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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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