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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 

Flammarionôs engraving, represents the human thirst for knowledge. According to this 

representation, scientific knowledge consists of familiar things whereas the infinit y 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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1.1 Ludwi g Mond and the Serendipitous Discovery of Nickel Tetracarbonyl 

Although platinum carbonyls of Schützenberger were the first metal carbonyls to be discovered, 

for fifty years ñpotassium carbonylò 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 Schützenberger (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)Cl2 and Pt(CO)2Cl2 [4]. Schützenberger reported this brilliant observation as 

follows [4]: 

ñThey 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.ò 

Several years passed before confirming that the ñmonocarbonyl compoundò 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.1 

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]: 

ñOn the laboratory scale these nickel valves worked perfectly, but when I applied them on 

a manufacturing scale I found them to be acted upon and very soon to become leaky. The 

                                                 
1 The recovery consisted in vaporizing ammonium chloride into ammonia and hydrochloric acid. Ammonia was 

reintegrated in the process while vapors of HCl were passed over metallic oxides, which was later submitted to the 

reaction of air in order to generate chloride at suitable temperature.  



Chapter 1 

  

9 

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

carbon.ò 

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

was the quality of the CO2, that was used to eject the ammonia chloride vapors: 

 ñéon 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.ò 

 

Figure 1.1 Ludwig Mond and the representation of Langerôs 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.2 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 CO2 with formation of an 

equivalent amount of hydrogen. In view of the acid nature of CO2, it can be readily separated from the gas mixture. 
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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 

depositedéand on heating the tube through which the gas was escaping we obtained a 

metallic mirror, while the luminosity disappearedò. 

In the attempt to isolate this ñcurious and interesting substanceò 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 Langerôs 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 metalsò. 

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)4, 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)6 and W(CO)6 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,3  (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)5, 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. 

http://en.wikipedia.org/wiki/William_Thomson,_1st_Baron_Kelvin
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uncertainty, it was necessary the genius of Hieber in order to obtain a radical change as it is 

documented in his personal account [12]:   

 ñ... it was only in the autumn of 1927 at the Institute of Chemistry of the University of 

Heidelberg that I took up research experiments with iron pentacarbonyl, which was 

kindly provided by Dr. A. Mittasch of BASF é 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!ò 

 

Figure 1.2 Hieber with his assistant during a lecture on the laboratory course at Technische Hochschule 

M¿nchen. In the right, the list of metal carbonyls discovered before the beginning of Hiberôs works. 

* At that time the compound was formulated as [Fe(CO)4]n (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 fanôs 

speculation than scientific supposition. Differently, the Hieberôs assumption was based on 

systematic investigations obtained by experimental techniques, considered ñsophisticatedò at 

those times, that have become standard today. He started to study the ñReaktionen und Derivate 

des Eisencarbonylsò observing that carbon monoxide of Fe(CO)5 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 ñclustersò such as [Fe2(CO)8]
2-, [Fe3(CO)11]

2- and 

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



Historical Introduction  

12 

 

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.  

 

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]:  

ñI can still remember the day when I was able to freeze out a volatile water-clear liquid 

from the decomposition of the ethylenediamine containing iron carbonyl, identifying it as 

H2Fe(CO)4ò 

On the basis of the similar properties of H2Fe(CO)5, HCo(CO)4 and Ni(CO)4,  Hieber 

postulated a direct hydrogen-metal bond considering the H2Fe 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 Hieberôs 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, 

Hieberôs postulate was supported by Hein with this brilliant experimental consideration [15]: 

ñThe 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 Ni2(CO)2L2 

shows the same elemental analysis of the [NiL 6]2+[Ni 2(CO)6]2- 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(CO)4]2 by elimination of elemental 

hydrogen.ò 

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. 

 

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 Rh6(CO)16. 

 

The first evidence of a short distance (ca. 2.5 Å) between two metals in a polynuclear 

carbonyl compound was observed by a structural determination of Fe2(CO)9 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 
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distances in the carbonyl ligands lead to conclude the presence of a ů/́ synergic effect on the 

metal-carbonyl bonds.  

Sometimes, the structural x-ray determinations of some clusters5 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) ñStar of Davidò arrangement due to the overlap of two Fe3(CO)12 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 ñStar of Davidò arrangement with six half iron atoms [19]. On the base on 

Mössbauer 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 ñdefinitiveò structural resolution had happen 

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

 

1.4 Metal Carbonyl Cluster: the Milanoôs school 

In the last three decades of the twentieth century, following Walter Hieberôs 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 Milanôs 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]: 

 ñhe 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; é he regarded personal 

ambition as beneficial as long as it did not become predominant and therefore detrimental 

to the progress of science.ò  

 

Figure 1.6 Left: Chiniôs 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 clustersô nuclearity through the change of 

their redox state. He used the term redox condensation6 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. 

                                                 
6 The first example of redox condensation was reported by Hieber and Schubert in 1965 for the synthesis of  

[Fe4(CO)13]2- [23]: 

[Fe3(CO)11]2- + Fe(CO)5 Ÿ [Fe4(CO)13]2- + 3CO 
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Figure 1.7 The discovery of some key compounds related to technological scientific progress. Ƶ 

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

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

Single crystal x-ray diffraction. Ƶ Use of CCD (charge-coupled-device) detector for x-ray diffractometer. 

Ƶ 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)8 and Cr(CO)6 that produced the new 

[Co6(CO)15]
2- cluster with an octahedral metal cage7  [27]. This frustrating condition had 

contributed to a negative affection to the clusterôs chemistry, as it was underlined by F. A. Cotton 

[28]: 

ñThere 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 

                                                 
7 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. 
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countryside and exclaiming with delight when fortunate enough to encounter a new 

specimen.ò 

Box 1.1 Syntheses of clusters: only serendipitous reactions? 

Generally, the different course of a clusterôs 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, Cottonôs 

statement can be considered as outdated.  

                

 

 

 

                                                                  [Ir(CO) 4]-                          [Re(CO)5(solvent)]+ 

                                                                                              
                   [Ir 4Re(CO)16]-                                                                                                                   IrRe(CO) 9  

 

 

A representative example is the serendipitous isolation of [Ir4Re(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)5]

- in order to obtain the unknown Ir(CO)4-

Re(CO)5. From the initial failure, it was possible to rationalize a new improved reaction:  

 [Ir4(CO)11Br]- + Re(CO)5
- Ÿ [Ir4Re(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 clusterôs 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, ñnew instruments and techniques are 

critical to the discovery process by which progress is measured.ò [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. 

 

 

 

 

 



 

 

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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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 ñcontaining 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 clusterò [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).  

 

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 

http://en.wikipedia.org/wiki/F.A._Cotton
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crystallography over the past decades have produced a wide number of high nuclearity8 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 ñsuperatomsò [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 [Ni32C6(CO)36]
6- 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 

ñionicallyò polydisperse hampering the isolation of single crystals suitable for X-ray 

crystallography.  

 

 

Figure 2.3 Molecular structure, EHMO frontier region and voltammetric profile of 

[Ni 32C6(CO)36]
6-. 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 

[Ni 32Pt24(CO)56]
6- [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]. 

 

 

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 

[Co8Pt4C2(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 [Co8Pt4C2(CO)24]
2- 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 1H NMR  

The 1H 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 1H 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.9 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 

H12Pd28Pt13(PPh3)12(PMe3)(CO)27 that displays a non-binomial triplet for the hydrides due to 

their coupling with 195Pt suggesting their localization inside the PtPd5 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 [H4-nNi22(C2)4(CO)28(CdBr)2]
n- (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 

                                                 
9 Many clusters contain hydrogen atoms attached directly to one or more metal centers. The hydrogen atom is more 

electronegative than the metal implying a ŭ- 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.  

 

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).  

 

 

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@Sn20]
12-, 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 composomers10 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., [Ni6(CO)12]
2-, [Co6C(CO)15]

2-, [Pt3n(CO)6n]
2- (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 + NB) and metal framework but different composition (NA/NB). From a theoretical point of view, the 

number of composomers can be calculated whit the following equation: 

ὖȟ
ὔȦ

ὔȦὔȦ
 

where N is the total number of atoms, NA and NB 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 

degradations11 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.   

 

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]
n+ 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. 

                                                 
11 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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 New Platinum Carbonyl Clusters 

 

 

 

 

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

the reactions of Chiniôs 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). 

 

 

Left: sketch of the columnar structure proposed by P. Chini for [Pt15(CO)30]
2- (from G. Longoni thesis, 

1967). Right: molecular structure of [Pt15(CO)30]
2- 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]2- (n = 1-10) Chiniôs Clusters 

Platinum carbonyls with formula Pt(CO)Cl2 and Pt(CO)2Cl2 reported by Schützenberger 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 [Pt3n(CO)6n]
2- (n = 

1-10) is recognized by the scientific community as the most spectacular result of Chiniôs work 

(figure 3.1.1). This series of inorganic oligomers was prepared either by reduction of Pt(CO)2Cl2 

with alkali metals in the presence of CO or, more conveniently, by reduction of [PtCl6]
2- with 

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

 

Figure 3.1.1 Molecular structures and stepwise oxidation of [Pt3n(CO)6n]2- (n = 2-4) clusters (Pt, green; 

C, grey; O, red). 

 

The first crystallographic studies revealed that the structures of the [Pt6(CO)12]
2-, 

[Pt9(CO)18]
2-, [Pt15(CO)30]

2- and [Pt18(CO)36]
2- clusters result from the stacking of Pt3(CO)3(µ2-

CO)3 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., [Pt12(CO)24]
2- [44], [Pt21(CO)42]

2- and [Pt24(CO)48]
2-.  

Concerning the reactions with phosphines, it has been previously reported that the 

addition of PPh3 to [Pt3n(CO)6n]
2ï (n = 2-6) results in the elimination of Pt(PPh3)2(CO)2 and 

formation of lower nuclearity [Pt3(nï1)(CO)6(nï1)]
2ï species [43]: 

ñWith triphenylphosphine the disproportion occurs with formation of Pt(0) species 

according to eq 7: 

[Pt3(CO)6] 3
2- + 6PPh3 Ÿ [Pt3(CO)6] 3

2- + 3Pt(PPh3)2(CO)2     (7) 

However, the stoichiometry of this reaction is further complicates by the equilibrium 

between Pt(PPh3)2(CO)2 and Pt(PPh3)3(CO).ò 

Supposing that these reactions might proceed initially via gradual substitution of up to 

three CO ligands with PPh3 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 

[Pt3n(CO)6n]
2ï (n = 2-6).  

 

3.1.2 Reactions of metal carbonyl clusters with phosphines 

Phosphine ligands are good ů-donors and poor ́-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)3 or PF3. 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 PR3 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 s-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 [Ni13Sb2(CO)24]
3ï 

into [Ni11Sb2(CO)18]
3ï by addition of PPh3 and elimination of Ni(CO)3(PPh3). In very few cases, 

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

upon treatment with PPh3, such for instance the formation of [Ni16(C2)2(CO)23]
4ï [45] by reacting 

[Ni 10(C2)(CO)16]
2ï with PPh3 (figure 3.1.2).  

 

Figure 3.1.2 The Ni16C4 framework of [Ni16(C2)2(CO)23]4ï may be viewed as the formal condensation of 

two unsaturated Ni8C2 fragments obtained by the elimination of Ni atoms as Ni(CO)3(PPh3) from 

[Ni 10(C2)(CO)16]2ï (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/PR3 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)4, Pt4(CO)5(PR3)4, Pt5(CO)6(PR3)4 (figure 3.1.3 a) and 

Pt6(CO)6(dppm)3, as well as a few larger neutral clusters [40]. The neutral Pt15(CO)8(
tBu3P)6 

(figure 3.1.3 b) and Pt17(CO)12(PEt3)8 are particularly worth of mention. They may be also 

envisioned as surface-decorated clusters. Indeed the structures of Pt17(CO)12(PEt3)8 consists of a 

Pt-centered Pt12 icosahedron decorated by two Pt2(PEt3)2(CO) units whereas the structure of 

Pt15(CO)8(
tBu3P)6 may be viewed as Pt-centered Pt12 anticuboctahedron decorated by two 

Pt(tBu3P) wings [40].  
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                     (a)                                                                                    (b) 

Figure 3.1.3 Molecular structure of (a) Pt5(CO)6(PR3)4 and (b) Pt15(CO)8(tBu3P)6 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 Pt12 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 [Pt12(CO)24]
2ï results in the 

gradual and continuous lowering of both terminal and bridging n(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 PPh3 to [Pt12(CO)24]
2ï, the n(CO) bands are 

lowered to 2042(s) and 1854(m) cmï1, which is perfectly in the middle between the n(CO) 

stretchings displayed by [Pt12(CO)24]
2ï and the structurally characterized [Pt12(CO)22(PPh3)2]

2ï. 

This suggests the formation of the mono-substituted anion [Pt12(CO)23(PPh3)]
2- (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 31P{1H} NMR spectroscopy (table 3.1.1 

and 3.1.2). The 31P{1H} NMR spectrum shows the presence of two main species in a 3 : 1 ratio. 

The minor product, which shows a multiplet centered at dP 50.6 ppm, is [Pt12(CO)22(PPh3)2]
2ï as 

indicated by comparison to the spectrum of the pure species (see section 3.1.6). The major 

species displays a similar pattern at dP 49.4 ppm with 1JPt-P = 5081 Hz (to one Pt) and 2JPt-P = 551 

Hz (to two equivalent Pt-atoms), in agreement with the formation of [Pt12(CO)23(PPh3)]
2ï, in 

which the PPh3 ligand is terminally bonded to a Pt3 triangle. The ESI-MS spectrum of a CH3CN 

solution containing [Pt12(CO)24]
2ï and one equivalent of PPh3 displays peaks at m/z (relative 

intensity in parentheses) 1506(100), 1130(10), 1625(5) and 1883(5) attributable to [Pt12(CO)24]
2ï, 

[Pt9(CO)18]
2ï, [Pt12(CO)23(PPh3)]

2ï, [Pt15(CO)30]
2-. 
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Figure 3.1.4 IR spectra in the ɡ(CO) region obtained by the stepwise addition of PPh3 to an acetone 

solution of [Pt12(CO)24]2ï: 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 31P{1H} 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 31P{1H} 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)]
2ï species. In addition, the spectroscopic data indicate that after the addition 

of one equivalent of PPh3 to [Pt12(CO)24]
2ï a mixture of products is present. Therefore, the first 

and second CO substitutions occur partially in parallel and not perfectly in sequence.  

Similarly, the 31P{1H} NMR spectrum recorded after the addition of two equivalents of 

PPh3 to an acetone solution of [Pt12(CO)24]
2ï shows the presence of a mixture where the PPh3-

derivatives are mainly [Pt12(CO)22(PPh3)2]
2ï, [Pt9(CO)16(PPh3)2]

2ï and [Pt9(CO)17(PPh3)]
2ï. 

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]
2ï, [Pt12(CO)23(PPh3)]

2ï and [Pt12(CO)22(PPh3)2]
2ï as the major species display a 

typical green color. 

After the addition of 3 equivalents of PPh3 to [Pt12(CO)24]
2ï the solution turns from green 

to red and the n(CO) bands are shifted to 2024(s) and 1830(m) cmï1 significantly below the 

values reported for the red [Pt9(CO)18]
2ï anion [n(CO) 2029(s), 1839(m) cmï1]. 31P{1H} NMR 

spectroscopy shows the presence of a major species at dP 53.7 ppm with 1JPt-P = 5022 Hz (to one 

Pt) and 2JPt-P = 556 Hz (to two equivalent Pt-atoms), attributable to [Pt9(CO)17(PPh3)]
2ï.  

Formation of [Pt9(CO)17(PPh3)]
2ï starting from [Pt12(CO)24]

2ï may be described by 

equation (1): 
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[Pt12(CO)24]
2ï + 3PPh3 Ÿ [Pt9(CO)17(PPh3)]

2ï + Pt3(CO)3(PPh3)3 + 3CO      (1) 

 

 

Figure 3.1.5 Reaction of [Pt3n(CO)6n]2- (n = 2-4) Chiniôs Clusters with increasing amount of PPh3. For 

the sake of clarity, only the Pt-P frameworks are reported (Pt, green; P, orange). 

 

Box 3.1.1 Reaction of Chiniôs 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 PPh3. In the case of [Pt3n(CO)6n]
2- (n = 2-6) 

Chiniôs 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 PPh3 substitution in [Pt9(CO)18]2-. 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 PPh3 is 145° in the middle of the typical range of the phosphines, i.e., from 106° for 

PPhH2 to 182° for P(tBu)3 (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.  

 

Compound 
 ŭP 

(ppm) 

1JPt-P 

(Hz) 

2JPt-P 

(Hz) 

[Pt12(CO)23(PPh3)]2ï  49.4 5081 551 

[Pt12(CO)22(PPh3)2]2ï  50.6 5102 551 

[Pt9(CO)17(PPh3)]2ï  53.7 5022 556 

[Pt9(CO)16(PPh3)2]2ï  54.3 5144 556 

[Pt9(CO)15(PPh3)3]2ï 

 55.0 a 5338 549 

 57.3 b 5215 530 

[Pt6(CO)11(PPh3)]2ï  55.6 5222 540 

[Pt6(CO)10(PPh3)2]2ï  56.5 5301 566 

Table 3.1.1 31P{1H} NMR data of PPh3-derivatives of [Pt3n(CO)6n]2- (n = 2-4) Chiniôs Clusters recorded 

at room temperature in deuterated acetone. a Corresponding to a single P-atom. b Corresponding to two P-

atoms. 3JP-P = 50 Hz.  

 

Formation of Pt3(CO)3(PPh3)3 as side product was confirmed by IR and 31P{1H} NMR 

spectroscopy. Moreover, the same compound [Pt9(CO)17(PPh3)]
2ï may be obtained by the 

reaction of [Pt9(CO)18]
2ï with one equivalent of PPh3. In this case, the 31P{1H} NMR spectrum 
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of a solution shows that [Pt9(CO)17(PPh3)]
2ï and [Pt9(CO)16(PPh3)2]

2ï are the major species 

present in a ca. 2 : 1 ratio. 

Reagents   Products * 

Starting Material  PPh3 eq   Pt12L Pt12L2 Pt9L Pt9L2 Pt9L3 

[Pt12(CO)24]2-   1   75 25 / / / 

  2  t 48 20 32 / 

[Pt9(CO)18]2- 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]2- or [Pt9(CO)18]2- with an increasing amount 

of PPh3 (t = trace; Pt12L, [Pt12(CO)23L] 2-; Pt12L2, [Pt12(CO)22L2]2-; Pt9L, [Pt9(CO)17L] 2-; Pt9L2, 

[Pt9(CO)16L2]2-; Pt9L3, [Pt9(CO)15L3]2-). * Percentage of PPh3-derivatives without taking into account the 

presence of the other homoleptic species as inferred by 31P{1H} NMR experiments. 

 

The addition of four equivalents or two equivalents of PPh3, respectively, to [Pt12(CO)24]
2ï  

[Pt9(CO)18]
2ï results in a mixture of products containing [Pt9(CO)16(PPh3)2]

2ï and 

[Pt9(CO)15(PPh3)3]
2ï as the major species together with minor amounts of [Pt9(CO)17(PPh3)]

2ï 

and [Pt12(CO)22(PPh3)2]
2ï as determined by 31P{1H} NMR spectroscopy. The IR of this solution 

display n(CO) bands formally attributable to [Pt9(CO)16(PPh3)2]
2ï. This is further corroborated 

by the fact that [Pt9(CO)16(PPh3)2]
2ï has been isolated in crystalline sample (see section 3.1.6) 

from the reaction of [Pt9(CO)18]
2ï with two equivalent of PPh3. These results further confirm that 

the first and second CO substitution reactions occur partially in parallel. Moreover, a third CO 

may be replaced, affording [Pt9(CO)15(PPh3)3]
2ï. Its 31P{1H} NMR spectrum shows two 

multiplets in a 2 : 1 ratio centered at dP 57.3 and 55.0 ppm, respectively. The former displays 

1JPt-P = 5215 Hz (to one Pt atom), 2JPt-P = 530 Hz (to two Pt-atoms) and 3JP-P = 50 Hz (to one P-

atom), whereas the latter resonance displays the same pattern as the mono- and di-substituted 

clusters, with 1JPt-P = 5338 Hz (to one Pt atom) and 2JPt-P = 549 Hz (to two Pt-atoms).  

These data suggest that in the structure of [Pt9(CO)15(PPh3)3]
2ï two PPh3 ligands are 

bonded to one external triangle and the third phosphine ligand to the other external Pt3-triangle. 

P-P coupling is present between the two PPh3 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 PPh3 ligand can be ruled out on the basis of the observed 31P{1H} NMR 

pattern, whereas the isomer containing three PPh3 ligands bonded to the same triangle would 

show a single resonance.  Further addition of PPh3 results in an orange solution displaying n(CO) 

stretchings at 2001(s) and 1800(m) cmï1, corresponding to [Pt6(CO)12]
2ï. Its formation is in 

accord to equation (2): 

[Pt9(CO)18]
2ï + 3PPh3 Ÿ [Pt6(CO)12]

2ï + Pt3(CO)3(PPh3)3 + 3CO     (2) 
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The formation of Pt3(CO)3(PPh3)3 has been confirmed by means of IR and 31P{1H} NMR 

spectroscopy. Addition of PPh3 to [Pt6(CO)12]
2ï does not result in any significant change in its 

n(CO) bands and, only after the addition of a large excess of phosphine (>15 equivalents), 

[Pt6(CO)12]
2ï is degraded to Pt3(CO)3(PPh3)3, Pt(PPh3)2(CO)2 and Pt(PPh3)3(CO), as indicated 

by IR and 31P{1H} NMR spectroscopy. The transformation of Pt3(CO)3(PPh3)3 into 

Pt(PPh3)2(CO)2, Pt(PPh3)3(CO) and other low nuclearity neutral Pt/CO/PPh3 clusters after 

reaction with PPh3 has been previously described in the literature. It is noteworthy that after the 

addition of 5 equivalents of PPh3 to [Pt6(CO)12]
2ï in acetone, the solution displays n(CO) bands 

at 2001(s) and 1800(m) cmï1, confirming that [Pt6(CO)12]
2ï is the major species present in 

solution. Nonetheless, the 31P{1H} NMR spectrum reveals the presence also of 

[Pt6(CO)11(PPh3)]
2ï and [Pt9(CO)16(PPh3)2]

2ï (ca. 5 : 1 ratio) together with a minor amount of 

[Pt6(CO)10(PPh3)2]
2ï. Moreover, crystals of [Pt6(CO)10(PPh3)2]

2ï have been obtained by slow 

diffusion of n-hexane on solutions containing [Pt6(CO)12]
2ï and 10 equivalents of PPh3, even if 

IR spectroscopy indicated that [Pt6(CO)12]
2ï was the major species present in solution. 

 

3.1.5 Synthesis and characterization of [Pt12(CO)22(PPh3)2]2ï  

[Pt12(CO)24]
2ï reacts with two equivalents of PPh3 affording the new [Pt12(CO)22(PPh3)2]

2ï 

(figure 3.1.6 and table 3.1.3) anion in accord to equation (3): 

[Pt12(CO)24]
2ï + 2PPh3 Ÿ [Pt12(CO)22(PPh3)2]

2ï + 2CO     (3) 

The substitution of two CO ligands with the more basic PPh3 is confirmed by the lowering 

of the n(CO) stretchings. X-ray quality crystals of [NEt4]2[Pt12(CO)22(PPh3)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(PPh3)2] have been obtained in 

mixture with an amorphous powder containing [Pt9(CO)16(PPh3)2]
2ï and [Pt9(CO)17(PPh3)]

2ï. A 

few crystals have been mechanically separated from the amorphous solid for spectroscopic 

characterization. [NEt4]2[Pt12(CO)22(PPh3)2] displays n(CO) at 2032(s), 2002(w), 1825(s) and 

1780(s) in nujol mull, and 2036(s), 1848(m) cmï1 in acetone. Its 31P{1H} NMR spectrum in 

deuterated acetone is similar to the one of [Pt9(CO)16(PPh3)2]
2ï showing a multiplet at dP 50.6 

ppm with 1JPt-P = 5102 Hz (to one Pt) and 2JPt-P = 551 Hz (to two equivalent Pt-atoms).  
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                               (a)                                                  (b)  

Figure 3.1.6 Molecular structures of (a) [Pt12(CO)22(PPh3)2]2ï and (b) [Pt12(CO)24]2ï (Pt, green; P, orange; 

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

 

The molecular structure of [Pt12(CO)22(PPh3)2]
2ï is very similar to the parent 

[Pt12(CO)24]
2- dianion, being the replacement of two terminal CO with two PPh3 ligands the main 

difference. One terminal position of both external triangular units is occupied by a PPh3 ligand. 

The two PPh3 ligands are in a relative pseudo cis-position. 

 

  Pt-Pt    Pt-P 

  Intra-triangular Inter-triangular (a)     

[Pt12(CO)22(PPh3)2]2ï 2.6539(9)-2.6756(9) 3.0184(9)-3.2067(11)  2.281(4) 

 Average 2.666(2) Average 3.086(2)   

[Pt12(CO)24]2ï (b) 2.6587(5)-2.6707(5) 3.0465(5)-3.0597(5)  - 

 Average 2.6656(12) Average 3.0535(12)   

[Pt9(CO)16(PPh3)2]2ï 2.6597(8)-2.6814(9) 3.0015(9)-3.1098(8)  2.265(4)-2.287(4) 

 Average 2.670(2) Average 3.043(2)  Average 2.276(6) 

[Pt9(CO)18]2ï (b) 2.65(2)-2.67(8) 3.04(2)-3.06(2)  - 

 Average 2.66(9) Average 3.05(4)   

[Pt6(CO)10(PPh3)2]2ï (c) 2.6558(6)-2.6743(6) 3.0353(6) (e)  2.240(3) 

 Average 2.6644(10)    

[Pt6(CO)10(PPh3)2]2ï (d) 2.6584(6)-2.6787(6) 3.1380(6)-3.2079(6)  2.247(3) 

 Average 2.6694(10) Average 3.1729(8) (f)   

[Pt6(CO)12]2ï (b) 2.644(7)-2.659(3) 3.026(16)-3.049(17)  - 

  Average 2.653(10) Average 3.03(3)     

Table 3.1.3 Main bond distances of [Pt3n(CO)6n]2- (n = 2-4) and their PPh3-derivatives. (a) Only Pt-Pt 

interactions Ò 3.34 ¡ have been included. (b) From ref. [43], [44]. (c) As found in [NBu4]2[Pt6(CO)10(PPh3)2]. 
(d) As found in [NBu4]2[Pt6(CO)10(PPh3)2]·2thf. (e) Three sets of inter-triangular Pt-Pt contacts are present: 

3.0353(6), 3.3581(6), 3.5070(6) Å. (f) Three sets of inter-triangular Pt-Pt contacts are present: 3.1380(6), 

3.2079(6), 3.4310(6) Å. 
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 The intra-triangular Pt-Pt bonding distances and the the inter-triangular contacts of 

[Pt12(CO)22(PPh3)2]
2ï compare very well to that ones found in the parent [Pt12(CO)24]

2- dianion 

for what concerns their ranges and average values. This suggests that the replacement of CO 

with PPh3 does not alter the intra- and the inter-triangular bonding contacts. 

 

3.1.6 Synthesis and characterization of [Pt9(CO)16(PPh3)2]2ï  

The reaction of [Pt9(CO)18]
2ï in acetone with two equivalents of PPh3 results in the 

immediate formation of the new species [Pt9(CO)16(PPh3)2]
2ï in accord to equation (4): 

[Pt9(CO)18]
2ï + 2PPh3 Ÿ [Pt9(CO)16(PPh3)2]

2ï + 2CO     (4) 

The substitution of two CO ligands with the more basic PPh3 is confirmed by the lowering 

of the n(CO) stretchings. Moreover, single crystals suitable for X-ray analyses of 

[NBu4]2[Pt9(CO)16(PPh3)2] have been obtained by slow diffusion of n-hexane on the acetone 

solution.  

 

Figure 3.1.7 Molecular structure of [Pt9(CO)16(PPh3)2]2- (left) and its 31P{1H} 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 31P{1H} NMR spectrum of [Pt9(CO)16(PPh3)2]
2ï 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 dP 54.3 ppm with 1JPt-
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P = 5144 Hz (to one Pt) and 2JPt-P = 556 Hz (to two equivalent Pt-atoms). Each PPh3 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 13C and 195Pt NMR spectra of 

[Pt3n(CO)6n]
2ï (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(PPh3)2]
2ï, the molecular structure of [Pt9(CO)16(PPh3)2]

2ï is similar to 

the parent homoleptic dianion and the two PPh3 ligands are in a relative pseudo cis-position 

(figure 3.1.7 left).  

 

3.1.7 Synthesis and characterization of [Pt6(CO)10(PPh3)2]2ï  

A few single crystals of [NBu4]2[Pt6(CO)10(PPh3)2] and [NBu4]2[Pt6(CO)10(PPh3)2]·2thf  have 

been obtained by slow diffusion of n-hexane on acetone and thf solutions, respectively, 

containing [Pt6(CO)12]
2ï and 10 equivalents of PPh3.  

It must be remarked that the majority of the solid was composed of amorphous 

[Pt6(CO)12]
2ï and traces of [Pt9(CO)16(PPh3)2]

2ï, [Pt9(CO)15(PPh3)3]
2ï and [Pt6(CO)11(PPh3)]

2ï. 

This indicates that substitution of CO with PPh3 is more difficult in the small [Pt6(CO)12]
2ï 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 [NBu4]2[Pt6(CO)10(PPh3)2] and [NBu4]2[Pt6(CO)10(PPh3)2]·2thf display 

n(CO) at 1973(s), 1960(vs), 1794(m) and 1756(vs) in nujol mull. The 31P{1H} NMR spectrum 

of [Pt6(CO)10(PPh3)2]
2ï (in deuterated acetone) displays a pattern very similar to the ones 

reported for [Pt12(CO)22(PPh3)2]
2ï and [Pt9(CO)16(PPh3)2]

2ï, displaying a multiplet centered at dP 

56.5 ppm with 1JPt-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 [Pt6(CO)10(PPh3)2]
2ï (figure 3.1.8), as found in the two solvates, 

significantly differs from [Pt12(CO)22(PPh3)2]
2ï and [Pt9(CO)16(PPh3)2]

2ï, as well as the parent 

[Pt6(CO)12]
2ï. In particular the last is a trigonal prism composed of two Pt3(m-CO)3(CO)3

 units 

with ideal D3h symmetry. Conversely, [Pt6(CO)10(PPh3)2]
2ï, as found in both salts, is composed 

of two Pt3(m-CO)3(CO)2(PPh3) units, which are rotated by 180° (taking the two PPh3 ligands as 

references), ideally originating a trigonal anti-prism which should include six inter-triangular Pt-

Pt bonds. 

The structures of the [Pt6(CO)10(PPh3)2]
2ï anions depart from the ideal one, since only two 

inter-triangular Pt-Pt contacts in the [NBu4]2[Pt6(CO)10(PPh3)2] salt and four in 

[NBu4]2[Pt6(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 [Pt6(CO)10(PPh3)2]
2ï shows a different geometry from the parent 

[Pt6(CO)12]
2ï, whereas all higher nuclearity substituted and unsubstituted clusters are almost 

isostructural, is likely to be originated by steric repulsion between the two bulky PPh3 ligands in 

the smaller Pt6 cluster (figure 3.1.9).  

The slightly different structures found for [Pt6(CO)10(PPh3)2]
2ï 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.  

 

Figure 3.1.9 Metal frameworks of [Pt6(CO)12]2ï (a) and [Pt6(CO)10(PPh3)2]2ï as found in 

[NBu4]2[Pt6(CO)10(PPh3)2] ·2thf (b) and [NBu4]2[Pt6(CO)10(PPh3)2] (c). It has been arbitrarily decided to 

represent Pt-Pt bonds up to 3.34 Å, 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 Å; van der Waals radius 1.72 Å; Pt, 

green; P, orange). 
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Reactions of [Pt12(CO)24]
2- Chiniôs 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., ïCH2- and -NR-), flexible unit (e.g., -(CH2)n- and -(C5H4)Fe(C5H4)-) 

and rigid units (e.g., -C6H4- 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, Ph2PCH=CHPPh2 prefers to form a five-membered ring with the 

metal whereas Ph2PCH2PPh2 prefers to bridge a metal-metal edge, also forming a stable five-

membered ring. Instead, the stereochemistry and rigidity of Ph2P(1,4-C6H4)PPh2 are ideal in 

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

 

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 c) 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.12 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 H4Ru4(CO)10(Ph2PCH2CH2PPh2) 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 H4Ru4(CO)12 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]
2- with different 

bidentate phosphines, i.e., CH2=C(PPh2)2 (P^P), Ph2PCH2PPh2 (dppm), Ph2PCH2CH2PPh2 

(dppe), o-C6H4(PPh2)2 (dppb), Ph2P(CH2)4PPh2 (dppb*) and Ph2PC2PPh2 (P-P) (scheme 3.2.1) 

[50]. 

 

Scheme 3.2.1 Reactions of [Pt12(CO)24]2- 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 P^P and dppm have fully investigated and lead to new lower nuclearity 

clusters. Conversely, the reaction of [Pt12(CO)24]
2- 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-

C6H4(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 [HnPt4(CO)4(P^P)2]n+ (n = 0-2) clusters 

The reactions of [Pt12(CO)24]
2- with ca. 1.5 equivalents of P^P in acetone results in the neutral 

compound Pt4(CO)4(P^P)2 according to equation (1): 

4[Pt12(CO)24]
2ï + 6P^P Ÿ 4[Pt9(CO)18]

2ï + 3Pt4(CO)4(P^P)2 + 12CO      (1) 

Thus, after the addition of P^P, the green solution of [Pt12(CO)24]
2ï turns red in agreement 

with formation of [Pt9(CO)18]
2ï and the scarcely soluble Pt4(CO)4(P^P)2 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)4(P^P)2 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 CH2Cl2 (solubility 1.8 × 

10ï3 M).  

The neutral cluster Pt4(CO)4(P^P)2 is protonated by strong acids such as HBF4·Et2O in 

CH2Cl2 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 CH2Cl2 (scheme 3.2.2). 

 

Scheme 3.2.2 Protonation and deprotonation equilibria of [HnPt4(CO)4(P^P)2]n+ (n = 0-2). The n(CO) 

stretchings have been recorded in CH2Cl2. 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 [HPt4(CO)4(P^P)2]
+ results in the 

formation of the [H2Pt4(CO)4(P^P)2]
2+ di-hydride di-cation. As expected, the n(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)4(P^P)2][BF4]·xCH2Cl2 (x = 

1.47) and [H2Pt4(CO)4(P^P)2][(BF4)2H]2 have been obtained by slow diffusion of n-hexane on 

their CH2Cl2 solution. 
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Structure and NMR characterization of Pt4(CO)4(P^P)2 

The neutral Pt4(CO)4(P^P)2 cluster consists of a tetrahedral Pt4 core elongated along its C2 axis 

(figure 3.2.2 e table 3.2.1). The two edges of the elongated tetrahedron perpendicular to the C2 

axis are bridged by two P^P ligands and the coordination sphere of the cluster is completed by 

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

 
Table 3.2.1 Main Pt-Pt distances (Å) of [HnPt4(CO)4(P^P)2]n+ (n = 0-2) clusters.  

 
Figure 3.2.2 Molecular structure and 31P{1H} NMR spectrum of Pt4(CO)4(P^P)2 in CD2Cl2 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 P^P ligands whereas the two bonds almost parallel to 

the C2 axis have intermediate values.13 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 Å are considered bonding on the basis of the inter-planar distances between 

the triangular units in [Pt3n(CO)6n]2ï (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(PCy3)4]
+ and Pt4(CO)2(PCy3)4(ReO4)2. 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 Pt4(CO)5(PPhMe2)4 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)3(PPh3)(dppm)3]
2+. In these cases, five Pt-Pt contacts are well below 3 Å and, thus, at 

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

 

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(PH3)2 fragments. The above mentioned 

[HPt4(CO)7(PCy3)4]
+ as well as the poly-hydride cluster H8Pt4(P

iPr2Ph)4
 display the expected 

tetrahedral geometry with an electron count of 56 Cluster Valence Electrons (CVE). Conversely, 

Pt4(CO)2(PCy3)4(ReO4)2
 and [H7Pt4(PBu3)4]

+ are tetrahedral with 54 CVE and also some 

examples of electron poorer tetrahedral Pt clusters are known, e.g., [H2Pt4(PBu3)4]
2+ (48 CVE) 

and H2Pt4(PBu3)4 (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., [H2Pt4(dppm)2(PPh2)2(m-I)2]
2+. Nonetheless, the 

deprotonated species Pt4(dppm)2(PPh2)2I2 displays a butterfly structure (sixth Pt···Pt contact 

4.69 Å) 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 31P {1H} NMR spectrum of Pt4(CO)4(P^P)2 recorded at 298 K in CD2Cl2 displays a 

complex multiplet centred at dP 28.1 ppm. Coordination of P^P to the cluster results in a 

considerable shift towards higher frequencies of the 31P 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 1JPtP = 2712 Hz. This shows a 

typical value for a phosphine ligand directly bonded to a Pt cluster. The 1H 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 =CH2.  

  

Structure  and NMR characterization of [HPt4(CO)4(P^P)2] + 

The molecular structure of the [HPt4(CO)4(P^P)2]
+ mono-hydride cluster has been determined as 

its [HPt4(CO)4(P^P)2][BF4]·xCH2Cl2 (x = 1.47) and [HPt4(CO)4(P^P)2][B2F7] salts that contain 

exactly the same molecular cluster (figure 3.2.3).  [HPt4(CO)4(P^P)2]
+ mainly differs from the 

parent Pt4(CO)4(P^P)2 cluster because of the presence of a m-H bridging the Pt1-Pt2 edge resulting 

in its elongation compared to the neutral molecule (table 3.2.1). Elongation of M-M bonds after 

addition of a m-H ligand has been explained on the basis of the three centre/two electron bond 

description.  

The 1H NMR spectrum shows a resonance centred at d -2.40 ppm composed of several 

lines, due to the coupling of the hydride with four equivalent Pt-atoms (avJPtH = 286 Hz) and four 

equivalent P-atoms (avJPH = 37 Hz). This assignment has been corroborated by simulating the 1H 

NMR spectrum with the program gNMR 5.0.6.0.  The JPtH and JPH are lower than excepted for a 

direct coupling, since the larger 1JPtH and 2JPH coupling constants are time-averaged with smaller 

multiple bond coupling constants.  
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Figure 3.2.3 Molecular structure and 1H NMR spectra of [HPt4(CO)4(P^P)2]+ in CD2Cl2 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, Hhydride, 

purple). 

 

 
Scheme 3.2.3 Possible mechanism for the fluxionality of hydride in [HPt4(CO)4(P^P)2]+ (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 AAôBBôMXXôYYô system (A, B are 

Pôs; M is H; X and Y are Ptôs). Similarly, the 31P {1H} NMR spectrum recorded at 298 K displays 
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a single resonance at 16.8 ppm with 1JPtP = 3010 Hz, whereas the other coupling constants could 

not be resolved. Coalescence in the 31P {1H} NMR spectrum is observed only at 183 K and, at 

173 K two very broad resonances start to appear at dP 6.4 and 23.4 ppm. Conversely, the 1H 

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 Pt4(CO)4(P^P)2 and [H2Pt4(CO)4(P^P)2]
2+ (see below) are not 

fluxional, it is possible to conclude that the dynamic behaviour observed for [HPt4(CO)4(P^P)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 JPtH and JPH are 

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

 

Structure and NMR characterization of [H2Pt4(CO)4(P^P)2] 2+ 

The molecular structure of the [H2Pt4(CO)4(P^P)2]
2+ di-hydride di-cationic cluster has been 

determined as its [H2Pt4(CO)4(P^P)2][(BF4)2H]2 salt (figure 3.2.4).14  

 

 

Figure 3.2.4 Left: molecular structure of [H2Pt4(CO)4(P^P)2]2+ cluster. Right: (a) 1H NMR and (b) 31P{1H} 

NMR spectra of [H2Pt4(CO)4(P^P)2]2+ in CD2Cl2 at 298 (Pt, green; P, orange; C, grey, O, red; H, white, 

Hhydride, purple). 

 

This contains the unusual [(BF4)2H]- H-bonded anion. The [H2Pt4(CO)4(P^P)2]
2+ di-

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

                                                 
14 The [(BF4)2H]ï anion is the result of the formation of an adduct between BF4

ï and unreacted HBF4 in accord with 

the following equation: 

Pt4(CO)4(P^P)2 + 4HBF4 Ÿ [H2Pt4(CO)4(P^P)2]2+ + 2[(BF4)2H]ï 
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second m-H ligand on Pt3-Pt4. This restores the symmetrical structure of the Pt4(CO)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 Pt1-Pt2 and Pt3-Pt4 

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 1H NMR spectrum of [H2Pt4(CO)4(P^P)2]
2+ shows a broad resonance at dH 9.52 ppm 

attributable to the [(BF4)2H]ï anion, and a complex multiplet at ï4.00 ppm due to the hydride 

ligands (1JPtH = 579 Hz; 2JPtH = 25 Hz; 2JPH = 64 Hz; 3JPH = 11 Hz).15 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 AAôAôôAôôôMMôXXôXôôXôôô second order system (A = 

P, M = H; X = Pt). Simulation of the 1H NMR spectrum with the above parameters supports the 

assignment of the coupling constants.  

The 31P {1H} NMR spectrum in CD2Cl2 at 298 K displays a unique complex resonance at 

dP 4.6 with 1JPtP = 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 [HPt4(CO)4(P^P)2]
+, both 1H and 31P {1H} NMR spectra of 

[H2Pt4(CO)4(P^P)2]
2+ are not fluxional, as found also for the neutral Pt4(CO)4(P^P)2. This 

suggests that the fluxionality observed for [HPt4(CO)4(P^P)2]
+ is due to its non-symmetrical 

structure. 

 

Synthesis of [HxPt6(CO)6(P^P)3] y+ by oxidation of [HPt4(CO)4(P^P)2] + 

The reaction of [HPt4(CO)4(P^P)2]
+ with Au(PPh3)Cl leads to a new compound with formula 

[HxPt6(CO)6(P^P)3]
y+ (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 

[HPt4(CO)4(P^P)2]
+ results in its complete decomposition.   

Preliminary X-ray studies show a Pt6 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, 1JPtH (579 Hz) displays the typical value for a direct H-Pt coupling in µ-H hydride clusters, whereas the 

lower value of 2JPtH (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 2JPH (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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Figure 3.2.5 (a) Molecular structure of [HxPt6(CO)6(P^P)2]y+ and (b) its Pt6(CO)6(P^P)3 core (Pt, green; 

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

 

3.2.4 Synthesis and characterization of Pt6(CO)6(dppm)3 

The reaction of [Pt12(CO)24]
2ï in acetone with ca. 2 equivalents of dppm results in the formation 

of a dark red-purple precipitate of Pt6(CO)6(dppm)3 (figure 3.2.6) and a red solution containing 

[Pt9(CO)18]
2ï, according to equation (2): 

2[Pt12(CO)24]
2ï + 3dppm Ÿ 2[Pt9(CO)18]

2ï + Pt6(CO)6(dppm)3 + 6CO      (2) 

 

Figure 3.2.6 Molecular structures of (a) Pt6(CO)6(dppm)3 and (b) [Pt6(CO)12]2ï (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 CH2Cl2, 

where it displays n(CO) at 1836(w), 1795(s) and 1751(m) cmï1, as previously reported for 

Pt6(CO)6(dppm)3.
16 

The crystal structure of Pt6(CO)6(dppm)3 fully confirms the one proposed in the original 

paper, and the cluster is isostructural with the palladium analog. This is composed of a Pt6 

trigonal prismatic core possessing D3h symmetry to which are coordinated six m-CO ligands 

bridging intra-triangular Pt-Pt edges and three m-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 [Pt6(CO)12]
2ï. 

 

3.2.5 Reaction of [Pt12(CO)24]2ï with other bidentate phosphines 

The reaction of [Pt12(CO)24]
2ï in acetone with increasing amounts of o-C6H4(PPh2)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]
2ï into [Pt9(CO)18]

2ï. 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 CH2Cl2 where 

it surprisingly does not display any n(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 CH2Cl2 

solution, showing that it consists of a tetrahedral Pt(dppb)2 complex. Its formation may be 

explained by equation (3): 

[Pt12(CO)24]
2ï + 6dppb Ÿ [Pt9(CO)18]

2ï + 3Pt(dppb)2 + 6CO      (3) 

 The Pt(dppb)2 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 [NBu4]2[Pt9(CO)18] (major product) and a very few crystals of 

[Pt(dppb)2][Pt9(CO)18]·2CH3COCH3 (figure 3.2.7). Probably, the presence of traces of air forces 

the partial oxidation of the platinum complex affording the [Pt(dppb)2]
2+ cation. The salt consists 

on a square-planar [Pt(dppb)2]
2+ cation and a trigonal prismatic [Pt9(CO)18]

2ï anion.  

                                                 
16 Pt6(CO)6(dppm)3 was originally obtained in high yields by the reduction of equimolar amounts of PtCl2(SMe2)2 

and PtCl2(dppm) with NaBH4 under CO atmosphere. This represents a botton-up reaction comparted to our top-

down synthesis.  
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Figure 3.2.7 Molecular structures of (a) Pt(dppb)2, (b) [Pt(dppb)2]2+ and (c) view of the of crystal packing 

[Pt9(CO)18][Pt(dppb)2]Ā2acetone (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]
2ï with Ph2PCſCPPh2. 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 Pt8(CO)6(Ph2PCſCPPh2)2(CſCPPh2)2(PPh2)2 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 PPh2 and CſCPPh2 units that act as ligands in the complex. The Ph2PCſCPPh2, 

CſCPPh2 and PPh2 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) × 10 + 6(CO) × 2 + 2(Ph2PCſCPPh2) × 6 + 2(CſCPPh2) × 5+ 2(PPh2) × 3 = 128 e-       (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 [Pt12(CO)24]
2- with dppb* and dppe give uncharacterized 

amorphous products that are completely insoluble in all solvents. In the case of dppb*, the 

product displays n(CO) bands in Nujol mull at 2012(s), 1830(m) similar to those shown by 

[Pt9(CO)16(PPh3)2]
2-. On the basis of this spectroscopic evidence, it is possible to speculate that 

the compound is probably an anionic {Pt9(CO)16(dppb)2-}Ð infinite polymer with the dppb* 

ligands bridging between clusters units. 
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Figure 3.2.8 (a) Molecular structures of Pt8(CO)6(Ph2PCſCPPh2)2(CſCPPh2)2(PPh2)2 its (b) 

Pt8(CO)6(PCſCPP)2(CſCP)2(P)2 core as found in 

Pt8(CO)6(Ph2PCſCPPh2)2(CſCPPh2)2(PPh2)2ĀCH3COCH3. The PtA and PtB 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 CdX2·nH2O salts (X = Cl, Br, I) 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+/H2 redox 

couple, since the Cd2+/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 [Pt6(CO)12]
2ï 

and CdCl2·nH2O to give {[Pt9(CO)18(m3-CdCl2)2]
2ï}Ð infinite chains, via oxidation of 

[Pt6(CO)12]
2ï to [Pt9(CO)18]

2ï and coordination of CdCl2 to the latter [52].  

Conversely, the reaction of [Pt6(CO)12]
2- with a excess of CdX2·nH2O in dmf at 120°C 

afforded [Pt13(CO)12{Cd5(m-Br)5Br2(dmf)3} 2]
2ï [53] according to equation (1): 

13[Pt6(CO)12]
2ï + 60CdBr2 + 11H2O + 36dmf Ÿ 6[Pt13(CO)12Cd10Br14(dmf)6]

2ï + 36Brï + 

 22H+  + 11CO2 + 73CO  (1)   

An excess of CdX2·nH2O was used in order to avoid the formation of brown 

homometallic Pt-clusters, which are usual products of the thermal decomposition of Chiniôs 

clusters.  

The core of the cluster is composed by a Pt-centred Pt13 icosahedron sandwiched between 

two Cd5(m-Br)5Br2(dmf)3 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 Cd5(m-Br)5Br2(dmf)3 fragments are 

coordinated to the Pt13-core via face-bridging Cd-Pt3 interactions, originating a D5d Pt13Cd10 

metal frame.  

Differently, the reaction of [Pt9(CO)18]
2ï with CdBr2·H2O at 120°C leads the larger 

[Pt19(CO)17{Cd5(m-Br)5Br3(Me2CO)2}{Cd 5(m-Br)5Br(Me2CO)4}]
2ï nanocluster (figure 3.3.2) 

[53]. The molecular structure of this cluster anion consists of a Pt19 interpenetrated double-

icosahedron sandwiched along the unique idealised C5 axis by one Cd5(m-Br)5Br3(Me2CO)2 and 

one Cd5(m-Br)5Br(Me2CO)4 ring. These are similar to the Cd5(m-Br)5Br2(dmf)3 rings found 
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in [Pt13(CO)12{Cd5(m-Br)5Br2(dmf)3} 2]
2ï, apart from the different distribution of Br and solvent 

molecules. 

 

                                                    (a)                                                     (b) 

Figure 3.3.1 (a) Molecular structure of [Pt13(CO)12{Cd5(m-Br)5Br2(dmf)3} 2]2ï. (b) Its [Pt13(CO)12]8- core 

and the two [Cd5(m-Br)5Br2(dmf)3]3+ moieties (Pt, green; Cd, yellow; Br, orange; N, blue; C, grey; O, red; 

H, white).  

 

 

Figure 3.3.2 (a) Molecular structure of [Pt19(CO)17{Cd5(m-Br)5Br3(Me2CO)2}{Cd 5(m-

Br)5Br(Me2CO)4}] 2ï, (b) its [Pt19(CO)17]8- core compared to (c) [Pt19(CO)22]4-  homometallic cluster (Pt, 

green; Cd, yellow; Br, orange; C, grey; O, red; H, white).  

 

The Pt19 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{Cd5(m-

Br)5Br3(Me2CO)2}{Cd 5(m-Br)5Br(Me2CO)4}]
2ï compared to the analogous isonuclear  
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[Pt19(CO)22]
4- [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).  

 

Figure box 3.3.1. Syntheses of [Pt19(CO)24]4- and its reactivity with [AuPPh3]+. 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 [Pt19(CO)24]
4- provides an illustrative examples that is subject 

of speculation. This high nuclearity compound can been obtained by a reversible carbonylation 

of [Pt19(CO)22]
4- 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 [Pt19(CO)24]
4- [54] is hampered by its conversion into [Pt19(CO)22]

4- 

during crystallization.  

In the attempt to stabilize the unstable [Pt19(CO)24]
4- by neutralization of its charge with 

[AuPPh3]
+ moieties, A. Ceriotti had investigated the reaction of [Pt19(CO)24]

4- with Au(PPh3)Cl. 

The Pt core present in the structures of both [Pt19(CO)24{Au(PPh3)} 3]
- and 

[Pt19(CO)24{Au 2(PPh3)2} 2] 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 [Pt19(CO)24]
4- or if [AuPPh3]

+ induce a 

rearrangement of the Pt-core. Logic dictates that if the absorption of two carbonyl ligands leads 

to a change of the Pt19 metal framework, as shown by the shift of the IR bands, even the addition 

of AuPPh3
+ fragments can give another rearrangement.   

 

3.3.2. Synthesis of [H 4Pt26(CO)20(CdBr) 12(PtBr) x]6ï (x = 0-2) 

On the basis of the previous results obtained by the thermal degradation of [Pt6(CO)12]
2ï and 

[Pt9(CO)18]
2ï with CdBr2·H2O, we decided to investigate the same reaction starting from more 

oxidized clusters, i.e., [Pt3n(CO)6n]
2ï (n = 4-6). The reaction leads to the new 

[H4Pt26(CO)20(CdBr)12]
6ï [H41]6- cluster according to the equation (2) [56]: 

13[Pt12(CO)24]
2ï + 72CdBr2 + 53H2O Ÿ 6[H4Pt26(CO)20(CdBr)12]

6ï + 72Brï + 82H+ + 53CO2 + 

                                                                                                                                  + 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]8[H41]·4CH3CN are obtained by extraction of the cluster in CH3CN followed by slow 

diffusion of di-iso-propyl-ether. Conversely the thermal degradation of [Pt15(CO)30]
2ï with 

CdBr2·H2O result in a mixture of [H4Pt26(CO)20(CdBr)12(PtBr)x]
6ï [H42]6- (x = 0-2). Crystals 

suitable for X-ray analyses of [PPh4]6[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 [PPh4]8[H21]·4CH3CN were obtained, whereas the majority of the 

precipitate was composed by an amorphous solid mainly composed of the [H41]6- 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]6- has been treated with increasing amounts of [NBu4][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]10- 

(scheme 3.3.1). 

 

Scheme 3.3.1 Protonation and deprotonation equilibria of [H10-n1]nï (n = 5-10). The ɡ(CO) signals have 

been recorded in dmf solution.   

 

Indeed, further addition of [NBu4][OH] to [1]10ï 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]6-

results in the formation of a new species which can be formulated as the penta-anion [H51]5- on 

the basis of its n(CO) bands. Therefore, the complete series of the structurally related poly-

hydrides [H10-n1]nï (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 [H10-n1]nï (n = 5-10) by 1H 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] 8[H21] ·4CH3CN and [PPh4] 6[H42] ·(10+x)dmf (x = 0.56) 

The [H21]8ï anion is composed by a distorted cubic close packed (ccp) Pt26Cd12 core, reminiscent 

of the structures of [Pt38(CO)44]
2ï and [Ni24Pt14(CO)44]

4ï (figure 3.3.3). The anion can be viewed 

as a truncated-n3-octahedron, which encapsulates a fully interstitial Pt6 octahedron. The ccp 

Pt26Cd12 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) 

Pt14-core (figure 3.3.4) comprising the fully interstitial Pt6-octahedron, even if the edges of the 

cube are considerably elongated and non-bonding.  

 

Figure 3.3.3 (a) Molecular structure of [H21]8ï and (b) its Pt-Cd core as found in [PPh4]8[H21]·4CH3CN 

(Ptsurface, green; Ptinterstitial, blue; Cd, yellow; Br, orange; C, grey; O, red). 

 

 

Figure 3.3.4 Stepwise reconstruction of the structure of [H21]8ï: (a) face centred cubic (fcc) Pt14-core; (b) 

Pt26 framework obtained by adding six Pt2-units to the vertexes of the interstitial Pt6-octahedron and (c) 

the whole Pt26Cd12 cage (Ptsurface, green; Ptinterstitial, blue; Cd, yellow). 

 

Six Pt2-units condense on the vertexes of the interstitial Pt6-octahedron, resulting on a 

Pt26 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 Pt2Cd2 

rhombuses covering the fcc Pt14-core. It is noteworthy that as in the case of the heterometallic 
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[Pt19(CO)17{Cd5(m-Br)5Br3(Me2CO)2}{Cd 5(m-Br)5Br(Me2CO)4}]
2ï cluster, even [H21]8- shows a 

platinum core different from the homometallic species [Pt26(CO)32]
2-. 

Finally, in the unit cell of [PPh4]6[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]6- is almost identical to the one just described for [H21]8- for what concerns the 

geometry and connectivity of the Pt26(CO)20(CdBr)12 core and its bonding distances. As a matter 

of fact, [H42]6- may be viewed as deriving from [H21]8- by adding an additional PtBr fragment 

with refined occupancy factor 0.281(9) on the Pt-Pt edge of one of the above mentioned Pt2Cd2 

rhombuses (figure 3.3.5).  

 

 

Figure 3.3.5 (a) Molecular structure of [H42]6- in [PPh4]6[H42]·(10+x)dmf (x = 0.56). Structural 

relationship between the (b) [H21]8- and (c) [H42]6- cages (Ptsurface, green; Ptinterstitial, 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, i.e., [H4Pt26(CO)20(CdBr)12]
6ï, [H4Pt26(CO)20(CdBr)12(PtBr)]6ï and 

[H4Pt26(CO)20(CdBr)12(PtBr)2]
6ï. 

This point is rather interesting, since it points out that closely related species displaying 

a common Pt26(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]8- may be partitioned into a [H2Pt26(CO)20]
20ï Pt-CO 

moiety which act as a Lewis base towards 12 [CdBr]+ fragments. The former displays 322 

CVE [26(Pt) × 10 + 20(CO) × 2 + 2(H) × 1 + 20 = 322]. Analogously, using the covalent 

scheme, each CdBr fragment behaves as a pseudo-halide donating one electron to the 

[H2Pt26(CO)20]
8ï core, which again adopts 322 CVE [26(Pt) × 10 + 20(CO) × 2 + 2(H) × 1 + 

2(H) × 1 + 8 + 12(CdBr) × 1 = 322]. Considering the whole Pt26Cd12 metal cage of the cluster, 

this displays 466 CVE [26(Pt) × 10 + 20(CO) × 2 + 12(Cd) × 12 + 12(Br) × 1 + 2(H) × 1 + 

8 = 466]. By comparison the homonuclear and isostructural [Pt38(CO)44]
2ï anion possesses 

470 CVE [38(Pt) × 10 + 44(CO) × 2 + 2 = 470], which is not very dissimilar. In the case of 

[H22]6-, this may be derived from the hexa-anion [H21]6- by adding one or two PtBr 

fragments.  
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Final Remarks 

 

Section 3.1 reports the first examples of anionic Pt/CO/PR3 clusters, obtained by CO/PPh3 

substitution in [Pt3n(CO)6n]
2ï (n = 2-6) Chiniôs clusters. Three of them, i.e., [Pt12(CO)22(PPh3)2]

2ï, 

[Pt9(CO)16(PPh3)2]
2ï and [Pt6(CO)10(PPh3)2]

2ï, have been structurally characterized showing a 

close analogy to [Pt12(CO)24]
2ï and [Pt9(CO)18]

2ï for the first two clusters, whereas, due to steric 

repulsion, the third one significantly differs from the parent [Pt6(CO)12]
2ï. Two different 

structures of [Pt6(CO)10(PPh3)2]
2ï have been determined, showing that its metal cage can be 

easily deformed due to packing effects and van der Waals forces. Moreover, joined IR, 31P{1H} 

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 PPh3 in [Pt3n(CO)6n]
2ï (n = 2-

6). Substitution is, then, followed by elimination of Pt3(CO)3(PPh3)3 and formation of lower 

nuclearity clusters. These substitution/elimination reactions occur partially in parallel, leading to 

complex mixtures of products. 

Conversely, the reaction of [Pt12(CO)24]
2ï with bidentate phosphines (section 3.2) leads 

to neutral compounds. The reaction with the peculiar P^P (CH2=C(PPh2)2 bidentate phosphine 

leads to a rare case of a tetrahedral Pt-CO cluster, i.e., Pt4(CO)4(P^P)2. This neutral species is 

readily protonated by strong acids affording cationic hydride clusters which retain the same 

tetrahedral geometry of the Pt4-core, i.e., [HPt4(CO)4(P^P)2]
+ and [H2Pt4(CO)4(P^P)2]

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 [HnPt4(CO)4(P^P)2]
n+ (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 [Pt9(CO)18]
2ï anionic cluster. [HnPt4(CO)4(P^P)2]

n+ (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 Å) 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 Å) observed in several 

[Pt3n(CO)6n]
2ï (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 Pt4-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]
2ï with CdBr2·H2O leads to the new high 

nuclearity cluster [H4Pt26(CO)20(CdBr)12]
6ï

 [H41]6- (section 3.3). Conversely, starting from 

[Pt15(CO)30]
2ï  the same reaction results in [H4Pt26(CO)20(CdBr)12(PtBr)x]

6ï [H42]6- (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]6- and [H42]6- clusters are based on a common cubic close packed (ccp) Pt26Cd12 core. 

Conversely, the previously reported [Pt19(CO)17{Cd5(m-Br)5Br3(Me2CO)2}{Cd 5(m-

Br)5Br(Me2CO)4}]
2ï and [Pt13(CO)12{Cd5(m-Br)5Br2(dmf)3} 2]

2ï 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., [Pt13(CO)12]
8ï, [Pt19(CO)17]

8ï, [H2Pt26(CO)20]
20ï and 

[H4Pt26(CO)20(PtBr)x]
18ï (x = 0, 1, 2) for [Pt13(CO)12{Cd5(m-Br)5Br2(dmf)3} 2]

2ï, 

[Pt19(CO)17{Cd5(m-Br)5Br3(Me2CO)2}{Cd 5(m-Br)5Br(Me2CO)4}]
2ï, [H41]6- and [H42]6-, 

respectively, decorated on the surface by {Cd5(m-Br)5Br2(dmf)3}
3+, {Cd5(m-Br)5Br3(Me2CO)2}

2+, 

{Cd5(m-Br)5Br(Me2CO)4}
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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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., 

[Co2Ni10C(CO)20]
2ï, [Co3Ni9C(CO)20]

nï (n = 2, 3), [Co3Ni7(C2)(CO)15]
3ï, [Co3Ni7(C2)(CO)16]

nï 

(n = 2, 3) and [Co6Ni2(C2)(CO)16]
2ï [57] (figure 4.1.1 bottom). Their highest nuclearity is 12 and 

the Ni/Co ratio ranges from 0.33 to 5.17 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)4]
-. Moreover, the different composition of [Co2Ni10C(CO)20]

2ï and 

[Co3Ni9C(CO)20]
2- 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 Cr23C6 [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 Co3(m3-CCl)(CO)9 with [Ni9C(CO)17]
2- or [Ni6(CO)12]

2- 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.18 In 

addition to [Ni9C(CO)17]
2-, other suitable precursors such as [Ni10(C2)(CO)16]

2ï and 

[Ni 16(C2)2(CO)23]
4ï 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 [Ni10(C2)(CO)16]
2ï and Co3(CCl)(CO)9 

leads to the new hexa-carbides [H6ïnNi22Co6C6(CO)36]
nï (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 [Ni9Co(C2)(CO)16-x]
3ï (x = 0, 1) [60]. Moreover, the thermal 

decomposition in thf solution of [H2Ni22Co6C6(CO)36]
4ï results in the new [HNi36Co8C8(CO)48]

5ï 

bimetallic Ni-Co octa-carbide, which can be converted into the closely related [H6ï

nNi36Co8C8(CO)48]
nï (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 [H6ïnNi22Co6C6(CO)36]nï (n = 3-6)  

The slow addition of an acetone solution of Co3(CCl)(CO)9 to [Ni10(C2)(CO)16]
2ï 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 [NEt4]4[H2Ni22Co6C6(CO)36] were 

obtained. The formation of [H2Ni22Co6C6(CO)36]
4ï is formally in agreement with equation (1): 

3[Ni10C2(CO)16]
2ï + 2Co3(CCl)(CO)9 + 2H2O Ÿ [H2Ni22Co6C6(CO)36]

4ï + 2C + 2Clï + Ni2+ 

        + 2OHï + 7Ni(CO)4 + 2CO     (1) 

                                                 
18 It is known that the highest nuclearity homometallic carbonyl cluster of Ni and Co is respectively 12 in 

[HnNi12(CO)21](4ïn)- (n = 0 - 2) and 6 in [HnCo(CO)15](2-n)- ( n = 0 - 1). For nickel carbonyl clusters, the presence of 

carbides results in an increase of nuclearity up to 38 in [Ni38C6(CO)42]6-. 
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The di-hydride tetra-anion [H2Ni22Co6C6(CO)36]
4ï is deprotonated to the mono-hydride 

penta-anion [HNi22Co6C6(CO)36]
5ï 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 

[HNi 22Co6C6(CO)36]
5ï to yield the hexa-anion [Ni22Co6C6(CO)36]

6ï occurs in CH3CN only upon 

addition of solid Na2CO3. Its nature and charge have been confirmed since it has been possible 

to isolate it as crystals of [NMe4]6[Ni 22Co6C6(CO)36]·4CH3CN by slow diffusion of n-hexane 

and di-iso-propyl ether on the basified solution. Conversely, addition of strong acids such as 

HBF4 to an acetone solution of the di-hydride tetra-anion [H2Ni22Co6C6(CO)36]
4ï results in the 

formation of the tri-hydride tri-anion [H3Ni22Co6C6(CO)36]
3ï. 

 

Scheme 4.1.1 Deprotonation and protonation of [H6ïnNi22Co6C6(CO)36]nï (n = 3-6) species. The 

[H2Ni22Co6C6(CO)36]4ï species is the direct product of the redox condensation of [Ni10(C2)(CO)16]2ï and 

Co3(m3-CCl)(CO)9. The addition of an excess of base affords mixtures of the monoacetylides 

[Ni 9Co(C2)(CO)16]3- and [Ni9Co(C2)(CO)15]3-. 

 

The hydride nature of the [H6ïnNi22Co6C6(CO)36]
nï (n = 3-6) anions is suggested by the 

observed shifts of their n(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 

[H2Ni22Co6C6(CO)36]
4ï and [HNi22Co6C6(CO)36]

5ï display different voltammetric profiles. In 

particular, [H2Ni22Co6C6(CO)36]
4ï displays two reduction processes with features of chemical 

reversibility, whereas [HNi22Co6C6(CO)36]
5ï displays three reductions (table 4.1.1). Therefore, 

the changes in n(CO) cannot be due to redox reactions. Unfortunately, all attempts to directly 

confirm the hydride nature of these clusters via 1H NMR failed (see chapter 2.4). As for the other 

known Ni-Co carbide clusters, the [H6ïnNi22Co6C6(CO)36]
nï (n = 3-6) anions are not stable under 

CO atmosphere, being completely decomposed yielding Ni(CO)4 and [Co(CO)4]
ï as the only 

carbonyl species detected in solution.  
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Compound 
E°'       

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

[H2Ni22Co6C6(CO)36]4ï  -0.533 -0.833 - - 

[HNi 22Co6C6(CO)36]5- - -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 CH3CN). 

 

Crystal structure 

The molecular structures of [H2Ni22Co6C6(CO)36]
4- and [Ni22Co6C6(CO)36]

6- have been 

determined as their [NEt4]4[H2Ni22Co6C6(CO)36] and [NMe4]6[Ni 22Co6C6(CO)36]Ā4CH3CN 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.  

 

 

                                     (a)                                                            (b) 

Figure 4.1.2 Molecular structure (a) and the metal framework (b) of [H6ïnNi22Co6C6(CO)36]nï (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 [H6ïnNi22Co6C6(CO)36]
nï (n = 4, 6) clusters is rather complex and 

formally results from the condensation of six Ni7CoC distorted square antiprismatic C-centered 


