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ABSTRACT 

FACULTY OF SCIENCE 

CHEMISTRY 

Doctor of Philosophy 

THE CHEMISTRY OF PHOSPHINE-ANCHORED 

GROUP VIIIA METAL CLUSTERS ON SILICA 

by Simon Charles Brown 

The preparation of the silica-heterogenized. metal clusters 

[Os^(CO)^^ (PPhgCH^CHgSIL)], [H20a^(C0)^Q(PPhgCHgCHg8IL)], 

[Hg08^(C0)^(PPhgCH^CHg8IL)], [H08^(C0)^(C:CSIL)] and 

[RugC(C0)^g(PPh2CH2CH2SIL)] is described. Each is identified by 

comparison with fully characterised homologies. 

A cycle for ethylene hydrogenation catalysed by the phosphine-

anchored triosminm clusters is developed. Possible causes of loss 

of activity are explored by carrying out pyrolysis studies on the 

heterogeneous and homogeneous variants. Thermolysis of 

[Os^(CO)^,|(PPhgR)] selectively gives [0G^(C0)^(PR)(CgS2^)]. Reaction 

of [E20s^(C0)g(PPh2R)] with ethylene, acetylene and hydrogen 

provides evidence of a cycle intermediate [B^OG^(CO)^(PPh2R)(C2H2^)] 

and the cluster retained deactivation products- [S0s^(Cp)g(PPh2R)-

(CHCHg)], [ng08^(C0)g(PPh2R)(CCS2)] and [H^06^(C0)g(PPhgR)(CCH^)]. 

Their properties are compared to those of the phosphine 

unsubstituted counterparts. CHj0s^(C0)g(PPii2CH2CE2oIL) (CGH^) 3 is 

identified as the only cluster species on the spent silicas; along 

with a mononuclear breakdown product. 

The substitution chemistry of CRugC(CO)^^] with phosphines and 

phosphites is investigated. The single crystal, X-ray diffraction 

determined, structure of [RugC(C0)^g(PPh2Et)] is presented, and 

the series [RugC(CO)^y_^ P(OMe)^ ^], n=1 to 4, is characterised. 

The corresponding anchored variants [Ru^C(CO)^y ^(PPhgCHgCH^SIL)^], 

n=1 or 2, are defined and their subsequent thermal degradation 

reported. 



MEMORANDUM 

A dissertation submitted in part fulfilment of the 

requirements for the degree of Doctor of Philosophy at Southampton® 

The work described has not been previously submitted for any other 

degree. Except where specific reference is made to the contrary, 

the work is original; none of it was done in collaboration. 

S.C.Brown 

30th« September I983 



ACKNOWLEDGEMENTS 

I would like to express my gratitude to the following 

people for assietance and guidance throughout the duration of 

this theels. 

Firstly, Dr.L.E.Smart for performing the complete 

single oryatal X-ray diffraction determination on [Os^(CO)^(PEt)-

(CgH^)]e Dr.M.Webster for leading me through the structural 

analysis of [EugC(C0)^g(PPh2Et)]. Dr.W.Levason for carrying out 

carbon and hydrogen elemental analyses and, in particular, 

Mrs®J.M.Street for recording all NME spectra on the Varian 

Associates XL-100 spectrometer. 

Generally, all the people on the sixth floor, but 

especially my supervisor Dr.J.Evans, My industrial supervisor 

Dr.P.Todd and his colleagues at ICI Petrochemicals Division for 

the use of their laboratory facilities. Also my present associates 

at BP Chemicals for understanding and encouragement during the 

preparation of this dissertation. 

Finally, my parents, Alison and her parents, for their 

continued support and affection, and to whom I dedicate this work. 



(1) 

CHAPTER ONE 

THE TETHERING OF TRIOSMIUM CLUSTERS TO PHOSPHINE-HODIFIED SILICAS 

1.1.Introduction 

With the diminishing reserves of crude oil the need for 

alternative technologies for production of strategic chemicals has 

become an urgent priority of the industrialised world. One viable 

route is derived from the hydrogen-deficient materials, coal, 

lignite, oil shale, tar sands etc., which Cim be readily converted . 

to syngas, a mixture of hydrogen ^nd carbon monoxide. These 

inorganic diatomics then constitute the building blocks for new 

processes in the petrochemical industry(l). For sound economic 

reasons, conservation of energy and feedstocks, these processes 

will invariably include a suitable catalyst. Such a material 

increases the rate at which equilibrium is attained, by substantially 

lowering the activation energy, without itself being consumed. 

t/here the opportunity of a series of different reaction paths 

exists, specific reduction in energy for only one can provide high 

selectivity. 

Present day catalysts are essentially of two types, 

solid-state catalysts ecg. metals and metal oxides, used in 

heterogeneous catalysis(2) and discrete, soluble metal complexes 

used in homogeneous catalysis. Most large scale industrial processes, 

with only a few exceptions, are based on the first classc Usually 

the metals are dispersed on inorganic oxide supports in order to 

both increase the effective surface area and dilute the catalyst 

for better temperature control. They are most commonly prepared 

by impregnation, in which the refractory support is contacted with 

a solution containing a salt of the required metal. The solute 

deposits on the carrier, and the resulting material is thendried 

and often calcinated before reduction, usually with hydrogen, to 

form small metal crystallites dispersed on the carrier surface. 

This reduction step frequently requires high temperatures(^K)0°C) 

and aggregation occurs to varying degrees resulting in a wide range 

of particle sizes, causing loss of selectivity as a catalyst. The 

state of dispersion affects the sites which predominate on the 

surface. For a large metal crystal thousands of,angstroms in size, 

the surface atoms are mostly present in the crystal faces. As the 

crystal size is decreased, the proportion of atoms present in 
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edges and corners increases. These atoms will have lower 

coordination numbers, and different surface energy levels, than 

those present in a crystal face and would be expected to have 

different affinities for reactant molecules. This makes the class 

of small metal particle5(<2oX)(3) very important because they 

display behaviour different from that of the bulk metal, and may 

exhibit activity for 'structure sensitive' reactions. 

A major drawback in all conventional heterogeneous 

catalysts is the extreme difficulty in assessing the intimate 

mechanisms of chemisorption and reaction on the surface, even 

with the most modern analytical, spectroscopic and diffraction 

technique6(4). Some advance in understanding chemisorption 

processes has come from studying the chemistry of idealized, single-

crystal metal surface6(5), but even then identifying adsorption 

modes can be difficult. In addition, many of the surface physics 

techniques i.e. LEED, AEUP8, EELS spectroscopy(6), can only be 

applied at low pressures, an obvious disparity with the normal 

conditions in heterogeneous reactions. 

1.1.1.The Metal Cluster/Surface Analogy 

Molecular metal clusters comprise an extremely diverse 

family in which the formal oxidation state of the metal atoms may 

vary from +3 to zero, or even have slightly negative values. The 

normal classification calls for thî ee or more metal atoms or ions 

mutually bonded to each other, although dinuclear metal complexes 

with metal-metal bonds are sometimes includedC?). These polyhedral 

arrays, which are usually surrounded and stabilised by ligands, 

fall into three main binary categories, carbonyls, halides and 

isocyanides; finally there is the nonligand classCB) of naked metal 
4- _ 

cluster ions e.g. Bi^ , Sn^ . By far the largest set are the 

transition-metal carbonyl clustcrc, which presently range up to a 

Pt^^ core of 0^ cubeoctahedral symrjEtiylgj. In these complexes the 

metal atoms have a formal zero gtste, which maximises 

overlap of the valence-shell orb:tr.lr., .̂ cr this reason clusters of 

Group VIII metals are favoured with carbonyl ligands, or other 

rroups, c&pable of drawing electrons out of the antibonding orbitalc 

In this thesis attention is focused on the Group Villa metals, 
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iron, ruthenium and. osmium, which form clusters with three to ten 

metal atoms, ignoring linked polyhedra. 

There is an appealing parallel between these cluster 

complexes and metal surface chemistry, which has been reviewed at 

length(6), and developed on two different levels. 

The first(10) is as models for chemisorption. The 

hypothesis starts by proposing that reaction mechanisms as 

established for homogeneous catalytic reactions may be mimed in a 

first approximation on an heterogeneous surface. However this 

approach with discrete mononuclear coordination or organometallic 

compounds, cannot furnish adequate models for important surface 

phenomena such as C-H and C-C bond activation. Invariably in 

homogeneous reactions the reactants all bind initially at the one 

metal centre. On a surface, for a single metal atom, bound to metal 

atoms below and minimally to four other at the surface, there 

remains insufficient space and available orbitals, to form an 

analogous intermediate. Tho obvious modification involves adjacent 

metal atoms so the adsorbed molecules can have several modes of 

interaction possibly bridging several centres. Also with the 

reactants at separate sites considerable mobility in the chemisorbed 

species is invoked in the mechanistic cycles. Both of these concepts 

are realised on transition metal carbonyl clusters. Obviously while 

species such as [08^(C0).^] bear no relationship to a metal surface 

the putative model is structured on the periphery of ligand atoms, 

groups of atoms or molecules and a metal surface with a similar set 

of ligands chemisorbed at the surface. Perhaps most striking is the 

propensity of the osmium cluster to coordinate hydrocarbons and 

cleave C-H and C-C bonds. Thus characterisation of the vibrational 

frequencies of modes imvolving the /-(^-methylene ligands in 

[HgOs (CO)^Q(CH^)] and [0s^(C0)^Q(C0)(CH^)](l1), the/^^-

acetylenic ligand in [05^(C0)g(C0)(C^Hp)](12) and the^^-ethylidyne 

ligands in [H M^(C0)^(Cne)], M=Eu, Os(l3) or Go(14), provide 

excellent comparisons to EELS data from dissociative adsorption of 

acetylene on the Ni(l11) and V7(110) surfaces, associative a.dsorption 

on Pt(111) and Pd(l11), and associatively adsorbed ethylene on 

Pt(111) and respectively. Ligand fluxionality, not only 

over the cluster faces (i,.e. carbonyls, organic moieties) but also 

within the polyhedra (hydrides), is a well-defined feature of 
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cluGter.sd^). The variable temperature NMR experiment can provide 

accurate activation i^arametorG, and can often yield unequivocal 

mechanistic information. 

The second analogy treats the whole cluster as a model 

to small dispersed metal particles, again the analogy has to be 

relative to a highly chemisorbed surface. In the largest cluster 

identified to date, , the metal skeleton diameter is 

11.6^(9), which is comparable with the average diameters reported 

for many highly dispersed supported metal catalysts. Within the 

Group Villa triad both [Os^QC(CO)g^f"(16) and [H^0s^Q(C0)g^f''(17) 

have a metal skeleton which is a fragment of a cubic close packed 

array, and corresponds to a face-centred cubic unit cell with four 

tetrahedally related corners removed. This geometry is different 

to that of osmium bulk metal which has a hexagonal close packed 

array. The four large planar faces, each consisting of six osmium 

atoms with six carbonyl ligands approximately perpendicular tc each 

face, probably represents the best analogy so far of a monolayer 

of carbon monoxide chemisorbed onto a metal surface. With the 

extended faces the coordination number of the metal atoms increases, 

whilst the osmium/carbonyl ratio is reduced with increased 

nuclearity. 

Apart from these geometric considerations a true model 

should also possess electronic characteristics which resemble those 

of a metal surface. For smaller clusters successful bonding schemes 

(l8) Eire based on counting skeletal electron pairs, implicitly 

assuming diamagnetic ground states. The accuracy of this approach 

is shown by photoelectron spectra of [Os^(CO)^gi(19) and [Osg(CO)^g] 

(20). In contrast the even-electron [H208^g(C0)22^](21), still 

possessing the same polyhedral core as the parent dianion, exhibits 

low temperature Curie-type paramagnetism(22).ABhift from Pauli to 

Curie-type behaviour has been predicted for bulk metals as the 

particle siae decreases, so in terms of magnetic properties the 

decanuclear cluster behaves as a small metal particle. This was 

augmented by an EPE study establishing that the trend towards 

metallic behaviour is well advanced for clusters with ten osmium 

atoms. 

It follows that larger metal cl.%8ter8, as preformed 

metal particles at, or near, zero oxidation state, can offer an 
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attractive method of forming supported small metal crystallites 

of uniform size, and hence more specific in their activity, because 

the need for high temperature reductions is avoided. 

A third opportunity afforded by clusters is that by their 

nature they can exhibit catalytic properties intermediate between 

those of mononuclear complexes and metal surfaces. In particular, 

they offer the potential of multimetal atom site reactions, with 

the possiblity of performing unique catalytic reactions impossible 

to effect at single metal atom centres. The discrete structures, 

use of bimetallic species and ligand effects, all promise design 

of highly selective catalysts(23)' Accordingly there is a profusion 

of studies on homogeneous systems in the literature(7). 

1,1.2oMethod6 of Heterogenising Homogeneous Catalysts 

The comparative merits and drawbacks of homogeneous 

and heterogeneous catalysis are summerised in Table 1. 

There exists a third kind of catalyst, a hybrid that 

attempts to combine the practical advantages of conventional 

heterogeneous catalysts with the versatility of homogeneous 

transition metal catalysts. The objective being to obtain a well 

defined complex that can be highly dispersed throughout the reaction 

medium while remaining in a separate phase. This heterogenizing 

of homogeneous catalysts, by immobilising on a high surface area 

solid support, can be achieved by a variety of methods(24)« 

1) By causing a metal complex to become physically 

dispersed within the pore structure of a support, usually achieved 

by impregnation of the carrier with a solution of the complex 

followed by solvent evaporation. Zeolites represent an ideal media 

and several attempts to entrap clusters within the supercage 

structure have been made, i.e. [Fe^(C0)^g](2^), [Ru^(C0)^2](26) and 

[Rh^(C0)^g](2?)» The evidence suggests that the cluster integrity 

is at least first retained, although whether adsorption is in the 

cavities or on the external surface of the support is questionable. 

2) Immobilisation of complexes on the matrix surface. 

a) Supported liquid-phase(SLP): This involves 

dispersing the complex in a similar manner to above, but with the 

additional presence of a relatively involatile solvent, which 



Table 1 
(6) 

Homogeneoua vorses Heterogeneous CatalyGii 

PROPER'TY HOMOGENEOUS HETEROGENEOUS 

FORM Soluble, discrete Solid-state, metal-

molecular compounds oxides or metals 

(usually supported) 

PEASE liquid Gas/solid, liquid/solid 

STABILITY Often sensitive to Good thermal and 

extreme temperatures, mechanical stability 

air 

APPLICATION Reasonable activity Often energy intensive, 

under mild conditions high temperatures and 

pressures 

Costly separations I- Capacity for use in 

difficult to recover packed and fluidized 

catalyst from products, beds, readily 

loss of expensive separated from reaction 

precious metal products 

Corrosion of reactors 

ACTIVITY low high 

SEUSCTIVITY High; efficient and Imperfect surface with 

reproducible action of sites of varying 

metal atoms reactivity, antithetical 

to selectivity 

MECHANISM Well defined on the Frequently ill-defined, 

molecular level inaccessible active-

sites 

COMMENTS Electronic and steric Design and improvements 

properties that can be limited through lack 

varied and frequently of knowledge- a 'black 

controlled, logical art' 

tailoring of activity 
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remaihs in the solid after the evaporation steps and in which the 

complex is effectively dispersed. The problems of diffusion 

limited reaction rates, and the possibility of the catalyst being 

destroyed by immersion in a liquid phase, need to be addressed(28)i 

and have so far limited application of this technique. 

b) Grafting: This involves attachment of the 

metal complex to the carrier through the formation of chemical 

bonds. The grafting reaction with an inorganic oxide surface involves 

an interaction with the surface hydroxyl groups, and is analogous 

to the reaction of a moisture-sensitive organometallic with an 

alcohol. A good example is the interactions of TT-allyl complexes 

on oxides such as BiliGa(29). 

S i - O h 

i - O H — S i — 0 . C H 
Zr(allyl)^ / \ / 3 5 

^ 0 Zr + 2 C H 
\ / \ ^ G 

— S i — 0 C H 
3 5 

For carbonylmetal clusters the simplest preparative 

procedure is to interact the species with the oxide, dry the material, 

and then to heat it in vacuo. This follows through the sequence of 

initial phyaisorption, chemisorption, and further carbonyl 

dissociation, Chemisorption could involve a variety of chemical 

reactions (Diagram 1);-

i) substitution of a carbonyl by a surface 

hydroxyl group. ii) oxidative addition of the hydroxyl group. 

iii) rmcleophilic attack on the carbonyl carbon 

atomo . iv) a Lewis acid interaction with a carbonyl 

oxygen atom. 

There is no compelling evidence for the first process at 

present. However chemisorption of [Os^CCO)^^] on silica above 150°C 

involves loss of two carbonyl ligands and oxidative addition of a 

surface silanol group to afford [H0s^(C0)^Q(0SIL)],^,(30). Analogous 

supported osmium clusters were prepared by contact with"Y -alumina 

titania and zirconia in n-octane heated to reflu%(i51). The interaction 

with magnesia is more facile taking place at 2^°C. However the 
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Diagram 1 

Possible ChemlGorptlon ProceGsos for a Carbonyl Clueter on. an 

Oxide Surface 

i) Substitution of a carbonyl by a surface hydrozyl group. 

(CO) M CO Ho-
rn-1 n 

(CO) M P 
m -1 n 

H 
r 

ii) Oxidative addition of an hydroxyl group* 

(CO) M 
m n 

HO- -> (CO) M 0 
m 

H 

iii) Hucleophillc attack at a carbonyl carbon atom. 

0 

(CO) M — C O Ho-
rn-1 n 

-> (CO) M C 0 
m - 1 n 

H 

[(CO) M — H 
m -1 n 

8 
+- CO + 

2 g 

j.v) lewis acid interaction with a carbonyl oxygen atom. 

(CO) M CO M" 
m - 1 n 

(CO) M — C 
m-1 n 

0 — M ' 
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product readily fragments to mononuclear speciec on exposure to 

air, which coi'relates with the increased basicity of this support 

(22). 

( 0 0 Os 
J 

(CO) 
4 

"0 

structure of [H08^(C0)._(0SIL): 

ps(CO) 

WWWWWWWSi \ \ \ \ \ \ \ \ \ w 

k'hen either [Fe^(C0)^2J or Fe(CO) is brought in 

contact with hydrated magnesia, airconia or alumina an instantaneous 

nucleophilic attack of a support hydroxyl group on a carbcnyl 

ligand occurs, with concommitant formation of [HFe^(CO)^^ D",!!, 

ionically bound to the surface(33)« The alumina system was studied 

most. Eliminated carbon dioxide was not detected in the gas phase, 

but shown by infrared spectroscopy to react with the carrier to form 

adsorbed carbonates. The outcome was independent of any temperature 

pretreatment (2^-500°C) of the alumina, inferring that hydroxyl 

groups, rather than molecular water, are resonsible for the formation 

of Again the basicity of the surface groups is critical, and 

on silica, where they have a very weak Bronsted acidity, [Fe^(CO)^g] 

is only physisorbed at room temperature and maintained as such 

without reduction. Significant shifts to lower frequencies for the 

infrared bands, and in particular that corresponding to the 

bridging carbonyl, suggests a tight ion-pair complex in which there 

is a Lewis acid interaction with the oxygen lone pair(34). There is 

also evidence(35) of a Lewis acid binding for [Fe^(C0)^2] on a 

dehydrated irf type of zeolite^ 

The major drawback in this grafting process is that the 
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very surface reactivity utilized in initially chemisorbing the 

cluster units can also bring about their destruction to monomeric 

or raft species upon thermal treatment or exposure to air* Piirther, 

the ionically bound species are susceptible to leaching into polar 

solvents, as illustrated by the addition of HCl causing the 

reappearance of [Fe^(CO)^g] in solution, or extraction of the anion 

by metathesis with Etj^NCl. 

However, it does present an effective method of 

preparing small metal particles which have selective Fischer-Tropsch 

activity(36). Thus a variety of clusters, including [M^(CO)^^], M= 

Os or Ru, and [Os^(CO)^g] when impregnated on alumina, silica or 

magnesia and heat treated give a product distribution favouring 

saturated, low molecular weight, hydrocarbons(37). Thermal 

decomposition of on alumina under syngas, gave small metal 

particles less than 20^ across, which exhibited a very high 

selectivity towards propylene. With time aggregation to very large 

iron particles, up to 500&, occurs accompanied by a decline in 

selectivity(38). 

c) Anchoring on ligand-functionalised supports: 

As evidenced by the ready aggregation above, low oxidation state 

metal carbonyls have relatively little affinity for oxygen-donating 

ligands. Punctionalisation of the support with a soft donor ligand 

might help to maintain cluster nuclearity over a wider range of 

conditions, Phosphines have been most commonly used, and this is 
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the approach adopted in this thesis, Foi- instance, on silica this 

iG achieved by employing.a ligand containing hydrolysable silyl 

groups, these condense with the surface silanol groups to form 

strong, covalent siloxane bonds. This class of immobilised catalyst 

is referred to as inorganic-anchored or tethered. Quaternisation 

of amine functionalised silica gel or polystyrene allows a variation 

on the ionic grafting process with isolation of [SILCHgCHgNH^] 

[FeCo^(C0)^^](39) and [(p)"CHgNEt^][HFe (C0)^^](40) 

1.1*$«Support I4aterial8 

There are two main types of support, inorganic oxides 

emd organic polymers. 

The most widely used polymers are those based on 

copolymerization of styrene with divinylbenzene(DVB), as a cross-

linking agent* Punctionalisation then proceeds, for example, by 

bromination of the phenyl rings followed by reaction with lithium 

diphenylphosphidea A variation involves copolymerizing a 

functionalised monomer i.e. p-bromostyrene with styrene and DVB 

followed by phosphination. This produces a random distribution of the 

functional ligand, but becauee replacement is mass-transfer limited 

a residual concentration of bromo-groups remain(4l), and this can 

be deterimental to the stability of immobilised species. Another 

type of support is prepared from styrene, DVB, and the phosphine-

functionalised monomer, p-styryldiphenylphosphineo Because of the 

higher reactivity of the latter monomer, a block polymer is obtained 

with islands of high ligand concentration. This favours 

multiphosphine-substituted derivatives of organometal].ic precursors. 

The general methods of preparing functionalised polymer membranes, 

gel-form and macroporous beads has been recently reviewed(42). 

Prom an engineering standpoint inorganic macromolecules 

have superior physical properties as supports for industrial scale 

applications. Polymers tend to have non-rigid structures, and this 

flexibility makes control of intermolecular distances almost 

impossible facilitating condensation, or polycoordination, of 

catalyst sites leading to deactivation. They also exhibit pronounced 

swelling under variable temperature and solution conditions, 

which can make practical control of diffusional properties difficult 
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and their thermal stability is limited, typically 160 C for a 

macroreticular resin. In contrast, inorganic oxides are mechanically 

rigid, diffusional characteristics are unaffected by all but the 

most severe changes in conditions, and thermal stability is 

primarily a function of the immobilised complex and not the support. 

However one disadvantage is that, while polymeric hydrocarbons are 

nearly inert, on inorganic oxides the potential still exists for 

undesirable side reactions with remaining indigenous active sites 

even after functionalisation, but this can be largely circumvented 

by silylation. The lower reactivity of such sites on silica, as 

witnessed in grafting processes, in combination with the above 

reasons, made it the macromolecular support of choice in this work. 

1.2* Characterisation of Supported Metal Clusters 

One of the major difficulties encountered with 

conventional heterogeneous catalysts is that of characterisation, 

similar problems arise with heterogenized systems. Since the majority 

of anchoring procedures are carried out at relatively modest 

temperatures it is reasonable to assume the physical properties 

(total specific surface area, pore volume, pore structure) of the 

support material will remain essentially unaltered. Much less clear, 

however, is the chemical identity of the supported complex and its 

mode of attachment to the carrier. The required information 

frequently falls outside the range of sensitivity of traditional 

surface science techniques, and beyond that obtainable by the 

conventional methods of characterising molecular clusters. In 

particular, the definitive methods of single-crystal X-ray, or 

neutron, diffraction in determining molecular structures clearly 

cannot be applied to these non-ordered systems. However advances 

in technique and sensitivity for vibrational and NMR spectroscopy 

does permit their application, enabling direct comparison of data 

for the supported complex and discrete model compounds. No one 

technique is satisfactory in isolation and until, for example, 

ultra- high resolution electron microscopy becomes available on a 

routine basis, reliance on a combination of techniques and/or 

indirect evidence is necessary. A short review follows of those 

techniques available which are most relevant to characterisation 
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of heterogenized metal clusters. The section concludes with a 

specific example of how this barrage is applied to the most 

thoroughly defined system to date, [1105^(00)^^(0511)],^. 

1.2.1.Infrared Spectroscopy 

Because of its routine accessibility this is the 

predominant technique used for characterising heterogenized metal 

clusters. Specifically, the carbonyl stretching vibration 

frequencies (^'gq) about 2000cm ^ are very sensitive (intensities 

and positions) to changes in structure, including alterations in 

ligand backbones. It does require a library of spectra for reference 

model compounds as it is solely applied as a fingerprinting 

technique. This comparative approach succeeds where the influence 

of the support is minimal, as with inorganic-tethering through 

bifunctional ligands where the alkyl chain effectively insulates 

the two segments. Assignments become more subjective for grafted 

clusters where electronic effects are transaitted from the support 

giving rise to large shifts in frequencies. Also simple spectra, 

as exhibited by mononuclear breakdown complexes, are even less 

diagnostic, although in cases of relatively high symmetry use of 

isotopic substitution can provide information about molecular 

symmetry. The problem of strong background absorptions from the 

support can be troublesome, but can be minimised by prudent choice 

of support material and high catalyst loadings. The advent of 

Foui'ier transform infrared spectroscopy and microprocessor techniques, 

allowing spectra subtraction, accumulation and averaging, also 

permits more detailed identification of vibrations from adsorbed 

molecules. A final comment is that implicit to characterisation 

by comparison with solution spectra of model compounds is the 

assumption that the surface species are isolated with no 

intermolecular interactions. 

1«,2»2. Daman Spectroscony 

A distinctive characteristic of a metal cluster is its 

metal-metal bonds, these are generally highly polarisable and the 

Daman technique is potentially valuable for determining structures 



(14) 

of supported clusters* Even so the low intensity of the Raman 

scattering from metal clusters, and the interference of fluorescence 

by many supports, can make these sWies difficult. However the 

availability of tunable lasers for resonance Raman spectroscopy, 

and the interfacing of spectrometers with computers, now makes the 

technique more generally applicable to supported catalysts. 

Ultraviolet/visible absorbance and reflectance 

spectroscopy is also used to determine whether metal-metal bonding 

is.retained, and as a fingerprinting technique. 

Nuclear Magnetic Resonance 

When applied to solutions, NMR is an extremely powerful 

tool because the fine details of the spectra (yielding chemical 

shifts and coupling constants) are very sensitive to molecular 

structure and conformation. Moreover, selective measurement of 

spin-lattice relaxation times using Fourier transform techniques 

allows detailed study of fluzional processesC^^)* Three obstacles 

had previously prevented similar high resolution in NHR spoctra 

of solids. These were large dipolar interactions leading to broad 

resonances, chemical shift anisotropy causing a spread of resonance 

frequencies for povfders, and long spin-lattice relaxation times. 

However recently a combination of techniques; namely double 

resonance decoupling, magic-angle spinning(44) and cross-polarization 

(45) respectively, have been developed overcoming these barriers 

allowing 'high-resolution' spectra of dilute nuclei to be obtained 

from solid materials. This should, in principle, furnish both 

structure determination, and information about mobility, for 

supported cluster compounds, in a similar fashion to their solution 

analogues. In anticipation of this exciting prospect, special 
13 

attention is paid to the C NMR features of proposed model 

compounds in this thesis. 

1.2.4. Extended X-ray Absorption Pine Structure 

With the availability of synchrotron radiation, and once 

the methods of data analysis and interpretation are optimised, 

EXAFS will fulfill its considerable potential for the characterisation 
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of amorphous heterogeneous systems. Advantages of the technique 

are that it may be selectively tuned to different elements by 

appropriate choice of irradiation frequency, no special sample 

preparation is required, except for low Z elements, and samples 

can in principle be examined in situ under catalytic reaction 

conditions. Information on the local enviroment (up to 10%.) of a 

given element is obtained and this is, of course, particularly 

relevant to supported metal clusters. 

A detailed structure analysis of Wilkinson's catalyst, 

[(PPh^).yRhCl], immobilised on a phosphine-modified polymer has been 

reported(46). The results revealed that dimerisation takes place 

on attachment of the free complex, with cleavage of the chlorine 

bridges occurring upon treatment with hydrogen. Preliminary results 

also confirmed the structure of [Ir^(CO)^g ^(PPh2-(^ 

2(24c). 

1*2«5e Miscellaneous 

Other spectroscopic tecliniques with potential include 

Mossbauer; with obvious application to iron-containing clusters. 

X-ray photoelectron spectroscopy(XPS) is used to provide valuable 

information about elocronio states, but the requirement for 

ultrahigh vacuum and possible sample decomposition in the beam are 

limiting. Secondary ion-mass BpectroBCopy(SIMS) is another ultrahigh 

vacuum technique which should be capable of yielding information 

on metal cluster/support and'metal/support interactions from the 

observation of metal-support verses metal only mass fragments. The 

application of magnetic susceptibility measurements and EPS has been, 

mentioned already. 

In addition, physical and chemical measurements can 

supplement this spectroscopic evidence. Elemental analysis of the 

surface composition is important, but as a bulk technique 

interpretation of metal/ligand ratios can be misleading, particularly 

when the support is functionalised prior to contact and mass-

transfer limitations can prevent coordination at all the available 

sites. Temperature-programmed docomposition(TPD) and adsorption 

experiments can evaluate metal/carbonyl contents, whilst in 

favourable circumstances the interaction between the complex and 
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support G&a be monitored directly by measuring the amount of 

material displaced (i.e. gas evolution) during the attachment step* 

The surface nature can the be predicted with some confidence by 

analogy with known solution chemistry. In some cases the nature of 

the organometallic species on the surface can be inferred by 

leaching back into solution, followed by characterisation using 

'conventional' methods. This requires the suppc^'t-to-complex bonding 

to be weak i.e. ionic, van-der-waal etc., so that negligible 

perturbation is expected during extraction, "rhis approach has been 

successfully applied to ionic grafted clusters such as ^ and 

Al^[H^Ru06^(C0)^2]""; prepared by heating adsorbed [HgRuOs^(CO)^^] 

on alumina under a syngas atmosphere(4?), which can be extracted 

back into solution by metathesis using Et^HCl and Ph^^AsCl 

respectively. 

Characterisation of [11067(00),.(OM)] 

The grafted cluster [H08^(C0)^Q(0M)], M=8ilica(^) or 

alumina(^b), effectively illustrates how a variety of these 

techniques can combine to elucidate a surface structure. In solution 

[08^(00)^^] is known to react with alcohols to form either 

[H08^(C0)^Q(0R)] or [08^(C0)^Q(0E)g](48). The surface reaction is 

probably a similar oxidative addition of silanol groups to an Os-Os 

bond leading to [08^(00),^(OSIL)_] or la. In agreement with this 

hypothesis^'^the infrared v spectra of model compounds 

[H0s7(C0)^Q(08iR^)], R=Ph or Et, and la is quite good(49). Moreover 

the resolution and sharpness of the bands did not suggest formation 

of metallic particles covered with carbon monoxide, which only 

gives two broad bands at 2010 and l860cm ($0). However a better 

correlation apparently existed with the spectra of known dialkoxo-

compounds. This uncertainty was overcome by quantitative gas phase 

analysis during of 1 by different routes (Diagram 2). When 

physisorbed [Os^(CO)^p] is thermally decomposed about 2 moles of 

carbon monoxide per mole of supported cluster is evolved (without 

any significant traces of Hg, or 00^), but during thermolysis 

of physisorbed [5^06^(00)^^] only hydrogen was detected by 

chromatographic analysiso These observations are consistent with 

the following reactions:-
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OB^(CO)^g + T H06^(C0)^^(0-Si^ ) + 2C0 

Hg08^(C0)^Q + H-O-Si^ ». H06^(C0)^Q(0-Si^ ) + 

Further I can be prepared by contacting [Os^(CO)^_(NCMe).,] with the 

appropriate support at room temperatureo For silica this is 

accompanied by the evolution of 2 moles of acetonitrile, but on 

alumina the released acetonitrile is strongly bound to the carrier 

(as shown by infrared), presumably through interaction with the 

Lewis acid centres(4^). Ib can also be obtained by impregnation of 

alumina with [Os7(CO)^Q(CgEg)](5l). The known chemistry of these 

two, lightly stabilised, clusters with EX species under mild 

conditions strongly pointed to the proposed stoichiometryp 

Since ^ is quite stable at room temperature, even in 

the open air, further characterisation by EXAF8 was possible which 

confirmed that the cluster frame was retained(^2). The K Fourier 

transforms of the EXAFS spectra of la and [Os^(CO)^^] were determined, 
^ i; 

the effect of the phase shift, calculated from the known structure 

of [Os^(CO)^2](i;3), was 0.23^. After correction the average Os-Os 

nearest neighbour distance is 2.68X, corresponding to shortening 

with respect to that of the starting cluster(2.88%). Although the 

shape of the EXAFS spectrum did not allow any distinction betv/een 

the three separate distances, this observation, while small, is 

consistent with the contraction of the bridged edge in clusters of 

the type [H0s^(C0)^QX](54). The opposite is true for [Os^(CO)^Q(OMe)g] 

(55) where an expansion occurs. The Fourier transform did not 

contain any peak which could be attributed to a second osmium 

nearest neighbour, in agreement with a lack of aggregation to very 

small metal particles, and the existence of a molecular speciesc 

A complementary result was obtained from a Raman study 

on Ib(56). A spectrum was obtained by averaging about 50 scans to 

provide a suitable signal-to-noise ratio* A strong band was 

identified at l60cm , plug additional features at lower frequencies, 

which firmly established retention of Os-Os bonding. Comparison with 

the spectra of [03^(00)^2] and [HgOs^(CO)^Q] provided evidence 

supporting a triosmium cluster as the surface species* 

Together these various observations unequivocally 

characterised the surface species, although this could not be deduced 
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from each of them separately in isolation. 

1.3. The Anchoring of Metal Clusters to Phosphine-functionalised 

Silica 

1.3^1. The Silica Surface 

Conventionally silica gel is made by mixing aqueous 

solutions of sodium-silicate and sulphuric acid. Molecules of silicic, 

disilicic and trisilicic acid are formed which polymerise by 

condensation of silanol groups ( ^ i - O H ) to form siloxane (-^Si-O-Si^) 

linkages. This stage gives a colloidal solution of spheroidal 

particles of polysilicic acids, in turn these hydrosol particles 

aggregate into chains and networks to produce silica gel. The nature 

of its highly porous structure is much dependent on the method of 

preparation and dehydration. Direct drying results in collapse of 

the original, very open, texture, through the mechanical force of 

retreating water menisci in the pores, until the strength of the 

agglomerated particles becomes sufficient to resist further shrinkage. 

Tttis product with a reduced internal surface is known as a x:erogel. 

The contraction can be minimised by either replacing the water 

with another liquid of lower surface tension before drying, or by 

removing water vapour at a temperature above its critical point 

(aerogel). 

Such preparations leave the gel relatively pui^e, but it 

does contain Ka^, Ca^\ Ti and Al"̂ ^ at levels of 0.01 to 

0.059^ each. In particular, the Al"̂ ^ impurity can significantly 

alter the surfaces otherv;ise catalytically inertness by introducing 

lewis GiteG(57)» A much higher purity grade is imide by the flame 

hydrolysis of silicon tetrachloride, to give a non-porous, finely 

divided silica powder (e.g. *Cabosil','Aerosil') having a particle 

size in the region of diameter, with specific surface areas 

in the range ;;0-̂ 400m .g . This is ideal as a catalyst support 

because there are no concessions necessary to rates of diffusion 

in and out of a pore structure. With the vast bulk of the silanol 

grouTjs on the surface(58) they are readily accessible, and the 

small particle size/large surface area also impart favourable 

characteristics to allow infrared studies of adsorbed carbonyl 
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speciese Accordingly the Degussa grade 'Aerosil 200', BET surface 

area 200m .g" and average particle diameter of 12nm, was chosen 

throughout the bulk of this study. 

Dehydration of a maximally hydroxylated silica at about 

100-150°C, in vacuo, removes only physically adsorbed water, while 

heating above this temperature results in progressive loss of 

chemically bound hydroxyl groups. Considering only the surface, 

infrared spectroscopy identified the presence of at least two types 

of silanol groups^ A byroad band around 3400cm"'^ due to surface 

water disappears at 100°C to leave two features at ^700cm 

assigned to 'free' silanol groups, and another at about 3550cm 

attributed to perturbed hydroxyl groups, believed to be bound by 

a mutual hydrogen bond(58). The combination of MAS/CP provides 

NMR spectra with a high degree of structural resolution, while 
29 

the nature of the cross-polarisation experiment, in which 81 spin 

polarisation is derived from the proton-spin resevoir, makes it 

ideal to study surface silicon atoms because it discriminates 

against silicon nuclei in the interior of a silica particle because 

of the prohibitively long distances to the available (hydroxyl) 

protonsa Three resonances were ob5erved(59) corresponding to 

surface silicon atoms with four siloxane attachments (interconnecting 

lattice sites), three siloxane bonds and one hydroxyl group 

(silanol sites), and atoms with two siloxane bonds azid two 

hydroxyls (silsjnediol sites). The last set represent the 'perturbed' 

groups, but various NMR considerations militated against the 

alternative interpretation of hydrogen-bonded pairs. Based on this 

data is the hypothetical surface segment shown in Diagram 3. 

A number of procedures(3) indicated that a well hydrated 

surface prepared by dehydration at 150-200°C has a concentration 
- 2 

of chemically bound hydroxyls of about 5nm # This prompted DeBoer 

and Vleeskin6(6o) to propose a model based on the 111 face of 

crystalline -cristobalite, where hydroxyl groups are separated 

by about and arranged in a hexagonal array that corresponds to 

a density of 4.55n.m Hockey(6l) further developed this model by 

postulating that higher observed densities on untreated silicas 

arose from lattice defects giving additional geminal and single 

hydroxyl sites* Dehydration then proceeds by ready condensation of 

these close proximity features to give the regular JB -cristobalite 
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Diagram 3 

The Silica Surface and attachment of Bifunctional LiRanda 

Hypothetical segment of a dehydrated Silica surface 
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surface. Its limitations include no concession to the known 

presence of spacially adjacent (vicinal) pairs, or a feasible 

explanation to the much lower densities (ca. 1 OH per nm"') 

measured for highly dehydrated surfaces. The alternative model of 

Peri and Hen8ley(62) is based on the 100 face having a geminal pair 

connected to each silicon on the virgin surface (7*9 per nm ), 

V/hilst inconsistent with the true nature of a fully hydroxylated 

silica, it does predict that initial dehydration occurs by random 

condensation of groups along the surface rows to give vicinal pairs, 

but suffers from no cigar mechanism allowing formation of isolated 

silanols. 

Niether model is entirely consistent with spectroscopic 

detail, CP/liAt](63) and infrared(58), from dehydration/rehydration 

experiments* These show a preferential decrease of the silanediol 

population up to 400°G until a plateau is reached, where they are 

presumably too isolated to allow continued condensation by the 

mechanism suggested by Peri(62). Above 400°C the isolated silanols 

progressively disappear, so that typically at f;00^C the hydroxyl 

concentration is 20-30^ of the saturated value. At very high 

temperatures (> 700°C) further elimination of geminal sites occurs* 

From here rehydration is practically non-existent, probably because 

the siloxane bonds being hydrophobic(54) offer very improbable sites 

for the initial specific adsorption of water, which may instead occur 

at the limited number of remaining uncondensed hydroxyl groups. Thus 

the surface of silica appears quite heterogeneous containing 

Gogments resembling both the'111 and 1(^ faces of cristobalite i.e. 

a combination of the two models. 

The surface silanol group is weakly acidic with a pK 

in the vicinity of 9 and can act as a weak acid ion exchanger(6$). 

No Lewis acid behaviour is displayed provided the silica is pure. 

It forms strong hydrogen bonds to water, alcohols, ethers etc. and 

weak ones even to olefins and benzene; a phenomenon utilized in 

separations and chromatography. In addition, they undergo a variety 

of other reactions(66) and can be replaced by the passage of MeOH, 

CCl^ or SOClg over the silica. The chloro-silica is very reactive, 

in the same manner as chlorosilanes in general. Indeed a variety 

of chlorosilanes and related hydrolysable materials, i.e. ClSiMe^, 

ClSiMe^^BuCSy) and Ke^SiNHSiMe^, have long been used as silylating 
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agents to decrease the polarity of siliceous supports in gas 

chromatography, producing a lipophilic organic surface. An infrared 

study with trimethylchlorosilaneC^S) testified that it is impossible 

to coat the surface entirely with chemically grafted -SiMe^ groups, 

and minor defects remain in the modified layer* Practically all 

the free silanol groups reacted, and it was the silanediols which 

constituted the remaining groups. Vfith octyldimethylchlorosilane(68), 

predrying the silica to minimized their concentration leaving 

mainly free hydroxyl groups, the reactive ones in the silanizing 

procedure. This allowed an octyl-silanized silica with only a minor 
2 9 

residual hydroxyl content to be prepared. A recent CP/MAS 8i HIIR 

investigationCGg) complimented these results with the appearance 

of a strong resonance at approximately lOOppm downfield from the 

silica region, corresponding to the attached -SiMe^ moietye 

Differences in the higher shielded area Eire interpreted as shown in 

Diagram 3. A geometi'ical factor preventing both geminal groups from 

reacting is self evident* 

Surface Modification with Bifunctional Ligands, Preparation 

of PPh«CE_CH_SIL 
— — ( d 

The last reference also contained detail of the interaction 

with Cl^SiMeg and Gl^SiMe, where the possibility of multibonding 

to the surface and siloxane oligomerization exists. These examples 

conveniently introduce the option of covalently attaching ligand 

groups to inorganic surfaces. Of the several ways available(70), 

the most preferred method involves using compounds of the type 

RSiX^, where R is an organofunctional group and X is a readily 

hydrolysable group i.e. CI, OR, OCOR etc. It gives a strong 8i-C 

bond (=Or70kcal«,mol ') at the surface which is hydrolytically and 

thermally stable because of its crosslinking, it is also a one step 

synthesis that is simple to carryout under mild conditions. In 

principle any ligand that forms part of an organic molecule can be 

introduced into the organofunctional group and hence chemically 

bonded to the silica surface. As tertiary phosphine derivatives of 

metal clusters tend to be relatively stable, through the TT -acidity 

of the ligand stabilising the zero oxidation state, it was decided 

to use these as the liganding function. Principally diarylalkyl-



(24) 

phosphines are employed, preparation of a triarylphosphine ligand-

silica is more difficult, but can be accomplished by hydrosilylation 

of a double bond in aGUbBtitntedtriarylphosphine(70). 

Such bifunctional silylalkylphosphine molecules, 

PR_(CHp) 8iX^, with controlled chain lengths n > 4 , can be prepared 
cL. 1% ^ 

by a two step synthesis devised by Oswald, Murrel and Boucher(71)« 

The first step involves silane, X^SiH, addition to a ,i;J-diene 

in the presence of KgCPtClg] or palladium catalyst. An excess of 

diene limits formation of (»< -alkylene bis-silane, similarly low 

temperatures prevent isomerisation leading to major quantities of 

the relatively unreactive, internally unsaturated, alkenyl-silane 

mono-adducts. The second stage to incorporate a secondary phosphine 

occurs by a free radical mechanism first reported by Niebergall(72). 

Competing side reactions are suppressed by working under mild 

conditions, at with ultraviolet light initiation* Bbth additions 

occur in an anti-Markovnikov manner. The shorter chain n=2 or 3 

compounds can be prepared directly from commercially available 

vinyl and allyl-silanes. Alternatively the propyl derivative is 

prepared by adaption of lssleib*s procedure(73), either by reaction 

of Cl(CHg)^8i(0Me)^ with HPPhg in the presence of sodium hydride(74), 

or by first anchoring to give a chloropropyl-silica, silylating 

remaining silanol groups to prevent side reactions, and then 

contacting with KPPh^ to form the ligand-silica in situ(70). In; 

this study 2-(diphenylpho6phino)ethyltriethoxysilane was chosen 

because the ethoxy groups make handling easier, being less 

hydrophilic than chlorosilanks, and together with a short chainlength 

they favour selectivity towards mono-substituted carbonyl adducts. 

Prepared from triethoxyvinylsilane and HPPhg, it was characterised 

by spectroscopy and recorded boiling point. A detailed NMR analysis 

for all elements exists(7^), showing that the presence of an ethoxy 

group in the homologous series (EtO) (Me)^ 8i(CH_)^PPh_ has a 

profound effect on the P chemical shift, assigned to a direct 

interaction between phosphorus and oxygen atoms. The product's 

viscosity at room temperature has also been attributed to (inter-) 

molecular a650ciation8(7l). 

Covalent anchoring to silica, of all but the trichloro-

ligand silanes, is slow at room temperature and is conveniently 

carried out in a boiling arene solvent, typically m-xylene, using 
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a Dean and Stark apparatus to allow withdrawal of the condensation 

products. Normally the silica is dehydrated to remove physisorbed 

water and reduce the silanediol concentration. The importance of the 

first action is disputable. With a totally anhydrous material the 

phosphino-sili&ne could only react with silanol groups leading to 

individual linking of all molecules to the surface. In the presence 

of water the ,Si-X can hydrolyse to Si-OH which can condense either 

as above or with the silanol of another molecule to give a cross-

linked linked polysiloxane network with few chemical bonds to the 

Bilica(76).. This would give islands of high phosphine density and 

elemental analysis would not be representative of the micro-

enviroment. However Murrell(77) provided evidence that with a 

sufficient excess of phosphino-silane the same extent of coverage 

results, corresponding to a monolayer, independent of the degree of 

dehydration. Polymerisation undoubtedly occurs, but the formed 

polymers are apparently too sterically constrained to undergo 

reaction with the surface silanol groups, and are readily removed 

by Soxhlet extraction. Eov/ever an alternati\/0 method of 

phosphinating the silica, by hydrolysis of the linking agent in the 

presence of hydrochloric acid(74), must result in attached polymers* 

Intermediate structures are probably formed in most cases. 

The extent of covalent bonding is difficult to quantify. 

A recent attempt(78) to gain clarification involved contacting 

with aminopropyl-silanes. At room temperature subsequent treatment 

with salicylaldehyde in EtOH gave the salicylaldimine chromophore 

detected on the surface, and-in solution through EtOH solubilising 

all hydrogen-bonded species. The limited number of covalent bonds 

initially formed being proportional to the value of n (the number 

of ethoxy groups originally present). To a degree this progression 

is lost after oven curing at 80°C when the majority of bonds are 

of a covalent nature. The still marked increase in stability for 

1̂ :2 or 3 is indicative of multiple covalent bonds to the surface, 

but is complicated by postulated oligomerisation from concentrated 

solutions. Other re8ults(65,77) indicate that for least one 

hydrolysable group does not react with the surface, owing to steric 

limitations, and dianchored ligands predominate. This provides a 

method of gauging the surface concentration of attached phosphine 

groups by varying the anchoring functionalities, A study on the 
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PPh^(CHg)^SiX^ 8ystem(77) showed that, after 6 hours at 1^0°C in 

xylene, the extent of coverage on a previously dehydrated silica 

was X=C1>0MG>OCOMe^OEt« Further, the amount of covalent anchoring 

for the ethoxy group was not time or temperature limited. This 

trend is the inverse of the steric requirements of the silyl groups 

which control the saturated coverages, and not the more bulky 

phosphine tail. This represents a second advantage of using ethoxy 

groups if multisubstitution is to be avoided. 

The length of .the alkylene chain is also conceptionally 

important. The catalytic activity of the heterogenized species 

derived from [RhCl(C0D)(PPh2(CH2)^SiX^)], for hydroformylation of 

propylene, has been studied as a function of chain length, n=2 or 

8(79). For X=OEt only a marginal difference, in favour of the 

dimethylene derivative, was seen whereas with X=:C1, for n=2 the 

compound was inactive, yet the octamethylene species had comparable 

activity to the ethoxy derived derivative* This was equated with 

poisoning by residual chlorine through the close proximity of the 

metal centre to the surface, avoided with the longer cltain. Chain 

length can also bo used to tailor the stereochemical and electronic 

enviroments of a metal atom. A long and flexible chain will have 

a high degree of freedom and react as would the unanchored phosphine 

to form the most stable metal complex, whereas a chort chain, in 

association with the surface rigidity, can be utilized to isolate 

thermodynamically unstable species; i.e. monomers which dimerise 

in solution, or monosustituted adducts which would otherwise undergo 

further substitution. 

In view of the current objectives, both considerations 

are best met by heterogenisizing PPhgCH^CH^SiCOEt)^. In theory this 

can be augmented by reducing the coverage to less than a monolayer, 

increasing the intermolecular separation, but this appi'-oach suffers 

from the in homogeneity of the surface with groups rgmdomly 

distributed having no fixed distance between pairs* The required 

ligand-silica, PPh^CH^pCH^SII., was prepared by reacting 'Aerosil 

200' , previously dried in vacuo at 145°C, with a large excess of 

freshly distilled PPh^CH_CH^Si(OEt)^. Optionally the remaining 
< d, £1. 

accessible silanol groups were silylated with ClSiMe.y. By this 

technique elemental analysis showed the phosphorus content to be 

Oo287mmol.g . Since the surface area of the parent silica is 
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2 
200m .g- , this translates to an average of 0.93 phosphine groups 

per nm"̂ , based on the formula- 2.87x10 ^/200{l-(2.87x10 *̂ xMW of 

PPhgCn^CHg8iOEt)]-(74). This figure is reproducible and similar to 

the loading achieved by other workers(80). Further characterisation 

has been sort, weak infrared absorptions attributed to the 

organofunctional group have been identified(74), and a resonance 

at 6-8.6 is seen in the solid-state P NMR spectrumCSl). 

1.3.3. Possible Routes for Preparing Phosphine-immobilised 

Metal Clusters 

There are two basic strategies for heterogenizing 

Group VIII metal clusters to inorganic supports through a p&iosphine 

linkage (Diagram 4). The first (SCHEME ONE) involves formation of 

the heterogeneous complex from the ligand-silica by the same 

methods used for ligand-polymers, principally ligand exchange or 

association reactions. One novel variation involves the in situ 

formation of [Ir(CO)^^-(^] on a dilute phosphinated polystyrene 

by reduction of [Ir(CO)Cl(p-toluidine)] with zinc(82); in the 

presence of a good swelling agent(8^). It was shown to be active 

as a catalyst for ethylene(84) and cycluhexene(8$) hydrogenation, 

but suffering decarbonylation and aggregation above 100°C, Eov/ever, 

since the reaction with the surface takes place under relatively 

mild conditions, <̂ nd does not involve the ligand donor atom, there 

exists the second option of forming an homogeneous cluster derivative 

with the bifunctional ligand prior to application to the surface 

(SCHEME TWO). Both approaches have certain merits and drawbacks, 

which tend to be complementary. 

The main advantages of SCHEME OME include 

i) As mentioned already, the surface rigidity 

can allow isolation of species unstable in solution because the 

opportunity fi&r intermolecular interactions is greatly reduced. 

ii) The surface properties of the ligand-

silica may be altered prior to reaction with a sensitive metal 

centre. After attadnient of the ligand-silane the remaining, 

accessible silanol groups can be removed by silylation to produce 

a lipophilic organic layer. This reduces side reactions with the 

silica base and makes it possible to control the microenviroment 
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at the metal centre. 

Both these properties are exploited to shift the 

product distribution from thermal treatment of [Ru^(CO)^g] with 

phosphines away from the normally, heavily weighted, tris-

substituted product. 

iii) It is possible to extend the range of 

liganding groups by standard organic reactions of organofunctional 

groups attached to the surface, that are not applicable to the 

R8iX^ species. 

Its major disadvantage is that, although rigid, the 

surface distribution of phosphines is non-ordered. This makes it 

almost impossible to specifically tailor to the particular 

requirements of a certain complex, and non-selective reactions in 

solution are to an extent reproduced on the surface. This can be 

avoided by modelling syntheses to give selective tethered products, 

used to a premium in preparing [HgOs^(CO)^Q(PPh2CHgCH2SII,)] and 

[Os^(CO)^^(PPhgCH2CHgSIL)]. However this still leaves certain 

pitfalls, not least the presence of remaining, sterically inaccessible, 

ligand-silica groups which only become manifest in subsequent studies 

(pyrolysis or catalysis). 

The main advantages of SCHEME TWO are:-

i) Separation and characterisation, by 

standard techniques, of a discrete complex is possible, even where 

direct reaction of the ligand-silica with the complex precursor 

would give a mixture of products. 

ii) The ligand to metal ratio on the surface 

can be controlled. 

Again a series of qualifications exist 

i) The preparation and separation must be 

under scrupulously anhydrous conditions owing to the hydrolytic 

reactivity of the silyl functionality. Thus purification by 

conventional t<.l.o. is limited to only non-hydroxylic phases, 

although the advent of flash chromatography(86) has relieved this 

restriGtion(87). Similarly, greater attention to dehydrating the 

silica surface prior to attachment is necessary if concentrated 

complex-containing polymers are to be avoided, 

ii) Consideration of the homogeneous 

complex's stability under the conditions of linking is required. 



(30) 

Caution is expressed regarding attachments at room temperature 

(8.7) where adsorption through hydrogen-bonding will predominate, 

and the number of direct covalent bonds must be limited* Also the 

complex might be susceptible to reaction with the liberated 

condensation products. 

iii) The increased bulk of the chomisorbed 

complex makes it more difficult to successfully silylate the 

remaining silanol groups. Their continued presence can affect the 

stability of the heterogeneous complex in subsequent reactions, 

even during tethering precautions, e.g. applied carbon monoxide 

atmo8phere8(87)i csin be necesssiry to avoid decomposition. 

In the following sections, for the chosen targets, 

SCEEME ONE offered the greater advantages. However, because of its 

nature, an unadsorbed reference aicialogue v/as prepared using PPh^Et 

and thoroughly characterised by conventional spectroscopic techniques, 

Then the integrity of the anchored cluster is confirmed by 

fingerprinting against this data. Ethyldiphenylphosphinc was made 

by the action of ethylgrignard on diphenylphosphinouschloride(88). 

1.4. Preparation and Characterisation of [M^(CO)^_ (PPh^GH-CH-SIL) ], 

(M=Os, n=1: M=Ru, n=1-3) 

1.4.1. Ligand Substitution Reactions of [M^(CO).^] 

Ligand substitution represents a major branch of cluster 

chemistry. In these reactions the marked increase in strength of 

metal-metal bonds upon descending a column in the periodic table 

is emphasized. With a variety of monodentate nucleophiles [Ru^(CO)^^] 

and [Os^(CO)^^] both give a series of derivatives 

n=1'-4, with the cluster triangle retained, whilst only in a few 

cases, using very mild conditions, is this possible with [Fe^(C0)^2]" 

Thus at 70°G in THF it reacts with PPh^ to produce a mixture of 

the mononuclear complexes [Fe(C0)2^(PPh^)] and [Fe(C0)^(PPh^)g](89). 

However, under milder conditions at 4$ C in chloroform, 

[Fe^(CO)^^(PPh^)j is isolable, albeit in only a 2?0 yield and still 

accompanied by the breakdown products(90). The crystal structure 

showed that it is structurally similar to the parent cluster, but 

existing as a mixture of two isomers with the phosphine equatorially 
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attached to different iron atoms(91). A more comprehensive range 

cO oc 

Structural isomers of [Fe^(CO)^^(PPh^)] 

of monosubstituted phosphine, and phosphite, derivatives are 

obtained by dropwise addition of a diluted solution of the appropriate 

ligand to [Fe^(CO)^^] in benzene at 50°C(92), although yields were 

still relatively low (39̂  for PPh^Et). The observed differences 

across the solid-state and solution infrared v spectra v/as 
CO 

interpreted as representing a spread of preferred isomeric forms 

encompassing both those found by crystallography and also non-

bridged forms* This reflects'the dynamic nature of the molecules, 

due to a relatively flat potential energy surface over all 

configurational space between bridged and non-bridged structures. 

By careful control of conditions disubstituted and trisubstituted 

products can also be isolated, [Fe^(C0)g(PPhMe2)^] was recovered 

as glistening black needles and a structural analysis carried out 

(93). Each phosphine is bonded to a separate iron atom in the 

positions found in the two isomers of [Fe7(C0)^^(PPh,)], Apart from 

these examples only isocyanides give straightforward substitution 

products by reaction of two equivalents, in CH^Cl^ at room 

temperature, to give the mixture [Fe;;(CO)^^ (CNR)_], n=1-3; notably 

[Fe^(CO)^^(CNBu'')] was isolated in a 1^% yield. Greater isocyanide 

concentrations gave larger proportions of the more highly 
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substituted derivatives but, along with higher temperatures, 

tended to give more mononuclear products(94). Other workers reported 

similar results but expressed difficulty in preparing the 

trisubstituted derivatives(95). 

greater metal-metal brnid strength fi&r ruthenium 

clusters makes trinuclear derivatives relatively easy to prepare. 

This has allowed kinetic investigations to be carried out on several 

systems which were found to obey the rate law:-

Rate = [cluster] + kg [duster][ligand] 

The two terms are ascribed to a dissociative unimolecular and an 

associative bimolecular mechanism respectively. The ligand 

independent step is usually a carbon monoxide dissociative process. 

on Group Vlllb [H^/CO)^p] systemsCSG) hz^ focused on this 

being either electronically or sterically induced. The electronic 

factor could be akin to cis-labilisation in mononuclear complexes 

(a transition-state phenomenon). This requires carbon monoxide loss 

from a prior phosphine-substituted metal centre, but steric 

crowding prevents the incoming ligand occupying the empty coordination 

site. Instead the unsaturation is transferred by a bridging carbonyl 

to a second, unsaturated centre which then undergoes substitutiona 

The sterically induced process depends on the whole cluster 

framework dictating spatial confrontations between ligands, Its 

only requirement is that the ligand to be dissociated is in close 

proximity to the previously substituted metal centre, not necessary 

at the same metal centre as is required by cis-labilisation 

arguementsp An increased lability tov/ards further dissociative-

substitution for [Ru^(CO)^p (PPh^) ], n=1 or 2, over the parent 

cluster similarly exists(97). A linear free energy relationship 

has been found(98) for substitution of [Eu^(C0)^2] by relating 

kg with the phosphine basicity indicating considerable Ru-P bond 

formation in the tra.nsition-stato for the bimol.ecular path. The 

transient [Ru^(CO)^p(PR^)] is predicted to contain only two Eu-Ru 

bonds. In this system a fine balance exists between substitution 

and cluster breakdown* and where R=Bu^ Mechanism One (Diagram,5) 

has been proposed(99) to account for the kinetics and the nature 

of the products. 

Along with a preliminary inve6tigation(100), these 

kinetic studies inferred that formation of [Ru^(CO)^^I,] is the 
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rate-limiting ctep, with the reaction proceeding to [Ru^CCO)^!,^] 

without isolation of the mono- and di« substituted derivatives* For 

this occurs via degradation to mononuclear Bpecies followed 

by recombination. Contrary to this evidence, othor8(l01) managed to 

isolate and characterise [Ru^(C0)^2 ^ (L=tertiary 

phoGphine or arsine), plus a tetrasubstituted complex with If; 

PPhCOMe)^, by using chromatography instead of the crystallisation 

previously employed. Thus [Ru^(CO)^^(PPh^)],IIIa, was obtained in 

a 16^ yield by thermal activation in n-hexane, whilst in smaller 

quantities by photolysi8(102). The second route gave [Ru(GO);, 

and [Eu(C0)^(PPh^)2] as the major products, their observed 

etoichiometry supported intermediate formation of Ilia which then 

undergoes metal-metal bond fis8ion(l03). Other undedecacarbonyl 

derivatives were reported from carbon monoxide induced 

fragmentation of ^ side product from 

reaction with [Pt(PE^)2|](l05), or selectively with the more exotic 

ligand [iCMBCSgCEgHE]^, 1,2,(106). In contrast to this preference 

for multisubGtitution vith phosphines, reaction with a molar 

equivalent of t-butylieocyanide gave good yields of [Eu^(CO)^^(CNBu')], 

IV, as the only significant product($4, 107). Greater proportions 

of ligand yielded the higher substituted derivatives. Both IIIa(l02) 

and ^(107) have been the subjects of detailed single crystal 

X'-ray diffraction studies, the molecular structures are based on 

that of the parent carbonyl but with the substituents equatorially 

and axially positioned respectivelyo 

OJhe recent advent (108) of a radical-catalysed pathway 

now enables selected degrees of substitution to be achieved across 

the iron triad for and clusters o This technique is 

particularly successful for ruthenium allowing Ilia and IV to be 

prepared in approximately 80$̂  yields without recourse to 

chromatography. Typically, a mixture of the cluster carbonyl and 

the ctoichiometrically required amount of lig&nd are dissolved in 

TBF, and treated dropwise with a solution of sodium diphenylketyl 

until reaction is complete. The proposed chain mechanism (Mechanism 

Two, Diagram $) involves the radical anion [Ru^(G0)^2]'"', where 

the extra electron is in the Bu-Ru antibonding orbital. This causes 

cleavage of the woaliened bond giving a 17e centre which readily 

undergoes ligand addition with concommitont elimination of carbon 



(35) 

monoxide* Reformation of the Ru-Ru bond gives [Ru^(CO)^^L]* 

which rapidly transfers an electron to [Ru^(C0)^2] to continue the 

catalytic cycle. This has opened up a rich vein of ruthenium 

cluster chemistry with simple donor ligands, with the possibility 

of sequential incorporation of different ligands i#e. formation of 

[Ru^(C0)(^(PMe^)(PPh^)(P(0Me)^)](l09). With bidentate ligands, eeg<, 

PPhgCH^CHgPPh^, variations in catalyst and component concentrations 

can result in [Ru,(C0)^^]^(PPhgCH2CH2PPhg)^, n=1 or 2, with the 

latter containing two linked monosubstituted cluster triangles(110)& 

Retention of cluster integrity had never posed a 

problem for substitution on [Os^CCO)^^]. The major difficulty was 

the actual reluctance to undergo these ligsmd-exchange reactions, 

which necessitated either thermal or photochemical ejection of 

Carbon monoxide leading to a non-selective distribution of products, 

or total conversion to the trisubstituted derivative. Thus reactiozi 

wd.th excess PPh^, in xylene under reflux, gives good yields of 

L08^(C0)^(PPh^)^](l11). The corresponding mono- and di-substituted 

derivatives were first isolated as side-products from reaction with 

[(pPh_)AuCl](112). Mixtures of all three derivatives [Os-CCO),., L ], 

(n=1-3, L=PPh^Me, PPhEtp and PEt^) were later obtained by direct 

reaction i\rith phosphine under the slightly less severe conditions 

of heating to reflux in toluene(113)" Vs^'iations on this technique 

provided the monosustituted derivatives, L=PMe^* PEt^(1l4), PPhMe^, 

AsPMieg(115), AsMeg(CH=CH^)(1l6) and AGMeg(CgH^Me)(117), used for 

pyrolysis studies in the absence of a more selective method of 

preparations. Similar conditions, or even refluxing n-heptane(ll8), 

permitted isolation of the isonitrile analognes, [OS;,(CO)^^ (CNRj ], 

n=1-4, although in this case the product distribution could be 

engineered to some extent by varying the ligand excess(119). 

The possibility that these complexes could be prepared 

under milder conditions was highlighted by the room temperature 

reaction with [Pt(PPhgMe)2^] to give 

2, as the only products(lO$). However, the synthetic breakthrough 

came with the identification of several lightly stabilised 

derivatives [06.^(00).. 8 ], n=1 or 2, where 8 is a good leaving 

group. These act as potential sources of vacant coordination sites 

since the weakly bound ligands are easily disiplaced by a variety 

of nucleophiles and small molecules (Diagram 6). In particular, 
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[Os^(CO)^^(NCKo)] has been widely exploited as a useful intermodiato 

in the preparation of undcdecacarbpnyl adductsClZO). It is isolated 

from the action of trimethylamine-oxide on [Os^CCO)^^], in the 

presence of acetonitrile(l2l). The carbon monoxide is removed as 

carbon dioxide, and the mechanism of oxidation is considered to 

involve the nucleophilic addition of NMe^O on the coordinated 

M-CO + Me,NO 
3 

j) 

MMMe^ + COgi 

carbonyl ligand. Due to the low coordination ability of the NMe^ 

generated, because of its large bulk and high steris restraints, 

the acetonitrile present in situ successfully competes for the 

coordination site. In some cases, 1=6* ethylene and pyridine,'it is 

unnecessary to proceed via this intermediate acetonitrile species, 

although this best done, especially if the ligand reacts with the 

amine-oxidsq [06^(00)^ (NCMe)] is sufficiently air-stable to be 

isolated by chromatography as a bright yellow, micro-crystalline, 

solid and has been fully characterisedc Apart from supplying a 

convenient; mild synthetic route to known adducts, it also allows 

the preparation of various compounds which are potential 

intermediates in substitution reactions of the parent carbonyl, but 

appear unstable at the reaction conditions usually employed i.e» 

-[08^(00)^^(0211^)], [H08^(C0)^,|X] etc* The extension of this method 

to other osmium clusters has proved less successful because 

significant concentrations of complexes with coordinated tertiary 

amine are isolatedo Thus [Os^(CO)^Q(NO)2] reacts with Me^NO to give 

[0s^(00)g(N0)p(r)rMe^)], which has undergone a full structural 

determination(122). 

Under rigorous conditions (exclusion of air, damp and 

any alternative ligand, and use of.pure acetonitrilo as solvent), 

a second carbonyl can be replaced with an acetonitrile, by means of 

amine-oxide attack, to give [06^(C0)^Q(NCHe)2] in high yield. This 

had been previously prepared by ligand-exchange with the bis-

cyclooctene species [Os^(CO)^Q(Cgn^,^)], in turn derived from passing 

ethylene through a cyclooctene solution of [H208^(00)^Qj,V,(12$), 

This transfoi^mation was a matter of convenience, the cycloocteno 
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ligandBbeing extremely labile making manipulations difficult, since 

both are effective sources of the docacarbonyltriosmium moiety in 

a synthetically useful fashiono Reaction with strong donor ligands 

provides [08^(00)^^1^]* Lziphosphine, phosphite, isocyanide etc,, 

with the added bonus of possible sequential addition of different 

ligands providing a useful entry into mixed decacarbonyl derivatives. 

They also readily cleave H-X bonds (X is a bridging three-electron 

donor) to give [HOs^(CO)^QX] adducts, this is a more general route 

to vinyl compounds from (X-oiefing^ since V does not readily 

transfer hydrogen, to some simple olefins i^e* styrene. A similar 

function is served by another lightly stabilised complex 

[08^(C0)^Q(7^-cyclohexa-1,3-diene)](124), prepared from reaction 

of V with cyclohexadiene in reflujxing n-hexane, although slightly 

more forcing conditions are necessary. Vacant coordination sites 

can also be generated in systems where adjoining ligands have 

variable oxidation states. This has been utilised to good effect 

in̂  [Os^(CO)^(NO)_](125) and [H0B^(C0)n(SR)](126). 
^ y d J ) 

The molecular structure of [0s^(C0)^^(P(0Me)^)], as 

determined by X-ray diffractionClZ?), is isostructural to that of 

- Ilia with the incoming ligand equatorially positioneda In both, the 

presence of the bulky ligand has caused an expansion of the ligand 

packing, compared to the parent carbonyl, and a corresponding 

increase in metal-metal distances to maintain the optimum overall 

molecular geometry. This general increase in distances can also, 

in part, be ascribed to the electronic effect of substituting a 

good TT-acceptor ligand with a lesser one thus promoting a higher 

electron density in the metal framework which is relieved by 

expansion. A specific, preferential, increase in the metal-metal 

bond cis to the substituent is attributed to a steric effect. However, 

the ligand polyhedra still approximate to a * twinned cuboctahedron' 

GO it seems that a considerable wider cone angle (PPh^ 14^°, P(OMe)^ 

107^)(128) is required to expand it sufficiently to permit the 

alternative icosahedral geometry seen for the iron analogue. 

The preference for equatorial substitution can be 

accounted for on steric grounds, since simple calculations on 

[Os^(CO)^pJ show that equatorial sites in the approximately 

anticuboctahedral structure are loss sterically crowded than axial 

Bitc8(94). 'This is illustrated by variablc'temperaturo NMR 
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study on several of the corresponding monosubstituted isocyanide 

derivativG8(119). Most show only the axial isomer to be present 

in significant concentrations at low temperatures in solution, with, 

the exception of the most bulky ligand, CNBu^, where an equilibrium 

mixture of the isomers is obtained at -60°C. At higher temperatures 

the isomers rapidly interconvert on the NMR time-scale. The fact 

that less bulky groups favour the axial site suggests that this 

position is electronically preferred* This is complimented by the 

ruthenium analogue, where the axial isomer alone resides in the 

Golid-statGo Indeed, recent crystal-structure determinations on 

both acetonitrilG derivatives(12$) confirmed that the substituents 

PEy or P(OR), 

CO 0 0 

I,=GKE, NCKe or C^.HrN 

Molecular structures of [Os^(CO)^^L] clujsters 

occupy axial coordination sites^ on adjacent osmiums, but on 

opposite sides of the molecule, for [Os^(CO)^Q(NCMe)p]. In these 

molecules the shortest metal-metal bonds are those associated 

with the coordinated nitrile ligands. Similar, but less marked 

trends were observed for but the systematic distortion of the 

ligand polyhedron caused by the axial ligand in that case was not 

reproduced in these acetonitrile derivatives. 

Clearly phosphine attack on these intermediates may 

proceed via the kinetically-controlled axial isomer before 

rearrangement to the observed, thermodynamically favoured, equatorial 

form occurs* Then the fact that all monosubstituted phosphine 

derivatives to date exist in the equatorial form may merely reflect 
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the greater steric bulk of organophosphiiieG over isonitrile ligaadc 

That axial Gubstitution is posGible is demonstrated by the 

preparation of [Eu^(CO)^ SiMeCPBu^)^ ], in which the sterically 

constrained ligand caps the triangle(130). 

1.4*2, Characterisation of [OSy(CO)^^(PPh_Et)] 

Uhd8decacarbonyl(ethyldiphenylphosphine)triosmium,Via, 

to be used as the unadsorbed reference analogue, was prepared in 

high yield, typically 7$°̂ , via the acetonitrile derivative. A pale 

yellow* crystalline solid its infrared and Raman spectra show 

excellent agreement (Table 2) with literature data of related 
"I 

compounds* The H NMR spectrum shows only the expected resonances, 

all with small downfield shifts relative to the free ligand, as a 

result of deshielding through coordination of the phosphine* These 

slight changes in chemical shifts enables discrimination against 

the presence of any free ligand as impurity. Satisfactory elemental 

analysis (C and H) was obtained and a parent ion, m/e=:1094, as part 

of an Os^ isotopic pattern, is seen in the mass spectrum. This 

molecular ion first loses two carbonyl groups, and then the 

remaining fragmentation pattern can be assigned to successive 

carbonyl losses and phosphine degradation. This breakdovm pathway 

is sirailar to that reported for [08^(C0)^^(PPh^)](112). 

1.4.^. Variable Temperature Study of [08^(00),^(PPh.Et)] 

A variable-temijeratur-e NME study was carried 
13 

out on a sample of Via prepared from moderately 'CO enriched 

[06^(00)^2]. In the absence of exchange, the equatorially 

substituted isomer found in the solid ground-state would be expected 

to give rise to eight signals of relative intensity 2:2:2:1:1:1;1:1a 

The alternative, axially substituted species would be expected to 

show si% resonances of relative intensity 2:2:2:2:2:1. The recorded 

spectra, over the range -AO to +40°C (CDCl^), are presented in 

Diar^ram 7. The low temperature limiting spectrum shows seven 

resonances at: a, 192«,^; b, l8^.0; c, 183.5; d and e, 176.1; f, 

172*4; g, 172.0; h, l69o6 G-with integrated intensities of 

2:2:2:2:1:1:1 respectively. This is fully consistent with the 
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equatorially substituted structuro, with an accidental degeneracy 

of two resonances, d and-e. This anomaly was overcome in the 

reported spectrum of [Os^(CO)^^(PEt^)],VIb, where all eight expected 

resonances are seenCl^l). The strong correlation between chemical 

shifts for related resonances in the two sets of data also confirmed 

that Via and VIb are isostructural, a small upfield shift for all 

the resonances of Via is consistent with a less basic phosphine* 

The axial carbonyls can be assigned because they have a relative 

intensity of two, whilst the equatorial carbonyls are of unit intensity. 

There is a clear definition into two sets with the axial ligands 

occurring at lower-field than the equatorisil ones. Conveniently 

the two resonances for [0S7(C0).^2], at 182.3 and 170.46(132), fall 

at the high-field end of each set respectively. Further, this 

general downfield shift for comparative resonances is most pronounced 

for groups adjacent to the introduced substrate. Accordingly, the 

lowest field signal for VIb showed a resolved coupling to the 
2 

phosphorus, and was assigned to the axial pair adjacent t PC CO 

the phosphiner Although a similar splitting was not discernible 

for a in the spectrum of Via, a comparative loss of intensity 

-supports the presence of an unresolved interaction. The equatorial 

group on the phosphine-bonded osmium will also be sho%m to 

correspond to part of the accidently degenerate signal, which is also 

the lowest field resonance in the equatorial block. 

When the temperature is raised to -20°C the peaks a,, b, 

d and h broaden a.nd coalesce at about O^C. This process also 

reveals the accidental degeneracy of d and e, with the latter 

arbitrarily remaining with unit intensity at -20°C. This fluxional 

behaviour can be explained provided it is assumed that the phosphine is 

relatively immobile (as compared to a carbonyl), such that any 

process involving a change in its position will have a much higher 

activation energy bari^ier than one that does not require its transfer. 

Tliis averaging of six carbonyls can then be explained by pairwise 

exchange along one edge, via a mechanism as 

proposed for [Fey(CO)^p] by Cotton(133)i with an intermediate 

containing two carbonyls bridging an edge as found in one of the 

isomeric forms of [Fe^(CO),|^(PPh^)](DiaEram 8). It appears that the 

labilizing influence of a phosphine is necessary for the adjacent 

carbonyls to form the bridging intermediate at low temperatures 
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which, combined with the rigid nature of the phosphine, restricts 

this cyclic permutation to a single edge in a plane not including 

the phosphine. Independent evidence supports the introduction of 

tertiary phosphines into polynuclear carbonyl clusters inducing 

the formation of carbonyl bridges as in the substitution of 

[Ir,,(C0)^_](1!$.4). The disubstituted derivatives [08^(C0)^«(rEt7)g] 
4r I c ^ IU ^ c 

(131), [Os^(CO)^Q(PPhgCHgCHgPPhg)](135) and [Pu^(CO)^Q(PPh^CH^PPh^)] 

(1^6) also exhibit this mechanism. Identification of this process 

reinforces the previous assignments of a and d, whilst allocating 

b and h to the axial pair and equatorial group on the second 

osmium involved in the motion. The outsts-nding double-intensity 

resonance, c, must then correspond to the axial.groups on the 

remaining osmium, leaving just three equatorial groups unassigned. 

Inspection of line shapes within the spectrum recorded at 0°C 

suggests that c, e a n d f are broadening preferentially in comparison 

to g. A second fliixional process is apparently operative (Diagram 8). 

This could be polytopal rearrangement about the third osmium 

independent of the first motion, but is not fully substantiated 

because the avei-aged resonances for each process are not separately 

observed. An alternative interpretation is the extension of 

pairwise exchange for carbonyls about the second edge not impaired 

by the phosphinoo This is also expected to be a higher energy 

process, but has been identified along a non-substituted edge in 

the related, axially coordinated, isocyanide derivatives(119). 

Depending on which:mechanism is operative, more precise assignments 

within the equatorial trio, e, f and is possible* For a 

localised axial/equatorial interchange the resonances e and f are 

allocated to the involved Os(CO)^ group, whilst for the internuclear 

process one changes its assignment with g on the second Os(CO)2ĵ  

group. At +40 C all the signals, apart from a remnant of have 

collapsed into a broad, emerging resonance. Presumably at slightly 

higher temperatures even this outstanding signal would coalesce 

indicative of total carbonyl scrambling which appears to involve 

a breakdown in the rigidity of the pho8phine(131). Also present in 

the +40^G spectrum were the natural abundance resonances for the 

ooozdinated phosphine; at 130<'4, 29*4 (Jp^=4onz) and 8.4 6. 

Hnfortunately, the above data cannot differentiate 

between these increased partial scrambling modes. A similar dilemma 
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between.localised and intermetal carbonyl migration also proved 

difficult to resolve for [M^(CO)^p]; K=Fe, Ru or Os. All three 

give a single resonance at elevated temperatures, and only with 

[OG^(CO)^^] could this be separated into an arrangement consistent 

the solid-state structure* ]&ven so, this might still disguise 

a 'hidden process', such as localised scrambling of all equatorial 

groups via a triply-bridged intermediate, provided axial-equatorial 

interchange is not occurring(l37). For [Fe^(CO)^g] the spectrum 

remains unaltered at -150°C, indicating that the activation energy 

for total scrambling is less than 20kJ.mol"^(138). As an explanation 

the mechani8m(l33), with concerted bridge-terminal 

exchange, appeared attractive as it encompassed the known 

structures of the homologous series, whilst providing an under-

standing to the anomalous infrared spectrum of [Fe^(00)^2]* 

which varies with solvent polarity(I38). This mechanism, operative 

about all three edges of the Fe^ core, imcessarily involves a 

'scissoring' of this triangle since in the ground state it is an. 

isosceles. The present work also supports this approach, although 

it must be remembered that introduction of a phosphine may give 

- rise to a different mechanism from that occurring in the parent 

compound* 

An;attractive alternative, also consistent with the 

observed data, involves geometrical disposition of the metal core 

relative to the ligand polytope. For [Fe.^(CO)^g], provided the 

carbonyl groups maintain a flattened icosahedron spatial relationship 

in solution, a small rotation (about a axis) of the triangle 

creates a new form of D^-symmetry::- not the structure of 

[Os^(00)^2]": Continued oscillation about the same axis progresses 

via a third species, containing two triply-bridging groups, before 

regenerating the structure(139). This pathway causes exchange 

of all the carbonyls in fewer steps than the Cotton mechani8m(l33). 

Apparently the form is favoured in the solid, but in solution, 

on the basis of the infrared data, the form predominates. 

Such internuclear scrambling is equally applicable to 

the fluxional behaviour of the more symmetrical [Os^CCO)^^], 

although stereochemical non-rigidity within independent 08(00)^ 

units would also suffice. Several mechanisms for this localised 

axial-equatorial sito exchange have been proposed. An increase in 
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the OC-Os-CO equatorial angle to 180° and a decrease in the OC-OsW^O 

axial angle to 120^^, followed by. rotation of the unit by 90°(132a)» 

A simpler twist mechanism involves a square-based-pyramidal 

intermediate(l40), whilst observation of a two-step process for 

[H08^(C0)^Q(C00Et)](l4l), supported a trigonal twist mechanism 

traversing a trigonal-prismatic intermediate(l42). The three line 

spectrum (relative intensities of 4:4:2) of [Eu^(CO)^Q(NO)g] was 

often quoted as an unambiguous example for this polytopal 

rearrangement(132a) but later the axial and equatorial carbonyls 

on the unique osmium were resolved, in different solvent systems, 

and remained essentially temperature invariant(140). Then the 

principle experimental evidence on which this postulate is based 

is the line broadening observed in the range of molecules 

[EOs^(CO)^QX], X=three-electron donor, However its occurrence in 

the absence of internuclear scrambling in clusters with non-labile 

bridging ligands may be of doubtful relevance to the unbridged 

[Os^(CO)^g]. 

Eventually, observation of metal-to-carbon couplings has 

finally established an internuclear mechanism to bo operative for 

both [Fey(GO)_^] and [Os^(CO)..]o At room temperature the Fe 

(natural abundance 2*179^) satellite sub-spectrum in the C NtiE 

spectrum of [Pe^(GO)^^] appears as a doublet with:an inner separation 

of 8.3112(143). %n principle two doublets, in the ratio 2:1, are 

expected because of the two non-equivalent types of iron atoms in 

the molecule. Therefore, as the spectrum is unaltered at -8o°C(l44) 

it was concluded that a fast rearrangement in the iron framev;ork is 

occurring to make all three atoms equivalent on the NME timescale, 

consistent with the mechanisms of both Cotton(133) ajid Johnson(139). 
13 

A C NMR investigation was carried out 02 [Os.z(CO)^g] prepared 
i 8'7 /• J? 11£. 

from the metal isotope O3 (l=^), and enriched by exchange with 
13 

00(14^). The ambient temperature spectrum gave two doublets at 

182.3 and 170.4 6; respectively. However at 150°G 

it has altered to a 1:3:3:1 quadruplet, with^jQ_^g=33Hz, at 176.4 6. 

The value of the average coupling constant and the signal multiplicity 

proved that, first, the exchange process is intramolecular, and 

secondly, under conditions of rapid exchange all carbonyls have 

access to the three osmium atoms. Again this does not identify 

the specific internuclear process but, interestingly, the same 
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paper clearly established a two-centre exchange in the mixed 

cluster [RuOs2(CO)^2]. Eawever the gtereodynamic behaviour of the 

complexes [Fe^(CO)^^]L]* Lzphosphine or phosphite, could not bo 

accommodated by either mechanism, and another interpretation was 

necessary based on. a mechanism in which the icosahedral ligand 

envelope rearranges via a cuboctahedral transition 8tate(l46), in 

identical fashion to the process postulated for ^/^(C0)^2](147). 

In.addition, rotation of unsubstituted Fe(CO)^ units appears to 

occur* This approach is also satisfactorily applied to [Pe^(CO)^p,]. 

In view of these results the extended pairwise exchange is 

preferred as the intermediate process for Via before total 

scrambling cormaences;̂ ^ the assignments in Diagram 8 are based on 

this assumption. 

A final comment, the solid-state C NMR spectrum of 

[Fe.^(CO)^p] has been reported(l48), and interpreted on the basis 

of a 60° rotation of the iron triangle through its centre of 

symmetry, time averaging the two disordered molecules observed 

ci-ystallographically, on the timescale, The estimated barrier 

to this rotation (50k«T.mol ^) is much larger than that to complete 

exchange in solution and does not neceasarily represent the lowest 

energy pathway in this second medium. This '8tar-of-»David' disorder 

also exists in several substituted cluster complexes [M_(CO),p 

M=Fe or Ru, n=1-3(l49). A similar fluxional behaviour might be 

expected in such systems; where two or more conformations have 

the same fixed peripheral ligand atom polyhedron, governing the 

crystal packing interactions, and a random occupation of lattice 

sites results. 

1.4.4. Preparation of [08^(C0)..(PPh_CH_CH_SII,)] 

Several different approaches have been attempted in the 

preparation of [Os.,(CO).^(PPh_CH_CH_8II,)],VII, (Diagram 9). The 
^ I I (d id 

first, using the strategy of SCHEME TWO, involved intermediate 

isolation of [Os^(CO);^^ (PPh^CH^CH^Si(OEt)^) ] ,VIc. Initially, the 

homogeneous cluster derivative was separated by conventional 

chromatography from the mixed substitution product by heating 

[05^(00)^2] with an excess of phosphino-silane, in toluene under 

reflux for 5 hours. Application of the red residue to the 
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Table 2 

Infrared and Raman Spectroscopic Data for [ 0 8 ^ ( 0 0 ) L ] 

n d or 2, DerlvativeB 

Oompomid /cm"' (cyclohexana tmlesG stated) 

[Os^(CO)^^(PPhgMe)] (Eef.113) 

Infrared 

[OG^(CO)^^(PPh^)] (Eef.112) 

(solid), Raman 

[Os^(CO)^^(PPh2Et)] 

Infrared 

(solid), Raman 

[08^(00)^^ (PPIi^CEgCE^8i(0Et)^)] 

Infrared 

[C^^(CO)^^ (PPhgCEgCHgSH,)] 

(nujol mull). Infrared 

[Os^(CO)^Q(PPh^Me)^] Ref.(l13) 

[0B^(C0)^Q(PPhgGEgCH^8i(0Et)^.)g] 

Infrared 

)8i(0Et)^] 

Infrared 

2107m 2056s 20546 2021V8 

2001m 1988m 1970m 1956W 

210978 2054w 2042W 2020W 

20l2w 1999s 1984v5 19676 

I95W 

2107W 20558 2054m 20207G 

2001w 1989m 1980wsh 1974w 

1967.5W 1959vw8h 

2104s 2054w 2008s 

1996w 1979m 1974m-w 1968m-w 

1955w 

2107ni 2054s 2055*56 2019vs 

2001.5m 1990m 1977m 1957W 

2107W 2054s 205 4in 2019TS 

2000w-ia 1989m I976W—m 1956wGh 

2083m 2051 w 20245 2000VB 

1965m 1954sh 

2084m 2055w 2028s 2001Ts 

1968m 19508h: 

chromatographic plate, and eluting with n-hexane/toluene (8r6 v/v); 

resulted in partial separation of three diffuse bands; yellow, 

orange and red in order of decreasing R̂ ,, corresponding to the 

mono-, bis- and tris-substituted products^ IRiese proved difficult 

to wash from the silica, and increasingly so with decreasing 

such that hardly any of the red species Goul& be removed. This 

highlights the difficulty of cliromatographing species containing 

the hydrolysable 8i-0Et group; with the limited number of covalent 

bonds reflecting the degree of substitution. Oily yellow and. 

orange samples were extracted from the first two bands, although 

the washed silicas were still highly stained* These were 

characterised as Vic and [OsT(CO)y./^(PPh^CE^GH^81(OEt)y)_] from 
— — ^ 1 0 ^ (C c 

their infrared v spectra (Table 2) and the anticipated 
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-1 

coordinated, ligand resonanceB in the S NMR Gpectrum of Vic. The 

fact that some matei^ial is retrieved from the plate imderlinoG the 

limited degree of covalent fixation per phosphino-silane group 

occurring at room temperature, even when highly concentrated in 

contact with a silica surface. 

A more Guccessful preparation of Vic utilized the 

amine-oxide/acetonitrile synthetic route* ProTided the intermediate 

[Os^(CO),j^(HCMe)] is purified (all impurities with the exception 

of [08^(00)^2] can be easily extracted with an.aliquot of 

acetonitrile); then the far superior solubility of the phosphine 

derivative over that of the intermediate and [08^(00)^2] allows 

its isolation by solvent extraction with n-hexane, circumventing 

the need for chromatographyo Unfortunately, even then it is still 

a yellow oil and exclusion of any unreacted phosphine is not 

guaranteed, The final stage for SCHEME TWO vas completed by 

contacting a solution of Vic in benzene trlth a suspension of 

activated Aerosil 200 (dehydrated at I^O^G in Tacuo) and heating 

under reflux for 6 hours, fallowed by Sozhlet extraction* When 

mulled the retrieved, deep yellow, free flowing silica gave an 

infrared spectrum exhibiting excellent agreement ifith. those 

of Via and Vic confirming specific tethering of the ^reformed 

complex by hydrolysis of the silyl group in the phosphino-silane. 

The formation of strong covalent bonds was inferred by the absence 

of any leaching during washing with a variety of hot solvents, 

The stronger reseablaaoe to the solution infrared spectrum of Via, 

as opposed to its solid state one, underlines the random nature of 

the isolated surface oomplez with no' intermolecular interactions. 

The good correlation in frequency positions also illustrates the 

absence of transmitted electronic effects from the surface. Another 

form of VII was derived from the highly stained silica scrapped 

from the chromatography plate, which was again treated with benzene 

under reflux to ensure maximum covalent linking. Both these samples 

had almost indefinite shelf-lifes as witnessed by an unaltered 

infrared spectzmm even, after a yeai'S storage without any precaution 

to exclude air. 

A more specific synthesis of VII has been devised by 

adaption of SCHEME ONE. Reaction between silylated PPh^CE^CE^SII, 

and LOs.^(CO)^,^(l{CMe)] occurs at room temperature in methylene 
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chloride. The ligand-silica almost immediately begiaa to acquire 

the deep yellow coloration indicative of VII. Maximum coverage 

was ensured by continual addition of the cluster intermediate 

until its concentration in. solution nolonger diminiBhed* The silica 

was then filtered off, washed, dried and characterised by its 

infrared spectrum (Diagram 10). An attempt at recording its 

Raman v spectrum was unproductivee Although more indirect, its 

inherent simplicity makes this the most favourable route for 

generating the adsorbed osmium cluster* It has the advantage that 

the covalent bond to the surface is substantiated during the 

preparation of the ligand-silica a.nd possibly detrimental heat 

treatment of the immobilised complex is avoided. The mild conditiona 

also militate against interactions with silaziol groups, this 

possibility is further blocked by silylation during the formation 

of PPhpCEpCEpSIii, although the importajice of this precaution is 

only borne out in subsequent studies* 

One obvious drawback could be the presence of uncomplezed . 

ligand-silica siteso This inpart may be due to the steric bulk 

of the complex blocking approach of other molecules to adjacent, 

free ligcind-silicaso. An empirical calculation was made, using 

molecular models, into the minimum separation of PPhgCE^CE^SII. 

groups required to prevent further than mono-substituticr. occurring, 

and by inference eliminating the chance of inaccessible sites. This 

was based on the bond data from the X-ray crystal structure of 

[Os^(CO)^^(P(OHo)^)](127) and the false simplification that the 

sites are equidistant apart on the surface* The derived value of 
p 

ca. translates to a phosphine density of one per 2*72nm"* 
2 

In contrast, an actual value of 0*93 por nm' for the used 

PPhgCE^CEgSIL is consistent with the observation that direct 

reaction with [(^^(GO)^^]* under tho conditions of reflux in toluene, 

produces a silica possessing a broad infrared spectrum 

(Diagram 10) indicative of the mixture [Os^(CO).. (PPhpCHpCEpSIL),], 

n=:1,2 or with the bis-substituted derivative predominating. 

1.4.^. Preparation of [Eu^(CO),^ (PPh.CE^CE^SII,),], n=:1,2 or 3 

In tho last section contacting the parent cluster ifith 

tho ligand-silica, at the conditions known to facilitate thermally-
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activated Bubstitutioa of the core, gave the expected, mixed cluster 

product with the distribution goTerned by the surface ligand 

density, The necessary temperature (110°C) was considerably lower 

than that required to invoke oxidative addition by silanol groups; 

approximately as demonstrated by the formation of However, 

the situation is reversed td.th [^^^(GO)^^], which is more 

susceptible to attack by the surface hydroxyl groups leading to 

loss of nuclearity and oxidation, so that direct surface adsorption 

becomes more competitive than the desired reaction with the 

attached-phosphine ligands. 

The adsorption of [Ru^(CO)^g] on inorganic oxides has 

been studied quite extensively* Robertson and Webb(150) showed 

that room temperature impregnation on Aerosil 200 (predried at 

500^0), by evaporation of the CEgClg solvent, was primarily a 

physical process. Others substantiated this using vibrational, 

Raman and infrared, spectroscopy(151)# On heating chemisorption 

occurs and then, as shown by infrared and radiochemical studies, 

the supported complex undergoes decomposition in a series of well 

defined stages by loss of carbon monoxide» A !PPD experiment was 

carried out on a ^ '^C-labelled sample. At 8o°C aiL irreversible, 

rapid transformation takes place from the physisorbed cluster to 

a pink form with a sboichiometry of Eu(CO)g _ and characterised 

by infrared v bands at 2070, 20;p0, 2000 and 1970 cm * Further 
B 

heating to 200 C, or exposure to oxygen^ caused a transformation to 

Eu,(CO)^_ — ^ Ru(CO)p n Ru(CO). _ Ru metal 
70°G 130°C 170°C 

a white form (2070 and 2000 cm""̂ )«, Cherisorption of carbon 

monoxide on reduced ruthenium dispersed on silica also gives a 

similar two band spectrum with GO/Ru ratios greater thaniunity 

and approaching 2 for low metal loadings(152)» Prolonged exposure 

to air for any of the adsorbed species results in a loss of carbonyl 

vibrations and aggregation to ruthenium metal. Reduction at 

elevated temperatures (>350^G) under hydrogen results in formation 

of mici'oGrystallites; carbon monoxide adsorption giving sites 

typical of those on reduced (2039-50) and partially oxidized (2159 

and 2062 cm ') ruthenium atoms(155)« These observations being in 

good agreement with previous investigations into carbon monoxide 
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adsorption on Bilioa-supported ruthenium* On a fully reduced 

sample a ningle band at 2040cm characterised tho presence of a 

linearly bonded Conversely on a fully oxidized surface a 

pair of bajids develop at 2130 and 2070 cm^^, which are assigned 

to the symmetric and asymmetric vibrations of a pair of carbonyl 

ligands adsorbed on a single, oxidized ruthenium centre(1^4). 

Adsorption of [Ru^(C0)^2] alumina follows a similar 

pattern, but with decomposition occurring more readily* More 

detailed structural assignments have been attempted* On untreated 

surfaces(1^^), or after dehydroxylation below 400°C(1^3), 

physical impregnation in the air is followed by a slow change to 

a doublet, at 2072 and 2005 cci which then gradually disappears 

leaving a very wealt component at l890cin"" * When contact under 

inert conditions is followed by heating in vacuo, at 50^C there 

is evidence for the intermediate formation of the ruthenium 

analogue of with retention of the trimetallic skeleton and 

which can. revert to the initial cluster under carbon monoxide*. 

Then at 150°0 a new pair of bands develop at 20^4 and 1977 cm^^gC, 

with shoulders at 2072 and 2005 cm""'̂ . Decarbonylation under 

hydrogen favours C suggesting that it can be formed from B by 

reduction above 150^0, If carbon monoxide is present during, or 

introduced after, pyrolysic an extra feature at 2158cm , together 

with intensity enhancements at lower wavenucbers, appears. After 

total decsTbonylation at $50°C exposure to carbon monoxide gave 

principally a set of absorptions at 2158 and 2075 cm""^,A. 

Thus three well-defined surface carbonylic species were 

identified* Reflectance spectroscopy inferred that metal-metal 

bonding is likely to be present in C but absent in A and B. This 

loss of nuclearity is consistent with an. irreverible breakdown, of 

the initial cluster irrespective of whether [Ru^(CO)^g], 

[Hj^Eu2|(C0)^g] or [EUg(CO)^yC] is used* At first Euznet80v(155) 

hypothesised a series of species schematically represented by 

[Ru(CO)/j,, p%2^m* where the electrophilic ligands are the 

surface oxygens* Later(155) this was refuted and the alternative 

interpretation of all [Ru(CO)^X ] forms, but with varying oxidation 

states, namely +5, +2 and 0 in alphabetic order, was proposed* In 

the absence of.oxygen the oxidizing agents are undoubtedly the 

surface hydroxylo as documented by the evolution of hydrogen and 
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carbon monoxide* "̂̂ 00 isotopic 6ubstitution(1^G) identified that 

all three complexes contained two coupled carbonyl oscillators 

per ruthenium centre* The approximate angles between the oscillators, 

calculated from the intensity ratios of the bands, combined with 

the deduced presence of full coordination spheres from the lack of 

insertion by simple molecules, suggested tetrahedrsA and octahedral 

configurations for A and for B and C, respectivelyo The latter two 

were shown to interconvert in reducing and ozidizing enviroments. 

Reaction of excess [Ru^(CO)^p] with an unprotected batch 

of PPbgCSgCEgSIL, by heating to reflux in n-hexane for 2 hours, 

produced a highly stained, orange-red silica characterised by a 

broad infrared v spectrum containing two bands at 206? azid 1998, 

with shoulders at 2077 and 2022 cm" , respectively. In the light of 

tha preceding discussion it is not perhaps surprising that it bears 

a stronger resemblance to the breakdown products from interaction 

of the initial cluster directly with an un-modified silica at this 

temperature, instead of the aimed for mixed-substitution cluster 

pioduct [Ru^CCO)^^ (PPh.CH.CH^SII.) ], n=:1,2 or 3, VIII. On 

leaving in the air this silica gradually decomposes to a gray-

green coloui' with loss of all bands, es pi^eviously experienced 

by Kobertson and Webb(150)e In contrast, with a silylated sample 

of PPhpCEpCEgSIL, under identical conditions, a crimson-red silica 

is retrieved which, after successive washes to remove any physisorbed 

cluster, gives a completely different infrared spectrum 

(Diagram 11) containing a series of sharp, well-defined absorptions* 

This time it can be interpreted on the basis of VIII by comparison 

to that of literature homologues (Table 3)» Again the surface 

rigidity is used to good effect in modifying the product distribution 

relative to that seen in solution^ Indeed, here the move towards 

the lower mono- and bis-substituted derivatives is even more 

pronounced; with the latter being favoured. The more demanding 

spatial requirements for [Ru^(C0)^(PPhpCE2CE^8II,)^] militates 

against its foi-mation, and it only possibly contributes to the 

broad shoulder below 2000cm . Presumably at lower phosphine 

coverages the fraction of [Ru7(C0).^(PPhgCH^CE SII,)] would further 
II ' d!- /Zl ^ 

increase* VIII has a reasonable shelf-lifa and thermal 

decomposition, at 100°C in vacuo, proceeds by a different route 

to that talcen by adsorbed [Ru^(G0).^2] with the formation of 
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phoephine-containing, pseiido-monomorlc, carbonyllo entities, 

This difference when using unprotected and silylated 

types of ligand-sillca demonstrates the important role of tho 

silanol groups in destabilising tho cluster framework, and the 

efficacy of silylation in overcoming this problem. Others have 

utilized 8CEEME TWO to selectively isolate [Su^(C0)^^(PPhgGE2Gng8IL)] 

(87), using the radical onion catalysed substitution reaction 

with purification by flash chromatography, and [Ru^(C0)g-

(PPh2CHpCHg8IIj)^j(157), by contacting the relevant ligand-silane 

substituted homogeneous derivatives with a silica surface at room 

temperature: based on the premise that sufficient covalent 

anchoring of tho silyl functionalities will proceed at these 

Conditions where only revesihle, physical adsorption of the 

cluster head is anticipated* Even so^ in the first case the 

preparation was still carried out under carbon monoxide to prevent 

decomposition, and the remaining silanol groups invariably present 

must limit the chelf^life of materials formed by this method* 

1*;?. Preparation, and Characterisation of (PPh_CH.CH^II,) ] 

1.5*1= GL'he Versatile Chemistry of [H_0s.,(C0)^_] 

Di-J4-hydro-decacarbonyltrio8mium,7, was first reported 

(158) as one of four products from the reaction of [08^(00)^^] 

with potassium hydroxide in methanol, sodium amalgam or sodium 

borohydride in TEF, followed by acidification with phosphoric acid* 

Yields obtained by this method varied between 2*8»22^« More 

recently(159) it has been synthesized in much higher yields, 

typically up to 739̂ , by the direct hydrogenation of [Os^(CO)^^] 

dissolved in refluxing n-octaneo The temperature used is only 

necessary to achieve thermal dissociation of carbon monoxide 

creating a vacant coordination site. By using the incipient 

coordinative unsaturation of r08^(G0)^^(NCM@)] hydrogenation to 

[IIpOs^(CO)^^], which is known to rapidly convert to V with reduced 

partial pressures of carbon monoxide, ocouz's smoothly at room 

temperature(121). This evidence is consistent with'a mechanism 

first proposed by Shaplay(l60) where oxidative addition of hydrogenj 

takes place via an activated form of [H2(^^(C0)^^] with both 
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$ 
[03^(00)^2] f03^(C0)^^' > [H^(^ (CO)^^] -

[Hg08^(C0)^Q] < [3^08^(00)^^] J 

hydrides terminally bonded* ]Gxte]ided treatment at 126°G leads to 

[Hj^Os2j,(CO)^^] as the only isolated product.* alboit in somewhat 

reduced yieldsc However it is more succeesfully prepared from 

[08^(00)^2^ ^ autoclave; under hydrogen pressure (120atn) at 

100 C, where the product almost quantitatively precipitates out 

of the xylene solution at the end of the reaction(l6^1)a 

Significantly, wheni hydrogen was bubbled tlirough 

[Ru^CCO)^^], under reflux in n-octane, rapid conversion to the 

tetranuclear [Ej,Eu2^(C0)^2] occurs without identification of the 

postulated intermediate [Il2Ru_(C0)^g]. Presumably at the conditions 

employed it lies at a saddle point, and not a minimum of potential 

energy. Circumstantial evidence for at least the transient 

existence of this complez is drawn: from hydrogenation of 

[RUy(C0),^(GMBu^)] in reflu%ing Gyclohexane(162). As might be 
t 

anticipated the tetraauclear hydrido complezes [S,Eu,(C0)._ (GNBu) ], 
4 4 H ' 

n=0=2, were isolated, but only as minor products* The major 

species;[I[Ru^(CO)Q(EC;NBu )], has an osmium analogue prepared 

from the thermolysis of [H2(^^(('0)^Q(CHR)]' proceeding via 

[H_Os^(CO)n(CIfR)] which can be isolated if the reaction is halted 

prematurely(16$)This points to the transient formatiwi of 

[Il2Ety(C0)Q(CNBu^)] but, along with the unsubetituted [E2Eu^(C0)^Q], 

its propensity to brealcdovm (to probable dihydro-binuolear units) 

followed by recombination to tetranuclear products is inhibited 

by the competitive formation of a stabilising, face-bridging, 

formimidoyl ligand(l64)» It has also been shoim that 

[ERu^(COH)(CO)^Q], formed by low temperature protonation of 

[ERu^(/-Vp-CO)(CO)^Q]'^ rearranges above -]50°C to This 

inturn decomposes at room temperature, with evolution of gas, to 

give largely [Ru^(00)^p] but with small quantities of [E2^Eu2j^(C0)^2] 

and [E2Eu^j(C0)^;^](l6$)e Then^ the isolation of V is the fortuitous 

consequence of a greater potential barrier for the subsequent 

metal-metal bond, breaking than the initial dissociation of carbon 

monoxide; the reverse applying for the ruthenium system* 

The infrared spectrum of V is reasonably complicated 
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indicating the compoimd has low syimetry, and notably no bands due 

to bridging carbonyl groups are obaerved. The H HME shows a single 

Bharp resonance (-11*76, CDCl^) which is close to the typical 

bridging-hydride region; the signal intensity is equivalent to 

two hydrogens. The mase spectrum gives a parent ion consistent 

with the stoichiometry, but the best least-squares fit to a computed 

isotope pattern was achieved by compensating for overlap due to 

hydrogen losses(159)» I'he fairly low abundances of these ions, 

[EOs^(GO)^Q] '^and [Os^(GO)^Q]^, intuitively ruled out the possibility 

of terminally bonded hydrogen atoms* The absence of bi- and mono-

nuclear fragments in the degradation sequence further suggested a 

cyclic structure. This spectroscopic evidence, in conjunction with 

C in-Ul data, indicates that 7 has a structure comprising of a 

triangular array of osmium atoms with terminal carbonyl and 

symmetrically bridging hydride ligands. From a formal electron 

count there are only 46 electrons associated ifith the metal valence 

shells, indicating that four metal-metal bonds are necessary to 

give each metal atom a share in 18 electrons, suggesting a 

cyclopropene-type Gtructure ifith an OsaOe double bond* 

X-ray diffraction crystal and molecular structure 

analy8es(55',l66) confirmed the predicted shortening of the doubly-

Molecular structure of 

bonded edge of the triangle, consistent uith the concept of an. 

increase in bond order, but the hydrogen atoms could not be directly 

located due to their inherently low. X-ray scattering power* This 
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was overcome by two independent, high-precision, ne%itron diffraction 

8tudie8(l67,l68). The osmium atoms define am isosceles triangle 

with two long (mean 2»814A) and one short (2.683%) edgo. The two 

hydride ligands symmetrically bridge the short edge^ lying on 

opposite sides of the Os^ plane, with the largest amplitude of 

thermal vibration perpendicular to the metal-metal bond* The four 

separate Os-H bond lengths are essentially equivalent with a mean 

value of 1.845X. The (^-S)0s2(C0);^ fragment is non-planar and is 

folded along the H...E vector with.a dihedral angle of 137*6° 

between the.two OsEg(CO)p planes. 

This electronic unsaturation instils a large degree of 

reactivity because the deficiency can& be relieved by accepting 

electrons from incoming ligands without the need to lose those 

already possessed* Other knoivn electron deficient olustors include 

the mixed-metal [EOa^Au(CO)^g(PE^)], prepared from reacting either 

V with [AuMe(PPh^)](l69) or [EQs^(CO)^^]" with [AuCl(PB^)](170), 

where the imsaturation was found to be localised on the bridged 

Os-C^ bond with the Au(PPh^) coordinating to the cluster in a 

similar manner to a hydride in 7^ Accordingly there are strong 

parallels in its emerging chemistry(171). 

Association of the hydrides with the multiple bond led 

Broach and Williams(16?) to forward a simple LGAO molecular orbital 

treatment of V where the QSpE^ laoiety is described in terms of 

a four centre, four electron bond. This can then be regarded as 

a.protonated double bond like that in.the E3gB bridge of diborane. 

This model is used to rationalise the observed chemistry which is 

dominated by nucleophilic addition of two-electron donor llgands. 

This should depend on the nature of the lowest unoccupied 

molecular orbital which can be reasonably assumed will be either 

one of the non^bonding or anti-bonding unoccu^^ied Os^^g four-

centre molecular orbitals. Whichever the two electrons enter the 

M-S-M bridge ifill be destabilized, probably causing at least one 

hydrogen to become terminally coordinated*^ !Siis ability to relieve 

the saturation, by reaction at room temperatui'e or below with many 

important molecules, makes it a very good starting material foi' 

a good many triosmium clusters* Eence a variety of two-electron 

donors, such as carbon monoxide(l60), phos;p3iines(l60,172), 

phosphites(l60)\ arsines, stibines, amines(17^)$ isocyanides(l60,l63), 
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nitriloB(l72), halides and psBudohalidesCl?)) form 1:1 adducts, 

[11^087(00)^^1,], by direct addition. In caseG where L is an 

unsaturated molecule the initial addition may be followed by a 

rapid transfer of hydrogen from the cluster to the ligando Such 

procesaee have been observed for alkeneG(174), alkyne8(175), 

isocyaDat@B(176), carbodiimideG(177), carbon diGulphide(178), 

organic azide6(179) and diazoalkane8(l80). In addition, induced 

hydrogen transfers have been demonstrated for iGocyanide Iigand8(l63)' 

The nucleophile may also be metal-centred as in the addition of 

[Pt(Cp,II^^)(PR^)]; two molecules of ethylene are lost to give 

[H20s^Pt(C0)^Q(PE^)](l8l)o This emphasizes another versatile 

application of V as a precursor to mixed-metal cluster8(l82) by 

utilizing its lewis acid character* Indeed it can evem function as 

an.apparent Lewis base to this end as shown by the preparation of 

[EgFG0s^(C0)^^](l83). 

[HgOs^(CO)^^] was the first of these 1:1 adducts 

subjected to a X-ray diffraction crystallographic study($^)» It 

was skoivc. to be isomorphous with [08^(00)^2^9 analysis was 

marred by a disorder of the terminal hydride and the axial carbonyU 

group on the sarae osmium atom« Also it gave no information on the 

site talcen up by the newly arrived carbonyl ligand. Both these 

anomalies were avoided in a structural study of [Ep08^(C0)^Q(PPh^)] 

(184). Further, both hydrides wero directly located by running 

difference-Fourier syntheses based on different (sinG )//^ cut offs 

of data* The terminal hydride is axially positioned at one end of 

a metal-metal bond straddled by the second, ^^-bridging, hydride 

which lies in the plcme of the three osmium atoms. The incoming 

triphenylphosphine ligand occupies the equatorial site, adjacent to 

the bridging hydride, at the opposite end of the same metal-metal 

vectoi"* The corresponding isocyanide adduct has also undergone a 

full structural determination(l8$). Here the hydrides were not 

located, but a seemingly empty coordination site undoubtedly 

signified the location of the terminal hydride* The only significejit 

difference involves the introduced isocyanide ligand occupying 

an oazial coordination site perpendicular to the Os^ plane, on the 

opposite side of. the triangle from the terminal hydride* However, 

in solution it exists as a mixture of isomers, presumably due to 

different positioning of the isocyanide with tho crystal structure 
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c O O G 

If: GO, AsR^, 

or 8bPh 
3 

L=: ONE, 4-NC or ON" 

Holecular structures of [S^Os?(00)^^1] clusters 

representing the predominant form(l63)» 

This difference can be equated with the axial/equatoi'ial 

site preferences already- outlined for [Oc^(CO)^^I,] epecies. The 

short interinetal distance in V(2.68lA) is lengthened to 2«989(L= 

GO), 3gOOO(Ii=CNBu^) or ^.019(l=:PPh^)A after the addition* This is 

consistent i/ith a saturated bond bridged by a hydride atom giving 

a longer than normal Os-Os distance (2«,877A in [06_(C0)^p]). For 

all these adducts the hydrides are dynamic in solution undergoing 
"1 

mutual exchange as evidenced by variable-temperatui-e R NMK spectra, 

The tvfo limiting, low-temperature, hydride signals broaden as the 

sample temperature is raised, disappear completely into the 

baseline, before reappearing as a very broad coalesced resonance 

centred near the meem chemical shift. 

i^=2. Characterisation of [E_03_(C0%_(PPh_Et)] 

The required unadsorbed analogue [H^06^(GO)^Q(PPhpEt)], 

IXa, was prepared by addition of a stoichiometric quantity of 

diphenylothylphosphine to a solution of V in n-hexane. After an 

immediate colour change, from the characteristic purple of V to 

yellow, the solution was left overnight to complete precipitation 

of :he product as yellow platoo* Its infrazod spectrum 

(Diagram 15) and the absence of a pajrent ion in the mass spectrum, 
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replaced, iastsad by those of the docompoGltion products 

[E^08.^(C0)g(PPhpEt)] and [Os^(CO)^^(PPh^Ek)](l86), are consiGtent 

with the proposed formulation. Elemental analyGiG (C and S) also 

show excellent agreement* In addition to the appropriate ligand 

KItR resonances, at -60*^0, two equally intense signals are seen 

at -10*$ and -20.2 8 coupled to each other The large 

difference in chemical shifts suggests that only one, the former, 

corresponds to a terminal enviroment. Consistent with this, only 

the. higher field sigiial is furthez' split by coupling to the 

phosphorus ('Jpg=11.1Ez), as e^cpected by the anticipated structure, 

Raising the temperature to ambient results in a loss of resolution 

in the organic region and a broad coalescence below TMS. 

Variable Tempei'ature NMR Study on [H_Os..(CO)..(PPh^Et)] 

To ascertain whether the hydride sobility was coupled 
15 

to a carbonyl migration a variable-temperature C NIIR study was 
1 3 

carried out on a sample prepared from CO enriched V. If the 

solid state structure is retained upon solvation then ten separate 

carbonyl resonances would be expected in the limiting, low-

temperature, 'n-decoupled spectrum (-60°G, CDCl^), but evidently 

several are accidently isoclrronous as only seven are resolved: a, 

185,1; b, 184.4; o, 181.2; d, 175=9; e, 175.5; f, 17:9.1 and 171.5 

8-with relative intensities of 1:3:1:1:1:1:2 respectively. There 

is also definite evidence of a further shoulder on the resonance 

at 184.46. Subsequent to this'work Aime et. &l«(l87) published 

similar results for the related PPh.z,IXb, PCo-i-C^Sr,)? a:id 
J? / V 

P(i-O^Ey)^ adducts, but by varying the phosphine they overcame 

this unfortunate overlapping gaining better resolution of the 

signals. As the temperature is increased several resonances broaden 

and by 31°C they have merged to a single resonance at 176.8 ppm; 

other minor changes are obsei'ved including the highest field signal 

being resolved into two duo to small temperature dependencies 

(Diagram 12). 

On the present evidence alone, Vfith certain relative 

intensities open to debate, it proved difficult to decide whether 

the emerging resonance is the result of the coalescence of two, 

MEAN^ ^ ^ =177.26, or three, MEAN^ + ^ 176.78, signals, although 
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a small shoulder on @ at O'C would support the former procesG* 

Reoourse to the data for IXb also supports this preference. This 

is fundamentally important because it diBmissGS the possibility 

of complete polytopal rearrangement about an OBmium shared by both 

hydrides in the intermediate (Mechanism One, Diagram 1^)* This 

structure nicely conforms to the l8-electron rule for each osmium, 

but the fact that it is higher in energy indicates the extra 

stability associated with bridging hydride ligands. The favoured, 

more restricted, dynamic process (Mechanism Two) involves a 

concerted oscillatory motion of only two carbonyl groups with the 

terminal and bridging hydrides in the octahedral plane defined by 

these four atoms* Site exchange of the carbonyls occurs bringing 

the terminal and bridging hydrides to opposite faces of the molecule. 

The interdependency of these changes is supported by measurements 
1 13 

of line broadening in the slou-o%change regions of the H and ' G 

NMR spectra which revealed similar free energies of activation(l87), 

A 
1. 

ir 
A wider ranging 6tudy(173) of AG' values, as determined from the 

E NMR, established a dependence on the steric and electronic 

demands of tlie introduced equatorial ligeind, increasing with the 

cone angle and polarizability (or decreasing basicity) of the 

donor atom. Both these trends are best accounted for with the 

postulated, doubly-bridged, transition state. The possibility that 

GOg, and not COp, is exchanging with CO^ cannot be rigorously 

ezoluded but such a process would be of higher energy, it is believed, 

and also contravene the supporting evidence for the below resoiiance 

assignments* 

Of the two resonances involved in the dynamic process 

that at 181.26 is assigned to trans to the terminal hydride, 

on the basis of the large Interaction observed in the ^H-coupled 

spectrum (Diagram 14). Although with IXb this appears as only a 

doublet ('Jgg=24Hz) for IXa, by comparison with the related 

[Il20B^(C0)q(PPh^)(GgHj^)](Chapter Three), it is preferably interpreted 

as a doublet of doublets (^JQg=13o6 and ^.^Ez). The relative 

chemical shift to the second at which did not show evidence 

of E-coupling, is also consistent with it representing GOg 

approscimately traiio to the bridging hydride on the same osmium* 

The only other distinct coupling was to e, as signified by a loss 

of relative intensity. This must correspond to either 00^ or GO^, 
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Diagram 14 
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but is aasigued to the first because, whilst the chomical shift 

of this resonance remains almost iuTariant to changes in phosphine 

Gubstituent or temperature, that at 171.18(3^1^0) shows a large 

dependence on the nature of the phosphine and was thua assigned to 

COgdSy)* Its absolute chemical shift conveniently fits into a 

trend P(O-i-C^B^)^, 168.86; PPh^, 170.46; and P(i-C^F^)^, 172.16 

of increasing phosphine basicity resulting in a greater downfield 

shift of the resonance. This leaves the Os(GO)2^ and axial groups 

on the phosphine-bonded osmium unallocated. 

The proposed dynamic behaviour will simultaneously 

cause averaging within the two sets of axial ligands which, combined 

with the general observation that accompanying resonances are 

normally found at lower field than those for radial groups, allows 

them to be collectively assigned to the overlapping signals after 

l84ppm. At higher temperatures the pattern becomes less complex, 

as expected on raising the apparent molecular symmetry, and 

although no attempt is made to rationalise these changes the filial 

arrangement may be deciphered as a singlet, attributed to COp/CO^,, 

and a partially obscured doublet, due t o a phosphorus-carbon 

two-bond coupling, as possibly anticipated for 00^/00.^,^ The 

outstanding resonances at 175»9 and 171*4 6 muot then correspond to 

COg and 00^,= Ho attempt is made to differentiate these two, but 

it is interesting to note that these two signals are especially 

temperature dependent as a similar phenomena is evident for their 

counterparts in [E20G^(C0)^(PPh^)(CpEj^)]. 

As yet no complete' investigation for [E^Os_(GO)^^] has 

been published, but preliminary data(^4) is consistent with evenj 

greater llgand mobility over a comparable temperature range. 

Complete polytopal rearrangement about the pivot Os(CO)^ appears 

to be occurring combined with hydride scrambling along two metal 

edges as shown in Mechanism Three. The presence of a phosphine 

appears to restrict hydride migration to a localised process along 

a single metal-metal bond= 

1.5.4. Prepai'ation of [n^03^(CO)..(PPh^CH^CE^8II,)] 

At first an attempt was made to prepare the 1:1 adduct 

from reaction with the phosphine-silane, PPhgCnpCHpSi(OEt)^o Again 
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on addition, an- immediate eolow change to yellow occurred, but 

on leaving overnight the Golntion turned olive-green without 

hardly any precipitation of the required product, Removal of the 

solvent and chromatography on Gilica-gel, with diethyl ether/hexane 

(5:3 v/v); gave a series of products; thoce of Bnaller proving 

difficult to remove from the plate. None of the resulting infrared 

spectra resembled that of the expected species* This again 

demonstrates the difficulty of obtaining adducts with the ligand-

silane because of lost selectivity, due to interference from the 

backbone,and the practical limito.tion of separations on hydroxylic 

materials. Even if [H^(CO)^^(PPh^CH.CS^Sl(OBt)-)] had been 
c: j> ID <d d ^ 

selectively prepared, the subsequent conditions necessary to 

securely anchor it to silica would almost certainly cause loss 

of species integrity. Therefore a route to the supported complex 

via SCHEME TWO appeared unappropriate, but the mild conditions 

required to prepare the 1:1 adducts should favour SCEGIIE OIIE and 

this has proved the case. As V is known to be reasonably stable 

on chromatographic plates at ambient temperatures no diroct chemical 

interaction would be anticipated. 

A quantity of PPhgCHgCEpSIIi was suspended in dry 

methylene chloride and stirred at room temperature. Successive 

small (spatula-head) portions of V were added until after two hours 

from the last addition the supernatent liquor was still purple 

reminiscent of excess precursor cluster (and indirectly showing 

maximum complexation on the ligand-silica). In contrast, the 

silica simultaneously acquired a concentrated light-yellow colour 

characteristic of the required surface species. Once the reaction 

had terminated the silica was filtered off, washed several times 

\fith fresh solvent, and them dried in the air. It gave a very 

intense infrared spectrum, shown in Diagram 1^, which is in 

excellent agreement with that of the unadsorbed analogue. Thus, 

as anticipated, [EgOs^(CO)^Q(PPh2CH^CEp8II,)],X, was successfully 

prepared, as the exclusive product, via 8CEBME ONE. At this stage 

no difference was apparent whether the ligand-silica was pretreated 

with a silylating agent or not, since under the mild conditions 

there is no interaction with the surface silanol groups. 
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1.6. iv , tioa and CharacteriGation of [E_08y(C0).(PPh_Cn^CEgSII,)] 

1*6*1 & Thermolysis of [R-Ps_(CO)^^I,J 

Whilst the attainment of X is of academic interest it 

is unlikely to be of any catalytic importance since above room 

temperature, nominally under reflux in n-hexane, these 1:1 adducts 

are uzistablo undergoing smooth conversion back to 46 electron 

systems. The precise outcome depends on the nature of the pendant 

ligand* For strongly coordinating species, such as phosphines or 

isocyanides, carbon monoxide is eliminated to give [H20s^(C0)QL], 

which is identical to the parent V except that one of the bridgehead 

osmium atoms bears the appropriate ligand instead of one of the 

carbonyls. Thus, overall there is carbon monoxide substitution by 

an associative pathway with carbon monoxide loss as the slow second 

step. However, if it is weaker binding than a carbonyl, such as . 

a nitrile, the new ligand is ejected to regenerate V.again. Indeed 

the 1:1 adduct with phenyl cyanide is only stable in solution in 

the presence of excess ligand, and even, isolated crystals will 

decompose when dried under vacuo. Similarly [E^Os^(CO),^] is 
2 3 ^ "^M1 

unstable in solution in tho absence of dissolved carbon monoxide. 

Ah exception occurs with trifluoroacetonitrile wheii-e the presence 

of an electron-withdrawing substituent sufficiently enhances hydride 

transfer to the nitrile ligand to facilitate room temperature 

formation of stabilised edge-bridging moietiesClSS). 

In all examples studied so far the phosphine always 

adopts an equatorial position both in solution and in the crystal 

latticee With isocyanides the situation is more complex and (at 

least) two different isomers result, with their relative abundancies 

dependent upon the steric bulk of the nucleophile. The first is 

analogous to the phosphine derivative, whilst the second has the 

isocyB_nide in one of the four pseudo-axial sites. In this latter 

form the two bridging hydride ligands are inaquivalent, and this 

is aeon in the E NMR spectrum where two separate singlets of equal 

intensities exist. Full X-ray crystallographic analyses on the 

tert-biityl- and phenyl-isocyanide derivatives have confirmed these 

preferences, with the bulkier ligand adopting a less hindered 

equatorial position(l8^) but the smaller phenylisocyanide occui^ying 
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a pseudo-axial poGitioii(l63). 

Characterioatlon of [H_0s_(C0)^(P%^^)2 

As expected, pyrolysis of IXa, under reflux in n-hexaae, 

leads to the facile formation of [S Oo_(CO)n(PPh.Et)],XIa» Direct 

conTerGion of V to XIa, without intermediate isolation of IXa, is 

also possible by addition of an equimolar quantity of phosphine to 

the solution as it is brought to reflux* After chromatography, XIa 

is isolated as dark green/black rectangular crystals. Yields wero 

normally high, typically 809$, but on occasions when they were low 

a broad yellow baseline appeared on the t.l.c. plate* This can 

be associated with further ligand addition, accompanied by 

concurrent decomposition, and is discussed further in Chapter 

Three* The corresponding triphenylphosphine.XIb, and trimethyl-

phosphite,XIc, derivatives were also prepared for use in future 

studies. 

The infrared v, spectrum of XIa (Diagram 1?) only 
CO ' '' ^ 

contains frequencies due to terminal groups and shows excellent 

agreement with that of knoifn. literature analogues. In the mass 

spectrum a parent ion, m/e=1040, is observed followed by a 

fragmentation ocheme involving predominantly stepwise loss of 

nine oarbonyl groups, but increasingly complicated by phosphine 

degradation and hydride dissociation. However a naked metal core, 

, is clearly seen which possesses am excellent triosmium 

isotopic pattern. Elemental analysis (C and H) is also consistent 

with the proposed stoichiometry* In addition to the obvious 

resonances associated with a coordinated phosphine, the H NMR 

spectrum (31°0, CDCl^) exhibits a sharp doublet at -10.36 

which shows no temperature dependence over the range -60 

to +90*^0 studied-

All this data is entirely consistent with XIa being 

completely isoctructural to the previously reported XIo, which 

has been: the subject of a single crystal X-ray diffraction study 

(189). The molecule is isostructural with V but with the 

replacement of an equatorial carbonyl group on one of the non-

uniquo osmiuMS by the phosphine« The presence of the phosphine 

does not appear to affect the short Os-Os bond, and has little 
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Gterio influence over the poeitione of adjacent carbonyl ligandso 

The hydrides were not located directly, but from their known 

sterio Influence(190) the observed 0s-08-C(carbonyl) angles clearly 

showed that they both bridge the short edge and lie above and 

below the 08% plane. 

1 = 6 . V a r i a b l e Temperature C NT'IR Study on [H_Os^(CO).L]; 1̂ = 

CO or'pPh^Et 

The NME data for XIa implies that both hydrides are 

equally disposed to the phosphine in solution, consistent with 

the solid-state structure. However its temperature invariance 

does not assist identification of any possible fluxional processes 

present; particularly any involving the carbonyl groups* Accordingly 

a more detailed confirmation that the crystal structure is 

retained upon solvation was sort by carrying out a variable 
13 1? 

temperature "C MrR study. At this juncture the C spectral data 

for V is first reported since the two sets are shown; to be related^ 

After completion of this work some sections have been.subsequently 

publiohed by other iforkerG(191,192). 
13 

A sample of 00 enriched V was prepared from the 

pretreated [Os^CCO)^^]* Four resonances are seen in the room 

temperature spectrum: a, 182.4; b, 181.4; 2* 176.1 and d, 174*9 8-

with relative intensities of 2:2:2:4 respectively. These remain 

unaltered at -20^0 (CDCl^), and below this temperature sample 

precipitation hindered further study. However this is unimportant 

because the recorded spectrum is entirely consistent with the 

solid-state structure and represents the limiting low-temperature 

case. 

From its relative intensity d is imnediately assigned 

to the four equivalent carbonyl groups, occupying pseudo" 

axial positions on the non-unique osmium atoms* Each is trans to 

an.hydride ligand and in the E-ooupled spectrum the signal is 

split into a doublet ( jQg=:11.2IIz) enhancing the assignment. It 

is noticeable that although no discernible cis-couplings were 

resolved; definite line broadening of a, <3 and the doublet is 

indicativo of additional interactions* On this basis the signal 

with the narrowest half-width, b, was tentatively assigned to the 



(74) 

(D)OQ 
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for [E«OG^(GO).^ 

c O ( D ) 

a D ) 

(c) 0 

equatorial groups; oii the unique osmium asGuming that 

through-Bpace coupling with the hydrides will be an order of 

magnitude Gmaller than to the corresponding azial pair, 00^. This 

is coiisistent with interatomic distancQS calculated from the 

fraotio^al coordinates and call dimensions obtained in the low 

temperaturo (110^K) neutron diffraction study(l67)« The mean 

short distance between an hydride and the axial c&rbonyls on the 

unique osmium is 2o78A (the longer, through the plejie of the 

molocule, value is whilst the avei^age value to the 

equatorial groups is 4»58Ac Although its actual contribution 

cannot be quantified here, the importance of such through-space 

couplings in cluster systems has already been established 

elsewhere(19?). 

The same assignments were also reached from studies on 

an highly (>60^) ^^CO-enriched sample of V(194). Both low-field 
2 

peaks show fine-structure due to cis-coupling constants, 

but A is appreciably broadened by additional coupling to 00^^ and 

can thus be assigned to the pair, CO^. values are expected to 'CO 
be not negligible for oarbonyl groups which are three bonds away 

but trans-related through a metal-metal bond as already found for 

[Ir2^(C0)^^(CHBu'')3(l95)# The line-broadening for c and d is 11 
attributed to more 'conventional' through-bond ois-

interactions which other reseachersdSG) have estimated at 

approximately 2Hz» 
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A high-temperatiire otudy was carried, out to Bupplement 

these asaignmentG,, using dg-toluene as solvent* At elevated 

temperatures signals (8 and d collapse, coalesce and by 90^0 an 

averaged signal is beginning to emerge. This results from 

stereochemical non-rigidity of the 08(00).^ groups, which could 

occur via axial^equatorial exchange or pair-wise bridge-terminal 

lnterchange(43)» However, the former process is favoured and 

evidence from XIa consolidates this view* It is impossible to 

say whether the hydrides are anyt/ay involved in this motion. These 

observations confirm that ^ arises from the equatorial carbonyls, 

GOg, common to the bridged edge and a and b belong to the Os(CO)j^ 

unit* The latter signals do i%)t exhibit any appreciable line-

broadening at the highest temperature (90^0) studied, and even at 

the decomposition temperature (ca* 120°C) only a slight broadening 

is reported(43). Hence there is no evidence to invoke a polytopal 

rearrangement, via a simple twist mechanism, about this unit* 

It is interesting to compare these results with those 

pbtained for the related [HOs^(CO)^^X] and [03-(C0)^^X2] systems* 

For the mono-hydride adducts an extensive study (X=SEt, 8Ph, NBu^E, 

OH, CI, Br, I; GOpMe or C02GF.^) has shown, them to .be non-fluxional 

at room temperature, but in a number of cases above 70^0 

considerable broadening of the resonances associated with the 

08(G0)^ unit occurs, and with XzCOgMe and OOgGF^ coalescence is 

reached at 90^^0(140)8 This is attributed to carbonyl rotation 

about the unique osmium, but significantly no evidence for 

exchange about the (^(00)^ units was noted. The compounds 

[Oe^(CO)^QX^], X=C1, Br, I or OEt, are stereochemically rigid over 

all the temperatures studied (-90 to 95°G). However, evidence 

exists for a slow exchange, not on the MMB timescale, within the 

Os(CO)^ groups. Hnenriched samples undergo stereospecific exchange 

of labelled carbon monoxide at the CO^ cites at room temperature, 

but a thermal roorrangement (110°G in toluone, less than 5 minutes) 

occurs to give a statistical distribution amongst the carbonyls on 

the non=imique osmium atom8(197)«' The influence of the introduced 

three-electron donors lipon these fluxional processes is clearly 

important but whether this is primarily a steric or electronic 

effect is unknoifn* Certainly from the crystal structure of 

[203^(00)^^01](198) the presence of tho chloride has an.electronic 
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effect Glgnlficaatly ehorteniag tho Os^CO diGtonces trans to Iteelfu 
13 

A full, variable temperature, C NME stucly was carried 
1y 

out a sample of XIa propared directly from the CO enriched V* 

Introduction of an equatorial phoephine lowers the molecular 

symmetry from 0^ to C^, with only the plane through the metal 

triangle retained. Consistent with this geometry six resonances 

are observed in the room temperature spectrum: a, 184.8; 18^.4; 

2, l82a7; dg 181.6; 178»!5 and f, 176.1 6- with intensities of 

2:1:1;2;1;2. If the phosphine was located in a pseudo-axial site 

the symmetry is completely destroyed and nine resonances would be 

expected. However, tho observed spectrum reoains unchanged at 

-60°C (CDCl^), the lowest temperature employed, and it is hard 

to envisage any fluxional process that could account for this 

provided the phosphine is a rigid entity. 
?1 2 

Only d shows coupling to the ' P nucleus ( Jpg=4.8Hz) 

and is consequently assigned to the semi'-azial groups, 00̂ ,̂ 

sharing the same osmium as the phosphine ligand. Proton-coupling 

causes all the signals, apart from b and to broaden due to 

inter-actions with the hydride nuclei (Diagram I6). From their 

intensitiesp and by applying the arguements used for V, the two 

unaffected resonances must correspond to the non-equivalent 

equatorial groups, COg and CO^, of the 03(00)2 unit* The remaining 

resonance of unit intensity, 2? then/ associated with the 

equatorial carbonyl, COp, of the Os(CO)^ group. Both d and f show 

resolved couplings, ^J^g=:2o2 an.d 11(,2 Ez respectively, which 

confli'ws the assignment of d, whilst relating f with the pseudo-

axial enviroments, CO^, on the second bridgehead osmiumo The 

almost identical coupling constant to f, and the corresponding sites 

in 7, firmly establishes the similarity in spatial arrangement, 

as 8ho\fn by the crystal structure, and electronic envlroments. 

Conversely, tho presence of the phosphine has a considerable effect 

on the magnitude of the coupling constant. In the absence of a 

n.6utron diffraction study it is impossible to postulate any 

asymmetry it might induce In the bridging hydrides (although the 

observations with f point against this possibility),, However the 

)[-ray diffraction study serves to illustrate that, while the 

phoBphine docs not significantly alter the spatial arrangement 

about the osmium, it does have a noticeable electronic effect 
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shortening the Oe-GO dlstanoee. Since the phoephine is a better 

-donor, but a poorer IT -aoceptor,.than a carbonyl ligand it tends 

to push electron density onto the osmiim which will be taken up 

by stronger backbonding to the carbonyls; this appears to be 

reflected in the coupling constant. The outstanding signal, a, 

is allocated to the axial pair, 00̂ *̂ on the OsCCO)^^. In view of 

these asGigmnents it is interesting to note th@ peak shapeG of 

the signals with unresolved features. With increased resolution 

e should be a triplet, as a result of cls-coupllng to two equivalent 

hydrides, and has a significantly more pyramidal profile than 

either a, or tha two branches of f, which should be further eplit 

into doublets (ignoring the longer range interactions to a); thesf* 

couplings are estimated at <2Hz. 

As the temperature Is raised the signals e and f coalesce, 

and an: averaged signal begins to appear above 70°C. (This underlines 

the assignment of these i^esonances to the 08(00)^ group, ai:d tho 

persistence of this oscillatory motion upon phosphine substitution 

highlights its localised nature* Although only a limited number of 

speotra were recorded, and the quality was poor, it appears the 

barrier to rotation is unaltered, or marginally lower, in the 

substituted derivative. The similar rotation at the other osmium 

is blocked by the rigid phosphine. 

A comparison (Diagram 16) of tho limiting spectra of 

V and XIa illustratos a large degree of correlation between.the 

chemical shifts of related carbonyl envlromentg. In general, upon 

substitution the absolute values all undergo a paraiaagnetic shift 

of ca. '1-2ppm; ifith the exception of those affixed to the same 

osmium as the phosphine whence the shift is more marked (ca* 7ppm). 

This oan be equated w^ith observed crystal structure detail by 

reference to the increased basicity of a phosphine compared to a 

carbonyl llgand. The fact that its presence is transmitted 

throughout tho cluster may also be relevant towards a possible 

lower barrier to polytopal rearrangement within the Os(CO)^, since 

such a labilizing effect is already known in other cluster systems. 

These empirical trends oro used to good effect in Chapter Three 

when assigning resonances in phosphine derivatives by compariGon 

to those of the.unsubstituted cluster* 

PTO 
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Preparation of [E^Os,(CO)(.(PPh^CE^CE^IL)] 

It was noticeable that even when recording the infrared 

spactrtun of X the heat of the beam cansed a shoulder to develop 

at 2095 on the 210$cm ^ peak. This indicated that carbonyl loss 

was quite facile, and conversion to [H,^0G^(C0)g(PPh2CH2CHp8IL)], 

XII, chould be easily achieved* Indeed a self-supporting disc of 

X; motated in on evacuable cell and held in an infrared beam, 

rapidly converted to.XII within an hour. On a preparative scale 

a freshly prepared sample of X was heated under vacuo at 40°C 

overnight* Within a relatively short time the solid began to 

darken, eventually becoming greeniin colour. The chosen reaction 

period was used purely for convenience and to ensure completion; 

it was not found detrimental to the nature of the product* The 

recovered silica was still free flowing and its infrared 

spectrum (Diagram 17), by comparison with that of XIa, firmly 

established a successful decarbonylation step to give XII. However, 

certain diserepancies can be seen, cind, in particular, the two 

shoulders at 2063 and 2034Gm"' are due to a second surface species 

believed to result from breakdown; ofL XII by further phosphine 

substitution and coordination of surface silanol groups. (Phis is 

discussed in Chapter Five, but demonstrates the inajor drawback of 

5CHEI4E 01^ whereby reimining, uncomplexed, phosphines can, become 

Important when;more vigorous conditions are applied* Secondly, it 

highlights the disadvantage of incomplete silylation of residual 

silanol groups left after sui^face modification with the bullcy 

phosphinosilane. Consistent with this the two shoulders tended to 

be more pronounced when XII was prepared by the same method as the 

unadsorbed variant, by heating under reflux in n-he%ane for 2 

hours, or when uo attempt to modify outstanding silanol groups 

had been taken. When a solvent was employed, niether it nor any 

subsequent washings had any perceivable coloration, indicating 

that cluster Icaching from the surface had occurred. 

Despite the above complication the decarbonylation is 

the pi'izicipal reaction and represents one of the first examples 

where proven solution chemistry is reproduced on an' immobilized 

speciesc Tliis avenue is receiving greater attention with more 

sophisticated synthetic chemistry being attempted. Oxidation 
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of one carbonyl group by Me^RO, in the prooeace of acetonitrile, 

haa afforded [H0s^(G0)^(NCM8)(,S-0X-[DE)] on Bilica and alimina* The 

iatroduood acetonitrile ligaad. reproeeats an: incipient vacant site 

and gives the oomplex more potential for catalytic activity(13)» 

The analogue of XII on phosphine fnnctionaliGed 

polystyrene, [EgOs^(CO)Q(PPh2- )]$ has also been prepared by 

direct ligand exchange with Xlb, avoiding the need for any thermal 

treatment(199), 

The isolation of XII is exciting because it is formally 

unsaturated with only 46 valence electrons* The resulting 

inherent reactivity has been already exploited in V to givo 

catalytic hydrogenation and ieomerisation of olefins, and the 

observed, parallel chemistry of anchored complexes gives confidence 

that XII can potentially act as an= adsorbed analogue of V. With 

the phosphine at one side of the unsaturated edge it will presumably 

induce an asymmetry in electron density which may be manifest in 

different reaotivityo Only a few comparative studies between V 

and its phosphine-subotituted derivative [TI^03^(CO)^(PPliMe^)],XId, 

have been published, but they show that the introduced ligand does 

not drastically affect the chemistrg. However, the phosphine does 

influence the rates of reaction and where competing pathways 

exist its presence can alter the observed product distribution. 

Eence reaction ifith trifluoroacetonitrile(l88b) gives a mixture of 

[E03^(;U-ri^'fF^C=Nn)(C0) L] and [EOs^(X-'n!^"-H=CHCF^)(CO)gI,] in 

both cases, but with a higher proportion of the second complex 

formed from Xld in a shorter reaction time» Interestingly, selective 
I»MI I « 

formation of the anti-isomer of the latter adduct strongly implies 

that initial addition is at the phosphine-bonded osmium provided 

subsequent intramolecular rearrangements are unimportant^ this 

is seen as a general trend for oxidative additions to With 

carbon disulphide both V and. Xld give a product where two Os^ 

units are linked together by a methanedithiolate group, 

(/4"8gGR2)[n03^(C0)Ql,]^(178). However, while the reaction with 

T is essentially selective, with Xld additional products were 

isolated from imimolecular pathways which contain dithioformato 

and thioformaldehyde groups,, The roduced tendancy of 3^ to undei^go 

nucleophilic e.ttack favours the unimoleculor route from the 

postulated pivot intermediate [H^0s^(00)ql,(c8p)], because a 
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second molecule will be less susceptible to attack from the 

uncoordinated sulphur atom* This supported by concentration 

studies where the bimolecular process increased in importance 

with higher levels of Xld. These results are encouraging, and in 

Chapter Three the reactions of )n|a. with ethylene and acetylene are 

shown to mirror those of V. These produced a series of model 

compounds which are used to explain the catalytic activity of 

XII for ethylene hydrogenation and subsequent deactivation processes, 

1*7* Elemental Analysis and Conclusions 

The spectroscopio evidence conclusively established 

selective formation of the phosphine-tethered triosmium clusters 

VIT, X and XII. However, elemental analysis for osmium and 

phosphorus content on the silicas (Table 4), measured by neutron 

activation and X-ray fluorescence respectively, shows that oomplete 

coverage of the phosphine groups has not been accomplished,. In 

Table 4 

Compound Os (wt/trk^) P 
, 4 —1. 

Os (x10 mol»g ) P 

PPhgCHgCEgSII, 

[E^0s^(C0)^^(PPh^CRgCEp8II,) ] 

[E20s^(CO)g(PPhpCH^GHg8II,) ] 

[08^(00)^^ (PPhgCBgCH^ail,)] 

0.89 

4.06 0.77 

5.50 0.94 

3.78 0.80 

2o9 

2.1 2.5 

2.9 3.0 

2.0 2.6 

each case there is approximately two free phosphorus groups per 

anchored cluster. The differences between the data of X and X!t̂  

must represent experimental error since no leaching was evident 

during decarbonylation of X, particularly when carried out by the 

dry technique. The similar coverages achieved with VII and X 

suggests that mass transfer from solution was not limiting, but 

instead a function of the surfaco* If we take VII, the osmium 

content translates to each cluster molecule effectively 

occupying 330^^, whereas from crystal structure dimensions each 

might b@ expected to cover 2 0 0 E v e n so, this would still 
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preclude half the phosphinea from forming a moao-subst i tuted 

derivative, Snrfaoe irregularities might aceoimt f o r the observed 

1 in 3 figure* These uncoordinated ligando can prove problematical 

at elevated temperatures promoting thermally activated multi-

substitution. 

Yet another c o m p l i c a t i o n w i t h SCHEME ONE has been 

recently exposed by CP I4A8 Btudies on PPh2CEpGH28II,(200)« These 

identified two chemically diBtinct phosphorus-containing groups 

grafted to the surface, with tuo resonances at -10«5 ô d̂ 42 ppm. 

Assignment o f the first to supported phosphine was by corzipariaon 

with the high-resolution solution spectrua of the free ligand, 

while the doshieldod resonance la indicative of a phosphorus(V) 

species. Careful ezclusion of air favoured the supported phosphine, 

but only by adopting the modified Isaleib's procedure, with 

intermediate capping of remaining sllanol groups, was the eztent 

of oxidation drastically reduced* Alternatively the phosphine-

ozide could be subsequently removed by r e d u c t i o n w i t h ESiCl^. 

However, the procedure described did not incorporate insltu 

silylation of outstanding silanol gi'oups during the px-eparation, 

and this will have exaggerated the degree of o x i d a t i o n * Commercial, 

polystyrene-immobilised tertiary phosphines were also found to 

contain very largo amounts of phosphine-oxide* In contrast, 8aito 

and coworkers(20' l ) d i d not observe any evidence f o r phosphine-

oxide fo rmat ion when syhthesizing a phosphine-silica using 

PPh2(GE2)gSiCl^. Experimental conditions, and use of freshly 

distilled phosphine-silane, are clearly important. 
51 

Both these high-resolution P HME studies confirmed 

the potential of this technique for identifying immobilised 

organometallic species; cis- and trans-[PtClgCPPhgB)] could be 

differentiated in the solid-state from the different « 
^ J . 

coupling constantso Chemical shift and coupling constant values 

obtained by solution measurements were shown to be comparable W.th 

solid-state values in geometry assignments. However, a substantial 

dispersion o f P chemical shifts (ca« 12ppm) was seen in 

amorphous systems, where a given type of phosphorus atom may be 

present i n a wide variety o f enviroments. This broadening due t o 

enviromental effects will not be further reduced by any line-

narrowing technique and represents a limitation. Utilisation o f 
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SCHEME TWO gave Bolective formation of oither isomer, whilot 

adaption of SCHEME ONE w i n g [PtClg(KCPh)g] gave a complex mixture, 

but with the trans-lsomer predominating and all available 

phosphines coordinatedo 

These resulta cast further doubt on the effioaoy of 

SCHEME ONE* Although unproven, the inbalance between immobillaed 

cluster units and available phosphorua atoms is likely to arise 

from a combination of sterically inacGesible phosphines and a 

percentage of phosphlne-oxldes on the surface. 3he influence of 

both of these sets at elevated temperatures are then.important 

oonsiderations * Still in Its favour is the potential of silylating 

the surface to remove the bulk of silanol groups, which represent 

a serious defect of SCHEME TWO* Their detrimental effect at the 

conditions necessary to ensure oovalent anchoring of the 

homogeneoua cluster derivative, and thereafter on its shelflife and 

thermal stability, has been already demonstrated* For these reasons, 

for the systems under study, the advantages offered by SCHEME 

ONE were considered to outweigh these exposed doficiencies* 

Accordingly, the samplea of VII, X and XII, characterised by the 

given elemental analysis, are used in catalytic investigations 

reported in Chapter Five* 

1*8* Experimental Section 

All preparations wbre carried out under white-spot Ng, 

unless otherwise stated. Saturated n-alkane solvents were pretreated 

with oono. H^SO^,, then distilled from above CaH^, and.stored over 

5A molecular sieves* Sodium dried Et^O was used in separations* 

Chromatography was on 20 x 20 x 0.1 cm silica t*l.c* plates. 

Mass spectra were recorded on an AEI HS12 spectrometer, 

using tri8(perfluoroheptyl)-Gym-'triaKine as added reference* Quoted 

parent ions are based on the maximum isotopic abundance, [Oe^]*= 

572* 

Infrared spectra were either recorded on a Perkin-Elmer 

58OB with a model 3500 Data Station or a Perkin-Elmer 225 Grating 

Spectrophotometor, using Spectroscopic Grade solvents (oyelohexane, 

CCl^ or KBr) or Na^dried Nujol mull. 
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Eydrogea-1 and. G NMR spectra were run on a V a r i a a 

AsecclatGa XL-lOO spectrometer; Cr(acac)- was routinely added as 

a Ghiftless relaxation reagent for the latter studies* Spectra 

of prepared ligando wore recorded on a Perkin-Elmer B12* 

Metal analyses were determined by Neutron Activation 

analysis, an IGI Radioisotope Serrice utilizing the TRIGA nuclear 

reactor installed at Billinghamo Phosphorus contents were by 

X-ray Flnor-escence. 

This was generated by oxidation of K^[08(0E)2^0p] in 

the apparatus shown in Diagram 18, all joints are greaseless, 

The following prooednre leads to its Isolation in 

the absence of water, as desired for the preparation of [Os^(CO)^2], 

A porcelain boat containing potassium osmate, typically 10g, was 

placed inside a qiiartz container with qiiickfit end connections. 

This intwn was slid within a tubular, 3 inch long, quartz furnace 

consti^cted with Kanthal-D resistazice wire as 6hown= A steady 

stream of Np ie then, passed over the boat as the tomperAture was 

raised to 200^0 to remove the water of crystallisationo The 

off-gas is bubbled directly into a 109$ KOE solution as a precaution 

to trap any entrained OsO^.. On.ce this had been conpleted a double 

U-bend Pyrex condenser was Inserted, cooled to ose -20^0 in 

Dewaro containing a salt/ice slush, A flow of Op was ixitroduced, 

and the reaction temperature gradually increased to a maximum of 

800°C. Formed OsO,, was carried into the n-traps where it solidified 
o 

(mep*»40.6'0) as white, needle-like, pryatala. As the mass 

builtup application of gentle heat forced the product to the base 

of the condenser* Once production had ceased^ the furnace was 

cooled down: to room temperature and Ng flushed through. The 

condenser section wag then removed and stoppered, although 

normally the product was immediately washed out with Analar Me OH 

and carbonylated to [Os^(CO)^^], without further characterisation. 

The spent contents o f the boat were ehaken. in the KOH 

aolutien to regenerate fresh K)[Oe(OH)^0^], which was precipitated 

by addition of EtOH and could be used in subsequent preparations* 

PTO 



IdaRram 18 CGaium T'etrozide Generator 

Chromel-Alwnel 

thermocouple 

Potassium osmate izi 

a porcelain boat 

OKygen 

Double D-bend 

Alumlzia cement coveriiig Crystallised CsO,; 

Vent to 

atmosphere 

* resistance wire , 

to Variac 

, FUIUTACE CONSTEnCTION 

# # 
Salt/ice sltush bath 

in a Dewar flask 

bottle 

containing a 10$g EOE sol^ition 

oo 
o\ 



(87) 

[0s^(C0)._](i58) 

Osmium t e t r a o x i d e ( % ) wae .diesolved. l a Analar Mo0H(40ml) 

and then poured into zm autoclave glaGS-linardOOal). Reaction 

was carried out in a rooking autoclave under C0(75bar) at 125°G 

overnight. After d i s c h a r g i n g , the r e d - y e l l o w methanol ic liquor 

was decanted o f f leaving insoluble yellow crystals of [00^(00)^2] 

(3.^-4«0g), which were washed out with petroleum ether and 

recrystallised from hot toluene; yleld=60-85/^* 

IR V (cyclohexano) : 20683, 203^s, 201 2002m, cm # 
CO 

Baizan v : 162s, 121s; cm" # 

01/0=908. 

Enrichment was carried out by treating a sample(Oo^g) 

with ^^GO, by heating a m-zylene solution to 140°C for 24 hours, 

in a closed system. 

a)(202): A fast stream of GO ^as bubbled through a 

vigorously stirred solution of RuCl^o33pO(7o^K]Og) in 2«etho%y-

ethanol(120ml) heated to reflux. Aftar 12-14 hours the solution 

had turned lemon yellow and was left to cool. Then Analar 

EtOE(IOOml) and 8-30 mesh Zn(9g), previously ifashed with 1096 

HGl(250ml), ] ^ 0 and d r i e d in am oven overnight, were added and 

the mix ture heated at 85°C with a continued s t ream of CO for 

another 7 hours. By this time the mixture had turned red, and 

orange crystalline [Ru^(CO)^ ̂ ](3.7647g) could be f i l t e r e d off 

and recrystalliaed from boiling toluene; yield=:639$. 

b)(203): To prepared(204), crude [Bu^O(02CCH^)g(n20)^]-. 

0^0CH^(2.56g) was added 1 -propanol(200ml) and NEt^(4.6lg, 6.3mlX 

Carbon monoxide was passed through the solution, mainta ined a t 

75-80°C, which turned from green to orange over a 15 hour period* 

Cooling in a refrigerator for a day resulted in the precipitation 

of [Bu^(C0)^2](0,97l8g); yi@ld=479^. 

IR V (cye lohexane) ; 2 0 6 l . 5 v s , 2 0 3 1 . 5 6 , 2012m, cm""^e 

m/e=64l. 

A rapid flow.of Sp was bubbled through a solution of 

[0s^(C0)^2](0.5043g) in n-ootane(80rBl) at 120°C for 2 hours. The 
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deep red solution was allowed to cool and decanted from any 

unreacted starting material. Them it was concentrated on a rotary 

evaporator, before ohromatographing on a 30ca silica column 

using n-hexane aa eluant* One broad fraction moved down the 

oolunm which on evaporation gave dark purple cryatals of 

[Ep08^(C0)^Q](0.3^01g); yield=:7496, not accounting for unconsumed 

[Os^CCO)^^]. 

IR (cyclohezane): 2111vw$ 2076v8, 206$B, 2026v6, 2011s, 1988m, 

1972vw, 1957vw, om"^. 

MMR(CDC1^, ^1°C): -11.76, s, 2 Oa-E-OSo 

m/ e=:8^4e 

PPh^Et 

An ethyl-Grignard was prepared by the gradual addition 

of EtBr(20g, 0.l8$mol) to I4g tuminGB(4.99s, 0o205mol) in 

EtgOCcOOml), and leaving to stir for houTo To this was slowly 

added PrhgCl(28g, 0.127mol) in EtgOClOOml), and the resulting 

solution wag gently heated under refluz for a further hour. It 

was then hydrolysed with dilute NE^^Cl solution, and the BtgO 

layer eopEiratad and dried over HaBO^^. Finally, after removing the 

solvent, the residue was distilled under vacuum to give 

PPhgBt(22.45g) as a clear oil; yleia=8396. 

b,p,=134-136°C/3 torr, lit.(205) b.p.=:1$8-l4l°C/l torr. 

methiodide mop.=l8l-l82°C, lit.(206) m.p.=:l82-l8^°0. 

"̂ E NimCCDCl^, 35°G): 7.156, m, PPh^; 1.956, dq(Jgg=7^2Ez, Jpg=2H2), 

PCEgC; 1.06, dt(Jgg=:7.2Ez, Jp^=l6.7E2), PCC^. 

PPh_CE_cn_Si(0Et), 

An n-hezane(100ml) solution of (Et0)^8iCECEg(27»09gg 

O.l42mol) and EPPh2(24o4lg, Ool^lmol), prepared by the action of 

Li on PPh^ followed by hydrolysis, was izradiated with a high 

intensity ultraviolet lamp for about 100 hours. The solvent was 

then removed under reduced pressure, and the residual off-white 

liquor distilled in vacuo to give two fractions. The first (32-

i$4^C, 2=5 torr) being unreacted triothoxyvinylsilane and the 

major, higher boiling, one the required product, PPhpCHgCHgSi(OEt);. 

as a clear viscous liquid which solidified on cooling; yield 

typically 709^. 
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b . p . = 1 7 4 - 1 7 6 ° C / 2 . 5 ' t o r r , lit, (72) b .p.=178-179*^0/2 t o r r . 

mm(CDCl^ ^^°c): 7.36, m, P ^ ; 3.786, q(Jgg=7.1Ez), SlOCl^C; 

2 * 1 8 , m, PCHgC; 1.26, t ( J^g - 7 o 1 H 2 ) , SiOCCE ; 0 . 7 6 , m, SiCK^C. 

m/e=:376 (27^79^, 70eV; 85.89^, IJ^oV). 

PPh_,Cn^CH_8IL 

A e r o s i l 200(6*9g), previously d r i e d i n vacuo at 145^0 

f o r 24 hours, wae r o a c t e d w i t h froshly d i s t i l l e d PHipCHpCHgSi(GBt 

(2.2g, yaat excess) by heating to reflux i n ]a-xyleae(2^0ml) for 

24 hours= Hae of a Dean and Stmrk apparatus allowed some of the 

boiling solvent to be rim off, removing EtOK formed, in the 

reaotion. (Then a c a l c u l a t e d 3-fold excess of 018iM@y(4.gml, 0.03!? 

mol)g baaed on an es t imated 1 . 6 6 % lO^^moleg"' o f s i l a n o l groups 

was added and the Guspension left refluxing for a further 12 

h o u r s . Any remaining silylating reagent was d i s t i l l e d o f f , and 

t h e silica transferred to a Sozhlet finger and extracted with 

toluene overnight to remove unreacted ligand-silane* Fing.lly the 

l i g a n d - G i l i c&f PPh^CEgCE^SII,, was dried i n vacuo. 

Elemental Analysis 

4 ( PPk.,Et) ] 

A quantity o f [ 0 8 ^ ( C 0 ) ^ ^ ] ( 0 . 2 0 0 0 g ; 0«22micol) was 

dissolved in 0np0l2(60ml) containing MeCN(3ml). Shea f r e s h l y 

sublimed Me^N0(0.0274g; Oe365HMol)p in a miniauai quantity of 

Analar MeOH(lml), was added* [Dlie solution almost immediately 

lightened in appearance* but was u s u a l l y left stirring for ^ 

hour before; the solvent was removed under vacuumo tOie lemon 

yellow residue was Rcr&pped to the bottom of the flaek and 

washed with a small aliquot of MeCN, which extracted any impuritiee 

leaving just a mixture o f [Os.).(CO)^^(nCMe)J and a small fraction 

of unreaoted [08^(C0)^p]t This was not normally further purified, 

but redissolved in fresh CIZ2Clp(20ml) and a stoichiometric 

quantity of PPh2Et(0.047lG9 0o22mmol) added* This resulted in a 

colour t r a n s f o r i a a t i o a to a deeper yell .cw* A f t e r hour the volume 

was reduced on a rotaz-y evaporator and the residue applied to a 

toleC. plate and chrcriatographed eluting with n"]iGxan6/Et^0(jp:1v/v)« 

One broad bai:d zot'id up from the baseline, R^=0.^, which after 

e x t r a c t i o n , washing with n-pentane, and drying gave 

s 
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[0s%(C0);^^(PPhpEt)](0o1751s); not aocomitiiig for 

unconsunied [Os^CCO)^^]. 

IE V (cyclohexane): 2107w, ZO^^s, 2034m, 2020ve, 2001w, 1989m, 
GO 

1980w6h, 197AW, 1967»5w8h, 1959TWGh, em o 

(KBr): 2106m, 2055m-s, 20298, 20248, 2004a, 1995m-s, 

1979»5m-G, 1969*5,8, 1965s, 1963)8811, 1950m, 

Raman v (solid) ;21048, 20!54w, 20088, I996w, 1979ni, 1974D]-W; 
CO 

1968m-w, 1955w, cm"' » 
"̂ n NMR(0DC1^, ?1°C): 7»456, m, PHig; 2^66, q(Jgg=:7.7nz), PCE^C; 

0.96, dt(Jgg=7,7Hs, Jpg=l8a1R2), PCCE , 

'y m R : 130.46, m, P^^; 29.45, d(Jpg=:40Hz), PGC; 

(ODCl^, 40°C) 8./+6, G; PCC. 

m/e=1094. 

Elemental AaalysiB Cald. G 27.48$$ E 1.38^ 

m/=1092u9gcmol'"'^ Obsd. C 26o909^ S 1.5196 

[Os^(GO).^(PPh^CH_Gn_8i(OEt)^)] 

a) This could be prepared ia mi eaalogous maimer to 

that described above«, The required product was extractsd from 

imreacted [08^(00)^2^ n-]iexaae(5ml), oiroumveatlng the need 

for chromatography, and isolated as am oily yellow solid* 

b) [0,9^(00)^2](0o3070g, Oa539rmol) izâ  reacted ^j.th an 

excG88 of PPh2CEpGH2Si(0St).^(0.1509g, 0o401mmol) in toluene tmder 

reflux for 5 hours. Thea the solvent was removed in vacuo, emd 

the red residue chromatographed, with n-he%auG/toluenG(8:6v/v) as 

eluant, to give three diffuse bands, of which two could be 

partially extracted from the plate. 

i) Rp=0o35. yellow oil, [03^(00)..(PPh.CECE. 

sKoBt);]. , , 11 2 a ^ 

IR V (cyclohezane): 2107m; 2054^, 2035''5s, 2019v8, 2001.5m, 
00 /| 

1990m; 1977m, 1957w, cm"'. 

ii) E^=0t,15, orange-red oil, [06^(00) 

(PPh2CH2CH28i(0Et)^ 2^' 

m v^^(oyclohexane): 2084m, 2053w, 2028s, 20j1v8, 1968m, 1950sh, c 

_[0s^_(C0j. . (PFh^CH^Cn^SIL) ] 

a) Crude [Os.^(GO)..^^(NGMe)] waus prepared as previoualy 

described, containing only [03^(00)^^] aa an impurity. QThie wag 

m 
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added in.portions to a vigorously stirred suspension of 

PPhgCHgCH^SILCtypically l.^pg) in degassed CHgCl^(lOOml). 

Periodically agitation was halted, allowing the silica to settle 

out, and if the supernatant liquor was deficient in cluster 

precursor (infrared v ) extra additions were made. Finally, when 

after a 2 hour interval no further change in discrete cluster 

concentrations in solution was apparent, the silica was filtered 

off and successfully washed with several portions of hot n-hexane, 

followed by cold CEgGl^, until the washings were void of any 

perceivable coloration. The initial filtrate was shown (infrared 

to still contain excess [Os^(CO)^^(NCMe)] plus [02^(00)^2]. 

The silica was then atmospherically dried to yield 

[Os^(CO)^^(PPh^CH^CEg8IIj)] as a rich yellow, free flowing Bolid. 

IE (Nujol mull): 2107w, 2054s, 2034m, 201 gvs, 2000w-ia, 1989m, 

I976W-B1, 1956wsh, cm^^o 

Elemental Analysis Osmium 3*78 wt/wt9^ 

Phosphorus 0,80 

b) An alternative preparation invulved contacting 

[08^(00)^^ (PPh2GH2('^2^1(0Et)^)j with dehydrated Aerosll 200, 

previously dried in vacuo at 150°G for 24 hours, by heating under 

refluz in benzene for 6 hours, followed by Soxhlet extraction. 

[S Oa ̂ ( C g L r:,( PPhy^Et) ] 

A stoichiometric quantity of PPh^Et(0o^0239g9 23.2/41) 

was added to [3^02^(00)^^3(0.0950g) dissolved in n-he%aiie(25ml). 

Following on immediate colour" change from purple to yellow, the 

solution was reduced in volume and allowed to stand overnight« 

The required product [Ep03^(C0)^Q(PPh2Et)](0.1133g) precipitated 

as pale yellow platelets; yield=97^= 

IE (cyclohezane); 2105.5m,, 20668, 20518, 2024.5vo; 20l6sh, 

2007m-ay 1999m, 1982.5m, 1972ni, cm"''. 

NME(GDC1.^, -60°G): 7=556, m, PPh^; 2.86, m, PCH^C; 1.056, dt, 

PCCH ; -10.326, d(Jgg=3«3ng;), EOs; -20.226, dd(Jpg=11.1Hz, 

3.3Ez), Os-E-OsP, 

Elemental Analysis Cald. C 27.02^ E I.6I96 

MW=1066.91g,mol'"^ Obcd. C 26.68^ TI 1.48?^ 

pro 
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[n^p6^(G0:^_(PPh_CH_Cn^8IL) ] 

A cample of PPhgCHgCHpSIIjCtypically 1*5^) w&G ouGpended 

in CH^Clg(100ml), and succeBslve portions(gOmg) of [H^Os^CCO)^^] 

added until minutes after the final addition the solvent still 

retained the characteristic purple of the precursor cluster* In 

contrast, the silica had adopted a concentrated light yellow 

appearance, This was filtered off and washed several times with 

CSgClp, and dried under vacuum at room temperature, to give 

[HgPs^(C0)^Q(PFhgCHgGH^8IL)]. 

IR V (Nujol mull): ElO^w, 2065m-8, 2049s, 2024vB, 2006ssh, 1998m, 

198lm-w, I97OW; cm""̂ * 

Elemental Analysis Osmium 4*06 wt/wt9^ 

Phosphorus 0*77 

[I^Os^(CO)XPPh^Et)] 

Addition of an equimolar quantity of PPh2Et(0.00277g, 

27.2/41) to [np0s?(C0)^Q](0.113^g), dissolved in n-hexaneC^Oml), 

caused an immediate colour change from purple to yellow. The 

solution was then heated to reflux, and within 2 hours the 

original colour had retuined* After allotting to cool, tho solvent 

was removed and the black residue chromatographed using n-hexane/ 

Et20(4:1v/v) as eluant, Ckie major band(R^K0c64) moved up the plate 

from the yellow baseline, which on workup gave [E20s^(C0)g(PPh2Et)] 

(0e1099g) as a very dark green solid; yield=79o5/L 

IR v^^(cyclohexane): 2093m, 20^48, 2013vs, 200^m, 1990m, 1975m-W; 

19571^, cm^^e 

(KEr): 2091, 2046, 2006, 199^, 1971br, 1955, 194$, 

cm , all approximately of equal intensities*. 

miB(CDCl , 31°G): 7.56, m, PPh^; 2,86, m, PGEgC; l.lZĵ ,, dt(Jg^= 

7#5Hz, Jpgal8Eg); -10.606, d(Jpg=7«.?Hz), 2 Qs-n-OsP* 

m/e»1040o 

Elemental Analysis Cald. C 26*579^ H 1.64$^ 

Obsd. 0 27.10^ H 1.55^ 

The corresponding adducts [5206^(00)^,1,], I^PPh^ or 

P(OMe)^, were also prepared using identical conditions. 

[HpOs_(CO)Q(]?Phy)] Typical yieldaS^paCpurple crystals)* 
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IR V (cyclohexane): 2091m, 20$3G, 201 2010TQ; 2002m-w, 

1992.5a, 1989msh, 1974m, I96IW; cm"^. 

(EBr): 20928* 20598Gh, 20$1.5B, 201lTGGh, 2002Bh, 

1986v6sh; 1979vG, 1955^8, 195lTGsh$ 1933w8h^ 1921 = 5^, 

''s NMR(GDG1^; ^1°C): 7.466, m, PHi^; -IO.I86, 2 OG-R-OsP. 

ni/e=1088. 

Elemental Analysis Cald» C 29*82^5 E 1.56$^ 

Obsd. C 29.6^9^ S 1.509^ 

[HgOs^(CO) (P(OMe)^)] 

IR (cyclohexang): 2 0 9 4 . 2 0 5 6 3 , 2027vtr* 2020mg 2011 o5s$ 

2004w, 1999ni{ 199lB]8h, 1976w, cm"^. 

[H_Os? (Cg)_(_PPhgCR^GH^SIL) ] 

Freshly prepared [H208^(GO)^^(PPhgCSpCHpSI]j)] was 

transferred to a 50ial round-bottomed flask and dried in. vacnoe The 

flaak wao then imaersed in anr: oil bath at a constant tompsrature 

at ^K)°C. The silica, stirred to avoid localieed heating, under 

went a emooth conversloa to [E205^(C0)^(PPhgCHpCEg8IL)] as shown 

by a darkening in appearance to an eventual green* Normally the 

temperature was maintained for 12 hours to ensui'e complete 

reactione 

IR (Nujol mull): 2091w, 2063w8h, 20528, 20$3%7Gk, 2009vG, 

1991m8h, 1972wGh, 1954TWsh, 

Elemental Analysis Osmium 5#50 ivt/wt9& 

Phosphorus 0=94 

1.9= Reforences 

1. EoL.K%ietterties and JoStein, Chem. Rev*, 1979, 79, 479= 

2. J.H.Ginfolt, Prog, Solid-State Chem*, 1975, 10, 55* 

J.R.Anderson, 'Structure of Metallic Catalysts', Acacdemic 

PresG, London, 1975« 

4o E.l.Huettertiea, Angew. Ghem. Int» Ed. Engl,, 1978, 1?, 545' 

5= a) J.G.Buchhola and G.A.Somorjai, Acc, Chern* Res., 1976, 9$ 

33:3. 

b) G.A.Sonorjai, Acc. Chem, Res., 1976, 9, 248. 

6. E.t.Mutterties, T.N.Rhodin, B.Band, C.F.Bmcker and 



(94) 

W.R.Rretaer, Chem. Eev=, 1979, 22' 91* 

7* B.I,#Mu0ttortios and - M . J . Erause, Angew. Chem. Zat* Ed. E n g l . , 

198$, 22, 13)5. 

8# J.DeCorbett, Prog. Inorg. Chem., 1976, 21, 129* 

9. P.Ghini; J* Organometalllc Ghom., 1980, 200, 37» 

10* E.L.Muttertios, Bull. goo. Chlm. Belg*, 1975, 84, 959» 

11. I.AoOxton, D.BoPowell, N.Sheppard, K.Burgese, B.F.G.Jolmson 

and J.IawiG, J.C.g. Chem. Comm., 1982, 719» 

12. C.E.AjiGon, B,!I?,Keill8r, I.A.Oxton, D.B.Powell and N.Sheppard, 

J.C.g. Chem. Comm., 1983, 470. 

1i$# J.)3v^ans, Ghem. Ro?., 198I, 159» 

14. M.HoHoward, 8.F*A.Kettle, I.A.Ozton, D .B .Powe l l , N.Sheppard 

and P.Skinner, J. Chen* 8 0 c . Faraday Trans. I I , I 9 8 I , 77, 397* 

15a R.E.Benfield and B.F.G.Johnson, 'Transition Metal Clnstors', 

B.P.G.Johnson Ed* , W i l e y , New York, I98O, 471. 

16. P.P.Jackson, B.P.G.Johnson, J.lewis, W.J.H.Nelson and 

M.McPartlin, J.C.Sc Dalton, I982, 2099. 

17. D .Braga, J.lAWie, B.P.G.Johnson, M .MoPar t l ln , W.J .E.Neleon 

and HoD.Vargas, J.0.8. Chem. Comm., 1 9 8 ) , 241* 

18. a ) KoWade, Adv* Inorgo Ghem. Badioche«e, 1976, 18 , 1 . 

b) K.Wado, 'Sransition Metal Clnsters*, B.P.G.Johnson Edo, 

Wiley, Hew York, I980, 193-

19" B.Delloy, K.C.Planning, D.E.Ellis, J.Barkowltz and WtG^Trogler, 

Inorg, Chem., I982, 2247. 

20* J .C .Green , D.M.P.MlngoG and E.A.Seddon, Inorgo Ghem., I98I, 

20, 2595. 

2 1 . P.P.Jaokson, B.P.O.Johnson, J . l A w i e , W.J.H.Nelson and 

M . M o P a r t l l n , J . G . 8 . Ghem. Comm., I 9 8 2 , 4 9 . 

22. E.E.Banfield, P.P.Eduard^: and A.M.Stacy, J.G.8. Chem. Coima*, 

1982, 523. 

23. B.GcGates and Jdieto, GIiemTeoh, I980, 193= 

24. a ) D . G . B a i l e y and g . H . I a n g e r ,-Chem. Rev*, 198I, 81, I09. 

b) YoI.Yermakov, B.N.Kngaetaov and V.A.Zakharo?, Eds., 

'Catalysis by gupi^orted Complexes', Elsevier, Oocford, I981. 

o) B.C.Gates and' J . I j . e t o , GhemTech, I98O, 248* 

d) M.G.Scuri-Gll, CatalyGio, 1977, 1, 213. 

23. D.B8.111vet-]!katohenlco, Q.Condurier, H.Mozzanega, I.l'katchonko 

and A.KlonneniEin, J. Kol« Catal., 1979, 6, 293. 



(9f)) 

26# P . G a l l e z o t , G .Oondur le r , M.Primet and B . I m e l i k , Arner* Chem. 

SoG., Syrnp* Ser., 1977, l44o 

27. P.Gelin, Y.B.Taarlt and G.Nacoacha, J* Catal., 1979* 357* 

28. P.EoRony and J.F.Roth, J. Mol» Catal#, 1975/76, 2* 

29. ToI.Ermakov; Catal. Rev., Sci* Eng., 1976, 1_̂ , 77. 

30# A .E .Smi th , B.Beeaon, J .M.Baeeet , B .Paaro , A .Fus i and R.Ugo, 

J . Orgaaometal l io Chem., I 9 8 0 , 192, Cj)1# 

Zfl. M.Deeba and B.C.Gatea, J. Catal., I98I, 303* 

32. M.Deeba, J.P.Scott, R . B a r t h and B.C.Gates, J* Catal*, I98I, 

21, ^7:^' 

33= F.Hugues, AeK.Smith, Y.Esn Taarit, J.M.BaGset, D.Commereuc 

and T.Chativin, J.C.S. Chem. Conm., 1980^ 68* 

3 4 . FoEuguec, J.M.Basset, T.Ben Taarit, A .Chop l in , M.Primet, 

D.Rojas and A.E.8mltIi, J. Amer. Chem. 8oo«, 1982$ 104 , 7020* 

3$. D»Ballivet-Ekatohenko and G.Condnrior, Inorg* Chem., 1979* 

18, 558. 

36. W.A.HemRaim, Aiigew. Chem. Int. Bd. Engl=, I982, 117-

37^ A.Ki^Smith, A.OTlieolier, J.M.Basset, R.%o, D.Commereiio and 

TeGha%vln„ J . Amerc Ghcm. 2 o o . , I 9 7 8 , 100. 2390o 

380 D.Gommereuo, T .Ohauvin , F.Hugueo, J .M.Baeset and D . O l i v i e r , 

J.C.S. Chem. Comm., I980, 1^4* 

39* R.nemmeriob,; W.Keim and M .Roper , J.C.8. Chen. Comm., 1983* 428, 

40* J-B.N'Giiiai Bffa, B.Djebailli, Julieto and J=P.Atme, J.C.S. 

Chem. Comm., 1983* 4o8& 

41. JoLieto, J.JoSafalko and B.C«.Gat6B, J. Catal*, I980, 149« 

42* J . L l e t o , DoKilatcin, R . L . A l b r i g h t , J . V . M i n k l e w l c z and 

B .C .Gates , ChemTech, I 9 8 3 , 46* . 

43* 8oAime and L.Kilone, Prog. Nuol* Magn* Reson* Spectroscopy, 

1977, H , 183, 

44. E.R.Andrew, Prog* Nucl* Magn. Reson* Speotroscopy, 1971, 8, 1* 

4$* A*P inea , M.G.Gibby and J.S.Waugh, J. Chem* Phys., 1973, 569* 

46. J.Reed, P.Eieenberger, B-K-'feo and B.M.Kincaid, J. Amer* 

CheM. SoG., 1977, 22* ^217. 

47* J.B.Budge,. J.P.Scott and B.C.Gates, J.C.S. Chem. Comm., 1983 , 

342* 

48. K.A.Azam, A.J.Deeming, R.E.Idmber and P.RoShukla, J.C.S. 

Dalton, 1970, 18530 

49* R .Psaro , R.Bgo, G^M.Zander lghl , B.Besson, A .E .Smi th and 



(96) 

J.M.Basset, Organometallio Chem., 1981, 21^, 21^. 

50* G.R.Guerra and J.H.Sohulmezi, Surf. Scl., 19^?, %, 229. 

51. P.I.Watson and G.L.ScIirader, J. Mol* Catal., 198o$ 2$ 129. 

52. B.EesGon, B.Moraweck, A.K.Smith, J.M.Basset, R.PGaro, A.Fuai 

and R.TJgo, J.C.8* Chom* Comm., I980, 5G9. 

53. M.R.Chwchlll and B.DaBoer, Inorg. Chem., 1977, 878* 

5 4 . M.R.Churchill and E.A.Iaehewycz, I n o r g . Chem., 1979, 1^, 3/26"<0, 

55* V . P . A l l e n , E.Mason and P.B.Eitchcook, J . Orgaaometal l lo Chem., 

1977, 140, 297o 

56. M .Deeba, B.J .Btreusand, G.L.Schrader and B.C.Gates, J. Catal., 

1981, 218. 

5 7 . P.B.West, G . I , .Bailer and R.L.Burvoll Jr., J. Catal*» 1975, 

29, 486. 
I II * 

58. V .Y.Davydov, A . V . K i e e l o v and l . !P .Zhurav lev , Trans* Paraday 

Soc», 1964, 2254. 
5 9 . a ) G.E.Maolel and D . W . g l n d o r f , J . Amer* Chem. 80c., I 9 8 0 , 

102, 7606. 

b) G.E.Kaclel and D.W.Bindorf, J. Chromatogr., I98I, 458. 

60. J.E.DeBoer and J.M.Vleeeklns, Proc. K, Ked. Akad. Wot., germ, 

B: Palaentol., Geol., Phys., Chem., 1958, B6I, 85. 

61. J.A.Hockey, Chem. Ind. (London), I965, 57o 

62. J.BoPori and A.L.HenBley Jr^, J. Phys. Chem,; 1968, 72g 2925* 

65. DoW.Sindorf and G.B.Maciel, J. Acer. Chem. See., 198vg 'iÔ , 
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CHAPTER TWO 

A TEI08MIUM CLUSTER ANCHORED THROUGE A BRIDGING ALKTMTL LINKAGE 

2e1» Other Modes of Attachment oa FimctionGillGed OxideG:-

Polydentate Llgands 

The use of tertiary phosphines as the functioualised 

group by no means offers the only possibility for complexing metal 

clusters to an inorganic support. Allum et. al.(1) prepared a 

variety of ligand-silanes containing primary and tertiary amines, 

nitriles, acetylacetone and thiol donor ligands. They used these 

to prepare supported mono-nuclear rhodium complexes. Direct 

extension of this work allows characterisation of the supported 

cluster CH0s^(C0)^Q-[S(CH2)^SIL}]® This can be prepared by, either 

anchoring the thiolate substituted cluster [HO3^(C0)^Q{S(CHp)^Si-

(OMe)(CE^)^}] to methanol treated silica by reflux in benzene, or 

from reaction of [08^(C0)^Q(C^IIg)] with thiol modified silica in 

refluxing cyclohexane(2). At these temperatures contact of [Os^CCO)^^! 

with the functionalised silica also gives a similar result, but 

some resolution is consistently lost in the infrared spectrum. 

A slight improvement occurs if the oxide is first treated with a 

silylating agent(3)« This suggests that although reaction is still 

selectively at the pendant thiol it is not specific, and some direct 

binding ifith surface silanol groups occurs. 

The problem of competitive interaction with the oxide 

itself is even more troublesome with the ruthenium analogues. 

Reaction between unmodified silica and [ERu^(C0)^Q{S(CH2)^Si(0Mo)-

(CE^)g}], under reflux in cyclohexane, does not yield the attached 

cluster, but gives evidence of decomposition instead. However, the 

resulting infrared v spectra differ from those obtained from 

interacting [Ru^(C0)^2] directly with the unmodified 8ilica(3), 

which indicates that the metal carbonyl fragments remain bound to 

sulphur. The critical importance of the support surface (OH-density) 

on these degradation reactions was emphasized by the more 

encouraging results when using Me^SlCl(3) or methanol(2) treated 

silicas. Infact contacting [HRu^(C0)^Q{8(CE2)^8i(CM@)^ at room 

temperature did afford a solid which exhibited an infrared v 
CO 

spectrum similar to.the homogeneous precursor, but the loading was 

small, and doubt must remain about whether the methoxide groups have 

been substituted by surface oxygens under such mild conditions(4), 
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The alternative route, combining [Ru^CCO)^^^ with the thiol 

functionalised silica mider refluz in benzene, is far more 

suae ess fill with the reaction being specific towards the attached 

cluster. Even so, it still has a limited shelf-life, although this 

can be extended by using *protected' silicao. Further, the 

specificity is dependent on the nature of the oxide support, and 

with other thiol modified oxides (AlgO^, liOg, SnOg, ZnO or MgO) 

an additional broad v absorption near 2000cm"^ was apparent(3), 

Attachment through a J-l g-bonding mode is also achieved 

by the surface accelerated isomerisation of [E20s^(C0)^Q{CN(CE2)^-

81(0Et)^]], the simple 1:1 adduct from [EgOs^CCO)^^] and the 

Isonitrile, to an aminooarbyne complex. (Phis results in the 

isolation of the oxide supported cluster [EOG^(CO)^Q{CN(H)(CE^)^-

OXIDB}]; oxldesSlOg, Al^O^, liO^, ZnO or MgO(5). The transformation 

was previously shown to be catalysed by mild base or strong donor 

solvents(6). The same authors demonstrated the option of supporting 

trlmetallio clusters via a capping ligand by binding 

[Co^(CO)g(/^ ̂ -C8iCl^)](7) with the appropriate oxide followed by 

Soxhlet extraction. UThe recovered purple solids are all air stable 

and give infrared v spectra in good agreement with the homogeneous 
CO . 

cluster(3). This approach is receiving increased attention because 

bridging ligands should stabilise trimetalllc cluster compounds 

against dissociation into mono-metallic species and/or aggregation 

to metal particles; problems often encountered under catalytic 

conditions* An obvious possibility would be attachment of 

(CO)^(PR)J, known for all three Group Villa metals (see 

Chapter Pour), and this has been achieved by contacting isolated 

[EgRu^(CO)^ {/I ̂ -PCEgCBgSi(OEt)^ ] with various oxides(8). The 

capping phosphinidene ligand vastly increases the stability of the 

Eu^ core relative to [Ru^(CO)^ ̂  (PPhgC^CEgSIL) ], and it is even 

recovered unaltered after several catalysis runs for pentene 

isomerisations at 8o°C. Use of tridentate ligands capable of 

simultaneously complexing all three metal centres offers an 

intreging alternative. 

Molecular modelling showed the bite angles of the two 

tripod ligands EC(PPhp)^ and MeSiCPBUg)^ would favour capping a 

triangular face rather than chelation about a single metal. This 

was confirmed by isolation of [M2^(C0)^{EC(PPh2)^}], Ehĵ , 
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Diagram 1 

Examples of Triangular Face-bridRinK by the Polydentate LiRand, 

1,1,1-Tri6(diphenylpho6phino)methane. 

C I 
0 PPh 

M=Co or Eh 

[M^(CO)^fHC(PPhg)p] 

[Ni^(CO)gfHC(PPhg) }] 

o"- 0 0 0 

E=Si, E'-Buj E"=Me 

or E=C, R'=Ph, R"=H 

[Ru^ (00) ̂ {HC (PPhg ) ( PhPC^H^PPh )3 ] 
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Ir^, COgRhg or EFeCo^(9); [Mj^(CO)^{cE^Si(PRg)^], M=Go or Eh, R= 

Et, Pr, Bn; M=Ir, R=Et; [Ehg(C0)^^{CH^8l(PBUg)^](10); and 

[Eii^(CO)gfCE^Si(FRg)^}], R=Et, Pr(lO) or Bn(11). An investigation 

into the catalytic activity of the last complex illustrated its 

greater resistance to dissociation compared to [Rn^CCO)^^] when 

treated with mixtures of hydrogen and carbon monoxide at high 

pressures (lOObar) and temperature (^00°C)(12). Similarly, the 

tetranuclear clusters, M=Co or Rh, undergo no change in toluene at 

100°C under carbon monoxide (30bar), whereas under such conditions 

the parent carbonyls are unstable(13). Reaction of EC(PPh2)^ with 

[Ru^(C0)^2] does give rise to [Ru^(C0)g{EC(PPh2)^}], which is 

isostructural to the methyltri-(di-n-butylphosphino)sllane derivative 

(Diagram 1), but only in low yields (< 109$) as one of at least 

eight products(14). This is in part due to the unfavourable position 

of substitution (axial instead of equatorial), but also because 

metallation of the phenyl rings occurs i.e. [Ru^(C0)g{HC(PPh2)-

(PliPCgH^^PPh)} ] c HC(PPh„)^ also acts as a template for the stepwise 

formation of [Ni^(C0)g{HC(PPh2)^] from M1(G0)^(15)* in a similar 

fashion Kalr(CO)^^ reacts with Cl^XKe, X=C, Ge or Si, to form 

Clr^(CO)^(XMe)(16)o Simple modification of the alkyl (or H) chain 

then facilitates binding to a support materlal(17). 

2.2. Reactions of [M^(CO)^^], M=0s or Ru, with Unsaturated ]%rdrocarbons 

An extensive chemistry is known for [M^(C0)^2] with 

alkenes and alkynes. In the obtained products the organic substrate 

normally coordinates in a multiple nature creating a very strong 

bonding mode. Clearly this offers another opportunity of affixing 

a cluster to silica through a very stable pendant ligand. The 

phosphine-silane precursor triethoxyvinylsilane can be regarded as 

a potential source of a supported alkene. Before considering its 

reaction with ^ account of the possible products 

expected is given. 

An Initial report(18) indicated that [Ru^(00)^2] reacts 

with ethylene at atmospheric pressure to give a mixture of the 

isomeric vinylidene,!, and ethyne,II, complexes, although the 

precise conditions used were not specified. However, repetition 

under reflux in n-heptane produced a more complicated result 
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Diagram 2 

Common -Bonding Modes of Unsaturated Hydrocarbons. 

II 

(CO) M 
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(C0:|^0#^ s(CO) 

V 

(CO) 

(CO) Og 
3 

s(CO) 

(CO) Osi" 

VI 

(CO) N4 
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.Os(CO) 

(CO) 
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inTolving almost certain intermediate cluster breakdown to 

[Ru(C0)2^(E2C:CS2)](l9). Only the vinylidene species was identified 

in the product distribution, accompanied by several substituted 

type ^ and VIII species arising from ethylene oligomerisation. 

The At ̂ -allyl formation appears particularly stable, and is found 

in products from such unlilcely reactions as that of [Ru^CCO)^^] 

with cyclododeca-1,^,9,-triene(20) or phenyl-lithium(21). Oxidative 

addition of dienes(22) also gives VIII, but with hexa-2,4-diene an 

Intermediate ,-allenyl,VII, group can be isolated which thermally 

isomerises to the / I -allyl group with M-C -bonds to the terminal 

carbon atoms(23)» The action of hydrogen on [EBu^(CO)^{Me(H)C:G:CMe}], 

but not on [S2Eu^(G0)^(MeC.CE.CMe)], will produce a A^-alkyne 

ligand,II, in [EgRu^(CO)^(MeC;CEt)](24). This emphasizes the 

stability of the ^ ^-allyl system for ruthenium, where possible 

ligands rearrange to fit this predilection. A further product from 

the ethylene reaction was the tetranuclear [Ru2^(C0)^2(MeC:CMe)], 

previously synthesised at greater pressure and temperature, in 

conjunction with the even higher nuclearity products [EugC(CO)^y] 

and [RugC(C0)^^(MGCE*CE.CE:G(S)Me)](25). 

The chemistry of COs^CCO)^^] shows similar trends, but 

the more robust metal ring reduces the tendency to form higher 

nuclearity products, whilst alkene-coupling reactions are also 

retarded. Under an ethylene atmosphere, in refluxing n-octane, 

selective formation of the 1,1-dim6tallated isomer occurs(26). 

This remains the major species at applied pressures, but accompanied 

by the tetranuclear 'butterfly* clusters [Qs2^(C0)^2(CE;CE)] and 

[08^(C0)^2(C^E^)](27). With propene I is still the predominant 

component in an inseparable oil with small quantities of the 

1,2-isomer. Generally 1,1-dimetallation is the preferred route, 

although large 1-alkenes do occasionally produce some 1,2-iGomer 

(28). Through necessity, in the absence of two geminal hydrogens 

to transfer, cyclopentene(26) and cyclooctene(29) give 1,2-dl-.ylidene 

species. Despite cyclic alkenes and benzene being chemically very 

different in many respects it still reacts, albeit at greater 

temperatures (around 195°C), in the same way to give [E20s^(C0)g-

( K ^-CgE2^)](26). Mechanistic studies have shown that the reaction 

proceeds via the two intermediates, [A3^(C0)^^(EgCiCEg)] and 

[E0s^(C0)^Q(GE;CE^)],111, which can be isolated by different routes, 
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PlaRram 3 

Extended BondinR Modes of liRands derived from Obsaturated 

Hydrocarbons. 
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but ore not obGerved in the reaction at 125^0, confirming the initial 

substitution reaction to be rate-determining. A general feature of 

[Oa^^^CGO)^^] chemistry is at tho temperature necessary to displace 

caz'bon monoxide the coordinatiTely unsaturated species generated 

are very roactive to oxidative addition. 

[E08^(C0)^Q(cn:CIIg)] can be prepared by reacting either 

ethylene or acetylene with [2^03^(00)^^] at room temperature. 

Insertion of an alkyne into an Os-H bond, a cis-addition relative 

to the alkyne, represents a general route to substituted type III 

productG($0,31), and has allowed a more systematic investigation of 

their subsequent chomistryo In the presence of excess alkyne 

dehydrogonation to non-hydridic type ^ complexes occurs, with 

assumed generation of the corresponding alkene(30)<, The ease of 

this transformation is affected by the nature of the alkyne. For 

acetylene reflux in n-hexane is necessary, and is complicated by 

accompanying ogliomerisation reactions(30)* Conversely alkyl 

substitution, as in propyne. leads to a product distribution between 

III and IV (towards the latter) at roon temperature, until with 

excess )-hydro%y=3-'ai8thylbut"1-yne conversion is almost complete 

(32). {The formation of with but'-2-yne 

indicates that it is the metal hydride, and the hydrogen on the 

carbon not formally <3- "bonded to the cluster in III, which are lost; 

assuming the first moiety does not become detached. A dependence 

on alkyne concentration supports dehydrogenation via interaction 

with excess alkyno, as opposed to elimination of molecular hydrogen. 

Diphenylactylene also gives a species of stoichiometry [03^(00)^^-

(PhCzCPh)], but a subsequent X-ray crystal structure analysis 

revealed a subtle difference, with two semi-bridging carbonyls 

instead of a single ^-carbonyl ligand(33). 

Extended reaction times, combined with large excesses 

of alkyne, tend to promote coupling reactions, especially if 

hydrogen transfer onto the cluster is unfavourable. The 

metallacyclopentadiene species [08;.(C0)(.(C,,E;,)], (X, R=E), is one 

of the co-products with acetylene. With but-2-yne, along with IV, 

R=:Me, [Os^(CO)Q(Cj,Mej^CO)] ic isolated which contains a 

metallatotramethylcyclohoizadionone riiig,X^ (B=:Me). The presence of 

a conjugated ketone was supported by a clear infrared oignal at 

iSlCcm^V^O), aad for a^ynmetric acetylenes, i»e. propyno(34), a 
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mixture of all three possible isomers is formecl. The analogous 

diphenylacetylene adduct is tmstable, and eliminates a carbonyl 

again, to produce an osmiacyclopentadiene cluster,X (E=Ph)« This 

compound is interesting as it reversibly decarbonylates by feeding 

two extra electrons into the cluster via metallation of a phenyl 

ring. Further, with excess diphenylacetylene a third group is 

incorporated en-route to release of hexaphenylbenzene, and various 

mono-nuclear osmium species. This completes a cyclotrimerisation 

reaction induced by [Os^(CO)^2] (Diagram 4 ) ; similar results can be 

achieved with other alkyne8(35). 

One final acetylenic reaction is that of hexafluorobut-

2-yn6, F^CC;CCF^, with [5208^(00)^^3(41). This ligand has little 

likelihood of behaving like but-2-yne because of the widely differing 

inductive effects of OF^ and OS^; having no hydrogens, the wide 

range of rearrangements on heating (see below) is not also possible. 

Infact a completely new bonding mode is produced. Although the 

formula [E08^(C0)^Q{F^CC:C(H)CF^], is that expected for the vinyl 

species,III, an X-ray crystal structure shows that the ligand is 

/^^-coordinating. There is a formal dipole on the molecule to comply 

with E.A.N. Rules on each osmium atom, this polarity is in 

agreement with its poor solubility in hydrocarbon solvents. 

(CO) 

-f Os 
4 

(OC) 0 

Structure of 

[HOs,(CO)^ gfF^CC:C(E)CF^l.] 

.Os(CO) 

On refluxing in hydrocarbon solvents these decacarbonyl 

adducts are converted to nonacarbonyl species. Type ^ complexes, 

derived from terminal acetylenes, undergo thermal displacement of 

carbon monoxide to give VI by oxidative addition. An intermediate 
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Diagram 4 

[Os^(CO)_^^] Induced Cyclotrimerisation of Diphenylacetylene, 

(C0)0:>C 
3 

— $ s ( C O ) 200 PhC:CPh 

Os (CO) 
3 12 

PhCiCPh 

Ref.36 
Ph 

CO CO Rof.38 
Ph 

O^(CO) 

Ref.37 

PhC:CPh 

HEAT 

Ph Ref.40 

(CO) Os 
2 

"Os(CO) 
Ref.39 3 



(114) 

in this transformation is apparently [ O s ^ ( C O ) ^ * ) ] , (E=B, R*e 

Me), which isomerises in n-octane under reflux(31)* This dictates 

carbon monoxide loss prior to hydrogen transfer from ligand to 

osmium core. However, this may be a delicate balance as phenyl-

acetylene gives [H06^(C0)^g(C:CPh)],V, instead of IV* at room 

temperature. The alkynyl ligand is bound in a cr , TC manner comparable 

to the M 2-vinyl group; and might be considered to represent an 

alternative pathway to the monohydride, but its thermolysis was 

not reported(30). Even [(^^(C0)g(/42-C0)(EC:CH)] selectively 

degrades to [HOs^(00)^(0;CH)] when heated in n-hezan@(42)« Type 

VI complexes can be hydrogenated through to [^Os^ (CO) ̂  (CSgR) ] 

which almost certainly proceeds via the 1,1-isomer,I. Conversely 

hydrogenation of IV, accompanied by carbon monoxide loss, leads to 

the 1,2-i6omer,II, and under atmospheric pressure treatment no 

further hydrogenation takes place(30)# From internal alkynes, the 

absence of an available hydrogen, leads into the ogliomerisation 

ohemistry. However, [06^(C0)^Q(MeC:CMe)] in refluxing n-heptane 

forms [E0s^(C0)g(C2^E^) ] which isomerises in a sealed tube at 156°C 

to a type VIII compound(30)« This transformation is almost 

certainly identical to that for [IIRu^(C0)^(CgHg)], with the first 

isomer possessing a X ^-allene configuration. The ^-allyl ligand 

is less abundant in triosmium chemistry, but it is also accessible 

by insertion of PhgC=C=0 into an Os-S bond of [5208^(00)^^] to give 

a complex which is then pyrolysed(43). 

In the presence of an "X -hydrogen the nature of the other 

substituent does not affect the selective degradation of IV* 

Similarly, pyrolysis of III Invariably leads to formation of the 

dihydridic species I or II. However, a degree of conflict appears 

with bulky substituents at the vinyl group. With a tertiary-butyl 

group claims for both selective formation of ^(31) and VI(32) exist. 

With RaMegCOE mixed formation is reported(32); perhaps the presence 

of residual alkyne could account for these discrepancies. 

Direct reaction of alkynes with [03^(00)^2] normally 

results in complex mixtures due to the temperature required to 

activate the cluster. Under favourable conditions, species such as 

[08^(C0)^Q(CECR)], [OS (00)^^(2005)2] and [H0s^(C0)g(C2R)] can be 

isolated, but usually with excess alkyne the products en-route to 

oyolotrimerisation, already broached upon, are observed(44). 
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[Os^(CO)i^Q(RCgR')p] may be a simple aoetylene-aubstitutioa-for" 

carbonyl species, but for phenylacetylene it has been found that 

the structure contains a single ligand moiety incorporating a 

carbonyl group(4$). 

:Os(CO) 

Structure of *[Os?(CO)^^EO_Ph)_]* 

Clearly for osmium the chemistry is complicated, but 

several trends can be identified depending on the operating conditions, 

With alkynes, low temperatures and excess ligand favours first 

and with extended reaction times ogliomerisation. Higher temperatures 

allow oxidative addition coupled with decarbonylation, again 

depending on alkyne concentration, to give either I or VI or 

mixtures thereof: a dependence on the adjoining functionalities 

is apparent. 

2.3* Reaction of Triethoxyvinylsilane with [Os-(CO)^«] 

Triethoxyvinylsilane was reacted with [CB^CCOO^g] under 

identical conditions to those employed by Deeming and TMderhill(26) 

with ethylene. After reflux in n-octane overnight the solution had 

turned orange. Removal of the solvent gave a residue whose infrared 

V spectrum appeared to be just a mixture of the starting material 

and a single product. Chromatography on silica-gel, with Et^c/ 

n-hoxane (3:1v/v) as eluant, resulted in only [Os^(CO)^p] moving 

up the plate. Extraction of the baseline with methylene chloride 

and methanol gave a considerable quantity of an amorphous orange 
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Diagram 5 

8T)ectroscopic Data for [H08^(C0)^(C:CR)], R=Si(OEt)? or 8IL. 

0 , 0 

CO NMR Assignments 

(see Diagram 6) 

Table 1 

Compound IR V /cm 
CO 

-1 
(cyclohexane unless stated) 

[HOs^(CO) fC:C8i(0Et)^}] 2102.5w 2077V8 2054vs 2020vs [HOs^(CO) fC:C8i(0Et)^}] 

2016.5GE >h 1983rash 1981m 

[H0s^(C0)^(C:C8IL)] 

(nujol mull) 

20788 2054s 20228 [H0s^(C0)^(C:C8IL)] 

(nujol mull) 20148 1983.5m 

[H082(C0) (C'CMe)] 2101w 2073TS 2053VB 2022vs 

(Ref.27) 20128 1984msh 1982m 

[H 087(00) (C:CH)] 

(Ref.23) 

2109vw 2082vs 2059TS 2052sh [H 087(00) (C:CH)] 

(Ref.23) 20328 

1993W 

20228 

1985m 

20198 2011m 

[Hg08^(C0) (EC:CMe)] 2108w 208OVS 2056V8 203IVS 

20258 2010T8 2001vs 1984m 
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solid. Notably, even, when using methanol not all the band was 

removed which, in conjunction with its immobility, is indicative 

of retained 8i-QEt groups and their strong affinity for the silanol 

groups, 

The infrared spectrum of this product is very simple 

(Diagram 10), but surprisingly it does not correspond to that of 

an expected type ^ (or II, although the data presented hereafter 

does not differentiate between these possibilities) product. 

Instead it closely resembles that of a type VI monohydride complex 

(Table 1). In support, the mass spectrum has a parent ion maximum 

at n\/e=10l2, in a well defined Os^ isotopic pattern, in accord with 

a dehydrogenated product. After loss of three carbonyl groups the 

fragmentation pattern becomes complicated by breakdown of the 

organic ligand. When operating at 70eV the [Os^]^ core signal was 

only faintly visible, and the last significant pattern is consistent 

with a [Os^Cg]* fragment. The NM5 spectrum (CDCl^, ^1^0) contains 

the characteristic hydride singlet for such a compound seen at 

-23.76. At low temperatures ("50°C) no splitting of the signal is 

observed as would have been anticipated for & dlhydrido-species, 

due to the inequivalence of the hydrides* In addition, apart from 

the ethoxy-proton resonances, no peaks due to C-H protons on the 

organic moiety were seen. All this evidence points towards a 

product of molecular formula [EOs^(CO):G8i (QRt)^}] ,VIa^ and 

structure as shown in Diagram 5. There is no indication that the 
TEIU.IMJII JI RTUNN.IUIIIIIIIII IWTKW'.W** 

retrieved product is polymeric in nature through cross-linking 

caused by hydrolysis during the work-up procedure. Yields were 

typically in the region 6^-759$, although this is largely limited 

by the aforementioned extraction problems. 

As the product is amorphous in nature a conclusive 

X-ray crystallographic study would prove difficult. However a 
13 13 

CO enriched sample was prepared and a variable temperature C 

NKR study carried out. This confirmed the carbonyl distribution 

to be identical to that of [E0s^(C0)^(C2^Bu)](46). In turn this 

is is OS t rue t ural with the ruthenium analogue [EEu^(C0)g(C2^Bu)], 

VIb, which has been the subject of a detailed neutron diffraction 

study. The spectra, recorded over the range -50 to +80 °C, 

are shown in Diagram 6. The low temperature (-50°C, dg-toluene) 

limiting spectrum contains five resonances at: a, 181.0; b, 173.9; 
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Diagram 6 

Variable Temperature NMR Spectra of 

-3-
[HOB_(CO)_^:CSi(OEt)_'}]. 

AI '! ,, II I.HI -MU,M W. 

80°C 

(dg-toluene) 

31°C 

.5iO°C 

175.66 

HC=12Hz 

100 175 170 1o5 6, (ppm) 
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o, 17i5.0; d, 168.6; and e, I63.I 8-with integrated intensitiea of 

1:2:2:2:2 respectively. These chemical shifts and pattern show 

excellent agreement with those of [H0s^(C0)^(C2*Bu)], (-37^0, 

CDCl^), 18|).3, 173.7, 171*8, 169*6 and 162.8 ppm , especially if 

account of possible, additional, solvent effects is made. The 

pattern is in accordance with retention of the proposed solid-

state structure, possessing a pseudo-mirror plane through 08(1) 

and bisecting the hydrido-bridged 08(2)-08(3) bond, upon solvation. 

This creates five different carbonyl enviroments, and a degree of 

assignment is possible by observation of several exchange processes. 

From its intensity a must be assigned to the axial group on Os(1). 

As the temperature is raised this resonance begins to coalesce with 

b. At room temperature both have completely collapsed into the 

baseline, and eventually (+80°C) a sharp, average, resonance at 

175*66, of relative intensity three, is seen. Resonances c to e 

remain unaltered throughout this temperature range. This sequence 

of events is interpreted to mean that axial-equatorial scrambling 

is taking place at the unique osmium independent of exchange between 

metal atoms. Obviously the barrier to a similar process at the two 

other centres is much higher. This may be related to the differing 

modes of coordination with the acetylenic ligand, or the presence 

of the bridging hydride, restricting motion. 

Similar dynamics were observed for [EOs^(00)^(62 Bu)], 

by Aime and ooworker8(46), who favoured the increased electronegativity 

at the unique osmium, promoted by cr -bonding to the organic group, 

as the cause for the lower barrier. Further, extension of the upper 

range identified slight broadening of all resonances at 173^0. As 

expected, the barrier to this higher exchange process is appreciably 

lower in the ruthenium analogue where broadening commences just 

above ambient temperature, with the appearance of an averaged 

resonance at 153°C. Only a few cases exist, i.e. [M^(0:CNMe2)(00)^^]" 

(47) and [IIM^(At-CO)(00)^Q]""(48), where this situation is reversed 

and the barrier height to a fluxional process is greater for the 

ruthenium analogue. In the first example the origin is a difference 

in ground-state structure (bridged verses all-terminal). For Via, 

the static nature of the hydride during the dynamic process is 

emphasized by the observation that it remains coupled to only 
0. 

resonance ê , ("Jgg=12Hz), throughout the range studied. This allows 
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2 to be asGlgned to the symmetry related pair approximately trana-

to the hydride. Insiifficient data is available to disoriminate 

between the other two sets of enviroments on 0s(2)/0a(3) represented 

by resonances 2 ^md d. 

2.4. The Chemistry of [HRn,(CO)^(C^*Bu)] 

[SRu^(CO)^(G^^Bu)],VIb, is formed almost quantitatively 

from the reaction of [Eiy(C0)^2] vith 3#3-dimethyl-but-1-yne under 

reflux in petroleum ether(40-70)(49). The full molecular structure 

was determined by a neutron diffraction study(50); it has overall 

Cg(m) pseudo-symmetry. The Eu^ cluster has equilateral geometry 

showing the exact balance between the lengthening effect of the 

hydride and the shortening effect of the organic ligand on the 

bridged Eu-Eu. bond. Each ruthenium is bonded by two equatorial and 

one axial terminal carbonyl group. The acetylenic ligand is 

coordinated to the metallic cluster via a three-centre -type 

bond and a (^-bond with the unique metal. The hydride atom lies on 

a pseudo-plane of symmetry out of the cluster plane, its position 

is consistent with the Ru-E-Eu bond being classified as 'open'. The 

intrinsic stability of this A 7) ̂  acetylide ligand is demonstrated 

by its ability to accommodate a wide range of bridging groups, 

X=E, halogen(^1)e PE2($2), EgBr(^3) or AuPPh^($4), where the X-ray 

diffraction determined molecular structures all show it spanning 

both open and closed trimetallic clusters in [XE%y(CO)g(C^R)], 

formed by oxidative addition of the appropriate alkyne. Apart from 

the variation in this bridged vector the Ru^(C0)g(C2E) framework 

remains practically unchanged indicating a remarkable rigidity. 

No doubt due to its accessibility the chemistry of VIb 

has been extensively studied. In higher boiling hydrocarbon solvents 

reaction occurs with excess alkyne to give two non-hydridic isomers 

of stoichiometry [Eu^(C0)g(EC2CMe^C0ECpCMe^)(HC2CMe^)2]# The organic 

ligand is formed by two halves, the first originated by the linkage 

of two molecules of alkyne via a -C-0- bridge, and the second by 

direct linkage of two further molecules of alkyne. The only 

difference is in the way the molecules of ligand are joined in the 

second fragment(55)« VIb has been fully established as an intermediate 

in their formation. Studies with DG^CMe^ confirmed hydrogen transfer 
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from the ligand to the olnster to form VIb, and from the cluster 

to the inserted ligand in the next step(56). Further treatment of 

these clusters with excess ligand reversibly leads to incorporation 

of another molecule into the first organic segment to give 

[Ru^(CO)^(C^ ^^12^20^^ ^ determined by X-ray methods (57) » 

VIb also reacts with isopropenylacetylene($8) and diphenylacetylene 

(59) to give tri- and tetra-alkyne substituted clusters, where 

again the ligands are combined into larger systems with some 

delocalisation apparent. However, with hexadienes(60) the two 

ligandg remain separate entities. 

Deprotonation of VIb can be affected with hydroxide to 

give [Eu^(CO)g(Cg^Bu)]" which has undergone a complete structural 

oharacterisation(6l). The only major difference involves a 

rotation about the Ru-Eu bond of the three carbonyl groups on the 

non-unique metal centres, relieving the sterio hinderance caused by 

the hydride ligand. Removal of the hydride also results in a lower 
13 

barrier to rotation as shown by . a variable temperature C KMR 

study. IVb also undergoes electrophillo attack by protio acids and 

molecular hydrogen. Protonation occurs first at the metal core 

and then directly at the exposed carbon of the acetylenio ligand(62)# 

Similarly [SRu^(C0)g(C2Ph)] shows regiospecific addition of 

isocyanides a-̂  this carbon(63). Phosphine substitution may also 

occur through the Intermediacy of such a 1:1 adduct, as 

unequivocally demonstrated for the osmium variants(64). A 

comprehensive study of the electronic structure of VIb, by gas-

phase UV photoelectron spectroscopy(6$) coupled with quantum 

mechanical CNDO calculations, provided a theoretical basis for this 

directionality. The 0-C bond is highly polarised with 0(1) possessing 

a positive atomic charge. This novel electrophlliclty, combined 

with a much higher energy for the l.u.m.o. of metal-metal anti-

bonding character relative to that in [Eu^(00)^2], accounts for 

this alternative pathway for nucleophilic addition. 

Bydrogenation was originally believed to give the 

dlhydrldio species [E2Ru^(C0)g(ECp^Bu)](56). However a X-ray crystal 

structure analysis on the product showed this formulation to be 

incorrect. Infact two molecules of hydrogen are taken up giving 

[E^Ru^(C0)p(CCH2^Bu)],XII,(66). Dhder the conditions of reflux 

in n-heptane [H2^Uj^(C0)^g] Is the major by-product, whilst ^ and 
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I I RgS Bu) are only obtained ia low yields. I n higher boiling 

hydrooarbons a fiirther hydrogeaation oocurs liberating 2,2,-dimethyl-

butane (neo-hexane), with [E^^Rn^^CCO)^^] the only carbonyl-

containing compound identified in solution. Since [Hj^RUj^CCO)^^] 

reacts with 3,3-dimethyl-but-1-yne to regenerate VIb the possibility 

of a full catalytic cycle is established (Diagram 7). However, one 

major drawback exists since ejection of neo-hexane is accompanied 

by considerable formation of ruthenium metal. A partial pressure 

of carbon monoxide reduces this decomposition, but simultEineously 

reduces the yields of neo-hexane to zero. Hence, the presence of 

ruthenium metal may promote the hydrogenation, or at least be the 

primeiry product from the decomposition of XII. Whatever, intermediate 

variations in nuclearity or reduction to metal are not compatible 

with transferring the cycle to a supported species; especially as 

the functionalised group is also the substrate to be hydrogenated. 

Of more possible interest would be the reported phosphine adduct, 

[ERu^(CO)g(PPh^)(Cg^Bu)3(6?), but related studies have not been 

published. VIb has been also investigated as a potential catalyst 

for the water gas shift reaction(68). 

2*^8 Discussion:-Reaction of [OG.,(cro)^^] with Ey8iCECE_, R=Et or Ph 

Here we have the selective formation of [EOs^(CO)^-

{C:C8i(0Et)?j],VIa» in high yields under conditions where other 

alkenes give type I/II products. Given the proviso that reaction 

proceeds without intermediate cluster breakdown, then progression 

through to the vinyl adduct [H0s^(C0)^QfCE;C(E)8i(QEt)^)],IIIa, 

by the established mechanism is anticipated. This decacarbonyl is 

unstable at the reaction temperature and will undergo decarbonylation. 

At least two competing pathways exist as demonstrated with alkynes. 

One is straightforward hydrogen transfer, whilst the second involves 

prior dehydrogenation by interaction with excess ligand. The latter 

only occurs when III is formed under conditions where subsequent 

decarbonylation is unfavourable. With alkenes this situation is 

not normally encountered, and it must be here that the silioon-

substituent has a fundamental importance. 

The anomalies in silicon chemistry are reasonably well 

documented(69)o In the absence of any resonance effect the greater 
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(Bauling) electronegativity of carbon(2.5) versus GiliGon(1«8) 

would predict silicon to be an electron-donating centre towards 

carbon. Eowever, in the present work the ethoxy groups will 

counteract this +I inductive effect so that it is probably no more 

pronounced than for a tertiary-butyl group. Hence, any variation 

in electronic influence iflll be minimal on the assumed intermediate, 

III, where no formal unsaturation is present; as shown by the 

longer than expected C-C bond length for a normal double-bond(70). 

This leaves the considerable steric bulk to affect the reaction 

direction. A large group might inhibit any necessary rearrangement 

to allow formation of the 1,1,-isomer, by decarbonylation and 

oxidative additlon(^O), increasing the probability of the competing 

dehydrogenation route. 

If this was the complete answer then the absence of a 

similar result from other bulky alkenes, i.e. 3,3-dim6thyl-but-1-ene, 

in the literature is surprising. However, if the alternative pathway 

proceeds via a bimolecular reaction with excess alkene then a 

possible mechanism for activation of the free alkene towards 

addition existso Che silicon atom acts to polarise the vinylsilane 

due to the availability of its d-orbitals to accept the TT -electrons. 

Chis strong -M mesomerlc effect, outweighing the much weaker +I 

effect, is further enhanced by electron-withdrawing groups on the 

silicon. Infact the inductive effect of the substltuents on the 

silicon is not a correct measure of its nett electron-attracting 

power, Euid a more suitable parameter involves resonance interactions 

of a d ^ -p^ nature. This occurs when the R-substituent is 

unsaturated or possesses unshared electron pairs, obviously an. 

ethoxy group falls into this category. One outcome of this effect 

is the tendancy of triallcylvinylsilajieG to undergo anti-Markownlkov 

addition with hydrogen halides(G9)* Such polarisation within the 

moleoule can be also expected to activate it towards hydrogenation. 

Previous observations show that it is the metal hydride and the 

hydrogen geminal to the substituent in III which are lost. These 

are in reasonably close vicinity on the same side of the cluster. 

Further, the likely charge distribution at each is in accord with 

the most favourable approach of the free alkene on both steric and 

olectronio grounds. Then, if an analogy is made to hydrogen 

adsorption on a catalytic surface, where bond cleavage to give 
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Diagram 8 
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activated hydrogen atoms has occurred, ois-hydrogenation of a free 

vinylsilane can be envisaged; the resulting cluster rearranging to 

give a type W oomplex* Quantitative progression from here to the 

observed product type has been already firmly established (Diagram 8). 

Obviously this represents just one possible mechanism, 

where even the precise position of decarbonylation is disputable, 

and many alternatives can be suggested (subsequent dehydrogenation 

of ^ is not considered a feasible alternative). However, it does 

provide an explanation of how the silicon-substituent can govern 

the direction of reaction; by consideration of its electronic effect, 

in addition to steric influence, on both the pivot intermediate 

III and the free alkene* Then subtle variations in reaction 

conditions, and specifically the R group on the silicon, can be 

expected to affect the preferred pathway. Indeed, reaction at lower 

temperatures in refluxing n-heptane for 70 hours gave, after 

extraction from remaining [03^(00)^2]* ^ orange residue* When 

this was dissolved in cyclohexane the resulting infrared 

spectrum contains predominantly Via, but with additional bands 

conceivably due to the alternative Î /II product. This supports 

the hypothesis that dehydrogenation is rapid at elevated temperatures, 

but under milder conditions carbonyl loss and hydrogen transfer 

to the metal is a competing process. The main problem preventing 

more detailed mechanistic studies is that, where a mixture of 

products is formed, the nature of the ethoxy ligands inhibits 

their separation by conventional chromatography. Two approaches 

were attempted to overcome this obstacle. 

The first involved canning out the reaction as before, 

but working up the product by alkylating the 8i-0Et bonds insitu 

before application to a chromatographic plate. As a prequisite the 

reaction of triethoxyvinylsilane with methyl-lithium was studied. 

Initially treatment waa with a three-fold excess, before quenching 

with NH^^Cl and extraction of the organic layer. However, distillation 

did not yield Me^81GH:CHg, but instead a fraction at 98°G identified 

as (Et0)Mep81GS:CHp from this boiling point(71), a parent ion at 

m/e=129.72 (2.92^, 70eV), and its 's NMR spectrum. Repetition 

under mora forcing conditions, addition at -20^0 followed by reflux 

in n-pentane for an hour, was marginally more successful with 

traces of the required product seen. Finally, treatment of the 
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isolated (EtO)Me25iGE:CH2 with excess methyl-lithium did result 

in complete methanation as shown by the KMR spectrum of the 

crude organic layer. Thus the desired transformation was achieved, 

but only at reasonably forcing conditions in the presence of a 

sufficient excess of alkylating agent. The orange solution obtained 

from reacting [05^(00)^2] vith three equivalents of (EtO)^8iCB;CE2, 

under reflux in n-octane overnight, was treated with a five-fold 

excess of methyl-lithium after first cooling to -20°C. After 

quenching, both the organic and aqueous layers were yellow in 

appearance, whilst a considerable quantity of a brown tar was 

evident around the reaction vessel. This wae partially soluble in 

methylene chloride but, along with the residue retrieved from the 

n-octane, gave a broad infrared spectrum where only bands due 

to [03^(00)^2] were discernible. Possible explanations for this 

failure include incomplete alkylation leading to subsequent 

polymerisation on hydrolysis or, more likely with the conditions 

employed, non-selective attack on the cluster occurs causing loss 

of integrity* Whatever the precise cause it clearly imposes a 

severe limitation on this approach. 

The second alternative involved replacing the susceptible 

8i=0 linkages by stronger 8i-C (^OlkJemol" ) bonds. Triphenyl- and 

triethyl-vinylsilanes were prepared by reacting the appropriate 

Gringard reagent with trichlorovinylsilane(72). The introduced R 

groups will both increase the steric bulk of the silicon 

substituent, but the -M effect will decrease in the order OiEt> Ph> 

Et. Then, variations in reaction should underline the relative 

importance of each effect. Reaction of [Os^(CO)^2] with either a 

three-fold excess of Et^SiCEiCEg or Ph^SiCHzCSg, under reflux in 

n-octane overnight, gave more complex product distributions than 

found with (EtO)^SiCH:CH2. Infaot the infrared spectra of the 

orange residues, after extraction from unreaoted starting material 

and before chromatography, bear a strong resemblance to that 

obtained with (Et0)^SiGS:Cn2 at lower temperatures in n-heptane 

(Diagram The most intense bands are assigned to a type VI 

species, whilst the remainder mostly correspond to a type 

complex (and outstanding [08,(00)^2])* Direct comparison of the 

spectra suggests a greater proportion of VI when E=Ph« Chromatography 

succeeded in separating these products, but the yields were too 
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low to provide any meaningful ratios; it also revealed formation of 

other minor products but these were not fully oharaoteriBed* When 

the preparations were repeated at higher temperatures, under reflux 

in n-nonane, a marked shift towards the mono-hydride is evident, 

particularly with Ph^8iCE;CHg. When followed by infrared some 

evidence for intermediate species was seen but it proved impossible 

to deduce their nature in the absence of isolation. However, the 

bands due to the observed products emerged together inferring that 

one was not the precursor of the other. All these trends re-endorse 

the proposed mechanism with formation of VI favoured by higher 

temperatures and increased -M effect of the substituent. Steric 

influence is also important, perhaps in retarding the oxidative 

addition pathway, but not sufficient alone to control the 

direction of reaction. 

These novel results prompted a short investigation into 

the reaction of vinylsilanes with [EgOs^CCO)^^]. Initially a sample 

was stirred with three equivalents of (EtO)^5iCS:CH2, in n-hexane 

at room temperature for 5 days, but no visible change occurred* 

Even after heating under reflux for 40 hours the starting material 

is still the major component. Eowever chromatography did reveal the 

presence of several products; but the bands tended to be smeared, 

with most proving difficult to remove, resulting in poor separation. 

Despite this, one product was partially characterised as 

[E208^(C0)g{C:C(E)Si(0Et)^}] from its rough infrared spectrum 

and a parent ion, m/ealOl4, seen in the mass spectrum. Formation 

of this dihydride is consistent with the known chemisti^ of 

[EgOs^CCO)^^] with alkenes at this temperature* The infrared spectra 

of the other products were either broad or very complex which, 

coupled with the small amounts recovered, prevented more detailed 

analysis. Some limited mass spectral data was acquired, but this 

could only be equated with species where (ligand) fragmentation 

had occurred at some stage. 

Another sample heated under reflux in n-octane for ^ 

hours gave, apart from some [S^^Os2^(00)^2], a considerable quantity 

of a reasonably mobile compound that was easily removed with 

methylene chloride from the chromatography plate. This evidence 

alone suggested that the triethoxysllane moiety was nolonger present. 

Infrared spectroscopy gave a pattern closely resembling that of 
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(CO)gCCiCHg)](26), and this was confirmed by a parent ion, 

iq/e=853, in a very clean mass spectrum. This was a complete 

surprise and it is difficult to reconcile with the proposed 

mechanism unless C-8i cleavage occurs prior to generation of the 

anticipated vinyl complex,Ilia. Selective bond cleavage has been 

seen for the interaction of alkynes with [^(^(CO)^^], but only 

where no hydrogen is available adjacent to the triple bond. Thus 

the diols EOCR^CiCCRgOE, R=Me or Ph, react to give [EM^(CO)^-

(G:CCRgOE)](73), whilst [ERu^(GO)^(C;CPh)] is obtained from 

PhC:CC02H(49). Experiments with the other two silanes were even 

less productive as reaction was either too slow or very unselective 

with considerable decomposition evident* 

2.6. Preparation of [EOs,(CO)^(C:CSIl)] 

A quantity of Via was treated with a pre-dried sample 

of silica in benzene under reflux for 6 hours. The resulting gold-

brown solid gave an infrared spectrum (Nujol mull), shown in 

Diagram 10, which has a good correlation with that of the unadsorbed 

species. Notably the weak signal at 21020%" was not observed. Also 

the splitting of the bands at 2022 and 2014 cm"^ appears to be much 

greater in the adsorbed species. This may result from the closer 

proximity of the cluster to the surface, compared to the phosphine-

functionalised silicas, allowing transmission of an oxide electronic 

effect to the carbonyl ligands. Indeed silica has been already found 

to exhibit a definite electron-withdrawing effect on [HOs^(CO)^Q-

(O-SIL)](3)» The overall, poor spectral quality is entirely a 

function of the Sorbisil M60 grade of silica used; throughout the 

rest of this thesis Aerosil 200 is employed. Their specifications 

are compared in Table 2. Although the Sorbisil has a superior 

surface area much of this is involved within the pore structure, 

and as such the associated silanol groups are inaccessible. Combined 

with the much larger particle size, the concentration of adsorbed 

cluster per unit weight will be considerably less than an 

identically treated sample of Aerosil. This results in reduced 

transmittance as the particles reflect and scatter the incident 

radiation, whilst absorbancies due to the background silica (dotted 

line, Diagram 10) are also significant. The latter results in a 
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PiaKram 10 
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Table 2 

Aerosil 200 Sorbisil m60 

BET surface 200 500-650 
2 "=1 

area m *g 

particle size ca.12nm 75-1OOum 

non-porous porous 

characteristic Glope across the carbonyl region* Obviously for a 

study primarily relying on infrared spectroBcopy it is impoirtant 

to achieve the mazimum coverage of anchored species to minimize 

these disadvantages, and this depends on the number of accessible 

silanol groups, net the total surface area* Fortuitously, this is 

also the optimum requirement for a catalytic surface so no 

concessions need be made* 

U?hiG preparation successfully demonstrates how an adaption 

of Scheme 9wo, outlined in Chapter One, can lead to the anchoring 

of a triosmiuin cluster through a face-bridging acetylide* It involves 

characterisation of the preformed cluster derivative before contact 

with the silica surface, therefore eliminating almost all doubt 

about the final heterogenised complex, as the mild conditions of 

attachment are unlikely to alter the cluster integrity. To an. 

extent this compensates for the poor spectral quality* It also 

ensures the absence of residual free llgand which could affect 

subsequent activity of the surface* 

2*7* Experimental Section 

Et^SiCECn. 

This was prepared according to the method of Eisch and 

Trainer(72). The Grignard reagent, EtMgBr, was prepared by dropwlse 

addition of EtBr(38.12g, 26.1ml) to a suspension of Mg turnings 

(9.72g) in Na dried Et20(60ml). The solution was refluxed to ensure 

complete formation of the reagent. Then Cl^lCHCI^(l^g), dissolved 

in Et20(60ml), was carefully added and the resulting mixture heated 

under gentle reflux for 72 hours before quenching with aqueous 
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NH^^Cl solution. 0?he organic layer was separated, reduced in volume, 

and distilled to giv@ the.required product as a clear oil(lOg); 

yield=769g. 

b.p.=l43-l46°C, lit.(72) b.p.=l45°C. 

m/e=l42 (2.99^, 15eV; 1.499^, 60eV). 

NME(CD01^g 50°C): 6.26, m, vinyl group; 0.98, complex second 

order multiplet, 8iEt^. 

Ph^SiCRCn. 
-—3 — 2 

This was prepared in an analogous manner to the previous 

compound. The Grignard reagent, from PhBr(34.54g, 23.2ml) and Mg(6.1g), 

proved slightly more difficult to form and a small crystal of iodine 

and heat were needed to initiate reaction. TEF was used as the 

solvent, and after addition of Cl^5i0HCH2(10g) the reaction mixture 

was heated under reflux for 4^ hours, before quenching as above. 

0?he extracted organic layer was reduced in volume to give the 

product as a white waxy 8olid(15.5g); yieldaS?^. 

m.p.=72°C, lit.(72) m.p.=72°C. 

E/e=286 (100^, 15eV; 86.829(9 706V). 

rfIIR(GDCl^, ^0°C): 7*4^6, m, 8iPh^; 6.26, m, vinyl group* 

Reaction of (EtO)^SiCECE. with MeLi 

Melj.(17e8inl of a 1&77II solution) was added dropwise 

to a solution of (EtO)^5iCEOE2(2«22ml) in n-pentane(30ml), cooled 

to -78°C in an acetone slush bath. This tms then allowed to warm to 

room temperature over 3 hours, before quenching with a saturated 

NE^^Cl solution. The extracted organic layer was first dried over 

MgSO^^, before carefully distilling off the solvent and transferring 

the residue to a B10 micro-distillation apparatus. Only one fraction 

came over and this was identified aa Me2(BtO)8iCEGE2. 

b.p.=98°G; lit.(71) b.p.=99°C. 

m/e=130 (3.189^, l5eV; 2.929^, 70eV). 

'^ENMR(CDG1^, 50°G); 6.0^6, m, vinyl group; 3.656, q(Jgg*7Ez), 

SiOCBgC; 1.156, t (J^=7Ez), SiOCCE^; 0.16, s, SiCE^. A spectrum of 

the crude product before distillation showed the conversion to be 

essentially quantitative, there being no evidence for Me^SiGECEp. 

The recovered Me2(EtO)8iGECE2 was reacted with further 
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MeLi(9ml of 1.77M) at -20 C (CCl. slush bath)* The solution was 

heated, under reflux for 2 hours prior to quenching. The E NMR(CDC1^, 

50°C) spectrum of the organic layer showed, in addition to solvent 

resonances, signals at: 5#9&, m, 3H; and 0.056, s, 9E- consistent 

with Me^SiCECEg. 

[E08^G0 )^fG:C8i(0Et)J] 

[06^(00)^2](0,l957g) was heated under reflux with 2.5 

equivalents of (Et0)^8iCECEp(0.12nil, 0*1048g) in n-octane(50ml) 

overnight* After the solvent was removed under reduced pressure, 

esctraction from unreacted [03^(00)^2] with eyclohe%ane(8nil) gave 

the product as an eimorphous orange Golid(0.l4l0g); yield=659( (without 

accounting for unreacted starting material). 

IB Vg (cyclohezane): 2102«5W; 2077vG, 2054v8, 2020vs, 2016,5ssh, 

IgS^msh, 1981m, cm"'^. 

'̂ E NMR(CDG1^, 31 °c): 3.856, q(Jgg=7Ez), 3 SiOC^C; 1.28, t(Jgg=7Ez), 

3 SiOCC^; "23.76, s, Os-E-Os. 

m/e=1012. 

The preparation was repe^ated, but using n-heptane as 

the solvent, and heating under reflux for 70 hours. The recovered 

residue was extracted with a small amount of C^Clg to leave the 

bulk of unreacted [(^.^(CO)^^] behind. Before an unsuccesBful 

attempt to separate the various species by chromatography the 

bulk product was taken up in cyclohezane to give an infrared 

spectrum: 2l07vi/, 2l00w, 2089w-m, 2080m, 2076vs, 2067m-8, 2057^, 

2054vs, 2035121, 2021v6, 20l7vs, 1990w-m, I98&1, 1980m, cm"^ (plus 

several shoulders, see Diagram 9). 

Reaction of [Os^(CO)^with Ph,81CECE^ and Et^SiCEOE^ 

The conditions used were similar to those described in 

the previous preparation. [06^(00)^2](0.2g) was heated overnight 

under reflux in n-octane(50ml) with 3 equivalents of the appropriate 

vlnylGilane, Ph^SiCECEgCO.ISg) or Et^8iCEGE2(0.12ml). The solvent 

was then removed under reduced pressure and the brown residue 

extracted with CH2Cl2(4ml). The crude products gave the following 

infrared v spectra Ccyclohexane):-

a) with Et^8iGHCE2: 2l06w, 2099w, 2084s, 2075vs, 2062.5m-s, 20378, 
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20^28, 20$1m-8; 202%, 20207B, 20116-vs, IgS^m, 1981m, 

b) with Ph^SiCECEg: 2l07vw, 2l00w, 2081G, 2076v8, 2069m, 2062m, 

20578, 205378, 2035w-m, 20288, 2021vs, 20l7TS8h, 20098, 1983m, 

1981m, cm" « (see Diagram 9). 

Chromatography was carried out using n-hexane as eluant. 

Several bands, all of which were easily removed with CEgClg, 

appeared but only the following ones were identified. 

a) with Et^SiCHCEg: 

i) R^=0«8, yellow needles, [EOs^(CO)g(C:CSiEt^)]. 

IE V (cyclohexane): 2099vw, 20738, 20528, 2020vs, 20l0m-8, 1983vw8h; 
CO M 

I98OW, cm" . 

*E NME(CDC1^, 31°C): =23*55, s, Os-B-Os; 8iEt resonances obscured 

by impurities, 

b) with Ph^SiCECE^; 

1) R^=0.5, yellow solid, [E^Os^(CO)^{G:C(E)8iPh^}]. 

IR (cyclohexane): 2lo8w, 208lv8, 20678, 2056vs, 20358, 2022vs * 

20088, 2000m, 1983m, cm"'̂ , 

"̂ E miR(CDCl^, 31°C): 7.55, m, SiJ^; -18.16, 8, and -20=56, s, 2 

Os-B-Os; CE probably obscured by phenyl signal. 

ii) E^=0.15, orange solid* [E0s^(C0)g(C:C8iPh^)]. 

IE Vg (oyclohexane): 2l00»5w, 2076vs, 2053^8, 2021vG, 2017s8h, 

1983w8h, I980w-m, cm"'^. 

^E NME(CDC1^, 31°C): 7.66, m, 8i%^; -23.56, s, Os-E-Os. 

Both preparations were repeated at the higher temperature 

of reflux in n-nonane. The crude products from each showed a shift 

towards the mono-hydride species, that from Ph^SiCECEg gave an 

infrared spectrum (cyolohexane): 2l00vw, 208lw, 2076vs, 2068m-s, 

205378, 2034w, 2028m, 2021vs, 2008m, 2000w, 1983w8h, I98OW, 

Reaction of 03^08^(00).^] with (B-kO),8iCECH_ 

a) [E208^(C0)^Q](0.1g) was heated under reflux with 3 

equivalents of (EtO)^8iGECE2(0.075ml) in n-hexan@ for 40 hours. 

The residue, after removal of the solvent, va8 chromatographed with 

n-hexane as eluant to give a series of bands of which the following 

were identified. 

i) Ej^=0.64, purple crystals, unreacted [E208^(C0)^Q]. 
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11) orange solid, [B^08^(C0)^ C:C(S)8i(0Et)^ ]. 

IR Vg (cyclohexone); 2106m, 2080vs, ZO^Sssh, 2056v8, 2025vG$ 201^76, 

1987m; 1982w-m, 1979w-m, cm"^. 

m/e=lOl4 (probe inserted 21$°C). 

b) [Eg08^(C0)^Q](0.1g) and (Et0)^8iCECEg(0.07$ml) were 

refilled in n-octane for 5 hours. After the solvent had been removed, 

the brown residue was chromatographed with n-hexane/EtpO (4:1 v/v). 

Just one band moved up the plate which was eeisily removed with 

CBgClg and identified as [HgOG^(CO)g(C:CEg)]. 

IR (cyclohexane): 2l09vw, 2079vs, 2059vs, 20$2s8h, 2031s, 2023v8, 

2018s, 2010s, 1992m, 1985m-B, cm"^. 

m/e=852 (probe not inserted)* 

[a08,(C0)^(C;C8II,)] 

A sample of Sorbisil M60 brand of silica(0«23g), predried 

in vacuo at 127°C for 40 hours, was added to a benzene solution of 

[H0s^(C0)g{C:C8i(0Et)^}](0.l4g), which was then stirred vigorously 

under reflux for 6 hours. The resulting gold-brown silica was 

filtered off and soxhlet extracted overnight with fresh solvent. 

The product, after drying under vacuum, gave an infrared 

spectrum consistent with formation of the required surface species, 

[E0s^(C0)g(C:C8II,)]. 

IR Vg (Nujol mull): 20788, 2054s, 2022s, 2014s, 1983.5m. 
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CHAPTER THREE. 

REACTIONS OF [H_Os,(C^(rR,)]. PR^= PPh^^Ph^Et or P(OMe),, 

WITH NHCLEOPHILES 

3.1. Reactioii of [n_0i3,(C0),,_] with eimple Alkenes and Alkynes 

When acetylene is passed through a solution of 

[SgOs^CCO)^^] at room temperature a smooth conversion to 

[(/4-E)0s (CO)^Q(vW-CECHp)],1, is observed in quantitative yield 

(1); a similar result is obtained under a small ethylene pressure(2), 

This species has been fully characterised, and a combined X-ray 

and neutron diffraction 8tudy(3) elucidated the solid state 

structure locating all atoms including the hydrogens. The vinyl 

/ 

Structure of 

[(vLi-E) O s ^ O ) . _(At -CBCE.) ] 

ligand and the hydride bridge the same edge of the Os^ triangle. 

Noticeably the Os-H-Os bridge is significantly asymmetrioal, a 

longer bond existing to Os(3) ^-bonded by the vinyl group. This 

is presumably an electronic effect reflecting the weak TT -vinyl 

interaction to 0s(2). The vinyl group and -bonded Os(^) are 

essentially coplanar, the largest deviations being shown by H(2) 

and H(^) which bend away from 08(2) slightly. Similar structures 

have been also observed for the 3,3-dimethyl-but-1-enyl(4) and 

but-1-0nyl(5) derivatives, but with the introduced alkyl group 

substituted for H(3) directed away from the molecule* With 

substituted 1-alkynes an additional product of stoichiometry 
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[08^(C0)^Q(CECE)] is obtained containing a bridging carbonyl but 

no hydride. This is believed to result from reaction of with 

excess alkyne(l). Internal alkynes, EC=CR*, give a whole variety 

of products, including ones associated with cluster breakdown, 

whose distribution is very sensitive to the nature of R and R*(6)* 

In solution 2 has been shown to have a dynamic 

structure(7). This results from the CM and iT bonds binding the 

bridging vinylic group rapidly interchanging between the bridged 

osmium atoms. It creates a pseudo-mirror plane bisecting this 

Os-Os bond. This process occurs in such a manner that it cannot 
1 13 

be identified by S NMR study. However C NME does show 

equivalence of three pairs of oarbonyl groups on these two osmiums, 

(CO) (CO) 

(3) H Os 

(];) H Os 

Fluxlonal iprocess occurring in [EC^^ (00)^^(02011^)] 

which is only removed on 'freezing out* the dynamic process at 

-67°0 when the true asymmetry of the molecule is revealed. 

Reaction with acetylene probably occurs by direct 

addition facilitated by the inherent unsaturation present in 

[5^08^(00)^^], addition across the formal Os-Os double bond 

possibly preceding Insertion Into the Os-E bond(1). With alkenes 

the situation is clearly more complicated and several mechanistic 

schemes have been proposed to accommodate the reaction (Diagram 1), 

There are several principle steps common to all three depicted 

mechanisms. In each case the first stage is alkene addition to 

the double bond followed by insertion into a M-E bond giving a 

-coordinated alkyl species. Then, although the order varies 
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Diagram 1 

Proposed Mechanisms for the Reaction of Ethylene with [HU0s^(C0y^ 

Shanley et. alo(8) 

Scheme I 

/ \ 4 

Johnson et. a l . Q ) 
I n I «i ml • 11 im iiiminTiii 1 r »ii I ii rii ir 'ir -

/ 

Scheme XI 

Deeming et= al.(10) 
».i<Mn«'Mi»mt».».Mii«.^T^a«i.nK»ii. III. imriM 111, 

Scheme III 

-H ^ 
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elightly between schemes, activation of the Os-Os bond occurs, 

by the generation of a degree of *unGaturation\ so that a second 

ethylene can coordinate. Loss of ethane and metallation of the 

remaining ethylene then yields 

Some evidence to support these stages has been compiled* 

When the reaction was carried out in a sealed vessel ethane was 

observed in approximately equimolar proportion to the product* 

This supports the requirement for two molecules of ethylene to 

take part in the reaction. Use of [DgOs^CCO)^^] gave I without any 

incorporation of deuterium. This was taken to signify that the 

hydrogen originally present in CH^Os^CGO)^^] is transferred to a 

molecule of ethylene prior to C-H bond cleavage of the second 

incoming ethylene(2). 

A further investigation into the reactions of substituted 

terminal alkenes revealed the formation of related products, but 

the rate being quite sensitive to steric and electronic effects, 

any effect polarising the alkeno positively at the 1-position 

promoting more rapid reaction. By use of diethyl fumarate it i/as 

possible to isolate the hydridoalkyl intermediate 

[E0s^(C0)^Q(CS(CHgC02Et)C02Et)],^. Related species were also 

obtained from maleic anhydride, ethyl aerylate and ethyl 

diazoacetate(8)o Their stability arises from coordination of the 

orgajiic carbonyl creating a relatively unstrained ^-membered ring. 

Proposed structure of 

[S08,(C0)^_(CH(R)C0_R')] 

R R= R=CHgCOgEt, R'=Et; 

or 

B=CHgCO=R'; 

or 

R*KEt. 
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Addition of terminal alkenes to ^ provided the oorresponding 

[SOs^(CO)^Q(alkenyl)] cluster in high yield, even those inaccessible 

from the alkene itself; i.e. styrene. Dhder hydrogen ^ decomposed 

to give just [EgOs^CCO)^^] and diethyl succinate. Solutions alone 

decomposed to the alkene and uncharacterised osmium containing 

products. All these observations indicate that ^ is representative 

of the -coordinated alkyl intermediates formed after alkene 

insertion into the bond. Their ease of decomposition, even 

with unfavourable alkenes, suggests the rate limiting step occurs 

during or prior to their formation. 

The observation that decomposition in the presence of 

hydrogen regenerates [ngOs^CCO)^^] with effective hydrogenation of 

the a]^ene exposed the possibility of the reaction being catalytic. 

Indeed, a n-octane solution containing a 100:1 mixture of 1-hexene 

and [EgOs^(GO)^Q], under hydrogen(50psig) at 50°C, resulted in 

31 equivalents of n-hexane and 69 equivalents of internal hexenes. 

Essentially all the catalyst was recovered at the end of the 

reaction(8). The high degree of isomerisation Indicates the 

reversibility of the alkene coordination and insertion steps, 

whereas build-up of internal alkenes is consistent with the 

observed failure of [S^Os^CCO)^^] to hydrogenate internal alkenes. 

In the absence of hydrogen catalytic isomerisation of 1-hexene is 

still seenCiO), although slow deactivation of the catalyst was 

observed by a colour change from purple to yellow. A smries of 

functionalised alkenes similarly underwent isomerisation. Another 

s t u d y d D using [1,2-D2]-1-pentene, in toluene solutions at 70.4°C, 

also showed isomerisation, but accompanied by intramolecular 

rearrangement of hydrogen and deuterium. In addition, when the 

reaction was terminated, the catalyst appeared to be partially 

deuterated. With trans-CDgl-ethylene a similar redistribution 

of hydrogen isotopes took place. Apart from confirming the presence 

of a CK -alkyl intermediate this result also illustrates that it is 

in equilibrium with [EgOs^CCO)^^], and that the formation of 

ethane and I is slower than exchange of ethylene. The stoichiometric 

requirement for two moles of ethylene is thus an over simplification. 

Deuterium loss from [D20G^(C0)^Q](2) could be accommodated by 

statistical redistribution within a vast ethylene excess as a 

result of the reversible alkene coordination and insertion steps. 
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Clearly the struotural 8lmilaritleB(12,13) between 

[HgOs^CCO)^^] and its mono-substituted derivative [EgOs^(C0)^(PPh^Et)] 

implies that the latter, at least in theory, should also be 

capable of catalysing alkene hydrogenation and isomerisation by 

a related pathway. The silica supported analogue of this species, 

[E20s^(C0)g(PPh2CEgGEp8IL)], has also been prepared so an 

investigation was undertaken into their reactions with alkenes 

and hydrogen* For convenience ethylene was chosen as the alkene to 

be used. Prior to studying any possible ethylene hydrogenation 

by the supported species the reactions of the homogeneous variant 

with ethylene (and hydrogen) was investigated so that possible 

catalyst deactivation products could be separated and identified. 

Then use of infrared subtraction and difference techniques might 

also facilitate their identification on the surface. 

3.2. Reaction of [E^Os,(CO)PPh^Et)] with Acetylene 

3.2.1. Preparation and Characterisation of [E08rr(C0)r\(PPh^Et) (CECE^)] 

On passing acetylene through a n-hezane solution of 

[^08^(00)^(PPhgEt)] for several hours it becomes a deep yellow 

colour. Chromatography of the residue gave just one band, with 

hardly any baseline, so the reaction is essentially quantitative. 

From spectroscopy, and its subsequent reactions, this orange 

compound was identified as [EOs^(CO)^(PPh^Et) (CECE^) ],Ilia. Its 

infrared spectrum contains only bands associated with teiTninal 

carbonyl vibrations. Within the mass spectrum a parent ion m/e= 

1066, contained in a characteristic Os^ isotope pattern, is 

observed. Eowever, operating at 70e7 this parent ion is relatively 

weak and decreases rapidly with increased source temperature. The 

strongest signal corresponds to the [M-CO]^ ion. Elemental analysis 

also supports the proposed stoichlometry. 

The ^E NME spectfum (CDCl^, 31°C) revealed two separate 

doublets in the hydride region with differing coupling constants 

to the phosphorus. These occur at -19.20(Jpg=6Ez) and -19.42(jpg= 

11.5Ez) 6 in approximately a 4;1 ratio. Their chemical shifts, 

which are similar to that for the hydride (-19*376) in 1(1,2), 
31 

imply that both are edge-bridging, whilst the presence of P-
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Infrared (v ) Spectra for [HOG,(CO)^P(CHCH^)] 
CO . ^ ' 2 — 

2100 2000 1950 cm 

a/ [H08^(.C0)^(P(0Me) )(CHCHg)] 

b/ [H08^(C0)^(PPhgEt)(CHCHg)] 

c/ [HOG,(CO).(PPh,)(CHCH^)] 
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Table 1 ro^GOpic Data for [nOSy(CO)nI'(CHCII.-)] 

Compound 

IR V /cm 
GO 

cyclohexaiie 
II NMR (CDCl , 31 C) 

6/ppm Assign-
ment 

J/Hz 
kasQ 

cpoctrum m/o 
(09^=572) 

LaPPhgEt 2091m 
2059W 

2046s 
2031 w 
201ITS 
20038 

1985W 

1969* 

I967W 

1954v 

7.5 m 
2.74 q 
1.01 at 
2.#ddd 

4.14 d 
7.76 m 

.19.20 d 
obscured 

5.34 d 
not 

resolved 
.19.42 d 

P-phenyl 

P-CEg-C 

P-C. 

H. 

•CHj 

B 
E 
% 

E 
a 

H. 

JpE''^ 

'̂ AC 

^DP 

^bc 

'dp 11.7 

1066 

D=P(We). 2092.3m 

2031msh 

2047TS 

2023w8h 
20l8w8h 

201Ivs 

2002s 
I987W 

I98OW 

1968#3nibr 

3.74 d 
2.83 dd 
4.34 d 
7 .3 m 

.19.92 d 

3.10 d 
4.81 d 

.20.03 d 

.0-CE^ 

^A 

^C+^c' 

% 

K, 

J a p •'5 

'EC "I® 

'AC 

S p ® 

'ac •'5 

'bo 

'dP ""o 

976 

L=PPh, 2091m 

ao6ow 

2046v8 

2032.3m,r 

201Ivs 
2003TB 

2001ssh 
1992wbr 
1986w 

see Tablo 2 

I97OW 

1939Tt7Gh 

1936W 

1114 
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coupllagG suggeeta bonding to an edge containing the phosphlne-

bearing osmium. The preparation waG.repeated several times and 

the observed ratio always remained essentially constant. Integration 

against the resonances due to the phosphine ligemd indicated that 

combined they represent a single hydride, inconsequence they are 

assigned to different isomers of Ilia. The phosphine destroys the 

enantiomorphio nature of the two possible spatial arrangements of 

the vinylic product so that different isomers result; one with 

the vinyl group TT-bonded to the phosphinated osmium,Ilia*, the 

other with it cr -bonded,Ilia". 

0 
0^ C 0 

- 7 

0 
0 c 0 

0 0, 

3 

Ilia' llla" 

Two possible isomers of [EOG^(CO)^(PPh^Et)(CHGH^)] 

Variable temperature studies down to -60°C showed no 

alteration in the hydride spectrum. Above ambient temperature, 

using dg-toluene as solvent, some evidence for line broadening 

and coalescence was observed. However at 95^0 this was not 

definitive, illustrating that any exchange between the two isomers 

is slow compared to the NMR time-scale. The presence of the phosphine 

has substantially raised the activation barrier to interchange of 

the vinyl bonding mode between the bridged metal atoms. The 

analogous process in _I(7) is not 'frozen out' until -67°C, 

coalescence occurring at about -50°C. Interestingly at two 

emerged doublets centred at -17.466 and -20*876 with equal intensities 

are seen at the expense of the original signals. These were 
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subsequently attributed to the pyrolysie product [HpOs^(CO)g-

(PPh2Et)(CCH2)],rV. Signlflcaiitly the equilibrium between. Ilia' 

and Ilia" appeared to be maintained during and after this thermolysis* 

In the 0-105 region of the spectrum the expected 

resonances due to the phosphine ligand are seen* In addition, a 

series of resonances associated with the coordinated vinyl groups 

are present. Unfortunately the very existence of the phosphine 

conceals some of the features. However it is obvious that for each 

enviroment a pair of signals occur as would be anticipated for two 

isomers. In particular, a set of doublets centred at 4.14 and 5*34 6 

are observed with an intensity ratio parallel to that found for 

the hydrides. In an attempt to alleviate this masking problem the 

corresponding P(OMe)^,IIIb, and PPh^,IIIc, adducts were prepared 

in an analogous fashion. The rate of formation of the latter, as 

monitored by infrared sampling, from [EgOs^CCODgCPPh^)] and 

acetylene was appreciably slower taking about 32 hours. Despite 

this there was still no indication of any Intermediate species with 

significant lifetimes. 

For IIIc it was apparent from the hydride resonances 

alone that a more even distribution of the two Isomers existed. 

The four expected independent methylene signals were all seen, as 

were the two methine resonances, although that attributed to the 

major isomer was partially obscured by the phenyl rings' signal. 

The distribution of chemical shifts was similar enough to that 

found in I (Table 2) for them to be adequately assigned in an 

analogous manner. This was further b o m out by specifio proton-

proton double Irradiation experiments (Diagram 3) although, 

unfortunately, the lack of resolution, in part associated with the 

presence of the phosphine, prevented definite identification of 

some of the smaller geminal and hydride couplings. However, the 

larger cis- and trans- splittings were all discernible and, In 

particular, a large phosphorus-coupling (Jpg=13Hz) to H^ but only 

in the case of the major isomer. For such a methylene hydrogen 

this Implies that the major isomer has the vinylic moiety 77 -bonded 

to the phosphine-bearing osmium, akin to Ilia', if the coupling 

is of the 'conventional' through-bond type (i.e. a coupling 

as opposed to an anticipated smaller value). Clearly this 

Is the sterically less favoured isomer and the relative abundance 



Table 2 E NMR Data for [E06,(00)^I,(CECE^)]. IfKJO or PPly 

Compoimd 

[E08^(C0)^Q(CECE2)] 

(CDCl , 33°C) 

[EOs^(CO)^(PPh_)(GEGHg)] 

(CDCl^, 31°C) 

Major Igoner 

Minor isomer 

Resonance 

6 (ppm) 

3.43 

5.00 

7.59 

-19.36 

7.45 

2.32 

4.37 

7.89 

.18.87 

2 .50 

5.30 

8.95 

.19 .02 

Assign-

ment 

^A '̂ AB 
2.8, 14.7, 0.8 

^B '̂ AB 2.8, Jgg 
2.0 

2c ^AC 9"^, JcD 1.6 

^AD 0-8, JgD 2.0j Jgg 
1*6 

P-phenyl 

B 
E 

=D 

Coupling constants (Ez) 

^AB BC 9.5, Jgg 2.0? 

"̂ AG * "̂ CD 
2.09,J^ 2.0, J. 

'BD DP 

ZaOf '̂ CP 

7.0 

\ "̂ ab ^ao 14.5 

'̂ ab ^^'5, Jbo 10.5 

1 0 . 5 , 1 . 5 ? 

"̂ cd 1.5?,J^p 12.0 

manor isomer 

\n 

minor isomer 
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Diagram 3 

Spin Decoupled Spectra for [H08_(C0)_(PRh-) (CHCII )] 

Irradiated 

resonance 

H 
c 

H 

H 
G 

H. 

Resonance 

H. 
B 

" v A V 

V « A 

-"ac •'AP 

ac 

7.89 5.30 4.57 2.50 2.52 
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of the other configuration might well be expected to be greatest 
31 

with the bulkier PPh^ ligand present. The absence of P-couplings 

to the vinyl protons, the size of J(E^P), and the unusual chemical 

shift of the methine, proton suggests that the phosphine is 

cis- to both the vinyl and hydride ligands in the minor isomer 

i.e. Ilia". Comparable spectral features were also seen for Illb, 

but with Eg and H apparently overlapping, and a larger isomer 

ratio towards the prefei-red form, only limited information could 

be extracted. 

?.2.2. Full NKR Study on [S08^(C0)^(PR^)(CECE^)] 

A NMR spectrum (CDCl^, 31 °C) was recorded for 

a sample of Ilia prepared from enriched [E20s^(C0)g(PPh2Et)]. 

Because of the known Isomer ratio the observed features can be 

largely attributed to the major form; the minor isomer contributing 

only a number of weak signals and shoulders. In all nine separate 

resonances were seen: a, 186.99; b, I85.8I; 0, 18).66; d, 181«08; 

e, 175.88; f, 17^.27; g, 174.41; h, 173.39 and 1, 167.75 6, assuming 
^ " ^ 2 

that b is coupled to the P nucleus ( Jpg=6.2Ez). This is 

consistent with the total lack of molecular symmetry. From 31 down 

to -70^C all the resonances were entirely temperature Independent 

exemplifying the rigid nature of the tt?o configurations as indicated 
1 1 

by the H M R study. On removing the S-decoupler no resolved 

splittings were discernible, but loss of relative intensity, 

accompanied by increased half-td.dths, for several signals indicated 

the presence of small couplings (Jgy^^Ez). 

Clearly in the absence of any fluxional process, and 

with only a few possible spin-spin interactions, it is difficult 

to unequivocally allocate all the resonances. However, by analogy 
V5 

with the effect of phosphine substitution upon the C NMR spectzrum 

of [B^Os^CCO)^^], and using various assumptions previously applied 

elsewher8(l4,15), certain tentative assignments can be made by 

comparison with the published spectra for I by Shapley and coworkers 

(7). Unfortunately, for the low temperature limiting spectrum 

they did not individually apportion the six carbonyls flanking 

the edge bridged by the hydride and the vinyl group which eventually 

lead to the three coalesced pairs. In the related molecules 
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[H08^(C0)^Q(G0R)], R=Me or Et, where equivalence results from 

flipping of the alkyl group, the resonances were aBsigned, according 

to the magnitude of the difference in chemical shift within the 

pairs(l4). Similar reasoning allows the highest field pair (172.6 

and 165.6 5 ) for ^ to be attributed to the carbonyls COg/COg, (see 

below), this is also in agreement with the observed ^E-coupling 

(Jgga12Ez) to the averaged signal consistent with a trans-

arrangement to the hydride. The smallest difference (173#9 and 

172.2 6) would be expected for COg/COg, leaving the remaining pair 

(179*7 and 176.6 6) assigned to CO^/CO^,« Within each set it can 

be adequately assumed that the higher field signal corresponds to 

Proposed individual 

assignments for the 

bridgehead carbonyls in 

[SOs^(CO)^^(CHCE.)] 

0 (A') 
(B' ) 

a carbonyl on the more electron deficient osmium. From simple 

electron-counting this would be anticipated as the metal centre 

^-bonded to the vinylic group, and this is re-endorsed by the 

Os-CO bond lengths in the derived molecular structure of %()). 

Phosphine substitution on [E206^(C0)^Q] results in a 

general downward shift for all the carbonyl enviroments of ca. 

1-2ppm with the exception of those sharing the same centre as the 

introduced ligand where the shift was more marked, approximately 

7ppm. Comparison of the spectra of ][ and IHa indicates that the 

same relationships are apparently maintained. This is most obvious 

for the enviroments on the 08(C0)j;̂  group (Diagram 4). Thus the 

signals a,^.can be assigned to the axial carbonyls of this group, 

and to the equatorial ones. )U3 would be expected the presence 
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13 C - C K ) NNR Spectrum of [H08_(C0) (PPh Et)(CHCH )] 

OsfCO), 
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OslCO) 
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c/ 
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c/ [HOs (CO)^Q(CECSg)], (6) 
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c/ [E^Os^CCO)^^] 

d/ [E^Oc (CO) (PPhgEt)] 

JpQ=5.2nz 

V v v / v A / 
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of the phosphiae has lifted the coincidental isochronous nature 

of the latter pair* The magnitude of this effect being similar to 

that seen for [^Os^(CO)g(PPh^Et)]. Further support for these 

assignments comes from the comparable signal intensities within 

each set compatible with related enviroments where Overhauser 

enhancement should be similar. Also symptomatic is the narrow half-

widths possessed by all these resonances, and especially the 
-j 

equatorial pair, which were unaltered on removal of the S-decoupler. 

The remaining resonances must all arise from the ligands 

coordinated on the two osmiums constituting the bridged edge. Of 

these, the isolated high field signal i must, by analogy, correspond 

to COg, in I; the trans- carbonyl relative to the hydride on the 

formally electron deficient osmium. The continued existence of 

this enviroment further consolidates the proposed arrangement of 
1 

the major isomer. Although upon H-coupling the large interaction 

seen in I was not reproduced i did show, along with d, the most 

pronounced signal broadening observed across the spectrum. On this 

basis, and accompanied by its marked paramagnetic shift (ca. 8«,5ppja) 

relative to COg in I, d is attributed to the analogous carbonyl 

on the phosphine-bonded osmium. This leaves just the pse-udo-asial 

position on this metal unassigned, but this can be conveniently 
31 

accommodated by resonance b which possesses a resolved P coupling 

(6«2nz). For an equatorial phosphine such interactions have been 

already shown to be larger with the axial, as opposed to equatorial, 

oarbonyls in the related [Os^(CO)^^P] sy8tem(l6). Again its large 

shift relative to the corresponding signal for I (+11.9ppm) 

confirms this assignment. From its small downward shift h most 

likely results from the similar site at the other metal centre. 

The final undesignated resonance g can, by default, be allocated 

to the remaining equatorial carbonyl on the osmium -bonded to 

the vinyl group. Its slightly higher field position compared to 

CO^, is the only deviation from the anticipated trends upon 

introducing the phosphine into the system. Of course 00^ for ^ 

has no comparison in Ilia' because the phosphine occupies its 
coordination site. Overall, Yfithin the proposed assumptions, the 

1? 

obsei'ved ' CO spectrum can be adequately explained in terms 

of Ilia' being the major isomer; the only discrepancy being that 

noted above. 
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A natural abundance NMB spectrum for IIIc 

revealed two pairs of signals at 29.6, 64,6 and 56.5, 100.0 6 

which could be attributed to the vinylio carbon atoms. With Ilia 

only two resonances at 27.0 and 62.2 6 were apparent (although 

there was evidence for a third weaker signal at 98.56) so the 

higher field pair in IIIc can be immediately correlated with the 

major isomer. Apart from these, the expected, multiplet centred at 

ca* 1306 for the phenyl rings and a doublet (Jpg=62Ez) at 28*486, 

and a possible singlet below 106, are seen consistent with the 

observed resonances for the phosphine ligand in [Os^(CO)^^(PPhgEt)] 

(Chapter One). Independent studies(17) on I identified two 

resonances at 68.7 and 101.5 6 which were assigned to the 

methylene and methine carbons respectively on the basis of 
1 

observed H-couplings. There is obviously a strong resemblance 

between these signal positions and those for the minor isomer of 

IIIc. However, there is a considerable perturbation to higher 

field for the major isomer which would be consistent with a shift 
2 3 

from cp to sp hybridisation about the carbons, synonymous with 

a decrease in the olefinic bond-order. I'his observation can. be 

conveniently rationalised by the Chatt-Dewar MO description of 

alkene-metal bonding. Coordination to a metal centre of greater 

electron density, as caused by the presence of a strong cr-donor 

such as a phosphine, would result in a larger back-donation from 

filled metal orbitals of suitable symmetry into the lowest-lying 

"T-antibonding orbitals of the vinylic group. This has the synergic 

effect of increasing overlap of the olefinic TT-electron density 

with a o-^type acceptor orbital on the metal atom. Both of these 

phenomena result in decreasing the C-C bond-order, lengthening 

the bond, and hence Introducing a greater degree of sp^ 

characteristics. Such an interaction is also promoted by electron-

withdrawing substituents on the alkene and this could clearly 

encompass a strong metal-olefin -bond to the second, formally 

electron deficient, osmium. This bonding d^cription is 

analogous to that invoked for M-CO systems and the effect of 

phosphine substitution on [2205^(00)^^] has already been shown, 

from the X-ray analysis of [Eg08^(C0)^(PPh^)](13), to decrease the 

C-0 bond-order of the carbonyls bound to the same osmium by 

Increasing back-donation from the metal. 
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Tho authenticity of the highest field signal at ca. 

286 in both Gpectra hag been questioned(l8)# If it is dismissed 

as an Impurity, then the resonances at 64*6 and 100*0 6 are 

reallocated to the methylene and methine carbons, respectively, 

for the major isomer of IIIc(19). The companion methine resonance 

to that at 56.$8, attributed to the minor isomer, is not observed 

either because of inherent weakness through various Overhauser 

and relaxation effects, expected coupling to the phosphorus makes 

it difficult to spot in the natural abundance spectrum, or it 

is hidden beneath the solvent peaks between 78-76 6. Then the 

similarity in chemical shifts for the resonances for IIIc' and 

I erases the need for the above arguements based on electronic 

perturbations. 

3*2*3* 

Since this work was carried out others(20) have prepared 

the corresponding PEt^ adduct, which apparently shows anieven 

greater tendancy towards the major configuration* Further, they 

have successfully separated the two forms by chromatography and 

proven them to be isomeric from their identical mass spectra* 

Notably their reported Infrared v spectrum (cyclohexane) for 

the favoured isomer (2090msg 2044a, 20088, 2000s, I98IW, 1974w, 

1962ms and 1946 cm"^) bears a strong resemblance to that of IIlb 

where the same predominance was found. This is consistent with 

the increased nucleophilioity of an alkyl phosphine, coupled with 

its smaller cone angle(21), which would result in the greater 

preference for the vinyl group to be IT-bonded to the common 

centre to facilitate more efficient electron withdrawal* 

It can be concluded that phosphine substitution does 

not drastically alter the reaction of the *unsaturated * metal-

metal bond with acetylene. However, its presence does cause the 

existence of two isomers which do not readily interconvert on the 

NME timescale and can be even:separated by chromatography. In 

general, the major form has the vinyl gz^oup TT -bonded to the 

phosphine-besz-ing osmium, and this can be rationalised on 

electronic grounds. The proportion of the minor isomer only 

increases with falling nucleophilicity, and greater steric bulk, of 
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the phoGphlne Bubstltuent. From subsequent studies with ethylene 

it was deduced that the absolute ratio of the isomers was dependent 

on their relative stabilities, and not a result of kinetic control 

during the reaction. 

3.3" Reaction of [ILOs,(CO)^(FR^)] with Ethylene 

3^.1. Pr^aration and Characterisation of [E^08,(C0)f.(ER^)(C,,H,,)] 

Intrinsic to the proposed catalytic cycle is the 

assumption that deactivation results from ethylene producing III, 

as does acetylene, from [E20s^(C0)g(PB^)]. Since alkyne insertion 

occurred under similar conditions to that experienced with 

[]^Os^(CO)^Q], an n-he%ane solution of [E2%^(C0)^(PPhpEt)] was 

stirred at room temperature under a working ethylene pressure of 

3 atmospheres overnight in anticipation of forming Ilia. Upon 

workup the resulting yellow solution gave a broad band on a t.l.o. 

plate, with essentially no baseline, whose infrared v spectrum 

indicated it to be a mixture of Ilia, as a minor constituent, and 

at least one other component; significantly no frequencies related 

to the starting material were visible. A difference spectrum 

computed between that of the product and an authentic sample of 

Ilia, based on the common peak at 2091cm"^, was reasonably simple 

indicative of a single species. A sample submitted for S NMR 

spectroscopy gave all the expected signals for Ilia, plus a 

singlet (-14.316) and a doublet (-20.338, Jpg=:11.2Sz) in the 

hydride region. In addition, although it was partially obscured 

by the phosphine methylene signal, a strong doublet at 2.^06 

(Jpg=7Ez) is consistent with a coordinated ethylene moiety, from 

its relative intensity and comparison with literature examples 

i.e. [E0s^(G0)g(C2H^)(8Ke)], 2.496(22)* The characteristic doublet 

for [Ep0s^(C0)g(PPh2Et)] was also observed, and its abundance was 

found to increase with moderate heating or pumping under vacuum. 

In an attempt to avoid the separation problems, the 

corresponding PPh^ adduct was prepared under identical conditions. 

As with acetylene, IIIc formation was sufficiently retarded to 

enable isolation of the new species as the unique product after 

recystallisation from a minimal quantity of n-pentane. Apparently 
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Diagram 5 

jSDectroscopic Data for [H^0G^(C0)^(PPh^)(C2^1,)] 
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a/ 
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the formation of these addncts is not adversely affected by a 

change in phosphine, but the subsequent Btage(s) leading to III 

are. Indeed infrared evidence suggested that the initial alkene 

addition was complete, in both cases, well within the specified, 

convenient, time-scale. Both spectroscopic evidence and elemental 

analysis were consistent with the formulation [S20s^(C0)g(PPh^)-' 

(C_E,,)],IVT). The infrared v spectrum was almost identical to 
C 4 ' CO 

that computed for the PPh^Et analogue, IVa, showing only terminal 

carbonyl frequencies (Diagram 5). The NME spectrum (CDCl^, 31°C) 

again contained a singlet (-14.26) and a doublet (-19.896, 

12.$Sz) in the hydride region, whilst above the (OiS signal, apart 

from the broad phosphine resonance, only a sharp doublet at 2.^66 

(jp^TEz) was visible once more consistent with a coordinated 

ethylene molecule coupled to the phosphorus nucleus. The 

equivalent intensities of the hydride signals only became evident 

upon cooling to -70°C, whence the singlet in particular sharpened 

up considerably. Concurrently the alkene signal markedly broadened, 

although it is not obvious whether this was duo to it collapsing 

or loss of resolution over that region. The former would be 

anticipated eventually, since it is difficult to envisage a 

ground state where all four protons are magnetically equivalent. 

Unfortunately this point was not reached at the lowest temperature 

(-80°C) studied. 

On attempting to obtain a mass spectrum the observed 

pattern corresponded to the decomposition product [SpOs^(CO)g(PPh^)] 

indicating breakdown of the sample within the spectrometer. As 

with IVa# moderate heating (under at 40^G for 7 hours) led to 

complete regeneration of the starting material as traced by 

infrared monitoring; continued pumping under vacuum also caused a 

similar liberation of the ethylene. This is synonymous with the 

ethylene being only weakly bound. Such a reversible addition has 

already been demonstrated for the equilibrium-

[BOB^(CO)^(CgS^) (8Me)] : [HQ3^(C0)g(8Me)] (23) 

-which is facilitated 

by the variable coordination of the sulphur ligand. The structure 

of this coordination adduct, as determined by X-ray diffraction, 
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confirmed the alkene to be coplonar with the metal trlazigle, but 

found to be poaitlonally disordered with the equatorial carbonyl 

group which prevented any detailed asGessment of the olefin-metal 

geometry. Crystal disorder problems similarly prevented full 

analysis for [08^(00)^^ (24) although again an equatorial 

position was favoured. Unfortunately IVb also exhibited gross 

crystallographic disorder(25)* 

Very few other examples of osmium cluster-alkene species 

have been reported. The compound [E20s^(C0)g(C2E^)8] is known(23), 

whilst nuoleophilic attack on [EOs^(C0)^^(CF^CCECF^)] gives a 

series of adducts for which the structures of [(Ph^P)gN]-

[Os^(CO)^Q{CF^(E)CC(E)CF^Br], [ O s ^ ( C O ) ^ ( E ) C G ( E ) C F ^ (FEt )](26) 

and [OG^(CO)^ (B)CC(E)CF^^](2?) have been fully characterised 

and the olefin shown in each case to be equatorially disposed* 
i o 

Significantly in the first instance the H IMR spectrum at -60 C 

demonstrated that the alkene llgand was non-fluxional, and only 

at +40°C was an averaged signal observed perhaps reflecting the 

higher barrier to rotation upon substitution. 

These chemical and physical properties are raminiscent 

of those for [2208^(00)^^1,], IcPPh^, PMe^Ph eto.(28), except that 

thermolysis releases ethylene in preference to carbon monoxide. 

The positions of the hydride resonances, and their couplings, are 

complementary with anr: edge-bridging hydride encompassing the 

phosphine-bonded osmium with the other centre shared with a 

terminal proton. Eowever, certain discrepancies are obvious and, 

In particular, the lack of intramolecular scrambling at ambient 

temperatures. The absence of an hydride-hydride coupling is also 

adverse, although not unique i.e. [E20s^(00)^Q(PMe2Ph)](28) and, 

whilst the chemical shift of the bridging hydride shows excellent 

agreement, that for the terminal entity Is to a higher field 

position (ca. -14.06 against typically -10.06) than expected. In 

the related compounds [EO3^(C0)^QX], X=G1, Br or 1(10,24) such a 

position has even been correlated with a bridging envlroment, but 
"51 

this would be inconsistent with the lack of P-coupling. With the 

ethylene bonding the same osmium as the phosphine, from the 
p 

magnitude of the observed splitting, it is not apparent why 

the terminal hydride should be more perturbed than the bridging 

one. A plausible explanation may be that it adopts a semi-
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bridging coordination as a reGult of the weakly bonding alkene 

not completely 'saturating' the metal-metal bond* However, even 

Bmailer configuration changes may also be adequate to cause the 

observed discrepancy in magnetic properties. 

Accepting these reservations only the spatial 

arrangement of the ethylene remains to be determined. Six plausible 

configurations are shown below, in which four have the ethylene 

B 

OsCCO) Qs(CO) 

OC—Os PR OC—Os 

0 0 

D 

Os(CO) 

0 0 

rCO OC-

Os(CO) 

E 

Os(CO) 
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Os(CO) 

OC—O.s PR OC Os PR. 
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axially disposed, and in the remaining pair it is eqiiatorially 

positioned. All previous literature examples of ethylene-

coordinated triosmium clusters have favoured an equatorial site, 

and this has been justified on steric grounds(24). Unfortunately, 

these arguements were in the absence of a bulky phosphine ligand 

which could clearly complicate the issue. No indication can be 

drawn from the H NMR ethylene resonance, since for either position 

the total lack of molecular symmetry implies both rapid rotation 

about the metal-alkene axis, as normally postulated(29), and 

either a second intramolecular process, e.g» rotation about the 

C-C axis, causes a second averaging or the chemical shift 

difference between the end or, more likely, the sides of the 

ethylene ligand is negligible. The magnitude of the Jpg coupling 

is inconsistent with the phosphine and bridging hydride a trans-

arrangement which dismisses structures A, E and F. The validity of 

C gains some support from the aforementioned perturbation of the 

terminal hydride resonance* 

3.3.2. Preparation and Characterisation of [S.Os,(CO)f.(ER,)(ClfHe)] 

To aid resolving this problem the corresponding MeNC 

adducts of [E_Os_(CO)o(EE^)] were prepared. Isocyanides, and MeNC 
^ P / J/ 

in particular, are known to adopt axial sites because of the 

overriding favourable electronic factors, and its small steric 

bulk* Addition of an equimolar quantity of isocyanide to a 

concentrated n-hexane solution caused an immediate transformation 

in colour. Ch leaving to stir rapid precipitation of a light 

yellow solid occurred which was then washed with further solvent 

and dried in vacuo. These postulated adducts [EgOs^(C0)^(PR^)(CNMo)], 

PPhgEt,Va, and PPh^,Tb, both gave microanalysis (C, E and N) 

consistent with their formulation<, Eowever, their spectroscopic 

data immediately illuminated a fundamental difference in nature 

compared to the corresponding ^ adduct. There is little 

resemblance between the infrared v regions of IT and V 
CO — 

emphasizing an intrinsic dissimilarity in the carbonyl 

configurations about the metal core* Such deviations in spectral 

features has been often used to differentiate between iGomerio 

forms of related species with varyii^ substituents. A prime 
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Diagram 6 

Infrared Spectra for [n_08^(C0)^(PPh^Et)L]; L=PPh^Et or MeNC 
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example is the [Os^(CO)^^I,] system where equatorial (phoophineG 

and ethylene) and axial (acetonitrile and isocyanidee) substituted 

isomers are easily diBcriminated(24). Also present in the infrared 

spectrum was a weak frequency at 2212cm" (Va) in total 

agreement with a terminally bonded isocyanide group(!$0)* 

The limiting, low temperature (-60°G, CDCl^), 

spectrum of Va contains two equally intense signals at -10.11(d) 

and -20.01 (dd) 6; Jgg=:3#5 and Jpg=11.4 Sz. These chemical shifts 

(Table 3) bear a startling resemblance to those for 

[H20s^(C0)^Q(CNMe)](30), apart from the obvious inclusion of the 

^^P-ooupllng to the bridging hydride. This latter splitting 

complies with a cis-arrangement, whilst a doublet at 3.11 ( 

2,5Hz:) 6 is assigned to the isocyanide methyl group; the presence 

of a nuclei interaction implying that both constituents occupy a 
-J 

common metal centre. E NME spectroscopy indicates that 

[E20G^(C0)^Q(CNMe)] exists as a pair of isomers In solution, but 

the Introduction of a phosphlne apparently restricts the isocyanide 

to a single coordination site. If it is assomed that the two forms 

represent either am axial or equatorial position then the latter 

would be expected to be blocked by the bulky phosphine. This apart, 

the former already appears to be the most preferred arrangement 

provided the X-ray diffraction determined crystal structure(31) 

reflects the lowest energy configuration. It can then be concluded 

OC Qs 

0 .C C 
0 

structure of 

[H.Os,(CO)o(PPh_Et) (erne)] 

r P P h Et 
N 2 

Me 

that the structure of Va is a direct combination of those 

confirmed for the two separate addition adducts, analogous to D, 

as shown above. 
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Variable Temperature NKR Spectra for [H^Os^CCO) (PPh^Et)(MeNC)] 

Table 3 

Limiting; spectra(CDCl ) for [H^08^(C0)^(MeNC)L], L=PPh^Et or CO 

[HgOs^CCO) (PPhgEt)(MeNG)], -6o^ c [HgOs^(CO)^Q(HeNC)], -70°C,(25) 

6, (ppm) Intensity JpH (Hz) AsGignment 6, (ppm) Intensity Jgg(Hz) 

2.11(d) 2.5 H NO 3.93(s) 
3H 

. 3.94(B) 
3H 

-10.11(d) 1H 3.5 terminal -9.88(.d) 

hydride -10.14(d) 

1H 5-0 

4.3 

-20.0l(dd) 1H 11.4 3.5 bridging -19.76(d) 1H 5.0 

hydride -19.84(d) 

1H 5.0 

7.45(m) 10H P-Ph 

2.82(q?) 2H 7.0 P-CH -C 

1.05(dt) 3H 19.0 7.0 P-C-CH, 
—J 

.12.46 

iL/iJv 

-17.06 

0°C '9.96 -19.96 

.20°C 

—6o^c 

-10.116 

Jgg=3.5Hz 

-20.116 

Jjjg=3o5Hz 

Jpg=11«4Hz 

-ou U L / \ 
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On warming to room temperature (31°C) the hydride 

resonances collapse into the baseline approaching coalescence. This 

is analogous to all other [H2Qs^(C0)^QL] dorivatives where 

intramolecular hydride exchange is facile (Chapter One). This infers 

that the mechanism whereby interchange occurs is prohibited in IVa 

but unimpaired for Va. Since, in either corqilez, the enviroment 

about the terminal hydride is essentially identical that of the 

bridging moiety must be adversely affected^ In all the reported 

mono-substituted species this hydride is trans- to an equatorial 

carbonyl ligand and this is maintained in Va* If the variation in 

spectral features is taken to indicate a different position of 

coordination for the isocyanide and ethylene then it can be assumed 

that the latter replaces this carbonyl group. This complies with 

the situation in 1(3) where the bridging proton is displaced 

towards the osmium TT -bonded by the vinylic group and in IVa, 

with the ethylene directly opposite, this ought to be evem more 

pronounced. The aett result is that the potential energy of this 

hydride Is sufficiently altered to effectively raise the barrier 
1 

to InterconTersion, on the H NME timescale, above room temperature. 

An alternative Interpretation may be that, with the second proton 

possibly adopting a semi-bridging position, an intermediate species 

with both protons terminal is further destabilised inhibiting the 

fluzional process. Whatever, the Implication Is that IVa adopts a 

structure with both the phosphlne and ethylene place equatorial; 

the latter opposite the bridging hydride, i*e. proposed 

configuration B. 

3.3.3. Full "̂ 0̂ NMR Study on [H^08^(C0)^(PI%^Et)(C^E,^)] 

13 

For further confirmation a CO enriched sample of IVa 

was prepared (enrichment occurring at [Os^(CO)^2]) and C NMR 

spectra recorded from -80 up to 0 which are shown in Diagram 8. 
*l o 

In addition, the E-coupled spectrum at 0 C was accummulated and 

Is compared to the decoupled spectrum in Diagram 9. The latter 

contains nine independent resonances: a, 187.26; b, 182.4$; 

181.03; d, 178.83; e, 177.68; f, 174.73; g, 173.23; h, 172.69 and 

j., 167.72 6, all with unit intensities. Over the entire temperature 

range studied no evidence for any fluzionality was revealed. The 
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Diagram 9 

NMR Spectra for [H^OG^(CO)^(PPh^)(C_H^|)] 
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only complication to a static situation within the spectra was 

the inverse temperature dependence of the two close signals g and 

h, which causes them to become accidently isochronous at about 

-60°G before completely crossing over by -80°C. This is Illustrated 

graphically (Diagram 9), where it is also apparent that b and g 

have an opposite dependence to the remaining signals, although any 

significance in this observation is unknown. The presence of nine 

separate resonances confirms the absence of symmetry within the 

molecule. 

The proposed structure, with the introduced llgands 

equatorial, conveniently explains the similar values to the 

lowest field pair of signals, a ($a1Ez) and b (4«$Sz), compared to 

that observed between phosphorus and adjacent axial carbonyl groups 

in [Os^(GO)^^(P(OM@)^)](l6). On ^S-coupling no further discernible 

splitting was seen for either signal, although a slightly broadened, 

but this may just be a function of spectral quality. However, 

three other resonances did show resolved E-couplings and were thus 

assigned to the C5(C0)^E group. In particular, f (JQg=9 and 2.$ Hz) 

is coupled to both hydrides so by correlation with 

[HgA3^(C0)^Q(PPh2Et)] (Chapter One) It must correspond to the trans-

Carbonyl relative to the terminal hydride, This leaves £ (4.9Hz) 

and 1(5.6Hz) assigned to the two equatorial groups and, by 

comparison with Ilia, the isolated hlgh-field signal 1 may be 

Individually allocated to the carbonyl approximately opposite the 

bridging hydride. Then the four resonances left must be associated 

with the remaining 08(00)^^ group. These fall roughly into two 

pairs, d,e and g,h, within which line-widths and intensities are 

similar atypical of related enviroments. By rule of thumb the 

lower field pair must correspond to the axial llgands, leaving 

g,h as the remaining equatorial assembly. Notably the last pair 

have very narrow half-widths, which show little variation upon 

H-coupling, complementing their designation in view of observations 

made with [Bg08^(G0)g(PPh2Et)]. 

3.3.4, Discussion 

In the light of these results it is Interesting to 

recall a previous observatlon(32) where a n-hexane solution of 
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[HgOe^(CO)(PPhgEt)] was inadvertently reflnxed in the presence 

of excess phosphine. When the anticipated darkening in colour, 

indicative of the formation of [E208^(CO)g(PPh2Et)], did not occur 

the reaction was continued for 5 hours before the resulting yellow 

solution was worked up. Chromatography gave several bands but the 

major product, isolated pure from the t.l.c. plate, gave an 

infrared v spectrum closely resembling that of Va which, 

unfortunately, had been previously incorrectly assigned to 

[E206^(C0)Q(PPh2Et)](^3)# The other identified product from the 

reaction was [08^(C0)^^(PPh^Et)]. On. reflection, although no further 

characterisation was carried out, its appearance intuitively suggests 

a 'saturated• structure so, along with the strong correlation between 

its spectrum and that of Va, it should perhaps be more correctly 

assigned as the disubstituted derivative [HgOs^(CO)^(PPh^Et. It 

has also been found that leaving a solution of [HgOs^(GO)^(PEt^)] 

to stand for an extended time in the presence of excess phosphine 

gives a similar result, but accompanied by concurrent decomposition 

(20)* Presumably both phosphines, by analogy with V, bond to the 

same metal centre with one placed equatorial and the second axial. 

Clearly on steric grounds alone two PPh^Et groups are unlikely to 

occupy adjacent equatorial sites and, whilst axial positions are 

normally unfavourable, under certain restrained circumstances they 

are found. For instance, the tripod ligand MeSi(PBu2)^ reacts with 

[Rty(C0)^g] to give [Ru^(C0)g(Me8i(PBu2)^)](34) where all the 

phosphine branches coordinate axially on the same face of the 

molecule, presumably as a result of its restrictive *bite'. 

Reaction of a second nucleophile onto [E^C^^CCO)^!,], 

D=phoephine, appears to be widespread and, indeed, it has been 

subsequently reported that even acetonitrile can form an 

identifiable analogue(20). The direction of reaction is 

interesting since attachment to the phosphine-substituted metal 

centre is not which might have intuitively expected. Addition to 

[3208^(00)^^] by a variety of nucleophilesy both weak and strong, 

always occurs by attack at one osmium centre of the electron 

deficient edge accompanied by opening of a hydride from a bridging 

to terminal axial position onto the second aetal. There is little 

evidence within the structure of [E20s^(CO)g(PPh^)] in the crystal. 

for any steric congestion or relief on phoephine Bubstitution(13). 
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However, the Os-C bond lengths are consiGtent with the expected 

increase in electron density on the.substituted metal atom, 
* 

allowing greater metal-to-CO TT retrodative bonding. So any charge 

effects would favour the unsubstituted osmium centre at the end of 

the bridgehead as the site of nucleophilic attack. But orbital 

control of nucleophilic addition, as expected for 'soft * nuoleophiles 

like MeNO and ethylene, will favour the site of attack being that 

with the largest-amplitude l.u.m.o. (lowest unoccupied molecular 

orbital)(35). A qualitative molecular orbital diagram for the 

metal-metal and metal-hydrogen bonding in [^206^(00)^^] is given 

below. The fragment orbitals of the M(CO)^ and M(CO)j^ units 

used(36) and the scheme, before inclusion of the hydrides, is 

^ 2 + 2 bg + b-j, antibonding 

— 0.2* M-M IT -antibonding 

M-M bonding 

M-CO, bonding 

a ̂ + b^, M-E bonding 

A qualitative molecular orbital diagram for the 

metal-metal and metal-hydrogen bonding in [E^Os^CCO)^^2 

analogous to the isolobal cyclopropene(37)* The probable l.u.m.o. 

is an Os-Os 7Tj_ orbital along the bridged edge (a^). The Increased 

electron density at the phosphine-substituted metal should raise 

the energy of its fragment orbital and, accordingly, the l.u.m.o. 

will have a greater amplitude at that metal atom. Hence, under 

orbital control, addition to the substituted centre is indeed 
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favoured. 

When a sample of [S20G^(C0)()(PPh^)] was left under a 

presBure of ethylene for an extended period of 5 days the infrared 

^co of the isolated yellow residue indicated that a 

considerable quantity of IIIo had been formed, although a large 

fraction of IVb still remained. Within a similar time essentially 

complete conversion to Ilia was seen for [H20s^(C0)g(PPh2Et)]. 

These observations confirm that ^ is an intermediate in the 

reaction of [S208^(C0)g(PE^)] with ethylene, leading eventually 

to III by a mechanism parallel to that proposed for [HgOs^CCO)^^]. 

Their isolation is presumably a result of the anticipated alkene 

insertion into a metal-hydride bond being sufficiently retarded by 

the presence of the phosphine to cause it to become rate-limiting. 

It has been found(24) that the terminal hydride in [E^03^(00)^^] 

is particularly susceptible to attack (by CHCl^ and CCl^). 

Translating this to IVj where the ethylene is directed away from 

both hydrides, the position of the phosphine might well be expected 

to restrict formation of a required transient species with both 

the hydride and ethylene in close proximity. This could be by 

either directly blocking the necessary site or as a result of its 

steric bulk, depending on whether insertion is actually into the 

bridging or terminal moiety. Several alternative mechanisms can be 

proposed, including the less favoured option of insertion of a 

second ethylene into the generated terminal hydride but, which ever 

applies, the inferred transient ethyl group is most likely to 

reside at the bridgehead osmium away from the phosphine because 

of the latters unfavourable electron donating properties. The 

precise mechanism does not evidently determine the final 

distribution of isomers in III since the ratio for Ilia was 

unaltered whether it was prepared from the reaction of ethylene 

or acetylene with [H20G^(CO)^(PPh^Et)]. This indicates that the 

absolute value is subject to thermodynamic, as opposed to kinetic, 

control. 

).4. Pyrolysis of [R08^0)^PPh_Et) (CHCH.) ] 

Although formation of Ilia is probably the deactivation 

stage in catalytic hydrogenation of ethylene by [HgOs^(CO)^(PPh2Et)] 
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it may still not be present when the reaction is complete. The 

thermal conditions employed may in turn cause it to react further 

giving other products, a knowledge of any such transformations is 

clearly important. 

[E0s^(C0)^Q(CHCH2)],I, is known to undergo rapid pyrolysis 

in refluxing n-oc.tane(l) to give [H^08^(C0)^(CCH^)],VI, (70^) and 

[Os^(GO)^p] (30%). Since ^ reacts rapidly with carbon monoxide to 

give [08^(00)^2] ̂ 8 the only osmium-containing product, it seems 

likely that, in the conversion of ^ into VI the carbon monoxide 

displaced reacts with unchanged I to account for the preparation 

of [OG^CCO)^^]. VI can also be prepared directly from [(^^(CO)^^] 

by bubbling ethylene through a n-octane solution under reflux for 

24 hours, although the yield is somewhat inferior()8). Under a 

moderate pressure of ethylene (20bar) at 160°C the yield improves 

(609̂ ), but the tetranuclear clusters [Os^(CO)^g(C2H2)] (10^) and 

[Os2^(CO)^g(G^E^)] (30%) were isolated and characterised as by-

products(39). 

The lack of coupling between the non-equivalent hydrogens 
1 

on the organic ligand in the S NME spectrum of suggested that 

the complex contained a coordinated vinylidene (CCH^) group as 

opposed to a coordinated acetylene (ECCE)(40)* This was confirmed 

by a single crystal X-ray diffraction study(4l) which found that 

all three Os-Os bonds were different with the 0^ fragment tilted 

away from the shortest one. The two bridging hydrides give separate 

signals (jgg=1.4Ez) in the E NMR spectrum which, in association 

with the asymmetry of the molecule, indicates that they bridge the 

longer two metal edges. A separate investigation(2) found that the 

lower field signal was a doublet of triplets (J(E-CE2)=0.7Ez) 

which allowed it to be tentatively assigned to the hydride 

positioned equivalently with respect to the two hydrogens on the 

vinylidene group. Thus I undergoes pyrolysis by carbon monoxide 

loss and hydrogen transfer from ligand to metal* 

3.4.1. Preparation and Characterisation of [E_Og^(CO)Q(PPh_Et)(CCE_)1 

A similar reaction for Ilia was expected as circumstantial 

evidence from a high temperature E NMR study had already been seen. 

Indeed, under reflux in n-heptane a smooth conversion of Ilia to 
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[ H ^ 0 6 ^ ( C 0 ) g ( P P h ^ E t ) o c c u r r e d within 4 hours, with no 

significant quantities of any other Os, products being observed. 

The reaction of I to VI in n-heptane was considerably slower (20 

hours) so the presence of the phosphine clearly facilitates 

decarbonylation (and subsequent hydrogen trsinsfer) as this was 

found to be the rate limiting step in the conversion of ^(1). The 

effect of lowering the activation barrier also reduces totally 

any competing side-reactions. VII crystallises as a pale yellow 

solid which was fully characterised by spectroscopic and analytical 

techniques. 

The infrared v spectrum (Diagram 10) contains only 

bands associated with terminal carbony1 groups, whilst the number 

indicates a structure with little or no symmetry. A prominent parent 

ion of m/e=1038 was observed in its mass spectrum. Along with the 

following fragmentation pattern the entire spectrum closely resembles 

that of Ilia with the ezclusion of its parent ion. This reflects 

the thermal instability of Ilia which undergoes considerable 

degradation to VII at the source prior to ionization and detection 

in the mass spectrometer. Elemental analysis (C and E) also gave 

satisfactory agreement with the calculated values. 

The NMR spectrum (CDCl^, 31 °C) is similar to that of 

VI (Table 4), apart from small paramagnetic shifts, and the 

appropriate addition of resonances and couplings due to the 

phosphine ligand. Thus, in the organic region two doublets of 

equal intensities occur at 6.15 (Jpg=9Ez) and 6.63 (Jpg=^Ez:) 6. 

Integration against the phosphine indicated that they each 

represented one hydrogen. In the hydride region two other doublets, 

each due to a single hydride, are found at -17.46 (J^=11Ez) and 

-20.87 (Jpg=8.3Ez) 6. The presence of P-couplings strongly implies 

that the hydrides both bridge edges involving the phosphine-

substituted osmium, Os(1)« Their magnitude and comparable nature 

suggests that the hydrides both adopt approximately cis-positions 

relative to a centrally placed phosphine* This would be consistent 

with the PPhgEt possessing a trans-configuration to the quaternary 

carbon beneath the face of the molecule. In the related oompound 

[n20B^(C0)g(Ph2PoCgE2^.C2H)](38) the phosphine is constrained in an 

equatorial site and consequently one of the hydride-couplings is 

appreciably larger (25.4Ez) due to the enforced trans-arrangement*. 
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7.47(m) 10H P-Ph 

2.6o(q?) 2n 7.0 P-CH -G. 

1.00(dt) 3H 19.0 7.0 P-C-CB_ 
-3 
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All together this data established that VII has the 

strnctttre shown in Diagram 11, and the following 

further confirmation. 

C provided 

3«4.2. Tentative Assignments for the 

[E_os,(co)o(pph^Et)(ccn_)] 

13 C IMR of 

A CO enriched sample of VII was prepared from that of 

Ilia, and the ambient temperatiure ^H-coupled and decoupled spectra 

recorded. The latter contained six resonances: a, 178.37; b, 176.29; 

o, 175«06; d, 172*32; e, 169.66 and f, 169.06 6, with an intensity 

ratio of 1:1:23fl :2. None of these signals showed any evidence of 

resolved couplings to the phosphine. Clearly, with the anticipated 

molecular asymmetry, at least two pairs of signals must be 

acoidently isochronous if this represents the slow exchange 

limiting spectrum as is believed. It is difficult to envisage any 

mechanism(s) whereby only two separate pairs of the eight independent 

enviroments equilibrate whilst the remainder are unaffected. 

The unsubstituted analogue, VI, has been studied by 

variable temperature E NME spectrosoopy(38). However, only at 

elevated temperatures (72°C) was coalescence of the two signals due 

to the vinylidene ligand seen, whilst even at 11$°C, although they 

had begun to broaden, the two hydrides were still clearly resolved* 

Two separate fluxional processes were thus identified. The most 

facile was subscibed to migration of a single hydride to the vacant 

edge in such a fashion as to cause equivalence of the organic 

protons without exchange of the hydrides; that being achieved in 

"Os b 

Fast hydride-migration process in [H^Os,(CO)«(CCH_)] 
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the GGCoad motion. An a l ternat ive mechanlGm considered was rotation 
about the C-C axis, but this was dismissed einoe it would involve 

-1 
an Os-C bond cleavage. This was later verified by a E NMR study 

on a partially deuterated sample of VI and the diastereomerio 

analogue [H206^(C0)^(C=C(Me)CH2CHMe)](42). An independent NME 

investigation(4)) also confirmed these deductions since all but 

one of the nine different carbonyl resonances observed in the slow 

exchange limit broadened on warming to +100°C consistent with 

hydride migration. Clearly none of these proposed fluxional 

processes for VI when transferred to VII could cause the observed 
13 
C spectrum so accidental degeneracy is further endorsed. 

Unfortunately no further information, regarding chemical 
1 13 

shifts or E-couplings, was imparted in this C study on VI so 

it is impossible to assign the features of ?II by comparison, as 

was done for Ilia. Then, on the basis of the observed spectra alone, 

it is not practical to unambiguously allocate all the resonances. 

However, the absence of any features above 1805 is in agreement 

with the lack of Cb(CO)i^ groups by comparison with the presented 

spectra of CH^te^CCO)^!] or lOb^(CO)^^^3, IfPFh^Et or CO. The 

following tentative assignments are suggested, by applying the 

empirical trends established beforehand, as one possible 

interpretation for discussion. The absence of any discernible 
31 

P~interactions means that the resonances due to the adjacent 

carbonyl enviroments are not immediately obvious. This situation 

is not unusual, and in the hydrogenated deMvative [I^Os^(CO)g-

(PPfa^Et)(CCE,)],IX, where the related sites were unequivocally 

assigned, only a marginal broader half-width signified such a 

coupling. The position of this resonance (175*976) is close to 

that of the double intensity signal, 2* as the configuration 

about these two osmiums should be essentially identical this could 

be similarly assigned. The existence of apparent E-couplings 

re-enforces this choice, but the poor standard of spectral 

resolution prevented detailed analysis of whether it represented 

an overlapping fair of doublets, as might be envisaged, or just 

a single splitting (Jgg:a,^.4Ez) indicative of an (accidently) 

degenerate pair. The resonances a (3«6Ez), b (5#1Ez) and d (9.43%) 

also exhibit couplings to hydrides, presuinably due to trans-

arrangements to the bridging hydrides* 
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1 

The lack of any discernible S-couplinga with ^ and 

f Buggeats that at least two contributions here arise from the 

two pseudo-axial ligands on 03(2) and 08(3) beneath the molecule. 

Arbitrarily the highest field, double^intensity, resonance f is 

assigned through the two enviroments being accidently isochronous. 

This leaves four single intensity signals to be distributed amongst 

the quasi-equatorial groups on the same two osmiums. If these are 

arbitrarily divided into high and low field pairs, then the observed 

splittings in the former set are completely in agreement with two 

carbonyls arranged cis- (e) and trans- (d) to an hydride. In the 

latter pair a degree of perturbation is evident such that 

intermediate values for the couplings are seen. Such an effect 

might be anticipated for the carbonyls on Qs(3) with the close 

proximity of the vinylidene moiety, and this is borne out by the 

published bond angle data of Vl(38). Thus, from the magnitude of 
1 

their E-interactions a and b corrspond to the approximately cis-

and trans- ligands on Os(3), whilst e and d are similarly allocated 

on Os(2). These assignments are illustrated in Diagram 11. 

A subsequent private communication(l8) of the E-decoupled 
13 

and off-resonance decoupled G spectra of VI, containing resonances 

at: 1, 176.5; 2, 175.0; 2, 173.3; 4, 171.2; 2, 169.7; 6, IG9.O; 

2, 168.1; 8, 166.7 and 9, 160.4 6, with 2, 4, 8 and 2 giving hydride 

couplings, provided support for the assignments of a, b and d. The 

downward shift from 8 to o of 8.4Ez is also consistent with 

phosphine-substitution at the osmium. However, the much larger 

shift from obviously representi^ a site on the unsubstituted 

Os(1), to o (l4«7Ez) is harder to reconcile. More acceptable 

would be allocation of half of f to this second carbonyl on the 

substituted 08(1), leaving 2 and the other contribution to f 

ambiguously assigned to the axial groups on 08(2) and 08(3). Then 

the previous allocation of 2 is swapped to the second contribution 

from the accidently isochronous pair 2* 

3.5. EydroRenation of [H^0s^(C0)o(PPh.Et)(CCE_)] 

A further parameter to be acoommodated when considering 

possible catalyst deactivation is the presence of hydrogen. 

On passing dihydrogen through a n-heptane solution of 
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VI under reflux for 24 hours a nearly quantitative conversion into 

the ethylidyne complex [H^06^(C0)^(CCH^)],VIII, occurs(41). The 

seune product is obtained from the reaction of [S20s^(C0)g(NMe^)] 

with ethylene in refluxing THF(44). It was characterised by 

analogy NME) to [E^Ru^(CO)^(CCE^)], prepared from reacting 

ethylene with [H^Ru^^(CO)^ g ] (4$), whose structure had been fully 

elucidated by a combination of ne matic-phase PMR(46) and single-

crystal X-ray diffraction(47) studies* Subsequently the structure 

of VIII was determined by a ne jnatic-phase PMI^X-ray powder 

photography investigation(48) and found, as expected, to be similar 

to that of the ruthenium analogue. Although VIII is formally drawn 

\ Structure of 

[lI^03j(C0)^(0CH,): 

with metal-metal bonds the effect of the bridging hydrides in 

[]^Fe^(CO)^(COn^)](49), prepared from Fe(OO)^, and Vitride 

(50), and the methylidyne derivative [H^Eu^(CO)g(CB)](51) is shotm, 

by a combination of %7V photoelectron spectra and molecular orbital 

calculations, to provide a description whereby Eu-E bonding is 

best described as three-centre, two-electron, bonds with no direct 

metal-metal interactions. 

Under similar conditions with VII hardly any reaction 

was noticeable, as indicated by infrared v monitoring, after 20 

hourso Eowever, on changing the solvent to refluxing n-octane total 

consumption of the starting material was obcerved within 12 hours. 

Conversion was essentially quajititative with chromatography 

yielding a single colourless compound identified as [E^03^(C0)g-
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Diap;ram 12 

Snertroscopic Data for [H_08^(C0)o(PPh^Et)(CCH^)] 
' ' ' r ) G 2 ^ — 
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Table 5 

''n NMR data(CDCl_) for [H_08L(C0)r,(CCE_)l,J, I,=PPh^Et or CO 

[H Os (CO)g(PPhgEt)(CCH^)], 

6J (ppm) Intensity Jp^ (Hz) 

31°C [H^08^(C0) 

Jj^ Assignment 6, (pprn) 

(̂CCH )̂],(32) 
Intensity 

4.63((i) 3H 4.0 ethylidyne k.hy(s) 3H 

ligand 

-18.03(d) 2H 11.8 bridging .18.58(G) 

~l8e76(s) 1H hydrides 

7.43(m) 108 P-Ri 

2.60(q?) 2H 19.0 7.0 P-CH -C 

0.96(dt) 3H 19.0 7.0 P-G-CH^ 
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(PPhgEt) (CCB^)],IX. A parent ion of iq/ea1040 was seen in the mass 

Gpectrum followed by successive carbony1 fragmentation, complicated 

by hydride losses, and phosphine degradation. Elemental analysis 

also supported the required stoichiometry. The v region of the 

infracred spectrum contained vibrations representative of only 

terminal carbonyl groups. 

The NMR spectrum (CDCl^, 31°C) obtained at lOOMEz 

contained all the anticipated phosphine resonances, and in addition 

a doublet (Jpg=4Ez) at 4.63 (3H) 6 associated with the ethylidyne 

ligand. In the hydride region a doublet at =18.03 (Jpgsl1.8Hz) 6 

and a singlet at -18.756 were observed in a 2:1 intensity ratio. 

The authenticity of the doublet was confirmed by recording the 

spectrum with an operating radio-frequency of 200MEz which still 

gave the same frequency separation. The presence of the phosphine 

has lowered the molecular symmetry, from to C^, so that the 

hydrides are no longer all equivalent generating two separate 

enviroments. With 6^ ^j^^^(average)='-l8.27, and accepting a slight 

deshielding caused by the phosphine, these characteristic signals 

are comparable to those of 7III (Table 5). 

All this data infers that the phosphine has not altered 

the nature of reaction, with a direct analogue of VIII being formed 

with the structure shown in Diagram 13* This is further supported 
13 13 ^ ^ 1 

by a C NMB study on a CO enriched sample of IX. The E-decoupled 

(CDCl^, 31°G) spectrum shows four resonances at; a, 175*97; b, 

169.03; c, 168.63 and d, 168.43 6, of equal intensities associated 

with the carbonyl ligands. This is fully consistent with the 

anticipated limiting spectrum where the molecular symmetry creates 

separate enviroments each representing two equivalent carbonyls. 

The resonance a is noticeably broader than the rest and this is 

attributed to an unresolved ^^P-ooupling, its large paramagnetic 

shift relative to the other resonances also implies that it 

represents the two groups bonded to the phosphine-substituted Os(1). 

Partial assignment of the remaining three signals is only possible 
1 

on recording the E-coupled spectrum. Here a shows a trans-coupling 

of but, as in all cases, the anticipated smaller cis-ooupling 

was not observed. The other signals are split into a complex 

overlapping pattern giving three resolved resonances at I69.I6, 

168.81 and 168.42 6 with relative intensities of 1.2.3. Analysis 
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C MMR Spectra and Assignments fdr [H^Os^(CO)n(PPh^Et)(CCH )] 

d 

Diagram T) 

13 

H-decoupled 

(CDCl , 3lOc) 

H-coupled 

Simulated 
1 
H~couBled spectrum 175 170 k jE 6 J(ppra) 

Assign 

6;(ppm) -ment Jg^CHz) 

175.97 

169.05 

168.65 
168.45 

a 

b 

c 

d 

5.0 

7.0 

8.0 
C b/c 

PPh Et 
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PiaKram 14 

Summarr of eBtabllshed Reactions and isolated Products 
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IV 
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99 C, 3 hours 

/ 
n-octane 

126 C, 12 hours 
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of the epectnun reveals E-couplings to b (7Ez) and 2 (8Sz) but 

not to d. On this basis d is assigned to the two carbonyls on 06(2) 

and 06(3) in axial sites. Then b and jc correspond to the two 

inequivalent pseudo-equatorial positions on these osmiums where a 

trans-coupling would be antioipated* Unfortunately on this data 

alone it is not possible to unequivocally assign them individually. 

The sequence depicted in Diagram 14 has been established. 

Phosphine substitution evidently does not drastically effect the 

chemistry of [H208^(C0)^Q]. Thus [ H ^ O a ^ ( C O ) ^ ) ] derivatives 

react similarly with ethylene, isocyanides and acetylene. Subsequent 

pyrolysis of [EOs^(CO)g(PPhgEt)(CHGEg)] and hydrogenation of 

[Eg08^(GO)g(PPhgEt)(CCHg)] also follow the expected pathways, 

although substitution does accelerate and retard these processes 

respectively. The major departure is the retarding of the reaction 

with ethylene to allow observation of the ethylene adducts 

[HgOs^(CO)^(PR^)(C2H2^)]' 

This catalogue of homogeneous adducts provides an 

excellent basis from which to assign silica-supported variants 

produced under ethylene hydrogenation conditions using 

[E208^(C0)^(PPh2CH2CH2SIL)] as catalyst;- see Chapter Five. 

3.7. Experimental Section 

[EOs_(CO)_(PPh.Et)(CHCH^)] 

[Eg08^(C0)g(PPh2Et)](0.1088g) was dissolved in n-hezane 

(100ml) and acetylene, previously passed through a concentrated 

EgSO^^ trap and a second at -78°C, was bubbled gently through for 

6 hours. Over this time the solution slowly became deep yellow in 

appearance. After the solvent had been removed under reduced 

pressure the residue was chromatographed with n-hexane to give a 

single broad band. This yielded [EOs^(CO)^(PPh^Et)(CECEg)](0.1104g, 

99^) as an orange, crystalline compound after recrystallisation 

from n-pentane. 

Elemental Analysis Cald. C 28.209^ E 1.80^ 

MW=l064.99g.mol"'^ Obsd. C 29.049( E I.6096 
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The corresponding P(OMe)^,IIIb, and PPh^,IIIc, adducts 

were prepared in an analogous manner but with suitable modification 

of the reaction time. 

For IIIc:-

Elemental Analysis Cald. C 31.299g 5 1.729g 

MWs1113.04g.mol'"'' Obsd. C 29-72^ E 1.809g 

[H^08,(C0)^(PPh^)(C^E,|)] 

[EgOs^(GO)g(PPh^)](0«0^30g) was dissolved in n-hexane 

(40ml) and charged to a 100ml Roth autoclave, which was then flushed 

and pressurised to 6bar with ethylene. On commencing agitation this 

fell to a working pressure of 2.$bar and the solution was left 

stirring overnight (ca. 15 hours) at room temperature. After 

discharging, the solvent was removed on a rotary evaporator to 

leave a yellow residue. Extraction of a small amount of impurity, 

mainly IIIc, gave [E2C^^(C0)g(PPh^)(CgE2^)](0.0524g) as a yellow, 

crystalline solid; yield=969{. 

Elemental Analysis Cald. C 31*24^ H 1.00% 

tiW=1115.05g.mol'"^ Obsd. C 31.82^ E 1.^6^ 

MeNC 

This was prepared by the method of Casanova et. al.(32). 

N-methylformamide(13«0g, 0«23mol) was added dropwise, over a 10 

minute period, to a stirred solution of toluene-p-sulphonyl 

chloride(72.3g* 0.38mol) and quinoline(129g, I.OOmol) at ca. 73°G 

under vacuum of a water pump."The product, methyl isocyanide, 

distilled rapidly and was collected in a liquid nitrogen trap. It 

was characterised from a liquid film infrared spectrum, 

2170cm'" (lit. 2166cm'" ) and used without further purification. 

[E_08,(C0)XPPh_Et)(CNMe)] 

A stoichionetrio quantity of MeNC(30ul) was added to a 

solution of [Ep06^(C0)^(PPh2Et)](0.0466g) in n-hexane(30ml). An 

immediate colour change occurred and on leaving to stir for 13 

minutes a light yellow precipitate formed. This was filtered off, 

washed with fresh solvent, and dried under vacuo. It was identified 

as [BpC5^(C0)g(PPhgEt)(CNMe)](0.0449g) by conventional 

spectroscopic techniques; ylelda93^" 
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Elemental Analysla Cald. 0 27.809( S 1.8?% N 1.^09^ 

MWs1080.00g.mol"''' Obsd. C 30.109^ E 1.45^ N I.^O^ 

[E^Os., (CO) o (PPh^Et) (CCH^ ) ] 

A solution of [B08^(C0)^(PPh2Et)(CHCEg)] dissolved in 

n-heptane(60ml) was heated under reflux for 3 hours, during which 

time the solution lightened in colour to an eventual pale yellow. 

The solvent was removed under reduced pressure and the residue 

chromatographed, using n-hexane/Et20(5:1v/v) as eluant, to give 

[E208^(G0)g(PPh2Et)(CCE2)](R^=0»55) as the major product. 

Elemental Analysis Cald. G 27.809( E 1.8^$^ 

MWalO^^.SSg.mol"^ Obsd. C 27.6$^ E 1.529( 

[E,Os,(CO)o(PPh^Et)(CCE^)] 

A sample of [E20s^(C0)g(PPh2Et)(CCE2)] was dissolved in 

n-octane(50ml) and hydrogen bubbled through the solution, heated 

at reflux, for 12 hours. Removal of the solvent followed by 

chromatography, using n-hexane/Et20(5:1v/v) as eluant, gave 

[^Os^ (CO)g (PPhgEt) (CCE^)] (2^=0.64), quantitatively from aa 

infrared trace of the reaction, as a colourless crystalline solid. 

Elemental Analysis Cald. C 27.749^ E 2.04;^ 

MW=l0)9.00g.mol"'' Obsd. C 27.939^ E 1.929^ 
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ITCHJE 

'T&E prFIlOILTZIIiS 0]? [(ks?((]()) ̂ (PPh^Et)]: FFLL CEARACTEEISATION OF 

, [0B,(e0)^(PEt)(CgH,, ) ] 

I n a n y i n v e s t i g a t i o n i n v o l v i n g p o s s i b l e c a t a l y t i c 

p r o p e r t i e s o f ( s u p p o r t e d ) metal c l u s t e r s an a c c o u n t of any l o s s 

of a c t i v i t y (or v i c e v e r s a ) a t t h e e l e v a t e d t e m p e r a t u r e s u s e d , 

a r i s i n g f rom m o d i f i c a t i o n o f t h e o r i g i n a l s p e c i e s , i s n e c e s s a r y a 

A c c o r d i n g l y a s t u d y i n t o t h e p y r o l y s i s o f [ O s _ ( C O ) ^ ^ ( P P h ^ E t ) 3 , l a , 

a s t h e homogeneous a n a l o g u e t o t h e s i l i c a s u p p o r t e d s p e c i e s 

[OG^(CO)^^(PPhgCEgCHgSIL)], was u n d e r t a k e n t o compl imen t t h e 

r e s u l t s t o be r e p o r t e d i n C h a p t e r Five. B e f o r e d e s c r i b i n g t h i s 

work a s u r v e y c o v e r i n g t h e t h e r m o l y s i s o f r e l a t e d t r i o s m i u m 

complexes, p r i n c i p a l l y [ 0 8 ^ ( 0 0 ) ^ ^ ^ and i t s m o n o - s u b s t i t u t e d 

d e r i v a t i v e s , w i l l be g i v e n * T h e s e p r o d u c e d a m u l t i t u d e o f n o v e l 

c o m p l e x e s which a t f i r s t s i g h t b e a r l i t t l e r e l a t i o n s h i p t o one 

a n o t h e r © However , a s t h e d e p t h o f p u b l i s h e d d a t a i n c r e a s e d s e v e r a l 

u n d e r l y i n g trends became e v i d e n t and t o a d e g r e e i t i s p o s s i b l e 

t o r a t i o n a l i s e t h e c h e m i s t r y * 

4*1. Thermolysis o f COs^(CO)^,,3 and i t s S u b s t i t u t e d D e r i v a t i v e s 

The f o r m a t i o n o f h i g h e r n u c l e a r i t y c l u s t e r compounnds 

(HNCC) i s f a v o u r e d a t e l e v a t e d t e m p e r a t u r e s , p r o b a b l y b e c a u s e o f 

t h e e n d o t h e r m i c n a t u r e o f most c o n d e n s a t i o n r e a c t i o n s ® The p o s i t i v e 

v a l u e s o f AH r e s u l t from the s u b s t i t u t i o n of s t r o n g e r metal-to-

c a r b o n monoxide b o n d s by weaker m e t a l - m e t a l bonds* F u r t h e r , on 

d e s c e n d i n g a s u b - g r o u p t h e r e l a t i v e i n c r e a s e i n t h e a v e r a g e 

metal-metal bond e n e r g y e n h a n c e s t h e i r s t a b i l i t y and t h e r e f o r e an, 

a b u n d a n c e o f HNCC a r e f o u n d f o r osmium. P y r o l y s i s of COs , ( C O ) . ^ 3 , 
o ^ 

i n a s e a l e d t u b e a t 210 C, g i v e s a dark brown, h i g h l y c r y s t a l l i n e 

solid. E x t r a c t i o n i n t o e t h y l a c e t a t e , followed by c h r o m a t o g r a p h i c 

s e p a r a t i o n , p r o d u c e d a number of a i r - s t a b l e m e t a l c a r b o n y l 

complexes. One of these corresponded to a small amount of unchanged 

[Os^CCOy^g], whilst t h e r e m a i n d e r were p o l y a u c l e a r c a r b o n y l s b a s e d 

on units of five to eight osmium atomsXD. The major product was 

[08g(C0)^g](809^) accompanied by [08^(C0)^g](7$i$), [05y(C0)2,|](l0#) 

and [Osg(CO)2%](^%). Single crystal X-ray diffraction studies on 

the first three compounds has shown them to have structures with 

bicapped tetrahedral(2), trigonal bipyramidaK?) and capped 

octahedral geometries respectively for the metal atoms ifith all 
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carboayl ligands terminally coordinated. At 2$0°0 the distribtition 

moves towards [08^(00)2^3(2096) and [08g(C0)g^](89»), with the 

disappearance of [0s^(00)^g]. These higher temperatures also 

allow the necessary disproportionation of carbon monoxide to give 

the carbides [08^(00)^^0](5/6) and [08g(C0)2^C](8^). Good yields 

(409$) of [08^(00)^^0] are also obtained from the direct pyrolysis 

of [O0g(OO)^g] in an evacuated Oarlus tnbe at 25$°C($). 

From these results it is apparent that the size of the 

clusters produced increases with temperature until in the limiting 

caGe(260°C) total conversion to osmium metal is observed. Indeed 

at these greater temperatures traces of the dianion [08^^(00)2^0 

can be isolated from the Insoluble residues, although in vacuo 

pyrolysis of [Os^(00)^^(pyridine)] at 250°C gives far superior 

(ca. 809») yields(6). Since ionic species are not usually observed 

in these reactions, it is likely that a neutral carbonyl hydride 

Is originally formed which then dissociates in the polar solvents 

used for extraction to give t h e charged cluster. The presence of 

the pyridine ligaiid, which can function as a hydrogen source, 

would then:be expected to be more efficient than [02^(00)^2^* 

where the hydrogen must come from minute quantities of water 

present on the glass of the Oarius tube itself. This is supported 

by the characterlsation of [H 0 8 ^ ^ ( 0 0 ) 2 2 ^ 0 n = 1 or 2, from 

acidification of the dianion with concentrated H2S0^(7). The 

product isolated depends on the basicity of the solvent employed. 

X-ray analysis of the hydrldo-monoanion shows a close-packed 

carbonyl distribution virtually identical to that of the dianion, 

the hydride appears to occupy an interstitial tetrahedral site* 

Significantly, whilst it is stable In non-coordinating solvents, 

in TEF, MeON, MeOH or EgO deprotonatlon readily takes place 

regenerating the dianion. 

This conveniently introduces the possibility of an 

extra llgand source altering the product distribution by 

stabilising polyhedra otherwise unfavoured in their absence. Thus, 

in the presence of small traces of water pyrolysis of [Qs^(CO)^p] 

at 230°0 gives a greater range of products. Apart from those 

already reported, and others previously obtained during the 

preparation, of [0s_(C0)^2] ^ts reaction with NaBE2^(8), a series 

of ENOO hydride species [E20s^(00)^g!I, [E20G^(C0)^^], [E20sg(00)^g] 
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and [H208y(C0)^gC] were also identified(9). 

The docanuclear carbide dianion is also isolated 

(yield=63%) f r o m the stoichiometric combination of COb^CCO)^^^ 

and soditim in tetraglynie(230-260°C)(10). Infrared spectra of 

the reaction mixture indicated intermediate formation of 

[C^g(CO)^g] whereas in the other preparation(6) the isolated 

yield of [EOs^(CO)^^]" decayed with buildup of [Os^QCGO)^^^.^]^"". 

Amongst the products obtained from thermolysis of [Os^CCO)^^] 

in isobutanol(108°C) is the first non-carbido decaosmium cluster 

[ 2 ^ 0 8 ^ ^ ( 0 0 ) 2 2 ^ ) , which is very similar in structure to the 

carbido-anion but with the expected contraction of the tetracapped 

central octahedral Osg unit* 

The partial substitution of carbonyl by isocyanide 

ligands greatly facilitates the condensation reactions. Pyrolysis 

of [08^(00)^^(CNBu^)] , at the significantly lower temperature of 

125°C in n-octane, gives [0sg(C0)^g (CNBu^)^], n=2 or 3, in 

approximately equal quantities with am overall yield of 60$(. 

Similarly [08^(00)^^(0^3%!^)^] led to the isolation of 

[Osg(CO)^g (CNBu^)^J, n=3 or 4* In both cases, even after 24 hours, 

there was no evidence for ligand fragmentation and the hexa-

nuclear complexes, together with some starting material, are the 

only osmium containing products which are present in Bolution(12). 

Direct reaction of with a two-fold excess of 

isocyanide, MeNO or t-BuNC, under these milder conditions gave 

a broader range [08g(C0)^g (CNR) ], n=1 to 5® Further increasing 

the ratio of reactants, or higher temperatures, caused excessive 

decomposition to osmium metal(13). The crystal structure of 

[08g(C0)^g(CNBu'')2](l4) is derived from that of [08g(C0)^g] by 

replacement of one carbonyl group on each of the capping osmiums 

by a terminal isocyanide ligand. This attachment to the centres 

of lowest coordination is consistent with steric considerations. 

The substitution has little effect on the bond-lengths in the 

central tetrahedron, but causes a slight lengthening of the 

bonds involving the capping metals. Since it is believed 

that the initial step in these reactions involves fragmentation 

of the metal triangle, these results would seem to indicate a 

destabilising effect of the isocyanide on the metal-metal bonds 

or, alternatively, it may reflect the stability of some 
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Diagram 1 

Effect of Isocyanide Substitution on the PyrolysiB of 

[M_(CO)y_]. M=Os or Ru. 

L=CO [08(C0)^_] L=CNR ,[08^(C0)^^(CNR)^] 

RNC CNR 

[Osg(CO)^g] 

CNR 

[Osg(CO)^g(CNR)g] 

[Ru^(CO)^_C]^ L=CO [Ru^CCO)^^] L=CNR ^[Ru_(CO)^^^(CNR)_] 

RNC 
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intermediate, Then, it ia somewhat surprising that no [08g(C0)^g] 

was identified which, coupled with the narrow distribution obtained 

from the substituted trinuclear clusters, implies that total 

breakdown to mononuclear units does not occur. The pathway is also 

not via isocyanide dissociation, followed by substitution of 

preformed [OGg(CO)^g], since aniindependent study isolated 

[Qsg(C0)^g(GNPh)2] from the direct reaction of isocyanide with 

[08^(C0)^g] (Diagram 1). An X-ray structural analysis(15) confirmed 

the presence of an unusually bonded isocyanide where the nitrogen 

bridges across two osmiums while the carbon bonds to a third. 

The ligand is thus acting sjs a four electron donor, so in total 

six more electrons are available relative to [08g(C0)^g], or 

[Osg(CO)^g(CNBu^)2], and this is compensated by there being three 

fewer metal-metal bonds. The central tetrahedron is retained but 

one previously capping atom now bridges one edge of the tetrahedron 

while the other, coordinated by the conventional isocyanide 

ligand, is terminally bound to another vertex* The novelly bonded 

isocyanide spans these two osmiums. 

Pyrolysis of the corresponding aryl-isocyanide 

(p-MeOC^H^^NC and PhNC) derivatives gave more complex mixtures 

and preliminary data(13) indicated a range of nuclearity products 

coupled with increased ligand interaction with the metal skeleton. 

This introduces a second pathway for thermolysis reactions 

whereby further involvement of the substituent ligands with the 

core, via fragmentation or metallation, can affect the degree of 

Increased nuclearity or even preclude it. This is aptly 

demonstrated by the analogous ruthenium systems. The only SNCC 

obtained from heating [Ru^(00)^2] under reflux in anhydrous 

di-n-butylether(140^C) is [RLy[C0)^yC](l6), although coproduction 

of [E2^EUj^(C0)^2] and [H2Ru2^(C0)^^] normally results from traces 

of water present (9). For a second row element the presence of a 

central carbide atom, lending a significant contribution to the 

bonding energy of the cluster, appears necessary to prevent total 

decomposition to ruthenium metal. Other non-carbido containing 

hexarutheniujn clusters can be prepared, but by the different 

method of base reduction of [Eu^(C0)^23 followed by acidification 

(17). In comparison, moderate heating of [Ea^(CO)^^(CHBu^)] at 

120°C, 16 hours, affords reasonable yields of [Ru^(C0)^^(CNBu^)2] 
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(18). The five metal atoms form a swallov-Ghaped cluater. Although 

one isocyanide is terminally coordinated, the second spans the 

molecule donating six electrons being formally bonded to four 

rutheniums and semi-bridging through the carbon to the fifth. 

This progression is continued with phosphites but, 

instead of increased metallation at the expense of ligand multiple 

bonds^ P-0 and C-0 bonds are cleaved to produce several interesting 

ligand moieties. A red-brown solid results from the pyrolysis of 

COs^(CO)^^(P(0Me)j)2 at 210°C, in vacuo, in a sealed vessel. 

Extensive chromatography produced a series of penta-osmium, 

phosphoznis containing, clusters. Four of these have been fully 

characterised by X-ray analysis as C0s^(C0)^^(P0Me)3,II,(19)? 

[Os^C(C0)^ ,^H(OP(OMe)^)],III, (20); [08^C(C0)^^H(0P(0Me).0P(0Me)g)], 

V,(21); and [08gC(C0)^^E(0P(0Me)g)(P(0Me)^)],W,(22) (Diagram 2). 

They can be separated into two sets representing different 

degradation pathways under the harsh reaction conditions. 

The series of complexes III, IV and V, which are all 76 

electron clusters, define a stepwise substitution of a carbonyl 

group on a cluster by a phosphite ligand followed by ligand 

rearrangement to give the observed ligand linking three metal 

atoms via two phosphorus and one oxygen atom. In III the metal 

atoms form a distorted trigonal bipyramid and the carbide lies in 

the equatorial plane coordinating to all five osmiums. Two edges 

are sufficiently extended to preclude any metal-metal 

Interaction. The phosphonate ligand, which acts as a three electron 

donor, coordinates to two osmium atoms forming an Os-P-O-Os chain. 

In W the incoming phosphite substitutes a carbonyl group on the 

metal coordinated to the phosphonate oxygen atom. This adjacent 

position to the phosphorus-bonded osmium participating in the 

Os-P-O-Os bridge may be important when rearrangement to form the 

second P-O bond in V occurs to give the complex 0s~P-0~P(0s)-0<-0s 

arrangement. The metal skeleton remains unaltered throughout these 

transformations. Unfortunately the low yields and harsh conditions 

prohibited the establishment of whether pyrolysis of IV gives V. 

If this progression was substantiated it would infer intermediate 

phosphite dissociation from an osmium before recombination with 

the higher nuclqarity III. 

The complex II is formally a 74 electron cluster and 
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Crystal Structures for the Products from Pyrolyeis of 

[Os_(CO)- .(P(OMe),)] 

[Os^(CO).^(POMe)],II 
5 1 5 — 

[Os^G(CO)^^^H(OP(OMe)^)],III 

(OMe) 

[Os^C(CO).,H(OP(OMe).OP(OMe)^)],V [06^0(00).^H(OP(OMe)_).(P(OMe)_)],IV 
13 2 — 5 2 ^ —-

(MeO) 

0 — ' ^ ^ 0 
(OMe) . 

p. 0 P(OMe). 

(OMe)^ 

(The hydrides were not located directly) 
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bears less reeemblance to the other three compotuidB, but illuBtrates 

another degradation product of the phosphite ligaud at the high 

temperatures employed. The metal atoms adopt a square-pyramidal 

geometi^. The phosphiuato group, which acts as a 4 electron donor, 

lies below the basal plane and bonds (fairly) symmetrically 

to all four metals. Each osmium is also bonded to three terminal 

carbonyl groups so that all five metals are seven,coordinate. The 

ruthenium analogue CRu^(G0)^^(PE)3, E=Ph, Me, Et or CH^Ph, has 

also been prepared but by a different, route* Prolonged reaction 

(48 hours) of [()(CO)^Hn(PRClg)] with [Ru^(CO)^g], in 

refluxing toluene, results in its isolation as a green crystalline 

compound, as the only recovered pure oomplez apart from the 

starting materials(2p)o The manganese species clearly acts as a 

source of the phosphide as the related [(CO)^Cr(PECl^)], and even 

PEClg itself, serve the same function although the yields are 

inferior. 

All four structures are consistent with Wade theory(24) 

which predicts a square-pyramidal geometry for a 74 electron 

system with seven.skeletal electron pairs* Then the geometry of 

the Os^C core in III, IV and V is a consequence of breaking one 

metal-metal bond upon inclusion of two more electrons to give the 

distorted capped 'butterfly* metal framework. This is stabilised 

by the presence of the carbide, whereas the H ^^^-phosphite performs 

a similar function in II. The observed distribution must reflect 

the relative ease of formation for tha two groups since a ready 

source of the phosphinato-ligand, as with the ruthenium system, 

greatly affects the direction of reaction promoting non-carbide 

containing adducts. Indicative of the complex nature of reaction 

was the identification oft the leading eluted band as a mixture of 

[08^(00)^2] and [H2^082^(C0)^p]. This suggests that breakdown 

followed by reolusterfication is the major route, with the degree 

of nuclearity governed by the stabilising influence of generated 

ligands. Clearly phosphites do not promote ENCC formation to the 

same extent as isocyanides but similarly activation of the ligand, 

principally through cleavage of P-0 and C-O bonds, requires 

comparable temperatures as reflected in the observed products. 

Activation of G-H and P-C bonds in tertiary phosphines 

is considerably more facile, and at lower temperatures, typically 
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1^0 0, a variety of adduots arise solely from oxidative addition 

of the addendum molecule..Presumably condensation is not 

competitive under these conditions,, or the formed llgands have a 

synergic stabilising effect with the Os^ unit preventing cluster 

reformation. Historically pyrolysis of [Os^(CO)^Q(PPh^)2] was 

studied first, but in the guise of reacting [Os^CCO)^^] with a 

two-fold excess of PPh^ in refluxing xylene(25). In addition to 

the anticipated mono-, dl-, and tri-substituted derivatives, a 

series of six compounds were obtained resulting from metallation 

and/or fragmentat ion of the affixed phosphine llgands. All these 

retain t\fo phosphorus moieties. Solution spectroscopy was not 

diagnostic and only one compound(IX) gave a parent ion in its mass 

spectrum* However recourse to X-ray diffraction methods(26,2?) 

provided clear characterisation of [HOs^(CO)^(PPh^)(PPh^GgH,^)],VI; 

[HOSy(CO)q(PPhy)(PPh_C.H,)],VII; [Os^(CO)o(PPh.)(Ph)(PPhC.H,)],VIII; 

[OSy(GO)»(PPh^),.(CrH.)],IX; and [nOG^(GO)^(PPh^)(PPh,)(C.E,,)],X, 

(Diagram Suitable crystals of the sixth compound were not 

obtained and consequently its true formula is not known but 

postulated as [Os^(CO)g((PPh^)(PPh^)*],XI. Since these reactions 

are believed to be intramolecular in natuz-e the products must 

result from pyrolysis of [03^(00)^Q(PPh^)p] in preference to 

further substitution. This ir; borne out by the separate thermolysis 

of an isolated sample of [08^(C0)^Q(PPh^)2] where the same six 

compou).id8 are formed with the addition of a seventh, 

[IIOŝ  (CO)n(PPh^) (PPh^O^nr.OrH?)] ,XII, also fully characterised by 

a X-ray crystallographic study(27). This route must be 

concentration controlled as the combination of [Os^(CO)^^] with 

a large excess of PPh^, under reflux in xylene, produced only 

[Os^(CO)q(PPh^)^](28). 

Mechanistlo studies indicated that reaction occurs via 

the pathway outlined below. The yields of VI and VII decrease with 

[Os,(CO).»(PPh^)^] VII 

V 
VIII, IX, X, XI 

XII.:: X 



(201) 
Diagram 3 

Crystal Structures for the Products from Pyrolysis of tOs^(CO)^^(PPh^)*] 

(COLOs 

(CO). 

Os(CO) PPh (CO) Oszc^ 
3 3 ^ 

Os(CO) PPh^ 

[HOs^(CO)^(PPh^)(PPhgCgH^)],VI [HOs^(CO)g(PPh )(PPh^CgH^)],VII 

PPh, 

(CO^Os Os(CO), (C0)^9 

PPh, 

s(CO). 

[Os^(CO)g(PPhg) (Ph) (PPhC^H^) ] , VIII [Os^(CO) (PPhg)g (CgH^)] 

(CO) 

(CO)^O^ s(C0)2PPh^ (CO)^Os 

[HOG^(CO)y(PPhg)(PPh^)(CgH^)],X [H08^(CO)^(PPh^)(PPh^C^H,C^H )],XII 

(The hydrides were not located directly) 
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reaction time suggesting that the decomposition proceeds vja 

t h e s e hydrides. This was confirmed by h e a t i n g VII under s i m i l a r 

conditions whence 3^ and XII were identified in the reaction 

mixture. It appears that VI is first formed by ortho-metaJLlation 

of a C-E bond of one PPh^ ligand with a second osmium atom to 

form an Os-C bond and a five-membered chelate ring. Then loss of 

carbon monoxide forms VII, which in turns decomposes to VIII, IX, 

X and Compound X I I i s probably derived from X by elimination 

of hydrogens from the "benzyne ligand, and an ortho-C-H bond o f t h e 

terminal phosphine ligand, with the formation of a G-C bond. The 

crystal structures (Diagram 3) display several interesting features 

including benzyne(ortho-phenylene) groups bridging three osmium 

atoms in X and XII, a phenyl group bridging two osmium atoms 

in VIII, and the formation o f a C-C bond, a s described above, in 

XII. 

The NMK spectra f o r these PPh^ derivatives in t h e 

a r o m a t i c region were t o o complicated t o be readily interpreted. 

However by reduction of t h e number of phenyl groups, b o t h t h e 

number of products i s reduced and simpler spectra provided more 

useful structural information. On heating COs^(CO)^^(PPhMe^)] 

under reflux in n-nonane the only product obtained is 

CH03^(C0)^(PHe2)(CgH^)3(29). The corresponding arsino-adduct can 

be similarly prepared and h a s been the subject o f a X-ray s t u d y ( 5 0 ) . 
-1 

The presence of a benzyne ligand had beeni established by H NMR, 

b u t retention of the t r i a n g u l o - ( 3 0 B ~ 0 s ) framework required i t t o 

a c t a s only a two electron donor to s a t i s f y electron-counting 

rules. However t h e crystal structure showed an i d e n t i c a l geometry 

t o that found in the PPh^-derivatives at t h e expense of a 

metal-metal bond. A similar pathway exists for reaction of a l k y l -

phenylsulphides with [Os^(00)^2] where cleavage of the phenyl 

group from the sulphur atom occurs to give [H0s^(C0)g(8E) (CgH^^)] 

isolated in small yields(2.49^). A full X-ray diffaction study(^1) 

established a methanethiolato group bridging the 'open' edge of 

the cluster and a triply-bridging benzyne inclined at an angle of 

71#5° from the Os^ plane. 
The dimeric [E082(C0)g(A8Me2)(C^E^^)] was also isolated 

from the thermolysis of [08^(00)^^(AsPhMe^)]. The same two 

products were obtained, in conjunction with [Os^(CO)y(A8Me2)2CgE2|)]i 
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from the pyrolysis of [08^(C0)^Q(A8PhMe2)g]. In contrast, 

[Os^(CO)^Q(PPhMe2)2] gives only trimetallic products retaining 

both original phosphorus atoms. Thus in refluxing n-nonane 

[Oe^(CO)y(PMe2)2(Cgn2^)], isostructural to IX, and [HOs^(CO)g-

(MegPCgH^CgH^)(PMog)] are isolated, w h i l s t a t lower temperatures 

i n n-octane [ H 0 3 ^ ( C O ) g ( P P h M e g ) ( P M e ^ ) ] i s t h e only product. 

The first stage in these reactions is believed to be ligand 

d i s s o c i a t i o n from the coordinatively saturated starting m a t e r i a l 

before a c t i v a t i o n of an.ortho-aryl C-H bond can occur. The 

difference in products can then be rationalised s i n c e a n arsine 

will be more weakly bound t h a n . a p h o s p h i n e and c a n d i s s o c i a t e i n 

competition with carbon monoxide. 

Clearly a c t i v a t i o n o f an cx -alkyl C-H bond i s l e s s 

f a c i l e but, in t h e absence o f an available phenyl group, does 

occur so t h a t degradation of COs^(CO)^^(PMe^)3, under r e f l u x i n 

n-nonane, gives high yields (ca. SOP/o) o f [H^Os^(CO)^(MegGHP) ] ( 3 2 ) . 

The structure shown i s favoured without support of an X - r a y study. 

(OC) 0 

structure of 

[n_08,(C0)_^_CEP)] 
—^2—$ 9 2 

The b a s i c interaction between the Me^PCH group and t h e metal a t o m s 

i s almost certainly through C5~-Os-C bonds t o two osmiums with a 

donor interaction between the p h o s p h o r u s atom and the third. With 

t h e corresponding PEt^ analogue t h e possibility of activating the 

hydrogens on the/8 -carbon exists, but the spectroscopic evidence 

unambiguously shows dehydrogenation at the <x -methylene group to 

give the Et^PCMe ligand. With complexes containing one metal atom 

five-membered ring formation is favoured(33), and as in either 
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case thOyB -methyl lies muoh closer to the metal than the 

c<-methyleiie, so here electronic rather than; steric reasons appear 

the controlling factor. From [08^(C0)^Q(PR^)2], E=Me or Et, related 

products are obtained with only one phosphine dehydrogenated; with 

the PMe^ adduct two isomers were identified and assigned to the 

unchanged ligand occupying different coordination sites on the 

same metal atom, ^he extra phosphine is positioned on the osmium 

bonded to both hydrogens on the basis of E NMR coupling patterns. 

of [08^(00)^^(PPh^R)]; E=Me, Et or Ph. 

The principle aim of this study was to investigate the 

behaviour of [ O s ^ ( C O ) ^ ^ ( P P h ^ E t ) ] , l a« as the homogeneous analogue 

of [Os^(C0)^^(PPhgCHgCEgSIL)], at raised temperatures. However, 

because of their relevance in establishing the universal nature of 

the following reaction, t h e corresponding PPh^Me,lb, and PPh^,Ic, 

derivatives were also examined. These were prepared in an 

analogous manner to that already described for ^ (Chapter One) 

and characterised by their infrared v spectra and elemental 
^ CO 

analysis. Their E NMB spectra displayed only the expected resonances 

for coordinated phosphine ligands. Further, a parent ion was seen 

in. the mass spectrum of ^ followed by successive loss o f eleven 

oarbonyl groups; operating at an electron energy of 15eV the [M-2C0]^ 

ion is the strongest with [M-CO]* absent, whilst at 70eV further 

ligand fragmentation occurs leading to an observed [Os^]^ core. 

A n-nonane solution of ^ was heated under reflux for 

an hour. No apparent colour change was observed but infrared 

monitoring indicated total consumption of the starting material 

by the disappearance oC its characteristic 2107cm""^ vibration. The 

simplicity of the emerged spectrum also suggested formation of 

only a single product and this was substantiated by chromatography. 

With n-hexane as eluant only one broad band moved up the t.l.c. 

plate and noticeably no residual baseline, which often accompanies 

pyrolytio experiments, was left; hence conversion is essentially 

quantitative with reported yields only reflecting the workup 

procedure. It has been fully characterised as [0s^(C0)g(PEt) (C^H^^)], 

Xllla. Similar results were obtained from ^ and ^ with the 

corresponding [08^(C0)g(PR)(CgE^)], R=Me(XIIIb) or Ph(XIIIc) 
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STDectroscoriic Data for [Os^(CO)^(PE)(C^H^^)], E=Me or Et 
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adducts being isolated. 

The mass spectrum of Xllla contains essentially ten 

successive Os^ isotope patterns due to sequential loss of nine 

carbonyl groups, the highest atttibuted to the parent ion, 

m/e=960. The majority show excellent agreement with that for a 

theoretical Os^ distribution, this empirically implies the absence 

of any metal-hydrides whose presence usually results in distortion 

caused by overlapping fragments* Additional fragmentation of the 

remaining organic ligands is also seen but, significantly when 

operating at 70eV, no [Os^]^ ion was observed. The spectra of 

XII lb and XIIIc are similar with peirent ions, but again no naked 

metal fragment, seen. For the phenylphosphido-adduct the lowest 

pattern, possessing am excellent Os^ isotopic arrangement, can be 

attributed to an [Os^CHg)?]^ fragment. In all three oases elemental 

analysis (C and H) is in full agreement with the proposed 

stdichiometry. 

At 3 1 ° C the ''h NMR ( C D C L , ) spectrum of Xllla contains 
31 

resonances due to a P-coordinated ethyl group and two complex 

branches, at 7.01 and 7*63 6, of an AA'XX'P system attributed to 

a benzyne (ortho-phonylene) group coupled to the phosphorus 

nucleus. Analysis of this pattern^ by using the PMIC computer 

programme associated with the Brucker CXP NMB spectrometer, 

enabled the various coupling constants to be determined by 

iteration of a theoretically computed spectrum, calculated on the 

basis of the observed spectral parameters, with the real one 

(Diagram 4). These reveal the symmetrical nature of the benzyne 

with an apparent mirror-plane bisecting it perpendicular to the 

plane of the ligantl* Only the Jpg-coupling to the X-branch was 

not found through lack of resolution but cam be estimated at 

slightly less than O.^Ez. The asymmetry in the two branches only 

arises because of different coupling constants to the phosphorus 

for the separate hydrogen enviroments. Studies down to -70°0 

showed all the signals to be temperature invarient over this 

range, which is consistent with a symmetrical ortho-disubstituted 

benzene. Extensive scanning over the metal-hydride region gave no 

signals. The spectrum for Xlllb is almost identical, apart from 

the obvious change in the alkyl region with a methyl doublet 

(Jpg=:10.3Hz) present. Again the various coupling constants in the 
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SpectroGCopic Data for [Os^CCO) (PPhJ(C^H^^)] 
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AA' XX•P system were estimated by computer simulation. For the 

phenyl derivative the situation is more complicated (Diagram 6) 

because the signals for the two aromatic groups overlap, but the 

higher-field branch of an AA'XX'P system is still easily 

discernible. 

The agreement between the solution infrared spectra 

of Xllla-c confirmed the adducts to be isoetructural, whilst the 

lack of vibrations below 1950cm"^ showed that all the carbonyl 

groups are terminally bonded. To satisfy the molecular symmetry 
i 

inferred by H NME these are allocated to three Os(CO)^ units of 

which at least two are identical. The PR group is formally a four 

electron donor and is most favourably accommodated by it acting 

as a A^-ligand capping the metal core. The benzyne has the ability 

to act as either a two or four electron donor. In accordance with 

the 18 electron rule, and assuming retention of the Os^ triangle, 

it would be assigned as a two electron donor bridging a single 

Os-Os bond. This would be analogous to the situation found in the 

dizneric completes [E^0s2(C0)g(AsMe2)2_^(CgE2^)], n=0 or 1,(29) 

which also showed temperature-independent AA'XX' NMR spectra. 

Alternatively, cleaving an Os-Os bond would allow.it to act as a 

four- electron donor forming an additional "TT -bond to the third 

osmium atom in a manner retaining the molecular symmetry. Possible 

evidence for the required cleavage may be drawn from the absence 

of the [Os^]^ ion in the mass spectra. As the solution studies 

could not differentiate between these possibilities a single 

crystal X-ray diffraction study was carried out on Xllla to 

ascertain the solid-state structure. 

4.3. Crystal and Molecular Structure of [Os,(CO)^(PEt)(CrH,.)] 

Crystal Data for [Os,(CO)^(PEt)(C^n^^)] 

C^yHgO^POs^ NW=958.6g.mol"^ 

(Priclinic Space group ^ 

Cell dimensions a=8.385(2) b=9.391(4) o=l4.900(9) A 

cK=94.57(4) =94.05(4) T =68.60(3) ° 
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2=2 . 

n=1087.9(9) F(000)=852 ,k(Mo-K^)=l69.0cm"''' 

E=0.0793 B^O.0793 Rg=0.0968 E ^ . 0 9 6 9 

Yellow needle-like crystals were grown from a n-hezane/ 

dichloromethane solution* A suitable crystal was used to collect 

data on a Syntex P3 four-circle diffractometer using Mo-Kg^ 

radiation (A =0*71069%^). The staructure was solved by heavy atom 

methods for 2783 independent reflections (lo > 2.56^2), and 

2.9< 26 < 50°) with the restriction that all atoms isotropic other 

than the osmiums and phosphorus* At present refinement gives 

EsO.079(141 parameters refined). The unit cell contains two 

crystallographically equivalent molecules and the atomic coordinates 

for one are given in Table 1, with all significant inter-atomic 

distances and angles summarized in Table 2. 

Each molecule (Diagram 7) consists of a bent chain of 

three osmium atoms, each coordinated by three carbonyl groups* 

The plane of the threo osmium atoms is coordinated on one side by 

a face-bridging PEt ligeind and on the opposite side by a benzyne 

ligand. The Os-Os distances of 2.789(2), 2.929(2) and 4.008(2) 

coupled with the wide 08(3)-0s(2)-08(1) bond angle of 89*0^, 

clearly indicates that 0s(3)-0s(2) and 0s(2)-08(1) are the only 

formal metal-metal bonds* A similar situation exists in the related 

benzyne containing cluster [EiOs^(GO)^(AsMe2)(CgH,^)],XIV,(30), 

where although the relevant parameters (Z. =85.5°, d=3#929(5)^) 

are slightly less exaggerated they still represent a significant 

deviation from a triangulo-framework as typified by [Os^(CO)^2] 

(4=60°, d=2.8771(27)A)(34). 

The PEt ligand effectively occupies a central position 

above the metal core being appropriately displaced towards the 

non-bonded vector. With 0^(1)-P, 2.335(8); 08(2)-P, 2.415(9); and 

08(3)-P, 2*306(9) A; the average distance of 2.352A is comparable 

to that observed in [HgOG^(CO)^(PPh)], d=:2.$29^(35)» This 

(distorted) tetrahedral arrangement with an apical hoteroatom is 

increasing being recognized as a very stable configuration. For 

osmium clusters this mode of coordination has also been found with 
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Fractional Atomic Coordinates(10 ) and Isotropic Thermal 

Parameters(X^xlO^) for [08^(C0) (PEt)(C^H,^)] 

Atom x/a y/b %/c U11 

06(1) -2284(2) -424(1) -2148(1) 427(9) 

Os(2) -360(2) 1466(2) -2020(1) 326(9) 
Os(3) -3214(2) 3797(2) -2937(1) 502(9) 

P -3412(12) 2230(9) -1869(7) 393(48) 

C(10) 4372(48) -3076(43) 771(26) 490(91) 
C(11) 6372(65) -3622(57) 905(34) 764(135) 

0(1) 2986(48) 653(43) 1011(26) 475(89) 
0(1) 3288(39) 812(34) 319(22) 688(81) 
G(2) 319(114) 2628(106) 2211(60) 1454(300) 

0(2) -409(57) 3769(54) 2086(30) 1102(134) 

C(3) 3956(52) 958(45) 2774(28) 525(96) 
0(3) 5083(45) 1232(39) 3158(24) 820(96) 
C(4) 302(50) -2536(45) 885(27) 509(93) 

0(4) 298(44) -3208(39) 203(24) 831(97) 
G(5) -992(54) -2233(48) 2636(29) 576(103) 
0(5) -1768(46) -2694(40) 3070(24) 849(100) 

0(6) —1649(88) 271(80) 1513(46) 1285(198) 
0(6) -2626(60) 1439(55) 1423(31) 1180(144) 

0(7) 2103(55) -4546(48) . 3730(30) 595(107) 

0(7) 1298(49) -4991(43) 4191(26) 945(112) 
0(8) 3683(54) -5413(48) 2002(29) 577(104) 

0(8) 3682(44) -6343(39) 1419(24) 827(97) 
0(9) 5428(60) -4654(52) 3547(31) 646(115) 

0(9) 6780(51) -5174(44) 3866(27) 966(114) 

0(12) 256 (47) -1718(41) 3750(25) 454(86) 

0(12) 3162(57) -1335(50) 4567(30) 626(111) 
0(14) 2453(67) 115(60) 4999(36) 798(142) 

0(15) 1048(56) 1266(49) 4587(30) 602(107) 
0(16) 451(54) 932(48) 3752(29) 583(105) 
0(17) 1151(55) -463(49) 3252(30) 608(109) 



Table 2 
(212) 

Important Interatomic Distances and Bond Angles (with estimated 

standard deviations in parenthe ses) for [Os , ( 0 0 ) (PEt)(G.H.)] 

a) Distances(S) 

J _y. 

08(1) - 08(2) 2.789(2) 

06(2) - Os(3) 2 . 9 2 9 ( 2 ) 

08(1) ...08(3) 4.008(2) 

Os(1) - p 2.335(8) P - 0(10) 1.86(4) 

08(2) - p 2.415(9) 0 ( 1 0 ) - 0(11) 1 . 5 7 ( 6 ) 

Os(3) - p 2 . 3 0 6 ( 9 ) 

08(1). ..0(12) 3 . 1 8 ( 3 ) 0(12) - 0 ( 1 3 ) 1 . 3 6 ( 6 ) 

08(2). ...0(12) 3.04(3) 0(13) - 0(14) 1.40(6) 

08(2) - C(12) 2 . 1 3 ( 3 ) C(l4) — 0 ( 1 5 ) 1.42(6) 

08(1) - C(17) 2 . 3 1 ( 3 ) 0(15) - 0 ( 1 6 ) 1.37(6) 

08(2) - C(17) 2.17(3) C (16) - 0(17) 1.40(6) 

08(3). ..C(17) 2.99(3) 0(17) - 0(12) 1.53(5) 

08(1) — C (1) 1 . 8 9 ( 3 ) 0 ( 1 ) «- 0(1) 1.11(5) 

08(1) - 0 ( 2 ) 2.12(3) c ( 2 ) — 0(2) 1 . 0 5 ( 5 ) 

08(1) - C(3) 1 . 8 3 ( 3 ) 0(3) - 0(3) 1 . 1 7 ( 5 ) 

Cb(2) - C(4) 1 . 9 0 ( 3 ) 0(4) - 0(4) 1 . 1 5 ( 5 ) 

08(2) - c ( 5 ) 1 . 8 7 ( 3 ) 0(5) - 0(5) 1 . 1 6 ( 5 ) 

08(2) — c(6) 2.02(3) C(6) — 0(6) 1.12(5) 

08(3) - 0(7) 1.88(3) 0(7) - 0(7) 1 . 1 9 ( 5 ) 

08(3) - C (8 ) 1.92(3) 0(8) - 0(8) 1 . 1 8 ( 5 ) 

08(3) — C(9) 1.93(3) 0(9) — 0(9) 1.14(5) 

b) An^le G ( d e g ) 

0 G ( l ) - 0 8 (2)-08(3) 89.0(.1) P - 0 8 ( 1 ) . .08(2) 55.4(.2) 

P - 0 8 ( 2 ) . .08(1) 52.7(.2) 

Benzyne 
6 

P-08(2). .08(3) 50.0(.2) 

interplanar angle 58.9 P-06(3)-08(2) 53.3(.2) 

C(12)-C(13)-C(14) 122.7(4.3) C(15)-C(16)-0 ( 1 7 ) 124.9(4.1) 

C(13)-C(14)-C(15) 1 2 0 . 3 ( 4 . 7 ) C(16)-C(17)-0(12) 1 1 5 . 1 ( 3 . 8 ) 

C(14)-C(15)-C(16) 118.4(4.2) C(17)-C(12)-0(13) 1 1 8 . 2 ( 3 . 6 ) 
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the chalconide elements(36), aitrogen(37) zmd carbon(38). Belated 
/^^-phosphldo capped clusters had been preYiously reported for 

other group VIII metals, i . e . [Co^(C0)^(PPE)](39), [Fe^(C0)g(PPh)2] 
(40) and [M]iFe2(C0)^ g(CgE^)(PPh)2(4l), but th i s represented the 
f i r s t published example(42) incorporating an osmium core. 
Subsequently Iwasaki et«al.(43) and Huttner and workers(35) have 
independently reported data for the related [E2M^(C0)^(PPh)], M= 
Ru or Os, complexes and the l a t t e r group have even i so lated the 
iron analogue by the reaction of [Fe^(C0)^2] with the relevant 
primary phosphine(44). Others(4$) a lso ident i f ied the co-
production of [Fe^(C0)g(PPh)2] a f ter extended reaction t ines under 
ref lux in toluene. The retention of the iron core highlights the 
s t a b i l i t y imparted by the f a c i l e formation of a ^-phosphide 
group s ince, even under milder conditions(46), reaction with a 
tert iary phosphine to give simple substituted products i s 
accompanied by considerable degradation to mononuclear spec ies . 
Obviously [Fe^(CO)^^(PPhE^)] i s only transient enroute to the 
s tab i l i s ed capped derivat ive . The complete reaction pathway was 
established for the o8mium(35) and ruthenium(43) systems where, 
a f t e r I n i t i a l subst i tut ion, successive oxidative additions occur 
with the intermediate [EM^(CO)g(PPhE)] fu l l y characterised. With 
the ruthenium system the use of s l i g h t l y more forcing conditions, 
in toluene under re f lux , leads to the formation of condensation 
products containing ^2;,'" phosphido capping groups (4?), td.th the 
ident i f i ca t ion of the previously discussed [Ru^(CO)^^(PE)] and 
[Eu2^(G0)^Q(;^g-C0)(Hj^-PPh)g]: For [SgRu^(CO)^(PPh)] the inherent 
s t a b i l i t y i s again demonstrated by i t s reaction with Mê NC/ 
nucleophiles where substituted adducts were isolated, whereas 
[Ru^(C0)^2] su f fers complete breakdown under identical conditions. 

3?he heterometallic c luster [MnFe2(C0)g(C^^)(PPh)] i s 
particularly interest ing since i t can add substrates, CO or PPh^, 
reversibly with opening of a Mn-?e(48). Such addition of a 
substrate molecule with rupture of a metal-metal bond, and 
elimination of the modified substrate with regeneration of the 
metal-metal bond could form the basis of a catalyt ic cycle involving 
c luster participation. The formally coordinatively unsaturated 
[Ru^(C0)^Q(/4p-C0)(/I j^-PPh)^] can also reversibly add carbon 
monoxide to give [Bu2^(C0)^^(/^^-PPh)p], but with rearrangement 
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of the cluster framework so that the product can be considered 

as a derivative of [Eu^(CO)^(PPh)g] in which an Ru(GO)unit has 

been Inserted into one of the Ru-P bonds(49). In contrast, 

[?e2^(C0)^Q(/^2-C0)(/4 2^-PFh)g] adds a single carbon monoxide to 

yield [Fe2^(C0)^2(Aj^-PPh)2](50) where the four iron atoms are 

perfectly sguare-planar and the carbonyls are all terminal. The 

ruthenium analogue is presumably an intermediate to the observed 

product®. 

The benzyne ligand is bound asymmetrically to the osmium 

chain with one carbon linked to Os(3) only, and the adjacent carbon 

atom bonded to both 08(1) and 08(2). The relevant distances are: 

06(^)-c(i2), 2 . 1 3 ( 3 ) ; 08.. .C(12), 3 - 0 4 ( 3 ) ; 0 8 ( 2 ) . C ( 1 7 ) , 2 . 1 7 ( 3 ) ; 

and Os ( 1 ) - C ( 1 7 ) , 2 . 3 1 ( 3 ) A. No restrictions were imposed on the 

Internal interatomic parameters during refinement and, significantly, 

the C(12)-C(17) distance (1.53(5)^) is lengthened to a value 

consistent with a single C-C bond (1.34A), tAile the remaining 

values (average 1.39%) are closer to that found in an aromatic 

ring (I.397A). The dihedral angle between^the metal plane and that 

of the aryne is 58*9°* This contrasts with the situation found 

in other reported triosmium benzyne clusters. Three such compounds 

were obtained from [Os^(CO)^Q(PPh^)2](25), including one where an 

additional intramolecular oxidative addition to a ̂  C-H bond of a 

terminal phosphine has occurred. Even so, their geometries are 

still identical with no significant deviation from a mean C-C 

bond length of 1 .42%, at the stage of refinement reported, and 

in each case the interplanar kngle was 69+3^* This conformation 

reflects the approximately coplanar nature of the ligand with two 

osmium atoms, and the mode of attachment is best described as the 

ring forming -bonds to these two metal atoms (Os-C, 2.16A) and 

donating through the TT -system to the third (Os-C, 2.39A). This 

attachment to the cluster is essentially symmetrical via a five-

centre, four-electron bond* With this bonding description an 

Increase in the aforementioned dihedral angle to approximately 90° 

would be expected to vastly reduce, or even eliminate, the 

TT-interaction leaving the aryne as only a two-electron donor. 

This is exemplified by the crystal structure of 

[E^0s^(C0)g(HC=NCgH^)(CgHj^)], isolated in snail amounts from the 

pyrolysis of [E20s^(C0)^Q(CNCgH^)](31), where the benzyne is nearly 



Diagram o 

Possible Bonding Modes for a Benzyne Ligand 

five-centre 

four-electron donor 

through 

two O"-bonds and 

a TT-donation 

[ 0 8 ^ ( C O ) ( P P h g ) ^ ( C g H ^ ) ] 

Os Os 

[HOs^(CO) (AsMe^)(CgH^) ] 

four-centre 

two-electron donor 

additional ligands 

omitted for clarity 

[H^06^(C0)g(HG=NCgH )(CgH^)] 

Ok (A) "Os 

five-centre four-electron donor 

through a multiple bond and 

a carbene interaction 

CIS (B) "Qg 

five-centre two-electron donor 
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perpendicular to the metal plaine with the angle expanded to 79*0^. 

The ligand bridges one edge of the cluster with the two coordinated 

carbons each c -bonded to a single, different, osmium. Within the 

benzyne the C-G distances show no deviation from a mean value of 

1.37& at the precision of definition. 

Obviously XIIla does not comply with this progression 

and an alternative bonding description is necessary. With the 

aromaticity of the ring lifted two arrangements appear plausible 

(Diagram 8). One where the benzyne ligand acts as a four electron 

donor with a C (12 ) -08 (3 ) multiple bond and C(17) adopting a 

Bridging carbene arrangement. However the mean 0s-C(17) distance 

of 2«,24X Is approximately 0 . 1 A longer than In typical oarbene 

clusters such as [EgOs^(CO)^(CE2)](52) and [Eg0s2^(C0)^g(CHCHgPh)] 

(53)= Indeed the various C-Os distances suggest that the ligand is 

acting as a terminal, C (12 ) , and a bridging, 0 ( 1 7 ) , aryl group, 

i.e. a two electron donor, but which renders the cleavage of the 

Os(1)"0s(3) bond problematical. To avoid this predicament the 

overall situation for the ring is best described as an ortho-

phenylene ligand with some carbenold character i.e. contributions 

from both descriptions. 

4.4. Variable Temperatwe NMB Study of [08?(C0)^(PEt)(C^H,^)] 

Whilst the preceding discussion attempts to rationalise 

the observed crystal features, perhaps some attention should be 

focused on them possibly being the consequence of packing 

restrictions. All attempts to compliment the solid-state structure 

with other spectroscopic techniques has so far proved inconclusive. 

The solution and KBr disc infrared spectra are not sufficiently 

dissimilar (Diagram 5), especially when taking into account the 

further interactions possible in the latter, to warrent proposing 

different molecular structures. Yet the appearance of the solution 

spectrum closely resembles that of other triosmium clusters with 

Cgy symmetry, a feature employed elsewhere($4) to infer related 

geometries in different molecules, which would necessitate a more 
i3 1 

symmetrical configuration. The recorded NMR ( 0 and H) data is 

also inconsistent with the crystal structure. 

Such a dilemma is epitomized by [Fe^(C0)^2] where a 
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different structure clearly predominates in solution(55) to that 

found by X-ray crystallography(56), due to the nearly equi-energic 

character of a whole range of possible configurations* The solid-

state conformation just representing a shallow energy minimum 

stabilised by crystal packing forces. As a consequence dynamic 

interconversion should be rapid(57), and this prediction was 
13 

confirmed by a CO NMR study where the single resonance remains 

unchanged even at -150°C indicating an activation energy 6kcal. 

mol" (58). Two mechanisms have been forwarded to account for this 

scrambling involving either pairwise opening of the carbonyl 

bridges, to give an Intermediate with symmetry(57), or simple 

rotation of the carbonyl icosahedron about the Fe^ triangle, or 

vice versa(59)# An extension of the last process, involving 

polytopal rearrangement via a cube-octahedral transition-state, is 
13 

proposed to explain the observed CO fluxional behaviour of the 

mono-substituted phosphine/phosphite derivatives(60). A direct 

parallel clearly exists for Xllla where rapid migration of the 

benzyne ligand above the metal plane apparently occurs, and is 

unresolved at the lowest temperature studied. Again the identified 

crystal structure represents one of a series of configurations 

enveloped by the motion, the narrow energy profile encompassing 

them allows different ones to be favoured under the varying 

restraints Imposed in solution and solid-states* 

To further expand this treatise a variable temperature 
13 13 

C NMB study was undertaken. Enrichment with GO occurred at 

[03^(00)^2], and then a sample of Xllla was prepared in the manner 

already outlined. Spectra were recorded over the range -132 to 

+95 using dg-toluene or CDgCl^/CEClgF mixtures as solvent for 

the higher and lower temperatures, respectively. The results are 

collated in Table 3 and Diagram 9« From the crystal structure nine 

separate resonances would be expected in the low temperature, 

limiting spectrum but this was not attained at the lowest 

temperature achieved. At -132^0 five resonances were observed at: 
a, 183.4; b, 180.1; 2'I 179«9; o", 179*4; d, 173*9 6- with integrated 
intensities of 2:2:2:1:2 respectively. On raising the temperature 

2 

c' and ĉ " quickly coalesce, and an averaged signal, c( Jpg=7»6Ez), 

emerges and remains unaltered throughout the upper region. The 

remaining three signals collectively collapse just above ambient 



Table 3 Garbonyl ligand NMR Data for [Os-,(CO)^(PEt) (C^H, ) ] 
^ y — 6 — 4̂  

Assignment 

Temperature 

A B C D E C C" 

(dU-toluene) 

+80 177.6(287) 178.6(40) 

7.4Hz 

+28 177.8 

7.7Hz 

. +15 182.6(56) 179.3(75) 177.8(287) 172.2(57) 

65Hz 6.2Hz 7.5Hz 

0 182.6(87) 179.2(99) 177.9(238) 172.2(94) Figures in parentheses 

66.1Hz 8*6Hz 7.8Hz are signal intensities. 

-20 182.6(168) 179.2(155) 178.0(308) 172.3(164) 

66.lHz 8*8Hz 7.6Hz Chemical shifts as p • J) ® HI • 
-6o 182.6(80) 179.1(111) 178.2(169) 172.2(89) 

CDgCiyCFEClg 66.2Ez 7.1Hz 7.1Hz Temperatures as °C. 

-So 183.4(300) 179.6(371) 179.2(510) 173.4(269) 

66.2Hz 9.2Ez 7.6Hz 

-100 183.5(176) 179.7(240) 179.4(220) 173.6(213) 

66.4Hz 7.6Hz 7.6Hz 

-120 183.5(177) 179.8(281) 173.8(203) 

66,BHz 8.3Hz 

-132 183.4(125) 180.1(223) 173.9(102) 179.9(118) 179.4(54) 

4l.2Hz 4.2Hz 

l\) 
\o 
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Diagram 9c 
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Variable Temperature NMR Spectra for [Os^(CO)^(PEt) (C^H^^)] 
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temperature into a single resonanoe at 178.65(+8o^C), although 

even at +95°0 it has still not reached Its true intensity. The 
2 

signals a and b also display Jpg oonplings of 66.1 and 9 Ez, 

respectively. 

These features can;be interpreted in terms of the 

combined rotation of all the carbonyls about their independent 

osmiums in association with two benzyne motions, first rocking/ 

flipping and then full rotation, above the metal plane. Even at 

-132°C a fast exchange process is still evident which imparts a 

time-averaged plane of symmetry through 08(2) and the plane of the 

aryne. This is assigned to benzyne rocking, as shown in Diagram 10, 

which itself does not cause symmetrisation within the ligand. 

Hence the S NME spectrum at this temperature should be eji ABXYP 

system but this was not recorded due to practical limitations; at 

the lowest temperature attained (-90^0) the AA'XX'P pattern still 

persisted. At about -100°C the emergence of c, with its intensity 

and position, must indicate that it is associated with localised 

carbonyl rotation about Os(2). Coincidently, the observed 

perpendicular mirror-plane through tho benzyne infers that it is 

rotating above the metal core. Although this evidence is not 

conclusive enough to conclude that these two processes are 

interdependent, a precedent does exist in XI7(30) where the onset 

of aryne rotation is similarly accompanied by axial-equatorial 

carbonyl exchange about the centre osmium. A related migratory 

process is also found in [E20s^(C0),|^], where the bridge-terminal 

hydride interchange is tied with an oscillatory motion of two 

carbonyl groups(6l). The absence of any identified couplings to 

the phosphide group, and their relative intensities, is consistent 

with a spatial arrangement of the sets and 2" exemplified by 

the crystal structure i.e. the symmetry related pair(c') adjacent 

to the benzyne ligand. An inverse configuration, with the unique 

ligand trans- to the phosphorus atom, would demand a significant 
2 
Jpg value which is not observed. The coupling constant seen for 

c(7.1Ez) must represent a time-averaged value across the rotation. 

The outstanding resonances correspond to the six carbonyl 

groups on Os(1) and 06(3) in three symmetry related pairs. Prom 

its large Jpg value (66Ez) a is immediately assigned to the pair, 

0(7) and 0(2), adopting a trans-configuration with the phosphide 



Diagram 10 
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Fluxional Behaviour pf the Benzyne Ligand in [Os.̂  (CO)^ (PEt) (C^H, ) ] 
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11gaud. The much smaller coupling to b and d, 8 and 0 Hz 

respectively, are consistent with the remaining two pairs but, 

unfortunately, the data is insufficient to unequivocally 

differentiate between them. On approaching room temperature these 

signals coalesce and an averaged signal, e, eventually emerges. 

This can be attributed to the onset of these carbonyls rotating 

about the osmium atoms. The absence of an Os(1)-0s(3) bond reduces 

the possibility of this occurring by a two-centre mechanism, and 

further there is no evidence to suggest that it is accompanied by 

an increase In aryne mobility. In the related molecule 

[08^(C0)y(AsMG2)2(CgH2^)],X7, a different situation prevails whereby 

carbonyl exchange by an i n t e m u c l e a r route is associated with a 

rotation/flipping of the aryne. 

13 
Study of the C natural abundance resonances observed 

for the ligand itself also supports the existence of a rotational 

motion above -132^0. At ambient temperature three resonances 

consistent with the benzyne are seen at I47.8(d, J ^ = $ . 3 E z ) ; 

I46.8(d, J ^ = 4 . 0 E z ) ; and 128.$ 6. The assigned couplings were not 
31 

further substantiated by P-decoupling or operation at a 

different frequency. However the corresponding groups in both XV, 

and the more asymmetrical XIV, similarly show three signals, across 

the same chemical shift range, whilst a symmetrical AA'XX' pattern 

p e r s i s t s in the corresponding E NI4E 6pectrum(30). This re-enforces 
"51 

the existence of P-couplings for Xllla whence, of the three 

symmetry related pairs, the singlet at 146.86 must correspond to 

C(l4) and C(15)c Although the differences between the two other 

resonances are not sufficient to confirm assignments, the greater 

Overhauser/relaxation effects for that at 146.86 favours it 

corresponding to the pair, C(12) and 0(1?). for XIV and XV 

cooling towards -50°C causes a transformation to an ABXT 

spectrum, which is accompanied by loss of the time-averaged plane 
13 

through the Cg ring, resulting in six separate C signals (two 

with accidental coincidence for . Study of the (CgH^Pr^) 

analogue of XIV clearly substantiated that this resulted from the 

08^(CgE2^) framework being dynamic; a n hydride migration not being 

sufficient. Concommitant with this aryne motion commencing is the 

simultaneous broadening and collapse of the nine separate carbonyl 

resonances and the emergence of four signals (at 100^0), with 
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relative intensities of 2:^:2:2, Invoking a concerted local carbonyl 

exchange on the central osmium. This is identical to the proposed 

benzyne full rotation in XIII. For Xllla even at -120°C the three 

benzyne resonances still remain unaltered, but at -1j>2°C they 

have apparently collapsed. Unfortunately, the viscous nature of 

the solution, and the absence of specific enrichment, precludes 

precise identification of whether this is a true coalescence or 

just due to loss of resolution. 

Thus, whilst the higher energy motion is fully verified 

for XIIla, the flipping/rocking process is only inferred by the 

discrepancy between the refined crystal structure and the lowest 

temperature NMR spectra recorded. This is embodied in 

the persistance of symmetry related pairs of carbonyl groups below 

the coalescence temperature of the full rotation. Ofcourse, if the 

static solution structure was different, and more symmetrical, 

such deductions regarding any unresolved motion would be invalid. 

However such a flipping mechanism has been established for XV, by 

introduction of a n isopropyl group on the benzyne ligand. Then, 

even when the faster process was frozen out (-60°C), coalesced 

signals still remained for the potentially diastereotopic methyl 

groups on the OSMeg substituent in a static molecule (the 

possibility of accidental coincidence being dismissed). This also 

highlights the flipping feature of the motion whereby opposite 

faces of the organic ring interchange. From the initially tilted 

position it passes through a vertical orientation before finally 

readopting a tilted configuration with the opposite face towards 

the metal core. Unfortunately such an_ investigation on XIII would 

still not differentiate between the possibility of different zero-

energy structures existing in the solution and crystal states; the 

only definitive result would be observing the nine separate carbonyl 

signals demanded by the crystal structure (the chirality of an 

Isopropyl group would also become evident simultaneously). 

On first inspection XIII and XIV are both structurally 

similar, possessing a common (CgH2^)0s^(C0)^ framework with an open 

metal-metal vector, yet a large difference in the barrier to full 

rotation of the benzyne exists, with coalescence temperatures of 

ca. -120 and 40^C, respectively. Whilst it is dangerous to make 

comparisons without considering the full effects (steric and 



(228) 

eleotronic) of all addendum ligands $ the respective carbonyl 

spatial arrangements are illuminating. For XIII, with the phosphido-

group central beneath the molecule, they generally adopt positions 

away from the benzyne reducing steric hindrance to any motion. The 

situation in XIV is different, with the ^-arsine impinging on 

both sides of the molecule which causes the aromatic ring to tilt 

towards the third osmium. This mode of coordination, and the 

carbonyl arrangement at this osmium, corresponds directly to the 

proposed activated intermediate of XIII for the onset of full 

rotation. If this is the ground state of XI7 it emphasizes the 

increased potential energies of the remaining configurations 

favoured for XIII, no doubt due to the steric influence of the 

arsine. If, as proposed, this benzyne rotation is interdependent 

with the carbonyl exchange then it can be surmised that carbonyl 

rotation is the limiting factor in the process for XIII, whilst the 

aryne motion for XIV. 

Two resonances wore also observed in the ambient 

temperature spectrum at (Jpg=90Ez) and 14=91 6 which c a n be 

assigned to the and carbons of the PEt group respectively. 

4.5. Discussion 

The isolation of XIII, as the only product from thermal 

decomposition of 2 , can be rationalised as part of a progression 

replacing alkyl groups on the tertiary phosphine ligand by 

aromatic ones. To demonstrate this a mechanism is proposed 

(Diagram 12) for the conversion which utilises features characteristic 

of other products identified in the series. Unfortunately heating 

I under milder conditions, in toluene(111^0) or n-octane(126^0), 

did not produce any degradation so, in the absence of observed 

intermediates, the mechanism cannot be verified and must be 

accordingly viewed as only one possibility based on intuitive 

grounds alone. 

The temperature(151^0) employed is believed necessary 

to thermally dissociate a carbon monoxide ligand from the 

coordinatively saturated starting material before activation of a 

C - E bond takes place. This could either occur at an ortho-position 

on a phenyl ring, or the -carbon of the alkyl group, but the 
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isolation of [HQs (CO)^(PR)(C^H,^)],XVI, from [08^(C0)^^(PPhRg)], 

RgMe or Et(29), olearly eetablished the former process to be more 

facile. Then reaction almost certainly proceeds via intermediates 

similEir to VI and VII shown to be transient in the formation of 

X, amongst other products, from [Os^(CO)^Q(PPh^)2](2$). These 

three complexes did not suffer from interaction of the second 

phosphine complicating the issue, and the route was supported by 

experimental observation. Eence, orthometallation of a phenyl group 

is followed by a further carbon monoxide loss with a simultaneous 

increase in ring coordination through the JS -carbon bridging two 

osmium atoms. From here transformation to XVI is easily visualised 

which, in the absence of thermal decarbonylation, requires breaking 

an Os-Os bond to maintain ^ 4 valence electrons. This contains 

several steps and an:intermediate with the formed benzyne acting 

as a two-electron donor, coordinating through adjacent terminal 

and bridging carbons, can be envisaged. 

Another fragmentation pathway to XVI, involving P-C 

cleavage before hydrogen abstraction onto the cluster, also has to 

be considered. This has been substantiated as a possible route in 

the corresponding arsine system. Although no intermediates were 

isolated from the thermal conversion of [Os^(CO)^^(AsPhMeg)] several 

were found with the related dimethylvinylarsine derivative. Careful 

selection of solvents allowed both a complex resulting from As-C 

cleavage, containing independent Tig-vinyl and -arsino groups, 

and a vinylidene adduct, from further decarbonylation and hydrogen 

transfer, to be identified chiefly on the basis of S NME 

evidence(62). The latter compound isomerises at higher temperatures 

to give a product isostruetural with XVI, as shown by the similarity 

in spectra, for aromatic groups this would necessitate an 

intermediate possessing a ^-bridging phenyl moiety. Then it is 

significant that using (2- or 4-methoxylphenyl)dimethylarsino gives 

the substituted benzyne derivative of XIV, but with the same 

positional isomerisation in both cases, with the methoxy-group 

adjacent to the metallated carbons. Conversely, thermolysis of 

[Os^CCO)^^ AsMOg(Cg^H2^Me-2) ] gave only the A—substituted form of 

XIV, so that the direction appears electronically, rather than 

sterically, controlled. The forwarded explanation(63) involved a 

reversible reaction transforming the hydrido-Ai ̂ -benzyne into a 
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Diagram 12 

Proposed Mechanism for the Thermal Degradation of 

[08,(C0>1 ̂ (PPh^R)] to [Os^(CO)^(PR)(C^H,^)] 

-jOs—PPh R 

RPhR 

XVI Os 

XIII Us R 
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Ghort-lived phenyl compound, allowing the benzyne ligand to 

interchange the metal-bound carbon atoms to adopt the moat stable 

configuration. Whilst this pathway may be applicable throughout 

the arsine range, the greater P-C bond strength is believed to 

exclude this option with phosphines. 

As mentioned previously, thermal decarbonylation to a 

complex related to X would represent an alternative route and the 

influence of a second phosphine obviously promotes this pathway. 

This demonstrates the sensitive way electronic and steric effects 

are relayed from one part of a cluster to another, so that the 

cluster as a vAiole must be considered. In this instance electronic 

factors appear governing since the spatial geometries of X and 

XVI are not sufficiently dissimilar to warrent steric reasons. 

For dialkylphenylphosphine derivatives XVI signifies 

the end-point under the conditions used in this study. However, 

for tertiary diphenylphosphines a further interaction with the 

metal core is possible with stoichiometric elimination of benzene 

yielding XIII. This could simply result from P-C(aryl) cleavage 

and hydride transfer, without any interaction of the phenyl ring 

with the metal skeleton. However activation is believed to proceed 

by orthometallation as with the first ring. Then a combined 

P-C(aryl) cleavage and transfer back of hydrogen gives a transient 

phenyl (one electron donor) accompanied by formation 

of the /-i ̂ -phosphido group. For electron counting purposes such a 

pathway requires the benzyne to revert to a two-electron donor. A 

similar ligand-metal redox system, creating a vaceint coordination 

site, has previously been reported with [E06^(C0)g(5E)] where the 

thiol has multi-donor properties. The proven fluxlonal nature of 

the aryne is also consistent with it being capable of 

Interchanging between coordination modes. Alternatively, if the 

XVI analogue is by-passed, metallatlon of the second phenyl results 

from/in loss of the metal-metal bond and the benzyne does not 

become a four-electron donor until after ejection of benzene. 

Whichever route is operative, activation of the remaining phenyl 

ring on the phosphine can be accommodated by an established 

mechanism. Once the bridging phenyl and hydride are formed in 

close vicinity elimination of benzene is easily forsoen to give 

XIII as the isolated product. Perhaps.It is pertinent to observe 
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that the only bridging phenyl oomplex, VIII, identified from the 

oonveraion of [08^(C0)^Q(PPh^)2] is a non-hydrido species which 

presumably stabilises it relative to reductive elimination of 

benzene. 

Activation of the second phenyl group is unlikely to 

occur before formation of the ^-phosphide because until then it 

will be projected away from the cluster. Even at that stage a 

possibility of two isomers exists, and only one has the correct 

configuration to promote the conversion to XIII. However, from the 

known structure of XVI, the steric influence of the benzyne might 

be expected to favour this form with the phenyl group directed 

towards the other side of the cluster. Of course such considerations 

are superfluous with the PPh^ derivative. A similar situation 

exists in the degradation of [08^(00)^^(PPhE^)], where the 

intermediate CHOs^(CO)^Q(PPhH)3 can adopt either syn- or anti-

configurations but X-ray crystallography clearly identified only 

the latter form to be present. This has the phosphorus-bound 

hydrogen atom lying over the metal triangle with the phenyl group 

directed away. This provides a ready explanation for the facile 

formation of the capped species [E20s^(C0)g(PPb)] by oxidative 

addition of P - H with concommitant loss of a carbonyl group. The 

opposite orientation would promote orthometallation as found for 

the conversion of [ E O s ^ ( C O ) ( N E P h ) ] under similar conditions(64). 

This kinetic control is supported by the fact that [E20s^(G0)g-

(NECgE^)] isomerises slowly to the capped species [HgOs^(CO)^(NPh)] 

on extended heating(6$). 

XIII is the observed final product because its molecular 

geometry effectively excludes any further intramolecular reaction 

between the remaining organic group on the phosphorus, even for 

XIIIc, and the osmium core. With more severe conditions the 

possibility could exist of an intermolecular route or cluster 

breakdown leading to higher nuclearity products. The influence of 

trace quantities of water could also cause further complications. 

In the above mechanism the precise cause for loss of 

a metal-metal bond was left debatable. The decomposition of 

[08^(C0)^^(PRHg)] shows that the formation of the J-t^-phosphide 

does not necessitate the cleavage, but similarly nor does a four-

electron donor benzyne as illustrated by the products from 
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C0sj(C0)^Q(PPh^)^Q3. Neither is it believed that the combined 

spatial restraints of both 11gauds require the opening to 

accommodate them. Instead the driving force to attain these two 

stable moieties causes the sacrifice of the metal-metal bond to 

maintain the 18-electron rule* As inferred previously the 

preferential loss of the bond, instead of further decarbonylation, 

is almost certainly an electronic effect. Intuitively with the 

variable coordinating properties of the benzyne its tendancy 

towards a four-electron donor might be assigned the most likely 

origin if a choice was made. 

The Isolation of just a single product from the 

pyrolysis of ^ contrasts with the nine compounds obtained from 

the reaction of COs^CCO)^^^ with a two fold excess of PPh^ in 

xylene under refluz. However a preliminary experiment with Ic, 

evidently contaminated with unreacted phosphine, did give a more 

complex mixture. Two bands were retrieved from initial 

chromatography and the major red constituent identified by its 

infrared spectrum as IX. Presumably more extensive separation 

would have yielded more of the compounds originally prepared by 

Bradford and Nyhlom. This consolidates additional substitution to 

be core facile than pyrolysis of _I, so that in the presence of 

uncoordinated phosphine Isolation of [Oa_(CO)^g(PPh^)g] degradation 

products would be expected in preference to any from XIII 

followed by additional substitution. This is further supported by 

an infrared v trace of the reaction where a transient vibration 
X CO 

at 2087cm'" , which had disappeared at the end of the ninety 

minute reaction period, can be conceivably associated with either 

the dlsubstituted derivative or even VII. 

4.6. Experimental Section 

[08,(00).. (PPh^E)], Rz:Me or Ph. 

These were both prepared in an analogous manner to that 

already described for the ethyldipenylphosphlne derivative 

(Chapter One). 

For [Os^(CO)^^(PPh^)] preparative t.l.c. using n-hexane/ 

EtpO(5:1v/v) as eluant, was hampered by concurrent crystallisation 

with unreacted phosphine. However removal, from the plate and 
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extraction with ethanol(5ml) left pure COs^(CO)^^(PPh^)]. 

COs^(CO)^^ (PPh^)3 Typical yielda65?^ 

IR V (cyclohezane): 2107w, 2054m-8, 2035w-m, 201978, 2000w, 1990w, 

1978.5W, 1958vw, cm"^. 

NMR(CDC1^, 31 ° c ) : 7 . 4 5 6 , m, 1 % ^ . 

Elemental Analysis Cald. C 30.53^ S 1.339& 

MWc1l40.95g.mol"'' Obsd. C E 1.25^ 

[03^(00)^^ (PPhgMe)] Typical yields48$^ 

IR v^^(cyolohexane); 2107w, 2053s, 2032m, 2018vs, 2000w, 1989w-m, 

I97IW, 1958YW, cm"^. 

NMR(CDC1^, 31 °C): 7.58, m, 2.25, d(Jpg=lOEz), PCE^. 

m/6=1080® 

Elemental Analysis Cald. C 26.72$$ H 1.219$ 

MW=l078.88g.niol"^ Obsd. C 26.1^ E 0.99$ 

[08,(C0)^(PEt)(CrE,.)] 

[Os^(CO)^^ (PPhgEt)](0*l404g) vias dissolved in n-nonane 

(40ml) and the solution heated under reflux for an hour. Then after 

allowing to cool, the solvent was removed In vacuo and the residue 

chromatographed, with n-hexane as eluant, to give a single broad 

band. Extraction of the recovered product with n-pent ane(1ml) left 

[08^(C0)g(PEt) (C^E2^)](0,0993g, 819$) as a bright yellow, air stable, 

crystalline solid. 

Elemental Analysis Cald. C 21.23^ E 0.959$ 

MW=958.78s.mol"''^ Obsd. C 21.549^ E 1.019$ 

The corresponding adducts from [Os^(CO)^^(PPh2R)], RsMe 

or Fh, were prepared using identical conditions. 

[08^(C0)^(PMe)(CgE^)] Typical yleld=64^ 

Elemental Analysis Cald. C 2 0 . 3 ^ E 0.759$ 

MW=944.75g.mol'"'' Obsd. C 21.09$ E 0.79$ 

[Os^(CO)^(PPh)(CgE^)] Typical yield=759$ 

Elemental Analysis Cald. C 25.059$ E 0.909$ 

MW=1006.82g^mol"'^ Obsd. C 25.989$ E 1.19$ 
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CHAPTER FIVE 

THERMAL STABILITY AND CATALYTIC ACTIVITY OP PROSPRINE-ANCHORED 

TRIOSMimi CLUSTERS 

SECTION (A): Thermolysis Studies 

In this chapter the potential of [Os^(CO)^^(PPh2CHgCHgSIL)] 

,1, and [H^08^(C0)^(PPh^CIi^CH^SIL)] ,11, as catalysts for alkene 

hydrogenation/isomerisation is exploredo Howevei", befoi-e these 

results are presented consideration of their thermal stability is 

necessary, for two reasons 

1) Almost certainly elevated temperatures will be 

necessary to promote rates approaching industrial interest. At 

these conditions catalyst deactivation may occur by the pathways 

already discussed (Chapter Three and Fou.r)o Alternatively breakdown, 

may result from interaction with remaining surface ligands, either 

pendent phosphines or groups indigenous to silica, A knov/ledge of 

such a process would obviously assist analysis of spent catalysts, 

2) For a satuî ated cluster, activation will result 

from either metal-metal bond cleavage or, more likely, dissociation, 

of carbon monoxide creating a vacant site. The stability of such 

partially decarbonylated species is therefore important(1). A v/ider 

aspect involves the potential of heterogenized metal clusters as 

precursors to forming small metal di8per8ions(2). This route could 

provide increased control of the particle structure, the binding 

ligands restricting aggregation, giving small, uniform metal 

groupings of the order of magnitude often postulated of great 

activity in catalytic reactions i.e. Fischer-Tropsch^ 

5.1. Supported Rhodium Carbonyl Clusters 

In pursuit of the second objective considerable effort 

has been focused on the stability of rhodium carbonyl clusters on 

a variety of inorganic oxide supports. The results illustrate 

several important trends; highlighting the importance of the 

support nature, introduced pendent ligands, surface water and 

aerial oxidation, have on determining the observed surface species. 

It is only when the latter two factors are fully considered that 

apparently conflicting claims for the adsorption of [Rhg(CO)^g] 

on alumina and silica can be rationalised. 
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^.1=1. Adsorption on UnfunctionaliGed Oxides 

When. [Rhg(CO)^g] is contacted with alumina, in the air, 

the support acquires a golden hue. The product rapidly decarbonylates 

with evolution of carbon dioxide until it exhibits no infrared 

spectrum. This process is retarded if an attempt to remove 

physically adsorbed water is made. However, when an atmosphere of 

carbon monoxide is introduced and maintained, and provided a partial 

pressure of water exists, the material changes to a deep violet and 

[Rh^(CO)^g] can be extracted back into CHC1^(3). When impregnation 

is carried out in the absence of air the stability of the initial 

cluster increases if the alumina has been: previously outgassed at 

elevated temperatures (500*̂ 0) (4). Variations in the positions of 

the absorptions for the adsorbed molecule were equated with the 

extent of hydrogen bonding of the complex to the support, which, 

altered with the degree of hydration of the support« 

Carbonylation occurs in two stages, with-an intermediate 

.III, characterised by two bands at 2090 and 2020 cm"^. The second 

stage leading to the formation of adsorbed [Rhg(CO)^g] (bands at 

2060 and 18l^cm ^), which is accompanied by carbon dioxide 

production, is slow unless water is introduced whence the second 

stage bands predominate soon after initiating the experiment, 

Decarbonylation with dioxygen alone only proceeds very slowly 

(150 hours) to stage one, but again water vapour (10 torr) completely 

removes all bands within 4 hours. However water alone did not 

initiate the process.. These results are interpreted differently 

by the research groups of Basset andWatters because of conflicting 

additional evidence from gas volumetric studies. 
18 18 

Isotopic * Og studies by the first group(5) suggested 

that dioxygen is non-dissociatively adsorbed in the partially (III) 

and totally decarbonylated forms, but is incorporated in the 

released carbon dioxide on carbonylation, a process in which water 

does not directly participate but may assist in weakening support 

interactions. They concluded that both forms are oxoclusters, 

containing bridging dioxygen ligands, and proposed MECHANISM ONE, 

consistent in stoichiometry with the volumetric studies. This 

excludes the need for strong bonding to the support, although it 

was conceded that its nature effects the chemistry* 
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Conversely, Basset(^) claimed a combined release of 

hydrogen and carbon dioxide during decarbonylation. At higher 

temperatures (>60°C) some hydrogen is incorporated as hydrocarbons, 

while i f the alumina had undergone exchange with deuterated water 

this was reflected in the off-gases(6). The direct involvement of 

physiGorbed water in the second stage was also favoured* This led 

MECHANISM ONE (Matters) 

Dec arbonj^ati on 

[Rh^(CO)^g] 80. -f- [Rhg(C0)^2(02)g] + 400^ 

[Rhg(CO)^g(Og)g]+ 60^ [Rhg(Og)g] + 12C0g 

arbonylation 

[Rhg(02)g] + 12C0 - [mg(co),2(02)6] 

[Ehg(C0)^g(0g)g]+ 16C0 [Rhg(GO)^g] + 12C0g 

MECHANISM TWO (Basset) 

Decarb onylation 

[Ehg(CO)^g] + H-O-Al -K (OG)gRhO-Al -h 4C0 "h 

Carbonylation 

(OC) RhO-Al + 7C0 

+ 35^0 

-» [Rhg(CO)^g] + 6H-0-A1 

2̂ 
+ 300. 

to the infrared v doublet for III being assigned to the symmetric 

and asymmetric stretching modes of two geminal carbonyl ligands 

coordinated to an oxidized rhodium atom. In position and intensities 

these frequencies show good agreement with those of Rh(l) complexes 

such as [Rh(C0)2Cl]g, whose chemisorption also supported the 

hypothesis. These ci8-Rh(l)(C0)2 fragments are chemically bound to 

the support through surface oxygen linkages. Then carbonylation of 

III in MECHANISM TWO is a direct analogy to the conventional 
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GyntheGisC?) whereby [Rh^^CCO)^^],' and then [Rhg(CO)^^], are formod 

by room temperature carbonylation of [Rh(C0)2Cl]2 under basic 

conditions in the presence of water* Retention of the hexarhodiura 

core through the entire cycle is therefore not paramount, although 

under the mild conditions the moieties probably remain in close 

vicinity on the surface. Hence, even RhCl^ deposited to a 4^ 

loading can enter the cycle. Under carbon monoxide the infrared v 
CO 

spectrum exhibits a band at 2135cm , attributed to a surface 

Rh(III) specie6(8),.but at 60°C two sharp bands synonymous with a 

a Rh(l)(GO)g species develops at its expense. A greater resistance 

to hydrogen reduction is indicative of initially retained halide 

bridges* 

Whatever the pretreatment. III is reduced at moderate 

temperatures (^60°C) with hydrogen, or water alone, to a species 

characterised by broader beinds at 2020 and iS^Ocm These featui^es 

are typical of linear and bridged forms of carbon monoxide adsorbed 

on dispersed metallic Eh(0) crystallites(9). They are easily 

removed with oxygen and carbonylation reforp^s III. Evacuation alone 

at very high temperatures (500°G) could not facilitate this 

reduction, although XPS measurements did confirm the presence of 

highly dispersed metal particles. This XPS investigation(10) could 

not resolve the true nature of III as the recorded binding energy 

was more consistent with fragmentation into mononuclear Rh 

species, contrary to the other evidence. study was equally 

uninformat ive * 

On silica similar.trends are found, but the more severe 

conditions necessary reflect the different nature of the surface 

hydroxyl groups. Thus deposition of both [Rh2^(C0)^2] and [Rhg(CO)^g] 

onto an unspecified grade of silica at 25°C, even without precaution: 

to exclude air, led to only physical ad8orption(3). Under more 

controlled conditions (11) contacting [Rhg(CO),|g] with Aerosil 200, 

pretreatod at 300°C under vacuum, caused a partial decarbonylation. 

signified by evolution of carbon dioxide, and a modification in 

the relative intensities of the v bands. Breakdown of the cluster 
CO 

cage does not apparently occur as the original cluster is 

regenerated by carbonylation at 200°C, and thereafter remains 

indefinitively stable under argon. However, &mier vacuum (150°C) 

decomposition takes place giving two bands, at 2048 7(sharp) 
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and l893j:10(broad)oni"^ representative of terminal and bridging 

oarbonyl groups adsorbed on small metallic(0) particles. Their 

positions vary with their intensities in accord with different 

degrees of coverage on the rhodium surface. The particle size is 

governed by the water content, suggesting it assists migration of 

carbonylated zerovalent rhodium species. If decomposition at 100°C 

is in the presence of carbon monoxide and oxygen the pellet reverts 

to a dark brown;and two intense bands at 2093 and ZO^Gcm"^ form, 

correspionding to the oxidized surface species, III. Again it 

undergoes reversible decarbonylation, and is easily reduced to 

the metallic species with hydrogen. 

When: a low loading of [Rh^^CCO)^^] is impregnated a 

complete transformation to physisorbed [Rhg(CO)^g] occurs, but can 

be blocked by introduction of carbon monoxide(12). When,larger 

amounts are adsorbed a mixture of both clusters is obtained(13), 

indiciating that, although the silica was dehydroxylated^ at 500°0, 

some oxidized groups remain which are quickly consumed. These also 

cause the partial decarbonylation of [Rhg(CO)^g], and once removed 

from the coordination sphere the cluster remains Intact. Of courso 

the subsequent formation of the metallic and oxidized surface species 

is possible, additionally with cai'bon monoxide in the presence of 

sufficient water, the regeneration of [Rhg(CO),|g] with intermediate 

identification of [Rh^jCCO)^^] was demonstrated. 

Here the credibility of surface Rh(l)(C0)2 fragments i 

supported by the properties of the isolable model compound 

[Rh(C0)2(0SiPh^)]2(l4), the corresponding methyl derivative was less 

stable(12). Both were easily reduced by traces of water to a 

decarbonylated black material, presumably rhodium metal. Handled 

under wet carbon monoxide the silanolates were transformed into 

[Rh2^(C0)^2]i carbon dioxide and free silanol being formed and 

identified in this reaction. Related alcoholates also behave 

similarly(15). Thus a good parallism in chemical behaviour exists 

between, the homogeneous and heterogeneous variants, The absence 

of any strong Raman signals assignable to metal-metal vibrations 

for III is also consistent with the fragments only being connected 

by rather weak interactionsdG). 

Overall the mechanisms of Basset and Watters both have 

merit. Certainly the much more facile chemisorption on alumina is 
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the consequence of the much greater ionicity of the Gurface oxygens, 

hydroxylCOH^) or oxidesCO^""),. favours an oxidative decarbonylation, 

procesGo On cilica, containing hydroxyl groups with only a very 

weak Bronsted acidity, the importance of strong support-fragment 

interactions may be less and oxoclusters predominate initially, 

to be gradually replaced on (thermal) ageing. This also accounts 

for the greater propensity to form the metallic(O) state, instead 

of III, on silica by evacuation. Silica-alumina, which has a strong 

Bronsted acidity of hydroxyl groups, is even less reactive and 

[Rhg(CO)^g] is stable for several days, even under vacuum(4). 

Ichikawa made similar observations on other acidic oxides such as 

ZnO, La^O^ and Zr02(17). Conversely on highly basic magnesia, 

even when pretreated at 500°C, the decomposition is quite 

instantaneous to the metallic, but predominantly oxidized, species 

( 4 ) . 

QThese systems, and the small metal aggregates derived 

thereof from, act as catalysts for Fischer-Tropsch synthesis(18), 

being more active and selective for methanol and ethanol production 

(19) than those obtained by conventional salt impregnation. Ichikawa 

( 2 0 ) also demonstrated their effectiveness, particularly on ZnO, 

for olefin hydroformylation. Under much milder conditions 

hydrogenation of 1,3-tranG-pentadiene by III on alumina has been; 

establi6hed(21). 

5.1.2. Attachment on Phosphine-modified Silica 

Introduction of a pendent ligand strongly coordinating 

a metal centre is expected to further prevent agglomeration to 

metal crystallites. Attachment of [Rhg(CO)^g] at 60°G, from a 

saturated CHCl solution, by ligand exchange with PPh^GE^GHgSII, 

(Aerosil 380) yielded a product, characterised by two strong 

bands at 2070 and in its infrared Gpectrum(22); if 

maintained under carbon monoxide. The positions of these bands 

closely resembled those of phosphine substituted clusters such as 

[Rhg(C0)^^(PPh^)^](2j)) supporting the hypothesis that the cluster 

had undergone a similar degree of substitution but retained its 

integrity after tethering. The expected bridging vibrations were 

believed to be obscured by absorptions arising from the support 
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lattice. From elemental analysiG the high ratio between the number 

of available phosphine groups and attached clusters (typically 

100:1) was also in agreement with a relatively high degree of 

substitution, whilst the failure to observe metal crystallites by 

TEM(22) was consistent with the presence of very small metal 

particles. Once formed, the increased stability of IV stands it 

apart from those species obtained on unmodified silica. It is 

reasonably stable under oxygen at room temperature, and remains 

unaltered under carbon monoxide. On evacuation at I^O^C the bands 

only lose ca. 65"809̂  of their original intensities, but are quickly 

re-established on exposure to carbon monoxide. A preferential 

decrease of the band at 2070cm""̂ , and coordination experiments 

with ethylene, suggested the presence of a partially decarbonylated 

form. 

Subsequently, Knozinger et. al.(24) published a more 
1 detailed assignment of the infrared spectrum, assisted by "''co 

substitution experiments, which showed their original interpretation. 

to be incorrect. The support contained Eh(CO)^ groups when fully 

carbonylated; with the formation of a monocarbonyl species upon 

decarbonylation. The presence of a mononuclear geminal dicarbonyl 

complex, was unambiguously confirmed by the four isotopically 

shifted bands observed. An XPS study indicated that the rhodium is 

in the +1 oxidation state(25), The broadness of the low frequency 

band arises from its composite nature, representing contributions 

from the antisymmetrical stretch of the L Eh^(C0)2 moiety and the 

V band of the L Eh'̂ (CO) species. The model compounds, 
CO $ R " 

[IUi(CO)(PRy)(OSiR_)], R sPh or Bu, R =Ph or Me, have been prepared 

and exhibit a v band at about "Î SOcm" (26). 
CO ^ 

Exposure to hydrogen above 8o G causes a complete change 
in the spectrum leaving only a single band at 1975cm . Secarbonylation 

~1 

reproduces the original features plus a new band at 2020cm , which 

could be removed during a brief evacuation at cell temperature. 

More severe conditions cauae the 2020 band to dominate. This 

coincided with an observed change from a pale brown of the original 

sample to dark gray after the final treatment. This was assigned 

to carbon monoxide adsorbed on rhodium crystallites, formed at the 

expense of the mononuclear species. Electron microscopy produced 

further confirmation showing no metal particles greater than 5^ 
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across initially, wt^reas a large number of rhodium crystallites 

(I2-I5X) are present after treatment î ith hydrogen 140°C. ^his 

agglomeration process was slower on an amine-modified surface(2?). 

These results are complimented by those of Howell et* 

al,(28) who contacted [Rh(CO)pClJ^ with PPhpCH^CH^SlIj. Two reactions 

were anticipated, substitution of a carbonyl ligand or splitting 

of the halide bridge(29), but the infrared evidence pointed to 

only the latter giving [RhCl(CO)^(PPhgCH^CH^SIL)] as a yellow 

silica, (2090 and 20l8cm"'). Alternatively, they were able to 

isolate and characterise [EhCl(C0)(PPhgCHgCH2Si(0Et);;)^]* (1966cm by 

reaction with excess phosphino-silane, and subsequently attach it 

to silica to yield the heterogenized form. Together these represent, 

provided the halide groups are replaced by oxygen linkages to the 

surface, the ttm components seen î ien contacting [Eh^(CO)^g] 

with the modified silica. These^ and related phosphine-silica 

immobilised rhodium carbonyl species, were studied as 

hydroformylation catalysts. Rigorous exclusion of oxygen was 

necessary to avoid rhodium elution caused by (rhodium catalysed) 

oxidation of the tertiary phosphine to phosphine oxide, which 

no longer coordinates to the rhodium centre. Significantly, the 

anchored [EhE(CO)(PPhpCHgCE^Si(OBt)^)^] had markedly better 

resistance to leaching(30). 

Smith and coworkers(31,$2) have also studied the 

[Eh^(C0)^^]/PPh2CE^CHgSIL system. However some of their results 

are more consistent with direct reaction with the surface, rather 

than with the anchored phosphine groups. Further the outcome is 

dependent on the adsorption conditions* Treatment at ambient 

temperature under argon gives a blue-gray powder which, on 

introduction of carbon monoxide, gives v bands at 2084, 20^2, 

2004 and l860cm The behaviour of the two intense bands at 2084 

and 2002cm ' to various treatments is entirely consistent with IV. 

The second set (20^2 and l860cm ') show identical properties to 

the 'metallic' state observed when physisorbcd [Rh^(C0)^^on silica 

is heated to 1$0°C under vacuum(3l). The second preparation 

involved refluxing in benzene for 3 hours. Introduction of carbon 

monoxide gave infrared absorptions at 2090, 20^1 and l870cm 

corresponding to two different species which arc very similar to 

the metallic and oxidized,(ill), forms seen on unmodified silicar 
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However (slgnifleant) differences in the frequencies, particularly 

for the metallic state, were taken to infer that some coordination: 

through phosphine ligands still existed. This would appear to 

represent an intermediate case, where the number of pendent 

phosphines available is limited, such that interaction with the 

silanol groups is the principle consideration. When.preformed 

[Rh2^(C0)^Q(PPh^CHgCHgSi(0Et)^)2] is deposited on silica, the 

associated infrared spectrum can be interpreted as a combination 

of the two oxidized species, III and lV(32)o Thus even on modified 

silicas the influence of remaining surface groups cannot be 

overlooked, and will determine both the nature^ and distribution, 

of the products if not removed. Significantly the pendent phoaphlnes 

do stabilise the oxidized mononuclear species against decarbonylatlon 

and agglomeration. 

Interestingly, a parallel development occurred for 

[phg(GO)^g] on phosphlne-functlonalised polystyrene membranes, with 

a similar misconseption of retained hexarhodlum core by comparison 

of the relatively simple v spectrum with that of [Ehr(C0)^_(PPh.7)^]. 

At 25 G the initial complex undergoes aerial oxidation, and the 

golden brown transparent membrane exhibits no carbonyl absorptions 

prior to exposure to carbon monoxlde(33)* Afterwards, v bands 

develop at 2078 and 2010-198$, typically 2008, cm" ; the actual 

position depending on the extent of carbonylation. TEM showed no 

evidence of metal particles greater than across* When brought 

in contact at 50 C the resulting membrane is gray or black, and 

TEM showed that metal aggregates, having an average diameter of 

25-4oX, were present(34). Carbonylation produced v bands at 2046 
tea ^ ̂  

and 1900cm . These observations show a compelling resemblance to 

those seen on inorganic oxides. The light coloured catalysts are 

almost certainly analogous to III, and the dark material denotes 

carbon monoxide adsorbed on rhodium crystallitesc The high 

concentration of bromo-groups invariably left on the polymer by the 

method of functionalisation are the chemical equivalent to the 

hydroxyl groups on oxide supports. The agglomeration process is 

accelerated by oxygen, leading to oxidation of the chelating 

phosphine ligands as evidenced by the emergence of bands at 1120 

and 1170cm ^ matching the most intense oneg for trlphenylphosphlne-

oxide. Accordingly, during studies into alkene hydrogenatlon, a 
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longer catalyst lifetime was experienced with membranes having a 

high ratio of phosphines to rhodium atoms(34), but lower activity* 

The active catalyst was shown to be the decarbonylated form of III 

(35)« Similarly in a flow-reactor, with related polymer bound 

rhodium monomers, oxygen contamination caused loss of activity by 

rhodium elution from the system in the product 8tream(30). 

or PPh^CH^CH^SIL 5 * 1 R e a c t i o n of [Rh,(C0)^_] with 'Aerosil 200' or PPh_ 
2—2—— 

A large excess of [Eh2^(C0)^g] was added to a n-hexane 

suspension of untreated (thermally or chemically) 'Aerosil 200% 

and left stirring under dry nitrogen overnight. Then the silica 

was filtered off and washed with consecutive portions of CEgCl^ 

until they nolonger had any perceivable coloration* The original 

filtrate was shov/n to contain only unreacted [Rhj^(CO)^p]. After 

drying in the air the obtained silica had a light orange appearance* 

Elemental analysis established a rhodium content of 0.055wt/wt9^, 
2 

an average of 1*5 rhodium atoms per 100nm # This demonstrates the 

only limited interaction with the virgin surface, the preparative 

method removing all physisorbed material leaving only grafted 

species. A pressed, self-supporting, disc gave an infrared v 

spectrum with bands at 2 1 0 ? . 2 0 9 1 s and 2034s, cm (Diagram 1). 

This is inconsistent with adsorbed cluster, but is almost identical 

to that observed for Rh(I) dicarbonyl sites, III, previously 

derived from [Rhg(C0)^g]. In the preceding discussions the highest 

wavenumber vibration was always treated separately, invariably as 

a Rh(III) 8ite(36). However, this three band arrangement is 

strongly reminiscent of that for [Rh(C0)2Cl]g, and based on this 

analogy III would have a dimeric structure (with chloride ions 

being replaced by surface oxide ions). This third vibration is a 

consequence of the bent structure, and the ratio of intensities of 

these bands can be used to calculate the dihedral angle(37). Under 

more forcing conditions, or on other supports, this more ordered 

structure may disintegrate to isolated Rh(l)(00)^ fragments with 

simultaneous loss of the highest absorption. 

To further test this supposition [Rh(C0)2Cljg was 

similarly contacted with virgin 'Aerosil 200'. Over the same duration 

the retrieved silica had only acquired a faint coloration, but a 
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LaRram 

Infrared. Spectra of Producte from contacting [Rhî (00)̂ 2̂ 

with Silica Surfaces 

2107.5 

a/ [Rh^CCO)^^] 

(oyclohexane) 

b/ with 'Aerosil 200* 

(off-white disc) 

c/ with PPhgCEgCEgSIL 

(orange-brown disc) 

2 1 0 0 2000 
(cm-') 

1900 |800 
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self-supporting disc gave v bands at 2109m, 2092.58 and 2036.58, 

cm . This is almost identical to the spectrum of the free species, 

but because it persisted after successive washes it is attributed 

to a chemically attached derivative on silica, with ligand 

substitution of one or both halide bridges. Although not quantified, 

Possible structures of III 

the obviously reduced loading compared to that achieved with. 

[Rhy^(C0)^2], must reflect the greater difficulty of this displacement 

compared to oxidative addition across a Rh-Rh bond* 

Under identical conditions the uptake of rhodium by the 

functionalised silica, PPhgCE^CH^SIL, was much greater (2»55vft/wt9^). 

The final orange-brown silica, IV, was pelletised to produce a 

strong doublet, at 2088 and 2018cm ^, in its infrared spectrum 

(Diagram 1). This shows good agreement (Table 1) to that reported 

from reaction of [Eh(C0)2Cl]2 with the ligand-silica(28); substantial 

differences with that of similar units derived from [Rh^(CO)^g] 

suggests that the nature of the remaining ligands in the coordination 

shell is highly dependent upon the preparative conditions. The 

rhodium content translates to an approximate density of 0.75 
2 

molecules per nm , which is close to the average phosphine coverage 

(0,95nm "). Unless fortuitous, this is good circumstantial evidence 

for ciG-Eh(l)(C0)2 moieties now each bound to a phosphine. Secondly, 

almost complete coordination of all available ligands suggests that 

only a limited phosphinc-oxide concentration exists on the surface. 

This much higher loading on the modified surface indicates that 



Table 1 

(2^1) 

Compound IH (solvent) Reference 

III, (this work) 2107.5m 209IG 

(solid disc) 

[Rh(CO)^Cl]g 2105m 

(hexane) 

2089G 2(%55 (38) 

IV, (this work) 2088 20l8(solid disc) 

[RhCl(CO)g(PPhgCHgCn^SIL)] 2090 20l8(nujol mull) (28) 

cis-[RhCl(CO)g(PPh^)i 2088 2002(hexadecane) (39) 

IV, (Knozinger) 2070 1995(solid disc) (24) 

(Smith) 2084 2002(solid disc) (31) 

trans-[RhCl(CO)(PPh^)^] 

ci6-[RhCl(C0)(PPh )g] 

1961(nujol mull) (40) trans-[RhCl(CO)(PPh^)^] 

ci6-[RhCl(C0)(PPh )g] 1978(nujol mull) (41) 

[Eh(CO)(PE^)(QSiEp] 1967-1956 (26) [Eh(CO)(PE^)(QSiEp] 

(nujol mull or hexane) 

initial contact is through the phosphine groups, and that 

involvement of other appendages is secondaryo Thus multi-

substitution of the cluster framework probably precedes breakdown* 

tethering holding the iMrlt in closer proximity to t)^ other 

indigenous species promoting degradation. Potential involvement 

with'silanol groups is feasible, since the ligand-silica employed 

had not been protected by silylation, although the influence of 

surface water and oxygen cannot be dismissed. These prepared 

samples of III and Df where used in cyclohexene hydrogenation 

experiments, as comparisons against I and II, to demonstrate the 

increased activity of second row transition elements. 

0 
Cn 

0 

\ 
TTTTTTfS 177777777 

777777S'777777 

Proposed structure of IV 
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5.2* Thermal Degradation of [HOs_(CO)^^(OSIL)] 

For the Group Villa metal carbonyl clusters, with 

[Fe^CCO)^^] on the more reactive oxides the hydroxyl groups behave 

as aucleophiles toward coordinated carbon monoxide, with 

concomitant formation of [HFe^CCO)^^] ; reversible physisorption 

only occurring on 6ilica(42)« Thermal decomposition of such 

supported clusters generates very small metal particles showing 

Fischer-Tropsch catalytic activity. The fate of ruthenium clusters 

in contact with oxides, at elevated temperatures, is discussed 

in Chapter Six. 

Oir a variety of oxides the originally physisorbed 

triosmium clusters thermally undergo oxidative addition by a 

surface hydroxyl group forming the grafted cluster [506^(00)^^(0)0], 

M=Si(Va), Al(Vb), Ti(Vc), Mg(Vd) or Zn(Ve)(43,44). In turn, this 

species irreversibly breaksdown to pseudo-monomeric oxidised 

complexes, at varying temperatures reflecting the reactivity of 

the surface hydroxyl groups« Again the involvement of molecular 

oxygen and water is emphasized. For instance on alumina thermal 

decomposition, at 150-.200°C in vacuo, causes the disappearance of 

the original infrared v bands, to be simultaneously replaced by 
«.1 

a new set at 2125, 2031 and. 1970cm . The high frequency band at 

2130 was clearly reduced, during decarbonylation, while that of the 

broad feature at I970 i:;icreased. An observed linear correlation 

between the integrated intensities of these bands inferred an 

interconversion of two carbonyl species* This was endorsed by 

treatment with carbon monoxide (typically 6.5 xlO^N.m ^), between 

200-'250°C, resulting in the disappearance of the band at lower 

wavelength and a parallel increase in intensity of the 2150 band, 

while that at 2050 shifted to 2057cm'"^. In the presence of a partiaJL 

pressure of water these final two absorptions are sharper. Heating 

in vacuo regenerated the initial spectrum, until at 500°C only a 

remnant at 2128 exists, and the final spectinim is characterised 

by two strong absorptions at 2040 and 1970sm"^. 

A similar transformation occurs on silica but slightly 

more drastic conditions (>200°C) are necessary, and the 

corresponding bands are shifted to higher wavenumbers consistent 

with the more acidic nature of the support. Again evidence of an 
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equilibrium between two surface epecies existed, which are 

interconverted by a reversible carboiiylation(45). Conversely, whem 

Vd is exposed to air at ambient conditions, within 12 hours a 

doublet centred at 2013 and 1920cm ^ appeared, consistent with the 

more decarbonylated form(44). Infact the onset of cluster 

degradation, as evident by additional bands near 2130, 2050-30 and 

1970-40cm" , even occurred on alumina at 25°C when exposed to the 

air, particularly if the support was not dehydroxylated(46). 

The general pattern of these infrared spectra are 

comparable, both in position and in relative intensity of the 

absorption bands, with those of the known Os(ll) derivatives 

[05(00)^X2], X=C1, Br or I, and polymeric [08(C0)2l2]n(^7)(Table 2). 

As pointed out elsewhere(48) their structures offer very improbable 

sites for surface oxygens^ with the planar halo-bridges creating 

impossible crowding for the axial ligands close to the surface* 

However, it can be considered that these very constraints on the 

surface stabilise alternative isomeric forms(49) not otherwise 

favoured* Therefore they should be only regajcded as representative 

of typical enviroments and on the surface, where the concept of 

overall molecular symmetry is lost, only the localised system need 

be considered,, A series of other observations, and spectroscopic 

data, provided further evidence that the surface species are oxidised 

divalent osmium units bound to.the support through 0-M linkages, so 

that on.silica [Os(CO)^(OSIL)2,VI, and [Gs(C0)2(03II,)g]^,VII, are 

present, 

XPS measurements(31) on the alumina forms gave evidence 

for the osmium being in the +2 oxidation state. Its Raman spectrum 

showed no bands in the low frequency region (below 200cm *) 

consistent with the absence of any ordered 0s-0s(32). The EXAF8 

Fourier transform of the silica species did not contain any peak 

attributable to a second osmium nearest neighbour(43), in agreement 

with.the lack of aggregation to very small metal particles and the 

existence of highly dispersed mononuclear complexes. Assignment of 

the higher doublet to a tricarbonyl compound with local symmetry 

(A^ and doubly degenerate E(B^) modes) permitted a more detailed 

analysis of the infrared Bpectrum(46). This furnished an estimate 

of the C-Os-C bond angle(97°)^ and the orientation of the carbonyl 

groups to the plane of the support(30°). Development of a tentative 
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model on steric grotindG for the closest approach of a neighbouring 

group led to a shortest possible Os-Os distance of about This 

is jointly responsible with,the known propensity of osmium to:form 

extremely strong Os-0 bonds(53) for the atomic dispersion of osmium 

species. The model compound [0s(C0)^(081Ph^)2]^ was prepared and 

shown to have comparable spectroscopic features(45). The doublet 

of the dicarbonyl species is assigned to symmetric and antisymmetric 

stretching modes for a cis-(C2^ symmetry) arrangement. The same 

species can be obtained by thermal treatment of physisorbed 

[05g(C0)^g], or by slow incorporation of Os(CO)^ units when 

[Os(CO)_^Cl2]g is contacted with silica at 200°G under vacuum, or 

impregnation with OsCl^ and treatment at 150°C with:a partial 

pressure of carbon monoxide to give first the three band, and 

finally the two band pattern(45)» This lack of dependence on initial 

nuolearity again suggested a complete rupture of the cluster cage. 

Additional evidence for the formation of divalent osmium 

species is derived from gas phase analysis above -alumina, which 

shows the evolution of three moles of hydrogen.per mole of grafted 

cluster, consistent with the mass balance given in Diagram 2. The 

important role of surface hydroxy1 groups in the degradation is 

illustrated by the greater stability of Vb on a fluorinated alumina 

surface, from which the most basic groups are eliminated, so the 

remaining ones have properties comparable to those of silica. 

SimilsTly more dehydroxylated surfaces enhance the stability of V. 

These oxidised Osdl) surface species are thermally, 

and chemically, more stable than the corresponding Eh(l) complexes. 

Only on approaching 400°C, under vacuum, does the sample turn bro^m 

and complete decarbonylation occur, but carbon monoxide at room 

temperature again regenerates VI. However, in the presence of 

hydrogen: at 400°C, a similar complete disappearance takes place, 

but tho sample turns gray and when carbon monoxide is reintroduced 

it remains so, and only a broad absorption centred at 2050cm""^ 

develops(45). This corresponds to carbon monoxide chemisorbed on 

metallic osmium; the dispersed nature of the metal still permits 

regeneration of VI by sequential treatment with oxygen and carbon 

monoxide. Selective catalytic hydrogenation of carbon monoxide to 

methane has been reported over silica, alumina(45) or magne8ia(44) 

at conditions whei^e the oxidised osmium carbonyl species should 
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Thermal Degradation of the Grafted Gluster [SOs,(CO)^^(OM)]; M=8i or A1 
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Table 2 

Compound • IE V ̂ /cm"'(colveat) EeferencG 

[00(00)2(061)2]^ (solid disc) .204$ 1970 (46) 

[05(00)2(081)^]^ 2135-30m 2055-45v6br 1960-75m (45, 50) 

[08(00)2!^] (2119) 2045 1988 (47) 

(Nujol mull) 

[08(C0)^(0A1)2]^ 2128s 2037Gbr (solid disc) (46) 

[03(00)^(021)2]^^ 2135-30m 2052-45Gbr(solid disc) (45, 50) 

[08(C0)^(08iPh^)2]g^ 2109m 20238 (Nujol mull) (45) 

[06(00)^01^]^ 

Gf-lBomer 21376 20648 (OECl^) (49) 

y8 -isomer 21293 20486 2035G (49) 

[06(00)^12]^ 21198 20518 (CCl^^) (47) 

:08(CO)jOl2]^ 2136G 20618 (47) 
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persist. Small but detectable amounts of hydrocarbons were 

seen at lower temperatures. However the influence of extremely 

divided metal particles could not be rigorously excluded. 

In opposition to all this evidence, a communication(54) 

has appeared which gives the three band spectrum an entirely 

different interpretation, proposing an increased cluster nuclearity 

with between Os^g-Os^g units on the surface. This arguement was 

largely based on transitions observed in the ultraviolet/visible 

reflectance spectra attributed to metal-metal bonding. Also, the 

relative infrared band intensities were apparently independent 

of the osmium/carbonyl ligand ratios as determined from TPD studies. 

The three vibrations are taken to indicate the presence of 

carbonyl ligands bonded to osmium atoms in formal zero, partial 

negative, and partial positive oxidation states. Notably this 

'self-spread' state was achieved without carbon monoxide loss at 

room temperature when impregnated [08g(C0)^g] was left to stand in 

the dark for some weeks. Thia apparent divergence, enhancing 

increased nuclearity on heating, is possibly the consequence of 

more extensive dehydroxylation (500°C) reducing the support 

reactivity. However this approach is rather less convincing, and 

somewhat retrograde, when viewed in the context of the rhodium 

systems and the following results using the phosphinated-silica. 

5.3* Pyrolysis of Phosphine-anchored Triosmium Clusters 

^ 3 . 1 . Experimental Procedure 

The evacuable Infrared cell depicted in Diagram $ was 

used to carryout insitu thermolytic studies in association ifith the 

Perkin-Elmer ^80B spectrometer. Fabricated from pyrex, it consists 

of two halves. The outer body incorporates two sodium chloride 

windows, fastened between rubber seals by metal clamps. The 

retractable top section contains a tubular holder allowing a 

s6lf-8up2)orting wafer of the material under study to be held 

perpendicular to the incident infrared beam. A resistance wire coil 

around the outside of the holder provided a furnace, with power 

supplied from a Variac, to allow study at an elevated constant 

temperature. This was monitored by a Chromel-Alumel thermocouple. 
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oonnected to a digital readout, positioned inside the holder adjacent 

to the pellet. Once assembled the cell could operate under vacuum 

or any controlled atmosphere, being connected via a gas manifold 

to a conventional mercury diffusion/rotary pump arrangement. For 

the current work, experiments were carried out in vacuo at reduced 

pressures of typically 10"^torr(1.33M.m ^). After outgassing for ^hour 

the temperature was gradually raised to the required setting; 

experience showed the degree of decomposition to be largely 

independent on the rate of heating. 

Two approaches were adopted. To form a reasonably 
8 —2 

transpajî 'ent pellet (10mm diameter) a pressure of ca. 2x10 N.m"^ 

was applied to an evacuable die, although as it did not influence 

the pellet quality evacuation was normally deleted. This pressure 

is considerably higher than used elsewhere (ref.22, SxlO^N.m"""^), 

but probably arises from functionalisation increasing particle size, 

and the attempt to silylate the remaining surface. The formed 

lipophilic^ layer imparts nonpolar characteristics to the silica 

particles so that they tend to repel eachiother. Even so, the 

considerable scattering of the incident radiation by, and strong 

absorptions particularly below 2000cm of, the background silica, 

coupled with alignment problems with.the cell, resulted in very 

weak and poorly resolved spectra. At such.a sample compression 

there is concern about alterations in the surface structure; scanning 

electron microscopy has shown(55) that for pure silica (10 A m 

particle size) pressures of 7.5x10^N.m' cause loss of observable 

particle boundaries. This will restrict desorption (CO, H^O etc.) 

processes, but also bring many groups into closer contact on a 

modified surface, and thus possibly altering decomposition pathways. 

A compromise which improved spectral quality, and reduced 

the problem of close contact, involved diluting in a potassium 

bromide matrix. With this method it was not normally necessary to 

hold an optically equivalent, compensating silica disc in the 

reference beam* However a reference beam attenuator was still used 

to adjust the baseline. This allowed the surface species to be 

studied incitu throughout an experiment but did introduce a further 

parameter. For this reason each run was carried out in duplicate, 

being repeated.using the cell solely as a furnace and treating an 

opaque silica disc, formed milder the minimum compression, at identical 
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conditions, cooling and then mulling to characteriGo the surface 

species. No difference was taken to indicate the inertness of the 

potassium bromide matrix* The cell was used solely for convenience, 

a more exact mull technique would involve treatment of the free-

flowing silica in a sealed evacuated tube, and then preparing the 

mull in a purged glove-box(55)» The alternative method of cluster 

impregnation onto a preformed disc was considered inappropriate 

only further aggrevating the infrared transmission problems. 

5^.2. Thermal Treatment of [Os^(CO)^^(PPh^t)] in a KBr Matrix 

As a reference, the pyrolysis of [Os^(CO)^^(PPh^Et) 

dispersed in a KBr matrix is reported. Spectroscopic Grade KBr, 

predried in an oven at 110^0, was used. A small, spatula-head 

quantity of VIII was ground with sufficient KBr to produce a disc 

giving reasonable absorptions when.mounted in the evacuable 

oellc It was transparent with: only a faint yellow appearance. The 

cell was pumped down to a working pressure of 2x10" torr and the 

infrared spectrum recorded at 26°G (Diagram 4). Thia,%, is more 

complex than.that observed in solution, being consistent with a 

polycrystalline sample. As such, the frequencies show a better 

correlation to those in the Raman spectrum reported elsewhere 

($6), and confirmed in this thesis. 

The temperature was gradually raised through the first 

* hour to 75^0. Spectra were recorded at 15 minute intervals, over 

the region 2200-1 Soocm""^, with a scan time of 3 minutes (mode 'tA). 

On approaching the operating temperature a rapid transformation 

occurred(4b) with the emerged spectrum more closely resembling 

that found in solution. This change is irreversible since after a 

3^ hour period the sample was cooled down to 20°G but the spectrum 

did not revert to its original state. No further modification 

occurred on reheating to 74°C and leaving for 16 hours. A similar 

phenomenon was observed for [H^03^(C0)g(PPh^Et)],IX, held in a 

KBr disc at about the same temperature. The likely explanation 

involves breakdown of the microcrystalline particles with the 

molecules intimately mixing in the KBr so becoming truely matrix 

isolated. 

A fresh disc was prepared, and after evacuation, the 
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Diagram 4 

Infrared Traces from I^oDj/ais of [Os_(CO)^^(PPh_Et) 
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temperature quickly raised to 113°C within hour to give the same 

result* This temperature was maintained for 2 hours before increasing 

to;127°C, and holding for another 18 hours. Over the initial 8 hour 

period spectra were recorded every 15 minutes, with a scan time of 

0.7 minutes (mode 4). During this stage ( ^ and the emergence 

of several new bands, particularly one at ca. 2065cm ^, was evident. 

At the end almost all the frequencies due to VIII had disappeared, 

to be replaced by ones at 2099vw (possibly still a remnant), 2062v8, 

203OV8, 2016m, 1996m and 1985m, cm These remained essentially 

unaltered on cooling (4g) and then reheating to 150°C for 2 hours 

(M). 
The general complexity of this spectrum suggests the 

product has retained the cluster framework. If the KBr matrix is 

completely inert, then by analogy with the known.solution chemistry 

[08^(C0)^(PGHgCEgSII,)(CgE^^)] might be expected. Indeed, there is 

a vague resemblance in pattern, but unfortunately an. attempted 

extraction with.CEgCl^ did not yield sufficient material for 

further characterisation. The reduced degrees of freedom imposed by 

the KBr could also stabilise an otherwise reactive intermediate in 

the degradation pathway. 

Alternatively an interaction with the KBr is possible. 

The reaction of [Ru^CCO)^^] with KBr, in the presence of Me^NO 

followed by acidification, to give [nEu^(CO)^QBr] has been reported 

(57). The assumed intermediate K[Ru^(CO)^QBr] is conceivably isolable 

in a solid-state reaction* Ebwever the present spectrum seems more 

consistent with a neutral, rather than ionic, cluster. Trace amounts 

of water could also be important. [208^(00)^^(011)] is isolated as 

one of the products from the high temperature preparation of 

[OG^(CO)^g](58). Potassium hydroxide also reacts with the parent 

carbonyls by nucleophilic attack at a ligand to yield K[M^(CO)^^], 

M=Ru(59) or 02(60); protonation leading to [HOs^(CO)^Q(OH)] through 

reaction of the intermediate [HgOSy(CO)^^] with water. Direct 

reaction with.KH also gives K[ERiy(C0)^^](6l). However, an attempt 

to react [E208^(C0)^Q(PPhpEt)] with water(4fiil) in CE^Cl^ was 

unsuccessful, eventually heating to reflux only gave decarbonylation 

to IX which remained unaltered even at 100°C overnight. However, 

the infrared of .the matrix product does show some similarity to 

that reported for [Os^(CO)Q(PPh^)HX] (Table 4). Whatever, this 
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uncertainty does underline the importance of repeating rimis in 

duplicate to dismiss any effect due to the KBr matrix. 

The above observations are interesting when compared to 

an Infrared Investigation carried out on the thermal decomposition 

of a series of parent neutral carbonyl clusters supported in KBr(62), 

In all cases it exerted a matrix effect which increased the 

temperature of decomposition, and of transformation of the clusters 

to metallic particles. For [M^(C0)^2], M=Os or Ru, kept in the 

matrix competitive sublimation of the cluster, or a decomposition 

intermediate, is prevented; a problem encountered in a companion 

thermogravimetric study in the same paper. It was concluded that an 

inert matrix imposes mass transfer limitations hindering the process 

of diffusion to the surface. 

Pyrolysis of [qs^(CO)..(PPh_C%CH.SIL)] 

An [Os^(CO)^^(PPh2CH2CHg8IL)],^KBr disc was mounted in 

the cell which was then, pumped down; to 10"^turr. The infrared v 
CO 

spectrum confirmed retention of the original cluster species after 

compression and evacuation. The temperature was raised to 130°C 

over an hour, and then held for another 14 hours, spectra being 

recorded on an hourly basis between 2200-1Soocm" . A remaining 

background absorption from the silica still masked the lower region, 

reducing the spectrum quality. However, within the first hour the 

almost total decay of I was evident, with a broad absorption.centred 

about 2000cm"" seen* With time this gradually separated into two 

strong bands, a weak shoulder at ca. 2120cm"''̂  present after an hour 

also slowly disappeared. At the end, the cell was cooled to room 

temperature before the tan-coloured wafer was removed and mulled to 

give two bands of equal intensities at 2030 and IS^Bcm""^ (Diagram $). 

No attempt to protect the final disc from air was made, but this did. 

not effect the integrity of the final species, X. In contrast, a 

preliminary experiment involving heating I under reflux in n-nonane 

for 5 hours gave a silica paler iniappearance than the starting 

material. This gave a broad infrared spectrum (2094vif, 2075m, 

206lm-ssh, 2043s, 20l8-2015vs and 2000-1950brsli, cm"^)(63), without 

any indication of X. Although not further investigated, these 

conditions appear more conducive to retention of the cluster frame-
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work, and the product may be a combination of the thermolysis species 

from [Os^(CO)^g_^(PPhgCHgCEpSII,)^], n=1-3. 

As a comparison the behaviour of physisorbed [Os^(CO)^p] 

on unfunctionalised 'Aerosil 200' was studied briefly* The silica 

(0.0502g), previously washed and dried in vacuo at 130°C for 24 

hours, was suspended in GHgClg and a solution of [Qs^(C0)^2](0«0l47g) 

added* Nitrogen was purged through to remove the solvent leaving a 

light yellow silica (calculated I4»3wt/wt5^ osmium). A formed KBr 

disc gave the expected 16 band spectrum(54) consistent with the 

presence of cluster crystallites at such a high loading. After 

evacuation, the temperature was raised rapidly to 130^0 and the 

transformation to the grafted cluster, Va, occurred within 2 hoursc 

The general broadness, and slight shifts to lower wavenumbers, was 

consistent with a highly hydroxylated surface. Thereafter spectra 

recorded at hourly intervals for 10 hours revealed only slight 

changes attributed to the onset of breakdown to VI(ca. 2120 and 

2035cm"' ). This divergence in result compared to that on PPhgCHgSIIj 

confirms an active participation, of the pendent ligands in the. 

accelerated degradation of I. 

Finally the decomposition of [Ru^(C0)^^_^(PPhgCHgCH2SIl) ], 

n=1-3, is mentioned here, but discussed further in Chapter Six. 

Pyrolysis of a self-supporting disc in the evacuated cell at 100*̂ C 

caused a rapid change to give a doublet at 2052 and 198lcm"^ 

(Diagram 5). A similar result was obtained from [RUg(CO)^yC] showing 

the pyrolysed material to be independent of the originally supported 

cluster. The frequencies are sufficiently different from those 

reported for pyrolysis of [Ru^(C0)^2].adsorbed on unfunctionalised 

silica-gel to indicate that probably the ruthenium atoms are still 

bonded to phosphorus under these conditions. Infact a large P:Ru 

ratio of ca. 15:1 allowed a tentative assignment to an oxidised 

ruthenium(ll) species by comparison with the v, spectrum of cis-
«a» "I ^ ̂  

[Eu(C0)gCl2(PPh2Me)2](2059 and 1996cm"" )(48). As thermal contact 

of [06^(G0)^p] with PPhgCH^CHgSII,; under reflux in toluene, also 

gives the mixed product [Os^(CO)^2_^(^^^2^^?^^::^^^\^* ii=1-3, 

thermolysis of I might be expected to proceed similarly by phosphine-

substitution at each metal centre prior to breakdown. 

5.3"4. Thermal Decomposition of [ngOs^(CO)._(PPh_CE^CILgIL)] 
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This was studied in greater detail. For completeness the 

investigation began from [H^0s^(C0)^Q(PPh2CE^CE\SIL)],XI« A5 

described in Chapter One, when held in the infrared beam a rapid 

decarbonylation occurs in less than an hour, with the disappearance 

of the characteristic bands of 2^ ( ^ ) and simultaneous emergence 

of those f o r ^ (5&). The trace ^ clearly illustrates this transition 

with the bands at 210$ and 206$ now only shoulders on new ones at 

2091 and 20^2cm'' , a shift to lower wavenumber for the strongest 

absorption is also obviouso Through this transformation the disc 

darkened from yellow to a deep green. 

In most preparations of I^ two shoulders also appear at 

2063 and 2033cm""^ which are due to a second species. When a sample 

was stored for an extended period, without particular precaution,to 

exclude air or light, its infrared v spectrum C6d) shows a further 

increase in these features, combined as a broad band centred at 2033 

and the groifth of a second band at 2115cm'"^. Bslow 2000cm 

a loss of definition is indicative of other changes; these 

modifications were augmented by the silica becoming yellower in 

appearance. This ageing process is taken to completion if ^ is 

heated to in vacuo overnight. The final disc (&a) is a straw 

colour and exhibits three absorptions in the v region at 211 

2033vB and 1968m-s, cm" . If in turn this material is heated at 

1^0t2^C, in the evacuated cell for 10 hours, the highest wavenumber 

band slowly disappears, while that at 2033 loses intensity relative 

to that at 1968cm"^ until both are of approximately equal strength. 

The eventual positions, at: 2031 and 1965cm" , are similar to those 

seen, (X); from pyrolysis of I at 130°C, and the disc was broivn (6f). 

Finally, heating overnight at 200°C caused the sample to turn black 

and the prominence of the background silica absorption below 1900cm 

shows that it. is almost totally decarbonylated (^)c Presumably 

formation of metallic osmium has occurred, but no attempt to qualify 

the extent of aggregation was made. 

5»3»^* Assignment of Degradation Products from Phosphine-tethered 

Triosmium Clusters 

On first inspection, the product from thermal decomposition 

of II at 95°C (6e) has an infrared spectrum similar to that 
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obtained by thermal oxidation of [02^(00)^2] on silica above 150°C 

(4$), but with all absorptions moved to lower wavenumber positions 
am '1 ' ' ' 

by approximately l^cm . Perhaps the arguement proposed by 8mith(31) 

for adoorptlon of [Rhg(CO)^g] on a surface with a limited number of 

available phosphine groups is applicable accounting for this shift. 

However, in the current work contacting [02^(00)^2] directly with 

virgin 'Aerosil 200' also resulted in comparable shifts, and may 

thus just represent a variation in the surface nature of the 

unmodified silica. The same experiment also provided the strongest 

evidence for a direct involvement of the pendent phosphines in the 

accelerated degradation of I. 

The analytical data for the anchored clusters is reproduced 

belowo An osmium/phosphorus ratio of about unity for each silica 

Table 3 

Compound Os (wt/wt9$) P h- •aa'l 
Os (x10 mol.g"" ) P 

PPh^CH^CHgSII, 

[Hg Os^(C 0)^ Q(PPhgCEgCEgSIL)] 

[Eg 08^ (CO)^ (PPhgCEgCEgSII,) ] 

[06^(00)^^(PPhgGEgCEgSIL)] 

0.89 

4.06 0.77 

5.50 0.94 

3.78 0.80 

2.9 

2.1 2.5 

2.9 3.0 

2.0 2.6 

indicates that thisre are approximately two free phosphines per 

anchored cluster (neglecting the possibility of a fraction being 

present as phosphine-oxide). The phosphorus content (oa. O.S^wt/trt^), 
2 

corresponding to an average of 0.9 groups per nm , falls well within 
2 

the necessary requirement (0.37 molecules/nm ) to allow potential 

multisubstitution of a triosmium core. Ofcourse, this figure is 

based on a perfectly evem coverage whereas in reality concentrated 

islands are likely to exist further enhancing this possibility. Even 

GO; whilst it is relatively easy to envisage disustitution, it is 

very unlikely that three groups will be oriented correctly to match 

the more demanding surface geometry required to stabilise a 

trisubstituted derivative, without previously being attached to 

some kind of template. This is aptly demonstrated by contacting 

[Rii^(C0)g-[pP2CIIpCE28i(0Et)^^] with silica at room temperature which 
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does yield the fully tethered form, aa witnessed by nearly 

quantitative photochemical diGaGeembly-reasseEibly to [Ru(CO)j;̂ -

(PPhgCHgGEgSII,)]. Attachment by SCHEME TWO dictates the distribution 

of fragments. Conversely, photolysis of the anchored derivative from 

[Ru(C0)2^{pPh2CE2CHg8i(0Et)^^] did not produce the cluster because 

the random distribution (complicated by a lower coverage) was 

incompatible with the spatial requirements(64). 

Thus, if formed through thermal activation, the strain 

present in [08y(C0)_(PPh^CH^CEgSII,)^] could be sufficient to rupture 

the framework to give unsaturated d 'Os(CO)^(PPh2CE2CH28II,)* 

fragments. The Effective Atomic Number rule could be satisfactorily 

met by coordination of a second phosphine to give [08(00)^(PPhgCEgCHg-

>2-811)2]$ with the osmium s t i l l in the zero oxidation s ta te . Eowever, 
th i s i s inconsistent with the limited number of phosphines available 
on the surface, and the reported single absorption at iSgOcm"^^ in 

8 
the infrared spectrum of [C^7(C0),(PPhy)^](65)e Both d complexes 

are susceptible to oxidative addition to form stable adducts of d 

configuration; thus [Os(CO)2(PR^)2X2] is obtained with EX or X2* 

X=halogen, the latter via a 1:1 adduct(65). Just as known hallde 

complexes were used(4^) as suitable models for the surface adsorbed 

species on the various inorganic oxides, then known phosphine 

derivatives may represont the most likely candidate structures now., 

[08^(00)^2] reacts with ECl, at 170°C in a sealed tube, 

to give the dimeric [Os(CO)^Cl2]2(^9)" ^he action of Clg on 

[02^(00)^^012] at room temperature gives the same product plus 

ci8-[06(C0)2|_0l2](6G). At the more forcing conditions (extended reflux 

in benzene) necessary to form the original halocarbonyl cluster the 

latter species would also decarbonylate to the dimeric species(47)o 

In comparison, [0s^(C0)gI^], laPEt^, PPhEtg or PPh^Me, reacts 

immediately (15 seconds) with excess Cl^ at room temperature to give 

selectively [06(C0)^(PR^)Clg](66). I n turn, at higher temperatures, 

this will dimerise to the known [Os(CO)2(PR:^)Cl2]2* also obtained 

from halogenation of [Os^(CO)^QLp](G6). With excess phosphine both 

monomers react to yield [08(C0)2(PR^)2Cl2]* Comparison with the 

infrared data of these model compounds immediately dismisses 

[0s(C0)^(PPh^CE^CE2SIL) (0SII , )^],XII, being the observed surface 

species. 

Just as [03^(00)^2] s i l i c a undergoes thermal degradation 
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Table 4 

Compound. IR V /cm" (solvent) 
CO 

X, breakdown product 

from I, in vaouo 

Il/XI decompostion product 

i) 95°C, in vacuo 

ii) 150°C, in vacuo 

[l^08^(C0)^(PPh2- ® )] 

breakdoim product 

[Os^(CO)^2]/Gilica, 150°C 

[Oa(CO)^(OSIL)g^]^ 

[03(02) (C0)2(PPly)2] 

trans-[Os(CO)^(PPh^)2] 

trans-[08(C0)2(PPh^)^] 

[08(CO)2(PPh^)^X^] X=C1 
o'2"2-

Er 

I 

[0G(G0)^(PPh^)Cl2] 

[08(00),(PEt.y)Cl^] 

[06(C0)2(PPh^)Cl2]2 

[OS(0 0)2(PPhgEt)Gig Dg 

203OV8 

(nu jo l mul l ) 

2113w 2033VS 

(nujol mull) 

2031V8 

(nujol mull) 

2122W 2030br 

(membrane) 

2128m 204^vs 

(solid disc) 

21208 2035s 

(nujol mull) 

2058VE 

1968m-

I965VE 

1 9 6 ^ 

1973m 

2005vs 1945V8 (68) 

(KBr) 189OV6 (65) 

I895V8 (68) 

(CH2CI2) 2043vs I97ITS (56) (CH2CI2) 

2043v8 1974vs or 

204lvs 1975VS (69) 

2123W 2048s 2017w (70) 

(nujol mull) 1978s 

2144w 207OVS 2023s (66) 

(cyclohexane) 

(CHCl^) 20516 1981s (66) 

(CE2CI2) 20438 I97IG (71) 

Reference 

This work 

This work 

(67) 

(45) 

T h i s work 

initially to tho tricarbonyl adduct.VI, so by analogy on a 

phosphinated silica the substituted [Os(CO)2(PPh2CH2Cn2SIL)(OSII,)2]^,' 

X, Is formed. This is consistent with the observed surface 

stoiahiometry, whereas a species analogous to the more frequently 

met [08(00)2(^^^)2X2^* which show a better correlation in positions 

o f infrared v absorptions (Table 4 ) , is not. However the sample 

at 130°C has darkened considerably suggesting that some decomposition 
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to metallic osmium had occurred, particularly as the homogeneous 

analogues tend to be colourless in the absence of a strong chromophoro, 

Then the elemental analysis may no longer be diagnostic, or the 

carbonyl containing species be the only osmium ones on the surface. 

Although X and XII are formally designated as containing two surface 

oxide linkages this is probably an over simplification. For both I 

and ^ the ligand-silica employed had been silylated during 

preparation, so the silanol concentration will be limited. Then the 

influence of surface water and oxygen (or phosphine-oxides) has to 

be considered. Interestingly the dioxygen complex [0s(02)(C0)g(PPh_)p] 

(68) can be isolated by dissociation of a phosphine ligand. 

Again the constraints imposed by the surface can stabilise 

a species otherwise unfavourable in solution. Whereas [08(C0),^^^Xr,], 

X=halogen, react with phosphine to give [0s(C0)2li2%2^* without 

reported isolation of [%(C0)^(P!R^)X2], it has been shown that 

certain circumstances do allow its formation, namely halogenation 

of [%(CO)gI]i^] in the absence of free donor ligand. Then formation 

of [0s^(C0)g(PPl:2CH2CH2^IL)%]* followed by cleavage of the metal-

metal bonds to give XII (and decarbonylation to give the observed 

X), is supported by the recorded P:03 ratio and the knoim tendancy 

of [03^(00)^2] to undergo progressive substitution at the three 

metal centres. Substantial amounts of bis-phosphine complex would 

only be anticipated in the presence of carbonyl-only adducts, or 

considerable breakdown to osmium metal. 

The observed seqiience with ^ is more complicated, 

although the eventual doublet at 150°0 can be treated as above. At 

a third band at 211]$cm""̂  is present representing another species, 

whose formation:is a function of the originally supported cluster. 

A divergence in behaviour with excess phosphine has already been 

established for the solution chemistry of VIII and but then 

[0s(C0)^(PPh^CH^CH^8II,)^(0SII,)^],XIII, would be projected and this 

is not consistent with the infrared data. There is an overall 

resemblance to the spectrum of [O3(C0)7(PPh^)Clp], however the 
o 

continued persistence of a residual feature even.at I50 G militates 

against this. In;preference, the co-formation of [03(CO)^(OSIL)2]29 

VI; is proposed, which accounts for the increased intensity of the 

middle absorption through overlap with the accompanying vibration 

at 2035Gm" (this work). Then at higher temperatures it reacts with 
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Diagram 7 

Proposed Thermal PGCompoBltlon Pathways for PhoGphine-anchored 

Trlosmium CluGtere 

(CO) (CO) 

(OC) 

L M l 
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fOs (CO) (PPh (CH ) S I D ] [HOs (CO) (PPh (CH ) SIL){OSIL)] 
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Underlined species 
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CO 4^ 

PPh (CH ) 5 I L 
2 2 2 AND 

[Os(CO) (PPh (CH ) S I L ) ( 0 5 I L ) ] 
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remaining uncoordinated phosphines to give X, or decarbonylates to 

a metallic form; at intermediate temperatures the former will be 

favoured. The susceptibility of the double bond in [5^08^(00)^^] to 

addition, at low temperatures under vacuum, leading to the 

grafted cluster Va is well establi8hed(45). By analogy, 

[HOs^(CO)^(PPh^Cn^Cn^SIL)(OSIL)],XIV^ would be expected, but the 

lack of any interim, complex spectrum suggests, that if formed at 

the conditions employed, the strain caused by the two linkages in 

close proximity must be sufficient to rupture the cluster framework, 

causing genesis of both phosphine containing, and absent, metal 

carbonyl fragments (Diagram 7). Interestingly, a three band spectrum 

(Table 4) is also produced from thermal breakdown of the anchored 

variant of II on modified-polystyrene8(67). This was rapid on 

random copolymers containing residual bromo-groups, but still 

occurred, at 120°C under vacuum, on block polymers where no such 

groups exist (representing a parallel with unprotected and sllylated 

silica surfaces). 

SECTION (3); Olefin Bydrogenation by Phosphine-anchored Triosmium 

Clusters 

5.4. Eydrogenation of Ethylene 

There are scarcely any well established catalytic cycles 

involving metal clusters, but a notable exception is olefin 

isomerisation and hydrogenation by [H20s^(C0)^Q]o Several intermediates 

identified, i&ad a catalytic cycle established, As d^iscribed 

(72), its phosphine substituted derivative,^,has a similar chemistry 

with olefins, namely ethylene, and hydrogen. Further, the effect of 

the phosphine has also allowed isolation of another proposed 

intermediate in the mechanistic cycle. As a close analogue to II* 

this extensive solution chemistry provides a firm basis from which 

to study the potential catalytic activity of the anchored cluster. 

More specifically, ethylene hydrogenation was chosen as a model 

system for the following reasons 

i) To avoid the complication of competing 1-alkene 

isomerisation ii) The greater simplicity of the anticipated 
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Diagram o 

Infrared ) l^ectra of the Products from E^drqcenation of 

a/ 

b/ 

o/ 

a/ Minor red product, XV, possible 

Isomer B of [EgOs^(C0)^(PPh^Et)] 

b/ Reaction mixtiire from hydrogenation 

[C^^(C0)^^(PPh2Et)] inn-octane, 

125 0, 2 hours, 

o/ [n20s^(G0)^(PPhpEt)] prepared 

by heating [E2(^^(C0)^Q(PPhpEt)] 

(a/ and c/ recorded in oyclohezono) 
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organometallic derivatives w i l l aid infrared spectroBCopic 

iden t i f i ca t ion , 

iii) To minimise, or prevent, rates of diffusion on 

the support becoming limiting. 

This is extended to include I as a catalyst precursor. 

Catalytic activity will be initiated by a coordinatively unsaturated 

site, which is inherent in ^ and but must be generated by 

dissociation of a carbonyl ligand from I and VIII at the operating 

conditions. Thermal activation of [Os^CCO)^^] to coordinate hydrogen 

(73) or ethylene(74) only occurs upon heating under reflux in 

n-octane. Hydrogen coordination to give [2^03^(00)^^] is the more 

facile reaction so, by analogy, I would be expected to transform 

into and thus enter the same catalytic cycle. 

Evidence for this necessary conversion has appeared(75), 

but without any experimental detail or quantification. A qualitative 

verification was sort by attempting atmospheric hydrogenation of 

VIII(0.051g) in different boiling range hydrocarbon solvents. Under 

reflux in n-heptane(bope=:98.5°C) no change in the infrared v 
co^ 

spectrum was seen after 3 hours. However, in n-0Gtane(b.p.s12$ C) 

nearly all the frequencies due to the starting material had 

disappeared within 2 hours. The emerged spectrum broadly resembles 

that of After a further hour the solution was cooled down, and 

the residue chromatographed using n-hexane/Et^O (4:1 v/v) as eluant* 

A small leading, lime-yellow, band was identified as a remaining 

trace of VIII. The following, purple-green, band was I as the major 

product; the desired conversion being succesGfully achieved. Beneath 

this was one other prominent red band,)r^, which gave the infrared 

V spectrum shown in Diagram 8. This is clearly the only other 
component providing a significant contribution to the observed 

spectrum after 2 hours. Further characterisation was not undertaken, 

but several observations are pertinent. 

i) Its spectrum does not resemble that of any of 

the crude products seen from a preliminary pyrolysis of DC at the 

higher temperature of reflux in n-'nonane. Niether is there any 

correlation with the adducts isolated from thermolysis of 

[Os^(CO)^^(PR^)]. 

ii) Extended reaction times, in the presence of 

dihydrogen, might be expected to yield the tetra-osmium species 



Tablo 5 

( 2 7 5 ) 

Compound IR Vco/cm' ( c y c l o h e x a n e u n l e s a stated) 

[BpOG2(CO)g(PPh2Et)] 2093m 2054s 2013VS 2005m 

Isomer (A) 1990m 1975m 1957W 

Isomer (B) 2096w-m 20638 2055W 2030s 

2014vG 2000m-s 1960.5m I947.5W 

[08^(C0)g(PPh^)HI] 

(Ref.80) Isomer (A) 

2095?w 209OW 2063G 2058Gh [08^(C0)g(PPh^)HI] 

(Ref.80) Isomer (A) 20358 

1964vw 

20078 

1957™ 

1997m 1970W 

2^(00)^^ (PfOMe)^)] 2095W 207078 2060VS 20208 

(Ref.76) 20008 I99OW (n-pentan 3) 

[ E / * U 2 ^ ( C 0 ) i i ( P ( 0 M e ) 2 ) ] 

(Ref.77) 

2097m 

2030V8 

2058vG 

20178 

2 0 6 0 s b r 

2008s 

2032VS 

1974w 

[E^Ru^(CO)^Q P(OMe)^ g] 

i 

2080m 20598 2039W 2023vsbr [E^Ru^(CO)^Q P(OMe)^ g] 

i 

20018 1967w 

[n^,Os. (CO)^^ (PPb^Et) n=0"2. However, the reported data for 
T f I Zi 

[H2^052{(C0)^^(P(0Me)^)](76), and the related ruthenium adducts(77;78), 

is incompatible with this proposition. 

iii) More likely is the existence of an alternative 

isomer of VIII. 

The isocyanide analogues are known to exist as an 

equilibrium mixture of isomers in solution, with the ligand either 

occupying an equatorial or pseudo-axial position on the bridge-head 

06mium(79)» The tertiary-butyl- and phenyl^derivatives selectively 

crystallised in the equatorial and axial forms respectively, and 

wei'e structurally characterised. AB a sterically controlled 

distribution this type of isomerisation is not a suitable explanation. 

Instead, an isomeric form with the phosphine located on the osmium 

away from the unsaturated edge is preferred. 3)his is supported by 

a reasonable correlation to the infrared v spectra of 
CO 

[Os^(CO)^(PPh^)EX], X=C1 or I, for which such a structure has been 

established. The method of preparation can effect the final 

configuration of a cluster as epitomised by [Os^(CO)g(PPh^)(/^^-SE) 

Room temperature treatment of [08^(C0)g(X2-H)(M.^-SE)] 
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with PPhi, gives the equivalent of 3^(81); whilst thermal treatment 

(80°C) of [08^(C0);|Q(/^.2-H)(/^[^-SPh)] gives a mono-substituted 

product with a structure analogous to but in association with 

di- and, most likely, tri-substituted derivatives(82). Then the 

orbital control that gives selective formation of Isomer (A), from 

the conventional route to may not be operative during thermally 

activated hydrogenation of VIII and a more statistical distribution 

of isomers results* If correct, the presence of XV will not distract 

2 

PPh Et 
2 

rO Oc 

Isomer (A) Isomer (B) 

Possible Isomeric Forms of rBL08?(C0)r.(PPh_Et)] 

from the potential catalytic activity of VIII, indeed it might be 

expected to resemble more closely that of [1^08^(00)^^] 
1 0 -

As a consequence, a temperature of 110 C was chosen for 

catalytic studies involving ^ and VIII. A lower temperature of 75°C 

was used for ^ and K , to allow closer comparison to literature 

data for [EpOs^(CO)^Q] and recent work published dealing with alkene 

isomerisation by II. A total pressure (NPT) of ^OOpsig was used, 

with ethylene and hydrogen partial pressures of 75psi and 240psi 

respectively. This ratio of gases was somewhat arbitary, but an 

excess of hydrogen served two functions* 

i) To compensate for its lower solubility, 

ii) For the proposed catal]rtic cycle (Diagram 19) 

a greater hydrogen concentration is expected to reduce the rate of 
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deactivation, by (X-hydrogen abstraction from a second coordinated 

ethylene after evolution of 6thane. Even for 1-alkene isomerisation 

the presence of hydrogen is reported to extend the catalysts 

lifetime(83). 

5.5. Experimental Procedure (Diagram 9) 

The catalysts used were those prepared and characterised 

in Chapter Qne^ they were not pretreated in any manner before use. 

Ethylene hydrogenation reactions were carried out in a 

batch system. This incorporated an Autoclave Engineers bench top 

autoclave, fabricated in 316 stainless steel, connected to a O-GOOpsig 

Budenberg pressure gauge, a needle valve, and a gas manifold, by 

0*125 inch o/d tubing with Gyrolock/Swagelok compression fittings* 

The bomb had a nominal volume of 20ml. This was loaded with the 

appropriate catalyst (typically the equivalent to 2x10""^ mole of 

Guspendedg or dissolved, in 10ml of a non-polar, de-gassed, 

solvent. Foi' [EgCe^(C0)Q(PPh2R)] this was n-heptane, and iso^octane 

for [Os^(GO)^^(PPhpB)]o The system was then flushed twice by 

pressurising to ^Opsig with ethylene, and quickly venting to 

atmosphere without agitating the solution. A charge of ethylene 

(75pGi) and hydrogeni (240psi), both CP Grade reagents, was introduced. 

The assembly was suspended in a silicone-oil bath, preheated to 

the desired constant temperature, and agitation with a magnetic 

follower commenced. 

After the designated time interval, the bomb was withdrawn 

from the bath and cooled to room temperature by immersion in water* 

It was then carefully vented through a ^OOml, ^-necked, flask; 

fitted with gas inlet and outlet tap assemblies and a suba-seal cap 

to facilitate sampling by syringe. This had previously been 

thoroughly purged with white-spot nitrogen. Once the venting was 

complete, the discharge vessel was closed off and a gas sample taken 

and the ratio of ethylene to ethane determined by gas chromatography. 

Analysis was performed on a 2m x 0#24m, 2^ Porapak Q (8O-IOO mesh) 

column at 50°G with nitrogen carrier gas (iGpsig). A relative 

response factor of 1.47, in favour of ethylene, was found by 

flushing the discharge vessel with the appropriate gas (CP Grade 

ethane), injecting 50 K1 aliquots and measuring the average peak 
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Diagram 9 

Apparatus used for Ethylene HydroRenatlon Reactions 
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height. The absolute amount of hydrogenation was then calculated 

on the basis of the known pressure of ethylene used and the dead 

volume (10ml) above the solution, no agitation being incorporated 

dnring charging and the highest steady pressure recorded before 

absorption became appreciable. 

5o6. Results and Infrared Spectroscopy 

The results from the ethylene hydrogenation reactions 

are summarized in Table 6. A more detailed listing of the precise 

conditions for each run, and the product analysis, is given in 

Appendix 1. 

5.6.1. Homogeneous Systems 

The ethane yields (moles of ethane per mole of triosmium 

cluster present) for ^ and VIII are approzimately 95 and 101, after 

20 and 24 hours, respectively. In both cases the recovered hydrocarbon 

solutions were yellow in appearance and gave the infrared spectra 

in Diagram 11. Clearly cessation of catalytic activity had occurred 

well within the designated run time and no rate data cem be derived, 

except that tumover numbers are well in excess of 4 hr"^. One run 

using IX, where a leak from the bomb developed, afforded a lower 

ethane yield of 75 after 20 hours, although the composition of the 

recovered solution was virtually identical. Combined with the 

observation that the percentage of ethylene converted with both 

catalysts is very similar (ca. 859^), this implies a dependence on 

ethylene, and/or possibly hydrogen, partial pressures. 

The Infrared spectra of the spent catalyst solutions 

cannot be interpreted in terms of the various species characterised 

in Chapter Three. However, the product distributions represented 

by the two spectra appear related, with that obtained from VIII 

being a further progression on from that with ^ due to the higher 

temperature. Unfortunately, insufficient material was available 

for detailed analysis, but the extended reaction times, in 

conjunction with super pressures of hydrogen and ethylene at elevated 

temperatures, will conceivably promote alkeae coupling reactions, 

or formation of higher nuclearity products, as already seen with 
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Diagram 10 

Kinetic Keasuremento for Ethylena Hydrogenations catalysed by 

Triosmium Clusters, 

Table 6 

Temperature 

('̂ C) 

Duration 

(hours) 

Moles of 

06^ used 

Moles of 

ethane formed 

Ethane Yield 

moleG/mole^g 

[n_08^(C0)_(PPh.CH_CE«SIL)] 
^ y c c 

All at 

7$°C 

20 

20 

44 

1.7 X 10"^ 

3.37 X 10"^ 

1.7 X 10""̂  

3.38 X 10"^ 

[Eg03^(C0)^(PPh^Et)] 

75 

75 

20 

20 

1.94 X 10"^ 

1.94 X 10"^ 

[Oe^(CO)^^(PPh^CE^CE^SI]j)] 

1 1 0 
n 2 - 2 2 g. 
24 1.41 X 10"^ 

[03 

110 

^^(PPhgEt)] 

24 1.82 X 10"^ 

4.44 X lO"^ 

3.40 X 10"^ 

1.43 X 10"^ 

4.42 X 10"^ 

1.84 X 10' 

1.50 X 10' 

9.87 X 10" 

'3 

1.83 % 10' "3 

2.61 
10.09 

8.42 

13.08 

94.90 

76.33 

70.00 

100.66 

15 
P].ot of Ethane Yield aR&inst Time for 

[E_0s^(C0)^(PPh_CE^CE^8II,)] 

• i / 
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n. / 

10 

Ethane 

Yield 

0 
-I 1 1 : 1 : 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 r 
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-I—f-
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Infrared (v ) Spectra of Spent Catalyst Solutions from Etlwlene 

HydroKenationa wd.th Homofreneoua Triosmium Clusters 

2100 2000 1950 cm 
- 1 

Product mixture from the rum 

in an 100ml Roth Autoclave. 

The solution (cyclohezane) 

infrared v spectrum of 
CO 

[HgOs^(C 0)g(PPh^Et)(GCHg)] 

Is superimposed. 

1) Recovered solution from 

[OB^(CO)^^(PPhgEt)] run. 

11) Retrieved solution from 

[HgOs^ (C0) g ( PPhgEt) ] run. 
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[Os^CCO)^^!. Both these processes will be less favoured for an 

anchored variant. Cv 

For further clarification, the reaction with IX(O«0G08g) 

was repeated in an 100ml Roth autoclave but terminated after 4 hours, 

Similar conditions (110°C) were used with the same ratios of gases, 

but with a higher total pressure (46atm) and n-hexane(35ml) as 

solvent. Chromatography of the orange^yellow residue isolated 

[H^0s^(C0)o(PPh^Et)(CCH^)],XVI, confirmed as the major constituent 

by superimposing a spectrum of an authenticated sample over that 

of the crude mizture (Diagram 11). This supports initial catalyst 

deactivation by formation of the saturated vinyl adduot 

[nQs^(CO)^(PPh^Et) (CHCH^)],X^/II, which rapidly decarbonylates at 

the operating temperature. Although caution is necessary when, 

comparing results obtained uader different conditions, particularly 

in different autoclaves, this result indicates that at least for 

the homogeneous systems subsequent hydrogenation to the stable 

ethylidyne complex [E_Os^(CO)n(PPh^Et)(CCS%)],XVIII, does not 

compete with the alternative pathways when the reaction time is 

extended. 

In conclusion, these virtually identical results with 

VIII and ^ strongly implies that catalysis is by a unified 

mechanism; the hydrogenation of VIII to !^/XV occurring rapidly 

insitu. Secondly they demonstrate that phosphine substitution does 

not inhibit the reactivity of [Hp0s^(G0)^Q]. 

5.6.2. [0s,(C0).. (PPh^CE^Cn.811,)] 

At 110°C, under the same gas mixture, I gave an ethane 

yield of 70 molecules per cluster after 24 hours. This represents 

only a slight reduction in efficiency upon cluster immobilisation 

to the phosphine-modified silica, compared to the figure of 101 

obtained for VIII in the same period. Thus, anchoring apparently 

imparts no physical limitation to the clusters ability to perform 

catalysis. _ _ . . 

The recovered, light yellow, silica was mulled and the 

infrared v spectrum recorded. This is sho^m as 12b in Marram 12. 

The presence of a weak absorption at 2107cm"" indicates that some 

I remained at the end of the run. Its contribution can be removed 
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Diagram 

Computer Interpretation of the Surface Species on spent Silicas 

from Catalyeia by [0Sy(G0)^.(:PPh^CE_CII^8II,)] 
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12a 

Spectrum of used sample of 

[08^(00)^^(PPhgCSgCH^SIL)],I. 

12b 

Recovered silica after 

20 hours catalysis by I. 

12o 

Computed difference spectrum 

between 12b and 12a, scaled 

on the marked peak. 
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12f 

Pi'oduot after heating I at 
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by using the Model 3500 Data Station. This gives 12c, the difference 

between 12b and 12a, the recorded spectrum for the batch of I used 

in the catalytic study, scaled on the marked peak in the window 

21l0-2098cm ^. Most of its features can be reproduced by the 

addition of the spectrum of X (12f), the product from thermal breakdown 

of the anchored cluster by interaction with the support appendages, 

to that of an artificially broadened version (repeated smoothing 

operations to reduce resolution) of that for XVIII (12e). This 

yields a simulated spectrum, 12d, which is almost identical to 12c. 

No evidence for the catalytically active species, II, is seen. Loss 

of activity evidently proceeds by two routes. One is the anticipated 

deactivation process, via formation of [E0G^(C0)g(PPh2CI^CH^SIl)'-

(CECHg)],^, which leads to the isolation of [E^08^(C0)g(PPhgCE^Cnp8II,)-' 

(GCE^)],XXI, at the end of the run* The second is cluster 

decomposition to monomeric units by further interaction with the 

support surface, as discussed previously. This most probably occurs 

with ir, but any intermediate with a transient vacant coordination 

site will also be susceptible; direct breakdown of I is less likely. 

5.6.3. [E_Os^O)(,(PPh.GE_CE_SII,)] 

This was studied in more detail. Buns with suspensions 

of II, in n-heptane at 75°C, gave ethane yields of 2.6, 10.1 and 

13*1 molecules per cluster, after 4, 20 and 4̂1̂  hours reaction time, 

respectively. The 20 hour run was repeated with a half-weight of 

Catalyst, and the obtained turnover of 8.5 shows that the rate of 

reaction is (first order) proportional to the metal concentration. 

When this data is plotted (Diagram 10) a deterioration in activity 

with time is evident, with cessation of reaction occurring well 

within 44 hours. A tangent to the initial period gives an estimated 

turnover number of 6.5 % 10" hour. At the end, still only 20^ 

of the ethylene is converted, so even if a first order dependence 

on its concentration exists, as only a fraction of the half—life 

the loss of rate must be a function of catalyst deactivation. 

Comparison with the result for I (95 turnovers in 20 

hours) indicates that anchoring reduces the rate of reaction by 

almost an order of magnitude* In every case the final supernatent 

solution had no perceivable coloration, which is good evidence for 
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Diagram 1;? 

Infrared (v. ) Snectra of recovered Silicas from Ethylene 
;o-

B^droy^enations with [II_Oo,(CO)^PPh_Cn^CH^.. 
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the absence of leaching. This is eupported by an oBmium analysiG of 

4.3wt/wt^ on the recovered Gillca from the 44 hour run= 

The decline in catalytic acitivity can be correlated with 

an accompanying change in the infrared spectra of the recovered 

eilicsis (Diagram 13). These were all noticeably pale yellow/off-

white in appearance, compared to the green-purple of the starting 

material. In addition to bands due to after 4 hours there is 

a weak band at , coincident with an absorption of XVI, 

which is later lost. An emerging absorption at 2067cm""^ is evidence 

of a third species which increases in concentration after 20 hours 

at the expense of II, as seen by a small shift for the highest band 

ajid the gradusO. disappearance of the 2052cm'"^ feature. There is 

little subsequent change after 44 hours, except that the absorption 

at 2046cm"^, seen at 20 hours, is less prominent and almost all 

indication (2055cm'" shoulder) of ^ has gone. Below 2000cm" a 

broad band, centred at IgyOcm"^, quickly develops over the initial 

stages and remains at the end. This final spectrum closely resembles 

that for the spent catalyst from I. Again two oarbonyl containing 

spGcies are present after cessation of catalysis, the ethylidyne 

complex,XXI, and a cluster decomposition product,X. This can be 

verified by several different treatments of the spectra using the 

Model 3500 Data Station. 

The difference spectrum, 1M,(no specified region) between 

that of the product from heating to 150°C in vacuo for 16 hours, 

l4a, and that of the 20 hour silica,l4b, correlates well with the 

spectrum of XFIII in cyclohexane solution,!^. The band at 2046cm 

could be an artifact, however in a similar treatment of the 44 hour 

silica it is less pronounced, and as it coincides with the 

strongest absorption for XVI, it may be evidence for 

[E^Os^(CO)g(PPh^CE^CH^SIL)(CCH^)],XIX, which is hydrogenated over 

the longer period. 

Alternatively, the spectrum of the 4 hour silica,15a, 

can be subtracted from that of the 20 hour silica,l^b, and in turn 

the decomposition product spectrum,15d, subtracted to give 15f» This 

result is more aesthetically pleasing as the relative intensities 

are closer to those of XVIII. An absorption at 2046cm""' is again 

present. A difference spectrum between and 15h, based on the 

1960-1901cm" region, directly gives a spectrum with strong 
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Diagram 14 

Computer Interpretation of the retrieved Silica after Ethylene 

Hydrogenation catalysed by [E^03?(C0)^(PPh^CH^CH^SII,) ] 

2 1 0 0 2000 1950 1900 1850 cm 
- 1 

in vacuo. 

Isolated product after heating 

[Eg03^(G0)a(PPh^CEpCEggIL)], 

II, at 150 C for 16 hours 

Recovered silica after 

20 hours catalysis by II. 

[E^Oe^(CO)g(PPhgEt)(CCE^)] 

(cyclohexane) 

Difference spectrum between 

14b and I4a (no specified 

region), XXI. 

(All silica spectra recorded in Nujol mull) 
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Diagram 

An Alternative Method, of Infrared Characterisation for 

2100 2000 1950 cm' 

2100 2000 1950 1900 cm 

15a. - Silica recovered after 4 hours 

catalysiG by II» 

15b - Silica recovered, after 

20 hours catalysis by ^ 

150 " Computed subtraction spectrum 

taking 15a from 15b. 

1j)d « after heating at 1^0°G 

for 16 hours in vacuo. 

150 " [n^08^(c0)g(pphgEt)(ccn^)] 

I5f - Computed subtraction spectrum 

taking from 15*3, XXI. 

- 1 

l^f 

V 
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BimilaritieB to that of XVIII(84), but suffers from negative 

absorptions through no account being taken of remaining II. Three 

important conclusions can be drawn from these results. 

1) The loss of conversion with the emergence of 

X and XXI indicates that neither they, nor the silica support 

itself, are the active species. The catalytic activity deteriorates 

as the concentration of II present on the silica falls. 

ii) The same product distribution is seen on the 

spent silicas from both I and establishing the presence of a 

common catalytic cycle/deactivation process. 

iii) The recovered products from deactivation are 

different for the homogeneous and heterogeneous systems. 

5.7<, Further Characterisation of the Deactivation Process for 

Anchored Clusters 

All the above studies were carried out using the high-

pressure facilities at ICI's Billingham or Wilton laboratories. 

Prom the results there was strong circumstantial evidence for the 

intermediate formation of XIX. At Southampton further clarification 

of the deactivation process was undertaken. The catalytic reaction 

was repeated in the 100ml Roth autoclave, at the same temperature 

(75^C) but with a slightly higher total pressure (28barg). The 

infrared spectrum of the recovered silica (Diagram 16) compares 

well with that obtained at Wilton. However, if a fresh sample of 

II was similarly treated, but under an ethylene pressure (20barg) 

alone, the retrieved solid possessed a different spectrum. Reaction 

had obviously occurred as the characteristic peaks at 2091 and 

2052 cm" for II have diminished in intensity, and are now only 
—1 

shoulders on emerged absorptions at 208l and 2046 cm respectively. 

Other changes involve a shoulder at 202? plus bands at 2004vs and 

1974m"S, cm" . All these features are highlighted in a difference 

spectrum obtained with that of based on the common band between 

2l00-2085cm"' * They show (Table 7) good agreement with the v 

pattern of 20^1, thereby establishing the formation of 

[E^03,(G0)g(PPh^CH^CH^SIL)(CCE^)],XIX, as a surface species. This 

compliments the frequently observed band at 2046om ', and transient 
e«i "j 

at .20830m"' , seen in the full catalytic study. 
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DlaRram 16 

Infrared (v. ) Spectra from reactions of [E_C^_XC^_(PPh_CS^CII_SII,) 

with Ethylene and %rdrogen 
. . I a im » i w f I II iim m immum « 

2150 2100 2050 2000 1950 1900 cm 
- 1 

Speotrmi of used 

[Hg08^(C0)g(PPhgCEgCEg8Il)] 

b/ [Eg08^(C0)g(PPhgCEgCEg8IL)] 

with ethylene (EObarg), 

75^G, 65 hours. 

0/ [H20a^(CO)^(PPhgCEgCE28II,)] 

with hydrog@n/ethylGne(3;1), 

28barg, 75°C, 65 hours. 

(All spectra recorded in Hujol mull) 
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A B c D E 

2115VW 2112wGh 

2103vw 2105TW 

2091m 2090wsh 2090m 2091.5mw 

2o8lw 2084m 20678 2069VS 

2063mGh 2045ssh 2026m 

20528 2052msGh 2015VS 2022s 

20468 2050VS 2006vs 2006v8 

2036w I99IW 

2027m8sh 2030m 19748sh 1979vw 

2OO9TG 2021vw 1955m8h 1966VW 

2004v6br 2005s 

199l6Gh 1997m 

1972m8h 1974m8 1979m 

1954wsh 1965w8h 

A: - [EgOŝ (GO)̂ (PPhgCHgCEgSIL)],n,(nujol mull) 

B: - I I with ethylene (20barg), 75°C, 65 hours, (uujol mull) 

C; - [Ĥ Os,(CO)o(PPĥ St)(CCĤ )].ZVI, (cyclohezane) 

D; - ^ with hyclrog8n/ethylene(3:1), 28barg, 75°C, 65 hours* 

(nujol mull) 

E; - [n^Os^(CO)g(PPh^Et)(CCE,)],XVIII, (cyclohezane) 

The one remaining omission from the proposed 

deactivation process is isolation of the supported vinyl adduct, XX, 

Infact a quantity of was treated with ethylene at room 

temperature* It was suspended in n-heptane(IOml) and the 20ml 

bench-top autoclave pressurised to 60p8ig» On starting agitation 

the pressure dropped to 2^psig, and more gas was introduced until 

the operating level was 45psig# It was them left stirring over a 

weekend (6$ hours) before discharging the bomb. During this time 

the solid changed in colour from green to yellow but its infrared 

spectrum (2092w, 2072wGh; 2056m, 2046iash, 20368$ 20308, 2006vs, 
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Diagram 1? 

Possible Catalyst Degradation Rontee diiriag Ethylene Hydrogenation 

by Phosphine-anohored TrioGmium ClimterG 

(CO) 

W W SIL 9 m \ 

Hydrogen, 

oa, 

[Os(CO) (PPh (CH ) SIL)(OSIL)] 
" 2 2 2 2 2 n 

(CO) 
4 

Ethane 

(CO) 

(Ctrl 2)2 

CATALYTIC 

CYCLE 

THERMAL DECOMPOSITION 

by contact with 

the surface 

Ethylene/ 

Eydrogen 

DEACTIVATION 

by (X -hydrogen 

abstraction 

; ^ r 3 

(CO)^ Hydrogen 

P 

(CH^)^, 

"xmxsiL \ m v \ \ m \ 5 i L mwA 

(CH^)^ 

L 
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19758sh, cm ,nujol mull) was not very diagnostic. Considerable 

modification has occurred, and the complezity indicates a probable 

mixture of cluster species spanning from ̂  through to the required 

vinyl adduct, and including the intermediate containing a 

coordinated ethylene* This is perhaps not unexpected when compared 

to the reaction of ̂  with ethylene under similar conditions 

(Chapter Three). Infact Freeman.et.al.(8$) have reported the infrared 

data(2090m, 204ls and ZOOSvs, om""̂ ,KBr pellet) for a yellow product 

from reacting with acetylene at ambient temperature and pressure 

for 4 hours* This method should be more selective towards the 

supported vinyl adduct, and this appears the case based on the 

limited information presented* They also prepared the stabilised 

alkyl-intermediate [E08^(CO)g(MeOgCCECEgCOgMe)(PPhg-SUPPORT)], from 

II and dimethyl fumarate, and isolated small amounts of dimethyl 

succinate from subsequent hydrogenation reaction8(86). These results 

are summarized in Diagram ly.Loss of catalytic activity occurs by 

two pathways. 

i) Deactivation by -hydrogen abstraction to 

generate the saturated vinyl adduct,^. Under the conditions 

employed subsequent carbon monoxide loss and reaction with hydrogeni 

gives the isolated DOCI. 

ii) Decomposition by further interaction with the 

silica appendages causing cluster brealcdown to X. 

c l-Repten^ Isomerisatioa/Eydrggenation 

This experiment was carried out to determine the influence 

of a long alkyl chain on the reaction* It would also provide 

comparative data to the reported 1-hexene isomerisation/hydrogenations 

reported for [E^Os^(CO)^Q], related material on 

phosphine-functionalised poly6tyrene8(67,8$). Eowever, because of 

the greater success with I it was chosen as the catalyst precursor* 

The batch reaction was performed in a stainless steel, 

100ml autoclave, with agitation by a 'flip-flop' device* A charge 

of 2(0'2^23g) and 1-hept8ne(^ml), in n-dodecane(4^ml) as solvent, 

was loaded into the bomb, flushed with hydrogen, and brought up to 

pressure (lyObarg) and held at 125°C for 4 hours. Then the electrical 

induction he8.ting was removed and the bomb rapidly cooled with 



Diagram 18 Catalytic Eydrogenation/IsomeriGatioii of l-Hepteae by [Os?(CO).^^ (PPh^CH^CH^SiL)! 

Charge [Os^(CO)^^(PPhgCn^CH^SIL)], 

0»3523gram8 (1.6? z lO^-^moles OS. 
l-hepteae 

n.-dod.ecan@ 

hydrogen 

Conditions 125°C, 4 hours 

Results 

wt/wt% 

moles 

molecules/ Os. 

n-heptane 

4.39(9.06) 

9.159 z 10"^ 

(1.894 % 10"^) 

54.8(113.4) 

g.l.c. trace of 

product mixture 

2.091grams(3ml)^ 

45nil (solvent) 

170barg 

2-'hepteneG 

74.22(53.37) 

1.582 X 10"2 

(1.139 X 10"^) 

947.3(682.0) 

a/ Infrared v spectrum 
CO 

of the fresh catalyst, 

b/ Infrared v spectrun of the 

'spent catalyst solution. 

I " I 
time=0 (Both recorded as Nujol mulls) 
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compressed air jets. The recovered solution wsis analysed on a 

4m X 0.2̂ K;i3, 209̂  Eeoplex in 6O/8O AW-W, column* using relative 

response factors for the identified components* The results were 

normalised and equated to the initial weight of 1-hepten@ to give 

the absolute number of moles formed (Appendix 2). Because some 

doubt surrounds the calibration technique, using an unknown 2-heptene 

mixture of predominantly the cis-isomer to obtain an averaged 

response factor, whem the trans-isomer is prevalent in the product, 

the data was also reworked using unit reponse factors: the figures 

so obtained are quoted in parentheses. 

The discharge from the bomb was colloidal, indicating 

a good dispersion of the catalyst in solution during reaction,, The 

infrared spectrum (Diagram I8) of the separated solid is 

reasonably broad. Significantly the pattern is different to that 

obtained from the corresponding ethylene study* Its complexity is 

indicative of retained cluster compounds, whilst there is noticeably 

less contribution due to the decomposition product,X. The recovered 

Cy mixture contained 74.2(53*4)wt/wt9^ of 2"heptenes and 4»4(9»1) 

n-heptame, with 21.4(^7»G)wt/wt$^ of unconverted 1-heptene 

remaining at the end. These amounts represent conversions of $5(113) 

and 947(682) molecules of 1-heptene per cluster for hydrogenation 

and isomerisation, respectively^ after 4 hours. No evidence for 

^-heptenes was seen on the gas chromatography trace* A blank run 

with the unfunctionalised silica gave no reaction. 

5.9. DisouGGion 

A unified mechanism for catalytic isomerisation and 

hydrogenation of l-alkenes by [SpOs^(CO)g,Ii], L=CO, tertiary phosphine 

or phosphine-functionalised support, is presented in Diagram I9. 

The driving force is the interplay between electron-precise and 

electron-poor metal cluster systems. Thus each step in the sequence 

is governed by the interconversion between: 46:̂ :̂ 48 electron species, 

and also the ability of the cluster to expand its coordination 

sphere from 12 to 13» The loss and uptake of ligands is allowed by 

varying the metal-metal bond order so that no carbonyl groups need 

bo displacGci, and all intermediates conform with, the E«A.N. rule* 

Thus a small carbon monoxide partial pressure does not appreciably 



(296) 
Diagram 19 

Catalytic Cycle for l-Alkene loomerisatioa / Eydrogenation by 

[E_Oŝ _(C.O).(PPh.R)]' E=Et or CH.CH^SII, 

CATALYTIC 

IS0MERI8ATI0N 

CATALYTIC 

HYDEOGETfATION 

1—alkene 

hydrogen'^ " 

Os 

DESTRUCTIVE 

EYDPOGE.NATION alkena 

R P 
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affect the rate of 1-peat8ne(46mM) iGomerisation by [2208^(00)^^] 

at 70,4°G in toluenG(87). Higher pressures might be expected to 

block reaction by formation of [1^08^(00)^^]. In support, a 

preliminary 1-hepteno hydrogenation using []^0a^(C0)^Q(PPh2C^CE28II,)], 

XI, under identical conditions to those employed with I, but at 

for 4 hours, resulted in negligible reaction and the removed 

silica liad only partially decarbonylated to the active ^ over the , 

period. 

8hapley(88) showed that the isolable hydridoalkyl species 

[E08,(C0)^Q(CH(CE^C0^St)C0^Et)],XXII. from reaction of [EgOG^(CO)^Q] 

with diethyl fumarate^ decomposes under hydrogen, in the absence of 

excess alkene, to regenerate the initial cluster and release 

diethyl succinate* This dismisses the need for hydrogenation to 

proceed, via an intermediate containing both cr-alkyl and TT«bonded 

alkene moieties, as proposed el8ewhei'e(8Sl)» Indeed formation Off 

such a species leads rapidly to the saturated vinyl adduct, as 

evidenced by the reaction of XXII with alkenes not normally reactive 

towards [HgOs^(CO)^Q] l*e« styrene. Then the key intermediate in 

th% cycle le [EOs^(CO)_I,(alkyl) ],XXIII. As a 46-electron system 

like [E20s^(C0)^Q], it requires a double Os-Os bond and is expected 

to undergo similar addition reactions,, It can suffer one of three 

fatest-

1) ^drogem atom transfer back from a ^ -carbon 

of the alkyl groupa Eor a secondary alkyl-metal intermediate this 

can: result in CATALYTIC ALKEIiE I80MERI8ATI0N. 

2) Addition of hydrogen, followed by aUcane 

elimination and regeneration of [2^03^(00)^1,], CATALYTIC 

EYDROGEIfATION. 3) Coordination of a second alkene withi release 

of alkane, but deactivation by "X-hydrogen abstraction to generate 

the saturated bridging vinyl complex, DESTEHCTIVE HYDROGENATION. 

A forth possibility for tlie supported variant 

involves interaction with the surface groups* 

For 1) and 2), the structure of XXIII favours addition 

of a second substrate prior to loss of alkane, rather than.by a 

unimolecular process with a highly unsaturated 44-electron species, 

[03^(00)^^3(88). The structure of XXII shows this to be a two metal 

centre process* The relative rates of these three parallel reactions 

will determine the predominant path of the overall reaction. Provided 
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1) and 2) are faster than 3) a catalytic cycle will be established,* 

At room temperatiire [2,^03^(00)^^] can transform 510 equivalents of 

1-hozene to internal alkones^ after which the solution has turned 

from purple to yellow and no further conversion is observed(85). 

This figure must reflect the relative rates of 1) and. 3) at these 

conditions* When.the quantity of 1-alkene is restricted to 100 

equivalents, at 50^0 in the presence of hydrogenC^Opsig), conversion 

to 31 equivalents of n-hexane and 69 equivalents of 2-hexeneB occurs, 

with ossentially all the catalyst recovered at the end(88)* Thus 

for 1-hexene catalytic i6omerisation> catalytic hydrogenation> 

d-estructive hydrogenation. 

The kinetics for the isomerisation reaction with 

[HgOs^(CO)^Q3 I%as been most widely studied,* The redistribution of 

hydrogen isotopes in trans-Cgll^DgC^^^'l'^) takes place to a large 

extent when treated with [E20s^(G0)^Q](1*^7aM) at 70.4°C in toluene 

solution(87). This confirmed that the initial addition and. insertion 

steps are reversible and, even for ethylene, faster than destructive 

hydrogenatione Thus, although ethylene exchange is a hidden process 

in the absence of isotopic substitution, it will be occurring as 

a competing pathway during the hydrogenation studies* With [1,2-D2]" 

pentono an accumulation of deuterium on C-1 must be due to "-alkyl 

intermediates originating from both Markoimikov and. anti-Markownikov 

additions (secondary and. primary alkyIs respectively). A buildup 

on G-3 was ascribed to the exchange^ in the o^-alkyl intermediate, 

of a hydrogen on 0-3 of the deuterated 1-pentene with a deuterium 

linlced, to the metal Gluster(87); and not to a slower isomerisation 

of 2-alkene back to the terminal form* At in GDCl^, 

Deeming(83) established overall second-order rate kinetics, given: 

by:-

-d [alkene] » k2[B20s^(C0)^Q][alken8] 

dt 

-so that the observed first order rate coefficient is given,by;-

= k2[E20s^(C0)^^] 

Similar values of k, for a series of compounds of the type 

GHpcCncn^R (R-C^Ey, Ph, OPh. or OH) showed little dependence on R, 

implying that iAitial coordination and/or insertion are rate 

determining and not hydrogen atom transfer back to osmium. Allylic 
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alcohols wore also isomerised to aldehydes and ketonee (displaced 

enol rapidly converting to organic carbonyl) and the effect of 

methyl substitution at the allyl group studied. No change of rate 

E 

C=OE -OE-OH > 5 GE,Cn-G 

1 V 
% 

was observed whether R =E or Me confirming hydrogen:abstraction to 

be rapid from either a secondary or tertiary carbon. However, 
i 2 

substitution at the vinylic positions (E or E =Me) produced a 
2 

marked rate reduction, and, in particular, at E a complete lack 

of IsomerisatioUg is consistent with the difficulty of forming 

tertiary-alkyl Intermediates,^ This does not preclude reversible 

insertion to give primary alkyl species in this and other cases, 

but this does not lead to isomerisation. For E aMe reaction does 

proceed, via a secondary alkyl intermediate, to butanal but slower 

by a factor of 66 compared to the unsubstitnted molecule. Thus the 

reaction is quite sensitive to steric and electronic effects, and 

others(88) found that ethyl acrylate and vinyl acetate react faster 

than ethylene, whereas propene and isobutylene react slower, with 

no reaction observed for cyclooctene or norbornene* Clearly the 

ease of c^-alkyl formation is prim3Lry> secondary> tertiary. One 

hypothesis would involve selective formation of a primary O'-alkyl 

with l-'alkenes and the equilibrium with the secondary form only 

occurring after insertion. 

For the homologous series of straight chain l-alkenes, 

from l-butene onwards, isomerisation to 2-alkenes will accompany 

hydrogenation, and their observed buildup is consistent with the 

aforementioned limitations to secondary alkyl formation. For the 

same reason the presence of ^-alkenes etc. has not been reported* 

Detailed kinetics for the hydrogenation and deactivation reactions 

are not known. However, as [3^06^(00)^^] scrambles deuterium with 

CpEgDp and [1,2-Dg]-pentene, the rate determining step is probably 

after formation of XXIII. Based on the assunption that this is the 

blmolecular reaction with the second substrate molecule. Then:-

[HgOs^(CO)^Q] + alkene , ' [EOs_{CO)^Q(alky])] ^ ^ 

A B C 
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For IsomeriGation the unimolecular reaction, of 0, to glYG 2-alkene, 

is fast and the first step is rate-determining, so the concentration 

of G will approach zero. In these circumstances, the rate law is:-

Isomerisationg^^g « k^[A][B] (as proven experimently) 

The two other parallel reactions are:-

[E08y(C0)^Q(alkyl)] + S, 
k 

[H0s^(C0)^Q(alkyl)(Ep]-
fauSt. 

-2 

and 

[S08^(C0)^Q(alkyl)] + alkene q:=±±:[50s^(C0)^Q(alIqrl)(alkene)] 

snbstituting [C] a k^/k_^^[Aj[B] gives:-

lass 

Bydrogenationg^^p = kgok^/k^^CADCBDCD] 

DeaotiTation^^ » k^«k^/k^^[A][B]' 

So;that the relative rates of reaction aror 

Isomerisation Eydrogenation Deactivation 

1 . kg/k^^[^] ; k^/k^^[alkene] 

From this simplified treatment the following deductions 

are possible 

i) k ^ will be large, so that the rate of 

isomerisation will exceed that for the two competing pathways. 

ii) The value of k^ will be largely independent of 

steric considerations for the alkyl group, so that hydrogenation 
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is favoured by higher partial preasures of hydrogen and small 

values of k This is fulfilled by.less reactive, higher substituted 

or branched, l-alkenes. Notably with reactive ethyl acrylate the 

number of cycles was limited, by destructive side reactionsCBS). 

iii) Destructive hydrogenation is promoted by high 

alkene concentrations; the higher reactivity of XXIII implies that 

k^> k^ and deactivation will be less discriminating on the nature 

of the second incoming alkene» 

Ethylene hydrogenation by other immobilised clusters 

i.e. [Ir^(G0)^2_^(PPhg- @ )^](90), or [Ir2^(C0)^(PPh^)^(PPh2- @ )^] 

(91), n=:1 or 2, show a best fit to a similar rate aquation to: that 

proposed above, whilst others, for example [H2^Rti2^(C0)^2_^(PPhp- ) ], 

n=1-4(92), show saturation kinetics and, in the case of the 

monosubstituted cluster,inhibition of reaction by ethylene at 

higher partial pressures. The bimetallic clusters, 

[FegPt(G0)g(PPh2- @ )^] and [EuPtg(C0)^(PPh2- @ also; 

exhibit this behaviour^ Translated to the current study this 

RATE k: kEoP^ ^ .P° / [1+K.P« ^ 

inverse factor on alkene concentration is consistent with the 

proposed destructive hydrogenation kinetics. 

Introduction of a phosphine destroys the symmetry across 

th@ catalyst, such that both ends of the bridgehead are now distinct. 

The evidence from solution chemistry shows that orbital control 

directs addition to the phosphine-bonded osmium. Isolation of 

[H_0Sy(C0)(^(PPh._)(0_E,.)],XXTV, demonstrated that insertion into a 

hydride bond is retarded by the phosphine, so that it is definitely 

the rate-limiting step. This may be am electronic, stronger alkene-

to-metal bonding, or steric effect. The greater retardation by 

PPh^ pointed to the latter and, from the proposed structure of 

XXIV4 rearrangement to an activated form is necessary to facilitate 

the insertion and a bulky, immobile phosphine may restrict this 

process. Similarly, phosphine substitution retards acetylene insertion, 

and more so on changing from PPh^Et to PPh^. The rates of insertion 

for austituted alltynes into [Hp08.^(C0).jQ] also show a tentative 

dependence on the steric nature of the hydrocarbon(94). Indeed the 

competitive formation of [03^(C0)^QClI'C:CB")] may occur by insertion 
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of a second alkyne molecule into an actiTated metal-hydride bond 

in [ng08^(C0)^Q(R'C:CR")], and release of the corresponding alkene, 

with the remaining cluster rearranging to the observed product, 

without invoking [HOs^(CO)^Q(R'G:CR"E)] as am intermediate* The 

favoured structure of XXIII is that with the (^-alkyl bonded to 

the osmium away from the phosphine, based on the considerations in 

Chapter Three, Them the phosphine can be expected to have a less 

significant effect on degradation of XXIII by isomerisation (or 

hydrogenation), compared to a slovfing down of deactivation by 

"^^-abstraction from a second coordinated alkene* Again this barrier 

will be more pronounced for higher l-alkenes* Then higher conversioRs, 

but slower rates, might be forecast for the phosphine derivatives* 

Two attempts to directly compare the catalytic activity 

of [E^Os?(CO)f,(PPh?)],IXb, ifith that of [3208^(00)^^] have appeared, 

but the results are conflicting* At ambient temperature and pressure 

Gates et*al*(85) found that the parent carbonyl produced $10 moles 

of internal hexenes before conversion ceased, but they were unable 

to obtain any quantitative data with IXb because cluster 

decomposition rapidly occurred. In contrast, Ijieto(67) found a 

comparable transformation of 100 equivalents of 1-he%en@, to 70 

equivalents of Z-hexenes and 30 equivalents of n-hexane, with 

nearly complete catalyst recovery, at the conditions previously 

employed by 8hapley(88)e The first group had much greater success 

with ejdchored catalyst II. On both silica and polymer-supports, at 

approximately 1000 molecules of isomers were formed before the 

cessation of catalysis. This roughly twofold greater yield, 

compared to the soluble [HgOs^CCO)^^], re-enforces the importance 

of the phosphine in hindering coordination of a second alkene, 

enhancing the competing, catalytic re8.ctions. This is further 

exaggerated on the tethered variant where the support can act 

essentially as a large ligand. Then the poor results with IXb 

must reflect the possible coupling reactions in solution which are 

avoided on the support. However, contrary to the present predictions 

quantitative kinetic: data for 1-penten@ isomerisation showed 

simila.r dependences but a tlireefold larger rate constant relative 

to [II^Os^(CO)^.]. This does not match the observed solution 

chemistry, aiid the slight reductions in rate seen upon anchoring, 

in this thesis. Gates also studied 1-hexene hydrogenation (SOpsig, 
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7$°G) with ^ and, again with a limited ezcess of alkene (109:1 

alkono/cliLRtor), observed conversion of 1$)̂  to hexans and 79^ to 

internal he%en$3 over hours, with no catalyst decomposition 

obsorved by infrared spectroscopy. 

Immediately, tha catalyst lifetime for^ the current 

l-^heptene stiidy, giving approximately 1000(800) transformations 

before terminaticin, is comparable to these results vith l-hexene, 

albeit at different conditions* The absence of any detected ^-heptenea 

is in agreement with the cluster catalysed mechanism. U?he much 

greater degree of isomerioation, oven under much higher hydrogen 

partial pressures, may be the consequence of the unknown temperature 

dependence of the t\;o pathways, with isomarisation being favoured 

at higher temperatureso However, tha higher pressures appear t& 

stabilise the cluster against degradation, by contact rrith surface 

groups, to Monomeric units* 

Intorestingly, in a flow system 1-hexene hydrogenation 

(P, . .=8 % 10%/m^ and P. ^ z lo'iN/m^ diluted in helium) 
hexene hyorqgen 

at atmospheric pressure and 90°C, using [Eg02:^(C0)^(PI)hp«" (PJ )],IIb* 

gave more than 10,000 transfori^ations per cluster before catalyst 

decomposition bectime appreciableo A steady state conversion of 

1«7$B gave 7^^ 2-alk@neG (4:1 trans/cis) and 24^ n-hezane* Then the 

finals deactivated membrane exhibited infrared v absorptions^ 
^ CO ^ ' 

at 2022^;, 2030br and 1962m, cm" ^ consistent ifith the thermal 

deeompouitlon product,X, and not the alltylidyne oluator adduct,XXI. 

This fits the prediction that low alkeno/cluster ratios will 

reduce destructive hydrogenation to insignificant leve]js«. At the 

Game conditions, the same workers(6?) were unable to detect 
ethylene hydrcgenation (P ,, _ =4 % 10'̂ N/m'' and R ^ =6o5 

"̂2̂  2 ethylene hydrogen 

% 10 K/m ) within the precision of their ajnalytical equipment* 

Similarly others(95) could not detect any measureable activity of 

(CO)^(PPh^CE^Cn^CB^SIL)]«IIo, for propylene hydrogenation 
at lOO^C and atmospheric pressure in a flow system, although it 

did have unspecified activity for l-butene isomerisation at 110°C. 

This reiterates the laz-ge values of and tha need far super-

pressures to make hydrogenation competitive as achieved in this 

treatise* 

Thus, as a catalytic reaction, ethylene hydrogenation 

has only limited appeal* Eowever, it does serve as am excellent 
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model system, providing detailed characterisation of a possible 

intermediate and various deactivation processes. Formation and 

maintenance of XXI, with its face-bridging carbyne ligand, illustrates 

the stabilising influence of a capping group retarding total cluster 

decomposition. A major consideration for the anchored species is also 

the presence of the various surface appendages. Two considerations are 

important* One is that they provide another mechanism for loss of 

catalyst activity, by breakdown to pseudo-monomeric species. Comparison 

with the results of Gates (85) and I,ieto(67) shows the importance of 

incomplete coordination of phosphine during preparation of the 

catalysts, and the presence of remaining silanols, and bromo-groups 

on functionalised polystyrenes* The apparently greater stability of 

in the investigations of Gates may derive from the more complete 

coverage of all the pendent phosphines, as shown by elemental 

analysis (P=1.0wt/wt9(, O.O^Z^moles; 08=l4wt/wt9^, 0e0245moles of Oa^)* 

An explanation for the increased activity with I as the 

catalyst precursor, over direct use of is necessary. Since the 

experiments were carried out at different temperatures a direct 

Go):ii)ari8on is difficult, without a fuller knowledge of the kinetics 

fo:" the competing reactions. However the greater parity in catalytic 

activity between VIII and its anchored variant indicates that the 

reduction in rate accompanying tethering is not a physical effect 

(caused by mass transfer limitations)* Both I and ^ were prepared 

fz'om the same batch of ligand-silica, achieving similar degrees of 

coverage, stored under identical conditions, and with no variations 

in pretreatment before the catalytic runs. Two factors may explain 

this discrepancy in activity. The broad shoulder in the infrared 

spectrum of ^ used in the study suggests that a degree of 

decomposition had occurred during storage. Then the calculated turn-

over numbers may be an under-estimate of the cluster activity, since 

X is knoi-fn to be inactive. Further, as the operating temperature is 

approached, enhanced decomposition may be operative with ^ before the 

rate of hydrogenation becomes appreciable* With I, where insitu 

formation of the active II only occurs at about the reaction temperature, 

this problem does not occur. A more subtle consideration is the position 

of the formed Os-Os 'double-bond' as discussed for the homogeneous 

analogue. A greater proportion of the alternative isomer, with the 

unsaturation away from the phosphine, may be favoured by the steric 
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influence of the support. Directed away from the silica surface 

this will be less susceptible to breakdown* 

An alternatiire view of support interactions provides 

evidence of a secondary mechanism enhancing activity on silica. 

The ability of the grafted cluster [E08^(C0)^Q(06IL)],Va, to 

catalyse ethylene hydrogenation in a flow reactor has been 
[i p 

ef3tabli8hed(36,95)«' Under a mixture of hydrogen (^.05 % 10 N/m") 

ethylene (7.2 x 10^If/m^) diluted in helium (4.2 % 10^N/m^) at 90°G 

a steady-state activity was observed, without any induction period, 

with a turnover of l44lir'"^(4 x 10"^niol«(mol of cluster)" *.s""^) 

(differential conditions). Mechanistic studies showed that Va 

undergoes reversible coordination of ethylene, quantitatively as 

determined by volumetric measurements, at 80°C; whilst above 100°C 

it cam coordinate liydrogeni as identified by infrared spectroscopyo 

By analogy to the addition of ethylene to [EQ8^(C0)g(8Me)] to give 

[H0G-(C0)g^(8Me)(C2E2^)](96), a mechanism was proposed (Diagram 20) 

involving the opening of the Os-O-Os bridge to create a vacant 

coordination site on one metal. An alternative route cou].d involve 

reversible Os-Os bond cleavage. None of the transient species 

appear susceptible to further attack by silanol groups, or other 

oxidants, and is itself stable,'under argon, below 200°C. The 

catalyst is recovered unchanged after several runs* 

If formation of [EOs^(CO)^(PPh^CE^CS^SII,)(08II,)],XI7, 

represented the major secondary interaction witk the support it 

might also be expected to show activity. Then, either it is 

destabilised by the Imposed strain as previously postulated,^ or 

coordination of a second phosphine, followed by breakdown, is the 

preferred routo. Significantly for Va, orders of zero and one with 

respect to ethylene and hydrogem , indicates that the step involving 

oxidative addition of hydrogen? is rate limiting. The postulated 

(^-alkyl speoies involved bears some resemblance to XXIII whore 

a dependence on hydrogen partial pressure is also predicted. 

One further model catalytic cyclo, for hydrogenation 

of CF^CiCCF^, involving a triosmium cluster has been.forwarded 

(Diagram 21) (97). Overall there is no loss or gain of caz-bon 

monoxide,; and the cycle is supported by experimental evidonce in 

that each step takes place in good yield and is defined by the 

isolation ojid full characterisation of each of the intermediates. 
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Diagram 21 
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Extrapolation to ethylene hyirogenation would, invoke the intermediacy 

of the vinyl species, normally regarded as the deactivation product, 

and a possible dependence on carbon monoxide* Infact bubbling 

I 9 carbon monoxide through a refluxing solution of [E08^(C0)(Cn:CH2)] 

in n-hexane for 4^hours, does give essentially selective formation 

of [Os^(CO)^p] and presumed evolution of ethylene(94). Similar 

treatment with hydrogen led directly to [EgOs^CCO)^^], but with; 

undetermined release of ethylene or ethane. Whilst this infers that 

formation of ^ is not necessarily an; irreversible process, provided, 

that CQ/Hg attack is quicker than carbon monoxide elimination, it 

is still viewed as am unfavoured, high energy route. 

5o10« Other Catalytic Studies 

A series of other preliminary catalytic studies were 

attempted, which afforded an opportunity to demonstrate the higher 

activity of second row transition metals (ruthenium and rhodium). 

Cyclohe%ene hydrogenations were performed in the same 

autoclave as that used for the 1-heptene work. A typical charge 

consisted of of catalyst, 8.1g(10ml) of cyclohexene and dried 

methanol(40ml) as solvento The autoclave was purged and then 

pressurised with hydrogen (lOOatm), and the reaction carried out 

at 75°C, unless stated (Table 8a), for 4 hourse The liquid product 

was analysed for both cyclohexene and cyclohexEine by gas 

chromatography, using n-octane as an added internal standard. The 

results were then? modified, to account for material lost during 

let-down of the pressure, by extrapolation back to the original 

cyclohexene charge. The retrieved silicas were analysed for metal 

content by neutron activation (Table 8b). Within analytical error 

only with ^ is there any suggestion of leaching. 

Both I and ^ were inactive as catalysts at but 

exhibited slight activity at 125^ and 1$0°C, respectively. This 

onset of activity with increasing operating temperature also 

coincided with.loss of the carbonyl frequencies on the spent silicas 

which were both metallic in appearance. This is consistent with 

metal aggregates being the active catalyst, and the inability of 

the cluster framework to isomerise/hydrogenate internal alkenes. 

In comparison, m and and [Rug(C0)^gG(PPhgCH^CS^8IL)] 
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Table 8a Eydrogenation of Cyclohexepe 

Catalyst Metal content 

(moles) 

Cyclohexane yield 

(grams) (moles) 

Conversions 

/metal atom 

Blank, 75°C 0.048 

III 1.75 X 10"^ 1.060 0.0120 6.83 X 10^ 

IV 8.2 X 10"^ 8.3 0.0986 1.2 X 10^ 

XXIV ' 6.8 X 10"^ 1.144 0.0130 1.9 X 10^ 

I 4.22 X 10"^ 0.026 inactive 

II 1o32 X 10"^ 0.043 inactive 

I, 125°C 3.43 X 10"^ 0.091 0.00014 4.1 

150°C 1.32 X 10"^ 0.134 0.00063 4. 9 

Blank, 150°C 0.079 

Table 8b Kotal Content oa Initial and Spent Silicas 

Catalyst Metal content (wt/wt^) Comments 

initial final 

III (rhodium) 0.055 O0O33 

IV (rhodium) 2.55 1.23 Gray-black, no v 

absorptions 

I (osmium) 73°C 2.32 2.00 unchanged starting 

material 

I (osmium) 123^C 2.52 2.51 off-white, no v 2.52 2.51 
CO 

, absorptions 

^ (osmium) 73°C 7.87 6.61 unchanged starting 

material 

(0.2wt/wt^ rnthenium),XXIV, gave far Guporior yields of cyclohezsuie 

(100, 12.^ and 13.respectively). These represent conversions per 

metal atom of 1200, 6,860 and 1900(11,400 per hexaruthenium cluater) 

respectivelyo However, in all three cases, the spent catalysto were 

again dark, imdicative of supported metal aggregates. 

Finally, a screening test for Fischer-TropGCh activity 
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produced, in all eases, no positive results as seen by analysis of 

the discharge gases* However, one significant observation was made 

with After treatment iinder 800atm (50:50 syngas mixture), at 

200°C for 4 hours, the supernatent toluene(40.3g) liqueur was yellow 

and contained 72ppm of rhodium, but less than 5ppm of phosphorus* 

Its infrared spectrum exhibited a multitude of sharp absorptions 

encompassing both terminal and bridging carbonyl groups; indicative 

of cluster compounds* The spent silica, which gave no bands, 

was also analysed and shown to contain 0.8wt/wt9^ rhodium, as opposed 

to 2*55wt/wt96 on the starting material. Together this accounts for 

69*29^ of the rhodium charged, the remainder possibly adhering to 

the reactor walls. This represents the only example in this thesis 

where considerable leaching of the anchored species from the 

support has been identified* The conditions are clearly very severe, 

whilst trace contaminants causing phosphine oxidation may also pl&y 

an important role. 

5.11«. Appendices 

Throughout these calculations the follov;ing data is used* 

C^mium content 

Compound wt/wt9{ 

[Hg06^(C0)g(PPh^CHgCE28II,)] 5.50 

[IIg08^(C0)^(PPhgEt)] (MW=10$8.9g.mol'""') 54*92 

[08^(00)^^(PPhgCHgCE^SIL)] 3.78 

[08^(00)^^ (PPhgEt)] (MW=1092*9g.mol'"'') 52*21 

1atm = l4.7pGi =1.013 x lO^N.m"^ 

1 mole of ideal gas occupies 24,46lcm^ at 25°C 

5.11.1 Appendix 1: Data and Calculations for Ethylene Eydrogenations 

by Triosmium Clusters 

Table 9a . Enn Conditions 

PTO 



oil) 

Run Weight . Moles Duration Ethylene Hydrogen 

Number (grams) of Os? 
3 

(hours) psig/psi poi 

[E20G2(C0) .(PPh_CE.CH.SII,)] 

1 0.1771 1.7 X 10"^ 4 60/74.7 230 

2 0.3497 3.37 % 10~5 20 55/69.7 235 

3 0.1772 1.7 % io"5 20 . 65/79.7 240 

4 0.3308 3.38 X 10*5 44 60/74.7 235 

[HgOs^fCO); ̂(PPh^Et)] 

5 0.0202 1.94 X 10*5 20 60/74.7 235 

6 0.0204 1.96 X 10"5 20 as 5; leak during run 

[082(00)^1( [PPhgCH^GH^S: CL)] 

7 0.2122 1.41 X 10"^ 24 60/74.7 240 

[082(00)^^(PPhgEt)] 

8 0.0200 1.82 X 10""̂  24 65/79.7 2 ^ 

Product Analysis 

Assuae ideality for aLLl three component gases iae*. 

compressibility factors remain unity at applied pressures (gross 

approximation for ethylene). 

lOml of headspace contains 10/24,461 a 4<,088 % moles 

Then 55p8ig corresponds to 1.938 x 10"^ moles of ethylene 

SOpsig 

GSpaig 

II 

;i 

If 

!S 

2.078 X 10 

2.217 X 10 

-3 

-3 

t l M 

II If 

Table Qb G.C. Calibrations 

(Average from 5, 50/tl, sample injections) 
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Component Ethylene Ethane 

Retention time (min) 13 18 

Peak Height (mm) 99.6 67.7 

Relative Response Factor 1 1.47 

Table 9c Molea of Ethane Produced. 

All injections 75/^1, except runs 1 and 2 (50A(l) 

Figures in parentheses are Peali Height z Response 

Factor (1,47) 

Run Peak Height ^ mole moles of 

Number Ethylene Ethane conversion ethane formed 

1 69*5 z 8 X 
2 

10 41.3 X 2 z 10 2© 14 4*440 X 10"^ 

(60.7 X 2 X 10) 

2 131 X 4 z 
p 

10 19 X 4 X 
2 

10 17.56 3.403 z 10"^ 

(27.9 X 4 X 10^) 

3 121 X 8 X 
2 

10 113.6 X 4 z 10 60 46 1.431 z 10"^ 

(167 X 4 X 10) 

4 97.4 z 8 % 
2 

10 71.6 3C 2 z 
? 

10 21.28 4.421 X 10"^ 

(105.3 X 2 X 10^) 

5 110 X 10^ 145.5 X 4 X 
p 

10 88.61 1.841 X 10"^ 

(213.9 z 4 X 10^) 

6 92 X 4 X 10^ 161 X 4 10^ 72.01 1.496 X 10"^ 

(236.7 X 4 z 10^) 

10-^ 7 106.3% 4 z 10^ 130.8 z 2 z 
p 

10 47.49 9.869 z 10-^ 

(192o3 z 2 X 10^) 

8 102o8z 10^ 83.1 z 4 X 
2 

10 82.62 1.832 z 10-' 

(122.2 X 4 X 10^) 

5,11e2o Appendix 2: Calculations for 1-n@ptene EydroRenation/ 

Isomerisation by ^ (PPhgCH^ 

Weight of catalyst used. = 0,2523g (1*67 x 10 ^ moles of Os.^) 
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Weight of l-heptene used = 2«,091g (2.1) x 10'" molGG) 

Table 10a G.C. Calibratioiig 

(Average from 1^1, sample injections) 

bomponent n-heptane 1-heptene 2-hepteneB 

Peak Height 128 107 4 5 . 3 

( 6 4 X 10^) 

Density^g 0 . 6 8 4 0 . 6 9 7 0 . 7 0 5 

E.R.F. 0 . 8 5 2 1 . 0 0 0 2 . 4 4 ^ 

Table 10b Pt-oduct Analysis with Relative ResponGO Factors 

Component n-heptane 1-heptene 2-h8pteneG 

Peak Height 

( 4 X 10^) 

Wt/lft # 

mole # 

moles 

molecnlee/ 

Ratio 

109 

4 . 3 9 

4 . 3 0 

9 . 1 5 9 z 10"4 

5 4 . 8 

1 

452 

2 1 . 3 9 

2 1 . 4 1 

4 . 5 6 0 X 10""5 

642 

7 4 . 2 2 

7 4 . 2 9 

1 . 5 8 2 X 10"2 

9 4 7 . 3 
1 7 . 3 

IO0 Product Analysis with Unit Response Factors 

Component n^heptane 1-heptene 2-heptene8 

wt/wt % 

mole % 

moles 

moloctLLes/ Os^ 

Ratio 

9 . 0 6 

8.89 

1.894 % lO"'̂  

1 1 3 * 4 

1 

3 7 . 5 7 

3 7 . 5 7 
8.017 z 10"^ 

5 3 . 3 7 

5 3 . 4 7 
1.139 % 10"2 

682.0 

6.01 
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THE REACTIONS OF [RUrC(CO)^^J ' ."'l CSPimikS; FULI, CEABACTERIgATION 

OF [RurG(CO).^(PPh^R)], R=Et or CILCE^SIL 

6.1. Preparation and Eackp;ronnd Chemistry of [Eu^C(CO),,n] 

g-Carbldo-LM -^carbonyl'-hexadecacarbonyl-octahedro-

hexaruthenium was first prepared by Piacenti eto al«(1) from the 

pyrolysis of [Ru^CCO).;^^] in bonzeno and cyclohexane at 150°C. On 

the basis of an.osmometrio measurement it was wrongly assigned as 

[Rug(CO),|g]. The relatively low intensity band at being 

assigned as a non-fundamental, instead of a bridging, carbonyl 

vibration band. An observed parent ion in its mass spectrum(2) and 

a subsequent X-ray diffraction structure determination(3) corrected 

this situation with the compound being identified as [RugG(CO)^y], I. 

later, pyrolysis of [Ru^CCO)^^] at in a sealed 

tube gave I in low yield ($9̂ ) as the only product apart from 

ruthenium m6tal(4). The yields increased slightly as the temperature 

was raised to a mazimum of l8o'^C; above this temperature total 

conversion to metal occurred* Prepajration by this route was taken 

as conclusive evidence that the carbide results from reduction of 

a coordinated carbonyl group, since the cluster had been produced 

in the absence of any other source of carbon. Higher yields were 

obtained by heating under reflux in n-nonane(2), or even better in 

di-n-butyletherC^)* Additional products in these cases, apart from 

metallic ruthenium, were [EgRu^^CCO)^^] and [IÎ R̂û î CCO)̂ ]̂. These 

result from reaction of [Ru^(CO)^p] with minute traces of water 

present under the conditions employed(6). The reaction of 

[E^^Ru^^CCO)^^] with ethylene under pressure is reported to give I 

in 309^ yield(7). Extension of these conditions using [Ru^(C0),j2] 

instead leads to even higher reproducible yields (ca»70$!!) if the 

reaction is carefully controlled(8). This last method does not give 

decomposition to metal and has been therefore employed as the most 

convenient route. Until recently the chemistry of I has been very 

limited. This is presumably due to the difficulty of pi'eparing it 

in good yields and the inherent problems of identifying any products 

formed in reactions of larger metal clusters. Access to single-

crystal X-ray diffraction techniques is normally required to 

elucidate the ligand geometry about the metal polyhedra, and then 

even the latter is not always retained.-
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As part of a study into the catalytic activity of a 

series of clusters towards the water-gas shift reaction, it vfas 

found that I reacted in alkaline (KOH) ethozyethanol at 100°G to 

give a cherry red solution(9). Although this species was not 

characterised, its reported infrared spectrum bears a strong 

resemblance to that of [EugC(CO)^^]^"',II, as prepared in high yield 

(60%) from [Eu^(G0)^2] and [Mn(CO)^]'" under reflux in diglyme(10)« 

Infact ^ reacts directly with methoxide (Ha2GO^/MeOS), via attack 

at a coordinated carbonyl group to yield the isolable anion 

[RugG(G0)^g(C02He)]"", which subsequently reacts with aqueous base 

to yield 11(8), There is a discrepancy between the reported 

molecular structures of 11 -carbido'=hexadecacarbonylhezaruth6aate(-2) 

from X-ray diffraction crystallographic studies on the tetramethyl-

ammonium(IO) and tetraphenylarsoniuB:(8) salts. The first appears 

to contain only three asymmetrically edge-bridging carbonyl ligands, 

whilst the second has four so disposed to give approximate 

symmetry (Diagram 1). Soweirer, in the salt a forth carbonyl 

is highly disordered and tends towards a semi-bridging position, 

and the first authors(11) agree that a more precise determination 

would probably reveal a more recognizable bridging position. The 
"13 

encapsulated carbon has been also verified by C NMR on a sample 
13 

derived from 00 enriched [Ru^(G0)^2]. The spectrum contains two 

resonanGes(IO) at 2138 (carbonyls) and, a redetermined value(12), 

at 4598 (carbide) in the appropriate intensities. This conclusively 

proves that the carbide originates from reduction of a coordinated 

carbon monoxide. The carbide chemical shift appears to be 

characteristic of RugC cores with [(CE^CMGu)2RUgC(C0)^g](11) and 

[Ru^QGg(C0)22^]^"'(12) giving ones at 457 and 4^8 6 respectively. 

Under milder conditions dropwise addition of [Eu^(C0)^2] 

in THF to aqueous K0E(13) results in the formation of the dianion 

[Eug(C0)^g]^"' in almost quantitative yields (809^). Treatment with 

sodium at produces a similar outcome(14). However, at 162°C 

(refluxing diglyme) this furnishes a direct route, to ^ in even 

better yields (80-909^) compared to above. Similarly, pyrolysis of 

isolated [Rug(C0)^g]''"" under reflux in diglyme gave quantitative 

conversion to the carbido-anion confirming the intermediate nature 

of the former. The trapping of evolved carbon dioxide as bariutn 

carbonate established the carbide to originate from intramolecular 
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reduction of a carbonyl ligaad:-

EEug(co)^g]^:: A ^ [RugG(c6)^gf"' + co^ 

The formation of an encapsulated carbide cluster from a non-carbide 

precursor of the same nuclearity raises interesting mechanistic 

questions* The protonation of [Rug(CO)^g]^" to [ERug(CO)^g]", 

where neutron diffraction studies(15) have shown the hydride to 

be interstitual, is an interesting parallel. Extended pyrolysis of 

[NEt^^DgCRugCCCO)^^] in dry tetraglyme at 210«230°C affords the 

edge-fused bioctahedral dicarbide cluster [Eu^Q(/-tg-C)(C0)2Q(/-l-G0)^]^" 

(12) with the structure shown in Diagram 1. Carbonylation of ^ 

under mild oxidizing conditions, Fe(lII)Cl^, regenerates I in 

high yield (68^)(14). 

[RugC(CO)^y] also provides a route into the versatile 

chemistry of [Ru^C(CO)^^],III, by quantitative carbonylation(l6) 

according to the equation-

[Eu<C(CO).»] CO, .80atm ^ [Rn c(CO),_] + [Eu(CO)g.] 

70°C, 3 hours ^ ^ 

-the only other product was confirmed as 

[Eu(CO)^] from a high-pressure Infrared 6tudy(17) and its physical 

properties. This contrasts with the previously reported yields of 

ca« as one of the products from reaction of [E2^u^(C0)^2] vith 

ethylene(7). An X-ray analysis(16) verified III to be isostructural 

with the earlier characterised osmium(l8) and lron(19) ana.logues, 

containing a square-pyramidal Ru^ arrangement with an exposed 

carbido-atom. In coordinating solvents, such as acetonitrile or 

methanol, an immediate reaction occurs giving adducts of the type 

[Ru^C(CO)(solvent)], which is easily reversed in the absence of 

excess solvent. If III is regarded as an electron deficient nido-

octahedra, then its ability to act as an electron-pair acceptor is 

facilitated by the ease with which the metal framework may undergo 

rearrangement to produce vacant coordination sites resulting in 

products which can be regarded as arachno pentagonal bipyramidal 

structures, as substantiated by the determined molecular structure 

of [Ru^C(C0),|^(NCMe)](20). With halides the anionic derivatives 

[RUpC(CO)^^X]"", X=C1, Br or I, are obtained which also possess a 

closely related structure by comparison with the Icnown [Os^C(CO)^^I]"" 

(21). Protonation of these derivatives, or direct reaction of III 

with EX, yields the neutral [ERu^C(CO)^^X], Molecular iodine also 
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forms an addition product, whilst heating to 100^0 imder 

atmospherea of hydrogen III reversibly adds hydrogen to give the 

spoculated 

Reaction with phoephines leads to the isolation of 

substituted products of III. The molecular structures of 

[EUg.C(CO)^r (PPhy) ], n=1 or 2, have been established by single-
^ I j)-»n ^ n 

crystal X-ray analysis and as predicted, on electronic and steric 

grounds, the phosphines adopt axial sites on the basal ruthenium 

atoms with a trans-disposition about the plane in [Ru^C(C0)^^(PPh^)2] 

(20). With the bidentate phosphines PPh2(CE2) PPhg, n=:1 to 4, the 

preferred coordination mode varies with different chain lengths 

and corresponding 'bites'. [Eu^C(CO)^^{pph2(CHp)^PPhg}](22) is 

isostructural to [Eu^C(C0),j^(PPh^)2], wheras the hydrogenated 

derivative [B2Ru^C(C0)^^^^^2^2^^^2^^ chelates a single basal 

ruthenium with the phosphorus atoms occupying an axial and equatorial 

GiteG(20). 

Indirect evidence for a general reaction of [EugC(CO)^y] 

ifith aromatic rings has been found. Ikidor reflux in the appropriate 

arene, benzene(4), toluene, xylene, mesitylGne(2) or azulene(23), 

[5u^(00)^2] reacts to give, in addition to metallic ruthenium, the 

parent I and a general species [EugC(C0)^2|.(^^^®)]" Presumably 

these compounds result from reaction of insltu formed I with the 

vast excess of arene. An X-ray crystal determination on the 

mesitylene derivative(24) illustrated that the arene acts as a 

six-electron donor displacing three carbonyl ligands. It caps an 

apical ruthenium relative to the square plane containing the 

single, edge-bridging carbonyl ligand. In addition, this is also 

one of the metal types coordinated by the organic ligands in 

[RugC(C0),^2^(bitropyl)](25), the Tl K^-bitropyl ligand being 

produced in the redox reaction between II and tropylium bromide(26), 

and [Eu^C(C0)^^(hexa-2,4-diene)](27) as one of the by-products in 

the preparation of I by the reaction of [Eiy(C0)^2] with ethylene* 

Other reported reactions of I include that with the 

cluster anion [208^(00)^^]", in the presence of oxygen, to give 

proposed structure is 

based on that found by X-^ray analysis of a related derivative 

obtained from reaction of the anion with [03g(C0)^g](29). No 

inferences to the number of bridging carbonyls, or their distribution 
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about the ruthenium core, were made but the Game apical motal is 

probably involved* Reaction of I with. [(PPh^)gN][N02] gives 

[RugC(CO)^^(NO)]" (859̂  yield), which reacts ifith [NO]' to give 

[Ru^C(CO)^^(NO)p] and with Ph^PAuCl to give [Ru^C(CO)^^(NO)(AuPPh^)]. 

X-ray analyGis of the lattor two compound8(30) show two nitrosyl 

ligands attached to opposite vertices, whilst the AuPPh^ ligand 

adopts a ^^-bridging mode. Presumably the hydride in 

[ERugC(CO),j^(NO)], obtained by protonation with concentrated 

^2^^4* similarly disposed* Reaction of ^ with [CuCCE^GN)^^] 

[BPj^] gave ready synthesis of [(CB^GNCu)2EugC(C0)^g] which was 

also shown to have one copper atom capping a trigonal Ru^ face, 

with the second juxtaposition on the CuRUg faceCH). This unexpected 

geometry deviates from that of [(CE^CNCu)^RhgC(CO)^^] where the 

two copper atoms are on opposite faces of the trigonal prismatic 

core(31)0 Although the anticipated fragmentation of the cluster 

was not realised, direct interaction of ^ with Et8S, which is 

capable of acting as e. multielectron donor, does occur by opening 

of the cluster to expose the central carbido-atom. Two products 

were identified as [E2RUgC(C0)^^(EtS)2] and [ERugC(CO)^^(EtS)^]; 

the latter being fully characterised by X-ray diffraction analysis 

(32). This showed that the carbido-atom has a distorted trigonal 

by-pyramidaJL coordination defined by five ruthenium atoms, with the 

remaining ruthenium swung out from the rest of the cluster and 

bonded to the edge-bridging thiol ligancLs. In comparicon, ^ reacts 

with a number of neutral ligands of potential IT -acid character, 

namely phosphines, arsinesC^) and phosphites(32), to give apparently 

simple substitution products without any opening of the ruthenium 

octahedron. The precise position of substitution was not established. 

[RugC(CO)^y] crystallises as a deep red acicular 

compound. It is slightly soluble in saturated hydrocarbon solvents, 

but is fairly soluble in chlorinated and aromatic solvents. At 

room temperature it slowly decomposes, but can be kept almost 

indefinitely at -25°C. It has been fully characterised by 

spectroscopic techniques. Its solution (cyclohexane) infrared 

spectrum contains five 'terminal' and one weak 'bridging* stretching 

absorptions. The last one becomes more pronounced when recorded in 

a solid EBr.diso. A parent ion m/ea1096, based on Ru^=Go8, is 

observed in the mass spectrum within an isotopio pattern which 
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correlates well with a computod isotope distributioa for a 

hexanuclear ruthenium entity. This is followed by eeventeen snch 

patterns corrocponding to Guccessive losses of carbonyl groups. 

Apart from the [EiyC] ion present in comparatively low abundance 

no other ions corresponding to fragmentation of the RugC core was 

obsearved, This illustrateB the inherent stability of this unit, 

probably associated with the presence of the interstitial atom* 

All this data augments the solid-state structure as determined by 

a single crystal X-ray diffraction study(3), which confirmed the 

presence of an interstitial carbide within an hexaruthenium core 

along with seventeen carbonyl ligands of which one is edge-

bridging (Diagram 1). 

6.2. El'eparation and Full Characterisation of [RU/.C(CO)^r(PPh^Et)] 

The preparation of various phosphine and arsine mono-

substituted derivatives of I under reasonably mild conditions has 

been reported(5), Typically, reaction with a two-^fold ezcoss of 

triphenylphosphine under reflux in n-hexane for 3 hours gave 

[RugC(CO)^g(PPh^)] in high yield (60$,). These products were 

characterised solely on the basis of elemental analysis and infrared 

spectroscopy. This ability to specifically form mono-substituted 

derivatives is an attractive feature when considering preparation 

of anchored variants since it alleviates the need for chromatography. 

In addition, the central carbon might be expected to give extra 

stability to the ruthenium cluster core under catalytic conditions; 

a study into the thermal stability of [Ru^(00)^2] and ]] directly 

adsorbed on silica or alumina attributed the greater resistance of 

the latter to decomposition to the presence of the interstitial 

carbide(33). Prior to attempting to isolate a phosphine-tethered 

adduct a more detailed knowledge of the molecular structure was 

sort by an indepth study on the homogeneous analogue [RugC(CO)^g-

(PPh^Et)],IVa, being undertaken. The reaction of I with trimethyl-

phosphite was also studied as this ligand acts as a good NMR 

probe, and its greater reactivity often leads to further degrees 

of substitution. 

Initially, identical conditions to those described 

previously were employed. Eowever, with a two-fold excess of PPh^Et 
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a secozid species, later substantiated as [RugC(C0)^^(PPh^Et)2],Va, 

was predominantly formed. On addition of the phosphine to the 

refluxlng solution an almost Immediate deepening of the colour to 

a criiaaon red occurred and infrared v monitoring indicated that 

this corresponded to instantaneous formation of IVa. With reaction 

time additional bsmda, at 20G$ and 2016 cm \ due to Va appeared 

at the expense of those for IVa* Adherence to a stringent 

stoichiometric quantity of phosphine did lead to isolation of TVa 

in reproducibly high yields (8^9^) in the absence of additional 

products. This implies that Va results from further substitution, 

and not pyrolysis, of IVa. The rate of reaction indicated that even 

less exacting conditions were possible, and indeed essentially 

quantitative conversion was achieved w i t h i n h o u r at room 

temperature. Methylene chloride was used as a suitable solvent for 

These even milder conditions made anchoring an even more 

attractive proposition. Eepetition of the work with PPh^ proved it 

to be sound, so yet again subtle changes in the phosphine ligand 

cause considerable perturbation in the nature and rate of reaction. 

The solution (cyclohexane) Infrared v spectrum confirmed 

IVa to be analogous with the previously prepared PPh^ adduct(5). 

The characteristic broad, brldging-carbonyl, vibration centred at 

I84^cia"^ was observed. Its position showed a definite solvent 

dependence and in CEgClg it appeared at l8$3cm"" . This shift to 

lower frequency is common to all the R%gO adducts prepared in this 

work, but only representative, (cyclohexane) data will be given 

forthwith. Similar, but more pronounced, effects have been also 

observed for the cluster anion species [M^H(CO)^^]"", M=Ru or Fe 

(34,35), where they are attributed to interactions between the 

carbonyl bridge of the cluster anion and the cation in solution, 

depending upon the polarity of the solvent. Clearly, even in the 

absence of any coulombio interaction, a weaker process is still 

present which depends solely on the polarity of both the solvent 

and solute. The relative intensity of this bridging vibration is 

greatly enhanced in the infrared spectrum of polycrystalline 

IVa recorded as a KBr pellet (Diagram 2). Simultaneously it has 

shifted to an even lower frequency (1815cm ) and, whilst this may 

be an extension of the aforementioned process, this probably 

originates from other interactive forces present in solid-state 
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Diagram 2 
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Gpeotra. These are amply illustrated by the increased, complexity 

of the terminal carbonyl region which can be largely attributed to 

correlation field splitting effectsC^^). ^hese have been used to 

explain how solid phase frequencies for metal carbonyls are UQually 

lower than those obtained in solution spectra, and progressively 

more so the lower in the spectmm. In addition, intermolecular 

vibrational coupling has to be considered whilst, in certain 

oircumstances, site occupancies in the crystal lattice can cause 

site symmetry splitting of degenerate modes accompanied by unexpected 

coupling and intensity stealing phenomena(37)# 

Extensive scanning over a tn.de retnge gave only resonances 

associated Trd.th coordinated PPhgEt in the NMR (GDCl^, 

spectrum of 17a. This reveals the simplicity of the reaction with 

the absence of any ligand degradation by contact with the RugC core. 

Elemental analysis (C and E) was also consistent td.th the proposed 

stoichiometry, although within experimental error the possibility 

of an addition product could not be overruled* Because of this, 

and in the absence of an observed mass spectrum or any detailed 

structural information from conventional spectroscopy (including a 
13 

variable temperature G NME study), a full single crystal X-ray 

diffraction study was performed to ascertain the precise molecular 

structure and geometry. 

6.2.1. Crystal and Molecular Structure of [Ru^C(CO)^g(PPh^Et)] 

Deep red, air stable, crystals of IVa were grown from 

n-hexane/CHpClg solution. Preliminary.photographic examination 

(Ifeissenberg and Precession) established approximate cell dimensions 

and revealed the systematic absences hOl for h+l=2n+1; and OkO for 

k=:2n+1. These uniquely indicated the centroGymmetric space group 

P 2^/n. 

Crystal Data for [Ru/C(CO)^r(PHioEt)] 

O^gPRug m/=1280o6g.mol"'' 

Monoslinic P 2^/n x , y , z &+%, 
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i+y, 

Cell dimeiiBioiis a=18.7^4(3) 

"=<=90.0 

b=17.624(:5) 

B =91.94(2) 

0=22.841 D ) 

7 =90.0 

Z=8 

n=:7545.9 A ^(000)^4863.8 /4(Mo-K^)=23.77cm 
- 1 

Density (calo)=2.249g.cm -3 Density (flotatioii)=:2.28('1)g«cm" 

R=0.0431 1^=0.0426 Bg=0.04l1 E^0.0411 

A suitable crystal of computed volume 0*01979m2i was 

used to record three dimensional X-ray intensities of 13,089 unigiic 

reflections, with a merging B of 0#0084, with graphite mono-

chromated Mo-Eq^ radiation (X=0*71069A)» from two octants of 

reciprocal space (3*5 < 26 <60°) using -26 scan on a Nonius CAD4 

diffractometer. All the intensities were corrected for lorentz and 

polarisation factors, and the slight crystal deterioration during 

accumulation compensated for by measuring two standard reflections 

(6, -1, -9 and 12, 0, -12) every 100 readings. The data was also 

corrected for absorption (crystal size 0.18^ % 0.18^ z 0.67^ mm, 

transmission coefficients on the full set i^anged from 0.7033 to 

0.6097) a:id excluding all reflections with F(obs)^<3(7'(F(obs)^), 

where the standard deviation ifas estimated from the counting 

statistics, gave 10,739 obseinred structure amplitudes which were 

used in the structural determination. Accurate cell dimensions were 

determined and refined by using 25 randomly selected reflections 

with the GAD4 automatic search, x;entre, index and least-squares 

routines* 

The structure was solved using the SEELX computer 

packago(38). Initial calculations were performed on an ICl 2970 

computer at Southampton Fniversity, but in the later stages of 

I'efinoment they had to be transferred to a larger CDC 7600/1948 

computer at Manchester University. 

The Patterson Gynthesis gave clear indications from 

the Ru-Ru vectors around the origin for an EUg octahedron. The unit 
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Table 1a 

Fractional Atomic Coordinate8(10 ) and Isotropic^ Thermal 

Parameters (&^x10^) &or Molecule A 

Atom x/a y/b z/c n 

Eu(1A) 4079(1) 4450(1) 2888(1) 

Ru(2A) 4755(1) 5527(1) 2077(1) 

RuOA) 4756(1) 5944(1) 1826(1) 

Ru(4A) 5127(1) 5967(1) 1942(1) 

Eu(5A) 5201(1) 5568(1) 2151(1) 

Ru(6A) 5852(1) 4929(1) 1154(1) 

P(1A) 5412(2) 4764(2) 5707(1) 

C(01A) 5971(4) 4727(4) 2024(5) 257(14) 

C(02A) 2457(7) 4672(7) 5597(5) 429(52) 

C(03A) 1979(7) 4855(7) 4121(5) 504(50) 

0(11) 5589(4) 5655(4) 5999(5) 564(25) 

0(12) 5588(4) 5910(4) 4598(5) 652(40) 

C(13) 5556(4) 6627(4) 4850(5) 759(44) 

C(14) 5957(4) 7144(4) 4517(5) 718(41) 

C(15) 4191 (4) 6944(4) 5971(5) 625(57) 

C(16) 4045(4) 6227(4) 5758(5) 487(52) 

E(12) 5077 5509 4840 1045(155) 

n(i3) 5540 6781 5255 1045(155) 

H(14) 4052 7699 4697 1045(155) 

H(15) 4501 7544 5729 1045(155) 

B(16) 4259 6075 5515 1045(155) 

0(21) 5589(4) 4105(4) 4298(5) 569(26) 

0(22) 5257(4) 5484(4) 4415(5) 645(44) 

0(25) 5411(4) 5002(4) 4884(5) 802(48) 

0(24) 5950(4) 5189(4) 5294(5) 774(47) 

0(25) 4556(4) 5860(4) 5255(5) 852(45) 

0(26) 4182(4) 4542(4) 4762(5) 586(55) 

H(22) 2859 5559 4096 1045(155) 

H(25) 5112 2482 4952 1045(155) 

H(24) 4069 2815 5659 1045(155) 

n(25) 4755 4005 5550 1045(155) 

B(26) 4480 4862 4714 1045(155) 

C(1A) 4875(8) 4566(8) 5595(6) 466(56) 

0(1A) 5556(7) 4579(7) 5755(5) 757(54) 

C(2A) 5995(8) 5451(8) 5116(6) 455(56) 
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0(2A) 4022(6) 2790(6) 5247(5) 695(55) 

c(2A) 5451(9) 5706(9) 2655(7) 585(45) 

0(5A) 5910(7) 5858(7) 2994(5) 814(57) 

C(4A) 4288(9) 6507(9) 2150(7) 572(45) 

0(4A) 4206(7) 7158(7) 2166(5) 746(56) 

c(5A) 5419(9) 5775(9) 1515(7) 567(45) 

0(5A) 5856(7) 5957(7) 1177(5) 875(59) 

C(6A) 5422(10) 5626(10) 2590(8) 694(51) 

0(6A) 5885(7) 5478(7) 2709(6) 869(40) 

C(7A) 4457(10) 2976(10) 1654(7) 659(49) 

0(7A) 4295(8) 2568(9) 1458(6) 1028(49) 

C(8A) 5454(9) 5962(9) 1264(7) 582(44) 

0(8A) 5922(8) 5975(8) 941(6) 959(44) 

C(9A) 2660(9) 5519(9) 2444(7) 529(42) 

0(9A) 2555(6) 2950(7) 2768(5) 746(55) 

C(10A) 2757(9) 5591(9) 1515(7) 544(44) 

0(10A) 2519(7) 5018(7) 941(6) 857(40) 

C(11A) 2573(6) 4788(8) 2057(6) 414(55) 

0(11A) 1754(6) 4#55(6) 2048(4) 640(52) 

G(12A) 2774(7) 6155(8) 2721(6) 598(54) 

0(12A) 2502(6) 6506(6) 5067(4) 615(29) 

C(13A) 2762(8) 6229(8) 1614(6) 470(56) 

0(13A) 2465(7) 6651(8) 1280(6) 915(42) 

C(14A) 4O55(10) 5858(10) 767(7) 681(48) 

0(14A) 4145(8) 6418(8) 550(6) 976(44) 

C(15A) 2925(10) 4875(10). 756(7) 645(48) 

0(15A) 2562(7) 4464(7) . 558(5) 885(59) 

C(16A) 4256(11) 4560(12) 557(9) 855(61) 

0(16A) 4425(8) 5989(8) 157(7) 1149(50) 

Table Tb 
4\ Fractional Atomic CoordinatesClO ) zuwi I^^tropio Thermal 

Parameter8(A'^xlO') for Moleciilo g 

Atom x/a y/b V'c n 

Ra(2B) 

9091(1) 

9729(1) 

5369(1) 

5749(1) 

2756(1) 

1667(1) 
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Ru(3B) 9763(1) 4196(1) 2023(1) 

Ra(4B) 8245(1) 4108(1) 2090(1) 

Ru(5B) 8090(1) 5665(1) 1789(1) 

R%(6B) 8847(1) 4699(1) 1038(1) 

P(1B) 8483(1) 5102(2) 3619(1) 

C(01B) 8969(4) 4983(4) 1922(3) 2^4(16) 

C(02B) 7513(6) 5217(6) 3515(4) 383(28) 

C(03B) 7042(7) 5082(7) 4051(5) 580(32) 

C(31) 8658(4) 4165(3) 3948(3) 397(25) 

0(32) 8421(4) 4o4o(3) 4537(3) 589(35) 

C(33) 8516(4) 3319(3) 4779(3) 853(48) 

0(34) 8900(4) 2770(3) 4482(3) 702(31) 

C(35) 9188(4) 2942(3) 3943(3) 628(38) 

0(36) 9093(4) 3663(3) 3701(3) 496(32) 

B<32) 8123 4464 4767 1043(135) 

E(33) 8293 3185 5196 1043(135) 

E(34) 8973 2212 4670 1043(135) 

E(35) 9485 2518 3713 1043(135) 

n(36) 9316 3797 3284 1043(135) 

C(41) 8687(4) 5740(4) 4163(3) 364(27) 

C(42) 8382(4) 6483(4) 4251(3) 547(30) 

0(43) 86o4(4) 7014(4) 4671(3) 768(43) 

C(44) 9180(4) 6852(4) 5054(3) 839(42) 

0(45) 9534(4) 6159(4) 5015(3) 831(50) 

0(46) 9312(4) 5628(4) 4594(3) 582(36) 

E(42) 7937 66o'8 3955 1043(135) 

E(43) 8330 7551 . 4701 1043(135) 

8(44) 9351 7263 5379 1043(135) 

E(45) 9980 6033 5311 1043(135) 

E(46) 9587 5091 4564 1043(135) 

C(1B) 8938(8) 6394(9) 2892(6) 451(39) 

0(1B) 8895(6) 7031(6) 2981(5) 679(31) 

C(2B) 9922(8) 5378(8) 3242(6) 479(37) 

0(2B) 10417(7) 5443(7) 3545(5) 766(35) 

C(3B) 10455(9) 6137(9) 2171(7) 609(44) 

0(3B) 10921(7) 6349(7) 2458(5) 864(39) 

C(4B) 9410(10) 6702(10) 1421(7) 663(49) 

0(4B) 9219(7) 7287(8) 1234(6) 940(42) 
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C(5B) 10396(9) 5659(9) 1070(7) 525(41) 

0(5B) 10831(7) 5582(7) 738(5) 764(36) 

C(6B) 10419(8) 4052(8) 2661(6) 430(37) 

0(6B) 10831(7) 3939(7) 3030(5) 752(35) 

C(7B) 9349(9) 3219(9) 2107(7) 562(42) 

0(7B) 9286(7) 2561(8) 2152(6) 896(42) 

C(8B) 10332(8) 3939(8) 1534(6) 474(37) 

0(8B) 10983(6) 3788(6) 1237(5) 641(30) 

C(9B) 7819(8) 3646(8) 2739(6) 435(36) 

0(9B) 7323(6) 3350(6) 3102(4) 582(29) 

C(10B) 7834(8) 3328(8) 1657(6) 436(35) 

0(10B) 7613(7) 2810(7) 1387(5) 859(41) 

C(11B) 7378(8) 4846(8) 1947(6) 438(37) 

0(11B) 6734(6) 4781(6) 1964(4) 577(29) 

C(12B) 7379(8) 6379(8) 2222(6) 479(38) 

0(12B) 7232(7) 6798(7) 2483(5) 752(37) 

C(13B) 7627(9) 6033(9) 1112(7) 599(45) 

0(13B) 7343(7) 6276(7) 687(5) 831(37) 

C(14B) 8934(9) 5458(9) 458(7) 574(43) 

0(14B) 8970(6) 5917(7) 94(5) 740(35) 

C(15B) 7990(9) 4337(10) 690(7) 587(48) 

0(15B) 7486(7) 4098(7) 465(5) 814(37) 

C(16B) 9367(8) 3961(8) 656(6) 494(40) 

0(16B) 9663(6) 3507(7) 389(5) 732(34) 

Table 1c 

Anisotropic Thermal Parameters(10 ) 

Atom U11 U22 D33. n23 F13 ni2 

Rti(lA) 281(3) 311(3) 278(4) -7(4) -6(4) 3(4) 

Rii(2A) 262(3) 326(3) 379(5) 5(4) —8(4) -40(4) 

Eu(3A) 291(5) 348(5) 343(5) -11(4) -32(4) 44(4) 

Rn(4A) 333(5) 353(5) 336(5) -45(4) -8(4) -80(4) 

Ra(3A) 368(6) 362(5) 371(5) -15(4) 50(4) 74(4) 

Eu(6A) 382(6) 402(5) 269(4) 12(4) -13(4) —17(4) 

P(1A) 315(17) 355(16) 278(14) -11(12) 0(12) -18(13) 

Ru(lB) 275(5) 295(5) 290(4) —4( h) —14( 4) -15(4) 
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Ihi(2B) 282(5) 329(5) 307(4) 11(4) -6(4) -72(4) 

Eu(3B) 247(5) 325(5) 375(5) -14(4) ""9(4) 14(4) 

Rn(4B) 344(5) 360(5) 363(5) 4(4) 38(4) -98(4) 

Rti(5B) 294(5) 356(5) 345(5) 45(4) -1(4) 46(4) 

Eu(6B) 309(3) 396(5) 278(4) -5(4) 7(4) •»44( 4 ) 

P(1B) 334(17) 319(15) 277(14) 15(12) -30(12) 41(13) 

Table 2 

Selected Bond Leng^thsfX) and Angle8(d^) (with estimated standard 

deTiations in parentheses) for [En/.C(00)^^(PPh^^)] 

Molecule A Molecule B 

a) EeaTy-atom parameters 

2.972(1) 5n(1) - R%(2) 2.875(1) 

2.890(1) E%(1) - R n ( 3 ) 2.968(1) 

2.875(1) Ru(1) - Rn(4) 3.099(1) 

3.088(1) R u d ) - Ri i (5 ) 2.897(1) 

2.850(1) Ru(2) - R u ( 3 ) 2.855(1) 

2.885(1) Ra(2) - RK(5) 3.100(1) 

2.894(1) Ru(2) — Eu(6) 2.839(1) 

3.039(1) R u ( 3 ) — Ell ( 4 ) 2.859(1) 

2.865(1) R u ( 3 ) - RU(6) 2.920(1) 

2.856(1) Ra(4) - Rt i (5) 2.841(1) 

2.863(1) Ru(4) - Ru(6) 2.883(1) 

2.834(1) R n ( 5 ) - Rn(6) 2.833(1) 

2.359(3) Rn(1). — p( 1 ) 2.358(3) 

125.0(1) P(1)-Ru(1)-Rn(2) 175.4(1) 

173.0(1) P(1 ) -Rn(1)-Rn (3) 124.0(1) 

109.5(1) P(1)-Rti(1)-Rn(4) 90.8(1) 

89.7(1) P(1)-Ru(1)-Ru(5) 110.7(1) 

b) Metal-carbide parameters 

2,047(6) R%(1) - C(01) 

2.010(7) Rn(2) « C(01) 

2.0^4(7) Ru(3) - 0(01) 

2.029(7) 

2.061(8) 
2.042(7) 
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2.077(7) Eu(4) - 0(01) 2.098(8) 
2.089(7) Ru(5) - 0(01) 2.055(8) 
2.071(6) Ru(6) - 0(01) 2.084(7) 

127.9(5) C(1)-Ru(1)-C(01) 118.1(5) 

120.7(5) C(2)-Ru(1)-0(01) 128.5(5) 
130.7(5) C(3)-Ru(2)-C(0l) 123.9(5) 

108.8(5) C(4).Rn(2)-C(01) 117.3(6) 
128*1(5) C(5)-R%(2)-C(01) 129.0(5) 
121.2(6) C(6)-Ru(3)-C(01) 129.1(5) 
117.5(6) C(7)'"Ru(3)-C(0l) 109.2(5) 
131.1(5) C(8)«Ru(3)-C(01) 131.1(5) 
135.6(5) C(9)-R%(4)-C(01) 138.8(5) 
135.7(5) C(10)-Rn(4)-C(01) 135.2(5) 

93.6(4) C(11)-Ru(4)-C(01) 91.1(4) 

92.1(4) C(11).Rn(5)"C(01) 95c 0(5) 

140*7(4) C(12)-Ru(5)-C(0l) 137.2(5) 

132.2(5) C(13)-R%(5)-C(01) 132.4(6) 

124.9(6) C(14)-R%(6)-C(01) 119.9(5) 

121.5(6) c(i5)-a%(6)-c(oi) 123.7(6) 

124.6(6) C(16)-R%(6)-C(01) 125o5(5) 

line ligand par azoeters 

1.844(13) F(1) -0(02) 1.837(11) 
1.734(7) P(1) - 0(11/31) 1.840(7) 

1.806(7) P(1) . 0(21/41) 1.710(7) 
1.530(17) 0(02) - 0(03) 1.553(16) 

115.6(3) Ru(1)-P(1)~C(11/31) 115.8(3) 
110.0(3) Ru (1)"'J?('i ) "0 (21 /41) 111.9(3) 

101.6(5) Rn(1)-P(1)-0(02) 112.0(3) 

.n.g carbonyl group 

2.038(14) Ru(4) - 0(11) 2.099(15) 
2.079(14) Ra(5) -0(11) 2.008(15) 
1.165(19) 0(11) - 0(11) 1.177(19) 
87,8(6) Rii(4)-C(11)-Rii(3) 87.5(6) 

138*3(11) Ru(4)-C(11)-0(11) 134.4(11) 

133.9(11) Rti(5)-C(11)-0(11) 138.0(11) 
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@) Terminal oarbonyl groups 

Eu-C 

1.924(16) 1.908(15) 

1.823(18) IHjuamm 1.847(14) 

1.870(16) Mean (standard, deviation) 1.880(15) 

Ru-C-O 

177.7(14) Mazlmnm 179.1(12) 

162.0(15) Minlmnm 161.6(15) 

C-O 

1.162(17) Mean (etandard deviation) 1.149(20) 

f) Carbonyl group angles 

89,9(4) C(1)-Rn(1)-C(2) 91.3(6) 

84.9(4) C(1)-Ru(1)-P(1) 88.3(5) 

87.8(4) C(2)-Eu(1)-P(1) 85.5(4) 

96.3(7) C(3)'.En(2)-C(4) 94.3(7) 

87.3(7) C(3)-En(2)«C(5) 89.4(7) 

98.1(7) C(4)-Rn(2)-C(5) 94.1(7) 

93.9(8) C(6)-Su(3)-C(7) 97.0(5) 

89.1(8) C(6)"Bn(3)-C(8) 86.2(6) 

95.2(7) C(7).Bu(3)-C(8) 99.4(6) 

87.6(7) C(9)-Ru(4).C(10) 85.4(6) 

91.7(6) 0(9)—Rn(4)—C(11) 92.5(6) 

102.2(0 C(10)-Ru(4)-C(11) 94*1(6) 

95.3(6) C(11).R%i(5)-C(12) 91.9(6) 

92.1(6) C(11)-Ru(5)_C(13) 96*1(6) 

86.0(6) C(12)-Rn(5)-C(13) 88.4(7) 

91.9(8) C(l4)-Ru(6)-C(15) 92.1(7) 

92.9(8) C (14)""Rii(6) —G1I6) 96.1(7) 

91.7(8) C(15)^Rn(6)-C(l6) 91.1(7) 



(337) 

cell containg two similar but cryGtallographioEilly non-equivalent 

moleculGG and the 12 independent ruthenium atoms were located by 

multlGolution sigma two-aign expansion. The most favourable E-map 

consisted of the expected two oc tahedra. After refinement of 

their coordinates all the other non-hydrogen atoms were found from 

subsequent Fourier maps combined with model building* In both 

molecules the carbide was the last atom to be located perhaps 

indicating the low electron density about them. 

Full-matrix least-squares refinenent of the structure 

was carried out with anisotropic thermal parameters for Bu and P, 

and Isotropic C and 0 atoms. The phenyl rings were constrained as 

rigid groups (G«.C=i1«395^) during this process to save computing 

time, and their hydrogen atoms, given a common refined isotropic 

temperature factor, placed in geometrically idealised positions 

and allowed to ride 1.08A from the relevant carbon atom. A weighting 

scheme iwa1/o- (F(obs)) was applied and gave a satisfactory 

variation o f w h e n analysed in terms of sinG and F(cb8)« 

Problems with the amount of data, and the nuzber of refinable 

parameters, led to the necessity of using a block refinement 

procedure in which only certain parameters were allowed to refine 

in each least-squares cycle, emitting those reflections for which 

F(ob8)^<C (F(obs)^) and when 28< 50° reduced the number of data 

points by 2,123 to 8,616 which were used in the refinement. The 

total number of refined paramoters is 4^6, giving a ratio of 

reflections/parameters of 18.9. This gave a convergence to a final 

B value of 0.0431, and the final difference electron-density 

synthesis showed only weak features (-1.31 < electron density <1.4? 

e r ' ) . 

The atonic scattering factors and anomalous dispersion 

terms for neutral G, 0, P and E atoms were taken from the SEEIX 

package and the corresponding values for ruthenium taken from 

reference 39* In Table 1 are presented the atomio coordinates, 

anisotropic and isotropic temperature factors, and the hydrogen-

atom positions. Some selected bond lengths and angles are tabulated 

in Table 2. 

The molecular structures of the two crystallographically 

independent.molecules (A and B) are shown schematically in 

Diagram 3. These are reproduced elsewhere(40) as 0RTEP(4l) drawings 
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Diagram 

Molecular Structure of [Ru^C(CO)^/.(PPh,^Et)]: Molecule A 
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Diagram 3b 

Molecular Structure of rEii^C(C0),;g.C.PPh2Et)]: Molecule B 
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with, thermal ellipsoids enclosing 209̂  probabilities. They possess 

the bajBic [RugC(CO)^y] strncture, but with the phosphine substituting 

for a terminal carbonyl group on a ruthenium atom sharing a face 

with the two bridged metal atoms. Interestingly this is the same 

ruthenium atom bearing the arene ligand in 

(24)* The introduced ligand is placed unsymmetrically over the 

bridging carbonyl rendering each molecule enantiomeric, this appears 

the most sterically relieved arrangement. The M g-ligand is slightly 

asymmetric being displaced away from the direction of the phosphine 

but still in the metal plane. One such geometry is shown (Diagram 5a) 

for an optical isomer of Molecule A, as viewed down the Ru(lA)-C 

(carbide) bond. 

The unit cell, as viewed from infinity in Diagram 4, 

contains four molecules of both A and B. Bach is divided into pairs 

of the two optical isomers positioned in each corner so that the 

reflection planes interconvert them. Ey chance, the presented 

structures for A and B turn out to be approximately enantiomeric, 

this is emphasized by the chosen atom nimbering scheme. Super-

imposing the two molecules gives an averaged, stimcture with 

characteristics similar to that apparent in solution (see later), 

possessing a pseudo- mirror-plane through the phosphorus, carbide 

and bridging carbonyl group. The mean Eu«C(carbide) distance of 

2«060(26)A is not significantly different from that reported for 

I, 2.05A(3); [EugC(CO)^^(CgE^Me^)], 2.04A(24); [RugC(CO)^^^(bitropyl)], 

2.061(25); and [RugC(CO)^^(CgE^Q)], 2.06i(27). Although it is 

scarcely significant, there is a slight lengthening of the mean 

Eu-Rii bonding distance compared to that in I, 2.912(86) verses 

2e903)(60) X. However, a direct comparison of the individual, 

averaged, Ru-Eu distances (Diagram 5b) for Ĥ 'a against the 

corresponding values in I illustrates perhaps more significant 

variations around the molecule. In particular, there is a noticeable 

expansion of the upper square-based pyramid capped by the phosphine 

through increased values for the metal-metal bond lengths to the 

substituted ruthenium atom. In IVa, this mean is 2.958(92)%, as 

compared with a mean of 2.901(49)^ in There is a corresponding 

contraction of the lower polygon. Further, the lengthening is most 

pronounced for the two distances, Ru(1)-Ru(4) and Ru(1)-Ru(5)* on 

the face encompassing the phosphine ajid bridging carbonyl group. 
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Diagrajn 4 

The CryBtal % l t Cell for [Riiy.C(CO),^(PPh_Et)] 

-> a-axis 

i) The unit cell is Yiewed from infinity in the positive b direction, 

ii) Carbon and oxygen atoms are excluded for clarity. 

iii) The molecu].ar packing is shown for the enantiomeric isomers 

of the two crystallographically diatinct molecules. 
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Diagram 5 

a) Enantiomeric Nature of Ci^stallinG [Ri^C(CO)^/'(PPh_Et)] 

0(1A) 

C ( 2 A ) r % 

C(11A) 

Ru(1A 

C(02A) 

Eu(2A 

0(11A) 

C(0:$A) 
ETi(5A) 

0(11) 

View down the En(1A)-C(carbide) bond in Koleculo A 

b) Comparison of Ru-Rn DiGtance8(A) in [Rii^C(CO)^g.I,]; IfzCO or PPh^Et 

R u d ) 

Ru(3) 

Ru(5) 

Ru(2 

Rii(6) 

[EugC(CO)^g(PPhpEt)] [EngC(CO)^y 

2.924 E n d ) ~ En(2) 2.927 

2.929 E n d ) - En(3) 2.981 

2.987 E n d ) " En(4) 2.883 

2.993 En(1) - En(3) 2.827 

2.853 En (2) - En(3) 2.840 

2.993 En (2) - En(3) 3.034 

2.867 Rn(2) 1. En(6) 2.872 

Ru(4) 2.949 En (3) - En(4) 2.897 

2.893 Ru(3) - Eu(6) 2.917 
) w 
0(11) 2.849 En (4) - En(3) 2.833 

2.873 En (4) - Rn(6) 2.969 

2.834 En (3) - En(6) 2.838 
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Ihle probably arises from the starlo bulk of the phosphlne, but 

might also represent the first stages of cluster opening cansed, by 

Increased electron donation from the llgand. In oomparlson, a 

contraction of these distances was found In [BugO(CO)^ )], 

giving a mean of 2*859(6)3., 

6.2.2. Soliitioa atiidies of [Rn^C(CO)^^ _(PPb_Ei:X ]; n=0*_1 or 2 

This study-was initiated to confirm retention of the 

solid-state structure of IVa upon solvation, and to possibly reveal 

some structural information for Va. 
— 13 

Direct substitution I'Zas used to prepare CO-enriched 

[RnrC(CO)^n], by heating a a-h@xane solution at 70°G for 90 hours 

undor 90 atoni%! CO in a sealed vessel. No dekectable deoomposition 

was observed during this process and the retrieved compound was 

still a crimson, crystalline, solid. Its infrared spectrum (CCl^^) 

indicated that a degree of e.nrichmeiit had been achieved, as shoivn 
13 

by the Increased complexity through a larger abundance of 

containing vibrations. Unfortunately, this could not substantiate 

whether enrichment had occurred evenly or in a site preferential 
"3 . o 

manner. 3?he ambient temperature C Nf-IB spectrum (CDCl^, G) 

contained a sharp singlet at 197=146 which remained unchanged at 

"20^0 when sample precipitation precluded further study* This 

evidently signifies that there is a fast exchange process 

equivalencing all the carbonyl groups around the metal polyhedron. 

At room temperature similar temperatures have been also made for 

other hexa-ruthenium clusters prepared from previously enriched 

[Ru_(CO)^p] thus excluding any preferential site enrichmento In 

particular, [RUgC(C0)^g]^" prepared in this manner shows just a 

single line plus a broad resonance at much lower field due to the 

carbide(lO), such a signal would not be anticipated in the present 

investigation because of the different stage of enrichment. 

An enriched sample of IVa was then prepared by the method 

already described* Because of its much higher solubility a variable^ 
13 n 

temperature "0 MMR study over the much wider range of -130 to '01 ^0 

was possible, using varying mixtures of CDgOlg/CHG]:^ as solvent. 

The recorded spectra are shown in Diegrejzi 6. Again at ambient 

conditions a s M r p line at 200.56 was observed representing the 
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Diagram 6 

Variable Temperature ^CO NMR Speotra f o r [Eu/^C(CO)^^ (PPh^Bt) ] 

5 1 ° 0 

200.58 202.08 

.70°C 

a 

202.86 

.85^0 

b 

2 0 0 . 9 6 

2 

192.76 

h/ 

A 

. 100°C 

J 

b 

•̂"4. . 

- 1 1 0 ° C 

\ 

- 1 3 0 ° C 
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averagod resonance. This downward shift relative to that for I is 

consistent with replacement of a carbonyl by a phosphine ligand. 

8ep9.rate studies(42) have shown that the chemical shift of a 

coordinated carbon monoxide is sensitive to changes in its 

stereochemistry and electronic enviroinent. Of particular relevance 

was the observation that replacement of carbon monoxide by a better 

charge donor increased 6^ ; phosphines falling into this category. 

On cooling, no significant change was observed in the 

signal, apart from a small temperature dependence, until below -50°C 

when it noticeably broadened and eventually collapsed into the 

baseline at about At -70^G a broad signal, 202,06, emerged 

from the coalescence, but by -80°C the highest energy process was 

completely frozen out and this signal split into two separate 

signals:- 202.8,a, and 200.9,b, 6. Although their peak heights were 

approximately equal, weighting to fit their averaged signal indicated 

actual relative populations of 8:6, as opposed to 7:7, respectively: 

[((8x202.8)+(6x200,9))/14=202*0]. Simultaneously a third peak also 

appeared at 193-76*2* sq^iivalent to two carbonyl groups. At -100°C, 

whilst a and ^ sre still very shai^ with narrow half-widths, b has 

broadened considerably as a second process is slowed and by -110°C 

it has collapsed totally into the baseline. At this temperature a 

third process begins to slow as a loses intensity relative to 2 ^nd 

eventually collapses at -130°C, the lowest temperature studied. Even 

then, neglecting signal broadening due to loss of resolution as 

amply illustrated by the CHGl^P doublet, ^ remains essentially 

unchanged. The limitations of the spectrometer cooling system, and 

the absence of an available solvent, prevented investigation below 

-130°C; sample solubility itself did not present a problem* 

Although in the absence of the low temperature, limiting, 

spectrum this data remains ambiguous, the observed features can be 

interpreted on the basis of the *averaged' crystal structure being 

retained after solvation. Above ca. -70°C a total scambling of all 

the carbonyl ligands about the metal-phosphine substrate is 

obsei-ved. Below this temperature two equivalent enviroments are 

'frozen out' from this dynamic process as seen by the emergence of 

2 after collapse of the initial signal. Given the I'elative 

population of 2 It is difficult to assign it to any pair except the; 

two carbonyl groups on Ru(1), which are inequivalent by virtue of 
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the phoGphlne orientation in the crystal but are averaged, very 

readily in solution and so are equivalenced even at -130°G. Below 

-Bo'^C the migration between the five remaining ruthenium centres 

Goon ceaees and two separate exchange processes are evident, as 

signified by a and b. If one accepts the 8:6:2 population ratio 

then the group of six, b, probably represents averaging of the two 

Ru(CO)^ groups on Eu(2) and Ru(3) cis- to the substituted metal 

atom. The apparent molecular symmetry precludes discrimination 

between this occurring via migration between the two rutheniums or 

by localised rotation at the independent centres. Intuitively the 

latter is preferred, but tfith the reservation that this process 

appears to have a higher activation energy barrier than: the one 

discussed below. This leaves the eight carbonyl groups of the bridge, 

two moieties, and the last Su(CO)^ group, trans- to the 

substituted metal atom, attributed to a. Evidently a localised 

intemuclear exchange process is occurring across the face defined 

by B%(4), Ru(5) and Eu(6). This may be promoted by the bridging-

ligamd, whilst its component chemical shift (ca. 2506) accounts for 

the observed downfield position of a. Qa cooling this motion is 

slowed preferentially compared to that represented by a, but both 

signals have collapsed into the baseline at 

At room temperature the NKR spectrum (CDC1_, 31°C) 
13 

of a CO-enrichsd sample of 7a also exhibited one sharp resonance 

in the carbonyl region at 204=76, again indicating rapid total 

exchange. This remained unchanged until approximately -70^0 whence 

it collapsed into the baseline. Further cooling resulted in the 

emergence of several ney; features from the coalescence but, 

unfortunately, these were still ill-defined at the lowest temperature 

studied (-120°C). Obviously from this limited data no structural 

information can be inferred, however the downfield shift relative 

to the signals for both I and IVa is again consistent with increased 

phosphine substitution. 

6.?. Reaction of [RurC(CO).,r,] with Trimethylphosnhite 

As already described in the presence of excess phosphine 

[Ru^C(CO)^^(PPh^Et)2],Va, is exclusively formed from the reaction 

of I by heating under reflux in n-hexane. It was identified by 
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1 
microanalysis, infrared, and H NliR spectroscopy. Only resonanoes 

1 

due to coordinated phosphine were seen in the E NMR spectrum (CDCl^, 

31°C) despite extensive scanning. No mass spectrum was recorded, 

no doubt due to decomposition in the probe. Two overlapping 

vibrations, at 18^7TW and l838vw cm" , are present in its infrared. 

Vg spectrum (cyclohexane) (Diagram 2, Cable 3)* in addition to a 

complex pattern in the terminal carbonyl region. This was interpreted 

as indicating either an increased proportion of bridging enviroments 

or structural isomers of Va, with no significant perturbation of 

the remaining carbonyl distribution. Independent workers(43) also 

found that at the more forcing conditions of reflux in. n-heptane a 

similar product was obtained with triphenylphosphine. Its reproduced 

infrared spectrum (Table 3) confirms it to be isostructural with 

Va, i.e. [RugC(CO)^^(PPh^)g]. 

However, this data alone provided only limited structural 
13 

information for Va and its G NMR spectra were equally uninformative. 

In an attempt to gain a greater insight the reaction of ^ with 

P((Me)^ was investigated. This phosphite tends to be more reactive 

than phosphines so even further degrees of substitution were 

anticipated. The sharp doublet in its E NMR spectrum also acts as 

an:excellent handle for discriminating isomeric forms* Indeed, by 

varying the reaction conditions it was possible to isolate eaoh 

member of the series [EugC(CO)^y_^(P(OMa)^)^], n-1,2,3 or 4, which 

were characterised by spectroscopy and microanalysis. 

At room temperature stirring a GBpCl^ solution of I with 

just an equimolar quantity of phosphite results in the isolation 

of [Eu^C(CO)^^(P(OMe)^)],IVb, as the only product. This was easily identified by comparison of its infrared spectrum with t̂ iat of 

IVa (Table 3)» A parent ion ny'e=1193, based on Rug=<So8, was observed 

in the mass spectrum followed by sequential loss of carbon monoxide 
1 

complicated by phosphite fi-agmentation. The S NKR spectrum (CDCl^, 

31^0) gave a sharp doublet centred at 3.77(Jpg=12Hz)6 which 

corresponds to a downfield shift relative to free phosphite, 

3-5(J'pg=12Hz)6, as would be expected upon coordination. 

Gradually increasing the relative concentration of 

phosphite results in varying mixtures of the greater substituted 

products reflecting the approximate molar quantity added. 

[RugC(C0)^^(P(0Me)^)2],Vb, was isolated as a red polycrystalline 



Table 3 

Infrared (v ) FrequencieG of Prepared Eexaruthenium Clusters 

'Compound IE 
% 

(cyclohexane unless stated) 

[RugC(CO)^y] '(Ref.2) 2064a 20498 2007W 1993W [RugC(CO)^y] '(Ref.2) 

I958W 1854wbr 

(CCl^) 2067s 2046G 2003w I85OVW 

[RugC(CO)^g(PPIy)] . 2084in 2056TS 2045ms 2029VB 

(CCl^) 2003m 1984m l844w 

[RugC(CO)^g(PPhgEt)] 2084m 2056a 2046s 2032V8 [RugC(CO)^g(PPhgEt)] 

2020mBh 2003W 1985W 1845vw 

(KBr disc) 2084m 2053sh 2038vs 20216h 

2008TG 199706 1993Gh 1984m8h 

1979m 1972m 1962m 1815m 

[Ru^C(CO)^g(P(OMe)^)] 2086w 2057m 2046s 2034TS [Ru^C(CO)^g(P(OMe)^)] 

201Offish 1986%' 1843TW 

[Ru^C(CO)^ ̂ (PPhgCSgCEgSIL)] 2083w 2055016 2044G 203OVS 

(Nujol mull) 2017Gh 1984w I956VW 1840TW 

[RugC(C0)^^(PPly)2](Ref.43) 2069wBh 

I998W 

2064w 

I987W 

2046s 

1845wbr 

20l88br 

[RugC(C0)^e.(PPh^Et)2] 2071WGh 

2018T8 

2064m 

2014T8 

2045TW 

I99IW 

2028s 

1979W 

1971v8h 1949Tnf I857TW I838TW 

[Ru^C(C0)^^(P(0Me)^)2] 2072W 2048vw 20328sh 2 0 2 0 T B [Ru^C(C0)^^(P(0Me)^)2] 

I978W 1864"^^ I840w 

[RugC(C0)^^(PPh2CH^CHg8IL)2] 

(Nujol mull) 

2 0 6 5 m 

1990ah 

2045w 

1974* 

2028s 

I856VW 

2019v8 

1835VW 

2060W 201Ovs 196OW 1832TW 

[RUgC(CO)^^(P(OMe)^)^] 2042w 199978br I 9 6 5 W 1815VW 
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Infrared (v^^) Spectra for [RugC(GO)^y^^(P(OMe)^]; n=1-^ 

2100 2000 1950 1900 1850 1800 cm' 
- 1 

A 
f \ 

f \ 

a/ [EugC(CO)^g(P(OMe)^)] 

1 

(cyclohexane) 

2086w 

2057m 

20466 

2034vs 

2010msh 

I986W 

l843vw 

2100 2000 1950 1900 1850 cm 

T 

[EugC(CO)^^(P(OMe)^)g] 

(cyclohexane) 

2072W 

2048vw 

2032GBh 

2020T6 

I978W 

l864vw 

I840w 

- 1 

c/ [RugC(Cp)^2^(P(0Me)^)^] 

(cyclohaxane) 

2060W 

2 0 1 0 V B 

I96OW 

I832TV 
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solid* Although no mass spectnm was obtained, within its accepted 

limitations microanalysis (C and 5) was fully consistent with the 

proposed formulation. The infrared spectrum of Vb (Diagram 7) 

is similar to that of Va, again showing an asymmetric bridging 
1 

feature, whilst its E NKR contained two overlapping doublets 

centred at 3.68(J g=12Ez) and 3*75(Jpg=12Hz) 6, with relative 

intensities of approximately 1;2 respectively. On first inspection 

this suggests a trisubstituted product, but careful consideration 

of the possible spatial arrangements for the molecule allows it to 

be explained in terms of two separate isomers of Vb. However, to 

support this hypothesis certain prequisite assumptions are necessary 

first. Namely, that successive substitution occurs at different 

metal centres, does not alter the remaining carbonyl distribution, 

and that the barrier to reaction is significantly higher at the two 

rutheniums constituting the bridged edge compared to that at the 

remaining metal atoms. Implicit to the second supposition is that 

the number of bridging carbonyls does not alter and, whilst this 

may be true, introducing more electron density at a metal centre 

is often compensated for by their generation. This is usually 

rationalised on the basis that bridging carbonyl ligands are capable 

of delocalizing charge about the cluster. 

The NMB study on IVa and Va established complete 

scrambling of the carbonyl groups about the metal polyhedron at 

ambient temperatures* Then, the carbonyl envelope effectively adopts 

a spherical distribution on the NME time-scale, and as such it does 

not effect any symmetry considerations. Any inequivalence will be 

conferred by the geometrical disposition of the phosphorus groups 

at different sites on the octahedron; assuming the barrier to their 

loss of rigidity is substantially higher. However, the actual time 

when an incoming encounters a cluster with sufficient energy 

to react will be less than the residence time of a particular ligand 

permutation, before it 'instantaneously* undergoes some fluxional 

process. Therefore the position of substitution will be governed 

by the static structure as defined by X-ray crystallography. Then, 

within these restraints, only two isomers are possible for Vb with 

the phosphites either disposed cis-,Vb*, or trans-,Vb", respectively 

(Diagram 8). Both forms i)ossesG a mirror-plane such that their 

phosphites are symmetry related, and thus will appear as single 
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DlaKram 8 

PoBoible S p a t i a l ArranRementG f o r [ R U f C ( C 0 ) ^ y ^ ( P ( 0 M e ) ^ ) ^ ] ; i i a 1 - 4 

RufCO)^P 

( n b ) 

(oo^Ru; 

Ru(CO). 

:Ru(CO) 

Ru(CO)^P 
Ru(CO), 

(OC)^Ru 

u(CO) 

ufCO) P 

Ru(CO)^P 

Ru(CO), 

enantiomeric 

cis-isomers 
(Vb* ) (OC) Ru. 

Ru(C01 

Ru(CO)^P 

'Ru(CO) 

RuICO) P 

( O O ^ B u / 

trans-iGomer OC^ 
(Vb") 

(OO^R'u 

Ru(CO). 

(OC) R 

RulCO) P 

Ru CO) 

"Ru(CO), 

Ru(CO) P 

Ru(CO) P 
2 

( 0 0 Ru 

fac-lsomer (V I ' ) 

'Ru(CO)^P 

RufCO P 

(OC) Ru 

Ru(CO), 

Ru(CO)^P 

( V I I ) 

(OC)^Ru 

Ru(CO)^P 

Ru(CO) P 

mer-isomar (VI") 
Ru(CO) P 

-'Ru(C0)2P 

iff(C0) P 
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1 
doublets on the H NME spectriun. However, they are Giifficiently 

dissimilar to have different chemical shifts so, provided phosphite 

attack is non-selective such that site availability is controlling, 

Vb' will have twice the population of Vb". It is this relative 

abundance of isomers which is reflected in the observed spectrum, 

and accounts for the two bridging absorptions seen in the 

solution infrared speotra for V derivatives. In the case of Va, or 

more so with [EugC(C0)^^(PPh^)2](43), phosphine substitution on their 

precursors must have a degree of steric (or electronic) control 

reducing the population of the more hindered cis-isomer* 

Further increasing the proportion of P(OMe)^ causes the 

yields of [Ru^C(CO)^,|(P(OMe)^)^],VI, to become significant until 

with slightly more than, a three-fold excess it is the major species* 

It was characterised by microanalysis, in association with E NMR 

and infrared v spectroscopy. The H NME spectrum contains two 

overlapping doublets at 3#69(Jpg=12Ez) and 3.78(Jpg=12Ez) 6, with 

relative intensities of 2:1 respectively. Again within the imposed 

constraints only two isomeric forms are possible, with the 

phosphites in either a fao-,VI'« or mer-,VI" arrangement. A fac-

isomer will possess a C^-axls on the time-scale so only a 

single doublet is anticipated. However, the mer- arrangement has 

only a mirror-plane through the unique phosphite so it will give 

two doublets in a 2:1 ratio, in agreement with the observed spectrum. 

Thus, unless the system is complicated by accidental dogeneraoies 

for the signals of the two Isomers, the mer- isomer is selectively 

formed. Intuitively this is the expected result from sterio 

considerations, also this mer- form can be derived from either the 

cis- or trans- isomers of Vb but this is not possible with the fac-

arrangement. 

Finally, under the more vigorous conditions of heating 

to reflux in n-hexane with a large excess of phosphite, 

[RugC(CO)^^(P(OMe)^)^|],VII, is isolated and characterised by NMR, 

infrared spectroscopy and elemental analysis* Only one spatial 

arrangement is allowed (Diagram 8), and this is supported by the 

presence of two pairs of equally intense doublets at 3»69(Jpg=12Ez) 

and 3.75(J'pp^=12Hz) 6 in the NKR spectrum. 

All the observed spectral details are adequately 

explained within tho proposed hypothesis. However, without more 
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precise stmctural data other poBslbilltieB, especially those 

involving fundamental opening of the metal polyhedron, or 

rearrangement of the carbonyl distribution, cannot be entirely 

ruled out. An independent inve8tigation(43) found similar results 

although some inconsistencies, especially in the case of Vb, exist. 

However, parent ions were observed in the mass spectra of Vb, VI 

and VII, find additionally a preliminary X-ray diffraction study on 

VII confirmed that the phosphites were all bonded to separate 

ruthenium atoms. Unfortunately the crystal was found to be 

disordered which, in conjunction with ^ extremely large unit cell, 

prevented further refinement. 

6.4. Preparation and Characterisation of [Ru^CCCO)^,,' (PPh_CSgCHL,8II,) ], 

n=1 or 2^ 

A quantity of PPhgCH^CSgSIL, from the same batch 

prepared with Aerosil 200 in Chapter One^ was added to a solution 

of [EugC(CO),|y] in dry methylene chloride. Ihe re8u].ting slurry 

was vigorously stirred for 2 hours at room temperature. Then 

filtration and repeated washing with fresh solvent yielded a red 

solid, whilst the filtrate revealed only infrared absorptions 

synonymous with I. Provided the original solution cotained a large 

excess of cluster the retrieved silica when mulled gave an infrared 

V spectrum which showed excellent agreement with that for the 

isolable model complex IVa (Diagram 9). All the features in the 

terminal carbonyl region correlated well, but the presence of the 

broad absorption between 1920=1800 cm"' due to the background silica 

masked the possible bridging absorption. However, compensating for 

this by computer subtraction clarified this situation producing a 

simulated spectrum with a more even baseline over this region and 

revealing a weak vibration centred at l840cm"^. This absorption 

could be an anomaly of the computation, but it does bear a close 

resemblance to the bridging frequency for IVa (l845cm'"^) although 

the ifavenumber shift is greater than preferred. In conclusion, at 

room temperature the tethered complex [RugC(C0)^^(PPh2CH^CHpSII,)], 

VIII, can be selectively prepared under appropriate conditions, 

which is essentially isostructural to IVa at the cluster. 

An elemental analysis (Eu and P) again highlighted the 



(35^) 

infrared. SpectroGconic Oharactaricatioa of LRU/'C(CO)^^(PPh_,OK^03^311)] 

1 
2100 2000 18C0 

|a/ 

a / [RugC(CO)^g(PPhgEt)] (cyclohexane) 

b / PPhgCEgCHgSIL ( N u j o l m u l l ) 

c / [EiigC(CO)^g(PPhgGHgCSggII,)] ( N u j o l m u l l ) 

d / Computer s imula ted d i f f e r e n c e 

Bpectrum between c / and b / 

a /v^^Ccm"') 

2084m 2083w 

20568 2055m8 

20468 20448 

2032TS 203076 

2020m 20178h 

2003w -

I985W I984w 

196OTW 1956vw 

1845TW l840vw 
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Diagram 10 

Infrared Spectral Characterisation of [RurC(CO)^(PPh^CEL,Cn^8IL)^] 
" ' W. , - < ' « , ! Y mm, I k « " ^ I ^ I rr 

2000 

a/ [RUgC ( C 0) ̂  ̂  ( PPhgEt) ̂  ] 

(oyclohexane) 

2200 2100 2000 

b/ [EugC(G0)^g(PPh2CHgCS28IL)], 

VIII, (Nujol mull) 

c/ Till heated at 50°C, 

in vacuo, (Nujol mull) 

d/ Computer simulated difference 

speotrum c/ and b/ 

[RugC(C 0)^ ̂ (PPhgCSgCEgSIL)^] 

e/ VIII heatod at 65°C, 

in vacuo, (Mujol mull) 



major diGadvantage of the 2CEEME ONE (Chapter One) philosophy 

with a Gluster-to-phosphoruB ratio of approzimately 1:11.2. This 

has oertain repercussions discizseed below. Others (44), by using 

flash chromatography as a purification stage, used the alternative 

approach (f;CE2MS TWO) to prepare VIII by contacting isolated 

[Bu^C(C0)^g{PPhpCHpCE28i(0Et)^}] with untreated Aerosil 200 at room 

tempei%ture for extended periods. 

When a more dilute solution of I is contacted with 

PPhpCSpCHgSII,, the recovered silica had a slightly deeper tan 

appeazance and its infrared v spectrum was distorted by additional 
X CO 

peaks at 2064 and 2028 cm" . Storage or mild heating of VIII also 

gave these additional features and the results of the low 

temperature (<65°C) thermolysis study are shown in Diagram 10. At 

50°C, bands due to a second complex appear and the computed 

difference spectrtm, scaled on the common band at 2084cm'" , is 

entirely consistent with the solution spectrum of Va. Eence, this 

second species is assigned as the disubstituted anchored product 

[RugC(C0)^ ̂ (PPh^CE^CH^SID)^,IX; again from the bridging region 

it appears to exist as two isomers. Aftor heating at 65^0 in vacuo, 

IX is predominant. Clearly, with surface i)ho8phin6s of varying 

accessibilities due to their different steric enviroments, anything 

less than a blanket coverage of ^ makes disubstitution competitive 

because of the two=phase nature of initial coordination; so 

formation of IX becomes significant compared to isolation of VIII. 

Even in the presence of a high cluster concentration where VIII is 

selectively formed initially, a sufficient number of sterically 

hindered phosphines must remain which.with thermal activation result 

in formation of IX. 

6.5. Thermal Degradation of [RurC(C0).r(PPh^CE^CH^8IL)] 

The transformation VIII to ^ is the first stage in the 

sequential pyrolysis of Vlli leading eventually to total 

decarbonylationt This has been studied in detail using self-

supported pressed discs by the procedure discribed in Chapter Five. 

Separate discs of freshly prepared VI!^ were placed in the 

evacuable cell and heated to a predetermined temperature in vacuo 

overnight (ca. 18 hours). After cooling, the recovered pellet was 
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Diagram 11 

Infrared Spectra of recovered Silicas from PyrolyGis of 

[RurC (C0% y (PPh^CE^CH^SIL) ] 

a/ [RUgC(C0)^^(PPhgCHgCHg8IL)], VIII 

b/ VIII, ^ 0 + 4 °C, 18 hours, in vacuo 

c/ VIII, 6^ + 2 °C, 18 hours, in vacuo 

hours, in vacuo 

e/ [Ru^(C0)^2_g(PPh2CB2CE2gII,)^], 

n=1-5, 100°C, 18 hours, in vacuo 

f/ VIII, lOO^C, 18 hours, in vacuo 

g/ Background PPhgOl^CHgS IL 

h/ VIII, 150°C, 18 hours, in vacuo 

2100 2000 1900 1800 cm 

(All spectra recorded in Nujol mull) 
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ground and mulled and its infrared spectrum recorded; the 

initial rate of heating was not found to significantly effect the 

final outcome. While a well-defined spectrum due to VIII and/or IX 

was observable up to 65°C, by 80°C the pattern was broader and 

three v absorptions at 2053m, 2011 vs and 1997(sh) om"^ were seen* 

At 100 C, the disc darkened considerably to a deep brown, and now 

exhibited only two well-defined, broad bands at 20^7 and 1984 cm"^ 

of approximately equal intensities. This progression is similar to 

that experienced for pyrolytic degradation of the phosphine-

anchored tri-osmium clusters and cam be consequently attributed to 

breakdown into monomeric units. Continued heating to 150°C brought 

about considerable deterioration in both the sample and spectral 

quality. Visually the disc developed a black lustrous appearance, 

and this was accompanied by almost complete loss of its carbonyl 

absorptions into the silica background. Weak bands could still be 

observed at 2068, 2048 and 1972 cm" . This appears characteristic 

of aggregated ruthenium metal or a carbide, but the remaining v 

bands apparently do not relate to carbon m<x%oxide adsorbed on 

silica supported ruthenium(4$). This data is presented in Diagram 11. 
''' am •w-iifWuiaw'TW 

The preparation of [Ru^(CO)^^^^(PPhgCHgCEgSIL)^], n=1, 2 

and (possibly) 3$ and its subsequent thermal degradation under 

vaouum at 100°C to give a surface species characterised by two 

infrared v bands at 2052 and I98I cm", has already been documented 

in this dissertation. These frequencies were sufficiently different 

from those reported for pyrolysis of physisorbed [Ru^(C0)^2] 

unfunctionalised silica-gel to indicate that the ruthenium atoms 

were still bonded to phosphorus under these conditions. However, 

they show a strong enough similarity to the current result from 

pyrolysed VIII at 100°C to infer that a common material is formed 

independent of the originally supported cluster and its nuclearity. 

The same observation was made for [Ru^CCO)^^] and I directly bonded 

to y -alumina(33), where tentative assignment to [Ru(CO)^(OAl) 

species was made by analogy to halogenated/thio- carbonyl compounds. 

Significantly I was considerably more resilient to this brealcdown 

and this was attributed to the stabilising influence of the carbide. 

A similar approach can be adopted here by comparison to the reported 

infrared v spectra of various halo-carbonyl-phosphine ruthenium 

complexes (Table 4)o When dealing with the related osmium systems 



Table 4 

Compound IR /cm' 
CO 

-1 
Reference 

VIII breakdown product 2057 1984 This work 

at 100°C 

[Ru(CO)^(PPh^)] 2060 1980 19^10 (46) [Ru(CO)^(PPh^)] 

1906 

[Ru(C0)^(PPh^)2] 1895 (47) 

[Ru(CO)^(PPh^)Clp] 2133 2075 20^2 (48) 

[Eu(C0)2(PPh2Me)2Cl2] (49) 

eie 2059 1996 

all trans 2014 

all cis 2090 2000 

[Eu(CO)(PPh2M6)^Cl2] (49) 

isomer A 1952 

B 1980 ' 

C 1952 

[Ru(CO) (PRiEt2)^HCl] 1910 (50) 

[Ru(C0)2(PBu^2^)^^2^2 20$^ 1993 (51) 

[Ru(C0)2(PFh^)Cl2]2 2076 2016 (48) 

[Eu(C0)2(PBu 2pli)Cl]2 2024 1988 1949 (51) 

in Chapter Five a preference for a surface species of the form 

[M(CO)^(PRy)(OM)p] was expressed based largely on the near miity 
41. ^ ^ XX 

of the phosphlne-to-metal ratio, whereas a better correlation of 

infrared absorptions was to [M(C0)2(PR^)2Cl2]. Here, with a large 

excess of potentially available uncoordinated phosphines on the 

surface, no such limitation exists and, indeed, a good correlation 

is again seen with the thermally stable, cis- isomer of 

[Ru(C0)2(PPh2Me)2Cl2](^9)" This avoids the need to propose 

[Ru(C0)2(ER^)(CM)2]2 where the planar bridges offer very improbable 

surface sites due to sterio congestion of the axial ligands at the , 

surface. Another acceptable configuration would be tliat of 

[Bu(C0)p(PBu^pPh)Cl]p(51) because of the bent nature of the halo-

bridges. Both possible analogues can be prepared by treating 

ruthenium trichloride with carbon monoxide, and then adding the 
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appropriate tertiary phoaphine to the resultant solution; the 

outcoming depending upon its sterio bulk. Because the better v 

oorrelation is to ciS"[Ru(C0)p(PPh2Me)2Cl2] the favoured surface 

structure of the product from pyrolysis of VIII, at 100°C in vacuo, 

is that given below. The only reservation is that as the homogeneous 

analogues tend to be colourless considerable concurrent decomposition 

must be assumed on the surface to account for its appearance* 

PPh CH CH S IL 
2 2 2 

0 — S i ^ 

0 — S i ! 

PPh CH CH S IL 
2 2 2 

An account of a preliminary investigation of 7III as a 

catalyst for cyclohezene hydrogenation is given in Section $.10 in 

the preceding chapter. 

6.6. Experimental Section 

a)(5) : A suspension of [Ru^(C0)^2](1.51l6g) in 

di-n—butyl ether(?Oml) was heated under refluz for 6 hours. During 

this time the solution turned a deep purple and deposition of 

ruthenium metal on the walls of the flask was evident* After allowing 

to cool the solvent was removed under reduced pressure, and the 

residue extracted with hot toluene and filtered through Kiesselguhr 

to remove metallic particles. The brick-red solid obtained was then 

sublimed at 100°C in vacuo(O.ltorr) to remove the impurities 

[Ej^Su^CCO)^^] and [E^Ru^^CCO)^^]. The remaining dark purple solid 

was recrystallised from hot toluene to give [RngC(C0)^y](0.288^g); 

yiold=:229^. 

b)(8* [Ru_(C0)^.^](0.2500g) and n-hexane($Oml) wen 
- "12-

charged into a 100ml Roth autoclave which was then purged sind 
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preG6uris8d with ethylene(50bar). On stirring the preGSure dropped, 

due to ethylene dissolution, and was adjusted to a final value of 

20bar# This was then heated for ^ hours at 150^0 after which time 

the stirrer was switched off, the autoclave removed from its 

heater-housing and allowed to cool. Filtration separated crystalline 

[RugC(C0)^y](0.0926g) from a brown supernatant solution, believed 

to contain various coordinated ethylene adducts(27), which was 

discarded; yield=4^. 

[RurC(CO)^ XPPh^Et) ] 

An equimolar quantity of PPh^Et (0.0088g, 0.04o8mmol) was 

added to a solution of [RUgC(CO)^y](0.0451 g, 0«04l2mmol) in 

CEgClg(3^nil)# After an immediate darkening in colour the solution 

was stirred for several hours until total consumption of the 

starting material, as followed by infrared monitoring, had occurred. 

Removal of the solvent in vacuo and chromatographlng the residue, 

using ethyl acetate/light petroleum(b.p. 60-80 °C) (1:47/v) as 

eluant, gave [RugC(G0)^g(PPh^Et)](R^=0o63, 0.0450g) as large 

aciculor crystals; yleld=859^. 

A similar mixture of reactants h e a t e d under reflux in 

n-hexane(20ml) for hour gave the same result. 

Elemental Ananlysis Cald. C 29.05^ S 1.19% 

Obsd. C 29.40$^ E 1c229g 

[Ru^C(CO)^^(PEh^)] 

A suspension of [EugC(C0)^y](0o0508g, 0.0464mmol) and 

PPh^(0.0247g, 0.0941mmol) was heated under reflux in n-hexane(20ml) 

for 3 hours. Isolation as above gave [Ru^C(C0)^g(PPh^)](R^30.67, 

0.0433g); yield=7i;6. 

CRUrC(CO)^ ̂ (PPh^Et)^] 

[EugC(C0)^y](0.0452g, 0.0413mmol) and PPh2Et(0.0199g$ 

0.0929mmol) were heated under reflux in n«hexane for 3 hours, 

during which time the solution changed from a deep red to a dark 

brown. After removing the solvent on a rotary evaporator, the 

residue was chroinatographed with ethyl acetate/light petroleum 

(b.p. 60-80 °C) (1:4v/v) to give a single, broad band characterised 
as [RugC(CO)^^(PPhgEt)^](E^=,0.49, 0.0384g); yield=64^. 
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When a aimilor mixture was stirred in CHpCl^ for 4 days 

the same product was obtained. 

Elemental Analysis Cald. C n 2*049^ 

Obsd. C 37.2^ E 1.909g 

a) [Ru^C(CO)^y](0.0280g, 0.0255mniol) was dissolved in 

0S2Cl2(25ml), P(0Me)^(0.0042g, 0.0338mmol) added, and the resulting 

solution stirred for 2 hours at room temperature. The crimson residue, 

obtained after removing the solvent under reduced pressure, was 

chromatographed with CEgClg/n-hexane (1ilv/v) as eluant to give 

two distinct bands. 

i) [RugC(CO)^g(P(me)^)](E^=0.37, 0.0133g); yield=44^. 

Elemental. Analysis Oald. C 20.1^ E 0.769; 

Obsd. C 19.609^ K 1.059g 

ii) [EugCCCO)^ (P(0Me)^)g](E^=0.20, 0.0127g); yield=399(. 

Elemental Ananlysis Cald. C 20.5496 E 1.409^ 

Obsd. C 20.409g E 1.559^ 

b) [RugC(C0)^y](0.0428g( 0.0391maol) was dissolved in 

CE2Cl2(25ml), P(0Me)^(0.0l49g$ 0.12mmol) added, and the solution 

stirred for 2 hours* The crimson residue obtained wsis chromatographed, 

as above, to give two separate bands. The most mobile band was 

Identified as [RttgC(CO)^^(P(0X0)^)2](0.016g); yield=329g. The second, 

found just above the baseline, was characterised as 

D%UgC(C0)^^(P(0Me)^)^](0.0285g); yield=539g. 

Elemental Analysis Cald. C 20.839^ E 1.95% 

Obsd. C 21.09^ E 1.8C^ 

c) [EugC(C0)^y](0.0295s, 0.0269mmol) was heated under 

reflux in n-hexane(15ml) with P(0Me)^(0«0l42g, 0.1l42mmol) for 2 

hours* After allowing to cool the solvent was removed in vaouo and 

the brown-purple residue cgromatographed, using n-he%ane/ethyl 

acetate (2;1v/v) as eluant, to give a single product identified as 

[Ru^C(C0)^^(P(0Me) )2^](0.0271g); yield=6%^. 

Elemental Analysis Cald. C 21.109^ E 2 . 4 ^ 

Obsd. C 21.70^ E 2.15% 

ion and I^rorysis of i:Eu<C (CO)., y (PPh^CH^CE^SII,) ] 

A quantity of PPhgCEgCH^SII, was added to a concentrated 
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solution of [EugG(CO)^y] in CE^Clg. The resulting slurry was stirred 

for 2 hours, after which filtration and atmospheric drying gave a 

red, particulate solid characterised as [RugC(C0)^g(PPhgGE2CE28II,)]. 

The filtrate was shown to contain only unreacted [EugC(CO)^y]. 

Elemental Ananlysis Euthenium 0.21 wt/wt9^ 

Phosphorus 0.12 

A sample wa^ pressed (lOtonnes) into a self-supporting 

disc which was then held in the evacuable cell and heated to a 

predetermined temperature under vacuum(2x10''^torr) . After a specified 

time the disc was allowed to cool to room temperature prior to being 

removed, mulled and studied by infrared spectroscopy. 
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