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Chapter I 

General Introduction: Photochemistry & Electrochemistry 

I . l History of Photochemistry 

Photochemistry plays an important role in the existence of earth's life. Exposure of green plants to 

sunlight results in the production of oxygen and other photochemical reactions which make plants 

suitable as nourishment for higher forms of life. Through the ages, the process of putrefaction of 

plants by sunlight resulted in the formation of natural energy sources. Also atmospheric processes 

are determined by photochemical reactions. Their investigation plays an important role in 

understanding the mechanisms of airpolution in cities and large industrial centres.'--^ 

Despite the importance of photochemistry the occurrence of such reactions was recognised only 

two centuries ago. Joseph Priestly was the first who investigated chemical reactions which were 

induced by sunlight, including the production of deflogisticated air by green plants. At that time 

photochemical experiments were performed by simply using a twelve inch lens, to focus sunlight 

on a variety of samples in a closed vessel.-̂  As a consequence, the progress of photochemistry was 

strictly dependent on the weather conditions. ' Although the macroscopic changes accompanying 

the photosynthesis have been established early in the nineteenth century, more detailed insights 

were not achieved until well into the twentieth century. 

The importance of photochemistry, both as a natural phenomenon and as a science, became more 

widely recognised at the beginning of this century. This was mainly due to Giacomo Ciamician 

who worked essentially on organic molecules, although his ideas were of fundamental importance 

for the development of photochemical research as a whole. Ciamician realised that much milder 

conditions could be used in photochemical synthetic routes than in ordinary chemical syntheses. 

The question how photochemical reactions take place could be answered after elaboration of the 

quantum model of light by Planck and Einstein.' 

Systematic research on the photochemistry of coordination compounds did not develop before their 

thermal reactivity and spectroscopic properties were understood. After the second world war, an 

intense research started in these related fields. By the late 1950s, a lot of substitution, 

isomerisation, and redox reactions of coordination compounds had been studied and some general 

principles governing such processes had become available. At the same time, the development of 

Ligand Field (LF) theory strongly stimulated the research on the photophysics and photochemistry 

I 



2 General Introduction 

of transition metal complexes.-̂ "* General rules concerning the LF photochemistry of chromium 

(ni) complexes were already published in 1967.̂  

The current understanding of the mechanisms of organometallic photoprocesses has improved 

dramatically by the development of modern spectroscopic methods.^ For example, the application 

of time-resolved optical spectroscopy has developed from flash-photolysis with millisecond 

resolution to the current state of the art, where laser spectroscopy with nanosecond resolution is 

often routine, and where pico- and femtosecond resolution is no longer uncommon.^ In the field of 

organometallic photochemistry these new techniques have mainly been applied to photochemical 

studies of transition metal carbonyls. 

1.2 Photochemistry of Transition Metal Complexes 

1.2.1 The excited states 

The photoreactivity of a transition metal complex is mainly determined by the character of its lowest 

excited state, from which the reaction u.sually takes place. This character depends on the oxidation 

state of the metal, the number of d-electrons and the electronic properties of the ligands. The most 

important electronic transitions of a complex MLnL'm are d-d (LF), metal-to-ligand charge transfer 

(MLCT), intra-ligand (IL) and ligand-to-metal charge transfer (LMCT) transitions, each of them 

giving rise to a specific photochemical behaviour of such complexes:^"'' 

(1) Transitions between MOs predominantly localised on the central metal atom are usually called 

ligand field (LF) or d-d transitions. In d-d excited states, there is normally a significant 

increase in electronic repulsion along one or more metal-ligand a bonding axes because of the 

promotion of a largely non-bonding electron to a a anti-bonding (da*) orbital. Occupation of 

such an excited state will therefore result in a weakening or even a splitting of a metal-ligand 

bond. LF states are lowest in energy when the ligand field is small and the coordinated 

ligands (L and L') do not possess low-lying empty orbitals. Complexes having a lowest LF 

state are e.g. [Cr(NH3)6]3+ and [Co(CN)6]^". 

(2) MLCT transitions are usually intense and comprise the transfer of an electron from the metal 

towards a ligand. Normally such MLCT states are not reactive since the loss of covalency in 

a metal-ligand bond is compensated by an increa.se in ionic interaction between the metal and 

the ligand. MLCT states are lowest in energy when the ligand has a low-lying empty orbital. 

Best known in this respect are the complexes [Ru(BPY)3]2+ and Re(Cl)(CO)3(BPY) (BPY = 

2,2'-bipyridine). 

http://increa.se
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(3) Transitions between MOs predominantly localised on the ligands are so called intra-ligand 

(IL) transitions. IL states are lowest in energy when the free ligand possesses such a low-

energetic state and when the metal has a high LF (e.g. [Ir(BPY)3]3+). If these IL states are 

not reactive in the free ligand, they are normally also stable in the complex. 

(4) Transfer of negative charge from the ligand to the metal MOs is called a LMCT transition and 

is found in transition metal complexes with a strongly reducing ligand and a high valent 

metal. The reactivity of such states varies strongly. Oxidation of ligands such as Ny, H~, 

oxalate, may lead to formation of radicals and decomposition of the complex. In many cases, 

however, radiationless decay to the ground state is a faster process and no reaction will 

occur. 

In addition, complexes may possess a low-energy (y^>a* transition, which upon irradiation gives 

rise to homolysis of a metal-ligand or metal-metal bond. Most ligands form a cr-bond with a metal 

via a lone pair orbital of its donor atom. The metal contribution to this orbital will increase when 

this lone pair orbital increases in energy. A situation may occur in which M and L form a covalent 

bond with nearly equal contribution of M and L. Such a bond is present between the metal and the 

alkyl group in RMn(C0)5 and between the metal atoms in complexes such as Mn2(CO)io, 

Cp2M2(CO)4 (M = Fe, Ru, Os) and Cp2M'2(CO)6 (M' = Mo, W). Complexes with a covalent 

bond are characterised by a o—̂ C7* transition and by efficient homolysis of the a-bond upon 

irradiation into this transition. 

Complexes having a covalent a-bond and, in addition, a ligand with a low-lying empty orbital such 

as BPY, may show CT transitions from both the metal d-orbitals (MLCT) and the o-bonding 

orbital (Ob—*7t*). The existence of abTi* states has only recently been recognised and their bonding 

properties are still the subject of detailed studies.'^"''' Since these states play an essential role in the 

photochemistry of the complexes described in this thesis, the state of the art will first be discussed 

in some detail. 

1.2.2 Metal-metal bonded complexes 

The complexes LnMRe(CO)3(a-diimine) (LnM = (CO)5Mn, (CO)5Re, (CO)4Co, PhsSn etc.) 

which are characterised by strong absorption bands between 500 and 600 nm, undergo homolysis 

of the M-Re bond upon irradiation into this band.*'*"'^ The quantum yields are higher than O.I 

and are temperature and wavelength independent. Since according to the resonance Raman spectra 

the visible absorption bands of these complexes belong to MLCT (dn(Re)^7C*(a-diimine)) 

transitions and not to an allowed Ob(M-Re)^7C*(a-diimine) transition, the homolysis reaction most 

likely occurs from the ^obJi* state after surface crossing from the MLCT states. The temperature 
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and wavelength independence of the quantum yields places the reactive ^Obit* state at lower energy 

than the MLCT states which is in agreement with the UV-Photoelectron spectra. These latter 

spectra showed that the ab(M-Re) orbital has a lower ionisation potential than the d7c(Re) orbitals 

from which the MLCT transitions originate.^° 

For the complexes (CO)5MnRu(R)(CO)2(a-diimine)-', the presence of a lowest ^o^K* state was 

evident from its remarkable emission properties. Normally, a homogeneous series of complexes 

shows an emissive behaviour that obeys the Energy Gap Law, the logarithm of kpr increasing 

linearly with decreasing emission energy. However, replacement of CI by Mn(C0)5 in a series of 

Ru(Cl)(R)(CO)2(a-diimine) complexes did not obey this law since the emission energy, kr and knr 

decreased appreciably. Apparently, the lowest-excited state had changed character in such a way 

that the transition probability to the ground state had become very low. Based on the analogy with 

the emissive behaviour of other previously characterised metal-metal bonded carbonyl complexes, 

the emissive state of (CO)5MnRu(R)(CO)2(a-diimine) was assigned to a ^OhK* state. 

1.2.3 Metal-alky I and -silyl complexes 

The alkyl complexes R2Zn(R'-DAB) possess a lowest energy Ob(Zn-R)^7t*(R'-DAB) 

transition.'-'' Visible excitation into this transition leads to homolytic splitting of a metal-alkyl bond. 

The situation is less clear for complexes of the type Re(R)(C0)3(a-diimine). According to the 

resonance Raman spectra of these complexes, the Ob^Jt* transition can only be a minor 

contributor to the visible absorption band which is assigned to d^^Tt* (MLCT) transitions. 

Schanze and co-workers have reported that the complexes Re(R)(CO)3(BPY) (R = Me, Benz) 

behave similarly as the metal-metal bonded complexes (section 1.2.2) by pholodecomposing into 

radicals with quantum yields close to unity.̂ '̂  The complexes Re(R)(C0)3(R'-DAB) (R = Et, 

Benz; R' = iPr, tBu) behaved similarly by showing a wavelength and temperature independent 

quantum yield close to unity for the homolysis of the metal-alkyl bond.'"* Contrary to these 

complexes and the metal-metal bonded compounds, the quantum yield for the homolysis reaction 

of Re(Me)(CO)3(iPr-DAB) was low (ca. 0.01) and wavelength and temperature dependent. The 

activation energy Ea varied from 10.3 to 7.5 kJmoL' upon variation of the irradiation wavelength 

from 500 to 460 nm. The different behaviour of these Re(Me)(C0)3(R'-DAB) complexes is 

understandable since, according to the UV-Photoelectron spectra, the ab(Re-Me) orbital is at higher 

ionisation energy than the d;i(Re)orbitals. As a consequence, the ObTt* states of this complex will 

be at higher energy than the MLCT states. As the ionisation energy of ab(Re-R) decreases in the 

order Me>Et>Benz the energy difference between the dĵ K* and a^K* states will also decrease in 

this order. Apparently, for R = Et and Benz the a^K* states are at lower energy than the d̂ Ti* 

states, since the homolysis reaction has a high, wavelength and temperature independent, quantum 

yield for the complexes Re(R)(CO)3(iPr-DAB) (R = Et, Benz). 
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Further evidence for the involvement of a reactive -̂ ObJi* state in the photodecomposition of 

Re(R)(C0)3(R'-DAB) (R = Me, Et, Benz) was provided by the transient absorption spectra. For 

the nearly photostable complex Re(Me)(CO)3(iPr-DAB) a similarly short-lived (T<20 ns) transient 

absorption of the MLCT state was observed as for the corresponding halide (X) complexes 

Re(X)(C0)3(iPr-DAB). However, the complex Re(Benz)(CO)3(iPr-DAB) produced a rather long-

lived transient in cyclohexane and toluene (̂ rnax - 500 nm, x = 282 ns in toluene) which 

photodecomposed into radicals.'"* This transient was not emissive. In THE the complex 

decomposed much more rapidly and the transient could not even be observed in the picosecond 

transient absorption spectra (T< 30 ps). Solvent coordination probably accelerates the homolysis of 

the weak Re-Benz bond of this complex in its ^ObTt* state. A similar solvent dependence of the 

lifetime of a proposed -̂ abTi* state has recently been observed by Djurovich and Watts for N,Si-

chelated Ir''̂  complexes and will be di.scussed later in this paragraph.'^ 

The influence of the alkyl group on the photoreactivity of metal-alkyl complexes is not restricted to 

these Re-complexes. A similar behaviour has been observed for the complexes Ru(X)(R)(CO)2(cx-

diimine) (X = halide; R = alkyl).^^ For R = Me and Et the complexes are photostable, for R = iPr 

they decompose into radicals by homolysis of the Ru-R bond. These radicals could be trapped and 

identified by ESR. Just as for the Re-complexes the relative energies of the âbJT* and d̂̂ Tt* states 

depend on R, and, apparently, the reactive ÔbTt* state can only be populated for R = iPr. 

The deviating luminescence behaviour found for the complexes /ac-Ir[(6-isopropyl-8-

quinolyl)diorganosilyl]3 (diorgano = dimethyl, diphenyl), which contain a metal-silyl bond, also 

indicated the presence of a •'CbH:* state in these compounds. The emission lifetime monitored in 

strongly coordinating solvents was substantially shorter than when measured in toluene, which is 

not characteristic for a MLCT state. A transient absorption study showed that Ir-Si bond cleavage is 

followed by solvent coordination. Apparently strongly coordinating solvents enhance the metal-Si 

bond cleavage thus giving rise to quenching of the emission from the ^abTi* state.'^-'^ 

1.2.4 Metal-halide complexes 

Quite remarkably, a close correspondence was observed between the photochemical behaviour of 

the metal-metal bonded complexes (CO)5MnMn(CO)3(BPY) and/ac-Mn(X)(C0)3(BPY) (X = 

halide).^'' In both cases irradiation into the visible absorption band produced the dimer 

Mn2(CO)6(BPY)2. Since this dimer is normally formed by dimerisation of the 16e" radicals 

Mn+(C0)3(BPY"), the occurrence of homolysis of the Mn-X bond seemed to be most likely. 

This supposition was confirmed by a detailed mechanistic study of the photochemistry of these 

complexes. At room temperature, the complexes were first converted into their mer-\somtv&, which 
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then photodecomposed into radicals X- and Mn+(CO)3(BPY'̂ ). The latter radicals were trapped and 

identified by ESR spectroscopy. A more detailed study at low temperature showed that the parent 

/ac-isomer first lost CO and then converted, both thermally and photochemically, into the mer-

isomer. Finally, this mer-isomer photodecomposed into radicals X- and Mn"'"(C0)3(BPY^). The 

latter 16-electron radicals were stabilised at low temperature by adduct formation with PR3. At 

room temperature these adducts initiated the catalytic conversion of the parent complex into 

Mn(CO)3(BPY)(PR3)+ and Br~. A similar catalytic reaction had already been observed for the 

metal-metal bonded complexes (CO)5MnMn(CO)3(a-diimine).̂ --^^ 

The above data clearly show that complexes may contain, in addition to the well known LF, 

MLCT, LMCT and IL states, 0\,n* states in which an electron from a metal-metal, metal-alkyl, 

metal-silyl or metal-halide bonding orbital (Ob) has been transferred to a low-lying 7t*-orbital of a 

ligand. Since the Gh^n* transitions are normally overlap forbidden, the ObTt* states are usually 

occupied indirectly by surface crossing from a MLCT state. This may lead to homolysis of the 

metal-metal/ alkyl/ silyl/ halide bond, resulting in the formation of radical species. The work 

described in this thesis focuses on the formation of radicals from such a^K* states in the case of 

polynuclear metal-metal bonded complexes. 

1.3 The History of Electrochemistry 

Since the discovery of electricity in 1600 by William Gilbert it took until 1786 before the basics of 

electrochemistry were laid by Galvani, who discovered that freshly prepared frog's legs twitched 

as if alive when a nearby frictional electric machine was operating. Some light was thrown on this 

fact by Volta (1792) who established that the contractions only occurred if two different metals 

were used for the momentary closing of the circuit. His further discovery, that an electric current 

always arose when two metals and a liquid were joint together into a circuit, formed the basis of the 

galvanic cell (1800). These discoveries of Galvani, Volta and also of A.v. Humboldt, who 

probably realised the first galvanic cell already in 1797, were important stimuli for the development 

of the theory of electrochemistry as they provided the first efficient source of electric current. 

Electrolysis of water was introduced by Carlisle and Nicholson in 1800. This process was also 

studied by H. Davy who also discovered Na and K by electrolyses of melted hydroxides. In 1835, 

it was the famous Davy's pupil, Michael Faraday who formulated the basic laws of electrolysis 

which are nowadays known as Faraday's laws^^ and form the fundamental laws of 

electrochemistry. Faraday also introduced the basic terms in electrochemistry such as ion, cation, 

anion, electrode etc. Proof of existence of ions in solution independent on the electrode current was 

given by R. Clausius, F.W.G. Kohlrau.sch and, especially, by H.L.F. Helmholtz who, at the same 

time pointed to the possibility of the existence of electrons. Further powerful progress in the field 
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of electrochemistry during the last two centuries can be attributed to revolutionary discoveries of 

outstanding scientists like Arrhenius, Bronsted, Lewis, Nernst, Fick, Debye, Hiickel, Ostwald, 

Stem, Volmer and many others. 

Since then, a great variety of electrochemical techniques has been developed. Titrations, 

coulometry, and electrogravimetry appeared in an earlier age. Especially, the invention of 

polarography by Heyrovsky in 1922 opened a whole new area of electrochemistry. Polarography 

introduced the concept of the polarisable electrode, i.e. an electrode whose potential may be 

controlled by an external electrical source. This opened the possibility to follow electrochemical 

phenomena as a function of an externally controlled potential. Hence, all the various methods 

which measure current (or any function of it) in dependence of an externally controlled electrode 

potential have actually developed from polarography. In 1959 Heyrovsky was awarded with the 

Nobel prize (the only one ever awarded for electrochemistry) for this discovery. Modern 

engineering mathematics began to conquer mass transport problems in the 1950s and towards the 

end of that decade operational amplifiers revolutionised experimental electrochemistry. Most of the 

elementary principles relating electrochemical behaviour of molecules with their electronic structure 

and the basic mechanisms in inorganic chemistry were unravelled in the 1950s and 1960s 

following the advent of cyclic voltammetry, pulse chronoamperometry, rotating-disk electrodes and 

the use of ESR and optical measurements coupled to electrochemical experiments. In the second 

half of the 1960s thin-layer electrochemistry was in its heyday and electrodes other than mercury 

began to attract serious attention. 

Considerable interest in methods for in situ observation of products of redox processes led to the 

development of so called Optically Transparent Thin-Layer Electrochemical (OTTLE) techniques. 

The basis for this combination of electrochemistry and spectroscopy was laid by Heinemann et al. 

in 1967.̂ '̂-̂ ^ Spectroelectrochemistry has become a valuable tool to study the electrochemical 

behaviour of a variety of organic, inorganic and organometallic compounds.-^' It is an effective 

method of electrolysis as it requires relatively small amounts of a redox active compound and 

allows spectroscopic detection (UV-Vis, IR, ESR, resonance Raman), as a function of time or 

temperature, of redox products which cannot otherwise be isolated due to their instability.^°'^' In 

the past two decades this led to the construction of various types of OTTLE cells^ '̂̂ '̂̂ ,̂ which are 

convenient for room temperature and/or low temperature measurements. 

Nowadays, spectroelectrochemistry plays an important role in understanding the often complicated 

redox processes of organometallic compounds. The pioneering work on the electrochemistry of 

organometallic compounds already dates from the early twentieth century. However it took up to 

the sixties until systematic explorations in this field were carried out by Vlcek-'̂ "^^ , Dessy'*° , 

Kochi'*', Lever^' Geiger *^and their co-workers. 
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1.4 Relations between Photochemical and Electrochemical Properties of 

Organometallic Compounds 

Numerous examples are known in literature in which spectroscopic / photophysical / photochemical 

and electrochemical data are combined since they are related to a certain extent. Unfortunately this 

reladonship is not always well understood. 

+ + + -ff 

-"red 

Efl(*A) 

A* 

Figure I.l Occupation of frontier orbitals of a molecule A and its excited state *A, molecular cation /f*", and 

anion A~. In a simplified view, the oxidation and reduction potentials Eox and Ered ^''e related to 

frontier orbital energies as shown by vertical arrows. The /elation between I E(,x - E^ed I ""d their 

e.xcited-state energy Eo(*A) is then obvious. 

Figure I.l shows a simplified energy diagram in which a molecule A is in the ground state, the 

excited state (*A) and in its oxidised (A+) and reduced (A~) forms. From this figure a linear 

correlation between the zero-level excited-state energy, Eo(*A) and the difference between the 

oxidation and reduction potentials, Eox(A/A+) and Ered(A/A^), respectively, is an expected 

consequence of identical energies of redox and optical orbitals. Such correlations, often employing 

absorption or emission maxima instead of Eo(*A), are commonly observed in a series of 

structurally similar complexes that possess lowest-lying MLCT excited states. If the metal is held 
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constant and only the ligands are varied, the MLCT energies correlate linearly with the reduction 

potential of a coordinated or even free ligand. Many correlations of this type have been reported, 

especially for diimine complexes of Ru'I, Os^, and Re' (see Figure 1.2).-"•'̂ "̂''̂  These correlations 

provide a means of estimating the energies of the MLCT transitions from electrochemical data or 

vice versa. The presence or absence of such correlations in a given class of compounds may be 

used to assign spectral transidons and to determine the localisation (ligand, metal) of the redox 

process or the character of frontier orbitals. 

3.10 

V 

2.30 
1.85 E.05 Z.45 

E=(Re"/I) - Ei/2(BL/BL--) (V) 

Figure 1.2 Plot of the energies of the lowest energy absorption band (in eV) vs Ep-(Re''"} - Ei/2(L/L') (in V) 

oflRe(Cl)(CO)3]2(L) (points I, 2, 3 respectively) and Re(Ct)(C0)3(L) (points 4, 5. 6 respectively; 

L = 2,3 -bis-(2-pyridyl)pyrazinelDPP]. 2,3 -bis-(2-pyridyl)quinoxaline IDPQ], 2,3 -bis- (2-

pyridyl)bemoquino.xaline [DPB]) in acetonitrile. 

The identity of redox and optical orbitals also predicts that long-lived excited states will have 

spectroscopic and structural properties related to those of the redox products. Diimine complexes 

generally exhibit a nice analogy between the properties of their reduced form and the MLCT excited 

state. For example,'*^ reduction of [Ru(BPY)3]2+ yields the [Ru(BPY)3]+ complex, the visible 

absorption''^ and resonance Raman spectra"*** of which show features of the reduced ligand, 

[BPY]-. This suggests that [Ru(BPY)3]"'" may be best formulated as a localised-valence form; 

[Run(BPY)2(BPY)']+. All available (and much discussed) evidence shows"*'-̂ " that the long-lived 

3MLCT excited state is also a localised-valence species: *[Ru'll(BPY)2(BPY)"]2-'-. Both resonance 

Raman^" and electronic absorption^' spectra of this excited species are very similar to those of 

[Ru(BPY)3]+ showing bands due to [BPY]". Obviously, the [BPY]- chromophore is present in the 

excited state as well as in the reduced complex. This analogy also indicates that the same factor 

(small interligand electronic coupling) is responsible for the localisation of the extra-electron on one 

of three BPY ligands both in the reduced and excited complex. 
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1.5 Electrochemistry of relevant coordination compounds 

Similar to photochemical activation, metal-metal, metal-alkyl and metal-halide bonds in 

organometallic compounds can also be split electrochemically though the photochemical and 

electrochemical driving forces for such a splitting may significantly differ. In this paragraph the 

reduction of several, for this thesis relevant, organometallic compounds is briefly described. 

1.5.1 Metal-halide complexes 

A comprehensive spectroelectrochemical study of a series of/flc-[Re(L')(C0)3(a-diimine)]''^+ 

complexes showed that the reduction pathways of these complexes are mainly determined by the K-

acceptor ability of the a-diimine ligand, which increases with decreasing 7r*(a-diimine)-orbital 

energy. 

Since the lowest TT* orbital of the a-diimine ligand is the LUMO of these complexes, the added 

electron of the first one-electron step will initially be localised in this orbital. The stability of the 

reduced [Re(L')(CO)3(a-diimine)]"^- complexes depends on the ability of the a-diimine radical 

ligand to accommodate the unpaired electron in its lowest empty 7C* orbital. The higher the energy 

of this Tt* orbital, the more pronounced is the donor character of the a-diimine radical. 

Concomitant polarisation''' of the radical complex and increased electron density at the Re-(a-

diimine) centre labilise the Rc-L' bond and may cause dissociation of L' and dimerisation of the 

Re-radicals, or substitution of L' by a better Tt-acceptor.''-'' The second one-electron reduction step 

destabilises drastically the coordination of the ligand L' and leads to a dclocalised Re<=(a-

diimine^-) ji-bonding in the five-coordinate anionic products [Re(CO)3(a-diimine)]-. The six-

coordinated anionic complexes [Re(C0)3(a-diiinine)L']- may also be formed provided the a-

diimine ligand is able to accommodate completely both added electrons, or L' is an efficient K-

acceptor ligand like P(0R)3, CO or RCN (present in very large excess). 

Complexes of the type /ra/»--Ru(X)(R)(CO)2(a-diimine) (X= haUde, R = alkyl; a-diimine = BPY, 

iPr-DAB, iPr-PyCa) show a more complex reduction mechanism. For all complexes studied, it 

was observed that the halide ligand immediately dissociated upon one-electron reduction. In 

contrast with this rapid cleavage of the Ru-halide bond, the Ru-Me bond appeared to be rather 

stable upon reduction. It was demonstrated that the reduction mechanism was independent of the 

nature of halide and R ligands (R = Me, Et). Instead, it is determined exclusively by the rc-acceptor 

and O, TC-donor properties of the a-diimine ligand in different oxidation states. The radicals formed 

upon one electron reduction of the parent halide complexes could only be stabilised by coordination 

of PPh3 or PrCN (at 193K). The high tendency of the radicals [Ru(R)(CO)2(a-diimine)]- studied 

to dimerise was ascribed to the strong donor character of the reduced a-diimine ligands. 
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Remarkably, for a-diimine = BPY, iPr-PyCa, the dimers [Ru2(R)2(CO)4(a-diimine)2] could be 

formed in solution as two different structural isomers. The Ru-Ru bond breaks during a 

subsequent reduction step. Due to the strong jc-donor properties of the a-diimine dianion, the 

products [Ru(R)(C0)2(a-diimine)]- have a pentacoordinated structure, regardless the type of 

solvent, the presence of PPh3 or the temperature used. In contrast to related [Re(CO)3(a-

diimine)]", the anions [Ru(R)(CO)2(a-diimine)]~ are less stable at room temperature. 

1.5.2 Metal-metal bonded compounds 

Metal-metal bonded complexes such as Mn2(CO)]o, Cp2Fe2(CO)4 or Cp2Mo2(CO)6 possess a 

lowest empty a*(M-M) orbital. Occupation of this orbital gives rise to prompt cleavage of the 

metal-metal bond.̂ "̂̂ ^ Thus, no spectroscopic evidence has been obtained so far for the existence 

of the radical anionic complex [Mn2(CO)io]".^^'^* Similarly, W2(SBz)2(CO)8 undergoes a 

chemically reversible reduction to give [W2(SBz)2(CO)8]2- in which complexion the W-W bond is 

broken and the W(CO)4 fragments remain connected by the two benzoylmercaptide (SBz) 

ligands.^^ In contrast to the above mentioned dimers, which are directly reduced with two 

electrons, the two one-electron reducdons of W2(SBz)2(CO)8 are slighdy separated. Consequently, 

the intermediate radical [W2(SBz)2(CO)g]^ could be detected in a very low concentration by IR 

spectroscopy. However, no evidence was obtained whether this radical still contains an intact W-W 

bond. 

Radical anionic carbonyl clusters of low nuclearity are also highly reactive in the absence of either 

stabilising ligands such as carbides, or a close-packed structure.*" For example, one-electron 

reducdon of Ru3(CO)i2 is followed by opening of a Ru-Ru bond, loss of CO and formadon of 

triangular [Ru3(C0)i | ]^ • '̂ The same type of product is formed upon reduction of Os3(CO)i2.^^ 

Substitution of two carbonyl ligands in a metal-metal-bonded complex by an a-diimine such as 

2,2'-bipyridine will have a stabilising influence on the metal-metal bond(s) of the anionic complex 

since the singly occupied molecular orbital (S.O.M.O.) is then the lowest n* orbital of the a-

diimine and not a*(M-M). It has, however, been shown that electrochemical reduction of 

(CO)5MnMn(CO)3(BPY)" as well as (CO)5MnRu(Me)(CO)2(iPr-PyCa) (Me = methyl; iPr-PyCa 

= pyridine-2-carbaldehyde-N-isopropylimine)*^ also leads to instantaneous formation of 

[Mn(C0)5]-. This result is not unexpected since both BPY and iPr-PyCa transform into rather 

strong donors upon reduction.̂ •̂ •* "̂*^ It is also in line with the observadon that [Mn(CO)3(L)]+ 

and [Mn(CO)g]^ only produce the metal-metal bonded complex (CO)5MnMn(CO)3(L) if L is a 

weak base such as an a-diimine ligand and not a strong one such as 1,2-

bis(diphenylphosphino)ethane.** 
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1.6 Scope of this Thesis 

The work described in this thesis has been undertaken to answer the following quesdons: 

(1) Is it possible to populate a reactive •'obTi* state of a complex when the metal-metal bond (Gb) 

and the chromophore are separated by a ligand bridge, i.e. is excitation of the chromophore 

into its MLCT band followed by intramolecular energy transfer across the ligand bridge 

resulting in occupation of the ^G^n* state and in a homolysis reaction from this state? 

To answer this question, the spectroscopic and photochemical properties of the complexes 

(CO)5MnRe(CO)3(L)Re(Br)(CO)3 (L = 2,2'-bipyrimidine [BPYM], 2,3-bis-(2-

pyridyl)pyrazine [DPP]) and (CO)5MnRe(CO)3(BPYM)W(CO)4 were thoroughly 

investigated. A simplified structure of these complexes is given in Figure 1.3A. 

(A) (B) 

Figure 1.3 Schematic drawings of (A) (CO)5MnRe(CO)-!(BPYM)Re(Br)(CO}s and (B) Os}(CO)jo(BPY}. 

(2) Usually, occupation of a ^ObJt* state results in the formation of reactive radical species. 

These radicals normally diffuse from the solvent cage and undergo either backreaction to the 

starting species, dimerisation, radical coupling reactions or decomposition. I was interested 

in the events taking place after occupadon of a ^0\fK* state in a system where diffusion of the 

radicals formed is inhibited. 

To meet the latter problem, a series of osmium clusters of the type Os3(CO)io(L) ( L = 2,2'-

bipyridine [BPY], BPYM, DPP, 2,3-bis-(2-pyridyl)benzoquinoxaline [DPB]) were 

synthesised. Their spectroscopic and photochemical properties were investigated. A structure 

of these complexes is given in Figure I.3B (see Figure 1.4 for the structures of DPP and 

DPB), 
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(3) No radical anionic metal-metal bonded complexes or "open" structure clusters (which behave 

rather like metal-metal bonded compounds) have been described in the literature to date. I 

wondered if a metal-metal bonded complex might withstand a one-electron reduction step 

provided the extra electron is not directly localised on the metal-metal bond but on a redox-

active ligand. 

To achieve this goal, the spectroelectrochemical properties of the complexes 

(CO)5MnRe(CO)3(L)Re(Br)(CO)3 (L = BPYM, DPP) and triangular clusters Os3(CO)io(L) 

(L = BPY, BPYM, DPP, DPB) and Os3(CO)io(BPYM)Re(Br)(CO)3 were invesdgated at 

variable temperatures. 

DPP DPB 
Figure 1.4 Structures of the ligands DPP and DPB 

1.7 Contents of this thesis 

Chapter II deals with the syntheses of the complexes described in this thesis and the techniques 

used for their photochemical and electrochemical investigation. A short description of the 

spectroscopic and photochemical properties of the building blocks of the complexes described in 

chapters III - V is given. 

Chapter III describes the results of a structural and spectroscopic ('H-NMR, UV-Vis, IR and 

resonance Raman) study on the complexes (CO)5MnRe(CO)3(L)Re(Br)(CO)3 (L = BPYM, DPP) 

and (CO)5MnRe(CO)3(BPYM)W(CO)4. The most remarkable observadon is that BPYM becomes 

asymmetrically distorted when it coordinates to Re^ and Re'. The distortion manifests itself in the 

X-ray structure and in the 'H-NMR and resonance Raman spectra. Such an effect was neither 

found for the complex in which BPYM bridges between ReO and W", nor for the trinuclear DPP 

compound. 

Chapter IV describes the one-electron reduction pathways of the metal-metal bonded complexes 

(CO)5MnRe(CO)3(L) (L = BPY, BPYM, DPP) and (CO)5MnRe(CO)3(L)Re(Br)(CO)3 (L = 
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BPYM, DPP). The stability of the radical anions formed upon one-electron reducdon is mainly 

determined by the degree of polarisation of the metal-metal bond which in turn depends on the n-

acceptor ability of the a-diimine ligand. 

Chapter V presents a description of the photochemical behaviour of the di- and trinuclear 

complexes discussed in chapters II and IV. Contrary to the trinuclear compounds 

(CO)5MnRe(CO)3(L)Re(Br)(CO)3 (L = BPYM, DPP) and (CO)5MnRe(CO)3(BPYM)W(CO)4, the 

dinuclear compounds (CO)5MnRe(CO)3(L) (L = BPYM, DPP) show a wavelength and 

temperature independent quantum yield for the homolysis of the Mn-Re bond. The changed 

photochemical behaviour for the trinuclear complexes compared to their dinuclear analogues is 

caused by the attachment of the Re(Br)(C0)3 group which leads to introduction of another MLCT 

excited state into the trinuclear molecule and a profound stabilisation of the n* LUMO of the 

bridging ligand. 

In Chapter VI the results of a photochemical study on a series of Os3(CO)io(L) clusters are 

described. The complexes show a reversible opening of an osmium-osmium bond upon irradiation 

into their MLCT bands. The bond-opening occurs from a ^Obit* state with subsequent formadon of 

a short lived diradical and a zwitterionic species Os-(CO)4-Os(CO)4-Os+(CO)2(L). The stability of 

the zwitterion is determined by L, the coordinating properties of the solvent or added ligands and 

the teinperature. 

Chapter VII presents the results of a spectroelectrochemical investigation of the following 

osmium clusters: Os3 (CO) ]o (L) (L = BPY, BPYM, DPP, DPB) and 

Os3(CO)io(BPYM)Re(Br)(CO)3. The first one-electron reducdon oftho.se compounds is assigned 

to the parent/[parent]^ redox couple. The stability of the parent radical anions is determined by the 

extent of osmium-osmium bond polarisation by 'charge leakage' from the a-diimine ligands. In the 

case of Os3(CO)io(L) (L = BPY, BPYM, DPP) formadon of [Os3(CO)io(L)]^ is followed by a 

heterolytic Os-Os(L) bond-opening and a subsequent reducdon step resuldng in the formation of 

open-structure mono- and dianions, whereas, [Os/DPB]- and [Os3(CO)io(BPYM)Re(Br)(CO)3]^ 

are inherently stable at room temperature. The low-temperature open-structure dianion of 

Os/BPYM shows a bond closure upon reoxidation with a complete recovery of the parent 

compound. 

http://oftho.se
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1.8 List of publications 

Chapters III to VII of the thesis have resulted in the following publications: 

(1) "Unusually Stable Radical Anionic Complexes [ (COj j M n R e ( C O ) 3 ( B P M ) ] ^ 

[(CO)5MnRe(CO)3(BPM)Re(CO)3Brr, |Os3(CO)io(BPM)]\ and IOs3(CO)io(BPM)Re(CO)3Br]- (BPM = 

2,2'-Bipyrimidine) Studied wilh Cyclic Voltammetry and IR Spectroelectrochemisiry at Variable 

Temperatures" by: J.W.M. van Outersterp, F. Hartl and D.J. Stufkens, Inorganic Chemistry, 1994, 33, 2711 

(contains parts of Chapter IV and VII). 

(2) "Synthesis and Characterization of New Dinuclear Complexes (CO)5MnRe(CO)3(L) (L = 2,2'-Bipyrimidine 

or 2,3-Bis-(2-Pyridyl)Pyrazinc) and Trinuclear Compounds (CO)5MnRe(CO)3(L)(MLn') (MLn' = 

Re(Br)(C0)3, W(C0)4). Evidence for Asymmetric Distortion of the Bridging 2,2'-Bipyrimidine Ligand (L) in 

(C0)5MnRe{CO)3(L)Re(Br)(C0)3 from the Crystal Structure and 'H-NMR and Resonance Raman 

Spectra" by: J.W.M. van Oulerslerp, D.J. Stufltens, J. Fraanje, K. Goubitz and A. VIcek.Jr., submitted to 

Inorganic Chemistry (Chapter III). 

(3) "Variable Temperature IR Spectroelectrochemical Investigation of the Stability of the Metal-Metal Bonded 

Radical Anions [(CO)5MnRe(CO)3(L)r (L = 2,2'-Bipyridine (BPY), 2,2'-Bipyrimidine (BPYM) or 2,3-Bis-

(2-Pyridyl)Pyrazine (DPP)) and [(CO)5MnRe(CO)3(L)Re(Br)(CO)3f (L = BPYM, DPP) Controlled by the 

Lowest 7t*(a-diimine) Orbital Energy" by: J.W.M. van Outersterp, F. Hartl and D.J. Stufkens, accepted for 

Organometallics (Chapter IV). 

(4) "Photochemistry and Emission of the Dinuclear Complexes (CO)5MnRe(CO)3(L) (L = 2,2'-Bipyrimidine, 

2,3-Bis-(2-Pyridyl)Pyrazine) and Bridged Trinuclear Complexes (CO)5MnRe(CO)3(L)Re(Br)(CO)3 and 

(CO)5MnRe(CO)3(BPYM)W(CO)4: Effect of the Remote Metal Center on the Photodissociation of the Mn-

Re Bond" by J.W.M. van Outersterp, D.J. Stufkens and A. VICek, Jr., submitted to Inorganic Chemistry 

(Chapter V). 

(5) "Photochemistry of the Clusters Os3(CO)io(L) (L = 2,2'-Bipyridine, 2,2'-Bipyrimidine, 2,3-Bis-(2-

Pyridyl)Pyrazine, 2,3-Bis-(2-Pyridyl)Benzoquinoxa!ine). Reversible Opening of an Os-Os Bond with 

Formation of a Zwitterion" by J.W.M. van Outersterp, M.T. Garriga Oostenbrink, F.Hartl, H.A. 

Nieuwenhuis and D.J. Stufkens, submitted to Inorganic Chemistry (Chapter VI). 

(6) "Reduction of the Clusters Os3(CO)io(L) (L = 2,2-Bipyridine, 2,2'-Bipyrimidine, 2,3-Bis-(2-

Pyridyl)Pyrazine, 2,3-Bis-(2-Pyridyl)Benzoquinoxaline) and Os3(CO) io(L)Re(Br)(CO)3 and 

Os3(CO)lo(L)Re(Br)(CO)3 (L = 2,2'-Bipyrimidine): A (Spectro)electrochemical Study at Variable 

Temperatures" by J.W.M. van Outersterp, F. Hartl and D.J. Stufkens, in preparation (Chapter VII). 
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Chapter II 
Experimental 

II. 1 Materials 

For spectroscopic and (spectro)electrochemical experiments, solvents of analytical grade (THF, 

hexane, n-PrCN, 2-MeTHF, CH3CN) or UVASOL quality (toluene, CH2CI2, CCI4) were used. 

Prior to use they were dried on sodium wire (THF, hexane, toluene, 2-MeTHF), CaHa (n-PrCN) 

or CaCl2 (CH3CN, CH2CI2, CCI4) and disdlled under a nitrogen atmosphere. The KNO3 used for 

the Raman measurements was dried at IOO°C for at least one week. M2(CO)io (M = Mn, Re), 

Os3(CO)i2, W(CO)6 (Strem Chemicals), BPY (Merck), BPYM (Johnson & Matthey) and DPP 

(Aldrich) were used as received. The silica 60 (Merck) used for purification of the complexes was 

activated by heating overnight under vacuum at 180°C and stored under nitrogen. The supporting 

electrolyte BU4NPF6, used in the (spectro)electrochemical experiments was dried overnight under 

vacuum at 8OOC. Co(Cp)2 and Ferrocene (Fc) were used as received. (Cp)Fe'(C6Me6) was 

prepared according to literature methods.' 

11.2 Preparation of the complexes 

The complexes of which the syntheses are described in this paragraph were identified either with 

elemental analysis or IR, UV-Vis and 'H-NMR spectroscopy. 

77.2.7 Building blocks of(CO)5MnRe(CO)3(L)(ML„') 

The complexes Re(X)(CO)3(L) (L = BPY ,̂ X = CI; L = BPYM^, DPP^, X = Br) were synthesised 

according to literature procedures. The complexes Mn(Br)(CO)3(L) (L = BPYM, DPP) were 

prepared, following the method described by Staal et al.^ Mn(Br)(CO)3(L)Re(Br)(CO)3 (L = 

BPYM, DPP) was synthesised by the following procedure. A solution of equimolar amounts of 

Mn(Br)(C0)3(L) and Re(Br)(CO)3(CH3CN)2^ in THF was stirred for 3 hours under a nitrogen 

atmosphere with exclusion of light. The solvent was then partly evaporated and the product was 

precipitated by addition of hexane. After filtration the precipitate was washed twice with hexane and 

finally evaporated to dryness. W(CO)4(BPYM) was synthesised as described earlier.^ 

Re(Cl)(C0)3(BPY): IR v(CO) in THF: 2019 s, 2016 s, 1893 s cm"'. UV-Vis (in THF): 385 nm. 

Re(Br)(C0)3(BPYM): IR v(CO) in THF: 2025 s, 1926 m, 1903 m cm"'. UV-Vis (in CH3CN): 

384 nm. 

Re(Br)(C0)3(DPP): IR v(CO) in THF: 2023 s, 1925 m, 1904 m cm"'. UV-Vis (in THF): 320, 415 

nm. 
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Mn(Br)(C0)3(BPYM): IR v(CO) in THF: 2028 s, 1942 m, 1922 m cm"'. 'H-NMR (acetone d^): 

9.6 (2H, d), 9.3 (2H, d), 7.9 (2H, t). UV-Vis (in THF): 427 nm. 

Mn(Br)(C0)3(DPP): IR v(CO) in THF: 2026 s, 1941 m, 1922 m cm"'. 'H-NMR (acetone d^): 9.4 

(IH, d), 9.3 (IH, d), 8.9 (IH, d), 8.7 (IH, d), 8.2 (IH, dd), 8.1 (IH, d), 7.8 (IH, dd), 7.7 (2H, 

dd), 7.2 (IH, d). UV-Vis (in THF): 460 nm. 

Mn(Br)(CO)3(BPYM)Re(Br)(CO)3: IR v(CO) in THF: 2026 s, 1951 m, 1933 s,br, 1909 m cm"'. 

'H-NMR (acetone d^): 9.98 (IH, d), 9.92 (IH, d), 9.75 (IH, d), 9.67 (IH, d), 8.38 (IH, dd), 

8.32 (IH, dd). UV-Vis (in THF): 364, 508 nm. 

Mn(Br)(CO)3(DPP)Re(Br)(CO)3: IR v(CO) in THF: 2029 sh, 2021 s, 1948 m, 1930 s,br, 1907 m 

cm-'. 'H-NMR (acetone d^): 9.59 (2H, d), 9.28 (2H, d), 8.67 (IH., d), 8.51 (IH, d), 8.27 (2H, 

dd), 7.98 (2H, dd). UV-Vis (in THF): 484 nm. 
W(C0)4(BPYM): IR v(CO) in THF: 2009 m, 1896 s, 1879 sh, 1855 m cm"'; UV-Vis (in 

CH2CI2): 525 nm. 

77.2.2 (CO)5MnRe(CO)3(L) 

The compounds [Re(Otf)(CO)3(L)] (L = BPY, BPYM, DPP) were synthesised as described 

previously^, except that Ag+Otf" was used as a reactant instead of H+Otf". The complexes 

(CO)5MnRe(CO)3(L) (L = BPY, BPYM, DPP) were prepared according to literature methods*̂ -̂  

from Re(Br)(CO)3(L) as the starting material. The products were purified by column 

chromatography over silica 60 by elution with a gradient solution of THF and hexane. 

(CO)5MnRe(CO)3(BPY): IR v(CO) in THF: 2053 m, 1997 s, 1945 s,br, 1894 ni,br cm"'. UV-Vis 

(in THF): 494 nm. 

(CO)5MnRe(CO)3(BPYM): Elemental analysis Ci8H6MnN408Re found (calcd.): %C 30.54 

(30.82), %H 1.79 (0.96), %N 7.31 (8.99). IR v(CO) in THF: 2056 m, 2001 s, 1949 vs, 1901 m 

cm-'. 'H-NMR (acetone d^): 9.47 (2H, d), 9.31 (2H, d), 7.95 (2H, d). UV-Vis (in THF): 392, 

523 nm. 

(CO)5MnRe(CO)3(DPP): Elemental analysis C22HioMnN408Re found (calcd.): %C 37.65 

(37.77), %H 1.58 (1.43), %N 7.98 (8.01). IR v(CO) in THF: 2055 m, 2000 s, 1952 vs, 1901 m 

cm-'. iH-NMR (acetone d^): 9.30 (IH, d), 9.21 (IH, d), 8.86 (IH, d), 8.70 (IH, d), 8.19 (IH, 

td), 7.92 (IH, d), 7.65 (3H, d), 7.34 (IH, d). UV-Vis (in THF): 557 nm. 

77.2.5 (CO)5MnRe(CO)3(L)(MLn') 

The trinuclear compounds (CO)5MnRe(CO)3(L)Re(Br)(CO)3 (L = BPYM, DPP) were prepared by 

stirring overnight a solution of 1 mmol of (CO)5MnRe(CO)3(L) and 1 mmol of 

Re(Br)(CO)3(CH3CN)2^ in THF under nitrogen with exclusion of light. The solution was 

evaporated to dryness, and the product was purified by column chromatography over silica 60 with 

THF and hexane as eludng solvents. Yields: 10 - 30%. (CO)5MnRe(CO)3(BPYM)W(CO)4 was 
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prepared by stirring overnight 1 mmol of W(CO)4(Me3NO)2"^ and 1 mmol of 

(CO)5MnRe(CO)3(BPYM) in THF under nitrogen with the exclusion of light. The resuldng 

solution was evaporated to dryness and the product was purified by column chromatography over 

Silica 60 with THF and hexane as the eludng solvents. Yield: 10 - 30%. 

(CO)5MnRe(CO)3(BPYM)Re(Br)(CO)3: IR v(CO) in THF: 2060 m, 2030 s, 2007 s, 1958 m, 

1936 m, 1917 m cm-'. 'H-NMR (acetone d^); 9.87 (2H, d), 9.77 (2H, d), 8.28 (2H, t). UV-Vis 

(in THF): 380, 473, 671 nm. 

(CO)5MnRe(CO)3(DPP)Re(Br)(CO)3: Elemental analysis of C25HioBrMnN40iiRe2 found 

(calcd.): %C 28.78 (28.60), %H 1.15 (0.95), %N 5.18 (5.33). IR v(CO) in THF: 2057 m, 2024 

s, 2001 s, 1957 m, 1933 m, 1909 m cm"'. 'H-NMR (acetone d^): 9.29 (3H, m), 9.11 (IH, d), 

8.81 (IH, d), 8.65 (IH, d), 8.21 (2H, dt), 7.91 (2H, dt). UV-Vis (in THF): 320, 474, 636 nm. 

(CO)5MnRe(CO)3(BPYM)W(CO)4: Elemental analysis of C22H6MnN40i2ReW found (calcd.): 

%C 26.21 (26.12), %H 0.85 (0.65) %N 5.96 (6.09). IR v(CO) in THF: 2058 m, 2013 m, 2004 s, 

1956 s, 1912 s, 1855 m cm-'. 'H-NMR (acetone d^): 9.61 (4H, m), 8.00 (2H, t). UV-Vis (in 

THF): 388, 450, 628(sh), 684 nm. 

II.2.4 Os3(CO)]o(L) and Os3(CO)jo(BPYM)Re(Br)(CO)3. 

The DPB ligand was prepared as described previously.''The complexes Os3(CO)io(L) were 

prepared according to literature procedures." Os3(CO)io(BPYM)Re(Br)(CO)3 was synthesised by 

stirring a THF solution of equimolar amounts of Os3(CO)io(BPYM) and Re(Br)(CO)3(CH3CN)2 

under a nitrogen atmosphere for one night. The solvent was removed by evaporation under 

vacuum. The compound was purified by column chromatography over silica 60 by elution with 

gradient solutions of THF/hexane. The resulting dark-red solution was evaporated to dryness. 

Os3(CO)jo(BPY) : Elemental analysis of C20H8N2O10OS3 found (calcd.): %C 24.04 (23.86), %H 

1.10 (0.80), %N 2.75 (2.78). IR v(CO) in THF: 2084 m, 2032 s, 2002 s, 1989 s, 1973 s, 1953 

m, I90I m cm-'. 'H-NMR (acetone d6): 9.62 (2H, d), 8.93 (2H, d), 8.35 (2H, dd), 7.81 (2H, 

dd). UV-Vis (in THF): 493, 527 nm. 

Os3(CO)io(BPYM): Elemental analysis of C18H6N4O10OS3 found (calcd.): %C 21.53 (21.43), 

%H 0.71 (0.60), %N 5.41 (5.55). IR v(CO) in THF: 2086 m, 2063 w, 2035 s, 2007 s, I99I s, 

1978 s, 1958 m, 1907 m cm-'. 'H-NMR (acetone d^): 9.80 ( 2H, d), 9.38 (2H, d), 7.96 (2H, 

dd). UV-Vis (in THF): 392, 547 nm. 

Os3(CO)jo(DPP): Elemental analysis of C24H10N4O10OS3 found (calcd.): %C 26.63 (26.57), %H 

1.06 (0.93) %N 5.08 (5.16). IR v(CO) in THF: 2088 w, 2040 s, 2005 s, 1998 sh, 1977 s, 1957 

m, 1905 m cm-'. 'H-NMR (acetone d^): 9.73 (IH, d), 9.51 (IH, d), 8.77 (IH, d), 8.74 (IH, d), 

8.27 (IH, dd), 8.19 (IH, d), 7.88 (IH, dd), 7.75 (IH, dd), 7.66 (IH, dd), 7.49 (IH, d). UV-Vis 

(in THF): 514, 571 nm. 
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Os3(CO)io(DPB): IR v(CO) in THF: 2088 m, 2036 m, 2011 s, 1996 sh, 1986 m, 1977 sh, 1944 

w cm-'. 'H-NMR (acetone d^): 9.75 (d), 9.31 (d), 8.71 (s), 8.40 (d), 8.33 (m), 7.98 (m), 7.78 

(m), 7.55 (d). UV-Vis (in THF): 522, 694 nm. 

Os3(CO)io(BPYM)Re(Br)(CO)3: IR v(CO) in THF: 2092 m, 2044 m, 2028 s, 2014 sh, 2001 s, 

1990 sh, 1971 sh, 1933 m, 1911 m cm"'. 'H-NMR (acetone d^); 10.05 (2H, d), 9.65 (2H, d), 

8.13 (2H, dd). UV-Vis (in THF): 497, 697 nm. 

II. 3 Building blocks of (CO)5MnRe(CO)3(L)(ML„'): their spectroscopic and 

photochemical properties 

M(Br)(CO)3(L) (M = Mn, Re),W(CO)4(L) and Mn(Br)(CO)3(L)Re(Br)(CO)3 (L = BPYM, DPP) 

are the building blocks of the trinuclear complexes (CO)5MnRe(CO)3(L)(MLn') (MLn' = 

Re(Br)(CO)3, W(CO)4). The spectroscopic, electrochemical and photochemical properties of the 

latter compounds will be described in chapter III, IV and V, respectively. For a good understanding 

of the properties of those trinuclear complexes it is useful to know the spectroscopic and 

photochemical properties of their building blocks. A description of these properties is given in this 

paragraph for the complexes M(Br)(C0)3(L) (M = Mn, Re), W(C0)4(L) and 

Mn(Br)(CO)3(L)Re(Br)(CO)3 (L = BPYM, DPP). 

77. i . 7 Spectroscopic properties. 

The complexes have been characterised with 'H-NMR, IR and UV-Vis spectroscopy and the data 

are given in paragraph II.2.1. Both the mononuclear M(Br)(CO)3(L)AV(CO)4(L) and the dinuclear 

Mn(Br)(CO)3(L)Re(Br)(CO)3 complexes show one or more intense absorption bands in the visible 

region. Their intensity and solvatochromic behaviour agrees with the MLCT character of these 

bands. The corresponding bands of the dinuclear complexes are shifted to lower energy compared 

to those of the mononuclear compounds. This points to a significant stabilisation of the 7:*-LUM0 

orbital of L upon coordination of a second metal fragment. 

The IR spectra of the dinuclear complexes Mn(Br)(CO)3(L)Re(Br)(CO)3 are not just a 

superposition of the IR spectra of Mn(Br)(CO)3(L) and Re(Br)(C0)3(L). In general the v(CO) 

frequencies are shifted to higher wavenumbers which again indicates a decreased K backdonation 

from both the Mn and Re metal fragments. 

The complexes Mn(Br)(CO)3(L)Re(Br)(CO)3 have in principle two possible isomers, but only one 

could be detected in the 'H-NMR spectra of these compounds. Unfortunately, it was not possible 

to obtain crystal structures of the compounds to elucidate their real structure. It is however most 

hkely, in view of sterical reasons, that the Br-atoms are in a 'trans' position towards each other. 
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77.5.2 Photochemistry ofM(Br)(CO)3(L) and W(C0)4(BPYM). 

Both Re(Br)(CO)3(L) and W(CO)4(BPYM) did not show a photoreaction upon irradiation into their 

MLCT bands since there is apparently no reactive state (LF, CbJC*) close in energy to the MLCT 

states. On the other hand, irradiation of the complexes/ac-Mn(Br)(CO)3(L) into their MLCT band 

at room temperature gave rise to the formation of mer-Mn(Br)(C0)3(L) (Table II.I) which 

decomposed upon further irradiation. From low-temperature IR experiments performed on 

Mn(Br)(C0)3(DPP) in 2-MeTHF, part of the mechanism of this photoreaction could be solved. 

Table II.I IR and UV-Vis data of Mn(Br)(CO)3(L) and its photoproducts and intermediates formed upon irradiation 

into their MLCT transitions. 

Compound 

/ac-Mn(Br)(CO)3(BPYM)'' 

mer-Mn(Br)(CO)3(BPYM)'' 

/ac-Mn(Br)(CO)3(DPP)'' 

mer-Mn(Br)(CO)3(DPP)3 

/ac-Mn(Br)(CO)3(DPP)'' 

Mn(Br)(S)(C0)2(DPP)'' 

mer-Mn(Br)(CO)3(DPP)'' 

Photoproduct (I) 

Photoproduct (II) 

Photoproduct (III) 

v(CO)(cm-') 

2028 s 1942 m 1922 m 

2050 w 1961 vs 1915 s 

2026 s 1941 m 1922 m 

2051 w 1966 vs 1916 s 

2024 s 1938m 1919 m 

2023 s 1936 m 1917 m 

1927 s 1857 m 

1926 s 1853 m 

2048 w 1963 vs 1912 m 

I960': 

2004 s 1909 m 1892 m 

2029 w 1926 s 1880 m 

1945 s I847s,br 

1936 s 1837 s 

T(K) 

298 

298 

298 

298 

183 

133 

183 

133 

183 

133 

133 

133 

183 

133 

^max (nm) 

427 

550 

460 

560 

-

453 

-
705 

-
-
-
568 

^ Measured in THF; •' Measured in 2-MeTHF; '• Other bands obscured 

Thus, the primary photoprocess of Mn(Br)(C0)3(DPP) appeared to be loss of CO (v(CO): 2130 

cm-') resulting in the formation of Mn(Br)(S)(C0)2(DPP) (Table II.I). Previous studies have 

shown that the related complexes/ac-Mn(Br)(CO)3(a-diimine) (a-diimine = BPY, iPr-PyCa, 

pTol-PyCa)'2/ac-(Ph3E)Mn(CO)3(a-diimine) (E = Ge, Sn, Pb)'^ and/ac-(CO)5ReMn(CO)3(a-

diimine)'^''^ also lose CO upon visible excitation. Just as for the complexes CpMn(CO)2(L) (L = 

(substituted) pyridine)'^, these CO-loss reactions may occur from a LF state close in energy to the 

lowest MLCT state. The low energy of this LF state is a consequence of the small ligand-field 

splitting of Mn(I). 
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Scheme 11.1 Mechanism of the photoreaction of Mn(Br)(C0)3(DPP). 

The second step of the photoreaction of Mn(Br)(CO)3(DPP) at 133K, is the conversion of the CO-

loss product Mn(Br)(S)(C0)2(DPP) into the mer-isomer. The weakly bonded solvent molecule will 

be released and the coordinatively unsaturated species Mn(Br)(C0)2(DPP) reacts back with CO to 

give mer-Mn(Br)(CO)3(DPP). The latter compound was also photoreactive and three more 

photoproducts (I), (II) and (III) were formed which, up to now, have not been identified (Table 

II.I). The v(CO) intensity pattern of products (I) and (II) is similar to that of a facial and a mendial 

isomer, respectively, although shifted to lower frequencies compared to fac/mer-

Mn(Br)(C0)3(DPP). The products (I) and (II) are most likely formed after homolytic splitting of 

the Mn-Br bond of ff7e'/--Mn(Br)(CO)3(DPP) as this homolysis was also observed for similar mer-

Mn(X)(CO)3(a-diimine) (a-diimine = BPY, iPr-PyCa, pTol-PyCa) complexes. '- Further 

irradiation caused the disappearance of products (1) and (II), finally resulting in the formation of a 

photostable product (III) which shows two v(CO) stretching vibrations in the IR spectrum. The 

lowest frequency band most probably comprises two v(CO) bands as indicated by its rather broad 

character (Table II.I). Scheme II.I shows the photochemical pathway upon irradiation of 

Mn(Br)(CO)3(DPP) in 2-MeTHF at 133K. 

A similar reaction pathway was found by Stor et al.'^ for the complexes Mn(Br)(CO)3(a-diimine) 

(a-diimine = BPY, iPr-PyCa). Irradiation of mer-Mn(Br)(C0)3(a-diimine) led to the formation of 

[Mn(C0)3(a-diimine)]" at 135K in 2-MeTHF, which have v(CO) frequencies and UV-Vis bands 

similar to those of photoproduct (III), found upon irradiation of mer-Mn(Br)(CO)3(DPP). It is 

therefore most likely that product (III) can be assigned to [Mn(C0)3(DPP)]-. In contrast to the latter 
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product, the compounds [Mn(CO)3(a-diimine)]" found by Stor et al.'-^ are thermally unstable and 

convert to Mn2(CO)6(a-diimine)2. Formation of products (I) and (II) was not observed upon 

irradiation of Mn(Br)(CO)3(a-diimine) (a-diimine - BPY, iPr-PyCa).'^ 

77.5.5 Photochemistry ofMn(Br)(CO)3(L)Re(Br)(CO)3. 

The photochemistry of the dinuclear complexes is even more complicated. Moreover, the poor 

solubility of the complexes in solvents like THF, toluene, 2-MeTHF, acetonitrile etc. made a 

detailed study of these complexes impossible. At room temperature in THF, they underwent a 

photoreaction at the manganese side of the complex upon irradiation into their MLCT absorption 

band. The IR and UV-Vis data of the photoproducts formed under these circumstances are listed in 

Table II.2 

Table II.2 IR and UV-Vis data of Mn(Br)(CO)3(L)Re(Br)(CO)3 and their photoproducts formed upon irradiation 

into their MLCT bands in THF at room temperature. 

Compound 

Mn(Br)(CO)3(BPYM)Re(Br)(CO)3 

Photoproducts: 

Intermediate (IV) 

Product (V) 

Re(Br)(C0)3(BPYM)(VI) 

Mn(Br)(CO)3(DPP)Re(Br)(CO)3 

Photoproduct; 

Re(Br)(C0)3(DPP) 

v(CO)cm-' 

2026 s 1951 m 1933 s,br 1909 m 

2028 s 1978 m 1935 m 1926 m 1910 m 

2014 s 1912 s 1888 s 

2025 s 1926 m 1903 m 

2029 sh 2021 s 1948 m 1930 s,br 1907 m 

2023 s 1925 m 1904 m 

^max (nm) 

508 

427, 628 

468 

-

484 

415 

Irradiation of Mn(Br)(CO)3(BPYM)Re(Br)(CO)3 into its MLCT band resulted in the formation of 

two products (V and VI) via an intermediate (product IV). Product (VI) is assigned to the 

mononuclear compound Re(Br)(C0)3(BPYM) as their v(CO) frequencies fully match. The 

assignment of products (IV) and (V) remained unclear. In the case of 

Mn(Br)(CO)3(DPP)Re(Br)(CO)3 irradiation resulted in the formation of Re(Br)(CO)3(DPP). 

Although the results are still rather unclear, it was evident that in the end the Mn-part had 

completely disappeared since no indication was found for the presence of a manganese carbonyl 

product in the IR spectrum. This means that the Mn-part had released its CO ligands e.g. by 

substitution by solvent molecules. This is not unlikely in view of the fact that Mn2(CO)io has been 

found to form the Mn(II) cation [Mn(S)6]2-'- (S = solvent) in coordinating solvents like pyridine, 

DMF, DMSO, dioxane or cumene.' ̂ -•̂ '̂  
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11.4 X-ray structure determination 

77.4.1 Crystal structure of(CO)5MnRe(CO)3(BPYM)Re(Br)(CO)3. 

Crystals were grown by diffusion of diethylether into a saturated THF solution of the compound at 

room temperature. The experimental data of the structure determination are listed in Table II.3. 

A crystal with dimensions 0.03 x 0.20 x 0.20 mm, approximately, was used for data collection on 

an Enraf-Nonius CAD-4 diffractometer with graphite-monochromated CuKa radiation and co-20 

scan. A total of 6293 unique reflections was measured within the range -12< h <12, -15< k <0, 

-16< 1 <15. Of these, 4620 were above the significance level of 2.5 o(I). The maximum value of 

(s'mQyX was 0.53 A-'. Two reference reflections (120, 202) were measured hourly and showed 

no decrease during the 84 h collecting time. Unit-cell parameters were refined by a least-squares 

fitting procedure using 23 reflections with 71"Z 20 Z82°. Corrections for Lorentz and polarisation 

effects were applied. The structure was solved by the PATTY/ORIENT/PHASEX option of the 

DIRDIF91 program system.-' The hydrogen atoms were calculated and kept fixed at their 

calculated positions during the refinement with a fixed temperature factor of U = 0. lOA .̂ Full-

matrix least squares refinement on F, anisotropic for the Re and Mn atoms and isotropic for the 

remaining atoms, converged to R = 0.127, R^ = 0.216, (A/o)niax = 0-04. A weighting scheme w 

= (7.9 + F„5s + 0.0125*Fobs^)"' was used. An empirical absorption correction (DIFABS^-) was 

applied, with coefficients in the range of 0.69-2.06. A final difference Fourier map revealed a 

residual electron density between -4.2 and 5.7eA"3 in the vicinity of the heavy atoms. Scattering 

factors were taken from Cromer and Mann.-̂ ^ The anomalous scattering of Re, Mn and Br was 

taken into account. The asymmetric unit contains two independent molecules. Matching both 

molecules, except for the hydrogen atoms, led to a RMS = 0.29A2. All calculations were 

performed with XTAL "̂*, unless stated otherwise. 

The structure was extremely difficult to refine. The only way to refine the starting model, as 

obtained through DIRDIF, was as follows. The positions and (isotropic) temperature factors of the 

heavy atoms were refined as usual. However, the positions of the other non-hydrogen atoms were 

fixed at their model positions while their temperature factors were refined isotropically. Eventually, 

this refinement protocol converged to an R-factor of 0.26. After performing the absorption 

correction, the entire structure refinement was finished gradually in the normal way, refining 

simultaneously the positions of all atoms and the temperature factors of all non-hydrogen atoms. 

Attempts to refine all non-hydrogen atoms anisotropically failed, nearly half of those became not-

positive definite. In order to keep a chemically realistic model, it was necessary to couple some 

atoms with (soft) restraints, so their distances (and for the CO's also their angles) would remain at 

realistic values. The distances and angles for those restraints were taken from the literature. The 
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rather high final R-factor as well as the necessity of the special refinement protocol are probably 

due to the (poor) quality of the crystals, although the measurement did not indicate that. 

Table II.3 Crystallographic Data 

Formula 

Molecular weight 

space group 

a, b, c A 

a, |3, Y deg 

V,A3 

z 
dcalc, gcm~ 
X (CuKa), A 

X (MoKa), A 

^ (CuKa), cm-' 

H (MoKa), cm"' 

F(0,0,0) 

T, K 

R 

Rw 

(CO)5MnRe(CO)3(BPYM)Re(Br)(CO)3 

C19H6N4O1 iBrMnRe2 

973.5 

triclinic, PI 

11.819(3), 14.957 (9),15.792 (7) 

64.09 (4), 88.88 (7), 88.22 (8) 

2510(4) 

4 

2.58 

1.5418 

243.2 

1784 

293 

0.0127 

0.216 

Os3(CO)io(BPY) 

C20H8N2O10OS3 

1006.9 

triclinic, PI 

8.827(8), 9.158(5), 15.164(9) 

102.46 (5), 96.65 (7), 102.87 (5) 

1149 (2) 

2 

2.91 

0.71069 

166.2 

900 

293 

0.079 

0.112 

77.4.2 Crystal structure of Os3(CO)io(BPY) 

Crystals were grown by diffusion of hexane into a saturated THF solution of the compound at 

room temperature. The experimental data of the structure determination are listed in Table n.3. 

A crystal with dimensions 0.03 x 0.15 x 0.50 mm approximately was used for data collection on an 

Enraf-Nonius CAD-4 diffractometer with graphite-monochromated MoKa radiation and (0 - 20 

scan. A total of 4015 unique reflections was measured within the range -10<h<0 , -10<k< 10, 

-17 < 1 < 17. Of these, 2680 were above the significance level of 2.5 a(I). The maximum value of 

(sin0)/X) was 0.59 A-'. Two reflections (110,002) were measured hourly and showed no decrease 

during the 44 h collecting time. Unit-cell parameters were refined by a least squares fitting 

procedure using 23 reflections with 30Z 20 Z 41°. Corrections for Lorentz and polarisation 

effects were applied. The structure was solved by the PATTY/ORIENT/PHASEX option of the 

DIRDIF91 program system.^' The hydrogen atoms were calculated. Full-matrix least-squares 

refinement on F, anisotropic for the non-hydrogen atoms and isotropic for the hydrogen atoms, 

restraining the latter in such a way that the distance to their carrier remained constant at 

approximately 1.09 A and keeping their temperature factor fixed at U = 0.050 A^, converged to R 

= 0.079, Rw = 0.112, (A/o)niax = 0.22. A weighting scheme w = (6.2 + Fobs -•- 0.027*Fobs2)"' 

was used. An empirical absorption correction (DIFABS -̂̂ ) was applied, with coefficients in the 
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range of 0.59 - 1.64. A final difference Fourier map revealed a residual electron density between 

-3.1 and 3.0 eA-3 in the vicinity of the heavy atoms. Scattering factors were taken from Cromer and 

Mann.̂ 3 The anomalous scattering of Os was taken into account. All calculations were performed 

with XTAL '̂*, unless stated otherwise. 

11.5 Spectroscopic measurements 

IR spectra were recorded either on a Nicolet 7199 B FTIR spectrometer using a liquid-nitrogen-

cooled MCT detector (resolution 1.0 cm-') or on a BioRad FTS-7 FTIR spectrometer (resolution 2 

cm-'). Electronic absorption spectra were measured either on a Perkin-Elmer Lambda UV-Vis 

spectrophotometer connected to a 3600 data station or on a Varian Cary 4E spectrophotometer. 

Low-temperature IR and UV-Vis measurements were performed using an Oxford Instrument DN 

1704/54 liquid-nitrogen cooled cryostat with CaF2 and quartz windows. 'H-NMR spectra were 

recorded on a Bruker AC 100 or Bruker AMX 300 spectrometer and ESR spectra on a Varian E6 

spectrometer with a 100 kHz modulation. Resonance Raman studies were performed using a Dilor 

Modular XY system with a multichannel diode array detection system. Raman spectra of the 

compounds were taken from rotating KNO3 pellets of the complexes at room temperature after 

excitation with 458 to 655 nm laserlight. For the wavelength range 457.9 - 514.5 nm, the lines of a 

SP Model 2016 argon ion laser were used. A Coherent CR 590 dye laser with Coumarin, 

Rhodamin B or DCM dyes was used to cover the ranges 530-550 nm, 560-610 nm and 620-655 

nm, respectively. Elemental analyses were performed by the Mikroanalytisches Laboratorium of 

Domis und Kolbe, Mulheim a.d. Ruhr, Germany. 

11.6 Photochemistry 

All sample preparations for photochemical experiments were performed under an atmosphere of 

purified nitrogen, using Schlenck techniques. The solutions were carefully handled in the dark 

before performing the experiments. Photochemical reactions were carried out by irradiating 

solutions of the complexes with a Spectra Physics Model 2025 argon ion laser. 

Quantum yields for the disappearance of the parent complex were determined by measuring the 

decay of the visible absorption band on a Varian Cary 4E spectrometer with automatized 

procedures. The sample solutions were kept in thermostated cuvettes within the UV-Vis 

spectrophotometer during the measurements. Magnetically stirred sample solutions were irradiated 

through an optical fibre using either the lines of an SP model 2016 or 2025 argon ion laser for the 

wavelength region 457.9 - 514.5 nm or a Coherent CR 590 dye laser with Coumarin, Rhodamin B 

or DCM as a dye to cover the ranges 530-550 nm, 560-610 nm and 620-655 nm, respectively. The 
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light intensities for the measurements with the argon ion laser were measured with a power meter 

(Coherent model 212), which was calibrated with an Aberchrome 540P solution according to 

literature methods.^^ For the measurements with the dye lasers a quantum counter (Appfied 

Photophysics) was used which was calibrated with Aberchrome 540P^^, Aberchrome 999P^^ or 

Mesodiphenyl Helianthrene/Methylene Blue^'' for the ranges 530-550, 560-610 and 620-655 nm, 

respectively. The incident light intensity for all radiation wavelengths was in the range between 1.5 

and 2.5 mW. Absorption spectra of the photolysed solutions were measured automatically after 

pre-set irradiation time-intervals. The light beam was blocked by a computer controlled mechanical 

shutter during the measurement of the absorption spectra. The calculation of the quantum yields 

took fully into account the small changes of the partial light absorption by the photoactive 

compound during the irradiation. For quantum yield measurements, the total chemical conversion 

was kept below 2%. 

II.7 (Spectro)electrochemical measurements 

An OTTLE celP^, equipped with a Pt-minigrid working electrode (32 wires/cm) was used for IR 

and UV-Vis spectroelectrochemical experiments at room temperature. Spectroelectrochemistry at 

low temperatures (LT) was performed in a home-made cryostated OTTLE cell, which has been 

described in detail elsewhere.-^^ Quartz/CaF2 and NaCl/CaF2 windows were employed for UV-Vis 

and IR OTTLE measurements, respectively. The working electrode surroundings were masked 

carefully to avoid the spectral beam to pass through the non-electrolysed solution. Cyclic 

voltammetry and controlled potential electrolysis within the OTTLE cells were carried out by using 

PAR Model 174 and PA4 (Ekom, Czech republic) potentiostats. For all spectroelectrochemical 

samples the concentrations of the complexes and BU4NPF6 were 5X10-3M and 4xlO"lM, 

respectively. Cyclic voltammograms were recorded at 293K and 2I3K under the following 

conditions: lO'^M redox active compound in n-PrCN or THF in the presence of lO-'M BU4NPF6, 

Pt disk electrode of 0.8 mm^ area, Pt gauze auxiliary electrode, Ag wire pseudo reference 

electrode, a light-protected CV cell. The Fc/Fc"'" couple served as an internal standard for the 

determination of redox potentials and electrochemical reversibility of the redox steps. All 

electrochemical and spectroelectrochemical samples were degassed by several freeze-pump-thaw 

cycles and handled carefully under a nitrogen atmosphere. Solutions of light-sensitive compounds 

were prepared in the dark. 

Co(Cp)2 (Ep,c = - 1.33V vs Fc/Fc-̂ ) and (Cp)Fel(C6Me6) (Ep,c = - 2.00V vs Fc/Fc-t") were used as 

reducing agents in order to obtain reduction products in a chetnical way. 
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II .8 Time-resolved techniques 

77. S. 7 Rapid scan FTIR 

Rapid scan FTIR spectra were measured on a BioRad 60A spectrometer after excitation of the 

sample by a Spectra Physics Model 2025 argon ion or Spectra Physics DCR-11 Nd:YAG laser. 

77.8.2 Emission spectroscopy 

Sample solutions for emission measurements in freshly distilled 2-MeTHF were freeze-pump-thaw 

degassed at least four times and then sealed under vacuum. The low-temperature emission 

measurements were performed in an Oxford Instruments liquid nitrogen cooled cryostat using a 

cylindrical, glass inner tube of I cm diameter as a cuvette. Emission spectra and lifetimes were 

obtained using a Spectra Physics GCR-3 Nd:YAG laser or a Quanta-Ray PDL-3 pulsed dye laser 

(Spectra Physics) as the excitation source. The emission was analysed using an EG&G OMAIII 

handling system. Samples were either excited with 532 nm pulses (FWHM = 5ns, maximum 

frequency of 10 Hz) of the Nd: YAG laser or with 460 nm pulses of the dye laser that was pumped 

by the 3rd harmonics of the Nd: YAG laser at 355 nm. The emitted light was focused on an optical 

fibre positioned perpendicularly to the excitation beam and transferred to a spectrograph (EG&G 

model 1234) equipped with a 150 g/mm grating and a 250 micrometer slit resulting in a resolution 

of 6 nm. This spectrograph was coupled to a gated, intensified diode array detector (EG&G model 

1421). The resulting signal was amplified by a 1304 gate pulse amplifier with variable time-

windows of 100 ns - 10 ms, or a 1303 gate pulse amplifier with a 5 ns gate window. The 

programming of the OMA enabled to measure the time-resolved emission spectra at a given time-

delay after the excitation pulse. For the lifetime measurements the 100 ns gate of the 1304 was 

applied. The lifetimes were determined from the emission spectra measured at 20 different delay 

times by fitting the emission signal at 3 different wavelengths of the emission band to first order 

kinetics. 

Emission quantum yields (Oem) were measured using optically dilute solutions relative to a 

standard solution of [Re(Cl)(CO)3(BPY)] (^, = 0.28 x 10-' at IIK)^^, using the 10 ms gate. 

Corrections were made according to equation (II. 1) '̂--'̂ , in which <t> is the quantum yield of the 

unknown (u) and standard (s) emitting species, respectively. I is the integrated emission intensity, 

A is the ground-state absorbance at the excitation wavelength and r\ is the refractive index of the 

solvent. 

*u = <l>s(j^)(^)(% (H.l) 
H rtu n, 
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The rate constants for radiative and non-radiative decay were related to Ogm and T by equation 

(II.2). 

*̂^ = i rTV' ^ = k +k ("-2) 
•^r ^ i^nr *-r ^ *-nr 

77.8.3 Time-resolved absorption spectro.Kopy 

Samples for transient absorption measurements had an absorption of ca. 0.8 at the excitation 

wavelength and were measured in 1 cm glass cuvettes at ambient temperature. Transient absorption 

spectra were obtained using a Spectra Physics GCR-3 Nd: YAG laser as the excitation source. The 

1064 nm fundamental yielded 5 ns pulses at a maximum of 10 pulses per second. The required 532 

nm pulse was obtained by frequency doubling using KDP crystals. A right-angle optical system 

was used for the excitation-analysing set up. A 450 W high pressure Xenon lamp was used as the 

probe light. In order to enhance its brightness during the observation time gate of the detector, the 

Xenon lamp was pulsed with a Miiller Elektronik MSP 05 pulser. The probe light, after passing 

through the sample cell, was dispersed via a spectrograph (EG&G Model 1234) equipped with a 

150 g/mm grating and a 250 nm slit, resulting in a 6 nm spectral resolution. The data collection 

system consisted of an EG&G Model 1460 OMA-III console provided with a 1302 fast pulser (gate 

width: 5ns) and an EG&G Model 1421 gated diode array detector. 

References 

(1) King, R. B. In Organometallic Synthesis; R. B. King, Ed. 1988; Vol. IV; pp 172. 

(2) Staal, L. H.; Oskam, A.; Vrieze, K. / Organomet. Chem. 1979, 770, 235. 

(3) Ruminski, R.; Cambron, R. T. Inorg. Chem. 1990, 29, 1575. 

(4) Baiano, J. A.; Carlson, D. L.; Wolosh, G. M.; DeJesus, D. E.; Knowles, C. F.; Szabo, E. G.; Murphy, W. 

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

(5) Treichel, P. M.; Williams, J. P. / Organomet. Chem 1977, 135, 39. 

(6) Moore, K. J.; Petersen, J. D. Polyhedron 1983, 2, 279. 

(7) Sullivan, B. P.; Meyer, T. J. J. Chem. Soc. Chem. Comm. 1984, 1244. 

(8) Staal, L. H.; van Koten, G.; Vrieze, K. J. / Organomet. Chem. 1979, 175, 73. 

(9) Morse, D. L.; Wrighton, M. S. J. Am. Chem. Soc. 1976, 98, 3931. 

(10) Koelle, U. /. Organomet. Chem. 1977, 133, 53. 

(11) Zoet, R.; Jastrzebski, J. T. B. H.; van Koten, G.; Mahabiersing, T.; Vrieze, K.; Heijdenrijk, D.; Slam, C. H. 

Organometallics 1988, 7, 2108. 

(12) Stor, G. J.; Morrison, S. L.; Stufkens, D. J.; Oskam, A. Organometallics 1994, 13, 2641. 

(13) Andrea, R. R.; de Lange, W. G. J.; Stufkens, D. J.; Oskam, A. Inorg. Chem. 1989, 28, 318. 



32 Experimental 

(14) Kokkes, M. W.; de Lange, W. G. J.; Stufkens, D. J.; Oskam, A. J. Organomet. Chem. 1985, 294, 59. 

(15) Kokkes, M. W.; Stufkens, D. J.; Oskam, A. Inorg. Chem. 1985, 24, 2934. 

(16) Giordano, P. J.; Wrighton, M. S. Inorg. Chem. 1977, 16, 160. 

(17) Hieber, W.; Schropp, W., Jr. Z. Naturforsch. 1960, BI5, 271. 

(18) Allen, D. M.; Cox, A.; Kemp, T. J.; Sultana, Q.; PiUs, R. B. J. Chem. Soc. Dalton Trans. 1976, 1189. 

(19) Stiegman, A. E.; Tyler, D. R. Ace. Chem. Res. 1984, /7 , 61. 

(20) Stiegman, A. E.; Tyler, D. R. Coord. Chem. Rev. 1985, 63, 217. 

(21) Smits, J. M. M.; Behm, H.; Bosman, W. P.; Bcurskcns, P. T. / of Crystallogr Spectrosc. Res. 1991, 18, 

447. 

(22) Walker, N.; Stuart, D. Acta Cryst. 1983, A39, 158. 

(23) Cromer, D. T.; Mann, J. B. Acta Cryst. 1968, A24, 321. 

(24) Hall, S. R.; Flack, H. D.; Stewart, J. M. Eds. XTAL 3.2 Reference Manual Universities of Western 

Australia, Geneva atui Maryland 1992. 

(25) Heller, H. G.; Langan, J. R. / Chem. Soc. Perkin Trans. II 1981, 341. 

(26) Kuhn, H. J.; Braslavsky, S. E.; Schmidt, R. Pure Appl. Chem. 1989, 61, 187. 

(27) Adick, H. J.; Schmidt. R.; Braucr, H. D. / of Pholochem. and PhotobioL. A 1989, 49, 311. 

(28) Krejcik, M.; Danek, M.; Hartl, F. J. Electroanal. Chem. Interfacial Electrochem. 1991, 317, 179. 

(29) Hartl, F.; Luyten, H.; Nieuwenhuis. H. A.; Schoemaker, G. C. Appl. Spectrosc. 1994, in press. 

(30) Worl. L. A.; Duesing, R.; Chen. P.; Delia Ciana, L.; Meyer, T. J. J. Chem. Soc. Dalton Trans. 1991, 849. 

(31) Parker, C. A.; Rees, W. T. Analyst (London) 1960, 85, 587. 

(32) Caspar, J. V.; Meyer, T. J. J. Am. Chem. Soc. 1983, 105, 5583. 



Chapter III 

Synthesis and Characterisation of New Dinuclear Complexes (CO)5MnRe(CO)3(L) 

(L = 2,2'-Bipyrimidine or 2,3-Bis-(2-Pyridyl)Pyrazine) and Trinuclear 

Compounds (CO)5MnRe(CO)3(L) (ML„ ' ) (ML„' = Re(Br)(CO)3, W(CO)4). 

Evidence for Asymmetric Distortion of the Bridging 2,2'-Bipyrimidine Ligand (L) 

in (CO)5MnRe(CO)3(L)Re(Br)(CO)3 from the Crystal Structure and I H - N M R and 

Resonance Raman Spectra. 

Abstract - This chapter describes the synthesis and spectroscopic ('H-NMR, UV-Vis, resonance 

Raman) properties of the new complexes (CO)5MnRe(CO)3(L), (CO)5MnRe(CO)3(L)Re(Br)(CO)3 (L 

= 2,2 ' -bipyr imidin6 (BPYM) or 2 ,3-bis-(2-pyridyl)pyrazine (DPP)) and 

( C O ) 5 M n R e ( C O ) 3 ( B P Y M ) W ( C O ) 4 and the single crystal X-ray structure of 

(CO)5MnRe(CO)3(BPYM)Re(Br)(CO)3. The crystals are triclinic, space group pT, with cell 

dimensions a = 11.819(3), b = 14.957(9), c = 15.792(7)A, a = 64.09(4), p = 88.88(7), Y= 88.22(8)° 

and Z = 4. Least-squares refinement on F, for 4620 observed reflections, converged to R = 0.127. The 

two different metal fragments (CO)5MnRe(CO)3 and Re(Br)(CO)3 are coordinated to BPYM via Re 

with Mn(CO)5 and Br " in a mutually trans-position perpendicular to the BPYM plane. An important 

aspect of this structure is the asymmetric distortion of the bridging BPYM ligand. From the C-N 

bonds connected to the inter-ring C-C bond, those involving N-atoms coordinated to the Re'^ atom of 

the (CO)5MnRe(CO)3 moiety are longer than those involving the N-atoms coordinated to the Re' 

atom of the Re(Br)(CO)3 fragment. This asymmetry of BPYM is also evident from the 'H-NMR 

spectrum and is responsible for the occurrence of two absorption bands in the visible region belonging 

to separate transitions from the two metal-fragments to BPYM. It even manifests itself in the 

resonance Raman spectra by showing resonance enhancement of intensity for BPYM vibrations with 

slightly different frequencies upon excitation into either of these MLCT bands. This asymmetric 

distortion is neither observed for the corresponding DPP-bridged complex nor for 

(CO)5MnRe(CO)3(BPYM)W(CO)4. The resonance Raman spectra of the latter compound point to a 

reversal of the order of the au and b2u t * orbitals of BPYM as compared with the free ligand. The 

distortion of the BPYM ligand appears to be responsible for a very weak electronic it-interaction 

between the two metal-fragments in (CO)5MnRe(CO)3(BPYM)Re(Br)(CO)3 which may thus be 

viewed as a mixed valence complex. 

33 
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IILl Introduction 

There is currently much interest' in spectroscopic, photophysical and photochemical properties of 

multicomponent photoactive systems in which chromophoric, emissive and/or photoreactive 

transition metal complexes are linked together by suitable bridging ligands, usually nitrogen-

containing aromatic heterocycles.^ Excitation of the chromophoric group(s) of these 

"supramolecules" is often followed by a cascade of intramolecular electron- or energy-transfer steps 

that determine the overall photoactivity, i.e. emission or reactivity. This behaviour is strongly 

dependent on the nature of the bridging ligand, especially on its ability to mediate electronic 

communication between the metal atoms, in both the ground and electronically excited states of the 

polynuclear complexes. Moreover, bridging ligands with sufficiently low-lying n* orbitals may 

become part of the chromophore, being directly involved in MLCT electronic transitions. 

Elucidation of the properties of bridging diimine ligands, namely their ability to transmit electronic 

effects between the bridged metals, is thus of paramount importance for the understanding, design 

and possible exploitation of photoactive polynuclear complexes. 

We have now extended our previous studies-'"^ on (CO)5MnRe(CO)3(a-diimine) complexes to 

trinuclear complexes of the type (CO)5MnRe(CO)3(L)(MLn') (L = 2,2'-bipyrimidine [BPYM] and 

2,3-bis-(2-pyridyl)pyrazine [DPP]; MLn' = Re(Br)(C0)3 and W(CO)4) (Figure III.l). As to our 

knowledge, these complexes are the first examples of polynuclear species in which two metal 

atoms are linked by a direct Mn-Re covalent bond, and the other metal-containing fragment is 

separated from the dinuclear moiety by a bridging diimine ligand. As the metal-to-bridging ligand 

electronic transitions may occur from both the dinuclear and mononuclear metal-fragment, these 

complexes may be regarded as dichromophores. Moreover, the (CO)5MnRe(CO)3(L) moiety is 

potentially photoreactive with respect to Mn-Re bond homolysis.^"^ Hence, these trinuclear 

complexes offer a unique possibility to study the ligand-mediated mutual influence of the metal-

containing fragments on their spectroscopic and, for the dinuclear fragment, photochemical 

properties. The two bridging diimines used, BPYM and DPP, are very versatile ligands^"^', widely 

used to construct supramolecular transition metal compounds. However, their ground- and excited-

state electronic properties are still not well understood and their ability to mediate electronic 

communication between metal atoms is also a subject of some controversy in the literature. '̂-^^-^^ 

Moreover, a recent resonance Raman study^' together with EPR resultŝ -̂-̂ ^ pointed to the 

unusual, but important, role of the second lowest unoccupied orbital (SLUMO) of the BPYM 

ligand. 

Aiming at the understanding of the nature of MLCT transitions to the bridging BPYM and DPP 

ligands and at their role in electronically excited polynuclear complexes, we have investigated the 
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electronic absorption and resonance Raman spectra of the trinuclear complexes 

(CO)5MnRe(CO)3(L)(MLn') and compared them with the spectra of the dinuclear parent 

compounds, (CO)5MnRe(CO)3(L) (L = BPYM, DPP). Moreover, the 'H-NMR spectra of 

(CO)5MnRe(CO)3(L)(MLn')and (CO)5MnRe(CO)3(L) and the molecular structure of 

(CO)5MnRe(CO)3(BPYM)Re(Br)(CO)3 were studied in order to better understand the influence of 

the metal-fragments on the structure of the bridging ligands. Throughout this article the dinuclear 

complexes (CO)5MnRe(CO)3(L) will be denoted as MnRe/L, and the trinuclear compounds 

(CO)5MnRe(CO)3(L)Re(Br)(CO)3 and (CO)5MnRe(CO)3(BPYM)W(CO)4 as MnRe/L/Re and 

MnRe/BPYM/W, respectively. 

r N N=^a 

V =.rA\ / N N-

BPYM 

.ML„ 

3/5 N' "N .a' 

, / \ \ / N w 

,. Re,(CO)3Mn(CO)5 

a' 

CN N 

,Re(CO)3Mn(CO)5 
b' 

M 

Figure III.l Schematic drawings of the bridging ligands BPYM and DPP (L), the mononuclear complexes 

Re(Cl)(CO)3(L), the dinuclear complexes (CO)5MnRe(CO)3(L) (MLn = Re(Cl)(CO)3, 

(CO)5MnRe(CO)3) and the trinuclear complexes (CO)5MnRe(CO)3(L)Re(Br)(CO)3 and 

(CO)5MnRe(CO)3(BPYM)W(CO)4 (ML,,' = Re(Br)(C0)3. W(C0)4). 

IIL2 Results and Discussion 

III. 2.1 Synthesis of MnRe/L/Re and MnRe/BPYM/W. 

As to our knowledge, this is the first time that complexes were prepared in which a photoreactive 

metal-metal bonded fragment is linked to either a Re(Br)(C0)3 or W(CO)4 fragment via a bridging 
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ligand such as BPYM or DPP. The complexes are formed by substitution of the weakly 

coordinated CH3CN and MesNO ligands in Re(Br)(CO)3(CH3CN)2 and W(CO)4(Me3NO)2, 

respectively, by the potentially bridging BPYM and DPP ligands of the MnRe/L complexes. As the 

complexes are photolabile, the syntheses had to be carried out in the dark. The products were 

purified by column chromatography. 

///. 2.2 X-ray structure determination of MnRe/BPYM/Re. 

The final positional parameters and the equivalent isotropic thermal parameters for the non-

hydrogen atoms of the two independent molecules are given in Table III.l. An ORTEP drawing of 

the crystal structure is presented in Figure III.2. A selection of bond distances and bond angles is 

given in Table III.2 and III.3, respectively. The two metal fragments (CO)5MnRe(CO)3 and 

Re(Br)(C0)3 are bound to each other via the BPYM bridging ligand while the (CO)5MnRe(CO)3 

moiety contains a Mn-Re metal-metal bond. All three metal atoms are coordinated in a slightly 

distorted octahedral geometry. The Re^ (Rel) and Re' (Re2) atoms are in the plane of the BPYM 

ligand. The (CO)5Mn fragment and the Br ^ ion are in a perpendicular-position with respect to this 

plane and in a trans-position with respect to each other. The CO ligands of Mn(C0)5 and 

Re(C0)3(BPYM) are in a staggered position, just as for Mn2(CO)io^*' and (CO)5ReMn(CO)3(iPr-

DAB).-"" 

Figure III.2 ORTEP drawing of the X-ray structure of MnRe/BPYM/Re. 
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Table III.l Fractional coordinates and isotropic thermal parameters with estimated standard deviations (esd's) in 

parentheses. 

atom 

Re(la) 

Re(2a) 

Mn(la) 

Br(la) 

C(la) 

C(2a) 

C(3a) 

C(4a) 

C(5a) 

C(6a) 

C(7a) 

C(8a) 

C(9a) 

C(lOa) 

C(lla) 

C(12a) 

C(13a) 

C(14a) 

C(15a) 

C(16a) 

C(17a) 

C(18a) 

C(19a) 

N(la) 

N(2a) 

N(3a) 

N(4a) 

0(9a) 

O(lOa) 

O(lla) 

0(12a) 

0(13a) 

0(14a) 

0(15a) 

0(16a) 

0(17a) 

0(18a) 

0(19a) 

X y 

0.7303 (2) 0.0131 (2) 

0.2564(2 ) -0.0895 (2) 

0.7024(7) 0.1010(6) 

0.3428(5) -0.1455(5) 

0.638 (4) 

0.566 (5) 

0.446 (4) 

0.497 (2) 

0.551 (4) 

0.434 (4) 

0.362 (4) 

0.473 (2) 

0.829 (3) 

0.859 (3) 

0.771 (4) 

0.176(4) 

0.125 (3) 

0.205 (3) 

0.678 (4) 

0.667 (6) 

0.735 (5) 

0.558 (3) 

0.851 (3) 

0.610(2) 

0.413(2) 

0.567 (2) 

0.369 (2) 

0.884 (3) 

0.936 (3) 

0.782 (3) 

0.126(3) 

0.050 (3) 

0.157(3) 

0.660 (3) 

0.641 (4) 

0.752 (4) 

0.466 (3) 

0.946 (3) 

-0.193(3) 

-0.261 (5) 

-0.240 (2) 

-0.087 (3) 

0.168(2) 

0.193(3) 

0.130(2) 

0.014(2) 

0.120(3) 

-0.058 (3) 

-0.038 (4) 

-0.212 (2) 

-0.031 (3) 

-0.046 (4) 

0.157(5) 

0.210(3) 

-0.023 (3) 

0.068 (4) 

0.127(8) 

-0.101 (2) 

-0.147(2) 

0.075 (2) 

0.034 (2) 

0.185(3) 

-0.103(3) 

-0.071 (3) 

-0.283 (2) 

0.007 (3) 

-0.026 (3) 

0.192(3) 

0.277 (3) 

-0.103(3) 

0.045 (4) 

0.143(5) 

z Ueq 

0.7179(1) 0.039(1) 

0.7271(2) 0.044(1) 

0.8541(6) 0.050(5) 

0.6050(4) 0.061 (4) 

0.868 (3) 

0.905 (4) 

0.871 (3) 

0.768 (3) 

0.575 (3) 

0.540 (3) 

0.584 (2) 

0.690 (2) 

0.642 (3) 

0.793 (3) 

0.628 (3) 

0.792 (3) 

0.649 (3) 

0.822 (3) 

0.934 (4) 

0.749 (3) 

0.939 (3) 

0.858 (3) 

0.840 (5) 

0.794 (3) 

0.803 (2) 

0.652 (2) 

0.658 (2) 

0.596 (3; 

0.836 (3) 

0.576 (2) 

0.833 (3) 

0.602 (3 

0.874 (3 

0.985 (3) 

0.679 (2 

0.998 (3 

0.860 (4 

0.832 (4 

0.04(1)* 

0.06 (2)* 

0.04(1)* 

0.04(1)* 

0.04(1)* 

0.04(1)* 

0.04(1)* 

0.025 (9)* 

0.06(1)* 

0.05(1)* 

0.06(1)* 

0.05(1)* 

0.05(1)* 

0.05 (1)* 

0.08 (2)* 

0.10(2)* 

0.08 (2)* 

0.07 (2)* 

0.14(4)* 

0.06(1)* 

0.025 (7)* 

0.05(1)* 

0.033 (8)* 

0.08(1)* 

0.07(1)* 

0.07(1)* 

0.07(1)* 

0.10(1)* 

0.08(1)* 

0.07(1)* 

0.08(1)* 

0.11(2)* 

0.11 (2)* 

0.12(2)* 

atom 

Re(lb) 

Re(2b) 

Mn(lb) 

Br(lb) 

C(lb) 

C(2b) 

C(3b) 

C(4b) 

C(5b) 

C(6b) 

C(7b) 

C(8b) 

C(9b) 

C(lOb) 

C(llb) 

C(12b) 

C(13b) 

C(14b) 

C(15b) 

C(16b) 

C(17b) 

C(18b) 

C(19b) 

N(lb) 

N(2b) 

N(3b) 

N(4b) 

0(9b) 

O(lOb) 

0(l lb) 

0(12b) 

0(13b) 

0(14b) 

0(15b) 

0(16b) 

0(17b) 

0(18b) 

0(19b) 

x y z Ueq 

-0.2546(2) 0.5232(2) 0.2414(2) 0.047(1) 

0.2252 (2) 

-0.2052 (9) 

0.1562(6) 

-0.087 (5) 

0.009 (5) 

0.098 (5) 

-0.005 (2) 

-0.137(5) 

-0.049 (4) 

0.057 (4) 

-0.013 (2) 

-0.371 (4) 

-0.363 (3) 

-0.307 (5) 

0.353 (3) 

0.319(3) 

0.255 (3) 

-0.165(5) 

-0.206 (4) 

-0.212(6) 

-0.061 (3) 

-0.356 (2) 

-0.106(2) 

0.095 (2) 

-0.117(2) 

0.073 (2) 

-0.440 (4) 

-0.431 (3) 

-0.338 (3) 

0.427 (3) 

0.380 (3) 

0.301 (4) 

-0.145(3) 

-0.190(5) 

-0.216(5) 

0.033 (3) 

-0.453 (3) 

0.4442(2) 0.1970(2) 0.045(1) 

0.6039(7) 0.3802(6) 0.065(6) 

0.3873(5) 0.0743(4) 0.068(4) 

0.687 (3) 

0.715 (4) 

0.657 (3) 

0.536 (3) 

0.313(3) 

0.249 (4) 

0.278 (2) 

0.439 (3) 

0.447 (3) 

0.632 (2) 

0.474 (3) 

0.515(3) 

0.327 (2) 

0.486 (3) 

0.659 (4) 

0.475 (2) 

0.724 (3) 

0.590 (4) 

0.603 (4) 

0.593 (2) 

0.560 (2) 

0.411 (2) 

0.376 (2) 

0.403 (4) 

0.694 (3) 

0.442 (3) 

0.560 (3) 

0.260 (2) 

0.503 (4) 

0.690 (3) 

0.394 (3 

0.802 (3) 

0.577 (4) 

0.600 (5) 

0.086 (3) 

0.050 (4) 

0.069 (3) 

0.177(3) 

0.358 (3) 

0.381 (3) 

0.340 (3) 

0.248 (3) 

0.326 (3) 

0.184(2) 

0.154(3) 

0.121 (3) 

0.264 (4) 

0.297 (2) 

0.456 (3) 

0.464 (4) 

0.281 (3) 

0.348 (3) 

0.397 (3) 

0.162(2 

0.139(2 

0.293 (3) 

0.274 (2) 

0.378 (3) 

0.155(3) 

0.105(3) 

0.076 (3) 

0.302 (3 

0.351 (3; 

0.509 (3] 

0.513(4 

0.216 (3 

0.339 (3 

0.412 (4 

0.06 (1)* 

0.06(1)* 

0.06(1)* 

0.05 (D* 

0.06(1)* 

0.05(1)* 

0.04(1)* 

0.04(1)* 

0.06(1)* 

0.022 (8)* 

0.06(1)* 

0.05(1)* 

0.06(1)* 

0.04(1)* 

0.08 (2)* 

0.07 (2)* 

0.09 (2)* 

0.06(1)* 

0.06(1)* 

0.038 (9)* 

0.05(1)* 

0.07(1)* 

0.033 (8)* 

0.11 (2)* 

0.09(1)* 

0.08 (1)* 

0.09(1)* 

0.07(1)* 

0.11 (2)* 

0.07 (1)* 

0.12(2)* 

0.11 (2)* 

0.10(2)* 

0.12 (2)* 

* = refined isotropically 
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Table III.2 Selected botul distances (A) with estimated standard deviations (esd's) in parentheses. 

bond distance bond distance bond distance 

Re(la)-Mn(la) 

Re(la)-C(9a) 

Re(Ia)-C(10a) 

Re(la)-C(lla) 

Re(la)-N(la) 

Re(la)-N(3a) 

Re(2a)-Br(la) 

Re(2a)-C(12a) 

Re(2a)-C(13a) 

Re(2a)-C(14a) 

Re(lb)-Mn(lb) 

Re(lb)-C(9b) 

Re(lb)-C(10b) 

Re(lb)-C(l lb) 

Re(lb)-N(lb) 

Re(lb)-N(3b) 

Re(2b)-Br(lb) 

Re(2b)-C(12b) 

Re(2b)-C(13b) 

Re(2b)-C(14b) 

2.98(1) 
1.93(4) 

1.93(4) 

1.93(6) 

2.16(3) 

2.19(3) 

2.598(8) 

1.93(3) 

1.93(3) 

1.95(6) 

3.00(1) 

1.91(4) 

1.93(3) 

1.95(5) 

2.15(2) 

2.19(3) 

2.588(9) 

1.94(3) 

1.94(3) 

1.98(5) 

Re(2a) - N(2a) 

Re(2a) - N(4a) 

Mn(la)-C(15a) 

Mn(la)-C(16a) 

Mn(la)C(17a) 

Mn(la)-C(18a) 

Mn(la)-C(19a) 

C(la)-C(2a) 

C(la)-N(la) 

C(2a) - C(3a) 

Re(2b) - N(2b) 

Re(2b) - N(4b) 

Mn(lb)-C(15b) 

Mn(lb)-C(16b) 

Mn(lb)C(17b) 

Mn(lb)-C(18b) 

Mn(lb)-C(19b) 

C(lb)-C(2b) 

C(lb)-N(lb) 

C(2b) - C(3b) 

2.16(2) 

2.18(2) 

1.81(8) 

1.79(4) 

1,79(3) 

1.78(4) 

1.80(4) 

1.28(7) 

1.39(4) 

1.50(7) 

2.17(3) 

2.17(2) 

1.80(7) 

1.80(3) 

1.79(3) 

1.79(4) 

1.79(3) 

1.26(8) 

141(4) 

1.30(8) 

C(3a) 

C(4a) 

C(4a) 

C(4a) 

C(5a) 

C(5a) 

C(6a) 

C(7a) 

C(8a) 

C(8a) 

C(3b) 

C(4b) 

C(4b) 

C(4b) 

C(5b) 

C(5b) 

C(6b) 

C(7b) 

C(8b) 

C(8b) 

- N(2a) 

-C(8a) 

-N(la) 

-N(2a) 

-C(6a) 

- N(3a) 

-C(7a) 

- N(4a) 

-N(3a) 

- N(4a) 

- N(2b) 

- C(8b) 

-N(lb) 

-N(2b) 

- C(6b) 

-N(3b) 

- C(7b) 
- N(4b) 

-N(3b) 

- N(4b) 

1.39(4) 

1.50(4) 

1.40(4) 

1.30(4) 

1.48(6) 

1.40(4) 

1.25(5) 

1.40(3) 

1.40(4) 

1.31(3) 

1.39(4) 

1.40(5) 

1.41(4) 

1.31(4) 

1.34(7) 

1.40(5) 

1.40(6) 

1.39(4) 

1.39(4) 

1.30(4) 

Table III.3 Selected bond angles (deg) with estimated standard deviations (esd's) in parentheses. 

atoms 

Mn(la)-Re(la)-C(9a) 

Mn(la)-Re(la)-C(10a) 

Mn(la)-Re(la)-C(l la) 

Mn(la)-Re(la)-N(la) 

Mn(la)-Re(la)-N(3a) 

C(9a)-Re(la)-C(10a) 

C(9a)-Re(la)-C(lla) 

C(9a)-Re(la)-N(la) 

C(9a)-Re(la)-N(3a) 

C(10a)-Re(la)-C(lla) 

angle 

89(2) 

85(2) 

172(1) 

92(1) 

93(1) 

89(2) 

84(2) 

175(1) 

101(1) 

90(2) 

atoms 

C(lOa) 

C(lOa) 

C(lla) 

C(lla) 

N(la)-

Br(la) 

Br(la) 

Br(la) 

Br(la) 

Br(la) 

-Rc(la) 

-Re(la) 

-Re(la) 

-Re(la) 

Re(la)-

Re(2a) 

Re(2a) 

Re(2a) 

Re(2a) 

Re(2a) 

-N(la) 

- N(3a) 

-N(la) 

- N(3a) 

N(3a) 

-C(12a) 

-C(13a) 

-C(14a) 

N(2a) 

N(4a) 

angle 

95(1) 

170(1) 

95(2) 

94(2) 

75(1) 

92(1) 

91(1) 
175(1) 

85.1(9) 

82.8(9) 

atoms 

C(12a)-Re(2a)-C(13a) 

C(12a)-Re(2a) -C(14a) 

C(12a)-Re(2a)-N(2a) 

C(12a)-Re(2a)-N(4a) 

C(13a)-Re(2a)-C(14a) 

C(13a)-Re(2a)-N(2a) 

C(13a)-Re(2a)-N(4a) 

C(14a)-Re(2a)-N(2a) 

C(14a)-Re(2a)-N(4a) 

N(2a) - Re(2a) - N(4a) 

angle 

89(2) 

91(2) 

95(1) 

171(1) 

93(2) 

175(1) 

98(1) 

90(1) 
94(2) 

77.7(9) 

Mn(lb)-Re(lb)-C(9b) 

Mn(lb)-Re(lb)-C(10b) 

Mn(lb)-Re( lb)-C(l lb) 

Mn(lb)-Rc(lb)-N(lb) 

Mn(lb)-Re(lb)-N(3b) 
C(9b)-Re(lb)-C(10b) 

C(9b)-Re(lb)-C(l lb) 

C(9b)-Re(lb)-N(lb) 

C(9b)-Re(lb)-N(3b) 

C(10b)-Re(lb)-C(l lb) 

87(2) 

88(1) 

173(2) 

90(1) 

93(1) 

89(1) 

87(2) 

171(1) 
98(1) 

87(2) 

C(lOb) 

C(lOb) 

C(llb) 

C(llb) 

N(lb)-

Br(lb) 

Br(lb) 

Br(lb) 

Br(lb) 

Br(lb) 

-Re(lb) 

-Re(lb) 

-Re(lb) 

-Re(lb) 

Re(lb)-

Re(2b) 

Re(2b) 

Re(2b) 

Re(2b) 

Re(2b) 

-N(lb) 

-N(3b) 

-N(lb) 

-N(3b) 

N(3b) 

C(12b) 

C(13b) 

C(l4b) 

N(2b) 

N(4b) 

99(1) 

173(1) 

96(2) 

93(2) 

74(1) 

94(2) 

95(2) 

172(1) 

85(1) 

85(1) 

C(12b) 

C(12b) 

C(12b) 

C(12b) 

0(13b) 

C(13b) 

C(13b) 

C(14b) 

C(14b) 

N(2b) -

- Re(2b) 

- Re(2b) 

Re(2b) 

- Re(2b) 

- Re(2b) 

- Re(2b) 

Re(2b) 

- Re(2b) 

- Re(2b) 

Re(2b) -

-C(13b) 

-C(14b) 

N(2b) 

- N(4b) 

-C(14b) 

- N(2b) 

N(4b) 

- N(2b) 

- N(4b) 

N(4b) 

91(2) 

93(2) 

99(1) 
175(1) 

89(2) 

169(1) 

94(1) 
90(2) 

87(1) 

75.7(9) 
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Table III.4 Selected bond distances and angles in several BPYM complexes. 

Structure 
W 

bond'* distance(A) bond angle 

IPt(BPYM)(CN)2]H20 

Cr(CO)4BPYM'^ 

[Cu(BPYM)2(H20)] 
(PF6)2.2H20 

16 

[Pt(mnt)(BPYM)].DMF''^ 

MnRe/BPYM/Re 

N4-C8 
N3-C8 
N2-C4 
N1-C4 
C4-C8 

N4-C8 
N3-C8 
N2-C4 
Nl -C4 
C4-C8 

N4-C8 
N3-C8 
N2-C4 
Nl -C4 
C4-C8 

N4-C8 
N3-C8 
N2-C4 
Nl -C4 
C4-C8 

N4a - C8a 
N3a - C8a 
N2a - C4a 
Nla-C4a 
C4a - C8a 

N4b - C8b 
N3b-C8b 
N2b - C4b 
Nlb-C4b 
C4b - C8b 

1.33(2) 
1.33(1) 
1.36(1) 
1.30(2) 
1.50(1) 

1.340(3) 
1.329(4) 
1.334(4) 
1.325(4) 
1.485(4) 

1.345(4) 
1.330(4) 
1.344(4) 
1.324(4) 
1.486(5) 

1.346(13) 
1.336(15) 
1.380(14) 
1.340(13) 
1.450(15) 

1.31(3) 
1.40(4) 
1.30(4) 
1.40(4) 
1.50(4) 

1.30(4) 
1.39(4) 
1.31(4) 
1.41(4) 
1.40(5) 

C8 - N4 - C7 
N3 - C5 - C6 
N3 - C8 - N4 
C5 - C6 - C7 
N2 - C4 - C8 
N2-P t -N4 

C8 - N4 - C7 
N3 - C5 - C6 
N3 - C8 - N4 
C5 - C6 - C7 
N2 - C4 - C8 
N2 - Cr - N4 

C8 - N4 - C7 
N3 - C5 - C6 
N3 - C8 - N4 
C5 - C6 - C7 
N2 - C4 - C8 
N2 - Cu - N4 

C8 - N4 - C7 
N3 - C5 - C6 
N3 - C8 - N4 
C5 - C6 - C7 
N2 - C4 - C8 
N2 - Pt - N4 

C8a - N4a - C7a 
N3a - C5a - C6a 
N3a - C8a - N4a 
C5a - C6a - C7a 
N2a - C4a - C8a 
N2a - Re2a - N4a 
N l a - R e l a - N 3 a 

C8b - N4b - C7b 
N3b - C5b - C6b 
N3b - C8b - N4b 
C5b - C6b - C7b 
N2b - C4b - C8b 
N2b - Re2b - N4b 
N l b - R e l b - N 3 b 

117.9(8) 
123.3(9) 
126.1(9) 
116.1(9) 
114.1(7) 
80.1(3) 

116.0(2) 
122.4(3) 
126.6(3) 
118.0(3) 
114.6(2) 
75.75(9) 

118.1(3) 
122.9(3) 
125.0(3) 
117.4(4) 
114.5(3) 
80.1(1) 

117.7(9) 
112.6(22) 
125.6(10) 
118.3(11) 
115.5(9) 
79.7(3) 

110(3) 
116(3) 
126(3) 
116(3) 
119(2) 
77.7(9) 
75(1) 

120(3) 
117(5) 
120(3) 
121(4) 
115(3) 
75.7(9) 
74(1) 

^ The bonds are numbered in the same way as for MnRe/BPYM/Re; In the mononuclear complexes, N2 and N4 are 

coordinated to the metal centre. 

The average manganese-rhenium (1) bond length (2.99 A) is comparable with that in 

(CO)5ReMn(CO)5 (2.96 A)^^ ^̂ ĵ (̂ e average length of the Re(2)-Br bond of 2.593A is 

comparable with that in Re(Br)(CO)3(DPP)33 (2.61 A). 
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The BPYM ligand coordinates via o(Nl) and o(N3) to the MnRe fragment and with a(N2) and o 

(N4) to the ReBr fragment. The average bite angles of 74.5 and 76.7", respectively, which cause 

the deviation from a regular octahedral structure, were also found for other BPYM compounds'^'^ 

(Table III.4). This table also presents the distances of the C-N bonds connected to the inter-ring 

C(4)-C(8) bond of MnRe/BPYM/Re and of several mononuclear BPYM complexes. The latter 

complexes all show a slight difference in bond distances between the coordinating (N4-C8 and N2-

C4) and non-coordinating part (N3-C8 and N1-C4) of BPYM. This effect is, however, stronger 

when BPYM forms a bridge between metals in different oxidation states as we found for 

MnRe/BPYM/Re (see Figure 111.3). On the average, the C(4,8)-N bonds adjacent to the 

(CO)5MnReO(CO)3 fragment are 0.095A longer than those next to the Re'(Br)(CO)3 unit, 

compared with less than 0.02A for the mononuclear complexes (Table III.4). The average length of 

the C-N bonds adjacent to Re*̂  is 1.400A, those adjacent to Re' have an average bond distance of 

1.305A. This difference in bond lengths agrees with the difference in 7t-backbonding between Re*̂  

and Re'. 

I..19 

N,;^^ N 
2-iy^ 1 . 4 ( ) V L 3 n \ 2 

2 6 ^ < \ l.-W 

SO R e ' 

1.48 ^ ^ 1,35 

"Rc' 

- i s / I . - U V L H V ' ^ 

1.40 R e 

L.IO /2.I7 

1..M 1.40 

Structure A structure B 

Figure 1II.3 Selected bond distances (A) of the two independent molecules MnRe/BPYM/Re. 

We are dealing here with a clear asyinmetric distortion of BPYM which is also reflected in the 'H-

NMR, resonance Raman and absorption spectra to be discussed hereafter. This high asymmetry 

points to a rather low degree (if any) of K-delocalization within the bridging BPYM ligand and thus 

to only a weak communication between the two Re atoms. 

7/7.2.5 1H-NMR spectra. 

The 1 H-NMR data of the di- and trinuclear complexes are listed in Table III.5. As far as possible, 

the assignments were made by comparison with the 'H-NMR spectra of analogous 

Re(Cl)(CO)3(L)Re(Cl)(CO)3 complexes.'^ The labels correspond to individual protons as indicated 

in Figure III.l. 
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Table III.5 H-NMR and IR data of the BPYM and DPP compounds. 

Compound Chemical shift in ppm'' v(CO)(cm-l)'' 

BPYM 

Re(CI)(C0)3(BPYM)'* 

MnRe/BPYM 

MnRe/BPYM/Re'= 

MnRe/BPYM/W 

MnRe/BPYM/wd 

W/BPYM/W^'^'' 
DPP 

Re(Cl)(C0)3(DPP)'^ 

MnRe/DPP 

MnRe/DPP/Re 

a' 9.24 (d, 2H, 5.0Hz) 

a' 9.47 (d, 2H) 

a' 9.87 (d, 2H) 

a' 9.61 (m, 2H) 

a 8.98 (d, 4H, 4.6Hz) 
b 7.60 (t, 2H, 4.6Hz) 
a 9.23 (d, 2H, 4Hz) 
b7.81 (t, 2H, 5Hz) 
a 9.31 (d, 2H) 
b 7.95 (t, 2H) 
a 9.77 (d, 2H) 
b 8.28 (t, 2H) 
a 9.61 (m, 2H) 
b 8.00 (t, 2H) 

2025s 1926m 1903m 

2056m 2001s 1949vs 1901m 

2060m 2030s 2007s 1958m 1936m 1917m 

2058m 2013m 2004s 1956s 1912s 1855m 

2060m 2024m 2005 s 1969m 1950m 
1923s,br 1896s 1884sh 1869s 1826m,br 
2028w 

a'9.07 (d, IH, 3Hz) 
b' 9.03 (d, IH, 5.4Hz) 
c'7.55(dd, IH) 
d7.79(ldIH, 1.2Hz; 8Hz) 
e'7.12(d, IH, 9Hz) 
a' 9.30 (d, IH) 
b'9.21 (d, IH) 
c'7.65(m, IH) 
d'7.65(m, IH) 
e'7.34(d, IH) 
a'9.29 (m, IH) 
b'9.29(m, IH) 
c'7.91 (dt, IH, 6Hz) 
d'8.21 (dt, IH, 9.5Hz) 
e'8.65(d, IH, 9.5Hz) 

a 8.72 (s, 2H) 
b 8.23 (d, 2H, 4.3Hz) 
C7.31 (dd,2H) 
d,e 7.90 (d, 4H) 
a 8.85 (d, IH, 3Hz) 
b8.64(d, lH,4.8Hz) 
c 7.71 (m, IH) 
d8.21 (t4 IH 1.2Hz, 8Hz) 
e8.04(d, IH, 8Hz) 
a 8.86 (d, IH) 
b8.70(d, IH) 
c7.65(m, IH) 
d8.19(td, IH) 
e7.92(d, IH) 
a 9.29 (m, IH) 
b9.11 (d, IH, 4Hz) 
c7.91 (dt, lH,4Hz) 
d8.21 (dt, lH,7Hz) 
e8.81 (d, IH, 7Hz) 

2023s 1925m 1904m 

2055m 2000s 1952vs 1901m 

2057m 2024s 2001s 1957m 1933m 1909m 

^ Recorded in acetone d^ on a Bruker AC 100.'' Measured in THF, this work.*- Measured on AMX 300 MHz in 

acetone d"; note that the chemical shifts are shifted approximately .1 ppm downfield compared to the spectra recorded 

on the Bruker AC 100 spectrometer.^ Measured in KBr.^ rR spectrum in acetonitrile. 

The 'H-NMR-spectrum of the free BPYM ligand (Table III.5, see Figure III.l for atom labelling) 

displays two sets of resonances in the aromatic region, each being readily assignable to a given pair 

of equivalent nuclei on the basis of expected splitting patterns. Coordination of the first metal centre 

(MnRe or Re(Cl)(CO)3) lowers the symmetry of the BPYM moiety and removes the degeneracy of 

each pair of protons.'^ All peaks are shifted downfield upon metal attachment by 0.33 - 0.49 ppm 

for MnReO/BPYM and by 0.21 - 0.26 ppm for ReI(Cl)(C0)3(BPYM).'« The fact that the 
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downfield shift for MnReO/BPYM is larger compared with ReI(Cl)(C0)3(BPYM) is rather 

surprising since it is expected that a ReO centre will cause more shielding than a Re' centre. 

Free DPP shows four sets of resonances in its 'H-NMR spectrum (Table III.5, see Figure III.l for 

atom labelling) in the aromatic region. Coordination of Re(Cl)(C0)3 leads to a downfield shift of 

almost all proton resonances by 0.13 - 0.80 ppm except for (d') and (e') which have undergone an 

upfield shift of 0.11 - 0.78 ppm respectively.'^ This unusual behaviour has been interpreted in 

terms of a puckered conformation where the proton sticking out of the ligand plane (e) is predicted 

to show the largest downfield shift."* The assignment of the peaks of the MnRe/DPP compound 

was made according to the latter interpretation. This results in a downfield shift of most peaks by 

0.02 - 0.98 ppm and an upfield shift for the peaks corresponding to the (d') and (e') protons by 

0.25 and 0.56 ppm, respectively. Again, a larger downfield shift is observed upon coordination of 

MnReO as compared with the coordination of Re'(Cl)(C0)3. 

Coordination of a second metal fragment to MnRe/L leads to a further downfield shift of the proton 

resonances as compared with MnRe/L (Table III.5). In MnReO/BPYM/Re', both the Re" and Re" 

centres are coordinated to BPYM which results in the appearance of three sets of proton resonances 

indicating that the BPYM ligand is asymmetric. It is noteworthy, that the BPYM ligand is 

significantly more asymmetric (5(a')-5(a) = 0.1) in both MnRe/BPYM and MnRe/BPYM/Re than 

in Re(Cl)(C0)3(BPYM). It was shown earlier in this section that a MnRe fragment causes a larger 

downfield shift of the proton resonances on the site adjacent to the metal than the Re(Cl)(C0)3 

fragment. Therefore, the doublet at 9.87 ppm is assigned to the (a') protons and the doublet at 9.77 

ppm is assigned to the (a) protons. Interestingly, the 'H-NMR spectrum of MnRe/BPYM/W 

exhibits no distinct doublets (the same chemical shifts arc found for the (a) and (a') protons) which 

means that coordination of MnRe and W metal-fragments does not, in this case, cause an 

asymmetric distortion of the bridging BPYM ligand, most probably because of similar electron 

densities on the Re^ and WO atoms. The 'H-NMR pattern of the MnRe/DPP/Re compound was 

rather complex and, for the assignment of the proton resonances, use was made of the observation 

that a MnRe fragment causes less deshielding than a Re(Cl)(CO)3 fragment. The results are 

summarised in Table III.5. 

In principle, two isomeric structures are possible for the MnRe/L/Re complexes. One isomer has 

the Mn(CO)5 fragment and Br~ 'cis' towards each other, in the other isomer these groups are 

positioned 'trans' towards each other. It can be expected that both isomers show different 'H-NMR 

patterns. However, in the 'H-NMR spectra of both the BPYM and DPP complexes only one 

isomer was observed. According to the X-ray structure of the BPYM compound, it is concluded 

that in the solution we are also dealing with the 'trans'-isomers, Mn(C0)5 and Br~ lying on 

different sides of the plane defined by the ligand L, see Figure III.2. 
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///. 2.4 Electronic absorption and resonance Raman spectra 

The UV-Vis spectral data of the complexes in three different solvents are collected in Table III.6 

and the spectra of MnRe/L, MnRe/L/Re and MnRe/BPYM/W are presented in Figure III.4(A-t-B). 

The absorption bands are rather intense and solvatochromic. This indicates that they belong to 

MLCT transitions to the lowest 71* orbital(s) of BPYM or DPP, in agreement with previous 

assignments for Re(Cl)(C0)3(L) andRe(Cl)(CO)3(L)Re(CI)(CO)3 complexes.^-i'.'^.is 

750 

wavelength (nm) 

T I r 
350 450 550 650 750 850 

wavelength (nm) ^ 

Figure III.4 UV-Vis spectra of A: MnRe/BPYM (—). MnRe/BPYM/Re (—) and MnRe/BPYM/W (-

and B: MnRe/DPP (—) and MnRe/DPP/Re (—) measured in THF. 

The lowest-energy absorption band of the dinuclear MnRe/L complexes is therefore assigned to 

MLCT transitions from the ReO atom of the dinuclear unit to the 7r*-LUMO orbital of the ligand L. 

The lowest-energy band of the trinuclear MnRe/L/Re species occurs at much lower energies than 

the MLCT absorption bands^'"'^-'^ of analogous Re(Cl)(CO)3(L)Re(Cl)(CO)3 complexes in 

which the ligand (L = BPYM or DPP) bridges between two Re' atoms. This comparison indicates 

that the first absorption band of MnRe/L/Re still corresponds to MLCT transitions from the MnReO 

fragment to the K * - L U M O of the bridging ligand L. Inspection of Table III.6 and Figure III.4 

clearly shows that coordination of a mononuclear metal fragment Re(Br)(CO)3 to a MnRe/L unit to 

form the trinuclear MnRe/L/Re complex causes a significant red shift of this MnReO-^L MLCT 

transitions with respect to the dinuclear MnRe/L complex. This spectral shift is paralleled by a 

positive shift of the reduction potentials^'' of the bridging ligand (see Table IV.2, Chapter IV). For 

BPYM, the MLCT band maximum shifts by -4510 cm-' (in CH3CN) and the reduction potential by 

-HO.62 V (i.e. 5000 cm-"). Somewhat smaller shifts were found for DPP: -1990 cm-l (in CH3CN), 

+0.39 V (i.e. 3150 cm ' ) . The magnitude of these spectral and electrochemical shifts are 
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comparable with those observed for other diimine-bridged dimetallic complexes, iirespective of the 

detailed nature of the metal-fragments.^-'-"-'^-'^"^^ They indicate a significant stabilisation of the 

71* LUMO orbital of the bridging ligand upon formation of the MnRe/L/Re complexes. 

Table III.6 UV-Vis data (Xmax '" '"".- E-"̂  10'^ in M'^cm~' in parentheses) of MnRe/L, MnRe/L/W and 

MnRe/L/Re (L = BPYM. DPP) at room temperature. 

compound 

MnRe/BPYM 

MnRe/DPP 

MnRe/BPYM/Re^ 

MnRe/BPYMAV 

MnRc/DPP/Re 

toluene 

553 

411 

-
583 

-
-
-
-
-
-
751 

680(sh) 

473 

-
-
670 

485 

317 

THF 

523(3.8) 

392(4.0) 

280(sh)(>10'*) 

557(6.5) 

-
-
671(3.6) 

473(4.8) 

380(4.6) 

300(sh) 

684(5.1) 

628(sh) 

450(8.9) 

388(6.0) 

-
636(9.7) 

474(6.5) 

320(22) 

acetonitrile 

511 

382 

-
555 

310(sh) 

280(>I04) 

664 

469 

364 

-
655 

6l6(sh) 

435 

384(sh) 

288(.sh) 

624 

447 

328 

KBr 

-
-
-
-
-
-
739 

501 

384(sh) 

-
721 

660 

469 

381 

288(sh) 

656 

466 

33! 

^ Insoluble in toluene. 

The MnRe/BPYM/W complex exhibits a broad absorption band with a maximum at 684 nm and a 

shoulder at about 630 nm (in THF), see Table III.6 and Figure III.4A. This is the same wavelength 

range where the MnReO->BPYM and WO^BPYM MLCT transitions occur in the MnRe/L/Re and 

(CO)4W(BPYM)W(CO)4^^ complexes, respectively. Apparently, the lowest-energy band of 

MnRe/BPYM/W encompasses both the MnReO/BPYM and WO->BPYM MLCT transitions. This 

conclusion is supported by the observation of two well-developed absorption maxima at 584 and 

635 nm in the spectrum measured in a 2-MeTHF glass at 80K (Table V.5, Chapter V). 

Characteristic of MLCT absorption, both bands occur at higher energies in the rigid glass as 

compared with the fluid solution. 

All trinuclear complexes under study exhibit a second intense solvatochromic band at higher 

energies. Having the first band assigned to charge transfer transitions from the MnReO unit to the 

7t*-LUM0 of the bridging ligand L, the higher-energy band of MnRe/L/Re should belong to MLCT 
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transitions from the Re' atom of the Re(Br)(CO)3 fragment to the same 7t*-LUM0. Alternatively, it 

may be assigned to MLCT transitions originating from the MnReO fragment but directed to the 

second unoccupied (SLUMO) 7C*-orbital of the bridging ligand L. In fact, the two lowest empty 

7C*-orbitals are known to be rather close in energy in both BPYM- '̂ and DPP^^ bridged complexes 

and transitions to both of them are symmetry-allowed. In order to solve this problem and to obtain 

more detailed information on the nature of the MLCT states of the trinuclear MnRe/L/Re and 

MnRe/BPYM/W complexes, we have investigated their resonance Raman (rR) spectra. 

2150 1550 1350 1150 
wavenumbers (cm'') 

457.9 nm 
1 

950 

Figure III.S Resonance Raman spectra of MnRe/BPYM/Re in KN03(*) at room temperature and at different 

excitation wavelengths. 

For the trinuclear complexes under study, the Raman spectra could be measured by dispersing the 

complexes in a KNO3 pellet and rotating it at room temperature during the rR experiment. It was, 

however, very difficult to obtain high quality Raman spectra for MnRe/DPP/Re because of 

photodecomposition. Spectra were recorded with laser lines varying from 458 to 655 nm, exciting 

thus into both absorption bands. For all complexes investigated, the most strongly enhanced 

Raman bands occur in the 1000-1600 c m ' region (Table III.7, Figures 111.5 and III.7). They 
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belong to internal vibrations of the bridging ligand which means that the resonant electronic 

transitions involved are localised at, or directed to, this ligand. Since intraligand electronic 

transitions of both BPYM and DPP occur at much higher energy'^, these rR effects are ascribed to 

vibronic couplings to MLCT transitions directed to these ligands, in accord with the assignment of 

both visible absorption bands discussed above. 

The rR spectra of MnRe/BPYM/Re are presented in Figure III.5. Upon excitation with X - 655 nm 

into the first absorption band, a rR effect is observed for a band at 2064 cm' , which is assigned to 

a symmetrical CO-stretching vibration of the (CO)5MnRe(CO)3-fragment. This assignment is based 

on a comparison of the IR spectra of MnRe/BPYM, Re(Cl)(CO)3(BPYM) and MnRe/BPYM/Re 

(Table III.5). The IR spectrum of the last complex is nearly a superposition of those of the former 

two complexes. There is only a very small shift of the v(CO) vibrations to higher frequencies 

caused by the decreasing basicity of BPYM upon bridge formation. Thus, the highest IR frequency 

of MnRe/BPYM at 2056 c m ' shifts to 2060 cm"' in MnRe/BPYM/Re and to 2058 cm"' in 

MnRe/BPYM/W. 

Table III.7 Resonantly enhanced Raman bands (cm'') of the trinuclear complexes MnRe/L/Re and 

MnRe/BPYM/W . 

Xcxc (nm) 

MnRe/BPYM/Rc 

458 

2064 

2029 

1559 

1487 

1336 

1199 

655 

2066 

1572 

1549 

1477 

1336 

1199 

MnRe/BPYMAV 

488 

2060 

2024 

2006 

1557 

1545 

1466 

1332 

1181 

1031 

648 

2060 

2024 

1557 

1545 

1466 

1181 

1031 

MnRe/DPP/Re 

458 

2028 

1.573 

1563 

1487 

1477 

1359 

1345 

1275 

608 

2059 

2028 

1573 

1563 

1487 

1477 

1276 

The observation of a rR effect only for this CO stretching mode implies that the electronic 

transitions involved in the lowest-energy absorption band originate from the ReO(dn) orbitals of the 

(CO)5MnRe(CO)3-fragment. Resonant enhancement of this Raman band has been observed for 

(CO)5MM'(CO)3(a-diimine) (M, M' = Mn, Re) complexes.^' As the d,t orbitals are involved in 

the MnReO-^CO n back bonding, their depopulation by MLCT excitation affects the CO bonds and 

gives rise to the rR effect on the v(CO) vibration. 
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When excitation takes place into the higher-energy absorption band of MnRe/BPYM/Re (^ < 584 

nm), the rR effect of the 2064 cm ' band is weaker and a second, weak, Raman band shows up at 

2029 cm-'. By comparing again the IR spectra of MnRe/BPYM, Re(CI)(CO)3(BPYM) and 

MnRe/BPYM/Re (Table III.5), this band can be assigned to a symmetrical CO-stretching mode of 

the ReI(Br)(C0)3-fragment of MnRe/BPYM/Re. The weakness of the rR effect for this vibration is 

not unexpected since recent rR studies have shown that charge transfer transitions of halide 

complexes such as Re(X)(CO)3(pTol-DAB) (X = halide; pToI-DAB = diparatolyl-I,4-diaza-I,3-

butadiene)^^ and Ru(X)(R)(CO)2(a-diimine) (X = halide, R = alkyl, a-diimine = diisopropyl-1,4-

diaza-l,3-butadiene, pyridine-2-carbaldehyde-N-isopropylimine, 2,2'-bipyridine)^^ always give 

rise to only very weak (if any) resonant enhancement of the Raman band corresponding to the 

symmetrical CO vibration. This is caused by the admixture of the pji orbitals of X to the Re(dj[) 

orbitals which changes the CT character of the electronic transitions and diminishes the effect of CT 

excitation on the Re—>C0 7C back bonding and, hence, on the CO bonds. Quite recently, the same 

v(CO) frequency has been observed as a very weak Raman band at 2023 cm"' in the Surface 

Enhanced Raman Scattering (SERS) spectra of Re(Br)(CO)3(BPYM).3^ 

Figure III.6 Low-lying unoccupied K*-molecular orbitals of BPYM. 27 

The above results show that the first absorption band belongs to MLCT transitions from the 

(CO)5MnRe(CO)3-fragment only. The second band is dominated by CT transitions originating 

from the Re'(Br)(CO)3 fragment with a minor contribution of the transitions from the MnReO 

fragment. Previous theoretical^ and absorption spectral̂ ^"-̂ ^ studies of mono- and dinuclear 
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BPYM-complexes have shown that the MLCT transitions involve the 7t*-orbitals of b2u and au 

symmetry (within the D2h local point group of the ligand), shown in Figure II1.6. As the b2u orbital 

is bonding with respect to the C-C bond connecting the two pyrimidine rings of the BPYM ligand, 

its occupation by MLCT excitation will be accompanied by a strengthening of the inter-ring C-C 

bond. This will give rise to resonance enhancement of the intensity of the Raman band that 

corresponds to the inter-ring C-C stretching vibration. Occupation of the au orbital will, on the 

other hand, hardly affect the inter-ring C-C bond and will therefore not be accompanied by a rR 

effect for the inter-ring stretch which is expected at about 1330 cm-'.-̂ '̂-'̂ -''*' The rR spectra of 

MnRe/BPYM/Re (Figure III.5) show that a band at 1336 cm-' is resonantly enhanced by excitation 

into both absorption bands. This means that the MLCT transitions from both metal-fragments are 

directed to this 7t*(b2u) orbital. The low-energy band thus belongs to the MnReO(d;i)^7i*(b2u) 

transitions, the higher-energy one to the Re'(d,[)—>7i*(b2u) transitions. It can not, however, be 

completely excluded that weaker transitions to 7t*(au) also contribute to these bands. 

A similar assignment has been presented for the two absorption bands of 

[Mo(CO)4(BPYM)Ru(BPY)2](PF6)2-^ and Mo(CO)4(BPYM)Re(Cl)(CO)32'', in which BPYM 

also bridges between metals in different oxidation states. Matheis et al.̂ -̂̂ ^ assigned the first 

absorption band of the former complex to Mo(dji)—>7t*(b2u) transitions and the second, composite, 

band to Ru(d;c)-^7r*(b2u), Mo(d;t)->7i*(au) and Ru(djt)-^7r*(au) transitions. 

There is no evidence for a strong electronic interaction between the two Re-centres of 

MnRe/BPYM/Re and the two metal-fragments seem to behave independently with respect to their 

electronic transitions and molecular vibrations. This becomes even more evident when we consider 

the rR behaviour of the BPYM vibrations between 1400 and 1600 cm-' which are assigned''̂ -'*'' to 

coupled C-H bending, C-C stretching and C-N stretching vibrations. Figure III.5 shows that 

BPYM vibrations at 1572, 1549 and 1477 cm-' are enhanced in resonance with the 

MnReO(d7t)—>7:*(b2u) transitions of the first absorption band, whereas those at 1559 and 1487 cm-' 

are in resonance with the Re'(dn)^7r*(b2u) transitions. As far as we know, this is the first time that 

different ligand vibrations are found to be vibronically coupled to electronic transitions directed to 

the same ligand orbital (7t*(b2u)). In paragraph 11.2.5, this remarkable result will be discussed in 

relationship to the X-ray and ' H-NMR data. 

A completely different behaviour is observed for the complexes MnRe/BPYM/W and 

MnRe/DPP/Re. The absorption spectrum of MnRe/BPYM/W shows again two absorption bands 

(Figure III.4A, Table III.6). The rR spectra obtained by excitation into either of these bands exhibit 

resonance enhancement of intensity for Raman bands at 2060, 2024 and 2006 cm-' (Figure III.7). 

The bands at 2060 and 2006 cm-' belong to vibrations of the (CO)5MnRe(CO)3-fragment, the 2024 
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cm-' band belongs to a Vs(CO) vibration of the W(CO)4-moiety (Table III.5). Apparently, MLCT 

transitions from both metal-fragments are involved in the two absorption bands of this complex. 

This is not surprising, since, contrary to the ReO and Re' d-orbitals of the MnRe/BPYM/Re 

complex, the ReO and WO djt -orbitals would hardly differ in energy. As a result , MLCT 

transitions to BPYM from the djt orbitals of both metal-fragments (ReO, WO) are expected to 

(nearly) coincide. Hence, the electronic transitions involved in the two MLCT bands have to differ 

in the nature of the final optical orbital. The transitions to 7r*(b2u) are expected to be more intense 

than those directed to 7r*(au) because of the more favourable overlap with the d,t orbitals.-^^ The 

higher-energy absorption band at 450 nm is therefore assigned to the djt (ReO, WO)—>b2u 

transitions, the low-energy band at 751 nm to the d7[(ReO,wO)^au transitions. This assignment is 

rather surprising, as it implies a reversal of b2u and au orbital energies compared with both the free 

ligand and the MnRe/BPYM and MnRe/BPYM/Re complexes. This unusual assignment is 

supported by the much stronger rR effect for the 1332 cm-' vibration of MnRe/BPYM/W upon 

excitation into the higher-energy absorption band than into the lower-energy band as manifested by 
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Figure 111.7 

Resonance Raman spectra of MnRe/BPYM/W 

in KN03( *) at room temperature. Excitation 

wavelength: 488 nm(top), 648 nm (bottom). 
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Figure 111.8 

Resonance Raman excitation profile for vJC-C) inter

ring (1332 cm'h of MnRe/BPYM/W; the intensities 

were measured relative to the intensity of the 1051 

cm-' band of KNO3. 

the excitation profile of the 1332 cm' Raman band, see Figure 111.8. The same effect was recently 

found for (W(CO)4}2(BPYM).-^^ Also for this compound, the second absorption band was more 

intense than the first one and the inter-ring C-C stretching vibration was only enhanced when 
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excitation took place into the second band.^^ The reversal of the b2u and au orbitals, found for 

MnRe/BPYM/W, but not for MnRe/BPYM/Re, is most probably caused by the 7t-back donation to 

the b2u-BPYM orbital that is expected to be much stronger from the W0(CO)4 than Re'(Br)(CO)3 

fragment. For symmetry reasons (see Figure III.6), the b2u-BPYM orbital overlaps with the metal 

d^-orbital much better than the au orbital. Hence, strong WO—>BPYM 7i-back bonding would 

destabilise the b2u orbitals relatively to a^. Sufficiently strong Tt-interaction would reverse the 

orbital order. Contrary to the rR spectra of MnRe/BPYM/Re, the same BPYM vibrations in the 

1400 - 1600 cm-' region are resonance enhanced throughout the two absorption bands of 

MnRe/BPYM/W, which means that this ligand has retained its symmetric structure in this complex. 

In the case of MnRe/DPP/Re, a rR effect for Vs(CO) of the Re(Br)(CO)3-fragment at 2028 cm-' 

was only observed upon excitation into the higher energy absorption band (Table III.7). This 

Raman band gradually disappeared upon going to longer-wavelength excitation and the 2059 cm-' 

band belonging to Vs(CO) of the (CO)5MnRe(CO)3-fragment showed up when excitation became 

directed into the first absorption band. Although the Raman spectra could only be excited at the 

high-energy side of this band because of increasing photodecomposition, it could still be concluded 

that, just as for MnRe/BPYM/Re, the low-energy absorption band of this DPP-complex belongs to 

MLCT transitions from MnReO, ĵ̂ g higher one to the corresponding transitions from Re'. 

However, contrary to the corresponding BPYM-complex, the same Raman bands of DPP were 

resonance enhanced upon excitation into both absorption bands, which means that the DPP tigand 

is not significantly distorted when it bridges between metals in different oxidation states. 

III.2.5 Asymmetric distortion of the bridging BPYM ligand. 

The molecular structure of the MnRe/BPYM/Re complex (Figure III.3) cleariy points to a large 

distortion of the BPYM ligand with respect to the plane that bisects the pyrimidine rings. Notably, 

the C4-N and C8-N bonds adjacent to the ReO atom of the (CO)5MnRe(CO)3 fragment are 

significantly longer than the corresponding bonds adjacent to the Re' atom of Re(Br)(CO)3 (C4 and 

C8 are the carbon atoms connecting the two pyrimidine rings). This observation is in accord with a 

stronger MnReO—>BPYM tjjgti Re'-^BPYM 7i-back donation that is directed to the original b2u 

LUMO of the BPYM ligand. The C-N bonds are affected by the population of the b2u orbital 

because of its 7t*-antibonding nature, see Figure III.6. However, the nonequivalence of these 

bonds indicates that (i) the electronic interaction between the two Re atoms is rather weak, 

maintaining their different formal oxidation states, and (ii) the 7r-system of the BPYM ligands is no 

longer fully delocalised. The asymmetric distortion of the BPYM ligand is also evident from the 

' H-NMR spectra which show a 0.1 ppm difference in the chemical shifts of the protons bound at 

the (a') and (a) positions. 
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The most intriguing evidence for the asymmetric distortion of the bridging BPYM ligand in 

MnRe/BPYM/Re comes from the rR spectra. As shown above, this complex exhibits an absorption 

band in the red spectral region that corresponds predominantly to the MnReO/BPYM transitions, 

whereas the band at higher energy is due to the Re'—>BPYM MLCT transitions. The Raman spectra 

excited in resonance with the MnRê —>BPYM transitions show enhancement of intensity for the 

bands at 1549 and 1477 c m ' , which corresponds^-'*" to B3U and Ag vibrations of free BPYM, 

respectively. (Note that B3U transforms as A] and A' in C2v and Cs symmetries, respectively). 

These coupled normal modes contain^^-'"' a contribution from stretchings of the CI, C3, C5, C7-N 

and C4, C8-N bonds, respectively. When the exciting laser line approaches the higher Re'—>BPYM 

MLCT absorption band, the intensities of these Raman bands decrease and new bands, presumably 

corresponding to the same type of vibrations, show up at 1559 and 1487 cm-'. Taking into account 

that these vibrational modes contain significant contribution from C4, C8-N bond stretchings^^-'*'', 

we may conclude that this effect again points to the nonequivalence of the C4, C8-N(ReO) and C4, 

C8-N (Re') bonds within the BPYM ligand. Moreover, the fact that the Raman intensity 

corresponding to each of these two different sets of local vibrations is enhanced in resonance with a 

different MLCT transition suggests that the two MLCT excited states involved are localised within 

the chelate rings adjacent to the metal centre from which the MLCT transitions originate. Thus, the 

low-energy MnReO-^BPYM transition affects mainly the N1-C4-C8-N3 part of the BPYM ligand 

whereas the Re'—>BPYM transition at higher energy is localised mainly in its N2-C4-C8-N4 part. 

Consequently, the MLCT transitions from the MnReO ^^d Re' centres are vibronically coupled to 

different local modes of the asymmetrically distorted BPYM ligand, giving rise to the observed 

dependence of corresponding Raman frequencies on the excitation wavelength. 

Another interesting observation is that the Raman band at 1572 cm-' is strongly enhanced upon 

excitation into the low-energy MnReO—>BPYM transition. Up to now, a rR effect of this band was 

observed for the asymmetric complexes W(CO)4(BPYM), [W(CO)4(BPYM)]^ and RU(BPYM)32-H 

but not for the symmetric complexes (CO)4M(BPYM)M(CO)4 (M = Mo, W).^'' This Raman band 

belongs most probably^ -̂"*" to the Ag vibration of BPYM which has a strong contribution from CI, 

C3, C5, C7-N stretchings. The asymmetric distortion of the bridging BPYM ligand in 

MnRe/BPYM/Re appears to be a consequence of only a very weak electronic interaction between 

the (CO)5MnReO(CO)3 and Re'(Br)(C0)3 metal fragments through the BPYM bridge. The limited 

extent of the metal-metal interaction is clearly manifested by the presence of two, experimentally 

distinguishable, MnReO->BPYM and Re'/BPYM localised MLCT transitions. Thus, both Re 

atoms render their original formal oxidation states, i.e. ReO and Re', unchanged and the 

MnRe/BPYM/Re may be viewed as a Class IP" mixed-valence compound. Hence, the BPYM 

ligand experiences simultaneous bonding to two different metal centres with rather different a-

acceptor and, especially, 7t-donor properties. The inability of BPYM to level out these differences 
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by a strong interaction with both metal centres results in its asymmetric distortion. It is quite 

conceivable that the distortion of the bridging BPYM ligand in heterodinuclear complexes might be 

a more general effect and a way how to design and control the BPYM-mediated metal-metal 

interaction in polynuclear supramolecular compounds. 

There is already some evidence that such a distortion of BPYM is not restricted to the complex 

MnRe/BPYM/Re only. A similar effect has quite recently been observed by us for the polynuclear 

complex Os3(CO)io(BPYM)Re(Br)(CO)3, in which the Os3(CO)io-moiety has replaced the 

(CO)5MnRe(CO)3 fragment in MnRe/BPYM/Re.̂ ^ Moreover, Surface Enhanced Raman Scattering 

(SERS) of the complex Re(Br)(CO)3(BPYM) dissolved in DMSO together with an aqueous Ag-

coUoid, also showed additional Raman bands upon changing the excitation wavelength from 514.5 

to 569 nm.s^ This effect is most likely due to the formation of Agn+-BPYM-Re(Br)(CO)3 in which 

BPYM is again asymmetrically distorted. 

Such an asymmetric distortion of the BPYM ligand was not observed for the MnRe/BPYM/W 

complex. Its 'H-NMR spectrum shows that the protons at the (a) and (a') positions have the same 

chemical shifts. The resonance Raman spectra show a rR effect for the same BPYM Raman bands, 

especially those at 1545 and 1466 cm-', regardless the excitation wavelength. These vibrations 

most probably correspond again to the B3u and Ag modes, respectively. The band at 1572 cm-' is 

not resonantly enhanced. The absence of a distortion in MnRe/BPYM/W does not, however, 

necessarily imply any strong electronic interaction between the MnReO ̂ nj wO centres mediated by 

the BPYM bridge. It may be explained by the similarity of the bonding properties of the 

(CO)5MnRe(CO)3 and W(CO)4 metal-fragments, both ReO and WO atoms being in the same formal 

oxidation state. Interestingly, the positive shift of the potential of the BPYM ligand-localised 

reduction in MnRe/BPYM is much smaller (+ 480 mV) upon formation of the MnRe/BPYM/W 

(Ei/2 = -1.01 V vs Fc/Fc-̂  in n-PrCN at room temperature) complex than of the MnRe/BPYM/Re 

complex (+ 620 mV). This observation is fully in line with the above explanation as it shows that 

the W(C0)4 fragment is both a weaker O-acceptor and stronger 7t-donor than Re(Br)(CO)3. 

The bridging DPP ligand in MnRe/DPP/Re does not exhibit any distortion of the pyrazine ring as 

manifested by identical chemical shifts of the protons at the (a) and (a') positions (see Figure 

III.l). Moreover, the same Raman bands of the DPP bridge are resonanUy enhanced upon 

excitation into both absorption bands. However, the pyridine rings of the DPP ligand in 

MnRe/DPP/Re are nonequivalent as shown by different chemical shifts exhibited by the protons at 

the (b) and (b') as well as at the (e) and (e') positions, in accord with the formulation of 

MnReO/DPP/Re' as a Class II mixed-valence complex with only weakly interacting MnReO jjf,d Re' 

metal centres. For steric reasons, the two pyridine rings of the DPP ligand are tilted away from the 
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ReO-(pyrazine ring)-Re' plane by as much as 30°^^-''̂ , strongly weakening the conjugation between 

the pyridine and pyrazine parts of the DPP ligand.-^ '̂S^ Hence, the two pyridine rings are 

electronically rather isolated and nonequivalent as each of them interacts with a different metal 

centre. On the other hand, the MnRe^-Re' coupling through the pyrazine ring of the DPP bridge is 

strong enough to attain an uniform distribution of electron density over the symmetrically non-

equivalent carbon atoms (a) and (a'). Apparently, the electronic coupling between the two Re 

atoms through the pyrazine ring of DPP is stronger than through the pyrimidine rings of BPYM. 

Bridging DPP has already been shown to provide stronger metal-metal electronic coupling than 

BPYM, especially in those complexes where the coupling is dominated by the 7i-back donation 

from the metal d,t-orbitals to the 7i* -orbital(s) of the bridging ligand.•̂ '•̂ -̂'"-''S 
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Chapter IV 

Variable Temperature IR Spectroelectrochemical Investigation of the Stability of 
the Metal-Metal Bonded Radical Anions [(CO)5MnRe(CO)3(L)]- (L = 2,2'-
Bipyridine(BPY), 2,2'-Bipyrimidine(BPYM), 2,3-Bis-(2-Pyridyl)Pyrazine(DPP)) 
and [(CO)5MnRe(CO)3(L)Re(Br)(CO)3]- (L = BPYM, DPP) Controlled by the 
Lowest 7C* (a-diimine) Orbital Energy. 

Abstract - Cyclic Voltammetry in combination with IR spectroelectrochemistry were employed for 

detection and characterisation of the radical anionic complexes [(CO)5MnRe(CO)3(L)]'' (L = 2,2'-

bipyridine (BPY), 2,2'-bipyrimidine (BPYM) and 2,3-bis-(2-pyridyl)pyrazine (DPP)) and 

[(CO)5MnRe(CO)3(|j,-L)Rc(Br)(CO)3f (n-L = n-BPYM, |i-DPP) as the primary products formed upon 

one-electron reduction of the neutral parent compounds. The stability of the radical anions is 

determined by the degree of polarisation of the metal-metal bond which decreases in the order Mn-

Re(BPY) » Mn-Re(BPYM) ~ Mn-Re(DPP) > Mn-Re(n-DPP)Re > Mn-Re(tl-BPYM)Re, i.e. with 

decreasing energy of the 7C* LUMO of the a-diimine ligand in the parent complexes. The trinuclear 

radical anion with |i-L = |i-BPYM is stable already at room temperature and could be characterised also 

by UV-Vis and ESR spectroscopy. The related radical anion with |J.-DPP could only be stabilised at 

properly low temperatures just as for the compounds with non-bridging BPYM and DPP. In the case 

of the BPY compound no radical anionic species could be detected at all. For all the complexes, except 

for the |i-BPYM compound, formation of the radical anion was followed by heterolytic splitting of the 

metal-metal t)ond. A description of the secondary reaction pathways is given as well. 

IV. 1 Introduction 

It is a well established fact that metal-metal bonded complexes with the lowest unoccupied 

molecular orbital (LUMO) having a a*(M-M) character, are prone to cleavage of the metal-metal 

bond upon reduction. In the absence of a bridging ligand both metal centres are usually reduced in 

one two-electron step and the only observable products are negatively charged fragments. Thus, no 

evidence has so far been obtained for the existence of the radical anionic complexes [M2(CO)io]' 

(M = Mn, Re). The only product detected by cyclic voltammetry and spectroelectrochemistry in the 

course of the 2e- reduction of parent Mn2(CO)io is [Mn(CO)5]-" which may be reoxidised at 

considerably more positive potential to give back directly Mn2(CO)io.'''* 

On the other hand, introduction of two bridging benzoyl mercaptide (SBz) ligands into W-W 

bonded [W2(SBz)2(CO)8] results in very comprised two one-electron reduction steps localised on 

55 
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the a*(W-W) orbital. However, there is still little electronic interaction between both W-centres 

during the reduction as the AEO' value reported by Hill and coworkers^ from IR 

spectroelectrochemical experiments reaches only - 0.229V. As a result, the primary reduction 

product [W2(SBz)2(CO)8f could only be detected in very low concentration due to a large value of 

the disproportionation constant (equation IV. 1). Because of this, the radical anion could not be 

isolated and it could not be established whether it still possesses the W-W bond intact, or contains 

the W(CO)4 units linked only by the bridging SBz ligands as found in the final reduction product 

[W2(SBz)2(CO)8]2-.5 

^ [W2(SBz)2(CO)82-] * [W2(SBz)2(CO)8] „ „ ^ ,.^ ., 
^'•^P - [W2(SBz)2(CO)8-]2 - ^^^ ^^ -̂̂ ^ 

Opening of a metal-metal bond as a consequence of population of the o*(M-M) LUMO also 

accompanies the one-electron reduction of the cluster Ru3(CO)i2. In this case the overall 

mechanism is more complex. The primary reduction product [Ru3(CO)i2]" is a very short-lived 

species which transforms to an open-structure isomer prone to dissociation of a CO ligand. Finally, 

the stable cluster [Ru3(CO)i i]^- with a CO-bridged triangular metal core is formed.̂  

From the above mentioned examples it is apparent that formation of stable radical anionic metal-

metal bonded complexes requires the presence of another redox active centre (ligand) which is able 

to accommodate the unpaired electron in a low-lying LUMO, thus bypassing the labilising effect of 

population of the a*(M-M) orbital at higher energy. 

Van der Graaf et al.^studied the reduction of several (CO)5MnMn(CO)3(a-diimine) complexes. 

Coordination of an a-diimine ligand will have a .stabilising influence on the metal-metal bond in the 

singly reduced species since the SOMO is then the lowest 7t* orbital of the a-diimine and not 

0*(M-M). Furthermore, the presence of an a-diimine ligand also results in sufficient separation 

between the first and second one-electron reduction steps. However, the radical anionic primary 

products, formed during the one-electron reduction of the above mentioned complexes have never 

been observed spectroscopically, even not in the case of the compound 

[(CO)5Mn-Re(CO)3(BPY')] (BPY' = 4,4'-dimethyl-2,2'-bipyridine) with the more stable Mn-Re 

bond.^ Instead, the metal-metal bond was split with formation of Mn(CO)5~ and [Mn(C0)3(a-

diimine)]' radicals. The latter species quickly dimerised to give [Mn(CO)3(a-diimine)]2. Likewise, 

one-electron reduction of [(CO)5MnRu(Me)(CO)2(iPr-DAB)] (DAB = l,4-diaza-l,3-butadiene) at 

193K yielded directly Mn(CO)5- and the radical species [Ru(Me)(n-PrCN)(C0)2(iPr-DAB)]-. The 

radical anion [(CO)5MnRu(Me)(CO)2(iPr-DAB)]- was even not observed in traces.^ The 

instantaneous fragmentation of these reduced a-diimine complexes may best be explained by the 
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rather strong polarisation effects exerted by the R-DAB", R-PyCa" (PyCa = pyridine-2-

carbaldehyde-isopropyl-imine) and BPY'̂  reduced ligands in analogy with related mononuclear 

complexes [Re(Br)(C0)3(a-diimine)].'^'" These latter complexes release Br~ upon one-electron 

reduction. In order to find out if variation of the 7i*(a-diimine) LUMO energy is responsible for 

differences in the stability of the metal-metal bond upon reduction, complexes of the type 

(CO)5MnRe(CO)3(L) (L = 2,2'-bipyridine [BPY], 2,2'-bipyrimidine [BPYM] and 2,3-bis-(2-

pyridyOpyrazine [DPP]), and (CO)5MnRe(CO)3(n-L)Re(Br)(CO)3 (^-L = ^-BPYM, |X-DPP) have 

been selected for this spectroelectrochemical study. Especially the complexes with the bridging 

BPYM and DPP ligands were supposed to be good candidates for the reversible reduction as the 7t* 

level of these ligands is known to be very low.'^-'^ In the further text the abbreviated formulas 

MnRe/L and MnRe/L/Re denote the dinuclear complexes [(CO)5MnRe(CO)3(L)] and the 

trinuclear complexes [(CO)5MnRe(CO)3(L)Re(Br)(CO)3] complexes, respectively. 

Table IV.l 

Compound 

CO- stretching frequencies of MnRe/L, MnRe/L/Re and their reduction products in n-PrCN (unless 

stated otherwise). 

v(CO)(cm-') 

MnRe/BPY a 

[Re(n-PrCN)(CO)3(BPY)]+ b 

[Re(n-PrCN)(CO)3(BPY)]- •' 

[Re(C0)3(BPY)r=' 
[Re(n-PrCN)(CO)3(BPY)]- a 
[Re(Cl)(C0)3(BPY)] c 
[Re(CI)(C0)3(BPY)rc 

MnRe/BPYM/Re ^ 

[MnRe/BPYM/Re]^ b 

MnRe/BPYMC 

[MnRe/BPYM]^ •= 

[Re(Otf)(CO)3(BPYM)] b-d 

[Re(THF)(CO)3(BPYM)]-^ ''•^ 

[Re(THF)(CO)3(BPYM)]- •'•'' 

[Re(Br)(C0)3(BPYM)]- ^ 

[Re(THF)(CO)3(BPYM)]- ^'^ 

[Re(n-PrCN)(CO)3(BPYM)]- ^ 

MnRe/DPP/Re '^ 

[MnRe/DPP/Re]- c 

MnRe/DPP a 

[MnRe/DPP]- a 

[(Re(Br)(CO)3)2(U-DPP)] b 

[Re(n-PrCN)(CO)3(H-DPP)Re(Br)(CO)3]-'' 

[Mn(C0)5]-

2055 m 1997 s 1948 vs 1899 sh 1890 m 

2039 s 1936 s,br 

2010 s 1905 s 1885 s 

1944 s 1843 s,br 

1980s 1861 s 1851 s 

2021 s 1916 m 1897 m 

1996 s 1881 m 1865 m 

2059 m 2029 s 2005 s 1959 s,br 1930 m,sh 1917 s 

2050 m 2016 s 1996 s,br 1939 s,br 1910 m,sh 1896 s 

2056 m 2001 s 1949 vs 1901 m 

2044 m 1985 s 1939 s,br 1864 m 

2040 s 1934 s,br 

2026 s 1941 s 1915 s 

2012 s 1914 s 1893 s 

2004 s 1897 m 1877 m 

1992 s 1874 s 1862 s 

1987 s 1873 s 1864 s 

2057 m 2024 s 2001 s 1957 m 1924 m 1909 m 

2049 m 2007 s 1991s 1943 s,br 1897 sh 1885 m 

2055 m 2000 s 1952 vs 1901 m 

2043 m 1984 s 1935 s,br 1864 

2022 s 1920 s,br 

2012 sh 2004 s 1903 s 1890 s 

1902 s 1862 s 

a Measured at 183 K.'' Measured at 293K. '^ Measured at 213K.'' Measured in THF 
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IV.2 Results 

The MnRe/L and MnRe/L/Re complexes are reduced with one electron to give the corresponding 

radical anions which are stable or undergo secondary chemical reactions. In the latter case, it was 

necessary to investigate spectroelectrochemically also the successive one-electron reductions of 

selected mononuclear complexes [Re(X)(CO)3(a-diimine)] (X = Cl~, Br~, Otf~) (vide infra) for an 

unequivocal determination of the reduction pathways of the metal-metal bonded species. The v(CO) 

frequencies of all complexes studied are collected in Table IV.l. The reduction potentials of the 

compounds are presented in Table IV.2.'^ 

Table IV.2 Reduction potentials (V vs Fc/Fc'*') of the complexes MnRe/L, MnRe/L/Re and selected 

[Re(X)(CO)3(L)l (X = Halide, S, Otf; L = BPY, BPYM) (5*10-'*M) in lOr' M Bu4NPF6/n-PrCN 

solution atv = lOOmV/s, Pt disk at 293 and 213K. 

Compound 

MnRe/BPY 

MnRe/BPYM 

MnRe/DPP 

MnRe/BPYM/Re 

MnRe/DPP/Re 

[(Re(Br)(CO)3)2(^-DPP)] 

[Re(Br)(C0)3(BPYM)]" 

[Re(THF)(CO)3(BPYM)]+ 

[Re(Br)(C0)3(BPYM)]- ' ' 

[Re(THF)(CO)3(BPYM)]-

[Re(Cl)(CO)3(BPY)]'0 

[Re(Cl)(C0)3(BPY)]- ' « 

[Re(n-PrCN)(CO)3(BPY)]-^ 

[Re(n-PiCN)(CO)3(BPY)]-

•̂ p̂,c 

-1.73 (irr.)^ 

-1.79 (in.) ' ' 

-1.53(in-.)a 

-1.49 (rev.)'' 

-1.48(irr.)a 

-1.46 (rev.)'' 

-0.87 (rev.)^ 

-0.87 (rev.)' ' 

-1.04(rev.)a 

-1.07 (rev.)'' 

-0.98 (rev.)a 

-1.42a.d 

-1.28(rev.)a 

-2.04 (irr.)a.d 

-1.73 (rev.)^ 

-1.91(rev.)a.c 

- 2.38 (irr.)^.': 

-1.62 (rev.)^ 

-1.97(irr.)2 

(AEp) 

-
( I l l ) 

-
(115) 

-
(85) 

(80) 

(110) 

(115) 

(190) 

(65) 

(80) 

(85) 

-

(110) 

-
(100) 

-

(AEp) of Fc/Fc"*-

-
(85) 

-
(115) 

-
(85) 

(80) 

(95) 

(115) 

(160) 

(65) 

-
(85) 

-

-
-
(100) 

-

^ Measured at 293K. ' ' Measured at 213K.'^ Measured in THF.^ Measured in DMF. 

IV.2.1 MnRe/BPYM/Re. 

The one-electron reduction of MnRe/BPYM/Re at Epc = -0.87V is electrochemically (AEp = 80mV 

vs 80 mV for Fc/Fc+ at v = lOOmV/s) as well as chemically (Ip /̂Ip'̂  = 1) reversible at room 

temperature on the Cyclic Voltammetry (CV) time scale (Figure IV.l). The infrared spectrum of the 

n-PrCN solution of MnRe/BPYlVI/Re reduced electrochemically within the IR OTTLE cell at room 
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temperature exhibits bands in the v(CO) region at 2050 m, 2016 s, 1996 s,br, 1939 s,br, I9I0 

m,sh and 1896 s cm"' (Figure IV.2). The band pattern is identical to that of the parent compound 

MnRe/BPYM/Re (Table IV.l, Figure IV.2) and the product is therefore assigned as the radical 

anionic complex [MnRe/BPYM/Re]^. The shift of the v(CO) bands to lower frequencies upon 

reduction of MnRe/BPY]VI/Re can obviously be ascribed to an increased 7t-backdonation from the 

metal centres towards the CO ligands. The magnitude of the v(CO) shifts of -15 - 20 cm-' agrees 

with the expected value for a-diimine localised one-electron reduction steps''' and points to a weak 

7i-donation from the bis(chelated) BPYM" radical anionic ligand to both Re central atoms. 

2.50 nA 

- 0,20 - 0.40 - 0.60 - O.S 

V vs Fc/Fc 

Figure IV.l Cyclic Voltammogram of MnRe/BPYM/Re at 293 K. Conditions: 5*I0'^M solution in n-PrCN in 

the presence of lO-'M Bu4NPF^, Pt disk electrode (area of 0.8 mm^), v = 100 mV/sec. 

•e 
o 
< 

2100 2050 2000 1950 1900 1850 1800 
wavenumbers(cm"') 

Figure IV.2 IR spectra in the v(CO) region of MnRe/BPYM/Re (—) and IMnRe/BPYM/Ref (—) in n-PrCN at 

293K. 



60 Electrochemistry of (CO)5MnRe(CO)3(L)[Re(Br)(CO)3] 

The radical anion [MnRe/BPYM/Re]^ is surprisingly stable at room temperature. It could also be 

obtained chemically by smooth reduction of MnRe/BPYM/Re with one equivalent of Co(Cp)2 in 

THF (Co(Cp)2/Co(Cp)2"'" possesses Ep̂ c = -1.33V vs Fc/Fc+). In this way it was possible to 

characterise [MnRe/BPYlVI/Ref by ESR (Figure IV.3) and UV-Vis spectroscopy (Figure IV.4). 

Figure IV.3 ESR spectrum of I MnRe/BPYM/Re]' in THF at 293K. 

< 

300 400 500 600 700 800 900 
wavelength (nm) >• 

Figure IV.4 UV-Vis spectra of MnRe/BPYM/Re (—) and IMnRe/BPYM/Ref (—) in n-PrCN at 293K. 

The total spectral width of the ESR spectrum of [MnRe/BPYM/Re]^ (AH ~ 20 mT) is comparable 

to the value AH = 19 mT found for [(Re(Br)(CO)3)2([i-BPYM)]- ([Re/BPYM/Re]^).'^ However, 

the ESR spectrum of [MnRe/BPYM/Re]" shows a hyperfine structure caused by the l85,187Re 

coupling (I = 5/2, aRe = 2. ImT) which is absent in the ESR spectrum of [Re/BPYM/Re]" (aRg = 

1.2 mT, aBr = 0.8 mT, inferred from a computer simulation'^). This difference in the ESR spectra 

of [MnRe/BPYM/Ref and [Re/BPYM/Re]" may be due to the presence of two Br atoms in the 
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latter compound and only one Br atom in the former. It is well known'^-'^ that ^^-^'Br nuclei (I = 

3/2) cause increasing line widths and "blurring" of the hyperfine structure. The rhenium coupling 

constant (aRg) of approximately 2.1 mT for [MnRe/BPYM/Re]^ indicates that this radical anion is 

BPYM centred since a rhenium centred radical would possess much larger aRe'^'"(^ 20mT). 

The UV-Vis spectrum of MnRe/BPYlVI/Re (Figure IV.4) shows two MLCT transitions at 473 and 

671 nm in THF. A resonance Raman study on this complex'^'' revealed that the lower-energy 

MLCT band originates from the ReO metal fragment whereas the higher-energy MLCT transitions 

originate mainly from the Re' metal fragment (Chapter III). Upon one-electron reduction the lowest 

energy band shifts approximately 100 nm to higher energy. Provided that the SOMO of 

[MnRe/BPYM/Re]" has still 7t*(BPYM) character, which is indicated by ESR spectroscopy (vide 

supra) and the stability of the radical, this shift of the MLCT band may be ascribed to a larger 

labilisation of the 7r*(BPYM) frontier orbital upon single occupation than the filled d7t(ReO) 

orbitals. Alternatively, there may be a larger distortion of [MnRe/BPYlVI/Re]̂  in comparison with 

the parent complex, and hence more significant contribution of reorganisation energy to the energy 

of the lowest MLCT transition in [MnRe/BPYM/Re]". 

Further reduction of [MnRe/BPYlVl/Re]" (Ep,c - -1.50V vs Fc/Fc-*") leads to instantaneous splitting 

of the Mn-Re bond as indicated by the appearance of the characteristic v(CO) bands of Mn(CO)5~ 

(v(CO): 1902 s, 1862 s cm-') accompanied by the generation of yet unidentified product(s) (v(CO) 

at 2018 s, 1932 s, I9I5 s cm-'). The formation of Mn(CO)5- was also indicated by the CV. An 

anodic peak at Ep̂ a = -0.64V shows up during the reverse scan after passing the one-electron 

reduction of [MnRe/BPYM/Re]". This peak has previously been assigned to reoxidation of 

Mn(C0)5-.-^-'* 

IV.2.2 MnRe/DPP/Re. 

The cyclic voltammogram of the trinuclear complex MnRe/DPP/Re exhibits a one-electron cathodic 

process at Ep,c = -1.04 V (vs Fc/Fc-*"), which is both electrochemically (AEp =115 mV vs 115 mV 

for Fc/Fc+ at V = 100 mV/s) and chemically (Ip̂ /Ip*̂  = 1) reversible at room temperature. 

Spectroelectrochemically, a facile formation of the radical anion [MnRe/DPP/ReJ= was observed 

upon one-electron reduction of MnRe/DPP/Re at room temperature in n-PrCN. This was reflected 

in the retention of the v(CO) pattern together with a shift of the v(CO) bands to lower frequencies 

compared to the parent compound (Table IV.l). However, [MnRe/DPP/Re]-= was not as stable on 

the OTTLE time scale at room temperature as [MnRe/BPYM/Re]" since, it slowly decomposed into 

Mn(CO)5- and a product with v(CO) bands at 2012 sh, 2004 s, 1903 s, 1890 s cm-'. The latter 

frequencies are tentatively assigned to [Re(n-PrCN)(CO)3(|a,-DPP)Re(Br)(CO)3]', as a product 

with the same v(CO) frequencies is formed upon one-electron reduction of [(Re(Br)(CO)3)2(|A-
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DPP)].^'-^^ At 2I3K, however, the one-electron reduction of MnRe/DPP/Re was completely 

reversible also on the OTTLE time scale. This was indicated by the isosbestic appearance of the 

v(CO) bands of [MnRe/DPP/ReI= (Table IV.l) which persisted in the solution for more than 10 

minutes without any decomposition. Only further reduction of the radical anion at Ep̂ c = -1 -SOV vs 

Fc/Fc-*- led again to the formation of Mn(CO)5~ and some unidentified products (v(CO) at 2031 sh, 

2026 m, 2011 m, 1906 s,br cm-'). 

IV.2.3 MnRe/BPYM. 

The cyclic voltammogram of the dinuclear complex MnRe/BPYM showed at room temperature one-

electron reduction at Ep̂ c = -1.53V, which was chemically irreversible (Ip^/Ip'̂ < 1). At 213 K, 

however, the cathodic process (Ep c - -1.49V) became both electrochemically (AEp =115 mV vs 

115 mV for Fc/Fc-*" at v = 100 mV/s) and chemically (Ip /̂Ip^ = 1) reversible on the CV time scale 

(Figure IV.5). Apparently, the thermal energy to overcome the energetic barrier for the follow-up 

chemical reaction is insufficient at 213K. Figure IV.6 shows the IR spectral changes in the v(CO) 

region accompanying the one-electron reduction of MnRe/BPYM in n-PrCN at 2I3K. A product 

was formed which possessed the same IR v(CO) pattern as its parent compound, the v(CO) bands 

being shifted to smaller wavenumbers. Using the same reasoning as for [MnRe/BPYlVI/Re]" the 

above product is assigned to the radical anionic compound [MnRe/BPYM]" (Table IV.l). Although 

stable on the CV time scale at 213 K, [MnRe/BPYM]" slowly decomposed during electrolysis 

within the LT OTTLE cell into Mn(C0)5- and [Re(n-PrCN)(C0)3(BPYM)]-. The latter product 

could, however, not be observed spectroscopically since it was immediately further reduced to give 

[Re(n-PrCN)(CO)3(BPYM)]- (v(CO) at 1987 s, 1873 s, 1864 s). The identity of the latter product 

was confirmed by independent reductions of [Re(Otf)(CO)3(BPYM)] in THF and 

[Re(Br)(CO)3(BPYM)] in n-PrCN (vide infra). 

[Re(0tf)(C0)3(BPYM)] (v(CO) at 2040 s, 1934 s,br) was completely converted already at the 

onset of its one-electron reduction in THF to [Re(THF)(CO)3(BPYM)]"*" (v(CO) at 2026 s, 1941 s, 

1915 s cm-'). For description of the mechanism of this electrocatalysed substitution we refer to 

previous work of Kochi et al.̂ ^ Subsequent one-electron reduction of the latter cationic compound 

at Ep,c = -1.28V vs Fc/Fc^ gave smoothly the radical complex [Re(THF)(C0)3(BPYM)]- (v(CO) 

at 2012 s, 1914 s, 1893 s cm-'). In the second one-electron reduction step at Ep,c = -1.73V this 

radical was isosbestically converted into [Re(THF)(C0)3(BPYM)]- (v(CO) at 1992 s, 1874 s, 

1862 s cm-'). Importantiy, the v(CO) frequencies of [Re(THF)(C0)3(BPYM)]- strongly resemble 

those of the Re product formed upon one-electron reduction of MnRe/BPYM in n-PrCN proving 

thus its assignment to [Re(n-PrCN)(CO)3(BPYM)]~ (vide supra). It is noted that the mononuclear 

Re complexes and corresponding CV peak potentials were assigned by analogy with the reduction 

of closely related [Re(Otf)(CO)3(abpy)] (abpy = azo-2,2'-bipyridine)."' 
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Figure IV.5 Cyclic Voltammograms of MnRe/BPYM measured in n-PrCN at 213K (A) and 293K (B). 

Conditions: 10'^M solution in n-PrCN in the presence oflO''M Bu4NPF^, Pt disk electrode (area 

of 0.8 mm^), v = 100 mV/sec. 
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Figure IV.6 IR spectra in the v(CO) region of MnRe/BPYM (—) and [MnRe/BPYM]" (—) in n-PrCN at I93K. 
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For an unequivocal assignment, the [Re(n-PrCN)(CO)3(BPYM)]~ anionic species was 

spectroelectrochemically generated also by stepwise reduction of [Re(Br)(C0)3(BPYM)] in n-

PrCN at room temperature. The first one-electron reduction step at Ep,c = -1.42 V vs Fc/Fc"*" led to 

the formation of stable [Re(Br)(CO)3(BPYM)]" (v(CO) at 2004 s, 1897 m, 1877 m). Its 

subsequent one-electron reduction at Ep,c = - 2 . 0 4 V ' ' g a v e concomitantly [Re(n-

PrCN)(CO)3(BPYM)]" owing to fast dissociation of the bromide atom. 

In summary, [MnRe/BPYM]" was spectroelectrochemically detected as the product of the one-

electron reduction of MnRe/BPYM at 213K. This radical anion possesses a limited stability and 

undergoes a heterolytic splitting of the metal-metal bond. The CV of MnRe/BPYM taken at room 

temperature also points in this direction. Two new anodic peaks appear on the reverse scan at Ep̂ a 

= -0.60V and Ep,a= -1.27V vs Fc/Fc"*"after passing the irreversible one-electron reduction of 

MnRe/BPYM (vide supra) (Figure IV.5). The first (more positive) anodic peak is again assigned^-^ 

to reoxidation of Mn(C0)5~, whereas the second anodic peak at -1.27V may reasonably be 

attributed to reoxidation of the [Re(n-PrCN)(CO)3(BPYM)]- radical.'"-'' 

(CO)5MnRe(CO)3(BPYM) [Re(S)(C0)3(BPYM)]^ Re(Br)(CO)3(BPYM) 

-i-e 

[(C0)5 MnRe(C0)3(BPYM)] 

4- S = n-PrCN, THF 
very fast at 293 K 

(CO)5Mn" -I- [Re(S)(C0)3(BPYM)] •*-

+ e -i-e 

[Re(Br)(C0)3(BPYM)]-

[Re(S)(C0)3(BPYM)]-

+ e 

-Br" 
-1-8 = n-PrCN, THF 

Scheme IV. 1 Reduction pathway of (CO)5MnRe(CO)3(BPYM) in THF and n-PrCN at 293K. 

The instability of the radical anion [MnRe/BPYM]" is not unexpected since the donor character 

(reducing power) of the [BPYM]" radical anionic ligand in this complex is considerably stronger 

than in the related trinuclear [MnRe/BPYlVI/Re]" (see Table IV.2). This results in a concomitant 

polarisation and heterolytic splitting of the Mn-Re bond in the radical anionic complex giving 

Mn(CO)5" and [Re(S)(CO)3(BPYM)]- (S = donor solvent molecule) (Scheme IV.l). 
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IV.2.4. MnRe/DPP. 

The CV of MnRe/DPP, measured in n-PrCN, exhibits one-electron reduction to [MnRe/DPPJ" at 

Ep,c = -1.48V (vs Fc/Fc"*") which is chemically irreversible (Ip /̂Ip'̂  < 1) at room temperature. The 

chemical irreversibility was again indicated by the appearance of two anodic peaks at Ep,a = -0.60V 

and Ep_a = -1.22V vs Fc/Fc"*" on the reverse scan which are assigned to reoxidation of Mn(CO)5~ 

and [Re(n-PrCN)(C0)3(DPP)]-, respectively. At 213K in n-PrCN, the one-electron reduction of 

MnRe/DPP becomes electrochemically (AEp = 85 mV vs 85 mV for Fc/Fc"*" at v = 100 mV/s) as 

well as chemically (Ip̂ /Ip"̂  = 1) reversible. However, spectroelectrochemically, the radical anionic 

species [MnRe/DPP]" (v(CO) at 2043 m, 1984 s, 1935 s,br 1864 m cm-') could only be generated 

in a detectable amount by performing the reduction of MnRe/DPP at 183K. Even at that temperature 

rapid decomposition was observed in the course of the reduction producing again Mn(CO)5~ and a 

species with v(CO) bands at 2002 and 1944 cm-'. These IR frequencies do not fit with any of the 

products in the reduction pathway of [Re(Br)(CO)3(DPP)] at room temperature.'" 

IV.2.5. MnRe/BPY. 

On the CV time scale, MnRe/BPY shows a chemically (Ip /̂Ip'̂  < 1) irreversible one-electron 

reduction at Ep,c = - 1.79V vs Fc/Fc"*" even at 2I3K. This irreversibility indicates that the primary 

reduction product [MnRe/BPY]" undergoes a very fast follow-up chemical reaction with a rather 

low activation energy. This was confirmed by the appearance of anodic peaks at -0.60V and 

-1.57V (vs. Fc/Fc"*") on the reverse scan which are assigned to reoxidation of Mn(CO)5~ and 

[Re(n-PrCN)(C0)3(BPY)]-, respectively. 

The irreversible character of the reduction of MnRe/BPY (v(CO) at 2055 m, 1997 s, 1948 vs, 1899 

sh, 1890 m cm' ) has been further confirmed by LT IR spectroelectrochemistry in n-PrCN at 183K 

which indeed revealed instantaneous formation of Mn(C0)5~ together with only a small amount of 

[Re(n-PrCN)(CO)3(BPY)]- (v(CO) at 2010 s, 1905 s, 1885 s cm-'). The latter product was partly 

reoxidised at the applied potential of the minigrid working electrode to the cation [Re(n-

PrCN)(C0)3(BPY)]"'" (v(CO) at 2039 s, 1936 s,br cm") (see Table IV.2). Further reduction of 

[Re(n-PrCN)(CO)3(BPY)] ' led to the formation of both hexacoordinated [Re(n-

PrCN)(C0)3(BPY)]- (v(CO) at 1980 s, 1861 s, 1851 s cm-') and pentacoordinated 

[Re(CO)3(BPY)]- (v(CO) at 1947 m, 1843 s,br cm-').'" Noteworthy, even no traces of the 

primary reduction product [MnRe/BPY]" were observed at 183K. 

At room temperature, the product of the irreversible one-electron reduction of MnRe/BPY at Ep_c = 

-1.73 V vs Fc/Fc"*" depends on the solvent used. In THF, formation of the dimeric species 

Re2(CO)6(BPY)2 from [Re(CO)3(BPY)]- was evidenced by both the IR and UV-Vis spectra 

(V(C0) at 1988 s, 1951 s, 1887 s, 1859 s cm-'; Xrnax- 805, 600, 470 nm).'" In n-PrCN at RT, 
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however, formation of the dimer Re2(CO)6(BPY)2 was not observed. Instead, one-electron 

reduction of MnRe/BPY (Ep̂ c = -1.73 V vs Fc/Fc"*") led to the formation of Mn(C0)5- and [Re(n-

PrCN)(C0)3(BPY)]+ due to reoxidation of the second product, the radical species [Re(n-

PrCN)(CO)3(BPY)]- (Ep,a = -1.52V vs Fc/Fc"*"). 

The assignment of the above mononuclear radical and anionic Re/BPY products was supported by 

the results of independent spectroelectrochemical reductions of [Re(Otf)(CO)3(BPY)] in n-PrCN at 

RT and [Re(Cl)(CO)3(BPY)] in n-PrCN at 213K. [Re(Otf)(CO)3(BPY)] immediately converts in 

n-PrCN at RT into [Re(n-PrCN)(C0)3(BPY)]"'". The one-electron reduction of the latter species at 

Ep,c = -1.62V is both electrochemically (AEp = 100 mV vs 100 mV for Fc/Fc"*" at v = 100 mV/s) 

and chemically (Ip /̂Ip'̂  = 1) reversible on the CV time scale. Spectroelectrochemically, the stable 

radical [Re(n-PrCN)(CO)3(BPY)]' was indeed observed as the only product. 

[Re(n-PiCN)(CO)3(BPY)] •" 

i 
- e - , b 

RT, LT 
•*- e n-PiCN 

(C0)5Mn-+ [Re(n-PrCN)(C0)3(BPY)] 

LT, n-PiCN 

[Re(n-PrCN)(CO)3(BPY)] ' 

+ 

[Re(C0)3(BPY)] -

RT,LT 
n-PrCN 

MnRe/BPY 

RT 
THF 

Mn(CO)5-+ [Re(CO)3(BPY)] • 

-Cl-, + e-

LT, n-PtCN 

a: Ep c = • 1.73 V 

b:Ep,c = - 1.62 V 

c:Ep, =-1.97 V 

very fast RT 

Re2(CO)6(BPY)2 

fast 

-GI
RT, THF 

[Re(Cl)(C0)3(BPY)] " 

RT, THF 

LT, n-PiCN 

Re(Cl)(CO)3(BPY) 

S c h e m e IV.2 Reduction pathways of MnRe/BPY. lRe(Cl)(C0)3(BPY)] and [Re(0tf)(C0)3(BPY)] in THF and n-

PrCN at variable temperatures. 

One-electron reduction of [Re(Cl)(C0)3(BPY)] at 213K in n-PrCN resulted in the formation of the 

stable radical anion [Re(Cl)(CO)3(BPY)]" (v(CO) at 1996 s, 1881 m, 1865 m cm-'). In contrast, at 

room temperature, this compound quickly converts in THF to give [Re2(CO)6(BPY)2]."' 



Chapter IV 67_ 

[Re(Cl)(C0)3(BPY)]" was further reduced to give a product with bands at 1980 s, 1861 s, and 

1851 s cm-' and a minor amount of a product with bands at 1944 s and 1843 s,br cm-'. As the IR 

frequencies of the former product strongly resemble those of [Re(n-PrCN)(C0)3(dapa)]~ (dapa = 

2,6-diacetylpyridine-(bis)anil) (v(C0) at 1980 s, 1856 s, 1842 s cm-')'" and those of [Re(n-

PrCN)(CO)3(BPYM)]- (vide supra. Table IV.l), the product has been assigned to [Re(n-

PrCN)(CO)3(BPY)]-. The latter product is assigned to pentacoordinated [Re(CO)3(BPY)]- in 

accordance with the results of Stor et al.'" Scheme IV.2 summarises the various events taking place 

upon reduction of MnRe/BPY, [Re(Cl)(CO)3(BPY)] and [Re(Otf)(CO)3(BPY)]. 

IV.3 Discussion 

The (spectro)electrochemical data presented in the previous section clearly show that cleavage of a 

metal-metal bond in transition metal complexes upon reduction may successfully be avoided by 

coordination of non-innocent 7t-acceptor ligands which are able to accommodate the added electrons 

in their low-lying empty 71* orbitals. The a-diimine ligands are suitable candidates for this strategy. 

It is noted that they posses a similar stabilising effect for the Re-X bond in the complexes 

[Re(X)(CO)3(a-diimine)]" (X = halide)'" depending on their donor (polarisation) properties in the 

singly reduced form. 

A comparison of the reduction potentials of the complexes MnRe/a-diimine revealed that BPY (Ep,c 

(MnRe/BPY) = -1.73V vs. Fc/Fc"*- at 293K) has the highest 7C* orbital energy and thus the weakest 

7r-acceptor character. BPYM and DPP in MnRe/L are comparable in their 7i-acceptor capacity (Ep,c 

(MnRe/BPYM) = -1.53V vs. Fc/Fc"*" at 293K; Ep,c (MnRe/DPP) = -1.48V vs. Fc/Fc"*" at 293K). 

However, their 7t-acceptor character becomes much stronger in MnRe/L/Re where they act as 

bridges between the two Re central atoms (Ep,c (MnRe/BPYM/Re) = -0.87V vs. Fc/Fc"*" at 293K; 

Ep,c (MnRe/DPP/Re) = -1.04V vs. Fc/Fc"*" at 293K). The decrease of the 7i* orbital energy of the 

bridging versus non-bridging BPYM or DPP is a well known phenomenon'^"'"^ caused by 

coordination of a second electron-withdrawing metal centre. The effect is also apparent from the 

UV-Vis spectra of the di- and trinuclear BPYM and DPP compounds Table III.6, Chapter in).^" 

The d(ReO)^j:*(BPYM) CT band of MnRe/BPYM at 523 nm (in THF, RT) shifts to 671 nm in 

MnRe/BPYM/Re and an extra MLCT band originating mainly from the Re^ centre of the 

Re (Br) (CO) 3 fragment, is observed at 473 nm for the trinuclear compound. The 

d;i(ReO)->7t*(DPP) CT band at 557 nm shifts to 636 nm going from MnRe/DPP to MnRe/DPP/Re, 

and an extra MLCT band shows up at 474 nm for the latter compound due to the coordination of 

the ReI(Br)(CO)3 metal fragment. 
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The radical anion [MnRe/BPYM/Re]" is stable at room temperature whereas the radical anion 

[MnRe/DPP/Re]" can be stabilised only at 213K. This means that the bridging BPYM ligand can 

better accommodate the extra electron than bridging DPP. This is in accordance with the reduction 

potentials which are Ep,c = -0.87V and Ep,c = -1.04V for MnRe/BPYM/Re and MnRe/DPP/Re, 

respectively. Considering the dinuclear species, the most stable radical anion is formed by the one-

electron reduction of MnRe/BPYM. [MnRe/BPYM]" could already be stabilised at 213K whereas 

for [MnRe/DPP]- the temperature had to be decreased to I83K. This is rather surprising since the 

reduction potentials of MnRe/BPYM (Ep,c = -I.53V) and MnRe/DPP (Ep,c = -1.48V) are very 

similar. ApparenUy, other effects play a role. For the [BPYM]" ligand it is known from MO 

calculations-^"' that the electron density on its n* SOMO should be localised on the inter-ring C-C 

bond. Complexes with a-diimine ligands of the type [R-DAB]^ (R = alkyl, aryl; DAB = 1,4-diaza-

1,3-butadiene) are expected to have the electron density in their 71* SOMO delocalised over the 

C=N bonds.-̂ -̂̂ ^ If this is also tnie for the [DPP]" ligand, then the 7i* electron is expected to be 

more delocalised over the (Mn)Re-DPP chelate bond than in the complex with the [BPYM]" ligand. 

Consequentiy, the increased electron density on the Re-atom will result in stronger polarisation and 

hence in more facile cleavage of the Mn-Re bond. 

[MnRe/BPY]" was even not observed at low temperatures since BPY (Epx = -1.73V vs Fc/Fc"*") is 

apparently much less able to accommodate the extra electron in this case. Using the same reasoning 

as for the DPP complex this provides the driving force for instantaneous heterolytic splitting of the 

Mn - Re(BPY) bond and formation of Mn(C0)5- and [Re(S)(C0)3(BPY)]- (S = donor solvent). 

This particular property of the BPY ligand was also demonstrated by several other authors.'-*" "••̂ ^ 

For example, Stor et al.'" reported fast decomposition of [Re(Br)(C0)3(BPY)]" at room 

temperature whereas the related complexes with the [DPP]" and [abpy]" ligands are inherently 

stable. Also in this case, the Re-Br bond was labilised as a result of the strong polarisation effect of 

the [BPY]" radical ligand. Noteworthy, it was shown in our study that the related 

[Re(Cl)(CO)3(BPY)]" radical anions could in fact be stabilised by simply lowering the temperature 

to 2I3K. This temperature is sufficientiy low to inhibit completely the follow-up dissociation of the 

chloride ligand in the absence of an excess of CI" anions in the solution, which is otherwise 

required at room temperature.^^ 

IV.4 Conclusions 

The radical anionic complexes [MnRe/L]" and [MnRe/L/Re]" (L = BPYM, DPP) can be stabilised 

by either decreasing the temperature or by using a-diimine ligands which are able to fully 

accommodate the unpaired electron. These complexes are the first examples of radical-anionic 

metal-metal bonded species characterised spectroscopically. 
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Chapter V 

Photochemistry and Emission of the Dinuclear Complexes (CO)5MnRe(CO)3(L) (L = 2,2'-

Bipyrimidine, 2,3-Bis-(2-Pyridyl)Pyrazine) and Bridged Trinuclear Complexes 

(CO)5MnRe(CO)3(L)Re(Br)(CO)3 and (CO)5MnRe(CO)3(BPYM)W(CO)4: Effect of the 

Remote Metal Centre on the Photodissociation of the Mn-Re Bond 

Abstract - Photochemical and emission properties of the dinuclear (CO)5MnRe(CO)3(L) and 

trinuclear (CO)5MnRe(CO)3(L)Re(Br)(CO)3 and (CO)5MnRe(CO)3(BPYM)W(CO)4 complexes (L 

= 2,2'-Bipyrimidine (BPYM), 2,3-Bis-(2-Pyridyl)Pyrazine (DPP)) are described. All these compounds 

undergo photochemical homolysis of the Mn-Re bond upon excitation into their MLCT absorption 

band(s) in the visible spectral region. Mn(Cl)(CO)5 and Re(Cl)(C0)3(L) or 

Re(Cl)(CO)3(L)Re(Br)(CO)3 are formed in chlorinated solvents (CH2CI2, CCI4) from the former two 

types of complexes, respectively. In THF, photolysis produces Mn2(CO)io, together with 

[Re(C0)3(L)]-, [Re(CO)3(L)Re(Br)(CO)3]-,or [Re(CO)3(BPYM)W(CO)4]- radicals, respectively, 

which presumably contain also a coordinated THF molecule. Photoreactions of the dinuclear 

complexes occur with high quantum yields (0.36 for BPYM and 0.54 for DPP), that are independent 

of the temperature and of the excitation wavelength. The attachment of the Re(Br)(CO)3 group to the 

potentially bridging ligand L in (CO)5MnRe(CO)3(L) to form the L-bridged trinuclear species 

strongly influences the excited state dynamics involved in the photochemistry. Thus, the 

photochemical quantum yields of the trinuclear complexes are both temperature- and excitadon 

wavelength dependent. The apparent activation energy, together with the overall quantum yield 

decrease upon changing the excitation from the high- to the low-energy MLCT absorption band. The 

Mn-Re bond homolysis is about 6x more efficient for bridging DPP than for bridging BPYM. The 

dinuclear complexes exhibit, in a 2-MeTHF glass at 80K, an emission from thermally unequilibrated 

states, whereas double emission, extending into the near-IR spectral region was observed for 

(CO)5MnRe(CO)3(DPP)Re(Br)(CO)3. Its BPYM analogue is non-emissive. To account for this 

complex photobehaviour, an excited state diagram and a qualitative dynamics model are proposed. 

The reaction is assumed to occur from a ̂ an* state that is non-radiatively populated from the higher 

MLCT state(s). The main effects of the attachment of the Re(Br)(CO)3 group, that is responsible for 

the changed photochemical behaviour, are the profound stabilisation of the 7C* LUMO of the bridging 

ligand L and the introduction of another MLCT excited state into the trinuclear molecule. 

71 
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V.l Introduction 

Ligand-bridged polynuclear complexes often exhibit very interesting spectroscopic, 

photophysical and photochemical properties' -̂  which, in most cases, differ significantly from 

those of their mononuclear components. Both the nature and magnitude of these differences 

depend very much on the extent and mechanism of the electronic coupling between the metal 

centres in the bridged complexes, both in their ground and electronically excited states. For 

example, the amply studied dinuclear complexes bridged by aromatic nitrogen-heterocycles '-̂  

exhibit the metal-to-bridging ligand charge transfer (MLCT) transitions at much lower 

energies^-"^-'̂  than their mononuclear components, due to a significant stabilisation of the 7t:* 

orbitals of the ligand upon its simultaneous coordination to two metal centres. As these MLCT 

transitions have rather large oscillator strengths, di- or polynuclear complexes containing 

bridging MLCT-active ligands often absorb effectively even low-energy visible light and may 

thus function as light-energy collecting "antenna" molecules.'-^ Harvested excitation energy may 

be transferred to another component of the polynuclear complex where it is "utilised" by inducing 

chemical transformation, electron transfer or photon emission.'-^ Molecules with a chromophoric 

centre linked to a reactive, potentially catalytic metal centre are of special chemical interest. 

Complexes like [(BPY)2Ru(|i-L)RhH2(PPh3)2]3"^ or ([(BPY)2Ru(ii-L)]2MCl2)""'" (M = Ir '", 

Rh"^ or Os^) might serve as examples. '̂ "'̂  Above mentioned stabilisation of the bridging ligand 

71* orbitals is also responsible for rather positive reduction potentials exhibited by many 

polynuclear bridged complexes. 

Lifetimes and emission properties of MLCT excited states of dinuclear transition metal carbonyls 

bridged by aromatic nitrogen heterocyclic ligands depend strongly on the nature of the bridging 

ligand. Thus, most dinuclear complexes bridged by the 2,2'-Bipyrimidine ligand, BPYM, like 

[Re(Cl)(CO)3]2(BPYM), [(BPY)2Ru(BPYM)Re(Cl)(CO)3]2"^ or [(BPY)2Ru]2(BPYM)4+, are 

either non-emissive or emit very weakly at 77K, although their mononuclear components 

Re(Cl)(C0)3(BPYM) and [Ru(BPY)2(BPYM)]2"*" are strongly emitting at room temperature in 

fluid solutions.̂ -''•^•'"•"•'̂ •^""•^^ On the other hand, analogous complexes bridged by 2,3-Bis-(2-

Pyridyl)Pyrazine (DPP) are emissive from their low-lying MLCT excited-states already at room 

temperature in solutions.'-"-'^-'^--^ The lack of emission for the above mentioned BPYM 

complexes has originally been explained by assuming either a relatively strong metal-metal 

coupling through the BPYM ligand^- '̂ or an intervening intervalence state.^" However, another 

explanation^ takes into account the stabilisation of the 7i*-orbitals that is much larger for BPYM 

than for the other bridging ligands including DPP. Hence, the excited state energy of MLCT-

excited dinuclear BPYM complexes is rather low and the emission may occur in the near-infrared 

region with a short lifetime, according to the Energy Gap Law. This explanation looks rather 
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plausible, being supported by the observation'" of a long-lived room temperature emission from 

tri- and tetra-nuclear complexes [(BPY)Ru((BPYM)Re(CI)(CO)3}2]2"*", x = 942 ns and 

[Ru((BPYM)Re(Cl)(CO)3}3]2"*", T = 847 ns, that occur at relatively high energies: 630 and 640 

nm, respectively. On the other hand, the low-energy emission (774 nm) of analogous 

[(BPY)2Ru(BPYM)Re(Cl)(CO)3]2"t" is weak and observable in a low-temperature (77K) glass 

only. Moreover, contrary to the assumption involved in the early explanations -̂-̂ "--̂ ' of different 

emission properties of dinuclear DPP and BPYM complexes, the metal-metal coupling through 

the 7i-system of the pyrazine ring of the DPP ligand is expected to be stronger than through the 

pyrimidine rings of BPYM, whose nitrogen donor atoms are in unfavourable meta-positions. ̂ '*'̂ ^ 

Recently, we have described the spectroscopic (Chapter III)^^ and electrochemical (Chapter 

IV)"-28 properties of the trinuclear complexes (CO)5MnRe(CO)3(L)Re(Br)(CO)3 (L = BPYM, 

DPP) and (CO)5MnRe(CO)3(BPYM)W(CO)4 which will hereafter be abbreviated as MnRe/L/Re 

and MnRe/BPYM/W, respectively. Their general structure is shown in Figure V.l. These species 

represent a new type of polynuclear complexes, for a dinuclear (CO)5MnRe(CO)3 fragment with 

a direct Mn-Re single bond is linked, through a BPYM or DPP bridge, to another metal-

containing fragment, Re(Br)(CO)3 or W(CO)4. All these species exhibit^^ two intense absorption 

bands in the visible which were shown by resonance Raman spectroscopy to correspond to 

localised MLCT transitions from the (CO)5MnRe(CO)3 moiety and from Re(Br)(C0)3 or 

W(C0)4 unit to the bridging ligand (see Chapter III). Hence, the interaction between the two 

metal-containing fragments in MnRe/L/Re and MnRe/L/W complexes must be rather weak both 

in the ground and MLCT excited states and the MnRe^/L/Re' species might be viewed as Class 

n^'mixed valence compounds. Moreover, the bridging BPYM ligand in MnRe/BPYM/Re was 

found-̂ ^ to be distorted by a simultaneous coordination to two metal atoms of different bonding 

properties. This distortion does not occur^^ for MnRe/DPP/Re, indicating stronger MnReO-Re^ 

interaction through the pyrazine ring of DPP. Compared with the corresponding components, 

MnRe/L and Re(Br)(C0)3(L) or W(C0)4(L), the 7r*-levels of the ligands L (L = BPYM, DPP) 

are stabilised upon formation of the bridged species. This effect is much stronger for BPYM than 

for DPP. As a consequence the stable [MnRe/BPYM/Re]" radical anion, that contains bridging 

[BPYM]"- is formed upon one-electron reduction of MnRe/BPYM/Re, whereas analogous 

[MnRe/DPP/Re]"- undergoes heterolytic splitting of the Mn-Re bond (see Chapter IV).̂ ^-^^ 

Considering that (CO)5MM'(CO)3(a-diimine) complexes (M, M' = Mn, Re) undergo efficient 

photochemical homolysis of the Mn-Re bond and that they, as well as Re(Br)(C0)3(L), are 

known to be emissive^""''", it becomes obvious that the photophysics and photochemistry of the 

trinuclear MnRe/L/Re complexes present a challenging problem. Understanding of the emission 

and, especially, photoreactivity of these trinuclear species might provide more detailed 
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information on the mutual influence of the (CO)5]VIiiRe(CO)3 and Re(Br)(CO)3 metal fragments 

and, especially, on the internal conversion between the optically excited MLCT and the reactive 

cm* states, the latter involving excitation of an electron from the 0(Mn-Re) orbital to the 7:*-

orbital of the bridging ligand. An answer to a more general question, whether a low-energetic 

excitation into the low-lying MLCT-excited states, characteristic of bridged polynuclear 

complexes, can bring about homolysis of the metal-metal bond, might have broader implications 

for a design of photocatalytic and photo initiated processes. Therefore, we have investigated the 

photochemical reactivity and emissive properties of the MnRe/L/Re and ]VInRe/BPYM/W 

species and related them to their spectroscopic and electrochemical behaviour. For comparison, 

the dinuclear MnRe/L species were investigated as well. 

CD CC 

MnRe/BPYM/Re MnRe/BPYM/W 

Figure V.l 

MnRe/DPP/Re 

Schematic drawings of the complexes MnRe/URe (L = BPYM. DPP) and MnRe/BPYM/W. 

V.2 Results 

The photochemistry of all complexes was studied at room temperature in different solvents. The 

course of the reactions was followed in situ by IR, UV-Vis and ESR spectroscopies. The IR and 

UV-Vis data of the parent compounds and their photoproducts are collected in Table V.l. The 

photoproducts were characterised by comparing their spectra with those of authentic samples 

prepared independently or published in the literature. Table V.2 presents the ESR parameters of 

the photoproducts and their adducts with t-BuNO spin trap. Some photoreactions were also 

studied in 2-MeTHF at 133K and monitored by IR spectroscopy (Table V.I). 
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Table V.l IR and UV- Vis data of the compounds MnRe/L. MnRe/L/Re (L = BPYM, DPP) and MnRe/BPYM/W 

and their photoproducts in various media. 

Compound solvent T(K) v(CO)(cm-') ^max(nm) 

MnRe/BPYM 

Re(Br)(C0)3(BPYM) 

[Re(S)(C0)3(BPYM)]-

[Re(S)(C0)3(BPYM)]"*" 

[Mn(CO)5]-

Mn(Br)(C0)5 

Mn2(CO)io 

MnRe/DPP 

Rc(Br)(C0)3(DPP) 

[Re(S)(C0)3(DPP)]"*" 

photoproducts MnRe/DPP I 

II 

MnRe/BPYM/Re 

Re(CI)(CO) 3(BPYM)Re(Br)(CO)3 

[Re(Br)(CO)3]2(BPYM)'' 

[Re(S)(CO)3(BPYM)Re(Br)(CO)3]-

[(Re(CI)(CO)3)2(BPYM)]" 58 

THF 

2-MeTHF 

THF 

THF 

2-MeTHF 

2-MeTHF 

THF 

THF 

THF 

THF 

2-MeTHF 

THF 

2-MeTHF 

THF 

THF 

THF 

THF 

THF 

THF 

2-MeTHF 

DMF 

298 

133 

298 

298 

133 

173 

133 

298 

298 

298 

298 

133 

298 

133 

298 

298 

298 

298 

298 

298 

298 

298 

2056 m 2001s 1949 vs 1901m 523 

2055 m 1999 s 1950 sh 1947 s 1902 sh 1896 m 476 

2025 s 1926 m 1903 m 384^ 

2014 s 1916 s 1896 s 474 

2037 s 1931 s 1924 s 464,510 

2039 s 1934 s 1926 s 

1897 s 1888 sh 1861 s 1857 sh 

1902 s 1862 s 

2135 w 2047 s 2004 w 

2045 m 2010 s 1981 w 

2055 m 2000 s 1952 vs 1901 m 557 

2055 m 1997 s 1955 vs 1895 m 530 

2023 s 1925 m 1902 m 415 

2035 s 1932 s 1923 s 402,549 

2026 m 2003 s 1914 s,br 1891 s,br 

2022 s 1927 m 1902 m 510, 650 

2060 m 2030 s 2007 s 1958 m 1936 m 1917 m 431,671 

2027 s 1936 m 1917 m 

2024 s 1936 m 1912 m 496 

2028 w 2015 s 1917 s,br 1893 m 433,462 

2030 w 2018 s 1920 s 1896 m 389,466 

344,444, 

775 

MnRe/DPP/Re THF 

[Re(Br)(CO)3]2(DPP)t' THF 

Re(CI)(CO)3(DPP)Re(Br)(CO)3 THF 

[Re(S)(CO)3(DPP)Re(Br)(CO)3]- THF 

298 2057 m 2024 s 2001 s 1957 m 1933 m 1909 m 474, 636 

298 2021 s 1930 m 1911 m 455 

298 2029 sh 2021 s 1933 m 1911 m 455 

298 2028 sh 2020 s 1931m 1910 m 463 

MnRe/BPYM/W THF 

[Re(S)(CO)3(BPYM)W(CO)4]- THF 

Re(Br)(CO)3(BPYM)W(CO)4'^ THF 

298 2058 m 2013 m 2004 s 1956 s 1912 s 1855 m 450,684 

298 2024 m 1998 s 1914 s,br 1883 s,br 1836 m 

298 2031 m 2012 s 1935 m 1913 s,br 1896 sh 1857 m 444, 634 

^ Measured in CH3CN; " This work. 



76 Photochemistry/Emission of(CO)5MnRe(CO)3(L)(MLn') 

Table V.l ESR parameters" for the nitroxides (t-Bu)N(O-)Re(C0)3(L) (L = BPYM, DPP, t-BuDAB, iPr-

PyCa). lRe(S)(CO)3(L)Re(Br)(CO)3]- and [Re(S)(CO)3(BPYM)W(CO)4]- (S = THF). 

Compound 

(t-Bu)N(O- )Re(CO) 3(BPYM)= 

(t-Bu)N(O- )Re(CO) 3PPP) '̂  

(t-Bu)N(0-)Re(CO)3(t-BuDAB)'=-''3 

(t-Bu)N(O- )Re(CO) 3(iPr-PyCa)'̂ -'*3 

[Re(S)(CO)3(BPYM)Re(Br)(CO)3]-

[(Re(Br)(CO)3)2(BPYM)]-57 

[Re(S)(CO)3(DPP)Re(Br)(CO)3]-

[Re(S)(CO)3(BPYM)W(CO)4]-

aRe 

287 

29.3 

34.9 

30.46 

12.0 

aN(NO) 

154 

15.7 

14.01 

13.60 

AHppb 

52 

62 

56 

24,73 

a Coupling constants in G; ' ' Estimated spectral width in G measured as a peak-to-peak separation; 

'• Determined from a computer simulation. 

V.2.1 Photochemistry of the dinuclear complexes MnRe/L 

The MnRe/L (L = BPYM, DPP) complexes were found to react thermally with CBr4 and CCI4 in 

THF solution to produce Mn(X)(C0)5 and Re(X)(C0)3(L) (X = Br, CI) as was determined by the 

IR spectra (see Table V.l). On the other hand, both complexes are stable in neat CH2CI2 and in 

THF. 

Irradiation of the MnRe/L complexes in CH2CI2 into their MLCT absorption bands, i.e. with 

514.5 nm light, yielded Mn(Cl)(CO)5 and Re(Cl)(C0)3(L) according to reaction (V.l): 

514.5 nm 
(CO)5MnRe(CO)3(L) ^ Mn(Cl)(CO)5 H- Re(Cl)(C0)3(L) (V.l) 

CH2Cl2,RT 

The products were characterised by their IR spectra. Table V. 1. UV-Vis spectra monitored during 

the irradiation exhibited well developed isosbestic points. Quantum yields of reaction (V.l) were 

determined by the disappearance of the MnRe/L starting compounds. Values of 0.36 and 0.54 

were found for MnRe/BPYM and MnRe/DPP, respectively. Both quantum yields are 

temperature-independent over the 258-288 K range. The nature of the products and the analogy 

with the photochemical behaviour of various (CO) 5MM'(CO)3( a-diimine) complexes (M, M' = 

Mn, Re) studied previously^^-•'^•'*' show that the MnRe/L complexes undergo primary 

photochemical homolysis of the Mn-Re bond to give [Mn(C0)5]* and [Re(C0)3(L)]* radicals that 

abstract Cl-atoms from CH2CI2. This was proved independently by performing the photoreaction 

in neat THF. Irradiation of MnRe/BPYM at 514.5 nm afforded Mn2(C0) 10, characterised by its 
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typical v(CO) frequencies'*^ and the [Re(THF)(CO)3(BPYM)]- radical. The latter species was 

characterised by comparison of the IR spectra measured during the irradiation with the spectrum 

of the same species generated independently by spectroelectrochemical reduction of 

[Re(Otf)(CO)3(BPYM)] in THF (Table IV.l, Chapter IV).^^ Moreover, in situ photolysis of a 

5 * I 0 - 4 M MnRe/BPYM solution in THF in the presence of 5*10-3M of the spin-trap t-BuNO 

affords the radical-adduct t-BuN(0*)Re(C0)3(BPYM) whose ESR spectrum is very similar to the 

spectra found by Andrea^* for the t-BuNO adducts of analogous [Re(CO)3(a-diimine)]- radicals. 

Relevant ESR parameters obtained by a computer simulation of the experimental spectra are 

summarised in Table V.2. 

Photochemistry of MnRe/DPP in THF is more complicated. Formation of Mn2(CO)io and 

[Re(THF)(C0)3(DPP)]* radicals characterised by IR-spectroscopy and ESR spectroscopy using t-

BuNO as a spin-trap, respectively, was again found to be the primary photoprocess. However, the 

IR spectra also revealed the formation of [Mn(CO)5]~ and of two other unidentified 

photoproducts I and II that have v(CO) frequencies at 2026 m, 2003 s, 1914 s,br and 1891 s,br 

cm' for I and at 2022 s, 1927 m and 1902 m cm-' for II. Neither of these IR data correspond to 

the [Re(THF)(CO)3(DPP)]' radical, whose v(CO) frequencies are known from a 

spectroelectrochemical study.''^ Prolonged irradiation leads to the disappearance of Mn2(CO)io 

and of photoproduct I with a concomitant increase in the concentration of [Mn(C0)5]~ and of 

photoproduct II. Apparently, secondary photochemical disproportionation, known**" '̂' for many 

dinuclear carbonyls in coordinating solvents and/or in the presence of Lewis bases, takes place 

for MnRe/DPP in THF. This secondary photochemistry was not studied further. 

Irradiation of MnRe/L complexes at 133K in 2-MeTHF solutions gave rise to solvent-separated 

ionic species [Mn(CO)5]- and [Re(2-MeTHF)(C0)3(L)]-*", characterised by comparing their IR 

CO-stretching frequencies (Table V.l), with those of analogous species.̂ ^-^^-''̂  No evidence for 

the formation of free CO was found. The starting MnRe/L complexes were fully regenerated 

upon raising the temperature to 293K. This photoreactivity strongly resembles that of 

[ (CO)4CoMn(CO)3(BPY)]3i .49 and of some other (CO)5MM'(CO)3(a-diimine) 

complexes.̂ '••̂ •̂•'̂ •'*^ It undoubtedly involves the formation of strongly reducing photogenerated 

radicalŝ -̂"*' [Re(2-MeTHF)(CO) 3(L)]-, stabilised at low temperature. 

V.2.2 Photochemistry of the trinuclear complexes MnRe/L/Re and MnRe/BPYM/W. 

The MnRe/BPYM/W and MnRe/DPP/Re complexes were found to react thermally with CBr4 

and CCI4 in THF solution. These reactions produced Mn(X)(CO)5 (X = Br, CI) for both 

complexes. The other reaction product was identified as Re(X)(CO)3(DPP)Re(Br)(CO)3 and 

Re(X)(CO)3(BPYM)W(CO)4 for the reactions of MnRe/DPP/Re and MnRe/BPYM/W, 
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respectively. The former product was characterised by comparison of its IR spectra with those of 

[Re(Br)(CO)3]2(DPP) which was independently prepared according to literature procedures.-^^ To 

characterise unequivocally the latter product, an authentic sample of 

Re(Br)(CO)3(BPYM)W(CO)4 was synthesised independently by stirring equimolar amounts of 

Re(Br)(CO)3(BPYM) and W(CO)4(Me3NO)2 in THF for one night under a nitrogen atmosphere. 

Both MnRe/BPYM/W and MnRe/DPP/Re were thermally stable in neat CH2CI2 and THF. The 

MnRe/BPYM/Re complex reacted with CBr4 in THF to produce Mn(Br)(C0)5 and 

[Re(Br)(CO)3]2(BPYM) as was again confirmed by IR spectroscopy. Importantly, 

MnRe/BPYM/Re does not react thermally with CCI4 in THF solution. To avoid any 

complications from parallel thermal reactions, the photochemistry of MnRe/DPP/Re and of 

MnRe/BPY]VI/W was studied in neat CH2CI2. Because of the insolubility of MnRe/BPYM/Re in 

CH2CI2, the photoreactivity of this complex was investigated in THF containing 10% (v:v) CCI4. 

Both MnRe/L/Re (L = BPYM, DPP) and MnRe/BPYM/W were found to be photoreactive in 

chlorinated solvents. Thus, irradiation of MnRe/DPP/Re with 514.5 nm in CH2CI2 yielded 

Mn(Cl)(C0)5 and Re(Cl)(CO)3(DPP)Re(Br)(CO)3 according to equation (V.2): 

hv 
(CO)5MnRe(CO)3(DPP)Re(Br)(CO)3 »- Mn(Cl)(CO)5 -1- (V.2) 

CH2CI2, RT 
Re(Cl)(CO)3 (DPP)Re(Br)(CO) 3 

The UV-Vis and IR spectral changes accompanying this reaction are shown in Figure V.2 and 

V.3, respectively. 

•e 
o 
< 

350 450 550 650 750 850 
wavelength (nm) >-

Figure V.2 UV-Vis spectral changes upon photolysis of MnRe/DPP/Re in CH2CI2 (room temperature); Xgxc = 

514.5 nm. 
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Figure V.3 IR spectral changes upon photolysis of MnRe/DPP/Re ( • ) in CH2CI2 (room temperature); Xgxc '-

514.5nm( W = Mn(Cl)(C0)5, O = Re(Cl)(CO)3{DPP)Re(Br)(C0)3). 

A very similar reaction (V.3) was observed when MnRe/BPYM/Re was irradiated at 514.5 nm in 

a CCI4/THF mixture. Mn(Cl)(C0)5 and Re(Cl)(CO)3(BPYM)Re(Br)(CO)3 were formed: 

(CO) 5MnRe(CO) 3(BPYM)Re(Br)(CO)3 
hv 

CCI4/THF, RT 
-*- Mn(Cl)(C0)5 (V.3) 

Re(Cl)(CO)3(BPYM)Re(Br)(CO) -. 

Photolysis of MnRe/BPYM/W at 514.5 nm in CH2CI2 produced Mn2(CO)io together with a 

product which was not further identified. Products of all these photoreactions were characterised 

by their IR spectra as was described above. Their character indicates that the trinuclear 

complexes undergo a photochemical homolysis of the Mn-Re bond, leaving the Re/L/Re or 

Re/BPYM/W bridged part intact. IR and UV-Vis spectra also show that the same products are 

formed regardless the excitation wavelengths varied over the visible spectral region and 

regardless the temperature varied over the 288-258K range. 

To further investigate the photoproducts, the photochemistry of the trinuclear complexes has been 

studied also in neat THF. Photolysis of MnRe/L/Re and MnRe/BPYM/W in THF yielded 

Mn2(CO)io, obviously a product of dimerisation of primarily formed [Mn(C0)5]' radicals. ESR 

spectra measured during and after the photolyses proved the radical nature of the other reaction 

product. The radicals were detectable without using any spin-traps. They were found to be stable 

over 30 minutes. Their ESR spectra are shown in Figure V.4 and corresponding ESR parameters 
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are collected in Table V.2. The shape of the ESR spectrum of the MnRe/BPYM/Re photoproduct 

is similar to that of [Re(Br)(CO)3(BPYM)Re(Br)(CO)3] ^ reported earlier by Kaim. 5" The width 

of the photoproduct spectrum (AHpp ~ 52 G) is slightly smaller than found for the dimeric radical 

anion (AHpp - 62 G).^" This comparison indicates that the photoproduct has the composition 

[Re(THF)(CO)3(BPYM)Re(Br)(CO)3]-, expected for the product of the homolysis of the Mn-Re 

bond in MnRe/BPYM/Re. The absence of one Br~ ligand in the photoproduct accounts for the 

narrower spectral width, as compared with the radical anion. The ESR spectrum of the 

photoproduct obtained from MnRe/DPP/Re has a similar shape and width (AHpp ~ 56 G) and was 

thus assigned to [Re(THF)(CO)3(DPP)Re(Br)(CO)3]-. The ESR spectnim of the MnRe/BPYM/W 

photoproduct (Figure V.4) is stighfly different, composed of an unresolved line (AHpp = 24 G) 

with two weak satellites. It could again be assigned to [Re(THF)(CO)3(BPYM)W(CO)4]-. The 

central line corresponds to a molecule containing the ESR-inactive '^'*W(30.7%) and 

186-^(28.6%) isotopes. Since it encompasses the unresolved splitting from only one Re atom, it is 

much narrower than the signals from the two other photoproducts that contain two Re atoms, vide 

supra. The satellites correspond to the ESR spectrum of the molecules containing the '83w (j = 

1/2, 14.3%) isotopes. The broadness of the signal prevents determination of any splitting 

constant. 

Figure V.4 ESR spectra in THF at room temperature after photolysis of (A) MnRe/BPYM/Re, (B) 

MnRe/DPP/Re, (C) MnRe/BPYM/W; Xgxc = 514.5 nm. 
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The remarkable stability of the radical photoproducts in THF solutions allowed to measure also 

their UV-Vis and IR spectra. The visible absorption spectrum of the MnRe/BPYM/Re 

photoproduct and that of [Re(Cl)(CO)3(BPYM)Re(Cl)(CO)3]^ 5i exhibit a band at 466 and 444 

nm, respectively, that have a very similar shape in both spectra. This band is characteristic of a 

[BPYM]" ligand-localised radical.^' The IR spectrum of the photoproduct in the v(CO) region 

was measured immediately after the photolysis. The spectral pattern of the frequencies, 

summarised in Table 1, is similar to that of Re(Cl)(CO)3(BPYM)Re(Cl)(CO)3. Thus, based on 

the evidence from ESR, visible and IR spectra, the photoproduct of MnRe/BPYM/Re in THF is 

assigned as a dinuclear radical [Re(THF)(CO)3(BPYM)Re(Br)(CO)3]', the unpaired electron 

being localised mainly on the bridging BPYM ligand. The IR spectrum of this species is very 

similar to that of the MnRe/DPP/Re photoproduct (Table V.I) that was thus assigned as 

[Re(THF)(CO)3(DPP)Re(Br)(CO)3]-. Its IR spectral pattern is, in turn, similar to that exhibited 

by [Re(Br)(CO)3]2(DPP) confirming its assignment. The ESR spectrum of the photoproduct of 

MnRe/BPYM/W and the similarity between its IR spectrum and that of 

Re(Br)(CO)3(BPYM)W(CO)4 (Table V.l) are in line with its formulation as 

[Re(THF)(CO)3(BPYM)W(CO)4]-. As expected, the v(CO) frequencies of the reference non

radical complexes are always somewhat higher than those of the photoproducts which contain the 

more electron donating [BPYM]" or [DPP]" ligands. 

Finally, it should be noted that, at longer irradiation times, the photolyses of the trinuclear species 

in THF did not proceed isosbestically, probably due to secondary photoreactions of the radical 

products. All photoreactions studied showed a remarkable temperature effect. At 273K, the 

photolyses proceeded significantly more slowly than at 288K and no photoreaction was observed 

in 2-MeTHF at I43K. 

V.2.3 Quantum yields for the photochemical reaction of the trinuclear complexes. 

The quantum yields, O, of the photoreactions (V.2) and (V.3) of MnRe/DPP/Re and 

MnRe/BPYM/Re were determined in neat CH2CI2 and in 1:10 (v:v%) CCI4/THF mixture, 

respectively. Quantum yields were studied as a function of the excitation wavelength, Xgxc. and, 

at several selected Xexc> also as a function of the temperature. The values measured for 

MnRe/DPP/Re and MnRe/BPYM/Re are summarised in Table V.3 and V.4, respectively. 

Excitation-wavelength dependencies are shown in Figure V.5. Comparison of the quantum yield 

data shows that the MnRe/DPP/Re complex is much more reactive than MnRe/BPYM/Re as the 

O-values of the former species are about 6 times higher at room temperature. Notably, the room 

temperature O-values of MnRe/DPP/Re dropped by almost 50% when the excitation was tuned 

from the high-energy into the low-energy absorption band, see Figure V.5. The excitation 

wavelength dependence becomes less pronounced with decreasing temperatures. For the BPYM 

complex, the <I>-̂ exc dependence is less obvious, being almost levelled off at low temperatures. 
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Table V J Quantum yields'' (estimated error < 5%) for the disappearance of MnRe/DPP/Re in dependence of 

temperature (T in K) and wavelength of irradiation, measured in neat CH2CI2; X^xc in nm, Ea in 

cm-'. 

T 0(^X0) 

645.0 619.7 585.0 514.5 501.7 488.0 476.5 457.9 

0.25 0.32 0.37 0.38 0.38 0.41 0.45 

0.34 0.38 

0.29 0.33 

025 0.30 

695 695 

n j 9 14.35 

^ Average values of three measurements 

Table V.4 Quantum yields'^ (estimated error < 5%) for the disappearance of MnRe/BPYM/Re in dependence 

of temperature (T in K) and wavelength of irradiation, measured in 1:10 (v:v%) CCI4/THF; Xgxc '" 

nm; EQ in cm''. 

288 

278 

268 

258 

Ea 

^0 

0.24 

0.22 

0.20 

0.18 

494 

2.85 

T 

288 

283 

278 

268 

258 

Ea 

<t>0 

645.0 

0.043 

0.043 

0.026 

0.016 

0.011 

2547 

1.45xl(y* 

585.5 

0.078 

0(X«xc) 

545.7 

0.062 

488.0 

0.053 

0.038 

0.025 

0.014 

0.006 

3695 

519xlC^ 

476.5 

0.041 

457.9 

0.074 

0.062 

0.042 

0.020 

0.010 

3578 

4 3 0 x # 

^ Average values of three measurements 

The temperature dependence of the quantum yields was always found to follow simple 

Arrhenius-type behaviour described by equation (V.4): 

O=a>oexp(^) (V.4) 

The experimental data were fitted to this equation with correlation coefficients higher than 0.99. 

(The only two exceptions were the measurements for MnRe/BPYM/Re at Â xc = 645.0 nm and 

for MnRe/DPP/Re at 457.9 nm for which the correlation coefficients were 0.981 and 0.988, 

respectively. However, no systematic deviation from the calculated linear dependencies was 
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observed.) The preexponential factors OQ and activation energies Ea are also summarised in 

Tables V.3 and V.4 and their excitation-wavelength dependencies are presented in Figure V.5. 

These data immediately show that the low photoreactivity of MnRe/BPYM/Re relative to 

MnRe/DPP/Re is caused by a much higher activation energy of the photoreaction of the former 

complex. Moreover, the decrease of ^ observed for MnRe/DPP/Re when excited into its low-

energy band is a result of a 4-5 fold drop in the preexponential factor OQ that is only partly 

compensated for by a small decrease in Ea, see Figure V.5A. Although not evident from the 

simple <I> - ^xc dependence, MnRe/BPYM/Re exhibits exactly the same behaviour, see Figure 

V.5B, with even more pronounced changes in OQ and Eg when excited into the low-energy 

absorption band. 

( A ) 1 

n r 
400 500 600 700 800 900 

wavelength (nm) ^ 

1 1 r 
400 500 600 700 800 900 

wavelength (nm) >• 

Figure V.5 Dependence of the quantum yield 0, the preexponential factor 0Q and the activation energy Ea on 

the excitation wavelength for the homolysis reaction of (A) MnRe/DPP/Re in CH2CI2 and (B) 

MnRe/BPYM/Re in 1:10 (v:v%) CCl4n-HF 

V.2.4 Emission Measurements. 

Emission spectra of the trinuclear complexes MnRe/L/Re and MnRe/BPYM/W as well as of their 

dinuclear analogues MnRe/L' (L' = BPY, BPYM, DPP) were obtained in a 2-MeTHF glass at 

80K, see Figure V.6. Measurements in fluid solutions at higher temperatures were impossible 

because of efficient photochemical decomposition and decreasing emission intensity. Because of 

generally low intensities seen at 80K, no excitation spectra have been obtained. Emission data are 

summarised in Table V.5. 
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Table V.5 

compound 

Emission properties of MnRe/L (L = BPY, BPYM, DPP), MnRe/DPP/Re and MnRe/BPYM/W in 2-

MeTHFatSOK 

^ x c ^ >max, UV-Vis^ Vax,em^ ^*' 10^1'em'^ kr'' IQ-^knr'' 

MnRe/BPY 

MnRe/BPYM 

MnRe/DPP 

MnRe/DPP/Re 

MnRe/BPYM/W 

460 

460 

532 

460 

532 

460 

532 

460 

466 

473 

526 

588 

635,581,427, 

390 

539 

739 

579 

739 

739 

589 

774 

774 

675 

675 

>830 

694, 784sh 

2.1 

6.6 

0.3 

1.6 

3.7 

3.1 

0.6 

1.6 

6.1 

7.2 

0.3 

0.1 

0.2 

-
-

0.01 

0.34 

3.13 

-

1.61 

-

4.27 

-

9.63 

-

0.063 

-

-

-
-

0.052 

0.52 

-

-

44 

-

-

-

15.8 

-
2.1 

-

-

-
-

4.8 

1.5 

-

-

2.7 

-

-

-

1.6 

-

33.3 

-

-

-
-

^ in nm; ' ' in |is (estimated error 10%);'- estimated error 25%; 'l in s-

< 

350 550 650 750 
wavelength (nm) 

850 

Figure V.6 Absorption and emission spectra (Xgxc ' '^^0 nm) of MnRe/BPYM (—) and MnRe/DPP (—) in 2-

MeTHFatSOK. 

All three dinuclear complexes studied show two emission bands that will hereafter be referred to 

as the low-energy (LE) and high-energy (HE) emissions. The intensity ratio of these two bands is 
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excitation-wavelength dependent. For MnRe/BPY and MnRe/BPYM, the LE band in the spectra 

measured with 460 nm excitation is more intense than the HE band. At 532 nm excitation, the 

intensity of the HE band diminishes (MnRe/DPP) or the HE band disappears completely 

(MnRe/BPYM). The HE band is stronger than the LE band in the emission spectrum of 

MnRe/DPP excited at 460 nm. However, even in this case, the intensity of the HE band decreases 

strongly when excited at 532 nm. The LE emission always decays single-exponentially with a 

lifetime of several microseconds, that is, within the experimental error, independent of the 

excitation wavelength, see Table V.5. On the other hand, the decay of the HE emission was found 

to follow a biexponential kinetics for both MnRe/BPYM and MnRe/DPP, see Table V.5. 

Notably, both the short-lived (hundreds of ns) and the long-lived (about 1.6 ^s) components of 

the HE emission of both complexes decay with a rate considerably faster than the LE emission. 

450 550 650 750 850 
wavelength (nm) >• 

Figure V.7 Absorption and emission spectra of MnRe/DPP/Re in 2-MeTHF at 80K. The emission spectra were 

obtained either upon excitation with 460 nm or 532 nm light. 

The trinuclear complex MnRe/BPYM/Re is not emissive, even at 80K. On the other hand, 

MnRe/DPP/Re showed again a dual luminescence, both emission bands being shifted to lower 

energies compared with its dinuclear MnRe/DPP analogue. The HE band now occurs at 675 nm, 

whereas the low-energy band extends into the near IR spectral region, beyond 830 nm, as shown 

in Figure V.7. The emission lifetime found for the HE emission of the trinuclear MnRe/DPP/Re 

species is smaller by one order of magnitude compared with MnRe/DPP. The emission quantum 

yield, «I>em. is lower by almost two orders of magnitude, see Table V.5. Importantly, the LE 

emission shows up, together with the HE band, only in the spectrum measured after 532 nm 

excitation. Upon 460 nm excitation, the spectrum is dominated by the HE band, whereas the LE 
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emission occurs, if at all, only as a very weak tail of the HE band. This behaviour is opposite to 

that found for the dinuclear MnRe/DPP species, vide supra. 

For MnRe/BPYM/W, only a very weak emission was found at 694 nm. The emission band is 

asymmetric, with emission intensity slowly decreasing on its high-energy side. No lifetime or 

quantum yield data have been obtained. 

V3 Discussion 

The photochemical formation of Mn2(CO)io, the photoreaction with radical scavengers (CCI4, 

CH2CI2) and the detection of the [Re(CO)3(L)]* radicals and of the more stable ones 

[Re(THF)(CO)3(L)Re(Br)(CO)3]' clearly show that the homolysis of the Mn-Re bond is the 

primary photoprocess of both the dinuclear, MnRe/L, and trinuclear, MnRe/L/Re, complexes: 

hv 
(CO)5MnRe(CO)3(L) ^ Mn(CO)5--i-Re(CO)3(L)- (V.5) 

hv 
(CO)5MnRe(CO)3(L)Re(Br)(CO)3 »• Mn(CO)5--f Re(CO)3(L)Re(Br)(CO)3- (V.6) 

Quantum yields of the photoreactions of MnRe/L and MnRe/L/Re were measured in the presence 

of an excess of the CH2CI2 or CCI4 radical scavengers that was large enough to ensure that all the 

radicals formed were converted into stable products. The quantum yields of the disappearance of 

the starting complexes may thus be regarded as the quantum yields of the primary photoreactions 

(V.5) and (V.6). Comparison of the excitation wavelength- and temperature independent quantum 

yields observed for MnRe/BPYM (0.36) and MnRe/DPP (0.54) with the data for the trinuclear 

species, presented in Tables V.3 and V.4, and in Figure V.5, shows immediately that the 

resemblance between the photobehaviour of di- and trinuclear complexes is indeed limited to the 

qualitative nature of their primary photoprocessess (V.5), (V.6) only. Obviously, the attachment 

of the second metal fragment affects strongly the excited state dynamics that ultimately leads to 

the photoreaction. 

The photoreactivity of the dinuclear complexes MnRe/L parallels that of other LnM'M(C0)3(a-

diimine) complexes ( M = Mn, Re; LnM' = (C0)5Mn, (CO)5Re, (CO)4Co, Cp(C0)2Fe, 

Ph3Sn).-'""^^-^^-^^-'*''''''̂ ^ All these species, including the MnRe/L ones described in this paper, 

undergo efficient M'-M bond homolysis upon irradiation into their low-lying MLCT band. The 

high quantum yields and their independence of the temperature and excitation wavelength 

indicate a facile and efficient non-radiative transition from the optically populated MLCT state(s) 
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to the reactive state, that is, most probably, the ÔTt* state. This state corresponds to excitation 

from the orbital that is a-bonding with respect to the M'-M (i.e. in the case studied, Mn-Re) bond 

to the K* orbital of the a-diimine ligand L. Such ^an* states were originally proposed by 

Wrighton^" to be the reactive states of the (CO)5M'M(CO)3(a-diimine) species. However, the 

original assignment-^" of the a^>n* transition as being responsible for the strong absorption in the 

visible spectral region has later been discarded-"-̂ -̂̂ -̂  on the basis of the resonance Raman 

spectra. Instead, the intense absorption band has been assigned '̂-̂ -̂-'̂ -̂ -̂  to the excitations into the 

MLCT states, from which the ^ait* state is populated nonradiatively.-"-^^--'* The ^07t* excited 

states have recently been implicated also in the emission and photochemistry of other related 
complexes like [(CO)5MnRu(Me)(CO)2(a-diimine)]54,55^ [Re(R)(CO)3(a-diimine)]5^ 

[Ir(N,Si)3], (N,Si = 6 - isopropyl-8-quinolyl)diorganosilyl)"-59 and [Ir(R)(CO)(PAr3)2(mnt)].^" 

(MnReV*)MLCT 

hv 

O T l * 

HE„ 
Mn-, Re/L 

l l l l l l l t l l l l l l l l l l l l l l l l l l l l l l l l 

LEe, 

G.S. 

Scheme V.l Excited state dynamics relevant to the photochemistry and emission of the dinuclear MnRe/L 

complexes.(To keep the scheme simple, neither the spin-singlet and triplet MLCT manifolds, nor 

their individual component states are distinguished. The 'cm* state is also not shown.) 

Thus, the photochemical and photophysical behaviour of the MnRe/L complexes may readily be 

explained, see Scheme V.I, involving a manifold of closely spaced MLCT states, that may be 

populated optically, and a low-lying %Ji* state that is reactive with respect to homolysis of the 

Mn-Re bond. (The MLCT manifold comprises states arising from the excitations from different 

d(7i) orbitals of the (CO)5MnRe(CO)3 fragment to the jt*(LUMO). Hereafter, the notation 

(MnRê ,̂ 7t*)MLCT state and (MnRe'̂ —>7t*)MLCT transition will be used.) Observation of a 

multiple emission indicates that, at 80K, the emitting excited states are not thermally equilibrated. 

The high-energy (HE) emission is assigned to the (MnReO,7i*)MLCT manifold, in accord with 

previous results obtained on analogous dinuclear complexes. ̂ ''-̂ ^ The biexponential decay of the 
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HE emission, observed for both MnRe/BPYM and MnRe/DPP, clearly indicates the presence of 

at least two emitting levels, presumably corresponding to individual members of the spin-triplet 

MLCT manifold, as suggested by the relatively long lifetimes, see Table V.5. The low-energy 

(LE) emission occurs at energies lower by some 1000 cm-' than the HE emission. Importantly, its 

lifetime, 3.4 |j,s for MnRe/BPYM and 6.7 | is for MnRe/DPP, is significantly larger even than the 

longer lifetime of the biexponential decay of the HE, i.e. MLCT, emission of both complexes, 1.6 

^ts. It is also larger than the MLCT emission lifetime found for the mononuclear complexes 

Re(Cl)(C0)3(DPP)" and Re(Cl)(CO)3(BPYM)2' (0.76 and 0.22 |as, respectively). The increase 

of the lifetime with a large decrease in emission energy going from the HE to the LE emission is 

opposite to the prediction based on the Energy Gap Law, indicating that the HE and LE emissions 

originate from excited states of different orbital parentage. Hence, the LE emission may be, for 

all three MnRe/L' complexes studied (L' = BPY, BPYM, DPP), assigned to the emission from 

the 3c57t* state. A similar, relatively long-lived, low-energy ^OTi* emission has recently been 

observed for analogous (CO)5MnRu(R)(CO)2( a-diimine) compounds*-' and long ĈSTC* lifetimes 

have been found for other complexes as well.^^^ Interestingly, the HE emission strongly 

diminishes in intensity, or even disappears, when the excitation energy is tuned from 460 nm to 

532 nm. For all three complexes investigated, this means changing the excitation from the high-

energy side to the low-energy side of the MLCT absorption band. In fact, the shape of the 

absorption spectra measured at 80K clearly reveals that the absorption band consists of at least 

two components, see Figure V.6. The 460 and 532 nm excitations are thus directed into different 

MLCT transitions. The excitation-wavelength dependence of the HE/LE intensity ratio, i.e. the 

relative decrease of the HE-band intensity with increasing excitation wavelength, then suggests 

that either (i) the lower-lying member(s) of the MLCT manifold is (are) less emissive and/or 

converted (at 80K) to ^an* faster than the higher MLCT levels, or (ii) that the a ^ n * electronic 

transition contributes to the low-energy side of the MLCT absorption band, into which the 532 

nm excitation was directed. In any case, the observation of an emission from the ^on* state upon 

(MnReO—>TC*)MLCT excitation shows that the (MnReO,7t*)MLCT—>3OTC* nonradiative transition 

is rather efficient, even at 80K. 

The attachment of the ReI(Br)(CO)3 group to the free N-atoms of the ligand L in MnRe/L 

complexes stabilises^* the 7i*-LUM0 of the bridging ligand L by approximately 5000 cm-' for 

MnRe/BPYM and 3150 c m ' for MnRe/DPP, as was manifested by the positive shifts of the 

reduction potentials, -I-0.62V and +0.39V, respectively, measured in butyronitrile at 213K.^^-^^ 

This stabilisation of the n* orbital results also in a shift of the (MnRe0^7t*)MLCT transitions 

upon formation of the trinuclear bridged species by 4510 cm-' for MnRe/BPYM and by 1990 

cm-l for MnRe/DPP, as measured in CH3CN (Table I1I.6, Chapter III).*' Smaller spectral than 

electrochemical shifts indicate that the d(7t) orbitals of the MnRe^ fragment are stabilised as well, 
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although to a much smaller extent than Tt*. Stabilisation by 490 cm-' and by 1160 cm-' may be 

estimated for MnRe/BPYM/Re and MnRe/DPP/Re, respectively. The reactive state ^oTt*, vide 

supra, is not accessible to direct spectroscopic observation. However, it is expected to be also 

strongly stabilised by the attachment of the ReI(Br)(CO)3 group due to the stabilisation of the 7t*-

level. Moreover, the energy of the o-orbital (essentially a d22(MnO) -i- d-^j.i^^'^) combination), 

that does not interact directiy with the orbitals of the bridging tigand L, is not expected to be 

much affected by the formation of the bridged species. Thus, the ^OTI* state of the MnRe/L group 

in MnRe/L/Re will be stabilised relatively to the dinuclear MnRe/L species by the same amount 

as the 7t* orbital, i.e. by about 5000 c m ' for BPYM and by about 3150 cm-' for DPP. This 

comparison also implies that the energy gap between the (MnReO,jt*)MLCT and the csiz* states 

will be higher in the trinuclear than in the dinuclear complexes. Moreover, the energy difference 

between the (MnReO,7C*)MLCT and ^aji* state is expected to be some 600 cm-' larger for the 

MnRe/DPP/Re than for the MnRe/BPYM/Re complex because of a larger d(jc) stabilisation in the 

former species, vide supra. 

(Re',7i*)MLCT 
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Scheme V.2 Excited state dynamics relevant to the photochemistry of the trinuclear complexes. 

The reactive ^OK* state is shown at lower energy than the dissociated state to stress out that the 

Mn-Re bond homolysis is, because of low ^an*-state energy, an activated process, Ea • The 

^cnt* state is populated by two independent pathways either from (Re. K*)MLCT (activated, 

Ea ) or from (MnRe^,K*)MLCT states depending on the excitation energy, hv or hv', 

respectively. The deactivation of the (MnRe^,7t*)MLCT state is relatively fast, competing 

efficiently with the conversion to the ^OK* state. (Neither spin-singlet and triplet manifolds nor 

their individual component states are distinguished. The ' cm* state is not shown.) 
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Besides the :c*-orbital stabilisation, the attachment of the Rel(Br)(C0)3 group also introduces 

another manifold of MLCT transitions from the d(Ji) orbitals of ReI(Br)(CO)3 to the Jt*-LUMO 

of the bridging ligand L.-̂ * Our recent investigations of the electronic absorption and resonance 

Raman spectra of the MnRe/L/Re complexes^* have clearly shown that the electronic interaction 

between the MnRe^ and the Rê  centres is rather small both in the ground state and in the MLCT 

excited states originating from either the MnRe" or Re' group (Chapter III). Therefore, the low-

and high-energy MLCT bands have distinct MnRe^—>7t* and Rê —>7i:* localised MLCT 

characters, respectively.^* 

The above discussion suggests that the photochemistry and emission of the trinuclear MnRe/L/Re 

complexes may be discussed in terms of three, essentially localised, excited states: 

(ReI,7t*)MLCT, (MnReO,jt*)MLCT, and ^on*, see Scheme V.2. Interestingly, the homolysis of 

the Mn-Re bond still occurs in the MnRe/L/Re complexes upon (MnRe^—>j:*)MLCT excitation, 

although no longer as a barrierless temperature independent process as was the case for the 

dinuclear MnRe/L analogues. The observation that the attachment of the ReI(Br)(C0)3 group to 

the MnRe/L species introduces an energy barrier into the Mn-Re photodissociation upon 

(MnReO—>7t*)MLCT excitation is rather surprising, for the reactive ^cm* state is still the lowest-

lying state and neither the nature nor the frequencies of the vibrations that couple the 

(MnReO,7t*)MLCT and ^an* excited states are expected to be much different in the di- and 

trinuclear species. Hence, the activation energy found for the MnRe/L/Re species is not supposed 

to be related to the (MnReO,7i*)MLCT^3fy;t* non-radiative transition. However, the stabilisation 

of the ^OK* state upon formation of the bridged trinuclear complexes may bring it well below the 

energy needed to form the {[(C0)5Mn]-, [Re(CO)3(L)Re(Br)(CO)3]-} dissociated state. Hence, 

an activation energy would be needed to bring about the dissociation of the Mn-Re bond from the 

low-lying ^an* state of MnRe/L/Re. In accord with this explanation, the activation energy found 

for the photoreaction induced by the (MnRê —>7c*)MLCT excitation increases with increasing 

stabilisation of the Ji*-orbital and, hence, of the ÔTC* state upon formation of the trinuclear 

complexes. Thus, the estimated ^cm* stabilisation by 5000 cm-' in MnRe/BPYM/Re and by 3150 

cm-' in MnRe/DPP/Re, vide supra, may well account for the activation energies of about 2550 

c m ' and 500 cm-', respectively, that were measured experimentally using the excitation into the 

lowest MLCT absorption band of these complexes, see Tables V.3, V.4 and Figure V. 5. A 

similar effect of the stabilisation of the n* LUMO upon formation of the trinuclear species on the 

reactivity of the Mn-Re bond has been observed spectroelectrochemically for the one-electron 

reduced forms of these complexes^^•^^, where the extra electron is predominantly located in the 

Jt* orbital. Thus, whereas the dissociation of the Mn-Re bond in [MnRe/BPYMf- and 

[MnRe/DPP]' still occurs slowly even at 213K and 183K, respectively, the reduced 

[MnRe/BPYM/Re]- becomes completely stable even at room temperature. [MnRe/DPP/Re]", 
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whose 7i*-orbital is less stabilised, dissociates slowly at room temperature, being fully stable at 

2I3K (Chapter IV). Similar effects were observed in the electrochemistry (Chapter VII)^^ and 

photochemistry (Chapter VI)*^ of Os3(CO) io(L) and Os3(CO) io(L)Re(Br)(CO)3 clusters. 

Excitation into the higher (Re',7r*)MLCT state also induces homolysis of the Mn-Re bond that 

occurs with higher quantum yields than under the (MnReO—>7i*)MLCT excitation, see Tables 

V.3, V.4 and Figure V.5. However, for both MnRe/BPYM/Re and MnRe/DPP/Re, the activation 

energy observed upon the higher (ReI^7t*)MLCT excitation is larger than the activation energy 

needed for the dissociation of the Mn-Re bond in the ^OTC* state, that was measured with the 

lower (MnReO—>jt*) MLCT excitation, vide supra. This extra activation energy, 200 cm-' for 

MnRe/DPP/Re and 1100 cm-' for MnRe/BPYIM/Re, observed with high energy excitation, has 

thus to be associated with the non-radiative population of the reactive '^(SK* state from the 

(ReI,Tt*)MLCT state. As follows from Scheme V.2, the ^aTt* state might be populated either by a 

direct nonradiative transition (Re^7t*)MLCT—^^CJTI* or by a stepwise process 

(ReI,7t*)MLCT^(MnReO,7t*)MLCT^3o7t:*. The quantum yield data reported in Tables V.3 and 

V.4 and in Figure V.5 clearly favour the former, direct, transition. In principle, the overall 

quantum yield of a sequential photochemical or photophysical process is determined by the 

efficiency of the least efficient step involved in the sequence. Hence, the experimental 

observation that the overall quantum yield O (and its preexponential factor OQ) obtained with the 

higher (Rê —>7i:*)MLCT excitation are larger than the quantum yield (and OQ) of the dissociation 

from the (MnReO,jt*)MLCT state alone clearly rules out the sequential 

(ReI,j:*)MLCT^(MnReO,7t*)]VILCT-^3(j7t* pathway. ApparenUy, the lower (MnReO,jt*)MLCT 

state is largely bypassed during the deactivation of the higher (Re',rt*)state which undergoes a 

direct nonradiative transition to the ^on* state. 

The photochemical behaviour of MnRe/L/Re thus indicates that, in these molecules, the rate of 

the (Rel,7r*)MLCT^(MnReO,7i*)MLCT nonradiative transition is lower than the rate of the 

(Re',7t*)MLCT—^^oTj* transition. This striking observation may be understood taking into 

account that the two MLCT states are confined to separate parts of the molecule, adjacent to the 

metal centres from which the MLCT transitions originate.^* Formally, the (ReI,ji*)MLCT state 

may be viewed as MnReO/L-/Re1 and the (MnReO,7C*)MLCT state as MnReVL-/ReI. As was 

indicated by resonance Raman spectroscopy (Chapter III)^*, each of these localised excitations 

activates mainly the localised vibrations of the bonds within those chelate rings that include the 

metal atom from which the electron is actually excited. The v(CO) vibrations of the 

(CO)5MnRe(CO)3 and Re(Br)(CO)3 fragments are also activated separately by the 

(MnRe0^7t*)MLCT and (Re'^7r*)MLCT excitations, respectively.2* For MnRe/BPYM/Re, 

even the C-N bond vibrations within the BPYM ligand that are adjacent to the (CO)5MnRe(CO)3 
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and Re(Br)(C0)3 groups are activated separately by the (MnReO—>7i*)MLCT and 

(ReI^7C*)MLCT excitations, respectively.^* Hence, the lack of a vibration that would be strongly 

coupled to both MLCT states, might be responsible for the relatively slow rate of the 

(Rel->j:*)MLCT -^ (MnRe0^7t*)MLCT nonradiative transition. Moreover, the electronic 

interaction between the two metal centres has been found to be rather weak already in the ground 

state.•^* The (Rel,7:*)MLCT -> (MnReO,ji*)MLCT nonradiative transition actually amounts to an 

electron transfer from the d(7t) orbital of the MnRe" unit to the d(Jt) orbital of the "oxidised" 

Ren(Br)(C0)3 group through the reduced bridging ligand L' . An electronic coupling term for 

such a process is expected to be rather small, for the usual electron-superexchange pathway^^-*'' 

would require mixing-in of the high-energy MnRe'/L2-/Re' electron configuration of the doubly-

reduced bridging ligand. A hole-transfer superexchange pathway*'' that would involve mixing 

with the intra-ligand (71,7:*) excited configuration MnReI/L*/Re'' also seems rather improbable. 

On the other hand, the (Re',7i*)MLCT -^ ^GK* nonradiative transition amounts to an electron 

transfer from the Mn-Re a-orbital, that is oriented perpendicularly to the ReO/L/Re^ plane (Figure 

V.I and II.2, Chapter III), to the d(7i:) orbital of the Re(Br)(C0)3 unit, also located above and 

below the ReO/L/Re' plane. Because of the short distance, a through-space electron-transfer can 

easily be envisaged. Alternatively, the hole-transfer superexchange mechanism through the o 

-bonds might also operate. Electronic coupling through a-bonds is known to be rather efficient 

both for BPYM*^ and for the pyrazine ring^^-^* that occurs in the DPP ligand. Whatever 

mechanism is actually dominant, the (Rel,7:*)MLCT -^ ^^T^* transition is expected to be faster in 

MnRe/DPP/Re than in MnRe/BPYM/Re as the necessarily non-planar configuration of the DPP 

bridge*-*^ breaks down the a/n orthogonality and also makes the through space overlap more 

favourable. It should be noted that the (Re'—>7i*)MLCT transition occurs at about the same 

energy for both MnRe/DPP/Re and MnRe/BPYM/Re, regardless the medium in which the 

absorption spectra were obtained.-^* However, the ^(JK* state lies much lower in energy for 

MnRe/BPYM/Re, as was discussed in the preceding paragraphs. Hence, the energy gap between 

the (Re',7t*)MLCT and the a i t* states should be much higher in MnRe/BPYM/Re than in 

MnRe/DPP/Re. As follows from the necessarily "inverted" character of the (ReI,7r*)MLCT —> 

^OTt* nonradiative transition, see Scheme V.3, the higher energy gap translates into higher 

apparent activation energy expected for MnRe/BPYM/Re. For the latter complex, another 

contribution to the activation energy might originate from the reorganizational energy needed to 

adjust the large asymmetric distortion of the BPYM ligand that appears to be different in different 

excited states.^* This interpretation is in agreement with the experiment, for the "extra" activation 

energy associated with the population of the ^cm* state from the (Re',7C*)MLCT state is estimated 

as 200 cm-' for MnRe/DPP/Re and 1100 cm-' for MnRe/BPYM/Re, see Tables V.3 and V.4. 



Chapter V 93 

(Re',rt*)MLCT 

07l*(BPYM) 
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Scheme V.3 Potential energy curves of the (Re'.n*)MLCT. (MnRe^,n*)MLCT and -'cm* excited states in 

MnRe/L/Re are schematically shown against an asymmetric coordinate . q-, that reflects the 

differences in the coordination environments (mainly the Re-N bond lengths) around the Re atoms 

in the (CO)sMnRe (CO) 3 and Re(Br)(C0)3 groups. Whereas the MLCT states are significantly 

displaced with respect to this coordinate, the displacement of the ^OTC* state, that occurs in the 

same direction as for the (MnRe", K*)MLCT state, is much smaller, as the a-orbital is not involved 

directly in the bonding to the ligand L. The origin of the energy barriers for the 

(Re',7l*)MLCT->^cm* and (Re' n*)MLCT->(MnRe^,n*)MLCT conversions are shown as well. 

The barrier for the latter process is rather large because of the different localisations, and, hence, 

large relative displacement of the two MLCT states involved. Whereas (Re, K*)MLCT occurs at a 

comparable energy for both L = BPYM and DPP, the energies of^an* and (MnRe", n*)MLCT 

states are much lower for BPYM than for DPP, see the text. 

Despite the higher activation energy, the Mn-Re homolysis occurs with a higher overall quantum 

yield when it originates from the (ReI,Jt*)MLCT state as compared with the reaction from the 

(MnReO,7t*)MLCT state. This is possible because of a large decrease of the preexponential factor 

Oo upon changing the excitation from the (Re'^7t*)MLCT absorption band to the lower energy 

(MnReO—>7t*)MLCT band, see Figure V.5. The much lower preexponential factor observed for 

the reaction from the low-lying (MnReO,jt*)MLCT state is probably caused** by its very rapid 

competitive nonradiative deactivation to the ground state whose rate essentially follows the 

Energy Gap Law. Therefore the unproductive deactivation of the (MnReO,jt*)MLCT ^[QXQ JS 
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expected to be much faster than of the higher (ReI,rt*)MLCT state. For the same reason, the 

(MnRe 0,71*)MLCT deactivation plays a much bigger role in MnRe/L/Re than in the MnRe/L 

complexes. 

The above explanation of the photoreactivity also accounts for the unusual observation that the 

low-energy (LE) emission from MnRe/DPP/Re is observable (Figure V.7) only upon 532 nm 

excitation into the lower (MnReO—>7t*) absorption band but not when the excitation is directed 

into the higher (ReI-^7:*)MLCT transition using 460 nm light. On the other hand, the high-

energy (HE) emission is observed at both 460 and 532 nm excitations. As follows from the low-

temperature spectrum shown in Figure V.7, the two absorption bands of MnRe/DPP/Re partly 

overlap. Whereas the 460 nm excitation is mostly directed to the higher (Re'—>7C*)MLCT 

absorption band, the 532 nm light actually excites both the (Re'—>7C*) and (MnReO—^7i*)MLCT 

transitions simultaneously. Hence, the HE emission, observed at both excitations is assigned to 

the (Re',7i*)MLCT excited state, as in the case of the emission observed''-'^ from 

[Re(Cl)(CO)3]2(DPP) that emits" at 690 nm, T = 280 ns (EtOH glass, 77K). The somewhat 

shorter lifetime (-100 ns) found for MnRe/DPP/Re is undoubtfully a consequence of an 

asymmetric, and thus more distorted^*, coordination of the DPP ligand. Importantly, neither the 

3(77t* nor the (MnReO,TT*) M L C T excited states may be populated nonradiatively from the 

(Re',7i*)MLCT state at a temperature as low as 80K which does not allow to surmount the 

associated energy barriers whose presence has been deduced from the photochemical 

experiments. On the other hand, the excitation at 532 nm partly populates also the lower 

(MnReO,7i*)MLCT state which undergoes an activationless nonradiative transition to the low-

lying 3(571* state even at 80K, as follows from the emission properties of the dinuclear MnRe/L 

complexes, vide supra. The LE emission of MnRe/DPP/Re (which occurs in the near-lR spectral 

region) may originate either from the (MnReO,7:*)MLCT state or from the ^an* state. Because of 

the Energy Gap Law the emission from the low-lying 3(MnReO,7i*)MLCT state is expected to be 

much shorter-lived than that from the higher (Re',7t*)MLCT state. On the contrary, the lifetime of 

the LE emission (200 ns) was found to be longer than that of the HE, i.e. •3(Re',7t*)MLCT, 

emission (100 ns). On the other hand, the ^oji* states are known to be only very weakly 

nonradiatively coupled to the ground state. Hence, they are often emissive and/or long-

hved̂ -̂-'-'-''̂ -*̂ -*̂  ,especially when their chemical reactivity is suppressed by the right choice of 

solvent *̂"̂ ôr by use of a low-temperature glass.̂ ^ For these reasons, we favour the assignment 

of the LE emission to the ^cm* state, the (MnReO,7t*)MLCT state being nonemissive because of 

its fast nonradiative deactivation both to the ^OK* state and to the ground state. Efficient 

competition from the latter process makes the LE aK*-emission relatively much less intense than 

in the case of MnRe/L dinuclear species. 
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The lack of any emission from MnRe/BPYM/Re is not unusual. The BPYM-bridged complexes 

are generally much less emissive or even not emissive at all while their DPP-analogues 

emit.*'^'"'^°-^' In the case of MnRe/BPYM/Re, the lack of emission may be related to even lower 

energies of the relevant excited states and to their stronger nonradiative coupling to the ground 

state, presumably as a consequence of a significant BPYM ligand distortion.^* 

V.4 Conclusions 

The dinuclear MnRe/L complexes (L = BPYM, DPP) undergo efficient photochemical homolysis 

of the Mn-Re bond when excited into the (MnRe0^7t*)MLCT transition. It is an activationless 

process that occurs from the ^GK* state which is efficienUy nonradiatively populated from the 

optically excited MLCT state. Both the MLCT and the ^an* states are emissive at 80K. 

Attachment of the Re(Br)(C0)3 group to the uncoordinated N-atoms of the potentially bridging 

ligand L strongly stabili.ses both the (MnReO,7t*)MLCT and ^an* states and introduces a new 

(Re^7r*)MLCT state into the resulting trinuclear MnRe/L/Re molecules. The reactive ^an* state 

is shifted in energy below the dissociated state, making the Mn-Re bond homolysis from the 

ÔTT * state an activated process. This effect is larger for the BPYM- than for the DPP-complex 

because of a greater stabilisation of the 7:*-BPYM orbital. The reactive ^OK* state in MnRe/L/Re 

is populated by two independent pathways, either from the higher (ReI,7t*)MLCT state or from 

the lower (MnReO,7t *)MLCT state, depending on the excitation energy. The 

(ReI,7:*)MLCT^3o7t* conversion is a relatively efficient process that, however, requires an 

activation energy, apparently resulting from its "inverted" character. The efficiency of the 

(MnReO,jt*)MLCT—>3cs7t* transition is diminished in comparison with the dinuclear MnRe/L 

complexes by a faster competitive nonradiative transition of the (MnReO,7t*)MLCT state caused 

by the lowering of its energy. The conversion between the two MLCT excited states is relatively 

inefficient, not contributing to the photochemistry observed. 

This study also shows that the photochemical bond activation is well possible even in bridged 

polynuclear complexes, unless the unproductive deactivation of the optically excited MLCT 

states becomes too competitive with their conversion into the reactive state and, especially, unless 

the reactive, usually ^an*, state is not stabilised too much below the energy of the bond to be 

activated. 
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Photocliemistry of the Clusters Os3(CO)io(L) (L = 2,2'-Bipyridine, 2,2'-

Bipyrimidine, 2,3-Bis(2-pyridyl)pyrazine, 2,3-Bis(2-pyridyl)benzoquinoxaline). 

Reversible Opening of an Os - Os Bond witii Formation of a Zwitterion. 

Abstract - The complexes Os3(CO)io(L) ( L = BPY, BPYM, DPP and DPB) have been prepared 

and the X-ray structure of Os3(CO)io(BPY) has been determined. The crystals are triclinic, space 

group PT, with cell dimensions a = 8.827(8), b = 9.158(5), c = I5.164(9)A, a = 102.46(5), P = 

96.65(7), 7 = 102.87(5)° and Z = 2. Least-squares refinement on F, for 2680 observed reflections, 

converged to R = 0.079. The complex consists of a triangle of osmium atoms where two Os-atoms are 

coordinated to four terininal CO ligands and one Os atom to two terminal CO ligands and two nitrogen 

atoms of the BPY ligand. Continuous wave excitation does not lead to product formation. However, 

rapid scan IR and nanosecond transient absorption spectroscopy show the formation of a transient (for 

L = BPY, BPYM, and DPP) which reacts back to give the parent complex. The lifetime of the 

transient strongly depends on the coordinating ability of the solvent ( less than 10 ns in toluene and 

ca. 20 seconds in CH3CN) and on the basic properties of L. The transient could even be obtained as a 

stable photoproduct by reaction in 2-MeTHF at 133K and upon irradiation at room temperature in the 

presence of a halide salt. The transient is proposed to be the zwitterion Os"(CO)4 - Os(CO)4 -

Os"'-(CO)2(L)(S). The positive charge of ihe metal in the Os+(CO)2(L)(S)-moiety is evident from the 

Raman and ' H-NMR spectra, the coordination of the solvent from its large influence on the lifetime 

and on absorption maximum of the transient. In agreement with related dinuclear complexes, 

irradiation is proposed to be followed by surface crossing from a MLCT state to the reactive ^abJC* 

state from which the cluster decomposes into the diradical •Os(CO)4 - Os(CO)4 - Os-'-(CO)2(L'). The 

diradical undergoes an intramolecular electron transfer reaction with formation of the zwitterion. 

Finally, the parent complex is reformed by nucleophilic attack of the anionic part of the zwitterion at 

the solvated cation. 
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VI. 1 Introduction 

A detailed study has shown that the metal-metal bonded complexes (LnM)Re(CO)3(a-diimine) 

(LnM = (CO)5Mn, (C0)5Re, (CO)4Co, Cp(C0)2Fe, PhsSn; a-diimine = BPY, PHEN, etc.) 

undergo homolysis of the M-Re bond upon irradiation into their low-energy d7t(Re)—>7C*(a-

diimine) (MLCT) transitions.'"' The occurrence of this reaction has been explained by surface 

crossing from the MLCT states to a reactive ^Ch'K* state, in which Ob represents the metal-metal 

bonding orbital.'° The following observations support this explanation. The complexes R2Zn(a-

diimine) are characterised by intense at,(Zn-R)—>7t*(a-diimine) transitions and undergo homolysis 

of a Zn-R bond from their lowest-energy ÔbTt* state.'' The above metal-metal bonded complexes 

do not possess such a ab—>7t* transition, but their UV-Photoelectron spectra clearly show that Gb 

is the HOMO., having a lower Ionisation Potential (IP) than the d7t(Re) orbitals from which the 

MLCT transitions originate.'^ These complexes are therefore expected to have their ^a^n* state at 

lower energy than the MLCT states. This explains the high, wavelength and temperature 

independent quantum yields for the homolysis reactions of these complexes.^-^-^-'" Further 

evidence for such a surface crossing from the MLCT states to ^Obtz* has been presented by the 

photochemistry of the corresponding alkyl-complexes Re(R)(C0)3(R'-DAB) (R = Methyl, Ethyl, 

Benzyl; R' = iPr, tBu; DAB = l,4-diaza-l,3-butadiene), which undergo homolysis of the Re-R 

bond.'^ Again, no ab(Re-R)—>7i*(R'-DAB) transition has been observed for these complexes.'"* 

Their photochemistry deviates from that of the metal-metal bonded complexes in showing a strong 

dependence of the photoreactivity on R.'-̂  For R = Methyl, the quantum yield is only 10"̂  and 

temperature and wavelength dependent, whereas it is close to unity for R = Ethyl or Benzyl. The 

low quantum yield for the methyl complexes is in accordance with the UV-Photoelectron spectra, 

which show Ob(Re-Me) at higher IP than the d;t(Re) orbitals."* This places the -̂ ObTi* state at 

higher energy than the MLCT states and explains the low quantum yields in the case of the methyl-

complexes.'-' 

The presence of such a reactive ^ObTt* state is not restricted to the above mentioned complexes. 

Similar homolysis reactions have been observed recently for a series of Ru-complexes, viz. 

Ru(X)(R)(CO)2(a-diimine) (X = halide; R = alkyl)'^ and (CO)5MnRu(Me)(CO)2(a-diimine)'^ 

for the complexes mer-Mn(X)(CO)3(BPY) (X = hahde)'^, and for a series of N, Si-chelated Ir̂ II 

complexes.' ̂ '-^^ More and more these reactive ^c^n* states appear to be a common property of a 

rather large group of complexes possessing both low-energy MLCT transitions and a HOMO. 

which is a metal-metal or metal-ligand a-bonding orbital. So far, our investigations have mainly 

been concerned with the mechanism of these reactions and with the characterisation and thermal 

reactions of the radicals formed. Normally, the radicals diffuse and dimerise, although in some 

cases they undergo radical coupling reactions with each other.^'^-"-^' In order to study the 
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occurrence and properties of such radical coupling reactions in diradicals, we have extended our 

investigations to metal-clusters containing an a-diimine ligand. Here, we present the results of our 

first study in this field on the complexes Os3(CO)io(a-diimine) (a-diimine = 2,2'-Bipyridine 

(BPY), 2,2'-Bipyrimidine (BPYM), 2,3-Bis-(2-pyridyl)pyrazine (DPP), 2,3-Bis-(2-

pyridyl)benzoquinoxaline (DPB)). Up to now, only the synthesis, structure and chemical 

properties of some of these or related complexes have been reported-̂ ,̂ but no attention has been 

paid so far to their photochemistry. Photochemical studies have been confined to the parent clusters 

M3(CO)]2 (M = Fe, Ru, Os), which experience a wavelength dependent photochemistry.•^•'• '̂* 

Short wavelength excitation gives ri.se to loss of CO, irradiation into the lowest-energy band which 

has been assigned to a a^>o* transition, leads to fragmentation. Just as for the above mentioned 

dinuclear metal-metal bonded complexes, differences in photochemical behaviour between the 

substituted complexes Os3(CO)io(a-diimine) and the parent cluster Os3(CO)i2 will arise from the 

presence of extra MLCT and Q\fK* states in the former complexes. 

VI.2 Results 

VI.2.1 Crystal structure ofOs3(CO)jo(BPY). 

The final positional parameters and the equivalent isotropic thermal parameters for the non-

hydrogen atoms are given in Table VI. 1. An ORTEP drawing of the crystal structure is given in 

Figure VI. 1. A selection of bond distances and bond angles is given in Table VI.2 and VI.3, 

respectively. The complex has a similar structure as Os3(CO)io(iPr-DAB).-^^ It consists of a 

triangle of osmium atoms, all possessing an 18 electron configuration and a distorted octahedral 

symmetry. Os(2) and Os(3) are bound to four terminal CO ligands and Os(I) is connected to two 

terminal CO ligands and two nitrogen atoms of the BPY ligand. N(2) of this ligand is placed in an 

axial position towards the osmium triangle with a bond length of 2.14 A with respect to Os(l). 

N(l) occupies an equatorial position with respect to the osmium triangle with an Os(I) - N(l) bond 

length of 2.07A. The average bond distance between the osmium atoms of 2.874A is in agreement 

with that in Os3(CO)io(iPr-DAB) (2.875A)22 and Os3(CO)i2 (2.877A).25 An average bond 

distance of 1.93A between Os and Caxial was found for Os3(CO)io(BPY) against I.946A in 

Os3(CO)]2^^ whereas the average bond distance between Os and Cequatorial is comparable in 

Os3(CO)io(BPY) (1.91 A) and Os3(CO)i2 (1.912 A). 

Although the bond distances are hardly affected by the replacement of the two carbonyls by BPY, 

there is a significant influence of this ligand on the bond angles. From the observation that the bond 

angles (Table VI.3) equally differ from those of Os3(CO)i2^^, it may be concluded that the BPY 

ligand not only influences the Os( 1) moiety but the entire osmium core. 
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Table VI.l Fractional coordinates of the non-hydrogen atoms and isotropic thermal parameters with estimated 

standard deviations (esd's) in parentheses 

atom 

Os(l) 

Os(2) 

Os(3) 

C(l) 

C(2) 

C(3) 

C(4) 

C(5) 

C(6) 

C(7) 

C(8) 

C(9) 

C(10) 

C(ll) 

C(12) 

C(13) 

C(14) 

C(15) 

C(16) 

C(17) 

C(18) 

C(19) 

C(20) 

N(l) 

N(2) 

0(11) 

0(12) 

0(13) 

0(14) 

0(15) 

0(16) 

0(17) 

0(18) 

0(19) 

0(20) 

X 

0.1569(1) 

0.1866(2) 

-0.0048(2) 

0.338(4) 

0.474(4) 

0.603(4) 

0.619(4) 

0.482(4) 

0.341(6) 

0.474(4) 

0.605(4) 

0.610(5) 

0.491(4) 

0.005(3) 

0.072(4) 

0.381(7) 

0.283(4) 

-0.017(5) 

0.173(4) 

0.192(5) 

-0.101(6) 

-0.061(3) 

-0.187(4) 

0.342(3) 

0.351(3) 

-0.079(3) 

0.016(4) 

0.513(3) 

0.346(4) 

-0.132(3) 

0.192(6) 

0.305(4) 

-0.193(4) 

-0.083(5) 

-0.295(4) 

y 

0.3812(1) 

0.1376(1) 

0.3447(1) 

0.241(3) 

0.227(4) 

0.339(6) 

0.464(5) 

0.471(3) 

0.685(5) 

0.812(4) 

0.829(4) 

0.723(4) 

0.591(4) 

0.219(3) 

0.530(3) 

0.290(3) 

0.001(5) 

0.011(7) 

0.064(6) 

0.425(4) 

0.266(4) 

0.534(3) 

0.228(5) 

0.362(3) 

0.568(3) 

0.135(3) 

0.620(3) 

0.363(3) 

-0.073(4) 

-0.085(4) 

0.037(5) 

0.484(4) 

0.226(4) 

0.652(4) 

0.173(4) 

z 

0.17939(8) 

0.26961(9) 

0.32809(9) 

0.036(2) 

-0.009(3) 

0.017(3) 

0.100(2) 

0.140(2) 

0.327(2) 

0.366(3) 

0.325(4) 

0.255(3) 

0.221(2) 

0.093(2) 

0.138(2) 

0.301(2) 

0.195(2) 

0.215(4) 

0.378(4) 

0.419(4) 

0.421(3) 

0.329(3) 

0.230(2) 

0.109(2) 

0.255(2) 

0.036(2) 

0.115(2) 

0.330(2) 

0.154(3) 

0.168(3) 

0.453(3) 

0.469(2) 

0.473(3) 

0.346(3) 

0.188(3) 

Ueq 

0.0326(6) 

0.0386(7) 

0.0404(7) 

0.04(2) 

0.05(2) 

0.07(3) 

0.05(2) 

0.04(2) 

0.07(3) 

0.06(2) 

0.07(2) 

0.07(2) 

0.04(2) 

0.04(1) 

0.04(2) 

0.07(2) 

0.07(2) 

0.08(3) 

0.08(3) 

0.08(3) 

0.07(3) 

0.06(2) 

0.05(2) 

0.04(2) 

0.05(2) 

0.06(1) 

0.07(2) 

0.07(2) 

0.10(2) 

0.09(2) 

0.13(4) 

0.10(2) 

0.09(2) 

0.11(3) 

0.10(3) 
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019 0 1 2 

Figure VI.l ORTEP drawing of the X-ray structure of Os3(CO)io(BPY). 

Table VI.2 Selected bond lengths in A. estimated standard deviations (esd's) in parentheses. 

Bond 

Os(l) 

Os(l) 

Os(l) 

Os(l) 

Os(l) 

Os(l) 

Os(2) 

Os(2) 

Os(2) 

Os(2) 

Os(2) 

Os(3) 

Os(3) 

Os(3) 

-Os(2) 

- Os(3) 

-C( l l ) 

-C(12) 

-N(l) 

-N(2) 

- Os(3) 

-C(13) 

-C(14) 

-C(15) 

-C(16) 

-C(17) 

-C(18) 

-C(19) 

distance(A) 

2.900(2) 

2.844(3) 

1.89(2) 

1.88(3) 

2.07(3) 

2.14(2) 

2.878(3) 

1.89(5) 

1.91(4) 

1.89(4) 

1.92(6) 

1.98(5) 

1.92(5) 

1.90(3) 

Bond 

Os(3) - C(20) 

C(l)-C(2) 

C( l ) -N( l ) 

C(2) - C(3) 

C(3)-C(4) 

C(4) - C(5) 

C(5)-C(10) 

C(5)-N(l) 

C(6) - C(7) 

C(6)-N(2) 

C(7) - C(8) 

C(8)-C(9) 

C(9) - C(10) 

C(10)-N(2) 

distance(A) 

1.98(3) 

1.46(6) 

1.37(4) 

1.31(5) 

1.47(6) 

1.42(5) 

1.44(4) 

1.37(4) 

1.42(5) 

1.39(5) 

1.36(6) 

1.29(6) 

1.37(4) 

1.38(5) 



104 Photochemistry ofOs3(CO)jo(L) 

Table VI.3 Selected bond angles, estimated standard deviations (esd's) in parentheses. 

bond angle(deg) bond angle(deg) bond angle(deg) 

Os(2)-Os(l)-Os(3) 

Os(2)-Os( l ) -C( l l ) 

Os(2)-Os(l)-C(12) 

Os(2)-Os(l)-N(l) 

Os(2)-Os(l)-N(2) 

0 s ( 3 ) - 0 s ( l ) - C ( l l ) 

0s(3)-0s( l ) -C(12) 

Os(3)-Os(l)-N(l) 

Os(3)-Os(l)-N(2) 

C( l l ) -Os( l ) -C(12) 

C( l l ) -Os ( l ) -N( l ) 

C( l l ) -Os( l ) -N(2) 

C(12) -0s ( l ) -N( l ) 

C(12)-Os(l)-N(2) 

N(l)-Os(l) -N(2) 

60.13(6) 

83(1) 

160(1) 

94.9(9) 

102.3(8) 

94(1) 

101(1) 

152.2(9) 

97.4(9) 

91(1) 

95(1) 

169(1) 

105(1) 

87(1) 

75(1) 

Os(l) 

Os(l) 

Os(l) 

Os(l) 

Os(l) 

Os(3) 

Os(3) 

Os(3) 

Os(3) 

C(13) 

C(13) 

C(13) 

C(14) 

C(14) 

C(15) 

- Os(2) - Os(3) 

-Os(2)-C(13) 

Os(2)-C(14) 

Os(2)-C(15) 

Os(2)-C(16) 

Os(2)-C(13) 

Os(2)-C(14) 

Os(2) - C(15) 

Os(2)-C(16) 

Os(2)-C(14) 

Os(2)-C(15) 

Os(2)-C(16) 

Os(2)-C(15) 

Os(2)-C(16) 

Os(2)-C(16) 

58.98(6) 

72(1) 

108(1) 

95(2) 

147(2) 

96(1) 

163(1) 

79(2) 

90(2) 

89(2) 

166(2) 

103(2) 

91(2) 

105(2) 

91(2) 

Os(l) 

Os(l) 

Os(l) 

Os(l) 

Os(l) 

Os(2) 

Os(2) 

Os(2) 

Os(2) 

C(17) 

C(17) 

C(17) 

C(18) 

C(18) 

C(19) 

- Os(3) - Os(2) 

Os(3)-C(17) 

Os(3)-C(18) 

Os(3)-C(19) 

Os(3) - C(20) 

Os(3)-C(17) 

Os(3)-C(18) 

Os(3)-C(19) 

Os(3) - C(20) 

Os(3)-C(18) 

Os(3)-C(19) 

Os(3) - C(20) 

Os(3)-C(19 

Os(3) - C(20) 

Os(3) - C(20) 

60.89(7) 

93(2) 

164(1) 

90(1) 

84(1) 

76(1) 

104(1) 

150(1) 

93(1) 

87(2) 

99(2) 

169(2) 

106(2) 

93(2) 

92(2) 

VI.2.2 Spectroscopic properties 

UV-Vis spectroscopy. The absorption spectra of Os3(CO)io(L) in the wavelength region of 

300 to 900 nm are presented in Figure VI.2, and the absorption maxima are collected in Table 

VI.4. 

1 r 
600 700 800 

wavelength (nm) — 
900 

Figure VI.2 UV-Vis spectra of Os3(CO)io(L) (L = BPY( ), BPYM ( ), DPP ( ), DPB 

(---)) in THF at 293K. 



Table VI.4 

Compound 

Chapter VI 

Absorption maxima of Os3(CO)]o(L) in different solvents. 

X (nm) 

Toluene THF (e in M"' cm"') Acetonitrile 

105 

Os3(CO)io(BPY) 

Os3(CO)io(BPYM) 

Os3(CO)io(DPP) 

Os3(CO)io(DPB) 

490, 557 493, 527 (5260) 

388,586 393,551(4560) 

527,595 514,571(7030) 

490 (sh), 532, 667 (sh), 722 522, 694 (2500) 

516 

392, 547 

514,565 

389(sh), 518, 669(br) 

The osmium clusters all show an unstmctured band in the visible region, whose position depends 

on the a-diimine ligand. It shifts to lower energy when the energy of the lowest 71* orbital of the 

a-diimine decreases in the order BPY > BPYM > DPP > DPB. This effect agrees with the MLCT 

character of the electronic transitions, which is also evident from their solvatochromism (see Table 

VI.4). 

Resonance Raman spectroscopy. Resonance Raman (rR) spectroscopy is a very valuable 

technique for the assignment of allowed electronic transitions.^^-^^ Since only those vibrations will 

resonantly be enhanced, which are vibronically coupled to the electronic transitions, these 

transidons can be characterised by the ob.served rR effects. RR spectra of the complexes were 

recorded in a KNO3 disk, with exciting laser lines ranging from 457.9 to 620 nm. The main 

resonantly enhanced Raman bands in the region 2100-1000 c m ' , are collected in Table VI.5. 

Figure VI.3 presents the Raman spectra of Os3(CO)io(BPYM) obtained by excitation at two 

different excitation wavelengths into the first absorption band. 

c 

•e 
<: 

'*NrtArt«»<NM 

'«W''V'>.M«,,M»«W 

J^^A^AJL 

U^ 
2100 1900 1700 1500 1300 1100 900 

wavenumbers(cm"') 

Figure VI.3 Resoncmce Raman spectra of Os3(CO)io(BPYM) in KNO3 (*) at room temperature. Excitation 

wavelength: 514.5 nm (top), 550 nm (bottom). 
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Table VI.5 Resonantly enhanced Raman bands ofOs3(CO)lo(L) in the region 2100-1000 cm''; measured in 

KNO3 at 293K, Xexc = 5I4.5nm. 

Compound Raman bands (cm'') 

Os3(CO)io(BPY) 2081 1602 1555 1485 1322 1173 

Os3(CO)io(BPYM) 2087 1578 1537 1463 1194 

Os3(CO)io(DPP) 2088 1550 1514 1470 

Os3(CO)io(DPB) 2088 1513 1462 1361 

The Raman bands can be assigned by comparison with literature data on closely related 

complexes.̂ ^"^^ The spectra of all complexes show resonance enhancement of Raman intensity for 

several bands in the 1400-1600 cm-' region which belong to a combination of C=C and C=N 

stretchings. In addition, a weak rR effect is observed for a Vs(CO) vibration at ca. 2090 cm-'. 

VI. 2.3 Photochemistry 

Table VI.6 CO-stretching frequencies of Os3(CO)]o(L) and their photoproducts in various media. 

Compound Malum v(CO) (cm"') 

rm 
C63(CO)io(EPY) S1/293 2084m 2032s 2002s 1989s 1973s 1953m 1901m 

C63((X))io(a'Y) S2/133 2085m 2034s 2000s I993sh 1977sh 1970s 1958sh 1951m 1896w 

Photcpodja(ff'Y) S2/133 2080w 2064w 200Ceh 1990s 1972s 1965sh 1947w 1922w 1903w 1878m 1875sh 

S3/293 2076w 2065w 2000s 1986m 1972s 1967sh 1875m,br 

S1//293 2087W 2068w 1979s 1963s 1915w 1890w 1870m 

52,0173 2073w 2006m 1988m 197Ss 1966m 1898w 1876m,br 

CS3(CO)io(EPYM)S 1/293 2086m 2063w 2035s 2007s 1991s 1978s 1958m 1907m 

CS3(CO)io(EPYM)S2/133 2087m 2034s 2003s 1993s 1975s 196aii 1955m 1903m 

Photcpodia S2/133 2079w 2069w 2003sh 1990s 1972s 196&h 195Cfeh 1926w 1899w 1877m 1873sh 

^ Y M ) S3/293 2077w 2005s 1990m 1976s 1967s 1898w 1875m,br 

Sl,A/293 2083w 2036w 202Iw 1987s 1967s 1924w 1894w 1875m 

OB3(CO))OP'P) S 1/293 2088w 2040s 2005s 1998sh 1977s 1957m 1905m 

OB3(CO)IOP'P) S2/133 2090m 2042s 2005s 1982m 1973m 195&h 1951m 1899w 

Photcptxi)ct(C*'P) S2/133 2080w 1999sh 1991s 1974s 1953sh 1925w 1900w 1878m 1874sh 

S3/293 2077w 2003s 1990m 1975s 196esh 1895w 1875m,br 

S1A293 2083vw 2069w 2017w 1984s 1965s,br 1921w 1894w 1874m 

S23'173 2074w 201 Im 1991m 1979s 1968m 1900w 1876m,hr 

[C63(CO)ioffyP)J+Sl,C/293 2115m 2066m 20t4m 2014s,br 1996m 1979m 1935w 

a3(CO)ioP^) S1/293 2088m 2036m 2011s 19966h 1986m 1977sh 1944w 

S1 = THF, S2 = 2-MeTHF, S3 = CH3CN, A = NBu4Br, B = P(0Me)3, C = AICI3 
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When the complexes were irradiated into their lowest-energy absorption band at room temperature, 

and in the absence of a reactant, no photoproduct was obtained and no photoreaction was observed 

with conventional spiectroscopic (UV-Vis, IR) techniques. In order to find out if the photostability 

was cau,sed by the inertness of the excited state or by a fast and complete backreaction of an 

intermediate to the parent complex, photoreactions were followed at room temperature with time-

resolved IR- and UV-Vis spectroscopy and were also performed at low temperatures. 

Rapid scan IR spectroscopy. Rapid scan IR spectroscopy is a valuable technique to follow 

reactions on a millisecond to second timescale. Spectral changes are studied either with continuous 

irradiation or after excitation with a short light-pulse. In the present study, photoreactions in 

different solvents were followed during continuous irradiation by an argon ion laser. The IR 

spectral results strongly depended on the coordinating properties of the solvent. Thus, in toluene 

and THF, no photoreaction was observed just as in the case of the conventional IR experiments. 

However, a photoreaction occurred upon irradiation of the complexes in CH3CN. The IR bands of 

the .starting complex decrea.sed in intensity and new bands of a single photoproduct showed up. 

When about half of the starting material was converted, a photostationary state was reached, and 

when the irradiation was stopped, the photoproduct started to react back to give the parent 

compound. From this backreaction, the lifetime of the photoproduct was calculated from the 

decrease of its 1875 cm"' band according to first order kinetics. Table VI.7 presents the lifetimes of 

all photoproducts, their IR frequencies are collected in Table VI.6. 

Table V1.7 Lifetimes of the photoproducts in various media. 

Parent Complex 

Os3(CO)io(BPY)'' 

Os3(CO)io(BPYM) 

Os3(CO)io(DPP) 

Toluene 

< 10 

< 10 

< 10 

(X in ns) THF (T in 

246 

568 

914 

ns) CH3CN (T in s) 

- 15 

15-20 

- 2 0 

^ X = 20 min. in pyridine. 

It is clear from these rapid scan results that the photoreactions in less coordinating solvents can 

only be studied on a shorter timescale. For this purpose the experiments were extended to 

nanosecond transient absorption spectroscopy. 

Nanosecond transient absorption spectroscopy. Transient absorption spectra were 

measured after excitation of the complexes in toluene or THF by 5 ns pulses of the 532 nm line of a 

Nd:YAG laser. For all complexes, the lifetime of the transient was less than 10 ns when measured 

in toluene. In THF, the lifetimes of the transients were much longer. This is demonstrated by the 

data in Table VI.7 and by the difference absorption spectra of Os3(CO)io(BPYM) in THF, 
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measured 20, 270 and 970 ns after excitation with X = 532nm (Figure VI.4). Both the bleaching at 

560 and 420 nm and the transient absorption at 350 nm disappear with the same lifetime of 568 ns. 

The lifetimes were calculated from the intensity decrease of the transient absorption spectrum at 

three different wavelengths according to first order kinetics. The lifetimes collected in Table VI.7 

do not only depend on the coordinating ability of the solvent but also on the a-diimine when THF 

is used as a solvent. It is especially the energy of the lowest 7r*-orbital, which decreases in the 

order BPY>BPYM>DPP according to the reduction potentials (Table VII.3, Chapter VU)^', which 

influences this lifetime. 

300 400 500 600 700 
wavelength (nm) 

800 

Figure VI.4 Difference absorption spectra measured 20 ns (a), 270 ns (b), and 970 ns (c) after 532-nm, 5-ns 

excitation of a solution ofOs3(CO)]o(BPYM) in THF at 293K. 

The absorption maxima of the transients in THF are collected in Table VI.8. They were obtained by 

correcting the difference absorption spectra for the spectra of the parent complexes. These maxima 

are somewhat shifted to shorter wavelengths with respect to the parent compounds. 

The complex Os3(CO)io(DPB) also showed the formation of a transient but its bandpattem differed 

from that of the transients observed for the other complexes. Moreover, its lifetime was much 

shorter ( ~ 10 ns in THF) than expected on the basis of the energy of its lowest 7:*-orbital. 

Table VI.8 UV-Vis data of the photoproducts ofOs3(CO)iQ(L) in various media. 

Parent Complex THF 2-MeTHF 

(293K) (133K) 

THF/Bu4NBr Acetonitrile 

(293K) (293K) 

THF/P(0Me)3 

(173K) 

Os3(CO)io(BPY) 

Os3(CO)io(BPYM) 

Os3(CO)io(DPP) 

423 

447 

470 

564(183K) 

612 

600 

-

576 

629 

601 

631 

660 

563 

612 



Chapter VI 109 

Low-temperature Photoreactions. Upon photolysis in 2-MeTHF at I33K, the complexes 

Os3(CO)io(L) (L = BPY, BPYM, DPP) transformed into stable photoproducts, the IR and UV-Vis 

data of which are collected in Table VI.6 and VI.8, respectively. The IR spectral changes, 

accompanying this photoreaction in the case of Os3(CO)io(DPP), are shown in Figure VI.5. The 

IR pattern of the photoproduct is completely different from that of the starting material, which 

means that both compounds have a different structure. For the complex Os3(CO)io(DPB), no 

reaction was observed even not at this low temperature. 

2150 2100 2050 2000 1950 1900 1850 1800 

wavenumbers(cm'') 

Figure VI.5 IR spectral changes upon photolysis ofOs3(CO)jo(DPP) in 2-MeTHF (I33K); Xgxc = 514.5 nm. 

When the temperature was raised to 293K after completion of the photoreaction, the starting 

material was almost completely recovered. This backreaction was also evident from the 

photostationary state that was reached upon photolysis above 133K. The temperature has not only 

a large influence on the lifetime of the photoproduct but also on the position of its first absorption 

band (Figure VI.6). Going from room temperature in THF to 133K in 2-MeTHF, this band shifts 

appreciably to lower energy. This effect, which points to the presence of a coordinatively 

unsaturated chromophore, will be discussed hereafter. 

In dichloromethane, a polar but non-coordinating solvent, a photoreaction occurred at I93K, but 

the photoproduct was different from that formed in 2-MeTHF. Moreover, it did not react back to 

give the starting compound upon raising the temperature to 293K. Performing the reaction in 

toluene at 193K did not give rise to the formation of any photoproduct. 
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500 600 700 800 
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Figure VI.6 UV-Vis spectra of the photoproducts of Os3(CO)lo(DPP) at 293K in THF ( ) (obtained by 

adding the UV-Vis spectrum ofOs3(CO)io(DPP) to the difference absorption spectrum measured 

20 ns after 532 nm, 5-ns excitation) and at I33K in 2-MeTHF (—). 

Photoreactions with P(OMe)3, BU4NX and AICI3. The above experiments demonstrate 

that the lifetimes of the photoproducts are strongly dependent on the coordinating properties of the 

solvent. In order to get more insight into this stabilising effect, the photoreactions of the clusters 

were also studied in the presence of a variety of reactants including radical scavengers. In the 

presence of a radical scavenger such as t-Bu-NO (2-methyl-2-nitrosopropane dimer) or CCI4, or a 

reactant such as P(0Me)3, no photoreaction was observed by conventional spectroscopic 

techniques. In the case of CCI4 and P(OMe)3 a thermal reaction occurred instead. Attempts to 

observe an ESR signal both in the absence and presence of a radical scavenger failed, even when 

the temperature was lowered to I73K. In order to avoid the above mentioned thermal reaction, the 

photoreaction with P(OMe)3 was performed at 173K in 2-MeTHF in a dedicated Free Access IR 

(FAIR) celP^ in which a solution of the complex was first cooled before a 100-fold excess of 

P(OMe)3 was added. Upon irradiation, a stable product was formed that showed a similar IR 

pattern as the products formed without P(OMe)3 in THF/2-MeTHF (low-temperature) and CH3CN 

(rapid scan) (Table VI.6). In contrast to these latter products, the reaction products of P(0Me)3 

were thermally stable and did not react back to the parent complexes upon raising the temperature to 

293K. When the photoreaction was performed in the presence of an ammonium salt such as 

Bu4N'*-X- (X" - halide), a product was formed (^ ~ 5* 10-2) which had the same IR pattern in the 

CO-stretching region as the photoproduct obtained by irradiation at low temperatures in 2-MeTHF 

or THF. It is noteworthy that also this photoproduct is completely stable at room temperature. 
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In the presence of the Lewis acid AICI3, Os3(CO)io(DPP) underwent a photooxidation as shown 

by the IR frequencies presented in Table VI.6. The IR pattern of the parent cluster was preserved, 

but the CO-vibrations were shifted to higher frequencies, which means that the electron density at 

the cluster was diminished. 

VI. 2.4 Spectroscopic properties of the photoproducts 

It is clear that the photoproducts obtained as transients in THF and acetonitrile and as stable 

complexes in THF and 2-MeTHF at low temperature, or in the presence of P(0Me)3 or BU4NX 

even at room temperature, have a similar structure. In order to resolve this structure, we studied the 

resonance Raman (rR) spectra of the photoproduct of Os3(CO)io(BPYM) at low temperatures in 

THF. For this purpose the photoconversion of this cluster into the photoproduct was first followed 

with IR. When maximal conversion was reached, the rR spectrum of the photoproduct was 

measured by excitation with 514.5 nm. In the frequency region of I400-I650 cm"', the BPYM-

stretching modes occurred at higher frequencies than for the parent complex. For 

Os3(CO)io(BPYM), they were observed at 1577, 1536 and 1464 c m ' , whereas for the 

photoproduct at 1605, 1560 and 1491 cm"'. The occurrence of such a high-frequency shift of the 

BPYM-vibrations with retention of the Raman intensity pattern, indicates that the photoproduct still 

contains an Os-BPYM moiety, in which the Os-atom has, however, a higher positive charge. The 

presence of the radical anion BPYM" in the photoproduct could be excluded here. In that case the 

BPYM-vibrations would have shifted to lower frequency with respect to the parent complex, just 

as for W(C0)4(BPYM). For this latter complex, the ligand vibrations shifted from 1577 and 1548 

cm"' to 1570 and 1511 cm-' upon reduction.-"^ 

^H-NMR. In order to get more information about the structure of the photoproduct, the 

photoreaction of Os3(CO)io(BPY) in deuterated acetonitrile with continuous 500 nm irradiation 

was followed by 'H-NMR spectroscopy. However, due to the limited solubility of the starting 

material the concentration of the photoproduct was so low that its 'H-NMR spectrum could not 

well be resolved. It was, however, still evident that the bands of the photoproduct were shifted 

approximately 0.25 ppm upfield. Such an upfield shift supports our tentative conclusion from the 

rR spectra that the photoproducts of the osmium clusters have a more positively charged osmium 

atom adjacent to the neutral a-diimine ligand. 

VI.3 Discussion 

The assignment of the lowest-energy absorption band of these complexes (Figure VI.2) is rather 

straightforward. Its maximum depends on the a-diimine ligand in such a way that it shifts to lower 

energy when the energy of its lowest K* orbital decreases in the order BPY>BPYM>DPP>DPB. 
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Because of this strong influence of the n* orbital energy on the absorption maximum, these bands 

most likely belong to Os^a-diimine (MLCT) transitions. This assignment agrees with the high 

extinction coefficients and the solvatochromism of these bands. It is confirmed by the rR spectra, 

which show resonance enhancement of intensity for symmetrical stretching modes of the a-diimine 

and the carbonyls. Although the involvement of a-diimine vibrations points to the presence of 

either intraligand or MLCT transitions, intraligand transitions are expected to occur at much higher 

energy and the low-energy bands will therefore belong to MLCT transitions. The MLCT transitions 

may originate from the metal-metal bonding orbitals of the cluster or from the Os(djt) orbitals of the 

Os-a-diimine moiety. The rR effect of Vs(CO) excludes the former possibility since the CO-bonds 

will only be affected by the latter type of transitions. This has been demonstrated for a series of a-

diimine (= L) complexes such as M(CO)4(L) (M = Cr, Mo, W)26.2V, (CO)5MnRe(CO)3(L)"-34 

and (CO)5MnRe(CO)3(|4-L)(ML'n) (ML'n = Re(Br)(CO)3, W(CO)4)", or Ni(CO)2(L).35 

According to the rR spectra of these complexes, depopulation of a metal-dTj orbital by MLCT 

excitation is always accompanied by a rR effect for Vs(CO), demonstrating the decrease of metal-to-

CO 7t-backbonding and concomitant change of CO-bond lengths. This observation is of importance 

for the mechanism of the photoreaction to be discussed hereafter. 

VI. 3.1 Structure of the transients. 

All photochemical experiments showed the formation of a transient, the lifetime of which strongly 

depended on the coordinating properties, not so much on the polarity, of the solvent. The lifetime 

increased from less than 10 ns in toluene to ca. 20 s in acetonitrile. Recently, even a lifetime of 20 

minutes was found for the photoproduct of Os3(CO)io(BPY) obtained by irradiation in pyridine. 

The transient formed in THF even became a stable photoproduct when the reaction took place at 

173K, or at room temperature in the presence of BU4NX. These long, solvent dependent, lifetimes 

show that the transient is a photoproduct and not an excited state. This strong influence of the 

coordinating ability of the solvent on the lifetime of the transient/photoproduct points to the 

presence of an open site at which the solvent can coordinate. 

Coordination of the solvent, P(0Me)3 or BU4NX has also a dramatic influence on the absorption 

spectra of the transient as can be seen from Table VI.8 and Figure VI.6. In THF at room 

temperature, coordination of the solvent is weak. It becomes much stronger when the temperature 

is lowered (2-MeTHF, 133K) or when acetonitrile (pyridine) is used as a solvent, or P(OMe)3 or 

BU4NX is added to the solution. This increase of bondstrength is accompanied by a large shift of 

the MLCT band to lower energy due to the strong influence of electron-donation by the solvent, 

P(0Me)3 or X~ on the metal-d orbitals. This strong dependence of the MLCT transitions on the 

solvent coordination also shows that the open site is localised at the Os-a-diimine moiety. 
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The transient is not a (di)radical species since it does not show any ESR signal, even in the 

presence of a radical scavenger such as t-Bu-NO. Moreover, the photoproduct does show an 'H-

NMR signal with the proton resonances of the a-diimine ligand shifted upfield. The rR and IR 

spectra of the photoproduct also show that the a-diimine ligand is still coordinated as a normal 

ligand to Os. Thus, irradiation of these clusters leads to the formation of a transient possessing a 

coordinatively unsaturated, positively charged, Os(a-diimine) moiety. The structure of these 

transients becomes evident when these results are compared with the photochemical behaviour of 

related metal-metal bonded complexes such as (CO)5MnMn(CO)3(a-damine).^'3^ Irradiation of 

these Mn-Mn bonded complexes leads to homolysis of the metal-metal bond with formation of the 

radicals •Mn(CO)5 and Mn+(CO)3(a-diimine~). In non-coordinating solvents these radicals 

dimerise, in coordinating solvents (S) such as pyridine or Et3N, a disproportionation reaction 

occurs with formation of [Mn(CO)3(a-diimine)S]"'" and [Mn(CO)5]-. In THF or 2-MeTHF at low 

temperatures (T < 200K), again, ionic species were formed. When the photoreaction at room 

temperature in THF was performed in the presence of excess PR3, the ions [Mn(CO)3(a-

diimine)(PR3)]''- and [Mn(CO)5]-were produced. Apparently, coordination of a solvent molecule 

or PR3 to the 16-electron radical complexes Mn-'-(C0)3(a-diimine~) is followed by electron 

transfer to the •Mn(C0)5 radicals with formation of the ionic species. A similar electron transfer 

reaction has apparently taken place in the case of the Os-clusters with production of a zwitterion 

having the structure shown in Scheme VI.l. This structure fully agrees with the properties of the 

transient discussed above. It also explains the large differences in lifetime observed in THF and 

acetonitrile. THF can only stabilise the zwitterion by a weak coordination to the cationic site of the 

transient, acetonitrile will also interact with the anionic part via the acidic protons and/or the carbon 

atom of the -CN group. 

VI. 3.2 Photochemical mechanism. 

As already mentioned in the introduction, metal-metal bonded complexes such as 

(L'nM)Re(CO)3(a-diimine) (L'nM = (C0)5Mn, (CO)5Re, (CO)4Co, Ph3Sn etc.) possessing low-

energy MLCT transitions, are characterised by a reactive ^Obii* state, from which they decompose 

into radicals.'-^•"'''^•^^'•'^ No Ob^Tt* transitions have been observed for these complexes and the 

ÔbTC* state can, therefore, only become occupied by surface crossing from a MLCT state. Daniel 

et al., who calculated recentiy the ground- and excited state potential energy surfaces of 

Mn(H)(C0)3(H-DAB)^**, have proven the existence of such a crossing between MLCT and oit* 

states. 

In agreement with the homolysis reactions of the dinuclear complexes, the following mechanism 

(Scheme VI.l) is proposed for the photoreactions of the Os-clusters. MLCT excitation is followed 

by intramolecular electron transfer from a metal-cluster Ob-bonding orbital to the oxidised Os-atom 
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Scheme VI.l Mechanism of the photoreaction ofOs3(CO)io(L) (L = BPY, BPYM, DPP). 

of the Os-a-diimine moiety. The cluster arrives in a %b^* state, from which it decomposes into a 

diradical species by cleavage of an Os-Os bond. In this diradical, one electron will be localised at 

an Os-atom, the other one at the a-diimine. The formation of this diradical is analogous to the 

production of radicals •Mn(CO)5 and Mn-'"(CO)3(a-diimine~) by irradiation of 

(CO)5MnMn(CO)3(a-diimine).^ The solvent may coordinate to the open site of the 16e-

Os-'"(CO)2(a-diimine^) moiety and this adduct formation is then followed by intramolecular 

electron transfer from the radical-anion to the Os-radical giving rise to the formation of the 

zwitterion Os~(CO)40s(CO)40s+(CO)2(a-diimine)(S). This reaction is again completely analogous 

to the intermolecular electron transfer between the two Mn-radicals producing [Mn(C0)3(a-

diimine)S]+ and [Mn(C0)5]~. The reaction steps leading to the formation of this zwitterion must 

be very fast since this product was already formed within 10 nanoseconds after excitation of a 

solution of Os3(CO)io(BPY) in THF. This explains why the intermediate diradical could not be 



Chapter VI 115 

trapped by a radical scavenger such as t-Bu-NO. The intramolecular electron transfer reaction most 

probably results from a through-space interaction between the two radical parts of the diradical. 

This is concluded from our recent observation that in the complex Os3(CO)io(iPr-PyCa) (iPr-PyCa 

= pyridine-2-carbaldehyde-N-isopropylimine), the interaction between the two radical parts does 

not only lead to electron transfer with formation of a zwitterion, but also produces a radical-

coupling product with a bridging iPr-PyCa ligand.̂ ^ 

Backreaction to give the parent cluster is achieved by nucleophilic attack of the negative part of the 

zwitterion at the cationic Os-a-diimine moiety. This backreaction will of course be hampered and 

may even be prevented when a solvent molecule, a ligand such as P(OMe)3, or an anion block the 

open site. This explains the large influence of the coordinating properties of the solvent on the 

lifetime of the zwitterion. Coordination of a hard base such as THF will be sensitive to the trans-

influence experienced by the a-diimine ligand. This trans-influence decreases when this ligand 

becomes a weaker a-donor in the order BPY>BPYM>DPP. In the same order, the metal-solvent 

bond will be strengthened, and this has a retarding effect on the backreaction of the zwitterion to 

the parent complex. As a result, the lifetime of the zwitterion is expected to increase, and this is in 

accordance with our observations (Table VI.7). In the case of acetonitrile, the a-diimine has hardly 

any influence on the lifetime. This observation, together with the enormous differences in lifetimes 

for the complexes in THF and CH3CN, may be caused by the extra coordination of the acidic 

protons of acetonitrile to the negative part of the zwitterion. 

In contrast to Os3(CO)io(L) (L = BPY, BPYM, DPP), the complex Os3(CO)io(DPB) is not 

photoreactive. This is caused by the large decrease of the MLCT state energy (Table VI.4). 

Because of this low energy, non-radiative decay to the ground state becomes more important and, 

apparently, competes efficientiy with the surface crossing to the ^C\,Tt* state. 

VI.4 Conclusions 

A solvent dependent, reversible osmium-osmium bond opening is observed for the compounds 

Os3(CO)io(L) (L = BPY, BPYM, DPP), whereas Os3(CO)io(DPB) is photostable. The bond 

opening and closing mechanism proceeds via a zwitterionic intermediate. The zwitterion can also 

undergo an electrophilic attack of AICI3 which finally results in oxidation of the parent cluster. 

The physical and chemical properties of the solution will strongly be altered by the zwitterion 

formation. Its colour changes and also the dielectric constant will change dramatically. Moreover, 

the solvated cationic site of the zwitterion may also bind and activate molecules that participate in 

stoichiometric or catalytic reactions. The practical applications of these effects are the subject of a 

detailed study. 



116 Photochemistry ofOs3(CO)io(L) 

References 

(1) Morse, D. L.; Wrighton, M. S. J. Am. Chem. Soc 1976, 98, 3931. 

(2) Luong, J. C ; Faltynek, R. A.; Wrighton, M. S. J. Am. Chem. Soc. 1979, 101, 1597. 

(3) Stufkens, D. J. Coord Chem. Rev. 1990, 104, 39. 

(4) van Dijk, H. K.; Stufkens, D. J.; Oskam, A. Inorg. Chem. 1989, 28, 75. 

(5) Andrea, R. R.; de Lange, W. G. J.; Stufkens, D. J.; Oskam, A. Inorg. Chem. 1989, 28, 318. 

(6) van der Graaf, T.; van Rooy, A.; Stufkens, D. J.; Oskam, A. Inorg. Chim. Acta 1991, 787, 133. 

(7) van der Graaf, T.; Stufkens, D. J.; Oskam, A.; Goubitz, K. Inorg. Chem. 1991,30, 599. 

(8) Servaas, P. C ; Stor, G. J.; Stufkens, D. J.; Oskam, A. Inorg. Chim. Acta 1990, 178, 185. 

(9) Kokkes, M. W.; Stufkens, D. J.; Oskam, A. Inorg. Chem. 1985, 24, 2934. 

(10) Stufkens, D. J. Comments Inorg. Chem. 1992, 13, 359. 

(11) Kaupp, K.; Stoll, H.; Preuss, H.; Kaim, W.; Stahl, T.; van Koten, G.; Wissing, E.; Smeets, W. J.; Spek, 

A. L. J. Am. Chem. Soc. 1991,113, 5606. 

(12) Andrea, R. R.; Stufkens, D. J.; Oskam, A. J. Organomet. Chem. 1985, 290, 63. 

(13) Rossenaar, B. D.; Kleverlaan, C. J.; Stufkens, D. J.; Oskam, A. J. Chem. Soc. Chem. Comm. 1994, 63. 

(14) Rossenaar, B. D.; Kleverlaan, C. J.; van de Ven, M. C. E.; Stufkens, D. J.; Oskam, A. J. Organomet. 

Chem. 1994, submitted. 

(15) Nieuwenhuis, H. A.; van de Ven, M. C. E.; Stufkens, D. J.; Oskam, A.; Goubitz, K. Organometallics 

1995, 14, 780. 

(16) Nieuwenhuis, H. A.; van Loon, A.; Moraal, M. A.; Stufkens, D. J,; Oskam, A.; Goubitz, K. J. Organomet. 

Chem. 1994, in press. 

(17) Stor, G. J.; Morrison, S. L.; Stufkens, D. J.; Oskam, A. Organometallics 1994,13, 2641. 

(18) Djurovich, P. I.; Watts, R. J. Inorg. Chem. 1993,32, 4681. 

(19) Djurovich, P. I.; Watts, R. J. /. Phys. Chem. 1994, 98, 396. 

(20) Djurovich, P. I.; Cook, W.; Joshi, R.; Watts, R. J. J. Phys Chem. 1994, 98, 398. 

(21) Mahabiersing, C ; de Lange, W. G. J.; Goubitz, K.; Stufkens, D. J. J. Organomet. Chem. 1993, 461, 127. 

(22) Zoet, R.; Jastrzebski, J. T. B. H.; van Koten, G.; Mahabiersing, T.; Vrieze, K.; Heijdenrijk, D.; Stam, C. H. 

Organometallics 1988, 7, 2108. 

(23) Grevels, F.-W.; Klotzblicher, W. E.; Schrickel, J.; Schaffner, K. J. Am. Chem. Soc. 1994, 116, 6229. 

(24) Ford, P. C. J. Organomet. Chem. 1990, 383, 339. 

(25) Churchill, M. R.; DeBoer, B. G. Inorg. Chem. 1977, 16, 878. 

(26) Balk, R. W.; Stufkens, D. J.; Oskam, A. J. Chem. Soc. Dalton Trans. 1981, 1124. 

(27) Balk, R. W.; Snoeck, T. L.; Stufkens, D. J.; Oskam, A. Inorg. Chem. 1980, 19, 3015. 

(28) McClanahan, S.; Kincaid, J. J. of Raman Spectroscopy 1984, 15, 173. 

(29) Braunstein, C. H.; Baker, A. D.; Strekas, T. C ; Gafney, H. D. Inorg. Chem. 1984, 23, 857. 



Chapter VI IT? 

(30) Kaim, W.; Kohlmann, S.; Lees, A.; Snoeck, T. L.; Stufkens, D. J.; Zulu, M. M. Inorg. Chim. Acta 1993, 

210, 159. 

(31) van Outersterp, J. W. M.; Garriga Oostenbrink, M. T.; Hartl, F.; Stufkens, D. J. to be published. 

(32) Schilder, P. G. M.; Luyten, H.; Stufkens, D. J.; Oskam, A. Applied Spectroscopy 1991, 45, 1344. 

(33) van Outersterp, J. W. M.; Stutkcns, D. J.; Fraanje, J.; Goubitz, K.; Vlcek, A. Inorg.Chem. submitted. 

(34) Kokkes, M. W.; Snoeck, T. L.; Stufkens, D. J.; Oskam, A.; Cristophersen, M.; Stam, C. H. J. of MoL 

Struct. 1985, 131, II . 

(35) Servaas, P. C ; Stufkens, D. J.; Oskam, A. Inorg. Chem. 1989, 28, \114. 

(36) Kokkes, M. W.; Stufkens, D. J.; Oskam, A. Inorg. Chem. 1985, 24, 4411. 

(37) Kokkes, M. W.; Brouwers, A. M. F.; Stufkens, D. J.; Oskam, A. J. ofMol. Struct. 1984, 115, 19. 

(38) Daniel, C , personal communication. 

(39) Nijhoff, J., personal communication. 





Chapter VII 

Reduction of the Clusters Os3(CO)io(L) (L = 2,2'-Bipyridine, 2,2'-Bipyrimidine, 2,3-Bis-(2-

Pyridyl)Pyrazine, 2,3-Bis-(2-Pyridyl)Benzoquinoxaline) and Os3(CO) io(L)Re(Br)(CO)3 (L 

= 2,2'-Bipyrimidine): A (Spectro)electrocheniical Study at Variable Temperatures. 

Abstract - The clusters Os3(CO)io(a-diimine) (a-diimine = BPY, BPYM, DPP, DPB) and 

Os3(CO)|o(BPYM)Re(Br)(CO)3 undergo one-electron a-diimine localised reduction to give the 

corresponding radical anionic compounds. The reduction was studied by cyclic voltammetry and 

combined IRAJV-Vis spectroelectrochemistry in optically transparent thin-layer cells at variable 

temperatures. The spectroelectrochemical results illustrate that the stability of the radical anions 

strongly depends on the basicity of the reduced a-diimine ligand which increases in the order ^i-

BPYM < DPB < BPYM < DPP < BPY and follows thus the increasing energy of the lowest n*(a-

diimine) orbital in the same order. The conversion of the a-diimine ligand from a re-acceptor to a 

strong a-,7[-donor upon reduction causes increasing delocalisation of the unpaired electron over the 

Os(a-diimine) chelate bond and, consequently, destabilisation of the dz2 Os(a-diimine) orbital 

involved in the Os-Os bonding. Such polarisation of a Os-Os bond is followed, for a-diimine = BPY, 

DPP and BPYM (at sufficiently high temperature) by its heterolytic splitting and a subsequent 

reduction step ( an ECE mechanism) to give several isomeric open-structure dianions and (probably 

protonised) anions. On the other hand, the presence of |i-BPYM and DPB ligands as strongest rt-

acceptors in the series studied led to the inherently stable radical anionic clusters with the triosmium 

core intact which could also be characterised by ESR spectroscopy. 

Vn.l Introduction 

It is well established that electrochemical reduction of transition metal clusters (TMC's) with a 

LUMO of metal-metal antibonding character often results in opening of a metal-metal bond, 

followed by secondary chemical reactions. For example, the triangular cluster Os3(CO)i2 

undergoes a CO-loss reaction upon electrochemical reduction resulting in the coordinatively 

unsaturated species [Os3(CO) io(|4-CO)]2- which has one of the osmium-osmium bonds broken.' 

Chemical instability of reduced TMC's can be successfully offset by incorporating strongly 

bonded bridging, interstitial or capping ligands with phosphorus, nitrogen, carbon and chalcogen 

donor heteroatoms^, or by substantially increasing the nuclearity of the metal core (electron 

sinks). ̂ -̂  Up to now, much less attention has been paid to electrochemical studies on TMC's with 

non-innocent, redox-active ligands like a-diimines with frontier orbitals suitable for strong 

119 
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metal-ligand a-bonding and 7t-back bonding. Recently, we have shown that related metal-metal 

bonded complexes of the type (CO)5MnRe(CO)3(L) (L = 2,2'-Bipyridine (BPY), 2,2'-

Bipyrimidine (BPYM), 2,3-Bis-(2-Pyridyl)Pyrazine (DPP)) and (CO)5MnRe(CO)3(L)Re(Br)(CO)3 

(L = BPYM, DPP) show a one-electron reduction, producing the metal-metal bonded radical 

anions. The stability of these radicals was strongly dependent on the extent of polarisation of the 

metal-metal bond induced by a 'charge leakage' from the a-diimine radical anionic ligand 

amenable to accommodate the added electron in its low-lying 7i* orbital. The stronger the 

polarisation upon going to a weaker 7i-acceptor a-diimine, the more facile is the heterolytic 

cleavage of the Mn-Re bond. '̂̂  In contrast, the dimers M2(CO)io (M = Mn, Re) undergo one-

step, two electron reduction resulting in instantaneous cleavage of the M-M bond. 

Figure VII.l Schematic drawings of Os/BPY and Os/BPYM/Re. 

In this article we have extended this idea i.e. introduction of an a-diimine ligand, to osmium 

clusters. The one-electron reductions of clusters of the type Os3(CO)io(L) (L = BPY, BPYM, 

DPP, 2,3-Bis-(2-Pyridyl)Benzoquinoxaline (DPB)) and Os3(CO)io(BPYM)Re(Br)(CO)3 are 

described. For clarity Os3(CO) io(L) and Os3(C0) io(BPYM)Re(Br)(CO)3 will be abbreviated as, 

Os/L and Os/BPYM/Re, respectively (see Figure VII.l). 

VII.2 Results 

The v(CO) frequencies and the UV-Vis data of the TMC's under investigation and their 

reduction products are collected in Table VII.l and VII.2, respectively. The reduction potentials 

are presented in Table VII.3. 
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Tabic VII.l CO-stretching frequencies of Os3(CO)io(L) (L = BPY. BPYM, DPP, DPB) and 

Os3(CO) io(BPYM)Re(Br)(CO) 3 and their reduction products. 

Compound v(CO) (cm ' ) 

Os/BPY^'t' 2084 m 2032 s 2002 s 1989 s 1973 s 1953 m 1901m 

OS/BPY' ' - ' ' 2083m 2031s 2000s 1990s 1973s 1953m 1901m 

( I I /UIJBPY' ' ' ' ' 2056 W 1972 s,br 1881 sh 1861m 

( I V ) B P Y ' ' ' ' ' 2118 W 2038 W 1999 s 1985 s 1925 w,br 

(ni')a.c 2050 w 1958 s,br 1878 sh 1857 m 

Os/DPpa.b 2088 m 2040 s 2005 s 1998 sh 1977 s 1957 m 1905 m 

Os/DPP''''' 2088 m 2041s 2005 s 1977 s 1959 m 1904 w 

(II)DPP''''' 2063 w 1982s 1969 sh 1896 sh 1874 m 

(ni)DPp''''' 2065 w 2059 w 2055 w 1969 s 1891 br 1871 br 

(IV)DPP''''' 2121 w 2087m 2040m 2004s 1990s 1906m 

(n')DPP^''^ 2055 w 1956vs 1902 w 1870sh 1850m 

(V)|-,ppa,c 2057 w 1976 s,br 1865 w 

OS/BPYM' ' - ' ! 2086 m 2035 s 2005 s 1991s 1978 s 1958 m 1907 m 

Os/BPYM^'b 2086 w 2035 s 2003 sh 1995 s 1977 s 1961m 1902 w 

lOs/BPYMp'i''^ 2073 w 2063 w 2016 m 1979 vs 1964 sh 1884 w 

[Os/BPYM] ̂ W 2073 w 2063 w 2017 m 1979 s 1964 sh 1885 w 

( I I )BPYM' ' ' ' ' 2061 W 1983s 1967 sh 1891 sh 1874 w 

(HI) BPYM*'''' 2067 w 2052 w 1967 s 1891 sh 1865 w 

(IV)Bp-yTkl''''' 2121 w 2111 w 2043 m 2002 s 1988 s 1936 w 1910 w 

(n')BPYM^''^ 2016 w 1962 s 1943 s 1883 sh 1850 sh 

Os/DPB^l' 2078 m 2035 m 2011s 1988 m,br 1956 w 

[Os/DPBr^t* 2064m 2020m 1990s 1973 m 1939 w 

Os/BPYM/Re^-b 2092 m 2045 m 2029 s 2004 s,br 1988 sh 1965 sh 1932 m 1918 m 

[Os/BPYM/Re]^ 2079 w 2068 vw 2026 m 2014 s 1992 s,br 1971 sh 1948 w 1909 m 1892 m 

" in n-PtCN. t> at 293K.'^ at 213K. ''in THF. 
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Table Vn.2 UV-Vis data ofOs3(CO)]o(L) (L = BPY. BPYM. DPP DPB) and Os3(CO)io(BPYMfie(Br)(CO)3 and 

their reduction products. 

Compound 

Os/BPYa'b 

(n/niJBPY^''' 

(n/ni)BPY*^'^ 

Os/DPpa.'' 

(n)DPP^''' 
(ni)Dppa,b 

Os/BPYM''''' 

[Os/BPYM] ^'d 

(n) + (m)BPYM^'t' 

(11) + (ra)BPYM'''^ 

Os/DPBa.c 
[Os/DPB]-be 

[DPB].-a,b 

Os/BPYM/Re^''' 

[Os/BPYM/Re]-'*''' 

^max('™) 

493, 527 

399,483(sh), 646,800 

299,400, 640, 790 

514,571 

383,480(sh), 560(sh), 682, 811 

380,468, 672, 822 

393, 551 

464, 490 

379,484(sh), 672, 809 

389,462(sh),660, 816 

522, 694 

511,560,671,727,811 

490,522,574,649,711 

498, 694 

443, 585 

a in THF. ti 293K. c in n-PrCN. ^ 213K. 

Table VII.3 Reduction potentials (V vs Fc/Fc+) of the complexes Os/L (L = BPY. BPYM. DPP. DPB) and 

Os/BPYM/Re (5*10-'*M) in lO'^M Bu4NPF(, solution at v = lOOmV/s. Pt disk electrode at variable 

temperatures. 

Compound 

Os/BPY^'b 

Os/BPY^'''''^ 

Os/DPpa.d 

Os/DPP^'b 

Os/BPYM^'d 

Os/BPYM^'l' 

Os/DPBS'd 

Os/BPYM/Rea-d 

Ep,c^ 

-1.85 (irr.) 

-1.85 (irr.) 

-1.55 (rev.) 

-1.61 (rev.) 

-1.47 (rev.) 

-1.54 (rev.) 

-1.22 (rev.) 

-0.93 (rev.) 

(AEp) 

-
-

(120) 

(130) 

(70) 

(115) 

(70) 

(95) 

(AEp) of Fc/Fc-^ 

-

(120) 

(130) 

(70) 

(115) 

(70) 

(95) 

a Measured at 293K. ^ Measured in THF '̂  Measured under CO atmosphere. "Measured in n-

PrCN. ^ Chemical reversibility and irreversibility is indicated by rev. and irr., respectively. 
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VII.2.1 Os/BPYM/Re. 

The one-electron reduction of the cluster Os/BPYM/Re at Ep,c = -0.93V (vs Fc/Fc-^, in n-PrCN) 

is both electrochemically (AEp = 95 mV vs 95 mV for Fc/Fc + at v = 100 mV/s) and chemically 

(Jp /̂Ip'̂  = I) reversible at room temperature on the cyclic voltammetry (CV) time scale. 

Spectroelectrochemically, formation of a product is observed, which shows a very similar IR 

v(CO) pattern as the parent compound, the bands being shifted by approximately 20 cm' ' to 

lower frequencies. This product is, therefore, assigned to the radical anion [Os/BPYM/Re]'. The 

shift to lower v(CO) frequencies can be attributed to an increased 71-backdonation from the metal 

centres towards the CO ligands in the reduced cluster. The magnitude of the v(CO) shifts of ~ 20 

cm"' is in line with the a-diimine localised one-electron reduction^ and points to an increased 

charge-donation from the bis(chelated) BPYM' radical anionic ligand to both the Re atom and 

the Os 3 core. 

[Os/BPYM/Re]" is inherently stable at room temperature and could also be obtained in a 

chemical way by smooth reduction of O.s/BPYM/Re with one equivalent of Co(Cp)2 in THF. In 

this way it was possible to characterise the radical anionic [Os/BPYM/Re]" by ESR (.see Figure 

VII.2) and UV-Vis (Table VII.2) spectroscopy. 

Figure VII.2 ESR .ipectra in THF: (A) [Os/BPYM/Re]'. (B) [Os/DPB]^. (C) [Os/BPYM]'. 
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The ESR spectrum of [Os/BPYM/Re] - has a total spectral width (AH) of 1300 and shows an 

unresolved hyperfine structure which may originate from the splitting of '^^Os (I = 1/2, natural 

abundance 1.64%), '^^Os (I = 3/2, natural abundance 16.1%), '85,l87Re (i ^ 5/2), Mĵ  (j = i), iH 

(I = 1/2) and '̂ 9,813^ (j = 3/2). it is well known^''" that especially the 79,8lBr nuclei cause an 

increase in line width. Unfortunately, the large line width which removes the details of the 

hyperfine structure prevented the simulation of the ESR spectrum and, therefore, determination 

of the particular splitting constants. 

The UV-Vis spectrum of Os/BPYM/Re shows two MLCT transitions at 498 and 694 nm in THF. 

These bands are assigned to Metal-to-Ligand Charge Transfer (MLCT) bands which may 

originate from both the Re and the Os metal centres and which are directed to the lowest 71* level 

of the BPYM ligand." Upon one-electron reduction both MLCT bands shift to higher energy 

( 443, 585 nm). If the SOMO of [Os/BPYM/Re]- has still 7i*(BPYM) character, which is in fact 

indicated by the ESR spectra (vide supra) and by the stability of the radical, this shift of the 

MLCT band may be ascribed to a destabilisation of this 7r*(BPYM) orbital upon single 

occupation. Another explanation arises from a somewhat larger distortion of [Os/BPYM/Re]- in 

comparison with the parent complex, and hence significant contribution of the reorganisation 

energy to the lowest MLCT transition in [Os/BPYM/Re]-. 

< 

Figure Vn.3 
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IR spectral changes upon conversion of Os/DPB ( ) into [Os/DPB]' (—) in THF at 293K. 

VII.2.2 Os/DPB. 

The cyclic voltammogram of Os/DPB in n-PrCN shows a one-electron reduction at Ep,c = -1.22 

V (vs Fc/Fc"^), which is both electrochemically (AEp = 70 mV vs 70 mV for Fc/Fc-*- at v = 

lOOmV/s) and chemically (Ip '̂/Ip'̂  = 1) reversible at room temperature (Table VII.3). 
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Spectroelectrochemically the formation of the stable radical anion [Os/DPB]- was observed. This 

was reflected in the retention of the v(CO) pattern together with a shift of the v(CO) bands to 

lower frequencies compared to the parent compound (Figure VII.3, Table VII.l). The [Os/DPB]" 

radical anion could also be obtained by reduction of the parent cluster with Co(Cp)2 and was 

characterised by ESR (Figure VII.2B) and UV-Vis (Figure VII.4, Table VII.2) spectroscopy. 

The ESR spectrum of [Os/DPB]- has a total spectral width (AH) of 55G which is about 3 times 

smaller in comparison with [Os/BPYM/Re]-. This is most probably caused by the absence of the 

Re nuclei which may possess a larger splitting constant than the Os nuclei. 

ca 

o 
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Figure VII.4 UV-Vis spectra of Os/DPB ( ), [Os/DPB]' (-—) in n-PrCN, and free [DPB]' ( ) in THF. 

The UV-Vis spectrum of Os/DPB shows two bands at 522 and 694 nm (in THF) which are 

assigned'^ to MLCT transitions (.see Figure VII.4). One-electron reduction of Os/DPB results in 

formation of [Os/DPB]- which exhibits a complex UV-Vis spectrum with absorption bands at 

511, 560, 671, 727 and 811 nm. Just as [Os/BPYM/Re]- and [Os/BPYM]- (see VII.2.3), also 

[Os/DPB]- is expected to have the MLCT transitions shifted to higher energy in comparison with 

the parent cluster. It is therefore proposed that the low-lying absorption bands in the UV-Vis 

spectrum of [Os/DPB]- belong, in fact, to intraligand (IL) 7C->7i* and 7:*->7C* transitions of the 

reduced [DPB]- ligand. This assignment is strongly supported by the UV-Vis spectrum of free 

[DPB]-, electrochemically generated in THF, which shows intense absorption bands at 490, 522, 

574, 649, 711 nm (Figure VII.4). All these absorptions can actually be found in the UV-Vis 

spectrum of [Os/DPB]-, being slightly shifted to lower energy. The higher intensity of the bands 

at 511 and 560 nm, in comparison with free [DPB]- is probably caused by the presence of the 

underlying lowest-energy MLCT transition in the reduced cluster. The only absorption band in 

the UV-Vis spectrum of [Os/DPB]- which thus remains to be assigned is that at 811 nm as it has 
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no equivalent in the UV-Vis spectrum of free [DPB] -. It cannot be excluded that also this 

electronic transition has IL character and that it has an origin in the perturbation of [DPB]- by Os 

coordination. The UV-Vis spectrum of [Os/DPB]- imposes that the added electron is indeed 

localised mainly on the DPB ligand which is in full agreement with the character of the ESR 

spectrum and the inherent stability of the radical anion. 

VII.2.3 Os/BPYM. 

At room temperature the cyclic voltammogram of Os/BPYM shows a cathodic peak at Ep̂ c = 

-1.47 V (vs Fc/Fc+, in n-PrCN). The reduction is both electrochemically (AEp = 70 mV vs 70 mV 

for Fc/Fc*- at V = 100 mV/s) and chemically (Ip /̂Ip'̂  = I) reversible on the CV time scale. 

Spectroelectrochemically the formation of the radical anion [Os/BPYM]- was observed upon 

one-electron reduction of Os/BPYM at room temperature in THF. This was again reflected in the 

retention of the v(CO) pattern together with a shift of the v(CO) bands to lower frequencies 

compared to the parent compound (Table VII.l). However, [Os/BPYM]- was not as stable on the 

OTTLE time scale at room temperature as [Os/BPYM/Re]- and [Os/DPB]-. When the reduction 

was followed stepwise with a scan rate of 2 mV/sec, only a very small amount of [Os/BPYM] -

was observed, whereas a direct shift of the potential to -1.47V, the reduction potential of 

Os/BPYM, revealed a considerable larger amount of [Os/BPYM]-. [Os/BPYM]- was also 

obtained in a chemical way by reducing the parent cluster with (Cp)Fe'(C6Me6). A small amount 

of [Os/BPYM]- persisted at room temperature in the solution and could, therefore, be 

characterised with ESR spectroscopy (Figure VII.2C). 

-1 1 1 1 
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Figure VII.S IR spectral changes upon isomerisation of(II)ijPYM "^'o (lll)BPYM '" ^'^'^"' ^93K. 
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[Os/BPYM]- converts at room temperature into a product (II)BPYM (Table VII.l), which reacts 

further (without consumption of an electron) to give a species (in)BPYM with an IR band pattern 

similar to that of (II)BPYM (see Figure VII.5). It is therefore most likely that (ni)BPYM is a 

structural isomer of (II)BPYM-

Reoxidation of (II)BPYM occurs at a rather positive potential (~ IV more positive than Ep,c of 

Os/BPYM), and leads to a partial recovery of Os/BPYM via an intermediate (IV)BPYM (v(CO) 

at: 2121w, 2111 w, 2043 m, 2002 s, 1988 s, 1936 w, 1910 w cm"'). Reoxidation of product 

(ni)BP'VTvi, did not, however, give the starting species. 

At 213K, the one-electron reduction of Os/BPYM within the LT OTTLE cell was completely 

reversible on the time scale of minutes. This was indicated by the isosbestic appearance of the 

v(CO) bands of [Os/BPYM]- (Figure VII.6, Table VII.l). The formation of (II)BPYM was not 

observed. Instead, subsequent one-electron reduction of [Os/BPYM]- was possible and led to the 

formation of a stable product (II')BPYM (v(CO) at: 2016 w, 1962 s, 1943 s, 1883 sh, 1850 sh 

cm"'). The v(CO) pattern of (ir)BP'iTvl is similar to that of (II)BPYM. formed at room temperature, 

but shifted by approximately 20 cm"' to lower frequencies (see Figure VII.7). Reoxidation of 

(n )BPYM leads to the complete and isosbestic recovery of Os/BPYM. 

r 1 1 1 1 1 \ 1 1 
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Figure VII.6 IR spectral changes upon one-electron reduction of Os/BPYM to [Os/BPYM]' at 213K in n-PrCN. 

The one-electron reduction of Os/BPYM was also followed with UV-Vis spectroscopy at 2I3K 

in n-PrCN. The UV-Vis spectrum of the radical anion [Os/BPYM]' (Figure VII.S; Xmax 

[Os/BPYM]-: 464, 490 nm) shows the characteristic features of a reduced species which has the 

added electron localised on the BPYM ligand. '^ The subsequent conversion of [Os/BPYM]- to 
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(II)BPYM and (in)BPYM at room temperature, followed by combined IR/UV-Vis spectroscopic 

detection, revealed that also the UV-Vis spectra of (II)BPYM and (III)BPYM are comparable, 

which confirms that they are probably isomers. The UV-Vis data in Table VII.2 correspond to a 

mixture of (II)BPYM and (ni)BPYM-
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Figure VII.7 IR spectral changes upon one-electron reduction of [Os/BPYMf to (IF) BPYM ^ ' 213K in n-PrCN. 

Inset: (II)BPYM ( ) ""d (II')BPYM (-)• 
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Figure Vn.8 UV-Vis spectrum of [Os/BPYM]' in n-PrCN at 213K. 
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VII.2.4 Os/DPP. 

Os/DPP shows a both electrochemically (AEp = 120 mV vs 120 mV for Fc/Fc+ at v = 100 mV/s) 

and chemically (I p̂ /Ip*̂  = 1) reversible one-electron reduction on the CV time scale at Ep,c = " 1.55 

V (vs Fc/Fc+) in n-PrCN. Spectroelectrochemically, however, the formation of the radical anion 

[Os/DPP]- was not observed, not even at 213K. 

At room temperature, the one-electron reduction of Os/DPP leads immediately to the formation 

of the product (II)DPP (v(CO) at: 2063 w, 1982 s, 1969 sh, 1896 sh, 1874 m c m ' ) which than 

isomerises to the product (III)DPP (V(C0) at: 2065 w, 2059 w, 2055 w, 1969 s, 1891 br, 1871 br 

cm"'). Reoxidation of (II)DPP, which again occurs at rather positive potentials, leads to a partial 

recovery of Os/DPP via an intermediate (IV)DPP (V(CO) at: 2121 W, 2087 m, 2040 m, 2004 s, 

1990 s, 1906 m cm"'). No Os/DPP was formed, however, upon reoxidation of (III)DPP. 

Chemical reduction of Os/DPP in toluene with (Cp)Fe'(C6Me6) instantaneously revealed a 

precipitate which contained a mixture of (II)DPP and (III)DPP, as was confirmed by IR and UV-

Vis spectra (Table VII.l, VII.2). The ESR spectrum of (II-I-III)DPP in THF was silent. It can, 

therefore, be concluded that both (II)DPP and (III)DPP are charged species but do not contain an 

unpaired electron. 

At 213K, a product ( IODPP with v(CO) at: 2055 w, 1956 vs, 1902 w, 1870 sh, 1850 m cm"', is 

formed. Although the frequency shift is similar to that found for product (ir)BPYM' formed upon 

reduction of Os/BPYM at 213K, the IR pattern of (ir)DPP is slightiy different (Table VII.l). 

Reoxidation of (ir)Dpp leads to a partial recovery of Os/DPP via an intermediate (V)DPP. 

Combination of IR and UV-Vis spectroelectrochemistry of Os/DPP at room temperature in THF 

allowed to obtain separately the UV-Vis spectra of (II)DPP and (ni)DPP (Table VII.2). 

VII.2.5 Os/BPY 

In contrast to the other clusters, Os/BPY shows a chemically (Ip^/lp'̂ <l) irreversible one-electron 

reduction at Epc = -1.85 V(vs Fc/Fc-*") (see Figure VII.9). The reduction remains irreversible even 

at 2I3K. This process corresponds to instability of the primary reduction product [Os/BPY]' 

which undergoes a fast follow-up chemical reaction with a rather low activation energy. This 

reaction was also indicated by the appearance of a new anodic peak at -1.53V (vs Fc/Fc•*" in THF) 

on the reverse scan. The anodic peak current at -1.53V significantly increased when the CV scan 

was performed under a CO atmosphere. Moreover, the corresponding cathodic counterpeak was 

observed at Ep,c = -1.70V during the reverse negative scan, followed by the reduction peak of 

parent Os/BPY which had apparentiy diminished (see Figure VII.9). Hence, an intermediate is 
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formed from reduced [Os/BPY]-, which can be stabilised during the CV scan under a CO 

atmosphere. 

The anodic peaks found in the CV of Os/BPY between -0.4 and -0.7V vs Fc/Fc"*" may be 

attributed to reoxidation of ( II /1II)BPY (see below), which is also in line with the 

spectroelectrochemical results on (II)BPYM,DPP and (in)BPYM,DPP- Reoxidation of the latter 

products was indicated in the thin-layer cyclic voltammogram by anodic peaks which were 

comparably positively shifted with respect to the reduction of Os/L (L = BPYM, DPP). 

0.00 -0.50 -1.00 -1.50 -2.00 
V vs Fc/Fc* 

T2.5O nA 

0.00 -0 .50 -1.00 -1 .50 -2.00 
V vs Fc/Fc"" 

Figure VII.9 Cyclic Voltammograms of Os/BPY at 293K: (A) in THF under N2: (B) in THF under CO. 

Conditions: 5*10'^M solution in n-PrCN in the presence of 10''M Bu4NPF(). Pt disk electrode 

(area of 0.8 mm^). v = lOOmV/s. 

The irreversible character of the reduction of Os/BPY has been further confirmed by IR 

spectroelectrochemistry at 298 and 213K. At both temperatures the formation of [Os/BPY]- was 

not observed. At room temperature the formation of a product (II/1II)BPY was observed (v(CO) 

at: 2056 w, 1972 s,br, 1881 sh, 1861 m cm"'). The v(CO) pattern corresponds to a single product 

with a structure intermediate to that of the products (I1)BPYM,DPP and (in)BPYM,DPP at room 

temperature. Reoxidation of (II/III)BPY at the rather positive potentials (Figure VII.9) led to a 

partial recovery of Os/BPY via an intermediate (IV)BPY (V(C0) at: 2118 w, 2038 w, 1999 s, 
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1985 s, 1925 w,br cm ' ) . This behaviour indicates that the structure of the product (II/III)BPY 

may be more related to that of (II)BPYM,DPP than to that of (III)BP-YM,DPP. as the reoxidation of 

the latter compound gave neither the parent species nor (IV)BPYM,DPP-

At 213K, one-electron reduction of Os/BPY led to the formation of a product (III')BPY (V(CO) at: 

2050 w, 1958 s,br, 1878 sh, 1857 m c m ' ) which has the same IR v(CO) band pattern as 

(ni)BPYM and (III)DPP at room temperature, but shifted by ~ 20 cm"' to lower frequencies. 

Reoxidation of (Iir)BPY did not result in the reappearance of Os/BPY. 

Similar to the products (II)BPYM,DPP and (III)BPYM,DPP also the product (1I/III)BPY exhibits 

several low-energy bands in the visible region (Table VII.2). 

VII.3 Discussion 

VII. 3.1 Stability of the radical anions. 

The (spectro)electrochemical data presented in the previous section have clearly shown that 

stable radical anionic clusters [Os3(CO) io(a-diiniine)]- can be formed because of the presence of 

7t-acceptor a-diimine ligands which are able to accommodate the added electrons in their low-

lying empty 7:*-orbitals. 

A comparison of the reduction potentials of the osmium clusters reveals that BPY (Ep^c(Os/BPY) 

= -1.85V vs. Fc/Fc"*" at 293K in THF) has the K* orbital at highest energy and, therefore, 

possesses the weakest 7r-acceptor character. BPYM and DPP in Os/L are comparable in their 7t-

acceptor capacity (Ep,c (Os/BPYM) = -1.54 V vs. Fc/Fc^ at 293K in THF; Ep,c (Os/DPP) = 

-1.61V vs. Fc/Fc"*" at 293K in THF). DPB is definitely the strongest 7C-acceptor as indicated by 

the rather positive reduction potential of Os/DPB at Ep,c = -1.22 V vs. Fc/Fc*- at 293K in n-PrCN. 

The 7r-acceptor character of BPYM becomes much stronger when it acts as a bridge between the 

triangular osmium-core and the Re(Br)(CO)3 unit (Ep,c (Os/BPYM/Re) = -0.93V vs. Fc/Fc-t" at 

293K in n-PrCN). The decrease of Tt* orbital energy of the bridging versus non-bridging BPYM 

is a well-known phenomenon '"'"'̂  which is caused by the coordination of a second electron-

withdrawing metal centre. As expected, this is also reflected in the UV-Vis spectra of Os/BPYM 

and Os/BPYM/Re (Table VII.2). The d(Os)^7t*(BPYM) CT band of Os/BPYM at 551 nm (in 

THF at 293K) shifts to 692 nm in Os/BPYM/Re. An additional MLCT band, which probably 

originates from the Re' centre of the Re(Br)(C0)3 fragment, is observed at 498 nm in the UV-Vis 

spectrum of the latter cluster. 
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In accordance with the changing 7i-acceptor ability of the a-diimine ligand (see above) the 

radical anions [Os/BPYM/Re]- and [Os/DPB]- are fully stable at room temperature whereas the 

radical anion [Os/BPYM]- can be completely stabilised only at 213K. This observation indicates 

that the conversion of [Os/BPYM]- into the product (II)BPYM has an energy barrier that cannot 

be overcome at 213K. The cyclic voltammogram of Os/DPP indicates a reversible formation of 

[Os/DPP]- at room temperature, but, spectroelectrochemically (i.e. on the time scale of minutes), 

no [Os/DPP]- could be detected even not at 213K. Apparently, the formation of [Os/DPP]- is 

followed by a chemical reaction of significantly lower activation energy. This different behaviour 

of Os/BPYM and Os/DPP is rather surprising as their reduction potentials are very similar. 

Apparently, other effects play a role. MO calculations'^ on the [BPYM]- ligand reveal that the 

electron density in its Tt* SOMO is mainly localised on the inter-ring C-C bond. On the other 

hand, complexes with a-diimine ligands of the type [R-DAB] - (R = alkyl, aryl; R-DAB = 2,3-di-

R-l,4-diaza-I,3-butadiene) are expected to have the unpaired electron in their 7t* SOMO 

delocalised over the C=N bonds. "*'^ It is supposed that this is also true for the [DPP]- ligand, 

than the unpaired electron will be significantly delocalised over the Os-DPP chelate bond. 

Consequently, the increased electron density on the osmium core will be the driving force for a 

fast follow-up chemical reaction of the reduced [Os/DPP]- compound (see below). The activation 

energy for this reaction is apparently very low in this case. The same reactivity was observed for 

[Os/BPY]- which is unstable already on the CV time scale (at scan rates of 20-500 mV/s), even at 

213K. 

VII.3.2 The open-structure products. 

The nature of the above mentioned follow-up reaction of [Os/L]- (L = BPY, BPYM, DPP) and its 

mechanism can be determined on the basis of IR spectroelectrochemical and ESR results (see 

above). At room temperature, [Os/BPYM]- and [Os/DPP]- converted into the products 

(I1)BPYM,DPP and, subsequently, into the isomers (1II)BPYM,DPP- For L = BPY, only one isomer 

(II/III)BPY was observed. The IR spectra of these products show a striking similarity with those 

of zwitterionic species Os-(CO)4-Os(CO)4-Os""(CO)2(L)(S) (S = donor solvent, PR3)'2 ( see 

Scheme VI.l, Chapter VI) found upon optical excitation of Os/L into their MLCT transitions. 

The zwitterions have one of the Os-Os bonds adjacent to the Os-L moiety open. The bond 

splitting takes place from a reactive ^GK'* state which results in a diradical species. 

Intramolecular electron transfer then led to the formation of the zwitterions which finally reacted 

via an intramolecular nucleophilic attack to give the starting clusters Os/L. When Bu4NBr was 

present in the solution, a stable anion Os~(CO)4-Os(CO)4-Os(CO)2(L)(Br) was obtained.'^ 

Comparison of the IR spectrum of this anionic photoproduct, for L = BPYM, with that of 

(II)BPYM (see Figure VII. 10) clearly reveals that also these products ( I I )L must be monoanionic 
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clusters with one of the Os-Os bonds open (Table VII. 1). Their isomeric forms (III)L (see Figure 

VII.5 and Table VII.l) may then differ, for instance, in the orientation of the a-diimine ligand 

with respect to the OS3 core. The reduction products (ir)L (L - BPYM, DPP) and/or (Iir)BPY 

generated spectroelectrochemically at low temperatures as stable species, do not considerably 

differ from (II)L and (III)L, respectively, in the v(CO) band pattern but in lower (approximately 

20 cm"') v(CO) frequencies (see Figure VII.7 inset). It is therefore proposed that (ir)L and 

(nr)BPY are in fact dianions with a similar structure as (II)L and (III)L, respectively. Solid proof 

of this assignment was obtained from the one-electron reduction of [Os/BPYM]- within the LT 

OTTLE cell at 213K, which indeed gave (ir)BPYM upon retention of isosbestic points in the IR 

v(CO) region (see Figure VII.7). 
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Figure VII.IO IR spectra of(ll)spYM ( ) ""<' '''^ photoproduct of Os/BPYM formed in the presence ofNBu4Br 

(—) in THF 

The anionic (II)DPP could be isolated by precipitation from toluene using the 19e"" compound 

(Cp)Fe'(C6Me6) for the reduction of Os/DPP at room temperature. The instantaneous 

precipitation of reduced (n)Dpp also supports its assignment as a negatively charged cluster. In 

fact, chemical reduction in a non-polar solvent was the only convenient synthetic procedure. In 

polar solvents (II)DPP reacted with parent Os/DPP to yet unidentified product(s), upon stepwise 

addition of (Cp)Fe'(C6Me6). Valuable information for the correct assignment of (II)L is the silent 

ESR spectrum of (II)DPP in THF. (II)L can, therefore, be considered as monoanions, but not as 

radical anions. 
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In the light of the above results the irreversible reduction of Os/L (L = BPYM, DPP, BPY) points 

to a one-electron, a-diimine localised process which is followed by a chemical reaction of the 

primary products [Os/L]- (opening of the Os-Os bond) and by concomitant consumption of a 

second electron which finally gives the dianions (ir)L (an ECE mechanism). These latter species 

are, however, only stable at sufficiently low temperatures. Work is in progress to determine the 

molecular structure of the dianions (ir)L and of the stable room temperature products (II)L and 

(HDL which might be the singly protonised (i.e. diamagnetic) anionic derivatives of (ir)L-

In this respect the reactive primary reduction products [Os/L] - (especially L = DPP and BPY) 

may closely be related to the radical anions [M3(C0) 12]" (M = Ru, Os)'- '̂̂  which are very shortly 

lived ([Ru3(C0) 12]" has a half-life T< lO'^s in CH2CI2) and convert to dianions [M3(CO) io(|J.-

CO)]2" via an open-structure intermediate. Also in this case the splitting of a M-M bond in the 

radical anion [M3(CO)i2]" induces formation of the doubly-reduced cluster at the applied 

reduction potential of M3(CO)i2. For, the final dianionic products [M3(CO)io(M.-CO)]2- are 

reoxidised at a significantiy more positive electrode potential with respect to the reduction of 

M3(CO)i2. This is fully in line with our observation that oxidation of both (I1)L/(III)L and 

(ir)L/(in')L is locatised at least IV more positively than the reduction of parent Os/L (see Figure 

VII.9). Moreover, both [M3(C0) 11]̂ - (M = Os, Ru) could be prepared in their protonised forms, 

i.e. as [HM3(CO)ii]", and both were found to react with parent M3(CO)i2 to give separate 

anionic clusters of higher nuclearity. '•20-2i 

VII.3.3 Proposed mechanism of the Os-Os bond opening. 

The one-electron reduction of Os/L and Os/BPYM/Re is evidently localised on the a-diimine 

ligand since the primary reduction products [Os/L]- and [Os/BPYM/Re] -, respectively, exhibit 

ESR, UV-Vis and IR spectra characteristic for ligand-localised radicals. However, the open-

structure anions (II)L/(ni)L and dianions (ir)L/(lir)L probably have the negative charge 

localised, in analogy with the closely related photogenerated anions Os~(CO)4-Os(CO)4-

Os(CO)2(L)(Br)'', on the triosmium core and not on the a-diimine ligand anymore. 

The heterolytic splitting of the Os-Os bond in [Os/L]- has its origin in a strong polarisation of 

this bond by a charge "leakage" from the reduced a-diimine ligand L, the degree of which is 

mainly controlled by the 71-acceptor ability of L in the neutral clusters Os/L. Apparently, DPP 

and BPY are much less amenable to accommodate the extra electron due to the high energy of 

their 7r* LUMO in comparison with the other ligands employed, BPYM, DPB and |J.-BPYM, 

which is reflected in rather negative reduction potentials of Os/L (L = DPP, BPY). A similar 

dependence on the a-diimine ligand was found^ for the heterolytic metal-metal bond cleavage 

upon one-electron reduction of di- and trinuclear complexes (CO)5MnRe(CO)3(L) (L = BPY, 
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BPYM, DPP) and (CO)5MnRe(CO)3(L)Re(Br)(CO)3 (L = n-BPYM, |i-DPP), respectively. The 

most stable radical anion was that generated by one-electron reduction of the trinuclear complex 

with n-BPYM. On the other hand, the radical anion [(CO)5MnRe(CO)3(BPY)]- could not be 

detected at all spectroelectrochemically due to its instantaneous decomposition into [Mn(CO)5]-

and the radicals [Re(CO)3(BPY)]- which either dimerised or reacted with donor solvent 

molecules. The above Mn-Re complexes can, therefore, serve as model compounds for the 

clusters studied. The weakening of the Os-Os(L) bond may be cau.sed by two complementary 

effects. The first one involves a hyperconjugative 7t*(L)/a*(Os-Os) interaction^^ directly 

increasing the electron density in the antibonding a*(Os-Os) orbital. Such an interaction is in 

principle possible due to the cis-position of the Os/L moiety towards one of the adjacent Os-Os 

bonds'^(see Figure VI.l and Scheme VI.l, Chapter VI). It will become more efficient with 

increasing energy of the 7t*(L) level, i.e. going from |J.-BPYM and DPB to DPP and BPY (see 

above). However, this interaction can hardly explain why the Os-Os bond is cleaved 

heterolytically. For, the splitting will require a complete transfer of the unpaired electron into the 

a*(0s-0s) orbital which is impossible due to the higher energy of a*(0s-0s) with respect to the 

lowest 7t*(a-diimine) orbital and a presumably limited overlap between these two orbitals. 

The second, stronger effect on the instability of the Os-Os(L) bond arises from a significantly 

increased a- and 7:-donor character of the a-diimine anion going from |X-BPYM to DPB, BPYM, 

DPP and BPY. In the same order, the unpaired electron will become more delocalised over the 

Os-L chelate bond which will, in turn, considerably destabilise also the dz2 orbital of Os(L) 

involved in the Os-Os(L) bonding. Its occupation thus will be no more energetically convenient. 

The o Os-Os(L-) bond will, therefore, be polarised to such an extent that it will split 

heterolytically into Os" Os"'"(L-) or, better, Os~ (Os(L))', in analogy to the formation of 

[Mn(C0)5]- and solvated [Re(CO)3(L)]' (see above).^ In this case, however, the bonding in the 

triosmium core prevents dissociation of the (Os(L))' moiety. This provides probably the driving 

force for the subsequent reduction which finally gives the open-structure dianions (ir)L/(in')L, 

similarly to [Os3(CO)i2]'.' The same a-bond polarisation mechanism probably applies also for 

the dissociation of Br~ from/ac-[Re(Br)(CO)3(L)]- described recentiy by Stor et al.^ 

The proposed strong influence of increased basicity of the a-diimine ligand on the instability of a 

metal-metal bond can also be demonstrated with the formation of (CO)5ReRe(CO)3(L2) by 

reaction of Re(CO)5- with Re(Cl)(CO)3(L2)." The Re-Re bond was formed for L2 = BPY 

whereas no reaction was observed for significantly more basic pyridine (PY) ligands (E1/2 

(PY/PY-) - Ei/2(BPY/BPY-) = -690 mV (!)23). 
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Contrary to these Re-Re complexes, the heterolytic splitting of the Os-Os(L) bond in Os/BPY 

even requires a reduction step to increase sufficiently the basicity of the a-diimine ligand. 

Whereas only one-electron reduction has to be performed for L = BPY, DPP and BPYM (at room 

temperature), the much stronger 7t-acceptor ligands |i-BPYM and DPB must be converted into 

dianions to induce opening of the Os-triangle. More research has to be done, however, to 

elucidate the intimate mechanism of the formation of the open-structure species (II)L/(III)L and 

(n')L/(nr)L. For, the cyclic voltammetry on Os/BPY indicated that the conversion of [Os/BPY]-

into (II/III)BPY proceeded via an additional intermediate whose stability could be increased under 

CO-atmosphere. Unfortunately, this species was still too short-lived to allow its unambiguous IR 

spectroscopic detection and characterisation at room temperature. 

The open-structure products could be completely reoxidised into the parent clusters Os/L only in 

the case of the dianions (ir)L at low temperatures. Contrary to this, reoxidation of the anionic 

(protonised) clusters (II)L only led to a partial recovery of Os/L via yet unidentified intermediates 

(IV) L whereas no formation of Os/L was observed upon reoxidation of the anionic isomers (III)L-

Apparently, the elucidation of the molecular structure of all the open-structure reduction products 

is imperative to answer the above differences in their reoxidation pathways, and also to assign the 

visible electronic transitions in their unusually complex UV-Vis spectra (see Table Vll. 1). 

VII.4 Conclusions 

(1) The one-electron reduction of the triangular clusters Os/L and Os/BPYM/Re gives the 

corresponding radical anions which are stable at room temperature for L = n,-BPYM and 

DPB, the strongest 7C-acceptors in the series studied. 

(2) The presence of the more basic [L] - ligands L = BPYM, DPP and BPY in [Os/L]- induces 

a strong polarisation of the Os-Os(L) bond followed by its heterolytic splitting and a 

subsequent reduction step (an ECE process). For L = BPYM, this process can be inhibited 

at sufficiently low temperatures. 

(3) The open-structure anionic (protonised) and dianionic products may exist in two isomeric 

forms which strongly differ in behaviour upon reoxidation. 
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Chapter VIII 

General Discussion 

VIII.1 Introduction 

Organometallic complexes having a covalent metal-metal or metal-alkyl bond (a) and a low-lying 

71* orbital at one of the ligands may possess, in addition to ligand field (LF) and metal-to-ligand 

charge transfer (MLCT) states, a reactive 3CTb7i* state. Upon occupation of this state such 

complexes split into radicals, which is a rather unusual reaction in inorganic chemistry. 

The work described in this thesis is concerned with this splitting process in metal clusters of the 

type (Os3(CO)io(L) (L = BPYM, DPP, DPB) and in the occurrence of energy transfer from a non-

reactive MLCT state of a remote metal fragment to a reactive ^GK* state through the bridging 

ligands BPYM and DPP. The complexes studied are of the type (CO)5MnRe(CO)3(L)MLn' (L -

BPYM, DPP; MLn' = Re(Br)(C0)3, W(CO)4). The results of the various electrochemical and 

photochemical experiments on these metal-metal bonded complexes will briefly be reviewed in the 

next sections. 

VIII.2 Photochemistry 

It has been well established that metal-metal bonded complexes which contain an a-diimine ligand, 

undergo a light-induced homolysis of the metal-metal bond, from a reactive ^GbU* state. These 

states can not be populated by direct irradiation into the G^-^Tt* transition since such transitions are 

overlap forbidden. Instead, irradiation of these complexes leads to occupation of the MLCT state(s) 

which is then followed by surface crossing to the reactive ^Ob7t* state. 

The efficiency (O) of the metal-metal bond homolysis reaction depends on the 7t*-orbital energy of 

the ligands used. Both (CO)5MnRe(CO)3(BPYM) and (CO)5MnRe(CO)3(DPP) exhibit a quantum 

yield of 0.4 whereas O decreases to -0.3 for (CO)5MnRe(CO)3(DPP)Re(Br)(CO)3 and even to ~ 

0.05 for (CO)5MnRe(CO)3(BPYM)Re(Br)(CO)3. The same behaviour was found for the osmium 

clusters. Although Os3(CO)io(L) (L = BPY, BPYM, DPP) showed an efficient Os-Os bond 

opening, no photoreactivity was observed for Os3(CO)io(EPB) and Os3(CO)io(BPY]VORe(Br)((X))3. 

The decrease of quantum yield in case of the ligand bridged complexes and Os3(CO)io(DPB) is not 

just a matter of Energy Gap Law, which means that reaction from the ^G^K* state becomes 

competitive with radiationless decay to the ground-state. For (CO)5MnRe(CO)3(L)Re(Br)(CO)3 it 
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was also shown that a reaction from the ^Gn* state could only take place if the dissociation energy 

barrier for splitting of the Mn-Re bond could be overcome. 

VIII.2.1 Communication through the ligand-bridge 

In the trinuclear complexes (CO)5MnRe(CO)3(L)Re(Br)(CO)3 the bridging ligand L connects a 

photoreactive (CO)5MnRe(CO)3 fragment with a photostable Re(Br)(CO)3 chromophore. Their 

UV-Vis spectra show two absorption bands in the visible region. The resonance Raman spectra 

established an asymmetric behaviour of the bridging BPYM ligand which was reflected in an 

intensity enhancement of different v(CO) and v(CN) vibrations upon excitation into either of the 

absorption bands. More evidence for the asymmetry was provided by 'H-NMR spectroscopy and 

the X-ray structure. Based on these observations the low-energy band was assigned to 

(MnRe*̂ —>7r*) transitions and the high-energy band to (Re'—>7i*) transitions. This asymmetric 

behaviour of the ligand bridge is responsible for the poor interaction between the metal fragments. 

This is reflected in the efficiency (O) of the metal-metal bond splitting which decreases upon 

changing the excitation wavelength from the higher to the lower energy band. In case of a strong 

interaction between the (CO)5MnRe(CO)3 and Re(Br)(CO)3 fragments, the quantum yield O and 

also Ea would have been comparable upon excitation into either of the absorption bands. 

VIII. 2.2 Reversible bond opening for Os3(CO)io(L) 

The (COJsMn- radicals formed upon bond homolysis of the metal-metal bonded complexes 

(CO)5MnM(CO)3(a-diimine) (M = Mn, Re) can undergo various follow-up chemical reactions 

since they are free to move away from each other in solution. For the osmium clusters this 

diffusion is inhibited as Os-Os bond homolysis leads to the formation of •Os(CO)4-Os(CO)4-

Os(CO)2(L)' (L - BPY, BPYM, DPP) in which both radical fragments remain connected by an 

Os(CO)4 unit. This gives the radicals the opportunity to quickly react back with each other to give 

the starting species. However, since one of the electrons of the diradical is localised on the a-

diimine ligand, the bond-closure is not just a matter of recombination of the two free electrons. As 

a matter of fact, the diradical species is converted into a zwitterionic compound by transfer of the 

electron localised on the a-diimine ligand to the radical localised at the osmium atom. Finally, 

intramolecular nucleophilic attack in the zwitterion leads to recovery of the starting material. The 

stability of the zwitterion is determined by the coordinating ability of the solvent and the a-donor 

capacity of the a-diimine ligand. Coordination of a hard base such as THF will be sensitive to the 

trans-influence experienced by the a-diimine ligand. This trans-influence decreases when this 

ligand becomes a weaker a-donor in the order BPY" > BPYM" > DPP~. In the same order, the 

metal-solvent bond will thus be strengthened, and this has a retarding effect on the backreaction of 

the zwitterion to the parent compound. 
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VIII.3 Electrochemistry 

Though various metal-metal bonded complexes (M3(CO)i2 [M = Fe, Ru, Os], W2(SBz)2(CO)8, 

M2(CO)io [M = Mn, Re]) have been the subject of electrochemical studies the very first product of 

one-electron reduction has never been observed so far. This is not surprising, since the extra 

electron can only occupy the anti-bonding a*-orbital (LUMO) which causes a direct splitting, or at 

least weakening, of the metal-metal bond. In most cases, the products of metal-metal bond splitting 

have a reduction potential more anodic or comparable to that of their parent compounds and will 

thus undergo a second reduction step resulting in fragmentation or CO-loss. Overall this process 

can be viewed as one direct two-electron reduction. 

When an a-diimine ligand such as 2,2'-Bipyridine (BPY), BPYM, DPP or DPB coordinates to the 

metal-metal bonded fragments M2(CO)8 or Os3(CO)]o, reduction of the complexes will lead to 

occupation of the lowest 7t*-orbital of the a-diimine instead of the o*(M-M)"antibonding orbital. 

This really improves the stability of the metal-metal bonded radical anions, as was shown in this 

work. The stability appeared to increase with decreasing 7t*-orbital energy of the a-diimine in the 

order BPY < BPYM < DPP < DPB < ^-DPP < i^-BPYM. For (CO)5MnRe(CO)3(L) and 

Os3(CO)io(L) (L = BPY, BPYM, DPP) no stable radical anions could be observed at room 

temperature. Their formation was directly followed by a metal-metal bond splitting. It occurred, 

however, that [(CO)5MnRe(CO)3(BPYM)]^ and [Os3(CO)io(BPYM)]- could be stabilised by 

simply decreasing the temperature so that the energy barrier leading to splitting of the metal-metal 

bond could not be surpassed anymore. The ligand-bridged radical anion 

[(CO)5MnRe(CO)3(DPP)Re(Br)(CO)3]- was considerably more stable at room temperature and 

only slowly underwent the metal-metal bond splitting. [(CO)5MnRe(CO)3(BPYM)Re(Br)(CO)3]^ 

and [Os3(CO)io(BPYM)Re(Br)(CO)3]^ were even found to be completely stable just as 

[Os3(CO)io(DPB)]^, in which DPB possesses already a very low-energetic 7C* orbital in its non-

bridged form. 

The metal-metal bond splitting found for [(CO)5MnRe(CO)3(L)]- (L = BPY, BPYM, DPP), 

[(CO)5MnRe(CO)3(DPP)Re(Bi-)(CO)3]^ and [Os3(CO)io(L)]^ (L = BPY, BPYM, DPP) is caused 

by a polarisation of the metal-metal bond due to 'charge leakage' from the a-diimine. The extent of 

'charge leakage' is dependent on the o,7i-donor character of the reduced a-diimine ligands. 

Generally, it was shown in this thesis that the 7i*-orbital energy of the a-diimine ligand affects 

both the photoreactivity and dissociation of the reduced states in the same way i.e. complexes 

which are photostable also form the most stable radical anions. 
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VIII.4 Concluding remarks 

The results described in this thesis are of direct interest for further research, especially in the field 

of cluster chemistry. 

Previous studies on organometallic compounds have shown that it is possible to obtain a dinuclear 

complex from a mononuclear complex by electroreduction (e.g. Fe(CO)5 gives Fe2(CO)8^"). An 

increase in nuclearity was also observed for M2(CO)io (M = Mn, Re) whose reduction may result 

in formation of [M3(CO)i4]" ', or upon reaction of Os3(CO)i2 with [Os3(CO)n]2" which gives a 

mixture of OS4 and OS5 species.^ The Mn-Re radical anions and, particulady, the OS3 radical 

anions and dianions under study can most likely also be used in this synthetic field. 

It is well known that many group 8-10 clusters can catalyse nucleophilic substitution reactions via 

an Electron Transfer Chain (ETC) reaction. The corresponding radical anions of these clusters may 

play an important role in such ETC reactions.-' In this respect the labile radical anions 

[Os3(CO)io(L)]^ (L = BPY, BPYM, DPP) might serve as good mediators in such reactions. 

Moreover, the open-structure dianions formed upon reduction of Os3(CO)]o(L) (L = BPY, BPYM, 

DPP) are believed to react efficiently with a variety of electrophiles, in particular olefins, alkynes. 

The formation of the zwitterionic clusters of variable lifetime upon irradiation of Os3(CO)io(L) (L 

= BPY, BPYM, DPP) might have some important effects on the physical properties of the 

solution. The colour significantly changes and also the dielectric constant will dramatically be 

affected. Moreover, the anionic site of the zwitterion may bind and activate electrophilic molecules 

via stoichiometric or catalytic reactions. 
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Summary 

The research described in this thesis concerns the photochemical and redox behaviour of metal-

metal bonded systems with low-energy metal-to-ligand charge transfer (MLCT) states. Upon 

irradiation these complexes decompose into radicals via a homolytic splitting of the metal-metal 

bond. The aim of the research was to determine how this behaviour is influenced by (I) 

introduction of a second chromophoric group or by (II) binding both metal atoms in the metal-metal 

bonded fragment to a third metal centre. 

For the research goal mentioned under (I), the photochemical behaviour of complexes of the type 

(CO)5MnRe(CO)3(BPYM)Re(Br)(CO)3, in which BPYM acts as a bridging ligand, was investigated. 

For this complex and related compounds, a direct energy transfer was found from the MLCT state 

of the (BPYM)Re(Br)(CO)3 system to the reactive ÔbTi* state of the metal-metal bonded fragment. 

This energy transfer was negatively influenced by an asymmetric distortion of the BPYM ligand. 

The photoreaction resulted in the formation of stable radicals which were characterised 

spectroscopically. Electrochemical reduction of these compounds gave, for the first time, stable 

metal-metal bonded radical anions others than those derived from "close-packed" clusters. 

The photochemical and electrochemical behaviour of clusters of the type Os3(CO)io(ot-diimine) 

was investigated to achieve the research goal as described under (II). Irradiation of the clusters led 

to the reversible formation of the zwitterion Os"(CO)4-Os(CO)4-Os"*"(CO)2(a-dnmine) whose 

lifetime varied from less than 10 nanoseconds in toluene to about 20 seconds in acetonitrile and 

even 20 minutes in pyridine. The formation of such zwitterions will most likely temporarily change 

the physical properties of a solution (dielectric constant!). This remarkable process together with 

selective activation of electrophiles by the zwitterions are the starting points for further research of 

this time dependent photochemistry. 

The general introduction. Chapter I, provides background information on the photochemistry and 

electrochemistry of organometallic complexes related to those described in the thesis. The relations 

that exist between electrochemistry and photochemistry of organometallic compounds are briefly 

outlined. The aims of the research are described: (1) studying the communication between the 

ligand bridged metal fragments in the complexes (CO)5MnRe(CO)3(L)(MLn') from their 

photochemical and photophysical behaviour; (2) to study the photochemistry of the clusters 

Os3(CO)io(L) upon irradiation into their MLCT band; (3) studying the influence of the a-diimine 

ligand on the stability of metal-metal bonded radical anions, formed upon electrochemical reduction 

of (CO)5MnRe(CO)3(L), (CO)5MnRe(CO)3(L)Re(Br)(CO)3 and the osmium clusters. 
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Chapter II describes the materials and equipment used for the photochemical and electrochemical 

studies. The recipes for the syntheses of the complexes are presented. In addition, the 

spectroscopic and photochemical properties of the building blocks of the metal-metal bonded 

complexes (CO)5MnRe(CO)3(L) and (CO)5MnRe(CO)3(L)(MLn') are dealt with. 

The results of a spectroscopic ('H-NMR, UV-Vis, resonance Raman) study on novel di- and 

trinuclear complexes of the type (CO)5MnRe(CO)3(L) and (CO)5MnRe(CO)3(L)(MLn') (L = 

BPYM, DPP; MLn' = Re(Br)(CO)3, W(CO)4), respectively, are presented in Chapter III. An 

asymmetric distortion of the BPYM ligand in (CO)5MnRe(CO)3(BPYM)Re(Br)(CO)3 is evident 

from its X-ray structure. From the C-N bonds connected to the inter-ring C-C bond, those 

involving N-atoms coordinated to the Re^ atom of the (CO)5MnRe(CO)3 moiety are longer than 

those involving N-atoms coordinated to the Re' atom of the Re(Br)(CO)3 fragment. The asymmetry 

is further confirmed by the 'H-NMR and resonance Raman (rR) spectra. These rR spectra show 

intensity enhancement for different v(CO) and v(CN) frequencies upon excitation into the MLCT 

transitions originating from either of the two metal fragments which give rise to different 

absorption bands in the visible region. The corresponding complexes 

(CO)5MnRe(CO)3(DPP)Re(Br)(CO)3 and (CO)5MnRe(CO)3(BPYM)W(CO)4 do not show this 

asymmetric behaviour. For the latter compound the rR spectra point to a reversal of the order of the 

energies of the au and b2u 71* orbitals of BPYM as compared with the free ligand. The distortion of 

the BPYM ligand appears to be responsible for a very weak electronic Tt-interaction between the 

two metal-fragments in (CO)5MnRe(CO)3(BPYM)Re(Br)(CO)3 which may thus be viewed as a 

mixed valence complex. 

Chapter IV contains the results of a (spectro)electrochemical study on (CO)5MnRe(CO)3(L) (L = 

BPY, BPYM, DPP) and (CO)5MnRe(CO)3(L)Re(Br)(CO)3 (L = BPYM, DPP). The metal-metal 

bonded radical anions formed upon one-electron reduction of these complexes were detected with 

cyclic voltammetry and IR spectroelectrochemistry. The lability of the radical anions has its origin 

in considerable polarisation of the metal-metal bond caused by the anionic a-diimine ligand, which 

decreases in the order Mn-Re(BPY) » Mn-Re(BPYM) ~ Mn-Re(DPP) > Mn-Re(|i-DPP)Re > 

Mn-Re(|i-BPYM)Re, i.e. with decreasing energy of the 7i* LUMO of the a-diimine ligand in the 

parent complexes. Due to its stability at room temperature, [(CO)5MnRe((X))3(BPYM)Re(Br)(CO)3]-

could be prepared by chemical reduction with Co(Cp)2 and characterised with ESR and UV-Vis 

spectroscopy. The related radical anion with DPP as the bridging ligand could only be stabilised at 

properly low temperatures just as for the nonbridged compounds of BPYM and DPP. The radical 

anionic compounds display IR spectra which are similar to those of their parent compounds with 

the v(CO) frequencies shifted to smaller wavenumbers. In the case of (CO)5MnRe(CO)3(BPY) no 

radical anionic species could be detected at all. Except for the |i-BPYM compound, formation of 

the radical anion was always followed by heterolytic splitting of the metal-metal bond. 



Summary 145 

In Chapter V the photochemistry and emission of the dinuclear complexes (CO)5MnRe(CO)3(L) 

and bridged trinuclear complexes (CO)5MnRe(CO)3(L)(MLn') (L=BPYM DPP; ML,' = Re(Br)(C0)3, 

W(C0)4) are described. Both types of complexes undergo homolysis of the Mn-Re bond upon 

irradiation into their MLCT transitions, resulting in the formation of radical species. This is about 

the only similarity between the di- and trinuclear systems since the quantum yields of their 

photoreactions strongly differ. Those of the dinuclear complexes are high and temperature and 

wavelength independent. For the trinuclear compounds, the activation energy of the photoreaction 

and its quantum yield decreased upon changing the excitation wavelength from the high- to the 

low-energy MLCT absorption band. Emission from thermally nonequilibrated states was observed 

for both dinuclear complexes at 80K in a 2-MeTHF glass, while a double emission, extending into 

the near-IR spectral region, was observed for the trinuclear (CO)5MnRe(CO)3(DPP)(Re(Br)(CO)3) 

complex. The corresponding trinuclear compound of BPYM was not emissive. An excited state 

diagram and a qualitative dynamics model are presented to explain this complex photobehaviour. 

The discrepancy in the photochemical and emissive behaviour of the di- and trinuclear complexes is 

ascribed to the attachment of the extra metal fragment in the latter compounds, which induces a 

stabilisation of the ligand 7t*-orbital energy and introduces an extra set of MLCT states. 

Chapter VI describes the photochemistry of the cluster compounds Os3(CO)io(L) (L = BPY, 

BPYM, DPP, DPB). The clusters show an intense MLCT absorption band in the visible. Upon 

irradiation into this band a photoproduct was formed which could be detected with time resolved 

techniques i.e. Rapid Scan IR and nanosecond transient absorption spectroscopy. After being 

formed, the photoproduct reacted back to give the starting compound. The lifetime of the transient 

photoproduct appeared to depend on the coordinating ability of the solvent ( less than 10 ns in 

toluene and ca. 20 seconds in CH3CN) and on the basic properties of (L). In the presence of a 

halide salt or in 2-MeTHF at I33K, the photoproduct could even be stabilised. The photoproduct is 

proposed to be the zwitterion Os"(CO)4-Os(CO)4-Os"'-(CO)2(L)(S). More evidence for this 

structure was provided by 'H-NMR and Raman spectroscopy. The bond opening which is 

proposed to occur from the ^GhK* state results in the formation of a diradical with one of the free 

electrons localised on the a-diimine ligand. An intramolecular electron transfer reaction results in 

the formation of a zwitterion which in turn regenerates the parent complex by intramolecular 

nucleophilic attack of the anionic part of the zwitterion at the solvated cation. 

Chapter VII deals with the (spectro)electrochemistry of the osmium clusters Os3(CO)io(L) (L = 

BPY, BPYM, DPP, DPB) and Os3(CO)io(BPYM)Re(Br)(CO)3. Triangular closed-structure 

radical anions formed upon one-electron reduction were detected with Cyclic Voltammetry and IR 

spectroelectrochemistry. They have the free electron localised on the a-diimine ligand. The stability 

of the closed-structure radical anions is determined by the degree of polarisation of the osmium-
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osmium bond due to charge leakage from the a-diimine ligand. The better the 7i-acceptor character 

of the reduced ligand the more stable is the radical anion. Thus, [Os3(CO)io(L)]"= (L - BPYM, 

DPB) and [Os3(CO)io(BPYM)Re(Br)(CO)3]^ were found to be stable at room temperature and 

could be obtained by chemical reduction so that they could be characterised with ESR 

spectroscopy. Although [Os3(CO)io(L)]- (L = BPY, BPYM, DPP) were found to undergo a 

heterolytic sptitting of the Os-Os(L) bond at 293K, [Os3(CO)io(BPYM)]^ could be stabilised at 

213K. The heterolysis results in open-structure mono- and dianionic species. A reversible osmium-

osmium bond opening was found upon reduction/reoxidation of Os3(CO)io(BPYM) at 213K. 

Finally, a general discussion of the electrochemical and photochemical results reported in Chapters 

III - VII is presented in Chapter VIII. The following conclusions were drawn from the research: 

(1) a weak communication exists between the metal fragments in the complexes 

(CO)5MnRe(CO)3(L)(MLn'); (2) dependent on the a-diimine 7r*-orbital energy, the osmium 

clusters show a reversible opening of one of the Os-Os(L) bonds upon irradiation into their MLCT 

transitions; (3) the stability of the metal-metal bonded radical anions, formed upon one-electron 

reduction of (CO)5MnRe(CO)3(L), (CO)5MnRe(CO)3(L)Re(Br)(CO)3 and the osmium clusters,, 

increases with decreasing 7t*-orbital energy of the a-diimine ligand. 



Samenvatting 
Het onderzoek beschreven in dit proefschrift richt zich op het fotochemisch en redox gedrag van 

metaal-metaal gebonden systemen met een laag-energetiscbe metaal-ligand charge transfer (MLCT) 

toestand. Bij bestraling ontieden dergelijke complexen in radicalen door homolytische verbreking 

van de metaal-metaal binding. Doel van bet onderzoek was om vast te stellen hoe dit gedrag wordt 

be'invloed als zo'n complex gebonden wordt aan een tweede chromofore groep (I) of als beide 

metaalatomen van het metaal-metaal gebonden fragment gebonden zijn aan een derde metaalcentrum 

(II). 

Voor het onderzoek onder (I) werd het fotochemisch gedrag onderzocht van complexen van het 

type (CO)5MnRe(CO)3(BPYM)Re(Br)(CO)3, waarin het BPYM optreedt als bruggend ligand. 

Voor dit complex en vergelijkbare verbindingen werd een energieoverdracht gevonden vanuit de 

MLCT toestand van het (BPYM)Rc(Br)(CO)3 systeem naar de reactieve ^GK* toestand van het 

metaal-metaal gebonden fragment. Deze energieoverdracht werd nadelig beinvloed door een 

asymmetrische distorsie van het BPYM ligand. De fotoreaktie resulteerde in de vorming van 

stabiele radicalen die spectroscopisch werden gekarakteriseerd. Voor het eerst konden uit deze 

complexen door electrochemische reductie stabiele metaal-metaal gebonden radicale anionen 

worden gevormd die verschillen van de radicale anionen die gevormd worden bij de reductie van 

"dicht-gepakte" clusters. 

Voor het onderzoek onder (II) werd het fotochemisch en electrochemisch gedrag onderzocht van 

clusters van het type Os3(CO)io(a-diimine). Bestraling van deze clusters leidde tot de reversibele 

vorming van het zwitterion Os^(CO)4-Os(CO)4-Os"'"(CO)2(a-diimine) waarvan de levensduur 

varieerde van minder dan 10 nanoseconden in tolueen tot ca. 20 seconden in acetonitril en zelfs 20 

minuten in pyridine. De vorming van dergelijke zwitterionen biedt zeer waarschijnlijk de 

mogelijkheid om de fysische eigenschappen van een oplossing (dielectrische constante!) tijdelijk te 

wijzigen. Dit opmerkelijke proces en de mogelijkheid om electrofielen selectief te activeren via het 

zwitterion vormen dan ook de uitgangspunten voor verder onderzoek naar deze tijdsafhankelijke 

fotochemie. 

In de algemene inleiding, Hoofdstuk I, wordt enige achtergrond informatie verschaft over de 

fotochemie en electrochemie van organometaalverbindingen die nauw verwant zijn aan de 

complexen die in dit proefschrift worden beschreven. De relatie tussen de fotochemie en 

electrochemie van organometaalverbindingen wordt kort besproken. De doelstellingen van het 

onderzoek worden beschreven: (I) het bestuderen van de communicatie tussen de ligand gebrugde 

metaalfragmenten in de complexen (CO)5MnRe(CO)3(L)(MLn') aan de hand van bun fotochemisch 
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en fotofysisch gedrag; (2) bestudering van de fotochemie van de clusters Os3(CO)io(L) na 

bestraling in de MLCT band; (3) het bestuderen van de invloed van het a-diimine ligand op de 

stabiliteit van metaal-metaal gebonden radicaal anionen die bij electrochemische reductie van 

(CO)5MnRe(CO)3(L), (CO)5MnRe(CO)3(L)Re(Br)(CO)3 en de osmiumclusters worden gevormd. 

Hoofdstuk II geeft een beschrijving van de materialen en apparatuur die voor de fotochemische 

en electrochemische experimenten zijn gebruikt. Tevens worden de syntheses van de verschillende 

complexen beschreven. Daarnaast worden de spectroscopische en fotochemische eigenschappen 

van de bouwstenen van de metaal-metaal gebonden systemen (CO)5MnRe(CO)3(L) en (C0)5Mn-

Re(CO)3(L)(MLn') kort behandeld. 

De resultaten van een spectroscopisch ('H-NMR, UV-Vis en resonantie Raman) onderzoek van de 

nieuwe di- en trinucleaire complexen, (CX))5MnRe(CX))3(L) en (CO)5MnRe(CO)3(L)(MLn'), worden 

in Hoofdstuk III weergegeven. Uit de kristalstructuur van (CO)5MnRe(CO)3(BPY]V5Re(Br)(CO)3 

blijkt, dat het BPYM ligand asymmetrisch vervormd is. De C-N bindingen die met de C-C interring 

binding verbonden zijn , blijken langer te zijn wanneer N gecoordineerd is aan het Re"̂  atoom van 

de (CO)5MnRe(CO)3 groep dan wanneer zo'n N-atoom gecoordineerd is aan het Re' atoom van het 

Re(Br)(CO)3 fragment. De asymmetric van het BPYM ligand blijkt verder uit de 'H-NMR en 

resonantie Raman (rR) spectra. De Raman spectra vertonen een resonantie Raman effect voor 

verschillende v(CO) en v(CN) trillingen bij excitatie in een van beide MLCT banden. Hieruit blijkt 

tevens dat de MLCT overgangen van verschillende metaalcentra afkomstig zijn. De 

overeenkomstige complexen (CO)5MnRe(CO)3(nPP)Re(Br)(CO)3 en (CO)5MnRe(CO)3(BPYM)W(CX))4 

vertonen geen asymmetric. Uit de rR spectra van dit laatste complex blijkt wel dat de energieen van 

de au en b2u 7i* orbitals van het BPYM ligand zijn omgekeerd ten opzichte van het vrije ligand. De 

vervorming van het BPYM ligand zorgt ervoor, dat er slechts een zwakke electronische 7t-interactie 

bestaat tussen de twee metaal fragmenten in (CO)5MnRe(CO)3(BPYM)Re(Br)(CO)3. Daarom kan 

het bcschouwd worden als een zogenaamd mixed-valence complex. 

Hoofdstuk IV bevat de resultaten van een (spectro)electrochemisch onderzoek van 

(CO)5MnRe(CO)3(L) (L = BPY, BPYM, DPP) en (CO)5MnRe(CO)3(L)Re(Br)(CO)3 (L = BPYM, 

DPP). De metaal-metaal gebonden radicale anionen, die bij een-electron reductie gevormd worden, 

zijn waargenomen met cyclische voltammetrie en IR spectroelectrocbemie. De labiliteit van deze 

radicale anionen hangt af van de mate van polarisatie van de metaal-metaal binding door het 

anionische a-diimine ligand, en neemt af in de volgorde Mn-Re(BPY) » Mn-Re(BPYM) ~ Mn-

Re(DPP) > Mn-Re()J.-DPP)Re > Mn-Re(|i-BPYM)Re, dat wil zeggen met afnemende energie van 

de 71* LUMO van bet a-diimine ligand in de uitgangsstoffen. Vanwege zijn stabiliteit bij 

kamertemperatuur, was het ook mogelijk om het radicale anion [(C0)5Mn-
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Re((X))3(BPYM)Re(Br)(CO)3]" te maken door middel van chemische reductie met Co(Cp)2 en te 

karakteriseren met ESR en UV-Vis spectroscopic. Het analoge radicale anion met DPP als 

bruggend ligand kon alleen bij lage temperatuur gestabiliseerd worden evenals de niet gebrugde 

complexen van BPYM en DPP. De radicale anionen vertonen IR spectra die sterk lijken op die van 

de uitgangscomplexen waarbij de v(CO) banden naar kleiner golfgetal zijn verschoven. In het geval 

van (CO)5MnRe(CO)3(BPY) werd geen metaal-metaal gebonden radicaal anion waargenomen. Bij 

alle complexen, behalve dat met bruggend BPYM, werd de vorming van het radicale anion gevolgd 

door een heterolytische splitsing van de metaal-metaal binding. 

In Hoofdstuk V worden de fotochemie en emissie van de dinucleaire complexen (CO)gMn-

Re(C0)3(L) en van de gebrugde trinucleaire complexen (CO)5MnRe(CO)3(L)(MLn') (L = BPYM, 

DPP; MLn' = Re(Br)(CO)3, W(C0)4) beschreven. Beide typen complexen vertonen een 

homolytische splitsing van de Mn-Re binding wanneer ze bestraald worden in hun MLCT band. 

Deze homolyse vormt de enige gelijkenis tussen de di- en trinucleaire complexen omdat de 

quantum-opbrengsten van hun fotochemische readies sterk verschillen. Voor de dinucleaire 

complexen is de quantumopbrengst hoog en temperatuur- en golflengteonafhankelijk. Voor de 

trinucleaire complexen nemen de activeringsenergie en de quantumopbrengst van de fotochemische 

reactie af wanneer de excitatiegolflengte verschuift van de hoog- naar de laag-energetiscbe MLCT 

overgangen. Voor de dinucleaire complexen wordt bij 80K in een 2-MeTHF glas emissie 

waargenomen vanuit toestanden, die thermisch niet in evenwicht zijn. Het trinucleaire complex 

(CO)5MnRe(CO)3(DPP)Re(Br)(CO)3 laat een dubbele emissie zien, die doorloopt tot in het nabije 

IR gebied. Het overeenkomstige trinucleaire complex met BPYM vertoont geen enkele emissie. Een 

toestandsdiagram en een kwalitatief dynamisch model worden voorgesteld om het complexe 

fotochemisch en fotofysisch gedrag van de di- en trinucleaire complexen te beschrijven. Het 

verschil in gedrag tussen de di- en trinucleaire complexen is volledig te wijten aan de aanwezigheid 

van het extra metaalfragment in de trinucleaire complexen. Dit veroorzaakt een stabilisatie van de 

ligand 7t*-orbital energie en introduceert extra MLCT toestanden. 

Hoofdstuk VI beschrijft de fotochemie van de clusters (Os)3(CO)io(L) (L = BPY, BPYM, DPP, 

DPB). Deze clusters vertonen een intense MLCT absorptie in het zichtbare gebied. Bestraling leidt 

tot de vorming van een fotoprodukt dat alleen kan worden waargenomen met tijdsopgeloste 

technieken zoals Rapid Scan infrarood en absorptiespectroscopie op nanoseconde tijdschaal. Nadat 

het fotoprodukt gevormd is, reageert het namelijk weer terug tot de uitgangsstof. De levensduur 

van het kortlevende fotoprodukt blijkt af te hangen van het coordinerend vermogen van het 

oplosmiddel (minder dan 10 ns in tolueen en ongeveer 20 seconden in acetonitril) en van de 

basische eigenschappen van L. In aanwezigheid van een halogenide-zout of in 2-MeTHF bij I33K 

kan het fotoprodukt zelfs gestabiliseerd worden. Het fotoproduct wordt toegekend aan het 
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zwitterion Os^(CO)4-Os(CO)4-Os-^(CO)2(L)(S). Bewijs hiervoor is geleverd m.b.v. 'H-NMR en 

Raman spectroscopie. De opening van de osmium-osmium binding die waarschijnlijk optreedt 

vanuit een ^G\)n* toestand, geeft van daaruit een diradicaal waarbij een van de vrije electronen op 

het a-diimine ligand is gelokaliseerd. Een intramoleculaire electronenoverdracht resulteert dan in de 

vorming van het zwitterion, dat op zijn beurt tot de uitgangsstof terugreageert via een 

intramoleculaire nucleofiele aanval van het anionische deel van het zwitterion op het gesolvateerde 

kation. 

Hoofdstuk VII behandelt de (spectro)electrochemie van de osmium clusters (Os)3(CO)io(L) (L = 

BPY, BPYM, DPP, DPB) en (Os)3(CO)io(BPYM)Re(Br)(CO)3. Een-electron reductie leidde tot 

de vorming van gesloten radicale anionen met een driehoekige structuur. Deze werden gedetecteerd 

met behulp van cyclische voltammetrie en spectroelectrocbemie. Het vrije electron is gelokaliseerd 

op het a-diimine ligand. De stabiliteit van deze radicale anionen is afhankelijk van de mate van 

polarisatie van de osmium-osmium binding door het 'weglekken van lading' vanuit het a-diimine 

ligand. Hoe sterker het 7r-acceptor vermogen van het gereduceerde ligand, des te stabieler is het 

radicale anion. Daarom konden bij kamertemperatuur stabiele [Os3(CO)io(L)]-̂  (L - BPYM, DPB) 

en [(Os)3(CO)io(BPYM)Re(Br)(CO)3]" radicale anionen worden waargenomen. Door hun 

stabiliteit zijn ze ook door chemische reductie gesynthetiseerd en vervolgens gekarakteriseerd met 

ESR spectroscopie. Hoewel [Os3(CO)io(L)]^ (L = BPY, BPYM, DPP) bij kamertemperatuur een 

heterolytische splitsing van de Os-Os(L) binding vertoonden, kon [Os3(CO)io(BPYM)f bij 213K 

worden gestabiliseerd. De heterolytische splitsing resulteerde in de vorming van mono- en 

dianionische producten. Een reversibele opening van de osmium-osmium binding werd gevonden 

bij reductie/reoxidatie van Os3(CO)io(BPYM) bij 213K. 

Tenslotte worden de electrochemische en fotochemische resultaten beschreven in Hoofdstuk III-VII 

bediscussieerd in Hoofdstuk VIII. De volgende conclusies worden uit het onderzoek getrokken: 

(1) er bestaat een zwakke communicatie tussen de metaalfragmenten in de complexen 

(CO)5MnRe(CO)3(L)(MLn'); (2) afhankelijk van de energie van het TT* nivo van het a-diimine 

ligand vertonen de osmium clusters bij bestraling in de MLCT overgang een reversibele opening 

van de Os-Os(L) binding met een zwitterion als fotoproduct; (3) de stabiliteit van de metaal-metaal 

gebonden radicale anionen, die gevormd worden door electrochemische reductie van de osmium 

clusters, (CO)5MnRe(CO)3(L) en (CO)5MnRe(CO)3(L)Re(Br)(CO)3, neemt toe met afnemende 

TT*-orbital energie van het a-diimine ligand. 
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