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I. Mononuclear Complexes 

Organometallic Porphyrin Complexes 

The preparation of ruthenium(h) porphyrin complexes with axial phosphine ligands 

was reported. The axial ligands in the octaethylporphyrin and tetraphenylporphyrin 

complexes, Ru(porphyrin)(CO)(EtOH), can be substituted for a variety of phosphines 

to yield Ru(porphyrin)Lp.’ These ruthenium phosphine porphyrin complexes and the 

related carbonyl phosphine complexes, Ru(porphyrin)(CO)L, have been oxidized to 

form the ruthenium(lll) porphyrin complexes [Ru(porphyrin)L2]X and Ru(porphyrin)LX, 

where X = Br or Cl.2 The oxidation of Ru(porphyrin)(CO)(ROH) by t-butyl 

hydroperoxide produces dimeric ruthenium(lV) porphyrin complexes with bridging 

0x0 ligands, [Ru(porphyrin)(OR)]20 and [Ru(porphyrin)X]20.3 A dioxoruthenium 

tetramesitylporphyrin complex was reported.4 The oxidation of ruthenium 

octaethylporphyrin triphenylphosphine complexes with 0, produces RuO, and the 

phosphine oxide. It is proposed that this occurs through an inner sphere mechanism, 

while the oxidation of PPh, by 0, catalyzed by Ru(OEP)(PPh3), proceeds by an outer 

sphere mechanism.5 The synthesis and structure of other binuclear ruthenium and 

osmium porphyrin complexes has been reported.6s7 The preparation of an 0x0 

ruthenium(lV) complex of a saturated macrocyclic tetramine8 and 0x0 osmium 

complexes with a multianionic chelating ligandg,10 were reported. 

A reversible, intramolecular electron transfer between ruthenium and the 

octaethylporphyrin ligand was observed. The displacement of carbon monoxide by 

triphenylarsine in a ruthenium(ll) porphyrin x-cation radical complex results in the 

formation of a ruthenium(lll) porphyrin complex.11 

IRul’~OEP)WiPh&l + , co 
AsPh3 

F Ru”(OEP+‘)(AsPh,)(CO) 

The ‘H NMR spectrum of a ruthenium(ll) porphyrin n-cation radical complex, 

[Ru(OEP)(CO)][Cl04], was obtained. l2 The photolysis of a carbonyl complexes of 

ruthenium(ll) porphyrin n-cation radicals was observed with picosecond transient 

absorbtion techniques.13 The lifetime of the products was less than 35 picoseconds 

in most cases. 

The metallation of an N,N’-vinyl bridged tetraphenylporphyrin with Ru,(CO),, 
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gives two products. The major product, previously characterized, is Ru(TPP)(C=CRJ. 

An alkyl-ruthenium(ll) amido complex, resulting from the insertion of a ruthenium 

atom into a pyrrole C-N bond, was isolated in 30% yield and characterized by X-ray 

ctystallography.14 

Organometallic Carborane Complexes 

The metallocarborane, close-1 -Os(CO)s-2,3-[CSiMe,]2-B4H4, has been prepared 

by the reaction of Oss(CO)t2 with either closo-Sn[CSiMes]2B4H4 or 

nido-[CSiMe&B,H,. i5 The carbonyl ligands on the ruthenium vertex of another 

metallocarborane, 1 -Ru(CO)~-~,~-[CH]~B~H~, react with a variety of nucleophiles, 

including H-, OH-, MeO- and MeLi.’ 6 A close-ruthenaundecaborane, 

[l ,l -(PPh&-1 ,5-(OEt)2-1 -RuBloH8], was prepared in 40% yield from cIoso-B,~H,,,~- 

and RuCI,(PPhs)s. 1 7 Homo- and hetero-bimetallic metallaboranes, (PPh,)CI 

M’CIMBl,-,Hs(OEt)2 where M and M’ are either Ru or OS, have been prepared by the 

reaction of M’CI,(PPhs), with closo-(PPhs)2MB,oHs(OEt)2.16 

Complexes of Phosphorus Ligands 

Several groups have prepared new complexes of Os(ll) and Ru(ll) with the 

trimethylphosphine ligand. The reduction of RuCI, with sodium sand in neat PMes 

leads to a ruthenium dimer, isolated in 36% yield, in which a C-H bond of the 

phosphine has been oxidatively added to the metal. When the reduction is carried out 

in the presence of PMes and cyclopentene, a mixture of mononuclear products are 

formed. C-H bonds from either the phosphine or the C, ring are activated at the 

reduced metal.lg 

pMe3 (neat) 
/CH2-Pye2 

RuC13 + Na A-’ 

(PMe313(H)R,u Ru(HXPMe313 

PMe2-6H2 

IPMe3 , Ru(H)(PMe313( ql-cycle-C5H7) + 
cycle-C5Ho 

RuH2PMe3)4 + RuH(PMe3)3(CH2PMe2) 

The metallated phosphine complex, (PMes),M(H)(CH,PMe,) where M = OS or Ru, 

reacts with Ss to form the first polysulfido metal complex with a tridentate S72- ligand. 

References p. 457 
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The unstable tetraphosphine complex is an intermediate in the reaction.20 

PMe2 

“e3P\ 1 /CHz 
/ 

.e3P/y\H - 
Wl(PHe3)41 3 

-SPMe3 

Ptle3 

Another metallated phosphine complex, (PMe&Ru(CH,PMe,)CI, was prepared from 

cis- Ru(02CMe)CI(PMe&, and LiN(SiMes)*. The bistrimethylsilylamide acts as a 

base rather than as a nucleophile in the reaction. Similarly, cis- Ru(02CMe)2(PMe3)4 

and two equivalents of LiN(SiMes)* give (PMe3),Ru(CH2PMe2),. Both the mono- and 

bis-metallated phosphine complexes react with hydrogen to cleave the metal carbon 

bond and form the corresponding hydrido ruthenium trimethylphosphine 

complexes.*’ The osmium(ll) trimethylphosphine complexes, Os(O,CMe),(PMe& 

and OsCI,( PMe&, are alkylated with magnesium alkyls. The methyl complex cis- 

Me20s(PMe& is formed from MgMe2. Metallocycles are isolated from the reactions 

of 0s(02CMe)2(PMe3)4 with bis-trimethylsilylmethylmagnesium and 

benzylmagnesium chloride, presumably from gamma-hydride activation and loss of 

alkane from a dialkyl intermediate. The reaction of OsCI,( P Me3)4 and 

Mg(CH2SiMe3)* forms the metallated phosphine complex 

(PMe,),Os(CH,PMe,)CI.** 

The preparation of alkyl, hydride and borohydride complexes of ruthenium(ll) has 

been described. The complex RuCIMe(PMe& was converted to RuXMe(PMe& 

where X= Me, H, MeC02, and mer- RuH(BH4)(PMe3)s was prepared from the 

ruthenium dichloride or hydrido-chloride complexes. As with the osmium complex, 

alkylation of RuCI,(PMes), with benzylmagnesium chloride or neopentylmagnesium 

chloride gives five-membered metallocycles.23 Reaction of R,Mg (R = C,H,, CsH,) 

with RuCI,(PMes), gives alkyl-hydride complexes, cis- Ru(H)R(PMes)4.24 The 

complexes (C5Me5)Ru(PMe3),X, where X is an alkyl, hydride or a halide ligand, were 

prepared.25 

It was found that [CpFe(CO)2]2 catalyzed substitution reactions on C~RU(CO)~I with 



a variety of phosphine and phosphite 

[C~RIJ(CO)~L~]I were produced.26 

The synthesis of new phosphine 
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groups, L. The complexes CpRu(CO)LI and 

complexes was reported. Two isomers of 

bis(anilinopyridine)bis(triphenylphosphine)ruthenium were prepared and 

characterized by X-ray diffraction. 27 Another new triphenylphosphine complex, 

0sBrs(PPhs)2(MeCN), was prepared from [OsBrd 2 28 The preparation, structure and -. 

electronic spectra of tricyclohexylphosphine complexes of ruthenium(ll) and 

osmium(ll) were discussed.2g 

Deuteration of various phosphines coordinated to ruthenium in the complexes 

RuH,Ls was observed. The solvents C6D6 or C,Ds were the deuterium sources. It 

was found that P(NEt2)s was deuterated more rapidly than P(C,H,,)s which was 

deuterated more rapidly than P(Pri)s.30 The phosphine COrT@XeS RUHC&$h?&, 

where L is a trialkyl or triarylphosphine, were prepared from [RuC12(C6Me6)]2. C-H 

activation of the phosphine ligands resulted in cyclometallated products.31 

Orthometallation of triphenylphosphine by an osmium dimer resulted in the isolation 

of a binuclear complex with bridging metallated phosphines. The structure was 

determined.32s33 Sodium phenoxide induced ortho-metallation of a second 

triphenylphosphite ligand in [P(OPh)3]3(Cl)Ru[C6H,0P(OP(OPh)2]. An X-ray crystal 

structure was obtained on the product.34 

IP(OPh),13(Cl)R~(OPh)21 
+ - [P(OPh)zl zR~(OPh& 

NaOPh 

Cyclometallation of a variety of trialkyl and triaryl phosphines was observed when 

[RuC12(q-C6Me6)]2 was treated with PR, in the presence of sodium carbonate and 

isopropanol.31 

A ruthenium complex with a monodentate diphenylphosphinomethane group, 

RuCI(PPh,)($-C,H,)(q’-Ph,PCH,PPh,), was prepared from RuCI(PPh3)2(q5-C,H,) 

and dppm. The unbound phosphorus can be methylated by methyl iodide. 

Displacement of either chloride or triphenylphosphine from the metal coordination 

sphere produces the dihapto dppm complexes [Ru(PPh3 )(r15-CsH’s)- 

References p. 457 
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(q2-Ph,PCH,PPh,)]+ and RuCI($-C,H,)(n2-Ph2PCH2PPh2) respectively.35 Mono- 

and di-hapto diphenylphosphinomethane complexes of ruthenium(O) and 

ruthenium(ll) were prepared by treatment of Ru(COD)(COT) with dppm.3s Carbonyl 

and hydrido derivatives were prepared 

with CO and hydrogen. 

PAP 

by reaction of Ru(COD)(n’-dppm)(n2-dppm) 

co RuKO)KOD)(q*-dPPm) 
+ 

/p/ - Ru(CO)2(COD)(q1-dppm) 

1 
H2 

RuH,(dppm), E$ f-RuHCl(dppm), 

Reduction of 0sCts4- and Ru20Cl,,,4- followed by treatment with dppm results in the 

formation of cis- MC12(dppm)2 and Vans- RuC12(dppm)2.37 

A diphenylphosphinoethane complex, Ru(dppe)2(n2-CH2=CHPh), was prepared 

by reaction of dppe with Ru(PPh3)2(n2-CH2=CHPh)2.38 The styrene.ligand can be 

displaced with CO or P(OR),. Thermolysis of trialkylphosphite complexes, 

Ru(dppe)2(P(OR)3), forms Ru(dppe)2(H)(O=P(OR)2) while ortho- metallation of one or 

both dppe ligands results from the heating of Ru(PPh3)2(q2-CH2=CHPh)2. The all 

trans octahedral complexes: RuC12{Ph2P(CH2)3PMe2}2, RuHCI{Ph2P(CH2)3PMe2}2, 

and [RuH(CO){Ph2P(CH2)3PMe2}2]+ and trigonal bipyramidal complexes: 

[RuXIPh2P(CH2)3PMe2}21+, where X = H or Cl, were reported.3g A 

diphenylphosphinobutane complex, RuC12(PPh3)(dppb) was isolated. 31P NMR 

suggests that this molecule is in equilibrium with a dimer, [RuCl(dppb)(u-Cl)]2.40 

The substitution of chloride for acetonitrile in the diastereomers of 

CpRuCI[(R)-Ph,PCHCH,CH,PPh,] was found to proceed with retention of 

configuration at ruthenium. A crystal structure of the (S)-diastereomer was 

determined.41 

Complexes of ruthenium and osmium with chelating ligands containing one 
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phosphine unit were reported. A ruthenium complex of an unsaturated phosphine 

ligand was prepared.4 2 An X-ray structure of t rans - 

Ru(CO)C12(Ph2PCH2CH2CH=CHCH2PPh2) showed that the metal is six-coordinate, 

bound to the C-C double bond as well as to both phosphorus atoms of the ligand. 

Ruthenium and osmium complexes of another unsaturated phosphine were 

prepared.43 The complex (q5-C5H5)0sBr(sp), where sp = 2-CH,=CHCsH,PPh,, was 

characterized by its X-ray crystal structure. The complexes RuBr,(sp),, CpRuCl(sp), 

and CpRuH(sp) were also prepared and the reaction of CpRuH(sp) with CS, was 

reported. 

cs2 

Reaction of RuC12(PPhs)s with Ph,P(CH,),PPhCH,CH,C,H,, where n = 3 or 4, gave 

complexes RuCI(Ph2P(CH2),PPhCH2CH2C5H4) having penta-hapto coordination of 

the C, ring as well as coordination of both phosphorus atoms to the metal.44 The first 

coordination complex of a dibenzothiophene was prepared. RuCI,(PPhs)s reacts with 

4-R2P-dibenzothiophene to give RuCI,{~-R,P(DBT)},.~~ An X-ray crystal structure 

shows that the dibenzothiophene ligand is coordinated through both sulfur and 

phosphorus. 

RuC12(PPh& + 

The phenylphosphine complex [Os(PPh,),(CO),Cl(PH,Ph)]+ can be deprotonated 

to form a phenylphosphido complex. This complex, Os(PPh,),(CO),Cl(PHPh), will 

add methyl iodide or methanol to form [Os(PPh,),(CO),Cl(PHMePh)]+ and 

Os(PPh,),(CO),{PH(OMe)Ph). 4s An osmium(ll) complex with an 

iodophenylphosphide ligand was prepared. The reaction of Os(PPh,),(CO),Cl(PlPh) 

References P. 457 
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with AgSbF, in the presence of methanol gives [Os(PPh,),(CO),CI{PH(OMe)Ph}]+. A 

phosphinidine intermediate was proposed.47 

Hydrides 

A molecular orbital study of structural and electronic effects in organometallic 

hydride complexes predicted that CpOs(CO),H and related species should function 

as hydride donors rather than proton donors in their reactions.48 

The preparation of hydrido carbonyl complexes of ruthenium and osmium with 

polypyridyl ligands, including cis-[M(chelate)2(CO)H]+, trans- 

[Os(chelate)(PPh&(CO)H]+, and [Os(chelate)(diphos)(PRs)H]+, was reported.4g The 

carbonyl hydride complexes cis,mer- RuH2(CO)(PMe2Ph)s and mer- 

RuHCI(CO)(PMe2Ph)s were prepared from mer- RuH($-BH4)(PMe2Ph)s, NaBH4 and 

Cl- in ethanol.50 Also reported were the synthesis and ligand exchange reactions of 

some cyclopentadienyl hydride complexes of ruthenium and osmium including: 

CpM(H)(PPh&, CpRu(H)Lz, and CpRu(H)L’(PPhs) where M = OS, Ru ; L = l/2 dppe, 

l/2 dppm, l/2 dpae or AsPhs, and L’ = CNBut or P(OPh)s.51 The bond dissociation 

energy for Ru-H in the gas phase was found to be 41 f 3 kcal/mol, a value similar to 

that found for for Rh-H and Pd-H. This compares with the Ru-CHs bond dissociation 

energy of 54 f 5 kcal/mol.52 

The reaction of RuH,(PPh,), with either Ss or H,S yielded RuH(SH)(PPh&. The 

intramolecular rearrangement and intermolecular SH exchange reactions of this 

complex were studied by ‘H NMR.53 

The reactions of anionic transition metal hydrido complexes, including HRu(CO),-, 

with alkyl halides was studied. The reactivity of HRu(CO)~- for halide displacement 

from alkyl halides was found to be low relative to anionic hydrido complexes of the Cr 

and V triads.54 

The reaction chemistry of some ruthenium and osmium polyhydrides has been 

studied. A ruthenium polyhydride was found to activate C-H bonds in saturated 

hydrocarbons. The dehydrogenation of cyclooctane to cyclooctene was catalyzed by 

RuH,[P(~-C,H,F)~]~. 3,3-Dimethyl-1-butene was used as the hydrogen acceptor. The 

triphenylphosphine complex RuH,(PPh,), was less active.55 A dihydrido arene 

complex, Ru(CsMe,){PH(CsH,,),)H,, was found to activate the C-H bonds in 
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benzene.56 The osmium polyhydride complex, OsH4(PPh3)s, can be protonated at 

low temperature by HBF, in acetonitrile. Hydrogen loss follows protonation and the 

product, fat- [Os(PPhs)s(NCMe)s] 2+, was characterized by 31P NMFL5’ Hydrogen is 

also lost from (PPh,),MH,(CO), where M = Ru or OS, after reaction with 

(CF3S02)2CHPh. The product of the reaction was [(Ph3P)3MH(CO)][HC(S02CF3)2].58 

The step-wise, reductive acidolysis of 0sH4(PMe2Ph)3 was observed by ‘H and 31P 

NMR.5g 

0sH4L3 + H+ - 0sH,L3+ -H2, 
0sH3L3S 

+ 

-Hz 

fat-OsL& 
2+ 2+ H+ 1 

- mef-OsL& -rc- 0sHL3S2+ 

-HZ 

The osmium polyhydride, 0sH6(PPhPri2),, reacts with mercury dichloride to form an 

adduct, 0sH6(PPhPri2)2(HgC12).60 The reaction between 0sH6{P(cyclopentyl)3)2 

and BH,.THF produces H2B(~-H2)0sH3{P(cyclopentyl)3}2 in quantitative yield. The 

product has been structurally characterized.61 

Carbonyls 

Treatment of CpRu(PPh3),CI with Ss under a CO atmosphere gives 

CpRu(PPh3)(CO)Cl. Addition‘of L, where L = CO, PMe3 or P(OPh)3, displaces the 

chloride from the coordination sphere to form [CpRu(PPh3)(CO)L]Cl.62 

Photosubstitution reactions of [Ru(bpy)2XY]n+ were studied. The ligands XY included 

(PPh,Me),, (CO)CI, and (CO), as well as various nitrogen donor ligands.63 

Carbonized coconut shell was used to store CO for the preparation of red ruthenium 

carbonyl.64 

The electrochemistry of some carbonyl ruthenium catecholate and semiquinone 

complexes was reported.65 

Reactions of ruthenium(ll) carbonyl complexes have been reported. The reaction of 

polymeric Ru(CO),X,! (X=CI,Br) with 2,2’:6’,2”-terpyridine gave Ru(CO),X,(tpy). An 

X-ray crystal structure of Ru(C0)2Br2(tpy) shows that the terpyridine ligand is 

References p. 457 



bidentate. A tridentate terpyridine ligand is found in Ru(CO)X2(tpy). The cis form of 

this molecule is prepared by treating Ru(CO)~X~ with MesNO, while the trans form is 

prepared from the terpyridine and RuCls in DMF. Both were structurally 

characterized.66 A variety of bidentate donor ligands, L, (where L= N-benzoyl- 

N-phenylhydroxylamine, 2-hydroxy- phenones, salicylaldehyde, hydrazone, and 

P-diketones) react with RuHCI(CO)(PPh& to form RuCI(CO)(PPh3)2L.67 

The preparation of ruthenium and osmium complexes with other donor ligands has 

been reported. Osmium(lll) and osmium(lV) complexes of a variety of bi- and 

polydentate thioethers have been prepared from OsXs’- and excess thioether in 

2-ethoxyethanol.68 Mixed isocyanide-halide complex of osmium, t-Os(CNR),X,, can 

be prepared from 0s02X2(PPh&, 0s,(p-O)(u-0,CCH,),X,(PPh3)2 or from 

[OsBr,]]NH&. 6g170 Open-chain polyether carboxylic acids, HL, react with 
. 

Ru(CO)3(PPh3), to give Ru(CO),(PPh,),L,. One of these has been characterized by 

X-ray crystallography.71 

Nitrosyls and Other Nitrogen Ligands 

Evidence for the rapid intramolecular interconversion of linear and bent nitrosyl in 

[RuCI(NO),(PPh&][BFd was obtained by 15N NMR.72 Another nitrosyl complex, 

Na2Ru(CN)5(NO)], was prepared by the reaction of RuCls with NaCN and HNO,. It 

was characterized by X-ray crystallography. 73 The formation of a mononuclear 

ruthenium nitrosyl from the nitrosylation of (q5-C5R5)Ru(CO),X was proposed to result 

from the disproportionation of a binuclear intermediate.74 

(~5-C5R5)R~(C0)2X + NO 
CEHE 

h3 
(+C5R5NWN0)X2 

X = Cl,Br,l 
R = H, Me 

The reaction of (q5-C5Me5)Ru(NO)C12 with either AlMe or AlEt in the presence of 

added ligand ultimately forms either a cyanide complex, (n5-CsMes)RuL,(CN). or a 

carboxamide complex, (q5-C5Me5)RuL2{NHC(0)CH3), respectively. It was proposed 
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that these products form from the thermally induced insertion of nitrosyl into a Ru-C 

bond of the initially formed dialkyl-nitrosyl complex, (n5-C,Me5)Ru(NO)R2.75 Coupling 

of the nitrosyl group in OsCI(NO)(PPhs)s with IC(Nz)CO,Et gave, after treatment with 

HCI, Os(PPh,),Cl,(N,){N(OH)CHC02Et}. The aldoxime group was converted to a 

nitrile with a dehydrating agent.76 

Thionitrosyl complexes, M(NS)CI,(PPh& where M = OS or Ru, was prepared by 

the reaction of (NSCI), with MCI,(PPh,)s. The thionitrosyl group was found to be 

linear by X-ray diffraction in the osmium complex. 77 Another thionitrosyl complex, 

[Os(NS)ClJ, was prepared from the nitride, [Os(N)ClJ, and KCNS. The structure of 

[PPh4][Os(H,0)(NS)C14] was determined.‘* 

A ruthenium(Vl) complex of triazene-l-oxide was reported.7g The reaction of cis- 

RuMe,(PMes), with trimethylsilylazide produces cis- Ru(Ns),(PMes), in 75% yield.*O 

A diazabutadiene complex of ruthenium was prepared from (PhCN)4RuC12 and 

RN&R-CR=NR. The green trans- (RN=CRCR=NR)2RuClz isomerized to the violet cis 

complex at 130°.*l Reactions of binuclear diazobutadiene complexes were 

reported.82 

Ru~(CO)~(R-DAB) Ru4(CO),(R-DAB), 
+ 

Ru~(CO)~(R-DAB)~ 

R-DAB = RN-CH-CH-NR 

The 15N NMR and 31P NMR spectra of a series of terminal N, complexes of MO, W, 

Re, Fe, Ru, OS, and Rh were obtained. The nitrogen shielding constant increased with 

atomic number in a series and down in a group. Among the complexes studied were 

[Ru(NH3)5N2]Br, and mer- [OsXY(15N2)(PMe2Ph)3] where X = Cl, Br, H and Y = Cl, 

Br.83 

The reaction of 2-nitrophenol with RUG ( P P h 3)2 produces 

References p. 457 
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heterocyclic donor atom.8g 

The syntheses and reactions of dialkyl complexes of ruthenium(ll) were reported. 

Dialkyl, diary1 and mixed alkyl-aryl complexes of ruthenium(ll) were prepared from cis- 

or trans- [RIJ(CO)~CI~~] and LiR or HgR,. go The reductive elimination of the ketone, 

R,CO, from Ru(C0)2R2(PMe2Ph) was found to be intramolecular. The kinetics were 

first order for the reaction.g1 The diary1 complex, RuL,(CO),R, where R = 4-MeCsH4, 

decomposes in CHCI,. A product resulting from CO insertion, C-C bond formation, 

and ortho C-H activation was isolated. g2 The kinetics of the reaction between 

Ru(CO)2MeR(PMe2Ph)2, where R = Ph, COMe or Me, and t-butylisonitrile were 

studied. Migration of Me to CO is followed by migration of R to the isonitrile.g3 Similar 

migration reactions were observed with t-butylisonitrile and Ru(CO),RR’(PMe,Ph),, 

where R and R’ are substituted aryl groups. Migration of aryl to CO was found to be 

rate determining. The more electron releasing aryl group migrated to CO.g4 Oxidative 

cleavage reactions of the Ru-C bond in CpRuLL’R (L,L’=CO, PPh,; R=Me,PhCH,) 

with halogens, HCI, mercury(ll) halides and copper halides were studied. The 

ruthenium alkyls were found to be less susceptible to oxidative cleavage than the 

analogous iron complexes.g5 Ruthenium(ll) alkyl complexes were prepared by the 

insertion of unsaturated organic molecules into the Ru-H bond of hydride complexes. 

Methyl, ethyl and butyl acrylates insert into the the Ru-H bond of HRuCI(CO)(PPh3)3 to 

give b-carboalkoxy complexes of ruthenium(ll), RuCI(CO)(PPh3)2(CH2CH2COOR).g6 

Ethylene reacts with HRuCI(C0)2(PPh3)2 to give Ru{C(0)Et}CI(CO)(PPh3)2. The 

reactions of this propionyl complex with CO, isonitriles, HCI and Ag+ were studied.g7 

Loss of alkane from CpRu(PPh3)R, where R is a variety of alkyl or aryl groups, gives 

an ot-thometallated phosphine product. Ethylene inserts into the Ru-C bond of the 

metallocycle. Ethylene can also insert into the Ru-C bond of CpRu(PPh3)Ph.gs 

The UV-Vis absorption spectra of some carbon-bound ruthenium(ll) imidazole 

complexes was reported. The LMCT band in copper and ruthenium(ll) imidazoles 

can be correlated.gg 

A phosphorus ylide, CH2PMe3, was found to react with a carbonyl ligand on 

[(q5-C,Me5)Ru(CO)s][BF4] or (q5-C,Me5)Ru(C0)3X, where X = Cl or I, to form 

(n5-C5Me,)Ru(CO)2{C(0)CH=PMe3}.100 

References p. 467 
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Alkyl complexes of ruthenium and osmium in high oxidation states were reported. 

The first ruthenium(W) alkyl complexes were prepared. The reaction between 

(l-3:6-7:1 O-l 2-q-C,2H18)R~C12 and LiMe produced the dimethyl complex. 

(l-3:6-7:1 O-l 2-q-C,,H,s)RuIMe was also synthesized. lo1 Reductive elimination from 

these complexes is observed upon reaction with neutral ligands, including CO, 

phosphites and isonitriles. An intermediate can be isolated in the reaction of Me&NC 

with (1-3:6-7:10-12-q-C,2H,8)RuIMe.102 

-Ru- 

tie 

The synthesis of a series of osmium(Vl) alkyl complexes, [Os(N)R4][NBu4J, where R = 

Me, CH2SiMes, CH,CMea, and CH,Ph, was reported.lo3 

N 
Ill - 

OS.,\ - /OS\R - R-OS-L 

Me$iOl/ *‘bsff;; M e3 R R/ “R 

MesSi 3 L 

Formyl and Related C, Ligands 

The syntheses and reactions of several formyl complexes was reported. The 

reaction of a copper hydride, [(PPh$CuH]e, with CpRu(CO),+ gives a one to one 

mixture of a ruthenium hydride, CpRu(CO),H, and a neutral formyl complex, 

C~RU(CO)~(CHO). The formyl complex decomposes in a radical initiated reaction.lo4 
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Lithium aluminum hydride addition to CpRu(CO)L,+ (L=PPh, or l/2 dppe) produces a 

mixture of (CpH)Ru(CO)LP, CpRu(CO)HL, and CpRuMeL*. The reaction is proposed 

to proceed through a formyl intermediate. lo5 A cationic formyl complex of 

ruthenium(ll) was prepared. lo6 The cationic formyl complex trans- 

[Ru(CHO)(CO)(dppe),][SbFs] decomposes in methylene chloride with first order 

kinetics to give cis- [RuH(CO)(dppe),][SbFd. This isomerizes to the tram isomer. No 

free radicals are involved in the reaction. lo7 Nitroxide spin traps react with frans- 

[Ru(CHO)(CO)(dppe)2][SbFd to form a radical species from which CHO. is lost.108 

Thermolysis of the iron and ruthenium metallocarboxylic acids, 

CpM(CO)(PPhs)(COOH), gave CO, and the metal hydride complexes.10g 

The electron-rich cyano complexes CpRu(dppe)(CN) and CpRu(PPh&(CN) were 

prepared from KCN and CpRu(dppe)CI or CpRu(PPh&, respectively. The cyano 

group can be alkylated with organic electrophiles.l10 

Si, Sn Complexes 

Trichlorotin complexes of ruthenium(ll), osmium(ll), and iridium(lll) were prepared. 

Among these were vans- [RuCI,(SnCl&][NMe4] and [M(SnCl&j[PPh,], where M = 

Ru, OS. In the ‘lgSn NMR of these complexes, it was found that the resonance for the 

SnCla group went to lower field as the number of SnCls groups bound to a metal 

increased. 1 lgSn-ggRu and 1 1gSn-1870 s coupling constants were reported.111 

Both loss of CO and reductive elimination of Et,SiH were observed in the 

photolysis of cis-mer- RuH(SiEt,)(CO),(PPhs). The photolysis was done both in 

solution at room temperature and in a low temperature glass (1000K).112 

The presence of a “cis effect” of the phosphite was used to explain the peferential 

substitution of two carbonyls on cis- Ru(CO),(SiC13)2 with P(0Me)s.l l3 

Alkylldene, Alkylidyne Complexes 

A fluorochlorocarbene complex of osmium, 0sC12(CFCl)(CO)(PPh3)2, was 

prepared from 0sC12(CC12)(CO)(PPh3)2 and Cd(CF3)2(DME). The chloride in the 

-CFCI unit can be replaced by SEt (from NaSEt) or by NMe2 (from Me,NH). The 

structure of a related fluorocarbene complex of ruthenium, 

RuC12(CFOCH2CMe3)(CO)(PPh3)2, was determined by X-ray diffraction.’ l4 
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Carbene complexes of ruthenium can be prepared by the reaction of CpRu(CO),+ 

with aziridine or oxirane.lt5 

A sulfene complex was obtained from the addition of SO, to trans- 

[Os(PPh,),(NO)Cl(CH,)l. 116 

Insertion of a chloromethylene group on osmium into the ortho C-H bond of an 

osmium coordinated PPh3 was observed.l17 

3vComplexes 

The chemistry of reactive organometallic compounds prepared from metallocenes 

has been reviewed.“* Evidence for the existance of dimeric forms of ruthenocene 

and osmocene in the gas phase was reviewed.llg 

Ruthenium and osmium tetracarbonyl fragments bind to the endocyclic double 

bond of 1 under photolysis of M3(CO)t2. An additional carbonyl group can be 

displaced from ruthenium to give a Ru(CO)3(olefin)2 complex. The exocyclic diene 

unit is more active for the Diels-Alder reaction when either ruthenium or osmium is 

coordinated to the endocyclic double bond.120 

Reactions of cyclooctadiene complexes of ruthenium were reported. The migration 

of hydride to COD in [RuH(PR,),(COD)]+ forms [Ru(PR3)3(q3-cyclooctenyl)]+. As the 

size of PR, increases, the rate of reaction increases.121l122 The reaction of 

[RuH(PR,),(COD)]+ with 1,3-dienes produces [Ru(PR3)3(n3-enyl >I’. These 

complexes contain an agostic hydrogen.‘23 The reduction of RuC13 with 

zinc in the presence of l,SCOD gives (1 -3:5-6-n5-COD),Ru. This rearranges 

at 70° to (q6-1 ,3,Scyclooctatriene) (n4-1 ,~-COD)RU.‘~~ 

Cyclobutadiene complexes were prepared. The oxidation of [C~RU(CO)~]~ with 

Ag+ in the presence of diphenylacetylene results in the formation of a cationic 

ruthenium cyclobutadiene complex. Under photolytic conditions, olefins and 
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acetylenes insert into the cyclobutadiene, forming cyclohexadienes and substituted 

benzene rings.125 

[CpRuKO),l, 

+ 

3 
PhCKPh 

PhC=CPh 
b 

The reaction of KHB(Bu~)~ with [(q5-C5H5)(q4-C4Ph4)Ru(CO)]+ gives a product in 

which the cyclobutadiene ligand has been opened.126 

oc 

The reaction of ruthenium atoms with 1,3- or 1,4cyclohexadiene and carbon 

monoxide produces Ru(CO)(diene)2.127 

Cyclooctatetrene reacts with a ruthenium(h) hydride, [RuH(COD)(PMe2Ph)][PF6], to 

form an q5-bicyclo[5.1 .O]octadienyl complex of ruthenium.128 

A series of ruthenium(O) arene complexes have been prepared by arene exchange 

with (q4-COD)Ru(q6-napthalene). 12g The effects of arene substitution and 

temperature on the photochemical arene substitution in [CpRu($-arene)]+ has been 

studied.130 

Addition and substitution reactions of nucleophiles with A-arene complexes have 

been reported by several workers. Bis-arene complexes of ruthenium have been 

converted into bis-cyclohexadienylruthenium complexes by sequential additions of 

hydride and acid. The products are cyclohexadienyl analogs of ruthenocene.131 The 

chemistry of [(arene)RuCp]+ complexes has been studied. Nucleophilic substitution of 

halogens on the ring and nucleophilic addition of hydride and Ph- has been 

observed. Substituents on the ring can be readily oxidized.13* A variety of 

carbanions, LiR, add to the benzene ring of [(q8-C6H6)RuCI(PMe3)2][PF6] and 

[(q6-C6H6)OsI(PMe3)2][PF6] forming q5-hexadienyl complexes.133 Hydride 

abstraction of (q5-C6H5R)OSl(PfVb3)2 with [CPh3][PFsj generates the alkyl substituted 
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afene complex, [(q”-C6H5R)Osl(PMe3)*][PF6] in CjUantitatiVe yield.134 Trialkyl, and 

aryl phosphines attack the coordinated benzene ring of several n6-benzene 

complexes of ruthenium(ll) to give (6-phosphonio-$-cyclohexadienyl)- ruthenium(ll) 

complexes. Addition of CF,COOH converts the hexadienyl ligand to benzene.135 

Chloride can be extracted from ($-CsMes)PuCl2L with AgPF6 in acetone to give 

[(n6-C6Me6)t?uCIL(Me2CO)][PFd. The coordinated acetone is readily lost to give 

[{($‘-C6Me6)RuL}2(u-Cl)2][PFd, for L = PMe3 or PMePh,. When L = PPh3, one of the 

several products resulting from loss of acetone is a bis-arene complex of ruthenium(ll) 

in which a phenyl ring of PPh, is x bonded to the metal.136 

The reaCtiOn Of the ruthenium and osmium arene Complexes, [M(T)‘-CsH&l2]2, 

with excess aqueous sodium hydroxide or sodium carbonate produces hydroxide 

complexes previously characterized as [M2(q6-C,H,),(OH),]+. A crystal structure 

shows it to be a tetramer with an 0x0 group bridging all four metal atoms, 

IM,(q6-CsHs)&2-OH)4(CL4-O)] 2+.137 An improved synthesis of 

[Ru,(q’-CsH,),( 0Me)3][BPh4] was reported. Treatment of [Ru(q6-C6ti6)C12]2 with 

NaNH2 followed by ROH/NaBPh4 gives the bridging alkoxide complexes. The 

structure of one of these was determined by X-ray diffraction.138 

An q4-octamethylnapthalene complex of ruthenium has been prepared and 

characterized by X-ray crystallography. Cr(C0)3(MeCN)3 will add to 

[Ru(q4-OMN)(q6-arene) to give a product with Cr(C0)3 coordinating in an q” fashion 

to one ring of OMN and Ru(q6-arene) coordinating in an q4 fashion to the other.13g 

The absolute configuration of chiral ruthenium complexes, (q5-C5H4R*)Ru(CO)2L 

where R* is menthyl or neomenthyl, was determined by X-ray diffraction.140 

Several reports have been published on the chemistry of cyclopentadienyl 

complexes of ruthenium. Syntheses of several homologous series of CpRu 

complexes were reported. Displacement of X (where X= Br-, SCN-, OCN-) from 

CpRuXL2 occurred in ethanol, acetonitrile and dimethylsulfoxide solvents.141 The 
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haloruthenocene(lV) complexes, [Cp$uXj[PFd where X = Cl or Br, react with water to 

form (q5-C5H5)(q4-C5H40)RuX in 30% yield. This constitutes an oxidation of a 

cyclopentadienyl ligand to a cyclopentadienone.’ 42 Protonation of p- 

fluorophenylcyclopentadienyl ketone complex of ruthenium gave a complex in which 

charge is extensively delocalized.143 

The pentamethylcyclopentadienyl ruthenium oligomer, [(C5Me5)RuC12], was 

prepared from RuC13 and C5Me5H in ethanol. Reaction with cyclic dienes or 

cc,o-diphosphines displaced two chloride ligands and formed monomeric 

derivatives.144 The reaction of K[(q5-C5Me5)Ru(CO),] with HCI, Mel, MeOCH2CI, 

HSiCI, and t-BuPC12 has been studied. (q5-C5Me5)Ru(CO),X is formed where X = H, 

Me, CH20Me, SiHCI, or P(t-Bu)CI, respectively. 145 Ally1 halides oxidatively add to 

(q5-C5Me5)Ru(C0)2X (where X = halide) to produce ruthenium(lV) complexes, 

(q5-C5Me5)Ru(q3-C3H5)X2. Carbon monoxide reverses the reaction.146 

The synthesis of polythiaruthenocenophanes has been accomplished. The 

products are thiacrown ethers with ruthenocene subunits.14’ The synthesis of 

[3](1,1’)[3](3,3’) and [4](1,1’)[4](3,3’) rutheocenophanes was reported.148 The 

structure of cryptands incorporating ruthenocene units has been studied by NMR, 

using INEPT and DEPT polarization transfer sequences and 2-D NMR.14g 

Ruthenocenophanes were prepared in 17-48% yield from (q5-C5H4SNa)2Ru and 

BrCH,(CH,OCH,),CH,Br, where n=2-4. 150 The synthesis and some chemistry of the 

dication of hexamethyl [3]dibenzeneruthenophane were reported.15’ 

A substituted pentafulvene reacts with CpRu(MeCN)3+ to form functionalized 

ruthenocenes.152 An azaborolinyl ruthenium sandwich was synthesized by the 

reaction of ruthenium dichloride with [cycle-C3H,B(Me)N(CMe3)]Li. The structure of 

the product was determined by X-ray diffraction. 153 A metastable ruthenocenium was 
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observed in the photolysis of ruthenocene.154 

A trimethyienemethane complex of osmium was synthesized by the reaction of 

(MesSiCH*)(CH~X)~=CH~, where X = CH&(O)O or Cl, with Os~CO)~(PPh~)~. HCI 

protonates the trimethylenemethane ligand, converting it to q3-2-methyl allyl.155 

II. Dinuclear Complexes 

Homodlnuclear Complexes 

The organic chemistry of di-ruthenium and tri-ruthenium complexes has been 

reviewed.‘s6 

The reaction of osmium atoms with mesitylene produces 

[{(n6-C6H3Me3)0s}2(p-H)2(C1-CHCeH3Me2)1 in 15% yield and a dimer with a 

metal-metal triple bond, [~(~6-C6H,Me3)Osf,(~-L-CHCeH,Me,)], in 3% yield.157 

The peralkyl metal complexes, M,R6, (where M = Ru or OS and R = CH,SiMes, 

CH,Ph or CH$Mes) have been prepared by the alkylation of Ru,(02CMe),CI or 

Os,(O,CMe),CI, with RMgCI. The crystal structure of Ru,(CH,CMe& shows the two 

ruthenium atoms to be joined by a triple bond. I58 Ru2(0zCMe)4GI reacts with molten 

PhCONH, to form the bridging amide complex, Ru~(PhCONH)~~l. Addition of PPh, to 

this complex gives a phenyl substituted ruthenium dimer. 

Ru,Ph,(PhCONH),[Ph,POC(Ph)N].‘5g 

R R 

Ru2(PhCONH),&1 
PPh3 

b 
Me2SO/ MeOH 

R R 

Dimeric ruthenium(ll) complexes with bridging carboxylato and aquo ligands have 

been prepared from Ru(q3-CsH,R)(COD) and R’COOH, where R’ I: CF,, Ccl, or 

CH&I. The reactions of [Ru(OZCR’)z(COD)], with phosphines and CO have been 

studied.‘60 

Dinuciear complexes can be stabilized by bridging diphosphorus ligands. 
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Dehalogenation of [(t-l’-C,H,-1 -Me,4-CHMe,)RuCl& in the presence of dppe ,or 

dppm forms new ruthenium dimers with bridging diphosphine groups. A Ru,Fe cluster 

can be formed by the reaction of one of the bridging diphosphine complexes and 

Fe,(CO),.161 The complexes Ru~(~-CO)(CO)&-L)~, where L = (R0)2PN(R’)P(OR),, 

can be formed by the photolysis of Ru,(C0)t2 with excess L.162 1,3’,4,4’-Tetramethyl- 

1 ,l’-diphosphaferrocene (DPF) will displace triphenylphosphine from (PPh&RuCI, 

to form a ruthenium dimer with bridging chlorides and bridging DPF ligands. Excess 

DPF reacts with RuCls to form a monomeric complex, frans- RuCI,(DPF),.‘~~ 

Dinuclear hydride complexes were reported. The reaction of [(n6-arene)RuX212 

with H, and NEt3 gives a u-monohydride complex, [(t-t’-arene)RuX],(u-H)(p-X). 

Similar p-monohydrides are produced in the reaction with 2-propanol.164 The X-ray 

crystal structure of {RuH(COD)},(pyazoyl),(H) shows that this complex has a 

semibridging hydride. ‘H and 13C NMR spectra show that this structure persists in 

solution.165 

The dimeric ruthenium complex, (q5-C5Me5)2Ru2(CO)4, reacts with ethylene under 

irradiation to produce an ethylene complex, (q5-C5Me5)2Ru2(CO)(C2H4)(u-CO), and 

two bridging alkylidene complexes, (n5-C5Me5)2Ru2(C0)2(u-CO)(u-CHMe) ahd 

(n5-C5Me5),Ru2(CO),(u-CO){u-C(Me)CHCH2}. ‘(33 A series of bridging alkylidene 

complexes, (q5-C5Me5)2Ru2(CO)2(u-CO)(u-CHR) where R = H, Me, Et, Ph or 

CH=CH,, can be synthesized by reaction of 

(q5-C5Me5),Ru2(CO),(p-CO){C(Ph)=C(Ph)C(=O)} with phosphorus ylides, 

Ph,PCHR. lfj7 The bridging methylene ligands in the complexes 

(r15-C5Me5)2Ru2(CO)2(u-CO)(u-CH2) and (q5-C5Me5),Ru2(dppe)(CL-CO)(~-CH2) can 

be protonated to form bridging agostic methyl groups. A methyne complex, 

[(r15-C5Me5)2Ru2(dpPe)(CL-CO)(CL-CH)l +I has been formed from 

[(q5-C5Me5)2Ru2(dppe)(u-CO)(u-CH3)]+ and characterized by X-ray diffraction.166 A 

cyclopentadienyl ruthenium nitrosyl dimer with bridging methylene or propylidene 
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groups has been prepared.16g 

[C~RU(CO)~I~ + NO 
1700 

b K~Ru(P-NO& 

N,CHR 
1 

KpRu(N0)1&1-CHR) 

The fulvalene bridged ruthenium carbonyl complex, (C,oHs)R~2(CO)4, can be 

prepared efficiently from fulvalene and Rus(CO),,. The related mixed metal complex 

(C,oHs)R~Mo(C0)4 can be prepared from fulvalene, Ru,(CO),, and Mo(CO),.“~ 

These fulvalene-bridged complexes, (C,,Hs)M1M2(CO), where M’ = Ru and M2 = Ru 

or MO, react photochemically with alkynes. For example, (CIoHs)Ru2(CO), and C2H2 

form a dimetallbcyclobutene complex.171 

Heterodinuclear Complexes 

The heterobimetallic complex, (C0)50sRu(C0)3(SiC13)Br, having an osmium to 

ruthenium donor-acceptor bond, dissociates in solution. lsomerization and 

recombination gives Br(CO),0sRu(C0)4(SiC13).172 The reaction between 

W(CO)5(THF) and Os(CO),(PMes) forms (C0)4(PMe3)0sW(C0)5 in 55% yield. The 

product has an osmium to tungsten donor-acceptor bond. The CO ligands were found 

to scramble between the two metals.i73 

A carbene ligand formed on (CO),W(p-PPh2)Os(CO)3(PMePh2) by treating it with 

LiHBEt, and Me,OBF,, inserts into one of the bridging phosphido ligands.1741175 

A Ru-Co dimetallic complex, (C0)3Ru(p-PPh2)Co(CO)3, can be prepared from 

(q6-p-cymene)RuC12(PPh2X) and Co2(CO)s. 176 One carbonyl group on ruthenium 

can be substituted for hydride with NaBH,. The product, 

[(CO)3HRu(p-PPh2)Co(CO)3]-, has been characterized by X-ray diffraction.“’ CO 



431 

and diphenyl acetylene insert into the P-Co bond of the bridging phosphide in 

(CO),Ru(u-PPh,)Co(CO), to give (CO)3Ru(p-CO){p-PPh2C(0)C(PH)=CPh}Co(CO)2. 

Carbon monoxide is lost thermally to give 

(CO),Ru(u-CO){u-PPh,C(Ph)-CPh}Co(CO),.’ 

[K][OsH3(PMe2Ph)] reacts with Cp2Zr(X)CI, where X = Cl or H, to give 

Cp~Zr(X)(~-H)3Os(PMe~Ph)3. The product with X = Cl has been structurally 

characterized.17g (C5Me&ZrH2 reacts with CpRuH(CO), and CpRuH(CO)(PMe3) to 

form the heterobimetallic complexes CpRuH~~-CO~~Zr~~~Me~)~ and 

Cp(PMe3),Ru(p-CH20)Zr(C5Me5)3. While CpRu(CH3)(CO), reacts with 

(C5Me.&ZrH2 in the presence of PMe3 to give (C3Me&ZrH(OCH=CH2) and 

CpRu(CO)(PMe3)H.~80 

NaFe(n5-C5H5)(CO), reacts with CpRul(CO), to give Cp(CO)Ru(p-C0)3Fe(CO)Cp 

in 80% yield. Photochemical substitution reactions on this complex occur without 

Ru-Fe bond breaking. Reactions with alkynes occur faster than with the dimers 

[CpM(CO)& , M = Fe or Ru. 181 

Iii. Polynuclear Complexes 

There have been several recent reviews of particular aspects of the chemistry of 

cluster compounds of osmium and ruthenium. Electron counting proceedures for 

clusters of the iron triad were reviewed. 18* A review of transition metal clusters 

containing main group heteroatoms also extensively discussed complexes of 

ruthenium and osmium.183 The reactions of tri-osmium clusters with a wide range of 

organic compounds were summarized. 184 A review appeared on aspects of clusters 

M,-MI0 derived from M3(C0)t2. 185 

Ru3 and Os3 Complexes 

Theoretical and Spectroscopic Studies 

A theoretical study discussed the preference of OS and Ru toward forming clusters 

of the type M3(CO),3 rather than forming one dimentional polymer ribbon 

aggregates.18” 

A number of reports dealt with spectroscopy of the M3 clusters. C2 hydrocarbon 

fragments dn t&osmium and di- and tri-ruthenium clusters were investigated by 13C 
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NMR and IR spectroscopy. The organic fragments included n2-C,H,, p-CMe, p3- 

q2-HCCH, p3-CCH, and p-CHMe. The results were compared with spectra obtained 

from the rearrangement of acetytene on Ni(ll1) and Fe(ll0) surfaces.187 The 

intramolecular rearrangement of the a-n-acetylide ligand in 0s3H(CO),o(CCCsH,) 

was studied by 13C NMR.‘** The Raman spectra of Ru3(CO)f3, OS~(CO),~ and 

Ru,H,(CO),~ were obtained in solution. 18g The Raman and IR spectra of a single 

crystal of Ru3(CO)f3 was also obtained. The cluster retains D2h vibrational identity in 

the crystal.1go The dynamics of OS~@-H)~(CO),O in solution were studied by 13C and 

170 NMR. This molecule has a C,, structure in the crystalline state and in solution at 

low temperature. 13C magnetisation transfer was used to study slow carbonyl 

exchange processes in solution. lgl The kinetic deuterium isotope effect on p-hydride 

and carbonyl ligand migrations in osmium and ruthenium clusters was studied.lg2 

An electrochemical investigation of the ruthenium clusters, HRu3(CO)g(p3-allenyI), 

HRu3(CO)g(p3-allyl), and HRu3(CO)g(u3-alkynyI) was carried out. Delocalized n 

systems coordinated to the clusters caused both reduction and oxidation to be more 

difficult. The cluster framework was retained on reduction of these complexes.1g3 The 

electrochemistry of 24 mixed metal clusters was studied. Variations in the redox 

potential of metal clusters was brought about by variations in both the metals and the 

ligands.lg4 

MS Complexes with Simple Ligsnds 

Complexes containing bridging hydride and bridging halide ligands were 

prepared. Ion pairing in salts of [Ru~(~-H)(~-CO)(C~)~~]- was studied.lg5 Highly 

dissociated salts, such as [PPN][Cl] were found to catalyze substitution reactions on 

Ru3(CO)t3. Triaty! phosphines, phosphites and arsines readily substitute for Cl- in the 

anionic intermediate, [PPN][Ru3(p-Cl)(CO)fo], to form Ru~(CO),,L.~~~ The synthesis 

and characterization of the halide-bridged complexes, Ru,(u-H,p-X)(CO),, and 

Ru3(p-H,p3-I) where X = CI,Br or I, was reported. lg7 The addition of HX to Os,(CO), , L 

and Os3(CO)foL3 gives [Os3(u-H)(CO)f ,L]X and [OS~(~-H)(CO),~L~]X respectively. 

The reaction of OS~(CO),~L~ with HCI yields [OS~(P-H)(CO)~~L~][OS(CO)~CI~]. The 
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structure of this complex was determined X-ray diffraction.1g8 

Selectivity in CO substitution reactions has been observed in trinuclear metal 

clusters with bridging ligands. A site specfic enrichment of the dimer, Ru,{p-C(O)Et},, 

with 13C0 was observed.1gg A similar site specific ligand substitution occurs in the 

reaction of [C(NMe2)s][Ru3{p-C(0)NMeq}{p.-CO}3(CO)7,1 with phosphites. Treatment of 

the product with HSO,CF, produces Ru,{p-C(0)NMe,}{p-H}(CO)gL, having a 

phosphite ligand on a double-bridged ruthenium atom.2oo 

C(NMe214 
Ru&O),Z -+ 

RuKO)~ 1 
L 

OC\ 
RPG.,,, 1 ~Ru~{~-C(0)NMe~}(~-CO~~(CO)GLl- 

(RO),P’ 1 ‘o=c’ 
3 

: ‘NMe, 

Phosphine substitution in OS~(CO)~~(~-H)(~-OH) with PPh, produces 

0s3(CO)g(p-H)(~-OH)(PPh3) with the phosphine coordinated to one of the 

doubly-bridged osmium atoms.201 

Substitution reactions of carbonyls ligands on Ru3(CO)t2 were reported. 

Substitution of the carbonyls with 13C0 is enhanced by the presence of KOMe. A 

methoxycarbonyl intermediate was postulated since such an adduct is in equilibrium 

with Ru3(CO),, in methanol.202 Dimethylphenyl phosphine substitution of a carbonyl 

group in Ru,(CO),, is facilitated by prior reduction of the cluster with an 

organometallic radical.*03 Reaction of Rus(CO),, with PPh,H gives a wide range of 

products depending on reaction conditions. Some of these, including 

Ru,(~2-PPh,),(~-H),(CO)s, Rus(k-PPh2)3(p-H)(CO)7, and Ru5(y-PPh)(CO),s, have 

been characterized by X-ray diffraction.*04 

The kinetics of the formation of 0s3(CO),o(p-dppm) from Os3(CO),,(n1-dppm) has 

been studied. The value found for the entropy of activation, AS* = -9.6 cal, suggests 

an associative mechanism for this intramolecular bridge forming reaction.*05 

Tri-osmium diphosphine complexes, 0s,(CO),o{Ph2P(CH2)nPPh2} where n = 2-4, 
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have been prepared from 0s3(CO),c(MeCN), or 0s3(CO),o(C4Hs) and the 

appropriate diphosphine. Isomers with both bridging and chelating diphosphine 

ligands were characterized. *Of3 0s3(CO),o(dppm) looses 2 equivalents of CO in 

refluxing toluene to give 0sS(CO)8H{Ph2PCH2P(C6t-i4)Ph2}.207 

Ph 

b% o pT 06co,, 
(CO) OS/’ ‘OS?:::* + 2 co 

3 \H/ 
2 

Ms Clusters with Sulfur-Containing Ligands 

A sulfur dioxide complex of osmium, OS,(~-H)~(CO),~(~-SO~), was obtained in 

30% yield by the reaction of SO, with OS~H~(CO)~~. *08 The structure of this complex 

is similar to that of OS&-H)~(CO),~(~-CH~). The photochemical decomposition of 

Os,(CO),,H(u-SPh) produces 0s,(CO),(p3-CO)(~3-S).20g 

M, Clusters with Nitrogen-Contalnlng Llgands 

Osmium clusters with u-carboxamido, u-formamido, and u-iminyl groups were 

synthesized by the reaction of Os,(CO),, and OS,H,(CO),~ with amines and 

isocyanates.210 

The fluxional properties of [OS&.L-NO)(CO),O][PPN] were studied by 13C NMR. At 

-90°, 6 CO resonances are observed. At 75O, the axial and equatorial carbonyls on 

each metal exchange rapidly, but there is still no exchange between metal atoms and 

two CO resonances are observed. *11 The nitrosyl group in Ru,H(u-NO)(CO),o can be 

reduced to NH and NH, groups by H,.*‘* 

Ru3H(~-NO)K0),,j --b [H3Ru3(CO),,(NO)I 

1 
c, 

H2 

HRu~(CO),~NH~ 

N,w:a/ k ‘*OF cN0H3 

H2R~3K0),0 H2Ru3K0)&.i3-NH) RU3(CO)j* 
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The reaction of Ru,(CO),, with PhCN and CH&OOH formed three products: 

H,Ru4(CO),,, Ru~(~H)(~-N=CHPh)(CO~,*, and Ru~(~-H~(~-NH~H*Ph)(CO),o. Only 

Ru,(~-H)(~-N=CHP~)(CO),~ is formed when Ru,(CO),, and PhCN are treated with 

Trim&eat osmium clusters Os~~MeCN~~CO)~, and Os~~{OH~(CO)~~ reacted with 

the amino acid esters NH~~HRC~O~OEt, where R= H or Me, to give complexes with 

deprotonated, bridging amino acid groups. The complexes 

Os,H(CO),OIC(0)NHCHRC(O)OEt] and OssH{CO~,~[NHCHRC(O)OEt] were 

characterized by IR, NMR, mass spectroscopy and X-ray diffraction.2i7 

The reactions of a ~thenium complex containing diphenylphosphino- methane or 

diphenylarsinomethane ligands with H, and IPhN2][PFs] were studied.2t8 
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(C0)3Ru- EPh2 

/ \ >PhZ =-b 
K014Ru 

(C0)3Ru -EPh* 

+$u (CO) Ko),Ru 3 
H 

( 1) HBR3- 
(2) N*Ph+ 

The osmium phenyldiazonium cluster, HOs3(CO),0(N,Ph), was found to interconvert 

between two isomers. The structures of both isomers have been determined by single 

crystal X-ray diffraction.21g 
J’h 

MS Clusters with Hydrocarbon Ligands 

Tri-ruthenium and tri-osmium clusters containing hydrocarbon ligands were 

prepared and their reactions studied. 

Diphenylacetylene adds to Ru3(CO),(p-H)(u-PPh2) without loss of CO to form 

Ru,(C0)g(~-H)(u-PPh2)(~-C2Ph2).220 

Stoichiometric reduction of CO on the clusters was reported by several workers. 

The q’-acyl complex, Li[Os3(CO),,(q1-C(O)CHa)], formed by the reaction of 

OS,(CO),~ with LiMe, can be alkylated with CH,OSO,CF,. An X-ray crystal structure 

was obtained for the product, 0s,(CO)g(~‘-C(0)CH3)(u-C(O)CH3). This complex can 

be hydrolysed to give Osa clusters containing bridging acyl units and either bridging 

hydrides or hydroxides.**’ The stepwise reduction of a carbonyl group on a 
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tri-osmium cluster to a bridging methylene has been observed. Labelling studies 

show that the methylene protons come from the borohydride.222 

Os3W),2 

K[BH;OPr)3] 
K(Os3(CO),,(CtiO>I -co K[HOS3(C”)d 

1 
H +/Hz0 

75% 

A,Hz 
OS3(CO)1&l_CH2) + CH4 

37% 

Carbon monoxide will reversibly insert into a metal-carbon bond to give a ketene 

complex, OS,(CO),~(~-CH~CO). Acetic acid, acetaldehyde and osmium cluster 

hydrides are formed from the ketene complex and H,(1800 psi).223 Methyne and 

ketenylidene complexes of ruthenium have been prepared from a p3-methoxycarbyne 

complex. Reaction of LiHBEt3 with Ru~H(CO),~(COCH~) at -78* forms 

[Ru3H(CO),(CHO)(COCH3)]Li. Warming the initial product to temperatures greater 

than -6O* produces a mixture of [Ru~H~(CO)~(C(O)CH~}]- and 

[Ru3H(CO),o(CHOMe)]-. Protonation of the methoxycarbene anion gives a methyne 

complex which thermally rearranges to the carbonylmethylidyne.224 

H,C,OCH, - - 

\ 
(CO@U\ ,Ry(CO)3 

-t _ 
Ru-H 

H+ 

J 

(CO)3 

(CO) RulL \Ru(CO) -- 
4 

\I/1 

3 
d 

(CO)3Ru’” ‘Ru(CO) -- 

-H 
I\ /I 3 

&, 
H- -H 

(%, 

Acetylide complexes of ruthenium and osmium have been studied. A ‘H NMR 

spectrum of [Os3H3(CO),(CCR2)]+ at 30* showed one hydride resonance with two 

sets of fa70s satellites.225 Rates of ligand substitution on Ru,(p-H),(p3-CPh)(CO)e 
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were studied and the X-ray crystal structure of one product, 

Hu,(u-H),(us-CPh)(CO),(AsPh3)2, was determined.226 An acetylide ligand on a 

tri-osmium cluster has been found to couple with the acetylide ligand on 

(CO)sM(CCPh), where M = Mn or Re.227 

OSKO), 

(CO) OSJ H ~ostco1 

3\CEY 3 - _ 

+ 

Chain growth of an organic fragment bound to a tri-ruthenium cluster has been 

observed in the reaction of diazomethane with the u3-q2-acetylide complex, 

Ru3(CO)g(u-PPh2)(~-q2-CCCHMe2), resulting in the formation of an allenyl complex, 

Ru3(CO)g(u-PPh2)(~3-q3-CH2=C=CCHMe2). Addition of a second equivalent of 

C H 2N 2 forms a butadienyl complex, Hu,(CO)g(u-PPh2)(p-H)- 

lsomerization and nucleophilic addition to bridging vinyl groups has been 

observed. Pyridine catalyzes the cis-trans isomerization of the p-q2-vinyl group in 

Os3(CO),o(p-H)(p-q2-CD=CDH). The intermediate is proposed to be a bridging 

alkylidene complex. 22g 

OSKO), 

(CO),OsG H ~O,(CO, 

OdCO), 

AC=< 3 

py KO~,Os~ H \\or cc01 

lc/ 3 

D SH 

OsKO>, 
J 

(tO~,Os~ H~OsKO~ 

y&c’ 3 

D”‘) \ 
H D 

The nucleophiles PMe2Ph, CN-, and MeO- were, also, found to add to the u-q2- vinyl 
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group of Os3(CO),,(p-H)(p-q2-CH=CHR). 230 A vinyl complex, 0s3(CO)to(~-H)- 

().r-CH=CHPh), was prepared in IOW yield from OS~H~(CO)~~ and 

CpMn(C0)2(C=CHPh).231 

New complexes were formed by the insertion of unsaturated organic molecules 

into the metal-hydride bonds of hydrido carbonyl cluster complexes. A bridging 

carbyne complex was formed from OS~H~(CO),, and 3,3-dimethylcyclopropane.232 

Os3KO),,,HZ 
+ 

a>< 
80% 

OSKO), 

“zz& H \\ 
.OsKO)3 

Tcy 

10% \ 
CH=CMe2 

The insertion of CH2=C(H)OMe into a metal hydride bond of Os3H,(CO)tc forms an 

alkyl complex stabilized by formation of a donor bond from the oxygen atom of the 

ether to an osmium. P-Hydride elimination from Os3(CO),oH(p-MeCHOMe) is 

slow.233 The reaction between Os3H,(CO),c and CF3CCCF3 produces 

0s3(CO),,H(p3-q2-CF,C=CHCF,). A variety of two electron donors will react with the 

product. Treatment of Os,(CO),,H(p,-q2-CF3C=CHCF3) with PEt3 causes an 

osmium-osmium bond to be cleaved, forming 

H(CO),Os-0s2(CO),(PEt3)(p-CF,CCHCF,). 234 A major product in the reaction of 

[~s,(C~),,HICF,(H)C=C(H)CF3)1- with trimethyl oxonium salts is 

0s3(CO)sH(p3-o:-q2-CCF3) in which a carbon-carbon bond has been cleaved.235 

a-P-Unsaturated ketones react with Os3(CO),oH3 or 0s3(CO),o(MeCN)2.236 
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0 
Os3HZKO),,, RCH =CH&H, 

or 

0s3KO)lo(MeCN)2 

The doubly bridged acyl-hydride complex, OS~(CO)~~(~-H)(~-O=CCH~), reacts with 

ethylene under pressure to form the gem-diacyl complex, 

Os,(CO),,(p-O=CCH,CHs)(u-O=CCH,). The geminal isomer isomerizes to the 

vicinal isomer. The diacyls can also be prepared from Oss(CO),,, two equivalents of 

LiR and an oxidant.237 

Dimethyl azodicarboxylate reacts with either OS~(CO)~~(M~CN)~ or 

Os,(CO), , (MeCN) to form Os,(CO),,{MeOC(O)NNC(O)OMe}. Carbon monoxide 

(1500 psi) adds to this derivative, forming 0s,(C0),,{MeCC(0)NNC(0)0Me} in which 

a metal-metal bond has been broken.238 

1-Diethylamino-l-propyne reacts with Rus(CO),, to form a product in which two 

aminopropyne units couple with a carbonyl group. RU~(C0)8{C~0Me,(NEt,)2}2.23g 

3-Dimethylamino-l-propyne reacts with Ru~(CO),~ and OS~(CO),~ to form 

M3(CO),(p-H)(ps-CH2CCNMe2) in low yield. 240 The C-N bond in related tri-osmium 

and tri-ruthenium complexes of 1 -dimethylaminobut-Z-yne can be cleaved 

thermally.241 

Supported OS, and RI+ Clusters 

The IR and solution ‘H NMR spectra of 0ss(CO)f2 anchored on 

poly(4-vinyl)pyridine suggest a structure having one metallated pyridine unit, a 

hydride, and a donor pyridine.242 Ruthenium phosphine complexes LRu(CO)~ and 

L3Ru3(C0)g supported on a modified silica surface were characterized by solid state 

NMR, UVNis, and photoacoustic spectroscopy. Loss of CO followed photoexcitation 

with these species.243 The behavior of Rus(C0) t2, H,RusFe(CO),, and a 1 :l mixture 

of RQCO),, and Fe,(CO),, supported on Cab-0-Sil was studied by Moessbauer, IR 

and temperature programmed decomposition.244 

Os,(CO),,H, reacts with BHs-thf to form a boroxine-supported triosmium 

oxymethylidyne cluster, {Oss(CO)g(~-H)3(f.r.s-CO-))3B30s. The oxygen-carbon bond of 
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the oxymethylidyne can be cleaved with BX, to give OS,(CO)~(~.-H)~(~~-CX), in 

CH,CI,, or Oss(CO)&-H&s-CPh), in CsHs with BFs.245 

The triosmium cluster, 0s3H,(CO)t0L, is converted under photolysis at room 

temperature to Os3H,(CO)eL. The ligand, L, can be a phosphine, PPhs or PPh,Et, or 

it can be silica bound diphenylphosphine. 246 The interaction of Ru,(CO),, with silica, 

titania and alumina has been studied.247 

Ru, and 0~ Complexes 

In rigid alkane matrices, photolysis of Ru,H,(CO),, results in the loss of CO and 

formation of Ru,H,(CO), , . 248 

An anion exchange resin, IRA 401, was used as a support for the anionic cluster 

[Ru~H~_~(CO),~]~-. The mobility of the cluster on the support was spectroscopically 

observed. This material showed little activity in catalytic hydrogenation.24g 

The X-ray crystal structure of [Ru4(CO)5{P(OMe)s}(~s-C5H4)2(n-C5H5)2] was 

reported.250 

The Ru4 carbido cluster, [Ru4(CO),,(H),C], was prepared via ruthenium- gold 

carbido intermediates. Treatment of Ru~(CO),~C(AUPR~)~ with CO produces 

Ru4(CO)t2C(AuPRs)2. Iodine and HI react with this complex to form 

Ru~(CO),~C(AUPR~)(I) and Ru4(CO)f2C(AuPR3)(H), respectively. Reaction with BH4- 
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yields Ru,(CO),,(H),C. The structures of these complexes were determined by single 

crystal X-ray diffraction.251 

Reaction chemistry of tetranuclear complexes with bridging sulfido or selenido 

groups was investigated. Substitution of a carbonyl group for PMe,Ph or CNCMes in 

Os,(CO),,(u~-S), proceeds through an associative mechanism. Crystal stuctures of 

both 0s,(CO)12L(~-S)2 and OS,(CO),,L(~~-S)~ were obtained.252 Photolysis of a 

mixture of Oss(CO),oH(p-SePh) and Os(CO), produces OS,(CO),~(~-S~) in 33% 

yield. Heating this complex to 125O quantitatively converts it to 0.s4(CO)12(pc-Se)2. An 

X-ray crystal structure shows the the osmium atoms in a butterfly-type array.253 A 

number of cluster complexes, including tetra-ruthenium clusters containing sulfide, 

alkylphosphide or carbyne u3-ligands, were found to fragment under CO.254 

The cluster complex Ru4(C0)12(MeC2Ph), which has a butterfly-type core structure, 

reacts with alkynes to form a bis(alkyne)tetraruthenium complex. A crystal structure of 

Ru4(C0)10(MeC2Ph)2 shows that each alkyne is a-bonded to two ruthenium centers 

and n-bonded to a third. The ruthenium atoms are arranged in a square.255 

Rug and Os5 Complexes 

The stepwise reduction of an acetylide ligand to free alkane was observed in the 

reactions of Ru5(CO)13(p-PPh2)(CCPri) with PPhH2.25s 

, Ru,(CO),,(PPh,)(PPh)(CCH2R) 

1 
PPhH2 

Ru5(CO),,(PPh2)(PPh&(CH2CH2R) 

.Ru5H(CO>,,(PPh,)(PPh)3 + CH3CH2R 

Loss of one equivalent of CO and the cleavage of a Ru-Ru bond results from the 

reaction of the acetylide complex Ru,(CO)13(p4-n2-CCPh) with PhCCCCPh.257 

Alcohols add to OS,C(CO),~ and OS&(CO),~I~ to form 0s5C(CO),4(C02R)H and 

Os&(CO),4(CO2R)l, respectively.258 The nucleophiles LiMe and NaC,H5 

preferentially attack the unique ruthenium atom in Ru~C(CO),~. The complexes 
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Ru5C(CO),,(~2-MeCO)(p-AuPPh3) and Ru5C(CO),3(q5-C,Hs)(p-AuPPh3) were 

obtained and characterized by X-ray crystal structures after treatment with 

AuPPh3+.25g 

Rus and Oss Complexes 

The reaction of Oss(CO),s with excess pyridine produces predominantly 

[OS~(CO),~]*- along with some 0~s(CO),~py~.*~~ 

Loss of two equivalents of CO from Os3(CO),(u3-S), causes dimerization through 

one edge of the osmium triangles forming OS~(CO),~(~~-S)~.*~~ Reaction of 

OS~(CO),~(~~-S) with Os3(CO),,(MeCN), produces either Oss(CO)fs(~3-S) or 

Oss(CO)f&+), depending on reaction conditions.262 The synthesis and crystal 

structure of 0s6(C0)14(p2-PPh2)2(~3-S)3(f+S) was also reported.263 

Higher Nuclearity Complexes 

OS~H(CO)~~ and [OS~H(CO)~~]- have been prepared from Os3(CO),3 in refluxing 

iso-butanol. The X-ray crystal structure was determined. OS,- OsIo carbonyl clusters, 

including [OssH(CO),,]-, can alS0 be prepared from 0s6(CO)16 in refluxing 

butanol.264 

The first nitrosyl derivatives of high nuclearity osmium clusters were 

synthesized.265 

~os,&Ko)~~l *- + NOBF4 MeCN, ~[0s,&(C0),,(~,-N0>1- 
90% 

1 
-co 

Ds,&(C0),~(N0)1- 

30% 

The reaction between S6 and Os3(CO),2 at high temperature(200-260°) produced 

a decaosmium silfido complex, O~fc(S)2(CO)33, along with several OS,-OS, sulfido 

clusters. The core structure of OS lo(S)2(CO)23 is similar to that of 

2- 266 WJ,~(C),(CO),~I . 

Mixed Metal Cluster Complexes 

Clusters Containing Main Group Metals 

The structure of 0s(CO),(AuPPh3), was determined by X-ray diffraction. The three 
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metals are in a triangular array, joined by metal-metal bonds.267 

Several cluster containing gold or another main group metal and a triruthenium 

unit were reported. Rus(CO),, reacts with Au(PPh3)CI in refluxing dichloromethane to 

give Ru3(u2-AuPPh3)(u-CI)(CO)Ir,. The structure of this product, determined by X-ray, 

is similar to that of Rus(~-H)(p.-Cl)(CO)I,-,. 268 The anion RIJ~(~~-C~~H~~)(CO)~-, 

prepared by deprotonation of Ru~H(~.&~H~~)(CO)~, reacts with [O(AuPPh&]+ to 

form Ru3Au3(PPh&&-Cl,H,,)(CO)s. 26g The cation of the parent cluster was 

observed in the fast atom bombardment (FAB) mass spectrum of 

H Ru3Au(p3-S)(CO),(PPh3), Ru3Au2(C13-S)(CO)g(PPh3)2, and 

Ru,Au,(~,-S)(cO),(pph3)3. 270 Ru3(p-dppm)2(C0)8 forms weak adducts with the 

Lewis acids: AgO,CCF,, Hg(O,CCF,),, Cu(MeCN)BF4, and HO,CCF,. The adducts 

were characterized by IR and 31P NMR. The equilibrium constant for adduct formation 

was found to increase in the following manner: 

H+< Ag+< Hg+2< CU+.~~’ 

Au~RIJ,(~~-H)(CO),~(PP~~) was synthesized from Au(CH,)(PPh,) and either 

Ru,(u-H),(CO),, or Au~Ru~(~~-H)~(CO), ,(PPh,) in 60% yield. A preliminary 

communication on this work appeared previously.272 

Mixed metal clusters containing Cu, Ag and Au of the formula 

H,MRu,(CO),,(PPh,) can be prepared from [Ru~H~(CO),~][PPN} and MX(PPh3).ln 

the copper and silver complexes, the metal binds to a face of the Ru4 tetrahedron and 

the hydrides bridge the M-Ru bonds. Although the molecular formular is the same for 

all three complexes, the structures are different.ln the AuRu4 cluster, the gold atom 

bridges one edge to the Ru4 tetrahedron and hydrides bridge only Ru-Ru bonds.273 

Au(PR3)CI reacts with [Ru,C(CO),~]~- and [Ru~WC(CO),~]~- to form 

Ru6C(CO),6(AuPMePh2)2 and Ru5WC(CO),,(AuPEt3),, respectively. The two gold 

groups bridge opposite faces of the Ru, octahedron in the former complex while a 

Au-Au bond exists between these two groups in the Ru5W cluster. Both complexes 

were shown to be fluxional at room temperature by 31P NMR studies.274 

Treatment of the dianion [Os8(CO)22]2- with Au(PPh3)CI results in the formation of 

Ose(CO),,(AuPPh,),. The core geometry consists of two octahedra sharing an 
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edge.275 

The synthesis and X-ray crystal structure of [{OsgH(CO)t0}2Ag][PPN] was reported. 

This complex can be reduced electrochemically. 276 The synthesis and structure of 

mercury bridged complex {Ru,(NO)(CO),0}2Hg was reported.277 Heteronuctear 

complexes, {M3(CO),, Hg)s where M = Ru or OS, have been prepared from 

[M3H(C0),,]- and Hg(l) or Hg(ll) salts. The central Hg30ss core is planar in these 

complexes.278 

[OsH(CO),,l 
+ 

HgX 

-os<co)4 

A tin-osmium cluster was prepared by the addition of Sn{CH(SiMe,),}, to 

OseH,(CO),c. fR, NMR and X-ray diffraction were used to confirm the structure of 

0ssSnR2H2(CO),o. The dialkyl tin unit and a carbonyl doubly bridge one OS-OS bond. 

The hydrides bridge a Sn-0s and an OS-OS bond.27g 

Clusters with Other Transition Metals 

K[Ru(q5-C5H5)(CO),] reacts with (q5-C5H5 ),Zr12 to form the triangular cluster, 

Ru2ZrCp4(C0),.280 

Cluster complexes containing tri-osmium or tri-ruthenium units and two 

molybdenum atoms, [Mo2M3(q5-C5H5)(CO),5(Me3CCP)], have been reported. There 

are no bonds between molybdenum and osmium or ruthenium in these 

complexes.281 
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Ru,(CO),, 
+ 

ONMe B 

Cp2M:2(C0)4(Me3CCP) 

The cobalt atom in RuCoM(q5-Cp)(ps-S)(CO)s, where M = MO or W, can be 

exchanged for M’, where M’ = MO or W. The reaction of RuCoM(q5-Cp)(&-S)(CO), 

with [M”Cp(CO& forms R~fvl’M(q~-Cp)~(p~-S)(C0),.~~~ 

The photolysis of a mixture of Os,(CO)&-S), and W(C0)5(PPhMe2) results in the 

formation of four mixted metal clusters: OS,W(CO),~(PP~M~~)(~~-S)~, 

0s3W(CO)12(PPhMe2)2(u3-S)2, 0s~W(CO)tI(PPhMe2)2(Cr3-S)2V and 

0s3W2(CO),4(PPhMe2)2_(f.+%Cr4-S). 283 Under similar conditions, 0s,(CO),,(p3-S) 

reacts with W(CO)s(PPhMe,) and Pt(PPhMe2)4 to give OssW(CO), , (PPhMe2)2(p.s-S) 

and 0s3Pt(C0)8(PPhMe2)3(~3-S), respectively. 284 The synthesis of the pyramidal 

cluster complex, OS,W(~~-C~)(~-H)S(CO)~~, was reported.285 Interaction of 

[OssH(CO), ,I- with W(CO)3(MeCN)3 produces [OssWH(p-CO)(CO)f$. This complex 

can be deprotonated with KOH, protonated with H2SO4, and oxidized with I,, forming 

OS~WH(CO),,I.~~~ 

The first tetrametallic di-alkylidyne cluster was prepared. The metai atoms in 

C~WOS~(CO),&~-CC~H~CH~)~H form a butterfly type core. This molecule is 

fluxional in solution. Loss of CO closes the structure.287 

Addition of one equivalent of trimethylamine oxide and acetylene to CpWOsJCO),,H 

produces a complex with acetylene bridging a Os,W triangle, 

CpWOs3(CO),o(p3-q2-C2H2)H. The addition of another equivalent of trimethylamine 
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oxide forms CpWOs,(CO)&-O)(p3-q2-C2H2)H. The oxide is doubly bound to the 

tungsten atom and bridge-bonded to an osmium. 288 A similar 0x0 cluster is formed 

from the thermal C-O bond scission in a u3-q2-acyl complex. Thermolysis of 

CpWOs3(CO),,(u3-n2-C(O)CH,C,H,CH,) yields CpWOs3(C0)s(t.~-O)- 

(p3-CCH,CsH,CH,). Reaction of CpWOs,(CO)&-O)(u3-CCH,C,H,CH,) with 

hydrogen reduces the bridging alkylidyne to an alkylidene.28g 

A manganese-triosmium cluster, CpMnOs3(p2-CH=CHPh)(u-H)- (u-CO)(CO),,, 

was prepared and structurally characterized. 2go A mixed metal acetylide cluster was 

prepared from HOs3(CO),,(u-q2-CCPh) and (CO)sM(CCPh), where M= Mn or Re. 

The structure of the product, HMOs3(CO),,(CCPh),, was determined.227 

Several groups have reported the synthesis of new iron-ruthenium clusters. 

[FeRu3(C0),2(NO)]-, prepared from [Fe(C0)3(NO)]- and Ru,(CO),,, has been shown 

to loose CO, to form the nitrido cluster, [FeRu3(CO),,(N)]-. The structures of both 

mixed metal clusters were determined by single crystal X-ray diffraction and 15N NMR 

spectra were obtained.2g1 Iron-ruthenium mixed metal clusters containing bridging 

alkyne ligands have been prepared from Fe3(CO),,, Ru,(CO),, and either diphenyl- 

or diethyl acetylene. The complexes Fe2Ru(CO)3(alkyne), Fe2Ru(C0)8(alkyne)2 and 

FeRu(CO)s(alkyne)2 were isolated and characterized.2Q2 Ligand substitution 

reactions in the clusters FeRu2(C0)12 and Fe2Ru(C0)12 were found to take place 

preferentially at the ruthenium centers.2g3 

The reaction of [Fe3(CO),,]- and Os3(CO)t3 produces [FeOs3H(CO)12]-. The 

complex has a distorted tetrahedral geometry. Several other iron-osmium clusters 

were prepared. The clusters Fe,Os(CO),, and FeOs,H,(CO),, were synthesized 

from 0sH2(CO)4 and Fe,(CO)3. Reaction of H20s2(CO)3 with Fe,(CO)e yields 

FeOs,(CO),, and minor amounts of FeOs3H2(C0),3. 2g4 The cobalt-osmium clusters, 

Co,Os(CO), , , H2C020~2(C0)12, and Co20s(CO)fl can be prepared from Co2(CO)3 

and either H3Os(CO)4 or OS(CO),.~~~ 

Cluster complexes containing three or four different metals have recently been 

prepared and characterized. The synthesis of MM’Co3L(CO)12, where M = Fe or Ru 
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and M’ = Cu or Ag, was reported. 2g6 A cluster with a core consisting of 

FeRuCoAu(PPh3)(u3-E), where E = S or PMe, was prepared from MePC12, Fe2(CO)g, 

KCo(CO),, Ru3(CO),, and Au(PPh3)CI. 2g7 Clusters of this type were shown to 

fragment under CO presssure. The crystal structure of 

RuCo3(p.-CO),(CO),[p3-HgCo(CO),J showed the mercury atom bound to four cobalt 

centers.2g8 The gold-cobalt-ruthenium clusters CoRu3Au(PPh3)(C0),3, 

CoRu3Au2(PPh3)2H(CO),2 and CoRu3Au,(PPh,),(CO),,, were all prepared from 

CoRu3H(CO),, and [(AuPPh3)3O][BFJ. 2gg CpNiOs,(p-H),(p3-MPPh,)(CO), was 

prepared by the deprotonation of CpNiOs,(p-H),(CO), followed by treatment with 

M(PPh,)CI, where M = Au or Cu. A crystal structure shows that one OS-OS edge of the 

NiOs3 tetrahedron is bridged by M.300 

Clusters containing metals of the cobalt triad along with ruthenium or osmium have 

been reported. The isomerization of an acetylene to a vinylidene on a Co2Ru cluster 

was observed. Both isomers of Co2Ru(CO)g(Me3CC2H) were characterized by X-ray 

crystal structures.301 Heating Co2(CO)s and RU3(CO),* in the presence of ethyl thiol 

and synthesis gas results in the formation of SRuCo2(CO)g. Phosphines and arsines 

will displace up to three carbonyls. 302 The synthesis and crystal structure of 

[RuRh4(CO)g(~-CO)&PPN]2 was reported.303 The complex H2Ru2Rh2(CO),2 was 

synthesized from NaRh(C0)4, Ru~(CO),~ and phosphoric acid. The stucture of this 

Ru2Rh2 cluster is similar to that of Rh,(CO),,. 304 The reaction of H~OS~(CO),O with 

CpRh(CO), produces CpRhOs2(CO)g and H2CpRhOs3(CO),o. An X-ray crystal 

structure was obtained for CpRhOs2(C0),.305 

Phosphide-capped clusters [Ru3MLm(CO)g(u3-PPh)]- were prepared, where ML, 

= Rh(CO)(PR3), Re(CO)*(NCMe), Ir(CO)(PPEt3), Cu(PR3), Ag(PR3), or Au(PR~).~O~ 
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PPh 

[Ru3H(F3-PPh>(CO),l- 
MLn , 

MLm 

The reaction of transition metal hydrides with Os3H,(CO),, produced tetranuclear 

mixed metal clusters. Clusters resulting from reaction with {CuH(PPh3)}s, 

IrH(C0)3(PPh3)3, RhH(CO)(PPh3)3 and Ni(H)CI{P(CsH,,)3}3 were charactetized.307 

The reactions of CpNiRu3(p-H)(CO),(p-q*-C=CHCMec) with olefins at high 

temperature were reported.308 This Ru,Ni cluster was prepared, along with 

CpNiRu,(p-H),(CO),, from [CpNi{CHCC(CH,)CH,}], and Ru~(CO),~ under an H2 

atmosphere.30g The reaction of CpNiOs,(p-H),(CO), with various donor molecules 

results in the formation of monosubstitution products.3 1 o 

Cp2Ni2Ru3(CO),(p-CO)2(p.-n2-C2Ph2) was prepared similarly from Ru3(CO)t3 and 

[CpNi(C2Ph2)12 under H2.31 1 

A series of PtOs, clusters was prepared. The reaction between 0s3(CO)g(p-S)2 

and Pt(PPh3)(C2H2) formed PtOs3(CO)gL(PPh3)(p-S)2, where L = CO or PPh3.312 

The reaction between OS~(CO)~~(~-S) and Pt(PMe,Ph), at room temperature 

produced PtOs3(p3-S)(CO),oL2, PtOs,(u,-S)(CO),L,, PtOs3(p3-S)(CO),L,, and 

Ptos3(p3-S)(CO)3L3* 313 Decarbonylation of PtOs3(p3-S)2(CO)10(PPh3) by 

trimethylamine oxide gave [PtOS3(CO)3(~4-S)(u3-S)(p-H)(PPh2C6H4)]2. The X-ray 

crystal structure showed two trigonal-prismatic PtOs,S, units linked on an edge by 

quadruply-bridging sulfido groups.314 

IV. Catalytic and Synthetic Reactions 

Mechanistic features of hydroformylation and water-gas shift reactions with 

ruthenium compounds were investigated. The stability of triarylphosphines under 

hydroformylation conditions was studied. Only trace amounts of C-P bond cleavage 

products were found for hydroformylations catalyzed by .Ru,(CO),,. With cobalt and 
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OS04 
RCH(NH2)C02- + 2 Fe(CN)i3+ OH- ___) RCHO + CO2 + NH3 

2 Fe(CN)6m4 

Sulfides are catalytically oxidized to sulfoxides in alcohol solution by ruthenium(h) 

complexes. At 1 OO” and 100 psi of 03, a rate of up to 170 turnovers per hour is 

achieved. The reaction is first order in total ruthenium and first order in oxygen gas. A 

mechanism was proposed involving the oxidation of 0, to peroxide by ruthenium 

followed by oxidation of the sulfide by peroxide. 326 The oxidation of alcohols was 

carried out with Ru~(CO),~ as the catalyst. 327 The electrochemical oxidation of 

primary amines coordinated to ruthenium(h) has been reported. The products were 

characterized by their chemical and electrochemical behavior.328 

Dehydrogation reactions have been catalyzed by ruthenium complexes. The 

dehydrogenation of hydroxyesters and cyanohydrins with rert- butylhydroperoxide can 

be catalyzed by various ruthenium complexes including RuC12(PPh3)3, Ru3(CO),,, 

[RuC12(W312, (CsHrj)RuCl,, RuC13, Ru(acac)3 and ruthenium supported on carbon. 

o-Keto esters and ol-keto nitriles are produced in 40-97.5% yield.32g For the oxidation 

of alcohols, RULE and [RuL(CO)~]~ (L- q4-tetracyclone) are faster than 

Ru~(CO)~~.~~’ Alcohols and catechols can be oxidized to the corresponding carbonyl 

compounds with tert- butylhydroperoxide. The reaction, catalyzed by RuC12(PPh3)3, 

was reported to occur with 90% conversion and 50-l 00% selectivity.331 

A series of papers appeared dealing with ruthenium catalyzed addition and 

substitution reactions of olefins. Ruthenium., palladium and rhodium complexes 

catalyze the reactions between trialkylsilanes and trifluoropropene or 

petafluorostyrene. The dehydrogenative silation of RfCH=CH, to RfCH=CHSiR, is 

favored by Ru~(CO),~. 332 The triruthenium cluster also catalyzed the addition of 

polyfluoroalkyl halides to terminal acetylenes and olefins333 and to allylsilanes.334 
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HC=CR 

Rf-CH=C(X)R ‘RQCO),2 

H$=CHR 
Rf-X 

Ruz(CO),z 
b Rf-CH&H(R)X 

R’ 
Ru~(CO),~ CH,=CH-t-SiMe2R3 

I 
i2 

R -CH2CH=CR1R2 
f 

+ R3Me2SiX 

The reactions of arenesulfonyl chlorides with cis- or tram- P-methyl- styrene are 

catalyzed by RuC12(PPh3)3. The products are P-methyl, P-arylsulfonyl styrenes.335 

The hydrosilation of ketones and alkynes catalyzed by trans- RuCl3L, is enhanced in 

the presence of air or light and may proceed by a radical mechanism.336 

New homogeneous and heterogeneous catalysts for the reduction of olefins and 

acetylenes were reported. The ruthenium complexes (q6-arene)(l ,5-COD)Ru were 

found to be homogeneous catalysts for the hydrogenation of a-olefins and 

cycloolefins.337 Methanol and ethanol were used as the hydrogen donors in the 

reduction of cyclohexanone to cyclohexanol. Among the platinum group metals 

effective as catalysts for this reaction were 0sH(CO)Br(PPh3)3 and RuCI,(PPh3)3.338 

The homogeneous hydrogenation of a&unsaturated aldehydes catalyzed by Ru and 

OS complexes339 and the homogeneous hydrogenation of cyclohexene by 0s3 and 

O-s4 clusters340 were reported. Ruthenium acetate on a polymer support catalyzed the 

hydrogenation of olefins.341 The hydrogenation of pentynes and pentadienes has 

been catalyzed by Ru,(CO),,, Fe,(CO),, and mixed ruthenium-iron clusters on 

y-alumina. The highest activity was observed for Ru3(CO),, and the activity of the 

mixed metal catalysts increased with an increase in the percentage of ruthenium.342 

Gold-osmium bimetallic catalysts were prepared from heterometallic cluster 

complexes. A catalyst was prepared from (~~-X)AUOS~(CO),~L (Xx H,CI; L= PPh3) 

and phosphine functionalized silica. At room temperature, metal-metal bonds in the 

gold-osmium cluster opened reversibly under CO. At higher temperatures, the cluster 

fragmented.343 The mixed metal cluster CpNiOs3(u-H)(CO), was supported on 

chromosorb P in a GC column. Under H, flow, the supported cluster was a catalyst for 
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the hydrogenation of 1,3-pentadiene. The presence of metal particals was postulated 

on the basis of a loss of selectivity in the reaction. 344 Ruthenium(ll) complexes of 

sulphonated triphenylphosphine were immobilized on ion exchange materials for use 

in catalytic reactions.345 

The regioselective hydrogenation of unsymmetrical substituted cyclic anhydrides 

was catalyzed by ruthenium phosphine complexes.346 

The homologation of olefins at 250-300° under 1 atmosphere of synthesis gas (CO, 

Hz) was catalyzed by ruthenium and osmium supported on silica.347 Olefin 

metathesis of 7-methylnorbornene catalyzed by RuCI,-3H,O produced the all trans, 

atactic polymer.348 

The effect of the support was studied in the isomerization of l-hexene with 

heterogenous catalysts prepared from 0s3(CO)t, and various oxide supports. The 

activity of osmium carbonyl on MgO, AI,O,, or SiO, was greater than that on TiO,, 
. 

ZrO*, CeO,, Cr,O,, or ThO,. Mononuclear osmium carbonyl complexes were 

observed by IR.349 

Nitroarenes were converted to aminoarenes with formic acid using RuCI,(PPh3)3 

as a catalyst. Substituted quinolines and indoles were also reduced under these 

conditions.350 

The N-alkylation of aminoarenes with alcohols was catalyzed by RuCI,(PPh,), at 

150-l 80°. The rate was first order in catalyst and first order in alcohol.351 The 

reductive carbonylation of aromatic nitro compounds to carbamates has been 

catalyzed by Ru,(CO),, or Ru(CO),(PPh,), with tetra-ethylammonium chloride as 

co-catalyst.352 

0-alkyl aldoximes, RON=CHR, react with (NH3)sR~(H20)+2 to generate the alcohol 

ROH and a ruthenium nitrile, (NH,),RuNCR+~.~~ 
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In a study of the alcoholysis of triethylsilane by RuC12(C0)2(PMe3)2, it was found 

that the active catalyst is a dimeric ruthenium species, [RuCI,(CO),(PMe3)],.354 

The cyclization of N-alkydtrichloroacetamides to trichlorinated r_butyrolactams can 

be catalyzed by RuCI,(PPh& in benzene at 140°.355 

R3 

RJ 
RuC~~(PP~~)~ 

A number of investigators reported the use of polypyridal complexes of ruthenium 

as photocatalysts or photosensitizers. It was reported that Ru(bpy)s*+ photocatalyzed 

the reduction of various functionalized olefins. 356 The photochemical production of H, 

from ascorbic acid was also reported to be photocatalyzed by Ru(bpy)32+.357 A 

platinum catalyzed reduction of water used Ru(bpy),z+ as a photosensitizer. A 

ruthenium(h) tris(polypyridyl) complex was found to photocatalyze the oxidations of 

alcohols to carbonyl compounds .35g Water was oxidized by another bipyridyl 

ruthenium complex, [{(bpy)2(H20)Ru}2(p-O)]4+.3sc 

Catalysis by supported metal clusters was reviewed with emphasis on catalysis by 

supported triosmium clusters.361 

V. Reviews and Theses 

Several general review articles on ruthenium and osmium chemistry appeared in 

1984. The annual surveys of ruthenium and osmium for the years 1978 and 1982 

appeared in J.Organomet.Chem. 3621363 The chemistry of ruthenium was covered in a 

book by Seddon and Seddon.3s4 After a historical overview, ruthenium compounds 

were discussed in order of decreasing oxidation state. 

The following theses related to organometallic chemistry of osmium and ruthenium 

were listed in “Comprehensive Dissertation Index 1984 - Sciences Part 1” published 

by University Microfilms International or in “Chemical Abstracts”. 

Theses were published concerning the chemistry of mononuclear ruthenium and 

osmium complexes with various. ligands. Chemistry of ruthenium porphyrin 
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complexes was discussed in theses by Barley and by Chang.365s366 Doeff 

investigated axial ligand substitution reactions of ruthenium phthalocyanine 

complexes.367 The solution behavior and reactivity of some triarylphosphine 

complexes of ruthenium was discussed in a thesis by Dekleva.368 Zubkowski studied 

the photochemical reactivity of transition metal polyhydrides of osmium and 

molybdenum.36g Ruthenium oxime complexes were investigated by Geno.370 

Wolfgang studied the photophysical and photoredox properties of ruthenium(ll) 

complexes with II: acceptor ligands. 371 The thesis by Joseph reported on the 

synthesis, electrophilic cleavage reactions, and electrochemistry of CpRuLL’R (where 

L,C= CO, PPh3; R= CH3, CH3Ph). 372 Electrochemical and physiochemical studies of 

(hexamethylbenzene)ruthenium cyclophane complexes were investigated by 

Voegeli.373 

The preparations and crystal structures of dinuclear ruthenium and osmium 

complexes were the subject of a thesis by Thompson. 374 Audett studied the reactivity 

of osmium tetroxide and peroxycarboxylic acids with low valent iridium complexes.375 

Ruthenium and osmium cluster complexes were the subject of several theses. A 

thesis by Strickland involved the synthesis and reactivity of alkylidyne triosmium 

clusters.376 Acyl and Fischer-type carbene derivatives of triosmium and triruthenium 

clusters was investigated by Jensen. 377 A study of edge double-bridged triruthenium 

clusters was reported by Kampe.378 Hayward studied the synthesis of large carbonyl 

clusters of ruthenium, osmium and rhenium. 37g Yang investigated the synthesis and 

reactivity-of high nuclearity sulfido clusters of osmium and aspects of the reactivity of 

nitriles with hydrido-osmium carbonyl clusters. 380 Mechanistic studies of the 

photoreactions of Ru3(CO)t2 and its derivatives was reported by Desrosiers.381 Park 

investigated the organometallic chemistry of tungsten-triosmium clusters.382 

Several theses concerned synthetic and catalytic reactions using ‘ruthenium and 

osmium complexes. Bricker studied the reactivity of ruthenium carbonyl anions with 

respect to the water-gas shift reaction. 383 A thesis by Murphy concerned the rational 

design of electrocatalysts based on ruthenium polypyridal complexes.384 The 

photochemistry and photocatalytic properties of homogeneous and surface confined 

ruthenium carbonyl complexes was discussed by Liu. 385 McGuiggan investigated the 

synthesis, characterization and catalytic properties of ruthenium and rhodium 

phosphine complexes.386 Barbachyn reported on P-hydroxysulfoximine-directed 

cyclopropanations and osmylations.387 
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