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INTRODUCTION 

This review covers the coordination chemistry of ruthenium for 1992 and is based upon a 

search of  volumes 116, 117 and 118 of Chemical Abstracts. In addition, major inorganic 

chemistry journals have been searched independently from the period of  January to December 

1992. The metal complexes are classified according to the ligand type. Most of  the 

organometallic ruthenium complexes are not covered in this article as they are periodically 

reviewed in J. Organometal. Chem. 

Compounds are classified according to donor atoms in the ligands but are not separated 

according to the oxidation state of the ruthenium centre. 

10.1 Complexes with hydrogen donor or hydride ligands 

The compounds Mg2RuH 4 and Mg2RuD 4 were synthesized and characterized by X-ray 

and neutron powder diffraction and were found to contain a diamagnetic [RuH4]4- complex anion 

[1]. Mg3RuH 3 and Mg3RuD 3 were also synthesized and similarly characterized but were found 

to contain [Ru2D6] 12- dianions [2]. 

0010-8545/95/$29.00 © 1995 - Elsevier Science S.A. All rights reserved 
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The barrier to rotation of the dihydrogen ligand in [RuH(rl2-H2)PP3]BPh4 (1) was found 

to be lower than the Fe analogue from inelastic neutron scattering studies of the dihydrogen 

rotation energy levels which showed that the Fe centre was a better back-donor than Ru [3]. 

Depending on the substrate to metal complex ratio, the same complex (1) was found to react with 

phenylacetylene to give [(PP3)Ru-[C(H)=C(H)Ph}]+ (2), [(PP3)Ru(---CPh)]BPh4.thf (3) and (E)- 

[(PP3)Ru(TI3-PhC3CHPh)]BPh4, with the last one being isolated as geometric isomers (4a, b) 

(PP3=P(CH2CH2PPh2)3). Kinetic studies on selective hydrogenation of phenylacetylene to 

styrene with (1) as a catalyst precursor were carried out. These studies showed that (2), (3) (4a) 

and (4 b) were important side intermediates in the catalysis cycle [4]. The electronic structures of 

some complexes of the type RuL4H(H2) + and IRuL2H(H2) (L = phosphine) have been studied by 

Extended Hiackel and ab initio calculations [5]. 
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RuH2(L)(triphos) (triphos = PPh(CH2CH2PPh2)2; L = CO, P(OCH2)3CEt or PMe2Ph) 

were prepared from the corresponding RuC12(L)(triphos ) complexes. The dihyctrogen complexes 

were in turn reacted to produce [Ru(H)(TI2-H2)-(L)(triphos)] + and [RuH(MeCN)(L)(triphos)]BF 4 

(L = P(OCH2)3CEt or PMe2Ph) [6]. [RuH2(H2)2-(PCY3) 2] (Cy = cyclohexyl) reacted with 

various acids to give [(rI6-C6HsCH3)RuH-(PCY3)2]BF4, RuH(r12-H2)(OCOR)(PCY3)2 (R = CF 3, 

Me or Ph),  RuH 2( O C O C F 3)2-(PCY3)2, RuH(H2)(OAc)(PCY3)2"AcOH, 

RuH2(OAc)(PCY3),2(OSO2CF3) and [RuH2(OAc)(PCY3)2(Sol)](OSO2CF3)(Sol = polar solvent) 

[7]. 
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The complex Ru(OEP)(L)(H2) (OEP = octaethylporphyrinatodiamine, L = thfor  *Im = 1- 

tert-butyl-5-phenylimidazole) and the Os analogues were synthesized, characterised and studied 
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with 1H NMR spectroscopy. The first dimetallic bridging dihydrogen complex, Ru2(DPB )- 

(*Im)2(H 2) (5) was also prepared [8]. 

Under different conditions, RuCI2(PPh3)(isoPFA ) or RuC12(PPh3)(PPFA) reacted with 

dihydrogen to give L2(rl2-H2)Ru(I.t-C1)2(I.t-H)Ru(H)(PPh3)2 (L 2 = isoPFA or (PPh3)2), 

Ru(H)C12(PPh3)(PPFA.H)(BuOH) or RuH(C1)(PPh3)(isoPFA), with some of them having been 

characterized by X-ray crystallography (isoPRA = (rl-CsH5)Fe-(rI-C5H3(CHMeNMe2)Pipr2-1,2); 

PPFA = (rI-C5H5)Fe(rl-C5H3-(CHMeNMe2)PPh 2-1,2)) [9]. 

[RuH(rl2-H2)L4]BF 4 reacted under various conditions to give [RuH(NO)L4](PF6)2, 

[Ru(NO)L4](PF6), [Ru(CNR)aL2] 2+ (R = 4-MeC6H 4 or 4-MeOC6H4), [Ru(NO)(CO)2L2] + or 

[RuBr2(NO)L3]+ (L = P(OEt)2Ph ) [10]. The Fe and Os analogues were also studied. [Ru2H(~- 

H)CI(Me4[14]aneS4)2]C1 and trans-RuH(C1)(syn-Me4[14]aneS4) were synthesized. From IR and 

1H NMR spectroscopies and X-ray crystallography, the former was found to display a single and 

unsupported Ru-H-Ru bond (Me4[14]aneS 4 = 1,4,8,11-tetrathiacyclotetradecane) [11]. 

[RuH(CO)(PPh3)([9]aneS3)]PF 6 was prepared from [RuH2(CO)(PPh3)3] ([9]ane S 3 -- 1,4,7- 

trithiacyclononane) [12]. Intramolecular ligand exchange in the latter was demonstrated by 

NOESY (Nuclear Overhauser Effect Spectroscopy) [13]. 

RuHCI(CO)(PPh3) 3 reacted with various alkynes to give RuCI(CO)(PPh3)2-(trans- 
R1CH=CHC=CR 2) (R 1 = R 2 = SiMe 3 (6), or CMe 3 (7); R 1 = SiMe 3, R 2 = Me (8); R 1 = Et, R 2 = 

CMe 3 (9)) with the following general structure [14]: 

OC C1 

I/ 
Ph3P ~ - -  R u ~  PPh 3 

I 

R 1 

(6) -  (9) 

RuHCI(CO)(PPh3) 3 also catalysed hydrogenation of ring-opened polymers to give a new 

polymer [15]. The thio-analogue, RuHCI(CS)(PPh3) 3 or RuPhCl(CS)(PPh3) 2 were used to 

prepare Ru(SiMe2CI)CI(CS)(PPh3)2, which fur ther  reac ted  to give RU(rl2- 

C[S]SiMe2X)CI(CO)(PPh3) 2 (X = C1), where the ethoxy analogue (X = OEt) was prepared from 

the corresponding ethoxylsilyl complex [ 16]. 

[Ru(CO)(NO2)(OAc)(PPh3)2] was believed to form from a C-N bond cleavage, when 

[RuH(OAc)(CO)(PPh3)2] reacted with [~-nitrostyrene [17]. The kinetics and mechanism of 

hydrogenation of benzaldehyde, catalysed by [RuH(CO)(NCMe)2(PPh3)2]BF 4 was studied in 

reference [ 18]. 

RuHX(CO)(p-tert-Bu2Me) 2 (X = I, CI, OPh, NHPh, OCH2CF 3, OH, OSiPh 3, OSiPhMe 2 

or OSiMe3) were synthesized and characterized by multinuclear NMR spectroscopy and also by 

X-ray crystallography for X = OSiPh3. The relative electron donor power of X in these 

compounds, as well as RuHX(CO)(py)(p-tert-Bu2Me)2, were studied [19]. 
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RuH(NO)P3 (P3 = (Cy2PCH2CH2CH2)2PhP, cyttp; (Ph2PCH2CH2CH2)2-PPh, ttp; 

(Ph2PCH2CH2)2PhP, etp) were prepared and characterized. They were found to have similar 

trigonal bipyramidal structure with linear NO groups. The X-ray structure for RuH(NO)(cyttp) 3 

has been determined [20]. The P3-1igands minimized the number of isomers in the 
monophosphine analogues and froze the fluxionality. The fluxional behaviour of RuH(NO)(ttp) 3 

was further studied [21]. 
The complex [RuH2(PPh3)4] was found to catalyse reactions of azulenes and di- 

methylacetylenedicarboxylate (ADM) [22] and additions of haloalkanes to alkenes [23]. The 

latter reaction was also catalysed by [RuH3(SiMe2Ph)(PPh3)3]. [RuH2(PPh3) 4] was also an 

oxidant in the formation of 6[~-lactone form 6~-lactone [24]. 

The photochemistry of cis-Ru(dmpe)2H 2 (dmpe = Me2PCH2CH2PMe 2) was studied by 

IR, UV/VIS and NMR spectroscopic methods in matrices and in solution [25]. 

[RuH(B3Hs)(CO)(PPh3)2] (10) was prepared from either [RuC1H(CO)-(PPh3)3] or 

[RuH(CO)(NCMe)2(PPh3)2]C104. Its structure and reactivity have been recorded [26]. 

PPh 3 
H ~  ] / H - - B ' H \  / H 

oc I •" 
PPh 3 

(10) 

The complexes  [(P(CHMe2)3)2(CO)HRu(B,rl4-BH4)RuH(CO)(P(CHMe2)3)2]BF4, 

[RuH(rl2-O2CR)(CO)(P(CHMe2)3)2] (R = (S)-CH(NaphOMe)Me (11), (R)-CH-(OMe)Ph (12), 

(R)-C(CF3)(OMe)Ph (13), (S)-CHOC(O)CH2CH 2 (14)), and RuH(pz)(CO)(Hpz)(PCOHMe2)3) 2 

(Hpz = pyrazole) were prepared from RuH(rl2-H2BH2)(CO)(PCCHMe2)3)2. These compounds 

were further reacted to give the cationic complexes [RuH(CO)(MeCN)2-(P(CHMe2)3)2] +, 

[RuH(CO)(rll-Me2CO)2(P(CHMe2)3)2] +, [RuH(CO)(rl  I-Me2CO)-(P(CHMe2)3)2]+, 

[RuH(CO)(Hpz)2(P(CHMe2)3)2] + and isomeric RuHCI(CO)(Hpz)-(P(CHMe2)3)2 [27]. The 

catalytic activities of complexes (11)-(14 ) and their osmium analogues were studied. 

The gold(I) phosphine derivative Au(PPh3)NO 3 reacted with RuH2(CO)(PPh3) 3 and 

RuH4(PPh3) 3 to give [AuRuH2(CO)(PPh3)4]NO 3 (15) and [Au2RuH3(PPh3)5]PF 6 (16) 

respectively [28]. 

The synthesis and structure of the compound [(PP3)RuH(rlI-C1T1)]PF6 (17) have been 

reported [29]. Li[RuH3(PPh3)3] reacted with [Ir(cod)C1] 2 to give (cod)Ir(~t-H)3Ru(PPh3) 3 (18) as 

the thermodynamic product. This gave (cod)IrH2Ru[PPh2(C6H4)](PPh3) 2 (1 9 ) u p o n  

dehydrogenation [30]. (PPh3)2(CO)HRe(~t-H)3RuH(PPh3) 2 (2 0) reacted with MeCN and PhCN 

to give (PPh3)2(CO)Re(I.t-H)3Ru(MeCN)(PPh3) 2 (21) and (PPh3)2(CO)Re(~t-H)2(Ix- 

NCHPh)Ru(PPh3)2(PhCN ) (22); the latter further reacted to give (PPh3)2(CO)Re(B-H)2(I.t- 

NCHPh)Ru(CO)(PPh3) 2 [31 ]. 
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10.2 Complexes with halide and pseudo-halide ligands 

A new synthetic route has been found for RuF 4 and the su'uctures of RuF 3, RuF 4, and 
RuF 5 were compared [32]. The RuF 6 cluster model was used to account for the bonding 
mechanism in the ruffle RuO 2 structure [33]. The refined metal K-edge extended X-ray 



225 

absorption fine structure data of RuF 6 and those calculated for K[RuF6] and K2[RuF 6] were 

compared with previous data on the 5d analogues and with X-ray crystallographic data [34]. 

Ruthenium trichloride was found to catalyse the oxidation of tertiary amines by hydrogen 

peroxide in the presence of methanol [35]. It also formed a catalyst with chromium hydroxide for 

fluorination of halohydrocarbons with HF [36]. A new catalyst was prepared from aqueous 

RuC13, TiO 2 and ammonium metavanadate(I) for manufacture of aliphatic hydrocarbons from 

hydrogen and carbon monoxide [37]. RuC13.3H20, FeC13.6H20 and SnCI2.2H20 were supported 

on 7-alumina and reduced by NaBH 4 for catalysing reduction of fatty acid esters in the 

preparation of higher alcohols [38]. The RuClynH20-catalysed oxidation of cyclic acetals, e.g. 2- 

aryl-l,3-dioxolane, by Me3COOH under mild conditions provides a useful method for the 

synthesis of glycol monoesters from 1-alkenes in combination with Pd-catalysed acetalization of 

1-alkenes [39]. In synthesizing 9-octadecen-l-ol from oleic acid, a new H-activated catalyst was 

prepared by hydrolysis of SnCI 4, RuC13 and AI(OCHMe2) 3 in hexylene glycol-EtOH-Me,2CHOH 

[40]. RuC13 catalyst supported on an A1203 carrier was used in the preparation of bis(4- 

aminocyclohexyl)methane under high temperature and pressure [41]. Cyclohexylamines were 

prepared by hydrogenation of aromatic amines in the presence of Ru supported on Co hydroxide 

prepared from RuC13 [42]. 

The residual chloride ion on silica-supported ruthenium catalysts prepared from the 

RuCI3.3H20 precursor showed poisoning effect of the catalysts and suppression of H 

chemisorption [43]. The effects of removal of C1 and a KNO 3 promoter on RuC13 precursor / 

MgO catalysts for NH 3 synthesis were also studied [44]. 

A new approach for preparing RuCI 3 which does not involve the use of NaOC1 was tried 

[45]. The 99Ru M6ssbauer spectroscopy and magnetization studies of ct- and ~-RuC13 showed a 

conspicuous difference in the magnetic properties between the two forms due to their structural 

difference [46]. 

Studies on several syngas reactions, (catalysed by 2 forms of RuMo catalyst prepared 

from RuCi5-1.5H20, (NH4)6Mo7024.4H20 and SiO 2) were conducted [47]. Thin layer 

spectroelectrochemical techniques were employed to cause a reversible one-electron oxidation in 

RuC162- anions, (Re, Os and Ir analogues were also studied), to form the corresponding 

pentavalent complexes at low temperature. This provided the first opportunity to examine the 

optical charge transfer spectra of these highly oxidized complexes of Ir and Ru [48]. 

A thorough study on the effects of temperature, ionic strength and solvent isotopes on 

aquation and anation reactions of [RuC14(H20)2]-, [RuC13(H20)3], [RuC12(H20)4] + and 

[RuCI(H20)5] 2+ was conducted [49]. Another ruthenium catalyst synthesized by the sol-gel 

process using tetraethoxysilane aluminium tri-sec-butoxide and [RuCI5(H20)]2- was 

characterized and studied [50]. The electrochemical redox reactions of dimeric Ru(IV) and 

Ru(III) with chloride were studied by cyclic voltammetry, rotating disk electrode voltammetry 

and speclrometry, and the structure of the complex was discussed [51 ]. 

Supported catalysts formed from functionalized polymers containing N-P, N-O or N-N 

dinuclear ligands (chemically bound with RuC13) displayed high activity and selectivity in the 

hydrogenation of diacetone alcohol. [52]. The microstructures of polymers prepared from ring- 
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opening metathetic catalysts RuC13.3H20, [RuCI(Ix-C1)(rl3:rl3-CIoH16)]2, Ru(H20) 6 di-tosylate 

and W(=CHtBu)(=NAr)[OCMe(CF3)2] 2 were studied by 1H and 13C NMR spectroscopy (C10H16 

= 2,7-dimethyloctadienediyl; Ar = 2,6- diisopropylphenyl) [53]. 

In a study of the synthesis of sorbitol via molecular hydrogenation of glucose, phosphine 
complex of ruthenium (RuC13:PPh 3 = 1:2) was found to be the most practical among the iron, 

rhodium and ruthenium catalysts studied. Only mild conditions of 90°C and 2 atm hydrogen 

pressure were used with 95% yield of sorbitol in 2 hours of reaction time [54]. The effects of 
temperature and variation of phosphine ligands of RuCI3.xH20- phosphine catalyst on selectivity 

for mono- or diamination of diols were studied. Selectivity towards monoamination decreased on 

increasing the reaction temperature but recovered by adding more phosphine ligand; it also 

increased by adding electron-donating and/or bulky phosphines [55]. 

Hydrogenated nitrile rubbers with storage stability and moldability, useful for automobile 

and industrial parts, were prepared by selective hydrogenation of double bonds with 

RuCI3-3H20-PPh 3 as catalysts, followed by extrusion [56]. RuC13.3H20-PPh3-CaCI2-2H20 was 

used as catalyst for the preparation of similar partially crosslinked-rubber with improved 

permanent compressive set, weather resistance and moldability [57]. Selective hydrogenations of 

carbon-carbon double bonds of nitrile group- containing unsaturated copolymers were catalysed 

by RuC13 - PPh 3 and mineral or carboxylic acids [58]. 

Phenyl ketones were manufactured according to the following equation: 

(R2)2RaC-O-O-H , ~  
CH2 R1 ~-- COR 1 

X Ru catalyst X 

R I = CI.I0 alkyl, (substituted Ph); X = lower alkyl, halo, alkoxy, OPh, H 
R 2 = lower alkyl; R 3 = (halo-or NO2-containing) Ph, lower alkyl 

The ruthenium catalysts tried were RuC12(PPh3) 3, H2Ru(PPh3) 4 or RuC13 hydrate, while 

(R2)2R3COOH was typically tert-butyl hydroperoxide or cumene hydroperoxide [59]. The same 

treatment was applied to C5.15 branched or cyclic alkanes [60]. 

Compared to the homogeneous reaction, anchoring RuC12(PPh3) 3 onto the phosphinated 

styrene-divinylbenzene (S-DVB) copolymers favoured trans-isomerization of 1-hexene and 

stabilized the catalyst. The solvent effects on the activity of the catalyst was also discussed [61]. 
The complex RuC12(PPh3) 3 reacted with 1,4,7-trithiacyclononane (9-$3) and 1,4,8,11- 

tetrathiacyclotetradecane (14-$4) to give [RuC12(PPh3)(9-S3)] and cis-[RuCl(PPh3)(14-S4)]; 

these have been characterized by X-ray analysis. In addition, the complexes 
[RuC12(OH2)(CS)(PPh3)2] and [RuC1H(CS)(PPh3)3] were treated with 9-$3, giving 

[RuCI(CS)(PPh3)(9-S3)]CIO 4 and [RuH(CS)(PPh3)(9-S3)]C103 [62]. 

The compound RuC12(PPh3) 2 reacted with 1-hydroxy-2,4,6,8-tetra-tbutylphenoxazinyl 

(HPhenoxSQ) to give RuC12(PPh3)2(PhenoxSQ)(23), RuCl(PPh3)(PhenoxSQ) 2 (24) and 

RuCl(PPh3)(PhenoxSQ)(OxPhenox) (25); all three compounds were characterized 

spectroscopically and structurally. In addition, the first two compounds were also characterized 
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electrochemically. An intermediate [RuCl(PPh3)(PhenoxSQ)2]- was proposed for the formation 

of (2 5). 2,4,6,8-Tetra-tbutylphenoxazin - 1-one (PhenoxBQ) (26) was characterized structurally 

and its electrochemistry was studied [63]. 

The catalytic effect of the Ru complex RuC12(PPh3) 3 was studied (together with the Pd(0) 

and Cu(I) catalysts) for addition reactions of tetrachloromethane to halogenated ethenes [64]. 

Et3N and NH4PF 6 were found to be effective additives for the Ru-catalysed hydrogenation of an 

acrylonitrile-butadiene rubber [65]. Aqueous Me3COOH was added to a mixture of adamantane 

and RuC12(PPh3) 3 in CH2C12 for over 7 hours and stirred for 1 hour to give 22.1% 1-adamantanol 

[66]. Glucose was transfer-hydrogenated by various alcohols in the presence of RuC12(PPh3) 3 at 

100 ° and normal pressure. It was interesting to note that the catalyst permanently changed to a 

hydridocarbonyl complex, which catalysed only disproportionation of glucose, when 2- 

methoxyethanol and tetrahydrofurfuryl alcohol were used [67]. An additional base like potassium 

carbonate was required in a similar reaction with imines and propan-2-ol [68]. 

Various 1,3-disubstituted 2,3-dihydroimidazol-2-ones were prepared by reaction of N,N'- 

disubstituted ureas with vicinal-diols with RuCI2(PPh3) 3 as catalyst. A typical example is shown 

in eqn (1) [69]. Preparation of condensed aromatic imidazoles was also catalysed by the 

ruthenium complex, eqn (2) [70]. 

fl oh 
O Ru N 

C / ! P h 3  

121 

(24) 0 

(23) 

o 

N = PhenoxSQ (25) 

0 

(26) 
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O 
I I  

/ NHMe RuCI2(PPh3)3 Me-- N ' ~ N  - Me 
O=C + MeCH(OH)CH(OH)Me ~" 

~" NHMe / ~  
Me Me equ. (1) 

RuCl2(PPh3)2 ~ N).._ 
NH 2 + PhCN Ip Ph 

AcNMe 2 
NH2 160 °, 24 hr equ. (2) 

Carbamates and ureas like N,N-di-n-butyl-N'-phenylurea were prepared from formamides 

and amines or alcohols in the presence of RuC12(PPh3) 3 [71]. Dioxygen-activated-RuC12(PPh3) 3 

catalysed metathesis of vinyl-substituted silicon compounds containing methyl, alkoxyl, phenyl, 

trimethylsiloxyl and silatranyl groups at silicon with 1-decene. Two proposed mechanisms 

involving a ruthenium-carbene intermediate as well as insertion of alkenes into the Ru-Si bond 

were discussed. [72]. Oxidation of alcohols by acetone was catalysed by RuC12(PPh3) 3. 

Acetophenone was found to be a cocatalyst when phenylmethanol was oxidized to acetophenone, 

and was shown to be 30 times faster than the oxidation of 2-octanol [73]. 

The compound (Ph3P)2C12Ru=CHCH=CPh 2, prepared with a quantitative yield from 

RuC12(PPh3) 3 or RuC12(PPh3) 4, was used for polymerization of norbornene in both the presence 

or absence of protic solvents. A stable propagating carbene species was observed throughout the 

course of polymerization. This was believed to be a viable intermediate in the ring-opening 

metathesis polymerization of bicyclic alkenes catalysed by classical ruthenium complexes in 

protic solvents [74]. 

Chemical modification of diene-based rubber was done through catalytic hydrogenation 

using RhCI(PPh3) 3 and RuCI(CO)(COPh)(PPh3) 2 as catalysts. Plausible mechanisms were 

suggested with rate laws being derived [75]. RuC12(CO)2(PPh3)2 was activated by contact with 

hydrogen, Ph3P, thf and cyclododecatriene in an autoclave for selective hydrogenation of the 

cyclic polyene. Cyclododecene was obtained. An effluent containing the Ru-catalyst and the 

solvent was also obtained, from which the catalyst could be recycled [76]. 

Ruthenium (III) Schiff's base complexes [RulItLCln] catalyse carbonylation of 

nitrobenzene at 160°C and 15 atm CO partial pressure in ethanol, producing phenylurethane. The 

catalytic activity of the complexes decreased in the following order: K[Ru(naphoph)C12] Schiffs 

base complexes > K[Ru(naphen)C12] > K[Ru(naphprop)C12] > [Ru(naphdien)C1] (naphoph = 

bis(naphthaldehyde)-o-phenylene-diimine; naphen = bis(naphthal°dehyde)ethylenediimine; 

naphprop = bis(naphthaldehyde) propylenediimine; naphdien = bis(napthaldehyde)diethylene- 

diimine). The turnover rates after 2 hours ranged from 5 to 22 tool-product per mole-catalyst per 

hour [77]. 

The reactions of IrC13(tht) 3 with Grignard and lithiated reagents, giving Ir(Mes) 3 and 

Ir(Mes) 4 respectively, and that of RuC13(tht)3 with Mg(Mes)2(thf) 2 giving Ru(Mes)4 (27) were 
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recorded (tht = tetrahydrothiophene; Mes -- 2,4,6-trimethylphenyl). The tetramesityls were 

oxidized by AgO3SCF 3 or [NO]PF 6 to give [IrV(Mes)a]O3SCF3 and [RuV(Mes)4]PF 6 [78]. 

Ru 

(27) 

Solid-state 13C DP MAS NMR spectroscopic studies of compounds [(Me3Sn)4M(CN)6] x 

(M = Fe, Ru and Os) revealed that the trigonal bipyramidal arrangements at Sn underwent 

internal rotation about the N-Sn-N axes with lifetimes on the order of 0.5 s at lower temperature 

[79]. 
The reaction of Ru2CI(O2CR) 4 with PPh 3 in MeCN gave [RuCI(MeCN) 3- 

(PPh3)2]2[Ru2C12CO2CC6Ha-p-Me)4] (28), [RuCI(MeCN)4(PPh3)][Ru2CI-(C2CC6H4-P-OMe) 4] 

(2 9) and [RuCI(MeCN)3(PPh3)2][Ru2CI2(O2CR) 4] (R = Me, Ph, C6H4-p-Me). The complexes 

were characterized from elemental analysis, magnetic and spectral data, with X-ray structures 

determined for (28) and (29) [80]. 
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The ruthenium(II)- t in(II)  cluster complexes [NEt4]4[Ru(SnC13) 6 ] and 

[NEt4]3[Ru(SnC13)sMeCN], supported on CuO-ZnO-SiO 2, catalysed the conversion of MeOH to 
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AcOH and AcOMe with high selectivity. It was found that HCO2Me formation was largely 
suppressed by the ruthenium catalysts [81 ]. 

Resonant non-linear optical properties of spin-cast films of the oligomeric bridged 
[tBu4PcRu(dib)]n (30), axially linked by a p-diisocyanobenzene (dib) bridging ligand, were 
studied. Comparison with other lower-dimensional conjugated g-electron system showed that the 

optical properties of (30) were mainly determined by the 2-dimensional character of the 
phthalocyanine units [82]. 

(3O) 

10.3 Complexes with phosphorus donor ligands 

Decarbonylation of cis,trans-[Ru(13CO)(CO)(PMe3)2(COMe)I] (31) at -30°C was 
stereospecific and gave [Ru(CO)2(I3CO)(PMe3)2Me] + (32). Thus, by the principle of 

microscopic reversibility, the reverse process of insertion was catalysed by anions [83]. 

I PMe3 

O 1 3 C , ! S  I 

O C / [  ~ COM( 

PMe 3 

(31) 

Me3 13CO 
OC~Rlu/ 

PMe3 
m 

(32) 

® 

A series of acetylide compounds was prepared and characterized; the complexes included 
trans-Ru(CO)2(PEt3)2(C-CR)2 (R = Ph (3 3), Me3C, SiMe3 (3 4), H(35)) and trans-Ru(CO) 2- 
(PEt3)2(C=CC-CR)2 (R = SiMe 3 (36), H (37)). X-ray analysis of (33) and (35) revealed a linear 
C2RC 2 geometry [84]. Full characterization of (34), (36) and (37) by IR and Raman 

spectroscopy, 1H, 13C { 1H} and 31p{ 1H} NMR spectroscopic studies and X-ray analysis were 
reported. Comparison of bond lengths between the three complexes and related acetylides 
suggested greater multiple-bond character in metal-to-acetylene o bonds in (3 4), (36), (37) than 
in others [85]. 
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The complexes RuXC1CO(p(ipr)3)2) and RuXC1CO(P(CY)3) 2 (Cy = cyclohexyl; X -- 

halogen) complexes were shown to be excellent catalysts for the selective hydrogenation of C=C 

in nitrile rubbers [86]. 
Seven water-soluble ruthenium complexes (RuCI2L2) 2, RuHC1L 3, RuH(OAc)L 3, 

RuH2L 4, RuHIL 3, RuC12(CO)2L2 and [Ru(OAc)(CO)2L] 2 (L = P(C6H4-m-SO3Na)3.3H2 O) were 

synthesized and characterized. In solution, they were shown through spectroscopic investigation 
to have the same structures as their organosoluble analogues (L = PPh3) [87]. The complexes 

were then tested in the catalytic hydrogenation of propionaldehyde, with their catalytic 

performances compared to their organosoluble analogues. The effect of both cation and anion 

additions had been investigated and the mechanism of hydrogenation has been discussed [88]. 
The 17-electron radical [Ru(CO)3(PCY3)2] + and its iron and osmium analogues were 

prepared from M(CO)3(PCY3) 2 (M = Fe, Ru and Os). Their halide-induced disproportionation 

was probed by double potential step chronocoulometry, rotating-ring-disk electrochemistry, bulk 

coulometry, and cyclic voltammetry. Unlike the 18-electron systems, the periodic effect of the 

17-electron species showed only slight variation. The role of ion pairs was studied and other 

thermodynamic and kinetic data were reported [89]. 

H H 

I I 
~ N ~ C ~ c  / H i p r ~  N / / C ~ c - - -  H 

oc .  I / I d [ / p R  3 R' ~ [ N ff 
Ru / R u  

\ o /iu( % Me I [ I CO I 

CO ipr CO CO 

(38) - (42) (43), (44) 

H H 

I . I 
i p r ~  N ~ C ~  (2/-.-- H i p r ~  NTJ'C~c---- H 

/, 
O C ~ ! o ~ 0 - - - ~ M e  O C J i  u ~ ~'~OTf " i P r  

CO 

(45) (46) 

Reaction of Ru2(Me)(I)(CO)4(PR3)(ipr-DAB) (ipr-DAB = ipr-N=CHCH=N-ipr; PR 3 = 

PBu 3 (38), PMe2Ph (39), PMePh 2 (40), PPh 3 (4 1) and P(OMe)3 (42)) with CO gave 

Ru(R')(I)(CO)2(ipr-DAB) (R' = Me (43), Ac (44)) and Ru(CO)4(PR3); the more basic the 
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phosphine, the stronger the tendency to form (44). Further reactions of the products gave other 

p roduc t s  i n c l u d i n g  Ru(CO)3(PMe 2 Ph ) (L ' )  (L'  = PPh 3 , P(OPh)3) ,  

Ru(Ac)(I)(CO)2(iprN=CHCH2N=CMe2) (45), [Ru(Me)(CO)2(ipr-DAB)][OTf]  (46), 

[Ru(Ac)(CO)2(ipr-DAB)][OTf] and [Ru(Me)(CO)2(L)(ipr-DAB)][OTf] (L = tert-BuNC, 

PMe2Ph). t3C labelling experiments were done to support the mechanism proposed [90]. 

OMe 

_ 

o /I o %o 
PMe2Ph 

(47) 

Me 

Ph2HP 

O 

Et 

7 t 

Ru R u m  pph2 H 

/! /! 
O O O 

Et 

Ph2 P~ 

CO OC Ru R u - -  CO 

O O C O 
O 

(48) 

Ph2EtP 

O 

Ru Ru ~ PEtPh 2 

O O O 

The compound Ru(CO)2(PMe2Ph){MeOCOC=C(p-C6H4Me)(CO2)} (4 7) exists as 

discrete monomeric units in the crystal with an essentially planar 5-membered metallocycle ring 

[91]. Protonation of cis-mer-RuH2(CO)(cyttp) (cyttp = PhP(CH2CH2CH2PCy2)2) with excess 

HX (X = BF 4, O3SCF3) produced an air stable complex with weakly coordinating anions, cis- 
mer-RuX2(CO)(cyttp) (X -- BF 4, O3SCF3). X-ray structure analysis at 223 K showed that cis- 

mer-Ru(O3SCF3)2(CO)(cyttp).l.15H20 was crystallized out. Structural behaviour of the 

compounds in solution was investigated by variable-temperature 31p{ 1H} and 19F{ 1H} NMR 

spectroscopies at 178-303 K. Further reactions of the two gave cis-mer-[Ru(CO)L2(cyttp)][BF4]2 



233 

(L = MeCN, CNtBu and CNCy), [Ru(F)(CO)L'(cyttp)][BF4](L' = 1-120, CO and CNtBu), cis-mer- 

[Ru(CO)L"2(cyttp)][O3SCF3]2(L" = MeCN, NH3), [Ru(CO)(P(OMe)3)(cyttp)][O3SCF3] 2, 

[Ru(X')(CO)(P(OMe)3)(cyttp)]+ (X' = C1, OMe) and cis-mer-RuX"2(CO)(cyttp) (X" = Me, I, H) 

[92]. 

The high yield synthesis of [Ru2(CO)6(Ix-PPh2)2] (48) was reported and the conversion 

involving (48) and two other complexes was studied [93]. 

From X-ray structural analysis, (CH2=CHCH2CH2PPh2)2RuC12 (4 9) was shown to have 

a distorted octahedral geometry [94]. Triruthenium dodecacarbonyl reacted with 
Ph2PCH2C(O)Ph (L) in thf, Me3NO to give [Ru3(CO)9(L)3], which further reacted with 12 to 

yield [{Ru(I.t-I)L(CO)2}2 ] (50). The cleavage of the iodide bridge of (50) by PEt 3 or L gave 

[RulL(CO)2L' ] (L' = PEt 3 (51) or Ph2PCH2C(O)Ph (5 2)). The structure of the chloride analogue 

of (50), [ { Ru(kt-C1)L(CO)2 } 2] was reported [95]. 
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The novel ether-phosphine (oxetanyl-2-methyl) diphenylphosphine (L), which has strong 
basic properties, was prepared and reacted with C12Ru(PPh3) 3 to give trans-Cl2Ru(L-Oaa)2. The 
Ru-O bond in the compound was cleaved by CO, giving trans-[(C12Ru(CO)(L-P)(L-O,P)] [96]. 

Similar ruthenium complexes were prepared from (Me2CH)2PCH2CH2OMe (L1) and 

(Me2CH)2PCH2C(O)OMe (L2), giving trans-RuCh(P-O)2 (P-O = LI,  (53); P-O = L2, (54)). 

Other products from further reaction of (5 3) and (5 4) under various conditions included 

[RuC12(CO)2(rl 1-p-(Me2CH)2PCH2CH2OMe)2], [RuCI2 (= C = C H P h) (rl I-p-(Me2CH)2PCH2 - 

CH2OMe)(r12-(Me2-CH)2PCH2CH2OMe)] (5 5), [RuCI2L=C=CHR)(rlLP-(Me2CH)2PCH2- 

C(O)OMe)(rl2-(Me2CH)2PCH2C(O)OMe)] (R = Ph, CO2Me ). The fluxional behaviour in 

solution was studied by 31p NMR spectroscopy at various temperatures [97]. 
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Asymmetric hydrogenation of tiglic and angelic acids was carded out by using chiral 

ruthenium (II) bisphosphine catalysts. Based on different results from different hydrogenation 

pressures, a mechanism was proposed [98]. 
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The structure of cyclo-tris-{dichloro-l.t-[methylene-bis(dimethylphosphine)-rP:KP]- 

[methylenebis(dimethylphosphine)-rzP]-ruthenium(II ) }-ethanol-toluene (1/1/1) (56) was reported 

[99]. 
The reaction of Ru2(dmpm)2(CO)5 with dimethylacetylenedicarboxylate (DMAD) gave 

three products in high yield at various conditions: Ru2(dmpm)2(CO)3[I. t-  

C2(CO2Me)2][C(O)C(O)C2(CO2Me) 2] (5 7), Ru2(dmpm)2-(CO)4[I.t-C(O)C2(CO2Me) 2] (5 8), and 
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Ru2(dmpm)2(CO)4[I.t-C2(CO2Me)2] (59). The X-ray crystal structures of (57) and (5 8) have 

been determined [I00]. 
The condensation reaction of cis-(dppm)2RuCl 2 with Bu3Sn-~--C-~---C-CPh2(OSiMe 3) 

gave (dppm)2Ru(C1)C-C-C=C-CPh2(OSMe3),  which on protonation yielded 

[(dppm)2Ru(C1)=C=C=C(OMe)-CH=CPh2]BF 4 (dppm = Ph2PCH2PPh2). Similarly, with excess 

HC-=C-C---~C-CPh2(OSiMe3), (dppm)2Ru[C-=-C-~--C-CPh2(OSiMe3)] 2 (6 0) and then 

[(dppm)2Ru{[=C=C=C(OMe)CH=CPh2}2](BF4)2 were obtained. The X-ray structure of (6 0) 

was determined [101]. 

Kinetic and mechanistic studies of the catalytic conversion of nitroaromatics and 

methanol to methyl N-arylcarbamates with the homogeneous catalyst, Ru(dppe)(CO) 3 was 

conducted. The variables included CO pressure, temperature, catalyst concentration, methanol 
concentration and initial aniline concentration (dppe = Ph2PCH2CH2PPh2). The proposed 

mechanism was based on the characterization of the intermediates isolated: 

Ru(dppe)(CO)2{C(O)N(Ar)O }, Ru(dppe)(CO)2{C(O)OMe}2 and Ru(dppe)(CO)2(OMe)2 [102]. 

Di- and trinuclear ruthenium(II) complexes containing one Ph2P(CH2)4PPh 2 ligand per 

ruthenium centre were effective precursor-catalysts for the selective, homogeneous hydrogenation 
of benzonitrile to benzylamine, PhCH2N=CHPh or dibenzylamine, depending on reaction 

conditions [103]. 

The complexes [RuCl2(dmso)2(bP)] and cis-[RuC12(bp)2] (bp = 4,4',5,5'-tetramethyl-2,2'- 

biphosphinine) were prepared from [RuC12(dmso)4]. The crystal structure of the former was 

presented [ 104]. 

The preparation of 2R,5R-bis[(diphenyl(phosphino)hexane] ruthenium(II) diacetate and 

the conditions for hydrogenation of 2-(4-isobutylphenyl) propenoic acid were presented [105, 

106]. Ruthenium and rhodium complexes with biphenylbisphosphine as ligand groups were 

prepared as catalysts for asymmetric hydrogenation and chiral amino acid synthesis. The 
compound (61) was prepared and its action on asymmetric hydrogenation of MeCOCH2CO2Me 

was studied [ 107]. 
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Protonation of  the diphosphazane l igand-bridged [Ru2(II-CO)(CO)4{~t- 

(RO)2PN(Et)P(OR)2} 2] (R = Me (6 2) or ipr (63)) by HBF 4 or HPF 6 gave [Ru2H(CO)5 { g- 

(RO)2PNEtP(OR)2}2] +. With protic acids HA, [Ru2A(CO)5 {I.t-(RO)2PNfEt)P(OR)2}2] + and/or 

[Ru2(I.t-A)(CO)4{~-(RO)2P)2NEt}] were obtained (A- = CI-, Br-, NO3- , FB(O)OH-, CF3CO2-, 

SPh- or HCO3- ). The structures of [Ru2{I.t-OB(F)OH} (CO)4{I.t-(iprO)2PNEtP(Oipr)2}2]BF 4 and 

[Ru { WSPh } (CO) 4 {It-(MeO)2PNEtP(OMe) 2 }2]PF 6 were determined [ 108]. Compounds (6 2) and 

(6 3) also reacted with the electron acceptors tcnx, forming [Ru2(CO)5{I.t-(RO)2PNEtP(OR)2}2 

(rl 1-tcnx)] (tcnx has x = q or e; tcne = (CN)2C=C(CN)2; tcnq = (CN)2C(C6I-I4)C(CN)2) which 

contain a tcnx radical anion in both the inner and outer coordination sphere of the cation. A 

combined EPR/ENDOR-, UV/visible/near-IR- and IR-spectroscopic and electrochemical 

investigation was carried out [109]. 
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The synthesis of (R,R-DIPAMP)rutheniumbis(2-methylallyl) (64)and  [R,R- 

DIPAMP]2Ru2X 4 (R = o-MeOC6H4; X = Br (65) or I (66)) was reported. They were shown to 

be effective catalysts for asymmetric hydrogenation of both alkene and keto groups [110]. Other 

similar ruthenium complexes containing allylic and diphosphine ligands were found to be 

homogeneous asymmetric catalysts for hydrogenation of olefinic compounds, including alkenes 

with carboxyl or acylamido groups. Examples given were (-)-(DIOP)RuL 2 (67). (+)- 

(BINAP)RuL 2, (-)-(CHIRAPHOS)RuL 2, (+)-(NORPHOS)-RuL 2 and (DIPAMP)Ru(OAc) 2. 

Specific conditions for hydrogenation of MeCH=C-MeCO2H with (6 7) (L = methylallyl) as the 

catalyst, which gave 100% yield of (R)-MeCH2-CHMeCO2H were established [ 111]. 

The effect of different solvents on the structure of a few BINAP-ruthenium(II) complexes 

was discussed. [RuX{(S)-BINAP} (arene)]Z (X, Z = halide and/or BF4-; arene = benzene or p- 

cymene), [Ru{(S)-BINAP}(MeCN)4]X(Z ) (X = Z = C1, Br, I; X = C1, Z = BF4-), [RuX{(S)- 

BINAP}(MeCN)3]X (X = C1, Br or I) , [RuC12{(S)-BINAP}(MeCN)2] and [Ru3Xs{(S)- 

BINAP}3]Z (X = Z = C1, Br ; X = C1, Z = BF4) were observed under different conditions, with 

[Ru3C15 { (S)-BINAP } 3]BF4 characterized by X-ray crystallography. The relationship between the 
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structures of the complexes and their catalytic activities for asymmetric hydrogenation of methyl 

3-oxobutanoate was investigated [112]. The catalytic systems of [RuCI{(S)- or (R)-BINAP}- 

(benzene)]Cl and NEt 3 or with [Ru2C14{(S )- or (R)-BINAP}2]. (NEt3) (68), the hydrogenation of 

diketene H2C=C(O)CH2C=O became highly enantioselective. Up to 97% yield of optically active 

4-methyloxetan-2-one were produced with 92% enantiomeric excess [113]. The syntheses and 

characterization of a series of BINAP-Ru complexes were presented and their catalytic effects 

were widely studied. Highly stereoselective hydrogenation of methyl-2-benzamidomethyl-3-oxo- 

butanoate and an efficient synthesis of new chiral bis(triarylphosphine) ligands were 

accomplished [114]. 

Reduction of ROCH2COCH2OR' in the presence of (68) gave (S)- and (R)- 

ROCH2CH(OH)CH2OR'with high enantioselectivity (R = CH2Ph, R' = CPh 3, (CH2)I7Me; R = 

(CH2)I7Me, R' = CPh3) [115]. Compound (68) was also shown to be a good catalyst for 

asymmetric hydrogenation of (Z)-RCH--CFCO2H to chiral RCH2CHF-CO2H with up to 90% 

enantiomeric excess, especially when the (R)-BINAP catalyst was used [116]. Another 

hydrogenation catalyst RuCI2(ArCN)2(BINAP ) was also prepared (ArCN = benzonitrile, 2- 

furancarbonitrile, pentafluorobenzoinitrile). The compound had similar catalytic activities and 

enantioselectivities as (68) for hydrogenation of some prochiral acids, but it showed lower 

activities and selectivities for hydrogenation of 13-functionalized carbonyl compounds [117]. 

Piperidine (69), a known acetylcholine esterase inhibitor useful for treating Alzheimer-type 

senile dementia, was prepared by asymmetric hydrogenation of (70) in the presence of an 

optically active ruthenium complex of general formula (70a) (either A or B was ruthenium- 
containing). The reaction of (7 0) with [RuC14{(S)-(-)-BINAP]2].NEt3 as catalyst was discussed 

[118]. 
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The catalytic hydrogenation of itaconic acid with [RuH(binaP)2]PF 6 as the catalyst was 

examined under a variety of conditions. The addition of Et3N effected high enantioselectivities 

[119]. In specific, the (S)-BINAP enantiomer of the same compound was studied for hydrogenation 

of methylenesuccinic acid and (R)-2-methyl- 1,3-propanedioic acid and was shown to have excellent 

enantioselectivities [120]. 

The compositions of the complexes obtained from reactions of [RuC12(cod)] n with various 

chiral diphosphine in the presence of NEt 3 varied according to the solvent used. The structures and 

dynamic properties of the BINAP-complexes were elucidated by the 1H and 31p{ IH} NMR 

spectroscopic measurements, with X-ray diffraction analysis done for trans-RuHCI((R)-BINAP) 2 

[121]. 

The hydrogenation of t~-arylpropenoic acids proceeded with increasing enantiomeric excess 

with decreasing temperature and increasing pressures. The process was studied under various initial 
conditions with different phosphines and phosphine-Ru complexes. Thus with Et3N and 

Ru(BINAP)(OAc) 2, 2-(6'-methoxy-2'-naphthyl) propenoic acid was hydrogenated to naproxen with 

89.7% e.e. [122]. The crude product from the reaction between [RuCI2(C6H6)2] and optically pure 

BINAP or its derivatives could be used directly for asymmetric hydrogenation of various 

functionalized olefins. On recrystallization, pure Ru(BINAP)(O2CR) 2 (R = Me or Ph) was obtained 

in high yield [123]. 

F 

(71) 

O 

(72) 

The optically active naphthylethanol (71) was a useful intermediate for pharmaceuticals and 

was prepared by asymmetric hydrogenation of acetonaphthone derivative (72), catalysed by 

Ru{(+)- or (-)-BINAP}(O2CR1)(O2CR 2) or Ru-[RC6H4PC10H6] 2 complexes. With 

Ru(OAc)2[(R)-(+)-BINAP], 83.8% (R)-(71) of 95.1% e.e. was obtained, while (S)-(71) of 94% 

e.e. was obtained with Ru(OAc)2{(S)-(-)-(p-CH3C6H4PC10H6)2} [124]. Ru(acac)2{ (S)-BINAP} 

was prepared to catalyse hydrogenation of dehydronaproxen (L) to (S)-naproxen. It was found that 

the complex formed during the reaction, Ru{ (S)-BINAP} (acac)(L) was much more active than any 

previously known catalysts for the reaction [125]. 

The compound [RuCI(PPh3)(BINAP)]2(I.t-CI) 2 was prepared from ruthenium trichloride 

through the intermediate [RuC13(PPh3)2(dna)](dna ) (dna = M e C O N M e 2 ) a n d  

[RuCl(PPh3)2(dna)]2(~t-C1) 2 and was used for asymmetric hydrogenation of MeCOCH2CO2Me 

[126]. A few mono-and dinuclear ruthenium complexes were synthesized and characterized, 
including (P-P)C1Ru(kt-C1)3RuCI(P-P), [RuCI(P-P)]2(kt-CI)2 and [RuCI(BINAP)]2(I.t-C1)2; the 
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latter from [RuC12(BINAP)(PPh3)] (P-P = Ph2P(CH2)nPPh2; n = 3-6). A range of L(dppb)Ru(B- 

C1)3RuCl(dppb) complexes (L = Et3N, Me2CO, AcNMe 2, MeI, PhCN, CO, N 2, H 2 and dmso) were 

also prepared with the dmso-analogue characterized by X-ray crystallography [127]. The 

enantioselective synthesis of (-)-indolizidine.223AB was mediated by a chiral (S)-BINAP-Ru 

catalyst for preparation of the corresponding amino alcohol from the symchiral precursors [ 128]. 

Asymmetric hydrogenation of alkenes and ketones with Ru-BINAP complexes was revibwed [ 129]. 

The water soluble complexes RuCI2(PTA) 4, RuC12(PTA)4.2HC1, RhCI(PTA)2.2HC1 and 

RhCl(PTA) 3 were prepared, with the first three complexes characterized by X-ray crystallography 

(PTA = 1,3,5-triaza-7-phosphaadamantane). RuC12(PTA)4 was catalytically active for the conversion 

of unsaturated aldehydes to unsaturated alcohols [130]. The complex [~,tx,~- 

tris { (diphenyphosphino)methyl ] toluene]-ruthenium(ID dichloride was synthesized for potential use 

as an oxidation catalyst for homogeneous reactions [131]. 

The complexes trans-[Ru(L-L)2X2]BF4 (X = C1 or Br; L-L -- C6H4(PMe2)2-o), 

C6H4(AsMe2)2-o ,  C6F4(AsMe2)2-o,  M e 2 P C H 2 C H 2 P M e  2, Ph2PCH2CH2PPh  2, 

Ph2AsCHCHAsPh 2, C6H4(PPh2)2-o, C6F4(PPh2)2-o, MeSCH2CH2SMe, PhSCH2CH2SPh and 

PhSeCH2CH2SePh) were prepared from the corresponding species [Ru(L-L)2X2]. They were 

characterized by spectroscopic, magnetic and electrochemical experiments. Furthermore the X-ray 

structure of the C6F4(AsMe2)2-o analogue was determined [132]. The phosphides ThRu2P 2 and 

URu2P1.894 were prepared by the reaction between Th and RuP, and U-Ru alloy and P respectively. 

Their structures were determined by X-ray crystallography and compared with several other related 

compounds such as BaZn2As 2 [133]. 

10.4 Complexes with sulfur donor ligands 

The HSO 5- oxidation of thiols coordinated to ruthenium(Ill) centres proceeded cleanly via 

two discrete steps to give the corresponding sulfenato and sulfinato complexes. The preparation and 

the oxidation kinetics of several other thiolato ruthenium(III) complexes was reported [ 134]. The 

catalyst for hydrorefining petroleum fractions contained ruthenium sulfide on a non-acidic zeolite, 

preferably >1 alkali metal (e.g. Li, Na, K, Rb, Cs) and was optionally used with a conventional one 

[135]. 

Temperature-programmed reduction patterns of supported or unsupported RuS 2 crystallites 

clearly showed three different kinds of sulfur atom. A geometrical model based on the pyrite-type 
structure of RuS 2 was proposed which described qualitatively and quantitatively these sulfur species 

[136]. Thermodesorption and NMR spectroscopy were used to investigate the effect of 
desulfurization of RuS 2 on the adsorption of hydrogen [137]. The interfacial behaviour of n-RuS 2 

subjected to a variety of surface treatments was investigated using the rotating-disk electrode and 

impedance techniques. The kinetics was studied and the results were compared with those reported 
for Pt and RuO 2 [138]. 

The first d isul f ido-br idged mixed-valent  Ru( I I )Ru( I I I )  compound 

[ { Ru(MeCN)3 { P(OMe)3 } 2 } 2(~t-$2)] (PF6)3 was prepared from [ { RuCI { P(OMe) 3 } 2 } 2(~t-C1)2(I x- 
$2)] and was structurally characterized. The ruthenium atoms were shown to be equivalent [139]. In 
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turn, the latter compound was synthesized and characterized by X-ray crystallography and was 

shown to have a novel Ru2(S2)CI 2 core [140]. The complex meso-[Ru(NO)('Ss')]Br was prepared 

from the template alkylation of [NBu4][Ru(NO)('S2')2 ] with (BrC2H4)2S in order to investigate the 

potential conversion of coordinated NO into N 2 ligands (H2'S 2' = 1,2-benzenedithiol). Reactions of 

meso-[Ru(NO)('S5')]Br with nucleophiles like azide, NH3, LiNH 2 and NEt 3 were discussed [141]. 

The sulfur-bridged complexes [{Ru(TMP)4}2(I.t-MS4)](PF6) 2 (M = Mo or W; TMP = 

P(OMe)3) were synthesized; the X-ray structure of the tungsten-containing species has been 
determined [142]. The dianion [ReS4] 2- was the first d 1 tetrathiometalate persistent enough to be 

studied with respect to charge transfer, ligand field and IR vibrational spectra via 

spectroelectrochemistry; however, an EPR spectrum could only be detected for the trinuclear 
derivative [(bpy)2Ru(~t-ReS4)Ru(bpy)2] 2+ at 4 K [143]. 

The complex cis,cis,trans-Ru(SH)2(CO)2(PPh3) 2 was synthesized from Ru(CO)2(PPh3) 3 or 

cis,cis,trans-RuH2(CO)2(PPh3) 2 and H2S. The mechanism of the H/D exchange reactions of the 

product and cis,cis,trans-RuH(SH)(CO)2(PPh3) 2 with CD3OD was suggested. The sole product 

trans-RuH(SH)(dppm) 2 was obtained from reaction of H2S and mixture of cis- and trans- 

Ru(H)2(dppm) 2, which further reacted to give trans-Ru(SH)2(dppm) 2 [ 144]. The compounds 

[Ru(CH2CH2CH2SR)CI(CO)(PPh3)2] (R = CH 3, CH2C6H5 or CH2CH=CH2) were synthesized 

and their structural inversion behaviour was studied by variable-temperature NMR spectroscopy. 

The thermal product of [Ru(CH2CH2CH2SCH3)CI(CO)(PPh3)2] at 67°C was [Ru2(tx-C1)CI(Ix- 

H)(~t-SCH3)(CO)2(PPh3)3], while [RuC1H(CO)(dppe)(PPh3)] reacted with allylmethyl sulfide at 

110°C to afford [Ru2C12(I.t-SMe)2(CO)2(dppe)2]; both evolved propylene [ 145]. 

O O 

C Ph3P N ~  / CH2 
Ph3P \1/c I2.cH2 _ - c H 2  

/ R u  I " . .Ru R I 

I 
R 

The ruthenium(IV) complex [RuIV(SR)4(MeCN)] (R = 2,3,5,6-Me4C6H, or 2,4,6- 

(Me2CH)3C6H2) reacted to give [RulV(SR)3(MeCN)2] ÷, in which the axial RS- ligand was 

selectively replaced. The osmium analogue of the Me4C6H complex, together with the ruthenium 
complexes were reduced by electrochemical and chemical means, giving [MIII(SR)3(MeCN)2]. The 

PF 6- salt of the same complex and [RulII(SC6H2ipr3-2,4,6)3(MeCN)2] were structurally 

characterized by X-ray crystallography [146]. The nature of Ru(II)-S(thioether) bonding has been 

probed by a combination of structural, spectroscopic and computational methods. 
[(NH3)sRu(SMeEt)](PF6) 2 was synthesized and characterized by X-ray crystallography, showing a 

substantial back-bonding in Ru(II)-S bond. Ab initio MO calculations were done for the ground 
state of [(NH3)5RulISMe2] 2+. The MLCT and LMCT transitions were also measured [147]. The 

complexes [(SbPh3)3RuC12] and [(Et3S)3RuC13] were prepared from Ru(H20)3C13 and RuCI 3 

respectively [148]. 
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The metallacarbaborane [RuCI{7,8-I.t-S(CH2CH2)SC2B9H10}(PPh3)2]'Me2CO was 

prepared and characterized by X-ray crystallography and FT-IR, and 1H and llB NMR 

spectroscopies. The molecule contains an octahedral ruthenium(II) centre with a novel B-H-~Ru 

agostic bond occupying the sixth coordination site [149]. 
Black crystals of Ru2S4C113 (73) were obtained from reaction of ruthenium and SC12 in 

closed quartz ampoules at 125°C. The crystal structure revealed the presence of dinuclear 
CI2(SC12)Ru(~t-CI)3Ru(SC12) 3 units with unsymmetrically substituted octahedral Ru(II),(III) 

centres [150]. [Ru(S2CR)2(PPh3) 2] (R = EtO, or pyrollidinyl) reacted with tertiary phosphines to 

afford [Ru(S2CR)2(PR3)2] and [Ru(S2CR)2(P-P)] (P-P = dppe or dppm), with the cis-product 
dominating except for PMe2Ph complex. The effect of the different phosphines on the ruthenium 

complex was analysed spectroscopically and electrochemically and the X-ray crystal structure of 

[Ru(S2COEt)2(PMe2Ph)2] was done [151]. [Cp(EPh3)Ru(S2CNCN)], [(bpy)2Ru(S2CNCN)], 

[Cp(EPh3)Ru(S2CN-CN)Ru(EPh3)2Cp], [(bpy)2Ru(S2CNCN)Ru(EPh3)2CP](PF6) and 

[(bpy)2Ru(S2CN-CN)Ru(bpy)2C1](PF6) and their [(PhCH2)2S2CNCN)] analogues were 

synthesized and characterized (E = P, As or Sb) [152]. 

C12S C I ~  SCI2 

Ru ~ C I ~ / R ~ N  

C ( N ~ C I  SC12 

(73) 

The synthesis and characterization of the unstable trans-(P)-[Ru(SH)- 
(S2CNMe2)(CO)(PPh3)2] and [Ru(I.t-SH)(S2CNMe2)(CO)(PPh3)] 2 has been published, together 

with their X-ray crystal structures [153]. [{SC(NMe2)2}2]C12 was first prepared from SC(NMe2) 2 

(L). The reaction of [Fe(SR)2L2] (R = 2,4,6-ipr3C6H2) with [{SC(NMe2)2}2]C12 gave 

[Fe(SR)L3]BPh 4 and [FeLa](BPh4) 2. In addition, [RuC12(CO)2L2] was also obtained and its X-ray 

structure was determined along with those of the other products. The structural data for 
[RuC12(CO)2L2] showed the dual character of ligand L [154]. Novel dinuclear ruthenium 

compounds with $52- and $62- bridging ligands were prepared. X-ray analyses of these products 

showed that [Ru2(I.t-Ss)(~t-S2CNMe2)(S2CNMe2)(CO)2(PPh3)2] (74) and [Ru2(~t-S6)(I~- 
S2CNMe2)(S2CNMe2)(CO)2(PPh3) 2] (75) coexist in the crystal lattice with the occupancy ratios 

of around 3 to 1 respectively; the polysulfido groups are disordered [155]. 

It has been shown that rhodium(III) and ruthenium(III) complexes containing 

dimethylsulfoxide ligands (dmso) had antitumor activity in the Lewis lung carcinoma model [156]. 
The reaction between the antitumour complex trans-RuCl2(dmso) 4 and d(GpG) led to the formation 

of a stable compound characterized by a covalent difunctional coordination of the bases to the metal 

centre. Full characterization had been done by NMR spectroscopy and molecular modelling studies. 

The compound showed structural features which were suprisingly similar to those exhibited by the 
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corresponding cisplatin complex, indicating that such a form of interaction with DNA was not 

exclusive to platinum or to metals with square planar coordination geometries [157]. 
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An inner sphere mechanism involving the pentacoordinate Ru(II) complex RuCI2[R2S(O)]x 

(R2S)3_ x (x -- 0, 1) was suggested for the auto-oxidation of sulfides to sulfoxides, using the effective 

Ru(II)-and Ru(III)-dmso complexes catalyst [158]. The previously reported RuBr2(dmso) 3 was 

characterized to be a mixture of isomers, Li[fac-RuClnBr3.n(dmso)3 ] (n = 0-3). This was supported 
by IH, 7Li and 37C1 NMR spectroscopies, together with the X-ray structure of [NEt4][fac-RuBr 3- 

(dmso)3]-0.5MeOH [159]. The synthesis of [Br6(tmso-S)2-Ru2(l.t2-tmso-SO)2(l.t3-tmso- 
SO)2Li2(tmso-O)2] (76) was presented. The X-ray structure revealed 4 types of coordinated tmso 

(tetramethylenesulfoxide) including a unique I.t3-type [160]. 

The high yield product [RuC12(PPh3)([9]aneS3) ] from [RuC12fPPh3)3] and [9lanes 3 (1,4,7- 
trithiacyclononane) was treated with T1PF 6 to yield [T1C12Ru(PPh3) - ([9land $3)]2(PF6) 2 (77) with 
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a [RuCI2T12CI2Ru ] ladder. Dissolution of (77) in acetone precipitated T1C1, with formation of 

[RuCI(PPh3)'([9]aneS3)]2(PF6) 2 (78). Both (77) and (78) were characterized by X-ray 

crystallography [161]. Using a thick-walled glass reaction vessel, [Ru([9]aneS3)2](PF6) 2 and a 

number of organometallic and coordination compounds had been synthesized using microwave 

dielectric super-heating effects at mild temperatures and high pressure [162]. [RhCl([15]ane 

SS)](PF6) 2 and [Ru(PPh3)([15]ane S5)](BPh4) 2 (79)were synthesized and characterized by 

elemental analysis and spectral methods, with the X-ray structure determined for complex (79) 
([15]aneS 5 = 1,4,7,10,13-pentathia-cyclopentadecane) [163]. 

The cation [Ru(capten)] 2+ (where capten = (80)) (81) was prepared from [Ru(dmf)6]2+ and 

the free ligand. Its spectroscopic and electrochemical properties were studied [164]. [RuC12(PPh3)3] 

reacted with DPPBT (DPPBTH = 2-Ph2PC6H4SH ) to give [HNEt3][Rult(DPPBT)3], which further 

oxidized to give [RulII(DPPBT)3] and then [Rul I (DPPBT)(2-Ph2PC6H4SOH)(2  - 

Ph2PC6H4SO2)]'0.5H2 O. This last species was characterized by X-ray crystallography [165]. The 

synthesis and characterization of [RuHCI(CO)(RC(S)NH(CO)R')(PPh3)2] were described (R -- 2- 

pyrrole, R' = OEt; R = 2-thiophene, R' = OEt; R = 2-pyrrole, R' = NHPh; R = 2-thiophene, R' = 

NHPh) [166]. The synthetic methods of [RuCI(CH=CHCR2OH)(CO)(PPh3)2(BSD)] ' 

[ R u C I  { C H = C H C  ( = C H 2 ) M e }  ( C O ) ( P P h 3 ) 2 ( B S D ) ]  and  

[RuC1 { CH=CHC6H 9 } (CO)(PPh3)2(B SD)] were presented (BSD = (82)) [ 167]. 
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10-5 Complexes with nitrogen donor ligands 

105.1 Complexes with 2,2'-bipyridine ligands 

The formation of adducts [Cr(bpy)3]3+, [Cr(phen)3]3+, [Ru(bpy)3] 2+, (83), and 

[Pt(bpy)(NH3)2] 2+ with the lasalocid A anion was studied in dichloromethane solution by electronic 

absorption and emission spectroscopies [168]. Experimental variances in band intensities of the 

resonance Raman spectra of ruthenium tris(bipyridine) excited states were discussed [169]. The rate 

of photoreduction of methylene blue incorporated in polyaniline films was further enhanced by 

incorporating [Ru(bpy)3]2+ (83). The role of (83) on the reduction rate was quantitatively analysed 

by measuring the photoelectrochemical properties of the films [170]. A review on photophysical and 

electrochemical properties of (83). 

Synthetic aspects and chemistry of other ligands and dinuclear ruthenium and osmium 

complexes were reported [171 ]. A new method based on chemiluminescence of [Ru(bpy)3]C12 in 

solution was developed for the identification of Cu(III) in high-temperature superconductors [ 172]. 

A comparison of the photophysical and photochemical properties of (83) and tetrakis(~t- 

diphosphito)diplatinate (II), [Pt2(pop)4] 4- was made [173]. The effects of the conformation of 

polymer chains on the electron transfer reactions and on the luminescence behaviour of (83) in 

aqueous solution of cis-Co(A)PAA and cis-Co(A)PMA (A = (en)2(OH2), PAA = poly(acrylic acid), 

PMA = poly(methacrylic acid)) were investigated [174]. The quenching process of (83) by a series 

of ferrocene Schiffs base derivatives was shown to involve a reductive mechanism [175]. On the 

other hand, an electron transfer mechanism was employed when polynuclear complexes containing 

nitrogen and sulfur atoms of the form M(FcCMe=NN=CSSR) 2 (Fc = ferrocenyl) were used as 

quenchers [176]. 

The yields of singlet O 2 obtained from the reaction of the excited state of (83) and triplet 02 

in various solvents were measured by a steady state photolysis technique involving the trapping of 

the singlet 02 [177]. The luminescence quenching of (83) by 02 on porous SiO 2 and controlled 

porous glass studied at 253-353 K was believed to involve both the Eley-Rideal and Langmuir- 

Hinshelwood mechanisms [ 178]. The photoeffect at the liquid-liquid interface, originating from the 

quenching of (83) by 02 , and the electron transfer process occurring at the interface deriving from 

the quenching of excited state of (83) by methylviologen (MV 2+) were described [179]. 

Photoinduced electron-transfer of (83) and MV 2+ in the supercages of hydrated zeolite Y and three 

other different zeolites (L, Y and mordenite) were studied by steady-state and time-resolved 

spectroscopic techniques [ 180, 181]. The globular particles of calcium-montmorillonite and the 

exchange of montmorillonite with (83) and MV 2+ were observed by scanning electron microscopy 

[182]. 

The electron transfer from Ru(bpy)32+ to cytochrome c oxidase was induced by flash 

photolysis in the presence of sacrificial electron donor, aniline [183]. The absolute luminescence 

quantum yields of [Ru(bpy)3]X 2 (X = C1 or C104) were determined by the thermal lens effect. The 

perchlorate salt was found to have a higher quantum yield [184]. The intermolecular structural and 

dynamic effects of (83) entrapped in zeolite Y cages were revealed by the spectral data [185]. The 
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crystal structures of [Ru(bpy)3](PF6) 3 and [Ru(bpy)3](PF6) 2 were determined at 105K and were 

compared with the room-temperature structures [186]. Second-harmonic generation was observed 

with ultra thin poly(vinyl chloride) films impregnated with amphiphilic ruthenium tris(2,2'- 

bipyridine) complexes [187]. Ru(bpy)32+ incorporated in a swelling mica-poly(vinylpyrrolidone) 

intercalation compound was investigated for its luminescence behaviour [188]. A polyquinoline- 

supported ruthenium lris(bipyridyl) complex was characterized and tested for its suitability as a 

photosensitizing membrane in a water photolysis cell [189]. The lifetime of the excited Ru(bpy)32+ 

adsorbed on porous glass reflected the mobility of the molecules in the pore [190]. Polysiloxanes 

containing pendant Ru(bpy)32+ groups were prepared and the photoluminescence characteristics 

were reported [191]. Similarly, another copolymer with pendant Ru(bpy)32+ units and grafted on to 

silk was prepared and studied [ 192]. 

Electrochemiluminescence (ECL) arose from ion-annihilat ion reactions of 

[Ru(bpy) 3] (C104) 2 or diphenylanthracene in MeCN containing electrolyte and was examined at the 

highly efficient double-band array electrode [193]. Such ECL of the dication [Ru(bpy)3]2+ , (83), in 

aqueous oxalate solution and in MeCN was substantially enhanced by simultaneous irradiation with 

40-60 kHz ultrasound [194]. Redox reactions and electrochromism of bilayer membranes of 

Prussian blue and Nation containing (83) coated on indium tin oxide (ITO) electrodes were studied 

electrochemically as well as spectrophotochemically. Both systems exhibited multi-electrochroism 

[ 195]. Polarization phenomena at an ion membrane/electrolyte interface were studied in a 4-electrode 

cell with Ru(bpy)32+ , Li + or Cs + as one electrolyte and an intermediate cation-exchanging Nation 

membrane [196]. The wavelength dependence of photoinhibition and the primary process of 

illumination effect on the Ru(bpy)2+-catalysed Belousov-Zhabotinskii reaction were studied [197, 

198]. Chemiluminescence oscillations in the same reaction were stabilized in a continuous-flow 

stirred tank reactor; the marked effect of 02 has been discussed [199]. 

Studies on photoelectrochemical cells with (83) as sensitizer in the presence of Na2H2edta 

reducing agent along with various dyes in various types of micellar media were carried out [200]. 

The heterogeneous kinetic parameters in both aqueous solution and non-aqueous solution 

(reduction of K3Cr(CN)6 in 1M KCN and [Ru(bpy)3]2+ in both dmf and MeCN, respectively) were 

obtained by fitting the second harmonic phase angle voltammograms with theoretical curves. The 

advantages of such a method were discussed [201]. A study on the effects of varying the conditions 

used for preparation of Ru(bpy)32+ Langmuir-Blodgett (LB) films and for luminescence lifetime 

measurement was conducted [202]. The Ru(bpy)32+ photosensitized reduction of 

[Co(N4) (OH2)2 ] 3+ (N 4 = 5,7,7,12,14,14-hexamethyl- 1,4,8,11-tetraazacyclotetradeca-4,11-diene) was 

investigated in the networks of gelatin hydrogel and hydrosol [203]. The same reaction system was 

used to modify electrodes for the photoelectrocatalytic reduction of oxygen [204]. New colloidal 

starch-stabilized manganese-containing hydroxide catalysts for H20 oxidation to 02 by Ru(bpy)33+ 

were synthesized and the selectivities were compared among the catalysts which exhibited various 

oxidation states for the manganese [205]. Highly efficient reductive decarboxylation of N- 

(acyloxy)-phthalimides (84) was achieved by visible light irradiation using Ru(bpy)3C12 as a 

sensitizer;, a radial chain mechanism was involved [206]. 
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The pH-dependent metal-to-ligand charge-transfer spectra and facilitated ligand reduction of 
the complexes of folio acid, lumiflavin and riboflavin with Ru(bpy)22+ suggested the formation of 

flavosemiquinone; a substantial decrease in pKa(NH) was observed [207]. The anation kinetics of 

cis-[Ru(bpy)2(H20)2] 2+ by 8-quinolinol, L-cysteine, acetylacetone and salicylhydroxamic acid were 

studied and mechanisms were proposed [208-211]. Pyrrole-[RulI(bpy)2Cl2] was synthesized and 

electropolymerized on inert electrodes. The Ru(II) sites were readily converted into other complexes 

such as cis- or trans-[Ru(bpy)2(H20)2] 2+, [{Ru(bpy)2(H20)}20] 4+ and [Ru(bpy)2(MeCN)2] 2÷ 

[212]. The complex [Ru(bpy)2Cl 2] was found to catalyse the stereospecific epoxidation of oleic acid 

[213]. The crystal and molecular structures of trans-[Ru(bpy)2(MeCN)2](Cl04) 2 (85) and trans- 

[Ru(bpy)2(NH3)2](C104) 2 were determined. In both, the ruthenium atom is located on a 

crystallographic inversion centre and the bpy ligands are in a bow conformation [214]. 

A series of oligomers [(phen)(CO)3Re(CN){Ru(bpy)2(CN)}nRu(bpy)2(CN)](n+l) + (n = 0- 

3) were synthesized and their electrochemical and photophysical properties were investigated. 

Spec i f i ca l ly ,  d i rec t  ev idence  for  l ong - range  energy  t ransfer  in 

[(phen)(CO)3Re(NC)Ru(phen)2(CN)Ru(bpy)2(CN)]2+ was obtained by time-resolved resonance 

Raman spectroscopy [215]. The synthesis, spectroscopic, redox and photophysical properties of 

[(CO)3(bpy)ReCNRe(bpy)(CO)3] +, [(CO)3(bpy)ReNCRu(bpy)2CNRe(bpy)(CO)3] 2+ and 

[(CO)3(bpy)ReCNRu(dcbpy)2NCRe(bpy)(CO)3] 2+ were reported (dcbpy = 4,4'-dicarboxy-2,2'- 

bipyridine). A comparison was made between the N- and C-bonded isomers and between Re-Ru- 

Re- and Ru-Ru-Ru-polypyridyl trinuclear complexes [216]. Singly oxidized forms of 
[(CN)(bpy)2RulI-CN-RulI(dcbpy)2-NC-RulI(bpy)2(CN)] and [(H20)(bpy)2RulI-NC - 

RulI(dcbpy)2-CN-RulI(bpy)2(H20)] show intervalence transition bands in the IR spectral region. 

This is typical of mixed valence systems [217]. 

Oxidation of PhCH2R (R = Me, Et, Pr) by air or oxygen was catalysed by polymer- 

supported (bpy)RuL (L = bpy, phenanthroline or Ph3P ), giving the corresponding PhCOR and 

PhCH(OH)R with ketones as the major product [218]. The two-electron reduction of cis- 
[Ru(bpy)2(NCS)2] and [Ru(bpy)2(pn)] 2+ (pn = 1,2-diaminopropane) and three-electron reduction 

of [Ru(bpy)2(phen)] 2+ and their reversible oxidations were studied in situ by solution UV-visible- 

near-IR spectroscopies. The localization of the added electron and the novel features of the ligand- 
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to-metal charge-transfer bands of the original species were presented and discussed [219]. The 

synthesis and chemistry of metal complexes of nuclearity less than or equal to thirteen with Ru 2+ 

and/or Os 2+ as the metal ions, 2,3-dpp (86) and/or 2,5-dpp as bridging ligands, and bpy and/or 2,2'- 

biquinoline (87) as the terminal ligands were described (dpp -- bis(2-pyridyl)pyrazine) [220]. The 

dications RuL2Q 2÷ (L = bpy; Q = (88), (89)) were prepared and their absorption spectra, 

luminescence properties under different conditions and electrochemical behaviour were studied 

[221]. 
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Me Me 

(89) 

The redox behaviours of [Ru(bpy)3] 2+, [Ru(en)3]3+, [Ru(NH3)6] 2+, [Co(bpy)3]3+, 

[Ru(bpy)3]2÷ and [Co(bpy)3]3÷ immobilized in a K-carrageenan hydrogel matrix (which acted as a 

cation-exchange polymeric electrode coating) were described [222]. A novel synthetic approach to 

[RuL3]X2.nH20 (L = bpy, phen and tap; tap = 2-(m-tolylazo)pyridine (90); X = CIO 4, NO3), 

[Ru(bpy)n(taP)3.n](C104) 2 (n = 1 or 2) and some rhodium(III) complexes was presented [223]. 

Circularly polarized luminescence of [RuL3]2+-Ag + exciplexes in aqueous solution was studied (L 

= bpy, phen) [224]. The structures of [Ru(bpy)3](PF6) 2 and [Ru(bpm)3](PF6) 2 .CH3CN were 

determined by X-ray diffraction (bpm = 2,2'-bipyrimidine (91)) [225]. 

The preparation of a polyimide Langmuir-Blodgett film prepared from (92) was described, 

and the photoelectrochemical characteristics of the film on indium tin oxide electrodes were studied 

[226]. Luminescent pH sensors based on (92) was tested [227]. Spectroscopic, photochemical and 

electrochemical properties of the series Ru(dabP)3_n(bpy)m(BF4) 2 (n = 0-3, dabp = (93)) were 
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studied and the steric and electronic effects were discussed [228]. High-resolution IH NMR spectra 
for seven ligands of the general formula bpy-4-R-4'-Rl (L) (R, R 1 = CnH2n+l) and the 

corresponding ruthenium(II) complexes [Ru(bpy)2(L)]X 2 (X = C1 or C104) were reported. The 

complexation and solvent effects were discussed [229]. The donor-acceptor molecules [RuL2L'] 4+ 

(94) were prepared and the rates of photoinduced electron transfer were studied by picosecond flash 

photolysis/transient absorbance techniques [230]. 
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A carbon paste electrode modified by a ruthenium(lI) complex (95) was equipped in a fibre- 

optic electrochemiluminescence sensor for the determination of the oxalate ion [231]. New aniline 

ligands and their corresponding ruthenium and iron complexes, [Fe(anilbpy)3][PF6] 2, [Ru(4,4'- 

Mebpy)2(anilbpy)] [PF6] 2 and [Ru(4,4'-Mebpy)2(bis-anilbpy)][PF6] 2 have been described (anilbpy 

= (96) and bis-anilbpy = (97), 4,4'-Mebpy = 4,4'-dimethyl-(2,2'-bipyridine) [232]. 

N • I  
~ ' ~  (CH2)IsCH3 

~ ~ ( C H 2 ) l s C H  3 

2+ 

(c1o4)2 ..• ~ C H 2 R  

~ C H 2 R '  

(96) R -- NHPh, R' = H 
(95) (97) R = R' = NHPh 

Poly(2,2'-bipyridine-5,5'-diyl), a ~-conjugated electrically conducting chelate polymer, 

forms-electrochemically active complexes with ruthenium and nickel. The ruthenium system was 

studied electrochemically [233]. Using a series of electron-donating ligands (non-chromophoric or 

substituted 2,2'-bipyridine/phenanthroline types), the energy of the charge transfer (CT) transition 
was varied systematically in [Ru(dcbpy)2(LL)]. The Ru---~dcbpy CT was always the lowest energy 

transition (dcbpy = 4,4'-dicarboxy-2,2'-bipyridine) [234]. Photoluminescence and quenching of 
[Ru(dcbpy)(bpy)2]2+ in both aqueous medium and silk fibroin membrane were studied [235]. A 

series of novel didentate trifluoromethy-2,2'-bipyridine ligands were synthesized, with the 
photophysical and photochemical properties studied for [Ru(bpy)n(BTFMB)3.n] 2+ (n = 0-2; 

BTFMB = 4,4'- or 5,5'-bis(trifluoromethyl)-2,2'-bipyridine) [236]. A range of novel tris-(4,4'- 

substituted-2,2'-bipyridine) complexes of the iron triad have been synthesized and characterized 

electrochemically with respect to their ability to act as electron-transfer mediators for redox enzymes 

[237]. 

Complete quenching of MLCT occurred for the product [(bpy)2Ru(t.t- 

L)M(NO)C1L*](PF6) 2 from the reaction of [Ru(bpy)2(HL)]2+ and [ML*(NO)C12] (HL--4-(4- 

hydroxyphenyl)-2,2'-bipyridine; L* -- hydrotris(3,5-dimethylpyrazolyl)borate; M = Mo or W) 
[238]. Two strands of an amphiphilic a-helical 22-peptide were anchored on a Ru(II) complex for 

the synthesis of hybrid (98), which was equipped with anthraquinone and viologen as a photo- 

induced electron transfer system embedded in bilayer membrane [239]. Electrodeposition of 

tungsten oxide onto the surface of glassy carbon electrodes produced a coating with significant 
cation exchange behaviour on which catalysts like CoTPyP or cis-[Ru(6,6'-C12bpy)2(OH2)2] 2÷ 
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were bound to serve, respectively, as catalysts for the reduction of 02 or various oxidation reactions 

(CoTPyP = cobalt(II)-meso-tetrakis(4-pyridyl)po~hyrin) [240]. The trifluoromethanesulfonate salt 
of the porphyrin was an active catalyst in the hydrogenation of carbonyl compounds and alkenes, 
with water as the cocatalyst [241]. 

(~~~ C3H7 

" " " ~  ~ C3H7 

(98) X = 22-peptide chain. 

- -  ~ 2 +  

_ ~  ] ~ ~ c~,N[(CH2)17CH312 io I _ 

(99) 

The photochemical modulation of second order nonlinear optical properties of alternate 
Langmuir-Blodgett films of 1:4 mixture of RuC18B (99) and 2C18NB (100), and pure 2CI8NB 
[242]. A new type of photostable electron transfer sensitizer of crown ether-linked ruthenium 
coronate based (101)or  (102)was prepared [243]. The synthesis and photophysical 
characterization of [RuL3] 4-, [RuL2L'] 2- (103), [RuLL'2] and [RuL"3]2+ (104) were reported. In 
all cases, the lowest excited state was associated with Ru---)L' CT transition [244]. Adsorbed 
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monolayers of (105) and (106) on both reconstructed and unreconstructed gold(llI) surfaces were 

imaged by manning tunnelling microscopy in dmf [245]. 

• "~ + 

(CH2) ITCH3 

I 
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/ ~ (CH2)17CH 3 
H3C 

CH 3 

Br- 

(100) 

o 

(101) n = 1 
(102) n = 2 

Photo-irradiation of a solution of [Ru(bpy)2(dmbpy)] 2÷ (dmbpy = 3,3'- dimethyl-2,2'-bpy) 

for 10-20 s produced a long-lived intermediate with a unidentate dmbpy ligand [246]. Monolayer 

and multilayer Langmuir-Blodgett films of hydrophobic [Ru(t-Mebpy)3][C104] 2 (t-Mebpy = 

4,4',5,5'-tetramethylbipyridine) dissolved in stearic acid have been formed on various substrate 

materials and have been studied. Comparison with the pure stearic acid films suggested a 

homogeneous system, and also indicated that the metal complexes were dispersed in the solution 
[247]. Photochemical reactions in copolymerized films of poly-cis-[Ru(t-Mebpy)2(vpy)2]2+- 
[Os(vbpy)3] 2+ (vpy = 4-vinylpyridine; vbpy = 4-methyl-4'-vinylbipyridine) on platinum electrodes 

result in the loss of [Ru(t-Mebpy)2] 2+ and the creation of molecular voids [248]. 
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The absorption and emission spectra, the emission quantum yields and the lifetimes of the 

MLCT excited states of [Ru(bpy)2(6-Mebpy)] 2+, [Ru(bpy)2(bpy-cyclamH2)] 4+ and 

[Ru(bpy)2(bpy-cyclamNi)] 4+ (107) were reported (6-Mebpy -- 6-methylbipyridine) [249]. A 

similar bpy-cyclamH 2 ligand L (108), with the cyclam group connected directly to the 5-position of 

the bpy ligand, was designed for controlled and systematic polynuclear metal complex formation. 
The fluorescence quenching of [Ru(bpy)2L] 2÷ with a Ni n or Cu II ion coordinated within the cyclam 

cavity was reported [250]. 

The synthesis of a family of mono-, bis- or tris(2,2'-substituted bipyridine) complexes of a 

metal selected from the iron or vanadium triads has been reported [251]. Time-resolved absorption 
studies were performed on a series of covalently linked Ru(bpy)3-donor-acceptor complexes to 

elucidate some intramolecular electron-transfer rates [252]. The cation [Ru(bpy)3L]2+ (L = (109), 

(110) or (111)) and the methylation products [Ru(bpy)3Q]n+ (Q = (112), (113)) were prepared 

and studied for electrochemical redox reactions [253]. The redox behaviour of the polypyrrole films 

of [Ru(trpy)(bpy)(OH2)] 2÷ complex (114) was exploited for preparative electrocatalytic oxidation 

of alcohols [254]. 
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The A-isomer of [Ru(bpy)2ppz] 2÷ (ppz = (115)) promoted cleavage of plasmid DNA in the 

presence of copper(II), 3-mercaptopropionic acid and H20 2 [255]. The preparation and 

photophysical and photochemical properties of [Ru(bpy)2(py)2](CF3SO3) 2, [Ru(bpy)nQ3-n](PF6)2 

(n = 0,1) and [Ru(bpy)2Q]-(CF3SO3) 2 were reported (Q = 2-(2'-pyridyl)pyrimidine). This led to 

the design of a photostable core [Ru(bpy)(bpz)] 2+ (bpz = 2,2'-pyrazine) [256]. The photophysical 

and photochemical properties of [(bpy)2Ru(HPTN)] + were examined in solutions of varying acidity 

(HPTN = 3-(pyridin-2-yl)- 1,2,4-triazole) [257]. 

Members of a series of RulI(bpy)2(L)-type complexes (where L = a monodentate 

coordinated pyridyltriazole) were prepared and characterized. Their coordination modes were also 
studied. The crystal structure of [Ru(bpy)2C1L']PF 6 and the conversion of [Ru(bpy)2L"(MeCN)]2+ 

to [Ru(bpy)2L"] (L' (116); L" (117)) were also reported [258]. 

The salts [RulI(bpy)2L1][PF6] and [RulIIL22][PF6] were prepared in order to study the 

electrochemical and spectroscopic consequences for the ruthenium centre upon stepwise 

replacement of pyridyl ligands by phenolates (HL l = 2-(2-hydroxyphenyl) pyridine, HL 2 = 6-(2- 

hydroxyphenyl)-2,2'-bpy) [259]. The metal-ion dependent reactivity of 2-(2-thienyl)pyridine 

(Hthpy) was studied for palladium, gold and ruthenium. Products such as 
[(thpy)PdQ.tOAc)Pd(thpy)], [Ru(bpy)2(Hthpy)] 2+ and other gold complexes were obtained. Of 

note, the Hthpy ligand in the ruthenium complex was shown to be didentate, being N,S-bonded to 
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the metal centre[260]. The electrochemistry of [(Ru(bpy)2)2bpm]4+ (bpm = Ix-2,2'-bipyrimidine) 

was investigated with complete assignments made of individual reduction steps [261]. The use of a 
carbon paste electrode modified with [Ru(bpy)2(PVP)10C1]C1 for the mediated detection of nitrite 

was described [262]. 

OH 

( 
~ ~'le 

( l l l )  
(112) 

2+ 

/F-x 
N N 

Me 
(113) 

(114) (115) 

H Me 
\ \ 

/ - - \  

(116) (117) 

The existence of two independent chromophores in [Ru(bpy)2(H2V)]+ was demonstrated by 

comparing its resonance Raman spectra with those displayed by the [Ru(H2V)3 ]- analogue (H2V- -- 

violurate anion) [263]. Synthesis and characterization of [Ru(bpy)2(CO)(NO2)] (PF6) was reported 

and its reversible conversion to [Ru(bpy)2-(C(O)OH)(NO2) ] was described [264]. The kinetics of 

the electroanalytic reduction of CO 2 by cis-[Os(bpy)2(CO)H] + and cis-[M(bpy)2(CO)R ]- (M = 
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Os; R -- H, Me, Ph; M = Ru, R = CHPh) were studied [265]. The molecular structure of cis-  

[Ru(bpy)2(CO)(C(O)OCH3)](BPhn).CH3CN was determined in order to elucidate the structural 

difference between [Ru(bpy)2(CO)C(O)OH]+ and [Ru(bpy)2(CO)(rll-CO2)] [266]. The reductive 

quenching of *RuL32+ complexes (L = 4,4'-dialkylbpy) by several substituted phenolate ions was 

studied by the luminescence quenching technique [267]. The photochemistry of [Ru(bpy)3L]2+ (L 

= H2N-(CH2)n-NH2; n = 2,3) was studied for the effect of the chain length of the diamine ligands 

on photosubstitution reactions. A lower quantum yield for n = 2 suggested a less efficient ring 

reclosure process for the larger chelate ring complex [268]. A reversible three-proton three-electron 

couple was observed for the electrochemical oxidation of cis-[Ru(bpy)2L]2+ (L = 2,3-dimethyl-2,3- 

diaminobutane). The formation of cis-[Ru(bpy)2(NH=CMe2)2] 2+ from the above compound and its 

X-ray structure were also reported [269]. 

A general synthetic method was developed for the preparation of tris-heteroleptic complexes 

of Ru (II) containing didentate polypyridyl ligands. Their photophysical and electrochemical 

properties were also studied [270]. Transition metal-substituted-bipyridyl complexes were applied to 

chemical sensor technology [271]. Ru(bpy)32+ was used to sensitize the trans-membrane redox 

mediator for electron transfer [272]. 

10.5.2 Complexes with phenanthroline ligands 

A study was made on the sorption of ruthenium (IV) and osmium (VIII) by silica sorbents. 

This study showed that bis- or tris-phen-metal (II,III) complexes were formed. A new method for 

the determination of the corresponding metals was proposed [273]. Scanning tunnelling 

microscopic studies were carried out for [Ru(phen)3]Cl 2 on highly ordered pyrolytic graphite, Cu 

and n-doped GaAs [274]. EPR probes that structurally resemble [Ru(phen)3]2÷ were used to 

monitor the binding and dynamics of these complexes with different anionic detergents in aqueous 

solutions [275]. Minor groove binding of [Ru(phen)3]2+ to the self-complementary decanucleotide 

duplex [d(CGCGATCGCG)] 2 was observed by 2-D NMR spectroscopy [276]. Equilibrium 

binding studies and viscosity experiments were done on the same complex with calf thymus DNA, 

in which classical intercalation was not observed [277]. 

The isomers of [Co(acac)2(aa)] (aa -- amino acid) were separated by liquid chromatography 

on a clay column modified with optically active [Ru(phen)3]2+ [278]. Circularly polarized 

luminescence observed from racemic solutions of [Tb(2,6-(CO2)2py)3] 3- on addition of traces of 

resolved [Ru(phen)3]2÷ was attributed to en.antioselective quenching of the former by the latter (2,6- 

(CO2H)2py = 2,6-pyridine dicarboxylic acid) [279]. A method for incorporating a diverse variety of 

intercalants, like ruthenium(II) phenanthroline, directly during hydrothermal synthesis of hectorite, 

layer-silicate clays was developed [280]. Ru(phen)2(phen-T)C12 and Ru(bpy)2(phen-T)C12 (phen-T 

-- (118)) were used as EPR probes for studying interactions of the family of polypyridyl metal 

complexes  with B-DNA [281]. The difunct ional  supramolecular  complex.  

[Ru(phen)2(phencyclamNi)](C104) 4 (119) was synthesized with its spectroscopic, redox properties 

and catalytic behaviour in the photoreduction of CO 2 examined [282]. 
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The complex dication [Ru(phen)2dppz]2+ and its dppz-derivative series served as molecular 

light switches for DNA and showed no luminescence in aqueous solution, but luminesced intensely 

on intercalation into DNA (dppz = (120)) [283-285]. The photo-induced electron transfer from 

nucleotides to [Ru(taP)3]2+ and the luminescence quenching of the latter were studied and correlated 

to the photosensitized cleavage of DNA by the same complex (tap = (121)) [286]. FAB mass 

spectrometry was used to characterize newly synthesized polymetallic homo- and heteronuclear 

complexes of Ru(II) and Rh(III) with hat (hat = (122)) [287]. Laser methods on the nanosecond 

timescale were used to investigate the decay processes following MLCT of heteroleptic complexes 

of Ru(II) with hat, and either bpy, tap or phen [288]. The spectroelectrochemical characteristics and 

the photophysical mechanisms controlling the luminescence lifetimes of a series of Ru(II)-hat 

complexes were presented [289]. 

H 
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(C104),, 

H 
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(121) 
(120) (122) 

10.5.3 Complexes with other N-heterocyclic ligands 

In situ spectro-cyclic voltammetry (SCV) of [Ru(terpy)] 2+ incorporated into coated Nation 

membrane showed that the oxidized state and reduced state could function as water oxidation and 

proton reduction catalysts respectively [290]. The synthesis, spectral characterization and structure 

of [RuH-(terpy)(PPh3)2]X was reported (HX = salicylic acid). [291]. The interactions of 

[Rull(terpy)(bpy)(OH2)] 2+, [Rull(terpy)(phen)(OH2)] 2+ and [RulI(terpy)(tmen)(OH2)] 2+ (123) 

with DNA were investigated by cyclic voltammetry. The structure of the perchlorate salt of (123) 

was also reported [292]. The ligand ttpy and the complex [{(terpy)Ru]3(ttpy)](PF6) 6 (124) were 

prepared [293]. [Ru(Xterpy)2](PF6) 2 (125) was prepared together with other 4'-substituted 

terpyridine complexes (126-128); the oxidation potential and room-temperature luminescence 

properties of these species were studied [294]. 

D m 
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(123) 

2+ X 

O 
II 

X = -S  - C H  3 (125), -C1 (126), -OH (127), 
II 
O 

-NMe 2 (128) 

The coordination oligomers [(Xterpy)RuLRu(Xterpy)] 4÷ (129) and (130) and 
[ { (Xterpy)Ru } 3(ttpy)] 6+ (131) were prepared and characterized for a variety of electron--donating 

and -withdrawing substituent groups X [295]. 
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The new terpyridine ligand (132) was prepared by using a palladium-catalysed aromatic 

cross-coupling reaction. The corresponding homo- and heteroleptic complexes for the iron triad 

were also prepared and studied [296]. A dinuclear double stranded helical complex containing two 

Ru(II)-(terpy) 2 units [Ru2L2](PF6) 4 (L = (6"-(P-C6H4OMe)-5-CH2-2,2':6',2"-terpy)2) was 

synthesized [297]. Complexes like [Ru(Z)2](PF6)2.H20 (Z = terpyridine residue) were used in 

cation-exchange membranes incorporated in electrodes for determination of CO 2 concentration 

[298]. 

A one-pot, selective synthetic method for synthesizing the ruthenium-polypyridyl complexes 

[RuL3]2+, cis-[RuC12L2] +, [RuC14L]-, (L = bpy, phen or (2-pyridine)2NH), and [RuCI6]3- was 

reported. This synthetic method was also useful for synthesizing complex pairs such as 
[RulIIC13(terpy)].[Rull(terpy)2] 2+ and [RullICl4py2]-[RullC12py4] [299]. A near quantitative yield of 

[Ru2(I~-OAc)(I~-R)3C1] was obtained from the reaction of [Ru2(OAc)4C1]n with 6-amino-2-picoline 

(HR). [Ru2(I.t-OAc)(l.t-R)3Cl ] was characterized by X-ray crystallography and electrochemical 

methods [300]. The kinetics and mechanisms of aqua-substitution of cis-[Ru(tap)2(H20)2] 2+ by 

oxine (133) in EtOH/H20 and phen in aqueous medium were studied (tap -- (90)) [301,302]. The 

emission spectrum of [Ru(i-biq)2](PF6) 2 (i-biq --- (134)) crystal was examined and compared with 

that of a dilute glassy solution [303]. 

OH 

(133) (134) 

Several complexes of the formula K[M(hp)2L2] were prepared and characterized by 

elemental analysis, conductometric, magnetic, IR and electronic spectral studies (M = Cr(IID, Fe(III), 

Ru(III); hpH 2 = (135), L = pyridine, quinoline, isoquinoline, 2-picoline, or 4-picoline) [304]. 

~COOH 
COOH 

(135) 

] 
(I36) 

The dinuclear ruthenium complex (136) provided the first example of the great efficiency of 

the S-S bridge in conducting electrons [305]. Complexes of type [M(IM)3L] were prepared and 

characterized by various methods (M = Cr, Ru; HIM = (137),  ( 1 3 8 ) ;  L = 

H2NCH2CH2NHCH2CH2NH2, terpyridine); an octahedral coordination geometry was proposed 

[306]. Optical rotation and CD spectra along with other methods were used to characterize newly 
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synthesized complexes [RuLC12(H20)] and K[RuL'C12(H20)] (HL = 2-pyridyl-methylene-L- 

histidine, H2L' = 5-methoxy- and 5-chlorosalicylidene-L-histidine) [307]. 

O 

O 

(137) 
(138) 

R 

R = H ,  Me 
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The halides RuX3.nH20 (X = C1, Br) reacted to give isomeric RuX2L 2 (L = (139)). The 

high-resolution 1H NMR spectra of both cis- and trans-isomer were reported and completely 

assigned [308]. The ruthenium complexes (140), (141) and (142) were synthesized from the 

corresponding aldehyde and amine, and were characterized by various methods. Their function as 

catalysts in the epoxidation of alkenes was studied using iodosylbenzene as an oxidant [309]. 

- C I  - 

C 1  m 

.2C1 

(140) (141) 

The complexes [RuC12(L)(dmso)3 ] and [RuCl2L2(dmso)2 ] were synthesized and 

characterized by X-ray crystallography, spectral and electrochemical methods. These complexes 

were found to have a distorted octahedral geometry with monodentate pyrazole (L) ligands [310]. 

Ligands (143) and (144) were transformed to seven other ligands including (145) by N- 

alkylations. Ruthenium(II) readily coordinated with (143); some iron(III) complexes were also 

formed [311]. The preparation, and spectroscopic and electrochemical properties of ruthenium(N) 

complexes containing various combinations of (143) and its di- and tetra-methyl-substituted 
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derivatives were described [312]. The ruthenium(II) pyrazolylamidine complexes, e.g. (146) were 

synthesized. The stereochemistry of the resulting complexes has been determined by NOEDIFF 

experiments and the X-ray structure of (146) was determined [313]. The reaction of TI(BRpz 3) (pz 

= 1-pyrazolyl; R = pz, H) and cis-[RuC12(dmso)4 ] gave the boron-free [RuC12(pzH)(dmso)3] as 

product, which was characterized by 1H NMR and IR spectroscopies. [RuC12(PzH)2(dmso) 2] was 

also obtained as a minor product if excess pzH was used instead [314]. On the other hand, 

Na(BHPz3) reacted with RuH(C1)(CO)(PPh3) 3 to give [Ru(r13-BHpz3)(PPh3)(CO)H], which 

further reacted to give [Ru(rl3-BHPz3)(PPh3)(CO)C1] and [Ru(rl3-BHpz)(PPh3)(CO)(L')]PF6 (L' = 

CO, CNCMe 3, P(OMe) 3 or PMe3). The X-ray crystal structure of [Ru(ri3- 

BHpz)(PPh3)(CO)(L')]PF 6 with L' = PMe 3 was determined [315]. 
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The compounds [(Ru2(chp)4)2(pyz)](BF4) 2 and [Ru2(chp)4(py)](BF4) were prepared and 

characterized by X-ray crystallography and by magnetic susceptibility measurements at 5 - -300K 
(pyz = pyrazine; chpH = 6-chloro-2-hydroxypyridine) [316]. The resonance Raman spectra of 
Ru(bpz)32+ were obtained in solutions of deuterated and non-deuterated H2SO4-H20 at various 

concentrations (bpz = (147)) [317]. The reductive quenching of the same complex by ferrocene and 
N,N'-diphenyl- 1,4-phenylenediamine due to interfacial electron transfer was also reported [318]. 
The resonance Raman spectra of the 3MLCT excited states of Ru(II) asymmetric pyridine and 
pyrazine ligands were studied [319]. 
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Ab initio and semi-empirical studies of electron transfer and spectra of (NH3)5Ru-pyz- 
[Ru(NH3)5] 4+/5+/6+ and [LsRulLB-RulIILs] (B = bipyridine, dipyridinemethane or dimethyl- 
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dipyridine) were done [320]. The temperature dependence of the optical absorption band 
corresponding to the electron transfer process [(bpy)2C1RulI(pz)RulII(NH3)5]4+ 

(148) ~ [(bpy)2C1RulII(pz)RulI(NH3)5]4+ (149) was studied and the relationships between 

optical and thermal electron transfer were discussed [321]. A series of ruthenium complexes (150- 

153) were prepared and their photo- and electrochemical properties were explored [322]. 
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The multiruthenium complex (154) was synthesized and the absorption and luminescence 

properties and electrochemical oxidation of the compound were studied [323]. Similarly 

macromolecules of the form Mc [(BL)Mi{ (BL)MpL}2]3(PF6)20 (Mc, Mi, Mp = Os or Ru; BL = I.t- 

2,3-dpp; L = bpy or biq) and [(L)2M(I.t-BL)]2M(bt-BL)-M[(I.t-BL)M(L)2]212+ (M = Os 2+ or Ru2+; 

BL = 2,3-dpp or 2,5-dpp; L = bpy or biq) and other Os-Ru macromolecules were synthesized and 

studied. In addition, the intercomponent energy transfer was investigated [324-327]. The synthesis, 

e lectrochemistry ,  spectroscopic and spectroelectrochemical  properties of  
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[(bpy)2Os(BL)Ru(bpy)2](PF6) 4 (BL = 2,3-dpp, dpq (155), dpb (156)) were reported [328]. 

Photophysical studies on the mononuclear Rh(III)-polypyddyl complexes and examination of the 

intramolecular excited-state interactions in [(bpy)2RuII-(2,3-dpp)-RhlII(bpy)2] 5+ using 

luminescence and transient absorption spectral studies were conducted [329]. 

Q 8 N N 
N N 

(155) (156) 

The synthesis, X-ray structure and electronic spectra of trans-[(NH3)aRu- 
(im)(isn)](CF3CO2)3.MeCHOH were presented. Analogous complexes in which the imidazole 

ligand was derived from a peptide histidine residue that served as a non-labile surface probe in 

studies of electron-transfer pathways in metalloproteins (im --- (157); isn = (158)) [330]. The 

effects of two new ruthenium(III) complexes, mer-[RuC13(dmso)2Im] and Na[trans- 
[RuC14(dmso)Im] were investigated on primary tumor growth and on the survival time of the mouse 

[331]. Specifically, the latter was further investigated for its antitumor and antimetastatic effects in 

mice bearing MCa mammary carcinoma [332]. Distant Fe2+-Ru 3÷ electronic couplings have been 

determined from intramolecular electron-transfer rates in [Ru(bpy)2(Im)(His-X)] 2+, where X -- a 

total of 5 positions of the histidine residue in the protein [333]. 

H O~ C,-" NH2 
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Charge transfer excited states of [RuL2(L'-L')]2+/4+ and [Ru(dpimbH2)-(bpy)2] 2÷ were 

studied by means of emission and transient absorption spectroscopy at 77-300 K (L = bpy, 4,4'- 

Me2bpy, phen; L'-L' = bpbimH 2 (159), dpbime (160); dpimbH 2 (161)) [334,335]. Intramolecular 

electron transfer in photoexcited [Ru(bpy)2(L-L)Rh(bpy)2]5+ was investigated in the fluid solvent of 

a mixture of propionitrile and butyronitrile at 170-300K (L-L --- dpimbH 2, bphimH 2, dmbpbim 

(162) and dpbime) [336]. The dinuclear compounds [H(CO)(PPh3)2Ru(I.t-bim)M(cod)] were more 

active catalysts for the reduction of styrene and some ketones by hydrogen-transfer reactions than 

the mononuclear parent [M(Hbim)(cod)] and [RuH-(Hbim)(CO)(PPh3)2] (M --- Rh, Ir; bim = 2,2'- 

biimidazolate) [337]. 
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The synthesis of supramolecular complexes from [RuL3]C12 (L = (163)) and alkali and 

alkali earth metal ions as well as the photochemistry of the product were presented [338]. The 

transduction chemistry based on luminescence quenching by proton transfer to the excited tris[2-(2- 

pyrazinyl)thiazole]Ru(II) cation had been applied to the construction of a fibre-optic sensors for 

CO 2 [339]. 

HOCI-I2(CH2OCH2)mCH2C~ 

(163) m=2,3 

OCH2(CH2OCI"I2)mOH 

(164) 

The synthesis, structural characterization, electrochemical and photophysical properties of 
[(bpy)2RulI(bpt)RhlIl(ppy)2]2+ [(bpy)2RulI(bpt)IrlIl(ppy)2]2+, [{RhlII(ppy)2}2(bpt)]+ and 

[ { IrlII(ppy) 2 } 2(bpt)] + were reported (Hppy = 2-phenylpyridine; Hbpt = 3,5-bis(pyrin-2-yl)- 1,2,4- 

triazole) [340]. The chelate complexes [RuR(CO)(PPh3)2{rl2-H2B(bta)2}] and 

[RuCI(CO)(PPh3)2{rl2-H2B(bta)2}] (R = H, 4-MeC6H 4, 4-MeC6H4CH=CH, CH=CHC4H 9, 

C(~--CPh)--CHPh were synthesized [341]. A solvent extraction-spectrophotometric determination 
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of trace amounts of Ru had been developed based on the formation of an ion association complex of 

Ru(III) with (164) and picrate [342]. The synthesis and characterization of optically active 

complexes [RuC12(cod)L], [RuC12(PPh3)2L] and other Co(II), Ni(II) and Rh(I) complexes were 

reported. These complexes showed high activity for alkene hydrogenation when anchored to a 

zeolite (L = (S)-2-tbutyl-aminocarbonyl  pyrrol idine,  (S)-2-(3- t r ie thoxysi ly l )  

propylaminocarbonylpyrrolidine) [343]. A series of ruthenium polypyridyl complexes had been 

covalently bound to poly(L-lysine), albumins, and immunoglobulin G using different binding 

modes. Their conjugation ratios and the luminescence properties were reported [344]. 

Distant heme-Ru electronic couplings had been extracted from intramolecular electron- 

transfer rates in Ru(his-X) (X = 33, 39, 62) derivatives of cytochrome c [345]. The complexes 

[RuCl(L-his)(diene)] (diene = norbornadiene, cyclooctadiene), [RuCI(D,L-his)(PPh3)2], [RuCI2(L- 

hisme)(PPh3)2] , [RuCI(D,L-50met)(PPh3)2].CH3OH, [RuCl(L-metme)2(PPh3)]C1.PPh 3 and 

[RuC13(L-metet)(PPh3)] were synthesized (L-hisme = Me L-histidinate; D,L-metH = D,L-methionine; 

metme = Me L-methionate; L-metet = L-methionine Et ester). X-ray analyses were carried out for 

four of the complexes [346]. The volumes of activation for intramolecular electron transfer in 

[(NH3)sRulI-His33], horse heart ferricytochrome C (FC c), and [(NH3)sRulI-His39], Candida 

krusei FC c, and that of the intermolecular reaction between [Ru(NH3)6] 2+ and horse heart FC c 

were determined by pulse radiolysis [347]. A novel metal ion-assisted self-organizing molecular 

process was described for the construction of a 60-residue parallel four-helix bundle metalloprotein 

from a 15-residue amphiphilic polypeptide upon ruthenium complexation [348]. The 

antiproliferative properties of six newly synthesized heterocyclic ruthenium complexes alone and in 

combination with cytokines against various human colon carcinoma cell lines were investigated. The 

most effective compounds were found to be t rans- indazol ium [tetrachloro(2H- 

indazole)ruthenate(III,N I)] and trans-indazolium [tetrachlorobis(1H-indazole) ruthenate(III,N 2)1 

[349]. 

10.5.4 Complexes with macrocyclic ligands 

The complex cations trans-[RulICl(cyclam)L] + were synthesized and their properties were 
investigated (L = 4-picoline, py, isn, 4-acetylpyridine; cyclam = (165)) [350]. The porphyrins H2L 

and H2Q and the complexes [RuQ]2, RuL(py)2, RuL(CO)(MeOH) along with other Re, Mo and W 

complexes were synthesized and studied (H2Q = (166), H2L = (167)) [351]. The derivatives 

[RuL(O)2] and [RuL(NPh2)2] were prepared from [RuL(CO)] and were spectroscopically 

characterized (H2L = meso-tetrakis(3,4,5-trimethoxyphenyl)porphyfin) [352]. 

The ruthenium(II) complex [RuL(CO)(EtOH)] was prepared and photochemically 

decarbonylated in the presence of bridging ligands such as 4,4'-azopyridine or pyrazine to produce 
polymers (H2L = tetrakis(3,5-di-tert-butyl-4-hydroxyphenyl)porphyrin) [353]. It was shown that 

[Ru(OEP)Me2]  underwent irreversible oxidation and reduction to give (168) and 

[Ru(OEP)(CH3)( th0]- ,  respectively (H2OEP = (169)) [354]. The conversion product 

Ru(OEP)(CO) from Ru(OEP)Me was trapped by tempo (tempo = 2,2,6,6-tetramethyl-piperidine-1- 

oxyl) and analysed. The X-ray structure was determined for the trapped complex 
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[Ru(OEP)(CO)(tempo)] [355]. Cyclic voltammetry had been employed to study the reactivity of 

Ru(OEP)(p-XC6H4) 2 complexes in extreme oxidation states of [Ru(OEP)(aryl)2]+ and 

[Ru(OEP)(aryl)2]2- (X = H, CH 3, OCH 3, C1, F) [356]. 

(167) 

NH NH . / ~ " N  N ~ ' \  . 

(165) (166) X =p-tolyl 
(169) X = H  

Me 

(168) 

= OEP 

~2_~ ~.N~ ~" NN~~C) 

(170) 
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Oxidative deprotonation of [M(L)(NH2CMe3)2] gave [M(L)(O)(NCMe3)] and 

[Os(L)(NCMe3)2] (M = Os, Ru; L = meso-tetraphenylporphyrin (170), meso-tetrakis(3,4,5- 

trimethoxyporphyrin) [357]. FCH2CH2NC and F3CCH2NC were prepared and complexed to 

Ru(TPP) and Fe(TPP)OSO2CF 3 to provide information on the fluorine effect on alkyl isocyanide 

binding (H2TPP = (170)) [358]. The activity of ruthenium porphyrin complex catalysts for the 

oxygen transfer reaction from 2,6-dichloropyridine N-oxide to substrates was enhanced by the 

addition of a small amount of HC1 or HBr, and the catalytic abilities of dioxo, dichloro and carbonyl 

complexes of RuTPP(X) were discussed [359]. RulI(TCPP)(CO)(py) was bound with bovine serum 
albumin to give a protein-hybrid photocatalyst which could reduce A-(Co(acac) 3 enantioselectively 

under photoirradiation (TCPPH2 = meso-tetrakis-(4-carboxyphenyl)porphyrin) [360]. Three 

aromatic amine-bridged coordination compounds [PcRuL] n (H2Pc = (171); L = p- 

phenylenediamine, 2,7-diaminofluorene, 4-aminopyridine) were prepared to study their properties as 

axial ligands in oxidation reactions [361]. The mechanism of oxidation of [(NH3)2Ru2(DPB)L 2] to 

yield [g-N2Ru2(DPB)L2] was investigated (H4DBP = (172); L = 1-tert-butyl-5-phenylimidazole) 

[362]. The structural characterization and the properties of the dinitrogen complex was reported 

[363]. 

N2N 

(171) 

(172) 

105.5 Complexes with ammonia and amine ligands 

The results of an investigation of the number of multiply-charged complex ions 
[Ru(NH3)]3+ that could be bound onto poly{pyrrole-co[3-(pyrrol-l-yl)propane sulfonate]] films 
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were presented along with other properties of the polymer matrix. Data were based on 

electrochemical quartz crystal microgravimetry and electrochemical studies of the polymer matrix 

[364]. The structure of [(NH3)sRuCI](HSO4)2.4H20 was determined [365]. The encapsulation of 

[Ru(NH3)sL]2+ (L = pyrazine, bpy) with cyclodextrins and the resulting effect on electron transfer 

rates to [Co(edta)]- were investigated [366]. The adduct formation of [Ru(NH3)sL](PF6) n (n = 2 

for L = isn, pyrazine; n = 3 for L = 4-NH2py, 4-N(Me)2py) with 18-crown-6 ether was studied 

spectrophotometrically and electrochemically in non-aqueous solution [367]. The properties of 

(H3N)sRulI-NHC(O)R (R = C6H 5, 4-C5H4N, 4-CsH4N-+CH3) and the isomerization of the 

complex for R = 4-CsI-hN and R = 2-CsH4N were investigated [368]. 

Preparations and properties of [RulI(NH3)5(rcp)](BF4)3.mH20 (rcp = N-R-n- 

cyanopyridinium cations; R -- Me, n = 2, 3, 4; R = decyl, dodecyl, benzyl, n = 4) were reported 

[369]. The kinetics of the base-mediated hydrolysis of [Os(bpy)2-{bpy(COOR)2}] 2÷ and 

[Ru(NH3)5(NCsH4COOR)]2+ (R = Me, C6H13) were investigated by ion-pair HPLC and 

spectrophotometry in aqueous solution [370]. [n]Staffane-3, 3(n-l)-dithiols (n = 1-4). Their singly 

functionalized derivatives carrying an acetyl or [Ru(NH3)5] 2+, substituted were synthesized on 

polycrystalline gold electrodes, and the blocking properties of the films were investigated [371]. The 

tetra-ruthenated cobalt complex (173) adsorbed on pyrolytic graphite electrodes had higher catalytic 

power than that prepared with Nation coatings on electrodes for the four-electron reduction of 02 to 

H20 [372]. The electrocatalytic behaviour of cobalt-porphyrin-incorporated Nation coatings on 

glassy carbon electrodes with [Ru(NH3)6] 3+ incorporated as the mediator was studied [373]. 

Experiments involving the oxidation of [Ru(NH3)6] 2+ at Pt ultramicrodisk electrodes were done as a 

comparison with the theoretical predictions in scanning electrochemical microscopy (SECM) [374]. 

SECM experiments were carried out with a ligand Hg substrate. Kinetic parameters for the 

heterogeneous reduction of [Ru(NH3) 6] 3+ at a carbon fibre by electrochemical measurements inside 

such a layer agreed well with those at a microdisk electrode [375]. 

The theory of aquasi-reversible electrode process was developed and applied to the 

determination of the electrode parameters of the [RulII(NH3)6]/[RulI(NH3)6] electrode reaction on a 

Hg oblate spheroidal microelectrode [376]. 

The electrode kinetics of the same redox couple electrostatically confined in montmorillonite 

clay / polylvinylalcohol)(PVA) composite films on graphite electrodes were examined by cyclic 

voltammetry and normal pulse voltammetry [377]. Electroactive [Ru(NH3)6] 3÷ gallery cations were 

observed in [Ru(NH3)6]3÷-laponite and -montnrorillonite films supported on graphite electrodes 

and were compared with those of [Fe(bpy)3] 2+ [378]. Immunoelectron microscopic study of 

proteoglycans in rat epiphyseal growth plate cartilage after fixation with [Ru(NH3)6]C13 (RHT) was 

conducted [379]. Cationic dyes chemically related to RHT was used to preserve cartilage matrix 

proteoglycans [380]. The effect of pre-treatment on the dispersion of supported noble metal 

catalysts prepared from Pt(NH3)4(NO3)2, Pd(NH3)4(NO3)2, RHT, [Rh(NH3)sC1]C12 in basic 

solution was studied [381]. Zinc-substituted KL zeolite was loaded with RHT and served as a 

catalyst for aromatization of C 6 alkanes and for hydrogenation of benzene [382]. Na-Y zeolite was 

cation exchanged with RHT to yield a light-purple solid which was active in ammonia synthesis at 

atmospheric pressure [383]. The structure at 295 K and magnetic properties of [Ru(NH3)6]Br(SO 4) 
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were reported [384]. An article on syntheses, characterization and reactivity of ruthenium ammine 

complexes has been published [385]. 

Ru(NH3) 5 

R NI R 

I 
Ru(NH3)5 

(173) 

Compounds (174) and (175) for both the +4 and +6 oxidation states were prepared and 

characterized [386]. The ultrafast electron transfer and vibrational energy relaxation of 
[(NC)sRulICNRulII(NH3)5] - was studied using picosecond IR spectroscopy [387]. The 

spectroscopic and electrochemical properties of  [Bu4N]4[Ru(dcb)2(CN)2]  and 

[Re(phen)(CO)3CNRu(NH3)5](PF6) 3, together with a series of polynuclear complexes 

(H3N)5Ru Ru(NH3)5 
(N3N)sRu --Ru(~-I3)5 \ / 

\ / N N 
N N C C 

c c 

Me Me 
(174) (175) 

containing CN-bridged ruthenium polypyridine units were studied (H2dcb = 2,2'-bipyridine-4,4'- 

dicarboxylic acid) [388]. An electrochemical variational method had been employed experimentally 

to examine the extent of ground-state mixing between metal-centred donor and acceptor orbitals in 

bridged mixed-valence complexes of the type [L(NH3)4Ru-NC-Fe(CN)5]- [389]. Thermochromic 

effects in [(NH3)5RulII(NC)FelI(CN)5]- and [(NC)5FelII(4,4'-bpy)FelI(CN)5]5- were investigated 

[390]. The assignment of electronic transitions of [(bpy)2(CI)OslII(CN)RulI(NH3)5] 3+ was done by 

resonance Raman excitation profiles [391]. 
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H - - N  H - - N  \ \  \ \  Me 

N 

N - - H  N ~ H  

(176) (177) 

H - - N  
H - - N  \\  C1 C1 '\, 

N 
N 

c1 ~' a Cl N - - H  
N - - H  

(178) (179) 

Advantage was taken for the strong amine/dmso interactions exhibited by [CI(bpy)2Os- 

T M B - R u ( N H 3 ) 5 ]  4+ in dmso to induce intramolecular electron transfer from 

Ru II to Os II! (TMB = trimethylenebipyridine) [392]. [l.t-(dicyd){(NH3)5Ru }2](CIO4)4, 

[ lX-(Me2dicyd) { (NH3)5Ru } 2] (CIO4)4, [~t-(C12dicyd) { (NH3)sRu  } 2] CI 4 and 

[~t-(C14dicyd) { (NH3)5Ru } 2] C14 were synthesized and the crystal structure of the dicyd complex 

was determined. (dicyd = (176); Me2dicyd = (177), C12dicyd = (178), C14dicyd = (179)). 

Characterization of the complexes using cyclic voltammetry, spectroscopy, and magnetic 

susceptibility was carried out [393]. 

The complexes [Ru(hfac)2(en)] and [Ru(hfac)(en)2]PF 6 were synthesized to study the 

oxidative dehydrogenation of their 1,2-diaminoethane ligand in MeCN solutions (hfac = 

hexafluoroacetylacetonate ion) [394]. The complexes trans -[RuL2C12][PF6] (L -- en, N,N'-bis(2- 

aminoethyl)-l,3-propanediamine, cyclam) were prepared [395]. [Ru(L-L)(L')2C12] were prepared 

and characterized by elemental analyses, IR, and 1H NMR spectroscopies (L-L = N,N,N',N'- 

tetramethylethylenediamine, 1-(thiomethyl)-2-(diphenylarsino)ethane, N-methyl-2- 

thiophenealdimene; L' = dmso, CO) [396]. The complex [Ru2(C10HsN2)(CO)4(P(isoPr)3)2] 

reacted with HgX'  2 (where X = halides and carboxyl groups) to give 

[Ru2(C10H8N2)(CO)4(P(isoPr)3)2HgX 2] adducts. The adducts further reacted with HgX' 2 to give 

[Ru2(C10H8N2)(CO)n(P(isoPr)3)2Hg(I.t-X')2HgX2] or [Ru2(C10H8N2)(CO)4(P(isoPr)3)2Hg(I.t- 

X)2HgX'2]. Crystal structures of [Ru2(C10HsN2)(CO)4)(P(isoPr)3)2Hg(O2CCF3)2] and 

[Ru2(C10H8N2)(CO)4_(P(isoPr)3)2Hg(I.t-C1)2HgC12] were reported [397]. The kinetics of base 
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hydrolysis of cis-[RuC12(en)]÷, cis -ot-[RuC12(trien)] and cis-o~-[RuCl(OH)(tfien)] were studied 

(trien = 1,8-diamino-3,6-diazaoctane) [398]. 

10-5.6 Complexes with nitrosyl and nitrate ligands 

The nitrosyl complex [Ru(edta)(NO)] was prepared and characterized by physicochemieal 

methods and X-ray analysis and was shown to be an excellent oxygen atom transfer agent [399]. 

RuCI(NO)(SO)(PPh3) 2 was synthesized and structurally characterized. This complex contains a 

terminal linear M-N-O and bent M-S-O functionality. RuCI(NO)(SO)(PPh3) 2 was further oxidized 

to give RuCI(NO)(rl2-SO2)(PPh3)2, RuCI(NO)(SO4)(PPh3) 2 and RuCI(NO)('q2-O2)-(PPh3)2 and 

all these species were spectrally characterized [400]. The protonation of RuH(NO)(cyttp) gave cis- 

[RuH2(NO)(Cyttp)]+ (cyttp = bis(dicyclohexylphosphinotrimethylene)). A fluxional intermediate 

was proposed that involved a molecular hydrogen complex [401]. The stable aquation product trans- 

[Ru(salen)(NO)(H20)][SbF6] was found to be an efficient catalyst for Diels-Alder reaction 

(H2salen = bis(salicylidene)-ethylenediamine) [402] and Mukaiyama crossed-aldol reaction [403]. 

Vibronic theory was used to explain the anomalous bond angles in the hetero-ligand MXL 5 

band MXL4L' complexes and normal bond angles in [MNOX5]2- (M = Os, Ru) [404]. Structural 

studies on K2RuNOX 5 (X = C1, Br, I) with the main emphasis on the lengthening of Ru-C1 axial 

bond and the deformation of the octahedral structure were done [405]. The salt trans-  

[Ru(NO)(OH)(bpy)2](C104) 2 was prepared and characterized spectroscopically and structurally 

[406]. The reaction products trans-[RuL(O)C1] + and t rans-[RuL(OH)(NO)]  2+ from trans- 

[RuLCI2]+ (L = (180)) were structurally characterized and were rationalized by the 

disproportionation of trans-[RuL(C1)(N02)] + [407]. 

(18o) 

The structure of Na2[Ru(OH)(NO)(NO2)4] was determined by X-ray diffraction and 

compared with that previously obtained by neutron diffraction [408]. The activity of the dimetallic 

Ru-Cu catalysts supported on ZSM-5 zeolite was found to be dependent on the Ru precursor 

(RuC13 or Ru(NO)(NO3)3) used [409]. RuO2/TiO 2 catalysts was synthesized by the sol-gel 

method using RuC13.xH20, Ru(NO)(NO3) 3 or Ru(aeac) 3 as precursor. The composition and the 
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microstructure of the catalyst were determined [410]. The effect of Ru promoters (Ru(NO3)3) on 

Mo/A1203 and Co-Mo/A1203 hydrodesulfurization catalysts was studied and was found to be better 

than RuC13 [411]. The synthesis of Ru(NS)C13(EPh3) 2 was reported (E = P, As) [412] 

10.5.7 Complexes with other N- and mixed donor ligands 

The catalytic activities of the dinitrogen complexes [RuLN2]n- (L = aminoacetato ligands, n 

= 0, 1, 2) towards reduction of molecular nitrogen to ammonia were investigated [413]. The novel 

mixed valence Ru(II,III) complex [RuCI(TMP)2]2(P.-C1)(Ix-N2Ha)(I.t-S 2) (181) was prepared and 

its properties and crystal structure were reported [414]. The theory of electrochromism for doubly 
degenerate states was applied to Ru(imine)32+ complexes [415]. The synthetic mutes to several 

ruthenium 0~-diimine complexes [Ru2(X)(I)(CO)n(ipr-DAB)] (182), (1~3), [Ru(X)(Y)(CO)2(0t- 

diimine)] (184), (185), [Ru2(Me)(I)(CO)n-(PR3)(ipr-DAB)] and [Ru2(Me)(I)(CO)3(PR3)(ipr - 

DAB)] (PR 3 = PPh 3, PMe2Ph, P(OMe)3) were reported. The mixed metal complexes 

[FeRu(Me)(I)(CO)4(ipr-DAB)] and [HFeRu(Me)(CO)5(ipr-DAB)] were also obtained and the 

crystal structures of several of the complexes were determined [416]. The complex trans-[(2,6- 

(Me2CH)2(C6H3N)2Ru(PMe3)2] (186) was synthesized and the coordination geometry was 

determined to be planar from the results of an X-ray diffraction study [417]. 

NH2 NH 2 

(MeO)3P~ " [ / C I  C I ~  [ / P ( O M e ) 3  
Ru Ru 

( M e O ) 3 P /  [ ~ C I / [  XP(OMe)3 

S S 

(181) 

X. 
~Pr 

O C \ [ ~  MeCHMe PMe3 MeCHMe 

O C /  ~ CO N u ~  N 

MeCHMe PMe 3 MeCHMe 
CO 

(182) X = Me 
(I83) X = I (186) 

The syntheses of [Ru{PhNC(R)NPh}2(CO)(PPh3)], [MX{PhNC(R)NPh]- (CO)(PPh3) 2] 

and [IrX2{PhNC(R)NPh}(CO)(PPh3)2] (M = Ru, Os; X = H, C1; X 2 = H 2, CI 2 or HC1) were 
presented [418]. Oxidative substitution of [MIIC12(PPh3)3] gave [MIIIC12{PhNCRNPh}(PPh3)2] 

(M = Ru, R = H, Ph; M = Os, R = H, Me, Ph), [RulIICI{PhNCRNPh}2(PPh3)]  and 
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[OslVC12{PhNCRNPh}2] (R = Me, Et or Ph); the X-ray structure of trans-[OsCl2{PhNCEtNPh} 2] 
has been determined [419]. [Ru2(PhNNNPh)4] ,  [Ru2(RNNNR)4(MeCN)]  and 

[Ru2(RNNNR)4(MeCN)](BF4) were synthesized and structurally characterized (R = p-tolyl) [420]. 

N N 
\ /  

Ru 

xq Y 
O O 

(184) X=Me,  Y = I ,  N 1~ ipr-DAB 

(185) X=Me,  Y = I ,  N N= ipr-Pyca 

ipr_DAB = i p r _ N t ~ N _  ipr • ipr-Pyca = • ~ - ~  
' 1Pr - N 

The syntheses of trans,mer-[RuC12LZ] with L being a tridentate PNP- or N2P2-donor ligand 

(Z = dmso, PPh3; PNP = (187), N2P 2 = (188)) were described. Other reaction products included 

[Ru2(I.t-C1)3(PNP)2]BPh4, trans,mer-[Ru(H)(rll-BHn)(PNP)(PPh3)], trans,mer-[RuHC1L(PPh3)], 
[RuHL(PPh3)] BPh 4, and mer-[RuH(CO)2(PNP)]BPh 4 [421 ]. 

PPh2 Et PPh2 
/ -1 \ _/ 

~_~ /~-x_~ / 

PPh 2 PPh 2 

( 1 8 7 )  ( 1 8 8 )  

OH 

~, .N/~N--  'o~ ~ / f -~ , l /=~  -c. 

( 1 8 9 )  ( 1 9 0 )  
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A series of Schiffs base complexes [RuL(CO)] were synthesized and characterized. The 

Schiffs bases L were derived from diamines and substituted salicylaldehyde [422]. Non-electrolytic 

low-spin [RuL] (LH 3 = (189)) were prepared, of which the spectral and electrochemical behaviour 

were investigated [423]. Schiff base complexes derived from pyrazolone [RulIL2(H20)2] (190) 

were prepared and characterized [424]. 

Ruthenium(III) Schiffs base complexes of the form (191) and (192) were prepared and 
their 02 and CO affinities were studied [425, 426]. The electrochemical behaviour of the complex 

[RulII(Naphdien)C1] in the presence of oxygen and organic substrates was studied [427]. 

c-Wx  
~ ~ I . N ~  

C l ~  

(191) (192) 

The crystal structure of [RulI(dmgH2)3]C12 revealed a propeller-like molecule, stabilized by 

intermolecular hydrogen bonding (dmGH 2 = (193)) [428]. The species [Ru(HL)2X(NO)] (H2L -- 

dmgH 2, dpgH 2 (194), 1,2-cyclohexanedione dioxime (195); X = C1, Br, I) and [Ru(dpgH)2(CO)L ] 

(L = H20 , py) were synthesized and spectrally characterized. Racemates were found to be present in 

some of the RulII-NO complexes [429]. The structures of trans-[Ru(HL)2Cl(NO)] (H2L = (193), 

(194)) and also trans-[Ru(dmgH)(dmgH2)(NO)C1]C 1 have previously been reported [430]. The 

reaction of dmgH 2 and cis-RuCl2(dmso)4 in CH2C12-MeOH mixture or dmf gave three different 

products, namely [RuC12(dmgH2)(dmso)2], [RuCl(dmgH2)2(dmso)]C 1 and [Ru(dmgH)2(dmso)2 ] 
[431]. 

? 
N N N N N 

/ \ / \ I 
H 0  OH OH OH OH 

(193) (194) (195) 

10.6 Complexes with oxygen donor ligands 

10.6.1 Complexes with oxo ligands 

The preparation of [Ru3(la3-O)(~t-CH3COO)6(py)2(CH3OH)]+_ incorporated poly(4-vinyl 

pyridine) and its electrochemical activity were presented [432]. The magnetic susceptibility and ESR 

spectrum of the cation [Ru3(~t3-O)(i.t-CH3COO)6(py)3]+ (196) and its salts in the form of 
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powders were measured over a temperature range from that of liquid helium to ambient conditions. 

The results were analysed using a localized model with antiferromagnetic exchange interactions 

[433]. Substitution reactions of py-d5 for the terminal pyridine of (196), [Ru3(113-O)(11- 

CH3COO)6(py)3] and [Ru3(113-O)(11-CH3COO)6(CO)(py)2] had been studied in CD3CN by 

following the change in 1H NMR spectra [434]. [Ru2Co(113-O)(113-OAc)6(py) 3] and [Ru2Co(113- 

O)(I.t-OAc)6(py)3]I 3 were prepared and their physical properties were investigated [435]. 

The kinetics and either the mechanism or the stoichiometry of oxidation of iodide [436], 1,4- 

benzenediol [437] and sulfite ion [438] and reduction of bromate [439] by [Ru2( g-  

O)(H20)2(bpy)4] 4+ (197) were investigated and reported. Resonance Raman speclra of (197) and 

its congeners in higher oxidation states (which were thermodynamically accessible) were obtained in 

aqueous solutions. An 180-isotope labelling study was performed on the oxidation of water 

catalysed by (197) [440]. The dinuclear systems [(bpy)(H20)Ru(11-O)(11-bpy-(CH2) n- 

bpy)Ru(H20)(bpy)] were prepared, being stabilized by the alkyl-linked bipyridine. Their 

characterization and catalytic activities were presented [441 ]. [ { (PPh3) (MeCN)2Ru } 2(t1-O)(11- 

OAc)2](C104) 2 was synthesized from [Ru20(OAc)4(PPh3)2]. The the X-ray structurehas been 

determined and spectroscopic properties have been investigated [442]. Several heterometallic oxo- 

and hydroxo-bridged complexes of general formula [L'Ru(11-X)(11-AcO)2ML]n+ and [LRu(I.t-X)(11- 

AcO)2CrL] n+ (L = (198) ; L' -- (199), X = O or OH; M = Co, V, Mn, Fe ; n = 2 or 3) were 

synthesized and studied [443]. The structure and magnetism of the redox product (200) were 

determined [444]. The kinetics of the electrocatalytic oxidation of benzyl alcohol with 

[RuV(L)(O)] 2+ (LH = (201)) were studied in solution and inside Nafion [445]. In addition, the 

kinetics and mechanism of the two-electron reduction of trans-[RulVL(O)(H20)] 2+ to trans- 

[RulIIL(OH)(H20)]2+ and then trans-[RulllL(H20)2] 2+ by cis-[RulI(NH3)4(isn)2] 2+ and 

[RulI(NH3)4(bpy)] 2+ respectively have been investigated (L -- (202)) [446]. Spectrophotometry 

was used to investigate the kinetics and mechanisms of the oxidation of hydrazine by 

[RuO(H20)3C12] ÷ in aqueous solution [447]. The same complex and [LRuVO] (LH 4 = edtaH4, 

propylenediaminetetraacetic acid, N-hydroxyethylethylenediaminetriacetic acid) were observed to be 

excellent catalysts in the oxygen atom transfer reactions to organic substrate compared to the Fe(V) 

oxo complexes of the porphyrins. Thus, they act as good models for the cytochrome-P450 oxidase 

type reaction [448]. A review article on recent developments in the area of oxidation of primary and 

secondary alcohols using ruthenium oxo complexes has been published [449]. 

X ~ N ~ N  / X 

I 
X 

(198)  X = H 
(199)  X = Me 

0 %  ~ N"N N / N " ~  O 

I /  I /  I /  
\ / 1 /  / NX_.N / N ~ N  ~ N~. N J  

f , " N " ~  
N N 

k,,. N...,] 

= TPP ; 

( 2 0 0 )  

O N N N O=Salicylideneamine 
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9 
HO---  C ~ H  

I 
CH2 

I 

~ N  CH2 

(201) 

Me ~ Me 
X / 

c;L  
(202) 

Alkene hydroxylation with catalytic systems containing the cis-[Ru(O) 2] moiety was 

reported in a symposium paper [450]. The effect of driving force on the rate of oxidation of alcohols 
by trans-[RuVlL02] 2+ (L = (bpy)2, (202) - (205)) was studied and a mechanism has been 

proposed [451]. 

M e ~  j Me 
Me 

(203) (204) (205) 

The complexes cis-iRuVlL02] 2+, cis-[RuVL02] + and cis-[RulIL-(MeCN)2] 2+ (L = 

N,N~',N'3,6-hexamethyl-3,6-diazaoctane-1,8-diamine) were prepared and their structures, reactivity 
and electrochemistry determined [452]. The stereochemical grounds for the 13-diastereofacial 

selection of catalytic epoxidation of unsaturated steroids by trans-[RuVlO2(TMP)] (TMPH2 = 

tetramesityl porphyrin) was investigated [453]. A review article on catalytic oxidation using 

metalloporphyrin complexes (with an emphasis on ruthenium porphyrin complexes) via the well- 

characterized ruthenium(VI) dioxo species has appeared [454]. The kinetic and mechanistic study of 
the oxidation of the saturated hydrocarbons cyclohexane and adamantane with 02 catalysed by 

Ru(III)-saloph complex supported the presence of ruthenium(IV)-superoxo complexes [455]. 
The formation of ( P r 4 N ) [ R u { N H ( C 6 H 4 ) } { O C E t ( R ) C O 2 } 2 ]  from 

(Pr4N)[RuO{OCEt(R)CO2]2] has been achieved; crystallographic data are presented [456]. The 

compounds (PPh4)[OsO2(OCOR)C12] and (PPh4)[RuO2(OCOR')C12] were prepared and were 
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found to function as catalytic oxidants as well as precursors to other complexes [457]. The 

synthesis and characterization of the four-electron oxidant trans-[Ru(tpy)(O)2(H20)] (C104) 2 were 

presented; redox and spectral properties have been investigated [458]. 

10.6.2 Complexes with carboxylate ligands 

The synthesis and structure of  the substitution reaction product 

[Ru(OAc)(MeCN)2(PPh3)2](C104) were reported. These studies revealed a cis- and trans-geometry 

for the MeCN and PPh 3 ligands respectively [459]. A series of ruthenium(H) acetate complexes 

including mer-[RuCl(OAc)(cyttp)], fac-[RuCl(OAc)(cyttp)], fac-[RuCl(OAc)(ttp)] and fac- 
[Ru(OAc)2(ttp)] (cyttp = bis(dicyclohexylphosphinotrimethylene); ttp = PhP((CH2)3PPh2) 2) were 

synthesized and spectroscopically characterized. Some structural data are presented [460]. Both 

optically active [Ru2(I.t-OAc)4((+)-Phos)].5H20 and optically inactive [Ru2(Ix-OAc)3((+)-Phos)((- 

)-Phos)].H20 were prepared (PhosH = (206)); spectral, magnetic and electrochemical properties 

have been investigated [461]. 

~o...... ~o 
P ' ~  OH 

(206) 

The polymeric complex [Ru2(O2CEt)4(phz)](BF4) (phz = phenazine) was prepared and 

crystallized by a diffusion technique for X-ray structure determination [462]. Low-dimensional 

ruthenium-containing materials featuring [Ru(H20)6] 2+ or [Ru2(O2CR)4] (R = H, Me, Et, Pr, p- 

tolyl) as building blocks were characterized by ellisometry, FT-IR-ATR and UV spectroscopies, 

XPS, SIMS and scanning tunnelling microscopy. Specifically, polymeric Ru2(O2CR)4-2,5- 

dimethyldicyano quinondiimine was synthesized, characterized and its magnetic properties were 

discussed [463]. 

m 

o 0 

R!/O THF 
o o/i 

0 0 

.(OH) 

0 0 = 

M e  

Me.,../.~ Me 

(207) 
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Detailed mechanistic and kinetic studies were conducted on the hydrogenation of cis-l,4- 

polybutadiene and nitrile rubber and also cis-to-trans-l,4-C=C isomerization, using 

[RuCI(CO)(OCOPh)(PPh3) 2] as the catalyst [464]. The complex [Ru2CI(I.t-O2CC6H4-p-tBu)4 ] 

was prepared from [Ru2Cl(I.t-OAc)4 ],and the product further reacted to give [Ru2(1~-O2CC6I-I4- p- 

tBu)4(thf)2]BF 4 and [Ru2(I.t-O2CC6H4-p-tBu)4(thf)2]OH (207). All new compounds were 

characterized, and the X-ray structure of (207) was determined [465]. 

The d inuc lear  complexes  [ R u 2 ( R  C O 2 ) 4 ( M e  O H )  2 ] .2  M e O H , 

[Ru2(RCO2)3(CO3)(MeOH)2]-2MeOH and [Mo2(RCO2)4].2thf were prepared and characterized 

by X-ray crystallography (RCO 2 = (208)) [466]. The catalytic effect of the diazoester-modified 

[Ru2(O2CR) 4] catalysts on ring-opening polymerization of norbornene, cyclooctene or 

cyclopentene was investigated [467]. The synthesis, characterization and properties of 

[Ru(H2L)(H20)] and [Ru2L(H20)2] were presented (H4L = (209)) [468]. 

CO2(E) HO2C CO2H 
\ / 
CH2_ S IS--CH2 

CH- CH 

f H 2-S S--CH 2 

HO2C \CO2H 

(208) (209) 

10.6.3 Complexes with edta ligands 

The kinetics and mechanisms of oxidation of Me2S [469] and epoxidation of styrene and 

substituted-styrene [470] catalysed by [Ru(edta)(H20)]- were investigated. The pH dependence of 

the de-aquation of [Ru(edta)(H20)]- by CN- was studied with a mechanism proposed and 

thermodynamic data presented [471]. The crystal structure of [Ru(Hedta)(H20)] revealed a 

distorted octahedral geometry with the edtaH 3- acting as a pentadentate ligand with a free carboxyl 

group [470]. The catalytic effects of [Ru(H20)4C12]+ and [Ru(edta)(H20)]- on oxidation and 

oxygenation reactions have been reviewed [472]. 

The electrochemical reduction of [Ru(edtaH)(H20)] was studied at a hanging mercury drop 

electrode in different electrolytes by cyclic voltammetry, chrono-amperometry and 

chronopotentiometry [473]. The interactions of K[Ru(edtaI-I)C1] with CO under various conditions 

yielded [Ru(edtaH)(CO)(H20)], K[Ru(edta)(CO)(H20)] and K3[{Ru{edta)}2{I.t-OH}] [474]. The 

characterization, kinetic and spectrochemical behaviour of [Ru(edta)(ddtc)] 2- were presented (dttcH 
-- (210))  [476]. The complexes [Ru(edtaH)(L-L)],  [Ru(edtaH2)(L-L)] and 

[Ru(edtaH2)(dppm)].dmso.H20 were prepared and characterized (L-L = dppm, dppe, (211), (212)) 

[477]. 

Photocatalytic reduction of N 2 to NH 3 was catalysed by K[Ru(edtaH)Cl] with L-ascorbic 

acid acting as a sacrificial electron donor. A mechanism with [Ru(edtaH)N2]- as an intermediate was 
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proposed [478]. In related work, the oxo-species [Ru(edta)(O)] was proposed to be the intermediate 

in the photooxidation of cyclohexane and adamantane catalysed by the same complex [479]. This 

complex also catalysed the oxygenation reactions by 02 of saturated and unsaturated substrates 

[480] and the synthesis of urea [481]. The crystal structure of K[Ru(edta)C12] revealed a disorder in 

the lattice, showing two conformations in the free arm of the carboxylate group [482]. 

c H S Ph2P \ Me Ph Ph 
I / \ / 

N ~  C N ~  CH As- -  CH2CH2~ As 
/ \ / \ / \ 

CHaCH 2 S H Ph2P Me Ph Ph 

(210) (211) (212) 

The potassium salt K[Ru(edta)(bpy)] has been synthesized and characterized. This complex 

was used as a photosensitizer in the photoreduction of N 2 to NH 3 [483]. [RulIl(edta)(NO)] was 

found to be an efficient oxygen atom transfer agent for the oxidation of alkenes by 02 and 

iodosylbenzene. The synthesis and characterization of the complex and [RulIl(edtaH)(NO)]BF4 

were presented [484]. An efficient catalytic system for epoxidation of alkenes (cis-cyclooctene, 
styrene, trans-stilbene), RuIII-edta-ascorbate-O2 was devised [485]. Results of preliminary studies 

on concentration by ultra-filtration and re-use of a RulII-edta complex in the homogeneous catalysis 

were reported [486]. The retention of edta complexes of Pd(II)., Pt(II), Rh(III), Ru(IV) in reversed- 

phase and ion-pair chromatography on a Separon C18 column with the use of tertiary ammonium 

bromides as ion-pair reagents has been studied [487]. 

HO2CH2C CH2COOI-] 
x / 

N ~  CH2CH2CH2~ N 
/ \ 

HO2CH2C CH2COOH 

(213) 

The kinetics of formation of K[RuO(edta)] and K[RuO(pdta)] at 30-50°C and the respective 

characterization was reported (pdtaH4 = (213)). The structures of the corresponding starting 

materials namely K[Ru(edtaH)C1] and K[Ru(pdtaH)C1] were also presented [488]. The reversible 

binding of CO to [Ru(edtaH)(H20 ) and [Ru(pdtaH)(H20) ] was studied in aqueous solution by 

spectrophotometric and electrochemical studies [489]. The crystal structure of 

[Ru(pdtaH)(H20)].H20 was determined and the kinetics of de-aquation of the complex by thiourea 

and SCN- ion were studied [490]. The kinetics of ligand substitution reactions of 

[Ru(dtpaH2)(H20)] (dtpaH 5 = (214)) were studied as a function of ligand concentration, pH, and 

temperature [491]. 

The substitution of H20 by C1- and then SCN- in [LRulII(H20)] n was investigated 

spectrophotometrically (L = edta 4- or edtaH3- (215)) [492]. The association constants for the 

formation of [RulI(edtaH)L] - (L = alkene or an ~12-coordinated derivative of cytidine or uridine) 
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were determined for 16 ligand structures [493]. The epoxidation of cis-stilbene and trans-stilbene 
with [RullI(edtaH)] and [RulIl(Me2edda)] + as the catalyst and Me3COOH as the oxygen donor was 

investigated. A mechanism was proposed (Me2edda 2- = (216)) [494]. 

CO2H 

I 
CH 2 

I 
I N ~  ,. .  

/ CH2 ~ . ~  
HO2C C.~H2NI CH2 C H 2  N I  CH2 CO2H 

[ I 
CH2 CH 2 
I I 
CO2H CO2H 

(214) 

CH2CO 2- HO2CH2C~ {2 / 

N CH2CH 2 N / \ 
"O2CCH 2 CH2CO 2 

H3C N, r ' -~N. ,  CH3 

0~0 -~0 
(215) (216) 

The oxidation of [Ru(edtaH)(H20)] was used to detect the oxidation of alcohols bearing an 

or-hydrogen [495]. The proton dissociation of Ru(edtaH)(LH) and Ru2(ttha)(LH)2 were measured 

with the use of L as probes (ttha = (217); L = 2-methyl-pyrazine, 4,4'-bpy) [496]. The anionic 
complex [Ru2(kt-ttha)(I.t-pym)] 2- was synthesized and spectrally characterized in solution; its 

properties have been investigated (pyre = (218)) [497]. 

"02% / H 2 C ~  2 

N CH2CH 2 N N ~  CO2- i~ ~ .  N.N. N 
/ \ / L. U fo - x V  

CH2- NN, (218) 

(217) CO2- 

10.6.4 Complexes with other O-donor ligands 

A complete kinetic and thermodynamic analysis of the linkage isomerizations of 
[Ru(NH3)5(ace)]3+/2÷ (ace = acetone) was presented. Essentially, two modes of bonding was 

observed for acetone: 1"11 via O, or 1"12 via C and O [498]. The complex [Ru(acac)3] was found to 
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decompose in acidic melts but was stable in neutral and basic melts. Its electrochemical behaviour in 

room-temperature chloroaluminate molten salts was studied [499]. A review has been presented 

concerning the application of working electrodes and analytical procedures of chronoamperometric 
measurements for diffusion coefficient determination of [M(acac) 3] (M = Ru, Fe, Co) in MeCN 

[500]. [Ru(acac)3 ] acted as a catalyst in the preparation of lactones [501], selective hydrogenation of 

cyclic ester [502] and co-dimerization of alpha monoalkenes and conjugated dialkenes [503]. The 

ethynyl complex (219) was found to be a useful intermediate for synthesis of homo- and 
heterodinuclear complexes, where the ethynyl groups were introduced through a -C--CSiMe 3 

intermediate. The preparations of (220) and (221) were described [504]. 

Me C '~¢CH 
x / f " O  
c=c, / _o__f, 

| O I  ~ ' C - -  M,~ C-. , ,, I ~ R u , ~  1 ~ -  C m ~ C ~ C ~ C  
H . C r ( - %  I / O  O f [  ~ - " C  

t ,  Ru \ .!1 Fe 

, /  u I kq t ¢ ~  
Bu / , ~ B u  

t c - C ~  H (220) 
Bu 

(219) O O = [tBu -C(O)CHC(O)tBu ] " 

f-o o-'N 
o. .  I 

(221) 

A series of ruthenium and rhodium complexes containing bis-13-diketonate ligands like 

b i s ( a c e t a c e t o n y l ) p h e n y l m e t h a n e ,  b i s ( d i b e n z o l m e t h y l )  m e t h a n e  and 

bis(benzoylacetonyl)phenylmethane, were prepared and characterized analytically and 
spectroscopically [505]. Other diketone complexes of the general formula [RuX2(L)(EPh3)2] and 

[Ru(PPh3)2L2] were prepared and characterized (E = As or P; X = C1, Br;, L = O,O'-donor ligands] 

[506, 507]. The reduction of RuL 3 (HL = a diketone such as (222), (223)) by ascorbate anions has 

been studied [508]. 

F 3 C y C H 2  V CH3 F 3 C y C H 2  V C6H5 

O O O O 

(222) (223) 
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A series of ruthenium complexes containing 1,2-dioxolene ligands trans-[RuQ2(RPY)2]n (Q 

= dioxolene, RPy = subst, py; n = -1, 0, +1) was prepared and studied [509]. The complexes 
[Ru(L)2(PPh3)2].2H20 (H2L = (224)-(227)) were prepared and their chemistry was investigated 

[510]. The trans - to cis- isomerization of Ru(R-Py)2(L) 2 (H2L = (226)) was induced by warming 

with an excess of R-pyridine [511 ]. A coordination polymer containing Ru-rl4-o-benzoquinone was 

prepared [512]. 

tBu CI 

OH OH ~ 0 H  C I ~ O H  

o .  T-o  
tBu C1 

(224) (225) (226) (227) 

Saturated hydrocarbons such as adamantane, cyclooctane, cyclohexane, hexane and heptane 

were oxygenated by tBuOOH or hypochlorite in the presence of the homogeneous catalysts 

Ks[Ru(H20)PW11039] and cis -[Ru(H20)2(dmso)4](BF4) 2 [513]. The synthesis and 

characterization of stable ruthenium thin films from [Ru(H20)6] 2+, via low-temperature aqueous 

solution technique were described [514]. Isomerization of alkenes is catalysed by [Ru(H20)6] 2+ 

and produces the (E)-isomers under mild conditions [515]. Reaction of Ru3(CO)12 with sulfonic 

acids gave [Ru2(CO)4(I.t2-q2-OOS(O)R)2(PPh3)2]. The X-ray structure of this compound for R = 

p-tolyl has been determined [516]. A series of ruthenium-sulfato complexes was synthesized and 
characterized [517]. [RuC13].2dmso was prepared and characterized. It was found to be polymeric 

with bridging C1 and dmso coordinating through the oxygen donor atom [518]. Vinyl ligands were 

readily transferred from Ru(II) to Hg(II), with the exception of (228); this complex has been 

characterized by X-ray crystallography [519]. 

PMe2Ph 

o / " , f  
C02Me 

PMe2Ph 

OMe 

- -  + 

HgC13 

(228) 
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