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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), 

14 4 



Introduction Introduction 

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)." 

Figur ee 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. 
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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. 
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2.11 Introductio n 

Thee research described in this Thesis deals with the syntheses, characterization and photo-

andd electrochemical properties of transition metal carbonyl clusters. In order to gain thorough 

understandingg of the processes induced by photo- or redox activation of these complex 

systems,systems, it is of utmost importance to learn about the electronic and molecular structures of 

thee different intermediates along the reaction pathways and to study their kinetics. 

Sophisticatedd spectroscopic techniques in combination with theoretical support have been 

appliedd to obtain this detailed information. In this Chapter the most important, 'non-

conventional'' methods (both experimental and theoretical) used in this Thesis will be 

discussed.. The aim is to give short outlines rather than comprehensive reviews for which the 

readerr is referred to the literature. First, time-resolved spectroscopic methods are described 

thatt were used to investigate the character of the excited state, the formation of the primary 

photoproductss and the dynamics of photoinduced chemical reactions. Secondly, attention is 

focusedd on the (spectro)electrochemical techniques applied in the study of the cluster redox 

processes.. The employed quantum chemical calculation methods are described at the end of 

thiss chapter. The 'convential' spectrosocopic techniques (UV-vis, (rapid scan) FTIR and X-ray 

diffraction)) are described in detail in the particular experimental chapters. 

2.22 Time-resolved spectroscopic techniques 

Characterizationn of long-lived intermediates and final photoproduct(s) can be 

accomplishedd by steady-state spectroscopic techniques like UV-vis absorption, Fourier 

Transformm IR (FTIR), (resonance) Raman (rR), EPR and NMR spectroscopies. Beside this 

part,, a thorough description of the mechanism of photochemical reactions requires knowledge 

off  the primary photochemical steps. Traditionally, the nature of the primary photoproducts 

wass investigated by stabilizing them at low temperatures or in solid inert matrices.1"3 

However,, the excited state processes occurring directly after the absorption of a photon 

requiree a different approach, as they remain too fast even at low temperatures. Excitation 

itselff  takes place within a few femtoseconds (10 l5 s), while internal conversion and 

reorganisationn of the surrounding (dipole) solvent molecules is completed within picoseconds 

(10122 s). In coordination compounds, allowed or avoided crossings between close-lying 

excitedd states of different (spin) character, which often determine the course of the 

photochemicall  process, generally occur on pico- to nanosecond time scales (1012 - 10"9 s). 

Thee study of these processes requires the use of (ultra)fast time-resolved spectroscopic 

techniques.. Whereas nowadays nanosecond time-resolved experiments are more or less 

routine,, a study of the excited state processes on the pico- and femtosecond time scales has 
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onlyy become possible with the development of lasers, generating high-energy pulses of 

femtosecondd duration. 

Time-resolvedd absorption spectroscopy4 

Time-resolvedd absorption spectroscopy provides a powerful tool for obtaining valuable 

informationn about the nature and dynamics of excited states and short-lived photochemical 

intermediates.. It relies on recording electronic absorption spectra of transient species (excited 

moleculess or photoproducts) at selected time delays after the excitation pulse. The transient 

absorptionn signal can either be recorded over an extended wavelength range (full spectrum) or 

att a single wavelength. In the former approach the excitation pulse is followed by a white 

lightt pulse that is used for monitoring. In nanosecond transient absorption white-light pulses 

aree typically generated by a pulsed Xe lamp; in (sub)picosecond transient absorption this is 

achievedd via non-linear optical processes, for example by focusing a laser pulse into a water-

containingg cuvette or sapphire crystal. The white light that is transmitted by the sample, can 

bee recorded by a spectrographic detection system, such as an optical multichannel analyser 

(OMA)) or streak camera. Transient absorption spectra are generally obtained as difference 

spectra,, showing the time-resolved absorbance changes relative to the ground state 

absorption. . 

Byy recording the transient absorption signal at a single wavelength at different time delays 

afterr the excitation pulse, kinetic traces can be constructed that allow accurate analysis of the 

dynamicss of excited states and primary photoproducts. Kinetic traces in the nanosecond time 

domainn are usually obtained by replacing the spectrographic detection system with a 

monochromator-photomultiplierr combination, in order to select the desired wavelength from 

thee complete spectrum. In picosecond transient absorption spectroscopy, single-wavelength 

measurementss require the use of a second laser line. In this case, the desired time resolution, 

i.e.i.e. the variable time delays between the excitation (pump) and monitoring (probe) laser 

pulses,, is obtained by passing one of the two lines over a so-called delay line. 

Inn this Thesis, transient absorption spectra and kinetic traces were recorded on the pico-

andd nanosecond time scale. The experimental details of the employed set-ups are described 

below. . 

ExperimentalExperimental set-ups 

Picosecondd transient absorption (ps TA) measurements were performed using the set-up 

installedd at the University of Amsterdam (see Figure l).s The laser system is based on a 

Spectraa Physics Hurricane Ti-sapphire regenerative amplifier system. The optical bench 

assemblyy of the Hurricane includes a seeding pump laser (Mai Tai), a pulse stretcher, a Ti-
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sapphiree regenerative amplifier, a Q-switched pump laser (Evolution) and a pulse compressor. 

Thee output power of the laser is typically lmJ pulse ' (130 fs FWHM) at a repetition rate of 1 

kHz.. Two different pump-probe set-ups were employed: (i) a full-spectrum set-up based on an 

opticall  parametric amplifier (Spectra-Physics OPA 800) as a pump, where the residual 

fundamentall  light (150 uJ pulse') from the pump OPA was used for generation of white light 

thatt was detected with a CCD spectrograph; (ii) a single-wavelength kinetics set-up based on 

twoo OPA's, one of them being used as a pump and the other one as a probe, and an amplified 

Sii  photodiode for detection. For both set-ups the pump OPA was used to generate excitation 

pulsess at 350 nm (fourth harmonic of the 1400 nm OPA signal beam), 430 nm (fourth 

harmonicc of the 1500 nm OPA signal beam) or 505 nm (fourth harmonic of the 2020 nm OPA 

idlerr beam). The output power was typically 5 uJ pulse'. The white-light generation was 

accomplishedd by focusing the fundamental (800 nm) into a H20 flow-through cell (10 mm; 

Hellma).. For the single wavelength measurements, the polarization of the probe light was 

controlledd by a Berek Polarization Compensator (New Focus). The probe light was passed 

overr the delay line (Physik Instrumente, M-531DD) that provides an experimental time 

windoww of 1.8 ns with a maximal resolution of 0.6 fs step'. The energy of the probe pulses 

wass approximately 5x10~3 uJ pulse"' at the sample. The angle between the pump and probe 

beamm was typically 7-10°. The circular cuvette (d = 1.8 cm, 1 mm, Hellma) with a sample 

solutionn was placed in a home-made rotating ball bearing (1000 rpm) to avoid local heating 

andd sample decomposition by the laser beams. The sample solutions were prepared with an 

opticall  density of ca. 0.8 at the excitation wavelength. For the white light/CCD set-up, the 

probee beam was coupled into a 400 \xm optical fiber after passing through the sample, and 

detectedd by a CCD spectrometer (Ocean Optics, PC2000). The chopper (Rofin Ltd., ƒ= 10-20 

Hz),, placed in the excitation beam, provided / and 70, depending on the status of the chopper 

(openn or closed). The excited state spectra were obtained by M = log(/ / /0). Typically two 

thousandd excitation pulses were averaged to obtain the transient at a particular time delay. 

Duee to the lenses a chirp of ca. 1 ps is observed between 460-650 nm. For the single-

wavelengthh kinetic measurements, an amplified Si photodiode (New-Port, 818 UV/4832-C) 

wass used for detection. The output of the Si photodiode was conducted to an AD-converter 

(Nationall  Instruments, PCI 4451, 205 kS s"'), which enabled the measurement of the intensity 

off  each separate pulse. Again, the chopper (f= 50 Hz) placed in the excitation beam provided 

// and I0 and AA, respectively. Typically, 500 excitation pulses were averaged to obtain the 

transientt at a particular time. The absorbance spectra of the solutions were measured before 

andd after the experiments. In all cases less then 10% photodecomposition was observed. 
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IFF - IR Filter 

Figuree 1. Schematic representation of the picosecond transient absorption set-up: 1. Hurricane, 2. 

OPA-8000 (pump), 3. OPA-800 nm (probe), 4. white light generator, 5. delay line, 6. Berek polarizer, 

7.. sample, 8. detector (CCD or Si photodiode), 9. chopper. 

Nanosecondd transient absorption (ns TA) spectra were obtained by irradiating the samples 

withh 2 ns pulses (FWHM) of a continuously tunable (420-710 nm) Coherent Infinity XPO 

laser.. The output power of the laser was typically less than 5 mJ pulse"' at a repetition rate of 

100 Hz. Samples in a 1 cm quartz cuvette had ca. 0.8 optical density at the excitation 

wavelength.. The probe light from a low-pressure, high-power EG&G FX-504 Xe lamp passed 

throughh the sample cell and was dispersed by an Acton Spectra-Pro-150 spectrograph, 

equippedd with 150 g/mm or 600 g/mm grating and a tunable slit (1-500 urn), resulting in 6 or 

1.22 nm maximum resolution, respectively. The data collection system consisted of a gated 

intensifiedd CCD detector (Princeton Instruments ICCD-576EMG/RB), a programmable pulse 

generatorr (PG-200), and an EG&G Princeton Applied Research Model 9650 digital delay 

generator.. With this OMA-4 setup (see Figure 2), I and I0 values are measured 

simultaneously,, using a double kernel 200 um optical fiber. 

MM - Mirror 

4 4 
11 1 

j j HH 5 

1 1 
66 « 

~';~';  -H- -
'0 '0 

1 1 

1 1 

7 7 

Figuree 2. Schematic representation of the nanosecond transient absorption set-up: 1. laser, 2. Xe lamp, 

3.. sample, 4. spectrograph, 5. CCD camera, 6. pulser, 7. computer. 
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Nanosecondd flash photolysis transient kinetics was measured by irradiating the sample 

withh 7 ns (FWHM) pulses of a Spectra Physics GCR-3 Nd:YAG laser (10 Hz repetition rate) 

andd using pulsed Xe-lamp probe light perpendicular to the laser beam. The excitation 

wavelengthh was obtained by frequency doubling (532 nm). The 450 W Xe lamp was equipped 

withh a Muller Electronik MSP05 pulsing unit (giving pulses of 0.5 ms). A shutter, placed 

betweenn the lamp and the sample, was opened for 10 ms to prevent photomultiplier fatigue. 

Suitablee pre- and postcut-off and bandpass filters were used to minimize both the probe light 

andd the scattered light of the laser. The sampling rate was kept at a relatively long time 

(intervalss of 10 s) to prevent accumulation of possible photoinduced intermediates. The light 

wass collected in an Oriel monochromator, detected by a P28 PMT (Hamamatsu), and 

recordedd on a Tektronix TDS3052 (500 MHz) oscilloscope. The laser oscillator, Q-switch, 

lamp,, shutter and trigger were externally controlled with a home-made digital logic circuit, 

whichh allowed for synchronous timing. The absorption transients were plotted as AA = log(7, / 

la)la) vs time, where 70 is the monitoring light intensity prior to the laser pulse and Ix is the 

observedd signal at delay time t. 

Time-resolvedd infrared (TRIR) spectroscopy6'7 

Althoughh time-resolved UV-vis absorption spectroscopy generally provides excellent 

kineticc data, the structural information on excited molecules or photogenerated transients is 

ratherr limited. This problem can be adressed using time-resolved IR (TRIR) spectroscopy. 

Thiss technique, which involves a combination of UV-vis flash photolysis with fast IR 

detection,, has developed significantly over the last few years. Conventionally, TRIR spectra 

onn the microsecond time scale were recorded using continuous wave IR sources and fast IR 

detectors.. Advances in step-scan Fourier Transform IR, however, enabled faster data 

acquisitionn and recording of TRIR spectra on the early nanosecond time scale.8 Recently, 

TRIRR measurements can also be performed on ultrafast (pico- and femtosecond) time scales, 

usingg pump-probe methods similar to those applied in ultrafast electronic absorption 

spectroscopy.. The ultrafast IR probe pulse can either be obtained by upconversion of a 

continuouss wave IR signal with a fast visible puis or by difference frequency mixing of two 

(visible)) laser pulses (this Thesis). 

TRIRR spectroscopy is particularly useful in studying the excited states and primary 

photoproductss of transition metal complexes containing strongly IR active ligands, such as 

carbonyls.. For, the frequencies of the stretching vibrations of carbonyl ligands (v(CO)) are 

veryy sensitive to the molecular structure of the complex and can act as direct probes of the 

electronn density at the metal centre. In addition, the absorption molar coefficients of the IR 

v(CO)) bands are typically high and the carbonyl stretching region is relatively transparent. 

Thee first application of TRIR to the excited states of transition metal carbonyl complexes 
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datess back to 1989, when Glyn et al. detected the jMLCT excited state of [Re(CO)3Cl(4,4'-

bpy>2].99 Upon population of the MLCT excited state, all three carbonyl stretching bands were 

shiftedd to considerable larger wavenumbers. This shift is explained by decreased metal-to-CO 

rc-backdonationrc-backdonation due to a lower electron density on the metal centre. 

Apartt from the shift induced by the change in the electronic structure, initially broadened 

v(CO)) bands frequently undergo blue shift and concomitant narrowing on the early 

picosecondd time scale. These spectral changes result from vibrational relaxation processes.10 

Inn a simplified picture, the relaxation processes after photoexcitation may be separated into 

twoo steps. (/) Internal Vibrational Redistribution (IVR), which dissipates the energy from an 

initial,, non-thermal energy distribution to a fully thermalized state (usually, but not always, on 

thee subpicosecond time scale) where all vibrational modes are excited according to a thermal 

Boltzmann factor. This implies that especially low-frequency vibrational modes (e.g. skeletal 

modes)) are activated to very high quanta. At this point after the excitation, the molecule can 

bee extremely hot. (ii)  External Vibrational Redistribution (EVR), where the heat of the 

moleculess starts to flow to the surrounding solvent shells. The rate of this second process is 

usuallyy determined by the subsequent transport of heat from one solvent shell to another. 

Dependingg on the solvent and the size of the molecule, characteristic 'cooling' constants of 

severall  picoseconds are frequently encountered. Due to the coupling of the high-frequency 

CO-stretchingg vibration to the highly activated skeletal modes, the position and bandwith of 

v(CO)) IR bands are significantly influenced by the EVR relaxation of these low-frequency 

modes,, taking place on the early picosecond time scale. '" 

ExperimentalExperimental set-up 

Alll  time-resolved IR experiments were performed using the Picosecond Infrared 

Absorptionn and Transient Excitation (PIRATE) facility at the Rutherford Appleton 

Laboratoryy in Didcot, United Kingdom (see Figure 3).15 The laser system is based on a Ti-

sapphiree regenerative amplifier (Spectra Physics/Positive Light, Superspitfire), operating at 1 

kHzz repetition rate at ca. 800 nm, with an energy of 2-3 mj pulse"1 (150 fs FWHM). The 

regenerativee amplifier is seeded by a 100 fs pulse from a mode-locked Ti-sapphire laser 

(Spectraa Physics, Tsunami). Tuneable mid-IR outputs (150-200 cm"1 FWHM, 200 fs) were 

generatedd by frequency-down conversion of the signal and idler outputs of a white-light 

seeded,, 800 nm pumped BBO OPA in an AgGaS2 crystal. Second harmonic generation of the 

residuall  fundamental light (800 nm) provided 400 nm pulses, which were either used directly 

forr excitation of the sample or to pump a second OPA, generating 500 nm excitation pulses. 

Thee mid-IR beam generated by the first OPA was split into reference and probe beams, using 

aa 50 % germanium beamsplitter. Below 1800 cm"1, N2-purged infrared beam paths were 

appliedd to reduce probe beam absorption by water vapour. The probe beam was focused to 
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aboutt 150 urn into the sample cell, using an ƒ = 30 gold-coated spherical mirror. The flow-

throughh cell, consisting of two CaF2 windows separated by 0.25-1 mm spacers, was allowed 

too make a rastering movement perpendicular to the probe beam in order to avoid local heating 

andd sample decomposition by the laser beams. Two separate 64 element HgCdTe linear array 

detectorss (MCT-13-64el (Infrared Associates Inc.) and MCT-64000 pre-amplifiers (Infrared 

Systemss Development Corp.)) were used to detect the mid-IR reference and probe signals. 

Thee data were analysed in pump on/pump off pairs to create a rolling average using the 

followingg equation: 

AAAANN = l 0 g [ l + /R / /p {(/probe / /ref)pump on " (V«be / /ref)pump off}  ] + A/1N_,(N-1 )/N 

wheree /R and /p are the final averages of the pump-off spectra on the reference and probe 

sides,, respectively, and N is the total number of acquisitions. Further software discrimination 

removess large fluctuations, such as laser 'drop outs' or fluctuations associated with gas 

bubbless in the sample flow stream, on a shot-by-shot basis. TRIR spectra comprising the 

wholee CO-stretching region (2200-1700 cm"1) were constructed by precise overlap of three or 

fourr 150 cm"1 windows. Calibration of the spectra was established by comparing the parent 

bleachh positions with the peak positions of the corresponding v(CO) bands in the regular 

FTIRR spectra. 

> > 

MM  - Mirro r 
FMM  - Flipping Mirro r 
BB - Beamsplitter 

Figuree 3. Schematic representation of the picosecond time-resolved IR set-up: 1. Superspitfire, 2. 

secondd harmonic generator, 3. OPA-400 nm (pump), 4. OPA-800 nm (probe), 5. mid-IR light 

generator,, 6. delay line, 7. sample, 8. MCT detector, 9. computer. 

2.33 Cyclic voltammetry and spectroelectrochemistry 

Ass photo- and electrochemical activations often involve the same frontier orbitals, the 

informationn obtained from reversible electrochemical processes can supplement that from 

photochemicall  measurements.16 By studying the changes in redox potentials upon 
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coordinationn of different ligands in a series of coordination compounds, electrochemistry 

may,, for example, provide valuable information about the character of the frontier orbitals of 

thesee complexes. In addition, some photoproducts (e.g. radicals) can be conveniently 

generatedd by electrochemical methods while the correlation between the redox and optical 

orbitalss offers the possibility to assign transient species (e.g. D+-A' states) observed in time-

resolvedd spectra by comparison with the spectra of the independently electrochemically 

oxidizedd donor and reduced acceptor moieties. 

Inn order to follow electrochemical processes a great variety of electrochemical techniques 

havee been developed (e.g. cyclic voltammetry, coulometry, polarography, pulse 

chronoamperometry).. In cyclic voltammetry, the potential is varied linearly back and forth 

betweenn certain predefined potentials, while the current response is measured and plotted as a 

functionn of the applied potential to afford a current-voltage curve, known as 'cyclic 

voltammogram'.177 Cyclic voltammetric studies provide valuable information about redox 

potentials,, diffusion constants and the number of electrons involved in the redox process. In 

addition,, cyclic voltammetry is often used to establish the degree of (electro)chemical 

reversibilityy of a redox process, which relates to the structural changes induced by the 

externall  electron transfer reactions. The amount of information on the molecular structure of 

secondaryy products of complex redox reactions is, however, limited. This problem is adressed 

byy the development of in situ methods combining electrochemistry with spectroscopic 

techniques,, such as IR, UV-vis, EPR and Raman. Progress in the methodology of 

spectroelectrochemistryy was stimulated by the development of suitable optically transparent 

thin-layerr electrochemical (OTTLE) cells, in which the working electrode consists of a fine 

minigridd of thin gold or platinum wires.18'19 As the optical beam can pass directly through the 

electrode,, the redox processes taking place in the thin solution layer surrounding the working 

electrodee can be studied spectroscopically. With the development of low-temperature OTTLE 

cells,, the study of many thermally instable redox products at low temperatures has become 

possible.. Several of the above mentioned spectroelectrochemical techniques have been 

employedd in this Thesis to study the redox processes of homo- and heteronuclear transition 

metall  clusters. 

ExperimentalExperimental details 

Cyclicc voltammograms (CV) of approximately 10"3 M parent clusters in 10"1 M B114NPF6 

electrolytee solution were recorded in a gas-tight, single-compartment, three-electrode cell 

equippedd with platinum disc working (apparent surface of 0.42 mm2), coiled platinum wire 

auxiliaryy and silver wire pseudoreference electrodes. The cell was connected to a computer-

controlledd PAR Model 283 potentiostat. All redox potentials are reported against the 

ferrocene/ferroceniumm (Fc/Fc+) redox couple. ' 
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IRR and UV-vis spectroelectrochemical measurements at variable temperatures were 

performedd with previously described optically transparent thin-layer electrochemical 

(OTTLE)) cells18, 19 equipped with a Pt minigrid working electrode (32 wires/cm) and 

CaF2/NaCll  or CaF2/quartz windows. The working electrode surroundings were masked 

carefullyy to avoid spectral interference with the non-electrolyzed solution. EPR spectra of the 

electrogeneratedd radicals were recorded at variable temperatures, using a modified three-

electrodee Allendoerfer-type22 spectroelectrochemical cell equipped with a single-point Ag 

pseudoreferencee electrode. The potential during these measurements was controlled by a PA4 

(EKOM,, Czech Republic) potentiostat. The cluster concentration in the 

spectroelectrochemicall  experiments varied from 10"3 (UV-vis, EPR) to 10"2 (IR) mol dm"3. 

2.44 Quantum chemical calculations23'24 

Inn combination with the experimental results, quantum chemical calculations provide a 

powerfull  tool to obtain a detailed understanding of the electronic structure of cluster 

compoundss in the ground- and excited states and to assign their low-energy electronic 

transitions.. While, in theory, the electronic structure of a molecule can be calculated by 

solvingg the Schrödinger equation, the latter is analytically unsolvable for multi-electron 

systems,systems, due to difficulties in describing the repulsive electron-electron interactions. In order 

too overcome this problem, several methods have been developed, in which the electron-

electronn interaction is approximated in such a way that the equation can be solved, while at 

thee same time giving reliable results. These methods can be devided into semi-empirical 

approaches,, in which parameters are introduced and adjusted to fit  various experimental 

quantities,, and ab initio methods. 

Inn ab initio calculations, the molecular «-electron wavefunction is commonly 

approximatedd by n one-electron functions built from linear combinations of atomic orbitals. 

Thesee wavefunctions describe the movement of each electron in the field of the nuclei and the 

remainingg n-\ electrons. The mean field is not known a priori  but depends on the orbitals, 

whichh are determined via an iterative process referred to as a self-consistent field (SCF) 

technique.. A severe limitation of the SCF approach is that it assumes each electron to move 

independently,, ignoring spatial correlation. In order to improve the mean field description 

differentt strategies have been developed to introduce electron correlation effects, which 

includee perturbation methods {e.g. MP2) and configuration interaction (CI). In general, the 

numberr of integrals which have to be computed in ab initio methods formally scales with N4, 

wheree N is the number of basis functions. The dramatic increase in duration and complexity 

off  the calculations upon increasing the number of electrons, together with the difficulty to 

deall  with relativistic effects, make ab initio methods less suitable for transition metal clusters. 

Evenn small-sized clusters have therefore mainly been treated with the more simple semi-
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empiricall  Extended Hiickel Molecular Orbital (EHMO) method. The latter type of 

calculations,, in which the number of integrals that have to be explicitly calculated is 

drasticallyy reduced, can be useful as a first approximation to clarify the extent and character 

off  the metal-metal bonding and to give some ideas with regard to the nature of the frontier 

orbitals.. It should be pointed out, however, that the reliability of these methods for 

quantitativee predictions is in general very limited. 

Ann attractive alternative to conventional ab initio methods is offered by density functional 

theorytheory (DFT).25 In contrast to ab initio calculations, DFT starts from the assertion that the 

totall  energy of an electronic system can be expressed as a unique functional (= the integration 

off  a function over space) of the system's electron density. Instead of solving the Schrödinger 

equation,, in DFT calculations it is the aim to minimize the energy functional. This functional 

cann be separated into three terms: a kinetic energy contribution, the classical coulombic 

interactionn of the charge distribution under study, and a remainder which comprises the 

electronn exchange and correlation interactions. The minimization of the overall functional can 

bee carried out by using a self-consistent field approach (vide supra). The quality of the results 

mainlyy depends on the quality of the approximation of the electron exchange and correlation 

term.. Several approximations to treat the latter term have been suggested, whereby a popular 

choicee is to assume that the system can be approximated locally as a weakly inhomogeneous 

electronn gas. This approach is called the local density approximation (LDA).26 It is also 

possiblee to apply non-local corrections to the exchange and correlation energy by using 

gradient-correctedd exchange correlation functionals (Generalized Gradient Approximation 

(GGA)).. The Becke's exchange functional used in this Thesis provides a well-known example 

off  such a functional. Another important factor concerns the choice of the basis set. The 

orbitalss of a molecular system can be expressed as a linear combination of a finite set of one-

electronn atomic orbitals or basis functions, which form the basis set. There are two types of 

basiss orbitals commonly used, Slater-type orbitals (STO's) and Gaussian-type orbitals 

(GTO's).. Considerable research effort has been devoted to the development of better basis 

sets,, providing a more accurate description of the molecular orbitals. Over the last two 

decades,, time-dependent DFT (TD-DFT)27 methods have been developed which permit a 

moree accurate determination of excited state energies and electronic transitions. Since the 

computationall  effort increases with the number of basis functions as roughly Nz, the power of 

(TD-)DFTT lies undoubtedly in its speed. Advanced corrections like the incorporation of 

relativisticc effects, are nowadays available with only very small compromises to the overall 

quality.. DFT therefore allows accurate treatment of transition metal clusters where ab initio 

methodss are not easily applicable. 
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ComputationalComputational details 

Alll  density functional calculations28 were carried out with the Amsterdam Density 

Functionall  (ADF2000) programme.29"35 Vosko, Wilk and Nusair's local exchange correlation 

potentiall  was used.36 Gradient-corrected geometry optimizations37,38 were performed, using 

thee Generalized Gradient Approximation (Becke's exchange39 and Perdew's correlation40, 41 

functionals).. Relativistic effects were treated by the ZORA method.42"44 The core orbitals 

weree frozen for Os (ls-5s, lp-5p, 3d, 4d), Ru (ls-4s, lp-4p, 3d) and C, N, O (Is). Triple 

C,, Slater-type orbitals (STO) were used to describe the valence shells of H (Is), C and O (2s 

andd 2p), Ru (5s and 5p) and Os (6s and 6p). A set of polarization functions was added: H 

(singlee C, 2p, 3d), C, N, O (single £, 3d, 4f), Ru (single £, 4f), Os (single £, 5f). Full geometry 

optimizationss were performed without any symmetry constraints on models based on the 

availableavailable crystal structures. 
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3.11 Abstract 

Combinedd picosecond transient absorption and time-resolved infrared studies have been 

performedd in order to characterize the excited state and monitor the formation of the primary 

photoproductss of the clusters [Ru3(CO)i2] (1) and [Os3(CO)io(l,3-cyclohexadiene)] (2). The 

TAA spectra of (1), obtained by irradiation into its lowest-energy absorption band, reveal the 

formationn ( r= 5.6 picoseconds) of a coordinatively unsaturated photoproduct, possessing a 

transientt absorption around 505 nm. The latter photoproduct completely regenerates the 

parentt cluster with a lifetime of 46  5 picoseconds. Time-resolved IR spectra of 1 on the 

picosecondd time scale show the appearance of a single v(CO) band in the bridging carbonyl 

region,, decaying with a lifetime of ca. 50 picoseconds. Both results support the assignment of 

thee primary photoproduct of 1 as the coordinatively unsaturated open-triangle isomer 

[Ru3(CO)n(u-CO)],, consistent with the proposal in the literature. Theoretical (TD-DFT) 

calculationss revealed that the low-lying electronic transitions of cluster 2 posess 

predominantlyy a(core)-to-7r;*(CO) character. From the lowest 3an* excited state cluster 2 

undergoess fast metal-metal(diene) bond cleavage (r = 3.3 picoseconds), resulting in the 

formationn of a similar single-bridged primary photoproduct (2a), as observed for 1. Due to the 

donorr ability of the diene ligand and the unequal distribution of electron density in 2a, the 

subsequentt formation of a second CO bridge is observed, producing the secondary 

photoproductt [Os3(CO)8(u-CO)2(l,3-diene)] (2b), previously observed on the nanosecond 

timee scale. The latter photoproduct, which is characterized by a pronounced transient 

absorptionn band around 630 nm, is known to mainly regenerate the parent cluster with a 

lifetimee of about 100 ns in hexane. 

3.22 Introductio n 

Photochemicall  and photophysical studies of transition metal carbonyl clusters are of 

considerablee interest, not only because of the potential of these compounds to act as versatile 

catalystss or catalyst precursors,1,2 for example in fine chemistry, but also in view of their 

challengingg application as key components of more complex supramolecular systems. The 

photoactivationn of (thermally stable) cluster compounds may lead to novel reaction types with 

highh selectivity.3"6 In supramolecular systems, where clusters may connect donor and acceptor 

sites,, the photoinduced changes in the electronic and structural properties of a cluster upon 

excitationn may be utilized, for example, in controlled electron/energy transport from the donor 

too the acceptor (see Chapter 4, Part C). 

Time-resolvedd infrared spectroscopy (TRIR), where UV-visible flash photolysis is 

combinedd with (ultra)fast infrared detection, is a powerful tool for probing the primary events 

afterr photoexcitation. This applies in particular to complexes containing strongly IR active 
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ligandss like CO or NO that can act as direct IR probes of the electron density at the metal 

centre.. As the excited states of transition metal clusters are usually too short-lived to be 

studiedd with nanosecond (ns) transient absorption (TA) or TRIR, faster spectroscopic 

techniquess are required to characterize the excited state and to monitor the formation of the 

primaryy photoproducts. Although several picosecond (ps) TRIR studies of simple, 

mononuclearr transition metal complexes with e.g. M(0) (M = Cr, W),7 M(II ) (M = Ru, Os)8 

andd Co(I)9 centres have been reported, those of di- and polynuclear transition metal 

complexess are scarce. In order to explore whether this technique could contribute to the 

unravellingg of complex mechanistic problems in transition metal cluster photochemistry, we 

performedd a TRIR study on the model cluster [Ru3(CO)n] (1) and the substituted cluster 

[Os3(CO)ioO-c('.s-l,3-cyclohexadiene)]]  (2). 

Thee photoreactivity of the triangular clusters [M3(CO)i2] (M = Ru, Os) has been studied in 

detaill  over the last three decades.3' I0"'9 In brief, irradiation into the two lowest-energy 

absorptionn bands of these clusters has been assumed to result in the formation of a reactive 

isomerr of [M3(CO)i2] (M = Ru, Os), the key intermediate for the follow-up thermal reactions 

that,, however, has never been observed directly. This reactive isomer has been proposed ' 

too consist of an open cluster core in which one M-M bond is heterolytically split and one 

carbonyll  has moved to a bridging position to maintain the charge neutrality at both M atoms 

(Figuree la). In contrast to this, two different bridging carbonyl ligands have recently been 

identifiedd in a photoproduct of the substituted cluster [Os3(CO)i0(,s-cw-l,3-cyclohexadiene)] 

withh ns TRIR spectroscopy.20 Similar to the reactive photoisomer of [Ru3(CO)n], the non-

radicall  photoproduct of [Os3(CO)io(s-c/.s-l,3-cyclohexadiene)] has been proposed to have one 

Os-Os(diene)) bond split and the two remote osmium centres connected by a bridging carbonyl 

group.. In addition, the resulting electron deficiency at Osl is partly compensated by donation 

fromm a carbonyl group bridging over the Osl-Os2 bond (Figure lb). Apart from the 

challengingg mechanistic aspects of their photoreactions, the interest in diene-substituted 

osmiumm clusters also originates from their application as activated precursors in the synthesis 

off  specific high-nuclearity clusters21 or derivatives bearing photo- and/or redox active 

ligands.22 2 

,M(CO),M(CO)4 4 

(OCj3/W.. M(CO)A 

O O 

(a)) [M3(CO),,(u-CO)] (b) [Os3(CO)8(u-CO)2(diene)] 
(MM = Ru, Os) 

Figuree 1. Proposed structure of the open-core photoproducts of: (a) [M3(CO)|2] (M = Ru, Os) and (b) 

[Os3(CO)io(l,3-diene)]. . 
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Inn this chapter we present the results of a combined ps TA and TRIR study of the primary 

photoproductss of [Ru3(CO)i2] (1) and [Os3(CO)io(s-c/.?-l,3-cyc]ohexadiene)j (2). For both 

clusterss ps TA spectra were recorded in order to determine the decay kinetics of the excited 

statee and its absorption features. In order to get more information about the clusters in their 

excitedd state and the primary photoproducts, a ps TRIR study was performed, which 

representss the first application of this technique in the field of transition metal clusters. First, 

photoexcitationn followed by IR probing was used to prove whether a bridging carbonyl ligand 

iss indeed present in the reactive photoisomer of [Ru3(CO)i2]. In the second part, ps TRIR 

spectraa in the bridging carbonyl region were recorded in order to reveal at what stage the two 

differentt CO bridges in the photoproduct [Os3(CO)8(|i-CO)2(l,3-cyclohexadiene)] are formed. 

Densityy functional theoretical (DFT) calculations were performed in order to support the 

experimentall  results. 

3.33 Experimental section 

Materialss and preparations. Solvents of analytical grade (Acros) were freshly distilled from sodium 

wiree (hexane) or CaH2 (acetonitrile (MeCN), dichloromethane) under an atmosphere of dry N2. 

[Ru3(CO)|2]]  (1), [Os3(CO)i2] (Strem Chemicals), 1,3-cyclohexadiene (Acros) and solvents of 

spectroscopicc grade (Aldrich: dichloromethane, heptane) were used as received. Trimethylamine-/V-

oxide,, Me3N02H20 (Alfa), was dehydrated before use by vacuum sublimation. Silica 60 (70-230 

mesh,, Merck) for column chromatography was activated by heating in vacuo at 450 K overnight and 

storedd under N2. 

Syntheticc procedures. All syntheses were performed under an inert atmosphere of dry N2, using 

standardd Schlenk techniques. For the preparation of [Os3(CO)io(s-cw-l,3-cyclohexadiene)] (2) we 

followedd a similar synthetic procedure as employed by Braga et al.,23 using [Os3(CO)i0(MeCN)2].
24 

Synthesiss of [Os3(CO)i0(s-cis-l,3-cyclohexadiene)] (2). 1,3-Cyclohexadiene (2.5 ml; 26 mmol) was 

addedd to a solution of [Os3(CO),0(MeCN)2] (500 mg; 0.54 mmol) in CH2C12 (70 ml). The reaction 

mixturee was stirred for 2.5 h. After this period the solvent was evaporated in vacuo. Purification of the 

crudee product by column chromatography over silica, using 10:1 hexane/CH2Cl2 as eluent, yielded 

clusterr 2 as a yellow powder in 65% yield. IR v(CO) (hexane): 2111 (m), 2062 (s), 2032 (s), 2023 

(vs),, 2009 (s), 1991 (w), 1982 (m), 1974 (w), 1938 (w) cm'1. 'H NMR (CDC13): £5.58 (dd, 3y = 5.3 

Hz,, V = 3 Hz, 2H, -CH=CH-CH=CH-\ 3.76 (d, V = 7.2 Hz, 2H, -C//=CH-CH=C//-), 1.87 (bs, 4H, -

CHCH22-CH-CH22-).-). UV-vis (hexane): 244 (sh), 342,400 (sh) nm. 

Spectroscopicc measurements. Electronic absorption spectra were recorded on a Hewlett-Packard 

84533 diode array spectrophotometer, FT-IR spectra on a Bio-Rad FTS-7 spectrometer and *H NMR 

spectraa on a Bruker AMX 300 (300.13 MHz for 'H) spectrometer. 
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Photochemistry.. Picosecond transient absorption (ps TA) spectra and single-wavelength kinetic 

tracess were recorded using the set-up installed at the University of Amsterdam.25 Part of the 800 nm 

outputt of a Ti-sapphire regenerative amplifier (1 kHz, 130 fs, 1 mJ) was focussed into a H20 flow-

throughh cell (10 mm; Hellma) to generate white light. The residual part of the 800 nm fundamental 

wass used to provide 430 nm (fourth harmonic of the 1500 OPA signal beam) excitation pulses with a 

generall  output of 5 |iJ pulse'. The picosecond time-resolved infrared (ps TRIR) spectra were recorded 

usingg the PIRATE set-up at the Central Laser Facility of the Rutherford Appleton Laboratory.26 

Secondd harmonic generation of the 800 nm output of a Ti-sapphire regenerative amplifier (1 kHz, 150 

fs,, 2 mJ) produced 400 nm pulses for excitation of the sample. Further experimental details of the 

time-resolvedd absorption and IR set-ups are described in Chapter 2. 

Computationall  details. All density functional calculations were carried out with the Amsterdam 

Densityy Functional (ADF2000) programme. The computational details are described in Chapter 2. Full 

geometryy optimizations were performed without any symmetry constraints on models based on the 

availablee crystal structures. ' 

3.44 Results and Discussion 

Picosecondd time-resolved spectroscopy of [Ru3(CO)i2| (1) 

Thee ps TA spectra of cluster 1 in hexane were obtained by excitation at 430 nm and 

spectrall  changes were detected in the wavelength region 450-650 nm. Kinetic profiles were 

probedd at 500 nm in 250 fs intervals up to 15 ps and in 20 ps intervals up to 160 ps. The ps 

TAA spectra of 1 in hexane, measured 1-13 ps after the 130 fs laser pulse, are depicted in 

Figuree 2. 

Thee TA spectrum of 1, obtained at td = 1 ps (Figure 2) shows a broad transient absorption 

withh a maximum at 515 nm and shoulders around 550 and 610 nm. Within 15 ps, the 

absorptionn maximum at 515 nm decays with a lifetime of 5.6 + 1.0 ps to ca. 50 % of its initial 

intensityy and becomes slightly shifted to higher energy (505 nm). Besides, the shoulders at 

5500 and 610 nm become less pronounced. In accordance with the time-resolved IR 

experimentss (vide infra) these spectral changes are attributed to the formation of a 

photoproductt from the excited state. On longer time scales (up to 150 ps), the shape of the TA 

spectrumm does not change anymore and the transient almost completely regenerates the parent 

clusterr with a lifetime of 46  5 ps. 
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Figuree 2. Transient difference absorption spectra of cluster 1 in hexane measured at time delays of-1 

(baseline),, 1, 2, 4, 5, 7 and 13 ps, respectively, after 430 nm, 130 fs FWHM excitation. 

Importantly,, the nearly complete back reaction to the starting cluster within ca. 50 ps 

identifiess the primary photoproduct of 1 as a triruthenium cluster, as such behaviour is very 

unlikelyy for products of a photofragmentation process. The presence of the long-wavelength 

absorptionn in the TA spectra indicates that the primary photoproduct is coordinatively 

unsaturated.. For, similar shifts of absorption bands to considerably longer wavelengths 

comparedd to the saturated precursor complexes are encountered for related di- or trinuclear 

metall  carbonyls like [Re2(CO)9],
29 [Os2(CO)8],

30 [Os3(CO)n]
17 and [H2Os3(CO),o].31 The 

lowest-energyy absorption band of [Re2(CO)9] in an Ar matrix (530 nm ) is, for example, 

clearlyy red-shifted compared to the corresponding band in the saturated precursor complex 

[Re2(CO)io]]  (308 nm in hexane).29 

Apparently,, the TA spectra do not provide much structural information about the excited 

statee of cluster 1 and its photoproduct. We therefore monitored the primary events after the 

photoexcitationn with picosecond time-resolved infrared spectroscopy (ps TRIR). The ps TRIR 

spectraa of 1 were recorded in heptane after excitation at 400 nm at several pump-probe delays 

betweenn 0 and 500 ps. Figure 3 shows representative difference absorption spectra at six 

selectedd time delays. 

Thee ground-state IR spectrum of 1 in heptane at room temperature shows four distinct 

v(CO)) IR bands at 2061, 2031, 2017 and 2012 cm"1. After excitation into the lowest-energy 

absorptionn band, previously assigned to an electronic transition having predominant metal-

metall  bonding-to-antibonding (a -» a*) character,3 the initial TRIR spectra display 

instantaneouss bleaching of the parent v(CO) bands superimposed on a broad, unresolved 

transientt absorption due to the excited state of I. 
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21002100 2080 2060 2040 2020 2000 1980 1960 

WavenumbersWavenumbers (cm ) 

Figuree 3. TRIR difference spectra of cluster 1 in heptane at (•) 0 ps, (o) 3 ps, (A) 20 ps, (V ) 40 ps, 

(•)) 80 ps and (•) 500 ps after 400 nm (ca. 150 fs FWHM, 5 uJ pulse') excitation. The arrows indicate 

thee shift of the band maxima with increasing time delay following excitation. 

Similarr broad, featureless transient IR bands have been observed upon excitation into the 

aa ~> a* transition of [M2(CO)io] (M = Mn, Re).32- 33 They have been reported to result from 

thee appearance of red-shifted CO-stretching frequencies due to the anharmonic coupling with 

low-frequencyy (M-C stretching and M-C-0 bending) vibrational modes that are highly 

activatedd upon light excitation. In the first few picoseconds, this broad transient absorption 

resolvess into distinct product bands (2051, 2021 and 2007 cm"1) as the bands become 

narrowerr and shift slightly to higher energy. These spectral changes are attributed to 

vibrationall relaxation of the low-frequency vibrational modes.7'9'32'33 Upon further decay (< 

200 ps) another positive shift of ca. 5 cm"1 is observed for the 2021 and 2051 cm"1 product 

bands,, which is attributed to the formation of the primary photoproduct. On this time scale, 

theree is also a new v(CO) band growing in at 1850 cm"1. The latter band is assigned to a 

bridgingg carbonyl and decays on a similar time scale (20-500 ps) as the bands in the terminal 

v(CO)) region. Upon decay of the transient IR bands, recovery of the parent bleaches also 

takess place. On early time scales (< 20 ps), the partial recovery of the parent bleach at 2061 

cm"11 is mainly due to increased overlap with the product absorption band. This is inferred 

fromm the observation that the parent bleach at 2031 cm"1, for which such overlap variation 

doess not occur, only shows a minor decrease in signal strength. The excited state is therefore 

assumedd to almost completely convert into the primary photoproduct. On longer time scales 

(upp to 500 ps), the shape and position of the transient absorption bands do not change and, 

accordingly,, recovery of the parent bleach signals in this time domain is ascribed to the 

regenerationn of the parent cluster. At 500 ps after the laser pulse the initially formed transient 

absorptionn bands have almost completely disappeared; two small remaining bands at 2040 

andd 2007 cm"1 indicate the formation of a minor amount (< 10%) of a second, longer-lived 

photoproduct.. The incomplete bleach recovery supports this conclusion. 
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Thee nearly complete reversibility of the system in the non-coordinating solvent implies 

thatt the triruthenium cluster core remains intact. The ps TRIR data also agree with the 

formationn of [Ru3(CO)n(u-CO)] as the primary photoproduct. As both vibrational relaxation 

processess and decay of the excited state take place within a few picoseconds, the 

determinationn of the excited state lifetime from the terminal v(CO) bands is hampered. 

However,, the appearance of the v(u-CO) band at 1850 cm"1 is not accompanied by a shift to 

higherr frequency and is therefore presumably not influenced by the vibrational relaxation 

processes.. Gaussian curve fitting was therefore performed on this well-separated v(u-CO) 

band.. Plotting the peak area of the 1850 cm"' band for each time delay against time allows the 

determinationn of both the excited-state lifetime (3.9  0.9 ps, Figure 4a), which is assumed to 

correspondd with the growth-in of the 1850 cm"1 band, and of the lifetime of the primary 

photoproductt (56.6  6 ps, Figure 4b). The latter lifetime is in good agreement with the values 

obtainedd from the terminal v(CO) bands, viz. r- 52.5  4 ps at 2051 cm"1 (Figure 4c), whose 

decayy after td = 20 ps is mainly ascribed to the regeneration of the parent cluster. Importantly, 

thee lifetimes obtained from the ps TRIR spectra compare reasonably well with the values 

obtainedd from the ps TA experiments. The observed kinetics rules out CO loss as the primary 

photoprocesss since, assuming that photoexpelled CO escapes from the solvent cage, the 

backreactionn in this case would occur under diffusion control and would therefore take place 

onn a much longer time scale. 

CO O 
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O O 
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Figuree 4. Kinetic traces of cluster 1 in heptane representing (a) the development of the v(CO) band at 

18500 cm'1, (b) the decay of the 1850 cm'1 band and (c) the decay at 2051 cm"1. 

Thee minor IR bands of the remaining photoproduct (after 500 ps) are close to those 

reportedd for the unsaturated cluster [Ru3(CO)n].14 According to the literature, [Ru3(CO)n] is 

nott likely to be formed from [Ru3(CO)n(|i-CO)] and the observation of this species may 

thereforee be due to partial excitation into the tailing higher-energy transition of [Ru3(CO)i2], 

whichh is known to result in CO loss. Concerning the structure of the [Ru3(CO)n(u-CO)] 

photoproduct,, no unambiguous conclusions can be drawn. The close correspondence with the 
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v(u-CO)) stretching frequency of [Ru3(CO)n] (1840-1860 cm"1)'4 suggests cleavage of a Ru-

Ruu bond and formation of a single CO bridge. 

Inn order to investigate whether a similar CO-bridged primary photoproduct is also formed 

uponn excitation of [Os3(CO)i2], ps TRIR spectra of the latter cluster were recorded in CH2CI2 

att several pump-probe delays between 0-1000 ps after 400 nm excitation. Although the 

resultingg transient spectra showed similar spectral changes in the terminal v(CO) region, the 

presencee of a bridging carbonyl ligand could not be established. The absence of any v(u-CO) 

bandd is, however, in line with the assignment of the lowest-energy absorption band of 

[Os3(CO)i2]]  (see Figure 5) to a transition from the highly delocalized HOMO (mixed Os-CO 

Tt-bonding,, Os-Os bonding and Os-CO a-antibonding contributions) to an empty orbital of 

largelyy axial 7t*(CO) character.17 The perturbation of the cluster bonds upon excitation into 

thiss transition is expected to be minor. Hence, excitation at 400 nm mainly results in 

populationn of an unreactive excited state from which formation of open-triangle 

photoproductss is very unlikely. Any CO-bridged primary photoproduct resulting from 

irradiationn into the tailing higher-energy band of [Os3(CO)i2], is probably formed in amounts 

nott detectable by ps TRIR. 

10 10 

_,, 8 

kk  6 

*b b 
55 4 
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Figuree 5. UV-vis spectra of clusters 1 (—), 2 (—), [Os3(CO)io(s-c/.y-l,3-butadiene)] (-•-) and 

[Os3(CO)i2]] (••••) in hexane at 298 K. 

Frontierr  orbital calculations of [Os3(CO)io(s-c/s-l,3-diene)] 

PriorPrior  to experimental studies of the primary events following the photoexcitation of 

clusterr 2, density functional theoretical (DFT) calculations were performed in order to obtain 

moree insight into the bonding properties of the cluster and to assign the lowest electronic 

transitions.. The cluster [Os3(CO)io(l,3-butadiene)] served as a model, as the available X-ray 

structuress for this complex27 provided a good starting point for the calculations. Two known 

isomerss for which crystal structures have been reported, 7 are depicted in Figure 6. In cluster 
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2'' the diene ligand is coordinated to a single osmium centre in a chelating fashion, with one 

C=CC bond equatorial and the other one in an axial position (s-cis). Isomer 2" possesses 

approximatee C2 symmetry, with the diene ligand bridging over an Os-Os bond and the C=C 

bondss at different osmium centres in equatorial positions (s-trans). Geometry optimization 

withh DFT revealed that isomer 2" with the diene coordinated in the trans fashion is more 

stablee by 10 kJ mol"1. Despite the fact that the trans isomer is calculated to be more stable, the 

clusterr [Os3(CO)ioO-cw-l,3-butadiene)] is obtained in high yields from both [H2Os3(CO)i0]
28 

andd [Os3(CO)io(MeCN)2],
20 the latter cluster being pre-activated for the s-trans geometry due 

too the coordination of the MeCN ligands at different osmium centres.34 

2*:: 10 kJ mol-

Oss 1-

2":: 0 kJ mol" 

—?Os3 —?Os3 

0s2 0s2 C10 C10 
WWC9 C9 

Figuree 6. Optimized geometries and relative energies (in kJ mor') of the structural models 2' and 2". 

Thiss implies that formation of the s-c/s-butadiene isomer is most likely controlled by 

kinetics.. Obviously, the same holds for the reaction of [Os3(CO)i0(MeCN)2] with 1,3-

cyclohexadienee that yields the s-cis isomer 2. As the latter cluster was used in the ps IR 

photochemicall  studies, frontier orbital calculations are exclusively presented for the 

correspondingg s-cis isomer of [Os3(CO)io(l,3-butadiene)]. The geometry of model 2' is in 

goodd agreement with the experimental structure (Table 1), although the calculated Os-Os 

bondd distances are slightly longer and the C-C bond distances within the diene ligand are 

slightlyy shorter than the experimental ones. The overestimation of the metal-metal bond 

distancess appears to be a general result of DFT calculations and was also observed for related 

clusterss [Os3(CO),2],
35 [Os3(CO)i0(a-diimine)]36 and [Os3(CO)i0(biphosphinine)].37 The slight 

twistt of the equatorial C=C bond out of the Os3 plane will hardly affect the bonding 

interactionss within the cluster core. 
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Fromm the ground-state DFT calculations, the composition of the molecular orbitals for 2' 

hass been obtained. The contribution of the relevant atomic wavefunctions to the frontier 

orbitalss are given in Table 2, with the HOMO (H) and LUMO (L) indicated in bold. Three-

dimensionall  representations of the three highest occupied molecular orbitals (HOMO, 

HOMO-11 and HOMO-2) and of the lowest unoccupied molecular orbital (LUMO) are 

depictedd in Figure 7. The LUMO of 2' has dominant axial rc*(CO) character, together with 

smalll  contributions from the osmium centres. The HOMO of 2' has significant contributions 

fromm all three metal centres and from the equatorial carbonyl groups. 

Tablee 1. Comparison of selected calculated bond lengths [A] and angles [°] in cluster 2' with 

correspondingg experimental crystallographic data. 

Bond3 3 

Osl-Os2 2 

Osl-Os3 3 

Os2-Os3 3 

Os3-Cll l 

Os3-C12 2 

Os3-C13 3 

Os3-C14 4 

C11-C12 2 

C12-C13 3 

C13-C14 4 

Calc. . 

2.921 1 

2.944 4 

2.941 1 

2.218 8 

2.197 7 

2.259 9 

2.350 0 

1.442 2 

1.426 6 

1.421 1 

Exptl. . 

2.861(3) ) 

2.863(3) ) 

2.884(3) ) 

2.24(2) ) 

2.20(1) ) 

2.24(2) ) 

2.30(1) ) 

1.46(2) ) 

1.49(2) ) 

1.44(2) ) 

Angle3 3 

Osl-Os2-Os3 3 

Osl-Os3-Os2 2 

Os2-Osl-Os3 3 

C10-Os3-Cll l 

C10-Os3-C12 2 

C10-Os3-C13 3 

C10-Os3-C14 4 

Cll-Os3-C12 2 

Cll-Os3-C14 4 

C11-C12-C13 3 

C12-C13-C14 4 

Calc. . 

60.29 9 

59.52 2 

60.19 9 

89.0 0 

97.16 6 

130.0 0 

162.0 0 

38.11 1 

74.6 6 

116.7 7 

119.3 3 

Exptl. . 

59.77(7) ) 

59.72(8) ) 

60.51(4) ) 

91.3(7) ) 

93.9(6) ) 

128.9(7) ) 

161.1(6) ) 

38.3(6) ) 

71.2(7) ) 

109(2) ) 

119(2) ) 
aa See Figure 6. 

Tablee 2. Characters and one-electron energies of selected frontier orbitals of [Os3(CO)i0(.s-cw-l,3-

butadiene)1,, as calculated by the ADF/BP method (L = LUMP, H = HOMO). 

MO O 

110a a 

109a a 

108a a 

107a a 

106a a 

105a a 

104a a 

103a a 

L+3 3 

L+2 2 

L+l l 

L L 

H H 

H-l l 

H-2 2 

H-3 3 

E[eV] ] 

-2.52 2 

-2.69 9 

-2.96 6 

-3.39 9 

-5.96 6 

-6.20 0 

-6.32 2 

-6.57 7 

Osla a 

2.2 2 

5.5 5 

2.2 2 

7.4 4 

25.7 7 

4.3 3 

8.5 5 

24.2 2 

Os2a a 

1.2 2 

4.3 3 

2.9 9 

9.6 6 

12.0 0 

3.6 6 

17.9 9 

14.6 6 

Os3a a 

5.7 7 

1.5 5 

4.4 4 

10.4 4 

12.2 2 

57.3 3 

24.3 3 

15.9 9 

diene e 

6.5 5 

0.6 6 

3.7 7 

6.3 3 

12.5 5 

9.6 6 

22.4 4 

6.6 6 

CO O 

84.6 6 

85.4 4 

86.0 0 

61.0 0 

30.1 1 

18.9 9 

19.8 8 

34.2 2 

Seee Figure 6. 

55 5 



ChapterChapter 3 

Accordingg to the 3D plot, the HOMO is predominantly a-bonding with respect to the Osl 

andd Os3 centres and, therefore, can best be described as a a(Osl-Os3) bonding orbital. By 

contrast,, the HOMO-1 is mainly localized on Os3 and is best described, in accordance with 

thee 3D plot, as a 7t(C=C-Os3-C(10)O) bonding orbital. All three metal centres participate in 

thee HOMO-2 that is a-bonding between Osl and Os2 and a-bonding between Os3 and the 

equatoriall  C=C bond of the diene. The HOMO-3 has a character similar to the HOMO with 

significantt contributions from all three metal centres and the carbonyl groups. Based on the 

contributionss of the atomic wavefunctions to the frontier orbitals, the HOMO-LUMO 

transitionn is best described as having predominant a(Osl-Os3)-to-7t*(CO) character. The 

excitationn energies and the oscillator strengths of the low-lying electronic transitions of 2' 

weree calculated using TD-DFT and are presented in Table 3. 

(a ))  LUMO (b )  HOMO 

(c ))  HOMO-1 (d )  HOMO-2 

Figuree 7. Three-dimensional plots of the LUMO (a), HOMO (b), HOMO-1 (c) and HOMO-2 (d) of 

[Os3(CO)jo(.s-cw-l,3-butadiene)]. . 

56 6 



Time-ResolvedTime-Resolved Study of the Primary Photoproiesses offRu3(CO)uJ and fOsj(CO) w(l ,3-cyclohexadiene)/ 

Electronicc absorption spectra of |Os;?(CO)io(l,3-diene)| 

Thee electronic absorption spectrum of cluster 2 in hexane (Figure 5) shows a non-

solvatochromicc lowest-energy absorption band around 400 nm close to a more intense band at 

3311 nm. Similar absorption bands are also present in the spectra of [Os3(CO)io(s-c/s-l,3-

butadiene)],, the model complex for the DFT calculations, and [Os3(CO)i2]. The bands of the 

latterr cluster are, however, slightly shifted to higher energy. The position of the maximum of 

thee lowest-energy band of [Os3(CO)io(.s-c/s-1,3-butadiene)] is in good agreement with the 

TD-DFTT calculated values (Table 3). 

Tablee 3. TD-DFT calculated lowest-energy singlet excitation energies (E) and oscillator strengths 

(O.S.)) for [Os3(CO)io(s-cfr-I,3-butadiene)l (21). 

Transition n 

1 1 

2 2 

3 3 

4 4 

5 5 

6 6 

7 7 

8 8 

9 9 

10 0 

Composition n 

69%% (H->L); 15% (H-1->L) 

84%% (H-1->L); 11% (H->L) 

89%(H->L+1) ) 

63%% (H-2->L); 18% (H-3->L) 

7%% (H->L) 

97%(H-1->L+1) ) 

62%% (H->L+2); 21% (H-3->L) 

10%(H-2-»L) ) 

42%% (H-3->L); 25% (H->L+2) 

12%(H-2->L+l); ; 

68%% (H-2->L+l); 21% (H->L+3) 

98%(H-l->L+2) ) 

46%% (H->L+3); 31% (H-3->L+l) 

6%(H-2^L+1) ) 

E E 

[eV] ] 

2.82 2 

2.88 8 

3.07 7 

3.14 4 

3.27 7 

3.31 1 

3.39 9 

3.44 4 

3.53 3 

3.59 9 

Wavelength h 

[nm] ] 

440 0 

431 1 

404 4 

395 5 

379 9 

375 5 

366 6 

361 1 

351 1 

346 6 

Exptl. . 

x x 

[nm] ] 

400b b 

c c 

331 1 

c c 

c c 

c,d d 

O.S. . 

(xx 103) 

18 8 

4.3 3 

7.6 6 

29 9 

0.58 8 

10 0 

16 6 

1.2 2 

0.34 4 

12 2 

aa Observed absorption maxima for [Os3(CO)io(s-ci'.s-l,3-butadiene)] in hexane at 298 K. Asymmetric 
cc d 

bandd with shallow resolved maximum (ca. 380 nm) and shoulder around 410 nm. Non-resolved. 

Presumablyy falling within an intense absorption band below 300 nm. 

Ass the absorption features in the visible region are generally broad and poorly resolved, 

thee first four transitions (440-395 nm, Table 3) may all contribute to this lowest-energy band. 

Thiss band therefore most likely consists of several allowed transitions directed to the LUMO 

andd LUMO+1, possessing predominant cluster core-to-7i*(CO) characters. At a higher energy, 

aa second group of fairly intense transitions is found (close-lying transitions 6 and 7, Table 3). 

Similarr to the first group, these transitions are directed to orbitals having predominant TT*(CO) 
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character,, while the parent occupied orbitals, viz. HOMO, HOMO-2 and HOMO-3, are 

bondingg with respect to specific metal-metal bonds within the cluster core. Therefore, the 

moree intense 331 nm band in the UV-vis spectrum of [Os3(CO)i0(c/s-l,3-butadiene)] has also 

a(core)-to-Ji*(CO)) character. The higher intensity of the latter band compared to the lowest-

energyy one presumably results from overlap with the high-energy band below ca. 300 nm. 

Takingg into account the calculated energy difference between transitions 7 and 10 (Table 3), 

thee latter, fairly intense, transition presumably contributes to this high-energy UV band. 

Thee TD-DFT results thus document that the electronic transitions of [Os3(CO)ioC?-c/.s-1,3-

butadiene)]]  in the visible region have predominant cr(core)-to-7i*(CO) character. The 

calculatedd excitation energies and oscillator strengths compare reasonably well with the 

experimentall  data recorded in hexane. Similar to the lowest-energy transition of [Os3(CO)i2] 

(vide(vide supra), excitation into the a(core)-to-rc*(CO) transitions is not expected to result in 

largee perturbations of the cluster bonds. However, in contrast to [Os3(CO)i2],13 for which 

indeedd no significant photoreactivity is observed upon selective irradiation into the lowest-

energyy absorption band, visible irradiation of [Os3(CO)io(s-c/s-l,3-cyclohexadiene)] partly 

resultss in fragmentation into mono- and dinuclear complexes, most likely via the intermediate 

formationn of the proposed open-structure photoproduct [Os3(CO)g(u-CO)2(l,3-

cyclohexadiene)].200 The observed difference in the photoreactivity compared to [Os3(CO)i2] 

mayy be due to a weakening of the Os-Os bonds by the donor diene ligand, facilitating the 

cleavagee of a metal-metal(diene) bond on excitation. It remains, however, to be decided 

whetherr the initial bond cleavage reaction takes place straightforwardly from the 3on* state, 

forr example, as reported for the mononuclear complexes [Re(R)(CO)3(ct-diimine)] (R = ethyl, 

benzyl),38"400 or more likely via its interaction with a rapidly decaying dissociative state of GO* 

character.. A similar avoided crossing along the reaction coordinate (potential surface) that 

transformss the 3o7t*  into a dissociative state, is known to occur for the clusters [Os3(CO)io(a-

diimine)]]  (Chapter 4, Part A). 

Thee close correspondence between the electronic absorption spectra of clusters 2 and 

[Os3(CO)i2]]  (Figure 5) implies that also the second absorption band of the latter cluster 

belongss to transitions possessing predominant a(core)-to-7r*(CO) character. This assignment, 

however,, deviates from previous studies13, 17 where the second absorption band of 

[Os3(CO)i2]]  was ascribed, in accordance with the observed photoreactivity, to a transition 

havingg predominant oo* character. Without higher level (TD-DFT or ab initio) calculations 

onn [Os3(CO)i2], it remains therefore unanswered whether the observed photofragmentation 

uponn irradiation into the 329 nm band of [Os3(CO)i2] indeed results from direct optical 

populationn of a GO* excited state or involves a OK* state, as argued above for the 

correspondingg diene-substituted clusters. 
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Picosecondd time-resolved spectroscopy of |Os3(CO)io(s-c/s-l,3-cyclohexadiene)] (2) 
Inn order to investigate the primary events following the photoexcitation of cluster 2, 

picosecondd transient absorption (ps TA) spectra were recorded in hexane and CH2CI2. The ps 

TAA spectra were obtained by excitation at 430 nm and spectral changes were monitored in the 

wavelengthh region 450-650 nm. Kinetic profiles were probed at 500 nm in 250 fs intervals up 

too 15 ps. The ps TA spectra of 2 in CH2C12, measured 1-10 ps after the 130 fs laser pulse, are 

depictedd in Figure 8. The kinetic profile of 2 in CH2CI2 is shown in Figure 9. 

4500 500 550 600 650 
WavelengthWavelength (nm) 

Figuree 8. Transient difference absorption spectra of cluster 2 in CH2C12, measured at time delays of-1 

(baseline),, 1, 2, 3, 5, 8 and 10 ps, respectively, after 430 nm, 130 fs FWHM excitation. 

Thee ps TA spectrum of 2 in CH2C12 recorded at td = 1 ps (Figure 8) is very similar to that 

obtainedd for cluster 1. It shows two broad, overlapping transient absorption bands with 

maximaa around 505 nm and 595 nm. Within 10 ps, the lowest-energy band becomes 

considerablyy red-shifted and turns into a broad, well-resolved absorption band with a distinct 

maximumm at 630 nm. On the same time scale, the band at 505 nm initially shows a small blue 

shift,, viz. to 480 nm at ft = 4 ps. After this time delay no distinct maximum can any longer be 

observedd between 450 and 550 nm and only a broad unresolved absorption remains. The 

kineticc profile of 2 probed at 500 nm is clearly mono-exponential in both hexane and CH2CI2 

andd provides an excited-state lifetime of 2.5 1 ps (Figure 9). The transient absorption at /<j 

== 10 ps is very similar to that observed in the ns TA spectra of this cluster, which has 

previouslyy been assigned to the photoproduct [Os3(CO)8(u-CO)2(L)] (L = 1,3-butadiene, 1,3-

cyclohexadiene).200 In order to verify that the absorptions in the ps and ns time domains refer 

too the same species, we also measured the TA spectra at 300, 600 and 900 ps after the laser 

pulse.. These spectra do not differ from those measured at 10 ps as well as at 10 ns. From this 

observationn we conclude that the CO-bridged photoproduct observed previously on the ns 

timee scale is already present in the ps time domain. Similar to cluster 1, the presence of the 
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long-wavelengthh absorption in the TA spectrum at t& = 10 ps indicates the formation of a 

coordinativelyy unsaturated photoproduct. The results of the previous ns TA study,20 where the 

lifetimee of the photoproduct in the presence of 1.0 M 1-octene was reduced from 94 ns to 32 

ns,, support this conclusion. 

TO TO 

e e 
o o 

00 3 6 9 12 15 

'„„  (Ps> 

Figuree 9. Kinetic profile of the difference absorption of cluster 2 in CH2CI2, probed at 500 nm after 

4300 nm, 130 fs FWHM excitation. 

Anotherr important aim of this work was to find out whether the different bridging 

carbonyll  ligands in the photoproduct [Os3(CO)s(fi-CO)2(l,3-cyclohexadiene)] are formed in a 

stepwisee fashion or in a concerted process directly from the excited state. For this purpose, ps 

TRIRR spectra of cluster 2 were recorded in heptane after 400 nm excitation at several pump-

probee delays between 0 and 500 ps. Representative difference IR spectra in the regions 2130-

20700 cm"1 and 1900-1750 cm"1 are shown in Figures 10 and 11, respectively. Due to the lower 

symmetryy of 2, its ground-state IR spectrum displays a considerably larger number of v(CO) 

bandss than that of cluster 1. The extensive overlap between the bleached v(CO) bands of the 

complexx in the ground state and the excited-state absorptions therefore largely precludes the 

assignmentt of the excited-state CO-stretching modes. In fact, only the clearly separated 

highest-frequencyy band at 2111 cm"1 could be used to monitor the population of the excited 

statee and the subsequent formation of photoproducts. After irradiation into the lowest-energy 

absorptionn band of 2 in heptane, the ps TRIR spectra at early time delays (< 3 ps) display 

instantaneouss bleaching of the parent v(CO) bands, together with broad transient absorption 

bandss due to the excited state of 2. The highest-frequency ground state band at 2111 cm"1 

becomess shifted to smaller wavenumbers in the excited state (2090 cm"1, Figure 10). This 

behaviourr is in line with an excited state possessing predominant an* character and results 

fromm a decrease in the C-O bond order due to the population of anti-bonding TI*(CO) orbitals. 

Inn case the lowest excited state would be localized at the metal core having mainly GCT* 

character,, a decrease in 7i-backbonding to the carbonyl ligands would be expected, resulting in 

0.016-0.016-

0.012 0.012 

0.008 0.008 

0.004 0.004 

0.000 0.000 
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aa shift of the corresponding v(CO) bands in opposite direction. At t<\ = 1 ps the transient 

v(CO)) band at 2090 cm"1 possesses a high-frequency shoulder around 2100 cm"1 that develops 

intoo a distinct band at the expense of the band at 2090 cm"1, reaching its maximum intensity at 

aboutt 2.5 ps. On longer time scales (up to 10 ps) the latter band also decays and a new v(CO) 

bandd appears at 2106 cm', which further shifts to 2111 cm"1 at tA = 500 ps. The remaining 

differencee spectrum at /d = 500 ps closely resembles the reported difference IR spectrum of 

clusterr 2 on the ns time scale.20 

21302130 2120 2110 2100 2090 2080 2070 

WavenumbersWavenumbers (cm') 

Figuree 10. TRIR difference spectra of cluster 2 in heptane between 2130-2070 cm"1: (•) 1 ps, (o) 2 

ps,, (A) 3 ps, (V ) 5 ps, (•) 10 ps, (•) 40 and (x) 500 ps after 400 nm (ca. 150 fs FWHM, 5 uj pulse') 

excitation.. Inset: Kinetic trace representing the decay of the 2090 cm ' band. 

Inn order to monitor also the CO bridge formation, we focused in the next step on the IR 

spectrall changes in the wavenumber region 1900-1750 cm"1. After excitation of cluster 2 at 

4000 nm, the ps TRIR spectra at early time delays (< 5 ps) show the appearance of a broad 

v(u-CO)) band around 1815 cm"' that reaches its maximum intensity after ca. 3 ps (Figure 11). 

Havingg reached this point, a shoulder at 1801 cm"1 and a new band at 1857 cm"' further 

developp at the expense of the 1815 era"' band. At tA = 20 ps, the initial v(u-CO) band 

completelyy disappeared and only the two new v(u-CO) bands at 1801 and 1857 cm"' are 

present,, whose intensity does not change up to 500 ps. Importantly, the latter v(p.-CO) bands 

closelyy resemble those observed on the ns time scale.20 
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Figuree 11. TRIR difference spectra of cluster 2 in heptane between 1900-1750 cm" : (a) 1.5 ps, (b) 2.5 

ps,, (c) 3 ps, (d ) 5 ps, (e) 7 ps and (f) 20 ps after 400 nm (ca. 150 fs FWHM, 5 u.J pulse') excitation. 

Thee ps TRIR spectra of 2 in the region 1900-1750 cm"1 reveal that formation of the two 

differentt CO bridges in [Os3(CO)8(u-CO)2(l,3-cyclohexadiene)] proceeds stepwise. Initially, 

thee formation of a primary photoproduct 2a is observed, possessing only a single v(p-CO) 

bandd at 1815 cm'. The bridging carbonyl in 2a is expected to connect the two osmium 

centress in a similar way as proposed for the primary photoproduct of cluster 1 (Scheme 1). In 

accordancee with the proposed open-core structure of transient 2a and the IR spectral changes 

inn the terminal v(CO) region, the observation of the 1815 cm"1 band already at 1.5 ps after the 

laserr pulse implies that population of the OTT*  excited state and concomitant depopulation of a 

CT(OS-OS)CT(OS-OS) bonding orbital results in rapid cleavage of an Os-Os(diene) bond on the 

subpicosecondd time scale. The ps TRIR spectra do not unambiguously reveal whether the 

7t*(CO)) orbitals are populated from a molecular orbital having predominant o(Osl-Os3) 

(HOMO)) or rj(Osl-Os2) (HOMO-2) character. However, based on the nature of the 

fragmentationn products formed upon continuous wave irradiation of [OS3(CO)IO(5-CK-1,3-

cyclohexadiene)],2""  the Osl-Os2 bond is concluded to remain intact and connect the two Os 

centress in the dinuclear photoproducts [Os2(CO)7(L>2] (L = CO, ethene). As this reasoning 

doess not agree with the depopulation of the HOMO-2 (Figure 7), the reactive an* excited 

statee is proposed to have c(Osl-Os3)7i*(CO) (HOMO/LUMO) character. In a second step, 

primaryy photoproduct 2a rapidly transfonns within a few picoseconds into a second product 

2b,, in which two CO bridges are present. In accordance with the proposed structure for 

[Os3(CO)8(n-CO)2(l,3-cyclohexadiene)],2°° this process involves the movement of a terminal 

COO to a bridging position in order to partly compensate for the resulting electron deficiency at 

Osl.. In the case of cluster 1 the electron density in the primary photoproduct is equally 

distributedd over the two remote Ru centres connected via the single CO bridge. The 

(a) (a) 
t» » _jilL L ff  2b 

(b) (b) 

(c) (c) 

(d) (d) 

(e) (e) 

(f) (f) JJ A OD = 
|| 0.002 
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movementt of a second carbonyl to a bridging position is therefore redundant in this case. The 

consecutivee formation of the different carbonyl bridges in 2 is also reflected in the IR spectral 

changess in the terminal v(CO) region (Figure 10). The transient v(CO) band at 2100 cm"1 

growss in on the same time scale as the v(u.-CO) band at 1815 cm"' and can therefore be 

ascribedd to transient 2a. As this band develops at the expense of the 2090 cm"1 band, the latter 

bandd is assigned to the arc*  excited state of 2. Finally, the v(CO) band at 2106 cm"1, which in 

turnn arises at the expense of the 2100 cm'1 band, reaches its maximum intensity at the same 

timee delay as the v(ji-CO) bands at 1857 and 1801 cm"' and is therefore ascribed to 2b. As the 

v(ja-CO)) bands at 1801 and 1857 cm"1 do not change in intensity or position after tA = 20 ps, 

thee shift of the 2106 cm"' band to 2111 cm"1 at longer time delays (td > 50 ps) is not ascribed 

too the formation of a tertiary photoproduct but most likely reflects a structural rearrangement 

withinn 2b. In general, the shift of the highest-frequency v(CO) band of cluster 2 in the excited 

statee to larger wavenumbers upon formation of 2a and 2b, reflects the decreased K-

backbondingg towards the terminal CO ligands owing to the consecutive formation of the two 

stronglyy ^-accepting CO bridges. 

Inn order to describe the observed kinetics in a qualitative way, the formation of 

photoproductt 2b is represented by two consecutive irreversible first-order reactions (Scheme 

1).. After excitation of 2, the transient 2a is assumed to be formed quantitatively from the 

excitedd state 2*  (rate constant k\). This is inferred from the negligible change in intensity of 

thee highest-frequency bleach of 2 at 2111 cm"' at td between 2 and 3 ps whereas the v(CO) 

bandd at 2090 cm" due to the excited state (2*) significantly decreases. In a second step, 

primaryy photoproduct 2a can either regenerate the parent cluster (rate constant k2) or 

transformm into 2b with rate constant k3. Finally, photoproduct 2b mainly regenerates the 

parentt cluster (ca. 70 %, rate constant Ar4) while a small part of the molecules fragments into 

mono-- and dinuclear products (ca. 30 %, k5)
20 As the latter two processes only take place in 

thee ns time domain (Tzb = 94 ns in hexane),20 &4 and k5 do not influence the kinetics on the 

earlyy picosecond time scale (i.e., k\ and ki). According to the mechanism depicted in Scheme 

1,, the reactive an* excited state 2*  decays mono-exponentially with a lifetime \/k\. Although 

bothh vibrational cooling processes and the decay of the excited state take place on similar 

timee scales, the excited-state lifetime (r2*  = 3.3  0.1 ps) was estimated by plotting the 

integratedd intensity of the 2090 cm'1 band against time (Figure 10, inset). In accordance with 

thee development of the 1815 cm"1 band, this implies that photoexcitation of 2 results in rapid 

cleavagee of an Os-Os(diene) bond, accompanied by the formation of a single CO bridge in 

transientt 2a (k\ = 3 x 10 s" ). In the proposed mechanism the concentration of 2a in time is 

describedd by the kinetics of a consecutive process, which unfortunately cannot be solved from 

thee available experimental data. However, as 2a is clearly observable by means of the v(CO) 

bandss at 1815 and 2100 cm'1, its conversion to 2b together with the decay to the ground state 
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(A':: + A;,) must be slower than its formation from the excited state (k\). Moreover, as the 

absorptionn molar coefficients of the v(p.-CO) bands of 2a and 2b are assumed to be similar, 

thee fairly high intensity of the v(CO) bands at 1801 and 1857 cm"1 (2b) also indicates that 

regenerationn of the parent cluster from transient 2a is either a process of minor importance (kj 

<<  A3) or does not take place at all. Formation of photoproduct 2b is therefore concluded to be 

thee rate-determining step. 

Schemee 1. Schematic representation of the primary events taking place after photoexcitation of cluster 
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Thee excited-state lifetime of 3.3 ps, derived from the ps TRIR experiments, closely 

resembless the value of 2.5 ps obtained from the TA measurements. Consistent with the TRIR 

experiments,, the UV-vis spectral changes within the first 10 ps following excitation (Figure 8) 

representt both the formation of 2a from the 3a7t*  excited state and its conversion into 2b. As 

thee 500 nm kinetic profile of cluster 2 in CH2CI2 (Figure 9) is clearly mono-exponential and 

thee v(p.-CO) bands attributed to 2b only reach their maximum intensity after ca. 20 ps (Figure 

11),, the initial 2.5 ps TA process mainly corresponds to the decay of the excited state and 

concomitantt formation of 2a. As no kinetic change is observed at 500 nm upon subsequent 

formationn of 2b, both photoproducts 2a and 2b are assumed to absorb similarly around this 

wavelength. . 

3.55 Conclusions 

Picosecondd TRIR spectroscopy proved to be a powerful tool for obtaining structural 

informationn about clusters 1 and 2 in their lowest excited state and for monitoring the 

formationn of their primary photoproducts. For cluster 1, the detection of a single v(CO) band 

inn the bridging carbonyl region confirms the formation of a coordinatively unsaturated, CO-
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bridgedd primary photoproduct, as was proposed in the literature. A similar primary 

photoproductt is formed upon excitation of cluster 2. However, in contrast to 1, the IR spectral 

changess of 2 reveal the stepwise formation of a second CO bridge, producing the previously 

observedd photoproduct [Os3(CO)8(u-CO)2(l,3-cyclohexadiene)]. The demand for a second 

COO bridge in the latter cluster is ascribed to the unequal distribution of electron density in the 

primaryy photoproduct 2a by the presence of the diene ligand. 

Bothh the experimental data and the TD-DFT results support the assignment of the low-

lyingg electronic transitions of 2 as having predominant a(core)-to-Tï*(CO) character. Based on 

thee nature of the fragmentation products, the lowest 3CT7T*  excited state, most likely being 

populatedd via rapid intersystem crossing from the higher-lying, optically accessible o(Osl-

Os2)rt**  state, is ascribed a a(Osl-Os3)jt*(CO) character. It remains to be theoretically 

investigatedd whether the latter excited state is reactive by itself or the observed 

photoreactivityy results from an avoided crossing with a dissociative state of, for example, era* 

character. . 

Accordingg to the close correspondence between the electronic absorption spectra of 

clusterss 2 and [Os3(CO)i2], the assignment of the low-lying electronic transitions of 2 as 

havingg predominant art*  character possibly also holds for the unsubstituted cluster. The 

formationn of similar open-structure transients as observed for 2 is then not feasible in the 

absencee of the diene ligand or another Lewis base. Clearly, higher-level theoretical (DFT or 

abab initio) calculations on [Os3(CO)i2] and the corresponding triruthenium cluster are required 

inn order to revise the previous assignments of their electronic transitions, which have mainly 

beenn based on the observed photoreactivity, and to describe the optically accessible and 

reactivee excited states with precision. 
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ChapterChapter 4, Part A 

4A.11 Abstract 

(Sub)picosecondd time-resolved transient absorption and infrared spectra of the triangular 

[Os3(CO)io(a-diimine)]]  clusters were recorded in order to study the primary photoprocesses 

responsiblee for the formation of biradicals and zwitterions. The transient absorption spectra of 

[Os3(CO);o('Pr-AcPy)],, obtained by excitation into its visible absorption band, show a bleach 

duee to the disappearance of the parent cluster and a new absorption with a maximum at 630 

nm.. This transient absorption is assigned to the excited state of the cluster having 

predominantt a(Os-Os)7t*(1Pr-AcPy) character. In a non-coordinating solvent the bleach and 

transientt absorption decay with a lifetime of 25  2 picoseconds but do not disappear 

completely.. The bleach decays to ca. 30 % of the initial signal and the transient absorption 

changess into a much broader absorption that is ascribed to the open-triangle biradical, formed 

byy homolytic cleavage of an Os-Os(a-diimine) bond. The lifetime of the excited state does 

nott depend on the solvent as long as it is non-coordinating, but it depends on the energy of the 
3a7i**  excited state, as shown by a comparison of the results for [Os3(CO)io('Pr-AcPy)] and 

[Os3(CO)io(dmb)].. Variation of the 3an* state energy causes a change of the barrier for the 

reaction.. In coordinating acetonitrile (MeCN) the excited state of [Os3(CO)io('Pr-AcPy)] 

decayss double-exponentially. The longer lifetime (r = 21.4 picoseconds) matches that 

determinedd in non-coordinating solvents and is therefore ascribed to biradical formation. 

Consistentt with previous observations that in coordinating solvents at least part of the 

zwitterionss are formed in the picosecond time domain, the second and faster process (r= 2.9 

picoseconds)) is assigned accordingly. The zwitterions are formed by heterolytic splitting of an 

Os-Os(a-diimine)) bond induced by coordination of MeCN to the {Os(CO)2('Pr-AcPy)} 

moietyy of the cluster in the excited state. The parallel formation of biradicals and zwitterions 

directlyy from the excited state was confirmed by the time-resolved IR spectra in MeCN, 

whichh showed that both species are already present in the picosecond time domain. The 

uniquee result of this study is that coordinating solvents such as MeCN may induce both 

homolyticc and heterolytic cleavage of a metal-metal bond in clusters. 

4A.22 Introductio n 

Ass a part of our investigations into the photoreactions of radical-producing metal-metal " 

andd metal-alkyl6"9 bonded a-diimine complexes, the photochemistry of the trinuclear clusters 

[Os3(CO)io(a-diimine)]]  was studied in rather great detail by our group10"15 (see Scheme 1). 

Accordingg to DFT calculations on several (model) clusters16 the lowest-energy transition of 

[Os3(CO)io(a-diimine)]]  has predominant a(Os-Os) —> Jt*(a-diimine) character, by which the 

metal-metall  bond of (CO)4Os-Os(C0)2(a-diimine) is weakened. Irradiation into this 

transitionn is therefore expected to cause a homolytic cleavage of that bond, and biradicals 
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['Os(CO)4-Os(CO)4-
+Os(CO)2(a-diimine)'ll  are indeed formed in non- or weakly 

coordinatingg solvents (toluene, 2-chlorobutane, THF).14' '5 These biradicals are short-lived 

andd have merely been identified by nanosecond (ns) time-resolved UV-vis and IR 

spectroscopies14,, 15 and by EPR spectroscopy on addition of spin-trapping agents.14 In 

coordinatingg solvents (MeCN, pyridine), however, solvent-stabilized zwitterions fOs(CO)4-

Os(CO)4-
+Os(S)(CO)2(a-diimine)]]  (S = solvent) are formed,14' '5 whose lifetimes vary from 

tenss of seconds in MeCN to minutes in pyridine. Nanosecond time-resolved microwave 

conductivityy measurements showed that zwitterions are already present directly after a 7 ns 

laserr pulse.11 Both the biradicals and zwitterions regenerate the parent cluster, although a 

smalll  part of the biradicals undergoes an intramolecular radical coupling reaction with 

formationn of the 50e isomer of the parent complex, provided the a-diimine may act as a 6e 

donorr and G-N, 112-N', r)2-C=N' coordinates to two Os atoms (Scheme 1). 

Schemee 1. Mechanism of the photoreactions of the clusters [Os3(CO)io(a-diimine)]. 

ait*ait* excited state 

zwitterion zwitterion 
groundground state 

r\r\ -N=C isomer 
(R-PyCa/R-DAB) (R-PyCa/R-DAB) 

Thee question remains at what stage zwitterions are formed upon irradiation in neat MeCN 

orr pyridine. This may occur as a primary photoprocess viz. by heterolytic cleavage of an Os-

Oss bond in the excited state, provoked by MeCN (Scheme 1, pathway I), or by homolytic 

splittingg of that bond, followed by coordination of MeCN to the biradical and intramolecular 

electronn transfer (Scheme 1, pathway II). The ns time-resolved absorption spectra were not 

conclusivee about the two pathways but quantum yield measurements of the photoreaction of 

[Os3(CO)io(nPr-AcPy)]]  in pyridine in dependence of applied pressure gave some clue about 
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thee primary photoprocess.14 From these measurements a rather small positive volume of 

activationn was derived, which is not in line with zwitterion formation as the main primary 

photoprocess.. For, zwitterion formation as well as coordination of the solvent molecule will 

bee accompanied by a significant volume collapse due to increased electrostriction and a 

decreasedd intrinsic volume, respectively. It was therefore concluded that the volume change is 

mainlyy governed by bond cleavage. Although this points to biradical formation as the main 

primaryy photoprocess and conversion into zwitterions according to pathway II, we recall that 

thee ns time-resolved microwave conductivity measurements showed the presence of 

zwitterionss directly after a 7 ns laser pulse." 

Fromm the above experimental data we conclude that zwitterions are either formed out of the 

biradicalss in the subnanosecond time domain or next to the biradicals in a primary 

photoprocess,, but only as a minor process. In order to find out which mechanism is correct we 

investigatedd the primary photoprocesses of the cluster [Os3(CO)io('Pr-AcPy)] ('Pr-AcPy = 2-

acetylpyridine-/V-isopropylimine)) (1) using picosecond (ps) time-resolved (transient) 

absorptionn (TA) and infrared (TRIR) spectroscopies. In addition we present some 

comparativee data for the clusters [Os3(CO)io(dmb)] (dmb = 4,4'-dimethyl-2,2'-bipyridine) (2) 

andd [Os3(CO)ioO?-Cl-BIAN)] (p-Cl-BIAN = A^,iV ,-bis(p-Cl-phenylimino)acenaphthene) (3) 

(seee Figure 1), possessing a-diimine ligands with their lowest-lying n* orbital at, 

respectively,, higher and lower energy than 'Pr-AcPy. The latter clusters were studied in order 

too reveal the influence of the energy of the an* state on the excited-state lifetime. The 

schematicc structures of the clusters and the a-diimine ligands are depicted in Figure 1. 

'Pr-AcPy(\)'Pr-AcPy(\) dmb (2) p-CI-BIAN (3) 

Figuree 1. Schematic structures of the clusters [Os3(CO)i0(a-diimine)] and the a-diimine ligands used 

inn this study. 
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4A.33 Experimental 

Material ss and preparations. [Os3(CO)|2] (Strem Chemicals), 2-pyridinecarboxaldehyde, 

isopropylaminee (Acros), acenaphthenequinone, 4-Cl-aniline (Aldrich), ZnCl2 and 4,4'-dimethyl-2,2'-

bipyridinee (Fluka) were used as purchased. Trimethylamine-jV-oxide dihydrate, Me3NO2H20 

(Janssen),, was dehydrated before use by vacuum sublimation. Solvents of analytical grade (Acros: 

diethylether,, CH2C12, tetrahydrofuran (THF), acetonitrile (MeCN); Aldrich: 2-chlorobutane (2-ClBu)) 

weree dried over sodium wire (diethylether, THF) and CaH2 (2-CIBu, CH2C12, MeCN) and freshly 

distilledd under a nitrogen atmosphere prior to use. Acetic acid (glacial, Acros) was used as received. 

Silicaa 60 (70-230 mesh, Merck) for column chromatography was activated by heating in vacuo at 450 

KK overnight and stored under N2. 

Syntheticc procedures. All syntheses were performed under an inert atmosphere of dry nitrogen, using 

standardd Schlenk techniques. The ligand 2-acetylpyridine-jV-isopropylimine ('Pr-AcPy) and the 

clusterss [Os3(CO),„('Pr-AcPy)] (1), [Os3(CO)l0(dmb)] (2) and [Os3(CO)10{Me2N(CH2)3-AcPy}] were 

synthesizedd according to published procedures.10 14' '7 They were characterized by FT-IR, UV-vis, and 

'HH NMR spectroscopies. 

Synthesiss of iV,JV'-bis(/>-CI-phenylimino)acenaphthene (p-Cl-BIAN) . A mixture of 

acenaphthenequinonee (2.0 g, 11 mmol), anhydrous ZnCl2 (1.7 g, 12 mmol) and 4-Cl-aniline (3.1 g, 24 

mmol)) in 30 ml glacial acetid acid is heated to reflux. After 30 minutes the suspension is cooled to 

roomm temperature and the solid filtered off. The product is washed with acetic acid (2x10 ml) and 

diethyletherr (4 x 20 ml) and air-dried, giving (p-Cl-BIAN)ZnCl2 as an orange solid in almost 

quantitativee yield. The complex is suspended in 100 ml CH2C12 and a solution of 7 g K2C03 in 200 ml 

H200 is added. This biphasic system is shaken vigorously in a separation funnel after which the CH2C12 

becomess clear red and is separated. The aqueous layer is extracted with additional CH2C12 (2 x 50 ml) 

afterr which the combined organic layers are dried over MgS04, filtered and evaporated to dryness, 

givingg /7-C1-BIAN as an orange solid in ca. 60% yield. H NMR (CDCI3) (for numbering scheme see 

Figuree 1): 6 7.93 (d, V = 8.1 Hz, 2H, H5), 7.44 (d, V = 8.4 Hz, 4H, H10), 7.42 (pst, 2H, H4), 7.07 (d, V 

== 8.7 Hz, 4H, H9), 6.96 (d, V = 7.2 Hz, 2H, H3). 

Synthesiss of [Os3(CO)10(/>-Cl-BIAN) ] (3). A solution of [Os3(CO)10(MeCN)2] (100 mg, 0.11 mmol) 

andp-Cl-BIANN (65 mg, 0.16 mmol) in 20 ml THF was stirred overnight in the dark. After this period 

thee solvent was evaporated in vacuo. Purification of the crude product by column chromatography 

overr silica using pentane as eluent yielded 3 as a blue solid in very low yield. 'H NMR (CDCI3): 6 

7.844 (d, 3J= 8.1 Hz, 2H, H5), 7.51 (d, V = 1.5 Hz, 1H, H9/H,0), 7.49 (d, V = 3 Hz, IH, H9/H10), 7.46 

(d,, 3J= 3 Hz, IH, H9/H,0), 7.43 (d, 3J= 1.5 Hz, IH, H9/H,0), 7.35 (d, V = 2.1 Hz, IH, H9/H10), 7.33 (d, 

VV = 2.1 Hz, IH, H9/H,o), 7.32 (pst, 2H, H4), 7.30 (d, V = 3 Hz, IH, H9/H10), 7.28 (d, 3J = 5 Hz, IH, 

H9/H,0),, 6.70 (d, V = 7.2 Hz, 2H, H3). UV-vis (2-CIBu): 308, 604 nm; THF: 325, 605 nm. FAB" MS 

(m/z):(m/z): [M+H]+ 1252.9 (calculated 1252.9). 
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Spectroscopicc measurements. Electronic absorption spectra were recorded on a HP 8453 diode array 

spectrophotometer,, FT-IR spectra on a Bio-Rad FTS-7 spectrometer, ]H NMR spectra on a Bruker 

AMXX 300 (300.13 MHz for 'H) spectrometer and mass spectra on a JEOL JMS SX/SX102A four-

sectorr mass spectrometer. 

Picosecondd transient absorption (ps TA) spectra and single-wavelength kinetic traces were 

recordedd using the set-up installed at the University of Amsterdam.18 For both experiments the pump 

OPAA was used to generate excitation pulses at 350 and 505 nm. The output power was typically 5 uJ 

pulse"1.. Picosecond time-resolved infrared (ps TRIR) experiments were carried out at the Central Laser 

Facilityy of the Rutherford Appleton Laboratory.'y In this case, 500 nm pulses were used for excitation 

off  the sample. The ps TA and ps TRIR set-ups are described in more detail in Chapter 2. 

4A.44 Results and Discussion 

Thee UV-vis absorption spectra of the clusters [Os3(CO)io('Pr-AcPy)] (1) and 

[Os3(CO)io(dmb)]]  (2) show an intense [e = (5.5-6.3) x 103 M'cm"1] solvatochromic band with 

aa maximum between 500 and 600 nm.10'14 According to DFT calculations on [Os3(CO)io(H-

PyCa)]]  (H-PyCa = pyridine-2-carbaldehyde-imine), a model cluster for 1, this band belongs to 

severall  charge-transfer transitions from the triosmium core to the a-diimine ligand, denoted 

ass a(Os-Os) -^ 7r*(cc-diimine).16 

Picosecondd transient absorption (ps TA) spectra of cluster 1 were measured in 2-

chlorobutanee (2-ClBu), CH2C12, THF and MeCN, and of 2 in 2-ClBu. As the spectra of 1 

weree of much higher quality than those of 2, a greater selection of solvents was used in the 

casee of 1. The TA spectra were obtained by excitation at 350 and 505 nm and spectral 

changess were detected in the wavelength region 510-700 nm. Kinetic profiles were probed at 

5400 nm (bleach) and 630 nm (absorption) at intervals of 1 ps up to 100 ps. The TA spectra of 

11 in 2-ClBu and MeCN measured 5-70 ps after the 130 fs laser pulse, are depicted in Figures 

22 and 4, respectively. The kinetic profiles of 1 in 2-ClBu probed at 540 nm (top) and 630 nm 

(bottom)) are shown in Figure 3. The lifetimes derived from the kinetic traces are presented in 

Tablee 1. 

Ultrafastt  transient absorption measurements in non-coordinating solvents 

Thee TA spectrum of cluster 1 in 2-ClBu, obtained at /j = 5 ps (Figure 2) shows a bleach at 

aboutt 570 nm, which is very close to the maximum of the ground-state absorption of the 

clusterr in this solvent (564 nm), and an absorption with a maximum at 630 nm. Both the 

bleachh and absorption decay with a lifetime of 25  2 ps. The remaining TA spectrum 

obtainedd at ^ = 70 ps, shows the bleach at 575 nm, which is ca. 30 % of the initial signal. The 

latterr bleach does not change significantly in the ps time domain. At least part of the transient 

speciess does not regenerate the parent cluster but converts into a second species. This is 
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apparentt from the long-wavelength absorption that transforms with the same lifetime as the 

decayy of the bleach into a much broader absorption without a distinct maximum. 

0.05--

0.00-0.00-

-0.05--0.05-

-0.10--0.10-

550550 600 650 700 
WavelengthWavelength (nm) 

Figuree 2. Transient difference absorption spectra of [Os3(CO)i0('Pr-AcPy)] (1) in 2-ClBu, measured at 

timee delays of -5 (baseline), 5, 15, 30, 50, and 70 ps, respectively, after 505 nm, 130 fs FWHM 

excitation. . 

Inn agreement with the results from the MO calculations16 the first transient absorption is 

assignedd to an excited state having predominant an* character, in which an electron has been 

transferredd from an Os-Os bonding orbital to the lowest n* orbital of the 'Pr-AcPy ligand. 

Suchh broad absorptions above 600 nm are rather specific for complexes in metal-to-a-diimine 

excitedd states'' 2' 20' 2' and for a-diimine radical anions containing at least one aromatic 

group.200 22' 23 A similar transient absorption has been observed in the ns TA spectra and 

assignedd to the biradical [•Os(CO)4-Os(CO)4-
+Os(CO)2(a-diimine)"l.14, '5 This assignment 

wass based on the detection of trapped radical species by EPR spectroscopy and more recently 

onn the results of a ns time-resolved IR spectroscopic study.15 In order to verify that these 

broadd absorptions in the ps and ns time domains refer to the same species, we have also 

recordedd the TA spectra at 250, 500 and 750 ps after the laser pulse. These spectra do not 

differr from those measured at 100 ps as well as at 10 ns. From this result we conclude that the 

biradicalss observed previously in the ns time-resolved studies, are also present in the ps time 

domainn and formed directly from the cluster in its excited state. 

Thee kinetic profiles in all non-coordinating solvents are mono-exponential and give rise to 

thee same excited-state lifetime. From the fact that the photoreaction does not proceed in the fs 

timee domain, but within ca. 25 ps, we conclude that the i<m*  state has a small barrier for the 

reactionn - probably due to interaction with a repulsive 3aa* state of the OS3 core - which is 

nott influenced by the polarity of the solvent. The presence of such a barrier has already been 
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derivedd from temperature-dependent quantum yield measurements on the photoreaction of a 

closelyy related cluster. This barrier should be smaller for a cluster possessing an a-diimine 

ligandd with a higher-lying n* orbital. The ian* state is then higher in energy, whereas the 

reactivee aa* state is not affected by variation of the JT* orbital energy. As a result, the barrier 

wil ll  be lower and the lifetime of the 3G7i*  state wil l be shortened. In the same way, clusters 

containingg an a-diimine ligand with a lower-lying n* orbital should have a larger barrier for 

decompositionn into biradicals. This effect of the a-diimine on the barrier for the reaction was 

investigatedd by replacing the 'Pr-AcPy ligand in [Os3(CO)io('Pr-AcPy)] by dmb (dmb = 4,4'-

dimethyl-2,2'-bipyridine)) and />-Cl-BIAN (jP-Cl-BIAN N,N'-b\s(p-C\-

phenylimino)acenaphthene). . 

0.00-0.00- A/I 

-0.01 -0.01 

-0.02 -0.02 

-0.03 -0.03 
20 20 40 40 

'aa (PS) 

60 60 80 80 100 100 

0.02-0.02-

0.01 0.01 

0.00 0.00 •Vv v 

20 20 40 40 60 60 80 80 100 100 

Figuree 3. Kinetic profile of the difference absorbance of [Os3(CO)i0('Pr-AcPy)] (1) in 2-ClBu at 540 

nmm (top) and 630 nm (bottom) after 505 nm, 130 fs FWHM excitation. 

Althoughh the TA spectra of [Os3(CO)io(dmb)] (2) in the femto/picosecond time domain are 

lesss reliable than those of 1 due to its photolability and the strong overlap between the 

absorptionss of the parent cluster and its transient, we could yet derive from the spectra in 2-
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ClBuu two lifetimes of the 3an* state of 0.6 and 5 ps in a ratio of 5:2. These lifetimes are much 

shorterr than that of cluster 1 in this solvent, which agrees with a lower barrier for the reaction. 

Thee observation of a very short lifetime of 0.6 ps implies that part of the clusters decompose 

intoo biradicals before the relaxed 3an* state is reached. In line with the expected influence of 

thee a-diimine ligand, experiments on the cluster [Os3(CO)i0(p-Cl-BIAN)] (3), possessing the 

stronglyy Tt-accepting a-diimine ligand p-Cl-BIAN, did not result in the formation of 

biradicals.. This implies that for this cluster the barrier for biradical formation is so high that 

cleavagee of an Os-Os(p-Cl-BIAN) bond is no longer feasible. Apart from the barrier for the 

reactionn being increased, non-radiative decay to the ground state in the latter cluster is also 

moree competitive due to increased overlap between the vibrational wavefunctions of the 

ground-- and excited state (energy gap law). This smaller energy difference between ground-

andd excited state is also evident from the UV-vis spectrum of 3, which shows the lowest-

energyy transition at ca. 600 nm. A similar influence of the a-diimine ligand on the excited-

statee lifetime has been observed for the corresponding metal-metal bonded complexes 

[Ru(SnPh3)2(CO)2(R-DAB)].55 When the 'Pr-DAB ligand was replaced by pAn-DAB (pAn-

DABB = 7V,jV'-di(p-methoxyphenyl)-l,4-diaza-l,3-butadiene) having a lower-lying n* orbital, 

thee arc*  state of the complex was lowered in energy and its excited-state lifetime increased 

duee to the larger barrier for decomposition into radicals. The decay processes for optically 

excitedd clusters 1 and 2 are depicted in terms of the qualitative potential energy curves in 

Schemee 2. 

Schemee 2. Qualitative excited-state potential energy curves and reaction dynamics of the clusters 1 

(( ) and 2 ( - - - ). 

3 3 

F F 

•-pot t 

Q Q 

77 7 



ChapterChapter 4, Part A 

Uponn excitation cluster 1 arrives in a 'arc*  state after which it decays very rapidly to the 

correspondingg triplet state. Due to interaction with a higher-lying reactive state, probably of 
3a a**  cluster core character, the potential energy surface of the 3<TJI* state obtains a low-

energyy barrier leading to the formation of biradicals. Evidence for the partial decay to the 

groundd state is derived from the following observations. The total quantum yield of zwitterion 

formationn out of 1 in pyridine is 0.3,'4 while there is a complete conversion of the biradicals 

intoo zwitterions in such a coordinating solvent.15 Since the laser power used is so high that all 

moleculess of 1 are excited to the 'arc*  state, the limited quantum yield of biradical and 

zwitterionn formation must be due to branching between the decay to the ground state and the 

crossingg of the barrier from the relaxed 3a7r*  state. This is confirmed by the quantum yield of 

biradicall  formation from the excited state, that can be obtained using the experimentally 

determinedd Ae values of the excited state (Ae * 0) and the biradical (Ae = 4700) at 570 nm. By 

multiplyingg the ratio between the intensity of the remaining bleach at ?<j = 70 ps and the initial 

bleachh at tA = 1 ps with the ratio between the ground-state e and the Ae of the biradical, a 

quantumm yield of 0.4 is obtained, which is very close to the total quantum yield for zwitterion 

formationn in pyridine. Interestingly, irradiation at 350 nm gave the same transient spectra and 

lifetimes,, which implies that irradiation of cluster 1 is always followed by decay to the 

lowest-excitedd l<3%*  state, from which the reaction occurs by passing the barrier. Increasing 

thee energy of the 3a7u* state by substituting an a-diimine ligand with a higher-lying 7i*  orbital, 

resultss in a lower barrier in the case of the dmb cluster 2 and in a shorter lifetime of the 

excitedd state. In the latter case part of the clusters reacts from a non-relaxed excited state. 

Tablee 1. Lifetimes of the transients of [Os,(CO)|0(a-diimine)] in different solvents derived from their 

kineticc profiles probed at 630 nm (unless noted otherwise). 

Compoundd Solvent Lifetime [ps] 

[Os3(CO),o('Pr-AcPy)]]  (1) 2-CIBu 26.6/25.3a 

CH2C122 25.9/24.8a 

THFF 20.6 

MeCNN 2.9/21.4 (l:3)b 

rOs3(CO)io(dmb)]]  (2) 2-CIBu 0.6/ 5.0(5:2)b 

aa -Vobe = 540 nm. b Double-exponential behaviour with the ratio in brackets. 

Ultrafastt  transient absorption measurements in acetonitrile 

Thee decay of the transient absorption of 1 in MeCN is bi-exponential, with lifetimes of 2.9 

andd 21.4 ps, contributing to the decay in a 1:3 ratio. Due to the relatively weak transient 

bleachh around 540 nm, kinetics in this solvent could only reliably be measured at 630 nm. The 

observationn of two lifetimes indicates that decay from the excited state involves either two 

differentt precursors or a sequential reaction. We are most likely dealing here with two 
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precursors,, viz. a solvent-free and a solvent-coordinated excited cluster. The latter species 

(exciplex)) wil l give rise to the faster process of 2.9 ps. Such an influence of solvent 

coordinationn on the excited-state lifetime has been observed before for several metal-metal 

andd metal-alkyl bonded a-diimine complexes. Thus, the ns TA spectra of 

[(CO)5MnRe(CO)3('Pr-DAB)]]  in toluene show a transient absorption of the 307t*  state, which 

decayss totally within 100 ns with the formation of radicals.' However, in 2-MeTHF the 

absorptionn of the 3GK* state is not observed anymore and the radicals are already present 

directlyy after a 7 ns laser pulse. Similarly, the complex [Re(benzyl)(CO)3('Pr-DAB)] 

decomposess into radicals with a lifetime of the an* state of 250 ns in toluene, but in THF the 

photoreactionn is already complete within 50 ps.24"26 

Althoughh the occurrence of two primary photoprocesses can be understood, it is not yet 

clearr which of them gives rise to zwitterion formation. At least one of them must result in 

zwitterionss in view of our previous ns time-resolved microwave conductivity (TRMC) 

study.""  These TRMC measurements showed that irradiation of a cyclohexane solution of 

[Os3(CO)io{Me2N(CH2)3-AcPy}],, in which the a-diimine ligand bears the pendant sidearm 

Me2N(CH2)3-,, results in a readily measurable conductivity transient which is already present 

withinn the 7 ns laser pulse. This implies that the photoproduct has a dipole moment larger 

thann that of the ground-state cluster and accordingly has a zwitterionic structure. This 

zwitterionn is formed by coordination of the N-donor sidearm either to the cluster in its excited 

statee or to the photoproduced biradical. Similarly, zwitterions wil l be formed by the 

interactionn of MeCN with cluster 1. 

0.06-0.06-

0.03 0.03 

o.oo-o.oo-

0.03 0.03 

550550 600 650 700 

WavelengthWavelength (nm) 

Figuree 4. Transient difference absorption spectra of [Os3(CO)l0('Pr-AcPy)] (1) in MeCN, measured at 

timee delays of -5 (baseline), 5, 15, 30, 50, and 70 ps, respectively, after 505 nm, 130 fs FWHM 

excitation. . 
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Ass the transient spectra of 1 in MeCN at time delays of 100, 250, 500 and 750 ps did not 

showw any further change, the zwitterions must be formed in the ps time domain via one of the 

twoo processes discussed above. From the TA spectra alone the presence of zwitterions cannot 

bee derived since there is only a small difference in the shape of the transient absorption bands 

observedd for 1 in 2-ClBu and MeCN, respectively. Most likely, the slower process, having the 

samee lifetime of ca. 20 ps as in all other solvents, involves homolysis of an Os-Os(a-diimine) 

bondd followed by rapid solvent coordination. The faster process is then the formation of 

zwitterionss by association of MeCN to the cluster in its an* excited state, followed by 

heterolyticc splitting of an Os-Os(a-diimine) bond. If this interpretation is correct, the presence 

off  zwitterions on the ps time scale should convincingly be revealed by ps time-resolved 

infraredd spectra of 1 in MeCN. 

Picosecondd time-resolved infrare d experiments 

Picosecondd time-resolved infrared (ps TRIR) spectra were recorded for cluster 1 in 2-ClBu 

andd MeCN at several pump-probe delays between 0 and 500 ps after excitation at 500 nm. 

Representativee difference absorption spectra for 1 in 2-ClBu at six selected time delays are 

shownn in Figure 5. Due to the low symmetry of cluster 1, its ground-state IR spectrum 

displayss a considerable number of v(CO) bands in both 2-ClBu and MeCN. The extensive 

overlapp between the bleached v(CO) bands of the complex in the ground state and the 

transientt absorption bands of the lowest 3a7i*  excited state, precludes the assignments of the 

excited-statee CO-stretching modes to a large extent. Only the clearly separated highest-

frequencyy band at 2083 cm"1 can therefore be used to monitor the changes in electron density 

onn the cluster core upon population of the excited state and the subsequent formation of 

primaryy photoproducts. 

21202120 2080 2040 2000 1960 1920 1880 

WavenumbersWavenumbers (cm') 

Figur ee 5. Difference ps TRIR spectra of cluster 1 in 2-ClBu at 2 (•) , 5 (o), 15 (A) , 30 (0), 50 (•) and 

5000 (V) ps after 500 nm excitation (ca. 150 fs FWHM, 5 uJ pulse"1). 
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Afterr irradiation into the lowest-energy absorption band of 1 in 2-ClBu, the spectra at early 

timee delays (< 3 ps) clearly display instantaneous bleaching of the parent v(CO) bands. In 

addition,, broad transient absorption bands are observed with maxima around 2089 and 2028 

cm"11 together with small transient bands at 1999, 1948 and 1891 cm"1, all belonging to the 

excitedd state of 1. Thus, the highest-frequency ground-state band at 2083 cm"1, which partially 

overlapss with the corresponding transient feature, is clearly shifted to higher frequency (2089 

cm"1)) in the excited state. This is in line with the assignment of the excited state having 

predominantlyy an* character, where removal of an electron from the cluster core will result in 

aa slight decrease in rt-backdonation to the carbonyl ligands. On longer time scales (up to 100 

ps)) the initially observed v(CO) bands decay and weak remaining bands at 2068, 2018, 1999, 

1985,, 1971 cm"1 and a broad absorption between 1950 and 1910 cm'1 indicate the formation 

off  a long-lived primary photoproduct that in accordance with the TA experiments is assigned 

too the biradical ['Os(CO)4-Os(CO)4-
+Os(CO)2(a-diirnine)" ]. This assignment is further 

confirmedd by the close correspondence between the resulting ps TRIR spectrum at ta = 500 ps 

andd the reported ns TRIR spectrum of 1 in 2-ClBu at t& = 40 ns.15 Upon decay of the excited-

statee absorption bands also the parent bleaches fade away. The remaining TRIR spectrum at ^ 

== 500 ps shows the parent bleaches at 2083 and 2033 cm"1 at ca. 40 % of their initial intensity, 

whichh is close to the 30% observed in the TA experiments. As the overlap between the parent 

v(CO)) bands and those of the excited state does not change on the picosecond time scale, the 

parentt bleach recovery provides another proof that ca. 60% of the excited molecules directly 

decayss to the ground state. Moreover, as the transient absorption bands do not shift, the 

excited-statee lifetime can be estimated by plotting the IR intensities at 2043 and 2018 cm"1 

againstt time, resulting in mono-exponential decays with lifetimes of 21.1 and 25.5 ps, 

respectively.. These excited-state lifetimes are also in good agreement with the values 

obtainedd from the single-wavelength TA experiments (vide supra). 

Excitationn of 1 in MeCN initially results in ps TRIR spectra, which are very similar to 

thosee obtained in 2-ClBu. Again, the first spectra after excitation display instantaneous 

bleachingg of the parent v(CO) bands together with transient absorption bands that are 

significantlyy broader than in 2-ClBu due to interaction with the solvent. At longer time delays 

(upp to 100 ps) the excited-state v(CO) bands decay and, just as in 2-ClBu, small remaining 

bandss at 2058 and 2008 cm"1 together with a broad absorption between 1955 and 1895 cm ' 

indicatee the formation of biradicals (compare Figure 6a and 6b). The generally smaller v(CO) 

wavenumberss for the biradicals in MeCN reveal the coordination of the solvent molecules as 

itt increases the electron density on the cluster core and as a result the 7i-backdonation to the 

carbonyll  ligands. However, unlike in 2-ClBu, the biradicals are not the only photoproducts. 

Thiss is concluded from the observation that in MeCN the lowest-frequency transient IR band 

++ This maximum is estimated from the lineshapes at the low- and high-frequency side of the 2033 cm'1 bleach. 

81 1 



ChapterChapter 4, Part A 

doess not decay to the baseline. Instead, its intensity increases on longer time scales, resulting 

inn a distinct band at 1877 cm"1 at ti = 100 ps. At longer time delays, an additional absorption 

att 1965 cm"' is observed, which is absent in non-coordinating 2-ClBu. Importantly, both 

transientt v(CO) bands also arose in rapid scan FTIR spectra of 1 in MeCN on the second time 

scalee due to formation of zwitterions absorbing at 1971 and 1873 cm"1 (see Figure 6). 

21002100 2050 2000 1950 1900 1850 

WavenumbersWavenumbers (cm') 

Figuree 6. Difference IR spectra of cluster 1 (a) in 2-ClBu at td = 500 ps after 500 nm excitation; (b) in 

MeCNN at t&=  100 ps after 500 nm excitation; (c) in MeCN at tA = 2.5 s after 532 nm excitation. 

Asteriskss denote v(CO) bands of the biradicals while arrows denote v(CO) bands of the zwitterions. 

Thee band positions of the lowest-frequency v(CO) band in both experiments indicate a 

largee contribution from the stretching of the carbonyls of the anionic {  Os(CO)4}  moiety and 

aree in good agreement with those observed for the lowest-frequency v(CO) band of the 

electrochemicallyy reduced open-structure products [Os3(CO)io(a-diimine)] and 

[Os3(CO)io(a-diimine)]2
2~.233 Hence, the ps TRIR spectra in MeCN unambiguously prove that 

zwitterionss are indeed already present on the ps time scale, being most likely formed directly 

fromm the excited state. Unfortunately, the ps TA and TRIR spectra do not reveal whether 

formationn of the solvent-coordinated excited cluster takes place directly after excitation, i.e. in 

thee 'cm* excited state, or after decay to the lowest-lying 3aiz* state. 

4A.55 Conclusions 

Theree is now convincing evidence from picosecond transient absorption and infrared 

spectraa that the 3cnt*  state of cluster 1 has a lifetime of ca. 20 picoseconds independent of the 

polarityy of the solvent used. From this state the cluster undergoes homolysis of an Os-Os(a-

diimine)) bond, resulting in a solvent-stabilized biradical. According to previous investigations 

thesee biradicals regenerate the parent cluster with a lifetime depending on the coordinating 

abilityy of the solvent and the a-diimine ligand. In the coordinating solvent MeCN the major 
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partt of the kinetics shows a reaction with the same lifetime of the 3cnt*  state. In view of this 

similarityy it is proposed that also in this case biradicals are formed. The much faster process 

off  ca. 3 picoseconds in MeCN involves association of MeCN to the excited cluster, followed 

byy heterolytic cleavage of an Os-Os(a-diimine) bond. This process explains the observation 

off  zwitterions in the ps TRIR spectra and during previous nanosecond time-resolved 

microwavee conductivity measurements. As for the corresponding biradicals, previous 

investigationss have shown that these zwitterions regenerate the parent cluster within seconds 

orr minutes, again depending on the coordinating ability of the solvent. These processes are 

schematicallyy depicted in Scheme 3. 

Schemee 3. Schematic representation of the photoprocesses of cluster 1 in MeCN (= L), together with 

theirr lifetimes. 

Os-Os-  Os^ 
/v v 

biradical biradical 

groundground state zwitterion zwitterion 
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4B.11 Abstract 

Inn order to study the secondary thermal reactions of the biradicals formed upon irradiation 

off  the cluster [Os3(CO)io('Pr-AcPy)] on the picosecond time scale, single-wavelength kinetic 

tracess were recorded in various solvents in the nanosecond and microsecond time domains. In 

weaklyy coordinating solvents (2-chlorobutane, THF, acetone) with acetonitrile (MeCN) added 

ass a co-solvent, the kinetic traces in the nanosecond time domain reveal a decrease of the 

biradicall  lifetime together with incomplete recovery of the parent cluster, depending on the 

concentrationn of MeCN. In accordance with previous studies, where biradicals were shown to 

rapidlyy react with alkenes (alkene = cyclohexene, 1-octene, styrene), these spectral changes 

aree attributed to the formation of MeCN-stabilized biradicals via substitution of the weakly 

coordinatingg solvent molecules. Kinetic traces of [Os3(CO)io('Pr-AcPy)] in neat MeCN on the 

nanosecondd time scale did not show any change with respect to those in the picosecond time 

domain,, but on a microsecond time scale there is again a decrease of the bleach with a 

lifetimee of 19.7 microseconds. This process is ascribed to the conversion of the MeCN-

stabilizedd biradicals into the corresponding zwitterions. The same process was observed when 

1.00 M MeCN was added to a solution of [Os3(CO)ioCPr-AcPy)] in 2-chlorobutane and THF (r 

== 13.5 and 13.7 microseconds, respectively). The observation of this conversion confirms the 

conclusionn that even in MeCN irradiation of [Os3(CO)i0('Pr-AcPy)] results in the formation of 

biradicalss as thee main primary photoproduct. 

4B.22 Introductio n 

Thee results of the combined ultrafast UV-vis and IR absorption study described in Part A 

off  this Chapter have revealed that, depending on the coordinating ability of the solvent, either 

exclusivelyy biradical or, contemporarily, biradical and zwitterionic photoproducts are formed 

fromm the lowest an* excited state of the clusters [Os3(CO)io(ct-diimine)] on the picosecond 

timee scale. In agreement with previous studies,1" 2 the formation of solvent-stabilized 

zwitterionss [ Os(CO)4-Os(CO)4-+Os(S){CO)2(a-diirnine)] (S = solvent) is only observed in 

stronglyy coordinating solvents such as acetonitrile (MeCN) or pyridine. These zwitterions 

largelyy regenerate the parent cluster with lifetimes strongly dependent on the solvent. Thus, 

thee lifetimes of the zwitterions formed by irradiation of [Os3(CO)i0(
1Pr-AcPy)] ('Pr-AcPy = 2-

acetylpyridine-N-isopropylimine)) vary from 38 s in MeCN to over 30 minutes in pyridine.1"2 

Thee open-structure biradicals ['Os(CO)4-Os(CO)4-+Os(CO)2(a-dtirnine)' ] formed in non- or 

weaklyy coordinating solvents (toluene, 2-chlorobutane (2-ClBu), THF), are much shorter-

livedd and thermally revert to the parent cluster with lifetimes varying from 5 nanoseconds (ns) 

too 4 microseconds (u.s), depending on the solvent and a-diimine ligand.2"3 Instead of reacting 

back,, biradicals may, however, also convert into the corresponding zwitterions via an 
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intramolecularr electron transfer reaction. This alternative pathway for zwitterion formation is 

onlyy efficient when the electron transfer competes with the back reaction of the biradical. 

Slowingg down the latter reaction can, for instance, be achieved by lowering the temperature. 

Indeed,, whereas at room temperature the solvent-stabilized biradicals ["Os(CO)4-Os(CO)4-
+Os(S)(CO)2('Pr-AcPy)'' ] (S = THF, acetone) revert to the the parent cluster [Os3(CO)]oCPr-

AcPy)],, below 223 K (THF) or 243 K (acetone) solvent-stabilized zwitterions are formed.3 

Anotherr way to slow down the biradical back reaction is to increase the coordinating ability 

off  the Lewis base present. Thus, irradiation of [Os3(CO),0(
1Pr-AcPy)] in 2-ClBu in the 

presencee of alkenes (alkene = cyclohexene, 1 -octene, styrene) results in rapid formation of 

long-livedd alkene-stabilized biradicals with lifetimes varying from 4.3 us (cyclohexene) to 

14.22 jas (styrene).3 Whereas the lifetime of the cyclohexene-stabilized biradical is only 

restrictedd by the back reaction to the parent complex, time-resolved IR measurements 

revealedd that the corresponding octene- and styrene-stabilized biradicals almost quantitatively 

convertt into their corresponding zwitterions. Hence, increasing the coordinating ability of the 

Lewiss base L in the order cyclohexene < 1-octene < styrene increases the lifetime of the 

biradicall  to such an extent, that electron transfer to the {'Os(CO)4}  radical site and 

concomitantt formation of zwitterions effectively competes with the back reaction of the 

biradical. . 

Ass described in Part A, irradiation of the cluster [Os3(CO)io('Pr-AcPy)] in coordinating 

MeCNN not only produces MeCN-coordinated zwitterions but also results in the formation of 

MeCN-stabilizedd biradicals directly from the excited state. In accordance with the strong 

coordinatingg ability of the MeCN molecules, we expect the MeCN-stabilized biradicals 

formedd on the picosecond time scale to be eventually converted into their corresponding 

zwitterionss just as observed for the alkene-coordinated biradicals (vide supra). In order to 

collectt evidence for such a conversion we focus in this part on the secondary reactions of 

thesee biradicals monitored by single-wavelength transient absorption spectroscopy in the 

nano-- and microsecond time domains. In addition, we also investigated the formation of 

MeCN-stabilizedd biradicals in weakly coordinating solvents such as 2-ClBu, THF and acetone 

whenn MeCN is added as a co-solvent. Similar to the the alkene-coordinated biradicals, the 

formationn of MeCN-biradicals in these media is expected to take place via substitution of the 

weaklyy coordinating solvent within the biradical lifetime. The cluster [Os3(CO)i0('Pr-AcPy)] 

('Pr-AcPyy = 2-acetylpyridine-ALisopropylimine), whose structure is schematically depicted in 

Figuree 1 of Part A, was selected for this study, as its net photochemistry is fully reversible. In 

addition,, a detailed understanding of the electron-transfer reactions of the latter cluster is of 

utmostt importance for the successful design of a redox-switchable system as described in Part 

C.. For comparison, some experiments were repeated with [Os3(CO)io{Me2N(CH2)3-AcPy}], 

inn which the a-diimine ligand bears the pendant sidearm Me2N(CH2)3-, capable of 
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coordinatingg to the unsaturated {0s(CO)2(a-diimine)}  site in both the biradical and 

zwitterion. . 

4B.33 Experimental 

Material ss and preparations. [Os3(CO)i2] (Strem Chemicals), 2-pyridinecarboxaldehyde and 

isopropylaminee (Acres) were used as purchased. Trimethylamine-/V-oxide dihydrate, Me3NO-2H20 

(Janssen),, was dehydrated prior to use by vacuum sublimation. Solvents of analytical grade (Acros: 

acetone,, MeCN, CH2C12, THF; Aldrich: 2-ClBu) were dried over sodium wire (THF), CaH2 (2-ClBu, 

CH2C12,, MeCN) and CaS04 (acetone) and freshly distilled under a nitrogen atmosphere prior to use. 

Silicaa 60 (70-230 mesh, Merck) for column chromatography was activated by heating in vacuo at 450 

KK overnight and stored under N2. The ligand 2-acetyipyridine-/V-isopropylimine ('Pr-AcPy) and the 

clusterss [Os3(CO)10('Pr-AcPy)] and [Os3(CO)!0{Me2N(CH2)rAcPy}] were synthesized according to 

publishedd procedures.2*4 They were characterized by FT-1R, UV-vis, and 'H NMR spectroscopies. 

Spectroscopicc measurements. Electronic absorption spectra were recorded on a HP 8453 diode array 

spectrophotometer,, FT-1R spectra on a Bio-Rad FTS-7 spectrometer and 'H NMR spectra on a Bruker 

AMXX 300 (300.13 MHz for 'H) spectrometer. Nanosecond flash photolysis transient kinetics were 

measuredd by irradiating the sample with 7 ns (FWHM) of a Spectra Physics GCR-3 Nd:YAG laser (10 

Hzz repetition rate) and using pulsed Xe-lamp probe light perpendicular to the laser beam. The 

excitationn wavelength (532 nm) was obtained by frequency doubling. The experimental details of this 

home-builtt nanosecond single-line set-up are described in Chapter 2. 

4B.44 Results and discussion 

Thee nanosecond transient absorption (ns TA) spectra of [Os3(CO)i„('Pr-AcPy)] in 2-ClBu 

reveall  a strong bleaching between 430 and 615 nm due to the disappearance of the ground-

statee absorption of [Os3(CO)io('Pr-AcPy)]. Transient absorptions appear below 430 nm and in 

thee long-wavelength region, and are ascribed to the photogenerated biradical.2,3 Due to the 

relativelyy low intensity of the latter absorption band, the secondary thermal reactions of the 

biradicalss in the ns-jas time domains were studied by monitoring the UV-vis spectral changes 

att the maximum of the bleach (560 nm). We first describe the formation of MeCN-stabilized 

biradicalss in weakly coordinating solvents when MeCN is added as a co-solvent, and then the 

conversionn of these species into the corresponding zwitterions. The lifetimes of the solvent-

stabilizedd biradicals ["Os(CO)4-Os(CO)4-+Os(S)(CO)2(
iPr-AcPy)*  ] (S = 2-ClBu, THF, 

acetone)) and MeCN-stabilized biradicals are collected in Table 1. 
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Tablee 1. Lifetimes of the solvent-stabilized biradical photoproducts of [Os3(CO)io('Pr-AcPy)] and 

[Os3(CO)]o{NMe2(CH2)3-AcPy}]]  in the absence (ti) and presence (x2) of co-solvent and of the co-

solvent-stabilizedd biradicals (T3), as obtained from the nanosecond kinetic traces. 

Cluster r 

[Os^COM'Pr-AcPy)] ] 

[Os3(CO),o{NMe2(CH2)3--

AcPy}] ] 

Solvent t 

2-ClBu u 

2-ClBu u 

2-ClBu u 

2-ClBu u 

2-ClBu u 

2-ClBu u 

2-ClBu u 

2-ClBu u 

2-ClBu u 

2-ClBu u 

THF F 

THF F 

THF F 

THF F 

Acetone e 

Acetone e 

Acetone e 

Acetone e 

MeCN N 

2-ClBu u 

THF F 

THF F 

Co-solvent t 

--

THFF (0.25 M) 

THFF (0.5 M) 

THFF (1.0 M) 

Acetonee (1.0 M) 

Acetonee (1.5 M) 

Acetonee (2.0 M) 

Acetonee (3.0 M) 

MeCNN (0.25 M) 

MeCNN (1.0 M) 

--

MeCNN (0.25 M) 

MeCNN (0.5 M) 

MeCNN (1.0 M) 

--

MeCNN (0.25 M) 

MeCNN (0.5 M) 

MeCNN (1.0 M) 

--

--

--

--

T|| [ns] 

22(0.3) ) 

--

--

--

--

--

--

--

--

--

104(7) ) 

--

--

--

677(2) ) 

--

. . 

--

--

--

71(0.5) ) 

--

X22 [ns] 

--

--

--

--

--

--

--

--

5.0(0.9) ) 

--

--

95(6) ) 

87(7) ) 

--

--

581(2) ) 

517(2) ) 

457(3) ) 

--

--

--

--

T 33 Tnsl 

--

33(0.4) ) 

40(0.5) ) 

51(0.6) ) 

120(0.9) ) 

133(0.7) ) 

155(0.9) ) 

180(0.9) ) 
a a 

13.5(0.2)b b 

--
a a 

a a 

13.7(0.2)b b 

--
a a 

a a 

a a 

19.7(0.3)b b 

11.3(0.6)bc c 

--

19.0(1.7)b-c c 

aa Not determined. Lifetime in microseconds. c Biradical internally stabilized by attachment of the 

pendantt side-arm. 

Formationn of MeCN-coordinated biradicals 

Similarr to the alkene-stabilized biradicals {vide supra), MeCN-stabilized biradicals are 

expectedd to be formed in weakly coordinating solvents like 2-ClBu, THF and acetone when 

MeCNN is added as a co-solvent. In this case, formation of MeCN-biradicals results from 

substitutionn of the weakly coordinating bulk solvent by MeCN within the lifetime of the 

solvent-stabilizedd biradicals ['Os(CO)4-Os(CO)4-
+Os(S)(CO)2(a-diimine)'] (S = 2-ClBu, 

THF,, acetone). In order to establish the occurrence of such a bimolecular reaction, single 
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wavelengthh pump-probe measurements (pump = 532 nm; probe = 560 nm) were performed in 

differentt solvents with MeCN added as a co-solvent at various concentrations. 

Inn neat 2-ClBu, the kinetic trace of the biradical product of [Os3(CO)io('Pr-AcPy)] at 560 

nmm is mono-exponential and gives rise to a lifetime of 22 ns (Table 1). When 0.25 M MeCN 

iss added to this solution, the observed bleach reduces to ca. 85% of its initial intensity with a 

lifetimee of 5 ns, after which no more changes are observed on the ns timescale. This rapid 

decayy is attributed to a fast coordination of MeCN to the weakly stabilized {+Os(S)(CO)2('Pr-

AcPy)**  }  (S = 2-ClBu) moiety of the biradical. In order to determine the rate constant ks for 

thee formation of the MeCN-stabilized biradical, Eq. (1) is applied, in which T| and T2 are the 

lifetimess of the biradical in the absence and presence of MeCN, respectively. 

1/T2== 1/TI +£s[MeCN] 0) 

Usingg the experimentally determined lifetime Xi in the absence of MeCN, the rate constant 

kkss is calculated to be 6.2 x 108 M"'s"', which is in good agreement with the values reported for 

thee formation of cyclohexene-stabilized biradicals in 2-ClBu.3 Clearly, the formation of the 

MeCN-coordinatedd biradicals in 2-ClBu is very fast, hardly any barrier hindering the 

coordinationn of an MeCN molecule to the {+Os(CO)2(a-diimine)' }  moiety. 

Thus,, in the presence of 0.25 M MeCN the lifetime of the 2-ClBu-substiruted biradical 

couldd be determined from the kinetic trace (%i = 5 ns). This is, however, not the case anymore 

iff  higher concentrations of MeCN are present since T? is then too short. This lifetime could 

alsoo not be derived from the kinetic trace when instead of MeCN, THF or acetone were 

presentt as co-solvent. In these cases the kinetic profiles show complete regeneration of the 

parentt cluster with lifetimes (r3, see Table 1) that are strongly dependent on the concentration 

off  the co-solvent. When the concentration of THF in 2-ClBu increases, for example, from 

0.255 M to 0.5 M and 1.0 M, the observed lifetime T3 concomitantly increases from 33 to 40 

andd 51 ns, respectively (see Table 1). This lifetime refers to the THF-coordinated biradicals, 

whichh are significantly longer-lived than their 2-ClBu-stabilized analogues due to the 

substantiallyy increased basicity of the Lewis base. Analogous to the alkene-stabilized 

biradicalss described by Bakker et al.,3 the THF-biradicals mainly decay via dissociation of the 

coordinatingg solvent, after which the initially formed biradical can either complex another 

THFF molecule or regenerate the parent cluster. As complexation of another THF molecule 

becomess more efficient at increasing THF concentrations, formation of the parent clusters is 

retardedd and the lifetime of the biradicals increases. The latter experiments show that 

substitutionn of the weakly coordinating 2-ClBu molecule by a more strongly coordinating 

Lewiss base within the biradical lifetime is a general reaction, which does not exclusively 

occurr in the presence of strongly coordinating Lewis bases such as MeCN or alkenes. As the 

THF-- and acetone-stabilized biradicals are, however, much shorter-lived than their MeCN-
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andd alkene-coordinated analogues, the regeneration of the parent cluster in the former cases is 

alreadyy observed on the ns time scale. 

Changingg the bulk solvent from 2-ClBu to THF or acetone (again in the presence of 

MeCN)) affects the formation of MeCN-coordinated biradicals. The solvent-stabilized 

biradicalss (S = THF, acetone) are not only much longer-lived than in 2-ClBu (THF: r = 104 

ns,, acetone: r = 680 ns), but their reaction with MeCN is also much slower due to the higher 

coordinatingg ability of THF and acetone. Similar to 2-ClBu, the kinetic profiles in these 

solventss show a reduction of the biradical lifetime and an incomplete recovery of the parent 

cluster,, depending on the concentration of MeCN. Increasing the concentration of MeCN in 

acetone,, for example, from 0.25 to 0.5 and 1.0 M results in a decrease of the observed lifetime 

fromm 581 to 517 and 457 ns, respectively (Figure 1, Table 1). 
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0.02-0.02-

0.04-0.04-

0.06-0.06-

^ f l f f l ^ ^ ^ 
jdflpBKmSS"" " 
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2 2 
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Figuree 1. Transient kinetics at 560 nm measured for [Os3(CO)i,)('Pr-AcPy)] in acetone with MeCN 

addedd as a co-solvent at various concentrations. The traces are recorded following irradiation at 532 

nmm with a Nd:YAG laser (7 ns FWHM, average of 4 shots at 10 s intervals, 5 mj pulse" ). 

Ass is clear from Eq. (1), plotting l/x2 as a function of [MeCN] allows the determination of 

thee rate constant for substitution (ks). The values thus obtained are 3.9 x 106 (THF) and 7.0 x 

1055 M"1 s"1 (acetone), respectively, being indeed 2-3 orders of magnitude lower than ks in 2-

ClBu.. This behaviour nicely demonstrates the role of the solvent. The weakly coordinating 2-

ClBuu poorly interacts with the { +Os(CO)2(a-diimine)'~}  moiety in the biradical, leaving it 

largelyy unsaturated and susceptible to fast reaction with an MeCN molecule. By contrast, in 

THFF and acetone the bulk solvent molecules and the more strongly coordinating MeCN 

competee for the available coordination site. Since THF and acetone are present in large excess 

comparedd to MeCN, the former solvents coordinate rapidly and become only slowly 

substitutedd by MeCN. 

91 1 



ChapterChapter 4, Part B 

Conversionn of MeCN-coordinated biradicals into corresponding zwitterions 

Inn order to study thoroughly the conversion of MeCN-coordinated biradicals into the 

correspondingg zwitterions, kinetic profiles were recorded in the ns-ps time domains in neat 

MeCN.. Kinetic traces of [Os3(CO)io('Pr-AcPy)] in MeCN on the ns time scale did not show 

anyy change with respect to those in the ps time domain, but on a (is time scale there is again a 

decreasee of the bleach with a lifetime of 19.7 ps (Figure 2). This process most likely involves 

thee transformation of an MeCN-stabilized biradical into an MeCN-zwitterion. A similar 

processs has been observed with time-resolved IR spectroscopy while irradiating 

[Os3(CO)io('Pr-AcPy)]]  in neat styrene.3 From the IR spectral changes in the CO-stretching 

regionn it was then established that the styrene-stabilized biradicals were converted with a 

lifetimee of 13.7 ps into the corresponding zwitterions. In view of the close correspondence in 

lifetimess it is assumed that a similar charge-separation process occurs for [Os3(CO)io('Pr-

AcPy)]]  in MeCN. The decrease of the bleach is due to the fact that the zwitterions absorb 

moree strongly around 560 nm than the corresponding biradicals. 

o.oo o.oo 

 -0.02-

-0.04--0.04-

-0.06 -0.06 

00 20 40 60 80 

Figuree 2. Transient kinetics at 560 nm measured for [Os3(CO)i0('Pr-AcPy)] in MeCN following 

irradiationn at 532 nm with a Nd:YAG laser (7 ns FWHM, average of 4 shots at 10 s intervals, 5 mJ 

pulse"1). . 

Thee same process is observed when 1.0 M MeCN is added to a solution of [Os3(CO)io('Pr-

AcPy)]]  in 2-ClBu or THF. The bleach then decays with a lifetime of 13.5 and 13.7 ps, 

respectively.. Interestingly, the cluster [Os3(CO)io{Me2N(CH2)3-AcPy}], for which zwitterions 

weree detected with time-resolved microwave conductivity (TRMC) directly after the 7 ns 

laserr pulse, also shows this second way of zwitterion formation via the biradicals with 

lifetimess of 11.3 ps in 2-ClBu and 19.0 us in THF. From these observations we conclude that 

thee slower primary photoprocess, observed for [Os3(CO)i0('Pr-AcPy)] in MeCN with a 

lifetimee of ca. 20 ps (see part A), indeed involves the formation of MeCN-coordinated 

biradicalss that transform into zwitterions in the ps time domain. In non- or weakly 

MUUg MUUg 
ffflpp l l 
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coordinatingg solvents with MeCN added as a co-solvent, a similar pathway is followed, 

exceptt for the fact that formation of MeCN-biradicals takes place only on the ns time scale. 

Thee UV-vis spectral changes observed on the ns time scale upon irradiation of 

[Os3(CO)io('Pr-AcPy)]]  in THF containing 0.5 M MeCN2 therefore cannot be attributed to the 

formationn of MeCN-stabilized zwitterions but reflect the formation of MeCN-coordinated 

biradicalss via substitution of the THF Lewis bases. The MeCN-coordinated biradicals show a 

behaviourr very similar to that of the alkene-stabilized biradicals (alkene = 1-octene, styrene) 

andd provide a second example where the conversion of biradicals into zwitterions containing 

thee same Lewis base is directly observable at room temperature. The results of the combined 

time-resolvedd studies of [Os3(CO)i0('Pr-AcPy)] in MeCN are summarized in Scheme 1. 

Schemee 1. Schematic representation of the photoreaction pathways established for [Os3(CO)io('Pr-

AcPy)]]  in MeCN (= L), together with the lifetimes of the transients. 

groundground state zwittehon zwittehon 

4B.55 Conclusions 

Thee conclusion that even in MeCN irradiation of [Os3(CO)i0('Pr-AcPy)] resulted in the 

formationn of biradicals as the major primary photoproduct (see Part A), was confirmed by 

single-wavelengthh transient absorption measurements on this cluster in the microsecond time 

domain.. These measurements showed a further decay of the bleach with a lifetime of ca. 20 

microseconds,, which is ascribed to the conversion of the MeCN-stabilized biradicals into the 

correspondingg zwitterions. The same process was observed upon addition of 1.0 M MeCN to 

aa solution of [Os3(CO),0(
iPr-AcPy)] in 2-ClBu or THF (r = 13.5 and 13.7 microseconds, 
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respectively).. A similar biradical pathway was established by Bakker et al. with time-resolved 

IRR spectroscopy for this cluster dissolved in styrene (r = 13.7 microseconds). As shown 

before,, the zwitterions regenerate the parent cluster within seconds to minutes, again 

dependingg on the coordinating ability of the solvent. 
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4C.11 Abstract 

(Sub)picosecondd transient absorption and time-resolved infrared spectra of the novel 

purpose-designedd cluster [Os3(CO)i0(AcPy-MV2+)] (AcPy-MV2" = [2-pyridylacetimine-A/-(2-

(r-methyl-4,4'-bipyridin-l,r-diium-l-yl)-ethyl)](PF6)2)) (1~+) reveal that photoinduced 

electronn transfer to the electron accepting 4,4'-bipyridinium moiety competes with the fast 

relaxationn of the initially populated GK* excited state of the cluster to the ground state and 

biradicals.. The TA spectra of 12+ in acetone, obtained by irradiation into its lowest-energy 

absorptionn band, show characteristic intense absorptions of the one-electron-reduced MV'1 

unitt at 400 and 610 nm. The latter absorption bands are assigned to a charge-separated (CS) 

statee in which an electron has been transferred from the cluster core to the lowest n* orbital of 

thee MV _t moiety. This assignment is confirmed by time-resolved IR spectra on the 

picosecondd time scale which, in agreement with the photooxidation of the cluster core, show a 

shiftt of the highest-frequency v(CO) band to larger wavenumbers by ca. 40 cm"1 with respect 

too the corresponding ground-state band. The CS state is populated via fast (4.4 x 10" s') and 

efficientt (> 92%) oxidative quenching of the optically populated an* excited state and decays 

bi-exponentially,, upon nearly complete regeneration of the parent cluster, with lifetimes of 43 

andd 180 picoseconds (3:2 ratio). 

Thee photochemical behaviour of l2" can be controlled by an externally applied electronic 

bias.. Irradiation of l2x in acetonitrile results in the formation of a stable photoproduct, that, in 

linee with the indepedently proven photooxidation of the cluster core, is proposed to result 

fromm a similar cluster core-to-MV"+ electron transfer process as observed in acetone. 

Electrochemicall  one-electron reduction of the MV2" moiety prior to irradiation reduces its 

electron-acceptingg character to such an extent, that photoinduced electron transfer to the latter 

unitt is no longer feasible. Instead, irradiation of cluster 1*+ results in reversible formation of 

zwitterions,, the ultimate photoproduct observed upon irradiation of the clusters [Os3(CO)io(o> 

diimine)]]  in strongly coordinating solvent. Based on the observed photochemical behaviour of 

thee redox couple 1~+ and f+, the [Os3(CO)io(a-diimine)]-MV2+ (donor-acceptor) dyad can be 

designatedd as a molecular redox switch. 

4C.22 Introductio n 

Thee control of electron transfer reactions through specific (non-)covalent interactions is a 

generall  phenomenon in many biological processes, such as respiration and photosynthesis. 

Aimedd at understanding the fundamental principles underlying the often remarkable quantum 

efficienciess of these reactions, considerable research efforts have been devoted to the design 

off  supramolecular systems capable of mimicking, at the molecular level, the functions 

normallyy performed by a natural system. As examples may serve light-harvesting antenna 
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systems,1"55 artificial reaction centres,6"10 molecular switches" etc. As the function displayed 

byy such artificial molecular devices generally results from the interplay of the intrinsic 

performancess of their specific components, the assembly of the latter in the topologically and 

energeticallyy correct way is, just as in their biological counterparts, of major importance. 

AA particular type of molecular devices concerns those using absorbed light as the energy 

source.. Their function commonly relies on energy- or electron-transfer processes taking place 

betweenn the different components of the supramolecular assembly. Critical for their effective 

functioningg is the competition between productive and non-productive electron transfer 

processes,, where the non-productive electron transfer usually concerns the fast back electron 

transferr prior to the response of the system to the photoinduced charge separation. For 

example,, photoexcitation of the Ru(II) chromophore in a Ti02-Rh(III)-Ru(II) heterotriad 

resultss in stepwise charge separation, the first electron transfer step Ti02-Rh(III)-*Ru(II) -> 

Ti02-Rh(II)-Ru(III)) having an efficiency close to unity.12 Further charge separation via 

electronn injection into the semiconductor, is, however, only 40% efficient because of a 

competingg charge recombination process. Another example concerns the reversible movement 

off  a macrocycle between two binding stations in a photochemically driven molecular shuttle. 

Dependentt on the rate of charge recombination, translatory motion of the ring may either be 

veryy efficient13 or not observed at all. 

Anotherr important development in the field of molecular electronics focuses on the 

creationn of ultrafast 'molecular scale' computers, incorporating devices capable of high-

densityy data transport close to the speed of light. As photoinduced energy- and electron 

transferr processes can occur on the sub-picosecond time scale, the design of molecules 

performingg switching (YES/NO) and other logical operations via optical inputs has received 

considerablee attention. Apart from energy- or electron transfer reactions themselves, the 

switchingg of physical properties may also result from coupled selective bond-breaking or -

makingg processes. The reversible rearrangement processes in transition metal clusters, 

selectivelyy triggered by external stimuli such as light absorption or redox reaction (see 

Chapterr 1), together with the numerous possibilities to functionalize the cluster core, make the 

clusterr systems promising candidates for connector elements in switchable junction devices. 

Whenn purpose-selected clusters are used as the active switchable components, the significant 

structurall  and electronic reorganization of the cluster core upon an external stimulus may 

reversiblyy interrupt the communication between chemically attached donor and acceptor 

terminii  (Scheme 1). As an alternative approach, changing the electronic properties of the 

clusterr junction by attachment of a (redox) switchable unit may influence the communication 

betweenn the donor and acceptor sites in a similar way (Scheme 2). Aimed at the realization of 

thee latter system, we focus in the first instance on the response of the cluster core to the 

changedd state of the switchable unit without the donor and acceptor moieties attached. 
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Schemee 1. Reversible interruption of the communication between donor (D) and acceptor (A) termini 

inn a supramolecular system, employing a cluster core as the active switchable component. 

Schemee 2. Reversible interruption of the communication between donor (D) and acceptor (A) termini 

byy attachment of a (redox) switchable trap (T) to the cluster junction. 

Combiningg the recent challenges in the field of molecular electronics with our continued 

interestt in the photochemical reactivity of a-diimine-substituted transition metal clusters, we 

hereinn report on the synthesis, photochemical and electrochemical reactivity of the novel 

clusterr [Os3(CO)l0(AcPy-MV2+)] (AcPy-MV2+ = [2-pyridylacetimine-iv"-(2-(l'-methyl-4,4'-

bipyridin-l,r-diium-l-yl)-ethyl)](PF6)2)) (12+) (Figure 1). The strongly electron accepting 4,4'-

bipyridin-l,l'-diiumm (viologen) unit is covalently linked to the imine nitrogen of the a-

diiminee ligand. 
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Figuree 1. Schematic structures of the cluster [Os3(CO)10(AcPy-MV2+)] (12+) and the a-diimine ligand 

usedd in this study. 

Picosecondd transient absorption and time-resolved infrared spectra were recorded in order 

too investigate whether photoinduced electron transfer to the remote viologen moiety and 

concomitantt formation of a charge-separated state can compete with the fast decay of the 

initiall yy populated an* excited state to the ground state and biradicals (25 ps, see part A). 

Similarr electron transfer reactions have been observed for several viologen-linked 

[Ru(bpy)3]
2++ complexes,15'8 although the lifetime of the 3MLCT excited state of the latter 

complexess is extended into the nanosecond time domain. In a second step, we focused on the 

redoxx control of the charge separation in [Os3(CO)io(AcPy-MV2+)] , with the aim to restore 

thee characteristic photoreactivity of the normal [Os3(CO)i0(a-diimine)] clusters (see Part A). 

AA combined photo- and electrochemical study was performed in order to monitor this process. 

Inn this study, the structually related cluster [Os3(CO)i0('Pr-AcPy)], where the alkyl-linked 

viologenn unit is replaced by an isopropyl substituent, served as a proper reference. 

4C.33 Experimental 

Materialss and preparation. [Os3(CO),2] (Strem Chemicals), 4,4'-bipyridyl (Fluka), 2-

pyridinecarboxaldehydee (Acros), 2-bromoethylamine hydrobromide, piperidine (Aldrich) and 

ferrocenee (BDH) were used as received. Trimethylamine-TV-oxide dihydrate, Me3NO-2H20 (Janssen), 

wass dehydrated prior to use by vacuum sublimation. Solvents of analytical grade (Acros: ethanol 

(EtOH),, methanol (MeOH), hexane, diethylether (Et20), CH2C12, acetonitrile (MeCN)) and 

spectroscopicc grade (Acros: acetone) were dried over sodium (EtOH, MeOH, Et20, hexane), CaH2 

(CH2C12,, MeCN) and B203 (acetone) and freshly distilled under a nitrogen atmosphere prior to use. 

Neutrall  aluminium oxide 90 (70-230 mesh, Merck) for column chromatography was activated by 

heatingg in vacuo at 450 K overnight and stored under N2. The supporting electrolyte Bu4NPF6 

(Aldrich)) was recrystallized twice from ethanol and dried in vacuo at 350 K overnight. 
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Syntheticc procedures. All syntheses were performed under an inert atmosphere of dry nitrogen, using 

standardd Schlenk techniques. The precursors [l-methyl-4,4'-bipyridin-l-ium]I and [l-(2-aminoethyl)-

l'-methyl-4,4'-bipyridin-l,r-diiurn](PF6)22
 l5 and the cluster [Os3(CO)i0(MeCN)2]'

9 were prepared 

accordingg to published procedures and were characterized by 'H NMR and FT-IR spectroscopies. The 

syntheticc route towards cluster 1 is depicted in Scheme 3. 

Schemee 3. Synthesis of cluster 1"+. 

Br-(CH2)rNH22 • HBr 

MeCN,, reflux, 3 days 
HnN-HnN-

CH H s s 
«—MM n 

N-CHo N-CHo 

ethanol l 
reflux,, 30 min. 
piperidine e 

[Os,(CO),„(AcPy-MV2+)] ] 
,, [Os3(CO)|0(MeCN) 

acetone,, 16 h 

Synthesiss of |2-pyridylacetimine-Ar-(2-(l'-methyl-4,4'-bipyridin-l,l'-diium-l-yl)-ethyl)|(PF 6)2 

(AcPy-MV 2+).. A mixture of [l-(2-aminoethyl)-l'-methyl-4,4'-bipyridin-l,l'-diium](PF6)2 (385 mg, 

0.766 mmol), 2-pyridinecarboxaldehyde (200 ul, 1.8 mmol) and piperidine (a few drops) in EtOH (5 

ml)) was refluxed for 1.5 h in the presence of 3A molecular sieves. After this period the solvent was 

removedd in vacuo and the residue was washed with 5 x 10 ml Et20. The ligand was isolated as an off-

whitee solid in 66% yield. 'H NMR (^-acetone) (for numbering scheme see Figure 1): 8 9.59 (d, 7 = 

6.66 Hz, 2H, H7), 9.36 (d, 7 = 6.6 Hz, 2H, H10), 8.87 (d, 7 = 6.6 Hz, 2H, H8), 8.81 (d, 7 = 6.6 Hz, 2H, 

H9),, 8.66 (d, 7 = 4.5 Hz, 1H, H,), 8.21 (d, 7 = 8 Hz, 1H, H4), 7.94 (dd, 7 = 8 Hz, 7 = 7.5 Hz 1H, H3), 

7.566 (dd, V = 4.5 Hz, 7 = 7.5 Hz 1H, H2), 5.41 (t, 7 = 5.1 Hz , 2H, H6), 4.74 (s, 3H, N-CH,), 4.36 (t, 

77 = 5.1 Hz, 2H, H5), 2.49 (s, 3H, C-CH3). 

Synthesiss of [Os3(CO)10(AcPy-MV2+)](PF6)2 (1
2+). A solution of [Os3(CO)10(MeCN)2] (220 mg, 0.24 

mmol)) and AcPy-MV2* (230 mg, 0.37 mmol) in acetone (25 ml) was stirred in the dark for 16 h. After 

thiss period the solvent was removed in vacuo. The crude product was purified by column 

chromatographyy over aluminium oxide using CH2Cl2/MeCN gradient elution. Cluster 12+ was obtained 

ass a deep red solid in ca. 20 % yield. IR v(CO) (MeCN): 2089 (m), 2040 (s), 2002 (vs), 1986 (s), 1964 

(sh),, 1948 (m), 1893 (w) cm"1. 'H NMR (^-acetone) (for numbering scheme see Figure 1): 5 9.57 (d, 

7 == 5.4 Hz, 1H, H,), 9.50 (d, 7 = 7.2 Hz, 2H, H7), 9.39 (d, 7 = 6.9 Hz, 2H, H10), 8.89 (d, 7 = 7.2 Hz, 

2H,, H8), 8.78 (d, 7 = 6.9 Hz, 2H, H9), 8.54 (d, 7 = 7 . 9 Hz, 1H, H4), 8.19 (dd, 7 = 7.5 Hz, 7 = 8.1 Hz, 

1H,, H3), 7.58 (dd, 7 = 7.5 Hz, 7 = 5.7 Hz, 1H, H2), 5.65 (ddd, 7 = 13 Hz, 7 = 4.2 Hz, 7 = 3.9 Hz, 

1H,, H6/6'), 5.50 (ddd, 7 = 1 4 Hz, 7 = 4.2 Hz, 7 = 3.9 Hz, 1H, H5/5'), 5.41 (ddd, 7 = 1 3 Hz, 7 = 9.6 
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Hz,, V = 3.9 Hz, 1H, H6/6'), 5.02 (ddd, 2J= 14 Hz, V = 9.6 Hz, 3J = 3.9 Hz, 1H, H5/5'), 4.75 (s, 3H, N-

CH3),, 3.08 (s, 3H, C-CH3). UV-vis (acetone): 373 (sh), 554 nm. FAB" MS (m/z): 1482 [M+Na]+, 

1315.55 [M-PF6]
+ (calc. 1315.0), 1170 [M-2PF6f. 

Spectroscopicc measurements. FT-IR spectra were recorded on Bio-Rad FTS-7 and Bio-Rad FTS-

60AA spectrometers (16 scans at 2 cm'1 resolution), the latter being equipped with a dual-source Digital 

Modell  896 interferometer and a nitrogen-cooled MCT detector. The sample compartment of the Bio-

Radd FTS-60A spectrometer was modified to allow in situ laser irradiation into a thermostated cell. 

UV-viss absorption spectra were recorded on a Hewlett-Packard 8453 diode-array spectrophotometer, 

'HH and 13C NMR spectra on a Bruker AMX 300 spectrometer and Fast Atom Bombardment (FAB) 

masss spectra on a JEOL JMS SX/SX102A four-sector mass spectrometer. 

Photochemistry.. The 514.5 nm line of a Spectra Physics Model 2016 argon-ion laser was used for the 

continuous-wavee irradiation experiments. All photochemical samples were prepared under a nitrogen 

atmosphere,, using standard inert-gas techniques, and typically 10"3-10"4 mol dm"3 cluster 

concentrations. . 

Nanosecondd transient absorption (ns TA) spectra were obtained by irradiating the samples with 2 

nss pulses of the 550 nm line (typically 5 mJ/pulse) of a tunable (420-710 nm) Coherent Infinity XPO 

laser.. Picosecond transient absorption (ps TA) spectra were recorded using the setup installed at the 

Universityy of Amsterdam. Part of the 800 nm output of a Ti-sapphire regenerative amplifier (1 kHz, 

1300 fs, 1 mJ) was focussed into a H20 flow-through cell (10 mm; Hellma) to generate white light. The 

residuall  part of the 800 nm fundamental was used to provide 505 nm (fourth harmonic of the 2020 

OPAA idler beam) excitation pulses with a general output of 5 (oJ pulse'. The picosecond time-resolved 

infraredd (ps TRIR) experiments were carried out at the Central Laser Facility of the Rutherford 

Appletonn Laboratory. In this case, part of the 800 nm output of a Ti-sapphire regenerative amplifier 

(11 kHz, 150 fs, 2 mJ) was used to provide 500 nm pulses for excitation of the sample. Further 

experimentall  details of the time-resolved absorption and IR set-ups are described in Chapter 2. 

Electrochemistry.. Cyclic voltammograms (CV) of approximately 10"3 M cluster in 10"' M Bu4NPF6 

electrolytee solution were recorded using the set-up described in Chapter 2. IR and UV-vis 

spectroelectrochemicall  measurements were performed in previously described optically transparent 
222 23 

thin-layerr electrochemical (OTTLE) cells. ' 

4C.44 Results and Discussion 

Synthesis s 

Thee novel cluster [Os3(CO)io(AcPy-MV2+)] (12+) was synthesized via a three-step reaction 

sequencee and characterized by IR and NMR spectroscopies and mass spectrometry. The IR 

spectrumm of 12+ in MeCN closely resembles that of the related cluster [Os3(CO)io('Pr-

AcPy)],244 the v(CO) bands being slightly shifted to higher frequencies. This trend is attributed 
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too a slightly decreased rc-backbonding towards the carbonyl ligands due to the reduced 

basicityy of the a-diimine ligand. The 'H NMR spectrum of l2^ in ^-acetone shows the 

characteristicc resonances of the methylviologen unit and the ethylene linkage. In accordance 

withh the electron-accepting character of the viologen moiety, the proton signals of the a-

diiminee moiety are slightly shifted to lower field compared to those of [Os3(CO)io('Pr-AcPy)]. 

Thee spectroscopic data therefore provide convincing evidence for the same chelate 

coordinationn of the AcPy-MV2+ ligand to the triosmium core as for 'Pr-AcPy.25 The 

coordinationn of the AcPy-MV2+ ligand to the cluster core was confirmed by the FAB MS 

spectrumm of 12+. 

Electronicc absorption spectra 

Thee UV-vis absorption spectra of 1" are characterized by a dominant lowest-energy band 

withh its maximum shifted from 558 nm in acetone to 576 nm in CH2CI2. Similar to its 

analoguee [Os3(CO)io('Pr-AcPy)], 5 the lowest-energy absorption band of l2" encompasses 

severall  charge-transfer transitions from the triosmium core to the a-diimine ligand, denoted 

ass CT(OS-OS) —> 7r*(a-diimine). Irradiation into the latter band will therefore result in the 

populationn of the lowest an* excited state in which one of the Os-Os(a-diimine) bonds is 

weakened.. The small red shift of the lowest-energy band compared to that of [Os3(CO)io('Pr-

AcPy)]]  (viz. 536 nm in acetone) is attributed to a lower energy of the lowest n:*(a-diimine) 

orbitall  due to the electron withdrawing methylviologen side-arm. 

Ultrafastt  transient absorption measurements 

Picosecondd transient absorption (ps TA) spectra of cluster 12+ in acetone were obtained by 

excitationn at 505 nm and detection of the spectral changes in the wavelength region 400-650 

nm.. Kinetic profiles were probed at 560 nm in 200 fs intervals up to 10 ps, and at 600 nm in 5 

pss intervals up to 750 ps. The TA spectra measured at 1-91 ps after the 130 fs laser pulse are 

depictedd in Figure 2. The kinetic profile of l~x, probed at 600 nm, is shown in Figure 3. 

Thee TA spectrum at /d = 1 ps (Figure 2) shows an intense absorption at ca. 400 nm and a 

broad,, long-wavelength absorption with a maximum at about 615 nm. The observed 

absorptionn bands are characteristic for the one-electron-reduced methylviologen (MV'+) unit26 

andd are therefore assigned, in accordance with the results of the picosecond TRIR 

experimentss {vide infra), to a charge-separated (CS) state in which an electron has been 

transferredd from the cluster core to the lowest n* orbital of the viologen moiety. Within the 

firstt few picoseconds the TA spectra show increased absorbance in the region 500-610 nm, 

thee maximum of the long-wavelength absorption being shifted from 615 nm to 606 nm. These 

spectrall  changes are attributed to the continued formation of the viologen-localized CS state, 

mostt likely via oxidative quenching of the initially populated 3cm* state. Similar oxidative 

quenchingg of an initially populated ' MLCT state is known to form such CS states in several 
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[Ru(R-bpy)2(bpy-MV)]4++ (bpy = 2,2'-bipyridine) complexes, where a viologen unit is 

covalentlyy linked at the 4-position of one of the bipyridine ligands.15"'8,27 On longer time 

scaless (up to 300 ps), the transient absorptions due to the temporarily reduced MV*+ unit 

decayy bi-exponentially with nearly complete regeneration of the parent cluster. In agreement 

withh the reversibility of the system, the latter process is ascribed to the thermal back electron 

transferr from the viologen moiety to the cluster core. 

 1 ' 1 ' 1  1  1 

400400 450 500 550 600 650 

WavelengthWavelength (nm) 

Figuree 2. Transient difference absorption spectra of cluster l2*  in acetone measured at time delays of 

-99 (baseline), 1 (—), 6, 36 and 91 ps, respectively, after 505 nm, 130 fs FWHM excitation. 

Thee kinetics of the viologen-localized CS excited state was studied in more detail by 

measuringg absorbance-time profiles. Assuming that population of the CS excited state indeed 

takess place via fast decay of the optically populated an* excited state (vide infra), the forward 

electronn transfer rate constant (k() can be derived from a single-exponential fit  to the latter 

process.. Unfortunately, an extensive overlap between the transient absorption bands 

belongingg to the an* excited state20 and the characteristic absorptions of the methylviologen 

radicall  cation26 prevents the lifetime of the an* excited state to be accurately determined from 

thee experimental data. However, as the absorbance-time profile of 1 +, probed at 560 nm, 

showss no further increase of the absorption band due to the viologen radical cation (MV'+) 

afterr 10 ps, the viologen-localized CS state is most likely formed for more than 90% within 

thiss period. Based on this assumption the rate constant kf is estimated to have a lower limit of 

44 x 10" s~'. As the photoinduced forward electron transfer reaction is much faster than the 

decayy of the CS state, the back electron transfer rate constant (kb) may be obtained from the 

decayy kinetics of the 606 nm band (Figure 3). The latter band decays bi-exponentially (a 

featuree commonly encountered and probably related to conformational freedom at the 

ethylenee linkage28) with lifetimes of 43 ps (60%) and 180 ps (40%) that correspond to back 

electronn transfer rate constants kb of 2.3 x 1010 and 5.6 x 109 s ', respectively. 
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Figuree 3. Kinetic profile of the difference absorbance of cluster 12+ in acetone at 600 nm, after 505 

nm,, 130 fs FWHM excitation. 

Picosecondd time-resolved IR spectroscopy 

Thee transient UV-vis spectra provide only limited information about the forward electron-

transferr kinetics and the pathway along which the CS state is populated. For this reason, the 

primaryy events after the photoexcitation of cluster 12+ were studied with picosecond time-

resolvedd infrared (ps TRIR) spectroscopy. The ps TRIR spectra of cluster 12+ in acetone were 

recordedd after excitation at 500 nm at several pump-probe delays between 0 and 500 ps. 

Representativee difference IR spectra in the region 2200-2020 cm"1 are shown in Figure 4. 

Duee to the low symmetry of cluster 12+, its ground-state IR spectrum displays a 

considerablee number of v(CO) bands. An extensive overlap between the bleached v(CO) 

bandss of the parent complex and the transient absorption bands of the excited state precludes 

thee determination of the excited-state CO-stretching frequencies to a large extent. Only the 

well-separatedd highest-frequency v(CO) band at 2088 cm"1 can therefore be used to monitor 

thee changes in the electron density on the cluster core upon population of the excited state. 

Afterr irradiation into the lowest-energy absorption band of 12~ in acetone, the spectra at early 

timee delays (< 3 ps) display instantaneous bleaching of the parent v(CO) bands together with 

broadd transient absorptions due to the excited state of 12+. The highest-frequency ground-state 

bandd at 2088 cm"1 shifts to larger wavenumbers in the excited state. In fact, at tA = 1 ps 

(Figuree 4b) two broad transient absorption bands are observed on the high-frequency side of 

thee 2088 cm"' bleach, having their absorption maxima at 2099 and 2121 cm"1, respectively. 

Withinn the first few picoseconds (< 10 ps), the transient absorption bands in the terminal 

v(CO)) region sharpen up and slightly shift {ca. 6 cm"1) to higher frequency. These spectral 

changess are attributed to early relaxation processes (cooling or solvation) associated with the 

decayy of low-frequency M-C stretching and M-C-O bending vibrational modes populated 
29-32 2 

uponn excitation. 
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Figuree 4. (a) Difference ps TRIR spectrum of [Os3(CO)io('Pr-AcPy)] in acetone at (d = 3 ps after 500 

nmm excitation (ca. 150 fs FWHM, 5 uj pulse"1); (b-e) difference ps TRIR spectra of cluster 12+ in 

acetonee at (b) 1, (c) 2, (d) 5 and (e) 15 ps after 500 nm excitation (ca. 150 fs FWHM, 5 uJ pulse"1). 

Onn the same time scale, the 2121 cm"1 band further develops at the expense of the 2099 

cm"11 band, being gradually shifted to 2127 cm"1 and reaching its maximum intensity at around 

100 ps. On a longer time scale (up to 500 ps), the 2127 cm"1 band also decays and the parent 

clusterr becomes almost completely regenerated. The position of the 2099 cm"1 band, shifted to 

largerr wavenumbers by ca. 11 cm"1 with respect to the highest-frequency ground-state band, 

iss in good agreement with that of the highest-frequency transient v(CO) band in the TRIR 

spectrumm of [Os3(CO)io('Pr-AcPy)] at tA = 3 ps (2093 cm"1, Figure 4a). In accordance with the 

resultss for the latter cluster (see Chapter 4, Part A), the 2099 cm"1 band is therefore ascribed to 

12++ in its 3CT7t*  excited state, the shift to larger wavenumbers resulting from decreased n-

backdonationn to the carbonyl ligands due to depopulation of a a(Os-Os) bonding orbital. 

Uponn decay of the 2099 cm"1 band, the v(CO) band at 2121 cm"1 further develops and shifts to 

largerr wavenumbers by ca. 40 cm"1 with respect to the highest-frequency ground-state band. 

Thee shift of the latter v(CO) band is indicative of a second, more significant decrease in the n-

backdonationn that is consistent with formal one-electron oxidation of the cluster core. For, 

similarr shifts of the highest-frequency v(CO) band to larger wavenumbers are observed upon 

(electro)chemicall  oxidation of the related clusters [Os3(CO)io(a-diimine)] (vide infra). In line 

withh the proposed photooxidation of the cluster core, the 2121 cm"1 band is ascribed to a 

charge-separatedd (CS) excited state in which an electron has been transferred from the cluster 

coree to the remote viologen unit. As the latter band grows in at the expense of the 2099 cm"1 

band,, the TRIR spectra clearly prove that population of the CS excited state indeed takes 

placee via fast decay of the optically populated an* state. The absence of the 2121 cm"1 band 
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inn the TRIR spectrum at rd = 0 ps, recorded with the excitation and analyzing pulses arriving 

simultaneously,, supports this conclusion and excludes direct optical population of the CS 

excitedd state. The relatively small shift (11 cm'1) of the v(CO) bands in the on* excited state 

comparedd to that observed in the CS state (40 cm"1) is mainly ascribed to the electron-

donatingg capacity of the temporarily reduced a-diimine ligand, partly compensating the 

decreasedd rc-backdonation in the on* state. Upon population of the CS state, the electron 

residingg on the a-diimine moiety is transferred to the remote viologen acceptor site, leaving 

thee cluster core formally one-electron-oxidized. Importantly, the TRIR data also prove that 

fromm the relaxed on* excited state hardly any non-radiative decay to the ground state takes 

place.. This is inferred from the observation that the ground-state bleach at 2038 cm"1 only 

showss a minor decrease in signal intensity within the first 5 ps following excitation. This 

behaviourr is in contrast with the results for [Os3(CO)io('Pr-AcPy)], where ca. 70% of the 

moleculess in the on* state decay non-radiatively to the ground state (Chapter 4, Part A), and 

demonstratess the efficiency of the subsequent electron transfer to the viologen moiety. 

Inn order to get more insight into the kinetics of the CS state, the well-separated transient 

v(CO)) band at 2121 cm"1 was selected for Gaussian curve fitting. Spectral fitting, while fixing 

thee width of the latter band, allowed the peak areas to be determined. A plot of the peak area 

off  the 2121 cm' band for each time delay against time allows determination of both the on* 

excited-statee lifetime ( r= 2.1 2 ps) that corresponds to the development of the 2121 cm"1 

band,, and the lifetime of the CS state (75  10 ps). The on* excited-state lifetime (2.1  0.2 

ps)) has been used to determine the forward electron transfer rate constant kf according to Eq. 

(1),, with rref (= 25 ps) being the on* excited-state lifetime of the structurally related cluster 

[Os3(CO)io('Pr-AcPy)]]  under the same experimental conditions. 

* f = l / r - l / r r eff  (1) 

Thee resulting value k{ = 4.4 x 10" s~' is in good agreement with the lower limit derived 

fromm the TA experiments. The lifetime of the CS excited state also compares reasonably well 

withh the result obtained from the ps TA measurements. One has to realize, however, that 

coolingg processes complicate to some extent the determination of the excited-state lifetime in 

thee TRIR experiments. 

Nanosecondd transient absorption spectroscopy 

Excitationn into the lowest-energy transition of [Os3(CO)io('Pr-AcPy)] in non- or weakly 

coordinatingg solvents (toluene, THF, acetone) results in homolytic splitting of an Os-Os(a-

diimine)diimine) bond and concomitant formation of open-structure biradicals (See Chapter 4, Parts A 

andd B). In order to prove whether the formation of similar biradical photoproducts from the 

relaxedd on* excited state is also feasible for cluster 1~+, nanosecond transient absorption (ns 
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TA)) spectra of the latter cluster were recorded in acetone. The ns TA spectra were obtained by 

irradiationn of cluster 12+ by the 550 nm line of a tunable Coherent Infinity XPO laser and 

spectrall  changes were monitored in the wavelength region 350-800 nm. The TA spectra 

recordedd directly after the laser pulse revealed a weak bleaching between 430 and 615 nm due 

too disappearance of 12+, and very weak transient absorptions below 430 nm and in the long 

wavelengthh region. On longer time scales (up to 1.5 us) the transient species almost 

completelyy converts back to cluster 12+. As the ns TA spectra of 12+ closely resemble those of 

[Os3(CO)io('Pr-AcPy)]]  in acetone,33 the observed transient absorptions are accordingly 

assignedd to the open-structure biradical [*Os(CO)4-Os(CO)4-+Os(S)(CO)2(AcPy'_-(CH2)2-

MV2+)](PF6)22 (S = acetone). Based on a comparison between the AA values observed for 12+ 

andd those obtained after irradiation of an isoabsorptive solution of [Os3(CO)io('Pr-AcPy)], the 

amountt of biradicals formed from the an* excited state of 12+ is reduced by approximately 

85%.. Assuming similar molar absorptivities for both biradicals, the quantum yield for the 

biradicall  formation out of 12+ is calculated, using the value obtained for [Os3(CO)i0('Pr-

AcPy)]]  (0.4, see Chapter 4, Part A), to be approximately 6%. The latter value is in good 

agreementt with the observed shortening of the an* excited state lifetime from 25 ps for 

[Os3(CO)io('Pr-AcPy)]]  to 2.1 ps for 12+. Based on this result, approximately 92% of the 

moleculess rapidly decay to the lower-lying CS excited state. 

Schemee 4. Qualitative excited-state potential energy curves and reaction dynamics of cluster 1 + in 

acetone. . 

3„„ * * 

3_ _ 

'-pot t 

Thee decay processes for optically excited cluster 12+ are schematically depicted in terms 

off  the qualitative potential energy curves in Scheme 4. In agreement with the results of the 

TRIRR experiments, irradiation into the lowest-energy absorption band of 12+ results in the 

initiall  population of a an* excited state, in which one electron has been transferred from the 
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clusterr core to the lowest 7i*(a-diimine) orbital. From this excited state a minor part (6%) of 

thee cluster molecules produces biradicals whereas the major part (92%) undergoes fast decay 

too the charge-separated (CS) state in which the excited 7r*(a-diimine) electron has been 

transferredd to the remote viologen site. Interestingly, the latter electron transfer process (4.4 x 

10111 s"1) is considerably faster than the photoinduced electron transfer in related derivatives of 

[Ru(bpy)3]]  *, where a viologen acceptor unit is attached via comparable amide- or saturated 

carbonn linkages at the 4-position of one of the 2,2'-bipyridine ligands.15"18 For example, a rate 

constantt of merely 3.9 x 1010 s~' has been determined in acetonitrile for a (dmb' -MV2+) —> 

MV2++ electron transfer in the 3MLCT excited state of [Ru(dmb)2{4-(2-(r-methyl-4,4'-

bipyridin-l,r-diium-l-yl)-ethyl)-4'-methyl-2,2r-bipyridine}]]  (dmb = 4,4'-dimethyl-2,2'-

bipyridine),, possessing an identical ethylene linkage.17 In fact, the value of kf for l2 more 

closelyy resembles those obtained for [Ru(bpy)3]2+ derivatives in which the linkage to the 

viologenn consists of merely a single carbon atom (1.3-2.5 x 10" s"1).17 Caution should, 

however,, be taken when comparing systems with different energetics for the electron transfer, 

aa different nature of the donor-acceptor linkage and a different solvent system. 

Thee Gibbs energy change (AG°Cs) related to the forward electron transfer reaction, is 

givenn by Eq. (2), with D and A representing the cluster core and the viologen unit, 

respectively. . 

AG°css = e(£ox(D) - £red(A)) - E00 (2) 

Besidess the standard redox potentials (vide infra), the calculation of AG°cs requires the 

knowledgee of the excess free energy of the initially populated art*  excited state (£oo)-

Unfortunately,, since no emission is observed from the an* state of l2^ and the model cluster 

[Os3(CO)io('Pr-AcPy)],, the £"0o value cannot be determined experimentally. The inaccessible 

AG°css value together with the lack of isostructural systems in which the driving force is 

systematicallyy varied, prevent unravelling of the dependence of the forward and back electron 

transferr rates on the thermodynamic driving force. However, the large kf value for cluster l2x 

impliess that the barrier for the forward electron transfer is relatively small. For this reason, 

andd in analogy with the related tris(bipyridyl)ruthenium(II)-viologen systems, the forward 

electronn transfer reaction is proposed to take place in the Marcus normal region, with the 

reorganizationn energy A being close to the value of AG°cs- The corresponding back electron 

transferr is then expected to take place in the Marcus inverted region. 

Electrochemistry y 

Cyclicc voltammetric and IR/UV-vis spectroelectrochemical studies of the cluster 

[Os3(CO)io(AcPy-MV2+)]]  (12+) were performed in order to localize the reduction steps and to 

investigatee whether the electron-trapping function of the viologen terminus may be reversibly 
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switchedd by an external potential bias. The redox potentials of cluster 12+ and its reduction 

productss are presented in Table 1, and the corresponding v(CO) wavenumbers in Table 2. 

Tablee 1. Electrochemical data for cluster 1 *  and its reduction products. 

Clusterb b 

12+ + 

r r 
i i 

i" " 

E„,E„,  m 
-0.811 (rev) 

-- 1.22 (rev) 

-- 1.66 (rev) 

-- 1.92 (irr) 

A£DD rmVld 

900 (80) 

900 (80) 

1000 (80) 

£p.aa fVl 

++ 0.15 (irr) 

aa Conditions and definitions: 10"3 mol dm"3 solutions in MeCN (containing 10"' M Bu4NPF6) at 293 K, 

unlesss stated otherwise; Pt disk electrode; v = 100 mV s'; redox potentials versus Em (Fc/Fc+); Epx, 

cathodicc peak potentials for reduction of parent cluster 12+ or its reduction products; £pa, anodic peak 

potentiall  for oxidation of cluster 12+; A£p, peak-to-peak separation for a redox couple. b Assignments 

givenn in the main text. c Chemical reversibility and irreversibility denoted by (rev) and (irr), 

respectively.. AEP for the Fc/Fc+ internal standard in brackets. 

Figuree 5. Cyclic voltammogram of cluster 12T at T= 293 K. Conditions: 10"3 M cluster in MeCN/10"1 

MM Bu4NPF6, Pt disk microelectrode (0.42 mm2 apparent surface area), v = 100 mV s"'. 

Thee cyclic voltammogram of cluster 12+ in MeCN shows at room temperature (v = 100 

mVV s"1) two fully reversible reduction waves at E\a = - 0.76 V and - 1.17 V (cathodic peaks 

Rii  and R2, hih = 1; see Figure 5) together with a nearly reversible one-electron reduction at 

E\nE\n = - 1.60 V (cathodic peak R3, IJ Ic ~ 1). In accordance with the results of IR and UV-vis 

spectroelectrochemicall  experiments (vide infra) and the redox potentials reported for related 

viologen-linkedd a-diimine systems,15"18' 21 the first two cathodic steps represent two 

subsequentt one-electron reductions of the viologen unit. The first one-electron step produces 

radicall  cationic cluster 1'+ that is subsequently reduced at the potential £(R2) to neutral cluster 

1.. Further reduction of 1 at the potential E(R3) yields the corresponding radical anion 1' . 
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Similarr to the radical anions [Os3(CO)io(a-diimine)*"], the unpaired electron in 1"~ is most 

likelyy localized on the a-diimine ligand. This conclusion is consistent with the comparable 

reductionn potentials of the related cluster [Os3(CO)i0('Pr-PyCa)] ('Pr-PyCa = a-N,a-N'-

pyridine-2-carbaldehyde-7V-isopropylimine)) (£1/2 = -1.69 V vs Fc/FcT)34 and [Os3(CO)io('Pr-

AcPy)]]  (£1/2 = -1.76 V vs Fc/FcT). Further evidence for this reduction pathway could be 

obtainedd from corresponding spectroelectrochemical experiments. 

c c 
-g g 
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Figuree 6. UV-vis spectral changes accompanying the first (left) and second (right) one-electron 

reductionn step of cluster l2r in MeCN at 293 K. 

Thee first two reduction steps of cluster 12+ could indeed be conveniently followed in situ 

byy UV-vis spectroscopy, using an OTTLE cell. Exhaustive electrolysis at - 0.76 V in MeCN 

resultedd in the appearance of the characteristic bands of the methylviologen radical cation 

(MV'+)) that absorbs strongly at 398 nm and around 600 nm (see Figure 6). At the same time, 

thee absorption band of MV2+ at 256 nm26 disappeared. During the subsequent reduction of 1'+, 

thee intense band at 398 nm slightly shifted to higher energy while its high-frequency shoulder 

att 376 nm increased significantly in intensity. Besides, the broad absorption band around 600 

nmm declined, resulting in a less intense absorption band with its maximum at 543 nm. The 

UV-viss spectral changes during the second reduction step are in good agreement with those 

observedd upon one-electron reduction of free MV'+ !6 and are accordingly ascribed to the 

subsequentt one-electron reduction of the viologen unit to MV°. As the latter moiety does not 

absorbb above 500 nm26, the absorption band at 543 nm is ascribed to a transition possessing 

predominantt CT(OS-OS) —> 7i*(a-diimine) character, being slightly shifted to higher energy by 

ca.ca. 15 nm compared to the corresponding lowest-energy absorption band of non-reduced 

clusterr 12+. 
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Tablee 2, IR v(CO) wavenumbers of cluster 1"' and its reduction products.3 

Cluster66 v(CO) [cm'] 

12++ 208 9 (m) ,  204 0 (s) ,  200 2 (vs) ,  198 6 (s ,  sh) ,  196 4 (m ,  sh) ,  194 8 (m ,  sh) ,  189 3 (w ) 

1" ++ 208 7 (m) ,  203 8 (s) ,  199 9 (vs) ,  198 4 (s ,  sh) ,  196 2 (m ,  sh) ,  189 8 (w ) 

11 208 5 (m) ,  203 6 (s) ,  199 8 (vs) ,  198 1 (s ,  sh) ,  195 9 (m ,  sh) ,  189 8 (w ) 

V_V_ 205 0 (w) ,  201 1 (m) ,  197 2 (vs) ,  195 2 (s ,  sh) ,  186 3 (w ) 
aa Conditions: 10"3 mol dm"3 solutions in MeCN (containing 10"' M Bii4NPF6) at 293 K, unless stated 

otherwise;; in situ reduction within an IR OTTLE cell. Assignments given in the main text. 

Inn accordance with the UV-vis spectral changes, IR spectroelectrochemistry also proves 

thatt the first two reduction steps occur at the remote viologen unit. In particular, stepwise 

reductionn of 12+ at room temperature produces radical cation 1'+ and neutral cluster 1 with 

nearlyy identical IR v(CO) patterns, the bands being shifted to lower frequency by merely 2 

andd 4 cm" , respectively, compared to the parent cluster (Figure 7). These small shifts due to a 

slightt increase in 7t-backdonation towards the carbonyl ligands are consistent with the 

localizationn of the two added electrons on the remote viologen site. For, formation of radical 

anionss [Os3(CO)io(a-diimine)]' (a-diimine = e.g. 2,2'-bipyrimidine) in which the additional 

electronn is largely located on the a-diimine ligand, results in a more significant v(CO) shift of 

ca.ca. 15 cm"1 to smaller wavenumbers compared to the parent clusters.35 

21002100 2000 1900 1800 

WavenumbersWavenumbers (cm') 

Figuree 7. IR spectra of 12+ (••••) and the series of its one-electron reduction products 1'+ (—), 1 ( ) 

andd 1" (- • -) in MeCN at 293 K. Note that the spectrum of 1' is a difference spectrum. 

Rapidd reduction of 1 (within a minute) in the OTTLE cell also allowed spectroscopic 

detectionn of radical anion 1' that is characterized by a v(CO) pattern nearly identical to that 

off 1 +, but the v(CO) bands being shifted by ca. 25-30 cm"' to smaller wavenumbers 

comparedd to 1. The latter shift of the v(CO) bands closely resembles that observed upon 
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formationn of the radical anion [Os3(CO)io(2,2'-bipyrimidine)]' {vide supra) and confirms that 

thee third electron in 1"" is localized on the a-diimine ligand. The thermal stability of radical 

anionn 1*  at room temperature is, however, limited; it reacts further before the reduction of 

parentt cluster 1 is completed. The IR OTTLE experiment, however, proves that radical anion 

1**  is considerably more stable than its analogues [Os3(CO)io('Pr-PyCa)]'" and [Os3(CO)io('Pr-

AcPy)]**  that are only observable within seconds at fairly low temperatures. 

Thee results of the combined cyclic voltammetric and IR/UV-vis spectroelectrochemical 

studyy of cluster 12+ clearly prove that the first two reduction steps for 12+ are localized on the 

viologenn unit. As already the first one-electron reduction of MV2+ significantly reduces its 

electron-acceptingg character, we investigated in the next step whether the photochemical 

behaviourr of 12+ could be controlled by an externally applied electronic bias. In order to 

properlyy address the effect of this external stimulus, the photoreactions of the clusters 1"+ and 

1*++ were studied in coordinating MeCN, the radical cation having the viologen moiety one-

electron-reducedd prior to photoexcitation. 

Redox-conn trolled photochemistry of cluster  12+ in coordinating MeCN 

Thee photoreactivity of 1"+ in strongly coordinating MeCN was studied by nanosecond 

transientt absorption (ns TA) spectroscopy. Different from acetone, the TA spectra obtained 

afterr excitation of 12+ in MeCN did not indicate the presence of solvent-stabilized biradicals. 

Instead,, strong bleaching was observed between 400 and 600 nm due to the disappearance of 

clusterr 12+, together with fairly intense transient absorption bands at 390 nm and at about 630 

nmm already within the laser pulse. The observed transient absorptions closely resemble those 

observedd in the ps TA spectra of 12+ in acetone and are accordingly ascribed to the methyl-

viologenn radical cation (MV"+). This assignment implies that irradiation of 1 + in MeCN 

resultss in the transfer of an electron from the cluster core to the viologen moiety. On longer 

timee scales (up to 1 ms), however, no regeneration of the parent cluster was observed, the 

intensityy of the absorption bands attributed to the MV'+ moiety even having increased. As the 

latterr spectral changes most likely reflect accumulation of a long-lived photoproduct, 

continuous-wavee (CW) irradiation experiments were performed in order to get more insight 

intoo the nature of the latter species. 

Uponn continuous-wave irradiation with the 514.5 nm line of an argon-ion laser, cluster 12+ 

transformedd into a blue-coloured photoproduct, possessing IR v(CO) bands at 2137 (w), 2123 

(w),, 2083 (w), 2071 (sh), 2053 (m), 2020 (vs), 1990 (s), 1956 (w) and 1932 (w) cm'1. The IR 

v(CO)) spectral changes following this photoreaction are shown in Figure 8. It is noteworthy 

thatt the photoproduct is fairly stable at room temperature and could be formed in relatively 

highh yields (up to 85%). 
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Figuree 8. IR spectral changes accompanying photolysis of cluster 1"+ in MeCN at 293 K (Am = 514.5 

nm).. Inset: IR spectrum obtained upon photooxidation of 12+ (A) and electrochemical oxidation (B) of 

[Os3(CO)io('Pr-AcPy)]]  in a thin-layer electrochemical cell. 

Thee shift of the v(CO) bands to much larger wavenumbers compared to 1 + points to a 

significantt decrease in Jt-backbonding towards the carbonyl ligands and is consistent with the 

formall  one-electron photooxidation of the cluster core. In fact, the above v(CO) pattern 

(Figuree 8, inset A) closely resembles that obtained separately by irreversible electrochemical 

oxidationn of the related cluster [Os3(CO),o(iPr-AcPy)] in MeCN (£p>a = + 0.16 V) (Figure 8, 

insett B). Although research is in progress to assign the product(s) of the latter oxidation, a 

preliminaryy spectroelectrochemical study of a series of clusters [Os3(CO)io(a-diimine)] 

revealedd that the shift of the v(CO) bands to larger wavenumbers upon oxidation is dependent 

onn the a-diimine ligand used. Notably, reverse reduction of the oxidation product of 

[Os3(CO)io('Pr-AcPy)]]  in MeCN results in the nearly complete regeneration of the parent 

cluster.. These results indicate that upon oxidation the clusters [Os3(CO)io(a-diimine)] most 

likelyy undergo a reversible structural change, with the a-diimine ligand coordination retained. 

Basedd on the results of the continuous-wave experiments and the observation of the 

transientt bands characteristic for MV'+ in the ns TA spectra of 12+ in MeCN, the blue-

colouredd photoproduct is proposed to result from a similar electron transfer reaction as 

observedd in acetone, with one electron being transferred from the cluster core to the viologen 

moiety.. In contrast with the results in acetone, however, the photoproduct in MeCN does not 

regeneratee the parent cluster on the time scale of minutes. This clearly reflects the influence of 

thee strongly coordinating solvent that stabilizes the photooxidized cluster core, thereby 

significantlyy retarding the thermal back electron transfer. 

ff In fact, the oxidation product consists of a mixture of at least two different species, the ratio being dependent 
onn the solvent and oxidation method applied (bulk electrolysis, thin-layer electrolysis, chemical oxidation, etc.). 

i i 
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Inn order to investigate whether the electrochemical one-electron reduction of the viologen 

moietyy of 1 + is capable of switching its electron-trapping character, we focused in a next step 

onn the photochemical behaviour of the radical \'+. As CW irradiation in MeCN did not induce 

anyy significant photochemical reactivity, the photoreactions of \'+ were followed with rapid-

scann FTIR spectroscopy in the (sub)second time domain. After in situ reduction of 12+ in an 

OTTLEE cell, cluster 1"+ was irradiated with a short CW laser pulse of an argon-ion laser (488 

nm,, 300 mW, 4 s) and the IR spectral changes in the CO-stretching region were monitored on 

thee time scale of seconds to minutes. The difference IR spectra of \'+ in MeCN, measured 0-6 

ss after the laser pulse are depicted in Figure 9. 

Thee difference IR spectra recorded directly after the photoexcitation of 1"+ display 

instantaneouss bleaching of the parent v(CO) bands together with two transient bands at 1970 

(s)) and 1873 (m, br) cm"1. Both the transient absorptions and the parent bleaches decay with a 

lifetimee of ca. 6 s, upon almost complete regeneration of the parent cluster. The observed 

transientt absorption bands closely resemble those observed upon irradiation of 

[Os3(CO)io('Pr-AcPy)]]  in MeCN (see Chapter 4, part A) and are accordingly ascribed to the 

solvent-stabilizedd zwitterion ["Os(CO)4-Os(CO)4-
+Os(S)(CO)2(AcPy-MV*+)] (S = MeCN). 

Thee formation of zwitterions upon irradiation of 1*+ is indicative of a greatly diminished 

drivingg force for the oxidative quenching of the an* excited state by the reduced viologen 

moiety.. In contrast to the results for l2\ the photoinduced electron transfer to the latter unit is 

thereforee no longer feasible. Instead, one-electron reduction of the viologen unit restores the 

'original'' photochemical behaviour observed for the reference cluster [Os3(CO)io('Pr-AcPy)]. 

Thee lifetime of the zwitterion formed upon irradiation of 1'+ (6 s) is, however, significantly 

reducedd compared to that of its unsubstituted counterpart lacking the electron-accepting 

moietyy (38 s)." This difference cannot be explained by electronic reasons, as [Os3(CO)i0(a-

diimine)]]  clusters produce longer-lived zwitterions for more electron-accepting a-diimines 

(2,2'-bipyrimidine:: r= 9.0 s in MeCN) compared to stronger donors (2,2'-bipyridine: r= 5.6 s 

inn MeCN).4 In the case of 1"+ the reduced zwitterion lifetime is therefore likely due to steric 

hindrancee of the methylviologen side-arm. Most importantly, the rapid scan results show that 

thee photochemical behaviour of 1~+ changes upon the one-electron reduction of the viologen 

unitt and may indeed be controlled by applying an external potential bias. Similar changes in 

thee photochemical or photophysical behaviour upon reduction of a remote electron-acceptor 

unitt have been observed for Ru(bpy)3-acceptor dyads bearing reversibly reducible viologen27 

orr /?-quinone units. 6 For example, the quenching of the emitting 3MLCT excited state of a 

Ru(bpy)3-MV 2++ dyad, where the viologen moiety is covalently attached to the 4-position of 

onee of the bipyridine ligands, changes from oxidative to reductive upon one-electron 

reductionn of the MV* + unit."7 
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Figuree 9. Difference rapid scan IR spectra of one-electron-reduced cluster 1 + in MeCN, measured at 

timee delays of 1, 2, 4 and 6 s after the 488.0 nm laser pulse. 

Basedd on the observed differences in the photochemical behaviour of clusters 1 + and 1*+, 

thee [Os3(CO)io(a-diimine)]-viologen (donor-acceptor) dyad can be designated as a molecular 

redoxx switch. In this system the Os3/a-diimine core acts as the photoactive centre 

(chromophore),, while the methylviologen fulfill s the requirements of a bistable switching 

element,, controlled by an external stimulus. The implementation of the reversible MV  +/MV'+ 

redoxx couple into cluster 12+ may therefore allow the direction of electron transfer and the 

concomitantt structural change upon light excitation to be controlled by the state of the 

switchablee unit. In practice, both the reduced (1*+) and oxidized (12+) forms of the switch are 

stablee in MeCN but the reversibility is lost upon irradiation of 12+. Photoinduced charge-

separationn in this case results in trapping of the system in a 'locked" state, which may be 

unlockedd electrochemically (vide infra). 

Summarizingg the redox-controlled photochemistry of 12+ in MeCN (Scheme 5), irradiation 

off  the reduced form (1'+) results in splitting of an Os-Os(a-diimine) bond and ultimate 

formationn of open-structure zwitterions, which were detected by rapid scan FTIR 

spectroscopy.. As the structural change upon zwitterion formation is completely reversible, the 

read-outt of the reduced state is non-destructive and completely regenerates cluster 1"+. Upon 

irradiationn of the oxidized form (12+) rapid electron transfer to the remote viologen site is 

observed,, resulting in photooxidation of the cluster core. Notably, the latter process shows 

closee correspondence with the irreversible electrochemical oxidation of [Os3(CO)i0('Pr-

AcPy)].. Indeed, the formation of the charge-separated photoproduct does not result in thermal 

regenerationn of the parent cluster. However, as back reduction of the electrochemically 

oxidizedd product at a more negative potential results in nearly complete regeneration of the 

parentt cluster (vide supra), the structural change upon irradiation of 12+ is also expected to be 
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chemicallyy reversible. By applying an external potential in between the back reduction of the 

oxidizedd cluster core and the oxidation of MV + (Oi) (see Figure 5), the complete recovery of 

11 + may be established via electrode-mediated back electron transfer. In this way, the redox 

switchh may be reset to its original state. 

Schemee 5. Redox-controlled photochemistry of cluster l 2' in MeCN (Sv). 

++ e 
MV MV 

MV MV 

MV MV 

MV MV 

secondaryy products 

Thee thermally irreversible photoreaction upon irradiation of 12+ in MeCN makes the latter 

solvent,, however, less attractive for the clear-cut application of the Os3/a-diimine-viologen 

dyadd as a reversible redox switch. Strongly coordinating MeCN was initially selected for this 

studyy as the zwitterionic photoproducts formed upon irradiation of 1'+ in this solvent are 

easilyy detectable by rapid scan FTIR spectroscopy. In contrast to the results in MeCN, 

irradiationn of 1 + in acetone gives rise to a fast and reversible electron-transfer reaction (vide 

supra).supra). Experiments are therefore in progress to prove the stability of one-electron-reduced 

1'++ also in the latter solvent. If true, irradiation of 1'+ in acetone wil l result in the formation of 

solvent-stabilizedd biradicals, detectable by nanosecond transient absorption spectroscopy. As 

thee latter biradicals are known to regenerate the parent cluster (see Part B), the use of acetone 

ass a solvent may result in completely reversible photochemistry for both the oxidized and 

reducedd forms of the molecular switch. 
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4C.55 Conclusions 

Transientt absorption and time-resolved IR spectroscopies on the picosecond time scale 

documentt that irradiation of cluster 12+ in acetone results in the formation of a charge-

separatedd (CS) state with an electron transferred from the cluster core to the remote viologen 

unit.. The CS state proved to be populated via fast (4.4 x 10" s"1) and efficient (> 92%) 

oxidativee quenching of the initially populated on* excited state and decays bi-exponentially, 

uponn nearly complete regeneration of the parent cluster, with lifetimes of 43 and 180 

picosecondss (3:2 ratio). 

Thee direction of the electron transfer and the concomitant structural change upon light 

excitationn can be controlled by the redox state of the viologen moiety. Irradiation of 12+ in 

acetonitrilee results in the formation of a stable photoproduct via a similar electron transfer 

processs as studied in acetone. One-electron reduction of the viologen unit then reduces its 

electron-acceptingg character to such an extent that the photoinduced electron transfer to the 

latterr unit is no longer feasible. Instead, irradiation of 1"+ results in the formation of 

zwitterions,, the common photoproducts for the clusters [Os3(CO)io(a-diimine)] in strongly 

coordinatingg solvents. 

Inn general, the thorough understanding of the electron transfer reactions of the cluster 

[Os3(CO)io('Pr-AcPy)]]  has allowed us to realize a purpose-designed [Os3(CO)io(a-diimine)]-

MV2++ (donor-acceptor) dyad that, consistent with its photochemical behaviour in MeCN, can 

bee designated as a molecular redox switch. The principle of controlling the direction of 

electronn transfer by the redox state of the switchable element may be extended, allowing 

selectivee communication between the chromophore with two different acceptor termini. The 

creationn of such (supra)molecular systems capable of signal generation and selective transfer 

iss not only challenging but may also find important applications in the field of molecular 

nanoelectronics. . 
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5.11 Abstract 

Thee bonding, photochemical and electrochemical properties of the clusters [Ru3(CO)8(u-

CO)2(a-diimine)]]  are shown in this study to be strongly influenced by the presence of 

bridgingg carbonyl ligands. Resonance Raman spectra together with theoretical (TD-DFT) 

calculationss document that irradiation into the intense, non-solvatochromic absorption band at 

4711 nm initially results in the optical population of a o~(Ru3)ji*(a-diimine) excited state. From 

thiss state, fast decay takes place to the lower-lying, optically hardly directly accessible lowest 

excitedd state. According to the TD-DFT results and picosecond time-resolved infrared (ps 

TRIR)) spectra the latter state has ^(Ru/u-CO)Tt*(a-diimine) character. The involvement of 

thee bridging carbonyl ligands in this latter excited state increases the energetic barrier for the 

formationn of open-structure photoproducts such as biradicals and zwitterions. Zwitterions 

weree therefore only obtained in strongly coordinating media such as pyridine at 250 K, while 

thee formation of a minor amount of biradicals was revealed by the detection of spin-trapped 

radicalss with EPR and from ps TRIR spectra of [Ru3(CO)8(u-CO)2(dmb)] (dmb = 4,4'-

dimethyl-2,2'-bipyridine).. The radical anions produced upon one-electron reduction of the 

clusterss [Ru3(CO)8(u-CO)2(a-diimine)] are sufficiently stable to be observed at low 

temperaturee with cyclic voltammetry and IR-spectroelectrochemistry (for a-diimine = 2,2'-

bipyrimidine),, mainly due to the stabilization of the Ru-Ru(ot-diimine) bonds by the bridging 

carbonyll  ligands. In contrast to the rather stable radical anions, the open-triangle products 

formedd along the reduction path are far more reactive than their triosmium analogues. 

5.22 Introductio n 

Thee large synthetic versatility of triruthenium and triosmium carbonyl clusters has placed 

themm among the most frequently studied compounds in the field of cluster chemistry.1 

Whereass thermal activation of these systems usually requires rather harsh conditions (elevated 

temperaturee and/or pressure) that often cause undesired side-reactions, their photo- and/or 

electrochemicall  activation may provide alternative pathways for selective product formation 

underr mild conditions." The rich photochemistry of the unsubstituted carbonyl clusters 

[M3(CO)i2]]  (M = Ru, Os) has been studied most extensively over the last decades.2"12 As 

describedd in Chapter 3, irradiation into the lowest-energy absorption bands of these clusters 

resultss in the formation of the transient open-structure clusters [M3(CO)n(u-CO)].4, '° More 

recently,, in our laboratory much attention has been devoted to the photochemical and redox 

activationn of the substituted clusters [Os3(CO)i0(a-diimine)], which has led to the discovery 

off  a variety of biradical, zwitterionic, radical anionic and dianionic open-structure 

intermediates,, formed upon electron-transfer-induced cleavage of an Os-Os(a-diimine) 

bond.13"177 These intermediates are of great interest because of their potential to selectively 
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bindd and activate organic substrates. In this regard, introduction of different chelating ligands 

suchh as 1,3-dienes18 and 4,4',5,5'-tetramethyl-2,2'-biphosphinine19 led to pronounced changes 

inn the photo- and electrochemical behaviour compared to [Os3(CO)i2] and [Os3(CO)i0(a-

diimine)].. However, since only limited efforts have been devoted to unravel the influence of 

thee metal core composition on the photo- and redox reactivity of these substituted carbonyl 

clusters,, we extended our investigations to a-diimine-substituted mixed Ru/Os clusters. These 

clusterss are expected to combine the intrinsic properties that both metals have in the 

correspondingg homometallic clusters. Such an investigation of the heteronuclear clusters 

should,, however, be preceeded by a thorough study of the bonding properties, photochemistry 

andd redox behaviour of the a-diimine-substituted homonuclear analogues. 

Figuree 1. Schematic structures of the clusters [Ru3(CO)8(u-CO)2(a-diimine)] and the a-diimine 
ligandss used in this study. 

Withh this in mind, we studied the photo- and electrochemical reactivity of the clusters 

[Ru3(CO)8(u-CO)2(a-diimine)],, whose structure with a-diimine = 2,2'-bipyridine (bpy) (1), 

4,4'-dimethyl-2,2'-bipyridinee (dmb) (2) and 2,2'-bipyrimidine (bpym) (3) is schematically 

depictedd in Figure 1. Apart from our interest in these clusters as reference compounds for the 

Ru/Oss mixed-metal clusters described in Chapter 6, they were also found to act effectively as 

catalystt precursors for the electrocatalytic reduction of C02.
2° This behaviour is in line with 

thee aim of our studies to investigate the activation of small molecules and unsaturated 

hydrocarbonss by transiton metal clusters. The most interesting feature of [Ru3(CO)8(u-

CO)2(a-diimine)]]  is the presence of two bridging carbonyl ligands, with implications for the 
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bondingg properties and photo- and electrochemical reactivity of these complexes. In order to 

evaluatee this influence, the clusters [Os3(CO)i0(a-diimine)] (a-diimine = bpy, bpym) were 

chosenn as proper references, both because of the presence of exclusively terminal CO ligands 

inn these compounds and because of the good insight obtained into their photo- and 

electrochemicall  reactivity. Finally, DFT (ADF/BP) and time-dependent DFT calculations on 

[Ru3(CO)s(n-CO)2(bpy)]]  were conducted in order to support and discuss the experimental 

results. . 

5.33 Experimental section 

Materialss and preparations. Solvents of analytical grade (Acros: acetonitrile (MeCN), butyronitrile 

(nPrCN),, dichloromethane <CH2CI2), diethylether (Et20), dimethoxyethane (DME), hexane, pentane, 

tetrahydrofurann (THF), toluene) or spectroscopic grade (Janssen: 2-MeTHF) were freshly distilled 

fromm sodium wire (Et20, DME, hexane, pentane, toluene, 2-MeTHF), sodium/benzophenone (THF) or 

CaH22 (MeCN, "PrCN, CH2C12) under an atmosphere of dry N2. [Ru3(CO)12] (Strem Chemicals), 2,2'-

bipyridinee (Merck), 4,4'-dimethyl-2,2'-bipyridine (Fluka), 2,2'-bipyrimidine (Alfa) and ferrocene 

(BDH)) were used as received. Trimethylamine-TV-oxide, Me3NO-2H20 (Alfa), was dehydrated before 

usee by vacuum sublimation. The supporting electrolyte Bu4NPF6 (Aldrich) was recrystallized twice 

fromm ethanol and dried in vacuo at 350 K overnight. Silica 60 (70-230 mesh, Merck) and neutral 

aluminiumm oxide 90 (70-230 mesh, Merck) for column chromatography were activated by heating in 

vacuovacuo at 450 K. overnight and stored under N2. The reducing agent [Fe'(Cp)(C6Me6)] (Cp = C5H5) was 

preparedd by reduction of [Fell(Cp)(C6Me6)]PF6 with 1% Na/Hg in DME according to a literature 

procedure.21 1 

Syntheticc procedures. All syntheses were performed under an atmosphere of dry N2, using standard 

Schlenkk techniques. 

Synthesess of |Ru3(CO)8(p.-CO)2(bpy)] (1) and [Ru3(CO)g(u-CO)2(dmb)l (2). Cluster 1 was 

preparedd according to a literature procedure22 and purified by column chromatography (activated 

aluminiumm oxide, hexane/CH2CI2 gradient elution). Cluster 2 was prepared by the same procedure and 

assignedd by analogy with 1. Both products were obtained as deep red powders in 70-80% yield. 

[Ru3(CO)8(n-CO)2(bpy)|:: 'H NMR (CDC13) (for numbering scheme see Figure 1): 5 9.95 (d, 3J = 5 

Hz,, 2H, Hft), 8.29 (d, V = 8.1 Hz, 2H, H3), 8.07 (dd, V = 8 Hz, V= 7.5 Hz, 2H, H4), 7.74 (dd, V= 7.5 

Hz,, V=5Hz, 2H,H5). 

[Ru3(CO)8(u-CO)2(dmb)]:: 'H NMR (CDC13): 5 9.73 (d, V = 5.7 Hz, 2H, H6), 8.07 (s, 2H, H3), 7.51 

(d,, V = 5.7 Hz, 2H, H5), 2.63 (s, 6H, CH3). 

Synthesiss of |Ru3(CO)8(u,-CO)2(bpym)] (3). The synthesis of cluster 3 has already been reported by 

Cabezaa et air who characterized it merely by microanalysis and IR spectroscopy (Nujol) owing to its 
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highh insolubility in common organic solvents. Here we present a new synthetic procedure, resulting in 

aa product which could be characterized by 'H NMR and IR spectroscopies and mass spectrometry. 

AA solution of Me3NO (82.0 mg, 1.08 mmol) in 15 ml CH2C12 was added dropwise to a cooled 

solutionn (200 K) of [Ru3(CO)12] (300 mg, 0.47 mmol) and bpym (96.4 mg, 0.61 mmol) in 150 ml 

CH2C12.. Next, the mixture was stirred for 2.5 h while warming up to room temperature. When almost 

alll  (> 90 %) [RUJ(CO)I2] was consumed, the solution was filtered over a short column of activated 

aluminiumm oxide. After evaporation of the solvent in vacuo, the product was purified by column 

chromatographyy (activated aluminium oxide, hexane/CH2Cl2 gradient elution). The product was 

obtainedd as a purple powder in 30% yield. Depending on the dryness of Me3NO, extra equivalents 

mayy be necessary to drive the reaction to completion. 'H NMR (CDC13): Ö 10.14 (dd, 3J= 5.7 Hz, 4J = 

2.44 Hz, 2H, H6), 9.24 (dd, V = 4.5 Hz, V = 2.4 Hz, 2H, H4), 7.85 (dd, V = 5.4 Hz, V = 4.8 Hz, 2H, 

H5);; FAB+ MS (m/z): 742.71 [M] + (calculated 742.72), [M] +- nCO (n = 1-9). 

Synthesess of [Ru(CO)2(dmb)(I)2] and [Ru2(CO)4(n-bpym)(I) 4]. [Ru(CO)2(dmb)(l)2] was 

synthesizedd according to a literature procedure.24 Applying this procedure for the synthesis of its bpym 

analoguee resulted instead in the formation of the dinuclear complex [Ru2(CO)4(u-bpym)(I)4] with a 

bridgingg bpym ligand.25 [Ru2(CO)4(u.-bpym)(I)4] was prepared by suspending a mixture of 

[Ru(CO)2(I)2(MeCN)2]]  (1.055 g, 2.14 mmol) and bpym (375 mg, 2.37 mmol) in 50 ml Et20 and 

heatingg it to reflux for 30 minutes. Next, the reaction mixture was cooled down to room temperature 

andd the residue was filtered off (G3 glass filter), washed with pentane and dried in vacuo to yield the 

productt as a yellow powder in ca. 45% yield. 

[Ru(CO)2(dmb)(I)2J::  IR v(CO) (THF): 2048 (vs), 1989 (vs) cm'1; 'H NMR (CH2C12): 5 8.94 (d, 3J = 

5.88 Hz, 2H, H6), 8.07 (s, 2H, H3), 7.44 (d, V = 5.5 Hz, 2H, H5), 2.62 (s, 6H, CH3). 

[Ru2(CO)4(u-bpym)(I)4]::  IR v(CO) (THF): 2056 (vs), 2001 (vs) cm"1; 'H NMR (CH2C12): 5 9.24 (d, 

VV = 15 Hz, 4H, H4/6), 7.75 (t, 3J = 4.8 Hz, 2H, H5). 

Spectroscopicc measurements. FT-IR spectra were recorded on Bio-Rad FTS-7 and Bio-Rad FTS-

60AA spectrometers (16 scans at 2 cm"1 resolution), the latter being equipped with a dual-source Digital 

Modell  896 interferometer and a nitrogen-cooled MCT detector. The sample compartment of the Bio-

Radd FTS-60A spectrometer was modified to allow in situ laser irradiation into a thermostated cell. 

Electronicc absorption spectra were recorded on a Hewlett-Packard 8453 diode-array 

spectrophotometer.. 'H NMR spectra were recorded on a Bruker AMX 300 (300.13 MHz for 'H) 

spectrometerr and EPR spectra on a Varian Century E-104A spectrometer. EPR g-values were 

determinedd using 2,2'-diphenyl-l-picrylhydrazyl (DPPH, Aldrich) as an external standard (g = 

2.0037).. Linewidths and hyperfine splitting constants were derived from simulated spectra generated 

withh PEST Winsim (version 0.96). Mass spectra were collected on a JEOL JMS SX/SX102A four-

sectorr mass spectrometer. Resonance Raman measurements were performed using a Dilor Modular 

XYY spectrometer equipped with a Wright Instruments CCD detector. The solutions of the clusters in 

CH2C122 were placed in a spinning cell. The resonance Raman spectra were obtained at room 
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temperaturee by excitation with the 457.9, 476.5, 488.0 and 514.5 nm lines of a Spectra Physics Model 

2040EE argon-ion laser. 

Photochemistry.. The 488.0 nm line of a Spectra Physics Model 2016 argon-ion laser was used for the 

continuous-wavee irradiation experiments. All photochemical samples were prepared under a nitrogen 

atmosphere,, using standard inert-gas techniques, and typically lO^-lO"4 mol dm"3 cluster 

concentrations.. Low-temperature IR and UV-vis measurements were performed using an Oxford 

Instrumentss DN 1704/54 liquid nitrogen-cooled cryostat with CaFi and quartz windows. 

Nanosecondd transient absorption (ns TA) spectra were obtained by irradiating the samples with 2 

nss pulses of the 470 nm line (typically 5 mJ pulse ') of a tunable (420-710 nm) Coherent Infinity XPO 

laser.. Picosecond transient absorption (ps TA) spectra were recorded using the set-up installed at the 

Universityy of Amsterdam.26 Part of the 800 nm output of a Ti-sapphire regenerative amplifier (1 kHz, 

1300 fs, 1 mJ) was focussed into a H?0 flow-through cell (10 mm; Hellma) to generate white light. The 

residuall  part of the 800 nm fundamental was used to provide 505 nm (fourth harmonic of the 2020 

OPAA idler beam) excitation pulses with a general output of 5 uJ pulse'. The picosecond time-resolved 

infraredd (ps TRIR) experiments were carried out at the Central Laser Facility of the Rutherford 

Appletonn Laboratory.27 In this case, part of the 800 nm output of a Ti-sapphire regenerative amplifier 

(11 kHz, 150 fs, 2 mJ) was used to provide 500 nm pulses for excitation of the sample. Further 

experimentall  details of the time-resolved absorption and IR set-ups are described in Chapter 2. 

Electrochemistry.. Cyclic voltammograms (CV) of approximately 10" M parent clusters in 10" M 

Bu4NPF66 electrolyte solution were recorded with the set-up described in Chapter 2. IR and UV-vis 

spectroelectrochemicalspectroelectrochemical measurements were performed in previously described optically transparent 

thin-layerr electrochemical (OTTLE) cells. ' ~ 

Computationall  details. All density functional calculations were carried out with the Amsterdam 

Densityy Functional (ADF2000) programme. The computational details are described in Chapter 2. Full 

geometryy optimizations were performed without any symmetry constraints on models based on the 

availablee crystal structures. ~' 

5.44 Results 

Spectroscopicc Properties 

UV-vi ss spectra. The electronic absorption spectra of the studied clusters [Ru3(CO)«(|u-

CO)2(a-diimine)]]  (1-3) in the 300-700 nm region are depicted in Figure 2. The corresponding 

absorptionn maxima are collected in Table 1. All three clusters show a broad, unresolved band 

inn the visible region, with a negligible solvatochromic shift in solvents of different polarity 

(seee Table 1). Decreasing the energy of the lowest n* orbital of the cc-diimine ligand on going 

fromm dmb to bpy and bpym does also not result in a shift of the lowest-energy absorption 

band. . 
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Figuree 2. UV-vis absorption spectra of the studied clusters [Ru3(CO)8(u-CO)2(a-diimine)] in THF at 

2933 K: 1 = (---), 2 = (—), 3 = ( ). 

Tablee 1. UV-vis absorption maxima of the clusters [Ru3(CO)8(u-CO)?(a-diimine)] in different 

solvents. . 

Cluster r 

[Ru3(CO)8(p.-CO)2(bpy)]]  1 

[Ru3(CO)8(n-CO)2(dmb)]]  2 

rRu3(CO)8(n-CO)2(bpym)ll  3 

toluene e 

3100 sh, 473 

3100 sh, 471 

3744 sh, 476 

Mnml(e[M-'cm-'l) ) 

THF F 

3122 sh, 388 sh, 471 (6650) 

3100 sh, 388 sh, 471 (6450) 

3022 sh, 376 sh, 473 (6750) 

acetonitrile e 

3111 sh, 388 sh, 472 

3100 sh, 385 sh, 472 

3022 sh, 376 sh, 473 

Resonancee Raman Spectra. Analysis of resonance Raman (rR) spectra is a valuable tool to 

assignn electronic transitions, as only those vibrations become enhanced in intensity that 

vibronicallyy couple to the electron transfer. The main rR bands of clusters 1 and 3 in the 

regionn 2100-200 cm"1 are collected in Table 2. Figure 3 represents the rR spectrum of cluster 

11 in CH2CI2 obtained by excitation with 476.5 nm light. 

Tablee 2. Main bands in the rR spectra of clusters 1 and 3." 

Clusterr Raman frequencies [cm"1] 

[Ru3(CO)8(u-CO)2(bpy)]]  1 2075, 1603, 1562, 1491, 1315, 1285, 1173, 1020, 591, 571, 

540,492,436,356,221 1 

rRu3(CO)8(tr-CO)2(bpym)]]  3 2071, 1573, 1545, 1460, 1199, 1011,568,538,492,222 
aCH2Cl2,, T= 293 K, / U = 476.5 nm. 

Thee rR spectra of both clusters show strong resonance enhancement for the a-diimine 

stretchingg modes between 1600 and 1000 cm"' and a medium rR effect for the fully 

symmetricc vs(CO) mode around 2075 cm '. Importantly, several bands in the 600-220 cm" 
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region,, which belong to symmetric metal-carbon stretching modes and skeletal vibrations,31 

alsoo show distinct rR effects. Apparently, the metal core also participates in the allowed 

lowest-energyy electronic transition. 

'tn 'tn 
C C 
S3 3 
c c 
CD D 

E E 
CD D 

20002000 1750 1500 1250 1000 750 500 250 

WavenumbersWavenumbers (cm1) 

Figuree 3. Resonance Raman spectrum of cluster 1 in CH2CI2 at 293 K (/̂ .xc= 476.5 nm). Asterisks (*) 

denotee Raman bands of the solvent. 

Photochemistry y 

Irradiationn into the lowest-energy absorption band of [Ru3(CO)8(|^-CO)2(a-diimine)] at 

roomm temperature in THF, acetonitrile and CH2CI2 did not induce any significant 

photochemicall  reaction. Only in pyridine a photoproduct was observed, although in this case 

alsoo a secondary thermal reaction occurred. In order to decide whether the negligible 

photoreactivityy in the former, less basic solvents is caused by the inertness of the excited state 

orr by a rapid and complete backreaction of transients to the parent cluster, photoreactions of 

[Ru3(CO)8(u-CO)2(a-diimine)]]  were followed with time-resolved UV-vis and IR 

spectroscopiess on the (sub)picosecond to nanosecond time scale. In addition, photoreactivity 

studiess were also performed at low temperatures and in the presence of B^NBr and a radical 

scavenger. . 

(a)) Time-resolved UV-vis spectroscopy. Transient absorption (TA) spectra in the 

nanosecondd time-domain were obtained by irradiation of clusters 2 and 3 by the 470 nm line 

off  a tuneable Coherent Infinity XPO laser. Both in coordinating (acetonitrile, 2-MeTHF) and 

non-coordinatingg (toluene) solvents, the recorded spectra did not reveal any transient 

absorptionn bands or bleaching of the parent cluster. In order to stabilize and detect the excited 

statee and possible photoproducts, TA spectra of cluster 2 were also recorded in a 2-MeTHF 

glasss at 133 K.. The TA spectrum at ti = 20 ns reveals a strong bleaching around 377 and 468 

nmm due to the disappearance of 2, and transient absorptions at 413 and 600 nm. The latter 

absorptionn band is tailing to the long wavelength region, which is characteristic for cc-diimine 

128 8 

W w * * * * * *s«'.wir> > LULL—J J v̂  ^ 



Photo-Photo- and Electrochemistry of the Clusters [Ru3(CO)s(^-CO)2(a-diimine)] 

complexess in their metal-to-a-diimine excited states and for a-diimine radical anions, 

providedd the a-diimine bears at least one heteroaromatic group.15'35,36 On longer time scales 

(upp to 1 p.s) the transient species only partially regenerates the parent cluster. As for 1 and 3 

onn the picosecond time scale {vide infra), the incomplete recovery of cluster 2 in the 

nanosecondd time domain at low temperature is ascribed to photodecomposition processes. 

Thiss is inferred from the observation that no recovery of the parent cluster is observed even 

upp to 1 ms, and from the steady-state UV-vis spectra taken directly after the ns TA 

measurements.. Integration and mono-exponential fitting of the transient absorption band at 

6000 nm resulted in a transient lifetime of 406  25 ns at 133 K. 

Inn order to observe and characterize the excited state at room temperature and to determine 

itss kinetics, picosecond transient absorption (ps TA) spectra were recorded for cluster 1 in 

THFF and for cluster 3 in THF and MeCN. The ps TA spectra were obtained by excitation at 

5055 nm and spectral changes were monitored in the wavelength region 510-700 nm. For both 

clusterss the TA spectra at fd = 1 ps show a transient absorption with a maximum at about 560 

nm,, its shape and position being very similar to the transient absorption band observed in the 

2-MeTHFF glass {vide supra). The transient absorption decays within 40 ps to ca. 50% of its 

initiall  intensity. After this interval no further spectral changes follow on the picosecond time 

scale.. Steady-state UV-vis spectra of the samples, taken directly after the ps TA 

measurements,, show extensive photodecomposition. Most probably, this photodecomposition 

iss caused by a two-photon absorption process, since no photoreaction was observed at room 

temperaturee on the ns time scale and upon continuous-wave irradiation. The photolability of 

bothh clusters under the applied experimental conditions prevented the accurate determination 

off  the excited-state lifetime. In order to eliminate the effect of the photodecomposition, a 

flow-throughh cell was used to measure the excited-state kinetics of cluster 2 in CH2CI2 and to 

determinee the excited-state lifetime of 42.9  2.1 ps. In this case almost complete regeneration 

off  the parent cluster was observed. 

(b)) Picosecond time-resolved infrared (ps TRIR) spectroscopy. The transient UV-vis 

spectraa provide only limited information about the nature of the excited state and the structure 

off  possible photoproducts. For this reason we studied the primary events after the 

photoexcitationn also with picosecond time-resolved infrared (ps TRIR) spectroscopy. The ps 

TRIRR spectra were recorded for cluster 2 in CH2Cb at several pump-probe delays between 0 

andd 500 ps after excitation at 500 nm. Figure 4a shows representative difference absorption 

spectraa at seven selected time delays. 

Afterr excitation, the initial spectra display instantaneous bleaching of the parent v(CO) 

bandss superimposed on a broad, unresolved transient absorption due to the excited state of 2. 

Inn addition, a broad transient absorption band due to bridging carbonyl(s) appears 

instantaneouslyy at 1778 cm"1 (inset). This band is shifted to higher frequency by ca. 35 cm"1 
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comparedd to the corresponding ground-state IR band. Within the first few picoseconds the 

broadd absorption in the terminal carbonyl region slightly shifts to higher frequency. This shift 

iss attributed to early relaxation processes (cooling or solvation) associated with the decay of 

low-frequencyy M-C stretching and M-C-0 bending vibrational modes populated upon 

excitation.37"40 0 

21002100 2050 2000 1950 1900 

WavenumbersWavenumbers (cm') 

00 50 100 150 200 

f„„  (PS) 

Figuree 4. (a) Difference ps TRIR spectra ofcluster2 in CH2Cl2 at 2 (•), 10 (o), 20 (A), 30 (0), 50 (•), 

800 (V) and 500 (+) ps after 500 nm excitation (ca. 150 fs FWHM, 5 uJ pulse"'). The arrows indicate 

thee shift of the band maxima with increasing time delay following excitation, (b) Kinetic trace 

representingg the decay of the 1778 cm"' band. 

Uponn further decay (< 50 ps) distinct transient absorption bands arise at 2021 and 1976 

cm"" , which are attributed to a photoproduct formed from the excited state. At longer time 

delayss (up to 200 ps) the v(u-CO) band at 1778 cm"1 decays together with the initially 

observedd transient in the terminal v(CO) region. During this decay also the parent bleaches 

fadee away. At early time delays (< 50 ps) the latter process is mainly ascribed to the 

regenerationn of the cluster ground state, while at longer time delays (up to 500 ps) the 

contributionn from the increasing overlap with the photoproduct v(CO) bands dominates. At tA 
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==  500 ps after the laser pulse the initial transient absorption completely disappeared. The 

presencee of small remaining bands at 2077 (w), 2053 (vw), 2021 (s), 2011 (m, sh), 1976 (m) 

andd 1962 (vw) cm"1 points to the formation of a long-lived photoproduct. As the difference IR 

spectrumm at fd = 500 ps strongly resembles that of the photogenerated biradical [*Os(CO)4-

Os(CO)4-+Os(CO)2('Pr-AcPy)'' ] in 2-ClBu at td = 40 ns,n the long-lived photoproduct is 

proposedd to be the open-structure biradical ['Ru(CO)4-Ru(CO)4-+Ru(CO)2(dmb)' ]. 

Duee to the strong overlap of the parent bleaches with the v(CO) bands of the excited state 

inn the terminal v(CO) region, the well-separated transient v(u-CO) band at 1778 cm" was 

selectedd for a Gaussian curve fitting. The latter band and the corresponding parent bleach 

weree modelled as the sum of two overlapping Gaussian curves. Spectral fitting, while fixing 

thee positions and widths of both bands, allowed the determination of the peak areas. A plot of 

thee peak area of the 1778 cm"1 band against time for each time delay reveals a bi-exponential 

behaviourr with lifetimes of 3.5  1.4 ps and 45.5  7.8 ps (Figure 4b). In agreement with the 

expectedd sharpening of the v(u-CO) band at short time delays, the fast process is assigned to 

earlyy relaxation processes (cooling or solvation) associated with the decay of low-frequency 

modes.. The second, much longer lifetime is in good agreement with the value derived from 

thee ps TA experiments (42.9 ps, vide supra) and is assigned to the decay of the excited state. 

(c)) Low-temperature photoreactions. Upon photolysis in pyridine at 253 K, clusters 1 and 3 

transformm into photoproducts denoted lzw(py) and S^py), respectively. Their IR data are 

collectedd in Table 3. The IR and UV-vis spectral changes accompanying this photoreaction in 

thee case of cluster 1 are shown in Figure 5. 

Tablee 3. CO-stretching frequencies of the clusters [Ru3(CO)K(u-CO)2(a-diimine)] and their 

photoproductss in various media at 293 K (unless stated otherwise). 

Cluster/Productt Medium v(CO) [cm '] 

11 CH2C12 2075 (m), 2032 (s), 1993 (vs), 1969 (sh), 1743 (w, br) 

l™(py)) Pyridine" 2065 (w), 1990 (vs), 1976 (vs), 1970 (vs), 1929 (w, 

sh),, 1900 (w,sh), 1884 (m) 

22 CH2C12 2074 (m), 2031 (s), 1991 (vs), 1967 (sh), 1741 (w, br) 

2 ^ ( 8 00 THF/Bu4NBr 2051 (w), 2013 (m), 1989 (m), 1957 (s), 1937 (vs), 

1880(m) ) 

2r a(BOO nPrCN/Bu4NBr 2058 (w), 2015 (m), 1994 (m), 1958 (s), 1938 (vs), 

18788 (m) 

33 CH2C12 2079 (m), 2037 (s), 1998 (vs), 1973 (sh), 1746 (w, br) 

3z«(py)) Pyridine11 2065 (w), 2012 (m), 1989 (vs,sh), 1976 (vs), 1970 

(vs,sh),, 1928 (m,sh), 1907 (m,sh), 1889 (m) 
ar=253K. . 
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WavelengthWavelength (nm) 

Figuree 5. IR (a) and UV-vis (b) spectral changes accompanying photolysis of cluster 1 in pyridine at 

2533 K (Xexc = 488 nm). Inset: IR spectrum of zwitterion lz„(py). 

Bothh photoproducts are only present in rather low yields (lzw(py): 40%; 3zw(py): 30%) due 

too their thermal and photochemical instability. Formation of l2„(py) leads to a diminished 

UV-viss absorption at 470 nm and the appearance of a new band at 406 nm, tailing to 650 nm. 

Inn contrast to the experiments in pyridine, continuous-wave irradiation of 1 and 3 in THF (213 

K)) and acetonitrile (243 K) results in negligible IR spectral changes. This behaviour 

demonstratess a strong influence of the coordinating ability of the solvent on the 

photochemistryy of 1 and 3. Consistent with the experimental conditions required for their 

formationn and with their IR v(CO) patterns (Table 3) resembling those of the solvent-

stabilizedd zwitterions photogenerated from [Os3(CO)i0(a-diimine)] (a-diimine = bpy, 

bpym),177 photoproducts 1zw(py) and 3z„(py) are assigned as the open-structure zwitterions 

rRu(CO)4-Ru(CO)4-
+Ru(S)(CO)2(a-diimine)]]  (S = pyridine). Attempts to further 

characterizee these photoproducts by 'H NMR spectroscopy were unsuccessful. 
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(d)) Photoreactions in the presence of nitrosodurene and B114NB1-. The presence of any 

radicall  intermediate along the photoreaction pathway of cluster 2 in THF and toluene was 

investigatedd by EPR spectroscopy in the presence of the radical scavenger nitrosodurene. 

Uponn irradiation at room temperature, stable radicals were observed that correspond to 

nitrosodurenee spin adducts, as unambiguously revealed by their characteristic "high" g-values 

off  2.0073 (THF) and 2.0069 (toluene) and by hyperfine splitting (hfs) due to one 14N nucleus 

(1=1,(1=1, 99.63%; aN = 15.5  0.1 G). These data are consistent with the localization of an odd 

electronn in the lowest 7t*(NO) orbital of the spin trap. Irradiation of the toluene solution in the 

presencee of a radical scavenger at 233 K did not produce any EPR signal. Most likely the 

energeticc barrier for homolytic splitting of the Ru-Ru(a-diimine) bond and concomitant 

formationn of biradicals cannot be overcome at this temperature. In essence, nitrosodurene can 

trapp only one odd electron in the biradical photoproduct (vide supra). We assume that this 

electronn initially resides in the n;*(a-diimine) orbital of the {+Ru(CO)2(cc-diimine)' }  moiety. 

Inn fact, the observed EPR signal by itself does not unambiguously prove the existence of 

photogeneratedd biradicals, since nitrosodurene spin adducts can also be formed via electron 

transferr from the strongly reducing dmb ligand in the excited state. The observation of a small 

amountt of the open-structure biradicals ['Ru(CO)4-Ru(CO)4-+Ru(CO)2(dmb)""] in the ps TRIR 

spectraa of 2, however, does not agree with this latter pathway. Photoexcitation of 2 in the 

presencee of Bu^NBr results in the formation of photoproduct 2zw(Br~) that exhibits an IR 

v(CO)) pattern very similar to those of lzw(py) and 3zw(py) formed in pyridine at 253 K. 

Accordingly,, product 2ra(Br") is assigned to the anion [~Ru(CO)4-Ru(CO)4-

Ru(Br)(CO)2(dmb)].. It is noteworthy that 2zw(BO is considerably more stable at room 

temperaturee than lzw(py) and 3zyk(py) and can be formed in high yield (up to 85% in THF and 

BuCN).. In comparison with l^py) , the highest-lying v(CO) band, which is ascribed to the 

{ +Ru(L)(CO)2(a-diimine)}}  (L = pyridine or Br ) moiety, is shifted to lower frequency in 

2zw(Br~),, reflecting the difference between pyridine and the negatively charged bromide ion. 

Formationn of 2zw(Br  ) is accompanied by similar UV-vis spectral changes as observed for 

Izw(py),, although the absorption bands for I^jB r ) are slightly shifted to higher energy (370 

(sh)) and 586 nm for 2zw(Br~) vs. 406 and 600 nm for l^py)) . 

Electrochemistry y 

AA combined cyclic voltammetric and IR/UV-vis spectroelectrochemical study was 

performedd in order to describe the reduction pathways of the studied clusters [Ru3(CO)x(n-

CO)2(ot-diimine)]]  and to reveal the influence of the CO bridges on the observed 

electrochemicall  reactivity. The redox potentials of clusters 1-3 and their reduction products 

aree presented in Table 4. The v(CO) wavenumbers of clusters 1-3 and their reduction products 

aree collected in Table 5. 
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Reductionn path of [Ru3(CO)8(u.-CO)2(bpym)l (3). The cyclic voltammogram of cluster 3 in 

THFF at room temperature (v = 100 mV s') shows a nearly reversible one-electron reduction at 

EEmm = - 1.57 V (cathodic peak Ri, /a/ /c = 0.9; see Figure 6a) that produces the corresponding 

radicall  anion 3'". Besides 3' , the cathodic process Ri yielded a small amount of a secondary 

product,, which will be denoted as [3b-3b]2 and be analyzed hereinafter. The latter product 

wass oxidized on the reverse anodic scan at the potential E(Oi'). 

00 -1 -2 

EE (V) vs Fc/Fc 

Figuree 6. Cyclic voltammograms of cluster 3 at T= 293 K (a) and T= 230 K (b). Conditions: 10"3 M 

clusterr in THF/10"' M NBu4PF6, Pt disk microelectrode (0.42 mm2 apparent surface area), v = 100 mV 

s-1. . 

Thee second cathodic peak R2 belongs to the subsequent electrochemically quasireversible 

one-electronn reduction of 3" to the corresponding dianion. Similar dianions are formed upon 

reductionn of the clusters [Os3(CO)i0(a-diimine)]15' 4' and undergo rapid metal-metal(a-

diimine)) bond cleavage, producing the corresponding open-structure dianions ["Os(CO)4-

Os(CO)4-Oss (CO)2(a-diimine)]2 . In analogy with the reduction pathway of 

[Os3(CO)io(bpym)],, the closed-core dianion formed upon reduction of 3" is also expected to 

transformm into the open-structure dianion [ Ru(CO)4-Ru(CO)4-Ru~(CO)2(bpym)]2~ (3b2 ), the 

latterr being oxidized on the reverse anodic scan at the potential £"(03). This assignment is in 

linee with the thin-layer cyclic voltammogram recorded during IR spectroelectrochemical 

experimentss on the clusters [Os3(CO)i0(a-diimine)].15 Apart from the oxidation of 3b2'", scan 

reversall  behind R2 resulted in a second anodic peak at less negative potential (£(03')) that 

againn is assigned to the oxidation of [3b-3b]2 . On cooling to 230 K the reduction of 3 at 

£(Ri)) became a chemically completely reversible (/a / Ic = 1) one-electron process, the 

oxidationn of [3b-3b] being no longer observed. The second cathodic step at E(R2) again 

producedd the open-structure dianion 3b2" whose oxidation at 230 K nearly coincides with the 
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oxidationn of 3*  . The cyclic voltammetric results thus reveal that radical anion 3"" is fairly 

stablee at 293 K but can only be completely stabilized at sufficiently low temperatures. 

Thee oxidation of 3 at the potential £(Om) is chemically irreversible, the back reduction of a 

secondaryy product being observed at the potential E(R'm). Further evidence for this reduction 

pathwayy and more information about the reduction products 3*  and [3b-3b] could be 

obtainedd from corresponding spectroelectrochemical experiments. 

Clusterb b 

1 1 

l c c 

rr c 

[lb-lb] 2 2 

2 2 

2C C 

rr c c 

[2b-2b]2 2 

[2b-2b]22 c 

3 3 

3C C 

3" " 

3'' c 

3b2 2 

[3b-3b]2 2 

[3b-3bl2"c c 

£o.cc rvi d 

-- 1.85 (irr) 

-- 1.82 (rev) 

-- 2.04 (irr) 

-- 1.91 (irr) 

-- 1.85 (rev) 

-2.155 (irr) 

-- 1.62 (rev) 

-- 1.59 (rev) 

-- 1.91 

-- 1.99 

A£DD [mVf 

100(100) ) 

180(100) ) 

110(100) ) 

180(100) ) 

100(100) ) 

100(100) ) 

180(100) ) 

220(100) ) 

£n.aa [Vf 

++ 0.25 (irr) 

++ 0.38 (irr) 

-- 1.34 (irr) 

++ 0.28 (irr) 

++ 0.39 (irr) 

-- 1.36 (irr) 

-- 1.18 (irr) 

++ 0.40 (irr) 

++ 0.66 (irr) 

-- 1.23 (irr) 

-- 0.95 (irr) 

-- 0.77 (irr) 
aa Conditions and definitions: 103 M solutions in THF (containing 10"' M BiuNPFfi) at 293 K, unless 

statedd otherwise; Pt disk electrode; v = 100 mV s"'; redox potentials versus Ev2 (Fc/Fc+); £p,c, cathodic 

peakk potential for reduction of parent cluster or its radical anion; £p,a, anodic peak potential for 

oxidationn of parent cluster or its reduction products; A£p, peak-to-peak separation for a redox couple. 

Assignmentss given in the main text. c T = 230 K. d Chemical reversibility and irreversibility denoted 

byy (rev) and (irr), respectively.e A£p for the Fc/Fc+ internal standard in brackets. 

Thee reduction path of cluster 3 could indeed be conveniently followed in situ by IR 

spectroscopy,, using an OTTLE cell. Reduction of 3 at room temperature produced radical 

anionn 3' with a nearly identical IR v(CO) pattern, the bands being shifted by ca. 10 cm"1 to 

smallerr wavenumbers compared to the parent cluster. This shift is attributed to the increased 

n-backdonationn from the reduced (Ru(bpym)'"}  centre towards the carbonyl ligands. The 

EPRR spectrum of 3' in THF shows a clearly resolved hyperfine splitting (hfs) pattern 
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originatingg from the interaction of the odd electron with four 14N nuclei (1=1, 99.63 %) and 

twoo 'H nuclei (I = 14, 99.99 %) (see Figure 7a). Simulation of the spectrum with a linewidth 

off  1.65 G resulted in hfs constants aN =2.30, 2.30, 2.60, 2.80 (  0.1) G and aH = 5.05, 5.15 (

0.2)) G. This result is consistent with the localization of the odd electron in the lowest-lying 

b2uu 7t*(bpym) orbital.42 

Figuree 7. EPR spectra of (a) 3""(293 K) and (b) 3a--(240 K) in THF. 

Inn the OTTLE cell, radical anion 3" converted rather slowly at room temperature to the 

transientt species [3b-3b]2', which was only observed in small amounts. The IR v(CO) pattern 

off  the latter product shows a striking similarity with those of the zwitterionic and anionic 

photoproductss rRu(CO)4-Ru(CO)4-
+Ru(S)(CO)2(a-diimine)] (S = donor solvent) and 

rRu(CO)4-Ru(CO)4-Ru(Br)(CO)2(a-diimine)]]  (lzw(py) - 2zw(Brl ) described above. The IR 

v(CO)) wavenumbers of the latter anionic photoproduct (a-diimine = dmb (2)) closely 

correspondd to those of [3b-3b]2~ (Tables 3 and 5, Figure 8). This holds in particular for the 

bandd at about 1875 cm"1 and the highest-frequency one, which mainly represent the vibrations 

off  the fRu(CO)4-Ru}  and the {+Ru(X)(CO)2(a-diimine)}  (X = Br) moieties,13 respectively. 

Thiss suggests that [3b-3b]2 and 2OT(Br") are isoelectronic. The observed frequency 

differencee of about 10 cm'1 between the two most intense v(CO) bands of [3b-3b]2~ and 

2*481-")) may arise from a structural difference between the two species.41 Based on these 

results,, complex [3b-3b]2 is assigned as the cluster dimer fRu(CO)4-Ru(CO)4-

Ru(CO)2(bpym)]2
2",, with one of the Ru-Ru(bpym) bonds in each triangle open and both units 

linkedd together via a (bpym)Ru-Ru(bpym) bond (Scheme 1). Similar cluster dimers have been 

observedd upon reduction of the clusters [Os3(CO)i0(a-diimine)] and are most likely formed 

viavia rapid nucleophilic attack of the open-structure dianion at the yet non-reduced parent 

cluster.. The requirement of only one equivalent of the reducing agent [FeI(Cp)(C6Me6)] to 

completee the transformation of cluster 1 into dimer [lb-lb] 2- (vide infra) supports this 

mechanism. . 
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2200 2200 2100 2100 20002000 1900 

WavenumbersWavenumbers (cm1) 

1800 1800 1700 1700 

Figuree 8. IR spectra of dimer [3b-3b]2 (—) (see Scheme 1) and isoelectronic photoproduct 2z„(B r  ) 

(••••)) in THF at room temperature, the latter formed in the presence of Bu4NBr. 

Tablee 5. 

Clusterb b 

IR R v(CO) ) wavenumberss of clusters 1-3 and their reduction products. 

v(CO)) ["cm-1! 

l c c 

[lb-lb]22 c 

[lb-lb]22 d 

2 2 

[2b-2b]2~ ~ 

3 3 

3" " 

3a"" e 

[3b-3b]2 2 

[3b-3b]2"e e 

42--
AA2-2- d 

207 44 (m) ,  203 0 (s) ,  199 2 (vs) ,  196 6 (sh) ,  174 5 (w ) 

204 00 (w) ,  201 8 (w) ,  196 3 (vs) ,  186 6 (m ) 

203 77 (w) ,  201 2 (w) ,  196 2 (vs) ,  186 8 (m ) 

207 22 (m) ,  202 7 (s) ,  199 3 (sh) ,  198 7 (vs) ,  196 2 (sh) ,  175 2 (w ) 

203 77 (w) ,  201 2 (w) ,  196 1 (vs) ,  186 7 (m ) 

207 66 (m) ,  203 2 (s) ,  199 4 (vs) ,  200 0 (sh) ,  197 1 (sh) ,  175 1 (w ) 

20655 (m) ,  202 4 (s) ,  199 2 (sh) ,  198 9 (vs) ,  196 3 (sh) ,  174 5 (w ) 

205 77 (m) ,  201 4 (s) ,  197 7 (vs) ,  196 0 (sh) ,  174 6 (w ) 

20455 (m) ,  201 8 (w) ,  196 7 (vs) ,  186 8 (m ) 

204 44 (m) ,  202 0 (w) ,  196 7 (vs) ,  187 1 (m ) 

19277 (s) ,  186 6 (vs ,  br ) 

19311 (s) ,  1869(vs,br ) 

Conditions:: 103 M solutions in THF (containing 0.1 M Bu4NPF6) at 293 K, unless stated otherwise; 

inin situ reduction within an IR OTTLE cell. Assignments given in the main text. 

Chemicall reduction with [Fe'(Cp)(C6Me6)] performed in DME.e T= 240 K. 

Inn "PrCN. 

Furtherr evidence for the proposed structure of cluster dimer [3b-3b]2~ is obtained from the 

fragmentationn products obtained after reduction of [3b-3b]2 (vide infra). The fact that the 

cyclicc voltammogram of 3 shows a small anodic peak due to the oxidation of [3b-3b]2~ 

alreadyy upon scan reversal beyond the cathodic peak Rj, points to a slow thermal reaction of 

3'~~ to give its open-structure isomer, instantaneously reducible to give open-structure dianion 

3b22 . The oxidation of 3b2" at E(Oi) is obviously not observed upon scan reversal beyond R| 

137 7 



ChapterChapter 5 

owingg to its rapid reaction with the starting material. In the course of the reduction, no IR 

bandss due to the formation of open-structure dianion 3b2" could be observed. This proves that 

3bb ~ is unstable on the spectroelectrochemical time scale at 293 K and readily reacts with 

parentt cluster 3 to form the dimer. Actually, also [3b-3b]2~ is unstable and converts to another 

carbonyll  product absorbing at 1927 (s) and 1866 (vs, br) cm"' (42~). The v(CO) bands of the 

latterr product closely resemble those reported for the yellow-orange dinuclear complex 

[Ru2(CO)g]
22 (1930 and 1866 cm"' in MeCN),43 indicating the fragmentation of the open-

trianglee units along the reduction pathway of [3b-3b]2". Parallel to the appearance of the 

v(CO)) bands at 1927 and 1866 cm"1, formation of a blue film at the working electrode and in 

itss vicinity was observed, which corresponds with the formation of another, poorly soluble 

product,, most likely [Ru(CO)2(bpym)]n (vide infra). 

Thee reduction of 3 at 240 K resulted in IR v(CO) spectral changes similar but not identical 

too those observed at room temperature. Again, formation of the radical anion is reflected in 

thee retention of the v(CO) pattern. Most strikingly, the shift of the v(CO) bands to smaller 

wavenumberss is significantly larger than observed at 293 K (ca. 20 cm"'). This effect has 

mostt likely its origin in a slightly different structure of the radical anion at low temperatures, 

thee latter being denoted as 3a' . EPR spectra of 3a' at 240 K (Figure 7b), however, reveal 

similarr hfs constants (linewidth: 1.84 G; aN = 2.40 (2x), 2.50 (2x) (  0.1) G; aH = 4.90 and 

5.500 G (  0.2) G), indicating the localization of the odd electron again in the bm 7t*(bpym) 

orbital.. The combined results of the IR and EPR experiments at 240 K thus document that 

bothh radical anions 3'" and 3a' are likely to be independent structural isomers. For, reduction 

off  3 at the intermediate temperature of 270 K in THF resulted in IR spectral changes, which 

initiallyy show the formation of both isomeric forms 3'~and 3a'" at the same time (Figure 9). 

I I 
<D D 
O O 
C C 
CO O 

O O 
CO O 
Q Q 

21002100 2000 1900 1800 1700 

WavenumbersWavenumbers (cm1) 

Figuree 9. IR spectral changes during the one-electron reduction of cluster 3 producing parallelly 3' 

(•)) and 3a*" (0). The asterisk (*) denotes a v(CO) band due to formation of dimer [3b-3b]2". 

Conditions:: THF, T= 270 K, in situ reduction within an IR OTTLE cell. 
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Inn the course of the reduction the v(CO) bands of 3' increased at the expense of 3a' . 

Unfortunately,, the reversibility of this interconversion process could not be proven. Upon 

warmingg the solution of 3a'" from 240 K to room temperature while keeping the electrode 

potentiall  fixed, the v(CO) bands of 3a'" decreased and a small amount of 3' was formed, 

whichh was then rapidly transformed into dimer [3b-3b]2 (Scheme 1). Analogous to the IR 

spectroelectrochemicall  experiments performed at 293 K, the reduction of [3b-3b]  _ resulted in 

thee appearance of v(CO) bands at 1927 (s) and 1866 (vs, br) cm"1 due to 42~. 

Schemee 1. Reduction path of cluster 3. 

1/n n 

3 a--

KK / S 

1©© N 
\L. \L. ,*\N N 

3b b 2--

AA  y 

++ 3 

N N 
[3b-3b]" " 

22 [Ru2(CO)8] 

Redoxx behaviour  of |Ru3(CO)8(n-CO)2(a-diimine)] (a-diimine = bpy (1), dmb (2)). In 

contrastt to cluster 3, clusters 1 and 2 showed in THF at room temperature a chemically 

irreversiblee reduction at £p,c = -1.85 V and -1.91 V, respectively (cathodic peak Rh see Figure 

10).. For 1, scan reversal behind Ri showed the appearance of two anodic peaks at -1.33 V 
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(03')) and -0.93 V (04). In accordance with the results obtained for 3 and [Os3(CO)i0(bpy)],41 

thee anodic process O3' is assigned to the oxidation of the dimer [~Ru(CO)4-Ru(CO)4-

Ru(CO)2(bpy)]2
2~~ ([lb-lb] 2") (see Scheme 1). The second anodic peak 04 is probably due to 

oxidationn of a polymer with a structure comparable to [Ru(CO)2(bpy)]n (£p-a = 0.99 V vs 

Fc/Fc+).. Indirect proof for the formation of such polymers upon reduction of [Ru3(CO)8(u-

CO)2(a-diimine)]]  was obtained from IR spectroelectrochemical experiments {vide infra). For 

clusterr 2, a similar reverse anodic sweep was observed. 
R, , 

11 ' 1 ' r~ 
00 -1 -2 

EE (V) vs Fc/Fc 

Figuree 10. Cyclic voltammograms of 1 at T= 293 K (a) and T= 230 K (b). Conditions: 10 3 M cluster 

inn THF/10"1 M Bu4NPF6, Pt disk microelectrode (0.42 mm2 apparent surface area), v = 100 mV s '. 

Onn lowering the temperature to 230 K, the reductions of 1 and 2 at Zs(Ri) turned into 

chemicallyy and electrochemically reversible (v = 100 mV s') one-electron processes. This 

stepp yields the corresponding radical anions 1' and 2"~. The cathodic peak R2 in Figure 10 

thenn belongs to the subsequent partly chemically reversible one-electron reduction of 1'" and 

2'' , producing ultimately the open-structure dianions lb2 and 2b2 . In contrast to the scans at 

roomm temperature, these dianions are fairly stable on the CV time scale at 230 K. Their 

oxidationn nearly coincides with the oxidation of l'~and 2'", respectively (see Figure 10b), and 

becomess better resolved upon slightly raising the temperature. As the coupling reaction of 

lb""  with parent cluster 1 is hindered at 230 K, no oxidation waves due to [lb-lb] 2 and the 

polymerr [Ru(CO)2(bpy)]n were observed on the reverse scan. However, similar to 

[Os3(CO)io(dmb)],, dianion 2b2 is more reactive, the oxidation of dimer [2b-2b]2~ at 230 K 

beingg clearly visible at £p,a = -1.18 V. The cyclic voltammetric results prove that the radical 

anionss 1' and 2'" are very unstable at 293 K and readily transform to the open-structure 

dianions,, lb and 2b2 , respectively, probably via the open-structure radical transient f 

Ru(CO)4-Ru(CO)4-Ru*(CO)2(a-diimine)'' ] (see Scheme 1). The latter dianions could also not 

bee observed at room temperature due to their rapid nucleophilic attack at the yet non-reduced 

parentt clusters, converting into dimeric and, subsequently, polymeric reduction products. 
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Thee irreversible character of the reduction of clusters 1 and 2 at 293 K on the CV time 

scalee was further confirmed by IR spectroelectrochemistry in THF at 293 K and 240 K. At 

bothh temperatures radical anions 1' and 2" are not detectable. Instead, reduction of 1 and 2 

resultedd in the formation of the transient dimers [lb-lb] 2 and [2b-2b]2 (Table 5), 

respectively,, which rapidly decomposed into the dinuclear complex [Ru2(CO)8]
2^ {A2' ), as 

indicatedd by the appearance of v(CO) bands at 1927 (s) and 1867 (vs, br) cm"1. Similar to the 

resultss for cluster 3, the formation of 42 was accompanied by the appearance of a blue film at 

thee working electrode and in its vicinity, characteristic for the formation of a poorly soluble 

polymerr [Ru(CO)2(a-diimine)]n (a-diimine = bpy, dmb).45 The dimer [lb-lb] 2 was also 

formedd upon chemical reduction of 1 with one equivalent of [FeI(Cp)(C6Me6)] in DME (Table 

5).. Addition of a second equivalent caused a decrease of the v(CO) bands of [lb-lb] 2- to ca. 

50%% of their initial intensity and appearance of a new v(CO) band at 1931 (s) due to the 

formationn of 42~. In addition, a weak v(CO) band at 1882 cm"1 is observed, which is attributed, 

inn analogy with the results for [Ru(CO)2(dmbKI)2]
t, to the polymer [Ru(CO)2(bpy)]n. 

++ Electrochemical two-electron reduction of the mononuclear complexes mmv(Cl)-[Ru(CO)2(a-diimine)(Cl)2] 

(a-diiminee = bpy, dmb) is known to result ultimately in the generation of the corresponding polymers 
46 6 

[Ru(CO)2<a-diimine)]n.. The formation of similar polymeric products upon reduction of the analogous bpym 

complexx has not been reported so far. In order to confirm the electrochemical formation of polymers in the latter 

case,, IR spectroelectrochemical experiments were performed on the dinuclear complex [Ru2(CO)4(n-bpym)(I)4], 

usingg [Ru(CO)2(dmb)(I)2] as a reference. 

Thee cyclic vottammograms of [Ru(CO)2(dmb)(I)2] and [Ru2(CO)4(n-bpym)(I)4] in THF at room temperature 

showedd a broad, chemically irreversible reduction at Epx = -1.96 V ([Ru(CO)2(dmb)(l)2]) and -1.59 V 

([Ru2(CO)4(u-bpym)(I)4]),, respectively. In "PrCN this reduction process was split into two clearly separated 

cathodicc steps, resulting in chemically irreversible reductions at Epc = - 1.76 V and -1.90 V for 

[Ru(CO)2(dmb)(I)2]]  and Epx = - 1.44 V and -1.55 V for [Ru2(CO)4(u-bpym)(l)4]. Spectroelectrochemically, 

reductionn of [Ru(CO)2(dmb)(I)2] in THF initially resulted in the appearance of small v(CO) bands at 2013 and 

19388 cm'1 that are assigned to the dimer [Ru(CO)2(dmb)(I)]2, possessing a (dmb)Ru -Ru(dmb) bond. Upon 

shiftingg to more negative potential the v(CO) bands of the starting complex and the dimer disappeared and no 

remainingg product bands were observed. Instead, the working electrode was covered with a blue film that was 

insolublee in THF. In "PrCN, formation of the dimer was no longer observed. Instead, reduction of 

[Ru(CO)2(dmb)(I)2]]  resulted in the appearance of v(CO) bands at 1964 and 1884 cm'1 that are ascribed to the 

polymerr [Ru(CO)2(dmb)]n. Reduction of this polymer at a more negative electrode potential resulted in v(CO) 

bandss at 1912 and 1845 cm"' that accordingly are assigned to the diimine-reduced form of the polymer. 

Reductionn of [Ru2(CO)4(u-bpym)(I)4] in THF initially resulted in the appearance of small v(CO) bands at 2040 

andd 1986 cm"1. Upon shifting to more negative potential this product converted into dimer [Ru(CO)2(bpym)(I)]2 

(20233 and 1949 cm" ), having its v(CO) bands at slightly larger wavenumbers than observed for 

[Ru(CO)2(dmb)(I)]2.. Similar to [Ru(CO)2(dmb)(l)2] in THF, the reduction of [Ru(CO)2(bpym)(I)]2 did not result 

inn any observable product bands. In "PrCN, reduction of [Ru2(CO)4(n-bpym)(I)4] resulted in the formation of the 

samee intermediates as observed in THF. Further reduction of the dimer in "PrCN, however, resulted in the 

appearancee of small v(CO) bands at 1960 and 1900 cm"1 that, in accordance with the results for 

[Ru(CO)2(dmb)(I)2],, are ascribed to the polymer [Ru(CO)2(bpym)]n. 
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Molecularr  orbita l calculations 

Densityy functional theoretical (DFT) and time-dependent DFT (TD-DFT) calculations 

weree performed in order to obtain more insight into the bonding properties of the clusters 

[Ru3(CO)8((a-CO)2(a-diimine)]]  and to assign their lowest-energy electronic transitions. The 

clusterr [Ru3(CO)8((j-CO)2(bpy)] (1) served as a model, as the available crystal structure for 

thiss complex provided a good starting point for the calculations. Two possible isomers of 

thiss cluster are depicted in Figure 11. Cluster 1' has all carbonyl ligands in terminal positions 

andd the oc-diimine ligand coordinated in an equatorial-axial fashion. Isomer 1" exhibits two 

carbonyll  ligands bridging a Ru-Ru(ri-diimine) bond. The a-diimine ligand in 1" lies 

perpendicularr to the plane of the cluster core. 

l ' :24kJmol"'' 1":0kJmor ' 

Figuree 11. Optimized geometries and relative energies (in kj mol" ) of the structural models 1'  and 1". 

Tablee 6. Comparison of selected calculated bond lengths [A] and angles [°] in cluster 1" with the 

experimentall  crystallographic data. 

Bond" " 

Rul-Ru2 2 

Rul-Ru3 3 

Ru2-Ru3 3 

Rul-Nl l 

Rul-N2 2 

Rul-Cl l 

Ru3-Cl l 

Rul-C2 2 

Ru3-C2 2 

Nl-C2 2 

N2-C2' ' 

C2-C2' ' 

Calc. . 

2.94 4 

2.79 9 

2.90 0 

2.20 0 

2.20 0 

1.96 6 

2.24 4 

2.02 2 

2.13 3 

1.36 6 

1.36 6 

1.47 7 

Exptl. . 

2.86 6 

2.76 6 

2.84 4 

2.19 9 

2.19 9 

1.96 6 

2.22 2 

2.03 3 

2.09 9 

1.34 4 

1.33 3 

1.46 6 

Angle3 3 

Rul-Ru2-Ru3 3 

Rul-Ru3-Ru2 2 

Ru2-Rul-Ru3 3 

Rul-Cl-Ru3 3 

Rul-C2-Ru3 3 

Ru3-Rul-Nl l 

Ru3-Rul-N2 2 

Nl-Rul-N2 2 

NI-C2-C2' ' 

N2-C2-C2 2 

Calc. . 

56.94 4 

62.26 6 

60.81 1 

82.79 9 

84.19 9 

135.0 0 

136.1 1 

74.13 3 

115.8 8 

115.7 7 

Exptl. . 

57.97 7 

61.36 6 

60.67 7 

82.34 4 

84.06 6 

135.95 5 

136.83 3 

73.48 8 

115.4 4 

116.0 0 

Seee Figure 1. 
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Geometryy optimizations of both isomers with DFT revealed that isomer 1" with the two 

COO bridges is indeed more stable by 24 kJ mol"1. The geometry of model 1" is in good 

agreementt with the experimental structure (Figure 11, Table 6), although the calculated Ru-

Ruu and Ru-C bond distances are slightly longer than the experimental ones. This appears to be 

aa general result of DFT calculations and was also observed for the related clusters 

[Os3(CO),2],
488 [Os3(CO)io(a-diimine)]49 and [Os3(CO),0(biphosphinine)].19 In the optimized 

geometryy the position of the a-diimine ligand, with both donor nitrogens approximately trans 

too the bridging carbonyls, is well reproduced. The ground-state calculations afforded the 

compositionn of the molecular orbitals of 1". The contributions of the relevant atomic 

wavefunctionss to the frontier orbitals are given in Table 7, with the HOMO (H) and LUMO 

(L)) indicated in bold. Three-dimensional plots for the three highest occupied molecular 

orbitalss (HOMO, HOMO-1 and HOMO-2) and of the lowest unoccupied molecular orbital 

(LUMO)) are depicted in Figure 12. 

Tablee 7. Characters and one-electron energies of selected frontier orbitals of [Ru3(CO)g(u-CO)2(bpy)], 

ass calculated by the ADF/BP method (L = LUMO, H = HOMO). 

MO O 

106a a 

105a a 

104a a 

103a a 

102a a 

101a a 

100a a 

Seee Figure 

L+2 2 

L+l l 

L L 

H H 

H-l l 

H-2 2 

H-3 3 

1. . 

E[eV] ] 

-3.01 1 

-3.24 4 

-3.76 6 

-5.08 8 

-5.39 9 

-5.58 8 

-6.13 3 

Rula a 

2 2 

22 2 

2 2 

19 9 

15 5 

21 1 

42 2 

Ru2a a 

1 1 

9 9 

4 4 

1 1 

36 6 

19 9 

2 2 

Ru3a a 

1 1 

13 3 

1 1 

24 4 

12 2 

18 8 

20 0 

bpy y 

88 8 

11 1 

85 5 

4 4 

2 2 

6 6 

2 2 

CO O 

1 1 

20 0 

3 3 

11 1 

28 8 

27 7 

10 0 

M-CO O 

3 3 

15 5 

1 1 

36 6 

2 2 

1 1 

20 0 

Thee HOMO of 1" is mainly localized on the Rul-(|i-CO)2-Ru3 moiety. It is ascribed, in 

accordancee with the 3D plot, a ^-bonding character with respect to the bridging carbonyl 

ligandss (7t(Ru/u.-CO). Al l three ruthenium centres participate in the HOMO-1 and HOMO-2. 

Thee HOMO-1 has a-bonding interactions between Rul and Ru2 and Ru2 and Ru3, while the 

HOMO-22 is bonding with regard to the entire metal core and wil l be denoted as c(Ru3). The 

LUM OO mainly consists of the lowest 7i*(bpy) orbital, while the LUMO+1 is delocalized over 

thee ruthenium carbonyl core. Based on the contributions of the atomic wavefunctions to the 

frontierr orbitals, the HOMO-LUMO transition is best described as having predominant 

7t(Ru/u-CO)-to-7T*(a-diimine)) character. The excitation energies and the oscillator strengths 

off  the low-lying electronic transitions of isomer 1" were calculated using TD-DFT and are 

presentedd in Table 8. 
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(a)) LUM O (b)) HOMO 

(c)HOMO-l l (d)) HOMO-2 

Figuree 12. Three-dimensional representations of the LUMO (a), HOMO (b), HOMO-1 (c) and 

HOMO-22 (d) of [Ru3(CO)8(u-CO)2(bpy)] (1). 

Tablee 8. Lowest-energy singlet excitation energies [eV] and oscillator strengths (O.S.) for 

rRu3(CO)8(n-CO)2(bpy)11 (1"), as calculated by TD-DFT. 

Transitionn Composition Energyy Wavelength Exptl. O.S. 

[eV]]  [nm] ^ a x
a (x 103) 

1 1 

2 2 

3 3 

4 4 

5 5 

6 6 

7 7 

8 8 

9 9 

10 0 

99%% (H->L) 

88%% (H-1->L); 9% (H-2-»L) 

88%% (H-2->L); 7% (H-1->L) 

54%% (H->L+2); 45% (H->L+1) 

52%% (H-»L+1); 46% (H->L+2) 

100%(H->L+3) ) 

61%% (H-l-»L+2); 35% (H-3-+L) 

59%% (H-3->L); 28% (H-1-+L+2) 

82%(H-2->L+l);; 10% (H-1->L+1) 

58%% (H-1-»L+1); 10% (H-2->L+2); 

9%% (H-2->L+l); 9% (H-l->L+2) 

1.34 4 

1.71 1 

1.97 7 

2.03 3 

2.14 4 

2.29 9 

2.38 8 

2.41 1 

2.44 4 

2.53 3 

926 6 

727 7 

629 9 

610 0 

579 9 

542 2 

520 0 

514 4 

508 8 

490 0 

b.c c 

b,c c 

473 3 
b b 

b b 

b b 

b b 

b.d d 

b,d d 

b.d d 

0.003 3 

4.1 1 

46 6 

0.24 4 

0.68 8 

0.065 5 

0.81 1 

20 0 

6.9 9 

35 5 

aa Absorption maxima for [Ri^COMn-COMbpy)] in toluene at 298 K. Non-resolved. c Corresponds 

too tailing absorption between 550 and 650 nm (see Figure 2). Absorption band with maximum at 388 

nmm in THF and MeCN (see Figure 2). 
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5.55 Discussion 

Molecularr structure of [Ru3(CO)8((X-CO)2(a-diimine)l 

Thee presence of bridging carbonyl ligands in the clusters [Ru3(CO)8(u-CO)2(a-diimine)] 

(a-diiminee = bpy (1), dmb (2), bpym (3)) is clearly revealed by their IR spectra and the 

reportedd crystal structure for cluster l.30 Comparison of this crystal structure with that of the 

relatedd cluster [Os3(CO)io(bpy)]5° reveals some interesting differences, concerning the 

positionn of the a-diimine ligand and the metal-metal bond lengths. In both compounds the a-

diiminee ligand is bound to only a single metal centre in a chelating fashion. However, in 

contrastt to the triosmium cluster, where 2,2'-bipyridine coordinates with one nitrogen axially 

andd the other one equatorially bound, this ligand adopts a position perpendicular to the plane 

off  the metal triangle in cluster 1, with both nitrogens bound approximately trans to the 

bridgingg carbonyl groups. Even more interesting is the observed difference in the average 

metal-metall  bond length in cluster 1 (2.816(2) A) compared to its osmium analogue (2.875(3) 

A).. This difference mainly results from the significant shortening of the CO-bridged Ru-Ru 

distancee (2.757(1) A) compared to the non-bridged Ru-Ru and Ru-Ru(bpy) bonds (2.836(1) 

andd 2.855(1) A, respectively). Although the less diffuse 4d Ru orbitals generally cause shorter 

metal-metall  bonds compared to osmium, the difference in the average metal-metal bond 

lengthh in the a-diimine-substituted clusters is considerably larger than for the unsubstituted 

clusterss [M3(CO)|2] (M = Ru, Os). For the latter compounds, replacement of osmium by 

rutheniumm only results in a rather small contraction of the metal-metal bonds from 2.8771(9) 

AA for Os5! to 2.8541(7) A for Ru.52 Whereas coordination of the a-diimine ligand to 

[Os3(CO)i2]]  does not influence the metal-metal bond lengths to a large extent (2.877 vs. 2.875 

A),, [Ru3(CO)g(u-CO)2(bpy)] has a much shorter average Ru-Ru bond length, mainly because 

off  the presence of two CO bridges. In solution, these CO bridges are no longer localized 

betweenn two specific Ru centres, but are expected to bridge across both Ru-Ru(a-diimine) 

bondss in a dynamic equilibrium. Both Ru-Ru(a-diimine) bonds will therefore be shortened 

andd strengthened. This will influence the redox and photochemical reactivity of the clusters 

[Ru3(CO)8(M.-CO)2(a-diimine)]]  to a large extent, as the formation of open-structure products 

wil ll  be far less efficient than in the case of the analogous triosmium clusters. 

Stabilityy of the radical anions 

Fromm the DFT results (Table 7) it is clear that the LUMO of the clusters [Ru3(CO)8(u-

CO)2(a-diimine)]]  mainly consists of the lowest rc*(a-diimine) orbital. Single occupation of 

thiss orbital upon one-electron reduction is therefore expected to result in a-diimine-localized 

radicall  anions. The EPR spectra confirm this and the (spectro)electrochemical data show that 

thee radical anions [Ru3(CO)8(|i-CO)2(a-diimine)]' are fairly stable. A comparison of the 

reductionn potentials of the studied triruthenium clusters reveals that the rc-acceptor capacity of 

145 5 



ChapterChapter 5 

thee coordinated a-diimine increases in the order dmb (£PiC (2) = - 1.91 V) < bpy {E^Q (1) = -

1.855 V) « bpym (£p,c (3) = - 1.62 V). In accordance with this trend, radical anion 3* can 

evenn be detected at room temperature by IR spectroscopy {i.e. on the time scale of minutes) 

whereass radical anions 1*  and 2" are only observable by cyclic voltammetry. At room 

temperature,, both 1*  and 2' undergo a fast follow-up chemical reaction with a low activation 

energy.. Differently from the radical anion [Os3(CO)|0(bpym)]' , which is unstable above 213 

K,, the CO-bridged radical anion 3a" is completely stable already at 240 K. 

Thee most striking result upon the one-electron reduction of cluster 3 is the observation of 

twoo different isomeric forms for its radical anion, viz. 3' and 3a' . Consistent with their UV-

viss and EPR spectra, the added electron in both cases resides in the lowest 7i*(bpym) orbital. 

However,, the IR spectra of the radical anions (Table 5) show a distinct difference in their 

v(CO)) wavenumbers (ca. 10 cm"1), reflecting a significant difference in the Tt-backdonation to 

thee carbonyl ligands. Importantly, the spectroelectrochemical experiments prove that the IR 

v(CO)) patterns observed at room temperature and 240 K indeed belong to two different 

species.. Moreover, the retention of the v(CO) pattern of 3 upon formation of 3' and 3a' 

indicatess that the structure of both radical anions is similar to that of 3. These observations 

indicatee that one-electron reduction of 3 at 240 K produces a radical anion with the preserved 

structuree of the parent cluster, while at room temperature a thermodynamically more stable, 

slightlyy adapted product is formed. This is in line with the spectroelectrochemical experiment 

att 270 K where the reduction of 3 initially results in the formation of both radical anions, 

whilee in the further course of the reduction the v(CO) bands of 3' increase at the expense of 

thosee of 3a' . The radical anions may slightly differ, for instance, in the orientation of the a-

diiminee ligand with respect to the Ru3 core, which concomitantly influences the donation of 

electronn density from the reduced bpym ligand to the cluster core and, hence, also the Ru-to-

COO rc-backbonding. The barrier for conversion of 3a*  into 3" will mainly result from solvent 

interactions,, which prevent reorientation of the a-diimine ligand at temperatures below 260 

K.. Convincing evidence for this hypothesis might be obtained from interconversion 

experimentss where solutions containing 3'" or 3a*  are cooled or warmed up, respectively, 

whilee keeping the electrode potential fixed. Indeed, 3a' converts to 3*  upon raising the 

temperature.. Unfortunately, the reverse experiment is not decisive since 3' cannot be 

completelyy stabilized at room temperature on the time scale of the spectroelectrochemical 

experiment. experiment. 

Electrochemicall  formation of open-structure products 

Thee irreversible reduction of 1 and 2 at room temperature points to a one-electron a-

diimine-localizedd process that is followed by a fast chemical reaction of the primary reduction 

productss 1' and 2" (opening of a Ru-Ru(a-diimine) bond) and by the concomitant 
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consumptionn of a second electron to produce the corresponding open-structure dianions. The 

latterr compounds are, however, also unstable at ambient temperature and undergo a coupling 

reactionn with the parent cluster to give dimers (Scheme 1). Similar zero-electron coupling 

reactionss occur commonly, for example between mononuclear complexes 

[Mn(S)(CO)3(bpy)ff  (S = THF, MeCN) and two-electron-reduced [Mn(CO)3(bpy)] , 

producingg the dimer [Mn(CO)3(bpy)]2.
53, 54 In this respect, the reactive primary reduction 

productss 1*" and 2' compare well with the radical anions [M3(CO)i2]*~ (M = Ru, Os) ' that 

aree short-lived ([Ru3(CO)i2]' has a half-life t,/2 < 10"6 s in CH2C12) and convert to dianions 

[M3(CO)io(u.-CO)]2^^ via an open-structure transient. Also in this case the cleavage of a M-M 

bondd in the radical anion [M3(CO)i2]*  induces formation of the doubly reduced cluster at the 

appliedd reduction potential of [M3(CO)i2]. 

Inn contrast to the cluster [Os3(CO)i0(bpym)],41 for which the open-structure dianion could 

bee stabilized in butyronitrile on the spectroelectrochemical time scale, the open-structure 

dianionn 3b2 could only be observed by cyclic voltammetry at moderate scan rates. This 

pointss to negligible solvent coordination and a lower activation energy for the subsequent 

couplingg reaction with the parent cluster to form [3b-3b]2 . However, dimer [3b-3b] , 

althoughh observable, could also not be stabilized and transformed in the course of the 

spectroelectrochemicall  experiment into dianion 42" and a poorly soluble polymer. The 

existencee of two isomeric forms for [3b-3b]2 , as reported for [Os3(CO)i0(bpym)],41 could 

thereforee not be proven. The above results show that the electrochemically induced cleavage 

off  the Ru-Ru(a-diimine) bond results in the formation of far more reactive open-structure 

reductionn products than observed upon reduction of [Os3(CO)io(a-diimine)]. 

Thee assignment of polymers [Ru(CO)2(ct-diimine)]n as the ultimate products obtained upon 

reductionn of [Ru3(CO)8(u-CO)2(a-diimine)], is mainly based on a comparison with the 

reductionn paths of the mononuclear complexes [Ru(CO)2(dmb)(I)2] and [Ru2(CO)4(n-

bpym)(I)4].. Two-electron reduction of [Ru(CO)2(dmb)(I)2] produces the polymer 

[Ru(CO)2(dmb)]n,, possessing v(CO) bands at 1964 and 1884 cm"1 (vide supra). In a similar 

way,, the electrochemical reduction of the mononuclear complexes trans(C\)-

[M(CO)2(bpy)(Cl)2]]  (M = Ru, Os) is known to result in the generation of polymers 

[M(CO)2(bpy)]n,, with v(CO) bands at similar wavenumbers (viz, [Ru(CO)2(bpy)]n v(CO): 

19666 and 1885 cm"1 in Csl).57 The interest in these open-chain polymers mainly derives from 

theirr electrocatalytic activity towards reduction of carbon dioxide. ' In order to 

investigatee the possibility of electrochemical polymer formation for the structurally related 

Ru/bpymm complex, IR spectroelectrochemical experiments were performed on [Ru2(CO)4((j.-

bpym)(I)4].. Although the latter complex, consisting of two bpym-bridged ruthenium centres, 

iss structurally different from [Ru(CO)2(dmb)(I)2], the ultimate reduction product closely 
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resembless the polymer [Ru(CO)2(dmb)]n, which proves the existence of polymers 

[Ru(CO)2(bpym)]n.. Importantly, both polymers [Ru(CO)2(a-diimine)]n (a-diimine = dmb, 

bpym)) appear to be insoluble in THF and their formation in this solvent could only be 

revealedd by the appearance of a blue film at the working electrode and in its vicinity. 

Electrochemicall  reduction of the clusters [Ru3(CO)8(u-CO)2(a-diimine)] ultimately results 

inn the formation of similar blue films as observed for [Ru(CO)2(dmb)(I)2] and [Ru2(CO)4(u-

bpym)(I)4],, indicating the formation of polymers [Ru(CO)2(a-diimine)]n. Consistent with this 

assignment,, the efficient electrocatalytic reduction of carbon dioxide was observed upon bulk 

electrolysiss of 1 in THF saturated with C02.
20 Apart from the polymer films, reduction of the 

open-structuree dimers [ Ru(CO)4-Ru(CO)4-Ru(CO)2(a-diimine)]2
2~ (a-diimine = bpy, dmb, 

bpym)) (Scheme 1) results in the production of a compound with v(CO) bands at 1927 and 

18666 cm" , their position being independent of the a-dümine ligand used. In accordance with 

thee literature,43 the CO-stretching bands are attributed to the dinuclear complex [Ru2(CO)8]
2 

(44 ). The formation of the latter complex suggests that upon reduction of the open-structure 

clusterr dimers fragmentation of the open-triangle units takes place. Apart from 42 , this 

processs also results in dinuclear fragments {Ru(CO)2(a-diimine)}2 that readily link together 

too form the polymeric chain [Ru(CO)2(a-diimine)]n. Observation of 42 therefore also 

supportss the assignment of polymers [Ru(CO)2(a-diimine)]n as one of the ultimate reduction 

productss of the clusters [Ru3(CO)8(u-CO)2(a-diimine)]. 

Mechanismm of the electrochemical Ru-Ru bond cleavage 

Thee one-electron reduction of [Ru3(CO)8(u-CO)2(a-diimine)] is evidently localized on the 

a-diiminee ligand, in agreement with the EPR, UV-vis and 1R spectra of 3' . The heterolytic 

cleavagee of the Ru-Ru(a-diimine) bond in [Ru3(CO)8(u-CO)2(a-diimine)]' has its origin in 

strongg polarization of this bond via charge "leakage" from the reduced a-diimine ligand, the 

degreee of which is mainly controlled by its 7c-acceptor ability. The basicity of the a-diimine 

radicall  anion is significantly increased on going from bpym to bpy and dmb, as reflected in 

thee more negative reduction potential in this series. In the same order, the unpaired electron 

becomess more delocalized over the Ru-(a-diimine) chelate bond which will , in turn, 

considerablyy polarize the Ru-Ru(a-diimine)*  a-bond and cause its heterolytic cleavage into 

Ruu Ru+(a-diimine)*  . A similar dependence on the a-diimine ligand was reported for the 

one-electronn reduction of the complexes [(CO)5MnRe(CO)3(a-diimine)], producing stable 

[Mn(CO)5]]  and reactive radicals [Re+(CO)3(a-diiminef ].59 

Thee influence of the bridging CO ligands on the electrochemical reactivity of the clusters 

[Ru3(CO)g(u-CO)2(a-diimine)],, is clearly reflected in the stability of the corresponding 

radicall  anions. Whereas 3' can already be completely stabilized on the time scale of the 

spectroelectrochemicall  experiments at 240 K, the analogous triosmium cluster required a 
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significantlyy lower temperature (213 K) to prevent cleavage of the metal-metal(a-diimine) 

bond.. The same holds for the radical anions l"~and 2*~ observed on the CV time scale, that are 

alsoo considerably more stable than [Os3(CO)i0(bpy)]*~.41 Both results indicate that the 

energeticc barrier for the metal-metal bond cleavage in [Os3(CO)io(a-diimine)]'~ is 

significantlyy lower. This is explained by the presence of the bridging CO ligands in the case 

off  [Ru3(CO)8(|i-CO)2(a-diimine)], which increases the overlap between the involved Ru d-

orbitals,, making metal-metal bond cleavage energetically less favourable. In addition, the 

presencee of strong rc-acceptor CO bridges also reduces the polarization of the Ru-Ru(a-

diimine)) bond to such an extent that it becomes less prone to heterolytic cleavage. In contrast 

withh the increased stability of the radical anions [Ru3(CO)8(u-CO)2(a-diimine)]" , the open-

structuree products formed along the reduction path are far less stable than their triosmium 

analogues.. Whereas for the clusters [Os3(CO)io(bpym)] open-structure dianions are stable in 

butyronitrile,, no such products could be detected by IR spectroscopy for the corresponding 

trirutheniumm clusters. 

Frontierr  orbitals and electronic transitions 

AA comparison of the frontier orbitals of [Ru3(CO)g(u-CO)2(bpy)] (1") (Table 7) with those 

off  [Os3(CO)io(bpy)]49 reveals that the HOMOs of both clusters are clearly different with 

respectt to the bonding interactions. While the HOMO of the triosmium cluster is mainly a-

bondingg with regard to the Osl-Os3 bond, the HOMO of [Ru3(CO)8(u-CO)2(bpy)] is best 

describedd as a Jt(Ru/u-CO) bonding orbital. In contrast to its triosmium analogue, 

depopulationn of the HOMO of [Ru3(CO)8(u-CO)2(bpy)] is therefore expected to hardly affect 

thee Rul-Ru3 bond. Interestingly, the contribution of the 7t*(a-diimine) orbital to the LUMO 

iss larger in 1" (85%) than in the corresponding osmium cluster (76%), at the expense of its 

contributionn to the HOMO (4% us 19%). On the other hand, the bridging carbonyl ligands, 

thatt are not present in [Os3(CO)i0(bpy)], contribute significantly to the HOMO of 1" (36%) 

whilee their contribution to the LUMO is negligible (1%). Based on the contributions of the 

atomicc wavefunctions to the frontier orbitals, the HOMO-LUMO transition in [Ru3(CO)g(u-

CO)2(bpy)]]  is best described as a 7t(Ru/u-CO) -^ 7r*(a-diimine) charge transfer transition, 

thatt possesses somewhat more charge transfer (CT) character than the lowest-energy 

transitionn of [Os3(CO)io(bpy)]. 

Inn general, CT transitions possessing sigma-bond-to-ligand (SBLCT or GTT*),60 metal-to-

ligandd (MLCT)61"63 or halide-to-ligand (XLCT)34, M charge transfer character, are 

characterizedd by a large solvatochromism of their absorption band. However, as negligible 

solvatochromismm is observed for the 471 nm band of cluster 1, this band does most likely not 

belongg to the HOMO-LUMO transition of the cluster. Moreover, the absorption maximum of 

thee latter band is not influenced by lowering the energy of the lowest n* orbital of the a-

diiminee ligand on going from bpy to dmb and bpym. Both results are in contrast with the 
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behaviourr of the clusters [Os3(CO)i0(a-diimine)], where the position of the lowest-energy 

absorptionn band is significantly affected by both the solvent and a-diimine ligand used.17 The 

resonancee Raman (rR) spectra obtained by excitation into such charge transfer transitions to 

ann a-diimine ligand normally show strong rR effects for the bands belonging to the 

vibronicallyy coupled vs(CC) and vs(CN) stretching modes of the a-diimine. Similar to the 

clusterr [Os3(CO)io(bpy)], both stretching modes are indeed enhanced upon excitation into the 

lowest-energyy absorption band of 1. Moreover, the rR effect observed for the vs(CO) at 2075 

cm""  points to a change in the C-0 bond lengths upon excitation. Importantly, distinct rR 

effectss are also observed for several bands in the region 600-220 cm'1, that belong to metal-

carbonn stretching modes and skeletal vibrations.31 Similar skeletal modes are observed for the 

clusterr [Os3(CO),0(
iPr-DAB)] ('Pr-DAB = W,jV'-diisopropyl-l,4-diaza-l,3-butadiene),14 in 

whichh both the HOMO and the LUMO are strongly delocalized, and reflect the participation 

off  the entire metal core in the allowed lowest-energy transition. The observed rR effects thus 

documentt that the lowest-energy transition of the clusters [Ru3(CO)8(u-CO)2(a-diimine)] has 

significantt charge transfer character to the a-diimine ligand. In contrast with the clusters 

[Os3(CO)[o(a-diimine)]]  (a-diimine = bpy, bpym), the initial optical orbital is apparently 

delocalizedd over the entire cluster core, which is not in line with the rather local character of 

thee HOMO of these clusters. 

AA significant aid for the assignment of the electronic transitions in the triruthenium a-

diiminee clusters under study has been obtained from time-dependent DFT calculations (Table 

8).. Apparently, the oscillator strength of the HOMO-LUMO transition is very low and cannot 

givee rise to the intense absorption band at 471 nm in the UV-vis spectra of the triruthenium 

clusters.. According to the TD-DFT results, the latter band belongs to an allowed cluster core-

to-ligandd (a(Ru3)->7i*(a-diimine)) charge transfer transition (transition 3 in Table 8). This 

assignmentt is in line with the rR spectra, where the appearance of rR bands between 600 and 

2200 cm"1 reveals the participation of the entire cluster core in this transition. The absence of 

anyy solvatochromic effect for the 471 nm band indicates that, even though the excited state 

hass considerable charge transfer character, the change in dipole moment during the 

a(Ru3)->7r*(a-diimine)) transition is far smaller than for the more localized a(Osl-

Os3)—»7i:*(a-diimine)) transition in the corresponding triosmium clusters. This may be due to 

thee fact that the dipole moment of [Ru3(CO)8(u-CO)2(a-diimine)] is oriented perpendicular to 

thee transient moment of the electronic transition giving rise to the 471 nm band. Apart from 

thee negligible solvatochromism, changing the nature of the a-diimine ligand also does not 

affectt the band maximum of the intense visible band. As testified by the redox potentials of 1 

andd 3 (Table 4), changing the a-diimine ligand to a better 7t-acceptor not only results in a 

stabilizationn of the 7t*(a-diimine) orbital but also lowers the energy of the cluster core. 

Althoughh the electrochemical data only prove the latter effect for the HOMO, it presumably 

alsoo holds for the HOMO-2. Lowering of the n*(a-diimine) level then results in a similar 
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stabilizationn of the a(Ru3) orbital, the <j(Ru3)-Mr*(a-diimine) transition energy being almost 

unaffected.. In agreement with their low oscillator strengths, no well-resolved absorption 

bandss due to the HOMO-»LUMO and HOMO-l-»LUMO transitions (transitions 1 and 2 in 

Tablee 8) are observed on the low-energy side of the 471 nm band. However, the weak 

absorptionn tailing to 650 nm is tentatively attributed to comprise the latter transitions. This 

assignmentt implies that, in contrast to the corresponding triosmium clusters, the lowest-

energyy 7Ï(RU/U-CO)TT*  excited state of the clusters [Ru3(CO)8(^-CO)2(a-diimine)] is optically 

hardlyy directly accessible. 

Att higher energy, a second group of fairly intense transitions is found that consists of 

predominantlyy cluster core localized transitions directed to the LUMO+1 and LUMO+2 

(transitionss 8-10 in Table 8). As the absorption bands in the visible region are generally broad 

andd poorly resolved, they likely consist of several close-lying transitions. In THF and MeCN 

aa non-solvatochromic band is observed around 380 nm (see Figure 2). As its position relative 

too the lowest-energy absorption band agrees reasonably well with the calculated energy 

differencee between transitions 3 and 9 (Table 8), this band is tentatively attributed to one or 

moree electronic transitions of the second group (transitions 8-10). In contrast, no well 

resolvedd absorption band is observed in this wavelength region in the spectrum of 1 in 

toluene.. Despite the fact that TD-DFT allows for mixing of the separate electronic transitions, 

thee calculated excitation energies of the transitions in Table 8 are systematically lower by 0.6-

0.77 eV than the experimental values. This difference is too large to be caused by the 

differencee in medium between the theoretical and experimental data. Such discrepancies are, 

however,, not uncommon for DFT calculations and have also been observed, for example, for 

transitionn metal complexes possessing metal-halide bonds.65 Nevertheless, regardless of the 

relativelyy large differences, the calculated oscillator strengths compare reasonably well with 

thee observed band intensities in THF and MeCN and, in accordance with the rR spectra, 

predictt the cluster core-to-ligand charge transfer transition to dominate in the visible region. 

Characterizationn of the excited states 
Accordingg to the rR spectra and the TD-DFT results, irradiation into the fairly intense 471 

nmm absorption band of the clusters [Ru3(CO)8(u-CO)2(a-diimine)] results in initial population 

off  an excited state having predominant a(Ru3)7r*(a-diimine) character, in which an electron 

hass been transferred from a delocalized orbital that is bonding with regard to the cluster core 

too the lowest it*  orbital of the a-diimine ligand. 

Moree insight into the decay kinetics and absorption features of the lowest excited state is 

obtainedd from the ps TA spectra. The initially observed transient absorption in the TA spectra 

off  1 and 3, is ascribed to the lowest excited state of these clusters; it is very similar to the 

transientt reported for the clusters [Os3(CO)i0(a-diimine)] (a-diimine = 2-acetylpyridine-AA-

isopropylimine,, dmb; Chapter 4, Part A). The close correspondence of the spectra with those 
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reportedd for the latter clusters, together with the characteristic long-wavelength tail due to 

7i*7i*(a-diimine)) transitions, is in good agreement with the transfer of an electron to the 

lowestt 7i*(oc-diimine) orbital and the concomitant formation of a-diimine localized radical 

anions.. The ps TA spectra do not unambiguously reveal whether this electron originates from 

aa molecular orbital with predominant 7t(Ru/u-CO) character (HOMO) or delocalized a(Ru3) 

(HOMO-2)) character. The spectra observed for 1 and 3 at /d = 1 ps are also very similar to the 

TAA spectra observed for 2 in 2-MeTHF glass on the nanosecond time scale. This implies that 

thee transient absorption band in the ns TA spectra of 2 can also be ascribed to the lowest 

excitedd state, its lifetime in a rigid matrix being extended into the nanosecond time domain. 

Thee excited-state lifetime of 43 ps, derived from the ps TA measurements of 2, is 

significantlyy longer than the lifetime of 5 ps reported for [Os3(CO)i0(dmb)].26 It is noteworthy 

thatt the ps TA spectra do not reveal the formation of open-structure biradicals from the 

excitedd state. As described in Chapter 4, formation of these primary photoproducts is 

expectedd to result in a characteristic, weak long-wavelength absorption without a distinct 

maximumm that disappears upon regeneration of the parent cluster on the nanosecond time 

scale.. Apparently, the formation of biradicals ['Ru(CO)4-Ru(CO)4-+Ru(CO)2(dmb)*  ] from the 

excitedd state is less efficient than for the corresponding triosmium clusters, resulting in 

amountss not detectable by ps TA spectroscopy. This conclusion is in line with the increased 

excited-statee lifetime and most likely has its origin in the presence of bridging carbonyl 

ligandss in the clusters {vide infra). 

Thee ps TRIR spectra provide a better understanding of the character of the lowest excited 

state.. As described before, excitation of 2 results in the instantaneous appearance of a v(^-

CO)) band at 1778 cm"1, ca. 35 cm"1 higher in frequency than found for the ground state. The 

shiftt of the v(u-CO) band to larger wavenumbers in the excited state is indicative of an 

increasee in the C-0 bond order, resulting from depopulation of the ;r*(u-CO) orbitals. As the 

contributionn of the 7r*(u-C0) orbitals to the HOMO-2 and the LUMO is negligible (Table 7), 

populationn of the corresponding a(Ru3)7t*(a-diimine) excited state cannot account for the 

observedd shift of the v(u-CO) band. In contrast, the IR spectral changes are in good 

agreementt with a lowest excited state having predominant jr(Ru/u-CO)7r*(a-diimine) 

(HOMO/LUMO)) character. This is inferred from the major contribution of the TT*(U-CO) 

orbitalss to the HOMO (Table 7, Figure 12). The transfer of an electron from this HOMO to 

thee LUMO will therefore results in a significant increase in the bond orders of the bridging 

carbonyls.. Apart from the shift of the v(u-CO) band, the spectral changes in the terminal 

v(CO)) region are also in favour of the latter assignment. According to the contribution of the 

terminall  carbonyl ligands to the HOMO-2 and the LUMO (Table 7), population of the 

a(Ru3)7t**  excited state reduces the rc-backbonding to these ligands significantly and is 

expectedd to result in a shift of the corresponding v(CO) bands to larger wavenumbers. Instead, 

thee TRIR spectra show a shift of the terminal v(CO) bands in the opposite direction, 

152 2 



Photo-Photo- and Electrochemistry of the Clusters [Ru3(CO)li(ii-CO)2( a-diimine)] 

indicatingg a slight increase in rc-backdonation. As the contribution of the terminal carbonyl 

ligandss to the HOMO is relatively small, the slight decrease in rc-backbonding upon 

populationn of the 7i(Ru/u-CO)7r*  excited state is likely to be compensated by the increased 

donationn of the reduced a-diimine ligand. Based on the ps TRIR spectra it is therefore 

concludedd that the lowest excited state has 7i(Ru/(i-CO)7u*(a-diimine) character. Both the 

UV-viss spectra and TD-DFT results showed that this state is hardly directly optically 

accessible,, the a(Ru3)rc*  excited state being initially populated upon excitation. As the 

significantt shift of the v(u-CO) band in the TRIR spectra of 2 is, however, already observed 

att /d = 1 ps, population of the lowest nn* excited state is proposed to take place via fast decay 

fromm the initially populated a(Ru3)rc*  state on the sub-picosecond time scale. The assignment 

off  the lowest excited state as having predominant 7i(Ru/|i-CO)7i*  character also implies that 

thee absorption features in the ps TA spectra of 1 and 3 belong to the same excited state. In line 

withh this assignment, the excited-state lifetime of 2 of 45.5 ps, determined by Gaussian curve 

fittingg on the v(u.-CO) band at 1778 cm"1 (Figure 4b), closely resembles the lifetime obtained 

fromm the TA experiments (43 ps). The close correspondence between the ps TA spectra of 

[Ru3(CO)8([i-CO)2(bpy)]]  and its triosmium analogue furthermore proves that the observed 

transientt absorptions are hardly influenced by the nature of the initial optical orbital and can 

mainlyy be ascribed to the temporarily reduced a-diimine ligand. 

Photochemicall  formation of open-structure products 

Thee spectral changes observed in the ps TA and TRIR experiments are in good agreement 

withh the 7i(Ru/^-CO)7i*  character of the lowest excited state. As discussed above, this excited 

statee is proposed to be populated via fast decay from the initially populated G(RU3)TI*  excited 

statee on the sub-picosecond time scale. In this respect, the studied [Ru3(CO)g(u-CO)2(a-

diimine)]]  clusters differ significantly from the corresponding triosmium derivatives, for which 

thee lowest o(Osl-Os3)n*  excited state is directly optically accessible. Apart from this 

differencee in population, the nature of the lowest excited state also has a marked influence on 

thee formation of open-structure photoproducts. For the analoguous triosmium clusters 

populationn of the lowest 3a(Osl-Os3)7t*  excited state will result in a weakening of the Osl-

Os3(a-diimine)) bond.49 In contrast, depopulation of the HOMO of 1-3 will merely weaken 

thee bonds between Rul/Ru3 and the bridging carbonyls, but not directly affect the Rul-Ru3 

bond.. The [Ru3(CO)8(u-CO)2(a-diimine)] clusters will therefore experience a higher 

energeticc barrier for metal-metal bond cleavage and formation of open-structure 

photoproductss from the lowest excited state. As Ru-Ru(a-diimine) bond cleavage is the first 

stepp in the formation of open-structure photoproducts like biradicals and zwitterions, the 

quantumm yields of their formation will be significantly lower for [Ru3(CO)8(u-CO)2(a-

diimine)]]  than for the corresponding osmium clusters. This is indeed the case since only a 

minorr amount of biradicals was formed in the case of the [Ru3(CO)8(|i-CO)2(a-diimine)] 
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clusterss as revealed by the detection of spin-trapped radicals with EPR and by the ps TRIR 

spectraa of 2. The reduced efficiency to form open-structure photoproducts is also reflected in 

thee forcing experimental conditions required to obtain zwitterions. Whereas for the osmium 

clusterss formation of zwitterions is already observed in coordinating solvents like MeCN at 

roomm temperature or in THF at low temperatures (223 K), no photoproducts could be detected 

forr the corresponding ruthenium clusters under similar conditions. Only under strongly 

coordinatingg circumstances, like in pyridine at 250 K, the formation of the photoproducts 

lzw(py),, 2w(Br") and 3zw(py) was observed. Besides, the formation of zwitterions has a very 

loww quantum yield. This is inferred from the long irradiation time and high laser power that 

weree required to form zwitterions in detectable amounts even in strongly coordinating media. 

Itt remains unravelled whether the zwitterions lzw(py), 2™(Br  ) and 3zw(py) are formed 

directlyy from the excited state or via the intermediate formation of the open-structure 

biradicalss [*Ru(CO)4-Ru(CO)4-+Ru(CO)2(a-diimine)' ]. For the corresponding osmium 

clusters,, both pathways were observed, the pathway via the open-structure biradicals being 

thee most important one (Chapter 4, Part A). Analogous to [Os3(CO)i0(a-diimine)],26 the 

formationn of zwitterions directly from the excited state requires the formation of an exciplex, 

inn which coordination of a solvent molecule polarizes the Ru-Ru(a-diimine) bond to such an 

extentt that it splits heterolytically. As the bridging carbonyl ligands in the excited state tend to 

reducee the polarization of the metal-metal(a-diimine) bonds, the latter pathway can only be of 

importancee when strongly coordinating solvents are used. On the other hand, formation of 

zwitterionss out of the small amount of biradicals can also not be excluded, since a strong base 

likee pyridine will stabilize the biradicals to such an extent that their lifetime becomes long 

enoughh to allow them to convert into zwitterions. A similar influence of the coordinating 

abilityy of the solvent or added reactants on zwitterion formation was observed for the clusters 

[Os3(CO)io(a-diimine)],, where zwitterions are only formed when the solvent-stabilized 

biradicalss have a lifetime longer than ca. 10 us.13 

Inn conclusion, the exact mechanism of the zwitterion formation cannot be unambiguously 

determinedd from the available experimental data. Clearly, the influence of the bridging CO 

ligandss on the observed photochemical reactivity is twofold. First of all, the Rul-Ru3 bond is 

strengthenedd by the interaction with the bridging carbonyl ligands and this increases the 

energeticc barrier for formation of open-structure photoproducts already in the ground state. 

Second,, the presence of bridging carbonyl ligands results in a different character of the 

HOMOO that, in contrast to the corresponding orbital in the analogous triosmium clusters, can 

bee best described as a T:(RU/U-CO) bonding orbital. As a result, population of the lowest TUI* 

(HOMO-to-LUMO)) excited state hardly affects the Rul-Ru3 bond. Both effects reduce the 

quantumm yield for formation of biradicals and zwitterions and are reflected in the forcing 

experimentall  conditions required to obtain such products. 
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5.66 Conclusions 

Thee presence of the bridging carbonyl ligands in [Ru3(CO)8(|i-CO)2(a-diimine)] is found 

too have a marked influence on the photochemical reactivity of these clusters. Importantly, the 

characterr of the HOMO of the ruthenium clusters is different from that of the corresponding 

orbitall  of [Os3(CO)10(a-diimine)] (a-diimine = bpy, bpym, 'Pr-AcPy), the HOMO being best 

describedd as a TT(RU/U-CO) bonding orbital. In contrast to the triosmium a-diimine clusters 

describedd in Chapter 4, the lowest rc(Ru/u-CO);r*(a-diimine) excited state is hardly directly 

opticallyy accessible, the O-(RU3)TT*  excited state being initially populated upon visible 

excitation.. From the latter state fast decay to the lowest 7i(Ru/u-CO)ji*(a-diimine) excited 

statee takes place on the sub-picosecond time scale. The specific character of this state and the 

presencee of CO bridges prevent the efficient formation of open-structure photoproducts like 

biradicalss and zwitterions. In contrast to the corresponding triosmium clusters, the latter 

photoproductt was only obtained under forcing experimental conditions like in strongly 

coordinatingg pyridine at 250 K. 

Thee fairly high stability of the radical anions formed upon reduction of [Ru3(CO)8(u-

COHa-diimine)]]  clearly reflects the strong influence of the CO bridges on the 

electrochemicall  reactivity. By contrast, the open-structure intermediates formed along the 

reductionn path towards [Ru(CO)2(a-diimine)]n and [Ru2(CO)8]
2 are far less stable than their 

triosmiumm analogues. 

Inn general, the combination of the employed experimental photo- and electrochemical 

techniquess together with theoretical support from DFT and TD-DFT calculations has 

providedd a realistic understanding of the bonding properties and reactivity of the intriguing 

[Ru3(CO)8(n-CO)2(a-diimine)]]  clusters, demonstrating the power of this approach in the field 

off  transition metal cluster chemistry. 
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6.11 Abstract 

Thiss chapter describes a new synthetic route towards the mixed-metal cluster 

[Os2Ru(CO)i2]]  (1) and the syntheses of its PPh3 and 'Pr-AcPy ('Pr-AcPy = 2-acetylpyridine-

AMsopropylimine)) derivatives. The crystal structures of the novel clusters 

[Os2Ru(CO),,(PPh3)]]  (2) and [Os2Ru(CO)10('Pr-AcPy)] (3) were determined on solid 

solutionss of the OS2RU and the corresponding OS3 clusters. The structures reveal that 

coordinationn of the Lewis bases occurs exclusively at the ruthenium site of 1, which is in 

agreementt with density functional theoretical (DFT) calculations on several structural isomers 

off  these compounds. Importantly, the Os-Ru(a-diimine) bonds in 3 are shown to be weaker 

thann the corresponding bonds in the triosmium analogue. According to the time-dependent 

DFTT results, the lowest-energy optically accessible excited state of 3 has predominantly 

a(Ru-Os2)7t*(a-diimine)) character. In weakly coordinating 2-chlorobutane (2-ClBu), the 

excitedd state has a lifetime of 10.4  1.2 picoseconds and produces biradicals considerably 

fasterr than observed for [Os3(CO)io('Pr-AcPy) (25  2 picoseconds). In coordinating 

acetonitrilee (MeCN) the excited state of [Os2Ru(CO)io('Pr-AcPy)] decays mono-exponentially 

withh a lifetime of 2.1  0.2 picoseconds. In contrast to [Os3(CO)io('Pr-AcPy)], where 

biradicalss are the main primary photoproduct even in strongly coordinating solvents, thee latter 

processs involves zwitterion formation from a solvated excited state. This is concluded from 

thee time-resolved absorption studies in the microsecond time domain. Due to the weaker 

tendencyy of the coordinatively unsaturated {+Ru(CO)2('Pr-AcPy)'~ °}  moiety to bind a Lewis 

base,, the heteronuclear biradical and zwitterionic photoproducts live significantly shorter than 

theirr triosmium counterparts. The influence of the weaker Os-Ru(a-diimine) bonds on the 

electrochemicall  reactivity is clearly reflected in the very reactive radical anions formed upon 

reductionn of 3. The dimer [ Os(CO)4-Os(CO)4-Ru(CO)2('Pr-AcPy)]22 is the only IR 

detectablee reduced transient. The dinuclear complex [Os2(CO)8]" and linear [Ru(CO)2('Pr-

AcPy)]nn chains are the ultimate reduction products, proving the fragmentation of the Os2Ru 

core. . 

6.22 Introductio n 

Overr the last four decades, considerable research efforts have been devoted to the 

developmentt of general synthetic routes towards heteronuclear transition metal clusters.1"4 

Thee interest in this type of clusters, defined as compounds in which at least one metal-metal 

bondd connects two different metal atoms, has mainly originated from their possible 

applicationn in both homogeneous and heterogeneous catalysis. Apart from the general 

expectationn that different transition metal atoms in close proximity of each other may initiate 

novell  reactions via synergistic interactions, the different reactivities of adjacent metal centres 
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inn mixed-metal clusters may provide additional bi- or multifunctional activation pathways and 

increasee the selectivity of substrate-cluster interactions.5 Although catalysis by mixed-metal 

clusterss in a number of cases indeed resulted in higher catalytic activity6,7 or different product 

selectivity8'99 than observed for their homonuclear analogues, the mechanistic insight into the 

rolee of the different metal centres in the catalytic cycle is generally limited. This problem has 

mainlyy its origin in scarcely available isostructural mixed-metal cluster series, which 

precludess a systematic study of their bonding properties and reactivity. 

Onee of the best known series of mixed-metal clusters concerns the family of Group 8 

triangularr clusters [M3(CO)i2] (M = Fe, Ru, Os), of which all possible metal combinations 

exceptt [FeRuOs(CO),2] have been synthesized.4' 10 Within this series, the clusters 

[Os2Ru(CO)i2]]  and [Ru2Os(CO)i2] are of particular interest for our investigations, as the 

bondingg properties, photochemistry and redox behaviour of their homonuclear, a-diimine-

substitutedd analogues, viz. [M3(CO)i0(a-diimine)] (M = Ru, Os), have thoroughly been 

studiedd in our group (Chapter 4 and 5 and references therein). A continued systematic study 

off  the a-diimine-substituted mixed Ru/Os clusters is desired to reveal the influence of the 

clusterr core variation on the observed photo- and redox reactivity. However, one of the 

underlyingg reasons for the lack of studies of [Os2Ru(CO)i2] and [Ru2Os(CO)i2], is the serious 

difficultyy to obtain them in pure form. Although several synthetic procedures have been 

reported,, they either yield hardly separable mixtures of [Ru3(CO)i2], [Ru2Os(CO)i2], 

[Os2Ru(CO)i2]]  and [Os3(CO)i2] in a nearly statistical 1:2:2:1 ratio""13 or produce the desired 

puree heterometallic clusters in very low yield (< 5%).14'15 The development of novel, highly 

efficientt synthetic routes is therefore compulsory 

o o 

OO Os2 O 

^Osl-Z^Osl-Z—Ru —Ru 

o cc h c  C

oo o 

L=L=  CO (i) 

PPhPPh33 (2) 

Figuree 1. Schematic molecular structures of the investigated clusters [Os2Ru(CO)n(L)] (L = CO (1), 

PPh33 (2) and 'Pr-AcPy (3). 

'Pr-AcPy'Pr-AcPy (3) 
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Aimedd at performing a comparative study of the heteronuclear cluster [Os2Ru(CO)i0(a-

diimine)]]  and its homonuclear analogues [Mj(CO)|0(a-diimine)] (M = Ru, Os), we introduce 

aa new route for the synthesis of [Os2Ru(CO),2] (1), producing the cluster in a reasonable 

yield.. Apart from the unsubstituted parent cluster, this chapter also reports on the syntheses 

andd crystal structures of the substituted derivatives [Os2Ru(CO)n(PPh3)] (2) and 

[Os2Ru(CO)u)CPr-AcPy)]]  (3) ('Pr-AcPy = 2-acetylpyridine-AMsopropylimine), schematically 

depictedd in Figure 1. Both derivatives were synthesized in order to establish the preferential 

coordinationn site of different Lewis bases in substitution reactions with [Os2Ru(CO)i2] . 

Importantly,, in order to further assess the influence of the heteronuclear cluster core, the 

photo-- and electrochemical reactivity of [Os2Ru(CO)|0('Pr-AcPy)] was investigated in detail 

andd wil l be compared with that of its homonuclear analogues. A density functional theoretical 

(DFT)) study was performed in order to obtain direct insight into the bonding properties of 

[Os2Ru(CO)n(PPh3)]]  and [Os2Ru(CO),0(
iPr-AcPy)] and to support and discuss the 

experimentall  results. 

6.33 Experimental section 

Materialss and preparations. [Ru3(CO),2], [Os.,(CO)12] (Strem Chemicals), PPh3, Br; (Aldrich), 

ferrocenee (BDH) and NH3 (Praxair) were used as received. Trimethylamine-N-oxide, Me,NO-2H20 

(Janssen),, was dehydrated before use by vacuum sublimation. Solvents of analytical grade (Acros: 

acetone,, acetonitrile (MeCN), dichloromethane (CH2C12), hexane, tetrahydrofuran (THF); Aldrich: 2-

Chlorobutanee (2-ClBu)) were dried over sodium wire (hexane), sodium/benzophenone (THF), CaS04 

(acetone)) and CaH2 (MeCN, CH2C1:, 2-ClBu) and freshly distilled under a nitrogen atmosphere prior 

too use. Neutral aluminium oxide 90 (70-230 mesh. Merck) and silica 60 (70-230 mesh, Merck) for 

columnn chromatography were activated by heating in vacuo at 450 K overnight and stored under N2. 

Preparativee TLC was performed on Silica Gel G plates (20x20 cm, 1.000 urn, Analtech). The 

supportingg electrolyte Bu4NPF6 (Aldrich) was recrystallized twice from ethanol and dried in vacuo at 

3500 K overnight. 

Syntheticc procedures. All syntheses were performed under an inert atmosphere of dry nitrogen, using 

standardd Schlenk techniques. The preparation of Na2[Ru(CO)4] and the consecutive coupling with 

[Os2(CO)x(Br)2]]  were performed on a standard high-vacuum line at reduced pressure (3x10~4 Pa). 

[Os3(CO),2(Br)2],
166 [Os2(CO)x(Br)2]

17 and Na2[Ru(CO)4]
,s were prepared by modified literature 

procedures.. [Os2Ru(CO)n(MeCN)] and [Os2Ru(CO)i„(MeCN)2] were prepared via similar procedures 

ass used by Foulds et al. for the synthesis of [Ru^COJ^fMeCNy (n = 1,2).19 Both clusters were 

preparedd in situ and only characterized by 1R spectroscopy (vide infra). 

Synthesiss of |Os3(CO),2(Br)2] . In a typical experiment, a solution of [Os3(CO),2] (500 mg, 0.55 

mmol)) in 350 ml CH2C12 was heated to reflux for 20 min. After addition of Br2 (40 ul, 0.78 mmol) the 
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solventt was immediately removed in vacuo. The pale yellow residue was dissolved in CH2Cl2/hexane 

1:44 (400 ml) and precipitated at 190 K. The product was obtained as a pale yellow powder in 70% 

yieldd and used in the synthesis of [Os2(CO)K(Br)2] without further purification. IR v(CO) (CH2C12): 

21499 (vw), 2119 (s), 2062 (vs, br), 2030 (s), 2002 (w) cm'1. 

Synthesiss of [Os2(CO)g(Br)2l. A solution of [Os.,(CO)i2(Br)2] (350 mg, 0.33 mmol) in 60 ml CH2C12 

wass heated at 323 K to dissolve all starting material. After cooling to room temperature, Br2 (14.5 ul, 

0.288 mmol) was added and the solution was irradiated with a 125 W high-pressure Hg lamp using a X 

>> 420 nm cut-off filter. The reaction was monitored by IR spectroscopy and irradiation was stopped 

whenn no further increase of the product v(CO) bands was observed (ca. 85% conversion). After 

removall  of the solvent in vacuo, the crude yellow product was extracted with hexane (5x10 ml). The 

combinedd fractions were filtered and evaporated to dryness. The remaining solid was redissolved in 

hexanee containing a few drops of CH2C12 and precipitated at 270 K. The product was obtained as a 

palee yellow powder in 40% yield. IR v(CO) (hexane): 2118 (s), 2079 (vs), 2067 (s), 2063 (vs), 2052 

(s),, 2031 (s)cm'. 

Synthesiss of Na2[Ru(CO)4]. Two reaction vessels, equipped with Rotaflo® stopcocks and connected 

viavia a glass frit, were placed on a standard high-vacuum line. Under a continuous N2 flow, 

[Os2(CO)s(Br)2]]  (200 mg, 0.26 mmol) was placed in one of the vessels while the other one contained 

[Ru3(CO))2]]  (55.8 mg, 0.087 mmol) and metallic sodium (12 mg, 0.52 mmol). Anhydrous NH3 (ca. 25 

ml)) was condensed in a separate vessel onto metallic sodium and frozen, using a liquid nitrogen bath. 

Afterr closing the vessel containing [Os2(CO)8(Br)2], NH, was distilled in vacuo onto the 

sodium'fRu^CO)]̂]  mixture. Using an acetone/dry ice bath, the solution was slowly warmed to 235 K 

andd stirred vigorously until the characteristic blue Na/NH? solution transformed into a yellow solution 

containingg a white precipitate. This usually required about 30 minutes of reaction time. The mixture 

wass stirred for another 30 minutes and remaining sodium, which splashed on the walls of the flask, 

wass washed down by cold spotting with glass wool drenched with liquid nitrogen. After I h, NHj was 

allowedd to evaporate by further warming to 260 K and the remaining cream-coloured solid was dried 

underr high-vacuum conditions for another 3.5 h at this temperature. 

Synthesiss of |Os2Ru(CO)i2l (1). Na2[Ru(CO)4] from the previous step was dissolved on the vacuum 

linee in pre-dried (sodium/benzophenone) and thoroughly degassed (four consecutive freeze-pump-

thaww cycles) THF. The pale yellow solution was degassed once more to remove the last traces of 

ammonia.. Finally, the THF solution was warmed to room temperature and added to [Os2(CO)8(Br)2] 

viavia filtration through the frit connecting the reaction vessels. Upon mixing, the solution turned red and 

gass was evolving. The solution was stirred for 24 h at 293 K, followed by evaporation of the solvent. 

Purificationn of the crude product was established by column chromatography (activated neutral 

alumina,, hexane/CH2Cl2 gradient elution). After precipitation from THF at 190 K, the product was 

obtainedd as a yellow powder in yields varying between 40% and 63% (based on [Os2(CO)K(Br)2]), 

dependingg on the quality of Na2[Ru(CO)4] (vide infra). IR v(CO) (hexane): 2068(s), 2036 (s), 2015 
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(m),, 2004 <m) cm"1. UV-vis (CH2C12): 280 (sh), 329, 382 (sh) nm. FD MS (m/z): 817 [Mf (calc. 

817.8)) EI MS (m/z): [MY- «CO (n = 0-12). 

Synthesiss of [Os2Ru(CO)„(PPhi,)| (2). Me3NO (5.5 mg, 0.07 mmol) in 2 ml MeCN was added to a 

solutionn of [Os2Ru(CO)t2] (30 mg, 0.04 mmol) in 25 ml THF at 200 K. After stirring the mixture for 

approximatelyy 30 minutes, IR spectra revealed almost complete conversion to [Os2Ru(CO)n(MeCN)]. 

Afterr addition of PPhj (10.6 mg, 0.04 mmol), the solution was allowed to warm to room temperature. 

Ass IR spectra showed hardly any conversion after 60 minutes, additional PPh3 was added (5.2 mg, 

0.022 mmol) and the solution was stirred for two days in the dark. After removal of the solvent in 

vacuo,vacuo, the residue was loaded on a Silica 60 column packed in hexane. Gradient elution with 

hexane/THFF resulted in the clean separation of three (yellow, orange and red) mobile bands. The 

yelloww fraction was further purified by preparative TLC to remove free PPh3. Recrystallization of the 

yelloww residue from petroleum-ether 40-60 at 250 K yielded orange crystals of cluster 2 in ca. 40 % 

yield.. On grounds of their IR spectra, the orange and red fractions likely contained higher substituted 

compounds,, but no detailed characterization of the mixtures was attempted. 

[Os2Ru(CO),,(MeCN)]::  IR v(CO) (CH2C12): 2104 (w), 2050 (vs), 2040 (vs), 2019 (s, sh), 2008 (vs), 

19844 (m) cm1. 

|Os2Ru(CO)„(PPh3)]]  (2): IR v(CO) (CH2C12): 2107 (m), 2054 (s), 2033 (s), 2017 (vs), 1999 (m), 

19888 (m), 1977 (m), 1957 (w) cm'. 'H NMR (CDC13): 8 7.35 (m, I5H). 3IP{H}  NMR (CDCI3): 5 29.6 

(( [Os2Ru(CO)n(PPh,)]), -0.8 ([Os3(CO),,(PPh3)]) (ratio ca. 2:1). FD MS (m/z): 1142 [M]~ (M = 

[Os^COJntPPh^yjHcalc.. 1141.9), 1054 [Mf( M = [Os2Ru(CO),,(PPh3)]) (calc. 1053.9) (ratio ca.. 1:2). 

Synthesiss of |Os2Ru(CO),0(
iPr-AcPy)| (3). To a solution of [Os2Ru(CO),,(MeCN)], freshly prepared 

fromm [Os2Ru(CO),2] (100 mg, 0.12 mmol) and Me3NO (18.6 mg, 0.25 mmol), a solution of Me3NO 

(13.55 mg, 0.18 mmol) in CH2CI2 was added dropwise. After stirring for 45 minutes IR spectra revealed 

[Os2Ru(CO)i(,(MeCN)2]]  as the main product. After addition of  sPr-AcPy (200 mg, 1.2 mmol) the 

reactionn was stirred overnight while warming to room temperature. Purification of the crude product 

overr silica using 2:3 hexane/THF as eluent yielded [Os2Ru(CO)10('Pr-AcPy)] as a purple powder in ca. 

30%% yield. Crystals were grown by slow diffusion of hexane into a saturated solution of 

[Os2Ru(CO)i(,('Pr-AcPy)]]  in THF. 

|Os2Ru(CO)10(MeCN)2]::  ]R v(CO) (CH2C12): 2079 (w), 2019 (vs), 1984 (s), 1958 (m) cm '. 

[Os2Ru(CO)1„(
iPr-AcPy)JJ (3): IR v(CO) (THF): 2082 (m), 2028 (vs), 2002 (vs), 1990 (s), 1979 (s), 

19622 (m), 1956 (sh), 1907 (w) cm"1. 'H NMR (CDC13) (for numbering scheme see Figure 1; asterisks 

denotee signals due to [Os3(CO)i0('Pr-AcPy)] {ca. 10-15%)): 5 9.50*  (d, 1H), 9.23 (d, V = 4.5 Hz, 1H, 

H6),, 8.04 (d,V= 8.1 Hz, 1H, H,), 7.91 (dd, V=8.1 Hz, 3J = 7.5 Hz, 1H, H4), 7.86*  (dd, 1H), 7.25 (dd, 

1/== 7.5 Hz, V = 5 Hz, 1H, H5), 7.11*  (dd, 1H), 4.44*  (m, 1H), 3.73 (m, 1H, C//(CH3)2), 2.66 (s, 3H, 

N=C-C//3),, 1.40 (d, 6H, CH(C//,)2). FAB MS (m/z): 986.9 [M+H]+-CO (M = [Os3(CO)10('Pr-

AcPy)]),, 957.9 [M+Hf-2CO (M = [Os3(CO)l0(
lPr-AcPy)]), 925.91 [M+H]T (M = [Os2Ru(CO)lll ('Pr-

AcPy)])) (calc. 925.89), [M+Hf-ffC O (n = 1-10) (M = [Os2Ru(CO)|(,('Pr-AcPy)]). 

164 4 



HeterositeHeterosite Effects in the Heteronuclear Clusters [Os2Ru(CO)n„(L)]  (n = 1,L = PPhg n=2,L = 'Pr-AcPy) 

X-rayy Crystal Structure Determinations of 2 and 3. Intensities were measured on a Nonius 

KappaCCDD diffractometer with rotating anode (Mo-Ka, k = 0.71073 A) at a temperature of 150(2) K 

upp to a resolution of (sin# / k) = 0.65 A"1. The structures were solved with Patterson methods 

(DIRDIF-97)200 and refined with the programme SHELXL-9721 against F2 of all reflections. Non-

hydrogenn atoms were refined freely with anisotropic displacement parameters, hydrogen atoms were 

refinedd as rigid groups. The drawings, structure calculations, and checking for higher symmetry was 

performedd with the programme PLATON.22 The ruthenium sites in both structures were partially 

occupiedd by osmium atoms. The ruthenium and the corresponding osmium atoms were constrained to 

thee same coordinates and the same anisotropic displacement parameters. Then the partial occupancies 

weree refined with the criterion that the total occupancy remains 1.0. 

|Os2Ru(CO)„(PPh3)]]  (2): C29H150,iOs2.36PRuo.64; Fw = 1083.94; yellow plate, 0.36 x 0.21 x 0.12 

mm3;; monoclinic, space group C2/c (no. 15); cell parameters: a = 21.9824(1), b = 16.0859(1) A, c = 

17.2605(1)) A; /?= 103.7064(3)°; V= 5929.62(6) A3; Z = 8; p= 2.428 g cm"3; F(000) = 3996; 55381 

reflectionss were measured, 6811 reflections were unique (Rjnl = 0.0519). An analytical absorption 

correctionn was applied (u = 10.526 mm"1, 0.08-0.39 transmission). 398 refined parameters, no 

restraints.. R (obs. reft.): Rl = 0.0196, wR2 = 0.0425. R (all data): Rl = 0.0230, wR2 = 0.0434. 

Weightingg scheme w = l/[a2(Fo
2)+(0.0165P)2+l 1.6188P], where P = (F0

2+2Fc
2)/3. GoF = 1.110. 

Residuall  electron density between -0.92 and 0.75 e/A . 

lOszRutCOWPr-AcPy)]]  (3): CzoHu^OioOsziiRu,,;̂ Fw = 933.61; red needle, 0.39 x 0.03 x 0.03 

mm3;; monoclinic, space group P2\/c (no. 14); cell parameters: a = 9.1117(1), b = 13.9915(1) A, c = 

20.7504(2)) A; /?= 113.6862(4)°; V= 2422.54(4) A3; Z = 4; p = 2.560 g cm3; F(000) = 1710. 43532 

reflectionss were measured, 5551 reflections were unique (Rinl = 0.0740). An analytical absorption 

correctionn was applied (|u = 11.644 mm"1, 0.20-0.78 transmission). 320 refined parameters, no 

restraints.. R (obs. refl.): Rl = 0.0277, wR2 = 0.0419. R (all data): Rl = 0.0510, wR2 = 0.0460. 

Weightingg scheme w = l/[a2(Fo
2)+(0.0147P)2], where P = (F0

2+2Fc
2)/3. GoF = 0.996. Residual 

electronn density between -0.95 and 1.01 e/A . 

Spectroscopicc measurements. UV-vis absorption spectra were recorded on a Hewlett-Packard 8453 

diode-arrayy spectrophotometer and FT-IR spectra on a Bio-Rad FTS-7 (8 scans at 2 cm" resolution) 

spectrometer.. Rapid-scan FT-IR spectra were measured on a Bio-Rad FTS-60A spectrometer 

(equippedd with a liquid-nitrogen cooled MCT detector) after excitation of the sample by the 514.5 nm 

linee of a Spectra Physics Model 2016 argon-ion laser. 'H and 3IP{H}  NMR spectra were recorded on a 

Brukerr AMX 300 spectrometer. Field Desorption (FD), Fast Atom Bombardment (FAB) and Electron 

Impactt (EI) mass spectra were collected on a JEOL JMS SX/SX102A four-sector mass spectrometer. 

Forr synthetic purposes a Philips HPK 125 W high-pressure Hg lamp, equipped with appropriate cut-

offf  filters to select the desired wavelength region, served as a light source. 

Photochemistry.. Nanosecond transient absorption (ns TA) spectra were obtained by irradiating the 

sampless with 2 ns pulses of the 532 nm line (typically 5 mJ/pulse) of a tunable (420-710 nm) Coherent 
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Infinityy XPO laser and using a high-power EG&G FX-504 Xe lamp as probe light. Nanosecond flash 

photolysiss transient kinetics were measured by irradiating the sample with 7 ns (FWHM) pulses of a 

Spectraa Physics GCR-3 Nd:YAG laser (10 Hz repetition rate) and using a pulsed Xe-lamp 

perpendicularr to the laser beam as probe light. The excitation wavelength in this case (532 nm) was 

obtainedd by frequency doubling. Picosecond transient absorption (ps TA) spectra were recorded using 

thee set-up installed at the University of Amsterdam.23 Part of the 800 nm output of a Ti-sapphire 

regenerativee amplifier (1 kHz, 130 fs, 1 mj) was focussed into a H :0 flow-through cell (10 mm; 

Hellma)) to generate white light. The residual part of the 800 nm fundamental was used to provide 505 

nmm (fourth harmonic of the 2020 OPA idler beam) excitation pulses with a general output of 5 uJ 

pulse""  . Further experimental details of the time-resolved absorption set-ups are described in Chapter 

2. . 

Electrochemistry.. Cyclic voltammograms (CV) of approximately 10' M parent cluster in 10'1 M 

Bu4NPF66 electrolyte solution were recorded using the set-up described in Chapter 2. IR 

spectroelectrochemicall  measurements at variable temperatures were performed in previously 

describedd optically transparent thin-layer electrochemical (OTTLE) cells.2425 

Computationall  details. All density functional calculations were carried out with the Amsterdam 

Densityy Functional (ADF2000) programme. The computational details are described in Chapter 2. Full 

geometryy optimizations were performed without any symmetry constraints on models based on the 

availablee crystal structures. 

6.44 Results and Discussion 

Synthesiss of [Os2Ru(CO),2] (1) 

Thee heteronuclear cluster [Os2Ru(CO)i2] (1) was synthesized from its homonuclear 

analoguess [Os3(CO)i2] and [Ru3(CO)]2] in a four-step reaction sequence (Scheme 1). Starting 

fromm [Os3(CO)i2] , the linear cluster [Os3(CO)i2(Br)2] was obtained via an oxidation reaction 

withh Br2 in refluxing CH2CI2 (step (/)). After addition of Br2, rapid removal of the heating 

bathh is required in order to prevent reaction of [Os3(CO)i2(Br)2] with additional Br2 to give at 

thiss stage undesired [Os2(CO)s(Br)2] , the latter complex being known to transform into 

[Os2(CO)6(Br)2]]  at elevated temperatures.26 Similar oxidative addition of X2 (X = CI, Br, I) to 

[Ru3(CO)i2]]  was reported27- 28 to yield the mononuclear complex c/s-[Ru(CO)4(X)2] as the 

initiall  product, which reflects the increasing stability of the metal-metal bond towards 

oxidationn on descending the periodic table. Unfortunately, this synthetic strategy could 

thereforee not be applied for the synthesis of the isostructural cluster [Ru2Os(CO)i2] . The 

controlledd formation of the dinuclear complex [Os2(CO)x(Br)2] was achieved by slightly 

modifyingg the procedure described by Moss et al. (step (//)). '7 Visible irradiation (X > 420 

nm)) of [Os3(CO)i2(Br)2] was used in order to prevent excessive formation of the mononuclear 
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complexx c/s-[Os(CO)4(Br)2]. The latter complex is not only obtained as an unavoidable side-

productt upon irradiation of [Os3(CO)i2(Br)2], but it can also be formed from [Os2(CO)8(Br)2] 

byy UV-vis irradiation of this complex in the presence of Br2. In a third step, the powerful 

nucleophilee Na2[Ru(CO)4] was prepared by reduction of [Ru3(CO)i2] with sodium in liquid 

ammoniaa (step (Hi)).'8 As the ruthenium tetracarbonyl dianion is extremely air- and moisture-

sensitivee and readily converts into [Ru(CO)4H] , reduction of [Ru3(CO)i2] was performed on 

aa high-vacuum line at reduced pressure (3xl0"4 Pa). After completion of the reaction, 

extensivee drying of the product is required, as small traces of ammonia proved to react 

instantlyy with [Os2(CO)8(Br)2], reducing the yield of [Os2Ru(CO)!2]. In order to prevent 

thermall  decomposition of Na2[Ru(CO)4], the temperature during the drying process was 

carefullyy kept below 273 K. Finally, Na2[Ru(CO)4] was extracted in thoroughly dried THF 

andd added to [Os2(CO)8(Br)2] via filtration on the vacuum line, giving [Os2Ru(CO)i2] (1) in 

reasonablee yields (step (iv)). 

Schemee 1. Synthesis of [Os2Ru(CO)l2] (1). 

[Os[Os33(CO)(CO)1212] ] 

(0 0 
CH2Cl2,, reflux 

CC OC CO 

OC—OsOC—Os Os— 
000011 nJ 'rnOC : I 

BrBr OC co C 

Br Br 

OsOs——CO CO 

(") ) 
Br2 2 

hv(( A>420nm) 
CH2C12,, rt 

[Ru[Ru33(CO)(CO)1212] ] 

(Hi) (Hi) 

O O 
CC OC Br 

II -co \: 
OC—OsOC—Os Os—CO 
0000 I ol'co 

NH3,, Na(6 equivs.) 

2355 K, l h 

NaNa22IRu(CO)IRu(CO)44] ] 

(iv) (iv) THF,, rt, 24 h 

[Os[Os22Ru(CO)Ru(CO)1212] ] 

Unfortunately,, in some cases, cluster 1 was found to contain variable amounts of 

[Os3(CO)i2]]  and/or [Ru2Os(CO)i2] impurities. The latter cluster is most likely formed upon 

incompletee reduction of [Ru3(CO)i2], which documents that addition of exact equimolar 

amountss of sodium is required. Thus, although the number of impurities and their percentages 

aree significantly reduced in comparison with the established synthetic procedures,""13 the 
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purityy of cluster 1 and its substitution products still remains difficult to control, even when 

employingg this new synthetic route. 

Inn order to establish the preferred coordination site in cluster 1 for CO substitution with 

differentt Lewis bases (L), substituted derivatives with singly bound PPh3 and chelating a-

diiminee were prepared via a thermal reaction of the Lewis base with the corresponding 

precursorr cluster [Os2Ru(CO)i2-n(MeCN)n] (n = 1 for L = PPh3; n = 2 for L = jPr-AcPy). The 

substitutedd products [Os2Ru(CO),,(PPh3)] (2) and [Os2Ru(CO)i0(
iPr-AcPy)] (3) (see Figure 1) 

weree characterized by IR and NMR spectroscopies and mass spectrometry. Their molecular 

structuress were determined by single crystal X-ray diffraction and compared with the 

optimizedd geometries resulting from DFT calculations. 

Molecularr  structure of |Os2Ru(CO)n(PPh3)] (2) 

Thee crystal structure of cluster 2 is shown in Figure 2. Selected bond distances and angles 

aree presented in Table 1. The structure of 2 exhibits disorder amounting to a 36% Os 

occupancyy at the Ru atom site and is significantly distorted from the D3h symmetry observed 

forr [M3(CO),2] (M = Ru, Os).29'30 Most importantly, the crystal structure reveals that the PPh3 

ligandd in [Os2Ru(CO)n(PPh3)] occupies an equatorial position and is exclusively coordinated 

att Ru. This is in contrast with the results of Pereira et al. who obtained a mixture of osmium-

andd ruthenium-substituted isomers (ca. 2:1 ratio) after reaction of PPh3 with the tetranuclear 

mixed-metall  cluster [RuOs3(u-H)2(CO)i3] under similar conditions.31 

Figuree 2. Crystal structure of the cluster [Os2Ru(CO),,(PPh3)] (2). 
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Tablee 1. Selected bond lengths3 [A] and bond angles3 [°] for cluster 2, with standard deviations in 

parentheses. . 

Ru-Osl l 

Ru-Os2 2 

Osl-Os2 2 

Ru-P P 

Ru-C9 9 

Ru-CIO O 

Ru-Cll l 

P-C12 2 

P-C18 8 

P-C24 4 

2.8839(2) ) 

2.9147(2) ) 

2.8827(2) ) 

2.3682(7) ) 

1.939(3) ) 

1.939(3) ) 

1.887(3) ) 

1.842(3) ) 

1.831(3) ) 

1.826(3) ) 

Osl-Ru-Os2 2 

Osl-Os2-Ru u 

Ru-Osll  -Os2 

Ru-P-C12 2 

Ru-P-C18 8 

Ru-P-C24 4 

C12-P-C18 8 

C18-P-C24 4 

C12-P-C24 4 

59.62(1) ) 

59.66(1) ) 

60.72(1) ) 

116.69(10) ) 

114.08(10) ) 

116.05(9) ) 

104.64(14) ) 

103.17(14) ) 

100.30(13) ) 

Seee Figure 2. 

Thee geometry around the phosphorus atom in cluster 2 is essentially tetrahedral, with the 

phenyll  groups slightly bent away from the Ru atom (C-P-C angles are in the range 103.2-

104.6°).. The average metal-metal bond distance (2.8938(3) A) is longer compared to the 

unsubstituted,, homonuclear clusters [M3(CO),2] (M = Ru: 2.8542(7) A;30 M = Os: 2.8771(9) 

A29).. This is partly due to the substitution of a n-accepting CO ligand by the more a-donating 

PPh33 ligand, which increases the electron density on the metal core and results in expansion. 

Likee in the corresponding homonuclear clusters [M3(CO)n(PPh3)] (M = Os, Ru) ' the 

lengthh of the metal-metal bond cis to the PPh3 ligand (Ru-Os2: 2.9147(2) A) is increased to a 

largerr extent than the other metal-metal bonds (Ru-Osl: 2.8839(2) A; Osl-Os2: 2.8827(2) A). 

Thiss difference cannot be explained by electronic effects but has been attributed to steric 

interactionss between the PPh3 ligand and the CO group in the cis position on the adjacent 

metall  atom.32'33 The steric and electronic effects are also reflected in the marked shortening of 

thee M-COeq bond cis to the PPh3 ligand (Ru-Cl 1 = 1.887(3) A) compared to the average 

distancee of these bonds in, for example, [Ru3(CO)i2] (average Ru-COeq: 1.921(5) A). This 

shorteningg is ascribed to increased rc-backbonding to the CO ligand, resulting from both the 

presencee of the a-donating phosphorus ligand attached to the same metal and the sterically-

inducedd lengthening of the Ru-Os2 bond trans to this CO group.32 The Ru-Os bond distances 

(2.9147(2)) and 2.8839(2) A) nicely fit  within the values reported for the corresponding metal-

metall  bond lengths in the homonuclear analogues [M3(CO)n(PPh3)] (M = Os: 2.918(1) and 

2.891(1)) A, M = Ru: 2.907(3) and 2.876(3) A). This comparison is possible even though the 

reportedd Os-Ru distances do not correspond to 'pure' [Os2Ru(CO)ii(PPh3)] but to a blend of 

Os2Ruu and Os3 in solid solution {vide supra). The distortion from the D3h symmetry, 

manifestedd by the twisting of the Os(CO)4 units, is reflected in the C(ax)-Osl-Os2-C(ax) 

dihedrall  angles.32 Just like for the metal-metal bond distances, the values for Cl-Osl-Os2-C5 
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(3.5°)) and C2-Osl-Os2-C6 (12.8°) closely resemble those reported for the homonuclear 

analoguess (Ru: 5.4° and 14.4°; Os: 4.4° and 12.3°). 

Thee presence of [Os3(CO)n(PPh3)], which was refined with a substitutional disorder 

modell  for the Ru/Os3 atom site, has most likely its origin in the formation of [Os3(CO)i2] as a 

side-productt during the preparation of 1 {vide supra). This is also reflected in the mass spectra 

off  some of the [Os2Ru(CO)i2] batches where a peak at mlz 908 is ascribed to the molecular 

ionn of [Os3{CO),2]. The presence of ca. 35% [Os3(CO)ii(PPh3)] is also reflected in the 3IP{H} 

NMRR and FD mass spectra of 2, indicating that the observed ratio between the Os3 and Os2Ru 

phosphine-substitutedd clusters in the crystal structure is similar in the gas phase and solution. 

Densityy functional study of IOs2Ru(CO)i,(PPh3)] (2) 

AA density functional theoretical (DFT) study of cluster 2 was performed in order to learn 

whetherr the theory indeed predicts [Os2Ru(CO)n(PPh3)] to be most stable with the PPh3 

ligandd coordinated at the ruthenium centre. As a model for 2 served the cluster 

[Os2Ru(CO)n(PH3)]]  (2a), with the phenyl rings of the PPh3 ligand replaced by hydrogens. 

Somee features of the optimized geometry of 2a slightly deviate from those of the crystal 

structuree of 2 (Table 2, Figure 3). First of all, the calculated metal-metal bond distances are 

somewhatt longer than the experimental ones, which appears to be a general result of DFT 

calculationss and was also observed for the related cluster [Os3(CO)i2].
34 Surprisingly, the Ru-

Oss bond distance cis to the PPh3 ligand is calculated to be significantly longer than the other 

twoo metal-metal bonds. Although this is in agreement with the crystal structure, the 

differencess in the metal-metal bond lengths are expected to be smaller in the model 2a, as the 

stericc interactions of the less bulky PH3 ligand with the CO group cis to it on the adjacent 

metall  atom will be much weaker than for PPh3. Apart from this, the twisting of the Os(CO)4 

unitss in 2a is much smaller than in the experimental structure. This is reflected in the 

orientationn of the Os-COax bonds in 2a, which are almost perpendicular to the Os2Ru plane 

(dihedrall  angles Cl-Osl-Os2-C5 = 0.3° and C2-Osl-Os2-C6 = 0.5°). The larger distortion in 

thee experimental structure presumably has its origin in the phenyl groups of the PPh3 ligand. 

Inn the solid state these phenyl rings interact with the phenyl rings of the two neighbouring 

clusterss by four edge-to-face interactions to give a one-dimensional chain. Similar 

interactions,, for example, are reported for the cluster [Os3(CO)ii(P(/?-C6H4F)3)],
35 which are 

believedd to be responsible for the twisting of the metal framework. As crystal packing effects 

aree not incorporated in the geometry optimization of 2a, the observed twist of the Os(CO)4 

unitss in this model are much smaller. 

Inn addition to the optimized model 2a, the relative energies of several structural isomers 

2b-ee have also been calculated (Figure 3). The isomers 2a and 2b have in common that the 

PH33 tigand is coordinated to ruthenium, but they differ in the coordination of the ligand 
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relativee to the OS2R11 plane (equatorial and axial, respectively). In isomers 2c-e the PH3 ligand 

iss coordinated at one of the osmium atoms, with 2e being the only model with the PH3 ligand 

coordinatedd in an axial position. Isomers 2c-d both have the PH3 ligand coordinated in an 

equatoriall  position, but they differ in the orientation of the PH3 ligand relative to the 

rutheniumm centre. Importantly, isomer 2a appeared to be more stable by 11.4 kJ mof' than 

isomerr 2d, which proves the preferable coordination of the PH3 ligand at ruthenium. Isomer 

2c,, with the PH3 ligand perpendicular to the Osl-Os2 bond, is in turn slightly more stable than 

isomerr 2d, where the position of the PH3 ligand presents almost a continuation of the Osl-

Os22 bond. The isomers 2b and 2e, with the PH3 ligand occupying an axial site at Ru and Os, 

respectively,, are highest in energy. 

2a:0kJmol" ''  2b: 15.2 kJ mof' 

2c::  9.3 kJ mol"1 2d: 11.4 kJ mol"' 

2e::  24.7 kJ mol"1 

Figuree 3. Optimized geometries and relative energies (in kJ mol" ) of the model cluster 2a and its 

virtuall  isomers 2b-e. 

Althoughh the difference in relative energy between the model structures 2a and 2c is 

relativelyy small, no experimental evidence has been obtained for [Os2Ru(CO)n(PPh3)] 
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clusterss with the phosphine coordinated to osmium. However, as the relative energies 

calculatedd by DFT refer to isolated gas-phase molecules at 0 K, the obtained values merely 

reflectt a trend in the thermodynamic stability of the different isomers in solution at 293 K. 

Besides,, substitution at the ruthenium site might also take place upon kinetic control, with the 

thermodynamicc stability of the products being of minor importance. 

Tablee 2. Comparison of selected ADF/BP calculated bond lengths [A] and angles [°] in cluster 2a 

withh the experimental crystallographic data. 

Bond33 Calc. Exptl. Anglea Calc. Exptl. 

Ru-Osll  2.91 2.8839{2) Osl-Ru-Os2 59.96 59.62(1) 

Ru-Os22 2.96 2.9147(2) Osl-Os2-Ru 59.29 59.66(1) 

Osl-Os22 2.93 2.8827(2) Ru-Osl-Os2 60.75 60.72(1) 

Ru-PP 2J4 2.3682(7) 

Seee Figure 2. 

Inn order to investigate whether a chelating a-diimine ligand also prefers coordination at 

thee ruthenium site of 1, we synthesized the cluster [Os2Ru(CO)io('Pr-AcPy)] (3) and 

determinedd its molecular geometry. Apart from its structure, the major interest in cluster 3 

stemss from our aim to reveal the influence of the heteronuclear cluster core on the photo- and 

redoxx reactivity of this compound. For a proper evaluation of this effect, the homonuclear 

clusterss [Os3(CO)m(a-diimine)] were used as a reference. 

Molecularr  structure of |Os2Ru(CO)]0(
iPr-AcPy)| (3) 

Thee molecular structure of 3 as determined by single crystal X-ray diffraction, is shown in 

Figuree 4. Selected bond distances and angles are collected in Table 3. As in compound 2, the 

correspondingg Os3 compound, viz. [Os3(CO)io('Pr-AcPy)], was also present in the crystal 

structuree as a solid solution (occupancy 0.89:0.11 for Os2Ru:Os3). Importantly, the crystal 

structuree reveals that the 'Pr-AcPy ligand in [Os2Ru(CO)io('Pr-AcPy)] is again coordinated at 

thee ruthenium atom. Similar to 2,2'-bipyridine (bpy) and iV,jV'-diisopropyl-l,4-diaza-l,3-

butadienee ('Pr-DAB) in the corresponding [Os3(CO)io(a-diirnine)] clusters36, 37, the 

asymmetricc 'Pr-AcPy ligand is coordinated to a single metal centre in a chelating fashion. The 

nitrogenn of the pyridine ring and the imine nitrogen occupy axial and equatorial positions, 

respectively.. In comparison with the average M-M bond length in [M3(CO)i2] (2.8771(9) A 

forr M = Os29 and 2.8542(7) A for M - Ru30) and [M3(CO)10(bpy)] (2.875(3) A for M - Os36 

andd 2.816(2) A for M= Ru38'39) the average Ru-Os bond length (2.8926(6) A) in 3 is larger. 

Importantly,, this is in contrast with the results for cluster 2 and indicates that the 

heteronuclearr Ru-Os bonds in 3 are weaker than the corresponding metal-metal bonds in the 

homonuclearr analogues. 

172 2 



HeterositeHeterosite Effects in the Heteronudear Clusters [Os2Ru(CO)n„(L)]  (n = /, L = PPh,; n= 2,L= 'Pr-AcPv) 

Figuree 4. Crystal structure of the cluster [Os2Ru(CO)|0(
iPr-AcPy)] (3). 

Tablee 3. Selected bond lengths" [A] and angles" [°] for cluster 3, with standard deviations in 

parentheses. . 

Ru-Osl l 

Ru-Os2 2 

Osl-Os2 2 

Ru-Nl l 

Ru-N2 2 

Ru-C9 9 

Ru-CIO O 

N2-C11 1 

C11-C12 2 

C12-C13 3 

C13-C14 4 

C14-C15 5 

C15-C16 6 

2.8693(4) ) 

2.9159(4) ) 

2.8814(3) ) 

2.141(4) ) 

2.151(4) ) 

1.846(5) ) 

1.855(6) ) 

1.343(6) ) 

1.376(7) ) 

1.380(8) ) 

1.384(7) ) 

1.383(6) ) 

1.469(7) ) 

N1-C16 6 

N2-C15 5 

Osl-Os2-Ru u 

Os2-Osl-Ru u 

Osl-Ru-Os2 2 

Nl-Ru-Osl l 

N2-Ru-Os2 2 

Nl-Ru-C9 9 

N2-Ru-C9 9 

Nl-Ru-N2 2 

N1-C16-C15 5 

N2-C15-C16 6 

1.307(6) ) 

1.359(6) ) 

59.33(1) ) 

60.93(1) ) 

59.74(1) ) 

157.78(10) ) 

101.98(10) ) 

97.02(18) ) 

171.47(18) ) 

75.24(15) ) 

115.7(4) ) 

115.1(4) ) 

Seee Figure 4. 

Justt as for cluster 2, the observed substitutional disorder due to a small amount of the 

triosmiumm analogue most likely has its origin in the formation of [Os3(CO)i2] as a side-

productt during the preparation of 1. Apart from the crystal structure, the presence of a small 

amountt of [Os3(CO)io('Pr-AcPy)] is also reflected in the FAB+ mass spectrum of 3 where 

peakss at mlz 986.9 and 957.9 can be ascribed to [M] +- «CO (M = [Os3(CO)]0( iPr-AcPy)]; n = 

1,2).. Moreover, the 'H NMR spectrum of 3 in CDC13 displays small signals at 5 9.50 (d, 1H), 
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7.866 (t, 1H), 7.11 (dd, 1H) and 4.44 (m, 1H), indicating the presence of ca. 10-15 % 

[Os3(CO)io('Pr-AcPy)]]  (estimated from signal integrals). This proves that the ratio between 

[Os2Ru(CO)i0(
iPr-AcPy)]]  and [Os3(CO)i0('Pr-AcPy)] in solution is very close to that in the 

solidd state. 

Densityy functional study of [OsiRufCOM'Pr-AcPy) ! (3) 

DFTT calculations were performed in order to obtain more insight into the bonding 

propertiess of 3 and the influence of the Ru atom on the character of the frontier orbitals. The 

clusterr [Os2Ru(CO)io(H-PyCa)] (H-PyCa = pyridine-2-carbaldehyde-imine) (3') served as a 

model,, with both the isopropyl and imine methyl groups of the 'Pr-AcPy ligand replaced by 

hydrogens.. In order to verify whether the theoretical calculations indeed predict the 

coordinationn of'Pr-AcPy at the ruthenium instead of the osmium sites, the relative energies of 

thee structural isomers 3' and 3" were calculated, with 3' having the a-diimine coordinated at 

rutheniumm and 3" at osmium (Figure 5). In both model systems the a-diimine is coordinated 

withh the pyridine ring in the axial position. A recent DFT study on the related cluster 

[Os3(CO)i()(H-PyCa)]400 has already revealed that this geometric isomer is more stable than 

thosee with the pyridine ring equatorially bound or with both nitrogens coordinated in the 

equatoriall  plane. 

3' :0kJmor'' 3": 22 kJ mof' 

Figuree 5. Optimized geometries and relative energies (in kJ mof') of the model clusters 3' and 3". 

Geometryy optimization of both isomers with DFT revealed that 3' is more stable than 3" 

byy 22 kJ mol"1. This is in agreement with the experimental structure and shows that also the 

'Pr-AcPyy ligand prefers coordination at the ruthenium site of [Os2Ru(CO)i2]. The geometry of 

modell  3' is in good agreement with the experimental structure of 3 (Table 4, Figure 5), even 

thoughh the calculated metal-metal bond distances are slightly longer than the experimental 

ones.. This overestimation by DFT is rather general and also observed for the related clusters 

[M 3(CO)10(a-diimine)]]  (M = Ru, Os40) and [Os3(CO),o(biphosphinine)].41 The relatively large 

differencee between the two Ru-N bond lengths (2.05 vs 2.17 A) in 3' indicates that the a-
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diiminee ligand is coordinated in a more asymmetric fashion than in the experimental structure. 

Thiss is explained by the reduced steric hindrance upon replacement of the isopropyl group by 

aa hydrogen atom, allowing the Ru-N 1 bond to be shortened. 

Tablee 4. Comparison of selected ADF/BP calculated bond lengths3 [A] and angles3 [°] in cluster 3' 

withh the experimental crystal lographic data. 

Ru-Osl l 

Ru-Os2 2 

Osl-Os2 2 

Ru-Nl l 

Ru-N2 2 

N2-C11 1 

C11-C12 2 

C12-C13 3 

C13-C14 4 

C14-C15 5 

CI5-C16 6 

Calc. . 

2.896 6 

2.928 8 

2.913 3 

2.049 9 

2.168 8 

1.356 6 

1.385 5 

1.405 5 

1.383 3 

1.412 2 

1.426 6 

Exptl. . 

2.8693(4) ) 

2.9159(4) ) 

2.8814(3) ) 

2.141(4) ) 

2.151(4) ) 

1.343(6) ) 

1.376(7) ) 

1.380(8) ) 

1.384(7) ) 

1.383(6) ) 

1.469(7) ) 

N1-C16 6 

N2-C15 5 

Osl-Os2-Ru u 

Os2-Osl-Ru u 

Osl-Ru-Os2 2 

Nl-Ru-Osl l 

N2-Ru-Osl l 

Nl-Ru-N2 2 

N1-C16-C15 5 

N2-C15-C16 6 

Calc. . 

1.314 4 

1.382 2 

59.46 6 

60.52 2 

60.02 2 

152.9 9 

96.77 7 

75.15 5 

116.5 5 

113.9 9 

Exptl. . 

1.307(6) ) 

1.359(6) ) 

59.33(1) ) 

60.93(1) ) 

59.74(1) ) 

157.78(10) ) 

97.41(10) ) 

75.24(15) ) 

115.7(4) ) 

115.1(4) ) 
dd See Figure 4. 

Tablee 5. Characters and one-electron energies of selected frontier orbitals of [Os2Ru(CO)i0(H-PyCa)] 

(3')) as calculated by the ADF/BP method (L - LUMP, H = HOMO). 

MOO £[eVl Ru Qsl Os2 H-PyCa CO 

I l i a a 

110a a 

109a a 

108a a 

107a a 

106a a 

105a a 

104a a 

L+2 2 

L+l l 

L L 

H H 

H I I 

H-2 2 

H-3 3 

H-4 4 

-2.70 0 

-3.04 4 

-3.68 8 

-5.28 8 

-5.77 7 

-5.84 4 

-6.22 2 

-6.46 6 

0.5 5 

23.4 4 

8.4 4 

25.5 5 

24.4 4 

38.3 3 

52.8 8 

35.6 6 

0.1 1 

7.3 3 

1.1 1 

1.0 0 

21.9 9 

16.1 1 

7.0 0 

9.6 6 

0.6 6 

4.5 5 

6.5 5 

16.7 7 

17.1 1 

3.2 2 

10.9 9 

19.8 8 

87.7 7 

9.5 5 

64.7 7 

24.9 9 

3.4 4 

7.8 8 

5.8 8 

1.8 8 

6.0 0 

44.6 6 

14.4 4 

25.4 4 

26.7 7 

30.2 2 

17.1 1 

26.5 5 

Fromm the ground-state DFT calculations the composition of the molecular orbitals of 3' 

hass been obtained. The contribution of the relevant atomic wavefunctions to the frontier 

orbitalss are given in Table 5, with the HOMO (H) and LUMO (L) in bold face. Three-

dimensionall  plots of the three highest occupied molecular orbitals (HOMO, HOMO-1 and 

HOMO-2)) and of the lowest unoccupied molecular orbital (LUMO), are depicted in Figure 6. 

Mindd that the cluster has a different orientation in Figures 6a-d. The HOMO of 3' has large 
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contributionss from both the Ru and Os2 centres, while Osl is almost not involved. 

Accordingly,, the HOMO has a-bonding character with respect to the Ru-Os2 bond (a(Ru-

Os2)).. All three metal centres participate in the HOMO-1, that is mainly a-bonding with 

regardd to the Osl and Os2 centres and will be denoted as a(Osl-Os2). The Os2 centre is 

almostt not involved in the HOMO-2, which has large contributions from both Ru, Osl and 

thee carbonyl ligands and is best described as a o(Ru-Osl) bonding orbital. 

i . . 

(a ))  LUMO (b )  HOMO 

(c ))  HOMO-1 (d )  HOMO-2 

Figuree 6. Three-dimensional representations of the LUMO (a), HOMO (b), HOMO-1 (c) and HOMO-

22 (d) of [Os2Ru(CO)io(H-PyCa)]. The ruthenium atom is indicated with a light blue colour. 

Thee LUMO of 3' mainly consists of the lowest n*(H-PyCa) orbital, while the LUMO+1 is 

delocalizedd over the cluster carbonyl core. Based on the contribution of the atomic 

wavefunctionss to the frontier orbitals, the HOMO-LUMO transition has predominant a(Ru-

Os2)-to-7r*(a-diimine)) character. A comparison of the frontier orbitals with those of 

[Os3(CO)io(H-PyCa)]4°° shows that the HOMOs of both clusters are very similar, with only 

onee specific metal-metal(a-diimine) bond involved in the bonding interactions. Notably, the 

rutheniumm centre in 3' contributes slightly more (25%) to the HOMO than the corresponding 

osmiumm centre in [Os3(CO)i0(H-PyCa)] (18%). The contribution of the 7i*(H-PyCa) orbital to 

thee HOMO and the LUMO is nearly identical in both compounds. The excitation energies and 
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thee oscillator strengths of the low-lying electronic transitions of 3' were calculated using TD-

DFTT and are presented in Table 6. 

Tablee 6. TD-DFT calculated lowest-energy singlet excitation energies (eV) and oscillator strengths 

(Q.S.)) for [Os2Ru(CO)|0(H-PyCa)]. 

Transitionn Composition Energy Wavelength Exptl. O.S. 

[eV]]  [nm] Xmax
a 

[nml l 

11 63%(H-+L);26%(H-1->L) 2.09 594 581 0.085 

22 55%(H-l->L);23%(H-2->L); 2.16 573 0.021 

33 63% (H-2-»L); 28% (H-»L+1)) 2.24 553 0.010 

44 49%(H->L+1); 16%(H-3->L); 11% 2.46 504 520 0.050 

(H->L)) _ _ _ _ _ _ _ _ _ _ __ . 

55 76%(H-3->L) 2.63 471 b 0.027 

66 85% (H->L+2) 2.72 456 b 0.020 

77 64%(H-4^L);25%(H-1->L+1) 2.84 436 0.011 

88 4 6 % ( H - 2 H > L + 1 ) ; 2 7 % ( H - 1 ^ L + 1) 2.90 428 434 0.038 
aa Absorption maxima of [Os2Ru(CO)io('Pr-AcPy)] observed in hexane at 298 K. Non-resolved. 

Electronicc absorption spectra 

Thee electronic absorption spectra of cluster 3 in different solvents are characterized by a 

dominantt lowest-energy band with its maximum shifting from 522 to 581 nm on decreasing 

polarityy of the solvent (Table 7). This negative solvatochromism is characteristic for a charge 

transferr (CT) transition to an a-diimine ligand. 

Tablee 7. Visible and near-UV absorptions of [Os2Ru(CO)]o('Pr-AcPy)1 (3) in different solvents. 

A,, [nm] 

hexanee 2-chlorobutane THF acetonitrile 

3233 (sh), 434 (sh), 520 (sh), 322 (sh), 453 (sh) 323 (sh), 456, 535 322 (sh), 457, 522 

5811 562 

Inn order to evaluate the solvatochromic behaviour of this lowest-energy absorption band 

andd to compare it with that of [Os3(CO)i0('Pr-PyCa)], the experimentally determined 

transitionn energies were plotted versus the empirical solvent parameter E*MLCT of Manuta et 

al.al. (Figure 7), which is based on the solvatochromism of the lowest MLCT band of 

[W(CO)4(bpy)].422 The plot could be well fitted by linear regression. Its slope reflects the 

degreee of solvatochromism, while the intercept at E*MLCT = 0 corresponds to the experimental 
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transitionn energy extrapolated to apolar isooctane, which solvent wil l similarly weakly 

interactt with ground- and excited states. 

230-230-

II  220-

210-210-

200 200 

0.00.0 0.2 0.4 0.6 0.8 1.0 
SolventSolvent scale E*M1CT 

Figuree 7. Solvatochromic behaviour of the lowest-energy absorption band of [Os2Ru(CO)io('Pr-

AcPy)],, based on the empirical solvent scale E*MLCT according to Manuta et al.*2 The solvents used 

(withh E*MLCT in parentheses) were CCl4 (0.12), toluene (0.30), CHCl3 (0.42), THF (0.59), CH2Cl2 

(0.67),, acetone (0.82) and acetonitrile (0.98). 

AA comparison between the theoretical and experimental data (Table 6,7), and the 

extrapolatedd value obtained from Figure 7 shows that there is a good agreement between the 

calculatedd maxima of the lowest-energy transitions (594 and 573 nm, Table 6), the 

extrapolatedd value (205.3 kJ mol"1, 582 nm) and the band maximum of 3 in hexane (581 nm). 

Ass the absorption features in the visible region are generally broad and poorly resolved, the 

latterr band most likely consists of several allowed transitions of predominantly charge transfer 

character,, which is in agreement with its solvatochromic behaviour. A similar negative 

solvatochromismm is observed for the higher-lying shoulder at 520 nm that agrees reasonably 

welll  with the calculated charge-transfer transition 4 (Table 6). The weak shoulder on the low-

energyy side of the intense absorption in the near-UV region (434 nm in hexane) most likely 

consistss of two differently composed transitions that mainly originate in the cluster core and 

aree directed to the LUMO+1 (transitions 7-8, Table 6). Although the calculated excitation 

energiess of the three different groups of electronic transitions (cluster model 3') slightly 

deviatee from the experimental values (cluster 3), the calculated oscillator strengths compare 

reasonablyy well with the observed band intensities and clearly predict that the lowest-energy, 

predominantlyy HOMO-LUMO transition, is the most intense one in the visible region. Due to 

theirr relatively small oscillator strengths and overlap, transitions 5 and 6 (Table 6) do not 

appearr as distinct bands in the UV-vis spectrum of 3. 
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Thee observed solvatochromism of the lowest-energy absorption band thus documents that 

thee corresponding electronic transition has predominant charge transfer character. Although 

thee experimental results do not reveal whether this transition originates from a molecular 

orbitall  with predominant d^(Ru) character or delocalized o(Ru-Os2) character, the TD-DFT 

resultss are clearly in favour of the latter assignment. The lowest-energy transition therefore 

belongss to a arc*  or sigma-bond-to-ligand charge transfer (SBLCT) transition, causing 

significantt weakening of the Ru-Os2 bond in the excited state. Visible excitation of 3 is 

thereforee expected to result in efficient formation of open-triangle photoproducts such as 

biradicalss and zwitterions. 

Time-resolvedd absorption spectroscopy of cluster  3 in non-coordinating solvents 

Picosecondd transient absorption (TA) spectra of cluster 3 were recorded in 2-chlorobutane 

(2-ClBu).. The spectra were obtained upon excitation with 505 nm light and spectral changes 

weree monitored in the wavelength region of 510-710 nm. The spectra measured at 1-40 ps 

afterr the 130 fs laser pulse, are depicted in Figure 8. Kinetic traces were obtained by plotting 

thee AA values, averaged over a small nanometer range, against time. Due to the poor quality 

off  the spectra, reliable lifetimes could only be obtained from the decay in the range 565-580 

nm. . 

0.02-0.02- \ 

-0.06-0.06 -I  1 ' i . 1  i — 
5500 600 650 700 

WavelengthWavelength (nm) 

Figuree 8. Transient difference absorption spectra of cluster 3 in 2-ClBu, recorded at time delays of-4 

(baseline),, 1, 3.5, 8.5, 16 and 31 ps, respectively, after 505 nm, 130 fs FWHM excitation. 

Thee TA spectrum at U = 1 ps (Figure 8) shows a bleach at about 570 nm, very close to the 

maximumm of the ground-state absorption of the cluster in this solvent (562 nm), and an 

absorptionn with a maximum at 645 nm. The bleach partly disappears with a lifetime of 10.4

1.22 ps. The remaining TA spectrum obtained at ;d = 31 ps, shows a bleach at 580 nm which is 

approximatelyy 40% of the initial signal and does not change significantly in the ps time 

179 9 



ChapterChapter 6 

domain.. Thus, at least part of the transient species does not regenerate the parent cluster but 

insteadd converts into a second species. This is also evidenced by the long-wavelength 

absorptionn that transforms on the same time scale as the decay of the bleach into a much 

broaderbroader absorption without a distinct maximum. These TA spectra strongly resemble those of 

[OsaCCO^oOPr-AcPy)]]  in 2-ClBu (see Chapter 4, Part A). 

Inn agreement with the results of the TD-DFT study, the initially observed broad transient 

absorptionn above 600 nm is assigned to an excited state having predominantly on* character. 

Inn this state one electron has been transferred from the a(Ru-Os2) bonding orbital (vide 

supra)supra) to the lowest 7t*  orbital of the 'Pr-AcPy ligand. Such absorptions are characteristic for 

complexess in metal-to-a-diimine excited states43"46 and for a-diimine radical anions 

containingg at least one aromatic group.43 47"48 The remaining transient absorption in 2-ClBu is 

veryy similar to that observed in the ns TA spectra of 3 (vide infra) and is assigned to the 

biradicall  fOs(CO)4-Os(CO)4-+Ru(CO)2(a-diimine)" ] in accordance with the results for 

[Os3(CO)io('Pr-AcPy)].. This assignment has also been verified by recording the ps TA spectra 

att 250, 500 and 750 ps after the laser pulse. These spectra do not differ from that obtained at 

fdd = 31 ps, thereby proving that the biradicals formed directly from the excited state do not 

disappearr on the picosecond time scale. Although the TA spectra of 3 in 2-ClBu are very 

similarr to those of the corresponding triosmium cluster, the excited-state lifetime of the 

formerr complex is significantly shorter (Os3: r= 25 ps versus Os2Ru: r= 10 ps). This may be 

duee to the fact that the Os-Ru bonds are weaker and thus the energetic barrier for biradical 

formationn lower. 

Thee fate of the biradicals was studied in several weakly coordinating solvents (2-ClBu, 

THF,, acetone) by nanosecond transient absorption (ns TA) spectroscopy. Spectra of 3 in 

acetonee were obtained by excitation with 532 nm light and the spectral changes were 

monitoredd in the wavelength region of 350-800 nm. The difference absorption spectra, 

measuredd 0-900 ns after the laser puis, are depicted in Figure 9. Kinetic traces were recorded 

afterr excitation at 532 nm and probed at 560 nm (bleach) in weakly coordinating 2-ClBu, 

THFF and acetone. The resulting lifetimes are collected in Table 8, together with the values for 

thee corresponding homonuclear cluster [Os.i(CO)io('Pr-AcPy)]. 

Thee ns TA spectra of 3 in acetone reveal a strong bleaching between 440 and 600 nm due 

too the disappearance of 3, and transient absorptions below 440 nm and in the long-wavelength 

region.. As stated above, the latter absorption is characteristic for a-diimine radical anions43"46 

andd for a-diimine complexes in their metal-to-a-diimine excited state, provided the a-diimine 

ligandd bears at least one heteroaromatic group.43,47- 48 As the ns TA spectra closely resemble 

thosee of [Os3(CO)io('Pr-AcPy)] in acetone,49 the transient absorption is again assigned to the 

open-structuree biradical t*Os(CO)4-Os(CO)4-"Ru(S)(CO)2(
iPr-AcPy)' ] (S = acetone). 
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Figuree 9. Nanosecond transient difference absorption spectra of cluster 3 in acetone, recorded in the 

timee interval / = 0 - 900 ns after the 532 nm laser pulse; the time delay between the spectra is 100 ns. 

Besides,, the ns TA spectrum at t& = 5 ns in acetone is very similar to the TA spectrum of 3 

att t& = 31 ps in 2-ClBu. This confirms that the biradicals formed directly from the excited 

state,, are present in both the pico- and nanosecond time domain. The nanosecond transient 

speciess in acetone almost completely regenerated the parent cluster with a lifetime of 228 ns. 

Onn changing the solvent to THF and 2-ClBu, this lifetime decreased to 95 and 27 ns, 

respectively,, which demonstrates that the lifetime of the biradical follows the coordinating 

abilityy of the solvent, increasing in the order 2-chlorobutane < THF < acetone. A further 

increasee of lifetime was found when 3 was irradiated in 2-ClBu in the presence of 1.0 M 

MeCN.. The kinetic trace of this solution shows a decrease of the bleach on the us time scale 

( rr = 6.8 us) and not its complete disappearance. This means that the MeCN-stabilized 

biradicalss formed in this solution did not regenerate the parent cluster but converted into the 

correspondingg MeCN-zwitterions, just as for [Os3(CO)io('Pr-AcPy)] (Chapter 4, Part B). In 

thee case of the triosmium cluster, this process was only observed for strong Lewis bases 

(MeCN,, pyridine) and firmly coordinating olefins (styrene, octene). 

Tablee 8. Lifetimes [ns] of the solvent-stabilized biradical photoproducts of cluster 3 and the reference 

compoundd [Os3(CO)io('Pr-AcPy)"|, obtained from their kinetic profiles probed at 560 nm. 

Solvent t rOs2Ru(CO)) 10(
iPr- AcPy)] [Os3(CO), 0(

iPr-AcPy)l 

2-chlorobutane e 

THF F 

acetone e 

2-chlorobutane/MeCNN (1.0 M) 

27(4) ) 

95(4) ) 

228(8) ) 

6.8(0.1)a a 

22(3) ) 

104(7) ) 

677(2) ) 

13.5(0.2)" " 

Lifetimee in us. 
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Time-resolvedd spectroscopy in strongly coordinating solvents 
Inn addition to the experiments in 2-ClBu, ps TA spectra of cluster 3 were also recorded in 

stronglyy coordinating MeCN. The spectra in the latter solvent measured at 1-5 ps after the 130 

fss (505 nm) laser pulse, are depicted in Figure 10. Kinetic traces were extracted by plotting 

thee AA values, averaged in the range of 605-615 nm, against time. 

Thee first TA spectra (Figure 10) are similar to those in 2-ClBu although the maxima of the 

bleachh (550 nm) and the transient absorption (630 nm) are somewhat shifted. Although the 

TAA spectra of 3 in MeCN resemble those obtained for [Os3(CO)io('Pr-AcPy)] in this solvent,23 

thee excited states of both clusters behave differently. For [Os3(CO)io('Pr-AcPy)] the decay of 

thee excited state in coordinating MeCN is bi-exponential with the slower process (r= 20 ps), 

ascribedd to biradical formation, having a lifetime similar to that observed in 2-ClBu (Chapter 

4,, Part A, Scheme 3). The faster process (r= 2.9 ps) has been assigned to the heterolytic 

cleavagee of an Os-Os(a-diimine) bond from an MeCN-coordinated excited state with 

zwitterionn formation; zwitterions were indeed observed in the ps TRIR spectra of this cluster 

(seee Chapter 4, Part A). The excited state of 3 decays mono-exponentially in MeCN but its 

lifetimee (r= 2.1 ps) closely corresponds to the short component of the bi-exponential decay of 

thee excited state of [Os3(CO)io('Pr-AcPy)] (r= 2.9 ps). This points to the same process for 

bothh clusters and suggests that irradiation of 3 in neat MeCN gives rise to very fast formation 

off  zwitterions as the only photoproduct. As will be shown hereinafter, TA studies in the nano-

andd microsecond time domain and rapid scan FT-IR spectroscopic measurements confirm this 

preliminaryy conclusion. 

TT ' 1 ' 1 ' r 

5500 600 650 700 

WavelengthWavelength (nm) 

Figuree 10. Transient difference absorption spectra of cluster 3 in MeCN, recorded at time delays of-1 

(baseline),, 1, 1.5, 2.5, 3.5 and 4.5 ps, respectively, after 505 nm, 130 fs FWHM excitation. 

Ass described before, the kinetic trace of 3 in 2-ClBu in the presence of 1.0 M MeCN 

showedd a decrease of the bleach on the u.s time scale (r= 6.8 u.s) that, in accordance with the 
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resultss for [Os3(CO)i0('Pr-AcPy)] (Chapter 4, Part B), was assigned to the conversion of 

MeCN-stabilizedd biradicals into the corresponding MeCN-zwitterions. The MeCN-stabilized 

biradicalss in this case result from substitution of weakly coordinating 2-ClBu by MeCN 

withinn the lifetime of the solvent-stabilized biradicals ['Os(CO)4-Os(CO)4-Ru+(S)(CO)2(a-

diimine)'' ] (S = 2-ClBu). In neat MeCN, however, the kinetic trace of 3 does not show any 

changee in signal intensity on the nano- and microsecond time scale (Figure 11), indicating 

thatt a pathway for zwitterion formation via the biradicals, similar to that observed for its 

triosmiumm analogue, does not exist. Thus, contrary to its triosmium analogue, cluster 3 affords 

aa single photoproduct that does not convert into another species in the time domains studied. 

0.00 0.00 

-0.01 -0.01 

-0.02--0.02-

-0.03 -0.03 

20 20 40 40 60 60 80 80 

Figuree 11. Transient kinetics at 560 ran measured for cluster 3 in MeCN, following irradiation at 532 

nmm with a Nd:YAG laser (7 ns FWHM, average of 10 shots at 10 s intervals, 2 mJ pulse"1). 

Inn order to confirm that this product is a zwitterion the photoreaction of 3 in MeCN and 

pyridinee was also followed with rapid-scan IR spectroscopy in the (sub)second time domain. 

Clusterr 3 was irradiated with a short CW laser pulse of an argon-ion laser (514.5 nm, 150 

mW,, 2 s) and the IR spectral changes in the CO-stretching region were monitored in both 

solventss on the second to minute time scale. The difference IR spectra of 3 in pyridine, 

measuredd 0-93 s after the laser pulse, are depicted in Figure 12. Unfortunately, irradiation of 3 

inn MeCN at 293 K only resulted in the formation of very weak transient bands at 1997 (vw), 

19700 (s) and 1874 (s, br) cm"1, that decayed with a lifetime similar to that of the zwitterions 

formedd upon irradiation of [Os3(CO)io(iPr-AcPy)] (r = 38 + 1 s).50 Based on the intensity of 

thee transient signals and the observed lifetime, this transient species is assigned as the 

homonuclearr zwitterion rOs(CO)4-Os(CO)4-+Os(MeCN)(CO)2('Pr-AcPy)], originating from 

thee 11% [Os3(CO)i0('Pr-AcPy)] impurity in the sample. Repeating the experiment at 273 K 

resultedd in similar, more intense product bands, whose decay is clearly bi-exponential. Both 

thee transient absorptions and the parent bleaches rapidly decay within 5 s to approximately 

15%% of their initial intensity. In a second, slower process the remaining transient fully 
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regeneratess the parent cluster with a lifetime of 54.6  1.2 s, being very close to the lifetime of 

thee zwitterions formed upon irradiation of pure [OssfCCOioOPr-AcPy)] under these conditions. 

Ass the amplitude of both processes nicely corresponds with the observed ratio between 

[Os2Ru(CO)10(
1Pr-AcPy)]]  and [Os3(C0)10(

iPr-AcPy)] in the 'H NMR spectra and crystal 

structuree of 3, the faster process is assigned to the decay of the heteronuclear zwitterions f 

Os(CO)4-Os(CO)4-
+Ru(MeCN)(CO)2(

iPr-AcPy)].. In agreement with its lifetime, the slower 

processs is then attributed to the decay of the homonuclear zwitterions, originating from the 

tOs3(CO)10(
,Pr-AcPy)]]  impurity. 
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Figuree 12. Difference rapid-scan IR spectra of cluster 3 in pyridine measured at time delays of 1.8, 

6.6,, 11.4, 18.6, 28.2, 40.2, 59.4 and 93.0 s after the 514.5 nm laser pulse. 

Irradiationn of 3 in strongly coordinating pyridine at room temperature resulted in similar 

spectrall  changes as observed in MeCN at 273 K (Figure 12). After excitation, the first spectra 

displayy instantaneous bleaching of the parent v(CO) bands, together with transient absorption 

bandss at 2073 (vw), 1994 (w), 1971 (s), 1965 (sh), 1898 (sh) and 1875 (s, br) cm1. Both the 

transientt bands and the parent bleaches again decay bi-exponentially. The lifetime of the 

heteronuclearr zwitterion is extended from a few seconds in MeCN to 23.0 + 0.3 s in pyridine, 

whichh is consistent with the higher coordinating ability of the latter solvent. Also the 

differencee in lifetime between the heteronuclear and triosmium zwitterion has increased 

significantly,, the latter one having a lifetime in pyridine of more than 30 minutes. The rapid-

scann FTIR experiments thus clearly demonstrate that irradiation of [Os2Ru(CO)io('Pr-AcPy)] 

inn strongly coordinating solvents like MeCN and pyridine results in the formation of solvent-

stabilizedd zwitterions, with lifetimes much shorter than those of the corresponding triosmium 

zwitterions. . 
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Stabilityy of the photoproducts 
Thee observed photochemical reactivity of 3 differs significantly from that of the 

homonuclearr [Ru3(CO)8(n-CO)2(a-diimine)] clusters described in Chapter 5. Although visible 

excitationn of the latter clusters also resulted in the formation of open-structure photoproducts 

likee biradicals and zwitterions, the efficiency of these processes is significantly lower due to 

thee persistent presence of bridging carbonyl ligands in the excited state. Secondly, the 

trirutheniumm photoproducts are less stable and can only be stabilized at low temperatures or in 

thee presence of strongly coordinating Lewis bases or radical scavengers. Regarding the 

formationn of open-structure photoproducts, the photoreactivity of 3 resembles more closely 

thatt of its triosmium analogue [Os3(CO)]0('Pr-AcPy)], for which fairly stable solvent-

stabilizedd biradicals and zwitterions were observed upon excitation into its lowest-energy 

electronicc transition.50 The latter cluster therefore serves as a reference compound in order to 

evaluatee the influence of the heteronuclear cluster core in 3 on the photoreactivity. 

Thee influence of the heteronuclear cluster core is clearly reflected in the stability of the 

biradicalss and zwitterions, formed upon irradiation into the lowest-energy absorption band of 

[Os2Ru(CO)io('Pr-AcPy)].. Interestingly, the solvent-stabilized biradicals of 3 are significantly 

shorter-livedd than their triosmium counterparts (Table 8). This difference in the biradical 

lifetimee is most striking in acetone, where the lifetime of the heteronuclear biradical ( r= 228 

ns)) is only a third of the value found for [Os3(CO)io('Pr-AcPy)] ( r= 677 ns). A much smaller 

differencee is observed in THF (Os2Ru: r = 95 ns vs Os3: r = 104 ns) while in weakly 

coordinatingg 2-ClBu the biradical lifetimes of both clusters are almost identical. These results 

clearlyy demonstrate that the difference in biradical lifetime increases with the higher 

coordinatingg ability of the solvent. A similar trend applies for the lifetimes of the solvent-

stabilizedd zwitterions on going from MeCN to pyridine. Whereas the lifetime of the 

heteronuclearr zwitterion only increases from a few seconds in MeCN to 23 s in pyridine, the 

lifetimee of the triosmium zwitterion in pyridine is more than 30 minutes compared to 38 s in 

MeCN.. The shorter lifetimes of the heteronuclear photoproducts in more strongly 

coordinatingg solvents indicate that the stabilization of these products by solvent coordination 

iss significantly reduced compared to the corresponding triosmium species. This is attributed 

too the stronger tendency of the coordinatively unsaturated {+Os(CO)2('Pr-AcPy)'~ }  moieties 

inn the photoproducts to bind a Lewis base. A similar difference in Lewis base coordination on 

descendingg a transition metal group in the periodic table is observed, for example, for the 

coordinativelyy unsaturated radicals [M(CO)3(a-diimine)]' (M = Mn, Re; a-diimine is e.g. 

bpy,, 'Pr-DAB). Thus, while the unsaturated radicals [Re(CO)3(a-diimine)]' form at room 

temperaturee fairly stable 18e paramagnetic species [Re(CO)3(a-diimine)(S)]*  (S = nPrCN), 

analogouss radicals were not observed for [Mn(CO)3(a-diimine)]\ 
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Redoxx behaviour  of [Os2Ru(CO)»0(
iPr-AcPy)] (3) 

AA combined cyclic voltammetric and IR spectroelectrochemical study of 3 was performed 

inn order to investigate the influence of the heteronuclear cluster core on the reduction pathway 

andd the stability of the reduction products. The redox potentials of cluster 3 and its reduction 

productss are presented in Table 9. 

Tablee 9. Redox potentials of cluster 3 and its reduction products.3 

Cluster'' EDX [Vl d £p,a \Vf 

33 - 1.87 (irr ) + 0.27 (irr) 

3CC -1.93 (irr) + 0.37 (irr) 

3b22 c -1.50 (irr) 

[3b-3b]22 -1.17 (irr ) 

[3b-3bff  c - 0.85 (irr) 
aa Conditions and definitions: 10"3 mol dm"3 solutions in THF {containing 10 ' M Bu4NPF6) at 293 K, 

unlesss stated otherwise; Pt disk electrode; v = 100 mV s'; redox potentials versus Eia (Fc/Fc^); Epx, 

cathodicc peak potential for reduction of parent cluster; £pa, anodic peak potential for oxidation of 

parentt cluster or its reduction products; Assignments given in the main text. c T= 200 K. Chemical 

irreversibilityy denoted by (irr). 

Thee cyclic voltammogram of 3 in THF at room temperature (v = 100 mV s~') showed a 

chemicallyy irreversible two-electron reduction at Ep,c = -1.87 V (cathodic peak Ru see Figure 

13a),, most likely producing the open-core dianion [ Os(CO)4-Os(CO)4-Ru (CO)2('Pr-AcPy)]2 

(3b").. Similar dianions are formed upon reduction of the homonuclear clusters [M 3(CO)i0(a-

diimine)]]  (M = Ru, Os) (see Chapter 5 and references therein). At room temperature, the 

dianionn 3b" was, however, not detectable on the reverse scan (vidi infra). Instead, scan 

reversall  behind R| resulted in the appearance of an anodic peak at -1.17 V (02'), that is 

assignedd in accordance with the results for [Os3(CO)ioCPr-PyCa)],47 to the oxidation of the 

clusterr dimer [ Os(CO)4-Os(CO)4-Ru(CO)2('Pr-AcPy)]2
2 ([3b-3b]2 ) containing an (jPr-

AcPy)Ru-Ru('Pr-AcPy)) bond. Additional proof for this assignment was obtained from IR 

spectroelectrochemicall  experiments {vide infra), where reduction of 3 resulted in the 

appearancee of a v(CO) band pattern that closely resembled that of the photogenerated 

zwitterions,, possessing an open cluster core. On lowering the temperature to 200 K, the 

reductionn of 3 remained chemically irreversible (Figure 13b). However, in contrast to the 

room-temperaturee scan, the anodic sweep showed an additional anodic peak at -1.50 V (O2) 

thatt is assigned to the oxidation of 3b2 , the latter species being sufficiently stable at low 

temperatures.. The minor anodic process denoted with the asterisk (Figure 13b) corresponds to 

thee oxidation of an unassigned species. 
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ii  i 1 ' 1 ' r-
11 0 - 1 - 2 

EE (V) vs Fc/Fc 

Figuree 13. Cyclic voltammogram of cluster 3 at T = 293 K (a) and T= 200 K (b). Conditions: 10"3 M 

clusterr in THF/10"1 M Bu4NPF6, Pt disk microelectrode (0.42 mm2 apparent surface area), v = 100 mV 

s-1. . 

Cyclicc voltammetry thus documents that the closed-triangle radical anion of 3 cannot be 

stabilizedd even at 200 K and readily transforms into the open-structure dianion 3b2" (see 

Schemee 2). The latter dianion is also unstable and could only be produced in detectable 

amountss at low temperatures. This is in contrast with the results of [Os3(CO)i0('Pr-PyCa)], 

wheree the oxidation of the open-structure dianion is already clearly visible at 293 K. 

Formationn of dimer [3b-3b]2 , whose oxidation at 200 K is observed at £p,a = -0.85 V (02'), is 

knownn to take place via rapid nucleophilic attack of dianion 3b2 at the yet non-reduced 

parentt cluster 3. A similar ECEC reduction path, for example, has been reported for the 

homonuclearr clusters [Os3(CO)i0(a-diimine)].47 Both 3b2 and [3b-3b]2~ are structurally 

relatedd to the solvent-stabilized zwitterion rOs(CO)4-Os(CO)4-+Ru(S)(CO)2(
iPr-AcPy)] (S = 

coordinatingg solvent), the known photoproduct of 3 in coordinating solvents. 

Thee oxidation of 3 at the potential £(Om) is chemically irreversible, the back reduction of 

aa secondary product being observed at the potential £(R'm). 

Inn the course of corresponding IR spectroelectrochemical experiments, the reduction of 3 

inn THF at 250 K resulted in the appearance of transient v(CO) bands at 2049 (m), 2009 (m), 

19911 (m), 1965 (s), 1942 (sh) and 1864 (m) cm"1, similarly to the IR v(CO) spectrum reported 

forr the open-core dimers [ Ru(CO)4-Ru(CO)4-Ru(CO)2(a-diimine)]2
2 (a-diimine = bpy, 

bpym;; Chapter 5, Scheme 1). Accordingly, these bands are assigned to their heteronuclear 

analoguee [ Os(CO)4-Os(CO)4-Ru(CO)2('Pr-AcPy)]2
2 ([3b-3b]2 , Scheme 2). No IR bands due 

too formation of open-structure dianion 3b2 were observed in the course of the reduction. This 

meanss that 3b2" is unstable on the spectroelectrochemical time scale at 250 K and readily 

reactss with the parent cluster 3 to form dimer [3b-3b]2". Actually, the latter dimer was also 
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nott stable and converted into another carbonyl product absorbing at 1938 (s) and 1863 (s, br) 

c m '.. In agreement with the literature18 and the results for [Os3(CO)i0(a-diimine)],55 this 

productt is proposed to be the dinuclear complex [Os2(CO)8]
2". As the highest-frequency 

v(CO)) band of the corresponding [Ru2(CO)8]
2~ complex is found at significantly lower 

wavenumberr (Ru: 1930 cm"1 vs Os: 1940 cm"1),18 the observation of [Os2(CO)8]
2 provides 

anotherr evidence that the a-diimine ligand in 3 is coordinated at ruthenium. Parallel to 

[Os2(CO)8]
22 , reduction of [3b-3b]2~ most likely results in the formation of polymer 

[Ru(CO)2('Pr-AcPy)]n,, as indicated by the formation of a blue film at the working electrode 

andd in its vicinity. Similar polymers are also formed as the ultimate reduction products of the 

clusterss [M 3(CO)io(a-diimine)] (M = Ru, Os), possessing very similar properties as 

[M(CO)2(bpy)]n,, formed upon reduction of the mononuclear complexes trans(C\)-

[M(CO)2(bpy)(Cl)2].
56"588 The interest in these open-chain polymers [M(CO)2(a-diimine)]„ 

(M== Ru, Os) mainly derives from their electrocatalytic activity towards reduction of carbon 

dioxide.58"60 0 

Schemee 2. Reduction path of cluster 3. 
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Fromm the DFT results (Table 5) it is clear that the LUMO of cluster 3 mainly consists of 

thee lowest 7t*('Pr-AcPy) orbital. Single occupation of this orbital is therefore expected to 

resultt in a-diimine localized radical anions. However, unlike the corresponding homonuclear 

clusterss [Os3(CO)i0(
iPr-PyCa)]47 and [Ru3(CO)g(u-CO)2(a-diimine)] (a-diimine = 2,2'-

bipyridinee (bpy), 4,4'-dimethyl-2,2'-bipyridine (dmb), 2,2'-bipyrimidine (bpym)) that form 

fairlyy stable radical anions at moderately low temperatures, the reduction of 3 remained 

chemicallyy irreversible even at 200 K. A comparison of the reduction potentials of the 

homonuclearr [M3(CO)io(a-diimine)] clusters (M = Os,61 Ru) with that of 3 (-1.87 V) reveals 

thatt the 7t-acceptor capacity of the 'Pr-AcPy ligand in 3 is similar to that of bpy (-1.85 V, M = 

Os,, Ru) and dmb (-1.91 V, M = Ru). This implies that the high reactivity of radical anions 3' 

iss not due to a limited n-accepting capacity of the 'Pr-AcPy ligand but most likely has its 

originn in the rather weak heterometallic Os-Ru(a-diimine) bonds. As described in Chapter 5, 

thee cleavage of the metal-metal(a-diimine) bond in [M3(CO)io(a-diimine)]' (M = Os, Ru) is 

causedd by the strong polarization of this bond via charge 'leakage' from the reduced a-diimine 

ligand.. Whereas the presence of strong 7t-acceptor CO bridges in the radical anions 

[Ru3(CO)8(u.-CO)2(a-diimine)]""  reduces the polarization of a Ru-Ru(a-diimine) bond to such 

ann extent that it becomes less prone to cleavage, the Os-Ru(a-diimine) bonds in the radical 

anionn of 3 are apparently strongly polarized, resulting in rapid formation of open-structure 

products.. Just as for the corresponding [Os3(CO)io('Pr-PyCa)] cluster,47 no open-structure 

dianionss were detected by IR spectroscopy on the spectroelectrochemical time scale at 250 K, 

thee dimer [3b-3b]2 being the initially observed reduction product. The triangular open-

structuree units in dimer [3b-3b]2 underwent fragmentation and linear [Ru(CO)2(
,Pr-AcPy)]I1 

chainss were ultimately formed, together with the dinuclear complex [Os2(CO)g]2 . 

6.55 Concluding remarks 

Inn agreement with DFT calculations on several structural isomers, crystal structures of the 

novell  clusters [Os2Ru(CO)n(PPh3)] (2) and [Os2Ru(CO),o(iPr-AcPy)] (3) clearly reveal that 

bothh PPh3 and 'Pr-AcPy prefer coordination at the ruthenium site of [Os2Ru(CO)i2] (1). The 

Os-Ru(a-diimine)) bonds in cluster 3 are weaker than the corresponding metal-metal(a-

diimine)) bonds in homonuclear [Os3(CO)io('Pr-AcPy)] and the CO-bridged triruthenium 

analogues.. This factor contributes to the observed differences in the photo- and 

electrochemicall  reactivity of cluster 3 compared to the homonuclear cores; the general course 

off  the photo- and redox reactions, however, remains unchanged. 

Regardingg the photochemical formation of biradical and zwitterionic photoproducts, 

clusterr 3 closely resembles its homonuclear analogue [Os3(CO)io('Pr-AcPy)]. In weakly 

coordinatingg 2-ClBu, the lowest 3cnt*  excited state decays with a lifetime of approximately 10 

ps,, resulting in the formation of solvent-stabilized biradicals. In contrast to its triosmium 
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analogue,, irradiation of 3 in coordinating solvents exclusively results in heterolytic splitting 

off  an Os-Ru(a-diimine) bond, producing solvent-stabilized zwitterions. Interestingly, the 

lifetimess of the biradical and zwitterionic photoproducts of cluster 3 are significantly shorter 

comparedd to their triosmium counterparts. This difference most likely results from a stronger 

tendencyy of the coordinatively unsaturated {+Os(CO)2('Pr-AcPy)" °}  moieties in the 

photoproductss to bind a Lewis base. Electrochemically, the influence of the weaker Os-Ru(a-

diimine)) bonds is clearly reflected in the considerably lower stability of the radical anions 

initiallyy formed upon reduction of 3. 

Inn general, the combination of experimental photo- and electrochemical techniques 

togetherr with the theoretical support from DFT calculations has provided good insight into the 

bondingg properties of [Os2Ru(CO)io('Pr-AcPy)]. Despite the incorporation of a Ru centre into 

thee cluster core does not induce drastic changes in the photo- and electrochemical reactivity 

patternn of the triosmium derivative, more pronounced heterosite effects may, for example, be 

expectedd for mixed-metal clusters combining transition metal centres from different groups of 

thee periodic table (e.g. Os2Pt, Os2Rh). 
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7A.11 Abstract 

Inn this Chapter the results are presented of a pioneering study of the photochemical 

reactivityy of the heteronuclear transition metal clusters [Os2Pt(CO)8(PPh3)2] and 

[Os2Rh(CO)9(Cp*)]]  (Cp* = ri5-C5Me5). Upon irradiation into its lowest-energy absorption 

bandd (k„  > 420 nm), [Os2Pt(CO)8(PPh3)2] undergoes efficient photofragmentation into the 

mononuclearr complex [Os(CO)4(PPh3)] and unsaturated osmium and platinum fragments that 

aree highly reactive. The latter osmium fragments may be stabilized by addition of PPh3 or in 

thee presence of CO at low temperatures, while otherwise [Os3(CO)12] and other unassigned 

carbonyll  products are formed. The photochemical reactivity of [Os2Rh(CO)9(Cp*)] derives 

fromm that of the mononuclear complex [Rh(CO)2(Cp*)]. The lowest-lying excited state of 

[Os2Rh(CO)9(Cp*)]]  has predominant Cp*-to-Rh/CO character. Consistent with this 

assignmentt visible excitation ( ^ = 476 nm) of the cluster does not give rise to efficient bond 

activationn reactions. In contrast, irradiation at 313 nm in the presence of Et3SiH results in the 

stepwisee activation of two substrate molecules by the different metal centres within the 

heteronuclearr cluster core. 

7A.22 Introductio n 

Besidess their challenging application as homogeneous catalysts,1 heteronuclear transition 

metall  clusters, combining the intrinsic properties of different metal centres within the cluster 

core,, will also enter the field of heterogeneous catalysis. The well-defined cluster core of 

mixed-metall  clusters has, for example, proven to be valuable as precursor for the preparation 

off  heterogeneous, multimetallic catalysts of high dispersion and defined metal stoichiometry.2 

Inversely,, the anchoring of well-defined heteronuclear clusters to polymeric supports or the 

studyy of these compounds in solution may provide a better understanding of the relation 

betweenn structure and catalytic performance of bimetallic aggregates of non-uniform size and 

shape. . 

Ass an example of the latter approach, the importance of platinum alloy clusters as 

catalystss in the petroleum reforming process3"7 has resulted in an increased interest in the 

studyy of the structure, bonding and reactivity of mixed-metal cluster complexes containing 

platinum.. One of the most interesting developments in this field concerns the synthesis of the 

layer-segregatedd cluster [Pt3Ru6(CO)20(u3-PhC2Ph)(u3-H)(u-H)], exhibiting a higher catalytic 

activityy in the hydrogenation of diphenylacetylene than the homometallic complexes of the 

separatedd metals.8 Importantly, the heterobimetallic catalytic process was proven to be 

completelyy homogeneous, the different metals in the cluster core playing a crucial role in the 

reactionn cycle. More recently, the activity of the trinuclear clusters 

[MPt2(CO)5(PPh3)2{PhC2Ph)]]  (M = Fe, Ru, Os) in the catalytic hydrosilylation of 
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diphenylacetylenee was investigated.9 Although the formation of (£)-[( 1,2-

diphenyl)ethenyl]triefhylsilanee was indeed observed for all clusters, there is strong evidence 

thatt the catalytic activity in these cases mainly results from fragmentation products. 

AA rather unexplored type of mixed-metal clusters concerns those combining rhodium and 

osmiumm centres within the cluster core. The well-established function of rhodium in several 

catalyticc reactions10 together with the rich chemistry and kinetic stability of osmium clusters, 

makee these systems promising candidates for the development of efficient homogeneous or 

heterogeneouss catalysts. One of the few examples where a mixed osmium/rhodium cluster is 

employedd in catalysis, concerns the anchoring of [H2RhOs3(CO)io(acetylacetonate)] to a 

polystyrenee support in order to investigate the catalytic hydrogenation and isomerization of 

alkenes.''' Unfortunately, the active catalysts for the separate reactions were found to form by 

break-upp of the parent bimetallic cluster, segregation of the metals and aggregation of the 

rhodiumm centres without significant break-up of the triosmium units. 
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Figuree 1. Schematic structures of the studied clusters [Os2Pt(CO)8(PPh3)2] (1) and [Os2Rh(CO)9(r| -

C5R5)](RR = Me(2),H(3)). 

Combiningg the demand for systematic investigations into the bonding properties and 

reactivityy of rhodium- and platinum-containing mixed-metal clusters with our continued 

interestt in the photochemistry of triangular clusters, recently with an OS2M core, we report in 

thiss Chapter on the photochemical reactivity of the heteronuclear clusters 

[Os2Pt(CO)8(PPh3)2]]  (1) and [Os2Rh(CO)9(Cp*)] (Cp* = r|5-C5Me5) (2), schematically 

depictedd in Figure 1. In order to properly address the influence of the Rh/Cp* moiety on the 

photoreactivityy of the latter cluster, the cluster [Os2Rh(CO)9Cp] (Cp = r^-CsHs) (3) was 

synthesizedd as a reference. Due to the redistribution of the phosphine ligands during its 
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preparation,, cluster 1 exists as a mixture of three interconverting isomers in a 4.7:3.4:1.0 ratio 

( la: lb: lc ,, see Figure l).12 The presence of the two PPh3 ligands is required in order to 

preventt rapid thermal dimerisation of the trinuclear cluster core as observed for the parent 

decacarbonyll  [Os2Pt(CO)io].13 In line with our intention to activate small molecules by 

transitionn metal clusters, the interest in clusters 2 and 3 originates from the ability of the 

mononuclearr complexes [Rh(CO)2(r|5-C5R5)] (R = H, Me) to activate C-H and Si-H bonds 

uponn UV irradiation.14, '5 In contrast to the previous Chapters, the results described in this 

Chapterr are yet unsupported by density functional theoretical (DFT) calculations or time-

resolvedd IR and UV-vis absorption studies. Although this prevents thorough characterization 

off  the reactive excited states and the primary photoproducts, respectively, a tentative 

assignmentt of the primary photoprocesses is made based on the nature of the ultimate 

photoproducts. . 

7A.33 Experimental section 

Material ss and preparations. CO (99.5%, Hoek Loos), PPh3 (Aldrich), 1-octene (Sigma), ferrocene 

(BDH)) and Et3SiH (Acros) were used as purchased. Solvents of analytical grade (Acros: 

dichloromethanee (CH2C12), hexane, pentane, tetrahydrofuran (THF)) were freshly distilled from 

sodiumm wire (hexane, pentane, THF) or CaH2 (CH2C12) under an atmosphere of dry N2. Silica 60 (70-

2300 mesh, Merck) for column chromatography was activated by heating in vacuo at 450 K overnight 

andd stored under N2. Preparative TLC was performed on Silica Gel G plates (20x20 cm, 1.000 urn, 

Analtech).. The supporting electrolyte Bu4NPF6 (Aldrich) was recrystallized twice from ethanol and 

driedd in vacuo at 350 K overnight. 

Syntheticc procedures. All syntheses were performed under an atmosphere of dry N2, using standard 

Schlenkk techniques. The complexes [Os^COMu-ri'V-QH^],16 [Pt0i2-C2H4)(PPh3)2]
17 and 

[Rh(CO)2(r|| -C5R5)] (R = H,18 Me19) were prepared according to published procedures. For the 

synthesiss of [Os2Pt(CO)«(PPh3)2]
12 and [Os2Rh(CO)9(C5R5)] (R = H, Me)20 we followed similar 

proceduress as employed by Takats et al. 

Synthesiss of |Os2Pt(CO)8(PPh3)2] (1). A solution of [Pt(n2-C2H4)(PPh3)2] (242.5 mg, 0.32 mmol) in 

200 ml THF was added to a stirred solution of [ O S ^ C O M U - T I ' V - C ^ )] (182 mg, 0.29 mmol) in 20 ml 

THF.. Next, the mixture was stirred overnight (ca. 16 h) at room temperature after which the solvent 

waswas removed in vacuo. Purification of the crude product by column chromatography over silica 

(hexane/CH2Cl22 gradient elution) yielded cluster 1 as an orange powder in 30% yield. 'H NMR 

(CDCI3):: S 7.3-7.6 (m, 30H, P(C^)3) . 31P{H}  NMR (CDC13): Ö 20.4 (s, br), 3.52 (s, br). IR v(CO) 

(hexane):: 2074 (w), 2032 (vs), 2025 (sh), 2012 (m), 1990 (s), 1984 (s), 1969 (m), 1957 (m), 1949 (sh), 

19433 (sh) cm', UV-vis (hexane) XmaK (smax in M"' cm"1): 256 (sh), 312 (sh), 361 (sh), 423 (5.2 x 10-3) 
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nm.. Cyclic voltammetry (10 3 M cluster in THF/10 ' M Bu4NPF6. T = 293 K, v = 100 mV s"1): £p,c = -

2.400 V (irreversible reduction), Epj) = +0.33 V (irreversible oxidation) vs Fc/Fc+. 

Synthesiss of [Os2Rh(COMC5R5)] (R = Me (2), H (3)). A solution of [Rh(CO)2(C5Me5)] (77 mg, 0.26 

mmol)) in 5 ml of hexane was added to a stirred solution of [Os^COMii-V/n'-Cj^)] (150 mg, 0.24 

mmol)) in 60 ml hexane. The resulting solution was heated to 45-50°C for 16 h. After this period, the 

solventt was removed in vacuo. Purification of the crude product by column chromatography over 

silicaa (pentane/CH2Cl2 gradient elution) and recrystallization from pentane (190 K) yielded cluster 2 as 

redd crystals in 43% yield. Cluster 3 was prepared by the same procedure. [Os2(CO)8(u-r|',r|1-C2H4)] 

(1800 mg, 0.28 mmol) and [Rh(CO)2(C5H,)] (77 mg, 0.34 mmol) gave red crystals of cluster 3 in 50% 

yield. . 

[Os2Rh(CO)9(CsMe5)|| (2): 'H NMR (CDC13): 5 1.87 (s, 15H, C5Mes). IR v(CO) (pentane): 2096 (m), 

20499 (s), 2017 (s), 2007 (s), 1998 (m), 1987 (m), 1974 (w), 1953 (vw) cm"'. UV-vis (hexane): 266, 

317,, 380, 466, 522 (sh) nm. Cyclic voltammetry (10"3 M cluster in THF/10"1 M Bu4NPF6, T= 293 K, v 

== 100 mV s"1): Epx = -1.77 V (irreversible reduction), £p,a = +0.32 V (irreversible oxidation) vs Fc/Fc+. 

[Os2Rh(CO)9(C5H5)]]  (3): 'H NMR (CDC13): 8 5.48 (s, 5H, CsHs). IR v(CO) (pentane): 2106 (w), 

20600 (s), 2027 (s), 2015 (s), 2009 (sh), 1997 (s), 1984 (w), 1967 (w) cm"1. UV-vis (hexane): 254, 285, 

367,, 429, 507 (sh) nm. Cyclic voltammetry (103 M cluster in THF/10"1 M Bu4NPF6, T = 293 K, v = 

1000 mV s '): £p,c = -1.81 V (irreversible reduction), £p,a = +0.56 V (irreversible oxidation) vs Fc/Fc". 

Synthesiss of [Os2Rh(CO)9.n(C5Me5)(Et3SiH)n] (n = 1 (2a); n =2 (2b)). A solution of cluster 2 (20 

mg,, 0.023 mmol) in 20 ml 10 ' M Et3SiH in hexane was irradiated with a 125 W high-pressure Hg 

lampp using a 313 nm interference filter. The reaction was monitored by IR spectroscopy and 

irradiationn was stopped when no further increase of the v(CO) bands of 2 a was observed (ca. 70% 

conversion,, 7 h). After removal of the solvent, the crude product was purified by preparative TLC 

(hexane/CH2Cl22 10:1), yielding cluster 2a as a purple solid. Cluster 2b was prepared by a similar 

procedure.. After irradiation of cluster 2 dissolved in hexane/10"' M Et3SiH for 30 h, the solvent was 

removedd in vacuo. Purification of the crude product by column chromatography over silica, using 

hexanee as an eluent, yielded cluster 2b as a deep red solid in ca. 90 % yield. 

[Os2Rh(CO)8(C5Me5KEtjSiH)ll  (2a): 'H NMR (CDCI3): 5 1.90 (s, 15H, CsMe5), 0.96 (m, 15H, Et3Si), 

-16.11 (d, jRh.H = 26.4 Hz, 1H, Rh-(n-H)-Os). IR v(CO) (hexane): 2083 (m), 2031 (m), 2012 (vs), 1994 

(w),, 1986 (m), 1976 (m), 1971 (m) cm'. FAB+ MS: 960.01 [M f (calc. 960.00), 843.9 [Mf-Et3SiH 

(calc.. 843.9), [M] +-nCO (n = 1-8). 

[Os2Rh(CO)7(CsMe5)(Et3SiH)2]]  (2b): 'H NMR (CDC13): 5 1.92 (s, 15H, CJMCJ), 0.99 (m, 30H, 

EhSi),EhSi), -16.0 (d, JRhH = 24 Hz, 1H, Rh-(u-H)-Os), -16.4 (s, 1H, Os-(u-H)-Os). IR v(CO) (hexane): 

20911 (w), 2049 (w), 2009 (vs), 2002 (s), 1969 (m) cm"1. FAB+ MS: 1048.13 [M] + (calc. 1048.11), 

932.00 [Mf-Et3SiH (calc. 932.0), [M-Et3SiH]+-«CO (n = 1-7). 

Spectroscopicc measurements. FT-IR spectra were recorded on Bio-Rad FTS-7 and Bio-Rad FTS-

60AA spectrometers (16 scans at 2 cm"1 resolution), the latter being equipped with a dual-source Digital 
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Modell  896 interferometer and a nitrogen-cooled MCT detector. The sample compartment of the Bio-

Radd FTS-60A spectrometer was modified to allow in situ laser irradiation into a thermostated cell. 

Electronicc absorption spectra were recorded on a Hewlett-Packard 8453 diode-array 

spectrophotometer.. 'H NMR spectra were recorded on a Bruker AMX 300 (300.13 MHz for 'H) 

spectrometerr and mass spectra on a JEOL JMS SX/SX102A four-sector mass spectrometer. 

Photochemistry.. All photochemical samples were prepared under a nitrogen atmosphere, using 

standardd inert gas techniques, and typically 10"3-10'4 mol dm'3 cluster concentrations. As light source 

forr continuous-wave photochemical experiments served a Spectra Physics 2016 argon-ion laser or a 

Philipss HPK 125 W high-pressure Hg lamp equipped with appropriate cut-off or interference filters. 

Low-temperaturee IR measurements were performed using an Oxford Instruments DN 1704/54 liquid 

nitrogen-cooledd cryostat with CaF2 windows. 

Electrochemistry.. Cyclic voltammograms (CV) of approximately 10"3 M parent clusters in 10"' M 

Bu4NPF(,, electrolyte solution were recorded using the set-up described in Chapter 2. 

7A.44 Results and Discussion 

Continuous-wavee photochemistry of |Os2Pt(CO)8(PPh3)2] (1) 

Thee electronic absorption spectrum of cluster 1 in hexane is presented in Figure 2. 

[Os2Pt(CO)8(PPh3)2]]  possesses a broad, lowest-energy absorption band at 423 nm (emax = 5.2 

xx 10 M" cm" ), with a negligible solvatochromic shift in solvents of different polarity. In 

orderr to initiate photoreactions from the low-lying excited states, solutions of cluster 1 were 

irradiatedd with a high-pressure Hg lamp using a cut-off filter transparent at A,„  > 420 nm. For 

comparison,, the homonuclear cluster [Os3(CO)i2] becomes photoreactive only in the presence 

off  Lewis bases (e.g. alkenes, phosphines) upon irradiation into the two lowest-energy bands in 

hydrocarbonn solvents.21'22 

40-ii I 

30-30- V 

10-10- \ 

o-ll  | ^^~-— -
300300 400 500 600 

WavelengthWavelength (nm) 

Figuree 2. UV-vis spectrum of cluster 1 in hexane at 293 K. 
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Inn contrast to [Os3(CO)i2], irradiation of cluster 1 in neat hexane resulted in fragmentation 

off  the cluster. In the course of the irradiation, the IR spectra showed the disappearance of the 

v(CO)) bands of the parent cluster and the simultaneous appearance of v(CO) bands due to the 

mononuclearr complex [Os(CO)4(PPh3)] (4)23 (Table 1). In addition, other new v(CO) bands 

belongg to [Os3(CO))2]
24 and one or more unassigned carbonyl compounds. The formation of 

thee mononuclear complex 4 was confirmed by 31P{H}  NMR spectra recorded before and after 

inin situ irradiation of 1 in CD2CI2 in the NMR tube. A new signal due to 4 was observed at 8 

8.711 ppm, in good agreement with the reported literature value.25 Unfortunately, no fragments 

orr clusters of higher nuclearity containing one or more platinum (carbonyl) centres could be 

detectedd and characterized. 

Analogouss to the clusters [Os3(CO)io(diene)] (diene = 1,3-cyclohexadiene, 1,3-

butadiene)266 described in Chapter 3, the photofragmentation of cluster 1 presumably involves 

thee formation of mono- and binuclear intermediates that are coordinatively unsaturated and 

thereforee highly reactive. In order to test this hypothesis, we performed the irradiation 

experimentss in the presence of a suitable Lewis base and monitored the reactions with IR 

spectroscopy.. Irradiation of 1 in 1-octene-containing hexane resulted in IR spectral changes 

similarr to those observed in the neat solvent (vide supra). Again, the formation of [Os3(CO)i2] 

andd complex 4 is indicative of the photofragmentation of the starting cluster. No v(CO) bands 

duee to [Os(CO)4(alkene)]27 and/or [Os(CO)3(alkene)2]
28 were observed in the course of the 

experiment,, indicating that the coordinatively unsaturated fragments formed shortly after 

excitationn are too reactive to be stabilized by 1-octene at 293 K. Visible irradiation (A,n > 420 

nm)) of 1 in CO-saturated hexane also yielded complex 4 as the major photoproduct. 

Surprisingly,, the IR spectra in this case did not reveal the formation of [Os3(CO)i2]. 

Repeatingg the latter experiment at 213 K resulted in the appearance of new v(CO) bands at 

20366 and 1991 cm'1 that are attributed to the mononuclear complex [Os(CO)5].
29 The latter 

photoproductt most likely results from the rapid capture of free CO by the unsaturated 

{Os(CO)4}}  moiety, formed upon photodissociation of the cluster core.30 At room temperature, 

[Os(CO)5]]  is highly unstable and therefore not observed.29" 31 Aimed at stabilizing the 

platinum(O)) carbonyl centre after photodissociation of the cluster core, we irradiated cluster 1 

inn the presence of excess PPh3. Besides the formation of complex 4, a new product was 

observed,, possessing a v(CO) band at 1900 cm"1. In accordance with the literature32 the latter 

bandd is ascribed to the mononuclear complex [Os(CO)3(PPh3)2]. As complex 4 does not 

absorbb above 420 nm, its photodissociation to give [Os(CO)3(PPh3)] and CO, followed by 

rapidd capture of PPh3, is unlikely.31 The observation of [Os(CO)4(PPh3)] and 

[Os(CO)3(PPh3)2]]  therefore presumably results from trapping of PPh3 by the separate, 

unsaturatedd {Os(CO>4}  and {Os(CO)3(PPh3)}  fragments, respectively, originating from the 

startingg cluster (see Figure 1). Unfortunately, no v(CO) band of the mononuclear complex 
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[Pt(CO)(PPh3)3]]  was observed. Attempts to detect the related platinum complexes 

[Pt(PPh3)4]
344 and [Pt(PPh3)3]

35 by 31P{H}  NMR spectroscopy were also unsuccessful. 

Summarizingg the results described above, the phosphine-substituted cluster 1 undergoes 

efficientt photofragmentation into unsaturated osmium and platinum carbonyl fragments. The 

osmiumm fragments, {Os(CO)3(PPh3)}  and {Os(CO)4, could be stabilized by coordination of 

addedd PPh3 or CO at low temperatures. No platinum-containing photoproducts could be 

detected.. In general, platinum carbonyl clusters of higher nuclearity, both with36"38 and 

without39,400 PPh3 co-ligands, require stabilization by multiple carbonyl bridges. As no v(CO) 

bandss were detected in the bridging carbonyl region, the efficient reclusterification of 

unsaturatedd platinum carbonyl centres formed upon fragmentation seems highly improbable. 

Thee formation of high-nuclearity platinum clusters without additional CO ligands or the 

precipitationn of Pt{0) from the solution may therefore seem more likely. 

Inn agreement with the observed reactivity and the results reported earlier for [M3(CO)i2] 

(MM = Ru, Os) and [Os3(CO)i0(diene)], the primary photoprocess upon irradiation into the 

lowest-energyy absorption band of 1 most likely concerns cleavage of a metal-metal bond(s). It 

remains,, however, to be investigated which metal-metal bond is initially cleaved (Os-Os or 

Os-Pt)) and whether the bond cleavage reaction takes place from an excited state having, for 

example,, predominant o(M-M)a*(M-M ) character, as reported for [Ru3(CO)i2],22 or a(M-

M)TI*(CO )) character, as argued for the clusters [Os3(CO)io(diene)] (see Chapter 3). In order to 

addresss these problems and to unravel the composition of the frontier orbitals, theoretical 

supportt from DFT calculations is needed. Time-resolved UV-vis and IR absorption 

spectroscopicc studies should support the DFT results and give more insight into the nature of 

thee primary photoproduct. 

Continuous-wavee photochemistry of |Os2Rh(CO)9(Cp*)] (2) 

Thee electronic absorption spectra of clusters 2 and 3 in hexane are presented in Figure 3. 

Bothh clusters possess several distinct bands in the region 250-500 nm together with a weak 

absorptionn tailing to ca. 600-650 nm. In particular, the lowest-energy band of cluster 2 and the 

bandd at 317 nm are slightly shifted to longer wavelengths compared to the corresponding 

bandss of cluster 3. A similar shift of the lowest-energy absorption band to longer wavelengths 

comparedd to that of its non-methylated Cp-analogue was observed for the mononuclear 

complexx [Rh(CO)2(Cp*)].41 This trend is explained by the increased electron density on the 

methylatedd cyclopentadienyl ring that raises the energy of the highest occupied molecular 

orbitalss of the compounds. In order to initiate photoreactions from both the lowest- and 

higher-lyingg excited states, solutions of cluster 2 were irradiated with a continuous-wave 

argon-ionn laser (  ̂ — 476 nm) and a high-pressure Hg lamp (/L,̂  = 313 nm), respectively. 
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Inn contrast to the cluster [Os2Pt(CO)8(PPh3)2] (1), irradiation into the lowest-energy 

absorptionn band of cluster 2 in neat hexane did not trigger any significant photochemical 

reaction.. In order to decide whether the photostability in this solvent is caused by the inertness 

off  the excited state or by a rapid and complete backreaction of transients to the parent cluster, 

wee performed photoreactivity studies of [Os2Rh(CO)9(Cp*)] in the presence of PPh3 and 1-

octene. . 

Tablee 1. IR v(CQ) wavenumbers of the photoproducts of clusters 1 and 2, 

Cluster33 T\K] Solvent Photoproduct v(CO) [cm"1] 

2988 hexane 

2988 hexane/PPh3 

298 8 

298 8 

hexane/1--

octene e 

2988 hexane/CO 

2133 hexane/CO 

2988 hexane/PPh3 

hexane/1 1 

octene e 

2988 hexane/Et3SiH 

[Os3(CO),2]
f f 

notnot assigned 

4e e 

[Os(CO)3(PPh2)]
h h 

notnot assigned 

[Os3(CO)12]
f f 

notnot assigned 

4e e 

notnot assigned 

[Os(CO)5] ' ' 

notnot assigned 

[Os3(CO),2]
f f 

notnot assigned 

[Os(CO)4(r|
2-l-octene)]e e 

[Os3(CO),2]
f f 

[Rh(CO)2(Cp*)]g g 

[Rh(CO)(Cp*)(l-octene)]1 1 

notnot assigned 

2a a 

2988 hexane/Et3SiH 2b 

2062,1983 ,,  194 6 

2070,2037,2012 , , 

2055,2027,2019 , , 

2061,,  1982 ,  194 6 

1900 0 

2108,2041,2032 , , 

1962 2 

2062 ,,  1983 ,  194 6 

2070,2036,2011 , , 

2052,2018 ,,  197 5 

2062,,  1983 ,  194 6 

2108,2099,2052 , , 

2012,2002 ,,  197 4 

2062,,  1983 ,  194 5 

2036,,  199 1 

2070 ,,  2045 ,  2024 , 

1807,,  1782 ,  1721 . 

2070,2037,2011 , , 

2020,,  199 1 

2105,2017 ,,  199 1 

2069,2037,2010 , , 

2027 ,,  196 4 

1964 4 

2079,,  1987 ,  197 1 

2083,2031,2012 , , 

1976,,  197 1 

2091,2049,2009 , , 

2003 3 

1973,,  196 3 

2016,2002 , , 

2002 2 

2033,2019 , , 

2001,,  1960 , 

2002 2 

2002 2 

1994,, 1986, 

2002,1969 9 
aa Assignment given in the main text. b A^ > 420 nm. c  ̂ = 476 nm. Aj„. = 313 nm. e Ref. 27. Ref. 

24.. ë Ref. 41 .h [Rh(CO)(Cp*)(cyclooctene)] v(CO) (hexane): 1962 cm"1 (Ref. 41). 
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Prolongedd irradiation (A^„ = 476 nm) of cluster 2 in the presence of PPh3 resulted in the 

appearancee of weak v(CO) bands at 2070, 2037, 2011 and 2002 cm"1 that are attributed to the 

homonuclearr cluster [Os3(CO),2]
24 (see Table 1). The observation of minor amounts of the 

latterr cluster points to an inefficient photofragmentation process, resulting in the formation of 

unsaturatedd {Os(CO)4}  moieties. Besides [Os3(CO)i2], the IR spectra also revealed the 

formationn of the mononuclear complexes [Os(CO)4(PPh3)] (4),23 [Os(CO)3(PPh3)2],
32 

[Rh(CO)(Cp*)(PPh3)]
144 and [Rh(CO)2(Cp*)]41. Control experiments, however, showed that 

thee latter mononuclear complexes most likely result from a slow thermal reaction of cluster 2 

withh excess PPh3. When cluster 2 was irradiated in hexane containing 10"' M 1-octene, an 

inefficientt conversion of the starting cluster (15-20% after lh) into the fragmentation products 

[Os(CO)4(rf-octene)],277 [Rh(CO)2(Cp*)] and [Os3(CO)l2] was observed. In agreement with 

thee literature value for [Rh(CO)(Cp*)(cyclooctene)],41 the lowest-frequency v(CO) band of 

[Rh(CO)2(Cp*)]]  at 1964 cm"' may, however, also be attributed to the alkene complex 

[Rh(CO)(Cp*)(( 1-octene)]. Both results indicate that irradiation into the lowest-energy 

absorptionn band of 2 results in population of an excited state with poorly activated metal-

metall  and metal-CO bonds (vide infra). 

200200 300 400 500 600 700 

WavelengthWavelength (nm) 

Figuree 3. UV-vis spectra of clusters 2 ( ) and 3 (—) in hexane at 293 K. 

Photolysiss of the mononuclear complexes [Rh(CO)2(r|
5-C5R5)] (R = H, Me) in the 

presencee of Et3SiH is known to result in the formation of the silyl hydride complexes 

[Rh(CO)(r|;'-C5R5)(SiEt3)H]]  with quantum efficiencies strongly dependent on the irradiation 

wavelengthh and the solvent.14' '5 In order to explore whether light-induced Si-H bond 

activationn is also feasible when the {Rh(CO)(Cp*)}  unit is incorporated in a heteronuclear 

clusterr core, cluster 2 was irradiated at A  ̂= 313 nm in the presence of excess Et3SiH. In the 

coursee of the irradiation, the IR spectra showed a rather slow disappearance of the v(CO) 

bandss of the parent cluster and simultaneous appearance of the v(CO) bands due to a 

photoproductt 2a. When the conversion reached ca. 60-65 %, photoproduct 2a converted into 

202 2 



PhotoreactivityPhotoreactivity of the Mixed-Metal Clusters lOs2Pt(CO)H(PPhi)2]  and [Os;Rh(CO)9(tf-C5Me5)] 

aa second photoproduct, denoted as 2b. Prolonged irradiation yielded 2b as the final 

photoproductt in nearly quantitative yield. Both 2a and 2b were obtained in a pure form by 

preparativee photolysis followed by thin-layer or column chromatography, and characterized 

byy IR and NMR spectroscopies and mass spectrometry (see Experimental). Compared to 

clusterr 2, the 'H NMR spectrum of 2a showed two additional resonances at 8 0.96 (m, 15H) 

andd -16.1 (d, 1H, yRh-H = 26.4 Hz), which agree with the oxidative addition of one Et3SiH 

moleculee to the cluster core. The J^-H coupling constant for the high-field doublet is, 

however,, significantly smaller than observed for the terminally bound hydrides in the 

mononuclearr complexes [Rh(CO)(Ti5-C5R5)(SiEt3)H] (R = H, yRh.H = 33.8 Hz;42 R = Me, JRh-H 

== 37.4 Hz14). In fact, it more closely resembles yRh-H measured for the mixed-metal cluster 

[Os2Rh2(u-H)2(Cp*)2(CO)7]]  (7Rh-H = 26 Hz)43 in which one of the hydrides is bridging over an 

Os-Rhh bond. The detection of an additional hydride resonance at 8 -16.4 (s, 1H) in the H 

NMRR spectrum of 2b points to the subsequent activation of a second Et3SiH molecule. This is 

unambiguouslyy confirmed by the increased number of aliphatic protons in the low-field 

regionn of the spectrum and by mass spectrometry, where the position of the molecular ion 

(mfz(mfz = 1048.13) agrees with the substitution of two CO molecules by Et3SiH. The absence of 

aa rhodium coupling to the second hydride resonance strongly suggests that the corresponding 

hydridee is either terminally bound to one of the osmium atoms or occupies a bridging position 

overr the Os-Os bond. In accordance with the proposed structure of [Os3(CO)n(SiEt3)(u-H)] 

andd the structurally characterized clusters [Os3(u-H)2(CO)i0(SiHPh2)H]45' 46 and [Os3(^i-

H)3(CO)9(SiMeCl2)3],
477 which all show resonances for the bridging hydrides in the range of-

16.66 to -18.7 ppm, oxidative addition of the second Et3SiH to the {Os2(CO)8}  moiety of 2a 

mostt likely results in a bridging hydride between both osmium centres,48 with the silyl group 

beingg terminally bound to one of the osmium atoms in an equatorial position. The question 

remains,, however, whether the silyl group in the primary photoproduct 2a is also coordinated 

too osmium or that it preferably resides at the rhodium centre. In this regard it is important to 

notee that although thermal reactions of [Os3(CO)12] with HSiXCl2 (X = Me, CI) resulted in the 

formationn of the tri substituted clusters [Os3(u-H)3(CO)9(SiXCl2)3],
47 an oxidative addition of 

twoo HSiR3 groups to [Os3(CO)]2] with retention of the triosmium core has never been 

reported.. Instead, thermal reactions of the bis(acetonitrile) derivative [Os3(CO)io(MeCN)2] 

withh an excess of HSiR3 (R = Et, (OEt), (OMe)) or HSiHPh2 in all cases afforded only mono-

substitutedd products [Os3(u-H)(CO)10(MeCN)(SiR3)].
44 Based on these results, irradiation of 

clusterr 2 in the presence of Et3SiH is proposed to result in the cleavage of the Rh-CO bond, 

followedd by rapid oxidative addition of Et3SiH to the rhodium centre. Prolonged irradiation of 

2aa results in the loss of a second CO molecule at one of the osmium sites, leading to the 

ultimatee photoproduct 2b. The proposed structures of both photoproducts are schematically 

depictedd in Figure 3. 
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QQHH-Rh-Rh O 

c/ll  "  I V , 
oo o 

2aa 2b 

Figuree 4. Proposed structures for the photoproducts [Os2Rh(Cp*)(CO)8(SiEt3)(u-H)] (2a) and 
[Os2Rh(Cp*)(CO)7(SiEt3)2(u-H)2](2b). . 

Thee subsequent formation of 2a and 2b provides a nice example of the stepwise activation 

off  the different metal centres within a heteronuclear cluster core. In addition, the formation of 

2bb is the first example of the light-induced formation of a triangular silyl-substituted osmium 

cluster.. For comparison, irradiation of [Os3(CO)i2] in the presences of HSiR3 generally results 

inn photofragmentation into mononuclear complexes.49 The fact that no significant 

photochemicall  reaction was observed upon prolonged irradiation (A  ̂ =313 nm) of cluster 2 

inn CO-saturated hexane, strongly supports the conclusion that CO loss is most likely the 

primaryy photoprocess upon near-UV irradiation. 

Thee wavelength-dependent photochemistry of cluster 2 closely resembles that observed 

forr its separate precursors [Rh(CO)2(ri
5-C5R5)] (R = H, Me)14' 41 and [Os3(CO)i2].

21 As the 

latterr cluster hardly absorbs above 450 nm, the lowest-energy absorption band of 2 most 

likelyy results from the introduction of the (Rh(CO)(Cp*)}  moiety. This holds in particular for 

thee long-wavelength absorption tailing to 600 nm, which closely resembles the lowest-energy 

bandd of [Rh(CO)2(Cp*)].41 Quantum chemical calculations on the analogous [Rh(CO)2(Cp)] 

complex500 have shown that the lowest-energy absorption band of this type of systems belongs 

too transitions from occupied Rh-Cp bonding and anti-bonding orbitals to Rh-CO non-bonding 

orbitalss with Rh, C and O Rydberg orbital characters. As a result, population of the lowest-

lyingg excited state does not affect the Rh-CO bonds but is proposed to induce a reversible 

ring-slippagee (n5-> n3) of the cyclopentadienyl ligand.14 Most likely, the lowest excited state 

off  cluster 2 has a character similar to that of [Rh(CO)2(Cp*)]. This is inferred from the 

inefficientt photochemistry observed upon irradiation into the lowest-energy absorption band 

off  2, even in the presence of suitable Lewis bases. In addition, the oxidation potential of 

clusterr 2 (+ 0.32 V) is clearly less positive compared to that of its Cp analogue 3 (+ 0.56 V), 

whilee the reduction potentials of both clusters are almost identical. These results indicate that 

thee Rh/Cp'*' centres indeed contribute significantly to the HOMO of clusters 2 and 3 while 

theirr participation in the LUMO is negligible. The shift of the lowest-energy absorption band 

too longer wavelengths upon methylation of the Cp ring (Figure 3), supports the latter 
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conclusion.. In contrast to the common reactivity pattern observed for the clusters 

[Ru3(CO),2],, [Os3(CO),0(diene)] and [Os2Pt(CO)8(PPh3)2] (1), the introduction of the 

{Rh(CO)(Cp*)}}  moiety in the triangular cluster core therefore prevents the efficient cleavage 

off  a metal-metal bond upon irradiation into the lowest-energy absorption band. 

Thee primary photoprocess upon short-wavelength photolysis of cluster 2 (A n̂ =313 nm) 

mostt likely involves the cleavage of the Rh-CO bond. A similar photoprocess has been 

observedd upon irradiation into the 314 nm band of [Rh(CO)2(Cp*)], although the quantum 

yieldd for this reaction is rather low.15 The low efficiency in the latter case has been explained 

byy the presence of an intense, close-lying Cp^-to-Rh/CO transition that reduces the 

proportionn of the metal-to-CO charge transfer transition in the corresponding absorption 

band.500 Irradiation into the latter band therefore largely results in a similar non-productive 

ring-slippagee reaction as postulated upon irradiation into the lowest-energy band of 

[Rh(CO)2(Cp*)].. Interestingly, the shift of the 317 nm band of cluster 2 to longer wavelength 

comparedd to the corresponding band of 3 closely resembles that observed for the lowest-

energyy band of this cluster. In line with the assignment of the latter band (vide supra), the 317 

nmm band of 2 is therefore proposed to have a similar contribution from an intense Cp*-to-

Rh/COO transition as reported for [Rh(CO)2(Cp*)]. This explains the relatively slow 

conversionn of 2 into 2a in the presence of Et3SiH and demonstrates that the intrinsic 

photochemicall  reactivity of the {Rh(CO)(Cp*)}  moiety in cluster 2 is still maintained. Apart 

fromm the contribution from the Rh/Cp* centre, the absorption band at 317 nm is also close in 

energyy to the 325 nm band of [Os3(CO)i2]. As irradiation into the latter band is also reported 

too result in photodissociation of CO,21 the loss of a second CO ligand at one of the osmium 

centress upon prolonged irradiation of 2a is explained accordingly. 

Summarizingg the above results, the mixed-metal cluster [Os2Rh(CO)9(Cp*)] (2) shows 

wavelength-dependentt photochemistry, closely resembling that observed for its separate 

precursors.. The lowest-lying excited state of 2 is assumed to be localized on the 

(Rh(CO)(Cp*)}}  moiety. Its population does not give rise to significant photochemical 

reactivityy but most likely induces a reversible ring-slippage of the Cp* ligand. In line with the 

observedd reactivity of [Rh(CO)2(Cp*)] and [Os3(CO)i2], near-UV irradiation of 2 in the 

presencee of Et3SiH results in the stepwise, Rh- and Os-localized loss of two CO ligands and 

providess a nice example of the separate activation of two different metal centres within a 

heteronuclearr cluster core. Likewise for cluster 1, more insight into the nature of the frontier 

orbitalss and the character of the lowest- and higher-lying excited states of cluster 2 will no 

doubtt be gained from DFT calculations. 
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7A.55 Conclusions 

Thee experimental results document that the replacement of an {Os(CO)4J moiety in 

[Os3(CO)12]]  by {Pt(CO)(PPh3)}  or {Rh(CO)(Cp*)}  results in a different photochemical 

reactivityy than the parent cluster. Cluster 1 undergoes efficient photofragmentation into 

[Os(CO)4(PPh3)]]  and unsaturated osmium and platinum fragments that ultimately produce 

[Os3(CO)i2]]  and other, yet unassigned carbonyl products. The photochemical reactivity of 

clusterr 2 closely resembles that of the mononuclear complex [Rh(CO)2(Cp*)], proving that 

thee frontier orbitals are localized on the separate rhodium and osmium moieties within the 

clusterr core. Consistent with the predominant Cp*-to-Rh/CO character of the lowest excited 

state,, long-wavelength irradiation most likely induces a reversible ring-slippage of the Cp* 

ligandd and does not give rise to efficient bond activation reactions. In contrast, irradiation into 

thee 317 nm band of 2 in the presence of Et3SiH results in the stepwise activation of two 

substratee molecules by the different metal centres within the heteronuclear cluster core. 

Inn general, the valuable results of this pioneering study into the photochemical reactivity 

off  triangular heteronuclear transition metal clusters can conveniently be combined with 

theoreticall  support from DFT calculations in order to obtain more insight into the composition 

off  the frontier orbitals and the nature of the low-lying excited states. This support and a 

thoroughh mechanistic understanding of the photoreactivity are indispensable tools for 

exploringg accurately the photoreactivity of purpose-selected series of homo- and 

heteronuclearr transition metal clusters, in particular those with more delocalized bonding 

withinn the cluster core. 
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7B.11 Abstract 

Electrochemicall  and photochemical properties of the tetrahedral clusters [Ru3Ir(u3-

H)(CO)|3]]  and [Ru3Ir(|i-H)3{CO)i2] were studied in order to investigate whether the 

previouslyy established thermal conversion of the former cluster into the latter hydrogenated 

derivativee also occurs under redox- and photoactivation. Two-electron reduction of [Ru3Ir(|i3-

H)(CO)i3]]  results in the loss of CO and concomitant formation of the dianion [Ru3Ir(u-

H)(CO)i2]]  . The latter reduction product is stable at low temperatures in CH2CI2 but partly 

convertss into anion [Ru3lr(|i-H)2(CO)i2] upon protonation in this solvent at temperatures 

abovee 283 K. The products [Ru3Ir(|i-H)2(CO)|2] and [Ru3Ir(u-H)(CO)12]
2 are also obtained 

uponn electrochemical reduction of [Ru3Ir((a-H)3(CO)]2] and via its stepwise deprotonation 

withh one and two equivalents of Et4NOH, respectively. Similar to the reduction pathway of 

[Ru3Ir(u3-H)(CO)i3],, the minor formation of [Ru3Ir(u-H)2(CO)i2] upon electrochemical 

reductionn of [Ru3Ir(u-H)3(CO)i2] is proposed to result from partial protonation of the direct 

reductionn product [Ru3Ir(u-H)(CO)i2]
2 . 

Irradiationn into the visible absorption band of [Ru3Ir(u.3-H)(CO)i3] does not induce any 

significantt photochemical reaction. Upon near-UV irradiation {A n̂ > 340 nm), however, this 

clusterr undergoes efficient photofragmentation into reactive unsaturated ruthenium and 

iridiumm fragments. In the presence of added CO, these fragments may either be stabilized or 

undergoo reclusterification to give stable homonuclear clusters. Remarkably, irradiation of 

[Ru3Ir(|a3-H)(CO)i3]]  in the absence of CO or in the presence of 1-octene also results in the 

formationn of the trihydrido cluster [Ru3lr((i-H)3(CO)i2], which is the major assignable 

photoproductt in these media. 

7B.22 Introductio n 

Ass pointed out in Part A of this chapter, mixed-metal clusters have received steadily 

growingg interest over the past 30 years because of their potential in both homogeneous and 

heterogeneouss catalysis.1 The concept of cluster catalysis is based on the idea that the desired 

catalyticc transformation of a substrate may require coordination to several metal atoms within 

thee cluster framework. The presence of different metals in a heteronuclear cluster core may 

providee additional bi- or multifunctional activation pathways and offer the possibility for 

synergisticc effects that are not observed for the corresponding homometallic complexes. 

AA promising group of mixed-metal clusters combines iridium and ruthenium centres 

withinn the cluster core. Recent interest in these systems results from the observation that the 

carbonylationn of methanol to give acetic acid is effectively catalyzed by various iridium 

complexes,, especially when promoted by specific ruthenium compounds.2 The excellent 

catalyticc results obtained herewith for a ruthenium-iridium ratio of 3:1, prompted Süss-Fink et 
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al.al. to investigate the activity of the tetranuclear clusters [Ru3Ir(n3-H)(CO)i3] and [Ru3Ir(u-

H)3(CO)12] ,, as well as the alkyne-derivatives [Ru3Ir(CO)io(u3-r|
2-PhC=CPh)] and 

[Ru3Ir(CO)io(H4-r|2-PhC=CPh)(n-r|2-PhC=CHPh)]]  in the catalytic hydrogenation of 

diphenylacetylene.33 Catalytic activity, tentatively attributed to intact Ru3Ir intermediates, was 

indeedd observed for all clusters, with the highest activities and selectivities resulting from 

[Ru3Ir(u3-H)(CO)i3] .. Interestingly, the latter cluster has been shown to convert rapidly into 

thee corresponding trihydrido cluster [Ru3Ir(u-H)3(CO)i2] under the applied reaction 

conditionss (p(H2) = 10 bar, T= 393 K). In a next step, the latter hydrogenated species reacts 

withh two alkyne molecules to give the corresponding olefin and the intermediate [Ru3Ir(u-

H)(CO)i2(PhOCPh)],, entering the main catalytic cycle. 

Thee interesting thermal reactivity of the tetranuclear clusters [Ru3Ir(u3-H)(CO)i3] and 

[Ru3Ir(u-H)3(CO)i2]]  stimulated us to investigate their photo- and electrochemical behaviour. 

Wee focus in this Chapter on the conversion of the monohydride cluster [Ru3Ir(u3-H)(CO)i3] 

(1)) into its hydrogenated analogue [Ru3Ir(u-H)3(CO)i2] (2). Both clusters are schematically 

depictedd in Figure 1. Compared to the thermal reactivity at elevated temperatures in the 

presencee of H2 (vide supra), the latter conversion might in principal also occur under much 

milderr conditions, following photochemical or redox activation. Exploring these pathways is 

thee major goal of the presented study. 

(co)(co)33 (co)3 (co)2 —\-

11 2 4 

Figuree 1. Schematic structures of the studied clusters [Ru3Ir(u3-H)(CO)i3] (1) and [Ru3Ir(u-

H)3(CO)l2]]  (2) and anion rRu3Ir(u-H)2(CO)l2r (4). 

7B.33 Experimental section 

Material ss and preparations. CO (99.5%, Hoek Loos), PPh3 (Aldrich), 1-octene (Sigma), ferrocene 

(BDH)) and EUNOH (1.5 M in EtOH, Fluka) were used as purchased. Solvents of analytical grade 

(Acros:: dichloromethane (CH2C12), hexane) were freshly distilled from sodium wire (hexane) or CaH2 

(CH2C12)) under an atmosphere of dry N2. The supporting electrolyte Bu4NPF6 (Aldrich) was 

recrystallizedd twice from ethanol and dried in vacuo at 350 K overnight. 

Syntheticc procedures. The clusters [Ru3Ir(u3-H)(CO)i3] and [Ru3Ir(u-H)3(CO)l2] were obtained from 

thee group of Prof. G. Süss-Fink (Université de Neuchatel, Switzerland). They were synthesized 
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accordingg to literature procedures4 and characterized by IR and NMR spectroscopies and mass 

spectrometry. . 

Spectroscopicc measurements. FT-IR spectra were recorded on Bio-Rad FTS-7 and Bio-Rad FTS-

60AA spectrometers (16 scans at 2 cm'1 resolution), the latter being equipped with a dual-source Digital 

Modell  896 interferometer and a nitrogen-cooled MCT detector. The sample compartment of the Bio-

Radd FTS-60A spectrometer was modified to allow in situ laser irradiation into a thermostated cell. 

Electronicc absorption spectra were recorded on a Hewlett-Packard 8453 diode-array 

spectrophotometer. . 

Photochemistry.. All photochemical samples were prepared under a nitrogen atmosphere, using 

standardd inert gas techniques, and typically 10"3-104 mol dm3 cluster concentrations. As light source 

forr continuous-wave photochemical experiments served a Spectra Physics 2016 argon-ion laser or a 

Philipss HPK 125 W high-pressure Hg lamp equipped with the appropriate cut-off filter. 

Electrochemistry.. Cyclic voltammograms (CV) of approximately 10~3 M parent clusters in 10"' M 

Bu4NPF66 electrolyte solution were recorded using the set-up described in Chapter 2. IR 

spectroelectrochemicalspectroelectrochemical measurements at variable temperatures were performed in previously 

describedd optically transparent thin-layer electrochemical (OTTLE) cells.56 

7B.44 Results and Discussion 

Redoxx behaviour  of [Ru3Ir(n 3-H)(CO),3] (1) and [Ru3Ir(n-H) 3(CO)i2] (2) 

Ass described above, hydrogenation of the heteronuclear cluster [Ru3Ir(|i3-H)(CO)i3] (1) at 

elevatedd temperatures results in the quantitative formation of the trihydrido cluster [Ru3Ir(u-

H)3(CO)i2]]  (2). In order to investigate whether a similar interconversion is also possible 

underr mild conditions via electrochemical reduction, we performed combined cyclic 

voltammetricc and IR spectroelectrochemical studies of clusters 1 and 2 in CH2CI2. The redox 

potentialss of clusters 1 and 2 are presented in Table 1. The v(CO) wavenumbers of clusters 1 

andd 2 and their reduction products are collected in Table 2. 

Tablee 1. Redox potentials of clusters 1 and 2.a 

Clusterbb EDX \V]c £D,a \V]c 

11 -1.61 +0.92 

2 __ - 1.87 + 1.17 
aa Conditions and definitions: 10"3 mol dm'3 solutions in CH2C12 (containing 10' M Bu4NPF6) at 293 K; 

Ptt disk electrode; v = 100 mV s"'; redox potentials versus Em (Fc/Fc+); £"pc, cathodic peak potential for 

reductionn of parent cluster; £p,a, anodic peak potential for oxidation of parent cluster; b Assignments 

givenn in the main text.c Irreversible process. 
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Cyclicc voltammetry showed that clusters 1 and 2 undergo an irreversible reduction at Ep c 

==  -1.61 V and Effi = -1.87 V, respectively, in CH2CI2 at room temperature (v = 100 mV s~'; 

seee Table 1). The reduction of both clusters remained fully irreversible even at 233 K (v = 100 

mVV s"1). 

Inn the course of the corresponding IR spectroelectrochemical experiments, the reduction 

off  1 in CH2CI2 at 223 K resulted in the neat conversion of the starting cluster into product 3, 

possessingg v(CO) bands at 1981 (w), 1961 (vs), 1909 (m) and 1754 (m) cm"1 (Table 2, Figure 

22 (top)). Upon warming the solution while keeping the electrode potential fixed, product 3 

provedd to be stable up to 283 K. At room temperature, however, the formation of 3 was 

accompaniedd by the simultaneous appearance of weak v(CO) bands at 2077 (vw), 2040 (w), 

20099 (m) and 1803 (w, br) due to a minor additional product, denoted as 4 (Figure 2 

(bottom)).. The reduction of cluster 2 at room temperature in neat and CO-saturated CH2C12 

alsoo resulted in the simultaneous formation of products 3 and 4 in a concentration ratio similar 

too that observed upon reduction of 1. 

22002200 2100 2000 1900 1800 1700 

WavenumbersWavenumbers (cm') 

Figuree 2. IR spectra obtained upon electrochemical reduction of cluster 1 to dianion 3 at 223 K (top) 

andd 293 K (bottom). Asterisks (*) denote v(CO) bands due to anion 4. 

Inn order to identify products 3 and 4 formed upon reduction of clusters 1 and 2, we studied 

thee stepwise deprotonation of cluster 2 on addition of Et4NOH. The latter compound has been 

shownn to be a suitable deprotonation agent e.g. for the related hydrido clusters [Ru^u-

H)4(CO)i2]
77 and [RuRh3(u-H)(CO)i2].8 According to the recorded IR spectra, the addition of 

onee equivalent of Et4NOH in THF resulted in the neat conversion of cluster 2 into its 

correspondingg anion [Et4N][Ru3Ir(u-rI)2(CO)i2]4 (see Figure 1), which is isoelectronic with 

thee known cobalt and rhodium clusters [Ru3Co(u-H)2(CO)i2]
 9 and [Ru3Rh(u-H)2(CO)i2] .l 0 

Unlikee parent cluster 2, the latter anion possesses three carbonyl groups bridging the edges of 

thee Ru2Ir plane. Importantly, the high-frequency v(CO) bands of [Et4N][Ru3Ir(u-H)2(CO)i2] 
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togetherr with the lowest-frequency one (1805 cm"1) correspond to those of the minor product 

4,, formed upon reduction of 1 and 2. Upon addition of a second equivalent of EuNOH, the 

anionn [Et4N][Ru3lr(u-H)2(CO)|2] is converted into another carbonyl product absorbing at 

1980,, 1953, 1906 and 1754 cm"1, with the formation of some minor side-products. In 

agreementt with the removal of a second hydride ligand, the latter product is assigned as the 

dianionn [Et4N]2[Ru3lr(n-H)(CO)|2] , exhibiting an IR v(CO) pattern and wavenumbers closely 

resemblingg that of the related cluster [Et4N]2[Fe3lr((i-H)(CO)i2]n and the major reduction 

productt 3. Based on the results of the deprotonation experiments, it is concluded that the 

irreversiblee reduction of cluster 1 results in release of CO and the concomitant formation of 

thee dianion [Ru3Ir(u,-H)(CO)|2]
2 (3). Similar CO loss reactions commonly occur, for 

example,, upon two-electron reduction of the clusters [Os3(CO)i2] , " [Os3(CO)io(4,4',5,5'-

tetramethylbiphosphinine)]133 and [Rh4(CO)i2].
8 The two-electron reduced dianion [Ru3Ir(u-

H)(CO)]2] 22 (3) is the only reduction product at low temperatures, getting partly protonated, 

mostt likely by traces of water in the solvent, into anion [Ru3Ir(u-H)2(CO)i2] (4) above 283 

K.. The simultaneous observation of 3 and 4 upon reduction of 1 at room temperature is 

thereforee concluded to result from the reduction of 1 into 3 followed by protonation to give 4. 

Tablee 2. IR v{CO) wavenumbers of clusters 1 and 2, their reduction products3 and the reference 

compoundd [Et4N12[Fe3lr(u-H)(CQ)i2l. 

Clusterbb v(CQ) [cm1] 

[Ru 3Ir(p 3-H)(CO) 13]]  (1 )  207 5 (s) ,  205 6 (vs) ,  201 7 (m) ,  186 8 (w ,  br ) 

[Ru3lr(u-H) 3(CO), 2]]  (2 )  207 9 (vs) ,  205 1 (s) ,  202 9 (m) ,  202 0 (m ) 

[Ru 3Ir((a-H)(CO) 12]
22 (3 )  197 8 (sh) ,  195 9 (vs) ,  190 8 (m) ,  175 4 (m ,  br ) 

[Ru 3Ir(n-H)(CO)| 2]
2""  (3) e 198 1 (w) ,  196 1 (vs) ,  190 9 (m) ,  175 4 (m ,  br ) 

[Ru3lr(n-H)(CO) 12]
22 (3 )  d  198 0 (w) ,  195 3 (vs) ,  190 6 (m) ,  175 4 (m ,  br ) 

[Fe3ir(u.-HHCO), 2]
22 c  197 7 (m) ,  195 4 (sh) ,  194 55 (s) ,  189 2 (w) ,  176 0 (sh) ,  174 3 (mw ) 

[Ru3lr(n-H) 2(CO), 2]]  (4) f  207 5 (vw) ,  203 8 (w) ,  200 8 (m) ,  179 9 (w ,  br ) 

[Ru 3Ir(n-H) 2(CO),2] ""  (4) g 207 3 (w) ,  203 7 (s) ,  200 4 (vs) ,  196 8 (m) ,  195 0 (m) ,  1818 ,  (w) , 

1805(w ) ) 

[Ru 3Ir(n-H) 2(CO)i 2]" ''  (4) h 207 4 (w) ,  203 8 (s) ,  200 5 (vs) ,  196 8 (m) ,  195 2 (m) ,  181 9 (w) , 

1805(m ) ) 
aa Conditions: 10"3 mol dm"3 solutions in CH2C12 (containing 10 ' M Bu4NPF6) at 293 K, unless stated 

bb c 

otherwise;; in situ reduction within an IR OTTLE cell. Assignments given in the main text. T= 223 

K.. d Prepared by deprotonation of cluster 2 with 2 equiv. of Et4NOH in THF. e [Et4N]+ salt in CH3CN 

(ref.. 11).' Minor product of thin-layer electrolysis; other v(CO) bands hidden under intense v(CO) 

bandss of cluster 3. g Prepared by deprotonation of cluster 2 with 1 equiv. of Et4NOH in THF. [PPN]+ 

saltt in THF ([PPN]*  = [bis(triphenylphosphoranylidene)]") (ref. 4). 
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Onn the contrary, the simultaneous observation of products 3 and 4 upon reduction of 2 can 

bee explained by three different reduction pathways (Eqs. (l)-(3)). According to pathways (1) 

andd (2) (Eqs. (1) and (2), respectively), direct two-electron reduction of 2 results in the 

formationn of a dianionic reduction intermediate that expells H2 and transforms into dianion 3. 

Thee latter reduction product may either be protonated (Eq. (1)) or undergo a 

conproportionationn reaction with yet non-reduced cluster 2 (Eq. (2)) to form the secondary 

reductionn product 4. Similar conproportionation reactions have been observed for the related 

clusterss [Ru4(u.-H)4(CO)i2]14 and [Ru2Rh2(u.-H)2(CO)i2].8 The protonation pathway is similar 

too that proposed above for cluster 1. 

Apartt from direct two-electron reduction followed by loss of H2, dianion 3 may also be 

formedd via two subsequent one-electron steps, each accompanied by loss of a hydrogen atom 

(Eq.. (3)). The observed formation of cluster 3 as the major reduction product then demands 

thatt the reduction potential of le-reduced [Ru3lr(jj-H)2(CO)i2] (4) lies close to that of parent 

clusterr 2, which is unlikely. 

[Ru3In>H)3(CO)12]]
 + 2 e > [Ru3ln>HXCO)12]

2- + H > [Ru3Ir(u-H)2(CO)12r (1) 

[Ru3Ir(u-H)3(CO)12]]
 + 2 e > [Ru3Ir(u-H)(CO)12]

2- +1 » [Ru3Ir(u-H)2(CO)12]- (2) 

[Ru3Ir(u-H)3(CO)12]]  + e » [Ru3Ir(u-H)2(CO)12r ^ - ^ [Ru3Ir(u-H)(CO)12]
2- (3) 

22 - 1/2 H2 4 - 1/2 H2 3 

[Ru3Ir(u-H)3(CO)12]]
 + C > [Ru3Ir(u-H)3(CO)12r (4) 

22 2'" 

[Ru3Ir<u-H)3(CO)12]]  - 2 [Ru3Ir(u-H)3(CO),2r » [Ru3Ir(u-H)(CO)12]
2- (5) 

22 V'  2 3 

Basedd on the experimental results, the formation of dianion 3 through one-electron 

reductionn of anion 4 (Eq. (3)) seems highly improbable. This is inferred from the fact that the 

reductionn product 3 is directly observed upon reduction of [Ru3lr(p.-H)3(CO)i2] (2), while 

accordingg to pathway (3) initial accumulation of anion 4 is expected. Direct two-electron 

reductionn and formation of dianion 3 as the reduction product is therefore most likely. In situ 

reductionn of cluster 2 in the IR OTTLE cell at low temperatures needs to be performed to 

confirmm unequivocally this conclusion. The question remains whether the subsequent 

formationn of anion 4 then results from protonation of 3 (Eq. (1)) or from a conproportionation 

reactionn between 2 and 3 as proposed in pathway (2). The occurence of the 
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conproportionationn reaction might be revealed by reacting dianion 3, prepared via 

deprotonationn of parent cluster 2 by two equivalents of Et4NOH, with an equimolar amount of 

freshlyy added cluster 2. If true, the low concentration of product 4 upon reduction of 2 

indicatess that the conproportionation reaction is rather slow on the time scale of the 

spectroelectrochemicall  experiment and cannot efficiently compete with the two-electron 

reductionn of 2. In the absence of the conproportionation reaction, anion 4 most likely results 

fromm protonation of the primary reduction product 3, as observed for cluster 1. For, the 

concentrationn of anion 4 was increasing on the expense of dianion 3 even after parent cluster 

22 had been completely reduced. The comparable ratio between products 3 and 4 formed upon 

reductionn of clusters 1 and 2 also supports the protonation pathway. 

Schemee 1. Reduction pathways of clusters 1 and 2. 

[Ru3Ii(u-H)2(CO)12] ] 

4 4 

Summarizingg the above results, two-electron reduction of [Ru3lr(u3-H)(CO)i3] (1) results 

inn the loss of CO and concomitant formation of dianion [Ru3Ir(u-H)(CO)i2] ~ (3). The latter 

reductionn product is completely stable at low temperatures but converts partly into the 

correspondingg anion [Ru3Ir(u-H)2(CO)i2r (4) at temperatures above 283 K. Although no 

v(CO)) bands of 2 are observed in the course of the electrochemical reduction of cluster 1, 

theree is certainly an alternative pathway for the conversion of 1 into its trihydrido analogue 2 

followingg electrochemical activation. This can be achieved upon complete protonation of the 

anionicc clusters 3 and 4 in a separate step, as the reversal of the deprotonation reaction of 

clusterr 2 with Et4NOH. Dianion 3 is proposed to be also the direct reduction product of 

clusterr 2, formed in two possible ways. First, one-electron reduction of cluster 2 causes a 

rapidd structural change of the primary reduction product 2' , producing a secondary product 

instantaneouslyy reducible to the corresponding dianion 2 . The latter species then readily 
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transformss into dianion 3 upon loss of H2. Secondly, and more likely,14 a rapid 

disproportionationn reaction of 2'~ to 2 and 22 takes place, producing again dianion 3 via H2 

releasee from 22 (Eqs (4) and (5)). Further (e.g. bulk electrolysis) experiments are required to 

elucidatee whether the formation of 4 in these cases results from protonation of 3 or a slow 

conproportionationn reaction with yet non-reduced 2; the observed ratio between 3 and 4, 

however,, supports the protonation pathway. The reduction pathways of clusters 1 and 2 are 

depictedd in Scheme 1. 

Photochemistryy of [Ru3Ir(n 3-H)(CO),3l (1) 
Thee excellent thermal catalytic activity of cluster 1 in the hydrogenation of 

diphenylacetylene,33 has evoked our interest also in its photochemical behaviour. The presence 

off  the robust tetrahedral core, three bridging carbonyls and a u3-H cap over the triruthenium 

facee (see Figure 1), may prevent efficient photofragmentation of the cluster core, as observed 

forr the mixed-metal cluster [Os2Pt(CO)8(PPh3)2] (Part A of this Chapter). 

Thee electronic absorption spectrum of cluster 1 in hexane (Figure 3) exhibits an intense 

UVV band with a shoulder at about 320 nm and another one of lower intensity in the visible 

region,, tailing to 600 nm. In order to initiate photoreactions from both the lowest- and higher-

lyingg excited states, cluster 1 was irradiated with a continuous-wave argon-ion laser (kn = 

4888 nm) and a high-pressure Hg lamp (Ai„  > 340 nm), respectively. 

300300 400 500 600 700 

WavelengthWavelength (nm) 

Figuree 3. UV-vis spectrum of cluster 1 in hexane at 293 K. 

Irradiationn into the lowest-energy band of cluster 1 in CO-saturated hexane did not trigger 

anyy significant photochemical reaction. Upon near-UV irradiation (k„  > 340 nm), however, 

thee IR spectra showed the disappearance of the v(CO) bands of the starting cluster with the 

simultaneouss appearance of v(CO) bands due to [Ru(CO)5],
15 [Ru3(CO)i2]'

5 and minor 

[Ru4(u-H)4(CO)i2]
166 (Table 3). Besides, a black compound, tentatively assigned as the poorly 

solublee cluster [Ir6(CO)i6],'
7 precipitated from the solution. The nature of the photoproducts 
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pointss to an efficient photofragmentation process, resulting in the formation of unsaturated 

rutheniumm and iridium fragments. These fragments may either be stabilized by coordination 

off  added CO or undergo reclusterification to form homometallic clusters. 

Similarr to the experiment under CO, no photochemical reactivity was observed upon 

long-wavelengthh irradiation of cluster 1 in hexane containing 1-octene. However, prolonged 

irradiationn into the higher-lying absorption band (  ̂ > 340 nm) resulted in the appearance of 

neww v(CO) bands due to the hydrogenated cluster [Ru3Ir(n-H)3(CO)i2]
4 (2) (see Table 3), 

togetherr with some unidentified products. It remains to be investigated whether cluster 2 is 

formedd via a similar photofragmentation/reclusterification pathway as observed in CO-

saturatedd hexane, or results from C-H activation, converting 1-octene into 1-octyne. The latter 

reactionn is known to take place rapidly upon heating the clusters [M 3Ir(u3-H)(CO)|3] (M = 

Ru,, Os) in the presence of propylene (2 bar) at 353 K.18 Control experiments, however, 

showedd that a similar thermal reaction does not occur at room temperature. Surprisingly, 

irradiationn of cluster 1 in hexane resulted in IR spectral changes similar to those observed in 

thee presence of 1-octene. Apart from minor v(CO) bands due to [Ru3(CO)i2] , the trihydrido 

clusterr 2 was observed in significant amounts. Further experiments, including irradiation of 

clusterr 1 in solvents of different acidity, are compulsory in order to reveal whether a C-H 

activationn mechanism is indeed operative also in the latter case. 

Tablee 3. IR v(CO) wavenumbers of the photoproducts of cluster l.a 

Solventt Photoproduct v(CO) [cm"'] 

hexanee [Ru3Ir(u-H)3(CO)12]
b 2079, 2054, 2033, 2023 

[Ru3(CO),2] cc 2062,2033,2013 

notnot assigned 2094, 2066, 2005 

hexane/1-octenee [Ru3Ir(u-H)3(CO),2]
b 2079, 2054, 2033, 2023 

notnot assigned 2108, 2066, 2005, 1801 

hexane/COO [Ru(CO)5]
d 2038,2002 

[Ru3(CO)12]
cc 2063,2031,2013 

[Ru4(u-H)4(CO)i2]
ee 2082, 2066, 2032 (sh), 2025, 2009 (sh) 

[Ru3Ir(u-H)3(CO)12]]  2078, 2053 f 

notnot assigned 2068 
aa Conditions: hu > 340 nm, T= 293 K. b IR v(CO) (hexane): 2079 (vs), 2054 (s), 2033 (m), 2023 (m) 

cm"11 (Ref. 4). c IR v(CO) (cyclohexane): 2061 (vs), 2031 (s), 2017 (w), 2011 (m) cm1 (Ref. 15). d IR 

v(CO)) (cyclohexane): 2039 (vs), 2000 (vs) cm' (Ref. 15). e IR v(CO) (cyclohexane): 2081 (s), 2067 

(vs),, 2030 (m), 2024 (s), 2009 (w) cm"1 (Ref. 16). f Other v(CO) bands hidden under intense v(CO) 

bandss of the other photoproducts. 

218 8 



Photo-Photo- and Electrochemically Driven Conversion offRujIr(MrW(CO)iiJ into [RuM^-WsJCO),:]" (n - 0-2) 

Summarizingg the results described above, irradiation of cluster 1 in CO-saturated hexane 

resultss in efficient photofragmentation into unsaturated ruthenium and iridium fragments that 

mayy either be stabilized by CO or undergo reclusterification to form homometallic clusters. In 

thee presence of 1-octene or in neat hexane, slow formation of the hydrogenated cluster 

[Ru3Ir(u-H)3(CO),2]]  (2) is observed. 

7B.55 Conclusions 

Thee heterometallic clusters [Ru3Ir(p.3-H)(CO),3] and [Ru3Ir(u-H)3(CO),2] have similar 

electrochemicall  properties as observed for the related homonuclear systems [Ru4([i-

H)4(CO)i2]]  and [Rh4(CO)i2]. It is clear that the reduction pathways are not determined by the 

differentt metals in the metal core, but by the presence of bridging or capping hydride ligands. 

Iff  bridging hydrides are present, as in the case of [Ru3Ir(u-H)3(CO)i2], they are expelled upon 

reductionn in order to preserve the stable electron-precise {M 4(CO)i2}  core. The reduction of 

[Ru[Ru33Ir(nIr(n33-H)(CO)i-H)(CO)i33],], possessing a p.3-H cap over the triruthenium face, results in dissociation 

off  CO and concomitant formation of dianion [Ru3Ir(u-H)(CO)12]
2~. Although cluster 1 cannot 

bee directly converted into the trihydrido cluster 2 in the course of the electrochemical 

experiment,, subsequent protonation of the produced dianion 3 and anion 4 in a separate step is 

surelyy possible. 

Formationn of cluster 2 is also observed upon irradiation of cluster 1 in hexane or in the 

presencee of 1-octene. Further experiments are compulsory in this intriguing case in order to 

reveall  whether a C-H activation mechanism is operative. 
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Summary Summary 

Summary y 

Thiss Thesis presents the results of detailed mechanistic investigations of the photochemical 

andd electrochemical reactivity of several homo- and heteronuclear transition metal carbonyl 

clusters.. In Chapter  1 a general introduction into the field of transition metal clusters is given 

followedd by a literature overview of their photo- and electrochemical activation. The 

importancee of such studies to provide deeper insight into the electronic structure of clusters is 

underlined.. The chapter concludes with the formulation of the scientific aims of this PhD 

project.. The general goals are twofold: (/) to establish how the photo- and electrochemistry of 

selectedd transition metal carbonyl clusters becomes affected by variation of L or by the cluster 

coree composition, where L represents a non-carbonyl redox-active or innocent ligand, and (//) 

too support the experimental data by results of density functional theoretical calculations in 

orderr to obtain a thorough understanding of the electronic structure, bonding properties and 

(photo)reactivityy of the clusters under study. 

Chapterr  2 treats the key experimental and theoretical research methods applied in this 

Thesiss and provides a detailed description of the corresponding experimental set-ups. 

Chapterr  3 deals with the primary photoprocesses of [Ru3(CO)i2] and the substituted 

clusterr [s-c/s-Os3(CO)io(l,3-cyclohexadiene)]. The goal of this study was to characterize the 

opticallyy populated and reactive excited states as well as the primary photoproducts of both 

clusters.. Photoexcitation into the lowest-energy band of [Ru3(CO)i2] has been proposed to 

resultt in the formation of a reactive isomer, in which one metal-metal bond is cleaved and a 

carbonyll  group has moved to a bridging position. This isomer, assumed to be the key 

intermediatee for diverse subsequent reactions, has never been observed directly. Interestingly, 

byy using picosecond time-resolved IR spectroscopy, the formation (r = 4 ps) of such a 

coordinativelyy unsaturated, CO-bridged transient could be observed for the first time. A 

similarr primary photoproduct was formed upon excitation of [Os3(CO)io(s-c/s-l,3-

cyclohexadiene)].. However, due to the unequal distribution of electron density in the latter 

photoproduct,, a second CO bridge was subsequently formed, producing the secondary 

photoproductt [Os3(CO)8(u-CO)2(l,3-cyclohexadiene)], previously observed on the 

nanosecondd time scale. Both the experimental data and the results from a theoretical (TD-

DFT)) study on the model cluster [Os3(CO)10(l,3-butadiene)] support the assignment of the 

low-lyingg electronic transitions of [Os3(CO)ioCs-cf's-l,3-cyclohexadiene)] as having 

predominantlyy a(core)-to-7t*(CO) character. 

Chapterr  4 deals with clusters of the general type [Os3(CO)io(a-diimine)]. It had already 

beenn found that the photochemistry of these clusters is strongly dependent on the coordinating 

abilityy of the solvent. Whereas in strongly coordinating solvents (acetonitrile, pyridine) long-

livedd zwitterions are formed, biradicals with a shorter lifetime in the nanosecond time domain 

aree the main photoproducts in non- or weakly coordinating solvents. In order to establish the 
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primaryy photoprocesses responsible for the formation of these photoproducts, a picosecond 

time-resolvedd spectroscopic study was undertaken, the results being presented in Part A. 

Picosecondd transient absorption and infrared spectra have revealed that the lowest-energy 

a(Os-Os)jT*(ct-diimine)) excited state (a-diimine = 'Pr-AcPy = 2-acetylpyridine-7vr-

isopropylimine)) has a lifetime of ca. 20 ps independent of the polarity of the solvent. From 

thee relaxed excited state the cluster partly underwent homolysis of an Os-Os bond, resulting 

inn the formation of solvent-stabilized biradicals. The lifetime of the 3arc*  state became 

significantlyy shortened by the introduction of an a-diimine ligand with a higher-lying n* 

LUMO.. Apparently, an increase of the energy of the 3an* state lowers the barrier for the 

reaction,, thus shortening its lifetime. Interestingly, in coordinating acetonitrile the on* 

excitedd state appeared to decay double-exponentially. The longer lifetime matched that 

determinedd in non-coordinating solvents and was accordingly assigned to biradical formation. 

Inn agreement with evidence from picosecond time-resolved IR spectra, the second, much 

fasterr process was ascribed to the formation of zwitterions. 

Thee secondary reactions of the solvent-stabilized biradicals are the main topic of Part B. 

Itt is demonstrated that the rate of the backreaction of the biradicals to the parent cluster is 

stronglyy dependent on the coordinating ability of the (co)solvent, substitution by a more 

stronglyy coordinating solvent leading to an increased biradical lifetime. Furthermore, a second 

pathwayy for the formation of acetonitrile-stabilized zwitterions via the corresponding 

biradicalss was for the first time unequivocally established by single wavelength transient 

absorptionn measurements in the microsecond time domain. 

Partt  C describes the results of a mechanistic study of the redox-controlled 

photochemistryy of the interesting novel cluster [Os3(CO)i0(AcPy-MV2+)], in which the well-

knownn electron-accepting methylviologen (MV2+) unit is covalently linked to the imine 

nitrogenn of the a-diimine ligand. This study was undertaken to establish whether the 

photoinducedd electron transfer to the remote viologen unit could compete with the fast non-

radiativee decay from the optically populated on* excited state. Indeed, irradiation of the 

clusterr in acetone resulted in fast (4.4 x 10u s"1) and efficient (> 92%) oxidative quenching of 

thee on* state and concomitant formation of a charge-separated state with an electron 

transferredd from the cluster core to the remote viologen unit. The direction of the electron 

transferr and the concomitant structural change upon light excitation could be controlled by the 

redoxx state of the viologen moiety. Irradiation of the starting cluster in acetonitrile resulted in 

thee formation of a stable formally core-oxidized photoproduct. A similar but reversible 

electronn transfer process was studied in less coordinating acetone. One-electron reduction of 

thee viologen unit, on the other hand, reduced its electron-accepting character to such an extent 

thatt the photoinduced electron transfer to this terminus was no longer feasible. Instead, 

irradiationn of the one-electron-reduced cluster resulted in the formation of zwitterions, the 

commonn photoproducts in strongly coordinating solvents. Based on the different 
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photochemicall  behaviour of the starting cluster and its one-electron-reduced form, the 

[Os3(CO),o(a-diimine)]-viologenn donor-acceptor dyad is designated as a molecular redox 

switch. . 
Thee results of a photo- and electrochemical study of the clusters [Ru3(CO)8(p.-CO)2(a-

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

Chapterr 4 by the triruthenium cluster core but also by the presence of two bridging carbonyl 

ligands.. It was the aim of this study to establish the influence of these bridging ligands on the 

bondingg properties and the photo- and redox reactivity of these complexes. DFT calculations 

showedd that the HOMO is best described as a TI(RU/U-CO) bonding orbital, resulting in a 

lowest-energyy excited state of predominant 7t(Ru/fi-CO)7r*(a-diimine) character. The specific 

characterr of this state, populated via fast decay from the optically accessible a(Ru3)rc*  state, 

andd the presence of CO bridges prevented the efficient formation of open-structure 

photoproductss like biradicals and zwitterions. The latter photoproduct could only be observed 

underr forcing experimental conditions. The influence of the bridging carbonyl groups on the 

electrochemicall  reactivity was reflected in the fairly high stability of the radical anions 

formedd upon reduction of [Ru3(CO)8(u-CO)2(a-diimine)]. By contrast, the open-structure 

intermediatess formed along the reduction path towards [Ru(CO)2(a-diimine)]n and 

[Ru2(CO)8]
22 appeared to be far less stable than their triosmium analogues. 

Chapterr  6 reports a novel synthetic route towards the heteronuclear cluster 

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

novell  derivatives [Os2Ru(CO),,(PPh3)] and [Os2Ru(CO)i0('Pr-AcPy)]. In agreement with 

DFTT calculations on several structural isomers, the crystal structures of the latter compounds 

revealedd that both PPh3 and 'Pr-AcPy prefer coordination at the ruthenium site of 

[Os2Ru(CO)12].. In order to establish the influence of the heteronuclear cluster core, the cluster 

[Os2Ru(CO)io(iPr-AcPy)]]  was studied in detail concerning its photo- and electrochemical 

behaviour.. Although the general course of the photochemical and redox path closely 

resembledd that of [Os3(CO)i0(
iPr-AcPy)], the weaker Os-Ru(a-diimine) bonds in the 

heteronuclearr cluster have been found to be the main factor responsible for a number of 

observedd differences. In contrast to its triosmium analogue, irradiation of [Os2Ru(CO)i0('Pr-

AcPy)]]  in strongly coordinating solvents exclusively resulted in the heterolytic splitting of an 

Os-Ru(a-diimine)) bond, producing solvent-stabilized zwitterions. Both the zwitterions and 

thee solvent-stabilized biradicals formed in non- or weakly coordinating solvents were 

significantlyy shorter-lived than their triosmium analogues. This was ascribed to the reduced 

tendencyy of the coordinatively unsaturated {+Ru(CO)2('Pr-AcPy)*  /0}  moiety to bind a Lewis 

base.. The influence of the weaker Os-Ru(a-diimine) bonds on the electrochemical reactivity 

wass reflected in the absence of stable radical anions upon reduction of [Os2Ru(CO)io(,Pr-

AcPy)]. . 
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Chapterr  7 describes the results of explorative studies of selected heteronuclear clusters 

combiningg different group VII I transition metal centres within the low-nuclearity cluster core. 

Inn Part A attention is focused on the photoreactivity of the heteronuclear clusters 

[Os2Pt(CO)8(PPh3)2]]  and [Os2Rh(CO)9(n
5-C5Me5)]. From the IR spectrosocopic data is was 

deducedd that the former cluster undergoes efficient photofragmentation into the mononuclear 

complexx [Os(CO)4(PPh3)] and unsaturated osmium and platinum fragments that ultimately 

producee [Os3(CO)i2] and other, yet unassigned carbonyl species. It was demonstrated that the 

photoreactivityy of [Os2Rh(CO)9(r|
5-C5Me5)] closely resembles that of the mononuclear 

complexx [Rh(CO)2(n
5-C5Me5)], which proves that the frontier orbitals of the cluster are 

localizedd on the separate rhodium and osmium moieties. In agreement with the (V-CsMes)-

to-Rh/COO character of the lowest-energy excited state, long-wavelength irradiation of 

[Os2Rh(CO)9(rii  -C5Me5)] did not give rise to efficient bond activation reactions. In contrast, 

irradiationn at 313 nm in the presence of Et3SiH resulted in remarkable stepwise activation and 

bindingg of two substrate molecules by the different metal centres within the heteronuclear 

clusterr core. 

Partt  B deals with the catalytically active tetrahedral clusters [Ru3Ir(u3-H)(CO)|3] and 

[Ru3Ir(u-H)3(CO)i2].. In addition to the previously established thermal conversion of the 

formerr cluster into the latter trihydrido derivative we have been interested whether this 

processs also occurs under redox- and photoactivation at significantly lower temperatures. 

Fromm this study, it has become clear that the reduction pathways of both clusters are not 

determinedd by the different metal centres, but by the presence of bridging or capping hydride 

ligands.. In the case of [Ru3Ir(u-H)3(CO)i2], the bridging hydride ligands are expelled upon 

reductionn in order to preserve the electron-precise {M 4(CO)i2}  core. On the other hand, the 

reductionn of [Ru3Ir(u3-H)(CO),3], possessing a u3-H cap over the triruthenium face, resulted 

inn dissociation of CO and the concomitant formation of dianion [Ru3lr(|a-H)(CO)i2]
2 • 

Althoughh [Ru3Ir(u3-H)(CO),3] cannot be converted into its trihydrido analogue [Ru3Ir(u-

H)3(CO),2]] in the course of the corresponding voltammetric experiment, this can be achieved 

byy subsequent protonation of the reduction products in a separate step. Remarkably, the 

formationn of [Ru3Ir(u-H)3(CO)|2] was also observed upon irradiation of [Ru3Ir(u3-H)(CO)|3] 

inn neat hexane or in the presence of 1-octene. Further experiments are necessary in this 

intriguingg case in order to reveal whether a C-H activation mechanism is operative. 
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Inn dit proefschrift worden de resultaten beschreven van een gedetailleerd mechanistisch 

onderzoekk naar de foto- en elektrochemische reactiviteit van verscheidene homo- en 

heteronucleairee overgangsmetaal carbonyl clusters. In Hoofdstuk 1 wordt een algemene 

inleidingg gegeven over overgangsmetaal clusters, gevolgd door een literatuuroverzicht van 

hunn foto- en elektrochemisch gedrag. Het belang wordt benadrukt van dergelijke studies voor 

hett verkrijgen van een beter inzicht in de elektronische structuur van clusters. Het hoofdstuk 

besluitt met de formulering van de wetenschappelijke doelstellingen van dit 

promotieonderzoek.. Het algemene doel is tweeledig: (/') om vast te stellen op welke wijze de 

foto-- en elektrochemie van geselecteerde overgangsmetaal clusters wordt beïnvloed door de 

samenstellingg van het metaalskelet en door variatie van L, waarin L een redox-actief of 

-inactieff  ligand is, en (zï) om de experimentele gegevens te ondersteunen met de resultaten 

vann density functional theoretische berekeningen om zodoende de elektronische structuur, de 

bindingseigenschappenn en de (foto)reactiviteit van de onderzochte clusters in detail te 

begrijpen. . 

Inn Hoofdstuk 2 worden de belangrijkste experimentele en theoretische 

onderzoeksmethodenn besproken die in dit proefschrift zijn toegepast. Tevens wordt een 

gedetailleerdee beschrijving gegeven van de gebruikte experimentele opstellingen. 

Hoofdstukk 3 beschrijft de primaire fotoprocessen van [Ru3(CO)i2] en van het 

gesubstitueerdee cluster [Os3(CO)io(5'-cw-l,3-cyclohexadieen)]. Het doel van dit onderzoek 

wass om zowel de optisch bezette en reactieve aangeslagen toestanden als de primaire 

fotoproduktenn van beide clusters te karakteriseren. In eerdere studies was voorgesteld dat 

excitatiee in de laagst-energetische absorptieband van [Ru3(CO)i2] leidt tot de vorming van een 

reactieff  isomeer, waarin één metaal-metaal binding is verbroken en een carbonyl ligand een 

bruggendee positie heeft ingenomen. Deze isomeer, waarvan werd aangenomen dat het het 

belangrijkstee intermediair is voor de diverse vervolgreacties, was echter nooit direct 

waargenomen.. De vorming (r = 4 ps) van een dergelijk coördinatief onverzadigd, CO-

gebrugdd intermediair, kon nu voor de eerste keer worden waargenomen met picoseconde 

tijdsopgelostee IR spectroscopie. Bestraling van [Os3(CO)io(s-c/s-l,3-cyclohexadieen)] 

resulteerdee in de vorming van een soortgelijk primair fotoprodukt. Door de ongelijke 

verdelingg van de elektronendichtheid in dit fotoprodukt ontstond een tweede CO brug en 

vormdee zich het secundaire fotoprodukt [Os3(CO)8(u,-CO)2(l,3-cyclohexadieen)]. Dit 

secundairee fotoprodukt was reeds eerder waargenomen op de nanoseconde tijdsschaal. Zowel 

dee experimentele gegevens als de resultaten van een theoretische (TD-DFT) studie van het 

modelsysteemm [Os3(CO)i0(l,3-butadieen)] ondersteunen de conclusie dat de laagliggende 

elektronischee overgangen van [Os3(CO)io(s-c/s-l,3-cyclohexadieen)] voornamelijk a(skelet)-

naar-ii*(CO)) karakter hebben. 
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Hoofdstukk 4 behandelt clusters van het algemene type [Os3(CO)io(a-diimine)]. Het was 

reedss bekend dat de fotochemie van deze clusters sterk afhangt van het coördinerend 

vermogenn van het oplosmiddel. Terwijl in sterk coördinerende oplosmiddelen (acetonitril, 

pyridine)) langlevende zwitterionen worden gevormd, zijn de belangrijkste fotoprodukten in 

niet-- of zwak coördinerende oplosmiddelen kortlevende biradikalen met een levensduur in het 

nanosecondee tijdsdomein. In Deel A van dit hoofdstuk worden de resultaten beschreven van 

eenn picoseconde tijdsopgeloste spectroscopische studie. Het doel van dit onderzoek was om 

vastt te stellen welke primaire fotoprocessen ten grondslag liggen aan de vorming van eerder 

genoemdee fotoprodukten. Picoseconde tijdsopgeloste UV-vis en IR spectra toonden aan dat 

dee laagst-energetische c(Os-Os)ji*(a-diimine) (an*) aangeslagen toestand (a-diimine = 'Pr-

AcPyy = 2-acetylpyridine-jV-isopropylimine) in een apolair oplosmiddel een levensduur heeft 

vann ca. 20 ps. Vanuit deze toestand vindt homolyse van een Os-Os binding plaats, wat 

resulteertt in de vorming van oplosmiddel-gestabiliseerde biradikalen. De levensduur van de 

an*an* toestand werd aanzienlijk verkort door een a-diimine ligand te gebruiken met een hoger 

gelegenn n* LUMO. Blijkbaar leidt een verhoging van de energie van deze toestand tot een 

verlagingg van de barrière voor de reactie en daarmee tot een verkorting van de levensduur. 

Eenn opmerkelijk resultaat was dat het verval van de an* toestand in sterk coördinerend 

acetonitrill  bi-exponentieel is. De langere levensduur kwam overeen met de levensduur in niet-

coördinerendee oplosmiddelen (ca. 20 ps) en werd daarom toegekend aan de vorming van 

biradikalen.. Op grond van de resultaten van de picoseconde tijdsopgeloste IR spectra werd het 

tweede,, veel sneller verlopend, proces toegekend aan de vorming van zwitterionen. 

Dee secundaire reacties van de oplosmiddel-gestabiliseerde biradikalen zijn het 

belangrijkstee onderwerp van Deel B. In dit deel wordt aangetoond dat de snelheid van de 

terugreactiee van de biradikalen naar het uitgangscluster sterk afhangt van het coördinerend 

vermogenn van het (co)oplosmiddel. Hierbij leidde vervanging door een sterker coördinerend 

oplosmiddell  tot een verlenging van de levensduur van het biradikaal. Bovendien kon op basis 

vann tijdsopgeloste UV-vis metingen in het microseconde tijdsdomein voor de eerste keer 

onomstotelijkk worden bewezen dat er een tweede reactiepad is voor de vorming van 

zwitterionen,, namelijk via de overeenkomstige biradikalen. 

Deell  C beschrijft de resultaten van een mechanistisch onderzoek naar de redox-

gecontroleerdee fotochemie van het interessante, nieuwe cluster [Os3{CO)i0(AcPy-MV2+)]. 

Hierinn is de bekende elektron-accepterende methylviologeen groep covalent gebonden aan het 

iminee stikstof atoom van het a-diimine ligand. Deze studie had als doe! om vast te stellen of 

inn de aangeslagen toestand elektronoverdracht van het a-diimine naar de viologeen eenheid 

kann wedijveren met het snelle stralingsloze verval van deze on* toestand. Bestralen van het 

clusterr in aceton resulteerde inderdaad in de snelle (4.4 x 1011 s') en efficiënte (> 92 %) 

oxidatievee quenching van de an* toestand en de vorming van een ladingsgescheiden toestand, 

waarinn een elektron is verplaatst van het clusterskelet naar de verderaf gelegen viologeen 
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groep.. De richting van deze elektronoverdracht en de bijbehorende structurele verandering na 

excitatiee kon beïnvloed worden door de redox toestand van de viologeen groep te wijzigen. 

Bestralingg van het uitgangscluster in acetonitril resulteerde in de vorming van een stabiel 

fotoproduktt met een geoxideerd clusterskelet. Reductie van de viologeen eenheid met één 

elektronn verminderde daarentegen het elektron-accepterend vermogen van deze groep zodanig 

datt de lichtgeïnduceerde elektronoverdracht naar laatstgenoemde groep niet meer plaatsvond. 

Inn plaats daarvan leidde bestraling van het één-elektron gereduceerde cluster tot de vorming 

vann zwitterionen, de reguliere fotoprodukten in sterk coördinerende oplosmiddelen. Op grond 

vann het verschillend fotochemisch gedrag van het uitgangscluster en het één-elektron 

gereduceerdee cluster kan het [Os3(CO)io(a-diimine)]-viologeen donor-acceptor systeem 

wordenn beschouwd als een moleculaire redoxschakelaar. 

Dee resultaten van een foto- en elektrochemische studie van de clusters [Ru3(CO)8((J-

CO)2(a-diimine)]]  worden gepresenteerd in Hoofdstuk 5. Deze clusters verschillen van de 

verbindingenn in Hoofdstuk 4 door de aanwezigheid van het triruthenium metaalskelet en van 

tweee bruggende carbonyl liganden. Het doel van deze studie was om vast te stellen wat de 

invloedd is van deze bruggende liganden op de bindingseigenschappen en de foto- en redox 

activiteitt van deze systemen. DFT berekeningen lieten zien dat de HOMO het beste 

beschrevenn kan worden als een 7r(Ru/u-CO) bindende orbitaal, hetgeen resulteert in een 

laagstliggendee aangeslagen toestand met voornamelijk j:(Ru/u-CO)7i*(a-diimine) karakter. 

Hett specifieke karakter van deze toestand, die bezet wordt via snel verval vanuit de optisch 

bezettee a(Ru3)7i*  toestand, en de aanwezigheid van de CO bruggen verhinderden de efficiënte 

vormingg van fotoprodukten met een open structuur zoals biradikalen en zwitterionen. Het 

laatstgenoemdee fotoprodukt kon alleen worden waargenomen onder extreme experimentele 

condities.. De invloed van de bruggende carbonyl groepen op de elektrochemische reactiviteit 

werdd weerspiegeld in de tamelijk grote stabiliteit van de radikaal anionen die gevormd 

werdenn bij de reductie van [Ru3(CO)8(|>CO)2(a-diimine)]. 

Inn Hoofdstuk 6 wordt een nieuwe route beschreven voor de synthese van het 

heteronucleairee cluster [Os2Ru(CO)i2] als ook de syntheses, spectroscopische karakterisering 

enn kristalstructuren van de nieuwe derivaten [Os2Ru(CO)n(PPh3)] en [Os2Ru(CO)i0('Pr-

AcPy)].. In overeenstemming met DFT berekeningen aan verschillende structurele isomeren 

toondenn de kristalstructuren aan dat zowel PPh3 als 'Pr-AcPy bij voorkeur aan het rutheen 

atoomm in [Os2Ru(CO)i2] coördineren. Om de invloed van het heteronucleaire clusterskelet 

vastt te stellen, werd het foto- en elektrochemisch gedrag van het cluster [Os2Ru(CO)i0('Pr-

AcPy)]]  in detail bestudeerd. Hoewel het algemeen verloop van de fotochemische en redox 

reactiess grote overeenkomsten vertoonde met die van [Os3(CO)io('Pr-AcPy)], werd 

vastgesteldd dat met name de zwakkere Os-Ru(a-diimine) bindingen verantwoordelijk zijn 

voorr de waargenomen verschillen. In tegenstelling tot de analoge triosmium verbinding leidde 

bestralingg van [Os2Ru(CO)io('Pr-AcPy)] in sterk coördinerende oplosmiddelen uitsluitend tot 
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dee heterolytische splitsing van een Os-Ru(a-diimine) binding en tot de vorming van 

oplosmiddel-gestabiliseerdee zwitterionen. Zowel de zwitterionen als de oplosmiddel-

gestabiliseerdee biradikalen gevormd in niet- of zwak coördinerende oplosmiddelen hadden 

eenn aanzienlijk kortere levensduur dan de analoge triosmium fotoprodukten. Dit verschil 

wordtt toegeschreven aan de minder sterke binding tussen de coördinatief onverzadigde 

{^Ru(CO)2('Pr-AcPy)""  °}  eenheid en de Lewis base. De invloed van de zwakkere Os-Ru(a-

diimine)) bindingen op de elektrochemische activiteit manifesteerde zich in de afwezigheid 

vann stabiele radikaal anionen na reductie van [Os2Ru(CO)i0('Pr-AcPy)]. 

Hoofdstukk  7 beschrijft de resultaten van een onderzoek naar geselecteerde 

heteronucleairee clusters, waarin verschillende groep VII I overgangsmetaal centra bij elkaar 

wordenn gebracht in het metaalskelet. In Deel A wordt aandacht besteed aan de fotoreactiviteit 

vann de heteronucleaire clusters [Os2Pt(CO)8(PPh3)2] en [Os2Rh(CO)9(r|
5-C5Me5)]. Uit de IR 

spectroscopischee gegevens kon worden afgeleid dat bestraling van het eerstgenoemde cluster 

leidtt tot fotofragmentatie. Hierbij vormde zich het mononucleaire complex [Os(CO)4(PPh3)] 

enn onverzadigde osmium en platina fragmenten. De laatstgenoemde fragmenten leidden 

uiteindelijkk tot de vorming van [Os3(CO)12] en van andere, nog niet toegekende carbonyl 

verbindingen.. De fotoreactiviteit van [Os2Rh(CO)9(r|
5-C5Me5)] vertoonde grote 

overeenkomstenn met die van het mononucleaire complex [Rh(CO)2(r|
5-C5Me5)], hetgeen 

bewijstt dat de grensorbitalen van het cluster zijn gelokaliseerd op de afzonderlijke rhodium en 

osmiumm eenheden. In overeenstemming met het (ri5-C5Me5)-naar-Rh/CO karakter van de 

laagst-energetischee elektronenovergang resulteerde langgolvige bestraling van 

[Os2Rh(CO)9(Ti5-C5Me5)]]  niet in efficiënte bindingsactivering. Bestraling met 313 nm licht in 

aanwezigheidd van Et3SiH leidde daarentegen tot de opmerkelijke, stapsgewijze, activering 

vann twee substraat moleculen door de verschillende metaalcentra in het heteronucleaire 

clusterskelet.. Deel B behandelt de katalytisch actieve tetraëdrische clusters [Ru3Ir<u3-

H)(CO),3]]  en [Ru3Ir(u-H)3(CO),2]. Naar aanleiding van de reeds bekende thermische 

omzettingg van het eerstgenoemde cluster in zijn trihydrido derivaat, is onderzocht of dit 

process ook plaatsvindt door redox- of fotoactivering bij een aanzienlijk lagere temperatuur. 

Uitt deze studie blijkt dat de reductiepaden van beide clusters niet worden bepaald door de 

verschillendee metalen in het metaalskelet, maar door de aanwezigheid van bruggende of 

overkoepelendee hydride liganden. In het geval van [Ru3Ir(u-H)3(CO)12] leidde reductie tot 

afsplitsingg van de hydride liganden om zodoende het {M 4{CO)i2}  skelet intact te houden. 

Reductiee van [Ru3Ir(u3-H)(CO)i3], waarin een u3-H ligand het triruthenium vlak overspant, 

leiddee daarentegen tot de afsplitsing van CO en de vorming van het dianion [Ru3Ir(u-

H)(CO)i2]
22 . Hoewel [Ru3Ir(u3-H)(CO)i3] tijdens het overeenkomstige voltametrische 

experimentt niet kon worden omgezet in de analoge trihydrido verbinding [Ru3Ir(u-

H)3(CO)i2],, kan deze omzetting wel worden bewerkstelligd door protonering van de 

reductieproduktenn in een aparte stap. Opmerkelijk genoeg werd [Ru3Ir(u-H)3(CO),2] ook 
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gevormdd bij bestraling van [Ru3lr(n3-H)(CO)i3] in hexaan of in aanwezigheid van 1-octeen. 

Verderee experimenten zijn noodzakelijk om uit te zoeken of in dit interessante geval sprake is 

vann een C-H activeringsmechanisme. 
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hadd kunnen komen zonder de hulp van velen. Hen zou ik hier graag willen bedanken. 

Allereerstt wil ik graag mijn promotor Dick Stufkens en co-promotor Frantisek Hartl 
bedanken.. Dick, als laatste in de rij  der 'Stufkens-promovendi' wil ik je bedanken voor de 
manierr waarop je mij zelfs na je pensionering (in levende lijve of over de telefoon) hebt 
begeleid.. Dankzij jouw kritische vragen en kennis van zaken dienden mijn hypotheses 
meerderee malen te worden bijgesteld en moest ik vaak terug naar het lab om meer bewijs te 
verzamelen.. Tevens was jouw overzicht en structurele aanpak onontbeerlijk voor de 
totstandkomingg van mijn proefschrift. Frantisek, jouw tomeloze inzet en enthousiasme 
tezamenn met je wetenschappelijke kennis wisten mij keer op keer te inspireren en over het 
dodee punt heen te helpen. In goede en minder goede tijden stond jouw deur altijd voor me 
openn (zelfs tot na middernacht). Ook wil ik je bedanken voor je vriendschap en je 
gezelligheid,, zowel in de RTTR als tijdens onze buitenlandse avonturen. In de eerste fase van 
mijnn promotie werd dit tweetal bijgestaan door Ad Oskam, dankzij wiens organisatietalent het 
dee promovendi in onze groep aan niets heeft ontbroken. Ad, bedankt voor het feit dat je 
zittingg hebt willen nemen in mijn promotiecommissie en voor je legendarische toespraken. 

Mij nn collega's van het eerste uur, Maarten Bakker, Joris van Slageren en Peter Groen, wil 
ikk bedanken voor de zeer geslaagde tijd tijdens de eerste twee jaar van mijn promotie. 
Maarten,, als voorganger binnen het clusteronderzoek begreep je vaak als geen ander welke 
problemenn ik ondervond en wist je die tevens op jouw beroemde, nuchtere wijze te 
relativeren.. Bedankt dat je me als student hebt ingewijd in de wondere wereld van het 
clusteronderzoekk en voor het feit dat je mijn paranimf hebt willen worden. Bij Joris kon ik 
altijdd terecht als ik weer eens vragen had over de meetopstellingen of op het gebied van 
synthese.. Joris, bedankt voor de gezellige tijd in en buiten het lab en voor je gastvrijheid 
tijdenss onze bezoeken aan Florence. Veel succes met je nieuwe baan in Stuttgart! Peter, als 
kamergenoott tijdens de eerste twee jaar heb ik genoten van al onze nuttige en zinloze 
gesprekkenn over wetenschap en andere zaken, al dan niet onder het genot van een pot sterke 
koffie.. Jouw vermogen om dingen tot het laatste moment uit te stellen en vervolgens toch nog 
voorr elkaar te boksen heeft mij altijd verbaasd. 

Tijdenss de laatste twee jaar van mijn promotie ben ik 'geadopteerd' door de groep van 
prof.. De Cola, waarvoor mijn hartelijke dank. Hierdoor leerde ik onder meer Cees Kleverlaan 
kennen.. Cees, mede dankzij jouw hulp kwam mijn onderzoek in een stroomversnelling 
terecht.. Bedankt voor je hulp bij de tijdsopgeloste TA metingen, je bijdrage aan Hoofdstuk 4 
enn voor het feit datje zitting hebt willen nemen in mijn promotiecommissie. Daarnaast wil ik 
jee bedanken voor je gezelligheid, met name tijdens onze nachtelijke uitstapjes. Tijdens het 
schrijvenn van mijn proefschrift kon ik altijd terugvallen op mijn lot- en kamergenoot Mara 
Staffilani.. Mara, I really enjoyed writing the Thesis together! Thank you for withstanding all 
myy teasing remarks, your enormous support and your friendship. I would also like to thank 
youu for being my paranimf. 

231 1 



Dankwoord Dankwoord 

Ookk de hulp van Theo Snoeck en Taasje Mahabiersing heb ik altijd zeer gewaardeerd. 
Taasje,, bedankt voor je hulp ten tijde van mijn RSI problemen, voor je bijdrage aan 
Hoofdstukk 7 en voor je gezelligheid tijdens onze fiets- en drinkescapades. Tevens wil ik mijn 
maand-- en hoofdvakstudent Jasper Heuft bedanken voor zijn bijdrage aan de Hoofdstukken 6 
enn 7 (Deel A). Jasper, hoewel het tijdens je hoofdvakstage niet altijd mee zat, heb je de 
academischee wereld gelukkig niet de rug toegekeerd. Succes met de rest van je promotie! 

Thee DFT calculations, performed by prof. Ze' Calhorda from the University of Lisbon, 
weree a great help in understanding the electronic structure and explaining the reactivity of the 
clusterss described in Chapters 3, 5 and 6. Ze', many thanks for our very fruitful collaboration 
andd for your great hospitality during our stays in Lisbon. In the last year of my PhD, I was 
alsoo given the opportunity to visit the Rutherford Appleton Laboratory in Didcot in order to 
performm time-resolved IR experiments on the picosecond time scale. The results of these 
experimentss are an essential contribution to the research described in Chapters 3, 4 and 5. I 
wouldd like to thank Pavel Matousek and Mike Towrie for their great support during my stay 
andd their fast response to all the questions I had afterwards. Cheers, guys! Prof. Süss-Fink and 
hiss co-worker Enrique Lozano from the University of Neuchatel (Switzerland) were so kind 
too provide me with a sample of the tetranuclear mixed-metal clusters studied in Chapter 7 
(Partt B). Furthermore, I wish to thank prof. Tony Vlcek for his help in arranging the visit to 
RAL,, the fruitful discussions on the ps TRIR experiments and the critical reading of the 
Thesis.. Thanks are also due to Martin Lutz for solving the crystal structures of Chapter 6. 

Verderr ben ik veel dank verschuldigd aan: Jan Meine Ernsting (NMR), Loes Swaning en 
Annekee Ritter (secretariaat), Han Peeters (massa), John van Ramesdonk (flitsopstelling), de 
mensenn van de instrumentmakerij, de glasblazerij en de electronische dienst, waarvan ik 
speciaall  nog Henk Luyten, Tjerk van Goudoever (zie je die brug?), Ron Groenestein, Gerrie 
Braspenningg en Ronald Nieuwendam wil noemen, Kees Bergfeld en Dorette Tromp 
(magazijn),, Ankie Koeberg-Telder, Marijke Duyvendak, Rickey Tax en Stephen 
Vandenbijlaardd (bibliotheek), Jan Fraanje en Kees Goubitz (kristallografie) en ieder ander die 
mijj  op welke wijze dan ook heeft ondersteund. 

Tevenss wil ik Alberto, Anouk, Anthony, Arianna, Basak, Boke, Cees, David, Dorette, 
Edward,, Erica, Giorgio, Hans, Hans-Werner, Herbert, Jasper, Jeroen D., Jeroen de P., Jeroen 
S-,, Jeroen van H., Joris, Lou, Maarten B., Maarten D., Mara, Marcel D., Marcel van E., 
Marco,, Martijn, Mike, Mikhail, Mirco, Nicolette, Peter, Piotr, René, Ron, Sander G., Sander 
K.,, Steve, Tehila, Wim en alle andere (ex)collega's en studenten van de werkgroepen 
anorganischee chemie bedanken voor de prettige samenwerking. 

Niett in de laatste plaats wil ik al mijn vrienden, mijn ouders, Christi, Erwin, Joke, Roel, 
Timoo en Oma Worst bedanken voor hun steun en interesse in de afgelopen jaren. Tot slot, 
lievee Gwenda, wil ik jou het allermeest bedanken. Zonder jouw enorme steun, je liefde en je 
vertrouwenn was dit alles niet mogelijk geweest! 

232 2 



Wk"?Wk"? Ww& I fes . tof ' j ' j ' l i 


	Cover
	Titlepage
	Contents
	Chapter 1 Introduction
	Chapter 2 Research Methods and Instrumentation
	Chapter 3 First Direct Observation and Characterization of the Lowest Excited State and Primary Photoproducts of [Ru?(CO)??] and [Os?(CO)??(1,3-cyclohexadiene)] by Picosecond Time-Resolved UV-vis and IR Spectroscopies
	Chapter 4 Part A The First Steps of the Light-Induced Biradical and Zwitterion Formation from the Clusters [Os3(CO)10(…¿-diimine)] Studied with Ultrafast Time-Resolved UV-vis and IR Absorption Spectroscopies
	Chapter 4 Part B Thermal Pathways of the Biradical Photoproducts of the Cluster [Os?(CO)??(iPr-AcPy)] Analyzed with Time-Resolved Single-Wavelength Transient Absorption Spectroscopy
	Chapter 4 Part C Redox-Controlled Charge-Transfer Photochemistry of [Os?(CO)??(AcPy-MV2?)] (AcPy-MV2?= [2-pyridylacetimine-N-(2-(1'-methyl-4,4'-bipyridin-1,1'-diium-1-yl)-ethyl)](PF6)2)
	Chapter 5 Marked Influence of the Bridging Carbonyl Ligands on the Photo- and Electrochemistry of the Clusters [Ru?(CO)?(?-CO)?(?-diimine)] (?-diimine = 2,2'-bipyridine, 4,4'-dimethyl-2,2'- bipyridine and 2,2'-bipyrimidine)
	Chapter 6 Multiple Evidence for Heterosite Effects in the Novel Heteronuclear Clusters [Os2Ru(CO)12-n(L)] (n = 1, L= PPh3; n = 2, L=2-acetylpyridine-N-isopropylimine)
	Chapter 7 Part A Exploring the Photoreactivity of the Triangular Mixed-Metal Clusters [Os2Pt(CO)8(PPh3)2] and [Os2Rh(CO)9(…Å5-C5Me5)]
	Chapter 7 Part B Photo- and Electrochemically Driven Conversion of the Heterometallic Cluster [Ru©ýIr(…Ê3-H)(CO)©û©ý] into [Ru©ýIr(…Ê-H)©ý-n(CO)©û©ü]n- (n=0-2)
	Summary
	Samenvatting
	Dankwoord
	Cover

