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CHAPTERR 1 

Generall Introduction 

Transitionn metal clusters have fascinated chemists over the last forty years. The discovery 

off  a wealth of unprecedented cluster structures and possibilities for bonding between 

transitionn metal atoms and (in)organic molecules and their fragments, certainly has 

contributedd to this fascination. Besides scientific curiosity, the catalytic potential of clusters 

hass given tremendous impetus to their investigation. This Thesis deals with the relatively 

unexploredd field of photochemical and electrochemical reactions of transition metal clusters. 

Thiss chapter gives an introduction to the subject and will conclude with a detailed scope of 

thiss Thesis. 

Transitio nn Metal Carbony l Cluster s 

Introductio n n 

Inn accordance with the definition of Johnson,1 the term transition metal clusters is used 

heree explicitly for polynuclear complexes of three or more transition metal atoms that are 

connectedd to each other by metal-metal bonds. In addition, they have a discrete molecular 

structuree distinguishing them from small metal particles. Usually, transition metal clusters are 

categorizedd in two groups that differ in the oxidation state of the metal and the type of ligands 

envelopingg the metal-metal bonding framework (or cluster core).2 The first group consists of 

clusterss of metals in high oxidation states with TT-donor ligands, e.g. [R^On]3 -, [MoéClg]4* 

andd [Ta6Cl]2]
2+. Metal clusters with metals in low oxidation states are stabilized by ^-acceptor 

ligands.. The transition metal carbonyl clusters studied in this Thesis belong to this second 

group.. In Figure 1 several basic structures for transition metal clusters are shown. The 

structuree of the cluster core is usually derived from polyhedra with triangular faces, the metal 

atomss being positioned at the vertices and the metal-metal bonds forming the edges. 

Triangularr [Os3(CO)i2] belongs to the smallest class of clusters consisting only of three metal 

atoms.. Examples of larger clusters are [Co4(CO)i2] (tetrahedron), [Rhe(CO)i6] (octahedron), 

andd [Os2o(CO)4o]2_ (composed tetrahedron, ref. 3). By cleavage of one or more metal-metal 

bondss the polyhedral structure is (partially) lost, as illustrated by the planar "butterfly' cluster 

[Re4(CO)ié]]  ~ and 'raft' cluster [Oss(CO)i9], the latter obtained by reaction of trigonal 

bipyramidall  [Os5(CO)i6] with CO.4'5 As the metal-metal bonds tend to strengthen on 

descendingg from the 3d to the 5d metals, clusters with the heavier metals are in general more 

stable. . 
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^ 4 > > 
[Os3(CO)12]]  [Co4(CO)12] [Os5(CO)16] [Rh6(CO)16] 

[Re4(CO)16]
2-- [Os5(CO)19] 

Figuree 1. Structure of the metal core of several transition metal carbonyl clusters. 

Onee of the most important motives for the research in cluster chemistry has been the idea 

thatt clusters may serve as model systems for metal surfaces. This was formulated by 

Muettertiess as the 'cluster-surface analogy'.6 Metal surfaces play the role of heterogeneous 

catalystss in many important industrial processes. However, the associated surface chemistry is 

poorlyy understood at a molecular level.7 Structure elucidation techniques such as X-ray 

diffraction,, NMR spectroscopy and mass spectrometry, commonly used by molecular 

chemists,, are not generally applicable to the study of metal surfaces. The investigation of 

clusterss has provided valuable information about chemical processes occurring at metal 

surfaces,, in particular about the migration of small ligands like CO and hydride over different 

metall  atoms, and the unique bonding modes and reactions of organic molecules at more than 

onee metal centre.8 In recent years, the interest in clusters has increasingly shifted to their 

catalyticc capabilities.9'10 Ideally, a cluster should combine the selectivity of mononuclear 

homogeneouss catalysts with the potential of multiple site activation typical for metal surfaces. 

Numerouss examples of cluster-catalyzed reactions have been reported by now, including the 

isomerization,, hydrogenation and hydroformylation of alkenes, cyclooligomerization of 

alkynes,, carbonylation of alcohols and amines, and hydrodesulfurization of sulfur-containing 

compounds.. Nevertheless, it should be admitted that cluster catalysts are not yet fully 

competitivee with conventionally used industrial catalysts. As they are usually relatively 

expensive,, there potential application should be sought in unique reactions that are important 

inn fine chemistry. 
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Generall Introduction 

Cluste rr  Activatio n 

Thee introduction of other ligands to the cluster core in order to synthesize novel transition 

metall  carbonyl clusters, either with or without catalytic potential, is not a straightforward task. 

Inn general, selective ligand loss or metal-metal bond opening are required as a first step. 

However,, metal-metal and metal-carbonyl bonds are in many cases strong and of comparable 

magnitude.. As a consequence, high reaction temperatures are necessary, often resulting in low 

productt selectivity or even in cluster fragmentation. Therefore, several approaches towards 

clusterr activation have been developed that allow reactions to proceed selectively under mild 

conditionss (Figure 2).11'12 One option is the generation of 'unsaturated' clusters, such as the 

46-electronn species [H2Os3(CO)io] and [Ru3(/i-H)(/i-PPh2)(CO)9], that easily add two-electron 

donorr ligands.13-14 Another well-known method is the preparation of 'lightly stabilized' 

clusterss such as [M3(CO)i2-x(MeCN)x] (M = Ru, Os; x = 1, 2) with the weakly bound 

acetonitrilee ligands serving as good leaving groups.15'16 A third approach is the incorporation 

off  ancillary ligands that strongly stabilize the cluster, but labilize the metal-metal bonds 

allowingg associative reactions under mild conditions. An example is provided by the cluster 

[Ru3(jU-PhPpy)(Ai-PPh2)(CO)8],, that easily takes up CO, phosphines or molecular hydrogen.17 

Interestingg ways to achieve cluster activation are provided by photochemistry and 

electrochemistry.. These two approaches will be introduced hereinafter. 

[Os3(CO)10(MeCN)2]]  [H2Os3(CO)10] [Ru3(PhPpy)(PPh2)(CO)8] 

Figuree 2. Schematic molecular structures of some 'activated' trinuclear clusters. 

Photo -- and Electrochemistr y of Cluster s 

Photochemicall  reactions use light instead of heat to supply the energy needed to surmount 

highh enthalpy barriers. Thus, they can be performed at ambient or even lower temperatures, 

increasingg product selectivity and the chance of keeping the cluster core intact. Another 
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interestingg feature of photoreactions is that they may generate products different from those 

obtainedd thermally. Also electrochemical activation provides the advantage to be performed 

underr mild conditions. It implies a change in the electron configuration either by reduction or 

byy oxidation generating radical species that are often highly reactive. Interestingly, as both 

reduction/oxidationn and optical excitation often involve the same molecular orbitals, analogies 

betweenn photochemical and redox reactivity are commonly encountered.18-19 

Althoughh photochemical and electrochemical reactions have not been so widely used in 

clusterr chemistry as thermal reactions, quite a number of them have been reported. The 

photoreactionss include photosubstitution of CO, photocatalytic hydrogenation of alkenes by 

[Ru3(CO)i2]]  and [Ru3(CO)9(PPh3)3],20 but also for instance the cleavage of C-H bonds in 

[Os3(CO)9(C6H6)]]  and of a C-S bond in [HOs3(CO)10(MeSC4H2S)].21'22 Electrocatalytic 

radicall  chain reactions can provide a facile route to substituted clusters,2327 while the reduced 

anionicc clusters [HRu3(CO)n]~ and [Ru3(NCO)(CO)i0r have been reported to be catalytically 

activee in the hydroformylation of ethene and hydrogenation of alkenes.28-29 

Onlyy the photo- and electrochemical reactions of the simple unsubstituted trinuclear 

clusterss [M3(CO)i2] (M = Ru, Os) and to a lesser extent those of tetranuclear [H4Ru4(CO)i2], 

havee been studied in detail. These reactions will be described in the next section. Particular 

attentionn is paid to the comparison between those carbonyl clusters and their derivatives with 

ann a-diimine ligand, e.g. 2,2'-bipyridine, since recent investigations of these clusters have 

demonstratedd that the presence of these redox-active ligands strongly influences their photo-

andd electrochemistry. 

Photochemistr yy  of [Os3(CO)12] 

Thee photochemical pathways of [Os3(CO)i2], which are most relevant to this Thesis, are 

presentedd in Scheme l.30-31 The photochemistry of [Os3(CO)i2] is wavelength-dependent. 

Irradiationn into the lowest two of the three intense UV-vis absorption bands results in 

metal-metall  bond cleavage and formation of a reactive isomer of the parent cluster. It has 

beenn postulated that in this isomer an initially terminal carbonyl bridges the broken 

metal-metall  bond, leaving one osmium centre coordinatively unsaturated. Back reaction to 

thee parent cluster occurs in neat hydrocarbon solvents. In the presence of a Lewis base L, the 

isomerr may be trapped by L to form the labile adduct [Os3(CO)n(jU-CO)(L)]. The nature of L 

determiness whether in the next step a M-L, M-CO or M-M bond will break, thereby 

determiningg the final outcome of the photoreaction. For L = PR3 the photosubstitution product 

[Os3(CO)n(PR3)]]  is formed,32 while photofragmentation into [Os(CO)4(alkene)] and 

[Os2(CO)8(/i-alkene)]]  occurs for L = alkene.32"34 The latter binuclear complex has proven to 

bee a useful building block for the synthesis of mixed-metal clusters such as [Os2Rh(CO)9(Cp)] 

andd [Os2Pt(CO)8(PPh3)2].
35'36 It should be noted that neither the open-structure isomer nor its 

adductt [Os3(CO)n(^-CO)(L)] have been directly observed, probably due to their short 

lifetime.. However, the CO-adduct [Ru3(CO)i2(jU-CO)] has been detected by time-resolved IR 

spectroscopyy on irradiation of [Ru3(CO)j2] under CO pressure.37 
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Schemee 1. Photochemical pathways for [Os3(CO),2] 
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Forr short-wavelength irradiation into the third absorption band of [Os3(CO)i2] the primary 

photoprocesss is CO-dissociation producing coordinatively unsaturated [Os3(CO)n]. Reaction 

withh a Lewis base L (e.g. PR3, pyridine, bpy) provides a pathway to substituted triosmium 

carbonyll  clusters.38"40 In the absence of added Lewis base the parent cluster is neatly 

regeneratedd by reaction with CO. The photoproducts [M3(CO)n] (M = Ru, Os) could be 

stabilizedd in a low-temperature matrix and characterized with UV-vis and IR 

spectroscopy.38-411 [M3(CO)n] could also be detected at room temperature by time-resolved IR 

spectroscopy.42 2 

Itt has been pointed out that the primary photoprocesses for [Ru3(CO)i2] and [Os3(CO)i2] 

aree identical. However, due to the weaker metal-metal bonds in the ruthenium cluster, it 

undergoess not only long-wavelength photofragmentation in the presence of alkenes, but also 

withh CO and phosphines.30. Photofragmentation has been used to synthesize reactive 

mononuclearr ruthenium complexes.43 
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Electrochemistr yy  of [Os 3(CO)12] 

Thee electrochemical reduction and long-wavelength irradiation of [Os3(CO)|2] have in 

commonn that they initially lead to metal-metal bond cleavage (see Scheme 2). The radical 

anionn [Os3(CO)i2]*" is very short-lived (ti/2 < 10"6 s) and the fast opening of the cluster 

trianglee is followed by uptake of a second electron. The resulting dianion 

[(CO)4Os~-Os(CO)4-Os~(CO)4]
2~~ reacts further via CO-loss to give triangular [Os3(CO)ioGu-

CO)]]  " (ref. 23). The latter product may undergo a redox condensation reaction with the 

parentt cluster to produce higher nuclearity clusters.44 

Schemee 2. Reduction pathways for [Os3(CO),2] 

[Os3(CO)12] ] 

[Os3(CO)„ ] ] 

higherr nuclearity clusters 

Thee radical anions [M3(CO)i2]*~ (M = Ru, Os) easily undergo substitution of CO by Lewis 

basess such as isocyanides, tertiary phosphines, phosphites and arsines in a catalytic electron-

transfer-chainn (ETC) reaction.23-26 These reactions are particularly fast, selective and efficient 

whenn a catalytic amount of a chemical reductant such as sodium benzophenone ketyl is used. 

Radical-anion-initiatedd substitution reactions are widely used in cluster chemistry, including 

clusterss as [H4Ru4(CO)i2] (vide infra) and [Os3(CO)i0(4,4',5,5'-tetramethyl-2,2'-

biphosphinine)]]  (see Chapter 4). 

Photochemistr yy  of [Os 3(CO)10(a-diimine) ] 

AA wide variety of mono- and binuclear transition metal complexes with a-diimine ligands 

(e.g.(e.g. 2,2'-bipyridine (bpy)) have been reported, [Ru(bpy)3]
2+ without doubt being the most 

famouss example.45 Other representatives of a-diimine ligands are 2,2'-bipyrimidine (bpym), 

pyridine-2-carbaldehyde-./V-alkyliminee (R-PyCa) and l,4-dialkyl-l,4-diazabutadiene (R-DAB) 

(seee Figure 3). They have in common that their LUMO, an energetically low-lying 7t* orbital, 
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iss also the LUMO in their complexes. As a consequence, the lowest-energy electronic 

transitionss of low valent metal a-diimine complexes occur in the visible region and possess 

metal-to-(a-diimine)) charge transfer character. The a-diimine ligand is also the redox-active 

centree and electrochemical reduction will take place on this ligand rather than on the metal 

coree of the cluster. An interesting feature is the large choice of different a-diimine ligands 

availablee with varying LUMO energies, enabling to tune of the photochemical and 

electrochemicall  properties. 

bpyy R-PyCa 

/r~\ /r~\ 
R—NN N—R 

bpymm R-DAB 

Figuree 3. Schematic molecular structures of some a-diimine ligands. 

Introductionn of an a-diimine ligand in [Os3(CO)i2], resulting in the clusters [Os3(CO)io(a-

diimine)],, has interesting consequences for the photochemical behaviour. Irradiation into the 

lowest-energyy visible absorption band results in efficient metal-metal bond cleavage. 

However,, instead of a CO-bridged open-core isomer, either a biradical or zwitterionic 

photoproductt is formed (see Scheme 3).46>47 A model to explain these photoreactions has been 

proposedd on basis of the photochemistry of related binuclear complexes such as 

[Mn2(CO)8(a-diimine)]]  and [(LnM)Re(CO)3(a-diimine)] (LnM = (CO)5Mn, (CO)5Re, 

(CO)4Co,, Cp(CO)2Fe, Ph3Sn).48-49 According to this model the optically populated excited 

statee has d^(Os)-to-^*(a-diimine) charge transfer character. From this metal-to-ligand charge 

transferr (MLCT) state a reactive o(Os-Os)7r*(a-diimine) state is populated via intersystem 

crossing.. In this OTT*  state (ex representing a high-lying osmium-osmium bonding orbital) the 

metal-metall  bond is significantly weakened, which finally leads to its cleavage.50 
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Schemee 3. Proposed mechanism for the photochemical formation of biradicals and zwitterions from 

[Os[Os33(CO)(CO)I0I0(a-diimine)J (a-diimine)J 

„AT T T 
Oss 0s "-"N 

MLCTT state arc*  state 

groundd state 

Thee biradicals [(CO)4Os*-Os(CO)4-Os+(CO)2(a:-diirnine*~)] are formed in non- or weakly 

coordinatingg solvents (toluene, 2-chlorobutane, THF). For the a-diimine ligands bpy, bpym 

andd 2-acetylpyridine-A^-alkylimine (R-AcPy) they regenerate the parent cluster on a 

nanosecondd time scale. As one of the unpaired electrons is localized on the a-diimine ligand, 

thee lifetime of the biradicals increases with decreasing energy of the lowest 7t* orbital of the 

ligand.466 Due to their transient existence the biradicals have hitherto only been observed 

directlyy with nanosecond time-resolved electronic absorption spectroscopy, while their 

adductss with spin-trapping agents have been detected by EPR spectroscopy. In strongly 

coordinatingg solvents (Sv = acetonitrile, pyridine) formation of the solvent-stabilized 

zwitterionss [(CO)4Os"-Os(CO)4-Os+(Sv)(CO)2(a-diimine)] was proposed to occur directly 

fromm the excited state without intermediate formation of biradicals. The zwitterions also 

regeneratee the parent cluster, although with lifetimes ranging from seconds to several minutes, 

dependingg on the coordinating ability of the solvent. They become virtually stable at lower 

temperatures,, thereby allowing ample characterization by NMR, IR and UV-vis spectroscopy. 

Alternatively,, more stable zwitterions or related anions are formed upon addition of P(OEt)3 

orr Br". The dipolar nature of the zwitterion has been established by time-resolved microwave 
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conductivityy (TRMC) measurements for the zwitterion [(CO)40s~-Os(CO)4-Os+(Me2N-

(CH2)3-AcPy)(CO)2],, which was stabilized in apolar solvents through intramolecular 

coordinationn of the pendant amine group of the a-diimine ligand (Figure 4A).51 

B B 

,, S L S M e l / 
\\ C-Os I \ / V 0 s \ A-Os 

VV I ' NMe, 

.Os s 

££ \ / NMe2 
0 0 

Figuree 4. Schematic molecular structures of three photoproducts of [Os3(CO) l0(oc-diimine)J: (A) the 

internally-stabilizedinternally-stabilized zwitterion; (B) and (C) stable open-core isomers of the parent cluster. 

Severall  secondary reactions of the biradicals have been studied. In weakly or non-

coordinatingg solvents also zwitterions can be formed from the biradicals upon coordination of 

ann added Lewis base and a subsequent intramolecular electron transfer step.47-52 For the a-

diiminess R-PyCa and R-DAB, that both possess reactive imine bonds, the biradicals undergo a 

radicall  coupling reaction to give a stable open-structure isomer of the parent cluster (Figure 

4B).533 Different isomers with an Os-C(0)-N-Os bridged open-structure are formed for 

triosmiumm clusters with terdentate a-diimine ligands in which a pendant Me2N or 2-pyridyl 

groupp is bonded to the Os(CO)2(a-diimine) moiety (Figure 4C).52 

Thee photoreactions of the trinuclear clusters [Os3(CO)io(a-diimine)] show a striking 

analogyy with those of the binuclear complexes [Mn2(C0)g(a-diimine)] (see Scheme 4).54'55 

Thesee binuclear complexes also undergo photochemical metal-metal bond homolysis with 

formationn of mononuclear radical fragments, which react back and dimerize in non-

coordinatingg and non-viscous solvents. In coordinating solvents or in the presence of a N- or 

P-donorr ligand (= L) they may disproportionate into [Mn(CO)5]~ and [Mn+(L)(CO)3(a-

diimine)].. Such a disproportionation, that proceeds via adduct formation of the radicals 

[Mn+(C0)3(a-diimine*~)]]  with L and subsequent electron transfer to [Mn*(C0)5] (or to the 

parentt complex), is comparable with the conversion of the triosmium biradicals into 

zwitterions.. In non-coordinating and viscous media such as paraffin, radical coupling products 

cann be formed in which the re-formed metal-metal bond is bridged by a R-DAB or R-PyCa 

ligand.. These radical coupling reactions can be viewed as the counterpart of the isomerization 

reactionss of the [Os3(CO)io(a-diimine)] clusters with the same a-diimine ligand. 
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Schemee 4. Radical coupling and electron transfer reactions for the photochemically generated 

radicalsradicals from [Mn2(CO)g(a-diimine)] 
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Electrochemistryy of [Os3(CO)10(a-diimine)] 

Thee electrochemistry of the clusters [Os3(CO)io(a-diimine)] has been studied in detail (see 

Schemee 5).56-58 The reduction of these clusters is largely localized on the a-diimine ligand, as 

thee LUM O mainly consists of its lowest 7t* orbital. The lower the energy of this 7t* orbital, the 

betterr the ligand can accommodate an electron. As a consequence, the stability of the radical 

anionn [Os3(CO)io(o:-diimine)]"~ strongly increases in the order bpy < iPr-PyCa < bpym. For L 

== bpy, the radical anion is still very reactive and undergoes metal-metal bond cleavage and a 

secondd reduction step.56'57 The resulting dianion [(CO)4Os"-Os(CO)4-Os"(CO)2(a-diimine)] 

cann be stabilized at low temperatures. At room temperature it reacts with the neutral parent 

clusterr to give the cluster dimer [(CO)40s"-Os(CO)4-Os(CO)2(a-diimine)]22~. Oxidation of 

thiss dimer leads to partial recovery of the parent cluster. When L = bpym the corresponding 

clusterr radical anion is much less reactive and even stable at sufficiently low temperatures. 

Thus,, the a-diimine stabilizes the radical anion allowing its spectroscopic characterization. 

Nevertheless,, metal-metal bond cleavage ultimately occurs just as for [Os3(CO)i2]. 

Inn the clusters [HOs3(CO)9(a-diimine)] the a-diimine ligand is ortAo-metallated and 

bridgess an osmium-osmium bond (Figure 5).58 This bridging coordination mode was found to 

stronglyy stabilize the corresponding radical anions. A particularly interesting example is given 

byy [HOs3(CO)9(dpb-14-yl)] (dpb = 2,3-dipyrid-2'-ylbenzoquinoxaline) in which the large Mr-

acceptorr capacity of dpb adds to the stabilizing role of its bridging coordination, making the 

radicall  anion inherently stable even at room temperature. 
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Schemee 5. Reduction pathways for [Os3(CO) l0(a-diimine)] 
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Figuree 5. Schematic molecular structures of the clusters [HOsi(CO)9(a-diimine)] with a bridging 

ortho-metallatedortho-metallated a-diimine ligand. 

Photochemistr yy  of [H4Ru4(CO)12] and [Rh 4(CO)12] 

[H4Ru4(CO)i2]]  and [Rli4(CO)i2] are two well-known examples of clusters with four metal 

atomss in the cluster core. Both clusters have a close-packed tetrahedral structure. 

[H4Ru4(CO)i2]]  possesses only terminal carbonyl ligands, whereas three carbonyls bridge the 

edgess of one face of [Rh4(CO)i2] (see Figure 6). Irradiation of [H4Ru4(CO)i2] does not result 

inn metal-metal bond cleavage, but leads instead to dissociation of CO. The CO-loss product 

hass been spectroscopically characterized in a low-temperature matrix.59 In the presence of PR3 

thiss reaction opens a pathway to photosubstitution which is considerably more selective than 

thermall  substitution.60 The monosubstituted cluster [H4Ru4(CO)n(PR3)] is obtained almost 

quantitativelyy before multiple substitution takes place, though with low quantum yield (ca. 5 x 
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10"3).. In the presence of an alkene photocatalytic isomerization and stoichiometric 

hydrogenationn reactions are observed, that are proposed to occur via the intermediate 

[H4Ru4(CO)n(alkene)].6°° Under H2 the hydrogenation reaction becomes also 

photocatalytic.60'611 The tetraruthenium clusters are obviously less photoreactive than the 

trirutheniumm and triosmium ones. The increased photostability of the tetranuclear clusters has 

beenn proposed to originate in the close packed-structure: each metal atom is bound to three 

otherr metal atoms and metal-metal bond cleavage will be followed by a fast back reaction.61 

Anotherr explanation may be that the frontier orbitals are more delocalized and none of the 

bondss is sufficiently weakened in the excited state. For the tetrarhodium cluster [Rli4(CO)i2] 

noo photoreactivity has been reported so far. 

(CO)33 (CO)3 

-Ru^^ Rh 

H4Ru4(CO)122 Rh4(CO)12 

Figuree 6. Schematic molecular structures of the close-packed tetrahedral clusters [H4Ru4(CO)i2] and 

[Rh[Rh44(CO),J. (CO),J. 

Electrochemistr yy  of [H4Ru4(CO)12] and [Rh 4(CO)12] 

Thee reduction pathways of [H4Ru4(CO)i2] clearly do not follow the photochemistry, as they 

doo not lead to CO-dissociation.27 Instead, the reactive radical anion [H4Ru4(CO)i2]*~ loses 

hydrogenn via different routes, depending on the experimental conditions (see Scheme 6). 

Whenn the radical anion is generated in a high concentration, it undergoes fast 

disproportionationn and formation of the dianion [H2Ru4(CO)i2]
2~ by loss of hydrogen from 

[H4Ru4(CO)i2]
2~.. The latter reaction occurs stepwise at low radical anion concentrations. The 

anionn [H3Ru4(CO)i2]~ is then formed: either slowly via direct extrusion of hydrogen from the 

radicall  anion, or by conproportionation of the dianion [H2Ru4(CO)i2]
2~ with the parent cluster 

(amplyy available under these conditions). Subsequent reduction of the anion [H3Ru4(CO)i2]~ 

againn produces the dianion. In the presence of PPh3 formation of the radical anion 

[H4Ru4(CO)i2]*~~ initiates electron-transfer-chain (ETC) substitution of CO, yielding the 
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mono-- and disubstituted derivatives.27 This radical-anion-initiated substitution is highly 

selectivee when sodium benzophenone ketyl is used as the reducing agent.26 

Thee redox behaviour of [Rh4(CO)i2] has not been investigated in such detail as that of 

[H4Ru4(CO)i2].. Rimmelin et al. claimed the observation of the mononuclear anion 

[Rh(CO)4]~~ upon reduction of [Rht(CO)i2].62 Based on this cyclic voltammetric result it was 

proposedd that the one-electron reduction product, the radical anion [Rh4(CO)i2]"~, undergoes 

clusterr fragmentation. 

Schemee 6. Reduction pathways for [H4Ru4(CO)i2] 
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Electrochemistr yy  of [H4Ru4(CO)10(a-cliimine) ] 

Inn analogy with the triosmium clusters discussed above, coordination of a redox-active 

a-diiminee ligand in [FLtRiuCCCOioCa-diimine)] does not alter the overall reactivity of the 

reducedd clusters compared to [H4Ru4(CO)i2].
63 Again, the a-diimine ligand mainly plays a 

stabilizingg role for the radical anions [H4Ru4(CO)io(a-diimine)]*~. For both bpym and dpp, 

bothh fairly good ^-acceptor ligands, the radical anions are sufficiently stable even at room 

temperaturee to allow their spectroscopic characterization. Slow disproportionation 

accompaniedd by H2 extrusion regenerates the parent cluster and produces the dianion 

[H2Ru4(CO)io(o;-diimme)]2~.. The latter species can also be formed by subsequent reduction of 

thee radical anion [H4Ru4(CO)io(a-diimine)]*~. 
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Chapterr 1 

Scop ee and Content s of thi s Thesi s 

Itt is clear from the foregoing that only for a few small unsubstituted transition metal 

carbonyll  clusters and for their a-diimine derivatives systematic studies of the photochemical 

andd electrochemical properties have been performed. In addition, it has been demonstrated 

thatt a large number of parameters influence these properties, among which the nature of the 

redox-activee a-diimine ligand is of crucial importance. Besides, the reaction conditions (e.g. 

solventt properties, temperature, presence of Lewis base ligands) and composition of the metal 

coree are important parameters. It is the aim of this PhD project to establish the influence of 

thesee parameters for derivatives of [Os3(CO)n]. More specific, the scope of this Thesis is to 

understandd how variation of L and of the reaction conditions affect the photo- and 

electrochemistryy of the clusters [Os3(CO)io(L)] (Chapters 2 - 5), where L represents a redox-

activee or an innocent ligand. The last chapter goes beyond this scope, as it aims at determining 

thee influence of the metal core composition on the electrochemistry for the series 

[H4_xRu4_xRhx(CO)i2]]  (x = 0, 2, 3, 4) (Chapter 6). In the next paragraphs a more detailed 

descriptionn of the content of each chapter is given. 

Chapterr 2 deals with the lowest-energy electronic transitions of the clusters [Os3(CO)io(a-

diimine)],, that are involved in the photochemical metal-metal bond homolysis and 

concomitantt formation of biradicals or zwitterions. It has been hitherto assumed that these 

photoproductss originate in a reactive o(Os-Os)-to-7T*(a-diimine) charge transfer excited state, 

whichh is populated via the optically accessible d^Os)-to-7T*(a-diimine) charge transfer 

(MLCT)) excited state. This model has been based on an analogy with the photochemistry of 

[(CO)5MnMn(CO)3(a-diimine)]]  and related metal a-diimine complexes. In order to obtain a 

deeperr insight in the character of the frontier orbitals and the lowest-energy electronic 

transitions,, a density functional theoretical (DFT) study has been performed on [Os3(CO)io(a-

diimine)]]  with the a-diimine ligands bpy, R-PyCa and R-DAB. The results of this study are 

interpretedd in combination with spectroscopic data and wavelength-dependent photochemical 

quantumm yield measurements. 

Thee short-lived biradical photoproducts are the key intermediates in the photochemistry of 

[Os3(CO)io(or-diimine)].. Yet they have not been studied in much detail. In Chapter 3 the 

followingg questions are addressed: To what extent can the biradicals be stabilized by 

coordinationn of a weakly coordinating solvent and alkene (= L)? Which factors determine 

theirr conversion into zwitterions? To answer these questions the biradicals [(CO)4Os*-

Os(CO)4-Os+(CO)2(/-Pr-AcPy*")(L)],, formed by photochemical Os-Os bond homolysis in 

[Os3(CO)io(/-Pr-AcPy)],, have been investigated in detail by nanosecond time-resolved UV-vis 

andd infrared spectroscopy. 

Thee electronic properties of the redox-active a-diimine have a strong influence on the 

photochemistryy and electrochemistry of the [Os3(CO)io( a-diimine)] clusters. In relation to 

this,, it is interesting to investigate triosmium clusters with other redox-active ligands, or 

insteadd with innocent ligands. The redox-active ligand 4,4',5,5'-tetramethyl-2,2'-biphosphinine 
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(tmbp),, a phosphorus derivative of bpy, is a much stronger ^-acceptor and weaker odonor 

thann the latter ligand. It was therefore decided to synthesize the cluster [Os3(CO)io(tmbp)] and 

too investigate its spectroscopic, photochemical and electrochemical properties (Chapter 4). 

Thee investigation of the photochemistry of [Os3(CO)io(l,3-diene)] clusters with an 

innocentt 1,3-diene ligand (1,3-diene = cis-l,3-butadiene, 1,3-cyclohexadiene) is reported in 

Chapterr 5. Substitution of two CO ligands in [Os3(CO)i2] by 1,3-diene is not expected to 

stronglyy change the character of the excited states nor the primary photochemical process. 

However,, it is interesting to learn if the coordinated 1,3-diene undergoes any reaction at the 

clusterr core after photochemical metal-metal bond cleavage or CO-loss. This investigation 

includess the use of nanosecond time-resolved UV-vis and IR spectroscopy to elucidate the 

primaryy photochemical events. 

Thee chemical, photochemical and electrochemical properties of clusters do not only depend 

onn the presence or absence of redox-active or innocent ligands. They may also change on 

variationn of the composition of the metal core. This influence of the metal is the subject of 

Chapterr 6, which reports on the photo- and electrochemical behaviour of the clusters 

[H4_xRu4.xRhx(CO)i2]]  (x = 0, 2, 3, 4), in which the metal core composition is systematically 

varied.. This investigation, being an extension into a new area of research, is not covered by 

thee title of this Thesis. 
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