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Abstract 

This Thesis aims at presenting the general results achieved during my PhD, that was focused on the 

study and characterisation of new homoleptic and heteroleptic metal carbonyl clusters. A brief 

introduction to this fascinating field is reported in Chapter 1, which begins with the discovery of the 

first metal carbonyl compound and carries on with the synthetic procedures for the synthesis of 

metal carbonyl clusters (MCCs) and their physical/chemical properties.  

 Initially, my research was focused on the investigation of small MCCs, as reported in 

Chapter 2 with the study of new Fe-Au(NHC) carbonyl clusters (N-Heterocyclic Carbene, NHC). In 

view of the results achieved, I decided to extend the investigation to the congeners Fe-Ag(NHC) 

and Fe-Cu(NHC) carbonyl compounds, as described in Chapter 3. This study sheds some light on 

the metallophilic interactions (aurophilicity, argentophilicity and cuprophilicity) present within 

these compounds and demonstrates that thermal treatment represents an efficient method for the 

growth of the dimension of MCCs. Indeed, species of the type [M3Fe3(CO)12]
3ï and 

[M 4Fe4(CO)16]
4ï (M = Ag, Au) as well as larger clusters were formed during the thermal treatment 

of the new Fe-M (M = Ag, Cu, Au) carbonyl compounds. These species inspired the investigation 

of promising reaction paths for the synthesis of Fe-M (M = Ag, Cu, Au) carbonyl compounds 

devoid of ancillary ligands and alloy MCCs, as reported in Chapter 4. Chapter 5 shows the 

interesting results obtained by extending to Co-M(NHC) species the strategy employed with Fe in 

Chapters 2 and 3. This first part of research allowed a better understanding of the differences and 

similarities between the Fe-M(NHC) and Co-M(NHC) systems (M = Cu, Ag, Au), as well as their 

application in homogeneous catalysis (ammonia-borane dehydrogenation).  

 The second part of this Thesis regards high nuclearity MCCs. In particular, Chapter 6 

describes new strategies for the growth of platinum carbonyl clusters involving, for instance, the 

employment of bidentate phosphines, whereas Chapter 7 reports the syntheses and the thermal 

decomposition of new Ni-M (Pd, Pt) carbonyl clusters. All the new compounds have been 

characterised by a combination of different techniques, such as IR and NMR spectroscopies, ESI-

MS spectrometry, electrochemical and UV-visible studies, elemental analyses, Inductively Coupled 

Plasma-Mass Spectrometry (ICP-MS) and single crystal X-ray diffraction (SC-XRD). 

 The main results obtained during my PhD have been summarised in Chapter 8, followed by 

the experimental section (Chapter 9) and the references. 
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CHAPTER 1 

Introduction 
 

1.1 A brief history of metal carbonyl clusters (MCCs) 

At the end of the nineteenth century, the illuminated chemist Ludwig Mond discovered the first 

metal carbonyl compound, named nickel tetracarbonyl Ni(CO)4 (for more details see Chapter 7).1 

His discovery introduced a new class of compounds that suddenly attracted great interest amongst 

scientists. During the following decades, several attempts aimed at synthesising new metal carbonyl 

compounds were made, but all of them faced an important limit for that time, that is the structural 

characterisation. Later, the improvement of the spectroscopic techniques and the development of 

crystallographic methods filled this gap, by allowing a more complete definition and 

characterisation of these new chemical species. It is proper to state that the technological progress 

boosted the researches, and so the identification of several new metal carbonyl compounds. Many 

years later the discovery of the first monometallic compound Ni(CO)4, species containing more than 

one metal atom were discovered, and the name ñmetal clusterò was introduced. Indeed, in 1966 

Cotton defined ñclusterò as 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.2 

One of the most fascinating class of metal clusters is that stabilised by CO ligands (Molecular Metal 

Carbonyl Clusters, MCCs). As depicted in Figure 1.1, the nuclearities (number of metal atoms) of 

the structurally characterised MCCs increased along the years boosted by the technological 

advancement of new analytical techniques. By driving the researches along this direction, MCCs 

reached the nano dimension (nano cluster), joining the nano regime. Conversely, studies on metal 

nanoparticles pushed the researches towards ultrasmall nanoparticles (USNPs, dimension < 3 nm). 

At some point, these two areas of interest started to overlap: MCC size became higher while the 

nanoparticles ones decreased significatively (Figure 1.2). In fact, it is proper to define USNPs as 

polydisperse large molecular clusters, while higher nuclearity molecular clusters may be viewed as 

perfectly monodispersed and atomically precise metal NPs. The fascinating aspect of this crossing 

is the possibility to synthesise MCCs with NP dimension (Figure 1.3), well-defined number of 

atoms and structures, and unique chemical/physical properties. 
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Figure 1.1 The discovery of some key compounds related to technological scientific progress. Orange Measure of 

surface tension for the estimation of the parachor, molecular refraction, temperature, pressure and volume. Green IR, 

Raman and NMR spectroscopy, conductivity and osmometric measurements. Pink Single crystal X-ray diffraction. 

Blue Use of CCD (charge-coupled-device) detector for X-ray diffractometer. Yellow New type of analytical 

instruments or techniques. 

 

Figure 1.2 The evolution of the sizes of metal nanoparticles (blue line) and clusters (green line) with the time 

(qualitative picture based on literature data). 
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Figure 1.3 Representation of the size of bulk metal, colloidal metals, metal clusters and single metal ions.3 

 

Up to now, the largest MCC structurally characterised is the hexa-anion [Ni32Pt24(CO)56]
6ï, 

which entered the nano regime (2.1 nm).3 [HNi38Pt6(CO)48]
5ï (1.9 nm) is another fascinating 

example of large MCC (Figure 1.4), whereas higher dimensions have been reached by using mixed 

CO/PR3/Pd clusters by Dahl et al. as shown by the giant Pd145(PR3)30(CO)60 (3 nm) (Figure 1.5).4 

 

                                  (a)                                                                                                 (b) 

Figure 1.4 Molecular structures of (a) [Ni 32Pt24(CO)56]6ï (2.1 nm) and (b) [HNi 38Pt6(CO)48]5ï (1.9 nm) (yellow, Pt (b); 

green, Ni; blue and orange, Ni/Pt (a); red, O; grey, C).  
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Figure 1.5 Molecular structure of Pd145(PR3)30(CO)60 (3 nm) (orange, Pd; purple, P; red, O; grey, C).4 

 

1.2 Metal carbonyl clusters: Synthetic procedures 

The scientific production regarding MCCs was quite fluctuating throughout the 1990s years, but it 

grew again with the explosion of the interest in nanochemistry. From that moment, several studies 

have been carried out aiming at developing new strategies for the syntheses of new MCCs. In 

general, the synthetic procedures for the preparation of MCCs may be grouped as follow: 

Á Direct (reductive) carbonylation. 

Á Thermal treatments. 

Á Redox processes. 

Á Other chemically induced methods. 

 

 It must be remarked that these strategies are not universal procedures. Indeed, depending on 

the nature of the metal or the ligand involved, a specific protocol should be adopted. Unfortunately, 

this does not permit to design a priori the preparation of a species with a predefined structure. 

Indeed, large MCCs show a wide variety of frameworks and even species with almost the same 

composition can adopt rather different geometries. This is due to the fact that M-M interactions are 

not very strong and are nondirectional compared to C-C bonds. This compounds are generally 
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anionic or neutral. Indeed, by employing solvents with different polarity it is possible to purify the 

crude mixture by separating the main product from the side products (this procedure is often 

referred as ñwork-upò). The ionic MCCs are generally isolated as tetra-substituted ammonium or 

phosphonium salts. Thus, depending on the nature of the organic fragments of the cation, it is 

possible to modulate the solubility of such compounds in organic solvents. This might also be of 

help for their crystallisation. Furthermore, the great variety of conditions that can be employed 

(nature of reagents, stoichiometry, reaction solvent, temperature, atmosphere, work-up) allows to 

obtain molecular frameworks with several combinations of metals and ligands. It is necessary to 

underline that neutral and anionic MCCs are oxygen sensitive, for this reason they must be stored 

under inert atmosphere. If exposed to O2, MCCs are oxidise resulting in Mn+ inorganic salts (M = 

non-noble metal) or bulk metal (M = noble metal). 

 

Direct (reductive) carbonylation 

Carbonylation is the main entry to the chemistry of metal carbonyls. Direct carbonylation works 

only with Fe and Ni. This procedure requires an intimate contact between fine metal particles and 

CO.  

 The most used synthetic method is the reductive carbonylation, which consists in the 

reduction of a metal salt or metal complex under CO atmosphere. Different reducing agents may be 

employed, and among these, CO itself in the presence of a base is often employed, in accordance 

with equation (1.1): 

CO + 2OHï Ÿ CO2 + H2O + 2eï                   (1.1) 

 Generally, this synthetic method leads to the formation of low nuclearity metal carbonyls, 

such as Fe(CO)5, Ni(CO)4, Rh4(CO)12 and Co2(CO)8. A well-known example of reductive 

carbonylation is that developed by Chini and Longoni that leads to the formation of the so-called 

ñChini clustersò, of general formula [Pt3n(CO)6n]
2ï (n = 2-10).5 The formation of the Chini clusters 

as sodium salts occurs by dissolving the Pt(IV) salt Na2PtCl6 in methanol at room temperature in 

the presence of CH3COONa or NaOH. The nature of the resulting Chini cluster depends on the 

solvent, amount and strength of the base (see Chapter 6). Reductive carbonylation can also be 

performed in solid state with the ñship-in-a-bottleò method,6 or in solution in the presence of PR3 

ligands affording, in the latter case, heteroleptic CO/PR3 clusters. 
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Thermal treatment 

Thermal treatments represent a very simple way to obtain larger MCCs. During this process, 

cleavage of M-CO bonds and formation of new M-M bonds occur, affording new species with 

higher nuclearity. For instance, a wide variety of products may be obtained by pyrolysis of 

Os3(CO)12, as pointed out in Scheme 1.1.7,8 

 

Scheme 1.1 Preparation of Os carbonyl clusters by thermal methods.7,8 

 

 In the framework of this Thesis, there are several cases of large MCCs formed after heating 

up solutions of low nuclearity metal carbonyl clusters. Thermal treatments represent a good way to 

enhance the dimension of the cluster, but they have to be performed carefully, in order to avoid the 

complete decomposition of the product or the formation of complex mixtures of products. 

 

Redox Processes 

MCCs may also be synthesised by means of reduction, oxidation, redox condensation and 

disproportion processes. As far as the reduction is concerned, electrons are added to antibonding 

orbitals leading to the breakup of M-M bonds or CO loss. The reduction of Chini clusters 

[Pt3n(CO)6n]
2ï (n = 2-6) in the presence of a strong base and CO represents a perfect example of 

reduction of dimension (n value) without any perturbation of the molecular structure. CO 

atmosphere is of paramount importance to avoid CO removal and rearrangement of the metal 

framework during the reduction. MCCs may show different behaviour under reducing conditions, as 

in the case of multivalent compounds. Indeed, being able to undergo several reversible redox 

processes without any significant structural rearrangement, they cannot be transformed into larger 

or smaller compounds by redox reactions. 
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 Reduction can also be performed by reacting MCCs with alkali metals or OHï. In particular, 

Fe-CO clusters are actually synthesised from Fe(CO)5 in the presence of bases. The general process 

is illustrated in Scheme 1.2. 

 

Scheme 1.2 Condensation process induced by reduction. 

 

 Oxidation is another interesting way to increase the size of the cluster and its metal cage. 

Indeed, by using innocent oxidising species, such as tropylium or ferrocenium ions, new M-M 

bonds are formed. As far as coordinating oxidants (H+) are concerned, the reactions may be more 

complex. The proton can add to the metal cage resulting in a stable hydride cluster or leave the 

compound as H2. In this case an oxidative condensation of MCCs occurs, as shown in equations 

(1.2-1.3): 

2[Rh6C(CO)15]
2ï + 2H+Ÿ [Rh12C2(CO)24]

2ï + 6CO + H2                (1.2) 

2[Rh6(CO)15]
2ï + 2H+Ÿ [Rh12(CO)30]

2ï + H2                       (1.3) 

 Sometimes oxidation must be performed very gently, in order to avoid the complete 

oxidation of the metals and the formation of metal oxides. Some clusters are more resistant to 

oxidation than others. [Pt6(CO)12]
2ï, for instance, is very sensitive and quickly reacts in the presence 

of oxidants affording the larger oligomers [Pt9(CO)18]
2ï, [Pt12(CO)24]

2ï and [Pt15(CO)30]
2ï. It is 

rather easy to follow this transformation, because the process is accompanied by a change of the 

colour of the solution (orange [Pt6(CO)12]
2ï, red [Pt9(CO)18]

2ï, emerald green [Pt12(CO)24]
2ï, yellow-

green [Pt15(CO)30]
2ï). 

 Redox condensation is probably the most used approach for the synthesis of MCCs. It 

consists in a reaction between a reduced metal cluster (usually an anionic cluster) and a more 

oxidised species, that can be another cluster, a metal complex or a metal salt. The first example of 

redox condensation was reported by Hieber and Shubert in 1965,9 and it is shown in equation (1.4): 

               (1.4) 

 It seems reasonable to think that the first step gives rise to the unstable radicals [Fe3(CO)11]
ï 

and [Fe(CO)5]
ï, that subsequently reacts together affording the condensation product [Fe4(CO)13]

2ï.9 
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By using reagents containing different metals, redox condensation can also be employed for the 

synthesis of heterometallic MCCs.  

 Finally, disproportion is the reverse process of the redox condensation. Indeed, it occurs 

when a neutral carbonyl compound Mx(CO)y is dissolved in a polar solvent (acetonitrile, dmf, 

dmso). For instance, [Fe(dmf)6][Fe4(CO)13] resulted after heating Fe(CO)5 in dmf. A further 

example is that of Co2(CO)8, that in methanol at 50 °C disproportionates to 

[Co(MeOH)6][Co(CO)4]2. The resulting salt is constituted by Co atoms in two different oxidation 

states, that is +2 and -1, according to equation (1.5).10 

3Co2(CO)8 + 12MeOH Ÿ 2[Co(MeOH)6][Co(CO)4]2 + 8CO               (1.5) 

 The chemistry of octacarbonyl dicobalt is quite complex. The formation of larger clusters 

such as Co4(CO)12 and [Co6(CO)15]
2ï is regulated by equilibria that can be influenced by the 

polarity of the solvent. 

 In addition to the cases of Fe and Co that display disproportion in specific conditions 

(solvent polarity), Rh4(CO)12 exhibits the same behaviour in the presence of pyridine. The 

disproportion of the starting Rh carbonyl compound in CH2Cl2 under CO atmosphere leads to the 

formation of Rh(+1) and Rh(-1/5), as indicated in equation (1.6).11 

3Rh4(CO)12 + 4py Ÿ 2[Rh(CO)2(py)2][Rh5(CO)15] + 2CO                (1.6) 

 

Other Chemically Methods 

The employment of anionic (OHï, Iï) or neutral (PR3, CO, amines) nucleophiles is considered an 

efficient strategy for the modification or preparation of MCCs. The interaction between the reagents 

may produce many effects, such as the addition to the metal cluster of the nucleophile as ligand, the 

rearrangement of the metal framework or its decomposition. The use of phosphines is rather 

interesting, because, as described in Chapter 6, allows to substitute CO ligands and, in some cases, 

also increases the dimension of the cluster. On the other hand, the purification step might be quite 

difficult in presence of products with different substitution degrees. 

 

1.3 Characterisation and physical properties 

Molecular metal carbonyl clusters display a great variety of features depending on the nature of the 

metals, the nuclearity, the bulkiness and type of ligands. It is not rare that very similar compounds 

show rather different reactivity or geometries. Sometimes just one negative charge can modify the 
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metal structure. In order to complete this brief overview, the physical and chemical properties of 

MCCs are herein briefly discussed. 

 

Structural features 

The metal cores of high nuclearity homo- and hetero-metallic MCCs often resemble to that of bulk 

metals, with close-packed geometries, such as body-centred cubic (bcc), hexagonal close-packed 

(hcp) and cubic close-packed (ccp) (Figure 1.6). 

 

Figure 1.6 Comparison between fragments of a bulk metal and the metal frameworks of MCCs. 

 

 In addition to these, they can also adopt prismatic and antiprismatic frameworks. A well-

known example of prismatic cage is that of Chini clusters. In particular, these compounds are based 

on triangular [Pt3(ɛ-CO)3(CO)3] units stacked along a common C3 axis with two electrons 

delocalised in the metal skeleton. The antiprismatic geometry and other complex structures are 

often adopted by heteronuclear species containing carbide ([Ni32C6(CO)36]
2ï shown in Figure 1.7,12 

or [Co8C(CO)18]
2ï) or hosting a heterometal (i.e. [Rh10As(CO)22]

3ï]). The presence of the latter 

within the metal cage may result in the formation of cavities with a specific geometry (trigonal 
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prismatic, square antiprismatic, octahedral). Icosahedral and poly-icosahedral structures are often 

found in non-carbonyl clusters, such as [Au13(PMe2Ph)10Cl2]
3+ (icosahedral) and 

[Au13Ag12(PPh3)10Br8]
+ (biicosahedral).13 Several examples are also found in MCCs, such as the 

icosahedral [Pt13(CO)12]
8ï (Figure 1.8) core of [Pt13(CO)12{Cd5(m-Br} 5Br2(dmf)3} 2]

2ï or the Ga-

centred Ni12 cage of [Ni12Ga(CO)22]
3ï. 

                

                                    (a)                                                                                    (b)  

Figure 1.7 Molecular structures of (a) [Pt12(CO)24]2ï (trigonal prism) and (b) [Ni32C6(CO)36]6ï (six square anti-prismatic 

Ni8C cages fused together).12 

                      

                                                   (a)                                                                                         (b) 

Figure 1.8 Molecular structures of (a) [Au13(PMe2Ph)10Cl2]3+ and (b) the [Pt13(CO)12]8ï core of [Pt13(CO)12{Cd5(m-

Br} 5Br2(dmf)3} 2]2ï (purple, P; yellow, Au; green, P and Cl; grey, C). Both species are isoelectronic (162 CV) and adopt 

the same icosahedral geometry.13 

 

 The reason for which a MCC prefers a specific molecular structure rather than another one is 

not simple. It depends on many factors, such as the nature and number of metals, the metal/CO ratio 
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and the presence of ancillary ligands. In order to unravel the molecular structure, crystallographic 

studies are necessary (Single Crystal X-Ray Diffractometry, SC-XRD). 

 

Physical properties 

Small and larger MCCs may exhibit different physical properties, since they depend on the 

nuclearity of the cluster and the CO/M ratio. When the nuclearity is high, CO/M decreases, M-M 

bonds become predominant over M-CO interactions and the cluster assumes a bulk metal like 

behaviour. As a consequence, metallisation occurs, the electrons become more delocalised and the 

HOMO-LUMO gap decreases, passing from an insulating to a semi-conductor regime. This 

phenomenon may be observed in MCCs with nuclearity between 20 and 60. Electrochemical 

properties, NMR spectroscopy and magnetic measurements are required in order to fully 

characterise these species. 

 From an electrochemical point of view, larger MCCs are often multivalent, and display two 

or more redox processes as a consequence of the reversible addition/removal of electrons in their 

frontier orbitals. At this regard, cyclovoltammetry represents a useful method for the determination 

of the redox processes. As shown in Figure 1.9, a voltammetric profile of a redox-active MCC 

displays almost equally spaced redox waves, as in the case of [Ni32C6(CO)36]
6ï. 

 

Figure 1.9 Voltammetric profile of [Ni32C6(CO)36]6ï. One oxidative and four reductive processes were detected.3 

 

 The possibility of modulating the electronic charge of multivalent MCCs makes them 

feasible candidates as molecular nanocapacitors. The oxidation state of such clusters can be 

controlled by chemical redox reactions or by means of electrochemical methods. Addition of acids 
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may result in oxidation of the cluster or formation of mono- or poly-protonated MCCs. Indeed, 

hydride atoms in MCCs are usually slightly acidic and can be removed by the use of bases. 

 Unfortunately, hydrides in high nuclearity MCCs cannot be detected by NMR spectroscopy. 

Indeed, beyond a nuclearity of 22-30 metal atoms, these species become NMR silent. IR 

spectroscopy may be of help in the (indirect) observation of protonation/deprotonation processes. In 

the case of MCC poly-hydrides, by changing the polarity of the solvent it is possible to distinguish 

the different poly-protonated forms, as shown in Scheme 1.3. 

 

Scheme 1.3 Protonation/deprotonation of [HN22(C2)4(CO)28(CdBr)2]3ï in different solvents. 

 

 As far as low nuclearity MCC poly-hydrides are concerned, the presence of hydride atoms 

can be recognised by means of 1H NMR spectroscopy in a range of chemical shift between 0 and -

40 ppm. The resolution of 1H NMR spectra may be complex when fluxional phenomena occur. In 

this case, NMR analyses at very low temperature are recommended, in order to freeze the hydride 

movements and avoid broad resonances in the 1H NMR spectrum. 

 The last important property of MCC regards their magnetic behaviour. In this perspective, a 

first distinction between odd- and even-electron MCCs may be useful. Odd-electron clusters 

presenting one unpaired electron are paramagnetic compounds, whereas even-electron MCCs 

display a more controversial behaviour, that may arise from incipient metallisation of the metal core 

and from the decrease of HOMO-LUMO energy gap to values close to kT.14 The increase of 

nuclearity accompanied by the tightening of the frontier energy gap seems to induce magnetism in 

several MCCs, regardless of the fact that they possess an even or odd number of electrons.  

 The development of electronic and magnetic properties of molecular MCCs make them 

candidates for applications in nanosciences, superparamagnetic quantum dots and nanomagnets, as 

well as precursors of narrowly dispersed magnetic alloy and metal oxide nanoparticles of 

corresponding composition. 
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Self-Assembly 

MCCs can be employed as nanometric or subnanometric building blocks for self-assembly. In order 

to achieve it, several strategies can be used, such as: 

Á Formation of functionalised ionic materials by assembly of functional MCC anions with 

suitable cations. 

Á Polymerisation of MCCs with formation of M-M bonds. 

Á Aggregation of MCCs through heterometallic M-Mô bonds by using suitable Môn+ cations. 

Á Self-assembly through inorganic linkers. 

Á Aggregation of clusters by polydentate organic linkers. 

Á Formation of isocarbonyl linkages.  

 

 A very fascinating example of the second strategy is that represented by Chini clusters. 

Indeed, it is well-known that stepwise oxidation of [Pt3n(CO)6n]
2ï species results in the 1-D growth 

of the cluster by formal progressive addition of [Pt3(ɛ-CO)3(CO)3] units along the common C3 axis 

(Figure 1.10). 

 

Figure 1.10 Stepwise oxidation of [Pt3n(CO)6n]2ï clusters to form infinite wires (green, Pt; red, O; grey, C). 

 

 The morphological aspect of the resulting [M]x[Pt3n(CO)6n] (M = mono- or bivalent cation; x 

= 1, 2; n = 2-8) material depends on the nature and dimension of the cation, as well as the nuclearity 

n of the cluster. Low nuclearity species (n Ò 4) adopt ionic 0-D packing during crystallisation, 

whereas higher nuclearity compounds (n Ó 5) approach each other by giving rise to infinite chains, 

that can be discontinuous, semicontinuous or continuous (Figure 1.11). This is due to fact that while 

the nuclearity increases, the negative charge remains constant (2 electrons), electrostatic repulsion 

decreases, and the clusters can come closer. The tendency of larger compounds (n = 5-8) to produce 

infinite wires is also macroscopically observable during the crystallisation process, when they form 
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crystals that resemble whiskers. A further interesting point regards the electrical behaviour. It was 

observed that ionic 0-D materials are insulator, whereas the resistivity drops from approximatively 

105 to 103 and 102 ɋ cm on passing from discontinuous to semicontinuous to continuous materials, 

respectively.3 

Figure 1.11 Crystal packing of (a) [NBu4]2[Pt12(CO)24] (isolated ions, 0-D packing), (b) [NEt4]2[Pt15(CO)30] 

(discontinuous chains, 3-D network) and (c) [NEt4]2[Pt24(CO)48] (continuous chains, 2-D network). Only Pt atoms are 

represented for clarity. (d) Optical micrographs (magnification 50³) of whisker-like crystals of [NBu4]2[Pt15(CO)30].3 

 

MCCs as Precursors of Metal Nanoparticles 

MCCs can be used as starting material for the preparation of metal nanoparticles, metal nanowires 

and other nanostructured materials. The thermal decomposition under mild conditions represent an 

efficient approach for the synthesis of small metal nanoparticles with controlled dimension and 

composition (Figure 1.12 (a)). It is well-known that both homo- and bimetallic MCCs can be 

formed in cavities of zeolites through ñship-in-a-bottleò syntheses and then transformed into metal 

nanoparticles of controlled size (Figure 1.12 (b)).6 The ñship-in-bottleò technology using zeolites as 

microsized reactors gives an ordered basis for better control of particle size, metal compositions and 

morphology. Through the years several platinum MCCs have been synthesised, extracted and 

characterised, and transformed into nanoparticles and nanowires encapsulated in micro/mesoporous 

cavities and channels. The resulting nanostructured platinum-based materials exhibit higher 
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catalytic performances and stabilities for various catalytic reactions as well as having unique 

magnetic properties, compared to conventional metals. The employment of a second metal within 

the metal cage can contribute to the catalytic performance. This is the case of the bimetallic Pt-Sn 

carbonyl clusters used for the preparation of nanostructured materials for the selective oxidation of 

HMF (hydroxymethylfurfural).15 

                                        (a)                                                                                           (b) 

Figure 1.12 (a) Fabrication of Au-Fex catalysts on TiO2 from [AuFe4(CO)16]ï clusters: the molecular precursors are 

adsorbed on the support and converted into active phase by thermal treatment (blue, Fe; orange, Au; red, O; grey, C). 

The TEM image displays the presence of small Au nanoparticles (< 5 nm) well dispersed on the support. (b) Ship-in-a-

bottle fabrication of Pt nanowires and nanoparticles.3 

 

 Finally, bimetallic MCCs can be useful precursors for the preparation of magnetic bimetallic 

nanoparticles protected by ligands and dispersed in organic solvents or water, as well as embedded 

in mesoporous matrices. The thermal decomposition of bimetallic FeïCo, FeïNi and FeïPt MCCs 

in 1,2Ȥdichlorobenzene solution in the presence of surfactants (i.e. oleic acid, myristic acid, 

oleylamine) leads to the formation of magnetic nanoalloys with controlled size and composition 

(Figure 1.13). 
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Figure 1.13 Preparation of bimetallic nanoparticles from MCCs.3 

 

1.4 Aim of the Thesis 

The aim of this Thesis was to explore new synthetic routes for the preparation of new homo- and 

heterometallic carbonyl clusters, their characterisation from a structural point of view and the 

investigation of their physical and chemical properties, as well as their potential catalytic activity. 

Particular attention was focused on transition metal molecular clusters and nanoclusters showing 

different sizes, compositions, and properties. In order to shed some light on their reactivity and type 

of interactions (i.e. metallophilic), several metallic systems have been investigated. 

At first, low nuclearity MCCs have been studied. At this regard, the employment of N-

Heterocyclic carbene (NHC) ligands in addition to carbonyls was of paramount importance for the 

stabilisation and isolation of new species. The research started with the investigation of low 

nuclearity Fe-Au(NHC) carbonyl clusters (Chapter 2), followed by the study of the congeners Fe-

Cu(NHC) and Fe-Ag(NHC) carbonyl compounds (Chapter 3). The metallophilic interactions 

(aurophilicity, argentophilicity and cuprophilicity) observed in these new Fe-M (M = Cu, Ag, Au) 

species have been investigated and thermal treatments performed in order to achieve higher 

nuclearity products. Amongst these species, those of the type [M3Fe3(CO)12]
3ï and [M4Fe4(CO)16]

4ï 

(M = Ag, Au) occurred as a consequence of the loss of the ancillary ligands. This observation 

inspired the investigation of promising reaction paths for the synthesis of new iron bimetallic 

carbonyl clusters (M = Ag, Cu, Au) devoid of ancillary ligands (Chapter 4). This study was, then, 

extended to Co-M(NHC) species (Chapter 5). The interesting results obtained allowed a better 

understanding of the differences and similarities between the Fe-M(NHC) and Co-M(NHC) systems 

(M = Cu, Ag, Au), and their application in homogeneous catalysis (ammonia-borane 

dehydrogenation).  
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Subsequently, the attention was focused on larger transition metal clusters. It is noteworthy 

that platinum Chini clusters are good starting materials for the preparation of higher nuclearity 

compounds. In these perspective, new strategies for the growth of platinum carbonyl clusters have 

been developed, by employing, for instance, bidentate phosphines (Chapter 6). Some bimetallic Ni-

Pt and Ni-Pd carbonyl clusters can reach great dimensions, as reported in the literature. For this 

reason, the syntheses on new Ni-M (Pd, Pt) carbonyl clusters have been explored, as well as their 

thermal decomposition (Chapter 7). 
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CHAPTER 2 

Heterobimetallic Fe-Au Carbonyl Clusters 

Stabilised by N-Heterocyclic Carbene Ligands 

 

In this chapter the synthesis and characterisation of new Fe-Au carbonyl clusters containing N-

Heterocyclic carbene ligands are reported. The compounds presented in this Section are 

summarised in Table 2.1.  

 

Table 2.1 Clusters described in this chapter. 

Compound Compound number 

[Fe(CO)4(AuIMes)]ï 1 

[Fe(CO)4(AuIPr)]ï 2 

Fe(CO)4(AuIMes)2 3 

Fe(CO)4(AuIPr)2 4 

Fe(CO)4(AuIMes)(AuIPr) 5 

Fe(CO)4(AuIMes)(AuPPh3) 6 

Fe(CO)4(AuIPr)(AuPPh3) 7 

Fe(CO)4(AuPPh3)2 8 

[Au3{Fe(CO)4} 2(AuPPh3)2]ï 9 

[Fe(CO)4(AuPPh3)]ï 10 

[Fe2(CO)8(AuIMes)]ï 11 

[Fe2(CO)8(AuIPr)]ï 12 

[Fe3(CO)10(CCH3)]ï 13 

[Au3Fe3(CO)12]
3ï 14 

[Au3Fe2(CO)8(IMes)2]ï 15 

[Fe3S(CO)9]ï 16 

[HFe(CO)4]ï 17 

[Au16S{Fe(CO)4} 4(IPr)4]
2+ 18 
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2.1 Introduction  

Heterometallic complexes and clusters containing coinage metals in the +1 oxidation state are very 

attractive since they present heterometallic bonds and metallophilic interactions, that are attractive 

interactions between the closed shell d10 centres. Au(I) displays a 5d10 valence shell electron 

configuration and tends to form compounds with a linear coordination. This tendency can be 

explained on the basis of the d-s-p hybridisation scheme proposed by Orgel (Figure 2.1). 

 

 

Figure 2.1 Representation of d-s-p hybridisation of Au(I). 
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 Indeed, the hybridisation of the full 5dz
2 orbital with the empty 6s orbital leads to the 

formation of the two y1 and y2 hybrid orbitals. Further hybridisation of y2 with the pz orbital 

generates two empty orbitals that can be employed to form two coordinative bonds with an angle of 

180° along the z-axis. Moreover, the high electron density located on y1 shows a repulsive effect by 

preventing ligands from getting closer to the metal on the xy plane. 

 Gold is stable in the +3 oxidation state, while in the +1 oxidation state as aquo complex it 

spontaneously disproportionates to Au(0) and Au(III). As shown in the Latimer diagram depicted in 

Scheme 2.1, the standard reduction potential of the Au(I)/Au(0) couple is higher than Au(III)/Au(I), 

indicating spontaneous disproportion of Au(I) to Au(0) and Au(III). 

 

Scheme 2.1. Latimer diagram for Au. 

 

 In order to stabilise Au(I) it is necessary to use appropriate ligands, such as halides, S or P 

based ligands, or N-Heterocyclic carbene ligands (NHC). Phosphines are the most efficient ones; 

indeed, Au(PR3)X (X = Cl, Br, I) complexes are stable at room temperature, in air, to the light, in 

solid and in solution. Conversely, complexes such as [AuX2]
ï, Au(CO)X and Au(SR2)X are less 

stable and they need to be stored in an inert atmosphere, in the darkness and/or at low temperature. 

Recently, the interest for NHCs as ligands in organometallic, inorganic, coordination chemistry and 

catalysis has considerably grown.16 NHC ligands have been also employed for the stabilisation of 

metal nanoparticles (NPs) and ultra-small metal nanoparticles (UNPs),17 whereas their use as 

ligands for molecular metal clusters was, up to now, limited.18 However, NHC carbenes are very 

good ligands for Au(I) and they are entirely comparable to phosphines. 

 In general, metal-carbene complexes can be divided as follows: 

Á Fischerôs carbene: they are characterised by a C-M bond with the metal in a low oxidation 

state linked to ˊ acceptor ligands, and by ˊ donor substituents at the C atom. Moreover, this 

displays the singlet electronic configuration that makes it a very good ů donor and a bad ˊ 

acceptor. For this reason, the carbene C-atom presents electrophilic properties, becoming an 

excellent ligand for the late transition metals (Figure 2.2).  
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Figure 2.2 Representation of a Fischerôs carbene. 

 

Á Schrockôs carbenes: they are characterised by a C-M bond with a metal in a high oxidation 

state linked to non ˊ acceptor ligands, and by non ˊ donor substituents on the C atom. The 

lack of stability provided by the resonance effect induces a triplet state, which makes the C-

M bond covalent and polarised towards the carbenic C, which becomes a nucleophile 

(Figure 2.3).  

 

Figure 2.3 Representation of a Schrockôs carbene. 

 

 NHC carbenes belong to the first group of carbene, the Fischerôs ones (Figure 2.4). They are 

composed of a single C atom which is stabilised by two N atoms within a heterocyclic ring.19 

 

Figure 2.4 Representation of a generic NHC carbene. 

 

 NHC carbenes tend to form stable bonds, are more resistant to the heat and are less prone to 

oxidation than analogous ligands, like phosphines. Moreover, it is possible to modulate their 

chemical and steric properties by changing the substituents on the N atoms. They are very good ů 

donor and can stabilise metals in a low oxidation state with a low back-donation tendency, such as 

Au, Cu and Ag. NHC carbenes represent an important class of ligands for the metals of group 11 in 

the +1 oxidation state, by allowing the formation of several stable complexes. 
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 Amongst these complexes, those of general formula M(NHC)Cl (M= Au, Cu, Ag) are the 

main focus of Chapters 2, 3 and 5. The use of these ligands in transition metal cluster compounds 

allows to study a very interesting type of interaction, that is the metallophilic ones. In particular, 

aurophilicity was investigated at first, in relation also to relativistic phenomena, followed by 

argentophilicity and cuprophilicity. Several homoleptic and heteroleptic carbonyl clusters 

containing 2-8 coinage metals (also mixed ones) supported by Fe, Co, Mo, V and Ru carbonyl 

moieties were reported.20ï24 These allowed to study the effects of the coinage metal, heterometal 

and ancillary ligands on the bonding within such heterometallic clusters. 

 In the framework of this Thesis, CO is the main ligand used to stabilise metals in a low 

oxidation state, except for Au. Indeed, Au does not form any neutral binary compound with CO. 

However, the neutral mixed Au(CO)Cl and the cationic [Au(CO)x]
+ (x= 1-3) complexes are well-

known, but all of them are not very stable. In general, the stabilisation of the M-CO interaction is 

guaranteed by the ů donation of the electron pair from CO to an empty orbital of M, and by the ́ 

back-donation of the electron density from the full orbitals of M to the anti-bonding orbitals of CO. 

This phenomenon stabilises the molecular structure and enforces the M-CO bond. Au is a metal 

with high ionisation energy and electronegativity, that prevent the  ́back-donation and destabilise 

M-CO bond. The reason why Au(CO)Cl and [Au(CO)x]
+ (x= 1-3) complexes exist is due to the fact 

that Au(I) is a stronger s-acid than Au(0), enforcing the ů donation while the  ́back-donation is 

almost absent.  

 The only way to synthesise Au-containing carbonyl clusters is by using a second metal with 

high affinity to CO. For these heterometallic systems, Fe is widely employed: indeed, it can form 

several carbonyl compounds, both neutral and anionic, by starting from a wide variety of reagents 

that can be easily prepared from Fe(CO)5, which is a commercial product.  

 Au-Fe carbonyl clusters can be divided into three categories: 

Á Clusters containing only Au(I), Fe and CO: such as [Au4Fe4(CO)16]
4ï and [Au5Fe4(CO)16]

3ï, 

which are composed by Au(I) ions exclusively bonded to [Fe(CO)4]
2ï fragments. 

Á Clusters containing Au(I), Fe, CO and phosphines (or NHC ligands): such as 

Fe(CO)4(AuPPh3)2, [Au3Fe2(CO)8(dppm)]ï, Au4Fe2(CO)8(dppm)2, [Au5Fe2(CO)8(dppm)2]
+, 

[Au3Fe(CO)4(dppm)2]
+ and Fe4C(CO)12(AuPPh3)2. These species are composed by Au(I) 

ions bonded to [Fe(CO)4]
2ï fragments and phosphines. 

Á Clusters containing only Au(<I), Fe and CO: such as [Au21Fe10(CO)40]
5ï, [Au22Fe12(CO)48]

6ï

, [Au28Fe14(CO)52]
8ï and [Au34Fe14(CO)50]

8ï. These are metalloid nanoclusters where an Aun 
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core is stabilised by Fe(CO)4 and Fe(CO)3 groups present on their surface. Au displays an 

oxidation state between +1 and 0. 

 Before this work, the number of Au-Fe carbonyl clusters containing NHC ligands was 

limited. In the past, my research group synthesised a few species, that is Fe(CO)4(AuNHC)2 (NHC 

= IMes, IPr, IBu; IMes = C3N2H2(C6H2Me3)2; IPr = C3N2H2(C6H3
iPr2)2; IBu = C3N2H2(CMe3)2) and 

[Au3Fe2(CO)8(IMes)2]
ï.25 

 Aiming at developing a general strategy for the preparation of bimetallic carbonyl clusters 

containing NHC ligands, we have considered the reactions of Au(NHC)Cl complexes with anionic 

metal carbonyl compounds. Herein, we report our results on Fe-Au clusters obtained by reacting the 

Collmanôs reagent Na2[Fe(CO)4]·2thf with Au(NHC)Cl complexes. Depending on the 

stoichiometry of the reaction, neutral Fe(CO)4(AuNHC)2 and mono-anionic [Fe(CO)4(AuNHC)]ï 

clusters may be obtained. These, in turn, can be transformed into larger clusters via reactions with 

cationic complexes or thermal treatment. This entire work has been extended to Ag and Cu, in order 

to study all the metallophilic interactions and to investigate the similarities and the differences 

amongst the three coinage metals (Au, Cu and Ag) (see Chapter 3). 

 

2.2 General results 

The following Sections 2.3-2.6 report the synthesis and the characterisation of [Fe(CO)4(AuNHC)]ï 

(NHC = IMes, 1; IPr, 2), Fe(CO)4(AuNHC)2 (NHC = IMes, 3; IPr, 4), Fe(CO)4(AuIMes)(AuIPr) (5) 

and Fe(CO)4(AuNHC)(AuPPh3) (NHC = IMes, 6; IPr, 7) clusters. 

 Moreover, the new [Fe2(CO)8(AuNHC)]ï (NHC = IMes, 11; IPr, 12), [Fe3(CO)10(CCH3)]
ï 

(13), [Au3Fe3(CO)12]
3ï (14), [Au3{Fe(CO)4} 2(PPh3)2]

ï (9) and [Au16S{Fe(CO)4} 4(IPr)4]
n+ (18) 

clusters deriving from the thermal decomposition of the previous compounds are presented in the 

Sections 2.7-2.8.  

 

2.3 Synthesis and characterisation of [Fe(CO)4(AuNHC)]ï (NHC = IMes, 1; IPr, 2) 

The reaction of the Collman's reagent Na2[Fe(CO)4]·2thf with one equivalent of Au(NHC)Cl (NHC 

= IMes, IPr) in dmso resulted in the [Fe(CO)4(AuNHC)]ï (NHC = IMes, 1; IPr, 2; IMes = 

C3N2H2(C6H2Me3)2; IPr = C3N2H2(C6H3
iPr2)2) mono-anions in accord to the equation (2.1): 

                             (2.1) 
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 The reactions were monitored by means of IR spectroscopy, by adding Au(NHC)Cl in small 

portions to the Na2[Fe(CO)4]·2thf solution, up to the complete disappearance of the signal at 1740 

cmï1, due to the Collmanôs reagent.  

 Then, the mono-anionic species 1 and 2 were isolated as [NEt4]
+ salts, washed with water 

and toluene in order to remove the excess of cation and neutral species, such as Fe(CO)4(AuNHC)2 

(NHC = IMes, 3; IPr, 4). Crystals of [NEt4][1] and [NEt4][2] were obtained by slow diffusion of n-

hexane into their acetone solutions. Both were characterised by means of IR, 1H NMR and 13C{1H} 

NMR spectroscopy, and their structures determined by X-ray crystallography.  

 IR spectra of 1 and 2 in CH3CN solutions are similar and show ɜCO bands at 1927 cmï1 and 

1821 cmï1, and 1926 cmï1 and 1819 cmï1 for 1 and 2, respectively. According to the -1 charge of 

the clusters, their ɜCO bands are intermediate between those of [Fe(CO)4]
2ï (1740 cmï1) and 

Fe(CO)4(AuNHC)2 (1974 and 1884 cmï1). 

 1H and 13C{1H} NMR spectra of 1 and 2 show the typical resonances related to NHC and 

CO ligands, according to the cluster structures. In particular, in the 1H NMR spectrum of 1 there 

are: two singlets in the aromatic region due to the presence of four equivalent aromatic protons and 

two imidazoles protons; one singlet for the two p-CH3 and one singlet for the four o-CH3g groups, 

and two broad resonances for the cation. This broadening is due to paramagnetic impurities, which 

are often present in Fe-CO compounds. The same effect can be observed in the 1H NMR spectrum 

of 2. Nevertheless, it is possible to assign all the signals in accordance to the molecular structure of 

the compound. Finally, 13C{1H} NMR spectra confirm the presences of CO and NHC bonded to Fe 

and Au, respectively. The Au-coordinated carbene resonates in the 13C{1H} NMR spectra at dC 

196.3 and 198.3 ppm for 1 and 2, respectively. A singlet was present at all temperatures in the CO 

region of the 13C{1H} NMR spectra of the two species, suggesting a fluxional behaviour for the 

carbonyl ligands. This rapid exchange process made the equatorial and apical CO ligands equivalent 

also at low temperature. 

 Although 1 and 2 present almost identical nCO frequencies, IMes and IPr-containing species 

show a different reactivity, that should be attributed mainly to steric effects. This prompted a 

computational investigation, whose results are described at the end of this Section. 

 

Crystal structures 

The molecular structures of 1 and 2 have been determined as their [NEt4]
+ salts (Figure 2.5 and 

Table 2.2). The mono-anions 1 and 2 adopted a trigonal bipyramidal structure, with the AuNHC 
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fragment in an axial position. 1 and 2 contained strong Au-Fe, Fe-C(O) and Au-Ccarbene interactions 

as well as some weak Au···C(O) contacts (see Table 2.2). Regarding the latter contacts, their 

detection in the solid state structures could merely be the consequence of the preferred arrangement 

of the CO ligands about the Fe centre, which brings the CO ligands in closer proximity to the Au 

centre, rather than any attraction (even van der Waals) between the carbonyls and Au.  

 The Au-Fe distances [2.50-2.52 Å] found in these mono-anionic complexes were very 

similar to those previously reported for the neutral complexes Fe(CO)4(AuNHC)2 [2.51-2.53 Å] 

(Table 2.3). 

                

                                                      (a)                                                                                     (b) 

Figure 2.5 Molecular structures of (a) [Fe(CO)4(AuIMes)]
ï
 (1) and (b) [Fe(CO)4(AuIPr)]

ï
 (2). Au-C(O) contacts 

[2.630(4)-2.900(4) Å for 1; 2.688(4)-2.805(3) Å for 2] are represented as fragmented lines. Hydrogen atoms have been 

omitted for clarity (green, Fe; yellow, Au; blue, N; red, O; grey, C).26 

 

Table 2.2 Main bond distances (Å) and angles (°) of [Fe(CO)4(AuIMes)]
ï
 (1) and [Fe(CO)4(AuIPr)]

ï
 (2). 

 [Fe(CO)4(AuIMes)]ï [Fe(CO)4(AuIPr)] ï 

Fe-Au 2.5244(6) 2.5015(4) 

Au-Ccarbene 2.029(4) 2.019(2) 

Fe-C(O) 1.755(5)-1.780(4) 1.757(3)-1.778(3) 

Au···C(O) 2.565(5)-2.931(4) 2.688(4)-2.805(3) 

Fe-Au-Ccarbene 174.96(11) 175.21(7) 

 

Computational studies 

The space occupied by the NHC ligands in the first coordination sphere of gold can be described by 

the buried volume, %VBur. The calculated %VBur values for IMes and IPr in the DFT-optimised 

structures of 1 and 2 were respectively 36.0% and 42.9%, and the different reactivity of the IPr 



26 

 

derivatives was probably related to the higher %VBur. Figure 2.6 shows plots of the electron density 

surfaces for 1 and 2. The LUMO of the complexes were localised on the carbene donor atom and on 

gold, and in the case of NHC = IPr the substituents seemed to better protect the unoccupied orbital 

from incoming nucleophiles. We might therefore conclude that the different stability observed 

could be ascribed to the different reactivity of the Au-NHC groups on changing the bulkiness of the 

carbene substituents. For what concerns the Au···CO, the electron density minima between gold 

and carbon are comprised between 0.35·10ï1 and 0.39·10ï1 a.u. in 1 and 2 and suggest the lack of 

Au-CO bonds.  

 

Figure 2.6 Electron density surfaces (light blue, isovalue = 0.1 a.u.) and LUMOs (yellow tones, isovalue = 0.03 a.u.) 

for compounds 1 and 2. The high isovalue for electron density surfaces was chosen to make the plot clear.26 

 

2.4 Synthesis and characterisation of Fe(CO)4(AuNHC)2 (NHC = IMes, 3; IPr, 4) 

The reaction between the mono-anion [NEt4][Fe(CO)4(AuNHC)] and one equivalent of Au(NHC)Cl 

leads to the formation of the bimetallic Fe(CO)4(AuNHC)2 (NHC = IMes, 3; IPr, 4) clusters in 

accord to the equation (2.2): 

             (2.2) 

 Alternatively, as previously reported,25 3 and 4 may be obtained by reacting the Collman's 

reagent Na2[Fe(CO)4]·2thf with two equivalents of Au(NHC)Cl (NHC = IMes, IPr) in thf, in accord 

to equation (2.3): 

              (2.3) 
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 Crystals of 4 suitable for X-ray crystallography were obtained after work up by slow 

diffusion of n-pentane on the toluene solution, whereas crystals of 3 were obtained by slow 

diffusion of n-hexane into its thf solution. Both compounds were characterised by means of IR, 1H 

NMR and 13C{1H} NMR spectroscopy, and their structures determined by X-ray crystallography. 

 Compounds 3 and 4 displayed nCO bands in acetone solution at ca. 1974(s) and 1884(vs) cmï

1, considerably shifted towards higher wavenumbers compared to 1 and 2 (nCO 1924(s) and 

1820(vs) cmï1) in view of their neutral charges. In the 13C{1H} NMR spectra, the neutral complexes 

3 and 4 displayed carbene resonances at very similar chemical shifts to 1 and 2, that is 194.5 and 

194.3 ppm, respectively. 

 

Crystal structures 

The molecular structures of 3 and 4 have been determined by means of X-ray crystallography 

(Figure 2.7 and Table 2.3). 3 and 4 are composed of a C2v-Fe(CO)4 sawhorse/seesaw unit 

coordinated to two AuNHC fragments in relative cis position. Their structures are similar to that 

previously reported for Fe(CO)4(AuPPh3)2 (8).27ï29 The Fe-Au [2.5158(15) and 2.5312(15) Å (3); 

2.512(2) and 2.524(2) Å (4)] and Fe-CO [1.756(13)-1.783(13) Å (3); 1.737(15)-1.781(15) Å (4)] 

distances are very similar to those reported for 8 [2.522-2.553 and 1.73-1.79 Å, respectively]. 3 

displays also a weak aurophilic Au···Au interaction [3.2015(8) Å] as well as four sub-van der 

Waals Au···C(O) contacts [2.609(12)ï2.764(13) Å]. Conversely, the Au···Au distance of 4 

[4.082(1) Å] is completely non-bonding and six sub-van der Waals Au···C(O) contacts are present 

[2.572(14)-2.873(18) Å]. The long Au···Au contact found in 3 may be ascribed to the presence of 

the bulky IMes ligand, whereas the presence of the even bulkier IPr ligand in 4 causes the complete 

loss of any Au···Au interaction.30 The AuïFe-Au angle increases by increasing the Au···Au 

distance in the series. The AuïC(NHC) distances agree with those previously reported for other 

Au(I)NHC complexes.25 
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                                              (a)                                                                                    (b) 

Figure 2.7 Molecular structures of (a) Fe(CO)4(AuIMes)2 (3) and (b) Fe(CO)4(AuIPr)2 (4). Au-C(O) contacts 

[2.609(12)ï2.764(13) Å for 3; 2.572(14)ï2.873(18) Å for 4] are represented as fragmented lines. Hydrogen atoms have 

been omitted for clarity (green, Fe; yellow, Au; blue, N; red, O; grey, C).25 

 

Table 2.3 Main bond distances (Å) and angles (deg) of Fe(CO)4(AuIMes)2 (3) and Fe(CO)4(AuIPr)2 (4). 

 Fe(CO)4(AuIMes)2
 Fe(CO)4(AuIPr) 2

 

Au(1)-Fe(1) 2.5158(15) 2.512(2) 

Au(2)-Fe(1) 2.5312(15) 2.524(2) 

Au(1)-Au(2) 3.2015(8) 4.082(1) 

Au(1)-X(1) 2.008(10) 2.012(11) 

Au(2)-X(2) 2.020(10) 1.949(14) 

Fe(1)-CO 1.756(13)-1.783(13) 1.737(15)-1.781(15) 

Au···C(O) 2.609(12)-2.764(13) 2.572(14)-2.873(18) 

Fe(1)-Au(1)-X(1) 177.8(3) 168.3(3) 

Fe(1)-Au(2)-X(2) 165.9(3) 168.4(5) 

Au(1)-Fe(1)-Au(2) 78.74(4) 107.90(9) 

Fe(1)-Au(1)-Au(2) 50.84(4) 36.15(5) 

Fe(1)-Au(2)-Au(1) 50.42(3) 35.95(5) 
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2.5 Syntheses and characterisation of Fe(CO)4(AuIMes)(AuIPr) (5) and 

Fe(CO)4(AuNHC)(AuPPh3) (NHC = IMes, 6; IPr, 7) 

Scheme 2.2 shows the different reaction paths for the synthesis of the neutral complexes 

Fe(CO)4(AuNHC)2 (NHC = IMes, 3; IPr, 4), Fe(CO)4(AuIMes)(AuIPr) (5) and 

Fe(CO)4(AuNHC)(AuPPh3) (NHC = IMes, 6; IPr, 7), by starting from the Collmanôs reagent. 

 The mixed complex 5 was obtained by adding Au(IMes)Cl to a solution of 2 in acetone. The 

formation of the neutral mixed complex was confirmed by the comparison of its IR spectrum with 

those of 3 and 4. An unique resonance was observed in the 13C{1H} NMR spectrum of 5 at dC 217.8 

ppm for the CO ligands, whereas two distinct resonances were observed in the Au-Ccarbene region 

(dC 195.1 and 193.7 ppm) in view of the presence of both AuIMes and AuIPr fragments. Similarly, 

6 and 7 were obtained from the reaction of 1 and 2 with Au(PPh3)Cl. 

 

Scheme 2.2 Syntheses of the neutral complexes 3-7. 

 

 



30 

 

Crystal structures 

Crystals of 6 and 7 suitable for X-ray crystallography were obtained by slow diffusion of n-pentane 

on their CH2Cl2 solutions (Figures 2.8-2.9 and Table 2.4).  

 

Figure 2.8 Molecular structure of Fe(CO)4(AuIMes)(AuPPh3) (6). Two different views as well as its core are reported. 

Au-C(O) contacts [2.621(8)-2.885(7) Å] are represented as fragmented lines. Hydrogen atoms have been omitted for 

clarity (green, Fe; yellow, Au; purple, P; blue, N; red, O; grey, C).26 

 

Figure 2.9 Molecular structure of Fe(CO)4(AuIPr)(AuPPh3) (7). Two different views as well as its core are reported. 

Au-C(O) contacts [2.573(3)-2.955(3) Å] are represented as fragmented lines. Hydrogen atoms have been omitted for 

clarity (green, Fe; yellow, Au; purple, P; blue, N; red, O; grey, C).26 

 

 These two new species, containing both an AuNHC and AuPPh3 fragment, display very 

similar spectroscopic features. They are composed of a C2v-Fe(CO)4 sawhorse/seesaw unit 

coordinated to one AuNHC and one AuPPh3 fragment in relative cis position. The structures of 6 

and 7 are similar to those reported for the homoleptic complexes 3, 4 and Fe(CO)4(AuPPh3)2 

(8).25,27 The Au···Au contacts [3.0471(4) Å for 6, 3.0479(2) Å for 7] were indicative of weak 

aurophilic interactions, which were intermediate between those found in 8 [2.8750(3)-3.0698(2) Å, 

depending of the polymorph] and 3 [3.2015(8) Å]. The fact that the Au···Au distance was strongly 

affected by the steric properties of the Au-bonded ligands as well as packing effects pointed out that 
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such aurophilic interactions were rather deformable. In particular, the Au···Au distance increased 

with the increasing bulkiness of the ligands when passing from PPh3 to IMes and eventually IPr. All 

complexes 3, 4 and 6-8 display also some sub-van der Waals Au···C(O) contacts. 

 

Table 2.4 Main bond distances (Å) and angles (deg) of Fe(CO)4(AuIMes)2 (3), Fe(CO)4(AuIPr)2 (4), 

Fe(CO)4(AuIMes)(AuPPh3) (6), Fe(CO)4(AuIPr)(AuPPh3) (7) and Fe(CO)4(AuPPh3)2 (8).  

 3 a 4 a 4 b 6 7 8 c 8 d 

Au(1)-Fe(1) 2.5158(15) 2.512(2) 2.5203(9) 2.5471(9) 2.5371(4) 2.5344(6) 2.5329(4) 

Au(2)-Fe(1) 2.5312(15) 2.524(2) 2.5326(9) 2.5089(9) 2.5107(4) 2.5555(6) 2.5181(4) 

Au(1)-Au(2) 3.2015(8) 4.082(1) 3.984(1) 3.0471(4) 3.0479(2) 2.8750(3) 3.0698(2) 

Au(1)-X(1) 2.008(10) 2.012(11) 2.018(6) 2.020(6) 2.011(3) 2.2696(10) 2.2756(7) 

Au(2)-X(2) 2.020(10) 1.949(14) 2.023(6) 2.2661(16) 2.2621(8) 2.2707(10) 2.2646(7) 

Fe(1)-CO 
1.756(13)-

1.783(13) 

1.737(15)-

1.781(15) 

1.727(8)-

1.769(8) 

1.768(8)-

1.777(8) 

1.772(3)-

1.786(3) 

1.787(4)-

1.800(4) 

1.772(3)-

1.790(3) 

Au···C(O) 
2.609(12)-

2.764(13) 

2.572(14)-

2.873(18) 

2.629(7)-

2.827(8) 

2.621(8)-

2.885(7) 

2.573(3)-

2.955(3) 

2.604(6)-

3.069(5) 

2.638(3)-

3.050(3) 

Fe(1)-Au(1)-X(1) 177.8(3) 168.3(3) 172.75(18) 175.77(17) 174.65(8) 172.02(3) 177.55(2) 

Fe(1)-Au(2)-X(2) 165.9(3) 168.4(5) 168.16(17) 170.15(5) 171.12(2) 173.45(3) 173.71(2) 

Au(1)-Fe(1)-Au(2) 78.74(4) 107.90(9) 104.08(3) 74.12(3) 74.284(12) 68.781(14) 74.855(12) 

Fe(1)-Au(1)-Au(2) 50.84(4) 36.15(5) 38.07(2) 52.37(2) 52.462(10) 55.956(13) 52.354(10) 

Fe(1)-Au(2)-Au(1) 50.42(3) 35.95(5) 37.85(2) 53.51(2) 53.254(10) 55.263(13) 52.791(9) 

 

a See ref. 25 bAs found in Fe(CO)4(AuIPr)2·1.5toluene. c As found in Fe(CO)4(AuPPh3)2 (Pρ). d As found in 

Fe(CO)4(AuPPh3)2 (P21/n).  

 

2.6 Reactivity of Fe(CO)4(AuNHC)(AuPPh3) (NHC = IMes, 6; IPr, 7) 

Despite the structural analogies between 6 and 7, their chemical behaviour is rather different. 7 is 

very stable and can be easily obtained in a very pure form, as indicated by the presence of a single 

resonance at dP 40.8 ppm in the 31P{1H} NMR spectrum. Conversely, 6 is less stable and its 

synthesis is not so straightforward. Thus, it was often obtained in mixtures with minor amounts of 8 

and the new compound [Au3{Fe(CO)4} 2(AuPPh3 )2]
ï (9) (see Section 2.7), as evidenced by the 
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presence of three distinct resonances in the 31P{1H} NMR spectrum at dP 40.8 ppm (6), 40.1 ppm 

(8) and 38.5 ppm (9).  

 In more detail, the addition of increasing amounts of Au(PPh3)Cl to an acetone solution of 1 

results in the partial substitution of the AuIMes fragment with AuPPh3 (Scheme 2.3). Thus, after the 

addition of one equivalent of Au(PPh3)Cl a mixture of [Fe(CO)4(AuPPh3)]
ï (10) (major) and 1 

(minor) is present in solution. Further addition of Au(PPh3)Cl results in the formation of the neutral 

species Fe(CO)4(AuPPh3)2 (8) as the major product. Compound 8 was spectroscopically detected 

and, moreover, its molecular structure was corroborated by X-ray crystallography on two new 

polymorphs, that are Fe(CO)4(AuPPh3)2 (Pρ) and Fe(CO)4(AuPPh3)2 (P21/n). 

 

Scheme 2.3 Reactivity of 1 and 3 with Au(PPh3)Cl. 

 

  Concerning the ability of the AuPPh3 fragment to replace AuIMes in the coordination 

sphere of Fe(CO)4, this suggests that the AuPPh3 fragment is more electrophilic than AuIMes. To 

demonstrate this point, 3 was reacted with increasing amounts of Au(PPh3)Cl. As a result, 6 and 

then, 8 were formed in sequence. During this study, a few crystals of 

[Au(IMes)2][Fe2(CO)8(AuPPh3)]·CH2Cl2 were obtained and characterised by single crystal X-ray 

crystallography. It is likely that some [Fe2(CO)8]
2ï was formed by oxidation of [Fe(CO)4]

2ï at some 

stage of the reaction that, eventually, reacted with Au(PPh3)Cl. The structure of the 

[Fe2(CO)8(AuPPh3)]
ï mono-anion was previously reported as [NEt4]

+ salt,29 displaying almost 
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identical geometry and bonding parameters. It must be remarked that 8 did not react with 

Au(IMes)Cl even when used in large excess. 

 Therefore, the best way in order to obtain 6 is to mix 1 and Au(PPh3)Cl in a 1:1 ratio in 

acetone, remove the solvent in vacuum and let the reaction to continue in CH2Cl2. This allows to 

obtain 6 in a pure crystalline form, after slow diffusion of n-pentane. Conversely, the reaction of 2 

with Au(PPh3)Cl directly affords 7, without any evidence of the formation of 10. Only after the 

addition of a slight excess of Au(PPh3)Cl, 7 was eventually transformed into 8 (Scheme 2.4). 

 

Scheme 2.4 Reactivity of 2 with Au(PPh3)Cl. 

 

 From a mechanistic point of view, the substitution reaction, which transformed 1 into 10 

(Scheme 2.3), was likely to proceed via an associative mechanism involving 6 as an intermediate. 

Since 6 was not very stable in polar solvents such as acetone, it rapidly dissociated a [Au(IMes)]+ 

fragment, affording 10 as the major product. Therefore, in order to favour the formation of 6, a less 

polar solvent such as CH2Cl2 must be employed in order to hamper the dissociation. Conversely, 

because of the greater stability of 7 compared to 6, addition was observed rather than substitution, 

regardless of the solvent employed.  

 To address the point of whether in some cases the whole AuL (L = NHC, PPh3) fragment 

migrates or only the ligand L, 3 and 4 were reacted with increasing amounts of PPh3 and the 

reaction monitored via IR and 31P NMR spectroscopies. No reaction was observed, suggesting that 

substitution of the whole Au(NHC) fragment by AuPPh3 occurred.  

 

2.7 Synthesis and characterisation of [Au3{Fe(CO)4}2(PPh3)2]ï (9) 

The mixed neutral species Fe(CO)4(AuIMes)(AuPPh3) (6) was not very stable in polar solvents 

already at room temperature. Indeed, its 31P{1H} NMR spectrum in CD3COCD3 solution displayed 

a major resonance at dP 40.8 ppm attributable to 6, accompanied by minor resonances at 40.1 ppm 
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and 38.5 ppm (spectrum (a) Figure 2.10). These resonances corresponded to Fe(CO)4(AuPPh3)2 (8) 

and the new species 9, respectively. The former was a by-product of the synthesis of 6 as previously 

reported,26 whereas the formation of 9 arose from partial decomposition (ionisation) of 6. Indeed, 

after heating this mixture in CH3CN at 80 °C for 3 h, the resonance at dP 40.8 ppm considerably 

decreased, whereas the resonance at dP 38.5 ppm became the major one (spectrum (b) Figure 2.10). 

This indicated an almost complete conversion of 6 into 9. This new compound was completely 

characterised by means of IR, 1H, 13C{1H} and 31P{1H} NMR spectroscopy. 

 

Figure 2.10  31P{1H} NMR spectra in CD3COCD3 at 298 K of (a) Fe(CO)4(AuIMes)(AuPPh3) (6) and (b) the mixture 

obtained after thermal treatment of 6. The three resonances at dP 40.8, 40.1 and 38.5 ppm in (a) and (b) corresponded to 

6, 8 and 9, respectively. 

 

Crystal structure 

The molecular structure of 9 was determined by single crystal X-ray diffraction as its 

[Au(IMes)2][9]·0.67CH2Cl2 salt (Figures 2.11-2.12). The latter was composed of [Au(IMes)2]
+ 

cations and [Au3{Fe(CO)4} 2(PPh3)2]
ï anions (9), in accord to equation (2.4). 

               (2.4) 

22242628303234363840424446485052545658

(a)

(b)
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 (a) (b) 

 

 (c) (d) 

Figure 2.11 Molecular structures of the two isomers of 9. The two isomers were present within the crystal in the ratio 

9a:9b = 2:1. Two views of isomer 9a are reported in (a) and (b), two views of isomer 9b are reported in (c) and (d). Au-

C(O) contacts [2.34(6)-2.87(8)Å for 9a; 2.56(3)-2.89(3) Å for 9b] were represented as fragmented lines. Hydrogen 

atoms have been omitted for clarity (green, Fe; yellow, Au; purple, P; blue, N; red, O; grey, C).31 

 

 

 (a) (b) 

Figure 2.12 The Au3Fe2(CO)8P2 cores of (a) 9a and (b) 9b (green, Fe; yellow, Au; purple, P; red, O; grey, C).31 
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 Within the crystals of [Au(IMes)2][9]·0.67CH2Cl2, two isomers of the anion 9 were present 

in a 2:1 ratio (referred as isomers 9a and 9b, respectively). Both isomers were composed of an Au3 

core bonded to two m-Fe(CO)4 units and two terminal PPh3 ligands. The Au3 core of 9a displayed a 

V-shaped geometry [<Au-Au-Au 132.00(4)°], whereas it adopted a linear arrangement in 9b with 

the central Au atom located on an inversion centre [<Au-Au-Au 180.00(10)°]. The structure of the 

isomer 9b was similar to that previously reported for 15.25 Both isomers displayed two aurophilic 

Au···Au contacts [2.9353(13) and 2.8855(14) Å for 9a; 2.9177(14) and 2.9177(14) Å for 9b] as 

well as sub-van der Waals Au···C(O) contacts [2.34(6)-2.87(8) Å for 9a; 2.56(3)-2.89(3) Å for 9b].  

 The presence in the solid state of two isomers of 9 prompted a variable temperature 31P{1H} 

NMR investigation. Unfortunately, a single resonance was observed at all the temperatures 

examined (193-298 K) suggesting a fast exchange between 9a and 9b in solution.  

 The structures of 9a and 9b were also optimised by means of DFT calculations. The RMSD 

(Root Mean Square Deviation) of the computed [Fe2Au3] cores with respect to the experimental 

data were 0.129 and 0.064 Å respectively for 9a and 9b. The deviations were mainly attributable to 

a slight overestimation of the AuīAu distances, caused by the known weakness of DFT methods in 

predicting dispersion interactions such as the aurophilic one. Despite this limit, the computed 

energy difference between the two isomers was 0.9 kcal molï1, 9a resulting slightly more stable 

than 9b, in agreement with the fast exchange observed. In both the clusters, no (3,-1) bond critical 

point (b.c.p.) for AuīAu interactions was found, being the gradient norm of electron density higher 

than zero along the AuīAu bonds (minimum gradient values were 0.005 and 0.004 a.u. for 9a and 

9b, respectively). This result, that suggested a delocalised dispersion interaction, was in line with 

the data previously reported for 8.32 (3,-1) b.c.p. were instead found for the Fe-Au bonds, and 

relevant data were collected in Table 2.5 and compared with those obtained for compounds 

[Fe2(CO)8(AuIMes)]ï (11) and [Fe2(CO)8(AuIPr)]ï (12). All Fe-Au b.c.p. were characterised by 

negative energy density (E) values, while the Laplacian of electron density (2Ðr) was positive, in 

agreement with Bianchi's definition of M-M bonds.33 r and V values of 9a and 9b were closely 

comparable, and the bonds with terminal Au atoms were stronger than those with the central Au.  

 The data collected in Table 2.5 indicated that the different binding mode of Au in 11 and 12 

caused a slightly lowering of the Fe-Au bond strength. For what concerns the charge distribution, 

the three Au atoms in 9a and 9b had very similar Hirshfeld partial charge, in the range 0.060  

0.064 a.u. for 9a and 0.057  0.065 a.u. for 9b, as expected on considering the formal homogeneity 

of the oxidation states. 
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Table 2.5 Properties of the Fe-Au (3,-1) b.c.p in 9a, 9b, 11, and 12 (electron density, ɟ; potential energy density, V; 

energy density, E; Laplacian of electron density, 2Ðɟ). All the quantities were reported in a.u. 

Compound Bond ɟ V E 2Ð  ɟ 

10 Fe-Au 0.047 -0.039 -0.013 0.054 

11 Fe-Au 0.046 -0.038 -0.012 0.054 

15a Fe-Aucentral 0.050 -0.043 -0.014 0.064 

 Fe-Auterminal 0.060 -0.053 -0.017 0.077 

15b Fe-Aucentral 0.049 -0.043 -0.013 0.064 

 Fe-Auterminal 0.060 -0.052 -0.017 0.076 

 

2.8 Thermal decomposition 

2.8.1 General results 

In this Section the thermal treatment of the clusters previously described is reported. The thermal 

reactions of the compounds 1-7 were investigated aiming at obtaining higher nuclearity species. As 

a general strategy, 1-7 were heated in different solvents (CH2Cl2, CH3CN, dmf, dmso) at 

temperatures in the range 50-160 °C monitoring the time-evolution of the reactions by IR 

spectroscopy in the ɜCO region. All the results obtained are shown in Scheme 2.5. The new results 

herein obtained can be summarised as follow: 

Á Heating the mono-anions 1 and 2 as [NEt4]
+ salts in CH2Cl2 at refluxing temperature 

resulted in the formation of [Fe2(CO)8(AuNHC)]ï (NHC = IMes, 11; IPr, 12). Traces of 

[Fe3(CO)10(CCH3)]
ï (13) were obtained as side-product.  

Á [Au3Fe3(CO)12]
3ï (14) was the final product of the thermal treatment of 1, 2, 3 and 5 in dmso 

at high temperature. 

Á Heating 3 at lower temperatures (¢ 100 °C) in dmf or dmso resulted in 15, that might be 

viewed as an intermediate in the transformation of 3 into 14. 

Á 4 was only partially decomposed after prolonged heating in dmso at 130-160 °C resulting in 

a mixture of [Fe3S(CO)9]
2ï (16), [HFe(CO)4]

ï (17) and [Au16S{Fe(CO)4} 4(IPr)4]
n+ (18).  

Á The thermal decomposition of 6 in CH3CN at 80 °C afforded the larger 

[Au3{Fe(CO)4} 2(PPh3)2]
ï (9) cluster which was present as two isomers in the solid state 

structure, as described in the previous Section. 

Á Compound 7 is stable in dmso at high temperature. 

Further details are given in the next Sections. 
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Scheme 2.5 Thermal reactions of 1-7. 
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2.8.2 Syntheses and characterisation of [Fe2(CO)8(AuNHC)]ï (NHC = IMes, 11; IPr, 12) and 

[Fe3(CO)10(CCH3)]ï (13) 

The anionic species 1 and 2 were not stable in chlorinated solvents such as CH2Cl2 already at room 

temperature. Complete decomposition occurred after heating at 50 °C, resulting in the formation of 

the new species [Fe2(CO)8(AuNHC)]ï (NHC = IMes, 11; IPr, 12). Formation of 11 and 12 required 

the formal oxidation of Fe from -2, as present in 1 and 2, to -1, as found in the final products. Since 

this reaction did not occur in non-chlorinated solvents even after heating for several hours, we could 

rule out that adventitious oxygen was the oxidising species. Thus, the oxidant should be CH2Cl2 

itself.34 Unfortunately, all attempts to identify the products of the reduction of CH2Cl2 by GC-MS 

analyses failed. Therefore, it was not possible to deduce the mechanism of the reaction.  

 Moreover a few crystals of [NEt4][Fe3(CO)10(CCH3)], [NEt4][13], were isolated as side 

products of the thermal decomposition of 2 in CH2Cl2, and their nature completely revealed by 

means of X-ray crystallography. The mechanism for the formation of 13 as side product along the 

thermal decomposition of 2, that afforded 12 as major product, was not clear. It probably involved 

the oxidation of 2 by means of CH2Cl2 as described above followed by removal of the AuIPr 

fragment and rearrangement of the cluster core. Unfortunately, due to the very low yields, it was not 

possible to further elucidate the mechanism. 

 

Crystal structures 

Compounds 11 and 12 have been characterised by means of IR and multinuclear NMR 

spectroscopy, and the molecular structure of 12 crystallographycally determined as its 

[NEt4][12]·1.5toluene salt (Figure 2.13). The molecular structure of 12 may be viewed as the result 

of the addition of a [AuIPr]+ fragment to [Fe2(CO)8]
2ï. It displayed six terminal and two edge 

bridging carbonyl ligands and some short sub-van der Waals Au···C(O) contacts. The structure of 

12 was an interesting addition to the limited number of compounds with the Fe2(CO)6(m-CO)2 unit. 

The Fe-Fe bond distance of such compounds spanned a very large range [2.39-2.62 Å]. In the case 

of 12, the Fe-Fe distance [2.573(4) Å] was in the middle between Fe2(CO)9 [2.52 Å] and 

[Fe2(CO)8(AuPPh3)]
ï [2.605 Å]. 

 The 1H and 13C{1H} NMR spectra of 12 displayed all the expected resonances due to the IPr 

group. Conversely, in the carbonyl region of the 13C{1H} NMR spectra recorded at 298 and 273 K, 

only a single sharp resonance at 230.5 ppm was detected. Coalescence was, then, observed at 213 K 

suggesting the presence of a fluxional behaviour that made the eight CO ligands equivalent at 

higher temperatures.  
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Figure 2.13 Molecular structure of 12. Au-C(O) contacts [2.830(19)-2.977(19) Å] were represented as fragmented 

lines. Hydrogen atoms were omitted for clarity (green, Fe; yellow, Au; blue, N; red, O; grey, C). Selected bond lengths 

(Å): Fe-Fe 2.573(4); Fe-Au 2.665(3) and 2.677(3); Au-Ccarbene 2.013(18); Fe-C(O)bridge 1.90(2)-1.969(18); Fe-C(O)terminal 

1.73(2)-1.83(3).31 

 

 Crystals of [NEt4][13] contained the m3-ethylidyne cluster [Fe3(CO)10(CCH3)]
ï (13) (Figure 

2.14), whose synthesis was previously reported, whereas its structure, at the best of our knowledge, 

was not described before.35 

 

Figure 2.14 Molecular structure of 13 (green, Fe; red, O; grey, C; white, H). Selected bond lengths (Å): Fe-Fe 

2.5285(5)-2.5458(5); Fe-Cethylidyne 1.940(2)-1.960(2); Fe-C(O)bridging 2.015(2)-2.077(2); Fe-C(O)terminal 1.766(3)-1.811(3); 

C-Cethylidyne 1.497(3).31 

 

 The molecular structure of 13 was composed of a triangular Fe3 core, bonded to nine 

terminal CO ligands (three per each Fe atom), one m3-ethylidyne and one m3-CO. The bonding 

parameters of 13 (see caption of Figure 2.14) were similar to those previously reported for related 

clusters.36 The m3-CO [Fe-C(O)bridging 2.015(2)-2.077(2) Å] and m3-CCH3 ligands [Fe-Cethylidyne 
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1.940(2)-1.960(2) Å] were symmetrically bonded to the Fe3-triangle and the C-Cethylidyne distance 

[1.497(3) Å] was as expected for a single bond.  

 

2.8.3 Synthesis and characteri sation of [Au3Fe3(CO)12]3ï (14) 

The thermal decomposition of 3 in dmso at 130 °C led to the formation of the tri-anionic species 

[Au3Fe3(CO)12]
3ï (14), in accord to the equation (2.5): 

              (2.5) 

 The product was isolated as [NMe4]
+ salt, washed with water and crystallised by a slow 

diffusion of n-hexane on the acetone solution.  

 From a stoichiometric point of view, the formation of 14 can be explained as follow 

(equation (2.6)): 

              (2.6) 

 This is the only way to synthesise 14, because by reacting the Collmanôs reagent with Au(I) 

complexes, [Au4Fe4(CO)16]
4ï is obtained instead.  

 14 has been characterised by means of IR, 1H NMR and13C{1H} NMR spectroscopy, and its 

structure determined by X-ray crystallography.  

 It must be remarked that, as previously reported,25 the thermal reaction of 3 at lower 

temperatures (¢ 100 °C) in dmf or dmso, afforded 15, and only at higher temperatures 3 was 

converted into 14. The computed Gibbs energy variations (C-PCM/PBEh-3c calculations) for the 

reactions (2.7) and (2.8) were -13.1 and -23.1 kcal molï1, respectively, and suggested that the 

formation of [Au(IMes)2]
+ was the driving force.  

             (2.7) 

 

 (2.8) 
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Crystal structure 

Crystals of 14 suitable for X-ray diffraction were obtained as [Au(IMes)2][NMe4]2[14] salt (Figure 

2.15). 

Figure 2.15 Molecular structure of [Au3Fe3(CO)12]3ï (14) (green, Fe; yellow, Au; red, O; grey, C). Au-C(O) contacts 

were represented as fragmented lines. 

 

 The molecular structure of 14 is based on a planar n2-triangular M3Fe3 core which consists 

of a M3-triangle with edge-bridging Fe(CO)4 groups. This structure can be compared to the 

previously reported [Au4Fe4(CO)16]
4ï. [Au3Fe3(CO)12]

3ï and [Au4Fe4(CO)16]
4ï may be viewed as 

the trimer and the tetramer, respectively, of the same [AuFe(CO)4]
ï unit. 

 The next chapter presents a Section dedicated to this topic, exploring a unique case of 

polymerisation isomerism in [{MFe(CO)4} n]
nï (M = Cu, Ag, Au; n = 3, 4) molecular clusters 

supported by metallophilic interactions. 

 

2.8.4 Synthesis and characterisation of [Au16S{Fe(CO)4}4(IPr) 4]n+ (18) 

4 was very stable in dmso at 140 °C, but by pushing the thermal treatment at 150 °C for a prolonged 

time a partial decomposition of the cluster was observed. Among the decomposition products, it 

was possible to isolate a few crystals of [NEt4]2[Fe3S(CO)9] ([NEt4][16]), [Au(IPr)2][HFe(CO)4] 

([Au(IPr)2][17]) and [Au16S{Fe(CO)4} 4(IPr)4][BF4]n·solv ([18][BF4]n·solv). The presence of [BF4]
ï 

anions in the latter salt was due to the use of [NEt4][BF4] during workup of the reaction mixture.  

 Formation of 16 was rather interesting since it suggested that S atoms were somehow 

generated from dmso after the prolonged thermal treatment of 4. This was in keeping with the 

formation of the new species 18, which contained an interstitial sulphur atom.  
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 Despite the fact that 18 was obtained in low yields, it was possible to characterise it also by 

means of multinuclear NMR techniques. 1H and 13C{1H} NMR analyses were in agreement with the 

presence of CO and IPr ligands. More interestingly, the 19F NMR spectrum of 18 (Figure 2.16) 

displayed the typical resonance of the [BF4]
ï anion. Therefore, 18 was better formulated as a 

cationic species and because of this, its crystals were referred as [18][BF4]n·solv. 

 

 

Figure 2.16 19F NMR spectrum of [Au16S{Fe(CO)4} 4(IPr)4]n+ (18) in CD3COCD3 at 298 K, which shows the typical 

resonances of [BF4]ï. 

 

Crystal structure 

18 was formed only in trace amounts and because of this, only very few small crystals were grown. 

This allowed the complete determination of the molecular structure of the cluster molecule (Figure 

2.17 and Table 2.6), which occupied 78% of the unit cell volume. The remaining 22% of the 

volume of the unit cell was likely to be occupied by cations/anions and/or solvent molecules (Figure 

2.18), whose nature was not determined. Based on the 19F NMR spectrum (see above), the presence 

of [BF4]
ï anions was inferred. 
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(a) (b)

(c) 

Figure 2.17 Molecular structure of 18. Two different views (a,b) as well as the space filling model (c) were reported. 

Au-C(O) contacts [2.636(4)-2.723(4) Å] were represented as fragmented lines. Hydrogen atoms have been included 

only in the space filling model (green, Fe; yellow, Au; orange, S; blue, N; red, O; grey, C; white, H).31 

 

Table 2.6 Main bond distances (Å) and angles (deg) of [Au16S{Fe(CO)4} 4(IPr)4]n+ (18). 

 Range Average 

Auc-Auc 2.702(2)-2.874(2) 2.753(6) 

Auc-Aus 2.724(2)-2.733(2) 2.728(3) 

Auc-Fe 2.625(5)-2.650(5) 2.636(9) 

Auc-S 2.7641(13)-2.7995(16) 2.777(3) 

Aus-Ncarbene 2.04(4) 2.04(4) 

Auc···C(O) 2.636(4)-2.723(4) 2.684(10) 

Auc = Au atoms of the Au12 cuboctahedron. 

Aus = Au atoms of the AuIPr fragments. 
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(a) 

 

(b) 

 

(c) 

Figure 2.18 Views of the potential solvent accessible voids present within the crystal packing of 

[Au16S{Fe(CO)4} 4(IPr)4]n+ (18) along the crystallographic axes a, b, and c. 
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 18 consisted of an Au12-cuboctahedron centred by a m12-S atom, whose surface was 

decorated by four m3-Fe(CO)4 and four m3-AuIPr fragments with a pseudo-Td symmetry (Figure 

2.19). A related structure, where a m12-S atom was encapsulated within a Cu12-cuboctahedral cage, 

was recently reported for the neutral [Cu12(m12-S)(S2CNnBu2)6(C¹CPh)4] cluster.37 As in the case of 

[Cu12(m12-S)(S2CNnBu2)6(C¹CPh)4], the Au-S distances [2.7641(13)-2.7995(16) Å, average 

2.777(3) Å] of 18 were rather elongated in view of the high coordination number of the interstitial 

m12-S atom. For comparison, the sums of the covalent and van der Waals radii of Au and S were 

2.38 and 3.46 Å, respectively. Prior of the isolation of 18, the highest coordination number observed 

for S with Au was four, and the corresponding Au-S distances were considerably shorter [2.30-2.42 

Å].32 

 

Figure 2.19 Three different views of the Au16S core of 18 (green, Fe; yellow, Au atoms of the Au12 cuboctahedron; 

blue, Au atoms of the m3-AuIPr fragments; orange, S).31 

 

 The tangential Au-Au contacts [2.702(2)-2.874(2) Å, average 2.753(6) Å] were more 

dispersed compared to the more localised Au-Au contacts involving the m3-AuIPr fragments 

[2.724(2)-2.733(2) Å, average 2.728(3) Å]. Similarly, the Au-Fe distances [2.625(5)-2.650(5) Å, 

average 2.636(9) Å] displayed by 18 that presented m3-Fe(CO)4 groups were significantly longer 

than those found in clusters containing m2-Fe(CO)4 fragments such as 9 [2.529(3)-2.601(11) Å, 

average 2.564(8) Å].  

 

Computational study 

DFT calculations were carried out on models of compound 18. The substituents on the N atoms of 

the NHC ligands were replaced by methyl groups to reduce the computational effort. The 

coordinates of the other atoms were obtained from X-ray data. DFT calculations demonstrated that 
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the most stable electronic structure of 18 was the 2+. The 4+ and 6+ cations were less stable by 0.9 

and 2.2 a.u., respectively. For this reason, the formula [Au16S{Fe(CO)4} 4(IPr)4]
2+ was proposed. 

The computed energy gap between frontier orbitals in the model compound was quite high, 3.9 eV. 

 The approximate Td symmetry was confirmed by all the population analyses, and the four C3 

axes were reported in Figure 2.20 for clarity. 

 

Figure 2.20 Structure of 18 with highlighted one [FeAu3] and one [Au4] tetrahedron. The CO ligands were removed for 

clarity. Only the donor atoms of the NHC ligands were depicted. The four C3 axes were shown. Different types of bonds 

involving the Au centres were labelled (yellow, Au; orange, S; green, Fe; grey, C).31 

 

 The compound can be thought as composed of four [FeAu3] tetrahedra, each one forming 

three bonds with the central sulphur (in red in Figure 2.20). The [FeAu3] tetrahedra were 

interconnected by Au-Au bonds, and each [AuIPr] fragment was bonded to three Au atoms 

belonging to different [FeAu3] tetrahedra, with the formation of [Au4] tetrahedra, one of them 

highlighted in Figure 2.20.  

 The electron count of 18 was based on the following assumptions. The m3-AuIPr fragments 

were considered to contribute one electron each, being isolobal to m3-H. The m3-Fe(CO)4 groups 

were usually described in the literature as four electron donors.38 The interstitial m6-S atom was 

considered to contribute with all its six valence electrons. Therefore, if 18 was a di-cation, as 

inferred from DFT calculations, it should possess 156 [11×12 (Au) + 6×1 (m6-S) + 4×1 (m3-AuIPr) 

+ 4×4 (m3-Fe(CO)4)- 2 (charge +2)] cluster valence electrons (CVE). The expected CVEs depended 

on the model adopted. According to the EAN (Effective Atomic Number) rule, a cuboctahedron 
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should have 168 CVE. PSEPT (Polyhedral Skeletal Electron Pair Theory) predicted 170 CVE by 

interpreting a cuboctahedron as a four-connected polyhedron. Conversely, assuming that radial 

bonding predominates, on the basis of Mingos Rules a cuboctahedron should have 162 CVE.32 In 

this respect, 18 appeared to be electron poor, as often happened for gold clusters. These are often 

electron poor because Au has already a high electron density and, therefore, tends to form fewer 

bonds compared to other transition metals. 
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Final Remarks 

 

In this chapter a general strategy for the syntheses of new Fe-Au carbonyl clusters supported by 

NHC and PPh3 ligands has been reported, starting from the Collmanôs reagent and Au(I) complexes, 

such as Au(NHC)Cl and Au(PPh3)Cl. The new species were fully characterised by means of IR, 1H 

NMR and 13C{1H} NMR spectroscopy, and their structures determined by X-ray crystallography.  

Depending on the stoichiometry of the reaction and the solvent, mono-anionic or neutral 

species are formed. The formation of [Fe(CO)4(AuNHC)]ï (NHC = IMes, 1; IPr, 2) is favoured with 

1:1 stoichiometry in polar solvents, such as dmso, while the neutral compounds Fe(CO)4(AuNHC)2 

(NHC = IMes, 3; IPr, 4) may be easily obtained in less polar solvent, such as thf or acetone, with an 

excess of Au(I) complex. These clusters show different behaviour and reactivity, that strictly 

depend on the nature of the carbene ligand. Indeed, species containing the IPr group are more stable 

than the analogous containing the IMes group. DFT calculations highlighted that the different 

reactivity of these compounds was due to the steric effect of the IMes and IPr groups. Indeed, the 

bulkier is the substituent on the aromatic group of the carbene, the more protected the LUMO 

localised on the AuNHC fragment is. This protection permits to avoid attacks from nucleophiles, 

enhancing the stability of the compound. Moreover, DFT studies pointed out that the Au···Au 

interactions in such heterobimetallic clusters were not covalent bonds but mainly dispersion-driven. 

 Another interesting aspect of these compounds is the possibility to modulate their chemical 

and physical properties by changing and mixing the ligands. Indeed, in this chapter we reported 

different reaction paths for the preparation of mixed neutral compounds, such as 

Fe(CO)4(AuIMes)(AuIPr) (5), Fe(CO)4(AuIMes)(AuPPh3) (6) and Fe(CO)4(AuIPr)(AuPPh3) (7). 

 The species obtained in this work might be good starting material for the preparation of 

larger clusters. Their thermal decomposition has been investigated with the attempt to isolate new 

clusters with higher nuclearity. The obtained Fe-Au products could be grouped within the following 

categories:  

Á [Fe2(CO)8(AuNHC)]ï (NHC = IMes, 11; IPr, 12) resulted from oxidation of Fe from -2 to -

1, whereas Au retained the original +1 oxidation state. 

Á Anions [Au3Fe3(CO)12]
3ï (14), [Au3Fe2(CO)8(IMes)2]

ï (15) and [Au3{Fe(CO)4} 2(PPh3)2]
ï 

(9) were the result of ionisation and rearrangement of the starting species. Thus, they 

retained the original oxidation states of the metals, that is Au(+1) and Fe(-2).  

Á The unique species [Au16S{Fe(CO)4} 4(IPr)4]
2+ (18) (even if obtained in very low yields) 

formally contained Fe(-2) whereas the oxidation state of Au was comprised between 0 and 
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+1. This assignment was based on the assumption that, as usually found in Au-Fe carbonyl 

clusters, the Fe(CO)4 fragments retained the original di-anionic nature. 
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CHAPTER 3 

Heterometallic Fe-M (Cu, Ag, Au) Carbonyl 

Clusters Stabilised by N-Heterocyclic Carbene 

Ligands 

 

In this chapter the syntheses and characterisation of new heterometallic Fe-M (Cu, Ag, Au) 

carbonyl clusters containing N-Heterocyclic carbene ligands are reported. The compounds 

presented in this Section are summarised in Tables 3.1-3.2. 

 

Table 3.1 Clusters discussed in this chapter. 

Compound Compound number 

[Fe(CO)4(CuIMes)]ï 1 

[Fe(CO)4(CuIPr)]ï 2 

[Fe(CO)4(AgIMes)]ï 3 

[Fe(CO)4(AgIPr)]ï 4 

[Fe(CO)4(AuIMes)]ï 5 

[Fe(CO)4(AuIPr)]ï 6 

[Ag3Fe3(CO)12]
3ï 7 

[Ag4Fe4(CO)16]
4ï 8 

[Ag5Fe4(CO)16]
3ï 9 

[Fe2(CO)8(AgIPr)]ï 10 

Fe(CO)4(CuIMes)2 11 

Fe(CO)4(CuIPr)2 12 

Fe(CO)4(AgIMes)2 13 

Fe(CO)4(AgIPr)2 14 

Fe(CO)4(AuIMes)2 15 
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Table 3.2 Clusters discussed in this chapter. 

Compound Compound number 

Fe(CO)4(AuIPr)2 16 

[Cu3Fe3(CO)12]
3ï 17 

[Au3Fe3(CO)12]
3ï 18 

[Au4Fe4(CO)16]
4ï 19 

Fe(CO)4(CuIPr)(AgIPr) 20 

Fe(CO)4(CuIPr)(AuIPr) 21 

Fe(CO)4(AgIPr)(AuIPr) 22 

Fe(CO)4(CH2IMes) 23 

 

 

3.1 Introduction  

Chapter 2 introduced the importance that the heterometallic complexes and clusters containing 

Au(I) have gained in the recent years. The reason of this interest is linked to metallophilic 

interactions. Aurophilicity was explored and discussed in the previous chapter. The information 

obtained by studying Fe-Au carbonyl clusters allowed us to extend this research to the other two 

coinage metals, that is Ag and Cu, in order to investigate and better understand all the metallophilic 

interactions amongst the three metals (Au, Cu and Ag). 

 As described previously, metals in the +1 oxidation state of the 11th group of the periodic 

table present a low affinity to the CO ligand, which is due to the high ionisation energy and 

electronegativity that hamper a good  ́back-donation to the anti-bonding orbitals of CO. For this 

reason, the chemistry of the carbonyls of these M(I) ions is quite limited. In particular, in the 

literature few carbonyl species with the formula [M(CO)x]
+ (M = Au, Ag; x = 1-3) are known, and 

all of them display a low stability. As regards the iron bimetallic carbonyl clusters, several Fe-Cu 

compounds are known, such as [Cu6{Fe(CO)4} 4]
2ï, [Cu5{Fe(CO)4} 4]

3ï, [Cu3{Fe(CO)4} 3]
3ï, 

[Fe3(CO)9(CCO)(CuI)]2ï and [Fe4(CO)13(CuPPh3)]
ï. As far as Ag is concerned, less structures were 

obtained because of the lower stability of the Fe-Ag bond, which is weaker than Fe-Cu and Fe-Au. 

Some important examples include [Ag4Fe4(CO)16]
4ï, [Ag5Fe4(CO)16]

3ï and [Ag13Fe8(CO)32]
nï (n = 

3, 4, 5) (Figure 3.1). 
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(a)                                                                            (b) 

Figure 3.1 (a) Molecular structure of [Ag13Fe8(CO)32]nï and (b) its Ag13Fe8 metal cage (green, Fe; orange, Ag; red, O; 

grey, C). 

 

 These compounds resulted from the reactions between the Collmanôs reagent 

Na2[Fe(CO)4]·2thf and Ag(I) salts or Ag(L)X (L = phosphine; X = anion) complexes. The breaking 

of Ag-P bond due to the presence of a strong nucleophile such as [Fe(CO)4]
2ï, led to the formation 

of these clusters composed only by Ag, Fe and CO. Unlike Ag, in the case of Au it is possible to 

synthesise Fe-Au carbonyl clusters stabilised by phosphines ligands by using Au(L)X complexes, 

due to the greater stability of Au-P bonds compared to Ag-P. Indeed, only two examples of Fe-Ag 

carbonyl clusters containing phosphines are known: Ag6Fe3(CO)12[CH(PPh2)3] and 

[Ag3Fe(CO)4(dppm)3]
+ (Figure 3.2). It is important to underline that these two compounds contain 

polydentate phosphines, that stabilise the Ag-P bond with the chelating effect.  

Aiming at widening the library of the iron bimetallic carbonyl clusters and investigating all 

the metallophilic interactions, the general strategy presented in the previous chapter was also 

applied for Ag and Cu.  

Herein, the results obtained by reacting the Collmanôs reagent with M(I) complexes, such as 

M(NHC)Cl, are reported. 
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(a)                                      (b) 

Figure 3.2 Molecular structures of (a) Ag6Fe3(CO)12[CH(PPh2)3] and (b) [Ag3Fe(CO)4(dppm)3]+. Hydrogen atoms have 

been omitted for clarity (green, Fe; orange, Ag; purple, P; red, O; grey, C). 

 

3.2 General results 

The following Sections 3.3, 3.4 and 3.6 report the synthesis and the characterisation of 

[Fe(CO)4(MNHC)]ï (M = Cu, NHC = IMes, 1; IPr, 2; M = Ag, NHC =IMes, 3; IPr, 4), 

Fe(CO)4(MNHC)2 (M = Cu, NHC = IMes, 11; IPr, 12 M = Ag, NHC =IMes, 13; IPr, 14), 

Fe(CO)4(CuIPr)(AgIPr) (20), Fe(CO)4(CuIPr)(AuIPr) (21), Fe(CO)4(AgIPr)(AuIPr) (22) and 

[M 3Fe3(CO)12]
3ï (M = Cu, 17; Ag, 7). 

The thermal decomposition of 1-11 have been studied, leading, among the others, the 

formation of the new species [Fe2(CO)8(AgIPr)]ï (10) and Fe(CO)4(CH2IMes) (23). 

 

3.3 Synthesis and characterisation of mono-anionic [Fe(CO)4(MNHC)] ï complexes (M = Cu, 

Ag; NHC = IMes, IPr)  

The reaction of the Collman's reagent Na2[Fe(CO)4]·2thf with one equivalent of M(NHC)Cl (M = 

Cu, Ag; NHC = IMes, IPr) in dmso resulted in the [Fe(CO)4(MNHC)]ï (M = Cu, NHC = IMes, 1; 

M = Cu, NHC = IPr, 2; M = Ag, NHC = IMes, 3; M = Ag, NHC = IPr, 4) mono-anions, in accord to 

Scheme 3.1. 
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Scheme 3.1 Syntheses of the mono-anionic [Fe(CO)4(MNHC)]ï complexes. 

 

 

 Compounds 1-4 are less stable than the analogous species [Fe(CO)4(AuNHC)]ï (NHC = 

IMes, 5; IPr, 6). The isolation and crystallisation of the new mono-anions were difficult. For this 

reason, they were characterised directly in the crude reaction mixtures by means of IR, 1H and 

13C{1H} NMR spectroscopies. 

 The 1H and 13C{1H} NMR data of 1-4 were in agreement with the proposed structures and 

similar to those previously reported for 5 and 6.26 Compounds 1-4 displayed two nCO bands in dmso 

solution at 1909-1913(s) and 1796-1801(vs) cmï1, significantly shifted towards lower wavenumbers 

compared to the Au-congeners 5 and 6 (nCO 1924(s) and 1820(vs) cmï1).  

 The nCO shifts related to the change of the coinage metal were confirmed by the IR 

simulations on the DFT-optimised geometries (Figure 3.3). 

 The AIM (Atoms in Molecules) analyses of the Fe-C bonds in 1, 3 and 5 highlighted the 

slight reduction of electron density (r) and the less negative values of potential energy density (V) 

at Fe-C bond critical points (b.c.p.) in the case of the Au derivative 5. This may be explained on the 

basis of the greater electronegativity of Au (2.4) compared to Ag (1.9) and Cu (1.9), which resulted 

in a decrease of the electron density on Fe bonded to Au greater than in the case of Cu and Ag. 

This, in turn, reduced the p-Fe-CO back-donation in the Fe-Au complexes compared to Fe-Cu and 

Fe-Ag, in agreement with the experimental and computed IR frequencies of the nCO stretchings. 
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 1 3 5 

Figure 3.3 DFT-optimised geometries of 1, 3 and 5 (PBEh-3c method). Hydrogen atoms were omitted for clarity 

(green, Fe; orange, Cu; light grey, Ag; yellow, Au; blue, N; red, O; grey, C). Selected computed bond lengths (Å) for 1: 

Fe-Cu 2.295, Fe-CO(axial) 1.720, Fe-CO(equatorial, average) 1.726, Cu-C(IMes) 1.929. Selected computed bond 

lengths (Å) for 3: Fe-Ag 2.477, Fe-CO(axial) 1.718, Fe-CO(equatorial, average) 1.733, Ag-C(IMes) 2.135. Selected 

computed bond lengths (Å) for 5: Fe-Au 2.401, Fe-CO(axial) 1.723, Fe-CO(equatorial, average) 1.735, Au-C(IMes) 

2.047.39 

 

 The electronegativity of the coinage metal plays an important role in terms of stability of the 

compound. Indeed, the stronger the Fe-M bond is, the more stable and less reluctant to dissociate 

into [Fe(CO)4]
2ï and [MIMes]+ the species is. It might also be concluded that Fe-Au bonds are 

stronger than Fe-Cu and Fe-Ag bonds, in accordance with the greater stability of 5 and 6 compared 

to 1-4.  

 

Crystal structure of 2 

The molecular structure of 2 has been determined as its [NEt4]
+ salt (Figure 3.4) corroborating the 

nature of compounds 1-4. Crystals of [NEt4][2] were obtained by addition of a saturated solution of 

[NEt4]Br in water to the dmso reaction mixture, the solid recovered by filtration and extracted in 

toluene. Crystals of [NEt4][2] suitable for X-ray analyses were obtained by slow diffusion of n-

pentane on the toluene solution.  

 Similarly to 5 and 6, 2 adopted a trigonal bipyramidal structure, with the CuIPr fragment in 

an axial position. 2 contained strong Cu-Fe, Fe-C(O) and Cu-Ccarbene interactions as well as some 

weak Cu···C(O) contacts. In general, it was rather debated if such M···C(O) (M = Cu, Ag, Au) 

contacts were due to the steric arrangement of the CO ligands, or they were the consequence of any 

attraction (even van der Waals) between the carbonyls and M(I).40 
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Figure 3.4 Molecular structure of [Fe(CO)4(CuIPr)]ï (2). Cu···C(O) contacts [2.462(5)-2.670(5) Å] are represented as 

fragmented lines. Hydrogen atoms have been omitted for clarity (green, Fe; orange, Cu; blue, N; red, O; grey, C). Main 

bond distances (Å) and angles (°): Fe-Cu 2.3216(7), Cu-Ccarbene 1.903(3), Fe-C(O) 1.749(6)-1.773(5), Fe-Cu-Ccarbene 

176.80(11).39 

 

 Isolation of 2 was possible because of the enhanced steric stability of IPr-derivatives 

compared to IMes-derivatives, as well as the (slightly) greater stability of Fe-Cu species compared 

to Fe-Ag.26 Indeed, all attempts to isolate 1, 3 and 4 following a similar procedure failed, leading to 

the formation of complex mixtures of decomposition products.  

 

Attempt of crystallisation of 3 

Attempting the isolation of 3, crystals of [NEt4]2[Ag(IMes)2][Ag3Fe3(CO)12]·solv,32 

[NEt4]2[HIMes]2[Ag4Fe4(CO)16], [NEt4]4[Ag4Fe4(CO)16]·2CH3CN and [NEt4]3[Ag5Fe4(CO)16] were 

obtained (Figure 3.5). 

 All these salts contained the [Ag3Fe3(CO)12]
3ï (7),32 [Ag4Fe4(CO)16]

4ï (8), and 

[Ag5Fe4(CO)16]
3ï (9) cluster anions.41 Their formation suggested that the Ag-IMes bond was mainly 

broken during work-up, leading to homoleptic Ag-Fe-CO clusters. The presence among the 

decomposition products of the imidazolium [HIMes]+ cation indicated that, once liberated in 

solution, the IMes carbene may be readily protonated by traces of humidity present in the solvent. 

The molecular structures of Ag-Fe compounds displayed in Figure 3.5 are similar to those of Ag-

Fe, Cu-Fe and Au-Fe species reported in the literature.20,21 
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Figure 3.5 Molecular structures of [Ag3Fe3(CO)12]3ï (7), [Ag4Fe4(CO)16]4ï (8) and [Ag5Fe4(CO)16]3ï (9). Ag···C(O) 

contacts are represented as fragmented lines (green, Fe; orange, Ag; red, O; grey, C).32,39 Main bond distances (Å): Ag-

Fe 2.6105(9)-2.6632(9) (7), 2.581 (8) and 2.58-2.70 (9), Ag-Ag 2.8515(7)-2.8801(7) (7), Ag 3.149 (8) and 2.79-3.01 

(9). 

 

Attempt of crystallisation of 4 

During the attempts of isolating 4, crystals of [Ag(IPr)2][Fe2(CO)8(AgIPr)]·CH2Cl2, 

[NEt4]2[HIPr][Fe2(CO)8(AgIPr)]2[Cl] ·2CH2Cl2 and [NEt4]4[Ag4Fe4(CO)16] were obtained. A part 

[Ag4Fe4(CO)16]
4ï (8) which did not contain the IPr ligand, all the other products retained the AgIPr 

fragment. This confirmed the different reactivity of the IPr-containing species compared to IMes-

ones, mainly imputable to their different steric properties. Formation of the [Fe2(CO)8]
2ï moiety 

was due to oxidation of the [Fe(CO)4]
2ï unit present in 4. 

 The molecular structure of the new [Fe2(CO)8(AgIPr)]ï (10) anion, as found in both 

[Ag(IPr)2][10]·CH2Cl2 and [NEt4]2[HIPr][10]2[Cl] ·2CH2Cl2, is reported in Figure 3.6.  

Figure 3.6 Molecular structure of [Fe2(CO)8(AgIPr)]ï (10). Ag···C(O) contacts [2.775(5)-3.012(7) Å] are represented 

as fragmented lines. Hydrogen atoms have been omitted for clarity (green, Fe; orange, Ag; blue, N; red, O; grey, C). 

Selected bond lengths (Å): Fe-Fe 2.5927(9); Fe-Ag 2.7159(7) and 2.7201(7); Ag-Ccarbene 2.142(4); Fe-C(O)bridge 

1.927(5)-1.993(5); Fe-C(O)terminal 1.750(5)-1.807(5).39 
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 This structure may be viewed as the result of the addition of a [AgIPr]+ fragment to 

[Fe2(CO)8]
2ï. It displayed six terminal and two edge bridging CO ligands. The Fe-Fe distance found 

in 10 [2.5927(9) Å] was in keeping with those of [Fe2(CO)8(AuIPr)]ï [2.573(4) Å] and 

[Fe2(CO)8(AuPPh3)]
ï [2.605 Å]. 

 

3.4 Synthesis and characterisation of neutral bimetallic Fe(CO)4(MNHC) 2 complexes (M = 

Cu, Ag; NHC = IMes, IPr)  

The neutral bimetallic Fe(CO)4(MNHC)2 (M = Cu, NHC = IMes, 11; M = Cu, NHC = IPr, 12; M = 

Ag, NHC = IMes, 13; M = Ag, NHC = IPr, 14) compounds were obtained by reacting 

Na2[Fe(CO)4]·2thf with two equivalents of M(NHC)Cl in thf, as shown in Scheme 3.2. 

 

Scheme 3.2 Synthesis of 11-14.  

  

 After the work-up, compounds 11-14 were spectroscopically characterised by means of IR, 

1H and 13C{1H} NMR techniques. The IR spectra of these species displayed nCO bands in CH2Cl2 at 

1943-1950 and 1849-1878 cmï1, significantly downshifted compared to Fe(CO)4(AuNHC)2 (NHC = 

IMes, 15; IPr, 16) [ca. 1974(m), 1884(s) cmï1]. As explained in Section 3.3, this was related to the 

greater electronegativity of Au compared to Cu and Ag. The IR simulations on the DFT-optimised 

structures of 11, 13 and 15 confirmed the variations to the nCO stretchings on changing the coinage 

metal in agreement with the lower r and less negative V values at Fe-C b.c.p. for the Au compound 

15. 

 The two NHC ligands were equivalent in the 1H and 13C NMR spectra at all temperatures, in 

agreement with the solid state structures. The M-coordinated carbene resonated at dC 177.3, 181.5, 

182.6 and 189.2 ppm for 11, 12, 13 and 14, respectively. The expected coupling to 107Ag and 109Ag 

was detected in the Ag-complexes 13 and 14 (1JC-Ag = 209 and 180 Hz for 13 and 1JC-Ag = 204 and 

182 Hz for 14). A singlet was present at all temperatures in the CO region of the 13C NMR spectra 
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of 11-14, suggesting a fluxional behaviour for the carbonyl ligands. This rapid exchange process 

made the equatorial and apical CO ligands equivalent also at low temperature and hampered the 

spectroscopic detection in solution of possible M···C(O) interactions. 

 

Crystal structures 

The molecular structures of 11-13 were crystallographycally determined (Figure 3.7 and Table 

3.3).32 Conversely, we were not able to obtain crystals of 14. 11-13 were composed of a C2v-

Fe(CO)4 sawhorse/seesaw unit coordinated to two MNHC fragments in relative cis position, as 

previously found in 15 and 16.25 All these compounds displayed short Fe-M, Fe-CO and M-Ccarbene 

contacts, as well as sub-van der Waals M···C(O) contacts (Table 3.3). 

 Regarding the M···M distances, they were shorter in the IMes-derivatives and rather longer 

in the IPr-derivatives. Thus, the former contacts may be viewed as weak metallophilic interactions, 

whereas they were completely non-bonding in the latter compounds. These differences were 

explained on the basis of the greater steric demand of IPr compared to IMes, which caused the 

complete loss of any M···M interaction. As a consequence, the M-Fe-M angles were considerably 

smaller in the IMes-derivatives [73.53(7)-78.74(4)°] than in the IPr-congeners [107.90(9)-

127.75(3)°]. The results herein described and summarised in Table 3.3 further pointed out that 

metallophilic M···M interactions were rather deformable and adapted themselves to the steric 

properties of the ancillary ligands employed in such complexes.  

 

                11                                                           12     13 

Figure 3.7 Molecular structures of Fe(CO)4(CuIMes)2 (11), Fe(CO)4(CuIPr)2 (12) and Fe(CO)4(AgIMes)2 (13). 

Cu···C(O) contacts [2.359(3)-2.907(3) Å] (11), [2.345(5)-2.9742(6) Å] (12) and Ag···C(O) contacts [2.576(4)-2.767(4) 

Å] (13) are represented as fragmented lines. Hydrogen atoms have been omitted for clarity (green, Fe; orange, Cu; 

yellow, Ag; blue, N; red, O; grey, C).39 
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Table 3.3 Main bond distances (Å) and angles (deg) of Fe(CO)4(CuIMes)2 (11), Fe(CO)4(CuIPr)2 (12) and Fe(CO)4(AgIMes)2 (13) compared to Fe(CO)4(AuIPr)2 (16)25 and 

Fe(CO)4(AuIMes)2 (15).25,32 

 Fe(CO)4(CuIMes)2 

11 

Fe(CO)4(CuIPr) 2 

12 

Fe(CO)4(AgIMes)2 

13 

Fe(CO)4(AuIPr) 2 

16 

Fe(CO)4(AuIMes)2 

15 

M(1)-Fe(1) 2.3586(4) 2.3603(8) 2.5292(4) 2.512(2) 2.5158(15) 

M(2)-Fe(1) 2.3582(4) 2.3438(8) 2.5423(4) 2.524(2) 2.5312(15) 

M(1)-M(2) 3.1990(9) 4.223(2) 3.1185(3) 4.082(1) 3.2015(8) 

M(1)-C(1) 1.903(2) 1.911(4) 2.105(2) 2.012(11) 2.008(10) 

M(2)-C(2) 1.908(2) 1.889(4) 2.104(2) 1.949(14) 2.020(10) 

Fe(1)-CO 1.770(2)-1.776(2) 1.775(5)- 1.785(5) 1.770(2)-1.781(2) 1.737(15)-1.781(15) 1.756(13)-1.783(13) 

Fe(1)-M(1)-C(1) 168.64(7) 170.67(12) 178.02(6) 168.3(3) 177.8(3) 

Fe(1)-M(2)-C(2) 178.04(7) 171.36(13) 165.05(6) 168.4(5) 165.9(3) 

M(1)-Fe(1)-M(2) 73.53(7) 127.75(3) 75.890(12) 107.90(9) 78.74(4) 

Fe(1)-M(1)-M(2) 47.30(2) 26.03(2) 52.245(9) 36.15(5) 50.84(4) 

Fe(1)-M(2)-M(1) 47.31(2) 26.23(2) 51.865(9) 35.95(5) 50.42(3) 
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3.5 Thermal decomposition 

Aiming at studying their reactivity and enhancing the nuclearity, the thermal treatments of 11-14 in 

dmso at 130 °C were performed. The results can be summarised as follow (Scheme 3.3):25 

Á Compounds 11, 13 and 14 rapidly decomposed affording the triangular clusters 

[M 3Fe3(CO)12]
3ï (M = Cu, 17; Ag, 7). 

Á Complex 12 was thermally stable and displayed only limited dissociation of one [CuIPr]+ 

group and resulted in a mixture of unreacted 12 (major) and 2 (minor). These results were in 

keeping with our previous observations, that indicated that IPr-containing species were more 

stable than IMes-ones and Cu complexes were more stable than Ag ones. From this point of 

view, Cu-containing complexes resembled more to Au-complexes than Ag-complexes.  

 

Scheme 3.3 Thermal decomposition of 11-14. 

 

 

Independently of the coinage metal, IMes-complexes 11, 13 and 15 rapidly decomposed 

after heating in dmso at 130 °C affording the higher nuclearity [{MFe(CO)4} 3]
3ï (M = Ag, 7; Cu, 

17; Au, 18) clusters (Scheme 3.3). The case of Au was already presented in Chapter 2.  
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Formation of the [{MFe(CO)4} 3]
3ï clusters from the neutral ones may be accounted by the 

decomposition-ionisation reaction depicted in equation (3.1): 

              (3.1) 

Compounds 7, 17 and 18 were based on a M3Fe3 core which consisted of a M3-triangle with 

edge-bridging Fe(CO)4 groups. Such a triangular structure was unprecedented for Ag and Au, 

whereas the hexa-nuclear copper cluster [{CuFe(CO)4} 3]
3ï was previously obtained by reaction of 

Na2[Fe(CO)4]·2thf with Cu(I) salts. Conversely, analogous reactions of Collman's reagent with 

Ag(I) and Au(I) salts afforded the square-in-a-square-type clusters [{MFe(CO)4} 4]
4ï (M = Ag, 8; 

Au, 19) as previously reported in the literature.41,42 Thus, depending on the synthetic protocol 

adopted, both the triangular [{MFe(CO)4} 3]
3ï and square [{MFe(CO)4} 4]

4ï polymerisation isomers 

can be selectively obtained, at least for Ag and Au. Polymerisation isomerism, that is two 

compounds having the same elemental compositions but different molecular weights, was 

investigated in [{MFe(CO)4} n]
nï (n = 3, 4; M = Cu, Ag, Au) by means of structural and theoretical 

methods and the role of metallophilic interactions was computationally studied throughout the 

atoms-in-molecules (AIM) approach. 

As far as Cu was concerned, only the [{CuFe(CO)4} 3]
3ï triangular cluster was obtained 

independently of the synthetic strategy adopted. [{MFe(CO)4} 4]
4ï and [{MFe(CO)4} 3]

3ï (M = Ag, 

Au) represented the first examples of polymerisation isomers for molecular clusters, having the 

same elemental compositions but different molecular weights. 

The M3 and M4 cores of the clusters were supported by metallophilic interactions, which 

were lower in M4 clusters with respect to the analogous M3 species, as inferred by DFT calculations. 

This lowering was more accentuated for [{CuFe(CO)4} 4]
4ï, where cuprophilic interactions were 

weaker. This explained the tendency of Cu to form the triangular compound, while the softer and 

flexible character of Ag and Au allowed the formation of both triangular and square isomers 

without altering the Fe-M-Fe frameworks. 

The molecular structures and the electron densities associated to the coinage metals in the 

[{MFe(CO)4} 3]
3ï and [{MFe(CO)4} 4]

4ï clusters are shown in Figures 3.8-3.9, respectively. 
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Figure 3.8 Molecular structures of [{MFe(CO)4} 3]3ï (M = Ag, 7; Au, 18; Cu, 17) and [{MFe(CO)4} 4]4ï (M = Ag, 8; Au, 

19) as determined by SC-XRD analysis (green, Fe; orange, Ag; yellow, Au; light grey, Cu; red, O; grey, C).32 

. 

 As shown in Figure 3.9, metallophilic interactions are lower in M4 clusters with respect to 

the analogous M3 species, but this lowering is more accentuated for [{CuFe(CO)4} 4]
4ï, where 

cuprophilic interactions are weak. 
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Figure 3.9 Surface maps with projections of the coinage metal electron densities (a.u.) in the [{MFe(CO)4} 3]3ï and 

[{MFe(CO)4} 4]4ï clusters.32 
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3.6 Synthesis and characterisation of neutral trimetallic Fe(CO)4(MNHC)(M'NHC) complexes 

(M = Cu, Ag; M' = Cu, Ag, NHC = IMes, IPr)  

The reaction between the mono-anions [Fe(CO)4(MNHC)]ï (1-6) and one equivalent of M'(NHC)Cl 

were performed in the attempt to prepare neutral trimetallic clusters of the general type 

Fe(CO)4(MNHC)(M'NHC) (NHC = IMes, IPr; M, M' = Cu, Ag, Au; M  ̧M'). Depending on the 

nature of the NHC carbene ligands, different results were obtained (Scheme 3.4). When NHC = IPr, 

it was possible to isolate in satisfactory yields all the new three species Fe(CO)4(CuIPr)(AgIPr) 

(20), Fe(CO)4(CuIPr)(AuIPr) (21) and Fe(CO)4(AgIPr)(AuIPr) (22). 

 

Scheme 3.4 Synthesis of 20-22. 

 

 20-22 were quite stable both in the solid state and in solution, and were fully characterised 

through IR, 1H and 13C{1H} NMR spectroscopies. 

 

Crystal structures 

The molecular structures of 20-22 were determined by means of single crystal X-ray diffraction as 

their isomorphous Fe(CO)4(CuIPr)1.27(AgIPr)0.73·1.5toluene (I ), 

Fe(CO)4(CuIPr)0.71(AuIPr)1.29·1.5toluene (II ) and Fe(CO)4(AgIPr)0.95(AuIPr)1.05·1.5toluene (III ) 

solvates (Figures 3.10-3.12, Table 3.4). 
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Figure 3.10 Molecular structure of Fe(CO)4(CuIPr)(AgIPr) (20). Two different views of the molecule are reported. 

M···C(O) contacts [2.414(5)-2.787(5) Å] are represented as fragmented lines. Hydrogen atoms have been omitted for 

clarity (green, Fe; orange, Cu; yellow, Ag; blue, N; red, O; grey, C).39 

 

Figure 3.11 Molecular structure of Fe(CO)4(CuIPr)(AuIPr) (21). Two different views of the molecule are reported. 

M···C(O) contacts [2.556(5)-2.842(5) Å] are represented as fragmented lines. Hydrogen atoms have been omitted for 

clarity (green, Fe; orange, Cu; yellow, Au; blue, N; red, O; grey, C).39 

 

Figure 3.12 Molecular structure of Fe(CO)4(AgIPr)(AuIPr) (22). Two different views of the molecule are reported. 

M···C(O) contacts [2.588(4)-2.912(4) Å] are represented as fragmented lines. Hydrogen atoms have been omitted for 

clarity (green, Fe; orange, Ag; yellow, Au; blue, N; red, O; grey, C).39 


