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acac - acetylacetonate 
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,&-Bu - .&-butyl 
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Cp - cyclopentadienyl 
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Cyc - cyclohexyl 

diars - o-phenylenebis(dimethylarsine) 

dmpe - 1,2-bis(dimethylphosphino)ethane 

DMSO - dimethyl sulfoxide 

dpam - bis(diphenylarsino)methane 

dpae - 1,2-bis(diphenylarsino)ethane 

dppe - 1,2-bis(diphenylphosphino)ethane 

dppm - bis(diphenylphosphino)methane 

en - ethylenediamine 

Et - ethyl 

Me - methyl 

nbd - norbornadiene 

OEP - octaethylporphyrin 

Ph - phenyl 

phen - l,lO-phenanthroline 

PPN - bis(triphenylphosphine)iminium 

Pr - propyl 

&-Pr - &-propyl 

py - pyridine 

To1 - tolyl 

TPP - tetraphenylporphyrin 

Ts - .p-toluenesulfonyl 

SPECTROSCOPIC METHODS 

FAB mass spectra were reported for [RuC12(PPh3)3] and [OS~H~(CO)~~- 

(NCMe)2l PF61. The former complex displayed the (M+H-PPh3)+ ion. The 

positive ion spectrum of the cluster consisted of the cation (m/e 1189) and 

the cation-two NCMe (m/e 1107), while the negative ion spectrum contained 

the [OS H (CO)12]- ion (m/e 1107) (1). 
994 3 

Ru NMR studies were described for [RuCp2], [Ru3(CO)L2], K4[Ru(CN)6], 

lR~~W+,c1~1, c~[Ruc1~W)~l, [NEt414 [Ru(Snc13)+l, Cs2[Ru(CC)2C14], 

[Ru(bipy)31c12, [Ru(l-(2-pyridyl)-3,5-dimethylpyrazole)3][PF6]2, and 

tRu(NH3)6]C12. Using [Ru(CN)~]~- as the reference, a chemical shift range 

from -1270 to +7821 ppm was observed. The zero oxidation state is at the 

low frequency end and the resonances shift to higher frequency with 

increasing oxidation number. Large ligand effects are noted, e.g. a 4500 

ppm difference between the shifts of [Ru(bipy)3]2t and [RU(CN)~]~- (2). 

MONONUCLEAR COMPLEXES 

Zero-Valent Metal Complexes with Carbonyl, Group 15 Donor, or Hydride 

Ligands 
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Carbonylation of solid [Ru3(CO)l2] at 200 atm and 160" forms [RUG] 

nearly quantitatively. At 200 atm and 280" [Os(CO)5] is formed in 60% yield 

from [Os3(CO)12] but in hexane solution some [OsH2(CO) 

4 

] is formed due to 

hydrogen released by hexane dehydrogenation. The l3 C NMR spectrum of either 

[M(CO) ] is a singlet down to -40". At -78", chlorine and [Os(CO)5] go to 

[Os(CO55Cl]Cl, which dimerises to [{OS(CO)~C~~]~] in refluxing hexane. UV 

irradiation of [Os(CO)5] in the presence of diethyl fumarate and CO forms 

[Os(CO)4(diethylfumarate)]; the l3 C NMR spectrum of the product consists of 

two CO resonances at 25' which broaden at higher temperatures (3). 

Substitution on [M(C0)5] was used to prepare [Ru(CO)4(AsPh3)], 

IOs(CO)4(AsPh3) 1, and [Os(C0)4(SbPh3) 1, all of which were crystallographi- 

tally characterized; these structures were compared with other complexes 

[M(CO)4(Eph3)] (M=Fe,Ru,Os; E=P,As,Sb). In the solid state, axial coordina- 

tion of EPh3 is observed for [M(C0)4(EPh3)]. Both isomers exist in solution 

for M=Ru or OS and E=As or Sb. The tendency for equatorial coordination 

decreases in the order E=Sb>As>P. This observation could be explained by 

the tendency of weaker sigma donors to favor equatorial coordination and 

the order of sigma donor ability: PPh3>AsPh3>CO>SbPh . 
3 

However, steric 

effects may contribute, since the equatorial position is more sterically 

hindered (4). 

The di-imine complex [Ru(4-MeOC6H4N=CHCH=NC6H40Me-4)3] was prepared in 

70% yield by reaction of 3 equiv of the di-imine with [RuH2(PPh3)4] or 

]RuWC6H4PPh2)(PPh3)2(C2H4) 1. The product was characterized by X-ray 

crystallography. The complex is diamagnetic below -loo and paramagnetic 

above this temperature (5). 

The reaction of [Ru(C0)3(PPh3)2] with diphenylphosphonylazide in 

refluxing THF produces [Ru(C0)3(RN=PPh3)2] (R=P(O)(OPh)2) in 50% yield (6). 

Divalent Metal Complexes with Carbonyl, Group 15 Donor, or Hydride Ligands 

Zeolite-encapsulated [RU(NH~)~(CO)]~+ is formed by thermal activation 

of [Ru(NH~)~]~+ in X- or Y-zeolites under a CO and/or water atmosphere at 

temperatures less than 400 K. At higher temperatures the predominant 

species is a [RUG]+ complex, while in the presence of water a [Ru(CO>~]+ 

complex dominates (7). 

The oxidation of [Ru2(C0)6(Ph2PCH2SiMe2)2] with trifluoroacetic acid 

yields [Ru(CO)2(Ph2PCH2SiMe20H)(02CCF3)2] [l], characterized'by X-ray 

crystallography. A molecule of diethyl ether is hydrogen-bonded to the 

hydroxyl group (8). 

Photophysical properties of low-lying, emissive metal-to-ligand charge 

transfer excited states of a series of complexes including [Ru(bipy)2- 

(dmpe)12+, [Ru(bipy)2(diars)12+, trans-[Ru(bipy)2(PPh2Me)2] 
2+ 

, and .- 
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[Ru(biw)2(dPpene) I’+ (dppene = cis-1,2-bis(diphenylphosphino)ethylene) were 

investigated by luminescence measurements and redox potentials for excited- 

and ground-state redox couples. The MLCT state(s) lifetime(s) are dictated 

by (a) a radiative decay pathway relatively insensitive to the ligands, 

(b) a nonradiative transition to the ground state, the rate constant varying 

as predicted by the energy gap law for radiationless transitions, and (c) 

the rate of a thermally activated transition between the MLCT state and a 

low-lying, metal-centered dd excited state. It is the last transition and 

the role that the ligands play in stabilizing the MLCT state relative to 

the dd state that provide an explanation for the absence of room temperature 

emission and/or the appearance of ligand-loss photochemistry in the cases 

where phosphines, arsines, or CO ligands are present (9). 

The crystal structures of cis-[Ru(C0)2C12(opmpa)] [2] (245), &- - 

[Ru(CO)C12(DMSO)(opmpp)] [3] (245), and trans-[RuH(CO)(opmpp)2][PF6]'2 Me2C0 -- 

[4] (10) (opmpa and opmpp = (-t)-.c-phenylenebis(methylphenylarsine) and - 

(methylphenylphosphine), respectively), were reported. Also reported was 

the structure of .z-[RuCl2(opmpp)(omppo)] [5] (omppo = (k)_o-phenylene- 

(mathylphanylphosphine)(methylphenylphosphine-P-oxide)), isolated as a minor 

product from reaction of R&13 with opmpp and formaldehyde (11). 

The preparation and chemistry of [RuC12(ttp)lx and [RuC12(Cyttp)] 

(ttp=PhP(CH2CH2CH2PPh2)2, Cyttp=PhP(CH2PCyc2)2) were described. New 

complexes reported were [Ru(ttp)(NCMe)2][AsF6]2, [Ru(ttp>(CO)2][HF4]2, 

[RuC12(Cyttp)(S02)l, [RuI(C0)2(Cyttp)l, [RuH(C0)2(Cytt-e) 1[BF41, [RuH(NCMe)- 

(PF3) (ttp) 1 DF41, .trans-[RuH(P(OMe)3)2(tte) 1 [BF4f, c&-[RuH2(P(OMe)3) (ttp) I, 

and [RuH(CO)(P(OM~)~)(~~~)I[BF~]. The reaction of [Ru(C0)2(Cyttp)] with 

oxygen in benzene yields [Ru(C03)(CO)(Cyttp)] and the reaction withbromine 

or iodine yields the corresponding cis-[RuX(C0)2(Cyttp)]X (12). 

Ligand substitution reactions were used to prepare [RuC1(CO)H(PPh3)2- 

tPF2-(~~~2~~=~~2)]] (6) and [Ruc12(PPh3)2{PF2(ocH2cH=cH2)}l. The products 

were characterized spectroscopically and for [6 

(13). 

A number of Ru and OS complexes containing 

prepared and characterized by spectroscopic and 

refluxing ethylene glycol, cis-[0s(bipy)2(C0)C1 

by X-ray crystallography 

bipy or phen ligands were 

electrochemical methods. In 
f 

is reduced by excess PPh3 

to cis-[Os(bipy)2(CO)H]+ (50%). I The Ru analog was reported in 45% yield by 

thermolysis of cis-[Ru(bipy)2(C0)(02CH)]+ in 2-methoxyethanol. .- Substitution 

on mer-[Os(PPh3)3(CO)ClH] by bipy generates trans-[0s(bipy)(PPh3)2(CO)H]+. 

Complexes were characterized by 
1 
H and 

31 
P NMR spectroscopy and by IR 

spectroscopy. Cyclic voltammetry indicated irreversible oxidation of these 

complexes, followed by rapid chemical reactions. The hydride complexes 

react with HPF6 to generate hydrogen gas and, in acetonitrile, solvato 

Referencesp. 392 
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complexes. Also prepared was the phosphine chelate complex [Os(phen)(PPh3)- 

(,g-phenylenebis(diphenylphosphine)H]+. The OS complexes are rare examples 

of metal hydrides which luminesce at room temperature in solution. However, 

the excited state decay by non-radiative processes is rapid (14)% 

A new synthesis for [Ru(bipy)2(CO)Cl]+ was reported; the complex was 

found to be a catalyst for the water gas shift reaction. In refluxing 

ethylene glycol [Ru(bipy)2C12] is converted in the presence of a catalytic 

amount of [(bipy)2Ru(n-0)2MoO2] into the desired product, precipitated as 

the PF 6 salt in 70% yield. The complex catalyzes the conversion of CO and 

water (l-3 atm, 100-160“) to hydrogen with a turnover number of 112 over a 

20 h period. The proposed mechanism (Scheme 1) involves [Ru(bipy)2(CO)2]2+ 

and [Ru(bipy)2(CO)(C02H) I+, both of which were isolated (15). 

Ligand substitution on [RuC12(PPh3)3] and [RuC13(AsPh3)2(MeOH)] was 

used to prepare cis- and trans-[RuC12L4] (L=AsMePh2, AsMe2Ph) and rns- .- .- 

[RuC13L3] (L=PPh3,PMePh2,PMe2Ph,PEtPh2), respectively. 0,ther products were 

polymeric [RuC12(AsPh3)2]n and [RuC12(PPh3)(AsPh3)], (16). 

Ruthenium complexes of l-substituted 3,4-dimethylphospholes (RDMP, R= 

Me,Bu,CMe 3,Ph,Bz) were prepared and characterized by lH 13 , C, and 31P NMR 

spectroscopy. The complexes [Ru(CO)~C~~(RDMP)~] were prepared by reaction 

of RDMP with RuC13'3H20 and CO in ethanol or 2-methoxyethanol. The cis 

isomers [7] are the kinetic products but these rearrange to the trans 

isomers [8]. The phosphole ligands will displace PPh3 from [RuC12(PPh3)4]. 

The crystal structure of trans-[RuC12(CO)(PhDMP)3] was reported. Some of .- 
these complexes are catalysts for alkene hydrogenation (17). 

Photolysis of cis or trans-[Ru(dmpe)2C12] in a number of solvents gives .- ._ 
the trans photolysis product regardless of the geometry of the reactant. In .- 

methanol or ethanol the product is trans-[Ru(dmpe)2C12], in H20/HOR or H20, .- 
trans-[Ru(dmpe)2(H20)C1]+, and in DMSO, trans-[Ru(dmpe)2(DMSO)C1]+. Quantum 

yields vary with the solvent, but the nature of ligand loss and the product 

geometry is the same in all solvents. The primary photoprocess is suggested 

to be formation of a 5-coordinate excited state and this intermediate has 

a thermodynamic preference to rearrange to the isomer in which chloride is 

in an apical position (18). 

Ligand displacement from [RuC13(2-MeC6H4CN)3] by Ph2PCH2C02Et (P-O) 

produces .trans, trans, trans-[RuC12(2-MeC6H4CN)2(P-0)2] with monodentate .-._ 

P-O ligands. However, the reaction between RuCl 
3 

and P-O generates trans- 

[RuC12(Ph2PCH2C(0)OEt)(P-O)2] [9], characterized by X-ray crystallography. 

The Ru-0 bond of [9] is labile and CO substitution produces ,trans, trans, 

trans-[RuCl .-- (CO) (P-O) ] with monodentate P-O ligands. 
2 2 2 Bubbling nitrogen 

through a solution of the latter reversibly generates chelated [RuC12(CO)(Ph2- 

PCH2C(0)OEt)(P-O)] (19). 



303 

Scheme 1 

Ru(bipy)2(CO)Cl ’ + 

Ru(bipy)2(CO)(H20) 
2+ 

OH- 

I T 

H+ 

Ru(bi PY)~(CO)(CO~) 

10 

; 

H\ / H-B-H,oi)O 
HHBNH--B 

/ 
\I/ ] ‘H 

H L 

H 

B 

H’ 
B---H--- \ 

H 12 

11 

7 
B 

H 

References p. 392 



304 

A variety of phosphine, arsine, and stibine complexes have been prepared 

by ligand substitution on [RuC~~(DMSO)~] in acidic ethanol. Complexes thus 

prepared were [RuC12(DMSO)2(AsPhj)2], [Ruc~~(DMSO)L~] (L=AsMePh2, AsMe2Ph, 

SbPh3), and [RuC12L2] (L=dpam,dppe,dppm,dpae). Also prepared were [RuC12L3] 

(L=AsMePh2,AsMe2Ph,SbPh3) from Ru(II) generated by reduction of RuC13 with 

zinc/mercury amalgam. Reactions of these complexes with CO, hydrogen, 

nitrogen, and nitric oxide were examined (20). 

An easy and convenient preparation of cis-[Os(CO)4C12] involves 

reacting solid, anhydrous OsC13 with CO (65 atm) at 155' for 22 h; sublima- 

tion yields pure material (60%). In refluxing chloroform, cis-[Os(CO)4C12] - 
is converted to [{OS(CO)~C~~]~] (90-97%) (21). 

Ligand substitution on [MHCl(CO)L3] (M=Ru,Os; L=PPh3) by L'=P(OR)Ph2, 

P(OR)2Ph, or P(OR)3 (R=Me,Et) occurs trans to the hydride, forming .- 
[MHC1(CO)L2L'l. The Ru complex substitutes further to [kuH(CO)L2L2']+, 

[RuH(CO)LL;]+ and [RUH(CO)L;]+ (22). 

Treatment of [Ru(CO)~C~~L] (L=bipy or phen) with trifluoromethane- 

sulfonic acid produces [Ru(CO)~(SO~CF~)~L] (40-60%) and HCl. Reactions of 

these products with L'=bipy, phen, or other chelates yield [RLI(CO)~LL']~+. 

The trifluoromethanesulfonate complexes are as reactive as acetonitrile 

complexes and more readily prepared (23). 

Reactions of borohydride anions arachno-[B3Hg]- and nido-[B5HS]- with 

[Os(CO)HC1(PPh3)3] produce arachno-[(HOsB3Hg)(CO)(PPh3)2] [lo] (65%) and 

nido-[(OsB5Hg)(CO)(PPh3)2] [ll] (80X), respectively. These are the first .- 
air-stable polyhedral osmaborane complexes. Thermolysis of [ll] yields 

nido-[(o~B~HS>(Co)(PPh~)~] [12] (40%). Characterization was accomplished 

by spectroscopic methods (24). 

The syntheses, characterizations, and electrochemistry of [Ru(OEP)- 

(PBu~)~], [Ru(OEP)(CO)L] (L=PPh3,PBu3), [Ru(OEP)(PBu3)2]Br, [Ru(0EP)(PBu3)- 

Br], and [Ru(OEP)(CO)(EtOH)] were reported. [Ru(OEP)(CO)(EtOH)] reversibly 

dissociates EtOH in dichloromethane and undergoes a one-electron oxidation 

of the OEP ligand, forming [Ru(OEP~)(CO)I+. This product can coordinate 

bromide or py, and these same two species can be formed by oxidation of 

[Ru(OEP)(CO)(EtOH)] with bromine or by oxidation of [RU(OEP)(CO)(~~)], 

respectizzly. Oxidation of [Ru(OEP)(PBU~)~]+ at 1.2 V yields [Ru(OEP+)- 

(PBu~)~] ; the bromide salt decomposes to [Ru(OEP)(PBu3)Br], PPh3, 

[RU(OEP)(PBU~)~] and [PBu3Br]Br (25). 

An improved procedure for insertion of OS into porphyrin ring systems 

was reported. The procedure uses K20sC16 in diethyleneglycol monomethyl 

ether as the source of metal ion. Complexes prepared by this route were 

[O~(TTP)(co)(py)l (72X), [Os(TTP)(CO)(MeOH)l (45%), tOs(TTP)(CO)(MeOH) 1 



305 

(68X), [Os(mesoporphyrinato-IX-dimethyl ester)(CO)(py)] (47X), and 

[Os(mesoporphyrinato-IX)(CO)(py)] (86%) (26). 

[os(TTP)(co)(~~)] was also prepared in 80% yield from [{Os(CO)3C12}2], 

H2[TTP], and CO in 2-(2'-methoxyethoxy)ethanol. Pyrolysis of [OS(TTP)(PY)~I 

at 320" gave [{OS(TTP)]~] (95%) h aving a formal Os=Os double bond. The OEP 

analogs were also prepared (27). 

Picosecond laser spectroscopy of [OS(OEP)(NO)~] and [0~(0EP)(py)~] was 

reported. The initial excited states Sl decay in 9 ps and the second 

excited states Tl live for 9 and 1 ns, respectively. The results support 

prior assignments of these states for Tl as pi,pi* 
* 

and d,pi , respectively 

(28). 

Thiocarbonyl complexes have been prepared from trans-[RuC12(CS)(H20)- .- 

(PPh3)2], formed in 78% yield by refluxing [RuC12(PPh3)3], carbon disulfide 

and excess PPh3 in xylene for 24 h. This complex reacts with CNR to form 

sequentially _z-[RuC12(CS)(CNR)(PPh3)2] and then cis-[RuC12(CS)(CNR)- - 

(PPh3)2 I- The cationic complexes [RuCl(CS)(CNR)L'(PPh3)2]+ (L=CO,CNR) can 

be prepared by halide abstraction from cis-[RuC12(CS)(CNR)(PPh3)2] with Ag+, .- 
giving cis-[RuC1(CS)(H20)(CNR)(PPh3)2J+, and then adding L. Similarly, 

addition of sodium formate to [RuC12(CS)(H20)(PPh3)2] produces [Ru(n2- 

02CH)Cl(CS) @Ph3)21, which is transformed by PPh3 in refluxing MeOH to an 

equilibrium mixture of [RuHC1(CS)(PPh3)3] and [RuHC~(CS)(PP~~)~]. The 

latter 16-electron complex reacts with carboxylates Na[02CR] to produce 

[RUH(CS)(~?~-~~CR)(PP~~)~] (29). 

Complexes of Metals in Higher Oxidation States 

The electronic structure of the intervalence transfer (IT) absorption 

band of the weakly coupled mixed-valence dimer [(bipy)2C10s(II)(PPh2CH2PPh2)- 

0s(III)Cl(bipy)2]3f is attributed to the large spin-orbit (SO) coupling 

constant for Os, which leads to well-separated SO states for the Os(II1) 

d-pi' electronic configuration. The Ru analog is proposed to have a 

similar IT spectrum but because of the smaller SO coupling the three 

closely spaced components are not resolvable (30). 

The complexes [Os02X2L2] (L=PPh3,PMePh2, PEtPh2,PEt2Ph; X=Cl,Br) are 

prepared by reaction of [Os04], concentrated HX, and L in ethanol. These 

complexes are intermediates in the formation of trans-[OsX4L2] and rnx- 

[OsX3L31. In refluxing ethanol [Os02X2L2] reacts with HB (HB=2-hydroxy- 

pyridine, 2-hydroxy-6_methylpyridine, picolinic acid) to give [OsX2BL2]. 

Treatment of [Os02X2(PPh3>2] with 1,3_diphenyltriazine and butyl lithium 

forms [OsX2(PhN3Ph)(PPh3)2]. In ethanol [Os02C12(PEt2Ph)2] and 2-hydroxy- 

6-methylpyridine (HB) 

and the same reagents 

give [OSC~~(CO)(PE~~P~>~], but t~-[OsX4(PPh3)21 

give [OSXB(CO)(PP~~)~]. X-ray photoelectron spectra, 

References p. 392 



ESR spectra, and cyclic voltammograms were reported (31). 

In refluxing carboxylic acids RCO2H (R=Me,Et) trans-[Os02X2L2] (X=Cl, .- 

Br; L=PPh3,PEt2Ph) is converted to [Os2(y-O)(p-02CR)2XqL2] in 30-80% yield. 

cyclic voltammetric studies were described. Chemical reduction with sodium 

produces [OsZ(0)(02CMe)2C14L2]-, isolated as the AsPh4 salt. The products 

were characterized by NMR, IR, and W/visible spectroscopy, magnetic moment 

measurements, and X-ray photoelectron spectroscopy. The crystal structure 

for [Os2(0)(02CMe)2C14(PPh3)2] [13] was reported; the OS-O-OS angle is 

140.2" (32). 

Aromatic nitriles or N-aroylphosphinimines react with [OsC14(PPh3)21 in 

refluxing xylene to produce [OsC13(NCR)(PPh3)2], while [Os02C12(PPh3)2] 

forms [OsC12(NCR)2(PPh3)2] and [OsC12(RC(0)NPPh3)(PPh3)2], respectively. 

Thermal decomposition of N-aroylphosphinimines RC(0)NPPh3 gives the 

corresponding RCN and triphenylphosphine oxide. Triphenylphosphine reacts 

with [Os02C12(PPh3)2], yielding either [OsC14(PPh3)2] or [OsC12(PPh3)3], 

depending upon reaction conditions. These products were used to prepare a 

variety of carbonyl, nitrile, and hydride complexes (33). 

Coordination complexes with phosphine or isocyanide ligands were 

prepared from [Os2(p-02CMe)4C12] (Scheme 2) (34). 

The new Complex [RuC13(AsTO13)2(MeOH)] (Tol=C6H4Me-4) was prepared and 

used as a starting material for the preparation of other complexes. 

Reactions with excess nitriles NCR produce [RuC~~(ASTO~~)~(NCR)](R=M~,P~, 

Bz), with py form [R~Cl~(AsTol~)(py)~] in hexane or [Reclad] in di- 

chloromethane, and with bipy or phen produce [RuC13(AsTo13)(chelate)]. 

The complex is transformed to [RUC~~(ASTO~)~] in dichloromethane or benzene 

and to [RuC13(AsTo13)(OCMe2)] in acetone (35). 

Nitrosyl, Thionitrosyl, and Dinitrogen Complexes 

The syntheses of [PPh4][0~(~O)(N3)5] (30%) and [O~(NO)(N~)~(phen)l 

(50%) were achieved through reactions of 0s04 with hydroxylamine hydro- 

chloride and then sodium aside, followed by phenanthroline in the latter 

case (36). The X-ray crystal structure of [PMePh3][0s(NO)C14] was reported; 

the nitrosyl ligand is coordinated in a linear fashion and in the axial 

coordination site of the square pyramidal [Os(NO)C14] anion (37). 

The synthesis and structure of [PPh4]2[OsC13(NO)(SnC13)2] was reported. 

The compound was prepared from [OsC13(NO)] and [PPh ][SnCl ] in dichloro- 
4 3 

methane. The SnC13 ligands are trans (38). .- 

A new synthesis of [NH~][RU(NO)C~~] was achieved by reaction of NO Cl 

with RuC13'nH20 in ethanol and in the presence of PPh3. The iodide and 

bromide analogs were also prepared (39). 
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Oxidation addition reactions of [RU(NO)C~L~] (L=AsPhg) with AcCl, MeI, 

PhCl, 02, C12, Br2, and I2 produce [Ru(No)c~~(Ac)L~], [Ru(NO)C11MeL2], 

[Ru(NO)ClZ(ph)L2], [Ru(NO)CIOZLZ], and [Ru(NO)C~X~L~] (X=Cl,Br,I), 

respectively. The high reactivity was attributed to the presence of 

the NO ligand (375). 
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Condensation of the nitrosyl ligand of [Ru(bipy)2(NO)C1]2+ with RCH= 

NNHR' in the presence of sodium methoxide forms [14] (R=Me,Ph,C6H4Me;R'=Ph, 

C6H4Me). Protonation of [14] with perchloric acid gives [Ru(bipy)2(HA)]- 

[clo4] (A=Rc(NO)NNR’). The electrochemistry and UV/visible spectroscopy 

were discussed (40). 

The structure of Na2[Ru(C4HN304)2(NO)(N02)]*7H20 [15] was reported. 

The compound was prepared by treatment of [Ru(HZVi)3(NO)] (H2Vi=monoanion of 

2,4,5,6-(lH,3H)-pyrimidinetetrone-5-oxime) with sodium hydroxide and sodium 

nitrite (41). 

Reactions of SO3 2- with trans-[RuCl(py)4(NO)]2+ or with ,cis-[RuX(biPy)2- .- 

(NO) I ‘+ (X=Cl,Br) form [RuC~(PY)~(N(O)SO~)] ._ or cis-[RuX(bipy)2(N(0)S03)] 

1161, respectively. These products are considered to be Ru(I1) complexes 

of N-ONSO -. 
3 Adduct formation is reversed upon refluxing in aqueous acid. 

The structure of' [16] was reported (42). 

Sulfur and [Ru(NO)X3L2] (X=C1,Br;L=PPh3,AsPh3) react to form [{Ru(NO)- 

x2L12sl. Oxidation of the products with perbenzoic acid yields [{Ru(NO)- 

X2L]SO]. Characterization was achieved by IR spectroscopy and elemental 

analysis (43). 

The electrochemistry of [Ru(N0)2(PPh3)2] was examined. Oxidation in 

acetonitrile at a platinum electrode is an irreversible 2-electron process. 

The slow oxidation was attributed to a rearrangement from the C isomer to 
2v 

the planar (DZh) isomer prior to oxidation. The dication can be reversibly 

reduced to the monocation but the dication is decomposed by reaction with 

[Ru(N0)2(PPh3)21. In the presence of chloride, [RuC12(N0)2(PPh3)2] is 

formed and this product can be electrochemically converted to [RUG- 

(PPh3)2 1 (44). 

The l5 N NMR spectra of Ru and OS nitrosyl complexes have been recorded. 

For [RuC13(15NO)(PMe2Ph)2] and [RuC1(15NO)(NO)(PPh3)2][BF4] the nitrogen is 

deshielded by up to 450 ppm in the bent form as compared with linear NO. 

The deshielding is correlated with the presence of low-energy nN+pi* 

transitions. The nitrogen of the adjacent linear nitrosyl is deshielded by 

100 to 150 ppm, when compared with the mononitrosyl complex. 15N and 31P 

NMR spectra of [RuC~(~~NO)(NO)(PP~~)~]+ indicate.that the complex exists 

in solution as an equilibrium mixture of two isomers, one trigonal bipyra- 

midal with equivalent nitrosyls and one square pyramidal with linear and 

bent nitrosyls (45). The explanation for the deshielding of bent nitrosyl 

15N signals was supported by studies of [Os(N0)2(PPh3)2], [Ru(N0)2(PPh3)2], 

[OS(NH~)~(NO)]C~~ and trans-[RuC13(NO)(PPh3)2] (46). .- 
An NMR study of [Ru(NO)X3L2] (X=Cl,Br;L=SEt 

2 
,SEtPh,SPr2,SBz2,SeEt2, 

SeEtPh) at 200-375 K investigated the fluxionality of the ER2 ligands. 
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Inversion at S or Se was proposed to account for averaging of the methylene 

protons. Higher barriers to exchange were found for SeR2 complexes (47). 

Reactions of [OsC15]- with trithiazyltrichloride form [OsC14(NSC1)2] 

and [OsC14(NS)2]. The reaction of [AsPh4]C1 with [OsC14(NSC1)2] yields 

[AsPh4][OsC14(NS)2Cl], which can be converted to [OsCl 
4 
(NS)2] by treatment 

with GaCl 
3' 

The X-ray structure of [AsPh4][OsC14(NS>2C1] [17] was reported 

(48). 

Reactions of trithiazyltrichloride in THF with [RuC12(PPh3)3], [RuBr2- 

(PPh3)31, [RuC13(AsPh3)2(MeOH)l and [RuBr3(AsPh3)2(MeOH)] give [Ru(NS)Br2Cl- 

(PPh3)2], [Ru(NS)C13(AsPh3)2], [Ru(NS)Br2C1(AsPh3)2], .Ru(NS)C13(PPh3)(AsPh3)] 

and [Ru(NS)C~ 
3 
(SbPh )(AsPh )], the last two formed by ligand substitution. 

3 3 
Irradiation in the presence of air was used to form [Ru(NS)X3L] and the 

corresponding 0EPh3. Reaction of [RU(NS)X~L] with excess L' gives [Ru(NS)-. 

X3~~'] and with NOX (X=C1,Br,Br3) give mixed nitrosyls [Ru(NO)X3L21. Reac- 

tions of [Ru(NS)C13L2] or [Ru(NS)Br2ClL2] with N203 in the presence of 

excess L give [RU(NO)C~~(NO~)L~] and [Ru(NO)C1Br(N03)L2] (49). Treatment of 

[Ru(CO)3(PPh3)2] with (NSC1)3 gives only cis-[Ru(CO)2C12(PPh3>2] (50); - 
Substitution on mer-[OsX2(N2)(PR3)3] by MS2CNR2 was used to prepare 

mer-[OsC1(S2CNR2)(PR3)2] h w en M=Tl and cis-[Os(S2CNR2)2(PR3)2]when M=Na. .- 
Reaction of the N2 complex with Pb(SC6F5)2 gives .rner-[OsC1(SC6F5)(N2)(PMe2- 

Ph)3], [18], crystallographically characterized, and mer-[Os(SCgF5)2(N2)- _ 

(PMe2Ph)3 (51). 

1 n -Hydrocarbon Complexes 

The structures of [RuPh(C(0)Ph)(PMe2Ph)2(CO)(CNCMe3)] [19] (52) and 

[RuPh(CO)Cl(PMe2Ph)2(CNCMe3)] [20] (53) were described. 

The crystal structure of [RuMeC1(COD){PPh2(C6H40Me-2))] [21] was 

reported. The coordinated methoxy group is easily displaced by small 

ligands such as CO (54). 

The chelated aryl complex cis-[Ru(C0)2(benzo[h]quinolin-10-yl)2] [22] - 
was characterized by X-ray crystallography (55). 

Carbonylation of [RuXMe(C0)2(PMe3)2] (X=I,Me) produces [RuX(C(O)Me)- 

(C0)2(PMe3)2] by cis insertion of CO, -- rather than by methyl migration (56). 

Treatment of [OsHC1(CS)L3] (L=PPh3) with HgR2 (R=C6H4Me-4) provides a 

route to [OsRC1(CS)L2] in 90% yield. The product reacts with nucleophiles 

Y- (Y=S2CNEt2,02CMe,02CCF ) 
l3 

to give [OsR(n2-Y)(CS)L2], but the conjugate 

acid CF3C02H forms [Os(n -02CCF3)(EtOH)(CS)L2] in ethanol. Addition of 

L'=CO, CNR, or NCR to [OsRX(CS)L3] produces [OsRX(CS)L'L2], which undergoes 

aryl migration, forming [Os(n2-C(S)R)XL'L2]. Similarly, [~sR(~~-~~CCF~)- 

(CS)L'L2] (L'=C0,CNC6H4C1-4) rearranges to [OS(~~-C(S)R)(~~-O~CCF~)L'L~] 

D31, characterized by X-ray crystallography for L'=CO. These reactions 
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and others are summarized in Scheme 3 (57). 

Methylation with methylmagnesium bromide of (S)Ru, (R)c-[CpRuCl(pro- 

H-11 or WRu, (R)c-[CpRuCl(prophos)] (prophos=propylene bis(diphenyl- 

phosphine)) occurs stereospecifically with retention of configuration at Ru 

to produce (S),u, (R)c-]CpRuMe(prophos) 1 or (RjRu, (R)c-ICpRuMe(prophos)l. 

The crystal structure of the former product proves the configuration. How- 

ever, the analogous reactions with .s-butylmagnesium bromide give [CpRuH- 

(prophos)], stereospecific within NMR detection limits (58). 

Reactions of [CpRuC1(PPh3)2] with RMgX (R=Et,Pr,Bu,L-Bu) produce 

[WuWPh3)21. Above 50" phosphine dissociation and B-hydrogen elimination 

yields the appropriate [CpRuH(PPh3)(n2-alkene)]. When R=i-Bu, the inter- .- 

mediate [CpRuR(PPh3)] can be reacted with ethylene to produce [CpRu(,L-Bu)- 

(PPh3)(C2H4)]. Hydrogen-deuterium scrambling in [CpRu(CH2CD3)(PPh3)2] 

indicates that B-hydrogen elimination is reversible (59). 

Reduction of [CpRu(C0)3][PF6] with methanolic sodium cyanoborohydride 

produces [C~RU(CO)~(CH~OH)] in 50% yield. The compound is stable to 60" 

but is decomposed by potassium,c-butoxide in THF to [CpRu(CO)2H] and (CH20)x. 

Acylation of the hydroxymethyl ligand with acetyl chloride/pyridine or 

acetic anhydride produces [CpRu(C0)2(CH202CMe)]. In methanol the hydroxy- 

methyl complex slowly forms [CpRu(C0)2(CH20Me)], and silylation with 

chlorotrimethylsilane/pyridine gives the analogous [CpRu(C0)2(CH20SiMe3) 1. 

No reaction of [CpRu(C0)2(CH20H)] with CO was observed even under 4000 psi 

of CO and at 80" (60). 

Alkylation of Na[CpRu(C0)2] with 0.5 mol dichloromethane at -35" in THF 

produces [{CPRU(CO)~]$H~], characterized by X-ray crystallography; the 

Ru-Ru distance of 3.8 A and the Ru-C-Ru angle of 123" indicated the absence 

of a metal-metal bond. Photolysis of this product forms cis- and trans- .- 

[{c~Ru(co)~~~(wco)(I-I-cH~)] in 80% yield. Carbon monoxide insertion (40 

psig, 25O) produces [{c~Ru(co)$~(u-CHIC)] [24] (80%), also produced in 

low yield from Na[CpRu(C0)2] and CH2C1C(0)C1. Carbonylation of [[CpRu- 

(CO)~]~CH~] in methanol forms methyl acetate and [{C~RU(CO)~]~], and photo- 

lysis of [{CPRU(CO)~]~(V-CH~C(O)) 1 in methanol also produces methyl acetate. 

Reactions of other a,y-dihalocarbons X(CH2)nX (n=2,X=Cl;n=3,X=Br;n=4,X=Br) 

with N~]CPRU(CO)~] produce the corresponding [c~Ru(CO)~(CH~)~RU(CO)~C~]. 

For n=2 thermal decomposition at 70° gives ethylene. For n=3, irradiation 

yields equimolar quantities of [CPRU(CO)~H] and [CpRu(CO)(n-C3H5)] (61). 

Some of these hydrocarbon-linked Rug complexes and mixed Fe-Ru analogs 

were prepared by others. Reactions between Na[CpRu(C0)2] and I(CH2)nI 

(n=3 or 4) form [C~RU(CO)~(CH~)~RU(CO)~C~]; the mixed-metal analog 

]CPFe(CO)2(CH2)3Ru(CO)2Cp] is prepared in 87% yield by halide displacement 
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from [CpFe(C0)2{(CH2)31}] by [CpRu(CO)2]-. Photolysis of [(CpRu(CO)2]2 

(CH2)3] forms [{CpRu(CO)2}21 (27%), [{CpRu(CO))4] (25%),[Ruq(CO)6(u-o:D5- 

C5H4)2C~21 (ZO%), ]Ru~(CO)~CP(~~-C~H~R~(CO)~CP)] (4%), and [Ru2(CO)3(C2H3Me)- 

Cp2] (2%); [{C~RU(CO)~}~] is believed to be the primary photoproduct, and 

the organic products are propene, cyclopropane, and traces of methane, 

ethylene, and ethane. Photolysis of [c~Ru(CO)~(CH~)~RU(CO)~CPI gives 

propene (loo%), and thermolysis, propene and cyclopropane in a 84:l ratio. 

Thermolysis of the Fe-Ru analog produces a 1:1.3 ratio of propene to cyclo- 

propane. Thermolysis of [C~RU(CO)~(CH~)~RU(CO)~C~] produces l-butene and 

cis- and trans-2-butene. The mechanism for these reactions is shown in -- 

Scheme 4 (62). 

Vinyl complexes [RU(CO)~~C(CO~R)=C(CO~R)C~~C~L~] 1251 (R=Me,Et;L=PMe2- 

Ph,AsMe2Ph) are produced by the reaction of trans-[Ru(C0)2C12L2] with an 

equimolar quantity of C2(C02R)2 in acetone. The products have been charac- 

terized by spectroscopic methods and by X-ray crystallography for R=Me and 

L=PMe2Ph. The proposed mechanism involves intramolecular addition of the 

Ru-Cl unit across the coordinated alkyne. These products react with PMe2Ph 

by substitution for CO, rather than CO insertion into the Ru-C bond, and no 

further reaction with additional alkyne can be induced (63). 

The acyl complex [Ru(C0)2C1(PPh3)2{C(0)C7Hg)] [26] is formed by treat- 

ment of [RuHC1(PPh3)2(norbornadiene)] with CO (64). 

Alkylation of cis- or trans-[Ru(C0)2C12(PMe2Ph)2]with alkyllithium -- 

reagents produces [Ru(C0)2R2(PMe2Ph)] but initial attack is believed to 
2' 

occur at a CO ligand. During these reactions trans to cis isomerization -- 

is catalyzed. Dialkylmercury reagents react only with the trans dichloride. .- 

The mixed alkyl-aryl complex [Ru(C0)2MePh(PMe2Ph)2] was also prepared and 

the mixed aryl complex [Ru(CO)2Ph(C6H40Me-4)(PMe2Ph)2] was prepared using 

Hg(C6H40Me-4)2 for the first arylation and phenyllithium for the second. 

Carbonmonoxideinsertion on [Ru(CO)~M~~(PM~~P~)~I occurs at 25Ounder CO to give 

[Ru(C0)2(C(0)Me)Me(PMe2Ph)2]. The aryl complexes do not undergo CO inser- 

tion reactions (65). 

Formyl complexes of Ru and OS have been prepared. Attack on trans- .- 

[Os(C0)2(dppe)2]2+ by KBH(O-L-Pr)3 forms [Os(CHO)(CO)(dppe)2] [SbF6] [27], 

characterized by X-ray crystallography. The complex is thermally stable; 

only 60% conversion to [OsC1(CO)(dppe)2]f was observed after refluxing in 

chloroform under nitrogen for 5 days (66). Treatment of cis-[Ru(CO)2- - 

(dwd21 [SbF612 and trans-[Ru(CO)2(dppe)2][SbF6]2 with NaBH(OEt)3 or KBH- 

(0-L-Pr)3 form [Ru(CHO)(CO)(dppm)2][SbF6] and [Ru(CHO)(CO)(dppe)2][SbF6], 

respectively, in high yield. The deuterium labeled materials were prepared 
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using LiBDEt 
3' 

The compounds were characterized by 
1H 13 

, C, and 31P NMR and 

IR spectroscopy and by X-ray crystallography for trans-[Ru(CDO)(CO)(dppe)2]- 

[SbF61 u71. The Ru formyls are stable at -30" (67). 

A Ru formyl complex is formed by treatment of [Ru12(C0)4] with LiBDEt3 

(evidenced by 2H NMR signal at 13.65 ppm), but no formyls were observed 

after reactions of [Ru12(CO)4] with [PPN][Ru~H(CO)I~] or [PPN][RuH(C~)~] at 

-60". It was thought that reactions with these metal hydrides might gener- 

ate formyl intermediates in the catalytic conversion of CO and hydrogen to 

methanol and ethylene glycol, catalyzed by Ru carbonyls with iodide 

promoters. Some support for this was obtained from the production of [CpRe- 

(CO)(NO)D] (-8.44 ppm), [Ru~D(cO)I~I- (-12.70 ppm) and [CpRe(CO)(NO)(CDO)] 

(16.18 ppm, 20-30%) from [CpRe(CO),(NO)]+ and [RUDY]-. The reaction 

of [CpRe(CO)2(No)l+ with [Ru3H(CO) 11]- produces [Ru3(CO)12] and [CpRe(CO)- 

(NO)H], possibly by an electron transfer pathway (68). 

The formaldehyde complex [Os(n2-CH20)(CO)2(PPh3)2] reacts with carbon 
, 

disulfide to form [O!s(CH20C(Se)Se)(CO)2(PPh3)2]. Reactions of these com- 

plexes were investigated and the results are summarized in Scheme 5 (69). 

Reduction of trans-[OsC12(PMe3)4] .-- 

[OmH2)(PMe3)4H][28], but at -78" 

with NaC10H8 at 25" in THF forms 

the product is cis-[OsH2(PMe3)4]. .- 

Complex [28] is configurationally stable on the NMR timescale, unlike the Fe 

analog, and does not react with CO or P(OMe)3. However, reactions of [28] 

with methyl iodide, HX, (X=C1,02CCF3, and C2Ph), and methanol were investi- 

gated (Scheme 6). Treatment of trans-[OsC12(PMe3)4] with AgPF6 forms 

[OsC120’Me3)41[PF61. which reacts with CO, forming [OsC12(CO)(PMe3)3]. 

Protonation of cis-[OsH2(PMe3)4] with NH4PF6 produces [OsH3(PMe3)4][PF6]; .-- 

carbonylation of the product yields [OsH(CO)(PMe3),][PF6] (70). 

The carbene complex [OS(CH~)C~(NO)(PP~~>~ [29] was ,prepared in 82X- 

yield from [OSC~(NO)(PP~~)~] and diazomethane. The product was characterized 

by X-ray crystallography and its reactions with electrophiles were studied 

(Scheme 7). Rearrangement of [OsC12(NO)(CH2C1)(PPh3)2] [30] to [OsC12(NO)- 

(CH2PPh3)(PPh3)] [31] was proposed to occur through the intermediate 

[OsC12(NO)(CH2)(PPh3)2]+. The crystal structure of [OsC1(NO)(CH2AuI)- 

(PPh3)2] [32] was also reported (71). 

Carbene ligands containing heteroatom substituents are prepared from 

reactions of epoxides or aziridinewith [C~RU(CO)~][PF~]. Using mc2~4 

and 2-bromoethylammonium bromide at 25O for 10 min., I I 
[CPRU(CO)~(=COC~H~NH]- 

[PF6] is obtained in 87% yield. [CpRu(CO),(=Cq)][PF6] is obtained in 

73% yield from ethylene oxide and bromide ion in 2-bromoethanol solvent (72). 

Diaminocarbene complexes [CpRu(CO)(CN){C(NHMe)NHR]] and [CpRu(co)- 

(CN){C(NHMe)NR2}] are prepared by reactions of primary and secondary amines 
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with [CpRu(CO)(CN)(CNMe)]. The cationic carbene complexes [CpRu(CO)(CNMe)- 

{C(NHMe)2}]+ and [CpRu(CO)CC(NIIMe)2]Z]+ are prepared from [CpRu(CNMe)%(CO)]+ 

and methylamine. Methylamine and [CpRu(CNMe)3]+ give [CpRu(CNMe)%{C- 

(NHMe),}]+ and [CpRu(CNMe)IC(NHMe)2}2]+ and at low temperature [CpRu(CO)- 

{C(NHMe)N(Me)CNHMe]]+ [33]. Dimethylamine forms similar products, and the 

deprotonated chelate [CpRu(CO){C(NMe)N(Me)CNMe%]] was detected spectro- 

scopically (73). 

Difluorocarbene complexes have been prepared and their reaction 

chemistry investigated. Treatment of [Ru(CO)%(PPh3)3] with Hg(CF3)2 or with 

[Cd(CF3)2(MeOC2H40Me)] yields [Ru(CF3)(HgCF3)(C0)2(PPh3)2] and [Ru(CF%)(CO)~- 

(PPh3)21 [34] - The latter product was characterized by X-ray crystallo- 

graphy. Although [34] does not react with alcohols or with phenyllithium, 

a slow reaction with methylamine forms [Ru(CNMe)(CO)%(PPh3)%]. Reactions 

of [34] with Ag[SbF6], [NEt4][Au12], and HCl yield [Ru(CF,$~{H%O])(CO)%- 

(PPh3)21 ISbF61, [R:(‘=‘2~b (C0)2(PPh3)21, and [Ru(CF~H)C~(CO)~(PP~~)~], 

respectively. Treatment of [34] with HCl or SiC1Me3, followed by methanol, 

forms [RuC12(CHOMe)(CO)(PPh3)2] through the intermediacy of [RuC12(CHF)(CO)- 

(PPh3)21 (74). 

Reactions of carbyne complexes were investigated. Oxygen reacts with 

[OsCl(CPh>(CO)(PPh3)2] and [OsC1(CC6H4NMe,-4)(CO) W’h3)21 to [OsClPh(CO)%- 

(PPh3)2] and [Os(0,CO)C1(CC6H4NMe,-4)(PPh3)2]' respectively. The latter 

product loses CO% upon treatment with HCl, 

(H20)(PPh3) $+. 

forming [OsC12(CC6H4NMe2-4)- 

Although this product was not isolated in a pure form, 

derivatization to [OsC12(NCS)(CC6H4NMe,-4)(PPh3)2] [35] and [OsC12(CC6H4- 

NMe,-4)(CNC6H4Me-4>(PPh3)Z][C104] [36] was achieved and both of these were 

characterized by X-ray crystallography (75). 

The photochemistry of carbyne complexes [OsC1(CPh>(CO)(PPh3)2] and 

[Os(CPh)(CO)2(PPh3)2]+ was examined. Excitation in the Os-to-CPh charge 

transfer band converts these complexes to [OsC12(=CHPh)(CO)(PPh3)%] in 

solutions containing HCl. The relaxed charge transfer state is considered 

to be a square pyramidal Os(I1) complex with a bent Os-'dPh linkage (76). 

Vinylidene complexes [CpRu(=C=CRR')L,]+ (R=Me,Et,Bz; R'=Me,Et,Bu,Ph) 

are synthesized in yields of 60 to 90% from reactions of electrophiles MeI, 

EtI, or BzBr with [CpRu(C%R')L%] (R=Me,Et,Bu,Ph; L2=(PPh3)%,dppe) (77). 

Cyclopentadienyl Complexes 

The crystal structures of [CpRu(CO)%Br] and [(C5Me4Et)Ru(CO)2Br] were 

determined. No evidence for weaker Ru-CO bonds in the latter was obtained 

from the structures. This suggests that the enhanced rate of CO dissocia- 

tion from the latter is due to transition state stabilization (78). 
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Diamine or dialkene complexes [CpRu(L,)(PPh3)][ClO,] (L2=en,bipy,phen, 

propylenediamine, bi-imidazole (H2bim), bibenzimidazole (H2bdzim), 2-(2'- 

pyridylbenzimidazole (Hpybzim), norbornadiene (nbd), tetrafluorobenzobarra- 

lene (tfb)) were prepared from [CpRu(PPh3)2C1] and the diamine or dialkene 

in the presence of NaC104. The crystal structure of [CpRu(nbd)(PPh3)][C104] 

was reported. Oxygen and [CpRu(PPh3)2C1] in the presence of NaC104 yield 

ICpRu{i76-C6H5P(0)Ph2]][C104]. also characterized by X-ray crystallography. 

The bimetallic complexes [Cp(PPh3)Ru(p-bim)RhL21x (x=2, L2=(CO)2. nbd; 

x=1, L2=tfb) were prepared from [CpRu(Hbim)(PPh3)] and [Rh(acac)L2], and 

the analogous [Cp(PPh3)Ru(p-bbzim)RhL2] (L2=(C0)2,COD,nbd,tfb) from 

[CpRu(Hbbim)(PPh3)] (79). Proposed structures for the mixed metal complexes 

with L2=(CO)2 are [37] and [38]. 

Ligand substitution on [CpRu(PPh3)2Cl] by dppm in refluxing benzene 

gives first [CpRu(PPh3)(n1-dppm)Cl], characterized by X-ray crystallography, 

and then at longer times [CpRu(dppm)2]+. Methylation of [CpRu(PPh3)(dppm)- 

Cl] with methyl iodide forms [CpRu(PPh3)(PPh2CH2PPh2Me)]I. Also prepared 

were [CpRu(dppm)Cl] and [CpRu(dppm)2]Cl (80). 

The synthesis and crystal structure of [CpOs(PPh3)2C1] were reported. 

The product was formed in 75% yield by reaction of [CpOs(PPh3)2H] with 

chloroform. The structure of the dichloromethane solvate was compared with 

that of the unsolvated Ru analog (81). 

Substitution on [CpRu(PPh3)2C1] by PPh2(CHRCH2PPh2) (R=Me,Cyc,Ph) 

produces equimolar amounts of diastereomers [CpRu(PPh2CHRCH2PPh2)C1], which 

can be separated by fractional crystallization. The diastereomeric composi- 

tion at equilibrium shows a low asymmetric induction (ca. 35%) by the 

optically active ligand on thechiral Ru center. The crystal structure of 

(S)-[CpRu{(R)-PPh2CHMeCH2PPh2)C1] was reported. Thechiroptical properties 

of these complexes are dominated by the conformation of the chelate and 

are little influenced by the configuration of the metal (82). 

Reactions of each of the two diastereomers of [CpRu{(R)-PPh2CHMeCH2- 

PPh2}Cl] with SnC12 proceed stereospecifically with retention of configura- 

tion at Ru to [CpRu{(R)-PPh2CHMeCH2PPh2}(SnC13)]. The stereochemistry was 

established by X-ray analysis of one of the products (83). 

The tridentate chelate complexes [CpRu(tripod)][PF6] and [CpRu(tri- 

phos)][PF6] (tripod=(PPh2CH2)3CMe; triphos=(PPh2CH2CH2)2PPh3) were prepared 

in 73% and 77% yields, respectively, by refluxing [CpRu(PPh3)2C1], NH4PF6, 

and the appropriate'ligand in decalin for 4 h. Reduction of [CpRu(tripod)]- 

[PF6] with LiAlD4 occurred on the Cp ring, producing [(n4-C5H,D)Ru(tripod)] 

(70%), in which the deuterium is exo; the triphos analog was produced in the 

same manner in 65% yield (84). 
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These are the first [Ru([Zn]cyclophane)2] complexes to be prepared (96). 
An elec$:ochemical study was made of the t;z-electron reductions of 

[ (c6Me6>pl and [(C6Me6)Ru ([2n]cyclophane)] ([2n]cyclophane = [26](1,2,3,- 

4,5,6)cyclophane [50], [24](1,2,3,5)cyclophane [51], and [24](1,2,4,5)cyclophane 

1521). A two-electron, 

Me612Rul 
2+ 

partially reversible reduction wave converts [(C6- 

to [(n6-C6Me6)(n4-C6Me6)Ru]. The ease of reduction of the cyclo- 

phane complexes is in the order [50]<[51]<[52] in two closely spaced, over- 

lapping one-electron waves; this order parallels the order of closeness of 

the cyclophane geometry to n4-coordination. Changing from acetonitrile 

solution to dichloromethane allows further separation of these two waves. 

The mechanism for reductions of [(C6Me6)2Ru] 
2+ 

and of [50] is proposed to be 

EFC, where the geometry of the radical cation intermediate is closer to that 

of the starting Ru(II) complex than to that of the product Ru(0) complex. 

For [52] the mechanism is ECE or ECE with the radical cation intermediate 

resembling the product (97). 

A new synthesis for [(n6-arene)(n6-arene')Ru]Y2 complexes involves 

direct exchange of arenes for chlorides on [IRu(q6-arene)C12]2] in refluxing 

trifluoroacetic acid. In a typical procedure [{Ru(C~H~)C~~]~] (0.25 mmol) 

and the arene (0.5 mL) are refluxed in the acid (3 mL) until the color of 

the solution is yellow and then the solution is evaporated to dryness; the 

residue is then dissolved in aqueous NH4PF6 solution. If no arene is added, 

the product is [Ru2(n6-C6H6)2C13][PF6] (98). 

Hydride abstraction from [(C6Me6)RuMe2(PPh3)] by trityl cation at -78" 

gives [(C6Me6)RuH(C2H4)(PPh3)][PF6] (71%); the product was characterized by 

X-ray crystallography. The PMePh2 analog was also prepared. The proposed 

mechanism for this transformation is shown in Scheme 9 (99). 

Photolysis of [(C6H6)Ru(P(i-Pr)3)H2] or [(C Me )Ru(PMe3)H2] 
6 6 

causes 

hydrogen elimination and oxidative addition of C-H bonds by the resulting 

unsaturated metal complex. These reactions are summarized in Scheme 10 (100). 

Sodium naphthalide reduces [(C6H6)OsI(PMe3)(CNR)1[PF6] to [(C6H6)Os- 

(PMe3)(CNR)] [R=Me,CMe3,Ph,C6H4Me-4). These products are very good nucleo- 

philes, 

(CNR)]+, 

reacting with NH4PF6, MeI, and [ClAuPPh3] to give [(C6H6)0sX(PMe3)- 

where X=H, Me, and AuPPh 3, respectively. These products react in 

turn with excess PMe 3, displacing benzene and forming trans-[OsX(CNR)(PMe3)4]- .__ 

[PF6] (101). 
Treatment of [(C6H6)OsI{P(OMe3]2][PF6] with sodium iodide in acetone 

gives [(C6H6)OsI{P(0)(OMe>2]2]-, which can be protonated with trifluoroacetic 

acid to [(C6H6)OsI(P(0)(OMe)2]2H].CF3C02H. Treatment with Tl(acac) yields 

[(C6H6)OsI~P(0)(OMe)2]2T1]. Crystal structures of [(C6H6)OsICP(0)(OMe)2]2]- 

[PF6] and [(C6H6)OsIf.P(0)(OMe)2]2H] were reported. These reactions are 

summarized in Scheme 11 (102). 

Protonation of [(C6Me6)RuH2(PR3)] with trifluoroacetic acid and 
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NH4PF6 at -78" gives [(C6Me6)RuB3(PR3)][PFg] (R3=Me3,MePh2,Phg) in yields of 

20-43%. Also prepared were [(C6H6)RuH2{P@-Pr)3]] and [(C6H6)RuH3{P(,L-Pr)3}]- 

IPF61 (103). 

The arene complexes [(n6-arene)RuX(02CR)] and [(n6-arene)Ru(02CR)2] 

(X=Cl,Br; R=Me,CF3; arene=C6H6, 4-MeC6H4CHMe2, 1,3,5-Me3C6H3, 1,2,4,5-Me4- 

C6H2, or C6Me6) were prepared from [I($-arene)RuX2j2]. Bidentate carboxylates 

are present in [(n6-arene)RuX(02CR)], while [(06-arene)Ru(02CR)2] contain one 

unidentate and one bidentate carboxylate and are fluxional on the NMR time- 

scale. Trifluoroacetic acid reacts with [{(C6Me6)RuC12)2] to give a complex 

proposed to be [(C6Me6)Ru(~-C1)2(~-02CCF3)Ru(C6Me6)][H(02CCF3)2].CF3C02H. 

Phosphine addition to [(C6Me6)Ru(02CR)2] gives [(C6Me6)Ru(02CR)2(PR3)] with 

unidentate carboxylates. Ligand substitution by L=py or PEtPh2 on [(C6H6)- 

RuC1(02CCF3)] yields [(C6H6)Ruc1~,]+. Reactions of pyrazine, 4,4'-bipy, or 

1,3-dithiane with [{(arene>RuC12]2] or [(c~H~)RuC~(O~CCF~)I form [(arene>- 

RuC1L2]+ with only one donor atom coordinated but pyrazine reacts with 

[{(4-MeC6H4CHMe2)RuC12]2] yielding [{(4-MeC6H4CHMe2)RuC12]2(U-PYrazine)]. 

The crystal structure of [(4-MeC6H4CHMe2)RuCl(pyrazine)2][PF6] was reported 

(104). 

The kinetics of nucleophilic addition by P(OBU)~ to [(C6H6)2M] 
2+ , 

yielding [(n6-C6~6)M(n5-C6H6PR3)]2+ (M=Fe,Ru,Os) were determined. In 

acetonitrile at 25" the forward rate constants were 70 M 
-1 s-1 -1 -1 

and24M s 

for M=Ru and OS, respectively; the reverse rate constants were 0.08 s 
-1 

and 

0.06 s-l. The order of rates Fe>>Ru,Os for attack on the ring is explained 

by the pi backbonding abilities, which fall in the order: Ru(II), Os(II)>> 

Fe(I1) (105). 

Other Pi Hydrocarbon Complexes 

Coupling of diphenylacetylene with the thiocarbonyl ligand of [Os(CS)- 
I 1 

(CO)(PPh3)3] in refluxing benzene gives [Os{C(S)CPhCPh](CO>2(PPh3)2], in 

addition to [Os(C2Ph2)(CS)(PPh3)2]. Carbonylation of the latter yields the 

former product. 
, 

S-alkylation to [Os{C(SMe)CPhCPh](CO)2(PPh3)2] is achieved 

with methyl iodide but HCl and [Os(C2Ph2)(CS)(PPh3>,] give [Os(n1- 

CPh=CHPh)Cl(CS>(PPh3)3]. These reactions are summarized in Scheme 12 (106). 

Ruthenium complexes containing the n5-C4H4BPh+ ligand were prepared. 

Reactions of CH2CH=CHCH2BPh with [Ru3(CO)12] and with [Ru(n6-C6H6)(n4-C6~8)] 

form [Ru(n5-C4H4BPh)(CO)3] (35%) and [Ru(?-$-C~H,)(~~-C~H~BP~)] (22X), 

respectively (107). 

The reaction between [{Ru(CO)C12(PMe2Ph)2}2] and SnBu3(C5H7) gives 

[Ru(C~)C~(~~~-C~H~)(PM~~P~)~] (41%). Two possible structures are [53] and 

[54], with the latter considered more likely (108). 
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Under a CO atmosphere and at 150", Z-methoxyfuran and [Ru3(CO)l2] form 

[Ru2(C3H3C02Me)(C0)6] [55] (67%), C6H603 [56] (50X), and Me02CCH2CH=CHC02Me 

(74%). The proposed mechanism is shown in Scheme 13 (109). 

The formal [n6s+~r2s] cycloaddition of acetylene to [Ru(l-6-n-cyclo-octa- 

triene)(l-2:5-6-n-cycle-octadiene)] gives [Ru(n4,n2-bicycle-[4.2.2]deca- 

2,4,6-triene)(l-2:5-6-n-cycle-octadiene)] [57]. Propyne and 1-butyne react 

similarly. The chemical reactivity of these complexes (Scheme 14) was in- 

vestigated (110). 

Co-condensation of Ru atoms and 1,3-butadiene at -196OC, followed by 

addition of L=PF3, CO, or CNCMe3 at 25°C yields [RuL(~~-C~H~)~] (111). 

Treatment of [RuC12(py)2(nbd)] with first isopropylmagnesium bromide at 

-78°C and then cycloheptatriene at -40°C forms [Ru(n4-nbd)(n'-cycloheptatriene)] 

(80-90%). Acetylene adds to this product at O", giving [Ru(q4-nbd)(bicyclo- 

[4.2.l]nona-2,4,7-triene)] [58] (67%) (112). 

Addition of PPh3 to [Ru(l-3:5-6-n-cyclooctadienyl)(CO)3]+ forms initially 

a phosphonium ion, which slowly isomerizes to [Ru(4-6-n,l-o-cyclo-octadienyl)- 

(CO),(PPh3)1+. Attack on [Ru(l-3:5-6-n-cyclo-octadienyl)(CO)3]+ by iodide 

gives [Ru(4-6-n,l-o-cyclo-octadienyl)(CO)21], and iodide abstraction by 

Ag+ yields an intermediate [Ru(l-3:5,6-n-cyclo-octadienyl)(C0)2]+, which 

reacts with hydride donors and with PPh3 to form [Ru(4-6-n,l-a-cyclo-octa- 

dienyl)(C0)2H] and [Ru(l-3:5-6-n-cyclo-octadienyl)(C0)2(PPh3)]+, respec- 

tively. These reactions are summarized in Scheme 15 (113). 

Iodide-bridged diene complexes [{Ru(diene)L(n-I)}21 [59] (HL=2(1H)- 

pyrimidinethione, diene=l,5-cycle-octadiene, HL=Z-pyrimidinethiol, diene= 

nbd; HL=2_pyridinethiol, diene=1,5-cycle-octadiene or nbd) have been prepared 

by treatment of the corresponding [Ru(diene)L2] with methyl iodide (114). 

Long range 3l ' P- H coupling in [Ru(~~-C~H~)(CO)(PP~,)~], [Ru(T)~-C~H~)- 

{MeC(CH2PPh2)3]], and [Ru(n4-C5H6){PhP(CH2CH2PPh2)2]] was examined. The 

coupling constants were used to assign the stereochemistry of 5-substituted 

n4-cyclopentadiene compounds. 
No lHendo- 

31 P coupling was seen but Hex0 was 

coupled with JpH -8-20 Hz (115). 

Trimethylphosphite reacts with [Ru(l-2:5-6-n-cycle-octa-1,5-diene)- 

(1-6-n-cycle-octa-1,3,5-triene)], forming [Ru(l-2:5-6-n-cycle-octa-1,5-diene)- 

(l-4-n-cyclo-octa-l,3,5-triene){P(OMe)3]] [60] (90%). The product was 

characterized by X-ray crystallography (116). 

At 140" [Ru3(CO)12] and 3,7-divinyl-1,8-nonadiene form [RU(CO)(C~~H~~)] 

[61] (n=3) (49%) and [Ru2(CO) (C H 
4 13 18 

] 1621 (n=3) (12%); both products were 

crystallographically characterized. Similar reactions of 3,8-vinyl-1,9- 

decadiene and 3,9-divinyl-l,lO-undecadiene form [(p-polymethylene){Ru(C0)3(rt4- 

C5H7)], [63], while 1,3,7,9_decatetraene yields [Ru(CO)3(bicyclo[4.2.0]2,4- 
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octadiene] [64] (117). 

In the presence of 2,3,4-trimethyl-1,3_pentadiene, reduction of 

ethanolic RuC13*3H20 with zinc yields [R~(2,3,4-C8Hl3)~] [65], characterized 

by spectroscopic methods and by crystallography. Bis(2,4_dimethylpentadienyl)- 

ruthenium was prepared in the same manner. Yields of ca. 30% were achieved 

(118). 

CLUSTER COMPOUNDS 

Dinuclear Clusters 

The relationships between various ruthenium complexes derived from 

[Ru~(CO)~(O~CR)~] and PR3 ligands during the homogeneous hydrogenation of 

carboxylic acids were investigated. Species identified include [RUG- 

(OAC)~U’R~)~I, [Ru~(CO)~(OAC)~(PR~)~I, [Ru~(CO>~(OAC>~(PR~)~I, and 

[Ru~(co)~(oAc)~(PR~)], the species observed depending upon the identity of 

the phosphine (R=Bu,Cyc,Ph,OEt), the PR3/Ru ratio, and the temperature 

(Scheme 16) (119). 

Hydride-bridged dimers have been synthesized by hydrogenation of 

[Ru(styrene) 
2 
(PPh ) 1. 

32 
The initial product, formulated as [RuHn(PPh3)2], is 

proposed to be a mixture of [RuH6(PPh3)2] and [66]. Under nitrogen [RuH6- 

(PPh3)2] dimerizes to [Ru2H6(N2)(PPh3)4] 1671, characterized by X-ray 

crystallography (120). 

Photolysis of [OsH4L3] (L=PMe2Ph) in benzene or THF forms [Os2H4L6] [683 

(50% yield), characterized by X-ray crystallography. Also formed in this 

process is *-[O;&12L4). In solution phosphine dissociation from [68] was 

indicated by the P NMR spectrum. Protonation of [68] gives [Os2H3L61[PF41 

[69], which was structurally characterized (121). 

The reaction between [Os(CO)5] and GeC14 at 60" forms [Os2(C0)8(GeC13)- 

Cl] [70] in 60% yield. The product was structurally characterized. The 

proposed mechanism of formation involves initial oxidative addition, forming 

[Os(C0)4(GeC13)C1], followed by CO loss and condensation with [Os(CO)5] (122). 

Mononuclear and binuclear alkene complexes [Os(CO)4(CH2=CHC02Me)] and 

[Os2(CO)8(CH2=CHC02Me)] [71] (30%) are prepared by photolysis of [OSCAR] 

in the presence of methyl acrylate. The X-ray structural determination of 

[71] was reported; the OS C 2 2 ring is puckered (123). 

Pyrolysis of [OSIRIS] yields [OSIRIS] [72] (8%), characterized 

crystallographically (124). 

[Ru2(CO)6(R-dab)] (R-dab=RN=CHCH=NR; R=A-Pr,Cyc) reacts quantitatively 

with ketene, forming [73]; the complex where R=L-Pr was crystallographically 

analyzed (125). 

Thermolysis of [Ru3(CO)10(2-CH2=CHC6H4PPh2)] at 80° produces [Ru2(MeCC6- 

H4PPh2)(C0)6] 1741 (8%) and [Ru3H2(p-D2,P-HC2C6H4PPh2)(C0)8] (65%). The 
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latter reacts with CO at 80' to form [74] and [Ru3(CO)l2]. The X-ray crystal 

structure of [74] was reported (126). 

Metallocyclopentadienyl-containing dimers have been prepared through 

alkyne coupling reactions with [Ru~(CO)~~]. The X-ray crystal structures of 

[RU,(CO)~(C~R~R;)] 1751 (R=R'=CH~OH (127), R=R'=C02Me (128), R=CH~~H, R'=Et 

(127)) were reported. Also formed in the reaction with C2(C02Me)2 was [Ru3- 

(CO)7(C4(C02Me)4) 1 (128). 

The syntheses of [M2(CO)6(Ph2PCH2SiMe2)] [76] (M=Ru,OS) were accomplished 

by reacti.ons of the corresponding [M3(C0)12] with Ph2PCH2SiMe2H. The crystal 

structure of the Ru compound was reported (8). 

Photolysis of [Ru2(C0)3(p-CMe2)Cp2] in the presence of acetylene forms 

[Ru2(p-CO)(u-CHCH=CHCH=CMe2)(CO)Cp2] [77a] (R=Me) by alkyne insertion stereo- 

specifically trans; .- the product was characterized by X-ray crystallography. 

Photolysis of [Ru2(C0)3(p-CH2)Cp2] in the presence of C2(C02Me)2 yields 

[RU~(U-CO)(~-CRCR=CRCR=CH~)C~~] [77b](R=C02Me) with + stereochemistry; this 

product was also crystallographically characterized. Steric crowding was 

proposed to account for the difference in the stereochemistry (129). 

Protonation of [Ru~(CO)~IC(O)C~R~IC~~] (R2=H2,Ph2,H(Me),H(Ph)) with 

HBF4 forms [RU~(CO)~(CR=CHR)C~~]+. the initial product is 

[Ru2(CO)2{CH(0)C2Me2}CP21+, 

When R2=Me2, 

which then rearranges to the vinyl complex. 

Treatment of the vinyl products with NaBH4 produces carbene complexes 

[RU~(CO)~(CRCH~R)C~~]. Hydride addition to the a-carbon when R2=H2 also 

forms [Ru2(C0)3(C2H4)Cp2] in low yield. Reduction of [Ru2(C0)2(CH(0)C2Me2)- 

Cp2]+ with sodium borohydride forms [Ru2(C0)2(CH2CMeCMe)Cp2]. Hydride 

abstraction from [Ru2(C0)3(CHMe)Cp2] by trityl cation yields [Ru2(CO)3- 

(CH=CH2)cp2]+. Thesereactions are summarized in Scheme 17 (130). 

Allenes RCH=C=CHR' (R=R'=H or Me; R=H,R'=Me) and [Ru2(C0)2{p-C(0)C2Ph2]- 

Cp,] at 100° give [Ru(CO)(H3-C H 3 4_nMen{2-Ru(CO)2Cp}Cp] (n=O, 90%; n=l, 70%; 

n=2, 10%). Protonation of the product where n=O forms [Ru2(C0)3(1_I-CMe=CH2)- 

Cp2][BF4], which can be reduced with sodium borohydride to [Ru2(C0)3(u-CMe2)- 

CP21 (77%), characterized by X-ray crystallography. This sequence was used 

to prepare [Ru2(C0)3(p-CMeEt)Cp2] (60%). 

bridge-terminal carbene migration. Other 

synthesis of the CMe 
2 

complex are isomers 

[Ru~(CO)~(U-H)(~-CH=CHM~)C~~]; the former 

Cis-trans isomerizatton occurs via -.- 
products found during the 

[Ru2(C0)2(p-H)(y-CMe=CH2)Cp2] and 

is dominant in solution, but the 

latter was found in the crystal structure. These reactions are shown in 

Scheme 18 (131). 

Pyrolysis of [Ru,(CO),{C(O)C~HR]C~~] in refluxing toluene gives [Ru2- 

(C0)3(u-CCHR)Cp2] by an intramolecular hydrogen shift. Protonation of the 

product with HBF4 yields [Ru2(C0)3(p-CMe)Cp2][BF4], which can be deprotonated 
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with bases such as water, triethylamine or methyllithium. However, [Ru2(C0)3- 

(p-CHMe)Cp2] is obtained by treatment of the carbyne complex with sodium 

borohydride. Successive addition of methyllithium and HBF4 to [Ru2(C0)4Cp2] 

also gives [Ru2(CO)3(n-CMe)Cp,][BF4] and the analogous process with phenyl- 

lithium/HBF4 and sodium borohydride was used to prepare [Ru2(C0)3(p-CHPh)Cp2] 

in high yield. The crystal structures of cis-[Ru2(C0)3(u-CCH2)Cp2] 1781 and 

cis-[Ru2(C0)3(n-CMe)Cp2][BF4] 1791 were determined (13.2). - , 

The reaction of [Ru3(CO)l2] with dihydrofulvalene in refluxing glyme 

yields [80] (78%), characterized by X-ray crystallography. Oxidation of [80] 

with iodine gives [I(CO)2Ru(C H C H)Ru(C0)2I];the reaction is reversed upon 
5454 

treatment with LiBHEt 
3' 

Photolysis of [80] in the presence of alkynes 

generates [81]. Photolysis of [80] alone forms [82] by an intramolecular 

process; the reaction can be reversed thermally. The crystal structure of 

[81] was reported (133). 

Dimers ~Ru~(CO)~(C~~H~~)I [831, [RuFe(CO)6(C16H22)l 1841, and [Ru2(C0)6- 

(C16H20>] [85] were prepared. The first two were prepared from [R~(C0)~(1,2,- 

1',2'-n4-C16H22)] [86] and the appropriate [M3(CO)12]. The preparation of 

[86] (80% yield) involves the reaction of [Ru3(CO)12] with bi-2,7-cyclo- 

octadienyl at 140". The reaction also produces [85]. Crystal structures of 

1841 and [85] were reported (134). 

Trinuclear Clusters 

Ultraviolet photoelectron spectra and Fenske-Hall molecular orbital 

calculations for [OS~HX(CO)~~] and [Os3X2(CO)lo] (X=Cl,Br,I) were rep&ted. 

These results suggest that the only direct OS-OS bonds in these molecules 

are the two (OC)40s-Os(CO)3 bonds. The (OC)3Os-OS(CO)~ interaction in the 

(u-H)(n-X) series is weakly bonding, but in the (U-X), series is weakly 

antibonding (135). 

The l7 0 spin-lattice relaxation times at 54.25 MHz and 298 K were 

measured for a series of metal carbonyls, including [OS H (CO)lo] and 
32 

[Os3Br2(CO)121 (136). 

Protonation of [OS~HX(CO)~~] (X=H,NHPh,OPh) with trifluoroacetic acid 

gives [Os3H2X(CO)lo]+, but reactions of [OS~H(OH)(CO)~~] with RCO~H (R=CF3, 

CH3,CD3,H) produce [OS~H(~~CR)(C~)~~]. The compounds were spectroscopically 

characterized (137). 

Hydrogenation of [M3H(p-COMe)(CO)lO](M=Fe,Ru,Os) at 1 atm and 60-120" 

forms [M3H3(n3-COMe)(CO)g]. For Fe the product is unstable and reverts to 

the starting material in the absence of hydrogen, but in the presence of 

SbPh3 the stable product [Fe3H3(n3-COMe)(CO)7(SbPh3)2j can be isolated. 

Similarly, although [Ru3H(n-CNMeBz)(CO)lO] cannot be hydrogenated to a stable 

product, in the Presence of SbPh3 [Ru3H3(n-CNMeBz)(CO)6(SbPh3)3] can be 
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isolated in good yield (138). The kinetics and mechanism of hydrogenation 

of [Ru3H(u-COMe)(CO)lO] to [Ru3H3(p3-COMe)(CO)9] have been investigated. 

The reaction is quantitatively reversible; for the carbonylation of the tri- 

hydride activation parameters are AH4 ' = 31 0 kcal and AS ' = +8 eu and . 

k:jk; = 1.4. 
4 

The proposed mechanism is given in Scheme 19. An unusually 

small competition ratio for hydrogen to CO (k3/k2) was noted. It was 

suggested that this might be due to hydrogen addition and CO addition at 

different metal sites (139). 

Substitution by CNR on [Ru3(CO>l2] produces [Ru~(c~)~~_~(cNR)~] (R=CMe3, 

n=1,2,3; R=Cyc,n=l; R=C6H40Me-4,n=1,2; R=CH2S02C6H4Me-4,n=3). The crystal 

structures of [Ru3(C0)12_n(CNCMe3)n], n=l [87] and 2 [88] were reported (140). 

Thermally induced substitution on [RUDER] by MeSi(PEt2)3 forms 

[Ru3(CO)g(MeSi(PEt2)3)] [89] (14% yield). The MeSi(PPr2)3 derivative was 

also prepared (141). 

The crystal structures of [Ru~(CO)~~(PC~~~)], [Ru3(CO)10{P(OMe)3}2], 

and [Ru3(CO)9(PMe3)3] 1901 were reported (142). 

Ligand substitution reactions of [RUDER] and [H~RU~(CO)~~] are 

initiated by sodium diphenylketyl. Ligands used include isocyanides, 

phosphines , phosphites, arsines, and SbPh3. High specificity and high 

conversion are obtained and mixed ligand substituted products easily 

obtained (143). 

Sodium diphenylketyl was also used to initiate the reaction between 

[Ru~(CO>~~] and 2-Ph2PC6H4CH=CH2 to [Ru3(CO)10(2-Ph2PC6H4CH=CH2)] [91] in 

74% yield. The product was characterized by X-ray crystallography. 

Pyrolysis of [91] in refluxing cyclohexane forms [Ru3H2(I.r3-HCCC6H4PPh2)(C0)8] 

[92], the structure of which was determined by X-ray methods (144). 

The reaction between "lightly stabilized" [Os3(CO)11(NCMe)] and 

S(NP(CMe3)2)2 yields [Os3(CO)11~P(CMe3)2(NH2)]] 1931 while the product from 

[OS~H~(CO)~~] is [OS~H(CO)~ P(CMe3)2(NHS)] [94]. The products were charac- 

terized by 13C NMR spectroscopy and X-ray crystallography (145). 

The crystal structures of [M3(n3-C6H4)(u-PPh2)2(cO)7] (M=Ru,OS) [95] 

were reported (146). 

Ligand substitution on [RUDER ] by PPh2H forms [Ru~(CO)~(PP~~H)~], 

which on photolysis yields [Ru2(u-PPh2)2(C0)6], [Ru3H2(u-PPh2)2(CO>8] [96], 

[Ru3H2(u-PPh2)2(C0)7(PPh2H)] [97] and [Ru3H(u-PPh2)3(C0)7] [98]. All com- 

plexes were characterized spectroscopically; the crystal structure of [98] 

was determined (147). 

Both X-ray and neutron diffraction studies of the structure of 

[Ru3H(C0)7(AsPhCH2AsPh2)(Ph2As~H2AsPh2)] [99] were described. The Ru-H bond 

distances are 1.791 and 1.818 A and the Ru-H-Ru angle is 107.5" (148). 
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In the presence of bases such as py or DMF [Os3H2(CO)lo] is oxidized 

under'C0/02 to [OsH(OH)(CO)lO] and CO2 in almost quantitative yield (149). 

The hydroxide-containing product reacts with d5-py at 20' to displace water, 

generating [~s~D(LI-NC~D~)(CO)~~]. The oxidation reaction was shown to 

proceed through [Os3H(CO)ll] . The reaction sequence is shown in Equations 

(l)-(3)- 

(1) [Os3H2(CO)lo] + CO = [Os3H2(CO) 11' 

(2) [Os3H2(CO)ll] + NEt3 = [NHRt3]tOs3H(CO)ll] 

(3) [NHEt3][OsH(CO)ll] + 02 -f CO2 + [Os3H(OH)(C0)10] + NEt3 

The crystal.structure of [os3H{V-3,4-n2-C,N,H,(2-Me)](CO)lo] [lo01 was 

determined. The angle between the 0s3 plane and the plane at the C3N2 ring 

is 100". The OS-C bond distance (2.089 i) is slightly shorter than the OS-N 

distance (2.153 & (150). 

Reduction of nitrobenzene by [Ru3(CO)12 ] at 100° produces [Ru~(CO)~~- 

(NPh)] [loll, [Ru3(C0)g(NPh)2], and carbon dioxide in yields of 5-15x. The 

crystal structure of [loll was reported (151). 

Dimethyl azodicarboxylate and [Os3(CO)11 (NCMe)] at room temperature 

form [Os3(CO)ll(MeOC(0)N2C02Me)] [102]. At 70" for 10 min. [lo21 is con- 

verted into [Os3(CO)lo(MeOC(0)N2C02Me)] [103] in 50% yield; the same product 

may be obtained quantitatively from [Os3(CO)10@lCMe)2] and dimethyl azodi- 

carboxylate. Carbonylation of either [102] (O") or [103] (25") gives 

[~~3(C~)12(Me~C(~>N2C~2Me)l [lO4], which was characterized by X-ray crystal- 

lography (152). 

Reactions of amidines NH=CR'NHR with [Os3(CO)lo(NCMe)2] were used to 

prepare [~s~HINRC(R')NH](CO)~~] [105] (R-H, R'=Me; R=R'=Ph). Pyrolysis of 

these products yields the corresponding [OSH{NRC(R')NH)(CO)~] [106]; the 

crystal structure of the product with R=R'=Ph was determined. In solution 

two tautomeric forms can be observed when R'=Me and R=H, corresponding to 

[107] and [lo83 (153). 

Both NH and CH bond activation occur as competing processes upon 

thermolysis of [~s,(C~)~~INHC(CH,),~], forming [OS~H~(CO)~{NHC(CH~)~C~] 

[109] (11%) and [OS H(C0) 
3 10 

{NC(CH2)5}] [110] (34%); the crystal structure 

of [109] was reported (154). 

In refluxing benzene [Os3(CO)lo(NCMe)2] and PhCH2N=CHC H OH-2 
64 

produce 

[Os3H(CO)lo(OC6H3CH=NHCH2Ph)] [ill]. In refluxing heptane this product is 

converted into three isomers [Os3H(CO)g(OC6H3CHNHCH2Ph)] [112] (6%), [Os3H- 

(CO)g(OC6H4CHNCH2Ph)] [113] (8X), and [Os3H2(CO)g(OC6H2CHNHCH2Ph)] [114] 

(30%). The products were characterized by spectroscopic methods (155). 

In refluxing acetic acid [Ru~H(CO)~~(NHBZ)] [115] (8-10X) is synthe- 

sized from [RUDER] and benzonitrile; [H~RU~(CO)~~] is also a product. The 
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A polarographic study was made of the reduction of [Os3(p-X)2(CO)gL2] 

(X=Cl,Br,I; L=C0,PPh3,p(Oph)3). The reduction potential depends little upon 

the halogen (376). 
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The photoelectron spectrumof[Ru3H2(C0)9(n3-S)] was recorded and Fenske- 

Hall calculations were used to assign the bands. Results were compared with 

those from studies of the Fe and Fe-Co analogs (163). Photoelectron spectra 

of [M3H2(C0)9(p3-S)] (M=Ru,OS), when compared with the corresponding [M3- 

(co)12l 9 indicate a loss of direct M-M interactions and the appearance of 

bands due to a mixture of energy-equivalent M-H-M and M-S interactions (164). 

Reactions of thiobenzophenone with Os3 clusters have been investigated. 

The product from [OS~H~(CO)~C] is [Os3H(SCHPh2)(C0)10] [135] (165). With 

[OsH,(Co>9(NMe3)l, f ast addition yields [Os3H2(CO)8(C(0)CPh2S)(SCPh2)] 11361, 

while slow addition yields [Os3H(SCHPh2)(C0)9(SCPh2)] 11371 (166). All 

products were characterized by X-ray crystallography. 

Coupling of two 0s3 units was achieved through the reaction of [Os3- 

(CO)10(NCMe)2] with HS(CH2)3SH. The product, [{os~H(co),~(scH~)~cH~], was 

formed in 20% yield and its crystal structure was determined (167). 

Oxidative .addition of HSiPh3 to [Os3H2(CO)lo] at 70' produces [OS H - 

(CO)9(SiPh3)] [138] in 58% yield. The product was characterized by 
133 3 

C and 
1 H NMR spectroscopy and by X-ray crystallography. Exchange of the hydride 

ligands on the doubly bridged edge was established by spin saturation trans- 

fer experiments at 25O. At 75" the third hydride begins to exchange (168). 

Oxidative addition of HSiC12X to [Os3(CO)12] at 140° yields trans- .- 

[O~(cO)~(Sicl~x)~] (25%) and [Os3(CO)12(SiXC12)2] [139] (X=Cl (46%), Me 

(61%)). The crystal structure of the chloride derivative was determined. 

The same reaction involving [RUDER] produces only [Ru(CO)4(SiC13)21 and 

[{Ru(CO)4(SiC13)}2]. The crystal structure of [Os3H3(C0)g(SiC13)3] [I401 

was also reported (169). 

The reaction of PR3 with Na[Ru3H(CO)10(SiR;R")2] forms [Ru3(C0)g(SiR;- 

R")(PR3)2]-, isolated as the PPN salts. The proposed structure of the 

products is [141] (170). 

The reaction of [Ru3(CO)12] 

(v3-n2-C2Wl [1421. 

with PhC2X (X=Cl,Br) yields [Ru~(CO)~X- 

The crystal structure of the chloride derivative was 

determined (171). 

The crystal structure of [Os3(CHSiMe3)(CO)11] [143] was reported (172). 

Insertion of CO into the OS-CH2 bond of [Os3(CO)ll(CH2)] generates 

[Os3(CO),,(n2(C,C), p-CH2CO)1 [l441, characterized by X-ray crystallography 

and spectroscopic methods. Labeling studies showed that an equilibrium 

between [Os3(CO)11(CH2)] and [Os3(CO)lo (CH2CO)] precedes CO addition. 

[OS~(CO)~~(CH~CO)] reacts further with CO, producing [Os3(CO)12], and with 

ROH to give CH3C02R (R=H,Me) and [Os3(CO)12] (173). 

Attack by LiBHEt3 on the carbyne ligand of [Os3H(COMe)(C0)10] gives 

initially [Os3H(CHOMe)(C0)10]- (70%); protonation of the product with 
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trifluoroacetic acid at -60" forms [OS~H(CH)(CO),~] [145] (70%). The 

crystal structure of [145] reveals an asymmetrical p3-CH ligand with the 

C-H vector bent toward the unique OS atom; this is attributed to the donor- 

acceptor nature of the Os+CH bond. Displacement of this,interaction by py 

generates an adduct between the py and methylidyne. The methylidyne complex 

was also reacted with LiBHEt3 and N2CHR, forming [OS~H(CH~)(CO)~~]- and 

[OSH(CH=CHR)(C~)~~], respectively. These reactions are summarized in Scheme 

22 (174). 

Hydride migration to the coordinated vinyl group of [OS~H(CO),~(CF~C= 

CHCF >] [146] is induced by bromide ion, yielding [OS 
3 
(CO) 

lO(L 
CF3)ir]- [147] (75%), characterized by X-ray crystallography. 

rans-CF3CH=CH- 

At 40" in 

dichloromethane [147] is converted into [Os3(CO)9(trans-CF3CH=CHCF3)Br]- -- 

[148] (40%), also characterized by X-ray crystallography. Treatment with 

Me,O+ converts [147] into approximately equal amounts of [Os3HBr(C0)10] and 

[0~3(~0)~~(frans-CF~CH=CHCF~)] [149]. On the other hand, treatment of [147] 

with methyl fluorosulfonate produces [149] and [Os3H(CO)9(trans-CF3CH=CHCF3)- 

Br] [150], characterized by X-ray crystallography (175). 

The alkyne complex [0s,(C0),, (HC2CH2CH20H)], formed from HC2CH2CH20H 

and [Os3(C0)10(NCMe)21, is converted in refuxing heptane to [Os3H(C2CH2CH2- 

OH)(CO)g] (90%); upon treatment with silica, the acetylide product cyclizes 

to [OS~H~(CO)~(~~-C~)]. The cyclized product is also formed in 48% 

yield through the direct reaction of [0~3(CO)~2] and HC2CH2CH20H. These 

transformations are shown in Scheme 23 (176). 

The crystal structure of [OS~H(CO)~~ (CH=CHCMe3)] [151], formed from 

[OS~H~(CO)~~] and HC2CMe 
3' 

was reported. Side products from the synthesis 

in the presence of excess alkyne include [Os3H2(CO)g(C=CHCMe3)] and [Os3H2- 

(C0)g(HC=CCMe3)] (177). 

Vibrational modes for C2Hn units attached to trinuclear clusters have 

been assigned. The IR and Raman spectra of the C2H2 ligand of [OSLO- 

(p-CO)(n,-n2-C,H,)] were analyzed and compared with EEL spectra for C2H2 on 

Pt(ll1) and Pd(ll1) surfaces (178). Vibrational assignments for the vinyl 

group of [os~H(co)~~(cH=cH~)] and the vinylidene of [os~H~(CO)~(C=CH~)I 

were made from a normal coordinate analysis of OS (C H ) 
3 2n 

(n=3,2) fragments 

and from spectra of deuterated clusters. The principal C=C stretching 

frequencies were assigned at 1311 and 1331 -l, respectively (179). cm 

Photoelectron spectra and CNDO calculations for [M3H(C0)g(C2R)] (M=Ru, 

R=CMe3; M=Os,R=Me; M=Os,R=CMe3) were reported. Bonding of the acetylide to 

the cluster is described in terms of one sigma and two weaker pi interactions, 

but the bridging hydride has a low bond overlap population (180). 

Nucleophilic attack by isocyanides upon coordinated acetylides has 
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been observed. The reaction between [Ru3H(C0)9(C2Ph)] and CNCMe3 forms 

[Ru,H(CO)9{C(CNCMe3)CPh}] [152] in 20% yield and the analogous reaction with 

[Os3(CO)9(PPh2)(C2Ph)] gives [Os3(CO)9(PPh2){C(CNCMe3)CPh}] [153] in 94% 

yield. Nucleophilic addition of butylamine to [153] forms [Os3(CO)g(PPh2)- 

{C(C(NHCMe3)NHBu>CPh)1 [154] (98%). Products [152] and [154] were struc- 

turally characterized (181). 

Oxidative addition of aryl C-H bonds occurs upon reaction of [OS~(CO>~C- 

(NCMe)2] with C6H4RR' to form [os~H~(co)~(c~H~RR')] (R=H,R'=H,Me, 

Pr,CH=CHPh,Cl; R=R'=Me) in 20-37X yield. The crystal structure of the C6H4 

adduct [155] was reported. Two isomers were observed for the products from 

toluene and from chlorobenzene (182). 

Treatment of [OS~H~(CO)~~] with both B2H6 and BH3.NEt3 generates 

[os~H~(c~)~(Bco)] 11561 (85%) and hydrogen (91%); the cluster product was 

characterized by X-ray crystallography. In the presence of excess THF, 

[IOS~H~(CO)~],(B~O~)] is formed. Although the CO attached to the B atom of 

[156] does not exchange with 
13 CO at 25', PMe3 displacement of CO forms 

[Os3H3(CO)g(BPMe3) 1 (183). 
The closely related ketenylidene cluster [OS~H~(CO)~(CCO)] [157] is 

formed in up to 75% yield by heating [OS~H(CO)~~(CH)] [145] (refluxing 

hexane or sublimation at 85"). The product was structurally characterized; 

the C-C-O angle is 178.6" and the C-C and C-O bond distances are 1.264 and 

1.154 i, respectively. The mechanism for formation of [145] is proposed to 

involve thermal rearrangement to [os~H(co)~(Hc=c=o)]. Protonation of [145] 

gives [OS~H~(CO)~(CCO)]+, while hydrogenation in refluxing heptane produces 

[Os3H3(CO)g(CH)] (54%), implying that HC-CO coupling is reversible (184). 

Methylidyne-alkyne coupling occurs upon reaction of either [RUSHES- 

(p,-CX)] (X=OMe,Me,Ph) or [Ru~H(CO)~~(LI-CX)] (X=OMe) with C2R2, forming 

[Ru~H(CO)~(~J~-~~-XCCRCR)] /158]. Terminal alkynes give two possible coupled 

products, the more abundant being [RU~H(CO)~(U~-~~-XCCHCR)I. When X=OMe, 

hydrogenation (1 atm, 90") generates new alkylidyne clusters [RUSHES- 

(v~-CCHRCH~R)(CO)~] (185). 

The new cluster [RU~H~(CO)~CP~I [159] was prepared in 40-60% yield by 

photolysis of [Ru~(CO)~(~-CO)(I.I-CHR)C~~] (R=H,Me,C02H) under hydrogen; the 

product was characterized by X-ray crystallography. Also formed in the 

reaction were [Ru~(~-CO)~(~~-CR)C~~] (lo-20%) and [Ru~(u~-CO)~CP~] (30%). 

Protonation of [159] with HBF~ yields IRU~(~-H)~(~~-H)(CO)~CP~I[BF~I. 

Pyrolysis of [159] in refluxing toluene and in the presence of ethylene 

yields [Ru~(~-CO)~(I_~~-CM~)C~~] (56%) and [Ru~(CO)(C~H~)(IJ-CO)~CP~I (9%). 

The reaction of [159] with acetylene gives [Ru~(CO)~(LI-CH=CH~)CP~I (45%) 

and [Ru3(~-CO)3(~3-~e)Cp3] (16%) (186). 
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The 1H NMR spectra of the ortho-metallated cluster [Os3H(C0)8(C4Ph4- .- 

(C6H4)j] and the .g-chlorinated analog were assigned. The proton ,ortho to 

the OS-C bond is strongly deshielded (187). 

Excess HC2CMe 3 reacts with [RU~(CO)~(C~~H~~)(C~~H~~O)] (isomers [160] 

and [161], R=CMe3), forming two isomers [R~3(C0)5(C~2H2~)(C~9H3~0)] ([162] 

and [163], R=CMe3). The crystal structure of [163] was reported. The 

isomers [160] and [161] arise from coupling of HC2CMe 3 to [Ru3H(CO)9(C2CMe3)l 

(188). 

Hydrogenation of cyclohexadiene by [RU~H~(~-CX)(CO)~] (X=OMe,Ph) produces 

one equivalent of cyclohexene and 

(CO)8(C6H8>] [164], characterized 

tive. The structure of 11641 was 

which was re-determined (189). 

Tetranuclear and Larger Clusters 

the cyclohexadiene complex [Ru3H(p3-CX)- 

by X-ray crystallography for the OMe deriva- 

compared with that of [Ru3H(p-COMe)(CO)LC], 

The vibrational spectra of [M~H~(co)~~] (M=Ru,OS) were assigned (190). 

An X-ray crystallographic study of the chiral cluster [Ru4H4(C0)g(PMe2- 

Ph){P(OC6H4Me-4)3]{P(OCH2)3CEt]] was reported (191). 

Both X-ray and neutron diffraction at 293 and 20 K, respectively, were 

used to determine the structure of [Ru4H4(CO)8{P(OMe)3]4] [165], including 

location of the hydrides. All Ru-H-Ru bridges are symmetrical (192). 

The kinetics and mechanism of fragmentation of [Ru~H~(CO)~~] under CO 

to form [Ru3(‘W121, [RuW51 and hydrogen were investigated. The rate law 

is of the form k[Ru4H4(C0)12], where k = a[CO]/(l+b[CO]). A small and normal 

deuterium isotope effect was found and the reaction is retarded by hydrogen. 

The proposed mechanism is shown in Scheme 24 (193). 

The butterfly cluster [Ru4(p4-n2 , p-HC2C6H4PPh2>(C0),,] [166] can be 

prepared in 17% yield by pyrolysis of [Ru3(CO)10(n-n,_~-CH2=CHC6H4PPh2)] [91] 

at 135". The product, which was characterized by X-ray crystallography, can 

also be obtained from [Ru3H2(p3-n2,g-HC2C6H4PPh2)(C0)8] 1921 and [Ru~(CO>~~] 

(194). 

Sodium diphenylketyl reduction of [RUDER] under carefully controlled 

conditions can be used to prepare the new cluster anions [RUDER] '- and 

[Ru4UO1214-. in addition to [Ru,(CO),,]~-, [Ru4(W131 

Reduction of [Ru~(CO)~~]~- gives either [Ru~(CO)~~]~- 

2-, or [Ru6(CO) 
6- l8 

12-. 

or IRu~(CO)~~,I . The 

stoichiometry determines the cluster anions obtained (195,196). 

Photoelectron spectra and CNDO calculations were used to investigate the 

electronic structure of [Ru~(CO)~~(C~R~)]. The "hinge" Ru atoms seem to be 

involved in both donation and back-donation with the alkyne while the wing- 

tip Ru atoms are involved in donation only (197). 
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Oxidation of [Os4H3(C0)12]- with [NO][PF6], obtained from commercial 

sources, in acetonitrile gave [Os4H4(C0)12 1, [Os4H3(0H) (CO)12l [1671, and 

[Os4H3(W’03H) (CO)12l [1681. The crystal structure of a co-crystallized 

mixture of the last two (1:2 ratio) was determined. The orthophosphate 

product was believed to be formed from orthophosphoric acid contamination. 

Under dry conditions the product of the reaction is [os~H~(vNo)(co)~~] (198). 

Oxidation of [Os4H3(C0)12]- with NOX (X=BF4 or PF6) in acetonitrile 

produces initially [Os4H3(CO)12(NCMe)2]X [169], characterized by X-ray 

crystallography. Reactions of [169] with halide ions Y-=Cl- or Br- yield 

[OS~H~(CO)~~Y]; these products can be reversibly deprotonated, forming 

[OS~H~(CO)~~Y] - In the presence of Z=N02- or OH-, [169] can be deprotonated 

to [OS~H~(CO)~~(NCM~)~ I, which rapidly disproportionates into [169] and 

- [Os4H(CO)12(NCMe)2] - Treatment of [Os4H(CO)12(NCMe)2]- with ClAuPPh3 gener- 

ates [Os4H(C0)12(NCMe)2(AuPPh3)] (199). 

Oxidation of [PPN][Ru~H~(CO)~~] with [NO][BF4] yields [RU~H(CO)~~N], and 

[H~Ru~(CO)~~(~~-N)] [170], characterized by X-ray crystallography. The 

former product is converted to [RUDER 4 (n -N)]- by treatment with [PPN][N02]. 

Oxidation of the OS analog yields [os~H~(co)~~(No)] and [OS~H(CO)~~(~~-N)]; 

treatment of the latter with [PPN][N02] forms [PPN][OS~(CO),~(~~-N)] [171], 

characterized by X-ray crystallography (200). 

The trinuclear isocyanate-containing clusters [RU~(NCO)(CO)~~]- and 

[R~~(?J-NCO)(CO)~~]-, prepared from [Ru~(CO>~~] and [PPN][N3], agglomerate 

[Ru~(NCO)(CO)~~]- [172] (up to 70%) at 25'. In refluxing THF, the Ru3 

clusters are converted to both [172] and [RUNNER]- [173] in up to 92% 

yield. Characterization of [173] was achieved by IR and 13 
C and 15N NMR 

to 

spectroscopy. Under CO, [173] fragments to [Ru5N(CO) 
14 

]- [174], characterized 

by X-ray crystallography, and [RUDER]. Under 3000 psi of CO and at 70" 

[173] forms both [174] and [172] (201). Hydrogenation of [172] at 25O yields 

tRu4H2(NCO)(CO)12] , which is protonated to [RU~H~(NCO)(CO)~~] (20%) with 

trifluoromethane sulfonic acid. The latter product was characterized by 

X-ray crystallography (202). Treatment of [172] with hydroxide yields 

[Ru4H(CO)13] (12%), structurally characterized, and [RUDER] 2- (35%) 

(203). These reactions are summarized in Scheme 25. 

The chloride-bridged cluster [PPN]2[R~4C14(CO)10] [175] was prepared 

in 5-10X yield by reduction of RuC13 *3H20 with [PPN][CO(CO)~] in THF; the 

crystal structure of the product was reported. Other products were [Ru3- 

(CO),,], [PPN][RuCO~(CO)~~] and [PPN][Ru~CO(CO)~~]. Complex [175] is 

formally a mixed-valence complex, having two Ru(I) and two Ru(I1) centers (204). 

Pyrolysis of [Ru3H(n-PPh2)(CO)g] inheptane forms larger clusters [RUDER- 
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with 2 equivalents of ClAuPPh3 produces [Os5C(CO)l4(AuPPh3),] 

terized by X-ray methods (210). 

At 120° [Os5H2(CO)15L] (L=PPh3,PEt3,P(OMe)3) loses CO to 

359 

[1891, charac- 

form the 

corresponding [OS~H~(CO)~~L] ([19O],L'=CO); the PEt3 derivative being 

characterized by X-ray diffraction. Substitution of L' on [Os5H2(C0)14L] 

yields [OS~H~(CO)~~LL'], structurally characterized for L=PEt3 and L'=P(OMe)3 

[190] (211). 

Products from the reaction of acetylene with [OSCAR] in refluxing 

heptane are [Os5(C0)17(C2H2)] [191] (15%) and [OS~(CO)~~(C~H~)] [192] (55%). 

With other alkynes HC2R (R=Me,Ph), the products are [OS~(CO)~~(HC~R)] and 

[OS~(CO)~~(HC~R)], but from RC2R (R=Ph,C02Me) only decarbonylation to 

[OSCAR] is observed (212). 

In refluxing THF and in the absence of CO, K[Ru3(O=CNMe2)(CO)10], formed 

by deprotonation of [Ru3H(O=CNMe2)(CO)lU] with KOH/MeOH, dimerizes to 

[Ru6H(O=CNMe,),(p-CO)4(C0)14]- [193] (45%); the crystal structure of the 

[AsPh4] salt was determined (213). 

Treatment of [Ru6C(CO)17] with [PPN][N02] in THF produces [Ru6C(CO)15- 

(NO)]- in 85% yield. Nitrosonium adds to the product to form [Ru~C(CO)~~- 

0W21 [1941, characterized by X-ray crystallography. Additions of elec- 

trophiles E=H+ (H2S04) or AuPPh3+ (C1AuPPh3) to [Ru~C(CO)~~(NO)]- generate 

[Ru6C(CO)15(NO)E]; crystal structures were determined for both adducts [195] 

and 11961 (214,215). 

A wide variety of clusters of from 3 to 7 OS atoms have been prepared 

with sulfur-containing ligands. Under CO (200 psi), pyrolysis of [Os3H(SPh)- 

(CO) 
10 

] at 150a forms benzene, [Os4(CO)13(p3-S) ] [197] (27%)) [Os5(cO)15- 

(li4-S) 1 [1981 (7%)) [OS,(CO)~,I (17%)) and [OS~(CO)~(~~-S)~] (38%); the 

structures of [197] and [198] were determined by X-ray crystallography. 

Pyrolysis of [197] at 125O yields [OS~(CO)~~(~~-S)] (97%). Pyrolysis of 

[Os3H(SPh)(C0)lU] at 150" and under 1800 psi of CO produces benzene, [Os3- 

(CO)g(~3-S)21 and [OS(CO)~I. Mechanisms for these transformations were 

proposed (216). Pyrolysis of [OS~H(SC~F~)(CO)~~] in refluxing nonane for 

1.5 h gives [OS~(CO)~~(~~-S)~] [199] (2-3%), which adds CO at 25", forming 

[0s,(C0),,(~3-S),] [200] (100%); [200] is converted back to [199] in refluxing 

hexane. Both [199] and [200] were characterized by X-ray methods. The high 

reactivity of [199] toward CO is attributed to the presence of two long 

OS-OS bonds (3.091 and 3.002 i) (217). Condensation of [OS~(CO)~(~~-S)~] with 

[~~3(C~)10(NCMe)21 forms [OS~(CO)~~(~~-S)~I 12011 in 29% after 3 h in refluxing 

hexane. Pyrolysis of [201] in refluxing octane yields [OS~(CO),~(~~-S)(~~-S)] 

[202] quantitatively. Both [201] and [202] were characterized by X-ray crystal- 

lography (218). Condensation of [Os4(CO)12(n3-S)] [203] with [OS~(CO)~~(NCM~)~] 
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forms [Os7(CO)l9(~4-S)] [204] in 23% yield after 3 h in refluxing octane. The 

same product in 4% yield is obtained from [Os3H2(CO)9(p3-S)] and [Os3H(C0)10(p- 

OMe)] (nonane reflux, 22 h). The structures of [203] and [204] were deter- 

mined (219). Condensation of [OS~(CO)~(~J~-S)~] and [Os(CO)5], induced by 

photolysis, produces [OS~(CO)~~(~~-S)~] [200] (40%), and condensation of 

[OS~(CO)~~(LI~--S)~I [1991 with [~s,(~~>,,WMe>,l gives ~Os7(CO)20(~4-S>21 

[205]. Both [200] and [205] were characterized crystallographically (220). 

Addition of H2S to [OS~(CO)~~(~~-S)] [203] in refluxing heptane forms 

[OS~H~(CO>~~(V~-S)~] [206] (55%) and [OS~H~(CO)~(V~-S)] (35). In refluxing 

nonane H2S adds to [Os5(CO)15(p4-S)] [198] to produce [OS~H~(CO>~~(V~-S)~] 

[207] (94%); the crystal structure of 12071 was determined (221). Pyrolysis 

of [OS H(C0) (SBz)] at 150" proceeds by two mechanisms, one to form [Os3- 

(CO)g(Z3-S)2E [Os6(CO)16(~4-S)(u3-S) I, toluene, and ~OS~(CO)~~(P~-S)~I t2051, 

and the other mechanism to dibenzyl and red and green isomers of the formula 

~Os6H2~C0~17~~4-S~~~3-S~ 1. The red isomer was shown to have structure [208], 

while the green isomer has structure [209]. Photolysis of [Os3H(CO)10(SBz)] 

produces dibenzyl and [Os6H2(C0)18(p4-S)(p3-S)] [210], structurally charac- 

terized (222). 

A number of 0s6 clusters have been prepared by pyrolysis of [OS~H(CO)~- 

QJ~-S)(~-CH=NR)] 12111. Hydrogenation of [211] (R=Ph) in refluxing octane 

forms [OS~H~(CO)~~(LI~-S)(!J~-S)(~-CH=NP~)~] [212] (47X), [OS~H~(CO)~~(V~-S)- 

(p3-S)(I.I-CH=NPh)2] [213] (12X), and [OS~H~(CO)~~(~~-S)(~~-S)(~-G+NP~) 2l 

[214] (21%). Under CO and in refluxing octane 12121 reverts to 12111 in 28% 

yield, and hydrogenation of [212] gives [213] (17%) and 12141 (13%). Under 

an inert atmosphere 12121 is converted to [214]. Pyrolysis of [214] in 

refluxing nonane gives [Os6(CO)15(p4-S)2(~-CH=NPh)2] [215]. The crystal 

structures of [212], [213] and [214] were described (223). Pyrolysis of 

[211] (R=Ph or C6H4F-4) yields [OS~(CO)~~(I_~~-S)Z(I.I-CH=NR)~] [216] (R=Ph or 

c~H~F-~), [OS~H~(CO)~~(~~-S)(~~-S)(I.I-CH=NR)~I [2171, which exists as two 

isomers, [OS~H~(CO)~~(~~-S)(~~-S)(~-CH=NR)~] 12181, which exists as three 

isomers, and [OS~(CO)~~(V~-S)~(~-CH=NR)~] [215]. Crystal structures of one 

isomer of [217] (R=C6H4F), one isomer of [218] (R=Ph), and [215] (R=Ph) 

were reported (224). In another paper the crystal structure of [216] was 

described (225). 

Pyrolysis of [Ru5(C0)14(CNCMe3)(I_15-CNCMe3)] [219] in refluxing nonane 

yields [Ru6C(CO)15(CNCMe3)(u-CO)] [220] (13%), characterized by X-ray 

crystallography. 
13 C labeling was used to determine that the CNCMe3 ligand 

is the source of the carbide. Tert-butyl isocyanate is a by-product (226). .- 

-1 
The IR spectra for [Ru6C(CO)17] and [NMe4]2[Ru6C(CO)16] in the 900-600 

cm region were assigned. The assignment was aided by shifts for the 13C 
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enriched clusters. The band patterns are a function of the symmetry of the 

Ru6C core, but the frequencies depend upon other features. The v(M-C) absorp- 

tions for these species are at 838 and 709 cm -l, respectively (227). 

EXAFS of [OS~(CO)~~I, [PPNI[OS~(CO)~~I, [OS~(CO)~~I, and ~PPN1210~10- 

C(C0) 
24 

] were used to characterize the OS skeletons and determine the non- 

bonded OS-OS distances (228). 

Treatment of [OsaH(C0)22]- [221] with iodine yields [OS~H(CO)~~I] [222], 

characterized by X-ray crystallography (229). 

Pyrolysis of [Os3(CO)12] forms [Osg(CO)21(HCCMeCH)]- [223] in low yield 

from refluxing isobutanol and [Osg(CO)21(HCCEtCH)]- from refluxing Z-methyl 

butanol. The crystal structure of the former -anion as the PPN salt was 

determined (230). 

Mixed Metal Clusters 

Mixed metal dimers [RuMn(u-CO)(CO)3(p-dppm)2Cl] and [RuMn(p-PPh2)(CO)6- 

(PPh3)2] were'prepared from reactions of Na[Mn(C0)5] with c&-[RuC12(dppm)2] 
, 

and with [RuC13(PPh3)3], respectively (231). 

Sequential treatment of nido-[4,4,4-(PPh3)2(CO)-4-OsB5Hg] with first .~ 

sodium hydride and then cis-[PtC12(PMe2Ph)2] produces [(PPh3)2(CO)Os(PPhMe2)- .- 

ClHPtB5H7] [224], characterized by X-ray crystallography (232). 

The synthesis of [Cp2ZrMeRu(CO)2Cp] in 83% yield was accomplished by 

the reaction of [Cp2ZrMeC1] with K[C~RU(CO)~]. The product reacts with water 

in air, forming [{Cp2ZrMe]20] and [C~RU(CO)~H]. In a similar fashion 

[Cp2Zr(OCMe3)Ru(CO>2Cp] [225] was prepared in 75% yield from [Cp2Zr(OCMe3)C1] 

and K[C~RU(CO)~] and its crystal structure was determined (233). 

The photolytic reaction between [Cp2ZrMeC1] and [RuC1(C6H4PPh2)(PPh3)2] 

yields [Cp2ZrMeC12Ru(C6H4PPh2)(PPh3)] (proposed structure [226]), which 

slowly rearranges to [{Cp2ZrC1(CH2)Ru(PPh3)2C1]2] (proposed structure [227]) 

in ca. 10% yield. Products were characterized by spectroscopic methods. 

Reactions between Ru phosphine complexes and other Zr or Ti complexes 

resulted in ligand exchange. Reactions (4)-(g) were reported (L=PPh3). The 

new complex [RuC1(C6H4PPh2)(PPh3)2] [228] was spectroscopically characterized 

(234). 

(4) Cp2ZrH2 + RuC12L3 + Cp2ZrHCl + RuHC1L3 

(5) Cp2Ti(CO)2 + RuC12L3 + RuC~~(CO)~L~ 

(6) Cp2Ti(CO)2 + RuH2L4 -t RuH~(CO)~L~ 

(7) Cp2Ti(C0)2 + RuH(C6H4PPh2)L2(C2H4) + RUBLE + RUBLE 

(8) Cp2Zr(OMe)Me + RuH2L4 + RuH2(CO)L3 

(9) Cp2ZrR2 (R=Me,Bz) + RuC12L3 + RuH2(CO)L3 

At 80° in toluene [RuRhC1(p-CO)(C0)2(dppm)]2[229~] is produced from 

[Ru(CCD)(dppm)2] and [Ru~C~~(CO)~]; other products are [Ru(CO)(COD)(dppm)] 



365 

Me 

223 ’ I\ 
1 

CP 
PPh3 

=p\ 
\ /co 224 OR 

,Ru. 

225 / \ 9” - 

cp\ 

PPh3 

/Cl\_ ,TPh2 I 

-zr\ RU 
CP 

I 
Cl’ 

Me 
227 

2 26 

References p. 392 



366 

229 
230 

“\ lR 
c-c 

,\ 1 I \/ Co- -Ru - 

‘\ /’ 

/ =p \ 

236 

231 

\I/ 

234 S 

233 

23 2 

L H L 

236 



and ~Rh2C12(CO)2(dwm)21- The yield of the mixed metal product is improved 

by conducting the reaction under a CO atmosphere. The complex, characterized 

spectroscopically, is a hydroformylation catalyst and reacts with sodium 
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borohydride, giving [RuRhHgC1(CO)2(dppm)2] [230] (30%) (235). 

The reaction of [CYRUS]- with [(NPF2)2(NPFFe(CO$'&] or with [CpFe(C0)21] 

yields [FeRu(C0)4Cp2]. The crystal structure of [(NPF2)2(NPFeRu(CO)3Cp2)] 

12311 was reported (236). 

]RuCo2(CO)ll] reacts with reagents capable of supplying 4-electron donor 

fragments E to yield [RuCo2(CO)9(p3-~)]. Complexes prepared in this manner 

were E=PMe (37%) from PH2Me, AsMe (38%) from AsH2Me, SEt (31%) from HSEt, 

SePh (22%) from Se2Ph2, C2Ph2 (73X), CP(CO)~F~C~P~ (69%) [232], and CPW(CO)~- 

(CC6H4Me-4) (12%) [233] (237). 

Capped trinuclear clusters were also obtained from [(p-PHR)FeCo(C0)7] and 

[Ru~(CO)~~I. The products were [FeRuCoH(C0)g(p3-PMe)] (31%) and [Ru~COH(CO)~- 

(p3-PMe)] (29%) (238). 

Metal atom substitution on [RuCO~(CO)~(J.I~-S)] has been used to produce 

a number of mixed metal clusters. The method involves, first, CO substitu- 

tion by [AsMe2M(CO)3Cp] (M=Me,W) to give [RuCo2(C0)8(AsMe2M(CO)3Cp)(I_13-S)] 

and then elimination of a Co fragment. Complexes prepared include 

[{Ru(C0)3~{C~(C0)3}{M(CO)2C~}(~3-S)l (M=Mo,W), [{Ru(C~)~~~M(CO)~CP]ICO(C~)~- 

(AsMe2M'(CO>2Cp)(p3-S)] (M=M'=Mo; M=M'=W,M=Mo,M'=W; M=W,M'=Mo), [{RUG}- 

{Co(CO)3]{Co(CO)2(AsMe2M(CO)2Cp)](~3-S)] (M=Mo,W), [(u3-S){M(CO)2C~]{M'(C0)2C~}- 

{Ru(C~)~~(V-ASM~~)ICO(C~)~]I [234] (M=M'=Mo; M=M'=W; M=MO,M'=W; M=w,M'=Mo), 

and [(~3-S){Co(CO)2]~M(CO)2Cp]~Ru(C0)2}(~-AsMe2){Co(CO)2}] [235] (M=Mo,W). 

The crystal structure of [235] was reported (239). 

Substitution of HC2R (R=H,Ph) for CO on [RuCO~(CO)~~] at 25O yields 

[RuCO~(CO)~(HC~R)] [236] in quantitative yield. These products rearrange 

in refluxing hexane to vinylidene clusters [RUCO~(C~)~(CCHR)] [237] (R=H 

(25%), Ph (60%)) (240). 

In refluxing acetone and in the presence of sodium carbonate, [FeRu2- 

(u-C~)~(CO)~L~] is converted to [FeRu2(u-OH)2(CO)8L2] [238] (L=PPh3,PMe3, 

AsPh3) in yields of 55-95%. The crystal structure of the PPh3 derivative 

was reported. Cleavage to [Ru~(CO)~(~J-I)~L~] occurs upon treatment of the 

chloride-bridged clusters with potassium iodide. In 2-propanol [FeRu2(u-C1)2- 

(C0)8(PPh3)2], sodium carbonate, and water react to form [238] (L=PPh3) (15%) 

and [FeRu2(p-H)(u-OH)(C0)8(PPh3)2] (20%) (241). 

Treatment of [CORU~(CO)~~]- with NO+ generates [CORU~N(CO)~~] (8%) and 

[Ru3WO121. Hydrogenation of [CoRu3(CO)l3]- forms [CORU~H~(CO)~~]-, isolated 

in 95% yield as the PPN salt; protonation of the product yields [coRu~H~(cO)~~]. 

The reaction of [CoRu3(CO)13]- with NO+ produces a mixture of [Co(CO)3(NO)], 
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[CORU~H~(CO)~~I, [Ru~(CO)~~I, and small amounts of Ru clusters, including 

[Ru3H(CO)lO(NO) 1 and [Ru~H~(CO)~(NH)I (242). 

Syntheses and reactions of [RuCo3(CO)12]- have been reported. The 

sodium salt was prepared in 54% yield from RuC13'3H20 and Na[Co(C0)4]. Also 

prepared were the NEt4, PPh4, and PPN salts, the last of which, [239], was 

structurally characterized (243). The NRt4 salt was also prepared in 90% 

yield from the reaction between [NEt4][RuC14(NCMe)2J and [Co,(CO),] in THF 

at 50" for 5 h (244). Protonation of [RuCO~(CO)~~]- produces [RuCo3H(C0)12]; 

both of these are catalyst precursors for methanol homologation to ethanol 

(2000, CO/H2 1:2, 64% selectivity at 25% conversion) using methyl iodide as 

a promoter (243). Diphenylacetylene and [NEt4][RuCo3(C0)12] form [NEt4]- 

[RuCo3(CO)10(C2Ph2)l 12401 in 75% yield from refluxing acetone; the product 

was characterized by X-ray crystallography. Protonation of [240] with 

HC1/H20/acetone gave a 20% yield of [RuCo2(CO)g(C2Ph2)] [241], also charac- 

terized structurally (244). 

Combination of [CpRh(CO)2] and [OS~H~(CO)~O] under hydrogen and in an 

arene solvent produces [RhOs3H2(CO)10 Cp] and [RhOs3H3(CO)g(arene)]. In 

toluene at 90" and 1 atm hydrogen the products are [RhOs3H3(CO)g(C6H5Me)] 

[242] (25%) and [RhOs3H2(CO)10Cp] (8%) (246). X-ray crystallography was 

used to characterize [242] (247). 

In a similar fashion, [C~N~OS~H~(CO)~I [243] and [(CpNi)30s3(C0)g] [244] 

were prepared from [tCpNi(C0)j2] and either [Os3(CO>12] or [OS~H~(CO)~O]. 

The product distribution was influenced by the atmosphere under which the 

reaction was conducted (hydrogen, CO, or nitrogen). The structure of 12431 

was established by X-ray crystallography (248). In octane reflux under 

hydrogen, [OSCAR] and [{CpNi(C0))2] form [Os3H2(CO)lO] and [CpNiOs3H3(CO)g] 

[243] which co-crystallize as a 1:2 mixture, charscferized by X-ray crystal- 

lography. The Ru analog, [CpNiRu3H3(CO)g], was prepared in 74% yield from 

[Ru3(CO)12] and [{CpNi(C0)]2] at 80' in ethoxyethanol and under hydrogen 

(249). Another group reported the crystal structure of [243] and its iso- 

morphous and paramagnetic analog [C~COOS~H~(CO)~] [245] (250). 

The reactivity of alkyne- and vinylidene-containing clusters toward 

hydrogen was probed. The reactions include those in equations (lo)-(15) (251). 

(10) [Cp2Ni2Ru(CO)3(C2Ph2)] + H2 + [Cp2Ni2Ru3(CO)8(C2Ph2)] + C6H5Et 

(11) [CpNiM3H(CO)g(C=CHR>] + H2 + [CpNiM3H3(C0)g] + CH3CH2R + CH2=CHR 

(M=Ru,OS) 

(12) [Cp2Ni2Ru3(C0)8(C2Ph2)] + H2 + C6H5Et 

(13) [Ru4(C0)12(C2Ph2)] + H2 -t PhCH2CH2Ph 

(14) [Cp2Ni2Ru2(C0)6(C5H6)] + H2 + 2-methylbutane 

(15) [Ru3H3(CO)g(CCH2CMe3)] + H2 -t neohexane 
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[257]. Both [256] and [257] were characterized by X-ray crystallography (258). 

A large number of mixed metal clusters containing Group 11 or 12 metals 

have been prepared by reactions of cluster anions with sources of ML: or 

ML:. These complexes are classified as mixed metal clusters, rather than 

as salts of homonuclear cluster anions, because of the strong and well-defined 

heterometallic bonds. A wide variety of methods have been used to prepare 

these complexes. 

Treatment of [Os3(CO)12] with [ClAuPEt3], sodium aside and U-crown-6 

formed [Os3(AuPEt3)(CO)ll(NCO)] [258] (20%) and [Os3(AuPEt3)(CO)10(NCO)] [259] 

(62%). Also prepared were the AuPPh3 analogs. In a related reaction 

[Os3(AuPEt3)(CO)10(NO)] [2601 was prepared in 7% yield from [0s,(C0>1,], 

[ClAuPEt3], and sodium nitrite. Reactions of [259] with water, methanol, 

benzylamine, BH3*THF, PEt3, PPh3, and PhNPPh3 gave [Os3(AuPEt3)(CO)10(NHC(0)X) 1 

[261] (X=OH,OMe,NHBz, and II), [os3(CO)g(PEt3)31, [Os3(AuPEt3)(CO)g(PPh3)(NCO)], 

and [Os3(AuPEt3)(CO)10(NCNPh)] [262], respectively. BH3'THF and bensylamine 

react with [262], forming [Os3(AuPEt3)(C0)10 (NHC(NPh)X)] [263] (X=H or NHBz, 

respectively). The products [259] and [258] are also formed from IOs3(CO)ll- 

(NCMe)] and [OCNAuPEt3], but only [259] from [Os3(C0)10(NCMe)2] (259). 

A quantitative yield of [OS~(AUPR~)H(CO)~~] [264] is obtained by treat- 

ment of [PPN][Os3H(CO)ll] with [C~AUPR~] (R=Ph,Et) and T1PF6. Pyrolysis of 

[264] produces [OS~(AUPR~)H(CO)~~] [265]. Deprotonation of [264] to [Os3- 

(AuPR3) (CO)111 , followed by reaction with [C~AUPR~]/T~PF~, produces [Os3- 

(AuPR~)~(CO)~~] [266]; this product may also be obtained from [OS~(CO),~]~- 

and two equivalents of [C1AuPR3]. Pyrolysis of [266] yields [os~(AuPR~)~(CO)~~~ 

[267], also obtained from [OS~H(CO),~(COBZ)], [C1AuPEt3], and T1PF6, and 

characterized by X-ray crystallography. This procedure was used to prepare 

[Os3(AuPEt3)(CO)10(p-OEt)]. Nucleophiles such as L=NEt3 and PPh3 add to 

[266], forming [Os3(AuPEt3)2(CO)llL] (260). 

Treatment of hydride-containing OS clusters with, first, lithium di- 

isopropylamide and then [C1AuPPh3]/T1PF6 was used to prepare [Os3(AuPPh3)- 

(CO)loX] [268] (X=OH,NHS02C6H4Me-4) and [Os(AuPPh3)(CO)8L(2-NHC5H4N)] [269] 

(L=C0,PPh3). The crystal structure of [269] (L=PPh3) was reported. AlSO 

prepared was [Os3(AuPPh3)(CO)g(C2Ph)] by treatment of [Os3(CO)10(NCMe)2] with 

[PhC2AuPPh3] (261). 

The Ru-Hg clusters [Ru3(HgX)(C0)g(C2CMe3)] [270] (X=1 (80%), Br (45%)) 

were prepared by reaction of [Ru3H(C0)g(C2CMe3)] with first KOH and then 

HgX2 in THF. These products were reacted further with [AsPh4][Ru3(C0)g(C2CMe3)] 

or with Na[Mo(C0)3Cp] to produce [Hg{Ru3(CO)g(C2CMe3)]2] [271] (100%) or 

[Hg{Ru3(C0)g(C2CMe3)]{Mo(C0)2Cp]] [272] (X=MO(CO)~C~), respectively. The 

crystal structures of [271] and [272] were determined (262). 
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Reactions between methyl gold complexes and metal hydrides are also 

useful for the formation of mixed metal clusters. Combination of [MeAuPPh3] 

and [Ru3H(CO)10(p-COMe)] yields [Ru(AuPPh3)(CO)10(p-COMe)] [273], characterized 

by X-ray crystallography. Similarly, [MeAuPPh3] and [Ru3H3(C0)9(p3-C0Me)l 

form three products: [Ru3(AuPPh3)H2(C0)9(p3-COMe)] [274], [Ru3(AuPPh3)2H(CO)9- 

(p3-COMe)] [275], and [Ru3(AuPPh3)3(CO)9(p3-COMe)] [276]; these products were 

characterized by spectroscopic methods and [274] and [276] by X-ray crystallo- 

graphy (263). The same synthetic method was used to prepare [Ru3(AuPPh3)H- 

(CO)8L(p3-S)I and [Ru3(AuPPh3)2(CO)8L()_'3-S)] I2771 from [Ru~H~(CO)~(!J~-S)I; 

other products were [Ru3H2(C0)7(PPh3)L(p3-S)] (L=CO or PPh3). The crystal 

structures of [277] (L=PPh3) and [275] were reported. Facile Au-Ru bond cleav- 

age was proposed to explain the fluxional behavior of the Au Ru 2 3 complexes (264). 

Mixing [Ru~H~(CO)~~] and [(AuPP~~)~O]+ produces [Ru~(A~PP~~)H~(CO)~~] 

(LO%), ]Ru4(AuPPh3)2H2(C0)12] (3%), and [Ru4(AuPPh3),H(CO),,] I2781 (15%); the 

crystal structure of the last of these was reported (265). 

Cu-, Ag-, and Au-Ru clusters [Ru4(MPPh3)2H2(CO)12] [279] (M=Cu,Ag, or Au) 

were prepared in ca. 50% yield by treatment of [PPN],[RU~H~(CO)~~] with T1PF6 

and the appropriate [XMPPh3]. Also prepared by this method were [Ru4(MPPh3)- 

(M'PPh3)H2(C0>12] (M=Ag, M'=Cu; M=Au; M'=Cu or Ag). The crystal structures 

of the dicopper-, disilver-, and copper silver tetraruthenium clusters were 

reported. Two types of Group 11 metal exchange were established: intra- 

molecular exchange on the NMR timescale and intermolecular exchange (266). 

The reaction between [C1AuPPh3] and [Ru~CO~(CO)~~]~_' prepared by deprot- 

onation of [Ru~CO~H~(CO)~~] with potassium hydride in THF, was used to prepare 

[Ru2C02(AuPPh3)2(CO)12] [280] in 38% yield. The product was characterized by 

X-ray crystallography (267). 

The synthesis of [Os8(AuPPh3)2(C0)22] [281] (65%) was accomplished from 

bpo221 
2- 

, [C1AuPPh3], and T1PF6 and the crystal structure of the product 

was determined (268). 

Reactions of [OS 
LO 

C(CO)24]2- with [Cu(NCMe)4][BF ] or [ClAuPPh3] yield 

[Os 10(CuNCMe)C(C0)24] [282] or [Oslo(AuPPh3)C(CO)24]' [283], respectively, 

isolated as the PPh Me 
3 

salts. The products were characterized by X-ray 

crystallography (269). 

Derivatives of [OS,~C(CO)~~]~- [284] were prepared. The large cluster 

anion was obtained as a minor product from the pyrolysis of [OSCAR]. The 

core geometry was established by X-ray crystallography, although disorder 

prevented refinement. Treatment of the cluster anion with [Cu(NCMe)4][BF4] 

gave [Os11(CuNCMe)C(CO)27]- [285], isolated as the PPh3Me salt and charac- 

terized by X-ray methods. The reaction of [284] with [C~AUPR~] forms 

]Osll(AuPR3)C(CO)27]- and with iodine gives [OS~~C(CO)~~I]-; both of these 
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Ru product, recovered nearly quantitatively, is [Ru4H3(C0)12]-, which is 

also a catalyst precursor. Under CO the metal product is [RU_,H(CO)~~]-, and 

a higher turnover rate for methyl formate (106 vs. 7) is observed. However, 

carbon dioxide conversion to methyl formate is not thought to involve CO (276). 

[Ru3(CO)9(dppm)(PPh2CH2CH2Si(OEt)S] and analogs supported on phosphinated 

styrene-divinylbenzene copolymer ([Ru3(CO>9(dppm)(PPh2CH2-polymer)]) and on 

phosphinated silica ([Ru3(CO)9(dppm)(PPh2CH2CH2Si-)]) were prepared and 

characterized (277). 

Silica supported [Ru4H,,(C0)8(PPh2CH2CH2Si-)4 was prepared from [Ru4H_,(CO)8- 

PPh2CH2CH2Si(OEt3)3)4] and was characterized by IR and W/visible spectroscopy. 

This material was tested as a catalyst for ethylene hydrogenation. Activity 

was higher than for [H~R~~(co)~~] deposited on silica (278). 

[Ru3H2(C0)g(~3-PCH2CH2Si(OEt)3)l 

according to Scheme 26. This product 

MgO, and ZnO. The supported clusters 

and were used for catalysis of alkene 

observed (279). 

was prepared in overall 67% yield 

was then attached to SiO 2, Al2053 Ti02, 

were characterized by IR spectroscopy 

isomerization. Cluster breakdown was 

Scheme 26 
Na/Ph,CO 

HPPhR + [RUSKS] THFL ' [Ru3(CO)11(PHPhR)] 
\ 

R = CH2CH2Si(OEt)3 I 

H2 

[Ru3H(CO)lo(~-PPhR)] 

[Ru3H2(CO)g(~3-PR)] % [Ru3H(CO)g(~-PPhR)] w'--- 50", heptane 

Physisorption of [Ru3(CO)12] on partially dehydrated silica (500°, 20 h), 

forms [Ru_,H(CO)lO(OSiz)], which decomposes only above ca. 100°C to Ru metal 

particles and an Ru(I1) carbonyl surface species. Characterization was by 

IR and Raman spectroscopy and by quantitative CO determination (280). 

A variety of Ru-containing clusters - [RUSKS], [RU~H~(CO)~~], 

[FeRu3H2(C01131, and [PPN][CORU~(CO)~~] - adsorbed on A1203, Si02, or Na-Y 

zeolite were found to catalyze CO reduction to methane. Carbon dioxide 

reduction to methane was also achieved using [RUDER] on A1203 (281). 

Heterogeneous catalysts prepared from (a) [Fe3(C0)12] and [Ru_,(CO)~~], 

(b) [FeRu3H2(CO)131, or (4 [Fe2Ru(CO)12 ] deposited on Cab-0-Sil from hexane 

solution were examined for the conversion of CO and hydrogen to hydrocarbons. 

Catalysts (a) and (c) had the same activity; (b) was the least active. 

Catalysts formed by decomposition under helium were more active than those 

formed by decomposition under hydrogen. The kinetics for CO reduction were 

examined and a mechanism proposed (282). 

Differences in catalytic behavior are exhibited by [RUDER] and 

IRu4H4(C0)12] supported on A1203 and Mgo. On A1203 treatment of [RUDER] 
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with CO/hydrogen produces Ru metal, identical to supported Ru metal catalysts 

prepared by classical methods. On MgO [Ru~(CO>~~I acts as a catalyst precursor 

for methanol production from CO/hydrogen and after the catalytic experiment 

[Ru6C(CO)1612- was identified on the surface. The hexanuclear cluster was 
2- 

proposed to be formed from [Ru~H(CO)~I]- and [Ru6(CO)18] . On either 

support [Ru~H~(CO)~~I is a catalyst for the production of oxygenates from CO/ 
2- 

hydrogen. On the surface [Ru4H3(CO)12]- reacts further, forming [Ru6C(C0)16] . 

Oxygenate selectivity was attributed to the presence of intact clusters. 

Cluster species were identified by IR spectroscopy and by isolation after 

extraction from the surface (283). 

Photolysis of [RUDER] and [H4Ru4(CO)12] supported on partially de- 

hydroxylated silica under hydrogen or nitrogen formed the same surface species, 

proposed to be Ru(CO)4. Irradiation of [H~Ru~(CO)~~] also produced what was 

suggested to be [Ru4H4]Si02; this material can be carbonylated to some extent 

back to [H~Ru~(co)~~] (284). 

Photodecomposition of water was achieved using [Ru3(CO)12] deposited on 

Ti02 as a catalyst precursor (285). 

EKAFS characterizations of [Os3H(C0)10(0-surface)], [OSCAR], [Os3H2- 

(CO)lol, [Os3H(CO)10(OMe) 1, [Os3(C~>lo(OEt>21, [Os3H(C0)9W’r) I, and [Os3H- 

(CO)10~SCH2CH2CH2Si(OMe)3_n(0-silica)n]] using the OS L (111) edge spectra 

were reported (286). 

Adsorption of [OSCAR] on MgO was examined. When a high content of 

surface carbonate is present, oxidative addition of hydroxyl to an OS-OS bond 

forms [Os3H(C0)10(OMg)] or [Os3(CO)10(OMg)2] on the surface. With highly 

decarbonated MgO, (OS~(CO)~~]~- is quickly formed. Thermal treatment in all 

cases gives a mixture of what are probably mononuclear, di- and tricarbonyl 

Os(I1) surface complexes. Treatment with oxygen yields [Os(CC)2(OMg)4]2-, 

which is very stable with respect to further reactions (287). 

Surface adsorbed [OS~H(CO)I~(OA~=)] was prepared by reaction of [Os3(CO>12] 

with surface hydroxyls on A1203. This material was initially catalytically 

active for 1-hexene isomerization at 120°, but activity decreased to a 

constant value after 2 h and the IR spectrum indicated break-up of the cluster 

to mononuclear Os(II) carbonyl. Isomerization was inhibited by CO and promoted 

by hydrogen (288). 

An extraction technique was used to prepare highly dispersed [OSCAR] 

on A1203. Partial decarbonylation could be achieved during the extraction or 

by heating in air, producing [OS(CO),]~+, n=2 or 3 (289). 

[OSCAR] and [OSCAR] were impregnated on Si02, A1203, and Ti02. 

These materials were characterized as initially deposited and again after 

heating to 523 K. Heating converts these to a family of species (a) of 

empirical formula OS~(CO)~~C~~, where the most likely values are n=12, 
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2.O<X<3.0, and O.O<y<O.4. -- -- W/visible reflectance spectroscopy and electron 

microscopy suggest that OS-OS bonding is retained. Species (a) chemisorbs 

CO and oxygen at 293 K. Labeled CO, when adsorbed, does not equilibrate with 

the CO ligands of (a), confirming that these are different states (290,291). 

Decomposition of [RuOs3H2(C0)13] p u on Degussa y-alumina-C produced 

alumina-supported Al+[RuOs H(C0) 
3 13 

]- by reaction of Al-OH with the cluster. 

Treatment at 373-443 K under 1:l CO/hydrogen resulted in spectral changes 

attributed to formation of [RUOS~H~(CO)~~]-. Above 373 K and under vacuum, 

the cluster decomposed. This material was catalytically active for ethylene 

hydrogenation and butene isomerization (292). 

Decomposition of [CpNiOs3H3(CO)g] on A1203 and thermal treatment of 200" 

for 4 h under hydrogen produced a catalyst for hydrogenation of alkenes, 

alkynes, and benzene. The catalyst was also active for 

monoxide or dioxide (293). 

Miscellaneous Studies of Clusters 

The ground-state electronic structures and spectra 

IRu3C1,,14- were calculated by the SCF-Xct-Sw method and 

For [Ru2cY 

3- 
there is a single sigma bond between the 

[Ru3Cl121 a bond order of 0.5 is assigned (294). 

methanation of carbon 

of [Ru2Clg] 
3- and 

the Fenske-Hall method. 

metal atoms and for 

Self-consistent charge extended Huckel calculations for systems consisting 

of l-3 CO molecules chemisorbed on 8-10 atom Ru clusters were performed and 

the results compared to Pd (295). 

MO calculations supplemented by symmetry and perturbation theory arguments 

were used to evaluate the effect.of introducing Cpv M(IZO)~ fragments into 

metal clusters derived from M(CO)3 fragments. Electron-counting rules for 

predicting geometries were provided and site preferences and conformational 

consequences were developed (296). 

Highly unsaturated metal-containing molecular ions and atomic metal ions 

were produced by W/visible multiphoton dissociation/ionization of metal 

complexes. Ions and precursors were: Ru; 

Ru; ([Ru~(CO)~~I), 0s; (10s (CO>,,l>, 0s; 

([FeRu2(C0)121, [Ru (CO)121), 
+3 

([OS~(CO)~~I), Fek (W=2Ru(C0)121, 

[FeRu (CO) 2 12 I>, and Fe Ru 2 + :Pe2RuCCOI I) 12 - The technique is useful for the 

production of gas-phase samples of bare homo- and heteronuclear metal dimers 

and trimers, metal sulfides, and monoligated metal atoms (297). In another 

paper the technique was used to compare [Fe3_nRun(CO)12], n=O,1,2, and 3. 

The extent of fragmentation is correlated with the M-M bond strength. The 

role of the initial excitation energy is illustrated by the mixed metal clusters, 

which reflect the influence of the parent electronic structure in the photo- 

product yields (298). 

Kinetic studies of reactions of metal hydrides of the iron triad with 

methoxide were reported. Deprotonation was considerably slower than for 
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under the same conditions and the solvent influences the selectivity. A 

mechanism was proposed (303). 

Anthracene is hydrogenated to 1,2,3,4-tetrahydroanthracene using 

6H4)]- as the catalyst. The mechanism was investigated. 
, 

Under hydrogen, R[RuH2(PPh3)2(PPh2C6H4)]- forms _fac-[RuH3(PPh3)3]- in 85% 

yield over a 24 h period. The trihydride reacts quantitatively with anthracene, 

forming [RuH(PPh3)2(anthracene)]- and 1,2,3,4_tetrahydroanthracene. Under 

hydrogen [RuH(PPh3)2(anthracene)]W yields [RuH5(PPh3)2]- and 1,2,3,4-tetra- 

hydroanthracene. The pentahydride complex reacts in turn with anthracene 

to give [RuH(PPh3)2(anthracene)]- and 1,2,3,4_tetrahydroanthracene, with 

1-hexene to give [RuH3(PPh3)2]- and hexane, and with ethylene to form ethane 
I 

ami [Ru(PPh3)(PPh2C6H4)(C2H4)2]-. The mechanisms of these hydrogenations 

were discussed (304). 

Catalysis of the hydrogenation of 1,3-pentadiene by RuC13 in the presence 

of polyethylenimine was reported. The Ru(II1) precursor was reduced with 

hydrogen or with sodium borohydride (305). 

Poisoning of catalytic hydrogenation of l-hexene by dibenzo[a,c]cyclo- 

octatetraene was used as evidence for the homogeneity of a number of catalyst 

systems, including [RuC12(PPh3)3]. Catalysis by metal surfaces appears not 

to be affected (306). 

Reduction of nitrobenzene to aniline was achieved using CO and water with 

[Ru3(CO)12] as the catalyst precursor and in the presence of 3,4,7,8-tetra- 

methylphenanthroline, phen, bipy or py. Best results were obtained with the 

chelating bases, and only l-2 equivalent of base was required. After 2 h, 

97% conversion to aniline was achieved using a 1:l ratio of 3,4,7,&tetra- 

methylphenanthroline/Ru ([RUDER], 8~10~~ mol, and aniline/[Ru3(C0)12], 

6000, in ethanol at 165" and 30 atm) (307). 

Phase-transfer reduction of nitro compounds by CO/hydrogen is catalyzed 

by [RuC~~(PP~~)~] at 25" and 1 atm. Typical reaction conditions used toluene 

(10 mL), sodium hydroxide solution (5 N, 8 ml), benzyltriethylammonium chloride 

(0.5 mmol), nitroarene (2.5 mmol), and catalyst (0.25 mmol) for 24 h. The 

proposed mechanism involves attack of RN02 
r I 

on RuCO to form a cyclic RNORuC(O)O 

intermediate and then attack of the partially reduced RN0 on RuCO to form 

mw (308). 

Hydrogen transfer from 1-phenylethanol (D) to cyclohexanone (A) is 

catalyzed by [RuC12(PPh3)3] (C) in diphenyl ether at 140". An induction 

period is found unless [RuHC1(PPh3)3] is used as the catalyst. The initial 

rate law is given by equation (16). Based upon this, the mechanism shown in 

Scheme 27 is proposed (374). 

(16) rate = Klk2[D][A][C]t/{l+K3[D]+Kl[A]+k-1Rlk2[D][A)} 

RePerences p. 392 
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Scheme 27 RuC12L3 = RuC12L2 + L 

RuC12L2 + A 
K1, 
c- RuC12(A)L2 

+ D, k2 +t k_2, -D 

RuC12(D)L2 RuC1(A)(OCHPhMe)L2 + HCl 

k 

,HC1 iT 

HOCH(CH2)5 + RuC12L2 + MeC(O)Ph d RuHCl(A)(MeC(0)Ph)L2 

Some Ru complexes catalyze regioselective dehydrogenation of unsymme- 

trically substituted 1,4- and 1,5-diols, forming S-substituted y-lactones 

and y-substituted &lactones, respectively, in the presence of cc,S-unsaturated 

ketones as hydrogen acceptors and triethylamine. Regioselectivity is governed 

by steric repulsion between the diol substituents and the other ligands in the 

coordination sphere. Catalysts which are effective are [RuC12(PPh3)3], 

[Ru~C~~~(-)-D~OP]~], and [Ru2C14{1,4-bis(diphenylphosph'ine)butane]3]. Typical 

reaction conditions: diol (5 mmol), 4-phenyl-3-buten-2-one (10 mmol), 

catalyst (0.2 mmol), triethylamine (0.12 mL), and toluene (25 mL) at 110" for 

lo-20 h (309). 

Reactions Involvinn Svnthesis Gas 

Ru carbonyls in the presence of an iodide source, an acid, and a phosphine 

oxide are catalysts for the conversion of CO and hydrogen to ethanol at 30-87 

MPa and 180-250°. Other products are methanol, methane, acetaldehyde, ethylene 

glycol, and propanol. Much of the ethanol product is formed by homologation 

of methanol. The function of the phosphine oxide appears to be to moderate 

the acidity of the solution (310). 

A study of the mechanism of the Ru/I catalyst system for conversion of 

CO and hydrogen to methanol, ethanol, and ethylene glycol was reported. Varia- 

tions in activity with the solvent, cation, promoters, catalyst concentration, 

temperature, and pressure were examined. The major metal species present in 

the system under operating conditions are [Ru(CO)~I~]- and [RUSHES]-. 

Model studies were conducted on reactions of [RUH(CO)~]- with [Ru(CO)~I~] and 

of [RLIH(CO)~]- with [CpRe(CO)2(NO)]+. These studies led to the suggestion 

that [RLIH(CO)~]- attacks [Ru(CO)~I~] to form the formyl complex [Ru(CO)~I~- 

(CHO)]-, which is the precursor to ethylene glycol and some methanol. The 

proposed mechanism is shown in Scheme 28 (311). 
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Scheme 28 
Ru~(CO),~ 

317 Ru(CO)~I~- 

- 

517 co 

Mixed Ru-Rh catalysts have been reported to be effective catalysts for 

ethylene glycol production from CO and hydrogen. One study examined [Ru(acac)3 

and [Rh(acac)3] as catalyst precursors in [PBu$Br melts. Products were 

ethylene glycol, ethylene glycol monoalkyl ether, methanol and ethanol. 

Maximum activity for ethylene glycol was found at a RufRh ratio of 1. The 

IR spectrum of the product solution indicated the presence of [RUSHES]- 

and [Ru(CO)2Br4] 2-, while chromatography was used to isolate [RUDER] and 

'[RhRu2(CO)12]1from this mix. At pressures of 300 atm, glycol/alkanol weight 

ratios of 1:1.37 were achieved with glycol derivatives accounting for greater 

than 30 wt. % of the liquid products (312). In another study, the catalyst 

was derived from [Ru(acac) ] and [Rh(C0)2(acac)] in the presence of acetic 
3 

acid and triethylamine. This system produced methyl acetate, ethyl acetate 

and the diacetate of ethylene glycol from CO and hydrogen. Both CO conversion 

and selectivity to C2 products were enhanced by the use of both metals. Metal 

species observed in the product mixture include [{Ru(CO)~(OAC)}~], [Ru(C0)3], 

[RUDER], [Rh6(CO)16], and [Rh6(CO)15X]- (X=H or OAc). In a typical 

example, Ru (2 mmol), Rh (0.2 mmol), triethylamine (4 mmol), acetic acid 

(50 mL) and CO/hydrogen (1000 atm, 1:l ratio) were kept at 230° for 2-4 hr, 

producing 0.182 M/h of methyl acetate, 0.098 M/h of ethyl acetate, and 
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0.262 M/h of ethylene glycol diacetate (313). 

Mixed Co-Rucatalysts were tested for methanol homologation to ethanol. 

[CpRu(PPh3)2Co(C0)4], prepared in 28% yield by the reaction of [CpRu(PPh3)2C1] 

with Tl[Co(C0)4], was compared with [COAX] alone, with [CpRu(PPh3)2Cl] 

alone, and with mixtures of [CpRu(PPh3)2CU/[Co2(C0)g] and of [Ru(acac)3]/- 

[co,(c0),1. The bimetallic catalysts containing Co, Ru, and PPh3 were all 

superior to [Co2(CO)g] or to [CpRu(PPh3)2C1] alone. The metals are proposed 

to act independently, Co for homologation of methanol to acetaldehyde, Ru for 

reduction of acetaldehyde to ethanol. In a typical example, [CpRu(PPh3)2C1] 

and [Co2(CO)g] were used as catalysts under 27 MPa of 40:60 CO/hydrogen and 

at 220° in the presence of methyl iodide and methanol (methanol/methyl iodide/ 

metal = 4400/2/l) to produce a 58% conversion of methanol to ethanol (86% 

selectivity) after 6 h (314). 

Promotion of Co-catalyzed carbonylation of methanol to acetaldehyde is 

achieved by transition metal halides, including RuCl 3'3H20, in the presence 

of lithium iodide. The role of the metal halide is apparently to generate 

HI; [Ru(CO) 3131 is formed under the reaction conditions. Other organic 

products are methyl acetate, ethanol, acetic acid, and ethyl acetate (315). 

Homologation of methyl esters to ethyl esters under CO and hydrogen is 

catalyzed by [CO(OAC)~]/[R ( u acac)3] mixtures in the presence of iodide. The 

optimum Co/Ru ratio is 0.4. Lithium iodide is a better promoter than either 

methyl iodide or iodine (316). 

Homologation of dimethyl ether with CO and hydrogen to methanol and 

ethanol is achieved using [Ru(acac> ] as the catalyst precursor. 
3 

In acetic 

acid the corresponding esters are produced. The same catalyst system homo- 

logates methyl acetate to ethyl acetate, Improved yields of ethyl acetate 

are obtained with Ru/Co mixtures. Iodide and a proton source are essential 

as promoters (317). 

The water-soluble porphyrin complex [Ru(TPPS)(CO)]~- (TPPS=meso-tetra- 

(4-sulfonatophenyl)porphyrinato) is a catalyst for the water gas shift 

reaction at 1 atm and 100". The complex, six times more active than 

[Ru~(CO)~~],~S prepared by refluxing Na4[TPPS].12 II20 and [RUDER] in DMF 

for l-3 weeks (318). 

Irradiation with visible light of a solution of triethanolamine and DMF 

containing [Ru(bipy)3]2+ and Co2+ under a carbon dioxide atmosphere results 

in catalytic production of either CO and hydrogen or CO alone (319). 

Oxidation 

The kinetics of ruthenate catalyzed oxidation of allyl, crotyl, cinnamyl, 

and propargyl alcohols by [Fe(CN)6]3- in aqueous alkaline media were determined. 

The proposed mechanism involves complex formation between the alcohol and 
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ruthenate; the complex disproportionates to Ru(IV) and aldehyde (320). 

A study of the kinetics of oxidation of isopropanol by periodate in the 

presence of Os(VIII), Ru(III), and mixtures of the two found the order of 

activity: Os(VIII)<Ru(III)<Os-Ru mixtures. The mechanism was proposed to 

involve a Os(VIII)-isopropanol complex which reacts with Ru(III) to give the 

products (321). Also examined was Ru(III) catalyzed oxidation of alkylacetates (377). 

Oxidation of chalcones by Ce(IV) in sulfuric acid/acetic acid is 

catalyzed by RuC13. The initial step is formation and oxidation of a Ru(III)- 

chalcone complex, which then decomposes to the PhCH=CH.radical (322). 

Oxidation of trimethylphenol by 30% hydrogen peroxide in acidic media to 

the corresponding p-benzoquinone is catalyzed by RuC13. After 5 h at 25", 

90% conversion of 2,3,6_trimethylphenol to the p-benzoquinone is achieved 

using 1 mol % of the catalyst (323). 

Oxidation of sulfides by iodosylbenzene to sulfones is catalyzed by 

[RuC12(PPh3)31. Electron-withdrawing substituents on the arene ring of the 

oxidant reduce reactivity and improve selectivity. Using ,c-iodosylbenzoic 

acid, sulfoxides are formed. Aliphatic primary alcohols are converted to 

aldehydes using m-iodosylbenzoic acid but to carboxylic acids using iodosyl- 

benzene. Selenides are also oxidized. The general procedure involves 96 mg 

of [RuC12(PPh3)3], 25 mm01 of iodosylbenzene, and 10 mm01 of the sulfide in 

dichloromethane for 15 min. (324). 

Oxidation of trialkylamines by oxygen, giving trialkylamine-N-oxides and 

other products, is catalyzed by RuC13.3H20. In aqueous solution, trimethyl- 

amine (10 mmol) reacts at 100" with oxygen (50 lb/m2) over a 16 h period to 

produce an 80% conversion to trimethylamine-N-oxide (3.4 mmol), formic acid 

(4.0 mmol as [NMe3H][02CH]), N,N-dimethyl formamide (0.5 mmol), dimethyl- 

hydroxylamine (trace) and dimethylamine. The proposed mechanism is shown in 

Scheme 29 (325). 

Scheme 29 

2 Rur11(NR3& -f Ru1'(NR3)g + Ru'"(NR~)~ 

Ru= + O2 + Ru 
IV 

+ 022- 

NR3 + H02- -+ ONR3 + OH- 

RuI’ {NR~(cH~R')~ -f RUII + NR2=CHR I+ + H 
+ 

Other Reactions 

The reaction between acetic anhydride and amines PhCH2N(CH2R)2 to give 

PhCH2N(CH2R)(C(O)Me) and other products is catalyzed by RuC13. A PPh3- 

modified catalyst has also been used. Oxidation of the amine by the catalyst 

is believed to be involved. In one example, benzyldibutylamine and acetic 

Referencesp.392 
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anhydride were converted in the presence of 6% RuC13 to benzylbutylacetylamine 

(98%) after 7 h at 160" (326). 

The effect of phosphines upon the [RuC12(PPh3)3] catalyzed conversion of 

primary to secondary amines were investigated. Rates and selectivity for 

conversion of decylamine to didecylamine were determined. The rate was first 

order in catalyst and in amine initially but in the presence of PPh3 catalyst 

decomposition led to a decreasing rate. The major species in equilibrium in 

solution were shown by 31 P NMR spectroscopy to be [RuC12(PPh3)3], [RuC12- 

(PPh3>2A2], [RuHC1(PPh3)3], [RuHC1(PPh3)2A2], and PPh3 (A=amine). Under 

deuterium gas, monodeuteration of the a-carbon of the decyl substituent 

was observed. The mode of catalyst decomposition was P-aryl ortho-metallation .- 

and then benzene elimination. The RuC13/PBu3 system was stable, showing after 

5 h, the presence of [Ru~C~~(PBU~)~]C~, [RUH~(PBU~)~], and [R~HC~(PBU~)~A]. 

About 5% decylN=CH(CH2)8CH3 was present under steady state conditions. The 

proposed mechanism is shown in Scheme 30 (327). 

Scheme 30 

RuC13 + L L = PPh3 

RuC12L3 = Ru2C13L; + Cl- 

A = NH2CH2R 

+ A +f -A 

RuC12L3A es RuC12L2A2 
-A 

-HCl ++ A 

LnHC1RuNH2CHRNHCH2R 

[RuC12(PPh3)3] is a catalyst for the reaction of arenesulfonyl chlorides 

with vinylarenes in the presence of tertiary amines to form a,S-unsaturated 

sulfones. Only E isomers are formed. If the arenesulfonyl chloride contains 

chloride or nitro substituents on the ring, then reactions with 2-methyl- 

styrenes yield 2-aryl-3-(arylsulfonyl)propenes, as well. In one example, 

benzenesulfonyl chloride (2 mmol), styrene (2 mmol), tributylamine (2 mmol) 
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and catalyst (0.02 mmol) is heated at 60" for 72 h in benzene, producing a 

71% yield of tributylammonium chloride and E-PhCH=CHS02Ph at 75% conversion. 

A radical mechanism in which Ru(I1) reversibly abstracts chloride is proposed 

(328). 

N-monoalkyl amides are formed from amides and primary alcohols using 

[RuC12(PPh3)] as the catalyst. For example, at 180° for 4 h bensamide (10 

mmol),ethanol (5 mL), and [RuC12(PPh3)3] (0.1 mmol) produce N-ethyl benzamide 

with 85% selectivity at 53% conversion (370). 

Quinoline derivatives are formed from aminoarenes and 2-propen-l-01 or 

2-buten-l-01 using [RuC12(PPh3)3] as a catalyst. Standard reaction conditions 

are, for example, aniline (20 mmol), alcohol (10 mL), [RuC12(PPh3)3] (0.2 

mmol), and nitrobenzene (22 mmol) at 180" for 5 h. The proposed mechanism 

is shown in Scheme 31 (371). 

y-Butyrolactones were prepared by cyclocondensation of R~R~C=CHR~ with 

C12CRC02R' (R=H,Cl,Me; R'=H,SiMe3) in the presence of [RuC12(PPh3)3] (378,379). 

Scheme 31 
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The addition of aliphatic and aromatic carboxylic acids to alkynes, 

forming vinyl esters, is catalyzed by [Ru3(CO)l2] or [Ru(CO)~(OAC)]~. Products 

from diphenylacetylene and acetic acid (l:l, 0.2 M) at 145' for 22 h (55% 

conversion) are PhCH=C(OAc)Ph (E isomer (82X), 2 isomer (9%)) and Ph2C=CHOAc 

(9%). The kinetic product is the E isomer, which slowly rearranges. Other 

alkynes which were examined were phenylacetylene, 4-octyne, and dimethyl 

acetylenedicarboxylate, and other acids were benzoic acid, 4-fluorobenzoic 

aicd, 4-methylbenzoic acid, and 2,2-dimethylpropionic acid (329). 

The addition of methyl formate to ethylene, forming methyl propionate, 

is catalyzed by [RuC12(PPh3)3]. Ethyl formate does not react in this fashion. 

From 80 mL of methyl formate and ethylene (10 bar) at 190-200" for 18 h and 

in the presence of 0.14 mm01 of catalyst are formed methyl propionate (40 

mmol) and CO (55 mmol) (330). 

Hydrosilyation of alkenes is catalyzed by Ru(II) and Ru(III) phosphine 

complexes. Vinylsilanes and 1-alkenes are more reactive than more substituted 

alkenes. The reaction is enhanced by oxygen and the phosphine ligands are 

not required for activity. Two general mechanisms were proposed (331). 

Hydrosilylation of vinyltrialkoxysilanes by trialkoxysilanes is catalyzed 

by [RuC12(PPh3)3].and by [Ru(acac)3]. The major product is l,Z-bis(trialkoxy- 

silyl)ethane. A by-product is 1,2-bis(trialkoxysilyl)ethene when the ethoxy 

or isopropoxy substituents are present, but the a-substituted addition product 

for the methoxy-substituted silanes (332). 

[Ru(CO)2C12(PMe3)2] is a catalyst for the reaction of alcohols with 

triethylsilane. The kinetics for the reaction with CH3CH(OH)C02Et were 

examined (333). 
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