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Molecular Fe, Co and Ni Carbide Carbonyl Clusters and Nanoclusters† 
Cristiana Cesari, Cristina Femoni, Maria Carmela Iapalucci, Stefano Zacchini* 

Dipartimento di Chimica Industriale "Toso Montanari", Università di Bologna, Viale Risorgimento 4 - 

40136 Bologna, Italy. E-mail: stefano.zacchini@unibo.it 

 

Abstract: The present minireview highlights the work of our group on Fe, Co and Ni carbide carbonyl 

clusters and nanoclusters, placing it in the context of the recent literature. After a brief introduction, 

Section 2 gives a short summary on the general features of molecular carbide carbonyl clusters. Then, 

specific examples of Fe, Co and Ni carbide carbonyl clusters are presented in the following three 

Sections. Each Section includes both homometallic and heterometallic clusters, as well as discussion of 

some of their most relevant chemical, electrochemical, structural and physical properties. General 

conclusions are outlined in Section 6.  

 
† Dedicated to Professor Guido Pampaloni on occasion of his retirement, and in recognition of his 

contribution to coordination and organometallic chemistry. 
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1. Introduction 

The square-pyramidal Fe5C(CO)15 species, containing a semi-exposed C-atom, was the first structurally 

characterized metal carbide carbonyl cluster [1]. Soon after, the structure of the octahedral Ru6C(CO)17 

cluster was unravelled by single crystal X-ray diffraction (SC-XRD), showing the presence of a fully 

interstitial carbide atom [2,3]. Several other metal carbide carbonyl clusters were, then, discovered 

including both homometallic and heterometallic species, as well as mono-carbide, poly-carbide, mono-

acetylide and poly-acetylide species [4-11]. The term "acetylide" is used to indicate species that contain 

tightly bonded C2-units.  

 Clusters containing semi-exposed carbide atoms, such as Fe5C(CO)15, attracted a great interest 

mainly focused in the reactivity of the semi-exposed C-atom [12-18]. Indeed, this can be exploited for 

the formation of C-H and C-C bonds, and serves as model for carbide atoms on metal surfaces. These 

studies widely contributed to the development of the cluster surface analogy [19,20]. Moreover, semi-

exposed carbides in molecular clusters helped the understanding of relevant industrial processes, such as 

the Fischer-Tropsch reaction [21-29].  
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 From the other side, fully interstitial carbide atoms are not accessible to reagents, and display a 

limited (or almost null) direct reactivity. Nonetheless, they play a fundamental role in the stabilisation of 

metal carbonyl clusters in two synergic ways [30,31]:  

(a) Formation of additional M-C bonds, which add to M-M ones, reinforces the metal cage of the 

cluster. This point is rather important in the case of first raw transition metals, such as Fe, Co and Ni, 

since their M-M bonds are considerably weaker than those involving second and third raw transition 

metals, such as Ru, Os, Rh, Ir and Pt.  

(b) Interstitial carbides act as internal ligands lowering the number of surface CO ligands and, thus, 

reducing steric problems. To exemplify this point, ruthenium forms the octahedral non-carbide cluster 

[Ru6(CO)18]2– [32] as well as the octahedral carbide [Ru6C(CO)16]2– [33]. Conversely, in the case of 

iron, only the carbide [Fe6C(CO)16]2– is known [34]. This is due to the fact that Fe is smaller than Ru 

and, therefore, there is no space on the surface of a Fe6 octahedron for 18 CO ligands.  

 As the major result of these stabilising effects, Fe, Co and Ni carbide carbonyl clusters 

systematically reach higher nuclearities than species containing only carbonyl ligands. Thus, the largest 

M-CO clusters (without any interstitial atom) display 4, 6 and 12 metal atoms for Fe, Co and Ni, 

respectively, whereas, including interstitial carbides, they can reach up to 6, 13 and 45 metal atoms. 

Indeed, [Ni45C10(CO)46]6– represents the largest metal carbide carbonyl cluster reported to date, 

considering all transition metals [35]. Large molecular metal carbide carbonyl clusters are comparable in 

size to ultrasmall metal nanoparticles and atomically precise metal nanoclusters [36-39]. In addition, the 

enhanced stability conferred by the carbide atoms allows for a variety of chemical and electrochemical 

reactions on the surface of the cluster [40].  

 Metal carbide carbonyl clusters have recently attracted a renewed interest because of different 

factors. Firstly, the discovery that the active site of nitrogenase enzymes contains a Fe-S carbide cluster 

[41-46] generated some interest in Fe carbide carbonyl clusters [47-51]. In particular, several studies 

have been recently focused in the possibility of introducing S-atoms on Fe carbide carbonyl clusters 

[52,53]. Then, robust Fe and Co carbide carbonyl clusters have shown high performances as 

electrocatalysts for the hydrogen evolution reaction (HER) [54-57]. In addition, high nuclearity metal 

carbonyl clusters (MCCs) including larger carbide MCCs may be viewed as atomically precise metal 

nanoclusters and, therefore, contribute to nanochemistry [11,40,58,59].  

 Within this framework, the present minireview is mainly focused in highlighting the work of our 

group on Fe, Co and Ni carbide carbonyl clusters, placing it in the context of the recent literature. Thus, 

a general review on metal carbide carbonyl clusters is outside our scope, and general readings can be 

found in the references.  
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 After this brief introduction, Section 2 will give a short summary on the general features of the 

species analyzed in this minireview. The following three Sections will present some examples of Fe 

(Section 3), Co (Section 4) and Ni (Section 5) carbide carbonyl clusters. General conclusions will be 

outlined in Section 6. The readers can find tables with the full list of the clusters mentioned in this mini-

review, with pertinent references and CCDC codes, in the Supporting Information.  

 

2. General Features 

Metal carbide carbonyl clusters can be directly accessed following three general synthetic procedures 

[11,30,31,60]:  

1) Thermal disproportionation of CO to C and CO2, upon heating of simple metal carbonyls. This 

synthetic approach has been widely employed in the case of Re, Fe, Ru, and Os carbonyls. 

2) CO splitting by the reduction of a bridging CO ligand. Coordination of a Lewis acid, such as RCO+ 

(generated from RCOCl), to the O-atom of a bridging carbonyl results in a [Mn]–C–O–C(O)R 

species, which is, then, reduced to a metal carbide following elimination of RCOO–. This approach 

can be applied for the synthesis of some Fe and Co carbide clusters. 

3) Direct reaction of a metal carbonyl anion with carbon halides (e.g., CCl4, C2Cl4, C2Cl6, C3Cl6). This 

procedure has been largely employed for the synthesis of Co, Rh, and Ni carbide carbonyl clusters. 

 Once prepared, carbide carbonyl clusters can be further modified and transformed into new 

carbide clusters by means of all typical reactions of metal carbonyl clusters. These include thermal 

reactions, oxidation, reduction, redox condensation, reactions with Lewis acids and nucleophiles. Some 

examples will be given in the following sections [11,30,30,58,61,62].  

 From a structural point of view, the C-atoms can be isolated ("proper" carbide clusters) or form 

tightly bonded C2 units (acetylide clusters). Even if it can be somehow misleading, the term carbide 

carbonyl cluster is often used in the literature in a general way to refer both to (proper, C isolated) 

carbide and acetylide clusters. Herein, the term "carbide" will be employed, as in the literature, to refer 

in a general way to clusters containing carbon atoms, either isolated or as C2-units. Then, the term 

"isolated carbide" will be used whenever it will be needed to explicitly refer to clusters containing 

isolated C-atoms, whereas the term "acetlyde" cluster will be employed in the case of bonded C2 units, 

regardless of the actual C-C distance and bond order. Within formulas, Cn (n = 1-10, for structurally 

characterized clusters) indicates n-isolated C-atoms, whereas (C2)n (n = 1-4, for structurally 

characterized clusters) indicates n-C2 units. It must be remarked that the term "acetylide" is used to 

indicate that the two C-atoms are covalently bonded, without a specification of the bond order. Indeed, 

the C-C bond distances in acetylide clusters span a wide range of values, comprising those of organic 

alkynes, alkenes and alkanes.  
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 In the present minireview, the terms carbide and acetylide are used as in the case of extended 

transition metal carbides (e.g., TiC, WC, Fe3C, Cr3C2) and not to indicate ionic carbides. Indeed, metal 

carbide carbonyl clusters contain (delocalized) covalent bonds and not ionic bonds.  

 Most of the clusters contain fully interstitial C-atoms (or C2 units), even if some interesting 

examples of clusters displaying semi-interstitial (semi-exposed) carbide atoms are also known. Usually, 

C-atoms are included within octahedral, trigonal prismatic or square anti-prismatic metal cages, which 

can be further capped by metal atoms increasing the coordination number of the carbide atom. Selected 

examples of Fe, Co and Ni carbide carbonyl clusters mainly taken from our recent work will be 

described in the following Sections and compared to literature data.  

 

3. Iron Carbide Carbonyl Clusters 

3.1 Homometallic Iron Carbide Carbonyl Clusters 

Iron carbide carbonyl clusters have been recently reviewed and, therefore, only a few relevant features 

will be herein outlined [4]. Based on their structures, homometallic iron carbide carbonyl clusters can be 

grouped into three main categories: 

1) Fe4C clusters with a butterfly structure which display a semi-exposed carbide (green in Scheme 1), 

such as [Fe4C(CO)13] [63], [Fe4C(CO)12]2– [17], [HFe4C(CO)12]– [64], and [HFe4CH(CO)12] [65]; 

2) Fe5C clusters with a square-pyramidal structure which possess a basal semi-exposed carbide (blue in 

Scheme 1), such as [Fe5C(CO)15] [1], and [Fe5C(CO)14]2– [66]; 

3) Fe6C octahedral clusters incorporating a fully interstitial carbide atom (red in Scheme 1), such as 

[Fe6C(CO)16]2– [34], and [Fe6C(CO)15]4– [67]. 

 Some Fe carbide carbonyl clusters can be directly accessed by thermal disproportionation of CO 

ligands. For instance, heating Fe(CO)5 in quinoline above 160 °C results in [Fe6C(CO)16]2– [34], that can 

be, then, employed as starting material for the preparation of other clusters (Scheme 1). Alternatively, 

[Fe4C(CO)12]2– can be prepared by reduction induced CO splitting after activation of a bridging CO with 

a Lewis acid [60]. This is a two-step reaction where, first, [Fe4(CO)13]2– is reacted with CH3COCl to 

yield [Fe4(CO)12(COC(O)CH3)]–; this is, then, reduced with Na to afford [Fe4C(CO)12]2–.  
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Scheme 1. Synthesis of Fe carbide carbonyl clusters. All the species have been isolated and fully 

characterized. [Fe6C(CO)16]2– is prepared directly from Fe(CO)5 by thermal treatment. Other Fe carbide 

carbonyl clusters can be obtained from [Fe6C(CO)16]2– using redox reactions. Alternatively, 

[Fe4C(CO)12]2– can be prepared starting from [Fe4(CO)13]2– in a two-step reaction by CO scission. CO 

ligands have been omitted for clarity. Reproduced with permission from ref. 11. 

 

 The highly reduced cluster [Fe6C(CO)15]4– can be obtained from the reaction of [Fe6C(CO)16]2– 

with NaOH in DMSO or using Na/naphthalene in THF [67]. The former synthesis represents a typical 

reaction of metal carbonyls, that is, OH– nucleophilic attack at a CO ligand followed by CO2 elimination 

and deprotonation (Figure 1). The [HFe6C(CO)15]3– hydride has been identified by 1H NMR 

spectroscopy during the protonation of [Fe6C(CO)15]4– with HBF4·Et2O. The fact that [Fe6C(CO)15]4– is 

a base is further confirmed by its reaction with Au(PPh3)Cl which resulted in the bis-aurated species 

[Fe6C(CO)15(AuPPh3)2]2–.  

 

 



 
 

7 
 
 

 
Fig. 1. Relative Gibbs energy values (kcal mol-1) of reactants, products and intermediate species for the 

reaction [Fe6C(CO)16]2– + 2OH- → [Fe6C(CO)15]4– + CO2 + H2O. The DFT-optimized geometries of the 

intermediate species are reported. Ancillary carbonyl ligands have been omitted for clarity. C-PCM-

ωB97X calculations. Color legend: Fe, blue; C, grey; O, red; H, white. Reproduced with permission 

from ref. 67. 

 

 Iron carbide carbonyl clusters are very important from a historical point of view. The square-

pyramidal [Fe5C(CO)15] was the first metal carbonyl cluster containing a carbide atom which was 

structurally characterized [1]. The study of the structures and reactivities of Fe carbide clusters mostly 

contributed to the development of the cluster-surface analogy and Fisher-Tropsch chemistry [19-29]. 

Indeed, Fe-C-CO clusters undergo reactions such as reduction, oxidation, fragmentation, protonation, 

hydrogenation, and alkylation, that in some cases afford new C-H and C-C bonds. 

 

3.2 Iron Carbide Carbonyl Clusters containing Sulphur 

A renewed interest for Fe carbide carbonyl clusters recently arose because of their relevance to 

nitrogenase chemistry [41-46]. Indeed, since an iron-sulfide-carbide cluster was found in the active site 

of the FeMoco cofactor of nitrogenase, the so called "carbide problem" became of paramount 

importance in bioinorganic chemistry. Some possible approach for the preparation of Fe-S-carbide 

clusters involve the use of [Fe6C(CO)16]2– as starting material [47-53]. The octahedral cluster, 

[Fe6C(CO)14(S)]2–, containing one carbide and one sulfide can be obtained in a multistep synthesis 

(Scheme 2) [53]: 1) substitution of one CO ligand of [Fe6C(CO)16]2– with SO2 to form 

[Fe6C(CO)15(SO2)]2–; 2) methylation of the latter with CF3SO3Me to give [Fe6C(CO)15(SO2Me)]–; 3) 

reduction to [Fe6C(CO)14(S)]2–.  
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Scheme 2. Synthesis of Fe6C(CO)16(S) and [Fe6C(CO)14(S)]2–. [Fe6C(CO)16]2– is transformed into 

[Fe6C(CO)15(SO2)]2– by CO substitution with SO2. Further reactions with MeOTf, BF3 and reduction 

with Na/naphthalene result in the target compounds. CO ligands have been omitted for clarity. 

Reproduced with permission from ref. 11. 

 

 Alternatively, the direct reaction of [Fe6C(CO)16]2– with S2Cl2 or S8 affords mixtures of clusters, 

among which the µ4-S2– bridged µ5,µ6-bis(carbide) cluster [{Fe5(µ5-C)(CO)13}{Fe6(µ6-C)(CO)15}(µ4-

S)]2– and the symmetric µ4-S2– bridged µ5,µ5-bis(carbide) cluster [{Fe5(µ5-C)(CO)13}2(µ4-S)]2– clusters 

have been isolated (Figure 2) [47].  

 

(a) (b) 

Fig. 2. Molecular structures of (a) [{Fe5(µ5-C)(CO)13}{Fe6(µ6-C)(CO)15}(µ4-S)]2– and (b) [{Fe5(µ5-

C)(CO)13}2(µ4-S)]2– (green, Fe; yellow, S; red, O; grey, C) 

 

3.3 Heterometallic Iron Carbide Carbonyl Clusters 

Several heterometallic Fe-based carbide carbonyl clusters can be prepared from the reactions of 

preformed Fe-carbide carbonyls with metal salts or complexes [18]. For instance, the reaction of 

[Fe5C(CO)14]2– with [Mo(CO)3(chpt)] (chpt = cycloheptatriene) affords the heterometallic carbide 
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[Fe5MoC(CO)17]2–, which displays selective alkyne reduction [49,50]. Reaction of [Fe6C(CO)16]2– with 

[Cu(MeCN)4][BF4] in refluxing THF results in the octahedral Fe-Cu carbide cluster 

[Fe4C(CO)12{Cu(MeCN)}2]. Due to the lability of the Cu-bonded MeCN ligands, these can be easily 

replaced by halides, N-, O-, P-, S- and H-donor ligands affording a large variety of heteroleptic clusters 

containing the Fe4Cu2C core (Scheme 3) [68-72].  
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Scheme 3. Some representative reactions of [Fe4C(CO)12{Cu(MeCN)}2]. Reproduced with permission 

from ref. 68. 



 
 

10 
 
 

 Due to the enhanced stability conferred by the carbide atom, Fe carbide carbonyl clusters have 

been recently applied as electrocatalysts for the hydrogen evolution reaction (HER) [56,57]. In 

particular, [Fe4C(CO)12]2− displays a concerted proton-electron transfer mechanism under 

electrochemical control to form [HFe4C(CO)12]2−, which is selective for HER also in the presence of 

CO2. It is noteworthy that the isoelectronic and isostructural [Fe4N(CO)12]− features sequential electron 

and proton transfer reactions under the same electrochemical conditions and, in the presence of CO2, 

affords formate via electrocatalytic CO2 reduction rather than HER [73-77].  

 

4. Cobalt Carbide Carbonyl Clusters 

4.1 Homometallic Cobalt Carbide Carbonyl Clusters 

The number of structurally characterized homometallic Co carbide carbonyl clusters is greater than Fe 

ones. Their nuclearity ranges from 6 to 13 Co atoms and they may contain one or two isolated carbide 

atoms as well as one tightly bonded C2-acetylide unit [78-82]. The most straightforward synthesis of Co 

carbonyl carbides involves the use of carbon halides. Thus, refluxing Co2(CO)8 in neat CCl4 affords the 

chloro-alkylidyne Co3(µ3-CCl)(CO)9 which, in turn, reacts with 3 equivalents of [Co(CO)4]– resulting in 

the trigonal prismatic cluster [Co6C(CO)15]2–. The latter can be alternatively obtained from the reaction 

of CCl4 with six equivalents of [Co(CO)4]–. The paramagnetic [Co6C(CO)14]– cluster can be prepared in 

different ways: 1) oxidation of [Co6C(CO)15]2–; 2) reaction of Co3(µ3-CCl)(CO)9 with 2 equivalents of 

[Co(CO)4]–; 3) reaction of [Co6(CO)15]2– with MeCOCl via CO scission induced by the addition of 

MeCO+ to a coordinated CO ligand.  

 The mono-carbide [Co6C(CO)15]2– can be used as starting material for the preparation of several 

other homometallic Co carbide carbonyl clusters, by means of thermal reactions, redox condensation, 

oxidation and reduction (Scheme 4) [78].  
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Scheme 4. Synthesis of Co carbide carbonyl clusters (Ox = oxidation; Red = reduction; ∆ = thermal 

reaction). Several homometallic Co carbide carbonyl clusters are prepared by thermal or redox reactions 

starting from [Co6C(CO)15]2–. See text and ref. [11] for details. CO ligands have been omitted for clarity 

(blue, Co; grey, C).  
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 From a structural point of view, Co carbonyl mono-carbides may include the C-atom within: (a) 

a trigonal prismatic (TP) cage, i.e., [Co6C(CO)15]2–; (b) an octahedral (Oh) cage, i.e. [Co6C(CO)14]–, 

[Co6C(CO)13]2–, [Co6C(CO)12]3–, [Co7C(CO)15]3–; (c) a square-antiprismatic (SA) cage, i.e. 

[Co8C(CO)18]2– and [Co8C(CO)17]4– (Figure 3). All these species are diamagnetic, except [Co6C(CO)14]– 

and [Co6C(CO)12]3–, which are paramagnetic as demonstrated by EPR measurements (Figure 4).  

 

(a) (b) (c) 

Fig. 3. Molecular structures of the mono-carbides (a) [Co7C(CO)15]3– and (b) [Co8C(CO)17]4–, and the 

mono-acetylide (c) [Co10(C2)(CO)21]2– (blue, Co; red, O; grey, C).  

(i) (ii) (iii) 

Fig. 4. (i) Molecular structure of [Co6C(CO)12]3– (blue, Co; red, O; grey, C); (ii) DFT calculated spin 

density surface (0.002 electron/au3) of the [Co6C(CO)12]3– cluster (red, negative spin density; green, 

positive spin density); (iii) X band EPR spectrum of [NMe3(CH2Ph)]3[Co6C(CO)12]·4MeCN in MeCN 

solution registered at 203 K: (a) experimental and (b) simulation. Reproduced with permission from ref. 

78. 

 

 The di-carbides [Co11C2(CO)23]n– (n = 1-3) and [Co13C2(CO)24]n– (n = 3,4) results from the 

condensation of two octahedral and two trigonal prismatic cages, respectively. Due to the stabilizing 

effect of the interstitial isolated C-atoms, both these species display reversible chemical and 

electrochemical redox processes. Moreover, it has been possible to isolate and structurally characterize 

differently charged anions, that is, [Co11C2(CO)23]n– (n = 1,2) and [Co13C2(CO)24]n– (n = 3,4) (Figure 5) 

[78,81]. In addition, both [Co11C2(CO)23]2– and [Co13C2(CO)24]4– demonstrated to be very active as 

2200 2620 3040 3460 3880 4300
Gauss

a

b
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electrocatalysts for the hydrogen evolution reaction (HER) [54,55]. Indeed, the many metal-metal bonds 

in such clusters statistically enhance proton transfer (PT) rates and considerably increase the turnover 

frequency (TOF).  

 

(a) (b) (c) 

Fig. 5. Molecular structures of (a) [Co11C2(CO)23]– and (b) [Co11C2(CO)23]2– (blue, Co; red, O; grey, C). 

Co-Co contacts ≤ 3.02 Å are represented as full lines, those in the range 3.02-3.35 Å as fragmented 

lines. (c) Cyclic voltammogram recorded at a gold electrode in THF of [NMe3(CH2Ph)]2[Co11C2(CO)23] 

(2.0×10–3 M). [NBu4][BF4] (0.1 M) supporting electrolyte. Scan rate 0.1 Vs–1. Reproduced with 

permission from ref. 78. 

 

 Larger cages are present in mono-acetylide species, i.e., [Co9(C2)(CO)19]2–, [Co10(C2)(CO)21]2– 

and [Co11(C2)(CO)22]3–, in order to accommodate a tightly bonded C2 unit. Indeed, the C-C contacts are 

rather short indicating strong direct bonds, that is, 1.386 Å [Co9(C2)(CO)19]2–, 1.506 Å 

[Co10(C2)(CO)21]2– and 1.527 Å [Co11(C2)(CO)22]3–. For comparison, typical distances for C-C single, 

double and triple bonds in organic molecules are 1.53, 1.34 and 1.14 Å.  

 

4.2 Heterometallic Cobalt Carbide Carbonyl Clusters 

Heterometallic Co-based carbide carbonyl clusters may be prepared following three general synthetic 

procedures: 

1) Reaction of Co3(µ3-CCl)(CO)9 with metal carbonyl complexes or clusters; 

2) Redox condensation involving a Co carbide carbonyl cluster and a metal complex, salt or cluster; 

3) Addition of cationic metal fragments to an anionic Co carbide carbonyl cluster with the formation of 

a Lewis-type acid–base adduct. 

 

4.2.1 Reaction of Co3(µ3-CCl)(CO)9 with metal carbonyl complexes or clusters 

Synthesis (1) is well exemplified in the preparation of Co-Ni heterometallic carbide clusters [83-85]. 

Thus, addition of Co3(µ3-CCl)(CO)9 to [Ni6(CO)12]2– results in [Co3Ni9C(CO)20]3–, whereas 
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[Co6Ni2C2(CO)16]2– is obtained reversing the order of the reagents, that is, adding [Ni6(CO)12]2– to 

Co3(µ3-CCl)(CO)9. The mono-acetylide [Co3Ni7(C2)(CO)15]3– is formed via C-C coupling and redox 

condensation of Co3(µ3-CCl)(CO)9 with [Ni9C(CO)17]2–. The redox condensation of [Ni10(C2)(CO)16]2– 

and Co3(µ3-CCl)(CO)9 (Scheme 5) affords the Co–Ni hexa-carbide carbonyl nanocluster [H6–

nNi22Co6C6(CO)36]n– (n = 3–6) [86], which can be thermally converted into the larger octa-carbide 

[Ni36Co8C8(CO)48]6– [87]. 

[Ni10(C2)(CO)16]2-Co3(µ3-CCl)(CO)9

[H2Ni22Co6C6(CO)36]4-

+

THF, reflux

[Ni36Co8C8(CO)48]6-

 
Scheme 5. Synthesis of [H2Ni22Co6C6(CO)36]4– and [Ni36Co8C8(CO)48]6– (green, Ni; blue, Co; yellow, 

Cl; red, O; grey, C). Redox condensation of [Ni10(C2)(CO)16]2– and Co3(µ3-CCl)(CO)9 affords 

[H2Ni22Co6C6(CO)36]4–, which is thermally converted into [Ni36Co8C8(CO)48]6–. Reproduced with 

permission from ref. 11.  

 

 As systematically observed for large MCCs, the UV-visible spectra of [H6–nNi22Co6C6(CO)36]n– 

(n = 3–6) and [H6–nNi36Co8C8(CO)48]n– (n = 4-6) are featureless and almost identical (Figure 6). More 

interestingly, such species undergo a rich series of reversible protonation/deprotonation reactions as the 

result of the addition of stoichiometric amounts of strong acids such as HBF4·Et2O, and bases such as 

NaOH. This phenomenon is quite common for high nuclearity MCCs. Such protonation/deprotonation 

reactions result in the stepwise decrease/increase of one unit of the anionic charge of the clusters, as 

clearly indicated by IR spectroscopy. Indeed, more charged anionic clusters show νCO bands at lower 

wave-numbers compared to less charged ones. Unfortunately, all attempts to directly confirm the 
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presence and number of hydride ligands in large MCCs by 1H NMR spectroscopy failed independently 

of the experimental conditions (temperature, solvent, scan delay, field, solution or solid-state NMR). As 

it will be discussed in detail in Sections 4.2.2 and 5.3, it seems that above a nuclearity of ca. 20-30 metal 

atoms, molecular MCCs become NMR silent as indicated by the complete absence of any 1H resonance 

in the hydride region [88].  

(I) (II) 

Fig. 6. (I) Normalised UV-visible spectra of (a) [Ni36Co8C8(CO)48]6– (10–5 M in MeCN); (b) 

[HNi36Co8C8(CO)48]5– (10–5 M in MeCN); (c) [H2Ni36Co8C8(CO)48]4– (10–5 M in acetone). (II) 

Normalised UV-visible spectra in MeCN solution (10–5 M) of (a) [HNi22Co6C6(CO)36]5– and (b) 

[HNi36Co8C8(CO)48]5–. Reproduced with permission from ref. 87. 

 

4.2.2 Redox condensation of Cobalt Carbide Carbonyl Clusters  

Redox condensation (synthesis 2) has been successfully employed for the preparation of heterometallic 

Co-Pt and Co-Pd poly-carbide carbonyl clusters. The reactions of [Co6C(CO)15]2– with Pt(Et2S)2Cl2 and 

Pd(Et2S)2Cl2 afford [Co8Pt4C2(CO)24]2– and [H2Co20Pd16C4(CO)48]4–, respectively [89,90]. Both these 

species revealed very interesting chemical, structural and physical properties.  

 The molecular structure of [Co8Pt4C2(CO)24]2– is composed of three face-sharing octahedra, the 

external ones being centered by the carbide atoms [89]. The two Pt atoms are disordered over the six 

positions of the internal octahedron. The 13C{1H} NMR spectrum on a 13Ccarbide enriched sample shows 

the presence of a non-polynomial quintet at δC 353.9 ppm (1JPt-C = 396 Hz) indicating the equivalence of 

the two carbides. In the cyclic voltammetric time scale, [Co8Pt4C2(CO)24]2– displays two reduction 

processes (E°' = –0.91 and –1.38 V vs. SCE) and one oxidation (E°' = +0.18 V) all possessing features 

of electrochemical reversibility (Figure 7). Thus, the complete series of [Co8Pt4C2(CO)24]n– (n = 1-4) 

clusters has been electrochemically characterized and, in addition, the mono-anion [Co8Pt4C2(CO)24]– 

has been also obtained by chemical oxidation of the di-anion and structurally characterized by SC-XRD, 

showing to be isostructural with [Co8Pt4C2(CO)24]2–. Conversely, the more reduced species in the series 
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(n = 3 and 4) are not stable enough to be isolated. Indeed, the chemical reduction of [Co8Pt4C2(CO)24]2– 

with Na/naphthalene resulted, after work-up of the reaction mixtures, in the isolation of 

[Co10Pt2C2(CO)22]4– and [Co8Pt4C2(CO)20]4– [91]. 

 As expected, the odd-electron mono-anion [Co8Pt4C2(CO)24]– is paramagnetic because of the 

presence of one unpaired electron in the SOMO, resulting in a doublet state (S = 1/2). More 

interestingly, solid state EPR and SQUID measurements at variable temperature indicate that also the 

even-electron di-anion [Co8Pt4C2(CO)24]2– is paramagnetic, due to a S = 1 triplet state (Figure 8). The 

magnetic behavior of even-electron MCCs has been debated for very longtime [92], and the studies on 

[Co8Pt4C2(CO)24]2– clearly indicate that genuine cases of paramagnetism in even-electron MCCs are 

possible.  

 

 
Fig. 7. (a) Molecular structure of [Co8Pt4C2(CO)24]n– (n = 1,2). Co as blue sphere, disordered Co/Pt 

orange, C gray and O red. (b) Cyclic voltammetric response recorded at a glassy carbon electrode in 

THF solution of crystalline [NMe3(CH2Ph)]2[Co8Pt4C2(CO)24] (1.2 × 10–3 M). [NBu4][PF6] (0.2 M) 

supporting electrolyte. Scan rates 0.2 V s–1. Reproduced with permission from ref. 89. 
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Fig. 8. EPR spectra in solid at 5 K of [Co8Pt4C2(CO)24]n–: (a) n = 1, S = ½; (b) n = 2, S = 1 (* 

background impurity) Experimental spectra in black, simulated spectra in red. (c) First magnetization 

curve at 2 K and (d) temperature dependence of magnetization of [Co8Pt4C2(CO)24]2–. Reproduced with 

permission from ref. 89. 

 

 The Co-Pd tetra-anion [H2Co20Pd16C4(CO)48]4– (Scheme 6) is reversibly converted into the 

related [H6–nCo20Pd16C4(CO)48]n– (n = 3-6) species after the addition of acids and bases [90]. The poly-

hydride nature of these species has been supported by electrochemical studies. The isostructural tetra-

anion [H2Co20Pd16C4(CO)48]4– and the penta-anion [HCo20Pd16C4(CO)48]5– have been characterized by 

SC-XRD. They are both based on a cubic close-packed (ccp) Pd16 core decorated on its surface by four 

square-pyramidal {Co5C(CO)12} organometallic fragments.  

 Further addition of acids after the formation of the tri-anion [H3Co20Pd16C4(CO)48]3– results in 

[H3–nCo15Pd9C3(CO)38]n– (n = 0–3) [93], with formal degradation of the ccp Pd16 core to Pd9. By 

employing a larger excess of acid, [Co13Pd3C3(CO)29]–, which contains a Pd3, core is eventually formed 

[94].  
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Scheme 6. Synthesis and reactivity of [H6–nCo20Pd16C4(CO)48]n– (n = 3–6) (orange, Pd; blue, Co; red, O, 

grey, C). This compound is obtained from the redox condensation of [Co6C(CO)15]2– and Pd(Et2S)2Cl2. 

[H6–nCo20Pd16C4(CO)48]n– (n = 3–6) is transformed into [H3–nCo15Pd9C3(CO)38]n– (n = 0–3) and, 

eventually, [Co13Pd3C3(CO)29]– upon reaction with increasing amounts of strong acids. Reproduced with 

permission from ref. 11. 

 

 The species [H3–nCo15Pd9C3(CO)38]n– (n = 0–3) can be inter-converted by reactions with acids 

and bases [93]. The neutral cluster [H3Co15Pd9C3(CO)38] is stable only in the solid state, whereas it is 

immediately deprotonated to the mono-anion [H2Co15Pd9C3(CO)38]– after dissolution in CH2Cl2. The 

cyclic voltammetries of the three anions [H3–nCo15Pd9C3(CO)38]n– (n = 1–3) revealed that they are 

multivalent since they undergo two or three chemically reversible oxidations (Figure 9). The different 

electrochemical behaviours of these three cluster anions further support the fact that they are different 

chemical species and not the same cluster with a different charge. In particular, the fact that they display 

only oxidation processes rules out the possibility that a less charged species might be transformed into a 

more charged one by a redox reaction. Indeed, this should be a reduction, which is not observed in their 

electrochemistry. Therefore, the transformation of a less charged cluster into a more charged one can be 

achieved only by removal of a proton by means of an acid/base reaction. All these considerations 

suggest the formulation of these clusters as poly-hydrides. Moreover, the chemical and electrochemical 

behaviour of [H3–nCo15Pd9C3(CO)38]n– (n = 0–3) clearly point out that their charges can be changed both 
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by acid-base and redox reactions, even if differently. This is a common behaviour often found in large 

MCCs, which makes their study complicated but fascinating.  

 
 (a) (b) (c) 

n 3–/2– 2–/1– 1–/0 0/+1 

1 - - +0.104 +0.600 

2 - +0.067 +0.398 +0.899 

3 +0.002 +0.347 - - 

Fig. 9. Cyclic voltammograms recorded at a glassy carbon electrode in CH2Cl2 of (a) 

[H2Co15Pd9C3(CO)38]–, (b) [HCo15Pd9C3(CO)38]2– and (c) [Co15Pd9C3(CO)38]3– (2.0×10–3 M). 

[NBu4][BF4] (0.1 M) supporting electrolyte. Scan rate 0.2 Vs–1. The table reports the formal electrode 

potentials (in V, vs. S.C.E.) for the redox changes exhibited by [H3–nCo15Pd9C3(CO)38]n– (n = 1–3). 

Solvent discharge occurs at high potentials. Reproduced with permission from ref. 93. 

 

 SQUID measurements on a crystalline sample of [NMe3(CH2Ph)]2[HCo15Pd9C3(CO)38]·C6H14 

indicates its paramagnetism due to two unpaired electrons (S=1) [93]. This gives further support to its 

formulation as an even-electron mono-hydride. Moreover, as observed for [Co8Pt4C2(CO)24]2–, these 

findings clearly indicate that even-electron MCCs of increasing sizes can be paramagnetic.  

 The molecular structures of the four species [H3–nCo15Pd9C3(CO)38]n– (n = 0–3) have been 

determined by SC-XRD on miscellaneous salts [93,94]. They are composed of a Pd9(µ3-CO)2 core 

decorated by three square-pyramidal {Co5C(CO)12} organometallic fragments. The Pd9 kernel adopts a 

tricapped octahedral structure (Oh-Pd9) in the less charged species, that is, [H3Co15Pd9C3(CO)38] and 

[H2Co15Pd9C3(CO)38]–, whereas it becomes a tricapped trigonal prism (TP-Pd9) in the tri-anion 

[Co15Pd9C3(CO)38]3–. Interestingly, depending on the cations and/or co-crystallization solvent, the di-

anion [HCo15Pd9C3(CO)38]2– may adopt in the solid state both the Oh-Pd9 and TP-Pd9 structure [94]. 

Moreover, in some cases both the Oh-Pd9 and TP-Pd9 isomers have been found in the same 

crystallization batch, as mixtures of different crystals or within the same crystal. This represent a rare 

case of cluster core isomerism in a large MCC [95,96]. Generally speaking, it seems that, first of all, 
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there is an effect on the Oh/TP structure related to the charge (number of hydrides) of the cluster. Thus, 

the Oh-Pd9 / TP-Pd9 transformation may be induced by deprotonation/deprotonation reactions (Figure 

10). Then, in the case of the di-anion mono-hydride, it is likely that both isomers co-exist (or rapidly 

inter-convert) in solution and, depending on the crystallization conditions, one or the other (or a mixture 

of the two) isomers precipitate out of the solution.  

 
Fig. 10. Protonation-deprotonation induced structural rearrangement of the [H3–nCo15Pd9C3(CO)38]n– (n 

= 0-3) clusters. Reproduced with permission from ref. 93. 

 

4.2.3 Addition of Lewis Acids to Cobalt Carbide Carbonyl Clusters  

The reactions of [Co6C(CO)15]2– with Au(PPh3)Cl may result in different products, depending on the 

experimental conditions (Scheme 7) [97-99]. All the products may be viewed as adducts between cobalt 

carbide carbonyl anions such as [Co6C(CO)12]4–, [Co5C(CO)12]–, [Co5C(CO)11]3–, and [Co4C(CO)10]2–, 

which act as Lewis bases, and the Lewis acid [Au(PPh3)]+. It must be remarked that the homometallic 

anions just listed are not known as free species. Some of these Co-Au clusters can exist as different 

isomers in the solid state. For instance, three different isomers have been structurally characterized in 

the case of [Co6C(CO)12(AuPPh3)4] (Figure 11). All of them have been crystallized by slow diffusion of 

n-hexane into a THF solution of the cluster. The resulting solid may contain one or a mixture of the 

three isomers, which differ by the amount of co-crystallized solvent, that is, [Co6C(CO)12(AuPPh3)4], 

[Co6C(CO)12(AuPPh3)4]·THF and [Co6C(CO)12(AuPPh3)4]·4THF. Computational studies by DFT 

methods indicate that formation of the different isomers upon crystallization results from a subtle 

balance among packing and van der Waals forces, as well as aurophilic and weak π-π and π-H 

interactions [99].  
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[{Co5C(CO)12}2Au]–

+ 2-3 [Au(PPh3)Cl]

+ 4 [Au(PPh3)Cl]

+ 4 [Au(PPh3)Cl]

+ 2 [Au(PPh3)Cl]

+ 5-6 [Au(PPh3)Cl]

+ 1 [Au(PPh3)Cl]

+ 2 [Au(PPh3)Cl]
+ 1 PPh3

+ 1 PPh3

+ 2 PPh3

+ 1 AgNO3

+ [AuCl4]–

+ [NMe3(CH2Ph)]Cl
[Co6C(CO)15]2–

1) Amount of [Au(PPh3)Cl]

2) With free PPh3

3) Silver salts

4) Other methods

[Co5C(CO)11(AuPPh3)3]
[Co5C(CO)12(AuPPh3)]

+ H+

2–

[Co6C(CO)12(AuPPh3)4]

[Co4C(CO)10(AuPPh3)2]

[Co5C(CO)11(AuPPh3)3]

2–

[Co6C(CO)15]2– [Co5C(CO)11(AuPPh3)2]–

–

2–

[Co6C(CO)15]2–

[Co5C(CO)11(PPh3)(AuPPh3)]

[Co5C(CO)10(PPh3)2(AuPPh3)]

+ H2O

2–

[Co6C(CO)15]2–

–

[{Co5C(CO)12}Au{Co(CO)4}]–

–

 



 
 

22 
 
 

Scheme 7. Synthesis of Co-carbide carbonyl clusters decorated by AuPPh3 fragments. CO ligands and 

Ph groups have been omitted for clarity (blue, Co; yellow, Au; green, P; grey, C). 

 
Fig. 11. The three isomers of [Co6C(CO)12(AuPPh3)4] as found in the crystals of 

[Co6C(CO)12(AuPPh3)4], [Co6C(CO)12(AuPPh3)4]·THF and [Co6C(CO)12(AuPPh3)4]·4THF (blue, Co; 

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

 

 The homoleptic Co-Au carbide cluster [{Co5C(CO)12}Au{Co(CO)4}]– is obtained from the 

reaction of [Co6C(CO)15]2– with two equivalents of [AuCl4]–, and it is converted into 

[{Co5C(CO)12}2Au]– upon addition of strong acids [100]. Both [{Co5C(CO)12}Au{Co(CO)4}]– and 

[{Co5C(CO)12}2Au]– may be described as Au(I) complexes containing [Co5C(CO)12]– and [Co(CO)4]– as 

ligands. These two clusters display several chemically reversible redox processes, and all the species 

[{Co5C(CO)12}Au{Co(CO)4}]n– (n = 1-3) and [{Co5C(CO)12}2Au]n– (n = 0-3) have been characterized 

by electrochemical and spectroelectrochemical methods (Figure 12). The redox processes are mainly 

centred on the [Co5C(CO)12]– fragments as demonstrated by DFT investigations. The limited stability of 

the reduced species hampers their chemical isolation, and it is likely due to an intra-molecular (inner 

sphere) redox reaction which lead to formation of Au(0) and cluster fragmentation. 
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 HOMO LUMO 

Fig. 12. Molecular structure, cyclic voltammograms (recorded at a platinum electrode in a CH2Cl2 

solution; [NnBu4][PF6] 0.2 mol dm−3 as supporting electrolyte; scan rate 0.1 V s−1), HOMO and LUMO 

(DFT EDF2 calculations, isovalue = 0.04 a.u) of [{Co5C(CO)12}2Au]–. Reproduced with permission 

from ref. 100. 

 

5. Nickel Carbide Carbonyl Clusters 

5.1 Synthesis of Nickel Carbide Carbonyl Clusters 

Nickel carbide carbonyl clusters represent the richest class of homometallic clusters containing 

interstitial carbide atoms [11,35,101-103]. These include clusters containing from 7 up to 45 Ni atoms 

and, the largest species may be viewed as atomically precise metal nanoclusters. Such clusters can 

include from one up to ten interstitial carbide atoms, as well as from one up to four C2 acetylide units. 

 Several Ni carbide carbonyl clusters can be directly prepared from the reaction of [Ni6(CO)12]2– 

with carbon halides (e.g., CCl4, C2Cl4, C2Cl6, C3Cl6, C4Cl6). Different species are obtained depending on 

the carbon source, the stoichiometry of the reaction, the solvent and temperature (Scheme 8). For 

instance, the reaction of [Ni6(CO)12]2– with increasing amounts of CCl4 in THF, acetone or MeCN 

results in [Ni10C(CO)18]2–, [Ni9C(CO)17]2–, and, eventually, [Ni8C(CO)16]2–. Conversely, performing the 

same reaction in CH2Cl2 affords [HNi25(C2)4(CO)32]3– by employing a CCl4/[Ni6(CO)12]2– ratio of 1.15, 

whereas [Ni22(C2)4(CO)28Cl]3– represents the major product when CCl4/[Ni6(CO)12]2– = 1.43 [104,105]. 

Lower values of CCl4/[Ni6(CO)12]2– (0.5-0.9) result in mixtures of [Ni9C(CO)17]2–, [HNi34C4(CO)38]5– 

and [HNi38C6(CO)42]5–.  

 The reaction of [Ni6(CO)12]2– with C2Cl6 affords the mono-acetylide cluster [Ni10(C2)(CO)16]2– 

when performed in acetone, whereas the bis-acetylide [Ni16(C2)2(CO)23]4– is obtained using MeCN as 

solvent. Related [Ni16+x(C2)2(CO)23+x]4– (x = 0, 1) species, differing for the presence/absence of an 

additional Ni(CO) fragment, have been obtained from [Ni6(CO)12]2– and C4Cl6 in CH2Cl2 or THF [104].  
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[Ni6(CO)12]2–

2–

[Ni9C(CO)17]2–

+ CCl4

in THF

2–

+ CCl4

in THF

[Ni8C(CO)16]2–

2–

+ CCl4

in CH2Cl2
[HNi25(C2)4(CO)32]3–

3–

3–

[Ni22(C2)4(CO)28Cl]3–

CCl4
 : Ni6

 = 1.15

CCl4
 : Ni6

 = 1.43

[Ni6(CO)12]2–

2–
+ C2Cl6

in acetone

in MeCN

2–

[Ni10(C2)(CO)16]2–

2–

[Ni16(C2)2(CO)23]4–
 

Scheme 8. Some direct syntheses of nickel carbide carbonyl clusters from [Ni6(CO)12]2– and carbon 

halides. CO ligands have been omitted for clarity (green, Ni; yellow, Cl; grey, C). 

 

 Preformed Ni carbide carbonyl clusters may be used for the preparation of further species by 

means of different reactions, such as oxidation, reduction, ligand induced rearrangement, redox 

condensation (Scheme 9). For instance, the reduction of [Ni9C(CO)17]2– with Na/naphthalene in THF 

affords [Ni12C(CO)18]4–, whereas a mixture of [Ni11(C2)(CO)15]4– and [Ni12(C2)(CO)16]4– is obtained 

from [Ni10(C2)(CO)16]2– and Na/naphthalene in THF [106]. Oxidation of [Ni10(C2)(CO)16]2– with CuCl 

in THF results in the deca-carbide [Ni45C10(CO)46]6– [35], whereas the tetra-acetylide 

[Ni22(C2)4(CO)28(Et2S)]2– can be obtained from the reaction of [Ni10(C2)(CO)16]2– with Pd(Et2S)2Cl2 in 

THF (Figure 13) [106]. In both cases, the Cu(I) and Pd(II) salts acted as oxidants. More often, the 
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reactions of Ni carbide carbonyl anions with transition metal salts or complexes result in heterometallic 

carbide clusters via redox condensation or oxidation followed by addition of a positively charged metal 

fragment to the cluster surface. For instance, redox condensation is observed when [Ni9C(CO)17]2– is 

reacted with [Rh(CODCl]2 resulting in a mixture of [Ni10Rh2C(CO)20]2– and [Ni9Rh3C(CO)20]3– [107].  

 

[Ni9C(CO)17]2–

+ Na/naphtalene

2–

in THF

[Ni12C(CO)18]4–

4–

2–

[Ni10(C2)(CO)16]2–

[Ni22(C2)4(CO)28(Et2S)]2–

2–

+ Pd(Et2S)2Cl2

+ CuCl

6–

[Ni45C10(CO)46]6–
 

Scheme 9. Some representative syntheses of nickel carbide carbonyl clusters from preformed carbide 

clusters. CO ligands and H-atoms have been omitted for clarity (green, Ni; yellow, S; grey, C). 
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(a) (b) 

Fig. 13. Molecular structure of (a) [Ni45C10(CO)46]6– and (b) [Ni22(C2)4(CO)28(Et2S)]2– (green, Ni; gray, 

C; red, O; yellow, S; white, H). 

 

 The reactions of [Ni9C(CO)17]2– and [Ni10(C2)(CO)16]2– with Cd(II) and Cu(I) salts afford 

different Ni-Cd and Ni-Cu poly-carbide and poly-acetylide carbonyl clusters [35,88,103,108-111]. All 

these clusters may be described as composed of an anionic Ni-C-CO cage decorated by miscellaneous 

[CdX]+, [Cd2Cl3]+, [Cu(MeCN)]+ and CuCl fragments. In these cases, Cd and Cu formally retain their 

original +2 and +1 oxidation state, and the clusters may be viewed as Lewis acid-base adducts (Figure 

14). It is noteworthy that the inclusion of interstitial carbide atoms and the decoration of the surface with 

such cationic fragments lead to very large clusters that may be viewed as atomically precise metal 

nanoclusters.  

(a) (b) (c) 

Fig. 14. Molecular structure of (a) [H2Ni30C4(CO)34{Cu(MeCN)}2]4– (green, Ni; orange, Cu; grey, C; 

red, O; blue, N; white, H), (b) [Ni36C8(CO)36(Cd2Cl3)]5– and (c) [Ni42+xC8(CO)44+x(CdCl)]7– (x = 0.19) 

(green, Ni; yellow, Cd; orange, Cl; grey, C; red, O).  

 

5.2 Structural features  

Ni carbide carbonyl clusters may be divided into two main categories: 
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1) Carbide and poly-carbide clusters: these contain one or more isolated interstitial C atoms; 

2) Acetylide and poly-acetylide clusters, containing one or more tightly bonded C2 units. 

 So far, [Ni12(C)(C2)(CO)17(AuPPh3)3]– is the only cluster structurally characterized that contains 

both a carbide and an acetylide unit (Figure 15) [112,113]. This species is rather interesting, since it 

displays weak van der Waals interactions between the C-atom and the C2-unit [C(2)-C(3) 1.402(10) Å, 

C(1)···C(2) 2.781(11) Å; C(1)···C(3) 2.798(11) Å], suggesting the incipient formation of more extended 

C-C bonding within the metal cage of a molecular cluster. It is well known that Fe, Co and Ni 

nanoparticles catalyze the growth of carbon nanostructures, whose formation may likely depend on how 

C-fragments are stabilized and joined on a metal framework [114-117]. 

(a) (b) (c) 

Fig. 15. (a) Molecular structure of [Ni12(C)(C2)(CO)17(AuPPh3)3]– (green, Ni; yellow, Au; purple, P; 

red, O; grey, C; H-atoms have been omitted for clarity) and (b) its Ni10(C2) fragment with the weak 

C···(C2) interactions (fragmented lines). (c) HOMO of the model system [Ni12(C)(C2)(CO)17(AuPH3)3]– 

(M06/6-31G(d,p)+LANL2TZ(f) calculations, surface isovalue = 0.05 a.u.) showing the π-bonding 

interaction between the carbon atoms of the acetylide unit. Reproduced with permission from ref. 112. 

 

5.2.1 Nickel Carbide Carbonyl Clusters containing isolated C atoms 

Ni carbide and poly-carbide carbonyl clusters are constituted of four main building units [35]: 1) 

octahedral Oh-Ni6C cages; 2) trigonal prismatic TP-Ni6C cages; 3) capped trigonal prismatic cTP-Ni7C 

cages; 4) square anti-prismatic SA-Ni8C cages. All these cages have been found isolated in mono-

carbide clusters, or combined in poly-carbide clusters. The latter species may contain just one type of 

cage as well as two or three different types. Thus, Oh-Ni6C, TP-Ni6C, cTP-Ni7C and SA-Ni8C may be 

viewed as the fundamental building-blocks of all Ni carbide clusters reported so far. It is noteworthy 

that the Ni-Ni and the Ni-C distances within a single type of carbide cage are almost identical in all the 

clusters. This indicates that these building-blocks are quite rigid and their structures are not significantly 

altered after being joined into larger NixCy metal-carbide frameworks. These may result from sharing 

vertices, edges or faces between two or more Oh-Ni6C, TP-Ni6C, cTP-Ni7C and SA-Ni8C cages. These 
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NixCy frameworks may be further decorated on the surface by Ni atoms or other metals not directly 

connected to the carbides. As a consequence of these surface decoration motives, often the crystal 

structures of large Ni carbide carbonyl clusters display some composition disorder. This is indicated by 

the fractionary indices of their formulas. As an example, the crystals of 

[NMe4]7[HNi42+2xC8(CO)44+2x(CuCl)1-x]·6.5MeCN (x = 0.14) contain a mixture of 

[HNi42C8(CO)44(CuCl)]7– (86%) and [HNi43C8(CO)45]7–/[HNi44C8(CO)46]7– (14%) (Figure 16) [103]. 

Similarly, [NMe4]6[H2Ni43+xC8(CO)45+x]·6MeCN (x = 0.72) is a mixture of [H2Ni44C8(CO)46]6– (72%) 

and [H2Ni43C8(CO)45]6– (28%). Compositionally disordered clusters are at the border between molecular 

and quasi-molecular nanoclusters [108]. Alternatively, such disorder may be viewed as an incipient 

polydispersity of such molecular nanoclusters, which can be determined with atomic precision through 

SC-XRD.  

 

(a) (b) 

Fig. 16. Molecular structures of (a) [HNi42C8(CO)44(CuCl)]7– and (b) [HNi43+xC8(CO)45+x]7– (two CO 

ligands with partial occupancy factors have not been located) as found in 

[NMe4]7[HNi42+2xC8(CO)44+2x(CuCl)1-x]·6.5MeCN (x = 0.14) (green, Ni; purple, Ni with partial 

occupancy factor; orange Cu; yellow, Cl; grey, C; red, O). 

 

5.2.2 Nickel Carbide Carbonyl Clusters containing bonded C2 units 

Nickel based acetylide carbonyl clusters include both homometallic and heterometallic clusters (Figure 

17), as well as mono-acetylide ([Ni10(C2)(CO)16]2–, [Ni11(C2)(CO)15]4–, [Ni12(C2)(CO)16]4–, 

[Ni2Co6(C2)(CO)16]2–, [Ni2Co6(C2)(CO)14(MeCN)2]2–, [Ni9Co(C2)(CO)16-x]3– (x = 0.58), 

[Ni7Co3(C2)(CO)16]3–), bis-acetylide ([Ni16(C2)2(CO)23]4–, [Ni16+x(C2)2(CO)23+x]4– (x = 0.12-0.96), 

[Ni6Rh8(C2)2(CO)24]4–) and tetra-acetylide ([Ni22(C2)4(CO)28(Et2S)]2–, [H4-nNi25(C2)4(CO)32]n– (n = 3, 4), 

[Ni22(C2)4(CO)28Cl]3–, [H2Ni22(C2)4(CO)28(CdBr)2]2–) species [86-88,104-107].  
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(a) (b) (c) 

Fig. 17. Molecular structure of (a) [Ni9CoC2(CO)16]3– and (b) [Ni9CoC2(CO)15]3– as found in 

[Ni9Co(C2)(CO)16-x]3– (x = 0.58); (c) [Ni16(C2)2(CO)23]4– (green, Ni; blue, Ni/Co; gray, C; red, O) 

 

 The C2 units within these clusters display C-C bond distances in the range 1.368-1.493 Å. These 

values are intermediate between those of ethane (1.53 Å) and ethene (1.34 Å), suggesting a strong C-C 

interaction. Experimental and theoretical investigations point out that as the C-C interaction increases, 

the M-C interaction between the interstitial C atoms and the surrounding metal cage decreases. This is in 

keeping with the fact that often poly-acetylide clusters are less stable than poly-carbide clusters. Indeed, 

tightly bonded C2 units seem less efficient than isolated carbide atoms in stabilizing MCCs, in view of 

the reduced interaction with the metal cage [104,105]. This might be somehow related to the proposed 

involvement of C2 units in the growth of CNTs catalyzed by Ni, Co and Fe nanoparticles [114-117]. 

Indeed, we may speculate that, after formation of C atoms within a metal NP, the following formation of 

a C-C bond would weaken the interaction with the metal atoms and favors the segregation of the C2 unit 

onto the surface, allowing the subsequent growth of more extended carbon frames.  

 All the tetra-acetylide MCCs so far reported contain interstitial Ni(η2-C2)4, that is, [H4-

nNi25(C2)4(CO)32]n– (n = 3, 4), or Ni2(µ-η2-C2)4 units, that is, [Ni22(C2)4(CO)28(Et2S)]2–, 

[Ni22(C2)4(CO)28Cl]3– and [H2Ni22(C2)4(CO)28(CdBr)2]2– (Figure 18). 

 

(a) (c) 
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 (b) (d) 

Fig. 18. Molecular structures of (a) [Ni22(C2)4(CO)28Cl]3– and (b) its Ni2(µ-η2-C2)4 interstitial unit, (c) 

[Ni25(C2)4(CO)32]4– and (d) its Ni(η2-C2)4 unit (green, Ni; gray, C; red, O; yellow, Cl).  

 

5.3 Electrochemical and Spectroscopic Properties of Nickel Carbide Carbonyl Clusters 

As discussed in the previous sections, very often large MCCs display both reversible 

protonation/deprotonation and redox reactions. Thus, their charges can be changed in two ways: (1) 

addition/removal of H+ ions via acid-base reactions; (2) addition/removal of electrons via redox 

reactions. The redox behavior of MCCs can be directly assessed by electrochemical and 

spectroelectrochemical (SEC) methods [40,118]. In particular, cyclic voltammetry (CV) and IR SEC are 

particularly suited for the study of multivalent MCCs. Electrochemical measurements are also an useful 

indication of the different ability of isolated C atoms and C2 units to stabilize the cluster. Indeed, 

isolated C-atoms are very effective in stabilizing species with a different number of electrons and, thus, 

poly-carbide clusters undergo several reversible redox processes, e.g. [Ni32C6(CO)36]6– (Figure 19) 

[119]. Conversely, C2 units interact more weakly with the Ni cage and, thus, poly-acetylide clusters 

display poorer and less resolved cyclic voltammetries, as exemplified by [HNi25(C2)4(CO)32]3– [105]. 

(I) (II) 

Fig. 19. Voltammetric profiles of (I) [Ni32C6(CO)36]6– and (II) [HNi25(C2)4(CO)32]3–, cyclic (a) and first 

derivative deconvoluted (b) voltammograms. Reproduced with permission from ref. 105 and 119. 

 

 The hydride nature of lower nuclearity MCCs can be directly investigated by 1H NMR 

spectroscopy and, sometimes, the hydride atoms directly located by SC-XRD. Alternatively, if larger 

crystals are available, single crystal neutron diffraction can be employed for the structural 

characterization of hydride clusters. It must be remarked that, due to the π-acidity of the CO ligands, 
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hydride ligands in transition metal carbonyl complexes and clusters behave as "protons" and, thus they 

are removed with bases and added with acids. Indeed, the archetypical HCo(CO)4 behaves as a strong 

acid and easily dissociates into H+ and [Co(CO)4]–.  

 As the nuclearity of MCCs increases, the assessment of hydrides becomes more complicated. 

Locating H-atoms by SC-XRD in the presence of an increasing number of heavy atoms becomes soon 

impossible. At the same time, growing larger crystals suitable for neutron diffraction is a hard task in the 

case of large MCCs (indeed also obtaining crystals suitable for SC-XRD is often very challenging). 

High nuclearity MCCs are not stable under ESI-MS conditions and, thus, also high-resolution mass 

spectrometry is not suitable for counting the H-atoms in poly-hydride MCCs. The most straightforward 

approach would be 1H NMR spectroscopy but, in our experience, above a nuclearity of 20-30 metal 

atoms, MCCs seem to be NMR silent independently of the experimental conditions (concentration, 

solvent, temperature, spectrometer field, solution or solid state NMR, 1H/2D replacement and solution 
2D NMR) [88]. A satisfactory theoretical explanation for this phenomenon is not yet available, but it is 

likely to be the result of the combination of concomitant factors, such as dynamic site-exchange 

processes, insurgence of magnetism (in the ground and/or excited states), aggregation phenomena in 

solution.  

 The species [H4–nNi22(C2)4(CO)28(CdBr)2]n– (n = 2-4) [88] and [H8–nRh22(CO)35]n– (n = 3-7) 

[120] are the largest MCCs, whose poly-hydride nature has been directly proved by 1H NMR 

spectroscopy. In particular, the di-hydride di-anion [H2Ni22(C2)4(CO)28(CdBr)2]2– shows a broad 

resonance at δH –14 ppm which moves to δH –30 ppm upon deprotonation to the mono-hydride tri-anion 

[HNi22(C2)4(CO)28(CdBr)2]3– (Figure 20). Further deprotonation affords the tetra-anion 

[Ni22(C2)4(CO)28(CdBr)2]4– which does not show any hydride resonance, corroborating the presence and 

number of hydride ligands in the other two species. Variable temperature (VT) 1H NMR experiments on 

solutions of [H4–nNi22(C2)4(CO)28(CdBr)2]n– (n = 2-4) in different solvents clearly indicate the 

occurrence in solution of dynamic site-exchange processes. In addition, also the T-dependence of the 

chemical shift is quite surprising. For instance, for [HNi22(C2)4(CO)28(CdBr)2]3– a drift of ca. 0.17 ppm 

K–1 and 0.21 ppm K–1 is measured in d6-acetone and CD3CN, respectively. This should be compared 

with a drift of less than 0.05 ppm K–1 for protons, unless if involved in hydrogen bonds. In the latter 

cases a drift of 0.1-0.5 ppm K–1 is observed.  
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(a) (b) 

Fig. 20. (a) 1H NMR spectra (400 MHz) recorded at 298 K of [H4–nNi22(C2)4(CO)28(CdBr)2]n– (n = 2–4) 

in solvents of different basicity. (b) Variable temperature 1H NMR spectra recorded at 600 MHz of 

[HNi22(C2)4(CO)28(CdBr)2]3– in CD3CN. Reproduced with permission from ref. 88. 

 

 Compared to [H4–nNi22(C2)4(CO)28(CdBr)2]n– (n = 2-4), lower nuclearity MCCs such as [H4–

nNi12(CO)21]n– (n = 2-4) show well resolved hydride resonances. Thus, it seems that as the size of the 

MCCs increases, the hydride resonances become broader and broader and, above a nuclearity of 20-30, 

they are lost in the baseline of the spectrum. At this point, only indirect proofs of the poly-hydride 

nature of MCCs can be obtained, including a combination of IR spectroscopy, electrochemical and 

spectroelectrochemical methods as well as SC-XRD analyses. Even if H-atoms cannot be located in 

larger clusters by SC-XRD, such analyses serve to determine the overall charge of the cluster by 

counting the counter-ions, beside showing that differently charged MCC anions are isostructural. IR 

spectroscopy further supports the occurrence of protonation/deprotonation equilibria in solution, by 

measuring the shift of the νCO frequencies upon addition of acids and bases. Finally, if the differently 

charged anions display identical redox properties, as determined by CV and IR SEC, they are the same 

compound to which has been added or removed one electron. Conversely, if their electrochemical 

properties are different, they must be different compounds, and the only difference should be the 

presence/absence of one H atom.  

 

6. Conclusions 

The chemistry of molecular Fe, Co and Ni carbide carbonyl clusters is very rich and diverse. In the case 

of Fe, this is dominated by the robust Fe4C, Fe5C and Fe6C motives, which display a very attractive 

reactivity. In particular, the stability of such Fe-C environments is nowadays employed to develop Fe-S-

C models of biological relevance [47-53].  
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 From a structural point of view, the chemistry of Co carbide carbonyl clusters is richer than Fe, 

displaying more variegated structural motives, larger cluster sizes and the possibility of enclosing more 

C-atoms within the same molecular cage or even tightly bonded C2-acetylide units. All these points are 

further enhanced in the case of Ni carbide clusters. Indeed, [Ni45C10(CO)46]6– is the largest homometallic 

carbonyl cluster structurally characterized by SC-XRD reported to date. This is somehow related to the 

fact the number of valence electrons increases in the Fe-Co-Ni series, reducing the number of surface 

ligands required to stabilise the cluster. For instance, replacing Ni with Co in [Ni45C10(CO)46]6– would 

require 68 CO ligands (assuming a 7- charge) in order to have an isoelectronic species. The required CO 

ligands would be 91 in order to replace Ni with Fe (assuming a 6- charge). It is clear that 68 or 91 CO 

ligands cannot be accommodated around a M45 cage. Because of this, Fe and Co clusters of such sizes 

have been not observed.  

 Beside the beauty and interest of their structures, carbide carbonyl clusters display some 

interesting chemical and physical properties. The enhanced stability conferred by interstitial carbide 

atoms favor the capacity of such clusters to undergo chemical reactions, such for instance the addition of 

S-atoms on their surface [47-53]. Similarly, often carbide clusters undergo reversible chemical and 

electrochemical redox reactions and, in the case of larger clusters, they behave as electron-sink and 

molecular nanocapacitors [11,40,58]. In addition, paramagnetism in both odd and even electron carbide 

carbonyl clusters has been documented, and a few examples have been included to the present mini-

review.  

 Overall, the interest for molecular carbide carbonyl clusters spans different fields, such as 

bioinorganic chemistry [47-53], catalysis and electrocatalysis [54-57,73-77], applications of metal 

carbide nanoparticles [121] and models for the formation of C-C bonds within metal cages [112-117].  

 

Appendix A. Supplementary material 

Tables with the full list of clusters mentioned in this mini-review, with pertinent references and CCDC 

codes as .pdf file. 
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