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6.11 Abstract 

Thiss chapter describes a new synthetic route towards the mixed-metal cluster 

[Os2Ru(CO)i2]]  (1) and the syntheses of its PPh3 and 'Pr-AcPy ('Pr-AcPy = 2-acetylpyridine-

AMsopropylimine)) derivatives. The crystal structures of the novel clusters 

[Os2Ru(CO),,(PPh3)]]  (2) and [Os2Ru(CO)10('Pr-AcPy)] (3) were determined on solid 

solutionss of the OS2RU and the corresponding OS3 clusters. The structures reveal that 

coordinationn of the Lewis bases occurs exclusively at the ruthenium site of 1, which is in 

agreementt with density functional theoretical (DFT) calculations on several structural isomers 

off  these compounds. Importantly, the Os-Ru(a-diimine) bonds in 3 are shown to be weaker 

thann the corresponding bonds in the triosmium analogue. According to the time-dependent 

DFTT results, the lowest-energy optically accessible excited state of 3 has predominantly 

a(Ru-Os2)7t*(a-diimine)) character. In weakly coordinating 2-chlorobutane (2-ClBu), the 

excitedd state has a lifetime of 10.4  1.2 picoseconds and produces biradicals considerably 

fasterr than observed for [Os3(CO)io('Pr-AcPy) (25  2 picoseconds). In coordinating 

acetonitrilee (MeCN) the excited state of [Os2Ru(CO)io('Pr-AcPy)] decays mono-exponentially 

withh a lifetime of 2.1  0.2 picoseconds. In contrast to [Os3(CO)io('Pr-AcPy)], where 

biradicalss are the main primary photoproduct even in strongly coordinating solvents, thee latter 

processs involves zwitterion formation from a solvated excited state. This is concluded from 

thee time-resolved absorption studies in the microsecond time domain. Due to the weaker 

tendencyy of the coordinatively unsaturated {+Ru(CO)2('Pr-AcPy)'~ °}  moiety to bind a Lewis 

base,, the heteronuclear biradical and zwitterionic photoproducts live significantly shorter than 

theirr triosmium counterparts. The influence of the weaker Os-Ru(a-diimine) bonds on the 

electrochemicall  reactivity is clearly reflected in the very reactive radical anions formed upon 

reductionn of 3. The dimer [ Os(CO)4-Os(CO)4-Ru(CO)2('Pr-AcPy)]22 is the only IR 

detectablee reduced transient. The dinuclear complex [Os2(CO)8]" and linear [Ru(CO)2('Pr-

AcPy)]nn chains are the ultimate reduction products, proving the fragmentation of the Os2Ru 

core. . 

6.22 Introductio n 

Overr the last four decades, considerable research efforts have been devoted to the 

developmentt of general synthetic routes towards heteronuclear transition metal clusters.1"4 

Thee interest in this type of clusters, defined as compounds in which at least one metal-metal 

bondd connects two different metal atoms, has mainly originated from their possible 

applicationn in both homogeneous and heterogeneous catalysis. Apart from the general 

expectationn that different transition metal atoms in close proximity of each other may initiate 

novell  reactions via synergistic interactions, the different reactivities of adjacent metal centres 
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inn mixed-metal clusters may provide additional bi- or multifunctional activation pathways and 

increasee the selectivity of substrate-cluster interactions.5 Although catalysis by mixed-metal 

clusterss in a number of cases indeed resulted in higher catalytic activity6,7 or different product 

selectivity8'99 than observed for their homonuclear analogues, the mechanistic insight into the 

rolee of the different metal centres in the catalytic cycle is generally limited. This problem has 

mainlyy its origin in scarcely available isostructural mixed-metal cluster series, which 

precludess a systematic study of their bonding properties and reactivity. 

Onee of the best known series of mixed-metal clusters concerns the family of Group 8 

triangularr clusters [M3(CO)i2] (M = Fe, Ru, Os), of which all possible metal combinations 

exceptt [FeRuOs(CO),2] have been synthesized.4' 10 Within this series, the clusters 

[Os2Ru(CO)i2]]  and [Ru2Os(CO)i2] are of particular interest for our investigations, as the 

bondingg properties, photochemistry and redox behaviour of their homonuclear, a-diimine-

substitutedd analogues, viz. [M3(CO)i0(a-diimine)] (M = Ru, Os), have thoroughly been 

studiedd in our group (Chapter 4 and 5 and references therein). A continued systematic study 

off  the a-diimine-substituted mixed Ru/Os clusters is desired to reveal the influence of the 

clusterr core variation on the observed photo- and redox reactivity. However, one of the 

underlyingg reasons for the lack of studies of [Os2Ru(CO)i2] and [Ru2Os(CO)i2], is the serious 

difficultyy to obtain them in pure form. Although several synthetic procedures have been 

reported,, they either yield hardly separable mixtures of [Ru3(CO)i2], [Ru2Os(CO)i2], 

[Os2Ru(CO)i2]]  and [Os3(CO)i2] in a nearly statistical 1:2:2:1 ratio""13 or produce the desired 

puree heterometallic clusters in very low yield (< 5%).14'15 The development of novel, highly 

efficientt synthetic routes is therefore compulsory 

o o 

OO Os2 O 

^Osl-Z^Osl-Z—Ru —Ru 

o cc h c  C

oo o 

L=L=  CO (i) 

PPhPPh33 (2) 

Figuree 1. Schematic molecular structures of the investigated clusters [Os2Ru(CO)n(L)] (L = CO (1), 

PPh33 (2) and 'Pr-AcPy (3). 

'Pr-AcPy'Pr-AcPy (3) 
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Aimedd at performing a comparative study of the heteronuclear cluster [Os2Ru(CO)i0(a-

diimine)]]  and its homonuclear analogues [Mj(CO)|0(a-diimine)] (M = Ru, Os), we introduce 

aa new route for the synthesis of [Os2Ru(CO),2] (1), producing the cluster in a reasonable 

yield.. Apart from the unsubstituted parent cluster, this chapter also reports on the syntheses 

andd crystal structures of the substituted derivatives [Os2Ru(CO)n(PPh3)] (2) and 

[Os2Ru(CO)u)CPr-AcPy)]]  (3) ('Pr-AcPy = 2-acetylpyridine-AMsopropylimine), schematically 

depictedd in Figure 1. Both derivatives were synthesized in order to establish the preferential 

coordinationn site of different Lewis bases in substitution reactions with [Os2Ru(CO)i2] . 

Importantly,, in order to further assess the influence of the heteronuclear cluster core, the 

photo-- and electrochemical reactivity of [Os2Ru(CO)|0('Pr-AcPy)] was investigated in detail 

andd wil l be compared with that of its homonuclear analogues. A density functional theoretical 

(DFT)) study was performed in order to obtain direct insight into the bonding properties of 

[Os2Ru(CO)n(PPh3)]]  and [Os2Ru(CO),0(
iPr-AcPy)] and to support and discuss the 

experimentall  results. 

6.33 Experimental section 

Materialss and preparations. [Ru3(CO),2], [Os.,(CO)12] (Strem Chemicals), PPh3, Br; (Aldrich), 

ferrocenee (BDH) and NH3 (Praxair) were used as received. Trimethylamine-N-oxide, Me,NO-2H20 

(Janssen),, was dehydrated before use by vacuum sublimation. Solvents of analytical grade (Acros: 

acetone,, acetonitrile (MeCN), dichloromethane (CH2C12), hexane, tetrahydrofuran (THF); Aldrich: 2-

Chlorobutanee (2-ClBu)) were dried over sodium wire (hexane), sodium/benzophenone (THF), CaS04 

(acetone)) and CaH2 (MeCN, CH2C1:, 2-ClBu) and freshly distilled under a nitrogen atmosphere prior 

too use. Neutral aluminium oxide 90 (70-230 mesh. Merck) and silica 60 (70-230 mesh, Merck) for 

columnn chromatography were activated by heating in vacuo at 450 K overnight and stored under N2. 

Preparativee TLC was performed on Silica Gel G plates (20x20 cm, 1.000 urn, Analtech). The 

supportingg electrolyte Bu4NPF6 (Aldrich) was recrystallized twice from ethanol and dried in vacuo at 

3500 K overnight. 

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

standardd Schlenk techniques. The preparation of Na2[Ru(CO)4] and the consecutive coupling with 

[Os2(CO)x(Br)2]]  were performed on a standard high-vacuum line at reduced pressure (3x10~4 Pa). 

[Os3(CO),2(Br)2],
166 [Os2(CO)x(Br)2]

17 and Na2[Ru(CO)4]
,s were prepared by modified literature 

procedures.. [Os2Ru(CO)n(MeCN)] and [Os2Ru(CO)i„(MeCN)2] were prepared via similar procedures 

ass used by Foulds et al. for the synthesis of [Ru^COJ^fMeCNy (n = 1,2).19 Both clusters were 

preparedd in situ and only characterized by 1R spectroscopy (vide infra). 

Synthesiss of |Os3(CO),2(Br)2] . In a typical experiment, a solution of [Os3(CO),2] (500 mg, 0.55 

mmol)) in 350 ml CH2C12 was heated to reflux for 20 min. After addition of Br2 (40 ul, 0.78 mmol) the 
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solventt was immediately removed in vacuo. The pale yellow residue was dissolved in CH2Cl2/hexane 

1:44 (400 ml) and precipitated at 190 K. The product was obtained as a pale yellow powder in 70% 

yieldd and used in the synthesis of [Os2(CO)K(Br)2] without further purification. IR v(CO) (CH2C12): 

21499 (vw), 2119 (s), 2062 (vs, br), 2030 (s), 2002 (w) cm'1. 

Synthesiss of [Os2(CO)g(Br)2l. A solution of [Os.,(CO)i2(Br)2] (350 mg, 0.33 mmol) in 60 ml CH2C12 

wass heated at 323 K to dissolve all starting material. After cooling to room temperature, Br2 (14.5 ul, 

0.288 mmol) was added and the solution was irradiated with a 125 W high-pressure Hg lamp using a X 

>> 420 nm cut-off filter. The reaction was monitored by IR spectroscopy and irradiation was stopped 

whenn no further increase of the product v(CO) bands was observed (ca. 85% conversion). After 

removall  of the solvent in vacuo, the crude yellow product was extracted with hexane (5x10 ml). The 

combinedd fractions were filtered and evaporated to dryness. The remaining solid was redissolved in 

hexanee containing a few drops of CH2C12 and precipitated at 270 K. The product was obtained as a 

palee yellow powder in 40% yield. IR v(CO) (hexane): 2118 (s), 2079 (vs), 2067 (s), 2063 (vs), 2052 

(s),, 2031 (s)cm'. 

Synthesiss of Na2[Ru(CO)4]. Two reaction vessels, equipped with Rotaflo® stopcocks and connected 

viavia a glass frit, were placed on a standard high-vacuum line. Under a continuous N2 flow, 

[Os2(CO)s(Br)2]]  (200 mg, 0.26 mmol) was placed in one of the vessels while the other one contained 

[Ru3(CO))2]]  (55.8 mg, 0.087 mmol) and metallic sodium (12 mg, 0.52 mmol). Anhydrous NH3 (ca. 25 

ml)) was condensed in a separate vessel onto metallic sodium and frozen, using a liquid nitrogen bath. 

Afterr closing the vessel containing [Os2(CO)8(Br)2], NH, was distilled in vacuo onto the 

sodium'fRu^CO)]̂]  mixture. Using an acetone/dry ice bath, the solution was slowly warmed to 235 K 

andd stirred vigorously until the characteristic blue Na/NH? solution transformed into a yellow solution 

containingg a white precipitate. This usually required about 30 minutes of reaction time. The mixture 

wass stirred for another 30 minutes and remaining sodium, which splashed on the walls of the flask, 

wass washed down by cold spotting with glass wool drenched with liquid nitrogen. After I h, NHj was 

allowedd to evaporate by further warming to 260 K and the remaining cream-coloured solid was dried 

underr high-vacuum conditions for another 3.5 h at this temperature. 

Synthesiss of |Os2Ru(CO)i2l (1). Na2[Ru(CO)4] from the previous step was dissolved on the vacuum 

linee in pre-dried (sodium/benzophenone) and thoroughly degassed (four consecutive freeze-pump-

thaww cycles) THF. The pale yellow solution was degassed once more to remove the last traces of 

ammonia.. Finally, the THF solution was warmed to room temperature and added to [Os2(CO)8(Br)2] 

viavia filtration through the frit connecting the reaction vessels. Upon mixing, the solution turned red and 

gass was evolving. The solution was stirred for 24 h at 293 K, followed by evaporation of the solvent. 

Purificationn of the crude product was established by column chromatography (activated neutral 

alumina,, hexane/CH2Cl2 gradient elution). After precipitation from THF at 190 K, the product was 

obtainedd as a yellow powder in yields varying between 40% and 63% (based on [Os2(CO)K(Br)2]), 

dependingg on the quality of Na2[Ru(CO)4] (vide infra). IR v(CO) (hexane): 2068(s), 2036 (s), 2015 
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(m),, 2004 <m) cm"1. UV-vis (CH2C12): 280 (sh), 329, 382 (sh) nm. FD MS (m/z): 817 [Mf (calc. 

817.8)) EI MS (m/z): [MY- «CO (n = 0-12). 

Synthesiss of [Os2Ru(CO)„(PPhi,)| (2). Me3NO (5.5 mg, 0.07 mmol) in 2 ml MeCN was added to a 

solutionn of [Os2Ru(CO)t2] (30 mg, 0.04 mmol) in 25 ml THF at 200 K. After stirring the mixture for 

approximatelyy 30 minutes, IR spectra revealed almost complete conversion to [Os2Ru(CO)n(MeCN)]. 

Afterr addition of PPhj (10.6 mg, 0.04 mmol), the solution was allowed to warm to room temperature. 

Ass IR spectra showed hardly any conversion after 60 minutes, additional PPh3 was added (5.2 mg, 

0.022 mmol) and the solution was stirred for two days in the dark. After removal of the solvent in 

vacuo,vacuo, the residue was loaded on a Silica 60 column packed in hexane. Gradient elution with 

hexane/THFF resulted in the clean separation of three (yellow, orange and red) mobile bands. The 

yelloww fraction was further purified by preparative TLC to remove free PPh3. Recrystallization of the 

yelloww residue from petroleum-ether 40-60 at 250 K yielded orange crystals of cluster 2 in ca. 40 % 

yield.. On grounds of their IR spectra, the orange and red fractions likely contained higher substituted 

compounds,, but no detailed characterization of the mixtures was attempted. 

[Os2Ru(CO),,(MeCN)]::  IR v(CO) (CH2C12): 2104 (w), 2050 (vs), 2040 (vs), 2019 (s, sh), 2008 (vs), 

19844 (m) cm1. 

|Os2Ru(CO)„(PPh3)]]  (2): IR v(CO) (CH2C12): 2107 (m), 2054 (s), 2033 (s), 2017 (vs), 1999 (m), 

19888 (m), 1977 (m), 1957 (w) cm'. 'H NMR (CDC13): 8 7.35 (m, I5H). 3IP{H}  NMR (CDCI3): 5 29.6 

(( [Os2Ru(CO)n(PPh,)]), -0.8 ([Os3(CO),,(PPh3)]) (ratio ca. 2:1). FD MS (m/z): 1142 [M]~ (M = 

[Os^COJntPPh^yjHcalc.. 1141.9), 1054 [Mf( M = [Os2Ru(CO),,(PPh3)]) (calc. 1053.9) (ratio ca.. 1:2). 

Synthesiss of |Os2Ru(CO),0(
iPr-AcPy)| (3). To a solution of [Os2Ru(CO),,(MeCN)], freshly prepared 

fromm [Os2Ru(CO),2] (100 mg, 0.12 mmol) and Me3NO (18.6 mg, 0.25 mmol), a solution of Me3NO 

(13.55 mg, 0.18 mmol) in CH2CI2 was added dropwise. After stirring for 45 minutes IR spectra revealed 

[Os2Ru(CO)i(,(MeCN)2]]  as the main product. After addition of  sPr-AcPy (200 mg, 1.2 mmol) the 

reactionn was stirred overnight while warming to room temperature. Purification of the crude product 

overr silica using 2:3 hexane/THF as eluent yielded [Os2Ru(CO)10('Pr-AcPy)] as a purple powder in ca. 

30%% yield. Crystals were grown by slow diffusion of hexane into a saturated solution of 

[Os2Ru(CO)i(,('Pr-AcPy)]]  in THF. 

|Os2Ru(CO)10(MeCN)2]::  ]R v(CO) (CH2C12): 2079 (w), 2019 (vs), 1984 (s), 1958 (m) cm '. 

[Os2Ru(CO)1„(
iPr-AcPy)JJ (3): IR v(CO) (THF): 2082 (m), 2028 (vs), 2002 (vs), 1990 (s), 1979 (s), 

19622 (m), 1956 (sh), 1907 (w) cm"1. 'H NMR (CDC13) (for numbering scheme see Figure 1; asterisks 

denotee signals due to [Os3(CO)i0('Pr-AcPy)] {ca. 10-15%)): 5 9.50*  (d, 1H), 9.23 (d, V = 4.5 Hz, 1H, 

H6),, 8.04 (d,V= 8.1 Hz, 1H, H,), 7.91 (dd, V=8.1 Hz, 3J = 7.5 Hz, 1H, H4), 7.86*  (dd, 1H), 7.25 (dd, 

1/== 7.5 Hz, V = 5 Hz, 1H, H5), 7.11*  (dd, 1H), 4.44*  (m, 1H), 3.73 (m, 1H, C//(CH3)2), 2.66 (s, 3H, 

N=C-C//3),, 1.40 (d, 6H, CH(C//,)2). FAB MS (m/z): 986.9 [M+H]+-CO (M = [Os3(CO)10('Pr-

AcPy)]),, 957.9 [M+Hf-2CO (M = [Os3(CO)l0(
lPr-AcPy)]), 925.91 [M+H]T (M = [Os2Ru(CO)lll ('Pr-

AcPy)])) (calc. 925.89), [M+Hf-ffC O (n = 1-10) (M = [Os2Ru(CO)|(,('Pr-AcPy)]). 
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X-rayy Crystal Structure Determinations of 2 and 3. Intensities were measured on a Nonius 

KappaCCDD diffractometer with rotating anode (Mo-Ka, k = 0.71073 A) at a temperature of 150(2) K 

upp to a resolution of (sin# / k) = 0.65 A"1. The structures were solved with Patterson methods 

(DIRDIF-97)200 and refined with the programme SHELXL-9721 against F2 of all reflections. Non-

hydrogenn atoms were refined freely with anisotropic displacement parameters, hydrogen atoms were 

refinedd as rigid groups. The drawings, structure calculations, and checking for higher symmetry was 

performedd with the programme PLATON.22 The ruthenium sites in both structures were partially 

occupiedd by osmium atoms. The ruthenium and the corresponding osmium atoms were constrained to 

thee same coordinates and the same anisotropic displacement parameters. Then the partial occupancies 

weree refined with the criterion that the total occupancy remains 1.0. 

|Os2Ru(CO)„(PPh3)]]  (2): C29H150,iOs2.36PRuo.64; Fw = 1083.94; yellow plate, 0.36 x 0.21 x 0.12 

mm3;; monoclinic, space group C2/c (no. 15); cell parameters: a = 21.9824(1), b = 16.0859(1) A, c = 

17.2605(1)) A; /?= 103.7064(3)°; V= 5929.62(6) A3; Z = 8; p= 2.428 g cm"3; F(000) = 3996; 55381 

reflectionss were measured, 6811 reflections were unique (Rjnl = 0.0519). An analytical absorption 

correctionn was applied (u = 10.526 mm"1, 0.08-0.39 transmission). 398 refined parameters, no 

restraints.. R (obs. reft.): Rl = 0.0196, wR2 = 0.0425. R (all data): Rl = 0.0230, wR2 = 0.0434. 

Weightingg scheme w = l/[a2(Fo
2)+(0.0165P)2+l 1.6188P], where P = (F0

2+2Fc
2)/3. GoF = 1.110. 

Residuall  electron density between -0.92 and 0.75 e/A . 

lOszRutCOWPr-AcPy)]]  (3): CzoHu^OioOsziiRu,,;̂ Fw = 933.61; red needle, 0.39 x 0.03 x 0.03 

mm3;; monoclinic, space group P2\/c (no. 14); cell parameters: a = 9.1117(1), b = 13.9915(1) A, c = 

20.7504(2)) A; /?= 113.6862(4)°; V= 2422.54(4) A3; Z = 4; p = 2.560 g cm3; F(000) = 1710. 43532 

reflectionss were measured, 5551 reflections were unique (Rinl = 0.0740). An analytical absorption 

correctionn was applied (|u = 11.644 mm"1, 0.20-0.78 transmission). 320 refined parameters, no 

restraints.. R (obs. refl.): Rl = 0.0277, wR2 = 0.0419. R (all data): Rl = 0.0510, wR2 = 0.0460. 

Weightingg scheme w = l/[a2(Fo
2)+(0.0147P)2], where P = (F0

2+2Fc
2)/3. GoF = 0.996. Residual 

electronn density between -0.95 and 1.01 e/A . 

Spectroscopicc measurements. UV-vis absorption spectra were recorded on a Hewlett-Packard 8453 

diode-arrayy spectrophotometer and FT-IR spectra on a Bio-Rad FTS-7 (8 scans at 2 cm" resolution) 

spectrometer.. Rapid-scan FT-IR spectra were measured on a Bio-Rad FTS-60A spectrometer 

(equippedd with a liquid-nitrogen cooled MCT detector) after excitation of the sample by the 514.5 nm 

linee of a Spectra Physics Model 2016 argon-ion laser. 'H and 3IP{H}  NMR spectra were recorded on a 

Brukerr AMX 300 spectrometer. Field Desorption (FD), Fast Atom Bombardment (FAB) and Electron 

Impactt (EI) mass spectra were collected on a JEOL JMS SX/SX102A four-sector mass spectrometer. 

Forr synthetic purposes a Philips HPK 125 W high-pressure Hg lamp, equipped with appropriate cut-

offf  filters to select the desired wavelength region, served as a light source. 

Photochemistry.. Nanosecond transient absorption (ns TA) spectra were obtained by irradiating the 

sampless with 2 ns pulses of the 532 nm line (typically 5 mJ/pulse) of a tunable (420-710 nm) Coherent 
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Infinityy XPO laser and using a high-power EG&G FX-504 Xe lamp as probe light. Nanosecond flash 

photolysiss transient kinetics were measured by irradiating the sample with 7 ns (FWHM) pulses of a 

Spectraa Physics GCR-3 Nd:YAG laser (10 Hz repetition rate) and using a pulsed Xe-lamp 

perpendicularr to the laser beam as probe light. The excitation wavelength in this case (532 nm) was 

obtainedd by frequency doubling. Picosecond transient absorption (ps TA) spectra were recorded using 

thee set-up installed at the University of Amsterdam.23 Part of the 800 nm output of a Ti-sapphire 

regenerativee amplifier (1 kHz, 130 fs, 1 mj) was focussed into a H :0 flow-through cell (10 mm; 

Hellma)) to generate white light. The residual part of the 800 nm fundamental was used to provide 505 

nmm (fourth harmonic of the 2020 OPA idler beam) excitation pulses with a general output of 5 uJ 

pulse""  . Further experimental details of the time-resolved absorption set-ups are described in Chapter 

2. . 

Electrochemistry.. Cyclic voltammograms (CV) of approximately 10' M parent cluster in 10'1 M 

Bu4NPF66 electrolyte solution were recorded using the set-up described in Chapter 2. IR 

spectroelectrochemicall  measurements at variable temperatures were performed in previously 

describedd optically transparent thin-layer electrochemical (OTTLE) cells.2425 

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

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

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

availablee crystal structures. 

6.44 Results and Discussion 

Synthesiss of [Os2Ru(CO),2] (1) 

Thee heteronuclear cluster [Os2Ru(CO)i2] (1) was synthesized from its homonuclear 

analoguess [Os3(CO)i2] and [Ru3(CO)]2] in a four-step reaction sequence (Scheme 1). Starting 

fromm [Os3(CO)i2] , the linear cluster [Os3(CO)i2(Br)2] was obtained via an oxidation reaction 

withh Br2 in refluxing CH2CI2 (step (/)). After addition of Br2, rapid removal of the heating 

bathh is required in order to prevent reaction of [Os3(CO)i2(Br)2] with additional Br2 to give at 

thiss stage undesired [Os2(CO)s(Br)2] , the latter complex being known to transform into 

[Os2(CO)6(Br)2]]  at elevated temperatures.26 Similar oxidative addition of X2 (X = CI, Br, I) to 

[Ru3(CO)i2]]  was reported27- 28 to yield the mononuclear complex c/s-[Ru(CO)4(X)2] as the 

initiall  product, which reflects the increasing stability of the metal-metal bond towards 

oxidationn on descending the periodic table. Unfortunately, this synthetic strategy could 

thereforee not be applied for the synthesis of the isostructural cluster [Ru2Os(CO)i2] . The 

controlledd formation of the dinuclear complex [Os2(CO)x(Br)2] was achieved by slightly 

modifyingg the procedure described by Moss et al. (step (//)). '7 Visible irradiation (X > 420 

nm)) of [Os3(CO)i2(Br)2] was used in order to prevent excessive formation of the mononuclear 
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complexx c/s-[Os(CO)4(Br)2]. The latter complex is not only obtained as an unavoidable side-

productt upon irradiation of [Os3(CO)i2(Br)2], but it can also be formed from [Os2(CO)8(Br)2] 

byy UV-vis irradiation of this complex in the presence of Br2. In a third step, the powerful 

nucleophilee Na2[Ru(CO)4] was prepared by reduction of [Ru3(CO)i2] with sodium in liquid 

ammoniaa (step (Hi)).'8 As the ruthenium tetracarbonyl dianion is extremely air- and moisture-

sensitivee and readily converts into [Ru(CO)4H] , reduction of [Ru3(CO)i2] was performed on 

aa high-vacuum line at reduced pressure (3xl0"4 Pa). After completion of the reaction, 

extensivee drying of the product is required, as small traces of ammonia proved to react 

instantlyy with [Os2(CO)8(Br)2], reducing the yield of [Os2Ru(CO)!2]. In order to prevent 

thermall  decomposition of Na2[Ru(CO)4], the temperature during the drying process was 

carefullyy kept below 273 K. Finally, Na2[Ru(CO)4] was extracted in thoroughly dried THF 

andd added to [Os2(CO)8(Br)2] via filtration on the vacuum line, giving [Os2Ru(CO)i2] (1) in 

reasonablee yields (step (iv)). 

Schemee 1. Synthesis of [Os2Ru(CO)l2] (1). 

[Os[Os33(CO)(CO)1212] ] 

(0 0 
CH2Cl2,, reflux 

CC OC CO 

OC—OsOC—Os Os— 
000011 nJ 'rnOC : I 

BrBr OC co C 

Br Br 

OsOs——CO CO 

(") ) 
Br2 2 

hv(( A>420nm) 
CH2C12,, rt 

[Ru[Ru33(CO)(CO)1212] ] 

(Hi) (Hi) 

O O 
CC OC Br 

II -co \: 
OC—OsOC—Os Os—CO 
0000 I ol'co 

NH3,, Na(6 equivs.) 

2355 K, l h 

NaNa22IRu(CO)IRu(CO)44] ] 

(iv) (iv) THF,, rt, 24 h 

[Os[Os22Ru(CO)Ru(CO)1212] ] 

Unfortunately,, in some cases, cluster 1 was found to contain variable amounts of 

[Os3(CO)i2]]  and/or [Ru2Os(CO)i2] impurities. The latter cluster is most likely formed upon 

incompletee reduction of [Ru3(CO)i2], which documents that addition of exact equimolar 

amountss of sodium is required. Thus, although the number of impurities and their percentages 

aree significantly reduced in comparison with the established synthetic procedures,""13 the 
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purityy of cluster 1 and its substitution products still remains difficult to control, even when 

employingg this new synthetic route. 

Inn order to establish the preferred coordination site in cluster 1 for CO substitution with 

differentt Lewis bases (L), substituted derivatives with singly bound PPh3 and chelating a-

diiminee were prepared via a thermal reaction of the Lewis base with the corresponding 

precursorr cluster [Os2Ru(CO)i2-n(MeCN)n] (n = 1 for L = PPh3; n = 2 for L = jPr-AcPy). The 

substitutedd products [Os2Ru(CO),,(PPh3)] (2) and [Os2Ru(CO)i0(
iPr-AcPy)] (3) (see Figure 1) 

weree characterized by IR and NMR spectroscopies and mass spectrometry. Their molecular 

structuress were determined by single crystal X-ray diffraction and compared with the 

optimizedd geometries resulting from DFT calculations. 

Molecularr  structure of |Os2Ru(CO)n(PPh3)] (2) 

Thee crystal structure of cluster 2 is shown in Figure 2. Selected bond distances and angles 

aree presented in Table 1. The structure of 2 exhibits disorder amounting to a 36% Os 

occupancyy at the Ru atom site and is significantly distorted from the D3h symmetry observed 

forr [M3(CO),2] (M = Ru, Os).29'30 Most importantly, the crystal structure reveals that the PPh3 

ligandd in [Os2Ru(CO)n(PPh3)] occupies an equatorial position and is exclusively coordinated 

att Ru. This is in contrast with the results of Pereira et al. who obtained a mixture of osmium-

andd ruthenium-substituted isomers (ca. 2:1 ratio) after reaction of PPh3 with the tetranuclear 

mixed-metall  cluster [RuOs3(u-H)2(CO)i3] under similar conditions.31 

Figuree 2. Crystal structure of the cluster [Os2Ru(CO),,(PPh3)] (2). 
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Tablee 1. Selected bond lengths3 [A] and bond angles3 [°] for cluster 2, with standard deviations in 

parentheses. . 

Ru-Osl l 

Ru-Os2 2 

Osl-Os2 2 

Ru-P P 

Ru-C9 9 

Ru-CIO O 

Ru-Cll l 

P-C12 2 

P-C18 8 

P-C24 4 

2.8839(2) ) 

2.9147(2) ) 

2.8827(2) ) 

2.3682(7) ) 

1.939(3) ) 

1.939(3) ) 

1.887(3) ) 

1.842(3) ) 

1.831(3) ) 

1.826(3) ) 

Osl-Ru-Os2 2 

Osl-Os2-Ru u 

Ru-Osll  -Os2 

Ru-P-C12 2 

Ru-P-C18 8 

Ru-P-C24 4 

C12-P-C18 8 

C18-P-C24 4 

C12-P-C24 4 

59.62(1) ) 

59.66(1) ) 

60.72(1) ) 

116.69(10) ) 

114.08(10) ) 

116.05(9) ) 

104.64(14) ) 

103.17(14) ) 

100.30(13) ) 

Seee Figure 2. 

Thee geometry around the phosphorus atom in cluster 2 is essentially tetrahedral, with the 

phenyll  groups slightly bent away from the Ru atom (C-P-C angles are in the range 103.2-

104.6°).. The average metal-metal bond distance (2.8938(3) A) is longer compared to the 

unsubstituted,, homonuclear clusters [M3(CO),2] (M = Ru: 2.8542(7) A;30 M = Os: 2.8771(9) 

A29).. This is partly due to the substitution of a n-accepting CO ligand by the more a-donating 

PPh33 ligand, which increases the electron density on the metal core and results in expansion. 

Likee in the corresponding homonuclear clusters [M3(CO)n(PPh3)] (M = Os, Ru) ' the 

lengthh of the metal-metal bond cis to the PPh3 ligand (Ru-Os2: 2.9147(2) A) is increased to a 

largerr extent than the other metal-metal bonds (Ru-Osl: 2.8839(2) A; Osl-Os2: 2.8827(2) A). 

Thiss difference cannot be explained by electronic effects but has been attributed to steric 

interactionss between the PPh3 ligand and the CO group in the cis position on the adjacent 

metall  atom.32'33 The steric and electronic effects are also reflected in the marked shortening of 

thee M-COeq bond cis to the PPh3 ligand (Ru-Cl 1 = 1.887(3) A) compared to the average 

distancee of these bonds in, for example, [Ru3(CO)i2] (average Ru-COeq: 1.921(5) A). This 

shorteningg is ascribed to increased rc-backbonding to the CO ligand, resulting from both the 

presencee of the a-donating phosphorus ligand attached to the same metal and the sterically-

inducedd lengthening of the Ru-Os2 bond trans to this CO group.32 The Ru-Os bond distances 

(2.9147(2)) and 2.8839(2) A) nicely fit  within the values reported for the corresponding metal-

metall  bond lengths in the homonuclear analogues [M3(CO)n(PPh3)] (M = Os: 2.918(1) and 

2.891(1)) A, M = Ru: 2.907(3) and 2.876(3) A). This comparison is possible even though the 

reportedd Os-Ru distances do not correspond to 'pure' [Os2Ru(CO)ii(PPh3)] but to a blend of 

Os2Ruu and Os3 in solid solution {vide supra). The distortion from the D3h symmetry, 

manifestedd by the twisting of the Os(CO)4 units, is reflected in the C(ax)-Osl-Os2-C(ax) 

dihedrall  angles.32 Just like for the metal-metal bond distances, the values for Cl-Osl-Os2-C5 
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(3.5°)) and C2-Osl-Os2-C6 (12.8°) closely resemble those reported for the homonuclear 

analoguess (Ru: 5.4° and 14.4°; Os: 4.4° and 12.3°). 

Thee presence of [Os3(CO)n(PPh3)], which was refined with a substitutional disorder 

modell  for the Ru/Os3 atom site, has most likely its origin in the formation of [Os3(CO)i2] as a 

side-productt during the preparation of 1 {vide supra). This is also reflected in the mass spectra 

off  some of the [Os2Ru(CO)i2] batches where a peak at mlz 908 is ascribed to the molecular 

ionn of [Os3{CO),2]. The presence of ca. 35% [Os3(CO)ii(PPh3)] is also reflected in the 3IP{H} 

NMRR and FD mass spectra of 2, indicating that the observed ratio between the Os3 and Os2Ru 

phosphine-substitutedd clusters in the crystal structure is similar in the gas phase and solution. 

Densityy functional study of IOs2Ru(CO)i,(PPh3)] (2) 

AA density functional theoretical (DFT) study of cluster 2 was performed in order to learn 

whetherr the theory indeed predicts [Os2Ru(CO)n(PPh3)] to be most stable with the PPh3 

ligandd coordinated at the ruthenium centre. As a model for 2 served the cluster 

[Os2Ru(CO)n(PH3)]]  (2a), with the phenyl rings of the PPh3 ligand replaced by hydrogens. 

Somee features of the optimized geometry of 2a slightly deviate from those of the crystal 

structuree of 2 (Table 2, Figure 3). First of all, the calculated metal-metal bond distances are 

somewhatt longer than the experimental ones, which appears to be a general result of DFT 

calculationss and was also observed for the related cluster [Os3(CO)i2].
34 Surprisingly, the Ru-

Oss bond distance cis to the PPh3 ligand is calculated to be significantly longer than the other 

twoo metal-metal bonds. Although this is in agreement with the crystal structure, the 

differencess in the metal-metal bond lengths are expected to be smaller in the model 2a, as the 

stericc interactions of the less bulky PH3 ligand with the CO group cis to it on the adjacent 

metall  atom will be much weaker than for PPh3. Apart from this, the twisting of the Os(CO)4 

unitss in 2a is much smaller than in the experimental structure. This is reflected in the 

orientationn of the Os-COax bonds in 2a, which are almost perpendicular to the Os2Ru plane 

(dihedrall  angles Cl-Osl-Os2-C5 = 0.3° and C2-Osl-Os2-C6 = 0.5°). The larger distortion in 

thee experimental structure presumably has its origin in the phenyl groups of the PPh3 ligand. 

Inn the solid state these phenyl rings interact with the phenyl rings of the two neighbouring 

clusterss by four edge-to-face interactions to give a one-dimensional chain. Similar 

interactions,, for example, are reported for the cluster [Os3(CO)ii(P(/?-C6H4F)3)],
35 which are 

believedd to be responsible for the twisting of the metal framework. As crystal packing effects 

aree not incorporated in the geometry optimization of 2a, the observed twist of the Os(CO)4 

unitss in this model are much smaller. 

Inn addition to the optimized model 2a, the relative energies of several structural isomers 

2b-ee have also been calculated (Figure 3). The isomers 2a and 2b have in common that the 

PH33 tigand is coordinated to ruthenium, but they differ in the coordination of the ligand 
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relativee to the OS2R11 plane (equatorial and axial, respectively). In isomers 2c-e the PH3 ligand 

iss coordinated at one of the osmium atoms, with 2e being the only model with the PH3 ligand 

coordinatedd in an axial position. Isomers 2c-d both have the PH3 ligand coordinated in an 

equatoriall  position, but they differ in the orientation of the PH3 ligand relative to the 

rutheniumm centre. Importantly, isomer 2a appeared to be more stable by 11.4 kJ mof' than 

isomerr 2d, which proves the preferable coordination of the PH3 ligand at ruthenium. Isomer 

2c,, with the PH3 ligand perpendicular to the Osl-Os2 bond, is in turn slightly more stable than 

isomerr 2d, where the position of the PH3 ligand presents almost a continuation of the Osl-

Os22 bond. The isomers 2b and 2e, with the PH3 ligand occupying an axial site at Ru and Os, 

respectively,, are highest in energy. 

2a:0kJmol" ''  2b: 15.2 kJ mof' 

2c::  9.3 kJ mol"1 2d: 11.4 kJ mol"' 

2e::  24.7 kJ mol"1 

Figuree 3. Optimized geometries and relative energies (in kJ mol" ) of the model cluster 2a and its 

virtuall  isomers 2b-e. 

Althoughh the difference in relative energy between the model structures 2a and 2c is 

relativelyy small, no experimental evidence has been obtained for [Os2Ru(CO)n(PPh3)] 
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clusterss with the phosphine coordinated to osmium. However, as the relative energies 

calculatedd by DFT refer to isolated gas-phase molecules at 0 K, the obtained values merely 

reflectt a trend in the thermodynamic stability of the different isomers in solution at 293 K. 

Besides,, substitution at the ruthenium site might also take place upon kinetic control, with the 

thermodynamicc stability of the products being of minor importance. 

Tablee 2. Comparison of selected ADF/BP calculated bond lengths [A] and angles [°] in cluster 2a 

withh the experimental crystallographic data. 

Bond33 Calc. Exptl. Anglea Calc. Exptl. 

Ru-Osll  2.91 2.8839{2) Osl-Ru-Os2 59.96 59.62(1) 

Ru-Os22 2.96 2.9147(2) Osl-Os2-Ru 59.29 59.66(1) 

Osl-Os22 2.93 2.8827(2) Ru-Osl-Os2 60.75 60.72(1) 

Ru-PP 2J4 2.3682(7) 

Seee Figure 2. 

Inn order to investigate whether a chelating a-diimine ligand also prefers coordination at 

thee ruthenium site of 1, we synthesized the cluster [Os2Ru(CO)io('Pr-AcPy)] (3) and 

determinedd its molecular geometry. Apart from its structure, the major interest in cluster 3 

stemss from our aim to reveal the influence of the heteronuclear cluster core on the photo- and 

redoxx reactivity of this compound. For a proper evaluation of this effect, the homonuclear 

clusterss [Os3(CO)m(a-diimine)] were used as a reference. 

Molecularr  structure of |Os2Ru(CO)]0(
iPr-AcPy)| (3) 

Thee molecular structure of 3 as determined by single crystal X-ray diffraction, is shown in 

Figuree 4. Selected bond distances and angles are collected in Table 3. As in compound 2, the 

correspondingg Os3 compound, viz. [Os3(CO)io('Pr-AcPy)], was also present in the crystal 

structuree as a solid solution (occupancy 0.89:0.11 for Os2Ru:Os3). Importantly, the crystal 

structuree reveals that the 'Pr-AcPy ligand in [Os2Ru(CO)io('Pr-AcPy)] is again coordinated at 

thee ruthenium atom. Similar to 2,2'-bipyridine (bpy) and iV,jV'-diisopropyl-l,4-diaza-l,3-

butadienee ('Pr-DAB) in the corresponding [Os3(CO)io(a-diirnine)] clusters36, 37, the 

asymmetricc 'Pr-AcPy ligand is coordinated to a single metal centre in a chelating fashion. The 

nitrogenn of the pyridine ring and the imine nitrogen occupy axial and equatorial positions, 

respectively.. In comparison with the average M-M bond length in [M3(CO)i2] (2.8771(9) A 

forr M = Os29 and 2.8542(7) A for M - Ru30) and [M3(CO)10(bpy)] (2.875(3) A for M - Os36 

andd 2.816(2) A for M= Ru38'39) the average Ru-Os bond length (2.8926(6) A) in 3 is larger. 

Importantly,, this is in contrast with the results for cluster 2 and indicates that the 

heteronuclearr Ru-Os bonds in 3 are weaker than the corresponding metal-metal bonds in the 

homonuclearr analogues. 
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Figuree 4. Crystal structure of the cluster [Os2Ru(CO)|0(
iPr-AcPy)] (3). 

Tablee 3. Selected bond lengths" [A] and angles" [°] for cluster 3, with standard deviations in 

parentheses. . 

Ru-Osl l 

Ru-Os2 2 

Osl-Os2 2 

Ru-Nl l 

Ru-N2 2 

Ru-C9 9 

Ru-CIO O 

N2-C11 1 

C11-C12 2 

C12-C13 3 

C13-C14 4 

C14-C15 5 

C15-C16 6 

2.8693(4) ) 

2.9159(4) ) 

2.8814(3) ) 

2.141(4) ) 

2.151(4) ) 

1.846(5) ) 

1.855(6) ) 

1.343(6) ) 

1.376(7) ) 

1.380(8) ) 

1.384(7) ) 

1.383(6) ) 

1.469(7) ) 

N1-C16 6 

N2-C15 5 

Osl-Os2-Ru u 

Os2-Osl-Ru u 

Osl-Ru-Os2 2 

Nl-Ru-Osl l 

N2-Ru-Os2 2 

Nl-Ru-C9 9 

N2-Ru-C9 9 

Nl-Ru-N2 2 

N1-C16-C15 5 

N2-C15-C16 6 

1.307(6) ) 

1.359(6) ) 

59.33(1) ) 

60.93(1) ) 

59.74(1) ) 

157.78(10) ) 

101.98(10) ) 

97.02(18) ) 

171.47(18) ) 

75.24(15) ) 

115.7(4) ) 

115.1(4) ) 

Seee Figure 4. 

Justt as for cluster 2, the observed substitutional disorder due to a small amount of the 

triosmiumm analogue most likely has its origin in the formation of [Os3(CO)i2] as a side-

productt during the preparation of 1. Apart from the crystal structure, the presence of a small 

amountt of [Os3(CO)io('Pr-AcPy)] is also reflected in the FAB+ mass spectrum of 3 where 

peakss at mlz 986.9 and 957.9 can be ascribed to [M] +- «CO (M = [Os3(CO)]0( iPr-AcPy)]; n = 

1,2).. Moreover, the 'H NMR spectrum of 3 in CDC13 displays small signals at 5 9.50 (d, 1H), 

173 3 



ChapterChapter 6 

7.866 (t, 1H), 7.11 (dd, 1H) and 4.44 (m, 1H), indicating the presence of ca. 10-15 % 

[Os3(CO)io('Pr-AcPy)]]  (estimated from signal integrals). This proves that the ratio between 

[Os2Ru(CO)i0(
iPr-AcPy)]]  and [Os3(CO)i0('Pr-AcPy)] in solution is very close to that in the 

solidd state. 

Densityy functional study of [OsiRufCOM'Pr-AcPy) ! (3) 

DFTT calculations were performed in order to obtain more insight into the bonding 

propertiess of 3 and the influence of the Ru atom on the character of the frontier orbitals. The 

clusterr [Os2Ru(CO)io(H-PyCa)] (H-PyCa = pyridine-2-carbaldehyde-imine) (3') served as a 

model,, with both the isopropyl and imine methyl groups of the 'Pr-AcPy ligand replaced by 

hydrogens.. In order to verify whether the theoretical calculations indeed predict the 

coordinationn of'Pr-AcPy at the ruthenium instead of the osmium sites, the relative energies of 

thee structural isomers 3' and 3" were calculated, with 3' having the a-diimine coordinated at 

rutheniumm and 3" at osmium (Figure 5). In both model systems the a-diimine is coordinated 

withh the pyridine ring in the axial position. A recent DFT study on the related cluster 

[Os3(CO)i()(H-PyCa)]400 has already revealed that this geometric isomer is more stable than 

thosee with the pyridine ring equatorially bound or with both nitrogens coordinated in the 

equatoriall  plane. 

3' :0kJmor'' 3": 22 kJ mof' 

Figuree 5. Optimized geometries and relative energies (in kJ mof') of the model clusters 3' and 3". 

Geometryy optimization of both isomers with DFT revealed that 3' is more stable than 3" 

byy 22 kJ mol"1. This is in agreement with the experimental structure and shows that also the 

'Pr-AcPyy ligand prefers coordination at the ruthenium site of [Os2Ru(CO)i2]. The geometry of 

modell  3' is in good agreement with the experimental structure of 3 (Table 4, Figure 5), even 

thoughh the calculated metal-metal bond distances are slightly longer than the experimental 

ones.. This overestimation by DFT is rather general and also observed for the related clusters 

[M 3(CO)10(a-diimine)]]  (M = Ru, Os40) and [Os3(CO),o(biphosphinine)].41 The relatively large 

differencee between the two Ru-N bond lengths (2.05 vs 2.17 A) in 3' indicates that the a-
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diiminee ligand is coordinated in a more asymmetric fashion than in the experimental structure. 

Thiss is explained by the reduced steric hindrance upon replacement of the isopropyl group by 

aa hydrogen atom, allowing the Ru-N 1 bond to be shortened. 

Tablee 4. Comparison of selected ADF/BP calculated bond lengths3 [A] and angles3 [°] in cluster 3' 

withh the experimental crystal lographic data. 

Ru-Osl l 

Ru-Os2 2 

Osl-Os2 2 

Ru-Nl l 

Ru-N2 2 

N2-C11 1 

C11-C12 2 

C12-C13 3 

C13-C14 4 

C14-C15 5 

CI5-C16 6 

Calc. . 

2.896 6 

2.928 8 

2.913 3 

2.049 9 

2.168 8 

1.356 6 

1.385 5 

1.405 5 

1.383 3 

1.412 2 

1.426 6 

Exptl. . 

2.8693(4) ) 

2.9159(4) ) 

2.8814(3) ) 

2.141(4) ) 

2.151(4) ) 

1.343(6) ) 

1.376(7) ) 

1.380(8) ) 

1.384(7) ) 

1.383(6) ) 

1.469(7) ) 

N1-C16 6 

N2-C15 5 

Osl-Os2-Ru u 

Os2-Osl-Ru u 

Osl-Ru-Os2 2 

Nl-Ru-Osl l 

N2-Ru-Osl l 

Nl-Ru-N2 2 

N1-C16-C15 5 

N2-C15-C16 6 

Calc. . 

1.314 4 

1.382 2 

59.46 6 

60.52 2 

60.02 2 

152.9 9 

96.77 7 

75.15 5 

116.5 5 

113.9 9 

Exptl. . 

1.307(6) ) 

1.359(6) ) 

59.33(1) ) 

60.93(1) ) 

59.74(1) ) 

157.78(10) ) 

97.41(10) ) 

75.24(15) ) 

115.7(4) ) 

115.1(4) ) 
dd See Figure 4. 

Tablee 5. Characters and one-electron energies of selected frontier orbitals of [Os2Ru(CO)i0(H-PyCa)] 

(3')) as calculated by the ADF/BP method (L - LUMP, H = HOMO). 

MOO £[eVl Ru Qsl Os2 H-PyCa CO 

I l i a a 

110a a 

109a a 

108a a 

107a a 

106a a 

105a a 

104a a 

L+2 2 

L+l l 

L L 

H H 

H I I 

H-2 2 

H-3 3 

H-4 4 

-2.70 0 

-3.04 4 

-3.68 8 

-5.28 8 

-5.77 7 

-5.84 4 

-6.22 2 

-6.46 6 

0.5 5 

23.4 4 

8.4 4 

25.5 5 

24.4 4 

38.3 3 

52.8 8 

35.6 6 

0.1 1 

7.3 3 

1.1 1 

1.0 0 

21.9 9 

16.1 1 

7.0 0 

9.6 6 

0.6 6 

4.5 5 

6.5 5 

16.7 7 

17.1 1 

3.2 2 

10.9 9 

19.8 8 

87.7 7 

9.5 5 

64.7 7 

24.9 9 

3.4 4 

7.8 8 

5.8 8 

1.8 8 

6.0 0 

44.6 6 

14.4 4 

25.4 4 

26.7 7 

30.2 2 

17.1 1 

26.5 5 

Fromm the ground-state DFT calculations the composition of the molecular orbitals of 3' 

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

orbitalss are given in Table 5, with the HOMO (H) and LUMO (L) in bold face. Three-

dimensionall  plots of the three highest occupied molecular orbitals (HOMO, HOMO-1 and 

HOMO-2)) and of the lowest unoccupied molecular orbital (LUMO), are depicted in Figure 6. 

Mindd that the cluster has a different orientation in Figures 6a-d. The HOMO of 3' has large 
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contributionss from both the Ru and Os2 centres, while Osl is almost not involved. 

Accordingly,, the HOMO has a-bonding character with respect to the Ru-Os2 bond (a(Ru-

Os2)).. All three metal centres participate in the HOMO-1, that is mainly a-bonding with 

regardd to the Osl and Os2 centres and will be denoted as a(Osl-Os2). The Os2 centre is 

almostt not involved in the HOMO-2, which has large contributions from both Ru, Osl and 

thee carbonyl ligands and is best described as a o(Ru-Osl) bonding orbital. 

i. . 

(a)) LUMO (b) HOMO 

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

Figuree 6. Three-dimensional representations of the LUMO (a), HOMO (b), HOMO-1 (c) and HOMO-

22 (d) of [Os2Ru(CO)io(H-PyCa)]. The ruthenium atom is indicated with a light blue colour. 

Thee LUMO of 3' mainly consists of the lowest n*(H-PyCa) orbital, while the LUMO+1 is 

delocalizedd over the cluster carbonyl core. Based on the contribution of the atomic 

wavefunctionss to the frontier orbitals, the HOMO-LUMO transition has predominant a(Ru-

Os2)-to-7r*(a-diimine)) character. A comparison of the frontier orbitals with those of 

[Os3(CO)io(H-PyCa)]4°° shows that the HOMOs of both clusters are very similar, with only 

onee specific metal-metal(a-diimine) bond involved in the bonding interactions. Notably, the 

rutheniumm centre in 3' contributes slightly more (25%) to the HOMO than the corresponding 

osmiumm centre in [Os3(CO)i0(H-PyCa)] (18%). The contribution of the 7i*(H-PyCa) orbital to 

thee HOMO and the LUMO is nearly identical in both compounds. The excitation energies and 

176 6 



HeterositeHeterosite Effects in the Heteronuclear Clusters [Os2Ru(CO)I^n(L)J (n = 1, L = PPh}; n = 2, L = 'Pr-AcPy) 

thee oscillator strengths of the low-lying electronic transitions of 3' were calculated using TD-

DFTT and are presented in Table 6. 

Tablee 6. TD-DFT calculated lowest-energy singlet excitation energies (eV) and oscillator strengths 

(Q.S.)) for [Os2Ru(CO)|0(H-PyCa)]. 

Transitionn Composition Energy Wavelength Exptl. O.S. 

[eV]]  [nm] Xmax
a 

[nml l 

11 63%(H-+L);26%(H-1->L) 2.09 594 581 0.085 

22 55%(H-l->L);23%(H-2->L); 2.16 573 0.021 

33 63% (H-2-»L); 28% (H-»L+1)) 2.24 553 0.010 

44 49%(H->L+1); 16%(H-3->L); 11% 2.46 504 520 0.050 

(H->L)) _ _ _ _ _ _ _ _ _ _ __ . 

55 76%(H-3->L) 2.63 471 b 0.027 

66 85% (H->L+2) 2.72 456 b 0.020 

77 64%(H-4^L);25%(H-1->L+1) 2.84 436 0.011 

88 4 6 % ( H - 2 H > L + 1 ) ; 2 7 % ( H - 1 ^ L + 1) 2.90 428 434 0.038 
aa Absorption maxima of [Os2Ru(CO)io('Pr-AcPy)] observed in hexane at 298 K. Non-resolved. 

Electronicc absorption spectra 

Thee electronic absorption spectra of cluster 3 in different solvents are characterized by a 

dominantt lowest-energy band with its maximum shifting from 522 to 581 nm on decreasing 

polarityy of the solvent (Table 7). This negative solvatochromism is characteristic for a charge 

transferr (CT) transition to an a-diimine ligand. 

Tablee 7. Visible and near-UV absorptions of [Os2Ru(CO)]o('Pr-AcPy)1 (3) in different solvents. 

A,, [nm] 

hexanee 2-chlorobutane THF acetonitrile 

3233 (sh), 434 (sh), 520 (sh), 322 (sh), 453 (sh) 323 (sh), 456, 535 322 (sh), 457, 522 

5811 562 

Inn order to evaluate the solvatochromic behaviour of this lowest-energy absorption band 

andd to compare it with that of [Os3(CO)i0('Pr-PyCa)], the experimentally determined 

transitionn energies were plotted versus the empirical solvent parameter E*MLCT of Manuta et 

al.al. (Figure 7), which is based on the solvatochromism of the lowest MLCT band of 

[W(CO)4(bpy)].422 The plot could be well fitted by linear regression. Its slope reflects the 

degreee of solvatochromism, while the intercept at E*MLCT = 0 corresponds to the experimental 
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transitionn energy extrapolated to apolar isooctane, which solvent wil l similarly weakly 

interactt with ground- and excited states. 

230-230-

II  220-

210-210-

200 200 

0.00.0 0.2 0.4 0.6 0.8 1.0 
SolventSolvent scale E*M1CT 

Figuree 7. Solvatochromic behaviour of the lowest-energy absorption band of [Os2Ru(CO)io('Pr-

AcPy)],, based on the empirical solvent scale E*MLCT according to Manuta et al.*2 The solvents used 

(withh E*MLCT in parentheses) were CCl4 (0.12), toluene (0.30), CHCl3 (0.42), THF (0.59), CH2Cl2 

(0.67),, acetone (0.82) and acetonitrile (0.98). 

AA comparison between the theoretical and experimental data (Table 6,7), and the 

extrapolatedd value obtained from Figure 7 shows that there is a good agreement between the 

calculatedd maxima of the lowest-energy transitions (594 and 573 nm, Table 6), the 

extrapolatedd value (205.3 kJ mol"1, 582 nm) and the band maximum of 3 in hexane (581 nm). 

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

latterr band most likely consists of several allowed transitions of predominantly charge transfer 

character,, which is in agreement with its solvatochromic behaviour. A similar negative 

solvatochromismm is observed for the higher-lying shoulder at 520 nm that agrees reasonably 

welll  with the calculated charge-transfer transition 4 (Table 6). The weak shoulder on the low-

energyy side of the intense absorption in the near-UV region (434 nm in hexane) most likely 

consistss of two differently composed transitions that mainly originate in the cluster core and 

aree directed to the LUMO+1 (transitions 7-8, Table 6). Although the calculated excitation 

energiess of the three different groups of electronic transitions (cluster model 3') slightly 

deviatee from the experimental values (cluster 3), the calculated oscillator strengths compare 

reasonablyy well with the observed band intensities and clearly predict that the lowest-energy, 

predominantlyy HOMO-LUMO transition, is the most intense one in the visible region. Due to 

theirr relatively small oscillator strengths and overlap, transitions 5 and 6 (Table 6) do not 

appearr as distinct bands in the UV-vis spectrum of 3. 
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Thee observed solvatochromism of the lowest-energy absorption band thus documents that 

thee corresponding electronic transition has predominant charge transfer character. Although 

thee experimental results do not reveal whether this transition originates from a molecular 

orbitall  with predominant d^(Ru) character or delocalized o(Ru-Os2) character, the TD-DFT 

resultss are clearly in favour of the latter assignment. The lowest-energy transition therefore 

belongss to a arc*  or sigma-bond-to-ligand charge transfer (SBLCT) transition, causing 

significantt weakening of the Ru-Os2 bond in the excited state. Visible excitation of 3 is 

thereforee expected to result in efficient formation of open-triangle photoproducts such as 

biradicalss and zwitterions. 

Time-resolvedd absorption spectroscopy of cluster  3 in non-coordinating solvents 

Picosecondd transient absorption (TA) spectra of cluster 3 were recorded in 2-chlorobutane 

(2-ClBu).. The spectra were obtained upon excitation with 505 nm light and spectral changes 

weree monitored in the wavelength region of 510-710 nm. The spectra measured at 1-40 ps 

afterr the 130 fs laser pulse, are depicted in Figure 8. Kinetic traces were obtained by plotting 

thee AA values, averaged over a small nanometer range, against time. Due to the poor quality 

off  the spectra, reliable lifetimes could only be obtained from the decay in the range 565-580 

nm. . 

0.02-0.02- \ 

-0.06-0.06 -I  1 ' i . 1  i — 
5500 600 650 700 

WavelengthWavelength (nm) 

Figuree 8. Transient difference absorption spectra of cluster 3 in 2-ClBu, recorded at time delays of-4 

(baseline),, 1, 3.5, 8.5, 16 and 31 ps, respectively, after 505 nm, 130 fs FWHM excitation. 

Thee TA spectrum at U = 1 ps (Figure 8) shows a bleach at about 570 nm, very close to the 

maximumm of the ground-state absorption of the cluster in this solvent (562 nm), and an 

absorptionn with a maximum at 645 nm. The bleach partly disappears with a lifetime of 10.4

1.22 ps. The remaining TA spectrum obtained at ;d = 31 ps, shows a bleach at 580 nm which is 

approximatelyy 40% of the initial signal and does not change significantly in the ps time 
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domain.. Thus, at least part of the transient species does not regenerate the parent cluster but 

insteadd converts into a second species. This is also evidenced by the long-wavelength 

absorptionn that transforms on the same time scale as the decay of the bleach into a much 

broaderbroader absorption without a distinct maximum. These TA spectra strongly resemble those of 

[OsaCCO^oOPr-AcPy)]]  in 2-ClBu (see Chapter 4, Part A). 

Inn agreement with the results of the TD-DFT study, the initially observed broad transient 

absorptionn above 600 nm is assigned to an excited state having predominantly on* character. 

Inn this state one electron has been transferred from the a(Ru-Os2) bonding orbital (vide 

supra)supra) to the lowest 7t*  orbital of the 'Pr-AcPy ligand. Such absorptions are characteristic for 

complexess in metal-to-a-diimine excited states43"46 and for a-diimine radical anions 

containingg at least one aromatic group.43 47"48 The remaining transient absorption in 2-ClBu is 

veryy similar to that observed in the ns TA spectra of 3 (vide infra) and is assigned to the 

biradicall  fOs(CO)4-Os(CO)4-+Ru(CO)2(a-diimine)" ] in accordance with the results for 

[Os3(CO)io('Pr-AcPy)].. This assignment has also been verified by recording the ps TA spectra 

att 250, 500 and 750 ps after the laser pulse. These spectra do not differ from that obtained at 

fdd = 31 ps, thereby proving that the biradicals formed directly from the excited state do not 

disappearr on the picosecond time scale. Although the TA spectra of 3 in 2-ClBu are very 

similarr to those of the corresponding triosmium cluster, the excited-state lifetime of the 

formerr complex is significantly shorter (Os3: r= 25 ps versus Os2Ru: r= 10 ps). This may be 

duee to the fact that the Os-Ru bonds are weaker and thus the energetic barrier for biradical 

formationn lower. 

Thee fate of the biradicals was studied in several weakly coordinating solvents (2-ClBu, 

THF,, acetone) by nanosecond transient absorption (ns TA) spectroscopy. Spectra of 3 in 

acetonee were obtained by excitation with 532 nm light and the spectral changes were 

monitoredd in the wavelength region of 350-800 nm. The difference absorption spectra, 

measuredd 0-900 ns after the laser puis, are depicted in Figure 9. Kinetic traces were recorded 

afterr excitation at 532 nm and probed at 560 nm (bleach) in weakly coordinating 2-ClBu, 

THFF and acetone. The resulting lifetimes are collected in Table 8, together with the values for 

thee corresponding homonuclear cluster [Os.i(CO)io('Pr-AcPy)]. 

Thee ns TA spectra of 3 in acetone reveal a strong bleaching between 440 and 600 nm due 

too the disappearance of 3, and transient absorptions below 440 nm and in the long-wavelength 

region.. As stated above, the latter absorption is characteristic for a-diimine radical anions43"46 

andd for a-diimine complexes in their metal-to-a-diimine excited state, provided the a-diimine 

ligandd bears at least one heteroaromatic group.43,47- 48 As the ns TA spectra closely resemble 

thosee of [Os3(CO)io('Pr-AcPy)] in acetone,49 the transient absorption is again assigned to the 

open-structuree biradical t*Os(CO)4-Os(CO)4-"Ru(S)(CO)2(
iPr-AcPy)' ] (S = acetone). 
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400 400 500 500 600 600 

WavelengthWavelength (nm) 

700 700 800 800 

Figuree 9. Nanosecond transient difference absorption spectra of cluster 3 in acetone, recorded in the 

timee interval / = 0 - 900 ns after the 532 nm laser pulse; the time delay between the spectra is 100 ns. 

Besides,, the ns TA spectrum at t& = 5 ns in acetone is very similar to the TA spectrum of 3 

att t& = 31 ps in 2-ClBu. This confirms that the biradicals formed directly from the excited 

state,, are present in both the pico- and nanosecond time domain. The nanosecond transient 

speciess in acetone almost completely regenerated the parent cluster with a lifetime of 228 ns. 

Onn changing the solvent to THF and 2-ClBu, this lifetime decreased to 95 and 27 ns, 

respectively,, which demonstrates that the lifetime of the biradical follows the coordinating 

abilityy of the solvent, increasing in the order 2-chlorobutane < THF < acetone. A further 

increasee of lifetime was found when 3 was irradiated in 2-ClBu in the presence of 1.0 M 

MeCN.. The kinetic trace of this solution shows a decrease of the bleach on the us time scale 

( rr = 6.8 us) and not its complete disappearance. This means that the MeCN-stabilized 

biradicalss formed in this solution did not regenerate the parent cluster but converted into the 

correspondingg MeCN-zwitterions, just as for [Os3(CO)io('Pr-AcPy)] (Chapter 4, Part B). In 

thee case of the triosmium cluster, this process was only observed for strong Lewis bases 

(MeCN,, pyridine) and firmly coordinating olefins (styrene, octene). 

Tablee 8. Lifetimes [ns] of the solvent-stabilized biradical photoproducts of cluster 3 and the reference 

compoundd [Os3(CO)io('Pr-AcPy)"|, obtained from their kinetic profiles probed at 560 nm. 

Solvent t rOs2Ru(CO)) 10(
iPr- AcPy)] [Os3(CO), 0(

iPr-AcPy)l 

2-chlorobutane e 

THF F 

acetone e 

2-chlorobutane/MeCNN (1.0 M) 

27(4) ) 

95(4) ) 

228(8) ) 

6.8(0.1)a a 

22(3) ) 

104(7) ) 

677(2) ) 

13.5(0.2)" " 

Lifetimee in us. 
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Time-resolvedd spectroscopy in strongly coordinating solvents 
Inn addition to the experiments in 2-ClBu, ps TA spectra of cluster 3 were also recorded in 

stronglyy coordinating MeCN. The spectra in the latter solvent measured at 1-5 ps after the 130 

fss (505 nm) laser pulse, are depicted in Figure 10. Kinetic traces were extracted by plotting 

thee AA values, averaged in the range of 605-615 nm, against time. 

Thee first TA spectra (Figure 10) are similar to those in 2-ClBu although the maxima of the 

bleachh (550 nm) and the transient absorption (630 nm) are somewhat shifted. Although the 

TAA spectra of 3 in MeCN resemble those obtained for [Os3(CO)io('Pr-AcPy)] in this solvent,23 

thee excited states of both clusters behave differently. For [Os3(CO)io('Pr-AcPy)] the decay of 

thee excited state in coordinating MeCN is bi-exponential with the slower process (r= 20 ps), 

ascribedd to biradical formation, having a lifetime similar to that observed in 2-ClBu (Chapter 

4,, Part A, Scheme 3). The faster process (r= 2.9 ps) has been assigned to the heterolytic 

cleavagee of an Os-Os(a-diimine) bond from an MeCN-coordinated excited state with 

zwitterionn formation; zwitterions were indeed observed in the ps TRIR spectra of this cluster 

(seee Chapter 4, Part A). The excited state of 3 decays mono-exponentially in MeCN but its 

lifetimee (r= 2.1 ps) closely corresponds to the short component of the bi-exponential decay of 

thee excited state of [Os3(CO)io('Pr-AcPy)] (r= 2.9 ps). This points to the same process for 

bothh clusters and suggests that irradiation of 3 in neat MeCN gives rise to very fast formation 

off  zwitterions as the only photoproduct. As will be shown hereinafter, TA studies in the nano-

andd microsecond time domain and rapid scan FT-IR spectroscopic measurements confirm this 

preliminaryy conclusion. 

TT ' 1 ' 1 ' r 

5500 600 650 700 

WavelengthWavelength (nm) 

Figuree 10. Transient difference absorption spectra of cluster 3 in MeCN, recorded at time delays of-1 

(baseline),, 1, 1.5, 2.5, 3.5 and 4.5 ps, respectively, after 505 nm, 130 fs FWHM excitation. 

Ass described before, the kinetic trace of 3 in 2-ClBu in the presence of 1.0 M MeCN 

showedd a decrease of the bleach on the u.s time scale (r= 6.8 u.s) that, in accordance with the 
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resultss for [Os3(CO)i0('Pr-AcPy)] (Chapter 4, Part B), was assigned to the conversion of 

MeCN-stabilizedd biradicals into the corresponding MeCN-zwitterions. The MeCN-stabilized 

biradicalss in this case result from substitution of weakly coordinating 2-ClBu by MeCN 

withinn the lifetime of the solvent-stabilized biradicals ['Os(CO)4-Os(CO)4-Ru+(S)(CO)2(a-

diimine)'' ] (S = 2-ClBu). In neat MeCN, however, the kinetic trace of 3 does not show any 

changee in signal intensity on the nano- and microsecond time scale (Figure 11), indicating 

thatt a pathway for zwitterion formation via the biradicals, similar to that observed for its 

triosmiumm analogue, does not exist. Thus, contrary to its triosmium analogue, cluster 3 affords 

aa single photoproduct that does not convert into another species in the time domains studied. 

0.00 0.00 

-0.01 -0.01 

-0.02--0.02-

-0.03 -0.03 

20 20 40 40 60 60 80 80 

Figuree 11. Transient kinetics at 560 ran measured for cluster 3 in MeCN, following irradiation at 532 

nmm with a Nd:YAG laser (7 ns FWHM, average of 10 shots at 10 s intervals, 2 mJ pulse"1). 

Inn order to confirm that this product is a zwitterion the photoreaction of 3 in MeCN and 

pyridinee was also followed with rapid-scan IR spectroscopy in the (sub)second time domain. 

Clusterr 3 was irradiated with a short CW laser pulse of an argon-ion laser (514.5 nm, 150 

mW,, 2 s) and the IR spectral changes in the CO-stretching region were monitored in both 

solventss on the second to minute time scale. The difference IR spectra of 3 in pyridine, 

measuredd 0-93 s after the laser pulse, are depicted in Figure 12. Unfortunately, irradiation of 3 

inn MeCN at 293 K only resulted in the formation of very weak transient bands at 1997 (vw), 

19700 (s) and 1874 (s, br) cm"1, that decayed with a lifetime similar to that of the zwitterions 

formedd upon irradiation of [Os3(CO)io(iPr-AcPy)] (r = 38 + 1 s).50 Based on the intensity of 

thee transient signals and the observed lifetime, this transient species is assigned as the 

homonuclearr zwitterion rOs(CO)4-Os(CO)4-+Os(MeCN)(CO)2('Pr-AcPy)], originating from 

thee 11% [Os3(CO)i0('Pr-AcPy)] impurity in the sample. Repeating the experiment at 273 K 

resultedd in similar, more intense product bands, whose decay is clearly bi-exponential. Both 

thee transient absorptions and the parent bleaches rapidly decay within 5 s to approximately 

15%% of their initial intensity. In a second, slower process the remaining transient fully 
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regeneratess the parent cluster with a lifetime of 54.6  1.2 s, being very close to the lifetime of 

thee zwitterions formed upon irradiation of pure [OssfCCOioOPr-AcPy)] under these conditions. 

Ass the amplitude of both processes nicely corresponds with the observed ratio between 

[Os2Ru(CO)10(
1Pr-AcPy)]]  and [Os3(C0)10(

iPr-AcPy)] in the 'H NMR spectra and crystal 

structuree of 3, the faster process is assigned to the decay of the heteronuclear zwitterions f 

Os(CO)4-Os(CO)4-
+Ru(MeCN)(CO)2(

iPr-AcPy)].. In agreement with its lifetime, the slower 

processs is then attributed to the decay of the homonuclear zwitterions, originating from the 

tOs3(CO)10(
,Pr-AcPy)]]  impurity. 
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Figuree 12. Difference rapid-scan IR spectra of cluster 3 in pyridine measured at time delays of 1.8, 

6.6,, 11.4, 18.6, 28.2, 40.2, 59.4 and 93.0 s after the 514.5 nm laser pulse. 

Irradiationn of 3 in strongly coordinating pyridine at room temperature resulted in similar 

spectrall  changes as observed in MeCN at 273 K (Figure 12). After excitation, the first spectra 

displayy instantaneous bleaching of the parent v(CO) bands, together with transient absorption 

bandss at 2073 (vw), 1994 (w), 1971 (s), 1965 (sh), 1898 (sh) and 1875 (s, br) cm1. Both the 

transientt bands and the parent bleaches again decay bi-exponentially. The lifetime of the 

heteronuclearr zwitterion is extended from a few seconds in MeCN to 23.0 + 0.3 s in pyridine, 

whichh is consistent with the higher coordinating ability of the latter solvent. Also the 

differencee in lifetime between the heteronuclear and triosmium zwitterion has increased 

significantly,, the latter one having a lifetime in pyridine of more than 30 minutes. The rapid-

scann FTIR experiments thus clearly demonstrate that irradiation of [Os2Ru(CO)io('Pr-AcPy)] 

inn strongly coordinating solvents like MeCN and pyridine results in the formation of solvent-

stabilizedd zwitterions, with lifetimes much shorter than those of the corresponding triosmium 

zwitterions. . 
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Stabilityy of the photoproducts 
Thee observed photochemical reactivity of 3 differs significantly from that of the 

homonuclearr [Ru3(CO)8(n-CO)2(a-diimine)] clusters described in Chapter 5. Although visible 

excitationn of the latter clusters also resulted in the formation of open-structure photoproducts 

likee biradicals and zwitterions, the efficiency of these processes is significantly lower due to 

thee persistent presence of bridging carbonyl ligands in the excited state. Secondly, the 

trirutheniumm photoproducts are less stable and can only be stabilized at low temperatures or in 

thee presence of strongly coordinating Lewis bases or radical scavengers. Regarding the 

formationn of open-structure photoproducts, the photoreactivity of 3 resembles more closely 

thatt of its triosmium analogue [Os3(CO)]0('Pr-AcPy)], for which fairly stable solvent-

stabilizedd biradicals and zwitterions were observed upon excitation into its lowest-energy 

electronicc transition.50 The latter cluster therefore serves as a reference compound in order to 

evaluatee the influence of the heteronuclear cluster core in 3 on the photoreactivity. 

Thee influence of the heteronuclear cluster core is clearly reflected in the stability of the 

biradicalss and zwitterions, formed upon irradiation into the lowest-energy absorption band of 

[Os2Ru(CO)io('Pr-AcPy)].. Interestingly, the solvent-stabilized biradicals of 3 are significantly 

shorter-livedd than their triosmium counterparts (Table 8). This difference in the biradical 

lifetimee is most striking in acetone, where the lifetime of the heteronuclear biradical ( r= 228 

ns)) is only a third of the value found for [Os3(CO)io('Pr-AcPy)] ( r= 677 ns). A much smaller 

differencee is observed in THF (Os2Ru: r = 95 ns vs Os3: r = 104 ns) while in weakly 

coordinatingg 2-ClBu the biradical lifetimes of both clusters are almost identical. These results 

clearlyy demonstrate that the difference in biradical lifetime increases with the higher 

coordinatingg ability of the solvent. A similar trend applies for the lifetimes of the solvent-

stabilizedd zwitterions on going from MeCN to pyridine. Whereas the lifetime of the 

heteronuclearr zwitterion only increases from a few seconds in MeCN to 23 s in pyridine, the 

lifetimee of the triosmium zwitterion in pyridine is more than 30 minutes compared to 38 s in 

MeCN.. The shorter lifetimes of the heteronuclear photoproducts in more strongly 

coordinatingg solvents indicate that the stabilization of these products by solvent coordination 

iss significantly reduced compared to the corresponding triosmium species. This is attributed 

too the stronger tendency of the coordinatively unsaturated {+Os(CO)2('Pr-AcPy)'~ }  moieties 

inn the photoproducts to bind a Lewis base. A similar difference in Lewis base coordination on 

descendingg a transition metal group in the periodic table is observed, for example, for the 

coordinativelyy unsaturated radicals [M(CO)3(a-diimine)]' (M = Mn, Re; a-diimine is e.g. 

bpy,, 'Pr-DAB). Thus, while the unsaturated radicals [Re(CO)3(a-diimine)]' form at room 

temperaturee fairly stable 18e paramagnetic species [Re(CO)3(a-diimine)(S)]*  (S = nPrCN), 

analogouss radicals were not observed for [Mn(CO)3(a-diimine)]\ 
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Redoxx behaviour  of [Os2Ru(CO)»0(
iPr-AcPy)] (3) 

AA combined cyclic voltammetric and IR spectroelectrochemical study of 3 was performed 

inn order to investigate the influence of the heteronuclear cluster core on the reduction pathway 

andd the stability of the reduction products. The redox potentials of cluster 3 and its reduction 

productss are presented in Table 9. 

Tablee 9. Redox potentials of cluster 3 and its reduction products.3 

Cluster'' EDX [Vl d £p,a \Vf 

33 - 1.87 (irr ) + 0.27 (irr) 

3CC -1.93 (irr) + 0.37 (irr) 

3b22 c -1.50 (irr) 

[3b-3b]22 -1.17 (irr ) 

[3b-3bff  c - 0.85 (irr) 
aa Conditions and definitions: 10"3 mol dm"3 solutions in THF {containing 10 ' M Bu4NPF6) at 293 K, 

unlesss stated otherwise; Pt disk electrode; v = 100 mV s'; redox potentials versus Eia (Fc/Fc^); Epx, 

cathodicc peak potential for reduction of parent cluster; £pa, anodic peak potential for oxidation of 

parentt cluster or its reduction products; Assignments given in the main text. c T= 200 K. Chemical 

irreversibilityy denoted by (irr). 

Thee cyclic voltammogram of 3 in THF at room temperature (v = 100 mV s~') showed a 

chemicallyy irreversible two-electron reduction at Ep,c = -1.87 V (cathodic peak Ru see Figure 

13a),, most likely producing the open-core dianion [ Os(CO)4-Os(CO)4-Ru (CO)2('Pr-AcPy)]2 

(3b").. Similar dianions are formed upon reduction of the homonuclear clusters [M 3(CO)i0(a-

diimine)]]  (M = Ru, Os) (see Chapter 5 and references therein). At room temperature, the 

dianionn 3b" was, however, not detectable on the reverse scan (vidi infra). Instead, scan 

reversall  behind R| resulted in the appearance of an anodic peak at -1.17 V (02'), that is 

assignedd in accordance with the results for [Os3(CO)ioCPr-PyCa)],47 to the oxidation of the 

clusterr dimer [ Os(CO)4-Os(CO)4-Ru(CO)2('Pr-AcPy)]2
2 ([3b-3b]2 ) containing an (jPr-

AcPy)Ru-Ru('Pr-AcPy)) bond. Additional proof for this assignment was obtained from IR 

spectroelectrochemicall  experiments {vide infra), where reduction of 3 resulted in the 

appearancee of a v(CO) band pattern that closely resembled that of the photogenerated 

zwitterions,, possessing an open cluster core. On lowering the temperature to 200 K, the 

reductionn of 3 remained chemically irreversible (Figure 13b). However, in contrast to the 

room-temperaturee scan, the anodic sweep showed an additional anodic peak at -1.50 V (O2) 

thatt is assigned to the oxidation of 3b2 , the latter species being sufficiently stable at low 

temperatures.. The minor anodic process denoted with the asterisk (Figure 13b) corresponds to 

thee oxidation of an unassigned species. 
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Figuree 13. Cyclic voltammogram of cluster 3 at T = 293 K (a) and T= 200 K (b). Conditions: 10"3 M 

clusterr in THF/10"1 M Bu4NPF6, Pt disk microelectrode (0.42 mm2 apparent surface area), v = 100 mV 

s-1. . 

Cyclicc voltammetry thus documents that the closed-triangle radical anion of 3 cannot be 

stabilizedd even at 200 K and readily transforms into the open-structure dianion 3b2" (see 

Schemee 2). The latter dianion is also unstable and could only be produced in detectable 

amountss at low temperatures. This is in contrast with the results of [Os3(CO)i0('Pr-PyCa)], 

wheree the oxidation of the open-structure dianion is already clearly visible at 293 K. 

Formationn of dimer [3b-3b]2 , whose oxidation at 200 K is observed at £p,a = -0.85 V (02'), is 

knownn to take place via rapid nucleophilic attack of dianion 3b2 at the yet non-reduced 

parentt cluster 3. A similar ECEC reduction path, for example, has been reported for the 

homonuclearr clusters [Os3(CO)i0(a-diimine)].47 Both 3b2 and [3b-3b]2~ are structurally 

relatedd to the solvent-stabilized zwitterion rOs(CO)4-Os(CO)4-+Ru(S)(CO)2(
iPr-AcPy)] (S = 

coordinatingg solvent), the known photoproduct of 3 in coordinating solvents. 

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

aa secondary product being observed at the potential £(R'm). 

Inn the course of corresponding IR spectroelectrochemical experiments, the reduction of 3 

inn THF at 250 K resulted in the appearance of transient v(CO) bands at 2049 (m), 2009 (m), 

19911 (m), 1965 (s), 1942 (sh) and 1864 (m) cm"1, similarly to the IR v(CO) spectrum reported 

forr the open-core dimers [ Ru(CO)4-Ru(CO)4-Ru(CO)2(a-diimine)]2
2 (a-diimine = bpy, 

bpym;; Chapter 5, Scheme 1). Accordingly, these bands are assigned to their heteronuclear 

analoguee [ Os(CO)4-Os(CO)4-Ru(CO)2('Pr-AcPy)]2
2 ([3b-3b]2 , Scheme 2). No IR bands due 

too formation of open-structure dianion 3b2 were observed in the course of the reduction. This 

meanss that 3b2" is unstable on the spectroelectrochemical time scale at 250 K and readily 

reactss with the parent cluster 3 to form dimer [3b-3b]2". Actually, the latter dimer was also 
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nott stable and converted into another carbonyl product absorbing at 1938 (s) and 1863 (s, br) 

c m '.. In agreement with the literature18 and the results for [Os3(CO)i0(a-diimine)],55 this 

productt is proposed to be the dinuclear complex [Os2(CO)8]
2". As the highest-frequency 

v(CO)) band of the corresponding [Ru2(CO)8]
2~ complex is found at significantly lower 

wavenumberr (Ru: 1930 cm"1 vs Os: 1940 cm"1),18 the observation of [Os2(CO)8]
2 provides 

anotherr evidence that the a-diimine ligand in 3 is coordinated at ruthenium. Parallel to 

[Os2(CO)8]
22 , reduction of [3b-3b]2~ most likely results in the formation of polymer 

[Ru(CO)2('Pr-AcPy)]n,, as indicated by the formation of a blue film at the working electrode 

andd in its vicinity. Similar polymers are also formed as the ultimate reduction products of the 

clusterss [M 3(CO)io(a-diimine)] (M = Ru, Os), possessing very similar properties as 

[M(CO)2(bpy)]n,, formed upon reduction of the mononuclear complexes trans(C\)-

[M(CO)2(bpy)(Cl)2].
56"588 The interest in these open-chain polymers [M(CO)2(a-diimine)]„ 

(M== Ru, Os) mainly derives from their electrocatalytic activity towards reduction of carbon 

dioxide.58"60 0 

Schemee 2. Reduction path of cluster 3. 
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Fromm the DFT results (Table 5) it is clear that the LUMO of cluster 3 mainly consists of 

thee lowest 7t*('Pr-AcPy) orbital. Single occupation of this orbital is therefore expected to 

resultt in a-diimine localized radical anions. However, unlike the corresponding homonuclear 

clusterss [Os3(CO)i0(
iPr-PyCa)]47 and [Ru3(CO)g(u-CO)2(a-diimine)] (a-diimine = 2,2'-

bipyridinee (bpy), 4,4'-dimethyl-2,2'-bipyridine (dmb), 2,2'-bipyrimidine (bpym)) that form 

fairlyy stable radical anions at moderately low temperatures, the reduction of 3 remained 

chemicallyy irreversible even at 200 K. A comparison of the reduction potentials of the 

homonuclearr [M3(CO)io(a-diimine)] clusters (M = Os,61 Ru) with that of 3 (-1.87 V) reveals 

thatt the 7t-acceptor capacity of the 'Pr-AcPy ligand in 3 is similar to that of bpy (-1.85 V, M = 

Os,, Ru) and dmb (-1.91 V, M = Ru). This implies that the high reactivity of radical anions 3' 

iss not due to a limited n-accepting capacity of the 'Pr-AcPy ligand but most likely has its 

originn in the rather weak heterometallic Os-Ru(a-diimine) bonds. As described in Chapter 5, 

thee cleavage of the metal-metal(a-diimine) bond in [M3(CO)io(a-diimine)]' (M = Os, Ru) is 

causedd by the strong polarization of this bond via charge 'leakage' from the reduced a-diimine 

ligand.. Whereas the presence of strong 7t-acceptor CO bridges in the radical anions 

[Ru3(CO)8(u.-CO)2(a-diimine)]""  reduces the polarization of a Ru-Ru(a-diimine) bond to such 

ann extent that it becomes less prone to cleavage, the Os-Ru(a-diimine) bonds in the radical 

anionn of 3 are apparently strongly polarized, resulting in rapid formation of open-structure 

products.. Just as for the corresponding [Os3(CO)io('Pr-PyCa)] cluster,47 no open-structure 

dianionss were detected by IR spectroscopy on the spectroelectrochemical time scale at 250 K, 

thee dimer [3b-3b]2 being the initially observed reduction product. The triangular open-

structuree units in dimer [3b-3b]2 underwent fragmentation and linear [Ru(CO)2(
,Pr-AcPy)]I1 

chainss were ultimately formed, together with the dinuclear complex [Os2(CO)g]2 . 

6.55 Concluding remarks 

Inn agreement with DFT calculations on several structural isomers, crystal structures of the 

novell  clusters [Os2Ru(CO)n(PPh3)] (2) and [Os2Ru(CO),o(iPr-AcPy)] (3) clearly reveal that 

bothh PPh3 and 'Pr-AcPy prefer coordination at the ruthenium site of [Os2Ru(CO)i2] (1). The 

Os-Ru(a-diimine)) bonds in cluster 3 are weaker than the corresponding metal-metal(a-

diimine)) bonds in homonuclear [Os3(CO)io('Pr-AcPy)] and the CO-bridged triruthenium 

analogues.. This factor contributes to the observed differences in the photo- and 

electrochemicall  reactivity of cluster 3 compared to the homonuclear cores; the general course 

off  the photo- and redox reactions, however, remains unchanged. 

Regardingg the photochemical formation of biradical and zwitterionic photoproducts, 

clusterr 3 closely resembles its homonuclear analogue [Os3(CO)io('Pr-AcPy)]. In weakly 

coordinatingg 2-ClBu, the lowest 3cnt*  excited state decays with a lifetime of approximately 10 

ps,, resulting in the formation of solvent-stabilized biradicals. In contrast to its triosmium 
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analogue,, irradiation of 3 in coordinating solvents exclusively results in heterolytic splitting 

off  an Os-Ru(a-diimine) bond, producing solvent-stabilized zwitterions. Interestingly, the 

lifetimess of the biradical and zwitterionic photoproducts of cluster 3 are significantly shorter 

comparedd to their triosmium counterparts. This difference most likely results from a stronger 

tendencyy of the coordinatively unsaturated {+Os(CO)2('Pr-AcPy)" °}  moieties in the 

photoproductss to bind a Lewis base. Electrochemically, the influence of the weaker Os-Ru(a-

diimine)) bonds is clearly reflected in the considerably lower stability of the radical anions 

initiallyy formed upon reduction of 3. 

Inn general, the combination of experimental photo- and electrochemical techniques 

togetherr with the theoretical support from DFT calculations has provided good insight into the 

bondingg properties of [Os2Ru(CO)io('Pr-AcPy)]. Despite the incorporation of a Ru centre into 

thee cluster core does not induce drastic changes in the photo- and electrochemical reactivity 

patternn of the triosmium derivative, more pronounced heterosite effects may, for example, be 

expectedd for mixed-metal clusters combining transition metal centres from different groups of 

thee periodic table (e.g. Os2Pt, Os2Rh). 
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