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Abstract: The reaction of [HRu3(CO)11]– (1) with 0.35 mole equivalents of Hg(CH3CO2)2 afforded 

[HgRu6(CO)22]2– (3), whereas a mixture of 3 and [Hg2Ru7(CO)26]2– (4) was obtained using 0.5 mole 

equivalents of Hg(CH3CO2)2 per mole of 1. A few crystals of [Ru3(CO)10(CH3COO)]– (7) were 

obtained as side products of the latter reaction. The reaction of 1 with one mole equivalent of 

Hg(CH3CO2)2 or HgCl2 afforded [Hg3Ru8(CO)30]2– (5) as the major product. By employing HgCl2, 

formation of 5 was accompanied by traces of the new homometallic cluster [Ru2Cl4(CO)5]2– (8). 

[HRu4(CO)12]3– (2) reacted with one mole equivalent of HgCl2 resulting in [Hg4Ru10(CO)32]4– (6). 

The molecular structures of the new clusters 3-8 were determined by single crystal X-ray diffraction 

(SC-XRD) as their [NEt4]2[3], [NEt4]2[4]·0.5CH2Cl2, [NEt4]2[5], [NEt4]4[6], [NEt4][7], 

[NEt4]2[8]·0.5CH3CN salts. Heterometallic Ru-Hg clusters 3-6 contain [Hg]2+, [Hg2]4+, [Hg3]6+, and 

[Hg4]8+ cores stabilized by [Ru(CO)4]2–, [Ru3CO)11]2– and [Ru4(CO)12]4– fragments. Metal-metal 

bonds were investigated by DFT calculations and atoms-in-molecules (AIM) analyses. 
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1. Introduction 

Attractive interactions between d10 closed-electron-shell metal ions are usually referred as 

metallophilic interactions.[1-6] Metallophilicity has been widely experimentally and theoretically 

explored, with particular regard to M(I) (M = Cu, Ag, Au) coinage metal ions. Indeed, this 

phenomenon was first discovered for Au(I) ions, and thus referred as aurophilicity [7-13]. Then, it 

was extended to Ag(I) (argentophilicity) [14] and Cu(I) (cuprophilicity) [15] and, eventually, also to 

Hg(II) (mercurophilicity) [16-19]. Their nature is still debated, but there are nowadays numerous 

examples of compounds containing both inter-molecular and intra-molecular metallophilic 

interactions.  

 Among the different classes of inorganic and organometallic compounds displaying 

metallophilicity, some interesting examples have been also reported for heterometallic carbonyl 

clusters [20-28]. In addition, heterometallic clusters can be employed for the activation of small 

organic molecules [29-38], for applications in homeogeneous catalysis and as precursors of metal 

nanoparticles and heterogeneous nanostructured catalysts [39-52].  

 The first example of a metal carbonyl compound displaying a weak Hg(II)···Hg(II) 

mercurophilic interaction was probably Fe(CO)4(HgCl)2, which was discovered in 1928 [53]. The 

structure of the related Fe(CO)4(HgBr)2 was determined by single crystal X-ray diffraction (SC-

XRD) 40 years later, revealing the presence in the unit cell of two independent molecules with 

Hg(II)···Hg(II) contacts of 2.97 and 3.12 Å, well below that proposed for van der Waals contacts 

(ca. 3.5 Å) [54]. Dimeric [Hg2]4+ units not supported by ancillary ligands and showing sub van der 

Waals Hg(II)···Hg(II) contacts have been, then, found in cis-[Os(CO)4{(µ-Hg)Os3(CO)10(µ-Cl)}2] 

(3.54-3.59 Å) [55], [Hg2Os18(C)2(CO)42]4– (2.82 Å) [56] and [Hg2Os18(C)2(CO)42]2– (2.74 Å), even 

though the rather short contact found in the latter compound is likely to be due to unresolved 

disorder [57]. An even shorter contact is present in [Hg2Re14(C)2(CO)42]4– (2.61 Å), but this 

contains Hg(I) instead of Hg(II), and the cluster may be partitioned into two [Re7C(CO)21]3– units 

and one covalently bonded [Hg2]2+ dimer [58]. It is noteworthy that Hg2Pt6(CO)6(PPhiPr2)6 is 

composed of two Pt3(µ-CO)3(PPhiPr2)3 triangular units joined by a Hg2 dimer [59]. No formal 

oxidation state has been assigned to Hg in the original paper, even though the Hg···Hg contact (3.22 

Å) is in keeping with a mercurophilic Hg(II)···Hg(II) interaction. This would correspond to the 

assignment of a dianionic charge to each Pt3 unit, as found in Chini clusters [60].  

 Triangular [Hg3]6+ trimers are present in Hg3Os9(CO)33 [61] and [Hg3Os18(C)2(CO)42]2– [62], 

showing Hg(II)···Hg(II) mercurophilic contacts of 3.08-3.12 and 2.92-2.93 Å, respectively. Square 

[Hg4]4+ tetramers are present in the structures of Hg4Ru4(CO)16 [63] and Hg4Mn4(MeCp)4(CO)8 

[64], the former displaying very long Hg(II)···Hg(II) contacts of 3.52 Å, whereas the latter 
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heteroleptic compound shows rather short mercurophilic interactions of 2.89 Å. Even if its synthesis 

was reported long time ago, the structure of Hg4Fe4(CO)16 [65] is not yet known. This compound is 

probably isostructural to Cd4Fe4(CO)16 [66], showing a square [Hg4]4+ core. 

 The ability of Hg(II) in these clusters to serve as acceptor site is further supported by the 

heteroleptic Hg4Fe4(L)2(CO)12 (L = 2,6-bis(disphenylphosphino)pyridine) complex [67]. The 

interaction of the pyridine ligands with two Hg(II) sites elongates the [Hg4]4+ core, which shows 

two shorter (3.41 Å) and two longer (3.52 Å) Hg(II)···Hg(II) contacts.  

 The largest mercury unit found within a carbonyl cluster is the Hg8 octa-nuclear framework 

present in [Hg8Ir6(Cp*)6(CO)6]6+ [68]. The Hg···Hg contacts are in the range 2.96-3.08 Å in 

keeping with mercurophilic interactions, but in this case it is not possible to easily assign a formal 

oxidation state to Hg. Indeed, the assignment of formal oxidation states to atoms within metal 

clusters is not a trivial task, and often it can be rationalized in multiple ways. Even when a tentative 

assignment is possible, it must be considered as a formal and simplistic bonding model, and there 

are often more than one interpretation available. 

 Within this framework, this paper reports the synthesis of four new Ru-Hg carbonyl clusters 

containing from one to four Hg(II) ions, that is [HgRu6(CO)22]2–, [Hg2Ru7(CO)26]2–, 

[Hg3Ru8(CO)30]2– and [Hg4Ru10(CO)32]4–. Their structure have been determined by SC-XRD and 

the bonding analyzed by computational methods. Mercurophilic interactions are present within the 

[Hg2]4+, [Hg3]6+ and [Hg4]8+ units composing the cores of such clusters.  

 

2. Results and Discussion 

2.1 Synthesis 

The reactions of [HRu3(CO)11]– (1) and [HRu4(CO)12]3– (2) with Hg(II) salts such as Hg(CH3CO2)2 

and HgCl2 under different experimental conditions (Scheme 1) afforded the new heterometallic Ru-

Hg clusters [HgRu6(CO)22]2– (3), [Hg2Ru7(CO)26]2– (4), [Hg3Ru8(CO)30]2– (5) and 

[Hg4Ru10(CO)32]4– (6). Details are reported below, whereas their molecular structures determined 

by SC-XRD are described in Section 2.2.  

 



 
 

5 
 

Ru(CO)3

(OC)3Ru Ru(CO)4

OC
H

(CO)3

+ 0.5 Hg(CH3CO2)2

Hg

Ru(CO)3

Ru

(OC)3Ru
Ru

Ru
Ru(CO)4

CO

OC

OC (CO)3

(CO)3

Hg
(OC)3Ru

Ru(CO)3
Ru

Ru

Ru

Ru(CO)4

CO

Hg

Ru
O
C

2

(CO)3

(CO)3

(CO)4

2

CO
Ru

Ru(CO)2

(OC)3Ru

OC

OC

O
C

O

CH3

(CO)3

Hg

Ru(CO)3

Ru

(OC)3Ru
Ru

Ru
Ru(CO)4

CO

OC

OC (CO)3

(CO)3

2

+

+ (traces)

+ 0.35 Hg(CH3CO2)2

Hg HgHg

Ru

RuRu

Ru

(OC)4Ru OC

Ru

Ru

Ru(CO)4CO

(CO)4

(CO)4

(CO)3

(CO)3(CO)3

(CO)3

(CO)4

2

+ 1.0 HgCl2

Hg
Ru

(OC)2Ru

(OC)3Ru Hg

Ru

Ru(CO)2
HgHg

Ru

Ru

Ru(CO)2

Ru(CO)3

(OC)2Ru
OC

CO

CO

OC

(CO)4

(CO)4

(CO)3

4

H
Ru(CO)2

Ru(CO)2

(OC)2Ru

OC CO

OC

Ru(CO)3 3

+ 1.0 HgCl2

CH3CN

acetone

CH2Cl2

CH2Cl2

1

2

3

3

4

5

6

7

(CO)3

Cl
RuRu

C
O

Cl

CO

Cl

OC

CO

Cl
CO

+ (traces)

8

+ HgCl2
 
(excess)

acetone

[Ru(CO)3Cl3]– 9

(CO)3

Scheme 1. Synthesis of 3-6. 

 

 The reaction of 1 with a sub-stoichiometric amount of Hg(CH3CO2)2 (0.35 mole 

equivalents) resulted in 3 (Scheme 1). The reaction formally consists in the addition of one mole of 

the soft Lewis acid Hg2+ to two moles of 1 with concomitant substitution of the hard acid H+ 

(equation 1). The latter is trapped by the acetate base.  
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2[HRu3(CO)11]– + Hg(CH3CO2)2 → [HgRu6(CO)22]2– + 2CH3COOH (1) 

 

 Despite the fact that equation 1 requires 0.5 moles of Hg(CH3CO2)2 per mole of 1, the 

optimized synthesis of 3 employs 0.35 moles of Hg(CH3CO2)2 per mole of 1. Indeed, by increasing 

the amount of Hg(CH3CO2)2 to 0.5 moles, a 1:1 mixture of 3 and 4 was obtained. Formation of such 

mixtures was accompanied by traces (a few crystals) of the homometallic cluster 

[Ru3(CO)10(CH3COO)]– (7). This indicates that some decomposition, likely due to redox processes, 

occurred during the reaction, which also justifies the presence of Ru(CO)4 units within the 

molecular structure of 4. By monitoring the reaction by IR, after the first addition of Hg(CH3CO2)2 

to 1, compound 3 starts to form, but at some point conversion of 3 into 4 begins to be a competitive 

reaction.  

 At the same time, formation of 3 was disfavored by further increasing the amount of 

Hg(CH3CO2)2, due to the formation of 5. Thus, 4 was always obtained in mixture with 3 or 5, 

depending on the amount of Hg(CH3CO2)2 employed. The optimized synthesis of 5 required one 

mole of Hg(CH3CO2)2 or HgCl2 per mole of 1. By employing HgCl2, formation of 5 was 

accompanied by traces of the new homometallic cluster [Ru2Cl4(CO)5]2– (8). Further increasing the 

amount of HgCl2 resulted in the formation of the previously reported complex [Ru(CO)3Cl3]– (9) 

[69].  

 The reaction of the tetrahedral homometallic cluster 2 with HgCl2 in a 1:1 ratio resulted in 

the higher nuclearity heterometallic cluster 6. Also in this case, increasing the amount of HgCl2 

favored the formation of 9, which contain a Ru(II) centre. Formation of 9 from low valent Ru 

clusters such as 2 and 3 is likely to be due to the synergic effect of the oxidizing Hg(II) ions and the 

coordinating chloride ions.  

 All the new clusters 3-8 have been characterized by IR spectroscopy (see Experimental 

Section and Figures S1-S4 in the Supporting Information) and their molecular structures determined 

by SC-XRD as their [NEt4]2[3], [NEt4]2[4]·0.5CH2Cl2, [NEt4]2[5], [NEt4]4[6], [NEt4][7], 

[NEt4]2[8]·0.5CH3CN salts (see Section 2.2). 

 

2.2 Molecular structures and computational investigations 

2.2.1 [HgRu6(CO)22]2– (3) 

The cluster anion 3 is composed of two [Ru3(CO)11]2– units joined by a Hg(II) ion, which adopts a 

distorted tetrahedral coordination being bonded to four Ru atoms (Figure 1 and Table 1). Similar 

structures displaying Hg(II) coordinated to two Ru3 triangular units were previously found in 

Hg[Ru3(CO)9(µ3-σ1,η2,η2-C≡CtBu)]2 [70], Hg[Ru3(CO)9(µ3-2-amino-6-methylpyridine)]2 [71], 
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Hg[Ru3(CO)10(µ-C=OMe)]2 [72]. One [Ru3(CO)11]2– unit displays ten terminal and one µ-CO 

ligands, whereas the other [Ru3(CO)11]2– unit possesses nine terminal and two edge bridging 

carbonyls. Thus, 3 may be also written as [Hg{Ru3(CO)10(µ-CO)}{Ru3(CO)9(µ-CO)2}]2–. It must 

be remarked that the free [Ru3(CO)11]2– anion displays a [Ru3(CO)10(µ-CO)]2– structure, with a 

single µ-CO [73].  

 
Fig. 1. Two views of the molecular structure of 3 (orange Ru; blue Hg; red O; grey C). 

 

Table 1. Main bond distances (Å) and angles (°) of 3. Cotton's formal shortness ratios (FSR) are 

reported in parentheses [74]. Pauling's atomic radii employed [75]: Ru 1.241 Å, Hg 1.440 Å. See 

Scheme 2 for labeling. 

Hg(1)-Ru(1) 
2.837(4) 

(1.06) 
Hg(1)-Ru(2) 

2.791(4) 

(1.04) 

Hg(1)-Ru(4) 
2.844(4) 

(1.06) 
Hg(1)-Ru(5) 

2.8425(4) 

(1.06) 

Ru(1)-Ru(2) 
3.016(5) 

(1.22) 
Ru(4)-Ru(5) 

2.870(5) 

(1.16) 

Ru(1)-Ru(3) 
2.863(6) 

(1.15) 
Ru(4)-Ru(6) 

2.856(5) 

(1.15) 

Ru(2)-Ru(3) 
2.894(6) 

(1.17) 
Ru(5)-Ru(6) 

2.841(5) 

(1.14) 

Ru-COterminal
range 1.81(6)-2.03(4) Ru-COterminal

average 1.93(17) 

Ru(1)-C(1) 1.94(5) Ru(3)-C(1) 2.25(6) 

Ru(2)-C(2) 2.05(6) Ru(3)-C(2) 2.11(6) 

Ru(4)-C(5) 2.09(4) Ru(5)-C(3) 2.06(4) 

Ru(1)-Hg(1)-Ru(2) 64.82(11) Ru(4)-Hg(1)-Ru(5) 60.63(10) 

Ru(1)-C(1)-O(1) 146(4) Ru(3)-C(1)-O(1) 128(4) 

Ru(2)-C(2)-O(2) 140(4) Ru(3)-C(2)-O(2) 132(4) 

Ru(4)-C(3)-O(3) 137(3) Ru(5)-C(3)-O(3) 136(3) 
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αCO(1) 0.16(8) αCO(2) 0.03(6) 

αCO(3) 0.01(6)   

Hg(1)

Ru(1)

Ru
(2)

(3)Ru

(5)Ru

(4)Ru
Ru(6)

C(3)O

O(2)C

O(1)C

 
Scheme 2. Labeling of 3. 

 

 The Ru(1)-Ru(2) edge [3.016(5) Å] bridged by Hg(1) and possessing only terminal 

carbonyls is considerably elongated compared to Ru(4)-Ru(5) [2.870(5) Å] which is bridged both 

by Hg(1) and a µ-CO ligand. The four Hg-Ru distances [2.791(4)-2.844(4) Å] display a formal 

shortness ratio (FSR) very close to 1 suggesting the presence of single bonds [74].  

 The asymmetry parameter (α) of the unique µ-CO of the [Ru3(CO)10(µ-CO)]2– unit of 

[HgRu6(CO)22]2– is zero within experimental precision [α = 0.01(6)] as expected for a genuine edge 

bridging carbonyl [76]. Conversely, within the [Ru3(CO)9(µ-CO)2]2– unit, one CO ligand is 

symmetrically edge bridging [α = 0.03(6)], whereas the second one [α = 0.16(8)] falls in the typical 

range for semi-bridging carbonyls [α = 0.1-0.6].  

 The cluster 3 possesses 106 cluster valence electrons (CVE) [6×8 (6Ru) + 1×12 (1Hg) + 

22×2 (22CO) + 2 (charge)] as expected on the basis of the effective atomic number (EAN) rule, 

considering 7 metal atoms and 10 M-M bonds [77].  

 The DFT-optimized structure of 3 is in good agreement with the X-ray data, the RMSD 

being 0.283 Å. The computed structure with selected (3,-1) bond critical points (b.c.p.) is shown in 

Figure 2. The AIM analysis localized four (3,-1) b.c.p.'s related to the Hg-Ru bonds. Data computed 

at b.c.p. (Table S1 in the Supporting Information) are in line with Bianchi’s definition of M-M 

bonds [78,79]. The electron density values (ρ) at Hg-Ru b.c.p are in the 0.041 - 0.044 a.u. range, 

with potential energy density (V) values comprised between -0.032 and -0.037 a.u. The interaction 

of the Hg centre with the {Ru3(CO)9(µ-CO)2} fragment appears a bit stronger than that with 

{Ru3(CO)10(µ-CO)} on the basis of the slightly more negative V values related to the Hg-Ru 

interactions. The AIM analysis was unable to localize Ru-Ru b.c.p. between metal centers 

connected by bridging carbonyl ligands. Three Ru-Ru (3,-1) b.c.p.'s were thus found for compound 

3, the weakest one between Ru(1) and Ru(2) in the {Ru3(CO)9(µ-CO)2} fragment (Table S1 in the 

Supporting Information).  
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Fig. 2. DFT-optimized structure of 3 (orange Ru; blue Hg; red O; grey C) with localized M-M (3,-

1) b.c.p.'s (white) and corresponding electron density values in a.u.  

 

2.2.2 [Hg2Ru7(CO)26]2– (4) 

The molecular structure of 4 consists of a central Ru(CO)4 fragment bound to two HgRu3(CO)11 

butterfly units in a cis configuration (Figure 3 and Table 2). It may be partitioned into two Hg(II) 

cations, two [Ru3(CO)10(µ-CO)]2– cluster anions and one [Ru(CO)4]2– anion. Each Hg(II) centre is 

tri-coordinated being bonded to [Ru(CO)4]2– and to one edge of a [Ru3(CO)10(µ-CO)]2– unit. In 

addition, there is a very weak mercurophilic contact, as indicated by the long Hg(1)···Hg(2) 

distance [3.684(3) Å] and the Hg(1)-Ru(1)-Hg(2) angle [86.38(8) °]. The structure of 4 is quite 

similar to that previously reported for cis-[Os(CO)4{(µ-Hg)Os3(CO)10(µ-Cl)}2] [55]. 

 The cluster 4 is electron poor possessing 134 CVE [7×8 (7Ru) + 2×12 (2Hg) + 26×2 (26CO) 

+ 2 (charge)]. Indeed, the EAN rule would predict 136 CVE for a cluster composed of nine metal 

atoms and displaying 13 M-M bonds. This is rather surprising, since the Hg(1)···Hg(2) contact is 

almost non-bonding and this would increase the expected electron count from 136 to 138 CVE. A 

possible explanation is the fact that d10 Hg(II) ions may not reach 18 valence electrons, especially 

when their coordination number is lower than four. 
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Fig. 3. Two views of the molecular structure of 4 (orange Ru; blue Hg; red O; grey C). 

 

Table 2. Main bond distances (Å) and angles (°) of 4. Cotton's formal shortness ratios (FSR) are 

reported in parentheses [74]. Pauling's atomic radii employed [75]: Ru 1.241 Å, Hg 1.440 Å. See 

Scheme 3 for labeling. 

Hg(1)···Hg(2) 
3.684(3) 

(1.28) 
  

Hg(1)-Ru(1) 
2.706(3) 

(1.01) 
Hg(2)-Ru(1) 

2.677(3) 

(1.00) 

Hg(1)-Ru(2) 
2.764(3) 

(1.03) 
Hg(1)-Ru(3) 

2.809(3) 

(1.05) 

Hg(2)-Ru(5) 
2.797(3) 

(1.04) 
Hg(2)-Ru(6) 

2.752(3) 

(1.03) 

Ru(2)-Ru(3) 
2.859(3) 

(1.15) 
Ru(5)-Ru(6) 

2.890(4) 

(1.16) 

Ru(2)-Ru(4) 
2.879(3) 

(1.16) 
Ru(5)-Ru(7) 

2.847(4) 

(1.15) 

Ru(3)-Ru(4) 
2.853(4) 

(1.15) 
Ru(6)-Ru(7) 

2.855(4) 

(1.15) 

Ru-COterminal
range 1.89(4)-1.98(3) Ru-COterminal

average 1.93(15) 

Ru(2)-C(1) 2.05(3) Ru(3)-C(1) 2.11(3) 

Ru(5)-C(2) 2.10(3) Ru(6)-C(2) 2.10(3) 

Hg(1)-Ru(1)-Hg(2) 86.38(8)   

Ru(2)-Hg(1)-Ru(3) 61.72(7) Ru(5)-Hg(2)-Ru(6) 62.78(8) 

Ru(2)-C(1)-O(1) 140(3) Ru(3)-C(1)-O(1) 133(3) 

Ru(5)-C(2)-O(2) 136(3) Ru(6)-C(2)-O(2) 136(3) 

αCO(1) 0.03(4) αCO(2) 0.00(4) 
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Hg(1)
(5)Ru

Ru(6)
Ru
(7)

(3)Ru

(2)Ru

Ru(4)

C(1)O

(2)Hg

(1)
Ru

O
(2)
C

 
Scheme 3. Labeling of 4. 

 

 The RSMD between computed and experimental geometries of 4 is quite low, 0.328 Å. As 

deducible from Figure 4 and Table S2, the Hg centers form stronger Hg-Ru interactions with the 

{Ru(CO)4} fragment with respect to the {Ru3(CO)10(µ-CO)} units. On the basis of the computed 

data, Hg(1)-Ru(1) and Hg(2)-Ru(1) bonds are stronger than the Hg-Ru interactions in compound 3. 

The ρ and V values for the other Hg-Ru b.c.p.'s in 4 are similar to those obtained for 3. As for 

compound 3, also for 4 the AIM analysis was unable to localize (3,-1) b.c.p. between Ru centers 

bridged by CO. 

 No Hg···Hg b.c.p. was found, and accordingly the gradient of the electron density never 

goes to zero along the Hg···Hg path, as shown in Figure S5 in the Supporting Information. 

Moreover, no ring critical point (r.c.p.) related to the Hg(1)-Hg(2)-Ru(1) triangle was localized. 

Such a behavior is in line with what previously observed for isoelectronic d10···d10 interactions in 

cis-Fe(CO)4{M(NHC)}2 (M = Cu, Ag, Au; NHC = N-heterocyclic carbene) complexes [21,24]. The 

weak mercurophilic contact in 4 appears therefore limited to a non-localized dispersion interaction, 

too weak to be computationally investigated by means of AIM analysis. 
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Fig. 4. DFT-optimized structure of 4 (orange Ru; blue Hg; red O; grey C) with localized M-M (3,-

1) b.c.p.'s (white) and corresponding electron density values in a.u.  

 

2.2.3 [Hg3Ru8(CO)30]2– (5) 

The solid state structure of [NEt4]2[5] consists of an ionic packing of [NEt4]+ cations and 5 anions. 

The cluster anion may be viewed as composed of a linear [Hg3]6+ core bonded to two bridging 

[Ru(CO)4]2– and two [Ru3(CO)10(µ-CO)]2– units (Figure 5 and Table 3). The central Hg(1) atom is 

located on an inversion centre and, therefore, only half of the molecule is independent. The 

Hg(1)···Hg(2) contact [3.1776(7) Å] of 5 is significantly shorter than that of 4, suggesting a 

stronger mercurophilic interaction. Such contact is comparable to that recently found in porphyrin 

complexes containing a linear [Hg3]6+ unit [18]. 

 As in the case of 4, also 5 is electron poor possessing 162 CVE [8×8 (8Ru) + 3×12 (3Hg) + 

30×2 (30CO) + 2 (charge)]. Indeed, considering 11 metal atoms and 16 M-M bonds, the expected 

electron count would have been 166 CVE. This is somehow in keeping with the fact the Hg(II) 

centers display low coordination numbers, that is two for Hg(1), and three for Hg(2) and Hg(2A) 

(considering only Hg-Ru bonds).  
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Fig. 5. Two views of the molecular structure of 5 (orange Ru; blue Hg; red O; grey C). 

 

Table 3. Main bond distances (Å) and angles (°) of 5. Cotton's formal shortness ratios (FSR) are 

reported in parentheses [74]. Pauling's atomic radii employed [75]: Ru 1.241 Å, Hg 1.440 Å. See 

Scheme 4 for labeling. 

Hg(1)···Hg(2) 
3.1776(7) 

(1.10) 
Hg(1)-Ru(1) 

2.6726(13) 

(1.00) 

Hg(2)-Ru(1) 
2.6783(12) 

(1.00) 
Hg(2)-Ru(2) 

2.7756(12) 

(1.04) 

Hg(2)-Ru(3) 
2.7634(12) 

(1.03) 
Ru(2)-Ru(3) 

2.8765(15) 

(1.16) 

Ru(2)-Ru(4) 
2.8304(16) 

(1.14) 
Ru(3)-Ru(4) 

2.8448(17) 

(1.15) 

Ru-COterminal
range 1.891(16)-1.959(17) Ru-COterminal

average 1.92(6) 

Ru(2)-C(1) 2.106(14) Ru(3)-C(1) 2.088(13) 

Hg(2)-Hg(1)-Hg(2A) 180.0 Hg(1)-Ru(1)-Hg(2) 72.86(3) 

Ru(2)-Hg(2)-Ru(3) 62.57(3) Ru(1)-Hg(1)-Ru(1A) 180.0 

Ru(2)-C(1)-O(1) 134.6(10) Ru(3)-C(1)-O(1) 138.6(11) 

αCO(1) 0.009(19) 

Mean deviation from 

least-square plane 

Hg(1)-Hg(2)-Hg(2A)-

Ru(1)-Ru(1A) 

0.0000 

(2)Hg Hg(2A)Hg
(1)

Ru
(1)

Ru
(2)
Ru

Ru
(3)

(4)Ru O(1)C

(A2)Ru

(A3)Ru

Ru(4A)C(1A)O

(1A)

 
Scheme 4. Labeling of [Hg3Ru8(CO)30]2–. 
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 The DFT-optimized structure of 5 (Figure 6) agrees with the X-ray data (RSMD = 0.224 Å) 

and the presence of an inversion centre was appreciably maintained by the simulation (R = 0.002 

for the Ci point group). The AIM data (Table S3 in the Supporting Information) confirm the 

symmetry of compound 5. The computed average Hg···Hg distance is 3.300 Å, about 3% longer 

than the experimental value despite the presence of corrections for the dispersion interactions in the 

DFT method used (see the Experimental section). The slight overestimation of the Hg···Hg 

distances is probably related to the known weakness of DFT methods in predicting closed-shell 

dispersion interactions [80]. The Hg···Hg distances in 5 are however much shorter than the value 

computed for 4, 3.694 Å. Despite this outcome, the AIM analysis was unable to localize (3,-1) 

b.c.p.'s between the Hg centers or (3,+1) r.c.p. related to the Ru(1)-Hg(1)-Hg(2) and Ru(1A)-Hg(1)-

Hg(2A) triangles. Such a result is comparable with that obtained for the Au(I)···Au(I) interactions 

in [Au3{Fe(CO)4}2(PPh3)2]– [22]. 

 Two Hg-Ru (3,-1) b.c.p.'s were localized for the central Hg and three Hg-Ru b.c.p.'s for the 

other Hg centers. As for 4, also in 5 the Hg-{Ru(CO)4} bonds are stronger than the Hg-

{Ru3(CO)10(µ-CO)} ones. The lack of localized Hg(1)···Hg(2/2A) interactions and the presence of 

Hg-Ru(1/1A) bonds is confirmed by the comparison of the gradients of electron density along the 

Hg(2)···Hg(2A) and Ru(1)···Ru(1A) paths, shown in Figure S6 in the Supporting Information. The 

three Hg centers have similar Hirshfeld charges, 0.106 a.u. for Hg(1) and 0.083 for Hg(2/2A), this 

indicating that the formal oxidation state is the same. Two Ru-Ru b.c.p.'s were found for each 

{Ru3} triangle, since no b.c.p. was localized between the Ru centers connected by the bridging 

carbonyl ligands. 

 
Fig. 6.. DFT-optimized structure of 5 (orange Ru; blue Hg; red O; grey C) with localized M-M (3,-

1) b.c.p.'s (white) and corresponding electron density values in a.u.  
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2.2.4 [Hg4Ru10(CO)32]4– (6) 

The anion 6 may be viewed as composed of a [Hg4]8+ distorted rectangle (rhombus) whose short 

edges are bonded to two [Ru4(CO)10(µ-CO)2]4– tetrahedra, whereas the longer edges are bridged by 

two [Ru(CO)4]2– units (Figure 7 and Table 4). Hg(1) is capping one triangular face of the Ru4 

tetrahedron, whereas Hg(2) is bonded to one edge of the same triangular face. This results in a 

HgRu4 trigonal bipyramid, whose Hg(1)Ru(1)Ru(2) face is capped by Hg(2). 

 The shortest Hg-Ru distances are those involving the [Ru(CO)4]2– units [Hg(1)-Ru(5A) 

2.7134(11) Å, FSR 1.01; Hg(2)-Ru(5) 2.6957(10) Å, FSR 1.01], whereas the longest ones are those 

of the Hg(1)Ru(1)Ru(2) face capped by Hg(2) [Hg(1)-Ru(1) 2.8618(10) Å, FSR 1.07; Hg(1)-Ru(2) 

2.9079(10) Å, FSR 1.08]. The remaining three Hg-Ru contacts display intermediate distances 

[Hg(1)-Ru(4) 2.7806(10) Å, FSR 1.04; Hg(2)-Ru(1) 2.7706(10) Å, FSR 1.03; Hg(2)-Ru(2) 

2.7782(10) Å, FSR 1.04].  

 The Hg(1)···Hg(2) [3.4350(7) Å, FSR 1.19] and Hg(1)···Hg(2A) [3.5120(7) Å, FSR 1.22] 

contacts suggest the presence of weak mercurophilic interactions.  

 The molecular structure of the free [Ru4(CO)12]4– tetra-anion is unknown, whereas the 

related hydrides [H4–nRu4(CO)12]n– (n = 0-3) have been structurally characterized [81,82]. The two 

[Ru4(CO)12]4– units of 6 contain ten terminal and two semi-bridging [α = 0.23 and 0.38] CO 

ligands.  

 It must be remarked that there are only limited examples of structurally characterized 

carbonyl clusters containing a Hg4 core, that is Hg4Mn4(CH3C5H4)4(CO)8 [64], Hg4Fe4(L)2(CO)12 

(L = 2,6-bis(disphenylphosphino)pyridine) [67], Hg4Re4(Cp)4(CO)8 [83] and Hg4Ru4(CO)16 [63].  

 At difference with 4 and 5, 6 is electron rich possessing 196 CVE [10×8 (10Ru) + 4×12 

(4Hg) + 32×2 (32CO) + 4 (charge)] instead of 192 CVE as predicted by the EAN rule (14 metal 

atoms and 30 M-M bonds, considering also the Hg-Hg contacts). In this case, the extra-electrons 

would somehow compensate the very weak Hg···Hg interactions. Moreover, Hg(1) and Hg(1A) are 

tetra-coordinated, whereas Hg(2) and Hg(2A) display only three Ru-Hg contacts. Conversely, the 

electron poor clusters 4 and 5 contain only Hg centers with coordination numbers three or two.  
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Fig. 7. Two views of the molecular structure of 6 (orange Ru; blue Hg; red O; grey C). 

 

Table 4. Main bond distances (Å) and angles (°) of 6. Cotton's formal shortness ratios (FSR) are 

reported in parentheses [74]. Pauling's atomic radii employed [75]: Ru 1.241 Å, Hg 1.440 Å. See 

Scheme 5 for labeling. 

Hg(1)···Hg(2) 
3.4350(7) 

(1.19) 
Hg(1)···Hg(2A) 

3.5120(7) 

(1.22) 

Hg(1)-Ru(5A) 
2.7134(11) 

(1.01) 
Hg(2)-Ru(5) 

2.6957(10) 

(1.01) 

Hg(1)-Ru(1) 
2.8618(10) 

(1.07) 
Hg(1)-Ru(2) 

2.9079(10) 

(1.08) 

Hg(1)-Ru(4) 
2.7806(10) 

(1.04) 
Hg(2)-Ru(1) 

2.7706(10) 

(1.03) 

Hg(2)-Ru(2) 
2.7782(10) 

(1.04) 
  

Ru(1)-Ru(2) 
3.0136(12) 

(1.21) 
Ru(1)-Ru(3) 

2.8312(13) 

(1.14) 

Ru(1)-Ru(4) 
2.8412(13) 

(1.14) 
Ru(2)-Ru(3) 

2.8280(13) 

(1.14) 

Ru(2)-Ru(4) 
2.8834(13) 

(1.16) 
Ru(3)-Ru(4) 

2.8417(13) 

(1.14) 

Ru-COterminal
range 1.868(12)-1.962(16) Ru-COterminal

average 1.90(4) 

Ru(1)-C(1) 1.898(13) Ru(4)-C(3) 2.617(2) 

Ru(3)-C(2) 2.404(12) Ru(4)-C(2) 1.953(13) 

Hg(2)-Hg(1)-Hg(2A) 81.66(2) Hg(1)-Hg(2)-Hg(1A) 98.34(2) 

Hg(1A)-Ru(5)-Hg(2) 81.00(3) 

Mean deviation from 

least-square plane 

Hg(1)-Hg(2)-Hg(1A)-

0.004 
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Hg(2A)-Ru(5)-Ru(5A) 

Ru(1)-C(1)-O(1) 160.5(10) Ru(4)-C(1)-O(1) 123.3(10) 

Ru(3)-C(2)-O(2) 128.0(9) Ru(4)-C(2)-O(2) 151.2(10) 

αCO(1) 0.38 αCO(2) 0.23 

Hg(1A)(2)
Ru

(4)Ru

(3)Ru (2)Hg

(5)
Ru

Ru(1)

Hg(2A)(1)Hg

Ru

(2A)Ru

Ru(4A)

Ru(3A)

(1A)Ru

(5A)

O(2)C
C(2A)O

C(1)O

O(1A)C

 
Scheme 5. Labeling of 6. 

 

 The experimentally observed symmetry of 6 was not precisely maintained during the 

computational optimization of the cluster (R = 0.314 with respect to the Ci point group). The RMSD 

between experimental and computed data is however quite low, 0.383 Å, and the same numbering 

shown in Scheme 5 was maintained for clarity. Moreover, the analysis of the electron density did 

not highlight meaningful differences between the two halves of 6. As for the previously discussed 

clusters, the AIM analysis (Figure 8 and Table S4 in the Supporting Information) did not localize 

(3,-1) b.c.p. between the Hg atoms. On the other hand, one r.c.p. at the centre of the {Hg4} was 

found, with very low ρ value (0.0015 a.u.) and V value close to zero (-0.0005 a.u.). The situation is 

qualitatively comparable with that found in square clusters of coinage metals having general 

formula [{MFe(CO)4}4]4- (M = Cu, Ag, Au) [25]. These data, combined with the low, positive 

values of E (0.0002 a.u.) and 2∇ ρ (0.0039 a.u.), suggest that the interactions among the Hg centers 

are of van der Waals type [78]. The presence of the r.c.p. and the lack of Hg···Hg b.c.p. was also 

confirmed by the trends of the gradient of electron density along the Hg···Hg paths, shown in 

Figure S7 in the Supporting Information.  

 For further comparison, the AIM analysis was extended to the neutral tetramers 

Hg4Fe4(CO)16 [65] and Cd4Fe4(CO)16 [66]. The expected Fe-Hg and Fe-Cd (3,-1) b.c.p.'s were 

localized, but no Cd···Cd or Hg···Hg b.c.p., an outcome confirmed by the gradient of electron 

density along the M···M paths. As for compound 6, one (3,+1) r.c.p. is present at the centre of the 

{Cd4} and {Hg4} fragments (see Figure S8 in the Supporting Information). The ρ and V values for 

Hg4Fe4(CO)16 are respectively 0.0020 a.u. and -0.0007 a.u., and the E and 2∇ ρ values are small and 

positive (0.0003 a.u. and 0.0052 a.u., respectively). Values in line with Hg4Fe4(CO)16 were obtained 
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for the analogous cadmium derivative Cd4Fe4(CO)16 (ρ =0.0019 a.u., V = -0.0004 a.u., E = 0.0004 

a.u., 2∇ ρ = 0.0048 a.u.). The Hg···Hg closed-shell interactions in 6 appear therefore qualitatively 

comparable to those present in Hg4Fe4(CO)16 [65]. 

 Accordingly to the localization of the (3,-1) b.c.p. in compound 6, four Hg-Ru bonds are 

formed by Hg(1) and Hg(1A) and three by Hg(2) and Hg(2A). The values reported in Table S4 

indicate that the strongest interactions occur with Ru(5) and Ru(5A), as already deduced from the 

structural data. The other Hg-Ru b.c.p.'s have quite comparable ρ and V values, with the Hg(2/2A)-

Ru(1/1A) and Hg(1/1A)-Ru(4/4A) interactions slightly stronger than Hg(1/1A)-Ru(1/1A), 

Hg(1/1A)-Ru(2/2A) and Hg(1/1A)-Ru(2/2A). For what concerns the Ru-Ru interactions, (3,-1)-

b.c.p.'s were not localized between Ru(3/3A) and Ru(4/4A), in line with the previous results 

concerning Ru centers connected by µ-CO ligands. On the other hand, Ru-Ru b.c.p.'s are present 

between Ru(1/1A) and Ru(4/4A), probably because of the semi-bridging coordination mode of CO. 

The weakest Ru-Ru bonds are Ru(1/1A)-Ru(2/2A), a result attributable to the donation of electron 

density to the Hg centers. 

 
Fig. 8 DFT-optimized structure of 6 (orange Ru; blue Hg; red O; grey C) with localized M-M (3,-1) 

b.c.p.'s (white) and {Hg4} (3,+1) r.c.p. (pink) and corresponding electron density values in a.u.  

 

2.2.5 [Ru3(CO)10(CH3COO)]– (7) 

The molecular structure of 7 is composed of a triangular Ru3(CO)7(µ-CO)3 unit with a bridging 

CH3COO– ligand (Figure 9 and Table 5). The Ru(2)-Ru(3) edge [2.7527(2) Å] bridged by both a µ-

CO and the acetate is significantly shorter than Ru(1)-Ru(2) [2.8560(2) Å] and Ru(1)-Ru(3) 
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[2.8503(2) Å] supported only by a µ-CO ligand. The asymmetry parameter for the three µ-CO 

ligands is in the typical range for symmetric edge bridging carbonyls, even though it is almost zero 

for CO(3) [αCO(3) = 0.005(3)] whereas it is sensibly greater for CO(1) and CO(2) [αCO(1) = 0.034(3), 

αCO(2) = 0.040(3)]. This is likely to be due to the fact that Ru(2) and Ru(3) are bonded to the acetate 

ligand which is a stronger base than the terminal carbonyls bonded to Ru(1). As a consequence, the 

π-back donation from Ru(2) and Ru(3) towards the µ-CO ligands is slightly greater than that of 

Ru(1). Indeed, Ru(3)-C(1) [2.098(2) Å] and Ru(2)-C(2) [2.103(2) Å] are slightly shorter that Ru(1)-

C(1) [2.170(2) Å] and Ru(1)-C(2) [2.187(2) Å]. Coordination of an acetate ion to metal carbonyl 

clusters is rather rare and, in the case of triangular clusters, is limited to a few Os3 carbonyls 

[84,85].  

 The cluster 7 possesses 48 CVE [3×8 (3Ru) + 10×2 (10CO) + 1×3 (1µ-CH3COO) + 1 

(charge)] as expected for a triangular cluster.  

 
Fig. 9. Two views of the molecular structure of 7 (orange Ru; red O; grey C; white H). 

 

Table 5. Main bond distances (Å) and angles (°) of 7. Cotton's formal shortness ratios (FSR) are 

reported in parentheses [74]. Pauling's atomic radii employed [75]: Ru 1.241 Å. See Scheme 6 for 

labeling. 

Ru(1)-Ru(2) 
2.8560(2) 

(1.15) 
Ru(1)-Ru(3) 

2.8503(2) 

(1.15) 

Ru(2)-Ru(3) 
2.7527(2) 

(1.11) 
  

Ru(2)-O(11) 2.1561(14) Ru(3)-O(12) 2.1481(14) 

Ru-COterminal
range 1.849(2)-1.954(2) Ru-COterminal

average 1.899(5) 

Ru(1)-C(1) 2.170(2) Ru(3)-C(1) 2.098(2) 

Ru(1)-C(2) 2.187(2) Ru(2)-C(2) 2.103(2) 

Ru(2)-C(3) 2.131(2) Ru(3)-C(3) 2.120(2) 

C(11)-O(11) 1.260(3) C(11)-O(12) 1.265(3) 
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Ru(2)-Ru(1)-Ru(3) 57.684(6) Ru(1)-Ru(2)-Ru(3) 61.054(6) 

Ru(2)-Ru(3)-Ru(1) 61.262(6) O(11)-C(11)-O(12) 125.49(19) 

Ru(2)-O(11)-C(11) 123.24(13) Ru(3)-O(12)-C(11) 124.04(13) 

Ru(1)-C(1)-O(1) 134.38(17) Ru(3)-C(1)-O(1) 141.65(18) 

Ru(1)-C(2)-O(2) 134.27(18) Ru(2)-C(2)-O(2) 141.53(18) 

Ru(2)-C(3)-O(3) 139.63(17) Ru(3)-C(3)-O(3) 139.58(17) 

αCO(1) 0.034(3) αCO(2) 0.040(3) 

αCO(3) 0.005(3)   

C(3)O
Ru(3)

Ru(2)

(1)Ru

O(2)C

O(1)C

(12)O

C(11)

O(11)

CH3

 
Scheme 6. Labeling of 7. 

 

2.2.6 [Ru2Cl4(CO)5]2– (8) 

The molecular structure of 8 is composed of a [Ru2(µ-Cl)(µ-CO)]+ core with one Cl– and two CO 

ligands bonded to Ru(1), and two Cl– and two CO ligands bonded to Ru(2), all in a terminal mode 

(Figure 10 and Table 6). Therefore, considering also the bridging ligands and excluding the Ru(1)-

Ru(2) contact, Ru(1) displays a square-pyramidal coordination whereas Ru(2) shows an octahedral 

coordination. The cluster possesses 34 CVE [2×8 (2Ru) + 5×2 (5CO) + 3×1 (3Cl) + 1×3 (1µ-Cl) + 

2 (charge)] as expected for a M-M bonded dimer. Indeed, the Ru(1)-Ru(2) distance [3.1344(6) Å], 

even if slightly elongated, is in the typical range for Ru-Ru bonds. In addition, a weak inter-

molecular Ru(1)···Ru(1A) contact [3.947(2) Å] is present in the solid state, probably due to the fact 

that Ru(1) is coordinatively unsaturated compared to Ru(2). This generates weakly interacting 

{[Ru2Cl4(CO)5]2}4– dimers within the crystalline structure. 

 Starting from the DFT-optimized structure of [Ru2Cl4(CO)5]2– (computed Ru(1)-Ru(2) 

distance of 3.129 Å in gas phase and 3.120 Å in the presence of continuous medium), the first 

attempt to simulate the corresponding {[Ru2Cl4(CO)5]2}4– dimer in gas phase failed, probably 

because of the repulsive electrostatic interactions between the [Ru2Cl4(CO)5]2– units, with 

Ru(1)···Ru(1A) distance at the stationary point around 6 Å. The problem was solved with the 

introduction of implicit solvation, with computed Ru(1)···Ru(1A) distance of 3.430 Å. The AIM 

analysis was able to find a (3,-1) b.c.p. between Ru(1) and Ru(1A) characterized by quite low 
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electron density (ρ = 0.015 a.u.). The other parameters (V = -0.009 a.u., E = -0.001 a.u. and 2∇ ρ = 

0.025 a.u.) however agree with the presence of a weak metal-metal interaction. The DFT-optimized 

structure of {[Ru2Cl4(CO)5]2}4– with the Ru(1)···Ru(1A) b.c.p. is shown in Figure S9 in the 

Supporting Information. The Ru(1)···Ru(1A) overlap is mainly attributable to the HOMO-1 

molecular orbital, but the interaction is weakened by the antibonding character of the HOMO (see 

Figure S10 in the Supporting Information). However, the two contributions do not completely 

cancel each other, as deductible from the electron density plot in Figure S10 in the Supporting 

Information. 

 The di-anion 8 is formally related to [Ru2Cl4(CO)6], which contains two µ-Cl ligands, two 

terminal chlorides and six terminal carbonyls [86]. Indeed, the replacement of one CO with two 

electrons formally transforms [Ru2Cl4(CO)6] into 8. It must be remarked that, due to the different 

stereochemistry of the ligands, [Ru2Cl4(CO)6] possesses 36 CVE [2×8 (2Ru) + 6×2 (6CO) + 2×1 

(2Cl) + 2×3 (2µ-Cl)] instead of 34 CVE for 8. As a consequence, the former neutral cluster does not 

contain a direct Ru-Ru bond [ca. 3.6 Å], whereas a direct bond is present in 8 [3.1344(6) Å]. This is 

in keeping with the fact that the formal oxidation state of the two Ru centers in 2+ in [Ru2Cl4(CO)6] 

and +1 in 8. 

(a) (b) 

Fig. 10. (a) Molecular structure of 8 and (b) the {[Ru2Cl4(CO)5]2}4– dimer resulting from the long 

Ru···Ru contact [3.947(2) Å] (orange Ru; green Cl; red O; grey C). 

 

Table 6. Main bond distances (Å) and angles (°) of 8. Cotton's formal shortness ratios (FSR) are 

reported in parentheses [71]. Pauling's atomic radii employed [72]: Ru 1.241 Å, Cl 0.994 Å. See 

Scheme 9 for labeling. 

Ru(1)-Ru(2) 
3.1344(6) 

(1.26) 
Ru(1)···Ru(1A) 

3.947(2) 

(1.59) 

Ru(1)-Cl(1) 
2.4530(15) 

(1.10) 
Ru(2)-Cl(1) 

2.4953(14) 

(1.12) 

Ru(1)-Cl(2) 2.4157(14)   
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(1.08) 

Ru(2)-Cl(3) 
2.4381(13) 

(1.09) 
Ru(2)-Cl(4) 

2.5021(17) 

(1.12) 

Ru(1)-C(1) 2.035(6) Ru(2)-C(1) 2.054(5) 

Ru(1)-C(2) 1.837(7) Ru(1)-C(3) 1.856(6) 

Ru(2)-C(4) 1.868(6) Ru(2)-C(5) 1.856(6) 

Ru(1)-C(1)-Ru(2) 100.1(3) Ru(1)-Cl(1)-Ru(2) 78.60(4) 

Cl(2)-Ru(1)-C(3) 173.26(18) C(2)-Ru(1)-Cl(1) 174.5(2) 

Cl(3)-Ru(2)-C(4) 175.9(2) Cl(4)-Ru(2)-C(1)  

C(5)-Ru(2)-Cl(1) 174.81(18) Ru(2)-Ru(1)···Ru(1A) 137.1(3) 

αCO(1) 0.009(8) αCl(1) 0.017(2) 

Mean deviation from the 

Ru(1)Ru(2)C(1)Cl(1) 

least square plane 

0.292   

(1)
Cl

Ru(1)(2)Ru
C

Cl(3)

O(4)C

(4)Cl

O(5)C

C(3)O

Cl(2)
C(2)O(1)O

Ru(1A)

 
Scheme 9. Labeling of 8. The weak contact to Ru(1A) within the dimer is represented with a 

dashed line.  

 

3. Conclusions 

Four new heterometallic Ru-Hg carbonyl clusters 3-6 have been prepared and structurally 

characterized by SC-XRD. These contain [Hg]2+, [Hg2]4+, [Hg3]6+, and [Hg4]8+ cores stabilized by 

[Ru(CO)4]2–, [Ru3CO)11]2– and [Ru4(CO)12]4– fragments. Thus, 3-6 may be viewed as Hg(II) 

complexes displaying metal carbonyl anions as ligands. Mercurophilic Hg(II)···Hg(II) contacts are 

present within the [Hg2]4+, [Hg3]6+, and [Hg4]8+ cores, most likely based on poorly localized 

dispersion interactions rather than on genuine covalent bonds. The lack of localization of Hg···Hg 

(3,-1) bond critical points is in agreement with this picture, but unfortunately does not allow an 

insight into the nature of the interactions in 4 and 5 by means of AIM analysis. More information 

was obtained from the ring critical point of compound 6, that indicated the presence of closed-shell 

d10···d10 interactions comparable to those observed for isoelectronic {M4} fragments in other 

tetrameric heterometallic clusters. The present findings corroborate the opinion that heterometallic 
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carbonyl clusters are well suited platforms for the experimental and theoretical investigation of 

weak metallophilic interactions [2,5,16,20-29]. 

 

4. Experimental 

4.1 General procedures.  

All reactions and sample manipulations were carried out using standard Schlenk techniques under 

nitrogen and in dried solvents. All the reagents were commercial products (Aldrich) of the highest 

purity available and used as received, except [NEt4][HRu3(CO)11] and [NEt4]3[HRu4(CO)12], which 

has been prepared according to the literature [81]. Analyses of C, H and N were obtained with a 

Thermo Quest Flash EA 1112NC instrument. IR spectra were recorded on a Perkin Elmer Spectrum 

One interferometer in CaF2 cells. Structure drawings have been performed with SCHAKAL99 [87].  

 

4.2 Synthesis of [NEt4]2[HgRu6(CO)22] ([NEt4]2[3]) 

[NEt4][HRu3(CO)11] Hg(CH3CO2)
r.t., 1h

CH2Cl2+ [NEt4]2[HgRu6(CO)22]
 

Solid Hg(CH3CO2) (0.057 g, 0.179 mmol, 0.35 eq) was added to a solution of [NEt4][1] (0.380 g, 

0.520 mmol) in CH2Cl2 (15 mL). The mixture was stirred at room temperature for 1 h and, then, the 

solvent was removed in vacuum. The residue was washed with water (2×20 mL), toluene (2×10 

mL), and then extracted with CH2Cl2 (15 mL). The dichloromethane solution was layered with n-

pentane affording crystals of [NEt4]2[3] suitable for X-ray analysis (yield 86%). 

C38H40HgN2O22Ru6 (1683.73): calcd. (%): C 27.11, H 2.39, N 1.66; found: C 26.91, H 2.62, N 1.38. 

IR (CH2Cl2, 298 K) νCO: 2065(w), 2041(w), 2006(vs), 1980(sh), 1945(m) cm-1. IR (Nujol, 298 K) 

νCO: 2055(w), 2004(s), 1988(vs), 1961(m), 1950(m), 1930(m) cm-1.  

 

4.3 Synthesis of [NEt4]2[HgRu6(CO)22] ([NEt4]2[3]) and [NEt4]2[Hg2Ru7(CO)26] ([NEt4]2[4]) 

[NEt4][HRu3(CO)11] Hg(CH3CO2)2
r.t., 1h

CH2Cl2+ [NEt4]2[HgRu6(CO)22] [NEt4]2[Hg2Ru7(CO)26]+

 
Solid Hg(CH3CO2)2 (0.071 g, 0.222 mmol, 0.5 eq.) was added to a solution of [NEt4][1] (0.330 g, 

0.444 mmol) in CH2Cl2 (15 mL). The mixture was stirred at room temperature for 1 h and, then, the 

solvent was removed in vacuum. The residue was washed with water (2×20 mL), toluene (2×10 

mL), and then extracted with CH2Cl2 (15 mL). The dichloromethane solution was layered with n-

pentane affording a mixture (ca. 1 : 1) of crystals of [NEt4]2[3] and [NEt4]2[4]·0.5CH2Cl2 suitable 

for X-ray analysis (yield 74%). Moreover, few yellow crystals of [NEt4][Ru3(CO)10(CH3COO)] 

([NEt4]2[7]) suitable for X-ray crystallography were obtained as by-product of the reaction. 
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[NEt4]2[3]: IR (CH2Cl2, 298 K) νCO: 2065(w), 2041(w), 2006(vs), 1980(sh), 1945(m) cm-1. IR 

(Nujol, 298 K) νCO: 2055(w), 2004(s), 1988(vs), 1961(m), 1950(m), 1930(m) cm-1 

[NEt4]2[4]: IR (CH2Cl2, 298 K) νCO: 2065(w), 2041(w), 2006(vs), 1980(sh), 1945(m) cm-1. IR 

(Nujol, 298 K) νCO: 2062(w), 2043(w), 2001(vs), 1967(s), 1936(s), 1716(m), 1695(m) cm-1 

[NEt4][7]: IR (CH2Cl2, 298 K) νCO: 2065(w), 2041(w), 2006(vs), 1980(sh), 1945 (m) cm-1. IR 

(Nujol, 298 K) νCO: 2021(s), 1954(m), 1935(m), 1918(w), 1809(m), 1796(m) cm-1.  

NOTE: The formation of [NEt4]2[3] is favored by decreasing the amount of Hg(CH3CO2)2 

employed to 0.35 mole equivalents. Using 0.5 moles of Hg(CH3CO2)2 per mole of [NEt4][1] a 1:1 

mixture of [NEt4]2[3] and [NEt4]2[4] is obtained. Further increasing the amount of Hg(CH3CO2)2 to 

0.75 equivalents seems to favors the formation of [NEt4]2[4] compared to [NEt4]2[3]. Nonetheless, 

at this point, also some [NEt4]2[5] is formed, which becomes the major product by employing one 

mole of Hg(CH3CO2)2 per mole of [NEt4][1].  

 

4.4 Synthesis of [NEt4]2[Hg3Ru8(CO)30] ([NEt4]2[5]) 

[NEt4][HRu3(CO)11] HgCl2
r.t., 1h

acetone
+ [NEt4]2[Hg3Ru8(CO)30]

 
Solid HgCl2 (0.128 g, 0.471 mmol) was added in two portions to a solution of [NEt4][1] (0.350 g, 

0.471 mmol) in acetone (15 mL). The mixture was stirred at room temperature for 1 h and, then, the 

solvent was removed in vacuum. The residue was washed with water (2×20 mL), toluene (2×10 

mL), and then extracted with CH2Cl2 (15 mL)*. The dichloromethane solution was dried under 

reduced pressure and the solid dissolved in acetone. Crystals of [NEt4]2[5] suitable for X-ray 

analyses were obtained by layering n-hexane on the acetone solution (yield 63%). 

C46H40Hg3N2O30Ru8 (2511.13): calcd. (%): C 22.00, H 1.61, N 1.12; found: C 22.24, H 1.88, N 

0.79. IR (Acetone, 298 K) νCO: 2041(m), 2008(vs), 1972(sh), 1944(m) cm-1. IR (Nujol, 298 K) νCO: 

2045(w), 1999(s), 1975(vs), 1943(s), 1921(m) cm-1.  

NOTES: (a) The same product [NEt4]2[5] was obtained also performing the reaction in the same 

conditions under CO atmosphere. (b) By employing an excess of HgCl2 (1.5 or 2 equivalents) the 

reaction led to the formation of crystals identified as [NEt4][Ru(CO)3Cl3] ([NEt4][9]) by X-ray 

analyses (comparison with data deposited within CSD). IR (CH2Cl2, 298 K) νCO: 2124(w), 

2048(vs), 2031(sh) cm-1. IR (Nujol, 298 K) νCO: 2120(w), 2046(s), 2035(s) 1727(m) cm-1 

* The residue not soluble in CH2Cl2 was extracted in CH3CN and a few crystals of 

[NEt4]2[Ru2Cl4(CO)5]·0.5CH3CN ([NEt4]2[8]·0.5CH3CN) were obtained by slow diffusion of n-

hexane and di-iso-propyl-ether.  
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4.5 Synthesis of [NEt4]4[Hg4Ru10(CO)30] ([NEt4]4[6]) 

[NEt4]3[HRu4(CO)12] HgCl2
r.t., 1h

CH3CN+ [NEt4]4[Hg4Ru10(CO)30]
 

Solid HgCl2 (0.0792 g, 0.292 mmol) was added in two portions to a solution of [NEt4]3[2] (0.330 g, 

0.292 mmol) in CH3CN (15 mL). The mixture was stirred at room temperature for 1 h and, then, the 

solvent was removed in vacuum. The residue was washed with water (2×20 mL), toluene (2×10 

mL) and CH2Cl2 (2×10 mL),* dried under reduced pressure, and then extracted with acetone (15 

mL). Crystals of [NEt4]4[6] suitable for X-ray analyses were obtained by layering n-hexane on the 

acetone solution (yield 67%). 

C64H80Hg4N4O32Ru10 (3230.38): calcd. (%): C 23.80, H 2.50, N 1.73; found: C 23.46, H 2.21, N 

1.98. IR (Acetone, 298 K) νCO: 2010 (s), 1974 (vs) cm-1. IR (Nujol, 298 K) νCO: 2006 (m), 1964 (s) 

cm-1. 

* Crystals of [NEt4][9] were obtained by layering n-hexane on the dichloromethane solution. This 

product was identified by comparison with published data. In order to remove this by-product, the 

precipitate was washed many times with toluene and hexane and then dissolved in acetone. 

 

4.6 X-ray Crystallographic Study. 

Crystal data and collection details for [NEt4]2[3], [NEt4]2[4]·0.5CH2Cl2, [NEt4]2[5], [NEt4]4[6], 

[NEt4][7], [NEt4]2[8]·0.5CH3CN are reported in Table S5 in the Supporting Information. The 

diffraction experiments were carried out on a Bruker APEX II diffractometer equipped with a 

PHOTON2 detector using Mo–Kα radiation. Data were corrected for Lorentz polarization and 

absorption effects (empirical absorption correction SADABS) [88]. Structures were solved by direct 

methods and refined by full-matrix least-squares based on all data using F2 [89]. Hydrogen atoms 

were fixed at calculated positions and refined by a riding model. All non-hydrogen atoms were 

refined with anisotropic displacement parameters. The crystals of [NEt4]2[3] and 

[NEt4]2[4]·0.5CH2Cl2 appeared to be non-merohedrally twinned. The TwinRotMat routine of 

PLATON was used to determine the twinning matrices and to write the reflection data file (.hkl) 

containing the twin components [90]. Refinement was performed using the instruction HKLF 5 in 

SHELXL and two BASF parameters, which refined as 0.258(5) and 0.50(4) for [NEt4]2[3] and 

[NEt4]2[4]·0.5CH2Cl2, respectively. Because of this twinning, the final R indices are slightly higher 

than for the other structures. In particular, the final R1 (I > 2σ(I)) for [NEt4]2[3] is 0.1670. Despite 

this, the overall structure of [NEt4]2[3] is well established, and its geometry and bonding parameters 

quite reasonable and comparable to literature data. In addition, there is a perfect agreement between 
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the experimental (crystallographic) structure and the DFT optimized structure, further supporting 

the reliability of the crystal structure of [NEt4]2[3]. 

 

4.7 Computational Details 

Geometry optimizations were performed in gas phase using the PBEh-3c method, which is a 

reparametrized version of PBE0 [91] (with 42 % HF exchange) that uses a split-valence double-zeta 

basis set (def2-mSVP) with relativistic ECPs for Ru and Hg [92-94] and adds three corrections that 

consider dispersion, basis set superposition and other basis set incompleteness effects [95-97]. The 

“restricted” approach was used in all the cases. In selected cases the C-PCM solvation model was 

added, considering dichloromethane as continuous medium [98,99]. Calculations were performed 

with the ORCA software package, version 5.0.3 [100]. The output, converted in .molden format, 

was elaborated with the software Multiwfn, version 3.5 [101]. Cartesian coordinates of the DFT-

optimized structures are provided in a separated .xyz file. 

 

Appendix A. Supplementary material 

Supplementary Information as .pdf file. 

Cartesian coordinates of the DFT-optimized structures as a .xyz file. 

CCDC 2184480 ([NEt4]2[3]), 2184481 ([NEt4]2[4]·0.5CH2Cl2), 2184482 ([NEt4]2[5]), 2184483 

([NEt4]4[6]), 2184484 ([NEt4][7]), and 2184485 ([NEt4]2[8]·0.5CH3CN) contain the supplementary 

crystallographic data for this paper. These data can be obtained free of charge from the Cambridge 

Crystallographic Data Centre. 
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