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I Summary

Link between molecular [TM.M’,] clusters and solid-state TM/M’ intermetallics. Following the
conceptual link between molecular mixed-metal [TM.M’,]* (TM = transition metal, M’ = Al, Ga, Zn)
complexes/clusters and solid-state TM/M’ intermetallics’2, molecular [Ni(M’R)n(C2Hx)an] (M’ = Al, Ga,
Zny; R=Cp*, Me; x=2,4; n=1-3) complexes are proposed as reasonable molecular models for
substrate-surface interactions on intermetallic compounds with focus on the semi hydrogenation of
alkynes. Initial theoretical investigations of [Ni(L)n(C2Hx)a-n] (L = PEts, AlICp*, GaCp*, (ZnR)2; R = Cp*, Me;
X =2,4; n = 1-3) at the DFT-level of theory (BP86-D3(BJ)/def2-TZVPP) presented in this thesis support
the conceptual link between molecular mixed-metal compounds and solid-state intermetallics since
M’ coordination on the Ni-center has distinct effects on Ni-C;Hx bonding. For instance, M’-free
[Ni(C2H2)s] and [Ni(PEts)>(C2H2)] show the expected side-on coordination of CH, at Ni, whereas
[Ni(AICp*)2(C2oH2)2] and [Ni(ZnR)4(CoH2)2] feature Ni-M’ bridged alkyne coordination modes. These
metal-bridging substrate binding modes are reminiscent of the cooperative effects found for solid-
state intermetallic catalysts applied in the catalytic semi hydrogenation. For instance, for the well-
studied solid-state Pd/Ga intermetallic catalyst, theoretical and experimental investigations revealed
Pd/Ga bridging alkyne coordination on Pd/Ga arrangements at the surface, which is rendered as a
plausible explanation for the observed selectivity of this catalytic system.>

Experimental realization of [Ni.(M’R),(UHC)]. Motivated by the theoretical results regarding
[Ni(M'R)n(CoHx)s-n] the experimental access towards [Nia(M’R)s(UHC).] (UHC =unsaturated
hydrocarbons) complexes and clusters is investigated. The initial synthetic strategy was based on the
formation of low-coordinated [Ni(M’R),] fragments with preformed Ni-M’R bonds either by PR3
dissociation from [Ni(M’R)n(PEts)s-n] (n=0-4) or by reductive elimination of H-SiEt; from
[(H)(SiEt3)Ni(AICp*)3-n(ZNnR)2n] (n=0-2) complexes. Investigations of the PEt; dissociation from
[Ni(M’R)n(PEts)s.n] complexes revealed that the fast and extensive dissociation/association equilibrium
of the Ni-PEt3 bonds in [Ni(PEt3)s.]®” is largely suppressed by M’R coordination. This phenomenon can
be attributed to Ni-P bond polarization induced by M’R coordination. The newly established synthetic
access of [(H)(SiEts)Ni(AICp*)s-n(ZNR)2n] (n=0-2) together with the already reported
[(H)(SiEt3)Ni(AlCp*)3]® could allow the synthesis of [(UHC)Ni(AICp*)3.n(ZnR)2n] (n = 0-2) compounds via
the intermediate formation of low-coordinated [Ni(AICp*)s.n(ZnR)2n] species.

A more universal access to [Nia(M’R)p(UHC).] compounds was achieved based on the “early-stage”

incorporation of UHC's before M'R ligands are present. Promising results were obtained by initial



treatment of [Ni(cod),] with 3-hexyne and subsequent addition of GaCp* yielding for instance the
NisGa, cluster [Nis(GaCp*)a(3-hexyne),] as evidenced by mass spectrometric analysis.

Increasing the knowledge of [(Ni.Ex)Cp*.] clusters. Furthermore, suitable reaction conditions for the
formation of [(Ni.Ex)Cp*.] (E = Al, Ga) cluster were identified by mass-spectrometric studies, and
differences in cluster formation for E = Al, Ga were revealed. For instance, treatment of [Nix(dvds)s]
with AICp* results in the formation of mononuclear [Ni(AICp*).] as the main product whereas the Ni;
compound [Niy(AICp*)s] is only formed as a side product. The molecular structure of [Ni(AICp*)s]
shows a very short Ni-Ni distance of only 2.2702(15) A indicating Ni-Ni bonding interactions which is in
accordance to theoretical analysis performed in collaboration with Prof. J.Y. Saillard. The interplay of
Ni; and AICp* results in a strengthening of the Ni-Ni interaction in [Ni,(AlCp*)s] which therefore serves
as a model compound for higher nuclear [TM,(ECp*)s] clusters.

Treatment of [Niy(dvds)s] with GaCp* however results in the formation of several high nuclear
[Nis(GaCp*)p(dvds)] clusters as e.g. [(NisGaq)(Cp*)3(dvds),]. The difference of AlCp*/GaCp* cluster
growth processes can be attributed to dissociation/association processes for the Ni-GaCp* system
which are not present for the kinetically inert and thermodynamically strong Ni-AlCp* bond. The
molecular structure of [(NiaGaa)(Cp*)s(dvds),] reveals a Cp* transmetallation from Ga to Ni. Therefore,
the formula of this cluster should be written as [Ni,(u-GaCp*)(u-GaNiCp*)2(dvds)a].

Critical Outlook. Even though the conceptual link of [Ni,(M’R)s(UHC).] compounds as potential
molecular models for intermediates in heterogeneous semi hydrogenation could not be supported by
experimental findings so far, the presented computational studies on [Ni(M’R)n(C2Hx)s.n] complexes
provides evidence for this relation. Furthermore, based on the presented experimental work and
especially the development of a new synthetic strategy based on the “early-stage” incorporation of

UHC's the isolation of the desired [Ni,(M’R)s(UHC).] should be possible in the future.



I Introduction
I .1. Semihydrogenation of Alkynes

On the way to inexpensive alternative catalysts

Heterogeneously catalyzed hydrogenation reactions of unsaturated hydrocarbons are long-known
reactions and have been widely investigated. In 1874, de Wilde reported the full hydrogenation of
acetylene to ethane applying a heterogeneous Pt catalyst.® Roughly 25 years later, Sabatier and
Senderens reported the semihydrogenation of acetylene to ethylene using Pd or Ni catalysts.'®!! In
1909, Paal discovered that the semihydrogenation of the sodium salt of 3-phenylpropiolic acid with a
Pd catalyst affords Z-cinnamic acid.'>*3 This finding confirmed the cis-selectivity of heterogeneous
hydrogenation reactions and thus, gave first insights into the mechanism of surface hydrogenation
reactions.

Today, heterogeneous catalysts are widely used both in large scale industrial productions and small
scale fine chemical synthesis. Especially the semihydrogenation of alkynes, selectively converting
alkynes to alkenes, is of special importance. It is used for the purification of ethylene feedstocks,
obtained by steam cracking of long chain hydrocarbons, from traces (usually about 1%*) of acetylene.
Purified ethylene is used for the multi-ton scale production of polyethylene where even small traces
of acetylene negatively affect the polymerization catalyst.’> Therefore, a highly selective
semihydrogenation catalyst is needed to avoid over-hydrogenation of acetylene to undesired ethane
which would decrease the overall yield of polyethylene.

The most probable mechanism of heterogeneous hydrogenation reactions of acetylene can be
described as follows. First gaseous acetylene and hydrogen adsorb exothermally on the catalyst
surface. The catalyst-substrate interaction leads to an activation of H; by splitting into atomic hydrogen
atoms on the catalytic surface. Hydrogen migrates to co-adsorbed C;H; leading to a stepwise reduction
to C;H.. The activation energy of the both hydrogenation step is well below the desorption energy for
acetylene. Once ethylene is formed it can either desorb, giving free ethylene as the desired reaction
product or it can be further hydrogenated to ethane.® A selective reaction is therefore achieved when
the hydrogenation of acetylene to ethylene is thermodynamically and kinetically more feasible than
the hydrogenation of ethylene to ethane. In summary, the alkene/alkane product ratio is determined
by thermodynamic (heat of adsorption, hydrogen splitting, etc.) as well as kinetic parameters
(activation energies, substrate mobility on the catalyst, etc.), which are directly related to the applied

heterogeneous catalyst.



The semihydrogenation is industrially catalyzed by mixed metal Pd/Ag particles on alumina support.’
Detailed investigations on the beneficial influence of Ag addition to Pd revealed that the enhanced
selectivity compared to pure Pd is a result of electronic as well as geometric effects. The binding energy
of both, C;H, and C;H4, to the Pd/Ag surface is reduced compared to pure Pd. However, acetylene
adsorption is still favored compared to ethylene adsorption.!® Theoretical calculations by Studt et al.
showed that the higher selectivity can be explained by a higher activation barrier for the second

hydrogenation step which is significantly higher than the dissociation energy of C;H, (see Figure 1).1°
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Figure 1: Estimated reaction mechanism of the semihydrogenation on the Pd(111) (black) and the Pd/Ag(111) (red)
surface. Acetylene is adsorbed to the respective surface and hydrogenated twice giving adsorbed C;Ha. The activation
energy of the following hydrogenation step to intermediate C;Hs depends on the investigated surface. For Pd(111) the
activation barrier is similar to the energy of desorption, which accounts for the low selectivity of the semihydrogenation.
For the Pd/Ag(111) surface, the activation energy is higher than the desorption energy selectively yielding C;Hs. Reprinted
with permission from Studt et al., Science 2008, 320 (5881), 1320-1322. Copyright 2008 American Association for the
Advancement of Science.

Recent investigations on industrially orientated semihydrogenation reactions are motivated by the aim
to replace the noble metal based Pd/Ag catalyst by cheaper and more abundant alternatives. In this
regard different TM/M’ (TM = transition metal, M’ = Al, Ga, Zn) intermetallic compounds belonging to
Hume-Rothery solid-state phases like Pd/Ga*> 1, Ni/Ga®® and ultimately Fe/Zn, Ni/Zn'® or Fe/AlI*° have
been shown to be highly selective catalysts for the semihydrogenation. The increase in selectivity is
based on the bidirectional influence of both metals confined in an ordered intermetallic solid-state
material.

An intermetallic solid state material as defined by Armbrister et al. is a “chemical compound of two
or more metallic elements adopting an ordered crystal structure that differs from that of the
constituent metals”.?® In contrast, an alloy is a stochastic mixture of metals and can also be seen as a
substitutional or interstitial “solid solution” containing the different metals randomly distributed.?*
Intermetallic Pd/Ga represents a well-studied model system for an intermetallic heterogeneous
catalyst for acetylene semihydrogenation. Structural investigations on stoichiometric PdGa reveal that

bulk Pd atoms are uniformly “coordinated” by a shell of Ga leading to isolated Pd without significant
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Pd-Pd interactions (d(Pd-Pd)>3.016 A). The rather short experimental Pd-Ga distances (2.543-
2.712 A) together with theoretical calculations indicate strong covalent Pd-Ga interactions. Ultra-high
vacuum X-Ray photoelectron spectroscopy at the BESSY beam line indicates that Ga “coordination”
considerably changes the electronic structure of the Pd atoms in PdGa with respect to metallic Pd.*®
Theoretical investigations showed that adsorbed acetylene is bound on local arrangements of Pd and
Ga atoms on the surface. Acetylene adopts bridging positions between these atoms with strong
covalent interactions to Pd and Ga. However, when being hydrogenated to ethylene, the bonding
mode shifts to a t-bonded interaction with a single Pd atom.* This means that the Ga-rich environment
does not only change the electronic properties of Pd, but plays an active role to bind and activate
acetylene at the surface. On the other hand, Ga “coordination” leads to a distinct decrease in the Pd-
ethylene bond strength facilitating the release of ethylene as the desired reaction product. As
mentioned above, also the mobility of adsorbed intermediates and the trajectory of their approach
(which depends on surface morphology, etc.) has been shown to have considerable effects on
selectivity.>* Furthermore, a combined experimental and theoretical investigation exposed that the
Pd/Ga arrangements at the surface change with the investigated crystal plane® and with the
stoichiometry of Pd/Ga®*. For instance Pd/Ga single crystals® cooled to 5 K, were exposed to a low-
pressure C,H,/C,H4 atmosphere before ultra-high vacuum conditions (5x10! mbar) were applied. STM
images of the cooled Pd/Ga single crystal at high vacuum conditions show that different binding sites
for acetylene/ethylene are present at distinct Pd/Ga surfaces (see Figure 2).For instance, C,H, prefers

metal bridging positions whereas C;Hs solely coordinates to a single Pd atom.3

Figure 2: Calculated adsorption sites for the semihydrogenation of C;H; to C;H, on the PdGa:A(-1-1-1)Pds (left) and the
PdGa:A(111)Pd; surface (right). The atoms are colored as follows: Pd (blue), Ga (red), C (grey), H (white). On the Pd;
surface (left), C;Hz is bound to a local arrangement of three Pd atoms whereas C;Ha is solely bound to one Pd atomina
side on fashion. For the Pd; surface, C;H; can either bind to a single Pd atom or to two Ga atoms in the second atomic
layer. C;H4 is again bound by a single Pd atom. Reprinted with permission from Prinz et al., J. Am. Chem. Soc. 2014, 136
(33), 11792-11798. Copyright 2014 American Chemical Society.

For Ni/Ga and Ni/Zn systems an increase of the element M’ (Ga, Zn) has a beneficial influence on the
semihydrogenation selectivity.’® 22 In comparison to the Pd/Ga model system, intermetallic Ni/Zn
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systems are only little investigated. The adsorption energy of ethylene is much weaker for NiZn.
Furthermore, the activation barrier for further hydrogenation of ethylene to ethane is higher than the
activation energy for the desorption of ethylene.’® Therefore, Studt et al. concluded, that the
selectivity results from changes of the electronic properties of the catalytically active Ni center by Zn
“coordination” but no insights for substrate binding on the NiZn surface is given.'® Therefore, the
question arises whether different metal bridging C;H,/C,H4 coordination sites, as found for the Pd/Ga
case, might also be present at Ni/Zn surfaces. This would potentially give an additional explanation for

the increasing selectivity upon mixing of Zn with Ni.



IT .2 Molecular Solid-State Models

Breaking down complexity

Starting with the findings of Sabatier and Paal, heterogeneous semihydrogenation has substantially
developed. A lot of research was devoted to a detailed understanding of the catalytic mechanisms, the
influence of different metal combinations, and substrate binding to the surface. Heterogeneously
catalyzed reactions are generally performed at elevated temperature and pressure which leads to
substantial demands for experimental analysis. To circumvent this problem, the analysis is usually
performed at milder conditions that are far off catalytic conditions. Therefore, a detailed description
of surface processes is very challenging.

To circumvent these challenges but still permitting complementary insights for heterogeneous
catalysis, simplified molecular compounds can be investigated as potential model compounds. Such
surface models should “replicate” catalytically active sites, e.g. by showing similar “surface-substrate”
interactions.?® Therefore, a general alternative to the investigation of a surface reaction, is to break
down complexity and study the reactivity of isolated atoms or small clusters towards catalytically
relevant substrates. Helmut Schwarz substantiates this approach with his statement: "An important
aspect that supports the feasibility of using small systems as catalytic models derives from the fact that
chemistry is a local event: bond breaking and bond making are confined to the catalytically active
site(s)”.2* Usually steps, edges or defects in the catalyst surface where reactive atoms with low
coordination numbers are exposed at the surface are considered as the catalytically active centers.
Therefore, these active centers can be represented by bare atoms and small clusters. Applying the so-
called matrix-isolation technique, the stabilization of such species in inert matrices allows their
experimental analysis using isotopic labeling, IR, Raman or UV-Vis spectroscopy. Usually, the
experimental investigations are accompanied by quantum chemical calculations leading to detailed
insights into electronic properties and bonding situations of such compounds.?>2® Furthermore, by
doping of the inert matrix with catalytically relevant substrates (e.g. CO, H,, CH4, C;H4) the reactivity of
the stabilized species towards these small molecules can be investigated.?

A further approach to investigate such small compounds is based on the deposition of size-selected
metal clusters on a solid support followed by detailed experimental investigations of their electronic
properties, geometrical structures or cluster-substrate interactions using analytical techniques like
IR-3°, photoelectron spectroscopy®' or structure-resolving 3D scanning transmission electron
microscopy?2.

Furthermore, mass-selected metal clusters and their reactivity towards small molecules can be

investigated in the gas-phase.® For instance, Schwarz et al. explored the effect of metal alloying in



small dimeric clusters on the reactivity towards C-N bond formation. This research is fundamental for
the industrial Degussa process, producing HCN from methane and ammonia. Comparing the reactivity
of [Pt2]*, [PtAu]* and [Au;]*, Schwarz et al. observed beneficial cooperative effects of [PtAu]* for the C-
N bond forming reaction.?*3* The presented approaches usually require advanced technical setups and
analytical techniques that impede a widespread application of such investigations.

Apart from these non-preparative techniques, there are several synthetic approaches to ligand
stabilized metal clusters. These clusters can be investigated in terms of their physical and chemical
properties as well as the underlying bonding principles. For instance ligand-protected Au clusters®>3’
represent an intensively studied field which has also been extended to mixed-metal clusters usually
featuring similar metal atoms.?® A further example can be seen in the work by Schnéckel et al. on the
synthesis of several anionic metalloid [Al,Rm]* and [GanRm]* clusters®, like [Alss((NSiMes)z)1s]*,
[Al77((NSiMes),)22]% and [Gasa((NSiMes)2)20]%.4%2 Such monometallic clusters resemble molecular cut-
outs of the respective element modifications and can therefore be seen as intermediates between
organometallic molecular compounds and solid state elements.*

Heterogeneous catalytic systems usually consist of metal combinations and oxidic support materials
which can form complex “mixtures” especially under conventional reaction conditions. Therefore, the
formation of metal mixtures, like alloys or intermetallic compounds, under these reaction conditions
cannot always be excluded* or is beneficial for catalysis®.

Therefore, molecular mixed-metal compounds featuring catalytically relevant metal combinations are
highly desirable. Fischer et al. synthesized a whole library of clusters with the general formula
[TMa(M’R)bLc].Y %647 For instance, a series of mixed Cu/Zn compounds including [(CuZn,)(Cp*)s]*,

[(CuaZna)(CNtBu)a(Cp*)a]*, [(CusZna)(Cp*)s] and [(CuaZns)(Cp*)s]*° featuring distinct nuclearities and

Cu/Zn ratios have been studied. The interpenetrated tetrahedra present in the core of

J

Figure 3: left: molecular structure of [(CusZns)(CNtBu)4(Cp*)s] showing the inner Cus and outer Zn, tetrahedron. Right:
solid state structure of y-brass Cui9Znis with inner Zns and outer Cu, tetrahedra. Reprinted with permission from Freitag
et al., Chem. Commun. 2014, 50 (63), 8681-8684. Copyright 2014 Royal Society of Chemistry.



[(CuaZns)(CNtBu)4(Cp*)4] are reminiscent of the solid state structure of CuioZni4 y-brass (Figure 3). With
respect to the heterogeneous CO, hydrogenation to methanol, the Cu/Zn combination has been
intensively studied and debated.* >1° With respect to the ongoing research on the heterogeneous
systems, the molecular Cu/Zn clusters represent interesting molecular models of a potential Cu/Zn
intermetallic compound formed under catalytic conditions.

In addition to the structural relationship between Hume-Rothery inspired complexes and clusters and
the solid state intermetallics, there is also a relationship in the reactivity as observed for the hydride
containing [(CuesAls)(Cp*)s(H)4]. It reacts with benzonitrile to afford the isolable cluster compound
[(CusAls)(Cp*)s(H)3(N=CHPh)] (Figure 4).2 Therefore, this mixed-metal cluster represents the prototype
to study the reactivity of TM/M’ clusters towards catalytically relevant substrates on the molecular
level. Such investigations might lead to complementary insights related to catalytic transformations on

the surface of intermetallic solid-state materials.

Figure 4: Molecular structure of [(CusAls)(Cp*)s(H)3(N=CHPh)] as determined by single crystal X-Ray diffraction. The cluster
core of the precursor [(CusAlg)(Cp*)s(H)s] remains intact and the benzonitrile intermediate is “attached” to the CugAlg
surface. Reprinted with permission from Ganesamoorthy et al., Angew. Chem. Int. Ed. 2014, 53 (30), 7943-7947. Copyright
2014 John Wiley and Sons.



Il Motivation

Finding the right connection

Solid-state intermetallic compounds of the general composition TM/M’ (TM = Pd, Fe, Co, Ni, Cu,
M’ = (Ag), Al, Ga, Zn) selectively catalyze the semihydrogenation of alkynes to alkenes. The
combination of TM-M’ was shown to be of major importance for the application of intermetallic
compounds in catalysis.> ¥ However, a detailed and fundamental understanding of the TM-M’
interactions and the resulting surface-substrate interactions is hampered by the complexity of catalytic
systems. A strategy to circumvent these problems is based on the investigation of well-defined
molecular models to obtain a detailed understanding of metal-metal or metal-substrate interactions.
Therefore, it is the goal of this research project to investigate the suitability of molecular
[TMa(M’R)p(UHC).] (UHC = unsaturated hydrocarbons) complexes and clusters as models for substrate-
surface interactions with regard to the semihydrogenation of alkynes on intermetallic TM/M’ catalysts.
This approach is substantiated by the existence of e.g. [Ni2(ECp*)3(C2Hi)2]** C-H activated
[W(AICp*)s(C2Ha)2]>® and [(CaH4)sNis(GaDDP),]*® featuring C;Hs linked to [TMa(ER)u] cluster cores.
Further examples of [TMa(M’R)p(UHC)] will expand the structural relationship of molecular TM/M’
clusters and TM/M’ solid state materials to the level of comparable substrate-surface interactions or

even substrate-surface reactivity (Figure 5).
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Figure 5: Schematic representation of heterogeneous semihydrogenation and molecular mixed-metal clusters
highlighting the link between solid state intermetallics and Hume-Rothery inspired complexes and clusters.
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IV Leading Research Questions

Hume-Rothery inspired coordination compounds of the general formula [TM,(M’R)s(UHC)], featuring
different ratios of TM/M’ and direct TM-C,Hy interactions, present reasonable research targets as

molecular models. Following this conceptual approach, different research questions arise:

1. Do (selected) compounds with the general formula [TM,(M’R)s(UHC)] present reasonable

molecular models for substrate-surface interactions in intermetallic heterogeneous catalysts?
1.1.If yes, what is the effects of M'R ligands on TM and how does it influence TM-C,Hx bonding?
2. How can [TM,(M’'R)s(UHC).] compounds be experimentally accessed?

3. What is the bonding situation of parent [TMa(M’R)s] complexes/clusters. What can be learned
for the TM-UHC interaction in [TM4(M’R)p(UHC)]?

These research questions are the signpost for this dissertation project. The respective
theoretical/scientific background, especially for the synthetic chemistry of Hume-Rothery inspired
complexes and clusters and the underlying bonding principles for the TM-M’R bonding will be given

were necessary.
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V  Results and Discussion

V .1 All-Zinc Coordinated Nickel-Complexes as Molecular Mimics for NiZn
Catalyst Surfaces, a Density Functional Theory Study

Parts of this chapter have been submitted to Chemical Science on March 5%, 2019.
J. Hornung, M. Muhr, C. Gemel, R. A. Fischer, submitted to Chem. Sci.

V.1.1 Introduction to [Ni(M'R)n(UHC)4-n]
How to choose the right molecular models?

From the huge library of existing [TMa(M’R)sLc] complexes and clusters ¢4, the propper compounds
to represent suitable molecular models for substrate-surface interactions have to be identified. Thus,
the following chapter will outline the reasons for the choice of model system to be investigated.

The theoretical and experimental investigations of solid-state intermetallics in the semihydrogenation
of alkynes suggest NiZn catalysts as competing low-cost alternatives to industrially applied Pd/Ag.*®
The selectivity of NiZn originates from beneficial relative energies of alkyne/alkene adsorption and
reaction barriers of alkyne/alkene hydrogenation. Acetylene is tightly bound to the NiZn surface
(acetylene adsorption energy: ~1eV) and hydrogenated to ethylene. The adsorption energy of
ethylene on the NiZn surface, however is by far lower than acetylene adsorption energy (~ 0 eV). This

results in the liberation of ethylene thus avoiding further hydrogenation to ethane (Figure 6).
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Figure 6: Calculated energy profile of the semihydrogenation of acetylene on the NiZn(111) surface. Reprinted with
permission from Studt, F. et al., Science 2008, 320 (5881), 1320-1322. Copyright 2008 American Association for the
Advancement of Science.

Furthermore, it was experimentally found that the selectivity of the reaction mainly dependends on
the NiZn ratio. For pure Ni only low selectivity was observed, whereas considerably increased

selectivity could be achieved with higher Zn contend. The intermetallic compound with the
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composition NiZns was shown to be even more selective than the tested PdAg alloy.® Based on scaling
relations the NiZns was predicted to have a slightly lower turnover than the industrially applied PdAg
catalyst, but no experimental data was presented in the original publication.®

As discussed in the introduction, the exact reason for the selectivity remains elusive, due to challenges
associated with mechanistical investigations of surface reactions. In contrast to the Pd/Ga case, metal
bridging adsorption sites of acetylene or ethylene on the Ni/Zn surface were not mentioned in the
original publication.’® Molecular models could help to give valuable insights whether metal bridging
adsorption sites might be present at Ni/Zn surfaces as well. Idealized molecular models should feature
a central Ni-center embedded in a Zn-rich environment (at the best with varying Ni/Zn ratios) and
catalytically relevant UHC moieties near Ni.

With respect to these considerations, several interesting compounds can be found in the [TM.(M’'R)uLc]

library of the Fischer group, e.g. [Ni(ZnCp*)i(ZnMe)4].>” This compound features a central Ni atom

embraced in an all-Zn environment (Figure 7 left).

Figure 7: Left: molecular structure of [Ni(ZnCp*)a(ZnMe)a]. d(Ni-“Zn): 2.31-2.37 A; d(Zn-Zn): 2.74-2.91 A Center: molecular
structure of [Ni(ZnCp*)2(ZnMe),(PMes),]. d(Ni-Zn): 2.29-2.?:4 A, d(Ni-P): 2.15, d(Zn-Zn): 2.71-20.80 A. Right: molecular
structure of [Ni(ZnCp*)(ZnMe)(PMes)s]. d(Ni-Zn): 2.30-2.35 A, d(Ni-P): 2.14-2.16; d(Zn-Zn): 2.51 A.

Therefore, the central Ni atom is shielded by eight ZnR ligands avoiding access of alkynes/alkenes to
the Ni center. It is noteworthy that treating [Ni(ZnCp*)4(ZnMe),4] with an excess of the terminal alkyne
HC=CSi(Pr); results in selective replacement of the methyl groups by alkynyl coordination affording
[Ni(ZnCp*)4(ZnC=CSi('Pr)3)s).8  In  contrast to [Ni(ZnCp*)s(ZnMe)s], the Ni centers of
[Ni(ZnCp*)2(ZnMe),(PMes),] and [Ni(ZnCp*)(ZnMe)(PMes)s] are not as sterically crowded with ZnR
ligands.>® Furthermore, PR”3 ligands can potentially undergo ligand exchange reactions if treated with
alkynes/alkenes to access [TM4(M’R)s(UHC).] compounds. In principle, [Ni(ZnCp*)s;(ZnMe)s(PMes)]

should exist as well, however due to synthetic problems the respective precursor, is still missing (for

more detail see chapter V.2.1.1 Introduction to heteroleptic [Ni(M’R)n(PEts)s.n] complexes).
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Based on these heteroleptic Ni-Zn-PR; compounds, Ni-Zn-UHC surface models are envisioned. Formal
replacement of PMe; ligands with catalytically relevant C;H, or CiHs gives [Ni(ZnR)zn(CaHx)3-n]
(R=Cp*/CH; in 1:1 ratio; n=1, 2, 3; x=2, 4). These compounds allow the examination of the
interaction of C;H, and C;Hs with distinct NiZnz, “coordination sites”. Since Al and Ga containing
intermetallics are considered as potential alternatives for the industrial Pd/Ag catalyst (and the
respective [Ni(ECp*)n(PR"3)4.n]®° compounds are accessible), molecular [Ni(ECp*)n(C2Hx)a-n] compounds
shall be investigated as well. For comparison parent [Ni(C2Hx)s] and M’R free [Ni(PEts)n(C2Hx)s-n] are

considered as reference compounds in this study.
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V .1.2 Geometry optimization of [Ni(L)n(UHC)s-n]

Prior to the synthetic approaches towards [Ni(M’R)n(C2Hx)s.n], computational screening of the
molecular structures at the DFT level of theory shall help to substantiate the idea of [Ni(M’R)n(C2Hx)4-n]
as relevant molecular models for substrate-surface interactions on solid-state intermetallics.

Based on the experimental structures of [Ni(M’R).(PR’3)4n]’>® the respective model compounds
[Ni(M’R)n(C2Hx)s-n] were derived. The structures of [Ni(CaHx)s], [Ni(PEts)n(CaHx)a-n], [Ni(ZNR)2n(CaHx)an],
[Ni(GaCp*)n(CaHx)a-n] and [Ni(AICp*)n(CoHx)s-n] (denoted as [NiL,(CaHy)an]) were optimized at the
BP86-D3/def2-TZVPP level of theory and the existence of local minima was verified by frequency
calculations (for computational details see chapter VI Experimental Section). This combination of
functional and basis set has been shown to give reasonable agreement between experimental and
theoretical structures and was used to determine bonding properties in related complexes and clusters
by energy decomposition analysis (EDA).>%57-5% 61 Selected structural parameters are given in Table 1.

Table 1: Overview of selected structural parameters of [NiL,(C2Hx)a-n] (L = PEts, (ZnR)2, AICp*, n = 1-3, x = 2, 4) compounds.
Distances are given in A.

d(c-C) d(Ni-L) d(L-C)

L= PEts  (ZnR),  AlCp* PEts (ZnR), AlCp* PEts  (ZnR),  AlCp*
INiLy(CaH] | X7 2 1.25 125  1.28-1.47 2.21 2.41 2.48 >3.15 >2.76 1.98
x=4 1.39 1.40  1.39-1.40 2.21 2.40 2.25 >3.16 >2.41 >2.97

INiL(CaHal | X~ 2 1.26 134  1.27-1.37 2.21 2.30-2.43 2.45-260 | >3.11  2.03  2.04-2.18
x=4 1.40 1.40 1.41 2.17 2.35-2.36 2.21 >3.09 >2.95 >3.01
iG] | 2 1.27 1.28 1.27 2.15-2.24 2.31-239 2.22-2.27 | >3.02 >2.55 >3.24
x=4 1.40 1.42 1.41 2.15-2.19 2.33-238 2.20-2.23 | >3.06 >2.57 >3.18

For a full comparison of the calculated [Ni(M’R)n(PR’3)4.n] structures please see IX Appendix. The

series of PEts complexes [Ni(PEts)n(C2Hx)a-n] was included in the calculations as reference for “regular”
changes in Ni-C,Hy bonding associated with the coordination of a typical o-donating ligand® for TM
centers within the classic Dewar-Chatt-Duncanson model for TM-alkene/alkyne bonding.5%
Introduction of ancillary ligands at the Ni center such as MR rather than PR”3 is expected to result in
distinct changes in the electronic properties of the central Ni atom thus affecting Ni-C;Hyx bonding.

The structural parameters of the calculated [Ni(CaHx)s] complexes are close to reported values.
Whereas [Ni(CoHs)s] was described as having a perfect Dsn symmetry featuring coplanar side-on
coordinated ethylene?® %>, the acetylene ligands in [Ni(C2H2)s] slightly deviate from coplanarity due to
interligand H-H repulsions.®*®® The CC bond lengths of 1.25 A for [Ni(C2H.)s] and 1.39 A for [Ni(C2Ha)3])
and the Ni-C bond lengths are also well in line with published data.?® %

For the pseudo-tetrahedral [Ni(PEts),(C2Hx)an] compounds, the Ni-P bond lengths (2.15-2.24 A) are in

the range of related compounds and underline covalent interactions between the central Ni atom and
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the surrounding ligands.> ®! The distances between the P ligator atom and the carbon atoms of C;H,
are larger than 3.02 A in all cases, indicating negligible P-C interactions. The C;H, side-on coordination
does not change with variation of the number of coordinated PEts. The Ni-Zn bonds in
[Ni(ZnR)2n(C2Hx)an] (2.30-2.43 A) (Figure 9) are in accordance to published data for thermodynamically
stable and isolable cluster compounds. 5”-5%67 This result stands in contrast to the Ni-Ga and Ni-Al
series where some members exhibit long Ni-Ga and Ni-Al distances which exceed usual bond lengths
for covalent interactions. This phenomenon is most pronounced for the [Ni(GaCp*)n(C2H3)a.n] model
series where a maximum Ni-Ga distance of 3.21 A was found for [Ni(GaCp*)1(C2H.)s] (see Figure S 6).5%
% |n most of the theoretical complexes [Ni(M’R)n(C2Hx)an], the CoHy ligands coordinate to the central
Ni atom in the typical side-on fashion as found for the parent complexes [Ni(C;H)s] and
[Ni(PEts)n(C2Hy)an)], well matching with experimental observations for such compounds.28 %7071

In contrast, the Ni-C;H, coordination is different in [Ni(AICp*)1(C2H2)s], [Ni(AICp*)2(CyH2),] and
[Ni(ZnR)4(CzH2)2]. For [Ni(AICp*)1(CaH2)s] (Figure S 5), structure optimization leads to a C;H,
dimerization product with C4Hs-Ni and CsHa-Al interactions and elongated Ni-Al distances (2.48 A). For
[Ni(AlCp*)2(C2H2)2] (Figure 8) one C;H; ligand is bridging between the central Ni and the two adjacent
Al atoms leading to elongated Ni-Al distances (2.45 and 2.60 A) and shortened Al-Al interaction
(2.50 A). This C;H, coordination to a NiAl, trimer site in the theoretical [Ni(AICp*)2(C2H2)2] complex

mimics C,H, coordination to a trinuclear PdGa; site as determined for the solid state PdGa catalyst.?

Figure 8: left: Calculated structure of [Ni(AICp*),(C2H2)2] showing the coordination of C;H; on top of a NiAlx-trimer site.
The Cp* and Me groups are shown as wireframes for clarity. Distances are given in [A]: Ni-Al: 2.45-2.63, Al-Al: 2.51, Ni-
Cridging: 1.92-2.24, Ni-Cronbrigging: 1.89. C-C distance: 1.37 A. right: STM images (10x10 nm) of C;H, adsorbed at T=5K on a
the PdGa (111) surface. The adsorbates have a round shape which is attributed to a fast rotation or hopping of the
adsorbate on the surface. For the (111) surface, two different almost isoenergetic adsorption sites were found for C;H,.
C2H2 either adsorbes on a Pd atom or on a PdGa; triangle. For the later, the CC bond distance were calculated to be
1.35 A. The inset shows the calculated adsorption sites for C;H, on this surface. Reprinted with permission from Prinz et
al., ). Am. Chem. Soc. 2014, 136 (33), 11792-11798. Copyright 2014 American Chemical Society.
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For [Ni(ZnR)4(C;H,),], the C;H; ligands adopt bridging positions between the central Ni atom and a
coordinated Zn moiety (Figure 9 left). Ni-Zn bond critical points and bond paths can be found for the
C;H; bridged Ni-Zn interaction, as a good indication for a Ni-Zn covalent bond (see Figure S 7). In the
related [Ni(ZnR)a4(CzHa)2] the C;H4 coordination is unaltered by the ZnR ligands. C;H4 coordinates in a

side-on fashion to the central Ni atom (Figure 9 right).

Figure 9: Calculated structures of [Ni(ZnR)4(C;Hyx)2] showing the Ni-Zn bridging coordination mode of C;H; vs. side-on
C,Ha. The Cp* and Me groups are shown as wireframes for clarity reasons. Left: [Ni(ZnR)4(C2Hz).] , distances in [A]: Ni-C1:
1.89, Ni-C2: 2.23, Ni-Znl: 2.44, Ni-Zn2: 2.31, Zn1-C2: 2.03, Zn2-C1l: 2.53, C1-C2: 1.34, Zn-Zn: 3.02-3.31. Right:
[Ni(ZnR)4(C2Ha)], distances in [A]: Ni-C1: 2.10, Ni-C2: 2.08, Ni-Zn1: 2.35, Ni-Zn2: 2.36, Zn1-C1: 2.96,Zn2-C2: 3.14, C1-C2:
1.40, Zn-Zn: 2.62-2.80.

To evaluate the significance of the obtained bridging/non-bridging structures, the C,H, coordination
mode at the [Ni(ZnR).] fragments was evaluated. Therefore, the Ni-Zn bridging C;H, moiety of the
[Ni(ZnR)4(CzH2),] was shifted to the regular side-on coordination to the central Ni atom. Geometry
optimization leads to the already discussed structure featuring Ni-Zn bridging C;H, moieties.
Furthermore, geometry optimization of a Ni-Zn-bridging C;H; input structure for [Ni(ZnR)s(C;H,)], non-
bridging, side-on coordinated C;H, at the Ni centre is obtained. For [Ni(ZnR)2(C;H2)s] this approach
results in a new minimum structure featuring three bridging C;H,-moieties(see Figure S 4). This finding
clearly underlines an additional link to solid-state TM/E catalysts. In the solid state as well on the
molecular level, the TM/E ratio has a significant influence on C;Hx bonding. The existence of different
minimum structures suggests flat potential energy surfaces of such systems. Thus, the possibility to
obtain versatile [TM,Ep(C;Hx)] compounds depending on reaction conditions, choice of substituents,
steric bulk, solvent etc. was deduced. It is thus expected that some members of the [Ni(M’R)n(C2Hx)a-n]
complexes are not stable under experimental conditions and might be difficult to isolate and

characterize, especially for E = Al/Ga.
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V .1.3 Bonding in [Ni(L)n(UHC)4-n] complexes

Considering the distinct coordination modes of C;H; to different [NiL,] (L = PEts, AlICp*, GaCp*, (ZnR);;
n = 1-3) fragments the Ni-L bonding in parent [NiLs] will be shortly reviewed. Further, the Ni-UHC
bonding in [Ni(L)n(UHC)s.n] will be investigated. All [NiLy] complexes are 18 valence electron complexes.
Within a simplified picture, Ni° offers ten d-electrons and each PEts, Al'Cp* or Ga'Cp* ligand donates
two additional electrons by o-donation of their lone-pairs. However, the TM-L interactions in different
[(CO)TM(L)] compounds (L = PR”3, AIR, GaR) are better described as polar covalent bonds with huge
contributions of electrostatic interactions and only a small orbital share.”? This situation is more
complicated for the one-electron donating Zn'R ligands. In principle, since having eight ZnR ligands, the
Ni center formally fulfills the 18 valence electron rules which is in line with the stability of
[Ni(ZnCp*)a(ZnMe)4] under experimental conditions.>” For the related model compound [Pd(ZnH)s] the
Pd-Zn bonding was described as follows. The radial Pd-Zn interactions can be described as direct Pd-
Zn bonds based on a quantum theory of atoms in molecules (QTAIM) analysis. However tangential, or
“cage” Zn-Zn interactions are only weak interactions and no bond paths or bond critical points can be
found. These weak interactions however are very important and help to stabilize this highly-
coordinated and sterically crowded compound. Energy decomposition analysis (EDA) of the interaction
of the “interstitial” Pd atom to the (ZnH)s “cage” indicates that this Pd-(ZnH)s interaction mainly derives
from electrostatic interactions (78%) whereas only 22% are based on orbital interactions.”” The
bonding in related [Mo(ZnCp*)s(ZnMe)o]”® was also described as being related to the bonding in
“hypervalent” molecules, e.g. SF¢’*. The sd>-hybridized Mo-orbitals would engage in six two-electrons-
three center Mo-Zn bonds and the remaining six electrons are used for highly delocalized Zn-Zn
bonding in the Zn;, cage.”” 73

To further elucidate the Ni-L bonding in parent [NiLs] compounds theoretical investigations were
performed. After geometry optimization and insurance of a local minimum geometry, NBO charges
(NBO: natural bond orbital) were calculated for these compounds. The results are summarized in Table

2.

Table 2: Overview of the calculated NBO charges for [NilL4] (L = PEts, GaCp*, AlCp*, (ZnR),) (BP86-D3/def2-TZVPP).

NBO charge Ni ligator atom (P, Ga, Al, Zn)
[Ni(PEts)a] -1.3 1.1
[Ni(GaCp*).] -2.1 1.0
[Ni(AICp*)4] -3.2 1.5
[Ni(ZnCp*)s(ZnMe),] -3.7 0.9-1.0
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This analysis shows that the central Ni atom is always negatively charged whereas the ligator atoms
(P, Al, Ga, Zn) are positively charged underlining the finding of polar TM-E bonds for comparable
compounds.®” 72 The negative charge increases from L = PEt; < GaCp* < AICp* < (ZnR),. The overall
polarization between Ni and L is comparable for L = AICp*, (ZnR)..

The polar TM-L bond was also verified by EDA for the Ni-L bond in homoleptic [Ni(PEts)4], [Ni(GaCp*)4]
and [Ni(AICp*)4] (Figure 10). The Ni-Zn bond in [Ni(ZnCp*)s(ZnMe)s] could not be investigated in the
same manner, since the ZnR ligands are not “separated” ligands (see also chapter V .2.1.6 Ni-Zn

bonding in [Ni(ZnR)2n(L)a-n] compounds).
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Figure 10: EDA-NOCV analysis of the Ni-L bond in [Ni(PEts)4], [Ni(GaCp*)4] and [Ni(AlICp*)4], showing that the electrostatic
contributions dominate over orbital contributions for the investigated Ni-L bonds.

From this result it becomes evident that the Ni-L bonds are dominated by electrostatic interactions
(always about 66% of the attractive contributions including electrostatic as well as orbital
interactions).”? For the TM-ECp* bond the electrostatic interactions are shown to derive from
attractive interactions between the positively charged TM nucleus and the negative charge of the lone-

pair at ECp*.”> 7°

In a comparable approach the Ni-{(MeZnZnCp*)} bond in heteroleptic
[Ni(ZnCp*)(ZnMe)(PMes)s] featuring a “side-on” bonded (ZnR;) moiety (for comparison see Figure 7),
was described as being slightly more polarized with a electrostatic contribution of about 72%.>°
Furthermore, it has to be noted that the Ni-AlCp* bond (total bonding energy = -60.2 kcal/mol] is
predicted to be stronger than the Ni-GaCp* bond (total bonding energy =-48.5 kcal/mol), in

accordance to previous results for comparable compounds.” This finding is important for later
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experimental results (see chapter V .4.5 Synthesis and characterization of [Ni2(u-GaCp*)(u-
GaNiCp*),(dvds),]).

After the discussion of the bonding in parent NiL, complexes, the following section will focus on a more
detailed bonding analysis of [Ni(ZnR)2n(CzH2)a.n] in comparison to the PEt; analogs to investigate the
influence of PEts/ZnR coordination on Ni-C;Hx bonding. At selected parts of the discussion, the values
for L=GaCp*, AICp* will be discussed as well. For the PEts3/(ZnR), series, higher PEt; or ZnR
coordination numbers lead to a slight elongation of the CC bonds of side-on coordinated C;H.
Qualitatively, this observation can be explained by a more negatively charged Ni-center receiving
electron density from the coordinating ligands PEts or ZnR. The calculated more negative NBO charges
for the central Ni atoms support this assumption. The NBO charge of the Ni atom was also shown to
be strongly dependent on the number of coordinated L (and in turn C;Hy) getting more negative with

higher numbers of L (Figure 11).
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Figure 11: NBO charges calculated for Ni in [Ni(L)n(C2Hx)an] (L =PEts, AlCp*; GaCp*, (ZnR);) complexes. With increasing
numbers of L, the Ni-center is more negatively charged. For the series of C;Hs compounds, where no Ni-L bridiging
coordinations are found, the NBO charge follows the general trend of the parent NiL, compounds.

Further, the nature of L has a decisive influence on the NBO charge. Even though, PR3 ligands are known
to be good donor ligands in transition metal complexes®?, ZnR coordination leads to a more negatively
polarized Ni centre. However, the charge of the Ni center seems to be less sensitive to alkyne/alkene
coordination.

For side-on coordinated C;Hy, the Wiberg bond indices (WBI) of the CC bonds gradually decrease with

rising coordination numbers of L. Interestingly, [Ni(ZnR)4(C;H,).] deviates from this general trend. Here,
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the C;H; ligands adopt bridging positions between the central Ni atom and the Zn atom of one of the
ZnR groups. The Ni-C and Zn-C distances of 1.90-2.25 and 2.03 A respectively, indicate significant M-C
interactions. The CC distance is elongated to 1.34 A which is in the range of coordinated alkenes
indicating significant bond activation. The low WBI of 1.93 for the CC bond points at significant bond
activation as well. For comparison the CC distance in the reference complex [Ni(PEts)(C2H2),] is 1.26 A
(WBI = 2.43). It has to be noted that the Zn-Zn distances in [Ni(ZnR)4(C2H,)] increase from 2.62-2.82 A
in the alkene to 3.02-3.31 A in the alkyne complex. This finding will be further investigated in chapter
V .2.1.6 Ni-Zn bonding in [Ni(ZnR)2n(L)s.n] compounds. One could assume that the increased steric

demand in the Ni-Zn series with more ZnR ligands, might solely enforce additional alkyne-zinc
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Figure 12: Total bonding energies of the Ni-C,Hx bonding depending on the nature of L. It can be seen, that the total bonding
energy of Ni-C;Hs are independent of the number and nature of L. However especially for [Ni(AICp*)2(CoH,),] and
[Ni(ZnR)4(C2H,),] the total bonding energy is very high due to additional C;H»-Al/Zn interactions. [Ni(AlICp*)1(C2H2)s] is not
considered since it shows alkyne dimerization upon structure optimization. The Ni-Ga distance in [Ni(GaCp*)n(C2H2)a-n](n = 1,
2) exceds standard Ni-Ga bond lengths and thus only [Ni(GaCp*)3(CzH,)1] is shown.

interactions. However, this assumption is rescind by the optimized structures of [Ni(ZnR)e(C;Hx)] and
the alkene complex [Ni(ZnR)4(C2H4),] featuring side-on coordinated C,Hx without significant C;Hx-Zn

interactions.
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Table 3: Overview of EDA-NOCV results for [NiL(CzHx)2] (L = PEts, AlCp*, (ZnR)z2) and the respective WBI values of the CC
bonds showing distinct C;Hy bonding on NilL, fragments.

[NiL2(C2Ha).] [NiL2(CzH.).]

L= PEts (ZnR),  AlCp* PEts (ZnR), AlCp*

AEint -46.8 -49.4 -50.5 -52.4 -103.8  -139.9

QDEpayii 171.4 177.0 169.3 181.2 348.3 379.7

DEeiectrostat -122.5 -1236 -1214 | -126.9 -215.7 -2353

AEor, -85.7 -89.5 -89.6 -97.9 -225.0 -275.4
n-type interaction -54.9 -48.8 -55.8 -63.6
o-type interaction -20.8 -27.6 -23.3 -23.1

AEpisp -9.9 -13.4 -8.8 -8.8 -11.22 -8.8

WBI (CC) 1.51 1.48 1.45 2.43 1.93 1.76

Investigation of Ni-C;Hyx bonding using energy decomposition analysis yields (Figure 12 and Table 3) the
total interaction energy AEi: as a result of attractive and repulsive forces (see VI Experimental
Section).

From [Ni(CyHy)s] to [Ni(PEts)n(CzHx)a-n] without P-C;Hy interaction, AEix marginally decreases for
[Ni(PEt3)1(CoHx)s] before it increases with higher numbers of coordinated PEts. As expected, AEin is
slightly higher for the alkyne series compared to the alkene series, due to higher Ni—C;H, t-back and
CoHy«—>Ni o contributions in the orbital share. The general trend in the Ni-C;Hy total interaction energy
is independent of L, i.e. ZnR vs. PEts. (ZnR)2n coordination leads to a slightly higher value of AEin
compared to PEt;coordination attributed to higher electrostatic and covalent contributions. Again, the
NiZn, acetylene complex [Ni(ZnR)4(C2H>),] is a special case. Here, AEin is by far higher than for any other
member of the series. When taking a closer look at the electrostatic and covalent contributions to AEint,
a significant feature becomes evident for the NiZn, environment. In the side-on coordinated C;Hyin
[Ni(PEt3)n(CaHx)a-n] and [Ni(ZnR)2n(C2Hx)an] (except [Ni(ZnR)s(CzH,),]) the Ni-C;Hx bond is dominated by
electrostatic interactions. This situation changes for [Ni(ZnR)4(C;H,),]. Here the covalent contribution
slightly exceeds electrostatic interaction.

This underlines the higher covalent character between C;H; and the NiZn containing fragment.
Speaking in terms of surface science it can be concluded that C,Hy is “physisorbed” in most cases,
whereas for [Ni(ZnR)4(C;H2)2] acetylene is “chemisorbed” to the cluster “surface”. This can be
explained by the Ni-Zn bridging coordination mode of C;H, increasing AEi: by roughly 50 kcal/mol for
the C;H; coordination in comparison to the ethylene compound [Ni(ZnR)4(CzHa),]. The same applies for
[Ni(AICp*)2(CaHx)2]. The bridging coordination, or “chemisorption”, of C;H, leads to a stabilization of

about 90 kcal/mol when compared to the unbridged C,H4 congener.
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V .1.4 Summary of [Ni(M’R)n(C2Hx)a-n] as potential surface model compounds

The presented computational studies of the series of theoretical complexes [Ni(M’R)n(C2Hx)a.n] reveal
that such species can indeed be seen as molecular models of intermediates in hydrogenation reactions
on intermetallic surfaces. The molecular complexes mimic acetylene and ethylene surface binding
modes at TM/M’, sites. Remarkably, some members as e.g. [Ni(AICp*)2(C2H2),] and [Ni(ZnR)4(C2H>)5]
show unique Ni-E bridging coordination modes for C;H, in contrast to C;Ha. This result is conceptualized
from the viewpoint of heterogeneous semihydrogenation: acetylene is strongly “chemisorbed” to and
highly activated by the unique structure of the “NiZn, surface” which involves cooperative Ni/Zn
interactions with C;H,. Hydrogenation to ethylene results in weaker interactions to the “surface”
(physisorption) which would suppress over-hydrogenation to C;Hg, by C;H4 desorption (i.e. dissociation
in case of molecular complexes). Therefore, it can be concluded that the computational results on the
simple model systems support the proposed link between intermetallic catalysts for
semihydrogenation and the related Hume-Rothery inspired complexes and clusters. Certainly, the
stability of [Ni(M’R)n(CzHx)an] cannot be estimated based on the presented theoretical study.
Nevertheless, the results suggest that among the synthetic targets of the general formula
[TMa(M’R)b(UHC)4] some examples may indeed resemble interesting molecular model intermediates
of the semihydrogenation process on related intermetallic surfaces. Thus, it is valid to seek for such

compounds applying different experimental strategies and methods.
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V.2 Research Strategies for the Synthetic Access to [Nia(M’R)s(UHC).]

The computational results presented above suggest that selected [TMa(M’R),(UHC).] complexes and
clusters could serve as molecular models for surface hydrogenation reactions, featuring unsaturated
hydrocarbon moieties. In this regard the series of [Ni(ZnR)2(C;Hx)an] complexes represent very
interesting research targets. As discussed, such compounds cannot be accessed from sterically
crowded all-Zn coordinated [Ni(ZnCp*)4(ZnMe).] since treatment of the latter with alkynes and alkenes
mostly results in unwanted decomposition of the complexes.”® Solely for the terminal alkyne
HC=CSi('Pr)s, featuring a sterically demanding Si(*Pr)s-moitey a CHs/C=CSi('Pr)s exchange was reported
yielding [Ni(ZnCp*)4(ZnC=CSi('Pr)s)s] after 30 days.’® In addition to ZnR-containing compounds,
nteresting Ni-Al-bridiging C,H, coordination modes were observed for [Ni(AICp*)2(C2H2),] as well.
However, the parent [Ni(AICp*)4] is kinetically inert and cannot undergo ligand exchange reactions.®
Interesting reactivities were found for low-coordinated [Ni(AICp*)s], present as an intermediate during
the synthesis of [Ni(AlCp*)4]. Treatment of the organometallic precursor [Ni(cod),] with [AICp*], in
hexane at elevated temperatures of 70°C selectively yields [Ni(AlCp*)4]. Performing the reaction under
the same conditions but in benzene as solvent gives [(AICp*)sNi(u-H)(Al(CeHs)Cp*)] revealing a C-H
activated CgHs moiety. Changing the solvent to H-SiEt; leads to H-Si bond activation yielding

[(H)(SiEts)Ni(AlCp*)s] as a clean reaction product in good yields (Figure 13).

Figure 13: Left: Molecular structure of [(AICp*)3Ni(u-H)(Al(CeHs)Cp*)] showing C-H bond activation of C¢Hg and a Ni-Al-
bridging hydride. Right: Molecular structure of [(H)(SiEt3)Ni(AICp*)s] showing the Si-H bond activation reaction at the
intermediate Ni(AlCp*)s-fragment.

Interestingly, [(H)(SiEts)Ni(AICp*)s] is not kinetically inert and can undergo reductive elimination of H-
SiEts liberating a highly reactive [Ni(AlCp*)s] fragment. Treatment with additional [AICp*]4 in n-hexane
selectively yields [Ni(AICp*)s] whereas in benzene partial decomposition occurs but also [(AICp*)sNi(p-

H)(Al(CsHs)Cp*)] is formed. Therefore, [(H)(SiEts)Ni(AICp*)s] is considered to be a reasonable starting
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point for the synthetic access to [(UHC)Ni(AICp*);] by formation of intermediate low-coordinated
[Ni(AlCp*)s] and subsequent association of a UHC moiety (Figure 14). This strategy would however only
allow the synthesis of a single potential surface model compound [Ni(AlCp*)3(UHC)]. As presented for
the heterogeneous semihydrogenation of alkynes and also for molecular [Ni(M’R)n(UHC)sr], the
TM/M’ ratio is crucial for TM-UHC bonding. Therefore, a more universal access to various
[TMa(M’R)p(UHC).] compounds is highly desirable.

In general, low-coordinated transition metal centers can not only be obtained by reductive elimination
but also by ligand dissociation from saturated complexes. In homogeneous catalysis, phosphines are
often used as labile ligands to afford the catalytically active species featuring open-coordination
sites.’> 77 As presented above, the library of Hume-Rothery inspired complexes and clusters also
contains [Ni(M’R)a(PR”3)s.n] (M’ = Al, Ga, Zn; R” = Me, Ph, cyclo-hexyl) were selected examples have
already been synthesized in the group of Prof. Fischer.>®*® However, for none of the metals M’ a
complete series with variation of the Ni/M’ ratio has been established, nor has the dissociation of the
phosphine ligands been investigated so far. The series of [Ni(M’R)n(PR"’3)s.n] for M’ = Al, Ga, Zn would
potentially allow access to [Ni(M’R)n(UHC)4.n] by ligand displacement reactions.

In Figure 14, the two strategies for the access of low-coordinated [Ni(M'R),] fragments, as
intermediates on the way to the envisioned molecular surface models, are depicted schematically. In
contrast to the reductive elimination from [(H)(SiEts)Ni(AlCp*)s] phosphine dissociation from
[Ni(M’R)n(PR"’3)3] would potentially allow a wider range of [Ni(M'R),] fragments. Therefore, the next
chapter will deal with the synthesis of the complete series of [Ni(M’R)n(PR"’3)4.n] and the investigation

of PR”3-ligand dissociation.

reductive
Elimination
substrate
’ addition
dissoziation
saturated M'R low-coordinated molecular
containing complexes fragment surface model

. Ni U Al/Ga/Zn - Cp* ‘ ‘ labile Ligands <@l Substrate

Figure 14: Schematic representation of experimental strategies to [Nia(M’'R)s(C2Hx)c] compounds (right structure). The
approach is based on the generation of low-coordinated Ni-fragments with preformed Ni-M’R bonds. This would allow
the addition of suitable “substrates” like alkynes or alkenes. In general, low-coordinated transition metal fragments can
either be achieved by reductive elimination (left top) or ligand dissociation (left bottom).

25



V.2.1 Functionalized [Ni(M’R)nLm] complexes

V .2.1.1 Introduction to heteroleptic [Ni(M’R)n(PEt3)s-n] complexes

The following chapters summarize the work on [Ni(ECp*)n(PEts)an] published in
J. Hornung, J. WeRing, P. Jerabek, C. Gemel, A. Pothig, G. Frenking and R. A. Fischer, Inorg. Chem., 2018, 57, 12657-12664

and the Master thesis of Patricia Heil8 dealing with the investigation of [Ni(ZnR)2n(PEts)s.n]. The

master thesis by P. HeiR was supervised by the author of this dissertation.

Phosphines are generally applied as ligands for transition metal based catalysts since they possess a
huge tendency for dissociation.®? Nickel-PR3 chemistry was studied by Tolman et al.® %2using competing
ligand exchange reactions and VT-UV/Vis spectroscopy to determine the ability of ligand
dissociation/ligand exchange reactions of several phosphine ligands. Finally, this area of research led
to the growing awareness of the importance of the ligand’s steric effects on TM-L bonding.® Based on
VT-UV-Vis studies on several [Ni(PR3),] Tolman established a relation between the steric and electronic
properties of the phosphines and their ligand exchange/dissociation behavior. Three phosphine
ligands, namely PEts, PPh3, and PMePh; were described as exhibiting fast exchange behavior and an
extensive dissociation from Ni-complexes.” Furthermore, the exchange of Ni-coordinated P-donor
ligands by alkenes leading to [Ni(alkene),(PR"’3)m] was reported, indicating that similar reactions could
lead to heteroleptic [Ni(M’R)s.n(alkene),] complexes starting from heteroleptic [Ni(M’R)n(PR”’3)4.n].”87°
With respect to the phosphine chemistry of Hume-Rothery inspired complexes and clusters PR"’3
ligands were shown to be compatible co-ligands in heteroleptic [Ni(ECp*)4.n(PR”3)n] (E = Al, Ga, n = 0-
4, R” = Me, Ph, cyclohexyl) complexes. Such compounds can be synthesized by treatment of [Ni(cod)]
with suitable equivalents of ECp*/PR”’3. However, the ECp*/PR”’; ratio in the final compounds, does
not only depend on the applied stoichiometry but also on the steric demand of the PR”’; ligands. For
example, the compounds [Ni(ECp*)3(PR"'3)] can only be accessed for sterically demanding PPh; and
PCys. In contrast, the usage of the smaller PMes results in the formation of [Ni(ECp*)(PMes)s].
[Ni(ECp*)2(PR”3),], can be obtained independent of the steric demand of the phosphines.®

In summary, the criteria of a suitable phosphine ligand for a homologue series of [Ni(ECp*)n(PR"’3)4-n]
include: i) an intermediate steric demand, enabling the access to the entire homologue series of ECp*
complexes. ii) a vast tendency for dissociation, allowing ligand dissociation. Indeed, the cone angle, as
a measure of the steric demand, of PEt; (132°) is right in between the values for PMe; (118°) and PPh;

(145°).52 Therefore the PEt; ligand suits to the aforementioned criteria.
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Starting from the series of [Ni(ECp*)n(PEts)s.n], the access of [Ni(ZnR).n(PR3)s-n] complexes should be
feasible. The general approach to Zn-rich transition metal complexes and clusters is based on
fascinating redox-reactions.*”> 8 For example [Ni(ZnCp*),(ZnMe),(PMes),] was synthesized by
treatment of [Ni(GaCp*),(PEts),] with Zn"Me,. This reaction includes the oxidation of Ga'Cp* to Ga'Rs,
the reduction of Zn"Me; to Zn'R as well as Cp*/Me transfer reactions. It has to be noted that one two
electron ECp* ligand is replaced by two one-electron ZnR ligands. This reactivity is not only restricted
to Ni/ECp* but allows the synthesis of a variety of different [(TM.Zn,)RcLs] complexes and clusters.®
Sub-stoichiometric addition of ZnMe; can also lead to partially E/Zn exchanged products, e.g.
[(MoZnsGay)(Cp*)a(Mes)] and [(MoZnsGa,)(Cp*)s(Me)s] which were formed as ‘intermediates” on the
way from [Mo(GaCp*)s] to the dodeca-coordinated [Mo(ZnCp*)3(ZnMe)q].”®

[Ni(ECp*)n(PEt3)sn] represent promising starting materials for E/Zn exchange reactions. So far, this
reaction was only successfully applied for the sterically less demanding PMes ligand. Substitution of
one ECp* ligand by two ZnR seems to be very sensitive towards the steric access around the central
transition metal. Therefore, only [Ni(ZnCp*)(ZnMe)(PMes)s] and [Ni(ZnCp*).(ZnMe)z(PMes),] have
been synthesized so far. For example treatment of [Ni(GaCp*)3(PPhs)] with ZnMe;, featuring PPh; with
a higher steric demand compared to PMes, does not lead to the desired [Ni(ZnR)s(PPh)s] but
unselective decomposition is observed instead. The necessary precursor [Ni(ECp*)3(PR”3)], bearing
three ECp* ligands and a PR”’s ligand with lower steric demand is however not accessible so far.>®
From the potential [Ni(ECp*)a(PEts)s.n] series, E/Zn exchange reaction shall be tested for the sterically
intermediate PEts ligand, which would afford the whole [Ni(M’R)n(PEts)a.n] series. With the knowledge

that Ni-PEt; complexes show a vast dissociation potential, the access of low-coordinated
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Figure 15: Schematic representation of the experimental access to low-coordinated [Ni(M’R)n] fragments by ligand
dissociation of PR3 ligands.
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[Ni(M’R)n(PEts)s-n], as a prerequisite to react with UHC's, will then be tested by experimental as well as

theoretical means (Figure 15).

The nomenclature of these compounds will be given as summarized in Table 4.

Table 4: Nomenclature of [Ni(M’R)n(PEt3)s.n] (M’ = Al, Ga, Zn; R = Cp*, (Me); n = 0-4). It has to be noted, that for M’ = Zn, two
Zn ligands are present, due to the replacement of one ECp* ligand by two ZnR ligands. For the cases presented here, the
residues on Zn are always represented by one Cp* and one Me group.

number formula
5 [Ni(PEt3)4]
la [Ni(AICp*)(PEts)s] 1b [Ni(GaCp*)(PEts)s] 1c [Ni(ZnCp*)(ZnMe)(PEts)s]
2a [Ni(AICp*),(PEts),] 2b [Ni(GaCp™*)2(PEts)2] 2c [Ni(ZnCp*)2(ZnMe),(PEts),]
3a [Ni(AICp*)s(PEts)] 3b [Ni(GaCp*)s(PEts)] 3¢  [Ni(ZnCp*)s(ZnMe)s(PEts)]
4a [Ni(AICp*)a] 4b [Ni(GaCp*)a] 4c [Ni(ZnCp*)a(ZnMe),]
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V .2.1.2 Synthesis and characterization of [Ni(M’R)n(PEt3)s-n] complexes

To investigate the potential access of low-coordinated compounds via dissociation from suitable
precursors, the series of heteroleptic Ni-Al/Ga/Zn phosphine compounds, was synthesized. To support
experimental investigations, the compounds were also optimized at the DFT-level of theory (BP86-
D3/def2-TZVPP). In general, the geometrical parameters compare well between experimental
molecular structures and calculated values (Table 6). Therefore, also the theoretical results are
included in the discussion where useful. For the [Ni(M’R)a(PEt3)s.n], the 3!P-NMR signal is a reliable
probe to determine the formed species in the respective reaction solutions. The detailed
characterization of [Ni(ECp*)n(PEts)sn] has already been discussed in the publication. For a detailed
discussion | refer to the publication and the supplementary information.®! Therefore, focus herein will
be set on the characterization of so far unpublished [Ni(ZnR)2n(PEt3)s.n] and a comparison between the
[Ni(M’R)n(PEt3)s.n] series.

Experimentally, the [Ni(ECp*).(PEt3)s.n] are accessed by treatment of [Ni(cod),] with suitable
equivalents of PEts/ECp* leading to the selective formation of heteroleptic 1a, 1b, 2a, 2b, and
homoleptic 4a®, 4b® and 5% (Scheme 1). This is in accordance to earlier results for PMes ligands.®®
Unfortunately, the [Ni(ECp*)3] members 3a/3b cannot be synthesized under these reaction conditions

due to the formation of product mixtures with different ECp*/PEt; ratios.

n ECp*
, (4-n) PEty w 1 ZnMe . .
[Ni(cod)o] — -7 [Ni(PEt3)4.n(ECpP*),] 2> [Ni(PEt3)4-n(ECP*)m(ZNR)2(n.m)]
3 AlCp*
HSiEt, PEts

[(H)(SiEt3)Ni(AICP*)s]

Scheme 1. Synthesis of [Ni(ECp*)n(PEts)s.n] by ligand replacement from Ni(cod), and subsequent treatment with ZnMe;
yielding [Ni(PEt3)a-n(ECP*)n(ZNR)2(n-m)]-

However, 3a can be isolated by treatment of [(H)(SiEts)Ni(AICp*)s]® with excess PEts at elevated
temperatures. This reactivity implies that reductive elimination of H-SiEt; and subsequent coordination
of PEt; takes place as already discussed in the original publication.® Therefore, the temporary
formation of a low-coordinate [Ni(AlCp*);] species can be assumed. Applying the route starting from
[(H)(SiEts)Ni(AICp*)s] with a preformed [Ni(AlCp*)s] fragment, the homologous series of
[Ni(AICp*)n(PEts)sn] together with [Ni(GaCp*)n(PEts)sn] (n=1, 2, 4) was synthesized. Starting from
these compounds E/Zn exchange reactions shall now be tested to obtain the series of

[Ni(ZnR)2n(PEt3)a.n] complexes.
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During the studies on E/Zn exchange reactions unexpected experimental results were obtained which
will be presented in the following paragraph prior to the discussion of the synthesis of
[Ni(ZnR)2n(PEt3)an]. The following paragraph presents a set of unfinalized results that show a) the Ni-
GaCp* bond is not kinetically inert and b) ECp* ligands change the dissociation behavior of PEts ligands
in [Ni(ECp*)n(PEts)s.n] complexes. Unsuccessful attempts to synthesize [Ni(ZnCp*)(ZnMe)(PEts)s] were
first performed starting from [Ni(GaCp*)(PEts)s] and addition of ZnMe,. Surprisingly, this reaction did
not mainly afford 1c as the predicted product but 2c, featuring four ZnR ligands. The formation of 2c is
only possible from precursors that contain two ECp* ligands due to the redox-reaction that is required
for the reduction of Zn'"Me, to afford Zn'R. It has to be noted, that in contrast to [Ni(AICp*),(PEts),],
the GaCp* congener [Ni(GaCp*),(PEts),] was shown to be kinetically active. Treatment of a Cg¢Ds
solution of [Ni(GaCp*),(PEts),] with either GaCp* or PEt; led to different observations. If 2b is treated
with GaCp* no reaction can be observed. However, if treated with PEt;, GaCp* is released affording
[Ni(GaCp*)1(PEts)s].5* Based on this observation it can be concluded that the formation of 2¢ starting
from 1bis a result of a delicate equilibrium reaction which leads to the formation of [Ni(GaCp*)2(PEts).]

and [Ni(PEts).] from [Ni(GaCp*).(PEts)s] (Figure 16).

L
Et3P////,, /
'Ni
Et;PP \
L

GaCp*-exchange
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Figure 16: Proposed equilibrium of [Ni(GaCp*)(PEts)s] resulting in [Ni(GaCp*),(PEts)2] and [Ni(PEts)s] as a potential
explanation for the formation of [Ni(ZnR)4(PEts)2] in the reaction of [Ni(GaCp*)(PEts)s] with ZnMe;,. Isolated
[Ni(GaCp*)2(PEts).] reacts with AlCp* or PEt; resulting in GaCp* exchange affording the respective [Ni(PEts)2(L)2] complexes.
This reactivity is not a result of PEts dissociation but of Ni-GaCp* dissociation, which is an unexpected
result based on the usually vast dissociation potential of TM-PR; complexes. Furthermore, this

reactivity represents a special case for Hume-Rothery inspired complexes since TM-ECp* bonds were

generally considered as being kinetically inert.® In agreement to the calculations for the AE;: value in
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[Ni(ECp*)4] compounds (see chapter V.1.3 Bonding in [Ni(L)s(UHC)4.n] complexes) the Ni-GaCp* bond
is predicted to be much weaker than the Ni-AlCp* bond. Here it should also be noted that 2b can be
selectively transferred to 2a, but no other [Ni(ECp*).] compound is formed. Taking these results
together, the cause for the problematic synthesis of 1c starting from 1b originates from Ni-GaCp*
dissociation. On the other hand, PEt; was shown not to be replaceable by GaCp*, as a first indication
for a distinct dissociation behavior of Ni-PEt; when ECp* ligands are present in the complex. These
findings on Ni-GaCp* bond dissociation are be the basis for chapter V .4.5 Synthesis and
characterization of [Ni2(u-GaCp*)(u-GaNiCp+)2(dvds)a].

Coming back to the series of [Ni(ZnR).n(PEts)s-n] complexes, 1c can be synthesized starting from
[Ni(AICp*)1(PEts)s], since the TM-AICp* bond is stronger than the TM-GaCp*’®> and therefore AlCp*
dissociation might be hampered. In agreement to this reasoning, treatment of 1a with 8 eq. ZnMe; at
room temperature affords 1c. The *H-NMR shifts appear at 2.30 (ZnCp*), 1.44 and 0.97 (protons of the
PEt; ligand) and 0.03 ppm (ZnMe) in the correct integration ratio of 15:18:27:3 (Figure 17). The

isolation of a pure sample of this compound is still in progress.
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Figure 17: 'H-NMR spectrum of [Ni(ZnCp*)(ZnMe)(PEts)s] in CgDe.

Treatment of a toluene solution of 2b at -30°C with 4 eq. ZnMe; for 2h yields the partially Ga/Zn
exchanged [Ni(ZnMe)(ZnCp*)(GaCp*)(PEts);], where one GaCp* is replaced by two ZnR moieties.
Application of 10 eq. ZnMe; at 0°C and 2h reaction time affords fully substituted 2¢. The *H-NMR signal
of GaCp* in 2b at 2.05 ppm disappears for the intermediate [Ni(ZnMe)(ZnCp*)(GaCp*)(PEts),]. Two
new signals appear at 2.29 ppm and 2.01 ppm with an integration ratio of 15:15. The signal at 2.29

ppm can be assigned to the newly formed ZnCp* whereas the signal at 2.01 ppm is assighed to
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Figure 18: Comparison of the 1H-NMR spectra of [Ni(GaCp*),(PEts),], Ni(GaCp*)(ZnCp*)(ZnMe)(PEts),] and
[Ni(ZnCp*)z(ZnMe)z(PEtg)z] in CgDe.

remaining GaCp* and is only slightly upfield compared to the signal of 2b. The ZnMe protons
(integration 3) appear at -0.02 ppm. For 2c only one signal appears in the Cp* proton region at
2.23 ppm. The chemical shift of the *H-NMR signals of the PEts groups remain basically unchanged for
the three compounds (Figure 18).

Since [Ni(GaCp*)s(PEts)] could not be isolated in pure form®?, the synthesis of 3¢ was achieved starting

from [Ni(AlICp*)s(PEts)] at room temperature. The H-NMR signals of the so far missing hepta-
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Figure 19: 1H-NMR spectrum of [Ni(ZnCp*)3(ZnMe)s(PEts)] in CgDs.
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coordinated [Ni(ZnCp*)3(ZnMe)s(PEts)s] appear at 2.15 (ZnCp*), 1.11 and 0.67 (PEt3) and -0.01 ppm
(ZnMe) with an integration ratio of 45:6:9:9 as expected for this compound (Figure 19).

Preliminary results by Patricia Heil3 indicate fluxional processes of the ZnR ligands in this compound.
Upon cooling of a toluene-ds solution of 3c to -90°C a decoalescence of the ZnMe signals can be

observed affording two signals at 0.19 and -0.06 ppm with a ratio 2:1 (see Figure S 14).

Table 5: Comparison of the 3!P chemical shifts of the compounds 5 and 1a-3c. The 3!P-signal of 3b was observed in reaction

mixtures but a clear assignment is not possible since 3b was never isolated in pure form.

31p_signal 31p_Signal 31p_sSignal
compound compound compound
[ppm] [ppm] [ppm]
5 17.8
1a ‘ 19.5 1b 16.6 1c 12.7
2a ‘ 39.4 2b 31.2 2¢c 27.8
3a ‘ 61.9 3b 45.7 3c 29.5

As stated above, the 3!P-NMR signal of the respective products is a reliable probe for a fast
identification of the reaction outcome. In general, within the three series of compounds, (theoretical)
replacement of PEts groups by ECp* or (ZnR), leads to distinct changes in the 3!P-NMR signal of the
respective compounds (Table 5). With higher numbers of replaced PEts groups, the remaining
phosphine signal experiences an upfield shift which is most pronounced in 3a. In comparison to
[Ni(PEts)4] (17.8 ppm), the signal of 3a is shifted to 61.9 ppm. This drastic shift can be explained by the
deshielding of the phosphorous nuclei as a result of ECp* coordination. For GaCp* and (ZnR),, this
effect is not as significant. For 1b and 1c, the phosphine signal experiences a small downfield shift with
respect to 5.

Having the two homologous series of AlICp* (1a-3a) and ZnR (1c-3c) containing compounds as well as
two GaCp* representatives (1b, 2b) in hand for the first time, a systematic study on their properties,
depending on the number of coordinated ECp*/ZnR ligands, was performed. Single crystals suitable
for X-ray diffraction studies were obtained by slow cooling of saturated solutions to -30°C (usually
hexane or toluene). For 2a, 2b and 3a, a distorted tetrahedral coordination around the central nickel
atom can be observed (Figure 20 and Figure 21). In 2a and 2b, the P-Ni-P angle (118-121°) is
considerably larger than the E-Ni-E angle (99°) which is most probably an effect of the higher steric
demand of PEt; with respect to ECp*. This reasoning is in line with the respective structural data of the
literature known compound [Ni(PMes),(GaCp*),] in which the Ga-Ni-Ga angle is larger than the P-Ni-P

angle (120.8 vs. 106.9°), presumably due to the lower steric demand of the PMes ligand.®
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Replacement of the two GaCp* units of 2b by four ZnR ligands, results in a decrease in the P-Ni-P angle

to about 107° in 2c¢ (Figure 20).In the related compound [Ni(ZnCp*),(ZnMe),(PMes);], the P-Ni-P angle

o 59

differs only marginally with roughly 106 °.

Figure 20: Molecular solid state structures of [Ni(GaCp*),(PEts),] (2b) (left) and [Ni(GaCp*)(ZnCp*)(ZnMe)(PEts),] (middle)
and [Ni(ZnCp*)2(ZnMe;)(PEts),] (2¢) (right). Hydrogen atoms and disorders are omitted for clarity. For 2b only one of the
two independent molecules of the asymmetric unit is depicted. The displacement ellipsoids are shown at the 50 %
probability level. Selected interatomic distances (A) and angles (°): 2b: Ni-P: 2.1361(14) — 2.1401(14), Ni-Ga: 2.2375(11)
— 2.2462(10), P-Ni-P: 119.85(4) — 122.43(4) Ga-Ni-Ga: 98.80(4) — 98.92(4); [Ni(GaCp*)(ZnCp*)(ZnMe)(PEt3),]: Ni-P:
2.15326(17) — 2.1649(17) , Ni-Ga: 2.252(17)- 2.27(3), Ni-ZnCp*: 2.329(19) — 2.32(3), Ni-ZnMe: 2.292(5) — 2.337(3), Zn-Zn:
2.529(18) - 2.53(2), Ga-Zn: 2.890(16)-2.89(2) , P-Ni-P: 113.78(7); 2c: Ni-P: 2.177(11)-2.193(5), Ni-ZnMe: 2.3108(9), Ni-
ZnCp*: 2.3753(7), Zn-Zn: 2.7341(10)-2.7379(9), P-Ni-P: 106.6(3)-107.9(6), Ni-Zn-Me: 173.8(3).
Taking these results into account, it becomes obvious that the coordination environment of the central
Ni atom is flexible with respect to the steric demand of the ligands. Furthermore, the Ni-P distance
successively increases from 2b to 2c with increasing number of ZnR ligands from 2.14 to 2.18 A, which
might also be a result of the higher steric demand when more ligands are coordinated to the central
Ni atom as in 2c. The short Zn-Zn distance in [Ni(GaCp*)(ZnCp*)(ZnMe)(PEts),] of only 2.53 A has
already been described for other [LsNi(ZnCp*(ZnMe)] compounds.®® It is only slightly elongated
compared to the Zn-Zn distance in [Cp*ZnZnCp*] of 2.31 A.2 Furthermore, the short Ga-Zn contact in
[Ni(GaCp*)(ZnCp*)(ZnMe)(PEts),] of only 2.89 A might stabilize this “intermediate” and is a reasonable
explanation for the selective synthesis of this compound without further Ga/Zn exchange. Comparing
[Ni(GaCp*)(ZnCp*)(ZnMe)(PEts)2] with 2c, the Zn-Zn distances increase to 2.74 A.>® A more detailed
analysis of the Zn-Zn distances will be given in chapter V .2.1.6 Ni-Zn bonding in [Ni(zng)2n(1)4-n]

compounds.
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Since investigation of potential Ni-PEts dissociation from [Ni(M’R)n(PEts)s.n] complexes was intended,
the influence of M’R coordination on Ni-PEts bonding will be discussed in the following. Within the
series of heteroleptic Ni-ECp* phosphine complexes, the (average) Ni-P distances decrease
significantly from 2.212 Ain 5% t0 2.133 Ain 2a (2.138 in 2b) and even to 2.1170(1) A in 3a (Figure 21,
Table 6). These changes in the Ni-PEt; bond lengths are nicely reproduced by DFT (BP86-D3/TZVPP)
calculations showing that successive introduction of ECp* is reflected by a stepwise Ni-P-bond
shortening. For the Zn containing complexes, the shortening of the Ni-P distance is not as pronounced,
most probably due to the higher steric demand of the Zn,, units. The Ni-P distance is shortened to

2.177(11) Ain 2c and 2.16 A for calculated [Ni(ZnCp*)s(ZnMe)s(PEts)].

Figure 21: Left: Calculated structure of [Ni(AlCp*)(PEts)s] (1a) (BP86-D3/def2-TZVPP). Middle and right: Molecular
structure of [Ni(AlCp*),(PEts),] (2a) and [Ni(AlICp*)3(PEts)] (3a) in the solid state. For clarity, hydrogen atoms and disorders
are omitted. The displacement ellipsoids are shown at the 50 % probability level. Selected interatomic distances (A) and
angles (°):1a: Ni-P:2.15, Ni-Al: 2.21, P-Ni-P: 112-118; 2a: Ni-P: 2.1305(7)-2.1353(7), Ni-Al: 2.2040(7), P-Ni-P:118.00(3) 3a:
Ni-P: 2.1170(1), Ni-Al: 2.18451(1)- 2.1863(1), Al-Ni-Al: 102.047(2) - 104.714(2). The series of [Ni(AICp*)n(PEts)an] shows
the shortening of the Ni-P bond upon AICp* coordination.

In general, the optimized gas phase structures of 1-5 are in good agreement (Table 6) with the
experimentally determined structures from single-crystal X-ray diffraction data, which was also shown
for other [TMy(ECp*),(L).] compounds using the BP86 functional.*®>”->° For example, the calculated Ni-
PEt; bonds in 2b, 3a and 5 nicely reproduce the experimental results with a maximum deviation of
0.02 A for 5 (for 2b and 3a only 0.01 A). The Ni-ECp* bonds are calculated to be about 0.03 A longer in
2b as compared to the X-ray structures.

In summary, the successful synthesis of the three series of [Ni(M’R)a(PEts)4.n] was presented. For some
members, molecular structures could be determined using single crystal X-Ray-diffraction. For the
series of [Ni(AICp*)n(PEt3)s-n] compounds a significant shortening of the Ni-P distances is observed with
higher numbers of AICp* coordination. For [Ni(GaCp*)n(PEts)s.n], unexpectedly Ni-GaCp* dissociation
was observed which is a valuable insight for further studies. Ligand displacement reactions starting

from [Ni(GaCp*),(PEts);] always led to the replacement of GaCp* ligands, but no indication for PEts
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replacement was found. As already observed for other [Ni(ZnR)z(PR”3)sn] compounds, the

intramolecular Zn-Zn distance change with the number of ZnR ligands attached to Ni.
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Table 6: Comparison of selected structural parameters of heteroleptic Ni-Al/Ga/Zn phosphine complexes. Experimental bond lengths are given in A, bond angles in °. If applicable, average values

are given for bond distances and angles. Calculated values (BP86-D3(BJ)/def2-TZVPP) are added in brackets below for comparison. For comparison, the assignment of the complexes is given below

the table.
584 la 1b 1c 2a 2b 2c 3a 3b 3c 43% 4b® 4c%
d(Ni-P) 2.212 2.133 2.138 2.18 2.1170
(2.23) (2.15) (2.16) (2.17) (2.14) (2.15) (2.17) (2.12) (2.13) (2.16)
d(Ni-M) 2.2040 2.242 2.31-2.38 2.185 2.1727 2.2188 2.31-2.37
(2.21) (2.28) (2.35) (2.20) (2.27) (2.32-2.36) (2.19) (2.26) (2.31-2.36) (2.18) (2.25) (2.31-2.38)
lis 1.955 2.052 1.942 1.933 2.00
Cp* centroid) (1.97) (2.10) (2.15) (1.96) (2.09) (2.02) (1.95) (2.08) (1.96-2.17) (1.93) (2.07) (1.93-2.13)
d(M-M) 3.36 2.73 2.75-2.91
(2.49) (3.34) (3.43) (2.72) (3.43) (<3.43) (<2.65) (<3.53) (<3.50) (2.68-3.02)
¥(P-Ni-P) 107.0 118.0 121.1 107
(110.2) (115.7) (116.7) (104-117) (126.0) (125.0) (113.0)
<%(M-Ni-M) 99.31 98.9 103.4 109.4 109.5
(64) (99.0) (98.1) (71) (103) (102) (69-73) (108-112) (102-113) (73-80)
number formula
5 [Ni(PEt3)4]
la [Ni(AICp*)(PEt3)s] 1b [Ni(GaCp*)(PEt3)s] 1c [Ni(ZnCp*)(ZnMe)(PEt3)3]
2a [NI(Ale*)z(PEtg)z] 2b [Ni(Gan*)z(PEtg)z] 2c [Ni(ZnCp*)Z(ZnMe)z(PEtg)z]
3a [Ni(AlICp*)3(PEt3)] 3b [Ni(GaCp*)s(PEts)] 3c [Ni(ZnCp*)s(ZnMe)3(PEts)]
4a [Ni(AICp*)a] 4b [Ni(GaCp*)a] 4c [Ni(ZnCp*)s(ZnMe),]
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V .2.1.3 Ligand dissociation from [Ni(M’R)n(PEt3)s-n] studied by UV-Vis spectroscopy

In this chapter, the dissociation behavior of the series of heteroleptic [Ni(AlICp*)n(PEts)an] is
investigated and compared to [Ni(PEts)s] as reference. Suitable comparisons to [Ni(GaCp*)n(PEt3)a.n]
and [Ni(ZnR)2n(PEt3)s.n] are drawn when possible. As indicated by the previous results,
[Ni(GaCp*)n(PEts)s-n] complexes show Ni-GaCp* dissociation reactions but not the desired Ni-PEt;
dissociation reaction. However, EDA calculations in chapter V .1.3 Bonding in [Ni(L)n(UHC)s.n]
complexes showed that the Ni-AICp* bond is stronger in comparison to the Ni-GaCp* bond. Thus, the
question arises if at all ligand dissociation occurs from [Ni(AlCp*)n(PEts)an], and if yes, what is the

dissociating species (Scheme 2).

[Ni(PEts)s.n(ECp*)e] + PEt; | = PEls.
dissociation
[Ni(PEt3)4-n(ECP*)n] <—= or
ECp*

[Ni(PEt3)4-n(ECP*)na] + ECP™  |4issociation

Scheme 2. Two concurring ligand dissociation pathways for the heteroleptic complexes [Ni(PEts)a.n(ECp*)n] (1-5).

Classic studies by Tolman et al. investigating the dissociation of [Ni(PRs).] were performed applying
variable temperature (VT) UV-Vis spectroscopy. For [Ni(PEts)s], the most intensive absorption band
was found at Amax= 290 nm. However, variations in temperature revealed extensive PEt; dissociation
by the appearance of a band at Amax= 502 nm which was attributed to the electronically unsaturated
16 valence electron species [Ni(PEts)s].” Therefore, VT UV-Vis spectroscopy of the Al-series
[Ni(AlCp*)n(PEts)a.n] (1a-4a) was performed to investigate the dissociation behavior of either PEts or
AlCp*. Qualitatively, this approach was verified by time-dependent (TD) DFT calculations giving the
first 50 electronic transitions for the species [Ni(AlCp*)n(PEts)s.n] in comparison to low-coordinated
[Ni(AlCp*)a(PEts)s]. Figure 22 shows the experimental absorption spectrum (blue line graph, top
diagram) in comparison to the calculated TDDFT spectrum (red line graph, top diagram) of
[Ni(AlCp*)2(PEts),]. The bottom two diagrams, show the calculated TDDFT spectra of the two potential
dissociation products [Ni(AICp*)1(PEts),] and [Ni(AlCp*),(PEts)1], indicating that ligand dissociation of

either ligand would lead to the appearance of new absorptions at higher wave lengths.
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Figure 22: Top: Overlay of the measured UV-Vis spectrum of [Ni(AICp*),(PEts),] (2a) in hexane with the calculated TDDFT
spectrum (BP86/def2-TZVPP, 50 transitions). Bottom: Calculated TDDFT spectra of two low-coordinated [Ni(AlICp*)a(PEts)p)
compounds. Both can be derived from [Ni(AICp*)n(PEts)an] either by Ni-AlCp* or Ni-PEts dissociation.

The room temperature UV-Vis spectrum of 2a in n-hexane exhibits three different features, two bands
at 260 and 302 nm and a small shoulder at around 380 nm. TDDFT calculations of 2a show that the
experimental spectrum can be reproduced and thus the shoulder at 380 nm is an intrinsic feature in
the absorption spectrum of 2a (Figure 22). Stepwise heating of the solution of 2a from 25°C to 61 °C
(Figure 23 right) however, does not lead to significant changes in the UV-Vis spectra. Together, these
investigations confirm that 2a, even at low concentrations (roughly 5*10° mol/L) and moderately
elevated temperatures, shows no sign of any ligand dissociation. Thus 2a is kinetically inert under usual
conditions. This is also the case for 3a and 4a which show absorption bands at 305 and 315 nm
respectively, but no signs of dissociation are visible even at elevated temperatures (see Figure S 15).

The room temperature UV-Vis spectrum of 1a shows an intensive band at 320 nm and a weak
absorption at 500 nm. Upon heating, the absorption intensity at 500 nm increases whereas the band

at 320 nm decreases (Figure 23 left).
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Figure 23: left: VT-UV-Vis spectra of [Ni(AICp*)(PEts)s] (1a) right: VT-UV-Vis spectra of [Ni(AICp*),(PEts)2] (2a) (line diagram
with absorption bands at 260, 302 and 380 nm compared with the calculated absorptions (black bars) of [Ni(AICp*),(PEts),]
on the TDDFT (BP86/TZVPP) level of theory.

In accordance to the experimental UV-Vis spectra of 5, the increase of the band located at 500 nm can
be attributed to dissociation processes. However, under the experimental conditions this unsaturated
species seems to be quite unstable or too reactive as small traces of moisture or oxygen cannot be
rigorously excluded for the UV-Vis spectroscopic measurements. Thus, a thermodynamic analysis of a
fully reversible dissociation process was not possible. The absorption band at 500 nm is assigned to
PEt; dissociation from 1a yielding [Ni(AICp*)1(PEts).] based on the high purity of the employed sample
as evidenced by elemental analysis and 3!P-NMR spectrum of this batch which rules out the presence
of traces of 5. These results indicate, that there is a significant difference in the dissociation behavior
of [Ni(AICp*)1(PEts)s] and [Ni(AICp*),(PEts)2]. In contrast to the latter which seems to be kinetically
inert, [Ni(AlCp*):(PEts)s] undergoes PEt; dissociation.

These findings can be further supported by synthetic results from ligand exchange reactions
(monitored by H and 3'P-NMR). Treatment of kinetically labile [Ni(PEts)s] with one equivalent AlCp*
leads to the selective formation of 1a, the addition of four equivalents AlCp* does not yield the fully
substituted product 4a. However, the formation of 2a is observed (Figure 24), which again underlines
that phosphine dissociation is largely hampered in 2a. The distinct dissociation behavior of 1a in
contrast to 2a can also be seen if both compounds are treated with bromobenzene BrCsHs. BrCsHsis a
common substrate for oxidative addition reactions which usually occur at open coordination sites. The
finding that, treatment of 1a and 2a with BrCe¢Hs leads to the full consumption of 1a whereas 2a shows
no reaction towards BrCsHs, underlines the formation of open coordination sites of 1a due to ligand

dissociation. So far, no clear characterization of the reaction product was obtained.
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Figure 24: 31P-NMR spectra of the reaction of Ni(cod); with 1 eq. AICp* selectively yielding [Ni(AICp*):(PEts)s] (brown
spectrum) as well as the reaction of Ni(cod), with 4 eq. of AICp* selectively yielding [Ni(AICp*),(PEts),] (blue spectrum).

In accordance to this observation, phosphine replacement is also not possible for [Ni(GaCp*), (PEts),]
as treatment with excess GaCp* does not result in reaction to 3b or 4b (Scheme 3) but
[Ni(GaCp*)2(PEts)2] remains unchanged. If [Ni(GaCp*),(PEts).] is treated with AICp* which is known to
give stronger Ni-AlCp* bonds, the phosphine ligands also remain in the complex, but GaCp* is replaced
by AICp* giving [Ni(AICp*)2(PEts),] (as discussed in the previous chapter). The VT-UV-Vis analysis
together with the ligand exchange reactions thus show that ECp* coordination indeed changes Ni-PEts

bonding hampering phosphine dissociation processes.

PEts ECp* ECp*
Ets*’///,,,,Ni/ ECp* BtPry, ECo*  EtPy,, P
— 'Ni —_— I,N.
Et;P ™ \ Et3P( \ Etng '\
PEts PEts ECp*
% ECp %Ecp*
ECp* .
*CoE1sy,,, R
Ni PE I,
*CpE™™ AN Et p(NI
ECp* 3 AN .
ECp

Scheme 3: Reaction scheme showing the phosphine replacement which is possible for [Ni(PEts)4] and [Ni(PEts)3(AICp*)1].
However, after introduction of two ECp* ligands a further phosphine replacement is suppressed.
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VT-UV-Vis studies of [Ni(ZnCp*).(ZnMe),(PEts);] as the representative of the Ni-Zn series
[Ni(ZnR)2n(PEts)an], show that no phosphine dissociation is observed also in this case as well. The room
temperature UV-Vis spectrum (Figure 25 left) exhibits absorptions bands at about 300 and 400 nm.
The experimental spectrum can be reproduced by TDDFT (BP86/def2-TZVPP) calculations. Higher
temperatures do not change the appearance of the spectrum. As it was the case for [Ni(ECp*)n(PEt3)a-n],
phosphine dissociation would result in new absorptions at higher wavenumbers. TDDFT calculations
of [Ni(ZnCp*),(ZnMe3)(PEts)] (Figure 25 right) reveal additional absorptions in the range between 500
and 600 nm, which however are not observed in the VT-UV-Vis spectrum. Further studies for 1¢ and

3c are currently performed by Patricia HeiR.
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Figure 25: Left: VT-UV-Vis spectra (line diagram) of 2c in n-hexane with absorption bands at 300 and 400 nm compared to
the calculated absorptions (black bars) of [Ni(ZnCp*),ZnMe),(PEts);] on the TDDFT (BP86/TZVPP) level of theory. Right:
TDDFT calculated absorption spectrum of the potential dissociation product [Ni(ZnCp*).(ZnMe),(PEts)].

Therefore, it can be summarized that the extensive dissociation of parent [Ni(PEts)s] is surprisingly
suppressed by coordination of M’R. The compounds [Ni(M’R)n(PEts)sn] (with except of
[Ni(AlCp*)(PEts)s]) do not undergo PEt; displacement reactions.

As discussed in the previous chapter, the coordination of M’R results in a shortening of the respective
Ni-PEts; bond as evidenced by single crystal X-ray structures as well as DFT calculations. Both results
could be interpreted as an M'R induced Ni-PEt; bond strengthening. However, for [Ni(ZnR)n(PEts)4.n]

further experimental studies are currently performed to underline this assumption.
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V .2.1.4 Theoretical Investigations for the influence of L on Ni-PEt; bonding in

[Ni(L)n(PEt3)a-n]

The significant effect on the Ni-PEt; bond upon coordination of the strong o-donor ligands ECp* was
the starting point to perform further theoretical analyses in order to get deeper insight into the
character of the Ni-L (L = Al, Ga, (ZnR),, PEt3) bonds in [Ni(M’R)n(PEts)s.n]. Applying the qualitative o-
type donation/mi-type back-donation concept, one could argue that the electron-donating effect of the
M’R ligands’ increases the electron density at the central Ni atom which in turn would lead to stronger
Ni—P back donation into low-lying P-C 6*-bonds.®> However, previous investigations revealed that M-
M’R and M-PR; bonds are governed by electrostatic interactions and the covalent orbital-based
bonding picture described above may not be applicable.>” 72

Based on the DFT optimized structures (BP86-D3/def2-TZVPP) of 1-5, which are generally in good

agreement to the experimental structural parameters obtained by X-Ray analysis (see Table 6), NBO

charges were calculated (Figure 26).
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Figure 26: NBO charges on Ni (left) and P (right) for compounds 1-5 calculated on the BP86/def2-TZVPP level of theory. Using
NBO3.1 as implemented in Gaussian09.

From the NBO charges it can be concluded, that: i) higher numbers of M'R gives a more negative Ni
center which is most pronounced for (ZnR); addition. ii) With increasing AICp*/(ZnR),, P is getting more
positively charged. For GaCp*, the charge on P does not change considerably. The smaller overall
polarization of the Ni-Ga and Ni-P bonds in [Ni(GaCp*)n(PEts)s.n] in comparison to the Al/Zn analogous
might represent a potential explanation for the observed dissociation behavior of [Ni(GaCp*)n(PEts)4-n].
Further bonding analysis of 1a-5 was performed employing EDA with the “Natural Orbitals for Chemical
Valence” extension (EDA-NOCV)..® Therefore, complexes 1-5 were fragmented into

[Ni(M'R)n(PEts)s.n] and PEt; (to investigate the Ni-PEt; donor-acceptor bond) or into
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[Ni(ECp*)n-1(PEt3)an] and ECp* (to investigate the Ni-ECp* donor-acceptor bond), respectively. The
investigations on the Ni-ZnR bonds will be discussed in chapter V .2.1.6 Ni-Zn bonding in [Ni(ZnR)2n(L)a-
n] compounds.

The bonding in the homoleptic complexes [NiL4] has already been described in chapter V.1.3 Bonding
in [Ni(L)n(UHC)s.n] complexes. A more detailed analysis will be given in the following. For [Ni(PEts)4] (5),
the interaction energy of the Ni-PEt; bond is calculated to about -55 kcal/mol. This energy consists of
Pauli repulsion (129 kcal/mol), electrostatic interaction (-102 kcal/mol), orbital interaction (-53
kcal/mol) and dispersive attractions (-29 kcal/mol). The attractive interaction of the Ni-PEt; bond of 5
derives quite substantially from electrostatic contributions (55%), which is in line with results from

Frenking et al.”

Analysis of the orbital interaction term shows contributions from o-type donation (-
18 kcal/mol), m-type back donation (2x -10 kcal/mol) and o-type back donation (-6 kcal/mol).
Comparison of the Ni-ECp* bonds in the homoleptic complexes 4a/4b reveals that the intrinsic Ni-
AICp* bond energy (around -60 kcal/mol) is significantly higher than for the Ni-GaCp* bond (-48
kcal/mol) (see Figure S 17 and Figure S 18). Orbital interactions of the Ni-ECp* bonds in 4a/4b closely
resemble the orbital contributions to the Ni-PEt; bond in 5.
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Figure 27: left: Total bonding energy for the Ni-P bonds obtained by EDA-NOCV-decomposition for [Ni(M’'R)n(PEts)s.n]. right:
detailed results of the EDA-NOCV decomposition of the Ni-P bond in [Ni(AICp*)n(PEts)s-n]. The total bonding energy steadily
increases with higher number of AICp* ligands. Incorporation of AICp* ligands leads to an increase in Pauli repulsion as well
as in the attractive electrostatic interaction.

After having discussed the bonding situation in the homoleptic systems, the following will focus on the
heteroleptic complexes. Stepwise introduction of M'R in the series 5 to 3a/3b/3c results in a steady
strengthening of the Ni-PEt; bond (Figure 27, Table 7) from -55.4 kcal/mol up to —75.1 kcal/mol in 3c.
For AICp*, the biggest increase in the Ni-PEt; bond strength is observed when a second PEts-ligand is

replaced by AlCp* to yield [Ni(PEts)2(AlCp*),] (2a), which correlates to the experimentally observed
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differences between 1a and 2a in their dissociation behavior. Another intriguing feature is the sharp
rise in Pauli repulsion (+27.7 kcal/mol) and attractive electrostatic interactions (-31.5 kcal/mol) when
one AlCp* is introduced (from 5 to 1a). Further replacement of PEt; by AlICp* leads to a slight decrease
of the Pauli repulsion but the electrostatic interactions remain constantly high. The dispersive forces
as well as the orbital interactions vary only slightly with minor changes in the o/m-bonding ratio. In
general, the contributions from dispersion interactions cannot be neglected for the sterically
demanding (hydrocarbon) ligands M’R (R = Me and Cp*) and PEts.

Since no changes in the values of the covalent o/t bonding contributions for the Ni-P bonds in 1a-5
could be determined these theoretical results conclusively suggest that the introduction of M’R ligands
leads to polarization of the Ni-PEt; bond which in turn rises the electrostatic interaction and thus
strengthens the Ni-PEt; bond, irrespective of the nature of M’R. This polarization is probably the result
of the higher electrophilicity of the ligating atoms M’R with respect to P. This assumption is well in line
with the experimentally determined 3!P-NMR shifts caused by the successive introduction of of M'R
ligands resulting in a significant upfield shift of the respective 3P signals, induced by the polarizing

effects of the M'R ligands.
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Table 7: EDA-NOCV-Decomposition of the Ni-P-bonds for the different complexes 1-5 [Ni(M’R)n(PEt3)4.n] (n = 0-4, M'R = AICp*: a, GaCp*: b, (ZnR),: c). For an easier assignment Table 4 is reproduced

below Table 7.
5 1a 1b 1c 2a 2b 2c 3a 3b 3c
Total Bonding Energy -55.4 -58.4 -59.9 -61.0 -63.0 -61.3 -69.0 -64.1 -62.6 -75.1
Total Pauli Repulsion 128.9 156.6 156.6 152.9 154.2 148.9 179.2 147.6 147.3 195.7

Total Electrostatic Interaction -102.0 -133.5 -133.0 -124.6 -134.3 -131.5 -143.0 -133.2 -134.0 -1554

Total Orbital Interaction -53.2 -57.2 -57.3 -61.6 -58.6 -55.5 -69.4 -57.0 -54.8 -76.3
Total Dispersion Correction -29.1 -24.4 -26.5 -27.7 -24.3 -23.2 -35.8 -21.4 -21.1 -39.2
Orbital/ 0.34 0.30 0.30 0.33 0.30 0.30 0.33 0.30 0.29 0.33

(Orbital+Electrostatic)

number formula
5 [Ni(PEt3)a]
1a [Ni(AICp*)(PEts)s] 1b [Ni(GaCp*)(PEts)s] 1c [Ni(ZnCp*)(ZnMe)(PEts)s]
2a [Ni(AICp*),(PEts),] 2b [Ni(GaCp*)2(PEts),] 2c [Ni(ZnCp*)2(ZnMe)2(PEts),]
3a [Ni(AICp*)s(PEts)] 3b [Ni(GaCp*)3(PEts)] 3c [Ni(ZnCp*)3(ZnMe)s3(PEts)]
4a [Ni(AICp*)4] 4b [Ni(GaCp*)4] 4c [Ni(ZnCp*)a(ZnMe)a]
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V .2.1.5 Summary of heteroleptic [Ni(M’R)n(PEt3)s.n] complexes

In summary, phosphine dissociation, which is known for [Ni(PRs)s]” and is very important for reactive
transformations, is strongly suppressed by introduction of M’R in the series of compounds
[Ni(M’R)n(PEt3)an] (n =1-3, M=Al, Ga, Zn). This was revealed by variable temperature UV-Vis
measurements and as well as PEts/ECp* ligand displacement reactions monitored by 3'P-NMR
spectroscopy. All compounds of the investigated homologous series [Ni(M’R)n(PEts)s.n] with n > 2 are
kinetically inert, only [Ni(AICp*)(PEts)s] shows PEts; dissociation. The initial idea of deriving electron
rich, however coordinatively unsaturated and reactive fragments [Ni(M’R).] by pre-dissociation of PR"’;
is therefore not feasible. These experimental observations are supported by theoretical analysis of the
donor-acceptor bonding situation using EDA-NOCV. A successive strengthening of the Ni-PEt; bond
was found with increasing number of M'R ligands. For M’R = AICp*, the biggest increase in the bond
strength was found progressing from [Ni(AICp*):(PEts)s] (1a) to [Ni(AlCp*),(PEts)z] (2a), which is in
accordance with experimental findings. The strongest Ni-PEts; bond was found for the Zn-rich
compound 3c. In contrast to the covalent o/t donor-acceptor orbital bonding picture which is often
used to rationalize effects on M-L bond strengths, it was found that electrostatic interactions are the
dominant contribution to the Ni-PEts/Ni-M’R bonds also in the heteroleptic compounds and these
effects govern the ligand dissociation behavior in the studied complexes. This finding is in accordance
to previous results of EDA-NOCV bonding analysis for homoleptic M-PR”3 and M-M’R compounds.”?
Therefore, it can be concluded that M'R ligands cause a significant Ni-P bond polarization as the main
reason for bond strengthening leading to the kinetic inertness of most of the heteroleptic compounds.
Phosphine dissociation from [Ni(M’R)n(PEts)s.n] precursors can therefore not be applied as a general

approach to access [Ni(M’R)n(UHC)s.n] compounds.
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V .2.1.6 Ni-Zn bonding in [Ni(ZnR)2n(L)s-n] compounds
A complementary way of thinking about Ni-Zn and Zn-Zn Interactions

After investigation of the [Ni(ZnR)n(PEt3)4.n] series, the Ni-Zn bonding and the peculiar intramolecular
Zn-Zn interaction will be analyzed in more detail. Since up to date, molecular structure determination
has not been achieved for 3c, the following (qualitative) discussion will be based on theoretically

predicted structures (Figure 28) which generally exhibit good agreement to the experimental

structures (see chapter above).

Figure 28: Theoretically predicted structures of the series of [Ni(ZnR)an(PEts)s-n] (1c - 4c) compounds at the BP86-
D3/def2-TZVPP level of theory. The Zn-Zn bonding “sticks” are arbitrary and should not be interpreted as “regular” Zn-Zn
bonds. A discussion of the Zn-Zn interactions will be presented in the main text. Selected bond distances in A:
[Ni(ZnCp*)(ZnMe)(PEts)s): Ni-Zn1: 2.35, Ni-Zn2: 2.36, Zn1-Zn2: 2.49, [Ni(ZnCp*)2(ZnMe),(PEts),]: Ni-Zn1: 2.33, Ni-Zn2: 2.36,
Zn1-Zn2:2.71,Zn1-Zn1’: 2.72 [Ni(ZnCp*)3(ZnMe)s(PEts),]: Ni-ZnCp*: 2.32-2.35, Ni-ZnMe: 2.31-2.35, range of Zn-Zn distances:
2.68-2.95 [Ni(ZnCp*)4(ZnMe)q4]: Ni-ZnCp*: 2.33, Ni-ZnMe: 2.33, range of Zn-Zn distances: 2.72-2.77.

The description of Ni-Zn bonding in [Ni(ZnR)2(PMes)s]*® and [Ni(ZnR)g]*>’ have been introduced
separately in previous studies. For [Ni(ZnR)g] it can be concluded that the strong radial TM-ZnR bonds

are further stabilized by tangential, but very weak Zn-Zn interactions.>” For [Ni(ZnR),(PMes)s], featuring
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a Nizn, triangular motif with direct Zn-Zn bonds (Zn-Zn distance only 2.525(1) A), the Ni-Zn interaction
was described as being dominated by Ni— (ZnR), back-donation. It has to be noted, that the Zn-Zn
distance in [Ni(ZnR)2(PMes)s] is only roughly 9% longer compared to the Zn-Zn distance in [Cp*Zn-
ZnCp*] (2.305(3) A)®. This feature of the short Zn-Zn distance is however not present in
[Ni(ZnR)4(PMes),] where the Zn-Zn distances are elongated to 2.716(1) A. A more detailed study, lead
to the conclusion of different bonding modes of the ZnR ligands in [Ni(ZnR)2(PMes)s] and
[Ni(ZnR)s(PMes),] (Figure 29). The Ni-Zn bond in [Ni(ZnR)s(PMes),], was described as being mainly
determined by RZn—Ni o-donation. The distinct Zn-Zn interactions in these two compounds was

explained to be highly dependent on the co-ligands.*®

X LK

Me;P. Zn/ Me3P\ Zr]1/ ME:aP\ Zn
\/ /o .
MegP i Ni MezPImeNi MegP i Ni ~€—

[ n

\Z , z

n n
Me;P \ MesP \ MesP ‘
Me Me Me

Figure 29: Schematic representation of different bonding modes of (ZnR), units to Ni. Left: no Zn-Zn interactions but
RZn—Ni sigma bonds, middle: weak Zn-Zn interactions, right: side on bonded (ZnR); unit with significant Zn-Zn interaction.
In the original publication the middle bonding motif was assigned to [Ni(ZnR),(PMes)s], whereas the left bonding motif of
separated ZnR ligands was assigned to [Ni(ZnR)4(PMes),]. Reprinted with permission from [K. Freitag et al., Chem. Sci., 2016,
7, 6413-6421.] - Published by The Royal Society of Chemistry.

The experimental and theoretical results presented here, applying the more sterically demanding PEt;
co-ligand (Tolman angle PEts: 132 °, PMes: 118 °), show that the Zn-Zn interactions are still comparable
to the PMejs results. For [Ni(ZnR)(PEts)s] (2.49 A) and [Ni(ZnR)a(PEts),] (2.71 A), the Zn-Zn distances
remain basically unchanged compared to [Ni(ZnR)2(PMes)s] and [Ni(ZnR)4s(PMes),]. Even for the bulky
PPh; ligands (Tolman angle PPhs: 145 °), the Zn-Zn distance in [Ni(ZnR)2(PPhs)s] (2.48 A) does not
considerably change (Figure S 21). Therefore, it can be concluded that the Zn-Zn distance is rather
insensitive to the steric demand of the co-ligands. As found in the study by Freitag et al.® Zn-Zn bond
critical points can be found for [Ni(ZnR)2(PR’3)s] whereas no Zn-Zn bond critical points or bond paths
can be found for [Ni(ZnR)4(PR"’3),]. Calculations on [Ni(ZnR)z(L)s] complexes featuring different ligands
L (L = CoHa4, CO Figure S 21) also did not change the Zn-Zn distances (2.46 A and 2.49 A, respectively).
This shows that also changes in the electronic properties of the co-ligands do not effect on Zn-Zn
bonding significantly. The Zn-Zn distances of about 2.53 A found in the experimental structure of
[Ni(GaCp*)(ZnCp*)(ZnMe)(PEts),] (Figure 20) further underlines this finding. Therefore, it can be
concluded that the differences in the Zn-Zn distances are an intrinsic feature of the (ZnR), unit and a

more unified bonding model for [Ni(ZnR)2nLs.n] compounds is necessary.
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In a strictly formal assignment, the bonding in the series of [Ni(ZnR)a(PEts)sn] (in principle every
member is a 18 valence electron complex) can be depicted as follows: In the tetrahedral 18 valence
electron complex [Ni(PEts)s], Ni has 10 d electrons plus 4x2 electrons from the o-donation of PEts.
Formally replacing one vertex of the tetrahedron by a [Cp*Zn-ZnMe] unit gives the following situation.
The Zn; unit keeps its electron pair from the Zn-Zn sigma bond® whereas Ni donates one electron pair
for a three center two electron (3c2e) Ni-(Zn;) bonding interaction. Since the Zn, unit can also be
regarded to be “isolobal” to H-H, also an oxidative addition of Zn; at the Ni center can be considered.>
Such an oxidative addition of (Cp*Zn-ZnCp*) to Pd has been observed in the reaction with
[(PA(CN'Bu)y)s] yielding [Pd(CN‘Bu)2(ZnCp*)4] with isolated ZnCp* ligands.>® Increasing the Zn content
in the series [Ni(ZnR)zn(PEts)s.n] from the P4 to the Zngenvironment, Ni remains with one “lone-pair”,
4x 3c2e Ni-(Zn,) bonding and 4x (Zn,) bonding electron pairs (Table 8).

Table 8: Formal assignments of electrons in [Ni(ZnR)2n(PEts)s.n] and the resulting formal “bond order” of the respective Zn-
Zn interactions.

Ni- Ni-P 3c2e Ni(Zny) Zn-Zn Edges of the Formal Zn-Zn
“lone-pairs”  bonds bonding electron pairs Zn polyhedra “bond order”
Ni(PEts)s 5 4 0 0 0 0
Ni(ZnR),(PEts)s 4 3 1 1 1 1
Ni(ZnR)a(PEts), 3 2 2 2 5 2/5=0.4
Ni(ZnR)e(PEts) 2 1 3 3 10 3/10=0.3
Ni(ZnR)s 1 0 4 4 20 4/20=0.2

Following this line of thought, [Ni(ZnR),(PR"’3)s] is related to the o-aromatic triangular compounds
[Zns](Cp*)s* and [Zn,Cu](Cp*)s.*® Indeed, the [Ni(PR”3)3] fragment featuring 16 valence electrons is
isoelectronic to the [CuCp*] and [ZnCp*]* fragments, further supporting the view of delocalized Ni-Zn
and Zn-Zn bonding.

The mismatch of the Zn-Zn bond distances in [Ni(ZnCp*)(ZnMe)(PMes)s] (2.51 A) and Cp*ZnZnCp*
(2.31 A) can be explained if the Zn-Zn bonding electrons pairs are also delocalized over the Ni-Zn bonds
in a 3cde bonding situation over the NiZn; triangle. In this respect it has to be noted, that in contrast
to [Zns](Cp*)s* and [Zn,Cu](Cp*)s®, the triangular NiZn; sites in [Ni(ZnCp*)(ZnMe)(PMes)s] do not have
similar distances. Within this entire framework, this would suggest that the highly delocalized 3c4e
bond situation in [Zn3](Cp*)s* and [Zn,Cu](Cp*)s is more localized in the Ni-Zn bonds of
[Ni(ZnCp*)(ZnMe)(PMes)s].

Extending this concept to [Ni(ZnCp*)s(ZnMe)4], the Zn-Zn and Ni-Zn bonding electron pairs are
delocalized over the metal bonds of NiZng, leading to a pronounced elongation of the Zn-Zn distances
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in [Ni(ZnCp*)a(ZnMe)s] when compared to [Ni(ZnCp*)(ZnMe)(PMes)s]. Therefore, this formal bonding
assignment represents a uniform bonding model for the series of [Ni(ZnR)2n(PR"’3)s-n] compounds.
With the mentioned findings in mind, the question arises whether this formal assignments of electrons
can be applied in order to explain a certain property of [Ni(ZnR),] compounds. Indeed, it can be used
to explain the “in-silico reactivity” of [Ni(ZnR),] compounds towards C;Hx substrates. Whereas
[Ni(ZnR);] and [Ni(ZnR)4] were shown to undergo Zn-C bond forming reactions giving Ni-Zn bridging
coordination modes of C;H,, [Ni(ZnR)s] does not show an analog “reactivity”. In the first compounds
[Ni(ZnR)2(C2H2)3] and [Ni(ZnR)4(CzH,),], the formal Zn-Zn bonding electrons pairs are involved in Zn-C
bonding resulting in a formal reduction of C;H, whereas this is not the case for the more delocalized
Zn-Zn bonding electron pairs in [Ni(ZnR)s(C2H2)]. The “loss” of the Zn-Zn bonding electron pairs to form
Zn-C bonds is the reason for the increase in Zn-Zn distances as found e.g. in [Ni(ZnR)4(C;H,),] (range of
Zn-Zn distances: 2.72-3.17 A) compared to “unreacted” [Ni(ZnR)4(C2Ha)2] (range of Zn-Zn distances:
2.62-2.80 A) (see Figure 9). Furthermore, the fluxional processes of the ZnR ligands as observed for
[Ni(ZnCp*)3(ZnMe)s(PEts)] could also be explained by the described formal approach. The delocalized
NiZn and Zn-Zn bonding interactions lead to a flat energy surface with respect to the Ni-Zn and Zn-Zn
distances which potentially allows ligand rearrangements even down to very low temperatures.
Interestingly, the described approach might also apply for TM-ECp* bonds. For [Ni(AICp*)2(C;H2),] a
Ni-Al bridging C;H, coordination similar to [Ni(ZnR)4(C;H).] was observed. The Al-Al distance in the
acetylene complex [Ni(AICp*)2(C2H2)2] (2.50 A) is considerably shortened compared to the ethylene
complex [Ni(AICp*)2(C2Ha)2] (3.12 A). In line with the approach presented above, one could argue that
Al, contributes two electrons to the Al-C bond, leaving the two Al centers “isoelectronic” to a ZnR
fragment. Within this picture, the NiAl, triangle would exhibit a similar bonding situation as the NiZn;
triangle. Interestingly, this assignment of a formal two electron oxidation of the NiAl, triangle is
supported by the theoretically predicted structure of [Ni(AlCp*),(PEts),]** (BP86-D3/def2-SVP see
Figure S 22). In [Ni(AICp*),(PEts),]** The Al-Al distance of 2.70 A is considerably shortened compared
to [Ni(AICp*)(PEts),] (3.34 A). Furthermore, the compounds [W(AICp*)s(C2Ha)2]°° and [(AICp*)sNi(p-
H)(Al(CsHs)Cp*)1®® show that AICp* ligands are indeed oxidized in reactive transformations. In
[W(AICp*)s(C2H4)2], featuring metal bridging C-H activated C,Hx moieties, this leads to a shortening of
the Al-Al distances to 2.84 A.

In summary, the Ni-Zn and Zn-Zn bonding in [Ni(ZnR)n(PEts)s.n] can be visualized by the three
structures shown in Figure 29, if these are considered as mesomeric formula which together represent
the “real” bonding description. From the viewpoint of “reactivity” (ZnR), ligands can be seen as

electron reservoirs that can potentially donate electrons for “small molecule activation reactions”
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comparable to redox non-innocent ligands. In combination with early transition metals such ligands
“allow” two-electron-oxidative addition reactions that are uncommon for 3d transition metals like
Fe.® There might also be a connection between the formal electron assignment for [Ni(ZnR)2n(PEt3)a.n]
and TM-ECp* bonds as discussed in several cases for [TM(AICp*).] compounds. Therefore, interesting
and potentially new reactivities can be assumed for [TM(ZnR),] compounds as already evidenced in-
silico for [Ni(ZnR)4(CzH2)2]. To proof the described concept, further experimental evidence of the
reactivity of [TM(ZnR),] compounds as well as new experimental approaches to [TM(ZnR),(UHC).] are
needed. Furthermore, a more detailed theoretical analysis could substantiate the formal assignment
of delocalized bonding over Ni(ZnR),, as e.g. the nucleus independent chemical shift (NICS)®°, the
anisotropy of the induced current density (ACID)°* and the delocalization index §(M*M?) (MY/M?:

different metal atoms)®2%3,
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V .2.1.7 Introduction to [(H)(SiEt3)Ni(M’R)n] complexes

Phosphine dissociation from [Ni(M’R)n(PEts)s.n] complexes was shown to be hampered by M'R
coordination. Therefore, [Ni(M’R)n(PEts3)s.n] complexes cannot be used to obtain low-coordinated
[Ni(M’R)n] fragments as intermediates on the way to [Ni(M’R)n(UHC)sn] compounds. Thus, an
alternative approach to low-coordinated [Ni(M’R),] fragments based on reductive elimination from

[(X)(Y)TM(M’R)n] shall be tested (Figure 30).
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Figure 30: Schematic representation of the experimental access to low-coordinated [Ni(M’R),] fragments by reductive
elimination of X-Y ligands as e.g. H-SiEts.

From the original publication and the chapter above, it is known that [(H)(SiEts)Ni(AlCp*)s] is a
reasonable precursor for open coordination sites, liberating a very reactive [Ni(AlCp*)s] fragment.® This
hypothetical intermediate shows interesting Si-H and C-H activation reactions. However, no GaR or
ZnR analogue to this compound is known, which impedes the access of several low-coordinated
[Ni(M’R)n] species by reductive elimination. The access of the GaR analogue was tested in the original
publication however without success. Al/Zn exchange reactions starting from [(H)(SiEt3)Ni(AICp*)s]
would possibly yield [(H)(SiEts)Ni(AICp*)s.n(ZnR)2n] compounds, that might still have the potential to
eliminate H-SiEts. However, the (H)(SiEts) moiety might be to reactive to tolerate the conditions of the
Al/Zn exchange reactions involving redox processes from Zn'R; to Zn'R and Al'Cp* to AI"'R;.*’ Therefore,
the abstraction of H or SiEt; moieties and the formation of H-M’R or Et3Si-M’R compounds could be a
reasonable (side) reaction, potentially impeding selective E/Zn exchange reactions. So far, three
hydride containing precursors of the general formula [Ru(PR”3)2(ECp*)a(H)s)] have been subjected to
E/Zn exchange conditions. In two products, the hydride moieties remained whereas one product was

isolated without hydrides.®* This reactivity indicated that when applying suitable conditions during
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E/Zn exchange reactions and work-up, the transformation of [(H)(SiEts)Ni(AlCp*)s] to
[(H)(SiEt3)Ni(AlCp*)3-n(ZnR)2n] could be successful.
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V .2.1.8 Synthesis and Characterization of [(H)(SiEt3)Ni(M’R)a] complexes

[NI(PEt;)(AICP™)s]  —Z™M°2 . [Ni(PEts)(AICP*)3.4(ZNR)s0]

PEts PEts

[(H)(SiEtg)Ni(AICp)3] LN [(H)(SIEt3)NiI(AICP*)3.n(ZNR)2n]

Scheme 4: Synthesis of [(H)(SiEt3)Ni(AICp*)3.n(ZnR)2n] by Al/Zn exchange from [(H)(SiEts)Ni(AICp*)s]. [(H)(SiEts)Ni(AlCp*)3] and
[(H)(SiEt3)Ni(AICp*)(ZnCp*)2(ZnMe),] were shown to undergo HSiEts/PEts exchange reactions as a good indication for the
intermediate formation of open coordination sites at the respective [Ni(AICp*)s.n(ZnR)2n] fragment.

The 31P-NMR signal served as a reliable probe for an efficient screening of [Ni(M’R)n(PEts)an] species in
solution. In contrast, for [(H)(SiEts)Ni(AICp*)s.n(ZnR)2n], the *H-NMR hydride signal proofed to be a
reliable source of information of the product distribution in reaction mixtures. For published
[(H)(SiEts)Ni(AICp*)s] this hydride signal appears at -12.81 ppm being well separated from any other H
signals. Upon heating, (H)(SiEts) can be replaced by AlCp*, C-H activated C¢Hs or PEt; resulting in the
disappearance of the hydride signal and the formation of the respective compound.®
[(H)(SiEt3)Ni(AlCp*)s] was further treated with BrCeHs to test oxidative addition reactions or with 3-
hexyne potentially yielding the desired [(EtC=CEt)Ni(AICp*)s]. For both reactions, the hydride signals
disappear but the isolation or characterization of a reaction product based on NMR studies was so far
unsuccessful. Therefore, the reactivity of [(H)(SiEts)Ni(AlCp*)s] towards UHC compounds should be
systematically studied using liquid injection field desorption ionization mass spectrometry (LIFDI-MS)
as the standard analytical technique (see chapter V .3.1 Introduction to [Nia(M’R),(UHC).]).
Furthermore, the access of [(H)(SiEts)Ni(ZnR)s] was investigated (Scheme 4). Starting from
[Ni(ZnCp*)a(ZnMe)s] a (ZnR),/H-SiEt; ligand substitution reaction was tested. Therefore,
[Ni(ZnCp*)4(ZnMe),] was heated to 100°C in pure H-SiEts but 'H-NMR analysis did not indicate the
appearance of a hydride containing species and the starting material [Ni(ZnCp*)s(ZnMe)4] is retained.
In a second approach, [(H)(SiEts)Ni(AICp*)s] was treated with ZnMe; to initiate the Al/Zn exchange
reaction. Due to the expected reactivity of the (H)(SiEts) moiety, this reaction was performed carefully
at very low temperatures. In a NMR-scale reaction, ZnMe, was added to a solution of
[(H)(SiEt3)Ni(AlCp*)s] in toluene-dg at -60°C. *H-NMR analysis of the crude reaction mixture reveals that
the signals of the starting material have disappeared. The new signals can be assigned to the partially
Al/Zn exchanged species [(H)(SiEts)Ni(AICp*)2(ZnCp*)(ZnMe)]. They appear at 2.14 (ZnCp*, 15H), 1.85
(AICp*, 30H), 1.22 (SiCH,CH3, 9H), 0.83 (SiCH,CH3, 6H), -0.05 (ZnMe, 3H) and -11.92 (Ni-H) ppm (Figure
31).
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Figure 31: 'H-NMR spectrum of the crude reaction mixture containing [(H)(SiEt3)Ni(AICp*)2(ZnCp*)(ZnMe)] in toluene-ds.
The signal at 0.3 ppm can be assigned to impurities from silicon grease, whereas the additional signals in the M-Cp* region
can be assigned to [Ni(ZnCp*)4(ZnMe)4] and [(H)(SiEts)Ni(AlICp*)3.n(ZNCp*)n(ZnMe),] species. The latter is in accordance to
the additional SiEt; signals between 1.3 and 0.8 ppm.

Due to this promising result of a selective Al/Zn exchange reaction without affecting the (H)(SiEts)
moiety, the reaction was performed on preparative scale. To a toluene solution of [(H)(SiEts)Ni(AlCp*)s]
cooled to -50°C, a ZnMe; solution (8 eq.) in toluene was added. The reaction mixture was allowed to
reach -5°C after 5h reaction time. The solvent was removed in vacuo. 'H-NMR analysis of this reaction
mixture shows distinct signals in the Ni-H range at -10.65 and 12.00 ppm indicating the formation of
different hydride containing reaction products. In addition, also the signals for free H-SiEt; are found
at 3.90 (Si-H, 1H), 0.97 (SiCH,CHs, 9H) and 0.86 ppm (SiCH,CHs, 6H). Furthermore, the signals at 2.06
(ZnCp* species, 15H) and 0.00 (ZnMe species, 3H) ppm hint to the formation of literature known
[Ni(ZnCp*)a(ZnMe),] (*H-NMR signals in CsDs: 2.08 (60H), 0.00 ppm (12H)).>” Indeed, LIFDI-MS analysis
of this reaction mixture is in agreement to this observation showing the formation of
[Ni(ZnCp*)4(ZnMe),). Taken together, these results suggest the release of H-SiEt; from an intermediate
[(H)(SiEt3)Ni(AICp*)s-n(ZNR)2n] species during the reaction. From the crowded *H-NMR spectrum and
the MS measurements, no indication for the formation of the desired [(H)(SiEts)Ni(ZnCp*)3(ZnMe)s]

(calculated for NiSiZngCH: 1018.05 m/z) can be deduced.

56



Further adjustment of the reaction conditions finally lead to the isolation of pure
[(H)(SiEt3)Ni(AlCp*)(ZnCp*)2(ZnMe),] (Figure 32). To a toluene solution of [(H)(SiEts)Ni(AlCp*)s] cooled
to -50°C, a ZnMe; solution (5.3 eq) in toluene precooled to -50°C was added over the course of 15 min.
After 3 h at -50°C the reaction mixture was concentrated to about 50 % at this temperature. The
cooling bath was removed while further concentrating the reaction solution to obtain a dark green
residue. *H-NMR measurements show a Ni-H hydride signal at -12.00 ppm in accordance to the
observed signal above. The remaining signals appear at 2.18 (ZnCp*, 30H), 1.76 (AlCp*, 15H), 1.07
(SiCH,CHs, 9H), 0.71 (SiCH.CHs, 6H) and -0.09 (ZnMe, 6H) ppm.
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Figure 32: 'H-NMR spectrum of [(H)(SiEts)Ni(AICp*)(ZnCp*)2(ZnMe),] in CsDs. The signal at 0.3 ppm can be assigned to
silcon grease.

LIFDI-MS analysis of this batch exhibits the molecular ion peak of the desired species at 899.57 m/z
(calculated for NiSiZnsAlCysHe7: 898.13 m/z) with the right isotopic pattern (Figure 33). The discrepancy
of the calculated and measured mass is due to initial calibration problems of the LIFDI which can now
be circumvented by additional external calibration using polystyrene (see chapter VI Experimental

Section). Therefore, the LIFDI measurement for this compound should be repeated in a subsequent
thesis work. Nevertheless, the 'H-NMR signals together with the matching isotopic pattern obtained

by LIFDI-MS are in agreement to the formation of [(H)(SiEts)Ni(AlCp*)(ZnCp*)2(ZnMe),].
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Figure 33: LIFDI-MS spectrum of [(H)(SiEts)(Ni(AICp*)(ZnCp*),(ZnMe),] and a comparison of the calculated and measured
isotopic patterns. The LIFDI-MS spectrum shows impurities that still need to be identified, especially at higher masses.

The Ni-H signals of [(H)(SiEts)Ni(AICp*)s] (-12.81 ppm), [(H)(SiEts)Ni(AICp*)2(ZnCp*)(ZnMe)]
(-11.92 ppm) and [(H)(SiEt3)Ni(AICp*)(ZnCp*)2(ZnMe)z] (-12.00 ppm) are reliable probes for the
indication of these compounds. In the second reaction described above an additional signal in the
range for Ni-H species was detected at -10.65 ppm, which could potentially be an indication for the
formation of fully Al/Zn exchanged [(H)(SiEts)Ni(ZnR)s]. However, no indications for such species (or
for any [Ni(ZnR)s fragments] could be found in LIFDI-MS spectra. A plausible explanation could be the
“isoelectronic” replacement of H-SiEts by (ZnR), either from [(H)(SiEts)Ni(AICp*)(ZnCp*),(ZnMe):] or
from an elusive [(H)(SiEts)Ni(ZnR)g] species. Due to the existence of the unassigned Ni-H signal at -
10.65 ppm, the intermediate formation of [(H)(SiEts)Ni(ZnCp*)s3(ZnMe)s] can be assumed, which is
however unstable under the applied reactions conditions leading to the observed formation of
[Ni(ZnCp*)4(ZnMe)s). In accordance to the observations for [(H)(SiEts)Ni(AlCp*)s], treatment of
[(H)(SiEt3)Ni(AlCp*)(ZnCp*)2(ZnMe),] with PEt; at elevated temperatures in an NMR-scale reaction,
results in the replacement of H-SiEt; and the formation of [(PEts)Ni(AlCp*)(ZnCp*)2(ZnMe),] can be
assumed, based on H/3'P-NMR investigations (Figure S 19, Figure S 20). This reactivity shows that

reductive elimination from Zn-rich Ni complexes is still possible.
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V .2.1.9 Summary [(H)(SiEt3)Ni(M’R).] complexes

In addition to [(H)(SiEts)Ni(AlCp*)s], that is known to liberate a highly reactive [Ni(AICp*)s] fragment,
the synthetical access of [(H)(SiEt3)Ni(AICp*)s.n(ZnR)2n] (n = 1, 2) was demonstrated. The appearance of
an unassigned Ni-H signal in the *H NMR spectra of different reaction solutions is an indication for the
(intermediate) formation of [(H)(SiEts)Ni(ZnCp*)s;(ZnMe)s]. Further, fine-tuning of the reaction
conditions or adjustment of the functional group (X-Y) (other silanes H-SiRs, H-BR3, H,, ...) could
potentially result in the selective formation of [(X)(Y)Ni(ZnR)s] compound.

Reductive elimination of H-SiEts; was also possible for the partly Al/Zn exchanged
[(H)(SiEt3)Ni(AlCp*)(ZnCp*)2(ZnMe),] as demonstrated by the reactivity towards PEts. Therefore, the
reactivity of [(H)(SiEts)Ni(AlCp*)3.n(ZnR)2n] with suitable UHCs should be further investigated to
potentially achieve ternary [[UHC)Ni(AICp*)s.n(ZnR)2n] compounds. Since reductive elimination will only
lead to selected [Ni(M’R).] low-coordinated fragments, this pathway does not present a general access
to [Nia(M’R)s(UHC).] compounds. Therefore, alternative approaches will be necessary to enable a

general access to a broad library of [Nia(M’R)s(UHC).] complexes and clusters.
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V.3 An alternative approach to [Nia(M’R)s(UHC).]
V .3.1 Introduction to [Nia(M'R)s(UHC).]

So far the strategy to access [Ni(M’R)sn(UHC),] compounds was based on ligand displacement
reactions from precursors featuring preformed Ni-M’'R bonds as for example in [Ni(M’R)n(PEts)s.n] Or
[(H)(SiEt)sNi(AlCp*)3.n(ZnR)2n]. However, neither phosphine displacement reactions from
[Ni(M’R)n(PEts)s-n] nor reductive elimination from [(H)(SiEt)sNi(AlCp*)s-n(ZnR)2n] proofed to be a general
method to access low-coordinated [Ni(M’R),] fragments. Therefore, a more universal synthetic access
to [Ni(M’R)n(UHC)4.n] compounds, as potential molecular surface models, has so far not been achieved.
An alternative approach is not based on the “late-stage” functionalization with UHC's by ligand
exchange of [Ni(M’R)n(L)] but would make use of “early-stage” incorporation of UHC’s before M’'R
ligands are present. Therefore, the synthetic strategy involves treatment of organometallic Ni®
precursors with UHC moieties and subsequent treatment with ECp*. Interestingly, for the presented

cases, this approach does not lead to the formation of (envisioned) mononuclear [Ni(M’R),(UHC)4-n],

but polynuclear [Nia(M’R)s(UHC) ] clusters are accessed (Figure 34).
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Figure 34: New research strategy to access [Ni,(M’R),(UHC).] by the “early-stage” incorporation of UHC moieties and
subsequent introduction of M’R ligands. So far this approach does not yield mononuclear [Ni(M'R)s.n(UHC),] but
polynuclear [Niy(M’R)p(UHC).] clusters.

Therefore, common Ni®precursors like [Ni(cod),], [Ni2(dvds)s] and [Ni(cdt)] were treated with 3-hexyne

in different stoichiometries yielding different [Ni,(EtCCEt)c(L)a] compounds. The application of internal
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3-hexyne, shall prevent (unwanted) C-H activation of terminal olefinic/ (as for [W(AICp*)e(C2H4)2]*° and
[Nis(GaDDP),(C2Ha4)3]°®). Such reactions are indeed very interesting and could potentially lead to the
discovery of new reactivities. However, additional reactive channels make the analysis more
complicated and therefore this shall be avoided in the initial state by applying 3-hexyne. Promising
reaction mixtures containing [Nia(EtCCEt).Ls] shall subsequently be treated with ECp* to access
compounds of the general formula [Ni,(ECp*)s(EtCCEt).Lq4] (Scheme 5). The reaction mixtures will be
analyzed by mass spectrometry using the liquid injection field desorption ionization (LIFDI) method.

x EtCCEt y ECp*
—_—

[NiL,] 5 [Niy(EtCCEt).L4] [Ni;(ECp*),(EtCCEL) L4]

Scheme 5: Synthesis scheme for the experimental access to [Nia(ECp*)s(EtCCEt)c(cod)q].

The new analytical approach applying LIFDI-MS has several advantageous compared to “conventional”
analysis based on 'H/*C NMR and single crystal XRD. First of all, the phosphine ligands in
[Ni(M’R)2n(PEt3)s-n] complexes were reliable probes for the proper identification of the respective
species in reaction mixtures. The same applies for the hydride moieties in
[(H)(SiEt)sNi(AICp*)sn(ZNR)2n]. However, in [Ni.(ECp*)s(EtCCEt).], with narrow ranges for the H signals
of the Cp*-methyl protons and overlapping signals for the hexyne ligands, NMR analysis is not very
conclusive. Furthermore, the number of Ni/E-atoms in a cluster core cannot be determined by NMR
spectroscopy (especially for NMR silent nuclei). Analysis based on single crystal XRD, requires large
single crystals of suitable quality, for adequate structure determinations. Moreover, the crystalized
species might only represent a cut-out of the existing species in solution. However, mass spectrometric
measurements of reaction solutions give valuable insights into the composition of diverse reaction
mixtures. The LIFDI method was shown to mainly result in the formation of the molecular ion [M]* for
[TMa(M’R)uLc] complexes and clusters.* ®7 Usually only little fragmentation of these compounds is
observed which allows the determination of the molecular cluster species based on their mass but also
by the isotopic pattern. This enables the proper assignment of the elemental composition of reaction
products in diverse reaction mixtures. However, it has to be noted, that the calibration of the LIFDI-
spectrometer was not properly achieved during the course of the presented studies. Therefore, the
masses usually deviate by 1-1.7 m/z depending on the mass range. The assignments of signals to
respective species was therefore carefully performed based on the isotopic pattern. In addition, for
MS-measurements less quantities of the reactants are necessary and faster screening to fine-tune
proper reaction conditions is possible. However, a major problem of LIFDI-measurement is the lack of

information about the relative quantity of different species in the reaction mixture. Only rough
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estimations about the ratio of different compounds in a reaction mixture can be drawn, if comparable

ionizability is assumed for different species.
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V .3.2 Synthesis of [Nis(GaCp*)a(EtCCEt);]

The starting point for the synthetic access of [Ni,(GaCp*),(EtCCEt).] was [Ni(cod),] which was treated
with different equivalents of 3-hexyne usually in toluene or benzene. Independent of the applied
stoichiometry (1 eq, 3 eq, 5 eq, 10 eq of 3-hexyne), only two reaction products could be analyzed in
the red solutions, namely [Niy(cod),(hexyne)] (m/z: 415.21, calculated: 414.13 m/z) and
[Ni3(cod)a(hexyne),] (557.41 m/z, calculated: 556.74 m/z) besides the starting material [Ni(cod)]

(Figure 35).
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Figure 35: LIFDI-MS spectrum of the reaction of [Ni(cod),] with 3 eq. 3-hexyne in toluene. In the reaction mixture, the
signal patterns of [Ni(cod),], [(cod).Ni(EtCCEt)] and [(cod).Nis(EtCCEt),] are present.
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The ratio of the two reaction products in all reaction mixtures seemed to be independent of the applied
equivalents, however as discussed above no reliable conclusions about product ratios can be drawn
from LIFDI-MS measurements. Using pure 3-hexyne as “solvent” for [Ni(cod),], dark reaction mixtures
are obtained however no product species can be determined, indicating unselective decomposition.
At a first glance, the Ni atoms in [Nix(cod).(EtCCEt),] do not possess a saturated coordination
environment, independent of the exact molecular structure. This might allow the formation of higher
aggregates or further coordination of different ligands. DFT calculations reveal a central hexyne in a
bridging coordination between two Ni(cod) moieties for [Ni>(cod),(EtCCEt)]. The same structural motif
was experimentally determined in [Niz(cod)2(PhCCPh)].*> For [Nis(cod),(EtCCEt),] a central Ni(EtCCEt),

with two coordinating Ni(cod) fragments was found to be a local minimum (Figure 36).

Figure 36: Calculated structures [BP86-D3/def2-TZVPP) of [Ni,(cod),(hexyne)] and [Niz(cod)2(hexyne),].

Treatment of reaction mixtures containing [Ni>(cod),(EtCCEt)] and [Nis(cod),(EtCCEt),] with GaCp*
results in the formation of different compounds, in dependence of the applied equivalents, reaction

time and temperature (see Table 9).
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Table 9: Summary of the reaction conditions and preliminary assignment of the observed species in the reaction solutions.
As observed in chapter V.4.5. Cp* transmetallation from GaCp* to Ni may occur in [Ni,Gayp] clusters and should therefore
also be considered in future studies on these compounds. The term “Ni8Ga6” will be explained in chapter V.4.5.

X [eq. EtCCEt] | Y [eq. GaCp*] | T[°C] | Observed species
923.78 ([Ni2(GaCp*)s(cod)(EtCCEt)], calc.: 922.17)
’ 8 20 1219.94 ([Nis(GaCp*)4(EtCCEt)], calc.: 1218.06)
879.83 ([Ni(GaCp*)4], calc.: 878.11)
923.78 ([Ni>(GaCp*)s(cod)(EtCCEt)], calc.: 922.17)
3 > 20 1019.60 ([Ni>(GaCp*)a(EtCCEt)], calc.: 1018.12)
1219.66 ([Nis(GaCp*)a(EtCCEt),], calc.: 1218.06)
879.83 ([Ni(GaCp*)a], calc.: 878.11)
; : 110 | 1019.60 ([Nix(GaCp*)s(ELCCER)), calc.: 1018.12)
5min | 1219.66 ([Nis(GaCp*)4(EtCCEt),], calc.: 1218.06)
1650-1710 “NisGas”
819.55 (not identified)
879.83 ([Ni(GaCp*)4], calc.: 878.11)
923.78 ([Ni2(GaCp*)s(cod)(EtCCEt)], calc.: 922.17)
1019.60 ([Ni>(GaCp*)a(EtCCEt)], calc.: 1018.12)
' ' 20 1137.67 (not identified)
1219.66 ([Nis(GaCp*)4(EtCCEt),], calc.: 1218.06)
1401.86 (not identified)
1650-1710 “NisGag”
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Figure 37 exemplarily shows the LIFDI-MS spectrum recorded after reaction of 5 eq. GaCp* (with
respect to [Ni(cod)z]) with [Ni>(cod),(EtCCEt)]/[Nis(cod)(EtCCEt),] after heating to 110°C for 5 min. The
signals at 879.46 and 1219.66 m/z are most prominent in this spectrum. Based on their isotopic
patterns, they can be assigned to [Ni(GaCp*)4] (calc.: 878.10 m/z) and [Nis(GaCp*)4(EtCCEt),] (calc.:
1218.06 m/z). The formation of literature known [Ni(GaCp*)4]%® in reaction mixtures containing [NiL,]
and GaCp* is not surprising. The formation of tetranuclear [Nis(GaCp*)4(EtCCEt),] was at first sight
unexpected. However, this compound can be seen as “dimeric” [(cod),Ni>(EtCCEt)], where the cod
ligands are replaced by two GaCp* ligands that have a Ni-Ni bridging coordination between the two
“monomers”. Structure optimization (BP86-D3/def2-TZVPP) support the structural suggestion (Figure
38). Structural parameters are given below the calculated structure, but are not discussed in detail,
due to the uncertainty of the structural suggestion (see also chapter V .4.6 Summary of [Nix(p-

GaCp*)(u-GaNiCp*),(dvds),].
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Figure 37: LIFDI-MS spectrum of the reaction mixture of [Ni(cod),] treated with 3 eq. 3-hexyne at r.t. prior to the addition
of 5 eq. GaCp*. The mixture was heated to 110°C for 5 min. The isotopic patterns of the two most intense signals are given
below with the calculated isotopic patterns of [Ni(GaCp*)4] and [Nis(GaCp*)4(EtCCEt),] as comparison.
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Figure 38: Calculated structure of [Nis(GaCp*)4(EtCCEt),]. This structure was confirmed to be a local minimum at the
BP86-D3/def2-SVP level of theory. For a better visibility, the Cp* ligands were removed in the right structure. The
possibility of a Cp* transmetallation from Ga to Ni observed for [Ni(u-GaCp*)(u-GaNiCp*),(dvds),], has to be considered
for subsequent investigations of [Nis(GaCp*)4(EtCCEt),] as well. The depicted structure was optimized at BP86-D3/def2-
TZVPP, but no frequency calculation could be performed at this level of theory. Bond distances [A]: Ni1-Ni2: 2.40, Nil-
Ni2’: 2.29, Ni-Ga: 2.34-2.41, Ni-Cc=c: 1.93-2.00, C=C: 1.34.

TM, bridging GaCp* motifs have already been described for other [TM,(ER)s(L).] (TM = Ni, Pd, Pt;
R = Cp*, DDP, L = PMes, CO, C;H4) compounds.®> 78 The only precedence of a Ni, bridging GaR ligand
is found in  [Nis3(H)(C2H4)2(C,Hs)(GaDDP),]  (DDP = 2-{(2,6-diisopropyl-phenyl)amino}-4-{(2,6-
diisopropylphenyl)imino}-2-pentene). In addition to [Nis(GaCp*)4(EtCCEt),], the reaction mixtures
contain other [Ni.(GaCp*)sLc] compounds of high nuclearity.

These preliminary results of only a few experiments reveal a divers chemistry of the Ni/Ga clusters and
already indicate the formation of various [Nia(M’R),(UHC).]. These compounds are of special interest
with regard to molecular models for semihydrogenation reactions. Furthermore, LIFDI-MS analysis
together with quantum chemical calculations proofed to be very valuable for a fast screening of diverse
reaction mixtures. This approach will help in future work to identify promising [Nis(M'R)s(UHC)]
compounds. Furthermore, LIFDI-MS allows fast screening of reaction conditions leading to a selective
synthesis of [Ni,(M’R)p(UHC).] compounds. As shown above, the Ni/Ga ratio in compounds with low
overall nuclearity can be assigned based on the isotopic patterns. Preliminary results by Patricia Hei3
suggest, that especially for higher Ni amounts, the isotopic patterns do not significantly differ for close
Ni/Ga ratios. Therefore, also the assignment of [Nis(GaCp*)4(EtCCEt),] should be critically verified in
future. Furthermore, the results in V .4.5 Synthesis and characterization of [Nix(u-GaCp*)(u-
GaNiCp*),(dvds),] proofed that Cp* transfer reactions should be considered for any Ni/Ga compound.
The molecular ion peak generally observed in LIFDI-spectra however, do not contain any structural
information. The new LIFDI-MS setup featuring a collision chamber with controllable N, pressure,
might help to overcome this problem. Variations in the collision conditions could give the molecular

ion peak at low N, pressure, whereas at elevated pressures the collisions lead to fragments which can
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help to obtain structural information of the parent molecule. A definite assignment will only be
possible for isolated and well characterized compounds using different analytical techniques including

single crystal X-ray diffraction.
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V .3.3 Additional results for [Nia(M’R)s(UHC)] complexes

In addition to [Ni(cod),] which was shown to be a promising starting material for the synthesis of
[Nia(M’R)s(UHC)] compounds, also [Nix(dvds)s] and [Ni(cdt)] were subjected to reactions with 3-
hexyne. Treatment of [Niy(dvds)s] with 0.5 eq. 3-hexyne and subsequent analysis with LIFDI-MS reveals
only signals of the starting material [Niz(dvds)s]. This observation can be explained by the flexibility of
the dvds ligand in comparison to the more rigid cod ligand which leads to a thermodynamic
stabilization of Ni-dvds bonding (see also chapter V .4 Polynuclear [Nia(M’R)y] clusters for flexibility of
dvds). However, the access of [Ni,(UHC).(dvds)4] compounds should be tested in the future using more
equivalents of 3-hexyne and or higher temperatures.

In the series of olefinic ligands dvds > cod > cdt, the cdt ligand is by far the least flexible ligand.
Therefore, also [Ni(cdt)] is subjected to reactions with 3-hexyne. Indeed, treatment of [Ni(cdt)] with 1
eq. 3-hexyne in toluene solution and subsequent analysis by LIFDI-MS reveals a fascinating reaction
mixture (Figure 39).

The observed peaks cannot be assigned so far. However, some preliminary ideas should be mentioned
here:

The reaction mixture only contains Ni (M = 58.69 g/mol), cdt (C12H1s, M = 182.28 g/mol), toluene (C;Hs,
M =92.14 g/mol) and 3-hexyne (CeHio, M =82.15 g/mol). If no bond activation takes place, the
observed masses should fit to the molecular mass of a compound belonging to the general formula
[Nia(C12H18)6(C7Hs)<(CsH10)d] (with a possible uncertainty of + 3 a.m.u, due to the unsolved calibration
problem at the time of the measurement). The molecular formulas summarized in Table 10 would

therefore fit to the signal with the highest intensity at 1010.2 a.m.u.
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Figure 39: LIFDI-MS spectrum of the reaction of [Ni(cdt)] with 1 eq. 3-hexyne in toluene. A concluding assignment of the
reaction products has not been achieved so far. The inset shows the isotopic pattern of the signal at 1010 m/z compared

to the calculated isotopic pattern of [Nig(C7Hs)s(CeH1o)1].
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Table 10: Compounds that fit to the general formula [Nia(Ci2H1s)b(C7Hs)c(CsH10)a] within the molecular mass range
1010 £ 3 g/mol.

Compound M(::z;lar
[Nia(C12H18)u(C7Hs)c(CeH10)a] [g/mol]
[Nis(C12H18)1(CeH1o)e] 1007.3
[Nis(C7Hg)1(CeH1o)o] 1007.5
[Nis(C12H18)s(CeH1o):] 1008.9
[Nis(CeH10)e] 1009.3
[Ni2(C12H18)s5(CsH10)1] 1010.9
[Ni3(C12H18)3(C7Hs)2(CsH10)2] 1011.5
[Nia(C12H18)1(C7Hg)a(CsH10)3] 1012.1
[Nig(C7Hs)s(CeH10)1] 1012.4
[Nig(C12H18)3(C7Hs)1(CsH10)1] 1013.3

A simple guess would render [Nig(CsH1o)s] as the most suitable compound. However, the observed
isotopic pattern does not match to the calculated pattern of a Nig species. It has to be mentioned, that
the isotopic pattern is largely determined by the amount of Ni atoms but is rather unaffected by
changes in the C/H ratio. Only the Nig cluster [Nig(C;Hs)s(CeH10)1] reproduces the measured isotopic
pattern quite well (Figure 39 inset). Therefore, the signal with the highest intensity should be assigned
to a Nig species. However, the estimated 5 toluene ligands are in contrasts with chemical intuition.
First, [Ni(cdt)] is reasonably stable in toluene solution and second the Ni-toluene bond is believed to
be rather unstable. As mentioned a definite assighment of a molecular formula is not possible based
on the performed experiment. However, the assumption of a Niscluster seems to be valid. This is also
supported by the signal at 1068 m/z. It is separated from the signal at 1010 m/z by the mass of one Ni
atom. Indeed, the isotopic pattern at 1068 would also fit to the assumption of a Nis cluster. The signal
at 1148 is separated by 80 g/mol from the Nis, which is about the mass of a hexyne moiety
(M(CeH10) = 82.15 g/mol). However, the isotopic pattern does not fit to a Nis species but to a Nisg
species of the approximate sum formula [Niig(Cs2Hse)]. The signal at 1230 m/z most probably
represents a Niiz cluster of the approximate sum formula [Nii2(CsgoHss)].

Of course, the uncertainty of the calibration hampers a reliable proposition of the observed species in
solution. The assumption of several Ni, [Ni.CH,] species seems to be valid based on the differences in
the isotopic patterns. Further experiments applying different reaction conditions (equivalents,

concentration, temperature, etc.) could help to shed more light on the elusive species formed in

71



solution. To address the questions weather toluene ligands are present in the Ni, clusters, the reaction
should be repeated in toluene-ds or n-hexane. Furthermore, changing 3-hexyne to 2-pentyne could
also lead to further indications about the species in solution. Furthermore, also the possibility of bond
activation reactions should be considered. In this regard only recently a Nis cluster was shown to split
olefinic C=C double bonds leading to the incorporation of a carbon atom into the cluster core.”

At this stage of knowledge of the [Ni,CH,], quantum chemical calculations are only of limited since no
suitable starting geometry can be deduced from the experimental results. However, if the assignment
of the nuclearity Ni, and the number and nature of the organic ligands can be definitely assigned,

guantum chemical calculations can be a helpful tool for ongoing investigations.
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V .3.4 Summary and outlook for Nia(M’R)s(UHC)c]

It can be concluded that early-stage functionalization of common Ni precursors with 3-hexyne leads to
several promising compounds. [Nia(cod),(EtCCEt).] are viable precursors for the formation of
[Nia(M’R)s(EtCCEt).Jcompounds like e.g. [Nis(GaCp*)s(EtCCEt);]. Variation of reaction parameters
(time, equivalents, temperature) and the use of AICp* or other UHC’s will lead to a diverse library of
[Nis(ECp*)b(UHC)] compounds. Respective ZnR containing compounds could be accessed by treatment
of [Nia(ECp*)s(UHC).] with ZnMe,, expanding the library to [Ni.(ZnR),(UHC).] compounds. Based on
these results, a universal synthetic access to a diverse library of [Nia(M’R)s(UHC).] can be envisioned.
Polynuclear [Ni,CiH,] clusters obtained by treatment of [Ni(cdt)] with 3-hexyne would be very
interesting compounds. They exhibit quite large Ni, cluster cores that are only stabilized by weakly
coordinating ligands (only cdt, 3-hexyne and toluene are present in the reaction mixture). Therefore,
those compounds are of special interest for further treatment with ECp* ligands. Due to a recent
publication presenting the unprecedented splitting of C=C double bonds by a Nis cluster (Figure 40)

also C-H or CC bond activation reactions should be considered.*®

P'Prs
c
b / +Hy
+5 PhCH=CH —Ni, +2PPr,
—40°C //,\ 25°C
~3PhCH;CH3 s PhE
—2P"Pry “/;/ | S
|
PREE I =
S CH
P Pry PrsR
N e \
H— S—H + 2 HyC=CH;
o \I/—\J‘P iPry =00 P’JP\N;—/ N PP
W /al=H=N NRH - CoHg H // \/ H
- CH4 N,—— i
prp” e, "l S
[(Pr3P)NilsHg iPryp H PPy
1 2
PPrs
& HaC CH; e
+2 Me;Q-CHZ P / " NI +H;
0°C \ / 25 °C
— Me;CH ~HsC CH3
— Hy (removed PHP—N‘- 2N SINGRR
e N|
by vacuum) HZ n SSH
Ni—
Ny Vn.:vrq
PryP P'Pry

4

Figure 40: C=C double bond activation by a Nis cluster leading to the incorporation of a single C atom into the Nis cluster core.
Similar cooperative C-C or C-H activation reactions could potentially explain the nature of the [Ni,CxHy] clusters obtained by
treatment of [Ni(cdt)] with 3-hexyne. To proof this assumption a detailed experimental and quantum chemical investigation
has to be performed. Reprinted with permission from Shoshani et al., Nat. Chem. 2018, 9, 1282. Copyright 2018 Springer
Nature.

Furthermore, LIFDI-MS analysis proofed to be a reliable analytical tool to get profound insights into

diverse product mixtures in solution, without the need of laborious purification processes. Of course,
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the bad calibration so far has hampered the definite assignment of signals. The new calibration method
which at least allows the calibration of a specific mass range, but especially the new LIFDI-MS setup
that will be used in our group in the future will be very helpful to conquer this problem. Starting from
these results, the number of observed [Ni,(M'R),(UHC).] compounds can be easily increased by
variation of the reaction parameters (time, equivalents, temperature) and of course also by the nature
of ECp* and UHC. The future LIFDI-MS analysis work should also include isotopic labeling experiments
(toluene vs. toluene-dg) and the use of similar UHC compounds (3-hexyne, vs. 2-pentyne) to get a
deeper insight into doubtable product compositions as observed for example for the [Ni.CxH,] clusters.
Due to the valid expectation of diverse reaction pathways occurring in such reaction solutions (ligand
replacement, bond activation reactions, Cp* transfer reaction, see V .4.5 Synthesis and
characterization of [Niy(u-GaCp*)(u-GaNiCp*),(dvds),], etc) future LIFDI-MS studies will also face
puzzling experimental results at first sight. However, unpredictable reactivities could lead to
fascinating findings in future work. The combination of experimental LIFDI-MS and theoretical
calculations on the DFT-level of theory has shown to give complementary insights into diverse reaction
solutions. However, the choice of a reasonable starting geometry for the calculation of
[Nia(ECp*)b(UHC).] has to be based on profound structural knowledge of similar [Ni.(ECp*),(UHC)] and
[Nia(ECp*)p] compounds, especially with regard to unexpected reactions. Furthermore, detailed
studies of the interaction of UHC moieties with [Ni,(ECp*)s] fragments requires an elaborate
understanding of the bonding principles of high nuclear [Ni,(ECp*)s] clusters. Therefore, the isolation,
complete characterization and bonding analysis of selected [Ni,(ECp*)n(EtCCEt)], [Nia(ECp*)s] and

[TM4(ECp*)s(UHC) ] in general will still be necessary in the future.
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V.4 Polynuclear [Nia(M’R)p] clusters

V .4.1 Introduction to [Nia(M’R)p] clusters
Structural prototypes for [Nio(M’R)y(EtCCEt) ]

Experimental studies on polynuclear [Nio(M’R)s(UHC).] and concomitant investigations of the
underlying bonding principles of [Ni,(M'R)p]-(UHC) interactions require detailed knowledge of
structural motifs and bonding properties of similar polynuclear [Ni,(M’R)y] clusters. A diverse library of
[TMa(M’R)b(L)c] clusters proofs that ECp* and ZnR represent viable ligands to stabilize higher nuclear
[TMa] clusters. The ECp* and ZnR ligands can adopt terminal or bridging coordination efficiently
stabilizing the [TM,] core, by TM-M interactions and effective kinetic shielding due to the bulky Cp*
ligands.! 47 49 68,100-102 Hawevyer, there is only limited precedence of [Nia(M’R)s(UHC)c] and [Nia(M’R)p]
compounds. These include [Niy(C;H4)x(GaDDP)] (x=3,4), [Ni,(GaDDP)(cod)(PhCCPh);] and
[Ni3(C;H4)3(GaDDP),]. The latter compounds feature GaDDP ligands in bridging coordination to a Ni,-
dimer, and side-on as well as Ni,-bridging UHC moieties.>® Furthermore, in the dissertation of Tobias
Steinke the synthetic access of [Ni2(ECp*)s(C2Ha4)2]>* was described, however up to date no publishable
molecular structure determination was possible, due to bad crystal quality. From preliminary structure
determination, the ECp* ligands are estimated to adopt bridging positions on the [(C;H4)Ni-
Ni(C;Hs)]dimer. Treatment of [Ni2(ECp*)s(CzH4)2] with ZnMe; lead to the formation of [(ns-Cp*)-
Niz(ZnMe)s(ZnCp*)(ZnCp*)]. Besides the loss of weakly bound C,Hs, this reaction involves E/Zn
exchange and Cp* transfer from M’Cp* to Ni. In this compound, the Ni, dimer is bridged by four ZnMe
ligands.®” The assignment of Ni, bridging ECp* ligands in [Ni,(ECp*)3(C2Ha4)2] is supported by the
molecular structures of [TM,(ECp*)sLz] and [TM2(ECp*)s] (TM = Pd, Pt, L = CO, PPhs, CN'Bu).*® However,
the homologous compounds [Niz(ECp*)s], have not been described so far. In general, [TM3(ECp*)s]
clusters are of special interest for two reasons. In contrast to the respective [TM(ECp*)s] homologues,
the ECp* ligands in [Pd/Pty(ECp*)s] were shown to be kinetically labile and involved in fluxional
processes allowing ligand replacement reactions at the transition metal centers.”® Furthermore
[TM32(ECp*)s] form the simplest members in the series of high nuclear [TM,(ECp*),] clusters. Therefore,
the TM-TM and TM-E interactions in these compounds can be seen as the “prototypes” for bonding
interactions in polynuclear [TM,(ECp*)s]. An early quantum chemical study on [Pt,(GaCp*)s] (d(Pt-Pt):
2.58 A, twofold covalent radius for Pt: 2.76 A) described the Pt-Pt interaction as resulting from weak
d°-d® interactions based on NBO and QTAIM analysis.'® In contrast to this finding, iso-structural and

iso-valence-electronic [Ni,(CO)s] was described as featuring a Ni-Ni triple bond. R. Bruce King et al.
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theoretically analyzed (on the DFT level, BP86/DZP) the Ni-Ni bonding in the [Niy(CO)4] series (x = 7:
formal Ni-Ni single bond, x = 6 formal Ni-Ni double bond, x = 5 formal Ni-Ni triple bond).2** It was found
that [Niz(CO)s] would be surprisingly stable with respect to dissociation (in contrast to x = 6, 7). The
calculated short Ni-Ni distance of 2.19 A in [Ni,(CO)s] would be well below the twofold covalent radius
of Ni (2.48 A). In a different approach Pyykko et al. determined the single bond covalent radius for the
elements 1-118. The Ni-Ni single bond radius was determined to 2.20 A- the calculated Ni-Ni distance
in [Ni»(CO)s]. Despite the largely studied field of Ni carbonyl clusters'®, no experimental indications for
[Ni2(CO)s] are present in literature.162%7 nterestingly [Ni»(CO)s] is not only iso-valence-electronic (30
valence electrons) to the isolated [M»(ECp*)s] compounds but it is also predicted to be isostructural to
[TM2(ECp*)s] with three bridging and two terminal ligands. Therefore, some questions arise that we
want to address: Despite the existence of [Ni(CO)a], [Ni(ECp*)4]® and [M2(ECp*)s]¥7%% 193, ho dimeric
[Ni,Ls] compound has been obtained so far. i) Can [Ni,(ECp*)s] be synthesized and what would be its
structure? ii) How can the Ni-Ni bonding be described? What is the effect of the CO and ECp* ligands
on TM-TM bonding? iii) What can be learned regarding the bonding in higher nuclear clusters?

The syntheses of the related compounds [Pd2(ECp*)s] and [Pt2(ECp*)s] were accomplished by different
strategies (Figure 41).97%8 103 108 |jaand substitution starting from organometallic precursors like
[Pd,(dvds)s] or [Pt(C2H4)s] with GaCp* followed by dimerization processes is the most feasible synthetic
route. Additionally, treatment of higher nuclear clusters like [Pds(GaCp*"")4(dvds)] with GaCp*" results
in selective cluster “decomposition” yielding [Pd2(GaCp*™")s]. Another interesting access represents

the dimerization of [Pd(cod),] and [Pd(GaCp*)a).

[Pt(cod),] + [Pt(GaCp*),]

lGan*
PHCH,),) o2 (v, (Ecp*)s]l] <2227 [pd,(dvds),]

T 3.5 GaCp*P"

[Pd,(GaCp*Ph),(dvds)]

Figure 41: Established syntheses of [TM,(ECp*)s] (TM = Pd, Pt).
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V .4.2 Synthesis and characterization of [Niz(AlCp*)s]
The first [NisLs] compound

A journal manuscript dealing with [Ni,(AICp*)s] is currently under preparation.
The theoretical bonding analysis was performed in close collaboration with
the group of Prof. J.-Y. Saillard, Rennes, France.

Synthesis of [Ni,(ECp*)s] was not possible via the reaction of [Ni(GaCp*)s] and [Ni(cod),]. Therefore,
the access was tested via literature known [Nix(dvds)s].1%° Cooling of a concentrated hexane solution

to -30°C affords single crystals suitable for X-ray analysis (Figure 42).

Figure 42: Molecular structure of [Ni>(dvds)s] (displacement ellipsoids shown on the 50% probability level, hydrogen atoms
omitted for clarity). Selected interatomic distances (A) and angles (deg): Ni—C: 2.021(12)-2.107(10), Si-O:
1.6150(9) - 1.6424(15), Si1 — 01 — Si2: 129.33(9), Si3 — 02 — Si3a: 159.77(19).

The analysis of the long orange needles proves the dimeric structure with one bridging dvds ligand as
also found for [Pty(dvds)s].'*® The dvds ligand offers huge coordination flexibility, due to the
conformational freedom of the alkene moieties and the flexibility of the Si-O-Si backbone (range of Si-
O-Si angles (129.33(9) — 159.77(19)°).

Treatment of a toluene solution of [Nix(dvds)s] with 3 eq. AlCp* at 70°C results in the formation of
different [Niy(ECp*)s(dvds).] compounds as evidenced by LIFDI measurements of the reaction solutions
(see Figure S 23) Treatment of the same reaction solution with additional 3 eq. AlCp*, LIFDI-MS analysis
shows the formation of [Ni(AlCp*)s] (707.60 m/z, calculated for NiAl4sCsoHeo: 707.54 m/z) and
[Ni>(AlCp*)s] (926.23 m/z, calculated for NiAlsCsoH7s: 928.44 m/z) (see Figure S 25). This reaction
indicates the “decomposition” of higher nuclear Nix clusters by treatment with additional AlCp* as also

described above for [Pd3(GaCp*"")4(dvds)].1%®
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Using 6 eq. AlCp* and heating to 75°C for 15 min, the reaction mixture turns from orange to deep red.
Recrystallisation from n-hexane affords [Ni>(AlCp*)s] in pure form. The *H-NMR of the isolated product
in CsD¢ exhibits two signals in the expected range for Ni-AlCp* protons® 96168 3t 2.01 and 1.97 ppm
with a signal ratio of 2:3 indicating the existence of two distinct AlICp* groups (see Figure S 24).
Measurements at elevated temperatures (90°C in toluene-ds) does not lead to a coalescence of these
signals. The *C-NMR signals are in accordance to the 'H-NMR showing two sets of signals for the
distinct AICp* groups (see Figure S 26). LIFDI-MS measurement of the isolated compound confirms the
crystallization of [Niy(AICp*)s], showing the [M]* ion peak at m/z = 926.2 with the expected isotopic
pattern (Figure 43 a). Here, the calculated and measured LIFDI-MS signals match quite well, since the
spectrometer was externally calibrated to a polystyrene signal at the specific mass range of
[Niy(AICp*)s]. Single crystal X-Ray measurement unambiguously verifies the isolation of [Niy(AlCp*)s]

(Figure 43 b).
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Figure 43: a) Comparison of the calculated isotopic pattern of [Ni(AlCioH15)s] (top) to the measured LIFDI- MS spectrum
of the isolated solid showing [M]* = 926 m/z (bottom).
b) Molecular structure of [Ni,(AICp*)s]. Ellipsoids are shown at the 50% probability level. H atoms and disorders are

omitted for clarity. Bond lengths [A] and angles [°]: Ni-Ni=2.2702(15), Ni-Al1 = 2.2309(16), Ni-Al2 = 2.3088(12), Ni-

Al3 = 2.3209(16), Al1-Cp*centroid = 1.946, Al2-Cp*centroid = 1.940, Al3—Cp*centroid = 1.940, AI1-Ni-Ni=179.13(2), Al1-Ni-

Al2 = 118.90(4), Al1-Ni-Al3 = 120.11(3).
Indeed, [Nix(AlCp*)s] is isostructural to the already known [TM,(ECp*)s]*® compounds and the
calculated [Ni>(CO)s]*%, having three bridging and two terminal ligands at the central Ni-dimer. The Ni-
Ni distance of 2.2702(15) A is considerably shorter (about 8%) than twice the covalent radius of Ni
(2.48 A) and only slightly longer than the predicted Ni-Ni distance in [Ni,(CO)s] (2.20 A), hinting to the
presence of Ni-Ni interactions. The Ni-AlCp*erminat distances of 2.2309(16) A are in the range of other
Ni-AlCp* distances®®, whereas the Ni-AlCp*prigging distance is slightly longer with 2.31 A (average). The

Al-Cp*entroid distances are independent of the bonding mode of the AlCp* ligands and with about 1.94
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A comparable to literature known values.?> 8 Following the structural discussion, the nature of the
short Ni-Ni contact should be discussed. Considering the closely related [Ni»(CO).] (n = 7, Ni-Ni: 2.73 A;
n =6, Ni-Ni: 2.56 A; n = 5, Ni-Ni: 2.19 A;), the shortening of the Ni-Ni distance is most pronounced going
from n =6 to n =5. In [Niy(CO)s], the Ni-Ni distance of 2.19 A is about 12% shorter compared to the
covalent radius.® One could argue that this is an effect of the increasing number of bridging CO
ligands. In [Fe,(12-CO)3(CO)g], (34 valence electrons, formal Fe-Fe single bond), the Fe-Fe distance of
2.531(1) A is only about 4% shorter compared to the twofold covalent radius of Fe (2.64 A) despite
the three bridging CO ligands. Also for [{Ni(CNtBu):(p2-ZnCp*)(12-ZnMe)},] featuring four bridging ZnR
ligands, the Ni-Ni is with 2.572(1) A well above the Ni-Ni covalent interaction.*® Therefore, the short
Ni-Ni distance in [Ni,Ls] could be based on a delicate balance of several effects including the bridging
ECp* as well as Ni-Ni bonding interactions. In addition, for the large ECp* ligands, also steric

contributions and dispersion forces should be considered.
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V .4.3 Theoretical investigation on the Ni-Ni bonding in [Ni2(AICp*)s] and [Ni2(CO)s]

The following paragraph is based on a manuscript which was in part written by J.Y. Saillard.

To shed more light on the bonding situation of these [TM.Ls] compounds, an extensive theoretical
investigation was performed. [Niz(AlCp*)s] (HOMO-LUMO gap: 2.13 eV) was optimized at the DFT-level
of theory (BP86-D3(BJ)/TZ2P). The structural parameters compare reasonably well between
experiment and theory. For example, the Ni-Ni distance in [Ni,(AICp*)s] was calculated to 2.347 A
which is slightly longer than the experimental value of 2.2702(15) A. This deviation could be a result of
a shallow potential energy surface of with regard to the Ni-Ni distance (see Figure S 27). The predicted
Ni-AlCP*terminal @nd Ni-AlCpP*prigging Values are with 2.23 A and 2.32 A (average) in accordance to
experimental values. For comparison, [Ni>(CO)s] was recalculated using the same level of theory. The
Dsh structure with three bridging and two terminal CO ligands was confirmed to be a local minimum
with a Ni-Ni distance of 2.232 A, slightly longer than the value of 2.20 A obtained by King et. al.1*
NBO analysis of [Niz(AlCp*)s] reveals that the Ni atoms are negatively charged (-0.42 e) whereas the Ni
atoms are positively charged (0.33 e) in [Ni(CO)s]. This can be explained by the better m-accepting
properties of CO compared to AlCp* leading to a significant charge relocation to the CO ligands. For
both compounds [Ni,(AICp*)s] and [Ni2(CO)s] QTAIM analysis reveals bond critical points and bond
paths for the Ni-Ni interaction (Figure 44).

Figure 44: Plots of the Laplacian of electron density of [Niz(AICp*)s] and [Ni>(CO)s]. Solid lines indicate areas of charge
concentration and dotted lines indicate areas of charge depletion. The solid brown lines connecting atoms are bond paths
and the blue points resemble bond critical points. The orange dots indicate (-3;+1) ring critical points.

Comparing the curvature of the bond path between the Ni,dimer and the briging ligand L a significant
difference becomes obvious. The Ni-AlCp* bond path is inwardly curved in agreement to the

estimation of a large Al—>Ni, o-contribution. In contrast, the Ni-CO bond path is oudwartly curved
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which suggests higher contributions of Ni,—CO rt* donation.?® The Ni-Ni Wiberg bond indices for both
compounds [Niz(AICp*)s] and [Ni(CO)s] were predicted to 0.1.

The short Ni-Ni distance and the existence of BCP’s suggest significant Ni-Ni interactions for
[Ni(AICp*)s] and [Ni,(CO)s]. However, no formal bond description can be derived from these results.
In the following a simplified molecular orbital-based approach for the bonding in [Ni,(CO)s] shall be
developed. Subsequently the changes upon incorporation of AICp* instead of CO will be highlighted.
The bonding description of [Niz(CO)s] can be developed starting from the crude MO diagram illustrating
the interaction between (CO)-Ni...Ni-(CO) and the bridging (u-CO)s fragment (Figure 45).
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Figure 45: Simplified interaction MO diagram for Niy(CO)s. Only the 2-orbital/2-electron bonding interactions are
considered. The energy scale is arbitrary.
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Figure 45 only represents the 2-orbital/2-electron stabilizing interactions, which are principally
associated with the bonding between the two fragments. For the sake of simplicity, secondary
interactions associated with intermixing between several orbitals of same symmetry are neglected in
this first step. The (CO)-Ni...Ni-(CO) frontier orbitals are the in-phase and out-of-phase combinations
of the five 3d(Ni) AOs as well as the vacant 4p,(Ni) AOs and sp(Ni) hybrids. The frontier orbitals of the
(1-CO); fragment are the combinations of the three c-lone pairs (a’; + e’) and the three *(CO) orbitals
which are parallel to the Ni-Ni vector. The three other ©*(CO) orbitals, perpendicular to the Ni-Ni
vector, are involved in C=0 bonding and thus not considered at this stage of the analysis. The carbonyl
a’; + e’ lone pairs interact in a bonding way with the vacant sp(Ni) and 4p, combinations of the same
symmetry. The vacant a”; + e” ©*(CO) combinations interact in a bonding way with the occupied 3d(Ni)
combinations of 6* and o* nature. As a result, six occupied metal-ligand bonding MOs are built (a’; +
e’+a”;+ e”), to which the corresponding six antibonding vacant counterparts exist. These six bonding
electron pairs are associated with the six Ni-(u-CO) bonds. The other occupied MOs of [Ni>(CO)s] are
non-bonding with respect to metal-ligand interactions, but with respect to Ni-Ni interactions they are
of o, m, 8 and * character. Whereas the occupation of both = and t* cancels © bonding (four (e’ + e”)
7 lone pairs), one may wonder about 6 and & bonding. Within a localized 2-center 2-electron scheme
one o and two & bonds would require the existence of vacant ¢* and 6* MOs, associated with their
occupied bonding components. It turns out that this is not the case since the o* and 6* counterparts
are formally occupied and participate in metal-ligand bonding. Thus, the electrons occupying the 3d-
type levels of  and & character should rather be considered as metal lone pairs. From the strict point
of view of a localized 2-center 2-electron bonding description, the MO diagram depicted in Figure 45
corresponds to a [Niz(CO)s] Lewis structure without Ni-Ni bond.

It could be argued that the vacant e” and a”, MOs are in fact the “missing” o* and ©* counterparts of
the occupied o and = levels, thus completing the MO panel for a localized triple bond. However, a look
at the participation of the 4s(Ni) and 4p(Ni) AOs to the occupied orbitals of the (CO)Ni...Ni(CO)
fragment indicates minor involvement in metal-metal bonding.

Substantial through-bond Ni-Ni interactions are however present. They occur from the mixing of the
c* and &* orbitals with their ligand counterparts. This mixing leads to partial depopulation of these
metal-metal antibonding levels, thus creating Ni-Ni bonding. A similar effect is induced by mixing of
the vacant a’; and e’ levels with CO lone-pair combinations, significantly populating these Ni-Ni
bonding orbitals. Introduction of intermixing between several orbitals of same symmetry (in particular
the non-negligible /6 and ©*/8* mixings), yields supplementary stabilization. Moreover, the e’

combinations of the three ©*(CO) orbitals which are associated to C=0 bonding (perpendicular to the
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Ni-Ni vector, not represented in Figure 45), are also somewhat participating to bonding interactions
with occupied 3d levels. The occupation of all the fragment orbitals discussed above are summarized
in Table 11.

Table 11: Occupation of the frontier orbitals of the L-Ni...Ni-L and (p-L)3 fragments in [Niz(L)s] (L = CO, AICp) in D3h
symmetry. Due to the overall higher symmetry, here [Ni>(AlCp)s] was calculated.

[Ni2(CO)s] | [Nir(AlCp)s]
o(*sp) 0.03 0.01
T*(4p) 0.02 0.05
i(4p) 0.90 0.96
o(sp) 0.66 1.20
o*(3d) 1.54 1.60
7*/8%(3d) 7.62 7.75
7/5(3d) 7.31 7.30
o(3d) 1.89 1.72
e’ (n*-ligand) 0.47 0.34
e” (m*-ligand) 0.30 0.15
a”, (m*-ligand) 0.46 0.48
e’ (ligand lone pairs) 3.28 2.98
a’1 (ligand lone pairs) 1.43 1.27

It appears from these values that the occupation of the Ni-Ni bonding orbitals of the metallic fragment
largely overpasses those of the antibonding ones. In particular, substantial bonding is induced by
occupation of diffuse o(sp) and m(4p) levels. The data corresponding to the isoelectronic [Niz(AlCp)s]
complex is also provided in Table 11 assuming D3, pseudo-symmetry. These values are a bit more
approximate because of the actual lowest symmetry (Cs) of the molecule. First of all, one may wonder
about the existence and capabilities of vacant accepting orbitals of the AlCp* fragments, which would
play the same role as the ©*(CO) orbitals. It turns out that the vacant Al-Cp* antibonding orbitals have
similar shape, localization and energy as the n*(CO) orbitals (see Figure S 28). The values given in Table
11 indicate that with respect to nickel, AICp* is only slightly less m-acceptor than CO. On the other
hand, it is a better o donor. The values associated with the occupation of the metallic fragment orbitals
are similar to those obtained for [Ni>(CO)s], with exception of the o(sp) frontier orbital which is

doubled, indicating even more Ni-Ni bonding interaction.
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V .4.4 Summary of [Ni2(AlCp*)s]

In summary the successful synthesis of [Ni,(AICp*)s] as the first isolable congener of the experimentally
unknown [Niy(CO)s] was presented. The compounds [Ni,Ls] (L = CO, ECp*) are the smallest clusters in
the homologue series of [NixL,] clusters and therefore allow the investigation of fundamental metal-
metal interactions in regard to high nuclear clusters. X-Ray crystallography of [Ni,(AICp*)s] reveals a
very short Ni-Ni distance of only 2.2702(15) A, in accordance to the short Ni-Ni distance in [Ni»(CO)s].
Together with theoretical results, this hints to a Ni-Ni bond. Detailed theoretical investigations reveal
that the Ni-Ni bond is a result of mixing of Ni, and Ls based ligands. The synthetic success of the
[Ni(AICp*)s] synthesis in contrast to the experimentally unknown [Ni;(CO)s], can be explained by
effective shielding of the Ni, core by the sterically demanding but still flexible AICp* ligands. The steric
shielding has already been shown to stabilize high nuclear clusters, like [Cus(AICp*)s(H4)]? and even the
open-shell cluster [Cuss(AlCp*)12]**?113, In addition, the strong o donating and weak 1 accepting
properties of AlCp* in contrast to CO strengthens the Ni-Ni interactions, potentially enabling the
formation of higher nuclear ECp* protected Ni° clusters. The fact that most of the isolated Ni carbonyl
clusters possess negative charge further substantiates this assumption.'®> We showed that the Ni-Ni
bonding interactions is stabilized by interactions with AlCp* potentially being the basis for higher
nuclear [Nin(ECp*)m] clusters. Furthermore, detailed understanding of the bonding in transition metal
dimers as the “simplest” compounds featuring direct TM-TM interactions will help to access and
understand higher nuclear [TM(L),] clusters in future. Furthermore, [Ni(AICp*)s] is an additional
representative for the Ni,-bridging ECp* motif, that was also predicted for [Nis(GaCp*)4(EtCCEt),].
Furthermore, the shortest Ni-Ni distance in [Nis(GaCp*)4(EtCCEt),], which is bridged by two GaCp*
ligands, was calculated to 2.28 A in accordance to the experimentally observed Ni-Ni distance in
[Ni(AICp*)s]. This substantiates the structural relationship of dimeric [TM3(ECp*)s] compounds with
higher nuclear [TM,(ECp*)s] as well as [TMa(ECp*)u(UHC).].
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V .4.5 Synthesis and characterization of [Niz(u-GaCp*)(u-GaNiCp*)2(dvds);]
Unexpected Cp* transfer from Ga to Ni

The results in this chapter were obtained by Maximilian Muhr during his master thesis.
A journal manuscript dealing with the results of this chapter is currently under preparation. The
master thesis by M. Muhr was supervised by the author of this dissertation.

Reaction of [Niy(dvds)s] with AICp* results in the formation of [Ni(AlICp*)s] and [Nix(AlCp*)s] as side
product. For the [Ni(ECp*)n(PEts3)s.n] complexes, a decisive difference in Ni-ECp* bonding was observed.
In contrast to the kinetically inert Ni-AlCp* bond, the Ni-GaCp* bond was shown to be labile allowing
ligand displacement reactions. Furthermore, the [TMz(GaCp*)s] compounds (TM = Pd, Pt) undergo
ligand exchange reactions when treated with CO, PPhs; and AICp*.*® In addition trinuclear
[Pd3(GaCp*P")4(dvds)]**® as well as tetranuclear [Nis(GaCp*)3(CNtBu);] and [Pda(GaCp*)s(CNPh)4]%®
[TML(ECp*)uLc] compounds can be synthesized. Furthermore, there is experimental evidence for a M4
[(NisGap)(Cp*)e] (a+b = 14) cluster. A unambiguous determination of the elemental composition and
assignment by single crystal X-ray diffraction was hampered by bad crystal quality, the low solubility
of this compound and the similar X-ray scattering factors of Ga and Ni.'%4

The number of different Ni.Ga, clusters in contrast to the few examples of Ni,Al, underlines the
diversity of [TM.Gays] cluster. Therefore, the access of [Ni,Gay] clusters shall be tested starting from the
promising precursor [Nix(dvds)s].

Treatment of [Niy(dvds)s] with 7 eq. GaCp* and subsequent analysis of the reaction mixture by LIFDI-

MS shows the formation of several [Ni.(GaCp*),(dvds).] species. This finding is in contrast to the
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Figure 46: LIFDI-MS spectrum of the reaction of [Niz(dvds)s] with 7 eq. GaCp* at room temperature. The assignment of
the different signals is ummarized in the following table.
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comparable reaction using AlCp*, where the addition of 6 eq. AlCp* solely results in the formation of

[Ni(AlCp*)4] and small quantities of [Niz(AlICp*)s].

Table 12: Preliminary assignments of the observed mass signals to [Ni,(GaCp*)s(dvds).] compounds. The term “Ni8Ga6” will
be explained in chapter and 5.5.6.

Observed mass
Proposed compound
(m/z)
451.3 [Ni(GaCp*)(dvds)] (450.05 g/mol)
879.9 [Ni(GaCp*)4] (878.51 g/mol)
1017.7 [Nis(GaCp*)2(dvds),] (1017.48 g/mol)
1181.8 [Ni3(GaCp*)4(dvds)] (1182.29 g/mol)
1224.0 [Nig(GaCp*)s(dvds)] (1222.43 g/mol)
1640-1710 “NigGag”

After adjusting the reaction conditions the isolation of [Ni(GaCp*)(dvds)] could be achieved. This
compound can be accessed by treatment of [Ni(dvds)s] with two eq. GaCp* at -30°C in toluene. At this
low-temperature pure [Ni(GaCp*)(dvds)] crystalizes from the reaction solution as orange crystalline
solid. The solid material, as well as its solutions have to be handled at low temperatures as it
decomposes over time at ambient temperatures.

The *H NMR spectrum of freshly prepared solutions of [Ni(GaCp*)(dvds)] shows three doublets of
doublets between 2.69 and 3.01 (olefinic H, 6H), a singlet at 1.84 (GaCp*, 15H) and two singlets at 0.57
and -0.05 ppm (SiMe groups, 12H). The 3C NMR spectrum fits to the observed signals of the *H-NMR.
The signal for the ring carbon atoms and the adjacent CHs groups are found at 113.8 and 9.2 ppm
respectively, in accordance to other Ni-GaCp* compounds. 891 % The signals of the dvds ligands at
55.2,47.5,1.9 and -0.4 ppm are only slightly shifted compared to [Ni,(dvds)s].}*

Single crystals suitable for X-ray analysis were obtained from cooled toluene solutions at -30°C after

several days (Figure 47).
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Figure 47: Molecular structure of [Ni(GaCp*)(dvds)]. Hydrogen atoms are omitted for clarity. The displacement
ellipsoids are shown at the 50 % probability level. Selected interatomic distances (A) and angles (°): Ni-Ga: 2.2527(3),
Ni-C(dvds): 2.00 (average), Ga-Cp*centroig: 1.941, Si-O-Si: 129.08(1).
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The Ni-GaCp* distance of 2.2527(3) A is in the range of other Ni-GaCp* distances but slightly elongated
compared to [Ni(GaCp*)a] (2.2188(5) A). The Ga-Cp* centroid distance of 1.941 A is slightly shorter
than in [Ni(GaCp*)4] (2.003(4) A). ° The dvds ligand adopts a terminal coordination mode as it was also
found in [Niz(dvds)s]. [Ni(GaCp*)(dvds)] featuring only 16 valence electrons at the central Ni atom is a
very promising candidate for further reactions. In addition to the low-coordinated central Ni atom, it
features a weakly bound dvds ligand and a potentially weak Ni-GaCp* bond.

Addition of different equivalents GaCp* to a freshly prepared solution of [Ni(GaCp*)(dvds)] and
analysis via 'H-NMR revealed a fast exchange process between ligated and free GaCp* ligands. The H-
NMR of free GaCp* (1.93 ppm) and [Ni(GaCp*)(dvds)] (1.84 ppm) show a single coalesced signal (see
Figure S 29). The chemical shift of this signal depends on the applied equivalents of free GaCp*. Using
1 eq. GaCp*, the coalesced signal shows no sign of splitting upon cooling to -95°C (see Figure S 30).
This observation hints to a very low activation barrier for the GaCp* exchange. DFT calculations (BP86-
D3/def2-TZVPP) for the reaction of [Ni(GaCp*)(dvds)] with free GaCp* to [Ni(GaCp*),(dvds)],
representing a plausible intermediate in the GaCp* exchange, indicate that the reaction energy is
rather balanced with [Ni(GaCp*).(dvds)] being favored by only 5kcal/mol compared to
[Ni(GaCp*)(dvds)] and free GaCp*. In addition, treatment of [Ni(GaCp*)(dvds)] with PEts results in the
formation of [Ni(PEts)(dvds)] (calculated: 363.3 m/z) as evidenced by the signal at 362.9 m/z obtained
by LIFDI-MS measurements of the reaction solution. Taken together, this underlines a readily
dissociating GaCp* ligand in [Ni(GaCp*)(dvds)] which might be beneficial for the formation of higher
nuclear clusters.

Time-dependent ex-situ LIFDI-MS measurements of a heated toluene solution of [Ni(GaCp*)(dvds)]
indicate the initial formation of a species with the molecular mass 1219.7 m/z. This species seems to
be unstable under the applied reaction conditions and new species form in the mass range between
1640 and 1720 m/z. The former species can be selectively synthesized upon heating of solid
[Ni(GaCp*)(dvds)] to 110°C in vacuo. LIFDI-MS measurements of a toluene solution of the remaining
brown residue shows the selective formation of [(NisGas)(Cp*)s(dvds),] (calculated 1222.4 m/z) as the
intermediate species. Single crystals suitable for X-ray crystallography were obtained by cooling of a
concentrated hexane solution to -30°C. The single crystal structure unambiguously reveals a
transmetallation of Cp* from Ga to Ni. Therefore the overall molecular formula of this compound

should be written as [Niz(u-GaCp*)(u-GaNiCp*),(dvds),] (Figure 48).
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Figure 48: Molecular structure of [Niy(u-GaCp*)(u-GaNiCp*),(dvds),]. Hydrogen atoms and disorders are omitted for
clarity. The displacement ellipsoids are shown at the 50 % probability level. In the bottom representatjons, the organic
ligand shell is faded for a better visibility of the metallic cluster core. Selected interatomic distances (A) and angles (°):
Ni1-Nil’: 2.339(2), Ni1l-Gal: 2.39 (average), Nil-Ga2: 2.362(3), Ga2-Ni3: 2.33 (average), Ni3-Cp*centroid: 1.80 (average),
Gal-Cp*centroia: 2.008, Nil-olefinic C: 1.92-2.08, Ni2-olefinic C: 2.00-2.02 , Ga-O: 2.80-2.89, Si-O-Si: 140.0-142.0.
The arrangement of the inner Ms atoms is reminiscent of the structure of [TM2(ECp*)s] (TM = Ni, Pd,
Pt; E = Al, Ga). In these compounds the central TM; unit is bridged by three ECp* ligands and each TM
atom is coordinated by terminal ECp*. In [Niz(u-GaCp*)(u-GaNiCp*)2(dvds),], the central Ni,-dimer is
coordinated by one GaCp* ligand and two bare formally Ga® atoms. Each Ga atom is bound to an
additional Ni'Cp* unit. The metal core structure is further stabilized by two dvds ligands arranged in a
bridging coordination between Nil and Ni3. Moreover, the coordination mode of the dvds ligand to
the Ni, unit is disordered, showing two preferred orientations. Therefore, the alkene unit either
coordinates in parallel or perpendicular to the Nil-Nil’-Gal plane, giving two different isomers The
Ga2-0 distance of only 2.80 A suggest a stabilizing Ga-O interaction. Therefore, in addition to its
flexible coordination mode, dvds helps to stabilize the bare Ga® atom. Compared to [Ni,(AlCp*)s] (Ni-
Ni distance: 2.2702(15) A), the distance of the central Ni, dimer is slightly elongated to 2.339(2) A. The
remaining intermetallic distances, including the unprecedented Cp*Ni'-Ga® distance are in the range

for other Ni-Ga interactions.®” ® An additional observation that supports the metal assighment is based

on the M-Cp* entroid distances. The Ga-Cp* centroid and Ni-Cp* centroid distances differ by about 0.2 A. The
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Ga-Cp*centroid distance of 2.008 A is in the range found for other Ga-Cp*centroid distances as, e.g.
[Ni(GaCp*)a] (2.003(4) A)®* and [Ni(GaCp*)(dvds)] (1.941 A). In contrast the Ni-Cp*centroid distance of
about 1.80 A relates well to Ni-Cp centroid distances found in [(ns-Cp)Ni[(iPrsP)Nila(pa-H)2(ps-T1)]
(1.788 A) ™° and [(ns-Cp*)Niz(ZnMe)s(ZnCp*)(GaCp*)] (1.752 A)¥” DFT calculations further support the
metal assignments. Only the metal assignment presented above reproduces the experimental crystal
structure. At the BP86-D3/def2-TZVPP level of theory, e.g. the Ni-Ni in the Ni, unit was calculated to
2.36 A, only slightly longer when compared with the experimental distance.

Based on the experimental crystal structure a definite assignment of the NMR-data (Figure 49) was
possible. The unprecedented Cp* transmetallation from Ga to Ni as well as the two possible isomers
resulting from the different coordination modes of the dvds ligand lead to rather complicated NMR
spectra.

The 'H NMR shows several signals for the SiMe (0.43-0.12 ppm) and olefinic protons (3.75-2.55) of the
dvds ligand. The large number of signals and their broad range is in accordance to the observed
disorder of the dvds ligand and the coordination of the alkene-moieties to distinct Ni%/Ni'-sites. The
observation of different isomers is further supported by the *C NMR signals of the dvds ligand. The Si-
Me groups lead to two sets of signals between 3.0 and -1.0 ppm. One set of signals gives eight peaks
for eight distinct SiMe groups. The other signal set only consists of four signals of twofold intensity
compared to the aforementioned signals referring to an isomer of higher symmetry. The same applies
to the olefinic carbon atoms which are found in the range between 46 and 62 ppm. Furthermore, five
signals appear in the 'H-NMR in the range of the M-Cp* protons at 2.06, 1.90, 1.88 and two overlapping
signals at 1.84 and 1.83 ppm with an integration ratio of 15:6:3:15:6. An unambiguous assignment to
NiCp*/GaCp solely based on the 'H chemical shifts of the Cp* protons is not possible, since GaCp*
protons can span quite a large range between 2.2 and 1.8 ppm.®% & 81 However, 3C NMR and *H/*3C
2D HMBC (heteronuclear multiple bond correlation) NMR support the assignment of the GaCp*/NiCp*
signals (see Figure S 32). In the 2D experiment, the *H NMR signal at 2.06 ppm is coupled to the
13C signal at 114.3 ppm, whereas the signals between 1.90 and 1.83 are coupled to the 3C signals at
98 and 97 ppm. This is in accordance to literature data for the *C chemical shifts of GaCp* (120-110
ppm)®% 8 81 gnd Ni'Cp* (reference: 93 ppm!?®). The observed splitting of the Ni-Cp* signals can be
attributed to the existence of the two different isomers. In one isomer, the Cp* ligand can freely rotate
around the Ni-Cp* axis whereas in the other one rotation is suppressed. Therefore, the signal with an
integration ratio of 15 can be assigned to the first isomer and the signals with integration ratio 6:3:6

can be attributed to the latter isomer.
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Figure 49: H (top) and 13C (bottom) NMR spectrum of [Niy(p-GaCp*)(u-GaNiCp*)z(dvds),]. The insets show the 1H-
NMR range for the MCp* protons and the 3C-NMR range for the SiMe groups respectively.

The Cp* bound to Ga can rotate freely around the Ga-Cp*centroid axis for both isomers even when
lowering temperature to -90°C. However, a splitting of the GaCp* signals due to the two isomers is
obtained upon cooling to -20°C (Figure S 31). The reason for the observed splitting of the NiCp* signals
has so far not been understood. A potential explanation for this observation could be based on

unexpectedly strong H H interactions from dvds to NiCp* which would be supported by short H-H
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contacts found in the experimental crystalstructure (lowes (Ni-Cp*)H-H(dvds-Ni) distance 2.05 A). A
further explanation could be based on a C-H activation of the Cp* ligand (e.g. by Ga®), whereas no
tilting of the NiCp* ligand towards Ga can be observed. Therefore, both explanations seem to be rather
unlikely and further investigations have to be performed. For instance, NMR studies at higher
temperatures, or the detection of potential M-H signals could give helpful insights into this puzzling
observation. Furthermore, the mechanism of the solid-state reaction leading to the formation of
[Ni>(pu-GaCp*)(u-GaNiCp*),(dvds),] should be investigated. Preliminary results have already been

obtained by Maximilian Muhr during his master and PhD thesis.
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V .4.6 Summary of [Niz(u-GaCp*)(u-GaNiCp*)2(dvds),] and the implications on the debated
[Nig(GaCp*)e]

Comparing the reactivity of AlCp* and GaCp* towards [Nix(dvds)s] significant differences were
observed. First of all, the main product afforded by reaction with AlCp* is the long-known [Ni(AlCp*)4]®
whereas the Ni,-dimer [Niz(AlCp*)s] is obtained as a side-product. Only when applying 1-3 eq. AlCp*
higher nuclear NixAl, species can be observed as well. This result is in stark contrast to the reactivity of
GaCp*. Even treatment of [Niy(dvds)s] with 7 eq. GaCp* results in the formation of a huge set of NixGay
compounds. The difference can be explained by the stronger Ni-AICp* bond compared to the Ni-
GaCp*, favoring the formation of the 18 valence electron complex [Ni(AICp*)4].” In addition, the Ni-
GaCp* bond was shown to be kinetically active and can undergo ligand exchange reactions. This was
observed for the Ni-GaCp* interactions in [Ni(GaCp*)n(PEts)s.n]. These findings are in contradiction to
published literature, where the TM-ECp* bond was proposed to be kinetically inert. Due to the lower
Ni-Ga bond strength together with its kinetic lability, the formation of unsaturated Ni/Ga species is
favored compared to the corresponding Ni-Al species. These low-coordinated Ni-Ga species are
involved in diverse reactions in solution finally resulting in the formation of higher nuclear [Ni,Gay]
clusters.

Therefore, [Ni(GaCp*)(dvds)] represents a very interesting compound. The 16 valence electron Ni
center features a free coordination site, a labile Ni-GaCp* interaction and the dvds ligand which can
be replaced during reactions. This was shown to be beneficial for the formation of the NisGas cluster
[Niz(pu-GaCp*)(u-GaNiCp*),(dvds),]. The latter compound revealed a new fascinating structural motif.
During the formation of [Niz(u-GaCp*)(u-GaNiCp*),(dvds),], the transmetallation of Cp* from Ga to Ni
takes place resulting in the formation of a Ni'Cp* moiety. Therefore,
[Niz(pu-GaCp*)(u-GaNiCp*),(dvds),] can be seen as a nano-alloy featuring a zerovalent Ni>Ga, core
structure. Mechanistic studies on the formation process of this compound are currently under
investigation by Maximilian Muhr. The observed Cp* transmetallation from Ga to Ni, is an additional
difference between GaCp* and AICp*, since for the latter such a reactivity has not been observed so
far. This transmetallation might also be a reason for the access of different [Ni.Gap] clusters in contrast
to the few [Ni,Al,] examples.

The observed transmetallation has significant impact on a reoccurring scientific question of the Fischer
group that has been unsolved for years dealing with a high nuclear NixGa, cluster. For instance, in the
LIFDI MS spectra of the reaction mixtures containing [Nis(GaCp*)4(EtCCEt),] (1218.1 g/mol) or [Niy(u-
GaCp*)(u-GaNiCp*),(dvds),] (1222.4 g/mol) signals at higher mases (1640-1710 m/z) have been
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observed and attributed to the NixGay cluster. These signals are also obtained by treatment of different
NiL, precursors with GaCp*, like [Ni(cod)], [Ni(cdt)] or [Niz(dvds)s]. Based on the low solubility of the
unassigned NixGay cluster, the single crystals obtained directly from reaction solutions were usually of
very low quality showing a huge degree of disorder, which together with the similar scattering factors
of Ni and Ga impedes a clear-cut structural characterization. From the crystal structure, a My4 cluster
core featuring an octahedrally coordinated Cp*;s shell is clearly visible. Based on elemental analysis,
the molecular composition [Nig(GaCp*)s] was proposed for the Ni,Gay cluster.’'* However, preliminary
results from Maximilian Muhr, Max Schiitz, Lena Staiger and of this dissertation lead to a more
conclusive picture. This “compound” actually represents a mixture of at least three co-crystalized
clusters of the sum formula [(Ni;Gag)Cp*s] (M = 1640.6 g/mol), [(NisGas)Cp*e] (M = 1651.6 g/mol) and
[(NizGa7)Cp*s] (M =1710.3 g/mol). Depending mainly on the Ni-precursor, different ratios of these
cluster are obtained in reaction solutions. All clusters feature an octahedral Cp* shell and similar
molecular dimension which results in their co-crystallization, explaining the huge degree of disorder
present in the crystal structure determination. The present results obtained from the precursor
[Niy(dvds)s], which allows stabilization of the intermediate-sized cluster
[Niz(u-GaCp*)(u-GaNiCp*)a(dvds),] substantiates the occurrence of NiCp* moieties in these
compounds as well. For a more detailed description of these compounds, | refer to the ongoing work
of Muhr, Schiitz and Staiger.

Besides the structural implications on “[Nig(GaCp*)s]”, the occurring Cp* transmetallation from Ga to
Ni might also occur in the reaction of [(cod)Ni(EtCCEt)Ni(cod)] with GaCp* vyielding
[Nis(GaCp*)a(EtCCEt),] as presented in chapter V .3.2 Synthesis of [Ni4(GaCp*)4(EtCCEt),]. Therefore,
future investigations of [Nis(GaCp*)4(EtCCEt),] aplyying H, 3C and 2D H/**C HMBC NMR shall give
valuable information about a potential Cp* transmetallation in this case. However, a concluding
structural description will only be possible based on molecular structure determination by single
crystal X-Ray diffraction. To access further [Ni,Gan(UHC)(Cp*)4] complexes, which shall increase the
structural knowledge of such compounds, [Ni(GaCp*)(dvds)] as well as [Niy(p-GaCp*)(u-
GaNiCp*)z(dvds),] shall be treated with different UHCs. For both compounds, featuring potentially

labile dvds ligands, the formation of interesting [Ni.Gap(UHC)(Cp*)a] compounds is expected.
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VI Conclusion and Outlook

Based on a computational study, molecular [Ni(M'R)s(UHC)sn] (M’=Al, Ga, Zn, R=Me, Cp*,
UHC = unsaturated hydrocarbons, e.g. C;H; and C;Hs n = 1-3) compounds where shown to exhibit
coordination modes of unsaturated hydrocarbons that are reminiscent of substrate-surface
interactions found on solid state intermetallic TM/M’ (TM = Pd, Fe, Co, Ni, Cu, M’ = (Ag), Al, Ga, Zn)
semihydrogenation catalysts.® Therefore, a conceptual link between molecular [TMa(M’R)(UHC).]
compounds and intermetallic solid state TM/M’ catalysts for semihydrogenation is proposed. In
analogy to the solid state TM/M’ intermetallics, the M’ coordination in molecular [Ni(M’R),(UHC)s.r]
complexes was shown to have a pronounced influence on Ni-UHC bonding in molecular
[Nia(M’R)s(UHC).] as well. The computational study reveals unique Ni-M’ bridging coordination modes
for CoH; in [Ni(AICp*)2(CaH2)2] and [Ni(ZnR)4(C2H,),]. This bridging coordination mode was however not
observed for the ethylene compounds [Ni(AlCp*)2(C2H4)2] and [Ni(ZnR)4(CzHa4)2] where ethylene solely
coordinates to the central Ni atom. The Ni-M’ bridging C;H, coordination mimics PdGa bridging C;H,
coordination to a trinuclear PdGa; site as determined for the solid state PdGa catalyst.? Relating the
results presented for the [Ni(M’R),(UHC)s.n] to the catalytic semihydrogenation on heterogeneous
TM/M’ intermetallics, the molecular compounds indicate that acetylene is strongly chemisorbed to
and highly activated by the Ni-M’ bridging coordination mode which would facilitate alkyne
hydrogenation. However, the weaker Ni-C;H4 physisorption would suppress over-hydrogenation to
C,He, by CH4 desorption (i.e. dissociation in case of molecular complexes).

The initial synthetic strategy to access [Ni(M’R)n(UHC)s.n] complexes by late-stage introduction of UHCs
was based on ligand exchange reactions from [Ni(M’R)n(PEts)an] (n=1-3) precursors featuring
preformed Ni-M’R bonds. However, a combined experimental and theoretical study revealed that
phosphine dissociation, which is commonly known for [Ni(PRs)s]’, is strongly suppressed by
introduction of M'R in the series of [Ni(M’R)n(PEts)s.n] compounds. The M'R ligands cause a significant
Ni-P bond polarization as a plausible explanation for the Ni-P bond strengthening.5!

The reported reductive elimination of H-SiEts from [(H)(SiEts)Ni(AlCp*)s] to access the low-coordinated
and highly reactive [Ni(AICp*)s] fragment® was used as a motivation for the experimental access of
[(H)(SiEt3)Ni(AICp*)3-n(ZNnR)2n] (n=0-3) compounds. However only the complexes with n=1
[(H)(SiEt3)Ni(AlCp*)2(ZnCp*)(ZnMe)] and n =2 [(H)(SiEts)Ni(AICp*)(ZnCp*).(ZnMe),] can be accessed.
From  [(H)(SiEt3)Ni(AICp*)(ZnCp*):(ZnMe);], H-SiEts can be replaced by PEt; vyielding
[(PEt3)Ni(AlICp*)(ZnCp*)2(ZnMe),] which is a good indication for the intermediate formation of a low-

coordinated [Ni(AlCp*)(ZnCp*)2(ZnMe),] species. Therefore, the [(H)(SiEts)Ni(AICp*)s.n(ZnR)2n] (n = O-
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2) precursors could potentially allow the synthesis of [(UHC)Ni(AICp*)3-n(ZnR)2n] (n = 0-2) compounds
which should be tested in subsequent studies.

A new synthetic strategy based on the early-stage functionalization of common Ni precursors with
UHCs and subsequent introduction of M’ was developed and could be shown to be a promising and
universal access to [Ni(M’R)n(UHC)s.n] compounds. Reaction of [Ni(cod),] with the internal alkyne 3-
hexyne and subsequent treatment with GaCp* affords different [Nia(GaCp*),(EtCCEt).] compounds like
e.g. [Nis(GaCp*)4(EtCCEt),]. The unexpected kinetic lability® of the Ni-GaCp* bond as observed for
[Ni(GaCp*)n(PEt3)s-n] and [Ni(GaCp*)dvds] is the main cause for the synthetic access of diverse NiGa
clusters and was shown to be beneficial for the formation of the NisGas cluster
[Ni(n-GaCp*)(u-GaNiCp*)a(dvds),]. The latter compound revealed a new fascinating structural motif.
During its formation, the transmetallation of Cp* from Ga to Ni takes place resulting in the formation
of a Ni'Cp* moiety. Therefore, [Nix(u-GaCp*)(u-GaNiCp*)2(dvds),] can be seen as a nano-alloy featuring
a mixed NiGa core structure. It has to be noted, that the transmetallation has so far not been observed
for related [Pd.Gap] and [Pt.Gayp] clusters.98 18 The observed transmetallation has significant impact
on the current research on other NiGa clusters. For instance, based on this observation the debated
[Nig(GaCp*)e] cluster could be identified as a mixture of [(NixGa,)Cp*e]*** (x =6,7; y =6,7) clusters
featuring NiCp* moieties. Furthermore, for the presented [Nis(GaCp*)4(EtCCEt),;] Cp* transmetallation
should be considered as well. For the Ni/Ga system the lability of the Ni-GaCp* bond and the
unexpected Cp* transmetallation from Ga to Ni favors the formation of high nuclear [Ni,Gap] clusters.
This contrasts with the Ni/Al system, where the kinetically stable and thermodynamically strong Ni-
AICp* largely suppresses cluster growth reactions. Only the isolation of dimeric [Niy(AlCp*)s] was
successful so far. For [Niy(AlCp*)s] the short Ni-Ni distance of 2.2702(15) A together with the results of
quantum chemical calculations at the DFT level of theory support the assignment of a Ni-Ni bonding
that is stabilized by the interaction with the surrounding AICp* ligands. Expanding this result, the ECp*
ligands seem to have a beneficial influence on TM-TM bonding potentially being the basis for the large
number of [TMn(ECp*)m] clusters.**#” In addition, such clusters are kinetically stabilized by the steric
shielding of the bulky Cp*. This interplay of electronic and kinetic stabilization allows the isolation of
highly reactive cluster species as recently achieved for the open shell [(CussAl12)Cp*12] cluster,10% 113
Screening of suitable reaction conditions to access particular [Nia(GaCp*)s(L).] compounds, as e.g.
[Nis(GaCp*)4(EtCCEt),] and [Niz(u-GaCp*)(u-GaNiCp*),(dvds),], necessitates the establishment of new
analytical techniques. For instance, the assignment of [Ni(M’R)n(PEts)s-n] compounds in reaction
mixtures is usually possible based on the chemical shift of the 3P NMR signal. However, as discussed

for [Niy(u-GaCp*)(u-GaNiCp*).(dvds),], the assignment of the H/**C NMR signals is not
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straightforward. Furthermore, NMR signals do not give the number and ratio of TM/M’ in the cluster
core. The mild ionization of the liquid injection field desorption ionization mass spectrometry (LIFDI-
MS) technique largely suppresses fragmentation processes usually allowing the characterization of the
molecular ion peak [M]* of different product species in solution. Therefore, LIFDI-MS represents an
efficient strategy for rapid screening of reaction conditions resulting in different product distributions
for the investigation of other TMM’ systems. However, the method should be further improved to
reveal the products obtained from treatment of [Ni(cdt)] with 3-hexyne in toluene. The measured
LIFDI-MS spectra of this reaction solutions suggest the formation of different Ni, clusters [Ni,CH,]
(a=8,9, 10, 12) based on the respective isotopic patterns. Based on a recent publication, C-H or CC
bond activation reactions should be considered during the formation of high nuclear [Ni,CiHy]
clusters.®® Furthermore, those compounds are of special interest with respect to their reactivity
towards GaCp* since the formation of high nuclear Ni/Ga clusters can be envisioned.

Based on the promising theoretical results for [Ni(M’R),(UHC)4.], especially for M’ = Al, Zn, the
experimental access to [TMa(M’R)p(UHC)] should be investigated in the future. The access to
[Nia(AICPp*)s(UHC).] could be achieved applying similar reactions conditions as for the formation of
[Nis(GaCp*)4(EtCCEt);] or [Niy(u-GaCp*)(u-GaNiCp*)z(dvds),]. The so far unobserved Cp*
transmetallation from AICp* to Ni could be beneficial for the formation of [Ni,(AlCp*)s] “core-shell”
clusters. However, the formation of kinetically inert [Ni(AICp*)4] has to be suppressed potentially by
addition of low amounts of AICp*. Furthermore, the synthetic target could be changed to Pd/Al or
Pd/Ga clusters. For both systems, the Pd-E bond were calculated to be weaker than the Ni-E bonds!!®
which might be beneficial for the formation of higher nuclear clusters by Pd-E dissociation/association
processes. In addition, no Cp* transmetallation from ECp* to Pd has been reported so far even though
quite a large number of [Pd.(ECp*)u] cluster has already been reported.’’% 1% [|FDI-MS based
screening of Pd/Al and Pd/Ga reaction solutions might also be beneficial for the identification of
further [Pda(ECp*)s] cluster. For the access of [TMa(ZnR)s(UHC).] compounds, the reaction of
[TMa(ECp*)s(UHC).] towards ZnMe; shall be investigated. Due to the high polarity of the Ni-Al and Ni-
Zn bond, interesting [Ni,(M’'R)p(UHC).] compounds are expected which will most likely exhibit new
structural features, like Ni-M’ bridging UHC coordination.

In conclusion, this thesis supports the close relationship of molecular Hume-Rothery inspired TM/M’
complexes and clusters with solid state TM/M’ intermetallics which are currently investigated as
promising semihydrogenation catalysts. For solid state materials, the elemental combinations TM/M’
are not restricted to Ni/Al, Ni/Ga and Ni/Zn but for example also the Fe/Al system represents a very

promising catalytic system for semi hydrogenation.?® Furthermore, TM/M’ intermetallics are also
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considered as catalysts for other relevant transformations, as e.g. CO; reduction to methanol (applying
NiZn* or Cu/Zn°%3). Therefore, a huge playground for the investigation of diverse TM/M’-substrate
interactions has opened for the organometallic chemistry of Hume-Rothery inspired complexes and

clusters.
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VI Experimental Section

General Remarks: All manipulations were carried out under inert atmospheres using standard Schlenk
techniques or in the glovebox with water and oxygen contents below 0.1 ppm. All glassware was
treated with boiling 1,1,1,3,3,3-hexamethyldisilazan under static vacuum prior to usage. Excess
1,1,1,3,3,3-hexamethyldisilazan was removed in vacuo. Solvents were dried with a MBraun Solvent
Purification System. The final H,O content of all solvents was checked by Karl Fischer titration and was

below 5 ppm.

The literature known compounds:
[Ni(cod);]*¥, GaCp*9¢, AICp*!8, [Ni(PEts)a]®?, [Ni(GaCp*)s]®, [Ni(AlCp*)s]8 [(H)(SiEt3)Ni(AICp*)s]5,
[Niy(dvds)s]*®, [Ni(cdt)]***

were synthesized according to the respective literature procedures.

Elemental analysis (EA): EA-measurements were performed in the microanalytical laboratory at the
Technical University Munich or in the microanalytical laboratory Kolbe at the Fraunhofer Institut

Oberhausen.

NMR-spectroscopy: NMR-spectra were recorded on a Bruker AV 400 US spectrometer or a Bruker DRX
400 (*H 400 MHz; 13C 101 MHz, 2’Al 104 MHz, 3'P 162 MHz) in CsDs or toluene-ds. The solutions were
prepared inside a glove box with water and oxygen contents below 0.1 ppm and transferred into gas-
tight J. Young NMR tubes. Chemical shifts (&) are given in ppm relative to tetramethylsilane (TMS) and
referenced to the residual solvent resonances as internal standards.'?° The NMR signals stated beneath
were obtained at room temperature. VT-NMR measurements were performed by Maria Mathews on

a Bruker DRX 400 spectrometer usually in toluene-ds.

LIFDI-MS measurements: The LIFDI-MS spectra were recorded on a Waters LCT Classic orthogonal
acceleration reflectron-TOF (time of flight) mass spectrometer using a liquid injection field desorption
ionization (LIFDI) source from the Linden CMS GmbH. The samples were dissolved in dry toluene and
transferred to a tightly-sealed GC-MS vial equipped with a rubber septum after filtration with a syringe
filter in the glove box. The solution inside the vial was transferred to the LIFDI-emitter via a quartz
cannula permanently connected to the spectrometer. Due to calibration problems, external calibration
was performed using polystyrene as reference. Therefore, the respective sample was measured and
the mass of the species which should be calibrated was noted. Subsequently a toluene solution of

polystyrene was measured and the [CgHsln* signal closest to the sample species was used as a
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reference. However, this calibration method was only established at the end of this dissertation

project. Therefore, it was not commonly applied for all the measurements.

IR-spectroscopy: Infrared spectra were measured in a glovebox on an Alpha FT-IR from Bruker
equipped with an ATR device using a platinum diamond. The interferometer range was 450 to

4000 cm™. The compounds were measured as dried powder under inert atmosphere in a glovebox.

Single crystal X-ray: Measurements were performed by Dr. Christian Jand| or Dr. Jana WeRing. X-ray
diffraction intensities were collected on a Bruker D8-Venture diffractometer equipped with a CMOS
detector (Bruker Photon-100), an IMS microfocus with Mo K, radiation (A = 0.71073 A) and a Helios
mirror optic or on a Bruker D8-Venture system equipped with a Helios optic monochromator and a Mo
XTS rotating anode. Suitable crystals were coated in perfluoropolyether and mounted on a
microsampler in the cooled nitrogen stream (100 K) of the respective diffractometer. Diffraction data
was processed with APEX Il1'2! and the implemented SAINT and SADABS programs.’?> Molecular
structures were solved and refined within APEX Ill using SHELXT!® and refined with SHELXL-2017%* in
conjunction with SHELXLE'?>, CCDC 1852316 (2b) and 1852315 (3a) contain the supplementary data
for the already published crystal structures. This data can be obtained free of charge from the

Cambridge Crystallographic Data Centre via http://www.ccdc.cam.ac.uk/data_request/cif.

Computational details: Structures of the calculated molecules were optimized using the ORCA4.01%¢

127 with Perdew’s correlation functional'?® (BP86).

software package and Becke’s exchange functiona
Grimme’s dispersion correction including Becke-Johnson damping (D3BJ)!*13° was used. After
preoptimization and analytical calculation of the Hessian using Ahlrich’s def2-SVP basis set, the
respective structures were further optimized using the def2-TZVPP basis sets.’®! The resolution of
identity approximation (RI) was applied to speed up the calculations.*? Time-dependent density
functional theory (TDDFT) calculations were performed to compute the UV-Vis spectra including the
lowest 50 eigenvalues. Wiberg indices and NBO charges were computed using the NBO 3.1'% program
as implemented in Gaussian 09** program package with single point calculations (BP86/def2-TZVPP).
Calculations within the Quantum Theory of Atom in Molecules (QTAIM) were performed applying the
MULTIWFN package!®, using Gaussian 09 .wfx files (BP86/def2-TZVPP). Energy decomposition
analyses with the natural orbital for chemical valence extension (EDA-NOCV)&” 136137 were carried out
using the ADF (2013.01) program package®®® at the BP86/TZ2P+ level of theory where the previously
optimized uncontracted Slater-type orbitals (STOs) were employed as basis functions in self-consistent

field (SCF) calculations.®®® Triple-zeta quality basis sets were used which were augmented by two sets

of polarization functions (p and d functions for H, d and f functions for other atoms). An auxiliary set
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of s, p, d, f and g STOs was used to fit the molecular densities and to represent the coulomb and
exchange potentials accurately in each SCF cycle. Scalar relativistic effects were considered using the
zero-order regular approximation (ZORA).14% 141, 142134 The hond formation between the interacting
fragments is divided into three steps within the EDA calculations. In the first step, the fragments (in
the frozen geometry of the whole molecule) are superimposed without electronic relaxation yielding
the quasi classical electrostatic attraction AEeistat. The second step involves anti-symmetrization and
normalization of the product wave function which gives the repulsive term AEp.ui. In the final step, the
molecular orbitals are allowed to relax which gives the stabilizing orbital interaction AEqw. This orbital
term can be further divided into contributions of different symmetry, representing different bonding
situations (o, m, etc.). Dispersion forces are accounted for using Grimme’s D3 dispersion corrections.

These contributions sum up to the total interaction energy AEin::

AEins = AEgistqr + AEpquii + AEorp + AEdisp

The computational results presented for [Ni(AlICp*)s], [Ni2(AlICp)s] and [Ni>(CO)s] were calculated by
Samia Kahlal and Prof. Dr. J.-Y. Saillard using the ADF 2017 version® and NBO 6.0% program. The BP86
functional¥128with the standard STO-TZ2P basis set together with Grimme-D3 dispersion??*1° were

used.

Synthetic protocols:

The following reactions were performed by Julius Hornung or lab course students
(“Forschungspraktikanten”). The heteroleptic [Ni(PEts)sn(M’R)n] complexes were synthesized on the

basis of previously published results for [Ni(M’R)n(PR3)4.n]*>°.

[Ni(PEts)s(AlICp*)] (1a): [Ni(cod).] (200 mg, 0.73 mmol, 1 eq.) was suspended in toluene (5.5 mL) and
subsequently AlCp* (118 mg, 0.73 mmol, 1 eq.) and PEt; (0.32 mL, 2.19 mmol, 3 eq.) were added. The
yellow suspension was stirred at 60 °C for 1 h. After cooling to r.t., all volatile components were
removed in vacuo yielding a yellow solid, which was washed with cold n-hexane (3x 1 mL) and dried in
vacuo. Yield: 225 mg (0.34 mmol, 47%). *H NMR (400.1 MHz, CsD¢): & = 2.04 (s, 15H), 1.43 (m, 18H),
1.07 (m, 27H) ppm; **C NMR (100.6 MHz, C¢Ds): 6 = 113.5 (s, CsMes), 25.9 (d, CH>), 10.7 (s, CsMes), 9.1
(s, CHs) ppm; 27Al NMR (104 MHz, C¢De): 6 =-71.2 (s) ppm; 3'P NMR (162.0 MHz, CsDs): 6 = 19.5 (s) ppm;
IR (cm™): 2956, 2925, 2902, 2871, 2816, 1452, 1424, 1370, 1260, 1095, 1021, 799, 759, 722, 685, 662,

1SCM, ADF2017, Theoretical Chemistry, Vrije Universiteit, Amsterdam, The Netherlands

2 E. D. Glendening, J. K. Badenhoop, A. E. Reed, J. E. Carpenter, J. M. Bohmann and F. Weinhold, Theoretical Chemistry
Institute, University of Wisconsin, Madison, WI, (http://nbo6.chem.wisc.edu/).
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640, 601, 408. Elemental anal. calcd for CasHeoAINiPs: C, 58.41; H, 10.51; Al, 4.69; P, 16.15; Ni, 10.20,
found: C, 58.68; H, 10.73; Al, 4.7; P, 15.73; Ni, 10.3.

[Ni(PEts)2(AlICp*).] (2a): To a suspension of[Ni(cod),] (200 mg, 0.73 mmol, 1 eq.) and AlCp* (236 mg,
1.45 mmol, 2 eq.) in n-hexane (5 mL) a solution of PEt; (0.21 mL, 1.45 mmol, 2 eq.) in n-hexane (5 mL)
was added. The yellow suspension was stirred at 60 °C for 1.5 h. After cooling to room temperature,
all volatile components were removed in vacuo resulting in a yellow solid, which was recrystallized,
from cold n-hexane (2 mL). The solvent was removed with a cannula and the yellow crystalline solid
was dried in vacuo. Yield: 230 mg (0.37 mmol, 51%). *H NMR (400.1 MHz, C¢D¢): 6 = 2.01 (s, 30H), 1.26
(m, 12H), 1.03 (m, 18H) ppm; 3C NMR (100.6 MHz, CsDe): &6 = 113.3 (s, CsMes), 28.4 (d, CH2), 10.7 (s,
CsMes), 9.7 (s, CHs) ppm; 2’Al NMR (104 MHz, C¢Dg): 6 = -61.3 (s) ppm; *'P NMR (162.0 MHz, C¢Ds): 6 =
39.4 (s) ppm;IR (cm™): 2951, 2910, 2863, 1450, 1426, 1413, 1375, 1243, 1023, 999, 800, 760, 746, 721,
666, 646, 608, 587, 460, 435. Elemental anal. calcd for Cs;HgoAlNiP2: C, 62.05; H, 9.76; Al, 8.71; P,
10.00; Ni, 9.48; found: C, 61.37; H, 9.84; Al, 8.5; P, 9.92; Ni, 9.4;

[Ni(PEts)(AICp*)s] (3a): [(H)(SiEts)Ni(AlCp*)3] (200 mg, 0.30 mmol, 1 eq.) was suspended in n-hexane
(5 mL) and PEt; (0.087 mL, 0.60 mmol, 2 eq.) was added. The yellow suspension was stirred at 60 °C
for 1.5 h. After cooling to room temperature, all volatile components were removed in vacuo resulting
in a yellow solid, which was re-crystallized, from cold n-hexane (2 mL). The solvent was removed with
a cannula, the remaining yellow crystalline solid was dried in vacuo. Yield: 133 mg (0.20 mmol, 65%).
'H NMR (400.1 MHz, C¢Dg): 6 = 1.98 (s, 45H), 1.05 (m, 6H), 0.99 (m, 9H) ppm; *C NMR (100.6 MHz,
CsDs): 6 =112.8 (s, CsMes), 29.0 (d, 2J = 17.7 Hz, CH,), 10.4 (d, 3/ = 4.9 Hz, CHs) 10.3 (s, CsMes) ppm; Al
NMR (104.6 MHz, CsDs): & = -53.1(s) ppm; 3P NMR (162.0 MHz, CsDs): 6 = 61.9 (s) ppm; IR (cm™): 2949,
2911, 2860, 1451, 1426, 1375, 1258, 1023, 800, 762, 722, 662, 620, 584, 560, 599, 453, 440. Elemental
anal. caled for CsgHeoAI3NIP: C, 65.17; H, 9.12; Al, 12.20; P, 4.67; Ni, 8.85, found: C, 64.75; H, 9,01; Al,
12.0; P, 4.41; Ni, 8.3.

[Ni(PEts)s(GaCp*)4] (1b): [Ni(cod):] (200 mg, 0.72 mmol, 1 eq.) and GaCp* (150 mg, 0.73 mmol, 1 eq.)
were suspended in n-hexane (5 mL) and 0.32 mL of a 1 M solution of PEts solution (2.19 mmol, 4 eq.)
in n-hexane (5 mL) was added. The yellow suspension was stirred at 60 °C for 1 h. After cooling to room
temperature, all volatile components were removed in vacuo resulting in a yellow solid, which was
recrystallized from cold n-hexane (2 mL). The solvent was removed with a cannula and the yellow
crystalline solid was dried. When applying this procedure, the product still contained trace amounts of
2b and free PEts. Yield: 65 mg (0.11 mmol, 15%). *H NMR (400.1 MHz, C¢D¢): 6 = 2.14 (s, 15H), 1.36 (m,
18H), 1.03 (m, 27H) ppm; *C NMR (100.6 MHz, C¢De): 6 = 113.0 (s, CsMes), 23.1 (s, CH>), 10.8 (s, CsMes),
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8.9 (s, CH3) ppm; 3P NMR (162.0 MHz, C¢D¢): 6 = 16.6 (s) ppm; IR (cm™): 2955, 2900, 2872, 1451, 1422,
1372, 1244, 1024, 990, 798, 760, 747, 723, 687, 665, 645, 605, 424.

[Ni(PEts)2(GaCp*).] (2b): [Ni(cod)2] (350 mg, 1.28 mmol, 1 eq.) and GaCp* (522 mg, 2.55 mmol, 2 eq.)
were suspended in n-hexane (5 mL)and PEt; (0.374 mL, 2.55 mmol, 2 eq.) dissolved in n-hexane
(2.5 mL) was added. The yellow suspension was stirred at r.t. for 2 h. All volatile components were
removed in vacuo resulting in a yellow solid, which was washed with cold n-hexane (2x1 mL) and dried.
Yield: 680 mg (0.97 mmol, 76%). *H NMR (400.1 MHz, C¢Ds): 6 = 2.07 (s, 30H), 1.22 (m, 12H), 0.97 (m,
18H) ppm; **C NMR (100.6 MHz, C¢De): 6 = 112.9 (s, CsMes), 26.4 (d, CH>), 10.4 (s, CsMes), 9.4 (s, CHs)
ppm; 3P NMR (162.0 MHz, C¢Ds): 6 = 29.4 (s) ppm; IR (cm™): 2956, 2926, 2899, 2872, 1451, 1422, 1370,
1259, 1244, 1096, 1022, 994, 798, 759, 745, 722, 687, 664, 643, 603, 422, 411. Elemental Anal. calcd
for Cs2HeoGazNiP,: C, 54.52; H, 8.58; Ga, 19.78; P, 8.79; Ni, 8.33; found: C, 55.63; H, 8.75; Ga, 18.6; P,
8.25; Ni, 8.6.

[Ni(PEts)2(GaCp*)(ZnCp*)(ZnMe)]: [Ni(PEts),(GaCp*)2] (100 mg, 0.14 mmol, 1.0 eq.) was dissolved in
toluene (1.5 mL) and cooled to -30 °C. Subsequently, a 1 M solution of ZnMe; in toluene (54.4 mg,
0.57 mmol, 4.0 eq.) was added resulting in an orange solution. The reaction mixture was stirred for 2 h
at -20 °C. The solvent was removed while the cooling bath was allowed to reach r.t. The crude product
was dissolved in n-hexane (5 mL) and filtrated via cannula to remove the dark/black residue. Single
crystals were obtained by storing the concentrated filtrate at -30 °C overnight. *H NMR (400 MHz,
CeDs): 6 =2.29 (s, 15H, Hgacp*), 2.01 (s, 15H, Hzncp#), 1.23 (dt, 12H, CH,), 0.90 (dt, 18H, CH3), 0.02 (s, 3H,
Hznme) ppm; 3P NMR (162 MHz, C¢Dg): 6 = 29.43 ppm. *C NMR (100.6 MHz, C¢Ds): 6 = 113.7 (s, Coacp*),
110.0 (s, Czncp*), 25.6 — 25.4 (m, P(CH,CHs)s3), 11.3 (s, Csacp*), 10.3 (s, Czncp*), 8.9 (s, P(CH2CHs)s), 6.8 (s,
Czame) ppm; IR (cm™): 2952, 2900, 2884, 2857, 1450, 1419, 1380, 1257, 1141, 1028, 754, 696, 663, 616,
585, 511, 416. Elemental Anal. calcd for CssHg3GaNiP2Zn,: C, 50.75; H, 8.13; Ga, 8.93; Ni, 7.52; P, 7.93;
Zn, 16.74; found: C, 50.57; H, 8.24; Ga, 8.79; Ni, 7.34; P, 7.89; Zn, 16.81.

[(H)(SiEt3)Ni(ZnCp*)2(ZnMe),(AICp*)]: A solution of ZnMe, (77 mg, 0.807 mmol, 5.3 eq.) in toluene
(5 mL) was added dropwise with a cooled (-50 °C) dropping funnel to a solution of [Ni(AICp*)s(H)(SiEts)]
(100 mg, 0.151 mmol, 1.0 eq.) in toluene (3 mL) which had been cooled to -50 °C over 15 min. After
stirring for 3 h at -50 °C, the mixture was concentrated for 1 h to reach about 50% of the volume (at -
50°C). The volatiles were removed in vacuo while the mixture was allowed to reach r.t. to obtain a dark
green residue. 'H NMR (400 MHz, C¢D¢): & = 2.18 (s, 30 H, Hzncp+), 1.76 (s, 15 H, Haicp#), 1.07 (t, 3/ =
7.8 Hz, 9 H, Hsizs), 0.70 (g, 3/ = 7.7 Hz, 6 H, Hsies), -0.10 (s, 6 H, Hzame), -12.0 (s, 1 H, Hyin) ppm;. LIFDI MS
(toluene): [M]*: 898.56 (calculated: 898.13).
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[(PEt3)Ni(ZnCp*)2(ZnMe),(AICp*)]: PEts (77 mg, 0.807 mmol, 5.3 eq.) was added to a solution of
[Ni(AlICp*)1(ZnCp*)2(ZnMe),(H)(SiEts)] (100 mg, 0.151 mmol, 1.0 eq.) in CsDs and heated to 80 °C for
5 min. The isolation of a pure sample is still under investigation. *H NMR (400 MHz, C¢D¢): & = 2.24 (s,
30 H, Hzncp#), 1.80 (s, 15 H, Haicp*), 1.42 (m, 6 H, Hegs), 0.80 (M, 9 H, Hpets), -0.08 (s, 6 H, Hzame) ppm;
3P NMR (162 MHz, CeDg): 6 = 46.4 ppm.

[Ni2(AICp*)s]: 75 mg [Nix(dvds)s] and 110 mg AICp* were dissolved in toluene (2 mL) and heated to
75 °C for 15 min. Afterwards volatiles were removed in vacuo. The crude product was dissolved in
boiling n-hexane (2 mL). Slow cooling to r.t. resulted in a red crystalline precipitate. After one hour, the
mixture was cooled to 7 °C and stored in a fridge (7 °C) for several days. The supernatant was removed
by Whatman filtration and the red crystalline product was dried in vacuo. The obtained product was
used for analysis. *H NMR (400 MHz, C¢D¢): 6 = 2.01 (s, 30 H), 1.97 (s, 45H) ppm; 3C NMR (100.6 MHz,
CeDe): &6 = 114.0 (s, CGsMes), 112.9 (s, CsMes), 12.27 (s, CsMes), 11.00 (s, CsMes) ppm; LIFDI MS
(toluene): [M]*: 926.23 m/z (calculated: 926.37 m/z).

[Nis(GaCp*)4(EtC=CEt),]: A solution of Ni(cod), (30 mg) in toluene (1mL) was treated with 3-hexyne (27
mg). The yellow solution turns deeply red upon addition of the first drops of 3-hexyne. The resulting
mixture was analyzed by liquid injection field desorption ionization mass spectrometry (LIFDI-MS). The
reaction mixture was divided into two samples. The first sample was treated with about 1 eq. GaCp*.
The mixture was analyzed by LIFDI-MS. The other half of the sample was treated with about 5 eq.
GaCp*. This mixture was again divided in two parts. One half was analyzed by LIFDI-MS. The other half

was heated to 110 °C for 5 min and subsequently analyzed by LIFDI-MS.

The following reactions were performed by Patricia HeiR during her Master thesis under the

supervision of Julius Hornung:

[Ni(ZnCp*)(ZnMe)(PEts)s] (1c): [Ni(AICp*)(PEts)s] (20 mg, 0.035 mmol, 1.0 eq.) was suspended in
toluene (1 mL) and subsequently, ZnMe; (40 mg, 0.419 mmol, 12 eq.) was added. After stirring for 1 h
at r.t., the volatiles were removed in vacuo. *H NMR (400 MHz, C¢D¢): 6 = 2.30 (s, 15 H, Hzncp+), 1.44
(qd, 3/ =7.6,%=2.9 Hz, 18 H, Hpe3), 0.97 (dt, *J = 12.6, ) = 7.5 Hz, 27 H, Heess), 0.03 (s, 3 H, Hznme) ppm;
31p NMR (162 MHz, CsDs): 6 = 12.7 ppm; LIFDI MS (toluene): [M]*: 691.57 (calculated: 692.20).

[Ni(ZnCp*)2(ZnMe),(PEts);] (2c): Ni(GaCp*)(PEt), (246 mg, 0.348 mmol, 1.0 eq.) was suspended in
toluene (2 mL) and cooled to -70 °C. A-30 °C pre-cooled solution of ZnMe; (335 mg, 3.50 mmol, 10 eq.)
in toluene (2.5 mL) was added at -70 °C and stirred for 10 min at this temperature. The mixture was

slowly warmed to 0 °C and stirred for additional 2 h at 0 °C. The volatiles were removed at 0 °C in vacuo

103



and the oily residue was recrystallized at 90 °Cin n-hexane (0.8 mL). After slowly cooling to 0 °C, orange
crystals could be obtained which were dried in vacuo. Yield: 247 mg (0.288 mmol, 83%).'H NMR
(400 MHz, C¢D¢): 6 = 2.22 (s, 30 H, ArCHs), 1.23 (qd, 3/=7.4, 2J=5.1 Hz, 12 H, CH,CH3), 0.86 (dt, %/ =
14.9,2J = 7.5 Hz, 18 H, CH,CHs), 0.01 (s, 6 H, ZnCHs) ppm; *C NMR (101 MHz, CsD¢): 6 = 110.2 (s, CsMes),
25.5—-25.2 (m, P(CH,CHs)3), 10.90 (s, CsMes), 8.12 (s, P(CH2CHs)s), 4.77 (s, ZnMe) ppm; 3P NMR
(162 MHz, CsD¢): 6 = 27.81 ppm; LIFDI MS (toluene): [M]*: 856.20 m/z (calculated: 856.11 m/z).
Elemental analysis: calc. for CssHesNiP2Zn4: C, 47.65; H, 7.76; Ni, 6.85; P, 7.23; Zn, 30.51; found: C, 47.13;
H, 7.81; Ni, 6.81; P, 7.10; Zn, 28.7. IR (cm™): 2957, 2895, 2855, 2926, 2817, 2723, 1448, 1416, 1381,
1259, 1097, 1029, 755, 697, 647, 614, 624, 586, 410.

[Ni(ZnCp*)3(ZnMe)s(PEts)1] (3c): Ni(AlCp*)s(PEts) (45 mg, 0.07 mmol, 1.0 eq.) was suspended in
toluene (1 mL) and ZnMe; (55 mg, 0.58 mmol, 8.5 eq.) were added as a 1 M solution in toluene. After
stirring for 1 d at room temperature, the volatiles were removed in vacuo to obtain a brownish solid.
'H NMR (400 MHz, Tol-ds): 6 = 2.13 (s, 45 H, CsHs), 1.18 — 1.08 (m, 6 H, P(CH,CHs)s), 0.70 (dt,
3)=15.2 Hz, 2J = 7.5 Hz, 9 H, P(CH,CHs)3), -0.05 (s, 9 H, Zn-CHs) ppm; *C NMR (101 MHz, Tol-ds): 6 =
110.8 (s, CsMes), 26.8 (s, P(CH,CHs)s), 10.8 (s, CsMes), 8.05 (s, P(CH2CHs)s), -0.01 (s, ZnMe) ppm;
31p NMR (162 MHz, Tol-ds): & = 29.53 ppm; LIFDI MS (toluene): [M]*: 1018.5 (calculated: 1019.93 m/2).

The following reactions were performed by Maximilian Muhr during his Master thesis under the

supervision of Julius Hornung:

[Ni(GaCp*)(dvds)]: [Ni(dvds)s] (600 mg, 0.890 mmol) was dissolved in toluene (1 mL) and cooled to -
30 °C. A solution of GaCp* (366 mg, 1.78 mmol) in toluene (0.5 mL) was cooled to -30 °C and added.
After 10 min at -30 °C the remaining solvent was separated by cannula and the resulting orange
precipitate was dried in vacuo. Yield: 545 mg (1.21 mmol, 68%). Yellow crystals could be obtained from
a toluene solution at -30 °C. *H NMR (400 MHz, C¢D¢): 6 = 3.01 (m, 4H, CH3), 2.69 (m, 2H, CH), 1.84 (s,
15H, GaCp*), 0.57 (s, 6H, Me), -0.05 (s, 6H, Me) ppm; *C NMR (101 MHz, C¢Dg): 6 = 113.8 (s, CsMes),
55.2 (s, C=C), 47.9 (s5,C=C), 9.2 (s, CsMes), 1.9 (s, CHs), -0.4 (s, CHs) ppm; Elemental Anal. Calc. for
C1sH33NiGaSi,0: C, 48.0; H, 7.4; Ni, 13.0; Ga, 15.5; Si, 12.5; found: C, 47.7; H, 7.6; Ni, 12.5; Ga, 14.5%;
Si, 12.5%; LIFDI MS (toluene): [M]*: 451.1 m/z (calculated: 450.05 m/z).

[{NisGa}Cp*s(dvds).]: Neat [Ni(GaCp*)(dvds)] (200 mg, 0.44 mmol) was heated to 110 °C for 2 h in
vacuo, resulting in a black crystalline material, which was washed with n-hexane (0.5 mL). Yield: 64 mg
(0.12 mmol, 47%) of the black solid were obtained, with sufficient crystallinity for single crystal XRD.
'H NMR (250.1 MHz, C¢Dg): 6 = 2.30 (s, 30H, ZnCp*), 1.26 (s, 36H, CNt-Bu), 0.10 (s, 6H, ZnMe) ppm; *C
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NMR (62.9 MHz, CsD¢): 6 = 108.7, 55.7, 30.6, 11.0 ppm; Elemental Anal. Calc. for C4sHs1NiaGasSis0z: C,
45.2; H, 6.7; Ni, 19.2; Ga, 17.1; Si, 9.2; O, 2.6; found: C, 50.1; H, 7.2; N, 5.5%. LIFDI MS (toluene): [M]*:
1224.0 m/z (calculated: 1222.4 m/z);
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Crystallographic Data:

[Ni(GaCp*)2(PEts).]

[Ni(AICp*)(PEts),]

[Ni(AICp*)s(PEts)]

formula
M: [g/mol]
crystal habit
cryst syst
space group
a[A]
b [A]
c[A]
al’]
Bl
[l
V[A3]

z
pelgem™]
F(000)
T[K]

u [mm™]
data /
restraints /
parameters
GOF (F?)
R:?, WRy® (I >

20(1))

CszHsoGazNiP;
704.87
yellow fragment
monoclinic
P2/n
14.567(8)
16.615(10)
29.858(19)
90
90.19(2)
90
7227(7)

8
1.296
2976
100

2.103

12776 /532 /912

1.036

0.0291, 0.0561

CeaH120Al4NizP4
1238.81

Clear yellow fragment

Monoclinic
P12/n1
14.6150(8)
16.4004(10)
29.7339(19)
90
90.234(2)
90
7126.9(7)
4
1.155
2688
100

0.702

14045/ 321/ 827

1.099

0.0396, 0.0775

CasHeoAlsNiP
663.44
yellow fragment
orthorhombic
Pna2;
17.5103(7)
11.9425(5)
18.4956(8)
90
90
90
3867.7(3)

4
1.139
1432
100
0.633

6841/1/389

1.040

0.0316, 0.0656

2 Ri=2(|IFo | = [Fll)/Z | Fol; ® WRa = {Z[W(Fo? — F2)2/Z[w(Fo2)21}2
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[Ni(ZnMe)(ZnCp*)(GaCp*)(PEts)]

[Ni(ZnCp*)2(ZnMe),(PEts);]

formula
M: [g/mol]
crystal habit
cryst syst
space group
a [A]
b [A]
c[A]
al’]
Bl
N
v [A%]

z
pclgem™]
F(000)
T[K]
u[mm™]
data / restraints /
parameters
GOF (F)
R, WR2® (1> 20(1))

CssHe3GaNiP2Zn,
780.94
Clear intense yellow block
orthorombic
P21212
17.1356(18)
18.265(2)
12.0099(13)
90
90
90
3758.9(7)

4
1.380
1640
100
2.568

6934/ 110/ 413

1.085
0.0401, 0.0716

C3aHesNiP2Zny
857.06
Yellow- fragment
Tetragonal
P42212
15.145(2)
15.145(2)
17.343(3)
90
90
90
3978.0(15)
8
1.431
1792
100
2.942

3784/ 216 / 263

1.087
0.0296, 0.0788

3 R1=2(||Fo | = Fll)/Z | Fol; ® WRa = {Z[W(Fo? — F2)2/Z[w(Fo2)2]}2
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[Niz(dvds)s]

[Ni2(AICp*)s]

formula

M; [g/mO”
crystal habit

cryst syst
space group
alA]
b [A]
c[A]
al’]
Bl
[l
V [A3]

z
pelgem™]
F(000)

T [K]
p[mm]
data / restraints / parameters
GOF (F)

R+, wR® (1> 20{1))

C24H54Ni;03Sis
676.63
Yellow-orange
fragment
Monoclinic
P12/c1
6.9926(8)
10.7321(12)
23.987(3)
90
94.064(4)
90
1795.6(4)

2
1.251
724
100
1.271
3678/ 39 /184
1.085
0.0314, 0.0787

CasH37.50Al2.50Ni
464.21

Dark red fragment

monoclinic
Ci2/c1
14.473(9)
20.005(13)
18.784(10)
90
100.76(2)
90
5343.(6)
8
1.154
1984
100
0.817
5275/1183 /510
1.052
0.0453, 0.1112

Ry = X(||Fo | — |F)/Z | Fol; ® WR2 = {E[W(Fo? — F2)?1/Z[w(Fo?)2]}?
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[Ni(GaCp*)(dvds)]

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

formula

M, [g/mOI]

crystal habit

C18H33GaNiOSi;

450.05

Yellow-orange

C23H10.5Ga1sNi>OSi;
611.23

Black fragment

fragment
cryst syst Triclinic Triclinic
space group P-1 P-1
a [A] 9.5552(10) 12.844(14)
b [A] 10.9769(12) 13.324(17)
c[A] 11.8382(13) 20.60(2)
al’] 64.916(4) 86.12(4)
LI 80.903(4) 77.76(3)
r[°] 72.007(4) 89.64(4)
VA3 1069.0(2) 3437.(7)
z 2 4
poclgem™] 1.398 1.181
F(000) 472 1268
T[K] 100 100
u[mm™] 2.254 2.325
data / restraints /
4210/0/ 217 13046/ 1424 / 939
parameters
GOF (F) 1.029 1.135

R, wR," (I > 25ll)) 0.0216, 0.0548 0.0427,0.1111

?Ru=Z(||Fo | = |Fl)/Z [ Fol; ® WR2 = {E[W(Fo® = FZ)1/Zw(Fo’)1}2
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IX Appendix

Molecular structures of calculated [Ni(M’R)n(UHC)4.n] complexes
[Ni(Csz)3]:

CoH, [Ni(C2Hx)s3]

. -«

Figure S 1: Optimized Molecular structures (BP86-D3/def2-TZVPP) of C,Hy and
the parent [Ni(C;Hyx)3] complexes.

Table S 1: Summary of selected structural parameters of optimized C,Hy and [Ni(CzHy)s] (BP86-D3/def2-TZVPP).

Free ligands [Ni(C2Hy)s]

UHC CoHa GCH, GCHs GCH,
d(cC)[A] | 133 120 139 1.25
d(NicC) [A] 2.05 1.99
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[Ni(PEt3)n(C2Hx)a-n]:

[Ni(PEt3)n(C2Ha4)a-n) [Ni(PEt3)n(C2H2)4-n)

n=1

.

Figure S 2: Optimized Molecular structures (BP86-D3/def2-TZVPP) of [Ni(PEt3)n(C2Hx)a-n].

Table S 2: Summary of selected structural parameters of optimized [Ni(PEt3)n(C2Hx)a-n] (BP86-D3/def2-TZVPP).

[Ni(PEts)(C2Hy)s] [Ni(PEts)2(C2H)-] [Ni(PEts)s(CzH,)]
CaHg CaH2 CaHg CyH2 CaHq CaH2
d(c-C) [A] 1.39 1.25 1.40 1.26 1.40 1.27
d(Ni-C) [A] 2.08-2.12 2.02 -2.10 2.08 1.91-2.04 2.06 2.00
d(Ni-P) [A] 2.21 2.21 2.17 2.21 2.15-2.19 2.15-2.24
d(P-C) [A] <3.16 <3.15 <3.09 <3.11 <3.02 <3.06
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[Ni(an)Zn(Csz)4-n]:

[Ni(an)Zn(CzH4)4-n] [Ni(an)Zn(CzH2)4-n]

Figure S 3: Optimized Molecular structures (BP86-D3/def2-TZVPP) of [Ni(ZnCp*)n(ZnMe)n(CaHx)4-n].

Table S 3: Summary of selected structural parameters of optimized [Ni(ZnCp*)n(ZnMe)n(C2Hx)s-n] (BP86-D3/def2-TZVPP).

[Ni(ZnCp*)(ZnMe)(C2H,)s] [Ni(ZnCp*)2(ZnMe)(C2Hy):] [Ni(ZnCp*)3(ZnMe)s(C2Hy)]

CoHa CoH, CoHa CzH, CaHa CzH,
d(c-c) [A] 1.40 1.25 1.40 1.34 1.42 1.28
d(Ni-C) [A] 2.04-2.15 1.99-2.12 2.08 1.90 - 2.25 2.05 1.99

d(Ni-znR) [A] 2.40 2.41 2.35 2.30-2.43 2.33-2.38 2.31-2.39
d(zn-C) [A] >2.41 >2.76 >2.95 2.03 >2.57 >2.55

d(zn-zn) [A] 2.46 2.45 >2.62 >2.72 >2.61 >2.59
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Ni-Zn bridging output structure of [Ni(ZnR)2(C2H3)s] (local minimum BP86-D3/def2-TZVPP):

Figure S 4: Calculated structure of [Ni(ZnCp*)(ZnMe)(C;H,)s] featuring NiZn bridging C;H, coordination.

Table S 4: Structural parameters of [Ni(ZnCp*)(ZnMe)(C;H,)s] featuring NiZn bridging C,H, coordination.

[Ni(ZnCp*)(ZnMe)(CzH>)s]

Non-bridging bridging

d(c-c) [A] 1.25 1.29-1.33

d(Ni-C) [A] 1.99 -2.12 1.87-2.75

d(Ni-znR) [A] 2.41 2.38-3.05

d(zn-C) [A] >2.76 1.93-2.27
d(zZn-zn) [A] 2.45 4.20

This structure was obtained when C;H, was put into Ni-Zn bridging coordinations before geometry
optimization. Both [Ni(ZnR),(CzH)s] structures are local minima on the potential energy surface. This
minimum is about 15kcal/mol more stable. However, the Ni-Zn as well as Zn-Zn distances exceed
standard distances.>® Therefore, this structure was only included in the SI. The values discussed in the
manuscript belong to the [Ni(ZnR),(Cz2H;)s] structure with non-bridging C;H, ligands.
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[Ni(AICp*)n(Csz)4.n]:

[Ni(AICp*)n(C2Ha)a-n] [Ni(AICp*)n(C2H2)a-n]

n=1

n=2

.

o
5

Figure S 5: Optimized Molecular structures (BP86-D3/def2-TZVPP) of [Ni(AICp*)n(C2Hx)a-n).

Table S 5: Summary of selected structural parameters of optimized [Ni(AICp*)n(C2Hx)4-n] (BP86-D3/def2-TZVPP).

%
N PRV, yal

-

[Ni(AICp*)(C2Hy)s] [Ni(AICp*)2(CaHx)] [Ni(AICp*)3(C2Hy)]
CaHa CaH2 CaHg CyH2 CaHa CyH2
d(Cc-C) [A] 1.39-1.40 1.28-1.47 1.41 1.27-1.37 1.41 1.27
d(Ni-C) [A] 2.05-2.17 1.86-2.17 2.05-2.07 1.88-2.24 2.03 1.94
d(Ni-AlCp*) [A] 2.25 2.48 221 2.45-2.60 2.20-2.23 222227
d(Al-C) [A] >2.97 1.98 >3.01 2.04-2.18 >3.18 >3.24
d(Al-Al) [A] 3.12 2.50 3.25 >3.21
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[Ni(Gan*)n(C2Hx)4.n]:

[Ni(GaCp*)n(C2Ha)a-n] [Ni(GaCp*)n(C2H2)4-n]

n=1

Figure S 6: Optimized Molecular structures (BP86-D3/def2-TZVPP) of [Ni(GaCp*)n(CaHx)a-n].

Table S 6: Summary of selected structural parameters of optimized [Ni(AICp*)n(C2Hx)4-n] (BP86-D3/def2-TZVPP).

[Ni(GaCp*)(CzHy)s] [Ni(GaCp*)2(C2Hx)2] [Ni(GaCp*)3(C2Hx)]
CaHa CzH, CaHa CyH2 CyHa CyH2
d(c-c) [A] 1.39 1.25 1.40 1.26 1.40 1.27
d(Ni-C) [A] 2.06-2.14 1.98-2.00 2.02-2.08 1.95-1.97 2.02-2.03 1.93
d(Ni-GaCp*) [A] 2.37 3.21 2.34-2.37 2.29,2.70 2.273-2.325 2.28-2.40
d(Ga-C) [A] >3.10 >3.58 >3.10 >3.02 >3.10 >3.27
d(Ga-Ga) [A] 3.39 3.31 >3.39 >3.32
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Table S 7: Summary of NBO and WBI results for all compounds. Values in parenthesis refer to [Ni(PEts)n(C2Hx)a-n]. Values without parenthesis refer to [Ni(ZnCp*)n(ZnMe)n(C2Hx)a-n].

[Ni(CaHy)s] [Ni(L)(C2Hx)s] [Ni(L)2(C2Hy)2] [Ni(L)s(C2Hy)]

NBO charges C2H4 Csz C2H4 Csz C2H4 Csz C2H4 Csz C2H4 Csz

Ni 0.19 0.07 -0.74 -0.74 -1.65 -1.15 -2.52 -2.44
(-0.30) (-0.40) (-0.61) (-0.68) (-0.96) (-0.99)

Zn 0.94 0.90 0.90-0.95 0.95-1.08 0.79-1.06 0.75-1.08
C -0.39 -0.24 -0.47 -0.25 -0.42 --0.57 -0.19--0.30 -0.41 -0.28 (Ni); -0.44 -0.26
(-0.45) (-0.24) (-0.47) -0.64 (zn) (-0.47) (-0.28)
(-0.25 - -0.28)

Wiberg bond index (CC) 2.05 3.00 1.53 2.43 1.49 2.38-2.46 1.48 1.93 1.38 2.21
(1.55) (2.45 - 2.50) (1.51) (2.43) (1.48) (2.37)

Table S 8: Summary of EDA-NOCV results for all complexes. Values in parenthesis refer to [Ni(PEts)n(C2Hx)an], values without parenthesis refer to [Ni(ZnCp*)n(ZnMe)n(C2Hx)a-n]. The bonding
interaction of one C;Hy fragment with the remaining [Ni(L)n(C2Hx)-(n+1))] fragment was investigated.

[Ni(CyHy)s] [Ni(L)(C2Hx)s] [Ni(L)2(C5Hy)2] [Ni(L)s(C2Hyx)]

CyHq CyH, CyHa CyH, CyHq CyH, CyHq CyH»

Total Bonding Energy [kcal/mol] -47.2 -51.7 -47.5 -47.4 -49.4 -103.8 -60.3 -74.3
(-42.9)  (-46.4) (-46.8) (-52.4)  (-54.2)  (-62.2)

Total Pauli Repulsion [kcal/mol] 130.74 134.6 191.8 208.6 177.0 348.3 181.6 197.7
(146.1)  (180.8) (171.4) (181.2) (177.1) (181.6)

Total Electrostatic Interaction [kcal/mol] | -99.5 -101.58 -132.3 -140.9 -123.6 -215.7 -128.8 -137.4
(-103.9) (-126.2) (-122.5) (-126.9) (-126.7) (-128.9)

Total Orbital Interaction [kcal/mol] -73.2 -80.17 -97.4 -105.1 -89.5 -225.0 -98.5 -121.5
(-74.4)  (-91.9) (-85.7) (-97.9)  (-92.9) (-104.7)

n-type interaction -41.9 -47.3 -56.3 -58.5 -48.8 -53.4 -71.6

(-42.1) (-56.6) (-54.9) (-63.6) (-59.63) (-70.7)

Opack-type interaction -22.5 -22.0 -28.0 -31.5 -27.6 -30.3 -31.1

(-21.9)  (-24.5) (-20.8) (-23.08) (-21.26)  (-21.5)
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Figure S 7: QTAIM results showing bond paths (green) and bond critical points (orange dots) for [Ni(ZnR)4(CzH,).] showing Ni-Zn
bonding interactions for all NiZn interactions.
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Figure S 8: 31P NMR of impure [Ni(ZnCp*)(ZnMe)(PEts)s] in CeDe.
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Figure S 9: LIFDI-MS spectrum of impure [Ni(ZnCp*)(ZnMe)(PEts)3] (calculated = 694.20 g/mol) in toluene. The intensive
peak at 543.9 m/z is the starting material [Ni(AICp*)1(PEts)s] (calculated 574.31 g/mol)]. 3'P NMR spectroscopy is in
accordance to this observation but the relative intensities are reversed.
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Figure S 10: 3P NMR of [Ni(ZnCp*)(ZnMe)(GaCp*)(PEts),] in C¢Ds.
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Figure S 11: 13C NMR of [Ni(ZnCp*)(ZnMe)(GaCp*)(PEts),] in CgDs.
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Figure S 12: 31P NMR of [Ni(ZnCp*),(ZnMe),(PEts);] in C¢De.
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Figure S 13: 13C NMR of [Ni(ZnCp*)2(ZnMe),(PEts)2] in CeDe.
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Figure S 14: VT-'H NMR of [Ni(ZnCp*)s(ZnMe)s(PEts)] in toluene-ds showing the splitting of the ZnMe groups at low temperatures.
This indicates fluxional processes of the ZnR ligands at ambient temperatures resulting in the coalescence of the signals.
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Figure S 15: VT-UV-Vis of [Ni(AlICp*)s(PEts)] (left) and [Ni(AICp*)4] (right).
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Figure S 16: EDA-NOCV Decomposition investigating the Ni-PEt; bonding in heteroleptic NiGaP complexes.
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Figure S 17: EDA-NOCV Decomposition investigating the Ni-AlCp* bonding in heteroleptic NiAIP complexes.
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Figure S 18: EDA-NOCV Decomposition investigating the Ni-GaCp* bonding in heteroleptic NiGaP complexes.
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Figure S 19: IH NMR of the NMR scale reaction of [(H)(SiEt3)Ni(AICp*)(ZnCp*).(ZnMe),] with PEts, showing the
disappearance of the Ni-H signal at -12.0 ppm, the appearance of the H-Si signal (at 3.89 ppm) as a good indication
for reductive elimination of H-SiEt; and new signals for the ZnCp*, AlCp* and ZnMe groups at 2.24, 1.80 and -0.07
ppm respectively and new Ni-PEt3 signals at 1.42 and 0.88 ppm. The two big signals at 1.3 and 0.9 ppm are due to
the unwanted formation of [Ni(PEts)4] (in accordance to the 3'P-NMR signals). Taken together, this NMR verifies the
reductive elimination of H-SiEt; from [(H)(SiEts)Ni(AICp*)(ZnCp*),(ZnMe),] and hints to the formation of
[(PEt3)Ni(AICp*)(ZnCp*)2(ZnMe),]. However further investigations have to be performed.
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Figure S 20: 3P NMR of the NMR scale reaction of [(H)(SiEt3)Ni(AICp*)(ZnCp*).(ZnMe),] with PEts showing the formation of

[Ni(PEt3)4] (17.8 ppm) and free phosphine (-19.7 ppm). The peak at 46.4 ppm has not been observed before but is in the
range for other [Ni(M’R)n(PEt3)4.n] compounds.
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Figure S 21: left: calculated local minimum for [Ni(ZnCp*)(ZnMe)(CO)3] (BP86-D3/def2-TZVPP). Distances in A: Ni-
Zn: 2.39-2.42, Zn-Zn: 2.49, right: calculated structure for [Ni(ZnCp*)(ZnMe)(PPhs);] (BP86-D3/def2-TZVPP, local
minimum at BP86-D3/def2-SVP). Distances in A: Ni-Zn: 2.38-2.40, Zn-Zn: 2.48.

Figure S 22: local minimum structure of [Ni(AICp*),(PEts),]>* (BP86-D3/def2-SVP) showing the decrease of the Al-Al
distance upon two-electron oxidation. Distances in A: Ni-Al: 2.23, Ni-P: 2.21, Al-Al: 2.79. For comparison the
experimental bond lengths in [Ni(AICp*),(PEts),] are: Ni-Al: 2.20, Ni-P: 2.13, Al-Al: 3.37.
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Figure S 23: LIFDI-MS spectrum of the reaction solution of [Niy(dvds)s] with 3 eq. AlCp* in toluene, showing several
[Nis(AICp*)n(dvds).] species. Preliminary assignment: 649 m/z: [Ni,(dvds),(AlCp*)], 871 m/z: [Nis(AlCp*)2(dvds),], 1015 m/z
[Ni3(AICp*)s(dvds)], 1419 m/z: [Nig(AlCp*)s(dvds),].
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Figure S 26: 13C NMR of the crystalized sample of [Ni2(AICp*)5] in C¢Ds.
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Figure S 24: 'H NMR of the crystalized sample of [Ni(AlICp*)s] in CsDs, showing the two singlets for the distinct
AICp* groups at 2.01 and 1.97 ppm with an integration ratio of 2:3.
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Figure S 28: Comparison of the shape and energy values of the frontier orbitals of CO, AIMe and AlCp*.
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Figure S 27: Constrained Geometry optimizations of [Ni>(AlCp*)s] (BP86-D3(BJ)/def2-TZVPP) with fixed Ni- Ni distances and
referenziation of the energy to the global minimum structure.
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Figure S 29: 'H NMR titration experiment showing the coalesced Cp* signals of GaCp* and [Ni(GaCp*)(dvds)] in CgDs.
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Figure S 30: VT 'H NMR of the coalesced signals of 1 eq. GaCp* and [Ni(GaCp*)(dvds)] in toluene-ds.
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Figure S 31: 'H VT-NMR of [Nix(u-GaCp*)(u-GaNiCp*),(dvds),] showing the splitting of the GaCp* signal at 1.97 ppm and the
changing shifts of the NiCp* signals between 1.90 and 1.80 ppm.
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Figure S 32: 1H/13C 2D HMBC NMR experiments of [Niy(u-GaCp*)(u-GaNiCp*),(dvds),] revealing the assighments
of GaCp* and NiCp* signals.
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