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5.11 Abstract 

Thee bonding, photochemical and electrochemical properties of the clusters [Ru3(CO)8(u-

CO)2(a-diimine)]]  are shown in this study to be strongly influenced by the presence of 

bridgingg carbonyl ligands. Resonance Raman spectra together with theoretical (TD-DFT) 

calculationss document that irradiation into the intense, non-solvatochromic absorption band at 

4711 nm initially results in the optical population of a o~(Ru3)ji*(a-diimine) excited state. From 

thiss state, fast decay takes place to the lower-lying, optically hardly directly accessible lowest 

excitedd state. According to the TD-DFT results and picosecond time-resolved infrared (ps 

TRIR)) spectra the latter state has ^(Ru/u-CO)Tt*(a-diimine) character. The involvement of 

thee bridging carbonyl ligands in this latter excited state increases the energetic barrier for the 

formationn of open-structure photoproducts such as biradicals and zwitterions. Zwitterions 

weree therefore only obtained in strongly coordinating media such as pyridine at 250 K, while 

thee formation of a minor amount of biradicals was revealed by the detection of spin-trapped 

radicalss with EPR and from ps TRIR spectra of [Ru3(CO)8(u-CO)2(dmb)] (dmb = 4,4'-

dimethyl-2,2'-bipyridine).. The radical anions produced upon one-electron reduction of the 

clusterss [Ru3(CO)8(u-CO)2(a-diimine)] are sufficiently stable to be observed at low 

temperaturee with cyclic voltammetry and IR-spectroelectrochemistry (for a-diimine = 2,2'-

bipyrimidine),, mainly due to the stabilization of the Ru-Ru(ot-diimine) bonds by the bridging 

carbonyll  ligands. In contrast to the rather stable radical anions, the open-triangle products 

formedd along the reduction path are far more reactive than their triosmium analogues. 

5.22 Introductio n 

Thee large synthetic versatility of triruthenium and triosmium carbonyl clusters has placed 

themm among the most frequently studied compounds in the field of cluster chemistry.1 

Whereass thermal activation of these systems usually requires rather harsh conditions (elevated 

temperaturee and/or pressure) that often cause undesired side-reactions, their photo- and/or 

electrochemicall  activation may provide alternative pathways for selective product formation 

underr mild conditions." The rich photochemistry of the unsubstituted carbonyl clusters 

[M3(CO)i2]]  (M = Ru, Os) has been studied most extensively over the last decades.2"12 As 

describedd in Chapter 3, irradiation into the lowest-energy absorption bands of these clusters 

resultss in the formation of the transient open-structure clusters [M3(CO)n(u-CO)].4, '° More 

recently,, in our laboratory much attention has been devoted to the photochemical and redox 

activationn of the substituted clusters [Os3(CO)i0(a-diimine)], which has led to the discovery 

off  a variety of biradical, zwitterionic, radical anionic and dianionic open-structure 

intermediates,, formed upon electron-transfer-induced cleavage of an Os-Os(a-diimine) 

bond.13"177 These intermediates are of great interest because of their potential to selectively 
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bindd and activate organic substrates. In this regard, introduction of different chelating ligands 

suchh as 1,3-dienes18 and 4,4',5,5'-tetramethyl-2,2'-biphosphinine19 led to pronounced changes 

inn the photo- and electrochemical behaviour compared to [Os3(CO)i2] and [Os3(CO)i0(a-

diimine)].. However, since only limited efforts have been devoted to unravel the influence of 

thee metal core composition on the photo- and redox reactivity of these substituted carbonyl 

clusters,, we extended our investigations to a-diimine-substituted mixed Ru/Os clusters. These 

clusterss are expected to combine the intrinsic properties that both metals have in the 

correspondingg homometallic clusters. Such an investigation of the heteronuclear clusters 

should,, however, be preceeded by a thorough study of the bonding properties, photochemistry 

andd redox behaviour of the a-diimine-substituted homonuclear analogues. 

Figuree 1. Schematic structures of the clusters [Ru3(CO)8(u-CO)2(a-diimine)] and the a-diimine 
ligandss used in this study. 

Withh this in mind, we studied the photo- and electrochemical reactivity of the clusters 

[Ru3(CO)8(u-CO)2(a-diimine)],, whose structure with a-diimine = 2,2'-bipyridine (bpy) (1), 

4,4'-dimethyl-2,2'-bipyridinee (dmb) (2) and 2,2'-bipyrimidine (bpym) (3) is schematically 

depictedd in Figure 1. Apart from our interest in these clusters as reference compounds for the 

Ru/Oss mixed-metal clusters described in Chapter 6, they were also found to act effectively as 

catalystt precursors for the electrocatalytic reduction of C02.
2° This behaviour is in line with 

thee aim of our studies to investigate the activation of small molecules and unsaturated 

hydrocarbonss by transiton metal clusters. The most interesting feature of [Ru3(CO)8(u-

CO)2(a-diimine)]]  is the presence of two bridging carbonyl ligands, with implications for the 
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bondingg properties and photo- and electrochemical reactivity of these complexes. In order to 

evaluatee this influence, the clusters [Os3(CO)i0(a-diimine)] (a-diimine = bpy, bpym) were 

chosenn as proper references, both because of the presence of exclusively terminal CO ligands 

inn these compounds and because of the good insight obtained into their photo- and 

electrochemicall  reactivity. Finally, DFT (ADF/BP) and time-dependent DFT calculations on 

[Ru3(CO)s(n-CO)2(bpy)]]  were conducted in order to support and discuss the experimental 

results. . 

5.33 Experimental section 

Materialss and preparations. Solvents of analytical grade (Acros: acetonitrile (MeCN), butyronitrile 

(nPrCN),, dichloromethane <CH2CI2), diethylether (Et20), dimethoxyethane (DME), hexane, pentane, 

tetrahydrofurann (THF), toluene) or spectroscopic grade (Janssen: 2-MeTHF) were freshly distilled 

fromm sodium wire (Et20, DME, hexane, pentane, toluene, 2-MeTHF), sodium/benzophenone (THF) or 

CaH22 (MeCN, "PrCN, CH2C12) under an atmosphere of dry N2. [Ru3(CO)12] (Strem Chemicals), 2,2'-

bipyridinee (Merck), 4,4'-dimethyl-2,2'-bipyridine (Fluka), 2,2'-bipyrimidine (Alfa) and ferrocene 

(BDH)) were used as received. Trimethylamine-TV-oxide, Me3NO-2H20 (Alfa), was dehydrated before 

usee by vacuum sublimation. The supporting electrolyte Bu4NPF6 (Aldrich) was recrystallized twice 

fromm ethanol and dried in vacuo at 350 K overnight. Silica 60 (70-230 mesh, Merck) and neutral 

aluminiumm oxide 90 (70-230 mesh, Merck) for column chromatography were activated by heating in 

vacuovacuo at 450 K. overnight and stored under N2. The reducing agent [Fe'(Cp)(C6Me6)] (Cp = C5H5) was 

preparedd by reduction of [Fell(Cp)(C6Me6)]PF6 with 1% Na/Hg in DME according to a literature 

procedure.21 1 

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

Schlenkk techniques. 

Synthesess of |Ru3(CO)8(p.-CO)2(bpy)] (1) and [Ru3(CO)g(u-CO)2(dmb)l (2). Cluster 1 was 

preparedd according to a literature procedure22 and purified by column chromatography (activated 

aluminiumm oxide, hexane/CH2CI2 gradient elution). Cluster 2 was prepared by the same procedure and 

assignedd by analogy with 1. Both products were obtained as deep red powders in 70-80% yield. 

[Ru3(CO)8(n-CO)2(bpy)|:: 'H NMR (CDC13) (for numbering scheme see Figure 1): 5 9.95 (d, 3J = 5 

Hz,, 2H, Hft), 8.29 (d, V = 8.1 Hz, 2H, H3), 8.07 (dd, V = 8 Hz, V= 7.5 Hz, 2H, H4), 7.74 (dd, V= 7.5 

Hz,, V=5Hz, 2H,H5). 

[Ru3(CO)8(u-CO)2(dmb)]:: 'H NMR (CDC13): 5 9.73 (d, V = 5.7 Hz, 2H, H6), 8.07 (s, 2H, H3), 7.51 

(d,, V = 5.7 Hz, 2H, H5), 2.63 (s, 6H, CH3). 

Synthesiss of |Ru3(CO)8(u,-CO)2(bpym)] (3). The synthesis of cluster 3 has already been reported by 

Cabezaa et air who characterized it merely by microanalysis and IR spectroscopy (Nujol) owing to its 

124 4 



Photo-Photo- and Electrochemistry of the Clusters [Rui(CO)H(fd-CO)2(ct-diimine)] 

highh insolubility in common organic solvents. Here we present a new synthetic procedure, resulting in 

aa product which could be characterized by 'H NMR and IR spectroscopies and mass spectrometry. 

AA solution of Me3NO (82.0 mg, 1.08 mmol) in 15 ml CH2C12 was added dropwise to a cooled 

solutionn (200 K) of [Ru3(CO)12] (300 mg, 0.47 mmol) and bpym (96.4 mg, 0.61 mmol) in 150 ml 

CH2C12.. Next, the mixture was stirred for 2.5 h while warming up to room temperature. When almost 

alll  (> 90 %) [RUJ(CO)I2] was consumed, the solution was filtered over a short column of activated 

aluminiumm oxide. After evaporation of the solvent in vacuo, the product was purified by column 

chromatographyy (activated aluminium oxide, hexane/CH2Cl2 gradient elution). The product was 

obtainedd as a purple powder in 30% yield. Depending on the dryness of Me3NO, extra equivalents 

mayy be necessary to drive the reaction to completion. 'H NMR (CDC13): Ö 10.14 (dd, 3J= 5.7 Hz, 4J = 

2.44 Hz, 2H, H6), 9.24 (dd, V = 4.5 Hz, V = 2.4 Hz, 2H, H4), 7.85 (dd, V = 5.4 Hz, V = 4.8 Hz, 2H, 

H5);; FAB+ MS (m/z): 742.71 [M] + (calculated 742.72), [M] +- nCO (n = 1-9). 

Synthesess of [Ru(CO)2(dmb)(I)2] and [Ru2(CO)4(n-bpym)(I) 4]. [Ru(CO)2(dmb)(l)2] was 

synthesizedd according to a literature procedure.24 Applying this procedure for the synthesis of its bpym 

analoguee resulted instead in the formation of the dinuclear complex [Ru2(CO)4(u-bpym)(I)4] with a 

bridgingg bpym ligand.25 [Ru2(CO)4(u.-bpym)(I)4] was prepared by suspending a mixture of 

[Ru(CO)2(I)2(MeCN)2]]  (1.055 g, 2.14 mmol) and bpym (375 mg, 2.37 mmol) in 50 ml Et20 and 

heatingg it to reflux for 30 minutes. Next, the reaction mixture was cooled down to room temperature 

andd the residue was filtered off (G3 glass filter), washed with pentane and dried in vacuo to yield the 

productt as a yellow powder in ca. 45% yield. 

[Ru(CO)2(dmb)(I)2J::  IR v(CO) (THF): 2048 (vs), 1989 (vs) cm'1; 'H NMR (CH2C12): 5 8.94 (d, 3J = 

5.88 Hz, 2H, H6), 8.07 (s, 2H, H3), 7.44 (d, V = 5.5 Hz, 2H, H5), 2.62 (s, 6H, CH3). 

[Ru2(CO)4(u-bpym)(I)4]::  IR v(CO) (THF): 2056 (vs), 2001 (vs) cm"1; 'H NMR (CH2C12): 5 9.24 (d, 

VV = 15 Hz, 4H, H4/6), 7.75 (t, 3J = 4.8 Hz, 2H, H5). 

Spectroscopicc measurements. FT-IR spectra were recorded on Bio-Rad FTS-7 and Bio-Rad FTS-

60AA spectrometers (16 scans at 2 cm"1 resolution), the latter being equipped with a dual-source Digital 

Modell  896 interferometer and a nitrogen-cooled MCT detector. The sample compartment of the Bio-

Radd FTS-60A spectrometer was modified to allow in situ laser irradiation into a thermostated cell. 

Electronicc absorption spectra were recorded on a Hewlett-Packard 8453 diode-array 

spectrophotometer.. 'H NMR spectra were recorded on a Bruker AMX 300 (300.13 MHz for 'H) 

spectrometerr and EPR spectra on a Varian Century E-104A spectrometer. EPR g-values were 

determinedd using 2,2'-diphenyl-l-picrylhydrazyl (DPPH, Aldrich) as an external standard (g = 

2.0037).. Linewidths and hyperfine splitting constants were derived from simulated spectra generated 

withh PEST Winsim (version 0.96). Mass spectra were collected on a JEOL JMS SX/SX102A four-

sectorr mass spectrometer. Resonance Raman measurements were performed using a Dilor Modular 

XYY spectrometer equipped with a Wright Instruments CCD detector. The solutions of the clusters in 

CH2C122 were placed in a spinning cell. The resonance Raman spectra were obtained at room 
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temperaturee by excitation with the 457.9, 476.5, 488.0 and 514.5 nm lines of a Spectra Physics Model 

2040EE argon-ion laser. 

Photochemistry.. The 488.0 nm line of a Spectra Physics Model 2016 argon-ion laser was used for the 

continuous-wavee irradiation experiments. All photochemical samples were prepared under a nitrogen 

atmosphere,, using standard inert-gas techniques, and typically lO^-lO"4 mol dm"3 cluster 

concentrations.. Low-temperature IR and UV-vis measurements were performed using an Oxford 

Instrumentss DN 1704/54 liquid nitrogen-cooled cryostat with CaFi and quartz windows. 

Nanosecondd transient absorption (ns TA) spectra were obtained by irradiating the samples with 2 

nss pulses of the 470 nm line (typically 5 mJ pulse ') of a tunable (420-710 nm) Coherent Infinity XPO 

laser.. Picosecond transient absorption (ps TA) spectra were recorded using the set-up installed at the 

Universityy of Amsterdam.26 Part of the 800 nm output of a Ti-sapphire regenerative amplifier (1 kHz, 

1300 fs, 1 mJ) was focussed into a H?0 flow-through cell (10 mm; Hellma) to generate white light. The 

residuall  part of the 800 nm fundamental was used to provide 505 nm (fourth harmonic of the 2020 

OPAA idler beam) excitation pulses with a general output of 5 uJ pulse'. The picosecond time-resolved 

infraredd (ps TRIR) experiments were carried out at the Central Laser Facility of the Rutherford 

Appletonn Laboratory.27 In this case, part of the 800 nm output of a Ti-sapphire regenerative amplifier 

(11 kHz, 150 fs, 2 mJ) was used to provide 500 nm pulses for excitation of the sample. Further 

experimentall  details of the time-resolved absorption and IR set-ups are described in Chapter 2. 

Electrochemistry.. Cyclic voltammograms (CV) of approximately 10" M parent clusters in 10" M 

Bu4NPF66 electrolyte solution were recorded with the set-up described in Chapter 2. IR and UV-vis 

spectroelectrochemicalspectroelectrochemical measurements were performed in previously described optically transparent 

thin-layerr electrochemical (OTTLE) cells. ' ~ 

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

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

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

availablee crystal structures. ~' 

5.44 Results 

Spectroscopicc Properties 

UV-vi ss spectra. The electronic absorption spectra of the studied clusters [Ru3(CO)«(|u-

CO)2(a-diimine)]]  (1-3) in the 300-700 nm region are depicted in Figure 2. The corresponding 

absorptionn maxima are collected in Table 1. All three clusters show a broad, unresolved band 

inn the visible region, with a negligible solvatochromic shift in solvents of different polarity 

(seee Table 1). Decreasing the energy of the lowest n* orbital of the cc-diimine ligand on going 

fromm dmb to bpy and bpym does also not result in a shift of the lowest-energy absorption 

band. . 
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Figuree 2. UV-vis absorption spectra of the studied clusters [Ru3(CO)8(u-CO)2(a-diimine)] in THF at 

2933 K: 1 = (---), 2 = (—), 3 = ( ). 

Tablee 1. UV-vis absorption maxima of the clusters [Ru3(CO)8(u-CO)?(a-diimine)] in different 

solvents. . 

Cluster r 

[Ru3(CO)8(p.-CO)2(bpy)]]  1 

[Ru3(CO)8(n-CO)2(dmb)]]  2 

rRu3(CO)8(n-CO)2(bpym)ll  3 

toluene e 

3100 sh, 473 

3100 sh, 471 

3744 sh, 476 

Mnml(e[M-'cm-'l) ) 

THF F 

3122 sh, 388 sh, 471 (6650) 

3100 sh, 388 sh, 471 (6450) 

3022 sh, 376 sh, 473 (6750) 

acetonitrile e 

3111 sh, 388 sh, 472 

3100 sh, 385 sh, 472 

3022 sh, 376 sh, 473 

Resonancee Raman Spectra. Analysis of resonance Raman (rR) spectra is a valuable tool to 

assignn electronic transitions, as only those vibrations become enhanced in intensity that 

vibronicallyy couple to the electron transfer. The main rR bands of clusters 1 and 3 in the 

regionn 2100-200 cm"1 are collected in Table 2. Figure 3 represents the rR spectrum of cluster 

11 in CH2CI2 obtained by excitation with 476.5 nm light. 

Tablee 2. Main bands in the rR spectra of clusters 1 and 3." 

Clusterr Raman frequencies [cm"1] 

[Ru3(CO)8(u-CO)2(bpy)]]  1 2075, 1603, 1562, 1491, 1315, 1285, 1173, 1020, 591, 571, 

540,492,436,356,221 1 

rRu3(CO)8(tr-CO)2(bpym)]]  3 2071, 1573, 1545, 1460, 1199, 1011,568,538,492,222 
aCH2Cl2,, T= 293 K, / U = 476.5 nm. 

Thee rR spectra of both clusters show strong resonance enhancement for the a-diimine 

stretchingg modes between 1600 and 1000 cm"' and a medium rR effect for the fully 

symmetricc vs(CO) mode around 2075 cm '. Importantly, several bands in the 600-220 cm" 
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region,, which belong to symmetric metal-carbon stretching modes and skeletal vibrations,31 

alsoo show distinct rR effects. Apparently, the metal core also participates in the allowed 

lowest-energyy electronic transition. 

'tn 'tn 
C C 
S3 3 
c c 
CD D 

E E 
CD D 

20002000 1750 1500 1250 1000 750 500 250 

WavenumbersWavenumbers (cm1) 

Figuree 3. Resonance Raman spectrum of cluster 1 in CH2CI2 at 293 K (/̂ .xc= 476.5 nm). Asterisks (*) 

denotee Raman bands of the solvent. 

Photochemistry y 

Irradiationn into the lowest-energy absorption band of [Ru3(CO)8(|^-CO)2(a-diimine)] at 

roomm temperature in THF, acetonitrile and CH2CI2 did not induce any significant 

photochemicall  reaction. Only in pyridine a photoproduct was observed, although in this case 

alsoo a secondary thermal reaction occurred. In order to decide whether the negligible 

photoreactivityy in the former, less basic solvents is caused by the inertness of the excited state 

orr by a rapid and complete backreaction of transients to the parent cluster, photoreactions of 

[Ru3(CO)8(u-CO)2(a-diimine)]]  were followed with time-resolved UV-vis and IR 

spectroscopiess on the (sub)picosecond to nanosecond time scale. In addition, photoreactivity 

studiess were also performed at low temperatures and in the presence of B^NBr and a radical 

scavenger. . 

(a)) Time-resolved UV-vis spectroscopy. Transient absorption (TA) spectra in the 

nanosecondd time-domain were obtained by irradiation of clusters 2 and 3 by the 470 nm line 

off  a tuneable Coherent Infinity XPO laser. Both in coordinating (acetonitrile, 2-MeTHF) and 

non-coordinatingg (toluene) solvents, the recorded spectra did not reveal any transient 

absorptionn bands or bleaching of the parent cluster. In order to stabilize and detect the excited 

statee and possible photoproducts, TA spectra of cluster 2 were also recorded in a 2-MeTHF 

glasss at 133 K.. The TA spectrum at ti = 20 ns reveals a strong bleaching around 377 and 468 

nmm due to the disappearance of 2, and transient absorptions at 413 and 600 nm. The latter 

absorptionn band is tailing to the long wavelength region, which is characteristic for cc-diimine 
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complexess in their metal-to-a-diimine excited states and for a-diimine radical anions, 

providedd the a-diimine bears at least one heteroaromatic group.15'35,36 On longer time scales 

(upp to 1 p.s) the transient species only partially regenerates the parent cluster. As for 1 and 3 

onn the picosecond time scale {vide infra), the incomplete recovery of cluster 2 in the 

nanosecondd time domain at low temperature is ascribed to photodecomposition processes. 

Thiss is inferred from the observation that no recovery of the parent cluster is observed even 

upp to 1 ms, and from the steady-state UV-vis spectra taken directly after the ns TA 

measurements.. Integration and mono-exponential fitting of the transient absorption band at 

6000 nm resulted in a transient lifetime of 406  25 ns at 133 K. 

Inn order to observe and characterize the excited state at room temperature and to determine 

itss kinetics, picosecond transient absorption (ps TA) spectra were recorded for cluster 1 in 

THFF and for cluster 3 in THF and MeCN. The ps TA spectra were obtained by excitation at 

5055 nm and spectral changes were monitored in the wavelength region 510-700 nm. For both 

clusterss the TA spectra at fd = 1 ps show a transient absorption with a maximum at about 560 

nm,, its shape and position being very similar to the transient absorption band observed in the 

2-MeTHFF glass {vide supra). The transient absorption decays within 40 ps to ca. 50% of its 

initiall  intensity. After this interval no further spectral changes follow on the picosecond time 

scale.. Steady-state UV-vis spectra of the samples, taken directly after the ps TA 

measurements,, show extensive photodecomposition. Most probably, this photodecomposition 

iss caused by a two-photon absorption process, since no photoreaction was observed at room 

temperaturee on the ns time scale and upon continuous-wave irradiation. The photolability of 

bothh clusters under the applied experimental conditions prevented the accurate determination 

off  the excited-state lifetime. In order to eliminate the effect of the photodecomposition, a 

flow-throughh cell was used to measure the excited-state kinetics of cluster 2 in CH2CI2 and to 

determinee the excited-state lifetime of 42.9  2.1 ps. In this case almost complete regeneration 

off  the parent cluster was observed. 

(b)) Picosecond time-resolved infrared (ps TRIR) spectroscopy. The transient UV-vis 

spectraa provide only limited information about the nature of the excited state and the structure 

off  possible photoproducts. For this reason we studied the primary events after the 

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

TRIRR spectra were recorded for cluster 2 in CH2Cb at several pump-probe delays between 0 

andd 500 ps after excitation at 500 nm. Figure 4a shows representative difference absorption 

spectraa at seven selected time delays. 

Afterr excitation, the initial spectra display instantaneous bleaching of the parent v(CO) 

bandss superimposed on a broad, unresolved transient absorption due to the excited state of 2. 

Inn addition, a broad transient absorption band due to bridging carbonyl(s) appears 

instantaneouslyy at 1778 cm"1 (inset). This band is shifted to higher frequency by ca. 35 cm"1 

129 9 



ChapterChapter 5 

comparedd to the corresponding ground-state IR band. Within the first few picoseconds the 

broadd absorption in the terminal carbonyl region slightly shifts to higher frequency. This shift 

iss attributed to early relaxation processes (cooling or solvation) associated with the decay of 

low-frequencyy M-C stretching and M-C-0 bending vibrational modes populated upon 

excitation.37"40 0 

21002100 2050 2000 1950 1900 

WavenumbersWavenumbers (cm') 

00 50 100 150 200 

f„„  (PS) 

Figuree 4. (a) Difference ps TRIR spectra ofcluster2 in CH2Cl2 at 2 , 10 (o), 20 (A), 30 (0), 50 , 

800 (V) and 500 (+) ps after 500 nm excitation (ca. 150 fs FWHM, 5 uJ pulse"'). The arrows indicate 

thee shift of the band maxima with increasing time delay following excitation, (b) Kinetic trace 

representingg the decay of the 1778 cm"' band. 

Uponn further decay (< 50 ps) distinct transient absorption bands arise at 2021 and 1976 

cm""  , which are attributed to a photoproduct formed from the excited state. At longer time 

delayss (up to 200 ps) the v(u-CO) band at 1778 cm"1 decays together with the initially 

observedd transient in the terminal v(CO) region. During this decay also the parent bleaches 

fadee away. At early time delays (< 50 ps) the latter process is mainly ascribed to the 

regenerationn of the cluster ground state, while at longer time delays (up to 500 ps) the 

contributionn from the increasing overlap with the photoproduct v(CO) bands dominates. At tA 
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==  500 ps after the laser pulse the initial transient absorption completely disappeared. The 

presencee of small remaining bands at 2077 (w), 2053 (vw), 2021 (s), 2011 (m, sh), 1976 (m) 

andd 1962 (vw) cm"1 points to the formation of a long-lived photoproduct. As the difference IR 

spectrumm at fd = 500 ps strongly resembles that of the photogenerated biradical [*Os(CO)4-

Os(CO)4-+Os(CO)2('Pr-AcPy)'' ] in 2-ClBu at td = 40 ns,n the long-lived photoproduct is 

proposedd to be the open-structure biradical ['Ru(CO)4-Ru(CO)4-+Ru(CO)2(dmb)' ]. 

Duee to the strong overlap of the parent bleaches with the v(CO) bands of the excited state 

inn the terminal v(CO) region, the well-separated transient v(u-CO) band at 1778 cm" was 

selectedd for a Gaussian curve fitting. The latter band and the corresponding parent bleach 

weree modelled as the sum of two overlapping Gaussian curves. Spectral fitting, while fixing 

thee positions and widths of both bands, allowed the determination of the peak areas. A plot of 

thee peak area of the 1778 cm"1 band against time for each time delay reveals a bi-exponential 

behaviourr with lifetimes of 3.5  1.4 ps and 45.5  7.8 ps (Figure 4b). In agreement with the 

expectedd sharpening of the v(u-CO) band at short time delays, the fast process is assigned to 

earlyy relaxation processes (cooling or solvation) associated with the decay of low-frequency 

modes.. The second, much longer lifetime is in good agreement with the value derived from 

thee ps TA experiments (42.9 ps, vide supra) and is assigned to the decay of the excited state. 

(c)) Low-temperature photoreactions. Upon photolysis in pyridine at 253 K, clusters 1 and 3 

transformm into photoproducts denoted lzw(py) and S^py), respectively. Their IR data are 

collectedd in Table 3. The IR and UV-vis spectral changes accompanying this photoreaction in 

thee case of cluster 1 are shown in Figure 5. 

Tablee 3. CO-stretching frequencies of the clusters [Ru3(CO)K(u-CO)2(a-diimine)] and their 

photoproductss in various media at 293 K (unless stated otherwise). 

Cluster/Productt Medium v(CO) [cm '] 

11 CH2C12 2075 (m), 2032 (s), 1993 (vs), 1969 (sh), 1743 (w, br) 

l™(py)) Pyridine" 2065 (w), 1990 (vs), 1976 (vs), 1970 (vs), 1929 (w, 

sh),, 1900 (w,sh), 1884 (m) 

22 CH2C12 2074 (m), 2031 (s), 1991 (vs), 1967 (sh), 1741 (w, br) 

2 ^ ( 8 00 THF/Bu4NBr 2051 (w), 2013 (m), 1989 (m), 1957 (s), 1937 (vs), 

1880(m) ) 

2r a(BOO nPrCN/Bu4NBr 2058 (w), 2015 (m), 1994 (m), 1958 (s), 1938 (vs), 

18788 (m) 

33 CH2C12 2079 (m), 2037 (s), 1998 (vs), 1973 (sh), 1746 (w, br) 

3z«(py)) Pyridine11 2065 (w), 2012 (m), 1989 (vs,sh), 1976 (vs), 1970 

(vs,sh),, 1928 (m,sh), 1907 (m,sh), 1889 (m) 
ar=253K. . 
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WavelengthWavelength (nm) 

Figuree 5. IR (a) and UV-vis (b) spectral changes accompanying photolysis of cluster 1 in pyridine at 

2533 K (Xexc = 488 nm). Inset: IR spectrum of zwitterion lz„(py). 

Bothh photoproducts are only present in rather low yields (lzw(py): 40%; 3zw(py): 30%) due 

too their thermal and photochemical instability. Formation of l2„(py) leads to a diminished 

UV-viss absorption at 470 nm and the appearance of a new band at 406 nm, tailing to 650 nm. 

Inn contrast to the experiments in pyridine, continuous-wave irradiation of 1 and 3 in THF (213 

K)) and acetonitrile (243 K) results in negligible IR spectral changes. This behaviour 

demonstratess a strong influence of the coordinating ability of the solvent on the 

photochemistryy of 1 and 3. Consistent with the experimental conditions required for their 

formationn and with their IR v(CO) patterns (Table 3) resembling those of the solvent-

stabilizedd zwitterions photogenerated from [Os3(CO)i0(a-diimine)] (a-diimine = bpy, 

bpym),177 photoproducts 1zw(py) and 3z„(py) are assigned as the open-structure zwitterions 

rRu(CO)4-Ru(CO)4-
+Ru(S)(CO)2(a-diimine)]]  (S = pyridine). Attempts to further 

characterizee these photoproducts by 'H NMR spectroscopy were unsuccessful. 
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(d)) Photoreactions in the presence of nitrosodurene and B114NB1-. The presence of any 

radicall  intermediate along the photoreaction pathway of cluster 2 in THF and toluene was 

investigatedd by EPR spectroscopy in the presence of the radical scavenger nitrosodurene. 

Uponn irradiation at room temperature, stable radicals were observed that correspond to 

nitrosodurenee spin adducts, as unambiguously revealed by their characteristic "high" g-values 

off  2.0073 (THF) and 2.0069 (toluene) and by hyperfine splitting (hfs) due to one 14N nucleus 

(1=1,(1=1, 99.63%; aN = 15.5  0.1 G). These data are consistent with the localization of an odd 

electronn in the lowest 7t*(NO) orbital of the spin trap. Irradiation of the toluene solution in the 

presencee of a radical scavenger at 233 K did not produce any EPR signal. Most likely the 

energeticc barrier for homolytic splitting of the Ru-Ru(a-diimine) bond and concomitant 

formationn of biradicals cannot be overcome at this temperature. In essence, nitrosodurene can 

trapp only one odd electron in the biradical photoproduct (vide supra). We assume that this 

electronn initially resides in the n;*(a-diimine) orbital of the {+Ru(CO)2(cc-diimine)' }  moiety. 

Inn fact, the observed EPR signal by itself does not unambiguously prove the existence of 

photogeneratedd biradicals, since nitrosodurene spin adducts can also be formed via electron 

transferr from the strongly reducing dmb ligand in the excited state. The observation of a small 

amountt of the open-structure biradicals ['Ru(CO)4-Ru(CO)4-+Ru(CO)2(dmb)""] in the ps TRIR 

spectraa of 2, however, does not agree with this latter pathway. Photoexcitation of 2 in the 

presencee of Bu^NBr results in the formation of photoproduct 2zw(Br~) that exhibits an IR 

v(CO)) pattern very similar to those of lzw(py) and 3zw(py) formed in pyridine at 253 K. 

Accordingly,, product 2ra(Br") is assigned to the anion [~Ru(CO)4-Ru(CO)4-

Ru(Br)(CO)2(dmb)].. It is noteworthy that 2zw(BO is considerably more stable at room 

temperaturee than lzw(py) and 3zyk(py) and can be formed in high yield (up to 85% in THF and 

BuCN).. In comparison with l^py) , the highest-lying v(CO) band, which is ascribed to the 

{ +Ru(L)(CO)2(a-diimine)}}  (L = pyridine or Br ) moiety, is shifted to lower frequency in 

2zw(Br~),, reflecting the difference between pyridine and the negatively charged bromide ion. 

Formationn of 2zw(Br  ) is accompanied by similar UV-vis spectral changes as observed for 

Izw(py),, although the absorption bands for I^jB r ) are slightly shifted to higher energy (370 

(sh)) and 586 nm for 2zw(Br~) vs. 406 and 600 nm for l^py)) . 

Electrochemistry y 

AA combined cyclic voltammetric and IR/UV-vis spectroelectrochemical study was 

performedd in order to describe the reduction pathways of the studied clusters [Ru3(CO)x(n-

CO)2(ot-diimine)]]  and to reveal the influence of the CO bridges on the observed 

electrochemicall  reactivity. The redox potentials of clusters 1-3 and their reduction products 

aree presented in Table 4. The v(CO) wavenumbers of clusters 1-3 and their reduction products 

aree collected in Table 5. 
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Reductionn path of [Ru3(CO)8(u.-CO)2(bpym)l (3). The cyclic voltammogram of cluster 3 in 

THFF at room temperature (v = 100 mV s') shows a nearly reversible one-electron reduction at 

EEmm = - 1.57 V (cathodic peak Ri, /a/ /c = 0.9; see Figure 6a) that produces the corresponding 

radicall  anion 3'". Besides 3' , the cathodic process Ri yielded a small amount of a secondary 

product,, which will be denoted as [3b-3b]2 and be analyzed hereinafter. The latter product 

wass oxidized on the reverse anodic scan at the potential E(Oi'). 

00 -1 -2 

EE (V) vs Fc/Fc 

Figuree 6. Cyclic voltammograms of cluster 3 at T= 293 K (a) and T= 230 K (b). Conditions: 10"3 M 

clusterr in THF/10"' M NBu4PF6, Pt disk microelectrode (0.42 mm2 apparent surface area), v = 100 mV 

s-1. . 

Thee second cathodic peak R2 belongs to the subsequent electrochemically quasireversible 

one-electronn reduction of 3" to the corresponding dianion. Similar dianions are formed upon 

reductionn of the clusters [Os3(CO)i0(a-diimine)]15' 4' and undergo rapid metal-metal(a-

diimine)) bond cleavage, producing the corresponding open-structure dianions ["Os(CO)4-

Os(CO)4-Oss (CO)2(a-diimine)]2 . In analogy with the reduction pathway of 

[Os3(CO)io(bpym)],, the closed-core dianion formed upon reduction of 3" is also expected to 

transformm into the open-structure dianion [ Ru(CO)4-Ru(CO)4-Ru~(CO)2(bpym)]2~ (3b2 ), the 

latterr being oxidized on the reverse anodic scan at the potential £"(03). This assignment is in 

linee with the thin-layer cyclic voltammogram recorded during IR spectroelectrochemical 

experimentss on the clusters [Os3(CO)i0(a-diimine)].15 Apart from the oxidation of 3b2'", scan 

reversall  behind R2 resulted in a second anodic peak at less negative potential (£(03')) that 

againn is assigned to the oxidation of [3b-3b]2 . On cooling to 230 K the reduction of 3 at 

£(Ri)) became a chemically completely reversible (/a / Ic = 1) one-electron process, the 

oxidationn of [3b-3b] being no longer observed. The second cathodic step at E(R2) again 

producedd the open-structure dianion 3b2" whose oxidation at 230 K nearly coincides with the 
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oxidationn of 3*  . The cyclic voltammetric results thus reveal that radical anion 3"" is fairly 

stablee at 293 K but can only be completely stabilized at sufficiently low temperatures. 

Thee oxidation of 3 at the potential £(Om) is chemically irreversible, the back reduction of a 

secondaryy product being observed at the potential E(R'm). Further evidence for this reduction 

pathwayy and more information about the reduction products 3*  and [3b-3b] could be 

obtainedd from corresponding spectroelectrochemical experiments. 

Clusterb b 

1 1 

l c c 

rr c 

[lb-lb] 2 2 

2 2 

2C C 

rr c c 

[2b-2b]2 2 

[2b-2b]22 c 

3 3 

3C C 

3" " 

3'' c 

3b2 2 

[3b-3b]2 2 

[3b-3bl2"c c 

£o.cc rvi d 

-- 1.85 (irr) 

-- 1.82 (rev) 

-- 2.04 (irr) 

-- 1.91 (irr) 

-- 1.85 (rev) 

-2.155 (irr) 

-- 1.62 (rev) 

-- 1.59 (rev) 

-- 1.91 

-- 1.99 

A£DD [mVf 

100(100) ) 

180(100) ) 

110(100) ) 

180(100) ) 

100(100) ) 

100(100) ) 

180(100) ) 

220(100) ) 

£n.aa [Vf 

++ 0.25 (irr) 

++ 0.38 (irr) 

-- 1.34 (irr) 

++ 0.28 (irr) 

++ 0.39 (irr) 

-- 1.36 (irr) 

-- 1.18 (irr) 

++ 0.40 (irr) 

++ 0.66 (irr) 

-- 1.23 (irr) 

-- 0.95 (irr) 

-- 0.77 (irr) 
aa Conditions and definitions: 103 M solutions in THF (containing 10"' M BiuNPFfi) at 293 K, unless 

statedd otherwise; Pt disk electrode; v = 100 mV s"'; redox potentials versus Ev2 (Fc/Fc+); £p,c, cathodic 

peakk potential for reduction of parent cluster or its radical anion; £p,a, anodic peak potential for 

oxidationn of parent cluster or its reduction products; A£p, peak-to-peak separation for a redox couple. 

Assignmentss given in the main text. c T = 230 K. d Chemical reversibility and irreversibility denoted 

byy (rev) and (irr), respectively.e A£p for the Fc/Fc+ internal standard in brackets. 

Thee reduction path of cluster 3 could indeed be conveniently followed in situ by IR 

spectroscopy,, using an OTTLE cell. Reduction of 3 at room temperature produced radical 

anionn 3' with a nearly identical IR v(CO) pattern, the bands being shifted by ca. 10 cm"1 to 

smallerr wavenumbers compared to the parent cluster. This shift is attributed to the increased 

n-backdonationn from the reduced (Ru(bpym)'"}  centre towards the carbonyl ligands. The 

EPRR spectrum of 3' in THF shows a clearly resolved hyperfine splitting (hfs) pattern 
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originatingg from the interaction of the odd electron with four 14N nuclei (1=1, 99.63 %) and 

twoo 'H nuclei (I = 14, 99.99 %) (see Figure 7a). Simulation of the spectrum with a linewidth 

off  1.65 G resulted in hfs constants aN =2.30, 2.30, 2.60, 2.80 (  0.1) G and aH = 5.05, 5.15 (

0.2)) G. This result is consistent with the localization of the odd electron in the lowest-lying 

b2uu 7t*(bpym) orbital.42 

Figuree 7. EPR spectra of (a) 3""(293 K) and (b) 3a--(240 K) in THF. 

Inn the OTTLE cell, radical anion 3" converted rather slowly at room temperature to the 

transientt species [3b-3b]2', which was only observed in small amounts. The IR v(CO) pattern 

off  the latter product shows a striking similarity with those of the zwitterionic and anionic 

photoproductss rRu(CO)4-Ru(CO)4-
+Ru(S)(CO)2(a-diimine)] (S = donor solvent) and 

rRu(CO)4-Ru(CO)4-Ru(Br)(CO)2(a-diimine)]]  (lzw(py) - 2zw(Brl ) described above. The IR 

v(CO)) wavenumbers of the latter anionic photoproduct (a-diimine = dmb (2)) closely 

correspondd to those of [3b-3b]2~ (Tables 3 and 5, Figure 8). This holds in particular for the 

bandd at about 1875 cm"1 and the highest-frequency one, which mainly represent the vibrations 

off  the fRu(CO)4-Ru}  and the {+Ru(X)(CO)2(a-diimine)}  (X = Br) moieties,13 respectively. 

Thiss suggests that [3b-3b]2 and 2OT(Br") are isoelectronic. The observed frequency 

differencee of about 10 cm'1 between the two most intense v(CO) bands of [3b-3b]2~ and 

2*481-")) may arise from a structural difference between the two species.41 Based on these 

results,, complex [3b-3b]2 is assigned as the cluster dimer fRu(CO)4-Ru(CO)4-

Ru(CO)2(bpym)]2
2",, with one of the Ru-Ru(bpym) bonds in each triangle open and both units 

linkedd together via a (bpym)Ru-Ru(bpym) bond (Scheme 1). Similar cluster dimers have been 

observedd upon reduction of the clusters [Os3(CO)i0(a-diimine)] and are most likely formed 

viavia rapid nucleophilic attack of the open-structure dianion at the yet non-reduced parent 

cluster.. The requirement of only one equivalent of the reducing agent [FeI(Cp)(C6Me6)] to 

completee the transformation of cluster 1 into dimer [lb-lb] 2- (vide infra) supports this 

mechanism. . 
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2200 2200 2100 2100 20002000 1900 

WavenumbersWavenumbers (cm1) 

1800 1800 1700 1700 

Figuree 8. IR spectra of dimer [3b-3b]2 (—) (see Scheme 1) and isoelectronic photoproduct 2z„(B r  ) 

)) in THF at room temperature, the latter formed in the presence of Bu4NBr. 

Tablee 5. 

Clusterb b 

IR R v(CO) ) wavenumberss of clusters 1-3 and their reduction products. 

v(CO)) ["cm-1! 

l c c 

[lb-lb]22 c 

[lb-lb]22 d 

2 2 

[2b-2b]2~ ~ 

3 3 

3" " 

3a"" e 

[3b-3b]2 2 

[3b-3b]2"e e 

42--
AA2-2- d 

20744 (m), 2030 (s), 1992 (vs), 1966 (sh), 1745 (w) 

20400 (w), 2018 (w), 1963 (vs), 1866 (m) 

20377 (w), 2012 (w), 1962 (vs), 1868 (m) 

20722 (m), 2027 (s), 1993 (sh), 1987 (vs), 1962 (sh), 1752 (w) 

20377 (w), 2012 (w), 1961 (vs), 1867 (m) 

20766 (m), 2032 (s), 1994 (vs), 2000 (sh), 1971 (sh), 1751 (w) 

20655 (m), 2024 (s), 1992 (sh), 1989 (vs), 1963 (sh), 1745 (w) 

20577 (m), 2014 (s), 1977 (vs), 1960 (sh), 1746 (w) 

20455 (m), 2018 (w), 1967 (vs), 1868 (m) 

20444 (m), 2020 (w), 1967 (vs), 1871 (m) 

19277 (s), 1866 (vs, br) 

19311 (s), 1869(vs,br) 

Conditions:: 103 M solutions in THF (containing 0.1 M Bu4NPF6) at 293 K, unless stated otherwise; 

inin situ reduction within an IR OTTLE cell. Assignments given in the main text. 

Chemicall  reduction with [Fe'(Cp)(C6Me6)] performed in DME.e T= 240 K. 

Inn "PrCN. 

Furtherr evidence for the proposed structure of cluster dimer [3b-3b]2~ is obtained from the 

fragmentationn products obtained after reduction of [3b-3b]2 (vide infra). The fact that the 

cyclicc voltammogram of 3 shows a small anodic peak due to the oxidation of [3b-3b]2~ 

alreadyy upon scan reversal beyond the cathodic peak Rj, points to a slow thermal reaction of 

3'~~ to give its open-structure isomer, instantaneously reducible to give open-structure dianion 

3b22 . The oxidation of 3b2" at E(Oi) is obviously not observed upon scan reversal beyond R| 
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owingg to its rapid reaction with the starting material. In the course of the reduction, no IR 

bandss due to the formation of open-structure dianion 3b2" could be observed. This proves that 

3bb ~ is unstable on the spectroelectrochemical time scale at 293 K and readily reacts with 

parentt cluster 3 to form the dimer. Actually, also [3b-3b]2~ is unstable and converts to another 

carbonyll  product absorbing at 1927 (s) and 1866 (vs, br) cm"' (42~). The v(CO) bands of the 

latterr product closely resemble those reported for the yellow-orange dinuclear complex 

[Ru2(CO)g]
22 (1930 and 1866 cm"' in MeCN),43 indicating the fragmentation of the open-

trianglee units along the reduction pathway of [3b-3b]2". Parallel to the appearance of the 

v(CO)) bands at 1927 and 1866 cm"1, formation of a blue film at the working electrode and in 

itss vicinity was observed, which corresponds with the formation of another, poorly soluble 

product,, most likely [Ru(CO)2(bpym)]n (vide infra). 

Thee reduction of 3 at 240 K resulted in IR v(CO) spectral changes similar but not identical 

too those observed at room temperature. Again, formation of the radical anion is reflected in 

thee retention of the v(CO) pattern. Most strikingly, the shift of the v(CO) bands to smaller 

wavenumberss is significantly larger than observed at 293 K (ca. 20 cm"'). This effect has 

mostt likely its origin in a slightly different structure of the radical anion at low temperatures, 

thee latter being denoted as 3a' . EPR spectra of 3a' at 240 K (Figure 7b), however, reveal 

similarr hfs constants (linewidth: 1.84 G; aN = 2.40 (2x), 2.50 (2x) (  0.1) G; aH = 4.90 and 

5.500 G (  0.2) G), indicating the localization of the odd electron again in the bm 7t*(bpym) 

orbital.. The combined results of the IR and EPR experiments at 240 K thus document that 

bothh radical anions 3'" and 3a' are likely to be independent structural isomers. For, reduction 

off  3 at the intermediate temperature of 270 K in THF resulted in IR spectral changes, which 

initiallyy show the formation of both isomeric forms 3'~and 3a'" at the same time (Figure 9). 

I I 
<D D 
O O 
C C 
CO O 

O O 
CO O 
Q Q 

21002100 2000 1900 1800 1700 

WavenumbersWavenumbers (cm1) 

Figuree 9. IR spectral changes during the one-electron reduction of cluster 3 producing parallelly 3' 

)) and 3a*" (0). The asterisk (*) denotes a v(CO) band due to formation of dimer [3b-3b]2". 

Conditions:: THF, T= 270 K, in situ reduction within an IR OTTLE cell. 
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Inn the course of the reduction the v(CO) bands of 3' increased at the expense of 3a' . 

Unfortunately,, the reversibility of this interconversion process could not be proven. Upon 

warmingg the solution of 3a'" from 240 K to room temperature while keeping the electrode 

potentiall  fixed, the v(CO) bands of 3a'" decreased and a small amount of 3' was formed, 

whichh was then rapidly transformed into dimer [3b-3b]2 (Scheme 1). Analogous to the IR 

spectroelectrochemicall  experiments performed at 293 K, the reduction of [3b-3b]  _ resulted in 

thee appearance of v(CO) bands at 1927 (s) and 1866 (vs, br) cm"1 due to 42~. 

Schemee 1. Reduction path of cluster 3. 

1/n n 

3 a--

KK / S 

1©© N 
\L. \L. ,*\N N 

3b b 2--

AA  y 

++ 3 

N N 
[3b-3b]" " 

22 [Ru2(CO)8] 

Redoxx behaviour  of |Ru3(CO)8(n-CO)2(a-diimine)] (a-diimine = bpy (1), dmb (2)). In 

contrastt to cluster 3, clusters 1 and 2 showed in THF at room temperature a chemically 

irreversiblee reduction at £p,c = -1.85 V and -1.91 V, respectively (cathodic peak Rh see Figure 

10).. For 1, scan reversal behind Ri showed the appearance of two anodic peaks at -1.33 V 
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(03')) and -0.93 V (04). In accordance with the results obtained for 3 and [Os3(CO)i0(bpy)],41 

thee anodic process O3' is assigned to the oxidation of the dimer [~Ru(CO)4-Ru(CO)4-

Ru(CO)2(bpy)]2
2~~ ([lb-lb] 2") (see Scheme 1). The second anodic peak 04 is probably due to 

oxidationn of a polymer with a structure comparable to [Ru(CO)2(bpy)]n (£p-a = 0.99 V vs 

Fc/Fc+).. Indirect proof for the formation of such polymers upon reduction of [Ru3(CO)8(u-

CO)2(a-diimine)]]  was obtained from IR spectroelectrochemical experiments {vide infra). For 

clusterr 2, a similar reverse anodic sweep was observed. 
R, , 

11 ' 1 ' r~ 
00 -1 -2 

EE (V) vs Fc/Fc 

Figuree 10. Cyclic voltammograms of 1 at T= 293 K (a) and T= 230 K (b). Conditions: 10 3 M cluster 

inn THF/10"1 M Bu4NPF6, Pt disk microelectrode (0.42 mm2 apparent surface area), v = 100 mV s '. 

Onn lowering the temperature to 230 K, the reductions of 1 and 2 at Zs(Ri) turned into 

chemicallyy and electrochemically reversible (v = 100 mV s') one-electron processes. This 

stepp yields the corresponding radical anions 1' and 2"~. The cathodic peak R2 in Figure 10 

thenn belongs to the subsequent partly chemically reversible one-electron reduction of 1'" and 

2'' , producing ultimately the open-structure dianions lb2 and 2b2 . In contrast to the scans at 

roomm temperature, these dianions are fairly stable on the CV time scale at 230 K. Their 

oxidationn nearly coincides with the oxidation of l'~and 2'", respectively (see Figure 10b), and 

becomess better resolved upon slightly raising the temperature. As the coupling reaction of 

lb""  with parent cluster 1 is hindered at 230 K, no oxidation waves due to [lb-lb] 2 and the 

polymerr [Ru(CO)2(bpy)]n were observed on the reverse scan. However, similar to 

[Os3(CO)io(dmb)],, dianion 2b2 is more reactive, the oxidation of dimer [2b-2b]2~ at 230 K 

beingg clearly visible at £p,a = -1.18 V. The cyclic voltammetric results prove that the radical 

anionss 1' and 2'" are very unstable at 293 K and readily transform to the open-structure 

dianions,, lb and 2b2 , respectively, probably via the open-structure radical transient f 

Ru(CO)4-Ru(CO)4-Ru*(CO)2(a-diimine)'' ] (see Scheme 1). The latter dianions could also not 

bee observed at room temperature due to their rapid nucleophilic attack at the yet non-reduced 

parentt clusters, converting into dimeric and, subsequently, polymeric reduction products. 
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Thee irreversible character of the reduction of clusters 1 and 2 at 293 K on the CV time 

scalee was further confirmed by IR spectroelectrochemistry in THF at 293 K and 240 K. At 

bothh temperatures radical anions 1' and 2" are not detectable. Instead, reduction of 1 and 2 

resultedd in the formation of the transient dimers [lb-lb] 2 and [2b-2b]2 (Table 5), 

respectively,, which rapidly decomposed into the dinuclear complex [Ru2(CO)8]
2^ {A2' ), as 

indicatedd by the appearance of v(CO) bands at 1927 (s) and 1867 (vs, br) cm"1. Similar to the 

resultss for cluster 3, the formation of 42 was accompanied by the appearance of a blue film at 

thee working electrode and in its vicinity, characteristic for the formation of a poorly soluble 

polymerr [Ru(CO)2(a-diimine)]n (a-diimine = bpy, dmb).45 The dimer [lb-lb] 2 was also 

formedd upon chemical reduction of 1 with one equivalent of [FeI(Cp)(C6Me6)] in DME (Table 

5).. Addition of a second equivalent caused a decrease of the v(CO) bands of [lb-lb] 2- to ca. 

50%% of their initial intensity and appearance of a new v(CO) band at 1931 (s) due to the 

formationn of 42~. In addition, a weak v(CO) band at 1882 cm"1 is observed, which is attributed, 

inn analogy with the results for [Ru(CO)2(dmbKI)2]
t, to the polymer [Ru(CO)2(bpy)]n. 

++ Electrochemical two-electron reduction of the mononuclear complexes mmv(Cl)-[Ru(CO)2(a-diimine)(Cl)2] 

(a-diiminee = bpy, dmb) is known to result ultimately in the generation of the corresponding polymers 
46 6 

[Ru(CO)2<a-diimine)]n.. The formation of similar polymeric products upon reduction of the analogous bpym 

complexx has not been reported so far. In order to confirm the electrochemical formation of polymers in the latter 

case,, IR spectroelectrochemical experiments were performed on the dinuclear complex [Ru2(CO)4(n-bpym)(I)4], 

usingg [Ru(CO)2(dmb)(I)2] as a reference. 

Thee cyclic vottammograms of [Ru(CO)2(dmb)(I)2] and [Ru2(CO)4(n-bpym)(I)4] in THF at room temperature 

showedd a broad, chemically irreversible reduction at Epx = -1.96 V ([Ru(CO)2(dmb)(l)2]) and -1.59 V 

([Ru2(CO)4(u-bpym)(I)4]),, respectively. In "PrCN this reduction process was split into two clearly separated 

cathodicc steps, resulting in chemically irreversible reductions at Epc = - 1.76 V and -1.90 V for 

[Ru(CO)2(dmb)(I)2]]  and Epx = - 1.44 V and -1.55 V for [Ru2(CO)4(u-bpym)(l)4]. Spectroelectrochemically, 

reductionn of [Ru(CO)2(dmb)(I)2] in THF initially resulted in the appearance of small v(CO) bands at 2013 and 

19388 cm'1 that are assigned to the dimer [Ru(CO)2(dmb)(I)]2, possessing a (dmb)Ru -Ru(dmb) bond. Upon 

shiftingg to more negative potential the v(CO) bands of the starting complex and the dimer disappeared and no 

remainingg product bands were observed. Instead, the working electrode was covered with a blue film that was 

insolublee in THF. In "PrCN, formation of the dimer was no longer observed. Instead, reduction of 

[Ru(CO)2(dmb)(I)2]]  resulted in the appearance of v(CO) bands at 1964 and 1884 cm'1 that are ascribed to the 

polymerr [Ru(CO)2(dmb)]n. Reduction of this polymer at a more negative electrode potential resulted in v(CO) 

bandss at 1912 and 1845 cm"' that accordingly are assigned to the diimine-reduced form of the polymer. 

Reductionn of [Ru2(CO)4(u-bpym)(I)4] in THF initially resulted in the appearance of small v(CO) bands at 2040 

andd 1986 cm"1. Upon shifting to more negative potential this product converted into dimer [Ru(CO)2(bpym)(I)]2 

(20233 and 1949 cm" ), having its v(CO) bands at slightly larger wavenumbers than observed for 

[Ru(CO)2(dmb)(I)]2.. Similar to [Ru(CO)2(dmb)(l)2] in THF, the reduction of [Ru(CO)2(bpym)(I)]2 did not result 

inn any observable product bands. In "PrCN, reduction of [Ru2(CO)4(n-bpym)(I)4] resulted in the formation of the 

samee intermediates as observed in THF. Further reduction of the dimer in "PrCN, however, resulted in the 

appearancee of small v(CO) bands at 1960 and 1900 cm"1 that, in accordance with the results for 

[Ru(CO)2(dmb)(I)2],, are ascribed to the polymer [Ru(CO)2(bpym)]n. 
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Molecularr  orbita l calculations 

Densityy functional theoretical (DFT) and time-dependent DFT (TD-DFT) calculations 

weree performed in order to obtain more insight into the bonding properties of the clusters 

[Ru3(CO)8((a-CO)2(a-diimine)]]  and to assign their lowest-energy electronic transitions. The 

clusterr [Ru3(CO)8((j-CO)2(bpy)] (1) served as a model, as the available crystal structure for 

thiss complex provided a good starting point for the calculations. Two possible isomers of 

thiss cluster are depicted in Figure 11. Cluster 1' has all carbonyl ligands in terminal positions 

andd the oc-diimine ligand coordinated in an equatorial-axial fashion. Isomer 1" exhibits two 

carbonyll  ligands bridging a Ru-Ru(ri-diimine) bond. The a-diimine ligand in 1" lies 

perpendicularr to the plane of the cluster core. 

l ' :24kJmol"'' 1":0kJmor ' 

Figuree 11. Optimized geometries and relative energies (in kj mol" ) of the structural models 1'  and 1". 

Tablee 6. Comparison of selected calculated bond lengths [A] and angles [°] in cluster 1" with the 

experimentall  crystallographic data. 

Bond" " 

Rul-Ru2 2 

Rul-Ru3 3 

Ru2-Ru3 3 

Rul-Nl l 

Rul-N2 2 

Rul-Cl l 

Ru3-Cl l 

Rul-C2 2 

Ru3-C2 2 

Nl-C2 2 

N2-C2' ' 

C2-C2' ' 

Calc. . 

2.94 4 

2.79 9 

2.90 0 

2.20 0 

2.20 0 

1.96 6 

2.24 4 

2.02 2 

2.13 3 

1.36 6 

1.36 6 

1.47 7 

Exptl. . 

2.86 6 

2.76 6 

2.84 4 

2.19 9 

2.19 9 

1.96 6 

2.22 2 

2.03 3 

2.09 9 

1.34 4 

1.33 3 

1.46 6 

Angle3 3 

Rul-Ru2-Ru3 3 

Rul-Ru3-Ru2 2 

Ru2-Rul-Ru3 3 

Rul-Cl-Ru3 3 

Rul-C2-Ru3 3 

Ru3-Rul-Nl l 

Ru3-Rul-N2 2 

Nl-Rul-N2 2 

NI-C2-C2' ' 

N2-C2-C2 2 

Calc. . 

56.94 4 

62.26 6 

60.81 1 

82.79 9 

84.19 9 

135.0 0 

136.1 1 

74.13 3 

115.8 8 

115.7 7 

Exptl. . 

57.97 7 

61.36 6 

60.67 7 

82.34 4 

84.06 6 

135.95 5 

136.83 3 

73.48 8 

115.4 4 

116.0 0 

Seee Figure 1. 
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Geometryy optimizations of both isomers with DFT revealed that isomer 1" with the two 

COO bridges is indeed more stable by 24 kJ mol"1. The geometry of model 1" is in good 

agreementt with the experimental structure (Figure 11, Table 6), although the calculated Ru-

Ruu and Ru-C bond distances are slightly longer than the experimental ones. This appears to be 

aa general result of DFT calculations and was also observed for the related clusters 

[Os3(CO),2],
488 [Os3(CO)io(a-diimine)]49 and [Os3(CO),0(biphosphinine)].19 In the optimized 

geometryy the position of the a-diimine ligand, with both donor nitrogens approximately trans 

too the bridging carbonyls, is well reproduced. The ground-state calculations afforded the 

compositionn of the molecular orbitals of 1". The contributions of the relevant atomic 

wavefunctionss to the frontier orbitals are given in Table 7, with the HOMO (H) and LUMO 

(L)) indicated in bold. Three-dimensional plots for the three highest occupied molecular 

orbitalss (HOMO, HOMO-1 and HOMO-2) and of the lowest unoccupied molecular orbital 

(LUMO)) are depicted in Figure 12. 

Tablee 7. Characters and one-electron energies of selected frontier orbitals of [Ru3(CO)g(u-CO)2(bpy)], 

ass calculated by the ADF/BP method (L = LUMO, H = HOMO). 

MO O 

106a a 

105a a 

104a a 

103a a 

102a a 

101a a 

100a a 

Seee Figure 

L+2 2 

L+l l 

L L 

H H 

H-l l 

H-2 2 

H-3 3 

1. . 

E[eV] ] 

-3.01 1 

-3.24 4 

-3.76 6 

-5.08 8 

-5.39 9 

-5.58 8 

-6.13 3 

Rula a 

2 2 

22 2 

2 2 

19 9 

15 5 

21 1 

42 2 

Ru2a a 

1 1 

9 9 

4 4 

1 1 

36 6 

19 9 

2 2 

Ru3a a 

1 1 

13 3 

1 1 

24 4 

12 2 

18 8 

20 0 

bpy y 

88 8 

11 1 

85 5 

4 4 

2 2 

6 6 

2 2 

CO O 

1 1 

20 0 

3 3 

11 1 

28 8 

27 7 

10 0 

M-CO O 

3 3 

15 5 

1 1 

36 6 

2 2 

1 1 

20 0 

Thee HOMO of 1" is mainly localized on the Rul-(|i-CO)2-Ru3 moiety. It is ascribed, in 

accordancee with the 3D plot, a ^-bonding character with respect to the bridging carbonyl 

ligandss (7t(Ru/u.-CO). Al l three ruthenium centres participate in the HOMO-1 and HOMO-2. 

Thee HOMO-1 has a-bonding interactions between Rul and Ru2 and Ru2 and Ru3, while the 

HOMO-22 is bonding with regard to the entire metal core and wil l be denoted as c(Ru3). The 

LUM OO mainly consists of the lowest 7i*(bpy) orbital, while the LUMO+1 is delocalized over 

thee ruthenium carbonyl core. Based on the contributions of the atomic wavefunctions to the 

frontierr orbitals, the HOMO-LUMO transition is best described as having predominant 

7t(Ru/u-CO)-to-7T*(a-diimine)) character. The excitation energies and the oscillator strengths 

off  the low-lying electronic transitions of isomer 1" were calculated using TD-DFT and are 

presentedd in Table 8. 
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(a)) LUM O (b)) HOMO 

(c)HOMO-l l (d)) HOMO-2 

Figuree 12. Three-dimensional representations of the LUMO (a), HOMO (b), HOMO-1 (c) and 

HOMO-22 (d) of [Ru3(CO)8(u-CO)2(bpy)] (1). 

Tablee 8. Lowest-energy singlet excitation energies [eV] and oscillator strengths (O.S.) for 

rRu3(CO)8(n-CO)2(bpy)11 (1"), as calculated by TD-DFT. 

Transitionn Composition Energyy Wavelength Exptl. O.S. 

[eV]]  [nm] ^ a x
a (x 103) 

1 1 

2 2 

3 3 

4 4 

5 5 

6 6 

7 7 

8 8 

9 9 

10 0 

99%% (H->L) 

88%% (H-1->L); 9% (H-2-»L) 

88%% (H-2->L); 7% (H-1->L) 

54%% (H->L+2); 45% (H->L+1) 

52%% (H-»L+1); 46% (H->L+2) 

100%(H->L+3) ) 

61%% (H-l-»L+2); 35% (H-3-+L) 

59%% (H-3->L); 28% (H-1-+L+2) 

82%(H-2->L+l);; 10% (H-1->L+1) 

58%% (H-1-»L+1); 10% (H-2->L+2); 

9%% (H-2->L+l); 9% (H-l->L+2) 

1.34 4 

1.71 1 

1.97 7 

2.03 3 

2.14 4 

2.29 9 

2.38 8 

2.41 1 

2.44 4 

2.53 3 

926 6 

727 7 

629 9 

610 0 

579 9 

542 2 

520 0 

514 4 

508 8 

490 0 

b.c c 

b,c c 

473 3 
b b 

b b 

b b 

b b 

b.d d 

b,d d 

b.d d 

0.003 3 

4.1 1 

46 6 

0.24 4 

0.68 8 

0.065 5 

0.81 1 

20 0 

6.9 9 

35 5 

aa Absorption maxima for [Ri^COMn-COMbpy)] in toluene at 298 K. Non-resolved. c Corresponds 

too tailing absorption between 550 and 650 nm (see Figure 2). Absorption band with maximum at 388 

nmm in THF and MeCN (see Figure 2). 
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5.55 Discussion 

Molecularr structure of [Ru3(CO)8((X-CO)2(a-diimine)l 

Thee presence of bridging carbonyl ligands in the clusters [Ru3(CO)8(u-CO)2(a-diimine)] 

(a-diiminee = bpy (1), dmb (2), bpym (3)) is clearly revealed by their IR spectra and the 

reportedd crystal structure for cluster l.30 Comparison of this crystal structure with that of the 

relatedd cluster [Os3(CO)io(bpy)]5° reveals some interesting differences, concerning the 

positionn of the a-diimine ligand and the metal-metal bond lengths. In both compounds the a-

diiminee ligand is bound to only a single metal centre in a chelating fashion. However, in 

contrastt to the triosmium cluster, where 2,2'-bipyridine coordinates with one nitrogen axially 

andd the other one equatorially bound, this ligand adopts a position perpendicular to the plane 

off  the metal triangle in cluster 1, with both nitrogens bound approximately trans to the 

bridgingg carbonyl groups. Even more interesting is the observed difference in the average 

metal-metall  bond length in cluster 1 (2.816(2) A) compared to its osmium analogue (2.875(3) 

A).. This difference mainly results from the significant shortening of the CO-bridged Ru-Ru 

distancee (2.757(1) A) compared to the non-bridged Ru-Ru and Ru-Ru(bpy) bonds (2.836(1) 

andd 2.855(1) A, respectively). Although the less diffuse 4d Ru orbitals generally cause shorter 

metal-metall  bonds compared to osmium, the difference in the average metal-metal bond 

lengthh in the a-diimine-substituted clusters is considerably larger than for the unsubstituted 

clusterss [M3(CO)|2] (M = Ru, Os). For the latter compounds, replacement of osmium by 

rutheniumm only results in a rather small contraction of the metal-metal bonds from 2.8771(9) 

AA for Os5! to 2.8541(7) A for Ru.52 Whereas coordination of the a-diimine ligand to 

[Os3(CO)i2]]  does not influence the metal-metal bond lengths to a large extent (2.877 vs. 2.875 

A),, [Ru3(CO)g(u-CO)2(bpy)] has a much shorter average Ru-Ru bond length, mainly because 

off  the presence of two CO bridges. In solution, these CO bridges are no longer localized 

betweenn two specific Ru centres, but are expected to bridge across both Ru-Ru(a-diimine) 

bondss in a dynamic equilibrium. Both Ru-Ru(a-diimine) bonds will therefore be shortened 

andd strengthened. This will influence the redox and photochemical reactivity of the clusters 

[Ru3(CO)8(M.-CO)2(a-diimine)]]  to a large extent, as the formation of open-structure products 

wil ll  be far less efficient than in the case of the analogous triosmium clusters. 

Stabilityy of the radical anions 

Fromm the DFT results (Table 7) it is clear that the LUMO of the clusters [Ru3(CO)8(u-

CO)2(a-diimine)]]  mainly consists of the lowest rc*(a-diimine) orbital. Single occupation of 

thiss orbital upon one-electron reduction is therefore expected to result in a-diimine-localized 

radicall  anions. The EPR spectra confirm this and the (spectro)electrochemical data show that 

thee radical anions [Ru3(CO)8(|i-CO)2(a-diimine)]' are fairly stable. A comparison of the 

reductionn potentials of the studied triruthenium clusters reveals that the rc-acceptor capacity of 
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thee coordinated a-diimine increases in the order dmb (£PiC (2) = - 1.91 V) < bpy {E^Q (1) = -

1.855 V) « bpym (£p,c (3) = - 1.62 V). In accordance with this trend, radical anion 3* can 

evenn be detected at room temperature by IR spectroscopy {i.e. on the time scale of minutes) 

whereass radical anions 1*  and 2" are only observable by cyclic voltammetry. At room 

temperature,, both 1*  and 2' undergo a fast follow-up chemical reaction with a low activation 

energy.. Differently from the radical anion [Os3(CO)|0(bpym)]' , which is unstable above 213 

K,, the CO-bridged radical anion 3a" is completely stable already at 240 K. 

Thee most striking result upon the one-electron reduction of cluster 3 is the observation of 

twoo different isomeric forms for its radical anion, viz. 3' and 3a' . Consistent with their UV-

viss and EPR spectra, the added electron in both cases resides in the lowest 7i*(bpym) orbital. 

However,, the IR spectra of the radical anions (Table 5) show a distinct difference in their 

v(CO)) wavenumbers (ca. 10 cm"1), reflecting a significant difference in the Tt-backdonation to 

thee carbonyl ligands. Importantly, the spectroelectrochemical experiments prove that the IR 

v(CO)) patterns observed at room temperature and 240 K indeed belong to two different 

species.. Moreover, the retention of the v(CO) pattern of 3 upon formation of 3' and 3a' 

indicatess that the structure of both radical anions is similar to that of 3. These observations 

indicatee that one-electron reduction of 3 at 240 K produces a radical anion with the preserved 

structuree of the parent cluster, while at room temperature a thermodynamically more stable, 

slightlyy adapted product is formed. This is in line with the spectroelectrochemical experiment 

att 270 K where the reduction of 3 initially results in the formation of both radical anions, 

whilee in the further course of the reduction the v(CO) bands of 3' increase at the expense of 

thosee of 3a' . The radical anions may slightly differ, for instance, in the orientation of the a-

diiminee ligand with respect to the Ru3 core, which concomitantly influences the donation of 

electronn density from the reduced bpym ligand to the cluster core and, hence, also the Ru-to-

COO rc-backbonding. The barrier for conversion of 3a*  into 3" will mainly result from solvent 

interactions,, which prevent reorientation of the a-diimine ligand at temperatures below 260 

K.. Convincing evidence for this hypothesis might be obtained from interconversion 

experimentss where solutions containing 3'" or 3a*  are cooled or warmed up, respectively, 

whilee keeping the electrode potential fixed. Indeed, 3a' converts to 3*  upon raising the 

temperature.. Unfortunately, the reverse experiment is not decisive since 3' cannot be 

completelyy stabilized at room temperature on the time scale of the spectroelectrochemical 

experiment. experiment. 

Electrochemicall  formation of open-structure products 

Thee irreversible reduction of 1 and 2 at room temperature points to a one-electron a-

diimine-localizedd process that is followed by a fast chemical reaction of the primary reduction 

productss 1' and 2" (opening of a Ru-Ru(a-diimine) bond) and by the concomitant 
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consumptionn of a second electron to produce the corresponding open-structure dianions. The 

latterr compounds are, however, also unstable at ambient temperature and undergo a coupling 

reactionn with the parent cluster to give dimers (Scheme 1). Similar zero-electron coupling 

reactionss occur commonly, for example between mononuclear complexes 

[Mn(S)(CO)3(bpy)ff  (S = THF, MeCN) and two-electron-reduced [Mn(CO)3(bpy)] , 

producingg the dimer [Mn(CO)3(bpy)]2.
53, 54 In this respect, the reactive primary reduction 

productss 1*" and 2' compare well with the radical anions [M3(CO)i2]*~ (M = Ru, Os) ' that 

aree short-lived ([Ru3(CO)i2]' has a half-life t,/2 < 10"6 s in CH2C12) and convert to dianions 

[M3(CO)io(u.-CO)]2^^ via an open-structure transient. Also in this case the cleavage of a M-M 

bondd in the radical anion [M3(CO)i2]*  induces formation of the doubly reduced cluster at the 

appliedd reduction potential of [M3(CO)i2]. 

Inn contrast to the cluster [Os3(CO)i0(bpym)],41 for which the open-structure dianion could 

bee stabilized in butyronitrile on the spectroelectrochemical time scale, the open-structure 

dianionn 3b2 could only be observed by cyclic voltammetry at moderate scan rates. This 

pointss to negligible solvent coordination and a lower activation energy for the subsequent 

couplingg reaction with the parent cluster to form [3b-3b]2 . However, dimer [3b-3b] , 

althoughh observable, could also not be stabilized and transformed in the course of the 

spectroelectrochemicall  experiment into dianion 42" and a poorly soluble polymer. The 

existencee of two isomeric forms for [3b-3b]2 , as reported for [Os3(CO)i0(bpym)],41 could 

thereforee not be proven. The above results show that the electrochemically induced cleavage 

off  the Ru-Ru(a-diimine) bond results in the formation of far more reactive open-structure 

reductionn products than observed upon reduction of [Os3(CO)io(a-diimine)]. 

Thee assignment of polymers [Ru(CO)2(ct-diimine)]n as the ultimate products obtained upon 

reductionn of [Ru3(CO)8(u-CO)2(a-diimine)], is mainly based on a comparison with the 

reductionn paths of the mononuclear complexes [Ru(CO)2(dmb)(I)2] and [Ru2(CO)4(n-

bpym)(I)4].. Two-electron reduction of [Ru(CO)2(dmb)(I)2] produces the polymer 

[Ru(CO)2(dmb)]n,, possessing v(CO) bands at 1964 and 1884 cm"1 (vide supra). In a similar 

way,, the electrochemical reduction of the mononuclear complexes trans(C\)-

[M(CO)2(bpy)(Cl)2]]  (M = Ru, Os) is known to result in the generation of polymers 

[M(CO)2(bpy)]n,, with v(CO) bands at similar wavenumbers (viz, [Ru(CO)2(bpy)]n v(CO): 

19666 and 1885 cm"1 in Csl).57 The interest in these open-chain polymers mainly derives from 

theirr electrocatalytic activity towards reduction of carbon dioxide. ' In order to 

investigatee the possibility of electrochemical polymer formation for the structurally related 

Ru/bpymm complex, IR spectroelectrochemical experiments were performed on [Ru2(CO)4((j.-

bpym)(I)4].. Although the latter complex, consisting of two bpym-bridged ruthenium centres, 

iss structurally different from [Ru(CO)2(dmb)(I)2], the ultimate reduction product closely 
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resembless the polymer [Ru(CO)2(dmb)]n, which proves the existence of polymers 

[Ru(CO)2(bpym)]n.. Importantly, both polymers [Ru(CO)2(a-diimine)]n (a-diimine = dmb, 

bpym)) appear to be insoluble in THF and their formation in this solvent could only be 

revealedd by the appearance of a blue film at the working electrode and in its vicinity. 

Electrochemicall  reduction of the clusters [Ru3(CO)8(u-CO)2(a-diimine)] ultimately results 

inn the formation of similar blue films as observed for [Ru(CO)2(dmb)(I)2] and [Ru2(CO)4(u-

bpym)(I)4],, indicating the formation of polymers [Ru(CO)2(a-diimine)]n. Consistent with this 

assignment,, the efficient electrocatalytic reduction of carbon dioxide was observed upon bulk 

electrolysiss of 1 in THF saturated with C02.
20 Apart from the polymer films, reduction of the 

open-structuree dimers [ Ru(CO)4-Ru(CO)4-Ru(CO)2(a-diimine)]2
2~ (a-diimine = bpy, dmb, 

bpym)) (Scheme 1) results in the production of a compound with v(CO) bands at 1927 and 

18666 cm" , their position being independent of the a-dümine ligand used. In accordance with 

thee literature,43 the CO-stretching bands are attributed to the dinuclear complex [Ru2(CO)8]
2 

(44 ). The formation of the latter complex suggests that upon reduction of the open-structure 

clusterr dimers fragmentation of the open-triangle units takes place. Apart from 42 , this 

processs also results in dinuclear fragments {Ru(CO)2(a-diimine)}2 that readily link together 

too form the polymeric chain [Ru(CO)2(a-diimine)]n. Observation of 42 therefore also 

supportss the assignment of polymers [Ru(CO)2(a-diimine)]n as one of the ultimate reduction 

productss of the clusters [Ru3(CO)8(u-CO)2(a-diimine)]. 

Mechanismm of the electrochemical Ru-Ru bond cleavage 

Thee one-electron reduction of [Ru3(CO)8(u-CO)2(a-diimine)] is evidently localized on the 

a-diiminee ligand, in agreement with the EPR, UV-vis and 1R spectra of 3' . The heterolytic 

cleavagee of the Ru-Ru(a-diimine) bond in [Ru3(CO)8(u-CO)2(a-diimine)]' has its origin in 

strongg polarization of this bond via charge "leakage" from the reduced a-diimine ligand, the 

degreee of which is mainly controlled by its 7c-acceptor ability. The basicity of the a-diimine 

radicall  anion is significantly increased on going from bpym to bpy and dmb, as reflected in 

thee more negative reduction potential in this series. In the same order, the unpaired electron 

becomess more delocalized over the Ru-(a-diimine) chelate bond which will , in turn, 

considerablyy polarize the Ru-Ru(a-diimine)*  a-bond and cause its heterolytic cleavage into 

Ruu Ru+(a-diimine)*  . A similar dependence on the a-diimine ligand was reported for the 

one-electronn reduction of the complexes [(CO)5MnRe(CO)3(a-diimine)], producing stable 

[Mn(CO)5]]  and reactive radicals [Re+(CO)3(a-diiminef ].59 

Thee influence of the bridging CO ligands on the electrochemical reactivity of the clusters 

[Ru3(CO)g(u-CO)2(a-diimine)],, is clearly reflected in the stability of the corresponding 

radicall  anions. Whereas 3' can already be completely stabilized on the time scale of the 

spectroelectrochemicall  experiments at 240 K, the analogous triosmium cluster required a 
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significantlyy lower temperature (213 K) to prevent cleavage of the metal-metal(a-diimine) 

bond.. The same holds for the radical anions l"~and 2*~ observed on the CV time scale, that are 

alsoo considerably more stable than [Os3(CO)i0(bpy)]*~.41 Both results indicate that the 

energeticc barrier for the metal-metal bond cleavage in [Os3(CO)io(a-diimine)]'~ is 

significantlyy lower. This is explained by the presence of the bridging CO ligands in the case 

off  [Ru3(CO)8(|i-CO)2(a-diimine)], which increases the overlap between the involved Ru d-

orbitals,, making metal-metal bond cleavage energetically less favourable. In addition, the 

presencee of strong rc-acceptor CO bridges also reduces the polarization of the Ru-Ru(a-

diimine)) bond to such an extent that it becomes less prone to heterolytic cleavage. In contrast 

withh the increased stability of the radical anions [Ru3(CO)8(u-CO)2(a-diimine)]" , the open-

structuree products formed along the reduction path are far less stable than their triosmium 

analogues.. Whereas for the clusters [Os3(CO)io(bpym)] open-structure dianions are stable in 

butyronitrile,, no such products could be detected by IR spectroscopy for the corresponding 

trirutheniumm clusters. 

Frontierr  orbitals and electronic transitions 

AA comparison of the frontier orbitals of [Ru3(CO)g(u-CO)2(bpy)] (1") (Table 7) with those 

off  [Os3(CO)io(bpy)]49 reveals that the HOMOs of both clusters are clearly different with 

respectt to the bonding interactions. While the HOMO of the triosmium cluster is mainly a-

bondingg with regard to the Osl-Os3 bond, the HOMO of [Ru3(CO)8(u-CO)2(bpy)] is best 

describedd as a Jt(Ru/u-CO) bonding orbital. In contrast to its triosmium analogue, 

depopulationn of the HOMO of [Ru3(CO)8(u-CO)2(bpy)] is therefore expected to hardly affect 

thee Rul-Ru3 bond. Interestingly, the contribution of the 7t*(a-diimine) orbital to the LUMO 

iss larger in 1" (85%) than in the corresponding osmium cluster (76%), at the expense of its 

contributionn to the HOMO (4% us 19%). On the other hand, the bridging carbonyl ligands, 

thatt are not present in [Os3(CO)i0(bpy)], contribute significantly to the HOMO of 1" (36%) 

whilee their contribution to the LUMO is negligible (1%). Based on the contributions of the 

atomicc wavefunctions to the frontier orbitals, the HOMO-LUMO transition in [Ru3(CO)g(u-

CO)2(bpy)]]  is best described as a 7t(Ru/u-CO) -^ 7r*(a-diimine) charge transfer transition, 

thatt possesses somewhat more charge transfer (CT) character than the lowest-energy 

transitionn of [Os3(CO)io(bpy)]. 

Inn general, CT transitions possessing sigma-bond-to-ligand (SBLCT or GTT*),60 metal-to-

ligandd (MLCT)61"63 or halide-to-ligand (XLCT)34, M charge transfer character, are 

characterizedd by a large solvatochromism of their absorption band. However, as negligible 

solvatochromismm is observed for the 471 nm band of cluster 1, this band does most likely not 

belongg to the HOMO-LUMO transition of the cluster. Moreover, the absorption maximum of 

thee latter band is not influenced by lowering the energy of the lowest n* orbital of the a-

diiminee ligand on going from bpy to dmb and bpym. Both results are in contrast with the 
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behaviourr of the clusters [Os3(CO)i0(a-diimine)], where the position of the lowest-energy 

absorptionn band is significantly affected by both the solvent and a-diimine ligand used.17 The 

resonancee Raman (rR) spectra obtained by excitation into such charge transfer transitions to 

ann a-diimine ligand normally show strong rR effects for the bands belonging to the 

vibronicallyy coupled vs(CC) and vs(CN) stretching modes of the a-diimine. Similar to the 

clusterr [Os3(CO)io(bpy)], both stretching modes are indeed enhanced upon excitation into the 

lowest-energyy absorption band of 1. Moreover, the rR effect observed for the vs(CO) at 2075 

cm""  points to a change in the C-0 bond lengths upon excitation. Importantly, distinct rR 

effectss are also observed for several bands in the region 600-220 cm'1, that belong to metal-

carbonn stretching modes and skeletal vibrations.31 Similar skeletal modes are observed for the 

clusterr [Os3(CO),0(
iPr-DAB)] ('Pr-DAB = W,jV'-diisopropyl-l,4-diaza-l,3-butadiene),14 in 

whichh both the HOMO and the LUMO are strongly delocalized, and reflect the participation 

off  the entire metal core in the allowed lowest-energy transition. The observed rR effects thus 

documentt that the lowest-energy transition of the clusters [Ru3(CO)8(u-CO)2(a-diimine)] has 

significantt charge transfer character to the a-diimine ligand. In contrast with the clusters 

[Os3(CO)[o(a-diimine)]]  (a-diimine = bpy, bpym), the initial optical orbital is apparently 

delocalizedd over the entire cluster core, which is not in line with the rather local character of 

thee HOMO of these clusters. 

AA significant aid for the assignment of the electronic transitions in the triruthenium a-

diiminee clusters under study has been obtained from time-dependent DFT calculations (Table 

8).. Apparently, the oscillator strength of the HOMO-LUMO transition is very low and cannot 

givee rise to the intense absorption band at 471 nm in the UV-vis spectra of the triruthenium 

clusters.. According to the TD-DFT results, the latter band belongs to an allowed cluster core-

to-ligandd (a(Ru3)->7i*(a-diimine)) charge transfer transition (transition 3 in Table 8). This 

assignmentt is in line with the rR spectra, where the appearance of rR bands between 600 and 

2200 cm"1 reveals the participation of the entire cluster core in this transition. The absence of 

anyy solvatochromic effect for the 471 nm band indicates that, even though the excited state 

hass considerable charge transfer character, the change in dipole moment during the 

a(Ru3)->7r*(a-diimine)) transition is far smaller than for the more localized a(Osl-

Os3)—»7i:*(a-diimine)) transition in the corresponding triosmium clusters. This may be due to 

thee fact that the dipole moment of [Ru3(CO)8(u-CO)2(a-diimine)] is oriented perpendicular to 

thee transient moment of the electronic transition giving rise to the 471 nm band. Apart from 

thee negligible solvatochromism, changing the nature of the a-diimine ligand also does not 

affectt the band maximum of the intense visible band. As testified by the redox potentials of 1 

andd 3 (Table 4), changing the a-diimine ligand to a better 7t-acceptor not only results in a 

stabilizationn of the 7t*(a-diimine) orbital but also lowers the energy of the cluster core. 

Althoughh the electrochemical data only prove the latter effect for the HOMO, it presumably 

alsoo holds for the HOMO-2. Lowering of the n*(a-diimine) level then results in a similar 
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stabilizationn of the a(Ru3) orbital, the <j(Ru3)-Mr*(a-diimine) transition energy being almost 

unaffected.. In agreement with their low oscillator strengths, no well-resolved absorption 

bandss due to the HOMO-»LUMO and HOMO-l-»LUMO transitions (transitions 1 and 2 in 

Tablee 8) are observed on the low-energy side of the 471 nm band. However, the weak 

absorptionn tailing to 650 nm is tentatively attributed to comprise the latter transitions. This 

assignmentt implies that, in contrast to the corresponding triosmium clusters, the lowest-

energyy 7Ï(RU/U-CO)TT*  excited state of the clusters [Ru3(CO)8(^-CO)2(a-diimine)] is optically 

hardlyy directly accessible. 

Att higher energy, a second group of fairly intense transitions is found that consists of 

predominantlyy cluster core localized transitions directed to the LUMO+1 and LUMO+2 

(transitionss 8-10 in Table 8). As the absorption bands in the visible region are generally broad 

andd poorly resolved, they likely consist of several close-lying transitions. In THF and MeCN 

aa non-solvatochromic band is observed around 380 nm (see Figure 2). As its position relative 

too the lowest-energy absorption band agrees reasonably well with the calculated energy 

differencee between transitions 3 and 9 (Table 8), this band is tentatively attributed to one or 

moree electronic transitions of the second group (transitions 8-10). In contrast, no well 

resolvedd absorption band is observed in this wavelength region in the spectrum of 1 in 

toluene.. Despite the fact that TD-DFT allows for mixing of the separate electronic transitions, 

thee calculated excitation energies of the transitions in Table 8 are systematically lower by 0.6-

0.77 eV than the experimental values. This difference is too large to be caused by the 

differencee in medium between the theoretical and experimental data. Such discrepancies are, 

however,, not uncommon for DFT calculations and have also been observed, for example, for 

transitionn metal complexes possessing metal-halide bonds.65 Nevertheless, regardless of the 

relativelyy large differences, the calculated oscillator strengths compare reasonably well with 

thee observed band intensities in THF and MeCN and, in accordance with the rR spectra, 

predictt the cluster core-to-ligand charge transfer transition to dominate in the visible region. 

Characterizationn of the excited states 
Accordingg to the rR spectra and the TD-DFT results, irradiation into the fairly intense 471 

nmm absorption band of the clusters [Ru3(CO)8(u-CO)2(a-diimine)] results in initial population 

off  an excited state having predominant a(Ru3)7r*(a-diimine) character, in which an electron 

hass been transferred from a delocalized orbital that is bonding with regard to the cluster core 

too the lowest it*  orbital of the a-diimine ligand. 

Moree insight into the decay kinetics and absorption features of the lowest excited state is 

obtainedd from the ps TA spectra. The initially observed transient absorption in the TA spectra 

off  1 and 3, is ascribed to the lowest excited state of these clusters; it is very similar to the 

transientt reported for the clusters [Os3(CO)i0(a-diimine)] (a-diimine = 2-acetylpyridine-AA-

isopropylimine,, dmb; Chapter 4, Part A). The close correspondence of the spectra with those 
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reportedd for the latter clusters, together with the characteristic long-wavelength tail due to 

7i*7i*(a-diimine)) transitions, is in good agreement with the transfer of an electron to the 

lowestt 7i*(oc-diimine) orbital and the concomitant formation of a-diimine localized radical 

anions.. The ps TA spectra do not unambiguously reveal whether this electron originates from 

aa molecular orbital with predominant 7t(Ru/u-CO) character (HOMO) or delocalized a(Ru3) 

(HOMO-2)) character. The spectra observed for 1 and 3 at /d = 1 ps are also very similar to the 

TAA spectra observed for 2 in 2-MeTHF glass on the nanosecond time scale. This implies that 

thee transient absorption band in the ns TA spectra of 2 can also be ascribed to the lowest 

excitedd state, its lifetime in a rigid matrix being extended into the nanosecond time domain. 

Thee excited-state lifetime of 43 ps, derived from the ps TA measurements of 2, is 

significantlyy longer than the lifetime of 5 ps reported for [Os3(CO)i0(dmb)].26 It is noteworthy 

thatt the ps TA spectra do not reveal the formation of open-structure biradicals from the 

excitedd state. As described in Chapter 4, formation of these primary photoproducts is 

expectedd to result in a characteristic, weak long-wavelength absorption without a distinct 

maximumm that disappears upon regeneration of the parent cluster on the nanosecond time 

scale.. Apparently, the formation of biradicals ['Ru(CO)4-Ru(CO)4-+Ru(CO)2(dmb)*  ] from the 

excitedd state is less efficient than for the corresponding triosmium clusters, resulting in 

amountss not detectable by ps TA spectroscopy. This conclusion is in line with the increased 

excited-statee lifetime and most likely has its origin in the presence of bridging carbonyl 

ligandss in the clusters {vide infra). 

Thee ps TRIR spectra provide a better understanding of the character of the lowest excited 

state.. As described before, excitation of 2 results in the instantaneous appearance of a v(^-

CO)) band at 1778 cm"1, ca. 35 cm"1 higher in frequency than found for the ground state. The 

shiftt of the v(u-CO) band to larger wavenumbers in the excited state is indicative of an 

increasee in the C-0 bond order, resulting from depopulation of the ;r*(u-CO) orbitals. As the 

contributionn of the 7r*(u-C0) orbitals to the HOMO-2 and the LUMO is negligible (Table 7), 

populationn of the corresponding a(Ru3)7t*(a-diimine) excited state cannot account for the 

observedd shift of the v(u-CO) band. In contrast, the IR spectral changes are in good 

agreementt with a lowest excited state having predominant jr(Ru/u-CO)7r*(a-diimine) 

(HOMO/LUMO)) character. This is inferred from the major contribution of the TT*(U-CO) 

orbitalss to the HOMO (Table 7, Figure 12). The transfer of an electron from this HOMO to 

thee LUMO will therefore results in a significant increase in the bond orders of the bridging 

carbonyls.. Apart from the shift of the v(u-CO) band, the spectral changes in the terminal 

v(CO)) region are also in favour of the latter assignment. According to the contribution of the 

terminall  carbonyl ligands to the HOMO-2 and the LUMO (Table 7), population of the 

a(Ru3)7t**  excited state reduces the rc-backbonding to these ligands significantly and is 

expectedd to result in a shift of the corresponding v(CO) bands to larger wavenumbers. Instead, 

thee TRIR spectra show a shift of the terminal v(CO) bands in the opposite direction, 
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indicatingg a slight increase in rc-backdonation. As the contribution of the terminal carbonyl 

ligandss to the HOMO is relatively small, the slight decrease in rc-backbonding upon 

populationn of the 7i(Ru/u-CO)7r*  excited state is likely to be compensated by the increased 

donationn of the reduced a-diimine ligand. Based on the ps TRIR spectra it is therefore 

concludedd that the lowest excited state has 7i(Ru/(i-CO)7u*(a-diimine) character. Both the 

UV-viss spectra and TD-DFT results showed that this state is hardly directly optically 

accessible,, the a(Ru3)rc*  excited state being initially populated upon excitation. As the 

significantt shift of the v(u-CO) band in the TRIR spectra of 2 is, however, already observed 

att /d = 1 ps, population of the lowest nn* excited state is proposed to take place via fast decay 

fromm the initially populated a(Ru3)rc*  state on the sub-picosecond time scale. The assignment 

off  the lowest excited state as having predominant 7i(Ru/|i-CO)7i*  character also implies that 

thee absorption features in the ps TA spectra of 1 and 3 belong to the same excited state. In line 

withh this assignment, the excited-state lifetime of 2 of 45.5 ps, determined by Gaussian curve 

fittingg on the v(u.-CO) band at 1778 cm"1 (Figure 4b), closely resembles the lifetime obtained 

fromm the TA experiments (43 ps). The close correspondence between the ps TA spectra of 

[Ru3(CO)8([i-CO)2(bpy)]]  and its triosmium analogue furthermore proves that the observed 

transientt absorptions are hardly influenced by the nature of the initial optical orbital and can 

mainlyy be ascribed to the temporarily reduced a-diimine ligand. 

Photochemicall  formation of open-structure products 

Thee spectral changes observed in the ps TA and TRIR experiments are in good agreement 

withh the 7i(Ru/^-CO)7i*  character of the lowest excited state. As discussed above, this excited 

statee is proposed to be populated via fast decay from the initially populated G(RU3)TI*  excited 

statee on the sub-picosecond time scale. In this respect, the studied [Ru3(CO)g(u-CO)2(a-

diimine)]]  clusters differ significantly from the corresponding triosmium derivatives, for which 

thee lowest o(Osl-Os3)n*  excited state is directly optically accessible. Apart from this 

differencee in population, the nature of the lowest excited state also has a marked influence on 

thee formation of open-structure photoproducts. For the analoguous triosmium clusters 

populationn of the lowest 3a(Osl-Os3)7t*  excited state will result in a weakening of the Osl-

Os3(a-diimine)) bond.49 In contrast, depopulation of the HOMO of 1-3 will merely weaken 

thee bonds between Rul/Ru3 and the bridging carbonyls, but not directly affect the Rul-Ru3 

bond.. The [Ru3(CO)8(u-CO)2(a-diimine)] clusters will therefore experience a higher 

energeticc barrier for metal-metal bond cleavage and formation of open-structure 

photoproductss from the lowest excited state. As Ru-Ru(a-diimine) bond cleavage is the first 

stepp in the formation of open-structure photoproducts like biradicals and zwitterions, the 

quantumm yields of their formation will be significantly lower for [Ru3(CO)8(u-CO)2(a-

diimine)]]  than for the corresponding osmium clusters. This is indeed the case since only a 

minorr amount of biradicals was formed in the case of the [Ru3(CO)8(|i-CO)2(a-diimine)] 
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clusterss as revealed by the detection of spin-trapped radicals with EPR and by the ps TRIR 

spectraa of 2. The reduced efficiency to form open-structure photoproducts is also reflected in 

thee forcing experimental conditions required to obtain zwitterions. Whereas for the osmium 

clusterss formation of zwitterions is already observed in coordinating solvents like MeCN at 

roomm temperature or in THF at low temperatures (223 K), no photoproducts could be detected 

forr the corresponding ruthenium clusters under similar conditions. Only under strongly 

coordinatingg circumstances, like in pyridine at 250 K, the formation of the photoproducts 

lzw(py),, 2w(Br") and 3zw(py) was observed. Besides, the formation of zwitterions has a very 

loww quantum yield. This is inferred from the long irradiation time and high laser power that 

weree required to form zwitterions in detectable amounts even in strongly coordinating media. 

Itt remains unravelled whether the zwitterions lzw(py), 2™(Br  ) and 3zw(py) are formed 

directlyy from the excited state or via the intermediate formation of the open-structure 

biradicalss [*Ru(CO)4-Ru(CO)4-+Ru(CO)2(a-diimine)' ]. For the corresponding osmium 

clusters,, both pathways were observed, the pathway via the open-structure biradicals being 

thee most important one (Chapter 4, Part A). Analogous to [Os3(CO)i0(a-diimine)],26 the 

formationn of zwitterions directly from the excited state requires the formation of an exciplex, 

inn which coordination of a solvent molecule polarizes the Ru-Ru(a-diimine) bond to such an 

extentt that it splits heterolytically. As the bridging carbonyl ligands in the excited state tend to 

reducee the polarization of the metal-metal(a-diimine) bonds, the latter pathway can only be of 

importancee when strongly coordinating solvents are used. On the other hand, formation of 

zwitterionss out of the small amount of biradicals can also not be excluded, since a strong base 

likee pyridine will stabilize the biradicals to such an extent that their lifetime becomes long 

enoughh to allow them to convert into zwitterions. A similar influence of the coordinating 

abilityy of the solvent or added reactants on zwitterion formation was observed for the clusters 

[Os3(CO)io(a-diimine)],, where zwitterions are only formed when the solvent-stabilized 

biradicalss have a lifetime longer than ca. 10 us.13 

Inn conclusion, the exact mechanism of the zwitterion formation cannot be unambiguously 

determinedd from the available experimental data. Clearly, the influence of the bridging CO 

ligandss on the observed photochemical reactivity is twofold. First of all, the Rul-Ru3 bond is 

strengthenedd by the interaction with the bridging carbonyl ligands and this increases the 

energeticc barrier for formation of open-structure photoproducts already in the ground state. 

Second,, the presence of bridging carbonyl ligands results in a different character of the 

HOMOO that, in contrast to the corresponding orbital in the analogous triosmium clusters, can 

bee best described as a T:(RU/U-CO) bonding orbital. As a result, population of the lowest TUI* 

(HOMO-to-LUMO)) excited state hardly affects the Rul-Ru3 bond. Both effects reduce the 

quantumm yield for formation of biradicals and zwitterions and are reflected in the forcing 

experimentall  conditions required to obtain such products. 
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5.66 Conclusions 

Thee presence of the bridging carbonyl ligands in [Ru3(CO)8(|i-CO)2(a-diimine)] is found 

too have a marked influence on the photochemical reactivity of these clusters. Importantly, the 

characterr of the HOMO of the ruthenium clusters is different from that of the corresponding 

orbitall  of [Os3(CO)10(a-diimine)] (a-diimine = bpy, bpym, 'Pr-AcPy), the HOMO being best 

describedd as a TT(RU/U-CO) bonding orbital. In contrast to the triosmium a-diimine clusters 

describedd in Chapter 4, the lowest rc(Ru/u-CO);r*(a-diimine) excited state is hardly directly 

opticallyy accessible, the O-(RU3)TT*  excited state being initially populated upon visible 

excitation.. From the latter state fast decay to the lowest 7i(Ru/u-CO)ji*(a-diimine) excited 

statee takes place on the sub-picosecond time scale. The specific character of this state and the 

presencee of CO bridges prevent the efficient formation of open-structure photoproducts like 

biradicalss and zwitterions. In contrast to the corresponding triosmium clusters, the latter 

photoproductt was only obtained under forcing experimental conditions like in strongly 

coordinatingg pyridine at 250 K. 

Thee fairly high stability of the radical anions formed upon reduction of [Ru3(CO)8(u-

COHa-diimine)]]  clearly reflects the strong influence of the CO bridges on the 

electrochemicall  reactivity. By contrast, the open-structure intermediates formed along the 

reductionn path towards [Ru(CO)2(a-diimine)]n and [Ru2(CO)8]
2 are far less stable than their 

triosmiumm analogues. 

Inn general, the combination of the employed experimental photo- and electrochemical 

techniquess together with theoretical support from DFT and TD-DFT calculations has 

providedd a realistic understanding of the bonding properties and reactivity of the intriguing 

[Ru3(CO)8(n-CO)2(a-diimine)]]  clusters, demonstrating the power of this approach in the field 

off  transition metal cluster chemistry. 
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