the composition of 2 could
double
experiments with toluene-ds (fig. 2b) and

be confirmed by labelling
with the mono ethyl-substituted derivative
GaCp*Et (Cp*Et = 1-ethyl-2,3,4,5-
tetramethylcyclopentadienyl) (fig. 2c),
revealing the expected m/z differences of
respectively 8 and 42 (three additional CH;
groups).

In contrast to 1, compound 2 could not be
isolated. It is formed in solution after long
reaction times and can be enriched, although
some thermal degradation in solution is also
observed then, becoming obvious from the
formation of metallic precipitate and mirror.
We also noticed a stark influence of the
concentration, i.e. 2 can be enriched only
when working at low concentrations (Ctotal < 5
mg/mL). Combined with the unstable nature
of 2 under reduced pressure, it was thus
impossible to crystalize the compound or to
characterize enriched/pure samples with
solution spectroscopic techniques (NMR, IR).
Nevertheless *H NMR of reaction solutions
shows hydride signals (-14.15, -15.63, -16.03
and -16.22 ppm, fig. S6), as does the IR
spectrum with bands at 1807 and 1861 cm

Ortho LY L Meta
0.0 \'\ = . 00
02 ‘\&*\ —q 05
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12 @ K . 74

Figure 3: Calculated isomers of 2 with their relative total
(AE) and free (AG) energy differences in kcal/mol (top: AE;
bottom:AG). Cp* and hydrogen atoms of toluene omitted
for clarity.

(fig. S23). Inspired by the thermal induced
reductive elimination of HSiEts from
[(Cp*Al)sNiH(SiEt3)] yielding [(Cp*Al)sNi(m-
H)AI(CeHs)(h'-Cp*] by C-H
activation of benzenel’/, we attempted the

subsequent

prepation of a pure sample of 2 from thermal
treatment of 1 in toluene. Even under harsch
conditions, no reaction was observed. A
similar behaviour was observed for the
treatment of a solution of 2 with an excess of
HSiEts.

As no experimental access to structural data
possible,
representing

structures
the
complex 2 were

was reasonable
energy minima for
postulated trihydride
calculated on the DFT level of theory. The
energetically most favorable structures
correspond to activated toluene in ortho,
meta, para and benzylic position,
respectively (fig. 3). Their computed relative
energies indicate that the products upon C-H
activation at an aromatic position are almost
equal in energy and are favored with respect
to the activation at the benzylic position. The
energy difference between the ortho and
meta isomers is insignificant and that of the
para relative is barely larger. Thus, even if not
considering the possibility of topological
isomerism for each individual ortho, meta
and para system, the possibility of having
several isomers in solution should not be
excluded. These calculations only reflect
order to

thermodynamic stability. In

investigate differences in regioselectivity

between each site’s activation, we

performed analogous experiments in
benzene (all-aromatic) as well as in tert-
butylbenzene (no benzylic C-H). Indeed, in
both cases the respective signals (m/z) of the
expected activation products were observed
by LIFDI-MS (fig. S12 and S13; benzene:

m/z = 796.094; calc = 796.094; tert-
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butylbenzene: m/z = 852.155;
calc =852.157). The the
respective benzene-ds activation is further

presence of

supported by the corresponding hydride
signal (-16.56 ppm; fig. S7).

together our experimental
data it is
assume that the formation of 2 proceeds via

Taken and

computational reasonable to
C-H activation of toluene on the electron-
deficient intermediate [(Cp*Ga)sRuH;].>> To
validate this hypothesis, the hydrogenolysis
of ruthenium complexes with GaCp* was
perfomed in n-hexane to prevent C-H or Si-H
activation. This may lead to the activation of
a second H; equivalent.?® While there is no
experimental evidence for a potential
[(Cp*Ga)sRuHa4], cluster growth reactions are
observed by LIFDI-MS (fig. S14). This points to
intermediates related

bond

activation (in aromatic solvents or silane) and

reactive and

competing  reactions  between
cluster growth.
from [(Cp*Ga)sRuHz2], DFT

calculations allow the rationalization of the

Starting

observed reactivity from a thermodynamic
point of view. C-H activation of toluene at
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Figure 4: Kohn-Sham MO diagrams of 1 and
[RU(PM@g)g(SiEfg)Hg].

[(Cp*Ga)sRuH;] is
according to

thermodynamically
favorable free energy
calculations (AG =-11.8 kcal/mol). Note that
replacing toluene by benzene barely changes
the reaction energy (AG =-
11.3 kcal/mol). Replacing [(Cp*Ga)sRuHz] by
its hypothetical phosphine-ligated analogue
[(PMes)3RuH;] cancels the exergonicity of the
toluene C-H activation reaction (AG = +1.4
kcal/mol). A similar trend and energetic
difference are found for the Si-H addition of
HSiEts on the

species. In the case of [(Cp*Ga)sRuH2], AG = -

same electron-deficient

43.1 kcal/mol, whereas in the case of
[[(PMes)sRuHz], AG = -28.8 kcal/mol.
Theoretical Investigations on the Ru-Ga and
Ru-P Bonding
Both 1 and [Ru(PMes)s3(SiEts)Hs] are hepta-
coordinated Ru(lV) 18 VE complexes that can
be described as made of a pseudo-octahedral
[RuLsHs] (L = GaCp*, PMes) unit to which an
SiEts ligand is added along the Cz axis. The
four Ru(IV) electrons are expected to occupy
non-bonding 4d orbitals, i.e., those which do
not point towards ligands, namely MOs of
dominant xy and x?-y? character (considering
the z axis colinear with the Ru-Si bond). As
shown by the Kohn-Sham orbital diagrams of
1 and [Ru(PMe3s)3(SiEt3)Hs] (fig. 4), these two
orbitals are the HOMO and HOMO-1 of the
complexes. Despite their qualitatively related
electronic structures, both complexes have
some differences, as exemplified by their
HOMO-LUMO gaps, that of 1 being much
lower than that of its phosphine analogue.
The lowest metal-ligand antibonding orbital
of 1is its LUMO, whereas it is the LUMO+1 in
the phosphine complex. Selected computed
data for both complexes are gathered in
Table S1. They show roughly similar bond
distances around Ru in both complexes, with
Wiberg which however
171
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indicate that the Ru-Ga bonding is somewhat
weaker than the Ru-P one. To gain deeper
insights into the Ru-L (L=GaCp*, PMejs)
bonding in 1 and [Ru(PMes)s(SiEt3)Hs], we
performed an energy decomposition analysis
(EDA) of the interaction between two frozen
molecular fragments, according to the
The
decomposition of the total bonding energy
(TBE) between the [RuHs(SiEts)] fragment
and its Ls shell is provided in Table 1. TBE is

expressed as the sum of four components:

Morokuma-Ziegler ~ procedure.3%4

the Pauli repulsion (Epaui), the electrostatic
(Eelstat), the orbital
interaction energy (Eon) and the component

interaction energy
associated with the dispersion forces (Edisp).
From comparing these TBE values, it is clear
that the Ru-L bonding is stronger in the case
where L = PMes than for L = GaCp*. Whereas
the Epgui and Eeistar components of the two
compounds differ significantly, their sum,
which is often approximated to the steric part
of the interaction energy are about the same
(Esteric = 2.37 and 2.48 eV for L = GaCp* and
PMes, the
contributions are also similar, the TBE main
the

respectively).  Since Edisp

difference  originates from Eorb
components, which

reflect difference in covalency. This is also
consistent with the difference in the HOMO-
LUMO gaps. A similar qualitative trend is
found for the hypothetical unsaturated
species [Ru(GaCp*)3H2] [Ru( PMes)sH3].
Another point of view can be provided by the
qguantum theory of atoms in molecules
(QTAIM) approach.*?43 Selected QTAIM data
associated with the Ru-Ga/P bond critical
points in 1 and [Ru(PMes)s(SiEt3)Hs] are
collated in Table S2.

In both compounds, the positive value of the
Laplacian density, the negative values of the

energy and potential energy densities and

the larger than 1 |V|/G ratio are not
contradicting the typical description of a
in both
compounds.*4® The delocalisation index is

ligand-to-metal dative bonding

indicative of a weaker Ru-Ga covalent
interaction, in agreement with the EDA
analysis and Wiberg bond indices.The AIM
charges indicate a more negatively polarized
Ru in the case of Ru-Ga as compaired to Ru-P.
This points to a bond polarization of the form
TM(87)-E(6*), which
expected from previous reports!® 222331 Ag
shown in Tables 1, S1 and S2, the Ru-Ga vs.
Ru-P bonding features are maintained on the
hypothetical 16 VE intermediates [RuLsH] (L
= GaCp*, PMe3).

could already be

Conclusion

Ru/Ga complexes have been investigated
with respect to their behavior in C-H and Si-H

bond activation reactions. [Ru(GaCp*)3H;]
has been proposed as the crucial
intermediate in the bond activation

reactions, DFT calculations confirming the
increased reactivity with respect to the
phosphine analogue [Ru(PMes)sH,].

[Ru(GaCp*)3H;] has also been described in
earlier studies as a reactive intermediate on

Table 1: Morokuma-Ziegler energy decomposition analysis
of 1, [Ru(GaCp*)sH,], and their trimethylphosphine
analogues. All values are in eV.

com- [Ru(GaCp*)5(SiE [Ru(PMes)s(S [Ru(GaCp [Ru(PMe;s
podun t3)Hs] (1) iEt3)Hs] *)3Ha) )sH2]
Frag . .

[RuHs3(SiEt3)] + [RuHs(SiEt3)] [RuH.]+ [RuH,] +
t':jzn [GaCp*]s +[PMes]s [GaCp*]s [PMes]s
Epauii 11.52 15.19 11.55 16.94
Eelstat -9.15 -12.71 -9.82 -14.35
Eorp -5.99 -8.04 -6.86 -9.67
Edisp -1.45 -1.36 -0.84 -0.94
TBE? -5.08 -6.93 -5.97 -8.02
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the way to Ru/Ga clusters. Thus, reductive

elimination of Cp*H leads to a ligand
stabilized Ru/Ga cluster with a linear Ru-Ga-
Ru backbone.?” This underlines the crucial
role of transient and/or intermediate species
in cluster growth reactions. The "proto"
cluster species [Ru(GaCp*)3H,] obviously can
act as a reactive building block for larger
clusters, whereby substrate or solvent
molecules actively intervene in the reaction
process by stabilizing the intermediate by an
addition

reductive elimination reactions. Controlling

equilibrium of oxidative and
the resulting complexity often remains a
challenge. One possible approach to control
cluster growth, however, which has been
recently successfully employed in the
synthesis of Ni/Al and Ni/Ga clusters is the
use of alkynes as additives.*’” A propagation
of this idea with the aim of investigating
larger Ru/Ga clusters is part of an ongoing

project and will be presented in future work.

Computational Details

Density Functional Theory (DFT) calculations
were carried out with the use of the ADF2020
code®®>? with the addition of Grimmes’s D3
empirical corrections®! to take into account
dispersion effects. The triple-zeta with two
polarization functions (TZ2P) basis set was
used, together with the BP86°%>3 exchange-
correlation functional. All the optimized
structures were confirmed as true minima on
their potential energy surface by analytical
Wiberg
bond indices were computed with the NBO
6.0 program>* implemented in the ADF2020
The QTAIM 42-43
performed as implemented in the ADF2019
suite.>>>® The 'H NMR chemical shifts were
the BP86/TZ2P-optimized
structures, according to the GIAO method,>’

vibration frequency calculations.

package. analysis was

computed on

with the B3LYP functional®® and taking into
account solvent (benzene) effect via the
COSMO model.>9%°

Synthetic Protocols

[Ru(GaCp*)s(SiEts)(H)3] (1). A solution of 450
mg (1.0 eq., 1.410 mmol)
[Ru(COD)(MeAllyl);] and 867 mg (3.0 eq.,
4.230 mmol) GaCp* in 6 mL HSiEts is freeze-
pump-thawed-degassed and pressurized
with 3 bar Hz in a 150 mL Fisher-Porter bottle.
The reaction solution turns from yellow to
dark orange over 6 h at 60 °C. Residual HSiEt3
is removed in vacuo and 830 mg (71 %, 0.995
mmol) of 1 are obtained by recrystallization
from n-hexane. 'H NMR (CgDs, 400 MHz):
6 [ppm] = 1.88 (s, 45 H, GaCp*), 1.26 (t, 9H,
SiCH»-CH3), 0.92 (q, 6H, Si-H2C), -13.31 (s, 3H,
Ru-H). 13C NMR (CeéDs, 101 MHz): & [ppm] =
113.5 (s, Cs(CH3)s), 20.2 (s, Si-CH,), 10.5 (s,
SiCH,-CH3) 10.0 (s, Cs(CHs)s). ATR-IR [ecm™]:
1898, 1771 (Ru-H). Raman [cm™]: 1913 (Ru-
H). UV-Vis (cyclohexane) Amax = 226 nm, 281
nm, 344 nm. LIFDI-MS m/z = 832.1313 [M-
2H]*. (calc =832.1339). Elemental analysis
calc. for RuGasCsgHe3Si: C, 51.83; H, 7.61; Ga,
25.07; Ru, 12.12; Si, 3.37. Found: C, 51.74; H,
7.77; Ga, 24.3; Ru, 12.0; Si, 3.79.
[Ru(GaCp)3(C7H7)Hs] (2)

50.0 mg [Ru(cod)(MeAllyl):] (1.0 eq., 0.157
mmol) and 65.0 mg GaCp* (2.0, 0.313 mmol)
are inserted into a 150 mL Fisher-Porter
Bottle, dissolved in 14 mL toluene. The
solution is freeze-pump-thawed-degassed
and pressurized with 3 bar H,. The reaction
mixture is stirred at 60 °C for 48 hours and
then canula filtrated.

LIFDI-MS m/z = 810.1088 [M]* (calc =
810.1100), m/z = 604.0508 [M-GaCp*;H]*
(calc = 604.0514).
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2.3.4 Additional Data and Information

Crystallography

Compound 1 (CCDC 2158227)

Diffractometer operator C. Jandl
scanspeed 1-10 s per frame

dx 70 mm

3051 frames measured in 10 data sets
phi-scans with delta_phi=0.5
omega-scans with delta_omega = 0.5
shutterless mode

Crystal data
CssHe0GasRuSi
M, =831.16

Monoclinic, P21/c

Hall symbol: -P 2ybc
a=19.487 (2) A
b=11.1759 (13) A
c=19.650(2) A
B=112.779 (3)°
V=3945.7 (7) A
Z=4

F(000) = 1708

Data collection

Dy =1.399 Mg m~3

Melting point: ? K

Mo Ka radiation, A = 0.71073 A

Cell parameters from 9377 reflections

0 =2.5-25.7°

1

N

n=2.45mm"-
T=

100K

Fragment, yellow

0.20x0.14 x0.11 mm
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Bruker D8 Venture
diffractometer

Radiation source: TXS rotating anode

7224 independent reflections

6728 reflections with [ > 20(/)

Helios optic monochromator

Detector resolution: 16 pixels mm™

phi— and w-rotation scans

Absorption correction: multi-scan

SADABS 2016/2, Bruker

Tmin = 0681, Tmax = 0745

82487 measured reflections

Refinement

Refinement on F?

Least-squares matrix: full

RIF? > 26(F?)] = 0.025
WR(F?) = 0.065

5=1.04

7224 reflections
388 parameters
0 restraints

0 constraints

Primary atom site location: iterative

Rint = 0.048

emax = 25.40, emin = ﬁo

h=-23 23
k=-13 11
I=-23 23

Secondary atom site location: difference
Fourier map

Hydrogen site location: inferred from
neighbouring sites

H-atom parameters constrained

W = 1/[3%(FO?) + (0.0237P)? + 7.0356P]
WHERE P = (FO? + 2FC?)/3

(A/0)max = 0.022
Npmax=1.12 e A3

Apmin = =0.85 e A3
Extinction correction: none

Extinction coefficient: -
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Figure $2: 13C NMR spectrum of 1 in CeDs.
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Figure S3: Heteronuclear Multiple Bond Correlation (HMBC) NMR spectrum of 1.
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LIFDI-MS spectra
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Figure S8: LIFDI-MS of 1.
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Figure S9: LIFDI-MS of the reaction solution of [Ru(COD)(COT)] with GaCp* under H; after 1 hour.
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Figure $10: LIFDI-MS of the reaction solution of [Ru(COD)(MeAllyl),] with GaCp* under H, after 1 hour.
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Figure S11: LIFDI-MS of the size-focused reaction solution of 2.
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Figure S$12: LIFDI-MS of the reaction solution of the analog of 2 in benzene.
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Figure $13: LIFDI-MS of the reaction solution of the analog of 2 in tert-butyl benzene.
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Figure $14: LIFDI-MS of the reaction solution of [Ru(COD)(MeAllyl),] with GaCp* under dihydrogen in cyclohexane with the
sum formula of the RuGa polyhydride clusters obtained via Cp*tt labelling experiments.

186



L _MJ_AA.

Relative Intensity

820 825 830 835 840 845
m/z
Figure $15: Experimental (top) and theoretical (bottom) pattern of [M-2H]*fragment of [Ru(GaCp*)3(SiEt3)Hs] (1).
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Figure $16: Experimental (top) and theoretical (bottom) pattern of [Ru(GaCp*)s(C;H7)Hs] (2).
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Figure $17: Experimental (top) and theoretical (bottom) pattern of [M-GaCp*-2H]*fragment of [Ru(GaCp*)s(C;H7)Hs] (2).
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Vibrational spectra
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Figure S21: ATR-IR spectrum of 1.
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Figure $22: Calculated IR spectra of 1.
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Figure $23: ATR-IR spectrum of the reaction solution of 2 (solvent evaporated of the window).
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Figure $24: Solid-state Raman spectrum of 1.

—
2800

1
3200

190



UV-Vis spectra
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Figure $25: UV-Vis of 1 in cyclohexane.
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Computational Results

Bonding details

Table S1. Selected computed data for complexes 1, [Ru(GaCp*)sH,], and their triphenylphosphine analogues.

Compound Distances (A) and WBI’s into brackets
Ru-H (av.)  Ru-Ga/P (av.) Ru-Si
[Ru(GaCp*)3(SiEts)Hs] 1.628 2.381[0.361] 2.370
(1) [0.343] [0.283]
Ru(PMes)s(SiEts)Hs] 1.656 2.317[0.419] 2.404
[0.374] [0.277]

[Ru(GaCp*)3H,] 1.624 2.350 [0.517] -

[0.476]
[Ru(PMes)3H:] 1.658 2.256 [0.600] -

Table S2. QTAIM descriptors of the Ru-E (E = Ga, P) bonds in 1, [Ru(PMes)s(SiEts)Hs], [Ru(GaCp*)sH2] and their
triphenylphosphine analogues.®?

Compound [Ru(GaCp*)s(SiEts)Hs] (1) | [Ru(PMes)s(SiEts)Hs] | [Ru(GaCp*)sHz] | [Ru(PMes)sH;]
RU -0.35 0.02 -0.17 0.07
A harge?
tom charge £ 0.63 132 0.60 1.27
Delocalisation index2 o 0.87 0.94 1.06 1.00
o 0.069 0.095 0.075 0.098
V2p 0.122 0.166 0.133 0.179
-0.023 -0.043 -0.028 -0.045
bcp indicatorsab H
Vv -0.077 -0.127 -0.088 -0.135
lvl/G 1.426 1.512 1.467 1.500

a Averaged values. ® p, V2p, H, V and G are the electron density, Laplacian of p density, energy density, potential
energy density and kinetic energy density values at the bcp, respectively. All values in a.u.

XYZ coordinates

[Ru(GaCp*)s(SiEts)Hs] (1)
192



I I I I I I I I I I I I I I I I I I I IIIIIIIITIIITITOOOOOOOOOOOOO0O0O0OOO00000O00OO000000O00O0O00000OO0n

2.321870350000
2.629144750000
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1.426793140000
1.374689480000
4.633208230000
4.643420520000
3.487225130000
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4.676068420000
7.102631260000
7.792075050000
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-1.908907810000
0.024920440000
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2.088270300000
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0.640349720000
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9.053583950000
9.185031750000
7.124504980000
5.745320430000
6.789704560000
5.551371790000
4.505235260000
5.077064010000
6.495219950000
8.137686340000
5.361609810000
3.065616210000
4.326969560000
7.483637240000
6.675228730000
5.863255570000
4.438734600000
3.490301810000
7.300702450000
7.180386600000
1.980312270000
3.556732250000
2.407230400000
3.674725670000
2.250695730000
3.366449970000
1.279817170000
2.384398770000
0.632163680000
0.115251660000
0.342196260000
-1.022584950000
1.322318440000
0.480842440000
-0.327985720000
6.913983410000
5.883074850000
7.578971380000
10.098701820000
9.066339520000
8.621944850000
10.237766180000
8.863579210000
9.146434190000
6.077346480000
7.358661200000
7.746714890000
5.107823190000
5.086714950000
6.268116740000
8.329337200000

5.859755510000
5.293111230000
5.463548620000
3.754707190000
7.965785720000
4.793450840000
6.208557650000
6.750894540000
5.667137370000
4.443401530000
3.846190270000
6.979033940000
8.197274530000
5.785085300000
3.084205510000
3.858171620000
4.493595180000
5.877822960000
6.112039240000
4.855334580000
2.413229360000
3.855728890000
6.900108730000
7.405058570000
4.618493500000
2.327111340000
2.840068850000
2.407297520000
1.620738540000
1.562941040000
2.469097490000
3.713634110000
2.790612740000
1.011148320000
0.753430000000
9.219194640000
9.466937670000
8.880748660000
8.068313700000
7.905781640000
6.820141140000
3.925685360000
4.054497300000
2.804427140000
6.356454470000
7.337996090000
7.852569390000
8.326266850000
8.687029530000
8.742794250000
4.889310240000
6.644640680000
5.919600100000
2.285480690000
2.971722480000
2.900430990000
2.037572790000
2.254990670000
1.782076060000
3.675753200000
4.492596470000
2.889203300000
6.800882600000
7.919923740000
6.793870810000
7.504232540000
8.268489740000
7.480209030000
3.747018160000
5.482773230000
4.432126130000
1.649318860000
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-0.099082810000
-1.398639890000
-2.725681450000
-2.290829050000
-1.672362760000
-0.787618790000
-0.196465090000
0.948359110000
2.046251570000
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0.553097690000
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-0.585061280000
0.728405960000
2.280857940000
2.852569750000

[Ru(GaCp*)sH2] (1)
R

2.273820100000
3.257640950000
4.230378280000
1.358428440000
4.877964190000
4.969843310000
3.750902730000
2.882604430000
3.547078370000
5.981113920000
6.084117110000
3.399929070000
1.475181250000
3.161855070000
5.496271160000
4.811517120000
5.241322270000
6.209076990000
6.369996140000
5.260222180000
3.766157000000
4.809531910000
7.003031060000
7.329970250000
-0.185984130000
-0.750521010000
0.096274430000
1.192700760000
1.024139240000
-0.784736610000
-1.998642780000
-0.092137910000
2.326970420000
1.863510210000
6.447548520000
6.770886420000
5.622116200000
6.959771030000

8.944280070000
8.222980360000
4.869102030000
6.316703640000
4.734869640000
2.571983970000
2.957192240000
2.511248670000
3.794641290000
3.578901780000
4.999502080000
7.183220780000
8.482961560000
7.581178060000
7.684540320000
6.818881900000
5.753843090000
4.847230530000
6.327487310000
3.870156100000
4.839055590000
4.011728470000
2.650092290000
3.075174530000
7.328928010000
8.262633310000
8.007188250000
6.241569780000
7.178711400000
5.151825760000
6.966375600000
4.704057510000

5.094785260000
3.341867600000
6.477211960000
6.073662170000
1.827223680000
1.810258420000
1.290432590000
0.970871640000
1.299863870000
2.073639330000
2.367394370000
1.241683990000
0.474016760000
0.828252370000
7.136019220000
8.315831490000
8.637875800000
7.653297120000
6.727293810000
6.425730090000
9.021461910000
9.818601770000
7.665732660000
5.579355930000
6.860606840000
5.645567550000
4.566463890000
5.099436420000
6.522213440000
8.230467260000
5.509414140000
3.135149160000
4.303864760000
7.474482890000
1.125111990000
2.700199450000
2.571659050000
2.619245390000

2.451676110000
3.411540430000
3.164464970000
4.090961990000
4.585373430000
2.235586360000
3.862646300000
2.583384110000
0.096671710000
1.709671290000
0.743045820000
0.645806950000
1.206957550000
-0.262186000000
8.865801560000
10.168198740000
8.538142640000
9.820611660000
10.220010980000
9.310392870000
9.741230550000
7.651308720000
8.672586870000
7.214393770000
8.903545940000
7.793569220000
6.856828360000
6.909872300000
5.823220450000
6.068907610000
6.347072370000
7.225074700000

5.896830670000
4.874110420000
6.048131020000
3.911691940000
4.599092380000
6.019716840000
6.546304160000
5.475552790000
4.240776120000
3.614859890000
6.849864880000
7.999614340000
5.610226970000
2.870428910000
4.109671790000
4.528524440000
5.849929170000
6.253069030000
5.164802070000
2.812761040000
3.725296660000
6.665587730000
7.523875210000
5.126909610000
2.354424470000
2.862742310000
2.475330020000
1.735106420000
1.651293470000
2.457508970000
3.680375930000
2.871594620000
1.164443370000
0.855537680000
3.304647150000
4.045446030000
2.704314560000
6.240660980000
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6.405328550000
5.764782740000
2.545663410000
3.129398750000
4.244882400000
0.981107160000
0.873127840000
1.445194400000
3.566103420000
2.073046190000
3.548462240000
4.183544470000
5.724965060000
5.667886980000
4.165573750000
3.363906470000
2.918619030000
5.461244070000
4.846403330000
3.782473310000
7.307708740000
6.430796860000
7.921317890000
6.952995790000
7.505984070000
8.306975140000
-1.438915680000
-0.012547650000
-1.393190760000
-2.848746130000
-2.285184240000
-1.867447520000
-1.087454950000
0.014459200000
0.652656810000
1.991534040000
2.795861580000
3.110742120000
2.917142750000
1.829677690000
1.509548450000
1.012824070000
2.635923160000

1.647720680000
3.280999220000
0.579418360000
2.244695750000
0.884699590000
0.397989690000
1.149585040000
-0.522300510000
1.474705720000
0.791349720000
-0.187705200000
6.285236650000
5.432016120000
6.987904520000
9.372007390000
9.891312100000
8.350959950000
10.688503010000
9.601795700000
10.123258460000
6.653961770000
8.096740930000
8.264610360000
4.766400880000
5.164027310000
5.885361020000
8.447818470000
9.010749800000
8.337919690000
5.176382720000
6.461812470000
4.774025150000
2.764426860000
3.006744100000
2.492616170000
3.644436760000
3.663406800000
4.955317510000
7.168964480000
8.488900920000
7.538585470000
4.077004110000
4.088545800000

[Ru(PMe3)s(SiEts)Hs]
Ru 2.519249180000 5.405357850000
P 3.205674710000 3.198196760000
P 4.476525670000 6.377271700000
P 1.248910280000 5.411211100000
Si 1.414811780000 6.394766910000

0.101125020000
2.036072050000
0.064549310000
5.899306590000
4.339968990000
5.393347020000
1.979490220000
3.710691670000
4.658453500000
2.042596040000
3.544074610000
1.495083570000
1.445500600000
-0.441774160000
-1.360510240000
-0.529900650000
0.677181610000
-0.534762450000
2.719630860000
1.284700380000
2.617489310000

3.993426140000
5.502450280000
6.812762040000
6.417020560000
8.157447360000
5.744424410000
1.911422610000
2.506057900000
2.687157030000
8.106387530000
8.247401830000
5.383805760000
3.859598230000
6.778468940000
5.583366770000
4.157217490000
3.070824870000
3.866058650000
4.655918820000
5.490804150000
6.430048650000

7.616431420000
7.375965850000
8.184334910000
8.366150240000
8.604647730000
4.634551690000
6.234895340000
6.075498980000
2.081618730000
2.744541410000
2.691912340000
2.634704490000
2.806811000000
1.958406380000
2.762322820000
4.257625120000
3.500065840000
6.487240230000
7.741061140000
6.427279440000
7.822129810000
8.355697590000
7.415311100000
4.493771220000
6.127179710000
4.721126350000
1.598382630000
2.484033330000
3.364816830000
3.064376790000
4.143740930000
4.485748120000
2.587449100000
3.960748880000
2.386812430000
0.349976640000
1.928493480000
0.760476720000
0.824585210000
1.272273450000
-0.185689620000
5.758399270000
7.114583680000

5.949096270000
5.796262780000
5.174716960000
4.012612420000
7.842003800000
3.722204370000
2.340641090000
3.864419010000
6.348178610000
4.712673290000
3.695002420000
6.280989240000
4.155591770000
6.809045320000
8.432603290000
8.686740380000
9.469925210000
9.378778060000
7.573968950000
7.304954820000
2.837909860000
3.580249410000
4.606142240000
2.204790180000
1.538886730000
2.267061850000
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0.625368230000
-0.511945640000
-0.619691760000

6.758575060000

5.589159660000

6.194730310000

3.932209060000

5.307124620000

3.629313150000

5.796677280000

4.725901050000

6.231277480000

1.084269430000

2.386907650000

1.684830090000

2.863813230000

4.531731860000

4.026622780000

4.472930920000

4.855082570000

5.543898960000

1.714696480000

1.487191570000

4.103285050000

3.921566590000

3.804690540000

2.423981480000

0.670649220000

0.546205040000

1.458639520000

2.312878180000
-0.780202970000
-0.520741860000
-2.403660340000
-1.362719930000
-1.019457540000

1.167024660000

2.003012180000

3.293714680000

[RU(PME3)3H2]

Ru
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2.514795750000
3.215257110000
4.477204660000
1.291118430000

-0.011331240000
2.017972490000
0.245521470000
5.808550240000
4.235804210000
5.506530050000
2.117512920000
3.522229450000
4.817131600000
-0.623537780000
0.458069190000

-0.644223610000
2.611065410000
1.247967870000
2.690276290000
0.892925930000

-0.401193840000

-0.378278350000
6.664273350000
5.374994890000
6.151772520000
3.707219530000
5.190431780000
3.614800800000
5.901576300000

7.753992300000
6.766215180000
6.787618670000
6.956924810000
6.885918580000
5.385256380000
8.712491260000
8.587144590000
8.251889820000
4.749363010000
5.661060100000
6.408449200000
2.022888080000
0.898089780000
2.070633270000
2.560652280000
3.094921510000
1.457567110000
2.960310910000
1.608755590000
3.238309440000
8.862729810000
8.324994260000
8.175951320000
7.451209140000
9.210741610000
5.684589600000
5.755898760000
3.512471000000
3.378282680000
3.490049020000
7.306780100000
7.514720990000
5.883883020000
4.885741940000
5.011545530000
4.748719190000
6.972034390000
5.449629430000

5.233223630000
3.193944250000
6.274066440000
5.356872000000
4.078020880000
5.438996380000
6.887216890000
6.488372430000
8.047493260000
5.699468930000
1.923131890000
2.453104870000
2.808514790000
4.292499890000
3.093604110000
4.041025510000
4.534803860000
5.529286310000
6.304405250000
7.773386210000
6.919197760000
6.912965820000
7.064671850000
6.996811870000
5.502084970000
8.574667420000
8.557600400000
8.092336190000
4.698979840000

3.908522230000
2.930105980000
4.719514200000
5.926608130000
7.286800220000
6.573539310000
5.565286410000
4.416927150000
3.881994430000
3.919300660000
2.831443890000
3.441606100000
5.658585340000
6.160716420000
7.323011520000
3.460747930000
3.733678810000
4.244360340000
7.854275570000
6.734511920000
6.468854540000
7.700022690000
9.361336480000
7.745599200000
9.345456010000
9.150596520000
9.982392400000
10.102543840000
8.850226200000
10.368451260000
8.815542430000
8.481561250000
6.757456130000
7.124041130000
8.154445600000
6.429745180000
6.644447760000
6.060654560000
7.415842920000

5.857647850000
5.756197160000
5.233836310000
3.912731680000
3.631943110000
2.209671590000
3.873646730000
6.498797100000
4.745658400000
3.805841530000
6.506949640000
4.092058610000
6.582535140000
2.744461400000
3.511128560000
4.526242190000
2.024292420000
1.430002120000
2.149265950000
3.876613310000
2.985377840000
4.775778690000
6.118466530000
7.368521610000
6.832973540000
5.550511840000
4.553494730000
3.842043580000
4.024134320000
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4.880333820000
6.350691830000
1.144000750000
2.544911450000
1.964855140000
2.584102380000
4.239135940000
3.916055480000
4.754370850000
5.043242650000
5.625324110000
1.121882640000
3.051884120000

5.630204320000
6.376052880000
1.961495180000
0.913634700000
2.185608500000
2.428831190000
3.076147730000
1.430426040000
3.137744580000
1.734233320000
3.364510380000
4.647124750000
5.155111390000

[RU(Gan*)3(C7H7)H3] (ZMethyI)
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-0.456351570000
1.853692820000
-2.036083080000
-0.442073370000
0.136754020000
-1.711556590000
-0.0824479500000
-1.597367910000
-1.211785330000
3.965275000000
3.545834950000
3.969602130000
3.296079290000
3.547852380000
-2.346892560000
-3.372674590000
-1.158039700000
-2.790556750000
-1.420456080000
-0.661868130000
-0.333178740000
-1.956421850000
-1.446056820000
-2.440361380000
4.490822110000
4.334909080000
5.570810480000
3.995642590000
3.452133910000
2.642680040000
3.263557360000
4.389147030000
2.771782390000
1.765440350000
2.698586910000
3.419434420000
3.331054660000
3.342326500000
2.358919810000
4.107442130000
4.407589700000
5.491364500000
4.185656470000
3.900793030000
-2.505140430000
-1.576702050000
-2.786408110000
-3.285686640000
-4.827994830000
-5.318027710000
-4.978323920000
-5.361615040000
-3.566443670000
-3.987873370000
-2.934078380000

-0.032008010000
0.371264400000
1.256317050000

-1.567076220000

-1.248348050000
-0.952321310000

1.538590200000

1.604598810000

0.029074300000

1.078796370000

1.201893590000

-0.331868120000
-0.106243300000
-1.048716970000

3.730519090000

2.978043440000

3.637221780000

2.417592620000

2.831044200000

-3.926410180000
-3.321669980000
-3.471400660000
-2.492023160000
-2.589954970000
2.181659760000
1.971308090000
2.321930780000
3.136939170000
2.486369780000
2.462991310000
3.336372340000
2.695687350000
-0.452831280000
-0.901990820000

0.432463260000
-1.182861850000
-2.525154840000
-3.011182920000
-2.745442920000
-3.001599840000
-0.914816820000
-1.108322430000
-0.235324420000
-1.865614480000

4.475984170000

4.478006050000
5.526178960000

4.031154020000

2.955010600000
2.031742530000
3.035628100000
3.797345660000

1.760465640000
2.514745110000
1.094128720000

2.908696860000
3.611468960000
6.005335190000
6.424888260000
7.559784690000
3.525372810000
3.545433260000
4.174477180000
7.625529440000
6.538039660000
6.092119680000
6.540768600000
7.424417550000

1.252493710000
1.058871690000
0.071929690000
-0.575634650000
2.167821240000
1.735156050000
0.891408090000
3.122610170000
3.862606700000
1.009675820000
-0.363075570000
1.339608020000
-0.867995840000
0.174729900000
0.204578970000
-0.451978470000
-0.571784550000
-1.670063130000
-1.715375470000
-0.806748380000
-2.070115190000
-0.424958050000
-2.460442290000
-1.438528410000
1.873935480000
2.937783830000
1.708645010000
1.660346590000
-1.127753190000
-1.868058710000
-0.460941060000
-1.667071770000
-2.225514870000
-2.163875700000
-2.867835450000
-2.731604050000
0.063059890000
1.045405570000
-0.401807260000
-0.555058140000
2.648000570000
2.651612320000
3.480072510000
2.856207630000
1.495001930000
2.079013640000
1.319533560000
2.124710680000
-0.093901930000
-0.428769980000
0.990161480000
-0.562028230000
-2.770191860000
-3.453113070000
-3.369868790000
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-4.404653680000
-0.393388950000
0.350716120000
-0.847384200000
0.149919240000
0.183656680000
0.097669260000
0.814542620000
0.723261800000
0.188982820000
0.157331700000
-0.147905380000
1.238915800000
0.854742390000
1.119757880000
1.741346670000
0.651552660000
-1.549107930000
-1.885606050000
-2.268743480000
-0.584227990000
-3.747088900000
-3.869094330000
-3.830263130000
-4.597926890000
-2.677067930000
-3.635430850000
-2.081958000000
-2.890840870000
-0.823961060000
0.404195540000
0.759924660000
1.271770730000
1.907773540000
0.110466570000
2.420572740000
1.026379460000
2.748138790000
2.147480380000
3.060934280000
3.640098120000

1.167096730000
2.396244560000
1.728503100000
1.853426530000
3.256942140000
4.186410990000
5.021472250000
3.415874490000
4.547117960000
-4.897416060000
-4.703922980000
-5.933278660000
-4.845283030000
-3.642055510000
-2.806066730000
-3.882924530000
-4.512767930000
-1.732499510000
-2.380386760000
-0.908173440000
-1.300230340000
-1.862783720000
-1.347830790000
-1.112936750000
-2.552735210000
-3.787055390000
-4.290280180000
-4.443666700000
-2.870349560000
0.837107480000
1.418559330000
2.763940940000
0.654344450000
3.321298730000
3.373435390000
1.208949140000
-0.393138210000
2.549210130000
4.368918450000
0.595432860000
2.986848360000

[Ru(Gan*)s(C7H7)H3] (20rtho)

[aln]
[S IR
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0.865243500000
-0.200252800000
-1.177952890000
0.540036970000
1.245457050000
1.201651860000
1.662489560000
0.093897050000
0.043377550000
-1.158337770000
-1.236536050000
-1.984255530000
-2.185836590000
-3.164155250000
-1.804502120000
-3.397606460000
-2.545168500000

0.863611140000
-0.470722740000

1.773550810000
-0.399424220000

0.999118240000

1.226731480000

1.332634000000
1.072762090000
2.182426100000
1.150376960000
1.259983880000
2.113561330000

-0.889493620000
-0.675663020000
-1.738218790000
1.449790380000
-2.194488680000
-0.791807570000
-2.091066190000
-1.066115990000
-2.349242800000
-0.403222540000
-2.496128780000
-1.297819270000
-0.703309540000
-0.757126060000
-2.038249450000
-2.132651720000
-2.931040940000
3.106410410000
3.235746650000
3.327846410000
3.537739100000
3.576251440000
-0.504378230000
0.578369720000
-0.674177410000
-0.968792620000
-3.353493600000
-3.748519810000
-2.912537670000

-2.384153140000
-2.716536470000
-2.253142580000
-3.554073950000
-3.132351850000
-0.201756310000
0.503622270000
0.272151760000
-1.087757780000
-0.046118640000
1.034176290000
-0.206626320000
-0.359358010000
-2.924648220000
-3.584240510000
-2.324427920000
-3.568317830000
-3.747243940000
-4.571692530000
-3.668368340000
-4.045111610000
-1.375739080000
-0.410097900000
-2.171157880000
-1.482837100000
0.847858890000
0.650504780000
1.493126130000
1.418960660000
3.236205780000
3.814219290000
3.584843080000
4.621431720000
4.141644420000
2.954362570000
5.181847160000
4.803862280000
4.950469690000
3.952765110000
5.818223770000
5.398812940000

-0.553467950000
1.597585130000
-1.466958570000
-0.976844010000
0.321242820000
-2.123445800000
-1.224686710000
3.905254810000
3.281802830000
3.657939950000
2.658073420000
2.883087000000
-3.405506980000
-2.367062620000
-3.735756400000
-2.047968900000
-2.894198050000
0.714115760000
0.214753720000
-0.362035160000
-1.180796990000
-1.549372940000
4.708480970000
4.560374490000
5.785444950000
4.436884090000
3.210794940000
2.190877540000
3.492732270000
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0.963314800000
-1.669007870000
-2.535627880000
-0.863787040000
-1.951365940000
-3.390007880000
-3.564905990000
-3.619384020000
-4.119058300000
-1.592758590000
-1.990759880000
-0.762145100000
-2.384906000000
-1.613091090000
-0.659219940000
-2.294883850000
-1.423972630000
-3.773370390000
-4.309323270000
-2.999770090000
-4.487397120000
-4.432229580000
-5.352426490000
-4.086337250000
-4.713675020000
-2.531664450000
-1.555125900000
-2.756878290000
-3.282197610000
-0.787035620000
-1.216493230000

0.068122670000
-0.394455920000

1.224539640000

2.275052700000

1.051657400000

0.617676790000
-1.711222550000
-2.609708850000
-1.671155680000
-1.841566720000
-1.544520210000
-1.757234300000
-1.330771640000
-2.466360180000

1.542798410000

2.526975250000

0.879457410000

1.662791980000

3.266820500000

3.639132650000

3.629902000000

3.731014810000
2.823950500000
3.166844100000
3.864572320000
4.437660500000

2.405992200000
5.145196940000
5.447383210000

4.635331530000

5.924983070000

6.450539550000
3.656498880000

3.308395330000

2.881461300000

4.585938490000

-4.206768210000
-3.676753540000
-3.433833090000
-4.016238690000
-4.525990060000
-1.030646100000
0.039423580000
-1.556682030000
-1.366769040000
0.897205660000
0.741401150000
1.609397410000
1.375805420000
0.550289790000
0.358623860000
1.009984620000
1.298347960000
0.437063170000
0.158498140000
1.167318450000
0.954523920000
-2.672667580000
-2.944764610000
-3.576855700000
-1.936256740000
-4.428533130000
-4.813280830000
-4.874815510000
-4.806568870000
-2.430388580000
-2.428760400000
-1.741144160000
-3.437247660000
2.745577570000
2.445214020000
3.585459990000
1.898307000000
3.026865300000
3.012395360000
2.070520040000
3.820257890000
3.884147360000
4.963943770000
3.634905420000
3.360354520000
3.950158900000
3.497505740000
3.625259160000
5.041164750000
3.328902930000
4.328470830000
2.614884200000
3.053498970000
-0.272460320000
-0.163947480000
0.008690390000
0.198345490000
-0.372685050000
0.358926600000
0.460037050000
0.267132040000
0.566525940000
0.737239570000
-0.023846700000
-1.008911180000
0.694930640000
0.221866290000

[Ru(GaCp*)3(C7H7)H3] (2meta)
0.877602650000
-0.192029180000

-0.891767850000
-0.685573070000

3.879881490000
1.846162990000
1.218747000000
1.179747290000
2.486643630000
2.441548800000
2.269872630000
1.506542620000
3.195008950000
4.259161740000
5.274346300000
4.342541870000
3.670387010000
-3.986187070000
-4.492317540000
-4.718417370000
-3.202562160000
-1.698363900000
-0.782813080000
-1.416472570000
-2.356902690000
-1.109372100000
-1.650074360000
-0.590501790000
-0.346282830000
-2.953174130000
-3.273886120000
-1.975767360000
-3.665307090000
-4.763134420000
-5.776790120000
-4.765497530000
-4.575100310000
2.119810220000
2.196826970000
2.809821400000
2.476567360000
1.026706240000
0.398249420000
1.571322750000
1.777795500000
-2.081327780000
-2.041913610000
-3.127953630000
-1.798390890000
-2.894910100000
-3.068722600000
-3.706714530000
-2.985016440000
-0.270142550000
0.003182490000
0.478198240000
-1.223953140000
-0.030404660000
1.335802100000
-0.957175610000
1.784738930000
2.087856910000
-0.497039410000
0.859416380000
2.856298660000
-1.233762010000
1.184457550000
-2.450376790000
-2.788563150000
-2.761076380000
-2.980799540000

-0.534097020000
1.610473820000
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-1.157451700000
0.566017010000
1.245290480000
1.338084270000
1.669480740000
0.067545710000
0.050789020000
-1.194871820000
-1.218153670000
-1.992429330000
-2.175357940000
-3.150051050000
-1.797705410000
-3.384329110000
-2.536012470000
0.873047490000
-0.462784780000
1.779648790000
-0.397063790000
0.999253120000
1.171827980000
1.252468110000
1.002417120000
2.143362980000
1.180263630000
1.306114010000
2.130977690000
1.007810360000
-1.615989190000
-2.475456410000
-0.793844830000
-1.894873870000
-3.394380190000
-3.586641840000
-3.595340830000
-4.131016920000
-1.662258100000
-2.052520270000
-0.851310230000
-2.469042390000
-1.604894250000
-0.655894370000
-2.292074960000
-1.407394670000
-3.753787660000
-4.306404320000
-2.975461290000
-4.451640540000
-4.415465470000
-5.327370980000
-4.058288550000
-4.714070800000
-2.525601190000
-1.551438530000
-2.747086710000
-3.280366170000
-0.789673860000
-1.229916500000
0.063642740000
-0.392499500000
1.236216020000
2.297342360000
1.024992170000
0.660496580000
-1.699841670000
-2.601632230000
-1.661537800000
-1.822932220000
-1.546107580000
-1.762232720000
-1.334677390000
-2.465441180000

-1.721588610000
1.454588550000
-2.201866450000
-0.769020830000
-2.103946270000
-1.048847590000
-2.338927060000
-0.412952150000
-2.517262390000
-1.332732600000
-0.664128330000
-0.731464430000
-1.994859770000
-2.110888740000
-2.898093210000
3.119447950000
3.247969900000
3.335935960000
3.547553780000
3.583015820000
-0.462269230000
0.623536770000
-0.639169830000
-0.901698210000
-3.319344950000
-3.728792260000
-2.851389620000
-4.165370770000
-3.711377310000
-3.487879850000
-4.041253300000
-4.560631020000
-1.095593500000
-0.030053650000
-1.630340290000
-1.442439230000
0.883731620000
0.731368260000
1.619839600000
1.331844190000
0.597115810000
0.411357430000
1.069483730000
1.332412280000
0.454607680000
0.161278660000
1.168220570000
0.996319810000
-2.664732160000
-2.954345470000
-3.561182200000
-1.930051990000
-4.394637830000
-4.776678610000
-4.854176020000
-4.761228200000
-2.375273400000
-2.366343090000
-1.683898640000
-3.382658450000
2.773049970000
2.516143780000
3.606696540000
1.902960760000
3.040490780000
3.033831260000
2.081241900000
3.830306250000
3.894032930000
4.972978430000
3.650799690000
3.365888020000

-1.493773490000
-0.955052220000
0.336814050000
-2.079900520000
-1.192560120000
3.917119750000
3.306603650000
3.645761440000
2.668157020000
2.872173370000
-3.411023060000
-2.369547650000
-3.762043440000
-2.069783830000
-2.929558590000
0.735070700000
0.240182840000
-0.345327640000
-1.154689540000
-1.530247790000
4.741147450000
4.599117540000
5.814668290000
4.485680750000
3.260251780000
2.248004670000
3.541172670000
3.942325810000
1.858087870000
1.213783220000
1.207860370000
2.500008340000
2.403064950000
2.222401010000
1.466573140000
3.144172460000
4.230415950000
5.249113810000
4.300550330000
3.637772730000
-3.977239960000
-4.494604800000
-4.696278330000
-3.183788930000
-1.681237840000
-0.780410250000
-1.370737820000
-2.337508240000
-1.135434030000
-1.681076160000
-0.610422260000
-0.377433200000
-3.009744030000
-3.340725800000
-2.037635270000
-3.723486390000
-4.802953730000
-5.811975870000
-4.808535250000
-4.627642680000
2.144044860000
2.229247990000
2.830909730000
2.498307400000
1.057572150000
0.433714080000
1.596825530000
1.813783470000
-2.050144200000
-2.004935330000
-3.098560990000
-1.767142180000
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1.536762970000
2.518311400000
0.867585170000
1.659253800000
3.273811580000
3.652537490000
3.638037700000
3.730440250000
2.818906240000
3.193997250000
3.840313450000
4.485183110000
2.449167490000
5.133504290000
3.618726970000
5.463014650000
5.893691150000
6.473369600000
4.812906730000
3.935962970000
5.146959260000
5.619092990000

3.957954020000
3.502545820000
3.636905850000
5.048882570000
3.331274800000
4.325819240000
2.605871660000
3.063109930000
-0.289074810000
-0.057542880000
-0.120859260000
0.330092340000
-0.175544760000
0.261750220000
-0.290996150000
0.494900350000
0.386659470000
0.802323240000
0.541115610000
0.892430060000
-0.396230300000
1.275604950000

[Ru(Gan*)g(C7H7)H3] (zPara)

Ru
Ga
Ga
Ga

I I I OIIIOIIIOIIIOIIIOIIIITOOOOOOOOOOOOOOOOIIIT

0.881385400000
-0.200305740000
-1.138492440000

0.560301610000

1.248157870000
1.361145660000
1.691306480000
0.090722260000
0.050695890000
-1.167446260000
-1.227977960000
-1.985838280000
-2.170963910000
-3.136406730000
-1.797993150000
-3.369977460000
-2.530091870000
0.849004400000
-0.485077180000
1.759556530000
-0.414327390000
0.983320840000
1.215301550000
1.307478570000
1.061159490000
2.177218380000
1.167223690000
1.274950610000
2.127399560000
0.992708630000
-1.648857100000
-2.520287780000
-0.841815000000
-1.918480120000
-3.392482200000
-3.573201260000
-3.617741840000
-4.120414040000
-1.614148710000
-2.007123610000
-0.791462050000
-2.413447340000
-1.603598510000
-0.667438410000
-2.302912460000
-1.383404140000

-0.893700020000
-0.689209150000
-1.738915570000
1.451354800000
-2.201475230000
-0.768334870000
-2.099001480000
-1.056133800000
-2.345714420000
-0.405637490000
-2.509047150000
-1.315370370000
-0.671609300000
-0.740792500000
-2.001575480000
-2.120437980000
-2.906490520000
3.122361910000
3.243719900000
3.341338250000
3.541660980000
3.582863510000
-0.480847270000
0.603412860000
-0.653743710000
-0.933214240000
-3.339963510000
-3.750260510000
-2.884521730000
-4.184288240000
-3.698920120000
-3.469446260000
-4.031572750000
-4.548471090000
-1.062215860000
0.004413210000
-1.602083270000
-1.392258180000
0.895236140000
0.743645490000
1.617532870000
1.359609570000
0.591210250000
0.404290420000
1.076034980000
1.316769040000

-2.878132460000
-3.058614830000
-3.686656580000
-2.966341060000
-0.262078780000
0.020402880000
0.474922120000
-1.221495550000
0.006059690000
1.345185540000
-0.953856040000
1.731318380000
2.134986960000
-0.593078220000
-2.007446710000
0.742987110000
-1.367134330000
1.018760550000
3.189515970000
3.750051670000
3.661230870000
3.318303880000

-0.536419880000
1.601588210000
-1.511145450000
-0.963929510000
0.337312390000
-2.076374800000
-1.184912150000
3.907128620000
3.296728280000
3.652553330000
2.674009900000
2.888096800000
-3.417908780000
-2.367998570000
-3.775947270000
-2.070111160000
-2.939356820000
0.721125840000
0.219755500000
-0.355392980000
-1.175150120000
-1.544360940000
4.712202710000
4.565983760000
5.788683080000
4.442076580000
3.235258900000
2.221271440000
3.504159060000
3.918954670000
1.869289970000
1.243603090000
1.201597670000
2.514736790000
2.441510030000
2.255140680000
1.513544700000
3.198724820000
4.243849600000
5.261635550000
4.318072250000
3.653476340000
-3.983683760000
-4.523469740000
-4.682429080000
-3.187037270000
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-3.727263580000
-4.286301510000
-2.940593960000
-4.416120570000
-4.390945830000
-5.314454150000
-4.032741710000
-4.670078340000
-2.523289210000
-1.552275410000
-2.738651410000
-3.283811990000
-0.802934570000
-1.257854560000
0.046537600000
-0.397987490000
1.206747050000
2.268448470000
0.986725810000
0.633248450000
-1.724751540000
-2.624666990000
-1.688619810000
-1.849445130000
-1.561087660000
-1.784298010000
-1.342751090000
-2.478345450000
1.524872870000
2.510225350000
0.861632810000
1.640642360000
3.253526880000
3.624913270000
3.617590910000
3.716560580000
2.812680090000
3.182798650000
3.845175190000
4.472374570000
2.442191990000
5.135431280000
3.634024490000
5.479743740000
4.697962720000
5.893177270000
6.878971050000
6.901118270000
7.560750720000
7.295026690000

Toluene

C
C
C
C
C
C
H
H
H
H
H
C
H
H
H

-3.699168640000
-2.302695830000
-1.610338070000
-2.310373200000
-3.712042990000
-4.394174150000
-4.250428760000
-1.757887180000
-0.519897640000
-1.760910830000
-5.485683940000
-4.466478350000
-5.432882360000
-4.671355630000
-3.892399050000

Triethylsilane

Si

1.331017540000

0.444500000000
0.147505110000
1.144098970000
1.002779830000
-2.675326690000
-2.950823220000
-3.580431260000
-1.946531730000
-4.402715360000
-4.785121870000
-4.866201800000
-4.764686010000
-2.381566790000
-2.379757950000
-1.685913760000
-3.386129010000
2.780787780000
2.529084040000
3.614812470000
1.908729440000
3.032247320000
3.029485010000
2.069923670000
3.817994330000
3.881498700000
4.959009040000
3.640543610000
3.347059680000
3.959565520000
3.510401570000
3.633299520000
5.051185820000
3.344984690000
4.342382020000
2.623356750000
3.077830760000
-0.279189660000
-0.062791970000
-0.089785920000
0.327314070000
-0.195201610000
0.295184150000
-0.245417900000
0.517088450000
0.487721350000
0.432159760000
0.915869950000
1.339148950000
0.051217860000
1.663476110000

-1.009217670000
-1.016361190000
0.196210760000
1.403787740000
1.425785040000
0.201057620000
-1.950106960000
-1.960420540000
0.202652820000
2.346936760000
0.197311300000
2.730875980000
2.640879310000
3.051984770000
3.531286740000

6.048971600000

-1.667341540000
-0.771727450000
-1.345894900000
-2.319158540000
-1.125367990000
-1.658648310000
-0.616345530000
-0.354306810000
-3.026134820000
-3.365883360000
-2.054539600000
-3.736103520000
-4.829409840000
-5.831963680000
-4.850814900000
-4.655372600000
2.132484940000
2.224942480000
2.816217850000
2.485061090000
1.032316870000
0.405800790000
1.566589440000
1.792438670000
-2.076175860000
-2.031064740000
-3.123669230000
-1.798526600000
-2.890103910000
-3.065519830000
-3.701438720000
-2.979138100000
-0.264176210000
0.018285960000
0.476717320000
-1.220812630000
0.029868870000
1.372587310000
-0.914201760000
1.745993840000
2.162118360000
-0.546366210000
-1.972691330000
0.793528140000
2.803963680000
-1.322627950000
1.189951500000
2.202877450000
1.179029490000
0.499938810000

0.002314500000
0.011386790000
0.002744050000
-0.012453310000
-0.017721920000
-0.013177290000
0.003562270000
0.020131200000
0.003867880000
-0.023147420000
-0.024564990000
-0.001334890000
-0.513888730000
1.031536070000
-0.485511400000

8.129909160000
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2.696326690000
3.891104520000
0.569509990000
-0.127947780000
0.044478430000
-1.128765800000
3.038162900000
2.253350810000
4.356703180000
3.584455920000
4.668046070000
1.374087430000
-0.134140840000
-0.966982960000
-0.525264360000
0.569704080000
-0.334954090000
0.578378030000
-1.795238450000
-1.738335340000
-0.774253810000
1.946789140000

6.713854030000
5.761459700000
4.478998160000
3.552922540000
7.403382140000
7.017283480000
7.676885430000
6.949513220000
5.528963140000
4.807367920000
6.193276210000
3.925043250000
4.777589600000
4.054411910000
2.649270400000
3.230817500000
7.734005510000
8.271916960000
7.870825610000
6.219649320000
6.652695000000
5.681201990000

9.258007040000
9.430151630000
8.866259460000
7.855397420000
7.833843560000
6.918719120000
8.845540530000
10.239740150000
8.462079080000
9.881388240000
10.076630380000
9.376229580000
9.661040860000
7.355016690000
8.339159140000
7.070034860000
8.815087880000
7.414413810000
6.730352260000
7.364398780000
5.944214210000
6.808759460000
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2.4.1 Abstract

Irradiation of [Ru(GaCp*)s(SiEt3)Hs] (1) at 350 nm induces the reductive elimination of
dihydrogen and triethylsilane and generates unsaturated Ru/Ga species. The reactive
intermediate [Ru(GaCp*)3] was trapped by diphosphine coordination to yield the stable
complex [(dppe)Ru(GaCp*)3] (4). The photochemically generated RuGas species perform
either catalytic hydrogenation of alkynes or Ru/Ga cluster growth.
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2.4.2 Main Text

The study of naked metal clusters in the
gas phase shows an extensive spectrum of
unique species and structure-dependent
reactivities towards small molecules.!
The wet chemical approach, however,
offers a larger variety of analytical
methods to study clusters and cluster-
substrate interactions.’’’ The inevitable
protective ligand shell prevents clusters
agglomeration in solution, it however
inhibits
interaction to a certain extent.

cluster-substrate
The
intrinsic polyradicalic reactivity of the

intrinsically

superatom [CuasAl12](Cp*)12, for example,
is suppressed by the protective Cp*
shell.?’! partial removal of the ligand
sphere in order to generate the required
reactive sites, often causes undesired

cluster growth reactions up to the
formation of nanoparticles out of the non-
scalable regime.B! Exemplary, this can be
removal is

avoided when the ligand

performed in a rigid confined
environment: decarbonylation of a
[NBua]2[{Pt3(CO)s}a] cluster encapsulated

in a ZIF-8 metal-organic framework yields

naked Pt12:x atomically defined
nanoclusters, which are active in
hydrogenation  catalysis.[¥  However,

ligand do not necessarily have to be
removed to achieve cluster reactivity. By
clever choice of the ligand, it can take a
dual role as stabilizer and substrate, as in
hydrogenation of COD
performed by the Zintl-cluster [n*-
Geo(Si(SiMes)3]Rh(COD)].1°! Other ligands,
such as hydrides, combine the advantage

the catalytic

of acting both as protecting ligands
hindering agglomeration while
maintaining reactivities towards

substrates.l®] Exemplary, [Cus(AlCp*)sH4]
was shown to react stoichiometrically
with nitriles by hydride migration into the
C=N bond.”!

The ruthenium-gallium polyhdride
complex [Ru(GaCp*)s(SiEts)Hs] (1) has
recently been investigated in the context
of C-H and Si-H bond activations mediated
by Ru/Ga
conveniently prepared from [Ru(cod)(2-

complexes.®l It can be
Methylallyl)z] in the presence of GaCp* in
HSiEts as the
hydrogenolytic conditions. 1 is thermally

solvent under

surprisingly unreactive in contrast to the

related Ni/Al complex
[Ni(AICp*)s3(SiEt3)H]: a reductive
elimination of HSiEts can be achieved
thermally yielding the 16 VE
intermediated [Ni(AICp*)3] which s
capable of aromatic C-H bond

activation.’) Nonetheless, photochemical
reductive elimination of hydrogen from
Ruthenium-phosphine-complexes has
been shown to give transient reactive

species with active sites.[10]

Irradiating complex 1 for 30 minutes at
350 nm, leads to the formation of free
triethyl silane and dihydrogen as indicated
by in-situ 'H NMR spectroscopy. The
reductive elimination process is not
quantitative, also at prolonged irradiation
times, indicating a reversible reductive
addition

equilibrium and the establishment of a

elimination/oxidative

photostationary state. Analysis via inert
field
desorption ionization mass spectrometry

atmosphere  liquid injection
(LIFDI-MS)[* Y shows only negligible cluster
growth after eight hours of irradiation
(Fig. S27-28). Possible reaction products

of reductive elimination include the two

206



16 VE (valence electron) Ru(ll) species
[Ru(GaCp*)s(SiEts)H] (2wsi),
[Ru(GaCp*)3Hz] (2u2) as well as the 14 VE
Ru(0) complex [Ru(GaCp*)s] (3). In situ 'H
NMR
solution reveals the presence of two new
hydride signals at -11.46 and -14.58 ppm
(Fig. S3-6).
overcome by irradiating 1 in the presence

spectroscopy of the reaction

This equilibrium can be

of Ha. This leads to gradual degradation of
1 and the formation of a mixture of larger
Ru/Ga
uncoordinated HSiEts can be identified in

cluster species. Free,
large amounts after complete conversion
of 1 together with considerable amounts
of Cp*H (Fig. S19-20). It can be postulated
that the

formation of a transient [Ru(GaCp*)sHa4]

these conditions lead to
species, in analogy to the [Ru(PR3)3H4]™*2],
and undercoordinated species resulting
from Cp*H elimination inducing cluster
growth reactions. This is well in line with
the observed cluster growth reactions. In

situ LIFDI-MS reveals that the major

Figure 1: Molecular structure of the trigonal bipyramidal
Ru(0) complex [(dppe)Ru(GaCp*)s] (4). Thermal ellipsoids
are given at 50% probability level. C atoms in wireframes,
H atoms and co-crystalized n-hexane unit omitted for
clarity. Selected bond lengths (4) and angels (°): Rul-Ga1:
2.393; Rul-Ga2: 2.353; Rul-Ga3: 2.371; Rul-P1: 2.239;
Rul-P2: 2.257; Ga-Cp*centroia: 2.049-2.060; Gal-Ru-P2:
173.16; Ga2-Ru-P1: 117.82; P1-Ru-Ga3: 133.51; Ga2-Ru-
Ga3:108.65.

patterns can be attributed to species in
this mixture with the sum formulas
Ru2GasCp*4Hs, RusGasCp*sHs,
Ru2GagCp*7H3 and RusGagsCp*sHs - with a
notable high amount of hydride ligands
(Fig. S41-42).

To stabilize the
elimination products (2u2, 2usi and 3), the
photolysis of 1 was performed in the

one of reductive

presence phosphines. The use of the
chelating 1,2-
bis(diphenylphosphino)ethane (dppe)
under similar conditions (r.t., 48 h, 350
nm) afforded the isolation of
[(dppe)Ru(GaCp*)s] (4) in the form of red-
orange needles. The composition is
supported by a peak at m/z = 1114.1656
1114. 1671) in the LIFDI
spectrum (Fig 29-30). 4 is formed by

phosphine ligand

(calc. mass
double reductive elimination of H; and
HSiEts from 1, indicating that complete
reduction of 1 to Ru(0) is possible under
photolytic conditions.

The compound crystalizes in the space
group P2i/n as a trigonal bipyramidal
structure with one co-crystalized n-
hexane molecule (Figure 1). The Ru-Ga
bond lengths (2.353 — 2.393 A) are in a
common rangel3¢ & 131 \whereas the Ru-P
bond lengths (2.239 — 2.257) are slightly
shorter than in [(Cp*Ga)sRu(PPhs);]132 as
well as [(dmpe)2Ru(L)] (L = CO, PMes;
dmpe = 1,2-
bis(dimethylphosphino)ethan)4 and
about 0.1 A shorter than Ru-P bonds in
comparable Ru(0) compounds.[*>! The H
NMR in CgDi2 (Fig. S7-9) matches the
crystal structure: one singlet for the three
Cp* groups (6 = 1.65 ppm, 45 H) of the
GaCp* ligands and a multiplet of the
ethylene bridge (6 = 1.80 ppm, 4 H) of the
dppe ligand as well as the respective two

207



a) /L
T T T T T T T T 7 T T
100 w R
= 3-Hexyne
® Hexane
< 804 = A cis-3-Hexene | |
= v trans-3-Hexene
o = . .
= g Hydrosilylation
£ 604 . i
c
) o
2 " . .
O
O 404 u .
@
© °®
& 20- o 4
o A
A » s o
o] ottt 0t @ *
L
T T T T T T T T T T
0 1 2 3 4 5 6 7 17 18
Reaction Time [h]
b)
Ru(GaCp*);(Hexene)
’ } Ru(GaCp*);(Hexyne)(Hexene)
UL il
T T T 7A T T 1
790 800 810 860 870 880 890

m/z
Figure 2: a) Relative concentration of the catalysis of 3-

hexyne (5 mol% cat.) and the reaction products n-hexane, cis-
and trans-hexene and hydrosilylation products. b) excerpt of
in-situ LIFDI mass spectrum during catalysis, showing peaks
attributed to catalytic intermediates.
multiplets of the phenyl groups (6 = 7.11
ppm, 12 H; 6 = 7.73 ppm, 8 H). The co-
crystallised n-hexane is also observed (6 =
0.89 ppm, 6 H; 6 = 1.29 ppm, 8 H). The
expected 13C peaks are observed as well
and match the 2D NMR data (Fig. S10-17).
The 3P spectrum shows one singlet at
94.6 ppm along with a very small signal of
free dppe at -12.9 ppm (Fig. S18). Neither
the 'H, nor the IR spectrum (Fig. S45) of 4
shows any peaks that can be attribute to
ruthenium hydrides.
Analogues of 4 could be observed via
LIFDI-MS 1,2-
bis(diphenylphosphino)benzene and the
triethyl
phosphine,

using
monodentate phosphines
phosphine or trimethyl
respectively (Fig. S31-36). In both cases
the reaction products were observed via
LIFDI mass spectrometry but could not be

isolated as pure compounds. A single

crystal of [(PEt3):Ru(GaCp*)s3], however,
could be obtained (Fig. S2), though no
further analytics could be performed.
Both clusters are not stable in solution,
however, no decomposition products

could be identified so far.

The
photolytically

the
reactive

unsaturated nature of
generated
intermediates suggests the activity of 1 as
hydrogenation catalyst under photolytic
Indeed,
solution of 1 in CsD12 in the presence of 3-
(20.0 eq.)

pressure (2 bar) leads to the formation of

conditions. photolysis of a

hexyne under dihydrogen
n-hexane as the main product together
and trans-3-hexene in minor
$21-22).

Stochiometric amounts (based on 1, 5%)

with cis-

amounts (Figure 2a; Fig.
of hydrosilylation products are also
detected (Fig. S21). A steep onset of the
catalytic conversion of 3-hexyne s
observed (1 h, 40%). The conversion rate,
however, declines notably: after 6 h only
a total of 59% is hydrogenated and only
70%

never reached. This observation can be

after 18 h. A full conversation is

reasoned by competing catalysis vs.

cluster growth at lower alkyne

concentrations. LIFDI mass spectra (Fig.
S43-44) after the catalysis confirm the
Ru/Ga

polyhydride clusters. We attribute the

formation of numerous larger
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cluster growth to the stabilizing effect of
alkyne and alkene ligands over the course
of the the
catalytically from

catalysis  preventing

active complexes
agglomeration and undergoing cluster
growth reactions. A plausible catalysis
intermediate, stabilized by such ligand is
observed by LIFDI-MS at m/z = 882.1997
(calc. 882.2039), corresponding to the
18 VE species
[Ru(GaCp*)s(hexyne)(hexene)] (Figure 2b;
Fig. S37-40).

Performing a catalytic hydrosilylation in
analogous conditions to the 3-hexyne
catalysis (r.t., 350 nm, 20.0 eq. 3-hexyne,
100 eq. HSiEts) fails, as only stochiometric
quantities of hydrosilylation products are
(Fig. S23-24). Through the
multiple observations, we propose a
The
activation of precatalytst 1 is achieved

observed

catalytic mechanism (Figure 3).
through the alkyne hydrosilylation and
subsequent dihydrogen activation
forming the 16 VE species [Ru(GaCp*)3H:]
(2u2). This then activates
forming the 18 VE
[Ru(GaCp*)s(hexyne)H2] (A1)
subsequently, through hydride insertion
the 16 VE species [Ru(GaCp*)3(hexene)]
(A2). These species are observed via LIFDI-
MS (m/z = 800.1251; calc. 800.1257; Fig.
S37-40). Even though they cannot be
distinguished from one another by MS,

3-hexyne
species
and

they are consecutive reaction products.
Through activation of a further equivalent
of Hz and subsequent insertion, n-hexane
is formed and 242 is regenerated.
However, a competing cycle occurs where
A is coordinated by a further 3-hexyne
equivalent yielding the 18 VE species B,
which is also observed in LIFDI-MS. The

observation of 3-hexene can be explained
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Figure 3: Overview of the reactions possible from 1 with the
presumed photochemically generated species 2y, 2usi and 3
as well as the reaction to 4. Additionally, a proposed catalytic
cycle for the hydrogenation of 3-hexyne with 1 as catalyst
under photochemical conditions is given. Intermediates 2y,
Ai;, A, and B (depicted in black) are supported by
experimental evidence (H NMR, LIFDI-MS). Intermediates
depicted in grey are logical necessary intermediates for
which no experimental evidence could be obtained.

through dissociation of the alkene from B.
The competing nature of both cycles is
supported by LIFDI-MS analysis of the
catalysis in the presence of 100 eq. 3-
hexyne where only B is observed (Fig. S37-
40). This results in a much slower alkyne
conversion. As such, the competing
reactions possible from A, are the limiting

factor of the catalysis.
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In summary, we have presented a novel
approach the
generation of reactive free coordination

towards controlled

sites at bimetallic species utilizing

photochemistry. In this example, we
could specifically induce the reductive
elimination of dihydrogen and/or triethyl
mild conditions without
The silyl

interpreted as

silane under

affecting other bonds. and
hydrides can thus be
selectively removable protecting groups
for the active metal centre. The generated
reactive species could be trapped by
to be

photochemically reduced from Ru(lV) to

phosphines and was shown
Ru(0). The species themselves are active
in hydrogenation catalysis and mass
spectrometric investigations bring
evidence for a catalytic intermediate. It
could further be shown to act as seeds for
cluster growth under certain conditions.
Building on this work, we aim to achieve
better the

catalysis and cluster growth reactions.

control over competing

Doing so will help us identify either
catalytically active clusters or clusters as
deactivation products of the catalytically
active species. We are therefore currently
studying the role of different substrates
and additives in similar reactions.
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2.4.4 Additional Data and Information

Synthetic Protocol
[(dppe)Ru(GaCp*)s] (4): A cyclohexane (7 ml) solution of 75 mg 1 (1.0 eq.; 0.090 mmol) and

40 mg dppe (1.1 eq.; 0.010 mmol) are irradiated in a photoreactor (350 nm) for 24 h. The
reddish solution is filtered through a syringe filter and the solvent is removed in vacuo. The
residue is dissolved in 3 ml n-hexane. The solution is cannula filtered and concentrated to
about 1.5 ml. After storing the solution over night at -30 °C, 26 mg (0.023 mmol; 26 %) of 4 is
obtained in the form of orange-red needles. *H NMR (CgD12, 400 MHz): 6 [ppm] = 7.33 (m, 8
H, Ph-P), 7.11 (m, 12 H, Ph-P), 1.80 (m, 4 H, H2C-CH.), 1.65 (s, 45 H, GaCp*), 1.29 (m, 8 H, CH
in n-hexane), 0.89 (t, 6 H, CHs in n-hexane). 3C NMR (CgD12, 101 MHz): & [ppm] = 128.4 (s,
phenyl), 127.4 (m, phenyl), 114.5 (s, Cp* ring), 32.5 (s, n-hexane), 23.5 (s, n-hexane), 14.4 (s,
n-hexane), 10.7 (s, Cp* methyl). 3P NMR (CsD12, 101 MHz): § [ppm] = 94.6 (s, dppe). LIFDI-MS
[M]*: m/z = 1114.1656 (calc. 1114.1671). Elemental analysis calc. for RuGaszP2CsgHeo: C,
60.36; H, 6.24; Ga, 18.77; Ru, 9.07; P, 5.56. Found: C, 59.43; H, 6.37.

General Procedure for Catalytic Reactions.

5 mg of 1 were dissolved in 0.4 mL cyclohexane-diz in a J-Young NMR tube and 20 — 100 eq.
3-hexyne were added. The reaction solution was degassed by freeze-pump-thaw and was
pressurized with 2.0 bar at 25°C. The NMR tube was irradiated for 24 h in a photoreactor at

350 nm. Conversion and selectivity was determined by 'H NMR spectroscopy.

General Procedure Photochemistry

Photochemical reactions (A = 350 nm) were carried out in Duran phototubes (1 cm diameter,
10 mL) or J-Young NMR tube under argon atmosphere in a photoreactor with a cylindrical
array of 16 light tubes of the type Luzchem LZC-UVA with 8 W nominal power. Supplier states

a spectral range from 300 to 400 nm.
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Crystallographic Data

Figure $1: Crystal structure of [(dppe)Ru(GaCp*)s3]. Co-crystallized molecule n-hexane and hydrogen atoms omitted for

Table S1: Crystallographic data table for compound 4.

clarity. Ellipsoids drawn at 50% probability. Cp* in wireframes.

Chemical formula
Formula weight
Temperature
Wavelength
Crystal size
Crystal habit
Crystal system
Space group

Unit cell dimensions

Volume

VA

Density (calculated)
Absorption coefficient
F(000)

Diffractometer

Radiation source

Cs2Hs3GasP2Ru

1200.45

100(2) K

0.71073 A

0.059 x 0.066 x 0.225 mm

red-orange fragment

monoclinic

P121/n1

a=19.841(3) A a=90°
b=12.724(2) A B =99.625(7)°
c=22.940(4) A y =90°

5709.8(16) A3

4

1.397 g/cm3

1.753 mm!

2488

Bruker D8 Venture

TXS rotating anode, Mo
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Theta range for data collection
Index ranges

Reflections collected
Indepedent reflections
Coverage of independent reflections
Absorption correction
Structure solution technique
Structure solution program
Refinement method
Refinement program

Function minimized

Data / restraints / parameters
Goodness-of-fit on F?

D/Omax

Final R indices

Weighting scheme

Largest diff. peak and hole

R.M.S. deviation from mean

2.41to 25.68°

-24<=h<=24, -15<=k<=15, -27<=|<=27
226471

10838 [R(int) = 0.1954]

99.9%

Multi-Scan

direct methods

SHELXT 2014/5 (Sheldrick, 2014)
Full-matrix least-squares on F?
SHELXL-2018/3 (Sheldrick, 2018)
3 w(Fo? - F2)?

10838 /0/ 630

1.021

0.001

6979 data; 1>20(1) R1 = 0.0496,

all data wR2 =0.0861
R1=0.1073,
wR2 =0.1037

w=1/[0%(F,?)+(0.0318P)?+16.8706P]
where P=(F,?+2F?)/3

0.982 and -0.774 eA3

0.114 eA3
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Figure S2: Crystal structure of [(EtsP),Ru(GaCp*)s]. Co-crystallized molecule n-hexane and hydrogen atoms omitted for

clarity. Ellipsoids drawn at 50% probability. Cp* in wireframes.

Table S2: Crystallographic data table for compound [Ru(GaCp*)s(PEts),].

Chemical formula
Formula weight
Temperature
Wavelength
Crystal size
Crystal habit
Crystal system
Space group

Unit cell dimensions

Volume

VA

Density (calculated)
Absorption coefficient
F(000)

Diffractometer

Radiation source

CagHgoGasP2Ru

1038.36

123(2) K

0.71073 A

0.238x0.321 x0.374 mm
orange fragment

orthorhombic

P212121

a=12.268(4) A a=90°
b=19.291(7) A B =90°
c=21.580(6) A y =90°

5107.(3) A3

4

1.350 g/cm3

1.948 mm!

2176

Bruker D8 Venture

TXS rotating anode, Mo
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Theta range for data collection
Index ranges

Reflections collected
Indepedent reflections
Coverage of independent reflections
Absorption correction
Structure solution technique
Structure solution program
Refinement method
Refinement program

Function minimized

Data / restraints / parameters
Goodness-of-fit on F?

D/Omax

Final R indices

Weighting scheme

Largest diff. peak and hole

R.M.S. deviation from mean

2.18 to 25.90°

-14<=h<=15, -23<=k<=23, -26<=l<=26
137597

9858 [R(int) = 0.0279]

99.3%

Multi-Scan

direct methods

SHELXT 2014/5 (Sheldrick, 2014)
Full-matrix least-squares on F?
SHELXL-2018/3 (Sheldrick, 2018)
3 w(Fo? - F2)?

9858 /12 /510

1.059

0.004

9566 data; 1>20(1) R1 =0.0190,

all data wR2 =0.0509
R1 =0.0200,
wR2 =0.0513

w=1/[0%(Fo?)+(0.0287P)?+2.3981P]
where P=(F,?+2F?)/3

0.747 and -0.438 eA3

0.067 eA3
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NMR Spectra
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Figure $3: 'H NMR spectrum of 1 after 30 min irradiation at 350 nm in CgD15.
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Figure S4: 'H NMR spectrum of 1 after 30 min irradiation at 350 nm in C¢D1,. Excerpt of the aliphatic range.
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Figure S5:'H NMR spectrum of 1 after 30 min irradiation at 350 nm in C¢D1,. Excerpt showing free hydrogen (4.54 ppm) and
free triethylsilane (3.69 ppm, H-Si).
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Figure $6: 'H NMR spectrum of 1 after 30 min irradiation at 350 nm in C¢D15. Excerpt of the hydridic range, showing two
new signals at -11.46 and -14.58 ppm.
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Figure S7: Full range *H NMR of 4 in CsD12. No new hydride signals.
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Figure $8: Zoomed into 'H NMR of 4 in C¢D12.
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Figure $9: Zoomed into H NMR of 4 in CsD1> — aliphatic range.
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Figure S10: Full range 3C NMR of 4 in CsD15.
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Figure S11: Zoomed into 3C NMR of 4 in C¢D15>.
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Figure S12: 3C NMR of 4 in CsD12 — aliphatic range.
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Figure $13: Full range DEPT 135 of 4 in CeD3,.
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Figure $14: Zoomed into DEPT 135 of 4 in C¢D12. Negative 13C triplet (due to 3P coupling) of dppe H,C-CH, bridge.
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Figure S15: Full range HSQC spectrum of 4 in CsD;.
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Figure $16: HSQC spectrum of 4 in CsD12 — aliphatic range.
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Figure $17: HSQC spectrum of 4 in CsD1, — aromatic range.
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Figure $18: Full range 31P spectrum of 4 in CsDj>.

224



\c6D12

CH*H ()
.71

H2 (s)
4.54

CpfH (|5)
7

L

6.00
6.57

- 2,98~

0 1 2 3 4 5 6 7 8 9 10 A1 12 43 14 15
f1 (ppm)
Figure $19: 1H NMR spectrum of the reaction of 1 with H, under 1 h irradiation (350 nm).
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Figure S20: Excerpt of 'H NMR spectrum of the reaction of 1 with H, under 1 h irradiation (350 nm). Showing peaks of free

Cp*Hat 1.71 and 1.77 ppm.
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Figure S21: Full range stacked *H NMR spectra of the conversion of 3-hexyne with 1 (5 mol%) under a dihydrogen
atmosphere (2 bar) at 350 nm. Hydride shift of 1 at -13.6 ppm; alkenes and hydrosilylation products between 4.75 and 6.0

ppm.
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Figure $22: Zoomed in stacked 'H NMR spectra of the conversion of 3-hexyne with 1 (5 mol%) under a dihydrogen
atmosphere (2 bar) at 350 nm. 3-Hexyne at 2.06 and 1.05 ppm; n-hexane (CH;) between 1.20 and 1.36 ppm; CHs of n-
hexane and hexenes between 0.85 and 1.01 ppm.
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Figure $23: Full range *H NMR spectrum of the conversion of 3-hexyne (1.0 eq.) and HSiEts (5.0 eq.) with 1 (5 mol% against

3-hexyne) at 350 nm.
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Figure $24: Zoomed in 1H NMR spectrum of the conversion of 3-hexyne (1.0 eq.) and HSiEts (5.0 eq.) with 1 (5 mol% against
3-hexyne) at 350 nm.
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Figure S25: Full range 'H NMR spectra of the conversion of 3-hexyne with 1 (1 mol%) under a dihydrogen atmosphere (2 bar)
after 24h at 350 nm.
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Figure $26: Zoomed in 1H NMR spectra of the conversion of 3-hexyne with 1 (1 mol%) under a dihydrogen atmosphere (2
bar) after 24h at 350 nm. Hexenes and hydrosilylation products between 4.75 and 6.0 ppm; n-hexane (CH;) between 1.20
and 1.36 ppm; CH; of n-hexane and hexenes between 0.85 and 1.01 ppm.
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LIFDI-MS Spectra
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Figure S27: LIFDI mass spectrum of 1 after 8 h irradiation in cyclohexane. Main pattern corresponds to 1 (m/z = 832.13)
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Figure S28: Excerpt of LIFDI mass spectrum of 1 after 8 h irradiation in cyclohexane. No peaks at higher masses — barely any
cluster growth visible.
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Figure S29: LIFDI mass spectrum of [(dppe)Ru(GaCp*)s] 4. [M]* (m/z = 1114.1656; calc. 1114.1671); [M-Cp*]* (m/z =
979.0478; calc. 979.0497); [M-2Cp*-Ga]* (m/z = 775.0068; calc. 775.0080). Main peak at m/z = 898.1727
attributed to [Ru(dppe),] (calc. 775.0080), formation assumed upon ionization.
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Figure $30: LIFDI mass spectrum of 4. Excerpt of isotopic pattern of 4. [M]* (m/z = 1114.1656; calc. 1114.1671).
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Figure $31: In situ LIFDI mass spectrum of the reaction 1 with 1 eq 1,2-bis(diphenylphosphino)benzene after 24 h irradiation
(350 nm).
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Figure $32: Excerpt of LIFDI mass spectrum of the reaction 1 with 1 eq 1,2-bis(diphenylphosphino)benzene (dppbz) after 24 h
irradiation (350 nm). Peaks assigned to: m/z = 1162.18 [(dppbz)Ru(GaCp*)s]* (calc. 1162.17); m/z = 1027.05 [M-Cp*]* (calc.
1027.05).
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Figure $33: In situ LIFDI mass spectrum of the reaction 1 with 2 eq trimethyl phosphine after 24 h irradiation (350 nm).
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Figure $34: Excerpt of LIFDI mass spectrum of the reaction 1 with 2 eq trimethyl phosphine (PMe3s) after 24 h irradiation
(350 nm). Peak assigned to: m/z = 868.1195 [(MesP),Ru(GaCp*)s]* (calc. 868.1202).
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Figure S$35: In situ LIFDI mass spectrum of the reaction 1 with 2 eq triethyl phosphine after 24 h irradiation (350 nm).
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Figure $36: Excerpt of LIFDI mass spectrum of the reaction 1 with 2 eq triethyl phosphine (PEts) after 24 h irradiation
(350 nm). Peak assigned to: m/z = 952.2143 [(Et3P),Ru(GaCp*)s]* (calc. 952.2141).
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Figure S37: In-situ LIFDI mass spectrum of catalytic hydrogenation of 20 eq 3-hexyne under irradiation.
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Figure S$38: Excerpt of in-situ LIFDI mass spectrum of catalytic hydrogenation of 20 eq 3-hexyne under irradiation. Peak
attributed to [Ru(GaCp*)s(hexene)] (A;; m/z = 800.1251; calc. 800.1257) significantly more intense than peak attributed to
[Ru(GaCp*)s(hexyne)(hexene)] (B; m/z = 882.2044; calc. 882.2039). Inverse to reaction with higher 3-hexyne concentration.
Peak at m/z = 832 results from unconverted 1.
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Figure $39: In-situ LIFDI mass spectrum of catalytic hydrogenation of 100 eq 3-hexyne under irradiation.
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Figure S40: Excerpt of in-situ LIFDI mass spectrum of catalytic hydrogenation of 100 eq 3-hexyne under irradiation. Peak
attributed to [Ru(GaCp*)s(hexyne)(hexene)] (B; m/z = 882.1997; calc. 882.2039) significantly more intense than peak
attributed to [Ru(GaCp*)s(hexene)] (As; m/z = 800.1180; calc. 800.1257). Inverse to reaction with lower 3-hexyne
concentration. Peak at m/z = 832 results from unconverted 1.
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Figure S41: LIFDI mass spectrum of the reaction of 1 with H, under 3 h irradiation (350 nm).
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Figure S42: Excerpt of LIFDI mass spectrum of the reaction of 1 with H, under 3 h irradiation (350 nm). Peaks assigned to
composition as following: m/z = 1026.96 (Ru;GasCp*4Hs), m/z = 1612.60 (RusGasCp *sHs), m/z = 1710.07 (Ru;GasCp*7Hs) and
m/z =1747.73 (RU;GGQCp*5H5).
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Figure S43: LIFDI mass spectrum after the catalytic conversion 3-hexyne with 1 and H, (2 bar) under 24 h irradiation
(350 nm) in cyclohexane-d;.
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Figure $44: Excerpt of LIFDI mass spectrum after the catalysis. Several new clusters are formed: m/z = 1024.00
(RUQGG4CP *4H2),' m/z =1093.92 (RUzGG5Cp*4H),' 1481.96 (RUgGG7CP*5SiEt3H),’ m/z =1710.07 (RUZGGng *7H3).
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Infrared Spectra
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Figure S45: ATR-IR spectrum of [Ru(GaCp*)s(dppe)] (4). No typical Ru-H bands (range between 1600 and 2000 cm™).
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2.5.1 Abstract

The bimetallic, deca-nuclear NisGas-cluster of the formula [Ni3(GaTMP)s(u2-GaTMP)s(u3-
GaTMP)] (1, TMP = 2,2,6,6-tetramethylpiperidinyl) reacts reversibly with hydrogen under the
formation of a series of (poly-)hydride clusters 2. Low-temperature 2D NMR experiments at
-80 °C show that 2 consist of a mixture of a di- (2pi), tetra- (2retra) and hexahydride species
(2Hexa). The structures of 2pi and 2retra are assessed by a combination of 2D NMR spectroscopy
and DFT calculations. The cooperation of both metals is essential for the high hydrogen uptake
of the cluster. Polyhydrides 2 are catalytically active in the semihydrogenation of 4-octyne to
4-octene with good selectivity. The example is the first of its kind and conceptually relates
properties of molecular, atom-precise transition metal / main group metal clusters to the
respective solid-state phase in catalysis.
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2.5.2 Main Text

Molecular compounds with direct bonds
between transition metals (TM) and group 11-
13 metals (E) exhibit
modified reactivity with

characteristically
respect to their
monometallic  components.l!  Especially
complexes of late TMs coordinated by E(l) (E =
Al, Ga, In) ligands have been investigated in the
context of bond activation reactions. The
complex [Cp*Rh(CH3)2(GaCp*)], for example,
C-C bond

activation of a Cp* ligand (Cp* = CsMes).!

shows a facile intermolecular
Intramolecular C-H bond activations are
observed for [M(AICp*)s] (M = Fe, Al).Bl The
intermolecular C-H and Si-H activation of CeHe
and HSiEts are mediated by unsaturated
intermediates such as [Ni(AlCp*)s]® and
[Ru(GaCp*)3(H)2]Pl.  These
often be attributed to cooperative effects of

reactivities can
the two metals and are a consequence of the
high donor capacity of the ECp* ligand,
resulting in strongly polarized TM®—E?* bonds.
The thermodynamic driving force results from
the irreversible oxidation of E(l) to E(lll) and
the formation of strong E-C bonds. Thus, no
catalytic reactions have been identified so
far.!®l Herein we report a first example that put
the above introduced properties of TM
complexes or clusters stabilized by E(l) ligands
with direct TM-E bonds into value for catalytic
reactions: The Ni/Ga cluster [Ni3(GaTMP);] (1,
TMP = 2,2,6,6-tetramethylpiperidinyl)

reversibly reacts with hydrogen, enabling the
catalytic alkyne to alkene semihydrogenation
with moderately good selectivity (Figure 1).
The use of the cluster protecting amide ligand
is of crucial importance here. Related Ni/Ga
clusters protected by Cp* are known, however,
these undergo Cp*-transfer reactions from Ga
to Ni, leading to deactivation of the Ni

centres.[’l In contrast, the E'-amide preferably

coordinates to Ga and the Ga-amide bond is
stable even under hydrogenolytic conditions.®!
We identified a series of (poly-)hydride clusters
[Ni3(GaTMP)7(H)x] (2, x = 2,4,6) as the key
species for driving the catalytic alkyne

semihydrogenation and  succeeded in
accurately determining their structures by 2D
NMR methods

calculations. The structural assignment allows

in conjunction with DFT

for identification of the non-innocent role of
the Ga ligands.

We like to put our work into the context of
conceptually linking the molecular cluster
the
intermetallics.[*!

and solid-state  chemistry  of

Intermetallic  solid-state
materials represent an important class of
industrially relevant catalysts. A Pd/Ag alloy is
typically used in the purification of ethylene
feedstocks from trace acetylene impurities.!
Generally, the dilution of the catalytically
more active TM in a matrix of catalytically
much less active E leads to improved
selectivity due to the formation of isolated
TM atoms or small TM clusters at the
NiGa

phases have been investigated as catalysts

catalysts surface.l'?! |ntermetallic
for the alkyne semihydrogenation, especially
the NisGas phase exhibits excellent balance of

activity and selectivity.[*!] This motivated us

Figure 1: Conceptual scheme depicting the reaction of the
alkylamide ligand protected cluster [Nis(GaTMP);] (1, left)
with H, to yield the (poly-)hydride clusters
[Nis(GaTMP)(H),] (2, right; x = 2,4,6). Color code: yellow,
Ga; green Ni; white, H; blue, TMP ligand shell (TMP =
2,2,6,6-tetramethylpiperidinyl). The (poly-)hydride clusters
2 (right) enable catalytic semihydrogenation of alkynes to
alkenes. The structures of 1 and 2 may serve as a molecular
model for the catalytically active sites at the surface of the
NisGas solid-state phase.
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to explore the chemistry of ligated, atom-
precise clusters with well-defined active
centres and to discover catalytic reactivity
and intermediates

patterns structurally

related to solid-state materials.

The stoichiometric reaction of Ni(cod), with
[GaTMP]4*2 at 60 °C in toluene gives the new,
[Ni3(GaTMP)7] (1,
Figure 2). The already reported, related Ni»-
cluster [Ni2(GaTMP);] is observed by LIFDI-MS
(Figures S33-S34) as an intermediate in this

dark purple Nis-cluster

reaction.[3! Accordingly, the reaction of pure
[Niz(GaTMP)7] with Ni(cod)2 leads to 1. Cooling
reaction solutions of 1 to -30°C overnight,
yields dark purple single crystals of space
group P2i/n. Single crystal X-ray diffraction
(SC-XRD) reveals the molecular structure of 1
in the solid state: A central Nisz-triangle is
coordinated by three terminal GaTMP, three
Ni,-edge bridging u?>-GaTMP as well as one
capping u3-GaTMP ligand over one side of the
Nis-triangle (Figure 2). The overall structure of
1, written as [Ni3(GaTMP)3(u2-GaTMP)s(u3-
GaTMP)] is very similar to that of
[Nis(iPr2lm)s(u?-CO)3(u3-CO)] 1,3-
di(isopropyl)-imidazol-2-ylidene).l*4 This
similarity further underlines the comparable

(iPralm

coordination properties of the formally two
electron donating GaTMP with CO and N-
heterocyclic carbene (NHC) ligands.[*32 The Nis
triangle is almost perfectly unilateral (Ni-Ni
distances: 2.383 - 2.396 A, Niz angles; 59.7° -
60.3°) and in good agreement with other Ni
literature.[’> 14 151 The

terminal and bridging u?>-GaTMP ligands are

clusters known in

almost in plane with the Nis-triangle. The
terminal Ni-Ga (2.175 - 2.184 A) bonds are
distinctly shorter than the Ni— u2-Ga (2.214 -
2.227 A) and the Ni- p3-Ga (2.314 — 2.411 A)
bonds, which is in line with other Ga(l)
stabilized cluster

transition metal

0.5 bar Hy

3NilGod)2  141,60°C  NiGaTMP)] _ 25°C _ [Nis(GaTMP)(H)
7GaTMP  (toluene) 1) (toluene) (2)
\\ -
NS
S [

Figure 2: Above: Reaction scheme of the cluster synthesis of
1 and the conversion by H, addition to yield the (poly-
)hydridic species 2. — Below: The molecular structure of 1 in
the solid-state is shown left (thermal ellipsoids are given at
the 50% probability level). TMP ligands are given in
wireframe depiction and H atoms are omitted for clarity.
Selected bond length (A) and angle (deg) ranges: Ni-Ni 2.383
- 2.396, Ni- ul-Ga 2.175 - 2.184, Ni- y?>-Ga 2.214 — 2.227, Ni-
u3-Ga. 2.314 — 2.411; Ni-Ni-Ni 59.7° - 60.3°. The Ni/Ga metal
core structure of 1 is shown at the right side. TMP ligands are
omitted. Green plane highlights the well-accessible Nis
triangle.

compounds.l’b- 132,161 The 14 NMR (Figures S1-
S2) and '3C NMR spectra (Figures S3-54) of 1 in
toluene-ds are consistent with the molecular
symmetry in the solid state structure: 'H
signals can be divided into two groups with a
ratio of 3:4, indicating a fluxional process
exchanging the p?- and p3-bridging GaTMP
ligands. All *H and 3C chemical shifts are in
similar ranges with respect to
[Ni2(GaTMP);7].[131 A detailed assighment of
the NMR data of 1 can be found in the SI.

The coordination environment of the Ni
centres in 1 suggests some reactivity towards
small molecules. While one face of the Nis
triangle is shielded by bulky GaTMP ligands,
the other remains open and accessible towards
potential substrates. At the same time, the
electron donating Ga(l) ligands generate
electron-rich nickel centres and introduce Ni?-
Ga? bond polarization that should facilitate
oxidative addition reactions. Indeed, when a

solution of 1 in toluene-ds is subjected to 1 bar
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H,, a series of new hydride clusters 2 is formed
in equilibrium with 1, namely
[Niz(GaTMP)7(H)x] (20i, X = 2; 27etra, X = 4; 2Hexa,
X = 6). In the *H NMR spectrum of 2 at room
temperature, only one broad, coalesced singlet
at -8.66 ppm is present (Figures S7-510).
Likewise, the aliphatic region gives rise to one
new set of TMP signals, indicating fluxional
processes which exchange hydride ligands
(intermolecularly) as well as TMP ligands
(inter- or intramolecularly).

As indicated by the integral ratios of the TMP
ligands, the equilibrium can be shifted from 1
to 2 with increasing H; pressure (ratio 1/2:
3.4/1 at 1 bar, 0.6/1 at 3 bar; NMR atr. t. after
15 min reaction; see Figure S26). The hydride
formation is fully reversible: When H; is
removed from solutions containing 2, e.g. by
purging with inert gas, only signals as those of
1 can be detected (Figure S30-31). The
reversible nature of the H, activation and
hydride coordination, as well as the fact that
more than equivalent of hydrogen is activated,
is further supported by a H/D-exchange
experiment: Pressuring a sample of 1 in
toluene-ds consecutively with D, (1.5 bar) and
H, (3 bar), results in the observation of a
significant amount HD (4.51 ppm)™7) in the *H
NMR spectrum (Figure S25). Single crystals of 2
suitable  for  (low-temperature)  X-ray
diffraction studies could not be obtained and
the lability of 2 prohibited
characterization by LIFDI-MS. The structural

likewise

assignment of 2 was thus based on detailed
NMR spectroscopic studies. At -80 °C the
coalescent hydride
[Ni3(GaTMP)7(H)x] splits into five distinct
singlets at -6.09, -7.58, -8.15, -9.02 and -9.31
ppm (Figures S11-S14). According to their T1

signal of 2

relaxation time (500 — 700 ms), all signals are
related to classic metal-hydride bonding

(Figure S22).081 A IHIH COSY spectrum

at -80 °C reveals coupling between the
hydrides represented by the signals at -7.58
and -9.31 ppm (integral ratio 1:1) as well as
coupling between the hydrides represented by
the signals at -5.97, -8.32 and -9.02 ppm
(integral ratio 1:1:2). This points to a dihydride
complex 2pi and as well as to a tetrahydride
complex 2retra, respectively (Figure S15-16).
The four remaining small peaks
at -6.98, -7.13, -7.78 and -9.44 ppm are
attributed to the hexahydride complex 2uexa
under the assumption that further related
signal(s) may be covered by the broad peaks of
2pi and 2tetra. Notably no correlated COSY cross
peaks are found for 2uexa, probably due to its
low concentration and resulting small signal
intensities. Surprisingly, the H; pressure does
not influence the quantitative distribution of
signals of 2, at least in the experimentally
accessible range of 1-3 bar.

In order to gain insight into the location of the
hydride ligands in the three (poly)hydride
complexes of 2, different isomers for each
complex were calculated at the DFT level of
theory (computational details given in SI).
Several local minima could be identified for 2p;
as well as for 2retra. The isomers differ in the
exact distribution of the hydride ligands over
the Ni3zGa; framework. Hydride ligands were
found in terminal Ni-H, u?-bridging (Ni-H-Ni,
Ni-H-Ga) positions as well as p3-(H-Nis)-
bridging positions. A figure depicting all
computationally identified isomers of 2 as well
as their calculated relative energies are given
in the Sl (Figures S39-S41; Table S2). The Ni-Ni
distances in 2 are distinctly longer than those
in 1, whereas the Ni-Ga bond lengths remain
almost the same. Notably, the pu2-hydride
bridged Ni-Ni bond in 2p;i is about 0.2 A shorter
as the other Ni-Ni bonds. For 2p;, four energetic
minima were located, two of which exhibit a
hydride the
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unsymmetric nature of the *H NMR spectrum
(two signals, integral ratio 1:1). In both
structures one Ni-Ni edge is u?-bridged by a
hydride, while the second hydride is terminally
coordinated to the remaining Ni atom, either
on the same (cis-2pi) or the opposite side
(trans-2pi, +3.7 kcal/mol) of the Nis triangle. In
the case of 2retra Only one isomer was found
with a suitable symmetry reflecting the 1:1:2
integral ratio observed in the hydridic region of
the 'H NMR spectrum. For 2uexa Only one
minimum structure has been found, with
hydride
featuring three terminal Ni-H and three u?-
bridged Ni-H-Ga moieties (Figure S43).

unsymmetrically distribution,

The calculated structures
spectroscopically confirmed by phase-sensitive
NOESY experiments at -80 °C

Overhauser Effect SpectroscopY; Figure S17).

were

(Nuclear

However, a clear discrimination between the
NOE signals of the hydrides in spatial proximity
and signals due to chemical exchange (EXSY)
was not unambiguously possible. Probably this
is due to slow molecular tumbling rates at such
low temperatures, leading to fast relaxation
rates and consequently vyielding negative
NOEs, which are showing the same sign as
those arising from chemical exchange. Thus,
ROESY
Overhauser Effect SpectroscopY) experiments

phase-sensitive (Rotating Frame
were performed (Figures S18-S21). Regardless
of the relaxation rate, they give antiphase cross
peaks with respect to the diagonals for ROEs
and respective cross peaks with the same
phase as the diagonals for signals originating
from chemical exchange. This in consequence
enables to distinguish between signals related
to either proximity or to chemical exchange. It
is worth mentioning that the results from the
ROESY spectrum were in good accordance with

the initially performed NOESY spectra. The

ROESY spectrum allows a clear discrimination
of different calculated structures according to
the hydride distribution, in particular with
the
proximity of hydride ligands. While in trans-2pi
the H-H distance is calculated to be 4.22 A, this
distance is only 3.18 A in the optimized
structure of cis-2pi (Figure 3), suggesting that
the experimentally observed isomer of 2p;j is

respect to relative intramolecular

cis-2pi, which is also the energetically more
favorable isomer. The structure of 2tetra can be
assigned in a similar manner: The energetically
most favorable isomer, according to DFT,
contains three u?-Ni-H-Ga, bringing each Ni to
the u3-Ga, as well as one terminal Ni-H —
resulting in an overall Cs symmetric structure
(Figure 3). The ROE cross-peaks of 2tetra are
only observed for hydrides with a H-H distance
of 3.01 A and 3.23 A, respectively, but not

\\
\
A

Figure 3: Calculated structures of 2p; and 2retra With
interpretation for respective ROESY signals. Intramolecular
hydride-hydride distance is the reason for ROE signals. Blue
arrow — ROE signal; red arrow — no ROE signal. TMP ligands
omitted for clarity, Ni (green), Ga (yellow) and H (white). Left)
Calculated structure of cis-2p; with di, = 3.18 A (ROE signal).
Right) Calculated structure of 2tetra With di; = 3.01 A (ROE
signal), d3/3 = 3.23 A (ROE signal) and d13/3 = 4.43 A (no ROE

signal).

between the hydrides with a distance of
4.43 A. The minimum structure of 2tetra is in
line with the symmetry observed in the H
NMR spectrum, as well as the ROESY cross
peaks. For 2nexa only one local minimum
structure could be found (Figure S43). In this
hydridic
unsymmetrically coordinated which agrees

structure, the six ligands are
with the four distinct small signals in the *H
NMR spectrum, considering that the two
remaining signals could be covered by the
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Figure 4: Relative concentrations of the catalytic substrates vs.
time. 4-octyne (black, square), 4-octene (dark grey, circle),
n-octane (light grey, triangle) under given reaction conditions.

broad signals of 2pi and 2retra. It should be
noted, however, that no hydridic ROE signals
were detected for 2uexa, presumably due to its
low concentration, and therefore a clear
deduction of the structure is not possible.
Interestingly, EXSY cross peaks are found
between the signals of 2tetra (-8.3 and -9.0
ppm) and two of the signals assigned to 2nexa
(-6.9 and -7.1 ppm), respectively, indicating
intermolecular hydride exchange between the
two species (Figure S21). No EXSY signal
between free Hz and 2tetra Or 2uHexa are
observed. Notably, all hydride signals of 2
show ROE cross peaks to the TMP methyl
signals, including the hydride signals attributed
t0 2uHexa. Most interestingly, the high hydrogen
load of 21etra does not prevent the cluster from
further hydrogen uptake. We attribute this
the the

non-innocent Ga ligands, which serve as

feature to involvement  of
‘storage sites’ for the hydrides (Figure 3) and
thus keeping the Nis site accessible for
additional hydrogen.

The catalytic activity of 1 in the
semihydrogenation of 4-octyne (Figure 4) has
been examined by in-situ 'H NMR

spectroscopy. An NMR tube containing a
reaction solution of 4-octyne, mesitylene
(internal standard) and 3 mol% 1 in toluene-ds
was pressurized at 0 °C with 0.5 bar of H,. The
solution was constantly kept at 0°C and
'HNMR spectra were recorded in 30 min
intervals. After 8 h, ca. 50 % of the alkyne is
converted with high selectivity (90%) for the
alkene (5% n-octane; turnover number [TON] =
15.0; turnover frequency [TOF] = 2.5 h'!). The
alkene concentration reaches a maximum of
ca. 67% after 20 h, however, accompanied by
increasing alkane formation (ca. 20% alkane;
selectivity 71%; TON = 23.3; TOF = 1.2 h'}).
Note that, Ni/Ga
nanocolloids or nanocrystals vyield similar

related studies at
semihydrogenation selectivity (Table S2).[112l
Determination of the alkene cis/trans ratio is
not possible by NMR (Figure S37), due to
partial overlap of all signals. Nonetheless, a
substantial cis excess can be concluded from
NMR GC-FID (gas
chromatography flame ionization detection)
data (Figure S40). In-situ monitoring (*H NMR)
of the reaction under catalytic conditions

combining and

shows the presence of 1, 2 as well as the

substrates only. No other species or
intermediates can be identified. When treating
1 with 4-octyne in the absence of hydrogen all
signals remain unchanged, with respect to the
spectra of the pure compounds. We suggest
the coordination of the alkyne to 2 over the
open face of the Nis triangle in some fashion,
however, we cannot determine which species,
The

presence of 4-octyne does not change the

are the catalytically active one(s).

guantitative ratio of the three polyhydride
species when cooling the reaction solution
down to -80 °C, where no further catalytic
activity is observed. After full conversion of 4-
octyne, 1 and 2 are present in solution along
with  TMPH, indicating

some catalyst
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degradation (Figure S38-39). Due to the so far
limited experimental information on key

intermediates, a rigorous computational
modeling of the catalytic cycle exceeds the
scope of this work. Nevertheless, we like to
suggest that the structure of 2retra (Figure 3)
would allow for bimetallic cooperativity and an
essential role of the Ga in the catalytic cycle.
The u3-Ga would serve as the ‘storage site’ for
the hydrides, vacating the open Nis site for
further substrate coordination. This synergetic
function of the Ni and Ga sites would not be
possible with chemically innocent spectator
ligands, such as CO, NHCs or phosphines.
Experiments extending the substrate scope are
underway. For example, using the terminal
alkyne 1-octyne resulted in a (metallic)
precipitate, presumably a consequence of the
C-H acidity of terminal alkynes. Taking into
account that acetylides are good cluster
stabilizing ligands,!*®! we assume the cluster

growth under these conditions.

In summary, our data support the concept of
relating the Ni/Ga clusters 1 and 2 to several
intermetallic Ni/Ga solid-state phases that
have recently been intensively studied as
catalysts for alkyne semihydrogenation.
the NisGas exhibits

triangular Nis structural motifs in proximity to

Specifically, phase
Ga at the catalyst surface, quite in analogy to
1. It shows improved catalytic properties with
respect to bulk Ni or the Ni1Gai phase with
Thus,
bimetallic clusters may serve as molecular

isolated surface nickel atoms.[t1al
mimics of local properties of the respective
intermetallic solid-sate surface and allow
applying the pool of analytical methods for the
determination of molecular structures (SC-
XRD, 1D and 2D NMR, mass spectrometry,
etc.). The accurate localization of the hydride

ligands in 2 by 2D NMR methods and DFT

serves as an example. Our work may stimulate

further studies on bimetallic cluster
structure/reactivity relationships as a function
of the selection and stoichiometry of metals
and the coordinative environment of active
the This

perspective has been promoted in recent

sites at atom-precise level.
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2.5.4 Additional Data and Information

Synthesis of 1

1 /\ Z:/\

N 14 Gay( ) 60 °C, 14 h R Ni r\l1|~Ga .
3 Ni_ + 7/4 Gay(TMP)y ————> R—Ga— \ I

’/ AN t | _—

1 \\\ (toluene) /NI Ga—R

Ga
R

A solution of 84 mg Ni(cod); (3 eq, 0.306 mmol) and 150 mg GaTMP (7 eq, 0.716 mmol) in
10 ml toluene is heated to 60 °C for 14 hours accompanied by a colour change of the solution
from brown-yellow to purple. The solvent is removed under reduced pressure, the residue is
extracted with n-hexane and cannula filtered. Dark purple crystals are grown from saturated
solution at -30 °C and 52 mg (0.0316 mmol, 31 %) are isolated after cannula filtration. By
subsequent recrystallization from the filtrate, the yield can be increased up to 68 mg (0.0413
mmol, 41 %). 'H NMR (400 MHz, 298 K, toluene-ds): 6 [ppm] = 1.77 ppm (36 H, s, methyl,
terminal), & = 1.71 ppm (14 H, m, y, terminal + bridging), 6 = 1.61 ppm (48 H, s, methyl,
bridging), 8 = 1.54 ppm (12 H, m, B, terminal), 6 = 1.44 ppm (16 H, m, B, bridging). 33C NMR
(101 MHz, 298 K, toluene-ds): 6 [ppm] =56.3 (a, bridging), 55.5 (a, terminal), 41.0 (B, bridging),
40.5 (B, terminal), 36.1 (methyl, bridging), 35.1 (methyl, terminal), 19.4 (y, bridging + terminal).
LIFDI-MS m/z [a. u.] = 1645.2854 (calc.: 1645.2848) [M]*; 1505.1409 (calc.: 1505.1409) [M-
TMP]*; 1434.2157 (calc.: 1434.2162) [M-GaTMP]*; m/z = 1225.1462 (calc.: 1225.1467) [M-
2GaTMP]*, 1014.0781 (calc.: 1014.0786) [M-3GaTMP]*.

Alternative Synthesis of [Gas(TMP)4] — Transmetalation.

0.79 g LITMP (5.37 mmol, 1.1 eq.) were added to a solution of 1.00 g GaCp* (4.88 mmol, 1.0
eq.) in 60 mL THF, resulting in an orange to brown suspension. The reaction mixture was stirred
for 5 h at room temperature and the solvent was removed under reduced pressure afterwards.
Subsequently, the residue was extracted with 100 mL n-hexane and separated by means of
cannula filtration. The resulting dark brown solution was concentrated under reduced pressure
and stored over night at -80 °C. The resulting crystals were separated using Whatman filtration
and dried in vacuo. Afterwards, the crystals were recrystallized in n-hexane and again dried in
vacuo, giving GasTMPg as reddish-brown crystals (0.551 g, 54%). *H NMR (400 MHz, benzene-
ds, 298 K): 6 (ppm) = 1.67 (s, 12H), 1.59 — 1.53 (m, 2H), 1.36 — 1.29 (m, 4H).

General Procedure for Reactions with Ha.

5 mg of 1 were dissolved in 0.4 mL toluene-ds in a (high-pressure) J-Young NMR tube. The
reaction solution was degassed by freeze-pump-thaw and was pressurized with 0.5 — 3.0 bar
at 25°C. Further handling dependent on the individual experiment.
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2D NOESY and ROESY

The two-dimensional experiments were recorded at -80 °C at Avance IIl NMR spectrometers
(Bruker BioSpin GmbH) operating at a spectrometer frequency of 400 MHz equipped with 5
mm direct PABBO/BB/19F-1H/D probe with single axis Z gradient capabilities. Low
temperature measurements (-80 °C) were performed using a BCU | cooling unit. Temperature
correction was applied using the temperature calibration obtained with an NMR thermometer
(4% methanol-ds in methanol). Spectral processing was performed with MestReNova
(v.12.0.0) NMR processing software from Mestrelab Research. A 90° shifted sine-square
multiplication and an exponential window of 2.1 Hz in both dimensions prior to FT was
applied. Zero filling in F1 has been used to yield a final matrix of 1K x 1K real points in case of
NOESY and 2K x 2K in case of ROESY. Automatic phase correction as well as baseline correction
was applied in both dimensions.

2D NOESY spectra were recorded with a phase-sensitive pulse sequence (noesygpphpp) with
varying mixing times (50, 100, 200, 300 ms) from the Bruker pulse program library. Data
acquisition was performed with 1024 (F2) x 256 (F1) data points in States-TPPI mode. The
recycling delay was 2.0 s and 4 transients per increment were applied at a sweep width of 12
kHz in both dimensions resulting in an acquisition time of 0.1204 s.

2D ROESY spectrum was recorded with a phase-sensitive pulse sequence (roesyphpp.2) from
the Bruker pulse program library. The mixing time was set to 50 ms for the spinlock pulse.
Data acquisition was performed with 2048 (F2) x 64 (F1) data points in States-TPPI mode. The
recycling delay was 2.0 s and 128 transients per increment were applied at a sweep width of
12 kHz in both dimensions resulting in an acquisition time of 0.1204 s.

Crystallography
Deposition Number 2180123 (CCDC)

Diffractometer operator C. Jandl

Scan speed 1-2 s per frame

dx 50 mm

2667 frames measured in 11 data sets
phi-scans with delta_phi=0.5
omega-scans with delta_omega = 0.5
shutterless mode

Crystal data

Cs3H126GazN7Niz-C7Hs

M,=1737.96 Dx=1.426 Mg m™3
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Monoclinic, P21/n

Hall symbol: -P 2yn
a=16.1809 (15) A
b =20.5515 (18) A
c=25.248(2) A

B =105.365 (3)°
V=8095.9 (12) A

7=

(B

F(000) = 3616

Data collection

Bruker D8
diffractometer

Venture

Radiation source: TXS rotating anode

Melting point: ? K
Mo Ka radiation, A = 0.71073 A

Cell parameters from 9639 reflections

0 =2.4-26.4°
u=3.01 mm
T=100K

Fragment, black

0.30x0.25x0.17 mm

15943 independent reflections

14054 reflections with I > 20(/)

Helios optic monochromator
Detector resolution: 16 pixels mm™

phi— and w—rotation scans

Absorption correction: multi-scan

SADABS 2016/2, Bruker

Tmin = 0658, Tmax = 0745

258187 measured reflections

Refinement

Refinement on F?

Rint = 0.035

emax = 26.00, emin = 2.00

h=-19 19
=225 25
I=-31 31

Secondary atom site location:

difference Fourier map

Hydrogen site location: inferred

Least-squares matrix: full

from neighbouring sites

RIF? > 20(F?)] = 0.019

H-atom parameters constrained
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W = 1/[3?(FO%) + (0.0207P)% +

wR(F?) = 0.048 5.5671P] WHERE P = (FO2 +
2FC?)/3

$=1.05 (8/0)max = 0.003

15943 reflections Apmax = 0.49 e A3

878 parameters Apmin = -0.43 e A3

267 restraints Extinction correction: none

0 constraints Extinction coefficient: -

Primary atom site location:
iterative

Density Functional Theory Calculations

Density Functional Theory (DFT) calculations® were carried out with the use of the
Amsterdam Density Functional code (ADF2017)5 with the addition of Grimme’s D3
empirical corrections® in order to consider dispersion effects. The triple-§ Slater basis set
plus two polarization functions (STO-TZP),!5'2 was used, together with the Becke-Perdew
(BP86)(513-14 exchange-correlation functional. All the optimized structures were confirmed as
true minima on their potential energy surface by analytical vibration frequency calculations.
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NMR Spectra

Each TMP gives a set of three signals: four methyl groups (12H, s), two CH2 groups (4H, m) in
B-position and one CH; group (2H, m) in y-position. The three terminal GaTMP ligands of 1 are
observed at & = 1.77 ppm (36 H, s, methyl), 6 =1.71 ppm (6 H, m, y) and 6 = 1.54 ppm (12 H,
m, B). The four bridging GaTMP ligands signals arise at 6 = 1.71 ppm (8 H, m, y), § = 1.61 ppm
(48 H, s, methyl) and & = 1.44 ppm (16 H, m, B).
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Figure S1: 'H NMR spectrum of 1 in toluene-ds.
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Figure S2: 'H NMR spectrum of 1 in toluene-dg — excerpt of aliphatic region.
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Figure $3: 13C NMR spectrum of 1 in toluene-ds.
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Figure $4: 13C NMR spectrum of 1 in toluene-ds. Excerpt from 15 — 60 ppm.
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Figure S5: 1H,13C HSQC NMR spectrum of 1 in toluene-ds.
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Figure S6: 1H,13C HSQC of 1 in toluene-ds — excerpt.
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Figure S7: 'H NMR spectrum of 2 in toluene-ds at room temperature.
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Figure $8: 'H NMR spectrum of 2 in toluene-dg at r.t.
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Figure $9: 1H NMR spectrum of 2 in toluene-dsg at r.t., aliphatic range. TMP-methyl group signal assigned to 2 at 1.69 ppm.
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Figure $10: 'H NMR spectrum of 2 in toluene-ds at r.t., showing aliphatic to hydridic region.
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Figure S11: 'H NMR spectrum of 2 in toluene-dg at -80 °C, full range.
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Figure $12: 1H NMR spectrum of 2 in toluene-dg at -80 °C, excerpt of hydride signal region.
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Figure $13: 1H NMR spectrum of 2 in toluene-ds at -80 °C, with focus on hexahydride integrals.
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Figure $14: 'H NMR spectrum at -80 °C in toluene-dg showing the spiting hydride signals. Assignment of peaks based on
IH,IH COSY spectrum. Green: H3[NisGa;TMP;] (2pi), blue: Hy[NisGa;TMP7] (2etra) and orange: He[NisGa;TMP7] (2nexa).
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Figure $16: H,'H COSY spectrum of 2 in toluene-dg at -80°C. Cross peaks assigned to signals in 1H NMR spectrum and
respective species by color. green = dihydride; blue = tetrahydride.
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Figure $17: Phase-sensitive 2D NOESY spectrum of 2 in toluene-ds at -80° at a mixing time tn,, = 50. Small graphs:
NOE/Exchange build-up curves. Peak volume ratios cross peaks (V) to diagonal peaks (V4) on'y axis plotted against varying
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Figure S$18: Phase-sensitive 2D ROESY spectrum of 2 in toluene-dg at -80°C.
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Figure $19: Excerpt of 2D ROESY spectrum of 2 in toluene-ds at -80 °C, showing hydride interaction. Blue — ROEs, Yellow —
signals due to exchange.

W

~10.0

{-7.54,-9.26Y

A

I

-7.10,-8.94
{ Y

/{-8.12,—9.02}

‘H\‘ ‘j/J‘

=9.5
~9.0

\ (i
{-6.05,-8.09} | {-6.94,-8.11]} -9.01,-8.04
N VI AR )
-9.26,-7.53
) N
-8.98,-7.04
{ 1§

f811,6.04)

~8.5
~8.0
=7:5
~7.0
~6.5
~6.0
=5:5

f1 (ppm)

55 60 65 -70 -7.5 -80 -85 -90 -9.5 -10.0
chemical shift (ppm)

~5.0

Figure S20: Excerpt of 2D ROESY spectrum of 2 in toluene-ds at -80 °C showing hydride interaction. Blue — ROEs, Yellow —

signals due to exchange.
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Figure $22: T; relaxation times at -80 °C, -70 °C and -60 °C for each hydride peak of 2p; and 2tetra. Pointing to classical

hydrides.
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NMR Spectra of reaction including 2.
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Figure $23: 1H NMR spectrum of reaction of 1 with D, and H; in toluene-ds at r.t.
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Figure S24: 'H NMR spectrum of reaction of 1 with D, and H; in toluene-ds at r.t..
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Figure S25: 'H NMR spectrum of reaction of 1 with D, and H; in toluene-ds at r.t. — zoomed into HD and H, peaks.
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Figure S26: 'H NMR spectra of reaction of 1 to 2 at 1 bar (bottom, red) and 3 bar (top, green) H; pressure in toluene-ds at
r.t.: at 1 bar the 1/2 ratio (3.4/1) lies on the side of 1, whereas increased pressure shifts the equilibrium shifts to the side of 2
(1/2 ratio of 0.6/1). Amount of free TMPH remains barely unchanged.
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Figure S27: Time dependent 1H NMR spectra of reaction of 1 to 2 at constant H, pressure in toluene-dsg at r.t. — intensity of 2
increases over time. Ratio 1/2: 1/6 (1 h), 1/4.5 (3 h), 1/3.5 (9 h), 1/3 (24 h) and 1/2.5 (72 h). Notably with increasing reaction
progress, but especially after 72 h metallic precipitate is observed. This is in line with the increasing amount of TMPH over

time (next figure).
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Figure S28: Time dependent 1H NMR spectra of reaction of 1 to 2 at constant H, pressure in toluene-dsg at r.t. — showing an

increasing amount of TMPH over time.
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Figure S29: Time dependent 'H NMR spectra of reaction of 1 to 2 at constant H, pressure (1 bar) in toluene-ds at 60 °C. The
cluster slowly decomposes over time, indicated by metallic precipitate, increasing TMPH signal (6 = 1.05 ppm) and the
relative decrease of the cluster signals compared to the toluene signal.
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Figure $30: 1H NMR spectra showing the reversibility of the reaction between 1 + H, and 2. Under 1 bar H, pressure (bottom,
red) and after quick Ar purge in glovebox (top, blue).
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Figure $31: Excerpt of 1H NMR spectra showing the reversibility of the reaction between 1 + H, and 2. Under 1 bar H,
pressure (bottom, red) and after quick Ar purge in glovebox (top, blue).
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Further Analytics.

LIFDI mass spectrum of 1.
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Figure $32: Full range LIFDI-MS spectrum of 1 in toluene.
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Figure $32: Zoomed LIFDI-MS spectrum of 1, with assigned fragmentation products: m/z [a. u.] = 1645.2854 (calc.:
1645.2848) [M]* (black); 1505.1409 (calc.: 1505.1409) [M-TMP]* (light blue); 1434.2157 (calc.: 1434.2162) [M-GaTMPJ*
(orange); 1225.1462 (calc.: 1225.1467) [M-2GaTMP]* (green); 1014.0781 (calc.: 1014.0786) [M-3GaTMP]* (dark blue).
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Figure $33: LIFDI-MS spectrum showing isotopic pattern of 1.
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Figure $34: LIFDI mass spectrum of the reaction of 3 eq Ni(cod), with 7/4 eq [GaTMP], at 60 °C after 1 h. Main pattern at
m/z = 1587.3518 attributed to [Ni(GaTMP);].
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Figure $35: Measured isotopic pattern of [Ni(GaTMP);].
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IR Spectrum of 1.
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Figure $36: AT-IR spectrum of 1.
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UV-Vis spectrum of 1.
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Figure $37: UV-Vis spectrum of 1 in toluene. Absorption maxima at A = 296 nm, A =389 nm, A =515 nm and A = 628 nm.
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Catalysis

General Catalytic Procedure.

A toluene-dg (2 mL) solution of 2 mg 1 (0.03 eq), 5.9 pL 4-octyne (1 eq) and 5.6 uL mesitylene
(1 eq) is prepared and 0.5 mL (25 %) are filled in a baked-out J-Young NMR tube. The reaction
solution was degassed by freeze-pump-thaw and was pressurized with 0.5 bar at 0 °C. *H NMR

spectra were recorded every 30 min at 0 °C.

Table S1: Relative concentration of substrates over course of catalytic reaction. Numbers taken from 'H NMR integrals

(Figure S37). Notably all quantitative values are therefore afflicted with error of around (10 %).
time [h] 4-octyne 4-octene n-octane
1 1,000 0,000 0,000
2 0,986 0,015 0,001
3 0,920 0,060 0,007
4 0,854 0,102 0,018
5 0,767 0,168 0,017
6 0,712 0,208 0,030
7 0,655 0,251 0,042
8 0,597 0,295 0,056
9 0,535 0,339 0,062
10 0,476 0,379 0,067
11 0,421 0,417 0,082
12 0,368 0,462 0,089
13 0,318 0,496 0,098
14 0,269 0,527 0,114
15 0,225 0,555 0,117
16 0,176 0,586 0,142
17 0,143 0,611 0,142
18 0,120 0,631 0,135
19 0,079 0,646 0,162
20 0,052 0,657 0,177
21 0,028 0,661 0,196
22 0,012 0,659 0,215
23 - 0,637 0,237
24 0,008 0,632 0,250
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Figure S38: Stacked 'H NMR spectra in the aliphatic range of the catalytic reaction. Substrate areas marked with colors:
4-octyne (red), 4-octene (blue) and n-octane (yellow). Y-axis marks time in hours.
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Figure $S39: 'H NMR spectrum after 29 h of the catalytic reaction. Still under catalytic conditions (0 °C, H; pressure).
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Figure S40: Excerpt of 1H NMR spectrum after 29 h of the catalytic reaction under catalytic conditions. Peaks of 1 (1.63 and
1.78 ppm) and 2 (1.72 ppm) still visible.
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Table S2. Selected conversion (Y) and semihydrogenation selectivity (S) values for 1, nanoparticles!*!*], supported solid-
phases31¢l and pure soild-phases!*17 with respective substrates. (*S temperature dependent; values at 140 °C.)

Y S Substrate Temperature
Cluster (1) 97% 71% 4-Octyne 0°C
Nanoparticle (Ni;Gaz) 82-90% 84- Diphenylacetylene 120 °C
87%
Nanoparticle (Ni;Gaz) 86-90% 90- 1-Octyne 120 °C
94%
Nanoparticle (Ni) 89% 8% Diphenylacetylene 120°C
Nanoparticle (Ni) 96% 3% 1-Octyne 120°C
Supported solid-phase ~70% ~55% Diphenylacetylene 50°C
(Ni;Gay)
Supported solid-phase ~90% ~65% Diphenylacetylene 50 °C
(NisGas)
Supported-phase (Ni) ~100% 0 Diphenylacetylene 50°C
Soild phase (Ni;Gaz)* ~50% ~80% Acetylene 140 °C
Soild phase (NisGas)* ~95% ~50% Acetylene 140°C
Soild phase (Ni)* ~100% ~40% Acetylene 140 °C
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DFT Calculations

Energies of calculated compounds.

Table $3: HOMO-LUMO gaps and relative total (RIE) and room-temperature free (FIG) energies of the calculated compounds.

2Di 2Tetra
2 A B C D A B C | 2re
BEnovouvo(€V) | 1.61 | 1.04 | 133 | 133 | 1.07 | 137 | 141 | 1.73 | 1.41 | 1.30
BE (eV) ; +0.04 | 000 | +0.02 | +0.20 | +0.09 | +0.12 | 0.00 | +1.14 | -
G (eV) - +0.08 | 000 | +0.13 | +0.27 | +0.07 | +1.00 | 0.00 | +1.09 | -

Optimized Structures of 2pi.

Figure $42: Graphic representation of the computed isomers of 2p;. Color code: Ni = green, Ga = pink, H = white, N = blue.
Rest of TMP ligands omitted for clarity. Isomer A = cis-2p;; Isomer D = trans-2p;.

-

Figure S43: Identified isomer of 2p; (Isomer A). TMP ligands and H atoms are omitted for clarity. Selected bond length (A)
and angle (deg) ranges: Ni-Ni 2.342 - 2.573, Ni- u1-Ga 2.155 - 2.175, Ni- u2-Ga 2.231 — 2.325, Ni- u3-Ga 2.304 — 2.455, Ni-H1
1.519, Ni- u2-H2 1.648 — 1.681; Ni-Ni-Ni 54.4° - 63.3°. Color code: green (Ni), yellow (Ga), white (H).
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Optimized Structures of 2tetra.
A B C D

Figure $44: Graphic representation of the computed isomers of 2teq. Color code: Ni = green, Ga = pink, H = white, N = blue.
Rest of TMP ligands omitted for clarity. Isomer C = 27etrq.

Figure $45: Identified isomer of 27erra (Isomer C). TMP ligands and H atoms are omitted for clarity. Selected bond length (A)
and angle (deg) ranges: Ni-Ni 2.587 - 2.599, Ni- u1-Ga 2.144 - 2.151, Ni- u2-Ga 2.256 — 2.322, Ni- u3-Ga 2.312 — 2.575, Ni-H1
1.496, Ni-H2 1.528, Ni-H3 1.561, Ni-H3’ 1.560, u3-Ga-H2 1.950, u3-Ga-H3 1.837, u3-Ga-H3’ 1.856, Ni-Ni-Ni 59.7° - 60.2°.
Color code: green (Ni), yellow (Ga), white (H).

Optimized Structure of 2uexa.

Figure S46: Graphic representation of the optimized structure of 2nexa. Color code: Ni = green, Ga = pink, H = white, N = blue.
Rest of TMP ligands omitted for clarity.
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2.6 Enabling LIFDI-MS measurements of highly air sensitive organometallic

compounds: A combined MS/glovebox technique.
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2.6.1 Abstract

A new setup combining a ThermoFisher Exactive Plus Orbitrap Mass Spectrometer with a
liquid injection field desorption ionization (LIFDI) source directly connected to an inert
atmosphere glovebox is presented. The described setup allows for the analysis of very air-
and moisture sensitive samples. Furthermore, the soft nature of LIFDI ionization gives access
to the molecular ions of fragile molecules. This new setup is therefore especially useful for
sensitive organometallic complexes. The functionality of the new setup is tested against
[(Cp).TiCl]®, which is known for its notorious sensitivity to air and moisture. Its drastic colour
change from green to orange upon exposure to air further supports the easy detection of
traces of oxygen during the experiment. In addition, we applied this setup to the mass
spectrometric analysis of the qualitative composition of a Cu/Al cluster mixture, which is not
accessible by other analytical methods.
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2.6.2 Main Text

Intermetallic materials of catalytically
active late transition metals with abundant
main group metals such as Cu/Al, Cu/Zn,
Fe/Al or Ni/Ga have attracted widespread
interest as cost-efficient substitutes for
precious metal catalysts.!3 In
nanoparticular (NP) form they exhibit high
activities in various catalytic reactions such
as the semi-hydrogenation of alkynes.
Christoph

protocols for the preparation of ligand-free

Janiak developed synthetic
NPs from organometallic precursorsinionic
liquids with remarkable catalytic activities
and selectivities, e.g. Ni/Ga NPs with up to
100%
hydrogenation of alkynes to alkenes.*®

selectivity for the semi-

Much effort has been devoted to studying
catalytic processes on intermetallic material
surfaces.” 8 In the course of a long lasting
cooperation with Christoph Janiak we became
interested in the employment of atom-precise
intermetallic clusters as molecular surface
in the
reaction mechanisms.®2 In this regard, liquid

models investigation of catalytic

injection field desorption ionization mass
spectrometry (LIFDI-MS) was used as a key
method giving direct in-situ access to the
composition of highly reactive and complex
reaction solutions. Nevertheless, since a
majority of intermetallic clusters are extremely
sensitive to air and moisture, a new mass
spectrometric setup is required.

Although mass spectrometry (MS) is a very
important and well-established method for the
structural elucidation of organic and
biochemical molecules,'*% it has not yet
reached the same level of importance in the
analysis of organometallic compounds.
Elemental analysis data are frequently cited

rather than MS data. Multiple parameters may

be made accountable for this. The analysis of
fragmentation patterns of organometallic
compounds for example does not have the
same degree of importance for structural
elucidation as for organic molecules,'® while
the observation of molecular ion signals is
hand,

organometallic compounds are very often

more essential. On the other
sensitive to air and moisture, which severely
limits instrumental opportunities. Mcindoe
and coworkers have developed an
electrospray ionization MS setup coupled to a
under inert

glovebox for measurements

conditions.”> 18 However, ionization in
nonpolar solvents remains challenging.
One of the

established in mass spectrometry is field

softest ionization methods
desorption (FD) also being nearly solvent
independent. Due to a high electric field, the
weakest bound electron is removed and the
formed ions are detectable. This does not
transfer excess energy to the formed ions
leading to mass spectra with almost no
fragmentation signals.’®2! An excellent primer
on the method including practical
considerations was recently given by Gross.??
One limitation of this method is rooted in the
demanding sample application. For each
experiment, the mechanically fragile emitter is
coated with a solution of the sample, before
the system is evacuated to 107 mbar. This
procedure is time consuming and causes a high
addition,

reproducibility of sample loading is difficult to

consumption of emitters. In
control. Another technique was constructed by
McEwen where the front area of the MS
instrument was wrapped with a plastic bag
filled with nitrogen.?® Evacuating and flushing
the bag with inert gas several times lead to
almost inert conditions. By this construction
[FeH(n®-toluene)(P(OMe),),]** was detected as
main peak of the spectra. However, due to its
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highly
procedure, this construction did not become a

demanding and time-consuming
standard technique for measuring highly air
and moisture  sensitive metalorganic
compounds.

LIFDI-MS overcomes these issues by using a
thin fused silica transfer capillary highly
facilitating the sample load.?*?8 The sample is
dissolved in an organic solvent with a melting
point lower than -80 °C preventing the solution
from solidifying upon contact with vacuum
conditions. The solution is applied to the
emitter inside of the ion source in a facile and
controlled manner (40 pL; 1 mg/mL). After
complete evaporation of the solvent under
vacuum conditions, the sample remains on the
emitter, covering its large surface area.

This capillary setup allows measurements of
air and moisture sensitive compounds to be
made more easily.?® In a typical procedure,
sample preparation is performed under inert
conditions (e.g. glovebox) and the sample
solutions made available in septum capped
vials. At the instrument, the septa of these vials
may be penetrated by the LIFDI capillary and
the sample is transported to the emitter by the

pressure difference. This setup works well for

many organometallic compounds.?426
LIFDI Setup M Setup
| y | ’ I .
Isolation
UFDI  UFDI valve  Hcpcell  CTrap
capilary probe | - " N
F=—i w D) 51 source
P N %
capitiary _" ™ ==
lock :‘J,::: LFD| == =—1
Orbitrap

Mass Analyzer

Figure 1: Schematic representation of the combination of a
glovebox (modified with permission from GS Glovebox
Systemtechnik GmbH), a LIFDI system (designed by LINDEN
CMS GmbH) and the mass spectrometer (modified with
permission from Thermo Fisher GmbH, Bremen). The devices
in the mass spectrometer which are not necessary for
LIFDI-MS measurements are omitted for clarity. Copyrights by
GS Glovebox Systemtechnik GmbH and Thermo Fisher GmbH.

However, when working with very sensitive
molecules, as subvalent compounds, metal
alkyl compounds or metals in easily oxidizable
oxidation states (e.g. M?), this method reaches
its limitations. Through the capillary, the
sample vial is connected to the vacuum system
of the MS instrument which leads to a constant
decrease of the pressure inside the vial, which
in consequence results in slow exposure of the
sample solution to air and moisture through
the vial septum. This not only leads to the
failure of the experiment, but can also provoke
the irreversible blocking of the capillary due to
metal

decomposition of containing

compounds under formation of solids.

To overcome the described problems, we
in this paper
instrumental setup, which has been developed
in cooperation with LINDEN CMS GmbH and GS
GLOVEBOX Systemtechnik GmbH (Figure 1). By
inserting the LIFDI capillary through a teflon-

present a glovebox-based

sealed small hole in the back-wall of the
glovebox, a sensitive sample may be injected
directly from inside the glovebox preventing
the contact with air and moisture. The capillary
transports the sample solution to the LIFDI
probe which is evacuated by an external turbo
pump. An isolation valve prevents exposure of
the mass analyzer until 10 mbar is reached in
the probe. When this pressure is reached, the
LIFDI probe is automatically moved into the
mass spectrometer by an electric motor and
the ionization process is triggered by applying
voltage to the emitter. After the measurement,
the probe is retracted from the instrument, the
isolation valve is closed and the LIFDI setup is
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Scheme 2: Reaction of red [(Cp):TiCl;] with excess of zinc to
green trimetallic [(Cp),TiCl,ZnCl;Ti(Cp).]. After contact with
air an orange solution containing different Ti/O species is
formed.

again only evacuated by the external turbo

pump.
accidental misuse and irreversible damage to

It should be noted that to prevent

the sensitive Exactive Plus mass spectrometer,
a plexiglass safety box is installed inside the
glovebox, which disables injection when the
probe is inserted into the mass analyzer. An
additional plexiglass safety box equipped with
an electric shutter-type mechanism is installed
around the LIFDI apparatus, preventing the
probe to be touched while moving.

It should be noted changing the capillary is
not further complicated with respect to the
LIFDI
connection). The capillary, solely, has to be

common setup (without glovebox
passed through a tiny hole in the back of the
glovebox, which is then seal with a rubber plug
and a screw joint similar to the one of the LIFDI
probe.

In order to evaluate the functionality of this
instrumental setup, we used [(Cp)2TiCI]* (1) as
a test substance. 1 is notoriously known for its
air sensitivity and its oxidation related intense
color change, which has also been widely used
method for the

indication of oxygen in glovebox atmospheres

as cheap and powerful

(Figure 2). An emerald-green solution of 1 is
obtained by reduction of red [(Cp).TiClz] with
zinc powder in toluene after 5 min (Scheme

15 sec Air

30 sec Air

Figure 2: Color change of the reaction solution upon
perforating the sample vial with the LIFDI capillary.

1).2° Subsequent filtration gives a clear, green
solution which does not lead to change color
even when stored in the glovebox for several
hours.

The LIFDI mass spectrum of this solution
indicates the presence of several species which
can be traced to the
[((Cp).TiCl)2ZnCly],
reaction product of this reduction.?® 3 Thus,

complex
reported as the major

the weakly detected molecular ion is observed
at m/z 561.8522 (calc. 561.8549) (s. Figure 3,
Figure S2). In addition, the fragment ions
[(Cp)aTi2Cl2]* (m/z 425.9890, calc. 425.9896),
[(Cp)aTi2CIl* (m/z 391.0205, calc. 391.0207),
[(Cp)2TiCI]* (m/z 212.9936, calc. 212.9945) or
the toluene adduct [(Cp)TiCl(Tol)]* (m/z
240.0175, calc. 240.0180) are assigned. Very
small patterns in this spectrum can be also
attributed to oxygen containing products, e.g.

[(Cp)2TiCI(OH2)]* (m/z  231.0050, calc.
231.0051), [(Cp)TiCl(OH2)]* (m/z 200.9349,
200.9348) or [(Cp)TiCI(OH)(OH2)]* (m/z

182.9686, calc. 182.9687).
of the zinc used in the reaction is most

Surface-oxidation

probably the oxygen source for the formation

of these species. However, the spectra
recorded after keeping this solution in the

glovebox for 5 min and for 45 min are identical
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Figure 3: LIFDI mass spectra of [(Cp).TiCl] measured by a classic LIFDI-MS setup without a glovebox. After perforating the vial

septum with the LIFDI capillary the solution gradually turns from green to orange after only a few seconds. By using the LIFDI-

MS/glovebox setup described in this paper, the color of the solution stays green and the spectrum remains unchanged for at
least 45min. Most relevant peaks are as follows and ordered by increasing m/z: 182.9680 [(Cp)TiCl(OH)(OH,)]*, 200.9354
[(Cp)TiCl(OH,)J*, 212.9936 [(Cp),TiCl]*, 231.0054 [(Cp),TiCI(OH.)]*, 247.9632 [(Cp).TiCl5], 376.9465 [(Cp)sTi>Cl.0]*, 407.0148
[(Cp)4Ti>ClO]*, 542.8914 [(Cp)4TisClO]*, 561.8522 [((Cp),TiCl),ZnCl5]*, 570.9646 [(Cp)sTisCl,0]*.

based on the distribution as well as quantity of
the patterns (see Sl). In contrast, when this
measurement is repeated with the traditional
LIFDI setup without glovebox connection, a
color change of the solution becomes apparent
after a few seconds. Already 15 sec after
puncturing the septum of the sample vial with
the LIFDI capillary and a needle, the solution
becomes slightly vyellow and patterns
attributable to Ti-O species become more
prominent in the mass spectrum, i.e.
[(Cp)aTi2CIO]* (m/z 407.0148, calc. 407.0156,
Ti/O ratio: 2/1) and [(Cp)sTisCl202]* (m/z
570.9646, calc. 570.9665, Ti/O ratio: 3/2).
These rather Ti-rich compounds disappear
after prolonged measurement time and new

species with higher oxygen content become

very prominent. Among these oxygen rich

species are  [(Cp)TiCI(OH)(OH2)]* (m/z
182.9680, calc. 182.9687, Ti/O ratio 1/2), or
[(Cp)2TICI(OH2)]*  (m/z  231.0054, calc.

231.0051). After allowing an excess of air to get
in contact with the sample solutions, the color
dark
precipitation of an orange solid. The spectra
now consists of [(Cp)TiCI(OH)(OH2)]* (m/z
182.9689, Ti/O ratio 1:2) as the main signal in
addition to [(Cp)4TisClO2]* (m/z 542.8914, calc.
542.8967, Ti/O ratio 3:2), [(Cp)TiCl2(OH2)]*
(m/z 200.9354, calc. 200.9348, Ti/O ratio 1:1),
and [(Cp)sTi2Cl,0]* (m/z 376.9465, calc.
376.9453, Ti/O ratio 2:1). In summary, the
more the reaction solution was exposed to air,

changes to orange, along with

the larger the amount of oxygen containing
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species emerged (Figure). These experiments
outline the
LIFDI/glovebox connection for the analysis of

clearly usefulness of a

very air- and moisture sensitive organometallic
The
submitting samples inside a glovebox to the

compounds. major advantage of
capillary as well as the probe is under constant
inert atmosphere. However, the benefits of
working with gloveboxes with respect to
handling sample vials capped with septa
outside of gloveboxes is not only the increased
duration of sample stability, but also the
practical simplification of many work steps
inside gloveboxes, e.g. sample preparation and
dilution or application of the sample solutions
to the LIFDI

experimental reproducibility. This becomes

emitter, guaranteeing high

especially important for automation of
experiments by e.g. synthesis robots, which is
an essential future perspective for our
research on intermetallic cluster compounds
(vide infra).

While the classical LIFDI setup was able to
detect the molecular ion peak, it however led
to a very fast decay of the green Ti(lll)
compound [((Cp)2TiCl)2ZnCl;]. Our new setup

prevents any contact between sample and air.

There are species even more reactive or prone
to oxidation than 1, such as catalytic
intermediates or low-valent metal complexes
or clusters. Connecting LIFDI to the protective
atmosphere of a glovebox is an important step
towards in-situ identification of such highly

reactive species.

Analysis of Cu/Al cluster libraries

With this instrumental advance we enable

reproducible access to complex reaction
solutions of mixed-metal clusters. This
chemistry offers compounds of unique

structures, properties and reactivities. It is,
however, affected by challenging product
separation and isolation, respectively. This is in
line with compounds that simply cannot be
isolated in a pure form leading to a loss of
information when not characterized in-situ.
High resolution mass spectrometry is a way to
tackle this problem and follow minor reaction
products (former known as by-products). To
illustrate our new way of thinking we would
like to draw attention to a recently submitted
work, the reaction of [CuMes] (abbreviated for
[Cus](Mes)s; Mes = mesitylene) with 3.6 eq. of

a) Cu[Cu,ALICP", b)

[Cu,AlICp*, ‘
+ L
H[Cu,AlJCp", |
.
AI[CuALICP",

[CuALICP*,

A j’km,ﬂ

Lo

T 1
1400 1500
m/z

[Cu,Al,
,U[Cu,Al]
[Cu,Al]
Al[Cu,Al)

c)

pure
[Cu,ALICP"

relative intensity (a.u.)

[CuAlLICP",
+
H[Cu,AlICp",

] -
i

|

1410 1415 1420 1425 1430 1435
m/z

Figure 4: (a) Observing cluster growth reactions by mass spectrometry after addition of [Cus](Mes)s to solutions of Cu/Al clusters.
(b) schematic representation of clusters based on the core cluster [Cu;Als](Cp*)s with additional optional atoms (H, Cu, Al)

expanding the core. All four species are observed by in-situ mass spectrometry. *Note, that with the exception of Al[Cu;Als](Cp*)s

all cluster structures are confirmed by DFT calculations. (c) Identification of H[Cu;Als](Cp*)s in a mixture with [Cu;Als](Cp*)s by

analysis of the isotopic pattern. The pattern shown on the top is pure [Cu;Als](Cp*)s, the pattern in the bottom contains a mixture

of both species.
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AlCp* (Cp* = pentamethylcyclopentadienyl).3!
The reaction results in a complex mixture of
intermetalloid [CuxAl,](Cp*), cluster species.
Besides the 18 valence electron cation
[CuAl4](Cp™)a*, the species [CusAls](Cp*)e (2cu),
[CusAl7](Cp*)e, {[CusAl7](Cp*)s — 2H} (2a1) and
an overlapping peak corresponding to a
mixture of

[HCu7Ale](Cp*)s (2u) and [Cu7Als](Cp*)s (2) are
detected (see Figure 4). Addition of precise
of CuMes Cu:Al
stoichiometry 1:1.2) to this mixture, followed

amounts (overall final
by prolonged heating induces subtle spectral
changes (see Figure 4 a), middle). Analysis of
the peak at m/z = 1417 reveals now pure 2
instead of 2u/2. From these reaction solutions,
isolation of the composite 2/2c, was possible
after crystallization and a short work-up
procedure (see Figure 4a, top). Obviously, all
the other cluster species, especially those with
unligated Al atoms, [CucAl7](Cp*)s
{[CusAl;](Cp*)s — 2H}, are
decomposed during the work-up procedure,

and
removed or

however, we were able to determine these
highly reactive and sensitive compounds by
mass spectrometry in combination with a
glovebox. The results nicely illustrate two
detailed

reaction solutions by LIFDI-MS, feedback on

keypoints: without analysis  of
the reaction design and access to pure 2, as
well as its subsequent reactivity assessment
would not have been possible. Further, LIFDI-
MS analysis of the reaction solution prior to
crystallization sheds light on cluster species,
which cannot be captured by common
crystallization procedures. Due to their naked
Al atoms, these species might exhibit unique
reactivities, which again can only be detected
by MS.

investigation

Detection likewise
of highly
molecules require the introduction of a reliable

reactivity
reactive/sensitive

MS setup to exclude any undesired external
influence, mainly moisture and air.

Conclusions

In this contribution, we introduced a new
coupled glovebox/MS setup for the mass
spectrometric detection of molecular ion
signals of very air- and moisture sensitive
compounds. The setup was tested on the
organometallic complex [((Cp)2TiCl)2ZnCl;],
known for its extreme air-sensitivity. By a
colour-change from green to orange the
oxidation of this complex can also visually
be detected. Only by using this new setup,
the molecular ion signal of
[((Cp)2TiCl)2ZnCl;] is detectable over time.
Without the use of a glovebox, oxidation
reactions are observed only within a few
seconds. The new setup has been further
applied to the in-situ analysis of Cu/Al
clusters allowing the detection of the highly
sensitive open shell cluster [CusAlg](Cp*)e
together with its closed shell coordination
adducts H[Cu7Ale](Cp*)s, Cu[Cu7Als](Cp*)e
and Al[CusAle](Cp*)s.We expect this new
technique to considerably support our
future efforts to employ intermetallic
clusters of this type as surface model
compounds in mechanistic investigation of
catalytic processes.
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2.6.4 Additional Data and Information

LIFDI spectra details of the reaction: [(Cp).TiClz] + Zn

Air
30 sec
15 sec
m L S sec
TRTA ArgOn
| ! | ! | ! | ! | ! | !
200 400 600 800 1000 1200 1400

m/z

Figure S1: Full range LIFDI mass spectrum of [(Cp),TiCl>] + Zn.
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Figure S2: Molecular ion peak of [((Cp).TiCl),ZnCl,] *. The spectrum was recorded under inert conditions.
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Figure $3: LIFDI mass spectrum of [(Cp),TiCl,] + Zn, zoomed into m/z range of 150 — 250. Major peaks in increasing m/z
order: 182.9680 [(Cp)TiCl(OH)(OH)]*, 200.9354 [(Cp)TiCl,(OH>)]*, 212.9936 [(Cp),TiCl]*, 231.0054 [(Cp),TiCI(OH,)]*,

247.9632 [(Cp)TiCl5]*.
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Figure S4: LIFDI mass spectrum of [(Cp)2TiCl,] + Zn, zoomed into m/z range of 250 — 350.
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Figure S5: LIFDI mass spectrum of [(Cp).TiCl>] + Zn, zoomed into m/z range of 350 - 450. Major peaks in increasing m/z
order: 376.9465 [(Cp)sTi,Cl,0]*, 407.0148 [(Cp)4Ti>CIO]*.
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Figure S6: LIFDI mass spectrum of [(Cp).TiCl>] + Zn, zoomed into m/z range of 400 - 600. Major peaks in increasing m/z
order: 542.8914 [(Cp)4TisClO]*, 570.9646 [(Cp)sTisCl,0;]*.
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Figure S7: LIFDI mass spectrum of [(Cp)2TiCly] + Zn, zoomed into m/z range of 600 - 800.
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Full range spectra of [CuMes] + AlCp*
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Figure $8: Full range LIFDI mass spectrum with peak labels of [CuMes] + 3.6 eq. of AICp*.
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2.7 Experimental Details

2.7.1 General Remarks

All manipulations were carried out using standard Schlenk techniques under inert
atmospheres (Argon 4.6 from Westphalen), either in Schlenk flasks, tubes or an UNIllab
glovebox from MBraun. All glassware was flame dried in vacuum using heat guns and silylated
prior to usage by refluxing small amounts of 1,1,1,3,3,3-hexamethyldisilazane (HMDS) in the
reaction vessel. Residual HMDS was removed in vacuo. Solvents were dried using a MBraun
Solvent Purification System and subsequent storage over molecular sieves (3 or 4 A). The final
H>0 content of all solvents was measured via Karl Fischer titration and was below 5 ppm. All
chemicals and solvents were used as purchased from suppliers as ABCR, ACROS Organics,
Fisher Scientific and Sigma Aldrich, if not stated otherwise. Precious metal salts (e.g.,
RuClsexH,0) were purchased from Precious Metals Australia. Deuterated solvents were
bought from Sigma Aldrich and Eurisotop, stored over molecular sieves (3 and 4 A) and
degassed by freeze-pump-thaw.

2.7.2 Single Crystal X-Ray Diffractometry

Data were collected on a single crystal x-ray diffractometer equipped with a CMOS detector
(Bruker APEX IIl, k-CMOS), a TXS rotating anode or an IMS microsource with MoK radiation (A
= 0.71073 A) and a Helios optic using the APEX3 software package.! Measurements were
performed on single crystals coated with perfluorinated ether. The crystals were fixed on top
of a kapton micro sampler and frozen under a stream of cold nitrogen. A matrix scan was used
to determine the initial lattice parameters. Reflections were corrected for Lorentz and
polarisation effects, scan speed, and background using SAINT.?2 Absorption correction,
including odd and even ordered spherical harmonics was performed using SADABS or
TWINABS.23 Space group assignments were based upon systematic absences, E statistics, and
successful refinement of the structures. The structures were solved using SHELXT with the aid
of successive difference Fourier maps and were refined against all data using SHELXL-
2014/2017 in conjunction with SHELXLE.*>® For twinned crystals, the integration was
performed for both domains and the structure was refined against hklf5 data. Hydrogen atoms
were calculated in ideal positions as follows: Methyl hydrogen atoms were refined as part of
rigid rotating groups, with a C—H distance of 0.98 A and Uiso(n) = 1.5Ueq(c). Other H atoms were
placed in calculated positions and refined using a riding model, with methylene and aromatic
C-H distances of 0.99 A and 0.95 A, respectively, other C—H distances of 1.00 A, all with Uiso()
= 1.2-Ueq(c). Non-hydrogen atoms were refined with anisotropic displacement parameters.
Full-matrix least-squares refinements were carried out by minimizing Sw(Fo? - Fc2)? with the
SHELXL weighting scheme.> Neutral atom scattering factors for all atoms and anomalous
dispersion corrections for the non-hydrogen atoms were taken from International Tables for
Crystallography.” A split layer refinement was used for disordered groups and additional
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restraints on distances, angles and anisotropic displacement parameters were employed to
ensure convergence within chemically reasonable limits, if necessary. Heavily disordered
solvent molecules were treated as a diffuse contribution to the overall scattering without
specific atom positions using the PLATON/SQUEEZE procedure.® Images of the crystal
structures were generated with PLATON and Mercury.%0

2.7.3 NMR Spectroscopy

NMR spectra were measured using Avance Ill NMR spectrometers (Bruker BioSpin GmbH)
operating at spectrometer frequency of: 400 MHz (*H), 101 MHz (*3C) and 162 MHz (3'P).
Chemical shifts are given in ppm relative to tetramethyl silane, and spectra were referenced
relative to the respective residual solvent signal. Abbreviations of the signal multiplicity: s:
singlet, d: duplet, t: triplet, q: quartet, m: multiplet. NMR spectra were analyzed using the
MestReNova software (version: 14.1.1-24571).

2.7.4 Mass Spectrometry

Liquid Injection Field Desorption lonization Mass Spectrometry (LIFDI-MS) was measured
directly from an inert atmosphere glovebox (GS Gloveboxsystems, E Line) with a Thermo Fisher
Scientific Exactive Plus Orbitrap equipped with an ion source from Linden CMS. A detailed
report on the setup was publish in Dalton Transactions.*

Electrospray lonization Mass Spectrometry (ESI-MS) was measured with a Thermo Fisher
Scientific Exactive Plus Orbitrap in the positive or negative mode respectively.

2.7.5 Infrared Spectroscopy

Infrared spectra were recorded with an Alpha FT-IR spectrometer from Bruker, equipped with
an ATR (attenuated total reflection) accessory using a diamond ATR element. Samples were
measured as powder under argon atmosphere in a glovebox. Spectral data was processed
using the software OPUS 6.5 (Bruker Optics GmbH).
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2.7.6 Raman Spectroscopy

The Raman spectra were recorded with a Renishaw InVia Raman Microscope equipped with a
Newton EMCCD Camera. A frequency-doubled Nd:YAG laser (532 nm, 0.5-5 mW) and a 50x
magnification micro-scope objective (Leica N PLAN EPI 50x/0.75 na) were used during the
measurements. Samples were measured in glass capillaries under inert atmosphere.

2.7.7 UV-Vis Spectroscopy

UV-Vis spectra were recorded on an Agilent Technologies Cary 60 with a scan rate of 600
nm/min. Baseline correction was performed with the respective pure solvent. Each sample
was measured in a Schlenk-modified 10.00 mm quartz glass cuvette from Hellma Analytics.

2.7.8 Elemental Analysis

Elemental analysis and AAS measurements were performed by the Microanalytical Laboratory
of the Technical University of Munich on a HEKAtech Euro EA CHNSO-Analyzer and for metal
analysis a Varian AA280FS AAS spectrometer. Additional measurements were performed at
the Microanalytical Laboratory Kolbe (Miilheim an der Ruhr) using an Elementar CHNOS-
Analyzer (Vario-EL) and a Perkin EImer AAS Analyst200.

2.7.9 Computational Methods

Computational details are given for the individual case.

2.7.10 Common starting reagents

The following compounds were prepared by literature procedures. For the literature known
[GaTMP]s and [Niz(dvds)s] novel accesses were developed and are stated in the respective
addition information part.

[AlCp*]412 [GaCp*]s 13 [GaTMP]4 14
[Ni(cod),] ** [Ni(cdt)] e [Ni>(dvds)s] ¥’
[Ru(cod)(cot)]*® [Ru(cod)(MeAllyl),] ¥°
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3. Conclusion

The conclusion from this work leads inevitably back to the three problems of cluster chemistry
and its entanglement. Neither the problem of directed synthesis, nor structure prediction, nor
controlled reactivity of clusters could of course be solved in the present work. What became
apparent, however, is that these three problems cannot be solved separately at all. In situ
mass spectrometry could be established as the backbone for successful predictive synthetic
cluster chemistry. Identification and prediction of structures succeeds based on experimental
data and density functional theory calculations.

The value of elucidating the composition of an inseparable mixture of closely related clusters
by mass spectrometry in combination with the evaluation of the individual structure of each
species by a DFT-based ‘global optimization’ approach lies mainly in the possible
transferability of this strategy to similar problems in cluster chemistry. The approach is
validated by various experimental spectroscopic techniques and forms the basis for a targeted
reactivity study that elucidated key differences between individual clusters with slightly
different core compositions. A further development of the methodology has already been
successfully applied to the structural elucidation of various Cu/Zn clusters that are much less
related to each other.

In the context of studying clusters in terms of their respective solid-phase analogues, it is
essential to investigate cluster-substrate interactions in more detail, which requires freely
accessible metal centers in cluster cores. The choice of the right GaR species as ligands proved
to be crucial. Hampering transmetalation reactions can be prevented by using GaTMP instead
of GaCp*, leading to a cluster with freely accessible Ni coordination sites. The reaction of such
a cluster with H; leads to (poly)hydride species that are even active in hydrogenation catalysis
reactions. Moreover, this example highlights the cooperative relationship between Ni and Ga:
the Ga atoms act as a "storage site" for hydrides and are held responsible for the selective
semihydrogenation catalysis of alkynes. The use of GaTMP is not limited to Ni. Treatment of
TMs with ‘high transmetalation potential’ (e.g., Fe, Co) could lead to clusters with comparable
active sites and eventually to the discovery of unprecedented reactivities.

The study of selective removal of ligands from clusters is based on a similar motivation -
controlling the reactivity of reactive cluster species. Both presented RuGa examples illustrate
the enhanced reactivity of undercoordinated cluster species, but also the challenges in
controlling their competing reactivity (catalysis vs. cluster growth). Pioneering work in the field
of photochemical activation of clusters potentially opens a novel strategy for selective
formation of clusters with active sites: Undercoordinated species are produced under
hydrogenolytic conditions and readily activate dummy substrates such as silanes, which in
turn act as inorganic protecting groups that can be cleaved under mild conditions. It may be
beneficial to apply the conceptual insights gained to the formation of clusters of interest and
see if a unified approach can be found. Such a concept would allow for more predictable
cluster synthesis and make subsequent reactivity more predictable.
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4. Appendix

4.1 List of Abbreviations

ADF
AO
ATR
CsDe
CeD12
cdt

cod

DFT

dppbz
dppe
dvds

EA
EDA-NOCV

E-R

EPR
ESI

Et

FD
HMBC
HOMO
HR
HSQC

LIFDI
LUMO

Amsterdam Density Fuctional

Atomic Orbital

Attenuated Total Reflection

Benzene-ds (deuterated)

Cyclohexane-di2 (deuterated)
trans,trans,trans-1,5,9-cyclododecatriene

1,5-Cyclododecadiene

1,2,3,4,5-Pentamethylcyclopentadienyl

Density Functional Theory

1,2-Bis(diphenylphosphino)benzene
1,2-Bis(diphenylphosphino)ethane
1,1,3,3-Tetramethyl-1,3-divinyldisiloxane

Elemental Analysis

Energy Decomposition Analysis with the Natural Orbital for Chemical
Valence extension

E = main group element, mainly group 13 (B, Al, Ga, In); R = organic
group, mainly Cp*

Electron Paramagnetic Resonance

Electrospray lonization

Ethyl

Field Desorption

Heteronuclear Multiple Bond Correlation

Highest Occupied Molecular Orbital

Hume-Rothery

Heteronuclear Single Quantum Coherence
Infrared, mainly infrared spectroscopy

Ligand

Liquid Injection Field Desorption lonization, mainly mass spectrometry

Lowest Occupied Molecular Orbital
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MO
MS
NBO
NHC
MAS
NMR
NOESY
NP(s)
ppm
PXRD
QTAIM

ROESY
RT
SC-XRD
SQuUID
TDDFT
THF
TIPSA
™
Tol-48
TMP
TZVPP
UV-Vis
VE

VT
WBI
XPS

Metal

Methyl

Molecular Orbital

Mass Spectrometry

Natural Bond Orbitals

N-Heterocyclic Carbene

Magic Angle Spinning (solid-state NMR)
Nuclear Magnetic Resonance

Nuclear Overhauser Effect Spectroscopy
Nanoparticle(s)

Parts Per Million (chemical shift NMR)

Powder X-Ray Diffraction

Quantum Theory of Atoms In Molecules
Organic Residue, mainly Cp*/TMP

Rotating frame Overhauser Enhancement Spectroscopy
Room Temperature (20-25 °C)

Single Crystal X-Ray Diffraction
Superconducting Quantum Interference Device
Time Dependent Density Functional Theory
tetrahydrofuran

Triisopropylsilyl-acetylene

Transition Metal

Toluene-ds (deuterated)
2,2,6,6-Tetramethylpiperidinyl

Valence triple-zeta with two sets of polarization functions
Ultraviolet Visible, mainly spectroscopy
Valance Electron

Variable Temperature

Wiberg Bonding Index

X-Ray Photoelectron Spectroscopy
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the legality, validity and enforceability of the remaining provisions of this Agreement
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shall not be affected or impaired thereby.

o The failure of either party to enforce any term or condition of this Agreement shall not
constitute a waiver of either party's right to enforce each and every term and condition
of this Agreement. No breach under this agreement shall be deemed waived or
excused by either party unless such waiver or consent is in writing signed by the party
granting such waiver or consent. The waiver by or consent of a party to a breach of
any provision of this Agreement shall not operate or be construed as a waiver of or
consent to any other or subsequent breach by such other party.

¢ This Agreement may not be assigned (including by operation of law or otherwise) by
you without WILEY's prior written consent.

e Any fee required for this permission shall be non-refundable after thirty (30) days
from receipt by the CCC.

e These terms and conditions together with CCC's Billing and Payment terms and
conditions (which are incorporated herein) form the entire agreement between you and
WILEY concerning this licensing transaction and (in the absence of fraud) supersedes
all prior agreements and representations of the parties, oral or written. This Agreement
may not be amended except in writing signed by both parties. This Agreement shall be
binding upon and inure to the benefit of the parties' successors, legal representatives,
and authorized assigns.

¢ In the event of any conflict between your obligations established by these terms and
conditions and those established by CCC's Billing and Payment terms and conditions,
these terms and conditions shall prevail.

e WILEY expressly reserves all rights not specifically granted in the combination of (i)
the license details provided by you and accepted in the course of this licensing
transaction, (ii) these terms and conditions and (iii) CCC's Billing and Payment terms
and conditions.

e This Agreement will be void if the Type of Use, Format, Circulation, or Requestor
Type was misrepresented during the licensing process.

e This Agreement shall be governed by and construed in accordance with the laws of
the State of New York, USA, without regards to such state's conflict of law rules. Any
legal action, suit or proceeding arising out of or relating to these Terms and Conditions
or the breach thereof shall be instituted in a court of competent jurisdiction in New
York County in the State of New York in the United States of America and each party
hereby consents and submits to the personal jurisdiction of such court, waives any
objection to venue in such court and consents to service of process by registered or
certified mail, return receipt requested, at the last known address of such party.

WILEY OPEN ACCESS TERMS AND CONDITIONS

Wiley Publishes Open Access Articles in fully Open Access Journals and in Subscription
journals offering Online Open. Although most of the fully Open Access journals publish
open access articles under the terms of the Creative Commons Attribution (CC BY) License
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only, the subscription journals and a few of the Open Access Journals offer a choice of
Creative Commons Licenses. The license type is clearly identified on the article.

The Creative Commons Attribution License

The Creative Commons Attribution License (CC-BY) allows users to copy, distribute and
transmit an article, adapt the article and make commercial use of the article. The CC-BY
license permits commercial and non-

Creative Commons Attribution Non-Commercial License

The Creative Commons Attribution Non-Commercial (CC-BY-NC)License permits use,
distribution and reproduction in any medium, provided the original work is properly cited
and is not used for commercial purposes.(see below)

Creative Commons Attribution-Non-Commercial-NoDerivs License

The Creative Commons Attribution Non-Commercial-NoDerivs License (CC-BY-NC-ND)
permits use, distribution and reproduction in any medium, provided the original work is
properly cited, is not used for commercial purposes and no modifications or adaptations are
made. (see below)

Use by commercial "for-profit" organizations

Use of Wiley Open Access articles for commercial, promotional, or marketing purposes
requires further explicit permission from Wiley and will be subject to a fee.

Further details can be found on Wiley Online Library http://olabout.wiley.com/WileyCDA
/Section/id-410895 .html

Other Terms and Conditions:

v1.10 Last updated September 2015

Questions? customercare@copyright.com or +1-855-239-3415 (toll free in the US) or
+1-978-646-2777.
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This Agreement between Maximilian Muhr ("You") and John Wiley and Sons ("John Wiley
and Sons") consists of your license details and the terms and conditions provided by John
Wiley and Sons and Copyright Clearance Center.

License Number 5403550022580

License date Oct 07,2022

Licensed Content

Publisher John Wiley and Sons

Licensed Content

Publication Chemistry - A European Journal

C—H and Si—H Activation Reactions at Ru/Ga Complexes: A
Licensed Content Title Combined Experimental and Theoretical Case Study on the Ru—Ga
Bond

Licensed Content

Author Maximilian Muhr, Raphael Biihler, Hao Liang, et al

Licensed Content

Date Aug 3,2022
Licensed Content
28
Volume
Licensed Content 54

Issue

07.10.2022, 11:07
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Pages 6

Type of use Dissertation/Thesis

Requestor type Author of this Wiley article

Format Print and electronic

Portion Full article

wnsatng N

Title Reactive sites generation at intermetallic clusters
Institution name Technical University of Munich

Expected presentation Jan 2024

date

Maximilian Muhr
Lichtenbergrstrasse 4

Requestor Location
Garching, 85748
Germany
Attn: Technical University Munich

Publisher Tax 1D EU826007151

Total 0.00 USD

Terms and Conditions

TERMS AND CONDITIONS

This copyrighted material is owned by or exclusively licensed to John Wiley & Sons, Inc. or
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one of its group companies (each a"Wiley Company") or handled on behalf of a society with
which a Wiley Company has exclusive publishing rights in relation to a particular work
(collectively "WILEY™"). By clicking "accept" in connection with completing this licensing
transaction, you agree that the following terms and conditions apply to this transaction
(along with the billing and payment terms and conditions established by the Copyright
Clearance Center Inc., ("CCC's Billing and Payment terms and conditions"), at the time that
you opened your RightsLink account (these are available at any time at
http://myaccount.copyright.com).

Terms and Conditions

e The materials you have requested permission to reproduce or reuse (the "Wiley
Materials") are protected by copyright.

* You are hereby granted a personal, non-exclusive, non-sub licensable (on a stand-
alone basis), non-transferable, worldwide, limited license to reproduce the Wiley
Materials for the purpose specified in the licensing process. This license, and any
CONTENT (PDF or image file) purchased as part of your order, is for a one-time
use only and limited to any maximum distribution number specified in the license.
The first instance of republication or reuse granted by this license must be completed
within two years of the date of the grant of this license (although copies prepared
before the end date may be distributed thereafter). The Wiley Materials shall not be
used in any other manner or for any other purpose, beyond what is granted in the
license. Permission is granted subject to an appropriate acknowledgement given to the
author, title of the material/book/journal and the publisher. You shall also duplicate the
copyright notice that appears in the Wiley publication in your use of the Wiley
Material. Permission is also granted on the understanding that nowhere in the text is a
previously published source acknowledged for all or part of this Wiley Material. Any
third party content is expressly excluded from this permission.

e With respect to the Wiley Materials, all rights are reserved. Except as expressly
granted by the terms of the license, no part of the Wiley Materials may be copied,
modified, adapted (except for minor reformatting required by the new Publication),
translated, reproduced, transferred or distributed, in any form or by any means, and no
derivative works may be made based on the Wiley Materials without the prior
permission of the respective copyright owner. For STM Signatory Publishers
clearing permission under the terms of the STM Permissions Guidelines only, the
terms of the license are extended to include subsequent editions and for editions
in other languages, provided such editions are for the work as a whole in situ and
does not involve the separate exploitation of the permitted figures or extracts,
You may not alter, remove or suppress in any manner any copyright, trademark or
other notices displayed by the Wiley Materials. You may not license, rent, sell, loan,
lease, pledge, offer as security, transfer or assign the Wiley Materials on a stand-alone
basis, or any of the rights granted to you hereunder to any other person.

e The Wiley Materials and all of the intellectual property rights therein shall at all times
remain the exclusive property of John Wiley & Sons Inc, the Wiley Companies, or
their respective licensors, and your interest therein is only that of having possession of
and the right to reproduce the Wiley Materials pursuant to Section 2 herein during the
continuance of this Agreement. You agree that you own no right, title or interest in or
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to the Wiley Materials or any of the intellectual property rights therein. You shall have
no rights hereunder other than the license as provided for above in Section 2. No right,
license or interest to any trademark, trade name, service mark or other branding
("Marks") of WILEY or its licensors is granted hereunder, and you agree that you
shall not assert any such right, license or interest with respect thereto

e NEITHER WILEY NOR ITS LICENSORS MAKES ANY WARRANTY OR
REPRESENTATION OF ANY KIND TO YOU OR ANY THIRD PARTY,
EXPRESS, IMPLIED OR STATUTORY, WITH RESPECT TO THE MATERIALS
OR THE ACCURACY OF ANY INFORMATION CONTAINED IN THE
MATERIALS, INCLUDING, WITHOUT LIMITATION, ANY IMPLIED
WARRANTY OF MERCHANTABILITY, ACCURACY, SATISFACTORY
QUALITY, FITNESS FOR A PARTICULAR PURPOSE, USABILITY,
INTEGRATION OR NON-INFRINGEMENT AND ALL SUCH WARRANTIES
ARE HEREBY EXCLUDED BY WILEY AND ITS LICENSORS AND WAIVED
BY YOU.

e WILEY shall have the right to terminate this Agreement immediately upon breach of
this Agreement by you.

¢ You shall indemnify, defend and hold harmless WILEY, its Licensors and their
respective directors, officers, agents and employees, from and against any actual or
threatened claims, demands, causes of action or proceedings arising from any breach
of this Agreement by you.

e INNO EVENT SHALL WILEY OR ITS LICENSORS BE LIABLE TO YOU OR
ANY OTHER PARTY OR ANY OTHER PERSON OR ENTITY FOR ANY
SPECIAL, CONSEQUENTIAL, INCIDENTAL, INDIRECT, EXEMPLARY OR
PUNITIVE DAMAGES, HOWEVER CAUSED, ARISING OUT OF OR IN
CONNECTION WITH THE DOWNLOADING, PROVISIONING, VIEWING OR
USE OF THE MATERIALS REGARDLESS OF THE FORM OF ACTION,
WHETHER FOR BREACH OF CONTRACT, BREACH OF WARRANTY, TORT,
NEGLIGENCE, INFRINGEMENT OR OTHERWISE (INCLUDING, WITHOUT
LIMITATION, DAMAGES BASED ON LOSS OF PROFITS, DATA, FILES, USE,
BUSINESS OPPORTUNITY OR CLAIMS OF THIRD PARTIES), AND WHETHER
OR NOT THE PARTY HAS BEEN ADVISED OF THE POSSIBILITY OF SUCH
DAMAGES. THIS LIMITATION SHALL APPLY NOTWITHSTANDING ANY
FAILURE OF ESSENTIAL PURPOSE OF ANY LIMITED REMEDY PROVIDED
HEREIN.

¢ Should any provision of this Agreement be held by a court of competent jurisdiction
to be illegal, invalid, or unenforceable, that provision shall be deemed amended to
achieve as nearly as possible the same economic effect as the original provision, and
the legality, validity and enforceability of the remaining provisions of this Agreement
shall not be affected or impaired thereby.

¢ The failure of either party to enforce any term or condition of this Agreement shall not
constitute a waiver of either party's right to enforce each and every term and condition
of this Agreement. No breach under this agreement shall be deemed waived or
excused by either party unless such waiver or consent is in writing signed by the party
granting such waiver or consent. The waiver by or consent of a party to a breach of
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any provision of this Agreement shall not operate or be construed as a waiver of or
consent to any other or subsequent breach by such other party.

¢ This Agreement may not be assigned (including by operation of law or otherwise) by
you without WILEY's prior written consent.

e Any fee required for this permission shall be non-refundable after thirty (30) days
from receipt by the CCC.

¢ These terms and conditions together with CCC's Billing and Payment terms and
conditions (which are incorporated herein) form the entire agreement between you and
WILEY concerning this licensing transaction and (in the absence of fraud) supersedes
all prior agreements and representations of the parties, oral or written. This Agreement
may not be amended except in writing signed by both parties. This Agreement shall be
binding upon and inure to the benefit of the parties' successors, legal representatives,
and authorized assigns.

e In the event of any conflict between your obligations established by these terms and
conditions and those established by CCC's Billing and Payment terms and conditions,
these terms and conditions shall prevail.

¢ WILEY expressly reserves all rights not specifically granted in the combination of (i)
the license details provided by you and accepted in the course of this licensing
transaction, (ii) these terms and conditions and (iii) CCC's Billing and Payment terms
and conditions.

¢ This Agreement will be void if the Type of Use, Format, Circulation, or Requestor
Type was misrepresented during the licensing process.

¢ This Agreement shall be governed by and construed in accordance with the laws of
the State of New York, USA, without regards to such state's conflict of law rules. Any
legal action, suit or proceeding arising out of or relating to these Terms and Conditions
or the breach thereof shall be instituted in a court of competent jurisdiction in New
York County in the State of New York in the United States of America and each party
hereby consents and submits to the personal jurisdiction of such court, waives any
objection to venue in such court and consents to service of process by registered or
certified mail, return receipt requested, at the last known address of such party.

WILEY OPEN ACCESS TERMS AND CONDITIONS

Wiley Publishes Open Access Articles in fully Open Access Journals and in Subscription
journals offering Online Open. Although most of the fully Open Access journals publish
open access articles under the terms of the Creative Commons Attribution (CC BY) License
only, the subscription journals and a few of the Open Access Journals offer a choice of
Creative Commons Licenses. The license type is clearly identified on the article.

The Creative Commons Attribution License

The Creative Commons Attribution License (CC-BY) allows users to copy, distribute and
transmit an article, adapt the article and make commercial use of the article. The CC-BY
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license permits commercial and non-
Creative Commons Attribution Non-Commercial License
The Creative Commons Attribution Non-Commercial (CC-BY-NC)License permits use,

distribution and reproduction in any medium, provided the original work is properly cited
and is not used for commercial purposes.(see below)

Creative Commons Attribution-Non-Commercial-NoDerivs License

The Creative Commons Attribution Non-Commercial-NoDerivs License (CC-BY-NC-ND)
permits use, distribution and reproduction in any medium, provided the original work is
properly cited, is not used for commercial purposes and no modifications or adaptations are
made. (see below)

Use by commercial "for-profit" organizations

Use of Wiley Open Access articles for commercial, promotional, or marketing purposes
requires further explicit permission from Wiley and will be subject to a fee.

Further details can be found on Wiley Online Library http://olabout.wiley.com/WileyCDA
/Section/id-410895.html

Other Terms and Conditions:

v1.10 Last updated September 2015

Questions? customercare@copyright.com or +1-855-239-3415 (toll free in the US) or
+1-978-646-2777.
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Total number of pages
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content?
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This Agreement between Maximilian Muhr ("You") and John Wiley and Sons ("John Wiley
and Sons") consists of your license details and the terms and conditions provided by John
Wiley and Sons and Copyright Clearance Center.

License Number

License date

Licensed Content
Publisher

Licensed Content
Publication

Licensed Content
Title

Licensed Content
Author

Licensed Content
Date

Licensed Content
Volume

Licensed Content
Issue

5412620998665

Oct 19, 2022

John Wiley and Sons

Angewandte Chemie International Edition

The Intermetalloid Cluster [(Cp*AlCu)6H4], Embedding a Cu6 Core
Inside an Octahedral Al6 Shell: Molecular Models of Hume—Rothery
Nanophases

Chelladurai Ganesamoorthy, Jana Welling, Clarissa Kroll, et al

Jun 24,2014
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Requestor Location
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Terms and Conditions

TERMS AND CONDITIONS

This copyrighted material is owned by or exclusively licensed to John Wiley & Sons, Inc. or
one of its group companies (each a"Wiley Company") or handled on behalf of a society with
which a Wiley Company has exclusive publishing rights in relation to a particular work
(collectively "WILEY™"). By clicking "accept" in connection with completing this licensing
transaction, you agree that the following terms and conditions apply to this transaction
(along with the billing and payment terms and conditions established by the Copyright
Clearance Center Inc., ("CCC's Billing and Payment terms and conditions"), at the time that
you opened your RightsLink account (these are available at any time at
http://myaccount.copyright.com).

Terms and Conditions

¢ The materials you have requested permission to reproduce or reuse (the "Wiley
Materials") are protected by copyright.

¢ You are hereby granted a personal, non-exclusive, non-sub licensable (on a stand-
alone basis), non-transferable, worldwide, limited license to reproduce the Wiley
Materials for the purpose specified in the licensing process. This license, and any
CONTENT (PDF or image file) purchased as part of your order, is for a one-time
use only and limited to any maximum distribution number specified in the license.
The first instance of republication or reuse granted by this license must be completed
within two years of the date of the grant of this license (although copies prepared
before the end date may be distributed thereafter). The Wiley Materials shall not be
used in any other manner or for any other purpose, beyond what is granted in the
license. Permission is granted subject to an appropriate acknowledgement given to the
author, title of the material/book/journal and the publisher. You shall also duplicate the
copyright notice that appears in the Wiley publication in your use of the Wiley
Material. Permission is also granted on the understanding that nowhere in the text is a
previously published source acknowledged for all or part of this Wiley Material. Any
third party content is expressly excluded from this permission.

e With respect to the Wiley Materials, all rights are reserved. Except as expressly
granted by the terms of the license, no part of the Wiley Materials may be copied,
modified, adapted (except for minor reformatting required by the new Publication),
translated, reproduced, transferred or distributed, in any form or by any means, and no
derivative works may be made based on the Wiley Materials without the prior
permission of the respective copyright owner.For STM Signatory Publishers
clearing permission under the terms of the STM Permissions Guidelines only, the
terms of the license are extended to include subsequent editions and for editions
in other languages, provided such editions are for the work as a whole in situ and
does not involve the separate exploitation of the permitted figures or extracts,
You may not alter, remove or suppress in any manner any copyright, trademark or
other notices displayed by the Wiley Materials. You may not license, rent, sell, loan,
lease, pledge, offer as security, transfer or assign the Wiley Materials on a stand-alone
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basis, or any of the rights granted to you hereunder to any other person.

e The Wiley Materials and all of the intellectual property rights therein shall at all times
remain the exclusive property of John Wiley & Sons Inc, the Wiley Companies, or
their respective licensors, and your interest therein is only that of having possession of
and the right to reproduce the Wiley Materials pursuant to Section 2 herein during the
continuance of this Agreement. You agree that you own no right, title or interest in or
to the Wiley Materials or any of the intellectual property rights therein. You shall have
no rights hereunder other than the license as provided for above in Section 2. No right,
license or interest to any trademark, trade name, service mark or other branding
("Marks") of WILEY or its licensors is granted hereunder, and you agree that you
shall not assert any such right, license or interest with respect thereto

NEITHER WILEY NOR ITS LICENSORS MAKES ANY WARRANTY OR
REPRESENTATION OF ANY KIND TO YOU OR ANY THIRD PARTY,
EXPRESS, IMPLIED OR STATUTORY, WITH RESPECT TO THE MATERIALS
OR THE ACCURACY OF ANY INFORMATION CONTAINED IN THE
MATERIALS, INCLUDING, WITHOUT LIMITATION, ANY IMPLIED
WARRANTY OF MERCHANTABILITY, ACCURACY, SATISFACTORY
QUALITY, FITNESS FOR A PARTICULAR PURPOSE, USABILITY,
INTEGRATION OR NON-INFRINGEMENT AND ALL SUCH WARRANTIES
ARE HEREBY EXCLUDED BY WILEY AND ITS LICENSORS AND WAIVED
BY YOU.

WILEY shall have the right to terminate this Agreement immediately upon breach of
this Agreement by you.

You shall indemnify, defend and hold harmless WILEY, its Licensors and their
respective directors, officers, agents and employees, from and against any actual or
threatened claims, demands, causes of action or proceedings arising from any breach
of this Agreement by you.

IN'NO EVENT SHALL WILEY OR ITS LICENSORS BE LIABLE TO YOU OR
ANY OTHER PARTY OR ANY OTHER PERSON OR ENTITY FOR ANY
SPECIAL, CONSEQUENTIAL, INCIDENTAL, INDIRECT, EXEMPLARY OR
PUNITIVE DAMAGES, HOWEVER CAUSED, ARISING OUT OF OR IN
CONNECTION WITH THE DOWNLOADING, PROVISIONING, VIEWING OR
USE OF THE MATERIALS REGARDLESS OF THE FORM OF ACTION,
WHETHER FOR BREACH OF CONTRACT, BREACH OF WARRANTY, TORT,
NEGLIGENCE, INFRINGEMENT OR OTHERWISE (INCLUDING, WITHOUT
LIMITATION, DAMAGES BASED ON LOSS OF PROFITS, DATA, FILES, USE,
BUSINESS OPPORTUNITY OR CLAIMS OF THIRD PARTIES), AND WHETHER
OR NOT THE PARTY HAS BEEN ADVISED OF THE POSSIBILITY OF SUCH
DAMAGES. THIS LIMITATION SHALL APPLY NOTWITHSTANDING ANY
FAILURE OF ESSENTIAL PURPOSE OF ANY LIMITED REMEDY PROVIDED
HEREIN.

¢ Should any provision of this Agreement be held by a court of competent jurisdiction
to be illegal, invalid, or unenforceable, that provision shall be deemed amended to
achieve as nearly as possible the same economic effect as the original provision, and
the legality, validity and enforceability of the remaining provisions of this Agreement
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Licensed Content Author
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Springer Nature
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5. Eidesstattliche Erklarung

Ich, Maximilian Muhr, erklare an Eides statt, dass ich die bei der promotionsfiihrenden Einrichtung
TUM School of Natural Sciences, Department fiir Chemie, Lehrstuhl fiir Anorganische und Metallorganische
Chemie

der TUM zur Promotionsprifung vorgelegte Arbeit mit dem Titel:

Accessible Sites at Bimetallic Complexes and Clusters

unter der Anleitung und Betreuung durch: Prof. Dr. Dr. h. ¢. Roland A. Fischer

ohne sonstige Hilfe erstellt und bei der Abfassung nur die gemaR § 7 Abs. 6 und 7 angegebenen Hilfsmittel benutzt
habe.

X Ich habe keine Organisation eingeschaltet, die gegen Entgelt Betreuertinnen fiir die Anfertigung von
Dissertationen sucht, oder die mir obliegenden Pflichten hinsichtlich der Priifungsleistungen fiir mich ganz oder

teilweise erledigt.

X Ich habe die Dissertation in dieser oder &hnlicher Form in keinem anderen Priifungsverfahren als
Prifungsleistung vorgelegt.

Xl Teile der Dissertation wurden in u.a. Angew. Chem. Int. Ed.; Comm. Commun.; Nat. Commun.; veréffentlicht.

X Ich habe den angestrebten Doktorgrad noch nicht erworben und bin nicht in einem friilheren Promotionsverfahren
fur den angestrebten Doktorgrad endgliltig gescheitert.

[0 Ich habe bereits am bei der promotionsfihrenden  Einrichtung

der Hochschule

unter Vorlage einer Dissertation mit dem Thema

die Zulassung zur Promotion beantragt mit dem Ergebnis:

Xl Ich habe keine Kenntnis (iber ein strafrechtliches Ermittlungsverfahren in Bezug auf wissenschaftsbezogene

Straftaten gegen mich oder eine rechtskréftige strafrechtliche Verurteilung mit Wissenschaftsbezug.

Die offentlich zugéngliche Promotionsordnung sowie die Richtlinien zur Sicherung guter wissenschaftlicher Praxis
und fir den Umgang mit wissenschaftlichem Fehlverhalten der TUM sind mir bekannt, insbesondere habe ich die
Bedeutung von § 27 PromO (Nichtigkeit der Promotion) und § 28 PromO (Entzug des Doktorgrades) zur Kenntnis
genommen. Ich bin mir der Konsequenzen einer falschen Eidesstattlichen Erklarung bewusst.

Mit der Aufnahme meiner personenbezogenen Daten in die Alumni-Datei bei der TUM bin ich

X einverstanden, [ nicht einverstanden.

Maximilian Muhr

Minchen, den 14.11.2022
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