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Summary. 

The work outlined in this thesis describes the chemistry of 

pentaruthenium and tetraruthenium carbido clusters. 

Chapter one gives an introduction into the chemistry of pentanuclear and 

tetranuclear iron, ruthenium, and osmium carbido clusters. 

Chapter two describes the reactions of Ru5C(CO)i5 with phosphorus or 

nitrogen donor ligands. The crystal structures of HRu5C(C0)14(NC5H4) -

isomer A, HRu5C(C0)14(NC5H4) - isomer B, HRu5C(C0)13(NC5H4), and 

HRu5C(C0)13(NC5H5)(NC5H4), are presented. 

Chapter three concentrates on the controlled syntheses of various 

pentaruthenium carbido clusters. 

Chapter four details the reactions of H2Ru4C(C0)12 with phosphorus 

donor ligands. The crystal structures of H2Ru4C(CO)g(dppm)i and 

HRu4C(H)(C0)10(dppp) are presented. 

Chapter five describes the activation of the carbide in the reactions of 

H2Ru4C(C0)12 with alkynes and alkenes. The crystal structures of 

HRu4(C0)12(µ4-T13-C-C(Ph)=C(H)Ph) and H2Ru3(C0)9(µ3-T12-C=C(Me)Ph) 

are presented. 

Chapter six outlines a few miscellaneous reactions of tetraruthenium 

carbido clusters. The crystal structures of HRu4C(C0)10(115-C5Me5) and 

HRu5C(CO)i2(115-C5Me5) are presented. 

Chapter seven contains the experimental work, the spectroscopic and 

analytical data, and references. 
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11 Here we report the preparation and characterisation of a new type of 

cluster compound, Ru6C(C0)17, ... 11 

B.F.G.Johnson, R.D.Johnston, and J.Lewis, J. Chem. Soc .• Chem. 

Commun., 1967, 1057. 

(Received, 4th_September, 1967 - my third birthday.) 
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fried not poached, and mind you don't break 'em. " 

Thorin. 



CONTENTS. 

Index of Clusters 

Abbreviations and Symbols 

CHAPTER.ONE 

The Chemistry of Pentanuclear and Tetranuclear Iron, 

Ruthenium, and Osmium Carbido Clusters 

CHAPTER TWO 

Reactions of Ru5C(CO)i5 with Phosphorus or Nitrogen 

Page 

1 

Donor Ligands 20 

CHAPTER THREE 

Controlled Syntheses of Pentaruthenium Carbido Clusters 73 

CHAPTER FOUR 

Reactions of H2Ru4C(C0)12 with Phosphorus Donor Ligands 86 

CHAPTER FIVE 

Carbide Activation in the Reactions of H2Ru4C(C0)12 with 

Alkynes and Alkenes 131 

CHAPTER SIX 

Miscellaneous Reactions of Tetraruthenium Carbido Clusters 176 

.CHAPTER SEVEN 

Experimental 

Experimental Data 

Publications 

References 

196 

223 

240 

241 



Index of Clusters. 

[1] HRu5C(C0)14(NC5H4) 

[2] HRu5C(CO)i3(NC5H4) 

[3] HRu5C(CO)i3(NC5H5)(NC5H4) 

[ 4] HRu5C(CO)i4(l,4-N2C4H3) 

[5] HRu5C(C0)14(1,3-N2C4H3) 

[6] Ru5C(CO)i4(N2C4H4) 

[7] Ru5C(C0)14(N2C10Hs) 

[8] HRu5C(C0)13(µ-PHPh) 

[9] HRu5C(CO)i3(µ-PHCy) 

[10] Ru5C(C0)14(PhC=CMe) 

[11] Ru5C(C0)13(PhC=CMe) 

[12] Ru5C(CO)i3(PhC=CPh) 

[13] Ru5C(C0)14(PhC=CH) 

[14] Ru5C(C0)12(PhC=CMe)i 

[15] H2Ru5C(C0ho(rt5-C5Me5)i 

[16] Ru5C(C0)12(C14H14) 

(17] Ru5C(C0)14(NCMe) 

[18] H2Ru4C(COh1(PPh3) 

[19] H2Ru4.C(COho(PPh3)i 

[20] H2Ru4C(COho(P(OMe)Jh 

[21] H2Ru4C(C0)9(P(OMe)3)3 

[22] H2Ru4C(CO)g(P(OMe)3)4 

[23] H2Ru4C(CO)io(dppm) 

[24] H2Ru4C(CO)g(dppm)i 

[25] HRu4C(H)(COho(dppp) 

(26] H2Ru4C(CO)io(dppp) 

[27] HRu4C(H)(CO)io(dppe) 



[28] H2Ru4C(C0)9(dppe)i 

[29] H2Ru4C(C0)9(dppp)i 

[30] H2Ru4C(CO)s19(dppb)i 

[31] HRu4(CO)i2(~-113-C-C(Ph)=C(H)Ph) 

[32] HRu4(COh2(~-113-C-C(R)=C(H)R'){R=Me, R'=Ph; R=Ph, 

R'=Me} 

[33] HRu4(COh2(~-113-C-C(H)=C(H)Ph) 

[34] H2Ru3(C0)9(µ3-112·C=C(Me)Ph) 

[35] HRu5(CO)i5(µ4-C-CH2CH2Ph) 

[36] H2Ru3(CO)s(PPh3)(µ3-T12·C=C(Me)Ph) 

[37] H2Ru3(C0)9(µy112·C=C(H)Me) 

[38] HRu5(CO)i5(µ4-C-Et) 

[39] H2Ru3(CO)s(PPh3)(µ3-T12·C=C(H)Me) 

[ 40] H2Ru3(C0)9(µ3-112·C=C(H)Et) 

[ 41] HRu5(CO)i5(µ4-C-Pr) 

[ 42] H2Ru3(CO)s(PPh3)(µ3-T12·C=C(H)Et) 

[ 43] H3Ru3(C0)9(µ3-C-CH(Me)Ph) 

[ 44] HRu4C(COh2(CuPPh3) 

[ 45] Ru4C(CO)i2(CuPPh3)i 

[ 46] HRu4RhC(COh2(cod) 

[ 47] HRu4C(COho(115-C5Me5) 

[ 48] HRu5C(CO)i2(115-C5Me5) 

[ 49] Ru5C(C0)13(115-C5Me5)i 

[50] HRu4C(CO)io(115-C5H5) 



Abbreviations and Symbols. 

R alkyl or aryl 

Me methyl 

Et ethyl 

npr n-propyl 

tBu t-butyl 

Ph phenyl 

Cy cyclohexyl 

atm. atmospheres 

aq. aqueous 

soln. solution 

(g) gas 

V very 

s strong ( in IR ) 

m medium ( in IR) 

w weak 

br broad 

sh shoulder 

IR infrared 

nmr nuclear magnetic resonance 

m/z mass to charge ratio 

ppm parts per million 
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dddd doublet of doublets of doublets of doublets 

t triplet 

app t apparent triplet 

q quartet 

m multiplet ( in runr ) 

tlc thin layer chromatography 

Rf retention factor 
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PY pyridine 
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In some diagrams, the carbonyl ligands have been omitted and only the 

metal framework has been shown. Where there is no ambiguity, metal atoms 

have not been marked and they may be assumed to lie at the vertices of the 

polyhedra. 
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CHAPTER ONE. 
The Chemistry of Pentanuclear and Tetranuclear Iron, Ruthenium, 

and Osmium Carbido Clusters. 

Introduction. 

In general, clusters are of interest because they may serve as convenient 

models for the study of the behaviour of simple molecules on a catalytically 

active metal surface.1-4 Reactions of clusters with simple molecules may thus 

shed light on the interactions which occur at metal surfaces. The bonding modes 

adopted by carbon monoxide, hydrogen, and small organic molecules with 

clusters can be identified with certainty and compared to chemisorbed species. 

Some clusters can act as catalysts themselves and patents have been issued 

which involve the use of rhodium and ruthenium clusters in catalytic 

processes.5-8 In the case of iron, ruthenium, and osmium carbide clusters, the 

possible catalytic use of hexaruthenium carbido clusters,9-11 tetrairon carbido 

clusters,12,13 and iron-rhodium carbide clusters,14 has been investigated. The 

catalytic properties of hexaruthenium carbide clusters supported on silica have 

also been studied.15 

In the context of the similarities between clusters and metal surfaces, 

clusters containing an exposed carbide atom are of particular importance 

because they can be compared with carbides formed at metal surfaces (it is 

thought that an important step in the Fischer-Tropsch hydrogenation of carbon 

monoxide to produce alkanes involves carbon-oxygen bond cleavage and the 

production of carbide metal intermediates).16-21 For instance, in tetrairon and 

tetraruthenium carbide clusters the carbide atom caps a "butterfly" arrangement 

of metal atoms in a fashion similar to that of a carbon atom occupying a step site 

on a metal surface.22 

In this thesis, the reactivity of pentaruthenium and tetraruthenium 

carbide clusters (including the reactivity of the exposed carbide in 
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tetraruthenium carbido clusters) has been studied. 

This introductory chapter will describe the various analytical techniques 

that have been used in the characterization of carbido clusters, and presents a 

concise review of the chemistry of iron, ruthenium, and osmium penta- and 

tetranuclear carbido clusters. 

Analytical Techniques. 

Infrared Spectroscopy. 

Infrared spectra of carbonyl clusters in solution are usually recorded in 

the 1600cm-1 to 2150cm-1 carbonyl stretch region. The spectra can be used to 

"fingerprint" known clusters; detect bridging carbonyls which appear at lower 

frequencies; and determine whether a cluster is neutral, anionic, or cationic. 

(Increasing the negative charge on a cluster increases the electron donation from 

the metal into the antibonding 7t orbital of the carbonyl, and so shifts the CO 

stretching modes to a lower frequency.) 

Solid state infrared spectroscopy has been used to measure the 

frequencies of metal-carbide stretching modes in pentanuclear carbido clusters 

in the lOOOcm-1 to 400cm-1 region.16,23,24 The cluster geometry can be 

predicted from the value of these frequencies. 

Mass Spectrometry. 

Mass spectrometry can often be used to determine the molecular weight 

of a cluster. The number of carbonyl ligands present can also be determined 

from the fragmentation pattern of the mass spectrum. The molecular ion peak 

always appears as a multiplet (because of the many metal isotopes) and its pattern 

is dependent on the number of metal atoms in the cluster. The nuclearity of the 

cluster can therefore be predicted. 

Fast atom bombardment mass spectrometry, which is less destructive 

than the usual electron impact mass spectrometry, can be used to determine the 
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molecular weight of unstable clusters, such as anionic or cationic clusters.25 

Microanalysis. 

Although requiring very pure samples (usually recrystallized), 

microanalysis has been used to determine the relative amounts of various 

elements present in a cluster (particularly carbon, hydrogen, nitrogen, and 

phosphorus). 

Nuclear Magnetic Resonance Spectroscopy. 

In this thesis, 1 H nmr spectroscopy has been used extensively to examine 

the hydrides and organic units that are bound to the clusters. In particular, in the 

clusters that contain phosphorus atoms, the relative position and orientation of 

the phosphorus atoms compared to hydrides can often be determined by 

observing the magnitude of the coupling between the two (see chapter four). 

Fluxional processes (e.g. hydride migrations) can be studied using 

variable temperature nmr spectroscopy. 

X-Ray Diffraction. 

If suitable crystals can be grown, X-ray crystallographic studies can be 

used to determine the structure of a cluster, in the solid state, very accurately. 

However, crystallography can give no information about the cluster in solution. 

Also, hydrogen atoms are sometimes not directly located as their scattering 

power is very small compared to that of the heavy metal atoms nearby 

(particularly in the case of osmium clusters). 

Neutron Diffraction. 

In a few cases, neutron diffraction studies have been used to determine 

cluster structures.26 The main advantage of neutron diffraction is the ease with 

which hydrogen atoms can be located. 
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Electron Counting (Wade's Rules). 

Wade's rules27,28 state that a cluster based on a polyhedron with n 

vertices requires n+ 1 electron pairs for skeletal bonding ( excluding those 

electron pairs presumed to be involved in ligand bonding). Once the electron 

count of the cluster has been calculated and the nuclearity is known, the 

geometry of the cluster framework can therefore be predicted. ff the cluster 

nuclearity equals n, the cluster is described as closo and is an n-vertex 

polyhedron. ff the cluster nuclearity equals n-1, the cluster is described as nido 

and there is one "hole" in then-vertex polyhedron (e.g. Ru5C(CO)i5 - figure 

1.1 ). ff the cluster nuclearity equals n-2, the cluster is described as arachno and 

there are two "holes" in then-vertex polyhedron (e.g. Ru5C(C0)15(NCMe) -

figure 1.1 ). An example of the electron counting process, and subsequent 

structure prediction, is shown in figure 1.1 . 

Using a slightly different approach, the number of metal-metal bonds 

(m) in a cluster can be predicted using the equation : m = 0.5(18n - t) 

where n = cluster nuclearity and t = total electron count.29 
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Review. 

A concise review of the chemistry of iron, ruthenium, and osmium 

penta- and tetranuclear carbido clusters is given below (includes all references 

up to the end of June 1989). 

N.B. Various reviews covering parts of the work outlined below have been 
published.22,30-33 

Pentairon Carbido Clusters. 

Pyrolysis of Fe3(C0)12 was found to produce Fe5C(C0)15 (which has a 

square pyramidal iron framework34,35 - figure 1.2) in very low yield34: 

1-pentyne, 900c 
Fe3(C0)12 Fe5C(CO)i5 <0.5% 

petroleum ether, 5 to 6 hours 

Figure 1.2 

Fe5C(CO)i5 has also been synthesized from the dianion [Fe6C(C0h6]2- and 

from Fe(C0)5 directly36-38: 

96%H2S04 
[Fe6C(C0)16]2---------Fe5C(C0)15 -20% 

pentane 
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1) Na2Fe(C0)4.l.5dioxane, diglyme, .1, 6 hours 
Fe(C0)5 Fe5C(CO)i5 30-60% 

2)Fe03,H20 

TheoreticaI39-42 and 57Fe Mossbauer spectroscopic studies43-45 have 

been widely used to investigate the bonding involved in Fe5C(C0)15 and its 

consequent possible use as a model for a metal surf ace. Infrared spectroscopy 

has been used to determine the frequencies of the iron-carbide stretching 

modes.16,34 

Fe5C(CO)i5 reacts with phosphines and phosphites to form simple 

substitution products46,47 : 

L 
Fe5C(C0)15-------- Fe5C(C0)1s-n(L)n 

L = PMe3 n = 3 4· L = PPh3 n = 1· L = PMe2Ph n = 123· L = P(OiPr)3 
' ' ' ' ' ' ' ' ' ' 

n = 1,2; L = P(0Ph)3, n = 2. 

The dianion, [Fe5C(C0)14J2-, can be formed by electrochemically35,48 

or chemically38,46 reducing Fe5C(CO)i5 : 

NaOH, NaBH4, or Na/Hg, in TI-IF 
Fe5C(C0)15 [Fe5C(CO)i4J2-

or Na2Fe(C0)4.l.5dioxane, diglyme 

Various hexanuclear carbido clusters have been synthesized using 

[Fe5C(CO) 14]2- as a starting material, e.g. : 

mononuclear metal complexes 
[Fe5C(C0)14J2- ------------+ 

M = Cr, Mo, W; M' = Rh, Ir. 

+ [Fe5PtC(PPh3)(C0) 14]2- 50 

+ [Fe5MC(C0) 17J2- 38 

+ [Fe5M'C(C0)14(cod)]- 38 
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Oxidation of [Fe5C(C0)14J2- in the presence of a ligand has yielded 

neutral pentairon clusters51 : 

.AgBF4,L 
[Fe5C(CO)i4]2------- Fe5C(C0)14(L) 

L = CO, PPh3, P(0Me)3. 

while reaction of [Fe5C(CO)i4]2- with sulphur dioxide52 produced 

[Fe5C(C0)13(S02)J2-. Alkylation of [Fe5C(CO)i4J2- was found to occur on a 

bridging carbonyl and not on the carbide39: 

MeSO~, CH2Cl2 
[Fe5C(CO)i4]2-------- [Fe5C(C0)13(COMe)J-

Pentaruthenium Carbido Clusters. 

Pyrolysis of H4Ru4(C0)12 was found to produce square pyramidal 

Ru5C(C0)15 in very low yield53 : 

C2~(g)00 to 12 atm.) 
H4Ru4(C0) 12 ----------Ru5C(C0)15 -1% 

1300C, 1 hour 

A better yield was obtained using Ru6C(CO)i 7 thus54-56 : 

CO(g)(80 atm.) 
Ru6C(CO)i7--------- Ru5C(CO)i5 97% 55 

800C, heptane, 3 hours 

A pentaruthenium carbido cluster has also been isolated from the hydrogenation 

of an acetylide cluster57 ,58 : 
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Infrared 16,23,24 and Raman spectroscopy59 have been used to determine 

the frequencies of the ruthenium-carbide stretching modes in various 

pentaruthenium carbido clusters. From these frequencies, the geometry of the 

metal frameworks can be predicted. The magnetic susceptibility of Ru5C(C0)15 

has also been investigated. 60 

On reacting, the square pyramidal Ru5C(CO)i5 can undergo an easy 

transformation to form trigonal bipyramidal products : 

CO(g)(80 atm.), 200C 
Ru5C(C0)1s ============Ru5C(C0)16 61 

CO(g)(80 atm.), 90oc 

MeCN 
Ru5C(C0)15 =========== Ru5C(CO)i5(NCMe) 55,62 

vacuum or CH2Cl2 

HX(g) 
Ru5C(CO)i5------------4 HRu5C(C0)15x 55,63 

CH2Cl2 
X=Cl, Br. 

RX 
Ru5C(CO)i5--------~ R[Ru5C(CO)i5X] 55 

CH202 
R=PPN, NBu4,NMe4; X=F, Cl, Br, I. 

HB 
Ru5C(C0)15--------~ HRu5C(CO)i4B 64 

CH202 
B=HS, HSe, EtS. 



10 

NaC5H5,THF 
Ru5C(CO)i5--------- ERu5C(C0)13(1l5-C5H5) 65 

E+ 
E = H, AuPPh3, AuPEt3. 

A few reactions of the products have also been studied.55,63,64,66 

Pyrolysis of Ru5C(C0)15 results in cluster "build up" and Ru6C(C0)17 is 

produced54-56 : 

Ar(g)(lO atm.), heptane 
Ru5C(C0)15-----------Ru6C(C0)17 59% 55 

2000C, 4 hours 

The reactions of Ru5C(CO)i5 with phosphorus donor ligands55,56,67-69 

will be discussed in chapter four. 

Reaction of Ru5C(C0)15 with the nitrite anion, [N02J-, produced a 

square pyramidal cluster 70 : 

1) [PPN][NOiJ, THF 
Ru5C(C0)15------------+ Ru5C(C0)13(NO)(AuPR 3) 

2) AuPR3CI, AgCI04, CH2Cl2 
R=Et,Ph. 

The dianion, [Ru5C(C0)14J2-, can be synthesized in two ways61 : 

Na2ffi:3, MeOH 
Ru5C(CO)i5--------- [Ru5C(C0)14J2-

or Na/K alloy, THF 

Its use as an activated cluster51 will be discussed in chapter three. Various hexa

and heptanuclear carbido clusters have been synthesized using [Ru5C(C0)14J2-

as a starting material, e.g. : 



[Ru5C(C0)14]2- + ML3(C0)3------ [Ru5MC(C0)17]2- 77 

M = Cr, L = py; M = Mo, W, L = MeCN; R3 = Et3, Ph3, Me2Ph. 

Pentaosmium Carbido Clusters. . 

The main synthetic route to pentaosmium carbido clusters has been via 

pyrolysis of other osmium clusters : 

2500C 
Os3(C0)12-------- Os5C(CO)i5 -5% 78 

255oC 
Os6(CO)i8--------- Os5C(CO)i5 -40% 53 

Os3(C0)11(P(OMe)3)----

2500C 

H Os5C(CO) 14(0P(OMe )i) 

+ HOs5C(C0)13(0P(OMe)i)(P(OMe)3) 

+ HOs5C(C0)13(0P(OMe)OP(OMe)i)79 

2800C, CO(g), MgO 
Os3(C0) 12--------- [Os5C(C0)14J2- >65% 81 

The parent cluster, Os5C(CO)i5, can easily be reduced and treated with gold 

triphenylphosphine chloride to form a digold derivative61 : 

As in the case of pentaruthenium carbido clusters, on reacting, the square 

pyramidal Os5C(CO)i5 82 can undergo an easy transformation to form trigonal 

bipyramidal products : 

CO(g)(50atm.),165oC 
Os5C(C0)15 ;:::=:===== = ===~Os5C(C0)16 61 

heptane, 98oC 



dppe 
Os5C(CO)i5--------- Os5C(CO)i5(11Ldppe) 83 

ROH 
Os5C(CO) 15---------HOs5C(CO)i4(C02R) 84,85 

R=Me, Et, iBu. 

I-
Os5C(CO)i5--------- [Os5C(C0)15IJ- 82 

Infrared spectroscopy has been used to determine the frequencies of the 

osmium-carbide stretching modes in various pentaosmium carbido clusters. 

From these frequencies, the geometry of the metal frameworks can be 

predicted.16,24 

Tetrairon Carbido Clusters. 

Tetrairon carbido clusters (with "butterfly" frameworks, e.g. figure 1.3) 

can be synthesized from tetra-, penta-, or hexairon clusters : 

[Fe4(C0)13J2-
1) MeCOCI, 35°C, CH2Cl2 

[Fe4C(C0)12J2- 87 
2) Na/Ph2CO, 1HF 

[Fe4(C0)13]2-
CF3SD.3H 

HFe4C(H)(CO)i2 88 
hexane 

HO 
[Fe5C( CO) 14]2-

toluene 
HFe4C(H)(CO)i2 89 

The parent "butterfly" tetrairon carbido cluster, Fe4C(C0)13, has twelve 
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terminal carbony ls and one "hinge" bridging carbony 1, and can be prepared 

thus : 

Fe4C(C0)13 undergoes substitution reactions with trimethylphosphine to form 

the clusters Fe4C(COh3-ncPMe3)n where n = 3 or 4.93 

The dianion, [Fe4C(C0)12J2-, has no bridging carbonyI94 and has been 

synthesized in various ways : 

Zn(NH 3)4Br2 
HFe4C(H)(C0)12----------+ [Zn(NH3)4][Fe4C(C0)12J 91 

MeOH,H20 

[NEt4][Br] 
Fe5C(C0)15 ---------- [NEt4Ji[Fe4C(C0)12J 36 

acetone 

NEt3 , NEt3 
HFe4C(H)(C0)12 [HFe4C(C0)12J- rFe4C(C0) 12J2- 88-90 

or MeOH or KOH, MeOfI 

Na/Hg, THF 
Fe4C(C0)13--------- [Fe4C(C0)12J2- 93 

Several reactions of [Fe4C(C0)12J2- have been studied: 

mononuclear metal complexes 
[Fe4C(C0)12J2- Fe4MC and Fe4M'2C clusters38 

where M = Cr, W, Rh, Ir, Pd, Cu; M'= Mo, Ni. 

Fe2(CO)cJ 
[Fe4C(C0)12J2---------- [Fe5C(CO)i4]2- 89 



A number of reactions of tetrairon carbido clusters have been observed 

in which either carbon-carbon or carbon-hydrogen bonds are formed at the 

carbide: 

ROH 
Fe4C(C0)13 

vacuum or CH202 
[Fe4(C0)12(µ4-C-C02R)J- 36,92,93 

R=Me, Et, iPr. 

Fe4C(C0)13 
2R2NH 

[R2NH2][Fe4(C0)12(µ4-C-C(O)NR2)J 93 
CH202 

R=Et, iPr. 

Fe4C(C0)13 
LiEty3H 

[Fe4(CO)i2(µ4-C-C(O)H)J - 93 
Et20 

RI 
[Fe4C(CO)i2J2- [Fe4(C0) 12(µ4-C-C(O)R)J- 90,91,93,95 

CH202 
R=Me, PhCH2. 

[Fe4C(C0)12J2-
MeS03F or EtS03CF3 

[Fe4(C0)12(µ 3-C-R)J- 95,96 
CH202 

R=Me,Et. 

[Fe4C(C0)12J2-
CF~ 

[Fe4(C0)12(µ3-C-CF3)J- 95 
CH202 

[Fe4C(CO)i 2J2-
H2(g), AgBF4 

HFe4C(H)(C0)12 91 
CH202 

H+ 
[Fe4C(C0)12J2- HFe4C(H)(C0)12 87,89 

H2(g), toluene 
Fe4C(C0)13--------- HFe4C(H)(C0)12 93 

reflux 

HFe4C(H)(C0)12 has been fully characterized using X-ray18 and neutron 

diffraction26 studies (figure 1.3). 



~H 
---------- --(- -----------

Figure 1.3 

The general structure of the clusters containing a µ4-C-C unit is shown in figure 

1.4. 

where Y=OR,NR2,H,R 

Figure 1.4 

The postulated mechanism that describes the formation of these clusters is 

outlined in chapter five. 

Direct electrophilic attack on the carbide of [Fe4C(C0)12J2- appears to 

occur in the reactions with highly carbocationic alkylating agents such as 

trifluoromethanesulphonate esters. In these cases, the resultant products have 

tetrahedral frameworks and face-capping µ3 alkylidyne ligands (figure 1.5). 
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[Fe4(C0)12(~-C-Me )]

Figure 1.5 

The reactivity of the cluster [Fe4(C0)12(µ4-C- C02Me)J- has been 

investigated : 

BH3.1HF 
[Fe4(C0) 12(µ4-C-C02Me)J ------ [HFe4C(C0) 12J- 90,93 

THF 

A few reactions of [Fe4(C0)12(µ4-C-C02R)J- (R=H, CH2Ph);93,97 

HFe4C(C0)12(AuPPh3);86 and HFe4C(H)(C0)12;87 have also been studied. 

Molecular orbital calculations,39,98-102 infrared and Raman 

spectroscopy,103 interactive molecular graphics,104,105 and 57Fe Mossbauer 

spectroscopy,43,45,106 have all been used to investigate the bonding and 

reactivity of tetrairon carbido clusters. 



Tetraruthenium Carbido Clusters. 

Tetraruthenium carbido clusters can be synthesized from 

Ru5C(C0)14(AuPR3)2 thus73,74 : 

co(g)(80 atm.), 600C 
Ru5C(CO)i4(AuPR3)i--~----~ Ru4C(CO)i2(AuPR3)i 80% 

toluene 

The ruthenium atoms in the resultant tetraruthenium digold cluster describe a 

"butterfly" arrangement with the AuPR3 groups bridging across the "wingtips" 

and below the "hinge" of the "butterfly" (figure 1.6).74 

Figure 1.6 

The "hinge" bridging AuPR3 group can be removed and replaced with a 

proton 72,74 : · 

Ru4C(CO)i2(AuPR3)i---HXeg __ ) ___ HRu4C(CO)i2(AuPR3) 

X=I, Br, R=Et, Ph. 

The second AuPR3 group can be removed using excess tetraethylammonium 

borohydride 72,73 : 
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The proposed structure of the resultant anionic cluster is shown in figure 
1.7.72,73 

Figure 1.7 

The parent tetraruthenium carbido cluster, Ru4C(C0)13, can be 

synthesized using excess ferrocenium tetrafluoroborate to oxidize the anion, 

[HRu4C(C0)12J-, in the presence of carbon monoxide72,73: 

As in the case of Fe4C(C0)13, the product has a "butterfly" framework and one 

"hinge" bridging carbonyI.72,73 

The anion, [HRu4C(C0)12J-, can be protonated with tetrafluoroboric 
acid72,73: 

H2Ru4C(C0)12 exists as two isomers and from lH mnr evidence, the following 

structures have been proposed (figure 1.8).72,73 
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[A] 
Figure1.8 

At room temperature, [A] was found to be the major (-85%) isomer.72,73 
Finally, H2Ru4C(C0)12 can be protonated with 

trifluoromethanesulphoric acid72,73 : 

Tetraosmium Carbido Clusters. 

As yet, no tetraosmium carbido clusters have been synthesized. 
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CHAPTER TWO. 
Reactions of Ru5C(CO)i5 with Phosphorus or Nitrogen Donor 

Ligands. 

Introduction - Reactions of Clusters with Nitrogen Donor Ligands. 

The reactions of pyridine and related molecules with trinuclear osmium 

clusters have been studied extensively. The direct reaction of Os3(C0)12 with 

pyridine, 4-methylpyridine, 4-benzylpyridine, quinoline, or isoquinoline under 

harsh conditions leads to orthometallation of the ligand with a hydrogen atom 

undergoing migration onto the osmium framework.107 In the reaction with 

pyridine, the bis(pyridine) cluster H20s3(CO)g(NC5H4)i was synthesized via 

H033(C0)9(NC5H5)(NC5H4) which has one terminal and one orthometallated 

pyridine ligand.107 

+py 
Os3(C0)12;:::=:=== "Os3(C0)11 (NC5H5)" - not observed 

-CO 
- CO 

+ py, - CO 
HOs3(C0)10CNC5~) ~ ===== HOs3(C0)9(NC5H5)(NC5H4) 

- py. + co J r -CO +CO 

H20s3(CO)g(NC5H4)i 

Reactions of activated triosmium clusters have also been studied. For 

example, Os3(C0)11(NCMe) was found to react with p_yridine to give 

Os3(CO)i 1 (NC5H5))08 

~ 
Os3(CO)i 1 (NCMe)-PY_> Os3(CO)i 1 (NC5H5)-- HOs3(C0)10CNC5H4) 

PY 

The disubstituted cluster Os3(C0)10(NCMe)i reacted with various 2-substituted 

pyridines (2-XC5H4N; X = Me, CN, Cl, CHO, OH, SH, NH2, CH=CH2) to give 



products that were dependent on the nature of the substituent.109, 110 

Os3(C0)1o(NCMe)i was also found to react with imidazole, N-, 2-, or 

4-methylimidazole, benzimidazole, or pyrazole (L-H) to give products that were 

formulated as HOs3(C0)10(µL).l ll Again, orthometallation has occurred. The 

reaction of H20s3(C0)10 with 2-vinylpyridine and 2-ethynylpyridine was also 

investigated.11 O 

The activated cluster Os3(C0)10(cyclooctene)i reacts with pyridine, 

2-methylpyridine, 2-benzylpyridine, 2-pyridone, 2-aminopyridine, 

2-(benzylamino )pyridine, pyrazine, pyridazine, pyrimidine, and 2,2'-dipyridyl 

(L-H) to give products containing an orthometallated ligand with the general 

formula HOs3(CO)io(µL).112,113 

Hexanuclear Os6(C0)18 was found to react with excess pyridine to give 

small amounts of Os6(CO)i 7(NC5H5)i.114 In this cluster both pyridine ligands 

bond terminally to the "spike" osmium atom of the "spiked" trigonal 

bi pyramidal metal framework (figure 2.1 ). 

Figure 2.1 

H20s5(CO)i5 reacts with pyridine to produce H20s5(CO)i5(NC5H5), 

H20s5(C0)14(NC5H5) and H30s5(CO)i4(NC5B4).l 15 In the final product the 

pyridine ligand is orthometallated (figure 2.2). 
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Figure 2.2 

The pentaosmium carbido cluster HOs5C(C0)14(NC5H4) was isolated in 

4% yield from the pyrolysis of Os3(CO)i 1 (NC5H5) at 250°C.80 The structure is 

shown in figure 2.3 (the probable hydride position is also shown). 

Figure 2.3 

Compared to osmium clusters, very little work has been carried out on 

ruthenium clusters. In fact, only the reactions of Ru3(C0)10(NCMe)i with 2-, 

3-, or 4-methylpyridine, quinoline, isoquinoline, pyrazine, pyridazine, 

pyrimidine and 2,2'-dipyridyl (L-H) have been studied.116 In the reactions 

involving pyrazine and 2,2'-dipyridyl, the ligand coordinates to the cluster via 

its two nitrogen atoms. This is in contrast to the analogous osmium clusters 

(figure 2.4 ).112 
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M= Ru 

Figure2.4 

In all the other reactions of Ru3(C0)10(NCMe)i, orthometallation occurs and 
products with the general formula HRu3(C0)10(µL) are formed. 

This chapter will describe the reactions of pyridine and related molecules 
(and also primary phosphines) with Ru5C(CO)i5. 

Reaction of Ru5C(CO)i5 with Pyridine. 

The reaction of Ru5C(CO)i5 with excess pyridine in refluxing 
dichloromethane produced two isomers of HRu5C(C0)14(NC5H4) [1] in an 
overall yield of about 50%. 

pyridine, 400c 
Ru5C(CO)i5------- HRu5C(C0)14(NC5H4) [1] -50% 

CH2Cl2, 4 hours 

The isomers were separated by tlc and were present in an approximate ratio of 
1: 1. They have slightly different spectroscopic properties; isomer [IA] being 
orange-yellow while isomer [lB) is yellow. Although the.absorptions in the 
infrared spectra of [lA] and [lB] are at exactly the same wavenumber, the peak 
intensities vary slightly; for instance in [lA] the absorption at 2016 cm-1 has a 
greater intensity than the one at 2072 cm-1 while for [lB] the reverse is true. 
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Microanalyses and mass spectra of [lA] and [lB] both confirm the chemical 

formula is Ru5C20H5N014. The loss of fourteen carbonyls is also observed in 

the mass spectra. 

The lH nmr spectra of [lA] and [lB] clearly show that the pyridine 

ligand is orthometallated. A hydrogen atom from the pyridine molecule has 

migrated onto the ruthenium framework to form a hydride ligand. This appears 

as a doublet (4J=0.5Hz) at o= -25.75ppm in [lA] or as a singlet at o= -20.86ppm 

in [lB] . The doublet is caused by the hydride in [lA] coupling with the nearest 

hydrogen atom on the pyridine ligand. The splitting of the signals due to the 

hydrogen atoms in the pyridine ring of [lA] can be explained as follows (figure 

2.5) : 

Figure 2.5 

1 H (8= 8.50ppm) is split by 2H (3J=4.0Hz), 3H (4J=l.3Hz), 4H 

(5J=0.6Hz) and 5H (4J=0.5Hz) into a doublet of doublets of doublets of doublets 

(dddd); 

2H (8= 6.54ppm) is split by 3H (3J=5.2Hz), lH (3J=4.0Hz) and 4H 

(4J=l.3Hz) into a doublet of doublets of doublets (ddd); 

3H (8= 6.95ppm) is split by 2H (3J=5.2Hz), 4H (3J=5.2Hz) and lH 

(4J=l.3Hz) into a triplet of doublets; 

4H (8= 7.37ppm) is split by 3H (3J=5.2Hz), 2H (4J=l.3Hz) and lH 

(5J=0.6Hz) into a ddd. 
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The lH nmr spectrum of [IA] (8= 6.2 to 8.7ppm) is shown in figure 2.6. The 

two small peaks at 8= 6.44 and 6.47ppm are spinning side-bands of 

dichloromethane. The coupling described has been verified with the use of 

decoupling experiments. For instance, if the hydride signal is irradiated (8= 

-25.75ppm), only lH is affected as lH is the only hydrogen atom that couples 

with the hydride. lH changes from being a very ill-defined dddd into a ddd 

(figure 2.6). Similarly, if lH is irradiated (O= 8.50ppm), 2H becomes a doublet 

of doublets (dd) (3J=5.2Hz, 4J=l.3Hz), 3H becomes a triplet (3J=5.2Hz), and 4H . 

becomes add (3J=5.2Hz, 4J=l.3Hz). 

The splitting of the signals due to the hydrogen atoms in the pyridine ring 

of [lB] can be explained as follows (figure 2.7): 

Figure 2.7 

1 H (8=:= 7.50ppm) is split by 2H (3J=5.8Hz), 3H (4J= l .3Hz) and 4H 

(5J=0.6Hz) into a ddd; 

2H (8= 6.86ppm) is split by lH (3J=5.8Hz), 3H (3J=5.5Hz) and 4H 

(4J=l.4Hz) into a ddd; 

3H (8= 6.45ppm) is split by 2H (3J=5.5Hz), 4H (3J=4.4Hz) and lH 

(4J=l .3Hz) into a ddd; 

4H (8= 8.26ppm) is split by 3H (3J=4.4Hz), 2H (4J=l.4Hz) and lH 

(5J=0.6Hz) into a ddd . 
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The lH nmr spectrum of [lB] (8= 6.2 to 8.6ppm) is shown in figure 2.8. The 

coupling described has been verified with the use of decoupling experiments. 

For instance, if the hydride signal is irradiated (8= -20.86ppm), 1 H changes 

from being a rather ill-defined ddd into a very clean ddd (figure 2.8). This 

implies that even though the hydride signal is a singlet, the hydride is coupling 

very slightly with lH (4JHi-H5<0.5Hz). 

Crystal Structures of [lA] and [lB]. 

Crystals of both isomers were grown from heptane solutions at -30°C 

over a period of a few days. The X-ray structural determinations were carried 

out by M.McPartlin, G.Conole and H.R.Powell at the Polytechnic of North 

London. The structures are shown in figures 2.9, 2.10 and 2.11. Selected bond 

lengths are presented in tables 2.1, 2.3 and 2.5, and selected bond angles in tables 

2.2, 2.4 and 2.6. 

The crystallographic unit cell of isomer [lB] contains two independent 

molecules (figures 2.10 and 2.11). However, both molecules are fundamentally 

the same. The structure of [lA] is essentially similar to that reported for the 

osmium analogue HOs5C(CO)i4(NC5H4)80 for which no evidence of a second 

isomer has yet been observed. 

The ruthenium framework in each isomer may be described as a bridged 

"butterfly" or as a trigonal bipyramid. This is the expected structure for a 76 

electron cluster (see chapter one). The framework is slightly distorted (for [IA] 

Ru(4)-C-Ru(5) = 120.3(2)0 and Ru(l)-C-Ru(5) = 150.8(3)0 compared with 

138.3(9)0 and 139.6(9)0 for the analogous angles in Ru5C(CO)i5(NCMe)55), 

presumably reflecting the bonding requirements of the pyridine ligand (figure 

2.12). As in the case of Ru5C(CO)i5(NCMe), the axial ruthenium atoms are 

-0.1 A nearer to the carbido atom than the equatorial ruthenium atoms. 

Each ruthenium atom has three carbonyl ligands except Ru( 4) which has 

two and is bonded to both the pyridine and the hydride ligands. The carbonyl 
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Figure 2.9 



Table 2.1 

[IA] - Selected Bond Lengths;A 

Ru(l)-Ru(2) 2.877(1) Ru(5)-C(51) 1.897(6) 

Ru(l)-Ru(3) 2.882(1) Ru(5)-C(52) 1.938(6) 

Ru(l)-Ru(4) 2.895(1) Ru(5)-C(53) 1.935(6) 

Ru(2)-Ru(4) 2.833(1) C(l 1)-0(11) 1.146(8) 

Ru(2)-Ru(5) 2.876(1) C(l2)-0(12) 1.131(8) 

Ru(3)-Ru(4) 2.823(1) C(l3)-0(13) 1.148(9) 

Ru(3)-Ru(5) 2.876(1) C(21)-0(21) 1.121(8) 

Ru(l)-C 2.102(5) C(22)-0(22) 1.134(8) 

Ru(2)-C 1.975(5) C(23)-0(23) 1.124(8) 

Ru(3)-C 1.969(5) C(31)-0(31) 1.119(7) 

Ru(4)-C 2.030(5) C(32)-0(32) 1.131(8) 
i' 

Ru(5)-C 2.089(5) C(33)-0(33) 1.125(8) 

Ru(4)-C(l) 2.080(5) C(41)-0(41) 1.127(8) 

Ru(5)-N(l) 2.169(4) C( 42)-0( 42) 1.135(8) 

Ru(l)-H 1.757(1) C(51)-0(51) 1.130(7) 

Ru(4)-H 1.697(1) C(52)-0(52) 1.134(7) 

Ru(l )-C(l l) 1.918(6) C(53)-0(53) 1.126(8) 

Ru(l)-C(12) 1.912(6) 

Ru(l)-C(l3) 1.901 (6) 

Ru(2)-C(21) 1.929(6) 

Ru(2)-C(22) 1.910(6) 

Ru(2)-C(23) 1.930(6) 

Ru(3)-C(31) 1.922(5) 

Ru(3)-C(32) 1.939(6) 

Ru(3)-C(33) 1.926(6) 

Ru(4)-C(41) 1.896(6) 

Ru(4)-C(42) 1.900(6) 



30 

Table 2.1 

[lA] - Selected Bond Lengths;A 

Ru(l)-Ru(2) 2.877(1) Ru(5)-C(5 l) 1.897(6) 
Ru(l)-Ru(3) 2.882(1) Ru(5)-C(52) 1.938(6) 
Ru(l)-Ru(4) 2.895(1) Ru(5)-C(53) 1.935(6) 
Ru(2)-Ru(4) 2.833(1) C(l 1)-0(11) 1.146(8) 
Ru(2)-Ru(5) 2.876(1) C(l2)-0(12) 1.131(8) 
Ru(3)-Ru(4) 2.823(1) C(l3)-0(13) 1.148(9) 
Ru(3)-Ru(5) 2.876(1) C(21)-0(21) 1.121(8) 
Ru(l)-C 2.102(5) C(22)-0(22) 1.134(8) 
Ru(2)-C 1.975(5) C(23)-0(23) 1.124(8) 

Ru(3)-C 1.969(5) C(31)-0(31) 1.119(7) 
Ru(4)-C 2.030(5) C(32)-0(32) 1.131(8) 
Ru(5)-C 2.089(5) C(33)-0(33) 1.125(8) 
Ru(4)-C(l) 2.080(5) C(41)-0(41) 1.127(8) 
Ru(5)-N(l) 2.169(4) C(42)-0(42) 1.135(8) 
Ru(l)-H 1.757(1) C(51)-0(51) 1.130(7) 
Ru(4)-H 1.697(1) C(52)-0(52) 1.134(7) 
Ru(l)-C(l l) 1.918(6) C(53)-0(53) 1.126(8) 
Ru(l)-C(l2) 1.912(6) 

Ru(l)-C(l3) 1.901 (6) 

Ru(2)-C(21) 1.929(6) 

Ru(2)-C(22) 1.910(6) 

Ru(2)-C(23) 1.930(6) 

Ru(3)-C(31) 1.922(5) 

Ru(3)-C(32) 1.939(6) 

Ru(3)-C(33) 1.926(6) 

Ru(4)-C(41) 1.896(6) 

Ru(4)-C(42) 1.900(6) 
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Table 2.2 

[lA] - Selected Bond Angles10 

Ru(l)-Ru(2)-Ru(4) 60.9(1) Ru(l)-C(12)-0(12) 176.0(5) 

Ru( 1 )-Ru(2)-Ru(5) 89.6(1) Ru(l )-C(l 3 )-0(13) 176.2(6) 

Ru(l)-Ru(3)-Ru(4) 61.0(1) Ru(2)-C(21)-0(21) 176.6(5) 

Ru(l )-Ru(3)-Ru(5) 89.5(1) Ru (2)-C(22 )-0(22) 176.9(6) 

Ru(l)-Ru(4)-Ru(2) 60.3(1) Ru (2 )-C(23 )-0(23) 178.6(6) 

Ru(l)-Ru(4)-Ru(3) 60.5(1) Ru(3)-C(31)-0(31) 176.5(5) 

Ru(2)-Ru(l )-Ru(3) 86.4(1) Ru(3)-C(32)-0(32) 175.7(5) 

Ru(2)-Ru(l)-Ru(4) 58.8(1) Ru(3)-C(33)-0(33) 177.3(5) 

Ru(2)-Ru( 4 )-Ru(3) 88.4(1) Ru(4)-C(41)-0(41) 176.2(6) 

Ru(2)-Ru(5)-Ru(3) 86.6(1) Ru(4)-C(42)-0(42) 177 .5(6) 

Ru(3)-Ru(l)-Ru(4) 58.5(1) Ru(5)-C(51)-0(51) 178.2(5) 

Ru(4)-Ru(2)-Ru(5) 77.5(1) Ru(5)-C(52)-0(52) 178.3(5) 

Ru(4)-Ru(3)-Ru(5) 77.6(1) Ru(5)-C(53)-0(53) 177.9(5) 

Ru(l)-C-Ru(4) 89.0(2) 

Ru(l)-C-Ru(5) 150.8(3) 

Ru( 4 )-C-Ru(5) 120.3(2) 

Ru(2)-C-Ru(3) 179.8(1) 

Ru(l)-C-Ru(2) 89.7(2) 

Ru( 4 )-C-Ru(2) 90.0(2) 

Ru(5)-C-Ru(2) 90.0(2) 

Ru(l)-C-Ru(3) 90.1(2) 

Ru( 4 )-C-Ru(3) 89.8(2) 

Ru(5)-C-Ru(3) 90.2(2) 

Ru(4)-C(l)-N(l) 119.6(4) 

Ru(5)-N(l)-C(l) 123.1(3) 

Ru(l)-H-Ru(4) 113.9(1) 

Ru(l )-C(l 1 )-0(11) 176.4(6) 
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Figure 2.10 



Table 2.3 

[lBa] - Selected Bond Lengths;A 

Ru(l a)-Ru(2a) 2.853(2) Ru(5a)-C(5 la) 1.972(14) 

Ru(la)-Ru(3a) 2.864(1) Ru(5a)-C(52a) 1.879(14) 

Ru(la)-Ru(4a) 2.830(1) Ru(5a)-C(53a) 1.884(23) 

Ru(2a)-Ru(4a) 2.824(2) C(l la)-0(1 la) 1.155(18) 

Ru(2a)-Ru(5a) 2.894(2) C(12a)-0(12a) 1.11(3) 

Ru(3a)-Ru(4a) 2.803(1) C(13a)-0(13a) 1.137(17) 

Ru(3a)-Ru(5a) 2.899(2) C(21a)-0(21a) 1.160(22) 

Ru(la)-C(a) 2.080(14) C(22a )-0(22a) 1.170(19) 

Ru(2a)-C(a) 1.977(12) C(23a)-0(23a) 1.129(18) 

Ru(3a)-C(a) 1.972(13) C(31a)-0(31a) 1.141(12) 

Ru(4a)-C(a) 2.025(12) C(3 2a )-0(3 2a) 1.156(20) 

Ru(5a)-C(a) 2.098(16) C(33a)-0(33a) 1.13(3) 

Ru(5a)-C(la) 2.140(11) C(41a)-0(41a) 1.164(19) 

Ru(4a)-N(a) 2.154(12) C(42a)-0(42a) 1.173(25) 

Ru(la)-H(a) 1.853(1) C(5la)-0(51a) 1.121(17) 

Ru(4a)-H(a) 1.851(1) C(52a)-0(52a) 1.153(17) 

Ru(l a)-C(l la) 1.903(1 4) C(53a)-0(53a) 1.12(3) 

Ru(l a)-C(l 2a) 1.902(22) 

Ru(la)-C(13a) 1.873(14) 

Ru(2a)-C(21a) 1.877(18) 

Ru(2a)-C(22a) 1.877(15) 

Ru(2a)-C(23a) 1.914(15) 

Ru(3a)-C(31a) 1.896(10) 

Ru(3a)-C(32a) 1.879(16) 

Ru(3a)-C(33a) 1.934(24) 

Ru(4a)-C(41a) 1.859(15) 

Ru(4a)-C(42a) 1.849(19) 
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Table 2.4 

[lBa] - Selected Bond Angles;0 

Ru(la)-Ru(2a)-Ru(4a) 59.8(1) Ru(la)-C(12a)-0(12a) 174(1) 

Ru(la)-Ru(2a)-Ru(5a) 89.6(1) Ru(la)-C(l 3a)-0(13a) 178(2) 

Ru(l a )-Ru (3a)-Ru( 4a) 59.9(1) Ru(2a)-C(21 a)-0(21a) 176(1) 

Ru(la)-Ru(3a)-Ru(5a) 89.3(1) Ru(2a)-C(22a)-0(22a) 178(2) 

Ru(la)-Ru(4a)-Ru(2a) 60.6(1) Ru (2a )-C(23a)-0(23a) 171 (2) 

Ru(la)-Ru( 4a)-Ru(3a) 61.1(1) Ru(3a)-C(3 la)-0(3 la) 177(1) 

Ru(2a)-Ru(la)-Ru(3a) 87.4(1) Ru(3a)-C(32a)-0(32a) 177(2) 

Ru(2a)-Ru(la)-Ru( 4a) 59.6(1) Ru(3a)-C(33a)-0(33a) 178(1) 

Ru(2a)-Ru( 4a)-Ru(3a) 89.1(1) Ru( 4a)-C( 41 a)-0( 41 a) 178.2(9) 

Ru(2a)-Ru(5a)-Ru(3~) 86.0(1) Ru( 4a)-C( 42a)-0( 42a) 178(1) 

Ru(3a)-Ru(la)-Ru(4a) 59.0(1) Ru(5a)-C(5 l a)-0(51 a) 178(2) 

Ru( 4a)-Ru(2a)-Ru(5a) 77.9(1) Ru(5a)-C(52a)-0(52a) 175(2) 

Ru( 4a)-Ru(3a)-Ru(5a) 78.1(1) Ru(5a)-C(53a)-0(53a) 174(1) 

Ru(la)-Ca-Ru(4a) 87.2(6) 

Ru(la)-Ca-Ru(5a) 151.5(5) 

Ru(4a)-Ca-Ru(5a) 121.3(5) 

Ru(2a)-Ca-Ru(3a) 178.6(9) 

Ru(la)-Ca-Ru(2a) 89.3(4) 

Ru( 4a)-Ca-Ru(2a) 89.8(5) 

Ru(5a)-Ca-Ru(2a) 90.5(7) 

Ru(la)-Ca-Ru(3a) 89.9(6) 

Ru(4a)-Ca-Ru(3a) 89.0(5) 

Ru(5a)-Ca-Ru(3a) 90.8(5) 

Ru(5a)-C(la)-N(a) 120.0(9) 

Ru(4a)-N(a)-C(la) 123.0(7) 

Ru(la)-Ha-Ru(4a) 99.7(1) 

Ru(la)-C(l la)-0(1 la) 77(2) 
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Figure 2.11 
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Table 2.5 

[lBb] - Selected Bond Lengths;A 

Ru(lb)-Ru(2b) 2.866(1) Ru(5b )-C(51 b) 1.941(21) 

Ru(lb)-Ru(3b) 2.853(2) Ru(5b)-C(52b) 1.869(17) 

Ru(lb)-Ru(4b) 2.838(2) Ru(Sb )-C(53b) 1.901(11) 

Ru(2b)-Ru(4b) 2.814(2) C(l 1 b )-0(11 b) 1.13(3) 

Ru(2b )-Ru(Sb) 2.899(2) C( 12b )-O(l 2b) 1.171(15) 

Ru(3b)-Ru(4b) 2.815(1) C(l 3b )-0(13b) 1.16(3) 

Ru(3b)-Ru(5b) 2.898(1) C(21 b )-0(21 b) 1.155(19) 

Ru( 1 b )-C(b) 2.089(12) C(22b )-0(22b) 1.163(23) 

Ru(2b )-C(b) 1.986(12) C(23b )-0(23b) 1.18(3) 

Ru(3b)-C(b) 1.968(12) C(31 b )-0(31 b) 1.12(3) 

Ru(4b)-C(b) 2.043(14) C(32b )-0(32b) 1.175(20) 

Ru(5b)-C(b) 2.083(11) C(33b )-0(33b) 1.164(16) 

Ru(5b )-C(l b) 2.121(15) C(41b)-0(41b) 1.153(16) 

Ru(4b)-N(b) 2.115(10) C( 42b )-0( 42b) 1.135(20) 

Ru(lb)-H(b) 1.715(1) C(51 b )-0(51 b) 1.13(3) 

Ru(4b)-H(b) 1.717(1) C(52b )-0(52b) 1.171(21) 

Ru(l b)-C(ll b) 1.926(21) C(53b )-0(53b) 1.151(14) 

Ru(l b )-C(l 2b) 1.889(12) 

Ru(lb)-C(13b) 1.849(21) 

Ru(2b)-C(21b) 1.876(14) 

Ru(2b )-C(22b) 1.851(19) 

Ru(2b)-C(23b) 1.86(3) 

Ru(3b )-C(31 b) 1.92(3) 

Ru(3b )-C(32b) 1.910(15) 

Ru(3b)-C(33b) 1.889(13) 

Ru( 4b )-C( 41 b) 1.876(12) 

Ru( 4b )-C( 42b) 1.901 (17) 
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Table 2.6 

[lBb] - Selected Bond angles/0 

Ru(l b)-Ru(2b)-Ru(4b) 59.9(1) Ru(l b )-C(l 2b )-0(12b) 178(2) 

Ru(lb)-Ru(2b)-Ru(5b) 89.1(1) Ru(l b )-C(l 3b )-0(13b) 176(1) 

Ru( 1 b )-Ru(3b )-Ru( 4b) 60.1(1) Ru(2b )-C(21 b )-0(21 b) 175(2) 

Ru(lb)-Ru(3b)-Ru(5b) 89.4(1) Ru(2b )-C(22b )-0(22b) 177(2) 

Ru ( 1 b)-Ru( 4 b )-Ru(2b) 60.9(1) Ru(2b )-C(23b )-0(23b) 177(2) 

Ru(lb)-Ru(4b)-Ru(3b) 60.6(1) Ru(3b )-C(31 b )-0(31 b) 175(2) 

Ru(2b )-Ru(l b )-Ru(3b) 87.4(1) Ru(3b )-C(32b )-0(32b) 175(1) 

Ru(2b)-Ru(l b)-Ru(4b) 59.1(1) Ru(3b)-C(33b)-0(33b) 175(1) 

Ru(2b)-Ru(4b)-Ru(3b) 89.2(1) Ru(4b)-C(4lb)-0(41 b) 176.3(9) 

Ru(2b)-Ru(5b)-Ru(3b) 86.0(1) Ru( 4b )-C( 42b )-0( 42b) 176(1) 

Ru(3b)-Ru(l b)-Ru(4b) 59.3(1) Ru(5b )-C(51 b )-0(51 b) 178(1) 

Ru( 4b)-Ru(2b)-Ru(5b) 78.1(1) Ru(5b )-C(52b )-0(52b) 177(1) 

Ru( 4b )-Ru(3b )-Ru(5b) 78.1(1) Ru(5b)-C(53b)-0(53b) 177(2) 

Ru(lb)-Cb-Ru(4b) 86.7(4) 

Ru(lb)-Cb-Ru(5b) 151.8(8) 

Ru(4b)-Cb-Ru(5b) 121.5(7) 

Ru(2b )-Cb-Ru(3b) 177.5(7) 

Ru( 1 b )-Cb-Ru(2b) 89.4(6) 

Ru(4b)-Cb-Ru(2b) 88.6(5) 

Ru(5b)-Cb-Ru(2b) 90.8(4) 

Ru(l b)-Cb-Ru(3b) 89.3(3) 

Ru(4b)-Cb-Ru(3b) 89.2(6) 

Ru(5b)-Cb-Ru(3b) 91.3(5) 

Ru(5b)-C(lb)-N(b) 122.8(9) 

Ru( 4b )-N(b )-C(l b) 121.0(9) 

Ru(lb)-Hb-Ru(4b) 111.5(1) 

Ru(l b)-C(l 1 b)-0(11 b) 179(2) 
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Figure 2.12 

ligands are all terminal with Ru-C-0 angles in the range 171(2)0 to 179(2)0. The 

hydride ligand bridges the Ru(l)-Ru(4) "hinge" bond in both isomers, and the 

Ru( 4 )·····Ru(5) unbonded edge is bridged by the orthometallated pyridine via 

the nitrogen atom and the deprotonated carbon atom. Fundamentally, the two 

isomers differ only in the orientation of this aromatic ligand; in [IA] the 

nitrogen atom is bonded to the "wingtip" bridging ruthenium atom and in [IB] it 

is bonded to the "hinge" ruthenium atom. 

Due to the similarity of the nitrogen and carbon atom's electron 

densities, the possibility of [IA] having [IB]'s structure and vice versa was 

. investigated. Both isomer's structures were confirmed after attempts to refine 

the structures with the positions of the N and C(l) atoms swapped around, failed. 

The difference in the orientation of the pyridine ligand in the isomers has 

a large effect on the chemical shift of the hydride in the 1 H nmr spectra; the 

hydride in [IA] is -5ppm upfield from that in [IB]. 

Lengthening of metal-metal bonds bridged by hydride ligands is a 

feature of many clusters.117-119 This is observed in isomer [ 1 A] where the 

hydride-bridged bond (Ru(l)-Ru(4) = 2.895(1)A) is the longest in the molecule. 

In contrast, in isomer [IB] the hydride-bridged bond is much shorter (mean 

length : 2.834(2)A). The longest ruthenium-ruthenium bonds in [IB] are those 

from the "wingtip" bridging ruthenium atom Ru(5) (mean lengths : Ru(2)-Ru(5) 

= 2.897(3)A and Ru(3)-Ru(5) = 2.899(2)A). Relatively short hydride-bridged 



39 

metal-metal bond distances have been observed previously in clusters, for 

example the µ2-H edge in [HOsg(CO)i2J- (Os-Os = 2.848(l)A).120 

Mechanism of the Reaction of Ru5C(CO)i5 with Pyridine. 

A possible reaction mechanism (for which there is no direct evidence) is 

shown in figure 2.13. 

4 

1 

4 

1 
[ 1A] 

3 Figure 2.13 

Firstly, the Ru(4)-Ru(5) bond breaks and the ruthenium framework 

changes from square pyramidal to trigonal bipyramidal as the pyridine ligand 

bonds terminally to Ru(5). In the second step, [IA] is formed when a carbonyl 

ligand is lost as the pyridine becomes orthometallated on the Ru(4)··· ··Ru(5) 

edge and a hydrogen atom from the pyridine migrates onto the "hinge". Initial 
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attack by the pyridine molecule at the apical Ru( 4) atom, rather than a basal 

ruthenium atom, would form isomer [lB]. 

Synthesis of HRu5C(CO)i3(NC5H4) [2]~ 

Both isomers of HRu5C(C0)14(NC5H4) ([lA] and [lB]) were completely 

converted to HRu5C(C0)13(NC5H4) [2] on prolonged heating in heptane. The 

rate of decarbonylation of [lA] was approximately twice that of [lB]. 

9goc, heptane 
HRu5C(CO)i4(NC5H4)------- HRu5C(C0)13(NC5H4) 

[lA] - 24 hours 
[1] [lB] -48 hours [2] 

A possible explanation for the greater kinetic stability of [lB] would be that the 

nitrogen atom in the pyridine ligand is strongly bonded to one of the more 

electropositive ruthenium atoms in the cluster (one of the "hinge" ruthenium 

atoms). In [lA], the nitrogen atom is attached to the less electropositive 

"wingtip" bridging ruthenium atom. This difference in electropositivity was 

shown to be present using molecular orbital calculations121 and is due to the 

position of the hydride ligand (bound to the "hinge" ruthenium atoms). 

Microanalysis and the mass spectrum of [2] both confirm the chemical 

formula is Ru5C19H5N013. The loss of thirteen carbonyls is also observed in the 

mass spectrum. 

Crystal Structure of [2]. 

Crystals of [2] were grown from a heptane solution at -30°C over a 

period of a few days. The X-ray structural determination was carried out by 

M.McPartlin and G.Conole at the Polytechnic of North London. There are two 

independent molecules in the crystallographic unit cell and these are shown in 

figures 2.14 and 2.15. Selected bond lengths are presented in tables 2.7 and 2.9 

and selected bond angles in tables 2.8 and 2.10. 
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Figure 2.14 



Table 2.7 

[2a] - Selected Bond Lengths/A 

Ru(la)-Ru(2a) 2.864(1) Ru(4a)-C(43a) 1.901(14) 

Ru(l a)-Ru(3a) 2.904(1) Ru(5a)-C(51 a) 1.860(12) 

Ru(la)-Ru(4a) 2.892(1) Ru(5a)-C(53a) 1.909(12) 

Ru(2a)-Ru( 4a) 2.811(1) C(l la)-0(1 la) 1.179(18) 

Ru(2a)-Ru(5a) 2.846(1) C(12a)-0(12a) 1.138(15) 

Ru(3a)-Ru(4a) 2.863(1) C(13a)-0(13a) 1.175(16) 

Ru(3a)-Ru(5a) 2.747(1) C(21a)-0(21a) 1.173(16) 

Ru( 4a)-Ru(5a) 2.894(1) C(22a )-0(22a) 1.163(17) 

Ru(la)-C(a) 2.028(11) C(23a)-0(23a) 1.148(17) 

Ru(2a)-C(a) 2.010(10) C(3 2a )-0(3 2a) 1.132(17) 

Ru(3a)-C(a) 2.006(10) C(33a)-0(33a) 1.146(16) 

Ru( 4a)-C(a) 2.123(10) C(4la)-0(4la) 1.127(17) 

Ru(5a)-C(a) 1.996(11) C(42a)-0(42a) 1.156(15) 

Ru(3a)-C(la) 2.098(11) C(43a)-0(43a) 1.155(18) 

Ru(5a)-N(a) 2.116(9) C(51a)-0(5la) 1.104(15) 

Ru(la)-H(a) 1.850(1) C(53a)-0(53a) 1.132(16) 

Ru( 4a)-H(a) 1.853(1) 

Ru(la)-C(l la) 1.891 (1 4) 

Ru(la)-C(12a) 1.913(12) 

Ru(l a)-C(13a) 1.885(13) 

Ru(2a)-C(2la) 1.878(12) 

Ru(2a)-C(22a) 1.912(13) 

Ru(2a)-C(23a) 1.885(13) 

Ru(3a)-C(32a) 1.848(13) 

Ru(3a)-C(3 3a) 1.902(12) 

Ru(4a)-C(4la) 1.923(13) 

Ru(4a)-C(42a) 1.909(12) 
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Table 2.8 

[2a] - Selected Bond Angles/0 

Ru(la)-Ru(2a)-Ru( 4a) 61.3(1) Ru(la)-Ha-Ru(4a) 102.7(1) 

Ru(la)-Ru(2a)-Ru(5a) 89.6(1) Ru(la)-C(l la)-0(1 la) 178(1) 

Ru( 1 a)-Ru(3a)-Ru( 4a) 60.2(1) Ru(la)-C(l2a)-0(12a) 176(1) 

Ru( 1 a)-Ru(3a)-Ru(5a) 90.7(1) Ru(la)-C(l3a)-0(13a) 176(1) 

Ru(la)-Ru(4a)-Ru(2a) 60.3(1) Ru(2a)-C(21 a)-0(21 a) 177(1) 

Ru(la)-Ru(4a)-Ru(3a) 60.6(1) Ru(2a)-C(22a)-0(22a) 179(1) 

Ru(2a)-Ru(la)-Ru(3a) 88.0(1) Ru (2a )-C(23 a)-0(23a) 174(1) 

Ru(2a)-Ru(la)-Ru( 4a) 58.5(1) Ru(3a)-C(32a)-0(32a) 179(1) 

Ru(2a)-Ru( 4a)-Ru(3a) 89.9(1) Ru(3a)-C(33a)-0(33a) 179(1) 

Ru(2a)-Ru( 4a)-Ru(5a) 59.8(1) Ru( 4a)-C( 41 a)-0( 41 a) 175(1) 

Ru(2a)-Ru(5a)-Ru(3a) 91.5(1) Ru( 4a)-C( 42a)-0( 42a) 176(1) 

Ru(2a)-Ru(5a)-Ru(4a) 58.6(1) Ru( 4a)-C( 43a)-0( 43a) 178(1) 

Ru(3a)-Ru (1 a)-Ru( 4a) 59.2(1) Ru(5a)-C(51 a)-0(5 la) 178(1) 

Ru( 4a)-Ru(2a)-Ru(5a) 61.5(1) Ru(5a)-C(53a)-0(53a) 177(1) 

Ru( 4a)-Ru(3a)-Ru(5a) 62.1 (1) 

Ru(la)-Ca-Ru(4a) 88.3(4) 

Ru(la)-Ca-Ru(5a) 177 .3(6) 

Ru(4a)-Ca-Ru(5a) 89.2(4) 

Ru(2a)-Ca-Ru(3a) 172.9(6) 

Ru(la)-Ca-Ru(2a) 90.4(4) 

Ru( 4a)-Ca-Ru(2a) 85.7(4) I 

/ 1 
Ru(5a)-Ca-Ru(2a) 90.5(4) 

Ru(la)-Ca-Ru(3a) 92.1(4) 

Ru(4a)-Ca-Ru(3a) 87.8(4) 

Ru(5a)-Ca-Ru(3a) 86.7(4) 

Ru(3a)-C( 1 a)-N (a) 109.8(7) 

Ru(5a)-N(a)-C(la) 108.8(7) 
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Figure 2.15 
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Table 2.9 

[2b] - Selected Bond Lengths/A 

Ru(l b)-Ru(2b) 2.888(1) Ru(4b)-C(43b) 1.887(13) 

Ru(lb)-Ru(3b) 2.870(1) Ru(5b)-C(51b) 1.845(10) 

Ru(lb)-Ru(4b) 2.875(1) Ru(5b)-C(53b) 1.880(12) 

Ru(2b)-Ru(4b) 2.830(1) C(l lb)-0(1 lb) 1.165(21) 

Ru(2b)-Ru(5b) 2.867(1) C(12b)-0(12b) 1.173(16) 

Ru(3b)-Ru(4b) 2.875(1) C(l3b)-0(13b) 1.144(17) 

Ru(3b)-Ru(5b) 2.725(1) C(21 b )-0(21 b) 1.147(15) 

Ru(4b)-Ru(5b) 2.898(1) C(22b )-0(22b) 1.154(19) 

Ru(l b )-C(b) 2.032(10) C(23b )-0(23b) 1.139(16) 

Ru(2b )-C(b) 2.011(10) C(32b )-0(32b) 1.147(15) 

Ru(3b )-C(b) 1.991(10) C(33b)-0(33b) 1.150(20) 

Ru(4b)-C(b) 2.097(10) C( 41 b )-0( 41 b) 1.228(24) 

Ru(5b)-C(b) 1.993(10) C( 42b )-0( 42b) 1.175(20) 

Ru(5b )-C(l b) 2.099(11) C( 43b )-0( 43b) 1.171(17) 

Ru(3b)-N(b) 2.085(10) C(51b)-0(51b) 1.145(13) 

Ru(lb)-H(b) 1.854(1) C(53b )-0(53b) 1.166(16) 

Ru(4b)-H(b) 1.854(1) 

Ru(lb)-C(llb) 1.910(16) 

Ru(lb)-C(12b) 1.889(13) 

Ru(lb)-C(l3b) 1.874(13) 

Ru(2b)-C(21b) 1.893(11) 

Ru(2b )-C(22b) 1.901(14) 

Ru(2b)-C(23b) 1.876(12) 

Ru(3b )-C(32b) 1.855(12) 

Ru(3b)-C(33b) 1.902(15) 

Ru(4b)-C(41b) 1.949(20) 

Ru(4b)-C(42b) 1.885(15) 
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Table 2.10 

[2b] - Selected Bond angles/0 

Ru(lb)-Ru(2b)-Ru(4b) 60.4(1) Ru(lb)-Hb-Ru(4b) 101.7(1) 
Ru(lb)-Ru(2b)-Ru(5b) 88.7(1) Ru(l b)-C(l lb)-0(11 b) 177(1) 
Ru(lb)-Ru(3b)-Ru(4b) 60.1(1) Ru(l b )-C( 12b )-0(12b) 176(1) 
Ru(l b)-Ru(3b)-Ru(5b) 91.9(1) Ru(l b)-C(13b)-0(13b) 177(1) 
Ru(lb)-Ru(4b)-Ru(2b) 60.8(1) Ru(2b)-C(21b)-0(21 b) 176(1) 
Ru(lb)-Ru(4b)-Ru(3b) 59.9(1) Ru (2b )-C(22b )-0(22b) 179.6(8) 
Ru(2b)-Ru(l b)-Ru(3b) 88.0(1) Ru(2b )-C(23b )-0(23b) 176(1) 
Ru(2b )-Ru(l b)-Ru( 4b) 58.8(1) Ru(3b )-C(32b )-0(32b) 173(1) 
Ru(2b )-Ru( 4b )-Ru(3b) 89.0(1) Ru(3b )-C(33b )-0(33b) 179(1) 
Ru(2b)-Ru(4b)-Ru(5b) 60.1(1) Ru(4b)-C(41 b)-0(41b) 177(2) 
Ru(2b )-Ru(5b )-Ru(3b) 91.3(1) Ru( 4b )-C( 42b )-0( 42b) 170(1) 
Ru(2b)-Ru(5b)-Ru(4b) 58.8(1) Ru( 4b )-C( 43b )-0( 43b) 170(1) 
Ru(3b )-Ru(l b)-Ru( 4b) 60.1(1) Ru(5b)-C(51b)-0(51 b) 174.9(9) 
Ru(4b)-Ru(2b)-Ru(5b) 61.2(1) Ru(5b )-C(53b )-0(53b) 179.6(9) 
Ru( 4b )-Ru(3b )-Ru(5b) 62.3(1) 

. Ru(lb)-Cb-Ru(4b) 88.3(4) 

Ru(lb)-Cb-Ru(5b) 176.9(6) 

Ru( 4b )-Cb-Ru(5b) 90.2(4) 

Ru(2b)-Cb-Ru(3b) 175.7(6) 

Ru(lb)-Cb-Ru(2b) 91.1(4) 

Ru( 4b )-Cb-Ru(2b) 87.1(4) 

Ru(5b)-Cb-Ru(2b) 91.4(4) 

Ru(lb)-Cb-Ru(3b) 91.0(4) 

Ru(4b)-Cb-Ru(3b) 89.4(4) 

Ru(5b)-Cb-Ru(3b) 86.3(4) 

Ru(5b)-C(l b)-N(b) 109.4(7) 

Ru(3b)-N(b)-C(lb) 109.7(8) 
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The ruthenium framework is a square pyramid which is as expected for a 

74 electron cluster (see chapter one). The base of the pyramid is slightly 

distorted (for [2b] : basal Ru-Ru= 2.870(1), 2.867(1), 2.888(1) and 2.7250)A 
compared with 2.858(3), 2.843(2), 2.836(2) and 2.882(2)A for Ru5C(CO)i555), 

reflecting the bonding requirements of the pyridine ligand (figure 2.16). 
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Figure 2.16 

As in the case of Ru5C(CO)i5, the basal ruthenium atoms are -0.lA 

nearer to the carbido atom than the apical ruthenium atom. The two ruthenium 

atoms bound to the pyridine ligand have two carbonyls, while the other 

ruthenium atoms all have three. The carbonyl ligands are all terminal with 

Ru-C-0 angles in the range 170(1)0 to 179.6(9)0 • 

The hydride ligand bridges the basal-apical Ru(l)-Ru(4) bond in both 

structures, while the shortest basal ruthenium-ruthenium bond (mean 

Ru(3)-Ru(5) = 2. 736(1 )A) is bridged by the orthometallated pyridine via the 

nitrogen atom and the deprotonated carbon atom. Fundamentally, the two 

isomers differ only in the orientation of this aromatic ligand; in [2a] the nitrogen 
atom is bonded to the basal ruthenium atom furthest from the hydride (Ru(5)), 
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and in contrast, in [2b], it is bonded to a ruthenium atom adjacent to the hydride 
(Ru(3)). 

Reactions of HRu5C(CO)i3(NC5H4) [2]. 

On standing at room temperature, a heptane solution of [2] decomposed 
to give a mixture which included equimolar amounts of [lA] and [lB]. This also 
occurred when solutions of [2] were exposed to silica. In both these reactions CO 
"scavenging" must be taking place. Treatment of a heptane solution of [2] with 
carbon monoxide for ten minutes regenerated [lA] and [lB] in equimolar 
proportions with no other detectable products, indicating both isomers were of 
comparable thermodynamic stability. 

heptane 
[2] HRu5C(C0)13(NC5H4) HRu5C(C0)14(NC5H4) [1] co( ), gooc, 10 minutes 

or s1Tica or air, 3 weeks. 

Mechanism for the Interconversion of [1] and [2]. 

·A possible mechanism (for which there is no direct evidence) for the 
interconversion reactions is shown in figure 2.17. 

Initially, a carbonyl ligand is lost from Ru(5) and a Ru(4)-Ru(5) bond is formed . 
The orthometallated pyridine ligand then "walks" around the square pyramidal 
ruthenium framework. This process is accompanied with appropriate carbonyl 
migrations. 

The lH nmr spectrum of [2] shows three multiplets at 8= 8.20ppm (lH), 
O= 7.49ppm (2H) and 8= 7.06ppm (lH), due to the four hydrogen atoms on the 
orthometallated pyridine ring. As [2a] and [2b] could not be separated, there was 
no way of analysing these signals. The low temperature (250K) lH nmr 
spectrum of [2] shows that the two isomers are present in an approximate ratio 
of 1: 1. The hydride signals appear as singlets at 8= -21.49ppm and O= 
-22.03ppm. At room temperature, the two isomers are interconverting faster 
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than the nmr timescale (possibly via part of the mechanism shown in figure 

2.17) and only a broad singlet at O= -21.56ppm is seen. 

Synthesis of HRu5C(C0)13(NC5H5)(NC5H4) [3]. 

The reaction of Ru5C(CO)i5 with pyridine which produced two isomers 

of HRu5C(CO)i4(NC5H4) [1] in an overall yield of approximately 50%, has 

already been described. A further compound, HRu5C(C0)13(NC5H5)(NC5H4) 

[3], was also obtained from this reaction in a yield of 8%. 

pyridine, 400C 
Ru5C(C0)15------- HRu5C(C0)13(NC5H5)(NC5H4) [3] 8% 

CH2Cl2, 4 hours 

Microanalysis and the mass spectrum of [3] both confirm the chemical 

formula is Ru5C24B10N2013. The loss of thirteen carbonyls is also observed in 

the mass spectrum. The 1 H nmr spectrum clearly illustrates the presence of one 

orthometallated and one terminal pyridine ligand (as in the case of 

HOs3(C0)9(NC5B5)(NC5H4)107). The two multiplets at 8= 8.71 and 7.37ppm 

which integration shows are due to two and three hydrogens respectively, are 

caused by the five hydrogen atoms in the terminal pyridine ligand. The two 

ortho hydrogens (8= 8.71ppm) are shifted downfield from the other three (8= 

7.37ppm) because they are nearer to the nitrogen atom. The hydride signal 

appears as a singlet at 8= -21.27ppm. The splitting of the signals due to the 

hydrogen atoms ·in the orthometallated pyridine ring of [3] can be explained as 

follows (figure 2.18) : 

lH (8= 7.59ppm) is a multiplet; 

2H (o= 6.88ppm) is split by lH (3J=7.8Hz), 3H (3J=7.2Hz) and 4H 

(4J=l.9Hz) into a ddd; 

3H (8= 6.45ppm) is split by 2H (3J=7.2Hz), 4H (3J=5.9Hz) and lH 

(4J=l.7Hz) into a ddd; 

4H (8= 7.90ppm) is split by 3H (3J=5.9Hz), 2H (4J=l.9Hz) and lH 
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(SJ=0.6Hz) into a ddd. 

Figure 2.18 

The lH nmr spectrum of [3] (8= 6.3 to 8.lppm) is shown in figure 2.19. The two 
peaks at 8= 6.43 and 6.44ppm are spinning side-bands of dichloromethane. 
These side-bands hide one of the peaks due to 3H. The coupling described has 
been verified with the use of decoupling experiments. For instance, if the 
hydride signal is irradiated (8= -21.27ppm), 1 H changes from being a multiplet 
into a ddd (3J81.H2=7.8Hz, 4J81.m=l.7Hz, 5J81.84=0.6Hz) - figure 2.19. This 
implies (as in [lB]) that even though the hydride signal is a singlet, the hydride is 
coupling very slightly with lH (4J81.ru<0.5Hz). 
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Crystal Structure of [3]. 

Crystals of [3] were grown from a heptane solution at -30oc over a 

period of a few days. The structural determination was carried out by 

M.McPartlin and G.Conole at the Polytechnic of North London. The structure is 

shown in figure 2.20. Selected bond lengths are presented in table 2.11 and 

selected bond angles in table 2.12. 

The structure of [3] can be thought of as the same as 

HRu5C(CO)i4(NC5H4) - isomer A, [IA], except that in [3] a carbonyl ligand on 

the "wingtip" bridging ruthenium atom is replaced with a terminal pyridine 

ligand. As in [IA], the ruthenium framework may be described as a bridged 

"butterfly" or as a trigonal bipyramid. The framework is slightly distorted 

(Ru(4)-C-Ru(5) = 122.7(4)0 and Ru(l)-C-Ru(5) = 148.8(4)0 compared with 

138.3(9)0 and 139.6(9)0 for the analogous angles in Ru5C(CO)i5(NCMe)55), 

presumably reflecting the bonding requirements of the orthometallated pyridine 

ligand (figure 2.21). 

The axial ruthenium atoms are -0.IA nearer to the carbido atom than the 

equatorial ruthenium atoms (as in Ru5C(CO)i5(NCMe)55). Ru(l), Ru(2), and 

Ru(3), have three carbonyl ligands while Ru(4) and Ru(5) have two. Ru(4) is 

bonded to both the orthometallated pyridine and the hydride ligands and Ru(5) is 

bonded to the terminal pyridine ligand. The carbonyl ligands are all terminal 

with Ru-C-0 angles in the range 174.2(8)0 to 179.7(5)0. 

The hydride ligand bridges the Ru(l )-Ru( 4) "hinge" bond and the 

Ru(4)·····Ru(5) unbonded edge is bridged by the orthometallated pyridine via 

the nitrogen atom and the deprotonated carbon atom. As in [lA], the "hinge" 

hydride bridged bond is one of the longest ruthenium-ruthenium bonds in the 

molecule (Ru(l)-Ru(4) = 2.886(1)A). 
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Figure 2.20 
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Table 2.11 

[3] - Selected Bond LengilisJA 

Ru(l)-Ru(2) 2.870(1) Ru(5)-C(51) 1.857(9) 

Ru(l)-Ru(3) 2.876(1) Ru(5)-C(52) 1.887(10) 

Ru(l)-Ru(4) 2.886(1) Ru(5)-N(2) 2.212(7) 

Ru(2)-Ru(4) 2.807(1) C(l 1)-0(11) 1.168(13) 

Ru(2)-Ru(5) 2.903(1) C(l2)-0(12) 1.153(12) 

Ru(3)-Ru(4) 2.818(1) C(13)-0(13) 1.137(13) 
. I 

I 

Ru(3)-Ru(5) 2.875(1) C(21)-0(21) 1.159(13) 

Ru(l)-C 2.113(8) C(22)-0(22) 1.163(14) 

Ru(2)-C 1.978(8) C(23)-0(23) 1.140(15) 

Ru(3)-C 1.995(8) C(3 l)-0(31) 1.150(13) 

Ru(4)-C 2.023(7) C(32)-0(32) 1.148(13) 

Ru(5)-C 2.050(8) C(33)-0(33) 1.172(14) 

Ru(4)-C(l) 2.083(8) C(41)-0(41) 1.142(13) 

Ru(5)-N(l) 2.168(6) C( 42)-0( 42) 1.172(13) 

Ru(l)-H 1.854(1) C(51)-0(51) 1.155(11) 

Ru(4)-H 1.854(1) C(52)-0(52) 1.145(13) 

Ru(l)-C(l 1) 1.873(10) 

Ru(l)-C(12) 1.902(9) 

Ru(l)-C(13) 1.899(10) 

Ru(2)-C(21) 1.869(10) 

Ru(2)-C(22) 1.886(11) 

Ru(2)-C(23) J.906(12) 

Ru(3)-C(31) 1.888(11) 

Ru(3)-C(32) 1.895(11) 

Ru(3)-C(33) 1.894(11) 

Ru(4)-C(41) 1.887(10) 

Ru(4)-C(42) 1.865(10) 
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Table 2.12 

[3] - Selected Bond Angles/0 

Ru(l)-Ru(2)-Ru(4) 61.1(1) Ru(l )-C(l 2)-0(12) 178.5(9) 

Ru(l )-Ru(2)-Ru(5) 88.0(1) Ru(l)-C(l 3)-0(13) 176.0(9) 

Ru(l)-Ru(3)-Ru( 4) 60.9(1) Ru(2)-C(21 )-0(21) 176.7(8) 

Ru(l)-Ru(3)-Ru(5) 88.4(1) Ru(2)-C(22)-0(22) 176(1) 

Ru(l)-Ru( 4 )-Ru(2) 60.5(1) Ru (2)-C(23 )-0(23) 175(1) 

Ru(l)-Ru(4)-Ru(3) 60.5(1) Ru(3 )-C(31 )-0(31) 179.7(5) 

Ru(2)-Ru(l)-Ru(3) 87.5(1) Ru(3)-C(32)-0(32) 177(1) 

Ru(2)-Ru(l)-Ru(4) 58.4(1) Ru(3)-C(33)-0(33) 177(1) 

Ru(2)-Ru(4)-Ru(3) 89.8(1) Ru( 4 )-C( 41 )-0( 41) 175.2(9) 

Ru(2)-Ru(5)-Ru(3) 86.9(1) Ru( 4 )-C( 42)-0( 42) 179.2(9) 

Ru(3)-Ru(l)-Ru(4) 58.6(1) Ru(5)-C(51 )-0(51) 178.1(8) 

Ru( 4 )-Ru(2)-Ru(5) 77.5(1) Ru(5)-C(52)-0(52) 174.2(8) 

Ru( 4 )-Ru(3)-Ru(5) 77.8(1) N(l)-Ru(5)-N(2) 92.4(2) 

Ru(l)-C-Ru(4) 88.5(3) 

Ru(l)-C-Ru(5) 148.8(4) 

Ru( 4 )-C-Ru(5) 122.7(4) 

Ru(2)~C-Ru(3) 177.2(4) 

Ru(l )-C-Ru(2) 89.0(3) 

Ru( 4 )-C-Ru(2) 89.1(3) 

Ru(5)-C-Ru(2) 92.2(3) 

Ru(l)-C-Ru(3) 88.8(3) 

Ru(4)-C-Ru(3) 89.1(3) 

Ru(5)-C-Ru(3) 90.6(3) 

Ru(4)-C(l )-N(l) 119.2(6) 

Ru(5)-N(l)-C(l) 122.8(5) 

Ru(l)-H-Ru(4) 102.2(1) 

Ru(l)-C(l 1)-0(11) 176.1(8) 
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Mechanism of the Formation of [3]. 

Two possible mechanisms (for which there is no direct evidence) that 
explain the formation of [3] are shown in figure 2.22. Firstly, the Ru(4)-Ru(5) 
bond breaks and the ruthenium framework changes from a square pyramid to a 
trigonal bipyramid as the pyridine molecule bonds terminally to Ru(5). At this 
stage [IA] can be formed if a carbonyl ligand is lost from [II] and the pyridine 
becomes orthometallated. Displacement of a carbonyl with a further pyridine 
molecule would then form [3]. Alternatively a second pyridine molecule could 
displace a carbonyl on [II] to form an intermediate with two terminal pyridine 
ligands bonded to Ru(5). One of these ligands could then become 
orthometallated, with concomitant loss of a carbonyl, to form [3]. 

There is no evidence for the formation of the bis(pyridine) cluster [3X], 
in which the nitrogen atom in the orthometallated pyridine ligand is bound to a 
"hinge" ruthenium atom (figure 2.23). 

[ 3X] 

Figure 2.23 

This could perhaps be explained if the mechanism for the formation of [3] 
proceeded via [IA]. In this case, [3X] would be formed from [IB] by 
displacement of a carbonyl with a pyridine molecule and it has already been 
shown how [IB] undergoes decarbonylation less readily than [IA] . 

I 

1 I 

:, 
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Reactions of HRu5C(C0)13(NC5H5){NC5H4) [3]. 

Treatment of a heptane solution of [3] with CO(g), resulted in the 

terminal pyridine ligand being replaced with a carbonyl ligand. [3] was 

completely converted to a mixture of [IA] and [lB] ([lA]:[lB] - 2:7). Possible 

mechanisms (no direct evidence) for this reaction are shown in figure 2.24. 

Simple substitution of the terminal pyridine ligand of [3] with a carbonyl 

ligand forms [lA]. Alternatively, the orthometallated pyridine ligand could 

become terminal ([3] - [3Y]) and undergo migration from the "wingtip" 

bridging ruthenium atom to a "hinge" ruthenium atom ([3Y] - [3Z]). 

Orthometallation could then occur, with concomitant loss of a terminal pyridine 

ligand, to form [IA] or [IBJ. The fact that the major product from this reaction 

was [IBJ implies that the [3]-[3YJ-[3ZJ-[1B] process is favoured. 
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On heating a heptane solution of [3] at 900c for two hours, [2] was 

formed. In this reaction the terminal pyridine ligand is lost from Ru(5) and a 

Ru(4)-Ru(5) bond is formed. 

Figure 2.25 summarizes the reactions that have been discussed in the last 

few pages: 

HRu5C(C0)14(NC5H.i) [IA] 

HRu5C(C0)14(NC5H.i) [lB]----

py CH2CI2 

4QOC 4 hours 

(1) - 9goc, heptane, 24 hours; 

(2) - 9goc, heptane, 48 hours; 

-----+ HRusC(C0)13(NC.sH4) [2] 
(2)---

(3) - CO(g), 80°C, 10 minutes, heptane or silica, heptane or air, heptane, 3 

weeks. 

Figure 2.25 
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Reaction of Ru5C(CO)i5 with Pyrazine. 

The reaction of Ru5C(C0)15 with excess pyrazine in toluene at I00°C 

produced two isomers of HRu5C(CO)i4(1,4-N2C4H3) [4] in an overall yield of 

about 50%. 

The isomers were separated by tlc and were present in an approximate ratio of 

I: 1. Their spectroscopic properties are comparable with those of the two 

isomers of HRu5C(CO)i4(NC5H4) [1]. The absorptions in the infrared spectra of 

[4A] (orange-yellow) <:Uld [4B] (yellow) are at exactly the same wavenumbers 

(3-6cm-1 higher than [1]) but the peak intensities vary slightly. For instance, in 

[4A] the absorption at 2020cm-1 (2016cm-1 for [IA]) has a greater intensity than 

the one at 2076cm-1 (2072cm-1 for [IA]) while for [4B] the reverse is true. Mass 

spectra of [4A] and [4B] confirm the chemical formula is Ru5C19H4N2014. The 

loss of fourteen carbonyls is also observed. 

As in the analogous cases of [lA] and [IB], the lH nmr spectra of [4A] 

and [4B] clearly show that the nitrogen donor ligand is orthometallated (figure 

2.26). 

Figure 2.26 
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·[4A]Jppm [4BJ/ppm 

lH 8.46 d 8.61 d 

2H 8.42 dd 8.10 dd 

3H 7.70 d 7.60 d 

4H -25.66 d -20.83 s 

A hydrogen atom from the pyrazine molecule has migrated onto the 

ruthenium framework to form a hydride ligand. This appears as a doublet at 8= 
-25.66ppm (4JHi-H4=0.5Hz) in [4A] and a singlet at 8= -20.83ppm in [4B]. The 

splitting of the signals due to the hydrogen atoms in the pyrazine ring can be 

explained as follows : 

1 H is split into a doublet by 2H (in the case of [ 4A] the coupling with 4H of only 

0.5Hz is not resolved); 2H is split into a doublet by 3H and then split further into 

a doublet of doublets by I H; and 3H is split into a doublet by 2H. 

The great similarity of the spectroscopic data of [IA] and [4A] and of 

[lB] and [4B] leads to the conclusion that they almost certainly have analogous 

structures. Therefore, [ 4A] has the nitrogen atom in the orthometallated 

pyrazine ligand bound to the "wingtip" bridging ruthenium atom, while [4B]'s 

pyrazine nitrogen atom is bound to a "hinge" ruthenium atom (figure 2.27). 

Figure 2.27 
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Reaction of Ru5C(CO)i5 with Pyrimidine. 

The reaction of Ru5C(CO)i5 with excess pyrimidine in toluene at lOOOC 

produced three isomers of HRu5C(CO)i4(1,3-N2C4H3) [5] in an overall yield of 

about 50%. 

Note that because of the much lower nucleophilicity of pyrimidine and 

pyrazine, compared to pyridine (due to the presence of the second nitrogen atom 

in the ring), a higher reaction temperature is required (100°C instead of 40°C). 

The isomers were separated by tlc and were present in an approximate 

ratio of 1:1:2 (Al:A2:B). The spectroscopic properties of [5Al] and [5A2] are 

very similar to those of [lA] and [4A] while [5B] can be compared with [lB] and 

[4B]. The absorptions in the infrared spectra of [5Al] and [5A2] 

(orange-yellow) and [5B] (yellow) are at virtually the same wavenumbers 

(0-9cm-1 higher than [1]) but the peak intensities vary slightly. For instance, in 

[5Al] the absorption at 2018cm-1 has a greater intensity than the one at 

2076cm-1 while for [5B] the reverse is true. Mass spectra of [5Al], [5A2] and 

[5B] confirm the chemical formula is Ru5C19H4N2014. The loss of fourteen 

carbonyls is also observed. 

The 1 H nmr spectra again clearly show that the nitrogen donor ligand is 

orthometallated (figure 2.28), e.g. : 

[5B]!ppm 

lH 8.68 d 4Jm-H2=l.lHz 

2H 7.45 dd 3Jm_8 3=5.3Hz, 4Jm-m=l.1Hz 

3H 7.49 d 3JH2-H3=5.3Hz 

4H -20.90 s 
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A hydrogen atom from the pyrimidine molecule has migrated onto the 

ruthenium framework to form a hydride ligand. This appears as a singlet at 8= 

-25.65ppm [5Al], 8= -26.61ppm [5A2], and 8= -20.90ppm [5B]. The splitting of 

the signals due to the hydrogen atoms in the pyrimidine ring can easily be 

explained with I H split into a doublet by 2H; 2H split into a doublet of doublets 

by I H and 3H; and 3H split into a doublet by 2H. In the case of [5B] , the 

alternative [5BXJ structure (figure 2.29) is not seen. 

If it were present, the doublet representing I H would have a greater coupling 

constant than the l.lHz observed. The same arguments can be used for [5Al] and 

[5A2) to confirm that the orthometallated pyrimidine ligand bonds to the 

ruthenium framework as shown in figure 2.28 and not as in [5AX] (figure 2.29). 

These observations are in contrast to HRu3(C0)10(1,3-N2C4H3)l l6 in which 

both forms of bonding are observed. 



66 

The great similarity of the spectroscopic data of [IA], [5Al] and [5A2] 

and of [IB] and [5B] leads to the conclusion that they almost certainly have 

analogous structures. Therefore, [5Al] and [5A2] have the nitrogen atom in the 

orthometallated pyrimidine ligand bound to the "wingtip" bridging ruthenium 

atom while [5B]'s nitrogen atom is bound to a "hinge" ruthenium atom (figure 

2.30). 

Figure 2.30 

. The difference between [5Al] and [5A2] is probably very slight, as in the 

case of [IB] in which there are two independent molecules in the unit cell that 

have fundamentally the same structure. 

Reaction of Ru5C(CO)i5 with Pyridazine. 

The reaction of Ru5C(CO)i5 with excess pyridazine in dichloromethane 

at room temperature produced Ru5C(C0)14(N2C4H4) [6] . 

[6] decomposed slowly on exposure to air. The structure of [6] was 

assumed to be analogous to [1] , [4] and [5] (figure 2.31). 
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[6] 

Figure 2.31 

The mode of coordination via the two nitrogen atoms is easily verified by the 
absence of a hydride signal in the I H nmr spectrum (this is also observed for 
Ru3(C0)1o(N2C4H4)l l6). The lH nmr spectrum of [6] also shows that there are 
probably two or more isomers present. The peaks due to I H and 4H are doublets 
of multiplets (split by the adjacent 2H and 3H atoms respectively). The multiplets 
could be due to the different lH and 4H signals from the different isomers. The 
peaks due to 2H and 3H are very ill-defined triplets of doublets (presumably split 
by the adjacent 1 H, 3H and 2H, 4H atoms, followed by the 4H and 1 H atoms four 
bond lengths away). 

Reaction of Ru5C(CO)i5 with 2,2'-Dipyridyl. 

The reaction of Ru5C(CO)i5 with one equivalent of 2,2'-dipyridyl in 
dichloromethane at 400C produced Ru5C(CO)i4(N2C10Hg) [7] . 

Ru5C(CO)i5 0--0 R C(CO) (N C H ) [7] CH Cl 40 C 60 
. u5 14 2 10 8 2 2, 0 , mmutes 

[7] decomposed on exposure to air. The structure of [7] was assumed to 
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be analogous to [6] (figure 2.32). 

[ 7] 

Figure 2.32 

The mode of coordination via the two nitrogen atoms is easily verified by the 

absence of a hydride signal in the 1 H nmr spectrum and is also observed in the 

case of Ru3(C0)10(N2C10H8).l l6 

The 1 H nmr spectrum of [7] shows that there are probably two or more 

isomers present. Of the eight sets of peaks corresponding to the eight different 

hydrogen atoms in the 2,2'-dipyridyl ligand, three of them are multiplets. The 

two doublets at 8= 8.66 and 8.43ppm are probably due to lH and 8H which are 

closest to the two nitrogen atoms and are split by 2H and 7H respectively. The 

other doublet at 8= 7.45ppm must therefore be due to either 4H or 5H split by 3H 

or 6H respectively, and the two triplets of doublets are due to any two of 2H, 3H, 

6H or7H. 
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Reactions of Ru5C(CO)i5 with Primary Phosphines. 

The reactions of Ru5C(C0)15 with phenylphosphine or 

cyclohexylphosphine were studied. On mixing a I: I ratio of the two chemicals in 

dichloromethane at -7goc and allowing the resultant solution to warm up to 

room temperature, three colour changes were observed : 

Ru5C(CO)i5 

1
PH2R, R = Ph, Cy 

CH2Cl2, -78°C 

"Ru5C(Cl~~;~H2R)" 

-CO 

"Ru5C(C0)14(PH2R)" 

1
100c 

-CO 

HRu5C(C0)13(µ-PHR) 

The reaction was followed using infrared spectroscopy. 

dark red 

light orange 

dark red 

orange -40% 

There is very little direct evidence for the molecular formulae of the two 

intermediates, but those written above would seem to be the most logical 

choices. The first intermediate is the addition complex Ru5C(CO)i5(PH2R) in 

which the primary phosphine ligand is bound terminally to a ruthenium atom. 

(The infrared spectrum of Ru5C(CO)i5(PH2R) is very similar to that of 

Ru5C(CO)i5(NCMe).55) Th.is adduct would have a trigonal bipyramidal 

ruthenium framework. Loss of a carbonyl ligand, accompanied by re-formation 

of a ruthenium-ruthenium bond would then result in the square pyramidal 

substitution product Ru5C(CO)i4(PH2R). This mechanism has been postulated 

for the reaction of Ru5C(CO)i5 with triphenylphosphine.55 As the temperature 
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of the reaction mixture rises, a hydrogen atom from the ligand migrates onto the 

cluster, a second carbonyl ligand is lost, and a bridging phosphido ligand is 

formed. 

After both HRu5C(C0)13(µ-PHPh) [8] and HRu5C(C0)13(µ-PHCy) [9] 

had been synthesized, it was found that [8] had already been prepared by Cook et 

a/.,67 although no experimental information had been given. Both [8] and [9] 

have very similar infrared and 1 H nmr spectral data. Their infrared spectra also 

compare extremely closely with that of HRu5C(C0)13(µ-PPh2).67 This fact 

leads to the conclusion that [8] and [9] almost certainly have analogous structures 

to that of HRu5C(C0)13(µ-PPh2) which is shown in figure 2.33.67 

Figure 2.33 

R= Ph [8] 
R=Cy[9] 

The mass spectrum and microanalysis of [9] both confirm the cluster has 

the molecular.formula Ru5C20H13013P. The loss of nine carbonyl ligands is 

also observed in the mass spectrum. The 1 H nmr spectrum of [8] and [9] show 

that they both consist of two isomers in an approximate ratio of 2:1 (A:B). For 

instance, in [8] (figure 2.34) the spectrum can be analysed as follows : 
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[8] 

Figure 2.34 

2H (B) 8.83ppm d 1Jp_H2=378Hz 

2H (A) 7.87ppm d 1Jp_H2=362Hz 

3H-7H -7.Sppm m 

lH -22.13ppm d 3Jp_m=l.5Hz 

The doublet at 8= 7 .87ppm is due to the 2H atom in isomer A (split by the 
phosphorus atom), while the doublet at O= 8.83ppm is due to the 2H atom in 
isomer B. In both isomers the hydride signal appears as a doublet at O= 

-22.l 3ppm (split by the phosphorus atom three bond lengths away). 

The two isomers of both [8] and [9] probably differ only very slightly 
and have the same basic structure (as in the case of [lB] in which the two isomers 
also give just one hydride signal). 
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Conclusions. 

In this chapter the reactions of Ru5C(CO)i5 with pyridine and related 
nitrogen donor ligands (L-H) have been studied. In most cases the products 
isolated have the general formula HRu5C(C0)14(µ-L) in which the ligand is 
orthometallated and a hydrogen atom from the ligand has migrated onto the 
ruthenium framework. However, in the reactions involving pyridazine or 
2,2'-dipyridyl the resultant postulated products contain a ligand bound to the 
cluster via its two nitrogen atoms. The products from the reaction with pyridine 
were two isomers which differed only in the orientation of the orthometallated 
pyridine ligand, HRu5C(CO)i4(NC5H4) - [lA] and [lB], and a bis(pyridine) 
cluster, HRu5C(C0)13(NC5H5)(NC5H4), which has one orthometallated and one 
terminal pyridine ligand. 

The ease with which the metal framework of Ru5C(CO)i5 can undergo 
rearrangement has been noted before55 and the square pyramid to trigonal 
bipyramid rearrangement (and vice versa) was again observed in the reactions 
below: 

Ru5C(CO)i5---HRu5C(C0)14(NC5H4);:::::=~HRu5C(C0)13(NC5B4) 
square pyramid trigonal bipyramid square pyramid 

Finally, the reaction of Ru5C(CO)i5 with primary phosphines yielded 
products with the general formula HRu5C(C0)13(µ-PHR). Again, a hydrogen 
atom from the ligand has migrated onto the ruthenium framework. 
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CHAPTER THREE. 
Controlled Syntheses of Pentaruthenium Carbido Clusters. 

Introduction - Activation of Clusters. 

The first attempts at studying the controlled syntheses of ruthenium or 

osmium clusters involved the use of activated clusters with labile ligands that 

could easily be displaced under mild conditions.122,123 M3(CO)i 1 (NCMe) and 

M3(C0)10(NCMe)i (M = Ru, Os) in particular, have been extensively 

studied.108-111,124 Cyclooctene has also been used as a labile ligand.112,113 

In the case of ruthenium carbido clusters, few controlled synthetic 

reactions have been investigated. Although Ru5C(C0)15(NCMe) has been 

prepared,55 its reactivity has not been examined. However, various 

hexaruthenium carbido clusters have been synthesized in a controlled manner by 
using appropriate oxidizing agents thus31,51,125-127 : 

n = 16, L = CO (96%), PPh3 (91 %), P(0Me)3 (89%), PPh2Me (88%); 

n = 15; L = dppe (89%), PhC=CEt (91 %), EtC=CMe (85%); 

n = 14, L = C6H5Me (57%). 

Reactions inv9lving dianions such as [Os10C(CO)i4J2-,51 [Os7(CO)i0J2-,51 

[Os5(CO)i5J2-,51 [Fe5C(C0)14]2-,51 [Fe4C(CO)i2]2-,36,91 [Ru5C(C0)14J2- 51 

and [Ru3(C0)11 J2- 51 have also been studied. 

For pentaruthenium carbido clusters, both trityl tetrafluoroborate and 

tropylium tetrafluoroborate have been used as oxidizing agents51 : · 
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L = CO, PPh3, PhC=CPh. 

The proposed mechanism for these types of reactions basically consists of 
electron transfers from the cluster dianion to the oxidizing agent.SI This results 
in the formation of a reactive electron deficient cluster which may then lose or 
gain more carbonyl ligands as necessary. 

[Ru6C(C0)16J2- + 2[FeCp2J+ -

"Ru6C(C0)16" + L-----

or "Ru6C(C0)16" + L-L----

"Ru6C(CO)i6(L-L)" -----

"Ru6C(C0)16" + 2FeCp2 

Ru6C(CO)i6L 

"Ru6C(CO)i6(L-L)" 

Ru6C(CO)i5(L-L) + CO(g) 
where Lis a two-electron donor ligand and L-L is a four-electron donor 
ligand.51 

· This chapter will describe attempts to synthesize various pentaruthenium 
carbido clusters in a controlled manner. 

Synthesis and Reactions of Ru5C(C0)14(PhC=CMe) [10]. 

The reaction of [PPN]i[Ru5C(C0)14] with excess 1-phenyl-1-propyne 
using tropyli~ tetrafluoroborate as an oxidizing agent, yielded one major 
product, Ru5C(CO)i4(PhC=CMe) [10]. 

The mass spectrum of [10] shows a molecular ion peak of only 1002 
which corresponds to Ru5C(C0)13(PhC=CMe). The loss of thirteen carbonyls is 
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also observed. However, the fact that sometimes one carbonyl ligand is not seen 
in the mass spectra of pentaruthenium carbido clusters has been noted before : 

Cluster m/z m/z corresponds to : 

Ru5C(CO)i5I2 1163 Ru5C(C0)14I2 55 

HRusC(C0)1sCl 946 HRu5C(CO)i4Cl 55 

Ru5C(C0)13(AuPEt3)(115-C5H5) 1233 Ru5C(C0)12(AuPEt3)(115-C5H5) 65 

Ru5C(C0)13(AuPPh3)(115-C5H5) 1377 Ru5C(C0)12(AuPPh3)(115-C5H5) 65 

The 1 H nmr spectrum of [10] clearly shows the presence of two isomers, 
with singlets due to the CH3 groups at 8= 2.99ppm (isomer A) and 8= 2.60ppm 
(isomer B).The ratio ~f A:B is approximately 20:1. 

Assuming that the alkyne ligand contributes four electrons to the cluster, 
[10] has a total of 76 electrons, as in the trigonal bipyramidal cluster 

Ru5C(CO)i5(NCMe).55 These clusters can usually easily lose one carbonyl 
ligand and rearrange to form 74 electron clusters with square pyramidal 

ruthenium frameworks (as seen in chapter two). In an attempt to confirm that 
. [10] has fourteen (rather than thirteen) carbonyls, a heptane solution of [10) was 
heated at 400c. As predicted, Ru5C(C0)13(PhC=CMe) [11) was formed. The 
reaction can be reversed using CO(g)· 

400C, 60 minutes 
heptane 

[10] Ru5C(CO)i4(PhC-=CMe) ;:::::=====Ru5C(C0)13(PhC=CMe) [11) 
heptane, CO(g) 

500C 

If [10) had only thirteen carbonyls, decarbonylation would have required much 
more forcing conditions. 

The 1 H nmr spectrum of [ 11] shows that only one isomer is present with a 
singlet at 8= 2.23ppm due to the CH3 group. 

Although it is impossible to determine the exact structures of [ 1 OJ and 
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[ 11] without X-ray crystallographic studies, the crystal structures of comparable 
hexaruthenium carbido clusters have been determined (figure 3.1).31,125,128 

Possible structures for [10] and [11] are shown in figure 3.2. 

Ru6 C ((0)
15 

(µ
3
-f]2- Ph C=C Et) 12 S 

Figure 3.1 

-(0 
+ co 

Ph"-._ 
C , I, 

/( 
Me 

Figure 3.2 

Synthesis of Ru5C(CO)i3(PhC=CPh) [12]. 

[11] 

Ru5C(C0)13(PhC=CPh) [12] was prepared by heating a solution of 
Ru5C(C0)14(PhC=CPh)51 in hexane at 400C. The reaction can be reversed 

using CO(g)· 
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400c, 10 minutes 
hexane 

Ru5C(C0)14(PhC-=CPh) .._-- Ru5C(C0)13(PhC=CPh) [12] heptane, CO(g) 
500C 

The infrared spectra of Ru5C(C0)14(PhC=CPh)51,129 and [10], and of 
[11] and [12], are very similar. A possible structure for [12] (comparable to [11]) 
is shown in figure 3.3. 

Ph 

I 

[12] 

Figure 3.3 

The mass spectrum of [12] shows a molecular ion peak at 1064 which 
corresponds to Ru5C(C0)13(PhC=CPh). The loss of thirteen carbonyls is also 
observed. 

Synthesis of Ru5C(C0)14(PhC=CH) [13]. 
The reaction of [PPNJ2[Ru5C(CO)i4] with excess phenylacetylene using 

tropylium tetrafluoroborate as an oxidizing agent, yielded one major product, 
Ru5C(CO)i4(PhC=CH) [13]. 
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The infrared spectrum of [13] is very similar to that of [10] and 
Ru5C(CO)i4(PhC=CPh).51,129 A possible structure for [13] (comparable to 
[10]) is shown in figure 3.4. 

Figure 3.4 

The mass spectrum of [13] shows a molecular ion peak at 1016 which 
corresponds to Ru5C(C0)14(PhC=CH). The loss of ten carbonyls is also 
observed . 

. The lH nmr spectrum of [13] shows a broad multiplet at 8- 7.5ppm due 
to the phenyl group and a singlet due to the -C=C-H hydrogen atom at 8= 
10.17ppm. This matches exactly the singlet at 8= 10.17ppm observed in the lH 
nmr spectrum of Ru6C(CO)i5(µ3-Tl2-PhC=CH).130 

Synthesis of Ru5C(C0)12(PhC~CMe}i [14]. 
The reaction of [PPN)i[Ru5C(CO)i4] with excess 1-phenyl-1-propyne 

using tropylium tetrafluoroborate as an oxidizing agent, has already been shown 
to produce Ru5C(CO)i4(PhC=CMe) [10]. The bis(l-phenyl-1-propyne) cluster, 
Ru5C(C0)12CPhC=CMe)i [14], was also obtained from this reaction. 
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The mass spectrum of [ 14] shows a molecular ion peak at 1090 which 

corresponds to Ru5C(C0)12(PhC=CMe)i. The loss of twelve carbonyls is also 

observed. The 1 H nmr spectrum of [14] shows that there are two isomers 

present. The two singlets at 8= 3.33 and 2.20ppm are due to the two CH3 groups 

in isomer A, while the singlets at 8= 2.43 and l .85ppm are due to isomer B's 

CH3 groups. The ratio of A:B is approximately 2:1. 

Almost certainly, the formation of [ 14] is a result of simple displacement 

of two carbonyl ligands of [10] with one molecule of 1-phenyl-1-propyne. 

Although it is impossible to determine the exact structure of [ 14] without 

an X-ray crystallographic study, assuming that each alkyne ligand contributes 

four electrons to the cluster, [14] has a total of 76 electrons and so has a trigonal 

bipyramidal ruthenium framework. A few of the many possible structures of 

[14] are shown in figure 3.5. 

Synthesis of H2Ru5C(C0)10(115-C5Me5)i [15]. 

The reaction of [PPNh[Ru5C(C0)14] with excess 

pentamethyl-1 ,3-cyclopentadiene using tropylium tetrafluoroborate as an 

oxidizing agent, yielded one major product, H2Ru5C(CO)io(115-C5Me5)i [15]. 

During this reaction four carbonyl ligands are lost and two hydrogen atoms 

from the attacking C5Me5H molecules migrate onto the ruthenium framework. 

The lH nmr spectrum of [15] shows a broad singlet at &- l.5ppm due to 

the ten CH3 groups and a singlet at 8= -22.38ppm due to the hydrides. The mass 

spectrum of [ 15] shows a molecular ion peak at 107 4 which corresponds to 

H2Ru5C(C0)10(115-C5Me5)i. The loss of ten carbonyls is also observed. 

It is impossible to determine the exact structure of [ 15] without an X-ray 
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crystallographic study. However, [15] has a total of 76 electrons and so has a 

trigonal bipyramidal ruthenium framework. 

R1 :Me, R2 :Ph, R3 :Me, R4 :Phi 
-R, = Me R2 = Ph R3=Ph R4 =Me. I I I I 

1 2 3 4 R = Ph, R :Me, R :Me, R :Ph; 

R, = Ph, R2 = Me, R3 =Ph, R4 = Me. 

Figure 3.5 

R4 
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Synthesis of Ru5C(C0)12(C14H14) [16]. 

In the reactions of [PPN]i[Ru5C(C0)14] with 1-phenyl-1-propyne, 

phenylacetylene, and pentamethyl-1,3-cyclopentadiene, which have been 

described previously, two minor products were always obtained : 

major products 

+ Ru5C(CO)i5 8-13% 

+ Ru5C(C0)12(C14H14) [16] 5-7% 

L = PhC=CMe, PhC=CH, C5Me5H. 

Ru5C(C0)15 was initially isolated in yields of approximately 30%. Its presence 

shows that CO "scavenging" must be taking place. The concentration of free CO 

was therefore reduced by vigorously bubbling nitrogen through the reaction 

mixtures during the reaction. This proved partially successful, reducing the 

yield of Ru5C(C0)15 to between 8 and 13%. 

The second minor product, Ru5C(C0)12(C14H14) [16], was initially 

isolated in yields varying from 5 to 7%. The yield was improved using a solution 

of tropylium tetrafluoroborate in ethanol at 6QOC as the oxidizing agent (rather 

than a suspension in dichloromethane) and by reducing the concentration of free 

CO in the reaction solution (by vigorously bubbling nitrogen through the 

solution during the reaction and by adding the [PPN]2[Ru5C(CO)i4] solution 

dropwise to the tropylium tetrafluoroborate solution). 

The analogous hexaruthenium carbido cluster has previously been 
synthesized.126, 131,132 
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An X-ray crystallographic study has determined its structure (figure 3.6).133 

Figure 3.6 

The 7 ,7'-bicycloheptatrienyl (bitropyl) ligand is bonded to three ruthenium 
atoms that make up a triangular face of the cluster. A possible structure of [ 16] 
(analogous to Ru6C(CO)i4(µ3-116-C14H14)133) is shown in figure 3.7. 

Ru 5C(C0)12 (~-ri6-C14 H14 ) 

[16] 

Figure 3.7 

The mass spectrum of [16] shows a molecular ion peak at 1040 which 
corresponds to Ru5C(C0)12(C14H14). The loss of one tropylium ring (the C7H7 
unit not bound to the cluster) followed by twelve carbonyls, is also observed. 
The lH mnr spectrum of [16] is very complicated but clearly shows that two 
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isomers are present in an approximate ratio of 4:1 (A:B). The spectrum can be 

compared to the lH nmr spectrum of Ru6C(CO)i4(µ3-116-C14H14)126,131,132: 

Ru6 6.73(2H), 6.30(2H), 5.65(2H), 5.42(2H), 3.85(2H), 2.51(1H), 2.45(2H), 2.13(1H). 

Ru5 6.70(2H)l, 6.26(2H), 5.52(1H)2, 5.37(2H), 3.8(1H), 3.6(1H), 3.5(1H), 2.4(1H), 

5.16(1H)2 2.2(1H), 2.0(lH). 

Ru5 = Ru5 (isomer A). 

Spectra taken in CDCl3. Chemical shifts are in ppm. All signals are multiplets 

unless otherwise stated. 1. app t, J=3.1Hz; 2. app t, J-7Hz. 

An attempt was made to synthesize [16] by treating 

Ru6C(C0)14(µ3-1l6-C14H14) with CO(g)· Unfortunately, only Ru5C(CO)i5 was 

produced. 

COcg)(85 atm.), 900c 
Ru6C(C0)14(µ3-1l6 -C14H 14) - ------- Ru5C(C0)15 

heptane, 90 minutes 

Synthesis and Reactions of Ru5C(C0)14(NCMe) [17]. 

-75% 

Ru5C(C0)14(NCMe) [17] was prepared by heating a solution of 

Ru5C(C0)15(NCMe)55 in acetonitrile at sooc. The reaction can be reversed 

using CO(g)· 

sooc, MeCN, 60 minutes 
Ru5C(C0)15(NCMe) Ru5C(CO)i4(NCMe) [17] 

CO(g), MeCN, 50oC, 10 minutes 

[17] is isoelectronic with Ru5C(CO)i5 and so almost certainly has a 

square pyramidal ruthenium framework (figure 3.8). 

[17] is very air-sensitive. Its 1 H nmr spectrum shows that two isomers are 

present with singlets at O= 2.0lppm (isomer A) and O= 2.56ppm (isomer B) due 

to the two CH 3 groups. 
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NCMe 

Figure 3.8 

In ethyl acetate, [17] reacts with CO(g) to form a mixture of 
Ru5C(C0)15(NCMe) and Ru5C(C0)15. 

NCMe 

[17] 

co(g) [17] Ru5C(C0)14(NCMe) Ru5C(C0)15(NCMe) + Ru5C(C0)15 ethyl acetate 

[17] also reacts with one equivalent of triphenylphosphine to form 
Ru5C(C0)14(PPh3).55 

PPh3 [17] Ru5C(C0)14(NCMe) Ru5C(CO)i4(PPh3) 93% 
ethyl acetate 

This yield of Ru5C(C0)14(PPh3) (calculated from Ru5C(CO)i5) is the highest 
yet reported. Although no other reactions of [17] have been attempted, clearly 
its ability to act as an activated cluster could warrant further study. A summary 
of the reactions involving I 17] is given overleaf. 
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PPh3 
[17] Ru5C(C0)14(NCMe)----~Ru5C(CO)i4(PPh3) 93% 

ethy 1 acetate 

Ru5C(C0)15 

+ Ru5C(CO)i5(NCMe) 

Conclusions. 

In this chapter the reactions of [Ru5C(CO)i4J2- with various ligands, in 

. the presence of an oxidizing agent, have been observed. With alkynes, trigonal 

bipyramidal clusters with the general formula Ru5C(C0)14(RC=CR') were 

obtained. These clusters can reversibly lose a carbonyl ligand and form square 

pyramidal Ru5C(C0)13(RC=CR') clusters. In the case of R=Ph, R'=Me, the 

bis(l-phenyl-1-propyne) cluster, Ru5C(C0)12(PhC=CMe)i, was also isolated. 

In th~ reaction with pentamethyl-1,3-cyclopentadiene, two hydrogen atoms 

migrate from the ligands onto the ruthenium framework to form trigonal 

bipyramidal H2Ru5C(CO)io(T15-C5Me5)2. A minor product obtained from all 

these reactions was the bitropyl cluster Ru5C(C0)12(C14H14) in which two 

molecules of the oxidizing agent, [C7H7][BF4], have co-ordinated to the 

pentaruthenium carbido cluster, [Ru5C(CO)i4]2-. 

The synthesis and reactivity of Ru5C(C0)14(NCMe) was also discussed. 
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CHAPTER FOUR. 
Reactions of H2Ru4C(C0)12 with Phosphorus Donor Ligands. 

Introduction. 

Reactions of hexaruthenium and pentaruthenium carbido clusters with 

phosphorus donor ligands have been studied extensively. Both Ru6C(C0)17 and 

Ru5C(CO)i5 react with tertiary phosphines and phosphites to form simple 

substitution products55,134-137 : 

R = Ph, n = 1,2; R = 4-C6H4F, n = 1; R = OMe, n = 1,2,3,4; R3 = Ph2Et, n = 1,2. 

PR3 
Ru5C(CO)i5------ Ru5C(COhs-ncPR3)n 

R = Ph, n = 1,2; R = Et, n = 2; R3 = Ph2Me, n = 1,2,3. 

(The reactions of Ru5C(CO)i5 with primary and secondary phosphines67 have 

been described in chapter two.) 

Ru6C(C0)17 reacts with bidentate phosphines to form clusters containing 

edge-bridging diphosphine ligands (figure 4.1 )_138, 139 

Figure 4.1 
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n = 1, x = m; n = 2, x = e; n = 3, x = p; n = 4, x = b. 

In the reaction with dppb, a second product containing a monodentate, pendant 

diphosphine ligand has also been characterized (figure 4.2).139 

Figure 4.2 

The reactions of bidentate phosphines with Ru5C(C0)15 have also been 

examined55,68 : 

L 
Ru5C(C0)15------ Ru5C(C0)13(L) 

L = dppm, dppe, dppp, dppb. 

The products contain diphosphine ligands bound to the cluster in two basic ways. 

Either both phosphorus atoms in the ligand are attached to one ruthenium atom 

or (in the case of L = dppb) the ligand bridges two basal ruthenium atoms that 

are opposite to each other (figure 4.3).68 
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Figure 4.3 

In an attempt to follow on from these reactions of hexaruthenium and 

pentaruthenium carbido clusters, it was decided to investigate the reactivity of 
H2Ru4C(C0)12 with phosphines, phosphites and diphosphines. 

Reaction of H2Ru4C(CO)i2 with Triphenylphosphine. 

The reaction of H2Ru4C(C0)12 with 0.8 equivalents of 

triphenylphosphine yielded two products - H2Ru4C(CO)i 1 (PPh3) [18] and 

H2Ru4C(C0)10(PPh3)i [19]. A small amount of the impurity 

HRu4C(C0)12(AuPPh3)72,73 was also isolated. 

PPh3, heptane 
H2Ru4C(C0)12------

3 hours 
26% 

+ H2Ru4C(CO)io(PPh3)i [19] 3% 

+ HRu4C(C0)12(AuPPh3) 

H2Ru4C(C0)12 always contained approximately 1-5% 

HRu4C(C0)12(AuPPh3). In the infrared spectrum of H2Ru4C(C0)12 there was 
always a peak at l 969cm-1 due to the presence of this impurity. The 1 H nmr 

spectrum of H2Ru4C(C0)12 also showed that HRu4C(C0)12(AuPPh3) was 

always present. The two clusters could not be separated by tlc as H2Ru4C(C0)12 
decomposes on silica. 
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Figure 4.3 

In an attempt to follow on from these reactions of hexaruthenium and 
pentaruthenium carbido clusters, it was decided to investigate the reactivity of 
H2Ru4C(C0)12 with phosphines, phosphites and diphosphines. 

Reaction of H2Ru4C(CO)i2 with Triphenylphosphine. 

The reaction of H2Ru4C(C0)12 with 0.8 equivalents of 

triphenylphosphine yielded two products - H2Ru4C(C0)11 (PPh3) [18] and 
H2Ru4C(C0)10(PPh3)i [19]. A small amount of the impurity 

. HRu4C(C0)12(AuPPh3)72,73 was also isolated. 

PPh3, heptane 
H2Ru4C(C0)12--- ---

3 hours 
26% 

+ H2Ru4C(C0)10(PPh3)i [19] 3% 

+ HRu4C(CO)i2(AuPPh3) 

H2Ru4C(C0)12 always contained approximately 1-5% 

HRu4C(COh2(AuPPh3). In the infrared spectrum of H2Ru4C(C0)12 there was 
always a peak at l 969cm-1 due to the presence of this impurity. The 1 H nmr 

spectrum of H2Ru4C(C0)12 also showed that HRu4C(C0)12(AuPPh3) was 
always present. The two clusters could not be separated by tlc as H2Ru4C(C0)12 
decomposes on silica. 
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The yield of [ 19] was improved by repeating the reaction on the previous 

page using two equivalents of triphenylphosphine or by treating a solution of 

[ 18] with excess triphenylphosphine : 

24% 

H2Ru4C(C0)11(PPh3) [18]. 

The mass spectrum and microanalysis of [ 18] both confirm the chemical 

formula is Ru4C30H17011P. The loss of eleven carbonyls is also observed in the 

mass spectrum. 

In the lH nmr spectrum of [18] there is a doublet of doublets (dd) at 8= 

-15.54ppm (very similar to the value of 8= -16.22ppm for the "hinge-wingtip" 

bridging hydride in H2Ru4C(C0)12 72 - figure 1.8), and add at O= -22.08ppm 

(compared to O= -22.74ppm for the "hinge" bridging hydride in 

H2Ru4C(C0)12 72). It therefore seems highly probable that the two hydrides 

have remained in their usual positions during the reaction. 

N.B. There is no evidence for any hydrogen atoms that bridge the carbide and a 

"wingtip" ruthenium atom (as in the minor alkylidyne isomer of 

H2Ru4C(C0)12, HRu4C(H)(CO)i2 - figure 1.8). 

In both hydride signals the smallest coupling constant observed is 2.6Hz; 

this is obviously due to the two hydrides coupling with each other (in 

H2Ru4C(C0)12: JHA-HB=2.9Hz72). Further splitting of the signals is due to 

phosphorus-hydrogen coupling. For the signal at O= -15.54ppm, a coupling 

constant of 18.4Hz is observed. This value is typical of a two-bond trans 

phosphorus-hydrogen interaction (for phosphines 2JP-H trans - 15Hz to 
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-30Hzl40). A coupling constant of 6.5Hz is observed in the dd at 8= -22.08ppm 

and this value is typical of a two-bond cis phosphorus-hydrogen interaction (for 

phosphines 2JP-H cis -6Hz to -12Hz140). The probable structure of [18] is shown 

in figure 4.4. 

[10] 

Figure 4.4 

The hydride region of the lH nmr spectrum of [18] is shown in figure 

4.5. 

6= -15.Sppm 6= -22.0ppm 

Figure 4.5 
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During the reaction a triphenylphosphine molecule has displaced a 

carbonyl ligand on the "hinge" ruthenium atom which is bound to both hydrides. 

The triphenylphosphine molecule has attacked the most electropositive 

ruthenium atom. The greater electropositivity of a ruthenium atom because of 

its attachment to hydride ligands, has been observed before in the thermolysis of 

HRu5C(CO)i4(NC5H4) [1] - chapter two. 

In the 31P-{1H} nmr spectrum of [18] there is a singlet at 8= -110.0ppm. 

H2Ru4C(CO)io(PPh3)i [19]. 

The mass spectrum and microanalysis of [19] both confirm the chemical 

formula is Ru4C47H32010P2. The loss of ten carbonyls is also observed in the 

mass spectrum. 

The lH nmr spectrum of [19] clearly shows the presence of two isomers 

in an approximate ratio of 1.3:1 ([19A]:[19B]). There are two hydride signals at 

O= -14.69 and -15.30ppm due to two "hinge-wingtip" hydrides, and two signals 

at O= -21.32 and -21.61ppm due to two "hinge" hydrides. The 1H nmr spectrum 

of [19] (hydride region) is shown in figure 4.6. In an attempt to assign the 

hydride signals, a decoupling experiment was performed. Irradiation of the 

signal at O= -15.30ppm resulted in the doublet of doublets of doublets (ddd) at 

O= -21.61ppm becoming add as the coupling between the two hydrides was lost. 

The hydride signals can therefore be assigned as follows : 

[19A] 8= -14.69 and -21.32ppm 

[19B] o= -15.30 and -21.61ppm. 

The "hinge-wingtip" hydride of [19A] is represented by a ddd at O= 
-14.69ppm. The largest coupling constant observed of 15.4Hz is due to trans P-H 

coupling. The coupling constant of 6.2Hz is due to cis P-H coupling and the 

smallest coupling constant of 2.8Hz is due to hydride-hydride (H-H) coupling. 

The "hinge" hydride of [19A] is represented by a ddd (o= -21.32ppm) with 

coupling constants of 10.3Hz ( cis P-H coupling), 2.8Hz (H-H coupling) and 
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1.0Hz (three-bond P-H coupling140). Using this information, three possible 

structures of [19A] are shown in figure 4.7. 
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[19X] 

[19Y] 

[19Z] 

Figure 4.7 

The possibility that [19Z] represents the structure of [19A] seems remote 

since [19] can be synthesized directly from [18], and [18] contains a 

triphenylphosphine ligand bound to a ''hinge" ruthenium atom trans to HA, while 

[ 19Z] does not. 

Isomer [19A] therefore probably has the structure shown as [19XJ or 

[19Y]. Both cases account for the coupling seen in the lH nmr spectrum: 
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HA 8= -14.69ppm, 2JPA-HA= l 5.4Hz(trans), 2JPB-HA=6.2Hz(cis), 

2JHA-HB=2.8Hz; 

HB cS= -21 .32ppm, 2JPA-HB=10.3Hz(cis), 2JHA-HB=2.8Hz, 3JPB-HB=l .0Hz. 

In the case of [19B], the "hinge-wingtip" hydride is represented by add 

(8= -15.30ppm) with coupling constants of 16.5Hz ( trans P-H coupling) and 

2.7Hz (H-H coupling). The "hinge" hydride of [19B] is represented by a ddd (8= 

-21.61ppm) with coupling constants of 7.lHz ( cis P-H coupling), 2.7Hz (H-H 

coupling) and 1.2Hz (three-bond P-H coupling). Taking into account the fact 

that [19B] probably contains a triphenylphosphine ligand in the same position as 
in [18], the lH rum data means that the second triphenylphosphine ligand is 

probably bound to the ruthenium atom which is not attached to any hydrides 

(figure 4.8). 

[198] 

Figure 4.S 

HA 8= -15.30ppm, 2JPA-HA=l6.5Hz(trans), 2JHA-HB=2.7Hz; 

HB 8= -21.61ppm, 2JPA-HB=7.1Hz(cis), 2JHA-HB=2.7Hz, 3JPB-HB=l.2Hz. 

It is not possible to determine the exact orientation of the 

triphenylphosphine ligand on the "wingtip" ruthenium atom without an X-ray 

crystallographic analysis . 

In the 31P-{1H} rum spectrum of [19] there are two singlets at 8= -110.1 
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and -113.3ppm, possibly due to the two isomer's PA atoms in the 

triphenylphosphine ligands trans to HA (for [18] : 8= -110.0ppm), and two 

singlets at 8= -93.4 and -95.0ppm, possibly due to the two isomer's PB atoms. 

In the reaction that converts [18] to [19] (figure 4.9) the second molecule 

of triphenylphosphine has attacked both "wingtip" ruthenium atoms to form the 

two isomers of [19]. 

+ 

[18] 

[198] 

Figure 4.9 

Note that [19A] is the major isomer ([19A]:[19B] - 1.3:1). This is the isomer in 

which the second triphenylphosphine molecule has attacked the most 

electropositive (attached to a hydride) "wingtip" ruthenium atom. In [19B], the 

attack has taken place at the less electropositive "wingtip" ruthenium atom. 

Reaction of H2Ru4C(C0)12 with Trimethylphosphite. 

The reaction of H2Ru4C(C0)12 with excess trirnethylphosphite yielded 

one product : 
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From the reaction of H2Ru4C(C0)12 with a large excess of trimethylphosphite, 

two products were isolated : 

H2Ru4C(C0)9(P(OMe)3)3 [21]. 

The mass spectrum of [21] confirms the chemical formula is 

Ru4C19H29018P3. The loss of nine carbonyls is also obseived. The lH nmr 

spectrum of [21] (hydride region) is shown in figure 4.10. 

i 
I 

I I 

~ 
6-16ppm 6-22ppm 

Figure 4.10 

At first sight, two isomers appear to be present with signals observed at O= 

-22.33 and -23.07ppm due to different "hinge" hydrides. However, a different 
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spectrum was obtained using a 250MHz (rather than an 80MHz) spectrometer, 

with "hinge" hydride signals at 8= -22.58 and -22.82ppm. In both spectra, the 

midpoint between the two apparent "hinge" hydride signals is at 8= -22.70ppm. 

These results indicate that only one "hinge" hydride, and thus only one isomer, is 

present (appearing at 8= -22.70ppm). 

Possible structures of [21] are shown in figure 4.11. 

PA(OMeh 
- - - - - - C - -- - ..,l - --------.Pe(OMe)3 

I ' .· ' . I \ 
1-

or 

PA(OMe~ 

- - - - - - ( - - - - . ...... -
I \ / 

I 
1-. 

[21] 

Figure 4.11 

In the lH rnnr spectrum of [21], the ''hinge" hydride, HB, appears as a 

doublet of doublets of doublets of doublets (dddd) (8= -22.70ppm) with 

coupling constants of 59.6Hz(trans P A-HB coupling), 7.3Hz (cis Pc-HB 

coupling), l.8Hz (H-H coupling), and l.2Hz (three bond PB-HB coupling). (For 

phosphites, two bond, trans P-H coupling constants are in the -30 to -60Hz 

region.140) The "hinge-wingtip" hydride, HA, appears as a triplet of doublets of 
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doublets (O= -16.34ppm) with three cis phosphorus(P A, PB, and 

Pc)-hydride(HA) coupling constants of 15.8, 15.8, and 4.6Hz, and an H-H 

coupling constant of l .8Hz. 

H2Ru4C(CO)io(P(OMe)J)i [20]. 

The mass spectrum and microanalysis of [20] both confirm the chemical 

formula is Ru4C17H20016P2. The loss of ten carbonyls is also observed in the 

mass spectrum. 

The low temperature (-240K) 1 H nmr spectrum of [20] (hydride region) 

is shown in figure 4.12. The two small singlets at O= -16.51 and -16.56ppm are 

due to impurities. The four hydride signals in the spectrum clearly show that 

two isomers are present in an approximate ratio of 1: 1.4 ([20A]: [20B] ). 

The "hinge-wingtip" hydride of [20A] is represented by a doublet (O= 

-16.38ppm) with a cis P-H coupling constant of 17.5Hz while the "hinge" 

hydride is represented by a singlet (O= -22.94ppm). Possible structures which 

are consistent with this data are shown in figure 4.13. 
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(Me0l3PA~ ____ -[-------, \ 
I \ 

1...... ' 

or 

Figure 4.13 

HA 8= -16.38ppm, 2JPB-HA=l 7.5Hz (cis); 

HB 8= -22.94ppm. 

(0 

... ..... P8(0Meh 

(0 

It is not possible to determine the exact orientation of the P A(0Me)3 

ligand without an X-ray crystallographic analysis. 

In the case of [20B], the "hinge-wingtip" hydride is represented by add 

(8= -16.66ppm) with two cis P-H coupling constants of 19.3 and 9.9Hz while the 

"hinge" hydride is represented by a doublet (8= -22.88ppm) with a cis P-H 

coupling constant of 6.0Hz. Possible structures which are consistent with this 

data are shown in figure 4.14. 
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or 

[208] 

Figure 4.14 

[0 

... ..... .P8{0Me )3 

(0 

HA 8= -16.66ppm, 2JPAORPB-HA=l9.3Hz (cis), 2JPAORPB-HA=9.9Hz (cis); 

HB 8= -22.88ppm, 2JPA-HB=6.0Hz (cis). 

In the 31P-{1H} nmr spectrum of [20], there are four singlets at 8= 11.9, 

9.1, -0.2, and -0.7ppm, due to the four different phosphorus atoms of [20A] and 

[20B]. 

H2Ru4C(CO)g(P(OMe)J)4 [22]. 

The mass spectrum of [22) confirms the chemical formula is 

Ru4C21H33020P 4. The loss of eight carbonyls is also observed. 

Integration of the 1 H nmr spectrum of [22] confirms that four 

trimethylphosphite ligands are present. Unfortunately, as both hydride signals 
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(at 8= -16.46 and -22.94ppm) are multiplets, no information can be obtained 

about the positions of the trimethylphosphite ligands on the "butterfly" 

ruthenium framework. 

Reaction of H2R1I4C(COh2 with Bis(diphenylphosphino)methane. 

The reaction of H2Ru4C(C0)12 with 0.75 equivalents of 

bis(diphenylphosphino)methane yielded two products: 

21% 

[24] was also prepared by reacting excess bis(diphenylphosphino)methane with 

H2Ru4C(C0)12. 

H2Ru4C(CO)io(dppm) [23]. 

The mass spectrum of [23] confirms the chemical formula is 

Ru4C36H24010P2. The loss of ten carbonyls is also observed. 

The lH nmr spectrum of [23] is shown in figure 4.15. The four hydride 

signals in the spectrum clearly show that two isomers are present in an 

approximate ratio of 2.3:1 ([23A]:[23B]). To confirm the assignment of the 

hydride signals, a decoupling experiment was performed. Irradiation of the 

signal at O= ~15.65ppm resulted in the dd at O= -21.56ppm becoming a doublet as 

the coupling between the two hydrides was lost. Similarly, irradiation of the 

signal at O= -15.75ppm resulted in the dd at O= -21.31ppm becoming a doublet. 

The hydride signals can therefore be assigned as follows : 

[23A] O= -15.65 and -21.56ppm 

[23B] O= -15.75 and -21.31ppm. 

The "hinge-wingtip" hydride of [23A] is represented by a rather 

ill-defined ddd (O= -15.65ppm) with coupling constants of approximately 18Hz 

~ 
I 
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(trans P-H coupling), approximately 8Hz (cis P-H coupling) and 2.4Hz (H-H 

coupling). The "hinge" hydride of [23A] is represented by add (5= -21.56ppm) 

with coupling constants of 41.3Hz (trans P-H coupling) and 2.4Hz (H-H 

coupling). A possible structure which is consistent with this data is shown in 

figure 4.16. 
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/ 
/ 

,.. Figure 4.16 

[23A] 

HA 6= -15.65ppm, 2JPB-HA-18Hz(trans), 2JPA-HA-8Hz(cis), 2JHA-HB=2.4Hz; 

HB 6= -21.56ppm, 2JPA-HB=41.3Hz(trans), 2JHA-HB=2.4Hz. 

, 

In the case of [23B], the "hinge-wingtip" hydride is represented by add 

(8= -15.75ppm) with coupling constants of 9.2Hz (cis P-H coupling) and 2.4Hz 

(H-H coupling). The "hinge" hydride is also represented by add (6= -21.31ppm) 

with coupling constants of 43.6Hz (trans P-H coupling) and 2.4Hz (H-H 

coupling). A possible structure which is consistent with this data is shown in 

figure 4.17. 

[238] 

HA 6= -15.75ppm, 2JPB-HA=9.2Hz(cis), 2JHA-HB=2.4Hz; 

HB 6= -21.31ppm, 2JPB-HB=43.6Hz(trans), 2JHA-HB=2.4Hz. 
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The possibility of PA being bound to the "wingtip" ruthenium atom in 

orientations other than those shown in figure 4.17 seems remote, since this 

would cause great steric strain in the dppm ligand (figure 4.18). 

or 

Figure 4.18 

A possible mechanism (for which there is no direct evidence) that 

describes the formation of [23] is shown in figure 4.19. 

' .• 'tie ...... 

.• B 
... ' .. P.\ 

/ _./ .PA 
.·· .: . -------[----'T""--

[238] 

1 \ / 
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/......_ 

/ 

[23A] 
Figure 4 .19 

[I1] 
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One of the phosphorus atoms in the dppm ligand (PA) attacks the most 

electropositive ruthenium atom and displaces a carbonyl (as in the reaction of 

H2Ru4C(C0)12 with triphenylphosphine) to form [11]. The second phosphorus 

atom (PB) can then attack both "wingtip" ruthenium atoms and displace another 

carbonyl to form [23A] and [23B]. Note that [23A] is formed preferentially 

compared to [23B] ([23A]:[23BJ - 2.3:1) as PB in [23A] is bound to the more 

electropositive (attached to a hydride) "wingtip" ruthenium atom. This type of 

isomer preference has been observed before in the reaction of H2Ru4C(C0)12 

with triphenylphosphine. 

In the 31P-{1H} nmr spectrum of [23] there are two singlets at 8= -115.6 

and -115.9ppm possibly due to PA of both isomers or PB of both isomers; and 

two singlets at 8= -123 .2 and -123 .6ppm, again possibly due to PA of both 

isomers or PB of both isomers (figure 4.19). 

H2Ru4C(CO)g(dppm)i [24]. 

The mass spectrum and microanalysis of [24] confirms the chemical 

formula is Ru4C59H460gP 4. The loss of eight carbonyls is also observed in the 

mass spectrum. 

The 1 H nmr spectrum of [24] (hydride region - figure 4.20) clearly 

shows that two isomers are present in an approximate ratio of 1:1 ([24A]:[24BJ). 

To assign the hydride signals, a decoupling experiment was performed. 

Irradiation of the signal at 0= -20.80ppm resulted in the dd at 0= -14.98ppm 

becoming a doublet as the coupling between the two hydrides was lost. 

Similarly, irradiation of the signal at O= -20.15ppm resulted in the dd at 8= 

-15 .11 ppm becoming a doublet. The hydride signals can therefore be assigned as 

follows : 

[24A] O= -1 4.98 and -20.80ppm 

[24B] O= -15.11 and -20.15ppm. 

All of the hydrides of [24A] and [24B] are represented by doublets of 
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B A 

o-15ppm c5-20ppm 

Figure 4.20 

doublets with cis P-H coupling constants of 10.5 to 12.7Hz and H-H coupling 

constants of 2. 7Hz. 

From this nmr data, the probable structures of [24A] and [24B] can be 

deduced (figure 4.21 ). 
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Figure 4.21 

[24X] 

[2 4A] or [24 B] 

[24Y] 

[24A] or [248] 

HAO= -14.98 or -15.llppm, 2Jp4 ORPs-HA=12.6 or 12.7Hz, 2JHA-HB=2.7Hz; 
HB 8= -20.15 or -20.80ppm, 2Jp3 OR Ps-HB=l0.5 or 1 l.4Hz, 2JHA-HB=2.7Hz. 

The possibility of the phosphorus atoms in the ligands being bound to the 
ruthenium atoms in orientations other than those shown in figure 4.21 seems 
remote, since this would cause great steric strain in the dppm ligands. 

The 31P-{ lH } rum spectrum of [24] shows eight signals which 
correspond to _the eight different phosphorus atoms. The two doublets at 8= 
-124.4 and -127.7ppm may be due to 7p and 5p or 6p, as they have coupling 
constants of -130Hz (possibly trans P-P coupling). 

Crystals of [24] were grown from a heptane solution at OOC over a period 
of a few days. The X-ray structural determination was carried out by M.Fajardo 
and P.R.Raithby at the University of Cambridge. The structure is shown in 
figure 4.22. Selected bond lengths are presented in table 4.1 and selected bond 
angles in table 4.2. 
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Table 4.1 

[24] - Selected Bond Lengths;A 

Ru(l)-Ru(3) 2.831(2) C(21)-0(21) 1.150(21) 

Ru(l)-Ru(4) 2.943(2) C(22)-0(22) 1.172(22) 

Ru(2)-Ru(3) 2.820(2) C(31 )-0(31) 1.145(22) 

Ru(2)-Ru(4) 2.887(1) C(32)-0(32) 1.145(19) 

Ru(3)-Ru(4) 2.855(2) C(41)-0(41) 1.142(19) 

Ru(l)-C(l) 1.971(15) C( 42)-0( 42) 1.155(23) 

Ru(2)-C(l) 1.860(15) 

Ru(3)-C(l) 2.120(13) 

Ru(4)-C(l) 2.204(12) 

Ru(3)-H(l) 1.851(1) 

Ru(4)-H(l) 1.851(1) 

Ru(l)-H(2) 1.850(1) 

Ru(4)-H(2) 1.854(1) 

Ru(l)-P(l) 2.390(4) 

Ru(2)-P(4) 2.304(5) 

Ru(3)-P(2) 2.339(4) 

Ru(4)-P(3) 2.342(5) 

Ru(l)-C(l 1) 1.943(16) 

Ru(l)-C(12) 1.857(18) 

Ru(2)-C(21) . 1.844(16) 

Ru(2)-C(22) 1.911(18) 

Ru(3)-C(31) 1.886(19) 

Ru(3)-C(32) 1.923(15) 

Ru(4)-C(41) 1.899(14) 

Ru( 4 )-C( 42) 1.876(18) 

C(l 1 )-0(11) 1.101(20) 

C(l2)-0(12) 1.152(21) 
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Table 4.2 

[24] - Selected Bond Angles/0 

Ru(l )-Ru(3 )-Ru(2) 85.3(1) Ru(l)-C(12)-0(12) 176.0(1.4) 

Ru(l)-Ru(3)-Ru(4) 62.3(1) Ru(2)-C(21 )-0(21) 178.1 (1.9) 

Ru(l )-Ru( 4 )-Ru(2) 82.1(1) Ru(2)-C(22)-0(22) 175.8(1.6) 

Ru(l)-Ru(4)-Ru(3) 58.4(1) Ru(3)-C(31)-0(31) 178.2(1 .5) 

Ru(2)-Ru(3)-Ru( 4) 61.2(1) Ru(3)-C(32)-0(32) 177.0(1.7) 

Ru(2)-Ru( 4 )-Ru(3) 58.8(1) Ru( 4 )-C( 41 )-0( 41) 177.8(1.9) 

Ru(3)-Ru(l)-Ru(4) 59.2(1) Ru(4)-C(42)-0(42) 167.5(1.4) 

Ru(3)-Ru(2)-Ru(4) 60.0(1) 

Ru(l)-C(l)-Ru(2) 177 .5(8) 

Ru(3)-C(l)-Ru(4) 82.6(4) 

Ru(3)-H(l)-Ru(4) 101.0(1) 

Ru(l)-H(2)-Ru(4) 105.2(1) 

P(2)-Ru(3)-H(l) 74.2(1) 

P(3)-Ru(4)-H(l) 178.4(1) 

P(l)-Ru(l)-H(2) 84.3(1) 

P(3)-Ru(4)-H(2) 82.7(1) 

Ru(l)-Ru(3)-P(2) 88.3(1) 

Ru(3)-P(2)-C(2) 113.7(5) 

P(2)-C(2)-P(l) 111.8(6) 

C(2)-P(l)-Ru(l) 106.7(5) 

P(l)-Ru(l)-Ru(3) 97.1(1) 

Ru(2)-Ru(4)-P(3) 90.1(1) 

Ru(4)-P(3)-C(3) 110.8(5) 

P(3 )-C(3 )-P( 4) 111.4(7) 

C(3)-P(4)-Ru(2) 110.9(5) 

P(4)-Ru(2)-Ru(4) 94.0(1) 

Ru(l )-C(l 1 )-0(11) 176.6(1.3) 
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The ruthenium framework of [24] can be described as a "butterfly" with a 
"hinge" bridging hydride ligand. The crystal structure did not refine very well 
and the second hydride, H(2), was not directly located. However, the position of 
H(2) was determined using a hydride-locating computerprogram141 and was 
found to bridge the Ru(l)-Ru(4) bond (the longest ruthenium-ruthenium bond 
in the structure). 

The cluster has seven terminal carbonyl ligands with Ru-C-0 angles in 
the range 175.8(1.6)0 to 178.2(1.5)0 and one bent terminal carbonyl ligand, 
Ru(4)-C(42)-0(42) = 167.5(1.4)0. Note that this bent (distorted) carbonyl 
ligand is attached to the ruthenium atom bound to both hydrides. Each 
ruthenium atom has two carbonyls and is bound to one end of a dppm ligand. 

The structure of [24], in the solid state, is different than the proposed 
structures of [24A] and [24B] in solution. A structural change must therefore 
accompany the solution to solid, and vice versa, phase changes. This behaviour 
has been observed before in the case of Ru5C(C0)13(dppe)68. Simple phosphine 
and concomitant carbonyl migration could explain the interconversion of the 
structures in the solid and solution states (figure 4.23). 
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Figure 4.23 

[24X] 

P (solution) 

[24] 

(solid) 

Reaction of H2Ru4C(CO)i2 with Bis(diphenylphosphino)propane. 
The reaction of H2Ru4C(C0)12 with 0.9 equivalents of 

bis( dipheny lphosphino )propane yielded one product : 



114 

HRu4C(H)(CO)io(dppp) [25]. 

The mass spectrum and microanalysis of [25] both confirm the chemical 

formula is Ru4C3gH2sD10P2. The loss of ten carbonyls is also observed in the 

mass spectrum. 

Crystals of [25] were grown from a heptane solution at ooc over a period 

of a few days. The X-ray structural determination was carried out by M.Fajardo 

and P.R.Raithby at the University of Cambridge. The structure is shown in 

figure 4.24. Selected bond lengths are presented in table 4.3 and selected bond 

angles in table 4.4. 

The ruthenium framework of [25] can be described as a "butterfly" with 

a "hinge" bridging hydride ligand. The "hinge" hydride appears as a broad 

singlet at 8= -22.76ppm in the lH nmr spectrum of [25] (compared to a doublet 

(JH-H=0.9Hz) at 8= -22.76ppm for HRu4C(H)(C0)1272). 

The cluster has ten terminal carbonyl ligands with Ru-C-0 angles in the 

range 175.6(7)0 to 179.2(6)0. Each ruthenium atom has three carbonyls except 

the "wingtip" ruthenium bound to the dppp ligand, Ru(3), which has one. 

There is a mirror plane in the cluster which goes through Ru(2), C(l), 

H(l), H(2), Ru(3), and the CH2 group in the middle of the dppp ligand 

(Ph2PCH2CH2CH2PPh2). Consequently, the two phosphorus atoms in the dppp 

ligand are equivalent and appear as a singlet at 8= -1 07.lppm in the 31P-{ lH } 

nmr spectrum of [25]. 

The second hydride of [25], H(2), bridges a "wingtip" ruthenium atom, 

Ru(3), and the carbide, and appears as a broad singlet at 8= -0.17ppm in the lH 

nmr spectrum (compared to a doublet (JH-H=0.9Hz) at O= -0.78ppm for 

HRu4C(!f)(CO)i272). The fact that both hydride signals are very broad (-20Hz) 

implies that the hydrides are in equilibrium and means that any coupling with the 

two equivalent phosphorus atoms (e.g. H(2) should appear as a triplet) is not 

observed. 

Although H(2) was directly located in the X-ray analysis, its position was 
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Figure 4.24 
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Table 4.3 

[25] - Selected Bond Lengths/A 

Ru(l)-Ru(2) 2.812(1) C(13)-0(13) 1.144(10) 

Ru(l)-Ru(3) 2.886(1) C(21 )-0(21) 1.107(11) 

Ru(l)-Ru(4) 2.834(1) C(22)-0(22) 1.110(11) 

Ru(2)-Ru(4) 2.800(1) C(23 )-0(23) 1.124(10) 

Ru(3 )-Ru( 4) 2.860(1) C(31 )-0(31) 1.157(8) 

Ru(l)-C(l) 2.115(7) C(41)-0(41) 1.156(9) 

Ru(2)-C(l) 1.961(6) C( 42)-0( 42) 1.140(10) 

Ru(3)-C(l) 2.067(6) C(43)-0(43) 1.126(10) 

Ru(4)-C(l) 2.106(7) 

Ru(l)-H(l) 1.60(5) 

Ru(4)-H(l) 1.93(5) 

C(l )-H(2) 0.84(19) 

Ru(3)-H(2) 1.56(18) 

Ru(3)-P(l) 2.307(2) 

Ru(3)-P(2) 2.303(2) 

Ru(l)-C(ll) 1.911(8) 

Ru(l)-C(l2) 1.898(8) 

Ru(l)-C(l3) 1.914(8) 

Ru(2)-C(21) 1.917(9) 

Ru(2)-C(22) 1.976(9) 

Ru(2)-C(23) 1.908(8) 

Ru(3)-C(31) 1.837(6) 

Ru(4)-C(41) 1.917(7) 

Ru(4)-C(42) 1.905(8) 

Ru(4)-C(43) 1.919(7) 

C(ll)-0(11) 1.144(10) 

C(l2)-0(12) 1.143(10) 
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Table 4.4 

(25] - Selected Bond Angles;0 

Ru(l)-Ru(2)-Ru(4) 60.7(1) 

Ru(l)-Ru(3)-Ru(4) 59.1(1) 

Ru(l)-Ru(4)-Ru(2) 59.9(1) 

Ru(l)-Ru(4)-Ru(3) 60.9(1) 

Ru(2)-Ru(l)-Ru(3) 89.7(1) 

Ru(2)-Ru(l)-Ru(4) 59.5(1) 

Ru(2)-Ru( 4 )-Ru(3) 90.4(1) 

Ru(3)-Ru(l)-Ru(4) 60.0(1) 

Ru(l)-C(l)-Ru( 4) 84.4(2) 

Ru(2)-C(l)-Ru(3) 171.8(4) 

Ru(l)-H(l)-Ru(4) 106.6(2.8) 

P(l)-Ru(3)-P(2) 89.6(1) 

Ru(3 )-P(l )-C(2) 113.4(2) 

P(l )-C(2 )-C(3) 115.2(5) 

C(2 )-C(3 )-C( 4) 115.8(6) 

C(3 )-C( 4 )-P(2) 118.8(5) 

C(4)-P(2)-Ru(3) 115.1 (2) 

Ru(l )-C(l 1)-0(11 ) 176.5(7) 

Ru(l)-C(12)-0(12) 177.6(7) 

Ru(l)-C(13)-0(13) 177.0(7) 

Ru(2)-C(21)-0(21) 175.9(9) 

Ru(2)-C(22)-0(22) 176.9(7) 

Ru(2)-C(23)-0(23) 176.7(8) 

Ru(3 )-C(31 )-0(31) 179.2(6) 

Ru(4)-C(41)-0(41) 176.0(6) 

Ru(4)-C(42)-0(42) 175.6(7) 

Ru(4)-C(43)-0(43) 177 .5(7) 
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not defined accurately enough for any angles involving H(2) to be quoted. 

However, the Ru(3)-H(2) bond distance of l.56(18)A and the C(l)-H(2) bond 

distance of 0.84(19)A, can be compared with the average values observed for 

HFe4C(H)(C0)12 of l.750(6)A (Fe-H) and l.184(6)A (C-H)26. Also note that 

the hydride bridged Ru(3)-C(l) bond distance of 2.067(6)A is significantly 

longer than the comparable Ru(2)-C(l) bond distance of l.961(6)A. 

This is the first reported crystal structure of a tetraruthenium carbido 

cluster with a hydrogen atom bound to the carbide. 

ff [25] is left in solution, H2Ru4C(C0)10(dppp), [26], gradually forms: 

H2Ru4C(CO)io(dppp) [26]. 

Although [26] could not be isolated spectroscopically pure ([25] was 

always present) , the 1 H runr spectrum of [26] (hydride region - figure 4.25) 

clearly shows that two isomers are present in an approximate ratio of 1: 1 

([26A]:[26B]). To assign the hydride signals, a decoupling experiment was 

performed. Irradiation of the signal at 8= -21.1 Oppm resulted in the dd at 8= 

-15.37ppm becoming a doublet as the coupling between the two hydrides was 

lost (figure 4.25). Similarly, irradiation of the signal at 6= -20.67ppm resulted 

in the dd at 8= -15.53ppm becoming a doublet. The hydride signals can 

the ref ore be assigned as follows : 

[26A] 8= -15.37 and -21.lOppm 

[26B] O= -15.53 and -20.67ppm. 

The "hinge-wingtip" hydrides of [26A] and [26B] are both represented 

by doublets of doublets with trans P-H coupling constants of 15.2 and 15.0Hz, 

respectively, and H-H coupling constants of 2.4 and 2.3Hz, respectively. The 

"hinge" hydrides of [26A] and [26B] are also both represented by doublets of 

doublets with cis P-H coupling constants of 9.0 and 9.lHz, respectively, and H-H 
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coupling constants of 2.2 and 2.3Hz, respectively. 

From this nmr data, the probable structures of [26A] and [26B] can be 

deduced (figure 4.26). 

~6A] or [268) 

3R 
\ 

\ 
------ [ ··.-----

/ \ ... 
I \ \ [26A] or [26B] 

Figure 4.26 

[26A] or [26B]. 

HA O= -15.37 or -15.53ppm, 2JP2orP4-HA=l5.0 or 15.2Hz, 2JHA-HB=2.3 or 

2.4Hz; 

HB O= -20.67 or -21.IOppm, 2JP2orP3-HB=9.0 or 9.IHz, 2JHA-HB=2.2 or 

2.3Hz. 

The possibility of the dppp ligand being bound to the cluster as shown in 

figure 4.27 seems remote, since this would cause great strain in the dppp ligand. 



121 

Figure 4.27 

Reaction of H2Ru4C(COh2 with Bis(diphenylphosphino)ethane. 

The reaction of H2Ru4C(C0)12 with 0.7 equivalents of 

bis(diphenylphosphino)ethane yielded one product: 

Reaction with excess bis(diphenylphosphino)ethane produced a bis(dppe) 

cluster : 

HRu4C(H)(COho(dppe) [27]. 

The infrared spectrum of [27] is ahnost exactly the same as that of [25]. 

The mass spectrum and microanalysis of [27] both confinn the chemical formula 

is RU4C37H26010P2. The loss of ten carbonyls is also observed in the mass 

spectrum. 

In the I H nmr spectrum of [27] the hydride signals appear as very broad 
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(-20Hz) singlets at 8= -1.11 and -22.75ppm. These values can be compared with 

the 1 H mnr spectrum of [25] in which the C-H hydrogen atom appears at 8= 

-O.l 7ppm and the ''hinge" hydride appears at 8= -22.76ppm. The 31P-{ lHJ mnr 

spectrum of [27] shows only a singlet at 8= -65.6ppm (compared to a singlet at 

8= -107.lppm for [25]). 

Due to the great similarity of the spectroscopic data of [27] and [25], the 

structure of [27] is almost certainly directly analogous to that of [25] (figure 

4.28). 

[27] 

Figure 4.28 

H2Ru4C(C0)9(dppe)i [28]. 

In the I H mnr spectrum of [28] (hydride region - figure 4.29), four 

hydride signals clearly show that two isomers are present in an approximate 

ratio of 1:1 ([28A]:[28B]). To assign the hydride signals, a decoupling 

experiment was performed. Irradiation of the signal at 8= -22.17ppm resulted in 

the dddd at 8= -14. 71 ppm becoming a ddd as the coupling between the two 

hydrides was lost. The hydride signals can therefore be assigned as follows : 

[28A] 8= -14.71 and -22.17ppm 

[28B] 8= -15.17 and -22.45ppm. 

The "hinge-wingtip" hydride of [28A] is represented by a dddd 
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(8=-:-14.71ppm) with coupling constants of 21.2Hz and 18.5Hz (both trans P-H 

coupling), 10.9Hz (cis P-H coupling) and 2.7Hz (H-H coupling). The value of the 

coupling constants causes the signal to actually appear as a set of fourteen peaks 

(rather than the usual sixteen). Figure 4.29 shows the signal, and a predicted 

signal using the observed coupling constants. The "hinge" hydride of [28A] is 

represented by a doublet (O= -22.17ppm) with a cis P-H coupling constant of 

8.7Hz. fu this doublet, the hydride-hydride coupling is not resolved. 

fu the case of [28B], the "hinge-wingtip" hydride is represented by a 

doublet (8= -15.l 7ppm) with a trans P-H coupling constant of 17.5Hz. The 

"hinge" hydride of [28B] is also represented by a doublet (O= -22.45ppm) with a 

cis P-H coupling constant of 8.3Hz. 

The 31 P-{ 1 H} nmr spectrum of [28) shows eight doublets which 

correspond to the eight different phosphorus atoms. Two doublets appear at 8= 

-153.8ppm (3Jp.p-95Hz) and O= -154.7ppm (3Jp_p-90Hz), virtually unshifted 

from the free ligand (O= -153.9ppm). This is consistent with one of the 

potentially bidentate dppe ligands (in both isomers) coordinating to the 

ruthenium framework via only one phosphorus atom (as in 

Os5C(CO)i5(rtLdppe)83 or Ru6C(C0h6(T\Ldppb)l39). The other phosphorus 

atoms in the pendant dppe ligands appear as doublets at 8= -l 14.2ppm 

(3Jp_p-90Hz) and 8= -116.lppm (3Jp.p-95Hz). The four remaining doublets 

appear at 8= -61.0, -62.0, -64.3 and -73.6ppm (Jp_p-35 to 40Hz). These 

chemical shift values are similar to the value of O= -65.6ppm observed in 

HRu4C(H)(C0)10(dppe), [27), in which both phosphorus atoms are bound to a 

"wingtip" ruthenium atom. 

By using all the available nmr data, the probable structures of [28A] and 

[28B] can be deduced (figure 4.30). 
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\4'p\ 3p 
'... - -------[---------

[28B] 

Figure 4.30 

[28A] 

HA 8= -14.71ppm, 2JP2orP4-HA=21.2Hz(trans), 2JP2orP4-HA=l8.5Hz(trans), 

2JP3-HA=l0.9Hz(cis), 2JHA-HB=2.7Hz; 

HB 8= -22.l 7ppm, 2JP2-HB=8.7Hz(cis). 

[28B] 

HA 8= -15.17ppm, 2JP2-HA=l 7.5Hz(trans); 

HB o= -22.45ppm, 2Jn-HB=8.3Hz(cis). 

3lp.{lH} 

Ip 8= -153.8 or -154.7ppm, 3Jp1_n-95 or 90Hz; 

2p O= -116.1 or -114.2ppm, 3Jp1_n-95 or 90Hz; 

3p, 4p S= -61.0, -62.0, -64.3 or -73.6ppm, Jp3_p4-35 or 40Hz. 
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Reaction of H2Ru4C(COh2 with Excess 

Bis( diphenylphosphino )propane. 

The reaction of H2Ru4C(C0)12 with excess 

bis( dipheny lphosphino )propane yielded one product : 

H2Ru4C(C0)9(dppp)i [29]. 

The infrared spectrum of [29] is very similar to that of [28]. [29] absorbs 

strongly at 2057, 2026 and 1992cm-1 while [28]'s strong absorptions occur at 

2056, 2024 and 1991cm-1. 

The lH nmr spectrum of [29] (hydride region - figure 4.31) is also very 

similar to that of [28]. The coupling constants observed are almost exactly the 

same. The only significant difference between the two spectra are that H-H 

coupling is observed for the "hinge" hydride of [29A] and the "hinge-wingtip" 

hydride of [29B], and three-bond P-H coupling is observed in [29B] 

("hinge-wingtip" hydride). By analogy with [28], the structures of [29A] and 

[29B] are probably as shown in figure 4.32. 
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Figure 4.32 

[29A] 

[29A] 

[298] 

HA 8= -15.20ppm, 2JP2orP4-HA=21.0Hz(trans), 2JP2orP4-HA=16.6Hz(trans), 

2JP3-HA=l 1.0Hz(cis), 2JHA-HB=2.8Hz; 

HB 8= -22.18ppm, 2Jn-HB=9.2Hz(cis), 2JHA-HB=2.8Hz. 

[29B] 

HA 8= -15.55ppm, 2Jn-HA=l 7.6Hz(trans), 2JHA-HB=2.2Hz, 
3JP3orP4-HA=2.2Hz; 

HB 8= -22.60ppm, 2Jn-HB=9.1Hz(cis). 

The isomers are present in an approximate ratio of 1.3:1 ([29A]:[29B]). 

Proposed Mechanism involved in the Synthesis of [28] and [29] . 

If it is assumed that [28] and [29] are formed via [27]and [25] 

respectively, the following possible formation mechanism (for which there is no 

direct evidence) can be proposed (figure 4.33) : 
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The second dppx ligand attacks one of the "hinge" ruthenium atoms. 2H then 

migrates onto the "hinge-wingtip" edge that contains the "hinge" ruthenium 

atom which is bound to the second dppx ligand. 

Note that the ratio of [29A]:[29B] is approximately 1.3:1. This slight 

preference for [29A] may be due to steric hindrance between the two dppp 

ligands in [29B]. 

Reaction of H2Ru4C(C0)12 with Bis(diphenylphosphino)butane. 

The reaction of H2Ru4C(C0)12 with two equivalents of 

bis(diphenylphosphino)butane yielded one product: 

None of the mono(dppb) cluster was ever isolated. 

15% 

In the 1 H nmr spectrum of [30], four hydride signals clearly show that 

two isomers are present in an approximate ratio of 2:1 ([30A]:[30B]). 

The "hinge-wingtip" hydride of [30A] is represented by a ddd (8= 

-15.71ppm) with coupling constants of 17.9Hz ( trans P-H coupling), 6.9Hz (cis 

P-H coupling) and 2.6Hz (H-H coupling). The "hinge" hydride of [30A] is also 

represented by a ddd (8= -21.94ppm) with coupling constants of 7.5Hz ( cis P-H 

coupling), 2.6Hz (H-H coupling) and --0.8Hz (three-bond P-H coupling). 

In the case of [30B], the "hinge-wingtip" hydride is represented by add 

(8= -15.86ppm) with coupling constants of 17.8Hz ( trans P-H coupling) and 

2.7Hz (H-H coupling) while the "hinge" hydride is represented by a ddd (8= 

-22.13ppm) with coupling constants of 7.6Hz ( cis P-H coupling), 2.7Hz (H-H 

coupling) and --0;8Hz (three-bond P-H coupling). 

Unfortunately, without more information it is impossible to propose 

structures for [30A] or [30B]. There are at least ten possible structures (for each 

isomer) that are consistent with the 1 H nmr data. 



131 

CHAPTER FIVE. 
Carbide Activation in the Reactions of H2Ru4C(CO)i2 with Alkynes 

and Alkenes. 

Introduction - Carbide Activation in Carbido Clusters. 

Carbide activation has only previously been observed in tetrairon 

carbido clusters.36,87 ,89-93,95,96 A typical reaction is shown in figure 

5.1.36,92,93 

I 

ROH ') 
' l ~(J 

\ _..,'>C-(, 
/ "(JR 

R=Me,Et, 1Pr. 
Figure 5.1 

It has been postulated12 that in these reactions initial carbonyl migration occurs 

to form a ketenylidene intermediate Fe4(C0)12(µ4-C=CO). Nucleophilic attack 

on the C=CO group by the alcohol molecule (for example) could then form the 

final product. 

The chemistry of tetrairon carbido clusters has already been described in 

the introductory chapter. 

Despite many attempts (see chapter six), the analogous ruthenium 

cluster, Ru4C(C0)13, was not synthesized in sufficient quantities to allow its 

reactivity to be studied. Consequently, the carbide reactivity of H2Ru4C(C0)12 
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(yield from Ru5C(CO)i5 -30% 73) was investigated. 

Reactions of H2R114C(C0)12 with Alkynes. 

Synthesis of HRu4(CO)i2(µ4-113-C-C(Ph)=C(H)Ph) [31]. 

The reaction of H2Ru4C(C0)12 with diphenylacetylene at 6{)0C resulted 

in the formation of HRu4(CO)i2(µ4-113-C-C(Ph)=C(H)Ph) [31]. 

The mass spectrum of [31] confirms the chemical formula is 

Ru4C27H12012. The loss of twelve carbonyls is also observed. The lH nmr 

spectrum of [31] shows a singlet at O= -21.48ppm due to the hydride ligand and a 

singlet at 8= 5.15ppm due to the vinyl proton (C=C-H). 

Crystals of [31] were grown from a hexane solution at -30°C over a 

period of a few days. The X-ray structural determination was carried out by 

P.R.Raithby and S.M.Owen at the University of Cambridge. The structure is 

shown in figure 5.2. Bond lengths are presented in table 5.1 and bond angles in 

table 5.2 . . 

The ruthenium framework of [31] may be described as a "butterfly" with 

the hydride ligand bridging the "hinge" (Ru(2)-Ru(3)). In the lH nmr spectrum 

of [31], the hydride chemical shift value of O= -21.48ppm is typical of a "hinge" 

bridging hydride ligand. The cluster has ten terminal carbonyl ligands with 

Ru-C-0 angles in the range 175.4(4)0 to 179.1(4)0 and two µ2 bridging 

carbonyl ligands, Ru(l)-C(l3)-Ru(3) = 60.7(1)0 and Ru(3)-C(33)-Ru(4) = 

51.0(l)O. The bridging carbonyls appear at 1832cm·l in the infrared spectrum 

of [31] (compared to absorptions from 1970cm·l to 2093cm·l for the terminal 

carbonyls). 

A carbon atom, C(3), presumed to be the original carbido-carbon in 
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Table 5.1 

[31] - Selected Bond Lengths;A 

Ru(l)-Ru(2) 2.875(1) Ru(3)-C(33) 2.019(5) 
Ru(l )-Ru(3) 2.907(1) Ru(4)-C(33) 2.198(4) 
Ru(2)-Ru(3) 2.846(1) Ru(4)-C(41) 1.939(4) 
Ru(2)-Ru(4) 2.845(1) Ru(4)-C(42) 1.918(5) 
Ru(3)-Ru(4) 2.812(1) Ru(4)-C(43) 1.965(6) 
Ru(l)-C(3) 2.223(4) C(l 1 )-0(11) 1.119(7) 
Ru(2)-C(3) 2.168(4) C(12)-0(12) 1.144(6) 
Ru(3)-C(3) 2.202(3) C(13)-0(13) 1.154(5) 
Ru(4)-C(3) 2.077(4) C(21)-0(21) 1.133(6) 
C(3)-C(2) 1.445(6) C(22)-0(22) 1.137(6) 
C(2)-C(l) 1.402(5) C(23)-0(23) 1.139(8) 
Ru(l)-C(2) 2.235(3) C(31 )-0(31) 1.139(7) 
Ru(l)-C(l) 2.363(3) C(32)-0(32) 1.131(5) 
Ru(2)-H(23) 1.72(4) C(33)-0(33) 1.149(6) 
Ru(3)-H(23) 1.79(5) C(41)-0(41) 1.126(5) 
C(l)-H(l) 0.84(4) C(42)-0(42) 1.126(7) 

C(l )-C(l O 1) 1.475(6) C(43)-0(43) 1.105(7) 

C(2)-C(201) 1.503(6) 

Ru(l)-C(ll) 1.925(5) 

Ru(l)-C(12) 1.891(4) 

Ru(l)-C(l3) 1.936(4) 

Ru(2)-C(21) 1.912(4) 

Ru(2)-C(22) 1.927(5) 

Ru(2)-C(23) 1.916(6) 

Ru(3)-C(l 3) 2.588(5) 

Ru(3)-C(31) 1.885(6) 

Ru(3)-C(32) 1.905(4) 
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Table 5.2 

[31] - Selected Bond Angles;0 

Ru(l)-Ru(2)-Ru(3) 61.1(1) Ru (3 )-C(3 3 )-0(3 3) 140.3(4) 

Ru(l)-Ru(2)-Ru(4) 95.6(1) Ru(4)-C(33)-0(33) 136.2(4) 

Ru( 1 )-Ru(3 )-Ru(2) 59.9(1) Ru( 4 )-C( 41 )-0( 41) 178.5(5) 

Ru(l)-Ru(3)-Ru(4) 95.6(1) Ru(4)-C(42)-0(42) 177.7(4) 

Ru(2)-Ru(l)-Ru(3) 59.0(1) Ru(4)-C(43)-0(43) 179.1(4) 

Ru(2)-Ru(3)-Ru( 4) 60.4(1) 

Ru(2)-Ru(4)-Ru(3) 60.4(1) 

Ru(3)-Ru(2)-Ru( 4) 59.2(1) 

Ru(l)-C(3)-Ru(4) 160.3(2) 

Ru(l)-C(3)-C(2) 71.6(2) 

Ru(l )-C(2)-C(3) 70.6(2) 

Ru(l)-C(2)-C(l) 77.3(2) 

Ru(l)-C(l)-C(2) 67.4(2) 

C(3)-C(2)-C(l) 119.2(4) 

C(3)-C(2)-C(201) 117.6(3) 

C(2)-C(l)-H(l) 111.3(2.4) 

C(3 )-C(2)-C(l O 1) 130.0(4) 

Ru(2)-H(23)-Ru(3) 108.2(2.3) 

Ru( 1 )-C( 11 )-0(11) 178.1(3) 

Ru(l)-C(12)-0(12) 176.0(5) 

Ru(l)-C(l3)-0(13) 159.2(4) 

Ru(2)-C(21 )-0(21) 176.4(4) 

Ru(2)-C(22)-0(22) 177.3(6) 

Ru(2)-C(23)-0(23) 178.0(4) 

Ru(3)-C(l 3)-0(13) 122.2(3) 

Ru(3 )-C(31 )-0(31) 175.4(4) 

Ru(3)-C(32)-0(32) 178.5(5) 
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H2Ru4C(C0)12, caps (µ4) the ruthenium "butterfly" framework and is also 
bound to a carbon atom, C(2), of the diphenylacetylene ligand, which interacts 
in a 1t-bonding mode with a "wingtip" metal atom, Ru(l). This C(l)-C(2)-C(3) 
unit may also be viewed as a 1t-allylidene ligand bound 113 to Ru(l), one terminal 
carbon, C(3), of which is also coordinated to the Ru(2)Ru(3)Ru(4) triangular 
unit (figure 5.3). 

Ph 

1 / 
Ph........_. ., ~t............_ ~c.~" H 
3/ ~ - -- - - - ---( ---- -- ----
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Structure of HRu 4{C0~2{µ
4
-rp-C-C{Ph)=C{H)Ph) [31] 

Figure 5.3 

The bond lengths within the C(l)-C(2)-C(3) unit are similar to those 
found in other allyl substituted clusters (see below), although this type of 

bonding mode, including the carbido-like interaction of C(3), has not been 
observed previously in iron, ruthenium or osmium clusters. 

C(l)-C(2);A C(2)-C(3);A 
[31] 1.402(5) 1.445(6) 

H20s4(CO)i 1 (µ2-113-MeC-C(Ph)-C(H)Ph) 1.44(2) 1.45(3)142 

Os3(C0)11(µ2-rt 3-C(CH2)i) A 1.43(4) 1.43(4)143 

Os3(C0)11(µ2-113-C(CH2h) B 1.43(4) 1.50(4)143 

Ru3(CO)g(µ3-dppm)(µ2-113-H2C-C-CH2) 1.390(7) 1.421 (7)144 
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Within the ruthenium framework of [31], the Ru(l)-Ru(2) and 
Ru(l )-Ru(3) bonds are approximately 0.04A longer than the two other 
"hinge-wingtip" edges, the latter being similar in length to those found in 
Ru4C(C0)13 and a number of derivatives.73,74 Also, the dihedral angle of 
117 .20 between the two ''butterfly wings" is approximately 150 greater than in 
related tetrairon carbido clusters.31 These facts presumably reflect the bonding 
requirements of the allylic ligand. 

[31] has the same total electron count (62 electrons) as H2Ru4C(C0)12 or 
Ru4C(C0)13. The C(l)-C(2) bond can be thought of as a double bond donating 
two electrons to the cluster while C(3) can be thought of as a carbide which 
contributes four electrons, minus one due to the C(3)-C(2) bond: 

HRu4(C0)12(µ4-1l3-C-C(Ph)=C(H)Ph) 

1 4x8 12x2 3 2 = 62 electrons 

Possible mechanisms that explain the formation of [31] are shown in 
figure SA. 

N.B. At temperatures above 600C, Cowie72 has used lH nmr spectroscopy to 
confirm that only the alkylidyne isomer, HRu4C(H)(COh2, of the starting 
material is present. Consequently, this is the only isomer shown in the 
mechanisms. 

In the first step, a molecule of diphenylacetylene attacks a "wingtip" 
ruthenium atom and the cluster "opens out". Alkyne insertion into the 
methylidyne group then occurs, a carbon-carbon bond forms and a hydrogen 
atom migrates from the cluster to the alkyne, to give [31]. This can either occur 
intramolecularly (a) or intermolecularly with a second molecule of 
diphenylacetylene (b). 

[II] can be compared to HM3(CO)io(µ3-CR) (M=Ru, Os) or 
H3Ru3(C0)9(µ3-CR) clusters,145,146 with one carbonyl ligand or two hydrides 
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Figure 5.4 
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replaced with a Ru(C0)3(PhC=CPh) unit. In these alkylidyne clusters, reaction 
with alkynes cause alkyne-alkylidyne coupling and no insertion reactions are 
observed (although the directly analogous methylidyne cluster (µ3-CH) has not 
been studied), e.g.145 

Me 
I 
[ 

Me /--~ Me 'c/ ~[/ 

Figure 5.5 

Alkyne insertion has been observed before in the case of triosmium clusters, 
e.g.147-149 

R1C=CR2 
H20s3(C0)10------ HOs3(C0)10(µ2-rt2-C(Rl )=C(H)R2) 

Rl= R2= H, Ph; Rl= H, R2= Me, Et, tBu, Ph; Rl= Ph, R2= Me, Et. 

but clearly, in these examples, an alkyne molecule inserts into a metal-hydride 
bond. 

A possible alternative mechanism to the one outlined in figure 5.4 is 
shown in figure 5.6. This mechanism also involves alkyne insertion but no 

cluster "opening out" process occurs in this scheme. Note that there is no direct 
evidence for any of the mechanisms described. 
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Synthesis of HRu4(C0)12(µ4-l13·C-C(R)=C(H)R') {R=Me, R'=Ph; 
R=Ph, R'=Me} [32]. 

The reaction of H2Ru4C(C0)12 with 1-phenyl-1-propyne at 60°C 
resulted in the formation of HRu4(C0)12(µ4-l13-C-C(R)=C(H)R') {R=Me, 
R'=Ph; R=Ph, R'=Me} [32]. 

R= Me, R'= Ph; R= Ph, R'= Me. 

The infrared spectrum of [32] is very similar to that of [31]. 
Microanalysis and the mass spectrum of [32] both confirm the chemical formula 
is Ru4C22H10012- The loss of twelve carbonyls is also observed in the mass 
spectrum. The lH rum spectrum of [32] clearly shows that three isomers are 
present in an approximate ratio of 4:1:2 (A:B:C). The probable structures of 
these isomers (comparable to [31]) are shown in figure 5.7 . 

The hydride signals appear as singlets at o= -21.56ppm [32A], o= 
-21.82ppm [32B] and O= -21.54ppm [32C]. These values are typical of "hinge" 
bridging hydrides. The vinylic proton in both [32A] (o= 4.26ppm) and [32B] 
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Isomers A,B 

Figure 5.7 
Isomer ( 

(8= 4.03ppm) appears as a quartet because it is coupling with the adjacent CH3 

group (3J=6.1Hz). The spectrum (8= 1.8 - 2.5 and 3.9 - 5.4ppm) is shown in 

figure 5.8. The two doublets at 8= l.84ppm [32A] and 8= 1.86ppm [32B] are due 

to the CH3 groups (coupling with the adjacent vinylic protons). The doublets 

overlap in the spectrum shown (obtained on a 400MHz spectrometer) but are 

both clearly visible in another spectrum obtained using an 80MHz spectrometer. 

The structures of [32A] and [32B] probably differ only very slightly (as in the 

case of [lB]). 

The vinylic proton in [32C] appears as a singlet at 8= 5.28ppm. This 

chemical shift value compares favourably with the vinylic proton in [31] (8= 

5.15ppm). The singlet at 6= 2.35ppm can be assigned to the CH3 group in [32C]. 

As a result of the larger size of the methyl group in [32A] and [32B], and 

the phenyl group in [32C], compared to the vinylic proton; these groups 

probably point away from the ruthenium framework of the cluster (as shown in 

figure 5.7). This was observed for the phenyl group in the crystal structure of 

[31] . 
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Synthesis of HRu4(C0)12(µ4-,i3-C-C(H)=C(H)Ph) [33]. 

The reaction of H2Ru4C(C0)12 with phenylacetylene at 60°C resulted in 

the formation of HRu4(C0)12(µ4-,i3-C-C(H)=C(H)Ph) [33]. The impurity, 

HRu4C(CO)i2(AuPPh3), was also isolated (see chapter four). 

heptane 
H2Ru4C(C0)12 + PhC=CH HRu4(C0)12(µ4-,i3-C-C(H)=C(H)Ph) 

6()0C 
60minutes [33] -10% 

. + HRu4C(C0)12(AuPPh3) 

The major product, [33], decomposed slowly on silica and was 

air-sensitive. The infrared spectrum of [33] is similar to those of [31] and [32], 

apart from the fact that no bridging carbonyl signal is observed. The probable 

structure of [33] (comparable to [31] and [32]) is shown in figure 5.9. 

Figure 5.9 

As in the case of [31], the phenyl group probably points away from the 

ruthenium framework to reduce steric strain. 

In the lH mm spectrum of [33] the hydride signal at 8= -22.12ppm is a 

doublet due to four-bond coupling with lH (4JHi-H3=0.6Hz). The doublet at 8= 

5.49ppm (3JHI-H2=11.1Hz) is due to 2H and compares favourably with similar 
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clusters: 

HOs3(C0)10(µ2-T12-C(H)=C(H)Ph) 

H30s4(C0)11 (µ2-rt 2-C(H)=C(H)Ph) 

[31] HRu4(C0)12(µ4-rt3-C-C(Ph)=C(H)Ph) 

[32] HRu4(C0)12(µ4-rt3-C-C(Me)=C(H)Ph) 

6= 5.30ppm J=14.4Hz147 

6= 4.82ppm J=l2.IHz150 

6= 5.15ppm 

6= 5.28ppm 

The 3JHI-H2 coupling constant of 11.lHz also compares well with the clusters 

above, in which the two vinylic hydrogen atoms are postulated as being trans to 

each other. The signal due to 1 H appears at O= 6.52ppm as a doublet of doublets 

(3JHI-H2=1 l .1Hz, 4JHI-H3=0.6Hz). 

No evidence has been found for the alternative isomer, [33X] (figure 

5.10). 

Figure 5.10 

Reactions of H2Ru4C(CO)i2 with Various Alkynes. 

The reaction of H2Ru4C(C0)12 with acetylene, 1-butyne or 

bis(diphenylphosphino)acetylene, resulted in the formation of several products; 

none of which were fully characterized. 
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Reactions of HRu4(CO)i2(µ4-113-C-C(Ph)=C(H)Ph) [31]. 

a) With Hydrogen. 

Reaction of [31] with hydrogen at 400C produced H4Ru4(C0)12151 and 

three other compounds that were not fully characterized. 

hetltane 
[31] HRu4(C0)12(µ4-1l3-C-C(Ph)=C(H)Ph)--

2
(_g)-H4Ru4(C0)12 -25% 

140 minutes 
400C + three other 

compounds 

b) At 9goc. 

When a solution of [31] was heated at 98°C, several minor compounds 

were produced. Although none of these compounds were fully characterized, 

one yellow product had a mass spectrum (mrz : 750 Ru=102 ( - 9 CO)) consistent 

with HRu3(C0)9(µ3-T13-C-C(Ph)=C(H)Ph) - figure 5.11. 

c) With Car~on Monoxide. 

Possible hydride 
position shown. 

Figure 5 .11 

Reaction of [31] with carbon monoxide at 980C produced several minor 

compounds that were not fully characterized. 
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Reactions of H2Ru4C(COh2 with Alkenes. 

Reaction of H2Ru4C(C0)12 with Styrene. 

The reaction of H2Ru4C(C0)12 with excess styrene at 70°C resulted in 

the formation of three products. The impurity, HRu4C(C0)12(AuPPh3), was 

also isolated (see chapter four). 

Ph(H)C=CH2, 700C 
H2Ru4C(C0)12 H2Ru3(C0)9(µ3-112-C=C(Me)Ph) [34] 13% 

toluene 
llOminutes 

+ HRu5(C0)15(µ4-C-CH2CH2Ph) [35] 1 % 

+ H2Ru3(CO)g(PPh3)(µ3-112-C=C(Me)Ph) [36] 2% 

+ HRu4C(C0)12(AuPPh3) 

H2Ru3(C0)9(µ3-112·C=C(Me)Ph) [34]. 

Microanalysis and the mass spectrum of [34] both confirm the chemical 

formula is Ru3C1gH1o09. The loss of nine carbonyls is also observed in the mass 

spectrum. 

Crystals of [34] were grown from a dichloromethane/hexane solution at 

ooc over a period of a few days. The X-ray structural determination was carried 

out by P.R'.Raithby and R.Dodsworth at the University of Cambridge. The 

structure is shown in figure 5.12. Selected bond lengths are presented in table 

5.3 and selected bond angles in table 5.4. 

The three ruthenium atoms of [34] define an isosceles triangle, the two 

long edges (Ru(l)-Ru(2) and Ru(l)-Ru(3)) of which are bridged by hydrides. 

Each ruthenium is coordinated to three terminal carbonyl ligands which do not 

deviate from linearity by more than 4.4(5)o. The triruthenium triangle is capped 

by an alkenylidene ligand, which coordinates via two a-bonds (Ru(l)-C(lO) and 

Ru(3)-C(10)) and arc-bond (Ru(2)-C(10) and Ru(2)-C(l 1)). The alkenylidene 

ligand carbons, C(lO) and C(l 1), are approximately coplanar with the a-phenyl 

and methyl substituent carbons, C(12) and C(13). The maximum deviation is 
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Table 5.3 

[34] - Selected Bond Lengths/A 

Ru(l)-Ru(2) 2.840(1) C(5)-0(5) 1.123(7) 

Ru(l)-Ru(3) 2.821(1) C(6)-0(6) 1.110(9) 

Ru(2)-Ru(3) 2.735(1) C(7)-0(7) 1.117(8) 

Ru(l)-C(lO) 2.057(5) C(8)-0(8) 1.137(8) 

Ru(2)-C(10) 2.167(4) C(9)-0(9) 1.109(7) 

Ru(3)-C(10) 2.019(6) 

Ru(2)-C(l 1) 2.500(4) 

C(l 0)-C(l 1) 1.379(8) 

C(l 1)-C(l2) 1.515(8) 

C(l 1)-C(l3) 1.475(8) 

Ru(l)-H(l2) 1.82(5) 

Ru(l)-H(l3) 1.66(7) 

Ru(2)-H(l2) 1.79(5) 

Ru(3)-H(13) 1.79(6) 

Ru(l)-C(l) 1.913(7) 

Ru(l)-C(2) 1.966(6) 

Ru(l)-C(3) 1.900(5) 

Ru(2)-C(4) 1.926(6) 

Ru(2)-C(5) 1.884(6) 

Ru(2)-C(6) 1.892(6) 

Ru(3)-C(7) 1.941(6) 

Ru(3)-C(8) 1.875(6) 

Ru(3)-C(9) 1.910(5) 

C(l)-0(1) 1.111(9) 

C(2)-0(2) 1.099(8) 

C(3)-0(3) 1.117(6) 

C(4)-0(4) 1.133(9) 
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Table 5.4 

[34] - Selected Bond Angles;0 

Ru(l )-Ru(2)-Ru(3) 60.8(1) 

Ru(l)-Ru(3)-Ru(2) 61.5(1) 

Ru(2)-Ru(l)-Ru(3) 57.8(1) 

Ru(l )-C(l 0)-Ru(2) 84.5(1) 

Ru(l)-C(l0)-Ru(3) 87.6(2) I I 

Ru(2)-C(10)-Ru(3) 81.5(2) 

Ru(l )-C(l 0)-C(l l) 130.9(4) 

Ru(3)-C(10)-C(l 1) 138.4(4) 

C(l0)-C(l 1)-C(12) 122.9(6) 

C(10)-C(l 1)-C(13) 122.0(5) 

Ru(2)-C(l 0)-C(l 1) 86.7(3) 

Ru(2)-C(l l)-C(10) 59.9(2) 

Ru(l)-H(l 2)-T{u(2) 104.0(2.3) 

Ru(l)-H(13)-Ru(3) 109.5(3.4) 

Ru(l)-C(l )-0(1) 175.6(5) 

Ru(l)-C(2)-0(2) 178.5(5) 

Ru(l)-C(3)-0(3) 175.9(5) 

Ru(2)-C( 4 )-0( 4) 177.4(5) 

Ru(2)-C(5)-0(5) 179.3(6) 

Ru(2)-C(6)-0(6) 178.4(6) 

Ru(3 )-C(7)-0(7) 178.8(5) 

Ru(3)-C(8)-0(8) 175.7(6) 

Ru(3)-C(9)-0(9) 176.4(6) 
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0.13A for C(l l). The C(l0)-C(l 1)-C(12)-C(13) plane makes an angle of 

56.6(8)0 with the triruthenium plane. 

[34] appears to be the first structurally characterized example of a 

trinuclear cluster containing a µ3-112-C=C(R)R' ligand in which one of the R 

groups is not hydrogen. The C(lO)-C(l 1) bond distance of l.379(8)A lies within 

the range 1.32 to 1.42A observed in other alkenylidene clusters,152 and is not 

significantly different from the value of 1.406(19)A found in 

Ru3(C0)9(µ3-112-C=C(H)tBu)(AuPPh3)i153 or the value of 1.38A observed in 

H20s3(C0)9(µ3-112-C=CH2).154 The C(10)-C(l 1)-C(l2) and 

C(lO)-C(l 1 )-C(13) bond angles (122.9(6)0 and 122.0(S)o respectively) are close 

to 1200. All these facts are consistent with the C(lO)-C(l 1) bond being a double 

bond. 

The ruthenium-ruthenium bond distances are all shorter than the average 

distance of 2.854(4)A observed in Ru3(CO)i2 (in fact, the unbridged 

Ru(2)-Ru(3) bond is approximately 0.12A shorter). While the metal-metal bond 

lengthening influence of a bridging hydride is well known,155 it seems that the 

µ3-112-C=C(Me)Ph ligand exerts a bond shortening influence which 

counterbalances the effect of the hydrides on the Ru(l)-Ru(2) and Ru(l)-Ru(3) 

edges and causes the considerable shortening of the Ru(2)-Ru(3) edge. 

The Ru(l)-C(lO) and Ru(3)-C(l0) bonds exert a trans effect on the 

pseudo-axial carbonyl ligands, C0(2) and C0(7) respectively. The Ru(l)-C0(2) 

and Ru(3)-C0(7) bond distances are the longest Ru-CO bonds in the structure 

and are approximately 0.06A longer than the comparable Ru(2)-C0(5) bond. 

If the µ3-112-C=C(Me)Ph ligand is considered to formally donate four 

electrons to the cluster, then the cluster as a whole has a total electron count of 

48 (Ru3(C0)12 = 48 electrons). 

The low temperature (-200K) lH nmr spectrum of [34] shows that two 

isomers are present in an approximate ratio of 3:1 (A:B). The two singlets at 8= 

2.31 and 2.44ppm are due to the two CH3 groups in the alkenylidene ligand in 
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isomer A and isomer B respectively. The two hydrides of isomer A couple with 

each other and appear as doublets at O= -16.50 and -19.43ppm (2J8 _8 =2.4Hz) . 

The two hydrides of isomer B also appear as doublets at O= -16.04 and 

-18.91ppm (2J8 _8 =2.4Hz). At room temperature, the two isomers are 

interconverting too rapidly for nmr techniques to differentiate between them 

and only a singlet at O= 2.41ppm (µ3-rt2-C=C(CH3)Ph) and a broad singlet at O= 

-17.7ppm ((Ru-Hh) are observed. 

The crystal structure of [34] shows that the methyl group in the 

alkenylidene ligand points towards the unbridged ruthenium-ruthenium bond 

(Ru(2)-Ru(3)). A possible isomer of [34] in which the phenyl group and methyl 

group (in the alkenylidene ligand) have swapped positions, is shown in figure 

5.13 . 

[34X] 

Figure 5.13 

It seems logical to propose that isomers A and B have the structures shown in 

figure 5.13. Simple hydride migration would interconvert [34] and [34X]. 

However, it is -impossible to predict whether [34] is isomer A or isomer B . 

Keister and Shapley 156 found that in the 1 H nmr spectrum of 

H20s3(C0)9(µ3-rt2-C=CH2), the hydrides appeared as a doublet of triplets and a 

doublet (figure 5.14). 

The doublet of triplets at B= -18.18ppm (2Jm-m=l.6Hz, 4Jm-cm=0.7Hz) was 

tentatively proposed to be due to 1 H as the two hydrogen atoms in the 

µ3-rt2-C=CH2 unit would not be equivalent in the case of 2H and so 2H would not 
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1H 6= -18.1Bppm 
2H 6= -21.83ppm 

Figure 5.14 

be split into a triplet. The doublet at 6= -21.83ppm (2JHi-H2=1.6Hz) was 

therefore assigned as 2H.156 Consequently, the chemical shifts of the hydrides of 

H20s3(C0)9(µ3-112-C=CH2) and [34] can be compared and the hydrides of [34] 

assigned (figure 5.15). 

Tentative assignment of hydride peaks. 

COCl3 6 = -18.18ppm ,H 6=-16.04 or -16.SOppm 
ZH 6_ = -21.83ppm 2H 6=-18.91 or -19.43ppm 

R=Ph,R'=Me (34] 

R=Me,R'=Ph [34xl 

Figure 5.15 

Further proof of the correctness of these assignments was provided in a recent 

study157 which assigned the chemical shifts of the hydrides of 
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H20s3(C0)9(µ3-112-C=C(H)CHMe2) in an analogous way. 

A possible mechanism that describes the formation of [34] will be 

outlined later. 

HRu5(CO)i5(~-C-CH2CH2Ph) [35]. 

The proposed structure of [35] is shown in figure 5.16. 

PhCH2 

I 
CH2 
I --- -- - --- ( -----------

/ \ 
I \ , ........ 

'--~~/__r=--r [35] 

Figure 5.16 

The mass spectrum of [35] confirms the chemical formula is 

Ru5C24H10015. The loss of a CH2CH2Ph group, followed by fifteen carbonyls, 

is also observed. In the 1 H mnr spectrum of [35] a singlet appears at 8= 

-20.96ppm due to the hydride and two triplets appear at 8= 2.74 and 2.29ppm 

due to the two CH2 groups coupling with each other (3J=7 .9Hz). The chemical 

shift of the hydride in [35] compares favourably with that of the hydride in 

HRu5(CO)i4(µ4-112-CNMe2) (figure 5.17).158 

Figure 5.17 
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The proposed hydride position for [35] is therefore on the "hinge" of the 
face-capped "butterfly" (figure 5.16). The mechanism involved in the formation 
of [35] (described later) will show that this hydride position is correct if the 
"hinge" bridging hydride of H2Ru4C(C0)12 does not migrate during the 
reaction. 

If the µ4-C-CH2CH2Ph unit is considered to formally donate three 
electrons to the cluster, then the cluster has a total electron count of 74 
(Ru5C(CO)i5 = 74 electrons). However, the possibility that [35] has a square 
pyramidal ruthenium framework (figure 5.18) is remote; whereas no carbide 
reactivity in M5C (M = Fe, Ru, Os) clusters has been observed, the reactivity of 
the carbide in tetrairon carbido clusters has been studied 
extensively. 36,87 ,89-93,95,96 

Passi bl e hydr ide 
. pos i t i on shown. Figure 5.18 

[3Sxl 

Also, theoretical studies39,98 have shown that the carbide in tetranuclear 
"butterfly" clusters is much more likely to be reactive than the carbide in 
pentanuclear square pyramidal clusters. It has been calculated that an incoming 
molecule would have to pass through a "tunnel" of approximately 2A (defined 
by axial carbonyls) to attack the carbide of Ru5C(CO)i5.55 This gives an 
indication of the steric strain that would be involved in a cluster such as [35XJ 
(figure 5.18). 

In conclusion, it is proposed that [35] has a face -capped "butterfly" metal 
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framework, as in the case of H20s5(C0h6,159 Os5(C0)15(µ4-112-C=C(H)Ph)160 

(figure 5.19), or HRu5(C0)14(µ4-112-CNMe2)158 (figure 5.17). 

H . 

/-::h 
---------[-----------, . 

I \ 
I \ 

/z.... 

Figure 5.19 

H2Ru3(CO)g(PPh3)(µ3-1l2·C=C(Me)Ph) [36]. 

The proposed structure of [36] is shown in figure 5.20. 

. 
Ph 
! 

or 

Figure 5.20 

Me 
; 

! 

~--,(_ 

~(--._Ph 

[36Y] 

Note that the triphenylphosphine ligand is bound to the ruthenium atom attached 

to both hydrides (as in H2Ru4C(C0)11 (PPh3) [18]). 

The mass spectrum of [36] confirms the chemical formula is 

Ru3C35H250gP. The loss of eight carbonyls is also observed. The low 

temperature (212-215K) lH nmr spectrum of [36] shows that two isomers are 
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present in an approximate ratio of 1: 1. The singlets at 8= 2.40 and 2.55ppm are 

due to the CH3 groups in the two isomer's alkenylidene ligands. These values 

compare favourably with the singlets at O= 2.31 and 2.44ppm due to the methyl 

groups in the two isomers of [34]. The hydride signals of [36] can also be 

compared with those of [34] : 

[34A]!ppm 

-16.50 d 

-19.43 d 

[34B]!ppm 

-16.04 d 

-18.91 d 

[36A]!ppm 

-15.39 dd 

-18.28 dd or -18.75 dd 

[36B]!ppm 

-15.76 dd 

-18.28 dd or -18.75 dd 

The hydrides of [36] (figure 5.21) couple with each other to give doublets 

(2JHA-HB=l.7-1.8Hz) and are then split further into doublets of doublets by the 

phosphorus atom of the triphenylphosphine ligand (cis 2Jp_8 =7.4-9.6Hz). 

As in the comparable case of [34], the two isomers of [36] probably 

correspond to the two structures shown in figure 5.20 which differ only in the 

orientation of the alkenylidene ligand. Simple hydride migration would 

interconvert [36X] and [36Y]. 

Using the same arguments that were used for [34], the hydride chemical 

shifts can be assigned as follows : 

HAO= -15.39 and -15.76ppm 

HB 8= -18.28 and -18.75ppm. 
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Note that there has been a shift downfield in the hydride chemical shift values in 

going from [34] to [36]. This trend has been observed before in H2Ru4C(C0)12 

and its triphenylphosphine derivative : 

H2Ru4C(C0)12Jppm72 H2Ru4C(CO)i1(PPh3) [18]/ppm Downfield Shift/ppm 

-22.74 -22.08 0.66 

-16.22 -15.57 0.65 

[34]Jppm 

-18.91 or -19.43 

-16.04 or -16.50 

[36]Jppm 

-18.28 or -18.75 

-15.39 or -15.76 

Average Downfield Shift/ppm 

0.66 

0.70 

At room temperature the two isomers of [36] are interconverting too 

rapidly for nmr techniques to differentiate between them and only a singlet at 8= 

2.54ppm (µ3-112-C=C(CH3)Ph) and a broad singlet at 8= -16.87ppm ((Ru-H)i) 

are observed. 

Reaction of H2Ru4C(CO)i2 with Ethylene. 

The reaction of H2Ru4C(C0)12 with ethylene at 70°C produced three 

compounds. 

C2H4(g), 700C 
H2Ru4C(C0)12 - . H2Ru3(C0)9(µ3-T12-C=C(H)Me) [37] 6% 

toluene, 45 rmnutes 
+ HRu5(C0)15(µ4-C-Et) [38] 3% 

+ H2Ru3(CO)g(PPh3)(µ3-T12-C=C(H)Me) 

[39] 3% 
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H2Ru3(C0)9(µ3-Tt2·C=C(H)Me) [37]. 

[37] has been synthesized before by Eady et a[.,161 from the reaction of 

Ru3(C0)12 with sodium borohydride : 

+ many others 

The yield and infrared spectrum of [37] were not reported as it was not isolated 

spectroscopically pure. However, the mass spectrum and lH nmr spectrum of 

[37] were reported and agree almost exactly with the results obtained in this 

study: 

H2Ru3(C0)9(µ3-112-C=C(H)Me) 

[37] 

599 ( - 9 co )161 

600 ( - 9 co) 

H2Ru3(C0)9(µ3-112-C=C(H)Me)Jppm161 

6.13 (q) 

2.02 (d) 

-15.88 (s) - tentatively assigned 

-19.40 (s) - tentatively assigned 

3J=6Hz 

Both lH nmr spectra were taken in CDCl3. 

[37]!ppm 

6.12 (q) 

2.00 (d) 

-15.92 (s) 

-19.46 (s) 

3J=5.9Hz 

Eady et a[.,161 proposed that [37] had the structure shown in figure 5.22. 

The structure given is similar to that of the comparable osmium cluster, 

H20s3(C0)9(µ3-112-C=CH2), for which an X-ray crystallographic analysis has 

been reported.154 

The infrared spectrum of [37] is very similar to that of 

H2Ru3(C0)9(µ3-112-C=C(Me)Ph), [34], and so it seems reasonable to propose 
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[37] 

Figure 5.22 

that [37] has the same basic structure. However, it is impossible to determine 

whether the methyl group in the µ3-112-C=C(H)Me ligand points towards, or 

away from, the unbridged ruthenium-ruthenium bond. [37] therefore has two 

possible structures (figure 5.23). 

or 

[37] 

Figure 5.23 

In the lH ~ spectrum of [37], the quartet at O= 6.12ppm is due to the 

alkenylidene proton (3H) which is coupling with the adjacent CH3 group 

(3J=5.9Hz). The CH3 group appears as a doublet at O= 2.00ppm (3J=5.9Hz) and 

the hydrides appear as singlets at O= -15.92 and -19.46ppm. Using the same 

arguments that were used for [34], the hydride chemical shifts can be assigned as 

follows: 

lH o= -15.92ppm 

2H o= -19.46ppm. 
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HRu5(CO)i5(~-C-Et) [38]. 

The proposed structure of [38] is analogous to that of 

HRu5(CO)i5(µ4-C-CH2CH2Ph), [35], and is shown in figure 5.24. 

[38] 

Figure 5.24 

The infrared spectra of [35] and [38] are almost exactly the same. The mass 

spectrum of [38] confirms the chemical formula is Ru5C1sH6015. The loss of an 

ethyl group, followed by fifteen carbonyls, is also observed. 

The 1 H nmr spectrum of [38] clearly shows that two isomers are present 

in an approximate ratio of 1: 1 (A:B ). The hydride signals of the two isomers 

appear as singlets at O= -20.91 and -22.52ppm (for [35] : O= -20.96ppm). The 

CH2 groups in the alkylidyne ligands appear as quartets at o= 3.07ppm [38A] and 

O= 2.41ppm [38B] (3J8 _8 =7.3Hz). The splitting is due to coupling with the 

hydrogen atoms in the adjacent CH 3 groups which appear as triplets at O= 

l.Olppm [38A] and O= 0.60ppm [38B] (3J8 _8 =7.3Hz). The fact that signals due 

to [38] - isomer A appear at 6= 3.07ppm and 6= 1.0lppm (and not 6= 0.60ppm) 

was proved using decoupling experiments. For instance, irradiation at O= 

3.07ppm caused the triplet at o= 1.0lppm to become a singlet and no other 

signals were affected. However, there is no way of determining which hydride 

signal belongs to which isomer. 

The structures of [38A] and [38B] probably differ only very slightly (as 

in the case of [lB]). 
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H2Ru3(CO)g(PPh3)(µ3-rt2·C=C(H)Me) [39]. 

The proposed structure of [39] (analogous to [36]) is shown in figure 

5.25. 

Ph:? 
[39X] 

H 
. . . 

or 

[39Y] 

Figure 5.25 

The major absorptions in the infrared spectra of [36] and [39] occur at almost 

exactly the same wavenurnber. The mass spectrum of [39] confirms the chemical 

formula is Ru3C29H21 OgP. The loss of eight carbonyls is also observed. 

The low temperature (250-255K) lH nmr spectrum of [39] shows that 

two isomers are present in an approximate ratio of 1 :2 (A:B ). The quartets at O= 

5.96ppm ([39A]) and 8= 6.26ppm ([39B]) are due to the alkenylidene protons 

(C=C-H) of the two isomers (coupling with the adjacent CH3 groups 

(3J=5.8Hz)). The CH3 groups appear as doublets at 8= 2.13ppm ([39A] -

observed in spectrum obtained at room temperature and not in low temperature 

spectrum due to the presence of impurities) and O= l.97ppm ([39B]). These 

values compare favourably with the quartet at O= 6.12ppm and the doublet at O= 

2.00ppm (3J=5.9Hz) observed in the lH nmr spectrum of [37] -

H2Ru3(C0)9(µ3-rt2-C=C(H)Me). The hydride signals of [39] can also be 

compared with those of [37] : 



[37)/ppm 

-15.92 s 

-19.46 s 
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[39AJ/ppm 

-15.24 d 

-18.7 d 

[39BJ/ppm 

-15.30 d 

-18.72 d 

The hydride signals of [39] are split into doublets by the phosphorus atom of the 

triphenylphosphine ligand (cis 2Jp_H=8 -11.lHz). 

As in the comparable case of [36], the two isomers of [39] probably 

correspond to the two structures shown in figure 5.25 which differ only in the 

orientation of the alkenylidene ligand. 

Using the same arguments that were used for [34], the hydride chemical 

shifts can be assigned as follows : 

HA 8= -15.24 and -15.30ppm 

HB 8= -18.7 and -18.72ppm. 

Note that there has been a shift downfield in the hydride chemical shift values in 

going from [37] to [39] (previously also observed in going from [34] to [36]) : 

[37)/ppm 

-19.46 

-15.92 

[39Jjppm 

-18.7 or -18.72 

-15.24 or -15.30 

Average Downfield Shift/ppm 

0.7(5) 

0.64 

A possible mechanism that describes the formation of [36]-[39] will be 

outlined later. 
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Reaction of H2Ru4C(COh2 with Propene. 

The reaction of H2Ru4C(C0)12 with propene at 80°C produced three 

compounds : 

H2Ru3(C0)9(µ3-,i2-C=C(H)Et) [40] 3% 

+ HRu5(CO)i5(µ4-C-Pr) [41] 1 % 

+ H2Ru3(CO)s(PPh3)(µ3-,i2-C=C(H)Et) 

[42] 7% 

H2Ru3(C0)9(µ3-T12·C=C(H)Et) [ 40]. 

The infrared spectrum of [ 40] is very similar to those of [34] and [37] and 

so it seems reasonable to propose that [ 40] has the same basic structure. 

However, it is impossible to determine whether the ethyl group in the 

µ3-1'12-C=C(H)Et ligand points towards, or away from, the unbridged 

ruthenium-ruthenium bond. [ 40] therefore has two possible structures (figure 

5.26). 

or 

[40] 

Figure 5.26 

In the lH runr spectrum of [40], the triplet at 8= 5.96ppm is due to the 

alkenylidene proton (3H) which is coupling with the adjacent CH2 group 

(3J=6.6Hz). The signal due to the CH2 group (8= 2.12ppm) is split by 3H into a 

doublet (3J=6.6Hz) and then split by the adjacent CH3 group into a doublet of 
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quartets (3J=6.6Hz). As these two coupling constants are the same, the signal 

actually appears as a quintet (figure 5.27). 

6 

6=2.12ppm 

Figure 5.27 

3J:6.6Hz 

The signal due to the CH 3 group is obscured by impurities. The hydrides appear 

as singlets at 6= -15.91 and -19.48ppm (compared to 6= -15.92 and -19.46ppm 

for [37]). Using the same arguments that were used for [34], the hydride 

chemical shifts can be assigned as follows : 

lH 6= -15 .91ppm 

2H 8= -19 .48ppm 

The osmium analogue of [40] has been synthesized before149: 

octane 
HOs3(C0)10(µ2-112-C(H)=C(H)Et) H20s3(C0)9(µ3-112-C=C(H)Et) 

reflux 

The proposed structure of H20s3(C0)9(µ3-112-C=C(H)Et) is shown in figure 

5.28.149 
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H20S3((0 )9{µrrJ 2- ( = ( (H) Et) 
149 

Figure 5.28 

HRu5(CO)i5(~-C-Pr) [41]. 

The proposed structure of [41] is analogous to that of [35] and [38] and is 

shown in figure 5.29. 

[41] 

Figure 5.29 

The infrared spectra of [35], [38] and [41] are almost exactly the same. The mass 

spectrum of [41] confirms the chemical formula is Ru5C19Hg015. The loss of a 

propyl group, followed by fifteen carbonyls, is also observed. 

In the lH nmr spectrum of [41] the triplet at O= 2.37ppm is due to the 

CH2 group nearest the carbide (C-CH2CH2CH3). The splitting (3J=7.4Hz) is 

caused by coupling of the two CH2 groups. The signal due to the middle CH2 

group (C-CH2CH2CH3) at O= 1.09ppm is split by the adjacent methyl group into 

a quartet (3J=7.4Hz) and then split by the first CH2 group into a quartet of 

triplets (3J=7.4Hz). As these two coupling constants are the same, the signal 

actually appears as a sextet (figure 5.30). 
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---------'--,,=, = =::::;::;..-.,L_"""""T"" __ ---, 

5 

10 10 

I 
6=1.09ppm 

Figure 5.30 

• • 3J=7.4Hz 

5 

The methyl group appears as a triplet at 8= 0.66ppm (split by the adjacent CH2 

group (3J=7.4Hz)). The splitting observed for the propyl group was confirmed 

with the use of decoupling experiments. For instance, irradiation at 8= 2.37ppm 

(C-CH2CH2CH3) caused the quartet of triplets at 8= 1.09ppm (C-CH2CH2CH3) 

to become a quartet; and irradiation at 8= 1.09ppm caused the triplets at 8= 2.3 7 

and 0.66ppm (C-CH2CH2CH3) to become singlets. Finally, the hydride appears 

as a singlet at 8= -20.93ppm (8= -20.96ppm for [35]). 

H2Ru3(CO)g(PPh3)(µ3-T12·C=C(H)Et) [ 42]. 

The proposed structure of [ 42] (analogous to [36] and [39]) is shown in 

figure 5.31. 

The infrared spectra of [39] and [ 42] are almost exactly the same. The mass 

spectrum of [ 42] confirms the chemical formula is Ru3C30H230gP. The loss of 

eight carbonyls is also observed. The low temperature (240-250K) lH nmr 

spectrum of [ 42] shows that two isomers are present in an approximate ratio of 

1.5:1 (A:B). 

Most of the signals due to the hydrogen atoms of the alkenylidene ligand 
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---.......----"--=. = l=~-..J-.---,,-------, 

5 

10 ~o 

I 
6=1.09ppm 

Figure 5.30 

.. . 
3J=7.4Hz 

5 

The methyl group appears as a triplet at 8= 0.66ppm (split by the adjacent CH2 

group (3J=7.4Hz)). The splitting observed for the propyl group was confirmed 

with the use of decoupling experiments. For instance, irradiation at 8= 2.37ppm 

(C-CH2CH2CH3) caused the quartet of triplets at 8= 1.09ppm (C-CH2CH2CH3) 

to become a quartet; and irradiation at 8= 1.09ppm caused the triplets at 8= 2.37 

and 0.66ppm (C-CH2CH2CH3) to become singlets. Finally, the hydride appears 

as a singlet at 8= -20.93ppm (8= -20.96ppm for [35]). 

H2Ru3(CO)s(PPh3)(µ3-rt2·C=C(H)Et) [ 42]. 

The proposed structure of [42] (analogous to [36] and [39]) is shown in 

figure 5.31. 

The infrared spectra of [39] and [ 42] are almost exactly the same. The mass 

spectrum of [42] confirms the chemical formula is Ru3C30H230gP. The loss of 

eight carbonyls is also observed. The low temperature (240-250K) lH nmr 

spectrum of [ 42] shows that two isomers are present in an approximate ratio of 

1.5:1 (A:B). 

Most of the signals due to the hydrogen atoms of the alkenylidene ligand 
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or 

PtgP 

Figure 5.31 

[42Y] 

are either partially or completely obscured by impurities. However, the 
multiplets observed in the room temperature 1 H mnr spectrum of [ 42] at 8= 
6.14ppm ([42A]) and 8= 5.89ppm ([42B]), due to the C=C-H hydrogen atoms, 
can be compared with the signal at 8= 5.96ppm observed for [40]. The hydride 
signals of [42] can also be compared with those of [40] : 

[40]/ppm · 

-15.91 s 

-19.48 s 

[42A]!ppm 

-15.33 d 

-18.79 dd 

[42B]Jppm 

-15.29 d 

-18.88 dd 

As in the comparable cases of [36] and [39], the two isomers of [42] 
probably correspond to the two structures shown in figure 5.31 which differ 
only in the orientation of the alkenylidene ligand. 

Using the same arguments that were used for [34], the hydride chemical 
shifts can be assigned as follows : 

HA 8= -15.29 and -15.33ppm 

HB 8= -18.79 and -18.88ppm. 

Note that there has been a shift downfield in the hydride chemical shift values in 



going from [40] to [42] : 

[40]/ppm 

-19.48 

-15.91 
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[42]!ppm 

-18.79 or -18.88 

-15.33 or -15.29 

Average Downfield Shift/ppm 

0.65 

0.60 

A possible mechanism that describes the formation of [34]-[42] is 

outlined below. 

Postulated Mechanism for the Reaction of H2Ru4C(CO)i2 with 

Alkenes. 

Possible initial steps in the mechanism (for which there is no direct 

evidence) are as shown in figure 5.32. 

[11] 

Figure 5.32 

lc~,9 

IC~ 
----------( 

I ' 
I ' ' \ ,,...._ 

[I1] 

[I2] 
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These reaction steps are analogous to one of the mechanisms postulated for the 

reaction of H2Ru4C(C0)12 with alkynes. In the first step, an alkene molecule 

attacks a "wingtip" ruthenium atom and the cluster "opens out". In the second 

step, alkene insertion into the methylidyne group occurs, a carbon-carbon bond 

forms and a hydrogen atom migrates from the cluster to the alkene to give [12]. 

Hydrogen migration from the alkyl group to the metal framework could then 

occur (figure 5.33): 

[I2] 

~H2R 
I 
I 
I 

H....-C~ 
~--[ 

I \ 
I ' 

I \ ,......._ 
I 

Figur e 5.3 3 

[I3] 

Degradation of [13] with loss of a "wingtip" ruthenium atom would then result in 

the formation of [14] (figure 5.34) : 

H~' ----------[ 
I \ , ' 

I \ 

I 

/ Rftc~ 
{ ~, [~.~ ..... 
' ~ \ .. ··· 

Figure 5.34 [I4] 
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When R=H, [14]=[37] - H2Ru3(C0)9(µ3-T\2-C=C(H)Me) . 

When R=Me, [14]=[40] - H2Ru3(C0)9(µ3-T\2-C=C(H)Et). 

When R=Ph, a further rearrangement takes place and [34] -

H2Ru3(C0)9(µ3-T\2-C=C(Me)Ph) is formed (figure 5.35) : 

Figure 5.35 

Ph 
' ' I 
' . 

M~ 
( 

[34] 

The mononuclear ruthenium moiety produced in the degradation of [13] (figure 

5.34) could then attack [12] to form a face-capped "butterfly" cluster (figure 

5.36): 

[12] 

Figure 5.36 

When R=H, [15]=[38] - HRu5(CO)i5(µ4-C-Et). 

When R=Me, [15]=[41] - HRu5(CO)i5(µ4-C-Pr) . 

When R=Ph, [15]=[35] - HRu5(CO)i5(µ4 -C-CH2CH2Ph). 



172 

Finally, the triphenylphosphine impurity present could displace a carbonyl 

ligand of [34], [37], or [40], to form [36], [39], or [42], respectively (figure 

5.37): 

R' 
l 

\ 
R-(' ~4],[37]or[40] 

~ ( 

Ph3 

-CO 

Figure 5.37 

Ph3P 

[36],[39]or[42] 

Note that the triphenylphosphine molecule attacks the ruthenium atom attached 

to both hydrides (the most electropositive ruthenium atom), as it does in the 

reaction of H2Ru4C(C0)12 with triphenylphosphine (chapter four). 

N.B. The source of the triphenylphosphine in the reaction mixture is the 

impurity, HRu4C(C0)12(AuPPh3), which is present in the starting material, 

H2Ru4C(C0)12 (see chapter four). The yield of [39] and [42] was improved 

(from 3% and 7% respectively) by adding triphenylphosphine to the reaction 

mixtures thus : 

I I 
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Finally, the triphenylphosphine impurity present could displace a carbonyl 

ligand of [34], [37], or [40], to form [36], [39], or [42], respectively (figure 

5.37): 

R' : 
i 

R-(' ~4],[37]or[40] 

~ ( 

Ph3 

-CO 

Ph3P 

Figure 5.37 
[36],[39]or [42] 

Note that the triphenylphosphine molecule attacks the ruthenium atom attached 

to both hydrides (the most electropositive ruthenium atom), as it does in the 

reaction of H2Ru4C(C0)12 with triphenylphosphine (chapter four). 

N.B. The source of the triphenylphosphine in the reaction mixture is the 

impurity, HRu4C(C0)12(AuPPh3), which is present in the starting material, 

H2Ru4C(C0)12 (see chapter four) . The yield of [39] and [42] was improved 

(from 3% and 7% respectively) by adding triphenylphosphine to the reaction 

mixtures thus : 

I 
' I 1 / 
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Reactions of H2Ru4C(COh2 with Various Alkenes. 

Reaction of H2Ru4C(C0)12 with cis-stilbene, 1-hexene, or 

2,3-dimethyl-2-butene, resulted only in decomposition. A small amount of the 

impurity HRu4C(C0)12(AuPPh3) was isolated in the reactions involving 

1-hexene and 2,3-dimethyl-2-butene. 

Reaction of H2Ru4C(C0)12 with cis-2-butene, dimethyl fumarate, or 

allene, resulted in the formation of several very minor compounds of which 

only the impurity HRu4C(C0)12(AuPPh3) was characterized. 

Reactions of H2Ru3(C0)9(µ3-112·C=C(Me)Ph) [34]. 

a) With Hydrogen. 

The reaction of [34] with hydrogen at 600C resulted in the formation of 

H3Ru3(C0)9(µ3-C-CH(Me)Ph) [43] . 

H2(g) 

[34] H2Ru3(C0)9(µ3-T12-C=C(Me)Ph) ~ H3Ru3(C0)9(µ3-C-CH(Me)Ph) [43] 

heptane, 6()0C, 20 minutes -80% 

An analogous osmium cluster reaction has been reported 162 : 

The infrared spectrum of [ 43] is very similar to that of the compounds 

H3Ru3(C0)9(µ3-C-R) where R = Et, CH2CH2CMe3, CHMeCH2Me, 

CHPhCH2Ph, CH2CH20Et, CH2CH2Ph, (CH2)5Me, CHMe(CH2)3Me, or 

CH2CH2C02Me, 145 which were prepared via a different route. 
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H3Ru3(C0)9(µ3-C-CH2CH2CMe3)fcm-l (cyclohexane): 2105w, 2077vs, 

2070sh, 2057w, 2032s, 2015m, 1992w. 1979w)45 

[43]/cm-1 (heptane): 2103w, 2076vs, 2054w, 2031vs, 2015m, 1990w, 1975w. 

The structure of [43] is therefore almost certainly the same as the 

examples given above in which the alkylidyne ligand bridges all three ruthenium 

atoms (figure 5.38). 

Me 
I 
I . 

H~2t-Ph 
, I 
( 

Figure 5.38 

[43] 

The mass spectrum of [43] confirms the chemical formula is 

Ru3C1sH1209. The loss of nine carbonyls is also observed. In the lH mnr 

spectrum of [43] the doublet at 8= -l 7.75ppm is due to the three equivalent 

hydrides (the hydrides in H3Ru3(C0)9(µ3-C-CH2CH2CMe3) appear as a singlet 

at O= -17 .52ppm).145 The hydride signal is a doublet because the hydrides are 

coupling with the hydrogen on the alkylidyne ligand that is four bond lengths 

away (4JH-H=0.6Hz). This hydrogen appears as a quartet (split by the adjacent 

CH3 group - 3JH-H=7.1Hz) at 8= 3.32ppm. In this case, the very small coupling 

with the hydrides of 0.6Hz is not resolved. The CH3 group on the alkylidyne 

ligand appears as a doublet (split by the adjacent hydrogen atom - 3JH-H=7.1Hz) 

at O= 1.96ppm. 
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b)With Ruthenium Pentacarbonyl. 

An attempt was made to "build-up" [34] using ruthenium pentacarbonyl; 

unfortunately, [34 J was found to be unreactive at temperatures up to 80°C, at 

which point, decomposition started to occur. 

Reaction of HRu5(CO)i5(µ4-C-CH2CH2Ph) [35] at 80°C. 
In an attempt to degrade [35] in a controlled manner, a heptane solution 

of [35] was heated at 800C. Infrared spectroscopy showed that only partial 

decomposition had occurred. 

Conclusions. 

In this chapter the reactivity of H2Ru4C(C0)12 with alkynes and alkenes 
has been described. 

The postulated mechanism for these reactions involves an "opening out" 

of the cluster, followed by an alkyne or alkene insertion into the methylidyne 

group of HRu4C(H)(C0)12 (which is the only isomer present at the reaction 

temperatures 72). With alkynes, the product obtained has the general formula 

HRu4(C0)12(µ4-,i3-C-C(R)=C(H)R') in which the C-C(R)=C(H)R' chain can be 

thought of as a 1t-allylidene ligand. 

· In the case of alkenes, cluster degradation and "build-up" occur and 

triruthenium and pentaruthenium clusters are obtained. The products have the 

general formula : H2Ru3(C0)9(µ3-,i2-C=C(R)R'), 

H2Ru3(CO)g(PPh3)(µ3-,i2-C=C(R)R') and HRu5(CO)i5(µ4-C-CH2R). 

11 
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CHAPTER SIX. 
Miscellaneous Reactions of Tetraruthenium Carbido Clusters. 

Deprotonation of H2Ru4C(C0)12. 

Cowie72 has shown that one of the hydrides of H2Ru4C(C0)12 can be 

removed using a mild base such as triethylamine. 1 H nmr and low temperature 

13C nmr spectroscopy were used to determine the resultant monoanion structure 

which is as given in figure 6.1.72 

Figure 6.1 

The monoanion can also be formed from H2Ru4C(C0)12 by using coordinating 

solvents such as TI-IF or acetonitrile : 

TIIForMeCN 

30 minutes 

Other reagents which will deprotonate H2Ru4C(CO)i2 include pyridine, 

tetrabutylammonium borohydride, butyl isocyanide and 

bis(triphenylphosphoranylidene)ammonium nitrite: 

pyridine 
H2Ru4C(CO)i2 ----- [HRu4C(C0)12J

toluene 
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N.B. Cowie,72 and later Edwards,163 found that the second hydride ligand could 

not be removed. The use of potassium hydroxide in methanol or butyllithium in 

THF both resulted only in decomposition of H2Ru4C(C0)12. 

Thermal Decomposition of H2Ru4C(CO)i2. 

H2Ru4C(C0)12 was found to have almost completely decomposed after 

being heated at 700C for four hours. A very small amount of the impurity, 

HRu4C(C0)12(AuPPh3), was isolated. 

Reaction of H2Ru4C(CO)i2 with H2(g)· 

The reaction of H2Ru4C(C0)12 with H2(g) at 900C produced several very 

minor compounds. Only H4Ru4(C0)12151 and the impurity, 

HRu4C(C0)12(AuPPh3), were fully characterized. 

H2(g), 90°C, 8 hours 
H2Ru4C(C0)12-------- H4Ru4(C0)12 -7% 

heptane 
+ HRu4C(C0)12(AuPPh3) 

+ several others 

Attempted Reaction of H2Ru4C(COh2 with CO(g)· 

H2Ru4C(C0)12 did not react with CO(g) at sooc: 

CO(g), 800C, 30 minutes 

heptane 
no reaction 

N.B. Cowie164 detected Ru3(C0)12 after H2Ru4C(C0)12 had been treated with 

CO(g) at 80 attnospheres. 
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Attempted Synthesis of Ru4C(CO)i3. 

Ru4C(CO)i3 was synthesized by Cowie72,73 thus : 

Many attempts to repeat this reaction resulted in yields of between 0% and 13 % 

(average yield -5% ). The low yield of this reaction is not surprising considering 

the fact that Cowie72 found it impossible to remove the "hinge" hydride even 

with bases as strong as butyllithium. Also, while ferrocenium tetrafluoroborate 

has a redox potential of only +0.54 V, 125 a cyclic voltammagram of a 

dichloromethane solution of [NEt4][HRu4C(C0)12] showed an irreversible 'I 

ohe-electron oxidation occurred at +0.97V.129 

The use of nitrosonium tetrafluoroborate or trityl hexafluorophosphate 

as oxidizing agents resulted only in protonation of [NEt4][HRu4C(C0)12] : 

This tendency towards protonation has also been observed by Cowie 72 : 

Further oxidizing agents were tried; tropylium tetrafluoroborate gave no 

reaction and decomposition occurred when silver hexafluorophosphate was 

used. Finally, the reaction was attempted under CO(g)(30 atm.) using 

ferrocenium tetrafluoroborate as the oxidizing agent : 
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Syntheses of Mixed-Metal Clusters. 

a) Ruthenium-Gold. 

The reaction of H2Ru4C(C0)12 with excess AuPPh3X [X=Cl, Me] 

produced HRu4C(C0)12(AuPPh3).72,74 

b) Ruthenium-Copper. 

The reaction of [NE4][HRu4C(C0)12] with [CuPPh3Cl]4 produced 

HRu4C(C0)12(CuPPh3) : 

The infrared and lH nmr spectra of [44] are almost exactly the same as those of 

HRu4C(C0)12(AuPPh3)72,74 : 

HRu4C(CO)i2(MPPh3) - Infrared Spectra. 

M=Cu 2087w, 2055s, 2046vs, 2030m, 2012s, 2001vw sh, 1983w, 1964m. 

M=Au 2087w, 2056s, 2046vs, 2031m, 2013s, 1982w, 1969m.72 

Spectra taken in hexane; values given in cm-1. 

HRu4C(CO)i2(MPPh3) - lH nmr Spectra (Hydride Region). 

M=Cu 8= -22.52 (s). 

M-Au 8= -22.6 (s).72 

Spectra taken in CD2Cl2; values given in ppm. 

It would therefore seem reasonable to propose that [ 44] has an analogous 

structure to that of HRu4C(C0)12(AuPPh3) (figure 6.2).74 

The mass spectrum of [44] confirms the chemical formula is 

Ru4AuC31H16012P. The loss of twelve carbonyls is also observed. 
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Ru4AuC31H16012P. The loss of twelve carbonyls is also observed, 
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H 

Figure 6.2 

[44] reacts with DBU at 300C to form the anion [Ru4C(C0)12(CuPPh3)J

(with a similar infrared spectrum to that of [Ru4C(COh2(AuPPh3)J- 72) which 

can then react further with "[CuPPh3][Cl04]" to form two isomers of 

Ru4C(C0)12(CuPPh3)i [45] : 

The two isomers of [ 45] were separated by tlc and were present in an 

approximate ratio of 2.5:1. Both isomer's infrared spectra were very similar to 

that of Ru4C(C0)12(AuPPh3)i72,74 and so it would seem reasonable to propose 

that they have analogous structures (figure 6.3). 

The two isomers probably differ only very slightly (as in the case of [lB]). 

An attempt was made to form [ 45] by treating Ru5C(CO)i4(CuPPh3)i 72 

with CO(g), but this only resulted in decomposition: 

COcg/65 atm.), 600C 
Ru5C(CO)i4(CuPPh3)i---------- decomposition 

toluene, 18 hours 
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[45] 

Figure 6.3 

c) Ruthenium-Rhodium. 

The reaction of [NEt4][HRu4C(C0)12] with [Rh(cod)(PPh3)i][PF6] in 

refluxing dichloromethane produced HRu4RhC(C0)12(cod) [46] : 

· [ 46] exhibits red/orange-yellow dichroism in solution. The mass 

spectrum of [46] confirms the chemical formula is Ru4RhC21H13012. The loss 

of twelve carbony ls is also observed. The 1 H nmr spectrum of [ 46] shows three 

broad signals typical of the hydrogen atoms on a 1,5-cyclooctadiene ligand and a 

singlet at 8= -22.64ppm due to the hydride ligand. 

[46] almost certainly has a square pyramidal ruthenium framework as it 

is isoelectronic with HRu4RhC(CO)i476 and Ru5C(CO)i5 (74 electrons). 

Assuming the 1,5-cyclooctadiene ligand remains bound to the rhodium atom, the 

structure of [46] could be as shown in figure 6.4. 

The fact that no rhodium-hydride coupling is observed in the 1 H nmr spectrum 

(coupling would be present if the hydride ligand was attached to the rhodium 

atom76) confirms that the structure in figure 6.4 is a possibility. 
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H Rh(~ 
[46] 

Figure 6.4 

Reaction of H2Ru4C(COh2 with H2S(g)· 

The reaction of H2Ru4C(CO)i2 with H2S(g) at 100°C produced several 

very minor compounds. Only the impurity, HRu4C(C0)12(AuPPh3), was fully 

characterized. 

Reaction of H2Ru4C(C0)12 with Halogens. 

The reaction of H2Ru4C(C0)12 with iodine or boron tribromide 

produced several very minor compounds, none of which were fully 

characterized. 

Reaction of [NEt4][HRu4C(COh2l with Methyl Iodide. 

An attempt was made to synthesize HRu4(C0)12(µ4-CMe) by reacting 

[NEt4][HRu4C(C0)12] with methyl iodide. Harsh conditions were required 

before any reaction occurred. [NE4][HRu4C(CO)i2] and methyl iodide were 

heated at 800C in an autoclave under argon (3 atm.) for four days; Several 

minor products were isolated, of which only "Ru5C(CO)i4I2" was 

characterized : 'I 
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"Ru5C(CO)i4I2" -12% 

+ several others 

The mass spectrum of "Ru5C(C0)14I2" shows a molecular ion peak at 1168 

which corresponds to Ru5C(CO)i4I2. The loss of fourteen carbonyls followed 

by two iodine atoms is also observed. This mass spectrum is identical to the one 

obtained for Ru5C(CO)i5I2,55 but the different infrared spectra of the two 

clusters proves that they are different compounds. The ruthenium framework of 

"Ru5C(CO)i4I2" would almost certainly be square pyramidal compared to the 

trigonal bipyramidal framework of Ru5C(C0)15I2.55 The harsh reaction 

conditions involved in the synthesis of "Ru5C(C0)14I2" have obviously caused 

the tetraruthenium cluster, [HRu4C(C0)12J-, to undergo cluster degradation and 

subsequent cluster "build-up". 

Reaction of H2Ru4C(C0)12 with Pentamethyl-1,3-cyclopentadiene. 

The reaction of H2Ru4C(C0)12 with pentamethyl-1,3-cyclopentadiene at 

11 ooc produced four major compounds. 

C5Me5H, llOOC 
H2Ru4C(C0)12------

toluene, 75 minutes 
HRu4C(CO)io(115-C5Me5) [47] 11 % 

+ HRu5C(C0)12(11S-C5Me5) [48] 9% 

+ Ru5C(C0)13(T15-C5Me5)i [49] 12% 

+ H2Ru4C(C0)11 (PPh3) [18] 5% 

+ several minor compounds 

N.B. The source of the triphenylphosphine in [18] is the impurity, 

HRu4C(C0)12(AuPPh3), which is present in the starting material, 

H2Ru4C(C0)12 (see chapter four). 
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HRu4C(COho(115-C5Me5) [ 47]. 

The mass spectrum of [ 4 7] confirms the chemical formula is 

Ru4C21H16010. The loss of ten carbonyls is also observed. The lH nmr 

spectrum clearly shows that two isomers are pre.sent in an approximate ratio of 

15:1 (A:B). The hydrides appear as singlets at O= -22.00ppm, [47A], and O= 

-24.75ppm, [47B], (typical "hinge" bridging hydride values) and the CH3 groups 

also appear as singlets at O= 1.91ppm, [47A], and O= 1.83ppm, [47B]. 

Crystals of [ 4 7] were grown from a heptane solution at ooc over a period 

of a few days. The X-ray structural determination was carried out by 

P.R.Raithby at the University of Cambridge. The structure is shown in figure 

6.5. Selected bond lengths are presented in table 6.1 and selected bond angles in 

table 6.2. 

The ruthenium framework of [47] can be described as a "butterfly" with 

the hydride ligand bridging the "hinge". The cluster has ten terminal carbonyl 

ligands with Ru-C-0 angles in the range 173.5(5)0 to 179.5(6)0. Each ruthenium 

atom has three carbonyls except the "wingtip" ruthenium bound to the C5Me5 

ligand, Ru(l), which has one. 

The carbide, C(l 1), caps (µ4) the ruthenium "butterfly" framework. The 

C5Me5 ligand, which has replaced two carbonyls and a hydride from the starting 

material, is bonded 115 to Ru(l) and contributes five electrons to the cluster. The 

total electron count of [47] is therefore 62 (as in the case of H2Ru4C(C0)12 and 

Ru4C(C0)13). 



0(8) 

00)~ 

Figure6.5 

-L 

(X) 
01 



186 

Table 6.1 

[47] - Selected Bond Lengths;A 

Ru(l)-Ru(2) 2.851(1) C(2)-0(2) 1.128(7) 

Ru( l )-Ru(3) 2.854(1) C(3)-0(3) 1.128(8) 

Ru(2)-Ru(3) 2.872(1) C(4)-0(4) 1.135(7) 

Ru(2)-Ru(4) 2.834(1) C(5)-0(5) 1.125(8) 

Ru(3)-Ru(4) 2.841(1) C(6)-0(6) 1.140(7) 

Ru(l )-C(l l) 1.919(5) C(7)-0(7) 1.134(9) 

Ru(2)-C(ll) 2.100(4) C(8)-0(8) 1.128(9) 

Ru(3)-C(l 1) 2.096(4) C(9)-0(9) 1.138(7) 

Ru( 4 )-C(l 1) 1.912(5) C(l0)-0(10) 1.143(8) 

Ru(2)-H(23) 1.757(48) 

Ru(3)-H(23) 1.905(46) 

Ru(l )-C(12) 2.239(5) 

Ru(l)-C(13) 2.248(5) 

Ru(l)-C(l4) 2.227(5) 

Ru(l)-C(l5) 2.230(4) 

Ru(l)-C(16) 2.222(4) 

Ru(l )-C(l) 1.895(6) 

Ru(2)-C(2) 1.905(6) 

Ru(2)-C(3) 1.948(6) 

Ru(2)-C(4) 1.909(6) 

Ru(3)-C(5) 1.948(7) 

Ru(3)-C(6) 1.898(5) 

Ru(3)-C(7) 1.915(7) 

Ru(4)-C(8) 1.958(7) 

Ru(4)-C(9) 1.879(6) 

Ru(4)-C(10) 1.894(6) 

C(l)-0(1) 1.141 (7) 
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Table 6.2 

[47] - Selected Bond Angles;0 

Ru( 1 )-Ru(2)-Ru(3) 59.8(1) 

Ru(l)-Ru(2)-Ru(4) 84.7(1) 

Ru(l)-Ru(3)-Ru(2) 59.7(1) 

Ru(l)-Ru(3)-Ru(4) 84.5(1) 

Ru(2)-Ru(l )-Ru(3) 60.5(1) 

Ru(2)-Ru(4)-Ru(3) 60.8(1) 

Ru(3)-Ru(2)-Ru( 4) 59.7(1) 

Ru( 4 )-Ru(3)-Ru(2) 59.5(1) 

Ru(l)-C(l 1)-Ru( 4) 179.3(3) 

Ru(l)-C(l 1)-Ru(2) 90.3(2) 

Ru(l )-C(l 1)-Ru(3) 90.5(2) 

Ru(2)-H(23)-Ru(3) 103.2(2.1) 

C(12)-C(13)-C(14) 108.6(5) 

C(l 3)-C(14 )-C(l5) 107.4(5) 
, I 

C(l 4 )-C(l 5)-C(l 6) 107.7(5) 

C(l 5)-C(l 6)-C( 12) 108.9(4) 

C(l6)-C(12)-C(13) 107.4(4) 

Ru( 1 )-C(l )-0(1) 173.5(5) 

Ru(2)-C(2)-0(2) 178.7(4) 

Ru(2)-C(3)-0(3) 177.0(6) 

Ru(2)-C( 4 )-0( 4) 176.4(5) 
11 

Ru(3 )-C(5)-0(5) 176.9(5) 

Ru(3)-C(6)-0(6) 178.6(6) 

Ru(3)-C(7)-0(7) 177.6(6) 

Ru(4)-C(8)-0(8) 179.5(6) 

Ru( 4 )-C(9)-0(9) 178.1(6) 

Ru( 4 )-C(l 0)-0( 10) 177 .9(5) 
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HRu5C(CO)i2(T1S-C5Me5) [ 48]. 

Microanalysis and the mass spectrum of [ 48] both confirm the chemical 

formula is Ru5C23H16012. The loss of twelve carbonyls is also observed in the 

mass spectrum. The lH nmr spectrum shows a singlet at O= -21.06ppm due to the 

hydride and a singlet at O= 2.06ppm due to the five CH 3 groups. 

Crystals of [ 48] were grown from a heptane solution at OOC over a period 

of a few days. The X-ray structural determination was carried out by 

P .R.Raithby at the University of Cambridge. The structure is shown in figure 

6.6. Selected bond lengths are presented in table 6.3 and selected bond angles in 

table 6.4. 

The ruthenium framework of [ 48] can be described as a square pyramid 

with the hydride ligand bridging the longest ruthenium-ruthenium bond in the 

cluster, Ru(3)-Ru(5). The cluster has eleven terminal carbonyl ligands with 

Ru-C-0 angles in the range 174.6(4)0 to 178.8(4)0 and one µ2 bridging 

carbonyl, Ru(l)-C(l)-Ru(5) = 83.7(3)0. The bridging carbonyl appears at 

1845cm-1 in the infrared spectrum of [48] (compared to peaks from 1969cm-1 

to 2084cm~l for the terminal carbonyls). 

The apical ruthenium atom, Ru(5), has two terminal carbonyls and is 

bonded to the bridging hydride and carbonyl ligands. The basal ruthenium 

atoms all have three terminal carbonyls except for Ru(l) which is bonded to the 

bridging carbonyl ligand and the C5Me5 ligand. The C5Me5 ligand is bound ll5 

to Ru(l) and contributes five electrons to the cluster. The total electron count of 

[48] is therefore 74 (as in the case of Ru5C(CO)i5). 

The fact that [ 48] is a pentaruthenium carbido cluster means that cluster 

"build-up" must have occurred during the reaction. The extreme reaction 

conditions have caused degradation and subsequent "build-up" of the starting 

material, H2Ru4C(CO)iz. This process has been observed before in the reactions 

of H2Ru4C(CO)i2 with alkenes (chapter five). 
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Table 6.3 

[48] - Selected Bond Lengths;A 

Ru(l)-Ru(2) 2.855(1) Ru(4)-C(8) 1.928(4) 

Ru(l)-Ru(4) 2.866(1) Ru(4)-C(9) 1.915(5) 

Ru(l)-Ru(5) 2.791(1) Ru(4)-C(10) 1.907(5) 

Ru(2)-Ru(3) 2.848(1) Ru(5)-C(l) 2.129(4) 

Ru(2)-Ru(5) 2.753(1) Ru(5)-C(l 1) 1.908(4) 

Ru(3)-Ru(4) 2.843(1) Ru(5)-C(12) 1.920(4) 

Ru(3)-Ru(5) 2.895(1) C(l)-0(1) 1.159(5) 

Ru(4)-Ru(5) 2.744(1) C(2)-0(2) 1.136(6) 

Ru(l)-C(13) 1.946(3) C(3)-0(3) 1.150(5) 

Ru(2)-C(13) 2.043(3) C(4)-0(4) 1.127(6) 

Ru(3)-C(l3) 2.057(3) C(5)-0(5) 1.118(7) 

Ru(4)-C(13) 2.042(3) C(6)-0(6) 1.125(7) 

Ru(5)-C(13) 2.092(4) C(7)-0(7) 1.129(6) 

Ru(3)-H(35) 1.786(46) C(8)-0(8) 1.124(6) 

Ru(5)-H(35) 1.819(45) C(9)-0(9) 1.132(7) 

Ru(l )-C(l 4) 2.180(4) C(l0)-0(10) 1.114(6) 

Ru(l )-C(l 5) 2.250(4) C(l 1)-0(11) 1.135(6) 

Ru(l)-C(16) 2.279(4) C(12)-0(12) 1.130(6) 

Ru(l )-C(l 7) 2.262(4) 

Ru(l)-C(l8) 2.234(5) 

Ru(l)-C(l) . 2.054(4) 

Ru(2)-C(2) 1.883(4) 

Ru(2)-C(3) 1.898(4) 

Ru(2)-C(4) 1.924(5) 

Ru(3)-C(5) 1.930(5) 

Ru(3)-C(6) 1.891(5) 

Ru(3)-C(7) 1.923(4) 
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Table 6.4 

[ 48] - Selected Bond Angles/0 

Ru( 1 )-Ru(2)-Ru(3) 89.1 (1) C(15)-C(l 6)-C(l 7) 107.5(4) 

Ru(l)-Ru(2)-Ru(5) 59.7(1) C(l6)-C(l 7)-C(18) 108.5(4) 

Ru(l)-Ru(4)-Ru(3) 89.0(1) C(l 7)-C(l 8)-C( 14) 107.9(4) 

Ru(l)-Ru(4)-Ru(5) 59.6(1) C(18)-C(14)-C(15) 107.8(4) 

Ru( 1 )-Ru(5)-Ru(2) 62.0(1) Ru(l)-C(l)-0(1) 139.3(3) 

Ru(l)-Ru(5)-Ru(3) 89.4(1) Ru(5)-C(l)-0(1) 137.0(3) 

Ru(l)-Ru(5)-Ru(4) 62.4(1) Ru(2)-C(2)-0(2) 174.6(4) 

Ru(2)-Ru(l)-Ru(4) 90.3(1) Ru(2)-C(3)-0(3) 178.8(4) 

Ru(2)-Ru(l )-Ru(5) 58.4(1) Ru(2)-C( 4 )-0( 4) 177.3(4) 

Ru(2)-Ru(3)-Ru( 4) 90.9(1) Ru(3)-C(5)-0(5) 177.5(4) 

Ru(2)-Ru(3)-Ru(5) 57.3(1) Ru(3 )-C( 6)-0( 6) 177.2(5) 

Ru(2)-Ru(5)-Ru(3) 60.5(1) Ru(3 )-C(7)-0(7) 178.4(5) 

Ru(2)-Ru(5)-Ru( 4) 95.0(1) Ru( 4 )-C(8)-0(8) 176.0(4) 

Ru(3)-Ru(2)-Ru(5) 62.2(1) Ru( 4 )-C(9)-0(9) 178.3(4) 

Ru(3)-Ru(4)-Ru(5) 62.4(1) Ru(4)-C(10)-0(10) 175.6(4) 

Ru(3 )-Ru(5)-Ru( 4) 60.5(1) Ru(5)-C(l 1 )-0(11) 175.9(3) 

Ru( 4 )-Ru(l )-Ru(5) 58.0(1) Ru(5)-C(l 2)-0(12) 177.8(4) 

Ru( 4 )-Ru(3)-Ru(5) 57.1(1) 

Ru(l)-C(l3)-Ru(3) 175.9(2) 

Ru(l )-C(l 3)-Ru(2) 91.4(1) 

Ru(l)-C(13)-Ru(4) 91.9(1) 

Ru(l )-C(13)-Ru(5) 87.4(1) 

Ru(3)-C(l 3)-Ru(5) 88.5(1 ) 

Ru(2)-C(13)-Ru(4) 166.1(2) 

Ru(2)-C(13)-Ru(5) 83.5(1) 

Ru(3)-H(35)-Ru(5) 106.9(2.4) 

C(14)-C(l5)-C(l6) 108.1(4) 
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Reaction of HRu5C(COh2(115·C5Me5) [48] with CO(g)· 

The reaction of [48] with CO(g) produced "HRu5C(C0)13(115-C5Me5)". 

The reaction could be reversed thermally. 

400C, toluene 
CO(g), 50 minutes 

[48] HRu5C(C0)12(115-C5Me5) '"HRu5C(C0)13(115-C5Me5)" 
900C, toluene 
10 minutes 

The infrared spectra of HRu5C(C0)13(T15-C5H5)65 and 

"HRu5C(C0)13(115-C5Me5)" are comparable : 

HRu5C(C0)13(115-C5H5)fcm-l (hexane) : 2095m, 2065s, 2054vs, 2043m, 

2025m, 2007m, 1998w, 1983m, 1949w.65 

"HRu5C(C0)13(115-C5Me5)"Jcm-l (heptane): 2089m, 2060s, 2046vs, 2033vw, 

2018m, 2002w, 1988vw, 1976m, 1933w. 

It therefore seems reasonable to propose that the two clusters above probably 

have the same basic structure (figure 6.7). 

H 

"H Ru5 C((0)1Jri5-(5Me5 )" 

Figure 6.7 
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A possible mechanism that could explain the carbonylation of [ 48] is 

shown in figure 6.8. 

H 

2 

4 
[48] 

Figure 6.8 

2 

4 
"HRu5C(C 0)13 (r,5-(5 Me5 )" 

Simple cleavage of the Ru(l)-Ru(5) bond results in the formation of a product 

with a trigonal bipyramidal ruthenium framework. 

Ru5C(C0)13(115·C5Me5)z [ 49]. 

The mass spectrum of [ 49] shows a molecular ion peak at 1156 which 

corresponds to Ru5C(C0)13(T15-C5Me5)i. The loss of thirteen carbonyls is also 

observed. The 1 H nmr spectrum shows a singlet at O= 2.23ppm due to the ten 

CH3 groups. 

Assuming the two C5Me5 ligands each contribute five electrons to the 

cluster, the total electron count of [ 49] is 80 : 

Ru5C(C0)13(TJ5-C5Me5)i [49] 

5x8 4 13x2 2x5 = 80 

By using the equation m = 0.5(18n - t),29 (see chapter one) the number of 
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metal-metal bonds (m) can be calculated from the nuclearity (n) and total 

electron count (t) of the cluster thus : 

m = 0.5((18x5) - 80) = 5 

A possible structure of [ 49] is shown in figure 6.9. 

[49] 

Figure 6.9 

Reaction of H2Ru4C(COh2 with 1,3-Cyclopentadiene. 

The reaction of H2Ru4C(C0)12 with 1,3-cyclopentadiene at 90°C 

produced one major compound : 

Cs~, 900C 
H2Ru4C(C0)12------

toluene, 45 minutes 
HRu4C(C0)10(115-C5H5) [50] 11 % 

+ several minor compounds 

The mass spectrum of [50] confirms the chemical formula is 

Ru4C16H6010. The loss of ten carbonyls is also observed. The lH nmr spectrum 

clearly shows that two isomers are present in an approximate ratio of 1: 1.5 

(A:B). The hydrides appear as singlets at O= -22.lSppm, [50A], and 8= 

-22.30ppm, [SOB], (compared to 8= -22.00ppm for [47A], and 8= -24.75ppm 

for [47B]). The Cs.Hs groups also appear as singlets at 0= 5.20ppm, [SOA], and 

8= 5.l 9ppm, [50B]. 

The major absorptions in the infrared spectra of [47] and [50] are 

comparable : 
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[47]/cm-1 (heptane): 2063s, 2053vs, 2017m, 1982m. 

[50]/cm-1 (heptane): 2054s, 2044vs, 2010s, 1970m. 

It therefore seems reasonable to propose that [50] probably has the same basic 

structure as [47] (figure 6.10). 

[47] 

~ 
Figure 6.10 [50] 

The two isomers of [50] probably differ only very slightly (as in the case 
of [lB]). 
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CHAPTER SEVEN. 
Experimental. 

General Experimental. 

Infrared spectra were recorded in 0.5mm NaCl cells using a 

Perkin-Elmer 983 Spectrophotometer. NMR spectra were recorded on a Bruker 

AM400, WM250 or WP80SY Fourier Transform NMR Spectrometer. In the 

case of I H runr spectra the solvent resonance was used as an internal standard. 

Mass spectra were obtained on an A.E.I. MS902 instrument using 

tris-perfluoroheptyl-s-triazine as calibrant. Elemental analyses were performed 

by the Microanalytical Department of the University Chemical Laboratory, 

Cambridge. Unless otherwise stated, all reagents were obtained from 

commercial suppliers and used without further purification. 

RuCl3.3H20 was supplied by Johnson Matthey and Co. Ltd. Literature 

methods were used to prepare the compounds 

Ru6C(C0)14(µ3-116-C14H14),126,131,132 Ru5C(C0)14(CuPPh3)i,72 

Ru5C(CO)i5,55 [PPN]i[Ru5C(CO)i4],6l Ru5C(C0)14(PhC=CPh),51 

[NEt4][HRu4C(CO)i2],72,73 H2Ru4C(C0)12,72,73 Ru(C0)5,I65,166 

AuPPh3CJ,167 (CuPPh3Cl)4,I68 [Rh(cod)(PPh3)i][PF6],169,170 

[FeCp2][BF4],171 I-Il(g),172 [tBu4N][B~],173 [E14N][B~],173 Cp,174 and 

[PPN][N02].175 Autoclave reactions were performed using a 500ml rocking 

autoclave; Roth 100ml stainless steel autoclaves fitted with glass liners; or a 

250ml Berghof autoclave fitted with a Teflon liner. 

Unless otherwise stated, reactions were performed using freshly distilled 

solvents and under an atmosphere of nitrogen using standard Schlenk 

techniques. Thin layer chromatography was performed using pre-coated silica 

gel 60 F-254 plates supplied by Merck. 
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Chapter Two - [1] to [9]. 

Reaction of Ru5C(CO)i5 with Pyridine. 

Pyridine (4ml, excess) was added to a solution of Ru5C(CO)i5 (100mg, 

0.107mmol) in CH2Cl2 (50ml). The resultant solution was heated at 40°C for 4 

hours during which time its colour changed from red to orange. The solvent was 

removed under vacuum and purification by tlc (80% hexane, 20% CH2Cl2) 

produced three compounds : 

Rr = 0.50 orange-yellow [lA] HR.u5C(CO)i4(NC5H4) - isomer A 

yield = 26mg, 0.026mmol, 24%; 

Rf= 0.40 yellow [lB] HRu5C(CO)i4(NC5H4) - isomer B 

yield= 27mg, 0.027mmol, 25%; 

Rr = 0.15 yellow [3] HR.u5C(C0)13(NC5H5)(NC5H4) 

yield= 9mg, 0.009mmol, 8%. 

Synthesis of HRu5C(C0)13(NC5H4) [2]. 

A solution of [IA] HRu5C(CO)i4(NC5H4) - isomer A (20mg, 

0.020mmol) in heptane (40ml) was heated at 98°C for 24 hours. The resultant 

solution's infrared spectrum showed that only HRu5C(C0)13(NC5H4) [2] was 

present. Purification by tlc (80% hexane, 20% CH2CI2) produced three 

compounds: 

Rr = 0.50 [IA] orange-yellow HRu5C(CO)i4(NC5H4) - isomer A 

yield= 2mg, 0.002mmol, -10%; 

Rr = 0.45 [2] yellow HRu5C(C0)13(NC5H4) 

yield= 7mg, 0.007mmol, - 35%; 

Rr = 0.40 [lB] yellow HRu5C(C0)14(NC5H4) - isomer B 

yield= 2mg, 0.002mmol, -10%. 

[lB] HRu5C(CO)i4(NC5H4) - isomer B undergoes the same reaction but 

requires a reaction time of 48 hours. 
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Reactions of HRu5C(C0)13(NC5H4) [2]. 

a) With Air. 

A solution of HRu5C(C0)13(NC5H4) [2] (6mg, 0.006mmol) in heptane 

(10ml) was left exposed to air for 3 weeks. Purification by tlc (80% hexane, 

20% CH2Cl2) produced the two isomers ofHRu5C(CO)i4(NC5H4) [l]. Yield of 

isomer A = 2mg, 0.002mmol, --30%; yield of isomer B = 2mg, 0.002mmol, 

--30%. 

b) With Silica. 

Samples of HRu5C(C0)13(NC5H4) [2] reacted on tlc plates to form the 

two isomers of HRu5C(C0)14(NC5H4) [l] in an approximate ratio of 1 :1 - see 

"Synthesis of HRu5C(C0)13(NC5H4) [2]". 

c) With CO(g)· 

CO(g) was bubbled through a solution of HRu5C(C0)13(NC5H4) [2] 

(11mg, 0.01 lmmol) in heptane (30ml) for 10 minutes at 800C. Purification by 

tlc (80% hexane, 20% CH2Cl2) produced the two isomers of 

HRu5C(CO)i4(NC5H4) [I]. Yield of isomer A= 5mg, 0.005mmol, --45%; yield 

of isomer B = 5mg, 0.005mmol, --45%. 

Reactions of HRu5C(CO)i3(NC5H5)(NC5H4) [3]. 

a) With CO(g)· 

CO(g) was bubbled through a solution of HRu5C(C0)13(NC5H5)(NC5H4) 

[3] (10mg, O.OlOmmol) in heptane (20ml) for 6 hours at 400c. Purification by 

tlc (80% hexane, 20% CH2Cl2) produced the two isomers of 

HRu5C(CO)i4(NC5I4) [l]. Yield of isomer A= 2mg, 0.002mmol, --20%; yield 

of isomer B = 7mg, 0.007mmol, ..... 70%. 

b) At 900c. 

A solution of HRu5C(C0)13(NC5H5)(NC5H4) [3] (6mg, 0.006mmol) in 

heptane (10ml) was heated at 900C for 2 hours. Purification by tlc 

(80% hexane, 20% CH2Cl2) produced one compound -
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HRu5C(C0)13(NC5li4) [2] (Rf= 0.45). Yield= 4mg, 0.004mmol, -70%. 

Reaction of Ru5C(C0)15 with pyrazine (1,4-diazine). 

Pyrazine (16mg, 0.200mmol) was added to a solution of Ru5C(CO)i5 

( 40mg, 0.043mmol) in toluene (30ml). The resultant solution was heated at 

100°C for 3 hours during which time its colour changed from red to 
' 

orange-red. The solvent was removed under vacuum and purification by tlc 

(50% hexane, 50% CH2Cl2) produced two compounds: 

Rf= 0.2 orange - yellow [4A] HRu5C(CO)i4(1,4-N2C4H3) - isomer A 

yield= 11mg, 0.01 lmmol, 26%; 

Rt= 0.1 yellow [4B] HRu5C(C0)14(1,4-N2C4H3) - isomer B 

yield= 10mg, O.OlOmmol, 23%. 

Reaction of Ru5C(CO)i5 with pyrimidine (1,3-diazine). 

Pyrimidine (3 drops, excess) was added to a solution of Ru5C(C0)15 

(44mg, 0.047mmol) in toluene (40ml). The resultant solution was heated at 

I00°C for 30 minutes during which time its colour changed from red to orange. 

The solvent was removed under vacuum and purification by tlc (50% hexane, 

50% CH2Cl2) produced three compounds: 

Rt= 0.3 yellow-orange [5Al] HRu5C(C0)14(1 ,3-N2C4H3) - isomer Al 

yield = 5mg, 0.005mmol, 11 %; 

Rr = 0.2 yellow-orange [5A2] HRu5C(CO)i4(1,3-N2C4H3) - isomer A2 

yield = 6mg, 0.006mmol, 13%; 

Rr = 0.1 yellow [5B] HRu5C(CO)i4(1 ,3-N2C4H3) - isomer B 

yield= 12mg, 0.012mmol, 26%. 

Reaction of Ru5C(CO)i5 with pyridazine (1,2-diazine). 

All glass vessels were flame-dried before use. 

Pyridazine (2 drops, excess) was added to a solution of Ru5C(CO)i5 
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(54mg, 0.058mmol) in freeze-thaw degassed CH2Cl2 (40ml). After stirring for 

10 minutes, the solvent was removed under vacuum. Purification by tlc (ethyl 

acetate) produced a red-orange compound (Rf= 0.6) that was slightly 

air-sensitive. Yield of Ru5C(C0)14(N2C4I4) [6] = 10mg, O.OlOmmol, 17%. 

Reaction of Ru5C(CO)i5 with 2,2'-dipyridyl {2,2'-bipyridine). 

All glass vessels were flame-dried before use. 

2,2'-dipyridyl (4mg, 0.026mmol) was added to a solution of 

Ru5C(CO)i5 (29mg, 0.031mmol) in freeze-thaw degassed CH2Cl2 (20ml). The 

resultant solution was refluxed vigorously for 1 hour and the reaction was 

monitored using infrared spectroscopy. The solvent was removed under vacuum 

yielding orange Ru5C(CO)i4(N2C10Hs) [7]. The product decomposed on silica 

and was very air-sensitive. 

Reaction of Ru5C(CO)i5 with PH2Ph or PH2Cy. 

Cyclohexylphosphine (0.014ml, 0.106mmol) was added to a solution of 

Ru5C(C0)15 (99mg, 0.106mmol) in CH2Cl2 (50ml) at -78°C. On addition of the 

phosphine, the solution's colour immediately changed from dark red to light 

orange. The solution was allowed to warm to room temperature during which 

time its colour changed from light orange to dark red to orange. The solvent was 

removed under vacuum and purification by tlc (hexane) produced one 

compound (Rf = 0.45). The resultant red powder was recrystallized from 

hexane at -300C to give orange crystals of HRu5C(C0)13(µ-PHCy) [9]. Yield= 

41mg, 0.041mmol, 39%. 

HRu5C(C0)13(µ-PHPh) [8] was prepared in an analogous manner using 

phenylphosphine instead of cyclohexylphosphine. 
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Chapter Three - [10] to [17]. 

Reaction of [PPN]i(Ru5C(C0)14J with PhC=CMe. 

All glass vessels were flan1e-dried before use. 

[C7H7 ][BF4] (50mg, excess) was added to a solution of 

[PPN)i[Ru5C(CO)i4] (75mg, 0.038mmol) and PhC=CMe (5 drops, excess) in 

freeze-thaw degassed CH2Cl2 (40ml). During the addition, N2(g) was vigorously 

bubbled through the reaction mixture. There was an immediate colour change 

from light orange to red-orange. After stirring the reaction mixture for 10 

minutes, the solvent was removed under vacuum. Purification by tlc (80% 

hexane, 20% CH2Cl2) produced four compounds: 

Rf= 0.8 pink Ru5C(CO)i5 

yield= 3mg, 0.003mmol, 8%; 

Rf= 0.7 yellow-brown Ru5C(CO)i4(PhC=CMe) [10] 

yield= 15mg, 0.015mmol, 39%; 

Rf= 0.5 green-orange Ru5C(CO)i2(PhC=CMe)i [14] 

yield= 8mg, 0.007mmol, 18%; 

Rf= 0.3 purple Ru5C(CO)i2(C14H14) [16] 

yield= 2mg, 0.002mmol, 5%. 

Synthesis of Ru5C(CO)i3(PhC=CMe) [11]. 

A solution of Ru5C(C0)14(PhC=CMe) [10] (12mg, 0.012mmol) in 

heptane (30ml) was heated at 400C for 60 minutes. Purification by tlc (80% 

hexane, 20% CH2Cl2) produced a brown-orange compound (Rf= 0.3) that was 

air-sensitive. Yield of Ru5C(C0)13(PhC=CMe) [11] = 3mg, 0.003mmol, -25%. 

Reaction of Ru5C(CO)i3(PhC::CMe) [11] with CO(g}· 

CO(g) was bubbled through a solution of Ru5C(C0)13(PhC=CMe) [11] 

(3mg, 0.003mmol) in heptane (10ml) at sooc and the reaction was monitored 

using infrared spectroscopy. Initially Ru5C(CO)i4(PhC=CMe) [10] formed , but 
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after 30 minutes only Ru5C(CO)i5 was present. Yield of Ru5C(CO)i5 = 1mg, 

O.OOlmmol, -30%. 

Synthesis of Ru5C(CO)i3(PhC=CPh) [12]. 

A solution of Ru5C(CO)i4(PhC::CPh) (15mg, 0.014mmol) in hexane 

( 40ml) was heated at 400C for 10 minutes. Purification by tlc (80% hexane, 20% 

CH2Cl2) produced a brown compound (Rf= 0.4). Yield of 

Ru5C(C0)13(PhC=CPh) [12] = 13mg, 0.012mmol, 86%. 

Reaction of Ru5C(CO)i3(PhC=CPh) [12] with CO(g)· 

CO(g) was bubbled through a solution of Ru5C(C0)13(PhC=CPh) [12] 

(6mg, 0.006mmol) in heptane (20ml) at 500C and the reaction was monitored 

using infrared spectroscopy. Initially Ru5C(C0)14(PhC=CPh) formed, but after 

30 minutes only Ru5C(CO)i5 was present. Yield of Ru5C(C0)15 = 5mg, 

0.005mmol, -80%. 

Reaction of [PPN]i[Ru5C(C0)14] with PhC=CH. 

All glass vessels were flame-dried before use. 

[C7H7][BF4] (50mg, excess) was added to a solution of 

[PPN]i[Ru5C(C0)14] (60mg, 0.030mmol) and PhC::CH (5 drops, excess) in 

freeze-thaw degassed CH2Cl2 (40ml). During the addition, N2(g) was vigorously 

bubbled through the reaction mixture. There was an immediate colour change 

from light orange to dark orange-brown. After stirring the reaction mixture for 

10 minutes, the solvent was removed under vacuum. Purification by tlc (80% 

· hexane, 20% CH2Cl2) produced three compounds: 

Rf= 0.8 pink Ru5C(CO)i5 

yield= 4mg, 0.004mmol, 13%; 

Rf= 0.5 brown Ru5C(CO)i4(PhC=CH) [13] 

yield= 14mg, 0.014mmol, 47%; 
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Rr = 0.3 purple Ru5C(C0)12(C14H14) [16] 

yield= 2mg, 0.002mmol, 7%. 

Reaction of [PPN]i[Ru5C(C0)14] with C5Me5H. 

All glass vessels were flame-dried before use. 

[C7H7][BF4] (50mg, excess) was added to a solution of 

[PPN]i[Ru5C(C0)14] (40mg, 0.020mmol) and C5Me5H (2 drops, excess) in 

freeze-thaw degassed CH2Cl2 (30ml). During the addition, N2(g) was vigorously 

bubbled through the reaction mixture. There was an immediate colour change 

from light orange to brown. After stirring the reaction mixture for 10 minutes, 

the solvent was removed under vacuum. Purification by tlc (70% hexane, 30% 

CH2Cl2) produced three compounds: 

Rf= 0.8 pink Ru5C(C0)15 

yield = 2mg, 0.002mmol, -10%; 

Rf= 0.5 purple Ru5C(C0)12(C14H14) [16] 

yield= 1mg, O.OOlmmol, -5%; 

Rf= 0.1 brown H2Ru5C(C0)10(rt5- C5Me5)i [15] 

yield= 3mg, 0.003mmol, -15%. 

Reaction of [PPN]i[Ru5C(C0)14] with [C7H7][BF4]. 

All glass vessels were flame-dried before use and all solvents were 

freeze-thaw degassed. 

A solution of [PPN]i[Ru5C(CO)i4] (30mg, 0.015mmol) in EtOH (30ml) 

and CH2CI2 (20ml) was added dropwise to a solution of [C7H7][BF4] (60mg, 

excess) in EtOH (25ml) at 600C. During the addition, N2(g) was vigorously 

bubbled through the reaction solution . After stirring the resultant red solution 

for I O minutes, the solvent was removed under vacuum. Purification by tlc 

(80% hexane, 20% CH2Cl2) produced two compounds : 

Rr = 0.8 pink Ru5C(CO)i5 

I " 
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yield = 4mg, 0.004mmol, -30%; 

Rr = 0.3 purple Ru5C(C0)12(C14H14) [16] 

yield= 3mg, 0.003mmol, -20%. 

Reaction of Ru6C(CO)i4(µ3-T16-C 14H 14) with CO(g)· 

Ru6C(CO)i4(µ3-T16-C14H14) (5mg, 0.004mmol) and heptane (30ml) 

were placed in an autoclave and heated at 9QOC for 90 minutes under CO(g)(85 

atm.). After the autoclave had been allowed to cool, the solvent of the resultant 

red solution was removed under vacuum. Purification by tlc (hexane) produced 

Ru5C(CO)i5 (Rf= 0.6). Yield= 3mg, 0.003mmol, -75%. 

Synthesis of Ru5C(~0)14(NCMe) [17]. 

All glass vessels were flame-dried before use. 

Ru5C(CO)i5 (15mg, 0.016mmol) was added to freeze-thaw degassed 

MeCN (20ml). After stirring for 30 minutes, the resultant orange solution of 

Ru5C(C0)15(NCMe) was heated at 5QOC for 60 minutes. The solvent was 

removed under vacuum yielding orange Ru5C(CO)i4(NCMe) [17]. The product 

decomposed on silica and was very air sensitive. 

Reactions of Ru5C(C0)14(NCMe) [17]. 

a) With CO(g) in MeCN. 

A solution of Ru5C(CO)i4(NCMe) [17] was prepared as above using 

Ru5C(CO)i5 (5mg, 0.005mmol) and MeCN (15ml). CO(g) was bubbled through 

the resultant solution at 500C for 10 minutes and infrared spectroscopy showed 

that only Ru5C(C0)15(NCMe) was present. 

b) With CO(g) in ethyl acetate~ 

A solution of Ru5C(CO)i4(NCMe) [17] was prepared as above using 

Ru5C(CO)i5 (15mg, 0.016mmol) and MeCN (20ml). The solvent was removed 

under vacuum and freeze-thaw degassed ethyl acetate (10ml) added. CO(g) was 
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bubbled through the resultant solution for 5 minutes and infrared spectroscopy 

showed that a mixture of Ru5C(CO)i5 and Ru5C(CO)i5(NCMe) was present. 

c) With PPh3. 

A solution of Ru5C(C0)14(NCMe) [17] was prepared (as on the previous 

page) using Ru5C(CO)i5 (14mg, 0.015mmol) and MeCN (15ml). The solvent 

was removed under vacuum and freeze-thaw degassed ethyl acetate (15ml) 

added. PPh3 (4mg, 0.015mmol) was added and the orange solution immediately 

turned dark red-purple. After stirring for 10 minutes, purification by tlc (90% 

hexane, 10% CH2Cl2) produced purple Ru5C(CO)i4(PPh3) (Rf= 0.3). Yield= 

17mg, 0.014mmol, 93%. 

Chapter Four · [18] to [30]. 

Synthesis of H2Ru4C(C0)11(PPh3) [18]. 

PPh3 (20mg, 0.076mmol) was added to a solution of H2Ru4C(C0)12 

(72mg, 0.095mmol) in heptane (70ml). The resultant solution was stirred for 3 

hours and the reaction was monitored using infrared spectroscopy. Purification 

by tlc (95% .hexane, 5% CH2Cl2) produced three yellow compounds: 

Rr = 0.5 HRu4C(C0)12(AuPPh3) yield = 3mg, 0.003mmol; 

Rf= 0.4 H2Ru4C(CO)i1(PPh3) [18] yield= 20mg, 0.020mmol, 26%; 

Rf= 0.1 H2Ru4C(C0)10(PPh3)2 [19] yield= 3mg, 0.002mmol, 3%. 

Synthesis of H2Ru4C(CO)io(PPh3}i [19]. 

a) From H2R04C(CO)i2. 

PPh3 (60mg, 0.229mmol) was added to a solution of H2Ru4C(C0)12 

(82mg, 0.109mmol) in CH2Cl2 (30ml). The resultant solution was stirred for 3 

hours and the reaction was monitored using infrared spectroscopy. Purification 

by tlc (95% hexane, 5% CH2Cl2) produced two compounds: 

Rf= 0.5 HRu4C(C0)12(AuPPh3) yield= 4mg, 0.003mmol; 

Rf= 0.1 H2Ru4C(C0)10(PPh3)2 [19] yield= 32mg, 0.026mmol, 24%. 
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b) From H2Ru4C(CO)u(PPh3) [18]. 

PPh3 (60mg, excess) was added to a solution of H2Ru4C(C0)11 (PPh3) 

[18] (11mg, 0.01 lmmol) in CH2Cl2 (20ml). The resultant solution was stirred 

for 2 hours and the reaction was monitored using infrared spectroscopy. 

Purification by tlc (95% hexane, 5% CH2Cl2) produced H2Ru4C(COho(PPh3)i 

[19] (Rf= 0.1). Yield= 10mg, 0.008mmol, -70%. 

Synthesis of H2Ru4C(COhocP(OMe)Jh [20]. 

P(0Me)3 (1 drop, excess) was added to a solution of H2Ru4C(C0)12 

( 42mg, 0.056mmol) in CH2Cl2 (30ml). The resultant solution was stirred for 10 

minutes and the solvent was removed under vacuum. Purification by tlc (60% 

hexane, 40% CH2Cl2) produced yellow H2Ru4C(CO)io(P(OMe)3)i [20] (Rf= 

0.4). Yield= 10mg, O.Ollmmol, 20%. 

Synthesis of H2Ru4C(C0)9(P(OMe)J)J [21] and 

H2Ru4C(CO)g(P(OMe)J)4 [22]. 

P(0Me)3 (2ml, excess) was added to a solution of H2Ru4C(C0)12 (20mg, 

0.027mmol) in CH2Cl2 (20ml). The resultant solution was stirred for 30 

minutes and the solvent was removed under vacuum. Purification by tlc (80% 

hexane, 20% CH2Cl2) produced two yellow compounds : 

Rf = 0.8 H2Ru4C(C0)9(P(OMe)3)3 [21] 

yield= 4mg, 0.004mmol, -15%; 

Rf = 0.6 H2Ru4C(CO)g(P(OMe)3)4 [22] 

yield= 4mg, 0.004mmol, - 15%. 

Synthesis of H2Ru4C(COho(dppm) [23}. 

dppm (15mg, 0.039mmol) was added to a solution of H2Ru4C(C0)12 

(39mg, 0.052mmol) in CH2Cl2 (40ml). The resultant solution was stirred for 10 

minutes and purification by tlc (50% hexane, 50% CH2Cl2) produced two 

II 
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b) From H2Ru4C(C0)11(PPh3) [18]. 

PPh3 (60mg, excess) was added to a solution of H2Ru4C(C0)11 (PPh3) 

[18] (11mg, 0.01 lmmol) in CH2Cl2 (20ml). The resultant solution was stirred 

for 2 hours and the reaction was monitored using infrared spectroscopy. 

Purification by tlc (95% hexane, 5% CH2Cl2) produced H2Ru4C(COho(PPh3)i 

[19] (Rf= 0.1). Yield= lOtng, 0.008mmol, -70%. 

Synthesis of H2Ru4C(COho(P(OMehh [20]. 

P(OMeh (1 drop, excess) was added to a solution of H2Ru4C(C0)12 

( 42mg, 0.056mmol) in CH2Cl2 (30ml). The resultant solution was stirred for 10 

minutes and the solvent was removed under vacuum. Purification by tlc (60% 

hexane, 40% CH2Cl2) produced yellow H2Ru4C(CO)io(P(OMehh [20] (Rf= 

0.4). Yield= lOtng, O.Ollmmol, 20%. 

Synthesis of H2Ru4C(C0)9(P(OMehh [21] and 

H2Ru4C(CO)g(P(OMe)3)4 [22]. 

P(OMeh (2ml, excess) was added to a solution of H2Ru4C(C0)12 (20mg, 

0.027mmol) in CH2Cl2 (20ml). The resultant solution was stirred for 30 

minutes and the solvent was removed under vacuum. Purification by tlc (80% 

hexane, 20% CH2Cl2) produced two yellow compounds : 

Rr = 0.8 H2Ru4C(C0)9(P(OMe)3)3 [21] 

yield= 4mg, 0.004mmol, -15%; 

Rr = 0.6 H2Ru4C(CO)g(P(OMe)3)4 [22] 

yield= 4mg, 0.004mmol, - 15%. 

Synthesis of H2Ru4C(CO)io(dppm) [23]. 

dppm (15mg, 0.039mmol) was added to a solution of H2Ru4C(CO)i2 

(39mg, 0.052mmol) in CH2Cl2 (40ml). The resultant solution was stirred for 10 

minutes and purification by tlc (50% hexane, 50% CH2Cl2) produced two 
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orange compounds : 

Rf= 0.7 H2Ru4C(CO)io(dppm) [23] 

yield = 9mg, 0.008mmol, 21 %; 

Rf= 0.5 H2Ru4C(CO)g(dppm)i [24] 

yield= 15mg, 0.01 lmmol, 28%. 

Synthesis of H2R04C(CO)s(dppm)i [24]. 

dppm (100mg, excess) was added to a solution of H2Ru4C(C0)12 (56mg, 

0.074mmol) in CH2Cl2 (40ml). The resultant solution was stirred for 2 hours 

and purification by tlc (60% CH2Cl2, 40% hexane) produced 

H2Ru4C(CO)g(dppm)i [24] (Rf= 0.7). Yield= 24mg, 0.017mmol, 23%. 

Synthesis of HRu4C(H)(COho(dppp) [25]. 

dppp (20mg, 0.048mmol) was added to a solution of H2Ru4C(CO)i2 

(41mg, 0.054mmol) in CH2Cl2 (25ml). The resultant solution was stirred for 15 

minutes and the reaction was monitored using infrared spectroscopy. 

Purification by tlc (50% hexane, 50% CH2Cl2) produced orange 

HRu4C(H)(CO)io(dppp) [25] (Rf= 0.7). Yield= 15mg, 0.014mmol, 29%. 

Synthesis of H2Ru4C(CO)io(dppp) [26]. 

After a dichloromethane solution of [25] had been stirred for 30 minutes, 

infrared spectroscopy showed that some H2Ru4C(CO)io(dppp) [26] had formed. 

Synthesis of HRu4C(H)(CO)io(dppe) [27]. 

dppe (12mg, 0.030mmol) was added to a solution of H2Ru4C(C0)12 

(32mg, 0.042mmol) in CH2Cl2 (20ml). The resultant solution was stirred for 3 

minutes and the reaction was monitored using infrared spectroscopy. 

Purification by tlc (50% hexane, 50% CH2Cl2) produced orange 

HRu4C(H)(C0)10(dppe) [27] (Rf= 0.7). Yield= 13mg, 0.012mmol, 40%. 
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Synthesis of B2Ru4C(C0)9(dppeh [28]. 

dppe (50mg, excess) was added to a solution of H2Ru4C(C0)12 (13mg, 

0.017mmo1) in CH2Cl2 (20ml). The resultant solution was stirred for 60 

minutes and purification by tlc (50% hexane, 50% CH2Cl2) produced orange 

H2Ru4C(C0)9(dppe)i [28] (Rf= 0.6). Yield= 15mg, O.OlOmmol, -60%. 

Synthesis of B2R04C(C0)9(dppph [29]. 

dppp (60mg, excess) was added to a solution of H2Ru4C(CO)i2 (31mg, 

0.041mmol) in CH2Cl2 (30ml). The resultant solution was stirred for 10 

minutes and purification by tlc (50% hexane, 50% CH2Cl2) produced orange 

H2Ru4C(C0)9(dppp)z [29] (Rf= 0.5). Yield= 21mg, 0.014mmol, 34%. 

Synthesis of B2Ru4C(CO)g;9(dppbh [30]. 

dppb (70mg, 0.164mmol) was added to a solution of H2Ru4C(C0)12 

(60mg, 0.080mmol) in CH2Cl2 (50ml). The resultant solution was stirred for 20 

minutes and purification by tlc (50% hexane, 50% CH2Cl2) produced orange 

H2Ru4C(CO)g;9(dppb)z [30] (Rf= 0.5). Yield= 19mg, 0.012mmol, 15%. 

Chapter Five - [31] to [ 43]. 

Synthesis of HRu4(CO)i2(µ4-T13·C-C(Ph)=C(H)Ph) [31]. 

PhC=CPh (10mg, 0.056mmol) was added to a solution of H2Ru4C(C0)12 

(42mg, 0.056mmol) in hexane (40ml). The resultant solution was heated at 60DC 

for 3 hours during which time its colour changed from yellow to brown. 

Purification by tlc (50% hexane, 50% CH2Cl2) produced a dark orange 

compound (Rf= 0.7) that was slightly unstable on silica. Yield of 

HRu4(C0)12(µ4-TJ3-C-C(Ph)=C(H)Ph) [31] = 30mg, 0.032mmol, 57%. 

'1 
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Synthesis of HRu4(COh2(µ4-T13·C-C(R)=C(H)R') {R=Me, R'=Ph; 

R=Ph, R'=Me} [32]. 

PhC-=CMe (0.0050ml, 0.040mmol) was added to a solution of 

H2Ru4C(C0)12 (33mg, 0 .044mmol) in heptane (30ml). The resultant solution 

was heated at 600C for 100 minutes during which time its colour changed from 

yellow to brown. The solvent was removed under vacuum and purification by 

· tlc (80% hexane, 20% CH2Cl2) produced yellow-green 

HRu4(CO)i2(µ4-T13-C-C(R)=C(H)R') {R=Me, R'=Ph; R=Ph, R'=Me} [32] (Rf 

= 0.8). Yield= 8mg, 0.009mmol, 23%. 

Synthesis of HRu4(C0)12(µ4-T13·C-C(H)=C(H)Ph) [33]. 

PhC=CH (0.0Q50ml, 0.046mmol) was added to a solution of 

H2Ru4C(CO)i2 (30mg, 0.040mmol) in heptane (30ml). The resultant solution 

was heated at 600C for 60 minutes during which time its colour changed from 

yellow to brown. The solvent was removed under vacuum and purification by 

tlc (95% hexane, 5% CH2Cl2) produced two compounds: 

Rf= 0.5 yellow-brown HRu4(CO)i2(µ4-T13 -C-C(H)=C(H)Ph) [33] 

yield = 4mg, 0.005mmol, -10%; 

Rf= 0.4 yellow HRu4C(CO)i2(AuPPh3) 

yield= 1mg, O.OOlmmol. 

[33) decomposed slowly on silica and was air-sensitive. 

Reactions of H2Ru4C(COh2 with Various Alkynes. 

a) With HC=CH(g)· 

HC=CH(g) was bubbled through a solution of H2Ru4C(C0)12 (3mg, 

0.004mmol) in heptane (15ml) at 600C for 2 hours. Purification by tlc (80% 

hexane, 20% CH2Cl2) produced several very minor compounds, none of which 

were fully characterized. 
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b) With HC=CEt(g)· 

HC=CEt(g) was bubbled through a solution of H2Ru4C(C0)12 (30mg, 

0.040mmol) in heptane (50ml) at 700C for 45 minutes. Purification by tlc (80% 

hexane, 20% CH2Cli) produced several very minor compounds, none of which 

were fully characterized. 

c) With Ph2PC=CPPh2. 

Ph2PC=CPPh2 (5mg, 0.013mmol) was added to a solution of 

H2Ru4C(C0)12 (10mg, 0.013mmol) in heptane (25ml). The resultant solution 

was stirred for 20 minutes. Purification by tlc (50% hexane, 50% CH2Cl2) 

produced several very minor compounds, none of which were fully 

characterized. 

Reactions of HRu4(COh2(~-113-C-C(Ph)=C(H)Ph) [31]. 

a) With H2(g)· 

H2(g) was bubbled through a solution of 

HRu4(C0)12(µ4-T13-C-C(Ph)=C(H)Ph) [31] (20mg, 0.021mmol) in heptane 

(30ml) at 40°C for 140 minutes. Purification by tlc (80% hexane, 20% CH2Cl2) 

produced one major yellow compound (Rf= 0.8). Yield of H4Ru4(C0)12 = 

4mg, 0.005mmol, -25%. Three other compounds were also isolated, in very 

low yield, but were not fully characterized. 

b) At 9goc. 

A solution of HRu4(CO)i2(µ4-rt3-C-C(Ph)=C(H)Ph) [31] (11mg, 

0.012mmol) in heptane (20ml) was heated at 9goc for 100 minutes. Purification 

by tlc (70% hexane, 30% CH2Cl2) produced several minor compounds. None of 

these compounds were fully characterized although one yellow product (Rf= 

0.6) has a mass spectrum consistent with HRu3(C0)9(µ3-113-C-C(Ph)=C(H)Ph) : 

m/z = 750 Ru=I02 ( - 9 CO) 

IR/cm-1 (hexane): 2076s, 2044s, 2018s, 2002s, 1980m, 1963m, 1950sh, 

1940sh. 
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c) With CO(g)· 

CO(g) was bubbled through a solution of 

HRu4(CO)i2(~-113-C-C(Ph)=C(H)Ph) [31] (14mg, 0.015mmol) in heptane 

( 40ml) at 980C for 60 minutes. Purification by tlc (70% hexane, 30% CH2Cl2) 

produced several minor compounds. None of these compounds were fully 

characterized. 

Reaction of H2Ru4C(CO)i2 with H2C=C(H)Ph. 

H2C=C(H)Ph (2ml, excess) was added to a nitrogen-saturated solution of 

H2Ru4C(C0)12 (95mg, 0.126mmol) in toluene (40ml). The resultant solution 

was heated at 700C for 110 minutes during which time its colour changed from 

yellow to brown. The solvent was removed under vacuum and purification by 

tlc (80% hexane, 20% CH2Cl2 followed by 98% petroleum ether (60°C/80°C), 

2% ethyl acetate) produced four compounds: 

Rf= 0.90 yellow H2Ru3(CO)g(µ3-112-C=C(Me)Ph) [34] 

yield = 11 mg, 0.016mmol, 13%; 

Rf= 0.80 yellow HRu5(C0)15(µ4-C-CH2CH2Ph) [35] 

yield= 1mg, O.OOlmmol, 1 %; 

Rf = 0.75 orange H2Ru3(CO)g(PPh3)(µ3-112-C=C(Me)Ph) [36] 

yield= 2mg, 0.002mmol, 2%; 

Rf= 0. 70 yellow HRu4C(CO)i2(AuPPh3) 

yield = 5mg, 0.004mmol. 

Reaction of H2Ru4C(CO)i2 with H2C=CH2(g)· 

H2Ru4C(C0)12 (60mg, 0.080mmol) was dissolved in nitrogen-saturated 

toluene (50ml). H2C=CH2(g) was bubbled through the resultant solution for 20 

minutes at room temperature and then for 45 minutes at 700C. The solution's 

colour changed from yellow to brown. Purification by tlc (80% hexane, 20% 

CH2Cl2 followed by 95% petroleum ether (600C/80°C), 5% ethyl acetate) 
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produced three compounds : 

Rf= 0.95 yellow H2Ru3(C0)9(µ3-rt2-C=C(H)Me) [37] 

yield= 3mg, 0.005mmol, 6%; 

Rf = 0.90 yellow HRu5(CO)i5(µ4-C- Et) [38] 

yield = 2mg, 0.002mmol, 3%; 

Rf= 0.80 orange H2Ru3(CO)g(PPh3)(µ3-rt2-C=C(H)Me) [39] 

yield= 2mg, 0.002mmol, 3%. 

Reaction of H2Ru4C(C0)12 with H2C=C(H)Me(g)· 

H2Ru4C(C0)12 (56mg, 0.074mmol) was dissolved in nitrogen-saturated 

toluene (50ml). H2C=C(H)Me(g) was bubbled through the resultant solution for 

20 minutes at room temperature and then for 2 hours at 800C. The solution's 

colour changed from yellow to dark orange-brown. Purification by tlc (80% 

hexane, 20% CH2Cl2 followed by 95% petroleum ether (600C/80°C), 5% ethyl 

acetate) produced three compounds : 

Rf = 0.95 yellow H2Ru3(C0)9(µ3-rt2-C=C(H)Et) [40] 

yield = 1mg, 0.002mmol, 3%; 

Rf= 0.90 yellow HRu5(CO)i5(µ4-C- Pr) [41] 

yield= 1mg, O.OOl mmol, 1 %; 

Rf= 0.80 orange H2Ru3(CO)g(PPh3)(µ3-rt2-C=C(H)Et) [ 42] 

yield = 4mg, 0.005mmol, 7%. 

Synthesis of H2Ru3(CO)g(PPh3)(µ3-rt2·C=C(H)Me) [39]. 

H2C=CH2(g) was bubbled through a solution of H2Ru4C(C0)12 (55mg, 

0.073mmol) in heptane (60ml) for 30 minutes at room temperature. The 

resultant yellow solution was heated to 7ffaC and PPh3 ( 4mg, 0.015mmol) was 

added. The solution was then heated at 700c, with H2C=CH2(g) bubbling 

through, for 200 minutes, during which time its colour changed from yellow to 

brown. Purification by tlc (hexane) produced 
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H2Ru3(CO)g(PPh3)(µ3-rt2-C=C(H)Me) [39] (Rf= 0.1). Yield (from 

H2Ru4C(C0)12) = 8mg, O.OlOmmol, 14%. 

Synthesis of H2Ru3(CO)g(PPh3)(µ3-T\2·C=C(H)Et) [ 42]. 

H2C=C(H)Me(g) was bubbled through a solution ofH2Ru4C(C0)12 

(32mg, 0.042mmol) in heptane (50ml) for 20 minutes at room temperature. The 

resultant yellow solution was heated to 8()0C and PPh3 (3mg, 0.01 lmmol) was 

added. The solution was then heated at 8()0C, with H2C=C(H)Me(g) bubbling 

through, for 180 minutes, during which time its colour changed from yellow to 

brown. Purification by tic (80% hexane, 20% CH2Cl2) produced 

H2Ru3(CO)g(PPh3)(µ3-rt2-C=C(H)Et) [42] (Rf= 0.6). Yield (from 

H2Ru4C(C0)12) = 4mg, 0.005mmol, 12%. 

Reactions of H2Ru4C(C0)12 with Various Alkenes. 

a) With cis-Ph(H)C=C(H)Ph. 

Cis-Ph(H)C=C(H)Ph (1 drop, excess) was added to a solution of 

H2Ru4C(C0)12(3mg, 0.004mmol) in CH2Cl2 (10ml). The resultant solution 

was refluxed vigorously for 60 minutes. Infrared spectroscopy showed that only 

decomposition had occurred. 

b) With H2C=CH(CH2)JCH3. 

H2C=CH(CH2)3CH3 (1 drop, excess) was added to a solution of 

H2Ru4C(C0)12 (3mg, 0.004mmol) in heptane (15ml). The resultant solution 

was heated at 8()0C for 10 minutes and the solvent was removed under vacuum. 

Purification by tlc (50% hexane, 50% CH2Cl2) produced only a trace amount of 

HRu4C(CO)i2(AuPPh3) (Rf= 0.9). 

c) With Me2C=CMe2. 

Me2C=CMe2 (2 drops, excess) was added to a solution of H2Ru4C(C0)12 

(5mg, 0.007mmol) in heptane (10ml). The resultant solution was heated at 80°C 

for 90 minutes. Purification by tlc (70% hexane, 30% CH2Cl2) produced only a 
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trace amount of HR.u4C(C0)12(AuPPh3) (Rf= 0.7). 

d) With cis-Me(H)C=C(H)Me(g)· 

Cis-Me(H)C---C(H)Me(g) was bubbled through a solution of 

H2Ru4C(C0)12 (5mg, 0.007mmol) in heptane (10ml) at 700C for 45 minutes. 

Purification by tic (70% hexane, 30% CH2Cl2) produced several very minor 

compounds of which only HR.u4C(C0)12(AuPPh3) (Rf= 0.7) was fully 

characterized. 

e) With trans-Me02C(H)C=C(H)C02Me. 

Trans-Me02C(H)C=C(H)C02Me (2mg, 0.014mmol) was added to a 

solution of H2Ru4C(C0)12 (4mg, 0.005mmol) in heptane (15ml). The resultant 

solution was heated at 700C for 2 hours. Purification by tic (50% hexane, 50% 

CH2Cl2) produced several very minor compounds of which only 

HRu4C(C0)12(AuPPh3) (Rf= 0.9) was fully characterized. 

Reaction of H2Ru4C(C0)12 with H2C=C=CB2(g)· 

H2C=C=CH2(g) was bubbled through a solution of H2Ru4C(C0)12 

(50mg, 0.066mmol) in toluene (30ml) at 700C for 20 minutes. Purification by 

tic (97% petroleum ether (600C/80°C), 3% ethyl acetate) produced several very 

minor compounds of which only HR.u4C(CO)i2(AuPPh3) (Rf= 0.7) was fully 

characterized. Yield= 1mg, O.OOlmmol. 

Reactions of H2Ru3(C0)9(µ3-112-C=C(Me)Ph) [34]. 

a) With H2(g)· 

H2(g) was bubbled through a solution of 

H2Ru3(C0)9(µ3-112-C=C(Me)Ph) [34] (8mg, 0.012mmol) in heptane (20ml) at 

600C for 20 minutes. Purification by tlc (hexane) produced a yellow compound 

(Rf= 0.4). Yield of H3Ru3(C0)9(µ3-C-CH(Me)Ph) [43] = 7mg, o:010rnmol, 

-80%. 
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b) With Ru(C0)5. 

All glass vessels were flame-dried before use. 

The reaction was done under a CO(g) atmosphere. 

H2Ru3(C0)9(µ3-112-C=C(Me)Ph) [34] (6mg, 0.009mmol) was dissolved 

in freeze-thaw degassed heptane (20ml). CO(g) was bubbled through the 

resultant yellow solution for 20 minutes. A solution of Ru(CO)s (-4mg, 

-0.017mmol) in CO(g)-saturated heptane (-8ml) was then added. The reaction 

mixture was heated at 800C for 20 minutes. Infrared spectroscopy showed that 

only Ru3(COh2 had formed. 

Reaction of HRu5(CO)i5(µ4-C-CH2CH2Ph) [35]. 

A solution of HRu5(CO)i5(µ4-C-CH2CH2Ph) [35] (2mg, 0.002mmol) in 

heptane (10ml) was heated at 800C for 60 minutes. Infrared spectroscopy 

showed that some decomposition had occurred. After the solution had been 

heated at 700C for 18 hours, no compounds were obtained from tlc (CH2CI2). 

The starting material had completely decomposed. 

Chapter Six - [ 44] to [50] . 

Deprotonation Reactions of H2Ru4C(CO)i2. 

a) With THF or MeCN. 

H2Ru4C(C0)12 (3mg, 0.004mmol) was dissolved in TI-IF or MeCN 

(10ml). After the resultant solution had been stirred for 30 minutes its colour 

had changed from light to dark orange and infrared spectroscopy showed that 

only [HRu4C(C0)12J- was present. 

b) With [PPN][NOz]. 

[PPN][N02] (10mg, excess) was added to a solution of H2Ru4C(C0)12 

(2mg, 0.003mmol) in CH2Cl2 (10ml) at -780C. After 10 minutes, infrared 

spectroscopy showed that a small amount of [HRu4C(C0)12J- was present. The 

reaction mixture was allowed to warm up to room temperature and its colour 
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changed from light to dark orange. Infrared spectroscopy showed that only 

[HR114C(C0)12J- was present. 

c) With [tBt14N][BH4]. 

[tBu4N][BI4] (10mg, excess) was added to a solution of H2Ru4C(C0)12 

(2mg, 0.003mmol) in CH2Cl2 (10ml). The resultant solution's colour 

immediately changed from light to dark orange and infrared spectroscopy 

showed that only [HRu4C(C0)12]- was present. 

d) With Pyridine. 

Pyridine (0.5ml, excess) was added to a solution of H2Ru4C(C0)12 

(10mg, 0.013mmol) in toluene (20ml). The resultant solution's colour 

immediately changed from light to dark orange and infrared spectroscopy 

showed that only [HRu4C(C0)12J- was present. 

e) With tBuNC. 

tBuNC (1 drop, excess) was added to a solution of H2Ru4C(C0)12 

(1 3mg, O.Ol 7mmol) in CH2Cl2 (30ml). The resultant solution's colour 

immediately changed from light to dark orange and infrared spectroscopy 

showed that only [HRu4C(C0)12J- was present. 

Reaction of H2Ru4C(C0)12 at 70oc. 

A solution of H2Ru4C(C0) 12 (2mg, 0.003mmol) in heptane (1 0ml) was 

heated at 700C for 4 hours. The solution became dark brown and infrared 

spectroscopy showed that almost complete decomposition had occurred. A very 

small amount of HRu4C(CO)i2(AuPPh3) was present. 

Reaction of H2Ru4C(COh2 with H2(g)· 

H2(g) was bubbled through a solution of H2Ru4C(CO)i2 (35mg, 

0.046mmol) in heptane (40ml) at 900C for 8 hours. During this time, the 

solution became dark brown. Purification by tlc (70% hexane, 30% CH2Cl2) 

produced several compounds : 
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Rf= 0.90 I4Rt14(C0)12 yield = 2mg, 0.003mmol, - 7%; 

Rf= 0.80 HRu4C(C0)12(AuPPh3) yield = 2mg, 0.002mmol; 

Rf= 0.75 - 0.40 other very minor compounds not fully characterized. 

Reaction of H2Ru4C(COh2 with CO(g)· 

CO(g) was bubbled through a solution of H2Ru4C(C0)12 (2mg, 

0.003mmol) in heptane (20ml) at 800C for 30 minutes. Infrared spectroscopy 

showed that no reaction had occurred. 

Attempted Synthesis of Ru4C(CO)i3. 

a) With [FeCp2][BF 4] and CO(g)· 

A CO(gtsaturated solution of [NEt4][HRu4C(C0)12] (42mg, 

0.048mmol) in CH2Cl2 (20ml) was added dropwise to a CO(gtsaturated solution 

of [FeCp2][BF4] (52mg, 0.190mmol) in CH2Cl2 (50ml). During the addition, 

CO(g) was bubbled through both solutions. The resultant mixture was stirred for 

2 hours. Purification by tlc (hexane) produced two compounds : 

Rf = 0.50 yellow FeCp2; 

Rf= 0.45 orange Ru4C(C0)13 yield= 5mg, 0.006mmol, 13%. 

b) With [NO][BF4] or [Ph3C][PF6] and CO(g)· 

A CO(gtsaturated solution of [NEt4][HRu4C(COh2] (9mg, O.OlOmmol) 

in CH2Cl2 (15ml) was added dropwise to a CO(gtsaturated solution of 

[NO][BF4] or [Ph3C][PF6] (50mg, excess) in CH2Cl2 (40ml). During the 

addition, CO(g) was bubbled through both solutions. After the addition, infrared 

spectroscopy showed that only H2Ru4C(C0)12 was present. 

c) With [C7H71[BF4] and CO(g)· 

A CO(grsaturated solution of [NEt4][HRu4C(COh2] (40mg, 

0.045mmol) in CH2Cl2 (40ml) was added dropwise to a CO(gtsaturated solution 

of [C7H7][BF4] (60mg, excess) in MeCN (40ml). During the addition, CO(g) was 

bubbled through both solutions. After the resultant mixture had been stirred for 
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2 hours, infrared spectroscopy showed that no reaction had occurred. 

d) With AgPF 6 and CO(g)· 

A CO(gtsaturated solution of [NEt4][HRu4C(C0)12] (10mg, 

0.01 lmmol) in CH2Cl2 (10ml) was added dropwise to a COcgtsaturated 

suspension of AgPF6 (30mg, excess) in CH2Cl2 (20ml). During the addition, 

CO(g) was bubbled through both the solution and the suspension. After the 

resultant mixture had been stirred for 70 minutes, no compounds were obtained 

from tlc (CH2Cl2). Complete decomposition had occurred. 

e) With [FeCp2][BF 4] and CO(g)(30 atm.). 

[NEt4][HRu4C(C0)12] (10mg, O.Ollmmol) was added to a mixture of 

[FeCp2][BF4] (100mg, excess) and CH2Cl2 (10ml) under C0cg)(30 atm.). The 

resultant mixture was stirred for 60 minutes under C0cg)(30 atm.). Purification 

by tlc (hexane) yielded only a trace amount of Ru4C(C0)13 (Rf= 0.45). 

Reaction of H2Ru4C(COh2 with AuPPh3X [X=Me, Cl]. 

AuPPh3X [X=Me, Cl] (2mg, excess) was added to a solution of 

H2Ru4C(C0)12 (1mg, O.OOlmmol) in CH2Cl2 (10ml). After the resultant 

solution had been stirred for 30 minutes, infrared spectroscopy showed that only 

HRu4C(C0)12(AuPPh3) was present. 

Synthesis of HRu4C(CO)i2(CuPPh3) [ 44]. 

[CuPPh3Cl]4 (20mg, 0.014mmol) was added to a solution of 

[NEt4][HRu4C(C0)12] (25mg, 0.028mmol) in CH2Cl2 (30ml). After the 

resultant splution had been stirred for 40 minutes, purification by tlc (50% 

. hexane, 50% CH2Cl2) produced yellow HRu4C(C0)12(CuPPh3) [44] (Rf= 0.8). 

Yield= 25mg, 0.023mmol, 82%. 

II t 
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Synthesis of Ru4C(COh2(CuPPh3)i [ 45]. 

DBU (3 drops, excess) was added to a solution of 

HRu4C(CO)i2(CuPPh3) [44] (20mg, 0.019mmol) in CH2Cl2 (15ml). After the 

resultant solution had been heated at 300C for 40 minutes, infrared spectroscopy 

showed that only [Ru4C(C0)12(CuPPh3)]- was present: 

IR/cm-1 (CH2Cl2): 2040w, 2003s, 1977vs, 1951 w, 1920m. 

The solvent was removed under vacuum and the residue was dissolved in 

CH2Cl2 (20ml). [CuPPh3Cl]4 (40mg, 0.028mmol) and AgCl04 (20mg, 

0.096mmol) were added and the reaction mixture was stirred for 20 minutes. 

Purification by tlc (50% hexane, 50% CH2Cl2) produced the two yellow isomers 

of Ru4C(C0)12(CuPPh3)i [45] : 

Rf= 0.8 isomer A yield= 7mg, 0.005mmol, -25%; 

Rr = 0. 7 isomer B yield = 3mg, 0.002mmol, -10%. 

Reaction of Ru5C(C0)14(CuPPh3)i with CO(g)· 

A mixture of Ru5C(CO)i4(CuPPh3)i (15mg, O.OlOmmol) and toluene 

(20ml) was heated at 600C under C0cg)(65atm.) for 18 hours. Infrared 

spectroscopy showed that decomposition had occurred. 

Synthesis of HRu4RhC(C0)12(cod) [ 46]. 

[Rh(cod)(PPh3)i][PF6] (36mg, 0.041mmol) was added to a solution of 

[NEt4][HRu4C(C0)12] (38mg, 0.043mmol) in CH2Cl2 (40ml). The resultant 

solution was vigorously refluxed for 4 days. The solvent was removed under 

vacuum and the residue was extracted with hexane ( 4 x 30ml). Purification by 

tlc (50% hexane, 50% CH2Cl2) produced red HRu4RhC(C0)12(cod) [46] (Rr = 

0.6). Yield= 11mg, O.Ol lmmol, 27%. 
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Reaction of H2Ru4C(C0)12 with H2S(g)· 

H2S(g) was bubbled through a solution of H2Ru4C(C0)12 (10mg, 

0.013mmol) in toluene (20ml) at 1()0°C for 40 minutes. Purification by tic 

(ethyl acetate) produced several very minor compounds of which only 

HRu4C(CO)i2(AuPPh3) was fully characterized. 

Reaction of H2Ru4C(COh2 with I2. 

A solution of I2 (2.6mg, O.OlOmmol) in CH2Cl2 (5ml) was added to a 

solution of H2Ru4C(C0)12 (8mg, 0.01 lmmol) in CH2Cl2 (15ml). The resultant 

solution was stirred for 10 minutes and purification by tic (70% hexane, 30% 

CH2Cl2) produced several very minor compounds, none of which were fully 

characterized. 

Reaction of H2Ru4C(C0)12 with BBr3. 

A CO(g)-Saturated solution of BBr3 (0.5ml of a I.OM CH2Cl2 solution, 

0.5mmol) was added to a CO(g)-saturated solution of H2Ru4C(C0)12 (30mg, 

0.040mmol) in CH2Cl2 (40ml). There was an immediate colour change from 

yellow to orange. During the addition, CO(g) was bubbled through the 

H2Ru4C(C0)12 solution. The solvent was removed under vacuum and 

purification by tlc (50% hexane, 50% CH2Cl2) produced one major yellow 

compound (Rf = 0.6) and several very minor compounds. The products were not 

fully characterized and were very air-sensitive. 

Major product: IR/cm-1 (CH2Cl2) : 2126w, 2099m, 2082s, 2072s, 

2054w, 2045s, 2033s, 2011w, 2000vw, 1968w. 

Reaction of [NEt4l[HRu4C(CO)uJ with Mel. 

A mixture of [NEt4][HRu4C(C0)12] (30mg, 0.034mmol) and Mel (5 

drops, excess) in CH2Cl2 (40ml) was heated at 800C under Arcg)(3 atm.) in an 

autoclave for 4 days. The solvent was removed under vacuum and purification 
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by tlc (50% hexane, 50% CH2Cl2) produced several very minor compounds 

including: 

Rf= 0.90 yellow "Ru5C(C0)14I2" yield= 5mg, 0.004mmol, -12%. 

"Ru5C(CO)i4I2" rn/z = 1168 Ru=102 ( - 14 CO - 21 ). 

IR/cm-1 (hexane): 2103m, 2077s, 2063vs, 2057s sh, 2029s, 2014m, 1999w, 

1984w. 

Reaction of H2Ru4C(COh2 with C5Me5H. 

C5Me5H (3 drops, excess) was added to a solution of H2Ru4C(CO)i2 

(50mg, 0.066mmol) in toluene (40ml). The resultant solution was heated at 

1100c for 75 minutes during which time its colour changed from orange to dark 

brown. The solvent was removed under vacuum and purification by tlc (90% 

petroleum ether (600C/800C), 10% ethyl acetate) produced a number of 

compounds: 

Rf= 0.8 orange HRu4C(C0)10(115-C5Me5) [47] 

yield = 6mg, 0.007mmol, 11 %; 

Rf= 0.7 yellow H2Ru4C(C0)11 (PPh3) [18] 

yield= 3mg, 0.003mmol, 5%; 

Rt= 0.5 orange HRu5C(C0)12(115-C5Me5) [48] 

yield= 6mg, 0.006mmol, 9%; 

Rt= 0.3 orange-red Ru5C(C0)13(115-C5Me5)i [ 49] 

yield= 9mg, 0.008mmol, 12%. 

Several other very ininor compounds were not fully characterized. 

Reaction of HRu5C(C0)12(115-C5Me5) [48] with CO(g)· 

CO(g) was bubbled through a solution of HRu5C(C0)12(115-C5Me5) [ 48] 

(5mg, 0.005mmol) in toluene (5ml) at 400C for 50 minutes. Purification by tlc 

(98% petroleum ether (600C/800C), 2% ethyl acetate) produced yellow 

"HRu5C(C0)13(115-C5Me5)" (Rf= 0.4): 
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IRJcm-1 (heptane): 2089m, 2060s, 2046vs, 2033vw, 2018m, 2002w, 1988vw, 

1976m, 1933w. 

After the product had been dissolved in toluene (5ml) and heated at 90°C for 10 

minutes, infrared spectroscopy showed that only HRu5C(C0)12(115-C5Me5) [ 48] 

was present. 

Synthesis of HRu4C(CO)io(11S-C5H5) [50]. 

C5H6 (10 drops, excess) was added to a solution of H2Ru4C(C0)12 

(50mg, 0.066mmol) in toluene ( 40ml). After the resultant solution had been 

heated at 900C for 45 minutes, the solvent was removed under vacuum. 

Purification by tlc (90% petroleum ether (600C/80°C), 10% ethyl acetate 

followed by hexane) produced several very minor compounds and orange 

HRu4C(CO)io(115-C5H5) [50] (Rf= 0.3). Yield= 5mg, 0.007mmol, 11 %. 
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All spectra taken in hexane unless otherwise stated. 

All values given are in wavenumbers (cm-1 ). 

[1] HRu5C(CO)i4(NC5li4) 2099m, 2072s, 2055vs, 2029m, 2016s, 2006m, 

1999m, 1991w, 1967m, 1937vw. 

Isomer A 2016 > 2072; 1999 - 2006. 

Isomer B 2016 < 2072; 1999 < 2006. 

[2] HRu5C(CO)i3(NC5li4) 2092m, 2058s, 2039vs, 2021m, 2007m, 1996w, 

1978vw, 1971 w. 

[3] HRu5C(C0)13(NC5H5)(NC5H4) 2087m, 2052s, 2044s, 2031s, 2010sh, 

2000m, 1993m, 1969m, 1957w. 

[4] HRu5C(C0)14(1,4-N2C4H3) a 2102m, 2076s, 2059vs, 2035m, 2020s, 

2010m, 2002m, 1994w, 1972m. 

Isomer A 2020 > 2076; 2002- 2010. 

Isomer B 2020 < 2076; 2002 < 2010. 

[5] HRu5C(CO)i4(1,3-N2C4H3) Isomer Al a 2103m, 2076s, 2057vs, 

2038m, 2018s, 2007m, 1999m, 1991 w, 1967w. 

[5] HRu5C(C0)14(1,3-N2C4H3) Isomer A2 a 2102m, 2076s, 2058vs, 

2034m, 2020s, 201 lm, 2002m, 1994w, 1973w. 

[5] HRu5C(CO)i4(1,3-N2C4H3) Isomer B a 2104m, 2076s, 2059vs, 

2034m, 2019s, 201 lm, 2002w, 1994w, 1973w. 

Isomers Al and A2 2018 or 2020 > 2076; 1999 or 2002 - 2007 or 2011. 

Isomer B 2019 < 2076; 2002 < 2011. 

[6] Ru5C(C0)14(N2C4H4) b 2093m, 2055s, 2043vs, 2030s, 2007s, 1991s, 

1938w. 

[7] Ru5C(CO)i4(N2C10Hs) c 2102m, 2075s, 2056vs, 2033m, 2016s, 

2004sh, 2000sh, 1990sh, 1964w. 

I I 
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[8] HRu5C(CO)i3(µ-PHPh) 2092m, 2059s, 2045s, 2039s, 2025m, 2008w, 

1998m, 1981w, 1972vw. 

[9] HRu5C(C0)13(µ-PHCy) 2091m, 2058s, 2044s, 2038s, 2023s, 2006m, 

1996m, 1977w, 1969vw. 

[10] Ru5C(C0)14(PhC=CMe) 2122m, 2087w, 2072s, 2060s, 2048s, 2040s, 

2029s, 2016s, 1993w, 1971m, 1956w. 

[11] Ru5C(C0)13(PhC=CMe) a 2088m, 2052s, 2036s, 2006m, 1988vw, 

1976vw. 

[12] Ru5C(CO)i3(PhC=CPh) a 2087m, 2052s, 2040sh, 2032s, 2007m, 

1992w, 1976w. 

[13] Ru5C(C0)14(PhC=CH) 2124m, 2091 w, 2075s, 2062s, 2052s, 2044s, 

2031s, 2020sh, 2015m, 1996w, 1974m, 1959w. 

[14] Ru5C(C0)12(PhC=CMe)i 2095m, 2061s, 2026s, 2006m, 1974w, 

1953w, 1908w br, 1871w, 1852w. 

[15] H2Ru5C(CO)io(T1S·C5Me5)i b 2096w, 2064s, 2056s, 2030m, 2014m, 

2000m, l 980sh, 1940w sh. 

[16] Ru5C(C0)12(C14H14) 2086m, 2054s, 2032s, 2021s, 2008m, 2000sh, 

1975m, 1965vw, 1944w. 

[17] Ru5C(C0)14(NCMe) d 2075w, 2060sh, 2041s, 2033sh, 2010s, 1988w, 

1970m, 1956w. 

[18] B2Ru4C(CO)i1(PPh3) 2087m, 2058s, 2046s, 2031m, 2020s, 2010m, 

1996w, 1984m. 

[19] H2Ru4C(CO)io(PPh3)i 2070s, 2040s, 2027m, 2010s, 2003sh, 1988m, 

1970m, 1959m. 

[20] H2Ru4C(COho(P(OMe)Jh 2075m, 2043s, 2035sh, 2013sh, 2008s, 

1986m, 1978w sh, 1970m, 1960sh. 

[21] H2Ru4C(C0)9(P(OMehh a 2064m, 2031s, 2008s, 1997s, 1970sh, 

1966m, 1946sh, 1942w. 



225 

[22] H2Ru4C(CO)g(P(OMe)3)4 2041s, 2025sh, 1998vs, 1975s, 1965sh, 

1945sh, 1934w. 

[23] H2Ru4C(CO)io(dppm) a 2073s, 2039vs, 2030s, 2013vs, 2003m, 

1991w, 1967m, 1960sh. 

[24] H2Ru4C(CO)s(dppmh 2025s, 2000sh, 1990s, 1977w, 1963w, 1927m. 

[25] HRu4C(H)(CO)io(dppp) a 2069m, 2055vw, 2041s, 2029s, 2000s, 

1992s, 1952m, 1926m. 

[26] H2Ru4C(COho(dppp) a 2077m, 2062m, 2047s, 2034s, 2010s, 2000sh, 

1992w, 1983vw, 1977w, 1943m, 1913m. [ HRu4C(H)(CO)io(dppp) also 

present.] 

[27] HRu4C(H)(COho(dppe) a 2069m, 2055sh, 2040s, 2030s, 2000s, 

1993s, I972vw, 1953_m. 

[28] H2Ru4C(C0)9(dppeh 2056s, 2024s, 2000sh, 1991s, 1971m, 1961m, 

1883w br, 1807w br. 

[29] H2Ru4C(C0)9(dppp)i 2069w, 2057s, 2038w, 2026s, 2009m, 1992s, 

1975w sh, 1964w, 1950vw, 1908w, 1807w br. 

[30] H2Ru4C(CO)g;9(dppb)i a 2069m, 2038s, 2020sh, 2007s, 1998w, 

1985w, 1967w. 

[31] HRu4(COh2(~-T1 3-C-C(Ph)=C(H)Ph) 2093m, 2062vs, 2052vs, 

2048sh,2031s, 201 2s, 2000m, 1970w, 1832m. 

[32] HRu4(COh2(~-T13·C-C(R)=C(H)R'){R=Me, R'=Ph; R=Ph, 

R'=Me} a 2091 w, 2085sh, 2060s, 2049s, 2038w, 2028m, 2008m br, 1968w, 

1833w br. 

[33] HRu4(CO)i2(~-T13·C-C(H)=C(H)Ph) a 2IOOvw, 2089vw, 2077sh, 

2060s, 2050s, 2038m, 2014s, I999vw, 1985w, I970sh. 

[34] H2Ru3(C0)9(µ3-T12-C=C(Me)Ph) e 2103w, 2077s, 2054s, 2040m, 

2030m, 2016m, 2012sh, 1988w. 

[35] HRu5(CO)i5(~-C-CH2CH2Ph) a 2104m, 2077s, 2059vs, 2050sh, 

2034s, 2016s, 2012sh, 2002vw, 1992w,1972w. 
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[36] H2Ru3(CO)g(PPh3)(µ3-112·C=C(Me)Ph) 2105vw, 2076s, 2060m, 

2043vs, 2036s, 2006vs, 1990m, 1984m. 

[37] H2Ru3(C0)9(µ3-112·C=C(H)Me) 2103m, 2077s, 2066vw, 2055s, 

2040s, 2022sh, 2017s, 1999vw, 1988m. 

[38] HRu5(CO)i5(~-C-Et) 2104m, 2077s, 2058s, 2034s, 2016s, 2001m, 

1992m, 1972m. 

[39] H2Ru3(CO)g(PPh3)(µ3-112·C=C(H)Me) 2089vw, 2078m, 2060w, 

2045s, 2035s, 2019vw, 2007s, 1990m, 1983m. 

[40] H2Ru3(C0)9(µ3-112·C=C(H)Et) a 2103m, 2077s, 2062sh, 2055s, 

2039s, 2034sh, 2022sh, 2016s, 1999w, 1988m. 

[41] HRu5(CO)i5(~-C-Pr) 2104m, 2076s, 2059s, 2033s, 2016s, 2012sh, 

200 lm, 1993m, 1972m. 

[42] H2Ru3(CO)g(PPh3)(µ3-112·C=C(H)Et) 2088vw, 2078m, 2065w, 

2045s, 2035s, 2018w, 2007s, 1990m, 1983m. 

[43] H3Ru3(C0)9(µ3-C-CH(Me)Ph) a 2103w, 2076vs, 2054w, 203lvs, 

2015m, 1990w, 1975w. 

[ 44] HRu4C(CO)i2(CuPPh3) 2087w, 2055s, 2046vs, 2030m, 2012s, 

2001vw sh, 1983w, 1964m. 

[ 45] Ru4C(C0)12(CuPPh3)i Isomer A b 2060vw, 2029s, 2015s, 

2002vw sh, 1986s, 1944m br. Isomer B b 2030s, 2015s, 2004w, 1987s, 

1944m br. 

[46] HRu4RhC(COh2(cod) 2088m, 2062s; 2049vs, 2032w, 2017s, 1989w, 

1974m, 1942vw. 

[47] HRu4C(COho(11S·C5Me5) a 2083m, 2054s, 2044vs, 2016sh, 2010s, 

1985w, 1970m, 1945w, 1936vw. 

[48] HRu5C(CO)J2(11S·C5Me5) a 2084m, 2044vs, 2019s, 2015sh, 1987w, 

1969m, 1845w. 

[ 49] Ru5C(C0)13(T15·C5Me5)i a 2073m, 2055sh, 2044vs, 2030s, 2012m, 

1987m, 1969m. 

II 
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[50] HRu4C(COho(115·C5H5) a 2094w, 2090sh, 2063s, 2053vs, 2043vw, 

2023vw, 2017m, 2006w, 1997vw, 1982m, 1955vw, 1948vw. 

a= heptane, 

b=CH2Cl2, 

c = toluene, 

d = ethyl acetate, 

e = pentane. 
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1 H nmr spectra. 

All spectra taken in CDCI3 unless otherwise stated. 

All chemical shifts are in ppm (SiMe4 : 6= O.OOppm) and all coupling constants 

are in Hz. 

[1] HRu5C(CO)i4(NC5~) Isomer A a 8.50 [ dddd, 3J81_H24.0, 

4JHI-H31.3, 5JH1-H40.6, 4JHI-H50.5, lH, lH ]; 7.37 [ ddd, 3JH3-H45.2, 
4JH2-H41.3, 5JHI-H40.6, IH, 4H ]; 6.95 [ td, 3JH3-H45.2, 3JH2-H35.2, 
4JH1-H3I.3, IH, 3H ]; 6.54 [ ddd, 3JH2-H35.2, 3JH1-H24.0, 4JH2-H4I.3, IH, 

2H ]; -25.75 [ d, 4J81_850.5, IH, 5H ]. Isomer Ba 8.26 [ ddd, 3J83_844.4, 

4JH2-H4I.4, 5JH1-H40.6, IH, 4H ]; 7.50 [ ddd, 3JH1-H25.8, 4JH1-H3I.3, 

5JH1-H40.6, IH, lH ]; 6.86 [ ddd, 3J81_m5.8, 3Jm_835.5, 4Jm_84I.4, lH, 2H ]; 

6.45 [ ddd, 3JH2-H35.5, 3JH3-H44.4, 4JH1-H3I.3, IH, 3H ]; -20.86 [ S, IH, 5H ]. 

[2] HRu5C(C0)13(NC5H4) a 8.20 [ m, IH, NC5H4 ]; 7.49 [ m, 2H, NC5H4 ]; 

7 .06 [ m, IH, NC5H4 ]; -21.6 [ br s, IH, Ru-H ]. At 250K : -21.49 [ s, IH, Ru-H 

- isomer A or isomer B ]; -22.03 [ s, IH, Ru-H - isomer A or isomer B ]. 

[3] HRu5C(CO)i3(NC5H5)(NC5H4) a 8.71 [ m, 2H, NC5fu ]; 7.90 [ ddd, 

3J83_845.9, 4JH2-H41.9, 5JH1-H40.6, IH, 4H ]; 7.59 [m, IH, lH ]; 7.37 [ m, 3H, 

NC5fu ]; 6.88 [ ddd, 3JH1-H2 7 .8, 3JH2-H3 7.2, 4JH2-H41.9, IH, 2H ]; 6.45 [ ddd, 

3Jm-H37 .2, 3JH3-H45.9, 4JH1-H31.7, IH, 3H ]; -21.27 [ s, IH, 5H ]. 

[ 4] HRu5C(C0)14(l,4-N2C4H3) a Isomer A 8.46 [ d, 4J81_ml .3, IH, 

lH :l; 8.42 [ dd, 3Jm_833.3, 4J81_ml.3, lH, 2H ]; 7.70 [ d, 3Jm_833.3, IH, 3H ]; 

-25.66 [ d, 4J84_810.5, lH, Ru-H ]. Isomer B 8.61 [ d, 4J81_ml.3, lH, lH ]; 

8.10 [ dd, 3Jm_833.4, 4J81_ml.3, lH, 2H ]; 7.60 [ d, 3Jm_833.4, lH, 3H ]; 

-20.83 [ s, IH, Ru-H ]. 

(5] HRu5C(C0)14(1,3-N2C4H3) Isomer Al a 8.93 [ d, 4Jm_831.4, lH, 

3H ]; 7.68 [ d, 3Jm-m5.l, IH, lH ]; 7.35 [ dd, 3JHI-H25.1, 4JH2-H31.4, lH, 2H ]; 

-25.65 [ s, lH, Ru-H]. 
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[5] HRu5C(CO)i4(1,3-N2C4H3) Isomer A2 a 8.96 [ d, 4JH2-H31.3, lH, 

3H ]; 7.71 [ d, 3JH1-H25.1, lH, lH ]; 7.38 [ dd, 3JHI-H25.1, 4JH2-H31.3, lH, 2H ]; 

-26.61 [ s, lH, Ru-H ]. 

[5] HRu5C(CO)i4(1,3-N2C4H3) Isomer B a 8.68 [ d, 4JHi-H21.1, lH, 

lH ]; 7.49 [ d, 3JH2-H35.3, 1H, 3H ]; 7.45 [ dd, 3JH2-H35.3, 4JHi-H21.1, lH, 2H ]; 

-20.90 [ s, IH, Ru-H ]. 

[6] Ru5C(CO)i4(N2C4"4) a 10.07 [ td, 3JH_ir6, 4JH-Hl.3, lH, 2H or 3H ]; 

9.93 [ elm, 3JH-ir6, lH, lH or 4H ]; 9.27 [ td, 3JH_ir4, 4JH-Hl.2, lH, 2H or 3H ]; 

9.14 [ elm, 3JH-ir4, lH, lH or 4H ]. 

[7] Ru5C(C0)14(N2C10Hs) a 8.66 [ d, 3JH-~.4, lH, C1olis ]; 8.43 [ d, 

3JH-H8.0, lH, C1oli8 ]; 8.36 [ m, lH, C1oli8 ]; 7.83 [ td, 3JH-H7.8, 4JH-Hl.6, lH, 

C1ofig ]; 7.65 [ m, lH, C1oli8 ]; 7.50 [ m, lH, C1oli8 ]; 7.45 [ d, 3JH-~·6, lH, 

C10Hg ]; 7.32 [ td, 3JH-H5.7, 3JH-Hl.6, lH, C1oli8 ]. 

[8] HRu5C(C0)13(µ-PHPh) Isomer A 7.87 [ d, 1Jp_H362, lH, P-H ]; -7.5 

[ m, 5H, C6fu ]; -22.13 [ d, 3Jp_Hl.5, lH, Ru-H ]. Isomer B 8.83 [ d, 1Jp_H378, 

lH, P-H ]; -7.5 [ m, 5H, C4I5 ]; -22.13 [ d, 3Jp.Hl.5, lH, Ru-H ]. 

[9] HRu5C(C0)13(µ-PHCy) Isomer A 6.77 [ dd, 1Jp_H339, 3JH-H8.5, lH, 

P-H ]; 0.8 - 2.7 [ m, 1 lH, C4I11 ]; -22.17 [ s, lH, Ru-H ]. Isomer B 7.50 [ din, 

1Jp_H353, lB, P-H ]; 0.8 - 2.7 [ m, 1 lH, C6H11 ]; -22.17 [ s, lH, Ru-H ]. 

[10] Ru5C(C0)14(PhC=CMe) a Isomer A 7.0 - 7.6 [ m, 5H, C6fu ]; 2.99 

[ s, 3H, CH3 ]. Isomer B 7.0 - 7.6 [ m, 5H, C£5 _]; 2.60 [ s, 3H, CH3 ]. 

[11] Ru5C(CO)i3(PhC=CMe) a -7.5 and -7.0 I m,,5H, C6fu ]; 2.23 [ s, 3H, 

CH3]. 

[12] Ru5C(CO)i3(PhC=CPh) a 7.4 [ br s, IOH, (C6fuh ]. 

[13] Ru5C(CO)i4(PhC=CH) a 10.17 f s~ lH, C=H ];-7.5 [ brm, 5H, C6lis ]. 

[14) Ru5C(COh2(PhC=CMe)i a Isomer A 7.2 - 7.8 [ m, lOH, (C4I5)i ]; 

3.33 [ s, 3H, CH3 ]; 2.20 [ s, 3H, CH3 ]. Isomer B 7.2 - 7.8 [ m, lOH, (C4I5)i ]; 

2.43 [ s, 3H, CH3 ]; 1.85 [ s, 3H, CH3 ]. 
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[15] H2Ru5C(COho(rtS·C5Me5)i -1.5 [ br s, 30H, (CH3)io ]; -22.38 [ s, 

2H, (Ru-H)2 ]. 

(16] Ru5C(CO)i2(C14H14) Isomer A 6.70 [ app t, JH-H3.1, 2H, C14fi14 ]; 

6.26 [ m, 2H, C14li14 ]; 5.52 [ app t, JH-H -7, lH, C14li14 ]; 5.37 [ m, 2H, 

C14J:h4 ]; 5.16 [ app t, JH-li-7, lH, C14li14 ]; 3.8 [ m, lH, C14lf14 ]; 3.6 [ m, lH, 

C14lf14 ]; 3.5 [ m, lH, C14l:h4 ]; 2.4 [ m, lH, C14lf14 ]; 2.2 [ m, lH, C14fi14 ]; 2.0 

[ m, lH, C14li14 ]. Isomer B Peaks at 6.7, 6.3, 6.0, 5.6, 5.0, 4.1, 3.9, 3.8, 3.4, 

2.7, 2.4 and 2.3. 

[17] Ru5C(CO)i4(NCMe) a Isomer A 2.01 [ s, 3H, CH3 ]. Isomer B 

2.56 [ s, 3H, CH3 ]. 

[18] H2Ru4C(C0)11(PPh3) a -7.5 [ m, 15H, (C6fi5)3 ]; -15.54 [ dd, 
2Jp_HA18.4, 2JHA-HB2.6, lH, HA]; -22.08 [ dd, 2Jp_HB6.5, 2JHA-HB2.6, lH, 

HB ]. 

[19] H2Ru4C(COho(PPh3)i b Isomer A 7 .2 - 8.0 [ m, 30H, (C6fis)6 ]; 

-14.69 [ ddd, 2JPA-HA15.4, 2JPB-HA6.2, 2JHA-HB2.8, lH, HA]; -21.32 [ ddd, 
2JPA-HB10.3, 2JHA-HB2.8, 3JPB-HB1.0, lH, HB ]. Isomer B 7.2 - 8.0 [ m, 

30H, (C£5)6 ]; -15.30 [ dd, 2JPA-HA16.5, 2JHA-HB2.7, lH, HA]; - 21.61 [ ddd, 
2JPA-HB 7.1, 2JHA-HB2.7, 3JPB-HB1.2, lH, HB ]. 

[20] H2Ru4C(CO)io(P(OMe)J)i a Isomer A 3.60 - 3.87 [ m, 18H, 

(CH3)6 ]; -16.38 [ dm, 2JPA-HA17.9, lH, HA]; -22.94 [ s, lH, HB ]. 

Isomer B 3.60 - 3.87 [ m, 18H, (CH3)6 ]; -16.66 [ ddd, 2Jp_HA19.3, 

2Jp_HA9.8, 2JHA-HB2.6, lH, HA]; -22.88 [ m, lH, HB ]. At 240K: Isomer A 

3.60 - 3.87 [ m, l8H;(CH3)6 ]; -16.38 [ d, 2JPA-HA17.5, lH, HA]; -22.94 [ s, lH, 

HB ]. Isomer B 3.60 - 3.87 [ m, 18H, (CH3)6 ]; -16.66 [ dd, 2Jp_HA19.3, 

2Jp_HA9.9, lH, HA]; -22.88 [ d, 2Jp_Iffi6.0, lH, HB ]. 

[21] H2Ru4C(C0)9(P(OMe)3)3 a 3.56 - 3.85 [ m, 27H, (CH3)9 ]; -16.34 

[ tdd, 2JP-HA15.8, 2JP-HA15.8, 2JP-HA4.6, 2JHA-HB1.8, lH, HA]; -22.70 

[ dddd, 2JPA-HB59.6, 2JPC-HB 7.3, 2JHA-HB1.8, 3JPB-HB1.2, lH, HB ]. 
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[22] H2Ru4C(CO)s(P(OMe)J)4 a 3.56 - 3.76 [ m, 36H, (CH3)i2 ]; -16.46 

[ m, IH, HA]; -22.94 [ m, lH, HB ]. 

[23] H2Ru4C(CO)io(dppm) a Isomer A 7.0 - 7.8 [ m, 20H, (C4I5)4 ]; 3.6 

[ brm, 2H, CH2 ]; -15.65 [ddd, 2JPB-HA-18, 2JPA-HA-8, 2JHA-HB2.4, lH, HA]; 

-21.56 [ dd, 2JPA-HB41.3, 2JHA-HB2.4, lH, HB ]. Isomer B 7.0 - 7.8 [ m, 20H, 

(C4I5)4 ]; 3.6 [ br m, 2H, CH2 ]; -15.75 [ dd, 2Jp_HA9.2, 2JHA-HB2.4, lH, HA]; 

-21.31 [ dd, 2Jp_HB43.6, 2JHA-HB2.4, lH, HB ]. 

[24] H2Ru4C(CO)g(dppm)i a Isomer A 6.9 - 7.5 and 7.8 - 8.1 [ m, 40H, 

(C6Hs)s ]; 3.92 - 4.24 [ m, 4H, (CH2h ]; -14.98 [ dd, 2Jp_HA12.7, 2JHA-HB2.7, 

lH, HA]; -20.80 [ dd, 2Jp_HB11.4, 2JHA-HB2.7, lH, HB ]. Isomer B 6.9 - 7.5 

and 7.8 - 8.1 [ m, 40H, (C6fi5)s ]; 3.92 - 4.24 [ m, 4H, (CH2h ]; -15.11 [ dd, 

2Jp_HA12.6, 2JHA-HB2.7, lH, HA]; -20.15 [ dd, 2JP-HB10.5, 2JHA-HB2.7, lH, 

HB]. 

[25] HRu4C(H)(CO)io(dppp) a 7.0 - 7.7 [ m, 20H, (C6li5)4 ]; 2.5 - 3.0 [ m, 

6H, (CH2)3 ]; -0.17 [ br s, lH, HA]; -22.76 [ br s, lH, HB ]. 

[26] H2Ru4C(COho(dppp) a Isomer A 7.0 - 7.7 [ m, 20H, (C4l5)4 ]; 2.5 

- 3.0 [ m, 6H, (CH2h ]; -15.37 [ dd, 2Jp_HA15.2, 2JHA-HB2.4, lH, HA]; -21. 10 

[ dd, 2Jp_HB9.0, 2JHA-HB2.2, lH, HB ]. Isomer B 7.0 - 7.7 [ m, 20H, 

(C4l5)4 ]; 2.5 - 3.0 [ m, 6H, (CH2h ]; -15.53 [ dd, 2Jp_HA15.0, 2JHA-HB2.3, lH, 

HA]; -20.67 [ dd, 2Jp_HB9.l , 2JHA-HB2.3, lH, HB ]. 

[27] HRu4C(H)(CO)io(dppe) a 7.3 - 7.7 [ m, 20H, (C6li5)4 ]; 2.1 -3.2 [ m, 

4H, (CH2h ]; -1.11 [ br s, lH, HA]; -22.75 [ br s, lH, HB ]. 

[28] H2Ru4C(C0)9(dppe)i a Isomer A 7.32 [ br s, 40H, (C6Hs)s ]; 2.09 

[ app t, J 4.1,8H, (CH2)4 ]; -14.71 [ dddd, 2Jp_HA21.2, 2Jp_HA18.5, 2JP-HA10.9, 

2JHA-HB2.7, lH, HA]; -22.17 [ d, 2Jp_HB8.7, lH, HB ]. Isomer B 7.32 [ br s, 

40H, (C6fu)g ); 2.09 [ app t, J 4.1, 8H, (CH2)4 ]; -15.17 [ d, 2Jp_HA17.5, lH, 

HA ]; -22.45 [ d, 2Jp_HB8.3, lH, HB ]. 
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[29] H2Ru4C(C0)9(dppp)i a Isomer A 7.9 - 8.4 and 7.0 - 7.7 [ m, 40H, 

(C6fi5)g ]; 1.9 - 2.8 [ m, 12H, (Cfu)6 ]; -15.20 [ dddd, 2Jp_HA21.0, 2Jp_HA16.6, 

2Jp_HA11.0, 2JHA-HB2.8, lH, HA]; -22.18 [ dd, 2Jp_HB9.2, 2JHA-HB2.8, lH, 

HB ]. Isomer B 7.9 - 8.4 and 7.0 - 7.7 [ m, 40H, (C6fi5)g ]; 1.9 - 2.8 [ m, 12H, 

(CH2)6 ]; -15.55 [ dt, 2Jp_HA17 ;6, 2JHA-HB2.2, 3Jp_Iffi2.2, lH, HA]; -22.60 [ d, 

2Jp_Iffi9.l, lH, HB ]. 

[30] H2Ru4C(CO)g;9(dppb)i a Isomer A 7.33 [ br s, 40H, (C6fi5)g ]; 1.7 -

2.7 [ m, 16H, (CH2)g ]; -15.71 [ ddd, 2Jp_HA17.9, 2Jp_HA6.9, 2JHA-HB2.6, lH, 

HA]; -21.94 [ ddd, 2JP-HB 7.5, 2JHA-HB2.6, 3Jp_1:ffi-0.8, lH, HB ]. Isomer B 

7.33 [ br s, 40H, (C6fi5)g ]; 1.7 - 2.7 [ m, 16H, (CH2)g ]; -15.86 [ dd, 

2Jp_HA17.8, 2JHA-HB2.7, lH, HA]; -22.13 [ ddd, 2Jp_1:ffi7.6, 2JHA-HB2.7, 

3Jp_HB-0.8, lH, HB ]. 

[31] HRu4(C0)12(µ4-T13-C-C(Ph)=C(H)Ph) c 7.41 [ m, 3H, (C6fish ]; 

7.24 [ m, 5H, (C6fish ]; 7.03 [ m, 2H, (C6fish ]; 5.15 [ s, lH, C=C-H ]; -21.48 

[ s, lH, Ru-H ]. 

[32] HRu4(C0)12(~-113·C-C(R)=C(H)R'){R=Me, R'=Ph; R=Ph, 

R'=Me} Isomer A 7.0 - 7.7 [ m, 5H, C6fi5 ]; 4.26 [ q, 3JH-H6.1, lH, C=C-H ]; 

1.84 [ d, 3JH-H6.1, 3H, C=C-CH3 ]; -21.65 [ s, lH, Ru-H ]. Isomer B 7.0 - 7.7 

[ m, 5H, C6fi5 ]; 4.03 [ q, 3JH-~·1, lH, C=C-H ]; 1.86 [ d, 3JH-H6.1, 3H, 

C=C-CH3 ]; -21.82 [ s, lH, Ru-H ]. Isomer C 7.0 - 7.7 [ m, 5H, C6fi5 ]; 5.28 [ s, 

lH, C=C-H ]; 2.35 [ s, 3H, C=C-CH3 ]; -21.54 [ s, lH, Ru-H ]. 

[33] HRu4(C0)12(~-113·C-C(H)=C(H)Ph) 7.1 - 7.8 [ m, 5H, C6fi5 ]; 6.52 

[ dd, 3JHi-ml l.1, 4JHi-H30.6, lH, lH ]; 5.49 [ d, 3JHi-ml l.1, lH, 2H ]; -22.12 

[ d, 4JH1-H30.6, lH, 3H ]. 

[34] H2Ru3(C0)9(µ3-T12·C=C(Me)Ph) a 7.1 - 7.5 [ m, 5H, C6fis ]; 2.41 [ s, 

3H, CH3 ]; -17.7 [ br s1 2H, (Ru-H)i ]. At 200 - 206K: Isomer A 7.1 - 7.5 

[ m, 5H, C6fi5 ]; 2.31 [ s, 3H, CH3 ]; -16.50 [ d, 2JH-H2.4, lH, (Ru-H)i ]; -19.43 

[ d, 2JH-H2.4, lH, (Ru-H)i ]. 
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Isomer B 7.1 - 7.5 [ m, 5H, C6fi5 ]; 2.44 [ s, 3H, CH3 ]; -16.04 [ d, 2JH-H2.4, 

lH, (Ru-H)i ]; -18.91 [ d, 2JH-H2.4, lH, (Ru-H)i ]. 

[35] HRu5(C0)15CJ4-C-CH2CH2Ph) a 6.9 - 7.5 [ m, 5H, C6fi5 ]; 2.74 [ t, 

3JH-H7.9, 2H, (CH2h ]; 2.29 [ t, 3JH-H7.9, 2H, (CH2h ]; -20.96 [ s, lH, Ru-H ]. 

[36] H2Ru3(CO)s(PPh3)(µ3-T12·C=C(Me)Ph) a 7.44 and 7 .37 [ s, 20H, 

(C£5)4 ]; 2.54 [ s, 3H, CH3 ]; -16.87 [ br s, 2H, (Ru-Hh ]. At 212 - 215K: 

Isomer A 7.1 - 7.5 [ m, 20H, (C6fi5)4 ]; 2.55 or 2.40 [ s, 3H, CH3 ]; -15.39 [ dd, 

2Jp_HA9.4, 2JHA-HB1.8, lH, HA]; -18.28 [ dd, 2Jp.Iffi7.6, 2JHA-HB1.8, lH, HB] 

or -18.75 [ dd, 2Jp.Iffi7.4, 2JHA-HB1.7, lH, HB ]. Isomer B 7.1 - 7.5 [ m, 20H, 

(C6fi5)4 ]; 2.55 or 2.40 [ s, 3H, CH3 ]; -15'.76 [ dd, 2Jp_HA9.6, 2JHA-HB1.7, lH, 

HA]; -18.28 [ dd, 2Jp.Iffi7.6, 2JHA-HB1.8, lH, HB] or-18.75 [ dd, 2Jp.Iffi7.4, 

2JHA-HB1.7, lH, HB]. 

[37] H2Ru3(C0)9(µ3-112·C=C(H)Me) 6.12 [ q, 3JH-H5.9, lH, C=C-H ]; 

2.00 [ d, 3JH-H5.9, 3H, C=C-CH3 ]; -15.92 [ s, lH, (Ru-H)i ]; -19.46 [ s, lH, 

(Ru-H)i ]. 

[38] HRu5(CO)i5(µ4-C-Et) Isomer A 3.07 [ q, 3JH-H7.3, 2H, CH2 ]; 1.01 

[ t, 3JH-H7.3, 3H, CH3 ]; -20.91 or -22.52 [ s, lH, Ru-H ]. Isomer B 2.41 [ q, 

3JH-H7.3, 2H, CH2 ]; 0.60 [ t, 3JH-H7.3, 3H, CH3 ]; -20.91 or -22.52 [ s, lH, 

Ru-H]. 

[39] H2Ru3(CO)g(PPh3)(µ3-112·C=C(H)Me) Isomer A 7.45 and 7.38 

[ s, 15H, (C6fish ]; 5.98 [ m, lH, C=C-H ]; 2.13 [ d, 3JH-H5.8, 3H, CH3 ]; -15.25 

[ br s, lH, HA]; -18.66 [ br s, lH, HB ]. Isomer B 7.45 and 7.38 [ s, 15H, 

(C6fi5)3 ]; 6.28 [ m; lH, C=C-H ]; 2.00 [ d, 3JH-H5.8, 3H, CH3 ]; -15.25 [ br s, 

lH, HA]; -18.66 [ br s, lH, HB ]. At 250 - 255K a : Isomer A 7.36 - 7.46 

[ m, 15H, (C6fish ]; 5.96 [ q, 3JH-H5.8, lH, C=C-H ]; CH3 not seen due to 

impurities; -15.24 [ d, 2Jp.HAll.1, lH, HA]; -18.7 [ d, 2Jp.Iffi-8, lH, HB ]. 

Isomer B 7 .36 - 7.46 [ m, 15H, (C£5)3 ]; 6.26 [ q, 3JH-H5.8, lH, C=C-H ]; 

1.97 [ d, 3JH-H5.8, 3H, CH3 ]; -15.30 [ d, 2Jp_HA9.2, lH, HA]; -18.72 [ dd, 

2Jp.Iffi8.2, 2JHA-HB1.8, lH, HB ]. 

11 I 
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[40] H2Ru3(C0)9(µ3-112·C=C(H)Et) 5.96 [ t , 3JH-H6.6, lH, C=C-H ]; 2.12 

[ dq, 3JH-H6.6, 3JH-~·6, 2H, CH2 ]; CH3 peak not seen due to impurities; -15.91 

[ s, lH, (Ru-H)i ]; -19.48 [ s, lH, (Ru-Hh ]. 

[41] HRu5(C0)15(~-C-Pr) 2.37 [ t, 3JH-H7.4, 2H, C-CH2-CH2-CH3 ]; 1.09 

[ qt, 3JH-H7.4, 3JH-H7.4, 2H, C-CH2-CH2-CH3 ]; 0.66 [ t, 3JH-H7.4, 3H, 

C-CH2-CH2-CH3 ]; -20.93 [ s, lH, Ru-H ]. 

[ 42] H2Ru3(CO)g(PPh3)(µ3-112·C=C(H)Et) Isomer A 7.45 and 7.39 [ s, 

15H, (C£5)3 ]; 6.14 [ m, lH, C=C-H ]; -1.95 [ m, 2H, CH2 ]; 1.22 [ t, 3JH-H7.2, 

3H, CH3 ]; -15.25 [ br s, IH, HA]; -18.72 [ br s, lH, HB ]. Isomer B 7.45 and 

7.39 [ s, 15H, (C6lf5)3 ]; 5.89 [ m, lH, C=C-H ]; -1.80 [ m, 2H, CH2 ]; 1.22 [ t, 

3JH-H7.2, 3H, CH3 ]; -15.25 [ br s, lH, HA]; -18 .72 [ br s, lH, HB ]. At 240 · 

250K: Isomer A 7.3 - 7.4 [ m, 15H, (C£5)3 ]; 6.08 [ m, lH, C=C-H ]; CH2 

and CH3 peaks not seen due to impurities; -15.33 [ d, 2Jp_HA8.0, lH, HA]; 

-18.79 [ dd, 2JP-HB8.6, 2JHA-HB-2, lH, HB ]. Isomer B 7.3 - 7.4 [ m, 15H, 

(C6H5)3 ]; -5.8 [ m, lH, C=C-H ]; CH2 and CH3 peaks not seen due to impurities; 

-15.29 [ d, 2Jp.HAl 1.4, lH, HA]; -18.88 [ dd, 2Jp_HB9.6, 2JHA-HB-2, lH, HB ]. 

[43] H3Ru3(C0)9(µ3-C-CH(Me)Ph) 7.2 - 7.4 [ m, 5H, C£5 ]; 3.32 [ q, 

3JH-H7.l , lH, C-H ]; 1.96 [ d, 3JH-H7.l , 3H, CH3 ]; -17.75 [ d, 4JH-~·6, 3H, 

(Ru-H)3 ]. 

[44] HRu4C(C0)12(CuPPh3) a 7.2 - 7.6 [ m, 15H, (C6lish ]; -22.52 [ s, lH, 

Ru-H ]. 

[45] Ru4C (COh2(CuPPh3)i a 7.2 - 7.7 [ m, 30H, (C6lis)6 ]. 

[46] HRu4RhC(CO)i2(cod) a 5.47 [ br s, 4H, (=CH-)4 ]; 2.42 - 2.63 [ m, 4H, 

(-CH2-)i ]; 2.05 - 2.29 [ m, 4H, (-CH2-h ]; -22.64 [ s, lH, Ru-H ]. 

[47] HRu4C(CO)io(11S·C5Me5) Isomer A 1.91 [ s, 15H, (CH3)5 ]; -22.00 

[ s, lH, Ru-HJ. Isomer B 1.83 [ s, 15H, (CH3)5 ]; -24.75 [ s, lH, Ru-H ]. 

[48) HRu5C(CO)i2(11S·C5Me5) 2.06 [ s,15H,(CH3)5 ]; -21.06 [ s,lH, Ru-H ]. 

[49] Ru5C(CO)i3(1lS·C5Me5)i 2.23 [ s, 30H, (CH3)10 ]. 
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[50] HRu4C(CO)io(T\S·C5H5) Isomer A 5.20 [ s, 5H, C5fu ]; -22.15 [ s, 

lH, Ru-H ]. Isomer B 5.19 [ s, 5H, C5H5 ]; -22.30 [ s, lH, Ru-H ]. 

a= CD2Cl2, 

b = C&)5CD3, 

c = (CD3)2CO. 



3lp. {lH} nmr spectra. 

All spectra taken in CD2CI2. 
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All chemical shifts are in ppm ( P(OMe h : 6 = 0.0ppm ) and all coupling 

constants are in Hz. 

Isomer A - 93.4 or - 95.0 [ s, IP, PB ]; 

-110.1 or-113.3 [s, IP,PA]. 

Isomer B - 93.4 or - 95.0 [ s, IP, PB ]; 

-110.1 or-113.3 [ s, IP, PA]. 

[20] H2Ru4C(COho(P(OMe)J)i 11.9, 9.1, - 0.2, - 0.7 [ s, 4P, (£(0Me)3)2 

- isomer A and (£(0Me)3h - isomer B ]. 

[23] H2Ru4C(CO)io(dppm) - 115.6, - 115.9, - 123.2, - 123.6 [ s, 4P, 

(£Ph2h - isomer A and (£Ph2h - isomer B ]. 

[24] H2Ru4C(CO)g(dppm)i - 113.8, - 114.3 [ s, 2P, (£Ph2h ]; 

- 116.1, - 116.4 [ d, Jp_p 33, 2P, (£Ph2h ]; 

- 118.0, - 118.5 [ s, 2P, (£Ph2h ]; 

- 124.4, - 127.7 [ d, Jp_p - 130, 2P, (PPh2h ]. 

[25] HRu4C(H)(COho(dppp) - 107.1 [ s, 2P, (£Ph2h ]. 

[27] HRu4C(H)(CO)io(dppe) - 65.6 [ s, 2P, (£Ph2h ]. 

[28] H2Ru4C(C0)9(dppe)i - 61.0, - 62.0 [ d, Jp_p - 35, 2P, (£Ph2h ]; 

- 64.3, - 73.6 [ d, Jp_p - 40, 2P, (£Ph2h ]; 

- 114.2, - 154.7 [ d, Jp_p - 90, 2P, (£Ph2h ]; 

- 116.1, - 153.8 [ d, Jp_p - 95, 2P, (£Ph2h]. 



Mass Spectra. 

Ru= 102. 
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[1] HRu5C(C0)14(NC5H4) 993 ( - 14 CO) 

[2] HRu5C(CO)i3(NC5~) 965 ( - 13 CO) 

[3] HRu5C(C0)13(NC5H5)(NC5H4) 1044 ( - 13 CO) 

[4] HRu5C(CO)i4(l,4-N2C4H3) 994 ( - 14 CO) 

[5] HRu5C(CO)i4(1,3-N2C4H3) 994 ( - 14 CO) 

[9] HRu5C(CO)i3(µ-PHCy) 1002 ( - 9 CO) 

[10] Ru5C(CO)i4(PhC=CMe) 1002 ( - 13 CO) [Loss of one carbonyl not 

seen.] 

[12] Ru5C(C0)13(PhC=CPh) . 1064 ( - 13 CO) 

[13] Ru5C(C0)14(PhC=CH) 1016 ( - 10 CO) Impurities present. 

[14] Ru5C(C0)12(PhC=CMe)i 1090 ( - 12 CO) 

[15] H2Ru5C(COho(rtS·C5Me5)i 1074 ( - 10 CO) 

[16] Ru5C(COh2(C14H14) 1040 ( - C7H7 - 12CO) 

[18] H2Ru4C(C0)11 (PPh3) 992 ( - 11 CO ) 

[19] H2Ru4C(COho(PPh3)i 1226 ( - 10 co) 
[20] H2Ru4C(COho(P(OMebh 950 ( - 10 CO) 

[21] H2Ru4C(C0)9(P(OMe)3)3 1046 ( - 9 CO) 

[22] H2Ru4C(CO)s(P(OMe)3)4 1142 ( - 8 CO ) 

[23] H2Ru4C(COho(dppm) 1086 ( - 10 CO) 

[24] H2Ru4C(CO)g(dppm)i 1414 ( - 8 CO) 

[25] HRu4C(H)(CO)io(dppp) 1114 ( - 10 CO) 

[27] HRu4C(H)(CO)io(dppe) 1100 ( - 10 CO) 

[31] HRu4(CO)i2(~-rt3·C-C(Ph)=C(H)Ph) 936 ( - 12 CO) 

[32] HRu4(C0)12(~-rt3·C-C(R)=C(H)R') {R=Me, R'=Ph; R=Ph, 

R'=Me} 874 ( - 12 CO) 

[34] H2Ru3(C0)9(µ3-rt2·C=C(Me)Ph) 676 ( - 9 CO ) 

[35] HRu5(CO)i5(~-C-CH2CH2Ph) 1048 ( - C2J4Ph - 15 CO ) 
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[36] H2Ru3(CO)g(PPh3)(µ3-112-C=C(Me)Ph) 910 ( - 8 CO) 

[37] H2Ru3(C0)9(µ3-112-C=C(H)Me) 600 ( - 9 CO) 

[38] HRu5(CO)i5(14-C-Et) 972 ( - C2H5 - 15 CO) 

[39] H2Ru3(CO)g(PPh3)(µ3-112-C=C(H)Me) 834 ( - 8 CO) 

[41] HRu5(CO)j5(~-C-Pr) 986 ( - C3H7 - 15 CO) 

[ 42] H2Ru3(CO}g(PPh3)(µ3-112·C=C(H)Et) 848 ( - 8 CO ) 

[ 43] H3Ru3(C0)9(µ3-C-CH(Me)Ph) 678 ( - 9 CO) 

[44] HRu4C(COh2(CuPPh3) 1082 ( - 12 CO) 

[ 46] HRu4RhC(CO)i2(cod) 968 ( - 12 CO) 

[ 47] HRu4C(CO)io(115-C5Me5) 836 ( - 10 CO) 

[ 48] HRu5C(C0)12(115-C5Me5) 994 ( - 12 CO ) 

[ 49] Ru5C(C0)13(115-C5Me5)i 1156 ( - 13 CO) 

[50] HRu4C(CO)io(115-C5H5) 766 ( - 10 CO) 

i I 
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Microanalyses. 

[1] HRusC(C0)14(NC5R.) Found: C 24.7%, H 0.6%, N 1.4%; 

Required: C 24.7%, H 0.5%, N 1.4%. 

[2] HRu5C(C0)13(NCsR.) Found: C 22.3%, H 0.6%, N 1.5%; 

Required: C 23.7%, H 0.5%, N 1.5%. 

[3] HRu5C(C0)13(NC5H5)(NC5H4) Found: C 27 .8%, H 1.2%, N 2.8%; 

Required: C 27.7%, H 1.0%, N 2.7%. 

[9] HRu5C(CO)i3(µ-PHCy) Found: C 24.3%, H 1.4%; 

Required: C 24.1 %, H 1.3%. 

[18] H2Ru4C(C0)11(PPh3) Found: C 36.1 %, H 1.7%, P 3.6%; 

Required: C 36.4%, H 1.7%, P 3.1 %. 

[20] H2Ru4C(CO)io(P(OMe)3)i Found: C 21.6%, H 2.1 %, P 6.4%; 

Required: C 21.6%, H 2.1 %, P 6.6%. 

[24] H2Ru4C(CO)io(dppm)i Found: C 50.6%, H 3.8%; 

Required: C 50.2%, H 3.3%. 

[25] HRu4C(H)(CO)io(dppp) Found: C 40.8%, H 2.6%, P 5.8%; 

Required: C 41.1 %, H 2.5%, P 5.6%. 

[27] HRu4C(H)(CO)io(dppe) Found: C 39.9%, H 3.2%; 

Required: C 40.5%, H 2.4%. 

(32] HRu4(CO)i2(~-113·C-C(R)=C(H)R') {R=Me, R'=Ph; R=Ph, 

R'=Me} 

Found: C 30.8%, H 1.2%; 

Required: C 30.3%, HI.I%. 

(34] H2Ru3(C0)9(µ3-112·C=C(Me)Ph) Found: C 31.9%, H 1.5%; 

Required: C 32.1 %, H 1.5%. 

Found: C 27.9%, H 1.6%; 

Required: C 27.9%, H 1.6%. 
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