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ABSTRACT

This project focused on the investigation of Hume-Rothery inspired cluster synthesis controlled by the
addition of additives. Since alkynes bind well to TM(0) compounds and are themselves a model
substrate for catalytic applications, e.g. semi-hydrogenation of acetylene, they were used as the
appropriate additive to control cluster size and distribution of intermetallic TM/E compounds (TM = Ni,
Pd, Pt; E = Al, Ga). The reaction progress was systematically studied by varying the temperature,
additive concentration, additive itself and metal ratios, and monitored using in-situ NMR spectroscopy
and LIFDI mass spectrometry. In the second part, selected compounds were evaluated for their

applicability in semi-hydrogenation reactions.

The studies showed a strong dependency of the additive concentration on TM-E cluster formation. In
the case of Ni/Ga, Ni/Al as well as Pt/Ga and Pt/Al, cluster growth was controlled by varying the additive
concentration. While a high additive concentration caused small TM-E clusters with a high additive
amount attached to the metal core, low concentrations resulted either in the formation of large clusters
as in case of Ni/Ga or Ni/Al or in no reaction as in case of Pt/Ga. Furthermore, the variation of the
respective metal content is directly affected the metal ratio in the cluster especially when AICp* was
used. Therefore, the higher the concentration of AICp* in comparison to Ni, the lower was the TM:Al
ratio in the resulting compound. However, this mostly resulted in the formation of homoleptic
[TM(AICp*)4] (TM = Ni, Pt) which is expected to be kinetically inert. In case of GaCp*, such a dependency
was not detected. Additionally, TM/E systems were also revealed to be very sensitive to different
temperatures. In this regard, high temperatures led to cluster growth reactions while low temperatures
favored the formation of smaller clusters. Moreover, the addition of an alkyne prevented Cp* transfer
reactions from the ligand metal, e.g. GaCp*, to the transitions metal as previously observed for Ni/Ga
systems. Due to the binding of the additive to the open coordination sites of the catalytically active
transition metal center, catalytic inertness of the system was avoided which would be observed if TM-
Cp* is obtained. Further, this thesis enabled additive controlled intermetallic cluster synthesis obtained
via ligand substitution, cluster growth or cluster degradation. This was demonstrated by a combinatorial
approach that detects reactive intermediates in cluster libraries and thus overcoming the difficulties
associated with the elaborate isolation and crystallization of intermetallic compounds. Size-focused
solutions were achieved from cluster mixtures by appropriate addition of precursors which were not
done yet for cluster mixtures. Structurally valid suggestions were identified by combining experimental

and theoretical methods and verified by comparison with compounds already known in the literature.

In the last part of this thesis, suitable Ni/Al and Ni/Ga compounds were investigated for their catalytic
applicability. While Ni/Ga clusters mostly decompose after complete hydrogenation of the alkynes and
alkenes, Ni/Al compounds were found to be potential candidates for semi-hydrogenation processes as

they have been shown to be intact after the catalytic cycle.



ZUSAMMENFASSUNG

Dieses Projekt befasste sich mit der Untersuchung von Hume-Rothery inspirierten Clustersynthesen,
die durch die Zugabe von Additiven gesteuert werden kann. Da Alkine gut an TM(0)-Verbindungen
binden und selbst ein Modellsubstrat fir katalytische Anwendungen, z. B. die Halbhydrierung von
Acetylen, darstellen, wurde es als entsprechendes Additiv verwendet, um sowohl die Clustergréf3e als
auch die -verteilung von intermetallischen TM/E-Verbindungen (TM = Ni, Pd, Pt; E = Al, Ga) zu steuern.
Der Reaktionsverlauf wurde systematisch durch Variation der Temperatur, der Additivkonzentration, des
Additivs selbst und des Metallverhéltnisses untersucht und mit Hilfe von in-situ NMR-Spektroskopie und
LIFDI-Massenspektrometrie Uberwacht. Im zweiten Teil wurden ausgewéhlte Verbindungen auf ihre

Eignung fir Semi-Hydrierungsreaktionen getestet.

Die Untersuchungen zeigten eine starke Abhéangigkeit der TM-E-Clusterbildung von der
Additivkonzentration. Im Falle von Ni/Ga, Ni/Al sowie Pt/Ga und Pt/Al konnte das Clusterwachstum
durch Variation der Additivkonzentration gesteuert werden. Wahrend hohe Additivkonzentrationen zu
kleinen TM-E-Clustern mit hoher Additivmenge am Metallkern fuhrten, resultierten niedrige
Konzentrationen entweder in der Bildung grof3er Cluster wie im Falle von Ni/Ga oder Ni/Al oder in keiner
Reaktion wie im Falle von Pt/Ga. Darlber hinaus beeinflusste die Variation des jeweiligen Metallgehalts
direkt das Metallverhaltnis im Cluster, insbesondere wenn AICp* verwendet wurde. Je hoher die
Konzentration von AICp* im Vergleich zu Nickel, desto geringer war das TM:Al-Verhaltnis in der
resultierenden Verbindung. Dies fuhrte jedoch meist zur Bildung von homoleptischem [TM(AICp*)4]
(TM = Ni, Pt), das kinetisch inert sein sollte. Im Falle von GaCp* wurde eine solche Abhangigkeit vom
Metallverhéltnis nicht festgestellt. Die TM/E-Systeme erwiesen sich zudem als sehr empfindlich
gegenuber unterschiedlichen Temperaturen. Hohe Temperaturen fihrten dabei zu einer
Clusterwachstumsreaktion, wahrend niedrige Temperaturen die Bildung kleinerer Cluster begunstigt.
Dartber hinaus verhinderte die Zugabe eines Alkins die Cp*-Transferreaktion vom Ligandmetall, z.B.
GaCp*, zum Ubergangsmetall, wie sie fiir das Ni/Ga-System beobachtet wurde. Aufgrund der Bindung
des Additivs an die offenen Koordinationsstellen des katalytisch aktiven Ubergangsmetallzentrums, wird
eine katalytische Inertheit des Systems, welche durch die Cp*-TM Bindung ausgeldst werden wurde,
verhindert. Diese Arbeit ermdglichte eine Additiv-gesteuerte intermetallische Clustersynthese, die durch
Ligandensubstitution, Clusterwachstum oder Clusterabbau erreicht wird. Dies wurde durch einen
kombinatorischen Ansatz demonstriert, der reaktive Zwischenstufen in Clusterbibliotheken detektiert
und damit die Schwierigkeiten Uberwindet, die mit der aufwandigen Isolierung und Kristallisation von
intermetallischen Clustern verbunden sind. Durch geeignete Zugabe von Prakursoren konnten
gréRenfokussierte Lésungen aus Clustermischungen gewonnen werden. Dartiber hinaus wurden
strukturell gultige Vorschlage durch die Kombination experimenteller und theoretischer Methoden und

durch den Vergleich mit bereits in der Literatur bekannten Verbindungen identifiziert.

Im letzten Teil dieser Arbeit wurden geeignete Ni/Al- und Ni/Ga-Verbindungen auf ihre katalytische
Anwendbarkeit hin untersucht. Wahrend sich Ni/Ga-Cluster nach der vollstdndigen Hydrierung der
Alkine und Alkene meist zersetzen, erwiesen sich Ni/Al-Verbindungen als potenzielle Kandidaten fur

Halbhydrierungsprozesse, da sie nach dem katalytischen Zyklus erwiesenermalf3en intakt sind.
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Introduction
1. INTRODUCTION

The global production of plastics is continuously increasing from 502 billion USD (2016) to 593 billion
USD (2021) and is expected to further grow by 3.7 % until 2030.1 One of the most important materials
in the global production of plastics are polyethylene (PE), polypropylene (PP) and polyurethane (PU)
while the European demand reports PE, PP and polyvinylchloride (PVC) as the most produced materials
in plastics (Figure 1).2 Their applications range from packaging, building and construction sector,
electronics and electrics to automotive industry or consumer goods (Figure 1). With over 25.0 %,

polyethylene accounts for the largest share and is mostly applied in the packaging sector.?

M Polyethylene (PE) M Packaging
B Polypropylene (PP) Building and construction
V B Polyvinyl chloride (PVC) M Automotive
B Polyurethanes (PUR) M Electrics and electronics
8% B Polyethylene terephthalate (PET) B Household, leisure and sports
Polystyrene (PS) B Agriculture
W Others W Others

Figure 1: Distribution of the European fossil-based plastics demand in 2018/2019 (left) and European fossil-based plastics demand
by application in 2018 / 2019 (right).?

Such polyethylene is manufactured by polymerization of ethylene. The applied conditions in this process
which leads to PE play an important role and influence different binding motifs and related properties.
Using high pressure (1000-3000 bar) at max. 300 °C for PE synthesis results in low-density polyethylene
(LDPE) which features a highly branched polymer.2 It is synthesized via a radical polymerization with
bond scission of oxygen being the initial step.# In contrast, high-density polyethylene (HDPE) is
produced at lower pressure (10-80 bar) and lower temperatures (70-300 °C) resulting in a linear
polymer. The gas phase or liquid phase synthesis of HDPE requires a catalyst such as Titanium-based
Ziegler-Natta or Chromium-based Philips catalyst allowing for more benign conditions.3-> Addition of a
co-monomer, e.g. n-butene, n-hexene or n-octene, during the process lead to the synthesis of linear
low-density polyethylene (LLDPE).

The starting material for the polymerization is ethylene which can be obtained by e.g. steam cracking of
petroleum feedstock.® The separation of light-chain hydrocarbons (ethylene, propylene, butadiene)
observed in the feedstock relies on highly-energy consuming cryogenic distillation.” Although the
ethylene extracted is rather pure, it still contains approximately 1% acetylene, which must be removed
prior to polymerization to prevent catalyst poisoning.® Therefore, a catalytic process is required that
selectively converts acetylene to ethylene in the presence of excess ethylene without conversion of the
olefin. In industrial scale, this so-called semi-hydrogenation is performed by a heterogeneous catalyst,
e.g. PdAg supported on alumina.® Considering a Pd(111) surface, the first step is the adsorption of
gaseous acetylene on the catalysts surface, followed by the hydrogenation of the alkyne revealing
ethylene on the metal’s surface as proposed by Studt et al. (Figure 2, left).1° The formed ethylene may

then either react to ethane via further hydrogenation or desorb from the surface. To avoid
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over-hydrogenation to ethane, the energetic barrier for the next hydrogenation step needs to be higher
than the desorption of the olefin yielding the desired ethylene. By introduction of a second metal,
prominently silver, the selectivity towards ethylene is increased as an effect of electronical and
geometrical parameters. The adsorbent, here acetylene, still binds to the catalytically active metal (Pd)
whose electronic properties are influenced by the second metal and therefore, on the binding to the
adsorbent. It has to be pointed out, that the adsorbent does not directly interact with the second metal,
Ag.1° In contrast to Studt’s suggestion, however, Spanjers et al. proposed an increased conversion of
acetylene to ethylene due to the suppression of oligomerization reactions when using a second metal.1!
Further, the higher the content of the second metal, the higher is the selectivity to ethylene due to

hampered competing oligomerization reaction.12

05 0,14
9 100% Ni i
T 012 - +-- 45% Ni 55% Zn HER
05 8 -~ 4-- 33% Ni 67% Zn .
M £ 0104 . . 100% Pd it ]
% 8 00| " 25%Pd75% Ag oo
S5 g 25% Ni 75% Zn -
= ;
§ -2 ; 0,06 'j' «
S © 4 d
2.5 £ 004, o
Q 1 o i’
3 5 &
£ 0,021 P F
-35 B o A - - -’- e
o 0,00 - 5 Pk, 3 L e SPPP L, LA,/
60 80 100

Conversion of acetylene (%)

Figure 2: Left: Energy diagram of the hydrogenation process of acetylene on a Pd (black) or PdAg (red) surface calculated from
Studt et al.. Right: Diagram of the conversion of acetylene dependent on the metal ratios with respect to the observed ethane
concentration from F. Studt, F. Abild-Pedersen, T. Bligaard, R. Z. Sgrensen, C. H. Christensen, J. K. Ngrskov, Science 2008,
320, 1320-1322"°, reprinted with permission from AAAS. Copyright in 2008.

As alternatives for the established Pd/Ag or Pd systems, recent investigations point to Hume-Rothery
intermetallic phases as cost-efficient catalysts. With this regard, PdGal3-14, FeAl'5, NiZn1 16 and NiGa’
were investigated in terms of selectivity and metal ratios as potential semi-hydrogenation catalysts.
Figure 2 (right) illustrates the dependency of selectivity for the conversion of acetylene on the metal
ratio.’® As an example, when using solely Ni as semi-hydrogenation catalyst, the selectivity for ethylene
is rather low since the ethane concentration is increasing already with an acetylene conversion of about
40%. The addition of a second metal significantly increases the selectivity towards ethylene which can
be determined by a lower ethane concentration, even over 90% acetylene conversion. Comparable
trends in selectivity applying bimetallic catalyst systems have been also observed for Pd/Ag (Figure 2,
right). DFT calculations performed with various metal combinations and ratios revealed NiZnsz as the
best compromise regarding metal costs, selectivity and turnover number® while experimental data
showed NisZn21, instead, as selective catalyst in case of a NiZn intermetallic system!™. In summary, both
experimental as well as theoretical data indicate Hume-Rothery intermetallic systems, especially NiZn
with high Zn content, are particularly suitable as a selective catalyst for semi-hydrogenation.

In particular, the experimentally and theoretically well-studied intermetallic Pd/Ga system resembles a

model system which allows for investigations as potential catalyst for the semi-hydrogenation of
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acetylene. Different synthetic procedures are applied to obtain such intermetallic systems having an
impact on the selectivity due to metal distribution. While doping of bulk materials (Pd), which gains
intermetallic catalyst’'s surfaces, increases activity but lowers selectivity to ethylene due to surface
defects, nanostructured intermetallic compounds (Ga-Pd) have both advantages exhibiting high activity
as well as high selectivity.'®

Investigations of a catalytically active PdGa surface (Pd2Ga or PdGa) indicates a Pd-center which is
coordinated by gallium acting as a geometric spacer. This phenomenon is known as active-site isolation
concept where the active metal is surrounded by a second metal.1® Theoretical calculations supports
this assumption of isolated Pd atoms as reactive center with a Ga rich environment.2® In contrast to
previous findings, the acetylene, thus, is strongly attached on the top of one Pd atom or between two
Ga atoms whereas the vinyl (half-hydrogenated acetylene) indicates bridging position between the Pd
and Ga. However, the semi-hydrogenated ethylene then fully binds to the palladium center.13 Further,
Ga causes the reduction of the adsorption energy of the alkene resulting in a weak Pd-ethylene bond
and thus, releasing of the desired ethylene is favored instead of further hydrogenation.?!

In summary, the introduction of a second metal such as Ga, Al, Zn or Ag in a catalytic reaction does not
only influence the system due to geometrical effects, e.g. as spacer, but acting actively while bonding
molecules during the hydrogenation process and having impact on the bonding energy between the
desired molecule and the transition metal. This results in a higher selectivity in the semi-hydrogenation
when applying intermetallic catalysts instead of monometallic compounds. In order to investigate such
reactions and the role of intermetallic catalysts, in particular the influence on the binding of the substrate,
the effect of the second metal and the associated reaction mechanism, elaborate methods as surface
tunneling microscopy (STM) or X-Ray photoelectron spectroscopy (XPS) under ultra-high vacuum
(UHV) are required.?? Applying nanoparticles or nanoclusters, such system can be investigated due to
decreased complexity. However, the control of particle size and distribution of such nanoparticles or
nanocatalysts resembling the heterogeneous surface is rather complex and will be specified in the

following.23
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2. THEORETICAL BACKGROUND

2.1. Bimetallic Nanoparticles: Control of Size and Metal Distribution

Monometallic or bimetallic nanoparticles (NPs), consisting of one or two metals, are obtained either by
top-down or bottom-up synthesis. The top-down method is applied to convert bulk materials to metallic
nanoparticles. Several top-down approaches have been developed in the recent years to synthesize
mono- or bimetallic nanoparticles which enhance catalytic properties caused by a higher surface area.
However, milling and etching, usually applied for top-down approaches, revealed structural defects on
the surface which decreased the selectivity of the material.2*25> On the other hand, the bottom-up
procedure implies the synthesis of nanoparticles via colloidal synthesis, sol-gel processing, chemical
reduction and precipitation, and atomic layer deposition. Using this synthetic pathway, the defects on
the catalyst’s surface are better controllable as well as the particle size and distribution.23. 26

In particular, monometallic NPs are mostly synthesized by chemical reduction which produces metals
in the zero-valent state due to the addition of a reducing agent and are stabilized by a stabilizing agent.?’
Additionally, the synthesis of bimetallic NPs are usually prepared in a wet-chemical approach involving
the simultaneous reduction of two metals.?” This procedure offers the control of metal distribution and
nanoparticle size dependent on the applied synthesis method and the respective conditions.?3 28
Depending on the starting material and on the synthesis conditions, different metal arrangements in the
nanoparticles or nanocrystals can be obtained (see Figure 3) which are attributed to different cross
section types: core-shell (A), cluster-in-cluster (B), layered (C) and randomly distributed (D) metal alloys,
and multi-shell alloys (E).27-30
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Figure 3: Cross sections of nanoparticle showing different types of metal distribution: core-shell (A), cluster-in-cluster (B),
intermetallic alloy with ordered metal atoms (C), intermetallic alloy with randomly distributed metal atoms (D), multi-shell alloy (E).

While bimetallic NPs are usually obtained by simultaneous reduction of both metals, the nanopatrticles
featuring a core-shell structure (A) are prepared by successive reduction of a second metal which is
deposited on an already existing monometallic nanoparticle of another metal.3! At the core-shell type,
the catalytically active metal is exposed on the surface of the core making this type economically more
efficient and enhances catalytically properties due to stronger interaction of the substrate with the
catalytically active metal compared to monometallic NPs.?2 The cluster-in-cluster typed nanomaterial (B)
reveals only a few Ma-Mp bonds of the different metals which are located on the interface between the
two clusters. This subcluster segregated nanoalloy is in principle possible, but specific examples are
rather scarce.?® The intermetallic alloy with ordered (C) or randomly distributed metal atoms (D), instead,

exhibit many metal-metal bonds due to increased amount of layer interfaces. The fifth possible metal
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arrangement of nanoparticles is the multi-shell mixing pattern (E). This type which is also known as
onion-type structure shows a core consisting of a metal A and/or metal B, an intermediate shell of metal
A and an outer shell of metal B.28 30

Accordingly, the degree of mixing or ordering in the respective alloys are highly depending on relative
bond strength of metal A and B, the surface energy of the bulk elements (metal with lowest surface
energy prefers surface position), the relative atomic sizes, the charge transfer (high deviation of
electronegativity favors metal mixing), the bond strength to surface ligands as well as specific electronic
or magnetic properties of the respective metal.2®

Although the conditions and metal’s properties can modify the distribution of both metals in the alloy,
the applied method should also be adjusted to fulfil the following requirements, if used for catalytic
application: the reactive sites on the alloy’s surface have to be accessible to reactants (i), the stabilizer
should not affect the reactive sites by poisoning (ii) and the bimetallic material have to be stable under

the respective catalytic conditions (iii).%°

Size Control of NPs

| Nucleation
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Figure 4: Different steps of nanoparticle synthesis: Reduction, nucleation and growth to obtain nanostructured metal colloids. 323

Depending on the choice of precursor, reducing agent, stabilizer and reaction conditions, the particle
size of such nanomaterials can be well controlled.33 In principle, the stepwise formation of nanomaterials
is divided in three sections: reduction, nucleation, growth and agglomeration as published from
Turkevich et al. (see Figure 4).35 At first, the metal precursor consisting of M* and X- is chemically
reduced forming the zero-valent and highly reactive metal atom. The nucleation is defined as a process
in which a new particle of a new phase is formed. This could occur due to collision of two or more metal
ions, metal atoms or small already formed clusters.3® This process step is a complex interplay of redox
potentials (metal salt compared to reducing agent) and reaction conditions as well as rate of addition,
temperature and stirring rate.3* The following growth process describes the deposition of an additional
material on the particle surface enabling size control.®®> The separation of the nucleation and growth is
of upmost importance as it results in a broad particle size distribution if both steps are overlapping.3
Therefore, short nucleation times are highly desirable to achieve monodispersed particle formation as
induced by fast addition of the reducing agent.3* Furthermore, the growth process is dependent on the
respective surface energy of the metal which must not be higher than the entropy loss, otherwise
uncontrolled growth of the particle will occur leading to a broadening of particle size distribution. The
obtained nanostructured colloidal metals are then protected by stabilizing agents which prevents the

particles from agglomeration.33
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Additives as Stabilizing Agents

The use of additives or surfactants as stabilizers in nanoparticle synthesis can drastically influence the
catalytic properties of the nanoparticle while preventing the nanoparticles from agglomeration.36-37
Already traces of additives could enhance the catalytic activation and the respective selectivity due to
electronic and steric effects on the nanoparticles.384° In terms of selectivity, the application of additives
hampers over-hydrogenation especially when using alkynes for semi-hydrogenation reactions as the
hydrogens are more separated on the metal’'s surface and thus, are less accessible for over-
hydrogenation.?® Based on its nature, the additive can stabilize the metallic compound by influencing
either sterically or electrostatically.?3 41-42 While polymers, dendrimers or ligands are described as steric
stabilizers, surfactants in micelles or ionic liquids resemble electrostatic additives.?® Both prevent the
nanoparticles from agglomeration and precipitation in solution. Similar to tetra(octyllammonium chloride
for Pd-NPs*3, electrostatic stabilizers feature a characteristic double layered structure around the metal
particle which consists of an anionic and cationic layer. Dependent on the repulsive forces, these
stabilizer class could also hamper catalytic activity due to strong shielding of the NPs. Polymeric
stabilization (e.g.), which is identified as steric stabilizer, is based on their weak bonding on the surface
of the nanoparticle instead of less strong binding to the metal surface.?® One of the most reported
polymeric stabilizers are poly(N-vinyl-2-pyrrolidone) (PVP) and poly(vinylalcohol) (PVA).40. 44-46
Furthermore, ligands as an example for steric protection are intrinsically stabilizers itself and traditionally
combined with organometallic compounds or precursors. Typical ligand stabilizers are amines, sulfides,
phosphines, N-heterocyclic carbenes (NHCs) as well as ionic ligands.?° The presence of the ligand on
the NP’s surface protects the formed nanomaterial while maintaining reactive sites due to
sub-stoichiometric amount of the ligands compared to metal.*” Nevertheless, there are examples where
the stabilizer can poison the catalyst’s surface, especially observed with sulfides. Due to the strong bond
between the RS- group and the electrophilic nanocluster surface, the catalytically vacant sites on the
metal are decreased.*?48 In 1981, G. Schmid introduced the first phosphine-stabilized Auss-nanocluster,
Auss[P(CsHs)s]12Cls, that are well defined in structure and shape.*® From that on, many examples using
phosphines as well as amines as steric stabilizers for e.g. Pd, Ni and Co NPs have been reported.50-53
However, these stabilizing agents do not appear to be the most appropriate ones since the colloids often
agglomerate due to lower binding to the metal NPs leading to the formation of superstructures. A
well-studied ligand class for stabilizing NPs are N-heterocyclic carbenes (NHCs).23 5461 Mostly used in
organometallic chemistry, they already demonstrated their wide range of applications. Additionally,
based on their functionalization possibilities, they have more recently been applied in materials
synthesis.>® NHCs have not only been used in Au-NPs, but also in the stabilization of more reactive
metals as Pd, Ru and Ir.56-57. 59-62 Dye to the various applications depending on the ligand residues
attached to the nitrogen atoms, the steric shielding of NHC ligands can be precisely adjusted leading to
the desired effect.

Although, investigation of nanopatrticles is a good opportunity to comprehend reaction mechanisms and
bonding affinity, it requires elaborate analytical methods as high-energy X-ray spectroscopy (XAS,
EXAFS, NEXAFS, XANES, XPS), energy-disperse X-ray microanalysis (EDX), magnetic

measurements, ion spectroscopy/scattering, partly under ultra-high vacuum, only to name a few.28
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2.2. (Inter)metallic Compounds: How to Control Cluster Size, Metal

Composition and Metal Distribution

Cluster Size Control as a Function of Ligand Amount

Therefore, complexity of such materials is decreased when using nanoclusters or molecularly defined
cluster instead of NPs.®® The line between molecular clusters and nanoclusters is rather blurred.
Nanoclusters usually exhibit a large number of metals, which could be also applied for bigger molecular
clusters. However, control of size and distribution of nanoclusters are rather difficult implementing high
temperatures, e.g. thermal annealing, due to high kinetic barriers as a result of low atomic mobility.53
The following will focus on potential parameters or conditions to control molecularly defined cluster sizes
and metal distribution. Gold clusters represent a well-studied class in terms of cluster size (ranging from
Auz until Auss and higher), cluster shape and ligand protection, which is mostly surrounded by thiolates,
phosphines or NHC ligands.®4%7 Furthermore, NHCs and phosphines have already been intensively
investigated for cluster control of Fe-S clusters (Figure 5).68
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Figure 5: Synthesis of NHC and phosphine stabilized Iron-Sulfur clusters.®® Adapted reprinted with permissions from L. Deng,
R. H. Holm, J. Am. Chem. Soc. 2008, 130, 9878-9886. Copyright 2008, American Chemical Society.

There, the cluster size and shape are highly dependent on the order of the addition of sulfur-component
and the NHC ligand which could be added either simultaneous or sequential. The clusters are
synthesized starting from a soluble Fe'"-source and (MesSi)2S as the sulfur source. The reactions which
only contains the sulfur-component in the beginning of the reaction resulted in the formation of

phosphine-containing tetracubic [Fei1sSi16](P'Prs)s or arm-chair shaped [Fe7Se](PEts)Cl2 dependent on
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the used phosphine. Further addition of NHC ligand, ((Pr)2(NHC)(Me)z, led to a substitution reaction and
revealed the formation of dicubic [FesSs](NHC)e which could also be obtained directly from
[Fe(PiPrs)2Clz] due to simultaneous addition of the sulfur and NHC component. Further, increase of the
NHC concentration led to cluster degradation resulting in monocubic [FesS4](NHC)a.

Similar cluster degradation of metal clusters was also described for Co-S and Mn-Te clusters. Analog
to Fe-S, the Co-S cubic clusters were prepared from Co" with a phosphine and a sulfur source.° Addition
of respective amount of NHC resulted in the desired mono- or dicubic Co-S clusters. Cubane typed
[Mn4Tes](NHC)4 synthesis was described as a ligand exchange reaction from the phosphine-analog.”
Decreasing the NHC amount, related to Mn, the cluster size is increasing to dicubic [MnsTes](NHC)s as

described for Fe-S cubanes where the Fe-S cubes were decreasing with higher amounts of NHC ligand.

Synthesis of Pt/E or Pd/E clusters: Control of clusters size and metal composition dependent on

conditions

In contrast to TM-S or TM-NHC clusters, the size of Hume-Rothery inspired intermetallic clusters, which
are often stabilized by ECp* ligands, strongly depends on the precursor, ligand-constitution,
concentration and conditions, especially temperature and solvent. While the reaction of [Pt(CzH4)s] with
GaCp* yielded dinuclear [Pt2(GaCp*)s],’* the mononuclear compound, [Pt(GaCp*)4] was obtained from
[Pt(cod)2] as precursor.”2 Further addition of Pt-precursor to [Pt(GaCp*)4] also revealed the quantitative
formation of dinuclear [Pt2(GaCp*)s] which increased the Pt-content in the cluster in comparison to Ga.”?

Both syntheses are based on ligand substitution reactions and dissociation/association mechanisms.
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Figure 6: Schematic representation of the synthesis of different Pd-Ga compounds as published by Fischer et al. in 2002 and
2005.7%73

Similar behavior was observed for Palladium-ECp* clusters. In contrast to Pt-Ga, these intermetallic
compounds are highly sensitive to temperature as well as precursor choice (Figure 6). Reaction of
[Pd(tmeda)(Me)2] (tmeda = tetramethyl-ethylenediamine) was reacted with GaCp* (5 eq.) at -80 °C
yielding the mononuclear [Pd(GaCp*)4] (Figure 6).72 In contrast to the Pt-syntheses, the formation of
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[Pd(GaCp*)4] involves redox processes (reduction of Pd", oxidation of Ga') as well as ligand substitution
reactions. Contrary to the mononuclear Pd-compound, the synthesis of higher nuclear clusters as
[Pd2(GaCp*)s] and [Pd3(GaCp*)s] were obtained solely based on ligand substitution from [Pdz(dvds)s]
(dvds = divinyl tetramethyl disiloxane) dependent on the temperature and solvent (Figure 6). Performing
the reaction in toluene at room temperature, the reaction revealed linear shaped [Pd:Gas](Cp*)s as the
favored product, while the synthesis of [Pd2Gas](Cp*)s requires lower temperatures (-30 °C) and
n-hexane as solvent.” Performing the reaction with InCp* instead of GaCp*, [Pd3(InCp*)s] was obtained
from [Pdz(dvds)s] which exhibits the same structural motif of three linear arranged Pd-centers as the Ga-
analog. Nevertheless, the reaction conducted with AICp* did not result in [Pd3(AlCp*)g], but in the
formation of [Pds(AICp*)s]. This Pd-Al compound features a trigonal Pds-core structure with three
different binding modes of the AICp*: Pd:-edge-bridging, Pds-face-bridging and terminal. While
[PdsEs](Cp*)s (E = In, Ga) offers a linear arrangement of all three Pd atoms which are bridged by two
ECp*, each, and two terminal bound ECp* to two Pd atoms, they reveal a fluxional process in solution

while forming a similar structural motif as observed for [PdszAls](Cp*)s.”®

Cu/zZn and Cu/Al clusters achieved via redox processes

In contrast to Pd-E/Pt-E, the synthesis of Cu-Zn clusters is more complex as it involves redox reactions.
Therefore, the reaction of [Zn2Cp*;] with [CpCu(CN'Bu)] do not only vyield desired
[CuaZns](Cp*s)(CN!Bu)4, but also ZnCp*z2 and ZnCp*Cp as side-products which hints to the oxidation of
Zn(l) to Zn(ll) while reducing CpCu(l) to Cu(0).”* The stabilization of the Cuas tetrahedron by isonitrile
ligands is a crucial step during synthesis as the reaction with CuCl as the precursor led to the formation
of embryonic brass, [CuZn2](Cp*)3.”>7¢ The structure of the latter can be seen as the side-on
coordination of a Cp*Zn-ZnCp* fragment to a CuCp* core due to oxidative addition to the electron
deficient Cu(l) center forming a 3c-2e bond.”” The isoelectronic [Zn3(Cp*)s]* was obtained from reaction
of Zn2Cp*2 with ZnCp*z2 and [H(Et20)2][BArF4] in THF at -78 °C. The molecular structure of this compound
features the same structural motif of a Mz core stabilized by three Cp* moieties.”>7¢ [CuZn2](Cp*)s was
also obtained as the major product from Cu(OAc) with Zn2Cp*2 at room temperature.’® In addition,
[CusZns](Cp*)s was identified as minor side-product due to intensive manual crystal picking after
fractionated crystallization. The isoelectronic Zn-analog, [Cu2Zns](Cp*)s* was synthesized from reaction
of [CuZnz](Cp*)s with a ZnZnCp*-transfer reagent, [Cp*ZnZn(Et20)3][BArF4], at room temperature.”® Both
M7 compounds exhibit a bipyramidal structure with a Ms core either consisting of Cus or Cuz2Zn triangular
metal core (Figure 7). This nicely demonstrates the proposed properties of CuZnz as a building block
for higher nuclear cluster. Although, a disproportionation reaction of Zn(l) to Zn(0) and Zn(ll) was
indicated by the detection of Zn(OAc)2 and ZnCp*; as side-products, the ongoing redox reactions and
ligand exchange mechanisms of this reaction were not completely understood, yet.
Depending on the precursor choice and on the respective reaction conditions, higher nuclear Cu-Zn
cluster with either Zn-rich or Cu-rich metal cores could be also achieved. Thus, zinc-rich
[CuZnio](Cp*)7 = [Cu(ZnZnCp*)3(ZnCp*)s] was synthesized from temperature-sensitive [DippCuH]
(iDipp = 1,3-bis(2,6-diisopropylphenyl)-1H-imidazol-2-ylidene) and Zn.Cp*> whereas copper-rich
[Cu10Zn2](Mes)s(Cp*)2 was obtained from reaction of [Cus](Mes)s (Mes = mesityl) with Zn2Cp*z at
9
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elevated temperatures.” The former reaction demonstrates the importance of the precursor choice as
[CuZnio)(Cp*)7 cannot be synthesized from [Cus](H)s(PPhs)s due to Cp* transfer reaction.”
Summarizing, Cu-Zn cluster synthesis is highly sensitive to the choice of precursor, temperature and

stabilizing agents, e.g. CNtBu or [BArF4], as it performs ligand exchange as well as redox reactions.

[CuZn,)(Cp*); [CuyZns](Cp*)s* [CusZn,](Cp*)s

Figure 7: Molecular structures of [CuZn,](Cp*)s (left), [Cu,Zns](Cp*)s* (middle) and [CusZng](Cp*)s (right) as determined by
SC- XRD.”7% 78 Color code: Cu, orange; Zn, light blue; C, grey. H atoms are omitted for clarity. Cp* rings are depicted in
wireframes.

Due to the different binding possibilities of AICp*, as demonstrated in the case of [PdsAls](Cp*)s, it is
versatile applicable as a ligand and thus, offers diverse cluster formation in combination with Cu
precursors, often accompanied by redox processes and Al(l) disproportionation. Reaction of
[Cue](H)s(PPhs)s with AICp* at 70 °C leads to the intermetallic [CusAls](Cp*)s(H)4 cluster.8° The molecular
structure as determined by SC-XRD features a dicapped Cu tetrahedron resulting in a Cus core which
is stabilized by an (AICp*)s octahedron. Due to the four hydrides bound on the cluster surface, which
could not be localized by XRD, it is reactive towards different unsaturated substrates. Nevertheless, only
the reaction of [CusAls](Cp*)s(H)4 with benzonitrile allowed the structural characterization with SC-XRD

while other products could not be crystallized.®°
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Figure 8: Schematic representation of different synthetic pathways for Cu-Al clusters including cluster degradation from
[CusAlL](Cp*)s(Mes) to embryonic [Cu.Al;](Cp*);, thermal cluster growth from [CusAl] or chemical cluster growth from
[Cu,AlL](Cp*)s to obtain [(H)CuzsAls](Cp*)e. Organic residues are omitted for clarity. Color code: Cu, red; Al, blue.®* Reprinted with
permission from M. Schitz, C. Gemel, M. Muhr, C. Jandl, S. Kahlal, J.-Y. Saillard, R. A. Fischer, Chem. Sci. 2021, 12, 6588-6599.
Copyright 2021, by the Royal Society of Chemistry. Permission conveyed through Copyright Clearance Center, Inc..

In accordance with Cu-Zn, our group was able to isolate the embryonic CuAl cluster [Cu2AlL](Cp*)s and
[CusAlg](Cp*)s(Mes).8t While [CusAl4] is obtained from the reaction of [Cus](Mes)s with AICp* after one
hour at 75 °C, [Cu2Al1](Cp*)s is observed through chemically induced cluster degradation from
[CusAl4](Cp*)s(Mes) (Figure 8). In order to enhance cluster degradation and selectively forming [Cu2Al4],
3-hexyne was added as additive to stabilize Cu(l) centers during the degradation process which is
underpinned by the consumption of four equivalents of 3-hexyne as well as by the detection of
[CuzAl4](Cp*)3(Mes)(hex)2 by means of LIFDI MS. It is assumed that the 3-hexyne moieties are
stabilizing the Cu(l) centers in the cluster through coordination. Besides cluster degradation cluster
growth reaction of this system was also obtained within this work which could be either thermally or
chemically induced. Chemically induced cluster growth is observed starting from [Cu2Ali](Cp*)s,
whereas thermally induced cluster growth is derived from [CusAl4](Cp*)s(Mes). Both approaches result
in the formation of a complex cluster mixture consisting of [Cu7Als](Cp*)s, [HCu7Als](Cp*)s and
[CusAle](Cp*)s.82

It can be concluded, that the synthesis of intermetallic clusters can be influenced by several
components. Whereas Pd-Ga and Pt-Ga complexes are sensitive towards temperature and ligand
concentration mostly applying ligand substitution but also redox reactions, the formation of Cu-Zn and
Cu-Al clusters strongly depends on the redox potential of both metals, but cluster core size is also
influenced especially due to addition of stabilizing agents ([BArF4]) or to chemical or thermal cluster

degradation or growth.
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2.3. Reactive Sites and Bond Activation applying Intermetalloid

Compounds

Reactive Sites due to Ligand Substitution Reactions

Due to the four hydrides on the cluster shell, [CusAls](Cp*)s(H)4 is expected to be highly reactive to
unsaturated functional groups as alkynes or nitriles. Although the cluster showed diverse reactivity
towards different substrates, only the reaction with excess of benzonitrile enabled characterization by
means of XRD, as previously described. The resulting molecular structure of [CusAls](Cp*)s(N=CHPh)
revealed the migration of one hydride to the nitrilic carbon. In addition, the nitrilic nitrogen is determined
to bridge the Cu-Al bond which is also expected for heterogeneous surfaces as in case of FesAlws or
PdGa.13 15
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Scheme 1: Schematic representation of the performed substitution reactions of [TM,(ECp*)s] with TM = Pd, Pt.”3

Besides the surface reactivity as observed in [CusAlg], the intrinsic reactivity of already formed clusters
was also explored in the recent years. Most of the mononuclear [TM(ECp*)4] were described as
kinetically inert due to the saturated 18ve complex formation and the steric demand of the Cp* shell
which could act as a protecting shield.8? In contrast, the dinuclear and trinuclear complexes showed high
reactivity for substitution reactions with various ligands such as CO, CN'Bu, PRz, AICp*, which is
exemplarily shown in Scheme 1 for [Pd2Gas](Cp*)s, [Pt2Gas](Cp*)s and [PtPdGas](Cp*)s.”® As predicted
from theoretical calculations®, GaCp* show high tendency for GaCp* - AICp* substitution reactions.
Thus, the reaction of [Pd:Gas](Cp*)s with AICp* resulted in fully-exchanged GaCp* forming
[Pd2Als](Cp*)s, whereas the Pt-analog was only able to substitute three GaCp* moieties leading to
[Pt2(AlICp*)3(GaCp*)2]. The molecular structure of the latter shows the exchange in the bridged positions
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preferred by AICp* due to higher o-donor properties of Al compared to Ga, while the terminal positions
are still occupied by GaCp*. In contrast, using CO or CN'Bu as the substitution reagent, the terminal
bound GaCp* is preferentially substituted yielding [Pt2(GaCp*)3(CO)2, when [Pt2Gas](Cp*)s is reacted
with CO, and [Pt2(GaCp*)3(CN'Bu)2] when CN'Bu is added. Similar behavior was observed for
phosphines: Addition of PR3 to [TM2(GaCp*)s] (TM = Pd, Pt) led to the exchange of terminal bound
GaCp* while maintaining the overall cluster structure. The exchange by CO, CN'Bu and PRs in the
terminal position is a result of their m-acceptor properties. As the exchange of bridging ligands do not
result in cluster degradation leading to monomeric structures, the authors proposed a dissociative
mechanism (Scheme 2). Thereby, one bridging E ligand is breaking up the structure of three bridging
ligands while forming two terminal ligands on one metal center and one metal center only bears one
terminal ligand and two bridging. The highly reactive TM-center is then open for further coordination by

the substitution ligand which is followed by the dissociation of the ligand E.

E E E
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Scheme 2: Proposed mechanisms for ligand exchanged reactions based on fluxional processes. M = Pd, Pt.”® Reprinted with
permissions from T. Steinke, C. Gemel, M. Winter, R. A. Fischer, Chem. Eur. J. 2005, 11, 1636-1646. Copyright 2005, John Wiley
and Sons.

In accordance with [TM2(GaCp*)s], such ligand substitution studies were also performed on trinuclear
clusters. In particular, the reaction of [Pd3(InCp*)s] with PPhs resulted in [Pds(InCp*)3(PPhs)s] with three
bridging InCp* (two are Pds-face-bridging and one is Pd2-edge-bridging) and three terminally bound
PPhs ligands (see Figure 9). As previously mentioned, it is proposed that the linear Pds-arrangement is
broken up in solution forming a Pds triangular [Pds(InCp*)s] compound while releasing two InCp*
ligands.”® As a consequence, the reaction with PPhz is exchanging the terminally bound InCp* of solution

Pdslns. The resulting structure of [Pds(InCp*)s(PPhas)s] is indicated in Figure 9.

Cp*
In
" Cp* :
Cp*ln Cp n InCp* 2 \.PPhs
PING e "~ ~ncP PPh, By
Pl Pl Pd, T pdepg
Cp*in o \In “InCp* -51InCp PhsP ‘V ~~PPh,
Cp* Cp*In \:
In
Cp*

Figure 9: Schematic representation of the reaction between [Pd3(InCp*)s] with PPhs yielding [Pds(InCp*)s(PPhs)s].”®
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Bond Activations on Intermetallic Compounds

Besides the formation of reactive sites due to substitution reaction, it is also possible to gain reactive
clusters based on bond activations. Thus, C-H and Si-H bond activation was observed for Ni-Al and
Ru-Ga clusters. In case of Ni-Al, the Si-H and C-H bond activation were obtained during the synthesis
of [Ni(AICp*)4] from [Ni(cod)z] which turned out to be depending on the solvent (Figure 10).8? As the
homoleptic [Ni(AICp*)4] is prepared in hexane, similar reactions were performed in triethylsilane or
benzene and revealed the formation of Si-H activated [Ni(AICp*):(H)(SiEts)] or C-H activated
[Ni(AICp*)3(H)(AICp*(Ph))], respectively. It is proposed that the bond activations take place on the open
coordination site of an unsaturated [Ni(AICp*)s] intermediate which is formed during reaction of [Ni(cod)z]
and AICp*. The assumption is supported by the conversion of [Ni(AICp*)3(H)(SiEts)] in benzene yielding
[Ni(AICp*)3(H)(AICp*(Ph))] while triethylsilane is released. Further reaction with PPhs or GaCp* resulted
in [Ni(AICp*)3(PPhz)] and [Ni(AlCp*)3(GaCp*)] which could be seen as stabilized [Ni(AICp*)s]-centers.8?

AICp*
14 [AICP)] |
n-hexane 7o\ AICP
CPAL M
14AICe | psier,
n-hexane
AICp*
N " 3/4 [(AICp™)s] NI(AIC HSiEt, H=Ni
i(co —_— i “ —_— [P
[Ni(cod),] oo [Ni(AICP*).] / AICP
Et,Si AICp*
- HSIEt;,
CeHg partial
decomposition
AlCp*
144 [(AICP™),) Hept
- i
: AlCp*
CHs cpAll \ T

Figure 10: Schematic representation of the reaction between [Ni(cod),] and AICp* in different solvents resulting in C-H and Si-H
bond activated products.®? Reprinted with permissions from T. Steinke, C. Gemel, M. Cokoja, M. Winter, R. A. Fischer, Angew.
Chem. Int. Ed. 2004, 43, 2299-2302. Copyright 2004, John Wiley and Sons.

Similar Si-H and C-H bond activations were recently explored on Ru-Ga clusters.8* Reaction of
[Ru(cod)(MeAllyl)z] with GaCp* in triethylsilane under hydrogenolytic conditions (3 bar, Hz) resulted in
Si-H activated [Ru(GaCp*)s(H)s(SiEts)]. DFT calculations predicted an umbrella shaped H-bonding
around the Ru center without any hydrogen interactions. Nevertheless, performing the reaction under
analog conditions in toluene, the mass spectrometric analysis revealed the formation of C-H activated
[Ru(GaCp*)3(H)s(C7H7)]. With the help of DFT, a toluene-activation on the electron-deficient
[Ru(GaCp*)2(H)2] intermediate is predicted which was not yet verified.8 However, in 2008, our group
presented a similar prediction for the synthesis of dinuclear [Ruz(Ga)(GaCp*)7(H)3].8> The formation of
Ru:Gas was proposed to involve GaCp* dissociation/association and require intermediates as
[Ru(GaCp*)4(H)(Ga)] and [Ru(GaCp*)a(H)z2]. Nevertheless, the latter was not isolated so far, but the

phosphine analog [Ru(GaCp*)2(PCys)2(H)2] could be determined by SC-XRD.8¢
14



Theoretical Background

Reactive Sites Formation due to Potential Ligand Dissociation

Due to the high dissociation potential of phosphines on Ni(0) centers®’-89, complexes of the formula
[Ni(ECp*)n(PR3)4-n] were predicted to be possible candidates for generating open coordination sites.®®
Therefore, a series of [Ni(ECp*)n(PR3)s-n] with E = Al, Ga and R = Me, Et, Ph was synthesized and partly
investigated regarding their dissociation behavior.°>-91 In contrast to the homoleptic [Ni(PR3)4] which
shows high dissociation potential in solution, the dissociation of phosphine was determined to be
strongly affected by the coordination of ECp*. With the help of EDA-NOCYV, which enables the prediction
of bond strengths, it was proposed that the Ni-P bond strength is gradually increasing upon ECp*
coordination and thus, results in gradual decrease of Ni-P bond distances. Additionally, the performed
UV-vis spectra at variable temperatures did not reveal ligand dissociation from the metal center and

therefore, no generation of open coordination sites was observed from Ni-phosphine compounds.®°

Potential Reactive Sites due to Steric Overcrowding on the Metal Center

Follow up on this publication, our group extended their studies to Zn-containing species of the formula
[Ni(ZnCp*)n(ZnMe)n(PR3)s-n] due to higher steric demand of Zn2R’2 in contrast to ECp*.91-°2 |n case of
PEts, we were able to synthesize the whole series originating from respective [Ni(ECp*)n(PR3)4-n] due to
E/Zn exchange reactions which enables steric overcrowding on the metal center (see Scheme 3).92-93
In particular, ECp* containing TM-complexes undergo E/Zn and Cp*/Me exchange reactions upon

treatment with ZnMe.94-9%

&= PFy, FCp*

NiAlP; (P1)
NiGa,P, (P2)
NiALP, (P3)

Xs. ZnMe,

NiZn,Ga, P,

Scheme 3: Synthesis of full E/Zn exchanged compounds of the formula [Ni(ZnCp*)n(ZnMe)n(PEts)s.n] (n = 1-3) originating from
[Ni(ECp*)n(PEts)sn] precursors. Partial exchange was observed due to the synthesis of [Ni(GaCp*)(ZnCp*)(ZnMe)(PEts),].%
Reprinted with permission from P. Heif3, J. Hornung, X. Zhou, C. Jandl, A. Pd&thig, C. Gemel, R. A. Fischer, Inorg. Chem. 2020,
59, 514-522. Copyright 2020, American Chemical Society.

Due to the neighborhood of Ga and Zn in the periodic table, they exhibit comparable atomic values and
electronegativities. If GaCp* is considered as two electron-donor ligand, it is exchanged by two ZnR

ligands which are acting as one electron donor ligand each. The strong reducing power of Ga' enables
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the reduction of Zn" in ZnMe: to Zn'R ligands while Ga' is concomitantly oxidized to Ga''.% Therefore,
addition of ZnMe: to [Ni(GaCp*)4] resulted in fully exchanged [Ni(ZnCp*)a(ZnMe)4].% As half of the Zn-
ligands are bearing Cp* instead of Me, Cp* transfer reactions from Ga to Zn must have occurred during
the synthesis. In this step, the methyl groups are simultaneously transferred to Ga forming GaMe2Cp*
and GaMes as side-products of such reactions.

Although, the synthesis of [Ni(ZnCp*)n(ZnMe)n(PEts)s-n] provided a complete range of Ni-Zn compounds
with a highly sterically shielded Ni-center, the performed UV-vis studies of such compounds did not
show an increase of phosphine dissociation based on steric overcrowding compared to Ni-E
compounds.®? As a consequence, no free coordination sites are generated on the active metal which

could enable high reactivity or further cluster growth.

2.4. Ligand Protected Hume-Rothery Inspired Intermetallic

Compounds as Molecular Models for Catalytic Application

As shown by previous chapters, well-defined bimetallic/intermetallic compounds with atomic precision
enable control of size, metal composition and metal distribution. Additionally, they enhance investigation
of structural parameter and bonding situation by easy accessible analytical techniques as SC-XRD, IR
and NMR spectroscopy as well as mass spectrometry. Therefore, intermetallic compounds were applied
in fundamental research for e.g. semi-hydrogenation of acetylene, methanol synthesis or methanol
steam reforming, and electrocatalytic processes (OER, HRR).1° The systematic investigation of such
reactions and their requirements led to catalytically relevant materials with outstanding properties.® In
addition, application of molecular mimics facilitates characterization under operando conditions offering
in-situ monitoring of active species. Atom precise clusters, potentially being intermetallic, can serve as
molecular models that mimic the catalyst’s surface with its active centers while reducing complexity of

identification.80. 97

Molecular models linking solid-state with molecularly defined compounds

As Pd/Ga, Ni/Zn and Fe/Al intermetallic compounds show outstanding catalytic properties, especially
for semihydrogenation® 18 the synthesis of Hume-Rothery inspired compounds which consist of
different metal combinations including late transition metals combined with Al, Ga, In and Zn are of high
interest. Theoretical calculations of such molecular models including Hume-Rothery inspired clusters
have been published from Fischer et al. in 2019.97 They investigated the structural and electronic
properties of [Ni(ER)n(CzHx)4n] (X = 2, 4; R = Me, Cp*), theoretically, depending on different metals E
which could be either Al, Ga or Zn. The optimized structures containing Ga as [Ni(GaCp*)n(C2Hx)4-n]
(x = 2, acetylene; x = 4, ethylene) showed classical side-on coordination of acetylene or ethylene as
expected. While the ethylene species of Al and Zn resulted in similar structural motifs of side-on
coordinated ethylene on the Ni-center, some of the acetylene species behaved different. The structural
optimization of [Ni(AICp*)1(CzHz)s], [Ni(AICp*)2(C2H2)2] and [Ni(ZnR)a(C2H2)2] proposed the acetylene to
coordinate different to the metal center as in Ni-Ga case. In particular, [Ni(AICp*)1(C2H2)3] revealed the
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dimerization of two acetylene moieties while forming a metallacycle with Al, which coordinates via the
obtained double bonds to the nickel center. The third acetylene is still side-on bound to Nickel. In case
of [Ni(AICp*)2(C2H3)2], one acetylene is bridging two AlICp* residues while coordinating to nickel via the
triple bond whereas the other acetylene is side-on coordinated solely to nickel. This TM-E bridging
position of acetylene was previously predicted for PdGaz heterogeneous surfaces as published from
Passerone and Prinz et al.'3 Additionally, for [Ni(ZnR)4(C2Hz2)], the acetylene was proposed to bind in a
bridging position while coordinating to the nickel center. For all the other Ni-Al or Ni-Zn compounds
within the formula, [Ni(ER)n(C2H2)4-n], the acetylene was predicted to coordinate in a side-on fashion to
the transition metal center.®” Although these theoretical calculations nicely proposed Ni-ethylene and
Ni-acetylene bonding in dependence to the second metal, experimental data of such molecular
compounds are still missing.

One of the recent experimentally obtained examples for a heterogeneous surface modelling is the
isolation of molecular cut-out of y-brass, [CusZns](Cp*)s(CN'Bu)s which is obtained by reaction of
[CpCu(CNBu)] with Zn2Cp*2 in toluene at room temperature.”* The molecular structure reveals two
inverted tetrahedra, where the Cus tetrahedron forms the inner sphere and the Zns tetrahedron is
displaying the outer sphere (Figure 11, right). In comparison to y-brass, similar structural motif was found
in the respective y-phase, CusZns, although the inner and outer tetrahedral arrangement of Cu and Zn
atoms are inverted. Besides CusZna, [PdsGas](CN!Bu)4(Cp*)s also exhibits two inverted M4 tetrahedra
which could be obtained by reaction of [{Pd(CN'Bu)2}s] either with GaCp* or with
[Pd3(CNBuU)s(GaCp*)4].%8 Whereas Fischer et al. described the structural motif as PdsGas 4-fold capped
tetrahedron, it could also be seen as two inverted tetrahedra and thus, as a brass-like Pd-analog. In

contrast to CusaZna, there was no significant outer and inner sphere that could be assigned.®®

[Pd,Ga,](CN*Bu),(Cp*), [Cu,Zn,](CN'Bu),(Cp*),

Figure 11: Left: Molecular structure of [PdsGas](CN'Bu)4(Cp*)s and the core structure (middle left) showing two interconnected
tetrahedra. Pd, red; Ga, blue; N, yellow.®® Right: Molecular structure of [Cu,Zn,](CN'Bu)4(Cp*),™ and the respective core structure’®
showing two inverted tetrahedra with Zn, forming the outer sphere and Cu, the inner spherical tetrahedron. Cu, dark red; Zn,
green; N, yellow. Left and middle left: Adapted reprinted with permissions from M. Molon, K. Dilchert, C. Gemel, R. W. Seidel, J.
Schaumann, R. A. Fischer, Inorg. Chem. 2013, 52, 14275-14283. Copyright 2013, American Chemical Society. Middle right:
Adapted reprinted with permissions from K. Freitag, C. Gemel, P. Jerabek, I. M. Oppel, R. W. Seidel, G. Frenking, H. Banh, K.
Dilchert, R. A. Fischer, Angew. Chem. Int. Ed. 2015, 54, 4370-4374. Copyright in 2015, John Wiley and Sons. Right: Adapted
reprinted with permissions from K. Freitag, H. Banh, C. Gemel, R. W. Seidel, S. Kahlal, J.-Y. Saillard, R. A. Fischer, Chem.
Commun., 2014, 50, 8681-8684. Copyright 2014, Royal Society of Chemistry; Permission conveyed through Copyright Clearance
Center, Inc.

Further, Fischer et al. were able to isolate embryonic brass, [CuZn2Cp*s] by reaction of Zn2Cp*2 with
in-situ synthesized CuCp* and [ZnCp*]~.7>7¢ The obtained compound can be seen as smallest possible

building block for brass-like Cu-Zn structures. Indeed, this [CuZnz] compound enabled the synthesis of
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larger clusters yielding [Cu2Zns](Cp*)s* upon reaction with [Zn2](Cp*)(Et20)s* revealing a [CuZnz] triangle
which is face-capped by two ZnZnCp* units.”® The neutral Cu-analog, [CusZn4](Cp*)s, showing a Cus
triangle as cluster core, was observed as by-product while [CuZn2](Cp*)s is formed as major product.
In fact, it has been shown that both, CusZns as molecular brass and CuZnz as embryonic brass, can
serve as molecular mimics for complex systems such as brass. This represents a case study of complex
surfaces using model systems on a molecular level that can be investigated by easily accessible
methods such as NMR and IR spectroscopy as well as SC-XRD combined with DFT calculations.

Electronic situation in TM-ECp* compounds

In contrast to solid-state materials, molecularly defined intermetallic clusters have to be stabilized either
in a matrix®%-19 or in the gas phasel°! when dealing with naked clusters or in a ligand shell when involving
ligand-stabilized clusters. Besides the already mentioned and well-known ligands as phosphines or
NHCs, there are also clusters described in literature that exhibit ECp* as ligand instead of well-known
CO, PR3 and NHC. Due to the isolobal principle, ER ligands as ECp* (E = Ga, Al, In) bears a lone pair
on the metal center which are comparable to common CO, NHC or PR3 (Scheme 4).192-103 This lone pair
can donate electrons from the o-HOMO orbital in the d-orbital of a transition metal revealing an electron

rich metal center which offers interesting electronic properties.10?
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Scheme 4: Isolobal principle applied for CO, NHC, PR3 and ECp* ligands.

The first ER-ligand stabilized TM complex which was structurally characterized by X-ray diffraction was
[Fe(CO)4(AICp*)].1%4 The electronic situation in this complex was described as a typical donor-acceptor
complex involving o-donating and m-backdonating properties of ligand and metal. Nevertheless, the
analysis of the bonding situation has been controversially discussed in literature. The electronic situation
applying the Dewar-Chatt-Duncanson model, which was first published for TM-CO complexes by
M. Dewar, is of high acceptance.1% As depicted in Scheme 5, the o-orbital including the lone pair of the
ER ligand donates electrons to the empty o-orbital of the transition metal resulting in o-donation. The
m-backdonation from the TM orbitals to the orbitals of E are dependent on the residue on E. Therefore,
the empty mr-orbital of E either receives electron density from the occupied m-orbitals of the transition

metal or from the substituent R bound to E (Scheme 5a).
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Scheme 5: Electronic situation in ER-ligands applying the Dewar-Chatt-Duncanson donor-acceptor-model. Adapted reprinted with
permission from G. Frenking, K. Wichmann, N. Fréhlich, C. Loschen, M. Lein, J. Frunzke, V. c. M. Rayén, Coord. Chem. Rev.
2003, 238-239, 55-82. Copyright 2003, Elsevier.

Besides the orbital interaction, the electrostatic contributions in such compounds have to be considered.
The population analysis of a TM-ER complex showed E as a highly positively charged metal while TM
is negatively charged resulting in an ionic bond character.196-107 These values, however, are misleading
as the dominant charge attraction takes place between the negative lone pair of ER and the positive TM
nucleus (Scheme 5b). In summary, the electronic situation of TM-ER compounds can be described by
an interplay of electrostatic as well as orbital interactions while revealing o-donation as the major
contribution (>80 %) to covalent bonding instead of m-backdonation.83

Depending on the residue R of the ER ligands, the m-backdonating properties of TM - E are influenced.
As an example, the sterically demanding ligands Cp* and Cp were shown to have high m-donor
properties, which led to a rather weak m-backdonation of TM - E.1%8 |n addition, C(SiMes)s, Si('Bu)s and
Si(SiMes)s were also described as suitable ligands to stabilize the oxidation state +1 of the group 13
metal.19%-116 The unusual oxidation state of +1 of group 13 metals offered high potential for TM-ER
complexes in organometallic chemistry leading to the synthesis of several [TMa(ER)b]-compounds.”2 8.
117124 As  previously mentioned, the first characterized ECp* containing TM complex was
[Fe(CO)4(AICp™)] (see Figure 12)194 which is obtained from reaction of Kz[Fe(CQO)4] with Cp*AICl2 in
toluene in low yields. The structure reveals four terminal bound CO ligands and one terminal bound
AlCp* residue. DFT calculations of the electronic situation of [CpAl-Fe(CO)4] clearly indicated a donor-

acceptor complex with AlICp being the donor due to the lone pair of the aluminum.
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@

Figure 12: Molecular structure of [Cp*Al-Fe(CO),] as determined by SC-XRD. H atoms are omitted for clarity. Color code: Fe,
orange; O, red; Al, yellow; C, grey.%

Additionally, depending on the reaction conditions and on the nature of ER, mononuclear, dinuclear or
polynuclear clusters could be obtained with different ER binding modes as previously described for Pd-
Al compounds. In mononuclear clusters of the [TM(ER)4], as [TM(ECp*)4] (TM = Ni, Pd, Pt)72 117. 125,
[TM(ECp*)s] with TM = Fe, Ru?4, or [TM(ECp*)e] with TM = M0o?6, ER is usually terminal bound to the
transition metal center. Additionally, in higher nuclear clusters ER ligands offer diverse bonding modes
as terminal, edge- or face-bridging. Mononuclear clusters are obtained based on ligand substitution of
labile precursor ligands by ER. As an example, [Ni(ECp*)4] was synthesized from [Ni(cod)2] with
stoichiometric amount of ECp* (E = AI2, Ga!l") whereas the Pt and Pd analog were received from
[Pt(cod)2] or [Pd(tmeda)(Me)2].”? Homoleptic polynuclear complexes of Ni, Pd or Pt could be either
achieved by addition of TM-source to the monomeric compound as observed for [Pt2(GaCp*)s] which
was synthesized from [Pt(GaCp*)4] or due to excess of ECp* to the respective TM-sources.” Further
increase of transition metal content in such clusters leads to polynuclear compound that resembles the
link between molecular and solid-state chemistry as already described for CusZns and PdsGas as
molecular cut-out of y-brass which can be investigated by common analytical methods in contrast to

highly sophisticated analytics as in case for solid-state materials.
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3. MoTivaTioN AND REsearRcH GoAL

Catalytically relevant reactions using heterogeneous catalysts e.g. semi-hydrogenation of alkynes, CO:2
to methanol synthesis, electrocatalysis performing hydrogen evolution reaction (HER) or oxygen
reduction reaction (ORR), etc., are usually investigated applying highly sophisticated methods partly
under harsh conditions.'® 127128 Top-down synthesized bulk materials are often used for basic
understanding of reaction processes. However, deeper insights are difficult to obtain since doped bulk
material does not correctly resemble the catalyst’s surface and its reactivity, due to defects on the
catalyst’s surface caused by the synthesis.1® The investigation of such reactions and its accompanying
mechanism are not only essential for basic understanding, but also useful for planning and optimization
to make production most efficiently.12° Although, investigation of nanoparticles is a good opportunity to
comprehend the reaction mechanisms and bonding affinity, it requires highly sophisticated analytical
methods such as high-energy X-ray spectroscopy (XAS, EXAFS, NEXAFS, XANES, XPS),
energy-disperse X-ray microanalysis (EDX), magnetic measurements, ion spectroscopy/scattering,
partly under ultra-high vacuum, only to name a few.28

Therefore, ligand-stabilized intermetallic compounds are evaluated as potential candidate resembling
the catalyst’s surface on a molecularly defined level.80 82 130-131 5ych Hume-Rothery inspired clusters
can be viewed as molecular cut-outs of the active catalyst for example as molecular brass in case of
CusZns (see Figure 13). Hereby, a key advantage is that accurate structural information can be obtained
through a large pool of analytical techniques for molecular compounds as SC-XRD, NMR, IR

spectroscopy, mass spectrometry etc.”

Figure 13: Left: Molecular structure of [CusZn4](CN'Bu)4(Cp*)s as molecular model for y-brass. The same structural motif of the
two interpenetrated polyhedra of [CusZn,] cluster core is also found in solid-state structure of y-brass CuiZnss (right) where a
tetrahedral Zn, is surrounded by tetrahedral Cu, being inverse to ligand protected [CusZn,](L)s. "* Color code: Cu, red; Zn, green.
(Adapted) reprinted with permission from K. Freitag, H. Banh, C. Gemel, R. W. Seidel, S. Kahlal, J.-Y. Saillard, R. A. Fischer,
Chem. Commun. 2014, 50, 8681-8684. Copyright 2014, Royal Society of Chemistry; permission conveyed through Copyright
Clearance Center, Inc.

Recently, the group of R. A. Fischer started to investigate the behavior of such intermetallic compounds
towards different substrates, e.g. PhCN, PhH, PhMe, Et3SiH, alkynes or alkenes.80. 82.97.130-131 However,
the isolation of such single clusters proved to be possible in only few cases.8% 8 Therefore, they started
to investigate possible intermetallic clusters in mixtures and recently presented a showcase of such a
"non-classical" reactivity study by testing the reaction of CO or Hz with a mixture of clusters
[NiaGan](Cp*)c (a = 6,7, b = 6-8, ¢ = 6).132
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In addition, treatment of a Cu/Zn cluster library of 23 compounds with CO2 resulted in [CusZns](L)s(CO2)2
and [CusZn3z](L)7(COz2) (L = Cp*, Mes) with CO2 binding to the cluster shell.133 In particular, CO2 remains
unaffected and does not decompose to CO and O which could be evidenced by labeled MS analysis
and FT-IR spectroscopy. Further conversion of this cluster mixture with dihydrogen reveals Cu/Zn to be
reactive due to the formation of formate-containing [Cu11Zns](L)s(CO2)2(HCO2) as confirmed by
combining NMR and IR spectroscopic methdos with mass analysis.'*3 This approach applying different
analytical techniques without compound isolation could further help to understand reaction mechanisms
during catalytic processes.

In addition, in 2018, Fischer et al. published a theoretical study of the interaction of [NiaEs](L)b (E = Zn,
Al, Ga; L = Cp*, Me) with alkynes or alkenes as a surface model of the semi-hydrogenation reaction.®”
The calculations predicted a chemisorption-like activation of C2H2 with TM-E bridging coordination in
case of Ni/Al and Ni/Zn. In contrast, the corresponding Ni/Ga compounds exhibit regular side-on
coordination to the central Ni atom without interaction of acetylene and Gallium. However, at the time of
this study, the methodology to experimentally confirm these calculations was not yet as advanced as it
is today. By using a combinatorial approach in combination with different analytical techniques as
described above, it is now of great interest to support these theoretical predictions with experimental
data. Such compounds could be experimentally achieved either by post-synthetic modification as
reductive elimination or dissociation/substitution, or by early-stage incorporation using ligand-
exchange/substitution reaction.34 In particular, early-stage incorporation describes the introduction of a
substrate in an early stage of the reaction prior to cluster formation, while the post-synthetic modification
deals with the substrate-bonding after the cluster exhibits a definite composition. Since phosphines are
known to dissociate readily from Ni centers,87-8° the first attempt was to synthesize all-hydrocarbon
ligated NI/E center via substitution of phosphine ligands by alkynes as the substrate. Therefore,
[NI(ECp*)n(PR3)4n] (E = Al, Ga; R = Me, Et, Ph) could be synthesized by addition of stoichiometric
amounts of ECp* and PRs to [Ni(cod)2].°° The Ni/Zn compounds of the formula
[Ni(ZNnCp*)n(ZnMe)n(PR3)an]?> 135 were obtained due to stepwise E/Zn exchange from
[Ni(ECp*)n(PR3)4-n] as described by Molon et al.®* In contrast to the expectations, phosphine dissociation
in Ni/E complexes is suppressed with increasing number of E-ligands due to Ni-P bond strengthening.%®
92

In this thesis, different approaches for control of size or metal composition of Ni/E, Pd/E and PY/E

compounds will be investigated. These studies try to unravel the following research questions:

() Is it possible to control cluster growth, size or metal composition and distribution by using
additives in cluster synthesis due to a combinatorial approach?

(I) What are possible precursors for TM-clusters interacting with the substrate?

(1) How can computations help to give insight in clusters formed in mixture, e.g. via combination

with standard analytical techniques?

() A combinatorial approach describes the synthetic study of a pool of molecules (library) that are
investigated in mixtures without the necessity of isolation. This access allows the potential identification

of new reactions or reactive intermediates in organometallic chemistry which could not be isolated so
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far and potentially leads to new ways of thinking. As additives have a wide range of applications, e.g. in
(nano)cluster or nanoparticle synthesis controlling size, shape or metal distribution% 136-138  this will be
extended to cluster chemistry or synthesis where the use of additives is less common. Therefore, this
dissertation investigates the influence of additives on cluster formation and growth depending on metal
combinations Ni/E with E being Al, Ga or Zn by addition of different amounts, additives and conditions.
After the synthesis of cluster libraries, experiments for in-situ size-focusing, as known for nanoparticles,
are performed while varying the conditions and adding additional amount of additive.

(I Since this work focuses on group 10 metals, different TM-precursor for Ni, Pd and Pt are tested for
their reactivity towards alkynes. Alkynes can themselves serve as model substrates for
semi-hydrogenation reactions, but also as additives to possibly control cluster size and distributions as
known for nanoparticles.36. 50. 136-139 |n addition to mononuclear precursors as [TM(cod)2] (TM = Ni, Pt),
polynuclear precursor with a definite clusters structure, e.g. [Ni4(CN'Bu)7] or [Pd2(dvds)s], will be the
scope of this study. The reactions are optimized by investigating the influence of stoichiometry, metal
ratio (TM/E) and typical parameters as temperature, time and solvent. In this context, a new tool for
size-focused clusters will be explored and monitored using in-situ NMR spectroscopy and Liquid
Injection Field Desorption lonization (LIFDI) mass spectrometry.

(1) Since the discovery of cluster ensembles as for [NiaEb](Cp*)e®l 132 and [CucAldg](Cp*)s®t and their
demonstration of the limitations of standard analytical techniques, it is of utmost importance to establish
a new tool that combines different analytical methods with theoretical methodologies. In this approach
possible structures are calculated theoretically on the basis of already known compounds and compared
to the obtained experimental data in order to get a valid structural suggestion. This new methodolgy,
which can also be applied in-situ, could replace the previously indispensable isolation of organometallic
clusters and their sometimes complex structure elucidation. Besides investigating reactive sites that
may bind catalytically relevant substrates at the cluster surface such as acetylene, CO: or other so far
unknown relevant compounds, it is of great importance to understand cluster growth reactions which

are the link between molecular models and solid-state catalysis.
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4. ResuLTs AND DiscussionN

4.1. Synthesis and Reactivity of Ni-E containing clusters

Since alkynes bind well to Ni(0), various internal and highly symmetric (to avoid polymerization) alkynes
such as 3-hexyne (hex), 4-octyne, diphenylacetylene (dpa) are used as additives in order to investigate
their influence on various metals and cluster growth via a combinatorial approach. Additionally, the
impact of physical parameters as temperature or concentration will be analyzed in-situ using Liquid-
Injection Field Desorption lonization mass spectrometric (LIFDI-MS) analysis and Nuclear Magnetic
Resonance spectroscopy (NMR). The experimental data will be accompanied by theoretical calculation
(DFT).

Note: Parts of this chapter have been published in Chemical Communications in 2022

(P. HeiR, J. Hornung, C. Gemel, R. A. Fischer, Chem. Commun. 2022, 58, 4332-4335).140

4.1.1. Reactivity studies on Ni/Ga as a versatile system influenced by

temperature, additive concentration and metal-ratio

[Ni,Ga,](Cp*)s(hex), (1)

[Ni,Ga;](Cp*)s(dpa)s; (3) [Ni,Ga,](Cp*).(dpa), (4) [Ni,Ga,](Cp),(dpa)s (5)

Figure 14: Overview of the Ni-Ga clusters discussed in this chapter. It has to be noted, these are all calculated structures with
ORCA4.0 or ORCAS5.0.
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4.1.1.1. Reactivity studies of 3-hexyne on in-situ formed Ni-Ga compounds

[Ni;Ga,](Cp*)4(hex), J [Ni4Ga4](Cp*)4(hex)Z]

~ Additive Temperature
NisGa;](Cp*);(h control control 9
{N:GG:Q}:CE*;S( . [Ni(cod),] + GaCp* 80°C | Nienriched
[Ni. cGag/,1(Cp*)e 60 °C +3-hexyne Ni/Ga library
h 90 °C
[NisGa,](Cp*),(hex)q T eq. [Ni,Gag)(Cp*);
[NisGa;](Cp*)s(hex), ) 60 °C [NigGag](Cp*)g

Scheme 6: Overview of the reactions including [Ni(cod),], GaCp* and 3-hexyne discussed in this chapter. The reactions were
investigated depending on additive or temperature control.

Addition of 3-hexyne to a solution of [Ni(cod)z] in nonpolar solvents as toluene, hexane or cyclohexane
forms in-situ the burgundy red adduct complex [Niz(cod)z(hex)] within seconds as already published by
Muetterties et al.1*! |solation of this compounds failed, so far, since 3-hexyne is a volatile residue and
the reaction is reversible due to equilibria processes. Therefore, [Niz(cod)2(hex)] was freshly prepared
before treatment with ECp*. In the following section, the reactivity of Ni-Ga clusters towards different
alkynes as 3-hexyne and dpa were tested while varying the temperature (room temperature, 60 °C,
90 °C) as well as concentration. 3-hexyne and GaCp* were added as 1 M or 0.5 M stock solution either
in toluene or hexane.

Reaction of [Ni(cod)2], 3-hexyne and GaCp* in a ratio of 1:0.5:1 at room temperature selectively
resulted in the formation of [NisGaa](Cp*)a(hex)2 (1) as confirmed by LIFDI-MS measurements. Neither
the variation of the additive concentration nor the GaCp* amount revealed any changes at room
temperature (see Experimental Figure 68). It should be noted that the mass spectra obtained by
LIFDI MS consisted of further signals that were assigned to parts of the cluster due to instrumentally
induced fragmentation. Therefore, the LIFDI mass spectrum of analytically pure 1 showed signals for
1-GaCp* at m/z 1012.0188, 1-GaCp*-hex at m/z 929.9385, 1-GaCp*-2hex at m/z 845.8494, 1-2GaCp*
at m/z 807.9739 and for 1-2GaCp*-hex at m/z 721.8676 besides the product signal at 1218.0633 (calc.
1218.0633 m/z). To confirm instrumentally induced fragmented ion peaks and exclude any further
products, collision induced fragmentation can be varied as described by M. Schiitz in his dissertation.133
RF voltages of CE10.0 are required as the lowest collision energy for detection with this setup (passing
the HCD cell) and are used in all experiments unless otherwise stated. A gradual increase of the collision
energy (CE) from CE10.0 until 40.0 enabled the identification as product, intermediate or fragment
(Figure 15). While the peaks for fragments were only increasing and product peaks were solely
decreasing during the increase of the collision energy, intermediate signals are first increasing, but also
decreasing. Thus, the signal related to 1 was validated as product signal, while the other peaks were

unambiguously assigned as intermediates or fragments.
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Figure 15: LIFDI mass spectra of [NisGas](Cp*)s(hex), (1, 1218.0627 m/z) at different collision energies of the HCD cell (Orbitrap
system from Thermo Fisher) enables unambiguous identification of product, intermediate or fragment signals. Following
signals/intermediates or fragments were assigned to 1 (1218.0633 m/z, calc. 1218.0633 m/z), 1-GaCp* (m/z 1012.0188),
1-GaCp*-hex at m/z 929.9385, 1-GaCp*-2hex at m/z 845.8494, 1-2GaCp* at m/z 807.9739 and for 1-2GaCp*-hex at
m/z 721.8676. RF voltages of CE10.0 are required as the lowest collision energy for detection with this setup and are used in all
experiments unless otherwise stated.4

Labelling experiments under equal conditions which include GaCp*t instead of GaCp* (one methyl
group of the Cp* ring is exchanged by an ethyl moiety) enable the determination of exact amount of Cp*
groups by shifting of 14 m/z each (see Appendix, Figure 68 (7)). Since this spectrum showed a signal
shift of 56 m/z to 1274 m/z, it confirms the assumption of 4 Cp* groups (4x14 = 56).

Considering the fragmentation behavior of 1 (loss of GaCp* and 3-hexyne) and the labelling
experiments, it was possible to identify one sum formula which matches all requirements. Due to
fragmentation induced by the instrument, the fragmentation behavior could offer structural information
if it is assumed that intermediates or fragments originates from the product. As the spectrum only
indicates the cleavage of GaCp* (in a ratio of 1:1) and 3-hexyne and the sum formulas include Ga and
Cp*in aratio of 1:1, one can assume that the product still contains intact GaCp* without any Cp* transfer
to Nickel. Therefore, [NisGas](Cp*)a(hex)2 can also be seen as [Nis(GaCp*)s(hex)2]. Additionally, it could
be helpful to add 4-octyne instead of 3-hexyne to identify the alkyne amount but this was not necessary
in this case.

For further verification of the sum formula, it was possible to measure a LIFDI mass spectrum of 1 on a
JEOL AccuTOF GCx instrument equipped with a LIFDI ion source at the University of Heidelberg without
any fragmentation behavior (see Appendix, Figure 101). Although the conclusions drawn from this
spectrum were very insightful, the effort was very high including stability tests, driving hours only to
name a few and the resolution of the instrument was very low compared to the Orbitrap system.

Moreover, the mass spectrometer required high concentrated solution instead of a few milligrams as in
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case of the Orbitrap system, whereby it will not be practicable as a standard analytical technique or for

standard validation.

Temperature controlled reactions
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Figure 16: LIFDI mass spectra of the reaction [Ni(cod),] (1eq.) and GaCp* (1eq.) at 90 °C after 6 h in toluene showing the influence
of additive on cluster formation: Black trace: with 3-hexyne (0.5 eq.) as additive, red: without any additive. Additive containing
reaction led to Ni-rich clusters as [Ni;Gag](Cp*)s (1637.7517 m/z; F), [NigGag](Cp*)s-2H (1693.6507 m/z, G) and
[NizGas](Cp*)s(hex) (1719.8331 m/z) while the reaction without any additive favors Ga-enriched clusters as [NisGas](Cp*)s
(1649.7700 m/z) and [Ni-Gas](Cp*)s-2H (1706.6904 m/z). Further signals assigned: A: [NiGa,](Cp*), (468.0185 m/z) for reaction
without additive, [Ni](Cp*).(hex) (468.1774 m/z) for reaction with additive; B: [NigGas](Cp*)s (1169.7576 m/z) C:
[NigGas](Cp*)a(hex),-2H  (1333.8977 m/z); D: [NisGas|(Cp*)s(hex) (1399.9414 m/z); E: [NisGas](Cp*)s(hex),+2H
(1484.8918 m/z).140

Increasing the temperature from r.t. to 60 °C or 90 °C, the obtained LIFDI mass spectra of the reaction
[Ni(cod)2] (1eq.), GaCp* (1eq.) and 3-hexyne (0.5 eq.) were completely different if compared to each
other. While for the reactions at r.t. and 90 °C a size-focused solution controlled by temperature was
observed, the spectrum at 60 °C was more complex containing more than 20 signals (Figure 17). As
described above, the reaction at r.t. revealed the formation of 1 (1218 m/z), while the reaction at 90 °C
showed signals at higher m/z values which could be assigned to higher nuclear clusters as
[NisGaa4](Cp*)a(hex)2-2H (1333 m/z; C), [NisGas](Cp*)s(hex)2+2H (1484 m/z; E), [NizGas](Cp*)s
(1637 m/z; F) and [NisGas](Cp*)s-2H (1693 m/z; G). Interestingly, performing the same reaction (at
90 °C) without additive, only Ga-enriched clusters as [NisGa7](Cp*)s (1647 m/z) and [NizGaz](Cp*)s
(1708 m/z) were observed (see Figure 16). Accordingly, the signal at 468 m/z is related to [NiGaz](Cp*):
in case of additive-free reaction while it is assigned to [Ni2](Cp*)2(hex) when using additives. Noteworthy,

these two compounds can be clearly distinguished due to its different isotopic pattern.
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Figure 17: Left: LIFDI mass distribution of the reaction [Ni(cod);] (1eq.), GaCp* (1eq.) and 3-hexyne (0.5eq.) after 5 h at 60 °C
showing a library of clusters in solution.*® Highlighted signals are assigned as products and are related to clusters given in the
right table. Figure left is reprinted with permission from P. Heif3, J. Hornung, C. Gemel, R. A. Fischer, Chem. Commun. 2022, 58,
4332-4335. Copyright 2022, Royal Society of Chemistry; permission conveyed through Copyright Clearance Center, Inc.

However, if the reaction temperature is decreased to 60 °C, the obtained mass spectrum appeared to
be very complex (Figure 17). Considering instrumentally induced fragmentation, the complexity of the
mass spectrum (60 °C) could be reduced to 9 different clusters that vary in their nuclearities from Ms to
Miz of the formula [NiaGan](Cp*)c(hex)d, with b = ¢ if the cluster bears 3-hexyne. Interestingly, when
performing the reaction without additives it directly led to M12/Mis clusters [NiaGan](Cp*)s (=6, 7; b =
6, 7; atb = 12, 13) (see Appendix). Similarly to the r.t. reaction, most of the clusters bearing 3-hexyne
have a Ga:Cp* ratio of 1 indicating an intact GaCp* ligand which is in contrast to the Mi12/M13 clusters
having a (NiCp*)s shell.

Summarizing the temperature dependent studies starting from [Ni(cod)2], [NiaGas](Cp*)s(hex)2 (1) could
be seen as kinetically metastable cluster, which is initially formed and undergoes cluster growth reaction
upon treatment at higher temperatures. Further, size and selectivity could be controlled during cluster
synthesis due to different temperatures. Moderate (r.t.) and high temperatures (90 °C) led to
size-focused reaction solutions revealing “smaller” NiGa clusters (Msg) at lower temperatures while high
temperatures formed higher nuclear clusters with up to 14 metals. However, a large Ni/Ga cluster library
was obtained when reacting at 60 °C. Since the reaction without additives directly led to the formation
of Mais clusters, it is possible to trap intermediates of such cluster growth reactions due to addition of
alkyne which allows a deeper insight in reaction mechanisms to understand cluster growth. In particular,
the Maus clusters consists of a (NiCp*)s shell and a [NixGay] core. In case of additive-containing reactions,
it is proposed to hamper Cp* transfer reactions by blocking the open-coordination site with the alkyne
binding to the nickel center. The additive could further activate the transition metal center as supported
by observing Ni-rich cluster in the reactions with additives which is potentially advantageous for catalytic

applications (as nickel is the catalytically active metal).
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Additive controlled reactions: Different equivalents of GaCp* and 3-hexyne

A B C DEF GH
JJMMAA Experimental  Cluster
,ML.MWLLJ.L,.AJ,LALJ | e 6.1 eq. Al 94508 [NisGaz](Cp*)2(hex)s-2H
B2  1030.05 [NisGaz](Cp*)2(hex)s
¢ 1152.02 [NisGas](Cp*)s(hex)s
\“ I;AAJAJA]LL bk aia L wA‘L,L.JL hoaad L 2.5 eq. b 1194.21 [NiSGaZ](cp*)Z(hEX)G
E 1234.09 [NisGas](Cp*)s(hex)s
F 1292.02 [NicGas](Cp*)s(hex)a
G 1579.86 [NisGas](Cp*)s
1637.78 [Ni>Gas](Cp*)e
1649.77 [NisGas](Cp*)s+H
Fragment of D: -3hex; 2Fragment of D: -2hex; *Fragment of
N T I 4.L1.L LELL
200 400 600 800 1000 1200 1400 1600 1800 2000
m/z

Figure 18: Left: LIFDI mass spectra of the reaction [Ni(cod),] and GaCp* with different equivalents 3-hexyne at 60 °C in toluene.
Right: Overview of assigned clusters in the spectra left. Sum formulas assigned as products are given in bold.

Besides varying the temperature, the influence of different equivalents of the additive on the cluster
formation was studied. Performing the reaction of [Ni(cod)z], GaCp* and 3-hexyne at room temperature,
1 was formed as the most favored product regardless of the additive and GaCp* amount. Neither a
gradual increase from 1 to 5 equivalents of GaCp* while maintaining Ni:hex ratio to 1:0.5, nor increasing
the additive amount from 0.5 to 2.5 equivalents while maintaining the Ni:Ga ratio to 1 had an impact on
the formation of Ni-Ga clusters and only revealed 1 as the kinetically favored product at room
temperature. Nevertheless, conducting these studies (variation of 3-hexyne amount) under elevated
temperatures, the changes in the mass spectra can be seen in Figure 18. Noteworthy, when looking at
the obtained mass spectra, the trend of cluster formation is clearly indicated. Low concentrations of
additive (0.5 and 1.0 eq.; black and red trace) led to a large cluster library including higher nuclear cluster
as [NisGa7](Cp*)s, [NizGas](Cp*)s, [NisGas](Cp*)s and [NisGas](Cp*)s(hex)s, while in contrast high additive
concentrations up to 6 eq. of 3-hexyne, related to Ni, resulted in smaller clusters as [NisGaz](Cp*)2(hex)s
and [NisGas](Cp*)a(hex)s with high 3-hexyne content, but low Ga amount (blue and green trace).
Particularly, when looking at the signal E in the figure above, which was assigned to
[NisGas](Cp*)s(hex)s, it was a prominent peak at lower additive amounts while it is gradually decreased
when increasing the additive amount. Contrary behavior was obtained for the signal D which was related
to [NisGaz](Cp*)2(hex)e: it is almost undetectable at low additive concentrations but is the main peak at
high concentrations. However, such behavior is not surprising, when considering the Ni-Hex ratio. While
signal E in Figure 18 features a hex-Ni ratio of 0.8, it is increased to 1.2 at signal D which is equal to
high 3-hexyne amount. Besides signals A, B and C which are attributed to fragment peaks, signal D

assigned as [NisGaz](Cp*)2(hex)s, was preferentially formed with high additive amount. In conclusion,
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medium-sized clusters are obtained due to additive control. While high additive amounts favored cluster

with M7-Mas, lower additive concentrations preferred the formation of bigger Ni-Ga clusters.

Performing similar reactions at 90 °C, the same trend is observed. While the reaction with 0.5 eq.
3-hexyne mostly formed [NisGas](Cp*)s-2H (1693 m/z) and [NizGas](Cp*)s (1637 m/z), the reaction with
leq.hex led to hexyne-containing Mio clusters as [NisGas](Cp*)s(hex)2 (1484 m/z) and
[NisGas](Cp*)a(hex)2 (1333 m/z) (see Appendix Figure 70). Thus, the above-mentioned assumption of
additive controlled cluster formation is supported. Moreover, a general trend is observed: the higher the
3-hexyne concentration, the smaller are the obtained clusters while increasing the additive amount in

the respective cluster core.

4.1.1.2. Diphenylacetylene as electron-rich, sterically demanding and solid

additive controlling Ni-Ga cluster formation
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Scheme 7: Overview of the herein reported products obtained during the reaction of [Ni(cod),], GaCp* and dpa dependent on the
metal amount (variation of GaCp*, left) and additive concentration (right).

Noteworthy, since 3-hexyne has its boiling point at 82 °C, further increase of temperature is therefore
not reasonable and possible. By using another heavier alkyne, in this case diphenylacetylenes (dpa),
this limitation can be extended. Additionally, the influence of electronic and steric effects of different
alkynes on cluster formation can be investigated. In accordance with 3-hexyne, the influence of dpa on
Ni-Ga cluster formation was studied varying concentration and temperature. The reactions were
monitored by in-situ LIFDI-MS measurements and additionally analyzed by NMR spectroscopy in parts
of the reactions. Being poorly soluble in hexane, the reactions including dpa are performed in toluene
unless otherwise stated.

Addition of 0.5 eq. dpa to dissolved [Ni(cod)z] (1 eq.) in toluene led to the formation of [Niz](cod)z(dpa)
within a few minutes as also described for 3-hexyne. Nonetheless, this experiment could already show

that dpa is less reactive and requires longer reaction times than 3-hexyne, which forms [Ni2](cod)z(hex)
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within a few seconds. After the formation of [Ni2](cod)2(dpa), which was visually determined by the dark
red color (usually after 2-3 minutes), the respective quantities of GaCp* were added as 0.5 M or 1 M
solution in toluene and reacted at room temperature. The GaCp* amounts varied from 0.5, 1, 2, 3 and
4 eq. related to nickel (Figure 19). Interestingly, with a Ni-Ga stoichiometry of 2 (0.5 eq. GaCp*), clusters
could be obtained at higher m/z values: [NisGas](Cp*)a(dpa)z2 (1410 m/z, H; lgpa), [NiaGas](Cp*)s(dpa)s
(1384 m/z, G; 3) and [NisGaz](Cp*)2(dpa)s (1356 m/z, F; 4). Considering both dpa and GaCp* as ligands,
each of the obtained clusters feature a Nis core carrying six ligands comprising dpa and GaCp*, only
varying in their ratio to each other. It is proposed that GaCp* as well as dpa have similar bonding
energies of Ni-L and are, as a consequence, competing ligands which results in a mixture of clusters
with different GaCp*:dpa ratios. Further, the spectrum revealed the formation of [NisGas](Cp*)s(dpa)2
(1204 m/z, E) and [NisGaz](Cp*)2(dpa)s (1178 m/z, D) as well as [NisGas](Cp*)s(dpa)1 (1025 m/z, C) and
[NisGaz](Cp*)2(dpa)z2 (999 m/z, B). While B and D appeared to be fragments, C and E were presumably
related a product peak as they vary in intensities with various GaCp* amount. Since signal A assigned

as [Ni2](Cp*)2(dpa) is varying randomly, it is assumed to be induced by collision of fragmented ions.
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Figure 19: Left: LIFDI mass spectra of the reaction [Ni(cod),] (1 eq.) with dpa (0.5 eq.) and different equivalents of GaCp* in

toluene at room temperature. Right: Cluster assignment of obtained compounds. Sum formulas related to products are given in
bold.

The gradual increase of GaCp* from 0.5 eq. to max. 4 eq. caused the clusters C (1025 m/z) and E
(1204 m/z), related to [NisGas](Cp*)s(dpa) and [NisGas](Cp*)s(dpa)z, to be formed preferentially. Higher
nuclear clusters as observed for low Ga-concentrations were nearly not detectable. Considering the
sum formulas of both clusters, they did not vary in the GaCp* but in the dpa amount included in the
clusters, potentially as a result of stronger Ni-Ga bonding. Indeed, GaCp* donates electron density from
the free electron pair to Ni requiring strong o-donation and m-backdonation in contrast to dpa which has
mm-donating/accepting character resulting in a stronger Ni-dpa bond compared to Ni-Ga. Thus, it is

assumed that dpa-rich NiGa clusters can only be formed with dpa-excess.
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Gradually raising the dpa-concentration from 0.5, 2, 4 and 8 eq. at room temperature while maintaining
the 1:1 Ni:Ga ratio resulted in less dependency on additive concentration (Appendix, Figure 71). While
0.5 eq. dpa led to the formation of [NisGas](Cp*)s(dpa)2 (1204 m/z) and its fragment (-dpa; 1025 m/z) as
described above (Figure 19, red trace), the use of an excess of dpa (above 2 eq.) only formed
Ni-organyls at small m/z values that did not exhibit bound GaCp*. The Ni-dpa compound
[Nis](dpa)2(cod)2 at 748 m/z and its fragment (-cod; 640 m/z) was one of the products identified expected
to be the kinetically preferred compound and possibly serve as a building block for higher Ni-Ga cluster
compounds.

However, increasing the temperature to 60 °C, the reaction progress is different compared to room
temperature reaction. Similar to r.t., low dpa concentration (0.5 eq.) led to the formation of already
mentioned [NisGas](Cp*)s(dpa)2 (1204 m/z), but also to higher m/z values at 1384 and 1553 m/z
assigned to [NisGas](Cp*)s(dpa)s and [NisGas](Cp*)s(dpa)i, respectively (see Appendix, Figure 72).
Increasing the additive amount to 1 and 2 eq., the most preferred product is identified as
[NisGaz](Cp*)2(dpa)s (1534 m/z; 5). In contrast, further increase to 4 eq. (equivalent to excess dpa)
resulted in similar behavior as at room temperature reaction: only Ni-organyls, containing Ni, Cp* and
dpa, were identified. When the temperature was increased to 90 °C, two major signals which are
identified as products and two minor signals were detected: [NisGas](Cp*)s(dpa): at 1553 m/z and a
mixture consisting of [NizGas](Cp*)s and [NisGar](Cp*)s at 1637 and 1647 m/z were obtained as major
peaks while a mixture of [NizGas](Cp*)s(dpa): at 1815 m/z and [NisGar](Cp*)s(dpa): at 1825 m/z were
only detected as small peaks, although it is possible that the mixture at 1637/1647 m/z is a result of dpa-
cleavage during ionization.

In conclusion, higher temperature improved the formation of Ni-Ga-dpa compounds while enhancing the
additive-activation. Nonetheless, an excess of dpa inhibited the formation of Ni-Ga compounds due to
the occupation of the vacant coordination sites at the nickel center and stronger Ni-alkyne bonding
compared to Ni-Ga. Additionally, a reaction between GaCp* and dpa was suspected, since Cp*-Ni-L
compounds were observed, where GaCp* must serve as a Cp*-supplier. In comparison to 3-hexyne,
dpa is a stronger m-acceptor while 3-hexyne is a stronger m-donor induced by +l-effect of the alkyl
groups. Thus, dpa-containing Ni-Ga compounds consist of a cluster library of the same Ni-core which is
limited by the o-donor properties of GaCp*. In contrast, 3-hexyne, which is by itself a o-donor, led to a

specific cluster composition.
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4.1.1.3. Reactivity of [NisGas](Cp*)a(hex)2 (1) towards AICp*, PRz and

diphenylacetylene

[NiGa,Al,](Cp*) AlCp* dpa ) .
[NizG;1AE;3](Cp*)4 e [Ni,Ga,)(Cp*)i(hex), —s [N!aeaz”Cp*)z(ge"h(dpah]
[Ni,Ga,Al,](Cp*),(hex), , _ [NiGa,](Cp*);(dpa);

PR,

[NiGa,](Cp*),(PEty), [NiGa,](Cp*),(PPh;),
[NiGa,](Cp*),(PEt,), [Ni;Ga3](Cp*)s(hex),(PPh;)

Scheme 8: Overview of herein discussed products of the reactivity test of 1 with AICp*, PR3 and dpa.

The following chapter focuses on the reactivity of [NisGas](Cp*)a(hex)z2 (1) which could possibly enhance
the vacuo stability of the core structure and thus, improve crystallization. Further, still reactive centers
could be revealed linking molecular with solid state chemistry. Therefore, 1 was converted with different
amounts of AICp* and PR3 (R = Et, Ph) being isolobal to GaCp* as well as dpa to possibly exchange

the vacuo sensitive 3-hexyne ligand by a stronger binding alkyne.

Reactivity of 1 towards AICp*

In order to avoid cluster agglomeration resulting in [NisGa7](Cp*)s and [NizGas](Cp*)s at high
temperatures (up to 90 °C), the reaction including AICp* was conducted at 40 °C as AlCp* is insoluble
and not reactive at room temperature. 1 eq. of AlCp*, related to Ni, was added to freshly prepared 1 in
hexane. The mixture was heated for several hours at 40 °C and in-situ monitored by LIFDI-MS
measurements. Indeed, 1 is reactive towards AICp* forming [NiGaAlz](Cp*)s (615.1554 m/z) as major
product after one and two days, respectively. After one day, the signal resulting from 1 (1218 m/z) has
fully disappeared and aluminum-containing compounds as [NisGaiAls](Cp*)s(hex) and
[NisGaiAl4](Cp*)(hex)2 were obtained (see Figure 20). In contrast to the reactions only including GaCp*,
the interpretation of the peaks originating from the reactions with both AICp* and GaCp* is more
complex: two 3-hexyne moieties (164 m/z) have similar molecular masses than AlICp* (162 m/z) and the
latter usually releases Cp* during instrumental ionization. Further, some product signals overlapped with
fragment peaks originating from 1. Thus, the assignment of the following compounds must be handled

with carefulness.
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Experimental Cluster
A B C D EF G [m/z]

A 615.1545 [NiGaAlz](Cp*)s

B 808.2070 [Ni2Ga1Als](Cp*)a
C 922.0581 Could not be identified
D 1008.1512 [NisGa:Alz](Cp*)a(hex)

J LL E* 1086.2110 [NisGa1Alz](Cp*)a(hex)-2H

i J\Luh s, H Y [Ni<GasAL](Cp¥):
200 400 600 1000 1200 1400 1600 1800 200¢ F  1112.1801 Could not be identified
m/z G  1248.3087 Could not be identified

“E is a mixture consisting of two clusters in a ratio of 1:1.2. After
2 days, the pattern is shifted to [NisaGaiAls](Cp*) (hex)2

Figure 20: Exchange reaction of 1 with AICp* monitored by in-situ LIFDI MS measurements. Left: LIFDI mass spectrum of the
reaction of 1 with 1 eq. AICp* (related to Ni) in hexane after one day at 40 °C. Right: Table of experimentally observed m/z values
and assigned clusters.

Nevertheless, this experiment showed the reactivity of 1 towards AlCp* by substitution of GaCp*. Since
the reaction resulted in both Al and Ga containing complexes, it appeared that an excess of AlCp* is
required. However, this could lead to cluster degradation and thus, to the formation of inert [Ni(AICp*)a4].
In addition, the formation of [NiGaAls](Cp*)a was observed as evidenced by single crystal X-ray
diffraction and MS measurements (615 m/z, [NiGaAls](Cp*)s). It is proposed that [NiGaAls](Cp*)s is a
result of unreacted [Ni(cod)2] and can be seen as a stabilized and reactive [Ni(AlICp*)3] fragment as
proposed from Steinke et al.82 An excess of AlICp* seems to be required to react off the remaining
[Ni(cod)z], which is left unreacted during the in-situ synthesis of 1.

In summary, it is possible to substitute GaCp* with AICp* ligands in Ni-E clusters or compounds under
mild conditions. Such ligand substitution reactions have already been published by Fischer et al. in 2005
for [TM2(GaCp*)s).”® In this work, they performed ligand exchange reactions in the homoleptic
[TM2(GaCp*)s] complexes with M = Pd, Pt, leading to the substitution of the two terminal and/or the three
bridging GaCp* as mentioned in the introduction. While in the case of Pd only the bridging positions
were exchanged, in the case of the Pt analogue it was possible to substitute all five positions with AICp*.
Therefore, such substitution reactions could provide additional information about binding modes in the
corresponding compound. However, the assignment of the obtained clusters remains complex and

requires a combination of different analytical methods followed by labeling experiments.

Reactivity of 1 towards PEt; and PPhs

As known from previous studies, ECp* ligands can either bind terminal or bridging while phosphines
favor terminal positions due to their o-donor properties.”® Further, phosphines can be applied as
additives in nanoparticle synthesis to control particle size.5° Thus, the reactivity of 1 could potentially
lead to further cluster growth reactions, but also reveal some bonding information. In order to use
electronically as well as sterically different phosphines, either PEts or PPhs was added to a freshly
prepared solution of 1 in toluene-ds or toluene. To avoid cluster growth reactions induced by
temperature, the reactions were conducted at room temperature. The reaction progress was monitored

by in-situ LIFDI MS and 'H / 31P NMR spectroscopic measurements.
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1 was used as synthesized without any workup and PEts was added via a syringe to the NMR tube using
glovebox technique. Already after two hours at r.t., the signals in the respective mass spectrum related
to 1 has disappeared while phosphine containing signals appeared. Besides the typical Ni-phosphine
signals [Ni(PEts)s] and [Ni(PEts)2] at 412.2065 m/z (calc. 412.2088 m/z) and 294.1163 m/z (calc.
294.1176 m/z), also [NisGaz](Cp*)2(PEts)(hex)z (1044.1614 m/z; calc. 1044.1606 m/z) was obtained
which can be seen as a one-substitution product of 1. Due to the better ionizability, homoleptic Ni-P
signals appear to be the most favored product. Especially in this context, LIFDI MS must not be
considered as a quantitative method. Therefore, 3'P NMR measurements were conducted to identify the
amount of possible products and potentially assign literature known compounds. The 3P NMR
spectrum, depicted in Figure 21, revealed signals for [Ni(GaCp*)1(PEts)3] (16.6 ppm) as the major
product and [Ni(GaCp*)2(PEts)2] (31.3 ppm) as well as a small broad peak for free PEtz (-19.8 ppm) as
already published by Fischer et al.®® These findings are in accordance with the signals originating from
the MS.

31.28

2633
2509
< 24.86
15,51
—-19.98
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Figure 21: Enlarged *'P NMR spectrum of the reaction [NisGas](Cp*)s(hex), with 3 eq. PEt; showing free PEt; (-19.98 ppm),
[Ni(GaCp*)(PEts)s] (16.5 ppm) and [Ni(GaCp*).(PEts),] (31.3 ppm) as literature known compounds.

Besides the literature known compounds, small signals at 26.3, 25.1 and 24.9 ppm were detected at the
31P NMR spectrum hinting to new Ni-P compounds. Additionally, the *H NMR spectrum showed new
signals at 2.90 ppm (hex), 1.96 ppm (GaCp*) and 1.52 ppm (hex or PEtz), beside the already assigned
known compounds, which can be attributed to [Ni2(GaCp*)s(L)2] with L being 3-hexyne or PEts. Precise
signal assignment and integration was not possible as most of the peaks overlap with each other. Both,
31P and 'H NMR spectra as well as the MS measurements led to the assumption of mononuclear Ni-P
compounds as the major product when treating 1 with PEts. Nevertheless, 1 is reactive towards PEts
forming [NisGaz](Cp*)2(PEts)(hex)z in small quantities. Reaction of 1 at lower temperature could provide
the before-mentioned Nis compound as major product while affecting the formation of the mononuclear
Ni-P complexes as the thermodynamically favored product. Further, PEts is able to deconstruct the Nis-
framework of 1 at r.t., which means that lower temperature lowers the activity of PEts and thus,

potentially hampers Ni-Ni bond breaking.

As an electronically different and sterically more demanding phosphine, PPhs is further tested towards
the reactivity of 1. Thus, 3 eq. of PPhs were added to freshly prepared 1 in toluene-ds or toluene and
in-situ monitored by LIFDI MS and NMR spectroscopic measurements. Dissolved 1 was used without

any further workup. After 2.5 h at room temperature, the signal related to 1 at 1218 m/z has already
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disappeared while signals at 614.1051 m/z (not yet identified) and 582.1160 m/z assigned to [Ni(PPhs)z]
(calc. 582.1172 m/z) were rising. Besides mononuclear Ni-compounds also phosphine analog of 1 is
observed where one GaCp* is substituted by one PPhs ligand resulting in [NisGas](Cp*)3(PPhs)(hex)2
(1274.1140 m/z; calc. 1274.1132 m/z). As PPhs favors a terminally bound position on Ni centers,
mononuclear and small complexes are preferred as the kinetically favored product formed under cluster
deconstruction. 3P NMR spectroscopic studies supported these findings due to the observation of major
signals referring to [Ni(GaCp*)2(PPhs)z] (40.4 ppm) and free PPhs (-5.3 ppm). Besides the known
compounds, further signals at 39.4 ppm and 32.7 ppm were detected in the 3!P NMR spectrum (see
Figure 22), in which the obtained compound should, when comparing with literature data, have similar
electronically environment as [Ni(GaCp*)2(PPhs)2] (40.6 ppm®?) or [Ni(GaCp*)2(PEts)2] (31.3 ppm®).
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Figure 22: Enlarged *'P NMR spectrum of the reaction [Ni;Gas](Cp*)s(hex). with 2.5 eq. PPh; showing free PPh; (-5.3 ppm) and
[Ni(GaCp*),(PPhs),] (40.5 ppm) as literature known compounds.

It is proposed that PPhs is terminal bound to a Ni-center which is surrounded by GaCp*. The ratio of
GaCp*:PPhs is estimated to be 1:1 (close to 30 ppm in 3P NMR) or 3:1 (predicted in the range of 40 ppm
in 3P NMR). These values are referred to mononuclear, literature known Ni-P complexes of the formula
[Ni(GaCp*)n(PEts)an] (n = 1-3).%° Additionally, the *H NMR spectrum revealed signals related to free cod
(5.54, 2.21 ppm), free 3-hexyne (2.01, 1.01 ppm) and Cp*H. Although, no signals for 1 or free GaCp*
were detected, new signals for Cp* in the range typically for GaCp* were observed: 1.91, 1.90 and
1.82 ppm with the ratio 2:2:1. Considering [NisGas](Cp*)s(PPhs)(hex)2, it is possible that GaCp* has two
different environments in the complex with two GaCp* being identical and one GaCp* being different.
Further, a second Ni-Ga-PPhs compound has been formed in 50% vyield related to
[NisGasz](Cp*)3(PPhs)(hex)2 since the signals of the 'H as well as the 3P were close to 1:1 besides the
mononuclear compounds.

In conclusion, similar to PEts, PPhs was able to substitute GaCp* in 1. However, PPhs only exchanged
one GaCp* while PEts was able to substitute two GaCp* moieties. With a cone angle of 145°, PPhs is
more sterically demanding than PEts which exhibits a cone angle of 132°.8° Such behavior has also
been observed for mononuclear compounds of the formula [Ni(GaCp*)n(PR3)s.n] (R = Ph, Et; n = 1-3).9
%1 It was only possible to synthesize the whole range of compounds with n = 1-3 in case of PEts, while
the formation of other compounds than [Ni(GaCp*)2(PPhs)2] has never been observed for PPhs due to
steric effects. Besides that, also electronic properties of PRz influenced the cluster stability. As

mentioned before, PEts substituted two GaCp* ligands while PPhs only exchanged one ligand. As the
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stronger o-/r-donor ligand, PEts was able to stabilize the cluster core. In contrast, due to the phenyl
moieties, PPhs is a better mm-acceptor ligand. Since PR3 ligands are usually terminal bound to Ni-clusters,
the reaction of 1 with PR3 revealed unsaturated Ni-centers which reassembled under cluster degradation
and caused Nii-complexes.

Summarizing, PR3 can be used to substitute GaCp* ligands in clusters as previously observed for
smaller compounds as [M2(GaCp*)s] (M = Pd, Pt). Only one or two GaCp* ligands were exchanged, due
to steric effects. Further, PR3 was able to act as a second additive as known for nanoparticles. Due to
the ability to substitute ECp* ligands, PRs can be used in cluster synthesis to control cluster size and
distribution of the metals enriching Ni and reduce the Ga compound in Ni-Ga clusters, respectively.

Reactivity of 1 towards diphenylacetylene

1 could not be crystallized, yet, possibly due to high 3-hexyne volatility, less bonding energy to Ni and
temperature sensitivity. Exchanging the 3-hexyne moieties by a stronger binding alkyne as dpa could
improve crystallization and lead to stable crystals. 1 was in-situ synthesized and further used without
any workup procedure. 1 eq. of dpa was added and the reaction progress was monitored in-situ using
mass spectrometric measurements. After two days, the mass spectrum showed two intense signals at
1438 m/z and 1178 m/z which were assigned to [NisGaz](Cp*)2(hex)(dpa)s and its fragment
[NisGaz](Cp*)2(dpa)s as the major products (Figure 23). Simultaneously, the disappearance of the signal
for 1 allows to assert its conversion. In addition, signals for the fully hexyne-exchanged product
[NisGaz](Cp*)2(dpa)s (1178 m/z) and dimerized dpa were found. In contrast to 1, the observed
compounds contain more ligands than 1, if considering dpa and GaCp* as ligands, which imply the

rearrangement of the cluster under treatment with dpa.

A B C D EF H
Experimental  Cluster
[m/z]
A 607.1440 [Ni2](Cp*)(dpa).
1+ dpa, B 721.8720 [NisGa2](Cp*)2(hex)i-4H
hhhumumlnm.hLl, .....Jh..‘LuALMJuKL_J.J &L,l, G, 2440°C) TTeh7978) [NisGaz](Cp*)a(hex)2
D 929.9355 [NiaGas](Cp*)s(hex):
E 1178.0631 [NiaGaz](Cp*)2(dpa)s
M J‘ F  1218.0675 [NisGaa](Cp*)a(hex): (1)
Hn bbb ia B lL. ...uLL,LL .4 e 1
-1 . r - T r r *tr r°r . r°t f 1 r*r T1 7 G  1438.2155 [NisaGaz](Cp*)z(hex)i(dpa)s
200 400 600 800 1000 1200 1400 1600 1800 200(
; 1534.2107 [NisGaz](Cp*)2(dpa)s
m/z

Figure 23: LIFDI mass spectra of the reaction of 1 (black trace) with 1 eq. dpa (red trace) after two days at 40 °C in toluene. The
assignment of the signals is given in the table right.

As previously mentioned, dpa is the stronger ligand compared to 3-hexyne as well as GaCp*. Therefore,
the substitution of 3-hexyne as well as GaCp* was expected in contrast to intended hex - dpa
exchange. As a result, introducing dpa in such clusters led to a unchanged Ni-core, but in a different Ni
environment. In a catalytic context, the binding of the additive to the catalytically active metal enhances
catalytic activity as the Ni-centers become more accessible upon reaction with dpa.
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4.1.1.4. Reactivity of [Ni(GaCp*)4] towards alkynes

The following chapter summarizes parts of the bachelor’s thesis from Anna-Julia Herold supervised by

this author. The idea and the concept for the performed experiments originated from this author.

4 eq.

[Ni,Ga,](Cp*),(hex), :
rt.
[Ni4Gazl(Cp*)z(dpa)s]
r.t. \
3-hexyne ) . dpa
[Ni.Ga,)(Cp*);(hex), } 6 eq. [NiGa,])(Cp*),
L + Alkyne

T ea. [Niqaaal(c:p*)g(dpa)g]
[Ni3Gas](Cp*)s(hex), 4eq. rt. [Ni;Ga,](Cp*),(dpa),
[Ni,Ga;](Cp*);(hex),

\ [NisGas](Cp*);(hex),

60 °C

Scheme 9: Overview of the herein discussed products which are formed during the reaction of [NiGa4](Cp*), with 3-hexyne (left)
or diphenylacetylene (dpa; right).

Contrary to the published assumption that [Ni(GaCp*)4] is kinetically inert®2, it unexpected appeared to

be reactive to both temperature and alkynes. Therefore, the reactivity was systematically studied by

varying the temperature as well as the alkyne amount. The mixtures were analyzed by in-situ LIFDI-MS.

Reactivity of [Ni(GaCp*)4] towards 3-hexyne

A B CDEF
Experimental  Cluster
[m/z]
A 327.1606 [Ni](Cp*)2-H
B  468.0182 [NiGa2](Cp*)2
C 1637.7740 [NiGas](Cp*)s
.Mtkurl —_— . AR . D 1647.7824 [NisGas](Cp*)s-H

200 400 600 800 1000 1200 1400 1600 1800 2000 ¢ ieoieEe7  (NisGadl(Cp*led

m/z F 1705.7014 [NizGas](Cp*)s-3H

Figure 24: LIFDI mass spectrum of [Ni(Gas](Cp*)4 after 4.5 hours at 60 °C in toluene. The assignment of the signals is given in
the table right.

The first part deals with the reactivity of [Ni(GaCp*)4] and 3-hexyne in toluene or hexane at room
temperature and 60 °C with different equivalents of alkyne (4 and 6 eq.). Before starting with the
reactivity towards alkynes, the stability of [Ni(GaCp*)4] at different temperatures was tested. Already
after dissolving [Ni(GaCp*)4] in toluene, a color change from orange to brown was recognized. Heating

the mixture for several hours at 60 °C, the mass spectrum, depicted in Figure 24, showed the slow
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formation of higher nuclear clusters as [NisGa7](Cp*)s (1647 m/z) and [NizGas](Cp*)s (1637 m/z) from
[NiGa4](Cp*)4 which is indicated by the signal at 468 m/z ([NiGaz](Cp*)2). As known from previous
studies of our group!3? 142, the Mz1s clusters reveal an octahedral (NiCp*)s shell which stabilizes the M~
core either consisting of NiGas or Gaz. In this case, the Cp* has to be transferred from Ga to Ni which is
evidenced by the observation of [Ni](Cp*)z2 at 327 m/z in the mass spectrum. Indeed, [NiGa4](Cp*)4 is
itself temperature sensitive and forms higher nuclear clusters. However, due to the Cp* transfer, further

reactions are hampered as the catalytically active Ni center is covered by a Cp* ligand shell.

A B CD EF GH
Experimental  Cluster
[m/z]
A 468.0188 [NiGa2](Cp*)2
468.1827 [Ni2](Cp*)2(hex)
‘_\..m.lmL_LuLJL Ihuln.l_‘. . bed B 678.9518 [NizGas](Cp*)z(hex):
C 807.9770 [NisGa2](Cp*)2(hex)2
D 863.8877 [NisGa2](Cp*)2(hex)2
l E  929.9427 [NisGas](Cp*)s(hex):
. LL l.....u.n...L _.L.l Lm Ao - 4eq. f *
T T F T ; T — T T T T T T T T F 947.9741 [NisGa2](Cp*)2(hex)s (-2H)
200 400 600 800 1000 1200 1400 1600 1800 20C G 1218.0569 [NisGaa](Cp*)a(hex):
m/z 1234.0958 [NisGas](Cp*)s(hex)s

Figure 25: Left: LIFDI mass spectra of the reaction [Ni(GaCp*)4] with 3-hexyne (Aeq. related to Ni) in toluene at room temperature
after one day showing strong interaction. Right: Table of LIFDI MS signal assignment.

In order to avoid undesired Cp* transfer while covering the Ni-center with an organic ligand or substrate
that can be easily removed afterwards, cluster growth reactions starting from [NiGa4](Cp*)s were
performed in the presence of an alkyne. Already at room temperature, the reactions showed high
sensitivity towards different equivalents of 3-hexyne (Figure 25). The reaction with four equivalents
3-hexyne led to 1 as the most favored product (G) after one day, besides its fragments and
characteristically peaks at 468 /z assigned to a mixture of [NiGaz](Cp*)2 and [Ni2](Cp*)2(hex). Notably,
immediately after addition of 3-hexyne, the reaction mixture turned (dark) brown. This color change was
confirmed by the detection of [Ni2Gaz](Cp*)2(hex) (608 m/z) and [NizGas](Cp*)s(hex) (814 m/z) while the
signals for [Ni(GaCp*)s] has almost disappeared. The latter compound could either refer to
[Ni2Ga4](Cp*)a(hex) or [Ni2Gas](Cp*)s(hex)z, but, since only traces of the former could be detected at
1018 m/z, it is assumed that the signal at 814 m/z is related to [Ni2Ga4](Cp*)a(hex) while releasing GaCp*
during ionization. Already after one hour, the formation of 1 could be determined. It is assumed that 1 is
formed using both [Ni2Gas] and [Ni2Gaz] as building blocks in a cluster growth reaction. In fact, 3-hexyne
undergoes an “activation” of [NiGaa] forming higher nuclear clusters as 1. Increasing the alkyne amount,
the cluster growth reaction is much faster revealing [NisGas](Cp*)s(hex)s (1234 m/z, H) and its fragment
[NisGaz](Cp*)2(hex)s-2H (947 m/z, F) as the most favored products.
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A B C D E F
3d
Experimental  Cluster
[m/z]
A*  468.0197 [NiGaz2](Cp*)2
468.1822 [Ni2](Cp*)2(hex)
il lull ‘L.Lil ﬂhhlml lhul;[ua 6h
; B 678.9546 [Ni2Gas](Cp*)2(hex):
‘ C 761.0322 [Ni2Gas](Cp*)2(hex):
[ 1 l L“ D 1036.1617 [NizGas](Cp*)s(hex)s
4h
whibie J“u. wlil, l M b ik W E 1234.0905 [NisGas](Cp*)s(hex)a
F  1777.9207 [NisGas](Cp*)s(hex)
*mixture of two signals: first, NiGa. is higher which decreases
] during reaction progress.
N P il .L. . J b ea hal Th

— 71T ~ T T 1 T T T T T T T T T T
200 400 600 800 1000 1200 1400 1600 1800 2000
m/z

Figure 26: Left: Reaction progress monitored by LIFDI MS of [Ni(GaCp*)4] with 4 eq. 3-hexyne (related to Ni) at 60 °C in toluene.
Right: Cluster assignment of obtained compounds. Sum formulas related to products are given in bold.

In contrast to the room temperature reaction, the reaction at 60 °C showed a different behavior. Small
NiGa compounds as [Ni2Gas](Cp*)2(hex) (678 m/z) and [NisGas](Cp*)s(hex)s (1036 m/z) were observed
in the reaction with 4 eq. 3-hexyne, related to Ni, besides [NiGaz](Cp*)2 (468 m/z) which can be seen as
fragment of [Ni(GaCp*)4]. During the reaction progress, this fragment peak at 468 m/z became smaller
which can be considered equivalent to the conversion of [NiGa4](Cp*)s (Figure 26). Simultaneously, the
peaks at 761 m/z, 1035 m/z and 1234 m/z were rising which were assigned to [Ni2Gasz](Cp*)2(hex)2,
[NisGaz](Cp*)3(hex)s and [NisGas](Cp*)s(hex)s while 1 could only be observed in small traces after one
hour. In accordance with these findings, [NisGas](Cp*)s(hex)s has been also observed in the reaction
with 6 eq. 3-hexyne at room temperature as the thermodynamically favored product. It can be excluded
that [Ni2Gas](Cp*)2(hex), which was detected as the major product at the beginning of the reaction,
originated from [Ni2Gas](Cp*)2(hex)2 as a fragment since the ratio of these two peaks was varying during
the reaction progress. However, both compounds, [Ni2Gaz](Cp*)2(hex) and [Ni2Gas](Cp*)2(hex)2
represent fragment peaks as one Cp* per molecule was cleaved off during ionization. Increasing the
3-hexyne amount from 4 to 6 equivalents, [NisGas](Cp*)s(hex)s (1036 m/z) was only detected at the
beginning of the reaction (after two hours) and decreased as the reaction proceeded.
[NisGas](Cp*)s(hex)s (1234 m/z) was only observed in small traces over the whole reaction monitored
while [Ni2Gas](Cp*)2(hex): (678 m/z) resembled the most favored product being thermodynamically

favored (see Appendix, Figure 74).

Interestingly, comparing both reactions, at room temperature and 60 °C, the formation of higher nuclear
clusters was different. While the room temperature reaction favored the formation of 1, built from
[Ni2Gaz](Cp*)2(hex) and [Ni2Gas](Cp*)s(hex), the reaction at 60°C prefered clusters as
[Ni2Gas](Cp*)2(hex)z2, [NisGas](Cp*)s(hex)s and [NisGas](Cp*)s(hex)s. Therefore, [NizGas](Cp*)2(hex) and
1 can be seen as kinetically favored products while [Ni2Gas](Cp*)2(hex)z, [NisGas](Cp*)s(hex)s and
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[NisGas](Cp*)3(hex)s seemed to be thermodynamic products. These findings are also in accordance with
the reaction progress starting from [Ni(cod)z] with GaCp* and 3-hexyne where 1 was obtained at room
temperature resembling kinetic control and [NisGas](Cp*)s(hex)s was formed upon heating as controlled

by thermodynamic parameters.

Reactivity of [Ni(GaCp*).] towards diphenylacetylene

Experimental Cluster
[m/z]
ﬂ 3 . 1178.0514 [NisGaz](Cp*)2(dpa)s
w eq.
T AJLL- .l - L-J‘. WP | W L.“Lull“k-uu*ml‘uuj_ il o s e ol 1204.0156 [Ni4Ga3](Cp*)3(dpa)z
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Figure 27: Left: LIFDI mass spectra of the reaction [Ni(GaCp*)4] with dpa (4 eq.) at room temperature after one day (1 eq.) and
three days (4 eq.). Right: Table includes cluster assignment of the obtained compounds. Compounds related to products are given
in bold.

The second part of this chapter deals with the reactivity of [Ni(GaCp*)4] and dpa (1 and 4 eq.) in toluene
at room temperature. The reaction carried out showed high reactivity towards dpa within a few days
(Figure 27). In the first reaction period (less than one day), the reaction with 1 eq. of dpa showed
moderate reactivity while observing trimeric dpa (534 m/z, hexaphenyl benzene), [Ni(Cp*)(dpa):]
(549 m/z) and [Ni2(Cp*)2(dpa)] (564 m/z) besides [Ni(GaCp*)2] (468 m/z) serving as indicator for
remaining starting material. However, after one day this signal for the starting material has completely
disappeared while a signal at 1534 m/z assigned to [NisGaz](Cp*)2(dpa)s (Figure 27, F, black trace) was
arising. Further signals at 1356, 1384 and 1467 m/z were observed which were related to
[NisGaz](Cp*)2(dpa)s, [NisGas](Cp*)s(dpa)s and [NisGas](Cp*)a(dpa)z. It cannot be said with certainty
whether [NisGaz](Cp*)2(dpa)s resulted from fragmentation of [NisGaz](Cp*)2(dpa)s or if both are
independent product signals and thus, no fragments. Increasing the dpa concentration to four
equivalents, the reaction revealed the preferred formation of [NisGaz](Cp*)2(dpa)s (1356 m/z) and
[NisGas](Cp*)s(dpa)s (1384 m/z). As previously mentioned, the increase of the additive amount resulted
in the decrease of overall cluster which has also been observed for the corresponding [Ni(cod)2]
experiments.

In summary, [Ni(GaCp*)4] showed high reactivity towards alkynes in contrast to previous publications.
As Cp* and Ga were always assigned in a ratio 1:1 in all observed clusters, the addition of alkynes as
additives suppressed the Cp* transfer reaction from Ga to Ni. Furthermore, the additives being either
3-hexyne or dpa were able to control cluster growth or degradation by varying the concentration or

temperature.
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4.1.1.5. From sum formula to structural suggestion: Combining NMR, MS and
DFT

Single crystals of 1 suitable for X-ray diffraction (XRD) were obtained by storing a concentrated reaction
solution at -30 °C in hexane or toluene. However, due to temperature sensitivity and decomposition
upon removal of the crystal from the reaction solution, which also means loss of excess 3-hexyne around
the crystal, the crystal structure could not be determined by SC-XRD. Neither picking under inert Ar
atmosphere nor cooling improved the lifetime of the crystal. In addition, 1 underwent further reaction to
[NisGa7](Cp*)s and [NizGas](Cp*)s during long storage times. Therefore, a combination of different
analytical techniques as NMR spectroscopy and mass spectrometry accompanied by DFT calculation
was required to propose a valid structural suggestion.

Considering the mass spectrum of 1 and its fragmentation behavior, conclusions about the ligand can
be drawn if it is assumed that fragments originate from the periphery of the molecule. As Fischer et al.
previously published, Cp* transfer from Ga to Ni was observed when reacting [Ni(cod)z] or [Niz(dvds)z]
with GaCp* which decreased the reactivity of the respective Ni/Ga compound and thus, being less
relevant for catalytic applications.132.134,142-143 A more detailed analysis of the fragmentation behavior of
1 can potentially provide important information about the structure of this cluster. The fragmentation of
1 induced by LIFDI MS only revealed GaCp*- and hexyne-cleavage during ionization and no loss of
NiCp* or Ni(Cp*)2 which was typically observed for Cp* bound to Ni as in case of [NisGar](Cp*)s and
[NizGas](Cp*)e. Further, the sum formulas contain Ga:Cp* in a ratio of 1:1. These observation led to the
conclusion that Cp* is solely bound to Ga and not to Ni. In-situ 13C NMR spectroscopy accompanied
with 2D NMR spectroscopic measurements confirmed this suggestion. The 3C NMR studies showed a
peak at 113.6 ppm which is in the characteristic range of GaCp* (Lit. values: 112.9-114.5 ppm)90-92, 143-
144 rather than NiCp* (Lit. values: 97.9-98.8 ppm)143. 145, Additionally, this signal correlated to 1.97 ppm
in the respective 'H NMR spectrum as determined by 2D NMR spectroscopy (*H/23C NMR; HMBC).
Moreover, the NMR studies provided information about the geometry of 1. Variable temperature NMR
studies revealed three signals in the respective range with an integral ratio of 2:1:1 detected at -80 °C
which was assigned to GaCp*. All these 3C shifts correlated to one Cp* shift in the *H NMR spectrum
leading to the assumption of two isomers, one with four equivalent GaCp* moieties and one with two
chemically inequivalent GaCp* ligands with an integral ratio of 1:1 (at -80 °C).

DFT calculations (BP86-D3/def2-tzvpp) for two different GaCp* ligands resulted in one local minimum
for a cluster following the composition [Niz(GaCp*)a(hex)z] which is in accordance with the NMR results
(Figure 28A). The structure features a square planar Nis core with two Nis-face-bridging GaCp* moieties.
The Niz-edges are coordinated by two 3-hexyne and two GaCp* moieties which are trans bridging the
Niz-edges. Since the NMR spectrum, H as well as 13C, showed only one signal at room temperature, it
can be assumed that the Cp* or GaCp* ligands undergo fluxional processes that are hampered at lower

temperatures.
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Figure 28: Five possible geometries for [NisGas](Cp*)s(hex),. A, B and C resulted in local minima calculated by ORCA4.0 (BP86-
D3/def2-tzvpp) while D and E could not be optimized to a minimum. Color code: Ni, green; Ga, blue; C, grey. Hydrogen atoms
are omitted and Cp* rings are depicted in wireframe for clarity. C was previously suggested by J. Hornung*®*.

For the second isomer obtained in the NMR spectrum, it is proposed to have four equivalent GaCp*
moieties. Thus, different possible structures have been tried to optimize to a local minimum. Two
geometries reached convergency featuring two Niz-edge-bridging 3-hexyne as well as four Niz-edge-
bridging GaCp*. These two geometries only differed in their arrangement of the Nis-core being either
tetrahedrally (Figure 28B) or square-planar arranged (Figure 28C). The other two possible geometries
are conceivable, but do not result in a local minimum in this arrangement. Instead, the geometry
optimization of D aimed to bridging GaCp* positions and a Ni-arrangement more reminiscient of B with
a tetrahedral Nis-core. In addition, a Cp* transfer from Ga to nickel can be observed in D, which has
already been excluded by NMR spectroscopy. Similar behavior could be observed with the geometry

optimization of E which also exhibited bridging GaCp*, but transferred two Cp* from Ga to Ni.

Similar structures for [TMsGaa] than the proposed geometries A and B were previously obtained for
[Pd4(GaCp*)4(CN'Bu)4] which also featured two different structures due to different precursors (Figure
29).%8
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Figure 29: Metal arrangement of possible NisGay clusters compared with already published Pd,Ga, clusters. Left: square planar
Nis-core with two Niy-edge-bridging GaCp* and two Nis-face-bridging GaCp*. The same structure motif was obtained for
[Pd4(GaCp*)4(CN'Bu),] from [{Pd(CN'Bu),}s]*® (middle left). Middle right: Tetrahedrally arranged Ni, core with four Ni,-edge-
bridging GaCp* ligands. Right: Metal arrangement of [Pd4(GaCp*)s(CN'Bu),] originating from [Pds(GaCp*)4(CN'Bu);]*® featuring a
Pd, tetrahedra with four Pd,-face-bridging GaCp* ligands. Color code: Ni, green; Ga, blue; Pd, red.

While the reaction originating from [{Pd(CN'Bu)z}s] resulted in a square-planar Pds-core with two
Pdz-edge-bridging and two Pds-face-bridging GaCp*, the reaction starting from [Pd3(GaCp*)4(CN'Bu)s]
revealed a Pds-tetrahedra with four Pds-face-bridging GaCp*. In contrast to the proposed structure B
which featured only edge-bridging ligands, the Pd-analog exhibited only face-bridging Ga-ligands. This
is only possible due to additional o-donor ligands (CN'Bu) which stabilize the metal-core. In case of
[NisGas], the additional ligand is acetylene being a m-donor ligand which prefers bridging positions.
GaCp* interact as o-donor ligand featuring a 3-center-2-electron bond (3c-2e) which increases the
electron to metal ratio compared to tetrahedral [PdsGaas] which exhibited less electron on the metal

having a 4-center-2-electron bond.
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4.1.1.6. Structure suggestions for [NisGas](Cp*)s(hex)s, [NiaGan](Cp*)n(dpa)sn
(n = 2-4) and [NisGaz](Cp*)2(dpa)s

Structure suggestion for [NisGas](Cp*)s(hex)s compared to [Pd3(AICp*)s]

Following the above-established procedure to evaluate valid structure suggestions, also calculations for
[NisGas](Cp*)3(hex)s were performed. As acetylene is known to bind either face-bridging or edge-
bridging, only positions for those possibilities were included. In Figure 30 a possible structure for
[NisGas](Cp*)a(hex)4] is depicted. The geometry optimization revealed a distorted pyramidal Nis core
with three Niz-face-bridging and one Niz-edge-bridging 3-hexyne ligands. The GaCp* moieties are bound

in three different fashions: once terminal, once Niz-edge-bridging and once Nis-face-bridging.

%A

Figure 30: Left: Structure suggestion for [NisGas](Cp*)s(hex)s as calculated by ORCA4.0 (BP86-D3/def2-tzvpp). Right: Crystal
structure of [PdsAls](Cp*)s as determined by SC-XRD from Fischer et al.”>. Color code: Ni, green; Ga, blue; Pd, red; Al, yellow, C,
grey. H atoms are omitted for clarity. Cp* and ethyl moieties are depicted in wireframe.

The Pds core of [Pds(AlCp*)e] is stabilized only by AICp* ligands which bind either Pdz-edge-bridging or
terminal. If two of the four Pd>-edge-bridging are considered as core-member, the cluster exhibits a
distorted pyramidal PdsAlz core with two Pdz-edge-bridging and two terminally bound AICp* ligands. In
contrast to [PdsAls], [NisGas] additionally featured TM-face-bridging ligands. These 3-hexyne ligands
stabilize the Ni atoms which are located on the respective Al-core positions. The second terminally
bound AICp* in [PdsAls] is exchanged by edge-bridging GaCp* which provides electrons to two Ni-atoms
instead of one if terminally bound, since 3-hexyne is only bound bridging and thus, donates less

electrons to one Ni-atom while forming 3-center-2-electron or 4-center-2-electron bonds.
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Structure suggestion for [NisGan](Cp*)n(dpa)s.n (n = 2-4)

Ni, tetrahedron

Figure 31: Structure suggestions for [NisGa,](Cp*)n(dpa)en (N = 2-4) as calculated by ORCA5.0 (BP86-D3/def2-tzvpp). Top:
square-planar Ni, core structures; bottom: Tetrahedrally arranged Nis-core structures. Left: [NisGas)(Cp*)s(dpa),; middle:
[NisGas](Cp*)s(dpa)s; right: [NisGa,](Cp*).(dpa)s. H atoms are omitted for clarity. Phenyl- and Cp*-rings are depicted in wireframe.
Color code: Ni, green; Ga, blue; C, grey.

Reaction of [Ni(cod)z], dpa and GaCp* in the ratio 1 : 0.5: 0.5 at room temperature led to a product
mixture consisting of [NisGa4](Cp*)a(dpa)z (Ldpa), [NiaGas](Cp*)s(dpa)s (3) and [NisGaz](Cp*)2(dpa)s (4)
all having six ligands being either dpa or GaCp*. Based on the previous findings for the structure of 1,
the geometries of these compounds can be proposed assuming hex->dpa exchange. Similar to 1, all of
these compounds could either possess a tetrahedrally arranged Nis core (Figure 31, bottom) or a square
planar Nis-core with two Nis-face-bridging GaCp* featuring an octahedrally arranged NisGaz core (Figure
28, top). In particular, [NisGaa](Cp*)a(dpa)z showed similar bonding of the alkyne compared to 1 having
either two Niz-edge-bridging and two Nis-face-bridging GaCp* with two Niz-edge-bridging dpa units, in
case of square-planar Nis, or four Niz>-edge-bridging GaCp* with two Niz>-edge-bridging dpa when
considering tetrahedrally arranged Nis core. In contrast to 1 and [NisGas](Cp*)a(dpa)z,
[NisGas](Cp*)s(dpa)s revealed one edge-bridging GaCp* exchanged by a dpa unit resulting in three
Niz-edge-bridging dpa and one Niz>-edge-bridging GaCp* besides the core atoms in octahedrally
arranged NisGaz. In case of tetrahedrally arranged Nis-core structure in [NisGas](Cp*)s(dpa)s, the
structure exhibited six Niz-edge-bridging ligands, specifically three GaCp* and three dpa. The geometry
optimization of [NisGaz](Cp*)2(dpa)s showed the substitution of both Niz>-edge-bridging GaCp* by dpa
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leading to four equivalent Niz>-edge-bridging dpa-units while maintaining the octahedral Ms cluster core
with square planar Nis. Considering a Nis tetrahedron for [NisGaz](Cp*)2(dpa)s-structure suggestions, the
optimized geometry possessed four Niz-edge-bridging dpa and two Niz-edge-bridging GaCp* ligands.

Further ligand substitution (GaCp* - dpa) is not possible, since the o-donor properties of the Ga-ligands
are important to stabilize the Nis core. In case of a [NisGaz] octahedron, the exchange of one Nis-face-
bridging GaCp* by dpa would result in an electron deficit on the Ni-center since the g-donor is exchanged
by a m-acceptor, possibly causing cluster growth. In contrast, using 3-hexyne as the alkyne, it should be
thinkable to substitute the Nis-face-bridging GaCp* as 3-hexyne having ethyl moieties and thus, being
the better electron-donor-ligand compared to dpa. However, also in this case, the o-donor character of

GaCp* is important to stabilize the Ni framework.

Structure suggestion for [NisGaz](Cp*)2(dpa)s: Comparison with [Nis(CNtBu)7], [Nis(CN'Bu)s(dpa)s]
and [NisGas](Cp*)3(CNtBu)z

Figure 32: Comparison of different Ni, compounds. Left: Structure suggestion for the herein reported [Ni,Ga,](Cp*).(dpa)s
calculated with ORCA5.0 (BP86-D3/def2-tzvpp); middle left: molecular structure of [Nis(CN'Bu)] determined by SC-XRD¢; middle
right: molecular structure of [Nis(CN'Bu)4(dpa)s] as determined by SC-XRD; right: molecular structure of [Nis(GaCp*)s(CN'Bu),]
as determined by SC-XRD®. Middle left and middle right are reprinted with permission from M. G. Thomas, W. R. Pretzer, B. F.
Beier, F. J. Hirsekorn, E. L. Muetterties, J. Am. Chem. Soc. 1977, 99, 743-748 and E. L. Muetterties, E. Band, A. Kokorin, W. R.
Pretzer, M. G. Thomas, Inorg. Chem. 1980, 19, 1552-1560. Copyright 1977 (middle left) and 1980 (middle right), American
Chemical Society.

Reaction of [Ni(cod)2], dpa and GaCp* at 60 °C in the ratio 1:1:1 led to [NisGaz](Cp*)2(dpa)s (5) as the
major and thermodynamically favored product. Several crystallization attempts to obtain single crystal
suitable for X-ray analysis failed so far. Thus, a structural suggestion for [NisGaz](Cp*)2(dpa)s was
calculated on the BP86-D3/def2-tzvpp level of theory (Figure 32, left) and was based on previous
findings for Nis-compounds (see chapter 4.1.1.5.).
The optimized structure revealed a distorted Nis tetrahedron with two terminally bound GaCp* ligands
and five Niz-edge-bridging dpa moieties. All Ni-Ni axes featured bridging dpa except one Ni-Ni axis both
Ni-atoms having terminally bound GaCp*. The C=C triple bond of Niz>-edge-bridging dpa is 90° bent to
the Ni-Ni bond which offered a strong o-interaction of both carbon atoms to both adjacent Ni-metals.
This caused a C-C bond elongation from 1.20 to 1.29-1.35 A which was also previously described from
Muetterties and coworkers.14
Since [NiaGaz](Cp*)2(dpa)s only consists of a Nis core, it could be better described as [Nis](GaCp*)z(dpa)s
bearing seven ligands. In contrast to other already published Nis clusters as [Nis(CN'Bu)7],
[Nia(CNtBu)a(dpa)s] and [Nis(GaCp*)s(CN'Bu)4] (see Figure 32), [Nig](GaCp*)2(dpa)s only featured edge-
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bridging dpa while GaCp* is terminally bound. Previous studies of [Nis(CN'Bu)7] with dpa or GaCp*
resulted in the formation of either [Nis(CN'Bu)4(dpa)s] in case of dpa'#” or [Nis(GaCp*)s(CN'Bu)4] when
using GaCp*%. Both compounds consisted of face-bridging ligands either dpa or GaCp* while the
isonitriles were terminally bound to the Ni-core atoms. Compared to [NisGaz](Cp*)2(dpa)s, the basic
structure of the nickel atoms in [Nis«Gas](Cp*)s(CN'Bu)s was rather similar, as they both have a distorted
tetrahedron with elongated Ni-Ni distances. The interatomic Ni-Ni distances in [NisGaz](Cp*)2(dpa)s
ranged from 2.59-2.84 A (Ni-Ni or Ni-Nica) or 3.34 A (caNi-Nica), while [NisGas](Cp*)s(CN'Bu)s had similar
Ni-Ni distances of 2.41-2.84 A as published from Fischer and coworkers in 2013.% The observed
distances were significantly longer than for [Nis(CN'Bu)7] with 2.34 A. In accordance, [Nis(CN'Bu)4(dpa)s3]
also featured a distorted Nis tetrahedron with partially elongated Ni-Ni distances. The compound
consisted of two different types of Ni atoms: one Nia atom with three adjacent face-bridging dpa moieties
and three Nip atoms with two face-bridging dpa ligands. The averaged bond distance of Nia-Ni» was
measured to be 2.37 A which is comparable to [Nis(CN'Bu)7] while the Nio-Ni» bond was elongated to a
bond distance of 2.69 A.147

The longer Ni-Ni bond distances as observed in [NisGaz](Cp*)2(dpa)s are potentially caused by sterically
more demanding ligands as GaCp* compared to terminally bound and more flexible CNtBu in
[Ni2(CN!Bu)7]. There, the sterically demanding tert-butyl moiety is more far away from the metal core

causing less influence on Ni-Ni bond interaction and thus, on interatomic interactions and distances.

48



Results and Discussion

4.1.2. NiAl cluster synthesis: Selection of precursor as an important building
block

The following image shows an overview of the structures included in this chapter.

;% [ /

[NIAI|(Cp*)(tebd)(cod) (6)  [NiAI(Cp*)(tebd)(hex) (7) [NIAI[(Cp*)(tpbd)(dpa) (8)
SC-XRD DFT SC-XRD
/rﬁ'
[NizAl3](Cp*)s(hex); (9) [Ni;Al;](Cp*)4(dpa) (10) [Ni;Al3}(Cp*)s(dpa), (11)
DFT DFT DFT

%

[Ni;AlL](Cp*)s(CN'Bu), (12-CN'Bu)
SC-XRD

Figure 33: Overview of the herein discussed structures of Ni-Al compounds. The structures were either determined by SC-XRD
or proposed with ORCA4.0 or ORCAS5.0.
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4.1.2.1. [Ni(cod)z] as Ni-source of all-hydrocarbon Ni/Al-clusters

T N
[NizAl](Cp*)s(hex)s
[Ni, Al J(Cp*),
[NiAl;](Cp*)s(hex), 4 eq.
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[ [Ni,AL](Cp*)s(dpa); }
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Scheme 10: Overview of the herein discussed products which are formed during the reaction [Ni(cod),] with AICp* and either
3-hexyne (left) or diphenylacetylene (dpa; right). Additionally, the Ni-Al ratio was varied (bottom).

When thinking of a suitable Ni-source for Ni/Al clusters, [Ni(cod)z] plays a crucial role due to its easy
substitutable and flexible cod ligands. Solely addition of AICp* to [Ni(cod)2] led to formation of
[Ni(AICp*)4] or C-H/C-Si activated Ni/Al compounds depending on the solvent.8? Using an alkyne as a
second reagent, the formation of all Al-coordinated Ni-compounds as [Ni(AICp*)4] and [Ni2(AICp*)s] is
affected while forming clusters of the formula [NiaAlb](Cp*)b(L)c (L = alkyne). In order to investigate the
reactivity of the Ni/Al system depending on the additive, the additive concentration and temperature
were systematically studied by in-situ mass spectrometry. Further, the impact of the Ni/Al metal ratio

and different alkynes as 3-hexyne and diphenyl acetylene (dpa) were analyzed.

Additive controlled reactions: Variation of 3-hexyne amount

Being unreactive at room temperature, the reactions with AICp* were performed at 60 and 90 °C to
investigate the temperature dependency of the NiAl cluster formation. First, the reactions carried out at
60 °C with different 3-hexyne concentrations were discussed (Figure 34). The reaction with one
equivalent of 3-hexyne resulted in a mixture of different species. Due to similar molecular masses of two
hexyne moieties (164 m/z) with AICp* (162 m/z), some signals could overlap with two or three different
species making the interpretation of such mass spectra more complex. As an example, for the signal at
908 m/z two different molecules could be possible: [NisAls](Cp*)s(hex)s (9) and [NizAls](Cp*)a(hex). By
carefully comparing the molecular masses and their isotopic pattern, the former could be identified as
the main signal. In some cases, however, two possible molecules could be detected which overlaps in
their isotopic patterns. Thus, the mixture of the reaction with low additive concentration (1 eq.) revealed
the formation of [NisAl](Cp*)s(hex)z (9) (908 m/z), [Ni2Al4](Cp*)4] (766 m/z) / [Ni2Als](Cp*)s(hex)2
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(764 m/z) and [NiAl](Cp*)(cod)(hex)2 (6) (492 m/z) whereby the former could only be detected in traces.
In contrast, the reaction with higher additive concentration (2 and 4 eq., red/blue trace) resulted in the
formation of 6 (492 m/z) being preferred at high additive concentrations (Figure 34). Substitution
reaction to exchange the still bound cod-ligand was achieved by addition of additive in excess (8 eq.) at
60 °C while forming the highly desired all-hydrocarbon coordinated NiAl compound, [NiAll(Cp*)(hex)s
(7) (466 m/z). Comparing the Ni-hex ratio for the different reactions at 60 °C, a general trend could be
recognized. The higher the concentration of the additive, the lower is the Ni/hex ratio while forming lower

nuclear clusters.

A B CD E F G H
Experimental  Cluster
WS I T —
B 384.1879 [NIAI](Cp*)hex),
C  466.2699 [NIAI](Cp*)(hex)s
. L, L L | . ) 4 eq. D 4922777 [NiAI](Cp*)(cod)(hex)z
E  600.1492 [Ni2Als](Cp*)s-2H
F 684.2402 [Ni2Als](Cp*)s(hex)
L T l 260, G* 764.2573 [NszI‘;](Cp*)a
i 766.3270 [Ni2Als](Cp*)3(hex)2
H  908.3232 [NisAls](Cp*)s(hex)s
A_‘LUL M k Tg\flmlng lijs v\ﬁ:ﬁfirsg.l-y formed with 2 eq. 3-hexyne, while [NiAl]
B IWIVIVI I SO e Ve WA l“. PN
200 300 400 500 600 700 800 900 1000
m/z

Figure 34: Left: LIFDI mass spectra of the reaction [Ni(cod),] (1eq.), AICp* (1eq.) and 3-hexyne (Aeq.) after 6 h at 60 °C in
toluene/hexane. Right: Cluster assignment of observed signals. Compounds related to a product peak are given in bold.

Temperature controlled reactions

In the following, the influence of temperature on the formation of NiAl clusters at different additive
concentrations was investigated (Figure 35). Therefore, the reaction temperature was increased to
90 °C and the 3-hexyne amount was varied using one, two, four and eight equivalents of 3-hexyne
related to Ni. The reaction with one equivalent conducted at 90 °C while maintaining Ni:Al ratio at 1,
resulted in the formation of [NisAls](Cp*)s(hex)s (9) (908 m/z) as major product. While the reaction with
1 eq. additive at 60 °C only revealed traces of 9, it is the main product when performing the reaction at
90 °C. Due to instrumentally induced fragmentation also its accompanying fragmentation products
[NisAls](Cp*)s(hex)z (908-hex; 826 m/z) and [NisAls](Cp*)s(hex) (908-2hex; 742 m/z) were observed.
Increasing the additive concentration to 2, 4 and 8 eq., the reaction mainly resulted in the formation of
bimetallic [NiAl] compounds as [NiAll(Cp*)(cod)(hex)z (492 m/z) and [NiAl](Cp*)(hex)s (466 m/z)

consisting of a low Ni/hex ratio. Noteworthy, the reaction with a high amount of additive led to the lowest
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Ni/hex ratio while forming smallest possible [NiAl[(Cp*)(hex)s as also observed for the reaction at 60 °C
with excess 3-hexyne.

Similar to the reaction at 60 °C, smaller NiAl compounds were preferred when using high amount of
additive, while higher nuclear NiAl clusters as [NizAls]Lx were achieved at a low additive concentration.
The additive amount directly influenced the cluster growth reaction by capping the open coordination
sites of the nickel and hampering bonding to other substrates or compounds. Therefore, no formation
of unreactive [Ni(AICp*)s] were observed neither at 60 nor at 90 °C when using additives. To confirm
these suggestion, the reactions were carried out under same conditions without the additive resulting in
the homoleptic [Ni(AICp*)4].
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Figure 35: Left: LIFDI mass spectra of the reaction [Ni(cod),] (1eq.), AlICp* (1eq.) and 3-hexyne (4eq.) after 6.5 h at 90 °C in
toluene/hexane. Right: Signal assignment of obtained compounds. Clusters related to product peaks are given in bold.

Reactions controlled by the metal ratios

In addition, further experiments including variation of the aluminum amount (1, 2 and 4 eq.) while
maintaining the Ni-hex ratio (1:1 and 1:4) were performed to investigate the influence of Ni/Al ratio on
the cluster nuclearity and cluster growth. Using one equivalent of additive while varying the aluminum
content (1, 2 and 4 eq.), a high impact of the aluminum on cluster formation was observed. Increasing
the aluminum equivalents from one to four, the cluster nuclearity was decreasing while concomitant
increasing the aluminum amount in the cluster. In particular, in the reaction with one equivalent
aluminum (using leq. additive) clusters as [Ni2Als](Cp*)s(hex) (684 m/z), 9 (908 m/z) and [Ni2Als](Cp*)s
(927 m/z) were observed. As the Ni:Al ratio was decreasing, which is equal to increasing Al amount, the
reaction was shifted favoring undesired [NiAls](Cp*)s+H (707 m/z). In contrast, the reaction with a high
additive concentration (4 eq.) was only slightly influenced by the Ni:Al ratio, with the homoleptic
[NiAls](Cp*)4]+H (707 m/z) emerging as the thermodynamically preferred product (Figure 36). It is
interesting and contrary to chemical intuition that high concentrations of the additive favor non-additive
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clusters while low additive concentrations prefer hexyne-containing NiAl compounds when using the
same NiAl ratio. This could be explained by a faster or stronger activation of the nickel center when
higher additive concentrations were used and thus, a faster formation of the thermodynamically
preferred compound. Increasing the reaction temperature to 90 °C, only the homoleptic [NiAls](Cp*s)

was detected regardless of the concentrations.
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Figure 36: LIFDI mass spectra of the reaction [Ni(cod),] (1 eq.), AICp* (A eq.) and 3-hexyne after 6 h at 60 °C in toluene/hexane.
Left: 1 eq. 3-hexyne, right: 4 eq. 3-hexyne.

Additive controlled reactions: Variation of dpa amount

Since 3-hexyne has its boiling point at 81 °C48 and AICp* is not reactive at room temperature, the limits
of the reactions are unambiguous. Additional experiments using diphenylacetylene (dpa) as the additive
was tested for its applicability, reactivity and influence on Ni/Al clusters formation. Varying the dpa
concentration in the reaction of [Ni(cod)2] (1 eqg.) and AICp* (1 eq.) at 60 °C, a similar behavior of NiAl-
cluster formation using dpa instead of hex was observed. In the reaction with 1 eq. dpa, the mass
spectrum revealed the formation of [Ni2Als](Cp*)s(dpa)z (11) (958 m/z) (Figure 37). Besides the product
signal, its fragmentation product [Ni2Al2](Cp*)2(dpa) (618 m/z) was observed which is formed upon dpa
and AICp* cleavage. Increasing the additive concentration to 2 or 4 eq., the reduced formation of this
Ms compound can be observed while [NiAl}(Cp*)(dpa)s (8) (754 m/z) and [NiAl](Cp*)(cod)(dpa):
(684 m/z) and their fragment [NiAl}(Cp*)(dpa)2 (577 m/z) are preferentially formed. Further increase of
the additive amount to 8 eq. resulted in cluster degradation which is supported by the detection of
[Ni(Cp*)(dpa)z] at 549 m/z.
In summary, dpa showed similar behavior and impact during NiAl cluster formation as hexyne. The
higher the concentration of the additive, the smaller are the formed clusters. While the reaction with low
additive amount favored [Ni2Alz](Cp*)s(dpa)z (11) (958 m/z) having a Ms cluster core, the reaction with
high additive amount preferred the formation of bimetallic [NiAl](Cp*)(dpa)s (8) (754 m/z) only consisting
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of two metals. The higher the additive concentration, the more favored is the formation of all-dpa
containing 8. However, dpa-containing reaction mixtures only revealed the formation of Ms clusters as
the biggest observed compound under these conditions, while hex led to [NisAls] (9) consisting of six
metals in the core. This effect can be argued by steric effects as dpa is a more sterically demanding
ligand compared to 3-hexyne. Due to the phenyl moieties, dpa is less flexible and requires more space
in the cluster shell. Additionally, with two ethyl moieties adjacent to the acetylene bond, 3-hexyne is a
better electron donor compared to dpa being a better m-acceptor which influences the ability for
stabilizing the cluster core. Conclusively, the formation of NiAl cluster can be controlled by the choice of
additive as well as the additive concentration.
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Figure 37: LIFDI mass spectra of the reaction [Ni(cod),] (1 eq.), AICp* (1 eq.) and dpa (Aeq.) after 6 h at 60 °C in toluene/hexane.

Excursus: Interpretation of sum formulas

The reactions with alkyne excess resulted in the formation of [NiAlJ(Cp*)(L)s with L = hex or dpa.
However, no information about the bonding could be concluded from the sum formulas. Thus, when
working with reactions including alkyne excess, it should be considered that alkynes are known for
cyclometallation and transmetallation reactions on metal centers.'*® This has been also suggested by
theoretical calculations indicating dimerization of alkynes on Ni/Al-centers.®” This means, that the AICp*
is trapped by dimerized alkyne forming a five-membered metallacycle while simultaneously oxidizing
the Al from +1 to +3. Upon formation of the metallacycle (aluminacyclopentadiene), the metallacycle
then binds via the dimerized alkyne to the transition metal, in this case nickel. Considering the before-
mentioned [NiAl](Cp*)(L)s3, such metallacycle was also obtained for [NiAll(Cp*)(dpa)s as determined by
SC-XRD and can therefore also be denoted as [NiAl](Cp*)(tpbd)(dpa) with tpbd = tetraphenylbutadiene.
The characterization of [NiAl(Cp*)(dpa)s via single crystal X-ray diffraction (SC-XRD) supported the

formation of a metallacycle. A detailed structural description is given in a separate chapter.
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4.1.2.2. Reactivity studies on [NiAl](Cp*)(tebd)(cod)

Since [Ni(cod)2] is known for substitution reactions due to its easy exchangeable cod ligands, the
reactivity of [NiAl](Cp*)(tebd)(cod) (6) (tebd = tetraethylbutadiene) was tested as it still bears such cod
ligand on the nickel center. To exchange the cod ligand, the reactivity towards alkynes (3-hexyne, dpa),
ECp* (E = Al, Ga) and PPhs was tested at different temperatures and concentrations and the reaction

progress was monitored using LIFDI MS measurements.

Reactivity of 6 with alkynes

In the following, the approach to substitute the cod by an alkyne will be discussed. It was only possible
to substitute the cod ligand at elevated temperatures and with excess of the alkyne. In case of 3-hexyne,
the cod ligand could be released when using excess of 3-hexyne (8 eq.) at 60 °C yielding desired
[NiIAI(Cp*)(tebd)(hex) (7) while two equivalents at room temperature did not show any reactivity while
observing only 6. In contrast, applying the same conditions in the reaction with dpa (8 eq., 60 °C), it was
not possible to exchange the cod. In that case, only the precursor or other unidentified [Ni1] compounds
were obtained which could not be referred to products resulting from substitution reactions. However,
increasing the temperature and decreasing the dpa concentration led to the desired product (Figure 38).
Hence, [NiAl](Cp*)(tebd)(dpa) (8) could be obtained as the major product after one day at 90 °C when
using 2 eq. dpa. In summary, the cod ligand of 6 can be substituted by alkynes resulting in all-alkyne
coordinated Ni-Al clusters of the formula [NiAl)(Cp*)(tebd)(L) with L being either 3-hexyne or dpa.

A B C
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[m/z]
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C 562.2667 [NiAl](Cp*)(hex)2(dpa)
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Figure 38: LIFDI mass spectrum of the reaction of [NiAl](Cp*)(tebd)(cod) with 2 eq. dpa at 90 °C after one day in hexane. MS
samples were measured in a solvent mixture (toluene/hexane).

Reactivity of 6 with ECp* (E = Al, Ga)

Secondly, in order to increase the content of main group metals in Ni-Al compounds, it was also
investigated whether it is possible to replace the cod ligand by further addition of ECp* (E = Al, Ga). In
case of AICp*, the choice of solvent plays a crucial role as it can activate benzene®? and thus, toluene
activation is expected. Therefore, hexane was used as solvent, but solvent mixtures consisting of

hexane and toluene were applied for MS. Reaction of [NiAl](Cp*)(tebd)(cod) with AICp* (1 and 2 eq.) at
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60 °C revealed the homoleptic [NiAl:](Cp*)a(+H) (707 m/z) as the major compound regardless of the
used equivalents. Besides the product signals, the mass spectra also exhibit signals for the precursor
which vary in intensity depending on the AICp* amount used. The higher the aluminum content in the
reaction, the more is the formation of [NiAl4](Cp*)4 favored. Interestingly, Performing the same reaction
in toluene (same conditions), the mass spectrum revealed the formation of four different compounds
while forming [NiAlz](Cp*)2(tol) as intermediate: [NiAls][Cp*)s(tol) (663 m/z), [NiAls][Cp*)s(cod)(H2)
(681 m/z), an unidentified [Ni1Alx] compound (699 m/z) and [NiAl](Cp*)sH (707 m/z). All of the identified
compounds exhibited a distinct [NiAls] core structure, presumably arranged tetrahedrally. The compound
related to 681 m/z is assumed to bind coe (cyclooctene) instead of cod, in which one double bond is
hydrated while only one double bond is still linked to the transition metal. As Cp* is typically cleaved off
in AICp*-containing Ni compounds, [NiAls](Cp*)s(tol) can be seen as toluene-analog to already known
benzene-activated [Ni(AICp*)s(H)(AICp*Ph)]82. In contrast to AICp*, the reactions with GaCp* only
revealed the detection of the precursor regardless of the concentration (1, 2 and 8 eq.) or temperature

(room temperature, 60 °C, 90 °C).

Reactivity of 6 with PPh;

Due to the isolobal principle to ECp* and being a common reagent with transition metals in cross
coupling reactions, the reactivity of [NiAl](Cp*)(tebd)(cod) (6) to phosphines was tested. PPhsz was added
to a reaction solution of 6 at different temperatures (60 and 90 °C) and concentrations (2 and 4 eq.).
The reaction progress was monitored by NMR spectroscopy and LIFDI MS. Although the reaction with
2 eq. at 90 °C (high T) and 4 eqg. at 60 °C (high eq.) did not lead to NiAl-PPhz compounds (only starting
material was detected), the reaction with low PPhs amount at 60 °C seemed to be reactive. The mass
spectrum of the reaction with 2 eq. PPhs after one day showed the disappearance of the signal related
to 6 while a few new signals were detected. Since many smaller signals overlap with their isotopic
pattern, the spectrum was only interpreted on the significant large peaks. Thus, the spectrum revealed
two major products at 744 m/z assigned to [NiAl](Cp*)(PPhs)2 and 776 m/z which could not be identified
so far. As phosphines are known for their dissociation behavior in solution-88, the signal could refer to
the formation of [NiAll(Cp*)(PPhs)s as suggested which, however, could not be detected possibly due to
fragmentation during ionization. In summary, it is possible to exchange the cod ligand in 6 by
phosphines, however, the alkyne ligand, namely tebd, was also substituted accompanied by a
rearrangement of the cluster core.

In conclusion, 6 is reactive to other substrates as alkynes, AICp* and PPhs. While the reactions with
alkynes resulted in the expected substitution reaction under formation of [NiAl](Cp*)(tebd)(L) (L = hex,
dpa) , AICp* and PPhs revealed the formation of [NiAls](Cp*)a and [NiAl](Cp*)(PPhs)z, respectively.

Contrary to expectations, GaCp* did not show any tendency for ligand exchange reactions.

56



Results and Discussion

4.1.2.3. Synthesis and Characterization of [NiAI](Cp*)(tebd)(cod),
[NiAIl(Cp*)(tebd)(hex) and [NiAl]|(Cp*)(tpbd)(dpa)

3-hex (4eq.) dpa (8eq.)
AICp* (1eq.) AICp* (1eq.)
60 °C,3h 90°C,6h
[NiAl](Cp*)(tebd)(cod) Ni(cod), [NiAI)(Cp*)(tpbd)(dpa)
6 (hexane) (hexane) 8
3-hex (8eq.)
3-hex (8eq.) . (toluene/
o (toluene) AICp* (1eq.)
60 °C, 3 h 90°C.6h | hexane) b < \:\>_§/_/
tobd = O

[NIAI](Cp*)(tebd)(hex)
7

Scheme 11: Overview of the isolated compounds starting from Ni(cod),. As 3-hexyne (3-hex) or diphenyl acetylene (dpa) are
dimerized in the molecular structure they are named as tebd (tetraethylbudadiene) or tpbd (tetraphenylbutadiene).

In the following, the syntheses and characterizations of the compounds 6, 7 and 8 are discussed
individually as shown in Scheme 11.

Addition of four equivalents of 3-hexyne (hex) to a solution of [Ni(cod)z] (1 eq.) in hexane formed in-situ
burgundy red [Niz(cod)2hex], which was not isolable so far.}4! Subsequent treatment with AlICp* (1 eq.)
and heating to 60 °C for 3.5 hours resulted in the formation of a dark brown solution from which yellow
crystals of 6 were obtained (Scheme 11). Since the 3-hexyne moieties are dimerized in the complex, it
is further named as tetraethylbutadiene (tebd). The *H NMR spectrum of 6 shows typical signals for the
cod (4.38 and 3.80 ppm for CH; 2.37, 2.17, 2.10 and 1.92 ppm for CH2), the AICp* (1.98 ppm) and the
tebd ligand (2.10, 2.04 and 1.77 ppm for CH2; 1.25 and 1.17 ppm for CHs) which is in accordance with
the 13C NMR spectrum.

From that, 7 was obtained by further addition of an excess 3-hexyne (8 eg.) to 6 and heating to 60 °C
for three hours. Additionally, 7 could be synthesized from the reaction of [Ni(cod)2] (1 eq.), AlCp* (1 eq.)
and 3-hexyne (8 eq.) at 90 °C for six hours. Due to the weakly bound and very volatile 3-hexyne residue
on the central nickel atom, 7 is not stable in vacuo and could therefore not be isolated. In-situ NMR
studies, however, showed signals of side-on coordinated 3-hexyne, as well as slightly shifted butadiene
signal (compared to 6) besides the signals for one AICp* ligand (1.99 ppm) and free cod (5.50 and
2.10 ppm). The NMR shifts of the 13C NMR spectrum are in accordance with the tH NMR spectrum.
Single crystals of 6 suitable for X-ray analysis were obtained by storing the reaction solution at -30 °C
overnight. 6 crystallizes in the monoclinic spacegroup P2i/c. The molecular structure features a
coordinated cod unit and a metallacycle formed during the reaction between the AICp* and two
3-hexynes. The metallacycle then exhibits a tetraethylbutadiene moiety that binds via the double bonds
to the Ni-center while bridging the Ni-Al bond. A similar structure has already been published by Kriiger
et al.’0 However, the reactions with DPA performed by Kriiger et al. already started from a butadiene
derivative and an Al(lll) compound giving the metallacycle beforehand. Compared to these studies, the
C-C coupling of acetylene was obtained during the reaction induced by a Ni/Al intermediate. Therefore,

the aluminum was oxidized in-situ forming the metallacycle. The single crystal structure reveals a Ni-Al
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distance of 2.67 A which is longer than for common Ni-Al complexes (2.18 — 2.21 A)%-91. 151 3ssuming
only weak Ni-Al interactions. Noticeably, the metallacycle deviates from planarity by 15.5° with the Al
atom out of the plane and is bent away from nickel (see Figure 39, middle). This distortion is measured
with a dihedral angle between the plane Crend-Al-Crend (grey plane) and the plane between the four tebd-
ring atoms (red plane). By comparing the deviation of 6 and 7, it should be recognized that distortion
from planarity decreases when the steric demand of the ligand on the transition metal center also
decreases (Table 1). In case of 7 the dihedral angle, thus, was calculated to be “only” 9.2°. Therefore,
it can be concluded that the latter complex has a stronger Ni-Al interaction due to less demanding

residues on the nickel center which is also supported by a shorter Ni-Al distance (2.48 A).

[NIAI)(Cp*)(tebd)(cod) [NiAI(Cp*)(tpbd)(dpa)
(6) (8)

Figure 39: Left: Molecular structure of [Ni(AICp*)(tebd)(cod)] (6) determined by single crystal X-ray diffraction.. Middle: Measured
dihedral angle between the plane Cieng-Al-Cieng (grey) and the plane of the four ring-C’s (red) of the metallacycle. Right: Molecular
structure of [Ni(AICp*)(tpbd)(dpa)] (8) determined by single crystal x-ray diffraction. Hydrogen atoms are omitted for clarity and
cod and Cp* ring are depicted in wireframe Color code: green, Ni; orange, Al; grey, C.

Table 1: Selected interatomic distances or angles of 6, 7, [NiAl(Cp*)(tpbd)(cod) and 8. Abbreviations: tebd: tetraethylbutadiene;
tpbd: tetraphenylbutadiene.

[NiAl](Cp*)(tebd)(cod)  [NiAl](Cp*)(tebd)(hex) [NiAl](Cp*)(tpbd)(cod) [NiAl](Cp*)(tpbd)(dpa)

exp. (calc.) (calc.) (calc.) exp. (calc.)
Ni-Al distance 2.67A(2.654) 2.48 A 2.69 A 2.54 A (2.47 A)
Al-Cp*centroia distance 1.93A(1.934) 1914 1914 1.87A (1.87 A)
Ni-Cteba/Ni-Crppa distance 1.95A (1.96 A) 1.98 A 1.97A 2.00A (2.00 A)
Al-tebd/Al-tpbd angle 15.5° (15.3°) 9.19° 15.4° 11.8° (10.2°)

[NIAI[(Cp*)(tpbd)(dpa) (8; tpbd = tetraphenylbutadiene) was synthesized accordingly to 7. Therefore,
[Ni(cod)z] (1 eq.) and AICp* (1 eq.) was reacted with excess dpa (8 eq.) at 90 °C for six hours to give a
dark red reaction solution. Similar to 7, 8 is vacuo-sensitive only allowing short exposure to reduced
pressure. NMR spectroscopic analysis revealed typical signals for the phenyl rings in the aromatic range
with one signal at 7.76 ppm which corresponds to 0-H of the Phacetyiene (Side-on coordinated) being
significant for 8. The AICp*-ligand showed a signal at 1.65 ppm which is upfield shifted due to the
aromatic residues on the metallacycle forming a large conjugated m-system. Such shifting of AlCp*

ligands in 'H NMR spectroscopy has been previously observed for [Ni(AICp*)2(PPhz)z2] (1.79 ppm)°% 152,
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Single crystals suitable for X-ray analysis were obtained by diffusion crystallization (hexane/toluene) of
the reaction mixture at -30 °C within two weeks. 8 crystallizes in the monoclinic spacegroup Pn with two
independent and complete molecules and one co-crystallized dpa unit in an asymmetric unit. As for 6,
the molecular structure of 8 consists of a metallacycle including dimerized dpa (tpbd) and AICp* which
binds via the tetraphenylbutadiene (tpbd) double bonds to the central nickel (Figure 39, right). In
accordance with 6, the cod unit is substituted by side-on coordinated dpa. Such binding modes in Ni-Al-
UHC complexes (UHC = unsaturated hydrocarbons) was previously proposed by theoretical
calculations conducted by Hornung et al. revealing a dimerized alkyne and one side-on coordinated
alkyne to the transition metal.®” As also observed for 6, the metallacycle is slightly distorted with a
deviation of 11.8°. In addition, the Ni-Al bond (2.54 A) is also elongated compared to common Ni-Al
complexes assuming a weak Ni-Al interaction. Compared to calculated [NiAll(Cp*)(tpbd)(cod) which is
the dpa analog of 6, the deviation decreases from 15.4° to 11.8° when exchanging cod by dpa while
simultaneously the Ni-Al bond is shortened from 2.69 A to 2.54 A when the cod is substituted by a third
dpa ligand.

4.1.2.4. Structural suggestions of [NisAls](Cp*)s(hex)s, [Ni2Al4](Cp*)a(dpa) and
[Ni2Al3](Cp*)s(dpa)2 as proposed by DFT calculations

In contrast to the reactions with 3-hexyne which revealed higher nuclear clusters as [NizAls](Cp*)z(hex)s
(9) besides small complexes as 6 and 7, the reactions with dpa only exhibited dinuclear clusters as
[Ni2Al4](Cp*)a(dpa) (10) and [Ni2Als](Cp*)s(dpa)z (11) or [NiAll(Cp*)(dpa)s (8) consisting of max. two

[Ni;Al;](Cp*)s(hex)s (9) Crystal structure of [Pd;Alg](Cp*)s
DFT published by Steinke et al.

Figure 40: Calculated structure of [NisAls](Cp*)s(hex)s (left) using ORCA5.0 (BP86-D3/def2-tzvpp) and crystal structure of
[Pd3Alg)(Cp*)s ® (right) showing the same structural motif in the metal core as [NisAls]. Color code: yellow: Al; green: Ni; blue: Pd.

[NizAlz](Cp*)s(hex)s (9) could be determined in the reaction of [Ni(cod)z], AICp* and 3-hexyne in a ratio
of 1:1:1 after 6 h at 90 °C. Due to the instability in vacuo, 9 has not been isolated, yet. Although the
geometry optimization was started from a trigonal bipyramidal core structure, the optimized structure
pointed to a structure similar to the already known [Pd3(AlICp*)s]”® consisting of a distorted pyramid with
three Ni and two Al in the cluster core (Figure 40). As the sum formula revealed three Al ligands, the
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remaining AlCp*, bridges a Ni-Ni bond which is formed via a Ni from the square base with the Ni on top
of the pyramid. Further, the 3-hexyne moieties are bound in two different fashions, but always attached
to nickel: twice as terminal ligands (side-on) and once as Ni-Ni bridging ligand. Compared to the
structure of [PdsAlg], three AICp* are substituted by 3-hexyne ligands revealing similar bonding motifs.
As depicted in Figure 40 left, the one Niz-edge-bridging 3-hexyne ligand is slightly distorted. During
optimization, the Hcrz atom of the ethyl group came closer to the adjacent Ni atom assuming a C-H

activation that can further lead to dimerization or isomerization reactions.

7~ N4 7

O Ol

[Ni2Als](Cp*)4(dpa) (10) [Ni2Alz](Cp*)3(dpa)z2 (11)
DFT DFT

Figure 41: Calculated structures of [Ni,Al;](Cp*)s(dpa) (left) and [Ni>Als](Cp*)s(dpa). (right) using BP86-D3/def2-tzvpp level of
theory. Color code: yellow: Al; green: Ni. Cp* rings are depicted in wireframe. H atoms are omitted for clarity.

In contrast to the reactions with 3-hexyne, the reactions involving dpa led to smaller Ni-Al clusters as
[Ni2Als](Cp*)s(dpa)2 (11) and [Ni2Als](Cp*)a(dpa) (10). Until now, no crystallographic data could be
obtained. However, applying theoretical calculations compared to similar literature known clusters, the
geometry as well as bonding of the alkyne can be predicted. Reactivity tests on similar compounds of
the formula [TM2(ECp*)s] (TM = Pt, Pd) indicated that AICp* prefers the bridging position and the
terminally bound ECp* can be easily substituted by CO, PR3 or CN'Bu while preserving the entire cluster
core.”® Similar to [Ni2Als](Cp*)s34, both obtained compounds reveal a Niz core with three bridging AlCp*
ligands (Figure 41). Compared to [Ni2Als], the two additional terminally bound AICp* ligands are further
substituted by one or two dpa moieties, respectively, as proposed from the reactivity test with other

transition metals, which are then side-on coordinated to Ni and slightly distorted.

In comparison, compounds with smaller metal cores as [NiAl] and a high alkyne amount in the complex
as [NiAll(Cp*)(L)s (L = 3-hexyne, dpa) favored dimerization of the alkynes while higher nuclear clusters
as [Ni2Als] or [Ni2Al4] with less alkyne ligands still have alkynes attached via the triple bond. In can be
concluded that the bigger the clusters get, the more far away are the alkynes bound to the nickel
hampering dimerization reactions of the alkyne. Further, lower sterically demanding alkynes as 3-hexyne
can be more easily activated by the transition metal (Ni) than the bulkier dpa due to better accessibility.
Therefore, dpa is less dimerized in higher nuclear NiAl clusters compared to 3-hexyne as indicated by
potential C-H activation of 3-hexyne in case of 9. In addition, the dimerization of the additive revealed

further cluster growth which potentially releases an open coordination side on the transition metal.
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4.1.2.5. [Ni(AICp*)4] and [Ni(AICp*)3(H)(SiEt3)] as potential NiAl-source for all-
hydrocarbon Ni/Al-clusters

Since [Ni(GaCp*)4] has shown to be reactive towards alkynes also the Al-analog, [Ni(AICp*)4], was
tested for its reactivity towards alkynes and its potential for cluster growth forming higher nuclear NiAl
clusters. In previous studies it was found that the Ni/Al system is strongly depending on the solvent and
its used substrates. While the reaction of [Ni(cod)z] with AICp* in hexane resulted in [Ni(AICp*)4], it
formed C-H or Si-H activated NiAl complexes via the unsaturated intermediate [Ni(AICp*)s] when using
benzene or triethylsilane instead of hexane as solvent.82 When reacting [Ni(AlCp*)4] either with 3-hexyne
or dpa, only the typical signals for the homoleptic NiAl-complex was observed via MS (this was verified
by measuring isolated [Ni(AlCp*)4]). However, performing the reactions with [Ni(AICp*)3(H)(SiEts)] as
precursor in the presence of additional [Ni(cod)2] and dpa, the dinuclear complex [Ni2(AlCp*)4] was
favored (Figure 42). Since this would be an unsaturated complex having 16 valence electrons (ve) per
nickel, the signal could either refer to [Ni2(AICp*)4(dpa)] or [Niz(AICp*)s]*34 while releasing dpa or AlCp*
during ionization. The mass spectrum exhibited the formation of the former cluster by detecting the
corresponding signal at 945 m/z in small traces. Noteworthy, without any additional [Ni(cod)2], only the
mononuclear [Ni(AICp*)s] was formed from [Ni(AICp*)3(H)(SiEts)] upon reaction with dpa at 60 °C.
Therefore, it can be concluded that in case of already existing cluster structures, an additional Ni source
plays an important role. The compound [Niz(cod)2(dpa)] which is in-situ formed by reaction of [Ni(cod)2]
with dpa, served as an additional Ni-source in the formation of higher nuclear clusters due to the already
existing dinuclear Niz-core. Further, it is itself an unsaturated complex with 16ve per nickel and thus,
enhances the reactivity of the saturated [NiAl4](Cp*)4 intrinsically as [Niz(cod)z(dpa)] behaves as a Lewis

acid and AICp* acts as a Lewis base.

A BC DE
+ Ni(cod),
Experimental Cluster
[m/z]
T I T A 707.3356 [NiAls](Cp*)a+H
B 764.2633 [Ni2Als](Cp*)a D-dpa
C 782.2758 [Ni2Alz](Cp*)3(dpa) E-dpa
D  942.3426 [Ni2Als](Cp*)a(dpa)
L E 9583217 [NizAls](Cp*)s(dpa):
— 1 T T * T 7
600 700 800 900 1000
m/z

Figure 42: LIFDI mass spectrum of the reaction [Ni(AICp*)s(H)(SiEts)] with DPA (black) and DPA/Ni(cod), mixture (red) after 1d at
60 °C in cyclohexane.
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4.1.2.6. [Nis(CN'Bu)7] as TM-source with a tetrahedral Nis cluster core

t
v [ [NizAl](Cp*)5(CNtBu), J

[ at
time time

control [Ni,(CN'Bu);] + AlCp* control Tt | [NiAL)(Cp*);(CNBu),(dpa)
+ Alkyne dpa [Ni;AL](Cp*),(CN'Bu),(dpa)

| o

tTt
[[NiZAIZ](Cp*)Z(CN‘Bulztdpa)]

[NigAL](Cp*),(CNBu)g, | Y1
[Ni,AlL](Cp*),{(CN*Bu)s

At

3-hexyne

[Ni;AL](Cp*),(CN'BU), 5 ]

[Ni3Al;J(Cp*)3(CN'Bu),

Scheme 12: Overview of the herein discussed products obtained from the reactions of [Nis(CN'Bu);] with AICp* and 3-hexyne (left)
or diphenylacetylene (dpa; right).

Instead of mononuclear Ni/Al precursors, also the tetranuclear [Nis(CN'Bu)7]'%® cluster has to be
considered as potential Ni source for cluster formation or growth. Having a tetrahedral Ni-core with three
face-bridging and four terminal binding isonitriles, it already exhibits a definite cluster core structure. As
previously reported, the three face-bridging ligands can be easily substituted by acetylenes resulting in
[Nia(CN!Bu)s(RC=CR)3].*>* Therefore, [Nia(CN'Bu)7] was reacted with AICp* and different acetylenes as
dpa or hex (Figure 43). With 3-hexyne as the additive, the reaction was initially directed to isonitrile- and
Ni-rich  [NisAl2J(Cp*)2(CN'Bu)er and  [NisAl](Cp*)2(CNBu)s and progressed to smaller
[NizAls](Cp*)3(CNBu)2i3 as the thermodynamically favored product during the reaction. In contrast, the
reaction with dpa as the alkyne led directly to the latter [NisAls] cluster after only one hour. Over the
reaction time, however, it still seemed to be reactive towards the additive, forming dpa-containing
clusters as [NisAls](Cp*)s(CNtBu)s(dpa) and [NisAl2](Cp*)2(CNtBu)a(dpa)os initially and, after longer
reaction times to smaller clusters [Ni2Al2](Cp*)2(CNtBu)s(dpa) and [NisAls](Cp*)3(CNtBu)2. Noteworthy,
performing the reaction without acetylene, [NisAls](Cp*)s(CN!Bu)s3 (12) could be also obtained as major
product after 6 h at 60 °C. The reaction progress could be compared to that including 3-hexyne where

the formation of 12 was also preferred after six hours.
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ABC DE ABCD E F Exp. 3-Hexyne- assignment
[m/z]
A 828.2415 [NizAls](Cp*)3(CN'Bu),

B 911.3140 [NisAlz](Cp*)s(CN'Bu)s

C* 973.2956  [NisAl](Cp*)2(CNBu)s

. D  1116.3075 [NisAl](Cp*)2(CN'Bu)s
. by, 1d L ]MH 1d E  1199.3790 [NisAl](Cp*):(CN'Bu),

*After 1h: Mixture of 2/3 [NisAl}(Cp*)(CN'Bu)a(hex)s (974.1723 m/z)
and 1/3 [NisAl2J(Cp*)2(CN'Bu)s (973.2956 m/z). The former is
decreasing over time.

Dpa- assignment

Exp.
ALl en Ll_h_t_._h_l 6h (m]
A 817.2536 [Niz](CN'Bu)z(dpa)s

B* 8282400  [NisAls](Cp*)s(CN'Bu);
832.2948  [NisAl](Cp*)2(CN'Bu)s

C  867.3619  [Ni:Al:](Cp*):(CN'Bu)s(dpa)

l 1h ‘Lh l L D 911.3143  [NisAls](Cp*)s(CN'Bu)s
T E  1010.3707 [Ni:AL](Cp*):(CN'Bu)s(dpa)

F 1230.4028 [NisAls](Cp*)s(CN'Bu)s(dpa)

m/Z m/Z *828 m/z is favored after 1h while 832 m/z is preferentially formed
after 6h.
Figure 43: Time dependent LIFDI mass spectra of the reactions [Nis(CN'Bu);] with 4 eq. AICp* and 4 eq. acetylene at 60 °C. Left:
3-hexyne, right: dpa. Clusters given in bold are referred to product peaks.
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While the reaction with 3-hexyne indicated cluster synthesis without direct influence of the alkyne, since
it acted only as an initiator or support (no hexyne-containing clusters were detected), the reaction with
dpa resulted in dpa-containing Ni/Al clusters suggesting a direct impact of the additive in binding to the
Ni center and thus on cluster formation or structure. In addition, the clusters obtained in the reaction
with dpa have a lower Ni-Al ratio, but have higher nucleation in the metal core compared to hex-
containing reactions. In contrast to 3-hexyne, dpa still stabilizes an M4 cluster core with direct bonding
of the dpa to the cluster core as initially intended.

It should be noted that [Ni4(CN'Bu)7] is known from our group experiences to be unstable in vacuo and
forms dimeric [Nis(CN'Bu)i2] under reduced pressure. It is therefore not certain whether the formed
species were produced only during instrumental evacuation or by the reaction itself. Therefore, NMR
spectroscopic studies were carried out to support the formation of 12. The H NMR showed broad
signals at 2.15 ppm and 1.42 ppm in toluene-ds with a ratio of 45:36 which could be assigned to AICp*
and CN'Bu moieties in a ratio of 3:4 and not as expected 3:3. Accordingly, the 3C NMR spectrum
showed signals at 112.9, 55.0, 31.8 ppm and 11.1 ppm which are related to AlICp* (112.9 (CsMes), 11.1
(CsMes)) and CN'Bu (55.0 (CNCMes), 31.8 (CNCMes). These values are in accordance with already
known [Nis(GaCp*)s(CN'Bu)7].%®
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Figure 44: Left: Molecular structure of [NizAls](Cp*)s(CN'Bu), (12) determined by single crystal x-ray diffraction. Hydrogen atoms
are omitted for clarity. Color code: green, Ni; orange, Al; light blue, N; grey, C. Right: Core structure of 12 showing a trigonal
bipyramid consisting of a Niz triangle which is face-capped by two Al atoms. Further one Al atom is bridging the Ni-Ni bond.

Single crystals of [NisAlz](Cp*)s(CNBu)4 (12-CN!Bu) were obtained by storing a concentrated solution in
toluene at -30 °C. It crystallizes in the triclinic space group P1 with two whole molecules in the
asymmetric unit. The cluster core exhibits a trigonal bipyramidal structure consisting of a Niz triangle
capped with two AICp* units. Two nickels have terminally bound CN'Bu moieties while one nickel binds
two isonitriles. Additionally, one AICp* is bridging the Ni-Ni bond where both Ni only binds one isonitrile
ligand. 12 revealed the same structural motif of the clusters core as [PdzGas](Cp*)3(PMe)s 120 152 and
[Pdslns](Cp*)s(PPhs)s 3. In contrast to these already published clusters, one Nickel in 12 bears two
isonitriles while in the known compounds only one terminal ligand was attached to each transition metal.
In summary, [NizAls](Cp*)3(CN'Bu)z (12) is formed in the presence of an additive with dpa being the
faster modulator to obtain 12 than 3-hexyne. In addition, dpa has a direct influence on the growth or
synthesis of the cluster binding and activating the transition metal, while 3-hexyne acts independently
as it is not part of the cluster core/structure itself. Since [NisAls](Cp*)s(CNBu)s4 (12-:CN'Bu) seemed to
be reactive towards dpa, it reacted further with the alkyne to form smaller NiAl compounds. Knowing
this, 12 was treated with dpa after formation which was confirmed by in-situ detection of
[NisAls](Cp*)3(CN'Bu)s. Indeed, it was reactive towards the acetylene showing arising signals at 921 m/z,
1090 m/z and 1550 m/z which were assigned to [NiAI(Cp*)(CN'Bu)2(dpa)s (921 m/z) and
[NisAls](Cp*)3s(CNBu)s(dpa) (1090 m/z), respectively. For 1550 m/z there are several possibilities which
could not yet be assigned with high certainty, but they all point to higher nuclear Ni-rich clusters as
[NisAl2] or [NisAlx] with x being 1, 3 or 5.

In conclusion, starting from a definite cluster core structure, higher nuclear Ni-Al clusters are possible to
synthesize. The choice of additive reveals a new tool to control the cluster synthesis especially size and
distribution. While 3-hexyne is a more independently acting additive, dpa is stronger binding to the
transition metal. In contrast to 3-hexyne, dpa can be applied at higher temperature, while 3-hexyne is
only useful below 80 °C due to its boiling point. Since dpa is almost insoluble in hexane at room
temperature, it can mainly be used only at higher temperatures or when using toluene. Conclusively,
both dpa and 3-hexyne are suitable additives and modulators, respectively, in cluster growth reactions,

which should be used according to requirements.
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4.1.3. Comparison and Conclusion of Ni/E cluster synthesis

Since additives are widely used in the synthesis of nanoparticles or -clusters to control size and
distribution0. 136-139  the applicability of such modulators to the atomic-scale synthesis of clusters has
been evaluated. In this chapter, the reactivity of various Ni-precursors as [Ni(cod)z], [Ni(ECp*)4],
[Ni(AICp*)3(H)(SiEts)] and [Nis(CN'Bu)7] and their ability for cluster growth and cluster formation was
investigated depending on the addition of alkynes as additives. While the reaction of [Ni(cod)z] with
GaCp* led to the selective formation of [NizGas](Cp*)s and [NisGar](Cp*)s as the thermodynamically
favored product, the reaction including additives allowed for kinetic control, trapping intermediate
compounds such as [NisGas](Cp*)s(hex)z and [NisGas](Cp*)s(hex)s on the way to mentioned Mus clusters.
The Cp* transfer from Ga to the catalytically active Ni as observed in the formation of [NizGas] or [NisGar]
was thereby hampered by the affinity of alkynes to Ni° centers and thus, by the occupation of the open
coordination sites on the nickel center which was confirmed by the observation of GaCp* instead of
NiCp* or related compounds.

It was shown that the Ni/Ga system is strongly temperature dependent leading to the formation of higher
nuclear clusters as [NisGas](Cp*)s(dpa), [NisGas](Cp*)s(dpa)s and [NisGaz](Cp*)z(dpa)s as well as
[NisGas](Cp*)3(hex)s at higher temperatures, whereas [NisGas](Cp*)a(hex)2 was selectively obtained at
lower temperatures. In contrast, the investigation of Ni/Al cluster formation indicated a strong
dependency on the additive concentration. While low additive concentrations led to higher nuclear
clusters as [NisAls](Cp*)s(hex)s with a low hex/Ni ratio, increasing the concentration reduced the metal
content in Ni/Al compounds causing the formation of [NiAl](Cp*)(tebd)(L) (with L = cod, hex) and
[NiAl](Cp*)(tpbd)(dpa) with an alkyne/Ni ratio of max. 3. In summary, reactions involving Ni°® and GaCp*
could form higher nuclear clusters with up to 11 metals controlled by temperature while Cp* transfer
reactions are hindered. In contrast, Ni/Al reactions originating from [Ni(cod)z] resulted in clusters with
maximum Me core. However, if these cluster growth reactions were performed with a pre-existing definite
core structure, higher nuclear Ni-rich clusters with up to M7 cores such as [NisAl2](Cp*)2(CN!Bu)7 and
[NisAls](Cp*)3s(CN'Bu)s(dpa) were also obtained.

Additionally, the chapter dealt with the identification of reactive intermediates and the structure
determination of such intermetallic clusters which are usually determined by means of SC-XRD.
Applying a combinatorial, coordination modulated approach to study the cluster mixtures in-situ, in this
case with NMR spectroscopy and LIFDI mass spectrometry, allows reactive intermediates to be
identified and further reacted which is not possible with isolated compounds to this extend. This
approach enabled size-focused compounds or solutions to be obtained from cluster mixtures by
adjusting the temperature or additive and precursor concentration.

With a new methodological approach which combines analytical methods, such as NMR spectroscopy
and MS, with theoretical calculations, it was feasible to propose valid structures for the obtained Ni/Ga
and Ni/Al compounds. By comparison to compounds that are already known from literature, the

structural suggestion could be supported.
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4.2. Synthesis and Reactivity studies of Pd/E containing

compounds

4.2.1. [Pd2(dvds)s] as temperature sensitive precursor for Pd/E compounds

-30°C

[Pd;Gay](Cp™)s(dvds) 30°C | [Pd,Ga,](Cp*)(dvds)
[Pd;Ga;](Cp*),(dvds)(dpa)
. [Pd,Ga,](Cp*);(dpa)
Additive &
Temperature Temperature
rt. control control
[Pd,Gas](Cp*),(dvds) [Pd,(dvds),] + GaCp* J
[Pd;Ga,](Cp*),(dvds)
60°c [Pd,Gas](Cp*),

[Pd,Ga;](Cp*),

Scheme 13: Overview of the herein discussed products obtained from the reactions of [Pd,(dvds)s] with GaCp* dependent on the
temperature (left) and with dpa as additive dependent on temperature (right).

Reaction with GaCp* at different temperatures

As [Niz(dvds)s] (dvds = 1,3-divinyl-tetramethyldisiloxane) was previously be shown to have a very
flexible dvds ligand while forming Ni-Ga compounds upon treatment with GaCp*132 143 [Pdz(dvds)zs] was
investigated for its potential to form higher nuclear Pd-Ga compounds and their dependency on additive
addition. Therefore, [Pd2z(dvds)s] was reacted with GaCp* in a Pd:Ga ratio of 1 at different temperatures
(-30 °C, room temperature) and monitored via LIFDI mass spectrometry and NMR spectroscopy. As a
previous publication reported a temperature sensitive Pd/Ga system?55, the reaction was first conducted
at -30 °C. The LIFDI mass spectra revealed a very selective reaction within a few minutes, while forming
[PdsGas](Cp*)s(dvds) (1190 m/z) and its fragmentation product (-dvds, 1003 m/z) (Figure 45) which has
been also observed in nanopatrticle synthesis®6-157, |t has to be stated clearly, that these experiments
were carried out independently and simultaneously to this published work and differ in their aim. While
the authors of the publication targeted the synthesis of catalytically relevant nanoparticles from
organometallic compounds, these studies were focused on the synthesis of intermediate metal mixtures
embedded in a ligand shell. The influence of additives on those intermetallic compounds and their

respective synthesis were investigated while the authors aimed catalytic applications.
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A AE[ B BE[

o4, doace=

Experimental Calculated Cluster assignment

[m/z] [m/z)
A 1004.7652 1004.7660  [PdsGaa](Cp*)s
AE 1046.8052 1046.8133  [PdsGaa](Cp*©)s
NI s B 1190.8553 1190.8558  [Pd3Gaa](Cp*)s(dvds)

BE  1232.8990 1232.9025 [Pd3Gaa](Cp**)s(dvds)
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m/z

Figure 45: LIFDI mass spectra of the reaction [Pd,(dvds)s] with GaCp* (2 eq.) in toluene (black trace) or toluene-ds (red trace) or
with GaCp*& (blue trace) after one day at -30 °C. Cluster assignments are given on the right.

The mass spectrum conducted after 30 minutes points to a Ga:Cp* ratio less than one which is in
contrast to the previous finding for Ni where Ga and Cp* was always obtained in a ratio of 1 as described
above. Notably, as known from our group, Pd-E compounds often releases Cp* or ECp* during
ionization. Therefore, the reaction was also conducted with a Cp* derivative where one methyl moiety
is exchanged by an ethyl group. This then results in a mass shift of 14 m/z per Cp* to determine the
exact Cp* amount. As the mass spectrum of the Cp*®t reaction revealed a m/z shift of 42, it can be
concluded that the complex bears three Cp* ligands (3 x 14 = 42). Furthermore, careful comparison of
the calculated with the isotopic pattern, [PdsGas](Cp*)s(dvds) was identified as product. However,
previous findings revealed the formation of [PdsGas](Cp*"")4(dvds) when performing the reaction with
GaCp*Phwith a Ga:Cp*Ph ratio of 1. Thus, the formation of [PdzGas](Cp*)a(dvds) is assumed but has not
yet been confirmed as the mass spectrum only revealed the compound with loss of Cp*. Low
temperature NMR studies could be conducted to determine the ratio of Cp* to dvds and thus, support
the assumption. Several attempts to crystallize [PdsGas](Cp*)s(dvds) from a concentrated solution or by
diffusion crystallization failed so far.
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A AR BB C CEt

GaCp*®!
‘l "lll - ‘ B Experimental Cluster assignment
[m/z]
A 1190.8577 [Pd3Gas](Cp*)s(dvds)
AE  1230.9042 [Pd3Gaa](Cp*Et)s(dvds)
B 1406.7701 [PdsGas](Cp*)a(tol)
Y l | tol-c, B%  1414.8299 [PdaGas](Cp*)a(tol-ds)
C 1500.7960 [PdsGas](Cp*)a(dvds)
Ct  1556.8623 [Pd4Gas](Cp*Et)s(dvds)
N
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Figure 46: LIFDI mass spectra of the reaction [Pd,(dvds)s] with GaCp* (2 eq.) in toluene (black trace) or toluene-ds (red trace) or
with GaCp*&t (blue trace) after one day at room temperature. Cluster assignments are given on the right.

Gradual increase of the reaction solution from -30 °C to room temperature led to the formation of
[PdsGas](Cp*)4(dvds) from [Pd3Gas](Cp*)s(dvds) as part of a cluster growth reaction (see Appendix,
Figure 90). Such cluster growth reactions due to temperature increase was also observed for the
synthesis [Pd2Gas](Cp*)s yielding [PdsGas](Cp*)s at room temperature.” Besides the product peak at
1500 m/z referring to [PdaGas], the mass spectrum also showed signals at 1406 m/z and 1190 m/z which
refer to [PdsGas)(Cp*)4(tol) and [PdsGas](Cp*)3(dvds) as confirmed by reactions with GaCp*®t instead of
GaCp* or toluene-ds instead of toluene (Figure 46). As it seems, that toluene can exchange the flexible
dvds ligand, HCD cell experiments were conducted. Stepwise increase of the energy in the collision
chamber of the MS instrument enabled the assignment of product, intermediate and fragment as also
previously described in the Ni-Ga chapter. The toluene-containing molecule B was therefore identified
as an intermediate which is formed during ionization while the other two compounds A and C could be
established as product peaks. In accordance to already mentioned [PdsGas](Cp*)s(dvds),
[PdsGas](Cp*)4(dvds) is also assumed to undergo Cp* cleavage during ionization. Due to the high
solubility in organic solvent, it was not possible to obtain single crystals suitable for X-ray analysis.
Further increase of the reaction temperature to 60 °C resulted in the formation of [Pd4Gas](Cp*)s(dvds)
at first, but after one day, the reaction ended in [Pd2Gas](Cp*)s as the thermodynamically favored product
which was confirmed by the detection of [Pd2Gas](Cp*)s at 1102 m/z. As described by Fischer et al.1%5,
[PdsGaa4](Cp*)s(dvds) and [PdsGas](Cp*)a(dvds) can be seen as isolable intermediate compounds in the
formation of [Pd2Gas](Cp*)s. Further, [Pd4Gas](Cp*)a(dvds) is the first observed Ga-rich Pd cluster with
a Pd4 core which could be a perfect candidate for substitution reactions as it still contains a flexible dvds

ligand attached.
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Reaction of [Pdz(dvds)s] with GaCp* and alkynes at different temperatures

In the following, the influence of alkynes as additives during the synthesis of Pd-Ga clusters is discussed.
The reaction with [Pd2(dvds)s] with GaCp* and 3-hexyne at room temperature immediately resulted in a
black precipitate and a clear solution. LIFDI mass spectra did not reveal any cluster formation while only
small signals referring either to mononuclear metal-organyls or organic residues, which could not be
identified so far. Performing the reaction with dpa instead at lower temperature, dpa-containing
compounds were observed. Similar to the reaction without additives, the dpa-containing reactions mostly
resulted in [PdsGas](Cp*)s(dvds) at -30 °C and [PdsGas](Cp*)4(dvds) at room temperature as discussed
above. Thus, the overall cluster formation and especially the cluster core is not strongly influenced by
the additive, so far. Nonetheless, the reaction with additional 2 eq. of dpa at -30 °C while maintaining
the Pd-Ga ratio did result in [PdsGas](Cp*)2(dvds)(dpa) (1162 m/z) and [Pd2Gas](Cp*)s(dpa)+2H
(1076 m/z) besides the major signal for [PdsGa4](Cp*)s(dvds) as evidenced by LIFDI MS (Figure 47).

AB CD
+dpa,
R A Y R
Experimental Cluster assignment
| 60 °C [m/z]
. - 1076.8809 [Pd2Ga.](Cp*)s(dpa)+2H
1102.9032 [Pd.Gas](Cp*)a

1162.8982 [Pd3Gas](Cp*)z(dvds)(dpa)
1190.8577 [Pd3Gaa](Cp*)s(dvds)

ol 0 W >

Lo
YU RE | W

h -30°C

T T T T T
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m/z
Figure 47: LIFDI mass spectra of the reaction [Pd,(dvds)s] and GaCp* (2 eq.) at -30 °C (black trace) or at 60 °C (blue trace) and

additional with dpa (2 eq.) at -30 °C (red trace) or at 60 °C (green trace). The spectra were recorded after one or two days in
toluene. Observed peaks are assigned in the table on the right.

Increasing the reaction temperature from -30 °C to +60 °C, the reaction formed [Pd2Gas](Cp*)s as the
major product (Figure 47, green trace), which can be seen equal to the formation of [Pd2Gas](Cp*)s.
Besides that also a signal for [PdsGas](Cp*)s(dvds) at 1190 m/z was observed which was only obtained
in traces without dpa. As previously published, [PdsGas](Cp*)s(dvds) resembles an intermediate
compound on the way to [Pd2Gas](Cp*)s. Considering the dpa-containing reaction, the conversion of
[Pd3Gaa] to kinetically inert [Pd2Gas](Cp*)s is slower when adding an additive. As no dpa-containing
compounds were observed at that temperature, the additive has only indirect influence on cluster

formation while slowing down the reaction rate to the thermodynamically favored product. However, the
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addition of additives in Pd-Ga clusters synthesis enabled the observation of new compounds while
slowing down the reaction rate. Therefore, additives can be applied to trap intermediate compounds.
Structurally, [Pd2Gas](Cp*)3(dpa) resembles the already described [Pd2Gas](Cp*)s if one terminally
bound GaCp* is exchanged with dpa. It features a Pd2 center which is bridged by three GaCp* ligands.
The complex is additionally stabilized by two terminally bound ligands, GaCp* and side-on coordinated
dpa. The structure of [PdsGas](Cp*)z(dvds)z(dpa) is proposed to be structurally related to
[Pd3Gas](Cp*PM)a(dvds)t®®, [PdsAls](Cp*)s’® and [Pdslns](Cp*)s(PPhs)s”® when dvds is seen as a two-
coordinating ligand. In particular, all three known compounds exhibit a Pds triangular core structure with
three bridging ECp* ligands. Compared to [PdsAls], the dvds ligand binds to two Pd-centers, as also
observed for [PdzGas](Cp*PM)a(dvds), instead of two terminally bound AICp*. The dpa unit is supposed
to coordinate side-on to one Pd core atom instead of terminally bound ECp*.

In summary, dpa can influence the synthesis of Pd-Ga compounds while slowing down the formation to
catalytically inert and thermodynamically favored [Pd2Gas](Cp*)s. As intermediate compounds, the
formation of [PdsGas](Cp*)s(dvds), [PdsGas](Cp*)2(dvds)(dpa) and [Pd2Gas](Cp*)s(dpa) were detected
which give hints to the formation mechanism of [Pd2Gas](Cp*)s. In particular, the Pd-Ga system formed
first mediate and afterwards higher nuclear compounds, which is then converted to [Pd2Gas](Cp*)s while
releasing Pd-metal in a cluster degradation reaction. Furthermore, as previously described for
[PdzIne](Cp*)s, the terminally bound ECp* can be exchanged by stronger binding ligands. Thus, one
GaCp* unit of [PdsGas](Cp*)s(dvds), which is assumed to bind terminally, was substituted by dpa,
resulting in [PdsGas](Cp*)2(dvds)(dpa). This exchange reaction enabled the structural suggestion of a

Pds triangle bridged by three GaCp* ligands as only one GaCp* was substituted by a dpa ligand.

4.2.2. Definite cluster structures as building blocks for further cluster growth
or cluster reactivity: Alkyne addition to [PdAl4] or [PdGa4]

The following chapter summarizes parts of the master’s thesis from Alexandra A. Heidecker supervised
by the author of this dissertation.

4.2.2.1. Reactivity of [PdGa4] with alkynes

Additive
Control
[PdGa,](Cp*), *
+ alkynes E— [Pd,Gas](Cp*)s

Scheme 14: Overview of the herein discussed products obtained from the reaction of [PdGa,](Cp*), with either 3-hexyne or dpa
resulting in the formation of dinuclear [Pd.Gas|(Cp*)s regardless of the additive.

In contrast to previously published results, [Ni(GaCp*)4] showed high reactivity towards alkynes

revealing a new route for cluster growth reactions. Therefore, the reactivity of [PdGa4](Cp*)s was tested
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towards different equivalents of 3-hexyne at different temperature while the reaction progress was
monitored using LIFDI MS and NMR spectroscopy. As Pd-Ga compounds are known from own
experiences to perform Cp* cleavage during ionization, a reference mass spectrum of the starting
material was recorded. As expected, the mass spectrum showed signals which refer to [PdGas](Cp*)s
(790 m/z) and [PdGasz](Cp*)2 (586 m/z) (see Appendix, Figure 124). Further, it revealed the formation of
[Pd2Gas](Cp*)s (1233 m/z and [M-Cp*]*: 1103 m/z) during ionization which can be excluded as a side-
product by NMR spectroscopy as it was only obtained in traces (6 %).

Reaction of [PdGas](Cp*)4 with 1, 2 or 4 eq. of 3-hexyne at room temperature did not result in any
changes in the mass spectrum which displayed the typical signals for [PdGas](Cp*)4+ as described above.
This is in agreement with the recorded *H NMR spectrum which, nevertheless, showed a slight shift of
the typical signals presumably as a result of 3-hexyne presence. Therefore, both the temperature as
well as the additive amount was increased to improve the reactivity. Adding an excess of 3-hexyne
(100 eq.) to a solution of [PdGa4](Cp*)s, the spectrum was changing within one hour (see Figure 48).
The characteristic signals for the starting material disappeared with the reaction progress, whereas
signals for the dinuclear compound, [Pd2Gas](Cp*)s, were detected. After three days, [PdGas](Cp*)4 was
completely converted to [Pd2Gas](Cp*)s. However, hexyne-containing signals could not be obtained.
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Figure 48: Time dependent LIFDI mass spectra of the reaction [PdGa,](Cp*), with excess 3-hexyne at room temperature in
toluene/benzene-ds.

Increasing the temperature while using excess of 3-hexyne, the formation of [Pd2Gas](Cp*)s was faster
observing the respective peak at 1102 m/z and the full disappearance of [PdGa4](Cp*)s after twelve
hours at 60 °C and already after one hour at 90 °C. Thus, [Pd2Gas](Cp*)s can be seen as the
thermodynamically favored product which was also proposed in the previous chapter.

Performing the reaction with 2 eq. dpa instead of 3-hexyne at 60 °C, signals for [PdGas](Cp*)s were only

observed in traces after five hours while peaks referring to [Pd2Gas](Cp*)s were the major products (see
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Experimental, Figure 92). In fact, the addition of dpa influenced the reaction rate with the
thermodynamically preferred product being formed faster compared to 3-hexyne. Further, both additives
affected the cluster growth reaction which was also controlled and influenced by temperature. In both
cases, [Pd:Gas](Cp*)s was formed from [PdGa4](Cp*)s+ as building block when applying additives.
However, keeping [PdGas](Cp*)s in solution for several hours at the respective temperatures did not
lead to the formation of [Pd2Gas](Cp*)s, but rather to decomposition, which could be determined by the
release of Cp*H by NMR. For the trinuclear compound [PdsGas](Cp*)s, it was proposed that it forms
[Pd3Gas](Cp*)s in solution which must be accompanied by the dissociation of two GaCp* in solution.”®
Accordingly, in case of [PdGas](Cp*)4, it is also possible that one or two GaCp* dissociate from the Pd-
center in solution induced from alkynes leading to the formation of highly unsaturated [PdGaz](Cp*)2 and
[PdGas](Cp*)2 intermediates, thus, favoring the formation of dinuclear compounds. This is also
consistent with the unusual changes in the ratio of suggested fragments compared to product or starting

material (see peaks A, B, and D).

4.2.2.2. Reactivity of [PdAl4] with 3-hexyne
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Scheme 15: Overview of the herein discussed products obtained during the reaction of [PdAl,](Cp*), with 3-hexyne.

[PdGas](Cp*)s4 favored the selective formation of dinuclear compounds as [Pd2Gas](Cp*)s while the
dinuclear Ni-analog was not obtained from [NiGas](Cp*)s, but higher nuclear compounds as
[NisGas](Cp*)a(hex)2 and [NisGas](Cp*)s(hex)s. In contrast, [NiAls](Cp*)s did not show any reactivity for
cluster growth reactions. Thus, [PdAl4](Cp*)s was investigated as a potential candidate for cluster
growth. In this context, the influence of alkynes on the dissociation behavior of [PdAls](Cp*)s+ and the
associated cluster growth reaction were studied with different concentrations of the additive and at
different temperatures and monitored using LIFDI MS and NMR spectroscopy.

In accordance to Pd/Ga, a reference mass spectrum of [PdAls](Cp*)s was recorded showing signals at
754 m/z ([M]*) and 592 m/z ([M-AICp*]*) and a small peak for the dinuclear [Pd2Als](Cp*)s at 1024 m/z
(see Figure 49, black trace). The reactivity of [PdAls](Cp*)4 in the presence of 3-hexyne as the additive
was similar to [PdGa4](Cp*)4. No significant changes in 