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Delivering carbide moieties to sulfide-rich clusters†  

Anders Reinholdt,a Konrad Herbst,b Jesper Bendixa,* 

The propensity of the terminal ruthenium carbide Ru(C)Cl2(PCy3)2 

(RuC) to form carbide bridges to electron-rich transition metals 

enables synthetic routes to metal clusters with coexisting carbide 

and sulfide ligands. Electrochemical experiments show the Ru≡C 

moiety to exert a relatively large electron-withdrawing effect 

compared with PPh3, effectively shifting redox potentials. 

Carbide ligands in molecular metal sulfide clusters are rare in 

coordination chemistry. However, the active site FeMo-cofactor 

of nitrogenase contains a central carbide ligand1 in a cluster 

structure composed of iron, molybdenum and sulfur. Naturally, 

the structural reports have influenced the views on the origin 

and plausible mechanistic roles of the central atom,2 but as of 

yet, it is unclear if the carbide ligand serves in a structure 

directing or in a redox-modifying capacity. Molecular systems 

with carbide ligands in surroundings akin to those found in 

nitrogenase are pertinent synthetic goals allowing elucidation 

of this ligand in well-defined, isolated environments. 

Terminal carbide complexes are known with molybdenum,3, 4 

tungsten,5 ruthenium,6, 7, 8 and osmium9 as the central atoms. 

Elaboration at the carbide ligands through attachment of main 

group element fragments,4, 5, 8, 9, 10 e.g. with H, C, Si, P, O, S, Se, 

Te, Cl, or I, offers a versatile route to otherwise inaccessible 

small molecules coordinated to the parent metal centres. 

Similarly, metallation of terminal carbide ligands7, 11 paves the 

way for polynuclear carbide-bridged systems with incipient 

resemblance to the active site FeMo-cofactor in nitrogenase. In 

particular, incorporation of iron, molybdenum and sulfur is 

interesting as these elements make up the remainder of the 

constituent atoms in the FeMo-cofactor. Despite the growing 

number of carbide-bridged molecular systems,12 synthetic 

systems that feature carbide in metal-sulfide clusters are scarce 

and only reported for rhenium.13 This prompted us to decorate 

the unique corner of the cubane-like cluster complexes M3S4M’ 

(M = Mo, W, and M’ = Pd, Pt) with the terminal ruthenium 

carbide, Ru(C)Cl2(PCy3)2 (RuC, Cy = cyclohexyl), as it binds 

readily to electron-rich transition metals (Mo, Rh, Ir, Pd, Pt, Ag, 

and Au)7, 11 which consequently allows elaboration to 

polynuclear carbide-bridged systems. 

The interest in the family of sulfide clusters, (MCp’)3S4
+ (M = Mo, 

W, Cp’ = methylcyclopentadienide), covers insertion of metal 

fragments into M3S4 forming cubane-like M3S4M’ clusters (M’ = 

Ru, Os, Co, Rh, Ir, Ni, Pd, Pt) and subsequent oxidation state 

manipulations and ligand exchange at M’.14, 15, 16 With Ni, Pd or 

Pt as the unique corner, the M3S4M’ systems exhibit reversible 

electrochemistry,15 and this offers an experimental handle on 

the ability of the carbide ligand to tune redox potentials when 

attached to M’. This is relevant in quantifying the electronic 

properties of bridging carbide ligands. 

Here, we report the synthesis of complexes with RuC 

coordinated to M’ (Pd and Pt) in M3S4M’ complexes (M = Mo, 

W). To access structurally similar, but redox-wise simpler 

systems, we have also synthesized the systems (Cy3P)2Cl2Ru≡C–

M’(ttcn)+ (M’ = Cu, Ag, Au) (ttcn = 1,4,7-trithiacyclononane). 

When equimolar amounts of RuC and [(MCp’)3S4M’L]OTs (M = 

Mo or W, M’L = Pd(dba) or Pt(nor), OTs– p-toluenesulfonate, 

dba = dibenzylideneacetone, nor = norbornene) are dissolved in 

chloroform or dichloromethane, RuC displaces the olefin 

ligands and attaches to the M’ corner of the cubane moieties to 

form carbide bridges. This furnishes the family of carbide-

Scheme 1. Formation of carbide-bridged sulfur-rich complexes. 
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decorated clusters [(Cy3P)2Cl2Ru≡C–M’S4(MCp’)3]OTs (M = Mo, 

M’ = Pd (1), Pt (2); M = W, M’ = Pd (3), Pt (4), cf. Scheme 1). At 

the palladium centres, the reactions occur readily and are 

complete within few hours at room temperature; in stark 

contrast to this, the reactions that involve platinum are only 

complete within days (as determined by NMR), reflecting a 

marked kinetic robustness of platinum compared with 

palladium. In solution, the carbide-bridged complexes undergo 

slow oxidation that entails the excision of M’(0) from the 

cubane-based clusters and the persistence of the carbide-M’ 

bonds, ultimately affording (Cp’M)3S4
+ and (Cy3P)2Cl2Ru≡C–

M’Cl3– (Scheme 2, see also ESI). The sulfur-ligated coinage metal 

complexes Cu(ttcn)+, [Ag4(ttcn)4]4+, and Au(ttcn)+ react like the 

M3S4M’ complexes and associate with the carbide ligand of RuC 

to afford (Cy3P)2Cl2Ru≡C–M’(ttcn)+ complexes (M’ = Cu (5), Ag 

(6), Au(7)). The Cu(ttcn)+ fragment was generated in situ by 

reaction of ttcn with [Cu(NCCH3)4]BF4 and similarly, Au(ttcn)+ 

was generated from AuCl(tht) treated consecutively with 

Ag(tht)2OTf and ttcn (tht = tetrahydrothiophene, OTf–= triflate). 

Together with the syntheses of 1 – 4, this represents a route to 

metal centres with coordination spheres comprised solely of 

carbide and sulfur ligands. 

The formation of 1 – 7 is in concord with the multiplets observed 

by 1H-NMR and the singlets (PCy3) observed by 31P-NMR 

spectroscopies (cf. ESI). Moreover, mass spectrometry (MS) 

reveals fragments with the m/z ratios expected for the cations 

in 1 – 7 (cf. ESI). Yet, the most characteristic signature of the 

complexes are the 13C-NMR resonances from the bridging 

carbide ligands. These signals (378 – 432 ppm) fall far outside 

the normal range for organic and most organometallic carbons; 

moreover, 2, 4, and 6 display large coupling constants involving 

platinum and silver, which attests to non-fluxional bonding in 

solution. The NMR data from 2 and 4 further lend credence to 

the assignment of Pt as zero-valent, since the magnitude of the 

coupling constants (JPt-C = 2417 – 2600 Hz) is nearly doubled 

compared with systems containing RuC coordinated to bona 

fide Pt(II) centres (1283 – 1396 Hz).11 This parallels the 

magnitude difference typically observed for phosphines 

coordinated to Pt(0) and Pt(II).16, 17 NMR also allows evaluation 

of the relative stabilities of the carbide complexes; for instance, 

when solutions of 5 are treated with [(WCp’)3S4Pd(dba)]OTs, 31P 

and 1H resonances from 3 appear. 

7 is too unstable to be isolated from its reaction mixtures and 

converts into the starting material (Cy3P)2Cl2Ru≡C–AuCl, 

suggesting chloride uptake. However, MS spectra show an 

isotope cluster matching the cation of 7 (m/z = 1121), and the 
13C-NMR spectrum shows the characteristic resonance from a  

Scheme 3. Transmetallation reactions convert 6 to 3. 

bridging carbide ligand (δC = 414 ppm), far from the carbide 

resonances of (Cy3P)2Cl2Ru≡C–AuCl and {(Cy3P)2Cl2Ru≡C}2Au+ 

(both 395 ppm). This suggests that 7, despite its instability, is 

analogous to 5 and 6. 

Single crystal X-ray structure determinations of 1 – 6 confirm 

the structures inferred using NMR and MS (molecular 

structures: Figure 1, selected metrics: Table 1). Qualitatively, 1 

– 6 contain square-based pyramidal ruthenium centres with the 

carbide ligand on the apical position acting as a linear bridge to 

palladium, platinum, copper and silver; additionally, the three 

sulfur ligators impose a tetrahedral coordination environment 

on the heterometals. 1 – 5 feature ruthenium-carbide bonds 

that are elongated slightly (2.2 – 4.1%) compared with the triple 

bond in parent RuC (1.632(6) Å).7 Curiously, the ruthenium 

carbide bond in 6 is comparable, and perhaps even shorter than 

the triple bond in RuC. In fact, the bond is near record-short as 

it ranks among the 0.01% shortest Ru–C bonds in the Cambridge 

Structural Database. Moreover, the bonds between the 

bridging carbide and the heterometals are relatively short 

compared with representative heterometal-carbon bonds (Pd: 

shortest 7.7 – 16.6%, Pt: 4.1 – 5.3%, Cu: 9.2%, Ag: 20.5%, see 

ESI). This agrees with suggestions11, 18 that RuC acts as a π-

accepting ligand towards electron-rich transition metals, 

enforcing short carbide-heterometal bonds. In the case of 1 – 6, 

the bulk of the RuC and the S3-donor units necessitates 

separation, which imparts a tendency for the carbide bridges to 

become linear. This steric requirement is less urgent for 

coordination partners with compact ligand spheres, for instance 

with linear or square planar ligand arrangements, and these 

often exhibit larger deviations from linearity (172.9 – 180°).7, 11 

The tetrahedrally coordinated M’ centres and the three sulfur 

ligators form relatively short bonds for M’ = Cu, bonds of 

intermediate length for Pd and Pt, and relatively long bonds for 

Ag. The distances between M’ and the centroids defined by the 

three coordinating S atoms increases in the order Mo3S4 < W3S4 

< ttcn. The decreased flexibility of M3S4 as compared to ttcn 

makes the incomplete cubane clusters undergo conformational 

changes with greater reluctance, thus limiting the departure of 

M’ from the S3 ligand plane. 

Electrochemical studies offer insigths into the thermodynamics 

associated with redox processes, and for the carbide-bridged 

cluster systems this enables assessment of the electron 

withdrawing capability of RuC as a ligand. The electrochemistry 

of [(MCp’)3S4M’L]+ (M = Mo, W; M’ = Pd, Pt) has been 

established with PPh3 as the unique ligand L,15 and thus these 

systems offer a highly suitable frame of reference for 

comparisons with 1 – 3. 

 

Scheme 2. Oxidation of carbide-bridged cluster complexes leads to the 
excision of M' that remains attached to the carbide ligand. 
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1) 2) 3) 4) 

    

5) 6) Table 1. Metrics (Å, °) for cluster complexes and cluster models 

Complex  Ru–C M’–C  Ru–C–M’  M’–S$ M’–Sc*  

1 1.672(3) 1.971(3) 178.3(2) 2.393 1.093 

2 1.689(7) 1.896(7) 178.2(5) 2.378 1.084 

3 1.668(5) 1.959(5) 178.1(3) 2.413 1.136 

4 1.699(9) 1.874(9) 178.8(6) 2.404 1.138 

5 1.653(4) 1.876(4) 177.3(2) 2.339 1.274  

6 1.622(7) 2.098(7) 176.9(5) 2.562 1.571 

$Average. *M’–Sc is the distance from M’ to the centroid of its three ligating S. 

Figure 1 molecular structures of the complex cations 1 – 6. Thermal ellipsoids correspond to the 50% probability level. Hydrogen atoms, solvent molecules 
[Et2O, CHCl3], and counterions [(Cy3P)2Cl2RuC–PdCl3– (1, 3), OTs– (2, 4), BF4

– (5), OTf– (6)] are omitted. Carbons from Cy, Cp’, and ttcn are shown as wireframe.  

 

In dichloromethane solution, the electrochemical behaviour of 

1, 2, and 3 is qualitatively identical: cyclic voltammograms (cf. 

SI) display one reversible reduction process and one reversible 

oxidation process. In addition, there are signs of an extra 

partially reversible oxidation process ocurring about 0.4 V 

above the reversible oxidation process. This parallels the redox 

processes observed for the analogous phosphine substituted 

cubane clusters as these display a single reversible one-electron 

reduction wave and oxidation by two electrons in a two-

electron process. Hereby, the formal substitution of RuC for 

PPh3 leads to similar redox chemistries. This suggests that RuC 

introduces a perturbation on the redox potentials in the 

[(MCp’)3S4M’]+ core that does not engage the ruthenium centre 

directly. In addition, the lack of reversible electrochemistry for 

the ttcn complexes 5 and 6 is pursuant to the electrochemical 

processes occuring within the M3S4M’ clusters but not within 

the RuC ligand. 

Square wave voltammetry further quantifies the potentials of 

the redox processes (Table 2). Compared with the PPh3 

complexes, the first reduction and first oxidation processes 

occur at slightly higher potentials in the RuC complexes. 

Additionally, the second oxidation process in the RuC 

complexes occurs at significantly higher potentials than in the 

PPh3 complexes thus suggesting that RuC exerts a stronger 

electron withdrawing effect on the cubane moiety than does 

PPh3. This agrees with spectroscopic studies where RuC 

formally replaces PPh3 as a ligand towards an {IrCl(CO)} 

fragment: here, the CO stretching frequency is larger for the 

carbide complex owing to RuC being a more potent π-accepting 

ligand than PPh3.11 In conclusion, the electrochemical results 

demonstrate that the introduction of the Ru≡C moiety in the 

M3S4M’ clusters serves to tune their redox potentials. 

We have demonstrated a versatile route to molecular systems 

with carbide ligands installed in metal-sulfide clusters, using the 

terminal carbide complex Ru(C)Cl2(PCy3)2 (RuC) as the carbide 

source. Metrics pertaining to the carbide bridges suggest RuC to 

be a relatively strong π-accepting ligand, and electrochemical 

processes in the cluster complexes occur at higher potentials 

than in the corresponding complexes where PPh3 replaces RuC 

as ligand. Thus, RuC interacts with the metal centres with a 

considerable degree of electron withdrawal. This demonstrates 

the ability of the carbide ligand to tune redox potentials of 

metal sulfide clusters. Reductive conditions are known to 

induce aggregation in metal-sulfide clusters,19 and in this 

context, cleaving of the Ru≡C triple bonds to incorporate the 

carbide ligands in metal clusters with all-sulfur ligand spheres 

represents the natural extension towards clusters modelling the 

FeMo-cofactor of nitrogenase. 

Table 2. Redox potentials for complexes 1 – 3 and their PPh3 analogues (square wave 

voltammetry, taking Eo’2+/3+ of ferrocene-ferrocenium as 0). 

Complex Eo’+/0 / V Eo’+/2+ / V Eo’2+/3+ / V 

1 –1.40 0.48 0.88 

[(Cp’Mo)3S4Pd(PPh3)]+ –1.47 0.32 0.32 

2 –1.41 0.42 0.84 

[(Cp’Mo)3S4Pt(PPh3)]+ –1.56 0.39 0.39 

3 –1.68 0.32 0.72 

[(Cp’W)3S4Pd(PPh3)]+ –1.79 0.16 0.16 
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