ALMA MATER STUDIORUM - UNIVERSITA DI BOLOGNA

Dottorato di Ricerca in Scienze Chimiche
Ciclo XXVII

Settore Concorsuale di afferenza: CHIM 03

Settore Scientifico disciplinare: 03/B1

Homo- and Heterometal Carbonyl Nanoclusters

Presentato da: Relatore

lacopo Ciabatti Prof. Stefano Zacchini
Coordinatore Dottorato Co-relatore

Prof. Aldo Roda Prof. Giuliano Longoni

Anno 2015






A Corinna






Homo- and Heterometal Carbonyl Nanoclusters

Contents
1 Historical INTrOAUCTION .......cviiiiiieie bbbt 7
2 Metal Carbonyl NaNOCIUSTELS..........cccuoiieiiiiece e 19
3 New Platinum Carbonyl CIUSTETS .........cooiiiiiiiieeee s 29
3.1 New Platinum Heteroleptic Carbonyl Clusters Stabilized by Phosphine Ligands.................... 30
2.2 Reactions of [Pt12(CO)24]* Chini’s Cluster with Bidentate PhoSphines ............cccccovevriririrnene. 43
2.3 Surface Decorated Platinum Carbonyl CIUSTErS...........ccoiiiiiiiiiiiereeeee e 56
4 High Nuclearity Bimetallic Nickel Carbonyl CIUStErS.........c.ccceeviiieiiccceccece e, 67
4.1 Mixed Ni-Co Carbide Carbonyl CIUSEIS .........c.ccueiiiieiiieee et 68
4.2 Bimetallic Ni-Cu Carbide Carbonyl Clusters with Vacant Ni(CO) Fragments ...........c..cc....... 83
5 New Bimetallic Carbonyl Clusters Containing Au(l) UnitsS .........cccoviiiiininincninenns 101
5.1 Investigation on the Redox Condensation of [Nig(CO)12]> with Au(lll) Salts ....................... 103
5.2 CoeC Carbide Carbonyl Clusters Decorated by Gold(l) Phosphine Fragments...................... 117
5.3 Isolation of the Unprecedented New CosC Square-Pyramidal CIUSters............cccocevvivenennenn, 129
6 Metal Segregation in Bimetallic Co-Pd Carbide Carbonyl Clusters...........c.ccccceevveennene 149
7 Carbides and Hydrides Contained in Small Cages .........cccocviiiirineniiiiie e 173
7.1 Surface Decorated Nickel Carbide Carbonyl CIUSEErS ..........ccoviiiiiiiiice e 174
7.2 Interstitial Hydride into Tetrahedral CaVIty ..........ccooviiiiiiiiiie e 187
8 FINAI REMAIKS. ....cuiiiieitiee ettt bttt b e b sbe e tesneesbeente s 198

9 EXPErimental SECTION .......coiiiiiiiieicie et 205






CHAPTER 1

Historical Introduction

Landmarks in metal carbonyl compounds

At the end of 19th century, an unknown artist painted a man peering through the Earth's
atmosphere the borders of the world as symbol of the human limits. The illustration known as
Flammarion’s engraving, represents the human thirst for knowledge. According to this
representation, scientific knowledge consists of familiar things whereas the infinity is
inaccessible to direct experience. Often, the combination of many factors such as intuition,
chance and perseverance has been the turning point for going beyond scientific restrictions. In
the same way, famous discoveries in the field of metal carbonyl compounds were the results of
a fortunate combination between imagination and scientific ability, with the intuition suggesting
the right experiment at the right time.
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Historical Introduction

1.1 Ludwig Mond and the Serendipitous Discovery of Nickel Tetracarbonyl
Although platinum carbonyls of Schiitzenberger were the first metal carbonyls to be discovered,
for fifty years “potassium carbonyl” was confused with a true carbonyl species [1]. Actually, as
early as 1834, Justus von Liebig (1803-1873) carried out the reaction of molten potassium with
carbon monoxide obtaining a new compound, which could be represented by the empirical
formula KCO. Only later Nietski and Benckiser identified the product as the potassium salt of
hexahydroxybenzene [2].

In 1868 Paul Schitzenberger (1829-1897) reported the synthesis of a new compound by
passing a mixture of carbon monoxide and chlorine over platinum black at a temperature range
of 240-250°C [3]. The melting point of the product indicated that it was a mixture of species;
through the aid of fractional crystallization, he was able to separate two complexes with the
formulas Pt(CO)Cl. and Pt(CO).Cl [4]. Schitzenberger reported this brilliant observation as
follows [4]:

“They are readily convertible into each other, the former into the latter by saturating it

with carbonic oxide at 150°C, and the latter into the former by heating it to 250°C.”

Several years passed before confirming that the “monocarbonyl compound” was indeed a
chloro-bridged dimer with formula Pt2(CO)2Cl4 [5]. These are the first isolated approaches to the
chemistry of carbonyl compounds, which did not involve relevant scientific developments. It is
a paradox that the main compound for the beginning of a systematic study was due to an
accidental discovery.

In 1890, Ludwig Mond (1839-1909) with his collaborators Carl Langer and Friedrich
Quincke announced the discovery of nickel tetracarbonyl Ni(CO)4[6], whose fascinating stories
deserves a more detailed description. Mond wanted to produce chlorine directly from the
ammonium chloride obtained as waste from the Solvay process.!

The promising studies carried out in the laboratory immediately presented problems at
industrial scale. In particular, the plant required the use of valves for switching from ammonium
chloride vapors to hot air [7]:

“On the laboratory scale these nickel valves worked perfectly, but when I applied them on
a manufacturing scale | found them to be acted upon and very soon to become leaky. The

! The recovery consisted in vaporizing ammonium chloride into ammonia and hydrochloric acid. Ammonia was
reintegrated in the process while vapors of HCI were passed over metallic oxides, which was later submitted to the
reaction of air in order to generate chloride at suitable temperature.
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Chapter 1

faces became covered with a black crust, which, on examination, was found to contain

carbon.”

Initially the source of this carbon seemed mysterious; the only difference in the scale up

was the quality of the COg, that was used to eject the ammonia chloride vapors:

“...on a small scale we swept the ammonia out of the apparatus before admitting the hot
air by means of pure CO2, while on the large scale we used the gases from a lime kiln,

containing a few per cent. of CO.”

“DECOMPOSER"

Figure 1.1 Ludwig Mond and the representation of Langer’s equipment for the synthesis (volatilizer) and
the decomposition (decomposer) of the nickel tetracarbonyl [8].

The following studies pointed out the corrosive action of carbon monoxide when the valves
were made of nickel. It is clear that the solution of the problem was simply the use of valves
made of a different material. In an attempt to shed light on the nature of the corrosion of the
nickel valves, Mond continued his studies in collaboration with Langer, hoping for the possibility
to exploit it for the purification of hydrogen from CO.% The discovery of nickel tetracarbonyl
occurred in the course of these experiments. Mond and his collaborators treated finely divided
nickel with a static pressure of pure CO at variable temperatures. After the treatment, the
apparatus was cooled with a flow of CO and, on the basis of its toxicity, the escaping gas was

burned:

2 They noted with satisfaction that by passing gases containing hydrogen, CO and steam over finely-divided nickel
at a temperature of 400°C it was possible to obtain the complete conversion of CO into CO, with formation of an
equivalent amount of hydrogen. In view of the acid nature of COy, it can be readily separated from the gas mixture.



Historical Introduction

To our surprise we found that, while the apparatus was cooling down, the flame of the
escaping gas became luminous and increased in luminosity as the temperature got below
100°C. On a cold plate of porcelain put into this luminous flame, metallic spots were
deposited...and on heating the tube through which the gas was escaping we obtained a

metallic mirror, while the luminosity disappeared”.

In the attempt to isolate this “curious and interesting substance” Langer projected a new
apparatus where the nickel tetracarbonyl was synthesized in a volatizer at a range of temperature
of 50-100°C and finally it was decomposed to nickel [8]. With the thermal decomposition, Mond
deduced the empiric formula of the compound observing that one volume of Ni(CO)4 generated
four volumes of carbon monoxide.

It is interesting to observe that Langer’s apparatus is a simple small scale version of the
process for the industrial refining of nickel extracted from mines in the International Nickel
Company. The atypical high volatility of nickel tetracarbonyl with a boiling point of 43°C
led Lord Kelvin to the famous statement that Mond had "given wings to the metals”.

Stimulated by these amazing scientific results, several other laboratories focused their
attention on the synthesis of new metal carbonyls. In 1891, Mond and Berthelot disclosed their
independent discovery of iron pentacarbonyl obtained as the synthesis of Ni(CO)s, with direct
carbonylation of the metal, although more forced condition were required [9]. The reluctance of
the other metals to form carbonyl compounds led to a general disaffection of the chemical
community. After the death of Mond, the research on metal carbonyls suffered a sudden setback.
In 1927/1928 the lack of attention concerning the discovery of Cr(CO)s and W(CO)s attests a
widespread indifference [10]. It was necessary to overcome the fright of dealing with substances

that seemed so difficult to rationalize.

1.2 The Fundamental Contribution of Walter Hieber
Around the same time the experimental research of Walter Otto Hieber, the Father of Metal
Carbonyl Chemistry,® (1895-1976) was initiated. The impressive number of publications, some
of which are milestones in the academic research, documents his extraordinary contribution [11].
When Hieber carried out his first reaction on Fe(CO)s, the number of known carbonyl
compounds was very small, but enough to rationalize their chemistry.

Systematic studies on the reactivity of these compounds were not carried out before,

although they showed peculiar properties of scientific interest. In such atmosphere of doubt and

3 The famous phrase of Dahl at a symposium on metal carbonyls organized by the American Chemical Society in
1964.
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Chapter 1

uncertainty, it was necessary the genius of Hieber in order to obtain a radical change as it is
documented in his personal account [12]:

“... it was only in the autumn of 1927 at the Institute of Chemistry of the University of
Heidelberg that | took up research experiments with iron pentacarbonyl, which was
kindly provided by Dr. A. Mittasch of BASF ... On the basis of his own experience with
nickel carbonyl he warned me emphatically of the danger inherent in the use of these
highly toxic substance, coupling his warning with the comment that in this field one could

only expect a great deal of trouble and results of little scientific value!”

1868 Pt(CO),Cl, M.P. Schiitzenberger
1890 Ni(CO), L. Mond et al.
1891 Fe(CO)s L. Mond, F. Quinke, M. Berthelot
1905 Fey(CO)o J. Dewar, H.O. Jones
1907 [Fes(CO)p]*
1910 C0,(CO)s L. Mond et al.
Coy(CO)1
1910 Mo(CO)s
1927/28 Cr(CO)s A. Job etal.
W(CO)s

Figure 1.2 Hieber with his assistant during a lecture on the laboratory course at Technische Hochschule
Miinchen. In the right, the list of metal carbonyls discovered before the beginning of Hiber’s works.
* At that time the compound was formulated as [Fe(CO)4]. (n = 20).

After Hieber, the unusual composition and properties of metal carbonyls did not allow
them to be classified with other known compounds, and in the literature of that time, there are
strange formulations [13]. The resemblance to organic compounds as the manner in which they
react, led Mond to propose a chain structure. According to Reihlen, they were metal salts
neutralized by oxygen atoms of organic pseudo-acids, in contrast Hieber considered them as
organometallic complexes. In 1909, A. von Werner had just suggested the possibility that they
can be coordination compounds without any experimental evidence: it was more a fan’s
speculation than scientific supposition. Differently, the Hieber’s assumption was based on
systematic investigations obtained by experimental techniques, considered “sophisticated” at
those times, that have become standard today. He started to study the “Reaktionen und Derivate
des Eisencarbonyls” observing that carbon monoxide of Fe(CO)s was replaced by chelating
bases such as ethylenediamine leading to the production of deep-red solutions [14]. These
products were described as amine-substituted iron carbonyls in contrast to their real anionic
nature, some of those were low nuclearity “clusters” such as [Fez(CO)s]*, [Fes(CO)11]* and

[Fe4(CO)13)%. The anionic nature of these compounds were inferred by means of osmotic and

11
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molar conductivity measurements. 4 Although the formulations of these compounds were
incorrect at that time, the possibility that carbon monoxide could be displaced by other ligands
is an idea of great significance.

Although Hieber did not recognize their possible applications, in the second part of his
academic career, several physical-chemical characterization techniques such as magnetic and
dipole measurements and, since 1957, IR spectroscopy, became available.

a) D) &
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Figure 1.3 a) Cyclic structure proposed by Mond in 1892. b) Nickel tetracarbonyl representation as planar
coordination compound according to Werner-Hieber-Manchot theory. c) The real tetrahedral model.

It is amazing that Hieber predicted the correct structures of complicated compounds, many
of those had been later characterized by X-ray diffraction. In this regard, the characterizations of

iron and cobalt carbonyl hydrides represent the most relevant results [12]:

“I can still remember the day when | was able to freeze out a volatile water-clear liquid
from the decomposition of the ethylenediamine containing iron carbonyl, identifying it as
HaFe(CO)s”

On the basis of the similar properties of H2Fe(CO)s, HCo(CO)4 and Ni(CO)s, Hieber
postulated a direct hydrogen-metal bond considering the HaoFe and HCo units as pseudo-nickel
atoms in agreement with the effective atomic number rule. Owing to the impossibility to register
the NMR and IR spectra, the scientific community refused Hieber’s ideas. Indeed, it was a
widespread opinion that the more electropositive hydrogen atom must be linked to an
electronegative one such as the oxygen of the CO ligand. Although this general skepticism,

Hieber’s postulate was supported by Hein with this brilliant experimental consideration [15]:

“The hydrogen must be in some way directly involved in the coordination sphere of the

respective metal which, inter alia, would explain the low stability as well as the great

4 Just by way of explanation, it is important to point out that a general monomeric compound such as Niz(CO),L.
shows the same elemental analysis of the [NiLs]?>*[Ni2(CO)s]* salt, therefore it is necessary to measure their
conductibility in order to discriminate between them.
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tendency to give binary carbonyls such as [Co(CQO)s]> by elimination of elemental
hydrogen. ”

It took several years to confirm by X-Ray diffraction the structure proposed by Hieber.
The striking logic in order to understand the unusual structures of carbonyl compounds on the
basis of their reactivity, melting point, empiric formula and molecular weight is, without any
doubt, one of the most important triumph of human mind.

1.3 The Fundamental Contribution of Crystallography

Single crystal x-ray diffraction has been a fundamental tool for the correct characterization of
the first low nuclearity carbonyl clusters. After the crystallographic evidence, many scientists
represented these compounds as polynuclear complexes whose architecture was supported by
bridging M-(CO)-M carbonyl ligands [13]. The properties of these complexes were attributed to
the metal-ligand interactions, whereas the metal-metal bonds were not considered.

Study Shows New Type of Metal Carbonyl

Molecular structure of Rhe(CO)is shown by x-ray
analysis; compound is first known example
of a hexanuclear metal carbonyl

Figure 1.4 L.F. Dahl (left) and E.R. Corey examine a molecular model of the first known hexanuclear
metal carbonyl cluster. The x-ray study had shown that the compound previously reported as Rh4(CO)11,
on the basis of elemental analysis, had instead the molecular formula Rhe(CO)ss.

The first evidence of a short distance (ca. 2.5 A) between two metals in a polynuclear
carbonyl compound was observed by a structural determination of Fe2(CO)g in 1939 [16]. In the
literature of that time, the presence of M-M bond was recognized despite the concomitant
connection of the two metals with bridging carbonyl ligands [17]. Maybe, the structural
characterization of Mn2(CO)10 in 1957, in the absence of bridging carbonyls, represents the first
undisputed evidence of a M-M bond [18]. Moreover, the comparative study of M-C and C-O

13
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distances in the carbonyl ligands lead to conclude the presence of a o/n synergic effect on the
metal-carbonyl bonds.

Sometimes, the structural x-ray determinations of some clusters® were possible thanks to
the countless tries and attempts. The problems could be due to many reasons as the crystal size

or the instability of carbonyl compounds during x-ray data collection.

Figure 1.5 a) “Star of David” arrangement due to the overlap of two Fe3(CO)1, units related by an
inversion center: the two orientations are indicated with different blue colors. b-c) Crystallographic
structures of Fe3(CO)12 and [HFe3(CO)11]-.

Generally, the change of the cations is a useful way to overcome the symmetry problems
in crystallographic characterizations. Unfortunately, when the target is a neutral compound, this
friendly trick loses its power. In this regard, one of the most fascinating examples of frustrating
x-ray characterization is triiron docecarbonyl cluster of L.F. Dahl. Indeed, the crystal disorder
gave arise to a “Star of David” arrangement with six half iron atoms [19]. On the base on
Maossbauer and solid-state IR data, in 1965 Dahl proposed the structural analogy between the
Fe3(CO)12 and the previous characterized [HFe(CO)11] anionic cluster by the formal substitution
of the bridging hydride with a bridging carbonyl [20]. The scientific community did not accept
his correct postulate because too speculative. The “definitive” structural resolution had happen

in 1974 by Cotton by means of a modern computational simulation [21].

1.4 Metal Carbonyl Cluster: the Milano’s school

In the last three decades of the twentieth century, following Walter Hieber’s retirement, the metal
carbonyl history recorded the chemical contribution of many research groups, some of these
were meteors. On the contrary, systematic studies were started by the research group of B. F. G.
Johnson and J. Lewis in Cambridge and Paolo Chini (1928-1980) in Milano. The synthetic

strategies and the nature of metals used by the two groups were different and so there were not

5 In the field of metal carbonyl compounds, the term cluster defines any compounds containing a finite group of
metal atoms, which are mainly held together by direct metal-metal bonds. Sometimes, in the literature there is an
incorrect use of the term cluster when it is related to polynuclear complex where there are not M-M bonds.
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conflicts in their research topics. Indeed, the Milan’s group synthesized nickel, platinum, cobalt
and rhodium anionic clusters while at Cambridge osmium and ruthenium were the main core
elements of neutral carbonyl clusters.

Despite his premature death, Chini played a key role in the development of high nuclearity
metal carbonyl clusters. The scientific community will always remember Paolo Chini as a man
of singular intelligence; his personality is fully represented by the biographical memory of
Calderazzo [22]:

“he was a straightforward and frank person. It was easy to see what he thought and
meant, both in science and in his relationship with other people; ... he regarded personal
ambition as beneficial as long as it did not become predominant and therefore detrimental

to the progress of science. ”

Figure 1.6 Left: Chini’s research group. From the left: Alessandro Ceriotti, Alessandro Fumagalli,
Secondo Martinengo, Giuliano Longoni and Paolo Chini. Right: Lord Jack Lewis.

Chini recognized the possibility to modulate the clusters’ nuclearity through the change of
their redox state. He used the term redox condensation® concerning the reactions where the
cluster is formed by the comproportion of two reagents at different redox potentials [24]. He was
interested in the development and improvement of methods for the synthesis of large carbonyl
clusters, such as thermal degradation. He observed that the reaction selectivity increases with the
charge of the precursor. Today these methods are still the main approaches to the synthesis of
high nuclearity heterometallic clusters [25]. His first studies started in 1958, in the attempt to

repeat a patent that claimed an improved selectivity in hydroformylation.

® The first example of redox condensation was reported by Hieber and Schubert in 1965 for the synthesis of
[Fea(CO)13]* [23:
[Fes(CO)u]* + Fe(CO)s — [Fea(CO)ss]* + 3CO

15
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ey
Ni(CO), Ees(Clns e Oml® [NigzPt:(CO)se]*
1890 1907 1968 2004

L. Mond J. Dewar P. Chini G. Longoni

Figure 1.7 The discovery of some key compounds related to technological scientific progress. =

Measure of surface tension for the estimation of the parachor, molecular refraction, temperature, pressure

and volume. = IR, Raman and NMR spectroscopy, conductivity and osmometric measurements, =

Single crystal x-ray diffraction. — Use of CCD (charge-coupled-device) detector for x-ray diffractometer.
New type of analytical instruments or techniques.

From a mixture of iron and cobalt carbonyls the first bimetallic metal carbonyl
HFeCo3(CO)12 was obtained [26]. Similar to this case, most syntheses of clusters set out with a
product in mind, but in many cases the reaction takes a very different course (see box 1.1). A
few months later, in an analogous way, on the attempt to synthesize a bimetallic Co-Cr cluster,
he carried out a reaction with a mixture of Co2(CO)s and Cr(CO)e that produced the new
[Cos(CO)15]* cluster with an octahedral metal cage’ [27]. This frustrating condition had
contributed to a negative affection to the cluster’s chemistry, as it was underlined by F. A. Cotton
[28]:

“There does not yet appear to be any instance in which a synthetic reaction (or series of
reactions) was deliberately designed to produce a particular cluster compound from
molecular starting material. On the contrary, all known clusters were discovered by
chance or prepared unwittingly. Thus the student of cluster chemistry is in somewhat the

position of the collector of lepidoptera or meteorites, skipping observantly over the

" From a historical-semantic perspective, the term cage is often used incorrectly. The clusters are generally packed
so closely that they cannot be described as cages; moreover, the term is inappropriate for ternuclear clusters. On the
base of this consideration it is more reasonable to use the term skeleton.

16
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countryside and exclaiming with delight when fortunate enough to encounter a new

specimen.”

Box 1.1 Syntheses of clusters: only serendipitous reactions?

Generally, the different course of a cluster’s synthesis is due to the unpredictable existence of
the targets. In the literature, several examples of serendipitous syntheses that have been replaced
by other ones with higher yields are reported. On the basis of this important progress, Cotton’s

statement can be considered as outdated.

[Ir(CO)4] [Re(CO)s(solvent)]*

[IrsRe(CO)16] IrRe(CO)q

A representative example is the serendipitous isolation of [IrsRe(CO)16]” whose synthesis
was subsequently rationalized on the basis of isolobal analogy. The original reaction was carried
out with a mixture 1:1 of [Ir(CO)4]" and [Re(CO)s]" in order to obtain the unknown Ir(CO)s-

Re(CO)s. From the initial failure, it was possible to rationalize a new improved reaction:

[Ir4(CO)11Br] + Re(CO)s” — [IrsRe(CO)16] + Br

In the literature, the publications of crystallographic structures of clusters without other
chemical information such as reactivity or physical properties aggravated the cluster’s popularity.
As the years passed, the characterization of many clusters contributed to create a clear view about
their chemistry. This important result was achieved without being noticed and the due
recognition. In particular, during the nineties the new interest in cluster science was due to the

technological enhancement of the diffractometer: the CCD detector allowed the reduction of
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harvest time. Recently, high nuclearity metal clusters play a fundamental role in both
nanosciences and nanotechnology [29].

The fascinating development of the metal carbonyl chemistry provides an indelible
example of the fact that the progress in science often results from discoveries that, at first sight,
are difficult or even impossible to understand. The famous discoveries in the field of metal
carbonyl compounds were the results of a combination between imagination and scientific ability
supported by the technological advance. In the future, “new instruments and techniques are
critical to the discovery process by which progress is measured.” [19].

The development of metal carbonyls has played a key in the field of catalytic and
industrial processes, in the development of bonding and the electronic counting theories, it has
presented new questions and so new answers. Moreover, it proves the fundamental role that the
academic research plays on the field of pioneering studies, always an adventure in the scientific

unknown.
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CHAPTER 2

Metal Carbonyl Nanoclusters

This chapter gives a brief account of high nuclearity metal carbonyl clusters (MCCs) that can be
viewed as ultrasmall perfectly monodisperse ligand-stabilized metal nanoparticles. The
structures, syntheses and physical properties such as multivalence and magnetism will be
described. Finally, the role that bimetallic clusters play in catalysis as precursors of nanoparticles

with controlled composition will be outlined.
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Metal Carbonyl Nanoclusters

2.1 Introduction
The word cluster means different things to different people. For instance in astronomy is referred
to an aggregation of stars or galaxies moving together through space [31]. In chemistry the word
cluster was introduced by F.A. Cotton in 1966 to refer to a class of compounds “containing a
finite group of metal atoms which are held together entirely, mainly, or at least to a significant
extent, by bonds directly between the metal atoms even though some non-metal atoms may be
associated intimately with the cluster” [28].

Nowadays, several types of metal clusters are known, which may be classified on the
basis of the metal present, their oxidation state and/or the ligands employed to stabilize them.

Herein, we will focus on a particular class of metal clusters, i.e., metal carbonyl clusters (MCCs).

A

Tetrahedron

Triangle

Octahedron
Raft
Square % Bowtie
pyramid Butterfly

Figure 2.1 Comparison between fragments of a bulk metal and the metal frameworks of carbonyl
clusters.

These are low valent clusters based on late transition metals and stabilized by carbon

monoxide. Developments in cluster synthesis and structural determination by X-ray
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crystallography over the past decades have produced a wide number of high nuclearity® clusters
with metal cores resembling chunks of crystal lattices (figure 2.1).

Other MCCs have little or no structural features in common with that of the bulky
material. This is due to the fact that, in a cluster, the structural and/or electronic constraints
imposed by the bulk phase are partially or completely absent. It is noteworthy that this
comparison between clusters and bulky materials is only structural and other speculative
analogies need to be carefully considered.

The interest in clusters is due to the intermediated dimensions between organometallic
compounds and colloids exhibiting different chemical and physical properties [29]. The
possibility of tuning these properties by varying some parameters such as the size and metal
composition makes these compounds very attractive. On the basis of these peculiar properties,
with well-defined atomic-like orbitals, cluster can be considered as “superatoms” [32]. The
largest species studied to date already have nanometric dimensions, similar to those of ultrasmall
nanoparticles. Thus, by increasing the nuclearity of molecular clusters and reducing the

dimensions of metal nanoparticles, now these two words start to overlap.

2.2 Nanocapacitor behavior of metal carbonyl clusters

A molecular cluster is defined as multivalent if it can undergo several reversible redox processes
without any major structural rearrangement. It has been shown that redox properties of MCCs
can be due either to ad hoc conditions or incipient metallization of their metal core [30].

In some low nuclearity MCCs, ad hoc conditions arise from the presence of a nonbonding
or weakly antibonding molecular orbital within an otherwise large HOMO-LUMO gap. However,
as the nuclearity increases, multivalence becomes very common. This is confirmed by EHMO
calculations, which indicate a progressive reduction of the HOMO-LUMO gap with the increase
of the nuclearity. The incipient metallization of these high nuclearity MCCs is further
corroborated by the fact that the voltammetric profiles of the largest species display almost
equally spaced redox waves, as in the case of [Nis2Cs(CO)s6]® reported in figure 2.3 [33]. This

8 How much is high nuclearity? There is not an unambiguous answer to this semantic question. From a historical
perspective, clusters with 5 or more metal atoms are often considered as high nuclearity compounds since it is from
this point that the metal-metal bonds often deviate from two centre/two electron bonds and the 18-electron or
effective atomic number rules break down. Over the years, this value was progressively raised passing through 13,
the lowest nuclearity necessary to obtain one fully interstitial metal atom at last. However, today there are so many
much larger clusters and the term is more commonly used to describe clusters with 20 or more metal atoms.
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means that the pairing energy within a single molecular orbital is very similar to the energy gap
between a pair of them.

The gap between the pairs of redox waves decreases as the MMC nuclearity increases
and, by extrapolation, it should be almost in the order of thermal energy at a nuclearity of
approximately 60-70, indicating that complete metallization should occur at this nuclearity [30].
In these conditions, such MMCs should undergo spontaneous auto-disproportionation equilibria
in solution. Above this limit, even a single atomically monodisperse molecular MCC would be
“ionically” polydisperse hampering the isolation of single crystals suitable for X-ray

crystallography.

1]

| HH]

E [VOLT]

Figure 2.3 Molecular structure, EHMO frontier region and voltammetric profile of
[Nis2Cs(CO)36]%. The molecule may be viewed as a spherical nano-capacitor.

This results in a limited number of large MCCs completely characterized. Indeed, as
demonstrated by a search on the Cambridge Structural Database, the entries of the MCCs
exponentially decrease as function of their nuclearity (figure 2.4).

So far, the largest homoleptic MCC characterized is the bimetallic Ni-Pt
[Niz2Pt24(CO)s6]® [25]. The problems in characterising larger MCCs are paralleled by analogous

problems in the total structural determination of ultra-small metal nanoparticles and, in particular
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Au-thiolate nanoclusters. Thus, despite major efforts in the scientific community, only five Au-
thiolate nanoclusters have been crystallographically characterised and they display nuclearities
in the range 24-102 [34-36].
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Figure 2.4 Number of structurally characterized MCCs as a function of their nuclearity.

2.3 Magnetic properties of metal carbonyl clusters

As for electrochemical properties, the magnetic behavior of even-electron MCCs may arise either
from had hoc conditions, stabilizing two or more almost degenerate molecular orbitals, or from
incipient metallization of the metal core, reducing the energy gap of molecular orbitals to kT
[29].

Odd-electron MCCs displaying one unpaired electron are paramagnetic species, as
confirmed experimentally in several cases. Conversely, the magnetic behavior of even-electron
MCCs is rather controversial. For instance, the paramagnetism of the odd-electron
[CosPt4C2(CO)24] monoanion is due to the presence of one unpaired electron in the SOMO,
resulting in a doublet state (S = 1/2). Conversely, the paramagnetic behavior displayed by the
even-electron species [CosPtsC2(CO)24]* dianion arises from triplet state (S = 1), as indisputably

pointed out by its EPR spectrum [37].

2.4 The problems of detecting hydrides in high nuclearity MCCs via 'H NMR
The *H NMR spectra of low-nuclearity clusters species are diagnostic for the presence of hydride

ligands and support the IR evidences in demonstrating the occurrence in solution of protonation-
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deprotonation equilibria. Unfortunately, beyond a nuclearity of ca. 20, several spin-active nuclei
such as *H in MCCs become partially or completely silent in NMR experiments and it is rather
difficult to decide whether the different changes observed in the IR spectrum are due to redox or
acid-base reactions.® The complete absence of any proton resonance in the hydride region is
likely to be due to the fact that their resonance become so broad to be lost in the baseline of the
spectrum, even if at the moment, there is not a satisfactory physical explanation for this
phenomenon. Although the hydride nature of a large cluster can be indirectly inferred from
joined chemical and electrochemical experiments, without NMR evidence the absolute number
of hydride ligands is not known for sure. In general, when the NMR experiment is silent, we
consider the species with the highest negative charge as hydride free.

The most remarkable exception to the above trend is represented by the neutral
H12Pd2sPt13(PPhs)12(PMes)(CO)27 that displays a non-binomial triplet for the hydrides due to
their coupling with %Pt suggesting their localization inside the PtPds octahedral moieties of the
cluster [38]. The high number of equivalent hydride atoms is a non-satisfactory explanation: the
greater abundance of hydride atoms is probably compensated by the higher solubility of several
anionic clusters where there is not NMR signal evidence.

The case study of [Ha-nNi22(C2)a(CO)28(CdBr)2]™ (n = 2-4) is very interesting, since the
proton resonance of the di- and tri-anions could be observed by using a long collection time [39].
The resonances are broad and temperature-dependent with a drift of ca. 0.23 ppm/K, which is
comparable to that of proteins which aggregate in solution via hydrogen bonds. Dynamic site-
exchange processes alone seem inadequate to justify both the great broadness of all peaks as well
as their unprecedented drift in chemical shift with change in solvent and temperature and the
completely disappearance of all NMR resonances in larger compounds.

On the basis of these experimental evidences, G. Longoni speculates that in the case of
anionic clusters, in solution there is self-aggregation of chunks of ionic lattice owing the
electrostatic interaction among the clusters and the cations. As a result, their solutions are
intrinsically anisotropic and this may lead to extreme broadening of all NMR resonances, up to
their disappearance in the baseline [40].

However, similar behaviors are also documented for nanoparticles stabilized in a ligand

shell. The debated question whether thiols or thiolates constitute the ligand shell of colloidal

® Many clusters contain hydrogen atoms attached directly to one or more metal centers. The hydrogen atom is more
electronegative than the metal implying a & charge on the hydride. However, in many systems, the electron
withdrawing properties of the other ligands in the molecule mean that the metal-bound hydrogen atom can be
removed by treatment with bases, or introduced by reaction of cluster with acids.
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particles is a typical example. It may seem that, the absence of NMR signals is due to the presence
of a paramagnetic species due to the incipient metallization of the cluster. Indeed, with the formal
grow of the particles, the energy of HOMO-LUMO gap decreases approaching to the KT value
[29].

2.5 Heterometallic carbonyl clusters

Since ancient times, the desire to fabricate materials with well-defined properties has led to the
obtainment of new materials by taking mixtures of elements to generate intermetallic compounds
and alloys. In many cases, there is an enhancement in specific properties upon alloying due to
synergic effects that have led to widespread applications in electronics, engineering and catalysis.
The flexibility afforded by intermetallic materials coupled to the nanometer scale has generated
interest in heterometallic nanoclusters. One of the major reasons of interest for heterometallic
compounds is the fact that their chemical and physical properties may be tuned not only by
varying the size of the clusters as we have discussed for homometallic species, but also with
changing their composition and the atomic ordering. Indeed, heterometallic nanoclusters display
different properties from the corresponding bulk alloys due to finite size effects and the
stabilizing role of the carbonyl ligands, e.g., iron and silver are immiscible in the bulk but they
may be mixed in a cluster. In addition, heterometallic clusters often display different properties

than homometallic species and can more easily reach higher nuclearities.

Thermal
decomposition

~
”~

Figure 2.5 Synthesis of bimetallic nanoparticles with controlled composition from metal
carbonyl clusters.

On the basis of the intimately associated combinations of the metal components,
bimetallic carbonyl clusters can be valuable precursors for the preparation of metal nanoparticles
with controlled composition [29]. Nonetheless, other applications in nanosciences are scarcely

described in the literature, apart from their application as precursors for the preparation of
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supported metal nanoparticles to be used in catalysis (figure 2.5). These new catalysts represent
one of the most interesting frontiers for heterogeneous catalysis research today [41].

2.6 Structures of bimetallic clusters

The phase diagrams of bulk alloys do not give reliable predictions about possible mixing in
bimetallic clusters. Many simple questions about bimetallic AmBn clusters are still open. One
would like to know if A and B segregate or if they mix to form a nanoalloy. Although several
guidelines are known, it is not always possible to predict the final structure of the products except
in the case of simple reactions such as fragment condensations that are based on the isolobal
analogy. Indeed, in the case of redox condensation (see chapter 2.7), the comparison of the A-A,
A-B and B-B bond energies and the individual affinity with carbonyl ligands provide only a
rough idea of the resulting structures. However, the structures of bimetallic AmBn clusters, in
general, belong to one of these two macro-categories: segregated and mixed structures (figure
2.6).

(b)

(d)

(2 (h)

Figure 2.6 Schematic representation of the possible structures of bimetallic carbonyl clusters:
(a) core-shell, (b) multi-shell (three), (c) segregated right-left, (d) segregated sandwich, (e)
cluster-in-cluster, (f) segregated layer, (g) random alloy and (h) surface decorated. The pictures
show cross sections of the clusters.
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The former structure can be further divided into core-shell, cluster-in-cluster or sub-
cluster segregated, left-right segregated, layer segregated and sandwich type. In the core-shell
architecture one metal is in the core and the other forms a shell around the first. Multi-shell
clusters with onion-like alternating -A-B-A- shells, such as [Sn@Cu12@Snzo]**, are rare and
examples of MCCs are not known. In the other cases of bimetallic segregated architectures the
less restrictive definitions lead to different ways to describe the same structure. For instance left-
right segregated and sandwich type are a particular case of cluster-in-cluster architecture which
consist of A and B subclusters shared in one and two mixed interface respectively. Layer-
segregated carbonyl clusters are well documented in the literature and multi-shell architecture
may be viewed as its related 3D extension.

Mixed A-B alloy is often used in the field of nanoparticles and it may be ordered or
random. It is noteworthy that synthesis and structural characterization of large clusters is required
in order to observe the difference between ordered and random systems. However, the molecular
or quasi-molecular feature of MCCs leads to the intermediate case of quasi-random alloys. In
these systems only a limited number of composomers'® are possible and a judicious change of
the experimental conditions can lead to their different distribution (more common) or a selective
synthesis of one (less common).

Surface decorated carbonyl cluster is a very interesting class of bimetallic clusters where
the first metal A decorates the surface of the other metal B. Point staple motifs are present without
any metal A-A bonds. However metal A-A bonds may be present as preformed staple motifs or
induced by ad hoc conditions of the molecule and or crystalline packing. Generally the two
metals A and B are bonded to different ligands resulting in heteroleptic clusters.

2.7 Synthesis of high nuclearity MCCs

Several routes for the synthesis of high nuclearity heterometallic MCCs are known. Generally,
in order to obtain new high nuclearity MCCs, preformed clusters that may be obtained in large-
scale and high yields, e.g., [Nis(CO)12]*, [C0sC(CO)15]%, [Ptan(CO)en]* (n = 2-6) and Rh4(CO)12
are used as starting materials. The types of reactions may be classified on the basis of the nature

(homo- or heterometallic) of the starting materials (scheme 2.1).

10 The term composomer has been introduced by Johnston and Belchior to refer to clusters with the same number of
atoms (N = Na + Ng) and metal framework but different composition (Na/Ng). From a theoretical point of view, the
number of composomers can be calculated whit the following equation:
N!
Pas = NN
A 1VYB*

where N is the total number of atoms, Na and Ng are the number of atoms of type A and B respectively. It is
noteworthy that the point group symmetry of the molecule reduces the number of composomers.
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The reactions starting from preformed heterometallic clusters are usually thermal
degradations®! and oxidations. In the thermal degradation, both the solvent and the choice of the
counter-cation may have a significant influence on the products obtained. In general, the
selectivity of the reaction increases by using a more reduced (anionic) starting material. Indeed,
as demonstrated by Chini and Martinengo [42], in the case of neutral clusters, the selectivity of
the reaction may be enhanced by introducing a reducing agent, e.g., sodium hydroxide. Generally,
the oxidation of heterometallic clusters consists in another alternative approach in order to
increase the nuclearity. The formation of new M-M bonds with or without CO loss, may be
carried out with innocent regents, e.g., ferricinium ions or using coordinating oxidants, e.g., H".

In the last case, the coordinative properties of the oxidant may lead to acid-base adducts.

Strategy of synthesis: Starting materials:

*  Redox condensation *  Homometallic cluster
* Fragment condensation

s Thermal degradation

*  Oxidation — «  Heteromerallic cluster
*  Reduction

Scheme 2.1 Main types of reactions routinely used in order to prepare bimetallic carbonyl

clusters.

The latter process has been used to obtain surface decorated carbonyl clusters starting
from homometallic species (Lewis base) with the addition a small number of [MxLy]™ fragments
(Lewis acid). The reactivity of the starting clusters decreases with the increase of its nuclearity
or increase of charge density. On the basis of these considerations, although fragment
condensation is widely used, high nuclearity products are rarely obtained.

Generally, redox condensation is the most useful procedure for approaching the nanosize
regime. For heterometallic clusters, it consists in the reactions of a reduced metal carbonyl anion
with a more oxidized species, i.e., another carbonyl cluster or a metal salt. The driving force of

these reactions is the different redox potentials of the two starting materials.

1 The thermal degradation may be carried out heating in solid state (pyrolysis) or solvent media (thermolysis). In
this thesis the thermal degradation denotes thermolysis reactions.
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CHAPTER THREE

New Platinum Carbonyl Clusters

In this chapter, the synthesis of new homometallic platinum carbonyl clusters is presented. First,

the reactions of Chini’s clusters with monodentate (section 3.1) and bidentate (section 3.2)

phosphine ligands will be described. Finally, the synthesis of new bimetallic Pt-Cd carbonyl

clusters is reported outlining their relationship with other surface decorated and nanometallic

MCCs (section 3.3).
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Left: sketch of the columnar structure proposed by P. Chini for [Pti5(CO)s0]* (from G. Longoni thesis,

1967). Right: molecular structure of [Ptis(CO)s0]? inferred from x-ray crystallography studies (1974).
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New Platinum Heteroleptic Carbonyl Clusters

Stabilized by Phosphine Ligands

3.1.1 The [Pt3n(CO)6n]?> (n = 1-10) Chini’s Clusters
Platinum carbonyls with formula Pt(CO)CI. and Pt(CO).Cl. reported by Schiitzenberger have
been the first metal carbonyls which have been discovered (see chapter 1). Nonetheless, only a
small number of platinum carbonyl clusters have been fully characterized despite the huge efforts
of several chemists such as P. Chini, G. Longoni and A. Ceriotti [40].

The synthesis and characterization of the platinum carbonyl dianions [Ptsn(CO)en]* (n =
1-10) is recognized by the scientific community as the most spectacular result of Chini’s work
(figure 3.1.1). This series of inorganic oligomers was prepared either by reduction of Pt(CO)Cl;
with alkali metals in the presence of CO or, more conveniently, by reduction of [PtCle]? with

carbon monoxide and NaOH in methanol at atmospheric pressure and room temperature.

\ Z//T : s &
m= [Pt;3(CO)l* &l;;d = [Pt,(CO)l™ T\ ) m= [P(CO) I

Red

Figure 3.1.1 Molecular structures and stepwise oxidation of [Pts,(CO)en]* (n = 2-4) clusters (Pt, green;
C, grey; O, red).

The first crystallographic studies revealed that the structures of the [Pts(CO)12],
[Pts(CO)18]%, [Pt1s(CO)30]* and [Pt1g(CO)ss]* clusters result from the stacking of Pt3(CO)s(p2-

CO)s triangular units along the pseudo-threefold axis [43]. The compromise between electronic
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and steric (due to repulsions between the carbonyl ligands) effects appears to favor a regular
trigonal-eclipsed metal geometry. Despite the efforts and the extensive attempts with
miscellaneous tetra-substituted ammonium, phosphonium and arsonium cations, for a long time
these four clusters were the only oligomers characterized. Recently, several other oligomers have
been fully characterized, i.e., [Pti2(CO)24]* [44], [Pt21(CO)42]* and [Pt24(CO)ag]*.

Concerning the reactions with phosphines, it has been previously reported that the
addition of PPhs to [Ptsn(CO)en]*>" (n = 2-6) results in the elimination of Pt(PPhs)2(CO). and

formation of lower nuclearity [Ptsn-1)(CO)sm-1)]*~ species [43]:

“With triphenylphosphine the disproportion occurs with formation of Pt(0) species
accordingtoeq 7:

[Pt3(CO)s]s* + 6PPhs — [Pt3(CO)e]s> + 3Pt(PPhs)2(CO).  (7)
However, the stoichiometry of this reaction is further complicates by the equilibrium
between Pt(PPhz)2(CO). and Pt(PPhz)3(CO).”

Supposing that these reactions might proceed initially via gradual substitution of up to
three CO ligands with PPhs followed by inter-triangular Pt-Pt bond cleavage and elimination of
Pt(PPh3)2(CO)2, we decided to re-investigate the above reaction by stepwise addition of PPh3 to
[Ptsn(CO)en]*™ (n = 2-6).

3.1.2 Reactions of metal carbonyl clusters with phosphines
Phosphine ligands are good o-donors and poor m-acceptors and are found only in terminal
coordination sites. Their ability to back-donate to the metal can be increased by using more
electronegative substituents, e.g., P(OR)s or PFs. In general, the addition of phosphines to metal
carbonyl clusters may follow three common reaction pathways:

. simple addition;

« substitution of one or more carbonyl ligands;

« degradation to lower nuclearity species or mononuclear compounds.

Unsaturated clusters may add ligands without any major structural rearrangement. There
are several examples of reactions where the carbonyls are replaced by phosphine ligands. It must
be remarked that these studies have been mainly carried out on neutral clusters. Conversely, the
replacement of CO with PR3z in anionic carbonyl clusters is not an obvious reaction, since the
anionic charge should favor the presence of the more acidic CO compared to stronger c-donors
such as phosphines. At the moment, there is not in the literature any systematic study on the
reactivity of high nuclearity anionic carbonyl clusters with phosphines and also the examples

reported are scarce, compared to neutral clusters.
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Large anionic carbonyl clusters do not react with phosphines or the reaction results in
degradation to lower nuclearity species. In some cases, this process has been used for the
selective synthesis of homoleptic carbonyl clusters, such as the conversion of [Ni13Shz2(C0O)24]*
into [Ni11Sb2(CO)1s]* by addition of PPhs and elimination of Ni(CO)s(PPhs). In very few cases,

an opposite process has been observed, i.e., cluster condensation to higher nuclearity species

upon treatment with PPhs, such for instance the formation of [Ni1s(C2)2(CO)23]* [45] by reacting
[Nilo(Cz)(CO)ls]Zf with PPhs (figure 3.1.2).

Ni, G, Ni,C, Ni,C, Ni,(C,

Figure 3.1.2 The NisCs framework of [Ni1s(C2)2(CO)23]* may be viewed as the formal condensation of
two unsaturated NigC, fragments obtained by the elimination of Ni atoms as Ni(CO)s(PPhs) from
[Ni1o(C2)(CO)16]% (Ni, green; C, grey) [45].

3.1.3 Phosphine-substituted Pt carbonyl clusters
Several examples of homoleptic and heteroleptic metal clusters stabilized by phosphine ligands
are known, in which the metal displays an oxidation state close to zero. Focusing our attention
on heteroleptic PR3/CO clusters of Group 10 metals, the most notable examples are the
Pd/CO/PRs clusters, which include several species with nuclearities ranging from 10 to 165 [46].
It is noticeable that these heteroleptic Pd clusters may reach very high nuclearities, even if no
homoleptic Pd/CO cluster is known. In addition, it must be remarked that most of the species
reported to date are neutral and only six examples of anionic Pd/CO/PR3 clusters are known.
On the contrary, the chemistry of Pt/CO/PR3 clusters is not so developed as for the
fascinating Pd-analogues, even if richer than Ni. It mostly includes low nuclearity species such
as Pt3(CO)3(PR3)3, Pt3(CO)3(PR3)s, Pts(CO)s(PR3)s, Pts(CO)s(PR3)s (figure 3.1.3 a) and
Pts(CO)s(dppm)s, as well as a few larger neutral clusters [40]. The neutral Ptis(CO)s(‘BusP)s
(figure 3.1.3 b) and Pt17(CO)12(PEts)s are particularly worth of mention. They may be also
envisioned as surface-decorated clusters. Indeed the structures of Pt17(CO)12(PEts)s consists of a
Pt-centered Pti» icosahedron decorated by two Pt2(PEts)2(CO) units whereas the structure of
Pt15(CO)s('BusP)s may be viewed as Pt-centered Pti2 anticuboctahedron decorated by two
Pt(‘BusP) wings [40].
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(@) (b)
Figure 3.1.3 Molecular structure of (a) Pts(CO)s(PR3)s and (b) Ptis(CO)s(‘BusP)s neutral clusters. It
should be noted the presence in both cases of the same staple motif Pt(PR3) that decorates the tetrahedral
(a) and the Pt-centered Pti, icosahedron (b) metal cores, respectively. H atoms have been omitted for
clarity (Pt, green; P, orange; C, grey; O, red).

3.1.4 General results

The addition of small amounts of PPh3 to an acetone solution of [Pti2(CO)24]* results in the
gradual and continuous lowering of both terminal and bridging v(CO) stretchings, as depicted in
figure 3.1.4 [47]. The general outcome of the reaction is summarized in figure 3.1.5.

After the addition of one equivalent of PPhs to [Pt12(CO)24]*, the v(CO) bands are
lowered to 2042(s) and 1854(m) cm™, which is perfectly in the middle between the v(CO)
stretchings displayed by [Pt12(CO)24]> and the structurally characterized [Pti2(CO)22(PPhs)2]*.
This suggests the formation of the mono-substituted anion [Pt12(CO)23(PPhs)]? (see below). The

probable associative mechanism of the reaction is speculated in box 1.1. In order to substantiate
this conclusion, the same solution has been analyzed via 3P{*H} NMR spectroscopy (table 3.1.1
and 3.1.2). The 3P{*H} NMR spectrum shows the presence of two main species in a 3 : 1 ratio.
The minor product, which shows a multiplet centered at 5p 50.6 ppm, is [Pt12(CO)22(PPhs)2]* as
indicated by comparison to the spectrum of the pure species (see section 3.1.6). The major
species displays a similar pattern at 8p 49.4 ppm with YJp.p = 5081 Hz (to one Pt) and 2Jpt.p = 551
Hz (to two equivalent Pt-atoms), in agreement with the formation of [Pti2(CO)23(PPhs)]?, in
which the PPhgz ligand is terminally bonded to a Pts triangle. The ESI-MS spectrum of a CH3CN
solution containing [Pt12(CO)24]> and one equivalent of PPhs displays peaks at m/z (relative
intensity in parentheses) 1506(100), 1130(10), 1625(5) and 1883(5) attributable to [Pti2(CO)24]*,
[Pto(CO)18]%, [Pt12(CO)23(PPhs)]*, [Pt15(CO)s0]%.
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Figure 3.1.4 IR spectra in the o(CO) region obtained by the stepwise addition of PPhs to an acetone
solution of [Pt12(CO)24)?: 1) starting material; 2) +0.5 equiv.; 3) +1.0 equiv.; 4) +1.5 equiv.; 5) + 2.0
equiv.; 6) +3.0 equiv.; 7) +3.5 equiv.; 8) +4.5 equiv.; 9) +5.0 equiv.; 10) +6.5 equiv.; 11) +7.5 equiv.

The compositions of the solution determined by *!P{*H} NMR spectroscopy and ESI-
MS are very different, and this is probably due to the different sensitivity of these techniques and
to the fact that some reactions may occur during ionization. Therefore, the 3P{*H} NMR data
are more reliable in order to determine the species present in solution, being this technique less
invasive. Nonetheless, ESI-MS data confirm the formation of a mono-substituted
[Pt12(CO)23(PPh3)]% species. In addition, the spectroscopic data indicate that after the addition
of one equivalent of PPh; to [Pt12(CO)24]* a mixture of products is present. Therefore, the first
and second CO substitutions occur partially in parallel and not perfectly in sequence.

Similarly, the 3'P{*H} NMR spectrum recorded after the addition of two equivalents of

PPhs to an acetone solution of [Pt12(CO)24]*" shows the presence of a mixture where the PPhs-
derivatives are mainly [Pt12(CO)22(PPhs)2]%", [Pts(CO)1s(PPhs)2]> and [Pte(CO)17(PPhs)]*.
Simulations have been used in order to confirm the assignments, since the spectra are
complicated because of the different isotopes of platinum. The solutions containing
[Pt12(CO)24]%, [Pt12(CO)23(PPh3)]* and [Pt12(CO)22(PPhs)2]*~ as the major species display a
typical green color.

After the addition of 3 equivalents of PPhs to [Pt12(CO)24]> the solution turns from green
to red and the v(CO) bands are shifted to 2024(s) and 1830(m) cm! significantly below the
values reported for the red [Pto(CO)1g]> anion [v(CO) 2029(s), 1839(m) cm™]. 3P{*H} NMR
spectroscopy shows the presence of a major species at 8p 53.7 ppm with YJpep = 5022 Hz (to one
Pt) and 2Jp.p = 556 Hz (to two equivalent Pt-atoms), attributable to [Pto(CO)17(PPhs)]*.

Formation of [Pto(CO)17(PPhs)]> starting from [Pti12(CO)24]> may be described by
equation (1):
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[Ptlz(CO)24]2_ + 3PPh; — [PtQ(CO)17(PPh3)]2_ + Pt3(CO)3(PPh3)s + 3CO (1)

©
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Figure 3.1.5 Reaction of [Pts(CO)en]> (n = 2-4) Chini’s Clusters with increasing amount of PPhs. For
the sake of clarity, only the Pt-P frameworks are reported (Pt, green; P, orange).

X ®

Box 3.1.1 Reaction of Chini’s clusters with PPh3: mechanism of substitution

Substitution of CO by phosphine nucleophiles can involve an associative or dissociative reaction
mechanism. In general, the two different mechanisms are governed by the nature of the ligand
and the ability of the cluster to undergo M-M bond breaking. In detail, the basicity and the cone
angle of the ligand are the main affecting parameters. In the associative reaction mechanism, the
addition of the phosphine ligand leads to M-M bond breaking with a relative carbonyl
rearrangement. The intermediate maintains the same electron count at each metal centre and
subsequent loss of a CO ligand is accompanied by reformation of the M-M bond and isolation

of the substitution product.
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The dissociative mechanism requires dissociation of one CO ligand with a formation of
an unsaturated species followed by coordination of PPhs. In the case of [Pt3n(CO)sn]* (n = 2-6)
Chini’s Clusters the stability under vacuum suggests that the reaction should occur with an

associative mechanism.

Figure Box 3.1.1 The supposed associative mechanism for PPhs substitution in [Pts(CO)15]%. In the first
step, the addition of the phosphine ligand lead to Pt-Pt bond breaking followed by the loss of a CO ligand.
The cone angle of PPhs is 145° in the middle of the typical range of the phosphines, i.e., from 106° for
PPhH, to 182° for P('Bu)s (Pt, green; P, orange; C, grey; O, red; H, white).

Indeed, under vacuum condition, equilibria between the cluster and the decabonylated
species (instable) should lead to high or nuclearity tridimensional carbonyl clusters as observed

in the case of thermal degradation.

R
[Pt12(CO)23(PPh3)]* 494 5081 551
[Pt12(CO)22(PPh3)2]* 50.6 5102 551
[Ptg(CO)17(PPh3)]* 53.7 5022 556
[Pto(CO)16(PPh3)2]* 54.3 5144 556
[Pto(CO)s(PPhT 55.02 5338 549

57.3" 5215 530
[Pts(CO)11(PPh3)]* 55.6 5222 540
[Pts(CO)10(PPhs)2]* 56.5 5301 566

Table 3.1.1 *P{*H} NMR data of PPhs-derivatives of [Ptsn(CO)en]? (n = 2-4) Chini’s Clusters recorded
at room temperature in deuterated acetone.  Corresponding to a single P-atom. ® Corresponding to two P-
atoms. 3Jp.p = 50 Hz.

Formation of Pt3(CO)s(PPhs)s as side product was confirmed by IR and *!P{*H} NMR
spectroscopy. Moreover, the same compound [Pts(CO)17(PPhs)]>~ may be obtained by the
reaction of [Ptg(CO)15]>~ with one equivalent of PPhs. In this case, the 3'P{*H} NMR spectrum
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of a solution shows that [Pts(CO)17(PPhs)]*>" and [Pte(CO)16(PPhs),]*>" are the major species
presentinaca. 2 : 1 ratio.

Reagents Products *
Starting Material PPhs eq Pt L Pt Pty Ptgl, Ptgl 3
[Pt12(CO)24]* 1 75 25 / / /
2 t 48 20 32 /
[Pto(CO)15]* 1 3 t t 66 34 /
2 4 / t t 66 34

Table 3.1.2 Most relevant data of the reaction of [Pt12(CO)24]% or [Pts(CO)1s]?> with an increasing amount
of PPhs (t = trace; PtiL, [Pti2(CO)2sL]?; Ptiola, [Pti2(CO)a2l2]*; Ptol, [Pte(CO)17L]%; Ptolo,
[Pte(CO)16L2]%; Ptols, [Pte(CO)1sL3]%). * Percentage of PPhs-derivatives without taking into account the
presence of the other homoleptic species as inferred by *P{*H} NMR experiments.

The addition of four equivalents or two equivalents of PPhs, respectively, to [Pti12(CO)24]*
[Pto(CO)1g]> results in a mixture of products containing [Pte(CO)1s(PPhs)2]> and
[Pte(CO)15(PPhs)s]> as the major species together with minor amounts of [Pto(CO)17(PPhs)]*
and [Pt12(CO)22(PPhs),]* as determined by 3P{*H} NMR spectroscopy. The IR of this solution
display v(CO) bands formally attributable to [Pto(CO)1s(PPhs)2]>". This is further corroborated

by the fact that [Pto(CO)16(PPhs)2]% has been isolated in crystalline sample (see section 3.1.6)
from the reaction of [Pte(CO)1s]* with two equivalent of PPhs. These results further confirm that
the first and second CO substitution reactions occur partially in parallel. Moreover, a third CO
may be replaced, affording [Pts(CO)15(PPh3)s]*. Its 3P{*H} NMR spectrum shows two
multiplets in a 2 : 1 ratio centered at dp 57.3 and 55.0 ppm, respectively. The former displays
Ypr.p = 5215 Hz (to one Pt atom), 2Jp.p = 530 Hz (to two Pt-atoms) and 3Jp-» = 50 Hz (to one P-
atom), whereas the latter resonance displays the same pattern as the mono- and di-substituted
clusters, with 1Jp.p = 5338 Hz (to one Pt atom) and 2Jpt.p = 549 Hz (to two Pt-atoms).

These data suggest that in the structure of [Ptg(CO)15(PPhs)s]>” two PPhs ligands are
bonded to one external triangle and the third phosphine ligand to the other external Pts-triangle.
P-P coupling is present between the two PPhs ligands on the same triangle, whereas no inter-
triangular P-P nor P-Pt coupling has been detected. The possible isomer in which each Pt3
triangle bears a single PPhs ligand can be ruled out on the basis of the observed 3'P{*H} NMR
pattern, whereas the isomer containing three PPh3 ligands bonded to the same triangle would
show a single resonance. Further addition of PPhs results in an orange solution displaying v(CO)
stretchings at 2001(s) and 1800(m) cm™2, corresponding to [Pts(CO)12]>. Its formation is in

accord to equation (2):

[Ptg(CO)lg]z_ + 3PPhz — [Pte(CO)lz]Z_ + Pt3(CO)3(PPh3)s + 3CO  (2)
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The formation of Pt3(CO)3(PPhs)s has been confirmed by means of IR and 3P{*H} NMR
spectroscopy. Addition of PPhs to [Pts(CO)12]* does not result in any significant change in its
v(CO) bands and, only after the addition of a large excess of phosphine (>15 equivalents),
[Pts(CO)12]* is degraded to Pt3(CO)3(PPhs)s, Pt(PPhs)2(CO), and Pt(PPhs)3(CO), as indicated
by IR and 3P{*H} NMR spectroscopy. The transformation of Pt3(CO)3(PPhs)s into
Pt(PPh3)2(CO)2, Pt(PPh3)3(CO) and other low nuclearity neutral Pt/CO/PPhs clusters after
reaction with PPhs has been previously described in the literature. It is noteworthy that after the
addition of 5 equivalents of PPhs to [Pts(CO)12]*" in acetone, the solution displays v(CO) bands
at 2001(s) and 1800(m) cm?, confirming that [Pts(CO)12]*> is the major species present in
solution. Nonetheless, the 3'P{*H} NMR spectrum reveals the presence also of
[Pts(CO)11(PPhs)]?> and [Pts(CO)16(PPhs)2]% (ca. 5 : 1 ratio) together with a minor amount of
[Pts(CO)10(PPhs)2]>~. Moreover, crystals of [Pts(CO)10(PPhs)2]>" have been obtained by slow
diffusion of n-hexane on solutions containing [Pts(CO)12]* and 10 equivalents of PPhs, even if

IR spectroscopy indicated that [Pts(CO)12]>~ was the major species present in solution.

3.1.5 Synthesis and characterization of [Pti12(CO)22(PPhs)2]*
[Pt12(CO)24]% reacts with two equivalents of PPhs affording the new [Pti2(CO)22(PPhs)2]*
(figure 3.1.6 and table 3.1.3) anion in accord to equation (3):

[Pt12(CO)24]* + 2PPh3 — [Pt12(CO)22(PPhs)2]> + 2CO  (3)

The substitution of two CO ligands with the more basic PPhs is confirmed by the lowering
of the v(CO) stretchings. X-ray quality crystals of [NEts]2[Pt12(CO)22(PPhs)2] have been
obtained by slow diffusion of n-hexane on the acetone solution.

It must be noticed that the crystals of [NEt4]2[Pt12(CO)22(PPhs)2] have been obtained in
mixture with an amorphous powder containing [Pte(CO)16(PPhs)2]*~ and [Pts(CO)17(PPh3)]*. A
few crystals have been mechanically separated from the amorphous solid for spectroscopic
characterization. [NEts]2[Pt12(CO)22(PPhs).] displays v(CO) at 2032(s), 2002(w), 1825(s) and
1780(s) in nujol mull, and 2036(s), 1848(m) cm™ in acetone. Its *P{*H} NMR spectrum in
deuterated acetone is similar to the one of [Pto(CO)16(PPhs)2]*~ showing a multiplet at 5p 50.6
ppm with YJp.p = 5102 Hz (to one Pt) and 2Jpi.p = 551 Hz (to two equivalent Pt-atoms).
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(@)
Figure 3.1.6 Molecular structures of (a) [Pt12(CO)22(PPhs)2]> and (b) [Pt12(CO)24]* (Pt, green; P, orange;
C, grey; O, red; H, white).

(b)

The molecular structure of [Ptio(CO)22(PPhs)2]*> is very similar to the parent

[Pt12(CO)24]* dianion, being the replacement of two terminal CO with two PPhs ligands the main

difference. One terminal position of both external triangular units is occupied by a PPhz ligand.

The two PPhs ligands are in a relative pseudo cis-position.

Pt-Pt

Pt-P

Intra-triangular

Inter-triangular @

[Pt12(CO)22(PPhs)2]*
[Pt12(CO)2a]* ®
[Pte(CO)16(PPhs)2]*
[Pts(CO)1e]* ©
[Pts(CO)10(PPhs)2]2 ©
[Pts(CO)10(PPhs)2]2 @

[Pts(CO)lz]z_ ®)

2.6539(9)-2.6756(9)
Average 2.666(2)
2.6587(5)-2.6707(5)
Average 2.6656(12)
2.6597(8)-2.6814(9)
Average 2.670(2)
2.65(2)-2.67(8)
Average 2.66(9)
2.6558(6)-2.6743(6)
Average 2.6644(10)
2.6584(6)-2.6787(6)
Average 2.6694(10)
2.644(7)-2.659(3)
Average 2.653(10)

3.0184(9)-3.2067(11)
Average 3.086(2)
3.0465(5)-3.0597(5)
Average 3.0535(12)
3.0015(9)-3.1098(8)
Average 3.043(2)
3.04(2)-3.06(2)
Average 3.05(4)
3.0353(6) @

3.1380(6)-3.2079(6)

Average 3.1729(8)

3.026(16)-3.049(17)
Average 3.03(3)

2.281(4)

2.265(4)-2.287(4)
Average 2.276(6)

2.240(3)

2.247(3)

Table 3.1.3 Main bond distances of [Pt3,(CO)sn]* (n = 2-4) and their PPhs-derivatives. @ Only Pt-Pt
interactions < 3.34 A have been included. ® From ref. [43], [44]. © As found in [NBus]2[Pts(CO)10(PPhs)-].
@ As found in [NBu4]2[Pts(CO)10(PPhs).]-2thf. © Three sets of inter-triangular Pt-Pt contacts are present:
3.0353(6), 3.3581(6), 3.5070(6) A. @ Three sets of inter-triangular Pt-Pt contacts are present: 3.1380(6),

3.2079(6), 3.4310(6) A.
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The intra-triangular Pt-Pt bonding distances and the the inter-triangular contacts of
[Pt12(CO)22(PPhs),]* compare very well to that ones found in the parent [Pti2(CO)24]* dianion
for what concerns their ranges and average values. This suggests that the replacement of CO

with PPhz does not alter the intra- and the inter-triangular bonding contacts.

3.1.6 Synthesis and characterization of [Pte(CO)16(PPh3)2]*
The reaction of [Ptg(CO)1s]*> in acetone with two equivalents of PPhs results in the

immediate formation of the new species [Pto(CO)16(PPhs)2]> in accord to equation (4):
[Pto(CO)15]> + 2PPhs — [Pto(CO)16(PPh3)2]> + 2CO  (4)

The substitution of two CO ligands with the more basic PPhs is confirmed by the lowering
of the v(CO) stretchings. Moreover, single crystals suitable for X-ray analyses of
[NBus]2[Pts(CO)16(PPh3)2] have been obtained by slow diffusion of n-hexane on the acetone

solution.

(b) lLbl 1 l AJ‘LI

@ JJLL N W
80 70 60 S0 40 30

90

Figure 3.1.7 Molecular structure of [Pts(CO)1s(PPhs).]* (left) and its 3P{*H} NMR spectrum in
deuterated acetone at room temperature (right): (a) experimental and (b) simulated with gNMR 5.0.6.0.
(Pt, green; P, orange; C, grey; O, red; H, white).

The 3P{*H} NMR spectrum of [Pts(CO)1s(PPhs)2]> fully agrees with its solid state
structure and it is remarkable that the presence of a single species indicates that no exchange
process is present in solution (figure 3.1.7 right). Because of the isotopic distribution of Pt, the

two equivalent phosphine ligands display a complex multiplet centered at p 54.3 ppm with 1Jpt.
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p= 5144 Hz (to one Pt) and 2Jpep = 556 Hz (to two equivalent Pt-atoms). Each PPhs ligand is
coupled to three Pt-atoms of the same triangle, whereas no coupling to the internal triangle is
present. A similar situation has been previously found for the *C and *Pt NMR spectra of
[Ptsn(CO)en]>™ (n = 2-6). This is due to the fact that the inter-triangular Pt-Pt bonds are
considerably weaker than the intra-triangular ones.

As for [Pt12(CO)22(PPhs)2]*, the molecular structure of [Pto(CO)16(PPhs)2]* is similar to
the parent homoleptic dianion and the two PPhs ligands are in a relative pseudo cis-position
(figure 3.1.7 left).

3.1.7 Synthesis and characterization of [Pts(CO)10(PPh3)2]*

A few single crystals of [NBua4]2[Pts(CO)10(PPhs)2] and [NBua4]2[Pts(CO)10(PPhs)2]-2thf have
been obtained by slow diffusion of n-hexane on acetone and thf solutions, respectively,
containing [Pts(CO)12]* and 10 equivalents of PPhs.

It must be remarked that the majority of the solid was composed of amorphous
[Pts(CO)12]* and traces of [Ptg(CO)16(PPhs)2]%, [Pto(CO)15(PPhs)s]* and [Pts(CO)11(PPhs)]*.
This indicates that substitution of CO with PPhs is more difficult in the small [Pts(CO)12]> anion
compared to higher nuclearity clusters having the same total charge. Thus, the reaction occurs
only to a small extent, whereas the unsubstituted anion remains the predominant species.

The crystals of [NBus]2[Pts(CO)10(PPhs)2] and [NBus]2[Pts(CO)10(PPhs)2]-2thf display
v(CO) at 1973(s), 1960(vs), 1794(m) and 1756(vs) in nujol mull. The 3P{*H} NMR spectrum
of [Pts(CO)10(PPhs)2]* (in deuterated acetone) displays a pattern very similar to the ones
reported for [Pt12(CO)22(PPhs)2]*~ and [Pts(CO)1s(PPhs)2]*, displaying a multiplet centered at Sp
56.5 ppm with Jpt.p = 5301 Hz (to one Pt) and 2Jpt.p = 566 Hz (to two equivalent Pt-atoms), in
agreement with its solid state structure.

The structure of [Pts(CO)10(PPhs)2]* (figure 3.1.8), as found in the two solvates,
significantly differs from [Pt12(CO)22(PPhs)2]*>~ and [Pte(CO)16(PPhs)2]?, as well as the parent
[Pts(CO)12]>". In particular the last is a trigonal prism composed of two Pts(-CO)3(CO)s units
with ideal Dz, symmetry. Conversely, [Pts(CO)10(PPhs)2]?, as found in both salts, is composed
of two Pt3(u-C0O)3(CO)2(PPhs) units, which are rotated by 180° (taking the two PPhs ligands as
references), ideally originating a trigonal anti-prism which should include six inter-triangular Pt-
Pt bonds.

The structures of the [Pts(CO)10(PPhs)2]? anions depart from the ideal one, since only two
inter-triangular Pt-Pt contacts in the [NBu4]2[Pts(CO)10(PPhs)2] salt and four in
[NBus]2[Pts(CO)10(PPh3)2] - 2thf are at bonding distances, whereas the other ones are basically
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non-bonding. The fact that only [Pts(CO)10(PPhs)2]% shows a different geometry from the parent
[Pts(CO)12]*, whereas all higher nuclearity substituted and unsubstituted clusters are almost
isostructural, is likely to be originated by steric repulsion between the two bulky PPhs ligands in
the smaller Ptg cluster (figure 3.1.9).

The slightly different structures found for [Pts(CO)10(PPhs)2]*" in the two salts are due to
different packing effects resulting from inclusion of thf in one salt. This points out that the inter-
triangular bonds are rather weak and easily deformed by small changes in the van der Waals

forces within the crystal.

Steric repulsion between the
two PPh; ligands

Elongation on the inter-
triangular contacts

Figure 3.1.9 Metal frameworks of [Pts(CO)12]> (a) and [Pts(CO)i0(PPhs)2]> as found in
[NBu4]2[Pts(CO)10(PPhs),] -2thf (b) and [NBu.]2[Pts(CO)10(PPhs)2] (c). It has been arbitrarily decided to
represent Pt-Pt bonds up to 3.34 A, which is slightly below twice the van der Waals radius of Pt and ca.
20 % greater than twice its covalent radius (covalent radius 1.36 A; van der Waals radius 1.72 A; Pt,
green; P, orange).
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Reactions of [Pti2(CO)24]%* Chini’s Cluster
with Bidentate Phosphines

3.2.1 MCCs containing bidentate phosphines: a brief overview

Polydentate phosphine ligands are well known. The most common ones are bidentate phosphines
linked by short spacers (e.g., —CHz- and -NR-), flexible unit (e.g., -(CH2)n- and -(CsHas)Fe(CsHa4)-)
and rigid units (e.g., -CeHs- and -CH=CH-). The different nature of these spacers strongly
influences the bonding mode. Indeed, bidentate phosphines can chelate a single metal atom in
the cluster, bridge across a metal-metal bond, or form an intermolecular link between clusters
(figure 3.2.1). For instance, Ph,PCH=CHPPh; prefers to form a five-membered ring with the
metal whereas PhoPCH2PPh; prefers to bridge a metal-metal edge, also forming a stable five-
membered ring. Instead, the stereochemistry and rigidity of PhyP(1,4-CsH4)PPh; are ideal in

order to obtain an intermolecular bond between two (dimer) or more clusters (polymer).

a) b) R 0
R R~ / R
\P/\P/ R P \ \P
R ~ R
R \P % \R
[ \R
R

Figure 3.2.1 Possible coordination modes of bidentate phosphines to metal clusters: a) bridging a metal-
metal bond, b) chelating a metal centre and ¢) brindging two clusters.

The countless cases of studies reported in the literature have contributed to have general
guidelines for the synthesis of bidentate phosphines derivatives obtained by reaction of
homoleptic carbonyl clusters. However, the predictions of these syntheses are not always simple
and sometimes, more isomers can be obtained.*?> Moreover, the modulation of the nature of the

phosphine is a simple way to obtain new clusters with performing properties in term of solubility,

12 Curiously, two isomers of H4sRu4(CO)10(Ph.PCH.CH2PPh;) are known where the bidentate phosphine bridges
across a Ru-Ru bond or chelates a Ru atom [48].
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reactivity and stability. Substitution of carbonyl ligands with chiral phosphines leads to chiral
clusters and in this regard the reaction of HsRu4(CO)1> with DIPAMP (ethane-1,2-diylbis[(2-
methoxyphenyl)phenylphosphane]) represents a very interesting case of study in asymmetric

homogenous catalysis [49].

3.2.2 General Results
The following sections illustrate the investigation of the reactions of [Pt12(CO)24]* with different

bidentate phosphines, i.e., CH>=C(PPhy). (P"P), PhPCH.PPh, (dppm), PhoPCH2CH2PPh>
(dppe), 0-CeHa(PPh2)2 (dppb), Ph2P(CH2)4PPh, (dppb*) and PhoPC2PPh, (P-P) (scheme 3.2.1)
[50].

P

7N
Ph/ \Ph Ph Ph

Pt(dppb),

[Pt;2(CO)4]*

Polinuclear Compounds
thp/(/\}”\ PPh

2

Insoluble products

Pts(CO)¢(dppm);

Scheme 3.2.1 Reactions of [Pt12(CO)24]* with different bidentate phosphines. For the sake of clarity,
some carbonyl and phosphine ligands are represented with wireframe style (Pt, green; C, grey; O, red). n
=4,

The reactions with PP and dppm have fully investigated and lead to new lower nuclearity
clusters. Conversely, the reaction of [Pt12(CO)24]* with P-P does not result in dimers or polymers,
as it might have been expected, but a complex polynuclear compound is formed. The use of o-
CeHa(PPh2)2 results to complete degradation of the cluster leading to a mononuclear complex.
Finally, the reactions with dppb* and dppe result in uncharacterized polymeric amorphous

compounds that are insoluble in all common solvents.
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3.2.3 Synthesis of [HhPts(CO)4(PP)2]™ (n = 0-2) clusters
The reactions of [Pt12(CO)24]% with ca. 1.5 equivalents of PP in acetone results in the neutral

compound Pts(CO)4(P"P)2 according to equation (1):
4[Pt12(CO)24]* + 6P P — 4[Ptg(CO)18]*> + 3Pts(CO)4(PP)2 + 12CO (1)

Thus, after the addition of PP, the green solution of [Pt12(CO)24]* turns red in agreement
with formation of [Pte(CO)1s]%" and the scarcely soluble Pts(CO)4(P"P). starts to separate out as
an orange microcrystalline solid. The reaction is completed after 2 days and complete
precipitation of Pt4(CO)4(P"P)2 may be accomplished by addition of dmf to the acetone solution.
Crystals of Pt4(CO)a(P”P). suitable for X-ray analyses can be obtained by slow diffusion of n-
hexane on the acetone solution.

Under these conditions, the two compounds can be easily separated by filtration.
Pt4(CO)4(P"P)2 is almost insoluble in polar solvents such as CH3CN and dmf, scarcely soluble
in less polar solvents such as acetone and thf, and partially soluble in CH2Cl> (solubility 1.8 x
102 M).

The neutral cluster Pt4(CO)4(P~P), is protonated by strong acids such as HBF4-Et.0 in
CH2Cl; resulting, after the addition of one equivalent of acid, in the [HPt4(CO)4(P~P)2]* mono-
hydride mono-cation which is completely soluble in CHCl, (scheme 3.2.2).

Ph_ l/’h _| 2+

l’r Ph
Ph

1979(s), 1954(m) em! 2057(w), 2043(w), 2030(s) 2083(s) cm!
2008(w) cm!

Scheme 3.2.2 Protonation and deprotonation equilibria of [HnPts(CO)4(P*P).]™ (n = 0-2). The v(CO)
stretchings have been recorded in CH.Cl,. For the sake of clarity, carbonyls are not represented and
phosphine ligands are sketched with wireframe style (Pt, green).

Further addition of 3-4 equivalents of the same acid to [HPts(CO)4(P"P)2]" results in the
formation of the [H2Pta(CO)4(P"P)2]** di-hydride di-cation. As expected, the v(CO) stretchings
are moved towards higher wavenumbers after each protonation step, in view of the increased
positive charge. Crystals suitable for X-ray studies of [HPt4(CO)a(P"P)2][BF4]-XCH2Cl, (x =
1.47) and [H2Pt(CO)4(PP)2][(BF2)2H]2 have been obtained by slow diffusion of n-hexane on
their CH2Cl; solution.
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Structure and NMR characterization of Pt4(CO)4(P"P),

The neutral Pt4(CO)4(P~P). cluster consists of a tetrahedral Pts core elongated along its C, axis
(figure 3.2.2 e table 3.2.1). The two edges of the elongated tetrahedron perpendicular to the C»
axis are bridged by two PP ligands and the coordination sphere of the cluster is completed by

four terminal CO ligands, one per each Pt-atom.

Pty(CO)(P'P),  [HPL(CO)(P'P),]"  [H,Pty(CO)s(P P),]*

Pt,-Pt, 2.6110(8) 2.8246(6) 2.8406(8)
Pt,-Pt, 2.6110(8) 2.6034(6) 2.8192(10)
Pt,-Pt, 2.5932(8) 2.5992(7) 2.5922(9)
Pt,-Pt; 2.5932(8) 2.6062(6) 2.6138(9)
Pt,-Pt; 3.0339(11) 3.0375(6) 3.1356(9)
Pt,-Pt, 3.0947(11) 3.0470(7) 3.0378(9)

Table 3.2.1 Main Pt-Pt distances (A) of [HyPts(CO)4(P*P)2]™ (n = 0-2) clusters.

Y P " 20 0 0

Figure 3.2.2 Molecular structure and **P{*H} NMR spectrum of Pty(CO)4(P"P), in CD.Cl, at 298 K (Pt,
green; P, orange; C, grey; O, red; H, white).

The six Pt-Pt contacts are divided into three sets consisting of two bonds each. The
shortest contacts are those bridged by the PP ligands whereas the two bonds almost parallel to
the C, axis have intermediate values.'® These are very important in order to understand the

structures of the protonated clusters, since the hydride ligands are added to these two edges.

13 These Pt-Pt contacts of ca. 3.03-3.10 A are considered bonding on the basis of the inter-planar distances between
the triangular units in [Pt3,(CO)en]> (n = 2-8) clusters.
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Conversely, the two diagonals of the elongated tetrahedron are the loosest Pt-Pt contacts. The
tetrahedral geometry is in agreement with the fact that the cluster possesses 56 CVE as predicted

on the basis of theoretical considerations (see box 3.2.1).

Box 3.2.1 Tetrahedral Geometry in Platinum Carbonyl Clusters

The most common geometries observed for tetra-nuclear clusters are the tetrahedron and the
butterfly, and, to a minor extent, the rectangle and spiked triangle. The tetrahedral geometry is
widely documented in metal cluster chemistry, with more than 1400 examples reported to date
in the Cambridge Crystallographic Database. However, tetrahedral Pt clusters are rather rare,
and only two structures of Pt-CO clusters displaying a tetrahedral geometry are known, i.e.,
[HPt4(CO)7(PCys3)4]" and Pt4(CO)2(PCys)s(ReO4).. More often, tetra-nuclear Pt carbonyl clusters
show a butterfly or a square geometry. In this respect, it is noticeable that the 58-electron
butterfly Pts(CO)s(PPhMez)s cluster reported in 1969 by Dahl et al. displays, as expected, five
short Pt-Pt interactions, whereas the sixth Pt:--Pt distance is nonbonding [51]. The situation is
not so clear in other reported 58-electron butterfly Pt carbonyl clusters, such as
[Pt4(CO)s(PPhs)(dppm)s]?*. In these cases, five Pt-Pt contacts are well below 3 A and, thus, at

bonding distances, whereas the sixth contact may be or may be not considered as a bond.

oo

(©) @

Figure Box 3.2.1 Structural types of tetra-nuclear metal carbonyl cluster: (a) tetrahedral, (b) butterfly, (c)
square and (c) spiked triangle.

An electron count of 56 or 54 for tetranuclear Pt clusters in tetrahedral geometry is
predicted by theoretical studies based on Pt(PHs3). fragments. The above mentioned
[HPt(CO)7(PCys)4]" as well as the poly-hydride cluster HsPts(P'ProPh)4 display the expected
tetrahedral geometry with an electron count of 56 Cluster VValence Electrons (CVE). Conversely,
Pt4(CO)2(PCy3)a(ReQas)2 and [H7Pta(PBus)s]* are tetrahedral with 54 CVE and also some
examples of electron poorer tetrahedral Pt clusters are known, e.g., [Hz2Pts(PBus)s]** (48 CVE)
and HoPt4(PBus)s (50 CVE). Tetra-nuclear Pt clusters with 58 CVE usually display a butterfly

metal core, even if some care may be taken, as described above, whereas a rectangular structure
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is expected in the case of 60 CVE, e.g., [H2Pta(dppm)2(PPh2)2(uu-1)2]**. Nonetheless, the
deprotonated species Pts(dppm)2(PPh2)2l2 displays a butterfly structure (sixth Pt---Pt contact
4.69 A) despite its electron count of 56 CVE.

In view of these considerations, it seems that there is not a clear-cut between tetrahedral
and butterfly geometry in the above tetranuclear clusters. Of course, it must also be considered
that sometime short Pt-Pt contacts might be due not to bonding interactions, but to sterical effects,
especially in the presence of bidentate ligands. All these data suggest that, despite their apparent
simplicity, tetranuclear Pt clusters are far from simple and a more accurate interpretation is

needed.

The 3P {*H} NMR spectrum of Pts(CO)4(P"P). recorded at 298 K in CDCl, displays a
complex multiplet centred at p 28.1 ppm. Coordination of PP to the cluster results in a
considerable shift towards higher frequencies of the 3'P resonance, since the free ligand shows a
sharp singlet at -4.0 ppm. Due to the low solubility of the cluster, the quality of the spectrum is
not very high and, thus, it has been possible to assign only the e = 2712 Hz. This shows a
typical value for a phosphine ligand directly bonded to a Pt cluster. The *H NMR spectrum shows,
as expected, the resonances due to aromatic protons in the range 7.1-7.8 ppm (40H) and a broad
multiplet at 5.65 ppm (4H) due to =CH..

Structure and NMR characterization of [HPt4(CO)a(P"P).]™*

The molecular structure of the [HPt4(CO)4(P"P)2]* mono-hydride cluster has been determined as
its [HPt2(CO)a(P"P)2][BF4]-XCH2Cl (x = 1.47) and [HPt4(CO)4(P"P)2][B2F~] salts that contain
exactly the same molecular cluster (figure 3.2.3). [HPts(CO)s(P"P)2]* mainly differs from the
parent Pt4(CO)a(P~P) cluster because of the presence of a pu-H bridging the Pt:-Pt2 edge resulting
in its elongation compared to the neutral molecule (table 3.2.1). Elongation of M-M bonds after
addition of a p-H ligand has been explained on the basis of the three centre/two electron bond
description.

The *H NMR spectrum shows a resonance centred at & -2.40 ppm composed of several
lines, due to the coupling of the hydride with four equivalent Pt-atoms (*'Jet = 286 Hz) and four
equivalent P-atoms (2Jpn = 37 Hz). This assignment has been corroborated by simulating the *H
NMR spectrum with the program gNMR 5.0.6.0. The Jrti and JpH are lower than excepted for a
direct coupling, since the larger *Jpw and 2Jpr coupling constants are time-averaged with smaller

multiple bond coupling constants.
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Figure 3.2.3 Molecular structure and *H NMR spectra of [HPt4(CO)4(P"P).]* in CD,Cl; at (a) 298 K and
(b) 173 K. The hydride ligand is shown in purple (Pt, green; P, orange; C, grey; O, red; H, white, Hnyaride,
purple).
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Scheme 3.2.3 Possible mechanism for the fluxionality of hydride in [HPts(CO)4(P"P).]* (Pt, black).

Unfortunately, it has not been possible to freeze the fluxionality even at low temperature
and, thus, to fully assign all the coupling constants of this AA’BB’MXX’YY’ system (A, B are
P’s; M is H; X and Y are Pt’s). Similarly, the 3'P {*"H} NMR spectrum recorded at 298 K displays

49



New Platinum Carbonuyl Clusters

a single resonance at 16.8 ppm with YJpe = 3010 Hz, whereas the other coupling constants could
not be resolved. Coalescence in the 3P {*H} NMR spectrum is observed only at 183 K and, at
173 K two very broad resonances start to appear at 8p 6.4 and 23.4 ppm. Conversely, the H
NMR spectrum at 173 K is still fluxional and shows a pattern similar to that observed at 298 K,
only much broader.

Considering that both Pts(CO)4(P*P); and [H2Pta(CO)a(P P)2]** (see below) are not
fluxional, it is possible to conclude that the dynamic behaviour observed for [HPt4(CO)4(PP)2]*
is due to the movement of the hydride ligand from one edge to the other of the tetrahedron
without losing the Pt-P interaction (scheme 3.2.3). In agreement with this, the Jpt and Jpn are

averaged at 298 K as well as dp, whereas 1Jp seems not to be affected by the exchange.

Structure and NMR characterization of [H2Pta(CO)4(P P)2]?*
The molecular structure of the [HzPts(CO)4(P"P)2]** di-hydride di-cationic cluster has been
determined as its [H2Pts(CO)a(P"P)2][(BF4)2H]2 salt (figure 3.2.4).14

4% 45 20 25 50 35 40 45 80 35 60 63

Figure 3.2.4 Left: molecular structure of [H2Pts(CO)4(P*P)2]?* cluster. Right: (a) *H NMR and (b) *:P{*H}
NMR spectra of [H.Pts(CO)4(P"P)2]?* in CD-Cl; at 298 (Pt, green; P, orange; C, grey, O, red; H, white,
Hhyaride, purple).

This contains the unusual [(BF4)H]" H-bonded anion. The [HzPts(CO)4(P"P)2]?" di-

hydride di-cationic cluster is obtained from the mono-hydride mono-cation by addition of a

14 The [(BF4)2H]™ anion is the result of the formation of an adduct between BF4~ and unreacted HBF4 in accord with
the following equation:
Pt4(CO)4(PAP)2 + 4HBF; — [Hz|:)1:4(CO)4(P’\P)2]2+ + 2[(BF4)2H]7
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second u-H ligand on Pts-Pts. This restores the symmetrical structure of the Pts(CQO)4(P"P)2
parent neutral cluster, with the six Pt-Pt bonds two by two equivalent. Regarding the Pt-Pt
contacts, the main difference in comparison to the neutral cluster is that both Pt:-Pt> and Pts-Pts
are considerably elongated because of the presence of the bridging hydrides, whereas all other
Pt-Pt bonds are almost unchanged (table 3.2.1).

The *H NMR spectrum of [H2Pta(CO)a(PP)]** shows a broad resonance at 8y 9.52 ppm
attributable to the [(BF4)2H]™ anion, and a complex multiplet at —4.00 ppm due to the hydride
ligands (*Jptn = 579 Hz; 2Jptn = 25 Hz; 2Jpn = 64 Hz; 3Jpn = 11 Hz).'® The cluster contains four
P-atoms, two hydrides and four Pt-atoms which are chemically equivalent but not magnetically
equivalent, resulting in a very complex AA’A” A’ MM’ XX’X"’ X’’’ second order system (A =
P, M = H; X = Pt). Simulation of the *H NMR spectrum with the above parameters supports the
assignment of the coupling constants.

The 3P {*H} NMR spectrum in CD-Cl, at 298 K displays a unique complex resonance at
Sp 4.6 with 1Jpie = 3178 Hz. Due to the complexity of the system and the poor resolution of the
spectrum, it has not been possible to determine the smaller coupling constants. It is noteworthy
that, at difference from [HPty(CO)s(P"P)2]*, both H and 3P {*H} NMR spectra of
[H2Pt4(CO)4(P P)2)?* are not fluxional, as found also for the neutral Pts(CO)4(P"P)2. This
suggests that the fluxionality observed for [HPt4(CO)4(P"P).]" is due to its non-symmetrical

structure.

Synthesis of [HxPts(CO)s(P"P)s]¥* by oxidation of [HPt4(CO)a(P"P).]*
The reaction of [HPts(CO)4(P~P)2]" with Au(PPh3)CI leads to a new compound with formula
[HxPts(CO)s(PP)3]¥* (figure 3.2.5).

Unfortunately, the reaction is irreproducible and all attempts to find a new synthetic route
have failed. Indeed, the use of different oxidizing agents such as tropylium (excess) and
ferricinium leads to uncharacterized compounds. Finally, the thermal degradation of
[HPts(CO)4a(P"P)2]" results in its complete decomposition.

Preliminary X-ray studies show a Pts octahedral core to which are coordinated six

terminal CO ligands and three P?P ligands bridging across the Pt-Pt bonds.

15 Their values are in keeping with those reported for other Pt-containing clusters with bridging hydrides. In
particular, Wpyy (579 Hz) displays the typical value for a direct H-Pt coupling in p-H hydride clusters, whereas the
lower value of 2Jpy (25 Hz) is in accord with the nearly cis arrangement of the hydride and the two-bonds Pt-atoms
(H-Pt-Pt ca. 90°). Conversely, the relatively large value of 2Jpy (64 Hz) is in keeping with the nearly trans
arrangement of the two atoms found in the solid state structure (H-Pt-P ca. 160°).
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(b)

Figure 3.2.5 (a) Molecular structure of [HxPts(CO)s(P"P).]** and (b) its Pts(CO)s(P"P)s core (Pt, green;
P, orange; C, grey; O, red; H, white).

3.2.4 Synthesis and characterization of Pts(CO)s(dppm)s

The reaction of [Pt12(CO)24]*" in acetone with ca. 2 equivalents of dppm results in the formation
of a dark red-purple precipitate of Pts(CO)s(dppm)s (figure 3.2.6) and a red solution containing
[Pts(CO)1s]*, according to equation (2):

2[Pt12(C0O)24]* + 3dppm — 2[Ptg(CO)15]*> + Pts(CO)s(dppm)s + 6CO  (2)

Figure 3.2.6 Molecular structures of (a) Pts(CO)s(dppm)s and (b) [Pts(CO)12]* (Pt, green; P, orange; C,
grey; O, red; H, white).
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The two compounds may be separated by filtration and the solid dissolved in CHClo,
where it displays v(CO) at 1836(w), 1795(s) and 1751(m) cm™, as previously reported for
Pts(CO)s(dppm)s.t

The crystal structure of Pts(CO)e(dppm)s fully confirms the one proposed in the original
paper, and the cluster is isostructural with the palladium analog. This is composed of a Pts
trigonal prismatic core possessing Dsn symmetry to which are coordinated six u-CO ligands
bridging intra-triangular Pt-Pt edges and three p-dppm ligands bridging the three inter-triangular
edges of the prism. The structure of the cluster and the bonding parameters closely resemble to
those of [Pts(CO)12]* .

3.2.5 Reaction of [Pt12(CO)24]* with other bidentate phosphines

The reaction of [Pt12(CO)24]> in acetone with increasing amounts of 0-CsHa(PPhz)2 (dppb) is
apparently similar to the ones described above for dppm and P"P, but it results in different
products. Thus, after the addition of a few equivalents of dppb, an orange precipitate starts to
separate out and the solution turns from green to red, in agreement with the transformation of
[Pt12(CO)24]% into [Pte(CO)1s]%. The reaction is fully accomplished after the addition of ca. 8-
10 equivalents of dppb.

The solid was separated by filtration, dried under vacuo and dissolved in CH2Cl> where
it surprisingly does not display any v(CO) band. Thus, in order to shed some light on its nature,
crystals suitable for X-ray analyses were grown by slow diffusion of n-hexane on the CH,Cl;
solution, showing that it consists of a tetrahedral Pt(dppb). complex. Its formation may be

explained by equation (3):
[Pt12(CO)24]* + 6dppb — [Pte(CO)1s]*> + 3Pt(dppb)2 + 6CO  (3)

The Pt(dppb). complex shows a tetrahedral structure as expected for a zerovalent Pt(LL)2
complex. The stratification of the crude solution with hexane resulted in the formation of crystals
of  [NBus]2[Pts(CO)18]  (major  product) and a very few crystals of
[Pt(dppb)2][Pta(CO)18]-2CH3COCH:; (figure 3.2.7). Probably, the presence of traces of air forces
the partial oxidation of the platinum complex affording the [Pt(dppb)2]?* cation. The salt consists

on a square-planar [Pt(dppb)2]?* cation and a trigonal prismatic [Pto(CO)1s]?>~ anion.

16 Ptg(CO)e(dppm)s was originally obtained in high yields by the reduction of equimolar amounts of PtCl,(SMey),
and PtCl,(dppm) with NaBH. under CO atmosphere. This represents a botton-up reaction comparted to our top-
down synthesis.
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(a) Ph  Ph
Y
PN B
>80
P
O R
pn/ pn Ph PO

Pt(dppb),

Ph
Phopy B
e

OO0

P Ph o/ “Ph

(b)  [Ptdppb))] x

Figure 3.2.7 Molecular structures of (a) Pt(dppb)2, (b) [Pt(dppb).]** and (c) view of the of crystal packing
[Pte(CO)1s][Pt(dppb).]-2acetone (acetone molecules have been omitted; Pt, green; P, orange; C, grey; O,
red; H, white).

On the attempt to obtain a copolymer consisting of the periodic alternation of phosphine
and cluster units, we investigated the reaction of [Pt12(CO)24]* with Ph,PC=CPPh,. This
bidentate phosphine is an ideal candidate on the basis of its rigid scaffold that prevents an
intramolecular bond. Differently to our expectations, the reaction leads to a polynuclear complex
with formula Ptg(CO)s(Ph2PC=CPPh2)2(C=CPPh;),(PPhy), resulting from partial C-P cleavage
of the phosphine promoted by Pt (figure 3.2.8). The molecule is centrosymmetric and results
from partial fragmentation of the bidentate phosphines with C-P bond cleavage. This results in
the formation of PPh, and C=CPPh; units that act as ligands in the complex. The Ph,PC=CPPhy,
C=CPPh2 and PPh, units donate 6, 5 and 3 electrons respectively. Assuming only covalent
interactions, the molecule possesses 128 Cluster Valence Electrons according to equation (4):

8(Pt) x 10 + 6(CO) x 2 + 2(Ph,PC=CPPhy) x 6 + 2(C=CPPhy) x 5+ 2(PPhy) x 3 =128 ¢  (4)

The number of electrons associated with each Pt is 16 according to the presence of 4 Pt-
Pt bonds [(128-8)/8].

At last, the reactions of [Pti2(CO)24]* with dppb* and dppe give uncharacterized
amorphous products that are completely insoluble in all solvents. In the case of dppb*, the
product displays v(CO) bands in Nujol mull at 2012(s), 1830(m) similar to those shown by
[Pto(CO)16(PPhs)2]%. On the basis of this spectroscopic evidence, it is possible to speculate that
the compound is probably an anionic {Pto(CO)1s(dppb)®}. infinite polymer with the dppb*
ligands bridging between clusters units.
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() (b)
Figure 3.2.8 (a) Molecular structures of Pts(CO)s(PhoPC=CPPh2)2(C=CPPhy)2(PPhy). its (b)
Pts(CO)s(PC=CPP)2(C=CP),(P). core as found in

Ptg(CO)s(Ph.PC=CPPhy)2(C=CPPh,),(PPh,).,-CH3;COCHas. The Pta and Ptg atoms are related by the
inversion centre (i) (Pt, green; P, orange; C, grey, O, red; H, white).
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Surface Decorated Platinum Carbonyl Clusters

3.3.1 State of the art of the bimetallic Pt-Cd clusters
It is known that CdX>-nH20 salts (X = ClI, Br, 1) may act as oxidants and/or Lewis acids towards
MCCs. Their oxidising power is due to the presence of hydration water and to the H*/H» redox
couple, since the Cd?*/Cd(0) couple is a poorer oxidant. A combination of oxidation and
coordination has been observed, for instance, in the case of the reaction between [Pts(CO)12]*
and CdCla-nH20 to give {[Pto(CO)1s(ns-CdCl2)2]*} infinite chains, via oxidation of
[Pts(CO)12]* to [Pte(CO)15]> and coordination of CdCI; to the latter [52].

Conversely, the reaction of [Pts(CO)12]* with a excess of CdXz-nH20 in dmf at 120°C
afforded [Pt13(CO)12{Cds(u-Br)sBra(dmf)s}.]* [53] according to equation (1):

13[Pts(CO)12]% + 60CdBr2 + 11H20 + 36dmf — 6[Pt13(CO)12Cd10Bria(dmf)s]> + 36Br +
22H* +11CO2 + 73CO (1)

An excess of CdXz2:nH20 was used in order to avoid the formation of brown
homometallic Pt-clusters, which are usual products of the thermal decomposition of Chini’s
clusters.

The core of the cluster is composed by a Pt-centred Pt13 icosahedron sandwiched between
two Cds(u-Br)sBro(dmf)s fragments (figure 3.3.1). Each of the 12 Pt-atoms on the surface of the
icosahedron are bonded to one terminal CO, whereas the Cds(u-Br)sBr(dmf)s fragments are
coordinated to the Ptiz-core via face-bridging Cd-Pts interactions, originating a Dsq Pt13Cd1o
metal frame.

Differently, the reaction of [Pte(CO)1s]*>~ with CdBrz-H.0 at 120°C leads the larger
[Pt19(CO)17{Cds(u-Br)sBrs(Me2C0).}{Cds(u-Br)sBr(Me2C0O)4}]> nanocluster (figure 3.3.2)
[53]. The molecular structure of this cluster anion consists of a Ptig interpenetrated double-
icosahedron sandwiched along the unique idealised Cs axis by one Cds(u-Br)sBrz(Me2CO), and

one Cds(u-Br)sBr(Me2CO)a4 ring. These are similar to the Cds(u-Br)sBr2(dmf)s rings found
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in [Pt13(CO)12{Cds(u-Br)sBrz(dmf)s}.]*, apart from the different distribution of Br and solvent

molecules.

(@) (b)
Figure 3.3.1 (a) Molecular structure of [Pt13(CO)12{Cds(u-Br)sBro(dmf)s}.]>. (b) Its [Pt13(CO)1.]* core
and the two [Cds(u-Br)sBra(dmf)s]** moieties (Pt, green; Cd, yellow; Br, orange; N, bluge; C, grey; O, red;
H, white).

() (b) C)

Figure 3.32 (a) Molecular structure of  [Ptig(CO)17{Cds(-Br)sBrs(Me,CO),}{Cds(u-
Br)sBr(Me.C0)4}]%, (b) its [Pt1o(CO)17]® core compared to (c) [Pt19(CO)22]* homometallic cluster (Pt,
green; Cd, yellow; Br, orange; C, grey; O, red; H, white).

The Ptio core contains two fully interstitial Pt atoms, whereas the 17 Pt on the surface are
coordinated each to one terminal CO ligand. The different architecture of the [Pt19(CO)17{Cds(u-
Br)sBrs(Me2CO).}{Cds(u-Br)sBr(Me2CO)4}]> compared to the analogous isonuclear
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[Pt19(CO)22]* [54] species indicates that the coordination of the Cd-Br moieties is not innocent

and influences the final structure (see box 3.3.1).

Box 3.3.1

Surface decorated clusters: stabilization of unprecedented or unstable compounds?
The different architectures of bimetallic Pt-Cd clusters compared to homometallic species
indicates that the coordination of Cd-Br moieties is not innocent. It is noteworthy that, in the
field of carbonyl clusters there is only two examples where the same metal cage can be stabilized

by a different number of carbonyl ligands (see chapter 4.1).

[Pt(CO),5 ]

[Pt;o(CO),,]*

,/ClAuPPh3

[Pt,o(CO),4(AuPPh;),] Pt,4(CO),,(AuPPh,),

Figure box 3.3.1. Syntheses of [Pt1g(CO)24]* and its reactivity with [AuPPhs]*. For the sake of clarity the
phosphines bonded to gold atoms are not represented (Pt, green; Au, yellow; C, grey; O, red).

The unknown structure of [Pt1g(CO)24]* provides an illustrative examples that is subject
of speculation. This high nuclearity compound can been obtained by a reversible carbonylation
of [Pt19(CO)22]* with CO at atmospheric pressure. In contrast to what is normally observed, the
IR bands of the carbonylated product shift to lower wavenumbers, indicating an increased metal-

to-ligand back-donation and suggesting that this uncharacterized species would be a better
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electron donor toward electrophiles. This shift can be justified based on metal cage
rearrangement. Despite the considerable efforts, the lack of structural characterization is due to
fact that the crystallization of [Pt1g(CO)24]* [54] is hampered by its conversion into [Pt19(CO)22]*
during crystallization.

In the attempt to stabilize the unstable [Ptig(CO)24]* by neutralization of its charge with
[AuPPhs]* moieties, A. Ceriotti had investigated the reaction of [Pt19(CO)24]* with Au(PPhs)CI.
The Pt core present in the structures of both [Ptig(CO)24{Au(PPh3)}s]” and
[Pt19(CO)24{Auz(PPhs).}-] is identical [55]. It indeed represents a chunk of fcc lattice but is based
on a 3-6-7-3 four layers arrangement of Pt atoms. This raises the question if the Pt framework
observed in the bimetallic compound is the same of [Ptio(CO)24]* or if [AuPPhs]" induce a
rearrangement of the Pt-core. Logic dictates that if the absorption of two carbonyl ligands leads
to a change of the Ptio metal framework, as shown by the shift of the IR bands, even the addition

of AuPPhs* fragments can give another rearrangement.

3.3.2. Synthesis of [H4Pt26(CO)20(CdBr)12(PtBr)«]% (x = 0-2)

On the basis of the previous results obtained by the thermal degradation of [Pts(CO)12]* and
[Pte(CO)18]> with CdBr2-H.0, we decided to investigate the same reaction starting from more
oxidized clusters, i.e., [Pts(CO)sn]> (n = 4-6). The reaction leads to the new
[H4Pt26(CO)20(CdBr)12]® [Hal1]® cluster according to the equation (2) [56]:

13[Pt12(C0O)24]* + 72CdBr2 + 53H20 — 6[H4Pt26(C0O)20(CdBr)12]® + 72Br~ + 82H* + 53CO; +
+139CO (2)

This has been precipitated from dmf solutions by addition of water in the presence of the
bromide salt of an appropriate quaternary phosphonium cation. The solid has been recovered by
filtration and washed with water, iso-propanol and thf. Crystals suitable for X-ray analyses of
[PPh4]s[H41]-4CH3sCN are obtained by extraction of the cluster in CH3CN followed by slow
diffusion of di-iso-propyl-ether. Conversely the thermal degradation of [Pti5(CO)s0]> with
CdBr2-H,0 result in a mixture of [HaPts(CO)20(CdBr)12(PtBI)«]® [Ha2]® (x = 0-2). Crystals
suitable for X-ray analyses of [PPha]e[H42]-(10+x)dmf (x = 0.56) are obtained by extraction of
the cluster in CH3CN followed by slow diffusion of di-iso-propyl-ether. It must be remarked that
only a few crystals of [PPhs]s[H21]-4CH3CN were obtained, whereas the majority of the
precipitate was composed by an amorphous solid mainly composed of the [H41]® hexa-anion.
The octa-anion is, then, formed by partial deprotonation of the hexa-anion, which occurs during
crystallisation due to accidental traces of bases in the solvent. In order to demonstrate this point,
[H41]% has been treated with increasing amounts of [NBus][OH] in dmf. On the basis of IR
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evidence the deprotonation can be carried out in a reversible way up to the formation of [1]'%
(scheme 3.3.1).

+ Ol + O

[HPt,(CO),o(CdBr);5]5 ——— | [H,Pty(CO),,(CdBr),,|¢| -—— [H:Pt;o(CO),(CdBr),,]™
2014(vs), 1976(m) cm* +H 1999(vs), 1972(m) cm* +H' 1989(vs), 1957(m) cm!
+OH | | +H'
+ OH -
[Pt:(CO)(CABI)5]" ——»  [HPt;(CO)(CABI) > — o s [H,Pt,(CO),(CdBr),,*
1950(vs) em'* +H' 1964(vs), 1939(sh) cm ! +H* 1973(vs), 1939(m) cm'?

Scheme 3.3.1 Protonation and deprotonation equilibria of [H10-n1]™ (n = 5-10). The v(CO) signals have
been recorded in dmf solution.

Indeed, further addition of [NBus][OH] to [1]** results in its decomposition to yet
uncharacterised products. This point has been taken as an indirect proof of the fact that the latter
anion is fully deprotonated. Finally, acidification of a dmf solution of the hexa-anion [H41]®
results in the formation of a new species which can be formulated as the penta-anion [Hs1]> on
the basis of its v(CO) bands. Therefore, the complete series of the structurally related poly-
hydrides [H10-n1]™ (n = 5-10) has been spectroscopically characterised and the species with n =
6 and n = 8 have been structurally determined by X-ray crystallography.

All attempts to directly confirm the hydride nature of [Hi0.n1]" (n = 5-10) by *H NMR
failed under any experimental condition. Thus, their nature is indirectly inferred from the above
protonation/deprotonation reactions joined to IR studies and the crystallographic determination

of two different anions (see chapter 2.4).

Crystal structures of [PPh4]e[H21]-4CH3CN and [PPhs]e[H42]-(10+x)dmf (x = 0.56)

The [H21]% anion is composed by a distorted cubic close packed (ccp) Pt2sCdi2 core, reminiscent
of the structures of [Ptss(CO)44]* and [Ni2sPt14(CO)44]* (figure 3.3.3). The anion can be viewed
as a truncated-vs-octahedron, which encapsulates a fully interstitial Pts octahedron. The ccp
Pt2sCd12 core is composed by four compact ABCA layers, comprising 7, 12, 12, 7 metal atoms,
respectively. Each layer contains three Cd-atoms, in a non-bonded triangular arrangement. The
20 non-interstitial Pt-atoms are coordinated to one terminal CO ligand each, whereas the Cd-

atoms are bonded to terminal Br-atoms.
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Alternatively, the cluster may be described as composed by a face centred cubic (fcc)
Ptis-core (figure 3.3.4) comprising the fully interstitial Pte-octahedron, even if the edges of the

cube are considerably elongated and non-bonding.

-~
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(b)

Figure 3.3.3 (a) Molecular structure of [H21]® and (b) its Pt-Cd core as found in [PPhs]s[H21]-4CH3sCN
(Ptsurface, green; Ptinerstitial, blue; Cd, yellow; Br, orange; C, grey; O, red).

(@) (b)

Figure 3.3.4 Stepwise reconstruction of the structure of [H,1]®: (a) face centred cubic (fcc) Ptis-core; (b)
Pty framework obtained by adding six Pt,-units to the vertexes of the interstitial Pts-octahedron and (c)
the whole Pt6Cd12 cage (Ptsurface, green; Plinerstitial, DIU€; Cd, yellow).

Six Pto-units condense on the vertexes of the interstitial Pts-octahedron, resulting on a
Pty fragment possessing 12 cyclo-pentane like pentagonal faces to which 12 CdBr fragments
are added. As a result, each of the six Pt2-units is bonded to two Cd-atoms, resulting on six Pt2Cd;
rhombuses covering the fcc Ptis-core. It is noteworthy that as in the case of the heterometallic
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[Pt19(CO)17{Cds(u-Br)sBrs(Me2C0)2}{Cds(u-Br)sBr(Me2C0)4}]% cluster, even [H21]% shows a
platinum core different from the homometallic species [Pt2s(CO)32]%.

Finally, in the unit cell of [PPha]s[H42]-(10+x)dmf (x = 0.56), the fractionary indexes are
due to disorder involving two free dmf molecules and the additional PtBr moieties present on
the surface of the cluster. Apart from the charge and the presence of this additional groups, the
structure of [H42]% is almost identical to the one just described for [H21]% for what concerns the
geometry and connectivity of the Ptos(CO)20(CdBr)12 core and its bonding distances. As a matter
of fact, [H42]% may be viewed as deriving from [H21]® by adding an additional PtBr fragment
with refined occupancy factor 0.281(9) on the Pt-Pt edge of one of the above mentioned Pt.Cd>
rhombuses (figure 3.3.5).

(b) ©

Figure 3.3.5 (a) Molecular structure of [Hs2]® in [PPhs]s[Hs2]-(10+x)dmf (x = 0.56). Structural
relationship between the (b) [H21]% and (c) [H42]® cages (Ptsurface, green; Plinerstitial, blUe; Cd, yellow).

Because of the presence of an inversion centre on the cluster, this PtBr fragment is present
twice on opposite edges and displays an overall fractionary index of ca. 0.56. This can be
justified by assuming that the crystal actually contains a mixture of three structurally related
clusters, ie., [H4Pt26(CO)20(CdBr)12]°, [H4Pt26(CO)20(CdBr)12(PtBr)]* and
[H4Pt26(CO)20(CdBr)12(PtBr)2]%.

This point is rather interesting, since it points out that closely related species displaying
a common Pt2(CO)20(CdBr)12 structure and differing only for the charge and/or the presence of

additional PtBr fragments may be obtained under very similar experimental conditions. From
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this point of view, the herein reported PtCd carbonyl clusters are at the border between molecular

(atomically defined) metal clusters and quasi-monodisperse metal nanoparticles.

Electron count

Adopting the ionic approach, [H21]® may be partitioned into a [H2Ptz6(C0O)20]?°~ Pt-CO
moiety which act as a Lewis base towards 12 [CdBr]* fragments. The former displays 322
CVE [26(Pt) x 10 + 20(CO) x 2 + 2(H) x 1 + 20 = 322]. Analogously, using the covalent
scheme, each CdBr fragment behaves as a pseudo-halide donating one electron to the
[H2Pt26(C0O)20]% core, which again adopts 322 CVE [26(Pt) x 10 + 20(CO) x 2 + 2(H) x 1 +
2(H) x 1+ 8+ 12(CdBr) x 1 = 322]. Considering the whole Pt26Cd12 metal cage of the cluster,
this displays 466 CVE [26(Pt) x 10 + 20(CO) x 2 + 12(Cd) x 12 + 12(Br) x 1 + 2(H) x 1 +
8 = 466]. By comparison the homonuclear and isostructural [Ptss(CO)44]?" anion possesses
470 CVE [38(Pt) x 10 + 44(CO) x 2 + 2 = 470], which is not very dissimilar. In the case of
[H22]%, this may be derived from the hexa-anion [H21]% by adding one or two PtBr

fragments.
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Final Remarks

Section 3.1 reports the first examples of anionic Pt/CO/PR3z clusters, obtained by CO/PPhs
substitution in [Ptsn(CO)en]*~ (N = 2-6) Chini’s clusters. Three of them, i.e., [Pt12(CO)22(PPhs)2]*,
[Pto(CO)16(PPhs)2]% and [Pts(CO)10(PPhs)2]*", have been structurally characterized showing a
close analogy to [Pt12(CO)24]* and [Pts(CO)1s]> for the first two clusters, whereas, due to steric
repulsion, the third one significantly differs from the parent [Pts(CO)12]>. Two different
structures of [Pts(CO)10(PPhs)2]> have been determined, showing that its metal cage can be
easily deformed due to packing effects and van der Waals forces. Moreover, joined IR, 3P{*H}
NMR spectroscopy and ESI-MS studies have revealed the presence in solution of several other
substitution products, obtained by replacing 1-3 CO ligands with PPhs in [Ptz,(CO)en]* (n = 2-
6). Substitution is, then, followed by elimination of Pt3(CO)s(PPhs)s and formation of lower
nuclearity clusters. These substitution/elimination reactions occur partially in parallel, leading to
complex mixtures of products.

Conversely, the reaction of [Pti12(CO)24]* with bidentate phosphines (section 3.2) leads
to neutral compounds. The reaction with the peculiar PAP (CH>=C(PPh>). bidentate phosphine
leads to a rare case of a tetrahedral Pt-CO cluster, i.e., Pta(CO)4(P"P).. This neutral species is
readily protonated by strong acids affording cationic hydride clusters which retain the same
tetrahedral geometry of the Pts-core, i.e., [HPts(CO)4(P*P)2]* and [H2Pts(CO)a(P P)2]%".
Cationic carbonyl clusters containing hydride ligands directly attached to metals become less
well known as either/both: the positive charge on the cluster increases, or/and the size of the
cluster increases. The structure and hydride nature of [HnPt2(CO)4(P*P)2]™ (n = 1, 2) has been
corroborated by multinuclear NMR spectroscopy and directly confirmed by X-ray
crystallography, thanks to the limited nuclearity of these clusters. Moreover, other bidentate
phosphine have been employed and, even if they lead to different products, in all of the cases
considered no substituted anionic clusters have been isolated. It seems, therefore, that bidentate
phosphines favor the elimination of neutral Pt/CO/PP complexes or clusters with the concomitant
formation of the homoleptic [Pts(CO)15]>~ anionic cluster. [HnPta(CO)s(P P)2]™ (n = 1, 2) show
the expected electron count for a Pt tetrahedron (56 CVE) but two Pt-Pt contacts display
distances (3.03-3.10 A) which have sometime been considered in the literature to be non-bonding.
This is contrasted by the bonding Pt-Pt intra-triangular contacts (3.02-3.10 A) observed in several

[Ptsn(CO)en]® (n = 2-8) clusters. If these distances are considered as (at least weak) bonds, the
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structures of some previously reported butterfly clusters (58 CVE) might be revised and
considered as (at least incipient) tetrahedral (see box 3.2.1). Even if apparently simple systems,
tetranuclear Pts-clusters seem to require further experimental and theoretical investigations in
order to fully understand their structural and bonding properties

Finally, the thermal degradation of [Pt12(CO)24]*" with CdBr2-H.0O leads to the new high
nuclearity cluster [HaPt2s(CO)20(CdBr)12]® [Hal]® (section 3.3). Conversely, starting from
[Pti5(CO)30]> the same reaction results in [HaPt2s(CO)20(CdBI)12(PtBr)x]® [Ha2]® (x = 0.56),
containing two PtBr fragments with fractional occupancy factors within the same crystal. This
crystal disorder is particularly significant and may appear to be borderline between mixtures of
molecular clusters or quasi-molecular clusters with very low polydispersity, whose structures
(and thus polydispersity) have been crystallographycally determined. Co-crystallization of
slightly different MCCs is already well documented and other cases are reported in chapter 4.
[H41]% and [H42]% clusters are based on a common cubic close packed (ccp) PtzsCdi2 core.
Conversely, the previously reported  [Ptio(CO)17{Cds(u-Br)sBra(Me2.CO)2}{Cds(u-
Br)sBr(Me2C0)4}]* and [Pt13(CO)12{Cds(u-Br)sBra(dmf)s}2]* display non-crystallographic
metal icosahedral packings. It seems, therefore, that within this size regime the transition from
icosahedral to close packed metal structures is not dictated by size but by the interactions
between the metal kernels and the surface ligands and decorations. Hence, small changes in the
experimental conditions are sufficient in order to pass from one structure to the other. Moreover,
all the reported clusters may be interpreted in terms of Lewis acid-base theory and partitioned
into a Pt-CO anionic kernel, i.e., [Pti3(CO)12]®, [Pts(CO)17]®, [H2Pt2s(CO)20]** and
[HsPt2s(CO)20(PtBN«]*® (x = 0, 1, 2) for [Ptis(CO)12{Cds(p-Br)sBra(dmf)s}2]%,
[Pt19(CO)17{Cds(u-Br)sBrs(Me2C0O). H{Cds(u-Br)sBr(Me2.CO)a}*-, [Hs1]® and [H42]®,
respectively, decorated on the surface by {Cds(u-Br)sBra(dmf)s}**, {Cds(u-Br)sBrs(Me,CO)-}?**,
{Cds(u-Br)sBr(Me2CO)4}** and [CdBr]* motives.
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CHAPTER 4

High Nuclearity Bimetallic Nickel
Carbonyl Clusters

This chapter illustrates the synthesis and the electrochemical characterization of new bimetallic
Ni-Co and Ni-Cu carbide clusters. The metal cores of some of these species are present in other
known clusters revealing the existence of common metal frameworks that can be viewed as

starting seeds for the growth of higher nuclearity clusters.
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Chapter 4

Mixed Ni-Co Carbide Carbonyl Clusters

4.1.1 State of the art
Several bimetallic Ni-Co carbide and acetylide carbonyl clusters are known, i.e.,
[C0o2Ni10C(CO)20]%, [Co3NisC(CO)20]™ (n = 2, 3), [CosNi7(C2)(CO)15]*", [CosNi7(C2)(CO)16]™
(n=2, 3) and [CosNi2(C2)(CO)16]* [57] (figure 4.1.1 bottom). Their highest nuclearity is 12 and
the Ni/Co ratio ranges from 0.33 to 5.1” The wide variability of the Ni/Co composition of these
clusters is due to the fact that both metals have similar properties. In particular, they display high
affinity with the carbonyl ligands and weak M-M bonds. Indeed, the peculiar feature of these
bimetallic clusters is the complete degradation under carbon monoxide into a mixture of Ni(CO)4
and [Co(CO)s]. Moreover, the different composition of [Co2NiC(CO)]*" and
[CosNisC(CO)20]%* does not affect the metal cage confirming the similar properties of the two
metals. In the absence of interstitial hetero-atoms, high nuclearity homo- and bi-metallic clusters
adopt compact (ccp and hcp) or poly-icosahedral structures. Conversely, the presence of
interstitial hetero-atoms, such as carbon, perturbs the growth of the metal cages resulting in more
complex and less regular structures. This may be related to the building-up of bulky carbide
phases such as Cr23Cs [58], as well as the formation of metal-carbide nano-alloys and the action
of metal nanoparticles as catalysts for the preparation of carbon nanotubes or graphene sheets.
In this regards, bimetallic Ni-Co nanoparticles are efficient catalysts for the growth of single-
walled carbon nanotubes. This has been attributed to the efficiency of the initial nucleation and
the subsequent growth of nanotube due to the presence of Co and Ni respectively [29, 59].
Moreover, the possibility to prepare bimetallic Ni-Co molecular clusters with very
different Ni/Co compositions makes these clusters quite attractive for the preparation of
bimetallic magnetic Ni-Co nanoparticles, allowing a gradual variation of their properties. A fine
control of the composition of the resulting bimetallic nanoparticles might result in a better
understanding of the relationships existing between composition and properties of the

nanoparticles [29].

17 Because X-ray are scattered by the electrons of an atom, an assignment of each of the metal atoms as either Ni or
Co cannot be made per se. However, the disposition of each atoms had been assigned with the evaluation of their
metal-carbonyl and metal-metal linkages supported by elemental analysis.
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As depicted on the bottom of figure 4.1.1, the chemistry of this family of compounds is
based on the redox condensation of Cos(u3-CCI)(CO)s with [NigC(CO)17]* or [Nis(CO)12])* as
starting materials. Despite the presence of interstitial carbide atoms contributes to an extra-
stabilization of the metal cage, only relatively low nuclearity Ni-Co clusters are known.*® In
addition to [NigC(CO)17]*, other suitable precursors such as [Niwo(C2)(CO)1s]*> and
[Ni1s(C2)2(CO)2s]* are available, thus we started a re-investigation of Ni-Co carbide carbonyl
clusters in order to obtain new higher nuclearity species.

4.1.2 General results

As depicted on top of figure 4.1.1, the reaction between [Ni1o(C2)(CO)16]> and Cos(CCI)(CO)s
leads to the new hexa-carbides [Hs nNi22C06Cs(CO)z6]" (n = 3-6) [60]. Their reactions with
strong bases, such as [NBu4][OH], besides revealing the poly-hydride nature of these clusters,
afforded the new mono-acetylide [NigCo(C2)(CO)16x]*> (x = 0, 1) [60]. Moreover, the thermal
decomposition in thf solution of [H2Ni22C0sCs(CO)36]* results in the new [HNizsCosCg(CO)ag]>
bimetallic Ni-Co octa-carbide, which can be converted into the closely related [He-
nNizsC0sCg(CO)as]™ (n = 3-6) polyhydrides by means of acid-base reactions [61]. The Ni/Co
compositions of these compounds has been determined on the basis of SEM-EDS analyses and
their locations based on geometric considerations (M-M and M-CO connectivity). All these

results will be described in details in the following sections.

4.1.3 Synthesis and characterization of [He-nNi22C0sCs(CO)z6]™ (n = 3-6)

The slow addition of an acetone solution of Coz(CCI)(CO)s to [Ni1o(C2)(CO)16]%> dissolved in
acetone results in the formation of a considerable amount of Ni(CO)4 together with a new brown
species which has been isolated after removal of the solvent in vacuo, washing with water and
toluene, and extraction of the residue in CH3CN. After layering n-hexane and di-iso-propyl ether
on the CH3CN solution, crystals suitable for X-ray analysis of [NEts]a[H2Ni22C0sCs(CQO)36] were

obtained. The formation of [H2Ni22C0sCs(CO)s3s]*" is formally in agreement with equation (1):
3[Ni10C2(CO)16]* + 2C03(CCI)(CO)g + 2H20 — [H2Ni2C0sCs(CO)36]* + 2C + 2CI~ + Ni?*

+ 20H" + 7Ni(CO)s + 2CO (1)

181t is known that the highest nuclearity homometallic carbonyl cluster of Ni and Co is respectively 12 in
[HaNi2(CO)21]* ™ (n =0 - 2) and 6 in [HyCo(CO)15]®™-(n = 0 - 1). For nickel carbonyl clusters, the presence of
carbides results in an increase of nuclearity up to 38 in [NizsCs(CO)42]%".
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The di-hydride tetra-anion [H2Ni2Co0sCs(CO)35s]* is deprotonated to the mono-hydride
penta-anion [HNi22C0sCs(CO)sz6]*> after dissolution in the more basic CH3CN as shown by a
significant lowering of its IR carbonyl absorptions (scheme 4.1.1). Further deprotonation of
[HNi22C06Cs(CO)36]° to yield the hexa-anion [Ni22CosCs(CO)s36]° occurs in CHsCN only upon
addition of solid Na>COs. Its nature and charge have been confirmed since it has been possible
to isolate it as crystals of [NMes]s[Ni22C0sCs(CO)3z6]-4CH3CN by slow diffusion of n-hexane
and di-iso-propyl ether on the basified solution. Conversely, addition of strong acids such as
HBF, to an acetone solution of the di-hydride tetra-anion [H2Ni22C0sCs(CO)zs]* results in the
formation of the tri-hydride tri-anion [H3Ni22C0sCs(CO)35]*".

- + OH + OH- .
[H,Niy,CogCoq(CO)sl* | ———> [HNi,,C0,Co(CO)5]5> ———> [NipCoeCy(CO)56]*
2018(vs), 1857(m) cm! +H 2008(vs), 1849(m) cm™! +H” 1989(vs), 1957(m) cm?
in acetone in CH,CN in dmso
+HY | |+0H +OH
[H;Niy,CoeCo(CO)56l> [NigCog(C)(CO)y44]*>
2033(vs), 1868(m) cm! 1979(vs), 1848(sh), 1874(ms), 1829(m) cm*
in acetone in CH;CN

Scheme 4.1.1 Deprotonation and protonation of [HenNiz2C0sCe(CO)3s]™ (n = 3-6) species. The
[H2Ni22CosCs(CO)36]* species is the direct product of the redox condensation of [Ni1o(C2)(CO)1]* and
Cos(us-CCI(CO)o. The addition of an excess of base affords mixtures of the monoacetylides
[NigCO(Cz)(CO)le]s' and [NigCO(Cz)(CO)15]3'.

The hydride nature of the [Hes_nNi22C06Cs(CO)36]™ (n = 3-6) anions is suggested by the
observed shifts of their v(CO) bands as a function of the basicity of the solvent and/or after
addition of acids or bases to their solutions and by the isolation of both the tetra- and hexa-anion.
Such a suggestion is further implemented by electrochemical studies which clearly point out that
[H2Ni22C0sCs(CO)s6]* and [HNi22CosCs(CO)36]°> display different voltammetric profiles. In
particular, [H2Ni22C0sCs(CO)s6]*~ displays two reduction processes with features of chemical
reversibility, whereas [HNi22C0sCs(CO)36]>~ displays three reductions (table 4.1.1). Therefore,
the changes in v(CO) cannot be due to redox reactions. Unfortunately, all attempts to directly
confirm the hydride nature of these clusters via *H NMR failed (see chapter 2.4). As for the other
known Ni-Co carbide clusters, the [He-nNi22C0sCes(CO)3s]" (n = 3-6) anions are not stable under
CO atmosphere, being completely decomposed yielding Ni(CO)4 and [Co(CO)4]™ as the only
carbonyl species detected in solution.
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EOI

Compound
-4/-5 -5/-6 -6/-7 -7/-8

[H2Ni2C0sCs(CO)3s]*  -0.533  -0.833
[HNi22C06Cs(CO)z6]* - -0.961 -1.293 -1.666

Table 4.1.1 Formal redox potentials (in V, referred to SCE) of the tetra-anion (in acetone) and the penta-
anion (in CHsCN).

Crystal structure

The molecular structures of [H2Ni22CosCs(CO)3s]* and [Ni22CosCs(CO)36]® have been
determined as their [NEt4]4[H2Ni22C0sCe(CO)36] and [NMes]s[Ni22C0sCs(CO)36]-4CH3CN salts,
respectively (figure 4.1.2 and table 4.1.2). The two cluster anions are almost identical for what
concerns the geometry of the metal core, the stereochemistry of the CO ligands and all bonding
distances. The cluster comprises 28 metal atoms and the relative composition (22 Ni, 6 Co) has

been independently confirmed by elemental and EDS-SEM analyses.

240"
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(b)
Figure 4.1.2 Molecular structure (a) and the metal framework (b) of [He_nNi22C0sCs(CO)36]™ (n = 4, 6)
(Ni, green; Co, blue; C, grey; O, red).

The assignment of the positions to Ni and Co have been based on the fact that there are
six similar sites displaying the lowest M-M connectivity and highest M-CO coordination and
these have been labeled as the six Co atoms.

The metal core of the [Hs nNi22C0sCs(CO)36]" (n = 4, 6) clusters is rather complex and

formally results from the condensation of six NizCoC distorted square antiprismatic C-centered
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cages. Two of these NizCoC polyhedra are so highly distorted that the two Ni-atoms along the
diagonal on one of the square faces are at bonding distance (3.03-3.05 A) and, therefore, they
may be alternatively described as two NisCoC trigonal prisms capped by two further Ni-atoms
(figure 4.1.3 and figure 4.1.4).

[H2Ni22C06Cs(CO)a6]* [Ni22C06Cs(CO)36]®
Ni-Ni 2.330(16)-3.2680(10) 2.337(3)-3.298(5)
average 2.613(8) average 2.617(2)

Ni-Ni (inter.)* 2.330(16) 2.337(3)

Ni—Co 2.4283(11)-2.6315(11) 2.398(3)-2.652(3)
average 2.524(4) average 2.525(9)

Ni-C 1.881(6)-2.328(6) 1.911(12)-2.368(13)

average 2.08(3) average 2.09(5)

Co-C 1.925(6)-1.968(6) 1.858(13)-1.910(14)

average 1.952(15) average 1.892(19)

Table 4.1.2 Main bond distance (A) for [Hs nNi2C0sCs(CO)z6]™ (n = 4, 6). * This refers to the two
fully interstitial Ni atoms.

(C)) (b) ©

Figure 4.1.3 (a-b) Two views of the metal framework of [He_nNi>2C0sCs(CO)36]™ (n = 4, 6) related by a
rotation represented by a green arrow. (c) Multicolor representation of the same view of (b) in order to
evidence the condensation of the six Ni-Co distorted antiprismatic square carbide centered cages. For
sake of clarity in (b) and (c) the Ni-C, Co-C and the longer Ni-Ni (> 3 A such as Nii-Niy) are not
represented. The bicolor and tricolor atoms are respectively shared by two and tree cages. The couple of
cages with the same color are related by the inversion center.
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(d)

(b)
Figure 4.1.4 Stepwise reconstruction of [He_nNi2C0sCs(CQO)3s]™ (n = 4, 6): (a) Ni;CoC distorted
antiprismatic square carbide centered cage; (b) Ni.Co2C, framework obtained by the condensation of
two Ni;Co cages sharing a Ni, edge; (c) Ni;gCo4Cs framework obtained by the addition of two other
Ni-Co cages sharing two Ni, edges each; (d) the final Ni»»CosCs cage, the two added Ni-CoC units share
two square faces.

The average M-M connectivity is 5.93, resulting from very different situations. Thus, the
six Co-atoms display the lowest number of M-M bonds, i.e. 4, plus one Co-C(carbide) bond.
Conversely, there are two fully interstitial Ni atoms which display nine Ni-M bonding contacts
and four Ni-C(carbide) bonds. It must be remarked that these two fully interstitial Ni atoms are
tightly bonded together, showing the shortest Ni-Ni contact. The remaining 20 Ni-atoms display
intermediate situations. A M-M connectivity of nine is close to the one found in bulk close
packed metals (12) and similar to body centered cubic (8), suggesting (at least morphologically)
metalization of these two atoms. Conversely, the situation for Co (4 M-M bonds) is similar to
the one found in lower nuclearity molecular clusters (e.g., Cos(CO)1s).

The surface of the cluster is completed by 36 CO ligands, 16 terminal and 20 edge
bridging. The CO/M ratio is 1.286, which, by considering the two interstitial Ni atoms,
corresponds to a surface coverage CO/Msurface Of 1.385. The six Co atoms display the highest
number of CO ligands, one terminal and two edge bridging. This is a further (indirect)
confirmation of our assignment of these sites as Co. Moreover, the addition of a further CO
ligand formally results in the formation of [Co(CO)4]~, suggesting a possible pathway for the

CO-induced decomposition of the cluster.
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Electron count and EHMO analysis

The [HenNi22C06Cs(CO)36]"™ (n = 3-6) clusters

E(eV) MO
. possess 376 Cluster Valence Electrons (CVE)
— corresponding to 188 (6N + 20; N = number of
— metal atoms) Cluster Valence Orbitals (CVO).
99 — HOMO-LUMO gap

230 011 eV This electron count is in keeping with other Ni
_10.0 / polycarbide clusters which are usually electron rich,
@ i.e., [Nis2Ce(CO)36]® [33] and [NizsCs(CO)a2]®
- 234 (6N + 19 CVO), [NizsCs(CO)36(Cd2Cl3)]> (6N +
e .. 235 19 CVO), [Nis2Cs(CO)as(CdCI)]" (6N + 22 CVO).
: The electronic properties of [Ni22CosCs(CO)36]®

-10.3

-10.6

have been investigated by means of Extended

Figure 4.1.5 Frontier region of EHMO

i £ [NizsCsCe(CO)sa]" Hckel Molecular Orbital (EHMO) analysis, using
lagram o 122L 06156 36] -

the program CACAOQ [62] with its crystallographic
coordinates. The frontier regions (in the -11 - -9 eV interval of energy) of the EHMO diagram
of [Ni22C0sCs(CO)36]® is represented in figure 4.1.5. The diagram shows the presence of four
closely spaced Molecular Orbitals (MOs 231-234) in an otherwise wide gap (AMO(230-235) =
0.676 eV). The HOMO (MO 233) — LUMO (MO 232) gap is, thus, very small (0.114 eV) and
the LUMO (MO 232) and LUMO+1 (MO 231) are almost degenerate (0.048 eV). The small
HOMO-LUMO gap as well as the presence of a very low energy LUMO+1 explain the

propensity of these clusters towards reduction, as indicated by electrochemical studies.

4.1.4 Synthesis and characterization of [NigCo(C2)(CO)1x]> (x =0, 1)
The hexa-anion [Ni22CosCs(CO)35]® reacts with excess [NBus][OH] yielding the new mono-
acetylide [NigCo(C2)(CO)16-x]> (X = 0, 1). [NigCo(C2)(CO)16x]* (x = 0, 1) has been isolated in
good yields after removal of the solvent in vacuo, washing the residue with water, thf and acetone
and, then, extracted in CH3CN. Crystals suitable for X-ray analyses of [NEt4]3[NisCo(C2)(CO)ze-
x] were obtained by slow diffusion of n-hexane and di-iso-propyl ether on the CH3CN solution.
The fractional index of [NEts]3[NisCo(C2)(CO)16x] is due to the fact that within the same
crystals, mixtures of structurally related [NigCo(C2)(CO)16]*>~ and [NigCo(C2)(CO)1s]*~ clusters
are present. Their ratio varies from batch to batch depending on the experimental conditions as
it has been confirmed by analyzing several crystals obtained from different batches. The crystals
from the same batch show the same composition (e.g., X = 0.84 and 0.82), as expected from the

statistical crystallization of the [NigCo(C2)(CO)16]*>~ and [NigCo(C2)(CO)15]> mixtures present
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in solution. Conversely, crystals from different batches display different compositions (e.g., X =
0.84, 0.58 and 0.70) indicating that the two species are formed in different ratios depending on
slight variations of the experimental conditions. The chemical relationship between
[NigCo(C2)(CO)16]*> and [NisCo(C2)(CO)15]>~ may be formally viewed as an dissociation

reaction of one carbonyl according to equation (2):
NigCo(C2)(CO)16]* <= [NisCo(C2)(CO)1s]* +CO  (2)

Nonetheless, this reaction is only a formal equilibrium and indeed, [NisCo(C2)(CO)16]*
is stable under vacuum. Thus, the two products are likely formed in parallel during the reaction
of [Ni2C0sCs(CO)36]® with [NBus][OH]. Moreover, mixture of [NigCo(C2)(CO)isx]> is
decomposed under CO atmosphere, resulting in the formation of Ni(CO)s and [Co(CO)4] .

Crystal structures and EHMO analysis
The molecular structure of the [NisCo(C2)(CO)16x]*> (x = 0, 1) trianion has been determined as
its [NEts]3[NisCo(C2)(CO)16-x] salts (figure 4.1.6). Within the crystal, the two different trianions
are generated by the fact that two edge bridging CO ligands related by a mirror plane and bonded
to a common atom are partially vacant and replaced by a single terminal CO bonded to the same
metal atom.

The single Co-atom has been assigned as disordered over two symmetry related positions
in the central square of the cluster. Indeed, also the above mentioned disordered bridging-

terminal CO ligands are bonded to these atoms.

(a) (b)

Figure 4.1.6 Molecular structure of (a) [NisCo(C2)(CO)1s]* and (b) [NisCo(C2)(CO)16]*>. The different
number of carbonyl ligands has no effect on the metal cage. (Ni, green; Co, blue; [Ni/Co0]disorgered, bicolor
green-blue).
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The [NisCo(C2)(CO)1sx]*" (x = 0, 1) trianions are closely related to the previously
reported [Ni1o(C2)(CO)16)*, [CosNiz(C2)(CO)1s]* and [CosNi7(C2)(CO)16]"™ (n = 2, 3). Their
common metal polyhedron may be seen as being derived from the condensation of two (distorted)
capped trigonal-prisms sharing a common square face. Overall, the metal framework consists of
a 3,4,3 stack of metal atoms of Czn idealized symmetry.

The interstitial C-atoms are lodged within mono-capped trigonal prismatic cavities,
showing seven M-C contacts each. As a result of the fact that these two M-C prisms share a
common square face, the interstitial C-atoms display a very short C-C distance [1.455(12) A],
suggesting the presence of tightly bonded C»-units. For what concerns the stereochemistry of the
CO ligands, [NisCo(C2)(CO)16]* contains six terminal and ten edge bridging carbonyls, whereas
[NigCo(C2)(CO)1s]>~ possesses seven terminal and eight edge bridging ligands.

EHMO calculations with CACAO [62]
(@) (b) show that [NigCo(C2)(CO)1s5]*" displays
a rather wide HOMO-LUMO gap

(1.416 eV) and possesses a close-shell

E(eV)

electronic configuration (figure 4.1.7).
95 N 95 o The addition of a further CO in
[NisCo(C2)(CO)16]*>~ introduces an
additional MO within this gap, reducing

%z the HOMO-LUMO gap to 0.88 eV. The
AE =142

=10.4

latter IS isoelectronic with
[Ni1o(C2)(CO)16]*, possessing 142
CVE (6N + 11 CVO). Conversely,
e . [NisCo(C2)(CO)1s]* contains 140 CVE
R (6N + 10 CVO) being isoelectronic to
[CosNi7(C2)(CO)16]*.  Finally, the
Figure 4.1.7 Frontier region of EHMO )
diagrams of (a) [NisCo(C2)(CO)e]> and (b) Previously reported
[NisCo(C2)(CO)us]™ [CosNi7(C2)(CO)s]* displays only 138

CVE (6N + 9 CVO) even if the metal cages are very similar. The different electron counts of

923

these deca-nuclear mono-acetylide clusters possessing similar metal frameworks is probably due

to distortions and loosening of the metal interactions.
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4.1.4 Synthesis and characterization of [He-nNizsC0sCs(CQO)a8]™ (n = 3-6)

The thermal decomposition in thf solution of [H2Ni22CosCs(CO)3s]* hexa-carbide results in a
nearly colourless solution and a dark oily precipitate. The reaction takes ca. 2 hours and a longer
heating time must be avoided since it favours the formation of [Nis2Cs(CO)36]® [33] as side
product. Single crystal suitable for X-ray analysis are obtained after layering n-hexane on the
acetone solution (were the cluster is extracted after work-up), resulting in X-ray quality single
crystals of the new [NMe3z(CH2Ph)]s[NizsC0sCs(CO)as]-5CH3COCHS3 bimetallic octa-carbide.
The IR analysis shows that deprotonation has occurred starting from the [HNizsC0sCs(CO)as]*>
penta-anion present in acetone before crystallization. This has been fully corroborated by
studying the reactivity of the cluster towards acids and bases and substantiated by
electrochemical experiments.

Formation of [HNissCosCs(CO)ag]> from [H2Ni2CosCs(CO)ss]* requires cluster
rearrangement. Yields are ca. 45 % based on Ni and 35 % based on Co, suggesting the formation
of several by products. Unfortunately, these compounds are completely insoluble in all solvents,
hampering their identification and making very difficult to speculate on the reactions occurring
during the synthesis.

The [NizsCosCs(CO)as]® hexa-anion is protonated by acids such as HBF4 resulting in the
[HNi3sC0sCs(CO)as]> penta-anion mono-hydride (scheme 4.1.2). The latter is further protonated
in acetone giving, first, the [H2NizsCosCs(CO)as]* tetra-anion di-hydride and, then, the
[H3NizsCosCs(CO)as]®~ tri-anion tri-hydride. All these reactions are reversed after addition of

stoichiometric amounts of bases such as [NBus][OH].

. + OH- +OH .
[H,Ni3CogCy(CO)s]* ———>| [HNi;CoyCy(CO)5]5 |———>  [NizCogCys(CO)5]*
2025(vs), 1889(m) cm* +H 2012(vs), 1879(m) cm! +H* 2000(vs), 1870(m) cm*
in acetone in acetone in CH,CN

+H" + OH
[H;3Ni3CogCy(CO) 4]

2037(vs), 1890(br) cm™!
in acetone

Scheme 4.1.2 Deprotonation and protonation of [HeNizsC0sCs(CO)as]™ (n = 3-6) species. The [H
NizsC0sCs(CO)as]>~ species is the direct product of the thermal degradation of [HzNi22C0sCs(CO)3s]*.

As previously reported for high nuclearity platinum carbonyl clusters, all attempts to

directly confirm the presence and numbers of hydride ligands by *H NMR spectroscopy failed
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under every experimental condition adopted (see chapter 2.4). The electrochemical studies on
[NizsCosCs(CO)as]® and [HNizsCosCs(CO)as]®> show the presence only of complicated
irreversible redox processes (figure 4.1.8). Both clusters undergo two irreversible oxidation
processes, giving ill-defined broad peaks, whose potential can be only roughly estimated at —
0.27 and +0.55V in the case of [NissCosCs(CO)4s]® and at +0.02 and +0.41 V in the case of
[HNi3sC0sCs(CO)as]® . [NizsC0sCs(CO)4s]® also shows an irreversible reduction at -1.32 V.

-20 -15 -10 -05 00 05 10
E (Volt vs. Ag/AgCI)

Figure 4.1.8 Voltammogram of [NizsCosCs(CO)4s]® recorded at platinum electrode in a CHsCN solution
(0.8-10% M; dashed line) comparing to that of the conjugate base [HNi3sC0sCs(CO)as]> (1.3-10 M; full
line). [NBu4][PFs] (0.2 M) supporting electrolyte. Scan rate 0.2 V/s.

Both samples have revealed to be highly difficult to characterise because of severe
electrode poisoning, which could not be circumvented by using different electrode materials.
The complete absence of reversible redox processes indicates that the different charges displayed
by these clusters cannot be due to redox reactions, substantiating our hypothesis on their
polyhydride nature.

The different [Hs-nNizsC0sCs(CO)ag]™ (n = 3-6) anions as well as the parent
[HNi22C0sCs(CO)36]> display very similar and almost featureless UV-visible spectra and, thus,
this technique revealed to be not very useful in order to distinguish the different species present
in solution, as previously found for other large molecular clusters (figure 4.1.9). Moreover, these
UV-visible spectra closely resemble those of small metal nanoparticles, pointing out the close
relationship between large molecular clusters and small metal nanoparticles. At the same time,
there is no noticeable change in the absorption spectra passing from nuclearity 28 to 44.
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Figure 4.1.9 (Left) Normalised UV-visible spectra of (a) [NizsCo0sCs(CO)ss]® (in CH3CN); (b)
[HNi3sC0sCs(C0O)as]> (in CH3CN); (c) [H2NissCosCs(CO)as]* (in acetone). (Right) Normalised UV-
visible spectra of (a) [HNi22C0sCs(CO)36]°> (in CH3CN); (b) [HNizsC0sCs(CO)4s]* (in CH3CN). [Clusters]
=10°M.

Crystal structures

The molecular structure of the [NissCosCs(CO)ss]® cluster has been determined in its
[NMe3(CH2Ph)]s[NizsCosCs(CO)as]-5CH3COCH; salts (see figure 4.1.10).

€Y (b)
Figure 4.1.10 Molecular structure (a) and the metal framework (b) of NizsCosCs(CO)4s]® (Ni, green; Co,
blue; C, grey; O, red).

The NizsCosCg framework of the cluster anion may be rationalized as depicted in figure
4.1.11, which also shows the structural analogy between [NizsCosCs(CO)4s]® and the previously
reported [Niz2Cs(CO)36]® and [HNissCs(CO)42]>~ hexa-carbides. Thus, the core of the cluster is
based on a cubic NigCes unit whose six square faces are capped by six carbide atoms. These
carbides are encapsulated within six square anti-prismatic cages, after the addition of further four

Ni-atoms on each carbide. This results on a Niz2Cs framework, closely resembling the structure
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of [Ni3Cs(CO)3s]®. The Nis2Cs framework displays eight centred hexagonal Ni; faces.
[HNIi3sCs(CO)a2]*> formally arises from [Nis.Cs(CO)36]® by adding six Ni(CO) fragments on
these faces. In the case of [NissCosCs(CO)as]®, four of these Ni- centred hexagonal faces are
capped by Co-atoms, which are not bonded to any carbide, resulting in a Niz2C04Cs framework.
Two other Niz centred hexagonal faces are not capped, whereas the remaining two faces are
connected to two additional carbide atoms. The coordination sphere of these two carbides is
completed by adding two further Ni and two Co atoms to each carbide, resulting in the final
NizsCosCg framework of the cluster. These additional carbides are, overall, encapsulated within

mono-capped trigonal prismatic NisCo.C cages.

Figure 4.1.11 Stepwise reconstruction of [NizsCosCs(CO)4s]: (a) NisCs core; (b) Niz2Cs framework; (c)
NizsCs framework obtained by adding six nickel atoms (dark green) non bonded to any carbide atom (d)
Niz2C04Cs framework obtained by adding four cobalt atoms; (e) the whole NissCosCs metal cage (Ni,
green; Co, blue; C, grey).

The eight interstitial carbide atoms display rather different environments. Thus, two C-
atoms are enclosed within regular NigC square anti-prismatic cages showing eight Ni-C contacts
similar to those found in [Nis2Cs(CO)s6]® and [HNissCs(CO)a2]>~. Other four carbides are
contained within irregular NigC square anti-prismatic cages, formed by the four rhombic faces
described above. The last two carbide atoms are enclosed within NisCo.C mono-capped trigonal
prismatic cages and show normal Ni-C and Co-C contacts.
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All the [He-nNizsC0sCs(CO)sg]™ (n = 3-6) clusters are isoelectronic and possess 566
Cluster Valence Electrons (CVE) corresponding to 283 (6N + 19; N = number of metal atoms)
Cluster Valence Orbitals (CVO). These clusters are considerably electron richer than isonuclear
species which do not contain interstitial heteroatoms such as [NizsPds(CO)44]® (534 CVE; 267
(6N +3) CVO). This electron count is in keeping with other Ni polycarbide clusters which are
usually electron rich as it is observed for [Niz2Cs(CO)3s]® and [NizsCs(CO)42]® (6N + 19 CVO).
This, in turn, is due to the presence of several interstitial carbide atoms which behave like

“internal” ligands donating four electrons.
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Bimetallic Ni-Cu Carbide Carbonyl Clusters with
Vacant Ni(CO) Fragments

4.2.1 Bimetallic Ni-Cu nanoparticles and clusters
Bimetallic alloys of the active Group 10 metals (Ni, Pd, Pt) and relatively inactive Group 11
metals (Cu, Ag, Au) have been the subject of many experimental and theoretical studies on their
catalytic properties. In particular, the chemisorption of CO, H» and several hydrocarbons on Ni-
Cu surfaces have been extensively investigated. Studies in the field of heterogeneous catalysis
include [63]:

. experimental and theoretical investigation of the adsorption and desorption of carbon

monoxide on Ni-Cu surfaces;

« the redox disproportionation of carbon monoxide (CO — C + CO»),

« the methanation of carbon monoxide (CO + H — CHas +H20),

« methanol synthesis from CO,, CO and H2 on Ni/Cu (100) surfaces.

In the last two decades, the interest on this bimetallic alloys has moved in the nano-field
due to higher catalytic activity and selectivity. Moreover, bimetallic Ni-Cu nanoparticles have
been extensively studied because of their magnetic and optical properties that are dramatically
influenced by variations of their Ni-Cu composition.

The close-packed [CuxNissx(CO)ao]> (X = 3, 5) cluster [64], obtained by the redox
condensation of [Nis(CO)12]> with CuBry, is the only example of bimetallic Ni-Cu MCC
reported (figure 4.2.1).1° The 35-atom metal core is composed of equilateral triangular layers
containing 10/15/10 atoms that are stacked in a A:B:A close-paked conformation. It is
noteworthy that the hcp arrangement of the metal core contains three fully interstitial copper
atoms. Only few examples of other (lower nuclearity) clusters containing naked copper atoms
are known, e.g., [FesCus(CO)16]*. On the other hand, clusters containing edge-bridging or face-

19 The synthesis of [CuxNizsx(CO)40]®> (x = 3 or 5) is irreproducible and therefore, the investigation of alternatives
routes is crucial in order to explore its chemical and electrochemical properties. Unfortunately, all attempts to find
a new synthetic route such as the redox condensation of [Nis(CO)12]* with a suitable Cu salts have failed.
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capping CuL fragments, where L is a two-electron donor ligands such as CH3CN or PR3 (R =
alkyl or aryl), are more common (figure 4.2.2).

€Y (b)
Figure 4.2.1 (a) Molecular structure and (b) metal core of [NizCus(CO)40]>. The hcp arrangement of the
metal core contains three fully interstitial copper metal atoms. (Ni, green; Cu, orange; C, grey; O, red).

() (b)

Figure 4.2.2 Molecular structures of (a) H2Rus(CO)12(CuPPh,CH,CH:PPhy) and (b)
[C04Cu(CuzPPh,CH,PPh,)(PPh,CH2PPh,)s]*. It should be noted that only (b) contains a naked copper
atom (Ru, purple; Co, blue, Cu, orange; P, green; C, grey; O, red; H, white).

On the basis of these considerations and recent studies on the synthesis of new high
nuclearity Ni-Cd MCCs [65], we decided to explore the possible substitution of [CdX]*" moieties
with isoelectronic and isolobal [Cu(CHsCN)]* fragments. We tried, first, the exchange of
[CdCI]* with [Cu(CHsCN)]* by reacting [H2NizoCa(CO)34(CdX)2]* with [Cu(CH3CN)4][BF4].
The results have been little rewarding owing to obtainment of rather complicated mixtures of
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compounds, which could not be separated and crystallized. We, therefore, turned to investigate
a reaction similar to the one affording [H2NisoCs(CO)ss(CdX)2]*, namely the reaction of
[NigC(C0)17)*> with [Cu(CH3CN)4][BF4].

4.2.2 General results

The results described in detail in the following sections are herein briefly summarized (table
4.2.1) [66]. The reaction of [NigC(CO)17]* with [Cu(CHsCN)4][BF4] (1.1-1.5 equivalents)
afforded the first Ni-Cu carbide carbonyl cluster, i.e., [H2NizoCa(CO)3s{Cu(CHsCN)}.]*
([H21]%). This has been crystallised in a pure form with miscellaneous [NRs]* (R = Me, Et)
cations, as well as co-crystallised with [H2Ni2oCs(CO)33{Cu(CHsCN)}.]* ([H22]*) which
differs from [H21]* by a missing Ni(CO).

Symbol Formula Isolated as
[H21]* [H2Ni30C4(CO)3s{Cu(CH3CN)},]* pure compound
[H22]* [H2Ni2sCa(CO)3s{Cu(CHsCN)}2]* mix [H22]*/[H21]*
[H231% [H2Niz30Ca(CO)3s{Cu(CH3sCN)}.]* mix [H23]%/[H24]*
[H24]* [H2Ni29C4(CO)3s{Cu(CHsCN)},]* pure compound
[H25]% [H2NizgCs(CO)32(CH3CN){Cu(CH3sCN)}]>  pure compound
[H261* [H3Niz30Ca(CO)3{Cu(NCCsH4CN)}2]* mix [H26]3/[H27]*
[H.7]* [HsNi2sCa(CO)3s{ Cu(NCCsH4CN)}]* mix [H27]3/[H26]*

Table 4.2.1 List of new bimetallic Ni-Cu clusters with their related symbols. The clusters can be
crystallized in a pure form or a mixture (mix) as indicated.

By increasing the [Cu(CH3CN)4]*/[NigC(CO)17]* ratio to 1.7-1.8, the closely related
[H2Ni30Ca(CO)3s{Cu(CH3CN)}2]>" ([H23]?), [H2Ni2sC4(CO)34{Cu(CHsCN)}2]* ([H24]%*), and
[H2Ni29C4(CO)32(CH3CN)2{Cu(CH3sCN)}2]> ([H25]%) dianions have been obtained. [H24]* and
[H25]% have been isolated in a pure form while [H23]? has been isolated in mixture with [H24]%".
Replacement of Cu-bonded CH3CN with p-NCCsH4CN afforded, after protonation of the tetra-
anion, mixtures of [H3Niz0Ca(CO)34{Cu(NCCsHsCN)}]* ([H36]*) and
[H3Ni20C4(CO)3s{Cu(NCCsHsCN)}2]* ([H37]*).

The species 1-7 display a common Ni2sC4Cuz core and differ for the charge, the presence
of additional Ni atoms, the number and nature of the ligands, even though they are obtained

under similar experimental conditions and often in mixtures.
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4.2.3 Synthesis and characterization of new bimetallic Ni-Cu clusters
The versatility of the [NisC(CO)17]* dianion as a starting material for obtaining high nuclearity
homo- and heterometallic carbonyl clusters is well documented (see chapters 4.1 and 7.1). In
particular, its simple and high yield synthesis make this compound a perfect candidate to be
reacted with [Cu(CH3CN)4][BF4] under different conditions.

The reaction of the [NisC(CO)17]* dianion with a slight excess of [Cu(CH3CN)4][BF4]
(1.1-1.5 equivalents) results in the formation of a new species of formula
[H2NizoC4(CO)3{Cu(CH3CN)}2]* ([H21]*) together with Ni(CO)4 and a mirror of Cu-metal, in

accord to equation (1):

4[NisC(CO)17]% + 4[Cu(CH3CN)4]* + 2H;0 — [H2NizoCa(CO)3:{Cu(CH3sCN)}2]* + 2Cu +
5Ni(CO)s + 14CO + 14CH3CN + Ni?* +20H (1)

The reaction is reminiscent of the one between [NisC(CO)17]* and CdX, (X = CI, Br, I)
resulting in the formation of [Hs nNi3oCs(CO)34(CdX)2]" (n = 3-6), which contains the same
NizoC4(CO)as core. Since the {Cu(CH3CN)}* fragment is isoelectronic to [CdX]*, the product of
reaction has been formulated as a di-hydride. Hydride ligands may arise from traces of H.O
present in the reaction medium. This is circumstantially confirmed by the fact that the tetra-anion
is protonated in the same solvent by acids such as HBF. yielding the tri-anion [Hs1]*.
Conversely, in the presence of bases, the tetra-anion is deprotonated yielding first the penta-

anion [H1]°~and, then, the hexa-anion [1]® (scheme 4.2.1)

[H;Niy,Cy(CO)3, {Cu(CH;CN)LP T O | [H,Ni; C(CO),,{Cu(CH,CN)}, ]+

‘+—

[Hs1]* +H* [H,1]*
2027(vs), 1885(m) cm! 2012(vs), 1878(m) cm™
+H* +OH

[Ni3yC4(CO)3,{Cu(CH;CN)},J¢  _* O | [HNi;,C,(CO),,{Cu(CH,CN)},|*

e
[1]¢ +H [H1]*
2000(vs), 1860(m) cm™ 2006(vs), 1872(m) cm™?

Scheme 4.2.1 Protonation-deprotonation reactions of [H21]* in CH3;CN solution.
Several attempts have been done on [Hs-n1]" (n = 3-6) in order to detect the hydrides via

'H NMR, but their spectra do not show any resonance a part those of the organic cations and

solvents, even by changing the experimental conditions (see chapter 2.4).

86



Chapter 4

While investigating the protonation-deprotonation reactions, in the attempt to find the
conditions to isolate other members of the [Hs-n1]" (n = 3-6) series, we noticed some minor but
yet systematic differences in the IR spectra of anions with the same value of n. In order to shed
more light on this point, we have attempted to crystallise several samples under different
experimental conditions, resulting in X-ray quality single crystals of [H21]* as well as co-
crystallized mixtures of [H21]* and the structurally related [H22]*, i.e., the
[NMe3z(CH2Ph)]4[H2Niz0 xC4(CO)zs x{Cu(CH3CN)}2]-2CH3CN (x ~ 0.35) salt. Formation of
[H22]* in mixture with [H21]* may be justified by equation (2) in view of the fact that the
required CO is formed during their synthesis:

[H2NizoC4(CO)32{Cu(CH3CN)}2]* + 3CO — [H2Ni29Cs(CO)33{Cu(CH3CN)}2]* + Ni(CO)s (2)

Furthermore, by increasing the [Cu(CH3CN)4]*/[NisC(CO)17]* ratio to 1.7-1.8, probably
owing to the more oxidizing conditions, the [H24]* and [H25]% dianions have been obtained

according reaction (3):

4[NigC(C0)17)*> + 8[CU(CH3CN)4]" + 2H20 — [H2Ni29C4(CO)34{Cu(CHsCN)}2]> + 6Cu +
+ 5Ni(CO)4 + 14CO + 18CH3CN +
2[Ni(CH3sCN)6]?* + 20H-  (3)

In particular, the di-anion [H24]>" has been crystallised from acetone, whereas two CO
ligands were replaced by two CH3CN molecules during crystallisation from CH3CN yielding the
closely related species [H25]%. It must be remarked that CO/CHsCN substitution has been
observed for these dianions but not for the above tetra-anions [H21]*, in agreement with the
greater basicity of the CH3CN ligands. Conversely, metathesis of the [Ni(CH3sCOCHS3)]?* cation
with [NMe4]Cl led to isolation of a co-crystallized mixture of [H24]>~ and [H23]%", as present on
the [NMes]2[H2Ni294xC4(CO)34+x{Cu(CH3CN)}-]-3.39thf (x ~ 0.3) salt. The additional Ni(CO)
fragment present in [H23]> probably arises from condensation between Ni(CO)4 and [H24]%, in

accord to equation (4):
[H2Ni29C4(CO)32{Cu(CH3CN)}2]*> + Ni(CO)s — [H2Niz0Cs(CO)3s{Cu(CH3CN)}2]* + 3CO (4)

[H23]%, [H24]> and [H25]> have been formulated as di-hydrides in order to be
isoelectronic with [H21]* and [H22]*.

The co-crystallized mixture of the protonated [H36]* and [Hs7]*~ has been conversely
characterized as the [NMe4]3[H3Nizo xC4(CO)34 x{ Cu(NCCsH4CN)}2]-3.5CH3COCH3 (x ~ 0.52)
salt, which contains NCCe¢H4CN bonded to Cu instead of CH3CN, every time the tri-anion has

been crystallized from acetone/iso-propanol in the presence of NCCeHisCN in excess.
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Compounds 1-7 display very similar and almost featureless UV-visible spectra and, thus, this
technique revealed to be not very useful in order to distinguish the different species present in

solution.

Crystal structures

The crystal structures of several salts containing bimetallic Ni-Cu carbonyl clusters have been
determined by single crystal X-ray analyses (table 4.2.2). Their most relevant average bond
distances are reported in table 4.2.3 where they are compared to the previously reported species
which display similar structures. Herein, the structure of [H21]* is described in some detail

whereas we will focus only on the differences of all other anions.

Salt determined by single crystal X-ray analyses Compounds
[NEts]4[H2NizCa(CO)24{Cu(CH3sCN)}]-6CHsCN [H.1]*+
[NMeg]a[H2NizCa(CO)24{Cu(CH3sCN)}:]- 2CHsCN [H.1]*+
[NMeg]a[H2NizCa(CO)4{Cu(CH3CN)}.]-6CHsCOCHs3 [H.1]*+
[NMes(CH2Ph)]a[H2NizoxCa(CO)asx{CuU(CHsCN)}2]-2CHsCN (x ~ 0.35) [Ho1]4/[H22]*
[NMeg]a[HsNizoCa(CO)34x{ CU(NCCsH4CN)}-]-3.5CH3COCH; (x ~ 0.52) [H26]3/[H.7]*
[Ni(CH3CN)s][H2Ni2sCa(CO)a2(CH3CN)2{ Cu(CH3CN)}-]-4CHsCN [H5]%
[Ni(CH3COCHs3)s][H2Ni2Ca(CO)34{Cu(CH3CN)}>]-2CH3COCH3 [H24]F
[NMes]2[H2Ni29+xCa(CO)3za4x{Cu(CH3CN)}] - 3.39thf (x ~ 0.3) [H23]%/[H24]*

Table 4.2.2 Crystal structures of several salts containing bimetallic Ni-Cu carbonyl clusters.

The [H21]* tetra-anion is based on an inner Ni24 quasi-regular polyhedron which is based
on a central heptagonal antiprism in which each of the heptagonal faces is joined to a Nis
pentagon (figure 4.2.3). The resulting Ni2s polyhedron shows two pentagonal, four square and
thirty triangular faces and displays 58 edges. It conforms, therefore, to the Eulero rule (V-E+F=2;
V =24, E =58, F=36).

Deviations from regularity are mainly due to the fact that one edge of each pentagon is
slightly elongated and that the inner angles of each heptagonal layer depart from the theoretical
value of 128.4°. The above Ni24 polyhedron interstitially lodges 4 Ni atoms describing two edge-
fused triangles and 4 carbide atoms describing a non-bonded square. The two pentagonal faces
are capped by the two Cu(CH3CN) moieties, whereas two out of four square faces on opposite
sides of the above polyhedron are capped by additional Ni(CO) fragments.
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Ni-Ni ~ Ni-C(TP)® Ni-C (CTP)  Ni-M

[H2NizoCa(CO)ss{ Cu(CH3CN)},]* 2.580 1.95 2.02 2.641
[H2NizoCa(CO)24{ Cu(CH3CN)}2]*+ 2.568 2.01 2.01 2.635
[H2NizoCa(CO)24{ Cu(CH3CN)},]*+ 2.567 1.94 2.01 2.624
[H2Nizo xCa(CO)3a x{Cu(CH3sCN)}.]* 2.581 1.95 2.01 2.630
[H3Nizo xCa(CO)3a x{ CU(NCCsH4CN)}.]> 2.573 1.94 2.00 2.621
[H2Ni29Ca(CO)32(CH3CN)2{Cu(CH3CN)},]> 2.583 1.95 2.01 2.645
[H2Ni29Ca(CO)24{ Cu(CH3CN)}2]> 2.572 1.94 2.01 2.644
[H2Ni28+xCa(CO)341:{ Cu(CH3CN)}2]* 2.560 1.94 2.01 2.657
[H2NizoCa(CO)sa(Cdl),]* @ 2.581 1.96 2.00 2.772
[HNi30C4(CO)as(CdBr),]> [ 2.583 2.00 2.02 2.765
[H2Niz2 yC4(CO)36 y(CdBr)]> [ 2.587 1.94 2.01 2.766
[HNiz3 yC4(CO)37 y(CdCI)]- [ 2.584 1.94 2.02 2.728
[H2NizoCa(CO)34(CdCI),]* @ 2.593 1.94 2.01 2.764
[HNi30Ca(CO)as(CdCI),]5 [ 2.596 1.95 2.01 2.768
[NizoCa(CO)34(CdCI),]6 [ 2.599 1.92 2.02 2.757
[HNi34C4(CO)s35]> 2.597 1.94 2.01 -

[NizsCa(CO)3e]® 2.596 1.94 2.03 -

Table 4.2.3 Average bond distances (A) of the new Ni-Cu tetracarbide carbonyl clusters compared to
some previously reported compounds. @ Average Ni-C distance in the trigonal prismatic cavities. !
Average Ni-C distance in the capped trigonal prismatic cavities. ! M = Cu, Cd. [ See ref. [65].
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Figure 4.2.3 Description of the structure of the NizCsCu, metal-carbide frame of [H21]* (a) The Nizs
polyhedron (Ni, green); (b) the NixsCs core with the four interstitial Ni-atoms (purple) and the four
carbides (grey); (c) the two Cu-atoms (orange) capping the two pentagonal faces of Ni2sCa ; (d) the two
additional Ni(CO) fragments (Ni, blue) capping two of the four square faces of Nix»CiCus..
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The overall metal frame is almost identical to that of [He-nNizoCa(CO)z4(CdX)2]" (n = 3-
6) and is also closely related to those of the homometallic tetra-carbides [HNizsCa(CO)3s]®> [65]
and [NissCa(CO)s0]®~ (figure 4.2.4) Of the 34 CO ligands, 14 are terminal, 18 edge bridging and
2 face bridging. Two of the four interstitial carbide atoms are lodged into trigonal prismatic
cavities, whereas the other two C-atoms are located in two mono-capped trigonal prismatic
cavities (figure 4.2.5). The stepwise reconstruction of [H.1]* obtained by the formal

condensation of NisC cages is reported in figure 4.2.6.
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Figure 4.2.4 Formal grow path of the metal cores of [He.n1]™ (n = 3-6) and [HNi34C4(CO)3s]*: (a) Nizo
ccp core (A and C layers in green, B layer in purple); (b) NixCs; (€) NigCa with the carbide atoms in
trigonal prismatic cages; (d) NixC, after capping of two opposite trigonal prismatic cage; (e) the
NizoCu2C4 core of [He-n1]™ (n = 3-6) and (f) NizsC4 core of [HNissCa(CO)szs]®> [65] (Ni, green; Niinerstitial,
purple; Cu, orange; C, black).

The two additional Ni(CO) fragments which cap two of the four square faces of the Ni24
polyhedron and form the two mono-capped trigonal prismatic cavities are fundamental in order
to understand the structures of all this series of clusters, since they are present in [H21]*, whereas
they are partially absent in all other structures. The [NMes(CH2Ph)]a[H2Nizo xCs(CO)za-
«{CU(CH3CN)}2]-2CHsCN (x ~ 0.35) salt contains the [H2Nizo xCa(CO)zs x{Cu(CHsCN)}2]*
anion which is actually a mixture of [H21]* and [H22]* (figure 4.2.7). Similarly
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[NMes]s[HsNiso xCa(CO)as x{CU(NCCsH4CN)}2]-3.5CHsCOCHs (x ~ 0.52) contains [HaNiso-
+C4(CO)as{CUNCCsHaCN)}]%, i.e., [H36]> and [Hs7]® (figure 4.2.8).
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Figure 4.2.5 In Ni3C4 framework, two carbide atoms are located in trigonal prismatic (a, red) and trigonal
prismatic mono-capped (b, blu) cages. An inversion centre relates the cages with the same colour. In the
representation (c) the bicolour metals are shared between two cages (Nigereral, green; C, black).

(@)

Figure 4.2.6 Stepwise reconstruction of [H21]*: (a) NisC trigonal prismatic cage; (b) Ni11C, framework
obtained by the condensation of two NisC cages sharing the Ni corner; (c) Ni»Cas framework obtained by
the addition of two other NisC cages sharing two Ni corners; (d) addition of further 8 nickel atoms shared
between the different cages that results in Ni»sCa framework; (e) the final NizoC4 structure (Ni, green; C,
black).
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They are closely related to [H21]* displaying the same NisoCa cage. The major difference
is due to the fact that the two Ni(CO) fragments which complete the two mono-capped Ni;C
trigonal prismatic cages have in these two salts fractional occupancy factors, since they comprise

co-crystallised mixtures of NizCs(CO)34Cu2 and Ni2gCa(CO)z3Cusz species.

(@) (b) (©
Figure 4.2.7 Molecular structures of (a) [H21]*, (b) [H22]* and (c) [Hs4]> (Ni, green; Cu, orange; N,
blue; C, grey; O, red; H, white; Ni(CO) fragments with factionary occupancy factors in purple).

Figure 4.2.8 Molecular structures of (a) [H23]%, (b) [H25]% and (c) [H36]* /[H37]* (Ni, green; Cu, orange;
N, blue; C, grey; O, red; H, white; Ni(CO) fragments with factionary occupancy factors in purple).

92



Chapter 4

It must be remarked that in [H36]*  and [Hs7]*,, CH3CN has been replaced by
NCCeH4CN, and this might be exploited in order to polymerise the clusters. Moreover, the
[H2Niz0xC4(CO)3sx{Cu(CHsCN)}.]* anions display the same stereochemistry of the CO
ligands as in [H21]*, whereas the [H3Nizo xCa(CO)as x{CU(NCCsHsCN)}2]* tri-anion shows
some differences, since it displays 16 terminal CO, 16 edge bridging and two face bridging
ligands.

The [H25]%> and [H24]* anions differ from the previous [H21]*", [H22]*, [H36]° and
[H37]> compound since one of the two Ni atoms forming the two Ni-C cages in [H21]*, and
corresponding to the Ni(CO) fragments with fractional occupancy factors in the co-crystallised
mixtures of [H21]*/[H22]* and [Hs6]3/[Hs7]% is now completely missing resulting in Nizg
clusters. Thus, the carbide atoms in [H24]%> and [H25]* are enclosed within three trigonal
prismatic NisC cages and a single mono-capped trigonal prismatic NizC cage. This results in a
slight deformation of the metal cage of the clusters which allows the presence of 34 ligands
attached to the 29 Ni-atoms. It must be remarked that if these two anions were simply derived
from [H21]* by missing a Ni(CO) fragment, they should display 33 ligands attached to Ni. The
presence of a further two-electrons ligand probably justify the fact that [H24]>" and [H25]% are
dianions and not tetra-anions as [H21]*". Moreover, the reduced charge on these cluster anions
makes the substitution of CO with CH3CN easier than in the above tetra-anions. Thus, the [H24]*
anion contains 16 terminal, 16 edge bridging and 2 face bridging carbonyls bonded to Ni-atoms,
whereas the stereochemistry of the ligands bonded to Ni in [H25]> comprises 2 terminal CHsCN
as well as 14 terminal, 16 edge bridging and 2 face bridging CO ligands.

The structure of [NMe4]2[H2Ni29+xCa(CO)as4+x{ Cu(CH3CN)}2]-3.39thf (x ~ 0.3) is closely
related to [H24]%, since the [H2Nizg+xCa(CO)as+x{Cu(CHsCN)}2]* cluster anion present within
this salt is actually a co-crystallised mixture of [H24]%" and [H23]%>. The former displays 16
terminal, 16 edge bridging and 2 face bridging CO ligands. In addition, there are two Ni(CO)
fragments with fractional occupancy factors in positions corresponding to the capping of two
trigonal prismatic NisC cages, which generate the NisoCs(CO)ss cluster corresponding to [H23]%
. Scheme 4.2.2 reports the structural relationship between the bimetallic Ni-Cu frameworks of 1,
2,3,4,5,6and 7 clusters.

Electrochemical studies and EHMO analysis
The electrochemical behaviour of [Hen1]™ (n = 4, 5, 6), [H24]%> and [H25]*", which can be
obtained as pure crystals, has been investigated by means of cyclic voltammetry (table 4.2.4).

The solubility of these clusters is in all case rather limited in the presence of the supporting
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electrolyte in large excess. Moreover, these species may undergo protonation/deprotonation
equilibria in solution as previously described. As a result, the electrochemical patterns have never
a high resolution, and their interpretation may be taken with some care. Rest potential has been
directly measured by the potentiostat and the anodic/cathodic nature of the processes has been
unambiguously established by hydrodynamic voltammetry (with periodic renewal of the
diffusion layer obtained by the periodical percussion of the electrode).

_ ¢
¢ NeCo Q mﬂ\lizsg
3 3

A = Cu(CH;CN) moieties

X

A A ? = Cu(NCC,H,CN) moieties

1 +CO - 3 Occupancy factors of

i Ni(CO) fragments
v v
o | 4 O
- Ni(CO) - Ni(CO) X=1 0<X<I X=0

A A A

) + CO R 4 -2CO .| 5
= = + 2 CH;CN =

Scheme 4.2.2 Structural relationship between the bimetallic Ni-Cu frameworks of 1, 2, 3, 4,5, 6 and 7
clusters. The blue gridded species may be obtained as pure crystals while the other compounds are isolated
as mixtures.

The [H21]* tetra-anion shows one oxidation (E°’3s- = —0.29 V) and three reduction
(E°’445- = —0.55 V; E®’s 5~ = =0.79 V; E®’6.7- = —0.98 V) processes with some features of
chemical reversibility, but little electrochemical reversibility. Conversely, in the case of the
[H1]>~ penta-anion, only three reduction processes (E°’s5- = —0.62 V; E®’6j7- = —1.04 V; E°’7_
- = —1.40 V) with some features of chemical reversibility may be distinguished. Finally, the
fully deprotonated hexa-anion [1]® presents one oxidation (E°’s s = —0.45 V) and three
reduction processes (E°’6/7- =—0.83 V; E®’75- =—1.03 V; E°’g 9. = -1.44 V).

The most relevant conclusion from these data is that species with different charges (and,
thus, in our formulation, with a different number of hydrides) show a different voltammetric
behaviour, indirectly confirming their nature of poly-hydrides and the protonation/deprotonation

equilibria.
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Compound E*' Solvent
2-/3- 3-/4- 4-/5— 5-/6— 6-/7— 7-/8— 8-/9-
[H21]+ - -0.29 -0.55 -0.79 -0.98 - - Acetone
[H1]> - - - -0.62 ~1.04 ~1.40 - CHsCN
[11% - - - -0.45 -0.83 -1.03 -1.44 dmf
[H24]* -0.32 -0.68 -1.06 -1.34 - - - Acetone
[H25]% -0.32 —-0.60 -1.03 -1.67 - - - CHsCN

Table 4.2.4 Formal redox potential referred to SCE (in V) of the redox actives [Hen1]™ (n = 4, 5, 6),
[H24]% and [H25]% species. [Cluster] = 5-10° M. [NBus][BF4] (0.1 M) supporting electrolyte. Scan Rate
0.1 VIs.

Moreover, the electrochemical behaviour of [1]% is somehow reminiscent of the one
previously reported for the iso-structural and iso-electronic [NizCa(CO)34(CdCl)2]® which
displayed one oxidation (E°’s_s- = —0.49 V) and two reduction processes (E°’s/7- = —0.88 V;
E°’7s- =-1.28 V). This is probably due to the robustness and electronic status of their common
NizoC4(CO)as framework which makes them to behave as electron sinks. It must be remarked
that only at very negative potentials Cu-reduction followed by anodic stripping occurs, further
supporting the capacity of these clusters to delocalise and stabilise the added electrons preventing
the deposition of Cu-metal. This was easily predictable for the analogous Ni-Cd tetra-carbides
in view of the very electropositive nature of cadmium, whereas it is quite remarkable for a nobler
metal such as copper. Furthermore, the [He-n1]™ (n = 4, 5, 6) clusters display AE between
consecutive redox couples of ca. 0.2-0.4 V, indicating the incipient metallisation of their metal
cores.

The cyclic voltammogram of [H24]?" displays four reduction processes (E°’2/3- = —0.32
V; E”z4 = —0.68 V; E”4 5. = —-1.06 V; E>’5 5. = —-1.34 V) with features of chemical
reversibility. Its first reduction occurs at less negative potentials than for [Hz1]* (E®’45 = —
0.55 V) in agreement with its minor negative charge. It is noteworthy that [H25]% displays an
electrochemical behaviour very similar to [H24]* indicating that the substitution of two CO
ligands with two CH3CN molecules in such large clusters does not significantly alter their
electrochemical properties.

Thus, the cyclic voltammetric profiles of [1]%, [H1]>, [H21]*, [H25]* and [H24]?* display
almost equally spaced redox waves. These correspond to oxidations and reductions steps with
features of reversibility on the cyclic voltammetric time scale. As a result, the plots of their
formal potential versus the charge z of the most reduced species involved in the redox couple

display an almost perfect linear fit (figure 4.2.8).
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[H,1]*

Z of the Z~(Z+1)- redox couple
! I N | \
Z of the Z-/(Z+1)- redox couple

[H1]> / 4

// i i
>
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Figure 4.2.8 Linear trend of z-plots vs formal redox potential (E°’ vs SCE) of [He-n1]* (z = 4, 5, 6). The
graphic indicates that the first reduction of the [Hen1]* (z = 4, 5, 6) clusters occurs at more negative
potentials by increasing the value of z, in agreement with the more negative charge of the oxidised species.

The redox behaviour of the MCCs herein described prompted a study of their electronic
status by means of Extended Huckel Molecular Orbital (EHMO) with CACAO [62].
Calculations have been performed for [1]%, [4]* and [5]*, which have been studied via
electrochemistry. The diagram of [2]% has been also calculated for comparison. The frontier
region of the EHMO diagrams of these clusters is shown in figure 4.2.9. [1]® and [2]® clusters,
which differ only for a missing Ni(CO) fragment in the latter, display very similar diagrams,
with the last two electrons occupying two almost degenerate Molecular Orbitals (MOs). Above
these semi-occupied orbitals, there is a nearly continuum of MOs without a well defined HOMO-
LUMO gap. This is in keeping with the observed propensity of [Hs n1]™ (n =4, 5, 6) to undergo
both oxidation and reduction processes.

The cluster [4]*, which is iso-electronic to [H24]* and [2]%, may be derived from the
latter by adding a further CO ligand and reducing the charge of two units in order to maintain
the same number of electrons. By comparing figures 4.2.9(b) and 4.2.9(c), it is clear that this
operation makes the two almost degenerate semi-occupied MOs of [2]° to be split introducing
a HOMO-LUMO gap in [4]* of 0.285 eV. This is still rather small and does not inhibit the
redox properties of these clusters. Finally, the EHMO diagram of [5]* indicates that substitution
of two CO in [4]* with two CH3CN molecules to give [5]* does not significantly alter the

electronic status of the cluster, as also demonstrated by electrochemical studies.
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e

@) (b) (© (d)

Figure 4.2.9 Frontier region (in the —11 to -9 eV interval of energy) of the EHMO diagram of (a) [1]%;
(b) [21°7 (c) [4]* and (d) [5]*-
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Final Remarks

In the absence of interstitial hetero-atoms, high nuclearity homo- and bi-metallic clusters adopt
compact (ccp, hcp or a combination of the two) or poly-icosahedral structures. Conversely, the
presence of interstitial hetero-atoms, such as carbon, perturbs the growth of the metal cages
resulting in more complex and less regular structures. The stabilizing effect of interstitial main
group elements in metal carbonyl clusters was demonstrated several years ago, and is
exemplified by the preparation and characterization of numerous species containing a large
variety of interstitial atoms.

In this chapter, the synthesis and the characterization of new bimetallic Ni-Co and Ni-Cu
carbide clusters has been described. A renewed interest in this area arises from the possibility to
get information on the building-up of bulky carbide phases, the formation of metal-carbide nano-
alloys and the role of metal nanoparticles as catalysts for the preparation of carbon nanotubes or
graphene sheets.

Our work point out the capacity of carbide atoms in Ni and Ni-Co carbonyl clusters to be
lodged in rather different cavities as well as to form tightly bonded C»-units. In particular in the
case of [Hs_nNizsC0sCs(CO)ag]™ (n = 3-6) and [Hs-nNi22C0sCs(CO)36]" (n = 3-6) the carbides
are located within NisCo.C mono-capped trigonal prismatic and Ni;CoC square antiprismatic
cages respectively. In the case of Ni-Cu carbide carbonyl clusters such as [Hen
Niz0C4(CO)32{Cu(CH3CN)}2]" (n = 3-6) the carbides are encapsulated within trigonal prismatic
and mono-capped trigonal prismatic cages. These clusters approach the nano-size regime
showing an incipient metallization of their energy levels in the molecular orbital diagram and
are multivalent.

The [NigCo(C2)(CO)16x]*> (x = 0, 1) trianions are closely related to the previously
reported [Ni1o(C2)(CO)16]*, [CosNiz(C2)(CO)1s]* and [CosNiz(C2)(CO)1s]™ (n = 2, 3). These
species display very complex and irregular metal cages, which are required in order to
accommodate the interstitial carbon atoms confirming that the metal core in ligand-stabilized
clusters is rather deformable and soft. It behaves more like a liquid metal drop that adapts itself
to the surface and/or interstitial ligands rather than a solid close-packed metal chunk. It is,
therefore, not surprising that the diffusion and mobility of carbon atoms into “nearly liquid” Co
and Ni nanoparticles have been claimed as the basis of the growth of carbon nanotubes and other

graphitic nanomaterials promoted by these catalysts.
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It is noteworthy that the two monoacetylides with a different number of carbonyls show
the same NigCo cage. This is rather rare in MCCs, being [Rh12Sn(CO)27-«]* (x = 0-2) the most
relevant example previously reported in the literature. It is noteworthy, that these Rh-Sn clusters
were easily and reversibly interchanged via addition and thermal elimination of CO. Conversely,
such an inter-change has not been observed in the case of [NisCoC2(CO)is]*>  and
[NisCoC2(CO)1s]* suggesting that these two clusters are formed together during the degradation
of [Ni22C0sCs(CO)36]°".

[Hs-nNizsC08Cs(CO)ag]™ (n = 3-6) and [Hs-nNizoCas(CO)34{Cu(CH3CN)}2]™ (n = 3-6)
display inner Ni32Ces and NizoCs cores, respectively, that are present in other known clusters such
as [Nis2Cs(CO)36]® and [HNissCs(CO)42]> for the former, and [HNizsCa(CO)ss]® and [He-
nNiz0Ca(CO)3s{CdX}2]" (n = 3-6; X = Cl, Br, 1) for the NizoCa kernel. These two metal cores
can be viewed as starting seeds for the growth of higher nuclearity clusters. In particular, the
[Hs-nNizsC0sCs(CO)sg]™ (n = 3-6) clusters contain a second metal-carbide shell that starts to
grow around the inner one, envisioning the possibility of preparing molecular polycarbide
clusters containing different metal-carbide shells.

The growth of such starting seeds, which leads to nano-clusters, is not a trivial task as it
has already been observed in chapter 2.2. Indeed, with the increase of the nuclearity, the incipient
metallization leads to the disappearance of the molecular features giving a family of related
compounds that differ for a few metal atoms as has been mentioned in the case of Ni-Cu tetra-
carbides clusters. The observed crystal disorder in such bimetallic compounds is particularly
significant and may appear to be borderline between mixtures of molecular clusters or quasi-

molecular clusters with very low polydispersity.
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CHAPTER 5

New Bimetallic Carbonyl Clusters
Containing Au(l) Units

On the basis of their chemical-physical properties and their wide applications in different fields
of chemistry and biology, gold nanoparticles represent a hot topic contributing to a continuous
development of nanochemistry and nanotechnologies. New innovative approaches have allowed
a great diversification of the research interests. In this chapter, two different routes for the
synthesis of bimetallic Co-Au and Ni-Au carbonyl clusters are presented. In particular, the
reactions of homometallic precursors with Au(PPh3)Cl give different surface decorated

compounds that seem to be an interesting platform in order to test aurophilicity.
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Chapter 5

Investigation on the Redox Condensation
of [Nig(CO)12]> with Au(lll) Salts

5.1.1 Bimetallic carbonyl clusters containing naked gold atoms: an overview
Redox condensation is one of the main ways to generate bimetallic M-Au carbonyl clusters from
commonly available gold salts and preformed metal carbonyls. Figure 5.1.1 reports some
examples of bimetallic carbonyl clusters containing naked gold atoms divided into three main
categories:

« bimetallic Ni-Au core-shell clusters (green line);

« surface decorated gold clusters (black line);

. bimetallic Pd-Au heteroleptic carbonyl clusters and coordination complex (orange line).

The synthesis of bimetallic Fe-Au clusters consists in the redox condensation between
[Fes(CO)11]* and [AuCls] [67]. The first product is [FesAus(CO)16]> followed by the formation
of other bimetallic Au-Fe clusters with nanosized dimensions. Their metal frames consist of an
inner Au core decorated by Fe(CO)s and Fe(CO)s fragments. With the exception of
[Fe12Au2(C0)as]®, Au fragments of Cs local symmetry seem to dominate all structures. It is
noteworthy that the metal cores of these nanosized Au-Fe carbonyl clusters contain a number of
metal atoms in a zero oxidation state minor than in the formula.
Only two examples of carbonyl clusters containing a single naked Au-atom are known,

i.e., [Au{H2FesB(CO)12}2]" and [Pd22Au(CO)20(PEts)s]”. The former may be viewed as a
homoleptic Au(l) complex containing two [H2FesB(CO)12]" clusters as ligands. Conversely, in
[Pd22Au(CO)20(PEts)s]* the Au atom is located in a fully interstitial position with a formal Au(l)
oxidation state [46].2° This compound is a versatile precursor for the preparation of other three
bimetallic Au-Pd clusters, i.e., PdaAu2(CO)20(PEts)10, 2* Pds2Auz(CO)30(PEts)12  and

Pd2sAu2(CO)26(PEt3)10 whose Au atoms are individually located in fully interstitial positions

20 The Au* configuration 6s° is electronically equivalent to that of the corresponding zerovalent Pd atoms 5s°,
therefore the [Pd2.Au(CO)20(PEts)s]* cluster may be view as a formal substitution of the interstitial p12-Pd with Au*
in szg(CO)zo(PEtg)s.

21 On the basis of the different nature of one Au that is coordinated to PEts ligand, Pd21Au2(CO)20(PEts)10 is not
reported in the figure 5.1.1. The other naked Au is located in fully interstitial position.
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without direct Au-Au bonds [68]. Examples of clusters with semi-interstitial Au atoms are not
known even if, for long time [Pd14Tl2(CO)s(PEts)s]** and [PdeTI(CO)s(PEts)s]" compounds had
been reported as PdisAuz and PdoAu clusters. The highest Au nuclearity for bimetallic Au-Pd
clusters is four in Pd2sAus(CO)22(PMes)is and Pds2Aus(CO)2s(PMes)i4 in which the Au cores
display tetrahedral and butterfly framework, respectively.

5.1.2 Core-shell bimetallic Ni-Au carbonyl clusters: state of the art

It has been more than three decades since L. F. Dahl announced the discovery of
[Ni12Aus(CO)24)>". It consists of a Aus octahedral core decorated on the surface by four
Ni3(CO)12 units. The product was isolate from the reaction of [Nig(CO)12]*~ with Au(PPhs3)Cl in

the attempt to obtain a new surface decorated nickel carbonyl cluster [69a]:

It was hoped that the trigonal faces of the trigonal-antiprismatic (pseudo-octahedral)
[Nis(CO)12]> dianions would serve as viable sites for the coordination of [AuPPhs]*
fragments. No such cluster adduct was isolated. Rather, in addition to small amounts of

the known Au11(PPhs)7Cls cluster, a new gold nickel cluster, [Ni1zAus(CO)24]%.

In the light of the low Ni-Ni bond energy it is reasonable to consider [Nis(CO)12]%> as a
poor candidate as a platform in order to anchor [AuPPhs]* fragments. For instance, the presence
of a carbide plays a key role in the stabilization of the final adduct as reported in the case of
NisC(CO)s(AuPPhz)a (see chapter 7.1).

The Ni2Aus core consists in a segregated bimetallic phase that may be envisioned as a
molecular model for surface-science studies. Thermodynamic considerations concerning the
“chemisorption-induced segregation” model predicts that in bimetallic nanoparticles, under
ultrahigh vacuum, the metal component with the lower heat of sublimation should concentrate
at the surface in order to lower the surface tension. This core-shell architecture can be reversed
if an absorbate gas bind much more strongly to the other metal component with the higher heat
of sublimation.

Thus, in the case of bimetallic Ni-Au nanoalloys?? under vacuum, the gold atoms would
concentrate at the surface based on a lower sublimation energy than nickel resulting in a

nanoparticles with a Ni-core and a Au-shell (figure 5.1.2a). However, since CO chemisorbs on

22 Bimetallic Ni-Au nanoalloys are well studied for catalytic steam reforming. They are more resistant than pure Ni
particles toward carbon formation on the catalyst, which leads to catalysts deactivation. The resistance to carbon
formation has been attributed to blocking of the high reactivity exposed edge and kink sites on the surface of the
particle by larger Au atoms.
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Ni much more strongly than on Au, an inverted configuration is expected in the presence of CO
(Au-core and Ni-shell; figure 5.1.2b).

(@) (b)
Figure 5.1.2 Schematic representation of the two-inverted bimetallic Ni-Au core-shell architectures in
(a) high vacuum and (b) CO atmosphere. The pictures show cross sections of the clusters (Au, yellow;
Ni, green).

A few vyears later, the same author reported the synthesis of the higher nuclearity
bimetallic Ni-Au compound [Nis2Aus(CO)as]® that displays a similar octahedral Aus core.
[Nis2Aug(CO)s]® was obtained in low vyields by reacting Au(PPhs)Cl, Ni(OAc), and
[Nis(CO)12]* (molar ratio 1 : 3 : 2) in dmso for 2 days [69b]. As shown by the comparison
between the metal frameworks of [Nis2Aus(CO)44]® and [Ptss(CO)as]*, the two clusters differ
mainly in the top and bottom layers which in the former is a ps-capped v2-Nis triangle, while in

the other is a Ni- centered hexagon (figure 5.1.3).

Oxidation

(b)

Figure 5.1.3 Metal frameworks of (a) [Nis2Aus(CO)44]® and (b) its hypothetical oxidized product that is
isoelectronic and isostructural to [Ptss(CO)as]?>. Very loose Ni-Ni contacts up to ca. 3.6 A have been
included in the drawing of the former for sake of clarity (Au, yellow; Ni, green).
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The re-arrangement from (b) to (a) causes the loss of 6 M-M contacts. Probably as a
consequence, [Nis2Aus(CO)4s]® features 10 additional cluster valence electrons with respect to
[Ptss(CO)a4]>". It was of interest to verify whether the structural conversion (a) — (b) could occur
upon oxidation of [Nis2Aus(CO)44]®", in view of the fact that it would only require sinking of the
capping atoms in the centers of the v triangles with their swelling to give centered hexagons.

Unfortunately, the bimetallic metal carbonyl clusters [Nis2Aus(CO)44]® is isolable in low
yield. Therefore the investigation of alternative routes is crucial in order to explore its chemical
and electrochemical properties. On the basis of our experience gained on the synthesis of
bimetallic high nuclearity metal carbonyl clusters, we decided to investigate the redox
condensation of [Nisg(CO)12]> with [AuCls] as a reasonable alternative reaction.

5.1.3 General Results

As expected, we found out that the redox condensation of [Nig(CO)12]*" with [AuCls]" leads to
[Nis2Aus(CO)4s]® as final product. Interestingly, the new [Nii2Au(CO)24]*" cluster has been
isolated as intermediated compound [70]. The fact that both [Ni2Au(CO)24]* and
[Nis2Aus(CO)44]® have been obtained in high yields allowed us to investigate in detail their
reactivity and electrochemical behavior. The results are summarized in figure 5.1.4. The
reactions of [Ni12Au(CO)24]*>" and [Nis2Aug(CO)as]® lead only to known species, i.e.,
[Nis(CO)12]> and [Nis(CO)12]>. More interestingly, [Ni12Aus(CO)24]> has been
spectroscopically identified as an intermediate in the CO induced degradation of
[Niz2Aus(CO)aa]®.

5.1.4 Synthesis and characterization of [Niz2Aus(CO)as]®

On the attempt to synthetize [Nis2Aus(CO)44]® in high yields, we have investigated the reaction
of miscellaneous salts of [Nig(CO)12]> with [AuCls]~ in acetone, by adding increasing amounts
of the Au(l11) complex to the Ni carbonylate solution, and following the reaction via FT-IR. The
highest yields of the target compound were obtained using ca. 0.9 moles of [AuCls]~ per mole
of [Nis(CO)12]%, in accord to equation (1):

7[Nis(CO)12]* + 6[AUCL]” — [Niz2Aus(CO)aa]® + 5Ni2* + 5Ni(CO)s + 20CO + 24Cl- (1)

The compound was purified by removing the solvent in vacuo, washing the solid residue
with water, toluene, thf and acetone, and extraction of pure [Niz2Aus(CO)a4]® in CH3CN. The
resulting high yields (54% based on Au) confirms the versatility of the redox condensation
reached for this synthesis.
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[AuCL] Ox or
_— —_—
Thermal
Degradation
[Nig(CO)y, 1>
[Nij,Au(CO),,J* [NizAug(CO), )™
AuBry Br 9 2.8
co .
oo / Ni(CO),
Ni(CO), + Au : '
+ Ni*
[Nis(CO)y, ] [Nij Aug(CO), >

Figure 5.1.4 Synthesis of the new [Ni2Au(CO)24]*>~ compound and its chemical relationship with other
know clusters (Au, yellow; Ni, green; C, grey; O, red).

The availability in good yields of [Nis2Aus(CO)24]®~ made it is possible to prompt an
investigation of its chemical behavior. Thus, [Nis2Aus(CO)]® is stepwise reduced to
[Niz2Aus(CO)as]"~ and [Nis2Aus(CO)44]® by addition of Na/naphthalene in dmf (scheme 5.1.1).

. Red . Red .
[NinAug(CO)ls | =55 5 [NijAug(CO)l™ — 5 5 [NipAug(CO), >
2012(m), 1889(s) cm™! Ox 1989(m). 1875(s) em™ Ox 1972(m), 1869(s) cm!

in dmf in dmf in dmf

Ox| |Red

[Nij;Aug(CO) )™
2020(m), 1897(s) cm™
in CIL,CN

Scheme 5.1.1 Reversible reduction and oxidation reactions of [NizAus(CO)]™ (n = 5-8).
[Niz2Aus(CO).4]® is the direct product of the redox condensation between [Nig(CO):2]* and [AuCla]~.
All [Nis2Aus(CO)aa]™ (n = 5-8) species have been identified and characterized by means of IR
spectroscopy and their nature further corroborated via electrochemical studies.
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These reductions are chemically reversed by mild oxidizing agents. In view of the very
negative potentials at which the reductions occur (see electrochemical studies), water is already
a suitable oxidant and, thus, all attempts to isolate the reduced species failed. In fact, while trying
to recover [Niz2Aus(CO)a4]™ (n =7, 8) from the dmf solutions by addition of aqueous [NEt:]Br,
[Nis2Aus(CO)as]® was always obtained as the final product. Contrarily to initial expectations,
[Nis2Aus(CO)4s]® is only oxidized to a purported unstable [Nis2Aug(CO)s]>~ by means of
[C7H7][BF4]. Addition of this oxidizing agent in excess only led to complete decomposition.

[Niz2Aus(CO)as]® reacts with carbon monoxide, eventually resulting in the formation of
Ni(CO)s and Au metal. This decomposition process might be appealing since it seems to open
the possibility of producing Au or Au-Ni clusters, rather than a gold mirror, once carried out in
the presence of suitable ligands. Interestingly in the initial steps of the above degradation reaction
the intermediate formation of a species showing IR absorptions very close to those of
[Ni12Aus(CO)24]> could be observed. In spite of some efforts, we have been unable to stop the
reaction at this stage and isolate this compound. Further studies might be carried out in order to

isolate in satisfactory yields this elusive species.

Electrochemical studies

The [Nis2Aus(CO)44]® nano-cluster undergoes five reductions at —0.74 V, -1.06 V, -1.30 V, —
1.58 and —1.80 V, with apparent features of reversibility and two irreversible oxidations at —0.36
V and -0.18 V (figure 5.1.5).
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Figure 5.1.5 Left: cyclic voltammogram (top) and deconvoluted cyclic voltammogram (bottom) recorded
at a platinum electrode in acetonitrile solution of [NBu4]s[Nis2Aus(CO)as], (1.1x10 M). [NBus][PFs]
(0.2 M) supporting electrolyte. Scan rate 0.2 V/s. Right: frontier region (in the —11.5 to —9.5 eV interval
of energy) of the EHMO diagram of [Niz2Aus(CO)as]®.
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The peaks/current ratio would suggest that the number of electrons involved in the
oxidations and in the third and forth reductions could be the double of those involved in the first
two reductions. Anyway, the low concentration obtained with this heavy cluster, which has also
the property to foul the electrodes, as indicated by the fact that the signals are detected only with
a platinum working electrode and with no other electrode material, deprives of true reliability
any reasoning on the current intensity. Interestingly, all the redox processes are almost equally
spaced by ~259 mV, which is a classic trait of interstitial clusters with this structural features.
This value can be compared with the values of 400 and 300 mV respectively displayed by
[Ptss(CO)aa]*, [H2Ni2sPt1a(CO)as]* and [HNisgPts(CO)ag]®>  which contain an encapsulated
octahedron of Pt atoms and display an identical or slightly superior nuclearity.

The electronic properties of [Niz2Aus(CO)as]® have been investigated by means of
Extended Hiickel Molecular Orbital (EHMO) analysis, using the program CACAO [62] with its
crystallographic coordinates. It is noteworthy that [Nis2Aus(CO)44]® displays a rather small
HOMO-LUMO gap (0.196 eV), as usually found for multivalent metal carbonyl clusters (MCCs).
Moreover, the propensity of [Niz2Aus(CO)as]® to be oxidized and reduced shown by these

electrochemical experiments is in good agreement with its chemical behavior.

5.1.5 Synthesis and characterization of [Ni12Au(CO)24]*

During the work up of [Nizx2Aus(CO)44]®, the IR evidence of a new carbonyl species was
observed in the acetone extraction. This new species becomes the major product by decreasing
the amount of Au(lIl), i.e. 0.6-0.8 moles of [AuCls]~ per mole of [Nig(CO)12]>". This improved
synthesis allowed the isolation and structural characterization of the new cluster, which resulted
to be [Ni2Au(CO)]*>~ as determined by single crystal X-ray diffraction as its
[NEt4]3[Nii2Au(CO)24] salt. Its formation requires 0.67 moles of [AuCls]~ per mole of

[Nis(CO)12]% in a rather good agreement with the experiments:
6[Nis(CO)12]* + 4[AUCls]” — 2[Ni12Au(CO)24]*> + 2Au + 3Ni%* + 16CI- + 9Ni + 24CO  (2)

In detail, [NEt:][AuCls] is added in small portions to an acetone solution of
[NEts]2[Nig(CO)12] and the solvent removed in vacuo after two hours. The residue is washed
with water, toluene and thf, and the crude product extracted in acetone. Crystals suitable for X-
ray analysis of [NEts]3[Nii2Au(CO)24] were obtained by slow diffusion of isopropyl alcohol over
the acetone solution. The formation of [Ni12Au(CO)2]* is always accompanied by small
amounts of [Nis2Aus(CO)44]®. Nonetheless, the two products can be easily separated since the

former is soluble in acetone and the latter only in CH3CN. The two clusters display distinct FT-
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IR and electronic spectra (figure 5.1.6). In particular, [Ni2Au(CO)24]* shows a strong
absorption at 416 nm, whereas [Nis2Aus(CO)44]® displays a nearly featureless spectrum with a
small shoulder at ca. 274 nm. These different electronic spectra are in keeping with the different
nuclearities of these clusters. Thus, the smaller [Nii2Au(CO)2]> shows a molecular-like
spectrum, whereas [Nis2Aus(CO)a4]®~ displays an UV-visible spectrum similar to those of small

metal nanoparticles.
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Figure 5.1.6 UV-visible spectra of (a) [Nii2Au(CO)24]* (in acetone) and (b) [Nis2Aus(CO)as]® (in
CH3CN). Cluster concentration = 10° M.

[Ni12Au(CO)24]% is converted into [Niz2Aus(CO)44]® after addition of further [AuCl4] .
[Niz2Au(CO)24]* is thermally unstable. In fact, after refluxing in acetone under N, atmosphere,
it is completely converted into a mixture of [Nis2Aus(C0O)44]%", [Nis(CO)12]> and Ni(CO) in

agreement with equation (3):
6[Ni12Au(CO)24]* 4, [Niz2Aus(CO)as]® + 6[Nis(CO)12]*> + 4Ni(CO)s + 12CO  (3)

Similarly, [Ni12Au(CO)24]* reacts with HBF4 yielding [Niz2Aus(CO)44]® and Ni(CO)a,

as the only carbonyl products, in accord to equation (4):
6[Ni12Au(CO)24]> + 12H" — [Nis2Aus(CO)44]® + 25Ni(CO)s + 15Ni + 6H2  (4)

In addition, the oxidation of [Ni12Au(CO)24]* with [C7H7][BF4] affords, once again,
[Nis2Aus(CO)44]® which is further oxidized to [Niz2Aus(CO)as]>~. Conversely, by treating an
acetone solution of [Ni12Au(CO)24]% under CO at room temperature, [Nis(CO)12]*~ and Ni(CO)4

are formed as the only carbonyl products:

2[Ni12AU(CO)24]* + 12CO — 4[Nis(CO)12]% + 3Ni(CO)s + 2AuU + Ni2*  (5)
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Indeed, as described in the crystal structure section, [Nii2Au(CO)24]* may be viewed as
a complex composed by two [Nis(u-CO)s(CO)s]*" ligands coordinated to a central Au* ion, and
the CO-induced conversion of [Nis(u-CO)s(CO)s]> to [Nis(CO)12]> and Ni(CO)4 is a well
known process.

In agreement with the above hypothesis, [Ni12Au(CO)24]* is converted into [Nig(CO)12]*
after addition of an excess of Br~ ions. This reaction is likely to be a nucleophilic substitution
where the two [Nis(CO)12]* coordinated to Au(l) in [Nii2Au(CO)24]>" are replaced by two

bromide ions as follow:

[Niz2Au(CO)24]* + 2Br — 2[Nig(CO)12]* + [AuBrz]~ (6)

Crystal structure

The crystal structure of [NEts]3[Nir2Au(CO)24] has been determined by X-ray crystallography
(figure 5.1.7). The [Ni12Au(CO).4]*" cluster anion can be described as being composed of two
[Nis(u-CO)s(CO)6]* units coordinated to a central Au* cation. It is remarkable that the two
[Nis(u-CO)s(CO)s]?> units display different structures and coordination modes to the Au(l)

center.

[Nig(CO),, >

( Au*

[Nig(CO),]*

[Ni;;Au(CO), J*

(@) (b)

Figure 5.1.7 (a) Molecular structure of [Nii2Au(CO).4]* with key atoms labeled and (b) view of its
separated components (Au, yellow; Ni, green; C, grey; O, red).
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Thus, one [Nig(u-CO)s(CO)s]* unit adopts the usual trigonal anti-prismatic structure
previously found in the parent [Nig(u-CO)s(CO)s]* free dianion. As for the free dianion, this
[Nis(u-CO)6(CO)6]> unit contains six terminal CO ligands and six u-CO bridging the six edges
of the two triangular bases of the trigonal anti-prism. This unit is coordinated to Au(l) via a Nis
face, which is known to posses the character of a soft Lewis base.

The second [Nis(1-CO)s(CO)s]> unit can be viewed as a distorted monocapped square
pyramid. This unit is coordinated to Au(l) through the square base of the pyramid. Alternatively,
this Nis framework may be described as a distorted trigonal prism, coordinated to Au(l) via a
lateral square face and having the remaining two square faces heavily compressed along a
diagonal. As a consequence, whereas in the trigonal anti-prismatic [Nis(u-CO)s(CO)s]? unit
there were twelve Ni-Ni contacts at bonding distances, in this distorted trigonal prismatic unit
there are only eleven contacts at bonding distances.

Also in this unit there are six terminal CO (one per Ni atom) and six pu-CO bridging the
edges of the two triangular bases of the trigonal prism. The angle formed between Au and the
centroids of the Nis and Nis faces is 173.77(2)°, in agreement with the classical diagonal
coordination of Au(l). A similar situation was found in [HsFesAuB2(CO)24]", where the central

Au" cation was coordinated to two triangular [H2FesB(CO)12], units (figure 5.1.1).

Electrochemistry of [Niz2Au(CO)24]*
The trianion [Ni2Au(CO)24]> undergoes both cathodic and anodic processes, which will be
discussed separately (scheme 5.1.2, figure 5.1.8).

In the cathodic region, it undergoes a chemically irreversible mono-electronic reduction
at —2.01 V, followed by a chemically reversible two-electron reduction at —2.42 V. This latter
process is observed at the same potential for the free [Nig(CO)12]>" cluster. Therefore, it is likely
that [Ni12Au(CO)24]* is irreversibly reduced at —2.01 V to Au(0) and [Nis(CO)12]*, followed by

the reversible reduction of the latter at —2.42 V.

_ +le

[Ni12AU(CO)24]° — [Ni1pAU(CO) 4]t —— 2[Nig(CO)12]* + Au

_ +2e

[Nig(CO) 12> [Nig(CO)12]*

—2e

Scheme 5.1.2 Irreversible mono-electron and reversible two-electrons reductions of [Ni;2Au(CO).4]* and
[Nig(CO)12]%, respectively
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Figure 5.1.8 Left: Cyclic voltammogram recorded at a gold electrode in thf solution of
[NBu4]s[Ni2Au(CO)24] (1.5x10-2 M). Right: Osteryoung square-wave voltammograms recorded at a gold
electrode in a thf solution of [Ni2Au(CO)24]* before (full line) and after (dashed line) exhaustive
electrolysis at Ew=-2.2 V. [NBu4][PFe] (0.2 M) supporting electrolyte. Scan rate 0.2 V/s.

In agreement with this hypothesis, the frontier region of the EHMO diagram, calculated
with CACAO, for [Ni1zAu(CO)24]* (figure 5.1.9) displays a rather large HOMO-LUMO gap
(0.785 eV) and the LUMO receives contributions only from the two [Nis(CO)12]> moieties.

[Ni,Au(CO),, |-
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Figure 5.1.9 Left: Frontier region (in the —11 to -9 eV interval of energy) of the EHMO diagram of
[Ni2Au(CO)24]*. Right: IR ex-situ spectroelectrochemistry showing the evolution of the probing v(CO)
stretching, from the original sample (dotted line) to the exhaustively electrolyzed one (full line),
throughout the step-by-step reduction of [NiAu(CO)24]*. *, 1, | are the stretching of NiCOs,
[NizzAu(CO)24]* and [Nis(CO)12]* rispectively.
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Thus, it is likely that, after reduction, the additional electron is delocalized over these Ni-
CO units destabilizing the formal [Nii2Au(CO)24]* adducts, which, in turn, undergoes an
internal reduction to Au metal and [Nis(CO)12]%". The formation of [Nig(CO)12]*, obtaining after
the reduction of [Ni12Au(CO)24]*, has been confirmed by a bulk electrolysis experiment. In fact,
the quantitative reduction (Ew = —-2.2 V) of the sample makes the brown solution of
[Niz2Au(CO)24]* to turn red, as expected for a solution of [Nis(CO)12]>, while the peak at —2.01
V progressively disappears without altering the reduction process at —2.42 V. Such a behavior is
clearly illustrated in figure 5.1.8 in which the Osteryoung square wave voltammograms of the
sample before and after the bulk electrolysis are compared.

The unquestionable establishment of the nature of the product obtained after the
irreversible reduction of [Ni12Au(CO)24]> was obtained by IR ex-situ spectroelectrochemistry.
Step-by step reduction reveals that the formation of [Nig(CO)12]* is not quantitative and is
accompanied by the formation of side products such as the volatile complex Ni(CO)4 (figure
5.1.9).

Comparison of the electrochemical behavior of [Ni12Au(CO)24]* with other MCCs

The features of the cathodic region of the cyclic voltammogram of [Nii2Au(CO)24]% are more
than evocative of what has been observed in the case of {Cd2Cls[Nis(CO)12]2}* and prompted a
reinvestigation of the redox behavior of this latter, as well as that of the dianions [Nig(CO)12]*
and [Nig(CO)1s]*". In fact, in the paper describing the redox behavior of {Cd2Cls[Nis(CO)12]2}*,
a reversible reduction at —2.43 V was reported as also preceded by an ill-resolved irreversible
peak, formerly interpreted as the sign of the presence of impurities.

Anyway, in the light of the present findings, a different interpretation appears to be more
consistent. Really, once compared, as for the cathodic region in figure 5.1.10, the cyclic
voltammograms of this family of clusters clearly reveal their relationships and may suggest that
in all cases the one-electron irreversible reduction of [X{Nig(CO)12}2]* (Ep=—2.01 V for X=Au,
Ep=—1.52 V for X=CdCls) involves the detachment of the X unit connecting two [Nig(CO)12]*
clusters, which subsequently undergo the expected reduction at about —2.42 V.

Similarly, the irreversible reduction (Ep= -1.86 V) of [Nig(CO)1s]*>-, which is
synthetically obtained by oxidation of [Nis(CO)12]*, is rapidly followed by the quantitative

reformation of this latter, indicating the reversibility of the reaction as follow:

2[Nis(CO)18]*> +2e~ & 3[Nig(CO)12]>  (6)

114



Chapter 5

This interpretation of the redox behavior of this family of clusters is also consistent with
the acid-base interaction existing between the soft Lewis base [Nis(CO)12]* and the acid
fragment X", In fact, this interaction is broken as soon as the acidity of X" is switched off by
reduction. As in the previous work, the very negative cathodic value of the unique reversible
process prevented any reliable coulometric determination of the number of electrons involved in
this redox processes. Anyway, the second derivative of the Osteryoung square wave
voltammograms indicates that, in all cases, the reversible reduction at about —2.42 V, erroneously

described as monoelectronic, actually involves the subsequent addition of two-electrons.

a
<///\ a
b
b
C
/ 3 d C
/‘\_l\l.: \ xt\. ..r'fﬂ___hm\_,r/’ d
VAL T aammmnmsaens
3.0 -25-20-15-10 26 -24 -22 -20 -18 -16 -14
E (Volts, vs. S.C.E.) E (Volts, vs. S.C.E.)

Figure 5.1.10 (Left) Cyclic voltammograms and (right) osteryoung square-wave voltammograms (full
line) with its second derivative (dashed line) recorded at a gold electrode in thf solution of: (a)
[Nie(CO)lz]Zf; (b) [Nig(CO)lg]zf; () {Cd2C|3[Ni6(CO)12]2}37; (d) [Ni12AU(CO)24]37. Normalized currents
of samples in mM concentration. [NBus][PFs] (0.2 M) supporting electrolyte. Scan rate 0.2 V/s.

Finally, it may be noteworthy that a very similar behavior has been observed in the anodic
region for all these compounds, which, after an unresolved multielectronic oxidation at ~ +0.7
V generate a new, unidentified product which is reduced at —-0.75 V. An attempt to
unambiguously identify this latter by IR spectroelectrochemistry performed on [Niz2Au(CO)24]*
had only modest success since the main difference between the IR spectrum of the original
solution and that obtained after bulk electrolysis (Ew= +0.72 V) is the appearance of a strong
signal at 2038 cm™, indicating the presence of Ni(CO)a. As a matter of fact, the electrolysis of
[Ni12Au(CO)24]* makes a brown powder to deposit on the electrode, so it is possible that the

main product of the oxidation process is not detected by the IR technique.
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Chapter 5

CosC Carbide Carbonyl Clusters Decorated
by Gold(l) Phosphine Fragments

5.2.1 Introduction

Au(l) fragments have been widely employed as soft Lewis acids towards soft Lewis bases such
as anionic metal carbonyl clusters in acid-base reactions resulting in the increase of nuclearity
of the clusters. Several example of such “‘fragment condensation” % are known in the literature.
In these cases, the Au(l) fragment has been added to preformed anionic carbonyls in order to
expand of a few units the nuclearity of the clusters. In other cases, on the basis of the isolobal
analogy between [AuL]™ and H*, the former have been used to have information on the
protonation sites of anionic metal carbonyl clusters (see chapter 7.1.1). Alternatively, the
reaction of carbonyl anions with Au(l) fragments may results in bimetallic species via redox
condensation or homometallic clusters though oxidation (see chapter 5.1) [29].

Following the pioneering work of Nyholm et al., most compounds, e.g.,
V(CO)3(AuPPhz)z and CosRu(CO)12(AuPPhs) have been obtained by reaction of an anionic
mononuclear or cluster complex with CIAuL [71]. The charge of the anionic cluster has a strong
influence on its reactivity. The reaction can be facilitated with the formation of [AuL]" cations
that can be generated in situ using a chloride abstractor or prepared separately. Moreover, the
use of [AuL]* cations instead of the neutral chloride compound avoids the possibility of side
reactions due to the nucleophilic CI anion.

When two or more Au(l) centers are present, they are often found at short Au--Au
distances (2.7 — 3.3 A) which are intermediate between the sum of covalent (2.72 A) and van der
Waals (3.32 A) radii of Au. This effect has been called aurophillic attraction or aurophilicity by
Schmidbaur. Theoretical calculations, including relativistic effects, have played a key role in
understanding this unique behavior and the development of gold chemistry.

23 Tt is noteworthy that the “fragments” are not necessarily the starting material of the reactions. These units can be
unambiguously identified with a simple “retrosynthesis”. In general, these differences are due to the rearrangement
of the cage induced by loss of one or more carbonyl ligands. For instance, the bimetallic Co-Au cluster
CosC(CO)13(AuPPhs), can be obtained by the reaction of [Au(PPhs)]* with [CosC(CO)15]* or [CosC(CO)13]*. Only
in the last case, the starting materials are both the fragments of the condensation.
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These calculations have shown that bonding between closed-shell Au(l) d*° metal centers
may be strongly enhanced by relativistic effects, and aurophilicity was accepted as a logical
consequence of these contributions. Indeed, the short Au-Au contact would be more difficult to
justify in terms of classical bonding on the basis of the closed shell 5d*° configuration [72].

As demonstrated by a search in the Cambridge Structural Database, the highest nuclearity
of the metal carbonyl clusters decorated on the surface by Au(l) fragments is 19 (without
considering the contribution of [AuL]" units) and the number of the [AuL]" fragments ranges
from 1 to 6. Figure 5.2.1 reports the correlation between the nuclearity of the metal carbonyl
cores and the number of [AuL]® of known clusters. Compounds with bidentate Auz(dppx)
fragments or heteroleptic metal cores such as Pt13(CO)10(PPhs)s(AuPPhs)s are not included in
this survey [40].

The location of the gold fragments on the core are largely governed by steric factors and,
excluding the case of [Pt19(CO)24(AuPPh3)s.n]™ (n =0, 1), the AuL units do not show any Au---Au
contacts [55]. The left part of the graph is dominated by the presence of bimetallic Os-Au adducts.
The products are obtained by the reaction of the parent homometallic clusters with the same
osmium nuclearity. Although the nuclearity is conserved, the metal core geometry can change
proving that the coordination of [AuL]" are not so innocent (see box 3.4.1). For instance, the
osmium core framework of Osg(CO)22(AuPPhs). is the 1,5-isomer of the 1,3-bicapped
octahedron found in its starting material [Oss(CO)22]*. Curiously, Oss(CO)22Au2(dppb) obtained
by the analogous reaction shows the bicapped octahedral Osg arrangement observed in the parent
dianion [Oss(CO)22]* [73].

Other two remarkable structures are Rh10C2(CO)18(AuPPhz)s and IreRus(CO)21(AuPPhz)
that respectively represent the carbonyl cluster with the highest number of [AuL]* fragments and

the unique example whit a terminally coordinated Au atom.

5.2.2 Me octahedral clusters decorated by [AuL]* fragments: an overview

The Me octahedral framework, present in several carbonyl clusters, seems to be an interesting
platform to test aurophilicity especially when interstitial heteroatoms are present, as
demonstrated in this chapter as well as in chapter 7.1. Indeed, in the presence of strong core
interactions, the geometry of the Ms octahedron is retained whereas the arrangement of surface
fragments may be governed by weaker forces such us aurophilic interactions, van der Waals and
packing forces. A single [AuPPhs]* fragment has been found coordinated to an edge (n?) or a
trigonal face (n®) in Mg octahedral clusters (table 5.2.1). At present, there is no example of

terminally coordinated [AuPPhs]" fragments on Ms clusters.
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Apticity Compound Ref.

,  RusB(CO)7(AuPRs)* [74]

b Rualr2B(CO)1s(AUPCys) [75]

n’ [1r6(CO)15(AuPPh)] [76]
[FesC(CO)16(AuPPhs)] [77]

n3 [CosC(CO)13(AuPPhs)] [78]

[FesMoC(CO)17(AuPMes)]  [79]
[CosMoN(CO)u(AuPPhs)]  [80]
N RusRh;B(CO)15(AUPPhs) [75]

Table 5.2.1 Survey on octahedral homoleptic carbonyl clusters decorated by one [AuPPhs]* fragment.
For the sake of clarity, phosphines and carbonyl groups are not represented. * R = 2-methyl-Ph.

Moreover, when a second fragment is added, several options arise since it can coordinate
to a site close or far from the first one. Aurophilicity favors the proximity of the two Au(l) centers
and formation of intramolecular d'°-d' interactions. The aurophilic interaction may occur in
several ways that can be classified on the basis of the gold-metal cage interactions as depicted in
table 5.2.2.

In RusC(CO)16(AuPPhsz)2 and RusPtC(CO)15(AuPPhs),, the two [AuPPhs]* fragments are
coordinated on two opposite edges (n%, n?) of the octahedral metal core without any aurophilic
interaction. However, the survey is dominated by the cases where an Au-Au interaction is present
and this leads to a wide variability of the coordination mode of the two Au atoms. It is noteworthy
that, [1rs(CO)15(AuPPh3)] and Irs(CO)1s5(AuPPh3), are the only compounds found in this survey
which do not contain any interstitial atom.

In the case of Ms octahedral cages stabilized by three [AuPPhs]* fragments, the number
of entries come down to two. In the first example of table 5.2.3, RusRh2B(CO)15(AuPCys3)3 one
[AuPPhs]" fragment is coordinated to an edge (n?) while the other two display the same
arrangement observed in HRusB(CO)16(AuPPhz)2. Finally, in the case of RusB(CO)16(AuPPhs)s,

aurophilic interactions are not present.

5.2.3 Synthesis of CosC(CO)12(AuPPhs)s clusters
The new neutral cluster CosC(CO)12(AuPPhs)s [86] has been obtained by reacting
[CosC(CO)15]* with 2-3 equivalents of Au(PPhs)Cl according to the equations (1) and (2):

2[C06C(CO)15]* + 4Au(PPh3)Cl — CosC(CO)12(AuPPh3)s + C + 4[Co(CO)4]” + 2Co**
+2CO +4CI- (1)
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6[C0sC(CO)15]> + 18AU(PPh3)Cl — 3C06C(CO)12(AUPPh3)s + 3C + 10[C0o(CO)4]” + 8Co?**
+14CO + 18ClI + 6Au  (2)

Au-Au Bond  Apticity Compound Ref.

%, 2 RusC(CO)16(AuLs), * [81]
RusPtC(CO)1s(AuPPhs);  [82]

e HRueB(CO)1s(AUPPhs), [74]

3 Irs(CO)1s(AUPPhs), [83] -1

1 n%,n?>  FesRh.C(CO)is(AuPPhs),  [84]
n2 C0sC(CO)13(AuPPhs), * [78]
RusWC(CO)w7(AuPEt:),  [81]

&

nh % n? %0’

Table 5.2.2 Survey on octahedral homoleptic carbonyl clusters decorated by two [AuPPhs]" fragments.
For the sake of clarity, phosphines and carbonyl groups are not represented. # The isostructural
RheC(CO)13(AuPPhs), cluster is also known. * L = PPhz or PPh,Me.

Au-Au Bond  Apticity Compound Ref.

0 nz, ns, n3 RU4haB(CO)15(AUPC)/3)3 [85]

1 112, 112, 1]3 RUeB(CO)le(AUPPh3)3 [74]
e’ %’

Table 5.2.3 Survey on octahedral homoleptic carbonyl clusters decorated by [AuPPhs]* fragments. For
the sake of clarity, phosphines and carbonyl groups are not represented.
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The side-products [Co(CO)4]~ and Co?* have been identified by IR spectroscopy and the
typical pink color of the water extract during workup, respectively. Formation of a gold mirror
on the reaction flask was also observed. The neutral cluster was purified by removing the solvent
in vacuo, washing the residue with water and toluene, and finally extracted in thf. Crystallization
by slow diffusion of n-hexane on the thf solutions affords three types of crystals, i.e.,
CosC(CO)12(AuPPhsz)4 (1), CosC(CO)12(AuPPhs)4-thf (11) and CosC(CO)12(AuPPhs)4-4thf (111),
as single species and/or mixtures, depending on the experimental conditions. The use of
toluene/n-hexane instead of thf/n-hexane for crystallization results in crystals of I as well as
C0sC(CO)12(AuPPh3)s-4toluene closely related to Ill. Conversely, crystallization from
CH:Cly/n-hexane affords crystal of 1. It is noteworthy that they are not merely different solvates
of the same neutral cluster, but they contain three different isomers of CosC(CO)12(AuPPhs)s
(see section 5.2.4). As discussed in the next section, all three isomers contain the same octahedral
[CosC(CO)12]* carbido-carbonyl core differently decorated by four [AuPPhs]* fragments. As a
consequence, the three crystals display different IR spectra in nujol mull. Crystals of I-1l11 are
poorly soluble in organic solvents and, in all cases, after dissolution they dissociate two
[AuPPhs]* fragments resulting in the previously reported [CosC(CO)12(AuPPhs),]*~ anion:

C06C(CO)12(AuPPh3)s <= [C0sC(CO)12(AUPPh3)2]> + 2[AuPPhs]*  (3)

Thus, in solution the cluster is mostly ionized and [CosC(CO)12(AuPPhs),]? condenses
with two [AuPPhs]* during the crystallization. The presence in solution of dynamic equilibria
has been demonstrated by variable temperature *:P{*H} NMR experiments (figure 5.2.2).

298 K

213K

*

193K

64 62 60 58 56 54 52 50 48 46 44 42 40 38 36

Figure 5.2.2 Variable temperature 3P{*H} NMR spectra of CosC(CO)12(AuPPhs)sin CD,Cl,. + and *
are impurities.
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Two resonances at op 49.1 (br) and 47.8 (s) ppm are present at 298 K, which broaden by
lowering the temperature. The exchange is frozen at 193 K, as demonstrated by the presence of
three sharp singlets at (relative intensities are given in parentheses) ép 49.1 (351), 51.9 (274) and
58.0 (100) ppm. The resonance at 51.9 ppm may be assigned to [CosC(CO)12(AuPPhs),]? by
comparison to literature data [78]. The resonance at 58.0 ppm may be tentatively assigned to a
more dissociated [CosC(CO)12(AuPPhs)]*>~ species:

[Co6C(CO)12(AuPPhs)2]*> = [CosC(CO)12(AuPPh3)]* + [AuPPhs]*  (4)

This is in agreement with the fact that a shift towards higher frequencies has been
previously observed for CosC(CO)13(AuPPhs)> (dp 50.2 ppm) upon dissociation to
[Co6C(CO)13(AuPPhz)]™ (6p 54.0 ppm) [78]. The major resonance at 49.1 ppm may be assigned
to [CosC(CO)12(AuPPh3)s] or, more likely, to the free [AuPPhs]* fragments.

5.2.4 Crystal structures of the three isomers of CosC(CO)12(AuPPhs3)4

The structure of the neutral CosC(CO)12(AuPPh3s)s cluster has been determined as its
Co6C(CO)12(AUuPPhz)4 (1), CosC(CO)12(AuPPhs)s-thf (11) and CoeC(CO)12(AuPPh3)4-4thf (111)
solvates (figure 5.2.3 and table 5.2.4).

All the three isomers of CosC(CO)12(AuPPhs)s may be viewed as composed by an anionic
[CosC(CO)12]* octahedral moiety decorated by four cationic [AuPPhs]* units. They mainly
differ because of the arrangement of these cationic fragments which results in different CosCAua
cores (figure 5.2.4).

Thus, in isomer 1, Au(l) is ups-bridging a triangular face of the CosC octahedron,
generating a CosAu tetrahedron. The other three Au atoms are capping the three Co2Au triangular
faces of this tetrahedron. The resulting CosCAus core of | possesses a perfect Cay symmetry with
the 3-fold crystallographic axis passing through the interstitial carbide and Au(l). Isomer |
presents three equivalent Au-Au bonding contacts involving the central Au(1) and the three
lateral Au-atoms; conversely the contacts between the three lateral Au’s are completely non-
bonding. In the case of 11, Au(1) is ps-bridging the Co(1)-Co(2)-Co(3) triangular face of the
CosC octahedron and Au(2) caps one triangular face of the resulting tetrahedron as in I.

Then, the other two Au-atoms are u-coordinated to two Co-Co edges of the opposite
triangular Cos-face of the octahedron, generating a CozAu. square pyramid. The four Au-atoms
are grouped into two isolated Auz-dimers on opposite sides of the octahedron presenting very

similar Au-Au bonding contacts.
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Figure 5.2.3 Molecular structures of isomers I, 11 and 111 of CosC(CO)12(AuPPhs)s (Au, yellow; Co, blue;

P, green; C, grey; O, red; H, white).

Co-Co 2.5108(12)-2.7816(16)
Average 2.652(5)
Co-Cearbide 1.856(3)-1.901(4)
Average 1.878(9)
Co-Au 2.6087(11)-2.7902(11)
Average 2.718(3)
Au-P 2.2874(14)-2.326(2)
Average 2.297(3)
Au-Au
2.8708(12)

2.450(10)-2.804(9) 2.500(5)-2.911(5)
Average 2.65(3) Average 2.653(17)
1.78(4)-1.98(4) 1.85(3)-1.91(2)
Average 1.88(9) Average 1.88(5)
2.584(7)-2.765(7) 2.597(3)-2.869(4)
Average 2.70(2) Average 2.714(11)
2.254(13)-2.304(14) 2.289(7)-2.310(7)
Average 2.28(3) Average 2.299(14)
2.840(3)-2.844(3) 2.8358(15)-2.9336(15)
Average 2.84(2) Average 2.889(3)

Table 5.2.4 Comparison of the most relevant bond lengths (A) in the three isomers of
CosC(CO)12(AUPPh3); as found in CosC(CO)12(AuPPh3)s (1), CosC(CO)12(AuPPhs)s-thf (I1) and

C06C(CO)12(AUPPha)s-4thf (111).
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Figure 5.2.4 The CosCAu. cores of isomers I, 11 and 111 (Au, yellow; Co, blue).

In the case of isomer 11, three Au-atoms show the same coordination as in I. Thus, Au(1)
is us-bridging the Co(1)-Co(2)-Co(3) triangular face of the CoeC octahedron, whereas Au(2) and
Au(3) are capping two Co2Au faces of the resulting CosAu tetrahedron. Then, Au(4) is bonded
to Au(2), Co(2) and Co(4). Overall, the CosCAus core of 111 possesses C1 symmetry. The cluster
displays three Au-Au bonding contacts and nine Co-Au bonds. It must be remarked that, despite
the different structures, all isomers contain nine Co-Au bonds with very similar bonding
parameters.

The [CosC(CO)12]* fragment in the three isomers displays the same C-centered
octahedral structure with very similar Co-Co and Co-Cecamide bonding contacts. Conversely, the
stereochemistry of the 12 CO ligands is sensibly different (figure 5.2.5). Thus, the more
symmetric isomer | contains 9 terminal and 3 edge bridging carbonyls, whereas both isomer 11
and I11 contain 8 terminal and 4 edge bridging CO ligands, even if distributed differently around
the octahedron. Moreover, the CO ligands show some weak Au---C contacts, that are well above
the sum of the covalent radii of Au and C (2.04 A) but still below the sum of their van der Waals
radii (3.36 A). In particular, 1 contains six Au---C(O) contacts in the range 2.771(5)-2.850(5) A,
11 eight Au---C(O) contacts in the range 2.73(4)-2.96(6) A, and 111 five Au---C(O) contacts in
the range 2.75(3)-2.92(3) A.

Overall, the three isomers of CosC(CO)12(AuPPhs)s display very similar bonding
parameters (number of bonds and distances) when the stronger Co-Co, Co-Ccarbige, Co-Au and
Au-P interactions are considered. The differences are mainly focused on the weaker Au-Au and
Au---C(O) interactions, as well as the stereochemistry of the carbonyls and, above all, the spatial
rearrangement of the four [AuPPhs]* fragments. We might expect that these isomers have very

similar internal energies, and thus, small differences in the van der Waals forces due to the
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interactions with a variable amount of cocrystallized solvent molecules that causes the formation
in the solid state of I, 11 and I11. This prompted a theoretical investigation (see next section).

Figure 5.2.5 The [CosC(CO)12]* fragment of isomer I, isomer 11 and isomer 111 of CogC(CO)12(AuPPhs)a.
Two views are reported per each isomer in order to better appreciate its octahedral structure (Co, blue; C,
grey; O, red).

5.2.5 Theoretical Investigation

In order to shed some light on the isomers I, 11 and 111 found in the solid state, a series of DFT
optimizations were performed using the B97D functional with the inclusion of the dispersion
forces that in principle could help to reproduce the different stability of the isomers. In the first
attempts we used simplified models starting from the crystallographic coordinates with PH3 in
substitution of bulky PPhs ligands and by neglecting the co-crystallized molecules.

Although this kind of approach gave satisfactory results in the investigation of the
NisC(CO)o(AuPPhs)s cluster (see chapter 7.1), it appears insufficient in the present case. In fact,
during the optimizations the AuPH3 fragments move away from the original positions and the
obtained models were unsatisfactory. In the second series of calculations, we decided to include
in the models also the phenyl rings. The general features of the models were conserved but it
was impossible to obtain the convergence for isomers | and 11, likely imputed to the complex
nature of the considered molecule. Nevertheless some useful information from the calculations
could be obtained. First of all, qualitative single point calculations on the crystallographic
structures revealed that I is 14 kcal/mol and 2.5 kcal/mol more stable than 11 and 111 respectively.
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The energy differences are reasonably small and existence of the isomers in the crystals
is consistent with solid-state packing effects, neglected during the modelling of a single isolated
molecule. More intriguing fact is the incapacity of the PHz models in simulating the experimental
structures. We can conclude that the aurophilic interactions alone are not able to stabilize the
models. The n-rt and =-H interactions have also a stabilizing role in the clusters. In particular the
number of such interactions and the stability of the clusters seem to be correlated and they change
in the same order (Izll1<Il). In any case, for the isomer 111 we were able to complete the
geometry optimization of the whole compound and a comparison between the optimized and the
experimental structures was pointed out in table 5.2.5. The Coe-C core is satisfactorily
reproduced except for a slight overestimation mainly attributable to the usage of the pseudo-
potential, especially for the two equatorial Co centres with a bridging Au atom (3.05 vs. the
experimental value of 2.83 A). An opposite trend may be pointed out for the Au-Au distances,
being two of them shorter than the X-ray ones (2.84 vs. crystallographic 2.93 and 2.90 A). The
main discrepancy concerns the Co-Au bonding pattern, since only eight rather than nine (in the
X-ray structure) Co-Au bonding distances have been predicted by the optimization, being the

Aui-Cos significantly elongated (0.4 A).

Experimental Calculated
Co-Co 2.500(5)-2.911(5); Av. 2.653(17) 2.512-3.054; Av. 2.688
Co-Ceavice ~ 1.85(3)-1.91(2); Av. 1.88(5) 1.879-1.949; 1.910
Co-Au 2.597(3)-2.869(4); Av. 2.714(11) 2.639-2.977; Av. 2.802
Au-P 2.289(7)-2.310(7); Av. 2.299(14) 2.319-2.324; Av. 2.320
Au-Au 2.8358(15)-2.9336(15); Av. 2.889(3)  2.842-2.860; Av. 2.852

Table 5.2.5 Comparison of the most relevant bond lengths (A) between the CosC(CO)12(AuPPhs),-4thf
(111) and the calculated structure.

The gap between the highest occupied molecular orbital (HOMO, figure 5.2.6 a) and the
lowest unoccupied one (LUMO, figure 5.2.6 b) has been estimated to be 1.29 eV. Both HOMO
and the LUMO are largely located on the Co atoms rather than on the Au (69.6 and 60.7 vs. 8.04
and 11.3 % for HOMO and LUMO, respectively). Only in the LUMO+2 (figure 5.2.6 c), +0.38
eV higher in energy than the LUMO, the contribution from the gold is only slightly bigger than
the Co one (32.3 vs. 29.7).
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Figure 5.2.6 Graphical plots (isosurface = 0.03) of the a) HOMO, b) LUMO and c) LUMO+2 of
C0sC(CO)15(AuPPh3)a.
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Isolation of Unprecedented CosC

Square-Pyramidal Clusters

5.3.1 Square-pyramidal clusters decorated by [AuL]* fragments

A search of the Cambridge Crystallographic Data Base reveals only a relatively small group of
MsE(CO)x(AuL)y (E = main group atom; M = transition metal) clusters with a Ms square-
pyramid geometry. The RusB(CO)is(AuPPhz) molecular cluster represents the only example of
Ms square pyramid geometry stabilized by one [AuPPhs]* unit [87]. It is noteworthy that the
[AuPPhs]* fragment is not symmetrically bonded to the square base of the [RusB(CO)1s]" unit,
which would have resulted in a RusAu octahedron. Conversely, it is bridging to the Ru> edge
and further interacting with the boride atom (n® bond). The resulting structure can been referred
as an open octahedron or a hinged square-based pyramid.

The isolation of RusB(CO)15(AuPPhs) (figure 5.3.2 a) by J. Lewis provides an illustrative
example on how the change of the chemical-physical properties of the AuPPhz-adduct, obtained
from the related anionic cluster, would make their isolation easier [88]. Indeed, [RusB(CO)1s]
was originally obtained by the Cambridge group in mixture with [RusB(CO)17]". The anionic
nature of the two clusters hampers their chromatographic separation as result of the
decomposition of [RusB(CO)is]” on the silica gel. ¢ Differently, the separation of
RusB(CO)15(AuPPh3) and RusB(CO)17(AuPPhz) by thin layer chromatography is facile. After
the purification, RusB(CO)1s(AuPPhs) has been isolated in a crystalline state and structurally
characterized via X-ray crystallography. ® FesC(CO)w4(AuPEts), (figure 5.3.2 b) and
Oss5C(CO)14(AuPPhg), figure 5.3.2 c) represent fascinating examples where the MsE core is

2 In general, the chromatographic separation of mixtures of neutral derivatives is much easier. The systematic
different approach of the Cambridge group (see chapter 1) is due to the different properties of the clusters. Probably
the use of chromatographic separation is both cause and consequence of the isolation of neutral compounds.

%5 The assumption that the addition of the [AuPPhs]* fragments to [RusB(CO)1s]" takes place with little perturbation
of the RusB square-pyramidal boride core is not in conflict with the consideration showed in the case of two
[Pt19(CO)24(AUPPh3)an]™ (n = 0, 1) clusters (see box 3.3.1) where, instead, the presence of different structural
isomers must be to taken into account.
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decorated by two [AuPPhs]" units that adopt different structures in the solid state [81]. In the
later, the two [AuPPhs]* units are bonded to Os; edges (n? bond) including the apical atom of
the square-pyramidal cage. Conversely, in the case of FesC(CO)14(AuPEts)2, one [AuPPhs]*
fragment is symmetrically bonded to the square base of Fes core and the other to the Fe; edge
(n? bond).

(a) (b) ()
Figure 5.3.2 Examples of known square-pyramidal homoleptic carbonyl clusters decorated by gold
phosphine units: (a) RusB(CO)1s(AuPPhs); (b) FesC(CO)14(AuPEts), and (c) OssC(CO)14(AuPPhs),. For
the sake of clarity in the phosphine and the carbonyl groups are not represented.

Another interesting example is the molecular structure of the neutral compound
RusB(CO)14(AuPPhs)s of which is reported only a preliminary low quality X-ray diffraction
study. However, the heavy-atom connectivity was unambiguously established showing the
presence of a Rus square-based pyramid core. One AuPPhs group caps a triangular Rus face,
while the other two Au atoms form a (AuPPhs). staple motif which is positioned under the square

face of the Rus-core.

5.3.2 MsC square-pyramidal carbide carbonyl clusters

The FesC(CO)1s square-pyramidal cluster, whose structure was determined by Dahl in 1962,
represented the first high nuclearity carbide carbonyl cluster (figure 5.3.3) [89]. Since then,
several other MsC square-pyramidal carbide carbonyl clusters have been characterised, i.e.,
[MsC(CO)15] (M = Ru, Os), [MsC(CO)14]> (M = Fe, Ru, Os), [FesaMC(CO)14]~ (M = Co, Rh),
and [HResC(CO)16]*. All these clusters possess 74 Cluster Valence Electrons (CVE) in
agreement with the inert gas rule. It is noteworthy that, with the only exception of rhenium, all
other MsC carbonyls are based on group V111 metals. The hypothetical [CosC(CO)12]™ cluster is
isoelectronic with the above species, but it has never been observed before. Probably the non
existence of [CosC(CO)12] as free species is due to the lower number of carbonyls that favors
nucleophilic substitution. This led us to move our attention to the synthesis of new carbonyl

clusters contained the CosC core decorated by Au(l) units.
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Figure 5.3.3 Structural relationship between FesC(CO)is and the unknown [CosC(CO)12]" as free species.
The molecular structure of the latter is depicted using the crystallographic data of CosC(CO)12(AuPPhs)
(Au, yellow; Co, blue; Fe, black; C, grey; O, red).

5.3.3 General results
The following sections (5.3.4 and 5.3.5) report the characterisation of the new
[{CosC(CO)12}Au{Co(CO)4}] ", [1], and [{CosC(CO)12}2Au], [2]  clusters obtained from the
redox condensation of [AuCls]” with [CosC(CO)15]*~ and [C011C2(CO)23]%, respectively [90].
Electrochemical and spectroelectrochemical studies of [1]~ and [2] are reported in section 5.3.6.
Moreover, the new derivatives [CosC(CO)12(AuPPhs)], 3, [CosC(CO)11(AuPPhas)2], 4,
[CosC(CO)11(AuPPhs)s], 5 obtained from the reaction of [{CosC(CO)w2}.Au]” and
[CosC(CO)15]* with Au(PPh3)Cl are presented. All these results are summarized in figure 5.3.1.

5.3.4 Synthesis, reactivity and structure of [{CosC(CO)12}Au{Co(CO)4}1", [1]
[CosC(CO)15]* reacts with two equivalents of [AuClsg~ affording the new
[{CosC(CO)12}AU{Co(CO)4}], [1], cluster, in accord to the equation (1):

6[C0sC(CO)15]> + 10[AUCL] — 3[{C0sC(CO)1.}AU{CO(CO)s}]" + 3[Cos(CCI)(CO)q] +
+9C0% +15C0O +37CI + 7Au (1)

If less [AuCl4]™ is used, the main product is the previously reported [CosC(CO)14]™
paramagnetic mono-anion, as inferred by IR analysis.?® Carbon monoxide evolution and
formation of a gold mirror are observed. [Co3(CCI)(CO)e] (further removed with toluene) was
detected by IR spectroscopy, whereas Co(ll) salts have been extracted in H2O during work-up.
Crystals suitable for X-ray analyses of [NEts][{CosC(CO)12}Au{Co(CO)a}], [NEts][1], were

obtained by slow diffusion of n-hexane into the thf solution. The same compound may be

2% Regardless of the nature of the oxidant, the oxidation of [CosC(CO)15]% leads to [CosC(CO)14]" as first product.
Another example is reported in chapter 6.2.
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obtained using [CosC(CO)1s]*" instead of [CosC(CO)1s5]>. [AuCls]- may be replaced with
[Au(Et2S)CI], but the yields are lower.

The ESI-MS spectrum in CH3CN solution displays peaks at m/z (relative intensity in
parentheses) 1024 (5), 1011 (100), 983 (20), 658 (10), 644 (10) and 171 (50) attributable to [M(-
CO, +CHsCN)], [M], [M(-CO)], [C011C2(CO)23]*, [CosC(CO)12]” and [Co(CO)a],
respectively (M = {CosC(CO)12}Au{Co(CO)s}). The major peak in the mass spectrum
corresponds to the molecular ion [1]-, confirming its presence in solution. Its fragmentation path
IS interesting, since it indicates that the cluster may lose CO ligands or break down into
[CosC(CO)12]” and [Co(CO)4], as suggested by the solid state structure. Traces of
[C011C2(CO)23)* are probably formed during ionisation because of partial oxidation.

[1]- is stable under CO atmosphere, whereas it reacts with oxidants such as HBF4 and
[FeCp2]" affording the new [{CosC(CO)12}2Au], [2], cluster (see below). Conversely, further
addition of [AuCla]™ results in the formation of a mixture of Co3(CCI)(CO)e and [2]". [1]" is not
stable after refluxing in CHsCN, where it affords, after work-up, [C011C2(CO)23]*". The reduction
of [1]~ with Na/naphtalene (or NaBHa4) has been studied since it was believed that it might have
been resulted in the reduction of Au(l) into Au(0) with concomitant release of [Co(CO)4]™ and

the unprecedented [CosC(CQO)12]". Conversely, the only products detected were [Co(CO)4] and
[COeC(CO)ls]Zf.

Crystal structure
The molecular structure of [1]~ has been determined as its
[NEt4][1] salt (figure 5.3.4 table 5.3.1). The cluster anion may
be viewed as a heteroleptic Au(l) complex containing
[Co(CO)4] and [CosC(CO)12] as ligands. The latter “cluster
ligand” is n3-coordinated to Au(1) via Co(2), Co(5) and the
carbide C(1). Considering it as a single ligand, the Au(1)
centre displays an almost linear coordination [Co(6)-Au(1)-
Centroidco@)co)cy 172.2(4)°] as often found for Au(l)
complexes. The Au(1)-Co(6) distance [2.503(16) A] is
significantly shorter than Au(1)-Co(2) [2.656(16) A] and
Au(1)-Co(5) [2.681(14) A], in view of the fact that the

former is a 2c-2e single bond, whereas the latter ones are

Fig. 5.3.4 Molecular structure of

[1], with key atoms labelled.
delocalised “allyl-like” bonds. For comparison, the Au-Co

distance is 2.503 A in Au(PPh3){Co(C0).} and 2.509 A in [Au{Co(CO)4}.]~ which contain a
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2¢-2e o-bond, whereas values in the range 2.61-2.90 A are reported for Au atoms simultaneously
bonded to two or more Co-atoms. In addition, there are three weak Au---C(O) interactions
[2.68(2)-2.91(2) A], involving three carbonyls of the [Co(CO)4] anion.

The coordinated [Co(CO)4]™ anion displays a trigonal bipyramidal geometry, with three
carbonyls in equatorial positions, whereas the axial positions are occupied by the fourth CO and
Au(1). The [CosC(CO)12]” fragment shows a square pyramidal geometry, with the C(1) carbide
slightly below the basal plane. It possesses 12 CO ligands, nine terminal and three edge bridging.
The Co-Co distances compare very well to those previously reported for Co-carbide carbonyl
clusters. As expected, the shortest contacts are those bridged by CO ligands, whereas the longest
is Co(2)-Co(5) bridged by Au(1).

5.3.5 Synthesis and characterization of [{CosC(CO)12}2Au], [2]
The new [{CosC(CO)12}2AU], [2], mono-anion was obtained from the reaction of [1]~ with

HBF; (ca. 7 equivalents), according to the equation (2):

2[{C0sC(CO)12}AU{C0(CO)4}] + 9H" — [{CosC(CO)12}2AU] + 2Co?*" + 8CO + Au + 4.5H;

)
Crystals suitable for X-ray analyses of [NEt4][2] and [NMe3(CH2Ph)][2] have been obtained
after work-up by slow diffusion of n-hexane into their CH2Cl> solutions. The ESI-MS spectrum
in CH3CN solution displays negative peaks at m/z (relative intensity in parentheses) 1495 (90),
1482 (100), 1454 (80), 741 (10), 727 (20), 658 (25), 644 (25), 171 (30) attributable to [M(-CO,
+CHsCN)], [M], [M(-CO)., [M]*, [M(-CO)]*, [C011C2(CO)23]%", [CosC(CO)12]” and
[Co(CO)4], respectively (M = {CosC(CO)12}2Au).

Alternatively, [2]- can be obtained from the reaction of [C01:C2(CO)23]* with two
equivalents of [AuCls]~ (scheme 5.3.1). In turn, [C011C2(CQ)23]*" is obtained by the oxidation of
[CosC(CO)15]* with HBF4, as previously reported. Thus, the  three clusters [1],
[C011C2(C0)23]* and [2]~ may be all obtained starting from [CosC(CO)15]* and adding [AuCla]
and/or HBF4 in the correct order. This sort of “commutative property” is not common in metal
carbonyl clusters although other examples are known. [2]" is stable under CO (1 bar) and does
not react with PPhs. Conversely, [C01:C2(CO)23]*" is obtained after refluxing [2]-in CH3CN. Its
reduction with [CoCp2] results in the formation of [1]-, first, and, then [CosC(CO)15]>. Finally,
the new derivatives [CosC(CO)w2(AuPPhz)], 3, and [CosC(CO)11(AuPPhz)s], 5, have been
obtained by reacting [2]~ with two and four equivalents of [Au(PPhs)CI], respectively. The

reactivity of both [1]~ and [2]~ are summarized in scheme 5.3.2.
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[AuCL]
[Co,,Co(CO);]* > [{CosC(CO) 1A [2]
+H* + H*
AuCly|~
[CoCCOy - MM o oy AuiCoCOp T

11

Scheme 5.3.1 Different routes for the synthesis of the bimetallic Co-Au [2]~. [2] can be obtained from
the redox condensation of [AuCl,]~ and [C011C2(CO)23]% or by the oxidation of [1].

Co5C(CO)p(AuPPhy) [Co,,C5(CO);5 1>
3 7,
5y %
.

[ColAUCKCO) | —— 4 [CoAUC(COY | —A M, Co,C(CO)CI

o e S
CosC(CO) 1 (AuPPhy); [Co,C(CO) 5>

5
Scheme 5.3.2 Reactivity of [1]  and [2]".

Crystal structure

Two almost identical structures of [2]~have been determined as its
[NEt:][2] and [NMes(CH2Ph)][2] salts (figure 5.3.5 and table
5.3.1). The molecular anion [2]~ is a homoleptic Au(l) complex
composed by two [CosC(CO)1z]  anionic cluster ligands n?-
coordinated to Au(l). The two [CosC(CO)12]” fragments are
almost identical to the one found in [1]-, for what concerns the
geometry of the metal cage, the bonding parameters and the

stereochemistry of the CO ligands. Au(1) forms two Au-Co bonds

with each [CosC(CO)12] fragment as well as one Au-Cecarvide bond;
the Au-Co distances are comparable to those found in [1]~. The

Figure 5.3.5 Molecular
structure of [2], with key Au(1)---Co(3), Au(1)---Co(4), Au(l)---Co(8) and Au(l)---Co(9)

atoms labelled. interactions are essentially non-bonding.
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5.3.6 Electrochemistry and IR spectroelectrochemistry of [1]-and [2]~
[2] exhibits a rich redox activity in CH2Clo/[N"Bus][PFs] solution, in that it undergoes two
oxidations and four reductions (figure 5.3.6 and table 5.3.2). The oxidation at +0.84 V is multi-
electronic and irreversible, while the anodic process at +0.32 V and the first two reductions (—
1.02 and —1.30 V) possess features of chemical reversibility in the cyclic voltammetric timescale,
and involve identical numbers of electrons, as inferred from hydrodynamic voltammetry. The
most cathodic steps at —1.81 and —2.11 V are partially chemically reversible and the number of
involved electrons is ill-defined. By comparison with the [FeCp2]/[FeCp2]* couple (AE, = 75 mV
at 0.1 V/s) and on the basis of the dependence of the peak currents from scan rate (0.02-1.0 V/s)
the oxidation step at +0.32 V and the reductions at —1.02 and —1.30 V may be described as
electrochemically reversible, whereas the electrochemical quasi-reversibility of the processes at
—1.81 and —2.11 V can be inferred from their peak-to-peak separations (110 and 160 mV,
respectively, measured at 0.1 V/s).

In the attempt to determine the electron stoichiometry of the process occurring at —1.02
V, we subjected a solution of [2]™ to constant-potential bulk-electrolysis (Ew = —1.2 V). By
monitoring the electrolysis progress by cyclic and hydrodynamic voltammetry, the shift of the
current axis of the cathodic wave was accompanied by a progressive decrease of the total
concentration of the [2]7/[2]™ couple, indicating that the reduced species was not stable in the

time of exhaustive electrolysis.

Oxidation processes Reduction processes
Eol EO2 &Epa Eo3 AEpa EO4 AEpa EOS AEpa Eoﬁ AEpa
2] 0.84° 032 80 -1.02 75  -130 81 —181% 110 —202% 160
0.45 0.71 —0.63 -0.91 ~1.42 -1.72
[1]° o040° 027° ~1.16 80  —1.70 130
0.79 0.66 ~0.77 ~1.31
[1]° -1.15 80  -1.84 140 253 150 _3.09°¢

Table 5.3.2 Formal electrode potentials [V vs. [FeCp:] (blue) vs. SCE (red)] and peak-to-peak separations
(mV) for the redox processes exhibited in CH»Cl; or thf solution by [2] and [1]". “ Measured at 0.1 V/s.
’ In CH,Cly/[N"Bus][PFs] solution. ¢ In thf/[N"Bus][PFs] solution. ¢ Coupled to relatively fast chemical
reactions. ¢ Peak potential value for irreversible processes.

The process was proved to be mono-electronic by monitoring the reduction of [2],
carried out with an equimolar amount of [CoCpz], by hydrodynamic voltammetry recorded

immediately after the addition of the reducing agent: the expected anodic shift of the current axis
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of the process at —1.02 V, that remained unchanged as far as the height of the wave is concerned,
pointed out the quantitative formation of the [2]>~ dianionic cluster (E°1-2- = -1.02 V).

I 20 pA
2 1 0 -1 -2 -3
E /V (vs FeCp,)
+0.32V 102V -1.30V ,
- 2- _
? A — [2] — 2] —— [
2062(s), 2047(m) 2060(m), 2043 (s), 2014(m) 2027(m), 1982 (m), 1838(sh) 1993(s), 1957(m)
1872(m) 1856(m) 1814(m) 1787(m)
-1+ -1 -1+ -2 -2+l -2

Figure 5.3.6 Top: cyclic voltammograms (green, black and red) recorded at a platinum electrode in a
CH,Cl, solution of [2]". [N"Bus4][PFs] (0.2 M) as supporting electrolyte. Scan rates: 0.1 V/s. Bottom:
reversible reduction oxidation equilibria of the [2]™ (n = 0-3). The reductions are centred on the
[CosC(CO)12] units as sketched (¢, Au*; ¢, [CosC(CO)12]).

[2]%, in turn, is reversibly reduced to [2]3 (E°2-3- = -1.30 V), whereas the first anodic
process (E°o1- = +0.32 V) corresponds to the formation of the neutral 2 species. Thus, the four
[{CosC(CO)12}Au]™ (n = 0-3) clusters are stable in the timescale of cyclic voltammtery, and
the electrochemical reversibility of the associate redox transfers suggests that only slight
distortions of the geometry of the cluster occur during these electrochemical processes.

The one-electron oxidation and the two consecutive one-electron reductions of [2]~ have
been followed by IR spectroelectrochemistry in CH2Cl2/[N"Bus][PFe] solution (figure 5.3.7).
The CO stretching absorptions of [2]~ are gradually replaced, upon the one-electron oxidation,
by new peaks at higher frequencies, accordingly to the formation of the neutral cluster 2. Upon
reduction, the CO stretching absorptions of [2]- undergo two gradual downshifts according to
the formation of [2]% as [2]*, respectively. In all cases, the spectral changes pointed out the
appearance of well-defined isosbestic points. On the time scale of the IR experiment, however,
both the complete oxidation and the complete reductions are accompanied by partial
decomposition, more severe in the case of the —2/-3 redox change, which did not allow the
complete recovery of the starting compound in the backward potential scan.
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Transmittance
Transmittance
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(a) (b)
Figure 5.3.7 IR spectral changes recorded in an OTTLE cell during the progressive (a) one-electron
oxidation, and (b) one-electron reductions of [2]~ in CH.ClI. solution (only the spectra collected before
the disappearance of isosbestic points are reported). [N"Bu4][PF¢] (0.2 M) as the supporting electrolyte.

DFT calculations using the hybrid EDF2 functional on [2]~ (figure 5.3.8) point out the
presence of two closely spaced empty molecular orbitals [-1.53 and -1.36 eV] corresponding to
the LUMO and LUMO+1 (A =0.17 eV), well above the HOMO [-3.71 eV] (HOMO-LUMO gap
2.18 V). Both LUMO and LUMO+1 are mainly centred on the two [CosC(CO)12]- moieties of
[2]” (figure 5.3.9). Therefore, we may conclude that the two extra-electrons involved in the first
two reduction steps of [2]~ are added to the [CosC(CO)12]~ fragments which are reduced to
[CosC(CO)12]*. The limited stability of [2]™ (n = 2, 3), which hampers their chemical isolation,
might be due to intra-molecular redox reactions, which lead to Au(0) and [CosC(CO)12] ", with
concomitant fragmentation of the cluster. This process is likely to be favoured by the addition of
further electrons during the third and fourth cathodic reactions which, therefore, are not
reversible. Conversely, the HOMO receives some significant contribution also from the Au(l)

centre, suggesting that the reversible oxidation leading to 2 involves the whole cluster.

E (eV)
E (eV)

1 7 (2
Figure 5.3.8 Energies (eV) of the Kohn-Sham molecular orbitals in the frontier regions for [1]~ and [2] .
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HOMO LUMO
Figure 5.3.9 HOMO and LUMO of [2]". DFT EDF2 calculations, isovalue = 0.04 a.u.

Figure 5.3.10 shows the voltammetric profile exhibited by [1]-in CH2CIl2/[N"Bus][PFs]
solution. In the anodic region four irreversible processes are observed at the potentials of —0.42,
-0.20, +0.27 and +0.40 V, respectively; only the oxidations at +0.27 and +0.40 V can be
attributed to the starting compound, while the processes at —0.42 and —0.20 V appear to be related

to decomposition products formed during the reduction scan.

10 pA
10 pA
0.5 -0.5 -15 -2.5 0:5 —0I.5 »ll.5 —2I.5 »?:.5
E /V (vs FeCp,) E /V (vs FeCp,)
(a) (b)
-1.16 V -1.70V
e — [1]* - [1]*>
+— +—

2029(m), 2011 (m), 1973(w) 2021(w), 1983 (s), 1960(sh) 2026(w), 1918 (s), 1758(m)

1857(s) 1800(m)

Figure 5.3.10 Cyclic voltammograms recorded at a platinum electrode of [1]” (a) in CH>Cl, and (b) in
thf solutions. [N"Bu4][PFs] (0.2 M) as supporting electrolyte. Scan rates: 0.1 V/s.

In the cathodic region, one reduction at —1.16 V, with features of chemical reversibility
in the cyclic voltammetry time scale, is followed by a further, partially chemically reversible
reduction at —1.70 V. By comparison with the hydrodynamic voltammetric response of the [2]~

/[2]% couple, the two cathodic processes involve both the consumption of one electron per
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molecular unit. Analysis of the cyclic voltammetric responses of the reductions with scan rates
progressively increasing from 0.02 to 1.0 V/s confirmed that the reduction at —1.16 V is a simple,
chemically and electrochemically reversible process, while the second one at —1.70 V appears
electrochemically quasi-reversible, and complicated by subsequent chemical reactions.

If compared to [2], [1]" in CH2CI> solution exhibits a poorer redox activity. In spite of
the similarity in the redox aptitude of the two mono-anionic clusters to give the —2 charged
species, a second electron is accommodated by [2]- more easily than [1]-(-1.30 V and -1.70 V,
respectively), and further reductions are no more observable for the latter, due to the discharge
of the solvent. Thus, we carried out the cyclovoltammetric analysis of [1]~in thf/[N"Bua][PFs]
solution: four reduction processes were observed also for this cluster anion. As in CH2Cl>
solution, only the first process is electrochemically and chemically reversible in the time scale
of the cyclic voltammetry, whereas the three subsequent cathodic processes appear as
electrochemically quasi-reversible and coupled to chemical complications, as showed by the
appearance of oxidation processes in the back scan toward positive potentials.

The IR spectroelectrochemical changes following the stepwise two-electron reduction of

the [1]~ cluster anion in CH2Cl; are shown in figure 5.3.11.

Transmittance
Transmittance

2200 2100 2000 41900 1800 1700 2200 2100 2000 1900 1800 1700
v (cm™) v (cm™)

Figure 5.3.11 IR spectral changes recorded in an OTTLE cell during the two consecutive one-electron
reductions of [1]~ in CH.CI; solution; [N"Bua][PFs] (0.2 M) as the supporting electrolyte.

The additions of the first and second electron are accompanied by the downshift of the
stretching vibrations of the terminal, and bridging carbonyl groups of [1]-, according to the
gradual formation of [1]% and [1]* species. On the time scale of the IR experiment, however,
both the clusters [1]> and [1]* undergo a partial decomposition that hampers the complete
recovery of the starting compound in the backward potential scan. Accordingly, not all the

isosbestic points persist until the end of the reduction processes and in the spectra of [1]%-and
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[1]%, the presence of other stretching vibrations can be tentatively attribute to [Co(CO)4] and
[Co6sC(CO)15]%.

As in the case of [2]-, also in [1] the LUMO (-0.98 eV) is mainly centred on the
[CosC(CO)12] fragment (figure 5.3.12), which is reduced to [CosC(C0O)12]> and [CosC(CO)12]*,
respectively, after the first and second reduction step. On the other hand, all the cobalt and gold
centres contribute to the HOMO (-3.45 eV), which is well-separated from the unoccupied orbitals.
The instability of [1]™ (n = 2, 3) is likely to be due to intra-molecular redox reactions which lead

to Au(0) and oxidation of [CosC(CO)12]™, with concomitant fragmentation of the cluster.

HOMO LUMO

Figure 5.3.12 HOMO and LUMO of [1]". DFT EDF2 calculations, isovalue = 0.04 a.u.

5.3.7 Synthesis and structure of [CosC(CO)12(AuPPhz3)], 3

The new derivative 3 has been obtained by reacting [2] with two equivalents of Au(PPhz)CI. Its
structure is very similar to [1]-, being composed by an Au* centre coordinated by PPhs and one
n3-[CosC(CO)12]™ anionic cluster ligand (figure 5.3.13). Alternatively, it may be viewed as a
[CosC(CO)12] cluster anion stabilised by a [AuPPhs]" fragment. The [CosC(CO)12]” fragment
found in 3 is very similar to those present in [1]-and [2]" (see table 5.3.1). The Co(5)-C(1)-Au(1)
angle of 160.0(10)° is sensibly larger than in [1] and [2]-, indicating that in this case Au(1)
occupies a slightly more central position. Therefore, the bonding Au(1)-Co(2) and Au(1)-Co(4)
interactions in CosC(CO)12(AuPPhs) are longer than in [1]~ and [2], whereas the non-bonding
Au(1)---Co(3) and Au(1)---Co(6) interactions are shorter. In this sense, this structure may be

viewed as intermediate between the open (n®) and closo (n®) octahedron.
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Figure 5.3.13 Molecular structure of 3, with key atoms labelled (Au, yellow; Co, blue; P, green; C, grey;
O, red; H, white).

5.3.8 Synthesis and structure of [CosC(CO)11(AuPPhs).], 4

The closely related mono-anion [CosC(CO)11(AuPPhs)2]~, 4, has been obtained in moderate
yields by reacting [CosC(CO)15]> in thf with two equivalents of [Au(PPhs)CI] and one
equivalent of PPhs. The latter, probably, is needed in order to help the elimination of one Co-
atom from the cluster.

The structure of the 4 mono-anion has been determined as its [NEt4][4]-2CHCI; salt
(figure 5.3.14 and table 5.3.1). This anion formally derives from 5, by removing one [AuPPhs]*
fragment. Indeed, it contains the same [CosC(CO)11]® anionic framework bonded to two
[AuPPhs]* fragments. The [CosC(CO)1u1]* anionic framework displays the same square

pyramidal structure found in 5 with similar bonding parameters.

(b)

Figure 5.3.14 (a) Molecular structure and (b) metal cage framework of 4 (Au, yellow; Co, blue; P, green;
C, grey; O, red; H, white).
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Nonetheless, the stereochemistry of the CO ligands is different, probably in order to
accommodate a different number of [AuPPhs]* fragments. Thus, 4 contains seven terminal
carbonyls and four edge bridging CO’s, wherecas 5 displays eight terminal and three p-CO
ligands. Finally, the two equatorial carbonyls bonded to Co(4) and Co(5) form two weak
Au---C(O) interactions [2.796(11) and 2.800(10) A] with Au(2).

5.3.9 Synthesis and structure of [CosC(CO)11(AuPPhs)s], 5

The neutral [CosC(CO)11(AuPPhz)s], 5, cluster was isolated for the first time in very low yields
as 5-thf-0.5CsH14 whilst studying the reaction of [{CosC(CO)12}2Au] with four equivalents of
[Au(PPh3)CI]. In the search for a better synthesis of 5, we have found that the target compound
can be obtained in moderate yields by using four equivalents of the Au(l) reagent per mole of

[CosC(CO)15]%, in according to equation (3):

[C0sC(CO)15]% + 4[Au(PPhs)CI] — [CosC(CO)11(AuPPhs)s] + Co?* + 4CO + Au + PPhs +
+4ClI~ (3)

Only three moles of [Au(PPhz)CI] are actually used for the decoration of 5, whereas the
fourth one is used as an oxidant. Indeed, the same product can be also obtained from the reaction
of [CosC(CO)15]> with 3 equivalents of [Au(PPhs)CI] in the presence of an oxidant such as Ag*
or HBF4, as depicted by equation (4):

[Co6C(CO)15]* + 3[Au(PPhs)CI] + Ag*™— [CosC(CO)11(AuPPhs)s] + Co?* + 4CO + Ag + 3CI-
(4)

Alternatively, the more oxidized [CosC(CO)14]” may be used as starting material, requiring
ca. 3 equivalent of [Au(PPhs)ClI] (5):

[Co6C(CO)14]™ + 3[Au(PPh3)CI] — CosC(CO)11(AuPPhs)s + Co** + 3CO + Ag +3ClI-  (5)

Two different isomers of 5, showing significant structural differences may be obtained
depending on the crystallization conditions. Thus, crystals of 5-thf-0.5CsH14, containing isomer
5-A, have been obtained, after work-up, by slow diffusion of n-hexane on its thf solutions (figure
5.3.15 and table 5.3.1). Conversely, crystals of 5-CHsCN, containing the new isomer 5-B, have
been obtained by slow diffusion of n-hexane and di-isopropyl-ether on a CH3CN solution. These
crystals are almost insoluble in all organic solvents and IR analysis in solid as nujol mulls shows
different spectra in view of the different structures of isomers 5-A and 5-B.

The molecular structure of isomer 5-A may be viewed as composed by a [CosC(CO)11]*
anionic framework stabilised by three [AuPPhs]* fragments. The [CosC(CO):1]* anion is
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isoelectronic with [CosC(CO)12], and the two anions show the same square pyramidal structure
of the CosC cage. The [CosC(CO)11]*~ anion contains 8 terminal and 3 edge bridging carbonyls.

(a) (b)
Figure 5.3.15 Molecular structure of the isomer (a) 5-A and (b) 5-B. Weak Au---C(O) interactions
(2.65(2)-2.74(2) A) are represented with fragmented lines (Au, yellow; Co, blue; P, green; C, grey; O,
red; H, white).

The CosC framework of 5-A is n°-coordinated to Au(1) resulting in a distorted CosCAu
closo octahedron. The Au(2)Au(3) dimer is directly bonded to Au(l) via Au(2). The cluster
contains two Au-Au contacts which may be considered bonding, one shorter [Au(2)-Au(3)
2.8587(12) A] and one longer [Au(1)-Au(2) 3.1447(11) A] (figure 5.3.16 a).

The molecular structure of isomer 5-B shows some differences compared to 5-A mainly
regarding the three [AuPPhs]* fragments. Indeed [CosC(CO)11]*" is n3-coordinated to Au(1) in
5-B and Au(1) is not bonded to any other Au-atom (figure 5.3.16 b).

(a) (b)
Figure 5.3.16 Metal cage framework of the isomers (a) 5-A and (b) 5-B with key atoms labelled (Au,
yellow; Co, blue).

Conversely a direct bond is present between Au(2) and Au(3). Then, as a consequence of

the different position of Au(1), the Au(2)Au(3) fragment is moved towards Co(1) in 5-B whereas
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it is weakly bonded to Au(l) in 5-A. The Au(l)---Au(2) contact is non-bonding in 5-B. In
addition, 5-A contains five Au---C(O) weak contacts [2.69(7)-2.97(3) Al.
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Final Remarks

In this chapter two different approaches for the synthesis of bimetallic Ni-Au and Co-Au
carbonyl clusters have been described. Starting from suitable preformed carbonyl clusters, their
redox condensation with [AuCls]" lead to Au(l) complexes containing cluster ligands, i.e.,
[Ni12Au(CO)24]*, [{CosC(CO)12}Au{Co(CO)s}]- and [{CosC(CO)12}.Au]". The two
[Nis(CO)12]> anions coordinated to Au* adopt different geometries, suggesting the large
flexibility of the metal cores of metal carbonyl clusters. Instead, the interstitial carbide confers
rigidity and directionality of coordination on the basal plane of [CosC(CO)i2] units. It is
noteworthy that [Nig(CO)12]* is a very stable cluster whereas the [CosC(CO)12] fragment is not
known as a free species. This leads to different electrochemical behaviors. Indeed,
[Ni2Au(CO)24]* is irreversibly reduced to Au(0) and [Nis(CO)12]> and the next reduction is
centered on the hexa-nuclear homoleptic cluster, whereas the electrochemical studies of
[{Cos5C(CO)12}AU{C0o(CO)4}]" and [{CosC(CO)12}2Au] show a very rich reversible redox
chemistry centred on the coordinated [CosC(CO)12]” fragments. The limited stability of all
species apart from the two mono-anions, which hampers their chemical isolation, is likely to be
due to intra-molecular redox reactions, which lead to the formation of Au(0) and fragmentation
of the clusters. This, in turn, is an interesting example of inner sphere redox reactions occurring
in metal complexes, which may be viewed as the opposite of the redox condensation reactions
widely employed for the synthesis of homo- and hetero-metallic carbonyl clusters.

The availability in good yields of [Nis2Aus(CO)44]®~ obtained as final product of the redox
condensation of [Nig(CO)12]> and [AuCls] have prompted an investigation of its chemical and
electrochemical behavior. This high nuclearity compound is multivalent and it may be viewed
as a molecular nanocapacitor. Comparable values of AE between consecutive redox couples in
the 260-400 mV range have also been reported for Au144(SR)eo, even if the nuclearity of this gold
nanocluster stabilized by thiolates is more than three times bigger than [Nis2Aus(CO)44]%". Such
a delayed metallization of the gold thiolate finds justification in our earlier suggestion that these
Au nanocluster consist of a positively charged core of Au atoms, featuring a nuclearity well
inferior than implicated by the formula, which are stabilized by negative [Aun(SR)n+1]~ anions
behaving as 4-e donor. In such a view, the structurally characterized Au2s(SR)1s and Auzg(SR)24
will respectively contain only 8 and 14 Au(0), whereas the purported Au144(SR)eo may end up in

containing only 60-80 Au(0). These heavily reduced nuclearities make these two distinct families
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of clusters fairly comparable not only in their electronic configuration (viz. electron count) but
also in their properties (viz. metallization with nuclearity).

The reactions of the homometallic [CosC(CO)15]> and the heterometallic
[{CosC(CO)12}Au]™ with AuPPhsCl consist in alternative simpler approaches for the
stabilization of the unprecedented [CosC(CO)12]" and [CosC(CO)11]* clusters. Moreover, the
structural characterization of the different isomers of the new CosC(CO)12(AuPPhs)s4 shows that
these CoeC clusters decorated by Au-fragments are very good platforms in order to test
aurophilicity and other weak forces, since their different energies are dictated only by the weak
interactions on the surfaces, whereas the stronger core-interactions are almost constant. At the
same time, this explains why different isomers are formed in the solid state as the consequence
of a different solvation of the solid and packing forces. Theoretical investigations suggest that
the formation in the solid state of the three isomers during crystallization is governed by packing

and van der Waals forces, as well as aurophilic and weak n-7 and =-H interactions.
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CHAPTER 6

Metal Segregation in Bimetallic Co-Pd
Carbide Carbonyl Clusters

The rare case of 3D cluster-in-cluster architecture

In this chapter, the synthesis and characterization of new bimetallic Co-Pd carbide nanoclusters
are described. Comparisons with some other bimetallic Pd clusters are illustrated in the attempt
to shed light on the relationship between molecular structure and choice of starting material and
type of reaction. Finally, speculative hypothesis of the peculiar chemical properties of some

compounds as result of their molecular structures is given.
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Chapter 6

6.1 Introduction

The structures of bimetallic metal carbonyl clusters (MCCs) are the result of a subtle compromise
between optimisation of M-M, M-M’, M’-M’, M-CO and M’-CO interactions. Most of the
reported high-nuclearity bimetallic clusters containing Pd exhibit a clear-cut site and
composition preference of the noble metal atoms that results in stoichiometric and ordered
structures. In part, this is due to low affinity of Pd to CO. Indeed, examples of terminal carbonyl
ligands bonded to palladium are not known.?” On the top of figure 6.1 there are reported some
examples of bimetallic Ni-Pd homoleptic clusters ordered on the basis of their Pd-nuclearities.
Generally, the structures of the above species show that interactions among similar atoms are
maximised and Pd tends to occupy the core of the cluster. The presence of partial metal
segregation as well as substitutional disorder has also been sometimes evidenced, as in the case
of [NissPds(CO)as]® [92].

Bimetallic Ni-Pd nanoclusters are synthetized by redox condensation of [Nig(CO)12]*
with Pd(Il) compounds. These reactions lead to considerable fragmentation and recombination
of the [Nis(CO)12]%.

The structures of bimetallic metal carbonyl clusters may be further complicated by the
introduction of interstitial main group elements, such as carbides, in view of the formation of
additional M-Cecarbide and M’-Cearbide interactions. In this field the most fascinating results are the
bimetallic Ru-Pd and Os-Pd “sandwich clusters”, where the Pd cores act like a “glue” holding
together Ru or Os carbonyl units (figure 6.1 bottom). The presence of the carbide gives an extra-
stability to the starting material leading only to no or only partial fragmentation of the metal
cage. 2 For example, the reaction of [RusC(CO)is]> with [Pd(CHsCN)4J?* vyields the
[Ru12Pd4C2(CO)32]% product containing a Pd4 core stabilised by two RugC clusters [93]. On the
basis of geometrical constrains, the stabilization of cluster fragments can hardly lead to high
nuclearity compounds. In this regard, it makes sense to envisage that the stabilization of small
cluster fragments with big palladium cores may be the key of success. This should lead to the
three-dimensional growth of the cluster over the palladium core.

Moreover, at the molecular level, the synergic effect of two metals with complementary
properties and/or the stabilising effect of an interstitial hetero-element results in larger and more
stable MCCs. The increased stability of bimetallic and poly-carbide MCCs may result in the

appearance of peculiar physical properties, such as multivalence (i.e., the capacity of a cluster to

27 It is noteworthy that in a xenon matrix, Pd(CO), exists up to 80 K [91].
28 However, redox condensations with considerable fragmentation and recombination of carbide clusters are known.
For example, the reaction of [CosC(CO)15]> with PtCly(Et2S). leads [CosPt4C2(CO)24]* where the CogC unit or its
derivatives, such as CosC fragment, are not retained [37].
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undergo several reversible redox processes) and paramagnetism in both odd and even electrons
molecular clusters. The highest nuclearity palladium core in homoleptic carbonyl clusters is 20,
i.e., [NizsPd20(CO)s4]® [25], conversely palladium CO/PPhs-ligated homo- and heterometallic

clusters contain up to 165 metal atoms [46].

6.2 General results

The following sections report the synthesis of the nanometric Co-Pd bimetallic [He-
nC020Pd16C4(CO)48]™ (n = 4-6) carbide carbonyl clusters obtained by the redox condensation of
[Co6C(CO)15]* and PACI,(Et,S). [94-95] (figure 6.2)

PA(Et,5),Cl,

H™*, excess

[H;Co20Pd;Cy(CO)ys]*

l CO/PPh,

[Co4PdyC,(CO)(PPhy)Cl]

/ Co,Pd;C(CO);;(PPhy),
: el (i r-"/ .
0.4 i 1{3 l.l'? I2 8 Co/Pd Ratio

Figure 6.2 Synthesis and reactivity of [H2C020Pd1sC4(CO)4s]*. The products are ordered on the basis of
their Co/Pd ratios. Except [Co16Pd.Cs(CO)26]%, these new bimetallic clusters display Co/Pd ratios
comprised in a narrow range. The atoms of phosphine ligands are represented as grey open spheres (Co,
blue; Pd, orange; C, grey; O, red).

In turn, this compound is a useful starting material for the synthesis of other bimetallic
Co-Pd clusters. Indeed, the new species [HenCo016Pd2C3(CO)26]" (n = 5, 6),
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Co4Pd2C(CO)11(PPhs)2, Co2PdsC(CO)s(PPhs)s and [Co4PdsC2(PPhz)a(CO)10CI]™ have been
obtained from the reactions of [Hes-nC020Pd16C4(CO)4s]™ (n = 4-6) with Na/naphthalene and
PPhs/CO, respectively. Finally, the oxidation of [Hes-nC020Pd16C4(CO)sg]™ (n = 3-6) with an
excess of acid leads to the synthesis of [H3.nC015PdsC3(CO)3s]™ (n = 0-3) clusters.

6.3 Synthesis and characterization of [He-nC020Pd16C4(CQ)ag]™ (n = 4-6)

The new bimetallic [H2C020Pd16C4(CO)as]* cluster is obtained from the reaction in thf of
[CosC(CO)15]* with 1.8 equivalents or more of PdCI,(Et2S).. The reaction is rather slow at room
temperature and it is completely accomplished after stirring the mixture for 2-3 days or refluxing
for 3 hours. Carbon monoxide evolution is observed and the other major side-products detected

are Co?* salts and [Co(CO)4]~ according to equation (1):

9[C0sC(CO)15]* + 16PdCI2(Et2S)2 + 2H" — [H2C020Pd16C4(CO)ag]* + 18Co?* + 5C +
+16[Co(CO)s] +23CO + 32CI~ + 32Et2S (1)

If less than 1.8 equivalents of PdCI,(Et.S), are used, [CosC(CO)1s]* is oxidised to
[C06C(CO)14].?° The [H2C020Pd16C4(CO)as]* tetra-anion was recovered by removing the
solvent in vacuo and washing the residue with water and toluene, in order to extract Co(ll) salts
and [Co(CO)4]". Crude [H2Co020Pd16C4(CO)ag]* was extracted in acetone and crystals of
[NEts]a[H2C020Pd16C4(CO)4g]-4CH3COCHE3 suitable for X-ray analyses were obtained by slow
diffusion of iso-propanol into the acetone solution.

After addition of [NBu4][OH] to an acetone solution of [H2C020Pd16C4(CO)as]*, the
carbonyl stretchings appear at lower wave-numbers in agreement with formation of the penta-
anion [HCo20Pd16C4(CO)as]>~ (scheme 6.1). A similar shift of the v(CO) bands is observed after
dissolving the [H2C020Pd16C4(CO)as]* tetra-anion in CH3CN and dmf, in agreement with its
deprotonation to the penta-anion [HC020Pd1s6Ca(CO)4s]>" due to the greater basicity of these
solvents compared to thf and acetone. The dmf and dmso solutions of the penta-anion are not
stable and after standing at room temperature for one night the hexa-anion [Co20Pd16C4(CO)as]®
is observed as well as degradation to [Co(CO)4]". The latter is the major product formed after
standing in solution for longer time.

[HC020Pd16C4(CO)4s]® can be converted back to [H2C020Pd16C4(CO)as]* by addition of
acids such as HBF4 in acetone solution. Further addition of acids results in the formation of [Hs.
nC015PdaC3(CO)3g]™ (n = 0-3) clusters (see section 6.6). These acid-base reactions together the

29 Regardless of the nature of the oxidant, the oxidation of [CosC(CO)15]* leads to [CogC(CO)14] as first product.
Other examples are reported in chapter 5.3.
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electrochemical studies give support to the poly-hydride nature of these [He-
nC020Pd16C4(CO)4g]" (n = 4-6) clusters.

[H,CoyyPd;Cy(CO) ]+ | O | O [HC0,yPd;(C(CO)l> _FO7 on [CoyyPdC(CO) 5]

- ——
2017(vs), 1842(m) cm™ +H* 1996(vs), 1819(m) cm* +H* 1977(vs), 1818(m) cm!
in acetone in CH;CN in dmso
1 week
in dmso

Co(CO), + Pd + Co?*
1892(s) em™?

in dmso

Scheme 6.1 Deprotonation and protonation of [HenC020Pd16C4(CO)as]™ (0 = 4-6). The
[H2C020Pd16C4(CO)4s]* species is the direct product of the redox condensation of [CosC(CO)15]% and
Cl,Pd(Et2S)2. The hexa-anion decomposes to [Co(CQO).]™ after standing in dmso or dmf solution for a
week.

The pattern of the cyclic voltammogram of the bi-protonated tetra-anion in acetone is

very rich and highly complicated (figure 6.3 and table 6.1).

200 150 100 050 000  0.50
E (Volts vs. Ag/AgCl)

Figure 6.3 Cyclic voltammograms recorded at a gold electrode in acetone (a) and CH3;CN (b) solutions
of [HzCOzoPd16C4(CO)48]4ﬁ.

One oxidation process and four reduction processes, the third of which further
complicated by adsorption phenomena, are observed. On the other side, by using CH3CN as a
solvent, the cyclic voltammogram has a much simpler pattern and only the first two of the four
reductions remain, while the last two disappear and no oxidation process is observed. This
remarkable change of the redox profiles gives a further evidence of the acid-base reactions
between the cluster and the solvent. Indeed, this is confirmed by the comparison of the redox
profiles of [H2C020Pd16C4(CO)ss]* in CHsCN with that of a pristine sample of
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[HC020Pd16C4(CO)as]> in the same solvent (with [NBus][PFs] 0.2 M as supporting electrolyte,
in both cases). Their square wave voltammetries perfectly overlap and this undeniably confirms
the deprotonation of [H2C020Pd16C4(CO)as]* in the presence of CH3CN. Thus, we may assign
the first two reductions observed in the acetone solution of [H2C020Pd16C4(CO)as]*" also to the
presence of a certain amount of [HC020Pdi6C4(CO)ss]®>. This observation denotes the
establishment of a [H2C020Pd16C4(C0)4s]*/[HC020Pd16C4(CO)4s]> equilibrium in this solvent.

Compound E® Solvent
78— 6-/7- 5-/6- 4-/5- 4-/3-

[H2C020Pd16C4(CO)ag]  —1.62 -1.24 -0.68 -0.40 +0.19 acetone

[H2C020Pd16C4(CO)4s]* - - —0.70 —0.38 - CH:CN

[HC020Pd16C4(CO)4s]> - —0.70 —0.38 - - CHLCN

Table 6.1 Formal redox potentials (V vs. Ag/AgCI) for the redox processes (orange, reductions; blue
oxidations) exhibited by [He nC020Pd16C4(CO)ss]™ (n = 4, 5) clusters. [NBus][PFs] (0.2 M) supporting
electrolyte. Scan rate 0.2 V/s.

Crystal structure of [Hs_-nC020Pd16C4(CO)4g]™ (n = 4-5)

The molecular structures of the [H2Co20Pd16C4(CO)as]* and [HC020Pd16C4(CO)4s]>~ anions have
been determined as their [NEts]a[H2C020Pd16C4(CO)4g]-4CH3COCH3 and
[NMe3z(CH2Ph)][NMe4]a[HC020Pd16C4(CO)ag]-5CH3COCH;3 salts, respectively (figure 6.4 and
table 6.2). Apart from the charge, the two anions have almost identical geometries and bonding
parameters.

The Co20Pd16Cs framework of the [He.nC020Pd16C4(CO)ag]™ (n = 4, 5) anions may be
described as composed by an inner ccp Pdis core fused with four CosPdC octahedral fragments.
The ccp Pdis core is a truncated tetrahedron of frequency 3, composed by three ABC layers
containing seven, six and three Pd-atoms, respectively.

This displays four triangular and four centered hexagonal (111) faces. Under Tqg
symmetry the 16 Pd-atoms consist of four equivalent atoms at the center of the four (111) faces
describing a tetrahedron, and 12 equivalents Pd-atoms on the edges of the hexagonal faces (figure
6.5.3). The same ccp Pdigs core has been previously found in [NisPdis(CO)22(PPhs)4]*, in which
the four Ni-atoms were added to the triangular faces completing the vs-tetrahedron (figure 6.5b).
Conversely, the Co20Pd16C4 framework of the present clusters is obtained by adding four square-
pyramidal CosC fragments to the centered hexagonal (111) faces. Each carbide atom is bonded

to five Co atoms and the central Pd of each (111) face, resulting in four CosPdC octahedral
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fragments. The structure of this bimetallic cluster displays a perfect segregation of the two
metals, with Pd-atoms occupying the compact core of the cluster and the Co-atoms on its surface.
Moreover, the Pd atoms form a compact metal framework, maximizing the Pd-Pd interactions

and, at the same time, minimizing the Pd-CO and Pd-Ccarbige CONtacts.

Figure 6.4 (a) Molecular structure of [Hs-nC020Pd16C4(CO)as]™ (n = 4, 5) and (b) its ccp Pdis core (Co,
blue; Pd, orange; C, grey; O, red).

[HzCOzopd16C4(CO)4g]47 [HCOzoPleC4(CO)48] 5

Co-Co 2.490(6)-2.783(7) 2.481(3)-2.800(3)
average 2.626 average 2.632
Co-Pd 2.598(7)-3.012(6) 2.596(2)-3.022(3)
average 2.744 average 2.745
Pd-Pd 2.730(4)-3.141(4) 2.7458(17)-2.9860(16)
average 2.848 average 2.849
Co-Cearbide 1.77(4)-2.04(4) 1.891(16)-1.962(14)
average 1.91 average 1.93
Pd-Cearvide 1.91(3)-2.09(4) 1.943(14)-1.978(14)
average 2.03 average 1.96

Table 6.2 Most relevant bonding distances (A) of [He.nC020Pd16C4(CO)asg]™ (n = 4, 5).

The Co20Pdis metal core of these clusters presents 124 M-M contacts which can be
considered within bonding distances, 32 Co-Co, 48 Pd-Pd and 44 Co-Pd. The  structure is
completed by 48 CO ligands, 12 terminal, 32 edge bridging and 4 face bridging. All terminal CO
ligands are bonded to Co atoms, whereas the pu-CO ligands are bridging Co-Co (12) or Co-Pd
(20) edges.
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Figure 6.5 Views of the (a) Pdis(CosC)s and (b) Pdis(NiP)s frameworks observed in [He.
nC020Pd16C4(CO)4s]™ (n = 4, 5) and [NisPd1s(CO)22(PPhs)s]* respectively. The CosC fragments are
coordinated on the centered hexagonal faces of the Pd-core. In [NisPdis(CO)2(PPhs)s]?> the NiP
fragments are coordinated on the triangular faces completing the vs tetrahedron (Co, blue; Pd, orange; Ni,
green; P, purple; C, grey; O, red).

The four p3-CO ligands are located on CoPd; faces. Within the inner ccp Pdis core of the
clusters there are four Pd-atoms, describing a tetrahedron and corresponding to the centers of the
four (111) faces, which are completely interstitial and form only Pd-Pd, Pd-Co and Pd-Ccarbide
contacts. The cluster may be viewed as a supracluster composed by an inner ccp [Pdis]™ (n = 0-

2) core decorated by four [CosC(CO)12] organometallic ligands.

6.4 Synthesis and crystal structures of heteroleptic bimetallic Co-Pd clusters

The [Hs-nC020Pd16C4(CO)4g]™ (n = 3-6) anions are stable under CO atmosphere, and do not react
with stoichiometric amounts of PPhs. Conversely, the reaction of [H2C020Pd16Ca(CO)4s]* with
a large excess of PPhs under CO atmosphere results in complex mixtures of products, whose
nature depends on the amount of PPhs added and the reaction time.

Among these, Co4Pd>C(CO)11(PPh3)y, Co2PdsC(CO)s(PPhs)s and
[Co4Pd4C2(PPh3)4(CO)10CI]~ have been structurally characterised. They have been obtained in
low yields (10 %) by reacting [H2C020Pd16C4(CO)as]*~ under CO atmosphere with 3, 5 and 10
equivalents of PPhs, respectively; reaction times were 4, 1 and 2 days, respectively.

The molecular structure of the neutral CosPd2C(CO)11(PPhs)2 cluster has been
determined as its Co4Pd>C(CO)11(PPhs).-1.5thf solvate (figure 6.6 a). CosPd>.C(CO)11(PPhs).
displays a distorted octahedral geometry of the metal core, with a fully interstitial carbide atom.
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This structure is rather common for MsC clusters and more than 300 examples are present in the
Cambridge Structural Database.

The molecular structure of the neutral Co2PdsC(CO)s(PPhs)s cluster has been determined
as its Co2PdsC(CO)g(PPhs)s-2thf solvate (figure 6.6 b). The cluster molecule displays a mono-
capped octahedral geometry, with the carbide atom in the centre of the trans-Co»Pd4 octahedron.
The fifth Pd-atoms caps a triangular CoPd. face and is not bonded to the interstitial carbide. A
similar structure has been previously found in other M+C clusters, e.g., Pd2RusC(CO)15(PBu'%)2,
[Re7C(CO)22]", [Re7C(CO)a1]*.

(a) (b)
Figure 6.6 Molecular structure of (a) CosPd>C(CO)11(PPhs); and (b) Co,PdsC(CQO)s(PPhs)s clusters. The
atoms of PPh; ligands are represented as grey open spheres (Co, blue; Pd, orange; C, grey; O, red).

The molecular structure of the [CosPdsC2(PPhs)4(CO)10CI]™ anion has been determined
as its [NMes3(CH2Ph)][Co4Pd4C2(PPhs)4(CO)10CI]-2CH3COCH;3 salt (figure 6.7). The cluster
may be viewed as composed by a CosPdsC> mono-acetylide core deriving from two CozPd.C
fragments sharing a common Coz edge. This results in a bond between the two interstitial C-
atoms and, thus, the cluster is better described as a mono-acetylide. The two CosPd.C fragments
may be viewed as heavily distorted square-pyramids with one Co-atom in the vertex and two Co
and two Pd-atoms on the C-centered square base. The latter is so distorted that only three contacts

are bonding whereas the fourth Pd-Co contact is non-bonding.

158



Chapter 6

Figure 6.7 Molecular structure of Co,PdsC(CO)s(PPhs)s. The atoms of the PPh; ligands are represented
as grey open spheres (Co, blue; Pd, orange; Cl, green; C, grey; O, red).

The structure of the cluster is completed by adding one PPhz ligand per each Pd-atom,
one Cl-ligand bridging two Pd atoms and 10 CO ligands. Four carbonyls are terminal, two u-CO
bridge Co-Co edges and four CO ligands are p-coordinated to four Co-Pd edges.

The C»-acetylide fragment is semi-exposed in view of the fact that the metal cage is rather
open. Homoleptic MCCs containing semi-exposed acetylide fragments are rather rare, a few
examples being [CosFeC2(CO)17]” and [CosFesC2(CO)1g]”. Conversely several heteroleptic
MCCs containing semi-exposed C»-units are known, that contain ancillary ligands beside CO.
Among these, the complexes RusC04C2(CO)18(PPh2)2(SMe)2 and
RusC02C2(CO)17(PPh2)2(SMe)2 are of particular interest to the present work, since they show a
coordination of the C,-fragment similar to the one found in [Co4Pd4C2(PPh3)4(CQO)10CI]

6.5 Synthesis and characterization of [Hs-nC016Pd2C3(CO)25]™ (n =5, 6)
The reduction of [H2C020Pd16C4(CO)as]* in thf solution with Na/naphthalene results, after work-
up, into the isolation of the new tri-carbide [HC016Pd2C3(CO)2s]®, which has been structurally
characterised as its [NEts]s[HC016Pd2C3(CO)28]-1.5CH3CN salt. [Hs-nC016Pd2C3(CO)28]™ (n =
5, 6) and [H3-nCo15PdeC3(CO)zs]™ (n = 0-3, see next section) are the first examples of MCCs
containing isolated atoms.  Reversible deprotonation to the [Co16Pd2C3(CO)2s]® hexa-anion is
observed after treatment with strong bases such as [NBus][OH].

Formation of [C016Pd2C3(CO)2s]® from [H2C020Pd16C4(CO)as]* and Na may be
explained on the basis of equation (2):

[H2C020Pd16C4(CO)as]* + 6Na — [Co16Pd2C3(C0O)2s]% + C + 4[Co(CO)4]” + 4CO + 14Pd +
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+6Na*+H, (2)

This is in agreement with the fact that [Co16Pd2C3(CO)2s]° and [Co(CO)4] are the only
carbonyl species detected during the reaction. Protonation of the hexa-anion to give the
[HC016Pd2C3(CO)2s]> mono-hydride penta-anion occurs, then, during work-up due to the use of

H>O for precipitation (scheme 6.2).

+ OH-
[HCo,cPd,C5(CO)y5]> > [CoyPd;sC4(CO)45]*
1969(s), 1810(m) cm! +H' 1956(s), 1801(m) cm™!
in CH,CN in CH;CN

Scheme 6.2 Deprotonation and protonation of [He_nC016Pd2C3(CO)2s]™ (n =5, 6).

The redox profile of [HCo016Pd2C3(CO)2s]> reveals one oxidation and two reductions
(table 6.3). A comparison of their redox potentials values with those of [HC020Pd16C4(CO)as]*
indicates that both the oxidation and the first reduction of [HC016Pd2C3(CO)2s]> appear at the
same potential of the two reduction processes observed for [HC020Pd16C4(CO)ss]®. This
suggests that a certain amount of [HCo020Pd1s6C4(CO)4s]® is present. In other words, the mono-
protonated [HCo020Pd16C4(CO)ag]™ cluster seems to be present in its reduced hexa-anionic form,
as indicated by the fact that the redox process observed at ~ -0.37 V is now an oxidation, while
in the case of [HCo20Pd16C4(CO)as]® it was a reduction. These findings are in agreement with
the origin of [HCo016Pd2C3(CO)2s]>, which is obtained by the chemical reduction of
[H2C020Pd16C4(CO)ag]*.

Compound E® Solvent
7-/8— 6-/7- 5-/6- 4-/5- 4-/3-

[HC016Pd2C3(CO)2s]> - ~1.41 -0.72 -0.37 - CHsCN

[HCO020Pd16Ca(CO)as]> - -0.70 -0.38 - - CHsCN

Table 6.3 Formal redox potentials (V vs. Ag/AgCl) for the redox processes (orange, reductions; blue
oxidations) exhibited by the clusters [HCo01sPd,C35(CO)26]> compered to [HC020Pdi6Ca(CO)as]® .
[NBu4][PF¢] (0.2 M) supporting electrolyte. Scan rate 0.2 V/s.

Crystal structure of [HC016Pd2C3(CO)2s]*

The molecular structure of the [HCo016Pd2C3(CO)2s]> anion has been determined as its
[NEts]s][HCo016Pd2C3(CO)28]-1.5CH3CN salt (figure 6.8). The Co1sPd>Cs metal carbide cage of
the cluster may be formally reconstructed as depicted in figure 6.9. Two carbide atoms are

enclosed within two CosC distorted octahedral cages which share a common vertex resulting,
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thus, in a Co11C> fragment. The third carbide atom is enclosed within a mono-capped trigonal
prismatic Co7C cage sharing three Co-atoms with the above Co01:C> fragment resulting in a
Co15Cs unit. The additional sixteenth Co-atom and the two Pd-atoms are, then, added to this unit

affording the final Co16Pd>C3z metal carbide cage. It must be remarked that the Co and Pd atoms

added in this last step are not bonded to any carbide atom.

Figure 6.9 Stepwise reconstruction of [HC016C3(C0O)2s]°: (a) CosC distorted octahedral carbide centered
cage; (b) Co1:C, framework obtained by the condensation of two CosC octahedrons sharing a common
vertex; (¢) NiisCs framework obtained by the addition of a monocapped trigonal prismatic Co;C unit to
Co011C; sharing three vertices; (d) the final Co16Pd2Cs core. () Multicolor representation of Co16Pd2Cs
core: the Cos cage is represented in three different colors, the bicolor and tricolor atoms are respectively
shared by two and tree cages.
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The three carbide atoms of [HC016Pd2C3(CO)2s]° display different environments, since
two are enclosed within CoeC distorted octahedral cages and the third in a mono-capped trigonal
prismatic Co7C cage, showing looser Co-Cecarige CONtacts in view of the larger size of the trigonal
prismatic cavity.

The Co16Pd2 metal core of the cluster presents 55 M-M contacts which can be considered
within bonding distances, 44 Co-Co, and 11 Co-Pd. The structure is completed by 28 CO ligands,
7 terminal and 21 edge bridging. Each Pd atoms is bonded to four u-CO, whereas one Pd forms
five Co-Pd bonds and the other six Co-Pd bonds. The 16 Co-atoms have rather different
environments, with only one Co-atom which is fully interstitial and does not bind to any CO.
This interstitial cobalt is connected to six other Co-atoms, two Pd-atoms and three carbides. It
must be remarked that [HC016Pd2C3(CO)2s]° is the first example of a MCC containing three
interstitial carbide atoms.

6.6 Synthesis and characterization of [H3-nC015PdgC3(CO)3g]™ (n = 0-3)

The reaction of [H2Co20Pd16C4(CO)as]* with an excess of HBF4-Et,0 in thf results in the
formation of [H3Co20Pd16C4(CO)as]*, as previously described in section 6.3. After removing the
solvent in vacuo and dissolving the residue in CHxCl;, crystals of
[NMe3(CH2Ph)]2[HCo15PdyC3(CO)3s]-CsH14 have been obtained in good yields after slow
diffusion of n-hexane on the CH2ClI: solution (scheme 6.3).

Formation of [HCo1sPdyeC3(CO)ss]*" requires an excess of acid and the use of CH,Cl; as
solvent, whereas the same product is not obtained in thf. It is likely that the lower ability of
CH2Clzto interact with H" compared to thf makes the acid more reactive and induces the reaction.
[HCo15PdgC3(CO)3s]* is the only carbonyl species detected at the end of the reaction in solution
as indicated by IR spectroscopy. A Pd mirror is also formed on the reaction flask and Co(ll) salts
may be extracted in water after removing the organic solvent in vacuo. On the basis of these data,
we may explain the formation of [HC01sPdoC3(CO)ss]®>" from [H2C020Pd16C4(CO)as]* and
HBF4-Et,0 accordingly to equation (3):

[H2C020Pd16C4(CO)as]* + 12H* — [HC015Pd9eC3(CO)3s]> + 7Pd + C + 5C0?* + 10CO + 6.5H
@)

The [HCo01sPdeC3(CO)ss]> mono-hydride di-anion is deprotonated to the
[Co15PdgC3(CO)ss]® tri-anion after the addition of a stoichiometric amount of [NBu4][OH]
(scheme 6.3). Its structure has been confirmed by X-ray crystallography on the
[NEts]3[Co15PdeC3(CO)3g] - thf salt, obtained by slow diffusion of n-hexane on a CH>Cl; solution
of [Co15PdeC3(CO)3s]*> containing some thf to help crystallisation. [HC015PdoC3(CO)ss]* reacts
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with HBF4-Et>0 (1.5-2 equivalents) affording the [H2C015PdyeC3(CO)3s]™ di-hydride mono-anion,
as corroborated by the shift of the v(CO) bands towards higher wave numbers and fully

confirmed by X-ray crystallography as the [NEt4][H2C015PdsC3(CO)3s]-0.5CsH14 salt.

[H,Co,5PdyC3(CO)s5l _QL, [HCo,5PdyC3(CO);4]* +—OE—> [Co0,5PdyC3(CO);5]*
+—— —
2051(s), 1878(m) cm! +H* 2035(s), 1865(m) cm* + H* 2021(s), 1846(m) cm™!
in CH,Cl, in CH,Cl, in CH,CI,
+H'| |+ OH-

+ H*| Oxidation

H;Co0,5PdyC5(CO)s4 [H,C0,)Pd;sC4(CO) ]+
Observable only in 2018(s), 1843(m) cm'!
solid state in thf

Scheme 6.3 Deprotonation and protonation of [Hz.nC015PdgC3(CO)35]™ (n = 0-3) clusters obtaining from
the oxidation of the higher nuclearity compound [H2C020Pd16C4(CO)as]*. A large excess of HBF4-Et,0
of ca. 15-20 equiv. leads to the [HC01sPdoC3(CO)ss]> species. An increase or decrease amount of acid
directly leads to the mono- or the three-anion respectively. The neutral HzCo15PdsC3(CO)3s compound is
observed only in solid state, whereas its dissolution in CH2Cl; leads to the mono-anion.

Apparently, no reaction occurs also after adding a large excess of acid (8-10 equivalents)
to [H2Co15PdeC3(CO)ss], as indicated by the fact that no significant shift of the v(CO) bands is
observed in the IR spectrum. Nonetheless, slow diffusion of n-hexane on a CH2Cl> solution of
the mono-anion containing an excess of acid and some thf afforded crystals of the
H3Co15PdoC3(CO)sg-2thf solvate, which contains the neutral tri-hydride cluster. The solid is
soluble in CH2Cl, where it shows the same carbonyl stretchings of [H2Co15PdgC3(CO)ss] . Thus,
it is likely that protonation results in only an undetectable amount of the neutral species to be
formed, presumably in equilibrium with the mono-anion. This is less soluble in the solvent
mixture used and crystallises out. Similarly, when H3Co15PdeC3(CO)ss-2thf is dissolved in
CH:ClI; the same equilibrium is shifted towards the formation of [H2Co15PdeC3(CO)ss]~, which
is the only species detected in solution by IR spectroscopy.

The electrochemical behaviour of the [Hz-nC015PdaC3(CO)3g]™ (n = 1-3) anions has been
investigated by means of cyclic voltammetry (figure 6.10 and table 6.4). Conversely, the
electrochemical properties of the neutral cluster HsCo15PdoC3(CO)sg have not been studied, since
it readily deprotonates in solution affording the mono-anion [H2C015PdgC3(CO)3g] .

The [H2Co015PdeC3(CO)sg]™ di-hydride mono-anion shows two oxidations (E°’1p =
+0.104 V; E°’o+1 = +0.600 V) with features of chemical reversibility. Also the fully deprotonated
[C015PdeC3(CO)ss]* tri-anion displays two reversible oxidations (E’32- = +0.002 V; E®’2 1 =
+0.347 V), whereas the [HC015PdeC3(CO)ss]*~ mono-hydride di-anion presents three oxidation
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processes with features of chemical reversibility (E°’21- =+0.067 V; E°’10=+0.398 V; E®’0+1
=+0.899 V). Conversely, the three species do not show any cathodic process, further supporting
their formulation as poly-hydrides. If this was not the case, for instance, the di-anion should have

shown at least one reduction to give the tri-anion.

E (V. vs. SCE) E (V. vs. SCE)
0250 i 0750 0800 0750 11000 1750 -0.250 i 0250 0500 0750 1.000 1.250

(@ (b)
Figure 6.10 Cyclic voltammograms recorded at a glassy carbon electrode in CH.Cl; of (a)
[HzCOdeng(CO)sg]* and (b) [HC015Pd9C3(CO)38]27.

n Eer
3-/2— 2-/1- 1-/0 0/+1

1 +0.104 +0.600

2 +0.067 +0.398 +0.899

3 +0.002 +0.347 - -

Table 6.4 Formal electrode potentials (in V, vs. S.C.E.) for the redox changes exhibited by [Ha.
nC015PdyC3(CO)3s]™ (n = 1-3) in CHCl.. [NBu4][BF4] (0.1 M) supporting electrolyte. Scan rate 0.2 V/s.
Rest potential has been directly measured by the potentiostat and the anodic/cathodic nature of the
processes has been unambiguously established by hydrodynamic voltammetry.

The three [Hz -nC015PdsC3(CO)zs]™ (n = 1-3) clusters display two or three reversible
redox processes with AE between consecutive redox couples of ca. 0.2-0.4 V, indicating the
incipient metalisation of their metal cores. Moreover, the data summarised in table 6.3 indicate
that the first oxidation of the [H3 -nC015PdoC3(CO)3s]™ (n = 1-3) clusters occurs at more positive
potentials by decreasing the value of n, in agreement with the less negative charge of the reduced
species. A similar trend is observed also for the second oxidation process.

In  addition, SQUID  measurements on a crystalline sample of
[NMe3(CH2Ph)]2[HCo15PdsC3(CO)as]-CsH14 (figure 6.11) show that its ground state has total
spin S=1, corresponding to two unpaired electrons. This, in turn, indicates that the cluster anion
must possess an even number of electrons and, thus, at least one hydride ligand must be present.
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The magnetic properties of [NMes(CH2Ph)]2[HCo015PdsC3(CO)s8]-CsH14 give a further support
to previous findings on the intrinsic paramagnetism of other even electron MCCs.

o {emufg)

2 4 &

% ) ) 0
#H (Oe) x 10

Figure 6.11 Magnetization in function of field of [NMes(CH:Ph)];[HC015PdyCs(CO)ss]-CsHia as
measured at 5K (black dots). The data were fitted with the Brillouin function for different S values and
Landé g-factor of free electron. Dashed lines are the best fits for S=1/2 (red) and S=3/2 (magenta). The
black solid line represents the best-fitting curve from least-squares analysis for S=1. Inset: zoom of the
high field region.

Crystal structures

The molecular structures of the four [H3 nC015PdgC3(CO)3g]™ (n = 0-3) clusters have been
determined as their HzCo015PdoC3(CO)ss-2thf, [NEts][H2C015PdeC3(CO)38]-0.5CeH14,
[NMes3(CH2Ph)]2[HC015PdsC3(CO)38]- CsH14 and [NEts]3[Co15PdeC3(CO)ss]-thf solids and salts
(figure 6.12 and table 6.5)

The structures of the four [H3-nC015PdyC3(CO)3s8]™ (n = 0-3) clusters may be described
as composed by an inner [Pdg(us-C0O)2]™ (n = 0-3) core decorated on its surface by three
[CosC(CO)12] clusters. The same organometallic fragments have been previously found in the
parent [He-nC020Pd16C4(CO)ag]™ (n = 3-6) clusters, suggesting that they are not altered during
the synthesis.

It is, thus, likely, that the transformation of [H2C020Pd16C4(CO)ss]* into
[HCo15Pd9eC3(CO)3s]* occurs via a proton induced degradation of the Pdig-core of the former to
give a Pdg metal kernel stabilised by the same CosC(CO)12 organometallic fragments (figure
6.13).
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Figure 6.12 Two different views of the molecular structures of (a) HsCo1sPdeC3(CO)ss, (D)
[H2C015PdsC3(CO)ss], (€) [HC015PdsC3(CO)3s]* and (d) [Co1sPdsCs(CO)ss]*. Left: the side views show
that they have a "bent" structure, with the concave surface on top of the representation and the convex
one on bottom. Right: the top views show the presence of a pseudo-C; symmetry axis (Co, blue; Pd,
orange; C, grey; O, red).
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n 0 1 2 3
M-M 75 74 67 68
Co-Co 24 24 24 24
Co-Pd 30 29 24 26
Pd-Pd 21 21 19 18
Co-Cearbide 15 15 15 15
I:)d'Ccarbide 3 3 3 3
t-CO 19 20 19 12
pu-CO (Co-Co) 7 6 7 12
(Co-Pd) 9 7 8 12
13-CO Pds 2 2 2 2
U Co2Pd 1 3 2 -

Table 6.5 Numbers of M-M bonds and CO ligands grouped by categories for [Hz-nC015PdeC3(CO)zs]™ (n
=0-3).

Partial degradation should also occur in order to free the two CO ligands which complete
the coordination of the Pde-kernel. Then, further rearrangements of the Pdy kernel are induced
by the protonation-deprotonation reactions which originate the different [Hs-
nC015PdeC3(C0)3s]™ (n = 0-3) clusters (see below).

H+

Oxidative
cleavage

Figure 6.13 Structural relationship of the whole structures (top) and Pd-cores (bottom) between [He-
nCOzoPd16C4(CO)4g]n_ (n = 3-6) and [H2C015PdgC3(CO)38]_.

In the final structures, the three carbide atoms are encapsulated within CosPdC octahedral
frameworks, resulting from the interaction of the three CosC square pyramids with one Pd atom
of the Pde-kernel. The Co-Cecarbide and Pd-Cearbide distances are very similar in the four [Hs-
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nC015PdaC3(CO)3g]™ (n = 0-3) clusters, indicating that the CosPdC octahedral cavities are not
very much affected by the charge of the cluster.

Major differences among the four [Hz nC015PdoC3(CO)zs]™ (n = 0-3) clusters arise when
their Pdg-kernel is considered. Thus, this is a tri-capped octahedron in H3zCo15PdgC3(CO)ss and
[H2Co15PdeC3(CO)sg], whereas a distorted tri-capped trigonal prism is present in
[HC015PdsC3(CO)3s]* and [Co1sPdeC3(CO)zs]® (figure 6.14).

In detail, the Pde-core of H3C015PdsC3(CO)ss and [H2C015PdeC3(CO)sg] ~ is a close packed
two layers (AB) arrangement of Pd-atoms, containing three and six atoms, respectively.
Alternatively, it may be viewed as a distorted tri-capped octahedron, possessing idealised Cay
symmetry and displaying overall 21 Pd-Pd bonds. This compact Pds-kernel may be derived from
the ccp (ABC 3+6+7) Pd1s-core of the parent [He-nC020Pd16C4(CO)48]™ (n = 3-6) by eliminating

the compact C layer composed of seven Pd-atoms (figure 6.13).

(b) (d)

Figure 6.14 The Pdy core of (a) H3CO15Pd9C3(CO)38, (b) [H2C015Pd9C3(CO)33]7, (C)
[HC015Pd9C3(CO)38]27 and (d) [C015Pd9C3(CO)38]3r.

The nine Pd-atoms may be divided into three groups composed each of three equivalent
atoms: a) the three Pd-atoms of the A layer; b) the three Pd's of the B layer defining the bottom
triangle of the octahedron; c) the three capping atoms, completing the B layer. The three
CosC(CO)12 fragments are, then, added in the way that the three Pd-atoms of group (b) complete
the three octahedral CosPdC cages. The geometries of the Co1sPdsCs frameworks as well as the
M-M and M-Ccaride bonds in both H3Co15PdeC3(CO)zs and [H2C015PdeC3(CO)3s]~ are almost
identical, whereas some minor differences are detected on the stereochemistry of the CO ligands
(table 6.5).

On passing to the more charged [HC015PdsC3(CO)3s]* and [Co15PdsC3(CO)3s]® clusters,
an inversion from octahedral to trigonal prismatic of the Pdo-core is observed. In addition, the
tri-capped trigonal prismatic Pdg-core of these two clusters is considerably distorted, in the sense
that the three capping atoms are moved from the centres of the rectangular faces of the prism.

As a consequence, in the fully deprotonated [Co1sPdeC3(CO)ss]® trianion, each capping atom
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forms only three Pd-Pd bonds instead of the four expected for a regular tri-capped trigonal prism.
Thus, the total number of Pd-Pd bonding contacts in [Co15PdsC3(CO)ss]® is only 18 and not 21
as expected. Conversely, the mono-protonated [HC01sPdyC3(CO)ss]*~ dianion shows 19 Pd-Pd
bonds, in view of the fact that one capping Pd-atom forms four Pd-Pd bonds and the other two
only three as in the tri-anion. In this way, [HCo15PdsC3(CO)3g]*~ contains a Pds-square pyramidal
cavity which is not present in [Co15PdeC3(CO)ss]* .

Possible location of the hydride ligands

It is matter of speculation if the structural changes of [H3-nC015PdaC3(CO)3g]™ (n = 0-3) clusters
are due to the different charges of the clusters or to some stereochemical effect of the hydride
ligands. By considering first the two almost isostructural HzCo15PdeC3(CO)ss and
[H2C015Pd9eC3(CO)as]™ clusters, it is interesting to find out that they possess three square-
pyramidal CozPds cavities related by a 3-fold axis on their concave surface. It must be remarked
that the two hydrides in [H2Rh13(CO)24]*" have been located by neutron diffraction in the same
type of cavities. The centres of these three Co2Pdz cavities in H3Co015PdgCs(CO)ss and
[H2C015PdsC3(CO)ss]” display distances from the five metal atoms (1.80-2.03 A), which are
acceptable for Co-H and Pd-H bonds in interstitial hydrides (figure 6.15).

Figure 6.15 Possible location of the hydride ligands in the [H3-nC015PdsC3(CO)ss]™ (n = 0-3) clusters.

The inversion of the Pdo-kernel from octahedral to trigonal prismatic on passing from
[H3-nC015PdaC3(CO)3g]™ (n = 0, 1) to [H3-nC015PdeC3(CO)38]™ (n = 2, 3) removes these three
square pyramidal cavities. Nonetheless, the major difference between [HC015PdsC3(CO)ss]* and
[Co15Pd9oC3(CO)3s]® is represented by the presence in the former of an internal Pds cavity
possessing a square pyramidal geometry, whereas this is absent in the latter. The centre of this
Pds square pyramidal cavity shows contacts in the range 1.79-2.12 A from the five Pd-atoms.
This seems to be the most likely location for the unique hydride in [HC01sPdsC3(CO)ss]*.

Conversely, [Co1sPdoC3(CO)3s]> does not contain any square pyramidal cavity, in

agreement with its formulation as a fully deprotonated non-hydride species. Even if these
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considerations are more speculations than a conclusive proofs, it seems reasonable that the
hydride ligands exert some stereochemical effects in the [Hz -nC015PdeC3(CO)zs]™ (n = 0-3)

clusters causing their structural rearrangements after protonation-deprotonation reactions .
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Final Remarks

[H3-nC015PdaC3(CO)3z8]™ (n = 0-3) and [He nC020Pd16C4(CO)4g]™ (n = 3-6) represent the first
examples of homoleptic bimetallic Co-Pd carbides carbonyl clusters. This must be contrasted
with other group 10 metals, which form several bimetallic MCCs with Co, such as bimetallic Ni-
Co (see chapter 4.1) and Co-Pt carbide clusters. It is noteworthy that all these clusters contain
interstitial carbide atoms, which seem to be essential in order to stabilise their metal cages.

T

Figure 6.16 Mono-, bi- and three-dimensional cluster-in-cluster architectures. From left to right:
molecular structure of [0s15Pd3sC2(C0O)42]%, [H2C015PdeC3(CO)ss]~ and [H2C020Pd16C4(CO)as]* clusters.

These structures display a perfect segregation of the two metals, with an inner [Pdo(us-
CO)2]™ (n=0-3) or [Pd16]™ (n = 0-2) kernel stabilised by three or four [CosC(CO)12] fragments,
respectively. These represents a further example of new clusters containing the unprecedented
[CosC(CO)12]” molecular units (see chapter 5.3). The metal segregation is due to the greater
propensity of Co compared to Pd to form M-CO and M-Cecarige bonds. These new results show
how the nuclearity of the palladium core affects the final architecture of the bimetallic framework.

Previous to our work, the highest Pd-nuclearity in related species was four, e.g.,
[Ru12Pd4C2(C0O)s2]%, and this core was too small to coordinate more than two fragments. Thus,
[Ru12Pd4C2(CO)s2]? displays a sandwich structure (mono-dimensional cluster-in-cluster) (figure
5.16). As the Pd nuclearity increases, additional fragments can be coordinated resulting in bi-
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and tri-dimensional cluster-in-cluster structures as observed in [Hz-nC015PdoC3(CQO)3g]" (n = 0-
3) and [He nC020Pd16C4(CO)4s]™ (n = 3-6) respectively (figure 5.1.16).

The most relevant result is represented by the fact that, for the first time, significant
rearrangements of the metal cage of a large MCC have been observed as the consequence of the
change of one unit of their charges, due to simple and reversible acid-base reactions. Beside
every speculation, this further points out that the metal core in ligand-stabilized clusters is rather
deformable. The fact that these structural rearrangements are caused by protonation-
deprotonation of the clusters seems to suggest that the hydride ligands may have some
stereochemical effects. This was previously documented only in a single case for lower
nuclearity MCCs, i.e., [Fes(CO)13]* and [HFes(CO)13]~. We can suppose that the metal cages of
[H3-nC015PdaC3(CO)3g]™ (n = 0-3) change in order to create suitable cavities to accommodate
the hydride ligands. This, in turn, is favoured by the very rigid and stable CosC(CO)12 fragments
which follow the movements and stabilize the inner "soft" Pdg kernels. In other words, this
unprecedented inner core deformation, hardly imaginable in a core-shell architecture, shall be
rendered possible by the cluster-in-cluster structure. Indeed, the considerable rearrangement of
the Pdg kernel leads to a little reorientation of the CosC(CO)12 fragments resulting in a different
stereochemical CO coordination.

Another point of interest is the fact that, as determined by SQUID measurements, the
even electron [HCo1sPdyC3(CO)ss]> mono-hydride di-anion is paramagnetic because of two
unpaired electrons. This confirms that even electron MCCs may be paramagnetic and lends
support to the mono-hydride nature of [HCo01sPdeCs(CO)ss]>. Finally, the [Hs-
nC016Pd2C3(CO)28]" (n =5, 6) and [Hz-nC015PdeC3(CO)3s]™ (n = 0-3) clusters represent the first

MCCs containing three carbide atoms.
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CHAPTER 7

Carbides and Hydrides Contained

iIn Small Cages

This chapter illustrates cases of carbide and hydride atoms enclosed within small metal cages of
carbonyl clusters stabilized by [AuPPhs]* units. In particular, two examples of carbides
encapsulated in octahedral Nig-cages and the first case of a hydride enclosed in a Fes-tetraedral
cavity of a low valent cluster are reported and related to other known compounds. Finally, the
first molecular cluster containing one carbide atom and one tightly bonded C»-unit with sub-van

der Waals interactions is presented.
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Carbides and Hydrides Contained in Small Cages

Surface Decorated Nickel Carbide Carbonyl Clusters

7.1.1 Interstitial monocarbide carbonyl clusters

Polyhedral clusters contain cavities, the size and shape of which is dependent on the geometry
of the metal core and the covalent radii of the metals. Theoretically, the geometry of a cavity
defines the size of the atoms that can be encapsulated, based on the radii of the metal atoms (rmet)
and the interstitial atoms (rint) [96]. However, the metal framework and the interstitial atom tend
to be “soft” enough so that a less than perfect fit can be accommodated. In this regard, carbon
and other main group elements such as boron and nitrogen are particularly flexible. Indeed, an
octahedral cavity should only be able to contain atoms with rint/rmet < 0.41, but C is commonly

found in octahedral cavities despite a bigger radius ratio (figure 7.1.1).

Geometry Tint / Tmet
Tetrahedron 0.23
r Octahedron 0.41

metal ) .

Trigonal prism 0.53
Finterstitial Square antiprism 0.65
Icosahedron 0.90
Cuboctahedron 1.00

Figure 7.1.1 Interstitial cavity of an octahedral cluster with a list of cavities of different geometries related
With their rin/rme: ratios.

Several structurally characterized metal carbonyl clusters containing a single isolated
interstitial atom are known. In the field of homometallic nickel clusters, the carbides are
encapsulated in mono-capped trigonal prismatic or square-antiprismatic cavities. Indeed, the
carbon atom is too large to fit into an octahedral nickel cage and the carbide cluster with lower
nuclearity, i.e., [NizC(CO)12]* [97], displays a monocapped trigonal prismatic cage. It is
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noteworthy than, despite many efforts, all attempts to obtain a hexanuclear Ni¢C carbide by
means of decapping of the eptanuclear cluster have failed.

Conversely, [FesC(CO)16]% [98] displays an octahedral cage according to the larger size
of Fe compared to Ni (figure 7.1.2). In the case of cobalt, which shows an intermediate radius
between iron and nickel, both octahedral and trigonal prismatic metal cages are known, i.e.,
[C0osC(CO)13]* [99] and [CosC(CO)15]* [100].

[FesC(CO),6)> [CosC(CO),1> [CogC(CO),s)? [Ni,C(CO),,]*

>
>

ro/r e ratio

Figure 7.1.2 Molecular structures of the lower nuclearity mono-carbido iron, cobalt and nickel carbonyl
clusters ordered on the basis of the ratio of carbon and metal radii (Ni, green; Co, blue; Fe, black; C,
grey; O, red).

7.1.2 General results

The following sections repot the investigation of the reaction of [NisC(CO)17]> with an
increasing amount of Au(PPh3)CI. The reaction led to the isolation of the new bimetallic cluster
NisC(CO)9(AuPPhz)s [101]. In turn, NisC(CO)o(AuPPhz)4 reacts with an excess of HBF4-Et,O
to give the new [NisC(CO)s(AuPPhs)s]?* cationic species. Moreover, the reaction of a mixture
of [NigC(CO)17]*, [Ni1oC2(CO)16]* and Au(PPhs)Cl in a 1 : 1 : 3 ratio results in the new
[Ni12C(C2)(CO)17(AuPPhz)s] cluster [102]. These results are summarized in scheme 7.1.1.

7.1.3 Synthesis and characterization of NisC(CQO)s(AuPPhs)s

The neutral cluster NigC(CO)o(AuPPhs)s was obtained in low yields from the reaction of
[NisC(CO)17]* with Au(PPh3)ClI (ca. 2 equivalents) in thf. Formation of NisC(CO)s(AuPPhs)s is
accompanied by several by-products, such as Ni(CO)a, Ni?*, Ni(CO)3(PPhs), [NisC(CO)16]*", Au

30 These attempts consist mainly in the reaction of [Ni-C(CO)1,]% with a large excess of PPhs under CO.
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metal and unreacted [NigC(CQ)17]%". All the carbonyl by-products have been identified through
IR spectroscopy by comparison with the spectra reported in the literature.

4 eq. AuPPh;”

[NigC(CON > NigC(CO)s(AuPPh;), [NigC(CO)s(AuPPh;)g]*

+ [NijgCy(CO)s6*

3 eq. AuPPh;”

[Nip2 C(C2)(CO)7(AuPPhy)s]

Scheme 7.1.1 Synthesis of new bimetallic Ni-Au carbide clusters. For the sake of clarity, the phosphines
are not represented (Ni, green; Au, yellow; C, grey; O, red).

Purification was accomplished by removing the solvent in vacuo, washing the residue
with water and toluene. The residue was, then, extracted in thf and re-crystallized from
thf/toluene and thf/n-hexane resulting in X-ray quality crystals of NisC(CQO)g(AuPPh3)s-thf and
NisC(CO)o(AuPPhs)s-thf-0.5CeHa4, respectively. Under these conditions, anionic species such
as [NisC(CO)1s]* and [NisC(CO)17]* preferentially remained in solution or precipitated as
amorphous solids. Crystals for X-ray analyses were, therefore, mechanically separated from the
amorphous material before further proceeding with the analyses. These crystals are almost
insoluble in all organic solvents, hampering any further chemical, spectroscopic or physical
study. The crystals show v(CO) in nujol mull at 2027(ms), 1984(vs), 1970(s), 1851(m), 1832(ms)

cm.
Crystal structures

NigC(CO)o(AuPPh3)4 displays similar structures in both two solvates, even if there are some
differences especially regarding the weak Au---Au contacts (figure 7.1.3 and table 7.1.1)
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(b)

Figure 7.1.3 Molecular structure of NigC(CO)s(AuPPhs)sas found in NigC(CO)s(AuPPhs)s-thf (a) and
NigC(CO)o(AuPPhs).-thf-0.5CsH14 (b) (Ni, green; Au, yellow; C, grey; O, red, H, white).

NisC(CO)o(AuPPh3)4-thf NisC(CO)o(AuPPh3)4-thf-0.5CsH14
Ni-Ni 2.3891(12)-2.8687(12) 2.3847(18)-2.9875(18)
Average 2.678(4) Average 2.682(6)
Ni-Cearbide 1.811(6)-1.931(6) 1.816(9)-1.920(9)
Average 1.893(16) Average 1.89(2)
Ni-Au 2.5625(8)-2.9323(9) 2.5738(12)-2.8615(14)
Average 2.696(3) Average 2.702(5)
Au-P 2.2836(19)-2.2914(19) 2.287(3)-2.298(3)
Average 2.289(4) Average 2.294(6)
Au---Au 3.5922(5), %'%56%?3(5), 4.2721(5), 3.1701(7), 2.9889(7), 4.3230(7), 4.0611(7)
.6648(5)
Average 3.6450(10) Average 3.6358(14)

Table 7.1.2 Comparison of the most relevant bond lengths (A) in NisC(CO)s(AuPPhs),-thf and
NisC(CO)g(AuPPhs)4-thf-0.5CsHaa.

The NisC(CO)s(AuPPhs)s cluster contains a C-centered distorted NisC octahedral core.
The four Au(PPhs) fragments are ps-bonded to four contiguous triangular faces (related by a 4-
fold) of the octahedron, formally reducing the symmetry from On to Cayv. For what concerns the
nine CO ligands, six are terminally coordinated one per each Ni-atom, whereas the remaining
three carbonyls are edge bridging, one in the equatorial plane of the cluster and the other two on
two edges spanning from the equatorial plane toward the apical Ni non-bonded to any Au-atom.

The four Ni-atoms in the equatorial plane of the cluster as well as the carbide atom are
almost coplanar whereas the other two nickels are in apical positions, one bonded to four Au-
atoms and the other to none. The cluster may be partitioned into an anionic [NisC(CO)s]* moiety
decorated by four cationic [AuPPhs]™ units. The resulting octahedral cages are very distorted
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with the twelve Ni-Ni edges very different, in virtue of the fact that the interstitial carbide atom
is rather big to be accommodated in a regular octahedron (figure 7.1.4).

Four Au---Au contacts are present in the cluster, displaying similar average values in the
two solvates but distributed in a rather different manner. Thus, in NisC(CO)o(AuPPhsz)s-thf, only
one contact may be considered at bonding distance [3.0509(5) A], whereas the other three
contacts [3.5922(5), 3.6648(5) and 4.2721(5) A] are well above the sum of the van der Waals
radii of Au [sum of covalent radii 2.72 A; sum of the van der Waals radii 3.32 A]. Conversely,
in NisC(CO)9(AuPPhs)s-thf-0.5CeH14, two contiguous Au---Au contacts are at bonding distances
[2.9889(7) and 3.1701(7) A], whereas the other two are non-bonding [4.0611(7) and 4.3230(7)
Al.

Figure 7.1.4 The NigCAus cores of NigC(CO)s(AuPPhs)s as found in NigC(CO)q(AuPPhs)s-thf (a) and
NigC(CO)o(AuPPh3).-thf-0.5CsH14 (b) (Ni, green; Au, yellow; C, grey).

Theoretical investigation

In order to better understand the factors that rule such a dichotomy found in the solid state, a
theoretical investigation was performed at B3LYP-DFT/6-31+G(d,p) level of theory with the
Stuttgart-Dresden pseudo-potential for both Au and Ni centers. Two simplified models were
built from the X-ray structures upon substitution of the bulky PPhz with simpler PH3 and by
neglecting the co-crystallized solvent molecule. Single point energy calculations on the structure
models revealed that the structure found in NisC(CO)o(AuPPhz)s-thf-0.5CsHa14 is more stable by
4.95 kcal/mol than the one present in NigC(CO)o(AuPPh3)s-thf. This difference in stability is
consistent either with a solid state packing effect or with weak Au-Au interactions. The
optimization of both these models converged to the same structure with an angle Niap-C-Nigp Of
159.5° and very similar to the one found in NigC(CO)o(AuPPh3)s-thf-0.5CeH14 (figure 7.1.5).
This suggests that the more stable geometry is the one found in
NigC(CO)o(AuPPh3)s-thf-0.5CsH14, with two short and two long Au---Au distances. Conversely,
the one present in NisC(CO)o(AuPPhs)s-thf with a single short Au---Au contact is less stable (by
ca. 5 kcal/mol). The presence in the solid state of this structure may be justified by assuming that

packing effects compensate its minor stability as isolated molecule.
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In the optimized structure, the Ni-Ni contacts spread over a large range (2.39-3.04 A) and
they can be divided in three different sets: the in-plane ones (2.42-3.04 A), the Niap-Nieq not
involved in interactions with Au centers (2.39-2.80 A) and the one in the Au-capping half (2.59-
2.92 A). The calculated Ni-Cearvige distances are 1.93 A with the only exception of the one
between the apical Ni, interacting with the Au atoms (1.83 A). Although some overestimation
by the calculations, likely imputed to the usage of a pseudo-potential for the metal atoms and a
simplified model, the computed structure satisfactorily reproduces the NisC core. Interestingly,
the four capping Au and the apical Ni lie all in the same plane as in
NisC(CO)s(AuPPhs)s-thf-0.5CsH14. The Au---Au distances are in pair: two short (3.14 A) and
two long (4.22 A), quite resembling the structure of NigC(CO)s(AuPPhs)s-thf-0.5CsH 4.

Figure 7.1.5 Optimized structure of Nig(CO)s(Au(PH3)s at B3LYP-DFT level of theory.

The HOMO-LUMO gap was estimated to be 2.54 eVV. The HOMO is calculated to be
mainly localized on the Nis core otherwise the LUMO has a strong contribution from the gold
and apical Ni centers (figure 7.1.6). The main contributions to metal bonding come from the
interaction between fully occupied d orbitals combinations of the Ni atoms with the empty sp
hybrids on the gold centers.

In principle a functional with the inclusion of the dispersion forces as the B97D could
help to reproduce the two isomers in the case that structural differences between the two
experimental structures are given by variable Au---Au interactions. As occurred for B3LYP
functional, the calculations converged into the same structure with quite short Au---Au distances
in between 3.59 and 3.85 A. Although some slight differences in the obtained Ni-Ni distances,
especially for those involving the Ni bonded to gold atoms, the other main features remain quite
unaltered. The HOMO-LUMO gap calculated with B97D functional was 1.58 eV. Since also the

inclusion of dispersion corrections is not able to reproduce the double minimum features of the
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Potential Energy Surface, such behavior could be reasonably imputed to solid state packing in

the crystal due to the weak interaction with the co-crystallized solvent molecules.

Figure 7.1.6 Graphical plot of (a) HOMO and (b) LUMO orbitals of Nis(CO)g(Au(PHs3)a.

The experimental IR spectrum in nujol mull displays five main peaks at 2027, 1984, 1970,

1851 and 1832 cm™, respectively. Through the frequencies calculations, performed within

Gaussian 09 package on the optimized geometries, we attempted in the assignment of the

different carbonyl stretching (table 7.1.2). In fact, although slightly different in the position and

sometimes deriving from a complex vibrational pattern, they can be simply attributed to the

different carbonyl moieties. The first three peaks could be assigned to the terminal CO: the high

energy one to CO bonded to the apical Ni without interaction with the gold centers, the second

to the in-plane ones and the last to the remaining apical one. The calculated stretchings of the

bridging CO ligands occur at 1935 and 1970 cm™, respectively for the in- and out-plane carbonyl

ligands.

Assignment Multiplicity  Experimental* Calculated
t-CO Nigp (no Au) 1 2027(ms) 2114
t-CO Nigg 4 1984(vs) 2062
t-CO Nigp (Au) 1 1970(s) 2038
11-CO Nigg 1 1851(m) 1972
1-CO Nigp 2 1832(ms) 1935

Table 7.1.2 Experimental and calculated v(CO) stretchings (cm™) of NisC(CO)s(AuPPhs)..
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7.1.4 Synthesis and characterization of [NisC(CO)s(AuPPhs)s]**

NigC(CO)o(AuPPhs)s reacts with an excess of HBF4-Et,O resulting in the cationic species
[NisC(CO)s(AuPPhs)s]?* which has been structurally characterized in the solid state as its
[NisC(CO)s(AuPPh3)s][BF4] salt (figure 7.1.7). A single resonance at p 55.0 ppm is present in
the 3P NMR spectrum recorded in CD2Cl, at 203 K, indicating equivalence of the eight PPhs
ligands in solution.

Figure 7.1.7 (a) Molecular structure, (b) [NisC(CO)s]®> core and (c) NisCAus cage of
[NisC(CO)s(AuPPhs)s]?* (Ni, green; Au, yellow; C, grey; O, red, H, white).

In the solid state, the cation displays crystallographic 4 (Ss) symmetry, with the 4-axis
passing through the apical Ni and the interstitial carbide atoms. The cluster may be viewed as
composed by a distorted octahedral [NisC(CO)s]® core decorated by four [PPhsAu-AuPPhs]?*
fragments. The octahedral core is highly distorted, in virtue of the fact that the interstitial carbide
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atom is rather big to be accommodated in a regular Nis-octahedron. The cluster contains eight
terminal CO ligands, two bonded to each apical Ni, and one per each Ni in equatorial position.

The [PPhsAu-AuPPhs]?* fragments are ps-bonded to two contiguous triangular faces of
the Nig-octahedron, with one Au forming three Ni-Au bonds and the other only two. A short Au-
Au interaction is present within each [PPhsAu-AuPPhs]?* fragment [2.8291(10) A], whereas all
the Au---Au contacts between adjacent fragments [3.915(1) and 4.792(1) A] are non-bonding.
The eight Au atoms are located at the vertices of a very distorted cube, centered by the NieC-
octahedron. [NisC(CO)s]® possesses 86 cluster valence electrons (CVE), as expected for an
octahedral low valent cluster.

The HOMO-LUMO gap, as computed by means of DFT MO06 calculations, is very large
in accord with the electron precise nature of the cluster. Charge distribution analyses indicate the
presence of a partial negative charge on the carbide atom. HOMO is mainly composed by a p-
type orbital of the carbide and d-type orbitals of the Ni centre (figure 7.1.8)

Figure 7.1.8 HOMO of [Nis(C)(CO)s(AuPHs)s]?>* (surface isovalue = 0.055 a.u., MO6/LANL2DZ
calculations).

7.1.5 Synthesis and characterization of [Ni12(C2)(C)(CO)17(AuPPhs)s]

The [Ni12(C2)(C)(CO)17(AuPPhsz)s]” carbide carbonyl cluster was obtained originally on
the attempt to optimize the synthesis of NigC(CO)s(AuPPhs)s. The structure has been fully
elucidated by means of X-ray crystallography on its [NEts ][Ni12(C2)(C)( (CO)17(AuPPhs)s]-thf
salt (figure 7.1.9). On the basis of the structural evidence, the serendipitous syntheses was
replaced by another one employing [NisC(C0)17]*", [Ni10(C2)(CO)16]> and Au(PPhs)Clinal:
1: 3ratio. The crystals display v(CO) bands in nujol mull at 2002(s), 1971(sh), 1938(m), 1824(m)
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cm™, whereas v(CO) stretchings at 2009(s), 1975(m), 1945(sh), 1888(w), 1832(w) cm™ are
observed in thf solution. Two resonances at dp 49.0 and 48.2 ppm with relative intensities 2 : 1
are present in the 3'P NMR spectrum of [Ni12(C2)(C)(CO)17(AuPPhs)s]" recorded in d®-thf, as

expected on the basis of the solid state structure.

(a) (b)
Figure 7.1.9 (a) Molecular structure of [Nii2(C)(C2)(CO)17(AuPPhs)s] and (b) its Nii2(C)(C2)Aus
cage with key atoms labeled (Ni, green; Au, yellow; C, grey; O, red, H, white).

The cluster may be viewed as composed by a Ni1o(C2) mono-acetylide fragment fused
with a NisCAu octahedron (figure 7.1.10 and figure 7.1.11), and sharing three Ni-atoms
(Ni(2), Ni(6) and Ni(7)) arranged on an open triangle (V-shaped). The metal cage of the
cluster is completed by two further Au-atoms capping two Nis-butterfly surfaces with Ni(2)
in common. The structure of the Niio(C2) fragment is very similar to the one of the parent
[Ni10(C2)(CO)16]% cluster (figure 7.1.10), whose metal polyhedron is composed by two pis-
Ni capped trigonal-prisms sharing a common square face. The major difference is the fact
that the Ni(10)---Ni(2) contact in [Ni12(C2)(C)(CO)17(AuPPhs)s] [3.743(2)A] is considerably
elongated and non-bonding in order to accommodate the NisCAu octahedron. Moreover, the
interstitial C2-unit forms only 12 Ni-C bonds, whereas 14 were present in [Ni1o(C2)(CO)16]%"
. The cluster is completed by 17 CO ligands on the Ni-atoms, 10 terminal and 7 edge bridging,
as well as three PPh3z ligands, one per each Au. In addition, there are also two weak Au---C(O)
contacts [2.833(8) and 2.859(8) A].
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(a) (b)
Figure 7.1.10 (a) Niw(C2) (in dark) fragment of [Ni12(C)(C2)(CO)17(AuPPhs)s]- comparated to (b)
the molecular structure of [Ni1oC2(CO)16]> (Ni, green; Au, yellow; C, grey; O, red, H, white).

The Ni-Ni [2.4110(14)-3.053(3) A, average 2.626 (7) A] and Ni-Au [2.5884(10)-
2.9185(11) A, average 2.746(4) A] contacts are rather spread, in virtue of the interpenetrated and
distorted geometry of the cluster, but in keeping with the values reported in the literature for
other Ni-carbide and Ni-Au clusters. As expected, the Ni-Ccamide interactions within the
octahedral cage [1.905(7)-1.938(7) A, average 1.922(16)A] are considerably shorter than those
involving the Ni-(C2) acetylide unit [1.953(7)-2.217(7) A, average 2.09(2) A]. The mono-carbide
atom interacts also with one Au atom [Au(1)-C(1) 2.139(7) A]. The C(2) and C(3) atoms within
the Ca-unit are tightly bonded [1.402(10) A], as previously found in other mono- and poly-

acetylide clusters.

(a) (b)
Figure 7.1.11 Representations of [Nii2(C)(C2)(CO)17(AuPPhs)s]~ showing (a) its NisCAu octahedral
moiety and (b) the weak C---(C,) sub van der Waals interactions (Ni, green; Au, yellow and orange; C,
grey; O, red, H, white).

The most interesting feature of [Nii2(C)(C2)(CO)17(AuPPhs)s]™ is that it is the first
molecular cluster that contains at the same time a mono-carbide atom as well as a tightly bonded
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C>-unit. These three C-atoms are enclosed within a very large metal cage and no metal atom is
interposed between them (figure 7.1.11b). As a result, C(1) and C(2)-C(3) are in close contact
[C(1)---C(2) 2.781(11) A; C(1)---C(3) 2.798(11) A]; for comparison the sum of the covalent and
van der Waals radii of C are 1.36 and 3.4 A, respectively. These values are in keeping with those
reported in the literature for weak C---C interactions, which have been experimentally and
theoretically investigated. Such contacts range between 2.7 and 3.4 A, with calculated interaction
energies between -6.0 and -22.8 kJ/mol, resulting from different contributions, i.e., polarization,
electrostatic, exchange, charge transfer. From the other side, ultralong covalent C-C bonds up to
1.8 A have been reported. The C---C contacts between the carbide and acetylide units are far
longer than these ultralong covalent bonds, but at the lowest limit of the sub van der Waals
contacts. This might suggest the incipient formation of more extended C-C bonding within the
cavity of the metal cluster.

Further information about the electronic structure of [Ni12(C)(C2)(CO)17(AuPPhz)s] was
obtained by means of DFT calculations. A quite large HOMO-LUMO gap was computed and
the HOMO shows the w-bonding interaction between the carbon atoms of the acetylide unit
(figure 7.1.12)

Figure 7.1.12 HOMO of the model system [Ni2(C)(C2)(CO)17(AuPHs)s]- (MO06/6-
31G(d,p)+LANL2TZ(f) calculations, surface isovalue = 0.05 a.u.).

The comparison of the partial charges derived from Mulliken population analyses

strongly indicates a partial negative charge on the carbon atoms in the cluster core, in particular
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for the carbide unit. Electron density values between the two carbon atoms of the acetylide unit
suggest the presence of a partial multiple bond, while a direct covalent interaction between the
carbide and acetylide units appears negligible. This last result is confirmed by Mulliken bond
orders near zero. On the other hand, the presence of a bond order greater than one in the C»
fragment is indicated by the computed bond order values. The orbitals of the carbide and
acetylide fragments participate simultaneously to the formation of several occupied molecular
orbitals, in particular HOMO-75, HOMO-76 and HOMO-77. The interaction between these two
groups through the orbitals of the metal centres is however scarce. Therefore, as stated above,
the C---C contacts displayed in [Ni2(C2)(C)(CO)17(AuPPhs)s]” between the carbide and
acetylide units have no a covalent nature, but are better viewed as sub van der Waals contacts.

186



Chapter 7

Interstitial Hydride into Tetrahedral Cavity

7.2.1 Hydride ligands and the isolobal analogy with [AuPPh3]*
Metal hydrides are of fundamental importance in chemistry, both as solid-state materials and
molecular compounds. They are key intermediates in various catalytic reactions and have
promising applications for hydrogen storage. Moreover, it is known that porous palladium metal
is used for purification and isotope separation of hydrogen. In this respect the isolation of
H12Pd2s(PtPMes)(PtPPhs)12(CO)27 [38] provides an useful model as it was demonstrated by
treating the cluster with D2 and following the exchange reaction by NMR spectroscopy which
showed that 80% of the hydrogens were replaced by deuterium. Moreover, hydrogen displays a
unique chemistry, in view of its small mass, the presence of a single 1s valence orbital, the
absence of core and non-bonding valence electron, and an anomalously high electronegativity.

Hydride atoms in molecular clusters may display several coordination modes, since they
can be coordinated to the surface of the cluster as terminal, edge or face bridging ligands, as well
as located in semi-interstitial or fully interstitial positions. Terminal M-H bonds can be
considered as localized two centre/two electron interactions. Conversely, when the hydride
interacts with more than one metal atom, a delocalized description is required. A three centre/two
electron description accounts for edge-bridging hydride ligands (figure 7.2.1 a) and it is in
agreement with the experimental observation that hydride-bridged M-M bonds are slightly
elongated (see the case of [HnPt2(CO)4(P"P)2]™ (n = 1, 2); chapter 3.2). Indeed, this phenomenon
is sometimes employed to locate hydride ligands in X-ray structures from the heavy atom
position.3

Concerning fully interstitial hydrides in bulky material, four-coordinate hydrogen in
tetrahedral sites and six-coordinate hydrogen in octahedral sites are those most commonly
observed in intermetallic hydrides. However, for very long-time only molecular clusters

containing six-coordinate hydrogen in an octahedral cavity were known (figure 7.2.1 b, ¢), and

3L With the increasing of the nuclearity these structural evaluations lose their efficacy and neutron diffraction is the
only technique able to unambiguously locate hydrides. In this respect, the hydrides location in the [Os10H4(CO)24]*
cluster represents an illustrative example. Originally, it was thought that one of the four hydride ligands would be
in the central octahedral cavity. However, the neutron diffraction studies showed that all the hydride ligands are on
the surface of the cluster, two in ps- and two in po-sites.
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it was only in 2008 that the first molecular species containing a 4-coordinate hydrogen in the
tetrahedral cavity of [(CsMesSiMe3z)YH2]s(thf) was fully characterized [103]. Some other
examples of tetrahedral ps-H are also known, including [{PhP(CH2)sFe}a(us-H)]™ [104], but they

are all compounds containing metals in positive oxidation states.

(@) (b) (©)
Figure 7.2.1 Molecular structures of (a) [H2Rhi3(CO)24]* [105], (b) [HNi2(CO)21] [106] and (c)
[HCo0s(CO)1s]” [107]. In the case (a) the H atoms are situated in square-pyramidal cavities, almost
coplanar with the surface rhodiums, but very slightly displaced towards the central Rh atom. In the
[HCos(CO)1s] cluster (c) the hydride is located in the center of the Cos octahedron. Conversely, in the
case of [HNii2(CO)a] (b), the hydrogen atom is significantly off-centered (Co, blue; Ni, green; Rh,
purple; C, grey; O, red; H, white).

It is known that H* is isolobal with the [AuPR3]" fragment. In the case of species
containing a single AuPPhgz unit, this very often occupies the same site as in the related mono-
hydride. Conversely, in the case of poly-hydrides, usually the replacement of H* ions with

isolobal [AuPPhs]* fragments results in significant structural changes.

(@) (b)

Figure 7.2.2 The molecular structure of (a) [HFes(CO)11]" and (b) [(PPhsAu)Fe3(CO)11]" showing the
isolobal relationship between the edge-bridging hydride ligand and [AuPPhs]* unit. Note the hydrogen
atoms of the phenyl rings omitted for clarity (Fe, black; Au, gold; P, purple; C, grey; O, red; H, white).
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These are mainly due to the fact that Au(l) units tend to give weak aurophilic interactions (see
chapter 6.1 and 6.2), whereas hydrides are always isolated.

7.2.2 General results

The reaction of [HFe4(CO)12]* with two equivalents of Au(PPhs)Cl results in the new bimetallic
Fe-Au hydride cluster [HFes(CO)12(AuPPh3)2]" which represents a direct adduct of the two
reagents [108]. This is, in turn, transformed into the neutral HFe4(CO)12(AuPPhsz)z upon addition
of a third [AuPPhs]" fragment, with concomitant migration of the unique hydride from the
surface of the cluster to its tetrahedral cavity (figure 7.2.3).

[HFes(CO)12])* [HFe4(CO)12(AuPPhs)2]~ HFes(CO)12(AuPPhsz)s

Figure 7.2.3 Synthesis of new hydride bimetallic Fe-Au clusters (Fe, black; Au, gold; C, grey; O, red; H,
white).

7.2.3 Synthesis and characterization of [HFes(CO)12(AuPPhs)2]~
The [HFe4(CO)12(AuPPh3)2]~ mono-anion was obtained in moderate yields from the reaction of
[HFes(CO)12]* with two equivalents of Au(PPhs)Cl, according to equation (1):

[HFe4(CO)12]* + 2Au(PPhs)Cl — [HFea(CO)12(AuPPhs),]” + 2CI- (1)

The new compound has been fully characterized by means of IR, *H and 3!P{*H} NMR
spectroscopies, and ESI-MS. *C{*H} NMR data have been obtained on a 3CO-enriched sample,
[HFea(**CO)12(AuPPhs)2]~ (**CO ca. 30%), prepared from [HFes(**CO)12]*. Moreover, its
molecular structure has been fully elucidated via X-ray crystallography on single crystals of
[NEts][HFes(CO)12(AuPPhs)2].

Molecular structure and theoretical investigation
The cluster is composed of a tetrahedral [HFes(CO)12]*> core decorated by two [AuPPhs]*

fragments (figure 7.2.4). The former retains the tetrahedral structure of the parent cluster with a
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us-H hydride. Conversely, the stereochemistry of the CO ligands is changed, in order to permit
the coordination of the two [AuPPhs]* fragments. The hydride ligand has been located in the
final Fourier Difference Map and its position is in correspondence with the minimum of the non-
bonded potential energy surface of the cluster as located by the program XHYDEX [109]. The
hydride atom has been included in the final refinement of the structure. The hydride location has
been also confirmed by means of geometry optimizations carried out at DFT level, starting from
the experimental X-Ray structure. In particular, EDF2 calculations have been carried out on the
[HFe4(CO)12(AuPPhz)2]~ anion, while the hyper-GGA MO06 functional has been used for the
optimization of the model system [HFe4(CO)12(AuPHs)2]~. The computed geometries are
comparable to the experimental one. Despite a slight underestimation of the Fe-H distances with
respect to the X-Ray data, DFT optimizations confirm the position of the hydride as surface ps-
H.

€Y (b)

Figure 7.2.4 Views of (a) molecular structure and (b) HFesAu. hydride-metal core of
[HFes(CO)12(AuPPh3)2]~ (Fe, black; Au, gold; P, orange; C, grey; O, red; H, white).

Au(l) is ps-coordinated to the Fe(1)-Fe(2)-Fe(4) face of the tetrahedron, adjacent to the
face capped by the ps-H hydride (figure 7.2.4). Au(2) is, then, added to the nearby Au(1)-Fe(1)-
Fe(4) face, resulting in a FeoAu. tetrahedron. In this respect, the cluster may be viewed as a
FesAu trigonal bipyramid capped by Au(2), or as composed by three face-sharing tetrahedra (Fes,
FesAu and Fe;Auy). In all cases, it obeys to the inert gas rule, which predicts 60 Cluster Valence

Electron (CVE) for a tetrahedron, and 84 CVE for a mono-capped trigonal bipyramid.
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The 12 CO ligands bonded to the four Fe atoms of [HFes(CO)12(AuPPhs)2]™ are all
terminals, even if two may be considered as very unsymmetrically edge bridging. By comparison,
the parent [HFes(CO)12]>~ presented 9 terminal and 3 edge bridging carbonyls. In addition there
are seven weak Au---CO interactions. The cluster contains five Au-Fe contacts and one Au-Au
bond [2.9560(9) A].

NMR spectroscopic characterization

The presence of a hydride ligand is confirmed by a singlet at Sy —19.5 ppm in the *H NMR
spectrum of [HFes(CO)12(AuPPhz)2]~ in deuterated acetone. The hydride displays a long
longitudinal relaxation time (T1 = 23 s), as also found in the parent [HFe4(CO)12]* (T1 =21 s).
Allowing a long delay between scans (200 s) the expected 30 : 1 ratio between the integrals of
the phenyl protons and hydride atom has been measures. Both 3!P{*H} and *C{*H} (in the
carbonyl region) NMR spectra show only one singlet each at all temperatures considered (193-
298 K), i.e. dp 57.3 ppm and dco 222.4 ppm (at 298 K), indicating a very rapid exchange of the
ligands at all temperatures. As suggested by the structure of the HFes(CO)12(AuPPhs)s neutral
mono-hydride discussed below, this rapid exchange is likely to occur via the movement of the
hydride from one triangular face to the other of the Fes-cage passing through its tetrahedral cavity

with concomitant rearrangement of the [AuPPhz]* fragments and CO ligands (figure 7.2.6).

7.2.4 Synthesis and characterization of HFes(CO)12(AuPPhs)s

Aiming at preparing a purported HoFe4(CO)12(AuPPhz)2 neutral di-hydride, we have investigated
the reaction of [HFes(CO)12(AuPPhs),]~ with one equivalent of H* in CH3CN. Unexpectedly,
this resulted in the HFe4(CO)12(AuPPhs)s neutral mono-hydride species, which can be recovered
in moderate yields after work-up. The use of a deuterated acid such as D2SO4 results in the same
HFe4(CO)12(AuPPhs)s hydride and not in the DFe4(CO)12(AuPPhs)s deuteride. This indicates
that the hydride ligand remains bonded to the cluster during the reaction.

It is likely that the acid causes the decomposition of part of the starting cluster with
release of some [AuPPhs]® fragments, which are intercepted by the unreacted
[HFe4(CO)12(AuPPhz)2] cluster. The resulting HFe4(CO)12(AuPPhs)s species is not soluble in
CH3CN and precipitates out, preventing further decomposition. The same neutral cluster may be
also obtained by reacting [HFe4(CO)12(AuPPhs),]~ with a mild oxidant, such as [C7H7][BF] in
CH3CN. Alternatively, HFes(CO)12(AuPPh3)s is formed after the addition of Au(PPh3z)(NOs) to
[HFes(CO)12(AuPPhs)2]~, further confirming that the origin of the hydride ligand is endogenous.
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Molecular structure and theoretical investigation

The molecular structure of HFes(CO)w2(AuPPhs)s may be derived from the one of
[HFes(CO)12(AuPPhz)2], after the addition of a third [AuPPhs]* fragment 8 (figure 7.2.5). This
is us-coordinated to the Fe(1)-Fe(3)-Fe(4) face, to which the hydride was coordinated in
[HFes(CO)12(AuPPhz)2] (figure 7.2.5). As a result, the hydride ligand is forced to move in the
centre of the Fes-tetrahedron. As above, the hydride ligand has been located in the final Fourier
Difference Map and its position is in correspondence with the minimum of the non-bonded
potential energy surface of the cluster as located by the program XHYDEX [109]. The hydride
atom has been included in the final refinement of the structure. As for [HFes(CO)12(AuPPhs).],
the hydride location has been confirmed by means of DFT calculations on both
HFes(CO)12(AuPPhs)s and HFes(CO)12(AuPHs)s. The DFT-optimized structures are closely

comparable to the experimental one.

() (b)

Figure 7.25 Views of (a) molecular structure and (b) HFesAus hydride-metal core of
HFe4(CO)12(AuPPhs)s (Fe, black; Au, gold; P, orange; C, grey; O, red; H, white).

The addition of a third [AuPPhs]" fragment as well as the presence of an interstitial ps-H
causes a further swelling of the Fes-tetrahedron compared to the parent [HFe4(CO)12(AuPPhs),]
. HFe4(CO)12(AuPPhs)s displays two Au-Au bonding contacts [Au(1)-Au(2) 2.9083(3) A; Au(2)-
Au(3) 2.8766(3) A] as well as eight weak Au---CO interactions. 11 CO ligands are terminal, one
edge bridging. The coordination site of Au(3) is dictated by steric effects as well as aurophilic

interactions.
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If partitioned into a [HFe4(CO)12]* tetrahedron decorated by three [AuPPhs]* fragments,
the former possesses 60 CVE as expected for a tetrahedral cluster. Alternatively,
HFes(CO)12(AuPPhs); may be viewed as composed of five tetrahedra (Fes, FesAu, Fe:Auy,
Fe>Au, FesAu) sharing five triangular faces and resulting in a pentagonal bipyramid. It displays
96 CVE, as previously found in the isostructural Rus(CO)1sAuz2(dppm), Ruzlr(CO)12(AuPPhs)s,
Oss5(CO)15Au2(dppm) and OssRu(CO)12(CsHs)Auz(dppm)

NMR spectroscopic characterization
The new HFe4(CO)12(AuPPhas)s cluster has been fully characterized by spectroscopic methods
(IR, *H, *P{*H} and *C{*H} NMR) and its structure crystallographically determined. X-ray
crystallographic studies have been performed both at 295 and 100 K, giving almost coincident
results. As above, the presence of a hydride ligand is confirmed by a singlet at 61 —19.1 ppm in
the *H NMR spectrum of HFe4(CO)12(AuPPhs)s in CD2Clz, whereas VT 3P{*H} and *C{*H}
NMR studies indicate fluxionality in solution which makes the PPhs and CO ligands equivalent
at all temperatures [p 56.4 ppm and 5co 218.0 ppm (at 298 K)].

Dissociation to [HFes(CO)12(AuPPhs),] and [AuPPhs]* occurs in solution depending on
the polarity of the solvent (figure 7.2.6)

(@)

(b)

(©
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Figure 7.2.6 *H NMR spectra (298 K) in the hydride region of (a) [HFe4(CO)12(AuPPhs).]~ in dS-acetone,
(b) HFe4(CO)12(AuPPhs)s in CD,Cl, and (c) HFes(CO)12(AuPPhs)s in d-acetone. Spectrum (c) indicates
that HFes(CO)12(AuPPhs); is mainly dissociated to give [HFes(CO)i2(AuPPhs);]” in db-acetone.
Conversely, dissociation is considerably more limited in CD,Cl; as demonstrated by spectrum (b).

Thus, [HFes(CO)2(AuPPhz)2]™ is the main species in polar solvents such as acetone,

whereas HFes(CO)12(AuPPhs)s is predominant in CH2Cl,. A dissociative mechanism may be
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invoked in order to explain the fluxionality of this neutral cluster. Also the hydride of
HFes(CO)12(AuPPhs)s shows a rather long longitudinal relaxation time (T = 16 s), and reliable
integrals between the phenyl protons and hydride (experimental 47.5 : 1; expected 45 : 1) have
been obtained using 200 s delay between scans.
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Final Remarks

The new bimetallic NisC(CO)s(AuPPhs)s and [NisC(CO)s(AuPPhs)s]?* compounds represent the
first examples of octahedral Ni mono-carbide carbonyl clusters since, due to steric effects, C-
atoms are usually lodged into larger cavities in Ni mono-carbide clusters, i.e., trigonal prismatic
or square anti-prismatic. This results in heavy distortions of the octahedral geometry, as recently
found in the heavy distorted octahedral NigC(Cp)s cyclopentadienyl mono-carbide cluster. The
[NisC(CO)g]* core of NigC(CO)o(AuPPhs)s possesses 86 Cluster Valence Electrons (CVE) as
expected for an octahedral cluster. Conversely, NisC(Cp)s is considerably electron richer and
displays 94 CVE. This increase in CVE results in the opening of the octahedral cage of NigC(Cp)s
by breaking two Ni-Ni edges. Conversely, in the case of NigC(CO)o(AuPPhs)4, even if the NisC
octahedron is rather distorted, the 12 Ni-Ni contacts are all at bonding distances, in keeping with
its electron count. The structure of NisC(CO)s(AuPPhz)s has been determined in two different
solvates, which mainly differ in the distribution of the four Au---Au contacts. DFT calculations
clearly point out that these deformations arise from packing effects due to Van der Waals
interactions of the neutral clusters with the co-crystallized solvent molecules. The fact that the
Au-atoms are the ones more affected by these weak forces, confirms that Au---Au d*0-d°
interactions are rather soft and, thus, influenced also by weak forces.

Steric effects as well as aurophilicity seem to play a fundamental role in the stabilization
of interstitial atoms in small cages. Similarly, to what is observed in the case of bimetallic Ni-
Au carbide clusters, the presence of AuPPhs units plays a key role for the confinement of the
hydride in a tetrahedral cage. In this regard, HFes(CO)12(AuPPhs)s represents the first example
of a low valent transition metal cluster containing an interstitial four-coordinate hydrogen in a
tetrahedral site. The presence of hydride atoms in the tetrahedral cavities of low valent transition
metal clusters and hydride migration on and through their metal cages may help the
understanding of the structures of larger clusters and nanoparticles, as well as the mechanism of
their interaction with hydrogen.

[Ni12(C)(C2)(CO)17(AuPPhz)3] is the first molecular cluster containing at the same time
one carbide atom and one tightly bonded C»-unit. Moreover, sub-van der Waals contacts are

present between the carbide and acetylide units, suggesting the incipient formation of more
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extended C-C bonding. It must be remarked that metal surfaces, metal crystallites and metal
nanoparticles are active catalysts in several chemical reactions as well as for the preparation of
carbon nanotubes and other nanostructured carbon-based materials (figure 7.3.1). All along these
processes, the formation of carbide atoms on the surface or interstices of the metals, their
interaction with metal cages and the formation of C-C bonds play a fundamental role. Thus, the
study of molecular carbide clusters such as [Ni12(C)(C2)(CO)17(AuPPhs)s]~ may contribute also

to a better understanding of the formation of C-C bonds within a metal cage.

Figure 7.3.1 Sequence Ni-catalyzed carbon nanotube root growth. In the picture, the incipient formation
of the C-C bonds in the carbon nanotube is related to the sub-van der Waals contacts presented in
[Ni12(C)(C2)(CO)17(AuPPhs)s] .

In conclusion, three new Ni carbide and two Fe hydride clusters decorated by Au(l)-PPhs
fragments have been reported. This confirms the ability of anionic carbonyl clusters to act as soft
Lewis bases. Moreover, surface decoration of metal clusters with miscellaneous Au(l) fragments
seems a rather general phenomenon, as for instance found in the staple motives present in Au-

thiolate clusters.
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Final Remarks

During my Ph.D. period, several new metal carbonyl clusters (MCCs) have been synthetized and
characterized. Table 9.1 reports the list of new MCCs ordered on the basis of the chapter where
they have been discussed. The list may be divided into three main categories on the basis of their
structural properties:

« hydride clusters;

« carbide clusters;

« clusters containing CosC units.

Hydride Clusters

In the case of high nuclearity clusters (entries 6-9, 11-17 and 25-27) the hydride nature has been
indirectly inferred from joined chemical and electrochemical experiments. Indeed, NMR
measurements apparently show the complete absence of any proton resonances in the hydride
region. Probably, this is due to the fact that their resonance become so broad to be lost in the
baseline of the spectrum, even if at the moment, there is not a satisfactory physical explanation
for this phenomenon (see chapter 2.4). In the case of [Hz.nC015PdsC3(CO)3g]™ (n =0, 1, 2, 3), the
most relevant result is represented by the fact that, for the first time, significant rearrangements
of the metal cage of a large MCC have been observed as the consequence of the change of one
unit of their charges, due to simple and reversible acid-base reactions. Beside every speculation,
this further points out that the metal core in ligand-stabilized clusters is rather deformable. The
fact that these structural rearrangements are caused by protonation-deprotonation of the clusters
seems to suggest that the hydride ligands may have some stereochemical effects. This, in turn,
is favoured by the very rigid and stable CosC(CO)12 fragments which follow the movements and

stabilize the inner "soft" Pdg kernels.
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Entry  Compound Chapter
1 [Pt12(CO)20(PPhs)2]* 3.1
2 [Pte(CO)16(PPhs)2]* 3.1
3 [Pts(CO)10(PPhs)2]* 3.1
4 [HnPts(CO)4(PMP)2]™ (n =1, 2, 3) 3.2
5 Pts(CO)s(dppm)s 3.2
6 [H10-nPt26(CO)20(CdBI)12]™ (n =5, 6, 7, 8, 9, 10) 33
7 [H4Pt26(CO)20(CdBr)12(PtBr)y]® (x = 0-2) 33
8 [He-nNizsC0sCs(CO)as]™ (n =3, 4, 5, 6) 4.1
9 [HenNi22C06Cs(CO)36]™ (N =3, 4, 5, 6) 4.1
10 [NigCo(C)2(CO)16x]* (x = 0.58) 4.1
11 [HenNizCa(CO)a{Cu(CH3sCN)}:]* (n =3, 4, 5, 6) 4.2
12 [H:2NiuCa(CO)as{Cu(CHsCN)},]* 4.2
13 [H:2NizCa(CO)as{Cu(CHsCN)},]* 4.2
14 [H2NiuCa(CO)a{Cu(CHsCN)},]* 4.2
15  [H2NiuCa(CO)az(CH3CN){Cu(CH3CN)}2]* 4.2
16 [H3NizCa(CO)a{Cu(NCCsHsCN)}2]* 4.2
17 [H3NiCa(CO)as{ Cu(NCCsHsCN)}2]* 4.2
18  [NiAu(CO)u]* 5.1
19  CosC(CO)1(AuPPhs), 5.2
20 [{CosC(CO)12}Au{Co(CO).}1 5.3
21 [{CosC(CO)12}.Au] 5.3
22 C0sC(CO)1(AuPPhs) 5.3
23 [CosC(CO)11(AuPPhs),] 5.3
24 CosC(CO)11(AuPPh3)s 5.3
25  [HenC020Pd16C4(CO)ag]™ (n = 3, 4, 5, 6) 6
26 [H3:nC015PdsC3(CO)3g]™ (n =10, 1, 2, 3) 6
27 [He-nC016Pd2C3(CO)28]™ (n =5, 6) 6
28 CosPdsC(CO)g(PPhs)s 6
29  Co4Pd,C(CO)11(PPhs); 6
30 [Co4PdsC2(PPhs3)4(CO)10CI] 6
31 NisC(CO)o(AuPPh3)s 7.1
32 [NisC(CO)s(AuPPh3)s]?* 7.1
33 [Ni12(C2)(C)(CO)17(AuPPhs)s] 7.1
34 [HFe4(CO)12(AuPPhs),] 7.2
35 HFe4(CO)12(AuPPhs)s 7.2

Table 9.1 New metal carbonyl clusters (MCCs) synthetized and fully characterized during my work. All
the species present as single entries have been structurally characterized. In the case of polyhydride MCCs

(multiple entries), n values in bold indicate the species structurally characterized.
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In other words, this unprecedented inner core deformation, hardly imaginable in a core-
shell architecture, shall be rendered possible by the cluster-in-cluster structure. Indeed, the
considerable rearrangement of the Pdg kernel leads to a little reorientation of the CosC(CO)12
fragments resulting in a different stereochemical CO coordination (see chapter 6).

Conversely, the 'H NMR spectra of lower nuclearity clusters, i.e., [HnPta(CO)s(P P)2]™ (n
=0, 1, 2), [HFe4(CO)12(AuPPhz),]” and HFe4(CO)12(AuPPhs)s, are diagnostic for the presence
of hydride ligands and, in the former case, support the IR evidences in demonstrating the
occurrence in solution of protonation-deprotonation equilibria (see chapter 3.2).

HFes(CO)12(AuPPhz)s represents the first example of a low valent transition metal cluster
containing an interstitial four-coordinate hydrogen in a tetrahedral site. The hydride migration
from the surface, in [HFe4(CO)12(AuPPha).]", to the tetrahedral cavity, in HFes(CO)12(AuPPhs)s
may help the understanding of the structures of larger clusters and nanoparticles, as well as the
mechanism of their interaction with hydrogen.

The Pdg core rearrangement of [H3z nCo01sPdeC3(CO)z]™ (n = 0-3) and the
HFe4(CO)12(AuPPhs)s cluster indicate that hydride ligands may play a fundamental role for the
stabilization of MCCs.

Carbide clusters

Table 9.1 is dominated by the presence of interstitial carbide carbonyl clusters (entries 8-17 and
19-33). It is known that the presence of interstitial carbide atoms contributes to an extra-
stabilization of the metal cage of the cluster. Indeed, the highest nuclearity homometallic
carbonyl cluster of Niand Cois 12, i.e., [HaNi12(CO)21]* ™ (n=0-2) and 6, i.e., [HnCo(CO)1s]*
"-(n =0 - 1), respectively. Conversely, the presence of carbides combined to the bimetallic
composition have resulted in an increase of nuclearity up to 44 in [HizsC0sCs(CO)4s]®".

In the case of bimetallic Ni-Cu tetra-carbide clusters, the nanosize dimensions are
primary due to the presence of the carbide atoms rather than the bimetallic composition. [Cu(L)]*
(L = CH3CN, NCCg¢H4CN) fragments intercept the growth of the clusters without significant
change on the nuclearity. This is confirmed by the fact that the same NizoCs metal-carbide kernel
present in these new Ni-Cu clusters has been previously found in other clusters, i.e.,
[HNi34C4(CO)3s]> and [He-nNizoCa(CO)34{CdX}2]™ (n = 3-6; X = ClI, Br, I). In similar way,
[He-nNizsCosCs(CO)as]™ (n = 3, 4, 5, 6) displays a Niz2Cs core isostructural to those observed in
[Ni32Cs(CO)36]® and [HNizsCs(CO)42]*>. However, in the case of [Hs-nNizsC0sCs(CO)as]™ (n =

3,4, 5, 6), the presence of Co seems to play a key role in order to increase the nuclearity.
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Indeed, [HizsC0sCs(CO)as]® is composed by an inner Niz2Cs core to which are added two
further carbide atoms encapsulated within NisCo2C mono-capped trigonal prismatic cages. This
may be viewed as a second metal-carbide shell that starts to grow on the inner one, envisioning
the possibility of preparing molecular polycarbide clusters containing different metal-carbide
shells. Thus, Niz3oCs and NizCs metal cores may be viewed as starting seeds for the growth of
higher nuclearity clusters.

Concerning low nuclearity clusters, it is noteworthy that NigC(CO)9(AuPPhs)s and
[NisC(CO)s(AuPPhs)s]?* represent the first examples of octahedral Ni mono-carbide carbonyl
clusters since, due to steric effects, C-atoms are usually lodged into larger cavities in Ni mono-
carbide clusters, i.e., trigonal prismatic or square anti-prismatic. Steric effects as well as
aurophilicity seem to play a fundamental role in the stabilization of interstitial atoms in small
cages. Indeed, [Ni12(C)(C2)(CO)17(AuPPhsz)s]™ is the first molecular cluster containing at the
same time one carbide atom and one tightly bonded C»-unit. Moreover, sub-van der Waals
contacts are present between the carbide and acetylide units, suggesting the incipient formation
of more extended C-C bonding. The study of molecular carbide clusters such as
[Ni12(C)(C2)(CO)17(AuPPh3)s]- may contribute also to a better understanding of the formation

of C-C bonds within a metal cage.

Clusters containing CosC units

Several clusters containing [CosC(CO)12] and [CosC(CO)11]* fragments have been synthetized
and characterized (table 9.1, entries 20-26). Probably, the no-existence of these CosC clusters as
free species is due to their lower number of carbonyls that favors nucleophilic substitution. The
reaction of [CosC(CO)1s]> with Au(PPhs)CI (see chapter 5.3) represents the simplest approach
in order to prepare [CosC(CO)12]"and [CosC(CO)11]* clusters stabilized by [AuPPhs]* fragments.
This resulted in the preparation of bimetallic Co-Au clusters, i.e., CosC(CO)w2(AuPPhgz),
[CosC(CO)11(AuPPhs)2]” and CosC(CO)11(AuPPhs)s where the CosC cores are decorated by
[AuPPhs]™ units. From a structural point of view, it is noteworthy to observe that in the case of
bimetallic Co-Au clusters, the CosC unit is objet rather than agent of decoration as found in the
case of bimetallic Co-Pd clusters. The CosC units represent a useful building block in order to
obtain new bimetallic nanoclusters as confirmed by the synthesis of
[{CosC(CO)12}Au{Co(CO)4}]" and [{CosC(CO)12}.Au] that represent Au(l) complexes
containing one and two [CosC(CO)12]" fragments respectively. The two bimetallic Co-Au
clusters show a very rich reversible redox chemistry centred on the coordinated [CosC(CO)12]™

fragments. The limited stability of all species apart from the two mono-anions, which hampers
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their chemical isolation, is likely to be due to intra-molecular redox reactions, which lead to the
formation of Au(0) and fragmentation of the clusters. This, in turn, is an interesting example of
inner sphere redox reactions occurring in metal complexes, which may be viewed as the opposite
of the redox condensation reactions widely employed for the synthesis of homo- and hetero-

metallic carbonyl clusters.

In this thesis, the syntheses and the characterizations of several new bimetallic carbonyl
clusters have been outlined. X-ray crystallography is a key technique in order to elucidate their
structures which can be related to their chemical and physical properties. In particular,
electrochemical studies are very useful in order to understand how the physical properties of
metal aggregates change with increasing size and when the molecular behavior fades into bulk
behavior. Moreover, the incipient metallization of the cluster has be assessed (not measured) via
UV-vis analyses even if this technique revealed to be not very useful in order to distinguish the
different species present in solution. Overall, this work demonstrates that molecular nanoclusters
are ideal models in order to better understand the structures and properties of ultrasmall metal

nanoparticles.
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CHAPTER 9

Experimental Section

All reactions and sample manipulations were carried out using standard Schlenk techniques
under nitrogen and in dried solvents. The “difficulty levels” for the synthesis, manipulation and
crystallization of each product as reported in its procedure are indicated with a number between
1 and 3. In the case of the synthesis, the effort in order to carry out the reaction is classified as

follow:

1 The reaction leads always to the same product. No specific skill is needed.
2 The reaction is quite difficult to reproduce. Experience on similar reactions is
recommended.

3 The reaction is difficult to reproduce and/or special care must be taken.
Manipulation is referred to the stability in solution of the cluster:

1 Very stable. It is limitedly affected by the presence of oxygen. The
solvent of the solution can be removed in vacuo and the solid dissolved
for many times without any significant degradation.

2 Fairly stable.

3 Instable. Very sensible to oxygen and readily degradable with any

treatment (e.g., solvent removed in vacuo)



Experimental Section

Finally, the probability to obtain single crystals suitable for X-ray crystallography is classified

as follow:

1 Crystals of good quality can be obtained under several conditions (i.e., solvent
and countercation).
2 Crystals can be obtained in limited conditions. Some attempts are required.

3 Crystals are hardly obtained. Several attempts are required.

All the reagents were commercial products (Aldrich) of the highest purity available and
used as received, except the followingcompounds which have been prepared according to the
literature (table 9.1).

Compound Ref.
[AR3]2[Pt3n(CO)en] (N = 2-6) [44]
[AR:]2[NisC(CO)17] [110]
[AR3]2[Ni10(C)2(CO)1e] [111]
[AR3]2[Nis(CO)12] [112]
[AR3]2[C0osC(CO)15] [100]
Cos(CCI)(CO)q [113]
[ARs]s[HFes(CO)12] [115]

Table 9.1 Clusters prepared according to literature methods. A = N or P; R = Me, Et, Bu, Ph and CH,Ph.

IR spectra were recorded on a Perkin EImer SpectrumOne interferometer in CaF cells
with 0.1 mm thickness.

'H, BC{*H} and *'P{*H} NMR measurements were performed on a Varian Mercury Plus
400 MHz instrument. The proton and carbon chemical shifts were referenced to the non
deuterated aliquot of the solvent, whereas the phosphorous chemical shifts were referenced to
external H3sPO4 (85% in D20).

ESI mass spectra were recorded on a Waters Micromass ZQ4000/ZMD instrument and
in all cases the solvent is acetonitrile. Analyses of C, H and N were obtained with a ThermoQuest
FlashEA 1112NC instrument.

Cyclic voltammetry was performed in a three-electrode cell containing a platinum or gold
working electrode surrounded by a platinum-spiral counter electrode, and an aqueous saturated
calomel reference electrode (SCE) mounted with a Luggin capillary. All the potential values are

referred to the saturated calomel electrode (SCE). [NBus][BF2] 0.1 M was used as supporting
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electrolyte. Part of the electrochemical studies have been carried out by Tiziana Funaioli
(Universita di Pisa) and Fabrizia Fabrizi de Biani (Universita di Siena).

Analysis of Ni and Co (chapter 4) were performed by atomic absorption on a Pye-Unicam
instrument. The content of Ni and Co on single crystals was determined using an EVO 50 EP
(ZEISS) Scanning Electron Microscope (SEM) with an OXFORD INCA 350 EDS.

The diffraction experiments were carried out on a Bruker APEX Il diffractometer
equipped with a CCD detector using Mo—Ka radiation. Data were corrected for Lorentz
polarization and absorption effects (empirical absorption correction SADABS) [115]. Structures
were solved by direct methods and refined by full-matrix least-squares based on all data using
F2 [116]. Hydrogen atoms were fixed at calculated positions and refined by a riding model. All
non-hydrogen atoms were refined with anisotropic displacement parameters. Structure drawings
have been performed with SCHAKAL99 [117].

Extended Huickel Molecular Orbital (EHMO) analyses have been performed using the
program CACAO with crystallographic coordinates. Theoretical DFT calculations have been
carried out by Marco Bortoluzzi (Universita di Venezia), Andrea lenco and Gabriele Manca

(Universita di Firenze).

Homometallic and bimetallic Pt clusters (chapter 3)

Synthesis of [NEts]2[Pt12(CO)20(PPhs)z]

Solid PPhz (0.205 g, 0.782 mmol) was added in
small portions to an acetone (20 mL) solution
of [NEts]2[Pt12(CO)24] (1.28 g, 0.391 mmol).

The solution was stirred at room temperature

under nitrogen for 30 minutes. Then, the solvent was removed in vacuo, the solid washed with
water (40 mL) and toluene (40 mL) and extracted in acetone (20 mL). Crystals of
[NEt4]2[Pt12(CO)22(PPhs).] suitable for X-ray analyses were obtained by slow diffusion of n-
hexane (40 mL). The crystals of [NEts]2[Pt12(CO)22(PPhs)2] were obtained in mixture with an
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amorphous powder containing [Pts(CO)16(PPhs)2]% and [Pts(CO)17(PPhs)]* ina1.5:1: 1.1 ratio,
as determined by 3P{*H} NMR. Therefore, it has not been possible to calculate the yield.

IR (acetone, 293 K) v(CO): 2036(vs), 1848(m) cm™. IR (nujol mull, 293 K) v(CO): 2032(s),
2002(w), 1825(s), 1780(s) cm L. 3P{*H} NMR (CDsCOCDs, 298 K): &» 50.6 ppm, Jpep 5102
Hz, 2Jp.p 551 Hz.

Synthesis of [NBus]2[Pts(CO)16(PPhs)2]

o)

temperature under nitrogen for 30 minutes. Then, the solvent was removed in vacuo, the solid

Solid PPh3 (0.217 g, 0.830 mmol) was added
in small portions to an acetone (20 mL)
solution of [NBug4]2[Pts(CO)1s] (1.14 g, 0.415

mmol). The solution was stirred at room

washed with water (40 mL) and toluene (40 mL) and extracted in acetone (20 mL). Crystals of
[NBus]2[Pts(CO)16(PPh3)2] suitable for X-ray analyses were obtained by slow diffusion of n-
hexane (40 mL) (yield 0.60 g, 45% based on Pt).

Cs4H102N2016P2Ptg (3213.43): calcd. C 31.39, H 3.20, N 0.87, Pt 54.64; found: C 31.52, H 3.02,
N 0.71, Pt 54.89. IR (thf, 293 K) v(CO): 2017(s), 1828(m) cm™. IR (acetone, 293 K) v(CO):
2015(vs), 1823(m) cm 2. IR (CH3CN, 293 K) v(CO): 2018(vs), 1820(m) cm 2. IR (dmf, 293 K)
v(CO): 2014(vs), 1822(m) cm™L. IR (nujol mull, 293 K) v(CO): 2021(vs), 2007(s), 1988(m),
1814(vs), 1769(m) cm. *P{*H} NMR (CD3COCD3, 298 K): 8p 54.3 ppm, YJpt.p 5144 Hz, 2Jpep
556 Hz.

Synthesis of [NBus]2[Pts(CO)10(PPhs)2] and [NBua]2[Pts(CO)10(PPha)z] -2thf

Solid PPhsz (1.50 g, 5.72 mmol) was added in
small portions to an acetone (20 mL) solution
of [NBuas]2[Pts(CO)12] (1.14 g, 0.572 mmol).

The solution was stirred at room temperature

under nitrogen for 30 minutes. Then, the solvent was removed in vacuo, the solid washed with
water (40 mL) and toluene (40 mL) and extracted in acetone (20 mL). Crystals of
[NBu4]2[Pts(CO)10(PPhz)2] suitable for X-ray analyses were obtained by slow diffusion of n-
hexane (40 mL). Indeed, crystals of [NBuas]2[Pts(CO)10(PPhs).]-2thf can be obtained by slow
diffusion of n-hexane (40 mL) on a thf solution. Only a few crystals of [NBu4]2[Pts(CO)10(PPh3).]
and [NBus]2[Pts(CO)10(PPhs)]-2thf were obtained, whereas the majority of the solid was
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composed of amorphous [Pts(CO)12]* with traces of [Pto(CO)16(PPhs)2]*, [Pta(CO)1s(PPhs)s]*
and [Pts(CO)11(PPhs)]%. Therefore, it has not been possible to calculate the yield.

IR (nujol mull, 293 K) v(CO): 1973(s), 1960(vs), 1794(m), 1756(vs) cm2. 3P{*H} NMR
(CD3COCD3, 298 K): 8p 56.5 ppm, LJp.p 5301 Hz, 2Jpt.p 566 Hz.

Synthesis of Pt4(CO)4(P™P)2 (PP = CH2=C(PPh>).)

PAP (0.095 g, 0.240 mmol) was added as
asolid to a solution of [NBua]2[Pt12(CO)24]
(0.70 g, 0.200 mmol) in acetone (20 mL)

and the mixture stirred at room

temperature for 2 days. At this point, an orange precipitate of Pt4(CO)4(P~P). started to form and
the precipitation was completed by addition of dmf (20 mL). The solid was recovered by
filtration, washed with CH3CN (2 x 20 mL) and dried under vacuum (yields 0.18 g, 18% based
on Pt). Crystals of Pts(CO)4(P"P)2 suitable for X-ray analyses have been obtained directly from
the acetone solution by slow diffusion of n-hexane (40 mL).

Cs6H4404P4Pt4 (1685.15): calcd. C 39.91, H 2.63, Pt 46.31; found: C 39.74, H 2.89, Pt 46.05. IR
(nujol, 293 K) v(CO): 1979(s), 1954(m) cmL. IR (CHCls, 293 K) v(CO): 1979(s), 1954(m) cm™
114 NMR (CD:Cly, 298 K) & (ppm): 7.1-7.8 (m, 40H, Ph), 5.56 (m, 4H, =CH,). 3P{"H} NMR
(CD,Cly, 298 K) & (ppm): 28.1 (m, YJpp = 2406 Hz; 2Jpe = 696, 570 and 104 Hz; Jep = 25 and 60
Hz).

Synthesis of [HPt4(CO)4(P"P)2][BF4]-XCH2Cl2 (x = 1.47) (PP = CH2=C(PPhy)2)

HBF4-Et20 (0.029 g, 0.179 mmol) was
added to a solution of Pts(CO)a(P"P)2
(0.256 g, 0.152 mmol) in CH2Cl> (20 mL)

and the mixture stirred at room

temperature for 2 hours. Then, the solution was filtered and the filtrate layered with n-hexane
(40 mL) resulting in orange crystals of [HPt4(CO)4(P"P)2][BF4]-XxCH2Cl2(x = 1.47) suitable for
X-ray crystallography (yields 0.257 g, 89% based on Pt). It must be remarked that sometimes, a
few crystals of [HPt4(CO)4(P"P).][B2F7] have been obtained as side-product due to the accidental
formation of [BzF7] .

Cs7.47H47.93BCl2.93F404P4Pt4 (1897.39): calcd. C 36.38, H 2.55, Pt 41.12; found: C 36.65, H 2.19,
Pt 41.46. IR (nujol, 293 K) v(CO): 2049(w), 2044(w), 2020(s), 2009(w) cmL. IR (CHCl,, 293
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K) v(CO): 2057(w), 2043(w), 2030(s), 2008(w) cm™. *H NMR (CD:Cl,, 298 K) & (ppm): 7.0-
8.0 (m, 40H, Ph), 6.00 (m, 4H, =CH>), -2.40 (m, 1H, ®Jpw = 286 Hz, ®Jpr = 37 Hz, pu-H). 31P{*H}
NMR (CD2Clz, 298 K) & (ppm): 16.8 (m, “Jppp = 3010 Hz). 3'P{*H} NMR (CD:Clz, 173 K) &
(ppm): 6.4 (br), 23.4 (br).

Synthesis of [H2Pts(CO)4(PP)2][(BF4)2H]2 (PP = CH2=C(PPhy)>)

HBF4-Et,O (0.105 g, 0.651 mmol) was
added to a solution of
Pt4(CO)4(P"P)2(0.256 g, 0.152 mmol) in
CH:CI (20 mL) and the mixture stirred at

room temperature for 2 hours. Then, the solution was filtered and the filtrate layered with n-
hexane (40 mL) resulting in orange crystals of [H2Pt4(CO)4(P"P)2][(BF4)2H]2 suitable for X-ray
crystallography (yields 0.282 g, 91% based on Pt).

CseH1sB4F1604P4Pls (2036.42): caled. C 33.03, H 2.38, Pt 38.32; found: C 32.89, H 2.26, Pt
38.48. IR (nujol, 293 K) v(CO): 2080(sh), 2077(s) cmL. IR (CHCl, 293 K) v(CO): 2083(s)
cmL. IH NMR (CD2Cly, 298 K) & (ppm): 9.52 (br, 2H [(BF4)2H]), 7.1-8.1 ppm (m, 40H, Ph),
6.36 ppm (M, 4H, =CHy), —4.00 ppm (m, 2H, Yt = 579 Hz, 2Jpw = 128 Hz, 2Jpn = 64 Hz, 3Jpn
=11 Hz, p-H). 3*P{*H} NMR (CD:Cly, 298 K) & (ppm): 4.6 (m, Jpi = 3178 Hz).

Synthesis of Pts(CO)s(dppm)s (dppm = Ph,PCH2PPhy)

dppm (0.177 g, 0.460mmol) was added to a
solution of [NBus]2[Pt12(CO)24] (0.70 g,
0.200 mmol) in acetone (20 mL) and the

mixture stirred at room temperature for 2
hours. At this point, an orange precipitate of Pts(CO)s(dppm)s started to form and the
precipitation was completed by addition of dmf (20 mL). The solid was recovered by filtration,
washed with CH3CN (2 x 20 mL) and dried under vacuum (yields 0.20 g, 20% based on Pt).
Crystals of Ptg(CO)e(dppm)s suitable for X-ray analyses have been obtained directly from the
acetone solution by slow diffusion of n-hexane (40 mL).

Cs1Hes06PsPts (2491.70): calcd. C 39.04, H 2.67, Pt 46.97; found: C 39.51, H 2.97, Pt 47.11. IR
(nujol, 293 K) v(CO): 1832(m), 1787(s), 1775(m), 1763(m) cm™. IR (CH2Cl,, 293 K) v(CO):
1836(w), 1795(s), 1751(m) cm™,
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Synthesis of Pt(dppb). (dppb = 0-CesHa(PPh2)2)

dppb (0.901 g, 2.02 mmol) was added to
a solution of [NBus]2[Pt12(CO)24] (0.70 g,
0.200 mmol) in acetone (20 mL) and the

mixture stirred at room temperature for 2
hours. At this point, an orange precipitate of Pt(dppb). started to form and this was separated
from the red solution by filtration. The acetone solution was layered with n-hexane (40 mL)
resulting in a mixture of crystals of [NBu4]2[Pts(CO)1s] (major product) and
[Pt(dppb)2][Pts(CO)18]-2CH3COCH;3 (a few crystals). The solid was dissolved in CH2Cl> (20 mL)
and crystals of Pt(dppb). have been obtained after slow diffusion of n-hexane (yields 0.18 g, 7%
based on Pt).

Synthesis of [PPh4]s[H2Pt26(CO)20(CdBr)12]-4CH3CN

CdBrz-H20 (2.60 g, 8.97 mmol) was added
as a solid to a solution of [NMe4]2[Pt12(CO)24]
(1.16 g, 0.365 mmol) in dmf (30 mL) and the
resulting suspension stirred at 120 °C under

nitrogen for 8 hours. The solution turned from green to brown and gas evolution was observed.
This was, then, allowed to cool to room temperature and solid [PPh4]Br (1.50 g, 3.59 mmol) was
added. The crude compound was finally precipitated by addition of water (50 mL). The residue
was recovered by filtration, washed with water (30 mL), iso-propanol (30 mL), thf (30 mL),
acetone (30 mL) and dried in vacuum. The final compound was, then, extracted in CH3CN (20
mL). The IR spectrum of this solution showed that the major species present was the hexa-anion
[H4Pt25(CO)20(CdBr)12]°. Crystals suitable for X-ray analysis of
[PPhs]s[H2Pt26(CO)20(CdBr)12]-4CH3CN were obtained by slow diffusion of n-hexane (5 mL)
and di-iso-propyl ether (40 mL) on the CH3CN solution. It must be remarked that after diffusion
the solution was still partially coloured (indicating that only part of the cluster was precipitated)
and the solid was composed by a major amorphous component containing the hexa-anion
[PPha]e[H4Pt26(CO)20(CdBr)12] and a few  crystals of  the octa-anion
[PPhs]e[H2Pt26(CO)20(CdBr)12]-4CH3CN. The formulation of the two species is based on their
IR spectra on nujol mull as well as X-ray crystallography on the latter. Since it was not possible
to completely separate the two solids, the yields have not been calculated. The total amount of
solid recovered after work-up was 0.44 g.
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[PPh4]s[H2Pt26(CO)20(CdBr)12]-4CHsCN (single crystal) IR (nujol, 293 K) v(CO): 1970(vs),
1938(br) cm. [PPhs]s[H4Pt26(CO)20(CdBr)12] (amorphous powder) IR (nujol, 293 K) v(CO):
1992(vs), 1959(br) cm™. IR (CH3CN, 293 K) v(CO): 2000(vs), 1990(sh), 1975(m) cm™2. IR (dmf,
293 K) v(CO): 1999(vs), 1972(m) cm™2.

Synthesis of [PPha]e[H4Pt26(CO)20(CdBr)12(PtBr)x]-(10+x)dmf (x = 0.56)

Jj,ﬁ CdBrz-H20 (2.30 g, 7.94 mmol) was added

as a solid to a solution of [NBuas]2[Pt15(CO)z0]
(1.20 g, 0.282 mmol) in dmf (30 mL) and the
nitrogen for 6 hours. The solution turned from green to brown and gas evolution was observed.

resulting suspension stirred at 120 °C under

This was, then, allowed to cool to room temperature and solid [PPh4]Br (1.50 g, 3.59 mmol) was
added. The crude compound was finally precipitated by addition of water (50 mL). The residue
was recovered by filtration, washed with water (30 mL), iso-propanol (30 mL), thf (30 mL),
acetone (30 mL) and dried in vacuum. The final compound was, then, extracted in dmf (20 mL)
and crystals suitable for X-ray analysis of [PPhs]s[H4Pt26(CO)20(CdBr)12(PtBr)x]-(10+x)dmf
(x = 0.56) were obtained by slow diffusion of iso-propanol (40 mL) (yield 0.62 g, 35% based on
Pt).

C195.7H193.96Br12.57Cd12N10.57030.57PsPt26.57 (10905.70): caled. C 21.53, H 1.79, N 1.36, Cd 12.53,
Pt 47.50; found. C 21.72, H 1.48, N 1.19, Cd 12.65, Pt 47.23.

IR (nujol, 293 K) v(CO): 1992(vs), 1966(br) cm™. IR (dmf, 293 K) v(CO): 1999(vs), 1973(m)

cm L.

Bimetallic Ni-Co and Ni-Cu clusters (chapter 4)

Synthesis of [NEt4]4[H2Ni22C0sCs(CO)36]

A solution of Coz(us-CCI)(CO)e (0.224 g,

0.471 mmol) in acetone (15 mL) was added

dropwise to a solution of

[NEta]2[Ni1o(C2)(CO)16] (1.05 g, 0.818 mmol)

in acetone (25 mL). An evolution of gas was immediately observed and the solution was further
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stirred under nitrogen for 2 hours. Then, the solvent was removed in vacuo, the solid washed
with water (40 mL) and toluene (40 mL) and extracted in CH3CN (20 mL). Crystals of
[NEts]4a[H2Ni22C06Ce(CO)36] suitable for X-ray analyses were obtained by slow diffusion of n-
hexane (5 mL) and di-iso-propyl ether (40 mL) (yield 0.62 g, 52 % based on Ni, 82 % based on
Co).

C74Hg0C06N4Ni22036 (3228.63): calcd. C 27.50, H 2.50, N 1.73, Co 10.95, Ni 39.48; found: C
27.68, H 2.50, N 1.59, Co 11.12, Ni 39.64. IR (thf, 293 K) v(CO): 2023(s), 1859(m) cm™. IR
(acetone, 293 K) v(CO): 2018(vs), 1857(m) cm™2.

Synthesis of [NMe3(CH2Ph)]e[NizsC0sCs(CO)4s]-5CH3COCH3
[NMes(CH2Ph)]4[H2Ni22Co06Ce(CO)zs] (0.85
g, 0.28 mmol) was refluxed in thf (20 mL)

under nitrogen for 2 hours. The solution

became nearly colourless and a dark-brown
oily precipitate separated out. Then, the precipitate was recovered by filtration, washed with thf
(20 mL) and dried in vacuo. The solid was washed with water (40 mL) and toluene (40 mL), and
extracted in acetone (20 mL). Crystals of [NMes(CH2Ph)]s[Ni3sC0sCg(CO)ag]-5CH3COCH3
suitable for X-ray analyses were obtained by slow diffusion of n-hexane (40 mL) on the acetone
solution (yield 0.38 g, 45 % based on Ni, 35 % based on Co).

C131H126C08N6Niz60s3 (5217.38): caled. C 30.16, H 2.43, N 1.61, Co 9.04, Ni 40.50; found: C
30.34, H 2.21, N 1.85, Co0 9.19, Ni 40.23. IR (nujol mull, 293 K) v(CO): 2002(s), 1857(m) cm~
1 IR (CH3CN, 293 K) v(CO): 2000(vs), 1870(m) cm™*. The *H NMR spectrum does not show

any resonance a part those of the [NMes(CH2Ph)]" cation.

Synthesis of [NEt4]3[NisCo(C2)(CO)16-x] (X = 0.58)

A solution of [NBu4][OH] (0.348 g, 1.34
mmol) in CH3:CN (15 mL) was added
dropwise to a solution of
[NEts]4[H2Ni22C0sCs(CO)36] (0.868 g, 0.269
mmol) in CH3CN (20 mL) over a period of 3 hours. Then, the solvent was removed in vacuo,
the solid washed with water (40 mL), thf (20 mL) and acetone (20 mL), and extracted in CH3CN
(20 mL). Crystals of [NEts]s[NisCo(C2)(CO)16-x] (x = 0.58) suitable for X-ray analyses were
obtained by slow diffusion of n-hexane (5 mL) and di-iso-propyl ether (40 mL) (yield 0.59 g,
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63 % based on Ni, 25 % based on Co). The value of x varies from batch to batch. The CIF files
of other three crystals obtained from different reaction batches are included to support this point.
They show x =0.70, 0.84 and 0.82.

C41.42He0COoN3NigO15.42 (1434.00): calcd. C 34.70, H 4.22, N 2.93, Co 4.11, Ni 36.74; found: C
34.55, H 4.40, N 2.78, Co 4.02, Ni 36.85. IR (nujol, 293 K) v(CO): 2043(w), 2005(w), 1958(vs),
1920(m), 1832(ms), 1772(m) cm™. IR (acetone, 293 K) v(CO): 1976(vs), 1942(sh), 1840(br)
cm L. IR (CH3CN, 293 K) v(CO): 1979(vs), 1948(sh), 1874(ms), 1829(m) cm™.

Synthesis of [NEts]a[H2NizCa(CO)zs{Cu(CH3CN)}2]-6CHsCN

[Cu(CHsCN)4][BF4] (0.36 g, 1.14 mmol) was
added as a solid to a solution of
[NEt4]2[NisC(CO)17] (1.16 g, 0.91 mmol) in
thf (20 mL) over a period of 2 hours. The

resulting mixture was further stirred at room temperature for two days and, then, the solvent
removed in vacuo. The residue was washed with water (40 mL), dried under vacuum and
extracted with CH3CN (20 mL). Crystals of [NEts]a[H2Niz0C4(CO)z{Cu(CH3CN)}.]-6CHsCN
suitable for X-ray analyses were obtained by layering n-hexane (5 mL) and di-iso-propyl ether
(40 mL) on the CH3CN solution (yield 0.38 g, 37 % based on Ni).

CssH106CU2N12Ni30034 (3739.72): calcd. C 27.62, H 2.86, N 4.49, Cu 3.40, Ni 47.08; found: C

27.49, H 2.92, N 4.33, Cu 3.61, Ni 47.25. IR (CHsCN, 293 K) v(CO): 2012(vs), 1878(ms) cm™
1

Synthesis of [NMes]4[H2NizCs(CO)34{Cu(CH3CN)}2]-2CH3CN

[Cu(CHsCN)4][BF4] (0.36 g, 1.14 mmol) was
added as a solid to a solution of
[NMe4]2[NigC(CO)17] (1.06 g, 0.91 mmol) in
thf (20 mL) over a period of 2 hours. The

resulting mixture was further stirred at room temperature for two days and, then, the solvent
removed in vacuo. The residue was washed with water (40 mL), dried under vacuum and
extracted with CH3CN (20 mL). Crystals of [NMes]4[H2NizoCs(CO)34{Cu(CH3CN)}2]-2CH3CN
suitable for X-ray analyses were obtained by layering n-hexane (5 mL) and di-iso-propyl ether
(40 mL) on the CH3CN solution (yield 0.32 g, 45 % based on Ni).
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Ce2Hes2CuU2NgNiz0034 (3351.07): calcd. C 22.22, H 1.86, N 3.34, Cu 3.79, Ni 52.54; found: C

22.36, H 1.71, N 3.48, Cu 3.95, Ni 52.76. IR (CHsCN, 293 K) v(CO): 2012(vs), 1878(ms) cm-
1

Synthesis of [NMe4]a[H2Niz0C(CO)3{Cu(CH3CN)}.]-6CH3COCHj3
[Cu(CHsCN)4][BF4] (0.36 g, 1.14 mmol) was

@ 3 [NMe4]2[NigC(CO)17] (1.06 g, 0.91 mmol) in
thf (20 mL) over a period of 2 hours. The

added as a solid to a solution of
resulting mixture was further stirred at room temperature for two days and, then, the solvent

removed in vacuo. The residue was washed with water (40 mL), dried under vacuum and
extracted with acetone (20 mL). Crystals of
[NMe4]a[H2Niz0Cs(CO)34{Cu(CH3CN)}.]-6CH3COCH3 suitable for X-ray analyses were
obtained by layering iso-propanol (40 mL) on the acetone solution (yield 0.37 g, 38 % based on
Ni).

C76Ha2Cu2N6Niz0040 (3617.45): calcd. C 25.23, H 2.56, N 2.32, Cu 3.51, Ni 48.68; found: C
25.09, H 2.42, N 2.79, Cu 3.52, Ni 48.58. IR (acetone, 293 K) v(CO): 2011(vs), 1879(ms) cm L,

Synthesis of [NMes(CH2Ph)]4[H2Ni30-xC4(CO)34x{Cu(CH3CN)}2]-2CH3CN (x ~ 0.35)
[Cu(CH3CN)4][BF.] (0.31 g, 0.99 mmol) was
added as a solid to a solution of
[NMe4]2[NigC(CO)17] (1.10 g, 0.84 mmol) in
thf (20 mL) over a period of 1 hour. The

resulting mixture was further stirred at room temperature for 4 hours and, then, the solvent

removed in vacuo. The residue was washed with water (40 mL), dried under vacuum and
extracted with CH3CN (20 mL). Crystals of [NMes(CH2Ph)]a[H2NizoxCa(CO)za-
x{Cu(CH3CN)}2]-2CH3CN (x ~0.35) suitable for X-ray analyses were obtained by layering n-
hexane (5 mL) and di-iso-propyl ether (40 mL) on the CH3CN solution (yield 0.29 g, 32 % based
on Ni).

Cass.65H78Cu2NgNi20.65033.66 (3625.28): calcd. C 28.38, H 2.17, N 3.09, Cu 3.51, Ni 48.00; found:

C 28.56, H 1.98, N 3.23, Cu 3.74, Ni 48.25. IR (CHsCN, 293 K) v(CO): 2010(vs), 1876(ms) cm"
1
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Synthesis of [NMes]s[H3NizoxCa(CO)3sx{ Cu(NCCsH4CN)}2]-3.5CH3COCHs (x ~
0.52)

[Cu(CHsCN)4][BF4] (0.57 g, 1.81 mmol) was
added as a solid to a solution of
[NMes]2[NisC(CO)17] (1.21 g, 1.04 mmol) in
thf (20 mL) over a period of 2 hours. The

resulting mixture was further stirred at room temperature for 4 hours and, then, the solvent

removed in vacuo. The residue was washed with water (40 mL), dried under vacuum and
extracted with acetone (20 mL). At this stage, the species present in solution was the tetra-anion
[H2NizoCa(CO)3{Cu(CHsCN)}2]*, which  was converted into the tri-anion
[H3NizoC4(CO)ss{Cu(CH3CN)}2]* after addition of HBF4-Et,0. NCCsH4CN was, then, added
in large excess to the acetone solution and, after stirring at room temperature for one night, the
solution was layered with iso-propanol (40 mL) yielding crystals of [NMes]3[H3Nizo xC4(CO)34-
x{CU(NCCsH4CN)}2]-3.5CH3COCHs3 (x ~ 0.52) suitable for X-ray analyses (yield 0.35 g, 32 %
based on Ni).

C75.98HssCU2N7Ni29.48036 98 (3528.19): calcd. C 25.86, H 1.94, N 2.78, Cu 3.60, Ni 49.04; found:

C 25.57, H 2.04, N 3.01, Cu 3.45, Ni 49.25. IR (acetone, 293 K) v(CO): 2023(vs), 1883(ms) cm™
1

Synthesis of [Ni(CH3CN)s][H2Ni29C4(CO)32(CH3CN)2{Cu(CHsCN)}.]-4CH3CN

Jj@ [Cu(CH3CN)4][BF4] (0.57 g, 1.81 mmol) was

added as a solid to a solution of
[NMes]2[NisC(CO)17] (1.21 g, 1.04 mmol) in
resulting mixture was further stirred at room temperature for one night and, then, the solvent

thf (20 mL) over a period of 2 hours. The

removed in vacuo. The residue was washed with water (40 mL), dried under vacuum and
extracted with CHsCN (20 mL). Crystals of
[Ni(CH3CN)g][H2Ni29Ca(CO)32(CH3CN)2{ Cu(CH3CN)}.]-4CH3CN suitable for X-ray analyses
were obtained by layering n-hexane (5 mL) and di-iso-propyl ether (40 mL) on the CH3CN
solution (yield 0.38 g, 36 % based on Ni).

Ce4H14Cu2N14Niz0032 (3409.0): caled. C 22.55, H 1.30, N 5.75, Cu 3.73, Ni 51.65; found: C

22.88, H 1.06, N 5.91, Cu 3.65, Ni 51.49. IR (CH3CN, 293 K) v(CO): 2030(vs), 1876(ms) cm-
1
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Synthesis of [Ni(CH3COCHs3)s][H2Ni20C4(CO)34 { Cu(CH3CN)}2]-2CH3COCH3

[Cu(CHsCN)4][BF4] (0.57 g, 1.81 mmol) was
added as a solid to a solution of
[NMe4]2[NigC(CO)17] (1.21 g, 1.04 mmol) in
thf (20 mL) over a period of 2 hours. The

resulting mixture was further stirred at room temperature for one night and, then, the solvent
removed in vacuo. The residue was washed with water (40 mL), dried under vacuum and
extracted with acetone (20 mL). Crystals of [Ni(CH3COCHz3)s][H2Ni29Cs(CO)as
{Cu(CH3CN)}2]-2CH3COCHS3 suitable for X-ray analyses were obtained by layering iso-
propanol (40 mL) on the acetone solution (yield 0.37 g, 33 % based on Ni).

CesHs6CU2N2Niz0042 (3437.03): calcd. C 23.06, H 1.64 N 0.82, Cu 3.70, Ni 51.23; found: C
23.12,H 1.71, N 1.01, Cu 3.52, Ni 51.12. IR (acetone, 293 K) v(CO): 2029(vs), 1875(ms) cm.

Synthesis of [NMes]2[H2Ni29+xCa(CO)34+x{ Cu(CH3CN)}.]-3.79thf (x ~ 0.3)

[Cu(CHsCN)4][BF:] (0.57 g, 1.81 mmol) was
added as a solid to a solution of
[NMe4]2[NigC(CO)17] (1.21 g, 1.04 mmol) in
thf (20 mL) over a period of 2 hours. The

resulting mixture was further stirred at room temperature for 4 hours and, then, the solvent
removed in vacuo. The residue was dissolved in dmf (15 mL) and the crude product precipitated
after addition of a water solution (40 mL) saturated with [NMes]CI. The residue was recovered
by filtration, washed with water (40 mL), dried under vacuum and extracted with thf (20 mL).
Crystals of [NMes]2[H2Ni2g+xCa(CO)33+x{Cu(CH3sCN)}2]-3.39thf suitable for X-ray analyses
were obtained by layering n-hexane (40 mL) on the thf solution (yield 0.24 g, 23 % based on Ni).
Ce356H57.11CU2N4Ni2933037.39 (3324.25): calcd. C 22.97, H 1.73, N 1.69, Cu 3.82, Ni 51.79;
found: C 23.42, H 1.68, N 1.86, Cu 4.03, Ni 51.14. IR (thf, 293 K) v(CO): 2028(vs), 1877(ms)

cm L.
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Bimetallic Ni-Au and Co-Au clusters (chapter 5)

Synthesis of [NEts]3s[Ni12Au(CO)24]

Solid [NEts][AuCls] (0.89 g, 1.90 mmol) was
added in small portions to an acetone (30 mL)
solution of [NEts]2[Nis(CO)12] (2.21 g, 2.33
mmol) over a period of 1 hour. The solution

was stirred at room temperature for a further hour and, then, the solvent removed in vacuo. The
residue was washed with water (40 mL), toluene (40 mL) and thf (20 mL). The crude product
was extracted in acetone (20 mL) and crystals suitable for X-ray analysis were obtained by slow
diffusion of isopropyl alcohol (40 mL) over the acetone solution of the product (yields 0.92 g,
24.7 % based on Au, 40.2 % based on Ni).

Ca8HsoAUN3Ni12024 (1964.48): calcd. C 29.35, H 3.08, N 2.14, Ni 35.86, Au 10.03; found: C
29.48, H 2.92, N 2.26, Ni 35.99, Au 9.89. IR (acetone, 293 K) v(CO): 2010(vs), 1986(sh), and
1822(ms) cm2. IR (nujol, 293 K) v(CO): 1995(vs), 1833(sh), 1815(ms), 1775(m) cm™,

Synthesis of [NEt4]e[Nis2Aus(CO)a4]

Solid [NEts][AuCls] (1.04 g, 2.22 mmol)
was added in small portions to an acetone
(30 mL) solution of [NEts]2[Nis(CO)12]
(2.21 g, 2.33 mmol) over a period of 1 hour.

The solution was stirred at room temperature for a further hour and, then, the solvent removed
in vacuo. The residue was washed with water (40 mL), toluene (40 mL), thf (20 mL) and acetone
(20 mL). The crude product was extracted in CH3sCN (20 mL) and a microcrystalline powder of
[NEts]e[Niz2Aus(CO)a4] was obtained after addition of di-iso-propyl-ether (50 mL) (yields 0.87
g, 54.2 % based on Au, 39.2 % based on Ni).

Co2H120AUsN6Niz2044 (5073.94): calcd. C 21.78, H 2.38, N 1.66, Ni 37.02, Au 23.29; found: C

21.86, H 2.20, N 1.54, Ni 36.81, Au 23.06. IR (CH3CN, 293 K) v(CO): 2012(m), 1889(vs) cm™
1
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Synthesis of CosC(CO)12(AuPPhz)s (I-111)

Au(PPh3)CI (1.41 g, 2.82 mmol) was added as
a solid to a solution of [NMes(CH2Ph)]2
[CosC(CO)15] (1.02 g, 0.94 mmol) in thf (30
mL) over a period of 2 h. The resulting

mixture was further stirred at room temperature for 4 h and, then, the solvent removed in vacuo.
The residue was washed with water (40 mL), and extracted with thf (20 mL). A crystalline
material was obtained by layering n-hexane (40 mL) on the thf solution (yield 0.2-0.4 g). This
solid may contain one or a mixture of the three solvate crystals CosC(CO)12(AuPPhz)s (1),
CosC(CO)12(AuPPhsz)a-thf (I11), CosC(CO)12(AuPPhs)s-4thf (111). The different content of co-
crystallized thf makes meaningless elemental analyses or the determination of the yield.

IR (nujol, 293 K) v(CO): CosC(CO)12(AuPPhs)s (I) 2034(s), 2004(vs), 1966(s), 1921(vs),
1879(sh) and 1799(vs) cm?t; CosC(CO)12(AuPPhs)s-thf (11) 2009(vs), 19810(s), 1941(m),
1834(m) and 1812(m) cm™; CosC(CO)12(AuPPhs)s-4thf (111) 2022(m), 2008(m), 1965(s),
1939(w), 1875(w), 1857(w), 1834(w), 1821(m) and 1796(w) cm,

Synthesis of [NEt4][{C0osC(CO)12}Au{Co(CO)s}]

[NEts][AuCls] (1.06 g, 2.26 mmol) was added
as a solid to a solution of [NEt4]2[C0osC(CO)1s]
(1.18 g, 1.13 mmol) in thf (20 mL) over a
period of 1 h. Gas evolution (likely CO) and

formation of a gold mirror are observed. The solvent was, then, removed in vacuo, and the
residue washed with water (20 mL) and toluene (40 mL), and, finally, extracted in thf (20 mL).
Crystals of [NEts][{CosC(CO)12}Au{Co(CO)4}] suitable for X-ray analyses were obtained by
layering n-hexane (40 mL) on the thf solution (yield 0.44 g, 34% based on Co, 17% based on
Au).

CasH20AUC0sNO16 (1140.97): calcd. C 26.32, H 1.77, Au 17.26, Co 30.99; found: C 26.55, H
1.61, Au 17.05, Co 31.18. IR (nujol, 293 K) v(CO): 2029(m), 2014(s), 1991(w), 1973(m),
1939(w), 1841(m), 1830(w) cm™. IR (thf, 293 K) v(CO): 2029(s), 2011(m), 1973(w), 1857(m)
cm™L. IR (CH2Cly, 293 K) v(CO): 2029(s), 2011(m), 1973(w), 1857(m) cm™. ESI-MS (CHsCN):
ES- m/z (relative intensity in parentheses): 1024 (5), 1011(100), 983(20), 658 (10), 644(10),
171(50).
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Synthesis of [NEt4][{CosC(CO)12}2Au]

HBF4-Et,0 (362 uL, 2.64 mmol) was added to
a solution of
[NEts][{CosC(CO)12}Au{Co(CO)4}] (0.43 g,
0.377 mmol) in CH2Cl2 (20 mL) over a period
of 1 h. The solvent was, then, removed in vacuo, and the residue washed with water (20 mL) and
toluene (20 mL), and, finally, extracted in CH2Cl2 (20 mL). Crystals of [NEts][{CosC(CO)12}2Au]
suitable for X-ray analyses were obtained by layering n-hexane (40 mL) on the CH2ClI> solution
(yield 0.25 g, 69% based on Co, 41% based on Au).

C34H20AuC010NO24 (1612.78): calcd. C 25.32, H 1.25, Au 12.21, Co 36.54; found: C 25.12, H
0.94, Au 1251, Co 36.86. IR (nujol, 293 K) v(CO): 2032(s), 2011(s), 1991(w), 2003(sh),
1979(m), 1879(w), 1844(w) cmt. IR (CH2Cl, 293 K) v(CO): 2060(m), 2045(s), 2041(s),
2014(m), 1856(m) cmL. ESI-MS (CH3sCN): ES- m/z (relative intensity in parentheses): 1495
(90),1482 (100), 1454 (80), 741 (10), 727 (20), 658 (25), 644 (25), 171 (30).

Synthesis of CosC(CO)12(AuPPhz)

[Au(PPh3)CI] (0.32 g, 0.64 mmol) was added

as a solid to a solution of
[NEt4][{CosC(CO)12}2Au] (0.52 g, 0.32 mmol)
in thf (20 mL) over a period of 1 h. The

solution was, then, filtered and crystals of CosC(CO)12(AuPPhs) suitable for X-ray analyses were

obtained by layering n-hexane (40 mL) on the thf solution (yield 0.11 g, 16% based on Co, 10%

based on Au).

Ca1H1sAuC05012P (1102.02): calcd. C 33.79, H 1.37, Au 17.87, Co 26.74; found: C 33.04, H1.51,
Au 19.09, Co 26.45. IR (nujol, 293 K) v(CO): 2075(w), 2040 (m), 2028 (m), 2017(s), 2009(s),

2003(s), 1996(m), 1976(m), 1960(m), 1873(m), 1963 (sh), 1857(m) cm™. The crystals are almost

insoluble in all organic solvents.

Synthesis of [CosC(CO)11(AuPPh3)s]-thf-0.5CsH14 (A)
[Au(PPh3)CI] (1.89 g, 3.82 mmol) was added

Jj'ﬁ as solid to a solution of
@ [NMe3(CH2Ph)]2[CosC(CO)15] (1.02 g, 0.94

mmol) in thf (30 mL) over a period of 2 h. The
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resulting mixture was further stirred at room temperature for 18 h and, then, the solvent removed
in vacuo. The residue was washed with water (40 mL), and extracted with thf (20 mL). Crystals
of [CosC(CO)11(AuPPhs)s]-thf-0.5CsH14 suitable for X-ray analyses were obtained by slow
diffusion of n-hexane (40 mL) on the thf solution (yield 0.29 g, 12% based on Co, 11% based on
Au). Alternatively, [Au(PPh3)CI] (0.81 g, 1.64 mmol) was added as a solid to a solution of
[NEt4][{CosC(CO)12}2AuU] (0.66 g, 0.409 mmol) in thf (20 mL) over a period of 1 hour. The
solution was, then, filtered and crystals of [CosC(CO)11(AuPPhz)3]-thf-0.5CsH14 suitable for X-
ray analyses were obtained by layering n-hexane (40 mL) on the thf solution (yield 0.10 g, 6%
based on Co, 7% based on Au).

C73He0AuzC05012P3 (2107.67): calcd. C 41.60, H 2.87, Au 28.03, Co 13.98; found: C 41.94, H
2.99, Au 27.78, Co 14.18. IR (nujol, 293 K) v(CO): 2017(m), 2011(m), 1979(sh), 1962(s),
1945(s), 1938(s), 1916(sh), 1811(m) cm™. The crystals are almost insoluble in all organic

solvents.

Synthesis of [CosC(CO)11(AuPPhs)s]-CH3CN (B)
[Au(PPhs3)CI] (1.89 g, 3.82 mmol) was added

as solid to a solution of
[NMes3(CH2Ph)]2[CosC(CO)15] (1.02 g, 0.94
mmol) in thf (30 mL) over a period of 2 h. The

resulting mixture was further stirred at room temperature for 18 h and, then, the solvent removed
in vacuo. The residue was washed with water (40 mL), and extracted with thf (20 mL). The
resulting thf solution was filtered, the solvent removed in vacuo and the residue dissolved in
CH3CN (20 mL). Crystals of [CosC(CO)11(AuPPhs)s]-CH3CN suitable for X-ray analyses were
obtained by slow diffusion of n-hexane (3 mL) and di-isopropyl ether (40 mL) on the CH:CN
solution (yield 0.26 g, 11% based on Co, 10% based on Au).

CesHasAuzC0osNO11P3 (2033.53): calcd. C 40.14, H 2.38, Au 29.07, Co 14.50; found: C 40.02,
H 2.53, Au 28.91, Co 14.75. IR (nujol, 293 K) v(CO): 2026(s), 1980(m), 1960(m), 1852(w),

1832(m), 1820(w) cm™2. The crystals are almost insoluble in all organic solvents.

Synthesis of [NEt4][CosC(CO)11(AuPPhs)2]-2CH2Cl2

[Au(PPh3)CI] (0.90 g, 1.82 mmol) was added
as solid to a solution of [NEt4]2[CosC(CO)1s]
(0.87 g, 0.88 mmol) and PPhs (0.24 g, 0.92
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mmol) in thf (30 mL) over a period of 2 h. The resulting mixture was further stirred at room
temperature for 18 h and, then, the solvent removed in vacuo. The residue was washed with water
(40 mL) and toluene (20 mL), and extracted with CH2Cl, (15 mL). Crystals of
[NEt4][CosC(CO)11(AuPPh3)2]-2CH.Cl> suitable for X-ray analyses were obtained by slow
diffusion of n-hexane (30 mL) on the CHCI: solution (yield 0.41 g, 21% based on Co, 25%
based on Au).

CsgHs4Au2Cl4CosNO11P2 (1833.35): caled. C 38.02, H 2.97, Au 21.52, Co 19.10; found: C 38.23,
H 3.11, Au 21.81, Co 18.92. IR (nujol, 293 K) v(CO): 2013(m), 1969(s), 1961(s), 1934(w),
1916(w), 1811(s) cmL. IR (thf, 293 K) v(CO): 2012(m), 1982(s), 1947(w), 1815(vs) cm . IR
(acetone, 293 K) v(CO): 2013(m), 1980(s), 1972(ms), 1945(m), 1825(s) cm2. IR (CH3sCN, 293
K) v(CO): 2014(m), 1979(s), 1945(m), 1917(w), 1823(s), 1779(w) cm .

Bimetallic Co-Pd clusters (chapter 6)

Synthesis of [NEt4]4[H2C020Pd16C4(CO)4g]-4CH3COCHz3
j PdCI,(Et2S)2 (0.932 g, 2.90 mmol) was added
as a solid in small portions over a period of 2
@Jj.i \%)/ h to a solution of [NEt4]2[C0osC(CO)1s] (1.32
g, 1.27 mmol) in thf (20 mL) and the mixture
was refluxed for 3 h. The solvent was, then, removed in vacuo and the solid residue washed with
water (2 x 20 mL) and toluene (2 x 20 mL) in order to remove Co(ll) salts and [Co(CQO)4] .
Crude [H2C020Pd16C4(CO)as]* was extracted in acetone (20 mL) and crystals of
[NEts]4[H2C020Pd16C4(CO)4s]-4CH3COCHS3 suitable for X-ray analyses were obtained by slow
diffusion of iso-propanol (40 mL) (yields 0.48 g, 53% based on Pd).
CosH106C020N4052Pd16 (5029.25): caled. C 22.93, H 2.12, N 1.11, Co 23.44, Pd 33.86; found: C
22.78,H 2.21, N 1.03, Co 23.58, Pd 33.95. IR (nujol, 293 K) v(CO): 2005(s), 1826(m) cm™. IR
(thf, 293 K) v(CO): 2018(s), 1843(m) cm™2. IR (acetone, 293 K) v(CO): 2017(s), 1842(m) cm™2,
Note:  [NMe(CH2Ph)]4[H2C020Pd16C4(CO)ss] may be similarly obtained, using
[NMe(CH2Ph)]2[CosC(CO)15] instead of [NEts]2[CosC(CO)1s].
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Synthesis of [NMe3(CH2Ph)][NMes]4[HC020Pd16C4(CO)4s]-5CH3COCH:

PdCI>(Et2S). (0.820 g, 2.55 mmol) was added
as a solid in small portions over a period of 2
h to a solution of
[NMes3(CH2Ph)]2[CosC(CO)1s5] (1.24 g, 1.15

mmol) in thf (20 mL) and the mixture was refluxed for 3 h. The solvent was, then, removed in

vacuo and the solid residue washed with water (2 x 20 mL) and toluene (2 x 20 mL) in order to
remove Co(ll) salts and [Co(CO)4] . Crude [HC020Pd16C4(CO)as]> was extracted in dmf (20 mL)
and precipitated with a saturated solution of [NMes]Cl in water (50 mL). The solid was recovered
by filtration, washed with water (2 x 20 mL) to remove excess [NMes]Cl and extracted in acetone
(20 mL). Crystals of [NMe3(CH2Ph)][NMes]s[HC020Pd16C4(CO)4s]-5CH3COCH: suitable for
X-ray analyses were obtained by slow diffusion of iso-propanol (40 mL) on the acetone solution
(yields 0.41 g, 51% based on Pd).

Co3Hos5C020Ns5053Pd16 (5012.14): caled. C 22.29, H 1.91, N 1.40, Co 23.52, Pd 33.97; found: C
22.05, H 1.96, N 1.52, Co 23.37, Pd 34.09. IR (nujol, 293 K) v(CO): 1994(s), 1819(br) cm . IR
(thf, 293 K) v(CO): 2000(s), 1832(m) cm™2. IR (acetone, 293 K) v(CO): 1998(s), 1828(m) cm™™.
IR (CH3CN, 293 K) v(CO): 1996(s), 1819(m) cm™L. IR (dmf, 293 K) v(CO): 1989(s), 1819(m)

cm~L. The cluster is not very stable in dmf solution after standing for long time.

Synthesis of [NMe3(CH2Ph)]2[HC015PdeC3(CO)38]-CeH14

HBF4-Et,0 (240 uL, 1.74 mmol) was added

dropwise to a solution of
[NMe3(CH2Ph)]a[H2C020Pd16C4(CO)ag]

(0.45 g, 0.092 mmol) in thf (20 mL) and the

solvent removed in vacuo after 10 min. The residue was, then, dissolved in CH2Cl; (20 mL), the

suspension filtered and the solution layered with n-hexane (40 mL), affording crystals suitable
for X-ray analyses of [NMes(CH2Ph)]2[HCo15PdgC3(CQO)zs]-CeH14 (yields 0.27 g, 66% based on
Co; 50% based on Pd). The related [NEts]2[HCo015PdeC3(CO)ss] may obtained following the
same procedure using [NEts]a[H2C020Pd16C4(CO)asg] as starting material.

Ce7H16C015N2038Pdg (3328.61): calcd. C 24.17, H 1.39, N 0.84, Co 26.56, Pd 28.77; found: C
23.31,H 1.12, N 0.64, Co 27.01, Pd 29.92. IR (nujol, 293 K) v(CO): 2035(s), 1850(m) cm™. IR
(CH,Cly, 293 K) v(CO): 2035(s), 1865(m) cm™™.
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Synthesis of [NEts]3[C015PdeC3(CO)sg] - thf

[NBus][OH] (330 mg, 0.412 mmol) was
added as solid to a solution of
[NEts]2[HC015PdeC3(CO)38] (0.44 g, 0.136
mmol) in CH2Cl> (20 mL) and the solution

stirred at room temperature for 1 h. Then, the suspension was filtered and the solution layered
with n-hexane (40 mL) in the presence of some thf (5 mL), affording crystals suitable for X-ray
analyses of [NEt4]3[Co15PdeC3(CO)zs]-thf (yields 0.41 g, 89% based on Co; 89% based on Pd).
CeoHesC015N3039Pdg (3404.81): calcd. C 24.34, H 2.01, N 1.23, Co 25.96, Pd 28.13; found: C
24.05, H 1.87, N 1.45, Co 26.11, Pd 28.29. IR (nujol, 293 K) v(CO): 2026(s), 1818(m) cm™. IR
(CH2Cl,, 293 K) v(CO): 2021(s), 1846(m) cm ™.,

Synthesis of [NEt4][H2C015PdoC3(CO)3s]-0.5CeH14

HBF4-Et,0 (32 uL, 0.234 mmol) was added
dropwise to a solution of
[NEts]2[HCo015PdsC3(CO)3g] (0.40 g, 0.125
mmol) in CH2Cl> (20 mL) and the solution

stirred at room temperature for 1 h. Then, the suspension was filtered and the solution layered

with n-hexane (40 mL), affording crystals suitable for X-ray analyses of
[NEts][H2C015PdeC3(CO)38]-0.5CeHa4(yields 0.34 g, 88% based on Co; 88% based on Pd).

Cs2H27C015NO3gPdg (3115.30): calcd. C 20.05, H 0.87, N 0.45, Co 28.37, Pd 30.74; found: C
19.25, H 0.56, N 0.61, Co 28.12, Pd 30.41. IR (CH2Cl,, 293 K) v(CO): 2051(s), 1878(m) cm™™.

Synthesis of H3Co15PdgC3(CO)zg-2thf

o)

stirred at room temperature for 1 h. Then, the suspension was filtered and the solution layered

HBF4-Et20 (263 uL, 1.02 mmol) was added
dropwise to a solution of
[NEts]2[HC015PdeC3(CO)3g] (0.40 g, 0.125
mmol) in CH2Cl> (20 mL) and the solution

with n-hexane (40 mL) in the presence of some thf (3 mL), affording crystals suitable for X-ray
analyses of H3Co015PdoC3(CO)sg-2thf (yields 0.28 g, 74% based on Co; 74% based on Pd).
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Ca9H16C015040Pdg (3086.17): calcd. C 19.07, H 0.52, Co 28.64, Pd 31.03; found: C 18.88, H
0.68, Co 28.41, Pd 31.25. IR (nujol, 293 K) v(CO): 2065(s), 1860(br) cm™. IR (CH2Clz, 293 K)
v(CO): 2051(s), 1878(m) cm ™.

Synthesis of [NEts4]s[HC016Pd2C3(CO)2s]-1.5CH3CN

[NEts]2[H2C020Pd16C4(CO)4g]-4CH3COCH3
(0.44 g, 0.088 mmol) dissolved in thf (20
mL) was treated with a solution of

Na/naphthalene in thf and the reaction
monitored by IR. When the starting material was completely reacted and the IR spectrum showed
only the typical v(CO) of [Co(CO)4] (1889 cm™) and a new band at 1953 cm?, tentatively
assigned to [Co16Pd2C3(CO)2s]®, the solvent was removed in vacuo and the residue dissolved in
dmso (20 mL). The dmso solution displayed three v(CO) bands attributable to
[Co016Pd2C3(CO)25]® (1950(s) and 1801(m) cm2) and [Co(CO)4] (1889 cm™). Then, a saturated
solution of [NEt4]Br in water (60 mL) was added up to complete precipitation of the carbonyl
species. The solid was recovered by filtration, washed with water (2 x 20 mL), toluene (2 x 20
mL), thf (20 mL) and acetone (20 mL) in order to remove Co(ll) salts, excess [NEt4]Br,
[Co(CO)4] and naphthalene. The crude product was extracted in CH3CN (20 mL) and crystals
of [NEts]s[HCo016Pd2C3(CO)2s]-1.5CH3CN suitable for X-ray analyses were obtained by slow
diffusion of n-hexane (5 mL) and di-iso-propyl ether (50 mL) on the CH3CN solution (yields
0.14 g, 46% based on Co; 7.4% based on Pd).

C74H1055C016N6.5028Pd2 (2689.93): calcd. C 33.04, H 3.95, N 3.38, Co 35.05, Pd 7.91; found: C
33.21, H 3.78, N 3.19, Co 34.94, Pd 8.05. IR (nujol, 293 K) v(CO): 1969(s), 1808(m) cm™. IR
(CH3CN, 293 K) v(CO): 1969(s), 1810(m) cm.

Synthesis of Co2PdsC(CO)s(PPhz)s-2thf

PPhs (0.16 g, 0.611 mmol) was added as a
solid to a solution of
[NMe(CH2Ph)]a[H2C020Pd16C4(CO)48] (0.65
g, 0.133 mmol) in thf (20 mL) under CO

atmosphere and the mixture stirred under CO for 6 h. The solvent was, then, removed in vacuo

and the residue extracted in toluene (20 mL), leaving a solid containing a mixture of products

not yet fully identified. After filtration, the toluene solution was dried under vacuo and the
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residue dissolved in thf (20 mL). Crystals of Co2PdsC(CO)s(PPhs)s-2thf suitable for X-ray
analyses were obtained by slow diffusion of n-hexane (40 mL) on the thf solution (yields 0.040
g, 1.3% based on Co; 4% based on Pd).

C107H91C02010PsPds (2341.51): calcd. C 54.88, H 3.92, Co 5.03, Pd 22.72; found: C 55.03, H
3.67,C04.76, Pd 22.95. IR (nujol, 293 K) v(CO): 1963(s), 1903(w), 1865(w), 1857(m), 1839(vs)
cmL IR (thf, 293 K) v(CO): 1963(s), 1903(w), 1865(w), 1857(m), 1839(vs) cm™.

Synthesis of CosPd2C(CO)11(PPhs)2-1.5thf

PPhs (0.105 g, 0.401 mmol) was added as a
solid to a solution of
[NMe(CH2Ph)]4[H2C020Pd16C4(CO)ag] (0.65
g, 0.133 mmol) in thf (20 mL) under CO

atmosphere and the mixture stirred under CO for 4 d. The solvent was, then, removed in vacuo

and the residue extracted in toluene (20 mL), leaving a solid containing a mixture of products
not yet fully identified. After filtration, the toluene solution was dried under vacuo and the
residue dissolved in thf (20 mL). Crystals of CosPd2C(CO)11(PPhz)2-1.5thf suitable for X-ray
analyses were obtained by slow diffusion of n-hexane (40 mL) on the thf solution (yields 0.047
g, 5% based on Co; 3% based on Pd).

Cs4H42C040125P2Pd> (1401.34): calcd. C 46.28, H 3.02, Co 16.82, Pd 15.19; found: C 46.09, H
3.25, Co 17.07, Pd 15.47. IR (nujol, 293 K) v(CO): 2002(s), 1960(sh), 1890(m), 1879(m) cm,
IR (thf, 293 K) v(CO): 2002(s), 1887(m) cm™L.

Synthesis of [NMe3(CH2Ph)][Co4PdsC2(PPh3)4(C0O)10CI]-2CH3COCH3

PPhs (0.421 g, 1.61 mmol) was added as a
solid to a solution of
[NMe(CH:2Ph)]4[H2C020Pd16C4(CO)4g] (0.65
g, 0.133 mmol) in thf (20 mL) under CO

atmosphere and the mixture stirred under CO for 2 d. The solvent was, then, removed in vacuo

and the residue extracted in toluene (20 mL), leaving a solid containing a mixture of products
not yet fully identified. After filtration, the toluene solution was dried under vacuo and the
residue dissolved in acetone (20 mL). Crystals of
[NMes3(CH2Ph)][C04PdsC2(PPhs3)4(C0O)10CI]-2CH3COCHS3 suitable for X-ray analyses were
obtained by slow diffusion of n-hexane (40 mL) on the acetone solution (yields 0.11 g, 7% based
on Co; 9% based on Pd).
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C100HgsCIC04NO12P4Pd, (2316.36): calcd. C 51.85, H 3.83, N 0.60, Co 10.18, Pd18.38; found:
C 51.97, H 3.51, N 0.42, Co 10.02, Pd18.59. IR (nujol, 293 K) v(CO): 1968(s), 1834(w) cm .
IR (thf, 293 K) v(CO): 1965(s), 1865(w) cm L.

Bimetallic Ni-Au and Fe-Au clusters (chapter 7)

Synthesis of NisC(CQO)s(AuPPhs)s-thf

[Au(PPhs3)CI] (0.52 g, 1.04 mmol) was added
as a solid to a solution of
[NEt4]2[NisC(CO)17] (0.664 g, 0.520 mmol)
in thf (30 mL) over a period of two hours.

The resulting mixture was further stirred at room temperature for six hours and, then, the solvent
removed in vacuo. The residue was washed with water (40 mL), toluene (40 mL), dried in vacuo
and extracted with thf (20 mL). Crystals of NigC(CO)s(AuPPhs)s-thf suitable for X-ray analyses
were obtained after layering toluene (40 mL) on the thf solution (yield 0.24 g, 12 % based on
Ni).

CasHssAusNisO10P4 (2525.41): caled. C 40.90, H 2.71, Au 31.20, Ni 13.94; found: C 40.71, H
2.94, Au 31.35, Ni 14.09. IR (nujol, 293 K) v(CO): 2027(ms), 1984(vs), 1970(s), 1851(m),
1832(ms) cm™2,

Synthesis of NisgC(CO)s(AuPPh3)s-thf-0.5CsH14

[Au(PPh3)CI] (0.57 g, 1.15 mmol) was added
as a solid to a solution of
[NEts]2[NisC(CO)17] (0.730 g, 0.572 mmol)
in thf (30 mL) over a period of two hours.

The resulting mixture was further stirred at room temperature for six hours and, then, the solvent
removed in vacuo. The residue was washed with water (40 mL), toluene (40 mL), dried in vacuo
and extracted with thf (20 mL). Crystals of NigC(CO)o(AuPPhs)s-thf-0.5CeH14 suitable for X-

227



Experimental Section

ray analyses were obtained after layering n-hexane (40 mL) on the thf solution (yield 0.22 g, 10 %
based on Ni).

CsoH74AU4Nis010P4 (2567.49): calcd. C 41.64, H 2.91, Au 30.69, Ni 13.72; found: C 41.51, H
3.02, Au 30.81, Ni 13.64. IR (nujol, 293 K) v(CO): 2027(ms), 1984(vs), 1970(s), 1851(m),
1832(ms) cm™,

Synthesis of [Nis(C)(CO)s(AuPPhs)s][BF:]2

(158 pL, 1.16 mmol) was added drop-wise to
a solution of Nig(C)(CO)s(AuPPhs)4 (0.580 g,
0.236 mmol) in CH2Cl2 (20 mL), and the

resulting mixture stirred at room temperature

for 4 h. The solvent was removed in vacuo and the residue washed with water (40 mL), and
extracted in CH2Cl> (20 mL). Crystals of [Nig(C)(CO)s(AuPPhs)s][BF4]2 suitable for X-ray
analysis were obtained by slow diffusion of n-hexane (40 mL) on the CH.CI; solution (yield
0.210 g, 20% based on Ni, 40% based on Au). Cis3H120AugB2FgNisOsPs (4435.86): calcd. C
41.44, H 2.73, Ni 7.85, Au 35.57; found: C 41.21, H 2.95, Ni 7.59, Au 35.88. IR (nujol, 293 K)
v(CO): 1977(s), 1847(w), 1638(w) cm™. IR (CH2CI2, 293 K) v(CO): 2000(m), 1979(s),
1862(w), 1773(w) cm. 3P{"H} NMR (CD:Cl,, 298 K) & (ppm): 56.4 (s). *P{*H} NMR
(CD2Cly, 203 K) 6 (ppm): 55.0 (s)

Synthesis of [NEt4][Ni2(C)(C2)(CO)17(AuPPhs)s]-thf

[Au(PPh3)CI] (1.05 g, 2.10 mmol) was added
as a solid to a solution of
[NEt4]2[Nis(C)(CO)17] (0.894 g, 0.700 mmol)
and [NEts]2[Ni1o(C2)(CO)16] (0.910 g, 0.700

mmol) in thf (20 mL), and the resulting mixture stirred at room temperature for 6 h. The solvent

was removed in vacuo and the residue washed with water (40 mL), and extracted in thf (20 mL).
Crystals of [NEts][Ni12(C)(C2)(CO)17(AuPPhs)s]-thf suitable for X-ray analysis were obtained
by slow diffusion of n-hexane (40 mL) on the thf solution (yield 0.611 g, 20% based on Ni, 31%
based on Au). CgsH73AUsNNIi12018P3 (2796.78): calcd. C 37.04, H 2.64, N 0.50, Ni 24.95, Au
21.21; found: C 36.85, H 2.92, N 0.84, Ni 25.12, Au 21.06. IR (nujol, 293 K) v(CO): 2002(s),
1971(sh), 1938(m), 1824(m) cm . IR (thf, 293 K) v(CO): 2009(s), 1975(m), 1945(sh), 1888(w),
1832(w) cmL. 31P{*H} NMR (dB-thf, 298 K) & (ppm): 49.0 (s, 2P), 48.2 (s, 1P).
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Synthesis of [NEts][HFes(CO)12(AuPPhs)]

[Au(PPh3)CI] (0.603 g, 1.22 mmol) was
added as a solid to a solution of
[NEt4]s[HFes(CO)12] (0.580 g, 0.610 mmol)
in CH3CN (25 mL), and the resulting mixture

stirred at room temperature for 24 h. The solvent was removed in vacuo and the residue washed
with water (40 mL) and toluene (40 mL), and extracted in thf (20 mL). Crystals of
[NEts][HFes(CO)12(AuPPhz)2] suitable for X-ray analysis were obtained by slow diffusion of n-
hexane (40 mL) on the thf solution (yield 0.260 g, 26% based on Fe, 26% based on Au). The
residue insoluble in thf was further extracted in acetone (20 mL) and afforded crystals of the
known [NEts]2[Fes(CO)13] (90 mg) after slow diffusion of n-hexane (40 mL).
CseHs1AuzFesNO12P2 (1609.25): caled. C 41.79, H 3.19, N 0.87, Fe 13.88, Au 24.48; found: C
41.98, H 2.94, N 1.08, Fe 13.56, Au 24.69. ESI-MS (CH3CN) multiplets centred at m/z (relative
intensity in parentheses): 1479(100) ([HFes(CO)12(AuPPhz)2]"), 935(30) ([Fe3(CO)11(AuPPhs)])
and 795(50) ([Fe2(CO)s(AuPPh3)]"). IR (nujol, 293 K) v(CO): 2016(vs), 1958(sh), 1937(vs),
1919(sh), 1880(m) cm2. IR (thf, 293 K) v(CO): 2016(vs), 1955(vs), 1944(sh), 1890(m) cm™.
IR (acetone, 293 K) v(CO): 2017(vs), 1957(vs), 1944(sh), 1890(m) cm™. IR (CH3CN, 293 K)
v(CO): 2017(vs), 1955(vs), 1889(m) cm™2. IR (dmf, 293 K) v(CO): 2015(vs), 1954(vs), 1942(sh),
1888(m) cm L. 'H NMR (CD3sCOCD3, 298 K) § (ppm): 7.43-7.16 (m, 30H, Ph), 3.35 (q, 3Jkn =
7.2 Hz, 8H, NCH2CHj3), 1.26 (t, 3Jun = 7.2 Hz, 12H, NCH,CHs3), -19.54 (s, 1H, hydride).

T1 for the hydride proton (CD3COCDs3, 298 K): 23 s. 3'P{*H} NMR (CD3sCOCD3, 298 K) §
(ppm): 57.3 (s). 3P{*H} NMR (CD3COCDs, 193 K) & (ppm): 55.7 (s). BC{*H} NMR
(CD3COCDs, 298 K) & (ppm) *CO enriched sample (only the CO region is given): 222.4 (s).
BC{*H} NMR NMR (CD3sCOCDs3, 193 K) & (ppm): 222.5 (s).

Synthesis of HFe4(CO)12(AuPPhs)s

HBF4-Et20 (30 pL, 0.22 mmol) was added
dropwise to a solution of
[NEts][HFes(CO)12(AuPPh3),]  (0.330 g,
0.205 mmol) in CH3CN (30 mL) and the
resulting mixture stirred at room temperature for 1 h. The solvent was removed in vacuo and the
residue washed with water (20 mL) and toluene (20 mL), and extracted in CH2Cl> (10 mL).
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Crystals of HFes(CO)12(AuPPha)z suitable for X-ray analysis were obtained by slow diffusion of
n-hexane (30 mL) on the CH2Cl> solution (yield 0.050 g, 13% based on Fe, 19% based on Au).

The same HFe4(CO)12(AuPPhs)s hydride has been obtained using D2SO4 instead of HBF-Et0.
This confirms that the hydride ligand in the final neutral cluster derives from the starting
[NEts][HFes(CO)12(AuPPhgz).] anion.

The compound is soluble in CHxCl. and thf, whereas it mainly dissociates to
[HFe4(CO)12(AuPPhs)2]~ in more polar solvents, such as acetone and CHsCN. The compound
decomposes during ESI-MS analyses.

CesHasAusFesO12P3 (1938.24): calcd. C 40.90, H 2.39, Fe 11.54, Au 30.49; found: C 40.64, H
2.07, Fe 11.89, Au 30.78. IR (nujol, 293 K) v(CO): 2029(vs), 1982(s), 1967(w), 1965(m),
1946(sh), 1938(w), 1929(w), 1920(m), 1899(vs), 1872(w), 1857(w) cm™. IR (CHCl, 293 K)
v(CO): 2015(vs), 1985(w), 1956(m) cmL. IR (thf, 293 K) v(CO): 2035(w), 2014(vs), 1986(w),
1960(m), 1943(m), 1895(sh) cm*. *H NMR (CD-Clz, 298 K) & (ppm): 7.24 (m, 45H, Ph), -19.14
(s, 1H, hydride). T1 for the hydride proton (CD2Cly, 298 K): 16 s. 3'P{*H} NMR (CD:Cl>, 298
K) § (ppm): 56.4 (s). *P{*H} NMR (CD:Cl3, 203 K) & (ppm): 55.0 (s). 3C{*H} NMR (CDCls,
298 K) & (ppm) 2CO enriched sample (only the CO region is given): 218.0 (s). *C{*H} NMR
NMR (CD2Cl,, 203 K) & (ppm): 218.2 (s).
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