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Abstract

This thesis explores the study of small Hume-Rothery inspired ligated heterometallic clusters
and complexes of transition metals (TM) and group 12/13 metals (E) to gain insights into metal-
substrate interactions relating to complex heterogeneous surfaces. The main challenge lies in
balancing the stabilization of low-valent metals with the promotion of reactive sites.

To address this, the first strategy is exploring the organic ligand sphere and its variation
influence on promoting reactive sites based on the ruthenium-gallium combination. The
properties of amide ligands in stabilizing TM/E complexes are investigated through the
exploration of [Ru(GaTMP)s] and [Mo(GaTMP)s], which reveals a competing m-interaction
between the transition metal centers and the amido substituent with the unoccupied px
orbitals of gallium. The reversible stabilization of reactive TM/E complexes through labile
ligands is an additional key strategy for promoting reactive sites. The in-situ formation of
unsaturated [Ru(GaCp*)3H;] allows for the direct exploration of TM/E species' properties in
bond activation. Mass spectrometry based investigations confirm this 16 VE compound's
capability for C-H activation, forming [Ru(GaCp*)s(CsH7)Hs], and Si-H activation, yielding
[(Ru(GaCp*)s(SiEts)Hs], characterized by single-crystal X-ray diffraction. The reductive
elimination of triethyl silane from [(Ru(GaCp*)s(SiEts)Hs] under UV light (350 nm)
demonstrates the principle of controlled dissociation of labile ligands, yielding the Ru® complex
[(dppe)Ru(GaCp*)s] when irradiated in the presence of 1,2-bis(diphenylphosphino)ethane
(dppe). Additionally, irradiation in the presence of 3-hexyne under a hydrogen atmosphere
leads to catalytic hydrogenation. The silyl and hydride groups thus serve as selectively
removable protective groups for the active transition metal center.

When viewing ligated Hume-Rothery inspired TM/E clusters as homogeneous mimics of
structural motifs found in heterogeneous catalysts, the lack of chemical diversity poses a
significant problem. The last strategy for investigating reactive sites is exploring the “living
cluster libraries” concept, which emulates the diversity found on the surface of solid-state
catalysts through unselective organometallic reactions. The libraries are characterized via
LIFDI-MS using a double labeling strategy and varied collision energy experiments, with their
evolution monitored by mass spectrometry. This approach provides chemical information
without separating the clusters. Structural information is obtained through a framework
combining density functional theory (DFT) with data mining analysis techniques to explore the
full compositional configuration space. This methodology efficiently characterizes the clusters’
structure-reactivity relationships, highlighted by the detection of the formate-containing
species [Cu11Zne]Cp*s(CO2)2(HCO2) and the isolation of [CusZni1o]Cp*s, acting as a pre-catalyst
for the catalytic semihydrogenation of alkynes. First insights concerning incorporating an
additional complexity parameter — the generation of sub-oxidic heterometallic clusters — are
obtained by investigating the sub-oxidic organocopper polymer [Cu1002Mese]n.



Zusammenfassung

In dieser Arbeit werden kleine, Hume-Rothery inspirierte, ligierte heterometallische Cluster
und Komplexe von Ubergangsmetallen (TM) und Metallen der Gruppe 12/13 (E) untersucht,
um Einblicke in Metall-Substrat-Wechselwirkungen zu gewinnen, welche relevant fir
komplexe heterogene Oberflichen sind. Die grofSte Herausforderung dabei ist, ein
Gleichgewicht zwischen der Stabilisierung Metalle niedriger Oxidationsstufen und der
Generierung reaktiver Stellen zu erreichen.

Die erste Strategie besteht darin, den Einfluss der organischen Ligandensphdre und deren
Variation auf die Erschaffung reaktiver Stellen zu erforschen, basierend auf der Ruthenium-
Gallium-Kombinationen. Die Eigenschaften von Amidliganden bei der Stabilisierung von TM/E
Komplexen werden anhand von [Ru(GaTMP)s] und [Mo(GaTMP)s] untersucht, die eine
konkurrierende n-Wechselwirkung zwischen den Ubergangsmetallzentren und dem
Amidliganden mit den unbesetzten p, Orbitalen von Gallium zeigen. Die reversible
Stabilisierung von reaktiven TM/E-Komplexen durch labile Liganden ist eine weitere
Schllsselstrategie zur Erschaffung reaktiver Stellen. Die in-situ Bildung von ungesattigtem
[Ru(GaCp*)sH2] ermoglicht die direkte Erforschung der Eigenschaften von TM/E-Spezies bei
Bindungsaktivierungen. Massenspektrometrische Untersuchungen bestatigen die Befahigung
dieser 16 VE-Verbindung zur C-H Aktivierung unter Bildung von [Ru(GaCp*)s(C7H7)Hs] und zur
Si-H Aktivierung unter Bildung von [(Ru(GaCp*)s(SiEts)Hs], welches durch Einkristall-
Rontgenbeugung charakterisiert wurde. Die reduktive Eliminierung von Triethylsilan aus
[(Ru(GaCp*)s3(SiEts)Hs] unter UV-Licht (350 nm) demonstriert das Prinzip der kontrollierten
Dissoziation von labilen Liganden und fiihrt zu dem Ru®-Komplex [(dppe)Ru(GaCp*)s], wenn
dieser in Gegenwart von 1,2-Bis(diphenylphosphino)ethan (dppe) bestrahlt wird. Bestrahlung
in Gegenwart von 3-Hexin unter Wasserstoffatmosphare fiuhrt auBerdem zur katalytischen
Hydrierung. Die Silyl- und Hydridgruppen fungieren somit als selektiv entfernbare
Schutzgruppen fiir das aktive Ubergangsmetallzentrum.

Wenn man ligierte, Hume-Rothery inspirierte TM/E Cluster als homogene Imitatoren von
Strukturmotiven in heterogenen Katalysatoren betrachtet, so stellt die fehlende chemische
Vielfalt ein erhebliches Problem dar. Die letzte Strategie zur Untersuchung reaktiver Stellen ist
die Erforschung des Konzepts der ,lebenden Clusterbibliotheken®, welche die Diversitat, die
auf der Oberfliche von Festkérperkatalysatoren zu finden ist, durch unselektive
organometallische Reaktionen nachahmt. Die Bibliotheken werden durch LIFDI-MS mit
doppelter  Labeling-Strategie  und  verschiedenen Kollisionsenergieexperimenten
charakterisiert und ihre Entwicklung wird durch Massenspektrometrie Gberwacht. Dieser
Ansatz liefert chemische Informationen, ohne die Cluster voneinander zu separieren.
Strukturelle Informationen werden durch eine Kombination aus Dichtefunktionaltheorie (DFT)
und Data-Mining Analyse gewonnen, um den gesamten Konfigurationsraum der
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Zusammensetzung zu analysieren. Mit dieser Methode lassen sich die Struktur-Reaktivitats-
Beziehungen der Cluster effizient charakterisieren, was durch den Nachweis der Formiat-
haltigen Spezies [Cu11Zng]Cp*s(CO2)2(HCO2) und die Isolierung von [CuaZnio]Cp*s, das als
Prakatalysator fiir die katalytische Semihydrierung von Alkinen fungiert, deutlich wird. Erste
Erkenntnisse zur Einbeziehung eines zusatzlichen Komplexitatsparameters — die Erzeugung
von suboxidischen heterometallischen Clustern — werden durch die Untersuchung des
suboxidischen Organokupfer-Polymers [Cui1002Mesg]n gewonnen.
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1 INTRODUCTION

1 Introduction

Given the nature of metal-metal bonds and the plethora of possible combinations, the ensuing
properties represent an immense realm of possibilities. Due to their varying atomic scale
parameters, i.e.,, the atomic radius, electronegativity, and valence electron concentration,
which are decisive factors for structure formation and alloying in the solid state, drastically
different properties can be obtained based on the choice of metals combined.!* Polarized
bonds with a high covalent character between two metals can be obtained if the atomic radii
are of a similar range (£ 15%) and the difference in electronegativity, while necessarily present,
is not so significant as to favor ionic bonding (AEN < 0.5 as a general rule).[? Together with the
structure defining electron concentration (e/a), these are the criteria of Hume-Rothery
phases?, of which the different Cu/Zn alloys are the most prominent examples, generally

associating late transition metals with group 12/13 metals (Figure 1).

13

Al

Figure 1: Relevant metals typically associated in Hume-Rothery phases, such as copper and zinc in the different
brass phases.

Naturally, such polarized metal-metal bonds affect the chemical properties and behavior of
the system. This phenomenon is nicely shown when comparing different Pd, Pd/Ag, Ni, and
Ni/Zn phases.® While the fundamental reactivity of the transition metals Pd and Ni in the
hydrogenation of unsaturated carbon-carbon bonds does not change upon alloying, the
selectivity observed is radically influenced. Whereas the pure Pd and Ni catalysts have a poor
selectivity towards the semihydrogenation of alkynes, with increasing dilution in the second
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1 INTRODUCTION

metal, the PdAgs and NiZns catalysts show remarkably selective semihydrogenation
(Figure 2).13! This is not due to the chemical properties of the silver and zinc, as the palladium
and nickel remain the active centers of the reaction. Instead, they alter the electronic
properties of the catalytically active transition metals, reflected in a lower stability of the

adsorbed alkene, leading to an enhanced selectivity towards the semihydrogenation product.
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Figure 2: Concentration of ethane in a reactor outlet against acetylene conversion. Zero ethane represents perfect
semihydrogenation selectivity. Original material from F. Studt, F. Abild-Pedersen, T. Bligaard, R. Z. Sgrensen, C. H.
Christensen, J. K. Ngrskov, Science 2008, 320, 1320-1322, reprinted with permission from AAAS.

The altering of a catalyst’s selectivity upon alloying is a common phenomenon observed for a
multitude of systems. Combined with the economic benefit obtained through “diluting” a
precious metal, this increases the interest in Hume-Rothery phases as alternatives to pure

precious metal catalysts.

The peculiarities of the metal-metal interactions observed in Hume-Rothery phases can be
further expanded to the realms of heterometallic colloids, clusters, and organometallics, with
different challenges arising in each size regime. This thesis focuses on studying reactive sites
in heterometallic complexes and clusters and probing their reactivities towards small

molecules. Before delving into the intricacies of cluster chemistry, let’s take a step back and
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address the metal-substrate interactions observed in classical organometallic chemistry and

solid-state heterogeneous catalysts in the broader sense.

1.1 Heterometallics as Powerful Tool in Bond Activation

1.1.1 Bond Activation at Heterobimetallic Complexes

The activation of small molecules by low valent metal centers has been the cornerstone of
organometallic chemistry for decades. Classic examples include the Wilkinson catalyst!*l, which
is active in the hydrogenation of olefins, or the Schrock®® and Grubbs'®7! catalysts used in olefin
metathesis. Recently, the behavior of homo- and heterobimetallic compounds towards the

bond activation of small molecules has been the subject of intense research.

The first aspect to consider in discussing the properties of such homo- and heterobimetallic
complexes is the possibility of metal-metal cooperativity for bond activation, which can be
made of use. This is nicely shown by the [RhCp*(GaCp*)(CHs)2] complex readily rearranging to
[RhCp*(CsMesGa(CHs)s)] as reported by Fischer et al. (Figure 3).[! This exceptional C-C
activation is thought to originate from the spatial proximity of a very electrophilic gallium

center to a very nucleophilic d® rhodium(l) center.

+17.4 kcal/mol

TS

|@c @rn @Ga |

Figure 3: Simplified reaction pathway for the C-C activation forming [RhCp*(CsMe,Ga(CHs)s)]. Reprinted with
permission from T. Cadenbach, C. Gemel, R. Schmid, R. A. Fischer, J. Am. Chem. Soc. 2005, 127, 17068-17078.
Copyright 2005, Copyright 2005, American Chemical Society.

The effect of the heterometal can be more passive, however, and is nicely shown by the
germyl-rhodium complex reported by Campos et al.’'° Incorporating the germyl fragment
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drastically alters the reactivity of the rhodium center, which, in addition to semi-

hydrogenation, permits cis/trans-isomerization, favoring the E-isomer (Figure 4).

\L_d%
(iv) "

KIE=7.12

trans-isomerization cis-semihydrogenation

Figure 4: Proposed mechanism for the cis-semihydrogenation of alkenes and subsequent isomerization to trans-
alkenes catalyzed by a germyl-rhodium complex. Reprinted with permission from S. Bajo, C. A. Theulier, J. Campos,
ChemCatChem 2022, 14, e202200157. Copyright 2022, John Wiley and Sons.

Group 13 metals have been reported to be effective reactivity modulators and when
incorporated as metalloligands can be used to “tune” the properties of a transition metal.
Using a Lewis acidic Ga"' ligand, Lu et al. prepared a Ga"-Ni® complex that catalytically
hydrogenates CO; to formatel’1?] (Figure 5) with an impressively high initial turnover
frequency (TOF) of 9700 h™!, greatly exceeding prior Ni homogenous catalysts. The Ga"
acceptor ligand is crucial for the stabilization of the anionic [HNiGaL]™ intermediate.*? This is
highlighted by the comparison with the gallium-free analog NiLHs, which is unable to bind and
activate H; towards deprotonation and is thus catalytically inactive in the hydrogenation of
CO,. This Ga"-Ni® complex is a striking example of how the electronic properties of a TM-E

interaction can play a significant role in tailoring the reactivity of the transition metal.
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H—H
wP
P—N s H2 5 ‘l‘P
| \p _— P NI\P
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Figure 5: Reaction scheme of the catalytic CO, hydrogenation with NiGal. Reprinted with permission from R. C.
Cammarota, M. V. Vollmer, J. Xie, J. Ye, J. C. Linehan, S. A. Burgess, A. M. Appel, L. Gagliardi, C. C. Lu, J. Am. Chem.
Soc. 2017, 139, 14244-14250. Copyright 2017, American Chemical Society.

The influence of a heterometal on the reactivity of a transition metal in complex chemistry can
be drastic and demonstrates the importance of these TM-E interactions. This is not unlike what
has been observed in the solid state, where TM-E bond polarization and cooperativity can be

made of use.

1.1.2 Solid-State Heterometallics: The Cu/ZnO/Al,O3 Example

Studying the processes occurring on solid-state catalysts’ surfaces during catalytic reactions is
challenging, often leading to numerous controversies and intense debates. This is particularly
true for catalytic systems involving alloys or metals supported on other metal oxides. The local
geometries, such as steps, kinks, edges, or structural defects, are crucial.l3 However, the local
composition and oxidation states may be even more significant. To grasp these complexities,
let's examine one of the most well-studied yet complicated systems: the catalytic synthesis of

methanol from carbon dioxide.

For the past 50 years, methanol production from syngas has relied on a Cu/ZnO/Al,03
catalyst.*¥ Today, CO; from steel production is utilized for a more environmentally friendly

process. Despite producing nearly 30 million tons of methanol annually, the precise
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mechanism of this conversion remains unclear.’> Notably, oxygen-free Cu/Zn alloys have
demonstrated similar catalytic reactivity as ZnO/Cu catalysts. Studies have shown that the
Cu/Zn surface oxidizes to Cu/ZnO under catalytic reaction conditions.'®! Typically, this
conversion occurs at temperatures between 200°C and 500°C and pressures of 60 bar, leading
to the oxidation of Zn atoms due to their greater affinity for oxygen compared to Cu.[*
Additionally, it is believed that high-pressure conditions facilitate the coordination of CO/CO;
conversion intermediates to the surface.['¥ This raises questions about the role of oxidic

species in catalytic mechanisms and the structural characteristics of active centers.

Earlier research proposed various models for the surface of Cu/Zn(0) alloys, including a Cu®-
Zn° surface, a surface with Zn®* species, a layer of ZnO* over the Cu® surface, and a Cu® surface
interspersed with ZnO species.'¥) However, all models report a strong metal-support
interaction (SMSI) between Cu and Zn. Studies on heterogeneous Cu/ZnO catalyst systems for
methanol production from syngas have shown that Cu atoms tend to coordinate with H atoms.
In contrast, the Zn-O part of the system coordinates with the oxygen atoms of CO,, CO, or
other O* intermediates in the turnover process.[618 The dissociation of dihydrogen on the Cu
atoms of the surface is electronically assisted by the oxide sites, which also disperse the Cu
sites over the surface layer.[*®! Additionally, sub-oxidic zinc centers appear to enhance catalytic

activity further by acting as adsorption sites for oxygen-bearing intermediates.

Figure 6: Schematic representation of the active site of Cu/ZnO/Al,Os as suggested by calculations and aberration-
corrected HR-TEM images. Copper = orange; zinc = gray; carbon = black; oxygen = red; and hydrogen = white.
Reprinted with permission from G. Centi, S. Perathoner, in CO2: A Valuable Source of Carbon (Eds.: M. D. Falco, G.
laquaniello, G. Centi), Springer London, London, 2013, pp. 147-169°, copyright 2013, Springer Nature, itself
based on the findings of Schiégl et al.[*3!
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Kinks, edges, steps, and other types of copper atoms stacking faults seem to be the active
catalytic centers of the reaction (Figure 6). Regarding the reaction mechanism, two theories
are considered most likely. The first one postulates a stepwise reduction of CO; to formate
(HCOO), dioxomethylene (H,COO), formaldehyde (H.CO), and finally to methanol (CH30OH)
(Figure 7). In-situ IR studies of the CO, hydrogenation to methanol over Cu/SiO2 and ZrO,/SiO>

suggest a similar mechanism.

Alternatively, a second mechanism suggests that CO primarily forms from CO; via a reversed
water-gas-shift reaction and is subsequently hydrogenated.[*¥! This mechanism aligns with a
theoretical study of CO, hydrogenation over a Cu/ZrO; surface.[*’”! The syngas’ composition can
also influence the mechanism and surface structure. If the proportion of CO; in the syngas
mixture is very low, the CO-rich atmosphere creates reducing conditions, leading to a Cu®-Zn°
surface and favoring the second mechanism (Figure 7).13! Conversely, a higher proportion of
CO; leads to surface oxidation, resulting in surface species such as ZnOy or Zn®, which tend to
follow the first mechanism described.[**! Experiments varying CO/CO, ratios have shown that

the surface can transition between different models based on these conditions.

a) b)
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Figure 7: DFT calculated Gibbs free energy diagram for CO; (a) and CO (b) hydrogenation on Cu(111), Cu(211),
and CuZn(211) surfaces. Original material from M. Behrens, F. Studt, I. Kasatkin, S. Kiihl, M. Hévecker, F. Abild-
Pedersen, S. Zander, F. Girgsdies, P. Kurr, B.-L. Kniep, M. Tovar, R. W. Fischer, J. K. Ngrskov, R. Schl6gl, Science 2012,
336, 893-897, reprinted with permission from AAAS.

The example of the Cu/ZnO/Al,O3 system highlights a significant challenge: the dynamic
behavior of the catalyst’s surface, coupled with the limitations of solid-state analytical

methods, makes it enormously difficult, if not impossible, to fully understand the active site(s).
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It is crucial to remember the molecular nature of all steps in a catalytic cycle, best summed up

by Helmut Schwarz??°);

"Chemistry is a local event: bond breaking and bond making are confined

to the catalytically active center."

This is where metal clusters offer a unique advantage. They can mimic the structural
characteristics of heterogeneous catalysts while retaining their molecular nature, thus

allowing the full use of the molecular analytics toolbox.

1.2 Clusters: From Fundamental Principles to Reactivity Probing

Before delving into the reactivities of metal clusters and the challenges we face, let us explore

the fundamental principles of this diverse class of compounds.

Though situated at the boundary between larger, undefined materials like nanoparticles and
bulk phases, metal clusters are fundamentally of a molecular nature. As atom-precise
compounds: every atom counts.?-?21 Just as the introduction of a simple methyl group to
phenylethylamine—a natural regulator of monoamine neurotransmitters in humans?3—
creates amphetamine, a potent central nervous system stimulant(?¥], the properties of metal

clusters can also change drastically with even slight variations in their composition.

A clear example of this is the difference observed between Pti> and Ptis clusters. The former
exhibits more than twofold activity in the catalytic oxygen reduction reaction compared to the
latter (Figure 8).1%°] Their structures can explain this: Pti3 adopts a highly stable icosahedron
shape due to its magic number composition (which will be explored in the following chapter),

whereas Pt12 has a more labile and unsaturated structure.
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Figure 8: Volcano plot and free energy diagram for the oxygen reduction reaction by Pti,, Ptis, and bulk Pt with
(a) Kinetic current density (jx) plotted as a function of the calculated oxygen adsorption energy (AEy) (relative to
bulk Pt), (b) optimized structures of Pti2(Cay), Ptis(icos), and the FCC (face-centered cubic) Pt nanoparticle and
(c) diagram of the relation between the particle size and the relative oxygen binding energy (AEo). Reprinted with
permission from T. Imaoka, H. Kitazawa, W.-J. Chun, S. Omura, K. Albrecht, K. Yamamoto, J. Am. Chem. Soc. 2013,
135, 13089-13095. Copyright 2013, American Chemical Society.

1.2.1 Mackay Magic Numbers

Metal clusters' electronic and geometric characteristics are crucial in determining their
stability, and various models have been developed to understand them. One such model is the
concept of the atom magic number. This idea dates back to 1962 when Mackay published a
thought experiment in which he derived a closed multiple-shell structure of icosahedral
geometry (Figure 9) from the dense non-crystallographic packing of equal spheres, predicting
its natural occurrence.?®! Nearly twenty years later, initial experimental evidence supporting
the preferred formation of such geometrically closed shell structures emerged from
observations of mass abundances of gaseous magic number sized xenon clusters in mass

spectrometric experiments.[?”]
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Ml M13

Figure 9: Overview of the icosahedral shell structure of cluster obeying the Mackay magic numbers. M; serves as
the foundation, with a further 12 atoms forming the first icosahedral shell, resulting in M3, followed by a further
42 atoms for the second icosahedral shell, forming Mss, and so on. The atoms of the new shell are marked in
orange.

Magic number clusters with 13, 55, 147, 309, 561, ... atoms are recurring motifs in
experimental and theoretical studies of naked- and ligand-stabilized metal clusters. Their
remarkable stability across the periodic table is attributed to their high sphericity and the
inherent minimization of surface energies, following classical Wulff construction principles.[?8!
In the example above, we discussed how the Ptis cluster was significantly less catalytically
active than the one-atom-lighter Pt1, cluster (Figure 8). This difference is due to the magic

number Mackay structure of Pt;3.[2%

Similarly, the structures of the two ligated Mss clusters [Pdss(P'Prs)i2(ps-CO)20]??! and
[CuasAl12Cp*12]B% (Figure 10) can be very well rationalized with the Mackay magic numbers.
In the former, the central Pdss core forms an icosahedral, two-shell Mackay cluster. The latter,
best described as Cu@Cu1,@(Cus0Al12), exhibits a mixed-metal outer Mackay shell and is the
first reported example of a ligated heterometallic Mackay-type Mss magic atom number

cluster with a perfect two-shell icosahedral structure.
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[CU43A|12]12+ [Pd55]

Figure 10: Naked metal cores of [CuasAl1:Cp*12] and [Pdss(P'Prs)1z(13-CO)20] 2% with typical M@M1,@M,; Mackay
structure. Reprinted with permission and adapted from J. Wefling, C. Ganesamoorthy, S. Kahlal, R. Marchal, C.
Gemel, O. Cador, A. C. H. Da Silva, J. L. F. Da Silva, J.-Y. Saillard, R. A. Fischer, Angew. Chem. Int. Ed. 2018, 57,
14630-14634. Copyright 2018, John Wiley and Sons.

1.2.2 Electronic Models

Besides geometric considerations, electronic models can also help to understand a cluster’s
stability or instability. One straightforward concept for understanding (inorganic) cluster
compounds is based on the 8 valence-electron rule (for main group clusters) or the 18 valence-
electron rule (for transition metal clusters). This concept applies to Zint/ clusters like NaSi,
which forms [Sis]* tetrahedra, where each Si atom obeys the 8-electron rule.3?! Another
example is carbonyl clusters like [Ir4](CO)12, which forms an Irs tetrahedron, with each Ir atom

obeying the 18 valence-electron rule.33!

The challenge in assessing the electronic structure of more complex clusters arises because
many clusters cannot be adequately described by classical two-center, two-electron bonds, as
the connectivity of the vertices often exceeds the number of valence electrons available for
bonding.3Y Several approaches exist to understand these seemingly "electron-deficient"
clusters, such as [BeHs]?. In the Wade-Mingos concept, a B-H or M(CO)s fragment is associated
with three orbitals available for skeletal cluster bonding.BY According to this concept, the
number of required valence electrons does not change when successively removing vertices
from the closo cluster, resulting in nido, arachno, or hypho clusters.B3 The Wade-Mingos rules
have proven to be a powerful tool for empirical structure prediction based on relatively simple

electron counting rules.
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The Jellium model for spherical clusters and the related superatom concept**, originally
developed as an additional tool for rationalizing magic number clusters, have also proved to
be powerful tools for understanding cluster stability. This model allows for a heuristic and
empirical estimation of stability and reactivity patterns of ligated metallic clusters by
comparing their chemistry with that of single atoms or elements.** The starting premise of
this model is that the positive charges of the nuclei are distributed homogeneously, requiring
clusters to be spherical or quasi-spherical, and the delocalized electrons are subjected to the
resulting potential field.[3¥ This situation is very similar to that of electrons within an atom,
with further similarities found between the occupancy and nature of these resulting Jellium

orbitals and atomic orbitals?®®! (Figure 11).

Atoms Clusters
Number of electrons Number of valence electrons
28 3qu — 40 ops
18 —
12 5. & o
10 5 18 1w
4 2s? 8 1P®
2 1s? 2 1S?

Figure 11: Electron occupancy situation for the orbitals of an atom (left) and a superatom (right). Reprinted with
permission from T. Tsukamoto, T. Kambe, T. Imaoka, K. Yamamoto, Nat. Rev. Chem. 2021, 5, 338-347. Copyright
2021, Springer Nature.

As a result, the same degeneracies occur as with an atom and the stabilities of specific cluster
sizes can be directly related to the valence electron count. However, the order of the resulting
electronic states in the superatomic description deviates from that observed for simple atoms

(Figure 11). This deviation can be explained by the fact that in the superatom, the positive
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charge is distributed throughout the cluster sphere, whereas in a single atom, the positive

charge is centered at the nucleus.l3637]

The heterometallic [CuasAl12Cp*12] cluster described earlier, while conforming to the Mackay
magic numbers, can also be analyzed using the Jellium model, yielding a total of 67 electrons,
which is close to the closed-shell number 68.13% Considering the superatomic orbitals led to
the prediction of a quadruplet ground state with three unpaired electrons, a hypothesis

experimentally verified through magnetic measurements.3%

The Jellium model has been successfully applied to both small and large clusters, as well as to
homometallic and heterometallic compounds. A notable example of a small heterometallic
superatom is the nanobrass [CusZn4]Cp*4(CN'Bu)s, which exhibits an 8-electron 1521P®closed-
shell configuration for the [CusZn4] core.8 However, the electron count can be much larger,
as demonstrated by Schnékel's [AlsoCp*12]3°), which has the following configuration:

1S21P%1D02521F142P%1G82D1°3521H?22F143P%11%, totaling 138 electrons!*?! (Figure 12).

S mmmm P mmmm D F G H | —

PLDOS

Energy [eV]

Figure 12: Projected local density of states (PLDOS) for [AI50Cp*12] with significant energy gaps following the
closing of the electronic shells for n = 2, 8, 20, 34, 58, 92, and 138. Reprinted with permission from P. A. Clayborne,
0. Lopez-Acevedo, R. L. Whetten, H. Grénbeck, H. Hikkinen, Eur. J. Inorg. Chem. 2011, 2011, 2649-2652. Copyright
2011, John Wiley and Sons.

In the case of "electron-deficient" d° transition metals, they can also participate in superatom
orbitals when combined with "electron-rich" elements such as coinage metals (s'd®

configuration in the M° oxidation state). This is well illustrated by the heterometallic
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[RhAg21{S2P(0"Pr)2}12] cluster, which contains an icosahedral [Rh@Ag:2]3* 8-electron
superatom at its core (Figure 13).*Y) The 12 Ag atoms each donate one electron to the
superatom orbitals, while the Rh atom withdraws one to fill its d shell. Together with the
charge of the cluster core, this results in a net reduction of the electron count to 8, yielding

the expected 15%1P° configuration.*%

Figure 13: a) Structure of [RhAg21{S2P(O"Pr)2}12] and b) its icosahedral [Rh@Ag12]** 8 electron superatom core.

1.2.3 Metal Substrate Interactions with Hume-Rothery Clusters

There is growing interest in experimental and theoretical studies of atom-precise, sub-
nanometer Hume-Rothery inspired TM/E clusters. For instance, Héltzl et al. explored the size-
and charge-dependent CO; and H, activation on small [CunZn]®* (n = 3 — 6) clusters through
DFT-based methods.[*?! Exploring notably the interactions of these clusters with CO,, they
could conclude that CO; preferentially binds to the zinc with one of its oxygens and to the
adjacent copper with the carbon (Figure 14). This is explained by the partially positive charge
of the Zn atom, which results from the polarized Cu-Zn bond.[*?! Such information is precious

for further understanding the reactive properties of various Cu/Zn based systems.
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Figure 14: Rate determining steps for the CO; dissociation on the neutral clusters CusZn and CusZn. Copper =

orange; zinc = violet; carbon = grey; oxygen = red. Reprinted with permission from B. Zamora, L. Nyuldszi, T. H6ltzl,
ChemPhysChem 2024, 25, e202300409. Copyright 2024, John Wiley and Sons.

Concerning ligated TM/E clusters, the isolation, characterization, and

study of
[HaCus(AlCp*)s]“3! (Figure 15) was a milestone. The arrangement of copper and aluminum

atoms in the M12 unit of this compound is in analogy to the polyhedral forms of well-known

intermetallic phases such as CusAls, MgCu,, and y-brass. Additionally, Fischer et al. discovered

that this copper-aluminum species reacts stoichiometrically with benzonitrile to produce the
hydrometallated [H3Cus(AICp*)s(N=CHPh)] (Figure 15).143

hydride
migration

Figure 15: a) Structure of [H4Cus(AICp*)s] showing a Cus core embedded in an (AICp*)s shell. b) schematic reaction
of [HiCus(AlCp*)s] with benzonitrile yielding [H3Cus(AICp*)s(N=CHPh)]. Reprinted with permission from C.
Ganesamoorthy, J. Wefing, C. Kroll, R. W. Seidel, C. Gemel, R. A. Fischer, Angew. Chem. Int. Ed. 2014, 53, 7943-
7947. Copyright 2014, John Wiley and Sons.

The hydrometallation of the nitrile resembles an insertion, the first fundamental step in the
semi-hydrogenation of acetylene. While the reductive elimination of the imine could not be

observed, this still marks an apparent success in underlying the chemical similarities of ligated
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TM/E clusters to their related solid-state counterparts. Similar reactivity is observed in
[Ni(ZnCp*)a(ZnCH3)a] and [Pt(ZnCp*)a(ZnCHs)s], where the zinc-coordinated nickel and
platinum compounds react with terminal alkynes, releasing methane.*#! Furthermore, Fischer
et al. demonstrated through DFT calculations on theoretical complexes of the form
[Ni(ER)n(C2Hx)a-n] that such compounds can be considered molecular models for semi-

hydrogenation catalysts and reaction intermediates.*°!

Looking at the Ni/Ga system, the reaction of [Ni(COD);] (COD = 1, 5- cyclooctadiene) with
GaTMP (TMP = 2,2,6,6-tetramethylpiperidinyl) forms a [Nis(GaTMP);] cluster (Figure 16).14¢!
This cluster features a Nisz triangle with three terminal GaTMP, three bridging GaTMP, and one
face-capping GaTMP, leaving the Nis triangle fully accessible on one side. This accessibility of
the transition metal core is, as one can expect, very reactive. Additionally, the gallium-
coordinated Nisz core is reminiscent of a structural motif of the NisGas phase proposed to be
the active site in semihydrogenation. Under a hydrogen atmosphere, this cluster forms a
mixture of di-, tetra-, and hexahydrides. Surprisingly, these hydridic species are only stable
under a hydrogen atmosphere, reductively eliminating once the H; pressure has been

relieved.[46]

Figure 16: Molecular structure of [Nisz(GaTMP);] (left) and DFT optimized geometry of the acetylene coordinated
[HaNis(GaTMP);] (right). TMP ligands were omitted for clarity. Reprinted with permission from M. Muhr, H. Liang,
L. Allmendinger, R. Biihler, F. E. Napoli, D. Ukaj, M. Cokoja, C. Jandl, S. Kahlal, J.-Y. Saillard, C. Gemel, R. A. Fischer,
Angew. Chem. Int. Ed. 2023, 62, e202308790. Copyright 2023, John Wiley and Sons.

The polyhydridic [HxNi3(GaTMP);] (x = 2, 4, 6) species are catalytically active in alkyne
semihydrogenation.!*®! The selectivity is similar to those observed for other Niand Ni/Ga based
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heterogenous catalysts. DFT calculations of the coordination of acetylene and ethylene of the
terahydridic [H4Ni3(GaTMP);] found an exergonic, quasi-perpendicular coordination adduct of
acetylene to one of the Ni-Ni bonds (AG = 4.4 kcal/mol). In comparison, the coordination of
ethene is endergonic (AG = 25.4 kcal/mol).[*®! This is in perfect agreement with the observed
selectivity towards the semihydrogenation product. The minimum structure of the acetylene
adduct shows a noticeably short Ga-C distance, suggesting active participation of the gallium
in the stabilization. The selectivity showcased by the [Ni3(GaTMP)7] cluster and the analogy to
the solid state makes it a very strong candidate for further elucidation of the heterometal's

role in tuning the nickel center's properties.

1.2.4 Synthetic Challenges for Ligated Hume-Rothery Clusters

As remarkable as the aforementioned ligated TM/E clusters are, several synthetic challenges
hinder access to a wide variety of molecular mimics and impede the study of metal-substrate

interactions using TM/E complexes and clusters.

The typical synthetic approach towards Hume-Rothery inspired TM/E clusters involves the
reaction of low-valent organometallic complexes of the two desired metals. Typical starting
materials include transition-metal olefins, such as [M(COD);] (M = Ni, Pd, Pt), [M2z(dvds)s]
(M = Ni, Pd; dvds = 1,1,3,3-tetramethyl-1,3-divinyldisiloxane) or [Mo(1,3-butadiene)s], as well
as various transition-metal aryl complexes, [Fe:Mesa] or [CuMes]s for example. These are
brought to reaction with low valent group 12/13 compounds, typically of the form E'R (E = Al,
Ga, In; R = C(SiMes)s, Cp*, TMP) or Zn,Cp*,. A complex set of competing reactions —
coordination*’#l, ligand exchange!*®*%, and redox reactions% >! — are possible between the

low valent TM and E complexes and cannot be directly controlled.

The complex nature of these parallel processes makes the synthesis of TM/E clusters
impossible to predict and is reflected in the yields — although there are exceptions. Two
examples illustrate this problem well: [CusZns]Cp*s>2! and the [GaxNi,](NiCp*)s (x = 6 — 7;

y =0-2) cluster family®%. In both cases, the Cp* transmetallates to the transition metal,
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forming Cu'Cp* and Ni'Cp*. In the case of [CusZna]Cp*s, the competing reactions occurring

during the synthesis lead to a very poor yield, with only a few crystals being obtained.

While this last point is not an issue for the [GaxNiy](NiCp*)s (x = 6 — 7; y = 0 — 2) cluster family,
the quasi-identical (NiCp*)s shell they exhibit makes their separation impossible.*°! Depending
on the choice of the starting nickel-olefin complex and the reaction conditions, the relative
quantities of each one of the [GaxNiy](NiCp*)s cluster family can be controlled to an extent, it
is however not possible to isolate one of them in a pure form (Figure 17). The individual
clusters can be seen as islands of stability with little energetic difference between them,
leading to their parallel formation. The inherent complexity of this cluster family has led to

two decades of intense research before they could be fully understood.

Ni(olefin) + GaCp*

Gag (1)
NiGas (2)
Ga; (3)
NiGa, (4)
Ni,Ga, (5)

(NiCp*)s

Figure 17: General composition of the [GaxNi,](NiCp*)s (x =6 — 7; y = 0 — 2) cluster family, sharing a quasi-identical
(NiCp*)s shell. Reprinted with permission from M. Muhr, J. Stephan, L. Staiger, K. Hemmer, M. Schiitz, P. Heif, C.
Jandl, M. Cokoja, T. Kratky, S. Glinther, D. Huber, S. Kahlal, J.-Y. Saillard, O. Cador, A. C. H. Da Silva, J. L. F. Da Silva,
J. Mink, C. Gemel, R. A. Fischer, Commun. Chem. 2024, 7, 29. Copyright 2024, Springer Nature.

Finally, the lack of reactivity towards small molecules of most ligated TM/E clusters isolated so
far must be addressed. While metal-substrate interactions observed for [HaCus(AICp*)e],
[Ni(ZnCp*)a(ZnCH3)a] and [Ni3(GaTMP);] (Chapter 1.2.3) are truly remarkable and offer
valuable insights, they remain exceptions rather than the rule. Just as for the [GaxNiy](NiCp*)e

(x=6-7;y=0-2) cluster family discussed above, the world of ligated TM/E clusters is full of
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species, which, after a painstakingly long process of synthesis optimization and purification,

lack any exciting reactivity. In short, they either die or are dead on arrival.

This is illustrated well by the different low-valent ligated Cu/Zn clusters synthesized using
organocopper and -zinc complexes. This cluster family exhibits various sizes, Cu:Zn ratios, and
electronic configurations (Figure 18). The smallest of this Cu/zZn family, [CuZn,]Cp*s3,
features a CuZn; triangle and can be described as a two-electron c-aromatic compound,
similar to the isostructural [Cu,Al]Cp*sP* and [Zn3Cp*3]*®3l. As previously mentioned,
[CuaZna]Cp*s(CN'Bu)4B8 has an 8-electron superatom corel®®], while the copper-rich
[Cu10Zn2](Mes)sCp*,1%, despite its geometry deviating from a spherical shape, can also be

described using the superatom model, resulting in a 151P,2252 configuration.

| | I | |
I | | | |
0 1 3 4 10

number of Cu atoms

Figure 18: Overview of ligated Cu/Zn clusters with polyhedral faces colored. Hydrogen atoms are omitted for
clarity, and organic ligands are shown as wireframes. Color code: Cu = orange, Zn = light blue, C = grey. Reprinted
with permission from M. Schiitz, C. Gemel, W. Klein, R. A. Fischer, T. F. Fdssler, Chem. Soc. Rev. 2021, 50, 8496-
8510. Copyright 2021, Royal Society of Chemistry.

While the diversity of geometries, compositions, and electronic structures offered by this

family of nanobrass clusters is fascinating, it is essential to note that none of these clusters
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exhibit reactivity towards carbon dioxide or any other small molecule. Therefore, contrary to
the DFT optimized [CunZn]®* (n = 3 — 6)1*4 clusters discussed earlier, these ligated Cu/Zn
compounds are not suitable molecular mimics for the processes occurring during catalytic

methanol synthesis.

1.2.5 Strategies Towards Reactivity Probing

1.2.5.1 Placeholder Ligands

This raises the question of how to promote the reactivity of ligated metal clusters, or rather:
how can we stabilize the reactive sites of TM/E compounds sufficiently so that they may be

isolated while avoiding hindering any metal-substrate interaction?

Introducing labile ligands to the transition metal is a possibility for enabling the reversible and
controlled formation of reactive sites. In the field of E(lll)-TM heterometallic complexes,
several recent examples illustrate this approach: Nakao et al. reported an Al(ll1)-Rh complex
that, through the Lewis acidic character of the metalloligand and the dissociation of a
placeholder alkene ligand, performs cooperative C-F bond activation.”! Similarly, Ozerov et al.

demonstrated a B(Il)-Ir complex capable of activating C-H bonds.®!

A particularly elegant strategy utilizing a labile placeholder ligand was reported by Lu et al.
Using the pincer-type PAIP ligand AI(NPhCH,P'Pr;);Mes, they formed the Al(Ill)-Ni complexes
[(PAIP)Niz(u-COD)] and [(PAIP)Niz(p-N2)] (Figure 19).5% These complexes feature labile bridging
ligands, COD or N3, which upon dissociation create reactive sites on the nickel centers, enabling

cooperative H-H and C-H bond activation.[
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Figure 19: Synthesis of the complexes [(PAIP)Ni,(u-COD)] and [(PAIP)Nix(u-N2)] showcasing labile placeholder
ligands. Reprinted with permission from B. J. Graziano, M. V. Vollmer, C. C. Lu, Angew. Chem. Int. Ed. 2021, 60,
15087-15094. Copyright 2021, John Wiley and Sons.

In the realm of homoleptic TM/E(l) complexes, the [Ni(AICp*)sH(SiEts)] compound reported by
Fischer et al. was shown to undergo a thermally induced reductive elimination of triethyl
silane, as could be demonstrated by the formation of the homoleptic [Ni(AICp*)a] when this
reaction is performed in the presence of AlICp*.[°%) The unsaturated [Ni(AlCp*)s] intermediate,
resulting from the reductive elimination, is highly reactive and was shown to perform C-H

activation of benzene, forming [Ni(AICp*)s(H)(AICp*(Ph))]®® (Figure 20).

AlCp*
1/4 [AICpP*]4 Ni
— « < N\""AlCp*
n-hexane CpAl \AICpP
1/4 [AICP*]4 | - HSIEt,
n-hexane
. AlCp*
_ 3/4 [AICp*]4 HSiEt, H
[Ni(cod),] 2—d> [Ni(AICp*)3] ——= N c
-2co ..~ N\ ""AlCp*
Et,Si \AICp*
CeHs | - HSIEt;
AlCp*
1/4 [AICP*], P
— H\ .
CeHe “ AI'I/NI"\'”AICp*
p AlCp*

Figure 20: Overview of the reactivity of the in-situ formed unsaturated [Ni(AICp*)s] able to perform C-H activation
of benzene. Reprinted with permission from T. Steinke, C. Gemel, M. Cokoja, M. Winter, R. A. Fischer, Angew. Chem.
Int. Ed. 2004, 43, 2299-2302. Copyright 2004, John Wiley and Sons.
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The analogous reaction with GaCp* only leads to the formation of the homoleptic complex
[Ni(GaCp*)s], regardless of the presence of triethyl silane, and no C-H activation could be
observed. While the C-H activation of benzene is postulated to occur at the Ni° center, the
phenyl group migrates to the AlCp* ligand, resulting in a formally Al'"! center. The C-H activation
was not observed when starting from the already formed [Ni(AICp*)a] complex (Figure 20),
highlighting the labile nature of the oxidatively added H-SiEt.1°%! This can be seen as an
example of a protecting group at the nickel center, which, when removed, induces the

formation of a reactive site at the transition metal.

1.2.5.2 Living Libraries of Metal Clusters

In biochemistry, working with libraries is a standard method for studying complex systems,
which has been used for decades to efficiently investigate, among others, the effects of
mutations on a protein’s bioactivity.[*%3! This approach has been crucial in recent biochemical
advancements, significantly enhancing our understanding of cellular chemistry and molecular

biology.

This concept could also be effectively combined with the strategy of investigating cluster-
substrate interactions through the in-situ formation of hemi-labile species. Reactive clusters
are often too labile to isolate, making their study challenging. Creating "living cluster libraries"
would enable the simultaneous study of heterometallic systems with various compositions,
fully considering the chemical diversity resulting from organometallic reactions. The term
"living" signifies the responsiveness of these species to external parameters, allowing for the
direct exploration of chemical complexity and increasing the efficiency of system inquiries

(Figure 21).
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Figure 21: General concept for a library-based strategy for probing metal-substrate interactions of ligated
heterometallic clusters.

However, this approach requires the development of new methodologies to analyze and
understand complex mixtures of clusters. Similar to how complex mixtures of proteins are
analyzed in biochemistry through proteomic analysis, the study of living libraries of metal
clusters will rely on in-situ mass spectrometry (Figure 21). This necessitates a setup tailored to
the challenges of low-valent ligated cluster chemistry.!®¥ LIFDI (liquid injection field desorption
ionization) is an exceptionally soft ionization technique suitable for organometallic analytes
with weakly bound ligands, such as olefins.[6>-%¢! The principle of LIFDI-MS is related to field
desorption (FD), an ionization technique developed for low-polarity, non-ionic analytes. LIFDI-

MS has proven very successful in investigating various ligated TM/E clusters.[67-58]

To accommodate these fragile and highly air- and moisture-sensitive compounds, the LIFDI-
MS setup can be coupled with a glovebox, allowing for sample application under completely
inert conditions and an orbitrap mass analyzer offering very high m/z accuracy. In this system,
ions are collected by a C-trap and then injected into the orbitrap in pulses, facilitating the

observation of poorly ionizable compounds.[®4
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Nevertheless, transitioning from a crystallographic-based strategy to a mass spectrometric in-
situ methodology involves the loss of experimental structural information. To address this, a
robust combinatorial and theoretical framework must be developed. This framework aims to
obtain structural information from sum formula alone. It is part of a collaboration with
Prof. Juarez L. F. Da Silva at the University of Sdo Paulo, which is integral to developing living

libraries of metal clusters.
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2 Objectives and Motivation

The synthetic challenge posed by the necessary compromise between stabilizing the low-
valent metals and promoting reactive sites is a crucial limitation to the systematic investigation
of metal-substrate interactions. The fundamental problem is not the inertness of the low
valent metal centers to substrates but rather their inaccessibility. As outlined in chapters 1.2.3
and 1.2.4, the inherent properties of the organic ligand used in the synthesis of TM/E clusters
and complexes can play a critical role in the promotion or suppression of reactive sites. This

synthetic challenge will be outlined in chapter 3.1 using small TM/E complexes.

In order to expand our synthetic understanding of the influence different organic ligands have
on the coordination properties of E'R, the chemistry of the still relatively unexplored gallium
amide needs to be examined. This will be studied in chapter 3.1 (Homoleptic Hexa- and Penta-
Coordinated Gallium(l) Amide Complexes of Ruthenium and Molybdenum). The reversible
stabilization of reactive TM/E complexes through labile ligands is an additional key strategy to
generate reactive sites in situ. The reactive properties of such unsaturated TM/E fragments for
various bond activation and their reversible stabilization will be outlined in chapters 3.2 and
3.3 (C-H and Si-H Activation Reactions at Ru/Ga Complexes: A Combined Experimental and
Theoretical Case Study on the Ru-Ga Bond and Photochemically Generated Reactive Sites at

Ruthenium/Gallium Complexes: Catalysis vs. Cluster Growth).

The reactive sites generated at TM/E clusters and complexes can be used to study metal-
substrate interactions. When viewing ligated Hume-Rothery inspired TM/E clusters as
homogeneous mimics of structural motifs found on heterogenous catalysts, a major problem
needs to be overcome: the lack of chemical diversity. As discussed in chapter 1.1.2, the surface
can have structural defects, local composition variations and is subject to change throughout
the catalytic reaction. The isolation of a few TM/E clusters showcasing metal-substrate
interactions is a far cry away from the diverse richness found on the surface of their solid-state
counterparts. Addressing this requires a paradigm shift in organometallic chemistry. The

isolation and investigation of one cluster at a time represents a loss of chemical complexity,
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which can be overcome by using unselective organometallic reactions, mimicking in situ the
diversity found on the surface of a solid-state catalyst. Introduced in chapter 1.2.5.2, evolving
from a crystallographic-based approach to a mass spectrometric-based one will enable us to
shed light on the chemistry of metastable heterometallic clusters, opening a realm of new
possibilities. The development of a new methodology tailored for working with such “libraries”
of metal clusters and the novel reactivities discovered for ligated Cu/Zn clusters will be
presented in chapter 4.1 (A living library concept to capture the dynamics and reactivity of

mixed-metal clusters for catalysis).

As discussed in chapter 1.1.2, numerous studies point towards the non-innocent role of oxidic
species in catalytic processes in general and in the methanol synthesis from CO: in particular.
Exploring this will require incorporating an additional complexity parameter: generating sub-
oxidic heterometallic clusters. Although incorporating oxygen in low-valent organometallic
chemistry may seem counterintuitive, it is a critical issue to address and poses a major
synthetic challenge. First results towards the further understanding of sub-oxidic
organocopper chemistry are investigated in chapter 4.2 (Cuprophilic Interaction in Polymeric

[CU1002(M€S)5]n).
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3 Synthetic Challenges Towards the Generation of
Reactive Sites

3.1 Study I: Homoleptic Hexa- and Penta-Coordinated Gallium(l)
Amide Complexes of Ruthenium and Molybdenum

Exploring the chemistry of low valent group-13 metalloligands, E'R coordinated to d- and f-
block metal centers have largely been motivated by the isolobal relationship of E'R to CO and
phosphines. Using GaTMP, it has been possible to isolate the [Niz(GaTMP);] clusters active in
semihydrogenation catalysis.[*®! Yet the chemistry of GaTMP is still limited and needs to be
further expanded. In this work, we report the reaction of neutral olefin complexes of
ruthenium and molybdenum with GaTMP, leading to the formation of [Ru(GaTMP)s] and
[Mo(GaTMP)e]. The molybdenum complex shows an octahedral structure, while the
ruthenium complex is best described as a highly distorted square pyramid with a ts value
indicating a nearly ideal basally distorted square pyramid. The DFT calculations unveiled a
competing m interaction between the transition metal centers and the amido substituent with
the unoccupied pr orbitals of the gallium, in accordance with earlier models for TM-GaNR;

coordination.

R. Blihler conducted synthesis, characterization, and DFT calculations of both complexes. R.
J. J. Weininger contributed to synthesis and characterization. J. Stephan performed SC-XRD
measurements. All authors contributed to results discussion and procedure planning, R. A.
Fischer providing overarching academic guidance. The manuscript was written by R. Biihler,

R. J.J. Weininger, C. Gemel, and R. A. Fischer and subsequently edited by all co-authors.
Reproduced with permission from the Royal Society of Chemistry.

R. Biihler?, R. J. J. Weininger®, J. Stephan, M. Muhr, B. M.-T. Bock, C. Gemel, R. A. Fischer, Dalton
Trans. 2024, 53, 17162-17168.

* Equal contribution
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Homoleptic hexa- and penta-coordinated
gallium()) amide complexes of ruthenium and
molybdenum

Raphael Buhler, = § Richard J. J. Weininger, 2 £ Johannes Stephan,
Maximilian Muhr, Balasai M.-T. Bock, Christian Gemel and Roland A. Fischer = *

Reaction of neutral olefin complexes of ruthenium and molybdenum with GaTMP (TMP = 2,2,6,6-tetra-
methylpiperidinyl) by substitution leads to the formation of respective five- and six-coordinated homolep-
tic products. [Ru(GaTMP)s] (1) and [Mo(GaTMP)e] (2) were isolated and characterized. Core structure geo-
metries were analyzed using continuous shape measure, and the complexes were subjected to DFT cal-
culations unveiling competing n-interactions between the transition metal center and the amido substitu-

rsc.li/dalton

Introduction

Exploring the chemistry of low valent group-13 metallo-ligands
ER* (E = Al, Ga, In; R* = sterically demanding protection
group) coordinated to d- and f-block metal centers (transition
metals, M) has significantly been motivated by the isolobal
relationship between ER* and CO. The choice or design of R*
has been crucial to allow for preparative access to ER* com-
pounds and utilize them in organometallic coordination
chemistry. The first example of a mononuclear homoleptic
complex of the general formula [M(ER¥),], namely [Ni(InC
(SiMes)s)s] (R* = C(SiMes)s), was reported by W. Uhl in 1998,
followed by P. Jutzi’s [Ni(GaCp*),] in 1999 and our [Ni(AlCp*),]
in 2005 (Cp* = C5(CHs)5).>* All these complexes can be viewed
as analogues of [Ni(CO),]. However, there are cases such as the
trinuclear, linear  [(Cp*In),Pd(p-(InCp*)),Pd(p-(InCp*),)Pd
(InCp*),],* which has no analogous metal carbonyl [M,,(CO),,]
structure. Other protecting groups, R*, including amides (e.g.
N(SiMe;)(2,6-bis-mesityl phenyl)),” ketoiminates (e.g. DDP = 2-
{(2,6-diisopropylphenyl)amino}-4-{(2,6-diisopropylphenyl)-

imino}-2-pentene) and amidinates (e.g. [N(Ar),CNCy,; Ar =
CeH;'Pr,-2,6; Cy = cyclohexyl), have been introduced with great
success, for example, to yield [Pt(Ga[N(Ar)],CNCy,);], as
reported by Jones and co-workers.® Due to the high steric bulk

Chair of Inorganic and Metalorganic Chemistry, Technical University of Munich,
School of Natural Sciences, Department of Chemistry, Lichtenbergstrafie 4, 85748
Garching, Germany and Catalysis Research Center, Erst-Otto-Fischer-StrafSe 1, 85748
Garching, Germany. E-mail: roland.fischer@tum.de

TElectronic supplementary information (ESI) available. CCDC 2341048 and
2341049. For ESI and crystallographic data in CIF or other electronic format see
DO https:/doi.org/10.1039/d4dt00823e

}These authors contributed equally to this work.

This journal is © The Royal Society of Chemistry 2024

ent with the unoccupied p, orbitals of the gallium.

of these types of metallo-ligands ER*, the transition metal
coordination number of any of their homoleptic complexes
has not exceeded three. We and others have reviewed the devel-
opment of this chemistry in the past.”™® Specifically, an
updated comprehensive listing of all structurally elucidated
homoleptic complexes [M,(ER*),], including [Mo(GaCp*)s] as
the only example of that series with coordination number cn
(M) greater than five, is provided in the ESL1"*

The history of heterometallic group-13 metal/transition
metal complexes of the more general formula [(L,M),(ER;_,)]
(L = CO, phosphines, etc.; R = any inorganic or organic substi-
tuent, ie. including hydrides or halides) featuring unsup-
ported covalent (donor/acceptor) bonds M-E dates back to the
early work of Hieber on [((C0),Co);In] in 1942.">" The related
work since the mid-1990s focused on synthesis, structure and
the elucidation of details of the M-E bonding by theoretical
approaches applying various computational frameworks.'*"*
Herein, we are particularly interested in exploring the tran-
sition from discrete heterometallic complexes to the related
clusters in which an intermetalloid M,E, core is protected by
an all-hydrocarbon shell of R*, i.e. matching with the general
formula [M,E,](R¥),, with (a + b) > ¢."*™*® A recent example of
that work is the assignment of individual structures from a
preparative inseparable ensemble of Ni/Ga clusters [Nig:Gag+y]
(Cp*)6 = [NiyGag,y](NiCp*)s (x +y < 2). Notably, in this particu-
lar case, protection group transfer (R* = Cp*) occurs from the
Ga to the Ni during the synthesis of the clusters from Ni(0)
olefin complexes with GaCp* in toluene or mesitylene at elev-
ated temperatures.'®>°

A relationship exists between the molecular coordination
and cluster chemistry of the solid-state and the materials
chemistry of the respective intermetallic M/E (nano) phases
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and their catalytic properties.”’”** For example, the oligonuc-
lear Ni/Ga hydrido clusters [H,Ni;(GaR*),] (x = 2,4,6; R* = TMP
= 2,2,6,6-tetramethylpiperidinyl) are moderately active in
alkyne semi-hydrogenation to alkenes, mimicking the surface
chemistry of the respective solid-state Ni/Ga (nano) alloys.*
Compared to the other types of R* mentioned in this introduc-
tion, considerably few studies have been conducted using R* =
TMP as a protecting group, which was mainly introduced by
Linti and co-workers. With respect to GaTMP in particular,
only the following few complexes are known in the literature:
[(CO)sCr(GaTMP)] and [(CO);Cr(1*-GaTMP);Cr(CO);] were pre-
pared simultaneously from [Cr(CO)s(cyclooctene)]; [(CO);Co
(1*-GaTMP),Co(CO);] was synthesized from [Co,(CO)s].** The
homoleptic ~ dinuclear [Ni,(GaTMP),]** and trinuclear
[Niz(GaTMP);(1*-GaTMP);(1*>-GaTMP)]*° complexes were acces-
sible from [Ni(COD),] (COD = 1,5-cyclooctadiene). Searching
for any compound with the structural element structure
TMP-E-M yielded one more entry to the list. [(TMP),AlFe(Cp)
(CO),] was reported in 1997 by Néth et al.,>® while Dankert and
Hevia published earlier this year the synthesis of [(TMP),AlZn
(Cp*)].*° However, here, the E center (E = Al) is a tri-coordinate
and is formally in a higher oxidation state. Thus, these com-
pounds and any related ones are not of immediate concern to
our work. Thus, we further investigate the coordination chem-
istry of GaTMP against d-block metals M with a focus on
homoleptic [M,(GaTMP),] complexes or clusters [H,M,Gay]
(TMP), and aim for a more expanded library of such com-
pounds. Herein, we now report the first homoleptic GaTMP
complexes of second row transition metals, namely [Ru
(GaTMP)s] (1) and [Mo(GaTMP)g] (2).

View Article Online
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Results and discussion

[Ru(GaTMP);] (1, Fig. 1) was obtained as a brown, crystalline
solid, suitable for SC-XRD, by reacting [Ru(COD)(COT)] (COD =
1,4-cyclooctadiene; COT = 1°-1,3,5-cyclooctatriene) with 1.25
eq. (GaTMP), in toluene at 100 °C for 19 h (Fig. 2). After
workup, compound 1 was isolated at a yield of 20% (based on
Ru).

L

15 T4
S GaTMP
a TMPGa.,, | .~GaTMP
.
oeng ™PGa”  GaTwP
1
GaTMP
TMPGa.,, | wGaTMP
Mo
o ™PGa™ | “NGatvp
2 GaTMP

Fig. 2 Reaction scheme for the synthesis of 1 and 2 by ligand
substitution.

?

L
X

Fig. 1 Left: molecular structure of [Ru(GaTMP)s] (1) in the solid state determined by single crystal X-ray diffraction. Ru: yellow, Ga: pink, N: blue and
C: grey. Hydrogen atoms and disordered molecule fragments are omitted. C and N are displayed as wireframe. Right: square pyramidal coordination
polyhedron calculated from crystal structure data. Thermal ellipsoids are shown at the 50% probability level. Selected bond lengths [A] and angles
[°): Rul-Ga3: 2.274(10) Rul-Ga2*!/Ga2: 2.281(7), Rul-Gal*!/Gal: 2.291(6), Ga3-Rul-Ga2*!/Ga2: 104.6(2), Ga3-Rul-Gal*!/Gal: 103.0(2), Ga2—-
Rul-Gal: 84.2(3), Ga2-Rul-Gal*:! 89.3(2). Note: Gal/Gal*! and Ga2/Ga2"! are symmetry related.

Dalton Trans.

This journal is © The Royal Society of Chemistry 2024

33



3 SYNTHETIC CHALLENGES

This article is licensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 20 April 2024. Downloaded on 7/9/2024 3:49:10 PM.

Dalton Transactions

The C, H and N values of 1 obtained by elemental analysis
are within the expected range. The 'H-NMR and *C-NMR in
CeDs (25 °C; see Fig. S1-37) indicate the presence of five equi-
valent TMP groups with only minor shifts of all signals with
respect to free (GaTMP),.>’” Trace impurities are almost absent.
The presence of only one set of signals for all five GaTMP
units indicates a fast fluxional process, which is very common
for five-coordinate metal complexes.”® The IR spectrum (see
Fig. S8t) does not show absorption bands in the region associ-
ated with Ru-H vibrations (ca. 1900 em™*-1700 em™*) and all
features can be assigned to the TMP groups (see Fig. $107).>°
High-resolution LIFDI-MS (Fig. S11-137) gives a molecular ion
[M]" signal of 100% rel. intensity at 1151.25 m/z (caled. m/z
1151.25) and a fragment [M — TMP]" signal at 1011.11 m/z of
1.6% rel. intensity (caled. m/z 1011.11). Compound 1 crystal-
lizes in the monoclinic space group C2/c, and the molecular
structure in the solid state is shown in Fig. 1 together with a
selection of structural parameters (bond lengths and angles).

The molecular unit of 1 exhibits a square pyramidal co-
ordinated Ru center that is slightly distorted along the z-axis,
elevating the Ru above the Ga, plane by 0.545 A, with Gagy-
Ru-Ga angles in the range of 103.0-104.6°. The Ru-Ga bond
lengths show only a slight variance between 2.274 A (Rul-
Ga3), 2.291 A (Ru1-Ga1) and 2.281 A (Ru1-Ga2) but are signifi-
cantly shortened by 0.10 A-0.15 A compared to known Ru-
GaCp* complexes.”*® To quantify the distortion of the

View Article Online
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[RuGas;] core, the so-called continuous shape measures were
calculated.* Using continuous shape measures (Sq(P)), distor-
tions of molecular structures from reference structures (e.g
ideal polhyhedra) can be quantified (for details and the calcu-
lation code see ESIf). In general, So(P) = 0 indicates no distor-
tion from the reference, So(P) < 1.00 indicates minor distor-
tions and 1.00 < So(P) < 3.00 indicates major distortions from
the reference shape.”” In the case of 1, So(P) = 0.99 was found
when compared to an ideal square pyramid with the Ru in the
centroid of the polyhedron, while Sq(P) was distinctly higher
for a square pyramidal shape when was placed Ru in the
center of the basal square plane (Sq(P) = 4.63) or compared to
an ideal trigonal bipyramidal shape with the Ru in the centre
of the equatorial plane (Sq(P) = 7.63). With respect to the a and
S angles (150.72° and 154.11°), a 75 value of 0.0565 is found.
This value is close to the ideal value of a basally distorted
square pyramid,*” as demonstrated by the Ruthenium center
being 0.545 A above the square plane.

[Mo(GaTMP)s] (2, Fig. 3) was obtained in an analogous syn-
thesis to 1 by reaction of [Mo(n"-C,He)s] with 1.5 eq. of
(GaTMP), in toluene at 110 °C for 22 h. Compound 2 was iso-
lated as a beige, crystalline solid suitable for SC-XRD in a total
yield of 42% after workup.

The C, H and N values of 2 obtained by elemental analysis
are within the expected range. "H-NMR and "C-NMR spectra
in toluene-dg exhibit each set of TMP signals, which are only

'~ '\ o
A

Fig. 3 Left: molecular structure of [Mo(GaTMP)g] (2) in the solid state determined by single crystal X-ray diffraction. Mo: turquoise, Ga: pink, N: blue
and C: grey. Hydrogen atoms and disordered molecule fragments are omitted. C and N are displayed as wireframe. Right: octahedral coordination
polyhedron calculated from crystal structure data. The two crystallographically distinct units present in the SC-XRD data are very similar and most
likely an effect of packing; the unit with higher deviations in bond lengths is depicted. Thermal ellipsoids are shown at the 50% probability level.
Selected bond lengths [A] and angles [°]: Mol-Ga6: 2.374(2), Mol-Ga3: 2.396(3), Ga6—Mol-Gal: 81.9(9), and Ga5-Mol-Ga3: 97.7(9). (largest/

smallest).

This journal is © The Royal Society of Chemistry 2024
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slightly shifted with respect to the signals of 1 or free
(GaTMP), (see Fig. S4-61).% IR spectroscopy provides data very
similar to [Ru(GaTMP);] (1) and shows no absorption in the
range of typical Mo-H vibrations between 1900 em™' and
1650 cm™, indicating the presence of hydrides (see Fig
$971).>*3 High-resolution LIFDI-MS (see Fig. S14-167) gives a
molecular ion [M]" signal at 1356.32 m/z (caled. m/z 1356.32)
with 100% rel. intensity. The compound crystallizes in the
monoclinic space group P2,/c, with two crystallographically
distinct units per unit cell, both exhibiting six Ga(TMP)
ligands coordinating in an octahedral fashion around the Mo
centers (Fig. 3). In relation to each other, the two independent
octahedral units are rotated along all three axes. The average
Mo-Ga bond lengths of the independent units are 2.385 A and
2.386 A with minimal deviation. Ga-Mo-Ga angles in both
units point to a slight distortion from the ideal octahedral geo-
metry and range between 81.9° and 97.7°. The analogous [Mo
(GaCp*)s] molecule shows less angular distortion with Ga-Mo-
Ga angles between 85.1° and 94.2° with slightly elongated Mo-
Ga bonds (average 2.462 A; shortest bond: 2.385 A)."
Comparing 2 (both independent molecules in the elementary
cell) to the ideal octahedral geometry yielded only minor devi-
ation, giving Sq(P) = 0.20. Both GaCp* and GaTMP are closely
related ligands and formally isolobal to CO but are predomi-
nantly o-donor ligands with notably weak
n-backbonding.”?**”*° The slightly shortened M-GaTMP dis-
tances with respect to the M-GaCp* distances may be taken as
an indication of more significant n-backbonding of GaTMP,
compared to GaCp*. This effect is more clearly observed when
comparing 2 to its homologue [Mo(GaCp*)s] although no such
direct comparison is available for 1; however, an indirect com-
parison to the series of previously reported Ru-GaCp* sup-
ports this assignment.'"**?7:297343%0 The game trend towards
shortened M-Ga bonds when comparing GaTMP to GaCp* can
be found across all known M-GaTMP compounds. Seifert et al.
reported the investigation of a series of heteroleptic M-GaTMP
compounds also bearing carbonyl ligands that afford
additional insight because they allow for the direct compari-
son of M-CO vs. M-Ga distances. They observed shorter M-Ga
and longer M-CO distances for the TMP stabilized gallium(r)
ligand, leading to the suggestion of more pronounced
n-backbonding for GaTMP compared to GaCp*.**

Although a square pyramidal ligand sphere around a Ru(0)
centre is not uncommon,****> mononuclear, homoleptic com-
pounds of Ru(0) with this structure are still rare in the litera-
ture. The only known examples are Ru(CO)s, Ru(NO);s and bis
(2,3,4,5-tetramethylthiophene)ruthenium.”>**  These
pounds, however, rely on ligands with strong n-backbonding,
whereas 1 has primarily only o-donating ligands. To gain more
insights into the structure and bonding situation of 1, we per-
formed DFT calculations starting with the experimental square
pyramidal (SP) structure of the molecular crystal structure as
the input for modelling 15p and from a hypothetical, ideal tri-
gonal bipyramidal (TB) structure for modelling 1yg. The model
structures 1gp and 1y were optimized at the BP86/TZVPP level
of theory (see computational details), and frequency calcu-

com-
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lations were performed to ascertain that the optimized struc-
ture is true energy minima. The trigonal bipyramidal structure
11 shows a distortion in the equatorial plane with Ga.q-Ru-
Ga,q angles of 110°, 118° and 130°, most notable in the outer
coordination sphere (N.q-Ru-N.q angles of 104°, 112° and
142°). The axial distortion is also significant with the angles
Gag—Ru-Gag,e = 161° and Ng—Ru-Ng, = 153°. Although both
computed structure models 1sp and 1pg (Fig. S2071) are highly
distorted compared to the ideal square pyramidal and trigonal
bipyramidal geometries, they are both energy minima struc-
tures, as shown by the frequency calculations. On the energetic
side, the AE and AG between 1gp and 14 are very small (0.9
and 2.0 kecal mol™" respectively, Table 1) and, with respect to
the precision of DFT energies, are not significant. Additionally,
the HOMO-LUMO gaps are nearly identical (Table 1), indicat-
ing similar electronic structures. The NMR data show only one
GaTMP signal group. This indicates a rapid exchange between

Table 1 Selected computed data for complexes 1 and 2 and their sim-
plified model structures

HOMO-LUMO AE AG
Complexes Gap [eV] [keal mol™]  [keal mol™]
[Ru(GaTMP);] (1sp) 2.56 0.9 2.0
[Ru(GaTMP);] (175) 2.51
[Ru(GaNMe,)5] (Inmez sp)  3.02 0.0 0.2
[Ru(GaNMe,)s] (Inmez T8)  3.08
[Mo(GaTMP),] (2) 3.10

[Mo(GaNMe,)e] (2nme2) 315

HOMO-8

b) 5

HOMO-7

HOMO-8

Fig. 4 Occupied molecular orbitals of Iymez (@) and 2ymez (b) showing
= interactions between the GaNMe; ligand and the transition metal.
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both structures in the solution, while the observed crystal
structure might be favored by the packing effects.

To facilitate a straightforward bonding analysis, a simpli-
fied model of 1 based on GaNMe, model ligands was
employed and calculated (1nmez), and the molecular orbitals
were analyzed (Fig. S211). The primary coordination sphere
shows a distortion similar to 1gp and 1yg. Beyond the expected
c-donating properties of the Ga-amide (Fig. S19%), the orbital
analysis shows the occupied = orbital of the Ga-N bond to
interact with the d,, and d,, orbitals in the HOMO-7 and
HOMO-8 (Fig. 4). This behavior of the gallium(1) amide ligand
is also observed for the 2nme; (Fig. S221) model complex
(HOMO-6, -7 and -8, Fig. 4) and is in line with the bonding
model for TM-ER, i.e. competing TM — E n-back-donation and
E < R n-donation when R has at least one occupied p,-

orbital.™

Conclusion

[Ru(GaTMP)s] (1) and [Mo(GaTMP)s] (2) were prepared by
ligand substitution from the olefinic precursor compounds.
[Ru(GaTMP);] is a rare example of homoleptic Ru(0) complexes
and the first case where the ligand sphere is dominated by o-
donation. [Mo(GaTMP)s] was prepared similarly to [Mo
(GaCp*)s] though notably without the need for supporting
hydrogenolysis of the butadiene ligands of the Mo(0)-precursor
and exhibits the same trends observed in the ruthenium com-
pound. The compounds were characterized using crystallogra-
phy, 'H and "*C-NMR, IR spectroscopy, high-resolution mass
spectrometry and elemental analysis. Bond lengths between
the title compounds and previously reported TM-GaCp* com-
pounds were analyzed, and the results were compared to hom-
ologous homoleptic and heteroleptic transition metal-GaCp*/
GaTMP compounds that have been reported previously. The
findings indicate that the Ru-GaTMP bond, though primarily
dominated by the o-donor property of the gallium amide
ligand, exhibits competing = interaction between the n-back-
bonding of the ruthenium and the n-donation of the amide to
the gallium. The precursor complexes and possible intermedi-
ates, such as 1 and 2, require a thorough theoretical investi-
gation of their bonding situation. The translation of this differ-
ence between GaTMP and GaCp* in ligand properties into syn-
thetic access to novel intermetalloid clusters [M,Ga,)(TMP), is
the subject of ongoing research by our group.

Experimental

All manipulations were carried out using standard Schlenk
and glovebox techniques under argon atmospheres. Solvents
were dried and degassed using an MBraun Solvent Purification
System. The final H,O content of all solvents was checked by
Karl Fischer titration and was below 5 ppm. Tris(butadiene)-
molybdenum was prepared from MoCl; according to the litera-
ture-known procedures and characterized by "H-NMR (see ESI

This journal is © The Royal Society of Chemistry 2024
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Fig. S71).">*® (GaTMP), was prepared from GaCp* according to
the literature.”’ NMR spectra were recorded using a Bruker
Avance III AV400US (25 °C; 'H, 400 MHz; '°C, 101 MHz).
Chemical shifts are given relative to trimethylsilane and were
referenced to the residual solvent peak as internal standards.
Chemical shifts are reported in parts per million, downfield
shifted from TMS, and are consecutively reported as position
(6. or 8¢), relative integral, multiplicity (s = singlet, and m =
multiplet) and assignment. FTIR spectra were measured with
an ATR setup using a Bruker Alpha FTIR spectrometer under
an argon atmosphere inside a glovebox. Liquid Injection Field
Desorption Ionization Mass Spectrometry (LIFDI-MS) was
measured directly from an inert atmosphere glovebox with a
Thermo Fisher Scientific Exactive Plus Orbitrap (mass accuracy
3 ppm; external calibration) equipped with an ion source from
Linden CMS."” Reference isotope patterns were calculated
using enviPat Web.*®

Computational details

Computational modelling of the molecular structures was per-
formed using the ORCA5.0" software package with the
exchange-correlation functional BP86.>° Grimme’s Dispersion
correction, including Becke-Johnson damping (D3BJ),*"*>
used. The structure optimization and analytical calculations of
the Hessian were performed using Ahlrich’s def2-TZVPP basis
set®® with the auxiliary basis def2/].>*

was

Synthesis and analytical data of Ru(GaTMP); (1)

A 50 mL Schlenk-tube was loaded with a sample of 49.0 mg
[(COD)(COT)Ru] (0.16 mmol, 1.00 eq.), and a sample of
164 mg (GaTMP), (0.78 mmol, 1.22 eq.) and the two solids
were then dissolved in 5 mL of toluene. The orange-coloured
solution was then stirred at 100 °C for 19 h; during this time, a
change in colour to dark red occurred. Removing the liquid in
vacuo yielded a brown solid, which was extracted with 10 mL
n-hexane. The resulting solution was reduced in vacuo to 1/3
volume and cooled to —80 °C overnight. A brown, crystalline
product suitable for SC-XRD was isolated from the reddish-
brown supernatant solution via filtration at —78 °C and dried
in vacuo. This yielded 35.0 mg (30 umol, 20%) of [Ru(GaTMP);]
(1) as brown crystals. "H-NMR (CeDs): & (ppm) = 1.34 [t, ¥y =
6.05 Hz, 20 H, (CH;),CCH,], 1.57 [m, 10 H, CH,CH,CH,], 1.71
[s, 60 H, CH3]. ">C-NMR (C4Ds):  (ppm) = 18.9 [CH,CH,CH,],
36.3 [CH;], 41.0 [CH,CH,CH,), 55.2 [C(CH3),]. CssHgpGasNsRu
(1150.94): caled C 46.96, H 7.88, Ga 30.29, N 6.09, Ru 8.78;
found C 47.31, H 8.12, N 6.14. LIFDI-MS: m/z 1151.25 [M]"
(caled. m/z 1151.25).

Synthesis and analytical data of [Mo(GaTMP);] (2)

A 100 mL Schilenk-tube was loaded with a sample of 100 mg
[(n*-C4He)3Mo] (385.8 pmol, 1.00 eq.), and a sample of 485 mg
(GaTMP), (2.31 mmol, 6.00 eq.) and both solids were dissolved
in 30 mL toluene. The solution was stirred at 110 °C for
22 hours. The liquid was removed in vacuo, and the remaining
solid was extracted with 5 ml boiling hexane. The resulting
solution was set to 0 °C overnight, after which a beige, crystal-
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line product was isolated via filtration and then dried in vacuo,
affording 218 mg of [Mo(GaTMP)s] (2) (160.8 pmol, 42%).
'H-NMR (Tol-dg): 6 (ppm) = 1.35 [t, *fun = 6.11 Hz, 24 H,
(CH3),CCH,], 1.60 [m, 12 H, CH,CH,CH,), 1.73 [s, 72 H, CH;).
BC-NMR (Tol-dg): § (ppm) = 18.9 [CH,CH,CH,], 36.6 [CH3],
41.2 [CH,CH,CH,], 55.1 [C(CH3),]. Cs4H;05GagMoN, (1355.79)
Calc: C 47.84; H 8.03; N 6.20; Mo 7.08; Ga 40.86. Found: C
47.40; H 8.07; N 5.98. LIFDI-MS: m/z 1356.32 [M]" (caled. m/z
1356.32).

Author contributions

R. B. and R. J. J. W. contributed equally. R. B.: experimental
work, DFT calculations, data analysis and manuscript
preparation. R. J. J. W.: experimental work, data analysis, and
manuscript preparation. J. S.: SC XRD data acquisition and
structure refinement. M. M.: experimental work. B. M. T. B.:
experimental work. C. G.: CSHM calculations, research super-
vision and manuscript preparation. R. A. F.: research con-
ception and manuscript preparation.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

This work was funded by the German Research Foundation
(DFG) within a Reinhart Koselleck Project (FI-502/44—1). The
authors thank Fabrizio Napoli M.Sc. (TUM) for providing IR
reference data.

References

1 W. Uhl, M. Pohlmann and R. Wartchow, Angew. Chem., Int.

Ed., 1998, 37, 961-963.

P. Jutzi, B. Neumann, L. O. Schebaum, A. Stammler and

H.-G. Stammler, Organometallics, 1999, 18, 4462-4464.

3 B. Buchin, T. Steinke, C. Gemel, T. Cadenbach and

R. A. Fischer, Z. Anorg. Allg. Chem., 2005, 631, 2756-2762.

T. Steinke, C. Gemel, M. Winter and R. A. Fischer, Angew.

Chem., Int. Ed., 2002, 41, 4761-4763.

5 R. J. Wright, M. Brynda, J. C. Fettinger, A. R. Betzer and
P. P. Power, J. Am. Chem. Soc., 2006, 128, 12498-12509.

6 S. P. Green, C. Jones and A. Stasch, Inorg. Chem., 2007, 46,
11-13.

7 C. Gemel, T. Steinke, M. Cokoja, A. Kempter and

R. A. Fischer, Eur. J. Inorg. Chem., 2004, 2004, 4161-4176.

S. Gonzalez-Gallardo, T. Bollermann, R. A. Fischer and

R. Murugavel, Chem. Rev., 2012, 112, 3136-3170.

C. Jones and A. Stasch, in The Group 13 Metals Aluminium,

Gallium, Indium and Thallium: Chemical Patterns and

Peculiarities, vol. 285, John Wiley & Sons, 2011.

)

'S

=)

o

Dalton Trans.

View Article Online

Dalton Transactions

10 R. A. Fischer and ]J. Weif3, Angew. Chem., Int. Ed., 1999, 38,

2830-2850.

T. Bollermann, T. Cadenbach, C. Gemel, K. Freitag,

M. Molon, V. Gwildies and R. A. Fischer, Inorg. Chem.,

2011, 50, 5808-5814.

12 W. Hieber and U. Teller, Z. Anorg. Allg. Chem., 1942, 249,
43-57.

13 W. R. Robinson and D. P. Schussler, Inorg. Chem., 1973, 12,
848-854.

14 ]J. Uddin and G. Frenking, J. Am. Chem. Soc., 2001, 123,
1683-1693.

15 J. Uddin, C. Boehme and G. Frenking, Organometallics,
2000, 19, 571-582.

16 J. Wefling, C. Ganesamoorthy, S. Kahlal, R. Marchal,
C. Gemel, O. Cador, A. C. H. Da Silva, J. L. F. Da Silva,
J.-Y. Saillard and R. A. Fischer, Angew. Chem., Int. Ed., 2018,
57,14630-14634.

17 M. Schiitz, C. Gemel, M. Muhr, C. Jandl, S. Kahlal,
J.-Y. Saillard and R. A. Fischer, Chem. Sci., 2021, 12, 6588-
6599.

18 I. Antsiburov, M. Schiitz, R. Biihler, M. Muhr, J. Stephan,
C. Gemel, W. Klein, S. Kahlal, J.-Y. Saillard and
R. A. Fischer, Inorg. Chem., 2024, 63, 3749-3756.

19 M. Mubhr, J. Stephan, L. Staiger, K. Hemmer, M. Schiitz,
P. Heif3, C. Jandl, M. Cokoja, T. Kratky, S. Guinther,
D. Huber, S. Kahlal, J.-Y. Saillard, O. Cador, A. C. H. Da
Silva, J. L. F. Da Silva, J. Mink, C. Gemel and R. A. Fischer,
Commun. Chem., 2024, 7, 29.

20 M. Muhr, H. Liang, L. Allmendinger, R. Biihler,
F. E. Napoli, D. Ukaj, M. Cokoja, C. Jandl, S. Kahlal,
J.-Y. Saillard, C. Gemel and R. A. Fischer, Angew. Chem., Int.
Ed., 2023, 62, €202308790.

21 C. Ganesamoorthy, J. Wefiing, C. Kroll, R. W. Seidel,
C. Gemel and R. A. Fischer, Angew. Chem., Int. Ed., 2014,
53, 7943-7947.

22 M. Molon, C. Gemel, M. von Hopffgarten, G. Frenking and
R. A. Fischer, Inorg. Chem., 2011, 50, 12296-12302.

23 T. Cadenbach, T. Bollermann, C. Gemel, M. Tombul,
I. Fernandez, M. v. Hopffgarten, G. Frenking and
R. A. Fischer, J. Am. Chem. Soc., 2009, 131, 16063-16077.

24 A. Seifert and G. Linti, Inorg. Chem., 2008, 47, 11398-11404.

25 B. N. Anand, I. Krossing and H. Noth, Inorg. Chem., 1997,
36, 1979-1981.

26 F. Dankert and E. Hevia, Chem. - Eur. J., 2024, 30, €202304336.

27 A. Seifert and G. Linti, Eur. J. Inorg. Chem., 2007, 2007,
5080-5086.

28 W. Zou, Y. Tao and E. Kraka, /. Chem. Theory Comput.,
2020, 16, 3162-3193.

29 M. Muhr, R. Biithler, H. Liang, J. Gilch, C. Jand], S. Kahlal,
J.-Y. Saillard, C. Gemel and R. A. Fischer, Chem. - Eur. J.,
2022, 28, €202200887.

30 T. Steinke, M. Cokoja, C. Gemel, A. Kempter, A. Krapp,
G. Frenking, U. Zenneck and R. A. Fischer, Angew. Chem.,
Int. Ed., 2005, 44, 2943-2946.

31 M. Cokoja, C. Gemel, T. Steinke, F. Schroéder and
R. A. Fischer, Dalton Trans., 2005, 44-54.

1

=

This journal is © The Royal Society of Chemistry 2024

37



3 SYNTHETIC CHALLENGES

This article is licensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 20 April 2024. Downloaded on 7/9/2024 3:49:10 PM.

(c)

Dalton Transactions

32

w

3

34

35

3

s

37

3
39

®©

4

S

41

42

B. Buchin, C. Gemel, A. Kempter, T. Cadenbach and
R. A. Fischer, Inorg. Chim. Acta, 2006, 359, 4833-4839.

T. Cadenbach, C. Gemel, T. Bollermann and R. A. Fischer,
Inorg. Chem., 2009, 48, 5021-5026.

T. Cadenbach, C. Gemel, R. Schmid, M. Halbherr,
K. Yusenko, M. Cokoja and R. A. Fischer, Angew. Chem., Int.
Ed., 2009, 48, 3872-3876.

R. Biithler, M. Muhr, ]. Stephan, R. A. Wolf, M. Schiitz,
C. Gemel and R. A. Fischer, Dalton Trans., 2023, 52, 10905—
10910.

T. Cadenbach, T. Bollermann, C. Gemel and R. A. Fischer,
Dalton Trans., 2009, 322-329.

A. G. Blackman, E. B. Schenk, R. E. Jelley, E. H. Krenske
and L. R. Gahan, Dalton Trans., 2020, 49, 14798-14806.

X. Wang and L. Andrews, J. Phys. Chem. A, 2005, 109, 9021-9027.
H.-G. Cho and L. Andrews, J. Am. Chem. Soc., 2005, 127,
8226-8231.

P. Jutzi, B. Neumann, G. Reumann and H.-G. Stammler,
Organometallics, 1998, 17, 1305-1314.

M. A. Bennett, M. Bown and D. C. R. Hockless,
Aust. J. Chem., 2000, 53, 507-515.

M. A. Bennett, H. Neumann, A. C. Willis, V. Ballantini,
P. Pertici and B. E. Mann, Organometallics, 1997, 16, 2868—
2878.

This journal is © The Royal Society of Chemistry 2024

43

44

45

46

47

48

49

50
5

fucy

5

@

54

View Article Online

Paper

S. Luo, T. B. Rauchfuss and S. R. Wilson, Organometallics,
1992, 11, 3497-3499.

W. Manchot and W. J. Manchot, Z. Anorg. Allg. Chem., 1936,
226, 385-415.

J. R. Dilworth, R. L. Richards, G. J. J. Chen and
J. W. McDonald, in Inorg. Synth, 1990, pp. 33-43.

W. Gausing and G. Wilke, Angew. Chem., Int. Ed. Engl.,
1981, 20, 186-187.

M. Muhr, P. Heif3,; M. Schiitz, R. Biihler, C. Gemel,
M. H. Linden, H. B. Linden and R. A. Fischer, Dalton
Trans., 2021, 50, 9031-9036.

M. Loos, C. Gerber, F. Corona, J. Hollender and H. Singer,
Anal. Chem., 2015, 87, 5738-5744.

F. Neese, Wiley Interdiscip. Rev.: Comput. Mol. Sci., 2012, 2,
73-78.

A. D. Becke, Phys. Rev. A, 1988, 38, 3098-3100.

S. Grimme, ]J. Antony, S. Ehrlich and H. Krieg, J. Chem.
Phys., 2010, 132, 154104.

S. Grimme, S. Ehrlich and L. Goerigk, J. Comput. Chem.,
2011, 32, 1456-1465.

F. Weigend and R. Ahlrichs, Phys. Chem. Chem. Phys., 2005,
7, 3297-3305.

F. Weigend, Phys. Chem. Chem. Phys., 2006, 8, 1057-
1065.

Dalton Trans.

38



3 SYNTHETIC CHALLENGES

3.2 Study Il: C-H and Si-H Activation Reactions at Ru/Ga
Complexes: A Combined Experimental and Theoretical Case
Study on the Ru-Ga Bond

Cooperative effects between transition metals and electropositive metals (e.g., group 12 and
13 metals) play an essential role in bond activation reactions of small molecules. Unsaturated
TM/E complexes can be highly reactive, as shown by the C-H activation occurring at a
[Ni(AICp*)3]®% intermediated discussed earlier. In another context, [Ru(GaCp*)sH,], formed by

H-H activation, has been identified as an intermediate in forming larger Ru/Ga clusters.

We investigated the reactivity of this unsaturated Ru/Ga fragment in the context of C-H and
Si-H activation, leading to the in situ study of [Ru(GaCp*)s3(C;7H7)Hs] and the isolation of
[(Ru(GaCp*)s3(SiEts)Hs]. Computational investigation of these species with energy EDA and
QTAIM and comparison with hypothetical phosphine analogs showed the strong influence of
the gallium on the reactivity of the ruthenium center. The AIM charges indicate a more
negatively polarized Ru in the case of Ru-Ga as compared to Ru-P. This points to a bond
polarization of the form TM(&)-E(8%), which is expected for Hume-Rothery inspired TM/E

clusters and complexes.

M. Muhr performed experiments, including the synthesis of [(Ru(GaCp*)s(SiEts)Hs]. R. Blihler
performed experiments concerning the C-H activation of toluene. H. Liang performed the
calculations, and C. Jandl performed SC-XRD measurements. All authors contributed to results
discussion and procedure planning, J.-Y. Saillard and R. A. Fischer providing overarching
academic guidance. The manuscript was written by R. Biihler, M. Muhr, and C. Gemel and

subsequently edited by all co-authors.

Reproduced with permission, Copyright 2022, John Wiley and Sons.

M. Muhr?, R. Biihler*, H. Liang, J. Gilch, C. Jandl, S., Kahlal, J.-Y. Saillard, C. Gemel, R. A. Fischer,
Chem. Eur. J. 2022, 28, €202200887.
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C—H and Si—H Activation Reactions at Ru/Ga Complexes: A
Combined Experimental and Theoretical Case Study on the

Ru—Ga Bond

Maximilian Muhr*,® Raphael Biihler*,” Hao Liang,* Jonas Gilch,” Christian Jandl|,

[a]

Samia Kahlal,"™ Jean-Yves Saillard,*® Christian Gemel,” and Roland A. Fischer*?

Abstract: Treatment of [Ru(COD)(MeAllyl),] and [Ru-
(COD)(COT)] with GaCp* under hydrogenolytic conditions
leads to reactive intermediates which activate Si-H or C—H
bonds, respectively. The product complexes [Ru-
(GaCp*)4(SiEt;)H5] (1) and [Ru(GaCp*);(C;H,)H;] (2) are formed
with HSiEt; or with toluene as the solvent, respectively. While
1 was isolated and fully characterized by NMR, MS, IR and SC-
XRD, 2 was too labile to be isolated and was observed and
characterized in situ by using mass spectrometry, including

labelling experiments for the unambiguous assignment of the
elemental composition. The structural assignment was con-
firmed by DFT calculations. The relative energies of the four
isomers possible upon toluene activation at the ortho-, meta-,
para- and CH;-positions have been determined and point to
aromatic C—H activation. The Ru—Ga bond was analyzed by
EDA and QTAIM and compared to the Ru—P bond in the
analogue phosphine compound. Bonding analyses indicate
that the Ru-GaCp* bond is weaker than the Ru-PR; bond.

Introduction

Cooperative effects between transition metals TM and electro-
positive metals E (e.g. group 12 and 13 elements) play an
important role in bond activation reactions of small molecules,”
both in molecular compounds’ as well as intermetallic solid-state
materials.">'? The cooperative effects are mostly attributed to
the electronic properties of intermetallic bonds, featuring electro-
philic centers E(d7) in direct vicinity to an electron rich TM(5")
with pronounced reductive character."*'¥ Key examples are the
Ni/Al complex [(Cp*AI);Ni(u—H)AI(CGHS)(n‘-Cp*], which is formed
by C—H activation of CgH; (benzene) at the coordinatively
unsaturated 16 VE intermediate [Ni(AICp*);]"” and the Rh/Ga
complex [Cp*Rh{n’-CsMe,Ga(CH,);}], which is formed by C-C
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activation of Cp*."® DFT calculations revealed that the electro-
philic character of the gallium center favors the crucial C—C
activation reaction step, allowing the reaction to proceed under
extremely mild conditions.

Unsaturated Ruthenium phosphine complexes [Ru(PR;),]
(n=3, 4) are well-established and are known to activate
H-H,"?" C-H® and C-C*' bonds. Berry and co-workers
reported on an oxidative-addition/reductive-elimination equili-
brium of different substituted silanes in [Ru(PMes),(SiR;)H1.>*
The same complex is also capable of activating the C—H bond
of benzene in a sequence of similar reactions. They also report
the formation of the polyhydride [Ru((PMe,);(SiEt;)H;] from
[Ru(PMe;)4H2].[24]

[Ru(GaCp*);H,], which is formed by H-H activation, has
been identified as an intermediate in the formation of the
cluster [(GaCp*),HRu(p-Ga)RuH,(GaCp*),].>*!

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

The complex [(Ru(GaCp*);(SiEt;)H;] (1) is obtained from
[Ru(COD)(MeAllyl),]  (COD=1,5-cyclooctadiene; MeAllyl=2-
methylallyl) and GaCp* in HSiEt; under hydrogenolytic con-
ditions, whereas in less reactive solvents (n-hexane,
cyclohexane), uncontrolled cluster growth is observed. Complex
1 is a structural analogue to [Ru(PMe,);(SiEts)H;]. It was
characterized via SC-XRD, NMR, MS, IR, Raman, UV/Vis and
elemental analysis. The analogous complex [Ru(GaCp*);(C;H,)H;]
(2) is formed upon C—H activation of toluene and was identified
by high-resolution mass spectrometry, with DFT calculations
allowing the assignment of a plausible structure. Finally, we
performed a detailed comparison of the Ru—Ga and Ru—P

© 2022 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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bondings, including energy decomposition analysis (EDA) and
quantum theory of atoms in molecules (QTAIM) analysis.

Results and Discussion
Synthesis and characterization [Ru(GaCp*);(SiEt;)H,] (1)

The stoichiometric reaction (based on the Ru/Ga ratio) of
[Ru(COD)(MeAllyl),]  (COD=1,5-cyclooctadiene; MeAllyl=2-
methylallyl) with three equivalents of GaCp* in triethylsilane
under 3 bar H, pressure leads to a dark orange solution after
6 h at 60°C (Figure 1a). After removing all volatiles in vacuo,
yellow crystals suitable for single crystal x-ray diffraction (SC-
XRD) of 1 can be obtained by recrystallization from n-hexane at
—30°C. SC-XRD reveals a ruthenium centered complex, tetrahe-
drally surrounded by three GaCp* ligands and one SiEt; unit
(Figure 1b). The compound'’s architecture is isostructural to
Berry's complex [Ru(PMe;);(SiEt;)Hs]. It should be noted that the
hydride ligands could not be located with final certainty in the
structure refinement. The Ru—Ga bond lengths, which vary only
slightly from 2.376(3) A to 2.385(6) A, as well as the
Ga—CP* oo distances (1.970-1.982 A), are in good agreement
with distances reported in the literature.?>*3 The Ru-Si bond
length (2.373(2) A) also matches Ru—Si bond lengths reported
in the literature.®%*” Notably, it only differs 0.003 A from the
isostructural [Ru(PMes);(SiEt;)H;].*? The tetrahedral structure is
distorted, due to the three sterically demanding GaCp*,
resulting in Ga—Ru-Si angles ranging from 118.1° to 121.0°.

The "H NMR gives the expected set of signals for the three
GaCp* (0=1.88 ppm, s, 45 H) and the three ethyl groups of the
silyl (0=1.26 ppm, t, 9 H; 8=0.92 ppm, q, 6 H). This is in good
agreement with the "C signals: The Cp* ligand (ring carbon at

GaCi
a P

c)

Figure 1. a) Reaction scheme for the synthesis of 1. b) Molecular structure of
[Ru(GaCp*)5(SiEt;)H;] (1). Ellipsoids at the 50 % probability level. H atoms are
omitted for clarity. Selected bond lengths (A) and angles (deg):
Ru1l—-Ga1l=2.376(3), Rul-Ga2 =2.376(4), Ru1-Ga3 = 2.385(6),
Ru1-Si1=2.373(2), Ga—Cp* .,y = 1.970-1.982; Gal-Ru1-Ga2 =96.43(2),
Gal-Ru1-Ga3=99.36(2), Ga2—Ru1-Ga3 =97.29(2), Gal-Ru1-Si1 =120.98(2),
Ga2—Ru1-Si1=119.73(2), Ga3—Ru1-Si1=118.10(3). Space group: P 1 21/c 1.
c) DFT-optimized structure (BP86/TZ2P) showing the hydrides’ positions. Ru-
H=1.626-1.631 A; Si-H=2.067-2.155 A Other C and H atoms omitted for
clarity.
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d=113.5 ppm and methyl groups at d=10.0 ppm), as well as
the silyl-ethyl signals for CH; (6 =10.5 ppm) and CH, groups (0 =
20.2 ppm). Moreover, the 'H NMR shows one broad singlet at
0=-13.31 ppm with a relative intensity equivalent to 2.7, strongly
indicating the presence of three hydrides similar to [Ru-
(PMe;,);(SiEt;)H;]. The presence of hydrides is further supported
by vibrational spectroscopy: In the infrared spectrum an intensive
broad band at 1898 cm™', along with a small shoulder at
1771 cm™" is present in the typical Ru—H region. The expected
band in the Raman spectrum, is observed at 1913 cm™' (Fig-
ure S24). High resolution liquid injection field desorption ioniza-
tion mass spectrometry (LIFDI-MS) gives rise to a signal for [M-
2H]** (m/z=832.131; calc=832.134), we attribute the loss of
two H atoms to fragmentation. Based on the SC-XRD structural
data of 1, its geometry was fully optimized by DFT calculations at
the BP86/TZ2P level (see Computational Details). In analogy to
the molecular structure of [Ru(PMes)s(SiEt;)H;]%, the structure of
lowest energy found for 1 (confirmed as a minimum by
frequency calculations) corresponds to a configuration in which
the three hydrides are located in an umbrella-like arrangement
(Figure 1c). The DFT-simulated spectrum (Figure S22) is in
reasonable agreement with the experimental data, showing
Ru-H bands at 1985 cm™' (symmetric stretch), 1961 cm™' and
1942 cm™' (both asymmetric stretches). This optimized structure
is in very good agreement with the crystal structure. Ru—Ga and
Ru—Si bonds only differ by less than 0.005 A, and bond angles of
the ‘metal core’ (Ru/Ga/Si) only by less than 4°. The computed
Si...H distances (2.067 A-2.155 A) are indicative of no bonding
interaction. All calculated Ru—H distance are almost equivalent,
ranging from 1.626 to 1.631 A. The computed H-H distances
(2404 A-2.493 A) indicate classical hydride ligands rather than
dihydrogen-bonding. This is confirmed in a T, relaxation NMR
experiment (Figure S5), with T,(min)=546-1231ms (193 K-
293 K). The computed 'H hydride chemical shifts (—10.3 ppm)
are 3 ppm lower than their experimental counterparts, whereas
the other computed 'H signals differ by less than 1 ppm than

(computed: —7.7 ppm; recorded —10.53 ppm?), whereas the
average deviation of all other proton signals is also less than
1 ppm. All these results strongly support the trihydride nature of
1.

SiEt k
taisben) WAL their observed homologues. The same situation is found for the £
L L "Ru,” . . . . b
R CD.GS/ \,IGE?D' hydride signal in the related complex [Ru(PMe;)s(SiEt;)H;]
)

C-H activation of toluene: [Ru(GaCp*);(C;H,)H;] (2)

After observing that Si—H bonds can be activated, we wanted
to investigate whether C—H bonds can also be activated in a
similar manner. Thus [Ru(COD)(MeAllyl),] and [Ru(COD)(COT)]
(COT=1,3,5-cyclooctatriene) were reacted with GaCp* under
analogous reaction conditions to 1 in toluene. Both reactions
lead to dark brown solutions even after a short time of
20 minutes. Notably, the formation of 1 seems to be slower as
judged by the color change to orange after six hours. LIFDI-MS
suggests the formation of a series of toluene containing
compounds. As shown by experiments with different Ru
precursors, the nature of the Ru source is important for the
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product distribution, however, differences become prominent
only after prolonged reaction times. After one hour the reaction
solutions of [Ru(COD)(MeAllyl),]/GaCp* as well as [Ru-
(COD)(COT))/GaCp* in toluene contain products producing the
same series of ions, which can be assigned to different toluene
containing species: [Ru,(GaCp*),(C;HH,1™*  (m/z=1116.056;
calc=1116.058), [Ru,(Ga)(GaCp*);(C,Hg)H]**  (m/z=980.933;
calc=980.933), [Ru,(GaCp*);(C;HgH,1™* (m/z=912.015; calc=
912.014), [Ru(GaCp*);(C;Hg)H,1 ** (m/z=810.109; calc=810.110),
[Ru(GaCp*),(C,Hg)1** (m/z=604.051; calc=604.051). While the
mass spectrum of the reaction solution of [Ru(COD)(COT))/
GaCp* remains largely unchanged over time, the mass
spectrum of the reaction solution of [Ru(COD)(MeAllyl),l/GaCp*
reveals almost exclusively the ion [Ru(GaCp*;)(C;H,)H;1™* (27°)
after 48 h. We conclude from the measured sum formula that
this signal does not represent a fragment but rather the
molecular ion 2**, since the corresponding neutral complex 2
satisfies the 18 valence electron (VE) rule and is isoelectronic to
1. A pattern at m/z=604.051 ([Ru(GaCp*),(C;Hg)]"*) is assigned
to the fragment [M-GaCp*-2H]** of 2 (Figure 2a). These assign-
ments and the composition of 2 could be confirmed by double
labelling experiments with toluene-dg (Figure 2b) and with the
mono ethyl-substituted derivative GaCp*® (Cp*™=1-ethyl-
2,3,4,5-tetramethylcyclopentadienyl) (Figure 2c), revealing the
expected m/z differences of respectively 8 and 42 (three
additional CH, groups).

In contrast to 1, compound 2 could not be isolated. It is
formed in solution after long reaction times and can be enriched,
although some thermal degradation in solution is also observed
then, becoming obvious from the formation of metallic precip-
itate and mirror. We also noticed a stark influence of the
concentration, i.e. 2 can be enriched only when working at low
concentrations (Ci <5 Mmg/mL). Combined with the unstable
nature of 2 under reduced pressure, it was thus impossible to

A) Cp* [RuGa,Cp*;(C;H,)H] [RuGayCp*;(C7H;)Hs]

-GaCp*
H

cp*

[RuGa,Cp*(C/HnH]

crystalize the compound or to characterize enriched/pure
samples with solution spectroscopic techniques (NMR, IR). Never-
theless 'H NMR of reaction solutions shows hydride signals
(—14.15, —15.63, —16.03 and —16.22 ppm, Figure S6), as does
the IR spectrum with bands at 1807 and 1861 cm ™' (Figure S23).
Inspired by the thermal induced reductive elimination of HSiEt;
from [(Cp*Al);NiH(SiEt;)] yielding [(Cp*Al);Ni(u-H)AI(CsHs)(n'-Cp*]
by subsequent C—H activation of benzene,"” we attempted the
preparation of a pure sample of 2 from thermal treatment of 1 in
toluene. Even under harsh conditions, no reaction was observed.
A similar behavior was observed for the treatment of a solution
of 2 with an excess of HSiEt;.

As no experimental access to structural data was possible,
reasonable structures representing energy minima for the
postulated trihydride complex 2 were calculated on the DFT
level of theory. The energetically most favorable structures
correspond to activated toluene in ortho, meta, para and
benzylic position, respectively (Figure 3). Their computed rela-
tive energies indicate that the products upon C—H activation at
an aromatic position are almost equal in energy and are favored
with respect to the activation at the benzylic position. The
energy difference between the ortho and meta isomers is
insignificant and that of the para relative is barely larger. Thus,
even if not considering the possibility of topological isomerism
for each individual ortho, meta and para system, the possibility
of having several isomers in solution should not be excluded.
These calculations only reflect thermodynamic stability. In order
to investigate differences in regioselectivity between each site's
activation, we performed analogous experiments in benzene
(all-aromatic) as well as in tert-butylbenzene (no benzylic C—H).
Indeed, in both cases the respective signals (m/z) of the
expected activation products were observed by LIFDI-MS
(Figures S12 and S13; benzene: m/z=796.094; calc=796.094;
tert-butylbenzene: m/z=852.155; calc=852.157). The presence
of the respective benzene activation is further supported by the
corresponding hydride signal (—16.56 ppm; Figure S7).

Taken together our experimental and computational data it
is reasonable to assume that the formation of 2 proceeds via
C—H activation of toluene on the electron-deficient intermedi-

[ P Ortho Meta
' . ﬁ‘ 00 0.0
4(‘10 550 5& 75u 54'10 960 02 -

miz -
 aeam
o ; pegmi o T S i
'
Toluene ‘ ‘ Toluene-dy o cpr= Para \/ﬁ y./\ Methyl

| 0.7 ) ) 6.5
I ....J..u”” 1 1 it ; ..M“ ... 12 \/& e 7.4

Figure 2. a) Size focused LIFDI-MS spectrum of 2 with the composition of the
molecular ion and the main fragments given. b) LIFDI-MS patterns of 2 for
the reaction in toluene and the labeling experiment using toluene-dg and c)
the LIFDI-MS patterns of 2 with Cp* and Cp*®. The m/z difference of 8 and
42 respectively shows the incorporation of one toluene and three Cp* into
the compound.

Chem. Eur. J. 2022, 28, 202200887 (3 of 6)

Figure 3. Calculated isomers of 2 with their relative total (AE) and free (AG)
energy differences in kcal/mol (top: AE; bottom:AG). Cp* and hydrogen
atoms of toluene omitted for clarity.
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ate [(Cp*Ga);RuH,].* To validate this hypothesis, the hydro-
genolysis of ruthenium complexes with GaCp* was performed
in n-hexane to prevent C—H or Si—H activation. This may lead to
the activation of a second H, equivalent.*® While there is no
experimental evidence for a potential [(Cp*Ga);RuH,], cluster
growth reactions are observed by LIFDI-MS (Figure S14). This
points to reactive intermediates and related competing reac-
tions between bond activation (in aromatic solvents or silane)
and cluster growth.

Starting from [(Cp*Ga);RuH,], DFT calculations allow the
rationalization of the observed reactivity from a thermodynamic
point of view. C—H activation of toluene at [(Cp*Ga);RuH,] is
thermodynamically favorable according to free energy calcu-
lations (AG=—11.8 kcal/mol). Note that replacing toluene by
benzene barely changes the reaction energy (AG=—11.3 kcal/
mol). Replacing [(Cp*Ga);RuH,] by its hypothetical phosphine-
ligated analogue [(PMes);RuH,] cancels the exergonicity of the
toluene C—H activation reaction (AG= + 1.4 kcal/mol). A similar
trend and energetic difference are found for the Si—H addition
of HSiEt; on the same electron-deficient species. In the case of
[(Cp*Ga);RuH,l, AG=—43.1 kcal/mol, whereas in the case of
[[(PMe;);RuH,], AG=—28.8 kcal/mol.

Theoretical investigations on the Ru-Ga and Ru-P bonding

Both 1 and [Ru(PMe;),(SiEt;)H;] are hepta-coordinated Ru(lV) 18
VE complexes that can be described as made of a pseudo-
octahedral [Rul;H;] (L=GaCp* PMe;) unit to which an SiEt;,
ligand is added along the C; axis. The four Ru(lV) electrons are
expected to occupy non-bonding 4d orbitals, i.e., those which
do not point towards ligands, namely MOs of dominant xy and
x*-y* character (considering the z axis colinear with the Ru-Si
bond). As shown by the Kohn-Sham orbital diagrams of 1 and
[Ru(PMe;);(SiEt;)H;] (Figure 4), these two orbitals are the HOMO
and HOMO-1 of the complexes. Despite their qualitatively related
electronic structures, both complexes have some differences, as
exemplified by their HOMO-LUMO gaps, that of 1 being much
lower than that of its phosphine analogue. The lowest metal-
ligand antibonding orbital of 1 is its LUMO, whereas it is the
LUMO+1 in the phosphine complex. Selected computed data
for both complexes are gathered in Table S1. They show roughly
similar bond distances around Ru in both complexes, with similar
Wiberg indices, which however indicate that the Ru—Ga bonding
is somewhat weaker than the Ru—P one. To gain deeper insights
into the Ru-L (L=GaCp* PMe;) bonding in 1 and [Ru-
(PMe;);(SiEt;)H;], we performed an energy decomposition analy-
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[Ru(GaCp*)s(SiEty)Hg]  [Ru(PMeg)s(SiEta)Hg]

Figure 4. Kohn-Sham MO diagrams of 1 and [Ru(PMe,);(SiEt;)Hs].

sis (EDA) of the interaction between two frozen molecular
fragments, according to the Morokuma-Ziegler procedure.®**"
The decomposition of the total bonding energy (TBE) between
the [RuH;(SiEt;)] fragment and its L; shell is provided in Table 1.
TBE is expressed as the sum of four components: the Pauli
repulsion (Ep,;), the electrostatic interaction energy (Eq.), the
orbital interaction energy (E,;) and the component associated
with the dispersion forces (E4,). From comparing these TBE
values, it is clear that the Ru—L bonding is stronger in the case
where L=PMe, than for L=GaCp*. Whereas the Ey,,; and E,,;
components of the two compounds differ significantly, their
sum, which is often approximated to the steric part of the
interaction energy are about the same (Eg,;=2.37 and 2.48 eV
for L=GaCp* and PMe;, respectively). Since the E, contributions
are also similar, the TBE main difference originates from the E,,
components, which reflect difference in covalency. This is also
consistent with the difference in the HOMO-LUMO gaps. A similar
qualitative trend is found for the hypothetical unsaturated
species [Ru(GaCp*);H,] [Ru( PMe;);H,].

Another point of view can be provided by the quantum
theory of atoms in molecules (QTAIM) approach.”>*' Selected
QTAIM data associated with the Ru—Ga/P bond critical points in
1 and [Ru(PMe;);(SiEt;)H;] are collated in Table S2. In both

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

Com-pound
Fragmentation

[Ru(GaCp*);(SiEt;)H;] (1)
[RuH;(SiEts)] + [GaCp*];

[Ru(PMes),(SiEts)H;]

[RuH;,(SiEty)] + [PMe;]5

[Ru(GaCp*);H,]
[RuH,] + [GaCp*];

[Ru(PMe;);H,]
[RuH,] + [PMe;];

Epeu 11.52 15.19 11.55 16.94
Evvar ~9.15 1271 —9.82 ~1435
s -5.99 —8.04 —6.86 —9.67
Eaep —145 -136 -0.84 —0.94

TBE® —5.08 -6.93 —5.97 —-8.02

Chem. Eur. J. 2022, 28, 202200887 (4 of 6)
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compounds, the positive value of the Laplacian density, the
negative values of the energy and potential energy densities
and the larger than 1 |V|/G ratio are not contradicting the
typical description of a ligand-to-metal dative bonding in both
compounds.**“* The delocalization index is indicative of a
weaker Ru—Ga covalent interaction, in agreement with the EDA
analysis and Wiberg bond indices. The AIM charges indicate a
more negatively polarized Ru in the case of Ru—Ga as compared
to Ru—P. This points to a bond polarization of the form TM(67)-
E(0"), which could already be expected from previous
reports,'9?*%* 3 As shown in Tables 1, S1 and S2, the Ru—Ga vs.
Ru—P bonding features are maintained on the hypothetical 16
VE intermediates [Rul;H,] (L=GaCp*, PMe;).

Conclusion

Ru/Ga complexes have been investigated with respect to their
behavior in C—H and Si-H bond activation reactions. [Ru-
(GaCp*);H,] has been proposed as the crucial intermediate in the
bond activation reactions, DFT calculations confirming the
increased reactivity with respect to the phosphine analogue
[Ru(PMe;);H,].

[Ru(GaCp*);H,] has also been described in earlier studies as
a reactive intermediate on the way to Ru/Ga clusters. Thus,
reductive elimination of Cp*H leads to a ligand stabilized Ru/Ga
cluster with a linear Ru—Ga-Ru backbone.”” This underlines the
crucial role of transient and/or intermediate species in cluster
growth reactions. The “proto” cluster species [Ru(GaCp*);H,]
obviously can act as a reactive building block for larger clusters,
whereby substrate (e.g. H,) or solvent molecules actively
intervene in the reaction process by stabilizing the intermedi-
ate. Controlling the resulting complexity often remains a
challenge. One possible approach to control cluster growth,
however, which has been recently successfully employed in the
synthesis of Ni/Al and Ni/Ga clusters is the use of alkynes as
additives.”” A propagation of this idea with the aim of
investigating larger Ru/Ga clusters is part of an ongoing project
and will be presented in future work.

Experimental Section

General remarks: All manipulations were carried out using standard
Schlenk techniques under inert atmospheres. Solvents were dried
using a MBraun Solvent Purification System. The final H,0 content
of all solvents was measured via Karl Fischer titration and was
below 5ppm. Starting materials [Ru(COD)(MeAllyl),], [Ru-
(COD)(COT)] and GaCp* were synthesized according to literature
procedures. Elemental analysis was conducted at the microanalyt-
ical laboratory at the Technical University Munich. NMR spectra
were recorded on a Bruker AVIII 400 US spectrometer ('H, 400 MHz;
3C, 101 MHz) in C¢Ds. Chemical shifts (in §) are described in ppm
relative to tetramethylsilane (TMS) and referenced to the solvent
resonances as internal standards. The signal multiplicity is given as
following: s=singlet, d =doublet, t=triplet or q=quartet.

LIFDI-MS: Liquid Injection Field Desorption lonization Mass Spec-
trometry (LIFDI-MS) was measured directly from an inert atmos-
phere glovebox with a Thermo Fisher Scientific Exactive Plus

Chem. Eur. J. 2022, 28, 202200887 (5 of 6)

Orbitrap (mass accuracy 3 ppm; external calibration) equipped with
an ion source from Linden CMS.*

Crystallography: For compound 1 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 optic. Suitable crystals were
coated in perfluoropolyether and mounted in the cooled nitrogen
stream (100 K) of the diffractometer on a kapton microsampler.
Diffraction data were processed with APEX Il and the implemented
SAINT and SADABS programs. Structures were solved using SHELXT
and refined with SHELXL-2017 in conjunction with SHELXLE. Further
crystallographic details are provided in the Supporting Information.

Deposition Number(s) 2158227 (1) contain(s) the supplementary
crystallographic data for this paper. These data are provided free of
charge by the joint Cambridge Crystallographic Data Centre and
Fachinformationszentrum Karlsruhe Access Structures service.

Computational details: Density Functional Theory (DFT) calcula-
tions were carried out with the use of the ADF2020 code“**” with
the addition of Grimmes’s D3 empirical corrections®™" to take into
account dispersion effects. The triple-zeta with two polarization
functions (TZ2P) basis set was used, together with the BP86"*
exchange-correlation functional. All the optimized structures were
confirmed as true minima on their potential energy surface by
analytical vibration frequency calculations. Wiberg bond indices
were computed with the NBO 6.0 program®¥ implemented in the
ADF2020 package. The QTAIM analysis®>*’ was performed as
implemented in the ADF2019 suite.*** The 'H NMR chemical shifts
were computed on the BP86/TZ2P-optimized structures, according
to the GIAO method,”” with the B3LYP functional® and taking into
account solvent (benzene) effect via the COSMO model.>9¢%

Synthetic protocols

[Ru(GaCp*);(SiEts)(H);] (1): A solution of 450 mg (1.0 equiv.,
1410 mmol) [Ru(COD)(MeAllyl),] and 867 mg (3.0 equiv.,
4.230 mmol) GaCp* in 6 mL HSiEt; is freeze-pump-thawed-
degassed and pressurized with 3 bar H, in a 150 mL Fisher-
Porter bottle. The reaction solution turns from yellow to dark
orange over 6 h at 60°C. Residual HSiEt; is removed in vacuo
and 830 mg (71%, 0.995 mmol) of 1 are obtained by recrystal-
lization from n-hexane. "H NMR (C¢Dg, 400 MHz): & [ppm]=1.88
(s, 45 H, GaCp®), 1.26 (t, 9H, SiCH,-CH,), 0.92 (g, 6H, Si-H,Q),
—13.31 (s, 3H, Ru—H). ®*C NMR (C,Dg, 101 MH2): § [ppm]=113.5
(s, C5(CH,)s), 20.2 (s, Si-CH,), 10.5 (s, SiCH,-CH;) 10.0 (s, C5(CH;)s).
ATR-IR [cm~"]: 1898, 1771 (Ru—H). Raman [cm™']: 1913 (Ru—H).
UV-Vis (cyclohexane) Ay.,=226 nm, 281 nm, 344 nm. LIFDI-MS
m/z=832.1313 [M-2H]". (calc=832.1339). Elemental analysis
calc. for RuGa;Cs¢Hg;Si: C, 51.83; H, 7.61; Ga, 25.07; Ru, 12.12; Si,
3.37. Found: C, 51.74; H, 7.77; Ga, 24.3; Ru, 12.0; Si, 3.79.

[Ru(GaCp);(C;H)H;l  (2): 50.0mg  [Ru(cod)(MeAllyl),]
(1.0 equiv., 0.157 mmol) and 65.0 mg GaCp* (2.0, 0.313 mmol)
are inserted into a 150 mL Fisher-Porter Bottle, dissolved in
14 mL toluene. The solution is freeze-pump-thawed-degassed
and pressurized with 3 bar H,. The reaction mixture is stirred at
60°C for 48 h and then canula filtrated. LIFDI-MS m/z=2810.1088
[M]* (calc=810.1100), m/z=604.0508 [M-GaCp*,H]* (calc=
604.0514).
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3 SYNTHETIC CHALLENGES

3.3 Study Ill: Photochemically Generated Reactive Sites at
Ruthenium/Gallium Complexes: Catalysis vs. Cluster Growth

The controlled dissociation of labile ligands is a key factor for promoting the formation of
reactive sites at TM/E clusters and complexes. Using the [(Ru(GaCp*)s(SiEts)H3] compound
reported in the previous study, the reductive elimination of triethyl silane, in analogy to the

[Ni(AICp*)3H(SiEts)] is investigated.

Through irradiation under UV light (350 nm), it is possible to induce both the reductive
elimination of triethyl silane as well as of dihydrogen. This was proven by performing the
reaction in the presence of 1,2-bis(diphenylphosphino)ethane (dppe), which yielded the Ru®
complex [(dppe)Ru(GaCp*)s]. Furthermore, when irradiating [(Ru(GaCp*)3(SiEt3)Hs3] in the
presence of 3-hexyne under a hydrogen atmosphere, the in situ formed unsaturated
[(Ru(GaCp*)3H2] performed catalytic hydrogenation. A mechanism could be proposed based
on in situ mass spectrometric analysis of the reaction mixture, and a “poisoning” side reaction,
namely the formation of [Ru(GaCp*)s(hexyne)(hexene)], was identified. The silyl and hydrides
can thus be interpreted as selectively removable protecting groups for the active transition

metal center.

R. Buhler performed experiments concerning the hydrogenation catalysis, the elucidation of
the catalytic cycle, and the characterization of [(dppe)Ru(GaCp*)3]. M. Muhr performed the
synthesis and the characterization of [(dppe)Ru(GaCp*)s]. J. Stephan performed SC-XRD
measurements. All authors contributed to results discussion and procedure planning, R. A.
Fischer providing overarching academic guidance. The manuscript was written by R. Biihler,

M. Muhr, and C. Gemel and subsequently edited by all co-authors.

Reproduced with permission from the Royal Society of Chemistry.

R. Biihler*, M. Muhr?, J. Stephan, R. M. Wolf, M. Schiitz, C. Gemel, R. A. Fischer, Dalton Trans.
2023, 52, 10905-10910.
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Irradiation of [Ru(GaCp*)s(SiEtz)H3] (1) at 350 nm induces reductive elimination of dihydrogen and triethyl-
silane and generates unsaturated Ru/Ga species. This photochemically induced cascading reductive elim-
ination processes generate the reactive intermediate [Ru(GaCp*)s], which can be trapped by diphosphine
coordination to yield the stable complex [(dppe)Ru(GaCp*)s] (4). The photochemically generated RuGas
species is catalytically active in the hydrogenation of alkynes, which is further investigated by *H NMR and
mass spectrometry. Formation of intermetallic Ru/Ga clusters is observed as a competing and for the
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Introduction

The study of ligand-free (naked) metal clusters in the gas
phase shows an extensive spectrum of unique species and
structure-dependent reactivities towards small molecules as
substrates." Heterobimetallic compounds show fascinating
and novel reactivities,” however, such gas phase cluster ana-
logues are difficult to access.® The corresponding wet chemical
approach employing ligated clusters offers a complementary
range of synthetic and analytical methods to study structure
and bonding of metal clusters and cluster-substrate inter-
actions.” We have been interested in developing the coordi-
nation and cluster chemistry of ligated transition-metal (M)
and main group-12/13 metal (M’ = Zn, Al, Ga) bimetallic
species of formula [M,M',R.] (R = hydrocarbon ligand).” Prime
examples include [Mo(ZnCHj;)o(ZnCp*);]° and [Cuys(AICP*)y,].”
Irrespective of the structural appeal, the protective ligand
shell, which stabilizes compositions and structures in solu-
tion, intrinsically inhibits cluster-substrate interactions. The
radical, open shell superatomic Cuy3Al;, core of
[Cuy;3(AICP*)y,], for instance, is surprisingly inert against small
molecules due to the shielding by the twelve Cp* ligands.” In
contrast, the related sterically less crowded hydrido-cluster
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Catalysis Research Center, TUM School of Natural Sciences, Technical University of
Munich, Lichtenbergstrafe 4, 85748 Garching, Germany.
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{These authors contributed equally to this work.
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catalytic activity of the species limiting side reaction.

[Cug(AlCp*)¢H,] reacts with nitriles via insertion into the
cluster metal hydride bonds.® To provoke cluster-substrate
interactions, we were thus led to investigate concepts of partial
removal of the ligand sphere at [M,M'yR.] in order to generate
reactive sites at the MyM',, cores.’

Recently, we reported on the ruthenium-gallium trihydride
complex [Ru(GaCp*);(SiEt;)H;] (1) in the context of C-H and
Si-H bond activations.'® It can be conveniently prepared from
[Ru(cod)(2-methylallyl),] in the presence of GaCp* in HSiEt; as
the solvent under hydrogenolytic conditions. Complex 1 is
thermally surprisingly stable, quite in contrast to the related
Ni/Al complex [Ni(AICp*);(SiEt;)H]: a reductive elimination of
HSiEt; can be induced thermally and yields the 16 VE inter-
mediate [Ni(AlICp*);] which is capable of aromatic C-H bond
activation."* Photolysis of related phosphine-ligated ruthe-
nium hydrides yields reductive elimination of hydrogen and
transient reactive Ru species.'” Thus, we studied the photolysis
of [Ru(GaCp*);(SiEt;)H;] (1).

Results and discussion
Irradiation of 1 at 350 nm

Irradiating the Ru(v) complex 1 in its local absorption
maximum (Fig. S467) for 30 minutes at 350 nm, leads to the
formation of free triethyl silane and dihydrogen as indicated
by in situ "H NMR spectroscopy (sealed tube). The reductive
elimination process is not quantitative at these conditions,
even at prolonged irradiation times. An equilibrium (photosta-
tionary state) of reductive elimination and oxidative addition
of hydrogen at the Ru centre is established. Analysis via inert
atmosphere liquid injection field desorption ionization mass

Dalton Trans., 2023, 52,10905-10910 | 10905
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spectrometry (LIFDI-MS)"? shows only negligible cluster
growth after eight hours of irradiation (Fig. S29 and 307).
Possible products of reductive elimination include the two 16
VE (valence electron) Ru(u) species [Ru(GaCp*);(SiEt;)H] (2usi),
[Ru(GaCp*);H,] (242) as well as the low coordinated, 14 VE Ru
(0) fragment [Ru(GaCp*);] (3). In situ "H NMR spectroscopy of
the reaction solution reveals the presence of two new hydride
signals at —11.46 and —14.58 ppm (Fig. $3-61). The equili-
brium state can be overcome by irradiating 1 in the presence
of excess H,. This leads to gradual degradation of 1 and the
formation of a mixture of larger Ru/Ga cluster species. Free
HSiEt; can be identified in quantitative amounts after com-
plete conversion of 1 together with considerable amounts of
Cp*H (Fig. S21 and 22%). It can be postulated that photolysis
under hydrogen rich conditions lead to the formation of a
transient [Ru(GaCp*);H4] species, in analogy to the [Ru
(PR;)sH,],"* and the lower coordinated species resulting from
Cp*H elimination inducing cluster growth reactions. Analysis of
the in situ LIFDI-MS data suggest that the major signal at higher
mass patterns (m/z >1000) can be attributed to species with the
sum formulas Ru,Ga,Cp*;Hs, Ru;Ga,Cp*sHs, Ru,GagCp*;H;
and Ru;GayCp*eH; - all species bearing several hydride ligands
(Fig. S43 and 44t). So far, however, our attempts of isolation
and structural elucidation of any cluster species failed.

Synthesis of [(dppe)Ru(GaCp*);] (4)

The photolysis of 1 was then performed in the presence phos-
phines aiming for stabilizing one of the reductive elimination
products (2m, 2usi and 3). The use of 1,2-bis(diphenylpho-
sphino)ethane (dppe) under similar conditions (r.t., 24 h,
350 nm) allowed the isolation of [(dppe)Ru(GaCp*);] (4) as the
trapping product in the form of red-orange needles. The com-
position is supported by a peak at m/z = 1114.1656 (calc.
1114.1671) in the LIFDI mass spectrum (Fig. S29 and 307).
Complex 4 is formed by reductive eliminations of H, and
HSiEt; from 1, indicating that formation of a transient Ru(0)
species [Ru(GaCp*);] is possible under photolytic conditions.
The compound 4 crystallizes in the space group P2,/n as a tri-
gonal bipyramidal structure with one co-crystallized n-hexane
molecule (Fig. 1). The Ru-Ga bond lengths (2.353-2.393 A) are
in the expected range,”*'®'* and the Ru-P bond lengths
(2.239-2.257) compare well with [(Cp*Ga);Ru(PPh;),]"** and
[(dmpe),Ru(L)] (L = CO, PMe;; dmpe = 1,2-bis(dimethyl-phos-
phino)ethane),"® however, they are slightly shorter than in
related Ru(0) compounds.'” The "H NMR in C¢D;, (Fig. S7-91)
matches the crystal structure: one singlet for the three Cp*
groups (6 = 1.65 ppm, 45 H) of the GaCp* ligands, due to
coalescence, and a multiplet of the ethylene bridge (5 =
1.80 ppm, 4 H) of the dppe ligand as well as the respective two
multiplets of the phenyl groups (6 = 7.11 ppm, 12 H; § =
7.73 ppm, 8 H). The co-crystallised n-hexane is also observed (&
=0.89 ppm, 6 H; 6 = 1.29 ppm, 8 H). Low temperature ‘H-NMR
spectra recorded in n-hexane-d,, show a decoalescence of the
Cp* signals below —40 °C, resulting in two singlets (§ =
1.64 ppm, 30 H and § = 1.61 ppm, 15 H) at —80 °C (Fig. S197).
This is in agreement with the asymmetry of the GaCp* in 4,

10906 | Dalton Trans., 2023, 52, 10905-10910
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Fig. 1 Molecular structure of the trigonal bipyramidal Ru(0) complex
[(dppe)Ru(GaCp*)s] (4). Thermal ellipsoids are given at 50% probability
level. C atoms in wireframes, H atoms and co-crystallized n-hexane unit
omitted for clarity. Selected bond lengths (A) and angels (°): Rul-Gal:
2.393; Rul-Ga2: 2.353; Rul-Ga3: 2.371; Rul-P1: 2.239; Rul-P2: 2.257;
Ga-Cp*centroia: 2.049-2.060; Gal-Ru-P2: 173.16; Ga2-Ru—P1: 117.82;
P1-Ru-Ga3: 133.51; Ga2-Ru-Ga3: 108.65.

suggesting a trigonal bipyramidal coordination of the ruthe-
nium centre, closely related to the single crystal structure. The
expected '°C peaks are observed as well and match the 2D
NMR data (Fig. S10-17t). The *'P spectrum shows one singlet
at 94.6 ppm along with a very small signal of free dppe at
—12.9 ppm (Fig. S18f). Low temperature *'P-NMR spectra
recorded in n-hexane-d,, do not show a decoalescence, even at
—80 °C (Fig. S207). Neither the 'H, nor the IR spectrum
(Fig. S471) of 4 shows any peaks that can be attribute to ruthe-
nium hydrides. Compound 4 is not stable in solution over pro-
longed time, however, no decomposition products could be
identified, so far. It can be viewed as the trapping product of
the transient, reactive species [Ru(GaCp*);]. Analogues of 4
were observed via LIFDI-MS when using other phosphines
such as 1,2-bis(diphenylphosphino)benzene and triethyl phos-
phine or trimethyl phosphine, respectively (Fig. S33-387). The
trapping products were observed via LIFDI mass spectrometry
but could not be isolated as pure compounds in preparative
yields. Nevertheless, a single crystal of [(PEt;),Ru(GaCp*);],
was obtained (Fig. S2t), though no further analytics could be
performed due to lack of quantity.

Catalytic conversion of 3-hexyne under photolytic conditions

The unsaturated nature of the photolytically generated reactive
intermediates, supposedly transient [Ru(GaCp*);] and [Ru
(GaCp*);H,], suggests the activity of 1 as hydrogenation cata-
lyst for olefins under photolytic conditions. Indeed, photolysis
of a solution of 1 in C¢D;; in the presence of 3-hexyne (20.0
eq.) under dihydrogen pressure (2 bar) at r.t. leads to the for-

This journal is © The Royal Society of Chemistry 2023
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mation of n-hexane as the main product together with cis- and
trans-3-hexene in minor amounts (Fig. 2a; Fig. $S23 and 24t).
Stochiometric amounts (based on 1, 5%) of hydrosilylation
products are also detected (Fig. S231). A steep onset of the
catalytic conversion of 3-hexyne is observed (1 h, 40%). The
conversion rate, however, declines notably: after 6 h only a
total of 59% is hydrogenated and only 70% after 18 h. A full
conversation is never reached. This observation can be
reasoned by competing catalysis vs. cluster growth at lower
alkyne concentrations. LIFDI mass spectra (Fig. S45 and 467)
after the catalysis confirm the formation of numerous larger
Ru/Ga oligohydride clusters. We attribute the gradual cluster
growth to a stabilizing effect of alkyne and alkene ligands over
the course of the catalysis experiment preventing the active
species from fast agglomeration and deactivation and rather
undergoing slower and coordination modulated cluster growth
reactions.'® A plausible intermediate, is observed by LIFDI-MS
peak at m/z = 882.1997. It can be assigned to the 18 VE species
[Ru(GaCp*);(hexyne)(hexene)] (m/z = 882.2044, calc. 882.2039;
Fig. 2b and Fig. S39-42f). Performing a catalytic 3-hexyne
hydrosilylation at analogous conditions to hydrogenation (r.t.,
350 nm, 20.0 eq. 3-hexyne, 100 eq. HSiEt;) failed, however, as
only stochiometric quantities of hydrosilylation products were
observed (Fig. S25 and 267).

a)
w00 T T T T T T T T T T
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Fig. 2 (a) Relative concentration of the catalysis of 3-hexyne (5 mol%
cat.) and the reaction products n-hexane, cis- and trans-hexene and
hydrosilylation products. (b) excerpt of in situ LIFDI mass spectrum
during catalysis, showing peaks attributed to catalytic intermediates.
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It is interesting to note, that continuous irradiation is
required for the catalysis to proceed. 1 is still observed after
6 hours of irradiation under catalytic conditions (Fig. S24+),
pointing to a slow conversion of 1 to the catalytically active
species. A continuous support of active catalyst is required due
to competing cluster formation, which leads to a fast and irre-
versible deactivation of the catalyst. Thus a solution containing
Ru/Ga clusters formed by irradiation of 1 (in the absence of
alkynes) is catalytically inactive (Fig S22 and S447).
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Fig. 3 Overview of the reactions possible from 1 with the presumed
photochemically generated species 242, 2usi and 3 as well as the reac-
tion to 4. Additionally, a proposed catalytic cycle for the hydrogenation
of 3-hexyne with 1 as catalyst under photochemical conditions is given.
Intermediates 24, Ay, Az and B (depicted in black) are supported by
experimental evidence (*H NMR, LIFDI-MS). Intermediates depicted in
grey are logical necessary intermediates for which no experimental evi-
dence could be obtained.
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Taking together all presented analytical data and spectro-
scopic observations, we propose the mechanistic reaction
scheme and catalytic cycle of Fig. 3. Under photolytic con-
ditions, the activation of the pre-catalyst 1 is achieved
through the alkyne hydrosilylation and subsequent dihydro-
gen activation forming the 16 VE species [Ru(GaCp*);H,]
(2m2). This key intermediate then coordinates and activates
3-hexyne forming the 18 VE species [Ru(GaCp*);(hexyne)H,]
(A) and subsequently, through hydride insertion the 16 VE
species [Ru(GaCp*);(hexene)] (A,) is formed. An indication of
the presence of the two species is given by LIFDI-MS (m/z =
800.1251; calc. 800.1257; Fig. S39-427), even though they
cannot be distinguished from one another by MS. Through
activation of a further equivalent of H, and subsequent
insertion, n-hexane is formed and 2H, is regenerated.
However, a competing cycle occurs where A, is coordinated
by a further 3-hexyne yielding the 18 VE species B, which is
also observed in LIFDI-MS. The observation of free 3-hexene
by 'H NMR can be explained through dissociation of the
alkene from B. The competing nature of both cycles is sup-
ported by in situ LIFDI-MS monitoring the hydrogenation
catalysis experiment in the presence of 100 eq. 3-hexyne
where only B is observed (Fig. $S39-42t). This results in a
much slower alkyne conversion. As such, the competing reac-
tions, H, oxidative addition or alkyne coordination both
possible at A, are the limiting factor of the catalytic hydro-
genation of the alkyne.

Conclusion

In summary, we have presented a novel approach towards the
controlled generation of reactive free coordination sites at
small bimetallic Ru/Ga cluster species utilizing photochemis-
try. In this example, we could specifically induce the reductive
elimination of dihydrogen and/or triethyl silane from a
defined Ru/Ga precursor compound under mild conditions.
The silyl and hydride groups can thus be interpreted as selec-
tively removable protecting groups for the active transition
metal centre, solely stabilized by group-13 metal-ligands. The
generated, reactive species, Le. [Ru(GaCp*);] (3), could be
trapped by phosphines., ie in the form of 4. The reactive
RuGa; species themselves are active in catalytic alkyne and
alkene hydrogenation and mass spectrometric investigations
provide evidence for key intermediates of a possible catalytic
cycle. The deprotected, low coordinated RuGa; species act as
seeds for cluster growth under certain conditions. Building on
this work, we aim to achieve control over the competing cataly-
sis and cluster growth reactions towards libraries of defined bi-
metallic clusters. Doing so will help us identify either catalyti-
cally active clusters or clusters as deactivation products of the
catalytically active species. We are therefore currently studying
the role of different substrates and additives in similar reac-
tions based on [Ru(GaCp*);(SiEt;)H;] (1) and aiming for trans-
fer to other transition-metal group-13 metal complexes and
clusters.
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Experimental
General procedures

All manipulations were carried out using standard Schlenk tech-
niques under inert atmospheres. Solvents were dried using a
MBraun Solvent Purification System. The final H,O content of
all solvents was measured via Karl Fischer titration and was
below 5 ppm. Starting material [Ru(GaCp*);(SiEt;)H;]"° was syn-
thesized according to literature procedures. Chemicals were pur-
chased from Sigma Aldrich and used without further purifi-
cation. Hydrogen 5.0 was purchased from Westfalen.

NMR spectra were recorded on a Bruker AVIII 400 US
spectrometer (*H, 400 MHz; °C, 101 MHz; *'P, 162 MHz) in
C¢Dy,. Low temperature NMR experiments were recorded on a
Bruker Avance 400 spectrometer (*H, 400 MHz; *'P, 162 MHz)
in n-hexane-d;4. Chemical shifts (in §) are described in ppm
relative to tetramethylsilane (TMS) and referenced to the
solvent resonances as internal standards. The signal multi-
plicity is given as following: s = singlet, d = doublet, t = triplet
or g = quartet.

Elemental analysis was conducted at the microanalytical
laboratory at the Technical University Munich.

LIFDI-MS. Liquid Injection Field Desorption Ionization
Mass Spectrometry (LIFDI-MS) was measured directly from an
inert atmosphere glovebox with a Thermo Fisher Scientific
Exactive Plus Orbitrap (mass accuracy 3 ppm; external cali-
bration) equipped with an ion source from Linden CMS.**

Single-crystal X-ray diffractometry

Data were collected on a single crystal X-ray diffractometer
equipped with a CMOS detector (Bruker APEX IV, k-CMOS), a
TXS rotating anode with MoK, radiation (4 = 0.71073 A) and a
Helios optic using the APEX3 software package.®
Measurements were performed on single crystals coated with
perfluorinated ether. The crystals were fixed on top of a kapton
micro sampler and frozen under a stream of cold nitrogen. A
matrix scan was used to determine the initial lattice para-
meters. Reflections were corrected for Lorentz and polarisation
effects, scan speed, and background using SAINT.*°
Absorption correction, including odd and even ordered spheri-
cal harmonics was performed using SADABS.** Space group
assignments were based upon systematic absences, E statistics,
and successful refinement of the structures. The structures
were solved using SHELXT with the aid of successive difference
Fourier maps, and were refined against all data using
SHELXL-2014/2017 in conjunction with SHELXLE.*" [(Et;P),Ru
(GaCp*);] was twinned, the integration was performed for both
domains and the structure was refined against hkl f5 data.
Hydrogen atoms were calculated in ideal positions as follows:
methyl hydrogen atoms were refined as part of rigid rotating
groups, with a C-H distance of 0.98 A and Uiso(r) = 1.5 X Ueq(c)-
Other H atoms were placed in calculated positions and refined
using a riding model, with methylene and aromatic C-H dis-
tances of 0.99 A and 0.95 A, respectively, other C-H distances
of 1.00 A, all with Uisor) = 1.2 X Ueq(c)- Non-hydrogen atoms
were refined with anisotropic displacement parameters. Full-
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matrix least-squares refinements were carried out by minimiz-
ing Yw(F,? — F.?)? with the SHELXL weighting scheme.?'?
Neutral atom scattering factors for all atoms and anomalous
dispersion corrections for the non-hydrogen atoms were taken
from International Tables for Crystallography.®* A split layer
refinement was used for disordered groups and additional
restraints on distances, angles and anisotropic displacement
parameters were employed to ensure convergence within
chemically reasonable limits, if necessary. Images of the
crystal structures were generated with PLATON (SI) and
Mercury (main article).® CCDC 2218507 (4) and CCDC
22185087 [(Et;P),Ru(GaCp*);].

Synthesis of [(dppe)Ru(GaCp*);] (4)

A cyclohexane (7 mL) solution of 75.0 mg 1 (1.0 eq.; 89.9 pmol)
and 40.0 mg dppe (1.1 eq.; 100 pmol) are irradiated in a photo-
reactor (350 nm) for 24 h. The reddish solution is filtered
through a syringe filter and the solvent is removed in vacuo.
The residue is dissolved in 3 mL n-hexane. The solution is
cannula filtered and concentrated to about 1.5 mL. After
storing the solution over night at —30 °C, 26.0 mg (23.0 pmol;
26%) of 4 is obtained in the form of orange-red needles. 'H
NMR (CgD;,, 400 MHz): 5 [ppm] = 7.33 (m, 8 H, Ph-P), 7.11
(m, 12 H, Ph-P), 1.80 (m, 4 H, H,C-CH,), 1.65 (s, 45 H,
GaCp*), 1.29 (m, 8 H, CH, in n-hexane), 0.89 (t, 6 H, CH; in
n-hexane). >C NMR (CeD;,, 101 MHz): § [ppm] = 128.4 (s,
phenyl), 127.4 (m, phenyl), 114.5 (s, Cp* ring), 32.5 (s,
n-hexane), 23.5 (s, n-hexane), 14.4 (s, n-hexane), 10.7 (s, Cp*
methyl). *'P NMR (CgDy,, 101 MHz): § [ppm] = 94.6 (s, dppe).
LIFDI-MS [M]": m/z = 1114.1656 (calc. 1114.1671). Elemental
analysis calc. for RuGa;P,CscHeo: C, 60.36; H, 6.24; Ga, 18.77;
Ru, 9.07; P, 5.56. Found: C, 59.43; H, 6.37.

General procedure for catalytic reactions

5.00 mg of 1 (1.0 eq., 5.99 pmol) were dissolved in 0.4 mL
cyclohexane-d;, in a J-Young NMR tube and 20-100 eq.
3-hexyne were added. The reaction solution was degassed by
freeze-pump-thaw and was pressurized with 2.0 bar at 25 °C.
The NMR tube was irradiated for 24 h in a photoreactor at
350 nm. Conversion and selectivity was determined by 'H
NMR spectroscopy.

General procedure for photochemistry

Photochemical reactions (4 = 350 nm) were carried out in
Duran phototubes (1 cm diameter, 10 mL) or J-Young NMR
tube under argon atmosphere in a photoreactor with a cylind-
rical array of 16 light tubes of the type Luzchem LZC-UVA with
8 W nominal power. Supplier states a spectral range from 300
to 400 nm.
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4 CHEMICAL DIVERSITY

4 Accessing Chemical Diversity in Solution

4.1 Study IV: A living library concept to capture the dynamics and
reactivity of mixed-metal clusters for catalysis

The creation of "living cluster libraries" can be achieved by making use of unselective
organometallic reactions, mimicking in situ the diversity found on the surface of a solid-state
catalyst. Herein, we present a novel concept and a methodology for generating and efficiently
exploring living libraries of ligated heterometallic clusters. We selected the Cu/Zn system for
the growing interest in experimental and theoretical studies of atom-precise CuxZny clusters in

relation to industrial methanol synthesis using Cu/ZnO/Al,03 catalysts.

The libraries are characterized via LIFDI-MS using double labeling and varied collision energy
experiments. Their evolutions are monitored by mass spectrometry so that chemical
information is gained without separating the clusters. Structural information is obtained by a
framework combining density functional theory (DFT) with data mining analysis techniques to
explore the full compositional configuration space. Through this methodology, it is possible to
efficiently characterize the clusters’ structure reactivity relationships, highlighted by the
detection of the formate-containing species [Cu11Zne]Cp*s(CO2)2(HCOy). In addition, a novel
cluster, [CuaZn1o]Cp*s, acting as a pre-catalyst for the catalytic semihydrogenation of alkynes,

could be isolated by carefully tweaking the library conditions.

R. Bulhler performed labeling and fragmentation analysis of libraries {2}, {3}, and {4},
characterized the reaction with CO,, Hy, and 3-hexyne/H,, and performed the synthesis and
characterization of [CuaZn10]Cp*s. M. Schiitz performed labeling and fragmentation analysis of
library {1} and characterized the reaction with CO; and H,. K. F. Andriani wrote the algorithm
and performed the calculations. S. Kahlal and J.-Y. Saillard performed the bonding analysis of
[CuaZnio]Cp*s. J. L. F. Da Silva and R. A. Fischer provided overarching academic guidance. The
manuscript was written by R. Bihler, K. F. Andriani, C. Gemel, J. L. F. Da Silva, and R. A. Fischer.

R. Biihler*, M. Schiitz*, K. F. Andriani, Marcos G. Quiles, J.-P. A. de Mendonca, V. K. Ocampo-
Restrepo, Johannes Stephan, Sophia Ling, Samia Kahlal, Jean-Yves Saillard, C. Gemel, J. L. F. Da
Silva, R. A. Fischer, Nat. Chem., accepted.
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Abstract

The exploration of ligated metal clusters’ chemical space is challenging, partly due to a less
targeted access to reactive clusters. Now, dynamic mixtures of clusters, defined as living librar-
ies, are obtained through organometallic precursor chemistry. The libraries are populated with
interrelated clusters, including transient and highly reactive ones, as well as more accessible
but less reactive species. Their evolutions upon perturbation with substrate molecules are mon-
itored and chemical information is gained without separation of the clusters. We prepared a
library of all-hydrocarbon ligated Cu/Zn clusters and developed a bias-free computational
framework suited to analyze the full compositional space that yields a reliable structural model
for each cluster. This methodology enables efficient searches for structure-reactivity relation-
ships relevant for catalysis with mixed metal clusters: When treating the library with CO; or 3-
hexyne and Hz, we discovered [Cu11Zne](Cp*)s(CO2)2(HCO») bearing a formate species related
to COz reduction, and [CuoZn7](Cp*)s(Hex)s3(H)s bearing Ce-species related to alkyne semi-

hydrogenation.
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Introduction

Access to sub-nanometer metal clusters is largely based on metal evaporation, ionization and
atom-precise size-selection by electromagnetic mass filters. This gas-phase synthesis and
spectrometry, together with size-conservative deposition to substrates, enable microscopic
characterization and reactivity studies of individual, non-ligated clusters.'”> Atom-by-atom
assembly of clusters in the liquid phase has been demonstrated as well. Dendrimer nano-
reactors were designed to coordinatively bind and cage a predefined number of metal ions,
which then aggregate to the targeted cluster by a chemical reduction step. Removing the
dendrimer yields samples of substrate-supported atom-precise clusters similar to the gas-phase
approach.®® Neither concept, selection from polydisperse mixtures nor programmed assembly,
can be translated to the synthesis of /igated metal clusters. Here, the obstacle of selective
synthesis design is rooted in the specific chemistries of the molecular metal precursors and
reagents that must be chosen. It relates to entangled phenomena of nucleation and growth
modulated by ligation, the intricate kinetics of which are not known with sufficient precision.
Nevertheless, the outcome of the synthesis may be rationalized a posteriori in terms of structure
and bonding analysis of the obtained clusters.’!3 Nevertheless, much information is lost as the
aforementioned approach is limited to just those few clusters that were stable enough and could
be isolated from the reaction solution, eventually in very low yields with uncertain
reproducibility.!3-!5 These challenges were discussed within a wider context in our recent
review article entitled “Organometallic Superatom Complexes”, from which this introduction
is derived.'®

Now, we report a novel concept and a methodology for generating and efficiently exploring
ligated mixed metal (heterometallic) clusters in the form of “living libraries”. Information is
gained by directly dealing with chemical complexity without the separation of clusters. A living
library is defined as a dynamic mixture of clusters, including growth species and additives such
as ligands and reactants. Portfolios of cluster libraries can be generated for a given metal
combination by settings of initial components and library evolution conditions. The libraries
are populated with interrelated clusters, including transient and highly reactive ones, as well as
more accessible but less reactive ones. Its distribution of clusters is sensitive to perturbation,
e.g., the interaction with reactants to be trapped or converted at the cluster surface that may also
influence cluster structure rearrangement, growth, or degradation reactions.

We demonstrate our methodology by employing non-aqueous organometallic precursor
chemistry under inert gas, tailored for living libraries of all-hydrocarbon ligated Cu/Zn clusters

of the formula [Cu.Zn,](R)« (metal atomicity n = a+b, coordination k with ligands R = H, 2,4,6-
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CeH2(CH3)3 = Mes or Cs(CH3s)s = Cp*). Organometallic chemistry offers a unique toolbox for
generating living libraries of clusters such as highly reactive metal precursors, prone to
releasing metal atoms by reversible and irreversible fundamental reactions, including ligand
exchange and transfer'” '8, protolysis'®?!, transmetallation’> 23, oxidative addition/reductive
elimination?*-2¢, hydrogenolysis®’ 24, etc.

We selected the Cu/Zn system for two reasons: First, we have previously explored Cu/Zn
clusters.?>32 Our “embryonic brass” chemistry proved very suitable for library generation due
to the variety of species formed and its high sensitivity to the reaction parameters. Second, there
is interest in experimental and theoretical studies of atom-precise, sub-nanometer Cu, clusters>
36, including hetero metal doped species’’ in relation to the industrial methanol synthesis using
Cu/ZnO/ALOs catalysts®*#!, Liu et al. have evaluated the catalytic properties of the superatomic
clusters CusZny (a+b = 14) by a density functional theory study.*> Holtzl et al. explored the
size- and charge-dependent CO, and H> activation on small clusters [Cu,Zn]”* (n = 3 — 6).4?
Similarly, Li et al. reported on the electronic structure of a Cu-Zn dual atom catalyst site**,
being highly selective in Cu-based alkyne semi-hydrogenation.*>*¢ Our studies on a wide range
of ligand-stabilized Cu/Zn clusters will thus broaden the understanding of Cu/Zn intermetallics

at the molecular scale (Figure 1).

Precursor Library (1st generation) Library Evolution (2nd generation)
T AN : —
N\ ° y = A
/o ® —— &y Y .| B y
\O e, N /> @ﬂ \,, :

* organometallic precursors (1) _lk—A_AI\_ — & ‘,’ o

« combination of precursors I : ()

« library of ligated clusters ) _lk—/\«_ activation at
I

library library substrate cluster site

stability variation interaction

Figure 1: The living library concept. Mixed metal cluster libraries are generated by combining highly reactive
organometallic precursors at a defined set of conditions. Library perturbation is initiated by changing the
conditions, e.g., by the addition of substrates, and the evolution over time is monitored via mass spectrometry

(Cu = orange, Zn = blue, carbon = grey, oxygen = red).
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Results and Discussion

Living Library Generation
On combining CusMess with decamethyldizincocene, ZnoCp*», as precursors, Zn(I) is oxidized
to yield Zn(II) species while Cu(l) is reduced to Cu(0). Cp* and Mes ligated Cu/Zn clusters are
formed by choosing initial excess or specific quantities of either CusMess or ZnoCp*; added
after a particular incubation time (Figure 1). For example, the library {[Cu.Zns](R):}, denoted
as {1}, is reproducibly prepared from CusMess (12.0 pmol) with 3.75 eq. of ZnoCp*; (45.6
umol) in dry toluene (0.50 mL) at 25 °C under argon as a dark-red solution within 120 min.
Characterization of {1} by in situ liquid-injection field desorption ionization mass spectrometry
(LIFDI-MS) with a setup coupled to a glovebox*’ gives more than 100 peak patterns up to the
detection limit of our instrument (m/z = 6000 a.m.u.), each pattern representing a unique species
which is either present in solution or is formed upon ionization and fragmentation. We were
able to selectively synthesize, isolate, and characterize a few clusters of {1}, eg,
[CuZn;](Cp*)s (A), [CuszZns](Cp*)s (B) and [Cu10Zn2](Cp*)2(Mes)s (C).2% 3% 32 The vast
majority of clusters present, however, exhibit previously unknown structures with a diversity
of n and k. This highlights both a rich chemical space to be explored and the challenge of
isolation and characterization of individual clusters facing their very labile, air-, moisture-, and
temperature-sensitive nature. A methodology needs to be developed to efficiently exploit this
chemical space towards the identification of those clusters, which hold promise for exciting
properties and would justify the effort for in-depth investigations, including iterative size
focusing, separation, and isolation of specific clusters.

Mass Spectrometric Library Characterization

Each cluster library is characterized by its LIFDI mass spectrum, which allows for the
identification of all ionizable molecular species in the reaction mixture at a given parameter set
of library generation and evolution conditions. Two problems must be addressed. First, an exact
and unique sum formula [Cu.Zns](R)x (R = Cp*., Mesq, Hi; ¢ + d + h = k) has to be assigned to
each pattern in the spectrum. This problem is solved by introducing a double labeling strategy
with isotopically enriched ®*Zn,Cp*; (Am/z = 2.62) and Cp** (Am/z=14) for library
preparation. This labeling strategy can certainly be done with 2H, '3C, and with other markers
for R or reactants with other isotopically enriched metals M, thus matching the organometallic
precursor chemistry employed with the available MS instrument resolution. Second, a
differentiation between molecular and fragment ions must be established to define a unique set
of clusters that characterizes the library. This problem is solved by introducing varied collision

energy experiments. The approach is akin to energy-dependent electron-spray mass
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spectrometry (ESI-MS) and stepped collision energy, known from peptide fragmentation
analysis. Thus, we were able to reliably assign sum formulas [Cu.Zns](R)« to an extensive list
of molecular ions for clusters present in the solution (Methods section and Supplementary Table
2).

It is extremely difficult, ineffective, or even impossible to separate all or at least the majority
of clusters from a library and collect specific analytical data, including experimental structure
determination of individual clusters. Furthermore, it is a priori unknown which of the clusters
may be particularly interesting, could and should possibly be isolated, rigorously characterized,
and justify the effort of scaled-up synthesis for more investigations. Therefore, a novel bias-
free computational framework was developed to efficiently obtain well-founded suggestions of
structures for any given candidate based on the sum formula derived from the libraries’ MS
data analysis. The whole workflow for identification and structure assessment of clusters is
depicted in Figure 2. It guides the experiments with the 1% generation library {1}, and it can
particularly be applied to reactivity investigations with substrates leading to the 2" generation

libraries {2}-{4}.

0 ......................... 9 .................. 9 [ STRUCTURE ASSIGNMENT]

L5 )8 )ra) ¥ ) )T) & )6 ) @)

miz+ Isotopes Composition Collision Statistical List of Core Ligand Structure
pattern and analogs ~ assingment experiments evaluation molecular framework interactions families
labeling ions

Figure 2: Workflow for the identification (1, 2) and structure assignment (3) of clusters in a library based on mass
spectrometry involving labeling and varied collision energy experiments combined with a calculation framework

using the obtained composition of the molecular ions of the clusters as the only input.

Calculation Framework for Structural Assignment

The calculation framework is based on the combination of Density Functional Theory (DFT)
with Data Mining analysis techniques. This multi-step method is developed to obtain a reliable
family of cluster structures without or with little additional information other than the sum
formula deduced by the mass spectrometric library characterization (vide supra). The first step
involves determining plausible metal core structure configurations without considering ligands,
i.e., the core’s frame. To obtain the initial structures, we employed an internal subroutine, where
each atom is iteratively added to the frame with the constraint that each atom must be placed

inside defined cube and sphere boxes. Therefore, the input parameters are the total number of
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metal atoms (n = a + b) from a given Cu.Zn, composition. Additionally, the core frames can
also be imported from the literature and included in the binary cores design. Then, the binary
cores are generated by taking all possible permutations obtained by replacing the original atoms
of the frames with @ atoms of Cu and b atoms of Zn.

In order to attain feasible calculation times, the number of binary cores needs to be reduced
using an appropriate filter. To exclude quasi-identical configurations, we encode the structures
using the eigenvalues of their Coulomb matrices and apply the k-means clustering algorithm to
automatically select several representative structures (one from each group). Then, those trial
structures are optimized (e.g., FHI-aims**) through DFT with low-computational self-
consistency and geometry optimization parameters. After a set of Cu.Zn, optimized cores are
obtained, the ligands (R = Cp*, Mes, Hex, CO», H, ...) are distributed around the binary core to
yield the desired [Cu.Zns](R)x clusters under two steps: First, n sites are generated and
distributed (using a Fibonacci lattice) over a sphere that circumscribes the binary core, followed
by a fine adjustment based on a coarse force-field process. Then, the ligands are added randomly
or oriented by a predetermined distance to the given sites.

However, due to the intrinsically unbiased and random nature of ligand distributions, certain
structures may exhibit undesired configurations with overlapping atoms, particularly in the case
of large metal cores and large numbers of ligands. Therefore, a covalent-radii-based filter was
used as a cutoff to remove those configurations from the set. The resulting configurations are
grouped into sets of quasi-identical structures. Then, the representative structures obtained
through k-means are submitted to low-cost DFT calculations. Finally, as an optional step, the
remaining representative structures can be submitted using tighter convergence parameters in
the DFT calculations, particularly for properties. This leads to a family of local minimum
structures for each Cu/Zn and other miscellaneous clusters.

We chose the two experimentally resolved and previously fully characterized [CuZnz](Cp*)3
(A) and [Cu3Zns](Cp*)s (B) to assess the validity of the calculation framework.?® 3! Starting
with the sum formula only, families of 10 and 15 structures were generated for A and B,
respectively. For both tests, the lowest energy configurations agreed with the experimental
structures and DFT calculations, showcasing the great accuracy of the calculation framework
with only ligand conformation distinguishing the lowest energy conformers. Nonetheless,
clusters with a large number of core atoms and unusual structures become a challenge.
However, this can be overcome by repeating the entire framework to guarantee a good sampling
of structures. Additionally, design-based structures from the computational living library can

be incorporated into the final family of clusters to reinforce structures that exhibit specific
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physical-chemical experimental characteristics. In this way, reliable computational structures

can be assigned to all clusters of interest (see Supporting Information).

a

[Cu,Zn,I(Cp*),

[Cu,,ZnJ(Cp*),(CO,),(CO,H)

Figure 3. Results of the computational framework “cluster assembler”. a) Lowest energy structure of
[CusZn4](Cp*)s (B) present in {1} showing a perfect match with the previously reported crystal structure®® and b)
lowest energy structure of [Cu11Znes](Cp*)s(CO2)2(HCO2) (Z) present in {3}. Color code: Cu = orange, Zn = blue,

C = grey, O = red, H = white; Cp* and ligands are depicted as wireframes for the sake of clarity.

Probing Cluster Reactivity in Libraries

To demonstrate the potential of our approach, we probed the perturbation of {1} by small
molecules such as carbon dioxide, hydrogen, and 3-hexyne (Figure 4). An overview of our
experiments is also provided in Supplementary Figure 1.

Reactivity towards CO: and hydrogen. Treating {1} with CO; reveals two new clusters,
[CusZns])(Cp*)s(CO2)2 (X, m/z = 1543) and [CusZn3](Cp*)3(Mes)4(CO2) (Y, m/z=1630)
(Figure 4). The unambiguous assignment was achieved by labeling with %Zn,Cp*; and *CO..
The sum formulas for X and Y would also be in line with a CO; splitting into M-CO and M-O
(M= Cu, Zn), which was excluded by the absence of v(CO) vibrations in the FT-IR spectra of
{2} (Supplementary Figure 135). Monitoring this weak perturbation of {1} to yield {2} via in
situ '"H-NMR (Supplementary Figure 131) suggests [H3CueZns](Cp*)s(Mes) (D) and
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[HCusZn3](Cp*)a(Mes)3 (E) as precursors for X and Y (Supplementary Figures 12 and 13).
Clusters D and E are the only species of {1} to disappear in {2}. The release of H> and a formula
unit CuMes (via NMR and LIFDI-MS) is assigned to the conversion D — X (Supplementary
Figure 12). The formation of HCp* and tetramethylfulvene, together with H> evolution, is
assigned to the conversion E — Y (Supplementary Figure 13). The calculation framework
proposes structures for X and Y. In X, both CO; units feature a bent geometry (O-C-O angle of
129°) with monodentate coordination of O to Cu, while C coordinates to Zn and Cu sites in one
case and solely to Zn in the other (Supplementary Figure 14). This is reminiscent of the
structures adopted by adsorbed CO; on Fe3, Cois, and Niy3 clusters.*’ In contrast, Y shows an
insertion of the activated CO: into the hydrocarbon ligand sphere, forming a mesityl-

carboxylate bridge to Cu sites (Supplementary Figure 14).

0 Carbon dioxide \

) Copper
Number 10 0.4 proportion

of core atoms

Cluster space 3 3-Hexyne/H, Q\

Figure 4. A selection of clusters [CuaZny](R)x identified in the libraries {1}, {2}, and {4} are presented as heat
maps based on the number of core metal atoms n = a+b and the Cu proportion. The relative abundance of different
clusters with similar number n of core atoms and proportion of Cu are qualitatively shown by the intensity of the
domes. The computed structures of examples of clusters that have not been isolated in pure form, but identified by
our methodology as important species during weak or strong perturbation of {1} and the derived libraries {2} and
{4} are depicted: [HCusZn3](Cp*)s(Mes); (E) and the mesityl-carboxylate insertion product upon CO: activation
[CusZn3](Cp*)3(Mes)4(CO2) (Y) occurring in {2}; computed structure of [CuoZn7](Cp*)s(Hex):Hs (W) that occurs
in {4} after treatment of {1} with 3-hexyne and Ha. The notations (Hex)s and (H)s refer to 3 x CsHio and 3 x H as
part of the cluster’s composition deduced from the MS data. Color code for the displayed structures: Cu = orange;
Zn=Dblue, C = grey, O =red, H= white; Cp* and Mesityl ligands are depicted as wireframes for the sake of clarity.
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Subsequent admission of H» to this CO»-treated library {2} leads to a third library {3}
revealing a strong perturbation with 14 species of {2} reacting off (Supplementary Table 5).
However, both CO; containing species X and Y of {2} remained, while a new formate
containing species [Cui1Znes](Cp*)s(CO2)2(HCO2) (Z, m/z = 2305) was identified in {3}
(Supplementary Figures 6 and 15). The origin of Z could not be unambiguously traced back to
any cluster of the original library {1}. Notably, the presence of clusters, so far not identified by
our methodology but possibly involved in the formation of Z cannot be excluded. The computed
structure of Z (Figure 3b, Supplementary Figure 16) suggests an HCO, moiety bridging two
Cu atoms and flanked by a Zn atom, as well as two mesityl carboxylate moieties linked to Cu
sites, quite similar to Y. The formate species was confirmed via monitoring {3} by 'H-NMR
(peak at 8.32 ppm;>* 3! Supplementary Figures 132 and 133) and FT-IR spectroscopy (bands at
1380 cm™ and 1327 cm™!;%% 33 Supplementary Figures 136 and 137). The occurrence of formate
in our organometallic Cu/Zn library {3} is well in line with in situ FT-IR studies on Cu/ZnO,
Cu/Si0>, and Cu/AlO; solid state systems exposed to CO»/H, mixtures.> > It also reflects the
mechanism for methanol formation on size-selected Cus clusters supported on Al,O3.38

Reactivity towards 3-hexyne and hydrogen. Treating {1} with an excess of 3-hexyne and
H; yields the strongly perturbated {4}. In situ 'H-NMR reveals free 3-hexene (cis:trans = 9:1)
without n-hexane. At least one of the species of {4} appears catalytically active in alkyne semi-
hydrogenation. The cluster [CuoZn7](Cp*)s(Hex)3(H)s (W, m/z = 2091) is the dominant Ce-
containing species (Hex = CeHio) of {4}, also including three additional H atoms
(Supplementary Table 6). The computed structure of W (Figure 5 and Supplementary Figure
148) shows a distorted CuoZn pentagonal antiprismatic core with five ZnCp* moieties capping
every second of the ten triangular faces and one ZnCp* capping the Cus pentagonal face. The
other CusZn pentagonal face contains the one Zn atom that is not ligated to Cp* as to interact
with the other four Cu atoms, which bear the Cu-bound species wim?2-3-hexyne (Hex+0H), puin?-
cis-3-hexene (Hex+2H) and pon'-cis-3-hexenyl (Hex +1H). These species and their
coordination modes are beautifully in line with the alkyne semi-hydrogenation mechanism.
Thus, we suggest W as a molecular model surface. All Cp* ligands are grouped to form a
protective half-sphere around a CusZne sub-surface structure and expose the non-ligated CusZn
plane for “adsorption” of substrates. Evidently, selective synthesis and full experimental
characterization of W is a target of our future efforts.

The composition of W deviates much from the 10 clusters of {1} that are reacting off to
yield {4}. Identifying a particular cluster or a set of clusters related to the formation of W

requires narrowing down the chemical space of {1}. Careful tweaking the preparation
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parameters of {1} allowed us to isolate and fully characterize the new cluster [CusZnio](Cp*)s
(F) as one of the clusters reacting off when treating {1} with 3-hexyne and H». Details on the
X-ray single crystal diffraction analysis and the corresponding DFT calculations used to
rationalize the structure and bonding of F are given in the SE.

Treatment of 3-hexyne with H» in the presence of 5 mol% of isolated F leads to catalytic
alkyne semi-hydrogenation with near-perfect selectivity (Figure 5 and Supplementary Figures
151-153). The highest activity was observed at 100 °C with a quantitative conversion and a
cis:trans ratio of 9:1 after 21 h. Monitoring the catalytic test reaction by LIFDI-MS reveals the
quantitative consumption of F and the formation of W (Supplementary Figure 145) without
significant abundance of other clusters. Thus, we assign F as a pre-catalyst and regard W as
likely to be involved in the catalytic cycle. After four hours, 48% of the 3-hexyne was converted
with TOF = 0.60 h"'Cu! as compared to TOF = 0.15 h"'Cu’! for library {4} that is derived from
{1} at the same conditions. Notably, {1} contains a relatively small amount of F besides
inactive clusters. The transformation F — W occurs under the elimination of Zn,Cp*; and
traces of [CusZn4](Cp*)s (B) and by restructuring towards a Cu-enriched core. The by-product
Zn,Cp*> decomposes rapidly to elemental zinc under the conditions (Supplementary Figure

146).

1,0
e \/\ .
- _. [ ]
e S °%
v IS n o
W Hy S 06 ™
\ 4(\- § n
N \ - o
(S i ’
Ll ©
> °
NS ©
3-Hexyne \ (maijor) Xo24 o n
Hy (2 bar) . « ° A
100°C N ¢ AN 00 a4 A - -
[CugZn;](Cp*)g(Hex)s(H)s (W) (minor) 0 5 10 15 20
Library {1} Reaction Time [h]

Figure 5: Catalytic semi-hydrogenation of 3-hexyne using either the whole library {4} or the pre-catalyst
[CusZnio](Cp*)s (F) that was isolated from library {1}. Cluster F disappears in both cases and
[CuoZn7](Cp*)s(Hex)3(H)s (W) emerges while cis-3-hexene is formed with high selectivity (cis:trans = 9:1). The
computed structure of W features various coordination modes of Cs-species (Hex + 0, 1 or 2 H) such as pim?>3-
hexyne, wim?-cis-3-hexene and pan'-cis-3-hexenyl. The relative concentrations as a function of the reaction time
of 3-hexyne, cis- and trans-3-hexene, as well as n-hexane, are given for the catalytic conversion of 3-hexyne with

5 mol% F under a dihydrogen atmosphere at 100 °C.
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Conclusions and Perspectives

We introduced the concept of living libraries using Cu/Zn clusters as an example and
reported a methodology for probing their chemical space directly without separating and
isolating individual clusters. Conclusions regarding the reactive properties of the clusters can
be obtained by monitoring the library evolution upon weak and strong perturbations. A weak
perturbation is caused by CO; to yield CO»-activated species bound at specific clusters while
many remain inert. A strong perturbation is caused by 3-hexyne and Hz, with many clusters
reacting off during alkyne semi-hydrogenation. Here, we demonstrated the targeted synthesis,
isolation, and full characterization of [CusZn;0](Cp*)s (F), establishing it as a pre-catalyst. In
turn, we discovered [CuoZn7](Cp*)s(Hex)3:H3 (W) as a molecular surface model likely to be
involved in the catalytic cycle. Altogether, the examples showcase the usefulness of the living
library approach for efficiently exploring a diverse (hetero)metallic cluster landscape. The
concept is ready to be transferred to related metal combinations such as Cu/Al'> and Ni/Ga*.
Our approach holds much promise for cluster science in general as it may enable exploiting
organometallic precursor chemistry to systematically identify novel, highly reactive, even

catalytically active, all-hydrocarbon ligated mixed metal clusters across the periodic table.
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Methods

General. All manipulations were carried out using standard Schlenk techniques under inert
atmospheres. Solvents were dried using an MBraun Solvent Purification System. The final H,O
content of all solvents was measured via Karl-Fischer titration and was below 5 ppm. The
organometallic precursors CusMess®’ and Zn,Cp*2°* were synthesized and characterized
according to literature procedures.

"H-NMR spectra were recorded on a Bruker AVIII 400 US spectrometer (400 MHz) in
benzene-ds or toluene-ds. Chemical shifts (8, ppm) and referenced to the solvent resonances as
internal standards and corrected tetramethylsilane (TMS) as the standard. Liquid Injection Field
Desorption lonization Mass Spectrometry (LIFDI-MS) was measured via sample transfer under
an argon atmosphere (glove box) using a Thermo Fisher Scientific Exactive Plus Orbitrap
(mass range up to 6000 a.m.u; mass accuracy 3 ppm; external calibration) that was equipped
with an LIFDI source from Linden CMS. The FT-IR spectra were taken on an ALPHA-T FT-IR
spectrometer from Bruker with a transmission cell unit under an argon atmosphere (glove box)
with 512 scans per measurement and a resolution of 4 cm™!. The spectra were evaluated using
the software OPUS.

The computational framework for structure generation is compiled in an iterative Python

code, namely cluster assembler, which is available at https://doi.org/10.5281/zenodo.8136872.

Library Generations and Evolutions. The Cu/Zn library {1} was prepared by reacting
1.0 eq. CusMess (e.g., 24.0 mol, 22.0 mg) with 3.75 eq. Zn2Cp*2 (e.g., 90.0 pmol, 36.6 mg) in
1.0 mL dry toluene for two hours before analysis via LIFDI-MS either using a flame-dried
Schlenk Tube or in a flame-dried J-Young NMR tube. Labeling was carried out with ®Zn,Cp*,
and Zn,Cp*®, accordingly, with quantities of 37.0 mg and 39.6 mg, respectively. The library
generation can be scaled when keeping the overall concentration and molar ratio of the reactants
constant.

The evolution of library {1} to library {2}, i.e., perturbation with CO, was conducted by
pressurizing a sample of 0.5 mL {1} with 1 bar of CO» in a flame-dried J-Young NMR tube
after freeze-pump-thaw degassing. After 18 h reaction time, the CO: adducts
[CusZns](Cp*)s(COz2)2 (X) and [CugZn3](Cp*)3(Mes)4(CO2) (Y) were observed by LIFDI-MS

analysis. Reactions with *CO; are performed accordingly
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The evolution of library {2} to library {3}, i.e., the subsequent perturbation of {1} with CO-
and then with H», was conducted by pressurizing 0.5 mL {1} in a flame-dried J-Young NMR
tube with 1 bar of CO, to obtain {2} as described earlier. After a reaction time of 18 h at room
temperature, CO> was released from the tube (glovebox). The tube was then pressurized with 2
bar H after freeze-pump-thaw degassing. Formate is detected by 'H-NMR after 4 hours
reaction time and [Cu11Zns](Cp*)s(CO2)2(HCOz) (Z) is detected via LIFDI-MS.

The evolution of library {1} to library {4}, i.e., the simultaneous treatment with 3-hexyne
and Ha, was conducted by placing 0.5 mL of {1} in a flame-dried J-Young NMR tube together
with 5.0 uL 3-hexyne (44.0 umol, 3.66 eq. based on Cu) and pressurizing with 2 bar H; after
freeze-pump-thaw degassing. After 4 hours at 100 °C, 3-hexene is detected by '"H-NMR and
[CuoZn7](Cp*)s(Hex)3(H)s (W) in detected via LIFDI-MS.

Mass Spectrometric Library Characterization. The assignment of sum formulas for
clusters is based on the m/z value and the isotopic pattern of the observed molecular ions in the
LIFDI MS experiment. Differences of one H atom are well recognized by a shift of Am/z = 1.
However, the difference in atomic masses of Cu and Zn is also only 1. When including the
possibility of cluster hydrides, it leads to a very large number of possible compositions for each
m/z value. The mass accuracy of 3 ppm and the instrumental resolution at optimum sensitivity
0f 35000 prevents us from using the isotopic pattern alone for unambiguous identification, even
for medium-sized clusters (Supplementary Figure 18). A double labeling strategy was applied
to solve this problem by introducing Cp*F* (Am/z = 14) and isotopically enriched **Zn,Cp*;
(Am/z = 2.62). The clusters [Cu.Zns](R)x (R = Cp*., Mesa, Hi; ¢ + d + h = k) are generally
ligated by Cp* and Mes, while H may occur as well. The number of Cp* ligands ¢ of a species
can thereafter be determined by scanning the Cp*E! labeled spectrum for peaks with a Am/z shift
of ¢ x 14. The number of matches for each peak is thus reduced to species carrying the same
number ¢ of Cp*. For multiple computed compositions with the same ¢, matching the
experimental patterns and unambiguous peak identification was achieved by the second
labeling experiment with %Zn,Cp*;. Thus, definite sum formulas [Cu.Zns](R)x (Rk = Cp*.,
Mesq, Hn; ¢ +d + h = k) were assigned to nearly every observed peak pattern, including the
unique deconvolution of overlapping patterns. The results are given in Supplementary Table 1.

Collision experiments enable discrimination between molecular ions and fragments. The
collision energy (CE) in the higher-energy collisional dissociation cell (HCD) of the
ORBITRAP mass spectrometer was increased stepwise, and a spectrum of the original cluster
library was recorded for each collision energy. The intensities (/) of the peaks of interest were

determined for the different collision energies by integrating them relative to the overall integral
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of the respective spectrum. Molecular ion peaks are associated with a continuous decrease in
peak intensity for increasing collision energies. This is due to the enhanced fragmentation of
parent ions at higher collision energies. For fragment ions, an increase in peak intensity is
expected for increasing collision energies due to their enhanced formation at higher collision
energies. The approach is akin to energy-dependent electron-spray mass spectrometry (ESI-
MS) and stepped collision energy known from peptide fragmentation.> ® The resulting 7 vs.
CE plots for every ion pattern of {1} are shown in the Supporting Information (Supplementary
Figures 73-129). For some species, no significant variation in peak intensity was detected.
Hence, discrimination between a fragment and a molecular ion failed in these few cases.
However, the method is reliable for the great majority of the peaks and reliably yields the
assignment of sum formulas to an extensive list of molecular ions for clusters present in the
solution (Supplementary Table 2). This methodology can also be applied to reactivity
investigations of cluster libraries (vide supra).

Synthesis and Characterization of the new cluster [CusZn;o](Cp*)s (F). Samples of
CusMess (420 mg, 0.46 mmol, 1.00 eq.) and Zn,Cp*> (876 mg, 2.18 mmol, 4.7 eq.) were
dissolved in toluene (75 mL) and stirred at room temperature for 2 h. After concentrating the
solution under reduced pressure to 8 mL, the mixture was filtered and left to crystallize at
—30°C for six days. Then, the mother liquor was filtered off at — 30 °C, and the deposited
crystals were washed thoroughly with n-hexane (4 x 10 mL) and filtered off with cooling. The
volume of the combined filtrates was further reduced in vacuo and left to crystallize again at
—30 °C for a few days to give another batch of crystals. The combined crude product still
contains significant quantities of [CuZnz]Cp*s (A). It was then further purified by careful
decantation by suspending the collected crystals in n-hexane (3 x 10 mL) and stirring it strongly
before letting the yellow-orange [CuZn2]Cp*3 (A) settle for a few seconds and decanting off
the black suspension using a narrow Teflon cannula. The resulting black suspension was
allowed to settle and decanted, and the remaining crystals were dried in vacuo at room
temperature. The remaining impurities of [CuZn,]Cp*; (A) were removed by crystal picking
from that sample under the microscope in the glove box to yield a homogeneous black
crystalline sample of [CusZni0](Cp*)s (F, 80 mg, 40.2 pmol, 7 % based on Cu). Analytical data
of F: 'H-NMR (400 MHz, Toluene-ds): § [ppm] = 2.27 (s, 45H), 2.21 (s, 75H); 'H-NMR (400
MHz, CsDs): § [ppm] = 2.30 (s, 45H), 2.24 (s, 75H). *C-NMR (101 MHz, Tol-ds): & [ppm] =
110.4 (s, CsMes), 107.6 (s, CsMes), 12.6 (s, CsMes), 10.6 (s, CsMes). LIFDI-MS [m/z]: found
[M]" 1989.9273 (calculated 1989.9327). Elemental analysis (C, H, Cu, Zn) yielded non-

satisfactory results due to still not fully removed impurities of A (traces detected by 'H-NMR).
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Single crystal X-ray crystallography. A black, plate-shaped crystal of F, CgoH120CusZnio,
coated with perfluorinated ether and fixed on top of a Kapton micro sampler was used for X-
ray crystallographic analysis. The X-ray intensity data were collected at 100(2) K on a Bruker
D8 VENTURE three-angle diffractometer with a TXS rotating anode with MoK, radiation
(0=0.71073 A) using APEX4.°' The diffractometer was equipped with a Helios optic
monochromator, a Bruker PHOTON-100 CMOS detector, and a low temperature device. The
results of the structure solution and refinement are given in the SE.

Bonding Analysis. DFT calculations at the BP86/TZ2P/ D3(BJ) level were carried out
specifically on [CusZnio](Cp*)s (F) in order to guide and ascertain the Cu vs. Zn nature of the
M positions in the experimental structure obtained via single crystal X-ray diffraction and to
provide a rationalization of its electronic structure. The DFT calculations were carried out with
the use of the Amsterdam Density Functional code (ADF2020.101)%, incorporating scalar
relativistic corrections via the ZORA Hamiltonian®> . The BP86 functional®>  was used, with
the addition of Grimme’s D3(BJ) empirical corrections®’ % to account for dispersion effects.
All the geometry optimizations were performed with the all-electron triple-§ Slater basis set
plus two polarization functions (STO-TZ2P).*’ Natural atomic charges and Wiberg bond
indices were computed with the natural bond orbital NBO6.0 program’ implemented in the
ADEF2020.101 package.

From the electron counting point of view, the number of cluster metal valence electrons
(discarding 3d electrons) of [CusZni0](Cp*)s (F) is 4 + (10 x 2) — 8 = 16. Assuming that the Zn-
Zn bonds in the four Zn-ZnCp* units are localized 2-electron/2-center bonds, the number of
electrons associated with metal-metal bonding within the coordination sphere of the central Cu
atom is 16 — (4 x 2) = 8. Together with the 10 non-bonding 3d(Cu) electrons, this results in a
central Cu atom following the 18-electron rule, analogous to a regular ML, organometallic
complex (Supplementary Figure 144). A full discussion of the results is given in the SE.

Catalytic test reaction. A sample of [CusZnio](Cp*)s (F) (2.50 mg, 1.26 pmol, 1.00 eq.)
obtained as described earlier, and a sample of 3-hexyne (2.90 puL, 25.1 umol, 20 eq.) were
dissolved in toluene-ds (0.50 mL) and placed in a flame dried J-Young NMR tube. After
degassing the solution, the mixture was pressurized with H» (2 bar) and heated to 100 °C for 21
hours to obtain quantitative conversion of the 3-hexyne to cis-3-hexene and #rans-3-hexene in
a molar ratio of 9:1 obtained by '"H-NMR signal integration: 'H-NMR (400 MHz, Tol-dg): §
[ppm] = 5.41 (tt, 2H, Hsrans), 5.35 (ddd, 2H, Heis). Treating 0.5 mL of library {1} with 3-hexyne
and H» under the same conditions yields the same result. Note: Using CusMess or Zn,Cp*; or

the cluster [CuZn2]Cp*3 (A) as pre-catalysts instead of a sample of F did not show any
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conversion of 3-hexyne. Also, in order to exclude catalysis induced by any metal nanoparticles
(Zn, Cu, Cu/Zn), test reactions were performed in the presence of elemental mercury, known to
amalgamate with metals and thus passivate nanoparticles®®, and no change in the catalytic

performance of our system was observed.

Data Availability

Crystallographic data for the structures of A, B, and F are available at the Cambridge
Crystallographic Data Centre under deposition numbers 1013577, 1854852, and 2390361
respectively.  Copies of the data can be obtained free of charge

via https://www.ccdc.cam.ac.uk/structures/. Full experimental (LIFDI-MS, IR, NMR) and

computational datasets are available at the Research Data Service MediaTUM under the DOI
10.14459/2023mp1715745.

Code Availability
We provided the procedure for structure generation compiled in an automated Python code,

namely Cluster Assembler (v.1.2.0), available at https://doi.org/10.5281/zenodo.12819855.
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4.2 Study V: Cuprophilic Interaction in Polymeric [Cu1002(Mes)s]n

The reaction of [CuMes]s with dioxygen, as initially reported by Hdkansson et al., leads to the
formation of a vivid red crystalline product identified as [Cu1002Mess].1%°! We performed a new
study of this compound using state-of-the-art experimental and theoretical analysis
techniques, unveiling the polymeric nature of the species best written as [Cu1002Mesg]n with

unsupported Cu(l)---Cu(l) contacts linking the monomers.

The monomeric unit exhibits an O-Cu-O central axis with three Cus(p2-Mes), units assembled
as pedal wheels around it. Additionally, various cuprophilic contacts bridged by mesityl or oxo
ligands are observed via SC-XRD and confirmed using DFT calculations. The compound was
analyzed in its solid state, revealing luminescent properties resulting from two distinct
fluorescent emissions, typically observed in compounds showcasing cuprophilic interactions,

as well as in solution, in which its polymeric structure reversibly decomposes.

QTAIM analysis allows us to characterize the different Cu"--Cu' contacts, of which only a few
and not the shortest, are associated with a bond critical point. The strength of these
cuprophilic interactions is quite significant, with the energy decomposition analysis of the
interactions between two monomers revealing a total bond energy of 53.8 kcal/mol. The
considerable computed inter-monomer bond energy is mainly the result of stabilizing
ligand---ligand and metal---ligand dispersion forces, with some weak covalent contributions,
underlying the importance of ligand-ligand attraction in the stabilization of metallophilic

architectures.

R. Bihler conducted experiments, including synthesis, characterization, and luminescence
studies, with contributions from J. Stephan and S. N. Deger. S. Kahlal and J.-Y. Saillard
performed the calculations. R. A. Fischer and J.-Y. Saillard provided overarching academic
guidance. The manuscript was written by R. Bihler and J.-Y. Saillard.

Reproduced with permission, Copyright 2024, American Chemical Society.

R. Biihler, R. M. Wolf, C. Gemel, J. Stephan, S. N. Deger, S. Kahlal, R. A. Fischer, J.-Y. Saillard,
Inorg. Chem. 2024, 63, 17617-17625.
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ABSTRACT: The properties of cuprophilic compounds and the underlying W
fundamental principles responsible for the Cu(I)--Cu(I) interactions have been \l

the subject of intense research as their diverse structural and physical attributes are )

being explored. In this light, we performed a new study of the compound !
[Cu;90,(Mes)4] reported by Haakansson et al. using state of the art experimental \ ‘//,‘\

and theoretical analysis techniques. Doing this, we found the compound to be a
polymer in the solid state, best written as [Cu,O,(Mes)g],, with unsupported
Cu(I)-+Cu(I) contacts linking the monomers (2.776 A). The monomeric unit also
exhibits various cuprophilic contacts bridged by mesityl and/or oxo ligands. The
compound was analyzed in its solid state, revealing luminescent properties
resulting from two distinct fluorescent emissions, as well as in solution, in which its polymeric structure reversibly decomposes. A
quantum theory of atoms in molecules (QTAIM) analysis based on density functional theory (DFT) calculations allows to
characterize the various Cu(I)--Cu(I) contacts, in which only a few, and not necessarily the shortest, are associated with a bond
critical point. Additionally, an energy decomposition analysis of the bonding between monomers indicates that it is dominated by
dispersion forces in which the ligands play a dominant role, resulting in bonding energies significantly larger than found in previous
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DFT investigations based on less bulky models.

B INTRODUCTION

In the intricate landscape of Group 11 metal complexes and
clusters, the significance of closed-shell metallophilic inter-
actions is increasingly recognized for shaping their diverse
structural and physical attributes.'”® While extensive inves-
tigations have delved into the well-established aurophilic and
argentophilic interactions,”” cuprophilic interactions have
remained relatively less explored experimentally, although a
significant number of computational investigations has been
devoted to them over the years."*™**

They have recently received renewed attention, as they have
been shown to be implicated in unexpected properties of Cu(I)
compounds such as photoluminescence.”*™*” Various types of
Cu(I)-+Cu(I) contacts have been characterized by crystallo-
graphic analyses."”>%*’ The precision offered by these analyses
provides valuable insights into the character of these interactions
and their potential implications for the overall properties of
copper complexes. As for other metallophilic interactions,™
short Cu(I):-Cu(I) contacts are believed to stem from a
combination of sd or spd orbital hybridization (covalency),
London dispersion forces (van der Waals) and other electron
correlation effects, relativistic effect, ligand pincer effect or, in
the case of unsupported contacts, ligand--ligand attracting
dispersion forces. Closed shell---closed shell Pauli repulsion also
participates in the game.” The relative importance of each of
these components in the overall bonding (if any) is still a matter
of discussion.”'**°

© 2024 American Chemical Society

7 ACS Publications

Adding complexity to this exploration is the incorporation of
O ions into copper clusters. Such species have attracted
attention as the importance of suboxidic copper species in CO,
activation has been reported.>' ** O®~ ions pose challenges in
merging with coinage-metal clusters due to their affinity for
binding with hard Lewis acid transition metals, resulting in the
formation of polyoxometalates (POMs).** This challenge arises
from the highly reactive nature of O>~ ions and the inherent
mismatch between their hard Lewis base character and the soft
Lewis acid nature of copper(I) ions, deviating from the classical
HSAB (hard and soft acids and bases) rule.”

The reaction product of mesityl copper(I) and dioxygen, as
reported by Haakansson et al,* provides opportunities for a
thorough investigation into cuprophilic interactions and the
attributes of suboxidic copper clusters. With contemporary
methodologies providing enhanced capabilities, we present new
insights into the nature of this compound. Our study enriches
the understanding of the unique properties of cuprophilic
interactions by employing a combination of experimental and
theoretical methods.

Inorganic Chemistry

Received: June 10, 2024
Revised:  August 29, 2024
Accepted: August 30, 2024
Published: September 10, 2024

https://doi.org/10.1021/acs.inorgchem.4c02377
Inorg. Chem. 2024, 63, 17617-17625

75



4 CHEMICAL DIVERSITY

Inorganic Chemistry

pubs.acs.org/IC

(i) CuMes 60 °C

[Cu100-Mesgl,

+
0250, (Toluene), 2h

(i)

Figure 1. (i) Reaction scheme of 1 and (ii) simplified representation of the [Cu,,O,Mes,] monomer. (iii) Crystal structure of 1 with ellipsoids drawn
at 50% probability (Mesityl ligands as wireframe for the sake of simplicity). Orange = copper; red = oxygen.

B RESULTS AND DISCUSSION

The interaction between [CuMes]; (Mes = mesityl) and 0.5
equiv of dioxygen results in the formation of a vivid red
crystalline product, as reported by Haakansson et al., identified
as [Cuyy0,Mes;] (1).* Contrary to being a singular molecule,
our characterization using single-crystal X-ray diffraction (SC-
XRD) reveals that this species exhibits a polymeric nature in the
solid state, with [Cu,y0,Mes;] serving as the monomeric unit
(Figure 1), a feature that was not noticed in the original work of
Haakansson et al.*®

In the crystal (C2/c space group), the [Cu;oO,Mes¢]
monomer has exact C, symmetry. It consists of a O—Cu,—O
central axis with three Cu;(p,-Mes), units assembled as pedal
wheels around it. As already noticed by Haakansson et al.,”® the
oxygen atoms are bonded to four copper atoms in a particularly
unusual trigonal pyramidal coordination mode. The axial Cu,—
O distances are of 1.883(2) A each, while the equatorial Cu,—O
distances range between 1.852(2) and 1.861(2) A. Two distinct
groups of copper—copper contacts can be found within the
monomer: The mesityl bridged Cuy,-Cu, and the oxygen
bridged Cu,-+-Cuy, contacts. The Cuy,+-Cu, distances range from
2.380(1) to 2.424(1) A while the Cu,--Cuy distances range from
2.687(1) to 2.738(1) A. All Cu---Cu distances are shorter than
the sum of the van der Waals radii of two copper atoms (2.80
A)* and lie in the range of reported cuprophilic compounds.”
Additionally, the link between two [Cu,;,0,Mesq] monomers is
made by an unsupported Cuy+-Cu,’ contact (i.e., no bridging
ligands) with a distance of 2.790(1) A. This is shorter than the
Cu---Cu distances reported for a number of bis- and tris-
diphosphine supported cuprophilic interactions (up to 2.9 and
3.0 A respectively).***’ It should be noted here that the y,-Mes
ligands that are bonded to the Cu, atoms involved in the
unsupported Cu--Cu contacts exhibit some 7> character (i.e.
some 7-type interaction) within each monomer, with Cu,—
Cortho long contacts of 2.53(3) A. Not considering this weakly
bonding feature and other minor structural differences, the
overall symmetry of the [ Cu;(0,Mess] monomer can be in first
approximation considered close to Ds;,. Selected averaged
distances are reported in Table 1.

While "H MAS NMR spectroscopy gives signals too broad for
evaluation, the *C MAS NMR spectra shows broad mesitylene
signals at 30.41 and 154.16 ppm as well as cocrystallized toluene
at 22.12, 126.81, and 140.15 ppm (Figure S1). FT-IR
spectroscopy shows the characteristic C—H vibrations of the

Table 1. Selected Experimental (SC-XRD) and Density
Functional Theory (DFT)-Computed Distances (in A) for 1,
Averaged Assuming Ideal Dy, Symmetry for the
[Cu,p0,(Mes),] Motif (WBI = Wiberg Bond Index)

DFT-optimized DFT-optimized

distances and WBI in distances. Central
brackets. unit in the

experimental [Cuy0,(Mes)] [Cu,p0,(Mes)4 )5
distances monomer trimer
Cuy,+-Cuy’ 2.790 2.554
Cu,Cu, 2708 2.669 [0.051] 2.674
Cuy-Cu, 2.409 2.403 [0.100] 2.402
Cu,Cu, 3.208 3.224 [0.031] 3.249
Cu,—O 1.883 1.910 [0.143] 1.850
Cu,—0O 1.856 1.835 [0.174] 1.849
Cu,—C 1.950 1.915 [0.392] 1.940
Cu—~C 2.032 2.011 [0.239] 2.011

mesitylene ligands from 2700 to 3100 cm™ (Figure S3).
Furthermore, the intensive bands at 608 and 844 cm™ are
assigned to Cu—O stretching vibrations (621 and 798 cm™" for
Cu,0)." The solid-state UV /vis spectrum gives two absorption
maxima at 290 and 510 nm as well as strong absorption between
350 and 430 nm (Figure 3).

Upon heating at 60 °C, 1 completely dissolves in toluene and
benzene giving a near colorless solution, with a UV/vis spectrum
displaying only absorption below 400 nm (Figure S4) as
opposed to the intense absorption bands in the visible region
when measured in the solid state. This drastically different
behavior in solution suggests a decomposition of the species in
solution as was described in the original publication.*® Analysis
of the solution via "H NMR shows the formation of different
mesityl bearing species (Figure S2) and Liquid Injection Field
Desorption Ionization (LIFDI) mass spectrometry under inert
conditions*' reveals a complex set of ions adhering to the general
formula Cu,Mes,_(5,,1)0, with x = 5—9 for n = 0; x = 8—11 for n
=1;x=11-16for n =2; and x = 15—20 for n = 3 (Figures S7—
S13 and Table S1). However, none of these ions are molecular
ions (Figure S14) and this strongly indicates the presence of
larger molecules in solution, outside of the range of the mass
spectrometer (6000 m/z). We observe, however, that the red
crystalline product forms again after a few hours at room
temperature and the powder X-ray diffractogram shows the title
compound to be reformed (Figures SS and $6).

https://doi.org/10.1021/acs.inorgchem.4c02377
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Figure 2. DFT optimized structures for (i) CuyMes,, (ii) CusMess, (iii) [Cu,yO,(Mes)s] monomer and (iv) [Cu;yO,(Mes)], trimer.

Table 2. NAO and Quantum Theory of Atoms in Molecules (QTAIM) Averaged Charge Distribution in the [Cu;oO,(Mes);]

Motif
NAO charge NAO configuration ([Cu,o0,(Mes)] QTAIM charge ([Cuyy0,(Mes)] QTAIM charge (central unit in the
atom (monomer) monomer) monomer) [Cu,0,(Mes)g]; trimer)
Cu, 0.66 45052307 784p02 0.51 0.51
Cu, 0.72 45031307 734p00! 0.46 0.50
Cu, 0.65 4504837854p001 0.40 0.37
o —1.58 251842pS72 —-118 -1.16

Table 3. Topological Cu*Cu BCP Descriptors in Cu,(#-H),, Linear HCuCuH (SP with Cu+Cu =2.800 A) and [Cu,(0,(Mes)4];

Trimer”
[Cu,00,(Mes)4]5 trimer (SP from SC-XRD
[Cu,p0,(Mes)g]; trimer (optimized geometry) structure)
Cuy(4,-H)  HCu-CuH(Dyy, 1 X Cup-Cu,” (central 2 X Cuy,~-Cuy, 3 x Cu,+Cu* 2 X Cuy,~Cuy,
Dy, SP) ' unit) (intermonomers) (av.) (intermonomers)
bep . P 0.071 0.012 0.027 0.034 0.021 0.022
indicators”  y2, 0.256 0.034 0.048 0.080 0.033 0.045
H —0.013 0.001 —0.003 —0.004 —0.002 —0.014
\4 —0.091 —0.006 -0.018 —0.027 —0.012 —0.014
i/ G 1.17 0.842 1.19 1.15 1.17 111

“p, V?p, H, V, and G are the electron density, Laplacian of p density, energy density, potential energy density and kinetic energy density values at
the bep, respectively. All values in a.u. bOnly one among the three Cu,-Cu, contacts in the central unit. “Only one Cu,--Cu, contact per

monomeric unit.

The solution of 1 has a remarkable complexity which we are
not able to fully comprehend. It however reverts back to the
highly ordered structure upon recrystallization. This suggests
that weak interactions are responsible for the thermodynamic
minimum in the solid state which are reversibly broken in
solution.

Compound 1 being a polymer in the solid state, DFT
calculations were first performed on the [Cu;o0,(Mes)g]
monomer, which was fully optimized at the PBE0/TZ2P-
D3(BJ) level (see Computational Details). Note that the
dispersion (London) forces were considered in the calculations,
as Grimme’s empirical corrections,” for such long-range
noncovalent attractions of electron correlation origin are
known to play a decisive role in metallophilic interactions.**
The monomer geometry (Figure 2), which was optimized
without any symmetry constraint, is in good agreement with its
experimental SC-XRD counterpart. It also exhibits some #?
character of two trans u,-Mes ligands, with two Cu—C,, long
contacts of 2.614 A. Neglecting these very weak interactions, the
monomer optimized geometry can be approximated to Dy
Selected averaged computed data are given in Tables 1 and 2.

The small Cu---Cu Wiberg bond indices (WBIs), as well as the
natural atomic charges are consistent with metallophilic Cu(I)--
Cu(I) interactions.”* Yet, the WBI value (0.100) of the shortest

17619

Cuy++Cu, (2.403 A) contacts reflects the existence of some weak
covalent character. The natural orbital populations (Table 2)
indicate that the Cu(I) atoms receive significant ligand donation
into their formally empty 4s AOs. The trend within the metal
natural charges is somewhat counterintuitive, owing to the fact
that one would expect the charge of Cu to increase with the
number of hard base oxygen atoms it is connected to. However,
the trend is reordered when considering the quantum theory of
atoms in molecules (QTAIM)** charges which are expected to
have better physical meaning. Surprisingly, the QTAIM analysis
of the electron density does not reveal any Cu---Cu bond critical
point (BCP), even for the shortest Cuy-+-Cu, separations. Only
ring critical points (RCPs) can be found in the middle of the
Cu,Cu;Cu Cuy, “squares”. This is at variance with a former
detailed QTAIM investigation on a series of cuprophilic dimers
by Dinda et al,'* which concluded that only in a few cases BCPs
cannot be found. Since our level of calculation is not that
different from the one considered in the DFT calculations of
Dinda et al,,'* we presumed that the cause for the absence of
BCPs in our [Cu,y0,(Mes)s] monomer could be due to the
peculiar nature of the bridging ligands (mesityls). Consistently,
our calculations on the mesityl-bridged cyclic oligomers Cu,(y-
Mes), and Cug(u-Mes)*® did not yield Cu--Cu BCPs, but
similar electronic features as found in the [Cu;oO,(Mes)]

https://doi.org/10.1021/acs.inorgchem.4c02377
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monomer (see selected computed data in Tables S3 and $4).
Switching from mesityl to the simpler hydride ligand, we also
calculated the Cu,(u-H), (n = 2—5) model series (Tables S3
and S4), which is known for having planar structures in their
global energy minima.”? Again, no BCP was found for these
oligomers, except for the Cu,(u-H), dimer (see its descriptors in
Table 3). In this homogeneous series, this feature appears to be
related to the Cu--Cu distance. Indeed, applying the dimer
optimized Cu-+Cu short distance (2.157 A) to the trimer results
in the appearance of Cu---Cu BCPs with similar characteristics as
that of the dimer. On the other hand, applying the longer trimer
optimized Cu--Cu distance (2.357 A) to the dimer results in the
BCP disappearance. It is, however, to be noticed that copper
connectivity is also playing a role, as exemplified by a single-
point (SP) calculation on the linear (D) H—Cu--Cu—H
model with a substantially longer Cu-Cu distance of 2.800 A,
which in fact exhibits a BCP (Table 3). This last result is
consistent with the work of Dinda et al.,'’ who found Cu---Cu
BCPs for (LCuX), dimers at distances larger than 3 A.
Therefore, at this stage one could conclude that, at least at the
DFT level, a Cu(I)-Cu(I) metallophilic interaction may or may
not be associated with the presence of a BCP, independently of
the nature of the ligands and with a flexible dependence on the
Cu-+-Cu distance.

As expected for a stable Cu(I) species, the computed highest
occupied molecular orbital—lowest unoccupied molecular
orbital (HOMO—-LUMO) gap of the monomer is large (4.28
eV). The highest occupied Kohn—Sham orbitals have a large
3d(Cu) character with some minor mesityl and still less oxygen
admixtures. The lowest vacant orbitals have mixed 4s/4p(Cu)
and mesityl character. As a whole, the level ordering and
localization is not much different from that found earlier at the
EHT level by Haakansson et al.*®

In order to investigate the unsupported Cu---Cu interaction
linking the [Cu,;q0,(Mes),] repeat units in the solid state
structure of 1, we optimized the geometry of a [Cu,(O,(Mes)s]5
trimer in C, symmetry, for having its central monomer
mimicking as much as possible the repeat unit in the infinite
polymer (Figure 2). Its metrical data (Table 1) are very similar
to those of the isolated monomer and close to their SC-XRD
counterparts. Interestingly, the Cu---Cu contacts which link the
monomers together (2.554 A) are shorter than the experimental
ones (2.776 A). This difference may originate in part from the
fact that, in the optimized trimer, this “unsupported” contact is
in fact (weakly) bridged by mesityl ligands with two long Cypq, -
Cu contacts of 2.613 and 2.629 A. Another peculiarity of this
optimized geometry is the appearance of three long Cu,--Cu,
intramonomer contacts (2.869 A in each of the external
monomers and 2.730 A in the central unit, Figure 2). The
corresponding distance in the SC-XRD structure of 1 is a bit
longer (2.902 A). Overall, the above-discussed structural
differences between the SC-XRD structure of 1 and the
optimized geometry of the trimer remain rather small in terms
of relative variations, considering the lengths of the contacts in
question. Whereas natural orbital analysis was not possible
owing to the large size of this computed model, a QTAIM
analysis could be performed. The QT AIM charges of the central
unit are very close to those in the isolated monomer (Table 2).
Surprisingly, three (and only three) Cu--Cu BCPs are now
present in the trimer. Two of them are associated with the
intermonomer “unsupported” Cuy-Cu,’ contacts (2.554 A)
and the other one is the short Cu,--Cu, contact within the
central monomer (2.730 A). It is of note that these contacts are

not the shortest Cu--Cu ones in the trimer (Table 1). The
corresponding topological parameters characterizing these
BCPs are given in Table 3. They are of the same order of
magnitude as those found by Dinda et al.'” in their investigation
of various Cu(I) dimeric systems. The low values of p, V?p, and
H at the BCP’s, as well as the IV1/G ratio somewhat larger than 1,
are indicative of a weak bonding with some covalent character,
reminding hydrogen bonds."

In order to get an energetic point of view on the bonding
between monomers in the [Cu;0,(Mes)g]; trimer, the
intermonomer bond dissociation energy (BDE) was calculated
as half of the difference between the energy of the relaxed trimer
and three times the energy of the relaxed monomer. Whereas a
value lower than 10 kcal/mol is expected for the corresponding
BSSE-corrected BDE,"' a surprisingly large value is found, 43.4
kcal/mol, i.e. reaching that of a Br—Br bond. Deeper insight into
this energetics can be achieved through an energy decom-
position analysis (EDA) of the interaction between two frozen
molecular fra§ments, according to the Morokuma—Ziegler
procedure.”’ = The two fragments considered are the central
monomer on one side and the two terminal monomers (as a
single entity) on the other side. The total bonding energy (TBE)
between the two fragments is expressed as the sum of four
components, the Pauli repulsion (Ep,;), the electrostatic
interaction energy (Eq,,), the orbital interaction energy (E,y,)
and the component associated with the dispersion forces (Ed,sp).
Their values are given in Table 4, divided by 2 to express them
with respect to only one intermonomer bond.

Table 4. Morokuma—Ziegler Energy Decomposition Analysis
in the Trimer [Cu,;(0,(Mes)¢];, Based on the Interaction
between the Central [Cu,,0,(Mes)¢] Unit and the Fragment
Composed of the Two Other (External) Units”

DFT-optimized geometry SC-XRD frozen geometry

Ep,ui/2 1194 669
Egat/2 —88.4 —512
Eo/2 377 234
Egp/2 -53.0 —44.7
TBE/2" -59.8 -52.5

“All values in kcal/mol. *Total bonding energy (TBE) = Ep,y; + Eqjgat

+ Eon + Egigpr

As expected, the TBE/2 value is larger than that of BDE,
mainly because the considered fragments geometries are not
relaxed. When BSSE corrections are applied, it is lowered to 53.8
kcal/mol, thus leaving the contribution of the fragment
geometry relaxation to the reasonable value of ~10 kcal/mol.
The various TBE components in Table 4 are significantly larger
in absolute value than those reported by Brands et al. in their
DFT investigation of a series of Cu(I) dimers.” The E,y
component (which represents the covalent contribution) and
the Eg,, component are of the same order of magnitude, but the
latter dominates. Neglecting E, in the TBE sum, would end up
with TBE = 6.8 kcal/mol, a value of the expected order of
magnitude for an unsupported Cu(I)--Cu(I) metallophilic
interaction.*'" The large Egq, value originates mainly from the
ligand---ligand interactions, the Cu--Cu contribution being
evaluated to ~2 kcal/mol from linear RCu(I)---Cu(I)R models.
Metal:--mesityl contributions may also contribute through the
two long bridging C;,+Cu contacts of 2.613 and 2.629 A (see
above).

https://doi.org/10.1021/acs.inorgchem.4c02377
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Thus, one may be tempted to explain the much larger than
expected BDE or TBE/2 values by the fact that the optimized
trimer is somehow “artificially” more compact than the SC-XRD
structure, with in particular the existence of these (although
long) Cipsor*Cu contacts bridging the intermonomer Cu--Cu
contacts, which are missing in the solid-state structure. This is
why we also carried out both QTAIM and EDA calculations on a
nonoptimized trimer geometry extracted from the SC-XRD
structure of the polymer. This time, five Cu--Cu BCPs are
found. Two of them are associated with the intermonomer
unsupported Cuy+Cu,’ contacts (2.766 A). The other three
correspond to one Cu,--Cu, contact in each monomeric unit
(2902 A). Thus, the only difference with the optimized
monomer is the presence of two supplementary Cu,--Cu,
BCPs in the terminal monomers, which is consistent with the
fact that in this structure the three monomers are identical. The
corresponding BCP descriptors (Table 3) are also identical and
quite similar to those obtained for the optimized trimer (Table
3).

The TBE components obtained for this experimental
geometry (Table 4) are all lower in absolute values than their
counterparts in the optimized trimer. This is particularly
noticeable for Ep,;;/2 and E,,/2, whose sum can be
assimilated to the steric repulsion energy. Nevertheless, the
Eq,/2 and Eg,/2 values are of the same order of magnitude as in
the optimized trimer and the resulting TBE/2 value (—52.5
keal/mol) remains close to that of the optimized structure. Yet,
the intermonomer BSSE-corrected BDE computed from frozen
SC-XRD geometries (43.2 kcal/mol) is almost equal to that
found for our optimized models (43.4 kcal/mol). One can thus
conclude that the rather large computed intermonomer bond
energy is mainly the result of stabilizing ligand--ligand and
metal---ligand dispersion forces, with some weak covalent
contributions. The importance of ligand—ligand attraction in
the stabilization of metallophilic architectures has already been
demonstrated by Wan et. al. for some d® and d'° organometallic
systems, as well as in a modeling investigation of cuprophilic
systems under high pressure."?

The combination in the trimer of the monomer orbitals,
results in its highest occupied orbitals being antibonding
between the monomers, whereas a bonding character is
observed for its lowest vacant orbitals. As a result, the
HOMO-LUMO gap of the trimer is substantially reduced to
3.14 eV. This difference between the monomer and the trimer in
their HOMO—-LUMO gaps, is reflected in their TD-DFT-
simulated UV/vis spectra, which are shown in Figure 3 together
with that of Cug(Mes)s, as a reference. Whereas the later
compound exhibits a single MLCT absorption band peaking at
275 nm (experimentally 290 nm in toluene), the
[Cu;y0,(Mes),] monomer absorbs in a large range below 400
nm, due to a series of MLCT transitions. When going from the
monomer to the trimer, a new band appears at lower energy
around 500 nm. This band is principally due to a HOMO—
LUMO transition, thus associated with the intermonomer
bonding and of major Cu(3d) — Cu(4s/4p) nature. It is likely
that this band will grow up in intensity with the degree of
[Cu;90,(Mes),] oligomerization, thus reaching its maximum in
the infinite polymer. Accordingly, this band can be associated
with the strong absorption massif around 500 nm observed in
the experimental solid-state spectrum of 1 (Figure 3).

As is the case with many compounds showcasing cuprophilic
interactions, compound 1 exhibits notable fluorescent proper-
ties in the solid state when irradiated at 360 nm, featuring a

—— CusMess TD-DFT
[Cu00;Mess) TD-DFT

—— [Cuy00;Mesg]; TD-DFT

—— [Cu100;Mesgl, Exp.

Relative Absorption

200 300 400 700 800

500
Wavelength [nm]

Figure 3. TD-DFT-simulated spectra of CusMes;, the [Cu,,0,(Mes )]
monomer and the [Cu;oO,(Mes)g]; trimer, all considered in their
optimized geometries as well as the experimental solid-state UV/vis of
[Cuyy0,(Mes)g], (1).

broad emission band peaking at 590 nm and gradually
diminishing intensity until 800 nm (Figure 4). To discern its
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Figure 4. Emission (i) and Excitation (ii) spectra of 1, [CuMes];, and
IPrCuMes.

luminescent characteristics, we compared it with [CuMes]s,
known to display luminescence,”® and the NHC stabilized
IPrCuMes, analyzing emission and excitation spectra, quantum
yield, and lifetime measurements. While IPrCuMes, devoid of
cuprophilic interactions, only demonstrates an emission peak at
400 nm, both 1 and [CuMes] manifest broad emission bands at
longer wavelengths, typical for Cu--Cu based lumines-
cence.”* > NHC coordinated copper complexes are known to
be phosphorescent and emit at lower wavelengths through
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LMCT." The solution of 1 also displays a broad emission band
peaking at 710 nm, indicating the presence of Cu--Cu
metallophilic interactions in the complex set of species present
in solution (Figure S15).

Lifetime measurements reveal both [CuMes]; and IMes-
CuMes to be phosphorescent (Table S), whereas the polymeric

Table S. Luminescent Properties of 1, [CuMes]s and
IPrCuMes

compound Ao [nm] A, [nm] @ [%] 7, [ns] 7, [ns]
[CupO,Mese, (1) 350-550 590 48 74 309
[CuMes] 345; 390 710 1.5 >20 000
IPrCuMes 330 400 2.5 >20 000

compound 1 exhibits two distinct fluorescent emissions (7, = 7.4
ns and 7, = 30.9 ns). Furthermore, excitation spectra illustrate
IMesCuMes with a narrow range (maximizing at 330 nm). This
contrasts with the cuprophilic compounds which display
luminescent properties across a broad spectrum of excitation,
especially 1 exhibiting emissions at 600 nm for excitations
ranging quasi-continuously between 350 and 550 nm (Figure 4).

Bl CONCLUSIONS

The exploration of 1 originally reported by Haakansson et al.*®
allowed us to delve into the complex properties of cuprophilic
interactions. We found 1 to, in fact, be a polymer with
[Cuyp0,(Mes);] as repeating unit showcasing both supported
as well as unsupported cuprophilic interactions. The bonding
analysis of 1 and related cuprophilic models underlines the
complexity of these Cu(I)--Cu(I) interactions, which, at least at
the DFT level, may or may not be associated with bond critical
points, regardless of the fact they are ligand-supported or not,
but depending mainly on the nature and configuration of the
metal coordination spheres and only loosely on the Cu(I)--
Cu(I) distance. On the other hand, the Morokuma—Ziegler
energy decomposition analysis underpins the importance of
ligand---ligand and metal--ligand dispersion forces in the
bonding between monomers, resulting in bonding energies
significantly larger than found in previous reports based on
simpler dimeric models where Cu(I)-+Cu(l) interaction
predominates. As can be expected for cuprophilic compounds,
1 showcases strong luminescent properties, which come from
two distinct fluorescent emissions. Through the new informa-
tion generated in this study, we believe that we can provide
better understanding of Cu(I)-Cu(I) interactions, as well as of
their fascinating properties.

B EXPERIMENTAL SECTION

All manipulations were carried out using standard Schlenk techniques
under inert atmospheres. Schlenk tubes were rinsed with 1,1,1,3,3,3-
hexamethyldisilazane (HDMS), evacuated, heated with a heat gun at
650 °C and filled with argon after cooling. Solvents were dried using an
MBraun Solvent Purification System. The final H,O content of all
solvents was measured via Karl Fischer titration and was below S ppm.
Starting materials CusMess*® and IPrCuMes’® were synthesized
according to literature procedures.

Synthesis of [Cu;0,(Mes)g], (1). 153 mg of CuMes (840 ymol,
1.00 equiv) was dissolved in 2.50 mL of toluene in a Schlenk tube with
total volume of 13.0 mL. The yellow solution was degassed, the tube
was filled with argon again and the argon atmosphere inside of the tube
was pressurized with 0.50 bar of dioxygen (0.25 equiv, caution: the gas
volume is of utmost importance) The solution was stirred at 60 °C for
2 h and the reaction tube then stored over 30 min at room temperature.
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During this time, the solutions discolored from yellow to a darker
brown-yellow tone. A Whatman filtration was carried out in order to get
rid of some dark particles. The solvent was then removed in vacuo and
the residue was solved in 3.00 mL of hexane. The cloudy whitish
solution was stored at —32 °C overnight to give a bright red powder
which was filtered by a Whatman filtration and then washed with
3.00 mL of hexane and dried in vacuo affording 25.8 mg of 1 (18.7
mmol, 22.2%).

13C MAS NMR (r.t, neat, 75 MHz): § (ppm) = 30.41 (mesityl,
CH,), 154.16 (mesityl, CH).

Computational Details. Density Functional Theory (DFT)
calculations were carried out with the use of the Amsterdam Density
Functional code (ADF2020.101)** incorporating scalar relativistic
corrections via the ZORA Hamiltonian.”**® The PBEO hybrid
functional®*™** was used, with the addition of Grimme’s D3(BJ)
empirical corrections*” in order to take into account dispersion effects.
All the geometry optimizations were performed with the all-electron
triple-¢ Slater basis set plus two polarization functions (STO-TZ2P).”
Natural atomic orbital (NAO) populations and Wiberg bond indices
were computed with the natural bond orbital NBO6.0 program®
implemented in the ADF2020.101 package. Energy decomposition
analysis (EDA) calculations were carried out according to the
Morokuma—Ziegler formalism.”’~*’ Because of the size of the
computed trimer, the reported quantum theory of atoms in molecules
(QTAIM)**"%* data were obtained with the smaller STO-TZP basis
set,”” after having checked on the smaller Cu,(u-H),, Cu,(u-Mes),,
Cug(p-Mes)s models, as well as the [Cu,,0,(Mes),] monomer that the
results obtained with the larger STO-TZ2P basis set are similar. For the
sake of computational time, time-dependent-DFT (TD-DFT)
calculations were performed by using the Gaussian16 package,b‘x with
the PBEO functional®*™>* and the Def2SVP basis set.”**> The UV—
visible spectra were simulated from the computed TD-DFT singlet—
singlet transitions and their oscillator strengths, each transition being
associated with a Gaussian function of half-height width equal to
2000 cm™. Since compound 1 is not phosphorescent, the (forbidden)
singlet—triplet transitions were not computed when performing TD-
DFT calculations.
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The study of metal-substrate interactions using ligated heterometallic TM/E clusters and
complexes contains numerous synthetic and conceptual difficulties that need to be overcome.
Expanding the toolbox of available E'R ligands is a necessity in order to broaden our horizon of
synthetically available TM/E clusters and complexes, as showcased by the first isolation of an
all gallylene coordinated homoleptic ruthenium complex, namely [Ru(GaTMP)s]. The saturated

ruthenium center, however, is detrimental to the study of metal substrate interactions.

The labile [(Ru(GaCp*)3H2] species formed through hydrogenolysis enables the study of the
role played by the GaCp* ligand in bond activations at the Ru center. The synthesis of
[(Ru(GaCp*)3(SiEt3)Hs] and the in situ study of [Ru(GaCp*)3(C7H7)Hs] show that the properties
of the Ga' ligand play a significant role in the formation of these Si-H and C-H activated species
as compared to “classic” ruthenium phosphine complexes. This underlines the high potential

offered by tuning the properties of the transition metal using TM-E bonds.

Remains the question of controlling the reactivity of the isolated species. In the case of
[(Ru(GaCp*)s3(SiEts)Hs], this could be achieved through a photoinduced reductive elimination
of dihydrogen and triethyl silane, leading to the transient 14 valence electron [(Ru(GaCp*)s]
intermediate. The ensuing catalytic hydrogenation of alkynes underlines the potential of
incorporating such “protecting groups” for the controlled promotion of reactive sites. The
isolation of the homoleptic [Ru(GaTMP)s], the investigations into the C-H activation leading to
[Ru(GaCp*)s3(C7H7)Hs], and the “deprotection” of [(Ru(GaCp*)s(SiEts)Hs] (Figure 22) show the
possibilities for reactivity directing by tuning the ligand shell of the heterometallic system.
Nevertheless, when attempting to mimic the reactions occurring at heterogeneous catalysts
and the structural diversity they showcase, the issue remains of how representative a single

isolated cluster or complex is.
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Figure 22: Overview of the photochemically induced reactivity of [(Ru(GaCp*)s(SiEts)Hs]. The photoinduced
reductive elimination dihydrogen and triethyl silane leads to reactive species showing catalytic activity in the
hydrogenation of alkynes. (ruthenium = green, gallium = yellow, silicon = violet, carbon = grey, hydrogen = white).

Studying metal substrate interactions using ligated heterometallic TM/E clusters and
complexes faces a major challenge: structural diversity, or lack thereof. The concept of “living
libraries” of heterometallic clusters makes the exploration of metal substrate interactions
possible with the full chemical complexity offered by the unselective nature of the

organometallic reactions occurring during cluster formation.

Conclusions regarding reactive properties of the all-hydrocarbon ligated Cu/Zn clusters can be
obtained by monitoring the library evolution after both weak and strong perturbations. The
formation of the formate-containing cluster [Cu11Zng]Cp*s(CO2)2(HCO,) (Figure 23a) after
subsequent conversion of the original Cu/Zn library with CO, and H; is the illustration of the
possibilities offered by this approach. Additionally, the pre-catalyst [CuaZnio](Cp*)s
(Figure 23b) for the observed semihydrogenation catalysis of 3-hexyne could be isolated and
fully characterized, showcasing the usefulness of the library approach for reactivity screening

of a complex heterometallic cluster landscape.
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Figure 23: a) Computed structure of [Cu11Zne]Cp*s(CO2)2(HCO;) formed through the treatment of the Cu/Zn library
with COz and Hz; b) Crystal structure of the isolated [CusZnio](Cp*)s which upon conversion with 3-hexyne and H,
forms [CusZn;](Cp*)s(Hex)sHs, acting as catalyst in the semihydrogenation of 3-hexyne (copper = orange, zinc =
blue carbon = grey, hydrogen = white),

The next step for a comprehensive simulation of chemical complexity mimicking
heterogeneous surfaces is the incorporation of oxygen. First results towards this goal have
been obtained by synthesizing the polymeric [Cu100:Mess]n. Though the preparation of this
sub-oxidic organocopper compound can be achieved, its undefined nature in solution makes
it a poor candidate for preparing sub-oxidic heterometallic clusters. Moving away from
dioxygen, the use of oxidizing reagents such as amine oxides or aminoxyl radicals could make

way for an exciting new cluster landscape.
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General Remarks

Unless stated otherwise, all synthetic manipulations were carried out using standard Schlenk
techniques under an atmosphere of argon 4.6 purified by BTC-catalyst and dried over 3 A molecular
sieves or in a glovebox under an atmosphere of purified argon. All reactions were carried out in
standardized Schlenk flasks and tubes which were rinsed with 1,1,1,3,3,3-hexamethyldisilyzane
(HMDS), heated with a heat gun to 650 °C and cooled under vacuum argon. All synthesis of light
sensitive compounds were performed under the red light. All solvents were carefully dried over
molecular sieves and deuterated solvents were degassed prior to their use. All non-dried solvents
used were distilled prior to their use. All the reagents were purchased from commercial sources and
used as such without further purification.

Analytical Methods

NMR spectra were recorded on a Bruker Avance |1l 400US (1H, 400 MHz; 13C 101MHz). Chemical
shifts are given relative to TMS and were referenced to the residual solvent peak as internal
standards. Chemical shifts are reported in parts per million, downfield shifted from TMS, and are
consecutively reported as position (8H or 8C), relative integral, multiplicity (s = singlet, t = triplet, and
m = multiplet) and assignment. FT-IR spectra were measured on an ATR setup with a Bruker Alpha
FTIR spectrometer under an inert gas atmosphere in a glove-box. The mass spectra were taken
using a Linden CMS LIFDI as ionization source and a ThermoFisher Scientific Exactive Plus Orbitrap
as detector. The sample application was performed via a fumed silica capillary from a glovebox
under an argon atmosphere to enable the measurement of highly air-sensitive compounds. The
recorded mass spectra were evaluated using the FreeStyle 1.3 program from ThermoFisher
Scientific and a fitting program developed by Dr. Christian Gemel details of which are outlined below.

Reference isotope patterns were simulated using the enviPat Web application.

Computerized Analysis of Mass Spectra
The general procedure for computerized peak identification in LIFDI-MS involves utilizing a Java
computer program (Java 11, openjdk-1.11.0). The program's fundamental principles and workflow

are outlined below.

To begin spectrum analysis, the program employs automated pattern recognition, identifying local
maxima above a specified threshold value (which users can adjust, defaulting to 1% of the highest
peak in the spectrum) as peaks. These peaks are then grouped automatically into peak groups and
subsequently into isotopic patterns through a recursive process. The algorithm initiates at the
highest remaining peak in the peak list and searches both left and right for peaks with an exact m/z
shift of 1/z from each other, within a user-defined error range (g). Users input the charge z of the

ions (defaulting to 1) and the recursive process terminates when no peaks remain in the peak list.
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The resulting list comprises peak groups, which are considered isotopic patterns if they contain a
minimum number of peaks (defaulting to 5, user-adjustable).

For pattern analysis, users provide a list of potential fragments by loading a file containing all
conceivable fragments the observed ions may consist of (such as metal atoms, ligands, solvents,
etc.). The program generates weight matches for each pattern by recursively combining these
fragments into ions. All possible fragment combinations up to the m/z value of the respective pattern
are calculated, using the pattern centroid (intensity-weighted average, (m/z)centroid) as the
experimental average weight. Acceptable fragment combinations have a molar weight (Mw) falling
within the range: (m/z)centroid — 2.1 < Mw < (m/z)centroid + 4.1. The subtraction of 2.1 accounts for
a possible loss of 2 hydrogen atoms and the addition of 4.1 accounts for the possibility of up to four
additional hydrogens, which are not part of the input fragments (accounting for dehydrogenation or

hydrogenation/protonation during ionization).

As the list of fragment formulas is often extensive, a "sieving" step is conducted. Isotopic patterns
for each fragment are calculated, and an "offset" value is determined by comparing exact m/z values
of calculated and experimental patterns. Only patterns with an average offset value below a specified
threshold (defaulting to 0.2, user-adjustable) are further considered. The program then computes
the goodness of fit (GoF) value between experimental and calculated patterns, and vice versa, using
least squares fitting resulting in a total GoF, ranging between 0 (no common peaks) and 1 (identical

patterns).

In the output file, each pattern is listed with possible pattern matches and their corresponding final

GoF values. Additionally, users can visually compare patterns to their calculated counterparts.

Continuous Shape Measure?

The method of continuous shape measure uses the N vertices of an experimentally determined
coordination polyhedron normalized and centered in the origin of a three-dimensional cartesian
coordinate system as their position vectors Qi (i = 1,2,3 ..., N). These are compared to the position
vectors P; (i = 1,2,3, ..., N) of the N vertices of an ideal reference polyhedron that is equally centered

and normalized. This is expressed as
N
1 — 2
Se(P) = NminZ|Ql—PL| x 100
i=1
A value of Sg(P) =0 thus represents the exact ideal shape, with increasing values indicating
increasing distortions. This value was calculated from most ideal superimposition, determined by

minimizing the distance between the superimposed polyhedral vertices by a numerical rotation

algorithm. Sq(P) thus is the global minimum of these permutations.
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In order to identify the cartesian coordinates of two polyhedra with minimized average distances of
their vertices, a Java program has been used (Java 15, openjdk-15). The program takes as input
the cartesian coordinates of two polyhedra, both centered at the origin. The program then freely
rotates (and also stretches/shrinks on demand) one of the two polyhedra, finally locating the
coordinates with minimized distances between the vertices of the two polyhedra in a recursive

process.

The code for both programs can be obtained from the authors on request.

Comprehensive listing of homoleptic and closely related [M(ER*)n] complexes
known

In an endeavor to explore the then arising topic of isolobality between CO and E-R ligands (E = Al,
Ga, In)(R = C(SiMeas)s, 1,2,3,4,5-pentamethylcyclopentadienyl (Cp*)) to gain access to a new class
of mononuclear intermetallic complexes, W. Uhl et. al. in 1998 published the first mononuclear
homoleptic transition metal (TM)-ERx compound Ni(InC(SiMes)s)s.> The homologous
Ni(GaC(SiMe3)s)s followed shortly after further proving the concept beyond Indium.* Pt(InC(SiMe3)3)s
provided the first example of a homoleptic 3¥ row TM-ERy compound.® During this time
P. Jutzi et. al. presented Ni(GaCp*)4, thus providing a vital broadening of the field.® With Pd(GaCp*)a,
Pd(InC(SiMes)3)s and Pt(GaCp*)s the homologous Ni-Pd-Pt row was completed by
R. A. Fischer et. al. in 2003.” The homologous homoleptic, mononuclear compounds of AlCp*,
Ni(AICp*)s and Pd(AICp*)s+ established Al within the row of E-R ligands.® ® The more electron rich
metals yielded the respective cationic, homoleptic compounds Zn(GaCp)4BArF].
([BArF] = Tetrakis[3,5-bis(trifluoromethyl)phenyl]borate), Cu(GaCp*)4[BArF] and
Ag(GaCp*)4[BPh4]." ™ Fe(AICp*)s and Ru(AlCp*)s are the first examples of homoleptic C-H
activated isomers of TM-E-R complexes outside the d'® group with more than four group 13 metals
coordinated.’  Though  not  strictly = homoleptic  (GaCp*)4sRh(MeGa(n'-Cp*)  and
(GaCp*)sRh((OTf)Ga(n'-Cp*) (OTf= trifluoromethanesulfonate) continue a trend of higher
coordination numbers.’™ % The haptotropically ~ shifted, halogen bridged
(GaCp*)sRu(GaCl(n'-Cp*))(Gaz(u-Cl)(n'-Cp*)). provided the first hexa group 13 coordinated
compound within the family.’ The highest unhalogenated coordination number within the group

stands at six provided by the only haptoropically shifted Mo(GaCp*)s."* ¢

Another group of mononuclear homoleptic intermetallic TM-E-R compounds is based on Ga(DDP)
(DDP = 2-((2,6-diisopropylphenyl)amino-4-((2,6-diisopropylphenyl)imino)-2-pentene). The first one
Au(Ga-(THF)(DDP)).[BArF] was also presented by R. A. Fischer et. al. in 2006."7 This was followed
up by Zn(Ga(Me)(DDP)).."® With Hg(Ga(SCsFs)(DDP)). the first homoleptic TM-E-R compound of
Mercury was obtained.'® Cu(Ga(DDP)),[OTf] then was the first and as of now only homoleptic
complex of the series where the Ga(DDP) was only bound to the central TM atom.'® Interest in this

5
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class of compounds has not abated, just in 2022, J. Okuda et. al. published their work around
Zn(GaH(DDP)),.2° This group of compounds generally does not exceed a coordination number of
two E-R. However C. Jones et. al. reported a coordination number of three with their
NHC-analogous Ga[N(Ar)].CNCy. (Ar = CgHsPr-2,6) (Cy = cyclohexyl) in the homoleptic
Pt(Ga[N(Ar)]2.CNCy;)s.2"

Table S 1: List of homoleptic and closely related [M(ER*)a] compounds known and sorted by coordination
number of central atom M and element E

Compounds with central atom coordination number = 2

Au(Ga-(THF)(DDP))2[BArF] A. Kempter, C. Gemel, N. J. Hardman, R. A. Fischer,
Inorg. Chem., 2006, 45, 3133

Hg(Ga(SCeFs)(DDP)). G. Prabusankar, C. Gemel, M. Winter, R. W. Seidel,
R. A. Fischer, Chem. Eur. J., 2010, 16, 6041

Zn(GaH(DDP)). L. J. Morris, T. Rajeshkumar, L. Maron, J. Okuda,
Chem. Eur. J., 2022, 28, €202201480,

Cu(Ga(DDP))2[OTf] G. Prabusankar, S. Gonzalez-Gallardo, A. Doddi, C.
Gemel, M. Winter, R. A. Fischer, Eur. J. Inorg.
Chem., 2010, 4415

Zn(Ga(Me)(DDP))2 A. Kempter, C. Gemel, T. Cadenbach, R. A. Fischer,
Inorg. Chem., 2007, 46, 9481

Compounds with central atom coordination number = 3

Pt(Ga[N(Ar)]2CNCya)s S. P. Green, C. Jones, A. Stasch, Inorg. Chem.,
2007, 46, 11

Compounds with central atom coordination number = 4

Pt(GaCp*)4 C. Gemel, T. Steinke, D. Weiss, M. Cokoja, M.
Winter, R. A. Fischer, Organometallics, 2003, 22,
2705

Pd(GaCp*)a C. Gemel, T. Steinke, D. Weiss, M. Cokoja, M.
Winter, R. A. Fischer, Organometallics, 2003, 22,
2705

Ni(GaCp*)4 P. Jutzi, B. Neumann, L. O. Schebaum, A.
Stammler, H.-G. Stammler, Organometallics, 1999,
18, 4462

Ag(GaCp*)4[BPh4] T. Bollermann, A. Puls, C. Gemel, T. Cadenbach, R.
A. Fischer, Dalton Trans., 2009, 1372

Zn(GaCp*)4[BArf], A. Kempter, C. Gemel, T. Cadenbach, R. A. Fischer,
Inorg. Chem., 2007, 46, 9481
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Cu(GaCp*)s[BArf] T. Bollermann, A. Puls, C. Gemel, T. Cadenbach, R.
A. Fischer, Dalton Trans., 2009, 1372

Ni(GaC(TMS)s3)4 W. Uhl, M. Benter, S. Melle, W. Saak, G. Frenking,
J. Uddin, Organometallics, 1999, 18, 3778

Pd(AICp*)4 B. Buchin, T. Steinke, C. Gemel, T. Cadenbach, R.
A. Fischer, Z. anorg. allg. Chem., 2005, 631, 2756

Ni(AICp*)4 B. Buchin, T. Steinke, C. Gemel, T. Cadenbach, R.
A. Fischer, Z. anorg. allg. Chem., 2005, 631, 2756

W. Uhl, M. Pohimann, R. Wartchow, Angew. Chem.

Ni(InC(TMS)s3)4 Int. Ed., 1998, 37, 961

W. Uhl, M. Benter, S. Melle, W. Saak, G. Frenking,
J. Uddin, Organometallics, 1999, 18, 3778

Pt(INC(TMS)3)4 W. Uhl, S. Melle, Z. anorg. allg. Chem., 2000, 626,
2043

Pd(INC(TMS)3)a C. Gemel, T. Steinke, D. Weiss, M. Cokoja, M.
Winter, R. A. Fischer, Organometallics, 2003, 22,
2705

Compounds with central atom coordination number =5

(GaCp*)sRh(Ga(OsSCF3)Cp*) T. Bollermann, T. Cadenbach, C. Gemel, K.
Freitag, M. Molon, V. Gwildies, R. A. Fischer, Inorg.
Chem., 2011, 50, 5808

(GaCp*)sRh(MeGa(n'-Cp*) T. Cadenbach, C. Gemel, D. Zacher, R. A. Fischer,
Angew. Chem. Int. Ed., 2008, 47, 3438

Fe(AICp*)s T. Steinke, M. Cokoja, C. Gemel, A. Kempter, A.
(C-H activated) Krapp, G. Frenking, U. Zennek, R. A. Fischer,
Angew. Chem. Int. Ed., 2005, 44, 2943

Ru(AICp)s T. Steinke, M. Cokoja, C. Gemel, A. Kempter, A.
(C-H activated) Krapp, G. Frenking, U. Zennek, R. A. Fischer,
Angew. Chem. Int. Ed., 2005, 44, 2943

Compounds with central atom coordination number = 6

Ru(GaCp*)s)(ClIGaCp*)2 B. Buchin, C. Gemel, A. Kempter, T. Cadenbach, R.
A. Fischer, Inorg. Chimi. Acta, 2006, 359, 4833
Mo(GaCp*)s T. Cadenbach, T. Bollermann, C. Gemel, .
. . Fernandez, M. von Hopffgarten, G. Frenking, R. A.
(Haptotropic Shifted) Fischer, Angew. Chem. Int. Ed., 2008, 47, 9150,

T. Bollermann, T. Cadenbach, C. Gemel, K. Freitag,
M. Molon, V. Gwildies, R. A. Fischer, Inorg. Chem.,
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NMR Data
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Figure S 1: '"H-NMR Spectrum of 1 in benzene-ds.
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Figure S 2: '"H-NMR Spectrum of 1 in benzene-ds from 2.50 ppm to 0.00 ppm.
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Figure S 4: "H-NMR Spectrum of 2 in toluene-ds from 2.50 ppm to 0.00 ppm.
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LIFDI-Mass Spectra
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Figure S 12: Mass Spectrum of 1 from 1000 — 1200 m/z.

14

103



7 SUPPORTING INFORMATION

Data aquired from Experiment
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Figure S 13: Isotopic pattern of 1 and simulated isotopic pattern for RuGasNsCasHgo (red).
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Figure S 14: Mass Spectrum of 2 from 200 — 3000 m/z
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Figure S 16: Isotopic pattern of 2 and simulated isotopic pattern for MoGasNeCssH10s (red).
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Crystallography

SC-XRD structure report for compound 1.

Figure S 17: Molecular structure of [Ru(GaTMP)s] (1) in the solid state determined by single crystal X-ray
diffraction. Ru: orange, Ga: yellow, N: blue and C: black. Hydrogen atoms and disordered molecule fragments
are omitted. Thermal ellipsoids are shown at the 50% probability level.

A yellow, block-shaped crystal of C4sHsoGasNsRu coated with perfluorinated ether and fixed on top
of a Kapton micro sampler was used for X-ray crystallographic analysis. The X-ray intensity data
were collected at 100(2) K on a Bruker D8 VENTURE Duo three-angle diffractometer with an IMS
microsource with MoK, radiation (A=0.71073 A) using APEX4.'®"l The diffractometer was equipped

with a Helios optic monochromator, a Bruker PHOTON Il detector, and a low temperature device.

A matrix scan was used to determine the initial lattice parameters. All data were integrated with the
Bruker SAINT V8.40B software package using a narrow-frame algorithm and the reflections were
corrected for Lorentz and polarisation effects, scan speed, and background.?®" The integration of
the data using a monoclinic unit cell yielded a total of 5479 reflections within a 26 range [°] of 3.82
to 52.83 (0.80 A), of which 5479 were independent. Data were corrected for absorption effects
including odd and even ordered spherical harmonics by the multi-scan method (TWINABS
2012/1).5¢1 Space group assignment was based upon systematic absences, E statistics, and

successful refinement of the structure.

The structure was solved by direct methods using SHELXT and refined by full-matrix least-squares
methods against F2 by minimizing Ew(F2 - F¢2)? using SHELXL in conjunction with SHELXLE.#C1-6C1]
All non-hydrogen atoms were refined with anisotropic displacement parameters. Hydrogen atoms
were refined isotropically on calculated positions using a riding model with their Us, values
constrained to 1.5 times the Ueq of their pivot atoms for terminal sp® carbon atoms and a C-H

17
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distance of 0.98 A. Non-methyl hydrogen atoms were refined using a riding model with methylene,

aromatic, and other C—H distances of 0.99 A, 0.95 A, and 1.00 A, respectively, and Us, values

constrained to 1.2 times the Ueq of their pivot atoms. Severe whole molecule and rotational disorder
of the TMP moieties was modelled using the DSR tool plugin within SHELXLE.[®"!

Neutral atom scattering factors for all atoms and anomalous dispersion corrections for the non-

hydrogen atoms were taken from International Tables for Crystallography.®¢" Crystallographic data

for the structures reported in this paper have been deposited with the Cambridge Crystallographic

Data Centre.°Cl Supplementary crystallographic data reported in this paper have been deposited
with the Cambridge Crystallographic Data Centre (CCDC 2341048) and can be obtained free of

charge from The Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/structures.°¢]

This report and the CIF file were generated using FinalCif.['""! Figures showing the coordination

polyhedra around the ruthenium centre were created using VESTA 3.[11C1]

Refinement details for compound 1.

1 was refined as a two-component twin.

Table S 2: Crystal data and structure refinement for compound 1.

CCDC number
Empirical formula
Formula weight
Temperature [K]
Crystal system

Space group (number)

alA]

b[A]

c[A]

al]

B [°]

v

Volume [A3]
V4

Pealc [gcm ™3]
p[mm™]
F(000)

Crystal size [mm?3]
Crystal colour
Crystal shape
Radiation

20 range [°]
Index ranges

2341048
C45H90G35N5RU
1150.88

100(2)

monoclinic

2 (15)
23.4724(19)
11.9908(9)
18.9429(14)

90

93.343(3)

90

5322.5(7)

4

1.436

2.804

2376
0.113x0.120x0.312
yellow

fragment

MoK, (A=0.71073 A)
3.8210 52.83 (0.80 A)
-29<h<29
0<k<14

18
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Reflections collected (HKLF4)
Reflections collected (HKLF5)
Independent reflections

Completeness to

0 = 25.242° (HKLF4)

Data / Restraints / Parameters
Goodness-of-fit on F?

Final R indexes

[1220(1)]

Final R indexes

[all data]

Largest peak/hole [eA-3]

Table S 3: Atomic coordinates and Ueq [A?] for compound 1.

Atom X

Rul 0.500000
Gal 0.54972(3)
Ga2 0.58257(3)
Ga3 0.500000
N1 0.5932(9)
c1 0.5972(7)
2 0.6580(9)
H2A 0.658150
H2B 0.684447
c3 0.6794(8)
H3A 0.719147
H3B 0.655297
ca 0.6769(10)
H4A 0.688781
H4B 0.704345
cs 0.6179(9)
c6 0.5850(8)
H6A 0.587460
H6B 0.546673
H6C 0.613242
c7 0.5519(6)
H7A 0.556279
H7B 0.557187
H7C 0.513654
c8 0.6266(10)
H8A 0.643388
H8B 0.652374
H8C 0.589818
9 0.5779(7)
H9A 0.592847
H9B 0.539162
H9C 0.576997

9221
5479

5479
Rint = 0.0617
Rigma = 0.0456
99.6 %

5479 /1051 / 493
1.154

R1=0.0562

WR; =0.0928
R1=0.0745

WR; =0.0989
0.56/-0.85

y
0.62210(5)

0.66491(5)
0.67017(5)
0.43247(7)
0.6901(17)
0.8026(13)
0.8257(16)
0.897449
0.832707
0.7323(13)
0.748050
0.729391
0.6216(15)
0.561740
0.622822
0.5942(15)
0.8876(12)
0.963650
0.874656
0.878024
0.8297(14)
0.907314
0.779979
0.818878
0.5004(19)
0.437233
0.523534
0.478035
0.5612(15)
0.493955
0.546769
0.622536

z
0.250000
0.35415(4)
0.19995(4)
0.250000
0.4384(8)
0.4684(9)
0.5006(10)
0.526483
0.462032
0.5517(10)
0.569220
0.592794
0.5133(12)
0.546980
0.475570
0.4804(13)
0.4073(9)
0.426192
0.385587
0.371643
0.5222(9)
0.537795
0.563142
0.499738
0.4318(11)
0.458478
0.395649
0.409011
0.5421(9)
0.566039
0.522041
0.576220

19

Ueq
0.02208(15)
0.03276(17)
0.02960(16)
0.0291(2)
0.041(2)
0.041(2)
0.040(2)
0.048
0.048
0.038(2)
0.045
0.045
0.039(2)
0.047
0.047
0.042(2)
0.047(3)
0.070
0.070
0.070
0.051(3)
0.077
0.077
0.077
0.048(4)
0.071
0.071
0.071
0.047(3)
0.071
0.071
0.071
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N1A
ClA
C2A
H2AA
H2AB
C3A
H3AA
H3AB
CaA
HAAA
H4AB
C5A
C6A
H6AA
H6AB
H6AC
C7A
H7AA
H7AB
H7AC
C8A
HSAA
HSAB
H8AC
Co9A
HOAA
HOAB
H9AC
N2
c10
c11
H11A
H11B
c12
H12A
H12B
c13
H13A
H13B
cla
ci1s
H15A
H15B
H15C
cl6
H16A
H16B
H16C
c17
H17A
H17B
H17C

0.5983(12)
0.6047(9)
0.6620(12)
0.692444
0.662358
0.6753(10)
0.647526
0.714029
0.6720(13)
0.681585
0.700717
0.6110(12)
0.6022(9)
0.614037
0.563118
0.627930
0.5581(9)
0.559700
0.564387
0.520534
0.6113(12)
0.628414
0.633723
0.572102
0.5672(10)
0.579426
0.530420
0.563269
0.6524(2)
0.6515(9)
0.7010(8)
0.690824
0.705054
0.7575(8)
0.769394
0.787205
0.7497(9)
0.738295
0.786530
0.7055(14)
0.5967(9)
0.566325
0.586802
0.601091
0.6573(11)
0.652021
0.695416
0.628359
0.6923(14)
0.724477
0.686007
0.657858

0.706(2)
0.8248(18)
0.847(2)
0.840795
0.923890
0.7674(17)
0.777662
0.782508
0.648(2)
0.595472
0.638341
0.619(2)
0.8935(17)
0.970279
0.893498
0.860971
0.8675(19)
0.949103
0.836327
0.844317
0.502(2)
0.445931
0.506809
0.479980
0.605(2)
0.545748
0.584703
0.675034
0.7043(4)
0.819(2)
0.822(2)
0.772220
0.898292
0.7846(19)
0.835346
0.785707
0.6647(19)
0.614730
0.637535
0.660(2)
0.840(2)
0.854872
0.773750
0.904138
0.917(2)
0.986753
0.915590
0.910564
0.537(3)
0.504077
0.496921
0.532817

0.4301(11)
0.4473(11)
0.4865(13)
0.452648
0.504984
0.5471(13)
0.583928
0.568585
0.5188(16)
0.558038
0.482984
0.4844(17)
0.3796(11)
0.390516
0.358416
0.346195
0.4945(12)
0.497036
0.542181
0.474445
0.4464(15)
0.478954
0.404444
0.432218
0.5387(13)
0.571978
0.515012
0.564466
0.1650(3)
0.1320(12)
0.0799(11)
0.039188
0.061478
0.1140(11)
0.153365
0.079012
0.1422(12)
0.102204
0.163816
0.1958(17)
0.0897(12)
0.121778
0.061138
0.058599
0.1829(14)
0.156741
0.207063
0.217918
0.211(2)
0.238777
0.166340
0.237848

20

0.040(2)
0.041(2)
0.040(3)
0.048
0.048
0.038(3)
0.046
0.046
0.039(3)
0.047
0.047
0.042(2)
0.041(4)
0.062
0.062
0.062
0.053(4)
0.079
0.079
0.079
0.044(4)
0.066
0.066
0.066
0.051(4)
0.077
0.077
0.077
0.0368(11)
0.039(2)
0.041(2)
0.049
0.049
0.041(3)
0.049
0.049
0.038(2)
0.046
0.046
0.035(2)
0.039(4)
0.059
0.059
0.059
0.043(4)
0.065
0.065
0.065
0.033(4)
0.049
0.049
0.049
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C18
H18A
H18B
H18C
N2A
C10A
C11A
H11C
H11D
C12A
H12C
H12D
C13A
H13C
H13D
C14A
C15A
H15D
H15E
H15F
C16A
H16D
H16E
H16F
C17A
H17D
H17E
H17F
C18A
H18D
H18E
H18F
N3
C19
C20
H20A
H20B
c21
H21A
H21B
C22
H22A
H22B
Cc23
C24
H24A
H24B
H24C
C25
H25A
H25B
H25C

0.7298(13)
0.759930
0.699438
0.745692
0.6524(2)
0.6627(8)
0.7135(7)
0.703185
0.722167
0.7663(7)
0.778136
0.797864
0.7546(8)
0.789297
0.746098
0.7029(12)
0.6075(7)
0.611861
0.574862
0.601131
0.6699(10)
0.668057
0.706996
0.639368
0.6845(13)
0.718084
0.665952
0.657678
0.7211(11)
0.753080
0.688822
0.732788
0.4948(6)
0.552(3)
0.5625(5)
0.577562
0.591748
0.5094(6)
0.496829
0.517101
0.4620(5)
0.472904
0.426635
0.449(3)
0.6073(5)
0.640895
0.606635
0.609144
0.5491(5)
0.587368
0.523386
0.534832

0.715(2)
0.667459
0.724452
0.787679
0.7043(4)
0.8017(16)
0.7851(17)
0.730181
0.856634
0.7451(18)
0.801217
0.735985
0.6351(17)
0.611213
0.577999
0.642(2)
0.8121(16)
0.873574
0.826961
0.742361
0.9092(19)
0.974615
0.907597
0.913355
0.523(2)
0.478067
0.490178
0.523166
0.694(2)
0.651506
0.691660
0.771492
0.2783(6)
0.222(4)
0.1045(9)
0.112768
0.065380
0.0360(8)
0.019344
-0.035641
0.0988(9)
0.105249
0.053724
0.215(4)
0.2904(9)
0.246930
0.360761
0.306023
0.2139(9)
0.199039
0.153058
0.284307

0.2626(13)
0.284472
0.295472
0.251256
0.1650(3)
0.1190(10)
0.0738(9)
0.036226
0.050614
0.1155(10)
0.151791
0.083473
0.1508(10)
0.178975
0.113925
0.2008(15)
0.0697(10)
0.036323
0.098240
0.043450
0.1643(11)
0.133188
0.190933
0.197251
0.2160(18)
0.230889
0.173086
0.253707
0.2740(11)
0.296018
0.304519
0.267376
0.2606(6)
0.277(3)
0.2457(6)
0.198186
0.276252
0.2399(7)
0.287794
0.216300
0.1974(6)
0.147835
0.197066
0.225(3)
0.2642(7)
0.280671
0.290410
0.213605
0.3582(6)
0.379577
0.369864
0.376554
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0.035(4)
0.053
0.053
0.053
0.0368(11)
0.037(2)
0.040(2)
0.048
0.048
0.042(2)
0.050
0.050
0.038(2)
0.046
0.046
0.035(2)
0.034(3)
0.050
0.050
0.050
0.044(4)
0.066
0.066
0.066
0.036(4)
0.054
0.054
0.054
0.038(4)
0.056
0.056
0.056
0.0199(17)
0.0236(18)
0.0275(18)
0.033
0.033
0.0296(19)
0.036
0.036
0.0271(18)
0.033
0.033
0.0233(18)
0.030(2)
0.045
0.045
0.045
0.028(2)
0.042
0.042
0.042
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7 SUPPORTING INFORMATION

c26 0.4176(5) 0.2794(9) 0.1664(6) 0.027(2)
H26A 0.382069 0.240506 0.151958 0.041
H26B 0.441553 0.285107 0.125830 0.041
H26C 0.408741 0.354294 0.183223 0.041
c27 0.4136(5) 0.2104(9) 0.2887(6) 0.026(2)
H27A 0.377318 0.172859 0.276234 0.039
H278B 0.406147 0.286245 0.305040 0.039
H27C 0.434520 0.168760 0.326450 0.039

U.q is defined as 1/3 of the trace of the orthogonalized U tensor
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SC-XRD structure report for compound 2.

Figure S 18: Molecular structure of [Mo(GaTMP)s] (2) in the solid state determined by single crystal X-ray
diffraction. Mo: red, Ga: yellow, N: blue and C: black. Hydrogen atoms and disordered molecule fragments
are omitted. Thermal ellipsoids are shown at the 50% probability level.

A colourless, block-shaped crystal of CssH10sGasMoNs coated with perfluorinated ether and fixed
on top of a Kapton micro sampler was used for X-ray crystallographic analysis. The X-ray intensity
data were collected at 100(2) K on a Bruker D8 VENTURE Duo three-angle diffractometer with an
IMS microsource with MoK, radiation (A=0.71073 A) using APEX4.1'°? The diffractometer was
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7 SUPPORTING INFORMATION

equipped with a Helios optic monochromator, a Bruker PHOTON Il detector, and a low

temperature device.

A matrix scan was used to determine the initial lattice parameters. All data were integrated with the
Bruker SAINT V8.40B software package using a narrow-frame algorithm and the reflections were
corrected for Lorentz and polarisation effects, scan speed, and background.?°? The integration of
the data using a monoclinic unit cell yielded a total of 776202 reflections within a 26 range [°] of 4.08
to 52.83 (0.80 A), of which 26306 were independent. Data were corrected for absorption effects
including odd and even ordered spherical harmonics by the multi-scan method (SADABS
2016/2).5¢4 Space group assignment was based upon systematic absences, E statistics, and

successful refinement of the structure.

The structure was solved by direct methods using SHELXT and refined by full-matrix least-squares
methods against F2 by minimizing Ew(F.? - F¢2)? using SHELXL in conjunction with SHELXLE.#¢2-6C2]
All non-hydrogen atoms were refined with anisotropic displacement parameters. Hydrogen atoms
were refined isotropically on calculated positions using a riding model with their Uso, values
constrained to 1.5 times the Ueq Of their pivot atoms for terminal sp® carbon atoms and a C—H
distance of 0.98 A. Non-methyl hydrogen atoms were refined using a riding model with methylene,
aromatic, and other C—H distances of 0.99 A, 0.95 A, and 1.00 A, respectively, and Us, values
constrained to 1.2 times the Ueq of their pivot atoms. Whole molecule disorder and rotational
disorder, e.g. of TMP moieties, was modelled using the DSR tool plugin within SHELXLE.[[C2

Neutral atom scattering factors for all atoms and anomalous dispersion corrections for the non-
hydrogen atoms were taken from International Tables for Crystallography.!®¢?! Crystallographic data
for the structures reported in this paper have been deposited with the Cambridge Crystallographic
Data Centre.[®°@ Supplementary crystallographic data reported in this paper have been deposited
with the Cambridge Crystallographic Data Centre (CCDC 2341049) and can be obtained free of
charge from The Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/structures.°¢2
This report and the CIF file were generated using FinalCif.['°°? Figures showing the coordination

polyhedra around the molybdenum centre were created using VESTA 3.[11¢2

Table S 4: Crystal data and structure refinement for compound 2.

CCDC number 2341049
Empirical formula CssH108GasMoNg
Formula weight 1355.72
Temperature [K] 100(2)
Crystal system monoclinic
Space group (number) P2y (14)

c
a (Al 26.9295(18)
b [A] 21.9030(15)
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7 SUPPORTING INFORMATION

c[A]

al?]

B [°]

v[°]

Volume [A3]
V4

Pealc [gcm ]

p [mm]
F(000)

Crystal size [mm?3]
Crystal colour
Crystal shape
Radiation

20 range [°]
Index ranges

Reflections collected
Independent reflections

Completeness to

0 =25.242°

Data / Restraints / Parameters
Goodness-of-fit on F2

Final R indexes

[1=20(1)]

Final R indexes

[all data]

Largest peak/hole [eA-3]

Table S 5: Atomic coordinates and Ueq [A?] for compound 2.

Atom X

Mo1 0.38238(2)
Mo2 0.11461(2)
Gal 0.32971(2)
Ga2 0.32465(2)
Ga3 0.45061(2)
Ga4 0.43058(2)
Ga5 0.32948(2)
Ga6 0.43626(2)
Ga7 0.17039(2)
Ga8 0.05019(2)
Ga9 0.06052(2)
Gal0 0.17637(2)
Gall 0.16747(2)
Gal2 0.06146(2)
N1 0.29434(6)
N3 0.50659(6)

24.2260(15)

90

116.221(2)

90

12819.0(15)

8

1.405

2.709

5616
0.278x0.339x0.428
colourless

block

MoK, (A\=0.71073 A)
4,08 to0 52.83 (0.80 A)
-33<h<33
-27<k<27
-30<1<30

776202
26306

Rint = 0.0429
Regma = 0.0122
99.9%

26306 /739 / 1436
1.028

R1=0.0198

WR; =0.0441
R1=0.0255

WR; = 0.0466
0.55/-0.46

y z
0.74227(2) 0.23060(2)
0.23662(2) 0.34993(2)
0.72828(2) 0.28718(2)
0.67490(2) 0.15029(2)
0.74184(2) 0.19234(2)
0.81839(2) 0.30507(2)
0.82742(2) 0.17237(2)
0.66305(2) 0.29688(2)
0.31657(2) 0.33955(2)
0.23283(2) 0.24396(2)
0.15865(2) 0.36589(2)
0.22566(2) 0.45628(2)
0.16462(2) 0.32425(2)
0.31313(2) 0.36953(2)
0.72121(8) 0.33751(7)
0.73802(6) 0.16701(7)
24

Ueq

0.01366(3)
0.01461(3)
0.01931(4)
0.02012(4)
0.01487(4)

0.01559(4)
0.01659(4)
0.01627(4)
0.01780(4)
0.01641(4)
0.01725(4)
0.02001(4)
0.01861(4)
0.01758(4)
0.0263(3)

0.0174(3)
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N4
N5
N6
N7
N8
N9
N10
N12
C1
Cc2
H2A

c3
H3A

Cca
H4A
H4B
c5
Cé
H6A

H6C
c7
H7A

H7C
c8
H8A
H8B
H8C
c9
H9A
H9B
H9C
N2
C10
C11
H11A
H11B
C12
H12A
H12B
C13
H13A
H13B
Cl4
C15
H15A
H15B
H15C
Cl6

0.46444(6)
0.28979(6)
0.47526(6)
0.21475(6)
0.00095(6)
0.01804(6)
0.22489(7)
0.01959(6)
0.23537(9)
0.22532(10)
0.243627
0.185091
0.24697(10)
0.226736
0.241021
0.30852(9)
0.322256
0.328707
0.32101(8)
0.22264(10)
0.184035
0.228561
0.247180
0.19534(9)
0.157326
0.198428
0.204756
0.38354(8)
0.402001
0.395957
0.392833
0.30443(10)
0.328994
0.307645
0.266099
0.27960(7)
0.3029(11)
0.2653(2)
0.266396
0.279534
0.20507(18)
0.181951
0.203153
0.18584(19)
0.146786
0.187099
0.2206(2)
0.3611(2)
0.375016
0.385568
0.359954
0.3103(3)

0.87955(7)
0.89690(7)
0.60219(6)
0.37883(7)
0.22435(7)
0.09709(7)
0.21346(8)
0.37220(7)
0.73903(12)
0.77367(12)
0.814038
0.780681
0.73964(12)
0.700635
0.764449
0.72711(10)
0.703565
0.766428
0.69143(9)
0.78276(14)
0.796219
0.761795
0.818304
0.68477(14)
0.699981
0.658743
0.661015
0.69198(10)
0.675794
0.733939
0.666552
0.62397(10)
0.604630
0.602779
0.621596
0.62157(8)
0.5847(11)
0.5913(3)
0.634142
0.564952
0.5736(3)
0.576998
0.531120
0.6161(2)
0.606624
0.658064
0.6138(3)
0.6059(3)
0.581172
0.601152
0.648909
0.5173(3)

0.36181(7)
0.13216(7)
0.35206(7)
0.33388(7)
0.16147(7)
0.37621(7)
0.53826(7)
0.38440(7)
0.31267(10)
0.36204(11)
0.368915
0.346790
0.42285(11)
0.417299
0.453562
0.44553(9)
0.484364
0.454504
0.39859(8)
0.25888(11)
0.242405
0.226543
0.273221
0.28765(12)
0.265770
0.321925
0.259309
0.42046(9)
0.462440
0.419926
0.393050
0.39771(11)
0.436308
0.363811
0.391963
0.08901(8)
0.0551(11)
-0.0148(2)
-0.027383
-0.037783
-0.0316(2)
-0.076578
-0.018832
0.0011(3)
-0.009114
-0.013345
0.0722(3)
0.0684(3)
0.044519
0.112365
0.056308
0.0706(3)

25

0.0194(3)
0.0201(3)
0.0192(3)
0.0249(3)
0.0215(3)
0.0237(3)
0.0297(4)
0.0237(3)
0.0377(5)
0.0444(6)
0.053
0.053
0.0421(6)
0.051
0.051
0.0339(5)
0.041
0.041
0.0256(4)
0.0521(7)
0.078
0.078
0.078
0.0545(7)
0.082
0.082
0.082
0.0307(4)
0.046
0.046
0.046
0.0401(5)
0.060
0.060
0.060
0.0349(4)
0.0364(10)
0.0575(11)
0.069
0.069
0.0659(12)
0.079
0.079
0.0626(12)
0.075
0.075
0.0454(10)
0.0413(12)
0.062
0.062
0.062
0.0547(13)
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H16A
H16B
H16C
C17
H17A
H17B
H17C
C18
H18A
H18B
H18C
N2A
C10A
C11A
H11C
H11D
C12A
H12C
H12D
C13A
H13C
H13D
C14A
C15A
H15D
H15E
H15F
C16A
H16D
H16E
H16F
C17A
H17D
H17E
H17F
C18A
H18D
H18E
H18F
C19
C20
H20A
H20B
c21
H21A
H21B
C22
H22A
H22B
Cc23
C24
H24A

0.334648
0.274211
0.326916
0.2010(2)
0.161698
0.206200
0.222638
0.2073(2)
0.167733
0.229035
0.216390
0.27960(7)
0.302(2)
0.2620(5)
0.278599
0.251095
0.2077(4)
0.218161
0.179698
0.1823(4)
0.176649
0.146523
0.2248(5)
0.3473(5)
0.363682
0.376072
0.331011
0.3266(5)
0.343453
0.296690
0.354670
0.2094(4)
0.169384
0.219370
0.229049
0.2292(4)
0.193717
0.258137
0.238611
0.51820(7)
0.52709(8)
0.491310
0.539732
0.56921(9)
0.606124
0.571854
0.55100(8)
0.579100
0.515711
0.54311(7)
0.46758(8)
0.472927

0.499190
0.496940
0.512129
0.6722(3)
0.668300
0.707611
0.677838
0.5550(3)
0.554073
0.552911
0.520096
0.62157(8)
0.584(2)
0.5657(5)
0.534945
0.601578
0.5369(6)
0.501218
0.523969
0.5951(6)
0.632577
0.583148
0.6056(6)
0.6245(6)
0.603996
0.632194
0.663437
0.5244(5)
0.497756
0.502485
0.536638
0.6519(5)
0.650146
0.692309
0.644285
0.5579(6)
0.553577
0.568533
0.519306
0.79215(8)
0.77282(9)
0.759234
0.808635
0.72171(9)
0.736057
0.709207
0.66763(9)
0.634881
0.651432
0.68420(8)
0.83436(9)
0.868209

0.054657
0.051942
0.115415
0.0926(3)
0.082728
0.070952
0.137081
0.0960(3)
0.085610
0.140731
0.076862
0.08901(8)
0.055(2)
-0.0058(5)
-0.022701
-0.033557
-0.0018(5)
0.026113
-0.043000
0.0266(5)
0.001704
0.025772
0.0911(4)
0.0523(5)
0.028385
0.094145
0.032686
0.0967(5)
0.077192
0.100818
0.137499
0.1238(5)
0.110636
0.114551
0.168144
0.1343(6)
0.136138
0.175132
0.120779
0.13789(8)
0.08185(9)
0.048595
0.066550
0.09642(9)
0.126670
0.058538
0.12271(9)
0.133592
0.090653
0.17998(8)
0.11477(9)
0.091493

26

0.082
0.082
0.082
0.0661(16)
0.099
0.099
0.099
0.0683(14)
0.102
0.102
0.102
0.0349(4)
0.0370(18)
0.064(2)
0.077
0.077
0.073(2)
0.088
0.088
0.062(2)
0.074
0.074
0.0411(16)
0.044(2)
0.067
0.067
0.067
0.053(2)
0.080
0.080
0.080
0.055(2)
0.082
0.082
0.082
0.070(3)
0.105
0.105
0.105
0.0196(4)
0.0272(4)
0.033
0.033
0.0298(4)
0.036
0.036
0.0251(4)
0.030
0.030
0.0185(3)
0.0269(4)
0.040
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H24B
H24C
C25
H25A
H25B
H25C
C26
H26A
H26B
H26C
c27
H27A
H27B
H27C
Cc28
C29
H29A
H29B
C30
H30A
H30B
31
H31A
H31B
32
C33
H33A
H33B
H33C
C34
H34A
H34B
H34C
C35
H35A
H35B
H35C
C36
H36A
H36B
H36C
C37
C38
H38A
H38B
C39
H39A
H39B
C40
H40A
H40B
Cc41

0.463018
0.434433
0.56786(8)
0.570468
0.601931
0.562843
0.51522(8)
0.537459
0.478207
0.512097
0.59985(8)
0.618156
0.594346
0.623001
0.43591(8)
0.44225(9)
0.419117
0.428324
0.50149(9)
0.524339
0.502906
0.52428(9)
0.563313
0.503015
0.52130(7)
0.37425(9)
0.354416
0.369018
0.359781
0.45670(9)
0.431697
0.494022
0.457609
0.53536(8)
0.571621
0.507131
0.536338
0.56549(8)
0.602412
0.560344
0.561840
0.32059(8)
0.28620(9)
0.283365
0.305480
0.22840(9)
0.207251
0.230616
0.19938(8)
0.162238
0.194205
0.23088(7)

0.850562
0.811269
0.82959(8)
0.867667
0.805910
0.839046
0.62998(8)
0.593127
0.623952
0.638092
0.69257(9)
0.652832
0.710234
0.719955
0.90769(9)
0.97736(9)
0.993657
0.994850
0.99782(9)
0.985431
1.042868
0.96906(9)
0.981763
0.984301
0.89904(8)
0.89261(11)
0.914032
0.848488
0.905646
0.88248(9)
0.895581
0.898037
0.837781
0.87578(9)
0.891587
0.889766
0.831047
0.87318(10)
0.881481
0.828995
0.892599
0.95043(8)
1.00868(9)
1.018844
1.042827
1.00251(10)
1.040562
0.995555
0.94928(10)
0.944405
0.958731
0.88885(9)

0.149964
0.088080
0.18306(9)
0.163256
0.194889
0.219814
0.19461(9)
0.199685
0.160796
0.232742
0.23643(9)
0.248911
0.270483
0.225650
0.39572(8)
0.39691(9)
0.355205
0.425096
0.41740(9)
0.460640
0.415028
0.37626(9)
0.390591
0.333717
0.37603(8)
0.36199(10)
0.381744
0.363617
0.318976
0.46152(9)
0.478814
0.487153
0.460473
0.32518(9)
0.331841
0.285160
0.325908
0.43711(9)
0.440257
0.438363
0.471574
0.12662(8)
0.11634(10)
0.154670
0.107175
0.06410(11)
0.060184
0.024873
0.07730(10)
0.042362
0.114382
0.08755(8)

27

0.040
0.040
0.0255(4)
0.038
0.038
0.038
0.0241(4)
0.036
0.036
0.036
0.0273(4)
0.041
0.041
0.041
0.0245(4)
0.0314(5)
0.038
0.038
0.0325(5)
0.039
0.039
0.0309(4)
0.037
0.037
0.0220(4)
0.0384(5)
0.058
0.058
0.058
0.0316(5)
0.047
0.047
0.047
0.0271(4)
0.041
0.041
0.041
0.0313(4)
0.047
0.047
0.047
0.0233(4)
0.0340(5)
0.041
0.041
0.0381(5)
0.046
0.046
0.0324(5)
0.039
0.039
0.0228(4)
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ca2
H42A
H42B
H42C
ca3
H43A
H43B
H43C
caa
H44A
H44B
H44C
cas
H45A
H45B
H45C
ca6
ca7
H47A
H47B
cas
HASA
H48B
ca9
H49A
H49B
50
cs51
H51A
H51B
H51C
52
H52A
H528
H52C
cs3
H53A
H53B
H53C
cs4
H54A
H54B
H54C
55
56
H56A
H56B
cs57
H57A
H57B
58
H58A

0.37251(8)
0.391383
0.397487
0.361818
0.33947(9)
0.363154
0.306980
0.360280
0.20537(8)
0.165907
0.209743
0.224042
0.22342(9)
0.184506
0.246580
0.234412
0.45656(8)
0.46760(8)
0.442399
0.459346
0.52708(8)
0.552644
0.532468
0.53934(8)
0.578235
0.515223
0.53019(7)
0.39382(8)
0.380113
0.385646
0.375617
0.48286(9)
0.464100
0.522192
0.479052
0.53139(8)
0.566188
0.500169
0.528591
0.57812(8)
0.613135
0.572168
0.579569
0.20120(10)
0.21250(10)
0.184122
0.208950
0.26963(10)
0.274039
0.298541
0.27583(10)
0.313236

0.95758(9)
0.995742
0.923066
0.958485
0.94339(10)
0.977943
0.942492
0.905253
0.84438(10)
0.839311
0.860448
0.804787
0.86214(11)
0.851125
0.825678
0.892614
0.53804(8)
0.50261(8)
0.517678
0.458862
0.50908(9)
0.492463
0.485894
0.57630(9)
0.580732
0.591588
0.61551(8)
0.53840(9)
0.496303
0.558575
0.560536
0.50489(9)
0.465740
0.497658
0.530154
0.68243(9)
0.690969
0.690659
0.708597
0.60617(9)
0.617490
0.631855
0.563204
0.44307(10)
0.48399(11)
0.475959
0.527216
0.47416(11)
0.499946
0.485831
0.40737(11)
0.400660

0.18803(10)
0.187732
0.193777
0.221790
0.07555(10)
0.077061
0.035380
0.081688
0.11618(10)
0.088610
0.155830
0.122505
0.02565(9)
0.000928
0.033047
0.003530
0.33662(8)
0.39547(9)
0.412301
0.385256
0.44423(9)
0.428601
0.481539
0.45991(8)
0.491234
0.478071
0.40361(8)
0.29622(9)
0.288420
0.257027
0.317375
0.30007(9)
0.285073
0.326839
0.265033
0.42189(9)
0.458282
0.431280
0.387816
0.38612(9)
0.420997
0.350616
0.375624
0.33975(12)
0.29543(13)
0.252920
0.305088
0.29850(12)
0.267393
0.339675
0.28625(11)
0.289085

28

0.0330(5)
0.050
0.050
0.050
0.0332(5)
0.050
0.050
0.050
0.0325(5)
0.049
0.049
0.049
0.0344(5)
0.052
0.052
0.052
0.0211(4)
0.0254(4)
0.030
0.030
0.0290(4)
0.035
0.035
0.0277(4)
0.033
0.033
0.0209(4)
0.0300(4)
0.045
0.045
0.045
0.0305(4)
0.046
0.046
0.046
0.0279(4)
0.042
0.042
0.042
0.0285(4)
0.043
0.043
0.043
0.0382(5)
0.0478(6)
0.057
0.057
0.0458(6)
0.055
0.055
0.0412(6)
0.049
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H58B
C59
C60
H60A
H60B
H60C
cel
H61A
H61B
H61C
C62
H62A
H62B
H62C
C63
H63A
H63B
H63C
Ce4
C65
H65A
H65B
C66
H66A
H66B
ce7
H67A
H67B
C68
C69
HE69A
H69B
H69C
C70
H70A
H70B
H70C
Cc71
H71A
H71B
H71C
C72
H72A
H72B
H72C
C73
C74
H74A
H74B
C75
H75A
H75B

0.248479
0.26748(8)
0.13849(11)
0.126919
0.130244
0.118425
0.23238(16)
0.217585
0.271799
0.227738
0.26371(11)
0.296285
0.230169
0.262256
0.31807(10)
0.350446
0.311113
0.325028
-0.04103(8)
-0.05258(9)
-0.019939
-0.084390
-0.06525(10)
-0.071277
-0.099291
-0.01646(11)
-0.024368
0.016837
-0.00438(9)
-0.01728(10)
-0.042134
-0.013769
0.019238
-0.09531(9)
-0.119252
-0.114040
-0.087386
0.05074(10)
0.049637
0.080688
0.057296
-0.04880(11)
-0.047036
-0.042452
-0.085396
0.03434(8)
-0.01559(9)
-0.027495
-0.004723
-0.06394(10)
-0.053215
-0.095825

0.397122
0.36473(9)
0.44646(11)
0.489314
0.426619
0.425616
0.46717(13)
0.507239
0.471018
0.438709
0.29959(11)
0.290825
0.295339
0.270805
0.36727(13)
0.351223
0.342551
0.409673
0.17506(9)
0.15229(10)
0.129433
0.123810
0.20423(11)
0.187825
0.225811
0.24819(12)
0.282160
0.226565
0.27456(9)
0.12078(10)
0.085655
0.131764
0.110243
0.19318(12)
0.157237
0.224473
0.209414
0.30848(12)
0.338697
0.279303
0.329221
0.32117(11)
0.355901
0.335460
0.302057
0.03234(9)
-0.00660(10)
0.003895
-0.050182
0.00268(11)
-0.009888
-0.022540

0.243826
0.33125(10)
0.32025(16)
0.316121
0.351514
0.280717
0.40545(14)
0.408504
0.415935
0.434042
0.30717(15)
0.300398
0.268269
0.337394
0.39407(12)
0.390397
0.423651
0.408386
0.14135(8)
0.07698(9)
0.079452
0.062184
0.03088(10)
-0.009676
0.025879
0.05473(10)
0.025065
0.057488
0.11835(9)
0.18522(10)
0.169339
0.226000
0.188343
0.14289(12)
0.134398
0.111630
0.183644
0.14301(11)
0.112655
0.150738
0.181471
0.11205(12)
0.087471
0.152978
0.091665
0.37763(9)
0.33765(11)
0.293866
0.343247
0.35331(13)
0.396342
0.325862

29

0.049
0.0293(4)
0.0621(9)
0.093
0.093
0.093
0.0703(10)
0.105
0.105
0.105
0.0532(7)
0.080
0.080
0.080
0.0523(7)
0.078
0.078
0.078
0.0253(4)
0.0346(5)
0.042
0.042
0.0429(6)
0.051
0.051
0.0457(6)
0.055
0.055
0.0315(5)
0.0396(5)
0.059
0.059
0.059
0.0460(6)
0.069
0.069
0.069
0.0521(7)
0.078
0.078
0.078
0.0518(7)
0.078
0.078
0.078
0.0276(4)
0.0377(5)
0.045
0.045
0.0469(6)
0.056
0.056
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C76
H76A
H76B
Cc77
C78
H78A
H78B
H78C
C79
H79A
H79B
H79C
C80
H80A
H80B
H80C
c81
H81A
H81B
H81C
C82
83
H83A
H83B
C84
H84A
H84B
C85
H85A
H85B
C86
c87
H87A
H87B
H87C
C88
H88A
H88B
H88C
C89
H89A
H89B
H89C
C90
H90A
H90B
H90C
N11
91
€92
H92A
H92B

-0.07983(9)
-0.111037
-0.092557
-0.03136(9)
0.07655(9)
0.085477
0.110292
0.060945
0.06286(10)
0.079146
0.035513
0.092058
~0.04799(10)
-0.083448
-0.051683
-0.019551
-0.02065(12)
-0.051952
0.013255
-0.016405
0.27721(8)
0.32433(9)
0.333748
0.357511
0.31003(10)
0.303248
0.341140
0.25867(12)
0.248817
0.266629
0.20942(10)
0.29190(10)
0.328594
0.264352
0.292180
0.27367(11)
0.307613
0.269366
0.241759
0.16355(14)
0.157577
0.174546
0.129211
0.18668(11)
0.170047
0.158519
0.216869
0.2084(8)
0.2496(4)
0.3036(2)
0.319553
0.330736

0.06997(11)
0.076500
0.081286
0.11180(10)
0.02801(10)
-0.014962
0.050015
0.046195
0.00571(10)
-0.034022
0.000618
0.033608
0.17755(11)
0.186440
0.183222
0.205282
0.10718(12)
0.124893
0.129510
0.064190
0.24819(10)
0.20704(13)
0.177170
0.232469
0.17306(14)
0.202327
0.146171
0.13531(12)
0.113077
0.104681
0.17456(11)
0.26886(14)
0.287940
0.298445
0.233444
0.30556(12)
0.329588
0.293649
0.330126
0.13091(15)
0.099570
0.111389
0.153900
0.21071(16)
0.182561
0.239503
0.233279
0.1077(9)
0.0715(5)
0.0753(3)
0.116681
0.045705

0.34505(13)
0.355534
0.301324
0.38551(10)
0.35152(11)
0.348991
0.378507
0.310336
0.44324(10)
0.442160
0.459327
0.469933
0.36528(13)
0.365806
0.323511
0.393507
0.45312(12)
0.457878
0.479042
0.465583
0.56663(9)
0.61050(10)
0.585932
0.633617
0.65551(11)
0.682580
0.681570
0.61999(11)
0.649348
0.594911
0.57773(9)
0.51538(11)
0.533534
0.488960
0.490799
0.60092(13)
0.613296
0.637560
0.573820
0.53620(12)
0.561520
0.506901
0.513666
0.61543(13)
0.633979
0.588553
0.647974
0.3077(6)
0.3456(4)
0.3378(2)
0.349433
0.365995

30

0.0459(6)
0.055
0.055
0.0328(5)
0.0369(5)
0.055
0.055
0.055
0.0424(6)
0.064
0.064
0.064
0.0461(6)
0.069
0.069
0.069
0.0519(7)
0.078
0.078
0.078
0.0335(5)
0.0481(6)
0.058
0.058
0.0532(7)
0.064
0.064
0.0521(7)
0.063
0.063
0.0403(5)
0.0549(7)
0.082
0.082
0.082
0.0533(7)
0.080
0.080
0.080
0.0787(12)
0.118
0.118
0.118
0.0627(8)
0.094
0.094
0.094
0.0258(17)
0.0376(15)
0.0501(12)
0.060
0.060
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o3

H93A
H93B
Co4

H94A
H94B
C95

C96

H96A
H96B
H96C
Cc97

H97A
H97B
H97C
98

H98A
H98B
H98C
C99

H99A
H99B
H99C
N11A
C91A
C92A
H92C
H92D
C93A
H93C
H93D
C94A
H94C
H94D
C95A
C96A
H96D
H96E
H96F
C97A
H97D
H97E
H97F
C98A
H98D
H98E
H98F
C99A
H99D
H99E
H99F
C100

0.29378(19)
0.278950
0.329048
0.2521(2)
0.267735
0.245203
0.1977(4)
0.2629(5)
0.294784
0.230766
0.271631
0.2307(3)
0.257565
0.228033
0.194354
0.16093(18)
0.155274
0.178847
0.125083
0.1642(2)
0.152643
0.131350
0.187216
0.2087(8)
0.1959(5)
0.2018(2)
0.170366
0.198754
0.2535(3)
0.284811
0.251395
0.2640(3)
0.236587
0.301295
0.2602(4)
0.1358(3)
0.123972
0.131562
0.113026
0.2322(4)
0.216525
0.269681
0.233674
0.2521(5)
0.281904
0.216353
0.252809
0.3135(2)
0.344635
0.311642
0.318819
0.04312(8)

0.0618(2)
0.019941
0.064718
0.1087(3)
0.150293
0.100797
0.1050(4)
0.0979(5)
0.076186
0.092445
0.141428
0.0043(3)
-0.019488
-0.012251
0.002047
0.1583(2)
0.156765
0.196935
0.155392
0.0476(2)
0.050489
0.044651
0.011200
0.1106(9)
0.0934(5)
0.0249(2)
0.003483
0.018029
-0.0032(3)
0.012128
-0.047978
0.0120(3)
-0.010114
-0.002853
0.0804(5)
0.1090(4)
0.090708
0.153468
0.093004
0.1274(4)
0.122865
0.110281
0.170776
0.0829(5)
0.060239
0.064610
0.125543
0.1112(4)
0.092460
0.154746
0.106419
0.40672(9)

0.2721(2)
0.260268
0.268763
0.2293(3)
0.240560
0.186262
0.2342(4)
0.4108(5)
0.442104
0.419155
0.411990
0.3390(3)
0.373519
0.300247
0.339101
0.19836(18)
0.155554
0.217052
0.199512
0.2019(3)
0.157573
0.209445
0.218295
0.2992(7)
0.2440(5)
0.2357(3)
0.237987
0.193901
0.2805(3)
0.273421
0.274627
0.3478(3)
0.357113
0.376523
0.3585(4)
0.2040(2)
0.163198
0.199892
0.222939
0.2202(4)
0.175442
0.239291
0.230714
0.4161(6)
0.449010
0.408146
0.428721
0.3676(3)
0.402499
0.375807
0.330307
0.44309(9)

31

0.0419(11)
0.050
0.050
0.0348(11)
0.042
0.042
0.0256(13)
0.063(3)
0.094
0.094
0.094
0.0609(15)
0.091
0.091
0.091
0.0353(10)
0.053
0.053
0.053
0.0539(14)
0.081
0.081
0.081
0.0246(16)
0.0337(16)
0.0462(12)
0.055
0.055
0.0575(14)
0.069
0.069
0.0558(15)
0.067
0.067
0.0351(16)
0.069(2)
0.104
0.104
0.104
0.0614(19)
0.092
0.092
0.092
0.0430(19)
0.064
0.064
0.064
0.0657(17)
0.099
0.099
0.099
0.0289(4)
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C101
H10A
H10B
C102
H10C
H10D
C103
H10E
H10F
C104
C105
H10G
H10H
H10l
C106
H10J
H10K
H10L
Cc107
H10M
H10N
H100
C108
H10P
H10Q
H10R

Ueq is defined as 1/3 of the trace of the orthogonalized Uj tensor.

~0.00032(10)
-0.006929
0.014111
-0.05435(10)
-0.048952
-0.081571
-0.07628(9)
-0.110975
-0.085153
-0.03495(8)
0.09140(12)
0.106259
0.120514
0.078354
0.06694(11)
0.086543
0.036787
0.092768
-0.05646(9)
-0.093896
-0.057352
-0.031938
-0.03275(12)
-0.068921
-0.004543
-0.023362

References

[1c2]
[2¢2]
[3c2]

[4c2)
[5C2]
[6C2]

[7¢C2]
[8C2]

[9C2]

[10c2]
[11c2)

0.41389(13)
0.373665
0.441745
0.43851(16)
0.480501
0.440162
0.39785(12)
0.415635
0.357150
0.39025(9)
0.36994(13)
0.391035
0.365952
0.329273
0.46889(12)
0.486406
0.496224
0.463911
0.33879(11)
0.348740
0.300617
0.334007
0.44783(12)
0.454604
0.442992
0.482902

0.46661(11)
0.480786
0.502484
0.41900(14)
0.407513
0.436140
0.36227(12)
0.330596
0.373325
0.33516(9)
0.49063(11)
0.530376
0.476983
0.494961
0.43887(12)
0.480176
0.413041
0.420690
0.28784(10)
0.256731
0.308484
0.267956
0.30095(13)
0.265935
0.286059
0.328871

0.0489(6)
0.059
0.059
0.0667(9)
0.080
0.080
0.0446(6)
0.054
0.054
0.0239(4)
0.0603(8)
0.090
0.090
0.090
0.0500(6)
0.075
0.075
0.075
0.0370(5)
0.055
0.055
0.055
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0.085
0.085
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Computational Data
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Figure S 19: Excerpt of the occupied molecular orbitals of 1nmez (a) and 2nme2 (b) showing o bonding
between the GaNMe: ligand and the transition metal (HOMO-14 and HOMO-15 respectivelly).

[Ru(GaTMP)s]:

Figure S 20: Optimized structure of a) 1se and b) 17s.

1, xyz Coordinates:

Ru 10.9625336746 4.8135270062 14.0514953028
Ga 8.9579178587 4.2189633336 15.0126425439
Ga 9.8770435308 4.0789227423 12.1584183817
Ga 10.9386770320 7.1139679443 14.0382222113
N 7.2652546234 3.6652428843 15.5932863857

N 8.7726702528 3.4898159543 10.7665230187

N 10.9056697601 9.0005334848 14.1097230863
C4.8301064920 4.1317936911 15.7352420791
C5.8713449542 2.4080402624 17.2133004052
C5.8600405684 3.4841309639 13.4978390880

33

C6.3877457719 5.6884313486 14.5450005207
C7.2395033664 1.1420891350 15.4789396073
C8.3745323128 2.3658680583 17.3308440194
C6.7269503017 4.0169690516 9.4723890665
C7.3005757982 1.6429504311 10.0095849464
C8.9966597734 4.7891277876 8.6109386698

C 8.0069629197 5.8108922599 10.6579394186
C€9.7579611560 1.6503612586 9.3411495329
C€9.0920813914 1.2570767085 11.7104041606
C€11.9601551507 9.7222856711 14.8645940913
C10.7970217487 11.9725808586 14.3461227313
C12.1092358699 11.1619727122 14.3254773931

122



7 SUPPORTING INFORMATION

C10.1311397123 10.0411664024 11.9715884888
€ 8.5193821530 8.9054217694 13.5098876655
Ga 12.9762646072 4.1807476768 13.1316079506
Ga 12.0165675792 4.1605201435 15.9903427778
N 14.6709382700 3.5625324678 12.6160072475
N 13.0698825507 3.6214094338 17.4389295818
C17.1316882719 3.8901040023 12.5946050529
C16.0883749377 2.1383904310 11.1544129397
C€15.9511821866 3.4066585609 14.7944389532
C15.5976966386 5.5841805791 13.6232781188
C14.5230240929 1.0518010290 12.8404208859
C13.6018440528 2.2551398413 10.8595580861
C 15.0999086614 4.1835746563 18.7428303443
C14.5138788787 1.7937841044 18.2906799962
C12.8229177704 5.0056346964 19.5388150788
C13.8515563602 5.9394818413 17.4703982589
C12.0494266427 1.8525301282 18.9262226615
C12.7399213860 1.3523272157 16.5841297374
C11.6380958506 9.7373499476 16.3815887469
C 13.3038039387 8.9884343959 14.6686072505
H 12.4300502316 10.2532915148 16.9654349045
H 11.5543556388 8.6957918508 16.7559121577
H 10.6734755076 10.2384957270 16.5905802071
H 13.5838976976 8.9660529347 13.5964457460
H 13.2414946906 7.9356340195 15.0244277242
H 14.1177305163 9.4785974290 15.2415144565
H 12.8999806927 11.6855973466 14.9030753030
H 12.4888106437 11.0840429407 13.2857526905
C€9.5483152860 11.0751641443 14.2234093006
H 10.8197263768 12.7146616193 13.5213152336
H 10.7241165747 12.5657065981 15.2812711033
C€9.8063427032 9.7558640850 13.4611196930

H 10.3004206797 9.0839321851 11.4366468426
H 11.0492705293 10.6489235430 11.8592948055
H 9.2999060960 10.5794418249 11.4680106245
H 8.6603166301 7.9342194048 12.9847899662

H 7.6756085754 9.4246478261 13.0107952100

H 8.2328982865 8.6850979071 14.5578911945

H 8.7209825772 11.6249473703 13.7269729730
H 9.1749928126 10.8035079140 15.2327060104
C17.2880334583 2.4717766675 12.0428883480
H 18.2316312596 2.3845600414 11.4644275089
H 17.3702136381 1.7398736750 12.8758689428
C15.8224164312 4.0749305659 13.3984401742
H 17.1187640365 4.6042916644 11.7420232113
H 17.9938768686 4.1687949135 13.2372986592
H 15.4866436501 6.1115975671 12.6549751853
H 16.4447606700 6.0320247059 14.1812643287
H 14.6770073613 5.7741481764 14.2195026956
H 16.1972883397 2.3301673774 14.7256890104
H 15.0000578503 3.4958111234 15.3598752063
H 16.7489714372 3.8917284257 15.3953985252
C14.7386554933 2.2673285545 11.9010305197
H 16.1730063927 1.1147802623 10.7310032812
H 16.0771542632 2.8434716075 10.2942680053
H 13.6897826785 3.1199813023 10.1719471083

34

H 12.6058876085 2.3088206831 11.3547338405
H 13.6142125650 1.3204281703 10.2631422014
H 14.4599169910 0.1044601896 12.2651970356
H 13.5753082257 1.1779014626 13.4038452141
H 15.3394394035 0.9406602090 13.5785306276
C8.7348143902 2.0457210229 10.4363213734
H9.5011654688 2.0649644059 8.3488279705

H 9.8146578089 0.5470682437 9.2345802765

H 10.7649644444 2.0266333716 9.6114890625
H9.0315899020 0.1655973182 11.5258582574
H 8.3999773155 1.5111052469 12.5380954158
H 10.1276615138 1.4745593987 12.0543903201
C6.7107988034 2.5782805391 8.9526750966

H 6.6526392401 1.6711949847 10.9130108018
H 7.3097442468 0.5910068499 9.6524838899

H 7.2845180220 2.5034415782 8.0036217266

H 5.6726237765 2.2712010332 8.7064420788
C8.1459092619 4.4922232884 9.8723919935

H 8.5748679093 5.6447833626 8.0438447365

H 9.0460058057 3.9264057566 7.9213211485

H 10.0343651809 5.0433539331 8.9074574252
H 6.0786134259 4.0785616995 10.3738254227
H 6.3050135874 4.7188472701 8.7216925023

H 7.4994804331 6.5820891271 10.0445257631
H 9.0000928560 6.2204588690 10.9462372057
H 7.4180086216 5.6572469113 11.5843126381
C 15.0976106490 2.7660237891 19.3173278346
H 16.1301407296 2.4610086016 19.5886659319
H 14.5119182645 2.7322690053 20.2615507201
C13.0892759659 2.1916470810 17.8279355138
H 13.4493325536 1.5530227378 15.7567695425
H 11.7145073692 1.5709495357 16.2121286877
H 12.7775355711 0.2699622442 16.8207142529
H 14.4897969869 0.7575342001 18.6905259826
H 15.1740782325 1.7786092373 17.3960550208
H 11.0522481618 2.2377069524 18.6343330424
H 12.3059629675 2.2953378266 19.9062390313
H 11.9717746298 0.7547539454 19.0698071699
C13.6904872823 4.6532011592 18.3034158203
H 14.4584597926 5.7485683281 16.5626023563
H 14.3505187000 6.7316444833 18.0636088932
H 12.8667976376 6.3430000918 17.1469589081
H 15.7618068028 4.2060123680 17.8495353792
H 15.5162192107 4.9104199521 19.4726692791
H 11.7906249033 5.2511517468 19.2171370630
H 13.2405272916 5.8833907058 20.0743543180
H 12.7601429384 4.1740615413 20.2646272421
C7.1695252767 2.4092795883 16.3706773971
H 8.1517343560 1.1774217052 14.8483934635
H 6.3688255403 1.0543924199 14.8027716134
H 7.2797848787 0.2194927509 16.0948921089
H 9.3334428318 2.3276392945 16.7664032801
H 8.3436300528 1.4624021544 17.9727530077
H 8.3917554505 3.2639472719 17.9805714251
C4.6344678147 2.7608148572 16.3852663877
H 5.9873592813 3.1636498207 18.0209980554
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7 SUPPORTING INFORMATION

H 5.7569823827 1.4197367098 17.7076900948
H 4.4507420771 1.9838199734 15.6112198202
H 3.7302389031 2.7682711278 17.0295394034
€ 6.0996881490 4.2045964684 14.8515562383
H 6.7871206285 3.4832395403 12.8864424201
H 5.0665702807 3.9946085272 12.9123537424
H 5.5461806609 2.4311078163 13.6284945410
H 7.2848026099 5.8057866747 13.8969637041
H 6.5737994021 6.2522166990 15.4809962390
H 5.5364488709 6.1548198075 14.0093739252
H 4.9265679624 4.8946442230 16.5386492661
H 3.9465777167 4.4164654239 15.1249325111

178 xyz Coordinates:

Ru 10.9960661057 5.2950792211 14.7553608959
Ga 8.9365156732 4.5952911650 15.5242060805
Ga 10.1812988955 4.5766342018 12.7372900256
Ga 10.8261779161 7.6012877159 14.9345262222
N 7.2884104954 3.7613663868 15.8493753990

N 9.4678463089 3.8613586937 11.1616235026

N 10.6129452030 9.4187172177 14.4612604936
C4.8222482441 3.7734522587 15.5758516734
C5.8923694881 2.2620899468 17.2520466376
C6.3031847053 3.2933354109 13.5646995946

C 6.2554597976 5.5724354064 14.5845626443
C7.7561108540 1.2819711847 15.8179847103
C8.2926349470 2.6989076814 17.8031421131
C7.5936662334 4.0023578549 9.5435611500
C8.5796213029 1.7825466063 10.1391115300
C9.7364573791 5.3062317068 9.1065748820
C8.2288640347 5.9544547202 10.9780153884
C11.0504638696 2.3497192913 9.9049345633
C10.1121617717 1.7058383444 12.1185784118
C11.4517973930 10.4822032574 15.0573435648
C10.5573071926 12.1794782262 13.3238447906
C11.7962790845 11.5408116625 13.9839752345
C€10.3224333920 9.3402959684 11.9843149240
C8.3831369647 8.9355841143 13.5198222913
Ga 13.0269030191 5.3174201118 13.6761095294
Ga 11.9752558654 3.7392130791 16.1433800546
N 14.5661679606 5.1868654999 12.6183635416
N 12.8671204094 2.3114802125 16.9706872567
C16.7538761436 4.1390831383 12.0922510939
€ 16.0035200151 6.1678013058 10.8469534696
C 14.6306204276 2.7380649672 11.9985485962
C15.5075561514 3.5673784136 14.1859176636
C13.6237363989 5.4687472679 10.2907897345
C 14.0485781919 7.4224406840 11.7896939795
C 14.9843309525 1.7303315275 18.1235086535
C13.9360125795 0.1174726624 16.5274945855
C12.9248177362 2.3343157688 19.4953497329
C 14.0924595164 4.0700105005 18.1443352448
€ 11.5389453532 0.2005836791 17.3795778447
C12.0848257091 0.9725076643 15.0782880777

35

C10.7507496573 11.1377428379 16.2750577105
C12.7696116213 9.8530963573 15.5517095094
H 11.3841295131 11.9260693751 16.7348068968
H 10.5424103412 10.3651416475 17.0430587147
H 9.7824801525 11.5946790383 15.9965154446
H 13.3259180311 9.3930438738 14.7095011509
H 12.5764799579 9.0589038658 16.3080599075
H 13.4205457068 10.6094277021 16.0363142251
H 12.4439692758 12.3223044554 14.4345919233
H 12.4140373561 11.0327336122 13.2141715956
C9.3317938168 11.2447041974 13.3478774781
H 10.8085415656 12.4603061172 12.2798933606
H 10.2945785083 13.1293671715 13.8341293128
C9.6877233741 9.7419995389 13.3417536544

H 10.5665105901 8.2572144275 11.9953164414
H 11.2674658780 9.8854807218 11.7954993800
H9.6351160632 9.5317774944 11.1329170473

H 8.5923035530 7.8437733342 13.5432653542

H 7.6780088085 9.1208774704 12.6832605946

H 7.8864735059 9.2052827692 14.4732017857

H 8.6629391314 11.4557018676 12.4871041596
H 8.7270448185 11.4378713793 14.2577168973
C16.7205309251 4.8221619432 10.7239988158
H 17.7528720449 4.9686789073 10.3427719990
H 16.2077135842 4.1764048129 9.9782710931
C15.3433309184 3.9272083057 12.6952252477
H 17.3327623650 4.7794131328 12.7932066930
H 17.2774542535 3.1606304250 12.0416817216
H 15.9906217380 4.4010456355 14.7337758064
H 16.1263120577 2.6551225737 14.3069013649
H 14.5309566007 3.3546076040 14.6754276486
H 14.5527335723 2.8748639798 10.9035307992
H 13.5986750379 2.6289898005 12.3936682309
H 15.1694796338 1.7846522848 12.1792668285
C 14.5635142759 6.0236491141 11.3928374822
H 15.9719039803 6.6974157503 9.8709577751

H 16.5756530117 6.8138170579 11.5483111758
H 14.6797230175 7.8530922443 12.5923966297
H 12.9995294479 7.3837646595 12.1611355813
H 14.0546854739 8.1102176638 10.9200824266
H 13.5290791137 6.1797738076 9.4437513819

H 12.6095118495 5.2956545006 10.7076176021
H 13.9785506017 4.5055628898 9.8783908317
C€9.7989963703 2.4598469027 10.8121650439

H 10.8778267892 2.7618239266 8.8937117021

H 11.3595940273 1.2906741629 9.7841461247

H 11.8938845774 2.9088055186 10.3561524762
H 10.3277823720 0.6379886099 11.9140454441
H 9.2603780399 1.7623358808 12.8263932884

H 11.0053560732 2.1280440258 12.6284240878
C7.9858771809 2.6242912197 9.0077593427

H 7.7988989251 1.6264886435 10.9158425331

H 8.8770544519 0.7760462134 9.7745331455

H 8.7167721208 2.7268878652 8.1764496576

H 7.1000768302 2.1143586688 8.5742179831

C 8.7838991409 4.7503147293 10.1953220927
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7 SUPPORTING INFORMATION

H9.2158561476 6.0563718628 8.4756462481

H 10.1227763796 4.5183938901 8.4341152239
H 10.6087458308 5.7994343903 9.5804806745
H 6.8036716714 3.8736126375 10.3156649064
H7.1601617187 4.6365488132 8.7411232643

H 7.6921200756 6.6521931371 10.3045680746
H 9.0457630950 6.5345670342 11.4606246392
H 7.5275724257 5.6223100890 11.7688446495
C14.7065210277 0.2524813756 17.8421555624
H 15.6596026380 -0.3146071961 17.7895894589
H 14.1279733995 -0.1985231607 18.6772188148
C12.6119387336 0.9219522549 16.5242149113
H 12.8130801656 1.4708464245 14.4070641930
H 11.1274345538 1.5331948980 15.0135162182
H 11.8967891568 -0.0489646220 14.6918445707
H 13.7167029769 -0.9473918082 16.2985747966
H 14.5725268959 0.5017776524 15.7001686811
H 10.6259705781 0.8242588150 17.4442046623
H 11.8817377786 -0.0009292530 18.4111485851
H 11.2640183396 -0.7737517900 16.9249761327
C13.6911212631 2.5826239655 18.1707017401
H 14.6322254441 4.3207787821 17.2084715406
H 14.7498999937 4.3153418868 19.0027472074
H 13.2017230284 4.7336969801 18.2157082664
H 15.6295059991 2.1322945849 17.3113971310

H 15.5421975472 1.8600253215 19.0754141252
H 11.9610750723 2.8822821544 19.4809530939
H 13.5155820684 2.6900563897 20.3650517246
H 12.6998882382 1.2649670121 19.6643042287
C7.2942702837 2.5118711738 16.6442372817
H 8.7267359026 1.5024076726 15.3270724392
H 7.0351018865 1.0137143975 15.0234422250
H 7.8898763486 0.3893188894 16.4638607983
H 9.3306348836 2.8364761868 17.4261192464
H 8.3060908427 1.8087909481 18.4640479796
H 8.0279708998 3.5892948213 18.4076921193
C4.7678056944 2.3883848777 16.2230566480
H 5.7277348484 3.0170588652 18.0517237507
H 5.8798319810 1.2646373437 17.7411865349
H 4.8542648155 1.5931878793 15.4507080999
H 3.7829587303 2.2315067744 16.7111516890
C 6.1866553523 4.0662533487 14.9056625843
H 7.3005041390 3.4540042624 13.1045100221
H 5.5353451825 3.6378095784 12.8403129479
H 6.1681265599 2.2029084508 13.6923938951
H 7.2160617724 5.8389202112 14.0893884776
H 6.1726849821 6.1753664694 15.5108384400
H 5.4427927731 5.8688094089 13.8911148259
H 4.6537387927 4.5408317658 16.3630055590
H 4.0130957740 3.8973167117 14.8247327269

Figure S 21: Optimized structure of a) 1nmezsp and b) Tnmez 78.

1nmez sp Xyz Coordinates:

Ru 10.9097358574 4.6220579939 14.1831367948
Ga 8.9098995421 3.8123330315 15.0168153896
Ga 10.0241848266 4.2400610219 12.0795669431
Ga 10.9083481843 6.9284299560 14.1880693506
N 7.3113955296 3.1623922225 15.6814441479

N 9.3120987181 3.8914865989 10.4135840070

N 10.9079192730 8.7889013009 14.1935084266
C11.9931034639 9.5839961292 13.6503876482
Ga 12.9113134578 3.8185830582 13.3474117086
Ga 11.7941575450 4.2340036287 16.2860280201
N 14.5118322691 3.1730056029 12.6832350906

36

N 12.5040472232 3.8819937845 17.9521852793
C9.8220277624 9.5802973578 14.7406120450
C15.5931862892 4.0340911333 12.2448096291
C 14.7932701938 1.7564164804 12.5510796505
C9.0377645151 2.5467663862 9.9448285943
C8.9783485467 4.9329889811 9.4613869823
C12.7808112046 2.5365883681 18.4175038119
C12.8344258341 4.9215923528 18.9076396581
C7.0305103406 1.7449560055 15.8053277799
C6.2302336046 4.0205645186 16.1259793733
H 7.9023119141 4.9207716420 9.1999845041

H 9.5472229307 4.8239854287 8.5175937143
H9.2083922870 5.9252107611 9.8758519142
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H 7.9644534048 2.4037895406 9.7124382771

H 9.3134566020 1.8063238141 10.7098341566
H9.6079961288 2.3073770468 9.0261731177

H 9.0308034741 8.9285745015 15.1403758710

H 9.3609281267 10.2349237707 13.9747400724
H 10.1640142708 10.2358070815 15.5658559343
H 11.6507686577 10.2432099378 12.8282360946
H 12.7850712185 8.9349749650 13.2477136055
H 12.4533643967 10.2353113315 14.4195749340
H 14.9945656890 1.4732342378 11.4994272331
H 13.9383400716 1.1580997878 12.8986927868
H 15.6771474026 1.4553569618 13.1467040550
H 15.8396767761 3.8732628622 11.1771052355
H 16.5196376864 3.8583317362 12.8255947393
H 15.3193367940 5.0920872683 12.3674610326
H 12.6026483052 5.9144491691 18.4956642235
H 13.9101782372 4.9110447955 19.1702847237
H 12.2646690002 4.8086650527 19.8504308146
H 12.5074971677 1.7976703013 17.6501789959
H 12.2101091770 2.2934776592 19.3348867449
H 13.8541762520 2.3952418618 18.6506504304
H 6.5035562732 5.0793347961 16.0089739656

H 5.9851444690 3.8536157911 17.1930612220

H 5.3031255699 3.8477345721 15.5453579742

H 7.8852183537 1.1490215412 15.4531049560

H 6.1460030236 1.4471748947 15.2089883757

H 6.8306301584 1.4553496971 16.8554988393

1nme2 78 XyZ Coordinates:

Ru 10.7952760000 4.6513340000 13.9973720000
Ga 8.7759520000 3.7144370000 14.6245350000
Ga 9.9357500000 4.8118980000 11.8541710000
Ga 10.9358010000 6.9293790000 14.3357000000
N 7.1590560000 2.9699020000 15.1337100000

N 9.2390990000 4.9373470000 10.1512300000

N 11.0575650000 8.7659000000 14.6010700000
€ 12.1934920000 9.5554420000 14.1624060000
Ga 12.7199180000 3.7437210000 13.0887050000
Ga 11.5964710000 4.0750480000 16.0908770000
N 14.2699700000 3.0303340000 12.3672030000

[Mo(GaTMP)s]:

37

N 12.2210470000 3.5976490000 17.7591020000
€ 10.0273060000 9.5434980000 15.2641730000
C 15.4492080000 3.8264590000 12.0848440000
C 14.4068160000 1.6298140000 12.0154750000
C 8.8782730000 3.7781230000 9.3579490000
C€9.0217610000 6.2068150000 9.4843620000
C12.4546680000 2.2201630000 18.1479790000
€ 12.5381200000 4.5691000000 18.7881960000
C 6.8869370000 1.5472830000 15.0588350000
C 6.0497220000 3.7575420000 15.6362370000
H 7.9576660000 6.3514290000 9.2143650000

H 9.6124470000 6.2870540000 8.5511900000

H 9.3152480000 7.0422960000 10.1364910000
H 7.8061270000 3.7885170000 9.0813020000

H 9.0679190000 2.8510500000 9.9181590000

H 9.4606340000 3.7262450000 8.4175020000

H 9.1948750000 8.8962840000 15.5777380000
H 9.6106500000 10.3267820000 14.6008070000
H 10.4142340000 10.0525900000 16.1687030000
H 11.8953100000 10.3401780000 13.4396490000
H 12.9414570000 8.9170650000 13.6691710000
H 12.6940480000 10.0634510000 15.0099670000
H 14.6130280000 1.4946980000 10.9356470000
H 13.4830960000 1.0802550000 12.2489040000
H 15.2341480000 1.1457770000 12.5703710000
H 15.7080310000 3.8121240000 11.0079950000
H 16.3346140000 3.4596170000 12.6398900000
H 15.2865020000 4.8750310000 12.3741260000
H 12.3392870000 5.5902650000 18.4317370000
H 13.6036050000 4.5202280000 19.0858560000
H 11.9332360000 4.4098880000 19.7018750000
H 12.1949870000 1.5363500000 17.3268470000
H 11.8456300000 1.9337130000 19.0273080000
H 13.5156520000 2.0411320000 18.4098470000
H 6.3157050000 4.8242340000 15.6677200000
H 5.7608050000 3.4538430000 16.6614030000
H 5.1503540000 3.6550950000 14.9980490000
H 7.7628880000 1.0056510000 14.6726700000
H 6.0337200000 1.3260460000 14.3881390000
H 6.6420710000 1.1227620000 16.0520630000
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Figure S 22: Optimized structure of a) 2 and b) 2nme2.2:

2 xyz Coordinates:

Mo -1.0040099031 5.1244944252 7.9708433404
Ga 0.6236938715 6.7744001920 7.4118087707
Ga -1.4923485639 5.0588761973 5.6451842655
Ga -2.7117857684 3.4500624679 8.1140789332
Ga -0.3220855460 4.7320644589 10.2425172511
Ga 0.7355943818 3.5871958641 7.4304219203
Ga -2.4977513878 6.9781768936 8.3005511007
N 1.8560925146 8.0335399915 6.7436935581
N -1.7708883801 4.9305361204 3.7942314582
N -3.9920513729 2.0897476135 7.9009992579
N 0.5080917860 4.1878215122 11.8450945436
N -3.5528770584 8.5329823580 8.3569198368
C 1.4543788624 9.4575732199 6.8566246713

C 2.3571472315 10.3452228445 5.9665042697
H 2.0966632626 10.1423046603 4.9044477906
H 2.1164598097 11.4122814283 6.1596370400
C3.8464111515 10.0635981143 6.1632499318
H 4.4531339361 10.7137923205 5.4985062959
H 4.1582527585 10.3100644062 7.2016075582
C4.1167029706 8.5908522728 5.8573436452

H 5.1933779425 8.3434241291 5.9734773519

H 3.8549747957 8.3963778729 4.7940647947

C 3.2836748015 7.6298927027 6.7404694406

€ 0.0096111850 9.5753585545 6.3311576949
H-0.3370827234 10.6281917720 6.3508188056
H-0.7035264212 8.9896706578 6.9516724422
H -0.0563279330 9.1970858702 5.2918688137
C 1.4723165074 9.9692868129 8.3210033854

H 1.0675143392 11.0002040339 8.3965481850
H 2.4917023915 9.9753179708 8.7520221180

H 0.8477103868 9.3076014793 8.9575748332

C 3.3704396756 6.2235483600 6.1151224361

H 4.4237846511 5.8849156361 6.0410017213

H 2.9249281763 6.2296601245 5.1006299419

H 2.8316610180 5.4577193906 6.7145362676

C 3.8854944809 7.5605997694 8.1682972678

H 4.9149497472 7.1452759555 8.1553850741

38

H 3.2576609760 6.9094131019 8.8112118534
H 3.9299112208 8.5560392616 8.6493898859
C-2.8596625703 4.0392921656 3.3271380984
C-2.6201122999 3.6360647305 1.8520753482
H-1.7475751588 2.9467855159 1.8234667931
H -3.4977553379 3.0622263995 1.4852696075
C-2.3242648856 4.8349557826 0.9504860262
H-2.1414509894 4.4973518587 -0.0913614617
H-3.2039715235 5.5133391596 0.9018154790
C-1.1016048048 5.5776129854 1.4889586828
H -0.8503312485 6.4545462985 0.8551713075
H-0.2265107912 4.8920206373 1.4528652356
C-1.2765781618 6.0485397887 2.9538409585
C-2.8254422211 2.7568576490 4.1828762726
H -3.5688479206 2.0202699946 3.8157991352
H -3.0790234715 2.9564150950 5.2467486106
H-1.8197500957 2.2912248199 4.1485230818
C-4.2675557554 4.6708009834 3.4913994067
H-5.0670134426 3.9341123322 3.2665948996
H -4.4197941523 5.5418119584 2.8269652802
H -4.4041856459 5.0215762188 4.5352026233
C0.1110106971 6.4641480269 3.4815494273
H 0.5519880257 7.2587992686 2.8465411833
H 0.7986131548 5.5956093375 3.4920239123
H 0.0663799454 6.8708691885 4.5147513809
C-2.19831243397.2940152780 3.0148182393
H-1.7613851666 8.1471148798 2.4547856072
H-2.3368238928 7.6116239420 4.0692308775
H-3.2009021313 7.0939114971 2.5929436140
C-3.5604726363 0.6736998776 7.9286818575
C-4.3749626220 -0.1416194760 6.8923137796
H -4.0435516918 0.1698968075 5.8774796258
H -4.1254863508 -1.2193706595 6.9962352816
C-5.8828666164 0.0882126980 7.0085380471
H -6.2590372846 -0.2959344757 7.9816637535
H -6.4198532407 -0.4874763305 6.2255105185
C-6.1886578933 1.5805148405 6.8717978042
H -7.2790757895 1.7756934388 6.9583308556
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H-5.8785137332 1.9184721371 5.8584068931
C-5.4302063845 2.4411646595 7.9130584130
C-2.0754162485 0.6141727283 7.5204316200
H -1.7297390677 -0.4367789087 7.4550038652
H-1.4241200879 1.1268283618 8.2613044061
H-1.9154912177 1.0963430289 6.5347950144
C-3.6731240900 0.0329635493 9.3359555422
H -3.2061072984 -0.9739082100 9.3487145146
H -4.7202026729 -0.0831621165 9.6715999043
H -3.1506645188 0.6680662153 10.0793515310
C-5.5624160805 3.9198398182 7.5012250608
H -6.6281919409 4.2197162373 7.4466071919
H -5.0988444120 4.1012771798 6.5104138454
H-5.0704121549 4.5917291815 8.2385197463
C-6.0780256401 2.2955823759 9.3139652065
H-7.1062313221 2.7135143616 9.3186385265
H-5.4739321772 2.8435448301 10.0649977955
H -6.1476157875 1.2423796953 9.6434361805
C1.4182521295 5.1289326772 12.5369422783
C2.6236973343 4.3556936930 13.1303059422
H 3.2596400700 4.0159920454 12.2836539833
H 3.2402545890 5.0514191969 13.7387938158
C2.2014603481 3.1334935775 13.9475780941
H 1.6380576098 3.4482817766 14.8528759911
H 3.0969636170 2.5919760766 14.3187935731
C 1.3448303432 2.2083379859 13.0815686081
H 1.0196441945 1.3119138773 13.6518574291
H 1.9612167495 1.8448717806 12.2299419296
C€0.0992467757 2.9219052010 12.4968755933
C1.9635761896 6.1246992390 11.4935138927
H 2.6923741272 6.8189395310 11.9575980977
H 1.1528082623 6.7469443748 11.0549293028
H 2.4686969147 5.5909587287 10.6636343442
C0.7106516669 5.9599330625 13.6383349111
H 1.3792061767 6.7594243961 14.0209241507
H 0.4010674132 5.3472463761 14.5053696288
H -0.1999957628 6.4361089384 13.2219709978
C-0.5158949168 2.0025480595 11.4242789628
H-0.7815813886 1.0175670221 11.8574826287
H 0.1955262031 1.8372410437 10.5907645732
H -1.4459569533 2.4385077016 10.9990755592
C-0.9751555929 3.1244213202 13.5964961054
H -1.3682729746 2.1480060755 13.9488377089
H -1.8204627420 3.7159334842 13.1907690058
H -0.5824154183 3.6607407735 14.4796099945
C-3.4055521167 9.4683853650 9.4956314155
C-4.8021682753 9.9128293797 9.9978056487
H -5.2840856332 9.0362720794 10.4846505828

H -4.6839552056 10.6936795118 10.7797942784

C-5.7043371021 10.4040373060 8.8635662042
H -5.2879674789 11.3315262535 8.4131603061
H -6.7036576964 10.6812507757 9.2603250532
C-5.8418908312 9.3137678233 7.7987662079
H -6.4854885614 9.6563012640 6.9600098702
H -6.3442919742 8.4309253707 8.2523333600
C-4.4738785006 8.8466897538 7.2399860601
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C-2.5371644311 10.7060757375 9.1507504399
H -2.3069296734 11.2901884019 10.0658655030
H -3.0353822348 11.3908956084 8.4403079877
H-1.5822058478 10.3823533271 8.6934516457
C-4.7015060983 7.5613280056 6.4221350936
H -5.4280731856 7.7382031941 5.6043103035
H -5.0894090971 6.7433887150 7.0626066983
H -3.7588234207 7.2088962718 5.9508840774
C-3.8967269601 9.9047900867 6.2640906264
H -4.5395128535 9.9988614768 5.3643257732
H -2.8822444443 9.6027495037 5.9366585285
H -3.8176334675 10.9088188352 6.7196644270
C-2.6937036902 8.7219890356 10.6407498195
H -1.6644754374 8.4151634776 10.3504135195
H -3.2553870829 7.8095612919 10.9300173811
H-2.6027577945 9.3712685441 11.5347236511
H 3.8769870714 2.7593594293 9.9304676861
C3.1799104212 3.0869444923 9.1324998484

H 3.5570942370 4.0369995289 8.7033460749

H 2.2071770383 3.2943822984 9.6292722692

H 5.0684929398 1.1992101145 8.3171364758

H 3.0262975238 0.4430464611 9.6025024586

H 4.9901105143 2.6721030350 7.3099331406
C4.4869158621 1.7017732913 7.5150539177
C3.0617505442 2.0045468320 8.0398941738
C2.4529952533 0.7401398818 8.6995374727

H 1.4074920359 0.9457833835 9.0074495582

C 4.4800899059 0.8727661890 6.2309488496

H 2.4321370865 -0.1280497456 8.0143993563
H 5.5186087935 0.6928022846 5.8818555222
N 2.2209567804 2.5443229126 6.9446908498
H 4.0414348690 -0.1313214610 6.4190829388
C3.6810905182 1.6149700629 5.1601093771

H 4.1873732974 2.5819743335 4.9466049774
C2.2280472160 1.9242392556 5.5976824112

H 1.7556093549 -0.1802954451 6.1390589621
H 2.2084036144 3.8962417206 4.6426131656
C1.3554262072 0.6448328460 5.5205161815

H 3.6584946635 1.0460123525 4.2062430814
C 1.6450662381 2.9435784715 4.5994053614

H 0.3316505108 0.8674244598 5.8835460034

H 0.5768179920 3.1707897918 4.8056107865

H 1.2793387312 0.2743387733 4.4768148906

H 1.6900711083 2.5515809257 3.5633356391

2nmez2 Xyz Coordinates:

Mo -0.7424650016 5.0773824570 7.6018918863
Ga 0.9337347424 6.7982788000 7.3014933744
Ga -1.3131041590 5.2232999193 5.2539878080
Ga -2.4280831163 3.3683485955 7.9044233666
Ga -0.1789219872 4.9175233866 9.9499529581
Ga 0.8917827461 3.3760556775 7.0642883623
Ga -2.3800745038 6.7796580258 8.1307987220
N 2.2169808259 8.1272303391 7.0773056192
N -1.7514482205 5.3180932974 3.4481599896
N -3.7289192271 2.0600468618 8.1460069301
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N 0.2507364902 4.7896704796 11.7560910797
N -3.6215513840 8.1055355254 8.5341432869
C1.8812261540 9.5334023328 6.9796045703
C3.6339450746 7.8402182440 6.9802074573
C-1.5847106025 6.5243426625 2.6627483761
C-3.4134109632 0.6490206262 8.2409868371
C-5.1412020028 2.3678759808 8.2458590302
C1.4788498068 5.3227150576 12.3109287651
C-0.6210373494 4.1559116581 12.7248356060
C-3.4686584504 8.9953992227 9.6678274361
C-4.8263050257 8.3208151209 7.7589595000
C2.7330891545 1.1822852726 7.6081750130

N 2.1249753890 2.0543551757 6.6237709163
C2.5712564379 1.8283545197 5.2635805435

H 2.3479223638 1.4063947160 8.6257589074

H 3.8461987383 1.2922247222 7.6432259445

H 2.5222140243 0.1025771851 7.4038675665

H 2.0649191457 2.5242304222 4.5611026126

H 2.3521940398 0.7882269511 4.9143058855

H 3.6734512262 1.9829242053 5.1467816949

H -4.3095297385 8.8985666247 10.3997176167
H -3.4296907703 10.0706614189 9.3605049721
H -2.5282152254 8.7759791436 10.2171029908
H -4.8796055890 7.6101735983 6.9065912642
H -4.8749030372 9.3540110764 7.3322042316
H -5.7545819167 8.1794361187 8.3678991989
H 3.8219951025 6.7482568192 7.0596866680
H 4.2237030555 8.3380189080 7.7904613870
H 4.0699161316 8.1816279594 6.0079259095

H 2.2062814786 9.9800782216 6.0064279468
H 2.3596910500 10.1402800400 7.7885447395
H 0.7835015745 9.6837875677 7.0605370973
H-2.3181104776 0.4829205173 8.1578696068
H -3.9018031118 0.0495770483 7.4320810643
H -3.7431012384 0.2061838109 9.2143093160
H-5.3129536331 3.4627113025 8.1681766263
H -5.5798372487 2.0320037140 9.2189367471
H -5.7403477008 1.8799290292 7.4364030221
H -1.5406123053 3.7697875535 12.2352677826
H -0.9457440425 4.8624212411 13.5297735108
H -0.1286606914 3.2900350113 13.2349471879
H 2.0974669107 5.7953958507 11.5183633163
H 2.1053872190 4.5304745657 12.7927648175
H 1.2876141206 6.1020632144 13.0909722809
H -0.8959133158 6.3718101947 1.7945034027
H -1.1575474907 7.3423513832 3.2817330961
H -2.5537801221 6.8966775803 2.2449580626
C-2.3125558872 4.1989486848 2.7191098031
H-1.6771794747 3.8985987946 1.8483010581
H -3.3302872001 4.4252107959 2.3122257069
H-2.4113375220 3.3090752287 3.37691854
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7.2 Supporting Information for Study
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Supporting Information

C—H and Si—H Activation Reactions at Ru/Ga Complexes: A
Combined Experimental and Theoretical Case Study on the
Ru—Ga Bond

Maximilian Muhr, Raphael Bihler, Hao Liang, Jonas Gilch, Christian Jandl, Samia Kahlal,
Jean-Yves Saillard,* Christian Gemel, and Roland A. Fischer*
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Experimental Section
Crystallographic Data

X-ray Crystallographic Details

Data were collected on a single crystal x-ray diffractometer equipped with a CMOS detector (Bruker
Photon-100), a TXS rotating anode with MoK, radiation (1 = 0.71073 A) and a Helios optic using the
APEX3 software package.! The measurements were performed on single crystals coated with
perfluorinated ether. The crystals were fixed on top of a kapton micro sampler and frozen under a stream
of cold nitrogen. A matrix scan was used to determine the initial lattice parameters. Reflections were
corrected for Lorentz and polarisation effects, scan speed, and background using SAINT.? Absorption
correction, including odd and even ordered spherical harmonics was performed using SADABS.? Space
group assignment was based upon systematic absences, E statistics, and successful refinement of the
structure. The structures were solved using SHELXT with the aid of successive difference Fourier maps,
and were refined against all data using SHELXL in conjunction with SHELXLE.**’ Hydrogen atoms
were calculated in ideal positions as follows: Methyl hydrogen atoms were refined as part of rigid
rotating groups, with a C—H distance of 0.98 A and Uisom) = 1.5 Ueq(c). Non-methyl H atoms were placed
in calculated positions and refined using a riding model with methylene, aromatic, and other C-H
distances of 0.99 A, 0.95 A, and 1.00 A, respectively, and Uiso(H) = 1.2:Ueg(C). Non-hydrogen atoms
were refined with anisotropic displacement parameters. Full-matrix least-squares refinements were
carried out by minimizing Zw(F,>-F.?)? with the SHELXL weighting scheme.® Neutral atom scattering
factors for all atoms and anomalous dispersion corrections for the non-hydrogen atoms were taken from
International Tables for Crystallography.® Images of the crystal structure were generated with Mercury
and PLATON.”® Deposition Number 2158227 contains the supplementary crystallographic data for this
paper. These data are provided free of charge by the joint Cambridge Crystallographic Data Centre and

Fachinformationszentrum Karlsruhe Access Structures service www.ccdc.cam.ac.uk/structures.
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Compound 1 (CCDC 2158227)

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

dx 70 mm

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

Crystal data

Cs6HeoGasRuSi

M,=831.16 Dx=1.399 Mg m™3
Monoclinic, P21/c Melting point: 2 K

Hall symbol: -P 2ybc Mo Ka radiation, A = 0.71073 A
a=19.487 (2) A Cell parameters from 9377 reflections
b=11.1759 (13) A 6=2.5-25.7°

c=19.650(2) A p=2.45mm!

B=112.779 (3)° T=100K

V'=3945.7 (1) A3 Fragment, yellow

Z=4 0.20x0.14x 0.11 mm

F(000) = 1708
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Data collection

Bruker D8 Venture

diffractometer 7224 independent reflections

Radiation source: TXS rotating anode 6728 reflections with /> 26(/)

Helios optic monochromator Rint =0.048
Detector resolution: 16 pixels mm! Omax = 25.4°, Omin = 2.3°
phi— and w-rotation scans h=-23 23

Absorption correction: multi-scan r=-13 11
SADABS 2016/2, Bruker - =

Tmin = 0.681, Tmax = 0.745 /=-23 23

82487 measured reflections

Refinement

Secondary atom site location: difference

Refinement on £ .
Fourier map

Hydrogen site location: inferred from
neighbouring sites

R[F?>20(F?)] = 0.025 H-atom parameters constrained

Least-squares matrix: full

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

WR(F?) = 0.065

§=1.04 (A/6)max = 0.022

7224 reflections Apmax=1.12e¢ A3

388 parameters Apmin=—0.85 ¢ A3

0 restraints Extinction correction: none
0 constraints Extinction coefficient: -

Primary atom site location: iterative
References

1) APEX suite of crystallographic software, APEX 3, Version 2019-1.0, Bruker AXS Inc., Madison,
Wisconsin, USA, 2019.

2) SAINT, Version 8.40A and SADABS, Version 2016/2, Bruker AXS Inc., Madison, Wisconsin, USA,
2016/2019.

3) G. M. Sheldrick, Acta Crystallogr. Sect. A 2015, 71, 3-8.

134



7 SUPPORTING INFORMATION

4) G. M. Sheldrick, Acta Crystallogr. Sect. C 2015, 71, 3-8.
5) C. B. Hiibschle, G. M. Sheldrick, B. Dittrich, J. Appl. Cryst. 2011, 44, 1281-1284

6) International Tables for Crystallography, Vol. C (Ed.: A. J. Wilson), Kluwer Academic Publishers,
Dordrecht, The Netherlands, 1992, Tables 6.1.1.4 (pp. 500-502), 4.2.6.8 (pp. 219-222), and 4.2.4.2 (pp.
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NMR spectra
J" J ’
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Figure S1: Proton NMR spectrum of 1 in CsDs.
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Figure S2: 13C NMR spectrum of 1 in CgDe.
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Figure S3: Heteronuclear Multiple Bond Correlation (HMBC) NMR spectrum of 1.
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Figure S4: HMBC zoomed-in.
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T, [ms]
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Figure S5: T values of the hydrides of 1 determined via NMR as a function of temperature.
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Figure S6:*H NMR spectrum of the reaction solution of 2 in toluene-ds.

138



7 SUPPORTING INFORMATION

: Ee
| 2636
13.0 14.0 -15.0 -16.0 -17.0 -18.0 -19.0 -20.0
f1 (ppm)
L l‘ M
_J
0 -5 -10 -15 -20 -25
1 (ppm)

Figure S7:'H NMR spectrum of the reaction solution of the benzene analogue of 2 in CeDe.
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LIFDI-MS spectra

[Ru(Gan*)s(SiEts)Hh
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Figure S8: LIFDI-MS of 1.
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[Ru(GaCp*),(Tol)H,]

[Ru(GaCp*)s]

[Ru(GaCp*)s(Tol)H,]

— [Ru(GaCp*)4H,]

ik .

—
200 400 600 800 1000 1200 1400 1600 1800 2000
m/z

Figure S9: LIFDI-MS of the reaction solution of [Ru(COD)(COT)] with GaCp* under H, after 1 hour.
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T [Ru(GaCp*),(Tol)H,]
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Figure S10: LIFDI-MS of the reaction solution of [Ru(COD)(MeAllyl),] with GaCp* under H; after 1 hour
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Figure S11: LIFDI-MS of the size-focused reaction solution of 2.
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4 [Ru(GaCp*)s(Cat)Hs]
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Figure S12: LIFDI-MS of the reaction solution of the analog of 2 in benzene.
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Figure S13: LIFDI-MS of the reaction solution of the analog of 2 in tert-butyl benzene.

m/z Composition
950.95 Ru,Cp*,Hg
1051.32 Ru;Ga;Cp*,
1020.25 Ru,Ga,Cp*,
1119.73 Ru,Ga,Cp*,H,
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1257.48 Ru,Ga,Cp*,H
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A e e e e e —- ;
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1466.15 Ru3GasCp*gH;
1498.21 RugGasCp*H,
1599.57 Ru,GasCp* H,
1668.37 Ru,GagCp* H,

Figure S14: LIFDI-MS of the reaction solution of [Ru(COD)(MeAllyl),] with GaCp* under dihydrogen in cyclohexane with the
sum formula of the RuGa polyhydride clusters obtained via Cp*t labelling experiments.
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Relative Intensity
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Figure S15: Experimental (top) and theoretical (bottom) pattern of [M-2H]*fragment of [Ru(GaCp*)s(SiEts3)Hs] (1).
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Figure S16: Experimental (top) and theoretical (bottom) pattern of [Ru(GaCp*)3(C;H;7)Hs] (2).

Relative Intensity

m/z

Figure S17: Experimental (top) and theoretical (bottom) pattern of [M-GaCp*-2H]*fragment of [Ru(GaCp*)s(C;H;)Hs] (2).
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Relative Intensity
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Figure S18: Experimental (top) and theoretical (bottom) pattern of [Ru>(GaCp*)4(Tol)H,]*.
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Figure S19: Experimental (top) and theoretical (bottom) pattern of [Ru,(Ga)(GaCp *)s(Tol)H]*.
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Figure S20: Experimental (top) and theoretical (bottom) pattern of [Rux(GaCp*)s(Tol)H.]*.
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Vibrational spectra
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Figure S21: ATR-IR spectrum of 1.
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Figure S22: Calculated IR spectra of 1.
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Figure S23: ATR-IR spectrum of the reaction solution of 2 (solvent evaporated of the window).
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Figure S24: Solid-state Raman spectrum of 1.
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UV-Vis spectra

3,0 - 226 nm
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Figure S25: UV-Vis of 1 in cyclohexane.
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Computational Results

Bonding details

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

Compound Distances (A) and WBI's into brackets

Ru-H (av.) Ru-Ga/P (av.) Ru-Si

[Ru(GaCp*)s(SiEts)Hs] (1) | 1.628[0.343]  2.381[0.361]  2.370 [0.283]
Ru(PMes)s(SiEts)Hs] 1.656 [0.374]  2.317[0419]  2.404 [0.277]
[Ru(GaCp*)sH,] 1,624 [0476]  2.350 [0.517] -

[Ru(PMes)sHs] 1.658 [0.509]  2.256 [0.600] -

Table S2. QTAIM descriptors of the Ru-E (E = Ga, P) bonds in 1, [Ru(PMe3)s(SiEts)Hs], [Ru(GaCp*)3H2] and
their triphenylphosphine analogues.??

Compound [Ru(GaCp*)s(SiEts)Hs] (1) [Ru(PMes)s(SiEts)Hs] [Ru(GaCp*)sHz] [Ru(PMes)sHz]
Ru -0.35 0.02 -0.17 0.07
Atom charge?
E 0.63 1.32 0.60 1.27
Delqcallsatlon o 0.87 0.94 1.06 1.00
index®
J2) 0.069 0.095 0.075 0.098
Vzp 0.122 0.166 0.133 0.179
. . -0.023 -0.043 -0.028 -0.045
bep indicatorsa? H
\Y 0,077 0.127 -0.088 0.135
|V|/G 1.426 1.512 1.467 1.500

aAveraged values. ® p, V?p, H, V and G are the electron density, Laplacian of o density, energy density,
potential energy density and kinetic energy density values at the bcp, respectively. All values in a.u.
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Crystallographic Dat

a

Figure S1: Crystal structure of [(dppe)Ru(GaCp*)s]. Co-crystallized molecule n-hexane and hydrogen atoms omitted for

Table S1: Crystallographic data

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

table for compound 4.

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

Unit cell dimensions

Volume

z

Density (calculated)
Absorption coefficient
F(000)

Diffractometer

CezHs3GasP2Ru

1200.45

100(2) K

0.71073 A

0.059 x 0.066 x 0.225 mm

red-orange fragment

monoclinic

P121/n1

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

5709.8(16) A3
4

1.397 g/cm?
1.753 mm?
2488

Bruker D8 Venture
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Radiation source

Theta range for data collection
Index ranges

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

Function minimized

Data / restraints / parameters
Goodness-of-fit on F2

D/Omax

Final R indices

Weighting scheme

Largest diff. peak and hole

R.M.S. deviation from mean

TXS rotating anode, Mo

2.41to 25.68°

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

10838 [R(int) = 0.1954]

99.9%

Multi-Scan

direct methods

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

10838 /0/630

1.021

0.001

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

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

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

0.982 and -0.774 eA’3

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

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

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

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

Unit cell dimensions

Volume

z

Density (calculated)
Absorption coefficient
F(000)

Diffractometer

Radiation source

CagHsgs.07GasP2Ru

1037.42

123(2) K

0.71073 A

0.238 x0.321 x 0.374 mm
orange block

orthorhombic

P212121

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

5107.(3) A3

4

1.349 g/cm?

1.948 mm?*

2172

Bruker D8 Venture

TXS rotating anode, Mo

158



7 SUPPORTING INFORMATION

Theta range for data collection
Index ranges

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

Function minimized

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

A/0max

Final R indices

Weighting scheme

Largest diff. peak and hole

R.M.S. deviation from mean

2.51t0 25.90°

-14<=h<=15, -23<=k<=23, -26<=I<=26
137547

9855 [R(int) = 0.0279]

99.3%

Multi-Scan

direct methods

SHELXT 2014/5 (Sheldrick, 2014)
Full-matrix least-squares on F?
SHELXL-2019/1 (Sheldrick, 2019)
3 w(Fo? - F2)?

9855 /101 /531

1.051

0.003

9563 data; 1>20(l) R1=0.0172,

all data wR2 =0.0451
R1=0.0183,
wR2 =0.0455

w=1/[0%(Fo?)+(0.0257P)?+1.6529P]
where P=(F,2+2F?)/3

0.485 and -0.396 eA*

0.049 eA’
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NMR spectra
| | [
10 5 0 -5 10 -5 20 25  -30

chemical shift (ppm)

Figure S3: 1H NMR spectrum of 1 after 30 min irradiation at 350 nm in C¢D1>.
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Figure $4: 'H NMR spectrum of 1 after 30 min irradiation at 350 nm in CsD1,. Excerpt of the aliphatic range.
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Figure S5:1H NMR spectrum of 1 after 30 min irradiation at 350 nm in CsD1,. Excerpt showing free hydrogen (4.54 ppm) and
free triethylsilane (3.69 ppm, H-Si).
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Figure S6: 'H NMR spectrum of 1 after 30 min irradiation at 350 nm in CsD1,. Excerpt of the hydridic range, showing two new
signals at -11.46 and -14.58 ppm.
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Figure S7: Full range *H NMR of 4 in C¢D1,. No new hydride signals.
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Figure $8: Zoomed into 'H NMR of 4 in CD1>.
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Figure S9: Zoomed into 'H NMR of 4 in CsD1, — aliphatic range.
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Figure 10: SFull range 13C NMR of 4 in C¢D;>.
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Figure S11: Zoomed into 13C NMR of 4 in CsD12.
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Figure $12: 13C NMR of 4 in CsD1, — aliphatic range.
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Figure $13: Full range DEPT 135 of 4 in CeD1>.
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Figure $14: Zoomed into DEPT 135 of 4 in C¢D1,. Negative 13C triplet (due to 31P coupling) of dppe H,C-CH, bridge.
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Figure S15: Full range HSQC spectrum of 4 in CeD12.
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Figure $16: HSQC spectrum of 4 in CsD1, — aliphatic range.
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Figure S17: HSQC spectrum of 4 in CsD1, — aromatic range.
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Figure S18: Full range 3P spectrum of 4 in CgD;>.
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Figure $19: Variable Temperature H-NMR spectra of 4 between -80 and 0 °C in n-hexane-d1a.
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Figure S20: Variable Temperature 31P-NMR spectra of 4 between -80 and 0 °C in n-hexane-d1s.
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Figure $21: 1H NMR spectrum of the reaction of 1 with H, under 1 h irradiation (350 nm).
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Figure S22: Excerpt of 'H NMR spectrum of the reaction of 1 with H, under 1 h irradiation (350 nm). Showing peaks of free
Cp*Hat 1.71 and 1.77 ppm.
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Figure S23: Full range stacked 'H NMR spectra of the conversion of 3-hexyne with 1 (5 mol%) under a dihydrogen
atmosphere (2 bar) at 350 nm. Hydride shift of 1 at -13.6 ppm; alkenes and hydrosilylation products between 4.75 and 6.0
ppm.
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Figure S24: Zoomed in stacked 1H NMR spectra of the conversion of 3-hexyne with 1 (5 mol%) under a dihydrogen
atmosphere (2 bar) at 350 nm. 3-Hexyne at 2.06 and 1.05 ppm; n-hexane (CH,) between 1.20 and 1.36 ppm; CHs of n-
hexane and hexenes between 0.85 and 1.01 ppm.
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Figure S25: Full range 'H NMR spectrum of the conversion of 3-hexyne (1.0 eq.) and HSiEts (5.0 eq.) with 1 (5 mol% against
3-hexyne) at 350 nm.

Hydrosilylation (m)
5.73
Hydrosilylation (m) HSIEt3 (m) Hexyne (m)
4.91 3.69

64 60 56 52 48 44 40 36 32 28 24 20 16 12 08 04 O
f1 (ppm)

Figure $26: Zoomed in *H NMR spectrum of the conversion of 3-hexyne (1.0 eq.) and HSiEts (5.0 eq.) with 1 (5 mol% against
3-hexyne) at 350 nm.
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Figure S27: Full range 'H NMR spectra of the conversion of 3-hexyne with 1 (1 mol%) under a dihydrogen atmosphere (2 bar)

after 24h at 350 nm.
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Figure $28: Zoomed in 'H NMR spectra of the conversion of 3-hexyne with 1 (1 mol%) under a dihydrogen atmosphere (2

bar) after 24h at 350 nm. Hexenes and hydrosilylation products between 4.75 and 6.0 ppm; n-hexane (CH,) between 1.20
and 1.36 ppm; CHs of n-hexane and hexenes between 0.85 and 1.01 ppm.
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LIFDI mass spectra

Rel. intensity
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Figure S29: LIFDI mass spectrum of 1 after 8 h irradiation in cyclohexane. Main pattern corresponds to 1 (m/z = 832.13)
[M-2H]*.
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Figure S30: Excerpt of LIFDI mass spectrum of 1 after 8 h irradiation in cyclohexane. No peaks at higher masses — barely any
cluster growth visible.
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Rel. intensity
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Figure S31: LIFDI mass spectrum of [(dppe)Ru(GaCp*)s] 4. [M]* (m/z = 1114.1656; calc. 1114.1671); [M-Cp*]* (m/z =
979.0478; calc. 979.0497); [M-2Cp*-Ga]* (m/z = 775.0068; calc. 775.0080). Main peak at m/z = 898.1727
attributed to [Ru(dppe),] (calc. 775.0080), formation assumed upon ionization.
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Figure S32: LIFDI mass spectrum of 4. Excerpt of isotopic pattern of 4. [M]* (m/z = 1114.1656; calc. 1114.1671).
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Figure S33: In situ LIFDI mass spectrum of the reaction 1 with 1 eq 1,2-bis(diphenylphosphino)benzene after 24 h irradiation
(350 nm).
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Figure $34: Excerpt of LIFDI mass spectrum of the reaction 1 with 1 eq 1,2-bis(diphenylphosphino)benzene (dppbz) after 24 h
irradiation (350 nm). Peaks assigned to: m/z = 1162.18 [(dppbz)Ru(GaCp*)s]* (calc. 1162.17); m/z = 1027.05 [M-Cp*]* (calc.
1027.05).
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Rel. intensity
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Figure S35: In situ LIFDI mass spectrum of the reaction 1 with 2 eq trimethyl phosphine after 24 h irradiation (350 nm).
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Figure S36: Excerpt of LIFDI mass spectrum of the reaction 1 with 2 eq trimethyl phosphine (PMes) after 24 h irradiation
(350 nm). Peak assigned to: m/z = 868.1195 [(MesP),Ru(GaCp*)s]* (calc. 868.1202).
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Rel. intensity
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Figure S37: In situ LIFDI mass spectrum of the reaction 1 with 2 eq triethyl phosphine after 24 h irradiation (350 nm).
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Figure S38: Excerpt of LIFDI mass spectrum of the reaction 1 with 2 eq triethyl phosphine (PEts) after 24 h irradiation
(350 nm). Peak assigned to: m/z = 952.2143 [(EtsP),Ru(GaCp*)s]* (calc. 952.2141).
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Rel. intensity
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Figure S39: In-situ LIFDI mass spectrum of catalytic hydrogenation of 20 eq 3-hexyne under irradiation.
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Figure S40: Excerpt of in-situ LIFDI mass spectrum of catalytic hydrogenation of 20 eq 3-hexyne under irradiation. Peak
attributed to [Ru(GaCp*)s(hexene)] (Az; m/z = 800.1251; calc. 800.1257) significantly more intense than peak attributed to
[Ru(GaCp*)s(hexyne)(hexene)] (B; m/z = 882.2044; calc. 882.2039). Inverse to reaction with higher 3-hexyne concentration.
Peak at m/z = 832 results from unconverted 1.
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Rel. intensity
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Figure S41: In-situ LIFDI mass spectrum of catalytic hydrogenation of 100 eq 3-hexyne under irradiation.
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Figure $42: Excerpt of in-situ LIFDI mass spectrum of catalytic hydrogenation of 100 eq 3-hexyne under irradiation. Peak
attributed to [Ru(GaCp*)s(hexyne)(hexene)] (B; m/z = 882.1997; calc. 882.2039) significantly more intense than peak
attributed to [Ru(GaCp*)s(hexene)] (Az; m/z = 800.1180; calc. 800.1257). Inverse to reaction with lower 3-hexyne
concentration. Peak at m/z = 832 results from unconverted 1.
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Figure S43: LIFDI mass spectrum of the reaction of 1 with H, under 3 h irradiation (350 nm).
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Figure S44: Excerpt of LIFDI mass spectrum of the reaction of 1 with H, under 3 h irradiation (350 nm). Peaks assigned to
composition as following: m/z = 1026.96 (Ru;Ga,Cp*sHs), m/z = 1612.60 (Ru3GasCp*sHs), m/z = 1710.07 (Ru,GasCp*;H3) and
m/z =1747.73 (RusGasCp *sHs).
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Figure S45: LIFDI mass spectrum after the catalytic conversion 3-hexyne with 1 and H, (2 bar) under 24 h irradiation (350
nm) in cyclohexane-d.
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Figure S46: Excerpt of LIFDI mass spectrum after the catalysis. Several new clusters are formed: m/z = 1024.00
(Ru2Ga,Cp*4H>); m/z = 1093.92 (Ru,GasCp*4H); 1481.96 (Ru,Ga;Cp*sSiEtsH); m/z = 1710.07 (Ru,GasCp*7Hs).
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IR spectra
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Figure S47: ATR-IR spectrum of [Ru(GaCp*)s(dppe)] (4). No typical Ru-H bands (range between 1600 and 2000 cm™).
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UV-Vis spectra
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Figure S48: UV-Vis of 1 in cyclohexane. Reprinted with permission.’s!
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1. Experimental Section

1.1. Cu/Zn Libraries

N
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o
/
\
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[CugZnyol(Cp*)g (F)

il A}  HCugZn,I(CP*(Mes) (€)

Library {1} /x
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[CU,Zng(CP™)(CO,),(HCO,) 2)

Supplementary Figure 1: Schematic overview of the different reactions investigated. The reaction of copper
mesityl with ZnoCp*; leads to the formation of library {1}, that contains, among others, the clusters
[H3CusZns](Cp*)s(Mes) (D) and [HCusZn3](Cp*)a(Mes)s) (E) and [CuaZni0](Cp*)s (F). Cluster F can be enriched,
isolated and obtained in acceptable purity form by targeted optimization of the synthesis parameters of {1}. The
treatment of {1} with CO> leads to the formation of library {2}, containing the clusters [CusZns](Cp*)s(CO2)2 (X)
and [CusZn3](Cp*)3(Mes)4(CO2) (Y). The treatment of {2} with H> leads to the formation of library {3}, in
particular containing the formate bearing cluster [Cui1Zne](Cp*)s(CO2)2(HCOz) (Z). Library {4}, obtained from
{1} under treatment with 3-hexyne and Ha, is catalytically active towards the semi-hydrogenation of 3-hexyne.
The isolated [CusZnio](Cp*)s (F) acts as a pre-catalyst for the semi-hydrogenation of 3-hexyne to cis-3-hexene.
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1.1.1. Mass Spectrometric Characterization

1.1.1.1. LIFDI Mass Spectra
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Supplementary Figure 2: Full range LIFDI mass spectrum of the Cu/Zn library {1}.

500 1000 1500 2000 2500
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Supplementary Figure 3: Full range LIFDI mass spectrum of the Cu/Zn library {1} with Cp*F* labelling.
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Supplementary Figure 4: Full range LIFDI mass spectrum of the Cu/Zn library {1} with °*Zn labelling.
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Supplementary Figure 5: Full range LIFDI mass spectrum of the reaction of the Cu/Zn library {1} with CO:
yielding {2}.
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Supplementary Figure 6: Full range LIFDI mass spectrum of the reaction of the Cu/Zn library {1} with CO2 and
Ho yielding library {3}.
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Supplementary Figure 7: Full range LIFDI mass spectrum of the reaction of the Cu/Zn library {1} with CO2 and
Ha with Cp*™ labelling yielding {3}.
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Supplementary Figure 8: Full range LIFDI mass spectrum of the reaction of the Cu/Zn library {1} with CO2 and
Ha with %Zn labelling yielding {3}.
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Supplementary Figure 9: Full range LIFDI mass spectrum of the reaction of the Cu/Zn library {1} with *CO2 and
Ho yielding library {3}.
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Supplementary Figure 10: Full range LIFDI mass spectrum of the reaction of the Cu/Zn library {1} with 3-hexyne

and H> yielding {4}.
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1.1.1.2. Composition Tables

Supplementary Table 1:List of all identified patterns in the LIFDI mass spectrum of the Cu/Zn library {1} with
composition and m/z, as well as indications if a species has been identified by Cp** labelling, ®Zn labelling or

both.

Composition m/z Cp ' Label  *7n Label
ZnCp*Mes 318,1289 v v
[CuZn](Cp*), 399,0865 v v
[Cus](Cp™), 461,0168 v v
[HCu,](Cp*), 524,9531 v v
[H,Cus](Cp*); 598,1309 v v
[CuZna](Cp*)s (A) 600,1593 v v
[H;Cu,Zn](Cp*), 600,1593 v v
[Cu,J(Cp*)(Mes), 627,0009 v v
[Cu,J(Cp*),(Mes) 643,0310 X v
[HCuyZn](Cp*), 661,0653 v v
[Cu,Zn;](Mes), 678,9015 v v
[HCus](Cp*),(Mes) 706,9671 v v
[HCu,](Cp*), 715,7538 v v
[HCuyZn,)(Cp*), {-2H} 724,9912 v v
[CusZn](Mes), 731,0599 v v
[Cu,J(Cp*)(Mes), 746,0845 v v
[HCu,Zn](Cp*), 788,924 v v
[Cu,Zn,](Cp*); 788,924 v v
[Cus](Mes), 792,9827 v v
[Cus](Cp*)(Mes), 809,0139 X v
[Cu](Cp*),(Mes), 825,0443 v v
[HCu,](Cp*),(Mes) 834,8236 v v
[HCu,}(Cp*), 850,8526 X v
[CuyZn,|(Cp*), 861,1030 v v
[CusZn](Cp*);(Mes) 907,0021 v v
[Cu;Zn,](Cp*), 927,0291 v v
[Cu,;(Cp*),(Mes), 952,9009 v v
[Cu,1(Cp*);(Mes) 968,9302 X v
[CusZn,)(Cp*), 988,9597 v v
[H,Cu,Zn](Cp*), 1050,8907 v v
[Cuy(Cp*),(Mes), 1071,9873 v v
[Cuy)(Cp*),(Mes), 1080,7580 v v
[Cu,](Cp*);(Mes), 1088,0089 v v
[Cu,y](Cp*);(Mes) 1096,7881 v v
[HCusZn,](Cp*),(Mes) 1108,0456 v v
[HCugZn](Cp*), 1114,8248 v v
[Cu3Zn,J(Cp*)s (B) 1128,0719 v v
[Cu,Zn](Cp*);(Mes), 1153,9412 v v
[Cu,Zn](Cp*),(Mes) 1169,9734 X v
[HCu,y]Cp*(Mes), 1184,8193 v v
[Cu;)(Cp*),(Mes), 1191,0795 v v
[Cuy](Cp*);(Mes), 1215,8734 v v

9

193



7 SUPPORTING INFORMATION

[CuyZn,](Cp*);(Mes)
[Cu,Zn,](Cp*),(Mes)
[Cu,Zn](Cp*),(Mes),
[Cu,Zn,](Cp*);(Mes),
[CuyZn](Cp*)5(Mes),
[Cu,Zn,](Cp*),(Mes)
[Cu,Zn](Cp*)5(Mes),
[H;CuyZns](Cp*)s(Mes) (D)
[Cu,Zn,;](Cp*);(Mes),
[Cuanz] (Cp*);(Mes)4
[HCuyZn,](Cp*),(Mes), (E)
[CuyZn;](Cp*),(Mes),
[Cu,(Zn,](Cp*),(Mes),
[CusaZno](Cp*)7
[Cu,Zn,](Cp*),(Mes)s
[Cu,Zn,()(Cp*),
{[Cu;Zn,J(Cp*)o(Mes), {-H}
[CuyZn, J(Cp*)s (F)

1226,6638
1233,9060
1257,0006
1336,9574
1400,8855
1442,0074
1461,8229
1504,8750
1521,9694
1583,9421
1603,9283
16658539
1751,8787
1789,4314
1831,8334
1852,8166
1975,6995
1989,9273

CAXCACNLNLANLNAX AN NAX K
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Supplementary Table 2:List of all identified molecular ions in the Cu/Zn library {1} with composition and m/z, as
well as indications if a species has been identified by Cp*™ labelling, ®®Zn labelling or both.

Composition m/z Cp ' Label ~ *Zn Label
[CuZna](Cp*)s (A) 600,1593 v v
[Cu,J(Cp*)(Mes), 627,0009 v v
[Cu,J(Cp*),(Mes) 643,0310 X v
[HCus])(Cp*),(Mes) 706,9671 v v
[Cu,J(Cp*)(Mes), 746,0845 v v
[Cus](Cp*)(Mes), 809,0139 X v
[Cus](Cp*),(Mes), 825,0443 v v

[CusZn](Cp*)5(Mes) 907,0021 v v
[HCusZn,](Cp*),(Mes) 1108,0456 v v
[Cu3Zn,J(Cp*)s (B) 1128,0719 v v
[Cu,Zn](Cp*);(Mes), 1153,9412 v v
[Cu,Zn](Cp*),(Mes) 1169,9734 X v
[Cu,Zn,](Cp*),(Mes) 1233,9060 X v
[Cu,Zn](Cp*),(Mes), 1257,0006 v v
[CuyZn](Cp*)3(Mes), 1400,8855 v v
[Cu,oZn](Cp*);(Mes), 1461,8229 X v
[H;CugZns](Cp*)s(Mes) (D) 1504,8750 v v
[Cu;Zn,;(Cp*);(Mes), 1521,9694 v v
[CusZnz](Cp*)s(Mes)s 1583,9421 v v
[HCuyZn,](Cp*),(Mes), (E) 1603,9283 v v
[CuyZn,](Cp*)(Mes), 1665,8539 v v
[Cu,¢Zn,](Cp*),(Mes), (C) 1751,8787 v v
[CuyZny J(Cp*)s (F) 1989,9273 v v
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Supplementary Table 3: List of all identified fragments in the Cu/Zn library {1} with composition and m/z, as well
as indications if a species has been identified by Cp** labelling, ®Zn labelling or both.

Composition m/z Cp ' Label " 7n Label
[CuZn](Cp*), 399,0865 v v
[Cu;](Cp*), 461,0168 v v
[HCu,](Cp*), 524,9531 v v
[HCu;Zn,](Cp*); {-2H} 724,9912 v v
[HCu,Zn](Cp*), 788,924 v v
[Cu,Zn,|(Cp*), 788,924 v v
[HCu,}(Cp*), 850,8526 X v
[Cu;Zn,])(Cp¥), 927,0291 v v
[CusZn,)(Cp*), 988,9597 v v
[H,Cu,Zn](Cp*), 1050,8907 v v
[HCugZn](Cp*), 1114,8248 v v
[CusZno)(Cp*) 1789,4314 v v

Supplementary  Figure 11: Calculated structures of a) [H3CueZns](Cp*)s(Mes) (D) and b)
[HCusZn3](Cp*)s(Mes)s (E). Color code: orange = copper, blue = zinc, grey = carbon and white = hydrogen.

Supplementary Table 4: List of all identified molecular ions in the Cu/Zn library {2} with composition and m/z,
species of the substrate library {1} reacting off, as well as indications if a new species (marked in bold) has been
identified by ®*Zn labelling, '3CO labelling or both.

Composition m/z Presence in {1} *7n Label CO; Label
[CuZn2)(Cp*)s (A) 600,1593 v
[CuJ(Cp*)(Mes), 627,0009 v
[Cu,J(Cp*),(Mes) 643,0310 v
[HCus](Cp*),(Mes) 706,9671 v
[Cu,J(Cp*)(Mes), 746,0845 v
[Cus)(Cp*)(Mes), 809,0139 v
[Cus](Cp*),(Mes), 825,0443 v
[CusZn](Cp*);(Mes) 907,0021 v
11
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[HCu,Zn,](Cp*),(Mes) 1108,0456 v
[CuyZn,)(Cp*)s (B) 1128,0719 v
[Cu,Zn](Cp*)5(Mes), 1153,9412 v
[Cu,Zn](Cp*),(Mes) 1169,9734 v
[Cu,Zn,](Cp*),(Mes) 1233,9060 v
[Cu,Zn](Cp*),(Mes), 1257,0006 v
[CuyZn](Cp*)5(Mes), 1400,8855 v
[CuyZn](Cp*)5(Mes); 1461,8229 v
[Cu,Zn,])(Cp*);(Mes), 1521,9694 v
[CusZns](Cp*)s(CO2)2 (X) 1542,9686 v v
[CusZn](Cp*)s(Mes)s 1583,9421 v
[CusZns](Cp*)3(Mes)s(CO2) (Y) 1630,9030 v v
[CuyZn;](Cp*),(Mes), 1665,8539 v
[Cu;pZn,)(Cp*),(Mes), (C) 1751,8787 v
[Cu,Zn,,](Cp*)g (F) 1989,9273 v
2C0,
HCp*
[H3C16Zns](Cp*)s(Mes) (D) [CusZns](Cp*)(CO2)2 (X)
Mes + 2 H,

or
Mesitylene + CuH

1535 1540 1545 1550

| <— Mesitylene
Cu,Mesy) ——

| H;

!

6.9 6.8 6.7 6.6 6.5 4.6 4.5 4.4
71 (ppm)

Supplementary Figure 12: Reaction scheme for the formation of species X from D in the conversion of {1} to {2}
upon addition of COz. The side products are identified by 'H-NMR spectroscopy and the pattern of the molecular
ion of X is shown (m/z = 1542,9686; see also Supplementary Table 4).
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HCp* + 0.5 Hy
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Supplementary Figure 13: Reaction scheme for the formation of species Y from E in the conversion of {1} to {2}
upon addition of CO». The side products are identified by 'H-NMR spectroscopy and the patter of the molecular
ion of Y is shown (m/z = 1630,9030; see also Supplementary Table 4).

Supplementary Figure 14: Calculated structures of a) [CusZns](Cp*)3(Mes)s(CO2) (Y) and b)
[CusZns](Cp*)s(CO2)2 (X). Color code: orange = copper, blue = zinc, grey = carbon, red = oxygen and white =
hydrogen.
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Supplementary Table 5: List of all identified molecular ions in the Cu/Zn library {3} with composition and m/z,
species of the substrate library {2} reacting off, as well as indications if a new species (marked in bold) has been
identified by ®*Zn labelling, '3CO labelling or both.

Composition m/z Presence in {1} or {2} "7y Label ~"CO: Label
[CuZnz)(Cp*)s (A) 600,1593 v
[Cu;Zn,)(Cp*)s (B) 1128,0719 v
[Cu,Zn](Cp*),(Mes), 1257,0006 v
[Cu,yZn](Cp*);(Mes), 1461,8229 v
[Cu,Zn;](Cp*);(Mes), 1521,9694 v
[CusZns])(Cp*)s(CO2): (X) 1542,9686 v
[CuoZn2](Cp*)3(Mes)s 1583,9421 v
[CusZns](Cp*)s(Mes)(CO2) (Y) 1630,9030 v
[Cu,yZn,](Cp*),(Mes), (C) 1751,8787 v

[CunZng(Cp*)s(CO2):(HCO:) (Z) | 2305,7034 v v

[CUa)(Cp*)(Mes); [C14)(Cp*)2(Mes)

s1(Cp*)2(Mes); [Cuql(Cp*)(Mes)s; CF% 86 84 oo

[Cus](Cp*)(Mes)s; [Cus](Cp*)2(Mes); }
[CusZn](Cp*)3(Mes); [HC15Zn2)(Cp*)a(Mes); [©141Zn6l(Cp*)g(CO2)2(HCO,) (2)

[Cu7Zn](Cp*)a(Mes)y; [C17Zn])(Cp*)4(Mes);
[Cu7Zn2)(Cp*)a(Mes); [C1gZn](Cp*)3(Mes)s;
[C19Zn3l(Cp*)s(Mes)g; [ 114Z2n10)(Cp*)s (F)

T

8.2

229 2300 2310 2320
m/z

Supplementary Figure 15: Reaction scheme for the formation of species Z in the conversion of {2} to {3} upon
addition of Ha. Formate is identified by 'H-NMR spectroscopy and the patter of the molecular ion of Z is shown
(m/z = 2305,7034; see Supplementary Table 5).
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Supplementary Figure 16: Calculated structures of [Cui1Zne](Cp*)s(CO2)2(HCO2) (Z). Color code: orange =
copper, blue = zinc, grey = carbon, red = oxygen and white = hydrogen.

Supplementary Table 6: List of all identified molecular ions in the Cu/Zn library {4} with composition and m/z,
species of the substrate library {1} reacting off, as well as indications if a new species (marked in bold) has been
identified by Cp*® labelling, ®*Zn labelling or both.

Composition m/z Presence in {1} Cp ' Label %Zn Label

[Cu,J(Cp*)(Mes), 627,0009 v
[HCus](Cp*),(Mes) 706,9671 v
[Cu,J(Cp*)(Mes), 746,0845 v
[Cus](Cp*),(Mes), 825,0443 v
[CusZn](Cp*);(Mes) 907,0021 v
[HCu,Zn,](Cp*),(Mes) 1108,0456 v
[CuyZn,](Cp*)s (B) 1128,0719 v

[CuyZng](Cp¥)4(3-Hex):H2 1288,9970 v v
[CuyZn](Cp*)5(Mes), 1400,8855 v
[Cuy4Zn](Cp*);(Mes), 1461,8229 v
[CuoZn2](Cp*)s(Mes)4 1583,9421 v
[HCuyZn,](Cp*),(Mes), (E) 1603,9283 v
[CuyZn;](Cp*),(Mes), 1665,8539 v
[Cu,Zn,](Cp*),(Mes), (C) 1751,8787 v

[CusZn7](Cp*)s(3-Hex)sHs (W) 2089,8176 v v
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[CuZn2)(Cp)s (A); [HOUs)(Cp7)2(Mes); 3’“?_;2/”9

[Cusl(Cp*)(Mes)s; [172n1(Cp*)s(Mes),; \
[C17Zn)(Cp*)4(Mes); [C117Zn,](Cp*)4(Mes); [CugZn7)(Cp*)s(hexyne)sHz (W)

[C17Zn)(Cp*)2(Mes)s; [Ha " 16Zns)(CP*)s(Mes) (D);

[Cu7Zn3](Cp*)3(Mes)q; [©14ZN10)(CP*)s (F)

3-hexyne H <«— Zn,Cp*,

| H 2080 2090 2100
| H ‘ ‘ HCp* m/z
‘ N

2.10 2.05 2.00 1.95 1.85 1.80 175 1.70

1.90
f1 (ppm)

Supplementary Figure 17: Reaction scheme for the formation of species W in the conversion of {1} to {4} upon
addition of 3-hexyne and Ha. Zn2Cp*2 and HCp* are identified by "H-NMR spectroscopy and the pattern of the
molecular ion of W is shown (m/z = 2089,8176; see Supplementary Table 6).
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1.1.1.3. Peak Identification

Through the analysis of the m/z value and the isotopic pattern of each peak, one or multiple
theoretical compositions could be assigned to each peak in the LIFDI mass spectrum. Below
the double labelling work flow for peak pattern assignment is explained.

| cale. [HyCugZng)(Cp*),
o LT
5
3 . I I I cale. [H,CugZns)(Cp¥),
= 1 ‘ I I | | L1
2 I I I I cale. [H,CugZn)(Cp*
- [Hy p*)3(Mes),
_g 1 L1l [
o
% Ly . I I | I l l . calc. [Cu;Zng)(Cp*)s(Mes),
1
°
T
'l
AN
1515 1520 1525 1530 1535
m/z

Supplementary Figure 18: For illustration, selected series of several matching isotopic patterns with similar GooF
for an experimental mass spectrometric peak pattern of the Cu/Zn cluster library {1}. Blue = Matches with 3 Cp*

ligands, red = Matches with 6 Cp* ligands.

In order to discriminate between the different possible compositions, labelling experiments with
Cp*Et and ®8Zn were performed. The procedure is illustrated in Supplementary Figure 19 and
must be repeated for every peak in the spectrum. The number of matches for each peak is
thereby reduced to species carrying the same number of Cp* ligands. Notably, the procedure
did work for most of the peaks and corresponding, mass-shifted envelopes were identified in

the Cp*F! labeled spectrum.

Am/z=8=3x7n
< >

e —
Am/z=42=
l 3x CH,=3Cp*

relative intensity (a.u.)

’ spectrum with [“Zn,](Cp*),
l § ' spectrum with
l spectrum with [Zn,}(Cp*),

possible matches

[CuyZn;)(Cp*);(Mes),

determination
of number of
Zn atoms

[H,CuyZn](Cp*)y(Mes),

[Cu,Zns](Cp*)(Mes),

{[CugZn,)(Cp*)s(Mes), — H}

(Zn)(Cp™),

[H,CusZng](Cp*),
[H,CugZng] (Cp*);
[H,CugZn] (Cp*)s(Mes),
[CuyZny)(Cp*)s(Mes),
{[CugZn,)(Cp*)s(Mes), - H}

determination
of number of
Cp* ligands

1510 1520 1530 1540 1550 1560

m/z

Supplementary Figure 19: Determination of the composition via Cp

1570

1580
*Et

and %Zn labeling.
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Using the same procedure as for the Cp** labeling experiments, the number of Zn atoms and
thereby the cluster core composition can be identified. The labeling with %Zn additionally
changes (simplifies!) the isotopic patterns, leading to an easy and straightforward interpretation
of most of the peaks. For many peaks, labeling with ®®Zn was sufficient to achieve unambiguous
identification. Consequently, many of the cases, for which Cp*E labeling did not yield clear
results, could eventually be resolved by using the %Zn label.

The procedure was repeated for all peaks of the spectrum. A list of more than 50 species is
produced, which is shown in Supplementary Table 1. It is also denoted in the table, whether a
species was identified solely by its %8Zn pattern or by combination of Cp*Ft and ®Zn labeling
experiments.

This procedure is described exemplarily for the peak at m/z = 1521.986 (Supplementary Figures
18 and 19). The consideration of Cu, Zn, Cp*, mestiyl and hydrides leads to 5 possible
combinations with simulated patterns corresponding well to the experimental one. Through the
synthesis of {1} using Zn,Cp*Et,, a Am/z of 42 is observed for this pattern. As the m/z difference
between Cp* and Cp** is 14 (additional CH, group in Cp*E'), it is thus determined, that this
species bears 3 Cp* ligands. This reduces the number of possible compositions to those only
containing 3 Cp* ligands: [CusZns]Cp*3Mess{-H}, [HsCuoZn]Cp*3Mess and
[Cu7Zn3]Cp*3Mess. All remaining possible combinations exhibit an identical hydrocarbon
ligand shell. As such, isotopic labeling of the metal atoms is required in order to obtain a definite
composition for this peak. This is done using *Zn,Cp*; for the synthesis of {1}, yielding a
library with peaks shifted by Am/z=nz.x 2.62. In this example, the observed peak shift
corresponds to 3 zinc atoms. As only one composition matches the information of both the
Cp*Et and %Zn labeling experiments, namely [Cu7Zn3]Cp*3Mess, this is then determined to be
the definite sum formula for the peak at m/z = 1521.986.

Molecular Ions

Below we list the data of the identified cluster molecular ions present in the libraries {1}-{4}:
comparison of experimental and calculated peak patterns.

Relative Intensity

L s s ey Ly B BB B B A B
1596 1598 1600 1602 1604 1606 1608 1610 1612 1614 1616
m/z

Supplementary ~ Figure 20: Experimental pattern (top) and calculated pattern (bottom) for
[HCusZn3](Cp*)a(Mes)s (E).
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Relative Intensity

1100 1102 1104 1106 1108 1110 1112 1114 1116 1118
m/z

Supplementary Figure 21: Experimental pattern (top) and calculated pattern (bottom) for [HCusZn2](Cp*)s(Mes).

Relative Intensity

706 708 710 712 714
m/z

Supplementary Figure 22: Experimental pattern (top) and calculated pattern (bottom) for [HCus](Cp*)2(Mes).

Relative Intensity

T T T " T ‘" T " T "™ T "™ T "™ T " I
1496 1498 1500 1502 1504 1506 1508 1510 1512 1514
m/z

Supplementary ~ Figure 23: Experimental pattern (top) and calculated pattern (bottom) for
[H3CusZns](Cp*)s(Mes)s (D).
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Relative Intensity

1456 1458 1460 1462 1464 1466 1468 1470 1472 1474
m/z

Supplementary ~ Figure 24: Experimental pattern (top) and calculated pattern (bottom) for
[Cu10Zn](Cp*)3(Mes)s.Low intensity of the pattern gives this “truncated” aspect with peaks at the extremities of
the pattern missing.

Relative Intensity

1740 1745 1750 1755 1760 1765
m/z

Supplementary Figure 25: Experimental pattern (top) and calculated pattern (bottom) for [Cui0Zn2](Cp*)2(Mes)s.

Relative Intensity

1395 1400 1405 1410
m/z

Supplementary Figure 26: Experimental pattern (top) and calculated pattern (bottom) for [CusZn](Cp*)3(Mes)s.
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Relative Intensity

1655

1670 1675 1680
m/z

Supplementary Figure 27: Experimental pattern (top) and calculated pattern (bottom) for [CusZns](Cp*)s(Mes)s.
Low intensity of the pattern gives this “truncated” aspect with peaks at the extremities of the pattern missing.

Relative Intensity

1575

Supplementary Figure 28:Experimental pattern (top) and calculated pattern (bottom) for [CusZn2](Cp*)3(Mes)a.

Relative Intensity

1170 1175
m/z

Supplementary Figure 29: Experimental pattern (top) and calculated pattern (bottom) for [CusZn](Cp*)s(Mes).
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Relative Intensity

1145 1150 1155 1160 1165
m/z

Supplementary Figure 30: Experimental pattern (top) and calculated pattern (bottom) for [Cu7Zn](Cp*)s(Mes)o.

Relative Intensity

1245 1250 1255 1260 1265 1270
m/z

Supplementary Figure 31: Experimental pattern (top) and calculated pattern (bottom) for [CusZn](Cp*)2(Mes)a.

Relative Intensity

1510 1515 1520 1525 1530 1535 1540
m/z

Supplementary Figure 32: Experimental pattern (top) and calculated pattern (bottom) for [CusZn3](Cp*)s(Mes)a.
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Relative Intensity

1225 1230 1235 1240 1245
m/z

Supplementary Figure 33: Experimental pattern (top) and calculated pattern (bottom) for [CusZn2](Cp*)s(Mes).

Relative Intensity

900 902 904 906 908 910 912 914 916 918 920
m/z

Supplementary Figure 34: Experimental pattern (top) and calculated pattern (bottom) for [CusZn](Cp*)3(Mes).

Relative Intensity

800 810 820
m/z

Supplementary Figure 35: Experimental pattern (top) and calculated pattern (bottom) for [Cus](Cp*)(Mes)s.
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Relative Intensity

J T J T y T y T
822 824 826 828 830
m/z

Supplementary Figure 36: Experimental pattern (top) and calculated pattern (bottom) for [Cus](Cp*)2(Mes)a.

Relative Intensity

, ‘ | | I

: . | ,
740 745 750 755
m/z

Supplementary Figure 37: Experimental pattern (top) and calculated pattern (bottom) for [Cus](Cp*)(Mes)s.

Relative Intensity

m/z

Supplementary Figure 38: Experimental pattern (top) and calculated pattern (bottom) for [Cu4](Cp*)(Mes)..
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Relative Intensity

640 645 650 655
m/z

Supplementary Figure 39: Experimental pattern (top) and calculated pattern (bottom) for [Cus](Cp*)2(Mes).

>
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(0]
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Qo
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[0}

1 Ll

: ] : : , : , :

1115 1120 1125 1130 1135 1140 1145

m/z

Supplementary Figure 40: Experimental pattern (top) and calculated pattern (bottom) for [CusZn4](Cp*)s (B).

Relative Intensity

1530 1535 1540 1545 1550 1555 1560
m/z

Supplementary ~ Figure 41: Experimental pattern (top) and calculated pattern (bottom) for
[CusZns](Cp*)s(CO2)2 (X).
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Relative Intensity

1615 1620 1625 1630 1635 1640 1645
m/z

Supplementary  Figure 42: Experimental pattern (top) and calculated pattern (bottom) for
[CusZn3](Cp*)3(Mes)4(CO2) (Y).

Relative Intensity

HHH ‘|H|||||..
| T [ T [ T [ T [ T

2290 2295 2300 2305 2310 2315 2320 2325
m/z

Supplementary  Figure 43: Experimental pattern (top) and calculated pattern (bottom) for
[Cu11Zne](Cp*)s(CO2)2(HCO2) (Z).

=

T NNy

c

2

nnin

n“:) . |||I || ; i |||||||\i‘|
1275 1280 1285 1290 1295 1300 1305

m/z

Supplementary Figure 44: Experimental pattern (top) and calculated pattern (bottom) for [CusZne](Cp*)4(Hex)2Ho.
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2070 2075 2080 2085 2090 2095 2100 2105 2110 2115
m/z

Supplementary ~ Figure 45: Experimental pattern (top) and calculated pattern (bottom) for
[CusZn7](Cp*)s(Hex)sHs (W).
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Fragments

Below we list the data of the identified cluster fragment ions of clusters present in the libraries
{1}-{4}: comparison of experimental and calculated peak patterns.

Relative Intensity

456 458 460 462 464 466 468 470

Supplementary Figure 46: Experimental pattern (top) and calculated pattern (bottom) for [Cu3](Cp*)a.

Relative Intensity

m/z

Supplementary Figure 47: Experimental pattern (top) and calculated pattern (bottom) for [CusZn2](Cp*)a4.

Relative Intensity

L ‘ | ‘ L

1 1 1 1 ' 1 1 ' 1T t 1T 7
920 922 924 926 928 930 932 934 936 938 940
m/z

Supplementary Figure 48: Experimental pattern (top) and calculated pattern (bottom) for [CusZns](Cp*)a.
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Relative Intensity

nnm

ﬂ A
L I L
980 982 984 986 988 990 992 994 996 998 1000
m/z

Supplementary Figure 49: Experimental pattern (top) and calculated pattern (bottom) for [CusZn2](Cp*)a.

Relative Intensity

945 950 955 960 965
m/z

Supplementary Figure 50: Experimental pattern (top) and calculated pattern (bottom) for [Cu7](Cp*)2(Mes)2.

Relative Intensity

1070 1075 1080

Supplementary Figure 51: Experimental pattern (top) and calculated pattern (bottom) for [Cu7](Cp*)2(Mes)s.
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Relative Intensity

1185 1190 1195 1200 1205
m/z

Supplementary Figure 52: Experimental pattern (top) and calculated pattern (bottom) for [Cu7](Cp*)2(Mes)a.

Relative Intensity

960 965 970 975 980
m/z

Supplementary Figure 53: Experimental pattern (top) and calculated pattern (bottom) for [Cu7](Cp*)3(Mes).

Relative Intensity

1085 1090 1095

Supplementary Figure 54: Experimental pattern (top) and calculated pattern (bottom) for [Cu7](Cp*)3(Mes)a.
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Relative Intensity

1330 1335 1340 1345
m/z

Supplementary Figure 55: Experimental pattern (top) and calculated pattern (bottom) for [CusZn2](Cp*)s(Mes)s.

IR

1075 1080 1085 1090
m/z

Relative Intensity

Supplementary Figure 56: Experimental pattern (top) and calculated pattern (bottom) for [Cus](Cp*)2(Mes).. Low
signal intensity and overlap with [Cu7](Cp*)2(Mes)s makes the pattern difficult to distinguish.

Relative Intensity

1090 1095 1100
m/z

Supplementary Figure 57: Experimental pattern (top) and calculated pattern (bottom) for [Cus](Cp*)s(Mes). Low
signal intensity makes the pattern difficult to distinguish.

31

215



7 SUPPORTING INFORMATION

Relative Intensity

m/z

Supplementary Figure 58: Experimental pattern (top) and calculated pattern (bottom) for [Cus](Cp*)3(Mes)a.

Relative Intensity

1820 1825 1830 1835 1840 1845
m/z

Supplementary Figure 59: Experimental pattern (top) and calculated pattern (bottom) for [Cui0Zn3](Cp*)3(Mes)s.

Relative Intensity

T T T T T T T T T T T
396 398 400 402 404 406 408
m/z

Supplementary Figure 60: Experimental pattern (top) and calculated pattern (bottom) for [CuZn](Cp*)-.
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Relative Intensity

1495 1500 1505 1510 1515
m/z

Supplementary  Figure 61: Experimental pattern (top) and calculated pattern (bottom) for

[H3CusZns](Cp*)s(Mes) (D).

720 722 724 726 728 730 732 734

Relative Intensity

Supplementary Figure 62: Experimental pattern (top) and calculated pattern (bottom) for [HCu3Zn2](Cp*)s. Low
signal intensity and overlap with [CusZn](Mes)s makes the pattern difficult to distinguish.
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Supplementary Figure 63: Experimental pattern (top) and calculated pattern (bottom) for [HCusZn](Cp*)s.
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Relative Intensity

532

T T
534

Supplementary Figure 64: Experimental pattern (top) and calculated pattern (bottom) for [HCus](Cp*)2. Low

signal intensity makes the pattern difficult to distinguish.

Relative Intensity

835
m/z

845

Supplementary Figure 65: Experimental pattern (top) and calculated pattern (bottom) for [HCu7](Cp*)2(Mes).

T

Relative Intensity

T T T T T T T T
1110 1112 1114 1116
m/z

1108

1118

1120

1122 1124

Supplementary Figure 66: Experimental pattern (top) and calculated pattern (bottom) for [HCusZn](Cp*)s. Low
signal intensity and overlap with [HCusZn2](Cp*)s(Mes) makes the pattern difficult to distinguish.
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NIl

Relative Intensity

Supplementary Figure 67: Experimental pattern (top) and calculated pattern (bottom) for [HCus](Cp*)(Mes)s. Low
signal intensity and overlap with [Cu7](Cp*)2(Mes)s makes the pattern difficult to distinguish

Relative Intensity

N RNAEEE NN RN

2150 2155 2160 2165 2170 2175 2180 2185 2190
m/z

Supplementary ~ Figure 68: Experimental pattern (top) and calculated pattern (bottom) for
[Cu11Zn6](Cp*)7(CO2)2(HCO2).

R
‘ IH,‘L\,HI ‘

1450 1455 1460 1465 1470 1475 1480
m/z

Relative Intensity

Supplementary Figure 69: Experimental pattern (top) and calculated pattern (bottom) for [Cu7Zn4](Cp*)s(Hex)H.
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L A)\ ﬂ A ﬂ Ahﬂh sl iy,

| ."-“‘l‘- j l“le"H“u j

1510 1515 1520 1525 1530 1535 1540 1545 1550
m/z

Supplementary Figure 70: Experimental pattern (top) and calculated pattern (bottom) for [Cu7Zns](Cp*)s(Hex)H.

nMM“ MMAAAAMMM )
. |IJ‘,||| , |‘-“|"u‘“|‘ |

1805 1810 1815 1820 1825 1830 1835 1840 1845
m/z

Supplementary Figure 71: Experimental pattern (top) and calculated pattern (bottom) for [CusZns](Cp*)s(Hex);Hs.

RN
,..|||||’|, l’,HI,lll,‘

1935 1940 1945 1950 1955 1960 1965 1970 1975
m/z

Supplementary Figure 72: Experimental pattern (top) and calculated pattern (bottom) for [CusZn7](Cp*)s(Hex)3Hs.
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1.1.1.4. Fragmentation Analysis

Fragmentation behavior was assessed based on an approach similar to energy dependent ESI-
MS' and stepped collision energy in orbitrap systems known from peptide fragmentation?.

Molecular ion peaks are associated with a continuous decrease of peak intensity for increasing
collision energies. Species with such a fragmentation behavior may still be fragment formed
during the ionization procedure however (e.g. due to thermal or discharge processes on the
emitter). For fragment ions, an increase of peak intensity is expected for increasing collision
energies due to their enhanced formation at higher collision energies. In some cases, no clear
decision can be made either due to fluxional or continuous behavior of peak intensities at rising
collision energies.

Spectra were recorded at normalized collision energies between 10 and 23. Note that 10 is the
lowest possible collision energy using the given set-up and that use of normalized collision
energies in arbitrary units is common for the given set-up.? For collision energies higher than
23, an overall decrease of peak intensities for all peaks in the spectrum was observed.
Obviously, all the sensitive cluster species in the gas phase, be it fragments or molecular ions,
are unstable under these experimental conditions.

Peak intensities of interest (i.e. for the peaks unambiguously identified by labeling experiments)
were determined by computerized integration relative to the overall integral of the spectrum.
To determine the influence of statistic fluctuations of peak intensities, which are not correlated
to the collision energy applied, each experiment was repeated five times. The average value of
peak intensity 7, as well as the corresponding coefficient of variation (CV) were calculated for
every peak. Statistic fluctuations of peak intensities are supposed to occur during the ionization
procedure. The analyte concentration on the LIFDI-emitter, which is hardly controllable during
sample supply, chemical/physical modifications on the emitter’s surface (e.g. metal deposition,
geometric rearrangements) or thermal decomposition of part of the analyte during ionization
might be possible reasons for these fluctuations. 60 mA/s was determined as the optimum
heating rate with respect to a minimum variation coefficient of peak intensities under identical
measurement conditions.

Data was thereafter analyzed as follows: average peak intensities at elevated collision energies
were compared with the average peak intensity at standard conditions. Fragments are associated
with an increase in peak intensity with respect to the average peak intensity at standard
conditions. Contrary, parent ions are associated with a decrease in peak intensity. In detail, the
development of peak intensities with rising collision energy was analyzed by linear regression
analysis. A positive slope of the regression line is thereafter indicative of a fragment, a negative
one indicative of a parent ion. Only in cases, in which the absolute value of the slope was higher
than the standard deviation of the slope, the results can be considered as significant.
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[Cu,Zn;](Cp*);(Mes),

slope = -3.50-1073
. Oslope = 3.57-10*

relative peak intemsity
®-.
ot
= e—i

9 10 11 12 13 14 15 16

relative collision energy CE

Supplementary Figure 73: CE vs. I plot of the ion {[Cu7Zn3](Cp*)s(Mes)a}*. The species is clearly assigned as a
molecular ion according to the CE vs. I plot. The regression was performed on the statistical means of five
independent measurements under identical experimental conditions for each CE value. The error bars represent
the standard deviations of these measurements.

The resulting I vs. CE plots for every ion from the Cu/Zn library are shown below. Obviously
and as expected, the onset of fragmentation processes, as well as the extent of fragmentation
with respect to collision energy, are different for different ions. Whereas for the molecular ion
{[Cu7Zn3](Cp*)3(Mes)4}* (Supplementary Figure 73) a continuous decrease in peak intensity
is detected, the situation is more complicated for {[HCus](Cp*)2(Mes) }*: deviation from
linearity is observed at higher collision energies (17 and 18). The latter effect is explained by
significant production of light fragments with m/z < 200, escaping the overall integral and
distorting therefore the determined relative peak intensities (which are calculated with respect
to the overall integral of all peaks in the spectrum). Similar effects were observed for several
peaks. Due to the intrinsically different onset of fragmentation and due to the bias in the data at
higher collision energies, the linear region in the CE vs. I plots is slightly different for different
ions. Noteworthy, the analysis by linear regression does therefore only allow for qualitative
analysis (fragment vs. parent ion) but not for a quantitative analysis of fragmentation processes.
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[HCus](Cp*),(Mes)

E: slope = -2.089 - 102
= O gope= 2793 - 10
£ clope = 4,545 - 10 E ............ § ..... ¢
Ei aslol)e: 4.804-10*
9 10 11 12 13 14 15 16 17 18 19

relative collision energy CE

Supplementary Figure 74: CE vs. I plot of the ion {[HCus](Cp*)2(Mes)}*. The species is clearly assigned as a
molecular ion according to the CE vs. I plot. The slight increase in peak intensity at CE > 15 is supposed to be due
to the bias in integration. The regression was performed on the statistical means of five independent measurements
under identical experimental conditions for each CE value. The error bars represent the standard deviations of
these measurements.

The resulting list of all molecular ion species and fragments obtained by careful analysis of all
I vs. CE plots are given in Supplementary Tables 2 and 3. For some species, no significant
variation in peak intensity was detected. Hence, no decision whether they are fragments or not
is possible. They might either be rather robust molecular ions that do not undergo fragmentation
or fragment ions prone to further fragmentation reactions. The latter situation would lead to a
“steady state” situation, in which formation and decay of the species is in equilibrium and
therefore independent on the collision energy applied. With the data and instrumentation at
hand it is not possible to experimentally assign a fragment to a specific parent ion, which is due
to the lack of an ion trap allowing for isolation of specific ions and study of their decay.
However, the fragments can be tentatively assigned to a parent ion according to chemical
considerations and according to fragmentation behavior observed for isolated species.

Note: Peak intensities were determined as relative integrals with respect to the overall integral
of all peaks in the spectrum. This leads to a bias in integration at CE > 15 due to the enhanced
formation of lighter fragments with m/z < 200, lying outside the measurement range. Actual
peak intensities are therefore expected to be lower than detected at CE > 15. For the ions to
which this situation applies, an additional fit in plotted for intensities until CE = 15 (in orange).
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[CuZn](Cp*),

5 $ slope = -2,328 - 10°
0 ope = 4681 - 10*
9 10 11 12 13 14 15 16 17 18 19

relative collision energy CE

Supplementary Figure 75: CE vs. I plot of the ion {{CuZn](Cp*)2}". The ion was identified in the LIFDI-MS
spectrum of isolated A. The CE vs. I plot is indicative of a molecular ion. The species is supposed to be a fragment
of A, which is formed (thermally) during the ionization process. Consequently, it shows a CE vs. I behavior like a
molecular ion. The regression was performed on the statistical means of five independent measurements under
identical experimental conditions for each CE value. The error bars represent the standard deviations of these
measurements.

[Cu;](Cp*),

= [T
"é .....
2 slope = 2.936 - 10
= T gope= 4565 - 10
g slope = -3.455-10° ®
5 T gope= 4563 - 10
9 10 11 12 13 14 15 16 17 18 19

relative collision energy CE

Supplementary Figure 76: CE vs. I plot of the ion {[Cus](Cp*)2}". The CE vs. I plot is indicative of a fragment
ion. The species was observed in the LIFDI-MS spectrum of isolated A. The regression was performed on the
statistical means of five independent measurements under identical experimental conditions for each CE value.
The error bars represent the standard deviations of these measurements.

40

224



7 SUPPORTING INFORMATION

relative peak intenyity

[HCu, ] (Cp*),

slope = 5.781 - 107 }
0 gone= 1.804- 107

sdope—

......... slope = -5.067 - 105
{ ............. O jope= 3:101 -10%
10 11 12 13 14 15 16 17 18

relative collision energy CE

19

Supplementary Figure 77: CE vs. I plot of the ion {{HCu4](Cp*)2}*. The species was identified in the LIFDI-MS
spectrum of isolated A. The CE vs. I plot is indicative of a molecular ion if considering collision energies from
10-15. At higher collision energies, data interpretation is difficult due to the bias in integration. The species is
supposed to be a fragment, which is formed (thermally) during the ionization process. Consequently, it shows a
CE vs. I behavior like a molecular ion. The regression was performed on the statistical means of five independent
measurements under identical experimental conditions for each CE value. The error bars represent the standard
deviations of these measurements.
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Supplementary Figure 78: CE vs. I plot of the ion {[Cu2Zn](Cp*)s}*. A clear assignment of the species is not
possible. According to the slope in the CE = 10-15 region, the species might be a molecular ion. The regression
was performed on the statistical means of five independent measurements under identical experimental conditions
for each CE value. The error bars represent the standard deviations of these measurements.
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Supplementary Figure 79: CE vs. I plot of the ion {[Cus](Cp*)(Mes)2}*. The species is clearly assigned as a
molecular ion according to the CE vs. I plot. However, it may also be a fragment formed during ionization. The
regression was performed on the statistical means of five independent measurements under identical experimental
conditions for each CE value. The error bars represent the standard deviations of these measurements.

[Cu](Cp),(Mes)
: } ............. { i slope = -3.826 - 10
S e { O gope= 5384 - 10°
E s 2.8
9 10 11 12 13 14 15 16 17 18 19

relative collision energy CE

Supplementary Figure 80: CE vs. I plot of the ion {[Cus](Cp*)2(Mes)}*. The species is clearly assigned as a
molecular ion according to the CE vs. I plot. However, it may also be a fragment formed during ionization. The
regression was performed on the statistical means of five independent measurements under identical experimental
conditions for each CE value. The error bars represent the standard deviations of these measurements.
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Supplementary Figure 81: CE vs. I plot of the ion {{HCusZn](Cp*);}*.A clear assignment of the species is not
possible. However according to the CE = 10-14 region, it may be assigned as a molecular ion. The regression was

performed on the statistical means of five independent measurements under identical experimental conditions for
each CE value. The error bars represent the standard deviations of these measurements.
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Supplementary Figure 82: CE vs. I plot of the ion {{Cu2Zn](Mes)s;}*. A clear assignment of the species is not
possible. However according to the CE = 10-14 region, it may be assigned as a molecular ion. The regression was

performed on the statistical means of five independent measurements under identical experimental conditions for
each CE value. The error bars represent the standard deviations of these measurements.
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Supplementary Figure 83: CE vs. I plot of the ion {[HCu3Zn2](Cp*);}*. The CE vs. I plot is indicative of a
molecular ion if considering collision energies from 10-15. At higher collision energies, data interpretation is
difficult due to the bias in integration. The species is supposed to be a fragment of A, which is formed (thermally)
during the ionization process. Consequently, it shows a CE vs. I behavior like a molecular ion. The regression was
performed on the statistical means of five independent measurements under identical experimental conditions for
each CE value. The error bars represent the standard deviations of these measurements.
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Supplementary Figure 84: CE vs. I plot of the ion {[Cus](Mes)4}*. According to the CE vs. I plot, the species
clearly is assigned as molecular ion. However, it is supposed that the species is formed out of [Cus](Mes)s by loss
of one CuMes unit during ionization. The regression was performed on the statistical means of five independent
measurements under identical experimental conditions for each CE value. The error bars represent the standard
deviations of these measurements.
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Supplementary Figure 85: CE vs. I plot of the ion {[Cus](Cp*)(Mes)3}*. The species is clearly assigned as a
molecular ion according to the CE vs. I plot. However, it may also be a fragment formed during ionization. The
regression was performed on the statistical means of five independent measurements under identical experimental

conditions for each CE value. The error bars represent the standard deviations of these measurements.
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Supplementary Figure 86: CE vs. I plot of the ion {[Cus](Mes)s}". According to the CE vs. I plot, the species
clearly is assigned as molecular ion. However, it is supposed that the species is formed out of [Cus](Mes)s by loss
of one Mes unit during ionization. The regression was performed on the statistical means of five independent
measurements under identical experimental conditions for each CE value. The error bars represent the standard

deviations of these measurements.
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Supplementary Figure 87: CE vs. I plot of the ion {[Cus](Cp*)(Mes)s}*. The species is clearly assigned as a
molecular ion according to the CE vs. I plot. However, it may also be a fragment formed during ionization. The
regression was performed on the statistical means of five independent measurements under identical experimental
conditions for each CE value. The error bars represent the standard deviations of these measurements.
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Supplementary Figure 88: CE vs. I plot of the ion {[Cus](Cp*)2(Mes)2}". The species is clearly assigned as a
molecular ion according to the CE vs. I plot. However, it may also be a fragment formed during ionization. The
regression was performed on the statistical means of five independent measurements under identical experimental
conditions for each CE value. The error bars represent the standard deviations of these measurements.
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Supplementary Figure 89: CE vs. I plot of the ion {[HCu7](Cp*)2(Mes)}". A clear assignment of the species is not

possible. The regression was performed on the statistical means of five independent measurements under identical
experimental conditions for each CE value. The error bars represent the standard deviations of these measurements.
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Supplementary Figure 90: CE vs. I plot of the ion {[CusZn2](Cp*)4}*. A clear assignment is difficult to make for
this species, as the CE vs. I plot in the CE>15 region has to be regarded with care due to the bias in integration.
However, an assignment as a fragment ion seems likely. The regression was performed on the statistical means of

five independent measurements under identical experimental conditions for each CE value. The error bars
represent the standard deviations of these measurements.
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Supplementary Figure 91: CE vs. I plot of the ion {[CusZn](Cp*);(Mes)}*. The species is clearly assigned as a
molecular ion according to the CE vs. I plot. However, it may also be a fragment formed during ionization. The
regression was performed on the statistical means of five independent measurements under identical experimental
conditions for each CE value. The error bars represent the standard deviations of these measurements.
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Supplementary Figure 92: CE vs. I plot of the ion {[CusZn3](Cp*)4}*. The data at CE > 15 has to be regarded with
care due to bias in data integration. The regression was performed on the statistical means of five independent
measurements under identical experimental conditions for each CE value. The error bars represent the standard
deviations of these measurements.
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Supplementary Figure 93: CE vs. I plot of the ion {[Cu7](Cp*)2(Mes)2}*. Due to the bias in integration at CE >
15, a clear assignment is difficult for this species. However, it is likely to be a fragment ion (positive slope also in
the CE = 10 — 15 region). The regression was performed on the statistical means of five independent measurements
under identical experimental conditions for each CE value. The error bars represent the standard deviations of
these measurements.
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Supplementary Figure 94: CE vs. I plot of the ion {[Cus](Cp*)3(Mes)}*. Due to the steady-state behavior, a clear
assignment is not possible for this species. The regression was performed on the statistical means of five
independent measurements under identical experimental conditions for each CE value. The error bars represent
the standard deviations of these measurements.
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Supplementary Figure 95: CE vs. I plot of the ion {[CusZn2](Cp*)s} ™. A clear assignment for this species is difficult
due to the bias in integration at CE > 15. However, it is supposed to be a fragment ion. The regression was
performed on the statistical means of five independent measurements under identical experimental conditions for
each CE value. The error bars represent the standard deviations of these measurements.
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Supplementary Figure 96: CE vs. I plot of the ion {[H2CusZn](Cp*)4}*. The species is identified as a fragment in
isolated A. It shows also the behavior of a fragment ion in the CE vs. I plot. The regression was performed on the
statistical means of five independent measurements under identical experimental conditions for each CE value.
The error bars represent the standard deviations of these measurements.
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Supplementary Figure 97: CE vs. I plot of the ion {[Cu7](Cp*)2(Mes)s;}". A clear assignment is not possible for
this species (no clear trend). The regression was performed on the statistical means of five independent
measurements under identical experimental conditions for each CE value. The error bars represent the standard
deviations of these measurements.

[Cu] (Cp*)2(Mes),

¢ slope = 3.284 - 104

O gope= 4.767 - 10°

relative peak intensity

9 10 11 12 13 14 15 16 17 18 19
relative collision energy CE
Supplementary Figure 98: CE vs. I plot of the ion {[Cus](Cp*)2(Mes)2}". A clear assignment is not possible for
this species due to the bias in integration at CE >15. The regression was performed on the statistical means of five

independent measurements under identical experimental conditions for each CE value. The error bars represent
the standard deviations of these measurements.
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Supplementary Figure 99: CE vs. I plot of the ion {[Cu7](Cp*)s(Mes)2}*. A clear assignment is not possible for
this species due to the bias in integration at CE > 15. The regression was performed on the statistical means of five
independent measurements under identical experimental conditions for each CE value. The error bars represent

the standard deviations of these measurements.
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Supplementary Figure 100: CE vs. I plot of the ion {[Cus](Cp*);(Mes)}*. A clear assignment is not possible for
this species due to the bias in integration at CE > 15. The regression was performed on the statistical means of five
independent measurements under identical experimental conditions for each CE value. The error bars represent

the standard deviations of these measurements.
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Supplementary Figure 101: CE vs. I plot of the ion {[CusZn4](Cp*)s}* (B*). The species is clearly assigned as a

molecular ion and can also be isolated.

The regression was performed on the statistical means of five independent

measurements under identical experimental conditions for each CE value. The error bars represent the standard

deviations of these measurements.
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Supplementary Figure 102: CE vs. I plot of the ion {{CusZn](Cp*)3(Mes)2}". A clear assignment is difficult for

this species. However, it is likely to be

a molecular ion, as the peak intensities at CE >15 are expected to be even

lower than detected. However, it may also be a fragment formed during ionization. The regression was performed
on the statistical means of five independent measurements under identical experimental conditions for each CE
value. The error bars represent the standard deviations of these measurements.
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Supplementary Figure 103: CE vs. I plot of the ion {[Cu7Zn](Cp*)4(Mes)}*. The species is clearly assigned as a
molecular ion according to the CE vs. I plot. However, it may also be a fragment formed during ionization. The

regression was performed on the statistical means of five independent measurements under identical experimental
conditions for each CE value. The error bars represent the standard deviations of these measurements.
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Supplementary Figure 104: CE vs. I plot of the ion {{HCus](Cp*)(Mes)4}*. A clear assignment is not possible for
this species due to the bias in integration at CE > 15. The regression was performed on the statistical means of five

independent measurements under identical experimental conditions for each CE value. The error bars represent
the standard deviations of these measurements.
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Supplementary Figure 105: CE vs. I plot of the ion {[Cu7](Cp*)2(Mes)s}*. A clear assignment is not possible for
this species due to the bias in integration at CE > 15. The regression was performed on the statistical means of five

independent measurements under identical experimental conditions for each CE value. The error bars represent
the standard deviations of these measurements.
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Supplementary Figure 106: CE vs. I plot of the ion {[Cus](Cp*)3(Mes)2}*. A clear assignment is not possible for
this species. The regression was performed on the statistical means of five independent measurements under
identical experimental conditions for each CE value. The error bars represent the standard deviations of these
measurements.
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Supplementary Figure 107: CE vs. I plot of the ion {[Cu7Zn2](Cp*)s(Mes)}". The species can be assigned as
molecular ion if considering that a slight increase in peak intensity at CE > 15 is supposed to be caused by the bias
in integration. It may however also be a fragment formed during ionization. The regression was performed on the
statistical means of five independent measurements under identical experimental conditions for each CE value.
The error bars represent the standard deviations of these measurements.
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Supplementary Figure 108: CE vs. I plot of the ion {[Cu7Zn](Cp*)2(Mes)s}*. A clear assignment cannot be made
for this species, however, it is likely to be molecular ion as the peak intensities at CE >15 are expected to be even
lower than detected. However, it may also be a fragment formed during ionization. The regression was performed
on the statistical means of five independent measurements under identical experimental conditions for each CE
value. The error bars represent the standard deviations of these measurements.
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Supplementary Figure 109: CE vs. I plot of the ion {[CusZn2](Cp*)3(Mes)s}*. A clear assignment cannot be
made for this species due to the bias in integration at CE > 15. The regression was performed on the statistical
means of five independent measurements under identical experimental conditions for each CE value. The error
bars represent the standard deviations of these measurements.
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Supplementary Figure 110: CE vs. I plot of the ion {[CusZn](Cp*)s3(Mes)s}". The species can be assigned as
molecular ion if considering that a slight increase in peak intensity at CE > 15 is supposed to be caused by the bias
in integration. The regression was performed on the statistical means of five independent measurements under
identical experimental conditions for each CE value. The error bars represent the standard deviations of these
measurements.
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Supplementary Figure 111: CE vs. I plot of the ion {[Cui0Zn](Cp*)3(Mes)s}*. The species is assigned as molecular
ion. Due to the bias in integration, the intensity values at CE = 17 and 18 are supposed to be actually even lower
than detected. The regression was performed on the statistical means of five independent measurements under
identical experimental conditions for each CE value. The error bars represent the standard deviations of these
measurements.
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Supplementary Figure 112: CE vs. I plot of the ion {[CusZn2](Cp*)3(Mes)s}*. The species is assigned as molecular
ion. Due to the bias in integration, the intensity values at CE = 17 and 18 are supposed to be even lower than
detected. The regression was performed on the statistical means of five independent measurements under identical
experimental conditions for each CE value. The error bars represent the standard deviations of these measurements.
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Supplementary Figure 113: CE vs. I plot of the ion {[HCusZn3](Cp*)s(Mes)s}“(E*). The species is assigned as
molecular ion. Due to the bias in integration, the intensity values at CE = 17 and 18 are supposed to be actually
even lower than detected. The regression was performed on the statistical means of five independent measurements
under identical experimental conditions for each CE value. The error bars represent the standard deviations of
these measurements.
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Supplementary Figure 114: CE vs. T plot of the ion {[CusZn3](Cp*)s(Mes)s;}". The species is assigned as a
molecular ion. The regression was performed on the statistical means of five independent measurements under
identical experimental conditions for each CE value. The error bars represent the standard deviations of these
measurements.
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Supplementary Figure 115: CE vs. I plot of the ion {[Cu10Zn2](Cp*)2(Mes)s}". The species is assigned as molecular
ion and can also be isolated. The regression was performed on the statistical means of five independent
measurements under identical experimental conditions for each CE value. The error bars represent the standard
deviations of these measurements.
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Supplementary Figure 116: CE vs. I plot of the ion {{H3CusZns](Cp*)s(Mes)}*(D*). The species is assigned as
molecular ion. The regression was performed on the statistical means of five independent measurements under
identical experimental conditions for each CE value. The error bars represent the standard deviations of these
measurements.
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Supplementary Figure 117: CE vs. I plot of the ion {[Cu10Zn3](Cp*)3(Mes)s}*. A clear assignment cannot be made
for this species. The regression was performed on the statistical means of five independent measurements under

identical experimental conditions for each CE value. The error bars represent the standard deviations of these
measurements.
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Supplementary Figure 118: CE vs. I plot of the ion {{[HCusZn](Cp*)s}* and [CusZn2](Cp*)s. Both ions were
identified by labeling experiments with %*Zn. In the unlabeled spectra however, their peaks are overlapping. Both
ions can be assigned as fragments according to the CE vs. I plots. The regression was performed on the statistical
means of five independent measurements under identical experimental conditions for each CE value. The error
bars represent the standard deviations of these measurements.
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Supplementary Figure 119: CE vs. I plot of the ion {[CusZns](Cp*)s(CO2)2}" (X*). The species is assigned as
molecular ion. The regression was performed on the statistical means of five independent measurements under
identical experimental conditions for each CE value. The error bars represent the standard deviations of these
measurements.
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Supplementary Figure 120: CE vs. I plot of the ion {[CusZn3](Cp*)3(Mes)4(CO2)}* (Y*). The species is assigned
as molecular ion. The regression was performed on the statistical means of five independent measurements under
identical experimental conditions for each CE value. The error bars represent the standard deviations of these
measurements.
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Supplementary Figure 121: CE vs. I plot of the ion {[Cu11Zns](Cp*)7(CO2)2(HCO2)}*. The species is assigned as
fragment ion. The regression was performed on the statistical means of five independent measurements under
identical experimental conditions for each CE value. The error bars represent the standard deviations of these
measurements.
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Supplementary Figure 122: CE vs. I plot of the ion {[Cu11Zns](Cp*)s(CO2)2(HCO2)}* (Z*). The species is assigned
as molecular ion. The regression was performed on the statistical means of five independent measurements under
identical experimental conditions for each CE value. The error bars represent the standard deviations of these
measurements.
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Supplementary Figure 123: CE vs. I plot of the ion {[CusZns](Cp*)s(Hex):H2}*. The species is assigned as
molecular ion. The regression was performed on the statistical means of five independent measurements under
identical experimental conditions for each CE value. The error bars represent the standard deviations of these
measurements.
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Supplementary Figure 124: CE vs. I plot of the ion {[Cu7Zn4](Cp*)s(Hex)H}*. The species is assigned as fragment
ion. The regression was performed on the statistical means of five independent measurements under identical
experimental conditions for each CE value. The error bars represent the standard deviations of these measurements.
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[Cu,Znc](Cp*)s(Hex)H

=
. } ................
S
I IS
............
....................

g e | 5
© } Oslope = 4.404-10*

9 10 11 12 13 14 ; |

relative collision energy CE

Supplementary Figure 125: CE vs. I plot of the ion {[Cu7Zns](Cp*)s(Hex)H} . The species is assigned as fragment
ion. The regression was performed on the statistical means of five independent measurements under identical
experimental conditions for each CE value. The error bars represent the standard deviations of these measurements.
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Supplementary Figure 126: CE vs. I plot of the ion {[CusZns](Cp*)s(Hex)sHs}*. The species is assigned as
fragment ion, e.g. [W" — ZnZnCp*]. The regression was performed on the statistical means of five independent
measurements under identical experimental conditions for each CE value. The error bars represent the standard
deviations of these measurements.
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Supplementary Figure 127: CE vs. I plot of the ion {[CusZns](Cp*)s(Hex);sHs}*. The species is assigned as
fragment ion, i.e. [W* — ZnCp*]. The regression was performed on the statistical means of five independent
measurements under identical experimental conditions for each CE value. The error bars represent the standard
deviations of these measurements.
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Supplementary Figure 128: CE vs. I plot of the ion {[CusZns](Cp*)s(Hex)sHs}*. The species is assigned as
fragment ion, i.e. [W'— Cp*]. The regression was performed on the statistical means of five independent
measurements under identical experimental conditions for each CE value. The error bars represent the standard
deviations of these measurements.
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Supplementary Figure 129: CE vs. I plot of the ion {[CusZn7](Cp*)s(Hex)sHs}" (W*). The species is assigned as
molecular ion. The regression was performed on the statistical means of five independent measurements under
identical experimental conditions for each CE value. The error bars represent the standard deviations of these
measurements.
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1.1.2. NMR Spectra
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Supplementary Figure 130: 'TH NMR spectrum of the Cu/Zn library {1} (toluene-ds).
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Supplementary Figure 131: Time dependent evolution in situ 'H NMR of the reaction of the Cu/Zn library {1}
with 1 bar CO2 at room temperature (benzene-ds) {2}. 4 Fulvene Fulvalene Cp*H  + Mesitylene
+ Dihydrogen 4 [Cus]Mess.
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Supplementary Figure 132: Time dependent evolution in situ '"H NMR of the reaction of the Cu/Zn library {2}

with 2 bar H» at room temperature after reaction with COz (toluene-ds) {3}. The formation of formate is observed
after four hours already. + Mesitylene + Cp*H.

69

253



7 SUPPORTING INFORMATION

L bbmmw

95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 1.5 1.0 0.5 0.0 -0.
f1 (ppm)

ke e

95 90 85 80 75 7.0 65 60 5.5

50 45 40 35 30 25 20 15 1.0 05 0.0 -0.
f1 (ppm)

Supplementary Figure 133: Time dependent evolution in situ '"H NMR of the reaction of the Cu/Zn library {1}

with 2 bar D2 at room temperature after reaction with CO2 (toluene-ds) {3}. No deuterated formate is observed,

proving its formation from the dihydrogen gas applied to the library.
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Supplementary Figure 134: 'H NMR spectrum of the Cu/Zn library {4} (toluene-ds) showing the formation of 3-
hexene.
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Supplementary Figure 135: Stacked FT-IR spectra of the Cu/Zn library {2} after reaction with 1 bar CO2 at room
temperature. No carbonyl vibration is observed, showing that the carbon dioxide is not split at the CO2 bearing

clusters.
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Supplementary Figure 136: Stacked FT-IR spectra of the original Cu/Zn library {1} (orange) and of the Cu/Zn
library {3} after reaction with CO> and H> (green).
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Supplementary Figure 137: Cut-out of the FT-IR spectra of the original Cu/Zn library {1} (orange) and of the
Cu/Zn library {3} after reaction with CO2 and H: (green). The absorption bands at 1330 and 1380 cm™ indicate
the formation of copper-formate (C-H in plane bending / COO rocking and C-O symmetric stretching
respectively).
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1.2. [CusZn1o]Cp*s (F)

1.2.1. Experimental Characterization
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Supplementary Figure 138: '"H NMR spectrum of [CusZni0]Cp*s (F) (toluene-ds). § [ppm] = 2.27 (s, 45H,
Cp*), 2.21 (s, 75H, Cp*).
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Supplementary Figure 139: ATR-IR spectrum of [Cu4Znio]Cp*s (F). No hydride bands are observed. The C-H
vibrations are observed between 2700 and 3000 cm™'; the aromatic C-C vibrations between 1300 and 1500 cm™.
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Supplementary Figure 140: Experimental LIFDI-MS (top) and calculated (bottom) peak pattern for the molecular
ion of [CusZnio]Cp*s (F).

1.2.1.1. Single-Crystal Crystallography

A black, plate-shaped crystal of F, CsoH120CusZnio, coated with perfluorinated ether and fixed
on top of a Kapton micro sampler was used for X-ray crystallographic analysis. The X-ray
intensity data were collected at 100(2) K on a Bruker D8 VENTURE three-angle diffractometer
with a TXS rotating anode with MoK, radiation (A=0.71073 A) using APEX4.> The
diffractometer was equipped with a Helios optic monochromator, a Bruker PHOTON-100
CMOS detector, and a low temperature device.

A matrix scan was used to determine the initial lattice parameters. All data were integrated with
the Bruker SAINT V8.40B software package using a narrow-frame algorithm and the
reflections were corrected for Lorentz and polarization effects, scan speed, and background.
The integration of the data using a triclinic unit cell yielded a total of 203812 reflections within
a 20 range [°] 0f4.01 to 50.05 (0.84 A), of which 16507 were independent. Data were corrected
for absorption effects including odd and even ordered spherical harmonics by the multi-scan
method (SADABS 2016/2).* Space group assignment was based upon systematic absences, E
statistics, and successful refinement of the structure.

The structure was solved by iterative methods using SHELXT and refined by full-matrix least-
squares methods against F? by minimizing Zw(F,? - F.?)?> using SHELXL in conjunction with
SHELXLE.>7 All non-hydrogen atoms were refined with anisotropic displacement parameters.
Hydrogen atoms were refined isotropically on calculated positions using a riding model with
their Uiso values constrained to 1.5 times the Ueq of their pivot atoms for terminal sp? carbon
atoms and a C—H distance of 0.98 A. Non-methyl hydrogen atoms were refined using a riding
model with methylene, aromatic, and other C—H distances of 0.99 A, 0.95 A, and 1.00 A,
respectively, and Ui values constrained to 1.2 times the Ueq of their pivot atoms. Neutral atom
scattering factors for all atoms and anomalous dispersion corrections for the non-hydrogen
atoms were taken from International Tables for Crystallography.® The unit cell of
CsgoH120CusaZnyo contains 1.8 heavily disordered molecules of toluene which were treated as a
diffuse contribution to the overall scattering without specific atom positions using the
PLATON/SQUEEZE procedure.’
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Crystallographic data for the structures reported in this paper have been deposited with the
Cambridge Crystallographic Data Centre.!” Supplementary crystallographic data reported in
this paper have been deposited with the Cambridge Crystallographic Data Centre (CCDC
2390361) and can be obtained free of charge from The Cambridge Crystallographic Data Centre
via www.ccde.cam.ac.uk/structures.!® This report and the CIF file were generated using

FinalCif."!

Supplementary Table 7: Crystal data and structure refinement for cluster F.

CCDC number
Empirical formula
Formula weight
Temperature [K]
Crystal system
Space group (number)
a[A]

b[A]

c[A]
al]

BI°]
v[°]
Volume [A%]
zZ
Peale [gem ]
[mm™]
F(000)
Crystal size [mm’]
Crystal colour
Crystal shape
Radiation
20 range [°]
Index ranges

Reflections collected
Independent
reflections

Completeness to
0=25.027°
Data / Restraints /
Parameters
Goodness-of-fit on F?
Final R indexes
[226(D)]
Final R indexes
[all data]
Largest peak/hole
[eA7]

2390361
CsoHi20CuaZnio
1989.61
100(2)
triclinic
P1(2)
12.5626(9)
16.6481(12)
25.1386(19)
99.320(3)
99.634(3)
111.420(3)
4680.7(6)

2
1.412
3.432
2032
0.076x0.149%0.280
black
plate
MoK (A=0.71073 A)
4.01 to 50.05 (0.84 A)
-14<h<14
-19<k<19
—29<1<29

203812
16507
Rine=0.0458
Rsigma = 0.0186
99.9 %

16507 /949 / 1093

1.039
R1=0.0466
WR>=0.1232
Ri1=0.0524
WR2=0.1272
1.95/-0.96
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Refinement details:

During refinement the structure of [CusZnio](Cp*)s has shown to be highly intricate. Overall,
it comprises major disorder of metal atoms within the core. The issue is the fact that copper and
zinc atoms cannot be distinguished from each other by using only crystallographic methods.
Moreover, the first solution using SHELXT only showed 13 metal atoms instead of 14 and high
residual electron density (up to 30 e’) around the inner cluster core (Supplementary Figure 141).

Supplementary Figure 141: First solution for [CusZni0](Cp*)s using SHELXT. The model only comprises 13 metal
atoms and shows severe disorder of metal atoms around the inner cluster core.

Therefore, the 14™ atom must be highly disordered in a circular fashion around the inner part
of the cluster. Mass spectra acquired from isolated single crystals, however, unambiguously
showed us that the sum formula [CusZn0](Cp*)s must be correct (Supplementary Figure 140).
Note that there is no evidence for twinning for this structure (no split reflections, low symmetry,
P-1).

The only structural motif that can be directly assigned from the first solution are Cul as the
innermost atom of the cluster as well as four Zn—Zn—Cp* units (named Zn1-Zn7, Zn2—Zn8,
Zn3-7n9 and Zn4-Zn10 in the final model). Only zinc is capable of forming such a structural
motif to the best of our knowledge. We deduced thereof that disorder of metal atoms is limited
to the inner core of [CusZnio](Cp*)s. Hence, two zinc and three copper atoms (minus the four
Zn—Zn—Cp* units and Cul) must be “distributed” between four Cp* units. This results in three
“capping” and one Cp* bridging two metal atoms. Consequently, only five principle isomers
(neglecting enantiomers and diastereomers) may exist for the core of this compound
(Supplementary Figure 142). DFT calculations (vide infra) showed us that isomer I with two
bridging copper units is the one lowest in energy.
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LA

Supplementary Figure 142: Possible isomers for the core structure of [CusZnio](Cp*)s.

Based on these data, we found in total four layers of disordered metal atoms during refinement.
For that, the position and the atomic displacement parameters for atoms at the same positions
were constrained to be equal using the commands EADP and EXYZ. All four layers were added
up to 1 using SUMP. The over-all result of the DFG guided X-ray structural analysis of F is
given in Supplementary Figure 143a.

1.2.2. DFT Bonding Analysis

The single crystal X-ray structure of F (Supplementary Figure 143a) suffers accuracy from its
disordered nature and, owing to the close proximity of the Cu and Zn atomic numbers, some of
the metal positions could not be clearly identified as M = Cu or Zn. This fairly unsymmetrical
structure reveals a central Cu atom surrounded by eight moieties: four Zn-ZnCp*; three MCp*
and a “bidentate” M, {u-(m*m3-Cp*)}. This last coordination mode is expected to be highly
fluctional. This results in a ninefold coordination of the central copper atom. Furthermore, some
bonding interactions seems to exist between these nine metal atoms (Supplementary Figure
143a).

DFT Optimized ~ Wiberg Bond

<)
Bond SC-XRD [A]

F. [A] Indices F,
c(uc:lu - pcf)z 2395 2405 0.196
e | 2 2 oot
C(uz 11 Epz‘n)s 2.405 2309 0302

Supplementary Figure 143: a) Single-crystal X-Ray diffraction structure of F (ellipsoids drawn at 50% probability,
Cp* as wireframe for clarity). b) Comparison of the experimental (left) and DFT optimized (right) [CusZne]** core
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of F. ¢) Selected representative bond lengths from the SC-XRD and DFT optimized structure as well as the
associated Wiberg bond indices. Color code: copper = orange; zinc = blue, carbon = grey.

DFT calculations at the BP86/TZ2P/ D3(BJ) level (see details in the methods section of the
main text) were carried out on F, in order to ascertain the Cu vs. Zn nature of the M positions
and to provide a rationalization of its structure and stability. Calculations were performed from
the X-ray structure of F as starting geometry and the optimizations of a series of isomers with
various Cu vs. Zn distributions on the metal sites were performed. The ten most energetically
favorable structures (Supplementary Table 8) exhibit significant structural differences between
them. Nevertheless, the lowest energy isomer (Fi) is also the closest to the X-ray structure
(Supplementary Figure 143b and Supplementary Table 9). From the electron counting point of
view, the number of cluster metal valence electrons (discarding 3d electrons) of
[CusZnio](Cp*)s (F) is 4 + (10 x 2) — 8 = 16. Assuming that the Zn-Zn bonds in the four Zn-
ZnCp* units are localized 2-electron/2-center bonds, the number of electrons associated with
metal-metal bonding within the coordination sphere of the central Cu atom is 16 — (4 x 2) = 8.
Together with the 10 non-bonding 3d(Cu) electrons, this results in a central Cu atom following
the 18-electron rule, analogous to a regular ML, organometallic complex (Supplementary
Figure 144). However, regular organometallic complexes do not exhibit bonding between
ligands, whereas in F several bonding contacts exist between the metalloligands surrounding
the central Cu (Supplementary Figure 143). This is a result of the delocalization of the 8 cluster
bonding electrons. This delocalization is caused by the number of metalloligands exceeding the
number of available AOs for bonding to the central d'° copper center (four). This is further
facilitated by the possibility of non-negligible overlap between the metalloligands, allowing the
nine diffuse sp-type (4s/4p) frontier orbitals of the eight metalloligands (seven mono- and one
bi-dentate) to interact between one another. This interaction causes a dispersion of the orbitals
of the metalloligands sphere fragment, in turn allowing the bonding orbitals to interact
preferentially with the 4s and 4p AOs of the central Cu, then conferring to the four MOs
containing the 8 metal electrons with a substantial metalloligands---metalloligands bonding
character, as exemplified by the corresponding Wiberg bond indices (Supplementary Table 8).
This bonding situation, sketched in Supplementary Figure 144 was already put forward in the
case of [CuZnio](Cp*)7.12

Supplementary Table 8: Relative total (AE) and free (AG) energies and HOMO-LUMO gaps (AEsu.L) of the
computed isomers of [CusZnio](Cp*)s (F) of lowest energy.

Isomer Fi F> Fs Fy Fs Fs Fr Fs Fy Fio
AE (eV) ‘ 0.00 0.06 0.15 0.15 020 036 057 0.60 0.63 1.30
AG (eV) 0.00 0.12 0.11 022 020 042 056 054 0.64 1.17
AEnL(eV) 1.38 1.63 1.27 1.39 141 1.28 1.21 1.44 1.33 1.48
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Supplementary Table 9: Selected computed data for F1 (WBI = Wiberg bond index).

Interatomic Distance (. A ) WBI diom Natural atomic
contact charge
Cul-Cu2 2.405 0.196 Cul -0.72
Cul-Cu3 2.493 0.120 Cu2 0.20
Cul-Cu4 2.389 0.178 Cu3 0.34
Cul-Znl 2.407 0.056 Cu4 0.24
Cul-Zn2 2.331 0.094 Znl 0.56
Cul-Zn3 2.328 0.084 Zn2 0.50
Cul-Zn4 2.335 0.103 Zn3 0.55
Cul-Zn5 2.321 0.238 Zn4 0.52
Cul-Zn6 2.309 0.302 Zn5 0.82
Zn6 0.74
Znl-Zn7 2318 0.517 Zn7 0.70
Zn2-Zn8 2318 0.451 Zn8 0.65
Zn3-Zn9 2.309 0.502 Zn9 0.71
Zn4-Znl10 2319 0.444 Znl0 0.66
Cu2-Cu3 2415 0.165
Cu3-Cu4 2.423 0.067
Zn1-Cu2 2.538 0.090
Znl-Cu3 2.541 0.058
Znl1-Cu4 2.723 0.033
Znl-Zn5 2.676 0.057
Zn2-Cu2 2.692 0.064
Zn3-Cu2 2.600 0.063
Zn3-Cu3 2.502 0.088
Zn4-Cu4 2.540 0.096
Zn5-Cu4 2.513 0.123
Zn4-Zn6 2.784 0.048
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Supplementary Figure 144: Simplified MO interaction diagram for a stable cluster made of a central Cu atom

surrounded by at least four metalloligands of the type CuCp*,

ZnCp*, ZnZnCp*..., thus having (at least) one c-

type frontier orbital, and capable of allowing bonding interaction between them. In the case of F, the metalloligand
sphere is composed of the following units: four 1-electron Zn-ZnCp*, two 1-electron ZnCp*, one 0-electron

CuCp* and a bidentate 1-electron Cuz{p-(n*mn>-Cp*)}.
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1.3. Catalytic Semi-Hydrogenation
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Supplementary Figure 145: In situ LIFDI-MS of the conversion of 3-hexyne with H2 and 5.0 mol% [CusZni0]Cp*s
(F) at 100 °C showing the formation of [CusZn7]Cp*s(Hex)sHs (W). [CusZn4]Cp*s (B) is also observed as due to
its facile ionization. It is detectable in the mass spectrum, as much lower quantities are sufficient as compared for
"H-NMR observation.

3-hexyne
Hp

[C114Zn10l(CP*)s (F) [CugZn7l(Cp*)g(hexyne)sHs (W)

HCp* + Zn,Cp*,

2.10 2.05 2.00 1.95 1.90 1.85 1.80 1.75 1.70
f1 (ppm)

Supplementary Figure 146: Reaction scheme for the formation of species W from F upon conversion with 3-
hexyne/Hz at 100 °C. The side products are identified by 'H-NMR spectroscopy and the patter of the molecular
ion of W is shown.
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H, k
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Supplementary Figure 147: Schematic representation for the formation of species W from F upon conversion
with 3-hexyne/H: at 100 °C and subsequent semi-hydrogenation of 3-hexyne.
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Supplementary Figure 148: Calculated structure of [CusZn7](Cp*)s(Hex):Hs (W) showing species in a pin?-3-
hexyne, pin?-cis-3-hexene and pon'-cis-3-hexenyl coordinated to cluster core as a result of hexyne insertion into
cluster hydride species (alkyne semi-hydrogenation mechanism). a) Calculated structure of W (Cp* as wireframe
for clarity) and b) Calculated structure of W with the surface of the CusZn pentagonal antiprism marked (ligands
as wireframe for clarity). Color code: orange = copper, blue = zinc, grey = carbon and white = hydrogen.
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Supplementary ~ Figure 149: Experimental pattern (top) and calculated pattern (bottom) for
[CueZn7](Cp*)s(Hex)sHs (W).
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Supplementary Figure 150: "H NMR spectrum of the Cu/Zn library {4} (toluene-ds) showing the catalytic
formation of 3-hexene after 4 hours reaction time.
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Supplementary Figure 151: 'TH NMR spectrum of the catalytic semi-hydrogenation of 3-hexyne with 5 mol%

F (toluene-ds). No n-hexane formation is observed.
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Supplementary Figure 152: "H NMR spectrum of the catalytic semi-hydrogenation of 3-hexyne with 5 mol%
F (toluene-ds) focused on the CH: signals of the 3-hexens (cis and trans).
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Supplementary Figure 153: "H NMR spectrum of the catalytic semi-hydrogenation of 3-hexyne with 5 mol% F
(toluene-ds) focused on the CH3 signals of the 3-hexyne and 3-hexenes (cis and trans).

Calculation and Comparison of TOF data:

The TOF data were determined based on the conversion of 3-hexyne after four hours with both
F and {1} as pre-catalyst and pre-catalytic system respectively. As the quantification of F in
{4} is not possible due to an overlap of the different species of {1} in the 'H NMR spectrum,
the TOF is calculated based on the total molar amount of Cu in solution. In this regard, 5 mol%
F [Cus4Znio](Cp*)s results in the presence of 20 mol% Cu with respect to the amount of 3-
hexyne. For the catalytic semi-hydrogenation with {1} as pre-catalytic system (resulting in {4}
during the catalysis), the conversion of 3-hexyne is performed with a total molar amount 27
mol% Cu (derived from the synthetic conditions of library {1}) with respect to the amount of
3-hexyne. Thus, we compare the obtained TOF values of the two experiments to the same level
of mol% Cu present in the reaction solution. The conversion of 3-hexyne to cis- and trans-3-
hexene and n-hexane was monitored via '"H NMR. After four hours of reaction time, the
conversion of 3-hexyne is observed to be 48% with the isolated F and 16% with {4}. This
results in a TOF of 0.60 h''Cu! when using isolated F as pre-catalyst (TOF = 2.4 h! based on
F) and of 0.15 h''Cu! with {1} as precatalytic system.

nhexene%
roF = LN _ T
t
48 mol%
TOF, = 200L — 060 hicut
16 mol%
TOFyy = 27000 _ 015 hicu™!
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2 Computational Framework

The computational framework allows us to explore all different structural possibilities and
compare the energies of the various possible structures of a given clusters to determine the most
likely one. The energies of different structures can only be used relative to one another for a

given sum formula.

2.1 Introduction to the Generation of Metal Complexes

The computational design of molecular structures can be achieved using global optimization
algorithms such as Basi-Hopping Monte Carlo (BHMC),! where the Monte Carlo algorithm is
combined with local optimization algorithms such as conjugated gradient, steepest descent, etc.>
The investigation of phase space necessitates an extensive number of total energy minimization,
which can be performed using either ab initio methods or force field theoretical frameworks. !
Normally, those techniques, e.g., BHMC, have been applied for the study of a wide range
of molecular systems, including particles (clusters and nanoclusters), in which the starting
molecular configurations are atoms randomly distributed within a box space. !

In general, metal complexes are composed of a metal core with a few atoms surrounded by
ligand species. Thus, metal complexes can be visualized as molecular structures composed of
two molecular fragments, namely (i) a core region composed of few atoms and (ii) chemical
species connected to the core region (ligands).® Therefore, the computational design of metal
complexes can take advantage of this observation to accelerate the computational design of
molecular trial configurations for evaluations by total energy methods.

Thus, our computational strategies take advantage of our computational global optimization
techniques in the study of finite-size metal clusters,! density functional theory (DFT)
calculations for finite-size systems,* and machine learning-based algorithms.> As expected
in any development study, we considered and implemented several computational strategies
(algorithms), such as different core generation procedures, various scripts for the distribution
of ligands around the core region, different optimization routines, etc. Thus, in the end, the

present document only summarizes the final and successful algorithm, which is summarized in
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Figure 154. It contains several modules that work sequentially step by step to deliver a set of
family structures for a selected metal complex.

As indicated in the flow chart, the present algorithm can be implemented using different
levels of computational methodologies for the total energy evaluations at each step, namely
ab initio calculations based on DFT or less accurate force field calculations. For example,
for the DFT calculations, the following DFT implementations could be used: (i) Vienna Ab
initio Simulation Package (VASP),%7 Amsterdan Density Functional (ADF),® GAMESS,”’
GAUSSIAN, 10, Fritz—Harber Institute - Ab initio Materials simulation package (FHI-aims), 11,12
etc.

In this work, for the computational design of metal complexes, we selected the FHI-aims
implementation, which provides great flexibility to control the computational cost of the
DFT calculations by a proper selection of the basis-set; i.e., it contains different levels of
the basis-set. In the following, we will discuss step by step all the computational details on
the algorithms. Furthermore, we provided the procedure compiled in an automated Python
language, namely cluster_assembler, which is available at https://github.com/

QTNano/Cluster—Assembler/.
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Supplementary Figure 154: Flowchart illustrating a general computational framework to design
molecular structures for metal complexes.

2.2 Additional Computational Details on the Framework for the
Generation of Metal Complexes

The proposed algorithm is general, however, to make the discussion casier, we selected the
[Cu,Zny) system for our discussion, which will helps to understand the proposed ideas and
selected strategies to build up a family of metal complexes ab initic computational design, 1.c.,

it does not include previous experimental knowledge on the metal complex structure.

2.2.1 Generation of Molecular Unary Frames

Given the desired chemical composition of the cores, e.g., [Cu,Zn; ), we start by generating a

family of unary frames, e.g., [Cuggp)) and [Zni,,5)]. The process begins by defining the shape
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of the box that will be used to construct the frame. Two types of boxes are considered: Sphere

and Cube boxes. For example,

1. For the Sphere, the radius is determined by the following formula'3:

1

. 3 X Natoms ) 3
sphere_radius = 2 x dy x | factor+ [ ————=
P 0 ( (4 X T XV2

where d| is the covalent radius of the species, factor is a tolerance parameter, and 7,¢oms 1S

the number of atoms in the frame.

2. For the Cube box, the edge length of the cube container is set to:

1
4 3
cube_edge = sphere_radius x <¥>

The atoms are iteratively added to the frame, with the constraint that each atom must be
placed inside the defined box. Additionally, the distance to the nearest neighbor must respect
the covalent radius of the species with a gamma tolerance. Specifically, the distance between the
newly added atom and its closest neighbor must be within the range dy — ¥ to do + 7y, where 7y is
a tolerance parameter that accounts for slight variations in the lengths of the bonds.

Finally, to guarantee that all frames are valid, we provide a Python function that checks the
frame structure using a graph approach. For that, the frame structure is encoded as a graph, where
nodes represent atoms, and edges represent the links between pairs of atoms whose distance
is shorter than the covalent radius multiplied by a parameter greater than one, representing the
tolerance for establishing the connection. If the resulting graph contains a single component, the
frame is approved. Otherwise, it is rejected. At the end of this process, the generation of the

frames is provided by Module 1, depicted in Supplementary Figure 154.

2.2.2 Clustering of Molecular Structures via Coulomb Matrix Representation

To manage the large number of trial configurations and identify unique structures, we apply the
k-means clustering algorithm. '# First, we encode all structures into vectors using the eigenvalues

of their Coulomb matrices, ! allowing us to group similar configurations effectively. The
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Coulomb matrix is a representation of the molecular structure where each element M;; is defined

as:

0.522* ifi=j
M;j =

TRy i
in which, Z; and Z; are the atomic numbers of atoms i and j, respectively, and ||R; —R;| is the
Euclidean distance between atoms i and j. The eigenvalues of the Coulomb matrix provide a
compact, invariant descriptor of the molecular configuration that is used for clustering.

The k-means clustering algorithm is a partitioning method that divides n observations into k
groups. Each observation belongs to the group with the nearest mean, or centroid. In our case,
we select the configuration closest to the centroid as the representative of the group. Formally,
given a set of observations (xl,xz, ..,,x,,), where each observation is a d-dimensional real vector,
k-means clustering aims to partition the n observations into k (< n) sets S = {51, 52,...,S¢} to

minimize the within-group sum of squares (WCSS):

k
argmin Y ¥ bl

i=1x€S$;

where ; is the mean of points in S; (cluster centroid).

The number of groups, k, can be specified by the user or automatically determined. For
automatic determination, we use silhouette analysis from multiple runs of the clustering
algorithm. '® The silhouette score evaluates the similarity of an object to its own group compared
to others. By running the clustering algorithm » times and evaluating the silhouette score for
each run, we select the most frequent k& (number of groups) which results in the highest silhouette
score.

This method ensures that we efficiently and accurately identify unique configurations from

the large set of trial structures, providing a robust way to analyze and filter the generated frames.

It is worth noting that this module, named Module 0, might be invoked in the following modules

as well, in order to reduce the number of chemical structures.
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2.2.3 Generation of the Binary Core Structures

The next step in our methodology involves generating binary cores based on the frames provided
by Module 1. Considering the same composition illustrated in Section 2.2.1, [Cu,Zn,], we
start by taking each frame, with the composition [Cup)] or [Zn(+p)], and run all possible
permutations by replacing the original atoms of the frame with a atoms of Zn and b atoms of Cu.

After generating all permutations, we apply the same connectivity filter used in Module 1
(see Section 2.2.1) to validate the cores produced by this step, which we refer to as Module
2. This filter ensures that the generated cores are chemically reasonable by checking that each
atom is within a valid distance range from its nearest neighbors, adhering to the specified
covalent-radius tolerance.

The permutation process can generate a large number of structures, especially when a and
b are larger. Thus, to manage this potentially large number of structures and identify a small
set of representative cores, we can also use the clustering method described in Section 2.2.2.
This involves applying the k-means clustering method on data represented by the eigenvalues
of the Coulomb matrix. This approach ensures that we maintain a diverse yet manageable set
of binary core structures for further analysis and optimization. By combining the permutation
of elemental compositions and clustering, Module 2 generates valid and representative binary

cores based on the initial frames from Module 1.

2.2.4 Low-cost Geometric Optimizations for the Core

At the end of this step, we obtained a set of trial molecular configurations for the core; however,
these fragments will be combined with the ligands in the following modules for final total energy
optimizations. Therefore, in this step, it is not necessary to perform high-accurate geometry
optimizations. Thus, it is recommend to use low-cost DFT calculations. In this step, we used
lower-cost geometric optimizations based on smaller basis-set. Therefore, for the examples
provided in the following sections, the family of binary cores was submitted at the PBE+TS-vdW
optimization level with the light-tier] basis-set improvement and light convergence parameters of
the FHI-aims '! package. Additional information on the theoretical approach and computational

details is provided in Section 2.2.9.
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2.2.5 Generation of Sites on the Core Surface

We start by generating a set of n sites (points) uniformly distributed over a sphere that
circumscribes the core (one of the fragments of the metal complex). For this purpose, two steps

are considered:

a) We use a Fibonacci approach, named the Fibonacci lattice, to distribute the sites. 7 This
method uses the Fibonacci sequence to distribute n points so that they are approximately

equidistant from each other on the surface of the sphere;

b

=

The sites defined in Step a) undergo a fine adjustment based on a coarse force field process.
Each site is considered a charged particle that is loose over the surface of the sphere.
Because the particles have the same charge, they repel each other until an equilibrium
is reached. In equilibrium, the n points are almost equally spaced on the surface of the

sphere.

C

~

Furthermore, the defined sites can also be adjusted to the core surface (deformation),

which can be activated by the user by selecting the deformation step.

Thus, our implementation provides great flexibility to the generation of the n points on the core

region, which is a key part of the algorithm.

2.2.6 Addition of Ligands on the Core Surface

Given the sites, the method will begin to add the ligands selected by the user at a predetermined
distance d. An arbitrary number of different ligands can be considered; for example, the user can
choose to add m ligands A and n ligands B, e.g., Cp, Cp* for A and B, respectively. The ligands
are added to the site using one of two distinct approaches, also selected by the user during the

simulation:

a) The ligands are randomly positioned. In this case, for each ligand, the molecule will be

randomly rotated before addition;

b) The ligands are positioned in an oriented manner. In this scenario, the user must provide a

set of atoms from the ligand to orient the positioning.
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2.2.7 Complexes Filtering

For large [Cu,Zn,]A,,B, complexes with a large number of ligands, the generated structures
may exhibit unrealistic configurations, such as closely spaced overlapping atoms, which can
lead to issues in electronic structure calculations, i.e., those calculations cannot reach electronic
convergence. To address this, we have implemented a filter to prevent atoms from overlapping.
When applying this filter, we check if the following condition holds for all possible distances d
between atoms a and b:

d>(rg+71,) x0.8, (1)

where r, and r;, represent the covalent radii of each pair of atoms a and b, respectively. If any
distance between atoms violates this rule, the structure is discarded. The threshold of 0.8 can be

adjusted to be more lenient or stricter, depending on the specific requirements.

2.2.8 Representative Complexes via Clustering Algorithm

Finally, since the number of complexes can be very large and with many redundancies (very
similar structures), the clustering method depicted in Section 2.2.2 can also be activated to
reduce the complexes to a smaller subset of representative molecular structures. Following
this methodology, we ensure that the generated complexes are both chemically reasonable and
diverse, providing a robust family of structures. Therefore, the combination of the k-means
algorithm based on a Coulomb representation and the silhouette analysis from multiple runs '

plays a critical role in selecting the most successful molecular configurations for the evaluation

of total energy by geometric optimizations.

2.2.9 Low-cost Geometric Optimization of Metal Complexes

At this step, the final family of [Cu,Zn,]R, complexes is externally submitted to DFT
calculations with low computational parameters for the self-consistent convergence of the
electron density and optimization parameters. For the examples provided in the following
sections, these complexes were optimized at the PBE+TS-vdW level with the light-tier] basis

set and light convergence parameters using the FHI-aims software. !! The optimized set provides
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a [Cu,Znp]R, family of local minimum configurations for each composition of interest, where
we expect to find structures that closely resemble those obtained experimentally, as they exhibit
lower relative energy. Although additional configurations, particularly those with a great variety
of R, ligands, can be manually designed, in which this final family of complexes can serve
as inspiration. Moreover, additional physical-chemical properties observed experimentally
for the complexes can guide this design process more efficiently towards new local minimum

configurations.

2.2.10 Optimization with Tight Criteria

At this optional step, the selected representative structures via our clustering implementation
can be externally submitted to DFT optimization with tight self-consistence parameters and
optimization parameters, particularly to perform additional analysis, e.g., NBOs, AIMS,
EDA-NOC, and others. Depending on the computational resources, this step can be done
previously for a large number of configurations; however, it will increase the computational.
From our computational tests, two-step geometric optimization plays an important role in

reducing the computational cost.

2.3 Additional Details on the Theoretical Approach and Computational
Details for the Optimization Calculations

All ab initio total energy calculations were based on spin-polarized DFT within the semi-local
exchange-correlation energy functional proposed by Perdew—Burke—Ernzenhof (PBE).!® To
improve the description of weak long-range interactions for all complexes, we used the
Tkatchenko—Scheffler (TS) van der Waals (vdW) correction (vdW-TS).!? In this formalism, the
attractive vdW energy correction is added to the plain DFT-PBE total energy.

The calculations were performed in the Fritz—Haber Institute - Ab initio Materials
simulations (FHI-aims) package,!!where the Kohn—Sham (KS) orbitals were expanded in
numerical atom-centered orbitals (NAOs).!? Specifically, we used the light-tierl basis (adopting

FHI-aims terminology), which are the first basis-set improvement from the free-atom orbitals
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minimal basis.?? The electrons were treated within the scalar-relativistic framework using the
atomic zeroth-order relativistic approximation (atomic ZORA).2!

The self-consistent electronic density (SCF) for the complexes was achieved by meeting
the following convergence criteria, i.e. a total energy difference of less than 1.00 x 10~#eV
and atomic forces less than 1.00 x 1072 eV 10\_1. Thus, to obtain the equilibrium geometries,
we used an atomic force criterion of 1.00 x 10~! eVAfI. Furthermore, to ensure the correct
occupation of the electronic states, which is crucial for the complexes, we employed a Gaussian

broadening parameter of 10 meV for all total energy calculations.

24 Cluster_Assembler - Documentation

The cluster_assembler package is the workflow implementation used in this work to
design the metal complexes within the experimental living library, through DFT ab initio
calculations combined with machine learning-based algorithms. The source code has been
made available to the community under the Apache-2.0 license, accessible at https://
github.com/QTNano/Cluster—-Assembler/. In addition, detailed comments on its
functionalities are also provided in the accompanying documentation, which is available at the

same link.

1. Description — The code provides a general process, divided into four modules (0—3), to
generate complexes (core + ligands), i.e., protected clusters. Further details about each

step are provided in Section 1 of documentation file.

2. Recommendations — Before running the code, the user should check the following

observations:

(a) If the main directory contains all mandatory files and folders: main.py,mol.txt,
/core, /ligands, /bin, and properly prepared the input parameters. json
file, which is fully-documented at our repository. Do not exclude the *.py files
within these folders if you still pretend to run the code. Additional files as job_pbs
and environment .yml are provided to run cluster_assembler on HPC

facilities within specified Python-modules, respectively;
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(b) Check the installation of Python;

(c) We strongly recommend installation Anaconda possibly via Anaconda.

3. Installation — Before running the code, the user has to mount all python-modules
dependencies required for cluster_assembler toolbox run without any problem, by

executing the following command:

$ conda env create -f environment.yml

4. Running the Code — The user has to set-up the parameters. json input file by
specifying all the parameters according to the tasks that cluster_assembler will
perform. Therefore, we recommend that inexperienced users keep advanced parameters
set to their default values. However, all parameters can be adjusted as needed. Hence,
after setting up the parameters. json file, the workflow can be started simply by

running the following to commands:

$ conda activate py396

$ python3 main.py parameters.json

Note that all folders are created in the same working directory where you called
python3 main.py. Therefore, when the code or parameter file requires an address,
e.g., INPUT_FOLDER, the user only needs to type the file’s name. However, changing

the folder directory requires you to provide the complete path for the address.

5. Module 0 - Mod0 — k-means clustering tool to select the representatives unary
cores, binary cores, and complexes. Thus, the original k-means clustering algorithm
is available at https://github.com/quiles/Adsorption_Clus/blob/main/representative.py.
However, a modified and enhanced version of k-means is internally implemented within

cluster_assembler code.

6. Module 1 - Mod1 - In this module, unary cores are generated, processed, analyzed, and

clustered. Therefore, users can choose between combining external sources and internally
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generating the unary cores using our implemented subroutine. Subsequently, the cores are
checked according to the integrity filter and clustered by k-means if the RUN_MOD_ ZERO

flag is activated.

7. Module 2 - Mod2 - From the unary cores, permutations — i.e., all possible or
user-specified —are performed in each of the selected unary cores by an internal
subroutine of cluster_assembler. Subsequently, the binary cores are checked
according to the integrity filter and clustered by k-means if the RUN_MOD_ZERO flag is

activated.

8. Module 3 - Mod3 — Module responsible to distribute the ligands around the selected
binary cores. Therefore, the ligands file (in *.xyz format) should be prepared beforehand
in the /1ligands folder, particularly when the ligand is oriented distributed. Thus,
several ligands might be used in the process. However, their orientation regarding the
complex core is controlled by the user, which can select a random or specific orientation
(provided by a set of base atoms). An overlap filter iteratively excludes structures with
overlapping atoms (integrity). The default threshold is set to # = 1.25, and can be manually
tuned. The filtered complexes are again clustered by k-means if the RUN_MOD_ZERO
flag is activated. Finally, the selected structures are the representatives within the living
library family of structures, and can be externally optimized using methods such as DFT,

Tight-Binding, etc.
9. Additional Observations to use the computational implementation:

(a) All submission job files for the cluster_assembler code at a personal
computer (in job.sh) and HPC clusters (in job.pbs) are provided in the /jobs

folder;

(b) Steps 2 and 3 must be done externally and can be automated using appropriate

quantum chemistry software, e.g., FHI-aims, CREST, VASP, ADF;

(c) k-means needs the Pandas module needs to work properly. However, we strongly

suggest the user install Anaconda since Pandas is already a part of Anaconda
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distribution.

2.5 Computational Parameters to Generate the Family of Metal

Complexes

Above in the Supplementary Table 10, we provide detailed input parameters for generating
the [A,Bp](C). metal complexes’ family reported herein. To enhance the unary frames set, we
incorporated frames from our previous work, n using DFT-optimized cores of A1) and B(p1q)
clusters for INPUT _DATA. A reduced final family of [A,B;](C). complexes, containing the
representative structures of the living libraries, was achieved by applying the Module 0 (k =
15), depicted on the following section. Based on the physico-chemical properties of this family,
additional structures were added to the final set, ensuring a more complete representation of the
configuration space by incorporating specific configurations with experimental physic-chemical

features.

Supplementary Table 10: Selected input parameters for the parameters. json file used
as input for the Cluster_Assembler code for the generation of the family of [A,B](C),
metal complexes reported in this work. A reference guide explaining each input parameter
can be found at https://github.com/QTNano/Cluster—Assembler/. All other
parameters were set to their default values.

Module 1 Module 2 Module 3
A and  Trial  Representative Optimized . AB-C  Trial Filtered  Representative | ml Family
Complexes c b . L 1Y€ of Optimized
1A4B Bpra)  [AdBs] [AdBp] [AdBy] § Distance  [AqBp)(C)e  [AaBpI(C)e  [AdBpI(C)e
LBy1(C), Orientation : [ABb1(C)c
frames  cores cores cores (A)  Complexes Complexes  Complexes
Complexes
[CuZny](Cp¥)3 40 120 40 40 Cp* [0,1.2] 225 400 * 20 18
[CusZng)(Cp*)s 21 735 200 198 Cprl0.02] 225 1995840 * 300 289
[CusZns])(Cp*)s(CO2)2 40 1080 200 179 Cgol()[.-ll.]l] 225 2160000 22314 300 208
Cp* [0.1.2]
[CugZns|(Cp*)s(Mes)Hs 54 7798 120 107 Mes [11,12,13] 25 1979500 31873 300 218
H[-1]
Cp*[0,1,2]
[CusZn(Cp*)3(Mes)sCO, 54 8910 300 278 Mes[ILI213] 25 2085000 176285 300 209
COy [-1]
Cp* [0,1,2]
[CusZn3|(Cp*)s(Mes);H 54 8910 300 278 Mes[ILI2I3] 25 2085000 103278 300 159
HI[-1]
Cp* [1,34]
[CuyZn)(Cp*o(Hex)sHy 200 * 300 291 Hex[543] 25 2007900 11881 300 a3
HI)
Cp*[0,1,2]
[CuniZngl(Cp*)s(CO(HCOs) 60 742560 300 290 CO [-1] 25 2001000 3369 300 0
HCO, [-1]
[Cus Algl(Cp*)s 46 138138 200 197 Cp*l012] 25 2019250 36176 300 213
[Ni;Gagl(Cp*)s 61 104676 200 196 Cp* [0,1,2] 25 2009000 20856 300 155
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2.6 Additional Results for the A,Bj; Cores

Below, we will report all data obtained for the DFT calculations for the core fragments.

2.6.1 [CuZn;]

Supplementary Table 11: Energetic and electronic properties for [CuZn,] cores obtained
with PBE/light-tier] level and light SCF parameters: configuration number (i), relative total
energy (AE;y), total magnetic moment (1), HOMO energy (€), LUMO energy (g1), and
LUMO-HOMO energy gap (Ey).

i AEqy My &y e Eg

(meV) (ug) (V) (eV) (eV)
39 465 1 —420 -355 0.66
27 461 1 —422 -355 0.66
8 453 1 —427 =358 0.69
9 453 1 —427 =359 0.68
34 435 1 —4.04 -341 0.63
5 433 1 —441 =373 0.68
31 430 1 —4.06 -341 0.65
32 418 1 —4.02 -340 0.62
16 417 I —434 -3.65 0.69
14 410 1 =395 -334 0.62
24 382 1 =386 —-327 0.59
19 356 1 =383 -324 0.9
2 343 1 =378 -=320 0.59
36 176 1 —419 =359 0.60
10 174 1 —-420 -3.60 0.60
12 172 1 —419 -3.60 0.60
21 158 1 —415 -355 0.60
20 143 I —411 =352 0.59

Continued on next page
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Supplementary Table 11: Energetic and electronic properties for [CuZn;] cores obtained
with PBE/light-tierl level and light SCF parameters: configuration number (i), relative total
energy (AE;y), total magnetic moment (1), HOMO energy (€), LUMO energy (&r), and
LUMO-HOMO energy gap (Ey).

i AEqy My &y e Eg

(meV) (up) (V) (V) (eV)
38 140 1 —4.09 -3.50 0.59
4 139 1 —-4.09 —-3.50 0.59
13 138 1 —4.08 —-3.50 0.59
22 133 1 —4.06 —-3.47 0.59
37 131 1 —4.03 —-3.44 0.59
7 116 1 —4.00 —-3.41 0.59
40 108 1 -394 -3.35 0.59
35 106 1 —-398 -3.39 0.59
26 98 1 -393 -335 0.59
30 96 1 -394 -3.36 0.59
28 90 1 —3.88 —-3.29 0.59
33 70 1 —-3.86 —3.28 0.59
29 68 1 —3.84 —-3.25 0.59
15 41 1 -3.78 -3.19 0.59
1 40 1 —-3.81 —-3.23 0.58
6 35 1 -3.76 —-3.17 0.59
17 34 1 -3.78 —=3.21 0.57
23 33 1 -3.73 -3.13 0.60
11 25 1 =375 —3.17 0.58
25 10 1 =371 -3.12 0.59
18 4 1 -3.71 -3.13 0.58
3 0 1 —-3.69 —3.09 0.59
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2.6.2 [Cu3Zny4]

The [CusZng] structures were used to design both [Cu3Zng](Cp)s and [CuzZna](Cp*)s

complexes.

Supplementary Table 12: Energetic and electronic properties for [CuzZn4] cores obtained
with PBE/light-tier] level and light SCF parameters: configuration number (i), relative total
energy (AE;y), total magnetic moment (1), HOMO energy (¢y), LUMO energy (&), and
LUMO-HOMO energy gap (Ey).

i AE; 0  Myor &y e Eg

(meV) (ug) (V) (V) (eV)

34 1485 3 —-3.77 -3.62 0.16
32 1483 3 —-3.83 —-3.62 0.21
153 1418 3 —4.06 -3.75 0.31
117 1414 3 —4.04 -3.71 0.33
158 1409 3 —-3.89 =375 0.14
43 1326 3 —-3.92 -381 0.11
188 1277 1 —-3.86 —3.73 0.12
189 1254 1 —4.09 -3.78 0.31
108 1222 3 —3.81 -3.66 0.15
148 1210 1 —3.93 -3.53 040
111 1205 1 -390 -3.51 0.39
186 1111 1 —-395 -3.59 0.36
120 1061 1 —4.16 -3.77 0.39
151 1060 1 —4.15 -3.76 0.39
49 1059 3 -397 =377 0.20
55 1035 3 —4.04 -3.74 0.3l
8 996 1 —-3.74 =335 0.39

33 954 3 —-3.89 -3.60 0.30
191 940 1 —4.04 -3.75 0.29
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Supplementary Table 12: Energetic and electronic properties for [CuzZn4] cores obtained
with PBE/light-tierl level and light SCF parameters: configuration number (i), relative total
energy (AE;y), total magnetic moment (1), HOMO energy (€), LUMO energy (&r), and
LUMO-HOMO energy gap (Ey).

i AE;y;  Myor &y e Eg
(meV) (up) (V) (V) (eV)
89 901 1 —415 -3.85 0.30
174 888 1 —-3.73 =337 0.35
199 888 1 —4.38 —4.08 0.29
131 862 1 =397 -3.62 0.36
156 860 1 —-3.81 —-3.51 0.30
1 856 1 —3.92 -352 040
138 817 1 —4.02 -3.64 038
66 809 1 —3.86 —3.48 0.38
5 781 1 -394 -350 045
92 768 1 -397 -3.63 033
154 768 1 —-3.92 -351 041
197 763 1 —-3.66 —-348 0.18
47 760 1 -390 -3.54 0.36
196 712 1 —4.56 —-429 0.27
143 704 1 —3.84 —-350 0.34
112 656 1 —4.06 —-3.52 053
150 653 1 —4.05 -3.52 0.53
100 650 1 —3.88 —344 044
103 646 1 —3.88 —3.48 0.39
50 646 1 —4.25 -3.86 0.38
162 639 1 —-3.54 -335 0.19
38 624 1 —3.81 —-3.33 048
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Supplementary Table 12: Energetic and electronic properties for [CuzZn4] cores obtained
with PBE/light-tierl level and light SCF parameters: configuration number (i), relative total
energy (AE;y), total magnetic moment (1), HOMO energy (€), LUMO energy (&r), and
LUMO-HOMO energy gap (Ey).

i AE;y;  Myor &y e Eg

(meV) (up) (V) (V) (eV)

152 624 1 =396 -3.61 0.35
113 621 1 —-396 —-3.59 0.36
68 617 1 —3.84 —-344 040
90 609 1 —3.80 -3.39 041
183 595 1 —3.88 —3.48 040
13 592 1 —-3.77 =337 040
37 585 1 —3.84 347 037
57 581 1 —-3.79 —-3.38 041
18 571 1 -3.61 -331 0.30
161 565 1 -392 -355 037
105 563 1 —4.41 -394 0.46
46 559 1 -394 -355 0.39
130 548 1 —4.09 -3.70 0.39
144 544 1 —-3.92 -357 035
132 526 1 —4.06 -3.69 0.37
133 523 1 —3.87 =347 041
44 521 1 —-3.63 —-3.27 0.36
95 521 1 —4.11 -3.74 037
72 519 1 —4.16 —3.81 0.36
35 488 1 —4.06 —-3.74 0.32
110 487 1 -394 -356 0.37
75 486 1 —-397 =359 037
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Supplementary Table 12: Energetic and electronic properties for [CuzZn4] cores obtained
with PBE/light-tierl level and light SCF parameters: configuration number (i), relative total
energy (AE;y), total magnetic moment (1), HOMO energy (€), LUMO energy (&r), and
LUMO-HOMO energy gap (Ey).

i AE;y;  Myor &y e Eg

(meV) (up) (V) (V) (eV)
54 482 1 —-3.87 —-3.50 0.37
184 480 1 —4.10 -3.70 0.40
147 478 1 —-3.92 -355 037
106 475 1 —4.17 -3.78 0.39
78 472 1 -390 -3.56 0.34
195 471 1 —-3.78 -3.39 0.39
194 469 1 —4.00 —-3.66 0.34
185 468 1 —4.03 -3.69 0.35
22 461 1 —4.06 -3.76 0.30
134 460 1 —3.87 =349 0.39
177 459 1 —4.14 =375 0.39
198 458 1 —4.14 -3.76 0.38
79 457 1 —3.88 =351 0.37
142 455 1 —-396 -3.59 0.38
64 452 1 —4.06 —-3.61 045
71 452 1 -394 =357 037
187 445 1 —3.88 —-3.49 0.39
31 445 1 —3.89 —-345 044
15 440 1 —3.80 -345 043
67 439 1 —3.89 —-348 041
168 437 1 —-398 -3.60 0.38
170 432 1 —-391 =350 041
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Supplementary Table 12: Energetic and electronic properties for [CuzZn4] cores obtained
with PBE/light-tierl level and light SCF parameters: configuration number (i), relative total
energy (AE;y), total magnetic moment (1), HOMO energy (€), LUMO energy (&r), and
LUMO-HOMO energy gap (Ey).

i AE;y;  Myor &y e Eg
(meV) (up) (V) (V) (eV)

48 424 1 =390 -3.51 0.39
167 420 1 -3.89 -3.51 0.37
73 417 1 —-3.73 =330 044
122 417 1 —380 —3.35 045
176 407 1 —430 -3.93 0.37
107 406 1 —-3.71 =328 043
180 406 1 —-3.69 —-3.26 043
69 399 1 —4.06 —3.54 0.52
7 395 1 -391 -352 0.38
86 393 1 —4.15 =374 041
159 387 1 —-3.53 -3.12 041
42 358 1 —393 -350 044
98 355 1 —4.14 =372 041
11 354 1 -391 -3.62 0.29
115 353 1 —3.96 -3.66 0.30
93 348 1 —-3.75 =337 0.38
146 342 1 —4.12 —-3.80 0.32
172 335 1 —3.81 —-343 0.38
91 334 1 —4.12 =379 0.32
114 334 1 —4.03 -3.72 0.31
3 330 1 -390 -3.59 031
129 329 1 —3.83 -341 042
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Supplementary Table 12: Energetic and electronic properties for [CuzZn4] cores obtained
with PBE/light-tierl level and light SCF parameters: configuration number (i), relative total
energy (AE;y), total magnetic moment (1), HOMO energy (€), LUMO energy (&r), and
LUMO-HOMO energy gap (Ey).

i AE;y;  Myor &y e Eg

(meV) (up) (V) (V) (eV)

61 329 1 —382 —-344 0.38
40 325 1 -3.60 -3.21 0.39
63 317 1 —4.02 -3.63 0.39
165 309 1 =376 -3.35 041
136 309 1 —-3.65 —-3.26 0.39
76 305 1 —3.87 =345 043
96 305 1 —4.01 -3.61 0.39
155 301 1 —-3.64 -—-3.19 046
23 300 1 —4.02 -3.61 041
88 298 1 —4.08 —-3.67 042
6 287 1 —4.02 —-3.49 0.53
128 285 1 —3.86 —3.48 0.38
59 284 1 —-3.76 —-3.36 0.40
135 283 1 —3.85 —-341 044
81 283 1 —3.82 =339 044
99 275 1 —3.73 =333 040
173 275 1 —3.58 —-3.10 0.48
65 268 1 -3.76 =337 0.39
124 267 1 —3.87 =346 042
118 265 1 —3.83 —-344 0.39
140 263 1 —346 -3.04 042
45 261 1 —3.67 —-324 043
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Supplementary Table 12: Energetic and electronic properties for [CuzZn4] cores obtained
with PBE/light-tierl level and light SCF parameters: configuration number (i), relative total
energy (AE;y), total magnetic moment (1), HOMO energy (€), LUMO energy (&r), and
LUMO-HOMO energy gap (Ey).

i AE;y;  Myor &y e Eg

(meV) (up) (V) (V) (eV)

82 261 1 —-3.81 —-337 044
52 260 1 —-3.73 —-335 0.38
9 258 1 —3.86 —343 042

41 256 1 —3.68 —326 042
83 256 1 —-3.71 =328 042
53 249 1 —-3.70 =326 043
85 248 1 -3.76 —-3.36 0.40
179 248 1 —-3.78 =333 045
97 246 1 —3.84 —-340 044
39 243 1 -3.76 —-3.41 035
166 243 1 —-3.59 -3.12 046
51 227 1 —3.87 =347 040
164 226 1 —-3.73 =336 0.36
181 225 1 —-3.71 =335 0.36
182 224 1 -3.61 -3.12 049
21 224 1 —3.94 -3.52 041
169 224 1 —3.73 =329 044
24 220 1 —3.89 —-345 044
4 218 1 -394 -352 042

163 214 1 —-391 -3.50 041
30 211 1 —3.83 —-340 042
178 203 1 -390 —-3.46 043
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Supplementary Table 12: Energetic and electronic properties for [CuzZn4] cores obtained
with PBE/light-tierl level and light SCF parameters: configuration number (i), relative total
energy (AE;y), total magnetic moment (1), HOMO energy (€), LUMO energy (&r), and
LUMO-HOMO energy gap (Ey).

i AE;y;  Myor &y e Eg

(meV) (up) (V) (V) (eV)
102 196 1 —389 -—-345 044
84 191 1 —3.83 —3.38 045
109 185 1 —3.83 —-340 043
10 184 1 —383 —340 042
28 181 1 —3.83 340 043
20 181 1 —3.86 —343 043
27 161 1 —393 348 046
145 154 1 —-3.81 —-3.43 0.39
17 152 1 —4.05 -3.57 048
56 144 1 —3.72 =330 042
101 142 1 —-3.69 —-3.27 042
29 142 1 —3.85 —-334 051
14 139 1 —4.07 -3.62 045
175 138 1 —-3.69 —-3.28 042
123 132 1 —3.84 —-339 045
157 130 1 -3.76 —-3.37 0.39
193 128 1 —-3.76 =336 040
116 126 1 —-3.78 —-3.39 0.39
126 121 1 —-3.76 —3.37 0.39
192 117 1 -3.76 =337 0.39
119 113 1 -3.74 -335 0.39
149 112 1 —-3.75 —-3.36 0.39
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Supplementary Table 12: Energetic and electronic properties for [CuzZn4] cores obtained
with PBE/light-tierl level and light SCF parameters: configuration number (i), relative total
energy (AE;y), total magnetic moment (1), HOMO energy (€), LUMO energy (&r), and
LUMO-HOMO energy gap (Ey).

i AE;y;  Myor &y e Eg

(meV) (up) (V) (V) (eV)

2 112 1 =393 —-344 049

104 111 1 —-3.81 —-337 044
139 111 1 —4.04 -3.63 041
74 109 1 —-3.81 —-337 044
160 109 1 —3.84 -—-332 0.51
127 107 1 —-3.81 —-337 044
94 106 1 —4.02 -3.62 040
12 105 1 —-3.80 —-335 044
62 104 1 —3.80 —-336 044
36 104 1 —3.80 —-3.36 044
80 102 1 —-392 -352 040
77 92 1 —-397 -359 0.38
16 85 1 —3.73 -3.18 0.55
26 82 1 —-3.74 -3.19 0.55
60 80 1 —-3.99 -3.61 037
137 62 1 —-396 —-3.58 0.38
87 11 1 —3.82 =337 045
19 8 1 —-3.79 -333 045
190 4 1 —3.80 —-335 045
70 3 1 —3.78 =332 0.46
58 2 1 —3.80 —3.34 046
25 2 1 —3.78 —3.32 0.46
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Supplementary Table 12: Energetic and electronic properties for [CuzZn4] cores obtained
with PBE/light-tierl level and light SCF parameters: configuration number (i), relative total
energy (AE;y), total magnetic moment (1), HOMO energy (€), LUMO energy (&r), and
LUMO-HOMO energy gap (Ey).

i AE;y;  Myor &y e Eg
(meV) (up) (V) (V) (eV)
171 1 1 —380 —3.35 046
141 1 1 —-3.79 —-3.33 046
125 0 1 —-3.78 =332 046

2.6.3 [CusZns]

Supplementary Table 13: Energetic and electronic properties for [CusZns] cores obtained
with PBE/light-tier] level and light SCF parameters: configuration number (i), relative total
energy (AE;,), total magnetic moment (1), HOMO energy (€g), LUMO energy (gr), and
LUMO-HOMO energy gap (E,).

i AE;,; My &y e E,

(meV) (ug) (V) (eV) (eV)
96 1803 3 —399 -3.88 0.11
97 1708 3 —4.02 -392 0.10
94 1588 3 —4.07 -3.87 0.20
178 1368 1 -385 -356 0.28
140 1319 3 —4.09 -378 0.3l
12 1277 3 —4.09 -393 0.16
30 1203 3 —410 -399 0.12
177 1192 1 —3.74 —-3.48 0.25
139 1075 1 —-4.02 -374 0.28
176 1046 1 =376 -346 0.30
32 1016 1 —4.11 —-4.04 0.07
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Supplementary Table 13: Energetic and electronic properties for [CusZns] cores obtained
with PBE/light-tierl level and light SCF parameters: configuration number (i), relative total
energy (AE;y), total magnetic moment (1), HOMO energy (€), LUMO energy (&r), and
LUMO-HOMO energy gap (Ey).

i AE;y;  Myor &y e Eg

(meV) (up) (V) (V) (eV)
68 1012 1 =395 -3.57 0.38
172 964 1 -3.96 -3.67 0.29
46 963 1 —4.04 -3.76 0.28
11 954 1 —4.15 -3.87 0.27
45 949 1 —-392 -3.64 0.29
145 938 1 -391 -3.61 0.30
36 930 1 375 =334 041
173 923 1 —4.22 =393 0.29
175 922 1 —-395 -3.69 0.26
91 911 1 —4.21 =392 0.29
78 899 1 —-398 -—-3.61 0.36
153 892 1 —3.88 —3.62 0.26
60 865 1 —4.12 =387 0.25
73 862 1 —3.83 —-3.52 0.31
13 858 3 —4.21 —-4.07 0.14
155 847 1 —3.77 =344 033
114 841 1 —-391 -3.67 0.24
160 830 1 —4.25 -393 031
82 807 1 —4.30 —-4.03 0.27
24 800 1 —4.18 —-3.87 0.31
26 799 1 —4.13 -3.78 0.35
93 787 1 —4.04 -3.74 0.3l
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Supplementary Table 13: Energetic and electronic properties for [CusZns] cores obtained
with PBE/light-tierl level and light SCF parameters: configuration number (i), relative total
energy (AE;y), total magnetic moment (1), HOMO energy (€), LUMO energy (&r), and
LUMO-HOMO energy gap (Ey).

i AE;y;  Myor &y e Eg

(meV) (up) (V) (V) (eV)

22 783 1 —4.03 -3.74 0.29
144 776 1 -390 -3.58 0.32
95 750 1 —3.80 -3.57 03l
119 749 1 —413 -3.83 0.29
72 746 1 —4.04 -3.78 0.27
70 742 1 -394 -3.63 032
41 739 1 —-3.85 —-3.58 0.27
66 730 1 —-4.07 -3.74 0.33
133 720 1 —420 -395 0.25
25 682 1 —4.10 -3.79 0.30
74 679 1 —4.11 =377 0.34
100 677 1 —4.02 -3.74 0.28
143 677 1 —4.14 —-3.85 0.28
105 670 1 —-3.66 —3.39 0.28
87 662 1 —4.14 -3.84 0.30
54 652 1 —4.14 -3.84 0.30
169 643 1 —-3.74 -3.56 0.18
8 639 1 —430 —-4.06 0.24
99 636 1 —4.18 —-3.89 0.29
174 634 1 —4.05 -3.75 0.30
80 627 1 —4.18 -3.87 0.31
122 624 1 —3.80 -355 034
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Supplementary Table 13: Energetic and electronic properties for [CusZns] cores obtained
with PBE/light-tierl level and light SCF parameters: configuration number (i), relative total
energy (AE;y), total magnetic moment (1), HOMO energy (€), LUMO energy (&r), and
LUMO-HOMO energy gap (Ey).

i AE;y;  Myor &y e Eg
(meV) (up) (V) (V) (eV)
149 617 1 —3.74 =342 032
27 611 1 —4.14 -3.87 0.27
152 608 1 —4.02 -3.74 0.28
37 608 1 —388 —3.56 0.33
115 608 1 —-4.03 -3.73 0.30
121 605 1 —4.13 -3.82 0.32
179 601 1 —3.78 —-3.46 0.32
5 600 1 —4.01 -3.66 0.35
180 597 1 —-3.89 -3.61 0.29
39 596 1 —397 =372 0.25
165 596 1 —3.88 —3.60 0.27
7 590 1 —4.22 -393 0.29
132 586 1 —4.16 -3.87 0.29
147 583 1 —-3.74 -3.44 0.30
120 579 1 —4.08 —-3.75 033
104 579 1 —4.09 -3.76 0.33
137 578 1 -390 -3.64 0.26
161 578 1 —4.28 —4.00 0.28
103 575 1 —-3.81 —-3.53 0.28
75 572 1 —4.06 —-3.68 0.38
16 567 1 —-3.89 -3.76 0.13
18 566 1 —4.23 -394 0.28
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Supplementary Table 13: Energetic and electronic properties for [CusZns] cores obtained
with PBE/light-tierl level and light SCF parameters: configuration number (i), relative total
energy (AE;y), total magnetic moment (1), HOMO energy (€), LUMO energy (&r), and
LUMO-HOMO energy gap (Ey).

i AE;y;  Myor &y e Eg
(meV) (up) (V) (V) (eV)
90 564 1 —409 -378 0.32
163 562 1 —3.83 —-3.51 033
123 558 1 —4.07 -3.79 0.28
156 558 1 —383 -356 0.27
23 554 1 —4.08 —-3.77 0.32
77 553 1 —4.04 -3.66 0.38
1 550 1 —4.06 —-3.79 0.26
76 549 1 —4.03 —-3.68 0.36
171 545 1 -390 -3.61 0.29
62 537 1 -399 -3.63 0.37
98 536 1 -390 -3.59 0.30
108 529 1 —4.00 -3.70 0.31
124 526 1 —3.80 -3.51 0.29
47 509 1 —4.37 —-4.09 0.28
159 509 1 —4.10 -3.81 0.29
112 508 1 —3.78 =344 0.34
92 508 1 —4.01 -3.74 0.27
71 505 1 —4.12 -3.76 0.36
128 503 1 —439 —4.12 0.27
9 502 1 —3.88 —3.54 0.34
83 499 1 —4.13 —-3.84 0.30
157 496 1 —3.83 -350 0.33
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Supplementary Table 13: Energetic and electronic properties for [CusZns] cores obtained
with PBE/light-tierl level and light SCF parameters: configuration number (i), relative total
energy (AE;y), total magnetic moment (1), HOMO energy (€), LUMO energy (&r), and
LUMO-HOMO energy gap (Ey).

i AE;y;  Myor &y e Eg

(meV) (up) (V) (V) (eV)

35 495 1 —403 -3.70 0.33
135 494 1 —4.14 —-3.87 0.26
158 490 1 —4.05 -3.76 0.29
106 489 1 —415 -3.83 0.33
43 489 1 —-3.81 —-3.51 0.30
69 486 1 —4.03 -3.74 0.29
3 485 1 —4.02 —-3.68 0.34
34 481 1 —-3.73 —-3.43 0.30
129 479 1 —4.25 -399 0.27
134 477 1 —4.24 -398 0.26
50 476 1 —-4.23 =397 0.27
164 470 1 —3.88 —-3.61 0.26
146 466 1 —3.83 —-348 0.35
17 458 1 —-4.04 =377 0.27
40 454 1 —3.88 —3.58 0.30
101 453 1 —-376 —-3.43 033
136 449 1 —4.01 -3.69 0.32
117 434 1 —-3.89 -3.59 031
131 433 1 —-3.97 -3.66 0.3l
52 429 1 —-397 -3.64 033
21 428 1 —4.13 =376 0.37
142 428 1 —3.80 -3.57 032
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Supplementary Table 13: Energetic and electronic properties for [CusZns] cores obtained
with PBE/light-tierl level and light SCF parameters: configuration number (i), relative total
energy (AE;y), total magnetic moment (1), HOMO energy (€), LUMO energy (&r), and
LUMO-HOMO energy gap (Ey).

i AE;y;  Myor &y e Eg

(meV) (up) (V) (V) (eV)

84 427 1 —421 -396 0.25
53 423 1 —4.14 =377 0.38
20 420 1 —-3.79 =348 0.32
130 413 1 —422 =395 0.27
42 411 1 —4.04 -3.63 041
56 398 1 —393 -358 0.36
138 397 1 —-398 —-3.69 0.29
64 396 1 —-397 -3.64 033
15 394 1 -390 -3.58 0.32
148 386 1 —-3.85 —-3.56 0.30
79 385 1 —-393 -3.61 0.32
150 379 1 —398 —-3.65 033
89 375 1 —3.80 —-3.53 0.28
167 372 1 —-3.89 -—-3.61 0.28
65 369 1 —-3.76 =345 031
38 367 1 —4.17 -3.84 0.32
4 364 1 —3.86 —3.48 0.38

67 357 1 —4.16 —-3.80 0.36
151 355 1 —4.16 —3.87 0.30
125 355 1 —4.03 -3.70 0.33
2 350 1 -394 -3.60 0.34

141 346 1 —3.80 -3.57 032
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Supplementary Table 13: Energetic and electronic properties for [CusZns] cores obtained
with PBE/light-tierl level and light SCF parameters: configuration number (i), relative total
energy (AE;y), total magnetic moment (1), HOMO energy (€), LUMO energy (&r), and
LUMO-HOMO energy gap (Ey).

i AE;y;  Myor &y e Eg

(meV) (up) (V) (V) (eV)

88 344 1 =395 -3.65 0.30
166 341 1 —-3.78 —-3.50 0.28
29 337 1 —3.80 —-3.58 0.3l1
86 331 1 —405 -378 0.27
28 328 1 —-391 -3.63 0.28
102 327 1 —4.13 -3.82 0.3l1
63 318 1 —-395 -3.64 031
110 307 1 —4.13 —-3.86 0.28
85 300 1 —4.10 -3.79 0.31
58 299 1 —3.88 —3.53 0.36
116 298 1 —4.05 -3.78 0.28
55 294 1 —4.02 -3.68 0.34
154 291 1 —-398 —-3.68 0.30
33 291 1 —4.11 -3.81 0.30
168 284 1 —-3.76 =345 0.30
170 280 1 —-3.79 =348 0.3l
127 279 1 —4.01 =375 0.25
113 279 1 —-3.77 =347 030
31 252 1 -390 -359 031
19 243 1 —4.02 -3.70 0.32
107 241 1 —-3.85 —-3.55 0.30
126 200 1 —-3.80 =359 031
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Supplementary Table 13: Energetic and electronic properties for [CusZns] cores obtained
with PBE/light-tierl level and light SCF parameters: configuration number (i), relative total
energy (AE;y), total magnetic moment (1), HOMO energy (€), LUMO energy (&r), and
LUMO-HOMO energy gap (Ey).

2.6.4 [Cug¢Zns]

i AE;y;  Myor &y e Eg

(meV) (up) (V) (V) (eV)

48 195 1 —405 -375 0.29
118 194 1 —3.82 351 0.32
111 185 1 —3.84 —-350 0.34
44 183 1 —406 -3.75 031
57 181 1 —-3.81 -3.52 0.29
14 179 1 -390 -3.61 0.29
61 174 1 —-3.68 —335 033
51 155 1 —4.18 —-3.89 0.30
6 150 1 —-396 -3.62 034

10 148 1 —3.83 =347 0.35
109 146 1 —-397 -3.65 0.32
59 135 1 —-3.69 —-335 034
49 134 1 —4.10 -3.81 0.29
81 107 1 —-3.86 —3.51 0.35
162 0 1 —3.88 —3.54 034
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Supplementary Table 14: Energetic and electronic properties for [CugZns] cores obtained
with PBE/light-tierl level and light SCF parameters: configuration number (i), relative total
energy (AE;y), total magnetic moment (1), HOMO energy (€), LUMO energy (&r), and
LUMO-HOMO energy gap (Ey).

i AE;y;  Myor &y e Eg
(meV) (up) (V) (V) (eV)

99 2580 2 —4.17 —-4.00 0.17
52 1584 2 =398 -—-3.88 0.10
30 1549 2 =396 -3.67 0.29
47 1530 2 =373 -3.62 0.10
115 1503 0 —440 -3.13 1.27
100 1464 2 384 -3.56 0.27
97 1455 2 —405 -3.83 0.21
28 1420 2 =381 -3.60 0.21
116 1397 0 —421 -3.10 I1.11
33 1360 2 —412 -389 023
34 1349 0 —414 —-4.03 0.11
96 1339 2 —4.04 -385 0.19
87 1338 2 —424 —-406 0.18
11 1325 2 =392 -382 0.10
37 1290 0 —424 -389 035
36 1262 0 —426 —4.03 0.23
118 1246 2 —401 -3.76 0.25
117 1221 0 —422 -3.13 1.09
5 1200 2  —416 -3.80 0.36
75 1161 2 =380 -3.71 0.09
39 1158 0 —424 -3.62 0.62
114 1151 0 —429 -3.03 127
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Supplementary Table 14: Energetic and electronic properties for [CugZns] cores obtained
with PBE/light-tierl level and light SCF parameters: configuration number (i), relative total
energy (AE;y), total magnetic moment (1), HOMO energy (€), LUMO energy (&r), and
LUMO-HOMO energy gap (Ey).

i AE;y;  Myor &y e Eg
(meV) (up) (V) (V) (eV)
88 1144 0 —436 —-3.86 0.0
32 1129 2 —4.07 -3.85 023
20 1125 2 —4.26 —4.12 0.14
35 1121 2 —426 —-4.05 0.21
103 1107 2 =390 -3.75 0.15
66 1098 2 —4.06 -3.76 0.30
53 1098 0 —448 -3.70 0.78
23 1084 2 —400 -3.89 0.12
79 1083 0 —443 -3.50 0.93
106 1074 0 —445 -3.78 0.67
63 1011 0 —431 -329 1.02
78 996 2 —417 -398 0.20
60 968 0 —434 -386 048
86 955 0 —429 -394 035
8 955 0 —429 -3.60 0.69
68 951 2 —401 -389 0.12
51 937 0 —440 -3.63 0.77
29 936 0 —430 -3.25 1.06
69 933 2 —406 -3.82 0.25
9 924 0 —4.18 -3.66 0.53
77 923 0 —415 -331 084
62 910 0 —433 -335 098
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Supplementary Table 14: Energetic and electronic properties for [CugZns] cores obtained
with PBE/light-tierl level and light SCF parameters: configuration number (i), relative total
energy (AE;y), total magnetic moment (1), HOMO energy (€), LUMO energy (&r), and
LUMO-HOMO energy gap (Ey).

i AE;y;  Myor &y e Eg

(meV) (up) (V) (V) (eV)

55 858 2 —4.09 -3.80 0.29
119 853 0 —444 -359 0.85
45 853 2 —4.03 -392 0.12
17 850 0 —443 -333 1.11
43 838 0 —442 -388 0.5
73 836 0 —431 -3.30 1.01
21 834 0 —440 -3.55 0.85
104 831 0 —432 -331 1.00
26 829 2 —415 —-4.06 0.09
90 825 0 —424 -3.04 1.20
85 810 0 —439 -381 0.8
95 810 2 —4.06 -3.86 0.20
89 809 2 —410 -397 0.12
80 804 0 —446 -3.65 0.81
15 803 0 —411 -348 0.62
16 802 0 —413 -349 0.64
102 778 0 —435 =314 121
4 754 0 —410 -3.17 0.93
93 751 0 —4.22 =311 1.12
50 742 0 —420 -3.71 049
101 730 0 —434 -3.10 1.24
111 718 0 —443 -325 1.18
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Supplementary Table 14: Energetic and electronic properties for [CugZns] cores obtained
with PBE/light-tierl level and light SCF parameters: configuration number (i), relative total
energy (AE;y), total magnetic moment (1), HOMO energy (€), LUMO energy (&r), and
LUMO-HOMO energy gap (Ey).

i AE;y;  Myor &y e Eg
(meV) (up) (V) (V) (eV)
72 716 0 —432 -336 096
6 706 0 —440 -3.15 1.25
18 693 0 —430 -347 0.84
3 638 0 —429 -375 0.55
48 678 0 —441 -325 1.16
61 675 0 —421 -320 1.01
64 663 0 —432 -3.75 0.57
76 658 0 —418 -326 092
98 652 0 —428 -3.71 0.57
105 631 0 —422 -3.13 1.10
1 628 0 —435 -3.78 0.57
56 617 0 —444 -336 1.08
31 606 0 —446 -347 0.99
41 594 2 —414 -387 0.27
57 590 0 —435 -341 094
12 588 0 —417 -3.87 031
25 571 0 —428 -3.63 0.65
59 548 0 —447 -3.64 0.84
91 542 0 —417 -3.58 0.59
40 540 2 =422 —-4.09 0.13
42 533 0 —423 -372 051
82 497 0 —428 =371 057
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Supplementary Table 14: Energetic and electronic properties for [CugZns] cores obtained
with PBE/light-tierl level and light SCF parameters: configuration number (i), relative total
energy (AE;y), total magnetic moment (1), HOMO energy (€), LUMO energy (&r), and
LUMO-HOMO energy gap (Ey).

i AE;y;  Myor &y e Eg
(meV) (up) (V) (V) (eV)
38 494 0 —432 -339 093
19 449 0 —434 -323 1.11
22 449 0 —439 -355 0.84
109 445 0 —447 -3.04 143
10 438 0 —438 -—-328 I1.11
112 397 0 —441 -333 1.07
70 388 2 —4.04 -3.77 0.27
107 382 0 —434 -3.68 0.66
92 367 0 —426 -3.15 1.11
65 332 0 —414 -3.84 0.30
67 285 0 —427 -3.69 0.59
71 277 0 —446 -340 1.06
24 259 0 —442 -3.78 0.64
44 171 0 —435 =377 0.58
94 160 0 —457 -381 0.76
108 105 0 —439 -292 147
2 83 0 —456 -3.83 0.73
13 66 0 —431 -3.80 0.52
14 26 0 —442 -384 0.58
7 0 0 —443 -3.73 0.70
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2.6.5 [CugZnj]

The [CugZn3] structures were used to design both [CugZn3](Cp*)3(Mes)sCO, and

[CugZn3](Cp*)4(Mes)3H complexes.

Supplementary Table 15: Energetic and electronic properties for [CugZn3] cores obtained
with PBE/light-tier] level and light SCF parameters: configuration number (i), relative total
energy (AE;y), total magnetic moment (1), HOMO energy (¢y), LUMO energy (&), and
LUMO-HOMO energy gap (Ey).

i AE; 0  Myor &y e Eg

(meV) (ug) (V) (V) (eV)
161 2299 4 —4.00 -394 0.06
109 2147 2 =415 -393 022
181 2134 4 =395 -380 0.14
165 1876 2 =398 -3.75 0.23
230 1867 2 -394 -3.66 0.28
106 1730 2 —425 =396 0.29
220 1726 4 =387 -3.67 0.20
87 1718 4  —4.11 —-4.02 0.09
209 1711 4  —4.12 —401 0.11
239 1710 2 —415 -393 022
179 1693 2 =392 -3.69 0.23
160 1691 2 -394 -3.64 0.30
243 1666 2 —411 -393 0.18
216 1611 4 -388 —-3.70 0.18
108 1597 0 —410 -3.85 025
86 1580 2 —413 -398 0.15
274 1575 2 =386 —-3.66 0.20
279 1565 2 —4.03 -394 0.09
259 1565 2 —-3.80 -—-3.53 0.27
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Supplementary Table 15: Energetic and electronic properties for [CugZn3] cores obtained
with PBE/light-tierl level and light SCF parameters: configuration number (i), relative total
energy (AE;y), total magnetic moment (1), HOMO energy (€), LUMO energy (&r), and
LUMO-HOMO energy gap (Ey).

i AE;y;  Myor &y e Eg

(meV) (up) (V) (V) (eV)
215 1556 0 —4.19 -350 0.69
89 1555 2 —412 -399 0.13
159 1550 2 —-385 -—-3.59 0.26
144 1544 2 =377 -3.68 0.10
81 1535 2 —406 -381 025
158 1498 2 =391 -3.67 025
253 1495 2 =377 -3.69 0.08
162 1491 2 =377 =370 0.07
227 1471 2 =397 -3.65 032
265 1446 0 —419 -3.56 0.63
57 1437 2 —4.04 -397 0.07
260 1433 2 =381 -3.74 0.07
282 1428 0 —4.06 -3.19 0.87
222 1417 2 =391 -3.75 0.16
110 1413 2 —4.05 -393 0.12
241 1399 2 =390 -3.77 0.12
180 1377 2 —406 -3.76 0.29
262 1373 2 =375 -3.61 0.15
84 1369 2 =411 =379 032
22 1369 2 —413 -3.82 031
248 1367 2 —-3.66 —3.42 0.24
199 1366 2 —393 -3.67 0.26
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Supplementary Table 15: Energetic and electronic properties for [CugZn3] cores obtained
with PBE/light-tierl level and light SCF parameters: configuration number (i), relative total
energy (AE;y), total magnetic moment (1), HOMO energy (€), LUMO energy (&r), and
LUMO-HOMO energy gap (Ey).

i AE;y;  Myor &y e Eg

(meV) (up) (V) (V) (eV)
212 1365 2 —412 -3.83 0.29
82 1361 2 —4.08 -—-3.84 0.24
252 1357 0 —438 -—-3.58 0.80
41 1355 2 =389 -3.76 0.13
261 1344 2 =384 -3.70 0.13
147 1317 2 =380 -3.71 0.10
278 1290 2 =390 -3.72 0.18
76 1274 2 —4.03 -395 0.08
39 1266 2 =396 -392 0.03
242 1264 2 =390 -3.80 0.10
290 1259 2 —-383 -3.69 0.14
68 1251 2 =383 -3.72 0.11
130 1248 0 —412 -3.77 035
257 1222 0 —410 -3.28 0.83
271 1210 0 —4.18 -3.72 046
119 1193 2 =384 =370 0.14
145 1184 2 =383 =371 0.12
83 1179 0 —4.07 -3.58 049
213 1175 0 —4.08 -3.57 0.50
66 1170 0 —411 -3.60 0.52
131 1166 0 —4.18 -3.58 0.60
67 1151 2 =393 -382 0.11
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Supplementary Table 15: Energetic and electronic properties for [CugZn3] cores obtained
with PBE/light-tierl level and light SCF parameters: configuration number (i), relative total
energy (AE;y), total magnetic moment (1), HOMO energy (€), LUMO energy (&r), and
LUMO-HOMO energy gap (Ey).

i AE;y;  Myor &y e Eg

(meV) (up) (V) (V) (eV)
75 1149 2 —4.07 -397 0.10
34 1127 2 —421 —-4.08 0.14
263 1126 0 —417 -325 092
185 1114 0 —4.15 -334 0.80
122 1112 2 =391 -3.61 0.30
146 1109 2 —-398 -3.72 0.26
56 1103 0 —4.15 -3.56 0.59
286 1098 0 —465 -330 1.35
121 1072 2 =387 -—-3.63 0.24
25 1052 2 —4.09 -398 0.11
28 1050 2 —412 -390 0.22
156 1048 2 —-383 -3.77 0.06
143 1042 2 =383 -3.60 0.24
182 1040 0 —4.03 -341 0.62
35 1031 2 —414 —-4.05 0.09
92 1029 2 -394 -380 0.13
74 1025 0 —429 -380 049
80 1021 0 —4.08 -3.66 043
136 1010 2 =395 -374 021
47 1006 2 —4.07 -385 022
247 999 0 —422 -328 093
50 992 0 —428 -3.68 0.60
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Supplementary Table 15: Energetic and electronic properties for [CugZn3] cores obtained
with PBE/light-tierl level and light SCF parameters: configuration number (i), relative total
energy (AE;y), total magnetic moment (1), HOMO energy (€), LUMO energy (&r), and
LUMO-HOMO energy gap (Ey).

i AE;y;  Myor &y e Eg
(meV) (up) (V) (V) (eV)
12 988 2 =389 -3.72 0.17
43 983 2 =385 =375 0.10
258 980 0 —4.09 -334 0.75
27 979 2 —4.04 -393 0.11
284 975 0 —446 -326 1.19
235 972 0 —423 -387 037
5 970 2 —406 -3.84 0.22
8 969 2 =394 -377 0.16
210 961 0 —4.07 -3.53 0.54
19 960 2 =381 -3.66 0.14
69 955 2 —4.00 -3.74 0.26
183 954 0 —4.06 -3.30 0.76
153 952 0 —4.11 -3.64 047
206 948 2 —401 -3.76 0.25
238 945 0 —429 -398 031
52 943 2 —-3.89 -—-3.80 0.09
276 942 0 —431 -344 087
102 930 0 —416 -3.72 044
224 919 2 =382 -3.65 0.17
117 917 0 —4.01 -3.38 0.63
78 914 0 —418 -3.64 0.54
285 911 0 —443 -325 1.18
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Supplementary Table 15: Energetic and electronic properties for [CugZn3] cores obtained
with PBE/light-tierl level and light SCF parameters: configuration number (i), relative total
energy (AE;y), total magnetic moment (1), HOMO energy (€), LUMO energy (&r), and
LUMO-HOMO energy gap (Ey).

i AE;y;  Myor &y e Eg

(meV) (up) (V) (V) (eV)
138 909 2 =385 —-3.72 0.13
155 906 0 —427 -3.67 0.60
283 906 0 —454 -3.11 143
140 899 2 =379 -351 0.28
281 895 0 —458 -336 1.21
93 885 2 -390 -3.71 0.20
101 869 2 —4.09 —4.03 0.06
267 868 0 —419 -347 072
275 863 0 —431 -330 1.01
133 857 2 —398 -3.85 0.14
139 855 2 =381 -3.65 0.16
115 851 2 —401 -3.89 0.12
264 846 0 —431 -324 1.07
149 842 0 —428 -3.55 0.73
137 833 2 =379 -352 028
33 832 0 —4.14 -3.75 0.39
118 830 0 —421 -3.39 0.82
225 829 0 —436 -327 1.09
18 827 2 —386 -3.67 0.19
17 824 2 —401 -3.81 0.20
120 818 0 —424 -351 0.73
85 817 0 —4.05 -3.61 044
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Supplementary Table 15: Energetic and electronic properties for [CugZn3] cores obtained
with PBE/light-tierl level and light SCF parameters: configuration number (i), relative total
energy (AE;y), total magnetic moment (1), HOMO energy (€), LUMO energy (&r), and
LUMO-HOMO energy gap (Ey).

i AE;y;  Myor &y e Eg
(meV) (up) (V) (V) (eV)

13 813 2 =395 374 022
88 811 2 =391 -3.80 0.11
29 810 2 =381 -3.64 0.17
96 792 2 —4.02 -3.78 0.24
112 792 2 =389 =372 0.16
114 788 2 -390 -3.88 0.03
30 781 2 =396 -3.93 0.03
3 779 2 —406 -391 0.15
214 764 2 —411 —-4.03 0.08
277 760 0 —439 -334 1.06
90 756 0 —410 -3.57 0.54
240 751 0 —419 -341 0.78
232 744 0 —4.18 -3.69 049
36 744 0 —436 -3.79 0.57
37 741 0 —4.08 -—-3.39 0.68
198 739 0 —441 -344 097
26 739 0 —419 -3.60 0.58
48 737 0 -396 -3.56 040
172 733 0 —424 -3.10 1.13
233 732 0 —426 -3.75 051
46 727 0 —430 -3.56 0.75
125 724 0 —426 -329 0.96
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Supplementary Table 15: Energetic and electronic properties for [CugZn3] cores obtained
with PBE/light-tierl level and light SCF parameters: configuration number (i), relative total
energy (AE;y), total magnetic moment (1), HOMO energy (€), LUMO energy (&r), and
LUMO-HOMO energy gap (Ey).

i AE;y;  Myor &y e Eg
(meV) (up) (V) (V) (eV)

91 715 0 —4.07 -346 0.61
134 706 0 —413 -3.56 0.57
38 695 0 —423 -3.65 0.8
59 692 0 —416 -346 0.71
229 690 0 —436 -—-344 092
127 683 0 —449 -3.67 0382
184 682 0 —425 -340 0.84
16 681 0 —427 -347 0381
268 677 0 —446 -3.55 0091
211 674 2 =391 -3.75 0.16
49 659 0 —427 -347 0.80
178 657 0 —4.06 -3.57 049
251 655 0 —412 -343 0.70
65 650 0 —432 -328 1.04
70 645 0 —424 -327 097
197 644 0 —4.08 -—-342 0.66
128 626 0 —415 -3.60 0.55
9 626 0 =393 -343 0.50
23 622 2 =387 =376 0.11
132 622 0 —440 -3.60 0.80
204 611 0 —4.05 -3.58 048
53 610 0 —429 -3.33 0.96
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Supplementary Table 15: Energetic and electronic properties for [CugZn3] cores obtained
with PBE/light-tierl level and light SCF parameters: configuration number (i), relative total
energy (AE;y), total magnetic moment (1), HOMO energy (€), LUMO energy (&r), and
LUMO-HOMO energy gap (Ey).

i AE;y;  Myor &y e Eg
(meV) (up) (V) (V) (eV)
40 608 0 —423 -3.86 0.37
221 606 0 —436 -3.16 1.21
154 604 0 —4.03 -3.70 0.34
126 603 0 —430 -356 0.74
244 599 0 —418 -3.51 0.67
270 595 0 —430 -3.55 0.75
7 592 2 =398 -3.68 0.30
124 592 0 —4.08 —-344 0.64
62 591 0 —425 -352 0.73
150 590 0 —4.10 -341 0.68
195 589 0 —419 -340 0.79
280 585 0 —441 -3.04 137
151 583 0 —4.04 -3.62 041
237 576 0 —421 -3.75 046
187 575 0 —412 -3.61 051
272 565 0 —426 -3.53 0.73
6 551 0 —419 -3.57 0.62
77 549 0 —432 -3.17 1.15
171 542 0 —429 -353 0.77
107 533 0 —427 -3.62 0.65
202 532 0 —422 -3.68 0.53
44 516 0 —432 -341 0091
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Supplementary Table 15: Energetic and electronic properties for [CugZn3] cores obtained
with PBE/light-tierl level and light SCF parameters: configuration number (i), relative total
energy (AE;y), total magnetic moment (1), HOMO energy (€), LUMO energy (&r), and
LUMO-HOMO energy gap (Ey).

i AE;y;  Myor &y e Eg
(meV) (up) (V) (V) (eV)
200 512 0 —422 -344 0.78
63 511 0 —426 -325 1.01
10 500 0 —428 -—-348 0.80
218 499 0 —4.14 -349 0.66
226 498 0 —449 -343 1.06
287 497 0 —412 -3.13 0.99
188 491 0 —4.18 -3.50 0.67
236 486 0 —434 -384 049
72 485 0 —417 -3.36 0.80
97 484 0 —421 -345 0.76
4 480 0 —426 -3.51 0.75
167 479 0 —421 -3.64 0.57
100 478 0 —422 -374 048
103 477 0 —432 -3.66 0.67
203 476 0 —438 -—-336 1.02
148 473 0 —433 -3.60 0.72
168 466 0 —423 -3.67 0.56
104 466 0 —435 -3.64 0.71
234 460 0 —432 -3.61 071
207 456 0 —423 -3.57 0.66
192 456 0 —417 -3.56 0.61
152 452 0 —422 -354 0.68
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Supplementary Table 15: Energetic and electronic properties for [CugZn3] cores obtained
with PBE/light-tierl level and light SCF parameters: configuration number (i), relative total
energy (AE;y), total magnetic moment (1), HOMO energy (€), LUMO energy (&r), and
LUMO-HOMO energy gap (Ey).

i AE;y;  Myor &y e Eg
(meV) (up) (V) (V) (eV)
289 451 0 —438 —3.39 098
61 448 0 —424 -323 1.01
113 443 0 —431 -354 0.78
45 441 0 —442 -332 1.11
256 440 0 —432 -3.16 1.16
273 438 0 —442 -3.66 0.75
11 436 0 —439 -3.69 0.70
94 426 0 —417 -349 0.68
129 417 0 —4.08 -327 0381
201 404 0 —427 -338 0.89
245 391 0 —429 -3.18 1.10
174 391 0 —418 -3.39 0.80
14 382 0 —433 -351 082
111 379 0 —427 =356 0.71
173 373 0 —435 -3.58 0.76
176 362 0 —430 -3.62 0.68
166 359 0 —425 -352 072
191 358 0 —427 -3.37 0.90
98 355 0 —420 -346 0.74
141 354 0 —421 -347 0.74
60 351 0 —426 -327 0.99
20 345 0 —421 -342 079
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Supplementary Table 15: Energetic and electronic properties for [CugZn3] cores obtained
with PBE/light-tierl level and light SCF parameters: configuration number (i), relative total
energy (AE;y), total magnetic moment (1), HOMO energy (€), LUMO energy (&r), and
LUMO-HOMO energy gap (Ey).

i AE;y;  Myor &y e Eg

(meV) (up) (V) (V) (eV)

219 342 0 —428 —-3.62 0.66
269 338 0 —428 —-340 0.88
73 336 0 —430 -322 1.08
54 327 0 —424 -343 081
194 320 0 —421 -346 0.76
31 316 0 —431 -328 1.02
142 307 0 —4.37 =322 1.16
163 301 0 —428 —-340 0.88
177 299 0 —439 -3.13 1.26
175 290 0 —424 -331 092
249 287 0 —446 -329 1.16
217 276 0 —416 -342 0.74
288 275 0 —4.44 -332 1.12
170 273 0 —429 -338 0091
58 256 0 —427 =351 0.76
123 253 0 —433 -322 1.11
169 250 0 —421 -3.57 0.64
51 243 0 —420 -3.25 095
55 240 0 —426 -3.32 095
223 226 0 —439 -3.60 0.80
1 220 0 —431 -3.62 0.70
266 218 0 —445 -343 1.03
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Supplementary Table 15: Energetic and electronic properties for [CugZn3] cores obtained
with PBE/light-tierl level and light SCF parameters: configuration number (i), relative total
energy (AE;y), total magnetic moment (1), HOMO energy (€), LUMO energy (&r), and
LUMO-HOMO energy gap (Ey).

2.6.6 [Cu4Zn10]

i AE;y;  Myor &y e Eg

(meV) (up) (V) (V) (eV)
164 217 0 —4.17 -342 0.5
193 209 0 —440 -323 1.17
228 194 0 —430 -3.31 0.99
190 180 0 —442 -330 1.12
196 175 0 —441 -331 1.11
189 168 0 —415 -331 0.83
71 150 0 —4.44 =311 133
246 138 0 —444 -342 1.03
208 135 0 —444 -3.14 1.30
231 129 0 —431 -331 099
157 117 0 —421 -3.50 0.70
24 112 0 —4.07 -336 0.71
64 107 0 —428 -320 1.07
186 105 0 —430 -322 1.07
254 98 0 —441 -3.32 1.09
32 67 0 —438 —-347 0091
250 18 0 —444 -324 1.19
105 0 0 —438 -321 1.17
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Supplementary Table 16: Energetic and electronic properties for [CusZnjg] cores obtained
with PBE/light-tierl level and light SCF parameters: configuration number (i), relative total
energy (AE;y), total magnetic moment (1), HOMO energy (€), LUMO energy (&r), and
LUMO-HOMO energy gap (Ey).

i AE;y;  Myor &y e Eg
(meV) (up) (V) (V) (eV)

227 2334 2 =397 -3.80 0.17
168 1946 2 —405 -387 0.18
228 1896 2 =391 -3.75 0.16
26 1895 2 384 -373 0.11
100 1794 2 =397 -3.89 0.09
152 1785 0 —432 -333 099
29 1675 2 =398 -3.75 0.23
154 1651 0 —420 -3.39 0381
135 1599 2 =397 -383 0.14
61 1573 2 =377 =349 028
156 1550 0 —446 -3.14 1.32
163 1543 4 —4.03 -377 0.26
2 1531 2 =379 -3.60 0.19
4 1512 2 —4.04 -382 022
40 1486 2 =387 -3.79 0.09
120 1470 0 —4.06 -3.57 049
165 1451 2 —4.00 -3.72 0.28
198 1411 0 —427 -3.17 1.10
57 1401 0 —428 -339 0.89
208 1382 2 =382 -3.74 0.08
79 1376 2 -391 -3.80 0.12
112 1347 2 —4.00 -3.81 0.18
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Supplementary Table 16: Energetic and electronic properties for [CusZnjg] cores obtained
with PBE/light-tierl level and light SCF parameters: configuration number (i), relative total
energy (AE;y), total magnetic moment (1), HOMO energy (€), LUMO energy (&r), and
LUMO-HOMO energy gap (Ey).

i AE;y;  Myor &y e Eg
(meV) (up) (V) (V) (eV)

162 1346 2 =386 -3.71 0.15
232 1343 2 =389 -3.79 0.10
81 1342 0 —4.09 -3.60 049
187 1331 0 —4.16 -3.15 1.01
99 1330 2 =397 -383 0.14
133 1330 2 =393 -379 0.14
222 1328 2 -392 -3.76 0.16
226 1324 0 —420 -3.35 0.86
8 1322 2 =387 -3.74 0.14
10 1311 2 =373 -3.63 0.11
189 1294 2 =390 -3.71 0.19
212 1289 2 =393 -371 022
213 1288 2 —4.02 -3.82 0.20
95 1283 0 —426 -3.59 0.67
176 1275 2 =392 -3.69 0.23
25 1271 0 —420 -3.51 0.69
202 1262 0 —432 -330 1.02
209 1256 2 —4.02 -3.77 025
234 1241 2 —3.86 -—3.58 0.28
32 1234 2 =391 -3.81 0.10
206 1234 0 —4.03 -3.60 044
191 1234 2 —410 -3.89 021
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Supplementary Table 16: Energetic and electronic properties for [CusZnjg] cores obtained
with PBE/light-tierl level and light SCF parameters: configuration number (i), relative total
energy (AE;y), total magnetic moment (1), HOMO energy (€), LUMO energy (&r), and
LUMO-HOMO energy gap (Ey).

i AE;y;  Myor &y e Eg
(meV) (up) (V) (V) (eV)

137 1233 2 =396 -3.72 0.25
94 1232 0 —428 -3.33 095
20 1229 2 —4.08 -3.81 0.27
53 1204 2 397 -3.83 0.15
203 1187 2 —4.02 -381 021
171 1176 0 —4.04 -345 0.9
238 1175 0 —4.09 -346 0.63
1 1166 0 —442 -332 1.10
136 1157 2 =397 -385 0.12
180 1146 2 =390 -3.68 0.22
9 1145 0 —421 -3.54 0.66
128 1130 0 —426 -344 0382
50 1127 0 —4.25 =324 1.01
45 1117 0 —432 -345 0.87
38 1097 0 —4.14 -347 0.67
106 1091 0 —421 -351 0.71
178 1076 2 =390 -3.74 0.17
204 1072 2 -390 -3.71 0.19
216 1069 0 —426 -345 0.80
12 1067 0 —419 -378 041
72 1055 0 —428 -345 0.83
219 1054 0 —442 -3.09 1.33
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Supplementary Table 16: Energetic and electronic properties for [CusZnjg] cores obtained
with PBE/light-tierl level and light SCF parameters: configuration number (i), relative total
energy (AE;y), total magnetic moment (1), HOMO energy (€), LUMO energy (&r), and
LUMO-HOMO energy gap (Ey).

i AE;y;  Myor &y e Eg
(meV) (up) (V) (V) (eV)

5 1040 2 385 -361 024
215 1040 2 —4.04 -381 022
190 1035 0 —4.18 -3.58 0.59
205 1034 0 —4.14 -355 0.59
153 1032 0 —440 -299 141
197 1029 0 —412 -321 091
13 1023 2 =396 -381 0.14
115 1013 0 —412 -3.52 0.60
27 1008 0 —415 -3.53 0.62
105 997 0 —421 -336 0.85
122 982 0 —4.09 -334 0.76
169 977 0 —435 -347 0.88
183 976 0 —433 -330 1.02
161 967 0 —410 -3.51 0.59
65 962 0 —413 -335 0.78
233 957 2 =378 -=3.70 0.08
126 936 0 —438 -—-334 1.05
200 935 2 —401 -3.78 0.24
103 932 0 —4.09 -335 0.74
80 929 0 —423 -350 0.73
196 927 0 —-416 -3.07 1.09
89 924 0 —419 -325 094
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Supplementary Table 16: Energetic and electronic properties for [CusZnjg] cores obtained
with PBE/light-tierl level and light SCF parameters: configuration number (i), relative total
energy (AE;y), total magnetic moment (1), HOMO energy (€), LUMO energy (&r), and
LUMO-HOMO energy gap (Ey).

i AE;y;  Myor &y e Eg

(meV) (up) (V) (V) (eV)
177 909 2 =374 -3.68 0.06
113 906 0 —430 -326 1.04
218 904 0 —420 -3.31 0.90
157 904 0 —434 -299 134
132 901 0 —451 -325 1.26
207 900 0 —4.06 -3.26 0.80
195 897 0 —428 -340 0.88
199 885 0 —4.00 -—-294 1.06
225 884 0 —431 -328 1.04
194 869 0 —4.12 -3.52 0.60
143 859 0 —436 -323 1.13
21 850 0 —437 -3.08 1.28
164 849 0 —430 -347 0.83
114 842 0 —423 -346 0.77
201 833 0 —430 -322 1.07
109 832 0 —414 -337 0.77
230 821 0 —432 -347 0.85
86 821 0 —4.05 -344 0.60
217 815 0 —428 -3.50 0.78
192 814 0 —429 -353 0.76
76 813 0 —417 -3.52 0.65
71 807 0 —415 -333 0382
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Supplementary Table 16: Energetic and electronic properties for [CusZnjg] cores obtained
with PBE/light-tierl level and light SCF parameters: configuration number (i), relative total
energy (AE;y), total magnetic moment (1), HOMO energy (€), LUMO energy (&r), and
LUMO-HOMO energy gap (Ey).

i AE;y;  Myor &y e Eg

(meV) (up) (V) (V) (eV)

231 804 0 —410 -342 0.67
93 803 0 —424 -3.10 1.14
134 802 0 —4.15 -348 0.67
139 801 0 —418 -3.19 0.99
129 800 0 —-412 -3.16 0.95
130 790 0 —428 -324 1.04
19 779 0 —430 -3.30 1.00
229 778 0 —441 -327 1.14
97 764 0 —423 -346 0.77
91 758 0 —415 -329 0.86
142 744 0 —436 -321 1.16
84 737 0 —422 -326 0.96
11 736 0 —431 -340 0091
104 728 0 —418 —-320 0.98
193 727 0 —4.07 -333 0.74
188 717 0 —428 -331 097
23 717 0 —419 -3.19 1.00
98 715 0 —401 -3.18 0.84
14 710 0 —429 -3.64 0.65
73 688 0 —429 -335 094
16 687 0 —421 -342 079
31 684 0 —440 -3.19 121
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Supplementary Table 16: Energetic and electronic properties for [CusZnjg] cores obtained
with PBE/light-tierl level and light SCF parameters: configuration number (i), relative total
energy (AE;y), total magnetic moment (1), HOMO energy (€), LUMO energy (&r), and
LUMO-HOMO energy gap (Ey).

i AE;y;  Myor &y e Eg

(meV) (up) (V) (V) (eV)

159 682 0 —421 -337 0.84
125 680 0 —414 -327 0.88
167 676 0 —425 -3.58 0.67
185 670 0 —440 -3.01 1.39
140 662 0 —432 -322 1.10
237 662 0 —448 —-293 1.55
108 660 0 —-396 -3.36 0.60
42 660 0 —429 -3.13 1.15
240 657 0 —431 -3.03 1.27
15 653 0 —425 -334 0091
110 645 0 —448 -3.12 1.36
116 645 0 —422 -3.12 1.10
181 644 0 —421 -326 095
155 639 0 —442 -3.08 1.35
166 628 0 —430 -325 1.05
214 627 0 —4.27 -=3.16 1.11
22 622 0 —4.18 -3.33 0.85
107 602 0 —432 -3.32 1.00
90 602 0 —434 -3.19 1.15
96 599 0 —430 -323 1.07
37 597 0 —446 -320 1.25
28 587 0 —441 -3.13 1.28
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Supplementary Table 16: Energetic and electronic properties for [CusZnjg] cores obtained
with PBE/light-tierl level and light SCF parameters: configuration number (i), relative total
energy (AE;y), total magnetic moment (1), HOMO energy (€), LUMO energy (&r), and
LUMO-HOMO energy gap (Ey).

i AE;y;  Myor &y e Eg

(meV) (up) (V) (V) (eV)

63 580 0 —428 -—328 1.00
117 580 0 —-412 -3.09 1.03
127 568 0 —411 -342 0.69
88 567 0 —432 -327 1.04
46 564 0 —428 -—-329 1.00
144 564 0 —416 -3.27 0.89
70 558 0 —4.02 -3.06 0.96
3 553 0 —414 -3.06 1.08
75 551 0 —415 -330 0.85
175 547 0 —433 -327 1.06
221 538 0 —422 -3.12 1.10
151 537 0 —437 -295 142
59 531 0 —431 -322 1.09
83 526 0 —410 -324 0.86
87 525 0 —435 -3.04 131
49 518 0 —432 -3.12 1.21
220 517 0 —416 -3.18 0.98
101 509 0 —444 -3.06 1.38
239 508 0 —433 -3.03 1.30
85 507 0 —441 -3.17 1.24
119 499 0 —428 -—-296 1.32
124 497 0 —418 -3.19 0.99
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Supplementary Table 16: Energetic and electronic properties for [CusZnjg] cores obtained
with PBE/light-tierl level and light SCF parameters: configuration number (i), relative total
energy (AE;y), total magnetic moment (1), HOMO energy (€), LUMO energy (&r), and
LUMO-HOMO energy gap (Ey).

i AE;y;  Myor &y e Eg

(meV) (up) (V) (V) (eV)

147 486 0 —427 -3.13 1.14
145 474 0 —423 -331 092
179 461 0 —426 -3.33 093
141 460 0 —423 -—-2.838 135
211 459 0 —427 =316 I1.11
224 456 0 —437 -3.03 1.33
123 455 0 —4.02 -3.00 1.02
77 453 0 —428 -3.50 0.79
39 448 0 —428 -—-296 1.32
92 444 0 —4.23 —-3.14 1.09
55 443 0 —442 -321 1.20
64 434 0 —429 -297 132
67 432 0 —425 -3.13 1.12
18 423 0 —444 -344 1.00
34 418 0 —428 -3.02 1.26
235 405 0 =399 -3.14 0.85
102 390 0 —419 -299 1.19
74 385 0 —436 -3.39 098
69 380 0 —411 -3.38 0.73
184 377 0 —423 -327 0.96
44 368 0 —442 -321 121
186 365 0 —448 -330 1.19
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Supplementary Table 16: Energetic and electronic properties for [CusZnjg] cores obtained
with PBE/light-tierl level and light SCF parameters: configuration number (i), relative total
energy (AE;y), total magnetic moment (1), HOMO energy (€), LUMO energy (&r), and
LUMO-HOMO energy gap (Ey).

i AE;o Mo 1974 £, Eg

(meV) (ug) (eV) (eV) (eV)

47 359 —4.27 =325 1.02

118 356 —4.17 =294 1.24

24 355 —435 -3.14 1.21

30 345 —430 -325 1.05

210 332 —450 -324 1.26

54 321 —4.34 =334 1.00

66 311 —4.37 -3.04 133

150 306 —4.28 -3.13 1.16

160 299 —4.46 -3.30 1.16

78 299 —4.49 -3.13 135

52 288 —4.22 -3.13 1.08

58 283 —4.32 -3.05 1.27

43 271 —4.09 =331 0.78

223 248 —443 =328 1.15

60 246 —-437 =320 1.17

138 219 —4.25 -3.12 1.13

17 213 —4.27 -=3.05 122

35 205 —4.24 -3.08 1.16

41 197 —443 -3.12 132

0
0
0
0
0
0
0
0
0
0
149 293 0 —438 -3.14 123
0
0
0
0
0
0
0
0
0
148 193 0 —405 -3.08 097
172 183 0 —436 -3.19 1.16
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Supplementary Table 16: Energetic and electronic properties for [CusZnjg] cores obtained
with PBE/light-tierl level and light SCF parameters: configuration number (i), relative total
energy (AE;y), total magnetic moment (1), HOMO energy (€), LUMO energy (&r), and
LUMO-HOMO energy gap (Ey).

2.6.7 [Cuy1Zn]

i AE;o Mo 1974 £, Eg

(meV) (ug) (eV) (eV) (eV)

236 174 0 —429 -3.05 124
62 174 0 —449 327 122
111 163 0 —426 -294 132
33 145 0 —442 -324 1.18
56 99 0 —-439 -312 127
146 97 0 —418 -3.09 1.09
182 77 0 —423 -321 1.03
7 61 0 —421 -3.05 1.16
173 42 0 —449 -294 155
68 39 0 —449 -3.05 143
131 8 0 —426 -3.04 122
6 0 0 —420 -320 099

Supplementary Table 17: Energetic and electronic properties for [Cuj;Zng] cores obtained
with PBE/light-tierl level and light SCF parameters: configuration number (i), relative total
energy (AE;y), total magnetic moment (1), HOMO energy (€y), LUMO energy (&r), and
LUMO-HOMO energy gap (Ey).

i AE;or My 974 €L Eg

(meV) (ug) (eV) (eV) (eV)

37 4780 1 =375 =356 020

35 4093 1 =387 -3.61 026
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Supplementary Table 17: Energetic and electronic properties for [CujjZng] cores obtained
with PBE/light-tierl level and light SCF parameters: configuration number (i), relative total
energy (AE;y), total magnetic moment (1), HOMO energy (€), LUMO energy (&r), and
LUMO-HOMO energy gap (Ey).

i AE;y;  Myor &y e Eg

(meV) (up) (V) (V) (eV)
74 3982 1 —-380 -3.61 0.19
94 3581 1 —-398 —-3.75 0.23
41 3505 1 —-3.81 -3.62 0.18
48 3457 1 -391 -3.73 0.17
52 3102 1 —-4.04 -3.87 0.17
97 3081 1 -390 -3.73 0.16
40 2892 1 —3.88 —-3.70 0.18
175 2874 1 -3.79 -3.60 0.19
73 2841 1 —4.03 -3.86 0.17
75 2772 1 —4.01 —-3.81 0.20
95 2674 1 -3.71 =351 0.19
179 2585 1 —-3.89 -3.69 0.19
68 2507 1 —4.19 —-4.00 0.19
38 2503 1 -392 -373 0.18
191 2461 1 —-3.74 =354 0.21
155 2438 1 -394 =371 0.23
100 2436 1 —3.87 -3.65 0.21
135 2366 1 —4.23 —-4.06 0.18
178 2336 1 —3.84 -3.66 0.18
43 2324 1 —3.85 —-3.65 0.20
129 2309 1 -393 -3.73 0.20
23 2295 1 —3.84 -3.63 0.21
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Supplementary Table 17: Energetic and electronic properties for [CujjZng] cores obtained
with PBE/light-tierl level and light SCF parameters: configuration number (i), relative total
energy (AE;y), total magnetic moment (1), HOMO energy (€), LUMO energy (&r), and
LUMO-HOMO energy gap (Ey).

i AE;y;  Myor &y e Eg

(meV) (up) (V) (V) (eV)
72 2228 1 —4.14 =397 0.17
120 2154 1 —-4.00 -3.82 0.17
50 2150 1 —-3.66 —-341 0.25
205 2134 1 —-3.81 -3.62 0.19
103 2106 1 —-3.83 —-3.63 0.20
219 2097 1 —3.83 —-3.60 0.23
149 2095 1 -3.79 -3.61 0.18
12 2088 1 —-393 -3.77 0.16
105 2062 1 —-3.78 —-3.56 0.22
67 2032 1 -394 =374 0.20
220 2031 1 -394 -373 0.21
46 2027 1 —4.01 -3.72 0.28
188 1991 1 —398 —-3.80 0.18
186 1989 1 -390 -3.71 0.19
134 1964 1 —4.07 -3.82 0.25
127 1962 1 —393 -3.73 0.20
221 1957 1 —3.80 —-3.55 0.25
133 1916 1 —-396 -3.72 0.23
206 1914 1 —-3.99 -381 0.19
64 1907 1 -394 =375 0.19
165 1834 1 —420 -398 0.22
130 1826 1 -391 -3.73 0.18
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Supplementary Table 17: Energetic and electronic properties for [CujjZng] cores obtained
with PBE/light-tierl level and light SCF parameters: configuration number (i), relative total
energy (AE;y), total magnetic moment (1), HOMO energy (€), LUMO energy (&r), and
LUMO-HOMO energy gap (Ey).

i AE;y;  Myor &y e Eg
(meV) (up) (V) (V) (eV)

65 1823 1 —4.29 —4.11 0.17
146 1819 1 —4.00 —-3.80 0.20
204 1815 1 —-395 -3.77 0.18
5 1793 1 —-386 —3.68 0.18
214 1779 1 —-3.85 -3.64 0.21
124 1778 1 —-3.99 -381 0.18
292 1775 1 —3.78 =354 0.24
90 1757 1 —-396 -—-3.72 0.24
89 1747 1 -3.67 —-3.51 0.16
196 1746 1 —4.05 -3.84 0.21
166 1720 1 —-4.07 -390 0.17
159 1713 1 —-3.71 =345 0.26
154 1708 1 —3.84 —-3.68 0.16
101 1698 1 —4.16 —4.00 0.16
131 1691 1 —4.01 -3.76 0.25
79 1687 1 —4.11 =395 0.16
121 1674 1 —3.89 -3.70 0.18
11 1663 1 —4.04 -3.85 0.19
92 1646 1 —4.06 —3.90 0.16
29 1582 1 —-391 -3.74 0.16
177 1577 1 —-4.02 -3.85 0.17
115 1549 1 —4.26 —4.09 0.17
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Supplementary Table 17: Energetic and electronic properties for [CujjZng] cores obtained
with PBE/light-tierl level and light SCF parameters: configuration number (i), relative total
energy (AE;y), total magnetic moment (1), HOMO energy (€), LUMO energy (&r), and
LUMO-HOMO energy gap (Ey).

i AE;y;  Myor &y e Eg
(meV) (up) (V) (V) (eV)

30 1541 1 —-3.87 =371 0.16
69 1508 1 —3.64 342 0.22
83 1502 1 —4.03 -3.87 0.17
108 1492 1 —-4.02 -3.72 0.29
20 1482 1 -392 -373 0.19
4 1480 1 —4.08 —-3.89 0.19
243 1480 1 -395 =375 0.20
167 1466 1 —-3.78 —-3.56 0.22
118 1461 1 —-3.86 —-3.67 0.19
71 1456 1 —-3.69 —-3.49 0.20
297 1451 1 —3.81 —3.55 0.26
7 1427 1 —4.00 -3.82 0.18
24 1411 1 —4.00 -3.83 0.16
213 1400 1 -3.76 —-3.56 0.20
151 1398 1 —-3.89 -3.71 0.18
99 1396 1 —426 —4.10 0.16
14 1392 1 —-3.59 -337 0.22
91 1391 1 —4.18 —-3.99 0.19
217 1390 1 -391 -3.72 0.19
194 1389 1 —3.85 —-3.64 0.21
22 1386 1 -396 -3.78 0.19
126 1383 1 -397 =379 0.18
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Supplementary Table 17: Energetic and electronic properties for [CujjZng] cores obtained
with PBE/light-tierl level and light SCF parameters: configuration number (i), relative total
energy (AE;y), total magnetic moment (1), HOMO energy (€), LUMO energy (&r), and
LUMO-HOMO energy gap (Ey).

i AE;y;  Myor &y e Eg
(meV) (up) (V) (V) (eV)

150 1380 1 —406 -3.85 021
9 1366 1 —-3.69 —-3.49 0.21
270 1364 1 —-3.69 -347 0.22
202 1363 1 =395 -377 0.19
54 1360 1 —-3.59 -337 0.22
10 1360 1 -394 -3.76 0.18
157 1358 1 -394 -375 0.20
210 1334 1 —4.06 —-3.88 0.17
85 1334 1 —3.83 -3.66 0.17
51 1330 1 -397 =375 0.22
265 1314 1 —-3.78 =355 0.23
266 1289 1 —3.85 —-3.56 0.29
109 1272 1 —-3.80 =371 0.18
25 1269 1 —4.19 —4.01 0.18
156 1265 1 —-3.89 -3.70 0.20
152 1254 1 —4.05 -3.84 0.21
2906 1244 1 —-3.77 =357 0.20
244 1237 1 —-397 -3.81 0.16
56 1219 1 —4.06 —-3.87 0.19
269 1216 1 —4.02 -3.76 0.26
96 1209 1 —-3.68 —3.47 0.21
111 1207 1 —-395 =375 0.20
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Supplementary Table 17: Energetic and electronic properties for [CujjZng] cores obtained
with PBE/light-tierl level and light SCF parameters: configuration number (i), relative total
energy (AE;y), total magnetic moment (1), HOMO energy (€), LUMO energy (&r), and
LUMO-HOMO energy gap (Ey).

i AE;y;  Myor &y e Eg

(meV) (up) (V) (V) (eV)
174 1204 1 —-3.83 -3.61 0.22
281 1197 1 —-3.80 -3.53 0.27
211 1197 1 —3.85 -3.64 0.20
132 1193 1 —385 —-3.65 0.20
242 1176 1 —4.00 —-3.80 0.21
114 1175 1 —-3.81 —-3.55 0.26
117 1170 1 —-391 -3.73 0.17
279 1162 1 —-3.89 —-3.68 0.20
62 1153 1 —3.88 —3.68 0.20
45 1149 1 —3.64 346 0.18
102 1148 1 -3.99 -3.79 0.20
288 1147 1 —-3.77 =355 0.22
153 1147 1 —-3.85 —-3.61 0.24
18 1136 1 —-4.01 -3.85 0.17
19 1133 1 —-3.87 =371 0.17
268 1131 1 —-3.64 -336 0.27
27 1126 1 —4.05 -3.85 0.20
216 1121 1 —-3.92 -3.70 0.21
255 1111 1 —-3.79 =357 0.21
143 1109 1 —4.16 —-396 0.20
66 1105 1 -391 -3.73 0.18
247 1096 1 —4.08 —-3.85 0.23
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Supplementary Table 17: Energetic and electronic properties for [CujjZng] cores obtained
with PBE/light-tierl level and light SCF parameters: configuration number (i), relative total
energy (AE;y), total magnetic moment (1), HOMO energy (€), LUMO energy (&r), and
LUMO-HOMO energy gap (Ey).

i AE;y;  Myor &y e Eg
(meV) (up) (V) (V) (eV)

33 1095 1 =377 =355 0.21
190 1076 1 —4.12 =393 0.19
170 1072 1 —3.85 -3.62 0.23
274 1062 1 —-3.81 —-3.59 0.23
58 1059 1 —-3.73 —-3.54 0.19
32 1054 1 —-3.78 —-3.60 0.18
235 1054 1 —-3.76 —-3.49 0.27
53 1050 1 -396 -3.76 0.21
87 1048 1 —-3.82 -3.61 0.21
261 1044 1 —3.75 =353 0.22
6 1036 1 —4.03 —-3.85 0.18
187 1030 1 —4.01 -3.79 0.22
110 1026 1 —-3.79 =357 0.22
180 1020 1 —-3.89 —-3.63 0.26
238 1019 1 —-3.77 -3.58 0.19
280 1017 1 -390 -3.57 033
106 1014 1 —4.06 —-3.89 0.17
236 1000 1 —3.85 —-3.63 0.22
218 997 1 —-3.59 -3.40 0.19
264 970 1 —3.85 -3.68 0.17
107 969 1 —4.14 -396 0.18
55 969 1 -397 =379 0.18
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7 SUPPORTING INFORMATION

Supplementary Table 17: Energetic and electronic properties for [CujjZng] cores obtained
with PBE/light-tierl level and light SCF parameters: configuration number (i), relative total
energy (AE;y), total magnetic moment (1), HOMO energy (€), LUMO energy (&r), and
LUMO-HOMO energy gap (Ey).

i AE;y;  Myor &y e Eg

(meV) (up) (V) (V) (eV)
234 965 1 =396 -374 0.22
240 960 1 —-3.82 —-3.62 0.20
142 959 1 -390 -3.69 0.21
207 957 1 -397 -3.74 0.23
226 937 1 —-3.78 —-3.53 0.25
227 935 1 —-391 -3.67 0.24
57 929 1 -3.71 =352 0.19
42 924 1 —4.08 —-391 0.18
200 917 1 —3.89 -3.65 0.23
209 908 1 —3.68 —345 0.23
136 904 1 —-3.85 -—-3.65 0.19
300 895 1 —4.03 -3.84 0.19
171 886 1 —3.88 —3.68 0.20
294 885 1 —-3.63 —-342 0.21
176 876 1 —-3.76 =355 0.21
273 873 1 —4.08 —-3.88 0.20
82 872 1 -390 -3.72 0.18
17 870 1 —-3.72 =352 0.20
272 870 1 -3.79 -3.61 0.18
16 866 1 —-3.89 -3.70 0.19
163 864 1 —-391 -3.66 0.25
93 847 1 —3.86 —3.61 0.25
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Supplementary Table 17: Energetic and electronic properties for [CujjZng] cores obtained
with PBE/light-tierl level and light SCF parameters: configuration number (i), relative total
energy (AE;y), total magnetic moment (1), HOMO energy (€), LUMO energy (&r), and
LUMO-HOMO energy gap (Ey).

i AE;y;  Myor &y e Eg

(meV) (up) (V) (V) (eV)
250 840 1 —411 -393 0.18
295 812 1 —-3.89 —-3.67 0.22
299 804 1 —-3.66 —-3.46 0.20
123 801 1 —398 -—-3.82 0.15
237 798 1 —4.09 —-3.86 0.23
49 796 1 —4.07 -3.88 0.19
145 795 1 —3.99 -3.77 0.22
63 792 1 —-3.73 =351 0.22
241 792 1 —-3.78 —-3.52 0.26
259 783 1 -3.76 —-3.51 0.25
193 776 1 —-392 -375 0.16
86 776 1 —4.19 -399 0.21
128 770 1 —393 -3.73 0.20
76 765 1 —-397 =372 0.25
34 761 1 —-395 -3.78 0.17
139 757 1 —429 —-4.11 0.18
197 753 1 —4.01 -3.80 0.21
228 745 1 —-3.72 =351 0.22
203 744 1 —-3.74 =357 0.17
168 734 1 —3.82 -3.65 0.17
60 733 1 —4.10 -390 0.20
251 725 1 —-3.80 —-3.59 0.22
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Supplementary Table 17: Energetic and electronic properties for [CujjZng] cores obtained
with PBE/light-tierl level and light SCF parameters: configuration number (i), relative total
energy (AE;y), total magnetic moment (1), HOMO energy (€), LUMO energy (&r), and
LUMO-HOMO energy gap (Ey).

i AE;y;  Myor &y e Eg

(meV) (up) (V) (V) (eV)

88 725 1 —4.18 -398 0.20
230 722 1 —-3.82 —-3.61 0.21
260 720 1 —3.96 -3.69 0.27
253 706 1 —4.02 -3.81 0.22
212 701 1 -394 -375 0.19
283 700 1 —4.17 =396 0.21
224 699 1 —4.00 -3.76 0.24
21 695 1 -391 -3.73 0.18
26 687 1 —-3.77 =354 0.23
137 683 1 —-395 -3.78 0.17
289 682 1 —-3.82 -3.61 0.21
59 681 1 —-398 —-3.75 0.23
287 676 1 —3.85 —-3.63 0.22
257 675 1 -3.70 -3.51 0.19
195 674 1 —4.09 -3.86 0.23
8 671 1 —-398 -3.79 0.19
229 667 1 —-3.77 -3.56 0.21
262 664 1 —4.02 -3.83 0.19
36 655 1 -390 -3.73 0.17
252 653 1 —3.83 —-3.61 0.22
184 653 1 —4.01 -3.82 0.20
173 648 1 —-3.78 —=3.57 0.21
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Supplementary Table 17: Energetic and electronic properties for [CujjZng] cores obtained
with PBE/light-tierl level and light SCF parameters: configuration number (i), relative total
energy (AE;y), total magnetic moment (1), HOMO energy (€), LUMO energy (&r), and
LUMO-HOMO energy gap (Ey).

i AE;y;  Myor &y e Eg
(meV) (up) (V) (V) (eV)

286 646 1 —388 —3.65 0.24
208 645 1 —-4.09 -392 0.17
291 641 1 —-3.72 =350 0.22
285 638 1 =390 -3.67 0.23
162 635 1 =377 =354 0.22
144 634 1 —4.14 =395 0.19
113 632 1 -395 =375 0.20
138 625 1 —4.19 —4.00 0.19
276 623 1 —420 —-4.02 0.18
254 623 1 -391 -3.68 0.23
15 620 1 -399 -381 0.18
122 613 1 —396 -3.81 0.16
140 600 1 —388 —3.65 0.23
199 597 1 -394 -3.68 0.25
98 597 1 —4.02 -3.84 0.18
293 595 1 —4.03 -3.84 0.19
239 593 1 —-3.71 =350 0.21
141 590 1 -390 -3.72 0.18
246 588 1 —-393 -3.70 0.23
215 587 1 -390 -3.70 0.21
263 586 1 —3.83 -3.67 0.16
172 581 1 —-395 -3.76 0.19

Continued on next page

159

343



7 SUPPORTING INFORMATION

Supplementary Table 17: Energetic and electronic properties for [CujjZng] cores obtained
with PBE/light-tierl level and light SCF parameters: configuration number (i), relative total
energy (AE;y), total magnetic moment (1), HOMO energy (€), LUMO energy (&r), and
LUMO-HOMO energy gap (Ey).

i AE;y;  Myor &y e Eg
(meV) (up) (V) (V) (eV)

112 572 1 —4.11 =391 0.20
223 570 1 -399 -376 0.23
284 562 1 —398 —-3.78 0.21
31 551 1 —3.82 —-3.57 0.24
232 544 1 -399 -376 0.23
183 542 1 —4.21 —4.04 0.17
233 538 1 —3.72 —-3.48 0.24
278 527 1 —3.84 -3.67 0.18
160 512 1 —3.83 —-3.62 0.21
158 499 1 —-3.87 —-3.69 0.18
298 495 1 -394 -3.68 0.26
282 494 1 —3.83 —-359 0.24
192 493 1 —-3.86 —3.68 0.19
164 486 1 —-4.00 -3.83 0.17
2 464 1 —4.03 -3.82 0.21
81 453 1 —-3.81 —-3.62 0.19
201 436 1 —-398 -3.79 0.19
77 404 1 —4.11 -393 0.18
231 399 1 —398 -3.72 0.25
189 384 1 —-396 -3.77 0.19
125 384 1 —-3.86 —3.66 0.20
198 376 1 —-3.81 -3.64 0.17
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Supplementary Table 17: Energetic and electronic properties for [CujjZng] cores obtained
with PBE/light-tierl level and light SCF parameters: configuration number (i), relative total
energy (AE;y), total magnetic moment (1), HOMO energy (€), LUMO energy (&r), and
LUMO-HOMO energy gap (Ey).

i AE;y;  Myor &y e Eg
(meV) (up) (V) (V) (eV)

78 355 1 —406 -3.89 0.17
84 352 1 —4.10 -393 0.18
116 351 1 -397 -3.79 0.18
258 350 1 —4.12 =391 0.21
290 350 1 —4.03 —-3.79 0.24
185 335 1 —-3.77 -3.58 0.19
61 334 1 —-396 -3.78 0.18
256 320 1 —3.85 —-3.63 0.22
222 285 1 —4.00 -3.83 0.17
169 274 1 —4.19 =397 0.22
119 269 1 —-3.85 -3.66 0.19
277 262 1 —4.04 -3.79 0.25
28 262 1 —4.01 -3.82 0.19
70 261 1 —-3.85 -3.68 0.17
225 240 1 —-3.92 -3.71 0.21
267 237 1 —4.08 —-3.92 0.16
275 211 1 —4.13 -394 0.18
249 179 1 —-395 -3.74 0.22
104 151 1 —3.86 —3.64 0.22
3 81 1 -394 -3.69 0.25
245 77 1 —-3.84 -3.63 0.21
161 52 1 —3.85 -3.67 0.18
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Supplementary Table 17: Energetic and electronic properties for [CujjZng] cores obtained
with PBE/light-tierl level and light SCF parameters: configuration number (i), relative total
energy (AE;y), total magnetic moment (1), HOMO energy (€), LUMO energy (&r), and

LUMO-HOMO energy gap (Ey).

i AE;y;  Myor &y e Eg
(meV) (up) (V) (V) (eV)

248 6 1 —405 -3.85 0.20
181 0 1 -394 -373 0.20

2.6.8 [CusAlg]

Supplementary Table 18: Energetic and electronic properties for [CugAlg] cores obtained
with PBE/light-tier] level and light SCF parameters: configuration number (i), relative total
energy (AE;,), total magnetic moment (im,,;), HOMO energy (&), LUMO energy (€;), and

LUMO-HOMO energy gap (E,).

i AE;o; My &y e E,
(meV) (up) (V) (V) (eV)
140 1860 2 —4.02 -378 0.24
55 1848 2  —4.08 —-380 0.28
6 1784 4 383 —-364 024
185 1738 2 —430 —4.08 0.22
154 1680 0 —429 -372 057
162 1678 2 —4.07 -376 0.32
181 1663 4 =396 -3.85 0.11
178 1635 2 =393 -370 0.23
157 1609 2 =399 -383 0.17
194 1508 2 —420 —-4.02 0.18
88 1483 2 —4.01 -389 0.12
10 1452 2 —413 -3.86 0.27
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Supplementary Table 18: Energetic and electronic properties for [CugAlg] cores obtained
with PBE/light-tierl level and light SCF parameters: configuration number (i), relative total
energy (AE;y), total magnetic moment (1), HOMO energy (€), LUMO energy (&r), and
LUMO-HOMO energy gap (Ey).

i AE;y;  Myor &y e Eg

(meV) (up) (V) (V) (eV)

43 1431 2 387 -—-3.66 0.22
150 1417 2 —411 -396 0.15
149 1413 0 —423 -379 044
13 1403 2 =395 -373 022
176 1391 2 —4.02 -385 0.17
163 1388 2 —430 —-4.06 0.24
184 1367 0 —4.27 =375 0.52
137 1362 0 —405 -376 0.29
145 1361 0 —4.08 -—-3.84 0.24
63 1344 2 —4.00 -3.96 0.03
95 1340 0 —4.04 -3.63 041
46 1318 2 —416 -393 0.24
75 1318 0 —418 -3.59 0.59
39 1311 2 =425 =396 0.29
34 1305 2 =399 -370 0.28
105 1297 2 =392 -379 0.12
32 1292 2 —4.00 -391 0.08
108 1284 2 —4.00 -3.74 0.26
122 1256 2 —401 -383 0.18
49 1254 0 —422 -380 042
47 1248 2 —4.09 -391 0.18
4 1247 0 —411 -3.72 0.39
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Supplementary Table 18: Energetic and electronic properties for [CugAlg] cores obtained
with PBE/light-tierl level and light SCF parameters: configuration number (i), relative total
energy (AE;y), total magnetic moment (1), HOMO energy (€), LUMO energy (&r), and
LUMO-HOMO energy gap (Ey).

i AE;y;  Myor &y e Eg
(meV) (up) (V) (V) (eV)

158 1240 2 —418 —-398 0.21
83 1237 2 —422 -393 0.29
50 1232 2 —4.05 -387 0.18
116 1232 0 —426 -3.77 0.50
133 1231 0 —4.09 -3.64 045
124 1227 2 =393 -3.63 0.30
146 1226 2 =396 -390 0.06
155 1222 0 —438 -3.65 0.74
115 1221 2 =392 -3.63 029
74 1210 2 —4.11 —-3.87 0.23
22 1203 2 =389 =372 0.17
132 1201 0 —421 -3.60 0.61
3 1191 2  —400 -3.63 0.37
175 1184 2 =397 -3.66 0.31
85 1178 2 —4.07 -391 0.17
78 1178 0 —420 -3.76 044
53 1178 2 =399 -383 0.15
18 1167 2 —415 —-4.02 0.13
193 1166 2 =398 -390 0.07
106 1162 2 =375 -3.63 0.12
200 1155 2 —4.08 —-3.84 0.24
71 1151 2 —420 -393 0.27
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Supplementary Table 18: Energetic and electronic properties for [CugAlg] cores obtained
with PBE/light-tierl level and light SCF parameters: configuration number (i), relative total
energy (AE;y), total magnetic moment (1), HOMO energy (€), LUMO energy (&r), and
LUMO-HOMO energy gap (Ey).

i AE;y;  Myor &y e Eg

(meV) (up) (V) (V) (eV)
89 1137 2 —421 —4.01 0.19
16 1117 2 =411 -390 021
135 1112 2 —410 -3.88 0.22
134 1109 2 —4.08 —4.03 0.05
69 1106 2 =417 —-4.02 0.14
126 1106 2 —4.07 -3.89 0.18
66 1094 2 =399 -3.88 0.10
72 1093 2 —406 -390 0.17
97 1080 0 —433 -375 057
142 1078 0 —427 -388 0.39
187 1078 2 =399 -3.67 0.32
130 1066 2 —4.07 -3.80 0.26
52 1063 2 =396 -391 0.05
28 1057 2 =409 -392 0.17
197 1054 2 —4.05 -3.87 0.18
144 1047 0 —424 -387 037
114 1031 0 —424 -378 046
198 1028 2 —424 —-4.00 0.24
110 1023 2 =399 -391 0.08
120 1022 0 —4.06 -3.70 0.36
125 1021 2 -396 -3.70 0.25
102 1016 2 —4.02 -3.86 0.16
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Supplementary Table 18: Energetic and electronic properties for [CugAlg] cores obtained
with PBE/light-tierl level and light SCF parameters: configuration number (i), relative total
energy (AE;y), total magnetic moment (1), HOMO energy (€), LUMO energy (&r), and
LUMO-HOMO energy gap (Ey).

i AE;y;  Myor &y e Eg
(meV) (up) (V) (V) (eV)
173 1001 2 —420 —4.02 0.18
54 997 2 =393 -370 0.23
42 993 0 —424 -3.66 0.58
107 993 2 386 —3.78 0.08
136 990 0 —416 -3.55 0.60
186 987 0 —413 -3.60 0.53
31 987 2 —425 —4.05 0.20
113 980 0 —-398 -—-3.53 045
183 978 2 —4.08 -3.72 0.36
33 975 2 =384 =379 0.05
19 966 0 —425 -381 044
30 956 2 —410 -397 0.13
188 955 2 —4.09 -383 026
160 952 2 =378 -=3.74 0.05
192 946 0 -394 -3.74 0.20
77 943 2 —411 —4.05 0.06
1 938 2 —4.09 -3.76 0.33
15 937 2 —4.09 -385 0.24
36 936 2 =385 -3.66 0.19
80 930 2 =414 -394 021
7 928 2 —-3.85 -3.66 0.19
70 927 2 —4.02 -397 0.06
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Supplementary Table 18: Energetic and electronic properties for [CugAlg] cores obtained
with PBE/light-tierl level and light SCF parameters: configuration number (i), relative total
energy (AE;y), total magnetic moment (1), HOMO energy (€), LUMO energy (&r), and
LUMO-HOMO energy gap (Ey).

i AE;y;  Myor &y e Eg

(meV) (up) (V) (V) (eV)

45 908 2 —408 -—-392 0.15
104 894 2 =379 =376 0.03
117 888 2 —414 -394 0.21
111 877 2 386 —-3.67 0.19
159 871 2 —424 -396 0.28
179 868 0 =397 -349 048
35 867 0 —423 -3.59 0.64
23 866 2 =389 -3.63 0.25
27 863 2 —425 —-4.16 0.09
169 857 2 —4.03 -3.77 0.26
67 841 2 —-3.89 -3.81 0.09
112 841 2 —-383 -3.61 022
152 840 2 =392 -384 0.09
65 837 2 —413 -399 0.14
123 835 2 =395 -382 0.12
172 828 2 -394 -383 0.11
51 813 2 =396 -384 0.12
5 803 0 —4.03 -348 0.5
164 803 0 —414 -3.59 0.55
167 802 2 =411 -384 0.27
82 802 0 —420 -3.63 0.57
79 800 0 —4.15 -3.56 0.59
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Supplementary Table 18: Energetic and electronic properties for [CugAlg] cores obtained
with PBE/light-tierl level and light SCF parameters: configuration number (i), relative total
energy (AE;y), total magnetic moment (1), HOMO energy (€), LUMO energy (&r), and
LUMO-HOMO energy gap (Ey).

i AE;y;  Myor &y e Eg

(meV) (up) (V) (V) (eV)

147 798 0 —416 -—-3.70 0.46
41 767 0 —436 -3.71 0.66
40 761 0 —432 -3.68 0.64
156 759 0 —417 -359 0.58
81 758 2 =395 -381 0.14
98 742 0 -391 -3.60 0.1
161 725 0 —425 -3.61 0.64
84 712 0 —421 -3.63 0.58
86 710 0 —426 -3.61 0.64
24 700 0 —4.14 -3.59 0.55
99 699 2 —406 -3.89 0.17
8 699 2 =397 -3.80 0.17
93 689 2 —401 -384 0.17
182 689 2  —400 -386 0.14
129 683 2 =399 -3.77 022
12 676 2 —4.03 -374 028
139 676 0 —413 -3.69 044
119 675 0 —417 -3.86 0.32
189 662 0 —431 -3.77 0.55
59 656 2 —4.08 -3.99 0.09
48 650 0 —416 -3.64 0.52
166 645 2 —4.09 -384 025
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Supplementary Table 18: Energetic and electronic properties for [CugAlg] cores obtained
with PBE/light-tierl level and light SCF parameters: configuration number (i), relative total
energy (AE;y), total magnetic moment (1), HOMO energy (€), LUMO energy (&r), and
LUMO-HOMO energy gap (Ey).

i AE;y;  Myor &y e Eg

(meV) (up) (V) (V) (eV)
29 643 2 —414 -396 0.18
131 631 0 —432 -3.68 0.63
94 626 0 —433 -3.78 0.55
90 624 0 —407 =377 0.30
96 624 0 —430 -3.85 045
38 588 0 —429 -355 0.74
148 583 0 —428 -3.66 0.62
199 580 0 —445 -346 0.99
143 571 0 —426 -3.71 0.56
195 544 0 —4.10 -3.55 0.55
171 544 0 —421 -3.68 0.53
103 543 2 —4.07 -3.84 023
190 539 0 —430 -3.59 0.71
128 496 0 —422 -3.69 0.53
101 470 0 —4.06 -3.55 051
57 460 0 —4.18 —-3.58 0.60
177 458 2 —4.02 -378 0.24
127 447 0 —427 -3.65 0.62
62 435 0 —4.08 -3.65 042
196 428 0 —425 -356 0.68
58 399 0 —433 -3.63 0.70
60 397 0 —423 -3.73 0.50
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Supplementary Table 18: Energetic and electronic properties for [CugAlg] cores obtained
with PBE/light-tierl level and light SCF parameters: configuration number (i), relative total
energy (AE;y), total magnetic moment (1), HOMO energy (€), LUMO energy (&r), and
LUMO-HOMO energy gap (Ey).

i AE;y;  Myor &y e Eg
(meV) (up) (V) (V) (eV)
121 397 0 —4.07 -3.79 0.27
109 381 0 —410 -3.54 0.56
44 376 0 —413 -3.70 043
153 371 0 —410 -3.63 047
91 353 0 =397 -3.63 0.34
92 351 0 —4.08 -3.79 0.30
56 343 0 —4.11 =337 0.74
180 335 0 —4.18 —-3.54 0.64
2 328 0 —-412 -3.79 0.33
61 325 0 —426 -3.89 0.38
11 323 0 —431 -346 0.85
17 320 0 —431 -352 079
9 307 0 —4.09 -348 0.60
174 298 0 —431 -342 0.88
100 296 0 —414 -3.57 057
64 281 0 —436 -3.64 0.72
138 248 2 =385 =372 0.13
26 239 0 —426 -3.57 0.69
37 237 0 —431 -3.78 0.53
165 222 0 —423 -351 072
73 181 0 —414 -346 0.69
14 159 0 —430 -352 0.78
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Supplementary Table 18: Energetic and electronic properties for [CugAlg] cores obtained
with PBE/light-tierl level and light SCF parameters: configuration number (i), relative total
energy (AE;y), total magnetic moment (1), HOMO energy (€), LUMO energy (&r), and
LUMO-HOMO energy gap (Ey).

i AE;y;  Myor &y e Eg
(meV) (up) (V) (V) (eV)
20 76 0 —413 =351 0.62
168 51 0 —424 -3.60 0.64
170 43 0 —415 -372 042
87 37 0 —438 -—-3.66 0.73
191 0 0 —432 -354 0.78

2.6.9 [NiyGagl

Supplementary Table 19: Energetic and electronic properties for [Ni7Gag] cores obtained
with PBE/light-tier] level and light SCF parameters: configuration number (i), relative total
energy (AE;,), total magnetic moment (im,,;), HOMO energy (&), LUMO energy (€;), and
LUMO-HOMO energy gap (E,).

i AE;o; My &y e E,

(meV) (up) (V) (V) (eV)
195 2478 4 —402 -3.89 0.13
75 2441 4 388 376 0.12
71 2106 4 =390 -3.77 0.13
153 2088 2 =390 -3.69 0.21
119 2080 4 386 —3.81 0.05
16 2029 4 =399 -3838 0.11
55 2009 4 —406 -384 022
38 2006 0 =392 -374 0.19
29 1987 2 =391 -3.66 0.25
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Supplementary Table 19: Energetic and electronic properties for [Ni;Gag] cores obtained
with PBE/light-tierl level and light SCF parameters: configuration number (i), relative total
energy (AE;y), total magnetic moment (1), HOMO energy (€), LUMO energy (&r), and
LUMO-HOMO energy gap (Ey).

i AE;y;  Myor &y e Eg

(meV) (up) (V) (V) (eV)
133 1949 4 -389 -373 0.16
39 1884 2 =389 -3.67 022
33 1880 2 =392 -3.72 0.20
94 1834 4 -390 -3.80 0.10
26 1820 4 —400 -3.86 0.14
27 1814 2 -390 -3.73 0.18
126 1792 4 -394 -383 0.11
179 1782 2 =393 -375 0.18
15 1780 2 —-3.89 -—-3.57 032
24 1744 4 —4.10 —-3.87 0.23
134 1735 4 -394 -375 0.19
146 1722 2 =395 -3.76 0.19
43 1700 4 =389 -379 0.10
62 1681 2 —-386 —-3.68 0.18
199 1677 2 -394 -374 0.20
103 1663 2 =383 -3.62 0.21
92 1638 2 =399 -376 0.23
152 1635 4 =395 -377 0.18
22 1635 4 —4.06 -390 0.16
175 1634 2 =390 -3.68 0.22
69 1629 2 —-3.88 —-3.79 0.10
129 1618 2 =392 -373 0.19
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Supplementary Table 19: Energetic and electronic properties for [Ni;Gag] cores obtained
with PBE/light-tierl level and light SCF parameters: configuration number (i), relative total
energy (AE;y), total magnetic moment (1), HOMO energy (€), LUMO energy (&r), and
LUMO-HOMO energy gap (Ey).

i AE;y;  Myor &y e Eg

(meV) (up) (V) (V) (eV)

161 1591 2 =397 -3.81 0.16
148 1591 2 =393 -3.73 0.20
23 1589 4 =399 -383 0.15
123 1551 0 —-396 -3.73 0.24
137 1545 2 =392 -3.68 0.24
127 1527 2 =396 -3.66 0.30
34 1522 2 =386 -3.71 0.15
57 1522 2 =391 -3.74 0.18
115 1516 2 —-3.89 -3.82 0.07
66 1513 4 -390 -3.81 0.09
113 1500 2 =394 -374 0.20
67 1494 2 —4.08 -395 0.13
190 1487 4 —-4.09 -391 0.17
32 1463 0 —3.88 —3.48 040
101 1451 2 =397 =375 022
74 1448 2 -390 -3.83 0.06
110 1429 2 =384 =371 0.14
130 1414 4 -398 -—-384 0.14
58 1385 2 =396 -3.78 0.18
131 1384 2 =397 -378 0.19
176 1373 2 —-3.82 -3.56 0.27
187 1365 2 =391 -372 0.19
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Supplementary Table 19: Energetic and electronic properties for [Ni;Gag] cores obtained
with PBE/light-tierl level and light SCF parameters: configuration number (i), relative total
energy (AE;y), total magnetic moment (1), HOMO energy (€), LUMO energy (&r), and
LUMO-HOMO energy gap (Ey).

i AE;y;  Myor &y e Eg

(meV) (up) (V) (V) (eV)
141 1364 0 -394 -3.65 0.28
128 1364 2 =395 -3.75 0.20
149 1358 2 =386 -3.69 0.17
186 1347 2 386 —-3.67 0.19
96 1327 4  —4.04 -390 0.14
147 1304 2 -390 -3.62 0.28
154 1300 2 —3.92 -3.72 0.21
160 1297 2 =390 -3.77 0.13
135 1236 2 —410 -393 0.18
136 1234 2 =381 -3.78 0.03
200 1225 2 =392 -378 0.14
65 1222 4 —4.00 -395 0.05
117 1210 2 =387 -3.67 0.20
139 1179 4 —4.02 -3.82 0.20
70 1177 2 =397 -3.68 0.30
95 1175 4 —4.06 -394 0.12
80 1175 2 —4.02 -383 0.19
158 1163 2 —-3.88 -—-3.71 0.17
49 1160 2 =374 -3.60 0.14
105 1135 2 =386 —-3.67 0.20
109 1121 2 —4.10 -394 0.16
40 1114 2 -390 -3.64 0.25
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Supplementary Table 19: Energetic and electronic properties for [Ni;Gag] cores obtained
with PBE/light-tierl level and light SCF parameters: configuration number (i), relative total
energy (AE;y), total magnetic moment (1), HOMO energy (€), LUMO energy (&r), and
LUMO-HOMO energy gap (Ey).

i AE;y;  Myor &y e Eg

(meV) (up) (V) (V) (eV)
174 1113 2 —4.03 -3.77 0.26
50 1099 2 =399 -3.69 0.30
142 1098 2 383 -3.63 0.21
102 1086 2 =395 -3.64 031
118 1070 4 384 -376 0.08
37 1065 0 -—-3.86 -—-3.62 0.24
53 1062 2 =391 =379 0.12
185 1060 2 =389 -3.79 0.10
169 1055 2 -390 -3.80 0.10
145 1054 2 -394 -3.77 0.17
125 1050 2 —-382 -3.76 0.06
25 1046 2 =399 -378 021
132 1033 2 —4.03 -3.82 021
138 1024 2 —401 -3.73 029
143 1013 2 =393 -375 0.19
60 1010 2 =399 -374 025
82 1005 0 —405 -3.82 0.23
20 998 2 =393 -3.64 029
193 993 2 =391 -3.82 0.10
116 991 2 =394 -379 0.14
151 991 2 —4.09 -3.80 0.30
97 991 2 —4.03 -373 029
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Supplementary Table 19: Energetic and electronic properties for [Ni;Gag] cores obtained
with PBE/light-tierl level and light SCF parameters: configuration number (i), relative total
energy (AE;y), total magnetic moment (1), HOMO energy (€), LUMO energy (&r), and
LUMO-HOMO energy gap (Ey).

i AE;y;  Myor &y e Eg
(meV) (up) (V) (V) (eV)

81 989 4  —406 -394 0.12
48 986 2 —401 -3.80 021
83 983 2 —414 —-4.02 0.12
156 978 2 —398 -—-3.82 0.16
72 966 2 =398 -3.74 0.24
61 948 4 —-4.05 -3.89 0.17
1 938 2 =399 -382 0.17
178 935 2 =379 -3.64 0.16
167 927 2 -3.89 -3.69 0.19
191 924 2 =391 =372 0.19
171 920 2 —-398 -—-3.80 0.18
90 918 2 —4.04 -388 0.16
111 914 0 =399 -373 026
17 908 2 =394 -378 0.17
64 907 2 =399 -388 0.11
56 891 2 =393 -3.72 0.20
31 891 2 =392 -372 0.0
150 887 2 =393 -382 0.11
35 880 2 =392 -371 021
121 873 2 —401 -3.83 0.17
164 860 2 -392 -370 0.21
183 855 2 —-398 -3.80 0.18
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Supplementary Table 19: Energetic and electronic properties for [Ni;Gag] cores obtained
with PBE/light-tierl level and light SCF parameters: configuration number (i), relative total
energy (AE;y), total magnetic moment (1), HOMO energy (€), LUMO energy (&r), and
LUMO-HOMO energy gap (Ey).

i AE;y;  Myor &y e Eg

(meV) (up) (V) (V) (eV)
107 846 2 —405 -3.83 0.17
47 844 2 =394 -377 0.17
112 842 2 =399 -386 0.13
45 831 2 =391 -3.77 0.14
194 810 2 —406 -—-3.82 0.24
19 806 2 =391 -3.65 025
79 805 2  —401 -3.86 0.16
120 803 2 =393 -3.68 0.26
104 792 4  —420 -395 0.24
59 784 2 —406 -3.83 0.22
21 783 0 —4.04 -3.67 0.36
162 774 2 —400 -3.82 0.18
30 768 2 —419 -3.88 031
28 763 2 =390 -3.67 0.22
18 748 2 =386 —-3.60 0.26
98 732 2 —4.03 -389 0.14
192 728 2 —415 -3.89 0.26
196 715 4 —4.11 -—-4.01 0.10
51 705 2 =392 -381 0.11
68 701 2 —410 -3.88 0.22
198 689 2 —4.06 —-3.82 0.25
188 685 2 —4.05 -390 0.14
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Supplementary Table 19: Energetic and electronic properties for [Ni;Gag] cores obtained
with PBE/light-tierl level and light SCF parameters: configuration number (i), relative total
energy (AE;y), total magnetic moment (1), HOMO energy (€), LUMO energy (&r), and
LUMO-HOMO energy gap (Ey).

i AE;y;  Myor &y e Eg

(meV) (up) (V) (V) (eV)

197 679 0 377 -353 0.24
166 673 0 —-381 -—-344 037
189 666 2 —410 -3.82 0.28
44 665 2 =397 -372 0.25
89 663 0 —415 -395 0.19
106 662 2 =392 -377 0.15
63 657 2 —4.14 -392 0.22
52 649 2 =391 -372 0.19
155 643 2 -394 -379 0.14
124 637 2 =398 -376 0.21
122 622 2 —406 -3.73 0.32
114 618 2 -394 -384 0.10
11 612 4 —4.05 -3.85 0.19
144 601 2 —401 -3.79 0.23
41 584 2 =393 -3.61 031
2 573 2 —4.03 -386 0.18

93 562 2 —4.07 -381 0.27
77 537 2 =391 -3.65 0.26
184 521 2 =396 -3.65 031
88 513 2 —-398 -384 0.15
4 510 2 —4.00 -3.82 0.18

76 498 2 -394 -3.69 025
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Supplementary Table 19: Energetic and electronic properties for [Ni;Gag] cores obtained
with PBE/light-tierl level and light SCF parameters: configuration number (i), relative total
energy (AE;y), total magnetic moment (1), HOMO energy (€), LUMO energy (&r), and
LUMO-HOMO energy gap (Ey).

i AE;y;  Myor &y e Eg
(meV) (up) (V) (V) (eV)
170 471 2 —4.02 -386 0.17
3 470 2 —426 —-4.08 0.18
14 463 2  —4.00 -386 0.14
36 461 2 —408 -3.89 0.19
13 458 0 -3.87 -3.62 0.25
91 457 2 —4.06 -394 0.12
78 405 0 —-396 -3.76 0.20
140 404 2 —4.02 -3.77 025
157 402 2 =397 -382 0.15
73 393 2 —411 -3.78 0.33
86 386 2 —4.00 -3.87 0.13
163 358 4 —4.06 —-4.00 0.06
173 337 0 —414 -390 0.24
108 326 2 =395 -382 0.13
172 319 2 =374 -3.60 0.14
42 284 2 —4.08 -—-3.84 0.24
46 283 2 —405 -384 022
180 281 0 —401 -3.83 0.18
9 269 2 —4.07 -3.69 0.38
85 262 2 =398 -376 0.22
181 260 0 —-3.88 —-3.60 0.28
159 251 2 —4.07 -3.88 0.20
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Supplementary Table 19: Energetic and electronic properties for [Ni;Gag] cores obtained
with PBE/light-tierl level and light SCF parameters: configuration number (i), relative total
energy (AE;y), total magnetic moment (1), HOMO energy (€), LUMO energy (&r), and
LUMO-HOMO energy gap (Ey).

i AE;o Mo 1974 £, Eg

(meV) (ug) (eV) (eV) (eV)

99 158 —3.88 372 0.16

8 96 —4.02 -3.83 0.19

10 83 —4.02 -3.83 0.19

182 58

2
2
2

84 71 2 =398 -3.77 021
2 —405 -3.88 0.17
2

177 35 —4.01 -3.83 0.18

w
V)]
[\

—4.01 -3.69 0.33
6 0 2 —412 -390 022

2.7 Additional Results for Metal Complexes

In the following subsections, we summarize a large number of results obtained for the
computational design of molecular metal complexes. In particular, large part of the data
is reported for the [Cu,Zn,]R, complexes and also results for miscellaneous complexes using

cluster_assembler protocol summarized above.
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2.7.1 [CuZn;](Cp*)3 Complexes

Supplementary Table 20: Energetic and electronic properties for [CuZn;](Cp*)3 complexes
obtained with PBE/light-tier] level and light SCF parameters: configuration number (i), relative
total energy (AE,,), total magnetic moment (n1,,,), HOMO energy (gg), LUMO energy (&),

and LUMO-HOMO energy gap (E).

i AEqy My &y e Eg
(meV) (ug) (V) (V) (eV)
15 6626 0 364 -353 0.11
20 4578 0 —430 -352 0.77
14 3572 0 —416 =370 046
19 3551 0 —415 -370 045
13 3549 0 —421 -376 044
10 3534 0 —420 -3.75 045
5 3489 0 —424 -380 044
8 3486 0 —425 -381 044
18 3449 0 —417 =372 044
6 2438 0 —432 -249 1.84
17 431 0 —-387 —152 235
1 91 0 —-397 —148 249
9 3 0 -397 -—-138 2.60
3 1 0 =397 -138 2.60
11 1 0 =397 —137 259
2 1 0 =397 -137 2.60
16 0 0 -39 -136 261
7 0 0 =397 —137 2.60
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Supplementary Table 21: Optimized and filtered representative structures of [CuZn;](Cp*)3
complexes obtained with PBE/light-tier1 level and light SCF parameters. The relative total
energy (AE;,) is depicted above each structure.

0.56 meV 0.82 meV

i

0.96 meV 2.78 meV 91 meV 431 meV

2.7.2 [Cu3zZn4](Cp*)s Complexes

Supplementary Table 22: Energetic and electronic properties for [CuzZng](Cp*)s] complexes
obtained with PBE/light-tier] level and light SCF parameters: configuration number (i), relative
total energy (AE,.), total magnetic moment (1), HOMO energy (€y), LUMO energy (&),
and LUMO-HOMO energy gap (Eg).

i AEior  Myor 1974 e, Eg

(meV) (ug) (eV) (eV) (eV)

12 6403 —-393 351 042

124 6233 —-3.68 —-2.71 097

239 4815 —-3.65 —2.87 0.78

233 4803 —3.83 —-246 137

2 4565 —-3.68 —2.74 094

26 4469 —3.69 —347 0.22

8 4435

0
0
0
0
81 4676 0 —410 -2.82 128
0
0
0 —4.03 -320 0.83
0

266 4305 -3.12 =295 0.17

Continued on next page
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Supplementary Table 22: Energetic and electronic properties for [Cu3Zns](Cp*)s] complexes
obtained with PBE/light-tierl level and light SCF parameters: configuration number (i), relative
total energy (AE;.), total magnetic moment (1), HOMO energy (€y), LUMO energy (&),
and LUMO-HOMO energy gap (Eg).

i AE;y;  Myor &y e Eg
(meV) (up) (V) (V) (eV)

4 4284 0 =373 —-291 0.82
19 4228 0 —-378 —-3.52 0.26
216 4056 0 —-382 —-244 138
205 3800 0 =377 =297 0.79
154 3671 0 =392 -299 092
97 3452 0 =362 -292 0.70
44 3448 0 —3.81 —-268 1.14
160 3419 0 —403 -286 1.17
146 3389 0 -390 -2.66 1.24
168 3329 0 —3.68 —2.64 1.04
223 3293 0 —400 -3.13 0.87
167 3241 0 =374 -3.16 0.57
227 3214 0 =389 —-297 092
131 3147 0 —-3.58 —-2.58 1.00
183 3138 0 —-3.63 -256 1.06
299 3129 0 =379 -2.88 0091
291 3128 0 —-3.88 —-3.10 0.77
70 3100 0 —424 -256 1.67
204 2941 0 =395 -242 153
138 2924 0 -—-376 —-248 1.28
256 2892 0 -385 —-2.58 1.27
133 2869 0 =370 -3.60 0.10
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Supplementary Table 22: Energetic and electronic properties for [Cu3Zns](Cp*)s] complexes
obtained with PBE/light-tierl level and light SCF parameters: configuration number (i), relative
total energy (AE;.), total magnetic moment (1), HOMO energy (€y), LUMO energy (&),
and LUMO-HOMO energy gap (Eg).

i AE;y;  Myor &y e Eg

(meV) (up) (V) (V) (eV)
33 2837 0 —413 -272 141
116 2758 0 =371 -2.61 1.10
232 2755 0 —-3.82 —-294 0.88
215 2704 0 =332 -299 0.33
217 2685 0 -344 -2.62 0381
286 2671 0 -390 -254 1.36
293 2666 0 —-3.62 -253 1.09
241 2663 0 —405 -290 1.15
78 2621 0 -359 -3.15 044
222 2512 0 —-3.65 —-2.70 0.94
31 2502 0 =395 -271 1.24
326 2445 0 =377 -259 1.18
150 2350 0 =374 -259 1.15
282 2338 0 —417 -299 1.18
255 2313 0 —400 -2.76 1.24
86 2294 0 —413 -3.03 1.10
55 2252 0 —431 -321 I1.11
37 2209 0 -396 -293 1.02
111 2208 0 351 -2.64 0.87
247 2204 0 —415 -3.35 0.80
56 2201 0 —421 -326 095
308 2176 0 —4.18 -—-2.58 1.60
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Supplementary Table 22: Energetic and electronic properties for [Cu3Zns](Cp*)s] complexes
obtained with PBE/light-tierl level and light SCF parameters: configuration number (i), relative
total energy (AE;.), total magnetic moment (1), HOMO energy (€y), LUMO energy (&),
and LUMO-HOMO energy gap (Eg).

i AE;y;  Myor &y e Eg
(meV) (up) (V) (V) (eV)

182 2133 0 —-399 -329 0.69
115 2130 0 -382 -2.76 1.05
325 2123 0 -3.69 -2.74 095
54 2123 0 —424 -3.06 1.18
9 2114 0 =384 -—-2.77 1.07
93 2104 0 —419 -276 142
60 2085 0 =379 -2.73 1.05
149 2084 0 =392 -277 1.15
68 2069 0 -384 -2.25 1.60
109 2062 0 —352 -2.66 0.86
100 2062 0 —410 -3.02 1.08
288 2057 0 —414 -2.65 149
3 2055 0 388 —-2.77 1.11
158 2026 0 —426 -2.66 1.60
161 2025 0 -—-3.88 —-2.87 1.01
218 2020 0 =371 -2.60 1.11
63 2009 0 —-383 —-259 1.23
113 2005 0 -396 -—-2.68 1.28
324 1988 0 =375 -259 1.16
297 1966 0 —400 -2.12 1.88
172 1962 0 —4.05 -354 052
274 1949 0 —3.80 -—2.94 0.86
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Supplementary Table 22: Energetic and electronic properties for [Cu3Zns](Cp*)s] complexes
obtained with PBE/light-tierl level and light SCF parameters: configuration number (i), relative
total energy (AE;.), total magnetic moment (1), HOMO energy (€y), LUMO energy (&),
and LUMO-HOMO energy gap (Eg).

i AE;o Mo 1974 £, Eg

(meV) (ug) (eV) (eV) (eV)

84 1947 —-399 -2.68 130

21 1946 —429 -293 135

173 1944 —384 -2.69 1.15

252 1940 —4.13 246 1.67

300 1940 —-398 -292 1.06

53 1937 —4.24 -3.17 1.08

126 1929 —4.25 —-3.37 0.88

16 1924 —-3.72 =272 1.00

235 1908 —4.00 —-2.43 1.56

39 18%4 —4.00 —-2.46 1.54

6 1882 —3.92 =245 147

157 1882 —-3.87 =284 1.03

237 1881 —3.80 241 149

238 1869 —4.05 -2.69 1.36

316 1868 =374 =257 1.17

87 1858 —3.67 —2.67 1.00

276 1853 —-3.98 =237 1.61

127 1848 —441 =325 1.16

139 1839 —3.72 =258 1.15

0
0
0
0
0
0
0
0
0
0
226 1887 0 374 -228 146
0
0
0
0
0
0
0
0
0
275 1835 0 380 —-2.62 1.18
28 1827 0 =372 =273 1.00
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Supplementary Table 22: Energetic and electronic properties for [Cu3Zns](Cp*)s] complexes
obtained with PBE/light-tierl level and light SCF parameters: configuration number (i), relative
total energy (AE;.), total magnetic moment (1), HOMO energy (€y), LUMO energy (&),
and LUMO-HOMO energy gap (Eg).

i AE;o Mo 1974 £, Eg

(meV) (ug) (eV) (eV) (eV)

176 1802 —3.83 -2.66 1.17

195 1796 —4.08 -237 1.72

27 1795 —4.27 =2.65 1.62

49 1790 —4.10 —2.69 1.41

61 1788 —433 -296 1.38

210 1785 —4.12 =252 1.60

229 1767 —3.87 —-2.65 1.23

136 1767 -394 -234 1.60

190 1766 —3.84 —-2.58 1.26

98 1761 —4.12 =273 1.40

67 1747 —4.05 -245 1.60

321 1739 —-3.78 =254 1.24

162 1736 —3.68 —246 1.22

320 1736 —-3.63 —-2.50 1.13

181 1729 —4.04 -224 1.80

311 1726 —3.89 240 1.49

92 1724 —4.09 =236 1.74

128 1724 —-3.52 -2.63 0.89

121 1723 —4.05 -2.86 1.19

0
0
0
0
0
0
0
0
0
0
231 1753 0 —4.03 -240 1.63
0
0
0
0
0
0
0
0
0
265 1720 0 =378 =267 1.11
262 1719 0 =392 -251 141
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Supplementary Table 22: Energetic and electronic properties for [Cu3Zns](Cp*)s] complexes
obtained with PBE/light-tierl level and light SCF parameters: configuration number (i), relative
total energy (AE;.), total magnetic moment (1), HOMO energy (€y), LUMO energy (&),
and LUMO-HOMO energy gap (Eg).

i AE;o Mo 1974 £, Eg

(meV) (ug) (eV) (eV) (eV)

187 1712 —3.93 -2.67 1.25

319 1710 —-3.75 =206 1.69

110 1709 =398 =227 1.71

202 1702 —3.78 —-2.28 1.50

108 1702 —3.80 244 145

166 1696 =377 =256 1.21

250 1696 —3.86 —245 141

59 1694 —3.80 —-228 1.1

203 1692 —4.08 —2.53 1.55

292 1679 —391 248 143

85 1666 —-3.93 -2.62 131

290 1665 —4.01 —-2.44 1.56

270 1664 —4.05 =259 145

244 1657 -390 -246 144

177 1655 —4.09 -259 150

82 1651 —-3.64 —-2.64 1.00

258 1648 —4.16 —2.73 1.43

101 1640 =372 =241 132

45 1638 —3.84 -2.62 121

0
0
0
0
0
0
0
0
0
0
212 1671 0 —420 -221 199
0
0
0
0
0
0
0
0
0
137 1637 0 =359 -2.66 094
117 1636 0 —4.09 -254 156

Continued on next page

188

372



7 SUPPORTING INFORMATION

Supplementary Table 22: Energetic and electronic properties for [Cu3Zns](Cp*)s] complexes
obtained with PBE/light-tierl level and light SCF parameters: configuration number (i), relative
total energy (AE;.), total magnetic moment (1), HOMO energy (€y), LUMO energy (&),
and LUMO-HOMO energy gap (Eg).

i AE;y;  Myor &y e Eg
(meV) (up) (V) (V) (eV)

22 1633 0 382 -—-2.68 1.15
119 1632 0 —425 -279 146
130 1628 0 -390 -249 141
47 1619 0 =371 =216 1.55
180 1603 0 =397 -274 1.23
197 1601 0 —4.03 -259 145
189 1599 0 —398 -—2.58 1.40
112 1593 0 =362 -—-227 135
277 1591 0 —414 -2.63 1.51
155 1588 0 =356 -2.65 091
169 1587 0 -—355 —-2.69 0.86
186 1582 0 -349 -252 097
164 1575 0 —3.68 —2.68 1.00
322 1574 0 -390 -2.69 1.21
13 1573 0 -394 -253 140
99 1566 0 —4.07 -226 1.81
199 1561 0 —413 -254 1.59
107 1560 0 —400 -245 1.56
14 1557 0 —4.02 -258 144
32 1554 0 —-349 -252 097
224 1551 0 =374 -2.02 172
51 1548 0 —4.07 -2.69 1.38
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Supplementary Table 22: Energetic and electronic properties for [Cu3Zns](Cp*)s] complexes
obtained with PBE/light-tierl level and light SCF parameters: configuration number (i), relative
total energy (AE;.), total magnetic moment (1), HOMO energy (€y), LUMO energy (&),
and LUMO-HOMO energy gap (Eg).

i AE;o Mo 1974 £, Eg

(meV) (ug) (eV) (eV) (eV)

135 1544 —391 -2.34 157

246 1542 —4.19 -2.87 1.32

185 1535 —-3.86 271 1.15

198 1531 —3.96 —-2.50 1.46

36 1526 —3.83 =217 1.67

57 1524 —3.47 =252 095

174 1524 —4.01 —-2.63 1.38

272 1518 —4.02 =252 1.50

71 1516 —4.04 -2.63 1.41

171 1514 -390 243 147

191 1508 —4.04 -2.39 1.65

65 1507 —4.04 240 1.65

257 1507 —423 =255 1.68

122 1506 —-3.89 =218 1.71

228 1504 —4.37 —-2.58 1.80

46 1489 —-3.60 —-2.58 1.02

134 1477 —4.06 —2.62 1.43

208 1477 —3.80 236 1.44

129 1472 —3.69 —-2.64 1.05

0
0
0
0
0
0
0
0
0
0
15 1513 0 —405 —-249 156
0
0
0
0
0
0
0
0
0
118 1471 0 —412 -254 158
153 1461 0 =385 -248 137
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Supplementary Table 22: Energetic and electronic properties for [Cu3Zns](Cp*)s] complexes
obtained with PBE/light-tierl level and light SCF parameters: configuration number (i), relative
total energy (AE;.), total magnetic moment (1), HOMO energy (€y), LUMO energy (&),
and LUMO-HOMO energy gap (Eg).

i AE;o Mo 1974 £, Eg

(meV) (ug) (eV) (eV) (eV)

38 1458 —-398 206 191

25 1457 -397 =227 1.70

50 1454 —-3.62 =257 1.05

243 1451 —-3.71 -2.17 1.55

201 1451 —4.14 =235 1.79

152 1449 —4.15 =258 1.57

5 1445 —4.09 -2.33 1.77

89 1440 —4.15 =243 1.71

211 1433 —3.86 —2.44 142

142 1431 —4.18 =247 1.71

140 1425 —4.02 -2.65 1.37

96 1423 =376 —-2.40 1.36

289 1421 —-397 -232 1.64

75 1416 —3.87 —-2.02 1.85

80 1413 —4.02 -2.18 1.84

280 1405 —4.05 -2.62 1.43

294 1404 —4.03 =227 1.76

145 1398 =370 -2.41 1.29

295 1389 —-3.92 -2.32 1.60

0
0
0
0
0
0
0
0
0
0
236 1430 0 —4.04 -2.68 136
0
0
0
0
0
0
0
0
0
42 1389 0 —424 -256 1.68
52 1385 0 —411 =221 1.89
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Supplementary Table 22: Energetic and electronic properties for [Cu3Zns](Cp*)s] complexes
obtained with PBE/light-tierl level and light SCF parameters: configuration number (i), relative
total energy (AE;.), total magnetic moment (1), HOMO energy (€y), LUMO energy (&),
and LUMO-HOMO energy gap (Eg).

i AE;o Mo 1974 £, Eg

(meV) (ug) (eV) (eV) (eV)

317 1381 —443 =257 1.85

147 1380 —4.09 -276 1.32

90 1375 —4.09 =227 1.82

64 1373 —3.94 -245 149

285 1371 —3.80 -227 1.53

214 1368 —3.81 237 1.44

151 1367 —-3.74 -2.17 157

281 1367 —-3.65 -224 141

58 1364 —3.94 -2.33 1.61

304 1360 —4.43 =270 1.73

105 1353 —4.06 —-2.22 1.85

248 1353 —430 —-2.82 1.49

88 1347 —424 -1.86 237

125 1333 —4.12 =245 1.67

175 1331 —4.06 —2.43 1.63

264 1329 —3.95 227 1.68

310 1329 —4.06 -2.31 1.75

23 1329 —4.06 —-2.31 1.75

170 1328 —4.14 =250 1.64

0
0
0
0
0
0
0
0
0
0
296 1360 0 =397 -214 183
0
0
0
0
0
0
0
0
0
77 1311 0 -394 -229 1.65
298 1309 0 -390 -232 1.58
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Supplementary Table 22: Energetic and electronic properties for [Cu3Zns](Cp*)s] complexes
obtained with PBE/light-tierl level and light SCF parameters: configuration number (i), relative
total energy (AE;.), total magnetic moment (1), HOMO energy (€y), LUMO energy (&),
and LUMO-HOMO energy gap (Eg).

i AE;o Mo 1974 £, Eg

(meV) (ug) (eV) (eV) (eV)

69 1308 0 —412 -241 171
103 1298 0 —4.02 -268 135
144 1295 0 —4.07 -224 1.83
79 1292 0 —4.03 -2.14 1.88
327 1285 0 —416 —-258 1.8
305 1285 0 —416 -2.58 1.58
143 1283 0 —416 -272 143
200 1282 0 —4.00 -2.10 1.90
731282 0 —4.09 -261 147
72 1281 0 —4.06 -259 147
273 1279 0 —419 -246 173
17 1279 0 =387 =245 142
213 1276 0 -394 -230 1.64
40 1276 0 —421 -249 172
263 1260 0 -390 -248 142
132 1259 0 —4.02 -256 147
179 1257 0 —4.09 -2.60 1.50
104 1254 0 =389 —-199 190
62 1248 0 -390 -245 145
278 1248 0 —4.08 —-249 159
312 1247 0 —432 -2.67 165
287 1242 0 =392 -205 1.87
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Supplementary Table 22: Energetic and electronic properties for [Cu3Zns](Cp*)s] complexes
obtained with PBE/light-tierl level and light SCF parameters: configuration number (i), relative
total energy (AE;.), total magnetic moment (1), HOMO energy (€y), LUMO energy (&),
and LUMO-HOMO energy gap (Eg).

i AE;y;  Myor &y e Eg
(meV) (up) (V) (V) (eV)

219 1241 0 =378 -2.19 1.59
165 1238 0 -386 —2.59 1.27
268 1225 0 —425 =217 2.09
220 1225 0 —3.86 —240 145
83 1223 0 —401 -2.02 1.99
184 1216 0 —3.83 —241 142
43 1208 0 —4.17 =239 1.78
20 1207 0 —420 -229 191
35 1205 0 -39 -2.15 1.80
249 1194 0 —-3.74 =261 1.13
234 1182 0 —4.08 -234 1.73
102 1182 0 -398 -—-236 1.63
209 1176 0 —4.00 -234 1.67
196 1166 0 —-419 -2.89 1.30
30 1163 0 —403 -221 1.82
193 1157 0 —426 -290 1.37
7 1151 0 —4.09 -—-241 1.69
269 1151 0 —426 -2.13 212
34 1148 0 —4.07 -236 1.71
314 1144 0 —422 —-195 227
221 1141 0 —427 =206 221
207 1133 0 =392 -228 1.64
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Supplementary Table 22: Energetic and electronic properties for [Cu3Zns](Cp*)s] complexes
obtained with PBE/light-tierl level and light SCF parameters: configuration number (i), relative
total energy (AE;.), total magnetic moment (1), HOMO energy (€y), LUMO energy (&),
and LUMO-HOMO energy gap (Eg).

i AE;y;  Myor &y e Eg
(meV) (up) (V) (V) (eV)

1 1131 0 —4.16 -237 1.79
245 1123 0 =395 -2.10 1.85
267 1121 0 —4.22 =215 2.07
120 1118 0 —4.07 —-194 2.13
283 1115 0 —408 -—-221 1.87
66 1114 0 =376 -—-2.67 1.08
76 1111 0 —4.06 -233 1.73
240 1110 0 —416 -—-240 1.76
260 1085 0 -397 -2.09 1.88
315 1078 0 —4.08 —-197 211
284 1036 0 —416 -2.09 2.07
194 1019 0 —428 -—-2.05 223
192 1016 0 =395 -214 1381
178 1013 0 —-414 -2.19 195
148 1011 0 =362 -235 127
91 1007 0 —4.07 -237 1.69
279 999 0 —408 —-223 1.86
41 997 0 —410 -229 1381
309 991 0 —406 -227 1.79
94 985 0 —400 -2.17 1.83
259 976 0 =393 —-191 202
141 971 0 —4.04 —194 2.10
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Supplementary Table 22: Energetic and electronic properties for [Cu3Zns](Cp*)s] complexes
obtained with PBE/light-tierl level and light SCF parameters: configuration number (i), relative
total energy (AE;.), total magnetic moment (1), HOMO energy (€y), LUMO energy (&),
and LUMO-HOMO energy gap (Eg).

i AE;y;  Myor &y e Eg
(meV) (up) (V) (V) (eV)
188 970 0 —418 -236 1.82
261 959 0 -396 -193 2.03
251 949 0 —4.07 -2.02 2.05
163 935 0 —407 -2.13 193
230 927 0 —4.03 -2.02 201
225 920 0 —408 -2.19 1.89
18 888 0 —4.06 -2.19 1.87
48 871 0 —406 -—-2.23 1.83
74 811 0 —4.07 -2.12 195
114 772 0 —391 -227 1.64
254 739 0 —4.02 -2.62 140
11 678 0 =393 -236 1.57
271 635 0 —-3.89 -—-233 157
253 599 0 =391 -226 1.64
307 0 0 =365 —-179 1.86
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Supplementary Table 23: Optimized and filtered representative structures of [CuzZng](Cp*)s
complexes obtained with PBE+TS/light-tier1 level and light SCF parameters. The label and
relative total energy (AE;) is depicted above each structure.

1.28 eV 1.33eV 1.33 meV

1.36 eV
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2.7.3 [CusZns](Cp*)6(CO2)2 Complexes

Supplementary Table 24: Energetic and electronic properties for [CusZns](Cp*)s(CO2)2
complexes obtained with PBE/light-tier] level and light SCF parameters: configuration number
(i), relative total energy (AE,,), total magnetic moment (1m,,,), HOMO energy (ey), LUMO

energy (€.), and LUMO-HOMO energy gap (Ej).

i AE;or Mo 1574 €L E,

(meV) (ug) (V) (eV) (eV)

239 5875 1 =373 =356 0.17

Continued on next page
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Supplementary Table 24: Energetic and electronic properties for [CusZns](Cp*)s(CO2)2
complexes obtained with PBE/light-tier] level and light SCF parameters: configuration number
(i), relative total energy (AE;y), total magnetic moment (1, ), HOMO energy (ey), LUMO
energy (€1), and LUMO-HOMO energy gap (Ej).

i AE;y;  Myor &y e Eg

(meV) (up) (V) (V) (eV)
169 5758 1 =354 =337 0.17
197 5613 1 —-3.62 —-3.19 043
95 5559 1 —-396 -3.71 0.26
62 5538 1 —381 —-349 0.32
204 5022 1 —-3.78 —-2.83 094
245 4896 1 —-3.30 —-294 0.36
210 4893 1 —-342 -3.19 0.23
49 4766 1 —-3.64 341 0.24
58 4713 1 —343 -326 0.18
83 4527 1 —-324 -3.06 0.17
238 4411 1 —-3.54 -338 0.15
167 4354 1 —-3.18 —-297 0.21
99 4333 1 —333 —-295 038
143 4313 1 —3.84 —-338 0.46
18 4247 1 —-3.68 —3.53 0.15
94 4247 1 —346 —-295 0.50
254 4194 1 —2.92 -2.62 0.30
205 4181 1 —322 -298 0.24
319 4045 1 —-3.54 =336 0.18
76 3999 1 -3.79 -3.62 0.17
36 3960 1 —3.24 -294 0.30
221 3933 1 —-322 -3.03 0.18
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Supplementary Table 24: Energetic and electronic properties for [CusZns](Cp*)s(CO2)2
complexes obtained with PBE/light-tier] level and light SCF parameters: configuration number
(i), relative total energy (AE;y), total magnetic moment (1, ), HOMO energy (ey), LUMO
energy (€1), and LUMO-HOMO energy gap (Ej).

i AE;y;  Myor &y e Eg
(meV) (up) (V) (V) (eV)

158 3855 1 —398 —-348 0.50
10 3816 1 —-3.57 =276 0.81
257 3762 1 —-3.55 -337 0.18
175 3733 1 =369 -351 0.19
288 3722 1 -390 -3.70 0.20
79 3671 1 —-3.55 -331 024
53 3541 1 —-3.68 —3.57 0.11
55 3540 1 —-3.82 —-359 0.23
136 3531 1 —3.53 —-2.66 0.86
73 3528 1 -3.76 —-2.69 1.07
181 3502 1 —-3.44 -321 0.23
163 3492 1 —4.04 -3.58 046
17 3441 1 -390 -3.67 0.23
41 3428 1 —3.32 -3.08 0.24
35 3412 1 -3.68 —-3.51 0.17
164 3406 1 —-3.52 =334 0.19
77 3402 1 —3.78 —=3.57 0.22
51 3371 1 —-321 -2.86 0.35
86 3370 1 —-3.61 -344 0.17
9 3289 1 —-3.69 —-3.52 0.18
328 3265 1 —-3.77 -3.61 0.15
231 3249 1 —-3.99 -3.77 0.22
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Supplementary Table 24: Energetic and electronic properties for [CusZns](Cp*)s(CO2)2
complexes obtained with PBE/light-tier] level and light SCF parameters: configuration number
(i), relative total energy (AE;y), total magnetic moment (1, ), HOMO energy (ey), LUMO
energy (€1), and LUMO-HOMO energy gap (Ej).

i AE;y;  Myor &y e Eg
(meV) (up) (V) (V) (eV)

148 3233 1 =297 -2.64 0.33
139 3214 1 —-3.87 —-3.78 0.09
177 3208 1 —-3.30 -3.09 0.21
179 3172 1 =360 —-346 0.13
187 3165 1 —-3.15 -2.89 0.26
19 3158 1 —-3.92 -3.61 031
124 3156 1 -3.75 -3.57 0.19
183 3156 1 —-332 -3.09 0.23
322 3149 1 —3.40 -3.00 041
91 3147 1 -3.19 =291 0.29
131 3123 1 —-3.14 =295 0.20
105 3121 1 —343 -325 0.17
279 3100 1 —3.71 =347 0.24
5 3097 1 —-3.16 —-294 0.22
63 3078 1 —4.10 —-3.44 0.66
286 3068 1 —3.88 —3.60 0.28
11 3048 1 —4.10 -3.32 0.78
60 3016 1 —3.85 —-3.58 0.27
217 3012 1 —-3.61 —-3.44 0.18
13 3002 1 —4.11 -3.60 0.50
33 2975 1 —4.03 -3.70 0.33
118 2954 1 —-330 -3.14 0.16
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Supplementary Table 24: Energetic and electronic properties for [CusZns](Cp*)s(CO2)2
complexes obtained with PBE/light-tier] level and light SCF parameters: configuration number
(i), relative total energy (AE;y), total magnetic moment (1, ), HOMO energy (ey), LUMO
energy (€1), and LUMO-HOMO energy gap (Ej).

i AE;y;  Myor &y e Eg
(meV) (up) (V) (V) (eV)

107 2921 1 —384 -3.53 031
132 2906 1 —3.85 —-342 043
285 2888 1 -391 -352 0.39
273 2886 1 =374 -3.63 0.11
23 2862 1 —4.03 —-3.50 0.54
291 2860 1 —3.58 =341 0.17
228 2849 1 —3.67 —-344 0.23
250 2843 1 —-3.89 —-3.52 0.37
39 2836 1 —3.88 —3.60 0.28
123 2830 1 —-3.78 =349 0.29
216 2823 1 —-3.46 -3.28 0.19
266 2786 1 —4.05 -3.53 052
274 2784 1 —-3.77 -3.60 0.18
137 2773 1 —4.02 -3.65 0.37
247 2747 1 —-3.99 -3.62 037
295 2746 1 —-329 -3.12 0.17
185 2737 1 —-3.74 =359 0.15
2 2736 1 —3.55 -330 0.25
71 2725 1 —4.06 —3.53 0.53
256 2724 1 —4.00 —-3.57 043
81 2718 1 —3.88 —3.52 0.36
100 2705 1 —-3.76 —-3.62 0.14
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Supplementary Table 24: Energetic and electronic properties for [CusZns](Cp*)s(CO2)2
complexes obtained with PBE/light-tier] level and light SCF parameters: configuration number
(i), relative total energy (AE;y), total magnetic moment (1, ), HOMO energy (ey), LUMO
energy (€1), and LUMO-HOMO energy gap (Ej).

i AE;y;  Myor &y e Eg

(meV) (up) (V) (V) (eV)
261 2687 1 —383 —3.50 0.33
130 2678 1 —-395 -—-3.58 0.38
154 2672 1 —3.80 -3.66 0.23
26 2648 1 —4.09 -3.63 046
89 2640 1 —4.00 —-3.80 0.20
37 2635 1 —3.58 —-3.40 0.18
57 2621 1 —348 —-322 0.26
156 2598 1 —-396 —3.58 0.38
311 2594 1 —426 —-393 0.32
193 2585 1 —-3.74 —-3.58 0.16
199 2572 1 —-3.60 —3.44 0.16
68 2572 1 —3.80 —-3.53 0.28
292 2563 1 —3.73 =349 0.24
173 2554 1 -335 -3.14 0.21
202 2526 1 —-3.82 -3.63 0.19
32 2515 1 —3.82 —-3.64 0.18
88 2512 1 —-3.73 =361 0.12
186 2483 1 -390 -3.54 0.36
249 2426 1 —398 -3.67 0.3l
108 2411 1 —3.89 —-3.51 0.38
16 2395 1 —3.84 -3.60 0.24
182 2369 1 —-3.80 -3.62 0.28
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Supplementary Table 24: Energetic and electronic properties for [CusZns](Cp*)s(CO2)2
complexes obtained with PBE/light-tier] level and light SCF parameters: configuration number
(i), relative total energy (AE;y), total magnetic moment (1, ), HOMO energy (ey), LUMO
energy (€1), and LUMO-HOMO energy gap (Ej).

i AE;y;  Myor &y e Eg

(meV) (up) (V) (V) (eV)

7 2368 1 —-380 -3.62 0.18

277 2363 1 —-3.67 —-3.53 0.14
224 2361 1 -391 -3.76 0.15
145 2343 1 —385 —-352 034
3 2305 1 —-3.72 —-3.48 0.25

90 2302 1 —3.86 —-3.52 034
308 2279 1 -399 -3.82 0.16
1 2275 1 —-3.64 —-342 0.22

114 2273 1 -390 -3.73 0.17
72 2273 1 —3.64 —-3.48 0.16
78 2266 1 —-3.46 -3.25 0.21
241 2198 1 —3.86 —-3.67 0.19
125 2188 1 —342 -3.17 0.26
152 2183 1 -3.77 -=-3.61 0.17
248 2183 1 —3.92 -3.66 0.25
117 2175 1 —-3.50 —-3.34 0.16
44 2168 1 —-3.78 =349 0.29
116 2152 1 -3.79 -3.71 0.08
43 2148 1 —-3.71 —-3.55 0.16
326 2142 1 —3.38 -3.16 0.22
268 2125 1 —3.88 —-3.64 0.23
281 2124 1 —3.78 =334 044
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Supplementary Table 24: Energetic and electronic properties for [CusZns](Cp*)s(CO2)2
complexes obtained with PBE/light-tier] level and light SCF parameters: configuration number
(i), relative total energy (AE;y), total magnetic moment (1, ), HOMO energy (ey), LUMO
energy (€1), and LUMO-HOMO energy gap (Ej).

i AE;y;  Myor &y e Eg

(meV) (up) (V) (V) (eV)
20 2105 1 —355 -336 0.19
174 2066 1 —-3.57 =337 0.20
201 2063 1 —3.57 =343 0.14
42 2050 1 =353 -332 021
129 2035 1 —-343 -325 0.18
155 2033 1 —-3.99 -3.79 0.20
121 2025 1 -3.56 —-339 0.17
142 2010 1 —4.07 -3.62 044
87 2010 1 —-3.62 -349 0.13
127 2006 1 —-3.56 —3.38 0.18
309 1999 1 —4.24 —4.08 0.16
258 1988 1 —-3.68 —3.53 0.15
69 1981 1 —-3.31 -3.12 0.19
162 1976 1 -349 -333 0.17
294 1973 1 —348 —-333 0.16
212 1966 1 —-3.19 =293 0.25
318 1965 1 —-3.68 —347 0.21
312 1956 1 —429 —4.11 0.18
101 1937 1 —348 -329 0.18
209 1929 1 —3.85 -3.69 0.16
150 1907 1 —-392 -370 0.22
240 1889 1 —-3.37 -=3.17 0.21
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Supplementary Table 24: Energetic and electronic properties for [CusZns](Cp*)s(CO2)2
complexes obtained with PBE/light-tier] level and light SCF parameters: configuration number
(i), relative total energy (AE;y), total magnetic moment (1, ), HOMO energy (ey), LUMO
energy (€1), and LUMO-HOMO energy gap (Ej).

i AE;y;  Myor &y e Eg

(meV) (up) (V) (V) (eV)
15 1885 1 =326 -3.01 0.26
141 1855 1 —-3.22 -3.03 0.19
298 1832 1 —-3.21 -3.00 0.22
166 1828 1 —-386 —-3.69 0.17
161 1821 1 —-3.48 -331 0.17
93 1804 1 —-3.59 -342 0.16
138 1775 1 —-3.86 —3.70 0.16
31 1763 1 —4.09 —-3.84 0.25
134 1748 1 —-3.62 —-3.44 0.18
14 1737 1 —-3.67 —-3.54 0.13
56 1734 1 —-3.49 -3.28 0.20
122 1727 1 —-348 -331 0.17
9% 1727 1 —3.20 -3.04 0.16
21 1707 1 —-3.82 -3.67 0.15
195 1694 1 —-349 -330 0.20
307 1691 1 —4.00 -3.74 0.26
284 1686 1 —-3.60 —3.40 0.20
232 1685 1 —-3.80 -3.61 0.19
74 1682 1 —-3.31 -3.16 0.15
304 1674 1 -394 -358 0.36
84 1673 1 -3.56 -3.37 0.19
251 1668 1 —3.57 —-3.42 0.16
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Supplementary Table 24: Energetic and electronic properties for [CusZns](Cp*)s(CO2)2
complexes obtained with PBE/light-tier] level and light SCF parameters: configuration number
(i), relative total energy (AE;y), total magnetic moment (1, ), HOMO energy (ey), LUMO
energy (€1), and LUMO-HOMO energy gap (Ej).

i AE;y;  Myor &y e Eg

(meV) (up) (V) (V) (eV)

22 1667 1 =350 -325 0.25
176 1664 1 -3.73 =356 0.17
140 1662 1 —-3.67 -3.52 0.15
223 1652 1 =356 -3.39 0.16
276 1644 1 —-3.62 —-3.44 0.19
252 1640 1 —-3.70 -3.53 0.16
170 1637 1 —-3.72 =358 0.14
52 1621 1 -335 -3.18 0.17
113 1620 1 —-3.34 -3.19 0.16
267 1616 1 —3.68 —3.40 0.28
4 1616 1 341 -325 0.17

115 1607 1 —3.54 -338 0.16
135 1596 1 -3.11 =292 0.19
208 1591 1 —3.58 —3.42 0.16
229 1588 1 —3.87 -3.65 0.23
236 1581 1 —-332 -3.16 0.16
215 1577 1 —3.22 -3.05 0.18
259 1558 1 -3.61 -341 0.19
45 1515 1 —3.54 —-338 0.16
70 1505 1 —-348 —-331 0.17
30 1494 1 —3.83 —-3.48 0.35
317 1447 1 —4.07 -3.88 0.19
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Supplementary Table 24: Energetic and electronic properties for [CusZns](Cp*)s(CO2)2
complexes obtained with PBE/light-tier] level and light SCF parameters: configuration number
(i), relative total energy (AE;y), total magnetic moment (1, ), HOMO energy (ey), LUMO
energy (€1), and LUMO-HOMO energy gap (Ej).

i AE;y;  Myor &y e Eg
(meV) (up) (V) (V) (eV)

6 1428 1 —343 =326 0.16
296 1423 1 —-3.43 =327 0.16
144 1414 1 —-3.37 =320 0.17
59 1411 1 —-3.14 -295 0.19
153 1378 1 -339 -3.17 0.22
92 1370 1 —-3.66 —-3.48 0.19
85 1361 1 —3.33 -3.10 0.23
305 1316 1 —-3.73 —-3.48 0.25
168 1314 1 -3.51 =335 0.17
119 1296 1 -3.79 -3.63 0.17
66 1267 1 341 =324 0.17
133 1254 1 —3.66 —342 0.24
29 1249 1 —-3.31 -3.09 0.22
321 1225 1 -3.13 =276 0.37
235 1215 1 —-3.39 -322 0.17
147 1187 1 —-3.87 —-3.69 0.18
171 1164 1 —-3.10 -291 0.19
61 1147 1 —-3.37 -3.19 0.18
47 1124 1 —-3.15 -296 0.19
103 1084 1 —-3.27 =-3.11 0.16
316 1061 1 -398 -3.81 0.17
324 1025 1 —3.83 —-3.46 037
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Supplementary Table 24: Energetic and electronic properties for [CusZns](Cp*)s(CO2)2
complexes obtained with PBE/light-tier] level and light SCF parameters: configuration number
(i), relative total energy (AE;y), total magnetic moment (1, ), HOMO energy (ey), LUMO
energy (€1), and LUMO-HOMO energy gap (Ej).

Supplementary Table 25:

i AE;y;  Myor &y e E,
(meV) (up) (V) (V) (eV)

218 1018 1 =363 -344 0.19
314 984 1 -385 -3.69 0.16
271 944 1 —3.69 —343 026
38 914 1 =325 -3.03 022
315 914 1 =350 -333 0.17
310 778 1 384 —-3.67 0.17
102 720 1 —-342 =325 0.17
323 607 1 =319 -3.03 0.16
320 575 1 =317 -3.01 0.16
325 0 1 =376 -3.58 0.18

Optimized and filtered representative

[CusZns5](Cp*)e(COyz)2 complexes obtained with PBE+TS/light-tierl
SCF parameters. The relative total energy (AE;,,) is depicted above each structure.

structures  of
level and light

607 meV
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3.26eV

2.74 [Cu¢Zns](Cp*)s(Mes)H3 Complexes

Supplementary Table 26: Energetic and electronic properties for [CugZns](Cp*)s(Mes)Hs
complexes obtained with PBE+TS/light-tier] level and light SCF parameters: configuration
number (i), relative total energy (AE;,), total magnetic moment (1,,;), HOMO energy (€x),
LUMO energy (€.), and LUMO-HOMO energy gap (E,).

i AE;o; My &y e E,

(meV) (up) (V) (V) (eV)
173 6593 1 —403 -379 024
64 6272 1 =370 —-2.67 1.03
197 5838 1 384 -3.03 0.81
123 5128 1 =367 -348 0.19
28 5101 1 =376 -3.60 0.16
133 5032 1 =378 —-343 0.35
273 4909 1 =376 -359 0.17
266 4796 1 -383 -—284 0.99
70 4697 1 =382 -341 041
106 4642 1 —4.04 -361 043
94 4545 1 —4.04 -371 033
275 4406 1 347 =325 022
57 4342 1 =375 -3.59 0.16
170 4316 1 —4.07 -330 0.78
323 4130 1 =379 -3.03 0.77

Continued on next page
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Supplementary Table 26: Energetic and electronic properties for [CusZns](Cp*)s(Mes)H3
complexes obtained with PBE+TS/light-tier] level and light SCF parameters: configuration
number (i), relative total energy (AE;y), total magnetic moment (1, ), HOMO energy (),
LUMO energy (¢1), and LUMO-HOMO energy gap (Ej).

i AE;y;  Myor &y e Eg
(meV) (up) (V) (V) (eV)

185 4055 1 =378 —3.38 040
8 4006 1 —4.12 -3.73 0.39
37 3997 1 —3.80 —-336 044
227 3959 1 —-3.74 -3.55 0.19
224 3884 1 —4.06 —3.18 0.88
81 3798 1 —4.06 —-3.20 0.86
233 3738 1 —-3.18 =299 0.19
60 3733 1 —4.17 -3.51 0.66
240 3728 1 —-3.70 -3.60 0.10
12 3688 1 —3.71 =274 0.97
255 3579 1 —-4.02 -3.17 0.85
286 3542 1 —3.53 -335 0.18
281 3493 1 —-3.19 =272 047
189 3447 1 —348 —-326 0.22
53 3442 1 —-3.63 —-341 0.21
33 3420 1 —3.78 =330 048
54 3407 1 —3.50 =334 0.15
61 3357 1 —4.26 -352 0.74
102 3327 1 —3.66 —3.43 0.22
159 3304 1 —3.83 -3.67 0.16
195 3297 1 —4.11 -348 0.63
282 3288 1 —-3.71 =293 0.78

Continued on next page
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Supplementary Table 26: Energetic and electronic properties for [CusZns](Cp*)s(Mes)H3
complexes obtained with PBE+TS/light-tier] level and light SCF parameters: configuration
number (i), relative total energy (AE;y), total magnetic moment (1, ), HOMO energy (),
LUMO energy (¢1), and LUMO-HOMO energy gap (Ej).

i AE;y;  Myor &y e Eg
(meV) (up) (V) (V) (eV)
95 3256 1 =338 =322 0.16
174 3253 1 —-3.60 —-3.43 0.16
261 3247 1 —349 -325 0.24
10 3202 1 —4.12 —4.00 0.13
211 3202 1 —4.01 -295 1.06
288 3184 1 —-3.74 -331 043
84 3159 1 —423 —-3.68 0.55
268 3122 1 -3.47 =330 0.17
69 3115 1 —-3.61 —-341 0.20
30 3107 1 —-3.65 —-344 0.21
252 3096 1 —-3.68 —3.46 0.22
46 3068 1 —3.55 -3.40 0.15
72 3063 1 —3.55 =333 0.22
11 3049 1 —-3.79 =354 0.25
75 3038 1 —3.38 —-3.14 0.23
14 3004 1 —432 -3.57 0.76
210 2997 1 —4.32 —4.23 0.09
278 2994 1 —-321 -3.07 0.14
239 2978 1 —-3.19 =257 0.62
76 2973 1 —-3.71 =355 0.16
65 2949 1 —3.92 -347 045
142 2928 1 —4.08 —-341 0.67

Continued on next page
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Supplementary Table 26: Energetic and electronic properties for [CusZns](Cp*)s(Mes)H3
complexes obtained with PBE+TS/light-tier] level and light SCF parameters: configuration
number (i), relative total energy (AE;y), total magnetic moment (1, ), HOMO energy (),
LUMO energy (¢1), and LUMO-HOMO energy gap (Ej).

i AE;y;  Myor &y e Eg
(meV) (up) (V) (V) (eV)

35 2927 1 —424 -3359 0.65
73 2921 1 —431 =359 0.72
263 2902 1 —-3.38 —-3.20 0.17
176 2901 1 —410 -3.69 0.40
232 2850 1 -3.57 =339 0.17
154 2847 1 —-3.62 —-343 0.19
265 2825 1 —3.54 340 0.14
1 2790 1 —-3.50 -3.25 0.26
34 2784 1 —4.01 -336 0.65
203 2782 1 -399 -385 0.14
101 2707 1 —-3.46 -3.27 0.19
4 2678 1 -391 -3.70 0.21
161 2662 1 —4.21 -3.54 0.67
112 2655 1 —-3.40 -3.18 0.22
115 2649 1 —4.09 -395 0.15
157 2620 1 —-3.70 -3.53 0.18
49 2618 1 —4.20 —-4.08 0.11
289 2612 1 —-4.07 -330 0.77
55 2601 1 —-393 -3.79 0.14
71 2585 1 —4.08 —-3.62 047
196 2521 1 —4.02 -3.64 0.38
145 2517 1 —3.57 —-3.41 0.16

Continued on next page
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Supplementary Table 26: Energetic and electronic properties for [CusZns](Cp*)s(Mes)H3
complexes obtained with PBE+TS/light-tier] level and light SCF parameters: configuration
number (i), relative total energy (AE;y), total magnetic moment (1, ), HOMO energy (),
LUMO energy (¢1), and LUMO-HOMO energy gap (Ej).

i AE;y;  Myor &y e Eg

(meV) (up) (V) (V) (eV)
56 2508 1 —4.13 =372 042
132 2468 1 —-3.51 =331 0.20
229 2444 1 —344 -328 0.16
241 2439 1 —-399 -3.58 041
146 2437 1 —-345 =324 0.22
87 2420 1 —3.99 -358 041
284 2419 1 —4.09 —-3.38 0.71
13 2411 1 -394 -343 051
158 2375 1 —4.22 -3.56 0.66
235 2369 1 —3.58 —344 0.13
175 2350 1 -335 -3.18 0.17
96 2337 1 —342 -324 0.18
162 2331 1 —4.06 —-3.69 0.37
315 2323 1 —4.12 =396 0.15
26 2320 1 —4.14 =336 0.77
82 2310 1 —-3.08 —-2.87 0.21
228 2305 1 —-3.05 —-2.83 0.21
164 2292 1 -394 -359 0.36
137 2288 1 —-3.27 =-3.07 0.21
198 2287 1 —3.80 —-3.61 0.19
39 2272 1 —398 —-3.52 045
110 2271 1 —4.18 —4.07 0.11
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Supplementary Table 26: Energetic and electronic properties for [CusZns](Cp*)s(Mes)H3
complexes obtained with PBE+TS/light-tier] level and light SCF parameters: configuration
number (i), relative total energy (AE;y), total magnetic moment (1, ), HOMO energy (),
LUMO energy (¢1), and LUMO-HOMO energy gap (Ej).

i AE;y;  Myor &y e Eg
(meV) (up) (V) (V) (eV)

251 2271 1 —384 -—-3.358 0.26
297 2271 1 —4.19 -3.49 0.70
194 2253 1 —4.09 -3.56 0.52
168 2246 1 —-3.17 -293 0.24
287 2243 1 —4.10 -3.97 0.13
222 2230 1 —-3.61 —-347 0.14
7 2226 1 -3.79 -3.66 0.13
238 2211 1 —-3.65 —-336 0.29
23 2204 1 —-3.78 -3.60 0.17
264 2198 1 —349 -333 0.17
83 2185 1 —-3.52 -333 0.19
294 2180 1 —-3.63 —-322 041
165 2172 1 —-3.59 =341 0.17
44 2129 1 —-3.55 =336 0.19
277 2125 1 —-3.33 -3.13 0.19
242 2107 1 —-3.65 —-3.46 0.19
256 2104 1 —3.84 —-3.57 0.28
271 2096 1 —3.84 -3.69 0.16
249 2095 1 —-3.67 =347 0.20
184 2094 1 —3.84 -3.64 020
121 2078 1 —4.10 -394 0.16
91 2069 1 —3.32 -2.89 043
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Supplementary Table 26: Energetic and electronic properties for [CusZns](Cp*)s(Mes)H3
complexes obtained with PBE+TS/light-tier] level and light SCF parameters: configuration
number (i), relative total energy (AE;y), total magnetic moment (1, ), HOMO energy (),
LUMO energy (¢1), and LUMO-HOMO energy gap (Ej).

i AE;y;  Myor &y e Eg
(meV) (up) (V) (V) (eV)

181 2064 1 —4.15 -3.73 042
150 2045 1 —-3.60 —-3.43 0.17
136 2032 1 —3.83 -3.69 0.14
190 2024 1 —-4.09 -392 0.17
59 2006 1 —-393 351 042
45 2002 1 —4.09 -392 0.16
107 1981 1 —-3.59 =337 0.21
308 1960 1 -3.70 -3.50 0.20
250 1955 1 —-3.60 —-347 0.13
85 1939 1 —4.02 -3.84 0.18
15 1927 1 —420 —-4.02 0.18
2 1911 1 —-341 -326 0.15
216 1910 1 —3.27 -3.04 0.24
24 1906 1 -393 -379 0.14
316 1905 1 —4.04 -3.80 0.24
40 1893 1 —3.58 —-3.41 0.16
199 1886 1 —-349 -332 0.17
32 1882 1 —3.83 —-3.68 0.14
319 1873 1 —3.58 —-3.40 0.18
306 1828 1 —-395 -3.76 0.19
225 1824 1 -390 -3.74 0.16
126 1821 1 —-3.69 —-3.39 0.30
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Supplementary Table 26: Energetic and electronic properties for [CusZns](Cp*)s(Mes)H3
complexes obtained with PBE+TS/light-tier] level and light SCF parameters: configuration
number (i), relative total energy (AE;y), total magnetic moment (1, ), HOMO energy (),
LUMO energy (¢1), and LUMO-HOMO energy gap (Ej).

i AE;y;  Myor &y e Eg
(meV) (up) (V) (V) (eV)

52 1816 1 —-3.72 -3.56 0.16
50 1793 1 —-4.09 -3.71 0.37
214 1787 1 —4.04 -3.82 0.22
113 1785 1 -3.79 -3.62 0.17
248 1780 1 —-3.62 —-343 0.19
131 1776 1 -3.77 =359 0.17
98 1766 1 —-396 —-3.80 0.16
9 1763 1 —-3.89 —-3.49 040
322 1749 1 —-3.60 —-3.44 0.16
179 1738 1 —-3.87 =370 0.17
231 1729 1 -3.87 =370 0.17
215 1721 1 —3.80 —-3.62 0.18
269 1711 1 —-3.92 =377 0.15
169 1705 1 —-3.57 =339 0.18
144 1702 1 -391 -3.79 0.12
17 1682 1 —-3.87 —-3.68 0.19
314 1672 1 —4.09 -3.89 0.20
213 1650 1 —-3.64 —-341 0.22
149 1641 1 —-3.72 =357 0.15
80 1630 1 —4.01 -3.86 0.15
20 1610 1 —-3.50 -334 0.17
67 1603 1 -3.79 -3.62 0.17
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Supplementary Table 26: Energetic and electronic properties for [CusZns](Cp*)s(Mes)H3
complexes obtained with PBE+TS/light-tier] level and light SCF parameters: configuration
number (i), relative total energy (AE;y), total magnetic moment (1, ), HOMO energy (),
LUMO energy (¢1), and LUMO-HOMO energy gap (Ej).

i AE;y;  Myor &y e Eg

(meV) (up) (V) (V) (eV)
267 1600 1 =322 -2.384 0.38
312 1594 1 —-3.81 -3.67 0.14
62 1578 1 —-3.66 —348 0.18
118 1536 1 —4.02 -3.64 0.38
167 1535 1 —-3.61 —-345 0.16
212 1527 1 —-3.75 =358 0.17
193 1524 1 —-3.71 =357 0.14
29 1523 1 —-3.50 -3.01 0.49
204 1520 1 —-397 -3.82 0.15
105 1515 1 —-3.97 -3.80 0.17
38 1506 1 —-3.54 -333 0.21
172 1498 1 —3.54 -333 0.21
201 1492 1 -397 -3.67 0.30
279 1490 1 —-3.74 =355 0.18
262 1481 1 —-393 -371 0.22
237 1469 1 —3.55 —-3.40 0.16
317 1459 1 —4.17 —4.01 0.16
254 1450 1 —-3.74 =359 0.15
313 1449 1 —-3.52 =334 0.18
78 1413 1 —-3.56 -3.37 0.19
42 1409 1 -3.70 -3.53 0.17
48 1399 1 —-3.63 —-345 0.18
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Supplementary Table 26: Energetic and electronic properties for [CusZns](Cp*)s(Mes)H3
complexes obtained with PBE+TS/light-tier] level and light SCF parameters: configuration
number (i), relative total energy (AE;y), total magnetic moment (1, ), HOMO energy (),
LUMO energy (¢1), and LUMO-HOMO energy gap (Ej).

i AE;y;  Myor &y e Eg
(meV) (up) (V) (V) (eV)

299 1366 1 =369 -355 0.14
311 1315 1 —-3.80 -3.62 0.17
200 1307 1 —3.85 —-3.64 0.21
22 1272 1 —380 —-3.65 0.16
134 1256 1 —-3.55 -338 0.17
292 1249 1 —-3.76 -3.63 0.13
274 1246 1 —-3.59 —-344 0.15
187 1237 1 —-3.55 =339 0.16
74 1224 1 —-3.69 —-3.54 0.16
58 1223 1 —-3.51 -3.30 0.20
3 1220 1 -393 -379 0.14
183 1204 1 —4.23 —4.13 0.10
298 1197 1 —-3.13 =299 0.14
309 1160 1 —-3.70 -3.53 0.17
206 1149 1 —3.38 —-3.14 0.25
258 1122 1 —-3.67 —-3.52 0.15
109 1113 1 —-3.66 —3.49 0.16
236 1096 1 —344 -323 0.21
93 1092 1 —-3.76 —3.60 0.16
321 1089 1 —-3.60 —-3.44 0.17
6 1080 1 —-3.71 =346 0.24
303 1059 1 —3.82 -3.68 0.14
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Supplementary Table 26: Energetic and electronic properties for [CusZns](Cp*)s(Mes)H3
complexes obtained with PBE+TS/light-tier] level and light SCF parameters: configuration
number (i), relative total energy (AE;y), total magnetic moment (1, ), HOMO energy (),
LUMO energy (¢1), and LUMO-HOMO energy gap (Ej).

i AE;y;  Myor &y e Eg

(meV) (up) (V) (V) (eV)
122 1049 1 =367 -3.39 0.28
205 1026 1 —3.58 —-3.40 0.18
117 1018 1 —-396 -3.78 0.18
166 1013 1 =365 -345 0.20
304 1000 1 —-3.59 -343 0.15
310 997 1 —4.05 -3.88 0.16
31 993 1 —-337 -3.14 0.23
182 986 1 =391 -3.75 0.16
86 981 1 —-3.71 -348 0.23
259 979 1 —-3.82 —-3.69 0.13
305 972 1 —3.58 —-345 0.13
51 940 1 —-3.62 —-347 0.15
178 928 1 —-3.51 =334 0.17
141 919 1 —-3.61 —-3.44 0.18
253 900 1 —3.82 -3.60 0.22
18 889 1 —-3.79 -3.62 0.16
147 855 1 —-3.69 —-348 0.21
226 845 1 —3.34 -3.18 0.16
36 824 1 —3.88 —3.72 0.16
302 812 1 —-3.69 —-355 0.14
324 803 1 —-3.61 —-3.44 0.18
207 793 1 —3.78 —-3.56 0.21
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Supplementary Table 26: Energetic and electronic properties for [CusZns](Cp*)s(Mes)H3
complexes obtained with PBE+TS/light-tier] level and light SCF parameters: configuration
number (i), relative total energy (AE;y), total magnetic moment (1, ), HOMO energy (),
LUMO energy (€1), and LUMO-HOMO energy gap (E).

i AE;o Mo 1974 £, E,

(meV) (up) (V) (V) (eV)

188 703 1 =364 -346 0.18
116 635 1 =370 =355 0.15
120 549 I =336 —-3.20 0.16
16 446 1 =364 -347 0.17
307 0 1 =350 -334 0.16

Continued on next page

Supplementary Table 27: Optimized and filtered representative structures of
[CueZns5](Cp*)s(Mes)(H)s complexes obtained with PBE+TS/light-tier]l level and light
SCF parameters. The relative total energy (AE;,,) is depicted above each structure.
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2.7.5 [CugZn3](Cp*)3(Mes)4CO, Complexes
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Supplementary Table 28: Energetic and electronic properties for [CugZn3](Cp*)3(Mes)sCO»
complexes obtained with PBE+TS/light-tier] level and light SCF parameters: configuration
number (i), relative total energy (AE;y), total magnetic moment (1, ), HOMO energy (),
LUMO energy (¢1), and LUMO-HOMO energy gap (Ej).

i AE;y;  Myor &y e Eg

(meV) (up) (V) (V) (eV)
209 6783 1 =340 -321 0.19
78 6173 1 —4.43 =370 0.72
187 5880 1 —4.24 =371 0353
102 5559 1 —380 -3.16 0.64
83 5516 1 —-3.57 =339 0.18
282 5274 1 —4.21 -3.16 1.06
72 5188 1 —4.25 =347 0.78
212 4925 1 —-4.01 =297 1.05
114 4911 1 —3.88 —3.08 0.80
111 4826 1 —-3.70 =341 0.30
203 4824 1 —-4.09 —-337 0.73
37 4815 1 —430 -3.34 096
94 4743 1 —4.18 -3.07 1.11
267 4704 1 —-3.52 =333 0.19
116 4680 1 —4.34 =344 090
298 4674 1 —-3.78 =359 0.19
108 4529 1 —4.10 -3.89 0.20
86 4450 1 —422 =311 1.12
158 4432 1 —4.03 -3.21 0.81
123 4412 1 —4.21 =330 091
62 4399 1 —435 -3.62 0.73
23 4342 1 —4.06 —3.25 0.81
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Supplementary Table 28: Energetic and electronic properties for [CugZn3](Cp*)3(Mes)sCO»
complexes obtained with PBE+TS/light-tier] level and light SCF parameters: configuration
number (i), relative total energy (AE;y), total magnetic moment (1, ), HOMO energy (),
LUMO energy (¢1), and LUMO-HOMO energy gap (Ej).

i AE;y;  Myor &y e Eg
(meV) (up) (V) (V) (eV)
103 4284 1 —4.04 -3.26 0.78
112 4279 1 —-3.68 —3.49 0.19
41 4251 1 —4.14 -3.81 0.33
265 4212 1 —4.04 =379 0.25
238 4166 1 —-393 284 1.09
285 4164 1 —4.12 =331 0.81
317 4069 1 —-3.41 =275 0.66
223 4043 1 —-3.88 —-3.71 0.17
19 4038 1 —-3.96 -297 0.99
142 4028 1 —348 =320 0.28
313 3997 1 —-4.19 =399 0.20
293 3993 1 —431 -3.69 0.62
257 3976 1 —434 -3.65 0.70
180 3968 1 —-3.84 -3.14 0.69
100 3964 1 —4.03 -325 0.78
30 3956 1 —3.85 —-3.04 0.81
154 3907 1 —4.02 -3.88 0.14
300 3875 1 —-3.26 -3.09 0.16
125 3846 1 —4.14 -3.62 0.52
10 3811 1 —4.08 —-3.23 0.85
247 3790 1 —-3.76 —-3.53 0.23
181 3752 1 —-3.63 —-3.01 0.62
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Supplementary Table 28: Energetic and electronic properties for [CugZn3](Cp*)3(Mes)sCO»
complexes obtained with PBE+TS/light-tier] level and light SCF parameters: configuration
number (i), relative total energy (AE;y), total magnetic moment (1, ), HOMO energy (),
LUMO energy (¢1), and LUMO-HOMO energy gap (Ej).

i AE;y;  Myor &y e Eg
(meV) (up) (V) (V) (eV)

105 3738 1 —403 -322 08I
35 3717 1 —4.07 -3.64 0.44
291 3717 1 —4.38 —-3.60 0.78
61 3684 1 —415 =393 021
156 3681 1 -399 -3.12 0.87
202 3630 1 —-3.31 -3.12 0.19
56 3620 1 —-3.68 —3.51 0.18
214 3604 1 —4.32 =372 0.61
185 3589 1 —-3.81 —-299 0.82
107 3571 1 —4.05 -3.87 0.17
136 3554 1 —3.88 —-3.71 0.18
13 3551 1 —-397 -326 0.71
296 3519 1 —3.52 =296 0.56
345 3329 1 —4.14 =399 0.16
76 3257 1 —4.19 —-4.05 0.14
64 3247 1 —3.57 =342 0.15
284 3237 1 —-3.23 -3.06 0.17
126 3155 1 —-3.61 —-337 0.23
183 3127 1 —326 —-298 0.29
8 3122 1 —3.86 —349 0.38
233 3086 1 —-3.27 -3.08 0.19
256 3084 1 —421 =374 047
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Supplementary Table 28: Energetic and electronic properties for [CugZn3](Cp*)3(Mes)sCO,
complexes obtained with PBE+TS/light-tier] level and light SCF parameters: configuration
number (i), relative total energy (AE;y), total magnetic moment (1, ), HOMO energy (),
LUMO energy (¢1), and LUMO-HOMO energy gap (Ej).

i AE;y;  Myor &y e Eg
(meV) (up) (V) (V) (eV)

272 3070 1 —400 -347 0.3
297 3052 1 —-324 -3.09 0.14
279 2991 1 —4.12 =398 0.14
47 2989 1 —-3.73 —-3.58 0.16
26 2985 1 —-3.80 —-3.57 0.23
171 2982 1 —-3.37 =323 0.14
276 2979 1 —-3.52 —-330 0.21
163 2968 1 —4.12 -3.45 0.67
22 2957 1 —-3.75 -3.57 0.18
221 2915 1 —4.00 -3.66 033
343 2896 1 =371 =349 0.22
9 2875 1 —3.53 -339 0.14
338 2862 1 —3.82 -358 0.24
110 2857 1 —-3.78 -3.62 0.16
271 2838 1 —398 —-3.82 0.16
179 2838 1 —4.08 -390 0.18
3 2811 1 —3.88 —-3.74 0.15
14 2784 1 —-3.60 —-342 0.18
73 2783 1 —4.09 —-393 0.16
194 2761 1 —3.62 —-344 0.18
63 2760 1 —-3.55 -322 033
269 2732 1 —4.16 —3.98 0.18
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Supplementary Table 28: Energetic and electronic properties for [CugZn3](Cp*)3(Mes)sCO»
complexes obtained with PBE+TS/light-tier] level and light SCF parameters: configuration
number (i), relative total energy (AE;y), total magnetic moment (1, ), HOMO energy (),
LUMO energy (¢1), and LUMO-HOMO energy gap (Ej).

i AE;y;  Myor &y e Eg

(meV) (up) (V) (V) (eV)
204 2716 1 -391 -3.73 0.17
259 2716 1 =375 =359 0.15
119 2683 1 —-3.68 —-3.51 0.17
208 2682 1 =362 -347 0.15
45 2648 1 —4.13 —-398 0.16
231 2636 1 —4.07 -3.89 0.18
137 2607 1 —4.12 =391 0.21
250 2600 1 341 -3.17 0.24
320 2583 1 —-3.56 -3.37 0.19
168 2574 1 —3.23 —2.81 042
97 2565 1 —-3.81 -3.64 0.17
346 2539 1 —-346 -331 0.15
229 2523 1 —3.54 =338 0.16
248 2517 1 —3.58 —-3.40 0.18
287 2495 1 —4.06 —-3.86 0.20
20 2484 1 —3.82 —-3.65 0.18
340 2477 1 —4.05 -3.87 0.19
243 2473 1 —-395 -3.76 0.19
15 2472 1 —-3.74 =355 0.19
16 2468 1 —3.89 —-3.65 0.24
191 2449 1 —-342 -321 0.22
252 2446 1 —3.78 —-3.62 0.16
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Supplementary Table 28: Energetic and electronic properties for [CugZn3](Cp*)3(Mes)sCO»
complexes obtained with PBE+TS/light-tier] level and light SCF parameters: configuration
number (i), relative total energy (AE;y), total magnetic moment (1, ), HOMO energy (),
LUMO energy (¢1), and LUMO-HOMO energy gap (Ej).

i AE;y;  Myor &y e Eg

(meV) (up) (V) (V) (eV)
200 2445 1 -397 -3.78 0.19
341 2444 1 —4.09 -391 0.18
319 2425 1 —4.20 —-4.04 0.15
166 2422 1 —-3.70 -3.54 0.16
222 2416 1 -335 -3.13 0.23
93 2416 1 —-3.66 —-3.51 0.14
133 2410 1 —3.92 -3.72 0.20
292 2402 1 —-3.83 —-3.66 0.17
124 2402 1 —4.14 -397 0.17
68 2396 1 —3.66 —3.48 0.18
24 2396 1 —4.18 —4.01 0.17
232 2389 1 —-3.73 -3.56 0.16
152 2382 1 —-3.50 -3.32 0.18
175 2375 1 —-3.86 —3.70 0.16
323 2366 1 —348 —-330 0.18
335 2354 1 —3.53 =338 0.15
322 2345 1 —-3.61 —-3.40 0.21
98 2331 1 —-3.61 —-345 0.17
264 2329 1 —-396 —-3.81 0.15
92 2321 1 —3.64 —-343 0.21
79 2316 1 —-3.89 -3.76 0.13
153 2315 1 —-3.92 =377 0.15
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Supplementary Table 28: Energetic and electronic properties for [CugZn3](Cp*)3(Mes)sCO,
complexes obtained with PBE+TS/light-tier] level and light SCF parameters: configuration
number (i), relative total energy (AE;y), total magnetic moment (1, ), HOMO energy (),
LUMO energy (¢1), and LUMO-HOMO energy gap (Ej).

i AE;y;  Myor &y e Eg

(meV) (up) (V) (V) (eV)
91 2309 1 =374 =357 0.16
186 2309 1 -3.51 =333 0.19
67 2305 1 —-3.75 =359 0.16
281 2284 1 —3.88 —-3.70 0.18
104 2256 1 —-3.52 -337 0.15
99 2252 1 —-396 -3.75 0.21
280 2250 1 —-3.73 =359 0.15
197 2223 1 —-3.66 —3.52 0.14
342 2221 1 —4.04 -3.85 0.19
178 2204 1 —-3.74 —-3.58 0.16
205 2199 1 -331 -3.09 0.22
289 2198 1 —-3.99 -3.80 0.18
128 2191 1 —3.46 -330 0.16
173 2181 1 —3.82 -3.66 0.16
199 2180 1 —396 -3.80 0.16
329 2163 1 —-395 -3.77 0.17
227 2146 1 —-3.65 —-3.38 0.26
330 2146 1 -396 -3.79 0.17
216 2145 1 —-3.75 —-3.59 0.16
315 2140 1 —-3.75 -3.57 0.18
261 2139 1 —-3.67 —-3.53 0.14
33 2134 1 —-3.82 =361 0.21
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Supplementary Table 28: Energetic and electronic properties for [CugZn3](Cp*)3(Mes)sCO,
complexes obtained with PBE+TS/light-tier] level and light SCF parameters: configuration
number (i), relative total energy (AE;y), total magnetic moment (1, ), HOMO energy (),
LUMO energy (¢1), and LUMO-HOMO energy gap (Ej).

i AE;y;  Myor &y e Eg
(meV) (up) (V) (V) (eV)

82 2132 1 —-3.72 =354 0.18
167 2127 1 —-3.63 —-345 0.18
164 2119 1 —395 -3.80 0.15
288 2098 1 =366 -347 0.19
120 2096 1 -397 =379 0.18
134 2095 1 —341 -322 0.20
211 2090 1 —-3.64 345 0.19
235 2080 1 -390 -3.75 0.15
277 2075 1 —-395 -3.73 0.21
213 2070 1 —-3.74 -3.60 0.13
347 2069 1 —-3.72 -355 0.17
2 2068 1 —-3.79 -3.66 0.13
106 2064 1 —-3.52 =337 0.15
7 2051 1 —3.89 —-3.57 0.32
294 2050 1 -3.79 -3.62 0.17
305 2048 1 —-391 -3.74 0.17
6 2041 1 —-3.56 —-3.38 0.18
198 2035 1 —-3.89 -3.73 0.16
266 2034 1 —3.58 =337 0.22
336 2031 1 —-3.64 —-347 0.17
201 2027 1 -390 -3.74 0.16
328 2010 1 —-3.75 =357 0.19
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Supplementary Table 28: Energetic and electronic properties for [CugZn3](Cp*)3(Mes)sCO»
complexes obtained with PBE+TS/light-tier] level and light SCF parameters: configuration
number (i), relative total energy (AE;y), total magnetic moment (1, ), HOMO energy (),
LUMO energy (¢1), and LUMO-HOMO energy gap (Ej).

i AE;y;  Myor &y e Eg
(meV) (up) (V) (V) (eV)

274 2009 1 —-3.68 —3.52 0.16
210 1997 1 -397 -381 0.15
18 1978 1 —-3.81 -3.64 0.17
65 1977 1 —-3.57 =342 0.15
140 1968 1 -392 -375 0.17
334 1962 1 —-3.76 =359 0.18
117 1956 1 —-3.79 =359 0.20
31 1947 1 —-3.74 =359 0.16
240 1938 1 —4.01 -3.86 0.14
192 1929 1 -350 —-332 0.18
172 1923 1 —-3.72 =351 0.21
32 1911 1 —-3.81 -3.64 0.17
246 1908 1 —-3.77 -3.61 0.16
333 1904 1 —-3.65 -—-3.48 0.17
324 1902 1 —-347 -329 0.18
25 1902 1 -394 -380 0.14
326 1900 1 —3.46 -330 0.16
66 1886 1 —-3.79 -3.58 0.21
85 1885 1 -3.69 -352 0.17
50 1878 1 -394 =379 0.15
1 1875 1 -3.73 =356 0.17
331 1870 1 -3.69 —-3.50 0.19
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Supplementary Table 28: Energetic and electronic properties for [CugZn3](Cp*)3(Mes)sCO,
complexes obtained with PBE+TS/light-tier] level and light SCF parameters: configuration
number (i), relative total energy (AE;y), total magnetic moment (1, ), HOMO energy (),
LUMO energy (¢1), and LUMO-HOMO energy gap (Ej).

i AE;y;  Myor &y e Eg
(meV) (up) (V) (V) (eV)

42 1865 1 =346 -329 0.17
176 1864 1 —-3.59 -342 0.17
278 1860 1 —-3.99 -381 0.18
225 1859 1 =375 =355 0.20
95 1854 1 —3.82 —-3.68 0.13
132 1838 1 —-3.72 =355 0.16
253 1830 1 -3.77 -3.61 0.16
327 1818 1 -399 -381 0.18
241 1815 1 —3.95 -354 040
4 1804 1 —-3.81 —-3.63 0.19
344 1801 1 —-3.58 —-3.38 0.20
224 1793 1 —3.64 —-348 0.16
299 1772 1 —3.56 -3.39 0.18
283 1764 1 —-3.40 -321 0.19
155 1737 1 —-3.30 -3.15 0.15
273 1731 1 —345 =321 0.24
215 1726 1 —3.80 —-3.64 0.17
193 1719 1 —-348 -3.19 0.29
303 1711 1 —-3.77 -3.61 0.16
255 1706 1 —342 -324 0.18
48 1702 1 —-3.66 —-3.51 0.15
177 1682 1 —3.66 —3.48 0.18
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Supplementary Table 28: Energetic and electronic properties for [CugZn3](Cp*)3(Mes)sCO»
complexes obtained with PBE+TS/light-tier] level and light SCF parameters: configuration
number (i), relative total energy (AE;y), total magnetic moment (1, ), HOMO energy (),
LUMO energy (¢1), and LUMO-HOMO energy gap (Ej).

i AE;o Mo 1974 £, Eg

(meV) (ug) (eV) (eV) (eV)

44 1649 1 =359 -344 0.15
286 1643 1 =360 -345 0.15
318 1623 I -3.67 -346 0.22
339 1606 1 =381 -3.65 0.16
182 1604 1 =378 -=-3.61 0.17
290 1554 1 -339 =324 0.15
53 1469 1 =349 -335 0.15
127 1466 1 =318 -3.03 0.15
115 1461 I =318 =299 0.19
263 1455 1 =370 -352 0.18
162 1427 1 =357 -342 0.16
349 1398 1 =324 -3.05 020
302 1394 1 348 -333 0.16
325 1385 1 =364 -348 0.16
188 1385 I =379 -3.60 0.19
52 1384 I -395 -3.82 0.13
157 1308 1 =376 -3.60 0.16
217 1276 I =320 -3.02 0.18
135 1267 I =359 -344 0.15
262 1151 1 =360 -345 0.15
332 1134 1 =374 =357 0.17
337 1122 I =339 -324 0.15
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Supplementary Table 28: Energetic and electronic properties for [CugZn3](Cp*)3(Mes)sCO,
complexes obtained with PBE+TS/light-tier] level and light SCF parameters: configuration
number (i), relative total energy (AE;y), total magnetic moment (1, ), HOMO energy (),
LUMO energy (¢1), and LUMO-HOMO energy gap (Ej).

Supplementary Table 29:

i AE;y;  Myor &y e E,

(meV) (up) (V) (V) (eV)
237 1108 1 364 -348 0.15
151 1099 1 =365 -347 0.17
75 1087 1 =356 -334 0.22
314 1066 1 =340 -323 0.17
306 1030 1 -383 -3.63 0.20
348 979 1 =314 =295 0.19
311 938 1 =312 -293 020
51 913 1 =319 -3.03 0.16
307 901 1 =385 -3.67 0.8
310 719 1 =367 -351 0.16
321 392 1 =341 -324 0.17
312 366 1 -3.06 —290 0.16
309 214 1 =307 =290 0.17
316 0 1 -3.08 =292 0.17

Optimized and filtered representative

structures

of

[CugZn3](Cp*)3(Mes)4CO; complexes obtained with PBE+TS/light-tier] level and light SCF
parameters. The relative total energy (AE;,) is depicted above each structure.

214 meV

235

913 meV
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2.33eV 2.39eV 2.78 eV

2.7.6 [CugZn3](Cp*)4(Mes);H Complexes

Supplementary Table 30: Energetic and electronic properties for [CugZn3](Cp*)a(Mes)sH
complexes obtained with PBE+TS/light-tier] level and light SCF parameters: configuration
number (i), relative total energy (AE;y), total magnetic moment (11, ), HOMO energy (),
LUMO energy (¢1), and LUMO-HOMO energy gap (Ej).

i AE;or Mo EH 173 E,

(meV) (ug) (eV) (V) (eV)

183 6846 -390 -3.59 0.31

191 6038 —-3.99 -3.23 0.77

263 5476 —-397 -3.82 0.15

134 5231 =370 —-3.47 0.23

138 5082 -390 -3.70 0.20

71 4996 —-3.70 =331 040

102 4673 —-391 -3.03 0.87

15 4429 —4.46 -342 1.04

256 4426 —3.82 =349 033

117 4395 —3.81 -3.60 0.21

32 4382 —4.12 =334 0.78

91 4339

2
0
0
0
0
0
0
88 4616 0 -385 =370 0.15
0
0
0
0
0 =372 =355 0.17
0

19 4139 —4.06 —2.83 123
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Supplementary Table 30: Energetic and electronic properties for [CugZn3](Cp*)a(Mes)sH
complexes obtained with PBE+TS/light-tier] level and light SCF parameters: configuration
number (i), relative total energy (AE;y), total magnetic moment (1, ), HOMO energy (),
LUMO energy (¢1), and LUMO-HOMO energy gap (Ej).

i AE;y;  Myor &y e Eg

(meV) (up) (V) (V) (eV)
295 4133 0 —342 -323 0.19
37 4051 0 -394 -378 0.15
42 4044 0 —4.03 —2.84 1.20
246 4028 0 —417 -3.19 098
153 3862 0 =396 -3.12 0.84
104 3808 0 =375 -3.05 0.70
202 3802 0 -379 -3.06 0.74
293 3752 0 —358 —-342 0.17
103 3730 2 =344 -327 0.17
285 3675 0 —-3.60 -341 0.19
196 3660 0 —436 —-421 0.14
74 3581 0 -3.80 -3.61 0.18
10 3578 0 —4.03 -345 0.58
292 3576 0 —-354 -342 0.13
150 3542 0 —-3.65 -—-345 0.20
167 3518 0 =391 -374 0.17
259 3450 0 -3.67 -352 0.15
77 3421 0 -3.69 -3.09 0.60
14 3356 0 -347 -331 0.17
174 3248 0 —359 -344 0.15
243 3239 0 -335 -3.05 031
187 3195 0 —-393 -3.77 0.16

Continued on next page

238

422



7 SUPPORTING INFORMATION

Supplementary Table 30: Energetic and electronic properties for [CugZn3](Cp*)a(Mes)sH
complexes obtained with PBE+TS/light-tier] level and light SCF parameters: configuration
number (i), relative total energy (AE;y), total magnetic moment (1, ), HOMO energy (),
LUMO energy (¢1), and LUMO-HOMO energy gap (Ej).

i AE;y;  Myor &y e Eg
(meV) (up) (V) (V) (eV)

110 3191 0 —368 —325 044
296 3174 0 -394 -375 0.18
165 3168 0 -—3.18 -3.04 0.14
120 3144 0 —-3.81 -3.71 0.10
170 3137 0 —4.04 -338 0.67
137 3124 0 -378 -—-3.57 0.21
51 3102 0 —413 -395 0.18
203 3077 0 =322 -3.11 0.11
241 3075 0 =359 -342 0.17
255 3068 2 —-398 -3.86 0.12
79 2958 0 -3.89 —-320 0.69
298 2936 2 —-350 -3.34 0.16
156 2930 0 —-3.61 -348 0.13
242 2920 0 —-354 -3.05 049
82 2843 0 =399 -338 0.61
215 2833 0 —411 -298 1.13
80 2798 0 -3.82 -3.62 0.20
101 2775 0 -3.80 -3.62 0.18
271 2702 0 -—-3.87 -3.05 0.83
121 2655 0 =372 =351 021
222 2639 0 —4.02 -277 125
189 2634 0 —4.01 -297 1.04
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Supplementary Table 30: Energetic and electronic properties for [CugZn3](Cp*)a(Mes)sH
complexes obtained with PBE+TS/light-tier] level and light SCF parameters: configuration
number (i), relative total energy (AE;y), total magnetic moment (1, ), HOMO energy (),
LUMO energy (¢1), and LUMO-HOMO energy gap (Ej).

i AE;y;  Myor &y e Eg

(meV) (up) (V) (V) (eV)
221 2626 0 —399 -3.10 0.89
123 2624 0 =362 -3.01 0.61
126 2604 0 —410 -3.11 0.99
35 2591 0 364 -272 092
276 2581 0 -393 -280 1.13
313 2431 0 —449 -357 092
25 2430 0 —348 -3.30 0.18
232 2424 0 —414 -3.64 0.50
319 2409 0 —416 -3.28 0.88
249 2323 0 =378 =273 1.05
317 2307 0 —429 -342 0.87
129 2303 0 —4.09 -322 0.87
192 2288 0 —4.07 -287 121
198 2272 0 =392 -374 0.18
125 2270 0 —4.06 -323 0.83
305 2243 0 =375 -3.13 0.62
154 2224 0 —4.04 -323 0.80
152 2213 0 —4.09 -3.01 1.08
274 2199 0 —4.05 -330 0.75
226 2196 0 —416 -3.07 1.09
267 2172 0 —-414 -3.12 1.01
52 2152 0 -390 -3.20 0.70
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Supplementary Table 30: Energetic and electronic properties for [CugZn3](Cp*)a(Mes)sH
complexes obtained with PBE+TS/light-tier] level and light SCF parameters: configuration
number (i), relative total energy (AE;y), total magnetic moment (1, ), HOMO energy (),
LUMO energy (¢1), and LUMO-HOMO energy gap (Ej).

i AE;y;  Myor &y e Eg
(meV) (up) (V) (V) (eV)

114 2147 0 —4.13 -3.37 0.76
320 2125 0 —411 -3.61 051
132 2124 0 -393 -351 042
147 2113 0 —359 -3.03 0.56
236 2100 0 —413 -3.10 1.03
244 2083 0 —420 -298 1.23
176 2063 0 —4.18 -3.30 0.88
149 2048 0 —412 -335 0.77
185 2024 0 -378 -2.73 1.05
195 2013 0 —4.04 -3.08 0.96
12 2008 0 =371 -3.58 0.14
97 1980 0 —411 -297 1.15
297 1965 0 —4.00 -2.59 140
53 1962 0 —429 -3.63 0.66
224 1944 0 —4.09 -321 0.88
252 1943 0 —4.05 -349 0.56
4 1900 0 =361 -332 029
34 1891 0 =389 —-297 092
66 1833 0 -384 -295 0.89
155 1825 0 —4.05 -3.19 0.86
310 1821 0 —445 -345 1.00
8 1813 0 383 -—-2.60 1.24
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Supplementary Table 30: Energetic and electronic properties for [CugZn3](Cp*)a(Mes)sH
complexes obtained with PBE+TS/light-tier] level and light SCF parameters: configuration
number (i), relative total energy (AE;y), total magnetic moment (1, ), HOMO energy (),
LUMO energy (¢1), and LUMO-HOMO energy gap (Ej).

i AE;y;  Myor &y e Eg
(meV) (up) (V) (V) (eV)

46 1810 0 —3.80 —2.81 0.99
314 1807 0 —427 -3.08 1.19
268 1784 0 —422 -338 0.84
321 1774 0 —4.24 -299 124
261 1741 0 -394 -356 0.38
9 1731 0 -344 -332 0.12
127 1712 0 -394 -3.08 0.86
257 1689 0 —427 -3.04 124
143 1683 0 —410 -3.18 0091
163 1676 0 —425 -3.13 1.12
61 1670 0 —416 -3.32 0.83
164 1665 0 -—-386 —3.34 052
288 1648 0 =378 =277 1.00
161 1644 0 -3.80 -3.08 0.72
300 1641 0 —416 —-290 1.26
139 1625 0 —425 -301 124
287 1613 0 —398 -347 0.51
227 1604 0 —4.08 -—-326 0.82
124 1592 0 —420 -3.10 1.10
99 1586 0 —430 -—-2.66 1.64
159 1580 0 -390 -2.90 1.00
23 1570 0 —-3.88 —-297 0091
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Supplementary Table 30: Energetic and electronic properties for [CugZn3](Cp*)a(Mes)sH
complexes obtained with PBE+TS/light-tier] level and light SCF parameters: configuration
number (i), relative total energy (AE;y), total magnetic moment (1, ), HOMO energy (),
LUMO energy (¢1), and LUMO-HOMO energy gap (Ej).

i AE;y;  Myor &y e Eg
(meV) (up) (V) (V) (eV)

48 1547 0 =387 =275 1.12
190 1513 0 —4.02 -3.17 0.85
18 1508 0 =370 -322 047
316 1505 0 —431 -349 0.32
307 1505 0 =370 -—-294 0.76
225 1499 0 —4.04 -322 0382
72 1496 0 -3.80 -3.02 0.78
245 1492 0 —423 -3.19 1.04
266 1456 0 -398 -297 1.01
131 1445 0 —4.13 -3.28 0.86
108 1408 0 =395 -288 1.07
118 1384 0 -3.80 -3.10 0.70
304 1358 0 —4.07 -3.16 0091
5 1350 0 —4.09 -3.10 0.99
107 1336 0 —429 -330 0.99
201 1308 0 —431 -3.13 1.19
247 1286 0 -3.89 —-3.07 0.82
27 1241 0 -3.81 —-2.84 0.96
264 1210 0 =377 =274 1.04
223 1194 0 =377 -3.02 0.75
173 1193 0 -394 -328 0.66
39 1174 0 —4.01 -290 I1.11
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Supplementary Table 30: Energetic and electronic properties for [CugZn3](Cp*)a(Mes)sH
complexes obtained with PBE+TS/light-tier] level and light SCF parameters: configuration
number (i), relative total energy (AE;y), total magnetic moment (1, ), HOMO energy (),
LUMO energy (¢1), and LUMO-HOMO energy gap (Ej).

i AE;y;  Myor &y e Eg

(meV) (up) (V) (V) (eV)
81 1168 0 -394 -3.01 093
303 1150 0 =374 -3.11 0.63
177 1141 0 —438 -3.11 1.27
83 1111 0 —395 -—-3.06 0.89
148 1101 0 —408 -—-276 1.32
106 1100 0 =378 =297 0.1
168 1074 0 =399 -289 I1.11
308 1073 0 =397 -3.07 0.89
70 1066 0 —4.03 -3.05 098
279 1006 0 —4.03 -3.05 098
50 963 0 —414 -296 1.18
318 939 0 —408 -291 1.18
265 935 0 —4.00 -3.38 0.61
181 897 0 —-3.83 -—-258 1.25
199 890 0 -392 -295 098
49 885 0 =391 -357 034
92 871 0 —426 -—-2.83 143
128 866 0 —416 -297 1.20
228 817 0 —4.06 -2.73 1.33
93 794 0 -—3.84 -3.01 0.83
95 757 0 =379 -—-296 0.83
45 727 0 -3.69 -—-295 0.74
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Supplementary Table 30: Energetic and electronic properties for [CugZn3](Cp*)a(Mes)sH
complexes obtained with PBE+TS/light-tier] level and light SCF parameters: configuration
number (i), relative total energy (AE;y), total magnetic moment (1, ), HOMO energy (),
LUMO energy (¢1), and LUMO-HOMO energy gap (Ej).

i AE;o Mo 1974 £, E,

(meV) (up) (V) (V) (eV)

282 717 —4.13 =279 135

315 632 —442 =322 120

301 601 —430 -3.05 1.25

119 573 —-3.97 -297 1.00

302 550 —4.28 -3.01 1.27

63 482 —3.81 -2.64 1.17

213 414 —-3.74 -291 0.83

309 376 —4.04 -2.61 142

109 266

0
0
0
0
0
175 512 0 —4.02 -2.62 140
0
0
0
0 =376 -262 1.14
0

306 0 —3.92 -274 1.18

Supplementary Table 31: Optimized and filtered representative structures of
[CugZn3](Cp*)4a(Mes)sH complexes obtained with PBE+TS/light-tier] level and light
SCF parameters. The relative total energy (AE;,;) is depicted above each structure.
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B
ey

%
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2.7.7 [CuyZn7](Cp*)s(Hex);H3z Complexes

Supplementary Table 32: Energetic and electronic properties for [CugZn7](Cp*)s(Hex)3;H3
complexes obtained with PBE+TS/light-tier] level and light SCF parameters: configuration
number (i), relative total energy (AE;,), total magnetic moment (1, ), HOMO energy (),
LUMO energy (€1), and LUMO-HOMO energy gap (E).

i AEior Mo 1974 153 E,

(meV) (ug) (V) (V) (eV)

105 9805 —3.65 —343 0.22

4 9804 —-3.15 =295 021

193 9542 —-3.82 —-3.54 0.28

108 9494 -390 -3.76 0.14

241 9073 —-3.35 -=3.17 0.18

282 8981 =370 -3.12 0.57

253 8962 —348 -3.31 0.17

43 8677 —3.67 —-356 0.12

142 8576 —3.70 -3.46 0.24

281 8544 —3.83 -3.65 0.18

162 8405 -3.51 =335 0.17

273 8276

2
2
2
2
2
0
0
205 8937 0 =374 =354 020
2
2
2
0
0 =364 -3.14 050
2

236 8268 —-3.72 =358 0.14
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Supplementary Table 32: Energetic and electronic properties for [CugZn7](Cp*)es(Hex)3Hs
complexes obtained with PBE+TS/light-tier] level and light SCF parameters: configuration
number (i), relative total energy (AE;y), total magnetic moment (1, ), HOMO energy (),
LUMO energy (¢1), and LUMO-HOMO energy gap (Ej).

i AE;y;  Myor &y e Eg
(meV) (up) (V) (V) (eV)

102 8259 2 =371 =347 0.23
221 8234 2 =351 -—-343 0.08
115 7416 2 =355 -338 0.17
52 7379 2 =335 -322 0.13
145 7355 2 =3.65 -351 0.13
144 7315 2 =381 -—-3.57 024
206 7247 0 =374 -323 051
53 7138 2 =377 =352 025
21 7116 0 -329 -287 042
242 7085 2 —3.65 -—-348 0.17
186 6973 2 —=3.69 -3.68 0.02
101 6855 0 —-342 -299 043
19 6571 0 -—-386 —-2.99 0.87
201 6353 2 —-348 -3.33 0.15
12 6293 0 -344 -3.07 0.37
55 6207 0 =373 -289 0.84
124 6136 0 —-3.83 -—-3.33 0.50
294 6076 2 -3.66 -3.52 0.15
152 5919 0 -3.61 -281 0.80
313 5584 0 —-3.85 —-321 0.64
275 5509 0 =374 -285 0.89
2 5465 0 —-379 -2.86 0.93
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Supplementary Table 32: Energetic and electronic properties for [CugZn7](Cp*)es(Hex)3Hs
complexes obtained with PBE+TS/light-tier] level and light SCF parameters: configuration
number (i), relative total energy (AE;y), total magnetic moment (1, ), HOMO energy (),
LUMO energy (¢1), and LUMO-HOMO energy gap (Ej).

i AE;y;  Myor &y e Eg

(meV) (up) (V) (V) (eV)
214 5433 0 —-359 -—-2.84 0.75
324 5402 0 -3.84 -3.01 0.83
320 5299 0 -390 -3.04 0.86
196 4993 0 -362 -277 0.85
284 4885 0 =371 -3.00 0.71
93 4707 0 -3.64 -293 0.71
31 4705 0 —-3.74 =292 0.82
181 4303 0 =361 -279 082
312 4199 0 -—-3.63 -3.14 049
306 4092 0 =381 -—-2.82 0.99
311 4076 0 -398 -283 1.15
132 4009 0 -—-3.68 —2.85 0.83
310 3956 0 385 —2.88 098
163 3831 0 -—3.68 —-3.01 0.68
315 3601 0 -382 -276 1.07
318 3557 0 =377 -293 0.83
319 3334 0 —-358 —-2.83 0.75
322 3274 0 -—355 -—-2.65 0.90
302 3128 0 =391 -279 1.12
314 3110 0 =377 -—-295 0.82
309 3070 0 -3.82 -3.03 0.80
305 2953 0 387 —-2.84 1.03
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Supplementary Table 32: Energetic and electronic properties for [CugZn7](Cp*)es(Hex)3Hs
complexes obtained with PBE+TS/light-tier] level and light SCF parameters: configuration
number (i), relative total energy (AE;y), total magnetic moment (1, ), HOMO energy (),
LUMO energy (¢1), and LUMO-HOMO energy gap (Ej).

i AE;o Mo 1974 £, Eg

(meV) (ug) (eV) (eV) (eV)

307 2854 —-3.76 —-2.76 1.00

321 2732 —-3.60 —-2.78 0.82

323 2606 —3.43 -2.87 0.56

316 2174 —3.67 —2.87 0.80

317 2126 —3.80 —-3.06 0.74

328 1338 —-3.61 -259 1.02

326 1081 —-3.51 —-2.70 0.81

329 1028 —-3.51 -2.65 0.87

330 986 —345 -2.67 0.78

331 934 —3.37 —-244 093

335 379 —3.46 -2.62 0.3

332 319 —-335 =242 093

334 231 —3.34 =256 0.78

333 226

0
0
0
0
0
0
0
327 1069 0 -3.69 -253 1.16
0
0
0
0
0
0
0 =336 —-2.69 0.66
0

336 0 —-329 265 0.65

Supplementary Table 33: Optimized and filtered representative structures of
[CugZn7](Cp*)e(Hex)3H3 complexes obtained with PBE/light-tierl level and light SCF
parameters. The relative total energy (AE;,) is depicted above each structure.

250

434



7 SUPPORTING INFORMATION

5.46 eV 5.51eV 6.14 eV
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7.12 eV 7.38 eV 8.27 eV

2.7.8 [Cuy1Zng](Cp*)g(CO2)2(HCO2) Complexes

Supplementary ~ Table  34: Energetic  and  electronic  properties  for
[Cu11Zng](Cp*)s(HCO,)(CO,z), complexes obtained with PBE+TS/light-tierl level and
light SCF parameters: configuration number (i), relative total energy (AE;,), total magnetic
moment (1;,;), HOMO energy (&y), LUMO energy (&), and LUMO-HOMO energy gap (Ej).

i AE;o My EH € E,

(meV) (ug) (eV) (V) (eV)

61 6360 I -152 -151 001
195 6008 1 —-176 —-1.12 0.63
31 5989 1 —148 —1.44 0.04
204 5923 I —-150 —-148 0.02
157 5842 1 —-158 —1.57 0.02
214 5766 1 —-1.02 —-0.88 0.14
16 5583 I —-156 —-152 0.04
252 5072 1 152 —-127 025
102 4859 1 —-1.13 —-1.00 0.13
184 4685 I —-1.17 -0.99 0.17

Continued on next page
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Supplementary ~ Table  34: Energetic  and  electronic  properties  for
[Cu11Zng](Cp*)g(HCO2)(CO3z), complexes obtained with PBE+TS/light-tierl level and
light SCF parameters: configuration number (i), relative total energy (AE;), total magnetic
moment (my,,), HOMO energy (€g), LUMO energy (€), and LUMO-HOMO energy gap (E,).

i AE;o Mo 1974 £, Eg

(meV) (ug) (eV) (eV) (eV)

41 4450 1 —-181 —-1.67 0.14
193 4353 1 —-148 —-1.13 035
283 4347 I —-195 —-1.89 0.06
203 4344 1 —-154 —-137 0.17
25 4206 I -129 -120 0.09
103 4182 1 —1.61 —-1.59 0.02
162 4143 1 —150 —-1.44 0.06
244 4049 1 —-144 -137 0.07
29 4047 I —-185 —-1.63 021
165 4032 1 —-155 —-1.53 0.02
262 3849 I —-170 -1.62 0.08
18 3842 I —-155 —-1.53 0.02
153 3695 1 —-184 —157 027
36 3629 1 —-170 —-1.68 0.02
20 3602 I —-141 -137 0.04
113 3594 1 -176 —-1.70 0.06
93 3502 1 —-115 -1.14 0.01
234 3455 I —-1.68 —1.65 0.03
28 3455 I —-135 —-124 0.11
331 3429 1 =209 —-199 0.11
206 3428 1 —-1.62 —-150 0.12
288 3407 3 —-173 —158 0.14
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Supplementary ~ Table  34: Energetic  and  electronic  properties  for
[Cu11Zng](Cp*)g(HCO2)(CO3z), complexes obtained with PBE+TS/light-tierl level and
light SCF parameters: configuration number (i), relative total energy (AE;), total magnetic
moment (my,,), HOMO energy (€g), LUMO energy (€), and LUMO-HOMO energy gap (E,).

i AE;o Mo 1974 £, Eg

(meV) (ug) (eV) (eV) (eV)

212 3387 1 —-1.62 —-144 0.18
211 3186 1 —155 —-144 0.11
82 3177 I —-140 -1.30 0.10
174 3170 1 —-190 -1.89 0.01
32 3060 I —-152 —-148 0.04
143 3059 1 —1.82 —1.48 0.34
21 3055 1 —155 —-146 0.09
43 2995 I —-163 -1.61 0.03
258 2981 1 -1.18 —1.17 0.01
285 2921 1 —-175 —-1.68 0.07
232 2910 I —-1.65 —-1.63 0.02
161 2906 I —-1.60 -1.53 0.07
290 2878 1 —-1.68 —1.60 0.08
224 2853 1 —-197 —-184 0.14
22 2835 I —-1.67 —1.65 0.02
154 2648 I —-167 —-154 0.13
132 2599 I —-150 —-148 0.02
268 2585 I —-162 —-146 0.16
172 2578 I —-164 —-153 0.11
282 2517 1 —-1.13 —-1.01 0.11
241 2491 1 —-158 —-137 021
295 2482 1 —-146 —-142 0.04

Continued on next page
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Supplementary ~ Table  34: Energetic  and  electronic  properties  for
[Cu11Zng](Cp*)g(HCO2)(CO3z), complexes obtained with PBE+TS/light-tierl level and
light SCF parameters: configuration number (i), relative total energy (AE;), total magnetic
moment (my,,), HOMO energy (€g), LUMO energy (€), and LUMO-HOMO energy gap (E,).

i AE;o Mo 1974 £, Eg

(meV) (ug) (eV) (eV) (eV)

306 2457 1 —-174 —-1.60 0.14
257 2428 1 —-176 —1.66 0.10
259 2371 I —-161 —-148 0.13
238 2367 1 —-1.68 —1.66 0.02
191 2270 I —-165 —-146 0.19
305 2183 1 —-1.75 —-1.60 0.15
13 2160 1 —-134 —-124 0.10
284 2150 1 -119 -1.06 0.13
37 2088 I —-173 —-1.69 0.04
303 2013 1 —-1.66 —155 0.11
319 1980 I —-141 —-129 0.11
49 1877 I —-152 —-141 0.11
26 1866 1 —-176 —-1.64 0.12
318 1840 1 157 —145 0.12
221 1763 I —-151 -146 0.05
309 1717 I -132 —-120 0.11
46 1712 I —-1.65 —-155 0.10
307 1674 I —-170 -1.59 0.11
225 1621 I —-153 —-140 0.12
301 1597 1 —147 —-138 0.10
121 1520 1 —-126 —-1.14 0.12
312 1459 I —-157 —-145 0.11
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Supplementary ~ Table

34:

Energetic

and

electronic  properties
[Cu11Zng](Cp*)g(HCO2)(CO3z), complexes obtained with PBE+TS/light-tierl level and
light SCF parameters: configuration number (i), relative total energy (AE;), total magnetic
moment (my,,), HOMO energy (€g), LUMO energy (€), and LUMO-HOMO energy gap (E,).

Supplementary Table 35:

i AE;y;  Myor &y e E,

(meV) (up) (V) (V) (eV)
223 1426 1 —-150 —-139 0.12
327 1417 1 -153 —-143 0.10
329 1324 I —154 —-142 0.12
325 1217 1 —-157 —-142 0.14
311 1211 1 -—144 -133 0.11
315 1125 1 —145 —-133 0.3
333 1096 1 -168 —157 0.11
308 1003 I —-139 —-127 0.12
323 756 1 —-142 -132 0.10
326 689 1 —146 —-134 0.12
328 385 1 —-133 —-120 0.13
332 318 1 —157 —-145 0.11
321 281 1 —154 —-143 0.11
330 0 1 -127 -1.13 0.14

Optimized and filtered representative

structures

for

of

[Cu11Zng](Cp*)3(CO2)2(HCO,) complexes obtained with PBE/light-tier1 level and light SCF

parameters. The relative total energy (AE;,) is depicted above each structure.
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2.7.9 [CugAls](Cp*)¢ Complexes

Supplementary Table 36: Energetic and electronic properties for [CugAlg](Cp*)¢ complexes
obtained with PBE+TS/light-tier] level and light SCF parameters: configuration number (i),
relative total energy (AE;), total magnetic moment (1,,;), HOMO energy (&), LUMO energy
(&1), and LUMO-HOMO energy gap (Ej).

i AE;;  Myor &y e E,
(meV) (up) (V) (V) (eV)
193 7749 0 —337 -3.05 033
55 6715 0 -326 -270 0.56
227 6615 0 -—318 —-253 0.64
188 6102 0 =312 -257 0.5
82 5917 0 -321 -298 0.23
13 5839 0 -3.05 —-267 038
216 5673 0 348 -3.04 044
36 5452 0 -—334 -259 0.5
102 5417 0 —-332 -258 0.73
262 5173 0 305 —-242 0.63
6 5164 0 346 -282 0.64
75 5152 0 -339 —-280 0.59
45 5125 0 =326 -272 054
105 5019 0 -310 -239 0.70

Continued on next page
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Supplementary Table 36: Energetic and electronic properties for [CugAls](Cp*)s complexes
obtained with PBE+TS/light-tier1 level and light SCF parameters: configuration number (i),
relative total energy (AE;.), total magnetic moment (m;,;), HOMO energy (€r), LUMO energy

(er), and LUMO-HOMO energy gap (Ey).

i AE;y;  Myor &y e Eg

(meV) (up) (V) (V) (eV)

276 4975 0 —-321 -2.68 0.3
101 4902 0 =331 —-297 0.34
134 4901 0 -319 -259 0.59
56 4887 0 —305 -—-247 0.8
278 4755 0 =350 -2.76 0.74
20 4717 0 —-3.05 -2.65 040
61 4711 0 —344 -247 097
51 4600 0 =336 -—-2.77 0.59
180 4532 0 -319 -240 0.80
100 4506 0 —343 -2.77 0.66
57 4457 0 =324 -2.64 0.60
158 4415 0 =329 -257 072
201 4387 0 =319 -251 0.67
235 4358 0 —338 —-298 040
202 4340 0 =323 -252 0.70
62 4262 0 328 —-243 0.85
171 4241 0 —-333 -258 0.75
198 4238 0 =312 -2.68 044
14 4205 0 —354 -2.58 0.96
297 4203 0 —355 —-2.89 0.66
311 4173 0 =294 -249 045
261 4157 0 348 -2.67 0.81

Continued on next page

259

443



7 SUPPORTING INFORMATION

Supplementary Table 36: Energetic and electronic properties for [CugAls](Cp*)s complexes
obtained with PBE+TS/light-tier1 level and light SCF parameters: configuration number (i),
relative total energy (AE;.), total magnetic moment (m;,;), HOMO energy (€r), LUMO energy

(er), and LUMO-HOMO energy gap (Ey).

i AE;y;  Myor &y e Eg

(meV) (up) (V) (V) (eV)

175 4066 0 =334 -2.62 0.71
48 4065 0 =326 -293 0.33
189 4021 0 -349 -2.62 0.87
190 4019 0 —293 -257 0.36
124 4004 0 -3.03 -—-2.64 0.39
108 4000 0 -331 -2.63 0.68
3 3966 0 —-339 -236 1.03
248 3955 0 -3.18 -—-2.35 0.83
211 3927 0 —-346 -293 0.3
196 3920 0 —326 -281 045
185 3914 0 =317 -292 0.26
296 3870 0 =324 -271 0.53
181 3862 0 —-325 -2.61 0.64
68 3832 0 =339 -257 082
147 3794 0 =293 -2.62 031
139 3780 0 =323 -256 0.68
294 3765 0 -—356 —-298 0.58
83 3762 0 -3.04 —-2.60 044
246 3745 0 =339 -229 1.10
179 3734 0 =359 -—-2.62 097
113 3729 0 —-346 -2.70 0.75
312 3718 0 =294 -241 053
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Supplementary Table 36: Energetic and electronic properties for [CugAls](Cp*)s complexes
obtained with PBE+TS/light-tier1 level and light SCF parameters: configuration number (i),
relative total energy (AE;.), total magnetic moment (m;,;), HOMO energy (€r), LUMO energy
(er), and LUMO-HOMO energy gap (Ey).

i AE;y;  Myor &y e Eg

(meV) (up) (V) (V) (eV)
95 3717 0 —-352 —-270 0.82
264 3702 0 =311 -247 0.64
149 3666 0 -332 -251 0.81
265 3625 0 —346 -2.78 0.68
131 3611 0 —348 —-2.92 0.56
16 3534 0 =310 -2.38 0.72
126 3526 0 328 —-250 0.78
168 3513 0 —-343 -2.89 0.3
274 3483 0 -329 -2.63 0.65
325 3472 0 —-331 —-298 0.33
266 3471 0 =361 -2.81 0.80
215 3465 0 -352 -2.65 0.87
281 3456 0 332 -2.68 0.64
118 3448 0 -3.00 —242 0.8
191 3423 0 —-337 -—-2.84 0.53
243 3417 0 328 —-246 0382
161 3410 0 —335 -—-293 042
41 3399 0 -3.65 —-2.68 097
44 3360 0 -357 -2.63 095
213 3347 0 =339 -271 0.68
169 3343 0 -350 -2.50 1.00
295 3340 0 -3.18 -2.63 0.5
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Supplementary Table 36: Energetic and electronic properties for [CugAls](Cp*)s complexes
obtained with PBE+TS/light-tier1 level and light SCF parameters: configuration number (i),
relative total energy (AE;.), total magnetic moment (m;,;), HOMO energy (€r), LUMO energy
(er), and LUMO-HOMO energy gap (Ey).

i AE;y;  Myor &y e Eg

(meV) (up) (V) (V) (eV)
28 3310 0 354 -2.381 0.72
289 3298 0 =355 -271 0.84
221 3291 0 =315 -2.64 051
199 3258 0 —-301 -2.19 0.32
99 3255 0 =315 -—-2.62 052
129 3243 0 -349 -274 0.75
73 3223 0 —-340 -2.69 0.71
222 3223 0 =301 -232 0.69
29 3209 0 -3.62 -258 1.04
220 3193 0 -291 -229 0.63
174 3155 0 =344 -277 0.67
208 3142 0 -339 -2.79 0.9
109 3139 0 —-3.00 -2.39 0.61
77 3130 0 -352 -2.82 0.69
200 3129 0 -360 -2.82 0.78
292 3121 0 —3.10 -—2.62 048
275 3119 0 —-354 -299 0.56
42 3104 0 =311 -2.10 1.01
123 3102 0 -320 -238 0.82
89 3094 0 —340 -2.82 0.8
231 3092 0 -—342 -2.68 0.74
97 3070 0 -3.04 -251 053
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Supplementary Table 36: Energetic and electronic properties for [CugAls](Cp*)s complexes
obtained with PBE+TS/light-tier1 level and light SCF parameters: configuration number (i),
relative total energy (AE;.), total magnetic moment (m;,;), HOMO energy (€r), LUMO energy
(er), and LUMO-HOMO energy gap (Ey).

i AE;y;  Myor &y e Eg

(meV) (up) (V) (V) (eV)
273 3048 0 —333 —-249 0.84
114 3047 0 =339 -—-2.65 0.74
250 3025 0 -329 -2.64 0.65
122 3018 0 =326 -275 051
67 3015 0 =317 -2.66 0.50
98 3013 0 =336 -229 1.07
271 2981 0 —-341 -2.82 0.59
214 2977 0 —354 —-247 1.06
219 2971 0 =325 -274 051
288 2960 0 =347 =247 101
186 2947 0 -352 -2.65 0.87
277 2944 0 =327 -2.62 0.65
52 2944 0 354 -2.67 0.87
323 2910 0 —-328 -2.59 0.69
163 2888 0 -324 -2.64 0.59
263 2876 0 —343 -261 0.82
120 2865 0 =326 -275 051
166 2843 0 —-340 -247 092
115 2826 0 —348 -—2.92 0.56
284 2744 0 -—334 -250 0.84
91 2739 0 =331 -2.60 0.71
207 2735 0 —346 -—-2.63 0.83
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Supplementary Table 36: Energetic and electronic properties for [CugAls](Cp*)s complexes
obtained with PBE+TS/light-tier1 level and light SCF parameters: configuration number (i),
relative total energy (AE;.), total magnetic moment (m;,;), HOMO energy (€r), LUMO energy
(er), and LUMO-HOMO energy gap (Ey).

i AE;y;  Myor &y e Eg

(meV) (up) (V) (V) (eV)

25 2711 0 —-326 -241 0.86
140 2693 0 =336 -257 079
92 2654 0 =316 -2.62 0.54
252 2651 0 —-360 —-237 123
249 2625 0 -328 -231 097
197 2623 0 =327 -2.17 1.09
69 2595 0 =331 -253 0.78
245 2593 0 —-354 -—-242 1.13
72 2576 0 -336 -256 0.79
244 2549 0 —331 —-2.22 1.09
125 2542 0 —-3.18 —-2.60 0.58
217 2525 0 -326 -2.63 0.62
194 2500 0 —3.63 —-2.69 0.94
241 2500 0 =335 -—-257 0.78
177 2496 0 —-346 -2.89 0.57
43 2479 0 -339 -—-298 041
18 2474 0 =315 -2.60 0.55
286 2472 0 —-346 -2.51 095
150 2455 0 =327 -223 1.04
327 2449 0 =315 -2.58 0.57
121 2443 0 =321 -2.56 0.65
256 2435 0 =327 -2.64 0.63
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Supplementary Table 36: Energetic and electronic properties for [CugAls](Cp*)s complexes
obtained with PBE+TS/light-tier1 level and light SCF parameters: configuration number (i),
relative total energy (AE;.), total magnetic moment (m;,;), HOMO energy (€r), LUMO energy
(er), and LUMO-HOMO energy gap (Ey).

i AE;y;  Myor &y e Eg
(meV) (up) (V) (V) (eV)

2 2432 0 =371 -240 132
184 2427 0 —-333 -—-2.64 0.69
155 2416 0 -351 -249 1.03
80 2408 0 —352 -232 120
63 2393 0 =326 -2.14 1.12
267 2387 0 —-331 -—-248 0.83
310 2386 0 =321 -230 091
1 2385 0 =321 -235 0.86
225 2361 0 =310 -2.62 048
164 2335 0 =328 -237 0091
151 2331 0 —-353 -237 1.16
128 2330 0 -346 -239 1.07
26 2328 0 341 -233 1.08
137 2323 0 =363 —-229 1.33
71 2292 0 —-342 -220 121
127 2285 0 342 -254 0.88
272 2282 0 —331 -—-245 0.86
309 2259 0 =335 -224 1.11
54 2259 0 —348 -244 1.05
22 2258 0 -—350 -—-240 1.10
142 2218 0 —-340 -245 0.96
232 2205 0 —3.23 —2.11 1.12
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Supplementary Table 36: Energetic and electronic properties for [CugAls](Cp*)s complexes
obtained with PBE+TS/light-tier1 level and light SCF parameters: configuration number (i),
relative total energy (AE;.), total magnetic moment (m;,;), HOMO energy (€r), LUMO energy
(er), and LUMO-HOMO energy gap (Ey).

i AE;y;  Myor &y e Eg

(meV) (up) (V) (V) (eV)

291 2184 0 —338 -255 084
182 2181 0 =357 —-2.69 0.88
141 2179 0 —3.22 —-2.18 1.04
233 2158 0 -328 -218 1.10
170 2154 0 -3.07 -2.14 0.93
298 2151 0 —-356 -—-2.13 143
31 2143 0 338 —-220 1.18
10 2140 0 -—-335 -2.55 0.80

253 2129 0 =317 -2.51 0.65
117 2091 0 =330 -231 0.99
328 2078 0 -294 -2.15 0.80
226 2068 0 =339 -249 0.90
322 2064 0 =347 =247 1.00
47 2060 0 -2.87 -—-230 0.57
324 2023 0 =279 -242 037
5 1991 0 —352 -285 0.67

318 1945 0 -310 -—-1.82 1.28
315 1940 0 —-3.18 —-2.53 0.64
17 1916 0 =324 -234 0.90
283 1912 0 —-335 -—-223 1.12
132 1900 0 =333 -212 122
280 1892 0 —338 -—223 1.16
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Supplementary Table 36: Energetic and electronic properties for [CugAls](Cp*)s complexes
obtained with PBE+TS/light-tier1 level and light SCF parameters: configuration number (i),
relative total energy (AE;.), total magnetic moment (m;,;), HOMO energy (€r), LUMO energy
(er), and LUMO-HOMO energy gap (Ey).

i AE;y;  Myor &y e Eg

(meV) (up) (V) (V) (eV)
64 1867 0 344 -226 1.18
32 1866 0 =295 -2.17 0.78
160 1866 0 =319 -225 095
205 1866 0 —-3.61 -248 1.13
228 1849 0 =321 -2.11 1.10
234 1848 0 =370 -223 147
173 1824 0 —3.54 -246 1.09
254 1807 0 —345 -—-248 097
165 1795 0 —-354 -233 1.20
304 1744 0 —-3.14 -236 0.78
34 1710 0 -340 -—-222 1.18
11 1697 0 -353 -231 121
53 1681 0 =329 -247 0382
178 1678 0 =322 -226 0.96
136 1657 0 -326 -221 1.05
247 1604 0 342 -235 1.07
316 1601 0 =325 -—-2.02 1.23
258 1581 0 -324 -239 0.86
112 1578 0 —335 —-2.09 1.26
203 1573 0 =352 -251 1.01
293 1564 0 -335 —-1.89 145
153 1536 0 =331 -224 1.07
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Supplementary Table 36: Energetic and electronic properties for [CugAls](Cp*)s complexes
obtained with PBE+TS/light-tier1 level and light SCF parameters: configuration number (i),
relative total energy (AE;.), total magnetic moment (m;,;), HOMO energy (€r), LUMO energy
(er), and LUMO-HOMO energy gap (Ey).

i AE;y;  Myor &y e Eg

(meV) (up) (V) (V) (eV)

183 1501 0 —338 —230 1.07
76 1487 0 =330 -—-252 0.78
135 1470 0 -350 -—-232 1.18
329 1469 0 =317 -242 0.5
148 1457 0 =317 =206 1.11
27 1441 0 —-333 -226 1.07
326 1437 0 -3.03 —-197 1.06
145 1383 0 =324 -211 1.13
172 1365 0 —-347 -2.66 0.81
79 1357 0 =325 -202 123
224 1323 0 —-342 -224 1.19
212 1202 0 —-335 -—-2.00 135
317 1190 0 =315 —-186 1.29
7 1185 0 —-343 -227 1.16

218 939 0 -325 -2.12 1.13
242 885 0 =321 -242 079
60 713 0 -324 —-196 1.28
96 466 0 =320 -2.24 0.96
308 461 0 -310 —-1.86 1.24
162 224 0 =315 —-194 122
306 197 0 -297 —-197 1.00
301 184 0 =329 -—-172 157

Continued on next page
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Supplementary Table 36: Energetic and electronic properties for [CugAlg](Cp*)s complexes
obtained with PBE+TS/light-tier1 level and light SCF parameters: configuration number (i),
relative total energy (AE; ), total magnetic moment (1), HOMO energy (gy), LUMO energy
(€1), and LUMO-HOMO energy gap (E,).

i AE;o Mo 1974 £, E,

(meV) (up) (V) (V) (eV)

330 96 0 =315 —-192 124
303 0 0 =319 —-176 143

Supplementary Table 37: Optimized and filtered representative structures of [CugAlg](Cp*)s
complexes obtained with PBE+TS/light-tier] level and light SCF parameters. The relative total
energy (AE;,) is depicted above each structure.

1.87 eV 2.08 eV 233 eV
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2.7.10 [Ni7Gagl(Cp*)¢ Complexes
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Supplementary Table 38: Energetic and electronic properties for [Ni7Gag](Cp*)s complexes
obtained with PBE+TS/light-tier1 level and light SCF parameters: configuration number (i),
relative total energy (AE;.), total magnetic moment (m;,;), HOMO energy (€r), LUMO energy
(er), and LUMO-HOMO energy gap (Ey).

i AE;y;  Myor &y e Eg
(meV) (up) (V) (V) (eV)

261 9370 2 —329 -294 035
274 8736 2 =330 -3.12 0.18
137 8585 0 =329 -2.99 0.30
6 8283 2 =316 -297 0.19
111 8232 2 =347 -328 0.19
73 8175 2 =311 -2.88 0.23
62 8053 4 =330 -3.19 0.10
89 7997 2 =332 -3.15 0.17
233 7916 2 —-340 -3.24 0.16
112 7711 0 —-3.13 —-2.65 048
257 7626 0 -331 -—-2.89 042
167 7577 2 -3.08 -—-295 0.13
146 7320 2 =329 -294 035
158 7061 2 =325 =301 0.24
267 6954 2 =317 -3.04 0.14
292 6905 0 —-320 -2.64 0.57
156 6893 2 =329 -3.16 0.14
109 6862 2 —-332 -3.06 0.26
229 6834 0 —-343 -3.19 0.24
303 6813 0 -316 —-298 0.18
171 6714 2 —-3.28 -3.01 0.27
214 6661 0 —-340 -2.89 051

Continued on next page
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Supplementary Table 38: Energetic and electronic properties for [Ni7Gag](Cp*)s complexes
obtained with PBE+TS/light-tier1 level and light SCF parameters: configuration number (i),
relative total energy (AE;.), total magnetic moment (m;,;), HOMO energy (€r), LUMO energy
(er), and LUMO-HOMO energy gap (Ey).

i AE;y;  Myor &y e Eg
(meV) (up) (V) (V) (eV)
66 6655 2 =324 -3.10 0.13
59 6608 2 =330 -3.19 0.11
52 6593 2 =315 -299 0.16
308 6524 2 —3.15 -297 0.18
23 6524 0 —-328 -3.02 0.26
8 6519 0 =327 -3.12 0.15
3 6500 2 =328 -3.04 0.24
29 6484 0 -3.02 -2.62 040
311 6471 2 -3.06 —-290 0.16
118 6454 0 -334 -292 042
187 6431 2 =331 -3.09 022
144 6399 2 =324 -296 0.28
150 6359 0 =333 -297 037
24 6293 2 =329 -3.06 0.23
175 6292 2 =339 -3.10 0.29
163 6266 2 =317 -3.00 0.17
305 6266 0 -314 -286 0.28
280 6223 2 =332 -3.15 0.17
128 6205 2 =315 -295 0.19
192 6182 0 =321 -2.89 0.33
139 6170 0 —-333 -2.68 0.66
25 6127 0 —321 -2.76 045
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Supplementary Table 38: Energetic and electronic properties for [Ni7Gag](Cp*)s complexes
obtained with PBE+TS/light-tier1 level and light SCF parameters: configuration number (i),
relative total energy (AE;.), total magnetic moment (m;,;), HOMO energy (€r), LUMO energy
(er), and LUMO-HOMO energy gap (Ey).

i AE;y;  Myor &y e Eg

(meV) (up) (V) (V) (eV)
301 6123 0 —3.10 —2.80 0.30
272 6119 2 =311 -2.86 0.26
234 6112 2 =327 -3.02 025
209 6095 2 =326 -3.02 0.24
18 6086 2 =323 -3.12 0.11
242 6070 0 =340 -2.70 0.71
159 6043 2 =319 -293 027
86 6002 0 =339 -3.11 0.27
186 5995 2 =292 -2.68 0.24
231 5961 0 =315 -2.79 0.36
165 5917 2 =323 -3.09 0.14
297 5898 0 —342 -298 044
122 5860 2 =333 296 0.37
199 5780 2 =331 -3.15 0.16
41 5776 2 -3.09 -2.84 025
17 5760 2 =310 -2.88 022
85 5750 2 =339 -3.18 021
100 5744 0 -320 -2.68 0.52
153 5713 2 =320 -3.01 0.19
135 5710 0 =319 -273 046
241 5704 2 -3.01 -2.86 0.15
185 5704 2 =318 =292 0.27
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Supplementary Table 38: Energetic and electronic properties for [Ni7Gag](Cp*)s complexes
obtained with PBE+TS/light-tier1 level and light SCF parameters: configuration number (i),
relative total energy (AE;.), total magnetic moment (m;,;), HOMO energy (€r), LUMO energy
(er), and LUMO-HOMO energy gap (Ey).

i AE;y;  Myor &y e Eg

(meV) (up) (V) (V) (eV)
244 5677 2 —-323 -3.08 0.14
281 5654 2 =327 -=3.07 0.20
61 5645 0 —-336 -3.09 0.26
284 5625 0 —-330 -2.75 0.56
309 5624 2 =325 -298 0.27
93 5608 2 =330 -3.16 0.14
253 5594 0 322 -2.55 0.66
288 5591 0 -340 -2.72 0.68
271 5575 2 =321 -3.00 021
239 5566 2 —-3.18 -2.86 0.32
42 5550 2 =317 -2.84 0.33
101 5532 0 -316 -2.87 0.29
63 5444 0 —-3.02 -2.66 0.36
240 5442 0 =337 -3.07 0.30
38 5399 2 =325 =299 0.26
249 5305 4 =322 -3.07 0.15
169 5289 0 —-332 -284 049
53 5273 0 =314 -272 042
102 5264 0 =324 -299 025
237 5255 2 =313 =295 0.18
12 5253 2 —-3.27 -3.08 0.19
252 5250 0 -312 -2.86 0.27
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Supplementary Table 38: Energetic and electronic properties for [Ni7Gag](Cp*)s complexes
obtained with PBE+TS/light-tier1 level and light SCF parameters: configuration number (i),
relative total energy (AE;.), total magnetic moment (m;,;), HOMO energy (€r), LUMO energy
(er), and LUMO-HOMO energy gap (Ey).

i AE;y;  Myor &y e Eg

(meV) (up) (V) (V) (eV)
226 5236 2 —=3.07 —-279 028
121 5211 2 —-336 -3.18 0.18
217 5194 2 =317 -295 0.23
149 5189 2 =318 -3.07 0.11
204 5185 2 =330 -3.09 021
299 5183 2 =331 -3.16 0.15
183 5157 2 =342 -3.13 0.28
83 5150 2 =320 -3.02 0.17
191 5131 0 -329 -3.05 024
58 5128 2 =326 -297 0.29
134 5124 0 —-333 -—-286 048
221 5101 0 -3.09 -2.68 042
224 5083 2 =322 -3.00 022
104 5077 0 -3.09 -286 0.23
76 5066 2 =310 -299 0.11
14 5065 2 =329 -3.03 025
65 5053 2 =322 -3.07 O0.15
263 5048 2 =321 -3.02 0.19
219 5005 2 =326 -3.02 0.23
256 4963 2 —-338 -3.19 0.19
72 4949 2 -3.16 -2.85 0.31
225 4937 2 —3.14 —-2.92 0.21
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Supplementary Table 38: Energetic and electronic properties for [Ni7Gag](Cp*)s complexes
obtained with PBE+TS/light-tier1 level and light SCF parameters: configuration number (i),
relative total energy (AE;.), total magnetic moment (m;,;), HOMO energy (€r), LUMO energy

(er), and LUMO-HOMO energy gap (Ey).

i AE;y;  Myor &y e Eg

(meV) (up) (V) (V) (eV)

194 4928 2 =312 -2.75 0.36
120 4919 2 =321 =295 0.26
33 4908 2 =301 -2.82 0.19
46 4848 2 =309 -298 0.12
57 4846 2 =297 =278 0.19
49 4821 0 =299 -2.66 0.33
114 4813 2 —-3.08 —-2.88 0.20
181 4807 0 -—3.18 —-2.65 0.54
290 4797 2 =322 -3.02 021
283 4795 0 —-326 -2.70 0.56
166 4766 2 =311 -297 0.14
55 4748 2 =316 -2.89 0.28
238 4711 0 -3.02 -2.82 020
35 4690 0 -328 -—-272 0.5
202 4672 0 -—-331 -—-2.85 046
230 4651 2 =334 -3.14 0.20
7 4638 2 =310 -2.89 0.22
140 4553 0 -312 -299 0.13
235 4527 2 =337 =324 0.14
92 4513 0 =311 -2.78 0.33
232 4513 2 —-324 -3.06 0.18
132 4506 2 —334 -3.08 0.26
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Supplementary Table 38: Energetic and electronic properties for [Ni7Gag](Cp*)s complexes
obtained with PBE+TS/light-tier1 level and light SCF parameters: configuration number (i),
relative total energy (AE;.), total magnetic moment (m;,;), HOMO energy (€r), LUMO energy

(er), and LUMO-HOMO energy gap (Ey).

i AE;y;  Myor &y e Eg
(meV) (up) (V) (V) (eV)
172 4502 2 =315 -3.01 0.14
320 4500 0 =335 —-297 038
1 4481 0 —-3.28 -2.67 0.61
126 4465 0 314 -2.64 0.0
177 4458 2 -3.09 -—-295 0.14
259 4375 2 =299 -281 0.18
21 4348 0 328 -3.05 0.23
84 4314 0 =327 -259 0.68
173 4276 0 -329 -3.11 0.18
131 4255 2 —3.12 =297 0.15
220 4203 2 =329 -3.02 0.27
164 4197 2 -3.01 -293 0.08
60 4187 2 =333 -3.09 023
312 4176 2 =298 =276 0.21
228 4133 2 =313 -284 029
74 4034 0 =317 =277 040
266 3940 0 -3.02 -2.68 0.34
176 3933 0 -—-335 -—-2.88 047
15 3931 0 =322 -291 031
179 3926 2 =311 =299 0.12
313 3921 2 —-321 =296 0.25
248 3905 2 =311 -2.83 029
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Supplementary Table 38: Energetic and electronic properties for [Ni7Gag](Cp*)s complexes
obtained with PBE+TS/light-tier1 level and light SCF parameters: configuration number (i),
relative total energy (AE;.), total magnetic moment (m;,;), HOMO energy (€r), LUMO energy
(er), and LUMO-HOMO energy gap (Ey).

i AE;y;  Myor &y e Eg
(meV) (up) (V) (V) (eV)
180 3852 2 -—3.18 -3.04 0.14
141 3819 0 —328 —-284 044
82 3778 2 -3.03 -295 0.09
282 3740 2 =313 -2.84 0.29
145 3596 0 =330 -—-2.72 0.8
254 3359 2 =298 -2.88 0.10
88 3079 0 332 -2.69 0.63
316 2807 0 -322 -2.68 0.3
193 2727 0 -3.00 —-2.70 0.30
315 2494 0 —-334 -2.79 0.5
302 2394 0 -3.05 -2.82 023
307 2369 0 -3.13 -2.58 0.55
318 2196 2 =3.09 -2.79 0.30
306 2101 0 =311 -2.62 0.50
5 1173 0 —-331 -2.68 0.63
304 0 0 —326 -2.62 0.64

Supplementary Table 39: Optimized and filtered representative structures of [Ni;Gag](Cp*)e
complexes obtained with PBE+TS/light-tier] level and light SCF parameters. The relative total
energy (AE;,) is depicted above each structure.
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Analytical Methods

NMR spectra were recorded on a Bruker AVIII 400 US spectrometer (*H, 400 MHz) in benzene-dg or
toluene-dg Chemical shifts (in 6) are described in ppm relative to tetramethylsilane (TMS) and
referenced to the solvent resonances as internal standards. Solid-state magic angle spinning (MAS)
NMR spectroscopic measurements were performed at room temperature in 4 mm ZrO2 rotors
(rotational frequency 11 kHz) on a Bruker Avance 300 spectrometer whereat spectra were referenced

using the external standard adamantane (*H: 2.00 ppm, 13C: 29.47 ppm)

Liquid Injection Field Desorption lonization Mass Spectrometry (LIFDI-MS) was measured directly from
an inert atmosphere glovebox with a Thermo Fisher Scientific Exactive Plus Orbitrap (mass accuracy 3
ppm; external calibration) equipped with an ion source from Linden CMS and evaluated using the

FreeStyle 1.3 program from ThermoFisher Scientific.

The FT-IR spectra were taken on an ALPHA-T FT-IR spectrometer from Bruker with an ATR setup
operated in a glovebox under argon atmosphere with 128 scans per measurement and a resolution of

4 cmL. The spectra were evaluated using the software OPUS.

Solution UV/Vis spectra were measured in toluene under an inert atmosphere in quartz cuvettes with
an Agilent Carry 60 spectrometer. The solid-state UV-Vis spectra were taken on a Shimadzu UV-VIS-
NIR UV-3600i Plus spectrophotometer with an Integrating-Sphere unit. The samples were placed

between two quarz slides and the reflection was measured.

Solid-state fluorescence measurements were performed with the sample placed between two quarz
slides on a Edinburgh Instruments FS5 spectrofluorometer equipped with a xenon lamp. Quantum

yields were measured on a Haomamatsu Quantaurus-QY spectrometer.

PXRD measurements of pestled samples were performed using the transmission geometry of a STOE
STADI P diffractometer equipped with a Ge(111) monochromator and a MYTHEN2R 1K detector
(DECTRIS). X-ray Mo K, radiation (A=0.7093 A) operated at 50 kV (voltage) and 40 mA (intensity) was
used for the measurements. All checks were carried out utilizing a flatbed sample carrier and a
measurement range from 2.0° to 39.5° (26). For this purpose, the sample, was fixed between two

adhesive strips (Scotch® Magic™Tape 810, 3M) and placed in the centre of the carrier.
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Figure S1: 3C MAS NMR spectrum of 1 at room temperature.
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Figure $2: 'H NMR spectrum of 1 in benzene-ds at room temperature.
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Figure 4: UV/Vis spectrum of 1 as solution in toluene.
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Figure S6: Powder XRD of 1 after recrystallisation.
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LIFDI-MS
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Figure S7: LIFDI mass spectrum of 1 at CE = 10.
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Figure S8: LIFDI mass spectrum of 1 at CE = 20.
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Figure S9: LIFDI mass spectrum of 1 at CE = 40.
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Figure $10: LIFDI mass spectrum of 1 at CE = 80.
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Figure S11: LIFDI mass spectrum of 1 at CE = 120.
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Figure $12: LIFDI mass spectrum of 1 at CE = 160.
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Figure $13: LIFDI mass spectrum of 1 at CE = 200.
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Figure S14: Relative intensities at different collision energies for selected ions identified from the LIFDI mass
spectra of 1.
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7 SUPPORTING INFORMATION

Table S1: List of the main signal patterns in the LIFDI-MS of [Cu100,Mess],. The most dominant signal pattern of
each n is colorized.

CuMesy.27+1)0n Composition m/z
n=0 CusMes, 792.99
CusMess 977.00
Cu;Mesg 1159.02
CugMes; 1341.04
CusMesg 1525.05
CugMessO(-H) 1117.85

CuyoMes;0 1484.88

Cuy;MesgO 1668.92

Cu1MescO, 1445.74

Cu;3Mesg0, 1810.77
Cuy4Mess0, 1992.80
CuysMes;00, 2176.77
CusMes;y;,0, 2358.78
CuisMesgO3 1954.60

CuyMes1005 2318.62

CusMesy;03 2502.63

CuoMes ;05 2684.66

CuzoMes;305 2864.67
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Figure S15: Emission spectra of solutions of 1, [CuMes]s and IPrCuMes.
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Figure $16: Excitation spectra of solutions of 1,, [CuMes]s and IPrCuMes.
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Single Crystal X-Ray Diffraction

SC-XRD data were collected on a Bruker D8-Venture single crystal x-ray diffractometer equipped with
a TXS rotating anode with MoK, radiation (A =0.71073 A), a Bruker Photon CMOS detector and a
Helios, using the Bruker APEX4 software package.[“! Single crystals were coated with perfluorinated
ether, fixed on top of a micro sampler and frozen under a stream of cold nitrogen. A matrix scan was
used to determine the initial lattice parameters. All data were integrated with the Bruker SAINT V8.40B
software package using a narrow-frame algorithm and the reflections were corrected for Lorentz and
polarisation effects, scan speed, and background.? Data were corrected for absorption effects
including odd and even ordered spherical harmonics by the multi-scan method (SADABS 2016/2).[¢3!
Space group assignment was based upon systematic absences, E statistics, and successful refinement
of the structure.

The structures were solved by direct methods using SHELXT and refined by full-matrix least-squares
methods against F2 by minimizing Sw(F,2 - F.2)? using SHELXL in conjunction with SHELXLE.[®4-<6] All non-
hydrogen atoms were refined with anisotropic displacement parameters. Hydrogen atoms were
refined isotropically on calculated positions using a riding model with their U, values constrained to
1.5 times the U, of their pivot atoms for terminal sp* carbon atoms and a C—H distance of 0.98 A. Non-
methyl hydrogen atoms were refined using a riding model with methylene, aromatic, and other C—-H
distances of 0.99 A, 0.95 A, and 1.00 A, respectively, and U, values constrained to 1.2 times the U, of
their pivot atoms. A split layer refinement was used for disordered groups and additional restraints on
distances, angles and anisotropic displacement parameters were employed to ensure convergence
within chemically reasonable limits, if necessary. Disordered mesityl ligands were treated using the
DSR plugin within SHELXLE.I”) The unit cell contains 0.7 disordered molecules of toluene which were
treated as a diffuse contribution to the overall scattering without specific atom positions using the
PLATON/SQUEEZE procedure.[C8!

Neutral atom scattering factors for all atoms and anomalous dispersion corrections for the non-
hydrogen atoms were taken from International Tables for Crystallography.[¢! Crystallographic data for
the structures reported in this paper have been deposited with the Cambridge Crystallographic Data
Centre.[¢19 Supplementary crystallographic data reported in this paper have been deposited with the
Cambridge Crystallographic Data Centre (CCDC 2360768) and can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/structures. Images of the crystal
structures were generated with Mercury and Povray.c*!
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Table S2: Crystallographic and structure refinement data for [Cu;00,Mesg],..

Deposition number (CCDC)
Chemical formula

Formula weight
Temperature

Wavelength

Crystal size

Crystal system

Space group

Unit cell dimensions

Volume

z

Density (calculated)
Absorption coefficient
F(000)

Diffractometer
Radiation source

Theta range for data collection
Index ranges
Reflections collected
Independent reflections

Coverage of independent
reflections
Absorption correction

Max. and min. transmission
Structure solution technique
Structure solution program
Refinement method
Refinement program
Function minimized

Data / restraints / parameters
Goodness-of-fit on F2

B/0max

Final R indices

Weighting scheme

Largest diff. peak and hole
R.M.S. deviation from mean

2360768

Cs4He6Cu100,

1382.46

100(2) K

0.71073 A

0.028 x 0.093 x 0.162 mm
monoclinic

C1l2/c1

a=16.451(5) A a=90°
b =33.723(10) A B =125.753(8) °
c=12.890(4) A y=90°
5803.(3) A3

4

1.582 g/cm?

3.620 mm-!

2784

Bruker D8 Venture

TXS rotating anode, Mo

2.29t0 26.37°

-20<=h<=20, -42<=k<=42, -16<=I<=16
121416

5938 [R(int) = 0.0565]

99.9%

Multi-Scan

0.7450 and 0.6370

direct methods

XT, VERSION 2018/2

Full-matrix least-squares on F?
SHELXL-2019/1 (Sheldrick, 2019)
3 w(F,2 - F2)

5938 /798 /479

1.048

0.003

5012 data; 1>20(1) R1=0.0258,

all data wR2 =0.0674
R1=0.0355,
wR2 =0.0725

W=1/[22(Fo?)+(0.0409P)2+8.7151P]
where P=(Fo?+2Fc?)/3
0.637 and -0.319 eA3

0.072 eA3
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7 SUPPORTING INFORMATION

DFT

Table S3. DFT-optimized Cu...Cu distances and corresponding Wiberg bond indices in the Cu,(u-Mes), (n =4, 5)

and Cu,(u-H), (n = 2-5) models.

Cu...Cu optimized
distance (av.)

Corresponding Wiberg
bond index (av.)

Cus(p-Mes),
Cus(p-Mes)s
Cu,(p-H),
Cus(p-H)3
Cua(p-H)a
Cus(p-H)s

2.404
2.436
2.157
2.357
2.392
2.438

0.085
0.093
0.171
0.083
0.114
0.108

Table S4. Copper NAO and QTAIM charge distribution in the Cu,(u-Mes), (n =4, 5) and Cu,(u-H), (n = 2-5)

models.

NAO .NAO ) QTAIM charge
charge configuration
Cuy(p-Mes), 0.62 4505339834 0.01 0.37
Cus(p-Mes)s 0.63 4505439824001 0.37
Cuy(p-H), 0.67 45035319964 00.02 0.40
Cus(p-H)s 0.53 45052319934 0.02 037
Cuy(p-H), 0.48 4505939914001 0.37
Cus(p-H)s 0.47 4506239904001 035
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8 Appendix

8.1 Complete List of Publications

8.1.1 First Author Publications

Peer Reviewed Journal Publications:

(1) C-H and Si—H Activation Reactions at Ru/Ga Complexes: A Combined Experimental and
Theoretical Case Study on the Ru-Ga Bond
M. Muhr?, R. Biihler*, H. Liang, J. Gilch, C. Jandl, S., Kahlal, J.-Y. Saillard, C. Gemel, R. A.
Fischer, Chem. Eur. J. 2022, 28, e202200887.

(2) Photochemically Generated Reactive Sites at Ruthenium/Gallium Complexes: Catalysis
vs. Cluster Growth
R. Biihler, M. Muhr?, J. Stephan, R. M. Wolf, M. Schiitz, C. Gemel , R. A. Fischer, Dalton
Trans. 2023, 52, 10905-10910.

(3) Homoleptic Hexa- and Penta-Coordinated Gallium(l) Amide Complexes of Ruthenium
and Molybdenum
R. Biithler*, R. J. J. Weininger?, J. Stephan, M. Muhr, B. M.-T. Bock, C. Gemel, R. A. Fischer,
Dalton Trans. 2024, 53, 17162-17168.

(4) Cuprophilic Interaction in Polymeric [Cui002(Mes)s]n
R. Biihler, R. M. Wolf, C. Gemel, J. Stephan, S. N. Deger, S. Kahlal, R. A. Fischer, J.-Y. Saillard,
Inorg. Chem. 2024, 63, 17617-17625.

(5) A living library concept to capture the dynamics and reactivity of mixed-metal clusters
for catalysis

R. Biihler*, M. Schiitz*, K. F. Andriani, J.-P. A. de Mendonca, V. K. Ocampo-Restrepo, C.
Gemel, J. L. F. Da Silva, R. A. Fischer, Nat. Chem., accepted.

* Equal contribution
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8.1.2 Contributions to other Publications

Peer Reviewed Journal Publications:

(1)

(5)

Enabling LIFDI-MS measurements of highly air sensitive organometallic compounds:
a combined MS/glovebox technique

M. Muhr, P. Heil3, M. Schiitz, R. Biihler, C. Gemel, M.H. Linden, H.B. Linden, R.A. Fischer,
Dalton Trans. 2021, 50, 9031-9036.

Stereo-controlled cyclopropanation catalysis within the confined pores of porphyrin
MOFs

K. Hemmer, R. Biihler, M. Elsner,M. Cokoja, R. A. Fischer, Catal. Sci. Technol. 2023, 13,
3304-3312.

Catalytic Alkyne Semihydrogenation with Polyhydride Ni/Ga Clusters

M. Mubhr, H. Liang, L. Allmendinger, R. Blhler, F. E. Napoli, D. Ukaj, M. Cokoja, C. Jandl,
S. Kahlal, J.-Y. Saillard, C. Gemel, R. A. Fischer, Angew. Chem. Int. Ed. 2023, 62,
€202308790.

Benzene-1,4-Di(dithiocarboxylate) Linker-Based Coordination Polymers of Mn?*,
Zn%*, and Mixed-Valence Fe?*/3+

M. Aust, M.I. Schénherr, D.P. Halter, L. Schrock, T. Pickl, S.N. Deger, M.Z. Hussain, A.
Jentys, R. Biihler, Z. Zhang, K. Meyer, M. Kuhl, J. Eichhorn, D.D. Medina, A. P6thig, R.A.
Fischer, Inorg. Chem. 2024, 63, 1, 129-140.

All-Hydrocarbon Ligated Superatomic Gold/Aluminium Clusters

I. Antsiburov, M. Schiitz, R. Blihler, M. Mubhr, J. Stephan, C. Gemel, W. Klein, S. Kahlal,
J.-Y. Saillard, R. A. Fischer, Inorg. Chem. 2024, 63, 8, 3749-3756
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8.1.3 Conference Contributions

(1) Leopoldina Conference: Exploratory Photochemistry: Light Creates Structure
Poster Presentation: Photochemically Induced Reactive Sites at Intermetalloid
Clusters: Catalysis vs. Cluster Growth — October 2021

(2) 44™ International Conference on Coordination Chemistry
Oral Presentation: Living Libraries of Metal Clusters: a Combined Experimental and
Theoretical Methodology — September 2022

(3) 55% Annual Conference of the DGMS
Workshop Co-Organization: Field lonization, Field Desorption and Liquid Injection
Field Desorption lonization: Fundamentals, Techniques, Applications and Prospects —
March 2024

(4) 55% Annual Conference of the DGMS
Poster Presentation: Living Libraries of Metal Clusters: Exploring Chemical Complexity

via LIFDI-MS — March 2024

(5) 45t International Conference on Coordination Chemistry
Poster Presentation: Living Libraries of Metal Clusters — July 2024
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