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Thee chemistry of transition metal clusters has been a rapidly developing research area in 

thee last four decades, providing a shining example of fruitful interactions and subsequent 

cross-fertilizationn between frontier disciplines such as molecular and surface chemistry. The 

highlyy diversified structures of cluster compounds often involve unprecedented bonds 

betweenn different chemical elements and unique bonding situations for atoms or (in)organic 

molecules.. A number of their extraordinary properties aroused the interest of physicists (e.g. 

superconductivity),, biochemists {e.g. multimetallic redox centres), academic and industrial 

researcherss studying new materials and catalysts and, of course, coordination chemists 

themselves.. This Thesis deals in particular with the rather unexplored but challenging 

photochemicall  and electrochemical activation of transition metal clusters. The following 

sectionss introduce specific features of cluster chemistry and conclude with a detailed scope of 

thiss Thesis. 

1.11 Homonuclear clusters: structure, physicochemical properties and 
reactivity y 

Consideringg several different definitions of a cluster compound introduced in the 

literature,literature, a transition metal cluster is defined here as a polynuclear complex containing at 

leastt three metal atoms held together by direct metal-metal bonds.1'2 In addition, clusters are 

discretee molecular entities with a well-defined structure that show characteristics intermediate 

betweenn mononuclear metal complexes and metal surfaces (or bulk metal). Based on the 

oxidationn state of the metal centres and the nature of the ligand shell surrounding the metal 

framework,, transition metal clusters are usually classified in two main groups. To the first 

groupp belong group 5 to 7 metals in high formal oxidation states that are stabilized by 7t-donor 

ligands,, such as halides, S2 , O2 and OR". Most important in this group are the halide clusters 

withh general formulas [M3X9] {e.g. [(Re3Cl9)Cl3]),
3 [M6X8] (e.g. [W6Br8]

4+)4 and [M6X,2] 

(e.g.(e.g. [Nb6Cli2]  +). Late transition metals in low oxidation states preferentially form clusters 

stabilizedd by n-acceptor ligands, such as phosphines and isocyanides. The transition metal 

carbonylcarbonyl clusters presented in this Thesis belong to this second, most common group. 

Althoughh molecular clusters exhibit a large variety of structures and nuclearities, the vast 

majorityy of the structures reported in the literature correspond to small clusters containing less 

thann ten atoms. To document the structural diversity among the low nuclearity clusters, some 

frequentlyy encountered geometries are depicted in Figure 1. The stabilizing role of the ligand 

spheree for the different geometries is of utmost importance, the arrangement of the metal 

atomss being governed by the type of attached ligands, the cluster nuclearity and the number of 

clusterr valence electrons. 
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[Ru3(CO)i2]]  [Ru3(CO)8(n
5-C5H5)2] [Re4H4(CO)15]

2' ' 

4-4- P & 
[Rh4(CO)12]]  [Os5H2(CO)16] [Fe5C(CO)15] [Os5(CO)16] 

[AugCPPh,),,]2**  [Co6(CO)16] [Os4Pt2(CO)18] [Pk(CO)uY-

Figuree 1. Frequently encountered metal framework geometries of carbonyl transition metal clusters, 

withh corresponding examples. 

Inn general, the structure of the cluster core is derived from polyhedra with triangular 

faces,, the metals being located at the vertices and the metal-metal bonds forming the edges. In 

accordancee with the chosen definition of cluster compounds (vide supra), the smallest 

possiblee clusters consist of three metal atoms in either chain-like (e.g. [Ru3(CO)8(r| -C5H5)2]) 

orr triangular (e.g. [Ru3(CO)i2])
7 arrangements. On increasing the cluster nuclearity, a variety 

off  metal core geometries are observed. For example, whereas [Re4H4(CO)i2] has a 

tetrahedrall  arrangement, the metal atoms in [Re4(CO)i6]
2~ define a parallelogram or 'butterfly' 

structure.99 The structure of [Re4H4(CO)i5]
2~ may be derived from the latter cluster by 

breakingg a Re-Re bond to leave a triangle of rhenium atoms, with the fourth Re atom 

terminallyy bound as a 'spike'.9 Examples of higher nuclearity clusters are [Os5(CO)i6] 

(trigonall  bipyramid),10 [Co6(CO)i6] (octahedron),11 [Au6(PPh3)6]
2+ (edge-sharing 

tetrahedrons)122 and [Pt6(CO)i2]
2~ (trigonal prism).13 In order to rationalize the great variety of 

clusterr structures and their electronic requirements, a number of different electron-counting 

rules,, based either on empirical observations or on theoretical considerations, have been 

developed.. The fairly simple older theories concern the 18-electron rule, which holds for 

clusterss with strong 7t-accepting ligands and metals in low oxidations states, and the Effective 

AtomicAtomic Number (EAN) rule}5 Both theories are essentially valence-bond approaches, where 
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eachh edge of the polyhedral cluster is considered as a localized two-centre/two-electron bond, 

andd are adequate for many of the smaller clusters (N < 4). The Polyhedral Skeleton Electron 

PairPair (PSEP) theory ' was originally developed for borane and carborane clusters. It 

describess the bonding in cluster compounds as being delocalized over the whole molecule and 

allowss to predict the shape and the number of filled molecular orbitals of small and medium-

sizedd clusters (N < 5-12), as well as their mode of transformation upon electrochemical 

oxidationn or reduction. The electronic structure of the latter group of clusters can also be 

rationalizedd by the Topological Electron Count (TEC) approach,22'23 which combines Euler's 

theoremff with the EAN rule. Whereas the PSEP theory is easily applicable to metal clusters 

derivedd from triangulated polyhedra, the TEC approach can be used to correlate known 

geometriess as well as to predict the yet unresolved or non-existing (virtual) structures of a 

widee range of metal clusters with unusual polyhedral frameworks having no borane analogue. 

High-nuclearityy clusters (N > 12) are usually treated by an extended PSEP approach24 or 

semi-empiricalsemi-empirical Extended Hückel Molecular Orbital (EHMO) calculations, often performed 

onn the bare metal cluster framework.25,26 The latter approach, which is based on quantum 

chemicall  principles, suffers from a number of limitations. The most serious one is that the 

coree levels (orbitals) of the bare clusters are considerably modified upon coordination of the 

ligands,, regarding both their energies and composition. 

Althoughh the ordered arrays of metal atoms in medium- and high-nuclearity clusters may 

bee regarded as submicroscopic fragments of a metal surface, the physical properties of a 

molecularr cluster are distinctly different from those of the bulk metal. Low-nuclearity 

molecularr clusters have a discrete energy level structure with well-defined bonding and 

antibondingg orbitals separated by a relatively large HOMO-LUMO* gap. As a result of the 

energyy level quantization, the visible absorption spectra of such clusters display just a limited 

numberr of fairly well separated absorption bands. Further, the electron affinities (EA) and 

ionizationn potentials (IP) of molecular clusters differ appreciably from those of the metal 

bulk,, IP typically rising by 2-3 eV and EA decreasing in about the same extent.27 In addition, 

duee to the relatively large HOMO-LUMO gap, small even-electron clusters are normally 

diamagnetic,, while bulk metals exhibit temperature-independent (Pauli) paramagnetism.28 As 

aa result of these distinct differences, extensive studies of the physical properties of transition 

metall  clusters have been performed in order to investigate the transition from molecular to 

bulkk metallic behaviour which should ensue upon increasing the cluster size.29"31 EPR and 

magneticc susceptibility studies in combination with calculations of IP and EA values have 

shownn that the rate at which a cluster can evolve towards the metallic limit is strongly 

dependentt on the physical property under study and most likely proceeds via an intermediate 

ff For a polyhedron with V vertices, F faces and E edges, Euler's theorem states that E = V + F - 2. 
xx The HOMO and LUMO stand for the Highest Occupied Molecular Orbital and Lowest Unoccupied Molecular 
Orbital,, respectively. 
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'mesometallic'' regime,30 possessing properties different from those of the molecular and bulk 

domains. . 

Cluster-surfacee analogy 
Onee of the most important motives for the research in cluster chemistry has been the idea 

thatt discrete molecular metal clusters may serve as good models for metallic catalysts and the 

chemisorptionn of ligands on metal surfaces. The similarity between clusters and surfaces with 

respectt to the bonding of molecules or molecular fragments has been defined by Muetterties 

ass the 'cluster-surface analogy'.32' 33 Metal surfaces as heterogeneous catalysts are 

indispensablee for many important industrial processes. However, due to the fact that 

characterizationn techniques, such as X-ray diffraction and NMR spectroscopy, are generally 

nott applicable to these highly ordered surfaces, the associated basic surface chemistry is 

poorlyy understood on a molecular level.34 As clusters are amendable to complete 

characterizationn by various physical methods, considerable research efforts have been devoted 

too mimic the binding, migration and reactivity patterns of chemisorbed substrates like CO, 

hydridess and arenes on transition metal clusters. In addition, the investigation of clusters has 

providedd valuable information about the poisoning of catalytic metal surfaces by undesired 

irreversiblee chemisorption of strongly bound ligands35,36 and the unique bonding modes of 

substratess at more than one metal centre (Figure 2a-b). 

(a)) (b) (c) 

Figuree 2. Unusual bonding- and activation modes of organic substrates on polynuclear metal 

frameworks. . 

Clusterss as catalysts 
Thee bonding to several metal atoms within the metal framework offers the possibility to 

stabilizee otherwise highly reactive species, such as CCO, BCO, CS and PO, in solution.2 In 

contrast,, the coordination of small substrate molecules like CO, H2, thiols, alkenes or 

carbeness to more than one metal atom at the same time can result in unique activation 

pathwayss not encountered in mononuclear complexes.37 As example may serve the cleavage 

off  a thiophenol molecule into sulfide, phenyl and diphenylphosphanyl ligands on a 

trirutheniumm cluster core (Figure 2c).38 This 'cooperative effect' between the metal centres, 
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togetherr with the fact that clusters permit the migration of coordinated ligands around the 

clusterr core, underlies the interest in the application of transition metal clusters as 

homogeneouss catalysts.39'40 Ideally, a cluster should combine the selectivity of mononuclear 

homogeneouss catalysts with the cooperative nature of the metal network typical for metal 

surfaces.. Over the past three decades numerous examples of cluster-catalyzed reactions have 

beenn reported, including isomerization, hydrogenation and hydroformylation of olefins, 

hydrosilylation,, hydrodesulfurization, carbonylation of alcohols and amines and 

oligomerizationn of alkynes. Very recently, research into cluster-catalyzed reactions even 

resultedd in the discovery of the mildest and most efficient molecular arene hydrogenation 

catalystt reported to date.41 In most cases, however, the cluster catalysts cannot yet fully 

competee with the conventional catalysts used in industrial processes. As they are usually 

ratherr expensive, the potential value of clusters should be sought in unique cluster reactions42 

thatt cannot easily be performed at a single metal centre {e.g. the hydrogenation of the triple 

bondss in CO, N2, RCN) or in reactions where the product selectivity significantly differs from 

thee mononuclear case {e.g. the cyclooligomerization of thiethane).43 Besides, a more efficient 

and/orr more selective interaction with substrates may result from introducing a suitable 

combinationn of different metals with different chemical properties within the cluster core 

{vide{vide infra). 

Inn recent years, the immobilisation of transition metal clusters on solid supports, such as 

polymers,, zeolites or Si02, MgO and A1203 surfaces, represents a major step in the 

developmentt of uniform, highly dispersed heterogeneous catalysts. The original motivation 

forr producing such systems was to combine the advantages inherent to homogeneous catalysis 

{i.e.{i.e. molecular understanding of the mechanism and catalytic cycles, mild reaction conditions, 

easierr tuning of electronic and steric properties) with those characterizing heterogeneous 

catalysiss {i.e. higher catalyst stability, ready separation of the reaction products, applicability 

too a wide range of reactions). Supported cluster catalysts are most commonly prepared via 

decarbonylationn of supported metal carbonyl precursors {e.g. [Ir4(CO),2] and [Ir6(CO)16])
44 

synthesizedd by reaction of the intact clusters with support surface groups (chemisorption). 

Whenn the pores of the support {e.g. zeolites) are too narrow to allow entry of the precursor 

carbonyll  cluster, the latter may also be efficiently prepared from mononuclear metal carbonyl 

precursorss (ship-in-a-bottle approach).45 Detailed structural information about the supported 

metall  clusters can be obtained from extended X-ray absorption in fine structure (EXAFS) 

measurements,, transmission electron microscopy (TEM) or scanning tunneling microscopy 

(STM).. Although the associated basic chemistry and the nature of the active species are often 

nott yet completely understood, the cluster size together with the choice of the support are 

expectedd to play an important role in the adaptation of such catalysts to a particular process. 

Thee recent observation that supported [Ru6C(CO)i7]
46 exhibits remarkably high activities and 

selectivitiess for the hydrogenation of olefins and the transfer hydrogenation of ketones 
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confirmss the catalytic potential of this new class of materials and justifies the search for 

suitablee processes that may be catalyzed with higher activities or selectivies than observed for 

conventionall  heterogeneous catalysts. 

1.22 Heteronuclear clusters: achievements and challenges 

Besidess the continued interest in the chemistry and catalytic activity of homonuclear 

clusterr compounds, considerable research efforts have also been devoted to explore the 

intriguingg field of heteronuclear transition metal cluster chemistry. Just as their homonuclear 

analogues,, heteronuclear (or mixed-metal) clusters, which combine different metal atoms 

withinn the cluster framework, may find important applications in homogeneous catalysis. 

Apartt from the fact that multimetallic coordination of organic molecules at clusters facilitates 

substratee transformations (vide supra), the intrinsic polarity of heterometallic bonds together 

withh the different stereochemical and electronic properties of the adjacent metal centres may 

providee additional activation pathways47 or increase the selectivity of substrate-cluster 

interactions.. The close proximity of different metal atoms within the cluster core may 

thereforee lead to increased activity and/or selectivity in the overall catalytic transformation, or 

mayy initiate novel reactions via synergistic interactions. Some illustrative examples of 

heterodimetallicc activation mechanisms are schematically depicted in Figure 3. 

Product t 

Reagentt 1—^ -- Reagent 2 

PP—Q —Q 

(1)) (2) (3) 

Figuree 3. Possible mechanisms for heterobimetallic activation. 

Ideally,, the metal-specific activation of two different reagents at adjacent metal centres 

shouldd give rise to the formation of products not observed by conventional homonuclear 

catalyticc systems (mechanism (1)). As an alternative approach, the different atoms of a single 

substratee molecule may show metal-specific interactions that result in two-site activation 

pathwayss different from those observed for monometallic clusters (mechanism (2)). When the 

chemicall  transformation of a substrate molecule is taking place at a single metal atom, the 

presencee of a heterometal atom in an adjacent position may result in electronic cooperativity 

(mechanismm (3)). In the latter case, the adjacent metal acts like an 'extended ligand' that may 

donatee or withdraw electron density from the reaction site, thereby influencing the metal-

substratee interactions in a beneficial way. The well-defined cluster core of mixed-metal 
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clusterss makes these systems also valuable precursors for the preparation of novel 

heterogeneouss catalysts of high dispersion and known metal stoichiometry. Due to the 

differentt temperatures at which homonuclear clusters decompose, such uniform mixed-metal 

phasess would be difficult to produce by coimpregnation of the separate monometallic clusters. 

Inn addition, the use of mixed-metal clusters allows systematic variation of the particle 

stoichiometryy by employing precursor complexes of different composition and structure. 

Finally,, the lower symmetry and effective labeling of the heterometallic core make mixed-

metall  clusters useful for probing various fluxional processes,48' 49 such as metal-localized 

ligandd scrambling, intermetatlic ligand migration or metal framework rearrangement, between 

whichh it is difficult to discriminate in homometallic clusters. Obviously, the diversity and 

complexityy of clusters containing more than one metal type is very high. Current research is 

thereforee directed to a better understanding of their syntheses, structures and chemical 

(stoichiometricc and catalytic) properties. 

Onee of the most important factors that determine the usefulness of mixed-metal clusters 

hass been the development of rational synthetic procedures towards the clusters themselves. 

Sincee the preparation of the first heteronuclear transition metal cluster [FeCo3(CO)i2] by 

Chinii  et al. in 1959," heterometallic transition metal clusters have been synthesized by a 

varietyy of method.49,51"5j The most important synthetic procedures can be categorized into 

fourr main groups that are schematically depicted in Figure 4: (/) ligand substitution reactions 

{e.g.{e.g. [M2Ru4(u-H)2(CO)i2(PPh3)2] (M = Cu, Au)),54 («) condensation reactions (e.g. 

[OsRe2(CO)i3(MeCN)]),555 (Hi) metal exchange reactions (e.g. tWCo2(CO)8(n
5-C5H5)(^3-CR)] 

(RR = Me, Ph))56 and (iv) addition reactions (e.g. [Rh2Fe(rt-s-C5Me5)2(u-CO)2(CO)4]).57 Other 

methodss like pyrolysis,58 radiolysis59 and CO-induced cluster fragmentation of higher 

nuclearityy clusters60 are less general and often result in low yields or a less predictable 

productt distribution. This applies for instance to the synthesis of [Os2Ru(CO)i2]. A new 

syntheticc approach towards the latter cluster using a ligand substitution reaction (see Figure 4) 

givess a better result presented hereinafter in Chapter 6. Among all synthetic methods, the 

mostt useful procedure for the synthesis of polymetallic complexes is to build up the cluster 

frameworkk by adding one metal at the time, using mononuclear organometallic complexes as 

thee building blocks. In general, the methods applied to date are not very selective, 

cumbersomee separation schemes being frequently required to obtain the desired products in a 

puree form. The development of rational synthetic procedures, applicable to the synthesis of a 

widee range of mixed-metal clusters with different geometries and metal stoicheometries, 

thereforee presents one of the major challenges in the field of heteronuclear cluster chemistry. 
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Ligandd substitution reaction 

MX MX 

MX MX 

Condensationn reaction 

MHMH 2 2 

Metall  exchange reaction 
R R 

M -- \—>M 

~M ~M 

Additionn reactions 

M M 

II I 
M M 

22 M'R 

;M';M'  + 2 X' 

M M 

Mcc \—zM' 
~M ~M 

M M 

22 RH 

M M 

Figuree 4. General synthetic strategies for the preparation of heteronuclear transition metal clusters. 

Mixed-metall clusters in catalysis 

Thee introduction of different transition metals into the cluster framework reduces its 

effectivee symmetry, making coordination sites for incoming ligands inequivalent and 

affordingg the possibility of site- as well as metal-selective attachment. A number of reactivity 

studiess ' " dealt with the metal-specific coordination or bimetallic activation of substrates, 

suchh as phosphines, alkynes or H2, in order to define a 'hierarchy of site reactivities' in mixed-

metall  clusters. Metal-specific bonding, for example, has been documented for the 

tetranuclearr cluster [Ru2Co2(CO)i3] where H2 reacts at the ruthenium sites to give [Ru(n-

H)Ru(u.3-H)Co2(CO)9(u-CO)3]]  whereas alkynes insert between the cobalt centres to form 

[Ru2Co(ii4-Tl2-C2R2)Co(CO)9(ix-CO)2]]  (R = Ph, see Figure 5).66 

[Ru(u-H)Ru(urH)Co2(CO)9(u-CO)3] ] [Ru2Co(m-r|| -C2Ph2)Co(CO)9(n-CO)2] 

Figuree 5. Metal-specific bonding of H2 and PhOCPh to [Ru2Co2(CO)i3]. 
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Basedd on the observed metalloselectivity for a series of reagents, mixed-metal clusters 

havee been applied in a wide range of catalytic transformations in order to search for 

performancess superior to those of their homonuclear counterparts. ' Probably the best 

example,, where a heterometallic cluster exhibits enhanced catalytic activity compared to its 

homometallicc analogues and where the catalytic process at the same time definitively proved 

too be homogeneous, is the hydrogenation of diphenylacetylene by the layer-segregated cluster 

[Pt3Ru6fCO)2o(u3-PhC2Ph)(u3-H)((i-|-l)].699 The latter catalyst represents an example of metal-

specificc substrate coordination and documents the importance of substrate migration across 

thee metal framework. Apart from high activity, it also shows increased selectivity for the 

formationn of Z-stilbene. Another illustrative example of increased selectivity and a different 

productt distribution concerns the hydroformylation of iV-(2-methyl-2-propenyl)benzamide by 

aa Co/Rh catalysts.70 Catalysis of the reaction by [Co2Rh2(CO)i2] afforded l-benzoyl-4-

methylpyrrolidinee with > 98% selectivity whereas catalysis by different rhodium complexes 

likee [RhCl(PPh3)3] or [Rh4(CO)i2] resulted in mixtures of at least three different pyrrolidines, 

withh ratios depending on the catalyst and experimental conditions. Catalysis of the same 

reactionn by [Co2(CO)s] was reported to give a mixture of three amino acids instead of amino 

aldehydes.. In contrast to the variety of examples where catalysis by mixed-metal clusters 

resultss in synergistic changes in the activity and/or selectivity, surprisingly littl e work has 

beenn done to reveal the origin of these effects and the role of the different metals in the 

catalyticc cycle. Insight into the mechanistic aspects of mixed-metal cluster catalysis exists 

thereforee only in a few cases. Kinetic studies of the reaction of a series of aromatic and 

aliphaticc thiols with the heteronuclear cluster [Mo2Co2Cp'2((i3-S)2(U4-S)(CO)4] (Cp' = rf-

C5H4Me),, for example, provided valuable information about the C-S bond cleavage 

mechanismm occurring in hydrodesulfurization (HDS) over heterogeneous Co/Mo/S catalysts. 

Thee mechanism for homogeneous, catalytic H2-D2 equilibration by mixed platinum- and 

palladium-goldd clusters was studied by Aubart et al.12'73 Phosphine-stabilized Pt-Au clusters 

weree the first compounds reported to catalyze this reaction, exhibiting turnover frequencies by 

orderss of magnitude higher than those of most monometallic complexes included in 

homogeneouss studies (e.g. /raws-[IrCl(CO)(PPh3)2], [Pt(02)(PPh3)2], [Pt(C2H4)(PPh3)2], 

[RhCl(PPh3)3],, [RuH2(PPh3)4]). The H2-D2 equilibration proceeds smoothly without any H/D 

exchangee involving the solvent- or ligand hydrogen atoms. Based on kinetic studies upon 

variablee H2, D2, and cluster concentrations and addition of uncoordinated PPI13, a three-step 

mechanismm was proposed, as represented by Eq. (1) where M* denotes the starting cluster M 

lackingg one PPh3 group. The Pt-Au bonds are assumed to function as the active sites for H2 

activation,, which classifies the mixed-metal clusters as suitable models for the activation of 

H22 by Pt-Au surfaces. 

++ (H,D), - PPh, + (H,D)2 
MM , M(H,D)2 ^ M*(H,D)2 .. M*(H,D)4 (1) 

-(H,D),, +PPh, -(H,D), 
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Thee fundamental importance and industrial relevance of bimetallic, heterogeneous 

catalystss (especially for key reactions in petrochemistry) have been the driving force for the 

investigationss of the applicability of mixed-metal clusters as single-source precursors in the 

preparationn of novel, highly active and selective heterogeneous catalysts. Heteronuclear 

clusterss offer the possibility of effective design of bimetallic catalytic sites, especially due to 

thee regular distribution of metal atoms already in the cluster precursor. In recent years, 

numerouss examples have appeared in the literature, where catalysts prepared from mixed-

metall  clusters show higher activities and/or selectivities than obtained on monometallic 

surfacess or by co-impregnation of the corresponding monometallic precursors.7 As examples 

mayy serve the selective synthesis of methanol from C02/H2 by Pt/W or Pt/Cr bimetallic 

catalysts,755 the reductive carbonylation of o-nitrophenol to benzoxazol-2(3//)-one by Fe/Pd 

particles766 and the highly active and selective hydrogenation of alkenes by a Pd/Ru catalyst.77 

Inn an elaborate study by Ichikawa et al., a series of Rh/Fe, Pt/Fe and Ir/Fe bimetallic catalysts, 

preparedd from different mixed-metal cluster precursors, were shown to exhibit strikingly high 

activitiess and improved selectivities in CO hydrogenation and 1 -propylene hydroformylation 

reactions,, compared to those obtained by co-impregnation of the homonuclear clusters. 

EXAFS,, TEM and Mössbauer studies on the Fe/Rh catalysts suggest the formation of Rh-

Fe"'-00 heteroatomic sites (Figure 6) that not only play the role of an anchor assembling noble 

metall  atoms (Rh, Ir, Pt) in order to prevent their aggregation, but also provide an active 

bimetallicc site for CO insertion (Figure 3, mechanism 2). The continuing search for new, 

highlyy active catalysts very recently resulted in the discovery of Ru/Pt nanoparticle catalysts 

capablee of running the single-step hydrogenation of dimethylterephthalate (DMT) under 

relativelyy mild conditions. This process is carried out industrially in two steps using different 

reactorss and separate Pd and Cu catalysts.79 Although the role of the different metals in this 

transformationn still remains unresolved, there are good prospects to optimize this reaction for 

industriall  applications. 

RR^^C=0^^C=0 C=0 CH-0 

M-M- 'Fe3+ - Rh- W 3 + - ^ — Rh- 'Fe3+ - ^ — - RCH2OH 

Figuree 6. Proposed mechanism for bimetallic activation by a Fe/Rh heterogeneous catalyst in CO 

hydrogenationn and olefin hydroformylation reactions. 

Summarizing,, the studies of heteronuclear transition metal clusters have focused primarily 

onn their thermal reactivity and application in the field of homo- and heterogeneous catalysis. 

Evenn though numerous examples have demonstrated that introduction of a heterometal may 

inducee major changes in the thermal reactivity of a homometallic core, it remains to be 

investigatedd why certain metal combinations lead to improved catalytic performance whereas 
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otherss decrease the catalytic activity dramatically. A deeper understanding of the role of the 

separatee metal centres in bimetallic systems and their possible synergy therefore still 

representss a stimulating challenge. Fundamental studies of their frontier orbitals will provide 

aa thorough description of the bonding properties of mixed-metal clusters as the aid to explain 

theirr reactivity. The prospects of this promising class of complexes will thereby be put on 

realisticc grounds. 

1.33 Electrochemical and photochemical activation of transition metal 
clusters s 

Ass a consequence of the fairly strong metal-metal and metal-carbonyl bonds in transition 

metall  carbonyl clusters, thermally induced ligand loss or metal-metal bond cleavage reactions 

frequentlyy require elevated temperatures, often resulting in low product selectivity or 

undesiredd cluster fragmentation processes. Considerable research efforts have therefore been 

devotedd to the development of novel activation pathways that allow reactions to proceed with 

highh selectivity under mild reaction conditions. Two promising approaches towards cluster 

activationn and selective generation of target compounds are provided by photochemistry and 

electrochemistry. . 

Byy using light as the energy source, photochemical reactions offer the possibility to 

overcomee large enthalpy barriers already at ambient or even low temperatures, which may 

increasee the product selectivity while keeping the cluster core intact. For example, whereas 

thermall  ligand substitution reactions frequently result in random mixtures of polysubstituted 

productss or further transformation of the complexed ligand,80 photoinduced ligand 

substitutionn can be performed in a stepwise fashion, producing the different derivatives in 

goodd yields.81 Electrochemical activation, which implies a change in the number of valence 

electronss (reduction or oxidation), also provides the advantage to be performed under mild 

conditions.. Similar to photoinduced ligand substitution, a number of electrocatalytic 

substitutionn reactions have been reported, where the degree of substitution can be either 

controlledd by the electrode potential applied82 or the amount of reducing agent added. °' 

Interestingly,, as the frontier orbitals involved in the electrochemical oxidation or reduction 

aree often identical to those involved in optical excitation, analogies between photochemical 

andd redox reactivity are frequently encountered.84"86 As example may serve the extrusion of a 

singlee mercury atom from the mixed-metal cluster [OsigHgsC^CO]̂ upon chemical 

reduction877 or irradiation with visible light.88 Both means induce a slippage of the Os9 

subclusterss and are chemically reversible. In general, the activation of clusters by electron-

transferr processes (oxidation, reduction or photo-excitation) not only provides a powerful tool 

too increase the selectivity of existing thermal processes but may also lead to novel reactions 

{e.g.{e.g. by activation of clusters that are thermally stable) or products different from those 
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obtainedd by thermal reactions. Aimed at exploring the possibilities of both activation 

pathways,, a large number of studies have dealt in the past three decades with the photo- and 

electrochemistryy of transition metal clusters. 

Electrochemistry y 
Inn the literature several examples have been reported where, interestingly, the 

electrochemicall  activation of clusters in the presence of substrate molecules resulted in 

increasedd product selectivity (e.g. substitution reactions, catalytic hydrogenation ) and/or 

generationn of novel complexes (electrosynthesis).90'91 However, a majority of electrochemical 

studiess have focused on the electrochemical response of the clusters themselves. One of the 

importantt stimuli behind the studies was the assumption that, in contrast to dinuclear 

complexes,, the 'robust' metal framework of clusters would be able to act as an 'electron 

sponge',, undergoing several reversible redox steps without destruction of the metal core. 

Althoughh a number of high-nuclearity clusters are indeed stable in multiple oxidation states 

(vide(vide infra), many redox processes encountered in clusters are of irreversible nature already in 

thee (sub)second time domain. 

Thee degree of reversibility of a redox process is determined by a slow electron transfer, 

forr example induced by a structural change (electrochemical (ir)reversibility), and/or by a 

coupledd fast chemical reaction changing the composition of the primary redox product 

(chemicall  (ir)reversibility).92 These phenomena can conveniently be evaluated by cyclic 

voltammetryy (see Chapter 2). In transition metal clusters, chemically irreversible redox 

processess often result in the rupture of one or more metal-metal bonds. This process is 

commonn for those carbonyl clusters in which the HOMO has predominant metal-metal o-

bondingg character while the LUMO is antibonding in this regard. As a result, this group of 

clusterss is subject to a weakening of their metal framework by both electrochemical reduction 

ass well as oxidation. Whereas several approaches have been developed to prevent cluster 

fragmentationn upon reduction (vide infra), the removal of electron(s) from a a(metal-metal) 

bondingg orbital upon oxidation usually results in efficient core opening or fragmentation. 

Duee to their predominantly irreversible nature, the oxidation processes of clusters have been 

thee subject of only a limited number of studies. An example of redox-induced metal-metal 

bondd cleavage without the breakdown of the cluster core is provided by the two-electron 

reductionn of the cluster [Os6(CO)i8].
92 Interestingly, the structural change from the neutral 

bicappedd tetrahedron to the dianionic octahedron is exactly that predicted by the PSEP theory 

(seee Section 1.1). Apart from metal-metal bond splitting, the irreversible nature of a redox 

processs may also result from ligand loss reactions according to EC or ECEC mechanisms (E = 

electrochemicall  process, C = chemical process). Illustrative examples include the release of 

COO upon two-electron reduction of [M3(CO),2],
93 [Rh^CO)^],94 [Os5C(CO)15]

95 and 

[Ru6C(CO)i7]966 or the subsequent loss of one or more hydrogen atoms upon reduction of the 
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clusterss [Ru4H4(CO)i2],
97 [Ru2Rh2H2(CO),2] or [RuRh3H(CO)l2].

94 Notably, the redox-

inducedd decarbonylation of [Os5C(CO)i5] provides one of the rare examples where the 

irreversiblee reduction product was stable enough to allow its crystallographic characterization. 

Apartt from the loss of one carbonyl ligand, the X-ray structure of [Os5C(CO)i3(u-CO)]2~ also 

revealedd the presence of a bridging carbonyl group, required to compensate the excess 

negativee charge by increased 7i-backdonation. 

Inn order to switch the irreversible nature of redox processes and to reinforce the cluster 

coree towards fragmentation, the influence of different ligands on the electrochemical response 

off  clusters has been studied in detail. A useful approach towards reversible redox processes 

concernss the introduction of bridging ligands, such as diphenylphosphinomethane (dppm),98" 

and/orr the capping of one or more faces of the cluster core by ligands like S, SO, CO, CN, 

CR,, or PMLn (MLn = Fe(Ti5-C5H5)(CO)2, Mn(ri5-C5H5)(CO)2).
l0M04 Numerous examples91 

havee shown that reinforcement of the cluster cohesion by bridging or capping ligands usually 

increasess the lifetime of the electrogenerated ionic species compared to the parent clusters. 

Forr example, replacement of three carbonyl ligands in [Co2Rh2(CO)i2] by the basal-clasping 

tripodall  ligand HC(PPh2)3 significantly prolongs the lifetime of the corresponding radical 

anion,, allowing its characterization by EPR spectroscopy.105 Interesting examples also exist 

wheree fragmentation of the cluster core is prevented, even when reduction induces cleavage 

off  a metal-metal bond.98' I02 Two-electron reduction of the bicapped clusters [Fe3(CO)9(u3-

PMLn)2],, for example, results in the cleavage of an Fe-Fe bond, a process fully reversible 

uponn reoxidation (Figure 7).102 

-VV -4- n2" 
\$<\$< -^- \i/X 

Fee Fe 

Figuree 7. Reversible structural change upon coupled two-electron reduction and oxidation of the 

bicappedd cluster [Fe3(CO)9(u3-PMLn)2]. 

Ass the bridging or capping ligands in the above clusters have been shown to hardly 

contributee to the largely metal-based LUMO, unsaturated alkyne bridges have been employed 

too increase the electronic derealization of the frontier orbitals over the entire molecule and to 

preventt the labilization of specific bonds upon reduction or oxidation. The LUMO of the 

clusterss [Fe3(CO)9(alkyne)2],
106 in which the linked alkynes interact with the metal framework 
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inn a multicentred a/71 fashion, has, for example, strong contributions from the 'butadiene' 

fragment,, resulting in two subsequent, fully reversible reduction processes. 

Thee coordination of redox-active ligands possessing a low-lying unoccupied n* orbital, 

providess another approach towards reversible redox processes.107'I08 Their protecting role as 

electronn reservoirs offers the possibility to stabilize otherwise short-lived radical transients 

andd often prevents fragmentation of the cluster core upon one-electron reduction. Consistent 

withh the dominantly L(7i*)-localized LUMO, one-electron reduction of [Ru4(u-H)4(CO)i0(a-

diimine)]]  (a-diimine = 2,2'-bipyrimidine, 2,3-bis(pyridin-2-yl)pyrazine), for example, 

producedd stable radical anions that could be characterized by IR, UV-vis and EPR 

spectroscopies.1099 This behaviour distinctly differs from the unsubstituted cluster [RVMO-

H)4(CO)i2],, where the radical anion undergoes a fast disproportionation reaction accompanied 

byy loss of H2.
97 A combination of both strategies is used in the cluster [Os3(n-H)(CO)9(o-'Pr-

PyCa)]]  (o-'Pr-PyCa = orthometalated pyridine-2-carbaldehyde-N-isopropylimine), possessing 

ann a-diimine ligand bridging an Os-Os bond (see Figure 8)." 

Figuree 8. Reduction path of the cluster [Os3(u-H)(CO)9(o-'Pr-PyCa)]. 

Indeed,, the presence of a bridging, redox-active ligand resulted in remarkable stabilization 

withh regard to the Os-Os bond cleavage upon one-electron reduction. The latter process is 

onlyy induced by the second electron transfer. In the dianion, interestingly, the hydride ligand 

doess not dissociate but moves to a terminal position, being replaced by a CO bridge. In 

general,, both approaches towards reversible redox processes have been applied with a 

reasonablee degree of success. It should, however, be noted that most examples include 

reversiblee reduction processes while examples of reversible cluster oxidation remain rare. 

Ass the (electro)chemical reversibility of redox processes reflects only very small 

structurall  changes, they are frequently observed in robust homo- or heteronuclear clusters of 

higherr nuclearity. There is ample proof that these systems, possessing metal cores consisting 

off  8 to 44 atoms, can behave as electron 'sinks' or electron 'sponges', capable of undergoing 

multiplee redox steps without breakdown of the cluster framework.1" In the 'smaller' clusters 

off  this group, the observation of multiple oxidation states often results from the presence of a 

91,92 2 
ff Reversible oxidation processes have, for example, been observed in cubane-type Fe/S or Mo/S clusters. It 
should,, however, be noted that these polymetallic systems do not obey the definition of clusters outlined in 
Sectionn 1.1. 

19 9 



ChapterChapter 1 

low-lyinglow-lying highly-delocalized orbital that is either non-bonding or slightly antibonding in 

character.. For example, due to the delocalized nature of its LUMO, the cluster 

[Agi3Fe8(CO)32]
3~~ can accept two additional electrons without significant loss of stability."2 

AA tightly protecting shell of carbonyl ligands seems necessary to inhibit the formation of 

high-nucleariryy clusters upon oxidation, whereas inclusion of main-group elements in the 

clusterr core can inhibit cluster break-down upon reduction. Electron 'sponge' behaviour seems 

too arise with the progressive disappearance of a well defined HOMO-LUMO gap. This 

graduall  process is accomplished when the number of metal-metal bonds overtakes the number 

off  metal-CO bonds and the number of bulk to surface metal atoms in the metal core increases. 

Illustrativee examples of electron 'sponge' behaviour in which all redox steps are reversible, are 

providedd by the giant clusters [Pt24(CO)30]" (« = 0 to 6 )m and [Ni3xPt6(CO)48]" (n = 5 to 

10)."44 The reversible redox behaviour of such high-nuclearity clusters enables to model 

surfacee electrochemistry and to follow the convergence of charge-dependent cluster properties 

towardss the metallic bulk. 

Thee mixed-metal cluster electrochemistry is a significantly less developed area than that 

off  its homonuclear counterparts. Although electrochemical activation of heteronuclear 

clusterss has been the subject of quite a number of voltammetric studies,115 " 6 the insight into 

theirr often complex redox behaviour is still limited. In general, heteronuclear cluster anions 

weree found to be less stable than the homonuclear analogues, their redox activation often 

resultingg in fragmentation of the cluster core. In addition, the electrochemical behaviour of 

isoelectronicc and isostructural homometallic clusters often proved to be unexpectedly 

different.1166 For example, the electrogenerated 48-CVE (CVE = cluster valence electron) 

dianionss [Fe3(CO)9(ROCR)]2 can be reversibly oxidized to the 46-CVE parent clusters,"6 

whereass the 48-CVE cluster [FeCo2<CO)9(EtOCEt)] does not support electron removal 

withoutt destruction of the metal framework."7 A deeper understanding of the redox 

behaviourr of heteronuclear clusters therefore requires investigation of systematically varied 

clusterr series. Such series are aimed to assess trends in redox potentials and the prospects of 

controllingg cluster electronic properties by variation of the metal core."8 Equally important is 

thee assignment and structural description of the redox products in order to rationalize cluster 

redoxx reactivity in the series. 

Insightt into the electronic and molecular structure of clusters in different oxidation states 

indeedd represents today one of the most stimulating challenges in the field of cluster 

electrochemistry.. In the last decade, considerable research effort has been devoted to 

characterizee their often highly reactive redox products by variable-temperature cyclic 

voltammetryy or in situ electrochemistry in combination with spectroscopic techniques."9"121 

Inn recent years, such spectroelectrochemical studies, sometimes in combination with 

electronicc structure calculations (e.g. based on the semi-empirical Extended Hiickel Molecular 
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Orbitall  (EHMO) approach), have afforded valuable information about the character and 

relativee ordering of the frontier orbitals.122'124 With the nowadays accessible higher-level 

quantumm chemical calculations (e.g. Density Functional Theory (DFT)), capable of correct 

descriptionn of even strongly delocalized bonding in the starting clusters and their redox 

products,, a better understanding of the complex electrochemical behaviour of homo- and 

heteronuclearr clusters has come within the reach. 

Photochemistry y 
Comparedd to the number of studies dealing with the electrochemical activation of clusters, 

thee area of cluster photochemistry still remains rather unexplored. Pioneering studies of the 

photochemicall  reactivity of transition metal clusters often focused on the synthetic and 

catalyticc potential of the reactive intermediates generated upon irradiation. Interesting results 

havee been, for example, obtained in the selective substitution of carbonyl groups in 

[M3(CO)12]]  (M= Ru, Os) and in [Ru4(u-H)4(CO)i2] promoting the photocatalytic 

isomerizationn of alkenes.89'125 However, most of the observed photoinduced stoichiometric or 

catalyticc reactions have been the result of trial and error attempts. Systematic investigations 

intoo the underlying (primary) photoprocesses and the electronic structure of the clusters (e.g. 

thee characters of frontier orbitals and reactive excited states) have been scarce. 

Inn contrast to electrochemistry where only the HOMO or LUMO are involved in the 

activationn process, photochemical activation may induce more drastic changes in the 

electronicc and molecular structure of a cluster by affecting the population of both orbitals at 

thee same time. In addition, activation by light may also involve other lower- and higher-lying 

orbitalss that are generally not involved in thermal or electrochemical processes. Obviously, 

thee changes in the electronic and molecular structure strongly depend on the character of the 

excitedd state that is populated. Therefore, different reactivity patterns can be observed for a 

singlee cluster simply by tuning the energy of the photons (i.e. irradiation wavelength) 

suppliedd to the system, provided prompt chemical reactions take place after photoexcitation. 

Thee considerable number of available excited states and their mixed character (in particular in 

clusterss of low symmetry) also brings along significant complications. The structural changes 

inducedd upon excitation, for example, can cause (allowed or avoided) crossing of the initially 

populatedd excited state with a close-lying state of different character. As a result, the observed 

photoreactivityy may significantly differ from that expected, based on the character of the 

electronicc transition. Thorough mechanistic studies of the photochemical processes of clusters 

aree therefore much more complicated than those of comparable mono- or dinuclear 

complexes,, where the accessible low-lying excited states are less numerous. 

Thee first attempts to correlate the observed photochemical reactivity of clusters with the 

characterr of their electronic transitions date back to the late 1970's. Initial photochemical 

studiess of the simple unsubstituted carbonyl clusters [M3(CO)i2] (M = Ru, Os) in the presence 
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off  different substrate molecules revealed that the observed photoreactivity is strongly 

dependentt on M, solvent, irradiation wavelength and the nature of the reacting ligand (e.g. 

phosphines,, CO, alkenes).126"129 Based on the assignment of the substitution- and 

fragmentationn products formed, the primary excited state processes were proposed to include 

releasee of CO and cleavage of a metal-metal bond, respectively. Interestingly, these reactions 

aree identical to those underlying most irreversible electrochemical processes (vide supra). 

Differentt from electrochemical activation, however, photochemistry allows the molecular and 

electronicc structure of reactive intermediates along the reaction pathway to be studied at very 

loww temperatures and/or by fast time-resolved spectroscopic techniques. Irradiation of the 

clusterss [M3(CO)i2] in a low-temperature matrix, for example, resulted in the spectroscopic 

detectionn and characterization of coordinatively unsaturated [M 3(CO)n] , the primary 

photoproductt upon short-wavelength irradiation of these clusters.130' m The latter 

photoproductt could also be detected at room temperature by time-resolved IR spectroscopy on 

thee microsecond time scale.132 Notably, a similar CO-Ioss reaction has been established for 

thee tetranuclear cluster [Ru4(u-H)4(CO)i2].133 Despite the fact that the use of matrix-isolation 

techniquess and microsecond (us) time-resolved spectroscopy significantly contributed to the 

understandingg of the initial photoprocess in the above cases, other primary cluster 

photoproductss are often too short-lived to allow their detection by these techniques. For 

example,, the substitution- and fragmentation products observed upon long-wavelength 

irradiationn of [M3(CO)i2] were proposed to result from a common open-structure intermediate 

[M 3(CO)ii(u-CO)],134,, 135 a photoproduct undetectable with the spectroscopic techniques 

availablee at the time (vide infra). With the development of (ultra)fast spectroscopic 

techniques,, allowing photochemical reactions to be studied on the femto- to nanosecond time 

scales,, the insight into the nature and reactivity of excited states and primary photoproduct(s) 

hass increased significantly over the past ten years.136 For example, a combined nanosecond 

(ns)) transient absorption and time-resolved IR study of the substituted clusters [Os3(CO)i0(a-

diimine)]]  resulted in the detection and characterization of solvent-stabilized biradicals.137 The 

latterr species were found to be the primary photoproducts of these clusters in non- or weakly 

coordinatingg solvents and have lifetimes varying from 5 ns to 10 (is depending on the solvent 

andd a-diimine ligand. As the branching between different reaction pathways in the 

photochemistryy of coordination compounds frequently takes place already in the optically 

populated,, thermally non-relaxed excited state, femto/picosecond time-resolved spectroscopic 

studiess are required to study the primary excited state processes.138' 139 This also applies for 

transitionn metal clusters. Whereas picosecond transient absorption (ps TA) spectra may 

providee valuable information about the character of the initially populated and/or reactive 

excitedd state and its kinetics, picosecond time-resolved IR (ps TRIR) spectroscopy provides a 

powerfull  tool to obtain structural information about the cluster in the excited state and/or 

aboutt the primary photoproduct(s). Very recently, ps TRIR spectroscopy has, for example, 
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allowedd the direct observation and characterization of the CO-bridged primary photoproduct 

off  [Ru3(CO)i2] (see Chapter 3).140 

Withh the oppurtunity to study photochemical reactions on very short time scales, a 

thoroughh mechanistic insight into the photochemistry of cluster compounds can now be 

obtained.. However, whereas ps TA and TRIR spectra can contribute significantly to the 

characterizationn of the excited state and the nature of the primary photoprocess, the 

availabilityy of several reaction pathways sometimes prevents unambiguous assignments to be 

made.. Support from high-level theoretical calculations (e.g. DFT) is therefore required, not 

onlyy to clarify the character of the frontier occupied and virtual molecular orbitals but also to 

understandd the mixed nature of the electronic transitions and excited states. At present, 

generall  statements about the photochemical reactivity of clusters cannot yet be made. Just as 

inn cluster electrochemistry, small changes in the electronic or molecular structure of a cluster 

cann induce significant changes in its photoreactivity. As example may serve the 

photoreactivityy of the clusters [Os3(CO)io(a-diimine)] in strongly coordinating solvents. 

Whereass for a-diimine = jPr-PyCa ('Pr-PyCa = pyridine-2-carbaldehyde-AMsopropylimine) or 

bpyy (bpy = 2,2'-bipyridine) zwitterionic photoproducts are formed in pyridine already at room 

temperature,, the latter charge-separated photoproducts can only be observed at low 

temperaturess (253 K) for a-diimine = 'Pr-DAB (jPr-DAB = A^'-diisopropyl-l,4-diaza-l,3 

butadiene),, secondary radical coupling reactions dominating at temperatures above 263 K. 

Thiss difference in photoreactivity has been explained by the theoretically proven strongly 

delocalizedd character of the HOMO and the LUMO in [Os3(CO),0(
iPr-DAB)], diminishing the 

charge-transferr character of the lowest-energy excited state.142 This example demonstrates the 

intriguingg diversity of the photoreactions of clusters and supports the demand for systematic 

studies,, also in the littl e explored field of heteronuclear cluster photochemistry. 

Thee preceeding paragraphs show that the intriguing field of transition metal cluster 

chemistryy represents a challenging research area with numerous possibilities. Due to the 

uniquee bonding modes and activation pathways of organic substrates and the controlable 

compositionn of their metal framework, clusters appeared to be useful as homo- and 

heterogeneouss catalysts or catalyst precursors in a number of different transformations. In 

addition,, the study of high-nuclearity clusters has provided valuable information about the 

transitionn from molecular to bulk metallic behaviour. It should, however, be noted that despite 

thee present achievements in the different areas, the insight into the electronic structure of 

clusterss and their reactivity is still limited. In order to gain a more detailed understanding of 

theirr stoichiometric and catalytic reactions, fundamental studies of the cluster bonding 

propertiess are therefore indispensable. A powerful tool to obtain insight into the character of 

thee frontier orbitals is provided by photo- and electrochemistry. In addition, a variety of 

sophisticatedd experimental techniques allows the electronic and molecular structure of starting 
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complexess as well as their photo- or redox products to be studied in great detail. In 

combinationn with the support from high-level theoretical calculations (DFT), photo- and 

electrochemicall  studies may also facilitate a thorough description of the bonding properties of 

clusters,, stimulating further development in the fields of photochemical, redox and thermal 

reactivity. . 

1.44 Scope and contents of this Thesis 

Thee demand for fundamental studies of the electronic structure and reactivity of clusters 

withh the powerful tools provided by photo- and redox chemistry is a clear message for the 

furtherr development of cluster chemistry in different directions. It is the scope of this Thesis 

too clarify how the photo- and electrochemistry of transition metal carbonyl clusters are 

affectedd by the systematic variation of L or the cluster core composition in selected cluster 

series,, where L represents a non-carbonyl redox-active or innocent ligand. Uftrafast 

spectroscopicc techniques are used to provide insight into the character of the reactive excited 

statess and the nature of the primary photoprocesses (Chapters 3 - 6). High-level theoretical 

calculationss are performed in order to gain insight into the bonding properties and the 

characterr of the frontier orbitals and low-energy electronic transitions (Chapters 3, 5 and 6). 

Thee systematic introduction of heterometals into the homometallic cluster core has targetted 

thee establishment of the influence of the cluster core composition on the observed reactivity 

(Chapterss 6 and 7). By combining effectively the theoretical results with experimental data 

andd comparing the observed reactivities with those of relevant reference systems, a detailed 

understandingg of the electronic structure, bonding properties and reactivity could be obtained 

inn the majority of the studied systems. The next paragraphs give a more detailed description 

off  the content of the different chapters. 

Chapterr 2 summarizes the experimental and theoretical research methods used in this 

Thesiss and gives a detailed description of the different experimental set-ups. 

Chapterr 3 describes the results of mechanistic investigations of the primary 

photoprocessess of unsubstituted [Ru3(CO),2] and the substituted cluster [Os3(CO)io(s-cw-l,3-

cyclohexadiene)].. Picosecond transient absorption and time-resolved infrared spectroscopy 

weree used to characterize the initially populated and reactive excited states and to study the 

formationn of the primary photoproducts. In order to analyze the frontier orbitals and assign 

thee low-energy electronic transitions, a density functional theoretical (DFT) study was 

performedd on [Os3(CO),0(I,3-butadiene)]. The results of this study were interpreted in 

combinationn with the spectroscopic data and allowed for a detailed understanding of the 

primaryy excited state processes. 

Thee introduction of redox-active a-diimine ligands in the clusters [Os3(CO)i0(a-diimine)] 

hass been reported to influence significantly their photochemical and electrochemical 
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properties.. While the photoproducts of these clusters have been investigated in detail in 

previouss work, the mechanism of their formation has not firmly been established. Part A of 

Chapterr 4 therefore focuses on the primary photoprocesses of these systems. Ultrafast time-

resolvedd techniques were used to investigate the influence of the a-diimine ligand on the 

lifetimee of the a(Os-Os)3t*  excited state and to clarify the mechanism of zwitterion formation 

inn strongly coordinating acetonitrile. The short-lived biradical photoproducts, formed by Os-

Oss bond homolysis in non- or weakly coordinating solvents, are the main topic of Part B. 

Single-wavelengthh kinetic traces were recorded in order to investigate the stabilization of the 

biradicalss by weakly coordinating solvents and to establish a second pathway for zwitterion 

formationn via the conversion of solvent-stabilized biradicals. The thorough understanding of 

thee electron-transfer reactions of the clusters [Os3(CO)io(lPr-AcPy)] has allowed the 

realizationn of a purpose-designed [Os3(CO)|0('Pr-AcPy)]-methylvioIogen donor-acceptor dyad 

whosee interesting redox-controlled photochemistry is described in Part C. 

Thee investigations of the photo- and electrochemistry of the clusters [Ru3(CO)8(u-

COHa-diimine)]]  are presented in Chapter 5. These clusters not only differ from the related 

compoundss in Chapter 4 by the different core composition but also by the presence of two 

bridgingg carbonyl groups. The latter ligands are shown to considerably influence the observed 

photo-- and redox reactivity. Density functional theoretical calculations in combination with 

time-resolvedd UV-vis and IR spectroscopic studies provide an opportunity to discuss the 

frontierr orbitals and assign the reactive excited state. 

Chapterr 6 describes a novel synthetic route towards the heteronuclear cluster 

[Os2Ru(CO)i2]]  and the synthesis, crystal structures and spectroscopic characterization of the 

novell  derivatives [Os2Ru(CO)n(PPh3)] and [Os2Ru(CO)io(1Pr-AcPy)]. The latter cluster was 

thee subject of a detailed photochemical and electrochemical study. The results together with 

supportt from density functional theoretical calculations and results obtained for the 

homonuclearr analogues studied in Chapters 4 and 5, allowed to establish the influence of the 

heteronuclearr cluster core on the observed reactivity. 

Explorativee studies of the reactivity of several mixed-metal clusters possessing transition 

metall  atoms from different groups of the periodic table are presented in Chapter 7. Part A 

reportss on the photoreactivity of the heteronuclear clusters [Os2Pt(CO)s(PPh3)2] and 

[Os2Rh(CO)9(r|5-C5Me5)]]  in the presence or absence of different Lewis bases. The 

investigationss include the characterisation of the different photoproducts, providing valuable 

informationn about the nature of the primary photoprocesses. Part B deals with the photo- and 

electrochemicallyy driven conversion of the tetranuclear heterometallic cluster [Ru3Ir(u3-

H)(CO)i3]]  into [Ru3Ir(u-H)3-n(CO)i2]
n" (n = 0 - 2). Both activation pathways provide a 

promisingg alternative for the thermal conversion taking place at elevated temperatures. 

25 5 



ChapterChapter I 

1.55 References 

[11 ] B. F. G. Johnson, in B. F. G. Johnson (Ed.): Transition Metal Clusters, Wiley, New York, 1980, p. 2. 

[2]]  B. H. S. Thimmappa, Coord. Chem. Rev. 1995, 143, 1. 

[3]]  J. A. Betrand, F. A. Cotton, W. A. Dollase, Inorg. Chem. 1963, 2, 1166. 

[4]]  H. Schafer, R. Siepmann, Z. Anorg. Chem. 1968, 385, 75. 

[5]]  F. W. Koknat, R. E. McCarley, Inorg. Chem. 1972, 7/, 812. 

[6]]  N. Cook, L. E. Smart, P. Woodward, J. D. Cotton, J. Chem. Soc. Dalton Trans. 1979, 1032. 

[7]]  M. R. Churchill, F. J. Hollander, J. P. Hutchinson, Inorg. Chem. 1977, 16, 2655. 

[8]]  R. D. Wilson, R. Bau, J. Am. Chem. Soc. 1976, 98, 4687. 

[9]]  M. R. Churchill, R. Bau, Inorg. Chem. 1968, 7, 2606. 

[10]]  C. R. Eady, B. F. G. Johnson, J. Lewis, B. E. Reichert, G. M. Sheldrick, J. Chem. Soc. Chem. Commun. 

1976,271. . 

[11]]  V. G. Albano, P. Chini, V. J. Scatturin, J. Chem. Soc. Chem. Commun. 1968, 163. 

[12]]  C. E. Briant, K. P. Hall, D. M. P. Mingos, J. Organomet. Chem. 1983, 254, CI8. 

[13]]  J. C. Calabrese, L. F. Dahl, P. Chini, G. Longoni, S. Martinengo, J. Am. Chem. Soc. 1974, 96, 2614. 

[14]]  K. Wade, in B. F. G. Johnson (Ed.): Transition Metal Clusters, Wiley, New York, 1980, p. 193. 

[15]]  B. F. G. Johnson, J. Lewis, Adv. Inorg. Chem. Radiochem. 1981, 24, 215. 

[16]]  K. Wade, Adv. Inorg. Chem. Radiochem. 1976, 18, 1. 

[17]]  K. Wade, J. Chem. Soc. Chem. Commun. 1971, 792. 

[18]]  D. M. P. Mingos, Nature Phys. Sci. 1972, 236, 99. 

[19]]  D. M. P. Mingos, M. 1. Forsyth, J. Chem. Soc. Dalton Trans. 1977, 610. 

[20]]  D. M. P. Mingos, J. Chem. Soc. Chem. Commun. 1983, 706. 

[21]]  D. M. P. Mingos, Ace. Chem. Res. 1984,17, 311. 

[22]]  B. K. Teo, Inorg. Chem. 1984, 23, 1251. 

[23]]  B. K. Teo, Inorg. Chem. 1985, 24, 4209. 

[24]]  D. M. P. Mingos, J. Chem. Soc. Chem. Commun. 1985, 1352. 

[25]]  J. W. Lauher, J. Am. Chem. Soc. 1978,100, 5305. 

[26]]  J. W. Lauher, J. Am. Chem. Soc. 1979, 101, 2604. 

[27]]  N. Rösch, G. Pacchioni, in G. Schmid (Ed.): Clusters and Colloids: From Theory to Application, 

Wiley-VCH,, New York, 1994, p. 5. 

[28]]  R. E. Benfield, in L. J. de Jongh (Ed.): Physics and Chemistry of Metal Cluster Compounds, Kluwer, 

Dordrecht,, 1994, p. 249. 

[29]]  M. P. Ciftientes, M. G. Humprey, J. E. McGrady, P. J. Smith, R. Stranger, K. S. Murray, B. Moubaraki, 

J.J. Am. Chem. Soc. 1997, 119, 2647. 

[30]]  L. J. de Jongh, Physics and Chemistry of Metal Cluster Complexes, Kluwer, Dordrecht, 1994. 

[31]]  G. Schmid, Clusters and Colloids: From Theory to Application, Wiley-VCH, New York, 1994. 

[32]]  E. L. Muetterties, Bull. Soc. Chim. Belg. 1975, 84, 959. 

26 6 



Introduction Introduction 

[33]]  E. L. Muetterties, J. Organomet. Chem. 1980, 200, 177. 

[34]]  B. F. G. Johnson, M. Gallup, Y. V. Roberts, J. Mol. Catal. 1994, 86,51. 

[35]]  R. J. Puddephatt, L. Manojlovic-Muir, K. W. Muir, Polyhedron 1990, 9, 2767. 

[36]]  R. Roulet, in L. J. Farrugia (Ed.): The Synergy between Dynamics and Reactivity at Clusters and 

Surfaces,Surfaces, Vol. 465, Kluwer, Dordrecht, 1995. 

[37]]  H. Suzuki, Eur. J. Inorg. Chem. 2002, 1009. 

[38]]  J. A. Cabezza, M. A. Martinez-Garcia, V. Riera, D. Ardura, S. Garcia-Granda, Eur. J. Inorg. Chem. 

2000,, 499. 

[39]]  B. C. Gates, L. Guczi, H. Knözinger, Metal Clusters in Catalysis, Elsevier, Amsterdam, 1986. 

[40]]  R. D. Adams, Catalysis by Di- and Polynuclear Metal Cluster Complexes, Wiley-VCH, New York, 

1998. . 

[41]]  G. Süss-Fink, M. Faure, T. R. Ward, Angew, Chem. Int. Ed. 2002, 41, 99. 

[42]]  M. I. Bruce, N. N. Zaitseva, B. W. Skelton, A. H. White, Russ. Chem. Bull. 1998, 47, 983. 

[43]]  E. Rosenberg, R. M. Laine, in R. D. Adams, F. A. Cotton (Eds.): Catalysis by Di- and Polynuclear 

MetalMetal Cluster Complexes, Wiley-VCH, New York, 1998, p. 1. 

[44]]  B. C. Gates, J. Mol. Catal. A: Chemical 2000, 163, 55. 

[45]]  B. C. Gates, in R. D. Adams, F. A. Cotton (Eds.): Catalysis by Di- and Polynuclear Metal Cluster 

Complexes,Complexes, Wiley-VCH, New York, 1998, p. 509. 

[46]]  C. M. G. Judkins, K. A. Knights, B. F. G. Johnson, Y. R. de Miguel, R. Raja, J. M. Thomas, Chem. 

Commun.Commun. 2001, 2624. 

[47]]  S. Haak, A. Neels, H. Stoeckli-Evans, G. Süss-Fink, C. M. Thomas, Chem. Commun. 1999, 1959. 

[48]]  S. M. Waterman, M. G. Humphrey, V.-A. Tolhurst, M. 1. Bruce, P. J. Low, D. C. R. Hockless, 

OrganometallicsOrganometallics 1998, 17, 5789. 

[49]]  S. M. Waterman, N. T. Lucas, M. G. Humphrey, Adv. Organomet. Chem. 2000, 46, 47. 

[50]]  P. Chini, / 7th Int. Congr. Pure Appl. Chem. (1959). 

[51]]  W. L. Gladfelter, G. L. Geoffroy, Adv. Organomet. Chem 1980, 18, 207. 

[52]]  M. C. Comstock, J. R. Shapley, Coord. Chem. Rev. 1995, 143, 501. 

[53]]  R. D. Adams, Comprehensive Organometallic Chemistry, Vol. 10, Pergamon, New York, 1995, p. 1. 

[54]]  M. J. Freeman, M. Green, A. G. Orpen, I. D. Salter, F. G. A. Stone, J. Chem. Soc. Chem. Commun. 

1983,, 1332. 

[55]]  K. E. Warner, J. R. Norton, Organometallics 1985, 4, 2150. 

[56]]  R. Blumhofer, K. Fisher, H. Vahrenkamp, Chem. Eer. 1986, 119, 194. 

[57]]  P. Braunstein, in A. F. Williams, C. Floriani, A. E. Merbach (Eds.): Perspectives in Coordination 

Chemistry,Chemistry, Verlag Helvetica Chimica, Basel, 1992, p. 67. 

[58]]  B. F. G. Johnson, R. D. Johnston, J. Lewis, I. G. Williams, P. A. Kilty , Chem. Commun. 1968, 861. 

[59]]  H. Remita, R. Derai, M.-O. Delcourt, Radiat. Phys. Chem. 1991, 37, 221. 

[60]]  J. R. Fox, W. L. Gladfelter, G. L. Geoffroy, Inorg. Chem. 1980, 19, 2574. 

27 7 



ChapterChapter 1 

J.. R. Fox, W. L. Gladfelter, G. L. Geoffroy, I. Tavanaiepour, S. Abdel-Mequid, V. W. Day, Inorg. 

Chem.Chem. 1981,20,3230. 

J.. R. Fox, W. L. Gladfelter, T. G. Wood, J. A. Smegal, T. K. Foreman, G. L. Geoffroy, I. Tavanaiepour, 

V.. W. Day, C. S. Day, Inorg. Chem. 1981, 20, 3214. 

R.. Shojaie, J. D. Atwood, In org. Chem. 1987, 26, 2199. 

R.. Shojaie, J. D. Atwood, Inorg. Chem. 1988, 27, 2558. 

H.. Vahrenkamp, Pure Appi Chem. 1989, 61, 1777. 

E.. Roland, H. Vahrenkamp, Organometallics 1983, 2, 183. 

P.. Braunstein, J. Rosé, Comprehensive Organometallic Chemistry, Vol. 10, Pergamon, New York, 

1995. . 

D.. Mani, H. Vahrenkamp, J. Mol. Catal. 1985, 29, 305. 

R.. D. Adams, T. S. Barnard, Z. Li, W. Wu, J. H. Yamamoto, J. Am. Chem. Sot: 1994, 116, 9103. 

I.. Ojima, Z. Zhang, J. Org. Chem. 1988, 53, 4425. 

M.. D. Curtis, S. H. Druker, J. Am. Chem. Soc. 1997, 119, 1027. 

M.. A. Aubart, B. D. Chandler, R. A. T. Gould, D. A. Krogstad, M. F. J. Schoondergang, L. H. Pignolet, 

Inorg.Inorg. Chem. 1994, 33, 3724. 

M.. A. Aubart, L. H. Pignolet, /. Am. Chem. Soc. 1992, 114, 7901. 

P.. Braunstein, J. Rosé, in R. D. Adams, F. A. Cotton (Eds.): Catalysis by Di- and Polynudear Metal 

ClusterCluster Complexes, Wiley-VCH, New York, 1998, p. 443. 

C.. Shao, L. Fan, K. Fujimoto, Y. Iwasawa, Appi Catal. A.: General 1995, 128, LI . 

P.. Braunstein, R. Devenish, P. Gallezot, B. T. Heaton, C. J. Humphreys, J. Kervennal, S. Mulley, M 

Ries,, Angew.Chem. Int. Ed. Engl. 1988,27, 927. 

R.. Raja, G. Sankar, S. Hermans, D. S. Shephard, S. Bromley, J. M. Thomas, B. F. G. Johnson, Chem. 

Commun.Commun. 1999, 1571. 

M.. Ichikawa, L.-F. Rao, T. Kimura, A. Fukuoka, J. Mol. Catal. 1990, 62, 15. 

R.. Raja, T. Khimyak, J. M. Thomas, S. Hermans, B. F. G. Johnson, Angew. Chem. Int. Ed. 2001, 40, 

4638. . 

M.. I. Bruce, J. G. Matisons, B. K. Nicholson, J. Organomet. Chem. 1983, 247, 321. 

N.. E. Leadbeater, J. Organomet. Chem. 1999, 573, 211. 

A.. Darchen, C. Mahé, H. Patin, J. Chem. Soc. Chem. Commun. 1982, 243. 

M.. I. Bruce, D. C. Kehoe, J. G. Matisons, B. K. Nicholson, P. H. Rieger, M. L. Williams, J. Chem. Soc. 

Chem.Chem. Commun. 1982, 442. 

S.. van Wallendael, R. J. Shaver, D. P. Rillema, B. J. Yoblinski, M. Stathis, T. F. Guarr, Inorg. Chem. 

1990,29,, 1761. 

J.. A. Baiano, D. L. Carlson, G. M. Wolosh, D. E. DeJesus, C. F. Knowels, E. G. Szabo, W. R. Murphy, 

Inorg.Inorg. Chem. 1990, 29, 2327. 

A.. Vlcek Jr., Chemtracts-Inorg. Chem. 1993, 5, 1. 

L.. Gade, B. F, G. Johnson, J. Lewis, G. Conole, M. McPartlin, J. Chem. Soc. Dalton Trans. 1992, 3249. 

28 8 



Introduction Introduction 

[88]]  L. Gade, B. F. G. Johnson, J. Lewis, M. McPartlin, T. Kotch, A. J. Lees, J. Am. Chem. Soc. 1991, 113, 

8698. . 

[89]]  J. L. Graff, R. D. Sanner, M. S. Wrighton, J. Am, Chem. Soc. 1979, 101, 273. 

[90]]  P. Lemoine, Coord. Chem. Rev. 1982, 47, 55. 

[91]]  P. Lemoine, Coord. Chem. Rev. 1988, 83, 169. 

[92]]  W. E. Geiger, Prog. Inorg. Chem. 1985, 33, 275. 

[93]]  A. J. Downard, B. H. Robinson, J. Simpson, A. M. Bond, J. Organomet. Chem. 1987, 320, 363. 

[94]]  M. J. Bakker, T. A. Pakkanen, F. Hartl, Collect. Czech. Chem. Commun. 2001, 66, 1062. 

[95]]  B. F. G. Johnson, J. Lewis, W. J. H. Nelson, J. N. Nicholls, J. Puga, P. R. Raithby, M. J. Rosales, M. 

Schroder,, M. D. Vargas, J. Chem. Soc. Dalton Trans. 1983, 2447. 

[96]]  R. J. H. Clark, P. J. Dyson, D. G. Humphrey, B. F. G. Johnson, Polyhedron 1998, 17, 2985. 

[97]]  D. Osella, C. Nervi, M. Ravera, J. Fiedler, V. V. Strelets, Organometallics 1995, 14, 2501. 

[98]]  I. Gauthron, Y. Mugnier, K. Hierso, P. D. Harvey, Can. J. Chem. 1997, 75, 1182. 

[99]]  J. Rimmelin, P. Lemoine, M. Gross, D. De Montauzon, JVOWV. J. Chim. 1983, 7, 453. 

[100]]  J. Washington, C. P. Kubiak, Can. J. Chem. 1996, 74, 2503. 

[101]]  R. E. Wittrig, G. M. Ferrence, J. Washington, C. P. Kubiak, Inorg. Chim. Acta 1998, 270, 111. 

[102]]  Y. Koide, M. T. Bautista, P. S. White, C. K. Schauer, Inorg. Chem. 1992, 31, 3690. 

[103]]  B. E. Collins, Y. Koide, C. K. Schauer, P. S. White, Inorg. Chem. 1997, 36, 6172. 

[104]]  T. Madach, H. Vahrenkamp, Chem. Ber. 1981, 114, 505. 

[105]]  J. Rimmelin, P. Lemoine, M. Gross, A. A. Bahsoun, J. A. Osborn, Nouv. J. Chim. 1985, 9, 181. 

[106]]  D. Osella, G. Arman, M. Botta, R. Gobetto, F. Laschi, P. Zanello, Organometallics 1989, 8, 620. 

[107]]  H. Shen, S. G. Bott, M. G. Richmond, Inorg. Chim. Acta 1996, 241, 71. 

[108]]  E. Rosenberg, M. J. Abedin, D. Rokhsana, D. Osella, L. Milone, C. Nervi, J. Fiedler, Inorg. Chim. Acta 

2000,, 300-302, 769. 

[109]]  J. Nijhoff, M. J. Bakker, F. Hartl, G. Freeman, S. L. Ingham, B. F. G. Johnson, J. Chem. Soc. Dalton 

Trans.Trans. 1998, 2625. 

[110]]  J. Nijhoff, F. Hartl, J. W. M. van Outersterp, D. J. Stufkens, M. J. Calhorda, L. F. Veiros, J. Organomet 

Chem.Chem. 1999,575, 121. 

[ I l l ]]  G. Longoni, C. Femoni, M. C. Iapalucci, P. Zanello, in P. Braunstein, L. A. Oro, P. R. Raithby (Eds.): 

MetalMetal Clusters In Chemistry, Vol. 2, Wiley-VCH, New York, 1999, p. 1137. 

[112]]  V. G. Albano, L. Grossi, G. Longoni, M. Monari, S. Mulley, A. Sironi, J. Am. Chem. Soc. 1992, 114, 

5708. . 

[113]]  J. D. Roth, G. J. Lewis, L. K. Safford, X. Jiang, L. F. Dahl, M. J. Weaver, J. Am. Chem. Soc. 1992, 114, 

6159. . 

[114]]  F. Fabrizi de Biani, C. Femoni, M. C. Iapalucci, G. Longoni, P. Zanello, Inorg. Chem. 1999, 38, 3721. 

[115]]  P. Zanello, in M. J. Clarke, J. B. Goodenough, J. A. Ibers, C. K. Jorgensen, D. M. P. Mingos, J. B. 

Neilands,, G. A. Palmer, D. Reinen, P. J. Sadler, R. Weiss, R. J. P. Williams (Eds.): Structure and 

Bonding,Bonding, Vol. 79, Springer, Berlin, 1992, p. 101. 

29 9 



ChapterChapter 1 

[116]]  P. Zanello, F. F. de Biani, in P. Braunstein, L. A. Oro, P. R. Raithby (Eds.): Metal Clusters in 

Chemistry,Chemistry, Vol. 2, Wiley-VCH, Ney York, 1999, p. 1104. 

117]]  D. Oselia, R. Gobetto, P. Montangero, P. Zanello, A. Cinquantini, Organometallics 1986, 5, 1247. 

118]]  N. T. Lucas, J. P. Blitz, S. Petrie, R. Stranger, M. G. Humprey, G. A. Heath, V. Otieno-Alego, J. Am. 

Chem.Soc.Chem.Soc. 2002, 724,5139. 

[119]]  H. Wadepohl, S. Gebert, H. Pritzkow, D. Oselia, C. Nervi, J. Fiedler, Eur. J. Inorg. Chem. 2000, 1833. 

120]]  M. P. Robben, P. H. Rieger, W. E. Geiger, J. Am. Chem. Soc. 1999, 121, 367. 

;i21]]  W. E. Geiger, M. J. Shaw, M. Wiinsch, C. E. Barnes, F. H. Foersterling, J. Am. Chem. Soc. 1997, 119, 

2804. . 

;i22]]  T. A. Albright, S.-K. Kang, A. M. Arif, A. J. Bard, R. A. Jones, J. K. Leland, S. T. Schwab, Inorg. 

Chem.Chem. 1988,27, 1246. 

;; 123] B. E. Collins, Y. Koide, C. K. Schauer, P. S. White, Inorg. Chem. 1997, 36, 6172. 

124]]  N. Lugan, P.-L. Fabre, D. de Montauzon, G. Lavigne, J.-J. Bonnet, J.-Y. Saillard, J.-F. Halet, Inorg. 

Chem.Chem. 1993,^2, 1363. 

[125]]  J. L. Graff, M. S. Wrighton, J. Am. Chem. Soc. 1980, 102, 2123. 

126]]  M. F. Desrossiers, D. A. Wink, R. Trautman, A. E. Friedman, P. C. Ford, J. Am. Chem. Soc. 1986, 108, 

1917. . 

127]]  B. F. G. Johnson, J. Lewis, M. V. Twigg, J. Organomet. Chem. 1974, 67, C75. 

128]]  A. J. Poë, C. V. Sekhar, J. Am. Chem. Soc. 1986, 108, 3673. 

129]]  D. R. Tyler, M. Altobelli, H. B. Gray, J. Am. Chem. Soc. 1980, 102, 3022. 

130]]  J. G. Bentsen, M. S. Wrighton, J. Am. Chem. Soc. 1987, 109, 4530. 

;i31]]  J. G. Bentsen, M. S. Wrighton, J. Am. Chem. Soc. 1987, 109, 4518. 

[132]]  J. A. DiBenedetto, D. W. Ryba, P. C. Ford, Inorg. Chem. 1989, 28, 3503. 

133]]  J. G. Bentsen, M. S. Wrighton, J. Am. Chem. Soc. 1984,106, 4041. 

134]]  M. F. Desrossiers, P. C. Ford, Organometallics 1982, /, 1715. 

135]]  J. Malito, S. Markiewicz, A. Poë, Inorg. Chem. 1982, 21, 4335. 

136]]  A. Vlcek Jr., I. R. Farrell, D. J. Liard, P. Matousek, M. Towrie, A. W. Parker, D. C. Grills, M. W. 

George,, J. Chem. Soc. Dalton Trans. 2002, 701. 

[137]]  M. J. Bakker, F. Hartl, D. J. Stufkens, 0. S. Jina, X.-Z. Sun, M. W. George, Organometallics 2000, 19, 

4310. . 

138]]  I. R. Farell, A. Vlcek Jr., Coord. Chem. Rev. 2000, 208, 87. 

[139]]  A. Vlcek Jr., Coord Chem. Rev. 2000, 200-202, 933. 

140]]  F. W. Vergeer, F. Hartl, P. Matousek, D. J. Stufkens, M. Towrie, Chem. Commun. 2002, 1220. 

141]]  J. Nijhoff, M. J. Bakker, F. Hartl, D. J. Stufkens, W.-F. Fu, R. van Eldik, Inorg. Chem. 1998, 37, 661. 

[142]]  M. J. Calhorda, E. Hunstock, L. F. Veiros, F. Hartl, Eur. J. J. Inorg. Chem. 2001, 223. 

30 0 


