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INTRODUCTION 

This review covers the coordination, organometallic and cluster chemistry of osmium 

publishedinthecalendaryear1991,andistheArstsincethe1981reviewpu~~inv~~67of 

Coordination Chemistry Reviews. It is not completely comprehensive in that ixvaagc has been 

rcstrictexl to the more well-known journals. In keeping with earlier reviews of osmium chanistcy, 

the emphasis is on aordination chemistry and development of new cluster ii+ucworks. Whilst 
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organometallic chemistry is also covered the depth is less; in particular, papers which describe 

numerous transformations of organic fragments attached to cluster cores are not described in detail. 

For the purposes of this review, binuclear metal-metal bonded species are discussed under clusters. 

1.1 osiumu(vIII) 

0904 catalyses the oxidation of [N2H5]+ to N2 by the chlorate ion. Mechanistic 

investigations revealed that OS04 acts as a two-electron oxidant in two separate steps, giving OsvI 

andOdviti~ 

[N2)I5]+ + 0~04 + 5 H+ + OS”* + N2H2 + 4 H20 

N2H2 + Osm + 2H20 + OS@ + N2 + 6H+ 

The 0~01. is then oxidised back to Os04 by the chlorate ion. The [ClO]- which is produced in this 

last step is also involved in oxidising the substrate [l]. OsvnI also catalyses oxidatlon of the 

hypophosphite ion [H2FQj- by N-chlorotoluene-p-sulphonamide (chloramine T); the kinetics and 

mechanism of this were investigated [2]. 

Reaction of 0804 with HNQu(SiMe3) yielded the homoleptic tetra-imide Os(=NtBu)4, 

together with the tetranuclear Osm complex (1) in which the outer OS centres are tetrahedral and the 

inner are square pyramidal. Os(=NtBu)4 may be reduced to the OsvI dimer [OS(=NQU)~QL- 

NtBu)]z, and reacts with [Me30][BF4] to give the analogous OsvII dimer [Os(=NtBu)2(p- 

NtBu)]2[BF4]2 [3]. The reactions of the tetra-imide Os(=NtBu)4 with carboxylic acids and 

halogens were also investigated. Reaction with acetic acid and pivalic acid gave the mononuclear 

Osvr complexes (2) and (3) respectively; whereas (2) contains one monodentate and one bidentate 

acetate, both pivalate ligands are mono&mate in (3). Reaction of Os(=NtBuk with 12 produced 

(4) and (5). In (4) one O.svI centre is tetrahedral and the other trigonal bipyramidal, whereas (5) is 

a mixed-valence Os~/OsvII compound. An analogue of (4) containing Cl in place of I was 

preparedby maction of Os(=NtBuk with Cl2 141. 

‘BU 

(1) 
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(2) 

0 

NtBu 
‘BuWJ, 11 0 II ‘Bu 

‘Bu K 0 
,Ou:’ 

0 11 NH$Bu 

0 

(3) 

(4) (5) 

1.2 OSMIUM(W) 

12.1 Nirrido umdimih complexes 

Reaction of [Os(=N)(teqy)Cl2]+ with one equivalent of PPh3 in acetonitrile results in N- 

atom transfer to the phosphine to give the OS VI-phosphoranimato complex rrans- 

[Os(terpy)(NPPh3)C121+. Similar results were obtained with a variety of other phosphines. 

Depending on the nature of the phosphine used, the resulting phosphoranimato complexes can 

undergo up to two one-electron reductions and one one-electron oxidation [5]. Several Osvt(=N) 

complexes with hetemcyclic ligands have been prepared. [Os(=N)(q2-terpy)Cl3], in which the terpy 

ligand adopts a very unusual bidentate binding mode, undergoes chelate ring closure to give 

PW’J)WPYK~~+. Nume~ou s other complexes such as mononuclear [Os(=N)C!l3(LL)I (where 

LL is two equivalents of a monodentate ligand such as pyridine or pyraxine, or one bidentate ligand 

such as 4,4’-dimethylbipyridine) and binuclear [(:Os(=N)C4]&L)]2- (where L = dioxan, 

pyrazine) were prepared; the crystal structure of [ButN]2[ (Os(sN)Clq)2(CL-pyrazine)] was 

determined. The nitrido ligands may be reduced to ammines in protic media [6]. Addition of 

pyridines to [Os(M)Cl#- results in liberation of N2 via an N-N coupling reaction and concomitant 

reductionoftheosmiumcentre. Thereactionisuiggea&byattachmentofap ’ * eligandmto 

the nitride. Thus, heating [Os(=NjCl3@y~ to 1OOT in pyridine yields mer-[ 
T 

Q3@y)3] and N2, 

and heating frans-[Os(~N)C13(pic)2] (pit = picoline) in acetonitrile gives mer- 

[OsCl3@icMMeCN)] and Nz. For [Os(=N)Cl2(terpy)]+ the coupling is so faci+ that the complex 
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is rather unstable. The coupling is thought to occur via a (p-N2) bridged binuclear intermediate; 

evidence for this comes from detection of [ ((pic)2c13Os~)N=N( Os%@ic)4)]+ during a reaction 

[71. 
Anionic complexes [Osw(W)L23_, where L is N-acctyl-L-cystcinatc, 3-sulphidopropionate 

(both SO-bidentate ligands) or 3-sulphidopropionamidate (an S,N-bidentate ligand) (6 - 8 

respectively) were prepared as models for the iron centre of isopenicillin-IV-synthetase. All have 

squam pyn&dal geometries [8]. 

(6) (7) (8) 

Compkx (9), prepared from [OsvI(=O)2CL#- and ‘BUNCO in acetonitrik, is the first 

smtctumUy &am&r&d exampk of an N,N-bidentate ureato ligand. The apical nitride is thought to 

arise from C-N bond ckavage of an intermedW containing an Os(=NtBu) linkage PI. By contrast, 

reaction of 0~04 with 2,~diisopropyl-phenylisocyanate gives the trigonal 0s”’ complex 

[Os(=NAr)$ (Ar = 2,6-diisopmpylphenyh c.f. the Osm tetmamides of refs. 3 and 4), which reacts 

with MeNO to give [Os(=NAr)3(=0)]. This 0~“~ specks reacts with okfins (RCH=CHR) to 

giveu%&drall~suchas(lO). 

NAr 

II 

‘Bu 

(9) (10) 

[Os(=NAr)3] also reacts with small phosphines and phosphites Q to give planar WV 

species [Os(=NAr)zLz], whose further reactions are summarised in scheme 1 [lo]. 

[Os(rN)Clz(CH$iMe3)3] reacts with N&p or NaCp* to give [(Cp)Os(rN)(CH~SiMe~)gl and 

[(Cp*)Os(=N)(CH~SiMe3)23 mspectively, the first exampks of cyclopentadknyl-nitride transition- 
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metalcomplexes. ~Nacwnintheseisa’soft’~sbasc,fcaningal:l adductwithB&anda 

29 adduct with Ag+; [t(Cp)Os(~2SiMe3~(~N)~2Agl[BF41 has been crystaIlographically 

characwised. The N atom may also be alkyhted [ll]. 

[Me@s(=Q)] could be pxqmcd either from 0~04 and Me$n k 19% yield, or from 0~04 and 

[Ti(O&r~Me] in 5@% yield, or by methyktion of the glycolate complex [Os(=ONX!H2CH2C&2j 

in6O%yield, Itm&rgoesanitxeversibleoxidadonat+2.2Vanda reversibk reduction at -1.58 V. 

[Os(=NAr&O~ l~(pNArk(R)I(PMerPh)zl 

t / 

Me,NO RI (R = Me, Et) 

Scheme 1: Reactions of rmw[Os(=NAr)2(PM~Ph)2] 

=&w-Phase saacruhe,detaminedbyeleanan~hasCqsymmtrywi~~=2,096(3) 

A and Os=O = 1.681(4) A. Et&s(=0) was also pepaxed, and is an orange, air-stable crystalline 

solid [12]. The first ~uo~p~yl complex of osmium, [(~i-cdi5)20s(~O)2(py)i, was 

prepared from the glycolate complex [OS(=O)~(OCH~CH~O)(~~)~I by reaction with 

[(QF&$WPy)& The crystal stmcture has been W the 0x0 liids p mutually @vans, 

the two pyridyl groups mutually cis and the two ~~phenyl ligands alk mutually cis. It 

~at23(rC~ut~,its~~~~duetothee~-~~~~a- 

bound CT& ligands [13]. Glycolate-OsvI compkxw were also used as s-g materials for the 
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alkyl complexes [R2Os(=Ow] and [RzOs(=O)&], where L is a neutral, monodentate ligand. For 

L = pyridine, the equilibrium 

R~W=WPY)~ = R2W=Q@y) + py 

may be driven to the tight in vucuo and to the left by excess pyridine. Although MgOs(=O)&y) is 

monomeric in solution, it exists as a trimer in the solid state (11); in contrast, 

[(Me$KH&Os(=O)2@y)] has a trigonal bipymmidal monomeric crystal structure [ 141. 

The series of complexes [Os(=O)2(py)2L], [Os(=O)2(3-pic)zL], where L is an O,O- 

bidentate ligand (lactate, atrolactate, citrate, oxalate, quinate, oxo-isobutyrate, tartrate etc.) were 

prepared as models for the complexation of sugars to metal ions; all were charactetised by XPS and 

mass spectrometry, and contain na~OsO2 groups. Some binuclear complexes with tartrate as 

bridging hgand were also prepared WI. The crystal structw of [(Os(‘o)2@yhl2(CloH1209)1. a 

binuclear osmate ester containing two Os(=Oh(py)2& centres prepared from reaction of OS04 

with 3,4diethyl-furandicarboxylate and pyridine, has been determined [16]. 

W2W 

Ph 

(HZW 
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The rrux+dioxoosmium(VI) complex of the chiral tetradentate binaphthyl-based ligand 

(H2l.2) has been prepared. Since high-oxidation state osmium complexes am potential catalysts for 

oxidation reactions, this chiral complex ofers a possible route to chiral catalysis [17]. Trans- 

dioxoosmium(VI) complexes of dibasic tetradentate Schiff bases such as (I-I213), prepared from & 

diketones and 1,2-diaminoethane. have been studied. Reduction with thiols leads to complexes such 

as rrans-[Oslv(SCH2Ph)2(13)]. which was crystallographically character&d. The O~l~/Os~~l 

reduction potentials of these complexes vary with the delocalisation ability of the axial thiolates [ 181. 

The 4_fluorophenylimido_oxoosmium(VI) porphyrin complexes [Os(=O)(=NQH@)(P)] 

(where P is the dianion ofmeso-tetraphenylporphyrin or mso-tetrakis(3,4,5-trimethoxyphenyl)- 

porphyrin) were prepared and character&d by lH NMR and UV/VIS spectroscopy; the UVArIS 

spectra are similar to those of rrrrrrp-dioxoosmi ‘um(V1) porphyrin complexes [ 191. Detailed % and 

13C NMR and mass spectra of &(OsO4)(4-rBu-pyridiie)2 have been performed [20,211. The 

presence of an 020s(=Oh unit added across one double bond of the &I reduces the symmetry 

and allows spectroscopic studies to be performed which are not feasible on free t&o. 

1.3 oslumu(v) 

The ESR spectrum of [Os(=O) (E&(O)C@}2]- was measured, and the reactivity of the 

complex compared with analogous Ruv(=O) complexes with a-hydroxycarboxylate ligands [22]. 

Normal coordinate analyses for the series of 0s”. Osw and O.@ complexes [O&Ye_& Q f Y = 

F, Cl, Br, z = 1,2,3) have been carried out 1231. 

1.4 osuIuIu(Iv) 

The kinetics of dissociation of Hz from [OsH4(PTol3)3] (To1 = p-CtjH4CH3) and 

[OsI-I5(PTol3)3]+ were measured; the dissociation rate increases with increasing protonation [24]. 

The hydride spin-lattice relaxation times (TI) for [OsI&@Tol3)3] and its deuterated isotopomers 

[OsH,Dq.x(P-dTol3)3] (x = 1 - 4; dTo1 = p-Ct$12D2CH3 with the D atoms ortho to P) were 

recorded as a function of temperature. For these and 33 other ‘classical’ hydrides. the relaxation 

rates cormlate well with the expected values. However for $-Hz complexes the agreement between 

theory and observation is less satisfacmry [25]. [Os(NH3)4H#+ undergoes facile substitution of 

NH3 by acetonitrile. pyridine, imidazole, halide ion or water. The initial product is frans- 

[Os(NI-I3)3H#+, but NMR spectroscopy shows that this converts to the cis isomer, slowly but 

nearly completely WI. 
The preparation of the new diamgnetic complexes [OsH2Q(PR3)2] (PR3 = piPr3, 

PMetBu2) has been achieved by reaction of OsCl3xH2O with PR3 in 2-propanol at reflux; the 

Crystal Structure Of [0sI-12C12(Pipr3)2] ShOWS a distorted SQuare lUlti@Qldk (formally D&j) 

geometry with two vacant sites in the alternate positions of one square base. [O&@(PMetBtl&j 

catalyses hydrogenation of olefins and dienes, and reduction of benzylideneacetone and 
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benzylideneacetophenone to the saturated ketones. Some reactions of [OsH~C13(PMe’Buzh] are 

summarised in Scheme 2 [27]. 

LiAIH,, 
dlmns - [OsCh(COk(PMetBu2)2j 7 dttans - [Osl+(COk(PMdBu2)~ 

L 
t 
co 

r[osycl,(PMe’eu,)d J!kL ais- [OsCtJPM~)~ 

I NaBHJMeOHI 
%Hs 

Scheme 2: Reactions of [OsH$&(PMetBu2)2]. 

The energy levels of the low-lying dorbitals of n~~-[0sQIz]~ and [OsCl3I3]~ (bothfac 

and mcr isomers) weredetetmmedby examination of their UV/VIS spectra &corded at 1OK) and 

their emission spectra (recorded between 1OK and 2OK) over the range 4,200 to 12,500 cm-t, a 

region in which only d-d transitions am expected [28]. 

15 oshmJlu(III) 

The electron-transfer cross-reaction rate constant for the thermodynamically unfavomable 

oxidation of Ft(4,7Me~hen)~~ by poly-[Os(bipy)3(4-vinyLbipy)]3+ was measured at the redox 

polymer surface in a variety of solvents A theoretical model incorporating solvent relaxation time, 

solvent dieleG& constant and reaction free energy was developed to explain the solvent dependence 

of the electron-transfer rate [29]. The kinetics of oxidation of thiosulphate by [Os(phen)3]3+ 

aWmIingtothemaction 

2 [Os(phen)3]3+ + 2 [S203]2- + 2 [Os(phenh12+ + [S40612- 

were examined. The redox potential of the osmium centre was varied by using phenanthroline 

derivatives such as 4,7-dimethylphenanthroline, 5,6_dimethylphenanthroline and 5chloro- 

phenauthmline. ~~dthepreciseredoxpotential,theratelawwasfoundtobe: 

-d[O@J/dt = 2kl[O~~~l[S20+1 + =2[04%~03~1~. 
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Both kl and k2 increase as the reduction potential of the OsIII increases; both terms describe outer- 

sphere processes [30]. The kinetics of OsII/OsRI self-exchange in [Os(CN)e]e in aqueous 

media were examined by 1% NMR like-broadening techniques. At 2% the rate constant is (8.9 f 

OS) x 104 M-t se&. It was found that the self-exchange rate decmases with k&easing acidity, due 

to the presence of additional equilibria involving protonated species such as [(HNC)&k(CN)& 

and [(HNC)Os(CN)5]3: The rate constants were discussed in terms of inner-sphere and solvent 

morganisation barriers, and compared with the values for the anakgous Fe and Ru compkxes 13 11. 

The ekctrochemical, UV/VIS and structural proper& of the two serks of Os* complexes 

[OsBr&-, [OsBq(CO)]z. [OsBrq(CO)& and truns-[OsJ4(MeCN)d-. [OsY4(MeCN)(C!O)I-. 

[OsX&Oh]- (X = Cl, Br) were examined to detemrine the effects of stepwise variation in the 

number of CO ligands on complex proper&. In each case it was found that the Os~/OsII and 

O@/OS~ couples shift two to three times further for addition of the first CO than for the second; 

ie. a very nonlinear accumulation ofligand ekctmnic effects, contrary to recent predictions [32]. 

The niply-bonded specks [Os$& (X = Cl, Br) react with a varkty of isonitriks RNC to 

give the l7-electron complexes [OsX4(CNR)2]- in good yield, and with CO in ethanol to give 

[Or&(CO)(EtOH)]-. The EtOH in this last complex is labile and may be replaced by any of 

several Lewis bases L (e.g. dmso, thf, pyridinq phosphines, isonitriles) to give [OK+(CO)L]-. The 

spectroscopic and electrochemical properites of the new complexes were examined. Crystal 

structures of [B~Nl[OsCl&N-xylyl)zj and [Buq~[OsC12.68Brl.j2(CO)(dmso)] showed them 

bothtohavetrag eometries [33]. [Os2(O$CH3)4C12] reacts with molten di(p-tolyl)formamidine 

(H14) to give, after crystallisation, [t&(I4)4C&$C&Ie.hexane. The Os-Os bond length is 

2.467(l)& which is very long for a triple bond between two OsItt atoms. The ground-state 

electronic structure was established by theoretical and magnetic studies. and shows that the long 

bond is due to the shift of an electron from a 6* orbital to a more strongly antibonding II* orbital 

[34]. Electrochemical studies on [OsCl#Ph3~(sq)]. where sq is one of a variety of semiquinones, 

show the presence of an OsIIVOsIv oxidation and a semiquinone-catecholate reduction. The 
complexes catalyse oxidation of primary alcohols by N-methylmorpholine-N-oxide [35]. 

b d / \ \/ _ 
N-N / \ P Q \/ - 

(H14) 
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Whereas reaction of [Os(SR)3(PMe2Phh] (R = cgF5, CgHqF) with benxoic acid gives the 

pammagnetic Osm complexes [Os@R)2(@CPh)(PMe2Ph)], which are octahedral with mutually 

trans thiolates and mutually cis phosphines, reaction with HCl gives the dimagnetic Osw complexes 

[OsCl(SRh(PMe2Ph)l which have trigonal bipyramidal geometries. These may have possible use in 

further syntheses of new osmium complexes, as they are ccordinatively unsaturated and allow 

access to reactive Osm centres by reduction 136). In [Os(EtSCS2~(PPh3hlo/1+ the Osu state has a 

strong preference for cis S4P2 geometry whereas the O@ state prefers a truns geometry, due to 

changes in the balance of steric hindrance and drt-px back-bonding with oxidation state [37]. 

Similar behaviour is observed with xanthate ligands in the 0s” and OsIII complexes 

[Os(ROCS2)2(PPh3)23~1+ (R = Me, Et, ‘Pr, PhCHz). Both cis and rruns forms were isolated for 

each oxidation state; electrochemical studies confumed that the OsR state is more stable in a cis 

geometry and the OsBI state is mom stabk in a rmns geometry. The decrease of back-bonding in 

the @ state allows steric effects to pmdomi~te, with the bulky phosphines moving as far apart as 

possible [38]. 

I.6 osluiuiu(II) 

16.1 Cornpkxa with N-hetmocyclic ligands 

The crystal structure of [Os(bipy)3][PP6]2 has been determined, it is isostructural with 

]Ru(Mpy)31]PF6]2 [39]. ]Os(kpy)312+ has been i ncorpomted into N&on films on electrode 

surface&inolKkrtostudytheeffectsofionassociation (of elmve cations and ekctro-inactive 

counterions) within the polymer on the dynamics of electron hopping. A very non-linear incmase in 

the apparent diffusion coefficient if incorporated counter-ions with concentration was W [40]. 

The quenching of the MLCT excited state of [Os(bipy)3]2+ and other O&based photoactive 

complexes by anthracene and 2,3benxanthracene was shown to occur by energy-transfer in the 

M~Iw~-~~~xwI region. This shows that the inverted region can be reached for energy-transfer as 

well as electron-transfer [41]. 

(1% (16) (17) 
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Copolymeric films of poZy-[Ru(4-Me-bipy)2(4-vinyl-py~]2+ and [Os(4+inyLbipy)3]2+ 

were prepared by reductive eleciropolymerisation on platinum-disc electrodes. Photolysis in the 

presence of Fle2NCS21- leads to ejection of the 4-vinylpyridine fragments and consequent loss of 

the Ru centres from the polymer. This results in a fii of po@-[Os(4-vinyl-bipy)3]2+ containing 

specitWy-sixed voids attached to the electrode surface, capable of ‘size-select& electrochemistry 

1421. [Os(bipyhL][PF& (L = 15,16,17), in which only one site of the potentially binucleating 

ligand L is occupied, were prepared and characterised by electrochemistry and UV/VIS 

mpy. In each case the LUMO is on the ligand L rather than on a bipy ligand 1431. 

Figure 1. A series of polymethylene-bridged Ru-0s binuclear complexes (n = 2,3.5,7) 

(18) (19) 

The photophysical properties of the series of complexes in Figure 1, containing 
polymethylene-linked [Ru(bipy)#+ and [O~(tipy)3]~ chnomophores, were examined. The 
bridging ligands were preps& by depmtonation of a methyl group of 4,4’-dimethylbipyridine with 

LDA followed by reaction with half an equivalent of Br(CH&Br. Near-complete quenching of the 

emission from the ruthenium centre was observed, accompanied by an enhancMnentoftheemi.ssion 
from the osmium centre. An energy-transfer mechanism (via a Wrsterdtype dipole-dipole 

interaction) was prom the energy transfer rate constant drops from 5.3 x 10s se& when n = 2 
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tolx108secrlwhenn=7,andisproportionato~(whenristheRu_Osseparation)[44]. The 

0~11 complexes with terpy, 4’-tolyl~py (18) and 4,4’,4”-triphenylterpy (19) show a continuous 

variation in redox and specaoscoPc proprties accord@ to the de- of ligand substitution. AU of 

the complexes are stmngly 1 UIllinescent in soltion at mom temperature [45]. 

Attachment of one or two Os(bipy)22+ units at the N,N-chelating sites of 3,5-bis(2- 

pyridyl)triazole (H20) yielded [Os(bipy)2(20)]+ and [(Os(bipy)z)&-20)]3+, whose 

electrochemical, UV/VIS spectroscopic and photochemical pmperties wen compared with those of 

[Os(bipy)3]2+. For both complexes with (20). the LUMO is based on a bipyridine ligand, resulting 

in bipy-based reduction processes and Os(dx) + bipy(z*) charge-transfer bands in the UV/vIS 

spectrum. The mononuclear and binuclear complexes have emission lifetimes of 250 ns and 340 ns 

re+e-ctively at !3OK [46j. The heterobinuclear complex [(bipy)$Wp-2O)Os(bipy)~~ exists in two 

isomeric forms as the two binding sites of the bridging ligand are inequivalenE their proped are 

generally similar. In each case, excitation of the RuII centre is followed by energy transfer with 

nearly 100% efficiency to the 091 centre (c.f. ref. 44). By contrast the one-electron oxidised form 

(with an Osm centre) shows no luminescence, due to the presence of a low-lying inter-valence 

charge transfer (IVcr) state which deactivates the luminescent MUX levels [47]. 

The binuclear complexes [(N-N)2Os(p-H$l)Os(N-N)2]4+ (N-N is bipy or phen) are 

dibasic acids due to the imidazole protons of the bridging &and. Consequently their UV/VIS and 

electrochemical proper& are strongly pH dependent. The IVCT band of the mixed-valence 

oS”/osn’complexmovescl~~yandbecomes4to6timesmoTeintensewhenthebridging 

ligand is deprotonated, thereby allowing proton-induced switching of the metal-metal interaction 

[48]. The homo- and hetero-binuclear complexes [((bipy)20~)2(p-22)]~+ and [(bipy)zOs(p- 

22)Ru(bipy)@ have an extensive series of redox processes. The bipy ligauds may each undergo 

one-electron reductions, and oxidation state combinations +2/+3, +3/+3 and +3/+4 are accessible 

for the metal centres [49]. 

/N G (H20) \ 
I 

Q#.-*p 
\ / 

W2W 
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1.6.2 compk%es containing phosphitle li&mis 

The crystal structures of [OsCl(CO)(PPh3)(tacn)]3[ZnCLt] (where tacn = 1.4.7~triaxa- 

cyclononane) [50] and of the cis, cis and puns, fruns isomers of [OsB~(CO)(MeCN)(PPh3~ [Sl] 

have been &term&d. In the latter case, steric contributions to the structum softhetwoisomers 

were discussed [51]. NMR spectroscopy of the fivmte complex WsHC.WOMPfPr3)21 in 

acetone shows that coordinated acetone inserts into the Os-H bond to give a coordinated 

isopropoxide. which re-converts to coo&rated acetone by elimination. For such insertion to 

occur requires side-on q%onding of the C=O bond. The complex catalyses hydrogen atom 

transfer from 2pmpanol to cyclohexanone and acetophenone [52]. [OsHCl(CO)(piP&~ is also 

an active and selective catalyst for the addition of E@iH to phenylacetylene. Either cis or frans 

PhC!H=CH!W~ may be obtaid in good yield depmding on the reaction conditions; the reaction 

occurs via an [Os(SiBt3)($-Hz)Cl(CO)(PfPr3)3j inmrmediate [53]. A labile PPh3 ligand in 

[OsHCl(CO)(PPb3)3] may be substituted by a variety of other phosphines in&ding PC13, PClzPh, 

PH3(C&H3Me3) and 3,4-dimethyl-P-phenyl-phosphole. In each case the new ligand is truns to the 

hydride and cis to the other two PPh3 ligands; the PC13 and PClzPh ligands may in turn be 

substitued by MeO-, H- or toluidine. The hydride ligand may be displaced with HC104 in MeCN 

resulting in loss of Hz to give a cationic acetonitrile adduct, and by Cl3 to give a mixture of isomeric 

neutml dichloride complexes [54]. 

The Hz ligand in frunr-[OsH(dppe)(?$H2)1+ [dppe = 1,2-bis(diphenylphosphino)ethane] is 

rapidly spinning and has a long bond (0.99 A). Likcwisc. [OsH(depe)(1$H2)]+ [depe = 1,2- 

bis(diethylphosphino)ethane] has proper&s mid-way between a complex containing H- and $-Hz, 

and a trihydride complex. Homolytic cleavage of the H-H bond is a relatively low energy process; 

NMR spectroscopy of deuterium-substituted isotopomers showed that there is an equilibrium 

between (spinning Hz + hydride) and (trihydride) at 18oK [55]. The five coordinate stmcture of 

[OsCl(dcpe)2]+ [dcpe = 1,2bis(dicyclohexylphosphino)ethane] is stabilised by the bulky 

phosphine ligands. Reaction with H3 afforded [OsCl($-Hz)(dcpe)2]+, which could also be 

prepared by protonation of [OsHCl(dcpe)z]. On the basis of tH and 31P-( 1H) NMR 

measurements, [OsH3(dcpe)23+ was pmposed to have a seven-coordinate trihydride structure (i.e. 

formally OsIv). Reaction of [OsClz(dcpeh] with Hz gave both rruxs-[OsHCl(dcpe)~ and cis- 

MJMWdzl WI. 
The mm isomers of [0&4X2] (L = PMe3, PMe3Ph. AsMe3. SbPh3, py; X = Cl, Br) 

convert to the cis isomers in chlorinated solvents. Oxidation of furs-[O&Xz] by 03 or HN03 

yielded fruxs-[Os%&J+, which have OsnflR and OW couples whose potentials are deper&nt 

on the natures of L and X. The crystal structure of nulas-[Os(PMe3)sCl3][BF4] was demrmined 

[57] (c.f. refs. 37 and 38). The charge distribution in neutral osmium-dioxolene complexes was 

investigated. The structural pammetem of [Os(PPh3)2(dbq)Cl2] (dbq = 3J-‘Buz-1,2-benxo- 

quinone) suggest that the dbq ligand (formally a quinone) is actually inmrmediate between the 

semiquinone and catechol oxidation states, resulting in a higher oxidation sate than +2 for the 

osmium centre. Similarly the crystal structure of cis-[Os(PPh3)3(dbqh] suggests that both ligands 

am in the catecholate oxidation state (i.e. an Osrv complex). These complexes undergo l&and-based 
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interconversions between the redox states, similar to those of the analogous ruthenium complexes 

W]. 

1.6.3 other coordkrtion co?nplt!xe~ 

The crystal structure of N~[Os(CN)~].lOH~O was deter&rod, it consists of layers of 

[Os(CN)6lQ- anions intercalated with layers of hydrated Na+ ions [59]+ [ { Os(CO)3I}~(pIh] was 

prepared by reaction of [(CL-H)Os3(CO)l I]- with CH2ICl and BCl3, and the crystal structure 

determined [60]. Reductive nitrosylation of 0904 with NH2OH.HCl in the presence of oxalate 

gives the square-pyramidal [Os(NO)(C2O4)]- in which the NO+ l&and is axial. This reacts with 

HX (X = halide) to give [Os(NO)X#- as the major product in each case, which all undergo a one- 

electron oxidation. For X = Cl or I, reaction of [OS(NO)X~]~- with phen affords 

]Os(NO)Xg(phen)]; for X = Br, the same reactian only results in [Hphen]2[Os(NO)Br5].2H20 

which was crystallographically characterised 1611. The crystal structures of 

[Os(NO)BrJ@t2S)@t2SO)] and fos(No,U2(s~~)2(MeOCH2CH20)1 were determined; both 

are octahedral, with the stilphoxide and a&oxide mspectively frarrs to the NO+ [62]. 

Condensation of [Os(TPP)] (TPP = nreso-tetrphenylporphyrin) with 02 gives the peroxo- 

bridged binuclear complex [Os(TPP)]2(~-@), which has an O-O vibration at 1090 cm-t [63]. 

]Os(?Tp)] ]=P = meso-tetra(p-tolyl)porphyrin] reacts with CMell_CMe~SiMe2 to give the 

silylene complex [(TT.P)Os=SiMe~.thfl; similar products are obtained from reaction of 

[Os(TI’P)]~ with R2SiC12 [64]. 

The crystal structure of [ { Os(NH3)5)2(~-pyrene)][CF3S03]4.4MqCO (23) was determined. The 

metal-centred oxidations are separated by 100 mV, indicative of a weak metal-metal interaction across 

the bridging pyrcne ligand [65]. The @-coordination of an Os(NH3)5% fragment to anisoles, 

phenols and anilines results in an enhancement of electrophilic attach at the para position of the 

aroma& rings [66]. Reaction of [Os(NH3)5(diallykther)]~ with triflic acid gives the ally1 complex 

[Os(NH3)s(q3-C3H~)13+ in good yield, it shows no redox activity, but undergoes addition of 

nucleophilcs at the terminal ally1 carbon atom. Cyclic ally1 complexes were also pmpared from partial 

hydrogenation of Os(NH3)52+ complexes with $-bound anisole or 1,4_diithoxyhenzene. The 

affinity of the Os(NH3)52+ fragment for the C=C double bond of a conjugated diene is higher than 

for an isolated alkene [67]. The crystal structure of [(2,3-q2-2,5dimethylpyrrole)Os(NH3)#+ 

reveals that +~3-coordination of pyrrole (i.e. as an alkne) transforms the ligand to an eniunine, with 

significant locahsalion of the 7AechQn density 1681. 
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1 - Mel 

Alkinyl, vinyl & 
vinylidene OS ” complexes 

I NaH 

R’ = CQMe\ / R’ - -CH&H(OH)R” 

II 

R 3~: Ph, ptoiyl 

J 
R’ - H, Ma, “Bu, ‘Bu 

\ 
[(~6-~H,)Oa(~W(Wl [(ll’~H,)Oa(=C=CHRI)(P~)~~ 

Scheme 3: Reactions of [(T$~&I&s(PR~)I~ with terminal al&ynes 

Reaction of [(T$c&)os(PR~)I~] with terminal alkynes R’CXZH oan proceed along 
various paths depending on the nature of R’ (Scheme 3). If R’ is an alkyl or aryl group, the product 
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is either a neutral alkinyl[69,70] or a cationic vinylidene [70] species; if R’ = CQMe. the product 

is a vinyl complex containing a five-membered ring in which an 0 atom also coordinates to the 0s 

PO]; if R’ = CH2CH(OH)R” the product is a cyclic oxycarbene, which may be deprotonated to give 

a vinyl ether l7 11. Several other mactions of these products were also described. New routes to the 

axavinylidene half-sandwich compounds [(q%ue.ne)Os(=N=CRR’)L]+ (R, R’ = Et, Ph; L = Pi&, 

PMeBu2; arene = benzene, mesitylene) have been developed starting from [(qe-atene)osLIz] [72]. 

Numerous reactions of [(q6-mes)Os(CO)Cl2] and [(qa-mes)Os(CNR)Cl2] (mes = 1.35 

trimethylbenzene) with a&y1 and aryl Grignard and lithium reagents have been carried out. In 

general,displacementofahalideoccurstogive mononuclear products containing a o-bound alkyl or 

aryl group in addition to the x-bound mesitylene [73, 741. For the reaction of [(qa- 

mes)Os(CO)Clz] with C&t tMgCl, [(q6mes)0s(CeHt t)$O)] is the major product, whereas use 

of C&t tMgBr results in [(qe-~~s)os(c&I~o)(co)] where the coordinated cyclohexene has an 

endo configuration [74]. Another unexpected result was the formation of (24) as a by-product in 

the reaction of [(qe-mes)Os(CNMe) with PhMgk [73]. 

Some reactions of [(qe-mes)OsC& are summarised in Scheme 4 [75.76]. Labelling 

experiments using CzD50D as solvent showed that in (25), formed by reaction of [(qe- 

mes)OsC& with Na2CO3/ethanol/propene, all three new ligands (H, CO and CH3) have come 

from the solvent ethanol. The ethanol, therefore, was controllably fragmented to CH3, CO, H and 

Hz (which is trapped by the olefin) [75]. 

6 

+% 

Ph ,os--‘W,Ph 

Y 
\ 

Ph 

/NH 

(24) 

Protonation of [(qe-mes)OsHz(PMe$] with HBF4 gives [(qemes)OsH3(PMe3)1+, which 

has a classical trihydride structure accord@ to T1 measurements [76]. [(qa-C&I&%LH31+ (L = 

phosphine or phosphite) were readily prepared by protonation of the neutral dihydrides. They are 

fluxional at room temperature (single hydride resonance in the NMR spectrum) but at low 

temperature show well-resolved AIt2 or A$ systems with large, temperature-dependent JAB 

couplings due to quantum-mechanical exchange coupling between the protons l77]. Reaction of 

Kpp3W2l with Na/Hg in benzene l&p3 = P(C$44-~W31 afforded Kpp3)WW)l[7gl. 
The monomeric arene-nitride complexes [(qW&Ie@s(rNtBu)] react with alcohols to 

give [(qQjMefj)0s(alkoxide~] and with thiols to give [(q~CsMes)os(thiolateteh]; amine/imido 

exchange reactions are also possible. These mactions allow new routes into low-valent osmium 

complexes containing Os-X (X = N, 0, S) bonds l79]. 
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c 

-yt 

A 

“cyoq-~cx 
0 3 

WWA 

\ (X = H, F) 

~2=?3 Wts-meWWW(W1 WI 
EtOH 
C2H4 

+ [(qs-mes)Os~3-~H,)Cl] 

/ 
Na2C Q,/EtOH 

[(q’-mes)OW& 

:_ze;$ 

CH&H=CY 

<.C WE flH 

[($-mes)OsLCu 
[(qs-mes)20s&-0Et)&l 

I 

varhs Kutes 

[(q’-mes)OsLHCI] 

1 (L =Hlplp,3) ~ I(~6-me3)03(CO)(PR3)CIl+ 

[(qs-mes)Os(pi~3)C~]+ w [(~s-m~s)~s(~~-~H~~)~~3)CIl’ 

I 

-H+ 

[(q’-mes)Os(-ChCMe)(Fkr3)CI] 

Scheme 4: SOme reactions of [(q%nes)osCl~, 

1.7 osMIuiu(I) 

Bending potential energy surfaces for twelve isoelectronic states of [@H2]+. formed by 

insertion of Os+ into Hz in the gas phase. have been calculated [So]. 
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1.8 osMIuM(o) 

1.8.1 Sandwich complexes 

The UV/VIS spectra of C!p$% and Cp*zOs in the vapour phase were compared to the solution 

spectra. Differences arise due to the presence of two sharp bands due to the 5d(at8) + [6p(e3]* 

and Sd(atg) + [6p(ah)]* Rydberg excitations in the vapour phase spectra (where * denotes the 

excited state). Although these transitions also occur in solution, the spectral bands a~. broadened 

beyond detection [81]. An o smocene derivative with a trisulphide bridge linking the two rings was 

shown by NMR spectroscopy to undergo a fluxional bridge-reversal process (Scheme 5) whose 

activation free energy is related to the strength of the metal-ring bonding and the torsional energies 

of the S-S bonds [82]. 

Scheme 5: Fhtxional behaviour of trisulphide-bridged osmocene 

Decamethylosmocene-1,2-dicarbinol loses two Hz0 molecules on protonation, to give 

[Cp*OsC$vIe3(CH~)z12+ (26) in which the two -CH2+ groups interact with the metal centre; the 

1.1’~isomer [Os(CsMe&H#+ was also prepared. MO calculations suggest that a variety of 

distortions should occur, including bendong of XI&+ groups out of the Cp’ ring planes, ring 

canting, and off-centre ring slipping [83]. a-Osmocenylcarbinols and their Cp’ analogues show 

intramokular OH-OS hydrogen bonding [84]; the s&tic influences of substituents on the carbinol 

group and the Cp rings on this H-bonding were investigated [85]. The pendant phenyl rings of 

phenyl-substituted a-osmoce nyl carbinol could be ligated to other metal complexes to give (27) and 

(28) Pm 

Me 

(W (27). M = CoGO)g; (28). M = cr(CO)3 
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1.8.2 Other OS(O) complexes 

[OsCl(NO)(PiP&] is a stable, planar X-electron complex which undergoes oxidative 

addition with H2, HX, MeI, I2 and MeOH. It reacts with alkynes to give either terminal alkynyl 

complexes or side-on x-bound alkynes. It adds CO to give a five-coordinate, l8clectron complex 

[87]. The crystal structure of [OsCl(NO)(PPh3)2(OSNC&W-Me)] (29) has been determined; 

the SW hetemcumulene (formally O=S=N-C!@@e) adopts a pseudo-olefinic qzN,S coordination 

mode [S-N = 1.61(4) A] to the Oso centre [88]. Addition of the nucleophile [Os(CO)4]2- to the 

coordinated, electqhik hydrocarbon ligands of other complexes affo& hetemlrimetallic species. 

Thus reaction of [Os(CO)4]2- with [(CO)$k&&heptadienyl)]+ gives cti-[[ Os(CO)4) [ (p-T11rT14- 

QHg)Fe(CO)3)d (30) whose crystal structure has been determind, analogous products were 

obtakdfromreactkm of [OsCO~412- with Kp(NOKO)Mo(dlyl)l+, K~(COMWbutadiene)l+. 
[(COhFe(cy&&xadienyl)]+ and other ektmphk [89]. Mono-pmtonatioo of [Os($-mes)(31)1 

[where the 13-diene (31) has the molecular formula CtgHt4] gives the fluxional cation [OS(I$ 

mes)(Ct8H&]+. Treatment with tBuNC causes irreversible hydride transfer to (31). giving 

t~(~6-~S)(c18H15)(~U)l+ tml. 

1.9 IONIC SOLIDS 

FQI5Os was prepad from PrI3, Pr and 0s at 875’ - 975’C [91]. 
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1.10 OSiUIUM CARBONYL CLUSTERS 

I JO.1 Clusters with only carbonyl and hydride ligands 

A new theoretical analysis accounts very well for the X-ray absorption spectrum of 

[Os3(CO)l2] [92]. Isotopic labelling experiments suggest that electron transfer reactions between 

[oS3CQ1112 and F13(W12l W = Fe, Ru) to give [Os3Ghl ad B43(cO)1112- ocw by m 

outer-sphere mechanism [93]. The crystal structure of [Ph4P]2[Os&O~ has been determined. 

The strucmm of the corn is that of a tricapped octahedron, with an additional Os(CO)3 group on one 

of the three caps. The cluster is suggested to be at an intermediate stage between the well-known 

low nuclearity 0s clusters and new ‘giant’ species [94]. A more impressive example of a cluster 

further along the same mute is [Os&ZO)&- (Fig. 2), a molecular tetrahedron with four 0s atoms 

along each edge. The 0s atoms are arranged in a cubic close-packed array with no intersthird atoms. 

The arrangement of CO ligands over the surface is similar to that of chemisorbed CO on the (111) 

surface of close-packed metals. Preliminary experiments show a very rich electrochemical 

behaviour [95]. 

Figure 2: Core structure of [Os~(CO)4#- ; each vertex represents an 0s atom. 

The kinetics of 13CO exchange with 12C0 in ~Os3(CO)tt]- and [DOs3(CO)11]- were 

studied. Two parallel pathways were found, one dissociative and one associative; the rate is cation- 

dependent due to ion-pairing effects [%I. Rxamination of the vibrational spectra of the p2-H 

ligands in [HqO.q(CO)t3j indicates that the molecule has l&t symmetry. The Raman spectral 

intensities are strongly influenced by the fact that the four hydrides have per&-Dqh symmetry 

(neglectingtherestoftheclu~~andbythesphericalsymmtryofthehydrogenlsarbitals[97]. 

Reaction of [Osfj(CO)ls] with R3NO (R = Me, Et) in a non-coordinating solvent rest&s in 

formation of ~Os&O)171_, which was subjected to a variable-temperature NMR spectroscopic 

study. [Hosg(cO)17]- is isoelectronic with O&CO)tg and behaves similarly [98]. Pyrolysis of 
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[Os3(CO)tu(MeCN)zl in vacua affords [OsgH(CO)24]-, which was crystallographically 

characterised. Thecoresuucture is the first example of a ui-capped octahedron [99]. A neutron- 

diffraction study of [ppNj2[HqOslu(CO)34] located the hydride ligands directly. All are on the 

surface; hvo arc triply-bridging and two are doubly bridging. Them is an incipient C-H interaction 

between the CO ligands and the hydrides, which suggests that the cluster is a good model for the 

chemisorption of ‘syngas’ (Hz + CO) on metal surfaces [lOO]. 

I JO.2 Clusters with aaiiitional C, Si or Sn liganak 

The stereochemical non-rigidity of [OS~(CO)~(~~-C~~)(~~~~:~~+-C&~)] (32) was 

studied by line-shape analysis of its 13C CP/MAS NMR spectrum. Five dynamic processes were 

identified in solution including a ‘jump’-type reorientation of the benzene ring, ethene rotation and 

‘turnstile’-type rotation of Os(CO)3 vertices [loll. 

(32) 

Activation of [0~@-H)q(CO)ld with Me3NO in MeCN gives the reactive intermediate 

[O~~(J~-H)~(CO)&I~CN)~], which reacts with 1~3-cyclohexadicne to give new clusters with apical 

C&&jandc6Hgligands. TheCeHgligand converts to qe_caHs on heating. The crystal structures 

of D~~P-H)~(CO~~OI~-C~H~)~ and [os4(CO)9(116-CsHa)(~4-C~8)l were detmkd 11021. 
Molecular organisation in crystals of [Os4H3(CO)&$krene)] was investigated by packing 

potential-energy calculations; the crystal structures wet-c determined for arene = tolcne and m- 

xylene. Crystal packing and ease of reorientational motion of the arene in the solid state were 

discussed [103]. The benzene ligand in [Os4H~(CO)10(q6-C&j)] is labile and could be displaced 

by PhC=CPh in the presence of Me3NO and MeCN, to give [OqH3(CO)g(Ph3C2)23. One Ph2C2 

ligandadoptsa~(C13-~2,2a+A)f~gmodc,buttheotherisa#achgdtnminally(like 

an alkene) as a Q~1-q~) four-electron donor (Fig. 3). The GC distance and the Ph-C-C bond 

angles indicate that tbe C atoms retain substantial sp character [104]. The crystal structure of [Q.t- 

~l.qUI!~)Osz(CO~ shows that the ethylene C atoms are almost comple&sp3 hybrids The 

C-Cbonrd~~aresimilartothoseofethaneanddhenechemisorbedonthe~(111)surfrtoe;the 

complex is therefore a model form ethene [105]. 

Reaction of [HOs3(CO)t t]- with PhOCPh gave as the unexpected product 

[H~oS~(CO)~3(Ph~C2)(phcc(H)(c6Hq)}]. The core structure is that of a twisted bow-tie’, with 
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one Ph2Q adopting a normal p3-(20 + K) bonding mode, and the other being ortho-metallated &- 

q2)Ph-CC(H)-Q& due to intramolecular H-transfer from a phenyl ring to the acetylene carbon 

atom [ 1061. By contrast reaction of PhCkCPh with [Os7Hz(C!O~] results in C=C cleavage to give 

p3-carbynes such as [Os7(C0)&3-CPh)2] and [Os7(CO)l5(p3-CPh)4]; the former has a 

monocapped octahedral core, whereas the latter is a bi-cappe!d square pyramid [ 1071. The radical 

[H~OS~(CO)~(C(~-C’)I reacts with CgH5F to give [H~OS~(CO)~(~~-C-C$-I~)] and with QFg to 

give [H3Os3(CO)9(~3-C-W5)1 WW. 

1.29(l) A 

‘47.3(6)*yQ i /p- 

\/ 
OS 

139.6(5)’ 

Figure 3: Structuml parameters of the (q2-j.tt)-PhzC2 ligand in [OsqH2(C0)9(Ph2C2hl 

The terminal carbene [Osj(CO)1~( =C@t)NMe2)] reacts with ‘BuC=CH to give a variety of 

products, via new C-C bond forming reactions by transfer of the carbene to the alkyne. Several 

multicentre transformations of the organic ligands rue described, and the crystal structures of the 

initial adduct [Os3(CO)9{=C(Et)NMe3) (~3-C(H)CtBu)] and the products [Os3(CO)8( =C(Et)- 

N(Me)Q&k-) W+X-WBUJ(P-H)I (33) and [Og(CO)9(~3-PhC2C(Et)(NMe2))~-H)l (34) 
determined [lo!& The reactivity of [OS~(CO)~{~~(=C(E~)N(M~)CH=))(~-H)~(M~CN)I (35), 

which contains a bridging aminocarbene ligand, to diarylalkynes was examined. New organic 

ligands attached to the Os3 core resulted, from insertion of hydride into the alkyne followed by 

coupling of the resultant alkenyl groups to the bridging carbene [ 1 lo]. 

MeCN 

(33) w (35) 
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Oxidative addition of cyclopentadienylidene-triphenylphosphorane (36) to the activated 

cluster [Os3(CO)to(MeCN)~ affords the zwitterion (37). with the Cs ring coordinated as a p- 

alkylidene. In solution it slowly interconverts to the isomer in which the phosphonium group is at 

the position marked *. Loss of one CO ligand results in [Os3(p-H)(p3-Ph3PQH3)(CO~] (38). 

which also exists as a mixture of isomers [ill]. N-Methylpyrollidinc also reacts with 

[O~~(CO)~&VWN)~J, to give a mixture of (39) and (40) [112]. 

W) (37) (38) 

‘N+ / Y -0s(c0), 
(COkos\OSi~ 

(Co;” 

+ 

-“\ _ F (C0,,0s\oS7ym3 

(Cop 

(39) (40) 

The reactions of various 0s3 clusters with methoxyallene [CH2=C=CH(OMe)] and methyl 

propargyl ether iJK=GCH2OMe] wart studied. Methoxyallene behaves simply as a four-electmn 

ligand bridging one edge of the cluster in QVI and anti [Os3(CO)11 (p-CH2CC(H)OMe)], but 

coupling of the alkyne with itself and with CO gives rise to 0s3 clusters containing coordinated 

organic fragments such as MeOCH2-C=CH-C(O)-CH=C-CHZOMe, in addition to simple 

coordination of the starting material in [~3(CO)~(cc-cO)(~3-~2-~~~OMe)l 11131. The 

capped clusters ~~OS~(CO)~(~~-CY)I (Y = We, CONE& CON(Me)Ph) were prepared by 

reaction of [H3Os3(CO)g(CI3-CBr)] with AlC13 and CO in the presence of c$I 3OH, EQNH and 

PhNHIvIe respectively. The same pmducts could be obmined from [H3os3(CO$(p3-C-CO)j+ with 

thesamereagents. ForY=~~and~~~pyrolysiscon~thealky~~ne~anallrylidene 

(Scheme 6); the rates and mechanisms of these mactiom sre discussed [ 1141. 
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l,l,l-Ikis(isocyanomethyl)ethaue @is-NC) acts as a face-capping ligand iu [Os3(CO)9(tris- 

NC)] (41), with one -NC donor to each OS atom. [Os3(CO)&ris-NC)3J was also prepared and is 

thought to have both faces capped in the same manner [ 1151. Thermolysis of the isoniuile clusters 

[Os3(CO)ldc;(u.-X)(CNR)] (R = Me, Ph, p-tolyl, o-tolyl. 2,6-MezPh; X = H, D) cau result (apart 

Iimu loss of CO) in metal-to-isonittile H transfer. The H atom may transfer to the isonitrile C atom, 

giving [Os3(CO)l&t-H)(lq3-CH=NR)] or to the N atom, giving [Os3(CO)lo(~-H)(~-~l- 

C=NHR)]. Mechanistic and kinetic studies were performed to probe the dependence of reaction 

pathway on the nature of the substituent R [ 1161. 

(Cob (Cob 

Scheme 6: Pyrolysis of [H~OS~(CO)~(~~~-CX)] (X = OMe and IV@) 

(41) (42) 

[Os3(CO)9( ~3-q3-Si(OEt)3)Q.t-H)] (42) is the first example of a &3-q3)-siloxy &and in a 

uinuclear metal complex. Addition of two equivalents of CO yields [Os3(CO)ll (Si(OEth)@-H)], 

where the -Si(OEt)3 acts just as a tenuiml ligand. The crystal structures of these two species and Of 

[Os3(CO)lu(MeCN)(Si(OEt)g)(~-H)] were detenuimd [1171. In the stannyne complex 

[Os3(CO)l&-SuR)(l.kH)] [R = pyridyl-ZC(SiMe3)3, a bidentate C,Ndonor to Snl the SnR group 

bridges one Os-Os edge. The cluster is therefore a possible precursor to new high-nuclearity Os- 

Sn species [118]. 



25 

I .I 0.3 Clusters with additional N, P, As or Sb ligandv 

[Os3(CO)l2] reacts with axoethane to give [HOs3(CO)&t3-q3-EtN-N=CHMe)l, which 

contains a Bridging hydraxone li& its crystal stmcture was determined [ 1193. The reactions of 

[Os3(C0)10(MeCN)~ with some secondary amines were investigated. Whereas reaction with 

“PrNHEt yields two new OS3 clusters, reaction with MeNHEt yields five; amongst these, the crystal 

structures of [Os3(CO)to(cI-H)(cr-11”MeC=NMe)l, [Os3(CO)lu(p-H)(p-r$-EtNHCH3)l and 

[Os3(CO)l&.t-H)Q.ql-CHCHN(Et)CH$H$Z!H3] were determined [ 1201. The hetero-cumulene 

PhN=C=C=PPh3 reacts with [H2Os3(CO)lu] to give [HOs3(CO)g(p3-$-PhN=CH-C-PPh3)] 

(43) [121]. The site of addition of trlalkylphosphines to the unusually reactive OS3 clusters (44) 

and(45),andthe~oftheproductsformed,v~withthesauctureofthei~ligandandthe 

steric bulk of the phosphine. In general, addition of PR3 causes partial displacemen toftheimidoyl 

ligand (reducing from a five-electron donor to a threeelectron donor); the products undergo thermal 

rearrangements via C-OS and C-N bond cleavage [ 1221. The factors influencing exe vs. endo 

configurations, and ql vs. ~2 coordination modes of heterocyclic ligands X in the clusters 

[Os3(CO)&AI)(p-X)] (X = pyrollyl, indolyl, furyl. thienyl) have been examined [123]. 

(43) (44) Rl = Et; R2 = “Pr 

(45) Rl + R2 = -(CH2)3- 

The activation volume for terminavbridging hydride exchange in [Os3(CO)lr~H(p-H)()] 

was demmhcd to be. -0.8 (k 0.4) cm3 mol-1 by analysis of NMR lineshapes at pressures up to 200 

MPa. The negative value suggests a transition state in which both hydrides are bridging [1241. 

New routes to the phosphine-substituted clusters [Os3(CO)ll(PH3)1 and [HOs3(CO)lo(c12-PH3)] 

were developed using PI-I41 rather than the mom hamrdous PH3. These species are pmcumcm for 

the preparation of high-nuclearity P-containing clusters [KS]. [Os3(CO)g(p-H)&~3-Ar)] (Ar = 

C&t, QI-Ie, C4H3N. C&NMe) may be activated with Me3NO in MeCN to give the acetonitrile- 

substitued derivatives [Os3(CO)g&-H)3(MeCN)“(p3-Ar)] (n = 1.2) which react in turn with 

phosphines or phosphites to give [Os3(CO)9&-~(PR3)(p3-Ar)] (n = 1,2; R = Ph. Et, OMe) by 

displacement of the acetonitrile ligands [ 126j. [Os7(CO)m( P(OMe)3]] has a capped octahedral 

structure, with the capping 0s atom bearing the (MeO)3p ligand [ 1271. Ikis(@kynyl)phosphines 

(RC=C)3P may be used to prepare functionalised phosphido and phosphmidene clusters; for 

example, reaction of [Os3(CO)12] with P(C&tBu)3 gives [Os3(CO)g(p~$-CnCtBu)(p2- 

P(C”CQuh]l H281. 
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The diphosphazene ligands am monodentate P-donors in [Os3(CO)ll ((CF3)3P=N=PPh3)] 

and [Os3(CO)lo((CF3)2P=N=PPh3)2]. The P-N bonds are of a similar length, suggesting 

delocalisation of ligand electron density 1129, 1301. P-Phenylphosphole and 3.4~dimethyl-p- 

phenylphosphole (L) coordinate as monodentate tertiary phosphines in [Oq(CO)llL] and 

[Os3(CO)1&]. In each case, heating results in oxidative addition of a P-C bond (either to the 

phenyl group or within the QP ring) to an osmium atom with concomitant cleavage of the 

phosphole ring and the OS3 ring. For L = 3,4-dimethyl-P-phenylphosphole, the crystal stmcture of 

the major product [Os3(CO)9(p3-PhPCHC(Me)C(Me)CH)l was determined [131,132]. 

Rfficient synthetic routes to the substituted clusters [Osg(CO)I7L] [L = P(OMe)3. PRt3, 

PPhfle, PPh3, AsPh3, SbPhg] and [Os&O)t&‘~ (L’ = PPh3, PPhzMe) are described; they have 

the same bicapped tetmhedml core structure as [Os&O)181. Decarbonylation of [Os&O)l7L] 

with Me3NO in CH2Cl2 affords the new species lI-K&(CO)l&-, which may be protonated with 

HBF4 in two separate steps to give [H2Os,5(CO)l&l and [H3Os&O)l&]+. The same reaction 

with Me3NO/CH#12 was used to COnVCrt [oqj(co)t&‘2] to [HOsg(C0)1&‘2]- [I%]. 

[Os3(CO)Io(p-H)(H)Ll (L = CO, PPh3, AsPh3) undergo two-electron, chemically irreversible 

reductions similar to that of the isoelectronic [Os3(CO)13j. In contrast the 46-electron clusters 

[Os3(CO)9(c(-H)3Ll undergo two distinct reductions, the first of which generates [Os3H&O)lr~]- 

[ 1341. The new hexaosmium clusters [(Os3(CO)tl)-As-(Os3(C0)9H3)] and 

[( Os3(CObH3 ]zQ-As)], prepamd by reaction of appropriate 0~3 starting materials with AsH3, 

each consist of two Os3 units bridged by the srsenic atom [ 1351. 

1.10.4 Clwters with additional 0, S, Se or Te ligands 

The radical (CF3)2NO pmferentially attacks the terminal H in [Os3(CO)ll(H)Qt-H)]. to give 

[Os3(CO)lI(c1-H)((CF3hNo)1, the first example of a stable metal carbonyl cluster containing this 

strongly-oxidising perfluom radical which coordinates as a monodentate O-donor 11361. The 13C 

MAS NMR of silica-supported [0~3(~~0)123 revealed the structures and dynamic behaviour of 

the bound species. It was assigned by comparison with solution spectra of species such as 

[Os3~~~)1o(H)(OR)I CR = Me, ph, SW3). I~s(cohoW)(O~CH)l ad [0~3KV1oOXW21 

which are models for the surface-attached species. The initial product is [Os3(C0)10(H)(O- 

Skqport)]; physisorbed [Os3(CO)t3j undergoes fast isotropic motion 11371. 

Reaction of [HOs3(CO)111- with [Os3(C0)1u(MeCN)3] in acetone under 02 affords 

[HOs3(CO)t0.CO3.0~(C0)~]- (46). The role of 03 in the formation of the CO3 bridge is not 

clear 11381. Reaction of [Os3(C0)1@IeCN)~ with oxalic acid gives [(Os3(CO)tO(p-H))&- 

C!zQ)] (47) in which two OS3 groups are linked by the bridging oxalate [ 1391. 

The preparation of ~&)s3(CO)9(03SCF3)$ and some if its reactions am summarlsed in 

Scheme 7; (48) was crystallographically character&d [140]. The crystal structure of cis- 

[%(CO)lZ(k-~3C~ (49) has been determined [I4l1. 
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H2S04 
or 

I I~(CO~~-H),(CI:~~-~CR)~'-~SCF~)I 
(a), R = Me 

[~(CO)BC-H)2(~:r13_4SO)l 

Reactions of [Os3(CO)1o@dIut)] (So, dmt = 3.3dimethylthietane) have been studied which 

involve ring-opening of the dmt ligand to give new 0s3 complexes with sulphide ligands. The dmt 

ring may be opened by ol&mMsatim with furthez dmt ligands to give (Sl), m~~leophilic attack by 

chloride to give (52). or phutodmuically to give (53). N umerous flutlm reactions of these qxxies 

involving rearrangement of the ligand fiagmms have been paformed [ 142,143]. 
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(48) (49) 

Thermolysis of [Os3(CO)t&SePhh] (from [Os3(CO)1o(MeCN)21 and PhSeSePh) gives 

[Os3(~)&.l-Ph)(PhCO)(C13-Se)~, in which the original diselenide has been cleaved into four 

separate ligand fragments, and all three 0s atoms have been oxidised to OsI1 by oxidative addition 

[144]. Reaction of [Os3(CO)11(MeC!N)] with Te(CF3h in cyclohexane resulted in formation of 

[Os3(CO)~~(Te(C~~~)~]l. where the CF3 groups originally attached to Te are replaced by 

cyclohexyl groups. The first C-H activation is thermally induced whereas the second is 

photochanicaksimihlrsimilarultswerealsoobrainedwithpentane[145]. 

‘c ,,N 
. . . ,P\ ,k/o!3(CO)4 #,‘..’ -c ,/“e\ 0 sHos(co)4 

i-/ J- s ‘5% * 
[O s= os(co~ 

L 
= 

(50) (51) 
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I .lOJ Clurters with udiltionul hubgen ligunds 

Reaction of [Os3(CO)t&t-Br)(CH=CHPh)] with PhCHzNC and PPh3 gave [Os3(CO)g(p- 

Br)(CNCH2Ph)(CH=CHPh)] and [os2(CO)S(PPh3)(~-Br)(CH=CHPh)l respectively. NMR 

spectmscopy showed that whereas the former has a static ethenyl ligand, the latter undergoes x-o 

ando-n rearrangement (vinyl flipping) [146]. 

1.11 OSMIUM CLUSTERS CONTAINING OTHER TRANSITION METALS 

1.11.1 Groups6and 7 

[(CO)~.,(tBuNC),Os-M(CO)sl (M = Cr, MO, W, x = 1,2) were prepared by reaction of 

[Os(CO)5,(tBuNC)J with [M(CO)s(thf)]. The crystal structures were determined for M = Cr and 

x = 1.2, in both cases the 18-electron Os(CO)3_&BuN~ fragment acts as a two-electron donor to 

Cr ViU ZUl os-cr dative bond [147]. [~w~3(Co)13~-~1~1~1~~2C~~~] (9) 

was prepared by reaction of [Os3(CO)to(MeC!N)~ with [CpW(CO)3(CH$XX!H=CH3)]; an 

additional tetranuclear cluster, in which the W atom has migrated to the ligand B-carbon, was also 

isolated [ 1481. Roth acetylide clusters [CpLW~Os3(CO)9(C&Ph)Qt-H)] and vinyliine clusters 

[CpLW~Os2(CO)g(=C=CHPh)] (L = Cp or Cp*) were isolated from the reaction of 

[cpwoS2(co)~(cfcph)] with Me3NO followed by LW(CO)3H. The two prOductS may be 

reversibly, thermally interconverted [ 1491. Reaction of [Os3(CO)tt)(RC=CR)] with 

iWL(CO)3(C=CPh)l affords the butterRy clusters lLWOs3(CO~(p3CPh)(CCRCR)l (R =P-tolyl, 

L=Cp,55;R=Me,L=Cp*)viuscissionoftheacaylide~bondandcouplingoftheacetylide 

u-carbon atom with the coordinated alkyne. Reaction of these species with ditolylacetylene 

followed by loss of CO genemks new tetranuclear WOs3 clusters [1501. Thermolysis mactions of 

the butterfly cluster [CpWOs3(CO)1o(CMe=CMeCCPh)l (56) under various conditions lead to 

corerearrangementsvialossofCOandactivationofthehydmcakmligand[151]. 

Tol 

Ph 

(54) (55) (w = w-Cp) 
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\ c JPh (0” M 

“\c&----7 \ _- 
(co) ~,w.~~woI3 

2 
3 3 

‘“‘40&~‘“‘3 
&- 

(56) [w = WWWI (57): M = Mn(CO)3 

(58): M = FeCp 

[OS~Q.~-H)(CO)~~{(C&I~N)M~(CO)~]] (57) was structurally characterized; the pyrrole 

ring acts as an 8-electron donor [ 1521. Hydrocarbon-bridged polynuclear complexes were prepared 

by reaction of cationic Re complexes with anionic OS complexes. Thus, addition of 

[(CO)sRe(CzH&+ to [Os(CO)& gives [(cO)~~2~2~(C0)4cHzcHzRe(C0)51; similarly, 

reaction of [(CO)3Re(C$Q)l+ with [Os3(CO)t@ affotds [(CO)sReCHzCH~Os(CO)4Os(CO~- 

Os(CO)&H$H3Re(CO)5] [153]. 

1.11.2 Groups 8 to 10 

The crystal structure of (58), prepared by reaction of azaferrocene with 

[Os3(CO)tu(MeCN)31, was determined. The iron centre undergoes a reversible one-electron 

oxidation [152]. The dianion [OS~(CO)~(R~CXIR~)]~ reacts with [Ru(qe-CeH&MeCN)3]2+ to 

give [(q6-csHs)Ru(R1anCR2)oS3(co)91, whose crystal structure was determined for RI= R2 = 

Me (59) [154]. 

Me 

I 

C 

Me\.c/c 0 7 \lY 
--Rul__l_ / 
I 

- .os 

OS co s= 0s(cogl 

(5% 

Ph,P-PPh 

I I’ 
(CO)Rh- OS(CO)~H 

I I 

Ph2pvPPh2 

An extensive series of dppm-bridged OS-Rh complexes has been pmpared starting 6om 

(60). which contains a cootdinatively unsaturated rhodium centre. Examples include reaction with 
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CC!4 to give [RhOsCl(CO)3Qtdppm)~ and with HBF4 to give [RhOs(CO)3Q.t-H)2(p-dppm)zl+ 

[ 1551. [HOs(CO)4]- reacts with [IrCl(?$dppm)~ to give @Oso2(CO)3( ~2q3-(o-C#4)PhP- 

CH3PPh3}@dppm)], in which one phenyl group is ortho-metalked at the iridium atom Addition 

of a proton or [Au(PPh3)]+ reverses the mtallation. giving [Iros(CO)3(cI-H)(cI-X)~dppm)$ [x 

= H. Au(PPh3)] which have core structures similar to (60) with an osmium-to-iridium dative bond. 

Other transformations af the core are described, and the crystal structure of [IrOs(CO)~(~- 

dppm)3][BF4] mported [156]. Carbonyl fluxionality in the triangular clusters [(qs-C5R5)(CO)Ir- 

(Os(CO)4)23 (R = II, Me) was examined by NMR wy [157]. 

The crystal structures of the butterfly clusters [Os3PtQt-H)3(CO)lo(PCy3)(PiPr3)] [158] 

and [OqPt(CO)tt(PPh3~ [159] were determkd. Both have a Pt-PR3 group at one wingtip, with 

the other phosphine bound to the 0s atom at the other wingtip. Isomerisation and fluxional 

processes of the tetrahedral clusters [oS3pt(~-H)(CO)9(pR3)(pCy3)] (where the PCy3 is attached 

to Pt and the PR3 attached to 0s) were studied by I3C EXSY NMR spectroscopy. The structures 

adopted depend on the bulk of PR3. For PR3 = PM9ph, PMe3. PPh3 one isomer pm&minates, 

and H- migration occurs. For PR3 = Pk3, PC!y#r the clusters axist as a 1:l mixture of two 

isomers in solution which interconvert rapidly at room temperature. Several independent CO 

exchange pathways may be present [160]. Nido-[OsBsH9(CO)(PPh3)$ may be converted to 

[(CO)(PPh3~Os(p-H)PtCl(PMe3Ph)B$-I7] according to Scheme 8. Thermolysis of this yields a 

varietyofotherplatinaosmaboranes [161]. 

Scheme 8: Preparation of a new platina- osn&omne [Os = Os(CO)(PPh3)2l 

Reaction of [&3(~)l&fe~ with PtWk gives two products, [~2~3(~ho(codhl 

(comprising a tetrahedral Pt3O.q core with an Os(COk group bridging the OS-OS edge) and 

[PtOs3(CO)t3(cod)QkQH1t)(lkH)] (comprising a tetmhedml PtOq core in which one cod ligand 

bridges an Os-OS edge due to C-H cleavage). The former product is electron deficient, and reacts 

with CO to give in2er alia the trumxtd r&t clus3ex [ptzos3(CO)14] [XT]. The crystal &naXums of 

[~20sq(~h1(d)21 and [pcaO~COh2(cod)2l (from mmion of [R2Os4KOhsl with cod) 

weredetermim&bothhave temkdml Os4 cores with two Pt(cod) face-capping group% and differ 

onlybythepnXenceofanadditionalp-cointhelattercase. Theymaybeinterumvertedbygain 

and loss of CO [163,164]. [ptzoSq(CO)tt(codh] is unsatumted, and reacts with Pt(cod)3 and I-I$ 

to give W3@4KQ11(cod)31(61) and ~(CO)~~(CO~)(C(~-S)(CL-HW (6% keeppectively [W. 



32 

By contrast photochemical reaction of [Pt3Os4(C!O)t3] with cod affords a mixture of 

[PtZOsq(C0)17] (2996, which undergoes two reversible one-electron reductions), 

[Pt20~4(CO)15(cod)] (2546, which has a raft-like structure), [Pt20~4(CO)12(cod)21 (6%) and 

~s$O)&od)]; the latter two pmducts are already known [ 1651. 

Pt--OS---Pt 
/\ 4l/’ 

OS--S 

OL- 
\ \ - -0s 

‘OS’ I ccoh\R 
4/J \ --- m\ / 
&~oo 

fP t= Pt(cod); os= os(CO&l 

(61) (62) 
hydride-sweaeaotlccated 
ly, hut jmhahly lie along 

Reaction of [Pt2Os4(CO)r~ with H2 at 25’C/lOO atm. affords the four new hydrogen-rich 

clusterS [PtOs5(CO)t&-H)e] (a PtOs3 tetrahedron and a PtOs3 triangle fused at a shared Pt 

VWtCX), [&‘0S5(C0)17(~-H)fj] (ptoS3 and ptz0S3 tetmhedra fused at a shared pt VWteX), 

[Pt2os7(co)23(p-H)8] (PtoS3 and Pt2Os2 tetrahedra and a PtOs2 triangle, fused at shared Pt 

vertices) and [PtO~+5(CO)ts(p-H)3] (two PtOs3 tetrahedra fused at the shared Pt vertex). All 

hydrides were located unambiguously by crystallography and 1H NMR spectroscopy. The first 

three clusters are electron deficient and are readily degraded by CO [ 1661. Further reactions of 

[pt’$h5(co)t7(jl-H)6] with H$, to give [pt~(co)t5(~-H)6(3-s)] (63), and With 0S(C0)5 to 

give [PtOs5(CO)&t-H)4] (64) and [PtOs4(CO)t5(u-H)2] (65) were carried out. Again, all 

pmducts wem chamcnzised by X-ray crystallography and the hydrides located both indirectly from 

their bond-lengthening effects and directly from NMR spectmscopy. The dynamic behaviour of the 

species in solution wan studied [ 1671. 

(63) (64) 

[O s= Os(CO~ 

(65) 
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Small mixed-metal Pt-0s clusters have been used as precursors to prepare high-nuclesrity 

species; bimetallic clusters containing Pt are of interest for modelling the surface behaviour of Pt- 

alloy catalysts used in petroleum reforming. Thermolysis of [P@s3(CO)to(cod)2] under N2 in 

hexane produced [~oS~(co)&od)] (66) and [~~oS&!o)21(cod)2] (67), both of which 

contain alternating layers of OS and Pt atoms [168]. Likewise, thermolysis of 

[P@s3(CO)9(cod)&-H~ in the presence of CO affords [pt4O~(CO~t(cod)(p-H)~ which has 

a similar altemating-layer structure to (66) [169]. 

056) (67) 

1.113 Groups II and 12 

The ally1 ligand in the new cluster [~(cO)to(c(~-~3-C~~)~~-AupEt331 shows a hitherto 

unobserved coordination mode, bridging one Os-Os edge. Fen&e-Hall calculations were used to 
probe the bonding [170]. The nucleophilic P atom in [Os3(CO)to(H)(p-PPh)]- reacts with 

electrophiles such as [AuCl(PMe3Ph)] to give [Os3(CO)to(H)(p-P(Ph)Au(PMe#h))l (aS) and 

with CHgC1R] to give analogous species with P-Hg bonds. The reactions occur at the more 

accessible side of the nucleophilic P atom, exo to the Os(CO)s group 11711. Reaction of 

[Os3(CO)g(R1C%CR2)]~ with [AuCl(PPh3)] gives [Os3(CO)g(R%=CR9XY] I(x = Y = AuPPh3; 

X=H,Y=AuPPh3)[154]. Theshuctme of ~osgAuc(co~-oMe~l(~. pdq=d by loll 
~f~~~33(~~1~-~upBcJ~-~~~l~~~osj~cO~~o(Md3Nhl,was~~ V721. 
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W)4~ --OsWk 

\/ 
Au 

[O s= os(cogl 

(68) (6% 

The crystal muctures of r~3(CO)9(~3-~2-‘Bu2C2)(C13-Hg)(Mo(Cp)(CO)gJl, [Os3KW9 

(~3-112-fsu2Cz)(Cc3-Hg)ICo(CO)q)l and [(os3(CO)9(CL3-S)(CL2-H)12(~-Hg)l were determind 

[ 1731. The preparation and crystal structuw of the giant cluster anion [Os1flg3C2(CO)42]2- have 

been rqortcd (Fig. 4). The structure comprises two tricapped-octahedral Osg fragments linked by a 

Hg3 triangle. Ejection of one Hg atom to give [Os18Hg2C2(C0)42]2- may be induced 

photochemically; the Hg atom may then be m4mmed thermally [ 1741. 

Figure 3: core smMure of [oSl8Hg3c2(ct&#- ; each unlabelled vertex represents an OS 

atom. 
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