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ABSTRACT

 Chapter 1 introduces two related topics with the primary focus on the background 

of zwitterions and the conceptual understanding of a metal-complexed zwitterion. It also 

discusses the potential of a metal-complexed zwitterion for a carbon-carbon bond 

formation reaction. Synthesis of the metal carbonyl cluster, Ru6(µ6-C)(µ-CO)(CO)16, is 

also discussed in detail. Then, the background with the importance of heterometallic 

cluster complexes is discussed with the help of various examples used for catalysis. 

The reaction of hexaruthenium carbido carbonyl cluster, Ru6(µ6-C)(µ-CO)(CO)16, 

with C2H2 and Me3NO yielding first examples of two new zwitterionic complexes, 

Ru6C(CO)15(C2H2NMe3), 2.2, and Ru6C(CO)14(C4H4NMe3), 2.3, are 

presented in Chapter 2. Addition of CO to 2.2 yields the complex 

Ru6C(CO)16(C2H2NMe3), 2.4. that involves the transformation of a bridging-

C2H2NMe3 ligand to a terminally coordinated position. On heating the complex 2.2, it 

undergoes thermal transformation to the complex Ru6C(CO)15(3-C2H2), 2.5 and 

similarly the complex 2.3 transforms to the complex Ru6C(CO)14(C4H4), 2.6. 

Similarly, the reaction of Ru6(µ6-C)(µ-CO)(CO)16 with methyl propiolate and Me3NO 

yields the zwitterionic metal complex Ru6C(CO)16[-E-C(CO2Me)=C(H)NMe3], 2.7. 

The compound 2.7 thermally transforms to the complex Ru6C(CO)15[µ3-HC2(CO2Me)], 

2.8. The structure, and transformations involved within the new complexes are described. 
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Reaction of Ru6(μ6-C)(CO)14(μ3−η4-C4H4), 3.2 with dimethyl acetylene 

dicarboxylate are presented in Chapter 3. Th namely, Ru6(μ6-C)(CO)16(C4H4), 3.3, 

Ru6(μ6-C)(CO)14[-C6H4(CO2Me)2], 3.4, Ru6(μ6-

C)(CO)14(C4H4)[C2(CO2Me)2], 3.5, Ru6(μ6-

C)(CO)14(C4H4)[C2(CO2Me)2], 3.6 and Ru6(μ6-C)(CO)14[-

C6H4(CO2Me)2], 3.7.  Compound 3.4 and 3.7 contains a metal-coordinated arene ring 

formed by cycloaddition reaction. Addition of dimethyl acetylene dicarboxylate to 3.3 

yields the compound Ru6C(CO)15(C4H4)[C2(CO2Me)2], 3.8. by replacing one of 

its bridging CO ligands with DMAD. On heating, compound 3.5 undergoes C-C coupling 

between the DMAD and the butadiendiyl ligand to give the complex  

Ru6C(CO)14[CHCHCHCC(CO2Me)C(CO2Me)](-H), 3.9. Compound 3.3 was 

decarbonylated with Me3NO to compound Ru6C (CO)15(C4H4)(NMe3), 3.10.  

The reactions of the pentaruthenium nitride carbonyl cluster complex, 

[PPN][Ru5(µ5-N)(CO)14], 4.1, with  the gold complex, Au(PPh3)]NO3, and copper 

complexes, [Cu(PPh3)Br]4, and [Cu(NCMe)4][BF4] are presented in Chapter 4. The 

reaction of [PPN][Ru5(µ5-N)(CO)14], 4.1, with Au(PPh3)]NO3 yielded three ruthenium-

gold heterometallic nitrido carbonyl cluster complexes namely Ru4(µ4-N)(CO)12(µ-

AuPPh3), 4.2, Ru5(µ5-N)(CO)14(µ-AuPPh3), 4.3 and Ru5(µ5-N)(CO)13(µ-AuPPh3)[µ3-

(AuPPh3)2], 4.4. The reaction of [PPN][Ru5(µ5-N)(CO)14], 4.1, with [Cu(PPh3)Br] in 

presence of Tl[PF6] yielded three new ruthenium-copper heterometallic nitrido carbonyl 

cluster complexes namely Ru4(µ4-N)(CO)12[µ-Cu(PPh3)], 4.5, Ru5(µ5-

N)(CO)13(PPh3)[µ3-Cu(PPh3)], 4.6, and Ru5(µ5-N)(CO)13[µ-Cu(PPh3)][(µ3-

Cu(PPh3)]2, 4.7. The reaction of [PPN][Ru5(µ5-N)(CO)14], 4.1, with [Cu(NCMe)4][BF4] 
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yield Ru5(µ5-N)(CO)14[µ3-Cu(NCMe)], 4.8. The synthesis and structures of new 

complexes are discussed herein. 

 The synthesis of the new dicopper cation of [{(IPr)Cu}2(µ-Cl)][PF6], 5.1 and its 

reaction with the complex [PPN][HOs3(CO)11], 5.2 are presented in Chapter 5. The 

reaction of 5.1 with the salt complex [PPN][HOs3(CO)11], 5.2 yielded the new osmium-

copper heterometallic complex Os3(CO)11(H)[µ-Cu(IPr)], 5.3, the first example of Cu – 

Os carbonyl cluster complex containing a N-heterocyclic carbene ligand.   
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CHAPTER 1 

INTRODUCTION

This dissertation covers two related topics of study with the primary focus on the 

chemistry of zwitterionic trimethylammonio-alkenyl ligands in ruthenium carbido 

carbonyl cluster complexes and the second on the synthesis and characterization of novel 

heterometallic carbonyl cluster complexes for their potential use in catalysis. 

1.1 ZWITTERION 

Zwitterions, in general, are neutral compounds containing formal unit electrical 

charges of opposite sign.1 In a zwitterion, formally a positive charge and a negative 

charge could be present on either adjacent or non-adjacent atoms.  Some examples for 

zwitterionic compounds include dipolar compounds such as amino acids 

[H3N
+CH2C(=O)O- ammonioacetate (glycine)] which contains formally a positive charge 

and a negative charge on non-adjacent atoms. Hydrocarbylonium zwitterions have been 

known for many years. 2,3 The best examples include, ylides, such as phosphonium ylides 

[R3P
+--CR’2], A,2 or sulfonium ylides [R3S

+--CR’2], B,3 containing formally a positive 

and a negative charge on adjacent atoms, see Scheme 1.1.1  
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Scheme 1.1.1 Phosphonium and Sulfonium Ylides  

They were among the first reported ones and are known as Wittig reagents after their 

discovery.2 Along with these zwitterions, there are numerous examples of metal-

complexed zwitterions.  

Metal-Complexed Zwitterions 

In a typical metal-complexed zwitterion, the negative charge on carbon atom is 

formally transferred to the metal atom upon coordination, see Scheme 1.1.2. It involves 

an exclusive coordination through carbon atom only.  

 

Scheme 1.1.2. Formation of a Metal-Complexed Zwitterion 

The ylides are known to coordinate very well with the metal atoms through the 

formal transfer of negative charge on the carbon atom to the metal atom to form 

zwitterion complexes, see C and D in Scheme 1.1.3.4,5                                                       
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Scheme 1.1.3. Metal-Complexed Ylides 

In recent years, many examples of the extended metal-complexed zwitterionic 

hydrocarbylonium species have also been synthesized, see Scheme 1.1.4. The most 

common examples are the ones containing phosphonium alkenyl ligands, see E.6-8 

 

Scheme 1.1.4. Examples of Metal-Complexed Zwitterion 

However, there are very few examples of metal-complexed zwitterions containing 

ammonium alkenyl ligands, H, see Scheme 1.1.5.9 These ylides or zwitterions serve as 

valuable reagents in many organic syntheses.3 They find applications in many carbon – 

carbon bond forming coupling reactions. 
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 Scheme 1.1.5. Zwitterion Complex with an Ammonium Alkenyl Ligand 

Carbon – Carbon Coupling Bond Formation in Zwitterion 

A very well-known example of the synthetic use of ylides is the Wittig reaction. It 

involves reaction of a ketone and a phosphonium ylide with oxygen atom exchange to 

make an alkene,  

 

Scheme 1.1.6. Wittig reaction   

see Scheme 1.1.6.2 In recent years, there has been great deal of interest in the use of 

tertiary phosphines as reagents to perform organic syntheses.10 Zwitterionic species such 

as phosphonium ylides are known to play valuable roles in phosphine-mediated organic 

reactions. Phosphine-mediated organic reactions have become an important tool for the 

synthesis of carbon-carbon bonds.11  
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In a typical phosphine-catalyzed organic reaction, zwitterionic species can follow 

two pathways as represented in Scheme 1.1.7.10 One pathway would lead to the formation 

of stoichiometric product while the other one will result in the formation of catalyzed 

product.  The mechanism begins with the nucleophilic addition of phosphine to an 

electrophilic unsaturated species (usually electron-deficient olefins or alkynes) to form 

zwitterionic intermediate. The zwitterionic intermediate formed can further react with an 

appropriate coupling partner (a second molecule of olefin or alkyne) to form second 

intermediate. At this point the second intermediate can follow either a catalytic or a 

stoichiometric pathway. Thus, it can release the final product in catalytic or 

stoichiometric fashion by elimination of phosphine catalyst. In the mechanism, 

deoxygenated product will be formed by elimination of phosphine oxide in stoichiometric 

amounts when the oxophilicity of phosphine takes effect over the leaving group ability 

and with the help of other functional group such as carbonyl involved in the 

transformation. In particular, the phosphine-mediated approach involving zwitterionic 

intermediates has been an effective method for performing cycloaddition reactions.12 An 

interesting example of a cycloaddition reaction is the Alkyne Cyclotrimerization, a 

(2+2+2) cycloaddition reaction, that can be used to synthesize arene rings.13 Arenes are a 

versatile and an important class of compounds having applications in the field of 

pharmaceuticals, medicine, fuels and many more.14  
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Scheme 1.1.7. Pathways for phosphine-mediated carbon-carbon coupling reactions.   

A transition-metal-catalyzed [2+2+2] cycloaddition reaction is highly efficient 

method for the synthesis of 6 membered cyclic ring compounds with high atom 

economy.13d Ruthenium have been known as an excellent transition metal to promote 

[2+2+2] cycloaddition reactions due to its tendency for multiple metal bonding and 

through coupling with alkynes to produce different metallacyclic complexes.13e-f 

Therefore, with this background, the synthesis of two novel zwitterionic compounds 

containing ammonium alkenyl ligands and how these compounds were used as 

intermediates to achieve tertiary-amine mediated alkyne coupling cycloaddition reactions 

to synthesize arene rings by using the metal cluster complex Ru6(µ6-C)(µ-CO)(CO)16  as 

the starting material will be discussed. 

Synthesis of Ru6(µ6-C)(µ-CO)(CO)16 and its Importance 

The synthesis for the high nuclearity cluster of Ru6(µ6-C)(µ-CO)(CO)16  is a 

slightly modified version of the procedure originally reported by Brian F. G. Johnson and 

Jack Lewis, see Scheme 1.1.8.15 Much of the early chemistry developed for this cluster 
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complex was investigated by Johnson and Lewis. The octahedral hexaruthenium carbido 

cluster, Ru6(µ6-C)(CO)17, was initially synthesized by the thermal decomposition of 

triruthenium dodecacarbonyl, Ru3(CO)12, in nonane solvent in low yield (18.7 %). It is 

believed that the encapsulated carbido atom is formed by the reduction of a carbonyl 

(CO) ligand with the release of carbon dioxide (CO2) during the pyrolysis.15 An improved 

synthesis was developed by Johnson and Lewis where Ru3(CO)12 is loaded into a high-

pressure reactor, dissolved in octane solvent, and pressurized to 30 atm of ethylene and 

heated at 150 °C for 6 h.16 As compared to the low yields (18.7%) produced by the 

previously reported pyrolysis of Ru3(CO)12, yields of 70% for Ru6(µ6-C)(µ-CO)(CO)16 

was obtained by using this method.  

The octahedral hexaruthenium carbido cluster complex Ru6(µ6-C)(µ-CO)(CO)16  

was synthesized by loading Ru3(CO)12 in a high-pressure reactor and dissolving in octane 

solvent. The reactor was pressurized to 350psi of ethylene and heated at 180°C for 6h. 

The octahedral Ru6 cluster contains 16 terminal and one bridging CO ligands. The 

interstitial carbido carbon atom bonds to all six ruthenium atoms of the Ru6 cluster. With 

each CO contributing two electrons and four electrons from the interstitial carbido carbon 

atom, and 48 from the six ruthenium atoms the total valence electron count for the cluster 

is 86 which is in accord with the observed octahedral cluster six metal atoms.17  
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Scheme. 1.1.8 Synthesis of Ru6(µ6-C)(µ-CO)(CO)16 

The Ru6 carbido cluster is known to undergo a wide range of reactions from 

substitution to addition and insertion reactions. The ability of the cluster polyhedron to 

rearrange itself and the carbide carbon that keeps the octahedral structure intact makes it 

an attractive choice for many organic reactions. The scope of the Ru6 carbido cluster 

chemistry widens as many organic transformations can occur on the surface of the cluster 

core. This allows the synthesis of many new compounds and the study of their 

intramolecular transformations.18  

1.2 Heterometallic Carbonyl Cluster Compounds 

Cluster complexes are compounds containing an ensemble of metal atoms 

(usually same but different metals may also be involved) and supporting ligands. The 

former is homometallic cluster complexes see Scheme 1.2.1, and the latter are 

heterometallic cluster complexes, see Scheme 1.2.2 for examples.19  
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Scheme 1.2.1. Homometallic Carbonyl Cluster Complexes 

 

Scheme 1.2.2. Heterometallic Carbonyl Cluster Complexes 

Importance of Heterometallic Cluster Complexes of Group 8-IB metals in Catalysis 

 In the field of catalysis, a variety of heterometallic catalysts have proven to be 

more useful than homometallic catalysts for certain types of catalytic reactions. An 

important example of this has been the use of Pt-Ir, Pt-Sn and Pt-Re heterometallic 

systems dispersed on alumina as a petroleum reforming catalyst for the production of 

aromatic compounds for use in the formation of unleaded gasolines.20 These catalysts 

exhibit higher activities and better lifetimes than pure Pt catalysts.21 Also,heterometallic 
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catalysts containing group 8 and IB metals are known to exhibit better catalytic activity 

than pure group 8 metals for the dehydrogenation of cyclohexane.21 (see Scheme 1.2.3). 

The concept of heterometallization involves addition of a second metal to the first one in 

order to enhance the catalytic properties of the original metal catalyst through 

“synergism” that can create a catalyst that is superior to the original metal catalyst.22 

 

Scheme 1.2.3 Aromatics formed by dehydrogenation of saturated hydrocarbons by 

heterometallic catalysts. 

A heterometallic catalyst can provide two active sites that can function in concert 

or in tandem to perform a desired reaction.23 Bimetallic and polymetallic cluster 

complexes serve as an excellent precursor to heterometallic catalysts.24 Therefore, 

synthesis of the heterometallic cluster complexes becomes important. Heterobimetallic 

cluster catalysts containing group 11 elements, also known as the coinage metals (Cu, Ag 

or Au), are known to exhibit superior activity and selectivity as compared to their 

monometallic counterparts.25,26 Much interest has been developed over the past few years 

to synthesize bimetallic complexes involving coinage metals to study their structure and 

catalytic properties.27 Indeed, some of first successful examples of the synthesis of 
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hetero-bimetallic complexes involved ligated-gold groupings bonded to transition metals 

carbonyl groups.28 Copper has also been shown to be an effective modifier and cocatalyst 

in heterometallic complexes.29 Many ligated forms of copper ions have been synthesized 

and have been used as catalysts in many organic reactions.30-32 N-heterocyclic carbenes 

have been shown be very effective ligands for the ions of copper.33 Therefore, this led us 

to prepare heterometallic cluster complexes containing copper and gold metal groupings. 

One of the successful methods to prepare heterometallic cluster complexes has 

been through reactions of polynuclear metal carbonyl anions with metal halide complexes 

or complex metal cations.34 Many heterobimetallic cluster complexes have been prepared 

containing interstitial carbido35 or interstitial borido ligands.36 Only a few have been 

prepared with interstitial oxo ligands.37 There is only one example of a heterometallic 

complex containing nitrido ligand.38 This prompted us to prepare a series of new 

heterometallic complexes containing an interstitial nitrido ligand by using [PPN][Ru5(µ5-

N)(CO)14]
39 {PPN = [Ph3PNPPh3]

+} as the starting material.  

Similarly, we have made a new carbene-ligated copper and osmium 

heterometallic complex from the triosmium carbonyl anion [HOs3(CO)11]
- obtained from 

the salt, [PPN][Os3(CO)11(-H)].40 {PPN = [Ph3PNPPh3]
+}. The reagents used to 

introduce gold and copper as metal groupings into the new heterometallic complexes are 

Au(PPh3)NO3]
 41, CuPPh3Br42, [{(IPr)Cu}2(µ-Cl)][PF6]

43 {IPr = [N,N′-bis(2,6-

diisopropylphenyl)imidazolin-2- ylidene]} and [(MeCN)4Cu][BF4]. 
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CHAPTER 2 
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2.1 Introduction 

Hydrocarbylonium zwitterions have been of great interest ever since the first 

reports of the phosphorus ylides by Wittig in the 1950s.1 Zwitterions are neutral 

molecules that formally have positively and negatively charged groups within the same 

molecule.2 Phosphorus ylides A and their sulfur analogs B are an important family of 

zwitterions that are valuable reagents in organic synthesis.3, 4   

 

There are a number of examples in which these zwitterions are complexed to metal 

atoms, e. g. C and D. Almost all are coordinated exclusively through the carbon atom, 

and the negative charge is formally transferred to the metal atom.5, 6 There are also a 

variety of more extended zwitterionic hydrocarbylonium species. Most examples of these 

species contain the phosphonium grouping. Some examples of these are E, F, and G, and 
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all of these have been isolated only as ligands in complexes containing one or more metal 

atoms.7-9 Complexes containing the zwitterionic phosphoniumalkenyl ligands E are the 

most abundant.7 Metal complexes containing zwitterionic ammoniumalkenyl ligands, 

such as H, are quite rare.10 

 

In recent studies, we have been investigating the reactions of organic ligands with 

ethyne,11 alkenes,12 aldehydes,13 and gold-phenyl compounds14 with ruthenium carbonyl 

cluster complexes. We have now discovered some interesting new polynuclear ruthenium 

carbonyl complexes containing ammoniumethenyl ligands formed by the combination of 

ethyne and methyl propiolate with NMe3 in reactions with the Ru6 carbido carbonyl 

cluster complex Ru6(6-C)(CO)17, 2.1 in the presence of Me3NO. These results are 

reported herein. 

2.2 Experimental Section 

 General Data 

 All reactions were performed under an atmosphere of nitrogen. Reagent grade 

solvents were dried by the standard procedures and were freshly distilled prior to use. 

Infrared spectra were recorded on a Thermo Scientific Nicolet IS10. 1H NMR spectra 
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were recorded on a Varian Mercury 300 spectrometer operating at 300.1 MHz. Mass 

spectrometric (MS) measurements were performed by a direct-exposure probe by using 

electron impact (EI) ionization. Ru3(CO)12 was obtained from STREM and was used 

without further purification. Ru6(µ6-C)(CO)17, 2.1, was prepared from Ru3(CO)12 

according to a previously reported procedure.20 Ethyne gas (HC2H) (industrial grade) was 

obtained from National Welders and was used without further purification. Ethyne and 

carbon monoxide are hazardous gases and should be used only in a well-ventilated fume 

hood. Methyl propiolate and trimethylamine-N-oxide (Me3NO) were obtained from 

Sigma-Aldrich and were used without further purification. Product separations were 

performed by TLC in the open air on Analtech 0.25 mm and 0.50 mm silica gel 60 Å 

F254 or alumina on glass plates. 

Reaction of 2.1 with C2H2 and Me3NO. 

A 37.0 mg (0.034 mmol) amount of 2.1 was added to 50 mL three-neck flask in 

15 mL of degassed dichloromethane. A slow purge of C2H2 was then allowed to pass 

through the solution for 30 min at room temperature. This was followed by addition of 

7.0 mg (0.093 mmol) of Me3NO. After stirring for 20 min, solvent was removed in 

vacuo. The products were then separated by TLC by using a solvent mixture of 

hexane/methylene chloride/acetone to yield two bands in the order of elution: 15.0 mg 

(39% yield) of dark red Ru6C(CO)15(C2H2NMe3), 2.2 and 6.3 mg (17% yield) of 

brown Ru6C(CO)14(C4H4NMe3), 2.3. Spectral data for 2.2: IR, νCO (cm-1 in 

CH2Cl2): 2073.0 (m), 2025.9 (s), 1964.3 (w). 1H NMR (in CD2Cl2,  in ppm): 8.85 (d, 

CH, 3JH-H = 7.5 Hz), 4.28 (d, CH, 3JH-H = 7.5 Hz), 3.19 (s, N(CH3)3). Elemental analysis: 

Calculated for Ru6NO15C21H11: C, 22.45%; H, 0.99%; N, 1.25%. Found: C, 21.80%; H, 
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0.97%; N, 1.13%. Spectral data for 2.3: IR, νCO (cm-1 in CH2Cl2): 2065.2(m), 2022.7(vs), 

2016.7(s), 1995.1(sh), 1964.0(w), 1804.5(w,br). 1H NMR (in CD2Cl2,  in ppm): 9.53 (d, 

CH, 3JH-H = 6.0 Hz), 6.40 (dd, CH, 3JH-H = 6.0 Hz, 3JH-H = 6.3 Hz), 4.21 (d, CH, 3JH-H = 

7.5 Hz), 2.44 (dd, CH, J= 7.5Hz, 3JH-H = 6.3 Hz), 3.38 (s, N(CH3)3). Elemental analysis: 

Calculated for Ru6NO14C22H13: C, 23.56%; H, 1.17%; N, 1.25%. Found: C, 24.55%; H, 

1.46%; N, 1.39%. 

Reaction of 2.2 with Me3NO and C2H2. 

A 10.0 mg (0.009 mmol) amount of 2.2 was added to 10 mL of CH2Cl2 in a 50 

mL three-neck flask. A slow purge of C2H2 was then passed through the solution for 15 

min at room temperature. This was followed by addition of 1.5 mg of Me3NO with 

stirring for 30 min. The solvent was removed in vacuo. The product was then separated 

by TLC by using hexane/methylene chloride solvent mixtures to yield the following in 

the order of elution: 0.7 mg of unreacted 2.2, 1.0 mg of compound 2.3 (10% yield). 

Reaction of 2.2 with CO. 

A 4.2 mg (0.003 mmol) amount of 2.2 was dissolved in 2.5 mL of d2-

dichloromethane in an NMR tube. CO gas was allowed to purge through this solution for 

1 min and the NMR tube was then closed. The solution was then allowed to stand at room 

temperature for 24 h. After this period, CO was again purged through the solution for 1 

min. The NMR tube was closed and was kept at room temperature for another 24 h. After 

this period, resonances for the new products were observed by 1H NMR spectroscopy. 

Workup of the reaction mixture by TLC by using a hexane/methylene chloride solvent 

mixture yielded the following products in the order of elution: 1.7 mg of Ru3(CO)12 and 

1.7 mg (40% yield) of bright orange compound Ru6C(CO)16(C2H2NMe3), 2.4. 
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Spectral data of 2.4: IR νCO (cm-1 in CH2Cl2): 2074.9(w), 2023.3 (s), 1967.4(m). 1H NMR 

(in CD2Cl2,  in ppm): 7.58 (d, CH, 3JH-H = 14.4 Hz), 5.83 (d, CH, 3JH-H = 14.4 Hz), 3.13 

(s, NMe3). Mass Spectrum (ES+): M+ = 1148.0, M+- C2H2NMe3
 = 1066.0.  

Thermal Transformation of 2.2. 

A 19.0 mg (0.017 mmol) amount of 2.2 was dissolved in 10 mL of 1,2-

dichloroethane in a 50 mL three-neck flask. This reaction mixture was then heated to 

reflux for 20 min. The solvent was removed in vacuo. The product Ru6C(CO)15(3-C2H2), 

2.5 was isolated by TLC yield 10.0 mg (55% yield). Spectral data of 2.5: IR, νCO (cm-1 in 

CH2Cl2): 2091.1(w), 2044.7 (s), 2024.2(m), 2016.3(m). 1H NMR (CD2Cl2,  in ppm): 

10.39 (s, CH). Mass Spectrum (ES+): M+ = 1065.0. The isotope distribution pattern is 

consistent with the presence of six ruthenium atoms. 

Thermal Decarbonylation of 2.4. 

A 8.0 mg (0.0070 mmol) amount of 2.4 was dissolved in 10 mL of dichloroethane 

in an 50 mL three-neck flask. This reaction mixture was then heated to reflux for 3h. The 

solvent was removed in vacuo. Workup by using TLC, yielded 6.4 mg (86% yield) of 

compound Ru6C(CO)15(3-C2H2), 2.5. 

Thermal Transformation of 2.3. 

6.7 mg (0.006 mmol) of 2.3 was dissolved in 10 mL of 1,2-dichloroethane in a 50 

mL three-neck flask. This reaction mixture was then heated to reflux for 20 min. The 

solvent was removed in vacuo. Workup by using TLC, yielded 4.0 mg (64% yield) of 

compound Ru6C(CO)14(C4H4), 2.6. Spectral data of 2.6: IR, νCO (cm-1 in CH2Cl2): 

2083.6 (m), 2045.9 (s), 2034.8 (vs), 1983.6 (w), 1852 (w,br). 1H NMR (in CD2Cl2,  in 

ppm): 10.31 (dd, CH, 3JH-H = 3.3 Hz, 4JH-H = 3.3 Hz), 5.27 (dd, CH, 3JH-H = 3.3 Hz, 4JH-H 
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= 3.3 Hz). Mass Spectrum (ES+): M+ = 1063.0. The isotope distribution pattern is 

consistent with the presence of six ruthenium atoms. 

Addition of NMe3 to 2.5. 

A 10.0 mg (0.009 mmol) amount of 2.5 was dissolved in 2.5 mL of d2-CH2Cl2 in 

an NMR tube. NMe3 gas was then purged slowly through this solution for 1 min at room 

temperature. The formation of compound 2.2 was observed by 1H NMR spectroscopy. 

Workup of the reaction mixture after 15 min by TLC yielded 3.0 mg of compound 2.2 

(30% yield). 

Addition of NMe3 to 2.6. 

A 5.0 mg (0.005 mmol) amount of 2.6 was dissolved in 2.5 mL of d2-CH2Cl2 in 

an NMR tube. NMe3 gas was purged through this solution for 1 min at room temperature 

and the NMR tube was then sealed. The formation of compound 2.3 was observed by 1H 

NMR spectroscopy. Workup of the reaction mixture after 15 min by using TLC yielded 

1.0 mg of compound 2.3 (18% yield). 

Synthesis of Ru6C(CO)16[-E-(CO2Me)=C(H)NMe3], 2.7.  

A 45.0 mg (0.041 mmol) amount of 2.1 was added to 50 mL three-neck flask in 

15 mL of degassed dichloromethane. To this solution, 40 µL of methyl propiolate was 

added and was followed by addition of 8.0 mg of Me3NO. After stirring for 15 min, the 

solvent was removed in vacuo. The products were then separated by TLC by using a 

solvent mixture of hexane/methylene chloride to yield the band of 5.0 mg (10% yield) of 

orange Ru6C(CO)16[-E-C(CO2Me)=C(H)NMe3], 2.7. Spectral data of 2.7: IR spectra, 

νCO (cm-1 in CH2Cl2): 2077.1(m), 2026.3 (s). 1H NMR (in CD2Cl2,  in ppm): 3.72 (s, 
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CH), 3.12 (s, OCH3), 1.33 (s, br N(CH3)3). Mass Spectrum (ES+): M+ = 1211.0. The 

isotope distribution pattern is consistent with the presence of six ruthenium atoms. 

Synthesis of Ru6C(CO)15[µ3-HC2(CO2Me)], 2.8. 

20.0 mg (0.017 mmol) of 2.7 was dissolved in 10 mL of 1,2-dichloroethane in an 

50 mL three-neck flask. This reaction mixture was then heated to reflux (83oC) for 30 

min. The solvent was removed in vacuo. Workup by using TLC provided 12.5 mg (66% 

yield) of compound Ru6C(CO)15[µ3-HC2(CO2Me)], 2.8 (66% yield) and 1.8 mg of 

unreacted 2.7. Spectral data of 2.8: IR, νCO (cm-1 in CH2Cl2): 2093.6 (m), 2048.4 (vs), 

2022.8 (s), 1996.4(w). 1H NMR (in CD2Cl2,  in ppm): 10.50 (s, CH), 3.89 (s, OCH3). 

Mass Spectrum (EI+): M+ = 1124.0. The isotope distribution pattern is consistent with the 

presence of six ruthenium atoms.  

Crystallographic Analyses.  

Crystals of each product suitable for single-crystal X-ray diffraction analyses 

were grown by slow evaporation of solvent from solutions of the pure compound in the 

open air. Dark red crystals of compound 2.2 were obtained from a CH2Cl2/hexane solvent 

mixture at -25˚C. Brown orange crystals of compound 2.3 were obtained from a 

CH2Cl2/benzene/octane solvent mixture. Dark red crystals of compound 2.4 were 

obtained from a solution in a CH2Cl2/benzene/octane solvent mixture. Dark red crystals 

of compound 2.5 were obtained from a CH2Cl2/benzene/octane solvent mixture. Red 

crystals of compound 2.6 were obtained from a CH2Cl2/benzene/octane solvent mixture. 

Red crystals of compound 2.7 were obtained from a solution in a CH2Cl2/octane solvent 

mixture. Dark red crystals of 2.8 were obtained from a solution in a 

CH2Cl2/benzene/octane solvent mixture.  
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X-ray intensity data were measured by using a Bruker D8 QUEST diffractometer 

equipped with a PHOTON-100 CMOS area detector and an Incoatec microfocus source 

(Mo Kα radiation, λ = 0.71073 Å).21 The structures were solved with SHELXT.22 

Subsequent difference Fourier calculations and full-matrix least-squares refinement 

against F2 were performed by using SHELXL-201822 or by using OLEX2.23 

For compound 2.2, the pattern of systematic absences in the intensity data was 

uniquely consistent with the space group P42/n. The asymmetric unit consists of one 

molecule. The C2 group of the C2NMe3 substituent is disordered, scrambled over two 

conformations across the Ru1-Ru2 bond. Free refinement of the atomic site occupation 

factors (sof) for the four affected atoms (C1-C4) resulted in occupancies near 50% for 

each atom. After location and anisotropic refinement of atoms of the primary molecular 

orientation, a pattern of large residual electron density peaks of magnitude ca. 6 e- /Å3 

was observed. The largest were located near ruthenium atoms Ru2, Ru3, Ru4 and Ru6 of 

the cluster. Trial refinements of atomic site occupancies were consistent with disorder of 

most of the entire cluster. Atoms Ru2, Ru3, Ru4 and Ru6 refined to near 80% occupancy, 

while the four largest residual peaks located near these atoms refined to near 20% Ru 

occupancy. Smaller peaks were observed in positions consistent with some carbonyl 

groups of the minor component. However reliable positions for the complete set of minor 

carbonyl group atoms could be located, and a complete whole-molecule disorder model 

could not be refined. To achieve reasonable refinement statistics and more reliable 

derived parameters for the major disorder component, the four ruthenium atoms of the 

minor disorder component were included in the final structural model (Ru2B, Ru3B, 

Ru4B, Ru6B). Omitting the minor component Ru atoms results in final residuals of 
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R1/wR2 = 0.069/0.139 and difference map extrema of +5.7/-4.5 e-/Å3. The major 

disorder occupancy refined to 0.784(5). The cluster disorder takes the form of a slight 

(ca. 15°) rotation about the vector defined by atoms Ru1 and Ru5. The C2NMe3 disorder 

is apparently independent of the cluster disorder, as the carbon atom C1/C2 and C3/C4 

occupancies all refined independently to near 50% each, distinct from the 78/22 % Ru 

atom disorder. For the final model, C1-C4 occupancies were fixed at 0.50. No reliable 

hydrogen atom positions could be located, and none were calculated for atoms C1-C4 of 

the C2NMe3 group. All non-hydrogen atoms were refined with anisotropic displacement 

parameters except for minor disorder component atoms Ru2B, Ru3B, Ru4B, Ru6B 

(isotropic). Methyl hydrogen atoms were placed in geometrically idealized positions and 

included as riding atoms with d(C-H) = 0.98 Å and Uiso(H) = 1.5Ueq(C) for methyl 

hydrogens. They were allowed to rotate as a rigid group to the orientation of maximum 

observed electron density. The largest residual electron density peak in the final 

difference map is 1.69 e- /Å3, located 2.20 Å from C61. This, together with several other 

peaks of similar magnitude, represents minor disorder component carbonyl C and O 

atoms which could not be successfully modeled.  

For compound 2.5, the systematic absences in the intensity data were consistent 

with the space groups P21 and P21/m; P21 was confirmed by structure solution and by 

examination of the finished structure. The asymmetric unit consists of two 

crystallographically independent molecules. Three-fold disorder of the C2H2 grouping 

bonded to one of the two independent Ru6 clusters (atoms C3-C4 A/B/C bonded to Ru7-

Ru12) was observed. Three superimposed atomic positions were refined corresponding to 

the three orientations. Occupancies of the three components refined to A/B/C = 
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0.477(4)/0.250(4)/0.273(4). The occupancy sum was constrained to 1.0. The anisotropic 

displacement parameters for the C3C/C4B site were restrained to approximate a spherical 

shape (SHELX ISOR). Hydrogen atoms were not observable in the difference Fourier 

map but were placed in approximate idealized positions and included as riding atoms 

with d(C-H) = 1.0 Å and Uiso(H) = 1.2Ueq(C). The absolute structure (Flack) parameter 

after the final refinement cycle was -0.004(8).  

Compound 2.6 crystallized in the monoclinic system. The pattern of systematic 

absences in the intensity data was consistent with the space group P21/c, which was 

confirmed by structure solution. The asymmetric unit consists of one molecule. After 

normal location and anisotropic refinement of the main molecule, residual factors were 

high (R1 > 9%), and several large electron density remained in a pattern which could be 

fit to the same molecule in a different orientation, apparently disordered on the same site 

as the primary occupant. Six large residual peaks observed near the ruthenium atoms 

were most prominent, but smaller peaks corresponding to C and O atoms were also 

observed. This was interpreted as whole-molecule disorder. From trial disorder modeling, 

the minor disorder component (atom label suffixes “B”) is structurally identical to the 

major (atom label suffixes “A”). The geometry of the entire minor component was 

therefore restrained to be similar to that of the major using a SHELX SAME instruction. 

This resulted in a stable refinement with reasonable displacement parameters for most 

atoms. The two components disorder via an approximate non-crystallographic mirror 

plane passing near to Ru3A/B, Ru5A/B and C0A/B. In the reported refinement model, 

the minor component is therefore the mirror-related isomer of the major. The total 

occupancy of the two components was constrained to sum to one, and refined to A/B = 
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0.813(3)/0.187(3). All non-hydrogen atoms of the major component were refined with 

anisotropic displacement parameters. Those of the minor were refined isotropically with 

the exception of the ruthenium atoms and some carbon and oxygen atoms which 

appeared nearly superimposed on major component atoms; these were given equal 

anisotropic displacement parameters as the overlapped atoms of component “A”. 

Hydrogen atoms bonded to the C4H4 group of the major component were located in 

difference Fourier maps before being placed in geometrically idealized positions and 

included as riding atoms with d(C-H) = 1.00 Å and Uiso(H) = 1.2Ueq(C); those of the 

minor component were simply idealized before being treated the same way. The largest 

residual electron density peak in the final difference map is 1.17 e- /Å3, located 0.78 Å 

from Ru2A.The observed disorder is not imposed by incorrect space group symmetry, as 

trial refinements in lower space groups (P21, Pc) also showed whole-molecule disorder. 

Datasets collected from two additional crystals at 100 K and one at room temperature 

likewise gave identical results. Because of the small minor component population 

fraction and the requirement for refinement restraints to achieve a reasonable molecular 

geometry, derived parameters for component “B” are approximate. Atomic parameters, 

bond distances and angles of the minor component should be considered unreliable and 

only those of the major component are discussed.  

Compound 2.7 crystallized in the space group P21/n of the monoclinic system. 

The asymmetric unit consists of one molecule. There is two-fold crystallographic 

disorder affecting only the -C(O)OCH3 part of the -CCH(NMe3)C(O)OCH3 ligand (atoms 

O1, O2, C3, C4). The major disorder component (O1A-C4A) occupancy refined to 

0.700(9). Like C-C and C-O distances between the components were restrained to be 



 

33 

similar (SHELX SADI). The anisotropic displacement parameters of nearly 

superimposed atoms were held equal. All non-hydrogen atoms were refined with 

anisotropic displacement parameters. An additional spherical restraint was necessary for 

the displacement parameters of atom O2A. Methyl hydrogen atoms were placed in 

geometrically idealized positions and included as riding atoms with d(C-H) = 0.98 Å and 

Uiso(H) = 1.5Ueq(C). The methyl hydrogen atoms were allowed to rotate as a rigid group 

to the orientation of maximum observed electron density. Hydrogen atom H1 was located 

in a difference Fourier map. Its atomic coordinates were refined freely with Uiso(H) = 

1.2Ueq(C). The largest residual electron density peak in the final difference map is 1.02 

e- /Å3, located 0.81 Å from Ru3. Crystal data, data collection parameters, and results for 

each analysis are summarized in Table 2.1 and 2.2. 

2.3 Results and Discussion 

Two products, Ru6(6-C)(CO)15(C2H2NMe3), 2.2 and Ru6(6-

C)(CO)14(C4H4NMe3), 2.3, were obtained from the reaction of compound 2.1 with 

C2H2 in the presence of Me3NO at room temperature for 20 min. Both products were 

characterized by single-crystal X-ray diffraction analyses. An ORTEP diagram of the 

molecular structure of compound 2.2 is shown in Figure 2.1. Compound 2.2 contains an 

octahedral-shaped Ru6 cluster with 15 carbonyl ligands. The most interesting ligand in 

2.2 is a 2-trimethylammoniumethenyl ligand, CH=CHNMe3, that bridges the Ru1 – Ru2 

edge of the cluster. The CH=CHNMe3 ligand is coordinated in the + fashion that is 

well established for bridging alkenyl ligands.15 The two CH groups exhibit a 50/50 

disorder in the crystal as shown in the figure. The disordered ethenyl carbon atoms C1/C3 

are -bonded to both Ru1, Ru1-C1 = 2.057(14) Å, Ru1-C3 = 2.112(12) Å while C(1) and 
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C(2) / C(3 and C(4) are bonded to Ru2, Ru2-C1 = 2.084(12) Å, Ru2-C2 = 2.155(12) Å 

and Ru2-C3 = 2.269(12) Å, Ru2-C4 = 2.253(13) Å. The C – C distance is short, C1-C2 = 

1.427(19) Å and C3-C4 = 1.419(18) Å, and indicative of a -coordinated C-C double 

bond. Takats et al. reported the synthesis of the complex Os(CO)3RhCp(-

CHCHPMe3)-(-CO) a number of years ago which contains a similarly coordinated + 

ethenyl(trimethylphosphonium) ligand bridging two metal atoms.7e There is a NMe3 

group in 2.2 (not disordered) that is bonded to the disordered carbon atoms C2/C4 at a 

normal C – N single bond length, N1-C2 = 1.565(11) Å / N1-C4 = 1.553(11) Å. There is 

a single hydrogen atom (not shown) attached to each ethenyl carbon atom. They are 

observed at  = 8.85 (d, 3JH-H = 7.5 Hz) and 4.29 (d, 3JH-H = 7.5 Hz) in the H NMR 

spectrum, and there is a singlet at 3.19 ppm for the NMe3 group. Formally, there is a 

positive charge on the nitrogen atom N1. A negative charge could be formally assigned to 

the metal atom Ru1, but this charge is certainly distributed through the delocalized 

bonding molecular orbitals of the entire Ru6 cluster. The bridging CH=CHNMe3 ligand in 

2.2 serves formally as a four-electron donor, the complex overall obtains a total of 86 

cluster valence electrons which is in complete accord with the observation of an 

octahedral cluster of six metal atoms.16   

An ORTEP diagram of the molecular structure of compound 2.3 is shown in Figure 

2.2. Compound 2.3 contains an octahedral-shaped Ru6 cluster with 14 carbonyl ligands. 

The most interesting ligand in 2.3 is a monometallated-4-

trimethylammoniumbutadienyl, Me3N
+CHCHCHCH, ligand that bridges the Ru1 – Ru2 

– Ru3 face of the cluster. This novel ligand was formed by the coupling of two 

equivalents of HC2H and addition of one molecule of NMe3 to one of the terminal carbon 
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atoms of the C4-chain. Carbon atoms C1 and C2 are -bonded to Ru2, Ru2-C1 = 2.108(8) 

Å, Ru2-C2 = 2.288(8) Å. Carbon atoms C3 and C4 are -bonded to Ru1, Ru1-C3 = 

2.227(8) Å, Ru1-C4 = 2.194(7) Å and C4 is also-bonded to Ru3, Ru3-C4 = 2.063(8) Å. 

The –coordinated C – C double bonds are significantly shorter, C1-C2 = 1.437(11) Å 

and C3-C4 = 1.401(11) Å, than the C2 – C3 bond which is formally a C – C single bond, 

C2-C3 = 1.462(12) Å. The C1 – N1 bond is also a single bond, N1 - C1 = 1.540(10) Å. 

Formally, there is a positive charge on the nitrogen atom N1 and a negative charge on the 

Ru6 cluster. Each carbon atom in the C4-chain contains one hydrogen atom. Accordingly, 

there are four proton resonances with appropriate H – H couplings in the 1H NMR 

spectrum,  = 9.53 (d, CH, 3JH-H = 6.0 Hz), 6.40 (dd, CH, 3JH-H = 6.0 Hz, 3JH-H = 6.3 Hz), 

4.21 (d, CH, 3JH-H = 7.5 Hz), 2.44 (dd, CH, J= 7.5Hz, 3JH-H = 6.3 Hz) and a singlet at  = 

3.38 for the NMe3 group. Compound 2.3 contains one less CO ligand than 2.2. Formally, 

Me3N
+CHCHCHCH ligand serves as a six-electron donor to the cluster. Thus, the six 

ruthenium atoms contain a total of 86 electrons which is in accord with the observed 

octahedral-shaped Ru6 cluster.16 It was possible to obtain compound 2.3 from 2.2 in a low 

yield (10%) from the reaction of 2.2 with an additional quantity of C2H2 in the presence 

of Me3NO which was used to aid in the removal of a CO ligand. 

When compound 2.2 was placed under an atmosphere of CO (1 atm) at 25 oC for 

24 h, the new compound Ru6C(CO)16(C2H2NMe3), 2.4, was obtained in 40% yield. 

An ORTEP diagram of the molecular structure of compound 2.4 is shown in Figure 2.3. 

Compound 2.4 contains an octahedral-shaped Ru6 cluster with 16 carbonyl ligands. The 

most interesting ligand is a 2-trimethylammoniumethenyl, HC=CH(NMe3), ligand that is 

terminally coordinated to the metal atom Ru1 by the carbon atom C1, Ru1-C1 = 2.097(2) 
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Å. There is a C – C double bond between the atoms C1 and C2,  C1-C2 = 1.306(3) Å and 

a NMe3 group bonded to atom C2, N1-C2 = 1.508(3) Å. The CH groups exhibit an E-

stereochemistry, and this is confirmed by the large coupling, 3JH-H = 14.4 Hz, between the 

two CH resonances,  = 7.58 and 5.83, observed in the 1H NMR spectrum. The methyl 

resonance of the NMe3 group occurs at 3.13 ppm.  Compound 2.4 was formed by the 

addition of one CO ligand to the Ru6 cluster. This addition induces the conversion of the 

C2H2NMe3 ligand from a bridging four electron donating ligand to a terminally 

coordinated two electron donating ligand by release of the coordinated C – C double 

bond. The terminally coordinated C2H2NMe3 ligand is a two-electron donor, and 

compound 2.4 thus contains a total of 86 cluster valence electrons which is in accord with 

the observation of an octahedral cluster of six metal atoms.16 Similar terminally 

coordinated C(H)=CH(NEt3) ligands were found in the complexes, [Ir(H)(-C≡CPh)(-

CH=CHNEt3)L3]
+ and [Ir-CH=CHCH=CH)(-CH=CH-NEt3)L3]

+.10  

When a solution of 2.2 was heated to reflux in 1,2-dichloroethane solvent (83 °C) 

for 20 min., the NMe3 group was eliminated from the molecule to yield the ethyne 

complex Ru6C(CO)15(3-C2H2), 2.5 in 55% yield. Similarly, when a solution of 2.4 in 

1,2-dichloroethane was heated to reflux (83oC) for 3h, compound 2.5 was obtained in 

86% yield by loss of one CO ligand and the NMe3 group. Compound 2.5 was also 

characterized structurally by a single-crystal X-ray diffraction analysis. An ORTEP 

diagram of the molecular structure of 2.5 is shown in Figure 2.4. Compound 2.5 contains 

two independent molecules in the asymmetric crystal unit. One of the two molecules 

exhibits a 3-fold disorder of the C2H2 ligand in the solid state.  An ORTEP diagram of the 

structure of the undisordered molecule of 2.5 in the crystal is shown in Figure 2.4. 
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Compound 2.5 contains 15 linear terminal carbonyl ligands on an octahedral Ru6C cluster 

of metal atoms with a triply bridging ethyne ligand on one of the Ru3 faces (Ru1-Ru2-

Ru3) of the cluster. The C1 – C2 distance of 1.352(9) Å is consistent with that of a 

coordinated triple bond. The structure of 2.5 is similar to the structures of 

Ru6C(CO)15(3-HC2Ph) and Ru6C(CO)15(3-PhC2Me) both of which contain triply 

bridging alkyne ligands on Ru6 cluster complexes.17 Compound 2.5 was first obtained a 

number of years ago by reaction of the anion [Ru6C(CO)16]
2- with ethyne and treatment 

by [FeCp2][BF4], but it was not structurally characterized.17 

Interestingly, the NMe3 elimination from 2.2 is reversible. When NMe3 gas was 

passed through a solution of 2.5 in an NMR tube in CD2Cl2 solvent, the immediate 

formation of compound 2.2 was observed at room temperature. It subsequently isolated in 

30% yield. 

When a solution of 2.3 was heated to reflux in 1,2-dichloroethane solvent (83 oC) 

for 20 min, the NMe3 group was eliminated from the molecule to yield the dimetallated 

butadiendiyl complex Ru6C(CO)14(C4H4), 2.6 in 64% yield. Compound 2.6 was 

also characterized structurally by single-crystal X-ray diffraction analysis. Compound 2.6 

exhibits a 2-fold disorder in a 80/20 ratio in the solid state.  An ORTEP diagram of its 

molecular structure of the major component from the disorder model is shown in Figure 

2.5. Compound 2.6 contains 14 carbonyl ligands on an octahedral Ru6C cluster. There is 

a triply bridging C4H4 butadiendiyl ligand on the Ru1-Ru2-Ru3 triangular face of the 

cluster. The coordinated C1a-C2a = 1.418(11) Å and C3a-C4a = 1.421(11) Å distances 

which are formally double bonds  are slightly shorter than the C2a-C3a = 1.442(11) Å, 

which is formally a single bond. Two resonances with appropriate couplings were 
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observed for the CH protons in the 1H NMR spectrum:  = 10.31 (dd, 3JH-H = 3.3 Hz, 4JH-

H = 3.3 Hz) and 5.27 (dd, 3JH-H = 3.3 Hz, 4JH-H = 3.3 Hz). The bridging C4H4 ligand in 

2.6 serves formally as a six electron donor, thus compound 2.6 contains a total of 86 

cluster valence electrons which is in accord with the observation of an octahedral cluster 

of six metal atoms.16 Compound 2.6 is structurally similar to the diphenyl-substituted 

dimetallabutadienyl compound [Ru6C(CO)14{(5-
4-1,4-C(Ph)CHCHC(Ph)}].18  

Interestingly, the elimination of NMe3 from 2.3 is reversible, and when a solution 

of 2.6 in CD2Cl2 was treated with NMe3 gas at 25oC, compound 2.3 was regenerated and 

subsequently isolated in 18% yield. 

In order to investigate the scope of the alkyne-tertiary amine zwitterion formation 

reaction further, we performed the reaction of 2.1 with methyl propiolate, 

HC≡C(CO2Me), and Me3NO in CH2Cl2 at room temperature. After 15 min, the 

compound Ru6C(CO)16[-E-C(CO2Me)=C(H)NMe3], 2.7 was formed and subsequently 

isolated in 10% yield. Compound 2.7 was characterized structurally by single-crystal X-

ray diffraction analysis. An ORTEP diagram of the molecular structure of compound 2.7 

is shown in Figure 2.6. Compound 2.7 contains an octahedral-shaped Ru6 cluster with 16 

carbonyl ligands similar to that of 2.4. There is a 2-trimethylammonium-1-

(methoxycarbonyl)ethenyl ligand, E-C(CO2M)=C(H)NMe3, having an E-conformation at 

the C1 and C2 double bond that is terminally coordinated to the metal atom Ru1 at the 

carbon atom C2, Ru1-C2 = 2.120(5), Å. The C – C double bond distance,  C1-C2 = 

1.304(3) Å is virtually the same as that found in 2.4. The C – N bond distance to the 

NMe3 group N1-C1 is 1.477(7) Å. There is a formal positive charge on the nitrogen atom 
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N1 and a negative charge on the Ru6 cluster. It is believed that the bulky NMe3 group is 

bonded to the carbon atom C1 that contains the hydrogen atom for steric reasons. The 

single ethenyl CH resonance was observed at  = 5.21 (t, 2JN-H = 4.8 Hz) in the 1H NMR 

spectrum. The methyl resonance of the NMe3 group occurs at  = 3.13. The 

C(CO2Me)=C(H)NMe3 ligand serves as a two electron donor to the Ru6 cluster which 

thus achieves a total cluster valence electron count of 86 electrons that is in accord with 

the observation of an octahedral-shaped cluster.16 

When a solution of 2.7 in 1,2-dichloroethane solvent was heated to reflux (83 oC) 

for 30 min., it was transformed into the new compound Ru6C(CO)15[µ3-HC2(CO2Me)], 

2.8 in 66% yield by loss of two CO ligands and the NMe3 group on 

C(CO2CH3)=C(H)NMe3 ligand. Compound 2.8 was characterized structurally by single-

crystal X-ray diffraction analysis. An ORTEP diagram of the molecular structure of 

compound 2.8 is shown in Figure 2.7. Compound 2.8 is a homologue of 2.5. It contains 

an octahedral-shaped Ru6 cluster with 15 linear terminal carbonyl ligands and a triply 

bridging methyl propiolate ligand. The alkyne C – C bond distance, C1-C2 = 1.392(5) Å, 

is slightly longer than that in 2.5. The alkyne CH resonance occurs at  = 10.50 and the 

methoxy methyl resonance at  = 3.89, as expected. Compound 2.8 contains a total of 86 

cluster valence electrons which is in accord with the observation of an octahedral-shaped 

cluster.16 

A number of years ago, Johnson and Lewis et al. reported the synthesis of the 

complex Ru6C(CO)15(3-HC2Ph), 2.9, from the reaction of 2.1 with HC2Ph in the 

presence of Me3NO.18 The Me3NO was added to assist in the removal of CO ligands by 
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transferring its O atom to a CO ligand to form CO2 which was then eliminated from the 

complex. The HC2Ph molecule was then added to the Ru6 cluster to become a bridging 

ligand similar to that found in compound 2.5. Compound 2.9 was found to react with an 

additional quantity of HC2Ph in the presence of Me3NO to yield the complex 

Ru6C(CO)14(C4H2Ph2), 2.10, that exists as two isomers formed by the head-to-tail 

and head-to-head coupling of the two molecules of HC2Ph to form disubstituted, bridging 

dimetalated butadienediyl ligands that are coordinated to the cluster in a fashion similar 

to that observed in compound 2.6. No evidence for the formation of products containing 

NMe3 groups was provided in this report. 

A summary of our studies of the reactions of 2.1 with ethyne in the presence of 

Me3NO are shown in Scheme 2.1. Compounds 2.2 and 2.3 were the only products 

isolated from the original reaction mixture. Two additional new products, 2.5 and 2.6, 

were formed by elimination of the NMe3 group when solutions of 2.2 and 2.3 were 

heated to 83oC, respectively. Most interestingly, it was found that when the reaction of 

2.1 with HC2H and Me3NO was examined at room temperature, in situ, by following by 

1H NMR spectroscopy, the formation of compound 2.5 was observed as the major 

product in solution within the first 5 minutes. Compound 2.5 subsequently disappeared 

with the formation of compound 2.2, presumably via the direct addition of NMe3 to 2.5 as 

we later confirmed independently. It was also found that compound 2.3 can be obtained 

from 2.2 by reaction with additional quantities of HC2H and Me3NO, but no 2.6 was 

observed in this reaction. Compound 2.6 was obtained by heating solutions of 2.3 at 83 

oC, but it could not be obtained from 2.5 with the use of additional HC2H and Me3NO at 

room temperature. We have been able to obtain 2.6 only through the 2.2 → 2.3 → 2.6 
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sequence. It thus appears that the low temperature C – C coupling that leads to the 

formation of C4H4 groupings in both 2.3 and 2.6 proceeds via 2.2 as an intermediate and 

not from 2.5. This in turn suggests that the NMe3 group may be serving as an “activator” 

for the HC2H ligand in 2.5 for the HC2H - HC2H coupling process. A number of years 

ago, Chin et al. demonstrated an example of C – C bond formation between a 

triethylammoniumethenyl ligand and an alkenyl ligand in an iridium complex by what 

appears to be a C – C reductive elimination process.19    

 Compound 2.4 containing the terminally coordinated C(H)=CH(NMe3) ligand 

was obtained by the addition of CO to 2.2. Compound 2.7 containing the terminally-

coordinated C(CO2Me)=CH(NMe3) ligand was obtained directly by the reaction of 2.1 

with HC≡C(CO2Me) in presence of Me3NO, see Scheme 2.2.  

2.4 Conclusions 

In this work it has been shown that zwitterionic complexes containing novel 

bridging trimethylammoniumethenyl ligands can be formed in Ru6 cluster complexes by 

reactions of ethyne and NMe3 generated in situ from reactions of Me3NO with the CO 

ligands of 2.1 or by direct NMe3 addition to the bridging ethyne ligand in complex 2.5 

and the bridging butadiendiyl ligand in 2.6 to yield the complexes 2.2 and 2.3, 

respectively, by formation of a C – N bond. The C – N bond formation steps can be 

reversed by mild heating. Compound 2.3 was also obtained by the addition of ethyne to 

compound 2.2 in the presence of Me3NO by loss of CO and a C – C coupling to the 

trimethylammoniumethenyl ligand. It is worth noting that we were not able to obtain any 

ammoniumethenyl zwitterionic ligands from disubstituted alkynes. This may be due to 
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destabilizations caused by the increased steric interactions that would occur as a 

consequence of having the bulky NMe3 group and a substituent located on the same 

carbon atom of such disubstituted ammoniumethenyl ligands. 
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Table 2.1. Crystal Data for the X-Ray Structural Analyses for Compounds 2.2 – 2.4. 

a R1 = hkl(Fobs-Fcalc)/hklFobs; wR2 = [hklw(Fobs-Fcalc)2/hklwF2
obs]

1/2;  

 w = 1/2(Fobs); GOF = [hklw(Fobs-Fcalc)2/(ndata – nvari)]
1/2 

 

 

 

 

 

 

 

Compound  2.2 2.3 2.4 

Empirical formula    C21H9NO15Ru6   C22H13NO14Ru6 C22H11NO16Ru6 

Formula weight    1121.71 1121.75 1151.74 

Crystal system  Tetragonal trigonal Triclinic 

Lattice parameters      

a (Å)  20.8204(11) 40.5292(12) 9.3876(3) 

b (Å)  20.8204(11) 40.5292(12) 10.8470(4) 

c (Å)  13.5235(7) 12.4689(4) 15.1324(5) 

α (deg)  90.00 90  87.990(2) 

β (deg)  90.00 90  79.119(2) 

γ (deg)  90.00 120 82.674(2) 

V (Å3)  5862.3(7) 17737.6(12) 1500.74(9) 

Space group  P42/n R-3 P-1 

Z value  8 18 2 

 ρcalc (g/cm3) 2.542 1.890  2.549 

μ (Mo Kα) (mm-1)  3.083 2.291 3.017 

Temperature (K)  100(2) 100(2) 100(2) 

2θmax (°) 52.828 52.738 60.00 

No. Obs. (I>2σ(I)) 6015 8052 8718 

No. of parameters   426  407 418 

Goodness of fit 

(GOF)  

1.110 
1.029 

1.051 

Max. shift/error on 

final cycle 

0.001 
0.001 

0.002 

Residuals 2σ(I)*: R1; 

wR2  

0.0429/0.0816 
0.0526;0.1156 

0.0225;0.0388 

Absorption Corr,  

Max/min  

Semi-empirical  

0.5624/0.4895 

Semi-empirical  

 0.4912/0.4052 

Semi-empirical  

0.8638/0.5566 

Largest peak in Final 

Diff. Map (e- / Å3)  

1.69 
2.50 

0.713                                           
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Table 2.2. Crystal Data for the X-Ray Structural Analyses for Compounds 2.5 – 2.8 

a R1 = hkl(Fobs-Fcalc)/hklFobs; wR2 = [hklw(Fobs-Fcalc)2/hklwF2
obs]

1/2;  

 w = 1/2(Fobs); GOF = [hklw(Fobs-Fcalc)2/(ndata – nvari)]
1/2 

  

 

 

 

Compound  2.5 2.6 2.7 2.8 

Empirical formula   C18H2O15Ru6   C19H4O14Ru6  C24H13NO18Ru6 C20H4O17Ru6 

Formula weight 1064.62 1062.64   1209.77 1122.65 

Crystal system  Monoclinic Monoclinic Monoclinic Triclinic 

Lattice parameters       

a (Å)  9.4653(4) 17.6818(8) 9.7490(14) 9.5104(4)  

b (Å)  31.6224(14) 9.0814(4) 24.118(3) 9.6762(4)  

c (Å)  9.5914(4) 17.4537(8) 13.2505(18) 14.7081(6)  

α (deg)  90.00 90.00 90.00 83.416(2)  

β (deg)  119.1210(10) 116.458(2) 94.341(4) 86.599(2)  

γ (deg)  90.00 90.00 90.00 85.219(2) 

V (Å3)  2507.96(19) 2509.1(2) 3106.6(8) 1338.21(10) 

Space group P21 P21 /c  P21/n P-1 

Z value  4 4 4 2 

 ρcalc (g/cm3) 2.820 2.813 2.587 2.786 

μ (Mo Kα) (mm-1)  3.594 3.590 2.927 3.381 

Temperature (K)  100(2) 294(2) 100(2) 100(2)  

2θmax (°) 65.274 56.784 53.46 56.90 

No. Obs. (I>2σ(I)) 18308 6227 6449 6696 

No. of parameters    716    511 476  394 

 Goodness of 

fit(GOF)  

1.030 1.273 1.063 
1.065 

Max. shift/error on 

final cycle 

0.002 0.001  0.005 
0.001 

Residuals*:R1; 

wR2  

0.0252;0.047

8 

0.0397; 0.0876 0.0330; 0.0565 0.0244;0.05
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Absorption Corr.,  

Max/min  

Semi-

empirical 

0.5655/0.524

3 

Semi-empirical 

0.5633/0.4380 

Semi-empirical  

0.9438/ 0.7996 

Semi-

empirical  

0.8766/0.55

12 

Largest peak in 

Final Diff. Map (e-

/Å3)  

2.50 1.17 1.342                              

1.615 
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Figure 2.1. An ORTEP diagram of the molecular structure of the compound Ru6(6-

C)(CO)15(CHCHNMe3), 2.2 showing the disorder in the CH=CHNMe3 ligand. 

Thermal ellipsoidal probabilities are shown at 25%. Selected interatomic distances (Å) 

are as follows: Ru1-C1 = 2.057(14), Ru1-C3 = 2.112(12), Ru2-C1 = 2.084(12), Ru2-C2 

= 2.155(12), Ru2-C3 = 2.269(12), Ru2-C4 = 2.253(13), C1-C2 = 1.427(19), C3-C4 = 

1.419(18), N1-C2 = 1.565(11), N1-C4 = 1.553(11), N1-C5 = 1.475(10), N1-C6 = 

1.481(11), N1-C7 = 1.516(9). 
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Figure 2.2. An ORTEP diagram of the molecular structure of the compound Ru6(6-

C)(CO)14(C4H4NMe3), 2.3 showing the 20% thermal ellipsoidal probability. 

Selected interatomic distances (Å) are as follows: Ru1-C3 = 2.227(8), Ru1-C4 = 

2.194(7), Ru2-C1 = 2.108(8), Ru2-C2 = 2.288(8), Ru3-C4 = 2.063(8), N1-C1 = 

1.540(10), C1-C2 = 1.437(11), C2-C3 = 1.462(12), C3-C4 = 1.401(11), N1-C1 = 

1.540(10) N1-C5 = 1.484(11), N1-C6 = 1.480(11), N1-C7 = 1.518(11). 
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Figure 2.3. An ORTEP diagram of the molecular structure of the compound 

Ru6C(CO)16(C2H2NMe3), 2.4 showing the 40% thermal ellipsoidal probability. 

Selected interatomic distances (Å) are as follows: Ru1-C1 = 2.097(2), C1-C2 = 1.306(3), 

C1-H1 = 0.90(4), C2-H2 = 0.93(3), N1-C2 = 1.508(3), N1-C5 = 1.494(3), N1-C3 = 

1.499(3), N1-C4 = 1.502(3). 
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Figure 2.4. An ORTEP diagram of the molecular structure of the compound 

Ru6C(CO)15(-C2H2), 2.5 showing the 25% thermal ellipsoidal probability. Selected 

interatomic distances (Å) are as follows: Ru1-C1 = 2.172(6), Ru1-C2 = 2.215(6), Ru2-C2 

= 2.052(6), Ru3-C1 = 2.055(6), C1-C2 = 1.352(9).  
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Figure 2.5. An ORTEP diagram of the molecular structure of compound 

Ru6C(CO)14(C4H4), 2.6 showing the 20% thermal ellipsoidal probability. Selected 

interatomic distances (Å) for the major disorder component are as follows: Ru1a-C1a = 

2.108(8), Ru1a-C4a = 2.048(8), Ru2a-C1a = 2.106(8), Ru2a-C2a = 2.301(8), Ru3a-C3a = 

2.253(7), Ru3a-C4a = 2.161(7), C1a-C2a = 1.418(11), C2a-C3a = 1.442(11), C3a-C4a = 

1.421(11). 

 

 

 

 

 



 

50 

 

Figure 2.6. An ORTEP diagram of the molecular structure of the compound 

Ru6C(CO)16[-E-C(CO2Me)=C(H)NMe3], 2.7 showing the 30% thermal ellipsoidal 

probability. Selected interatomic distances (Å) are as follows: Ru1-C2 = 2.120(5), C1-C2 

= 1.304(7), N1-C1 = 1.477(7), N1-C6 = 1.450(7), N1-C8 = 1.459(7), N1-C7 = 1.462(7), 

C2-C3a = 1.522(9), C3a-O1a = 1.182(10), C3a-O2a = 1.325(9), C4a-O2a = 1.440(9). 
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Figure 2.7. An ORTEP diagram of the molecular structure of the compound 

Ru6C(CO)15[HC2(CO2CH3)], 2.8 showing the 30% thermal ellipsoidal probability. 

Selected interatomic distances (Å) are as follows: Ru1-C1 = 2.186(3), Ru1-C2 = 

2.184(3), Ru2-C1 = 2.034(3), Ru3-C2 = 2.049(3), C1-C2 = 1.392(5), C2-C3 = 1.504(5), 

C3-O1 = 1.206(4), C3-O2 = 1.331(4), C4-O2 = 1.446(4). 
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CHAPTER 3 

ALKYNE CYCLIZATION IN METAL CLUSTER COMPLEXES. 

THE ADDITION AND COUPLING OF DIMETHYL ACETYLENE 

DICARBOXYLATE TO THE DIENYL LIGAND IN Ru6(μ6-

C)(CO)14(μ3-η4-C4H4)2 
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3.1 Introduction 

Compounds containing 6-membered aromatic rings have attracted the attention of 

chemists since their discovery.1 They are widespread in nature and range from fragrances 

to solvents, octane boosters in fuels and most importantly to a wide range of 

pharmaceuticals.  Aromatic compounds can be synthesized by a variety of methods.2,3,4 

Notably, the [2+2+2] cyclization of alkynes by using transition metal catalysts is known 

to yield a variety of aromatic compounds in all of their isomeric forms.4 The metal-

catalyzed coupling of alkynes occurs in a series of steps. To begin two alkynes are added 

to a metal complex and are then oxidatively coupled to form a metallacycle. If only one 

metal atom is involved a metallacyclopentadienyl group, such as A Scheme 3.1, is 

typically formed.5 If two or more metal atoms are involved, then diendiyl ligands can 

form that form bridges across the metal atoms by using the –bonds to coordinate to the 

carbon atoms, e. g. B4a-b,e,6 or C,7 see Scheme 3.1.   

 

Mechanisms for the addition of a third alkyne to form aromatic rings from 

diendiyl ligands in the species A and B are still being investigated. The two most widely 

discussed mechanisms are shown, in part, in Scheme 3.2 below. One involves insertion of 

a third alkyne into a metal – carbon bond of the diendiyl ligand, e. g. A, to yield a 

metallacycloheptatriene intermediate such as D that subsequently cyclizes by a C – C 
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reductive-elimination to yield an arene ligand in a complex F and ultimately a free 

arene.8 An alternative mechanism involves a 4 +2 cycloaddition to yield coordinated 

carbocyclic C6 rings, such as E, that leads to an arene ligand and ultimately a free arene, 

Scheme 3.2. Support for the latter mechanism has been increasing in recent years.8a-b,9 

 

 In recent studies, we have synthesized the hexaruthenium carbonyl complex Ru6(μ6-

C)(CO)14(μ3−η4-C4H4), 3.2 that contains the triply-bridging η4 -butadiendiyl ligand C, R 

= H by elimination of NMe3 from the μ3-η
4-CHCHCHCH+NMe3 ligand in the 

zwitterionic hexaruthenium complex Ru6(μ6-C)(CO)14[μ3-η
4-C4H4(NMe3)], 3.1, eq. 

(3.1).7a 
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We have now investigated the reactions of 3.2 with the electron deficient acetylene 

dimethyl acetylenedicarboxylate, (MeO2C)C≡C(CO2Me), DMAD.  The synthesis, 

structures and the chemistry of these new complexes which includes complexes 

containing the coordinated 1,2-C6H4(CO2Me)2 arene ring are reported herein. 

3.2 Experimental Section  

General Data 

 All reactions were performed under an atmosphere of nitrogen. Reagent grade 

solvents were dried by the standard procedures and were freshly distilled prior to use. 

Infrared spectra were recorded on a Thermo Scientific Nicolet IS10. 1H NMR spectra 

were recorded on a Varian Mercury 300 spectrometer operating at 300.1 MHz. Mass 

spectrometric (MS) measurements were performed by a direct-exposure probe by using 

electron impact (EI) ionization or positive ion electrospray (ES+). Ru6(μ6-

C)(CO)14(C4H4), 3.2 was prepared according to a previously reported procedure.7a 

Dimethyl acetylenedicarboxylate (DMAD) and Trimethylamine-N-oxide (Me3NO) were 

purchased from Sigma-Aldrich and were used without further purification. Product 

separations were performed by TLC in the open air on Analtech 0.25 mm and 0.50 mm 

silica gel 60 Å F254 or alumina on glass plates. 

Reaction of Ru6(μ6-C)(CO)14(μ3−η
4-C4H4), 3.2 with DMAD.  

18 mg (0.017 mmol) of 3.2 was dissolved in 2.5 mL of dichloromethane-d2 in an 

NMR tube. 6.0 µL of dimethyl acetylene dicarboxylate (DMAD) was added and the 

NMR tube was then sealed. The reaction mixture was kept at 25oC for 3 days. After this 

period, resonances for the products were observed by 1H NMR spectroscopy. Workup of 

the reaction mixture by TLC by using a hexane/methylene chloride solvent mixture 
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yielded the following products in the order of elution: 1.2 mg (6.4% yield) of Ru6(μ6-

C)(CO)16(C4H4), 3.3, 1.0 mg (4.7% yield) of Ru6(μ6-C)(CO)14[-C6H4(CO2Me)2], 

3.4, 1.0 mg (4.8% yield) of Ru6(μ6-C)(CO)14(C4H4)[C2(CO2Me)2], 3.5, 4.0 mg 

of (19.5% yield) of Ru6(μ6-C)(CO)14(C4H4)[C2(CO2Me)2], 3.6 and 8.0 mg 

(39% yield) of Ru6(μ6-C)(CO)14[-C6H4(CO2Me)2], 3.7. Spectral data for 3.3: IR, 

νCO (cm-1 in CH2Cl2): 2104.6 (w), 2081.4 (vs), 2049.5 (s), 2033.3 (vs), 2010.9 (m), 

1968.0 (vw). 1H NMR (in CD2Cl2,  in ppm): 5.81 (m, br, CH), 5.65 (m, br, CH). Mass 

Spectrum (ES+): M+ = 1119.5. Spectral data for 3.4: IR, νCO (cm-1 in CH2Cl2): 2080.2 (s), 

2029.7 (vs), 1988.8 (m), 1828.5 (w, br). 1H NMR (in CD2Cl2,  in ppm): 6.03 (dd, CH, 

3JH3-H4 = 6.2 Hz), 5.69 (dd, CH, 3J H3-H5 = 1.2 Hz), 3.83 (s, OCH3). Mass Spectrum (ES+): 

M+ -CO = 1176.0. Spectral data for 3.5: IR, νCO (cm-1 in CH2Cl2): 2094.4 (m), 2058.1 

(vs), 2042.4 (s), 2032.5 (s), 1993.9 (w), 1927.4 (vw,br). 1H NMR at 25 oC ( in CD2Cl2) 

 = 6.20 (m, 2H, CH) and 3.95 (s, (OCH3)2); at -90 oC (in CD2Cl2, ): 7.32 (m, 1H, CH), 

6.14 (m, 2H, CH), 3.94 (s, 3H, O(CH3)), 3.87 (s, 3H, O(CH3)) and 2.80 (m, 1H, CH). 

Mass Spectrum (ES+): M+ + Na+ = 1228.0, M+ -CO = 1174.0, M+ -2CO = 1146.0. Spectral 

data for 3.6: IR, νCO (cm-1 in CH2Cl2): 2094.0 (m), 2062.1 (vs), 2053.8 (vs, sh), 2038.8 

(s), 2032.9 (s, sh), 2014.4 (w), 1978.2 (vw), 1938.0 (vw,br), 1892.3 (vw, br). 1H NMR (in 

CD2Cl2,  in ppm, 25 oC: 7.53 (br, 2H, CH), 6.94 (m, 2H, CH), 3.94 (s, 6H, OCH3); at -

90C): 8.58 (m, 1H, CH), 7.14 (m, 1H, CH), 6.85 (m, 1H, CH), 6.39 (m, 1H, CH), 3.95 (s, 

OCH3), 3.78 (s, OCH3). Mass Spectrum (ES+): M+ = 1205.0. Spectral data for 3.7: IR, 

νCO (cm-1 in CH2Cl2): 2085.3 (m), 2048.3 (s), 2034.1 (vs), 1981.3 (w), 1816.6 (vw,br). 1H 

NMR (in CD2Cl2,  in ppm): 4.63 (dd, CH, 3JH3-H4 = 6.2 Hz), 4.41 (dd, CH, 3J H3-H5 = 1.2 

Hz), 3.76 (s, O(CH3)). Mass Spectrum (ES+): M+ -CO = 1177.0.  
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Reaction of 3.2 with CO  

A 4.0 mg (0.0037 mmol) amount of 3.2 was dissolved in 2.5 mL of 

dichloromethane-d2 in an NMR tube. CO gas was allowed to purge through this solution 

for 2 min and the NMR tube was then closed. The solution was then allowed to stand at 

room temperature for 24 h. After this period, resonance for compound 3.3 was observed 

by 1H NMR spectroscopy. Workup of the reaction mixture by TLC by using a 

hexane/methylene chloride solvent mixture yielded 3.0 mg (72% conversion) of 

compound Ru6(μ6-C)(CO)16(C4H4), 3.3.  

Synthesis of 3.8 by Reaction of 3.3 with DMAD. 

A 5.0 mg (0.0045 mmol) amount of 3.3 was dissolved in 2.5 mL of toluene-d8 in 

an NMR tube. To this, 3.0 µL of dimethyl acetylenedicarboxylate (DMAD) was added 

and the NMR tube was then closed. The reaction mixture was heated to 85 oC in a 

mineral oil bath for 48 h. After this period, resonances for compound 3.8 was observed 

by 1H NMR spectroscopy. Workup of the reaction mixture by TLC by using a 

hexane/methylene chloride solvent mixture yielded 2.0 mg (36% yield) of compound 

Ru6C(CO)15(C4H4)[C2(CO2Me)2], 3.8. Spectral data for 3.8: IR, νCO (cm-1 in 

CH2Cl2): 2103.8 (vw), 2084.5 (vs), 2058.1 (s), 2043.1 (m), 2026.2 (w), 2010.0 (w,sh), 

1982.1 (vw), 1947.8 (vw), 1914.0 (vw). 1H NMR (in CD2Cl2,  in ppm): 5.95 (dd, 2H, 

CH, 3JH1-H2 = 5.8 Hz), 5.60 (dd, 2H, CH, 3J H1-H3 = 2.7 Hz), 3.82 (s, 6H, OCH3).  

Thermal Transformation of 3.7. 

A 3.0 mg (0.0025 mmol) amount of 3.7 was dissolved in 2.5 mL of 

dichloromethane-d2 in an NMR tube. This reaction mixture in this tube was then heated to 

50 oC in a constant temperature mineral oil bath for 5 days. After this period, the 
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resonances for compounds 3.4 and 3.5 were observed by 1H NMR spectroscopy. Workup 

of the reaction mixture by TLC by using a hexane/methylene chloride solvent mixture 

yielded 1.5 mg (~50% conversion) of compound Ru6(μ6-C)(CO)14(-C6H4[CO2Me]2), 

3.4 and 0.3 mg of unreacted 3.7. 

Reaction of 3.4 with CO 

A 1.0 mg amount of 3.4 was dissolved in 2.5 mL of dichloromethane-d2 in an 

NMR tube. CO gas was allowed to purge through this solution for 2 min and the NMR 

tube was then closed. The solution was then allowed to stand at room temperature for 24 

h. After this period, new resonances attributed to C6H4(CO2Me)2, 3.11 were observed by 

1H NMR spectroscopy. Workup of the reaction mixture by TLC by using a 

hexane/methylene chloride solvent mixture yielded 0.4 mg of Ru6(μ6-C)(CO)17 and 0.1 

mg of colorless band of 3.11 (62% yield)  was obtained. Spectral Analysis of 3.11: 1H 

NMR (in CD2Cl2,  in ppm): 7.71 (m, CH), 7.56(m, CH), 3.87 (s, O(CH3)3). Mass 

Spectrum (EI+): 194.0, M+; 163.0, M+ -OCH3; 135.0, M+ -CO2CH3; 104.0, M+ -CO2CH3 

+ OCH3. 

Thermal transformation of 3.5 to 3.9. 

A 2.0 mg amount of 3.5 was dissolved in 2.5 mL of dichloromethane-d2 in a high-

pressure NMR tube. The tube was sealed, and the solution was heated at 65 OC for 4 

days. The reaction was followed by NMR spectroscopy. Workup of the reaction was 

performed by TLC using hexane/methylene chloride mixture yielded 0.5 mg of 

Ru6C(CO)14[CHCHCHCC(CO2Me)C(CO2Me)](-H), 3.9, 25% yield. Spectral 

Analysis of 3.9: IR, νCO (cm-1 in hexane): 2095.2(w), 2078.6(vs), 2055.7(s), 2046.7(s), 

2032.1(w), 2020.3(m). 1H NMR (in CD2Cl2,  in ppm): 6.69 (m, CH, 3JH-H = 6.0 Hz, 4JH-
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H = 3.0 Hz), 5.94 (dd, CH, 3JH-H = 3.0 Hz, 3JH-H = 3.0 Hz), 5.71 (m, CH, 3JH-H = 6.3Hz, 

4JH-H = 3.0 Hz), 3.95 (s, O(CH3)3), 3.87 (s, O(CH3)3), -21.9 (s, H). Mass Spectrum (ES+): 

M+ = 1205.0 

Reaction of 3.7 with CO. 

A 2.0 mg amount of 3.7 was dissolved in 2.5 mL of dichloromethane-d2 in an 

NMR tube. CO gas was allowed to purge through this solution for 2 min and the NMR 

tube was then closed. The solution was then allowed to stand at room temperature for 24 

h. After this period, the resonances of the product 3.11 were observed by 1H NMR 

spectroscopy. Workup of the reaction mixture by TLC by using a hexane/methylene 

chloride solvent mixture yielded 0.7 mg of Ru6(μ6-C)(CO)17 and 0.2 mg of a colorless 

band of 3.11 (62% yield).  

Reaction of 3.3 with Me3NO 

A 9.0 mg (0.0084mmol) amount of 3.3 was dissolved in 2.5 mL of toluene-d8 in 

an NMR tube. To this solution 1.5 mg of Me3NO was added and the mixture was then 

heated at 50 oC for 3 d. The reaction was monitored by 1H NMR spectroscopy. Workup 

of the reaction mixture by TLC by using a hexane/methylene chloride solvent mixture 

yielded 1.0 mg (10.5% yield) of Ru6C (CO)15(C4H4)(NMe3), 3.10  and 1.0 mg of 

unreacted 3.3. Spectral Analysis of 3.10: IR, νCO (cm-1 in hexane): 2081.8(m), 2045.5(s), 

2031.3(vs), 2009.3(w), 2001.4(w), 1982.1(vw), 1967.9(vw). 1H NMR (in CD2Cl2,  in 

ppm): 5.71 (dd, CH, 3JH-H = 3.9 Hz), 5.23 (dd, CH, 3JH-H = 3.9 Hz), 2.73 (s, N(CH3)3). 

Mass Spectrum (ESI+): M+ = 1150.0. 
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Isomerization of 3.6 to 3.5. 

A 1.0 mg amount of 3.6 was dissolved in 2.5 mL of dichloromethane-d2 in an NMR tube. 

The solution was heated at 50C for 48 h. The reaction was monitored by 1H NMR 

spectroscopy. Workup of the reaction mixture by TLC using a hexane/methylene chloride 

solvent mixture yielded 0.5 mg (50% yield) of 3.5. 

Crystallographic Analyses.   

Single crystals of compounds 3.3 – 3.10 suitable for X-ray diffraction analyses 

were obtained by slow evaporation of solvent from solutions of the pure compounds at 

room temperature. X-ray intensity data were measured by using a Bruker D8 QUEST 

diffractometer equipped with a PHOTON-100 CMOS area detector and an Incoatec 

microfocus source (Mo Kα radiation, λ = 0.71073 Å).10 The raw area detector data frames 

were reduced, scaled, and corrected for absorption effects using the SAINT10 and 

SADABS11 programs. All structures were solved with SHELXT.12 Subsequent difference 

Fourier calculations and full-matrix least-squares refinement against F2 were performed 

by using SHELXL-201812 or by using OLEX2.13 Full details for these analyses are 

available in the Supporting Information. Crystal data, data collection parameters, and 

results for each analysis are summarized in Table 3.1.  

Results and Discussion 

Reaction of the butadiendiyl hexaruthenium cluster complex 3.2 with dimethyl 

acetylenedicarboxylate (DMAD) at 25 oC for 3d yielded five new compounds, two of 

which contain a six-membered arene ring as a ligand. These compounds have been 

identified as Ru6(μ6-C)(CO)16(C4H4), 3.3, (6.4% yield); Ru6(μ6-C)(CO)14[-1,2-

C6H4(CO2Me)2], 3.4 (4.7% yield); Ru6(μ6-C)(CO)14(C4H4)[C2(CO2Me)2], 3.5, 
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(4.8% yield); Ru6(μ6-C)(CO)14(C4H4)[C2(CO2Me)2], 3.6 (19.5% yield) and 

Ru6(μ6-C)(CO)14[C6H4(CO2Me)2], 3.7 (39% yield). All of the new 

compounds were characterized by IR, 1H NMR, single-crystal X-ray diffraction analysis 

and mass spectrometry.  

An ORTEP diagram of molecular structure of 3.3 is shown in Figure 3.1. 

Compound 3.3 contains a cluster of six ruthenium metal atoms that may be described as 

‘spiked’ square pyramid. One of the ruthenium carbonyl groups, Ru(6), has been 

dislodged from the octahedral Ru6 cluster of found in 3.2, but it remains attached to the 

apical ruthenium atom Ru(1) of the pentaruthenium carbide carbonyl cluster core by a Ru 

– Ru single bond. The Ru1-Ru6 distance, 2.74975(19) Å, is a little short due to the 

presence of the bridging -C4H4 butadiendiyl ligand, see below. The Ru – Ru distances 

in the square-pyramidal Ru5 portion of the cluster, 2.80862(19) - 2.96963(19) Å, are 

similar to those in the related square-pyramidal Ru5 cluster complexes, Ru5C(CO)15 and 

Ru5C(CO)14PPh3.
16 Compound 3.3 contains a total of sixteen carbonyl ligands distributed 

as shown in Figure 3.1. There is a bridging CO ligand across the Ru4 – Ru5 bond and 

semi-bridging CO ligands across the Ru1 – Ru2 and Ru1 – Ru3 metal – metal bonds in 

3.3. There is also a -C4H4 butadiendiyl ligand that bridges Ru1-Ru6 bond to the spiked-

ruthenium atom Ru6 of the cluster. All four carbon atoms are π-bonded to Ru(6), Ru6-C1 

= 2.3026(15) Å, Ru6-C2 = 2.1971(16) Å, Ru6-C3 = 2.2053(16) Å and Ru6-C4 = 

2.3006(16) Å. The terminal carbon atoms C1 and C4 are ϭ-bonded to the apical 

ruthenium atom of the square pyramid, Ru(1), Ru1-C1 = 2.0897(16) Å and Ru1-C4 = 

2.0978(16) Å. The C – C bond distances within the butadiendiyl ligand are equal, C1−C2 

= 1.422(2) Å, C2−C3 = 1.430(2) Å and C3−C4 = 1.422(2) Å within experimental error, 
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indicating the C – C bonding is fully delocalized across these four carbon atoms. 1H 

NMR spectrum of 3.3 shows two broad deshielded resonances that can be assigned to the 

CH protons of the C4H4 ligand, δ = 5.81 (br, CH), 5.65 (br, CH). 

The bridging C4H4 ligand in 3.3 serves formally as a six-electron donor and 

with a total of sixteen CO ligands, compound 3.3 obtains a total of 90 cluster valence 

electrons which is in accord with both the effective atomic number rule and the 

polyhedral skeletal electron pair (PSEP) counting method for an apex-spiked square 

pyramidal cluster core of six transition metal atoms.15 Compound 3.3 contains two more 

CO ligands than its precursor complex 3.2, and as expected, when compound 3.2 was 

exposed to an atmosphere of CO at room temperature for 24 h, compound 3.3 was 

formed in a good yield (72%) by the addition of two equivalents CO. 

Compounds 3.4 and 3.7 are similar in that they both contain a coordinated 1,2-

C6H4(CO2Me)2 arene ring as a ligand. ORTEP diagrams of the molecular structures of 3.4 

and 3.7 are shown in Figures 3.2 and 3.3, respectively. Both compounds contain an 

octahedral cluster of six ruthenium atom with a carbide ligand in the center like the 

parent 3.2. In 3.7, the 1,2-C6H4(CO2Me)2 ligand is coordinated in a triply-bridging, -

fashion to one of the triangular faces of the Ru6 cluster. In 3.4 the 1,2-C6H4(CO2Me)2 

ligand is coordinated in a terminal -fashion to only one of the ruthenium atoms of the 

cluster.  

Interestingly, when a solution of 3.7 was heated at 50 oC for 5 days, it was 

converted to compound 3.4 in 50% yield. The reverse transformation does not occur 

which suggests that compound 3.7 is an intermediate and precursor to compound 3.4 in 

the series of reactions. The transformation of triply-bridging arene ligands to terminally- 
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coordinated arene ligands in ruthenium cluster complexes has been observed 

previously.17 In both complexes the C6H4(CO2Me)2 ligand serves as a six-electron donor 

to the cluster. Each cluster contains fourteen carbonyl ligands and both complexes 

contain a total of 86 cluster valence electrons and are in accord with the PSEP electron 

counting method.15  

An ORTEP diagram of molecular structure of 3.5 is shown in Figure 3.4. The 

metal cluster compound 3.5 is best described as an open square-pyramid, i.e. one of the 

apical-basal metal-metal bonds, Ru1…Ru4 = 3.3627(2) Å, is missing. One of the edge 

bonds of the Ru5 cluster, Ru1 –Ru5, is bridged by another ruthenium atom Ru6, Ru1-Ru6 

= 2.8643(2) Å and Ru5-Ru6 = 3.0992(2) Å. There is a bridging C4H4 ligand across 

the Ru1-Ru6 bond. As in 3.3, it is –bonded to Ru6, Ru6-C1 = 2.229(2) Å, Ru6-C2 = 

2.239(2) Å, Ru6-C3 = 2.251(2) Å, Ru6-C4 = 2.273(2) Å and -bonded to Ru1, Ru1-C1 = 

2.086(2) Å, Ru1-C4 = 2.106(2) Å. The C – C bond distances, C1-C2 = 1.395(3) Å and 

C3-C4 = 1.397(3) Å, are shorter than the C2-C3 bond, 1.434(3) Å, and may have more 

double character than the C2-C3 bond. There is a triply-bridging DMAD ligand across 

the three ruthenium atoms, Ru4, Ru5 and Ru6, with Ru6-C8 = 2.099(2) Å, Ru5-C7 = 

2.191(2) Å, Ru5-C8 = 2.216(2) Å, Ru4-C7 = 2.072(2) Å, but there is no metal – metal 

bond between Ru4 and Ru6, Ru4…Ru6 = 3.750(1) Å. 

The 1H NMR spectrum of 3.5 varies with temperature that is indicative of 

dynamical exchange activity, see Figure 3.5. At 25 oC, the 1H NMR spectrum exhibits 

only two resonances: one at  = 6.20 (m, 2H) for two of the four C4H4 protons and a 

singlet at  = 3.95 (s, 6H) for the two OMe groups of the DMAD ligand.  At -90 oC, the 

H NMR spectrum of 3.5 exhibits five resonances at  = 7.32 (m, 1H, CH), 6.14 (m, 2H, 
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CH), 3.94 (s, 3H, OCH3), 3.87 (s, 3H, OCH3) and 2.80 (m, 1H, CH). The OCH3 

resonances broaden as the temperature is raised and coalesce at -15 oC. The multiplets at 

7.32 and 2.80 broaden equally and reversibly, and collapse into the baseline at 25 oC, but 

because of the large shift difference between them, the averaged resonance was not 

observed even temperatures moderately above 25 oC. It is apparent from these spectral 

changes that 3.5 is engaging in dynamical exchange processes involving both the 

inequivalent methoxyl groups on the DMAD ligand and the inequivalent CH protons of 

the C4H4 ligand, although averaging of one pair of the CH protons, presumably the 

protons on the inner CH groups, C2 and C3, was still not slowed to resolution even at -90 

oC presumably due to a much smaller shift difference between them. 

We have been able to explain these averaging dynamics by the exchange process 

shown in Scheme 3.3. It is proposed that 3.5 is reversibly exchanged with its enantiomer 

3.5* via an intermediate such as 3.I. In the process the methoxy groups of the DMAD 

ligand are exchanged and the alkenyl hydrogen atoms on C1 and C4, and C2 and C3 are 

exchanged in pairs, but those on C1 and C4 are not exchanged with those on C2 and C3. 

In the process the Ru5 – Ru6 bond in 3.5 is cleaved and a new Ru – Ru bond is formed to 

Ru4, which is Ru5 in the enantiomer 3.5*. Note: both enantiomers are present in the 

solid-state structure of the complex. The proposed intermediate I exhibits a mirror like 

symmetry along the Ru1 – Ru6 bond.  

 With fourteen carbonyl ligands, a C4H4 ligand and one triply-bridging, 

DMAD ligand, compound 3.5 contains a total of 90 cluster valence electrons for the six 

metal atoms which is in accord with both the effective atomic number rule and the PSEP 

theory for an edge-bridged, open, square-pyramidal cluster.15 
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There are two structurally similar independent molecules of 3.6 in the asymmetric 

crystal unit. An ORTEP diagram of molecular structure of one of these two molecules is 

shown in Figure 3.6. Compound 3.6 is an isomer of 3.5, and there are structural 

similarities. For example, both compounds contain a bridgingC4H4 ligand, a triply-

bridging DMAD ligand and fourteen carbonyl ligands. However, the Ru6 metal cluster of 

3.6 has a slightly but significantly different structure from that of 3.5.  The metal cluster 

in 3.6 could be described as a capped, square-pyramid, except that one of the apex – basal 

metal - metal bonds, namely Ru1 – Ru5 is missing, Ru1A…Ru5A = 3.604(4) Å, so the 

Ru5 portion of the cluster has an open, square pyramidal shape. 

Unlike 3.5, Ru6 in 3.6 is bonded to three other metal atoms instead of two, e. g. 

Ru1A-Ru6A = 2.8523(14) Å, Ru4A-Ru6A = 3.0388(14) Å, Ru5A-Ru6A = 2.8396(14) Å. 

In addition, although the C4H4 ligand in 3.6 bridges the metal – metal bond, Ru1 – 

Ru6, as that in 3.5, but in 3.6 it is bonded to Ru1 instead of Ru6, Ru1A-C1A = 

2.216(11) Å, Ru1A-C2A = 2.237(12) Å, Ru1A-C3A = 2.261(12) Å, Ru1A- C4A = 

2.377(12) Å and di--bonded to Ru6, Ru6A-C1A = 2.041(12) Å, Ru6A-C4A = 2.095(12) 

Å. The C – C bond distances in the C4H4 ligand in 3.6 are equivalent within experimental 

error, C1A-C2A = 1.415(17) Å, C2A-C3A = 1.411(19) Å and C3A-C4A = 1.431(17) Å. 

The DMAD ligand in 3.6 is a triply-bridging ligand across the closed triangular Ru3 

group, Ru4, Ru5 and Ru6. 

 The 1H NMR spectra of 3.6 indicate that like 3.5, it is also dynamically active in 

solution, see Figure 3.7. At -90 oC, the 1H NMR of 3.6 in CD2Cl2 exhibits six resonances: 

four for the four inequivalent CH protons of the C4H4 ligand at 8.58 (br, 1H), 7.14 (br, 

1H), 6.85 (br, 1H), 6.39 (br, 1H) and two for the two inequivalent methyl groups of the 
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DMAD ligand at 3.95 (s, 3H), 3.78 (s, 3H). This spectrum is consistent with the structure 

observed in the solid state. As the temperature is raised, all of the resonances begin to 

broaden and average in pairs: 7.14 with 6.85, coalescence at ~ -65 oC; 8.58 with 6.39, 

coalescence at -35 oC; and OCH3 3.95 with 3.78, coalescence at ~ -65 oC.  At 25 oC the 

spectrum shows only three resonances for the averaged protons at 7.53 (br, 2H, CH), 6.94 

(m, 2H, CH) and 3.94 (s, 6H, OCH3). The resonance averaging can be explained by the 

metal shifting, dynamical exchange process shown in Scheme 3.4. In this simple process, 

the Ru1-Ru4 bond in 3.6 is reversibly cleaved and reformed between the atoms Ru1 and 

Ru5 to yield the enantiomer 3.6* of 3.6. The CH groups C1 and C4 and C2 and C3 

exchange in pairs as well as the methoxy groups C7 and C8 on the DMAD ligands as 

observed experimentally.  

 When a sample 3.3 was placed in an NMR tube with DMAD in toluene-d8 and 

heated to 85 oC for 48 h, it lost one equivalent of CO and added one equivalent of DMAD 

and was converted to the new compound Ru6C(CO)15(C4H4)[C2(CO2Me)2], 3.8 

in 36% yield. Compound 3.8 was characterized structurally by a single-crystal X-ray 

diffraction analysis and an ORTEP diagram of its molecular structure is shown in Figure 

3.8. Compound 3.8 contains a spiked, square pyramidal cluster of six ruthenium atoms 

similar to that observed in 3.3. The Ru – Ru bonding in 3.8 is also very similar to that in 

3.3. As in 3.3, the Ru1 – Ru6 bond to the “spike” is the shortest metal – metal bond in the 

cluster, Ru1-Ru6 = 2.7436(3) Å. The C4H4 ligand bridges the Ru1 – Ru6 bond as in 3.3. 

The C – C bonds within the C4H4 ligand are similar to those in 3.3, C1-C2 = 1.426(4) Å, 

C2-C3 = 1.426(4) Å, C3-C4 = 1.410(4) Å. There is a DMAD ligand bridging a basal 

edge of the square pyramidal cluster at the Ru4 – Ru5 bond in a di- coordination 
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fashion. It has replaced the bridging CO ligand in 3.3 and as a result the Ru4 –Ru5 bond 

increased in length by approx. 0.05 Å, Ru4-Ru5 = 2.8080(3) Å. 

The 1H NMR spectrum for 3.8 shows three resonances: two for the two inequivalent pairs 

of C4H4 protons  = 5.95 (dd, 2H, 3JH1-H2 = 5.8 Hz, 3J H1-H3 = 2.7 Hz) and 5.60 (dd, 2H, 

3JH1-H2 = 5.8 Hz, 3J H1-H3 = 2.7 Hz) and one for the equivalent methoxy group on the 

DMAD ligand,  = 3.82 (s, 6H, OCH3). Compound 3.8 contains a total of 90 cluster 

valence electrons as found in 3.3 which is consistent with the EAN and PSEP electron 

counting rules. 

When a solution of compound 3.5 was heated to 65 oC for 4 days, it was 

converted to the new compound 

Ru6C(CO)14[CHCHCHCC(CO2Me)C(CO2Me)](-H), 3.9, 25% yield. Compound 

3.9 was characterized by IR, 1H NMR, single-crystal X-ray diffraction analysis and mass 

spectrometry. The crystal of 3.9 contains two independent molecules in the asymmetric 

unit. Both molecules are structurally similar. An ORTEP diagram of the molecular 

structure of molecule A of 3.9 is shown in Figure 3.9. The cluster contains six ruthenium 

atoms in the arrangement of a spiked, square pyramid similar to those found in 

compounds 3.3 and 3.8. As in 3.3 and 3.8, the C4-bridged Ru1 – Ru6 bond to the spike 

Ru6 is one of the shortest Ru – Ru bonds in the molecule, Ru1a-Ru6a = 2.7517(6) Å. The 

most interesting ligand in the complex is a 4-
6-1,2-(MeO2C)2CCHCHCH ligand that 

bridges the Ru1-Ru2-Ru3 triangular face of the Ru5 square pyramid and extends to the 

metal spike Ru6. The 1,2-(MeO2C)2CCHCHCH ligand was formed by a C – C coupling 

of one of the carbon atoms of the DMAD ligand of 3.5 and one of the terminal CH 

groups of the C4H4 ligand of 3.5. A C – C bond was formed C4a and C5a, C4a-C5a = 
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1.454(5) Å, followed by a cleavage of the CH bond on atom C4a. Atom C4a became a 

bridge across the metal atoms Ru1a and Ru2a, Ru1a-C4a = 2.142(3) Å and Ru2a-C4a = 

2.309(3) Å, and the hydrogen atom became a bridging ligand across the Ru1a and Ru3a 

bond in the cluster and it was located and refined in the structural analysis. Its resonance 

is shown in the 1H NMR spectrum at  = -21.9 as expected. The three CH protons on the 

C6 chain exhibit resonances at   = 6.69 (m, 3JH-H = 6.0 Hz, 4JH-H = 3.0 Hz), 5.94 (dd, 3JH-

H = 3.0 Hz, 3JH-H = 3.0 Hz) and 5.71 (m, 3JH-H = 6.3Hz, 4JH-H = 3.0 Hz) as expected and 

the methoxyl methyl groups appear as singlets at  = 3.95 and 3.87. The bridging 1,2-

(MeO2C)2CCHCHCH ligand serves as a 9-electron donor, the hydride as a one electron 

donor and with fourteen CO ligands, complex 3.9 achieves a total of 90 cluster valence 

electrons which is consistent with the observed spiked, square-pyramidal Ru6 structure 

according to both the EAN rule and the PSEP theories of electron counting.15   

When compound 3.3 was allowed to react with Me3NO in a toluene-d8 solution at 

50 oC for 3 d it was converted to the new compound Ru6C(CO)15(C4H4)(NMe3), 

3.10 in 10.5% yield. Compound 3.10 is a simple NMe3 derivative of 3.3 formed by a 

Me3NO induced decarbonylation of 3.3 and the addition of the resultant NMe3 to one of 

the metal atoms of the Ru6 cluster. Compound 3.10 was characterized by a single-crystal, 

X-ray diffraction analysis and An ORTEP diagram of the molecular structure of 3.10 is 

shown in Figure 3.10. As expected, the metal cluster of 3.10 also contains a spiked, 

square-pyramidal Ru6 structure similar to 3.3 and 3.8. It contains a bridging C4H4 

ligand across the Ru5 – Ru6 bond to the Ru6 spike. As expected, the bond distance Ru5-

Ru6 = 2.7422(3) Å, is contracted due to the presence of the bridging C4H4 ligand. The 

NMe3 ligand is located on the Ru6 spike trans to the Ru5 – Ru6 bond, Ru6-N = 
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2.2241(19) Å.  The 1H NMR spectrum of 3.10 exhibits two resonances for the two pairs 

of CH protons on the C4H4 ligand at  = 5.71 (dd, 3JH-H = 3.9 Hz, 3JH-H = 3.9 Hz), 5.23 

(dd, 3JH-H = 3.9 Hz, 3JH-H = 3.9 Hz) and one resonance  = 2.73 for the methyl groups on 

NMe3 ligand.  

Discussion 

Studies have shown that alkyne ligands undergo C-C bond coupling at mono- and 

dinuclear metal centers.5,6,18 A number of metallacycles have been structurally 

characterized that have been formed by C – C coupling of two, three and four alkyne 

molecules at dinuclear metal centers.18 Arenes are a common product in many of these 

reactions. A variety of mechanisms have been proposed for their formation.9 

 In this work, we have investigated the reactions of the Ru6 cluster complex 3.2 

with disubstituted alkyne DMAD and a triply-bridging C4H4 ligand in the complex 3.2. A 

summary of these reactions is shown in Scheme 3.5. Two isomeric complexes, 3.4 and 

3.7, were each found to contain an octahedral-shaped cluster of six ruthenium atoms with 

a -coordinated 1,2-C6H4(CO2Me)2 arene ring as a ligand that was formed by a coupling 

of the DMAD to the bridging C4H4 ligand. The mechanism of the formation of this arene 

ligand has not been determined yet. The triply-bridging 1,2-C6H4(CO2Me)2 ligand in 3.7 

was converted to a terminal,-coordinated 1,2-C6H4(CO2Me)2 ligand in 3.4 simply by 

heating at 50 oC. When treated with CO, the 1,2-C6H4(CO2Me)2 ligand in 3.4 and 3.7 was 

released to yield the free arene 1,2-C6H4(CO2Me)2, 3.11 with formation of the parent 

carbonyl cluster complex Ru6(6-C)(CO)17.
19  

Two competing products, 3.5 and 3.6, were also formed in the reaction of 3.2 with 

DMAD. In these products, the DMAD is coordinated to metal atoms of the cluster as a 
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bridging ligand. The increase in bonding electrons at the cluster caused by the addition of 

the DMAD, results in the cleavage of metal – metal bonds with transformation of the 

cluster into edge-bridged, open-square-pyramidal species. Interestingly, when heated to 

50 oC, compound 3.6 was converted to 3.5 by shifting the –bonding of the bridging 

C4H4 ligand from the apex-metal atom Ru6 of the open square-pyramid to the edge-

bridged metal atom of the square pyramid of 3.5. 

 A minor coproduct 3.3 was obtained in the reaction of 3.2 with DMAD. It formed 

by the addition of two equivalents of CO only to 3.2. The CO was presumably scavenged 

from the reaction solution mixture. The increase in the number of CO ligands in the 

formation of 3.3 caused the Ru6 cluster to open to yield the first example of a spiked, 

squared-pyramidal cluster of six ruthenium atoms. Compound 3.2 was found to react with 

CO (at 1 atm) directly at 25 oC to yield 3.3 in a good yield. In an effort to obtain 3.5 or 

3.6 from 3.3, a sample of 3.3 was treated directly with DMAD. Instead, the new 

compound 3.8 was formed by adding one equivalent of DMAD accompanied by the loss 

of one CO ligand. Compound 3.8 contains a DMAD bridging along a basal edge of the 

square-pyramid of the spiked, squared-pyramidal cluster of metal atoms. Efforts to obtain 

3.5 or 3.6 from 3.8 by heating were unsuccessful.    

When heated to 65 oC, compound 3.5 was converted to yet another isomer, 3.9, by 

formation of a carbon – carbon bond between the DMAD ligand and one of the terminal 

CH groups of the -coordinated C4H4 ligand. In this process the CH bond of that CH 

group was cleaved and the hydrogen atom was converted to a bridging hydrido ligand on 

one of the Ru – Ru bonds of the metal cluster.  
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Finally, an effort was made to condense the metal cluster of 3.3 by 

decarbonylation by using Me3NO. While decarbonylation did occur, cluster condensation 

did not. Instead, a molecule of NMe3, obtained by the reaction of the Me3NO with the CO 

ligand, was added to the metal atom spike, presumably the site of decarbonylation, to 

yield the compound 3.10, a NMe3 derivative of 3.3.    

Conclusions 

 Reactions of the first octahedral metal cluster complex containing a triply-

bridging C4H4 ligand formed by the coupling of two molecules of C2H2 with a third 

alkyne (DMAD) have been investigated. Coupling of the DMAD to the C4H4 ligand to 

yield the arene 3.11 ligand was observed. Competing reactions involving additions of the 

DMAD molecule to the metal atoms produced cluster opening products.  Two of the open 

cluster complexes, 3.5 and 3.6, exhibit dynamical activities on the 1H NMR timescale at 

25 oC that are attributed to flexibility in the open metal clusters at this temperature. 
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Table 3.1. Crystal Data for the X-Ray Structural Analyses for Compounds 3.3 –3.6. 

a R1 = hkl(Fobs-Fcalc)/hklFobs; wR2 = [hklw(Fobs-Fcalc)2/hklwF2
obs]

1/2; 

w = 1/2(Fobs); GOF = [hklw(Fobs-Fcalc)2/(ndata – nvari)]
1/2 

 

Compound  3.3 3.4 3.5 3.6 

Empirical formula   C21H4O16Ru6  C25H10O18Ru6  C25H10O18Ru6 C25H10O18Ru6 

Formula weight   1118.66  1204.75 1204.75 1204.75 

Crystal system  monoclinic monoclinic monoclinic triclinic 

Lattice parameters       

a (Å)  9.3269(3) 15.5552(8) 8.9118(3) 9.8368(7) 

b (Å)  13.5819(5) 15.4822(8) 18.4294(6) 18.0052(13) 

c (Å)  22.3396(8) 26.4000(17) 19.5202(7) 18.4116(13) 

α (deg)  90.00 90.00  90.00 90.990(2) 

β (deg)  98.315(2) 90.3845(19) 99.6110(10) 93.448(2) 

γ (deg)  90.00 90.00 90.00 95.812(2) 

V (Å3)  2800.17(17) 6357.7(6) 3160.98(19) 3237.4(4) 

Space group  P21/c I2/a P21/c P-1 

Z value  4 8 4 4 

 ρcalc (g/cm3) 2.654 2.517 2.532 2.472 

μ (Mo Kα) (mm-1)  3.229 2.859 2.875 2.807 

Temperature (K)  100(2) 301(2)  100(2) 300(2) 

2θmax (°) 65.31 55.198 60.078 50.22 

No. Obs. (I>2σ(I)) 10246 7328 9250 11480 

No. of parameters    405  444 461 888 

Goodness of fit 

(GOF)  

1.080 
1.017 

1.119 1.105 

Max. shift/error on 

final cycle 

 0.005 
0.002 

0.001 0.001 

Residuals 2 σ(I)*: 

R1; wR2  

0.0193;0.0312 
0.0323;0.0636 

0.0192; 

0.0384 

0.0590; 

0.1218 

Absorption Corr,  

Max/min  

Multi-scan 

0.3605/ 

0.2593 

Multi-scan 

0.7456/0.6642 

Multi-scan 

0.7460/0.6478 

multi-scan 

0.1770/ 

0.1224 

Largest peak in 

Final Diff. Map (e- / 

Å3)  

0.84 

1.09 

0.51 0.975 
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Table 3.2. Crystal Data for the X-Ray Structural Analyses for Compounds 3.7 – 3.10. 

aR1 = hkl(Fobs-Fcalc)/hklFobs; wR2 = [hklw(Fobs-Fcalc)2/hklwF2
obs]

1/2;  

 w = 1/2(Fobs); GOF = [hklw(Fobs-Fcalc)2/(ndata – nvari)]
1/2 

 

Compound  3.7 3.8 3.9 3.10 

 Empirical formula  
 C25H10O18Ru6  C26H10O19Ru6 C27H14.5O18Ru6 C32H22NO15R

u6 

Formula weight  1204.75 1232.76 1233.31 1266.92 

Crystal system  monoclinic monoclinic triclinic triclinic 

Lattice parameters      

a (Å)  14.7789(8) 15.3963(4) 12.020(2) 9.3716(3) 

b (Å)  11.5156(7) 13.6012(4) 15.548(3) 14.9002(5) 

c (Å)  18.4821(11) 16.9225(5) 19.912(4) 15.6455(5) 

α (deg)  90.00 90.00 78.488(7) 107.8088(12) 

β (deg)  98.3780(10) 111.385(2) 79.644(7) 102.7263(13) 

γ (deg)  90.00 90.00 86.467(7) 102.6617(13) 

V (Å3)  3111.9(3) 2509.1(2) 3585.9(12) 1929.92(11) 

Space group  P21/c P21/c P -1 P-1 

Z value  4 4 4 2 

 ρcalc (g/cm3) 2.571 2.481 2.284 2.180 

μ (Mo Kα) (mm-1)  2.920 2.759 2.537 2.355 

Temperature (K)  100(2) 100(2) 300(2) 100(2) 

2θmax (°) 56.676 56.69 60.386 61.148 

No. Obs. (I>2σ(I))  7757 8228 20958  11824 

No. of parameters   457  478 921  586 

Goodness of fit 

(GOF)  

 1.047 1.035 1.137  1.075 

Max. shift/error on 

final cycle 

 0.001 0.001 0.002  0.002 

Residuals 2σ(I)*: R1; 

wR2  

 0.0231; 0.0410 0.0230; 0.0431  0.0321; 0.0644 0.0249;0.0400 

Absorption Corr,  

Max/min  

multi-scan 

0.3343/0.2810 

multi-scan 

0.6944/0.6059 

multi-scan 

0.2650/0.1971 

multi-scan 

 

0.5645/0.460

5 

Largest peak in Final 

Diff. Map (e- / Å3)  

0.65 0.77 0.854 0.548 



 

81 

 

Figure 3.1. An ORTEP diagram of the molecular structure of the compound 

Ru6C(CO)16(C4H4), 3.3 showing the 50% thermal ellipsoidal probability. Selected 

interatomic distances (Å) are as follows: Ru1-Ru2 = 2.80944(19), Ru1-Ru3 = 

2.80862(19), Ru1-Ru4 = 2.96963(19), Ru1-Ru5 = 2.96241(19), Ru1-Ru6 = 2.74975(19), 

Ru2-Ru3 = 2.85374(19), Ru2-Ru5 = 2.9185(2), Ru3-Ru4 = 2.9228(2), Ru4-Ru5 = 

2.75116(19), Ru1-C1 = 2.0897(16), Ru1-C4 = 2.0978(16), Ru6-C1 = 2.3026(15), Ru6-

C2 = 2.1971(16), Ru6-C3 = 2.2053(16), Ru6-C4 = 2.3006(16), C1-C2 = 1.422(2), C2-C3 

= 1.430(2), C3-C4 = 1.422(2), C1-H1 = 0.962(19), C2-H2 = 0.93(2), C3-H3 = 0.93(2), 

C4-H4 = 0.98(2). 
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Figure 3.2. An ORTEP diagram of the molecular structure of the compound Ru6(μ6-

C)(CO)14[-1,2-C6H4(CO2Me)2], 3.4 showing the 15% thermal ellipsoidal probability. 

Selected interatomic distances (Å) are as follows: Ru1-C1 = 2.257(4), Ru1-C2 = 

2.279(5), Ru1-C3 = 2.242(5), Ru1-C4 = 2.221(5), Ru1-C5 = 2.236(5), Ru1-C6 = 

2.253(4), C1-C2 = 1.422(7), C1-C6 = 1.415(7), C1-C7 = 1.510(7), C2-C3 = 1.406(7), 

C2-C9 = 1.508(7), C3-C4 = 1.402(7), C4-C5 = 1.401(8), C5-C6 = 1.393(7), O1-C7 = 

1.194(6), O2-C7 = 1.312(6), O2-C8 = 1.445(6), O3-C9 = 1.199(6), O4-C9 =1.322(6), 

O4-C10 = 1.452(7). 
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Figure 3.3. An ORTEP diagram of the molecular structure of the compound Ru6(μ6-

C)(CO)14[-1,2-C6H4(CO2Me)2], 3.7, showing the 50% thermal ellipsoidal 

probability. Selected interatomic distances (Å) are as follow: Ru1-C1 = 2.140(3), Ru1-C6 

= 2.327(3), Ru2-C2 = 2.365(3), Ru2-C3 = 2.194(3), Ru3-C4 = 2.364(3), Ru3-C5 = 

2.217(3), C1-C2 = 1.471(4), C2-C3 = 1.423(4), C3-C4 = 1.451(4), C4-C5 = 1.399(4), 

C5-C6 = 1.439(4), C1-C6 = 1.438(4), C1-C7 = 1.501(4), C2-C9 = 1.504(4), O1-C7 = 

1.202(4), O2-C7 = 1.340(4), O2-C8 = 1.453(3), O3-C9 = 1.205(4), O4-C9 = 1.337(4), 

O4-C10 = 1.443(4). 
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Figure 3.4. An ORTEP diagram of the molecular structure of the compound Ru6(μ6-

C)(CO)14(C4H4)[C2(CO2Me)2], 3.5 showing the 40% thermal ellipsoidal 

probability. Selected interatomic distances (Å) are as follows: Ru1-Ru2 = 2.8100(2),  

Ru1-Ru3 = 2.8545(2), Ru1-Ru4 = 3.3627(2), Ru1-Ru5 = 3.0304(2), Ru1-Ru6 = 

2.8643(2), Ru2-Ru3 = 2.8622(2), Ru2-Ru5 = 2.8784(2), Ru3-Ru4 = 2.9356(2), Ru4-Ru5 

= 2.7074(2), Ru4…Ru6 = 3.750(1), Ru5-Ru6 = 3.0992(2), Ru1-C1 = 2.086(2), Ru1-C4 = 

2.106(2), Ru6-C1 = 2.229(2), Ru6-C2 = 2.239(2), Ru6-C3 = 2.251(2), Ru6-C4 = 

2.273(2), Ru6-C8 = 2.099(2), Ru5-C7 = 2.191(2), Ru5-C8 = 2.216(2), Ru4-C7 = 

2.072(2), C1-H1 = 0.86(3), C1-C2 = 1.395(3), C2-H2 = 0.94(3), C2-C3 = 1.434(3), C3-

H3 = 0.92(3), C3-C4 = 1.397(3), C4-H4 = 0.96(3), C6-C7 = 1.497(3), C7-C8 = 1.404(3), 

C8-C9 = 1.512(3), O1-C6 = 1.206(3), O2-C5 = 1.447(3), O2-C6 = 1.333(3), O3-C9 = 

1.202(3), O4-C9 = 1.337(3), O4-C10 = 1.442(3). 
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Figure 3.5. A Stacked plot of the 1H NMR spectra of 3.5 at different temperatures in 

CD2Cl2 solvent.  
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Figure 3.6. An ORTEP diagram of the molecular structure of the compound Ru6C 

(CO)14(C4H4)[C2(CO2Me)2], 3.6 showing the 15% thermal ellipsoidal 

probability. Selected interatomic distances (Å) for molecule A are as follows: Ru1A-

Ru2A = 2.8259(14), Ru1A-Ru3A = 2.8015(14), Ru1A-Ru4A = 3.0991(13), Ru1A-Ru6A 

= 2.8523(14), Ru2A-Ru3A = 2.8472(15), Ru2A-Ru5A = 2.9314(14), Ru3A-Ru4A 

=2.8812(14), Ru4A-Ru5A = 2.8103(13), Ru4A-Ru6A = 3.0388(14), Ru5A-Ru6A = 

2.8396(14), Ru1A…Ru5A = 3.604(4), Ru1A-C1A = 2.216(11), Ru1A-C2A = 2.237(12), 

Ru1A-C3A = 2.261(12), Ru1A- C4A = 2.377(12), Ru4A-C7A = 2.068(12), Ru5A-Ru6A 

= 2.8396(14), Ru5A-C8A = 2.044(12), Ru6A-C1A = 2.041(12), Ru6A-C4A = 2.095(12), 

Ru6A-C7A = 2.299(11), Ru6A-C8A = 2.270(11), C1A-C2A =  1.415(17), C2A-H2A = 

0.9800, C2A-C3A = 1.411(19), C3A-C4A = 1.431(17), C6A-C7A = 1.483(17), C7A-

C8A = 1.392(16), C8A-C9A = 1.496(16). 
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Figure 3.7. A Stacked plot of the 1H NMR spectra of 3.6 at different temperatures. 
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Figure 3.8. An ORTEP diagram of the molecular structure of the compound 

Ru6C(CO)15(C4H4)[C2(CO2Me)2], 3.8 showing the 40% thermal ellipsoidal 

probability. Selected interatomic distances (Å) are as follows: Ru1-Ru2 = 2.7925(3), 

Ru1-Ru3 = 2.8079(3), Ru1-Ru4 = 3.0092(3), Ru1-Ru5 = 2.9699(3), Ru1-Ru6 = 

2.7436(3), Ru2-Ru3 = 2.8421(3), Ru2-Ru5 = 2.9243(3), Ru3-Ru4 = 2.8818(3), Ru4-Ru5 

= 2.8080(3), Ru1-C1 = 2.097(3), Ru1-C4 = 2.102(3), Ru6-C1 = 2.291(3), Ru6-C2 = 

2.206(3), Ru6-C3 = 2.216(3), Ru6-C4 = 2.294(3), Ru4-C7 = 2.091(3), Ru5-C8 = 

2.095(3), C1-C2 = 1.426(4), C2-C3 = 1.426(4), C3-C4 = 1.410(4), C7-C8 = 1.320(4), 

C6-C7 = 1.471(4), C8-C9 = 1.479(4), O1-C6 = 1.200(3), O2-C5 = 1.439(4), O2-C6 = 

1.342(3), O3-C9 = 1.201(3), O4-C9 = 1.340(4), O4-C10 = 1.449(4). 
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Figure 3.9. An ORTEP diagram of the molecular structure of the compound 

Ru6C(CO)14[CHCHCHCC(CO2Me)C(CO2Me)](-H), 3.9 showing the 20 % 

thermal ellipsoidal probability. Selected interatomic distances (Å) are as follows: Ru1a-

Ru6a = 2.7517(6), Ru1a-C1a = 2.053(4), Ru1a-C4a = 2.142(3), Ru1a-C11a = 1.884(3), 

Ru2a-C4a = 2.309(3), Ru2a-C5a = 2.204(4), Ru2a-C6a = 2.209(4), Ru3a-C6a = 2.058(4), 

Ru4a-C0a = 1.971(3), Ru6a-C1a = 2.290(4), Ru6a-C2a = 2.234(4), Ru6a-C3a = 2.188(4), 

Ru6a-C4a = 2.332(3), C1a-H1a = 0.9800, C1a-C2a = 1.396(5), C2a-H2a = 0.9800, C2a-

C3a = 1.413(5), C3a-H3a = 0.9800, C3a-C4a = 1.451(5), C4a-C5a = 1.454(5), C5a-C6a =  

1.419(5), Ru1a-Ha = 1.87(3), Ru3a-Ha = 1.89(3). 
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Figure 3.10. An ORTEP diagram of the molecular structure of the compound Ru6C 

(CO)15(C4H4)(NMe3), 3.10 showing the 50% thermal ellipsoidal probability. 

Selected interatomic distances (Å) are as follows: Ru5-Ru6 = 2.7422(3), Ru5-C1 = 

2.119(2), Ru5-C4 = 2.093(2), Ru6-N1 = 2.2241(19), Ru6-C1 = 2.301(2), Ru6-C2 = 

2.221(2), Ru6-C3 = 2.217(2), Ru6 -C4 = 2.282(2), N1-C5 = 1.487(3), N1-C6 = 1.489(3), 

N1-C7 = 1.489(3), C3-C4 = 1.417(3). 
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Scheme 3.3 
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CHAPTER 4 

HETEROMETALLIC NITRIDO CLUSTER COMPOUNDS: 

SYNTHESIS AND CHARACTERIZATIONS OF THE FIRST 

NITRIDO-CONTAINING RUTHENIUM-GOLD AND RUTHENIUM-

COPPER CARBONYL CLUSTER COMPLEXES3 
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4.1 Introduction 

Heterobimetallic catalysts involving the coinage metals, Cu, Ag and Au, have 

been found to exhibit activity and selectivity that varies significantly from that of their 

monometallic components.1,2 Studies have shown that bimetallic complexes can serve as 

precursors to valuable, bimetallic, homogeneous and heterogeneous catalysts.3 Over the 

years there has been much interest in the synthesis, structures and properties of bimetallic 

complexes containing the coinage metals.4 Indeed, some of the very first hetero-

bimetallic complexes ever prepared involved ligated gold groupings bonded to transition 

metal carbonyl groups, e.g.5 Historically, one of the most successful methods for 

preparing heterometallic cluster complexes has been through reactions of polynuclear 

metal carbonyl anions with metal halide complexes or complex metal cations.6 This 

method has been particularly effective when used with the coinage metals, Cu, Ag and 

Au.4 

A range of bimetallic cluster complexes containing interstitial carbido ligands 

have been prepared over the years.7 There are also a number of examples of bimetallic 

cluster complexes containing interstitial borido ligands8 and there are even a few 

containing oxo ligands.9 We have been able to find only one example of 

heteromultimetallic cluster complexes, namely [Co5MoN(CO)14{AuPPh3}]-, containing 

gold atom that also contains an interstitial nitrido ligand in the cluster.10 In the work 

reported herein, we have synthesized a number of new bimetallic ruthenium cluster 

complexes containing an interstitial nitrido ligand by reactions of the anion [Ru5(µ5-

N)(CO)14]
-, 4.111 with gold and copper complexes and have investigated their structures 

and their dynamical activity in solutions. 
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4.2 Experimental Section.  

General Data 

All reactions were carried out under an atmosphere of nitrogen by using the 

standard Schlenk techniques. Reagent grade solvents were dried by standard procedure 

and were freshly distilled under nitrogen prior to use. Infrared spectra were recorded on a 

Nicolet IS10 Midinfrared FT-IR spectrophotometer. 1H NMR was recorded on a Bruker 

AVANCE III-HD 300 spectrometer operating at 300.1 MHz. 31P NMR spectra were 

recorded on a Bruker AVANCE III-HD 500 spectrometer operating at 202.49 MHz; 85% 

H3PO4 was used as an external reference. The 31P EXSY spectrum was collected on a 

Bruker AVANCE III-HD 400 MHz spectrometer (161.96 MHz) using the vendor 

supplied phase sensitive NOESY pulse sequence with a 300 ms mixing time.  Exchange 

rates in exchanged broadened spectra were calculated at the coalescence temperatures by 

using the standardized equations.11a The free energies of activation G‡ at the 

coalescence temperatures were calculated by using the Eyring equation.11b Ru3(CO)12 was 

purchased from STREM Chemicals. Au(PPh3)Cl and [Cu(NCMe)4][BF4] were purchased 

from Sigma Aldrich. All reagents were used without further purification. [PPN][Ru5(µ5-

N)(CO)14], 4.1,12 [Cu(PPh3)Br]4
13 and [Au(PPh3)]NO3

14 were prepared according to 

previously reported procedures. Unless indicated otherwise, product separations were 

performed by TLC in air on Analtech 0.50 mm and 0.25 mm silica gel 60 Å F254 glass 

plates. All of the products reported in this paper appear to be air- and light stable when 

stored in room light under ambient conditions. 
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Reaction of [PPN][Ru5(µ5-N)(CO)14] (4.1) with Au(PPh3)NO3 at room temperature. 

In a 50 mL three-neck flask, 72.6 mg (0.050 mmol) of 4.1 was added to 20 mL of 

methylene chloride under a slow purge of nitrogen. To this mixture was added 26.1 mg 

(0.050 mmol) of Au(PPh3)NO3. After stirring for 30 min at room temperature, the solvent 

was removed in vacuo. The products were then separated by TLC by using a solvent 

mixture of hexane/methylene chloride to yield three bands in the order of elution: 1.7 mg 

of the compound Ru4(µ4-N)(CO)12AuPPh3, 4.2 (3% yield); 9.1 mg of Ru5(µ5-

N)(CO)14Au(PPh3), 4.3 (13% yield),  and 3.4 mg of Ru5(µ5-N)(CO)13[Au(PPh3)]3, 4.4 

(3% yield). Compound 4.4 was obtained in a better yield (36%) on the reaction of 4.1 

with [{(PPh3)Au}3O][BF4], see below. Spectral data for 4.2: IR spectra, νCO (cm-1 in 

CH2Cl2): 2085.1(w), 2056.7(vs), 2035.1(s), 2005.5(m), 1971.2(vw). 1H NMR (CD2Cl2,  

in ppm): 7.43 – 7.50 (m, 15H, P(C6H5)3). 
31P NMR (CD2Cl2,  in ppm): 61.245(s, 

P(C6H5)3). Mass Spectrum (EI+): M+ = 1214.6. The isotope distribution pattern is 

consistent with the presence of four ruthenium and one gold atom. Spectral data for 4.3: 

IR spectra, νCO (cm-1 in CH2Cl2): 2078.0(w), 2044.1(m), 2036.2(s), 2018.5(vs), 

1988.2(vw), 1885.0(vw, br), 1851.9 (vw, br). 1H NMR (CD2Cl2,  in ppm): 7.53 – 7.73 

(m, 15H, P(C6H5)3).  
31P NMR (CD2Cl2,  in ppm, 25 oC): 68.12 (s, P(C6H5)3).  Spectral 

data for 4.4: IR spectra, νCO (cm-1 in CH2Cl2): 2034.9(w), 2002.2(vs), 1957.3(s), 

1811.1(m). 1H NMR (CD2Cl2,  in ppm): 7.35 – 7.68 (m, 45H, [P(C6H5)3]3). VT- 31P 

NMR (CD2Cl2,  in ppm, -90 oC): 62.52 (s, P(C6H5)3), 61.91 (s, P(C6H5)3), 60.79 (s, 

P(C6H5)3).  
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Reaction of [PPN]Ru5(µ5-N)(CO)14 (4.1) with {[(PPh3)Au]3O}[BF4] at room 

temperature 

In a 50 mL three-neck flask, 48 mg (0.033 mmol) of 4.1 was added to 20 mL of 

methylene chloride under a slow purge of nitrogen. To this mixture was added 50 mg 

(0.034 mmol) of [{(PPh3)Au}3O][BF4]. After stirring for 30 min, the solvent was 

removed in vacuo. The residue was extracted twice with benzene. The two extracts were 

combined and reduced to half and filtered. Addition of few drops of hexane to reduced 

extract induced the formation of red crystals of compound 4.4 (27 mg, 36% yield). 

Reaction of [PPN][Ru5(µ5-N)(CO)14], 4.1 with [Cu(PPh3)Br]4 at room temperature. 

In a 100 mL three-neck flask, 97.5 mg (0.067 mmol) of 4.1 was added to 20 mL 

of methylene chloride under a slow purge of nitrogen. To this mixture was added 129 mg 

(0.0804 mmol) of [Cu(PPh3)Br]4 followed by 51.0 mg (0.145 mmol) of Tl[PF6]. After 

stirring for 30 min at room temperature, the solvent was removed in vacuo, and the 

products were then separated by TLC by using a solvent mixture of hexane/methylene 

chloride. The following products were obtained in the order of elution: 6.0 mg of yellow 

Ru4(µ4-N)(CO)12[Cu(PPh3)], 4.5 (8.3% yield); 5.2 mg of red-orange Ru5(µ5-

N)(CO)13(PPh3)[µ3-Cu(PPh3)], 4.6, (5.2% yield), and 6.7 mg of red Ru5(µ5-N)(CO)13[µ-

Cu(PPh3)][(µ3-Cu(PPh3)]2, 4.7 (5.3% yield). Spectral data for 4.5: IR spectra, νCO (cm-1 in 

CH2Cl2): 2085.0 (w), 2058.0 (vs), 2031.8 (s), 2006.0 (m). 1H NMR (CD2Cl2,  in ppm): 

7.41 – 7.52 (m, 15H, P(C6H5)3). 
31P NMR (CD2Cl2,  in ppm): 1.44 (s, P(C6H5)3). 

Spectral data for 4.6: IR spectra, νCO (cm-1 in CH2Cl2): 2055.1(w), 2020.9(s), 2004.7(vs), 

1966.1(m), 1860.3(vw, br), 1834.4(vw, br). 1H NMR (CD2Cl2,  in ppm): 7.29 – 7.61 (m, 

15H, P(C6H5)3), 6.95 – 7.02 (m, 15H, P(C6H5)3; 
31P NMR (CD2Cl2,  in ppm, 25 oC): 
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41.37 (s, RuP), 2.73 (s, CuP). Spectral data for 4.7: IR spectra, νCO (cm-1 in CH2Cl2): 

2030.2(w), 1993.9(vs), 1955.7(s), 1943.5(s), 1824.9(m, br). 1H NMR (CD2Cl2,  in ppm): 

7.20 – 7.70 (m, 45H, [P(C6H5)3]3).VT- 31P NMR (d8-toluene,  in ppm, -65 oC): 0.37 (s, 

P(C6H5)3), -4.82 (s, P(C6H5)3), -5.90 (s, P(C6H5)3).    

Reaction of [PPN][Ru5(µ5-N)(CO)14] (4.1) with [Cu(NCMe)4][BF4] at room 

temperature. 

In a 50 mL three-neck flask, 64 mg (0.044 mmol) of 4.1 was added to 20 mL of 

methylene chloride under a slow purge of nitrogen. To this mixture was added 14 mg 

(0.044 mmol) of [Cu(NCMe)4][BF4]. After stirring for 30 min at room temperature, the 

solvent was removed in vacuo, and the product Ru5(µ5-N)(CO)14[µ3-Cu(NCMe)] (40 mg, 

0.039 mmol, 89% yield), 4.8  was then isolated by solvent extraction from the reaction 

mixture using benzene solvent (10 mL). Spectral data for 4.8: IR spectra, νCO (cm-1 in 

CH2Cl2): 2076.4(w), 2055.9(m), 2031.9(vs), 2017.3(s), 1981.9(sh). 1H NMR (CD2Cl2,  

in ppm) 2.42 (s, 3H, CH3). 

Crystallographic Analyses.    

Crystals of each product suitable for single-crystal X-ray diffraction analyses 

were grown by slow evaporation of solvent from solutions of the pure compound in the 

open air at room temperature. Yellow crystals of compound 4.2 were obtained from a 

benzene/hexane solvent mixture. Dark red crystals of compound 4.3 were obtained from 

a CH2Cl2/benzene/hexane solvent mixture. Dark red crystals of compound 4.4 were 

obtained from a solution in a CH2Cl2/benzene/octane solvent mixture. Yellow crystals of 

compound 4.5 were obtained from a benzene/hexane solvent mixture. Red crystals of 

compound 4.6 were obtained from a CH2Cl2/benzene/hexane solvent mixture. Red 
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crystals of compound 4.7 were obtained from a solution in a CH2Cl2 /octane solvent 

mixture. Dark red crystals of 4.8 were obtained from a solution in a 

CH2Cl2/benzene/hexane solvent mixture. X-ray intensity measurements for compounds 

4.2, 4.3 and 4.6 were collected on a Bruker SMART APEX CCD-based diffractometer 

using Mo Kα radiation (λ = 0.71073 Å). The raw data frames were integrated with the 

SAINT+ program by using a narrow-frame integration algorithm.15 Corrections for 

Lorentz and polarization effects were also applied by using the program SAINT+. 

Empirical absorption corrections based on the multiple measurements of equivalent 

reflections was applied by using the program SADABS.15 All structures were solved by a 

combination of direct methods and difference Fourier syntheses, and refined by full-

matrix least squares on F2 by using the SHELXTL software package.16 All non-hydrogen 

atoms were placed in geometrically idealized positions included as standard riding atoms 

during the least-squares refinements. X-ray intensity data for compounds 4.4, 4.5, 4.7 and 

4.8 were collected at 100(2) K by using a Bruker D8 QUEST diffractometer equipped 

with a PHOTON-100 CMOS area detector and an Incoatec microfocus source (Mo K 

radiation,  = 0.71073 Å).17 The data collection strategy consisted of five 180° ω-scans 

with different φ settings, with a scan width per image of 0.5°. The crystal-to-detector 

distance was 5.0 cm. The raw area detector data frames were reduced, scaled and 

corrected for absorption effects using the SAINT17 and SADABS18 programs. Crystal 

data, data collection parameters, and results of these analyses are listed in Table 4.1. 

4.3 Results and Discussion  

Three gold containing products Ru4(µ4-N)(CO)12AuPPh3, 4.2 (3% yield), Ru5(µ5-

N)(CO)14Au(PPh3), 4.3 (13% yield),  and Ru5(µ5-N)(CO)13[Au(PPh3)]3, 4.4 (3% yield) 
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were obtained from the reaction of 4.1 with [Au(PPh3)]NO3 in CH2Cl2 solvent at room 

temperature, see Scheme 4.1. Compound 4.4 was obtained in a much better yield (36%) 

from the reaction of 4.1 with [{(PPh3)Au}3O][BF4] under similar conditions. Each 

product was characterized by IR and NMR spectroscopy and a single-crystal X-ray 

diffraction analysis.  

An ORTEP diagram of the molecular structure of compound 4.2 is shown in 

Figure 4.1. This compound contains only four ruthenium atoms arranged in a butterfly 

tetrahedral structure with a nitrido ligand in the center of the fold. The Ru – N bond 

distances to the hinge Ru atoms Ru1 and Ru2 are significantly longer, Ru1 – N1 = 

2.072(3) Å, Ru2 – N1 = 2.083(3) Å, than those to the wing-tip Ru atoms Ru3 and Ru4, 

Ru3 – N1 = 1.935(3) Å, Ru4 – N1 =  1.932(3) Å. Similar differences were observed for 

the hinge Ru – N and wingtip Ru – N bond distances for the complex Ru4(µ4-

N)(CO)11[P(OMe)3](µ-H)19 and the anion [Ru4N(CO)12]
-.20 An Au(PPh3) group bridges 

the hinge bond Ru1 – Ru2 bond, Ru1-Au1 = 2.7729(3) Å and Ru2-Au1 = 2.7503(3) Å. 

Each Ru atom contains three linear terminally coordinated CO ligands. Compound 4.2 

contains a total of 62 cluster valence electrons which is exactly the amount expected for a 

butterfly tetrahedral cluster of four metal atoms.21 The most similar RuAu cluster 

complex that we can find that is related to 4.2 is the carbido cluster complex Ru4(µ5-

C)(CO)12(µ-AuPMe2Ph)2, 4.9 which is a butterfly cluster of four ruthenium atoms with 

an interstitial carbido ligand in the center and a Au(PMe2Ph) ligand across the hinge Ru – 

Ru bond and another Au(PMe2Ph) group coordinated to the carbido ligand and the two 

wing-tip ruthenium atoms.22 Compound 4.9 contains two gold groupings because the 

carbide ligand contains one less electron than the nitrido ligand in 4.2 and it needs the 
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second Au(PMe2Ph) grouping to provide that additional electron to the Ru4C cluster to 

complete the bonding requirement of 62 valence electrons.21  

  

The molecular structures of the two Ru5NAu products 4.3 and 4.4 are shown in 

Figures 4.2 and 4.3, respectively. Both compounds contain a square pyramidal cluster of 

the five ruthenium atoms with an interstitial nitride ligand in the center of the base of the 

square pyramid.  

Compound 4.3 contains fourteen CO ligands. Two of these, C25-O25 and C34-

O34, are semibridging CO ligands on opposite sides of the base of the Ru5 square 

pyramid. The Au(PPh3) group bridges the Ru2 – Ru3 edge of the square pyramid. C45-

O45 is a symmetric bridging ligand on the Ru4 – Ru5 bond opposite the bridging 

Au(PPh3) bridged Ru – Ru bond, Ru2 - Ru3 bond. The Ru2 - Ru3 bond, 2.9871(7) Å, is 

the longest Ru – Ru bond in the molecule and is significantly longer (~0.2 Å) than all of 

the other Ru – Ru bonds. It is also 0.17 Å longer than the corresponding distance in the 

cluster of the anion 4.1, itself which has no bridging atom on this bond.23 It is well known 

that the edge-bridging hydrido ligand which is one electron donor like the Au(PPh3) 

group also produces a significant lengthening of the metal – metal bonds that it bridges.24 

It appears that the structural bond lengthening of metal – metal bonds maybe be extended 
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to bridging coinage metal groupings as well. The Ru – Au bond distances, Ru2-Au1 = 

2.7751(6) Å and Ru3-Au1 = 2.7561(5) Å, are very similar to those in 4.2. The nitrido 

ligand occupies the base of the Ru5 square pyramid. The Ru – N distances to Ru2 and 

Ru3 which are opposite from the bridging CO ligand, Ru2 – N1 = 1.994(5) Å, Ru3 – N1 

= 1.999(5) Å are significantly shorter than those to the other Ru atoms, Ru 1 – N1 = 

2.091(5) Å, Ru4 - N1 = 2.038(5) Å, Ru5 – N1 = 2.062(5) Å. A similar distortion was 

found for the Ru – N bond distances in the square pyramid anion [Ru5(µ5-N)(CO)14]
-, 4.1 

from which 4.3 was made.23 Indeed, the structure of the Ru5(µ5-N)(CO)14 cluster of 4.3 is 

extremely similar to that of the parent anion except for the presence of the bridging 

Au(PPh3) group. Compound 4.3 contains a total of 74 cluster valence electrons which is 

in accord with the observed square pyramidal structure for the five ruthenium atoms.21  

Housecroft et al. reported a related square pyramidal Ru5Au cluster complex 

Ru5(5-B)(CO)15(AuPPh3), 4.1025 which contains an interstitial borido ligand instead of 

the nitrido ligand in 4.3, but 4.10 has fifteen CO ligands. The increase in the number of 

CO ligands in 4.10 is required in order to make up for the fact that B atom in 4.10 

donates only 3-electrons to the cluster as compared to the nitrogen atom in 4.3 which 

donates 5-electrons to the cluster. Interestingly, the Au(PPh3) group in 4.10 bridges two 

of the ruthenium atoms in the base of the Ru5 square pyramid, but it is also bonded to the 

boron atom. The change in location of the Au(PPh3) group from 4.3 to 4.10 may be due 

to an increase in the steric crowding on the upper portion of the Ru5 cluster caused by the 

addition of the fifteenth CO ligand.  
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Compound 4.4 contains a square pyramidal cluster of five ruthenium atoms 

similar to that of 4.3, but there are three Au(PPh3) groups on the surface of this Ru5 

cluster. One of these bridges the Ru2 – Ru3 edge of the base of the square pyramid 

similar to that in 4.3. The other two Au(PPh3) groups are mutually bonded through the 

gold atoms. As in 4.3, the longest Ru – Ru bond is Ru2 - Ru3 bond, 2.9381(6) Å, that 

contains the lone edge bridging Au(PPh3) group.  The Au – Au bond distance, Au2 – Au3 

= 2.8159(3) Å is similar to that found in other related complexes, such as 

Ru6C(CO)16Au2(Ph2PCH2PPh2), Au – Au = 2.863(1) Å,26 Ru5(5-C)(CO)-

14[Au2(PPh2CH2CH2PPh2)], Au – Au = 2.811(1) Å,27 Ru5(5-C)(CO)11(-CO)2[-

Au(PPh3)]2, Au - Au = 2.8817(5)28 and Ru5(5-C)(CO)11(-CO)2[-Au(PPh3)]4 , Au - Au 

= 2.8277(6)28, but it is significantly shorter than the Au – Au bond distance in the trigold 

compound Ru5(µ5-B)(CO)14(µ-AuPPh3){µ4-(AuPPh3)2}, 4.11, Au – Au = 2.918(3) Å 

which contains an interstitial boride atom. Interestingly, the (AuPPh3)2 group in 4.11 

bridges the entire base of the Ru5 square pyramid and includes bonding to the boron 

atom.29 Like 4.10, compound 4.11 contains one more CO ligand than 4.4 which may 

induce the relocation of the Au2 grouping to the Ru4 base due to steric crowding. Each 
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Au(PPh3) group in 4.4 contributes one valence electron to the cluster, which then 

achieves a total of 74 valence electrons which is in accord with the observed square-

pyramidal structure of the Ru5 cluster.21 

 

The 31P NMR spectra of compound 4.4 exhibits single broad resonance at 63.92 

ppm at 25 oC for the three PPh3 ligands. The 31P NMR spectra of 4.4 at a variety of 

temperatures are in shown in Figure 4.4. At -90 oC, three slightly broadened phosphorus 

resonances of equal intensity are observed at 62.52, 61.91 and 60.79 ppm.  The 

resonances at 62.52 and 61.91 ppm broaden and coalesce into a single sharp resonance of 

intensity 2 at -50 oC. The third resonance has sharpened to a singlet of intensity 1.  At 

higher temperatures, the two resonances observed at -50 oC broaden and then merge into 

the single broad resonance observed at 63.92 ppm at 25 oC. These changes can be 

explained by the coexistence of two dynamical exchange processes. The most likely 

processes involve intramolecular permutations of the Au(PPh3) groups about the central 

Ru5 cluster. Other examples of dynamical stereochemistry of Au(PR3)
30 groups in 

bimetallic cluster complexes have been reported including that of compound 4.11.29  
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There are only three different ways to permute the Au(PPh3) groups in 4.4 

intramolecularly by one on one exchanges. These are shown in Scheme 4.2. Mechanisms 

and possible intermediates are not shown in Scheme 4.2. Pathway 4.1 would exchange 

the two mutually bonded Au(PPh3) labeled Au2 and Au3. Mechanistically, this could be 

as simple as a two-fold rotation about an axis perpendicular to the Au2 – Au3 bond. 

Pathway 4.2 would exchange the two Au(PPh3) labeled Au1 and Au2, and Pathway 4.3 

would exchange the two Au(PPh3) groups labeled Au1 and Au3. Pathways 2 and 3 would 

require a cleavage of the Au2 – Au3 bond followed by a shift of one to those Au(PPh3) 

groups to the other side of the Ru5 cluster. Unfortunately, there is no way to distinguish 

between these three exchange processes from the site to site exchanges shown in NMR 

data alone. From the coalescence temperatures of the NMR resonances it is possible to 

estimate, G‡, the free energy of activation, for the two observed exchange processes.31 

The resonances at 62.52 ppm and 61.91 ppm coalesce at -75 oC, G‡
198 = 9.3(3) 

kcal/mol. The coalescence for the higher energy exchange process is found at 63.92 ppm 

at 25 oC, G‡
298 = 13.9(3) kcal/mol.11 We prefer the exchange Pathway 1 for the lower 

energy exchange process simply because it would involve the making and breaking of 

fewer metal – metal bonds than Pathways 2 or 3. 

In addition to these two intramolecular exchange processes, there is also a higher 

energy intermolecular exchange process that involves the phosphine ligands of 4.4 with 

free PPh3, but this is only observed in the presence of added quantities of PPh3. This 

process is slow on the NMR timescale at room temperature, and it does not influence the 

dynamics of the intramolecular exchanges of the phosphine ligands shown in Figure 4.4. 

The slow intermolecular exchange process was revealed in an EXSY magnetization 
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transfer experiment by the observation of the cross peaks for the resonances of free PPh3 

added to a solution of 4.4 and the averaged resonance for the phosphine ligands of 

complex, see Figure 4.5.  

 Three RuCu carbonyl cluster complexes with each containing a nitrido ligand: 

Ru4(µ4-N)(CO)12[µ-Cu(PPh3)], 4.5 (8.3% yield); Ru5(µ5-N)(CO)13(PPh3)[µ3-

Cu(PPh3)], 4.6, (5.2% yield), and Ru5(µ5-N)(CO)13[µ-Cu(PPh3)][µ3-{Cu(PPh3)2}], 4.7 

(5.3% yield) were obtained in low yields from the reaction of 4.1 with [Cu(PPh3)Br]4 at 

room temperature for 30 min. Tl[PF6] was used to activate the copper reagent by assisting 

in removal of its bromide ligand. Each of the products was characterized by IR and 31P 

NMR spectroscopy and by single-crystal X-ray diffraction analysis. A schematic of the 

synthesis and structures of the products is shown in Scheme 4.3. 

An ORTEP diagram of the molecular structure of 4.5 is shown in Figure 4.6. 

Compound 4.5 is the copper homologue of compound 4.2. The Cu(PPh3) group bridges 

the hinge edge of the butterfly tetrahedron of the four ruthenium atoms of the cluster as 

found for the Au atom in 4.2. The Ru – Cu distances, Ru1-Cu1 = 2.5862(3) Å, Ru2-Cu1 

= 2.5966(3) Å, are similar to those in the related Ru3Cu bimetallic cluster complexes: 

Ru3(CO)9(C2But)(CuPPh3), Ru – Cu = 2.603(1) Å32 and Ru3(µ3-

PPhCH2PPh2)(CO)9(CuPPh3), Ru – Cu = 2.607(1) Å.33 The Ru – N distances to the 

interstitial nitrido ligand in 4.5 are very similar to the corresponding distances in 4.2, Ru1 

– N1 = 2.0852(15) Å, Ru2 – N1 = 2.0790(15) Å Ru3 – N1 = 1.9352(15) Å, Ru4 – N1 = 

1.9359(15) Å.  
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An ORTEP diagram of the molecular structure of compound 4.6 is shown in 

Figure 4.7. Like 4.3, compound 4.6 contains a square pyramidal cluster of five ruthenium 

atoms. There is a Cu(PPh3) group in 4.6, but unlike the Au(PPh3) in 4.3, it bridges one of 

the triangular faces of the square pyramid, Cu1-Ru1 = 2.6722(6) Å, Cu1-Ru2 = 2.6855(7) 

Å, Cu1-Ru3 = 2.7075(7) Å. The Ru – Ru bond distances are similar to those in 4.3, and 

the Cu-bridged Ru2-Ru3 bond in the base of the square pyramid is the longest in the 

cluster, 2.8844(5) Å. Unlike 4.3, the Ru5 cluster of 4.6 contains thirteen CO ligands and 

one PPh3 ligand. The latter is coordinated to one of the basal ruthenium atoms, Ru4 – P2 

= 2.3076(12) Å. As in 4.3, there is a bridging CO ligand across the Ru4 – Ru5 bond and a 

semibridging CO ligand on both the Ru3 – Ru4 and Ru2 – Ru5 metal – metal bonds. The 

Ru – N distances in 4.6 are similar to those in 4.3. 

The crystal of compound 4.7 contains two independent molecular units in the 

asymmetric crystal unit. Both molecules are structurally similar. An ORTEP diagram of 

the molecular structure of one of the two independent molecules in the crystal of 4.7 is 

shown in Figure 4.8. Compound 4.7 is very similar to 4.4 except that it contains three 

copper atoms in the locations of the three gold atoms in 4.4. Two of the Cu(PPh)3 groups 

are mutually bonded. The Cu – Cu bond distance, Cu2-Cu3 = 2.6211(9) Å, is 

significantly shorter than that found in the complex Ru6C(CO)16{3-Cu(NCMe)}2, Cu(l)-

Cu(2) 2.691(1) Å, despite the presence of the less bulky NCMe ligands in the latter 

compound.34 As in 4.4, the two copper-bridged Ru - Ru bonds in the base of the Ru5 

square pyramid, Ru2-Ru3 = 2.8767(6) Å, Ru4-Ru5 = 2.9603(6) Å, are much longer than 

all of the other Ru – Ru bonds. The Ru – Cu bond distances to the edge bridging copper 

atom Cu(1), Ru2-Cu1 = 2.6129(7) Å, Ru3-Cu1 = 2.6101(7) Å are significantly shorter 
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than those to the other copper atoms which are triply bridging atoms. Each Cu(PPh3) 

group contributes one valence electron to the Ru5 cluster, which then achieves a total of 

74 valence electrons which is in accord with the observed square-pyramidal structure.21 

Compound 4.7 also exhibits dynamical activity on the NMR time scale similar to 

that of compound 4.4, see Figure 4.7. The 31P NMR spectrum of compound 4.7 also 

shows three broad resonances at 0.37 ppm, -4.83 ppm and -5.91 ppm for the three 

different PPh3 ligands at -65 oC. The two resonances at -4.83 and -5.91 ppm broaden and 

coalesce when the temperature is raised to -40 oC, = -5.38, G‡
233 = 10.9(3) kcal/mol, 

and become a sharp singlet of intensity 2 at -5 oC. This exchange averaged resonance and 

the one at 0.12 ppm (-25 oC) then broaden and coalesce at = -4.00 at 35 oC as the 

temperature is raised still further, G‡
308 = 14.0(3) kcal/mol.11 Both exchange processes 

are believed to be similar to those described above for compound 4.4 although they both 

occur at slightly higher temperatures with accordingly higher activation energies, G‡.   

The reaction of 4.1 with [Cu(NCMe)4][BF4] yielded the new compound Ru5(µ5-

N)(CO)14[µ3-Cu(NCMe)], 4.8 in 89% yield, see Scheme 4.4. Compound 4.8 was also 

characterized crystallographically, and an ORTEP diagram of the molecular structure of 

compound 4.8 is shown in Figure 4.10. Compound 4.8 contains a square pyramidal 

cluster of five ruthenium atoms with an interstitial nitrido ligand N1 and a triply bridging 

Cu(NCMe) group on one of the triangular Ru3 groups of the Ru5 square pyramid. It is 

structurally similar to that of compound 4.6, but it has an NCMe ligand on the copper 

atom Cu1 instead of a PPh3 ligand and it has a CO ligand on the basal Ru atom in the 

place of the PPh3 ligand in 4.6. The Ru – Cu bonds in 4.8 are similar to those in 4.6, Ru1-
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Cu1 = 2.7404(6) Å, Ru3-Cu1 = 2.5902(6) Å, Ru4-Cu1 = 2.6487(6) Å. Interestingly, as in 

4.3 and 4.4, the Cu bridged Ru – Ru bond, Ru3-Ru4 = 2.9684(5) Å, is nearly 0.2 Å 

longer than all of the other Ru – Ru bonds in the complex. The Ru – N bond distances in 

4.8 are similar to those in 4.6. The resonance of the methyl group of the NCMe ligand 

was observed at  = 2.42 in the 1H NMR spectrum. 

4.4 Conclusions  

It has been shown that the anion 4.1 can serve as a reagent for the synthesis of 

bimetallic ruthenium nitrido carbonyl cluster complexes with gold and copper. Three new 

ruthenium-gold cluster complexes 4.2, 4.3 and 4.4 containing an interstitial nitrido ligand 

were obtained in low yields from the reaction of the anion 4.1 with Au(PPh3)NO3. One of 

them, compound 4.4, was obtained in a much better yield (36%) from the reaction of 4.1 

with the more reactive gold reagent [{(PPh3)Au}3O][BF4].  Similarly, three new nitrido-

ruthenium-copper cluster complexes 4.5, 4.6 and 4.7 containing an interstitial nitrido 

ligand were obtained in low yields from the reaction of the 4.1 with [Cu(PPh3)Br]4. The 

ruthenium-copper complex 4.8 was obtained in a good yield by using the more reactive 

copper reagent [Cu(NCMe)4][BF4].  Compounds 4.2 and 4.5 contain only four ruthenium 

atoms due to a loss of one ruthenium atom from the reagent 4.1 in the course of the 

reaction. All of the pentaruthenium complexes contain square pyramidal Ru5 clusters that 

are capped with gold phosphine, copper phosphine or copper acetonitrile groups. 

Compounds 4.4 and 4.7 exhibit dynamical activity on the NMR time scale via exchange 

processes involving intramolecular shifts of the M(PPh3) groups, M = Au and Cu, about 

the surface of the square pyramidal Ru5 cluster framework.                                                                                                                                                                                       
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Table 4.1. Crystal Data for the X-Ray Structural Analyses of Compounds 4.2 – 4.4. 

a R1 = hkl(Fobs-Fcalc)/hklFobs; wR2 = [hklw(Fobs-Fcalc)2/hklwF2
obs]

1/2;  

 w = 1/2(Fobs); GOF = [hklw(Fobs-Fcalc)2/(ndata – nvari)]
1/2 

Compound  4.2 4.3 4.4 

Empirical 

formula  

Ru4AuPNO12C30H15     

Ru5AuPNO14C32H15  

 Ru10Au6P6N2O26C159H116Cl2 

Formula weight  
 1213.65 

1370.74 
4919.76 

Crystal system  Monoclinic Triclinic Monoclinic 

Lattice 

parameters  

 
  

 

a (Å)  9.2077(3) 9.4985(3)  36.8398(17) 

b (Å)  24.7662(7) 14.8369(5)  14.3624(6) 

c (Å)  16.3896(5) 15.2066(5)  16.4081(8) 

α (deg)  90.00 68.048(1)  90.00 

β (deg)  99.418(1) 76.868(1)  114.787(1) 

γ (deg)  90.00 81.233(1) 90.00 

V (Å3)  3687.10(19) 1930.28(11) 7881.8(6) 

Space group  P21/n   P-1 C2 

Z value  4 2 2 

 ρcalc (g/cm3) 2.186 2.358 2.073 

μ (Mo Kα) (mm-

1)  

5.667 
5.798 

6.648 

Temperature (K)  294(2) 294(2)  100(2) 

2θmax (°) 56.60 50.06 50.06 

No. Obs. 

(I>2σ(I)) 

9159 
6829 

 13895 

No. of 

parameters  

  442 
 481 

885 

Goodness of fit 

(GOF)  

1.091 
1.018 

1.029 

Max. shift/error 

on final cycle 

0.002  0.007  0.006 

Residuals 2σ(I)*: 

R1; wR2  

0.0292; 0.0586 
0.0373;0.0960 

0.0230;0.055 

Absorption 

Corr,  

Max/min  

Semi-empirical 

from equivalents  

1.000/ 0.698 

Semi-empirical 

from equivalents 

1.000/0.639  

Semi-empirical from 

equivalents 

0.381/0.217 

Largest peak in 

Final Diff. Map 

(e- / Å3)  

0.440 

2.397  

1.514 
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Table 4.2. Crystal Data for the X-Ray Structural Analyses of Compounds 4.5 – 4.6 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

a R1 = hkl(Fobs-Fcalc)/hklFobs; wR2 = [hklw(Fobs-Fcalc)2/hklwF2
obs]

1/2;  

 w = 1/2(Fobs); GOF = [hklw(Fobs-Fcalc)2/(ndata – nvari)]
1/2 

 

 

 

Compound  4.5 4.6 

Empirical 

formula  

Ru4CuPNO12C30H15 Ru5CuP2NO13C49H30 

Formula weight  1080.22 1471.57 

Crystal system  Monoclinic Triclinic 

Lattice 

parameters  

  

a (Å)  8.8225(4) 10.1176(4) 

b (Å)  24.0608(10) 13.7516(5) 

c (Å)  16.5979(7) 19.4975(7) 

α (deg)  90.00 104.826(1) 

β (deg)  99.827(2) 100.763(1) 

γ (deg)  90.00 99.811(1) 

V (Å3)  3471.6(3) 2507.39(16) 

Space group  P21/n P-1 

Z value  4 2 

 ρcalc (g/cm3) 2.067 1.949 

μ (Mo Kα) (mm-

1)  

2.410 2.012 

Temperature (K)  100(2) 294(2) 

2θmax (°) 62.64 50.06 

No. Obs. (I>2σ(I)) 11343 8849 

No. of parameters    442   640 

 Goodness of fit 

 (GOF)  

1.055 1.122 

Max. shift/error 

on final cycle 

0.002 0.001 

Residuals*:R1; 

wR2  

0.0253; 0.0405 0.0333; 0.0909 

 Absorption Corr.,  

 Max/min  

Semi-empirical from 

equivalents  

0.494/0.372 

Semi-empirical from 

equivalents  

1.000/0.819 

Largest peak in 

Final Diff. Map 

(e-/Å3)  

0.765 0.978 
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Table 4.3. Crystal Data for the X-Ray Structural Analyses of Compounds 4.7 – 4.8 

 

 

 

 

 

 

 

 

 

 

 

 

a R1 = hkl(Fobs-Fcalc)/hklFobs; wR2 = [hklw(Fobs-Fcalc)2/hklwF2
obs]

1/2;  

 w = 1/2(Fobs); GOF = [hklw(Fobs-Fcalc)2/(ndata – nvari)]
1/2 

 

 

Compound  4.7 4.8 

 Empirical formula  Ru5Cu3P3NO13C71H45 Ru5CuN2O14C16H3 

Formula weight  1908.96 1016.09 

Crystal system  Triclinic Triclinic 

Lattice parameters     

a (Å)  14.1380(6) 9.3373(5)  

b (Å)  19.9764(9) 9.4936(5)  

c (Å)  26.6054(12) 15.2090(8)  

α (deg)  75.9745(18) 73.695(2)  

β (deg)  86.7730(18) 78.047(2)  

γ (deg)  71.7564(16) 75.971(2) 

V (Å3)  6922.1(5) 1241.30(11) 

Space group  P-1   P-1 

Z value  4 2 

 ρcalc (g/cm3)  1.832 2.719 

μ (Mo Kα) (mm-1)  2.095 3.877 

Temperature (K)  100(2) 100(2)  

2θmax (°) 54.26 55.20 

No. Obs. (I>2σ(I)) 30578 5737 

No. of parameters  1730   355 

  Goodness of fit 

(GOF)  

1.035 
1.084 

Max. shift/error on final 

cycle 

0.010 0.001 

Residuals*:R1; wR2  0.0451; 0.0892 0.0286; 0.0478 

 Absorption Corr.,  

Max/min  

Semi-empirical from 

equivalents  

0.959/0.850 

Semi-empirical from 

equivalents 

0.793/0.746 

Largest peak in Final 

Diff. Map (e-/Å3)  

2.210                                               
 0.940  
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Figure 4.1. An ORTEP diagram of the molecular structure of the compound Ru4(µ4-

N)(CO)12(µ-AuPPh3), 4.2, showing the 20% thermal ellipsoidal probability.  Selected 

interatomic bond distances (Å) are as follow: Ru1-Au1 = 2.7729(3), Ru2-Au1 = 

2.7503(3), Ru1-Ru2 = 2.8311(4), Ru1-Ru4 = 2.7847(4), Ru2-Ru4 = 2.7663(4), Ru1-Ru3 

= 2.7825(4), Ru2-Ru3 = 2.7726(4), Ru1 – N1 = 2.072(3), Ru2 – N1 = 2.083(3), Ru3 – 

N1 = 1.935(3), Ru4 – N1 =  1.932(3), Au1-P1 = 2.2860(10). 
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Figure 4.2. An ORTEP diagram of the molecular structure of the compound [Ru5(µ5-

N)(CO)14(µ-AuPPh3)], 4.3, showing the 20% thermal ellipsoidal probability. Selected 

interatomic distances (Å) are as follow: Ru2-Au1 = 2.7751(6), Ru3-Au1 = 2.7561(5), 

Ru1-Ru2 = 2.7680(7), Ru1-Ru3 = 2.8004(7), Ru1-Ru4 = 2.7991(7), Ru1-Ru5 = 

2.7497(7), Ru2-Ru3 = 2.9871(7), Ru2-Ru5 = 2.8151(7), Ru3-Ru4 = 2.8020(7), Ru4-Ru5 

= 2.7873(7), Ru 1 – N1 = 2.091(5), Ru2 – N1 = 1.994(5), Ru3 – N1 = 1.999(5), Ru4 - N1 

= 2.038(5) , Ru5 – N1 = 2.062(5), Au1 – P1 = 2.3012(17). 
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Figure 4.3. An ORTEP diagram of the molecular structure of the compound Ru5(µ5-

N)(CO)13(µ-AuPPh3)[µ3-(AuPPh3)2], 4.4, showing the 25% thermal ellipsoidal 

probability. For clarity only the ipso-carbon atoms of the phenyl rings on the phosphorus 

atoms are shown. Selected interatomic bond distances (Å) are as follow: Au2-Au3 = 

2.8159(3), Ru1-Ru3 = 2.8005(7), Ru1-Ru2 = 2.8034(6), Ru1-Ru5 = 2.8476(6), Ru1-Ru4 

= 2.8523(6), Ru2-Ru5 = 2.7773(6), Ru2-Ru3 = 2.9381(6), Ru3-Ru4 = 2.7860(6), Ru4-

Ru5 = 2.9722(6), Ru2-Au1 = 2.7391(5), Ru3-Au1 = 2.7616(5), Ru1-Au2 = 2.7804(5), 

Ru4-Au3 = 2.8024(5), Ru4-Au2 = 2.9573(5), Ru5-Au3 = 2.7876(5), Ru5-Au2 = 

2.9147(5), Ru1-N1 = 2.136(5), Ru2-N1 = 2.029(5), Ru3-N1 = 2.030(5), Ru4-N1 = 

2.040(5), Ru5-N1 = 2.045(5), Au1-P1 = 2.2721(15), Au2-P2 = 2.2928(16), Au3-P3 = 

2.2770(15). 
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Figure 4.4. A stacked plot of 31P NMR spectra of compound 4.4 in CD2Cl2 solvent 

recorded at different temperatures showing the resonances for the PPh3 ligands. 
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Figure 4.5. A 31P 2D EXSY NMR spectrum of a mixture of compound 4.4 and free PPh3 

in a CD2Cl2 solution at room temperature. 
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Figure 4.6. An ORTEP diagram of the molecular structure of the compound Ru4(µ4-

N)(CO)12[µ-Cu(PPh3)], 4.5, showing the 50% thermal ellipsoidal probability.  Selected 

interatomic bond distances (Å) are as follow: Ru1-Cu1 = 2.5865(3), Ru2-Cu1 = 

2.5966(3), Ru1-Ru2 = 2.7546(2), Ru1-Ru4 = 2.7807(2), Ru2-Ru4 = 2.7790(2), Ru1-Ru3 

= 2.7717(2), Ru2-Ru3 = 2.7826(2), Ru1 – N1 = 2.0852(15), Ru2 – N1 = 2.0790(15), Ru3 

– N1 = 1.9352(15), Ru4 – N1 =  1.9359(15), Cu1-P1 = 2.2048(5). 
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Figure 4.7. An ORTEP diagram of the molecular structure of the compound Ru5(µ5-

N)(CO)13(PPh3)[µ3-Cu(PPh3)], 4.6, showing the 30% thermal ellipsoidal probability. 

Selected interatomic bond distances (Å) are as follow: Cu1-P1 = 2.2508(13), Cu1-Ru1 = 

2.6722(6), Cu1-Ru2 = 2.6855(7), Cu1-Ru3 = 2.7075(7), Ru1-Ru2 = 2.7985(5), Ru1-Ru3 

= 2.7820(5), Ru1-Ru4 = 2.848(7), Ru1-Ru5 = 2.7907(5), Ru2-Ru3 = 2.8844(5), Ru2-Ru5 

= 2.8265(5), Ru3-Ru4 = 2.8980(5), Ru4-Ru5 = 2.8201(5), Ru1-N1 = 2.128(3), Ru2-N1 = 

2.023(3), Ru3-N1 = 2.013(3), Ru4-N1 = 2.048(3), Ru5-N1 = 2.032(3), Ru4-P2 = 

2.3076(12).  
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Figure 4.8. An ORTEP diagram of the molecular structure of the compound Ru5(µ5-

N)(CO)13[µ-Cu(PPh3)][µ3-{Cu(PPh3)2}], 4.7, showing the 25% thermal ellipsoidal 

probability. For clarity only the ipso-carbon atoms of the phenyl rings are shown. 

Selected interatomic bond distances (Å) are as follow: Cu2-Cu3 = 2.6211(9), Ru1-Ru3 = 

2.7755(6), Ru1-Ru2 = 2.8178(6), Ru1-Ru5 = 2.8006(6), Ru1-Ru4 = 2.7917(6), Ru2-Ru5 

= 2.7994(6), Ru2-Ru3 = 2.8767(6), Ru3-Ru4 = 2.8089(6), Ru4-Ru5 = 2.9603(6), Ru1-

Cu2 = 2.7252(7), Ru2-Cu1 = 2.6129(7), Ru3-Cu1 = 2.6101(7), Ru4-Cu2 = 2.6794(7), 

Ru4-Cu3 = 2.6199(7), Ru5-Cu2 = 2.7029(7), Ru5-Cu3 = 2.6968(7), Ru1-N1 = 2.132(4), 

Ru2-N1 = 2.034(4), Ru3-N1 = 2.028(4), Ru4-N1 = 2.034(4), Ru5-N1 = 2.039(4), Cu1-P1 

= 2.2182(15), Cu2-P2 = 2.2633(15), Cu3-P3 = 2.2259(15). 
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Figure 4.9. A stacked plot of 31P NMR spectra of compound 4.7 in toluene-d8 solvent 

showing the resonances for the PPh3 ligands recorded at different temperatures. 
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Figure 4.10. An ORTEP diagram of the molecular structure of the compound Ru5(µ5-

N)(CO)14[µ3-Cu(NCMe)], 4.8, showing the 50% thermal ellipsoidal probability. Selected 

interatomic bond distances (Å) are as follow: Ru1-Cu1 = 2.7404(6), Ru3-Cu1 = 

2.5902(6), Ru4-Cu1 = 2.6487(6), Ru1-Ru2 = 2.7771(4), Ru1-Ru3 = 2.7991(4), Ru1-Ru4 

= 2.7661(4), Ru1-Ru5 = 2.8100(5), Ru2-Ru3 = 2.8302(5), Ru2-Ru5 = 2.7993(5), Ru3-

Ru4 = 2.9684(5), Ru4-Ru5 = 2.7984(5), Ru1-N1 = 2.126(3), Ru2-N1 = 2.037(3), Ru3-N1 

= 2.009(3), Ru4-N1 = 2.019(3), Ru5-N1 = 2.037(3), Cu1-N2 = 1.909(4). 
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Scheme 4.1. A schematic of the products obtained from the reaction of anion 4.1 with 

Au(PPh3)NO3. 
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Scheme 4.3. A schematic of the products obtained from the reaction of anion 4.1 with 

[Cu(PPh3)Br]4. 
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Scheme 4.4. A schematic for the reaction of 4.1 with [Cu(NCMe)4][BF4]. 
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CHAPTER 5 

COPPER CARBENE COMPLEXES. SYNTHESIS AND 

STRUCTURAL ANALYSIS OF A CHLORO-BRIDGED DICOPPER 

CATION AND THE TRIOSMIUM-COPPER CARBENE CLUSTER 

COMPLEX HOs(CO)11[µ-Cu(IPr)]+ 4 
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5.1 Introduction 

The Group 11 elements, Cu, Ag and Au, widely referred to as the “coinage 

metals”, are well-known for their stability in their elemental forms and because of their 

monetary value, they have been used as forms of currency throughout the world.1 In 

recent years, a variety of ligated forms of ions of these metals have been synthesized and 

shown to exhibit useful chemistry including catalytic transformations of organic 

compounds.2-6 Copper has been one of the more chemically investigated members of this 

family of metals,3-4 and N-heterocyclic carbenes have been shown to be particularly 

effective ligands for ions of copper.7  In the present study, we have prepared the new 

chloro-bridged dicopper complex [{(IPr)Cu}2(µ-Cl)][PF6], 5.1, IPr = N,N′-bis(2,6-

diisopropylphenyl)imidazolin-2- ylidene from the reaction of (IPr)CuCl with Tl[PF6] and 

investigated its structure and reactivity. 

 Recently, there has been great interest in the potential of heterometallic materials 

to perform heterogeneous catalysis.8 These materials frequently exhibit improved 

activity, selectivity and longevity compared to their homometallic components. Copper 

has been shown to be an effective modifier and cocatalyst for bimetallic catalysts.9 It has 

been shown that bi- and polymetallic cluster complexes can serve as excellent precursors 

to heterometallic catalysts and this has stimulated interest in the synthesis of 

heterometallic cluster complexes for this purpose.10  

Efforts have been made successfully to introduce carbene ligated-copper 

groupings into metal carbonyl cluster complexes.11 but to date there are no examples of 

copper carbene complexes containing osmium. In the present work, we have investigated 

the reaction of the new dicopper cation of 5.1 with the triosmium carbonyl anion 
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[HOs3(CO)11]
- obtained via the salt [PPN][HOs3(CO)11], 5.2. This reaction has yielded 

the new bimetallic complex Os3(CO)11(H)[µ-Cu(IPr)], 5.3, the first example of Cu – Os 

carbonyl cluster complex containing a N-heterocyclic carbene ligand. Compounds 5.1 

and 5.3 were both characterized by IR and 1H NMR spectroscopy and structurally by 

single-crystal X-ray diffraction analyses.  

5.2 Experimental data  

General data 

All reactions were performed under an atmosphere of nitrogen by using standard 

Schlenk techniques. Reagent grade solvents were dried by the standard procedure and 

were freshly distilled under nitrogen prior to use. Infrared spectra were recorded on a 

Nicolet IS10 Midinfrared FT-IR spectrophotometer. 1H NMR spectra were obtained by 

using a Varian Mercury 300 spectrometer operating at 300 MHz. Mass spectrometric 

(MS) measurements performed by a direct-exposure probe by using electron impact 

ionization (EI) or electrospray ionization (ESI) on a VG 70S instrument. Os3(CO)12 and 

TlPF6 were obtained from STREM and used without further purification. (IPr)CuCl, IPr 

= [N,N′-bis(2,6-diisopropylphenyl)imidazolin-2-ylidene] was purchased from Sigma 

Aldrich and was used without further purification. [PPN][Os3(CO)11(-H)], 5.2, PPN = 

[Ph3PNPPh3]
+ was prepared according to a previously reported procedure.12  

Preparation of the dicopper carbene complex, [{(IPr)Cu}2(µ-Cl)][PF6], 5.1.  

100.0 mg (0.205 mmol) of (IPr)CuCl was added to 5 mL of methylene chloride in 

a 100 mL three-neck flask under nitrogen. In an another 100 ml three-neck flask, 143 mg 

(0.41 mmol) of TlPF6 was added to 5mL of methanol and stirred until it was completely 

dissolved. The methanol solution of Tl[PF6] was then added dropwise into the methylene 
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chloride solution of the (IPr)CuCl. After stirring for 30 min at room temperature, this 

mixture was passed through a frit containing a celite bed into a 100 ml three-neck flask. 

Then the solvent was removed in vacuo and compound [{(IPr)Cu}2(µ-Cl)][PF6], 5.1 was 

isolated by solvent extraction and filtration by using methylene chloride solvent. After 

reducing the extract and adding few drops of hexane, small white crystals of 5.1 (71% 

yield) were obtained. Spectral data for 5.1: 1H NMR (CD2Cl2, ): 7.53 (t, 4H, J = 7.8Hz, 

para CH-(CH)2), 7.30 (d, 8H, J = 7.8Hz, meta CH-(CH)2), 7.20 (s, 4H, N(CH)2), 2.46 

(sept, 8H, J = 6.9Hz, CH-(CH3)2), 1.21 (d, 24H, J = 6.9Hz, CH-(CH3)2), 1.12 (d, 24H, J = 

6.9Hz, CH-(CH3)2). Mass Spec. ESI+/MS m/z: 939, M+        

Preparation of Cu-Os3 heterometallic cluster complex, HOs3(CO)11[µ-Cu(IPr)], 5.3.  

In a 100 mL flask, 54.7 mg (0.039mmol) of [PPN][HOs3(CO)11], 5.2 was added to 

10 mL of methylene chloride under a slow purge of nitrogen. To this mixture was added 

72.4 mg (0.067 mmol) of 5.1. After stirring for 15 min at room temperature, the solvent 

was removed in vacuo. The product, HOs3(CO)11[µ-Cu(IPr)], 5.3 (10% yield) was then 

obtained in a pure form by a combination of extraction using hexane, filtration and 

crystallization from pure hexane at -78˚C. Spectral data for 5.3: IR spectra, νCO (cm-1 in 

hexane): 2106.1(w), 2069.1(w), 2052.6(m), 2037.6(s), 2020.0(vs), 2002.6(w), 1979.3(w), 

1960.4(vw), 1955.3(vw). 1H NMR (CD2Cl2,  in ppm): 7.45 (t, 2H, J = 7.5Hz, para CH-

(CH)2), 7.33 (d, 4H, J = 7.5Hz, meta CH-(CH)2), 7.18 (s, 2H, N(CH)2), 2.82 (sept, 4H, J 

= 6.3Hz, CH-(CH3)2), 1.38 (d, 12H, J = 6.3Hz, CH(CH3)2), 1.16 (d, 12H, J = 6.3Hz, 

CH(CH3)2), -10.04 (s, 1H). Mass Spec. ESI/MS m/z: 1333, M+.    
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Crystallographic Analyses.   

Single crystals of compounds 5.1 and 5.3 suitable for X-ray diffraction analyses 

were obtained by slow evaporation of solvent from solutions at room temperature. Each 

data crystal was glued onto a glass fiber. X-ray diffraction intensity data for 

compound 5.1 was obtained by using a Bruker SMART APEX CCD-based 

diffractometer by using Mo Kα radiation (λ = 0.71073 Å). The raw data frames were 

integrated with the SAINT + program by using a narrow frame integration algorithm.13 

Correction for Lorentz and polarization effects were also applied with SAINT+. An 

empirical absorption correction based on the multiple measurements of equivalent 

reflections was applied by using the program SADABS were applied in each 

analysis.13 X-ray intensity data for compound 5.3 was obtained by using a Bruker D8 

QUEST diffractometer equipped with a PHOTON-100 CMOS area detector and 

an Incoatec microfocus source (Mo K radiation,  = 0.71073 Å). The data collection 

strategy consisted of three 180° ω-scans at different φ settings and one 360° φ-scan, with 

a scan width per image of 0.5°. The crystal-to-detector distance was 4.0 cm and each 

image was measured for 5 s in shutterless mode. The average reflection redundancy was 

9.6. The raw area detector data frames were reduced, scaled and corrected for absorption 

effects using the SAINT14 and SADABS15 programs. All structures were solved by a 

combination of direct methods and difference Fourier syntheses, and refined by full-

matrix least squares refinement on F2 by using the SHELXTL software package.16 All 

non-hydrogen atoms were refined with anisotropic thermal parameters. All hydrogen 

atoms were placed in geometrically idealized positions and were included as standard 

riding atoms during the final least-squares refinements with C-H distances fixed at 0.96 



 

142 

Å. Compound 5.1 crystallized in the monoclinic crystal system whereas compound 5.3 

crystallized in the orthorhombic crystal system. The space group P21/c was uniquely 

identified for compound 5.1 based on systematic absences observed in the intensity data. 

The space group Cmcm was identified for compound 5.3 on the basis of the systematic 

absences observed in the intensity data. Crystal data, data collection parameters, and 

results for the analyses for both compounds are listed in Table 5.1.  

5.3 Results and Discussion  

The dicopper cation [{(IPR)Cu}2(µ-Cl)]+ of the salt [{(IPr)Cu}2(µ-Cl)][PF6], 5.1, 

was obtained in 71% yield from the reaction of (IPr)CuCl with Tl[PF6] in CH2Cl2 solvent 

at room temperature in 30 min, see Scheme 5.1. A number of ligand-bridged bis(copper 

carbene) complexes have been reported in recent years,17 but very few of them contain 

bridging chloro ligands. Compound 5.1 was characterized by 1H NMR spectroscopy and 

electrospray ionization (ESI+) mass spectrometry and single-crystal X-ray diffraction 

analysis. 

An ORTEP diagram of the molecular structure of compound 5.1 is shown in 

Figure 5.1. This cation of 5.1 contains two Cu(IPr) groupings linked to each other via a 

nonlinear, bridging chloro ligand. The Cu – Cl bond distances are equal in length within 

experimental error, Cu1 – Cl1 = 2.120(15) Å, Cu2 – Cl1 = 2.124(15) Å, but are slightly 

longer than the Cu – Cl bond distance, 2.089 Å, in the precursor complex (IPr)CuCl in 

which the Cl ligand is bonded to only one Cu atom.18 Each copper atom in 5.1 exhibits an 

almost linear coordination geometry, C1-Cu1-Cl1 = 172.53(16) and C28-Cu2-Cl1 = 

171.52(15)o. The Cu1-Cl1-Cu2 angle is nonlinear, 115.2(7)o. The nonlinearity could be 

interpreted as bonding to a sp3-hybridized octet of electrons in Cl which is expanded due 
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to steric repulsions between the bulky carbene ligands on the copper atoms. Floriani also 

found a nonlinear, bridging chloro ligand in the cationic dicopper complex 

[{Cu(Me2NCH2CH2NMe2)(CO)}2(µ-Cl)]+, Cu – Cl – Cu = 103.0(1)o.19 On the other 

hand, Kunz found a linear bridging chloro ligand in the cationic dicopper(carbene) 

complex, [{Cu(bimcaMe)}2(μ-Cl)]+, bimca = bis(imidazolin-2-ylidene)carbazolide, 

which contains a very bulky chelating bis(NHC) carbazolide pincer ligand on each 

copper atom.20 Interestingly, for comparison, the Cu – S – Cu angle in the neutral 

molecule {(IPr*)Cu}2(-S) is 120.15(9)o.21     

The reaction of the dinuclear copper cation 5.1 with the triosmium cluster anion 

[Os3(CO)11(-H)]-, 5.2 at room temperature yielded the heterometallic Cu – Os cluster 

complex HOs3(CO)11[µ-Cu(IPr)], 5.3 containing the IPr ligand in 10% yield, see Scheme 

5.2. Compound 5.3 was characterized structurally by using single-crystal X-ray 

diffraction analysis. 

An ORTEP diagram of the molecular structure of compound 5.3 is shown in Figure 5.2.  

Compound 5.3 consists of a triangular cluster of three osmium atoms with a 

bridging copper carbene ligand lying in the plane of the Os3 triangle on one edge of the 

cluster. The compound crystallizes in the space group Cmcm with only ¼ of the molecule 

in the asymmetric crystal unit. Thus, the molecule is disordered about a crystallographic 

C2 axis. Atoms Os(2), Cu(1) and C(1) lie on this axis. In addition, the three osmium 

atoms and the copper atom also lie on a crystallographic symmetry plane. In addition, 

there is a second crystallographic symmetry plane that lies perpendicular to the first 

symmetry plane. The CN2C2 plane of the carbene ligand lies in the second symmetry 

plane. The two symmetry planes intersect on the C2 axis.  Overall, the molecule contains 
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C2v crystallographic symmetry. One of the CO ligands, C(13) – O(13), that lies in the first 

symmetry plane is equally disordered between the two sites, C(13), O(13) and C(13) i, 

O(13)i, by virtue of the C2 axis and the second symmetry plane, see Figure 5.2. This 

ligand has 50% occupancy in each of these two sites. This hydrido ligand was not 

observed directly in the crystallographic analysis. It is believed to located proximate to 

the two carbon atoms sites, C(13) and C(13)i, of the disordered carbonyl ligand in the 

remaining 50% occupancy of these two positions.  The bridging copper atom Cu(1) in 5.3 

is bonded equally to the two osmium atoms Os(1) and Os(1)i, Os1-Cu1 = Os1i-Cu1 = 

2.6654(19) Å. The Os – Cu bond distances to the bridging Cu atom in the related 

triosmium – copper phosphine complex, H3Os3(CO)10[µ-Cu(PPh3)], were 2.695(5) Å and  

2.726(5) Å.22 The Cu-bridged Os1-Os1’ bond in this structure is elongated, Os1-Os1i = 

2.9319(17) Å, as compared to the unbridged Os - Os bonds Os1 - Os2 = Os2 - Os1’ = 

2.8858(10) Å. For comparison, the Os – Os bond lengths in the parent compound 

Os3(CO)12 are 2.8771(27) Å.23 The Cu - C distance to the carbene ligand in 5.3, Cu1-C1= 

1.915(17) Å, is slightly longer than Cu - C bonds to the carbene ligands in the cation of 

5.1, 1.874(4) Å and 1.876(5) Å. This may be due to steric interactions between the 

carbene ligand and the carbonyl ligands on the osmium cluster.  

The hydrido ligand in 5.3 exhibits a resonance in the 1H NMR spectrum at = -

10.03. The resonance shift is consistent with its assignment as a terminally-coordinated 

ligand. For reference, the resonances of the terminally-coordinated and bridging hydrido 

ligands in Os3(CO)11H(µ-H), 5.4 occur at = -10.25 and = -19.96, respectively, see 

Scheme 5.3.23 It is interesting to compare the structure of 5.3 with the structure of 5.4 

which contains a bridging hydrido ligand in the location corresponding to the bridging 
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Cu(IPr) grouping in 5.3.24 In 5.4 the terminally-coordinated hydrido ligand is positioned 

perpendicular to the plane of the Os3 triangle. By comparison, our structural studies, see 

above, have indicated that the terminally-coordinated hydrido ligand in 5.3 lies in the 

plane of the Os3 triangle proximate to the bridging Cu atom, Scheme 5.3. 

The hydrido ligand and the bridging Cu(IPr) grouping in 5.3 each serve only as a 

1-electron donor to the Os3 cluster. Thus, the three osmium atoms in 5.3 contain a total of 

48 valence electrons which is consistent with the observed triangular cluster having three 

Os – Os single bonds, as also found in 5.4.24  

5.4 Conclusions   

In this work, we have reported the synthesis of the salt [{(IPr)Cu}2(µ-Cl][PF6], 

5.1 containing the dicopper cation [{(IPr)Cu}2(µ-Cl]+, obtained by using Tl[PF6] to assist 

in the removal of one of the chloro ligands from one of two copper complexes, 

(IPr)CuCl, involved in the synthesis. The second equivalent of (IPr)CuCl then combines 

with the chloro-deficient one to form the dicopper cation having a bridging chloro ligand. 

The dicopper cation of 5.1 was found to react with the anion [Os3H(CO)11]
- of 5.2 at 

room temperature to yield the heterometallic Cu – Os cluster complex, HOs3(CO)11[µ-

Cu(IPr)], 5.3 which contains a IPr ligand on the copper atom that bridges a pair of 

osmium atoms in the triangular Os3 cluster. The hydride ligand was not directly observed 

in the study, but it is believed to lie in the plane of the Os3 triangular cluster in a terminal 

coordination site proximate to the Cu atom.  
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Table 5.1 Crystal data, and results of the X-ray Analyses for compounds 5.1 and 5.3. 

 

a R1 = hkl(Fobs-Fcalc)/hklFobs; wR2 = [hklw(Fobs-Fcalc)2/hklwF2
obs]

1/2;  

 w = 1/2(Fobs); GOF = [hklw(Fobs-Fcalc)2/(ndata – nvari)]
1/2 

 

Compound 5.1 5.3 

Empirical formula  Cu2PF6ClN4C54H72 Os3CuN2O11C38H36
.C6H6 

Formula weight  1084.66 1408.94 

Crystal system  Monoclinic Orthorhombic 

Lattice parameters     

a (Å)  10.8448(7) 14.6728(8)  

b (Å)  27.6185(17) 19.4402(11)  

c (Å)  19.4284(12) 18.5256(11)  

α (deg)  90.00 90.00  

β (deg)  92.615(2) 90.00  

γ (deg)  90° 90.00  

V (Å3)  5813.1(6) 5284.3(5) 

Space group  P21/n  Cmcm  

Z value  4 4 

 ρcalc (g/cm3) 1.239 1.771  

μ (Mo Kα) (mm-1)  0.860 7.638  

Temperature (K)  294(2) 302(2)  

θmax (°) 27.94 23.50  

No. Obs. (I>2σ(I)) 6657 1571 

No. of parameters    629  163 

Goodness of fit (GOF)  1.054 1.065 

Max. shift/error on 

final cycle 

0.092 
0.001 

Residuals*: R1; wR2  0.0714; 0.2038 0.0467;0.1323 

Absorption 

Correction, Max/min  

Semi-empirical from 

equivalents  

1.000/ 0.856 

Semi-empirical from 

equivalents 

0.862/0.461  

Largest peak in Final 

Diff. Map (e- / Å3)  

 

1.262 
1.054  
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Figure 5.1. ORTEP diagram of the molecular structure of [{(IPr)Cu}2(µ-Cl][PF6], 5.1 

showing 15% thermal ellipsoidal probabilities. Selected interatomic distances (Å) and 

angles (o) are as follows: Cu1-Cl1 = 2.1207 (15), Cu2-Cl1 = 2.1247 (15), Cu1-C1 = 

1.874(4), Cu2-C28 = 1.876(5). C1-Cu1-Cl1 = 172.53(16), C28-Cu2-Cl1 = 171.52(15), 

Cu1-Cl1-Cu2 = 115.24(7). 

 



 

148 

 

 

Figure 5.2. ORTEP diagram of the molecular structure of the disordered molecule in the 

crystal of HOs3(CO)11[µ-Cu(IPr)], 5.3 at 10% ellipsoidal probability. C(13) - O(13) and 

C(13i) - O(13i) have only 50% occupancy at each site and are equally disordered with the 

one hydrido ligand in the complex. Selected interatomic distances (Å) and angles (o) are 

as follows: Os1-Cu1 = Cu1-Os1i = 2.6654(19), Os1-Os1i = 2.9319(17), Os1-Os2 = 

2.8858(10), Cu1-C1 = 1.915(17), C1-N1 = 1.361(14).  
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Scheme 5.1. A schematic for the synthesis of cation 5.1. 

 

 

 

Scheme 5.2.  A schematic of the synthesis and structure of the Cu – Os3 cluster complex 

5.3. The CO ligands in 5.3 are represented only as lines from the Os atoms. 
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Scheme 5.3.  Line structures of 5.3 and 5.4 comparing the relative positions of the 

hydrido ligands. 
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