
Coordination Chemistry Reviews. 41(1982) 79-157 
Elsevier Scientific Publishing Company, Amsterdam -Printed in The Netherlands 

79 

2. RUTHENIUM 

K.R. SEDDON 

CONTENTS 

Introduction . . . . . . . . . . . . . . . . . . . . . . . . _ . . . . . . . . . 80 
2.1 
2.2 
2.3 

2.4 

2.5 
2.6 

2.7 
2.8 

2.9 

2.10 
2.11 
2.12 

2.13 

2.14 

2.15 

2.16 

Ruthenium(VII1) ............................. 80 

Ruthenium(V1) .............................. 80 

Ruthenium(V) ............................... 81 

2.3.1 Fluorides .......................... ..8 1 

2.3.2 Oxides..............................8 1 

Ruthenium(W) .............................. 81 

2.4.1 Fluorides ............................ 81 
2.4.2 Chlorides and oxochlorides .................... 82 
2.4.3 Oxides and related mixed-valence compounds ............ 82 
2.4.4 Sulphides ............................ 84 
2.4.5 Other complexes ......................... 84 

Ru(IV/III), Mixed-valence complexes ................... 86 

Ruthenium(II1) .............................. 87 

2.6.1 Halides and halide complexes ................... 87 

2.6.2 Complexes with oxygen donor ligands ............... 88 

2.6.3 Complexes with sulphur donor ligands ............... 89 

2.6.4 Ammine and amine complexes .................... 89 

2.6.5 Diimine complexes ........................ 91 

2.6.6 Porphyrin and phthalocysnine complexes .............. 92 

2.6.7 Phosphine and arsine complexes .................. 93 

Ru(III/II), blixed-valence complexes _ _ _ _ _ _ . . _ _ _ _ . _ . . _ . _ 93 
Ruthenium(I1) .............................. 96 
2.8.1 Chlorides and cyanides ...................... 96 
2.8.2 Complexes with Group VIB donor ligands .............. 97 
2.8.3 Ammfne and amine complexes .................... 98 

2.8.4 Diimine complexes ....................... -102 

2.8.5 Porphyrin and phthalocyanine complexes ............. .108 
2.8.6 Phosphine, phosphite and arsine complexes ........... .lll 

2.8.7 Or6anometallic compounds ............... : .... .117 
2.8.8 Trichlorosilyl derivatives ................... .118 

2.8.9 Bydrides ............................ -120 
Ruthenium<I) .............................. .120 

Ruthenium(O) .............................. -121 
Ruthenium(-II) ............................. .124 

Borides ............................... ..12 4 

Ruthenium carbonyl clusters ...................... .124 

2.13.1 Trimeric clusters _ _ _ . . _ _ _ . . _ _ _ . _ _ _ _ . . - . . -126 
2.13.2 Tetrameric clusters ...................... .130 
2.13.3 Hexameric clusters ....................... -132 
2.13.4 Yixed-metal clusters ...................... -134 

Ruthenium nitrosyls and thionitrosyls ................. -135 
Photochemistry and photophysics of the tris(2.2 *-bipyridine)ruthenium(II) 

cation and related systems ....................... -137 
Photocatalytic decomposition of water ................. -142 

0010_8545/82/000O+l000/$19_75 0 1982 El sevier Scientific Publishing Company 



80 

2.17 Surface modification _ . . . _ _ . . . _ _ . . . . . . . . . . . . . . . .I44 
References . . . . . . . . . . . . . . . _ _ . . . . . . . . . . . . . . . . . .147 

The period of this review essentially coincides with the coverage of Vols. 

92 and 93 of Chemical Abstracts. Thus, although the majority of the papers 

covered were published in 1980, my fran 1979 are included. The review is a 

continuation of last year's [l], and no paper on the coordination chemistry of 

ruthenium has been deliberately anitted (although work of an essentially organo- 

metallic nature is not included). It is this essentially cunprehensive approach 

which distinguishes these revims frcm related reviews covering a similar 

period, produced by the Chemical Society 123. The chemistries of ruthenium and 

osmium have now diverged to such an extent that it is no longer appropriate to 

consider them together. For this reason, separate reviews for these elements 

have been produced this year. 

2.1 RUlYENIUM(VII1) 

The use of RuO1, for the oxidation of simple ethers has been further investigated. 

in homogeneous solution (e.g. in Ccl,), lactones are fomd 133: 

e.g. Cl 0 

For tm-phase (CXXI,/HZO) catalytic reactions (the 9uO4 being regenerated with 

Na[IO*]), oxidation to di-acids or ketones was typically observed [3]: 

e.g. cl 0 

RUOb 

cc11, 
-CL 

0 0 

RuOl, 
co14/R20 

n 

2.2 RUIHENIUM(VI) 

A very useful compilation of the physical and chtical properties of F&IT6 

and R~OFI, has been published [4] and it has been reported that RuOF+ can be 

converted into RuOb at room te-nperature by hydrolysis. followed by fluorination 
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of the hydrosylate [5]_ 

A correction to an earlier report [l; ref. 91 on the antiresonance Raman 

effect for [Fk10~]~- has been published 161. 

2.3 RUTHENIUM(V) 

2.3. i FZuorides 

The magnetic properties of [RuqFzO] have been studied fran 4.2-300 K. A 

maximum in the X/T curve at 40 K does not correspond to TN, however, and localised 

antiferramgnetic interactions within the tetrameric unit are responsible for 

the magnetic behaviour. This ms confirmed by neutron diffraction measurements 

(4.2-77 K), as no long-range ordering was observed at 40 K [7]. A compilation 

of the chemical and physical properties of [Ru,,Fto ] has appeared [4] and its 

hydrolysis has been further studied [5]. 

Treatment of [Rugs] with NO, or a large excess of XOF, at roan temperature 

yields [RO][R~FS], which has been characterised by Raman spectroscopy [S]. 

2.3.2 Otides 

Na&Ol, has been studied by %u Zssbauer spectroscopy between 4.2 and 30 K, 

and the results are believed to contradict the published inte_rpretation of its 

magnetic behaviour in terms of tetranuclear intracluster autiferraaagnetisn. 

Instead, it is proposed that NasRuOk shorvs antiferranagnetic three-dimensional 

long-range order, with TN = 30 K [9]. %u XiSsbauer studies and VT magnetic 

susceptibility measurements have also been reported for BaI&If'Ru"O~ (hlrl = 

Afg, Co, Ni or Zn): they shcw long-range antiferramgnetic order, with TN -20-40 K 

[ml. The preparations and characterisation of the novel cubic Ba2M111RuvO; 

(P = La, Nd, Z&I, Eu, Gd, Dy or Y) and rhanbically distorted SrzJI IIIRu"o. &I1 = 

Eu, Cd, Dy or Y) perovskites have been described; Ba$MluO6 has a hexagonal 6L 

structure [ll]. 

2.4 RUI‘HENIUM(N) 

2.4.1 FZuorides 

[NO]Z[R~FS] has been prepared by the prolonged reaction betwen [NO][RUF~] 

and an ezess of NOF at 150 OC. and characterised by Raman spectroscopy [S]. The 

hydrolysis of RuF,, has been studied [5] and a short review of [RIJF~]~- salts 

has been published [4]. 
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2.4.2 CkZorides ami ozochtorides 

rRuClGi2- is reduced to [RILC~,]~- by Ha (generated by pulse radiolysis), 

whereas [Rucl~]~- is oxidised to [RLIC~~]~- by [Clllt: both these hexachloro- 

ruthenate canplexes have been character&xl by electronic spectroscopy [12]. 

The reduction of [RuC16]2- by Hz has also been studied in 6 M hydrochloric acid 

r=i - 

The syntheses of [ELU~CC~~(NCR)~] (R = Ne, Ph, C6Hr-2-ble or CHFCHCHZ), fran 

"RIX~~.ZH~(Y~ and RCX, have been described [14]. These air-stable, violet di.nErS 

are diamagnetic and probably have a structure analogous to that of [Ru~20C11~ 14-. 

They are potentially very valuable synthetic reagents [15]: 

e.g. [l&2~16(NcR),,] + 4[NEta,]Cl CHzC1z -[~td[~CldN~)] 

<R = Me or Ph) 

I dmf 

1 
Cmtbl~RuCls(ctrnf)l 

These reactions can be performed conveniently by generating ~u@~GWCR)C+I 

in situ, and then treating the reaction mixture with the desired reagent (e.g. 

[NEtr-JCl) [151. 

Treatment of "RuC13.&~W in 12 M hydrochloric acid (aged at 90 "C) with 

[NEt+]Cl in the presence of a few drops of mercury, followed by filtration and 

heating, leads to the isolation of a cmplex described as "[NEtr]2[RU2C17(Chf)s]"; 

which is stable in nitromethane solution but unstable in R~WOLLS or hIe(JN solution. 

An analogous [AsPh,,]+ salt has been isolated, and these cunplexes may well contain 

an Ru-O-Ru linkage 1153. 

2.1.3 Oxides and reZated mixed-valence compounds 

The chanical diffusion coefficient for protons in crystalline RuO1 parvders 

(with varying chloride content) has been measured and correlated with data 

obtained for thin films [lS]. Studies of the anodic evolution of O2 on RLIO~ 

single crystals have led to the conclusion that its catalytic activity is not 

as great as that of poorly crystalline hydrous R"o,_ Nevertheless, the former 

is still a good stable electrode material for 02 evolution, at potentials upto 

1.6 V [17]. The reaction of RuO2.3320 with sulphuric acid at high temperatures 

has been studied [18]. The use of RuOa as a catalyst for the photodecanposition 

of water is discussed in Section 2.16. 

The preparations and properties of RuO2 and Ru02/Ti02 films have been described 
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[19], as has a method for determining their surface area [20]. Dichlorine 

evolution at PuOz coated Ti electrodes has been further studied [21] and these 

electrodes have also been used for the electro-oxidation of methanol [22]. The 

electrochemistry of F&102 and 8uO2/TiOz films in basic conditions has been 

investigated; redox reactions involving Ehl(VI) and Ru(VI1) species were observed 

[23]. 

The magnetic behaviour of BaRuOa has been reexamined in the light of its 

crystal structure and %ssbauer data: the absence of long-range magnetic order- 

ing at low temperature is explained by spin-orbit coupling effects giving rise 

to a non-magnetic ground state (J = 0) for each site, when exchange is neglected. 

The exchange contribution between excited states was expressed in terms of 

isotropic coupling within the {8uxO12 }12- entity and the analysis agreed well 

with both the tissbauer results and the magnetic susceptibility data 1241. As 

well as Ba8uOo, the compounds Ba2SuOk(tetragonal) and Da~RuO~(rhanbic) have 

been isolated frcm the SaO/RuO~ system [25]. 

Bi203 reacts with 8u02 to give the cubic phase Bi2Ru20,+r (xcO.2; a = 0.9300 ~0, 

which irreversibly gives the pyrochlore Bi2Ru207 at temperatures above 975 OC 

[26]. The Bi203/Ru02 system also yields Bi38uxOll (b.c.c.) and Bi&uO,,, 

(rmnoclinic) under appropriate conditions [27], and preparations of PbBi28u3010 , 

PbzBit9ukOu and PbsBi&u40;1, have been reported 1281. A new and facile route 

toA8uO 
2 2 7-y 

(A = Pb or Bi) and to (Pb,Bi>29u207_y has been developed, based on 

precipitation fran aqueous solution of mixtures of the nitrate salts with base 

at 75 OC, followed by prolonged digestion [29]. The powders which have X-ray 

diffraction characteristics identical to those of conventionally prepared 

materials have a high surface area and are useful for the construction of 

cataZyr;ic oxygen electrodes (cf. [l; p. 441). The preparation of Pb2(Ru2___Pb_r)07_y 

has also been described and its use in oxygen reduction illustrated 1301. The 

sl.YeCifiC heats Of the pyi-OChlOreS (&k&O7 [31] and Y28u207 [32] have been 

measured be1u.v 20 K, and the fox-m&ion of solid solutions Nd2(bI,bI' )207 (hI,I' = 

Ru, Sn, Sb, Ti), with the pyrochlore structure, have been studied fran 1300 to 

1350 Oc 1331. The temperature and concentration dependence of the electrical 

conductivity of Nd2(tizSnl_z 7 )O (O<s<O.5) ware also investigated in this study: 

the n-type semiconductivity increases smoothly with an increasing proportion of 

Nd2Ru207, upto 30 ml%, and then abruptly increases more rapidly 1331. 

h!agnetic studies of Li,RuO2 (z -1.3) indicate that its susceptibility 

behaviour with tanperature is not very different from that of Ftu02, suggesting 

that the insertion of lithium does not produce localised electron density on 

the ruthenium [34]. In contrast, for the perovskites (ACu:')(Ruul,)Ou (A = Na, 

Ca, Sr, Cd, La, Pr or Nd), a change in the charge on A is balanced by the 

introduction of a 9u1r1 or Ruv _ ion: these compounds were characterised by X-ray 

powder crystallography and X/T plots [35]. The new, mixed-valence, oxides 

---. ~._____. -. _ -_>, $<_-’ _.zr+e,.‘^ ,._,..:.;,.;-z:.: LB.-’ ----^ -- _._.. -.-.-_ ._-...- _ _..... -, -._ ._. 
.‘_, _ .-._ I---. _T. 
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Ba1.NbRua012 and BaoTaRuxOu have been prepared and structurally characterised: 

they contain the trinuclear unit iSugOlz lU3; their low tanperature magnetic 

properties have been determined and rationalised [36]. 

The magnetic and structural properties of the KzNiF,, phases, Sr2(Fez9ui_z)04 

(Oer0.5). have been studied by -Fe and '%u b%sbauer spectroscopy and tmgnetic 

susceptibility measurements. For r<0.4, the iron is present as Fe"' and the 

ruthenium as FLu Iv and 9uv; at t = 0.5, partial oxidation of FezI1 to Fe" has 

occurred; even at x = 0.1, the Pauli paramagnetisn of Sr2FluOl, has given way to 

long-range antiferramgnetic ordering and localised-electron behaviour 1371. 

%u %ssbauer spectra and VT magnetic susceptibility measurements upon 

La2bm1v0, (M = bfg, Co, Ni or Zn) and We"' Ru"O, have been reported; the 

La#fuO6 phases are not magneticdlly ordered at 4.2 K [lo]. 

Heating a mixture of halOa, Ftu and 9uO2 yields the unusual phase La, $u40i3. 

Its crystal structure has been determined and its lattice is camposed of 

perovskit(+type slabsthree-octahedra thick {parallel to (loo)), linked 

together by La atons or {RuO6} octahedra (the latter being joined together by 

opposite edges to foxm one-dimensional infinite chains parallel to the b axis) 

(381. 

2.4.4 Srctphides 

An&phous, lawqd.n, FLLLSZ has been prepared by treating anhydrous R&la with 

[NH~][HS] in an etheredl solution at roan temperature, followed by-heating the 

isolated product in a stream of HzS at 250 'C 1391. The high temperature (374 

1480 K) enthalpy of RI&(S) has been measured and decmposition pressures have 

been determined for the reaction: 

-2(-~)Yws) + 52(g) 

This yielded [40]: 

Ru(s) + 2S(rh) -RuS2(s); A$(298 K) = -199 kJ rml-i 

2.4.5 Other complexes 

[R.u(bipy)2(py)(OHz)]2c or [ra_l(terpy).(bipy)((3H2)12+ can be electrochemically 

oxidised to [O=Su(bipy)2(py)12+ or [O=Ru(terpy)(bipy)]2+ at potentials of 

O-6-0.8 V (vs. SCE). These ruthenium(IV) species are active oxo-transfer 

agents and can induce the following chenically catalysed electrochanicjl 

oxidations [41]: 
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ble&H(CEI) -bfe2C==0 

&H&H-[M&02]- 

cH&Ho -[cH,co2 I - 

1,4-Me&H1. -[CsH,,-1,4-(C02)~]~- 

0-Q-Q 

0 
Ethene was unreactive under these conditions [41]. 

The ruthenium(IV) cunPlexes, [~(SiR3)L,l (R3 = FP, EleFz, Clzbk, (aEt>,, 

Clb&, HPhz, hfePhz or Phs; L = PPhs, AsPh3 or P(C6Hk-4-hIe)B; n = 2 or 3) have 

been prepared by the reaction of an excess of HSiRs with ~RuHzL~], [RuHC~LX], 

[RuC~ZLS] or kuCl~(A.sPh~)~l. The corresponding [T(uH2C1(SiCl~)L-j] ccmpounds 

were prepared by the reaction of [FZUHCIL~] with HSiC13. IR-&X{Si(OEt)p1L31 

(X = Cl or I) have been obtained by the treatment of [RuH~CSi(OEt)~1(PPh~),] 

with CDCl, or 12. The complexes [FuH~(S~.R~)L~] undergo silyl exchange or H-D 

exchange with HSiR; or Dir respectively 1421. 

Halogenation of [R.~(C5Me~Et)~(CO)~] has been reported to give, initially, 

[(C5Me,Et)EZu(CO)z(~-X)Ru(CO)~(C~hIe&t)]+ (X = Cl, Br or I), and then, for the 

bromide, an unusual ruthenium(IV) organanetallic derivative [Ru(C5hleLEt)(CO)Br3] 

(1) is formed. (1) is air-stable, and has been characterised crystallographically. 

Et 



It shows a displacecent of the alkyl carbon atcms CQ. 0.014 nm away fran the Ru 

atan, with r(C0) = 0.187 nm and ?(RuFW) = 0.2547 nm [43]. 

2.5 Ru(IV/III), ElIxgD-v~C8 CobIpLExEs 

An X-ray crystal structure determination of a ruthenium red salt, 

[RU~OZ(NH~)~~][S~O~]~.~H~O has revealed a surprising structure for the cation 

l%uG(MI3)11, 16+ (2). Although it possesses the expected essentially linear 

NH3 NH3 NH3 NH3 

I/ 

NH3 
I / 

NH3 
\/ 

H3N -Ru 0 Ru 

‘I ‘I 

& 
Ru -NH- 2 

H3N H3N 
171.5O 

/\ 
NH3 NH3 NH3 NH3 

6’ 

(2) 

Ru-0-8u-G8u backbone, the ion does not possess a centre of qumetry. One of 

the _ terminal @tu(NH,)s) groups is twisted through 31°, with respect to the 

t\w, essentially eclipsed (dihedral angle = 4O), &.I(NH~)~) and {8u(NH,),} 

groups. r(Ru0) lies in the range 0.18450.1857 nm but individual bonds are not 

significantly different in length [44]. The resonance Ftaman spectra of ruthenium 

red, ruthenium brown, [Ru302(NH3)~1 (en1216+ and [8u302(NHs)10(en)2]7+ have been 
reported: their excitation profiles have maxima close to the intense visible 

absorption bands and it was found that a22 of the a Ig modes (and some of the 

a 2u modes) were enhanced (and nat just those associated with the 8u-O stretching 

frequencies) [45]. The use of ruthenium red as a staining reagent in optical 

and electron microscopy has been reviewed [46]. 

Treatment of [Ru(NHs)5(B%ele2CO)]2+ with O2 (under anhydrous conditions) generates 

the novel, red,dimeric cuuplex [(NH,)~R~OR~(NH,)~]~~, clearly related to ruthenium 

red. Oxidation of this canplex with branine generates the mixed-valence species 

mwSmom(~3)515+- The tetrapositive cation is unstable in solutions over 

long periods (>l h) but the pentapositive cation is significantly nmre stable. 

In BleCN, the following CV behaviour (L = NHa) was observed [47]: 

[L&&lORl& I"+* rL5RuoRuL5l 5+ \ 1:: ’ u.ls~oRuLs 1 4+ -&+L’Ib-‘oFhLL’I 3+ 

+0.32 V 
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Thus, the ruthenium(IV) analogue of [Ru~oCll~]4-, with all anmine ligands, is 

unstable. Salts of [(NH~)~FIucRu(NH~)~~~+ and [(NH:,)~RLICRLI(NH~)~]~~ (and their 

perdeuterated analogues) have been characterised by XPES, W-VI8 and IR 

spectroscopy. The Ru-O-Ru bridge appears to be bent, and ueff (per Ru atan) 

is cu. 1.15 us at roan temperature and 0.38 un at 18.4 K [47]. 

'Ihe treatment of a red oil formed in the preparation of [Ruz(u-CHz)3(PMe3)6] [l; 

p. 491 with aqueous H[BF+] gives [(Me~P)4Ru"'(u-C&)2Ru 
IV (~~2)2~111(P~Ie3)4][BFI,]2 

(3) and a dimeric ruthenium(I1) canplex [R~z(~-cR)~(P&~)~][BF,,]. The molecular 

PMe3 

Me3P,ju, CH2, 

Me3 P 
/ \CH2/ 

I 
PMe3 

F412 

(3) 

structure of (3) involves a metal-metal separation of 0.2637 nm [48]. The mised- 

valence complex CC,~H~~MI)]~[RU~O~(S~~)~(H~O)~] has also been reported 1491. 

2.6 RUI'HRNIUhI(III) 

2.6.1 HaZides add haZide co.np Lexes 

Further studies of '%uCl~.z&(Y' or "RuCl~(OH)" have been discussed in terms 

of the multicanponent and heterogeneous nature of these materials [50]. However, 

the fact that ccnxnercial "RuCl~.xH~(Y' is a mixture of,ineer aZia, chloro- 

ruthenium(III), chlororuthenium(IV) and chloronitrosylruthenium complexes cannot 

receive too much publicity, as many papers are still being published Mere this 

is clearly not appreciated_ One report this year, which highlights this problem, 

is the formation of an amnine derivative of ruthenium(III), where the only source 

of nitrogen was "RuCl,.;JI,(Y' (see Section 2.6.7) [51]. The ageing of solutions 

of "RuCl,.&,O" in hydrochloric acid tiia has been studied by electronic 

absorption spectrosco PY rso1. and "RuCl,.sH,W in sodium hydroxide solution has 
been used as a chirality transfer reagent, in the stereospecific isanerisation 

of chiral ally1 alcohols to chiral acyclic ketones [52]. RuC13 (origin and 

nature unspecified) reacts with cyclopropane and CO in benzene solution to give 

a mixture of PhcHzcH2CH3 and PhCRbIe2 (44:56), but no chlorobutanoates [53]. 
Crystals of KCl, or NaCl, doped with RuCll have'been studied by optical 



absorption spectroscopy; the bands observed at 43480, ca. 31000 and ca. 26800 an-l 

were assigned to [RuCl,]"- and a band at ea. 40000 cm-l was assigned to an 

[RuCIE]'- impurity 1541. [C12H25NH3]3[RuC16] has been isolated by solvent 

extraction and characterised by electronic absorption spectroscopy [55]. 

Treatment of "RuCl 2-zH#' with RCX in methanol at 70 'C produces 

.w~-[R~C~~(NCR)~] (R = Me, Ph, CsH,,-2-ble, C6Hb-3-bIe or CH~=CHC&), with the 

corresponding salt [R~~~c~(N~R)~][~~~~c~~(N~R)~] (R = bIe. Ph, C6H4-2-hle, 

CcH,.-3-Me, CsHk-4-Cl. CHz=CR or CR&FiCH~) formed as a by-product 1141. 

[RuClj(NCR)3], like its vana.dium(III) and titanium(II1) analogues, 

be a very useful synthetic reagent. In particular,the compound can 

Gz situ and used without isolation. Same of the reactions of this 

given in Scheme I 114,151. 

pranises to 

be prepared 

ccmpoundare 

fat-[RuCIJ(NCR)>(hIeCH)] 

aar-[RuCl:!(NCR)zL] 
<L = PY. PhSbie or 

R'CN) 

ScHEbE I: The use of n;er-[RuCl,(NCR),] for the synthesis of other ruthenium(II1) 

complexes [14,15]. 

2.6.2 Complexes wid7 oxggen donor Zigomis 

The electronic absorption spectrum of [Ru(H20)6]3+ has been measured, and 

fitted to Tanabe-sUgano matrices to yield values for the ligand-field parameters, 

10 Dq = 28600 cm-' and S = 640 cn-' 

~~(HzC)&W]~+, 

[56]. The ma value for the formation of 

fran the hexaaqua cation, has been measured as 2.4 at 

20 OC and the CT bands of [R~(HzO)~]~+ and [RIJ(H~O)~(OH)]~+ interpreted in terms 

of the optical electronegativities of Hz0 and [OH]- [56]. 

The temperature dependence of the CHI isotropic shifts in [Ru(acac)3] has been 

studied [57], its 13C relaxation times (T1 and 2'2) have been calculated and 

canpared with the experimental value 1581, and the kinetics of l&and exchange 
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between [R.u(acac[Z- "'c])s] and acacH have been investigated (591. Treatment of 

[RuC13(PPha)3] with MeC(O)C&C(O)CH2(CO)Ph yields [Ru(acac)(CO)(PPh~)Cl~] (601. 

[RuaO(OzCbfe)6(m2)s]+ has been shown to be an active catalyst, in a t-liquid 

phase systan, for theisaner isation of ally1 alcohols to saturated ketones 1611. 

2.6.3 Complexes with suZphur donor ligands 

The canplexes [RU(SD&)~] (R = Me, Et, pr, CRMe2 or (C&)2) and [ROLE] 

CL = (4; cH2 or 0)) have been studied by a variety of electrochemical methods [62]. 

n //” 
yuN-c\s_ 

(4) 

The canplexes A[RuC14(b@SCHpCH,SMe>] (A = [w,] or [Pph,]) have been prepared by 

treatment of "RuCls.xH2Ci' with bleSCH~CH~Sb%e in EMIH or b&CO, in the presence of 

AC1 [63]. Ruthenium(II1) cxxnple..es with the following ligands have also been 

reported: 4-quinolinedithiocarboxylic acid [64], 3,4,5-pyridazinetrithiol [65]. 

fJ_phenylcarbmmylpyrrol~2-thiocarboximide [66], piperazine(dithiocarboxylic acid) 

1671, piperazinebis(dithiocarimxylic acid) [67], 1,2,PtriazolineZ+thione 

derivatives [68], bis(4-ethylphenyl)dithiophosphihic acid [69] and 1-imino-3- 

thioisoindoline [70]. 

2.6.4 Ammine and amine complexes 

NRR studies of aqueous solutions containing [R~(NH~)~]~+ have 

been used to probe the second coordination sphere of this canplex; it was 

deduced that thedistance of closest approach of the water to the cation is 

0.39 nm and the structure of the second coordination sphere has been discussed 

c711. Contact and pseudocontact shifts for [RU(N&)~]~+ have also &en 

calculated 1721. bmHa1613+ hasbeen studiedinthesalts 

[~111(NH3)6][Fe11(cN),L].~20 (L = CO, (TJ, dnso, pz, py or imidH), which show 

intervalence transitions in their visible spectra, of an energy very dependent 

upon L, whereas [Ru'11(NH3)6][Fe111 (cR)~] shows no similar phenanenon [73]. 

[R~(NR~)~]~+ has been used to load a NaY zeolite with ruthenium metal 1741. 

Indeed, Fischer-Tropsch catalysts on Faujasite-type zeolites normally 

involve the degradation of a metal canplex to its metallic state before activity 

is observed c75.761. However, when [R~(RH~)~]~+ . issupportedon aFaujasite_ 

type zeolite (X or Y) and thermally activated at 240-280 OC, a canplex (postulated 

as [RIJ(NH~>,(~>,(CO~),]~+) is formed which is very active for the water gas 



‘90 

shift reaction (Hz0 + CO mCOz + Hz); this wnplex is stable upto 280 OC, whence 

It loses activity irreversibly [~7]. 

Raman and far IR spectra of [R~(NH~)~X]YZ (X+Y; X = Cl, Br or I; Y = Cl, Br, 

I, [clo,] or [NOB]) and trmzs-[Ru(NR3)&lz]C1 have been recorded and analysed 

1781. The equation of [RJJ(NR~)&~]~+ _ in acidic aqueous solution at 60 OC has 

been reinvestigated: the volume of activation is -30 an3 ar~l-' at zero pressure 

and shows a high pressure dependence. For the reverse anation process, Av* = 

-20 cm3 nD1-l. These results provide strong evidence that, for this reaction 

and other simple substitution reactions of ruthenium(II1) canplexes, the 

mechanism is associative (A,or Sg2 limiting) in acid conditions [79]. The 

equilibrium constants for: 

[Eb-IN3 1 s U&O) In+ + M3_& = ~W~3),(~3_xRx)1n+ + Hz0 
(n=2or3) (x=2,10rO) 

have been measur ed for various amino acid esters (NH3_rRz): affinity of these 

ligands for both ruthenium(II1) and ruthenim(I1) was found to decrease as z 

increased [80]. The acid hydrolysis of [~(NH~)5(~2CH2CO~Et)]3+ gives a 

mixture of cRu(NH&(~,)13+ and [EtO$ZZH2NHs]+ and of [Ru(NHs)~(02CCB~NH3)]3c and 

a.ndEtm. The reaction proceeds via an initial isanerisation of the ethyl 

glycinate canplex to [~(M13)510C(OEt)CH2NH2)13+; the protonation of the amine 

function prevents reversal to the &bonded isaner, followed by cunpeting ester 

hydrolysis and aquation reactions [Sl]. 

The canplexes [Ru(NH,)5(~2CR)]2' (R = CC13, CRC12, C&X, CHB, Et, CHMe2 or H; 

X = F, Cl, Br, I, CH or NEIz) have been studied by polarography and electronic 

absorption spectroscopy [82]. The reduction of [Ru(NR3)613+, [Ru(NH3>~(py)]~+, 

IRwwU(PY)J3+ or [Ru(~~)s(bipy)13' byHIShasbeen dewnstratedtooccur 

efficiently at pH 4, producing elemental sulphur [83]. The kinetics for the 

[Rwws(PY)13+/1Bw%)~(PY)12+ couple has been estimated by studying the 

rates of electron-transfer reactions between [~u(~l~)~(i.sonic)]~+ and 

CRWW)5(nic)12+, and between [Ru(NHr)s(nic)13' and [Ru(NR3)5(isonic)]2+ 1841. 

The kinetics of the reactions between [Ru(NR3)5(isonic)]n+ (n = 2 or 3) and 

superoxide, [O,]-, have been detexmined [85]: 

RMIII) + 1o*l--Ru(II) 

Ru(I1) + [HO,]' -E&(111) 

The rates of reduction of [Ru(NH,)5(isonic)]3+ by G-I, Ho, e-, [COalf. and 

He(OH)2 were also derived, as was the rate of oxidation of [Eu(NH,)5(isonic)]2+ 

by -CH [SS]. The kinetics of the electron-transfer reaction between [E~(N&)~L]~+ 
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(L = py or 4,4'-bipy) and [Co(edta)]'- have been reported (861. 

Work on binuclear imidazole complexes [l; p_ 481 has now been extended to 

'encunpass histidine derivatives. The ccxnplex trans-[~(NHs)r(SOs)(bochisH)][BFs] 

(5) was prepared by treatment of trrms-[~(MI3)5(SOo)(H*O)] with (6) in the 

(6; bochisH) (7; hisH) 

presence of H[BFb], followed by oxidation with H202. Reaction of (5) with 

~~~~~-[~(MIB)~(SOB)(HZO)], in the presence of Li[CR], followed by treatment 

With H[BFb] and HzOZ, results in the dimerisation and hydrolysis of the 

protecting butoxycarbonyl group, to yield ~~~~s-[(SO~>(H~N>~~(~~S)~(NH,)~(S~~)][BF~]. 

Reduction of this dimeric species with [Ru(NHx)s(hisH)]2+ results in the formation 

of a mixed-valence neutral dimer (IT = 8600 cm-') [87]. 

Photolysis of cis- or trans-[Ru(en)2C12].' in aqueous solution at energies 

corresponding to ligand field transitions result in aquation and isanerisation, 

yielding mi.xtures of eis- and tr~s-[Ru(en)2(H20)C1]2+ (I$ -0.003-0.005): cis- 

or trans-[Ru(en)2(H20)Clj2+ are photoconverted into each other (@ -0.04) [SS]. 

The canplexes tram-[Ftu(LL)zXz]+ (LL = en, 1,3-pn or dmen; X = Cl, Br or I) and 

~rans-[Ru(LI,)X2]+ (L4 = 2,3,2-tet, 3,2,3-tet, 3,3,3-tet, cyclam or [14]ane.%; 

X = Cl, Br or I> have been prepared by a aodification of the conventional route 

and characterised by IR and W-VIS spectroscopy and ueff measurements [89]. The 

canplexes cis- or trans-[Ru(Ls)Xp]+ and cis- or trans-[Ru(Lq)(H20)X]2+ (L4 = 

(NH3)4, (en)z, 2,3,2-tet or cyclam; X = Cl or Rr) have been studied by CV and 

the kinetics of aquation of their ruthenium(I1) analogues have been determined 

[N]. Treatment of K2[RuC15(H20)] with cyclam results in the formation of a 

mixture of cis- and trans-[Ru(cyclam)Clz]Cl; the isomers can be separated by ion- 

exchange and'gel-filtration chromatography [91] _ 

The canplexes [R~(H~ATP)(H~o)~~c~~ (H,,ATP = adenosine triphosphate) 1921 and 

[RuClsL2] (L = 3,3'-dimsthoxy- or 3.3'~dimethylbenzidine) [93] have been reported. 

2.6.5 Diirnine compLexes 

The rates of oxidation of [co(LL),]~+ (LL = bipy or phen) by [Ru(bipy)a13+ 

have been determined using flash photolysis techniques MI, and a detailed study 

of the oxidation of cyclohexanone by [Ru(bipy)3]3+ has been reported [95,96]. 
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The oxidation of water by [Ru(bipy)s]3+ has been investigated in a further and 

independent study and 'km&ant hydration" of the coordinated ligand again 

postulated (with very little supporting evidence) [97]. 

Although claims for the existence of such caaplexes as trms-[Ru(bipy)2C12] 

[99] and trms-[Ru(bipy)~(py)~]2f [99] have been made recently, they were 

Lmcmfimed and poorly supported by experimental evidence (although, nevertheless, 

probably correct). Now, convincing proof that such iscmers exist has been 

published. [Ru(bipy)z(H20)2]'+, as produced by the acid hydrolysis of cis- 

[Ftu(bipy)z(CO3)] has a cis configuration and it has been demmstrated that this 

complex will undergo photoiscmerisation in aqueous solution, according to: 

In the presence of [ClO+]-, photochemical oxidation to [~(bipy>z(CH~)(CH)]2+ 

occurs, and the zans isomer of [Ru(bipy)2(~*>(~>][ClOsl2 has been structurally 

characterised {F(M) = 0.2095 nm; F(RuO) = 0.2007 ma) [loo]. 

Electrochemical oxidation of [Ru(bipy)zL(N02)]+ (L = NH3, py, pz, MeG\ or 

PPh3) or [Ru(bipy)&1(N02)] proceeds according to: 

2[Pu(bipy)zL(NOz)]+ -2e- 2[Ru(bipy)&(NO~)]2' 

I 
[Ru(bipy)2L(iSO)]3+ + [Ru(bipy)zL(NO~ >I+ 

I - --e 

I 
[Ru(bipy)&(NO~) I’+ 

The oxidation of the coordinated nitro group proceeds via iscmerisation of the 

m lll-iiOz linkage to Pu 'I1-0N0, followed by reaction with [Ru111(bipy)2L(U02)]2' 

[loll. 

The ccmplexes &tu( terpy)Cl3] ]102] and [Ru(biquin)Cls] 1931 have been 

prepared by treatment of WuClo.zH~CY' with the diimine ligand. 

2.6.6 Porphyyrin mzd phthatocyanine complezes 

The discussion of ruthenium(II1) porphyrin and phthalocyanine cmplexes is 

reserved until Section 2.8.5. 
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electronic spectrum of a canplex to the expected lowest energy electronic 

transition, even though the whole spectral region (particularly the NIR) had 

not been examined. Nonnan and coworkers' calculations [ill] predict a 6-G* 

transition energy at 8800 cm-l, close to a weak band (doublet) observed in the 

solution spectrum of {Rua<OaCMe>4C11, in water; thisdoubletwasexplainedin 

terrrs of a forbidden 15+x* transition (predicted at 8600 cn-i) contributing to 

the observed intensity. Hmever, the solid-state spectrum of &uz(OaCb_%~)~Cl1~ 

in this region has not been reported previously; it is illustrated in Fig. 1 

11121 and clearly confirms the presence of a doublet in this region, in support 

of Nornan's assignments. Independently, polarised ahsorption spectra (12500- 

30000 cn-I) were recorded at 300 K and 5 K [llO]. The results fit reasonably 

well with Norman's SW-Xc calculations [ill] but there are sane significant 

discrepancies, possibly explained by the fact that the calculation was for a 

dimer and not the polymeric array of Ruz'+ centres. 

For trimeric systenrj, the rate constants for electron exchange between 

r~Pwmfe)6(PY)31+ and [Ru~0(0~CMe)~(py),] have been determined by VT 'H Nb!R 

line broadening experiments [113]. 

Interest in the Creutz-Taube ion shows no sign of waning. Single-crystalvr 

RPR measuranents [114] upon [(HaN)&u(u-pz)Ru(NRS)5]BrUCl apparently favour a 

delocalised ground state, rather than the valence-trapped ground state argued. 

for following previous work [115] on mered samples. ERkD calculations upon 

this ion and the related [(H~N)&~(L-L)RLI(NR~)~]~+ (L-L = 4,4'-bipy_ or N=C-GN) 

systems has confirmed that valence-trapping exists for the u-4,4'-bipy canplex, 

and that valence delocalisation occurs for the u-cyanogen canplex, but the 

results were inconclusive with regard to the u-pyrazine species [116]. A novel 

u-quinoxaline (8) analogue, [(H~N)s~(~~~o~ine)~(~~)S]5+r has now been 

reported and possesses an absorption in the NIR at 5900 cum1 {cf. 6300 cn-' for 

[(H3N)s~(~-pz)~(~~)~]'+~: this has been taken as evidence for valence 

trapping in ‘ath molecules, as the TI* levels of (8) are considerably lower than 

those in pz [117i. 

The salts [(bipy)2ClRu(u-dppm)RuCl(bipy)2]X2 (X = [ClO,] or [?F6]) have been 

isolated, following the treatment of [Ru(bipy)&12] with dppn in ethanol; 

subsequent stoicheiometric oxidation with [Fe(bipy)s]3+ generates the mixed- 

valence tripositive cation, whichis avalence-trappedspecieswith3rrat 

8020 cm-'. Cbcidation of this with a further equivalent of [Fe(bipy)s]3.e yields 

the ruthenium(II1) tetrapositive dimeric cation 11181. The related mixed-valence 
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Fig. 1: The reflectance spectrun of IFb,(O,CXe),Cl~n [112]. 
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cunpkves [(bipy)zClRu(GL)RuCl(bipy)z] 3+ (L-L = pz, 4,4'-bipy, pyrimidine, 

zrms-1,2-bis(Ppyridyl)ethehe or l,Zbis(4pyridyl)ethane) have been prepared 

in a similar manner by the oxidation of their diruthenium(II) analogues, and 

characterised by CV and UV-VIS-NIR spectroscopy (with particular anphasis being 

given to the solvent dependence of the NIR band). The results have been discussed 

in terms of the effects of solvation and the fhr . ..E& separation upon optical and 

thermal electron-transfer [119]. 

Slew electrochemical oxidation of [Ru~(S&NEt2)4(C0)2] in C&C12 has yielded 

the novel mixed-valence canplex [Ruz(S$XEt2)b(C0)2]+ (91, which has been 

NEt2 
\ 

+ 

(9) 

crystallographically characterised as its [RR,]- salt. The Ru...Ru separation 

is 0.3614 mu, suggesting that there is no significant metal-metal interaction 

[1201. The formation of-the cation involves an unusual CO transfer, frun the 

starting material which contains one CO on each Ru atan, to the product which 

has two CO's bound to one Ru atan and none to the other. The question of 

localised or delocalised valence states in (9) is still to be answered. 

Studies upon [RunClsLr] (L = phosphines or arsines) are reported in Section 

2.8.6.1. 

2.8 RUl'RENIUM(I1) 

2.8.1 ChZorides and cyanides 

Dissolution of ~Ru,(02CMe)4Cl)n in 12 M hydrochloric acid, under argon, results 

in the formation of a deep blue solution. Addition of [NE&]Cl to this solution 
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has resulted in the isolation of a cmqound [H,03]2[NEt4]2r~~Cl~~], lihich has 

been characterised crystallographically, and shown to contain the mixed-valence 

[Ru~Clu]~- anion <lo> [1213. Tbe canplex is not believed to be the chramphore 

4- 
a = 0.237 nm 

b = 0.238 am 

c = 0.237 nm 

r(RuRu) = 0.2805 tm 

(10) 

in the well-known but little-understood "ruthenium blue" solution, but rather is 

derived fran it by trace zumunts of aerial oxidation. Unfortunately, electronic 

spectral data for this complex were not published but, nevertheless, this 

constitutes the first cmplex to be unambiguously identified from the ruthenium 

blue system. In the introduction to his paper, Cotton 11211 highlighted the 

almost total disagreement amongst all publications dealing with the "ruthenium 

blue" species, or (more generally) any other ruthenium(I1) chloride species. 

This situation has been exacerbated by a publication frcm my mn laboratory 11221, 

in which we claimed (based upon total elanental analyses of 299.8%) the isolation 

of brow trimeric cmplexes of the general fomulation A3[8uGl~] (A = a mno- 

positive cation). We now know that the analysis figures f&r the metal (supplied 

by a cmmercial Analytical Laboratory in West Gemany) were inaccurate and that 

the cuuplexes should have been fonmlated as A~[F&VOCl~(~~)].~H~O. We thus 

retract these observations, and apologise to any workers v&o have attempted to 

repeat the reported preparations. 

IH Nb!R studies and a mechanism for the spontaneous polarisation of the ferro- 

electric material KL[8u(CN)6].3H20 have been reported [123] and the kinetics of 

the oxidation of [RU(CPJ),]~- by [MnOl,]- has been studied [124]. An aqueous 

solution containing [RU(CX>S]~- and the histidine (7) ccxnplex [Co(his)z]+ ms 

observed, upon irradiation with visible light, to develop a red-orange colour. 

This oolouration was ascribed to the formation of [(his)2cO(ll-NC)~(C)~]3- [125]. 

In a similar manner, [Ru(CN)fi] 4- in the presence of [Fe(Hz0)613+ generates an 

intense violet-blue colour, 

11261. 

but no explanation of this phenanenon has been offered 

2.8.2 CompZexss with Group VIB donor Zigands 

Thecrystal. structureof Ba[8u(Havi)3]2.9H20 has been determined; the anion 

has faciaZ geanetry and the ligand is bonded to the metal via the atmxs indicated 
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(11; [Hzvil-) 

in (11) [127]. A lH Nbm and IR spectroscopic study has led to the characterisation 

of the species [~u+_~(~llso)~]~-~ (n = 3,4,5 or 6; X = Cl or Br) and their 

hydrolysis products; Schane II shows their interrelationships [128]. O-bonded 

C&KI is labile in D20, whereas S-bonded cbrso appears not to be. NW assignments 

for v(Ru-Cl) stretching mxies have been suggested for [RuCl,(dmso)3]- (at 265 

and 241 cm-'), [RuCl~(c?mso),,] (at 258 and 248 cm-') and [~~~l(ckmo>~]+ (at 

246 cn-l), bringing than into line with the frequencies for many other ruthenium(I1) 

cauplexes. Bands at 1100 and 425 cm-' were found to be characteristic of S-bonded 

dmm. whereas bands at 925 and 480 QI-' were found when O-bonded dmso wae present 

[~!8]. A paper, suhnitted after [128] was published, but not referring to it, 

contains a limited study of the same hydrolysis phenanenon [129]. 

'Ihe macrocyclic cunplexes [Rn(Lk)X2] (LI, = 114]ane% or bz.o[lS]ene&) (891 

and sane dithiocarbamate cunplexes of foraulae [RuL~(H20)2] and [RuLz] iL = 

(4; Y = CIi2, NH, Nhle, 0 01 s>l have been reported [130]. Rntheninm(II) complexes 

have also been reported with the ligands 3,4,5-pyridazinetrithiol [65], 

N-phenylcarbarrPylpyrrole-2-thiocarboxamide [66], and a nmher of substituted 

thiosemicarbazides and thiosenicarhazones [13'1]. 

2.8.3 Amntine and mine complexes 

The IR spectra of [Ru(NH3)61X2 (X= Cl, Br, I, [PF6] or [BF,,]) and [F~J(ND~)~IBT~ 

have been reported and the v(Ru-N) stretching modes have been identified as 

occurring at ea. 400-420 cam1 [132]. Ab initio SCF calculations have been 

performad upon [Ru(NH~)~L]~+ (L = NP, CO or HzO) and upon the {Ru(NH,)5}2+ 

fragment of these ions [133]. 

Ligand substituent effects on the photochemistry of [R~(NH~)&]~+ (L = py or 

a substituted derivative) cauplexes have been the subject of an excellent review 

c1341. The preparations of fzwzs-[Ru(NHs)c(py)L12+ (L = pz, pzH+ or py-4-C(O)hk) 

and trans-[IWN&)~LZI (L = pz or pzIi+) have been reported, and their basicities 
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in aqueous solution, and their electronic spectra have been studied. Visible 

light photolyses of these ccmplexes lead to the predominant photoaquation of one 

coordinated ammonia molecule [135]. A novel,photochemically induced, linkage 

isanerism has been observed for [Ru(Ni&)&l(SO~)]Cl in a Kl3r pellet, involving 

a change in the bonding mode of the SO2 11361: 

25-195 K 

!?ull details of the structure and sane chemical properties of the interesting 

metalloflavin canplex [~(NHa)c(lO_bleialo)][PFB]2 (lO-Meialo = lO-methyliso- 

alloxazine), which was discussed last year 11; p. 513, have now been published: 

I\iblR and electronic absorption measurements, along with CV and UITIB studies, are 

described in an excellent paper [137]. Novel alkene and alkyne derivatives of 

the pentaanmin eruthenium(I1) moiety have been prepared by an wtrenely facile 

route 11381: 

b(~ddW)~2+ + alk -[Ru(NR3)5(dLk)]2+ + Hz0 

<alk = ethena, isobutene. 1,4-cyclohexadiene. 

fumaric acid, ethyne, phenylethyne or 

hex-3-yne) 

The bonding in these complexes is canparable with that in Zeise's salt, with 

'edge-on' bondedalkenes andalkynes. The cuuplexes were characterised by 

W-VIS, IR and 'H NblR spectroscopy, and by cyclic voltamnetry, all of which 

indicate the presence of strong d,;'p-,,* back-bonding. The u~leculzm structure 

of one of these cmplexes, [(H~N)~R~(Ho~cR=CTEO~H)]~+, (12~,was determined 11381. 

r 

H3N ,G”“’ HC 

H3N I 

NH3 Hcb02H 

3 

,““--I, 

I 

/ 

C02H 

I- 

(12) 

2’ 

In an analogous reaction, treatment of [RIJ(NHB)s(H~O)]'+ with an excess of 

3,3_pentamethylenediazirine yields [RU(NH~)~(N~C~H,,, )12', (13), which has been 

isolated and structurally character&ad as its [PF~]- salt. (13) is oxidised 
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The reaction involves the fomation of a ruthenium(IV) a&oxide intermediate, 

which then undergoes a metal-l&and redox reaction to yield the ruthenium(I1) 

ketone canplex [144]. A canplex [FWNH~)~(H,AT~)]C~~ (H,,ATP = adenosine 

triphosphate) has been reported [92]. 

The CanDlex CRU(PY)SI~+ will be considered in Section 2.8.4. Thecunplexes 

cis- or trans-[Ru(cyclam)Cl~]Cl can be reduced by zinc amalgam to yield their 

ruthenium(I1) analogues, which react with an excess of isonicotinamide to give 

cis- or truns-~Ru(cyclam)(isonic)~]2+. Similarly, cis-[ti(cyclam)Cla] reacts 

with bipy to give cis-[Ru(cy~lam)(bipy)]~+ but buns-[Ftu( cyclam)Clz] reacts with 

bipy to yield a product with different spectral properties, and the latter has 

been postulated to contain the elusive monodentate bipy ligand [91]. Treatment 

of .~er-[~C13CNHz(CH2)sNH(CH2)sNHt}] in aqueous ethanol with 2,6-diethanoyl- 

pyridine yields a violet, diamagnetic macrocyclic canplex of L, -<x7) [145]. 

This caaplex, [RJ(L)(H~O)]~', has been postulated to exist as either a five- 

coordinate monaner or a Ru-8u bonded dimer; the possibility of a u-oxo bridged 

djnrzr does not appear to have been considered. Thirty new oxime cuaplexes of 

ruthenium(I1) have been prepared by the treatment of [RuC12(PPhS)3] with 

chelating or simple oximes, in both the presence or absence of base. These 

ccq~lexes were cbaracterisecl by 'H and 31P NblFt spectroscopy [146]. 

2.8.4 Diinrine compZexes 

Interest in [F&(bipy)3]2+ and its derivatives continues unabated. T&D 

extranely important structural studies have been published this year: 

Karl [BF412 [147] and [8u(bipy)3l[PF612 11481 have been characterised by 

X-ray crystallography. Although the cation of the former salt is not a diimine 

canplex, c8u(PY)612+ has particular relevance to the studies of [8u(bipy)s]2+. 

C~u(py)~lC~~~lz was prepared by the prolonged reaction of [FUL3(PPhg),][ESFQ] 

(L = MaGI or H20) with pn-idine in methanol, and characterised structurally 

E;(M) = 0.212 rim). spectroscopically (UV-VIS, IR, 'H and 13C Nb!R) and 

electrocheaically (CV) [147]. This is an excellent and interesting paper, not 

least because it details the remarkable similarity of the properties of [Rug 1 
2+ 
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and [Ru(bipy)x12+, which have essentially identical, reversible, oxidation 

Potentials, and similar Ru-N bond lengths. [Ru(bipy),][PF,], shcnvs the expected 

Ds ground state point symnetry (F(RuN) = 0.2056 nm) 11481. However, the 

structure determined for this latter ccmpound was of an anhydrous salt and a 

good deal of interest lies in the hydrated [Ru(bipy)3]C12.6H20 canplex, 

particularly in the dispositions of the lvater molecules. Therefore it is hoped 

that the appearance of this paper will not discourage a future X-ray crystal- 

lographic determinations upon a hydrated [Ru(bipy)s12+ salt _ 

An interesting series of complexes, involving ligands which would be 

conventionally considered to be sterically hindered toi+a.rds coordination, has 

been prepared. The canplexes, [Ru(LL)3]C12 (LL = 6bfebipy, 6,6'-Ii%+bipy, 

2-Mephen or 2,9-Me2phen) were prepared by the interaction of LL with a blue 

ruthenium(I1) chloride solution and characterised by electronic absorption and 

anission spectroscopy (including I$ and T measurenents). Despite the steric 

hindrance, the energies of the observed MLrcT absorption bands and the anission 

bands of these complexes are rskably similar to those of [Ru(bipy)1]2' and 

@u(ph=&12+, but the magnitude of E, @I and T are all rmch smaller than those 

of the Parent cunplexes [149]. In a superb example of synthetic chemistry, a 

vast series of canplexes with seventeen different bidentate ligands, LL (see 

Fig. 2), of fomlation [R~(LL)~]~+, [Ru(LL),(bipy)]2+. and [Ru(LL)(bipy)2]2+ 

have been prepared, isolated as [PF,]- salts, and characterised by 'H NhJR, IR, 

electronic absorption and emission spectroscopy, and cyclic voltamnetry 11501. 

~Ru(4-NC~-biPy)s]2+, included in the above study [lSO],and [tiu11(4-EtsP-bipy)3]5+ 

have been independently prepared and isolated as perchlorate salts [151]. 

Also, in o variant on a well-kncam thmne (cf. [Ru(bipym)_3]2+ [152]; bipym = <18)1_, 

(18; bQw-0 (19; bpz) 

the can~lex [Ru(bpz),]C12.4.5H,0 tbpz = (is)) has been prepared by treatment of 

iRuClz(dmso)s] with (18) and, perhaps not surprisingly, showy similar photo- 

physical and photochemical properties to [Ru(bipy)312+ and [Ru(bipym)3]2f [153]. 

Meyer's excellent synthetic v.ork, based upon the (Ru(bipy)2}2+ miety, 

continues. The cis= trans photo isazrisation of ]Ru(bipy)2(H20)2]2+ [loo] 

has already been discussed (see Section 2.6.5) and novel, high yield routes for 

the photochemical syntheses of [Ru(bipy)&X]+ (L = py, 4-MelC-py or bIecN; X = 

Dr, NQz. [N=], b,l, [Cl&l, k~,cO,l or Ib&&Hr-PSOsl) and CRu(bipy)&] have 

now been published [154]: 
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Q- N-Me 

Me Me 

(R = Cl or C&Q) 

R R - c-Q-3 \N/ ‘.-’ 

- \ / - y&y / \ 
N- 

CR = H, Me or Ph) <R = Me or Ph) 

<R = Ale or Ph) 

Fig. 2: The ligands used in the synthetic study of [FU(LT_J~]'+ canplexes by Belser 

and von Zelem& [150]. Many of these ligands are conventionally 

considered as sterically hindered tcwards coordination. 
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e.g. b(biw)~(w)~f+ + X- ~s~,,~[~(bi~~),(~~)Xl+ + PY 

b(bipy)~(py)Xl+ + X--CRu(bipy)2Xp] + py 

The complexes were characterised by CV, and W-VIS and IRspectroscopy. In the 

photochemical reaction between [Ru(bipy>s]" and [NcS]-, au intermediate was 

observed which was postulated as [Ru(bipyj2(n1-bipy>(NCS)]+, containing the 

elusive (but oft sought after) monodentate 2,2'-bipyridine ligand (cf. the product 

of the reaction of trwzs-[Ru(cy~lam)Cl~] with bipy; Section 2.8.3) [154]. The 

first well-defined canplexes of pyrazole (pzlH) in this system have now been 

Prepared by conventional routes: [~(bipy)2(pz~)*][PF6]2, [~(bipy)z(pz~)(pzl)][PF6] 

and [Ru(bipy)z(pzl)z] were characteriseci by CV and W-VIS spectroscopy [155]. Of 

more interest, [Ru(bipy)z(pzl)z] reacts with [Ru(bipy)~(Lle$ZO)~]z+ to yield the 

doubly bridged dimer, [(bipy)zRu(u-pzl)zRu(bipy)z12+ (20). Although stable on 

i 

N-N / \ 
(bipY)ZFtyN _ N,Ru(bipy)~ 

(20) 

the CV time-scale, the mixed-valence tripositive form of (20) is unstable tmarcis 

electrochemical synthesis, decanposinginMeCN (cf. [(bipy)2~(u-C1>,R(bipy)213+ 

[156]) to give [Ru(bipy)2(MeCN)2j2+ and [Ru(bipy),(pzl),]+ [155]. A novel series 

of alkyl nitrite cauplexes, [Ru(bipy)2(py){N(0)OR}]2+ (R = Me, Et, Su or CMelH), 

has been prepared by treatment of [Ru(bipy)2(py)(NO)]3+ with [OR]- in MecAI. These 

complexes, which were characterised by'CV and by W-VIS. IR and 'H NMR 

spectroscopy, react with acid to regenerate the parent nitrosyl species and RCH. 

The canplexes [Ru(bipy>2Cl{N(0)OR)1+ were prepared in a similar manner fran 

[Ru(bipy>2Cl(NO)]2' [157]. 

The mlecular structure of cis-[Ru(bipy)2(CO>Cl][C10~] has been reported, and 

sane of its reactions (e.g. with mmcdentate ligands to give the& displacement 

of cl-, or photo&mica1 displacement of CO) have beeu investigated. The Ru-N 

bond trms to CO, at 0.218 nm, is longer than the mutually trams F&I-N bonds 

{s(RuN) = 0.210 ma), which are in turn longer than the RL-N bond tram to Cl (at 

0.207 nm) [158]. Aqueous solutions of [Ru(bipy)2(CO)Cl]+ produce Hz, CO and CO2 
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upon visible-light photolysis; under an abmsphere of CO, the reaction is 

catalytic and represents the first rePort of the photocatalysis of the water-gas 

shift reaction [159]. The complexes [Pu{4,4'-(N02)2-bipy)zCI,1 and 

[~"(4,4'-(Et3P)2-bipy)2C121CC10~]~ have also been prepared and characterised 

by W-VIS spectroscopy and CV [151]. 

The reaction of [Ru(terpy)C13] with an excess of L {L = PPh,,P(C&-4-Me), or 

pq.1, in the presence of NEt,, yields violet i;rms-[pu(terpy)IJ&]. This ~~arplex 

can be converted to pink cis-[Ffu(terpy)IC12] by boiling in 1,Zdichlomethane 

and the cis-isaner can also be prepared by treatment of [Ru(PPhx)&lz] with 

terry. The chloride in the &s-isomer is significantly mre labile than that 

in the trans-is-r. Thus: 

trans-[~(terpy)(PPh3)C12] 

cis-[FUterpy)(PPh3)Clz] 

PPh 
bIe2CO; l5 UC-o reaction 

PPh-r 
Me2CO; 25 OC 

~tmns-[~(terpy)(PPh3)2C1]' 

This represents a good example of the wans-labilising effect of phosphines bound 

to ruthenium(I1). With CO, the @is- and tram-isaners give different iscmric 

products [102]: 

The mnothiotenzoate complex [Pu(CSCPh)2(PbIezPh),] reacts with LL (Lb = bipy 

or phen) to give cis,cis,cis-[Flu(LL){SC(0)Ph}2(PMe2Ph)2]. Mien LL = phen, a 

minor by-product cis,cIS,t~ns-[~(phen)CSC(0)Ph}2(P~2Ph>2], was also isolated. 

Both ~is,cis,cis- and cis,cis,trms-[Ru(phen)(SC(0)Ph)2(PhIe2Ph)2] were structurally 

characterised and have ?(FuN) values of 0.212 and 0.209 nm, respectively [160]. 

In contrast, the analogous reaction with 1,2-diaminoethane yielded cis,trans,cis- 

[FU(en)CSC(0)Ph12(PMe2Ph)2] [160]. Treatment of 

[(bipy)(Ph3P)&u(u-C1)&u(PPh3)2(bipy)]C12 with [C6F5S]- gives an isaneric 

mixture of products (as judged by lgF NMR spectroscopy) Of fomla 

[(bipy)(Ph~P)2Ru(u-SGF~)2FUPPh,)2(bipy)]C12 11611. 

2-(phenylam)pyridine (21; azpy) is structurally analogous to a diimine, and 

indeed acts as a bidentate ligsnd. Thus, the reaction of (21) with an ethanolic 

solution of "RuC13.zH2(T' at reflux yields the dark blue complex cis-[Pu(azpy);?C12], 

whereas treatment of [Pu(dt~33)~Cl~] with (21) in &&CO produces the green cunplex, 
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trms-[m(azpy)2Clz]; the latter, upon heating in xylene, produces a different 

blue cis-isaner to that already described. The characterisation does not give 

unambiguous structural assignments, however [162]. Further details of the 

interesting diazadiene complexes described last year [l; p_ 541 have appeared. 

Treatment of [FW&(PPh3),] with (22) or (23) yielded [Ru2C13(PPh3)2(dad)2]X 

&"' F: 
N-R 

(22; R = CHMe2, R' = H) 

(23; R = Ph, R' = Ale) 

(dad = <22) or <23), X = Cl or [Bph,,]), tiereas using only half an equivalent 

of <23) produced [Ru2Clk(PPhx)p(dad)]. The reaction of @uHCl(PPh,),] with 

(22) in Et20 produces [RuHC1(PPhx)2(dad)], which reproportionates in hleClH to 

give a mixture of [R~&(PPh3)z(dad)l (and [F&&(CO)(PPh3)3]) and 

[WCla(PPho)2(dad)z]Cl. [FWL(PPhl)z(dad)] h as also tin prepared by treating 

[RuH4(PPhs)p] with ~22). [FUiC1(PPh~)2(d&)] (dad = (22)) reacts with \\ater in 

toluene to eventually yield [~2H(~-Cl)(~-OH)2(PPh3)3(dad)] [163]. 

Three nmre papers claiming "pseudo-base" formation fdr a series of complexes 

related to [Ru(5-N02-phen)3]2+ have appeared [164-1661. 

Good progress is also being made in gaining an understanding of the reduction 

products of [m(biby)S]2+. Although fomally ruthenium(I) and ruthenium(O), 

[Ru(bipy)p]c and [m(bipy),] are much more usefully considered as 

[m"(bipy)2(bipy-)I+ and [Ru"(bipy)(bipy-)2], and so their chemistry will be 

discussed in this section. Electrochgnically generated [Ru(bipy)3]+ is 

quantitatively oxidised to [Ru(bipy)3]2+ _ m deaerated acidic aqueous solutions, 

but there is little or no production of dihydrogen. Similar treatment of 

[Ru(bipy)s] (produced electrolytically, precipitating from h&CN solutions as a 

dark solid), in contrast, results in the rapid, stoicheiaztric evolution of 

dihydrogen at pH 1, pH 7 

[FU(bipy),]2' [167]: 

[Wbiw)~l 

or pH 12, with the concanitant generation of 

+ m,O+-[Wbipy)~l 
2+ 

+ H2 + 2H20 

[Mbipy)pl + 2H20 -[Ru(bipy)3]-2+ + H2 + 2[OH]- 
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and aliphatic aldehydes under ambient conditions. Moreover, the decarbonylation 

is catalytic, with (for the decarbonylation of PhCH2CRO to PhCFI,) a turnover 

number of >lO' in 30 min at 50 OC (lo3 at roan temperature) [176]. 

The canplexes [Ru(hiPIXDbE)(CO)L] and [Ru(TIPPP)(CO)L] (L = one of a variety of 

imidazoles, pyridines, pyrazoles or benzylamines) have been studied by 'H INMR 

spectroscopy, and the resonances due to L were all found to be markedly shifted 

upfield; these shifts have been used to detemine the ring currents in the 

porphyrin rings [177]. Tm similar, but independent, reports of the preparation 

of ruthenium myoglobin canplexes have apPeared this year. ~Ru(M'IX)(CO)] 

interacts with apcqyoglobin in neutral pR solution to give a 1:l protein canplex, 

[Ru(Mb)(CO)], with a nomnal Soret band; the pR dependence of the electronic 

spectrum was determined 11781. Independently, ruthenium(I1) myoglobin, 

[R~(JB)], has been prepared by the reconstitution of horse heart apanyoglobin 

with [Ru(MpIX)(dmf)~]; it contains one ruthenium porphyrin per heme binding 

site, and is readily oxidised to the ruthenium(II1) canplex, [Ru(bib)]' [179]: 

bdblb)] \ Br2 ’ [Ru(blb)]+ 
[s20,12- 

[~u(~ti)] reacts with CO [179] to form the known ccmplex [R~(%)(cc)] [178,180]; 

the reaction with dioxygen is interesting because, although reversible oxygen- 

ation of protein-free [~u(MpIX)(dmf)~] occurs readily, irreversible oxidation 

to yield [mu]+ occurs via an outer-sphere electron-tr&sfer mechanism [179]. 

In the chemistry of ruthenium(I1) phthalocyanine canpl&ces, ws again find 

the wrk of independent groups proceeding in parallel. The complexes [Ru(Pc)L2] 

(L = py, 4-W-py, 4-ble3C-py, imidH, MeCN, dmf or dmso) and [Ru(Pc)L(CO)] (L = 

py, 44%py, 4bk+py, daf or dmso) have been prepared in solution by the 

photolysis of [Ru(Pc)L'(CO)] in the presence of an excess of L (where L may, or 

may not, be the same as L'), or by extraction of "[Ru(Pc)]" with L. Altern&ively, 

"[Ru(Pc)(CO)]" (formed frcsn [Ru3(CO)u] and PcH,) reacts with L to give 

[Ru(Pc)L(CO)], ivfiich can also be formed by treatment of [Ru(Pc)Lz] with CO. The 

cunplexes were characterised by electronic absorption spectroscopy and CV. 

Chemical or electrochemic& oxidation generates [Ru"(Pc+)Lz] and not 

[Ru111(Pc)L23+. as evidenced by EPR and electronic absorption spectroscopy [lSl]. 

Treabwnt of RuC13.;cH20 with 1,2_dicyanobenzene or 2-cyanobenzamide ims been 

found to yield mixtures of "[Ru(Pc)]", "[Ru(Pc)Cl]" and [Ru(Pc)L(CO)] (L = 

solvent used for extraction) in ea. 5% yield 11821. However, \%hen the reaction 

was performed under CO, the CO carqlex was obtained in gvcd yield, and (for 

example) extraction of the reaction mixture with pyridine yielded [Ru(Pc)(py)(CO)]. 

This latter cauplex has also been prepared fran [Ru3(CO)r2] and 1,24icyanobenzene, 

followed by an extraction of the products with pyridine. Other related reactions 
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which have been investigated include: 

b-dPc)(NM’h)z 1.4pm2 

t 

i~“~a~~,-wiu(Pc)l” +-+l(PcmY)(co)1 

I I 

These carixmyl 

I PhNH2 I 1 CO 
A thf -bdPc)(thf)KO)l 

canplexes all showed a high solubility in organic solvents 11821. 

Boucher and Rivera [183] have recently claimed that conventional methods for the 

preparation of ruthenium(II1) phthalocyanine mmplezs (e.g. those discussed in 

the above paper [X32]) do not, in fact, yield phthalocyanine canplexes, but give 

derivatives of a monochlorinated phthabcyzmine ring, represented hereinafter 

by (ClPc), in which the chlorine is a substituent of the ring and not attached to 

a metal. !l!hus. these authors have found that they can achieve yields of 60-70% 

of ~W-C)(PY)~~.~PY and [MC='c)(PJ&)21 with no evidence being obtained for 

the cunplexes of ruthenium(II1) claimed in the literature [e.g. cl821 and 

references therein]. Their evidence relies heavily on 'H NMR spectroscopy, 

however, and wrk fran my own laboratory [184] wuld strongly suggest that this 

has been misinterpreted: the spectra reported are much more consistent with a 

mixture of [Rug] and [F&r(Pc)(py)(solvent)], and (as described) do not 

resemble the spectra of genuinely ring-substituted derivatives of ruthenium(I1) 

such as rRllcPc-(so,)~')]4- {H2P~-(S03H)4 = phthalocyanine tetrasulphonic acid). 

We also cannot support Boucher and Rivera's suggestion that "[Rur'l(Pc)C1]" (or,. 

in the light of James' results above [181], "[Flull(Pc+)C1]" - no distinction 

between these fornulations will be made in this discussion) cannot be prepared 

by conventional literature'methods; in our hands [184], good yields of a para- 

magnetic "[ku(Pc)Cl]" canpound wre obtained. It is, perhaps, v.orthy of note 

that many of the "discrepancies" in the literature can be ascribed to the 

variable, heterogeneous cunposition of 'WuCl~.&~CY' (see Section 2.6.1) - we 

find that the use of pure ruthenimn(II1) or ruthenim(IV) starting materials 

can result in very different products or product distributions, but, even so, 

we have found no evidence for the formation of "[Ru(PcCl)]" 11841. 

. 

The canplexes "[Pu(Pc)]", ~Ru(Pc)(dmso>21.4dn~o and [~(Pc)~(~,>~SO}~~.~(CD~)~SO 

have been demmstrated (like their porphyrin analogues, &de sup-a) to be effective 

NMR shift reagents for a wide range of imidazoles, pyridines, primary aliphatic 

amines and primary araaatic amines, for a substantial range of secondary aliphatic 

amines, secondary aranatic amines and hydrasines, and for a narrowrangeof 

tertiary aliphatic amines [185]. 
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2.8.6 Phosphine, phosphite and amine complexes 

2.8.6.1 Halo, carbonyZhalo and hydroxo complexes 

New preparations of [RuC12CP(ol\le)311,] (fran “FWX~.XHZW and P(OMe), in methanol 

at reflux) [Sl] and trmzs-[RuCln(PMes),+] (fran "RLK~s.SHZO" and PM+ in methanol, 

or by treatment of [RuC12(PPhl)4] with PMe3 in hexane) [US] have been reported, 

as have the ca@e__es of (24), [Ru(L)Cl]Cl f187). ,a of the reactions of 

(Ph2ECH2CH2)2 PCH2 

\ , 

(24; E = P ox- As) 

[Ru(L)Cl]Cl CL = <24)} with Hz, Co or No were also investigated in this latter 

study. It has been reported independently that, although ~rcuza-[RuC12(PMe3).] 

can be made fran [RuC12(PPh~)s] and an excess of P&a, it is better prepared by 

treating {Ru2(02CMe)4Cl)n with Na/Hg in thf, in the presence of PNeB and lithium 

chloride [188,189]. Benzene solutions of arms-[RuC12(PMe~)k], upon ageing, 

produce [(~3P>r~(~~l>l~(PhIes)c]Clz and, upon treatment with Na/Hg in thf, 

yield cis-[RuHCl(P,Me3)41 [189]. [RuC1(PbIe-J)4][BFs] has also been isolated, as 

a by-product in the preparation of r(MezP)zCIRu-RuCl(PMe&] (see Section 2.9) 

r189]. 

The canplex [~*(oH)3(Phles)6][BFs] (25) was famed as a by-product in the 

(25) 

preparation of (3) (see Section 2.5) and was characterised by X-ray crystal- 

lography: (25) has an Ru... Ftu separation of 0.3004 nm [48]. The ccmplex 

[R~z(OFI)~(~~)~(PM~~)~] is discussed in Section 2.8.6.5. 

CV studies for solutions of [Ru2C1,,(PR3)5] (Rs = ClPh2, MePh2 or EtpPh) and 

[IQCl~(PPh3)~(CO)] show reversible one-electron oxidation waves, corresponding 

to the formation of the mixed valence mnopositive cations. Similarly, the 

stable canpounds [RLQC~~(PR~)~L] (R = Ph or C6H4-P-Me; L = CO or CS) show a 
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corresponding one-electron reduction tmve, corresponding to the formation of 

~~~C~SU’R~)~LI-. Intriguingly, the cuuplexes [Ru2C15Lr] (L = PRtnPh or 

As(C~H~4-ble)~) and [RuzCl~(AsPh3)~] shu.v both reversible one-electron oxidation 

waves md reversible one-electron reduction waves [190]. An electrochemical 

study of !RuCln(C0)2L~] (L = one of a variety of phosphines, arsines, diimines, 

or mines) has revealed that these cuaplexes also undergo a one-electron 

oxidation 11041. 

[RuC12(PPh~)s] has been shorn to catalyse the following reactions of secondary 

alcohols, R$.IXX (R = aryl) [191]: 

RzCRCH -RzCO + Hz (dehydrogenation) 

~R~cXOR-R~(~HOCHR~ +&.O (dehydration) 

3R2CROR -R2CHCRR2 + R2CO + 2H20 (reductive coupling) 

2R2CROR-R2CHz + R2CO + H20 <disproportionation) 

R2cHoH + R!&xoH -R2CR2 + RiCO + H20 (hydrogenolysis) 

The conditions for the promotion of each of the above reactions have been 

optimised and defined,and hydrido and alkoxy cunplexes of ruthenium have been 

shown to be involved as intermediates 11911. [RuC12(PPhs)s] ~vill also catalyse 

the reduction of azobenzene to aniline by MeKROH [192], the selective hydro- 

genation of a,&unsaturated ketones to saturated ketones under mild hamgeneous 

conditions [193], and the hydrogenation of aldehydes or ketones 11941, and will 

decarbonylate [(cp)Fe(CO;2iC(0)R1] (R = Me or Ph) to give [Ru(PPha)2(CO)A&] 

[195]. This last reaction occurs only slowly, even in benzene at reflux, and 

so is of little synthetic utility. Studies tith [Ru$&,E(+)-diop)s] and 

[Ru2Clc((-)-diop)~] wntfnue and these canplexes have been found to be catalysts 

for the asymnetric transfer hydrogenation of procbiral unsaturated acids or 

esters by alcohols, giving typical values of ea. 15% optical purity for the 

acids and ca. 5% for the esters [196]: 

FfR’CHoH + Ft”CR=C(FL”‘)C02FL”” - FiR'C=O + RTH2&I(R"')C02R"" 

The complexes [RuC12(Pbles)s] and rRu(PMe,)2(CO)2C12] are both catalysts for the 

hydrogenation of dec-1-ene in the Presence of Me2NR.BH3 and alcohol; the latter 

umplex is the.better catalyst [197]. 

In an interesting series of papers [19&200], water-soluble analogues of 

several triphenylphosphiue umplexes of ruthenium(I1) (see also Section 2.8.6.5) 



have been prepared wing the salt Na~@Od-C6HrlPPh~l 

Naz[IblL2(CO)2C12] and Nas[2uL2C12]: the latter complex 

the aqueous phase hydrogenation of trms-M~CBCH(COZH) 

The canplex C(cO)0C~(u-As~le~)~~C1(C0)31 has been 

[Rup(CO)~] with AsMe$l in petroleum ether /201]. 

2.8.6.2 CompLexes containing oxygen donor Zigands 
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(Na[Ll), including 

was shown tocatalyse 

and of bkC(O)COzH. 

prepared by treating 

The molecular structure of [~(OzCh~)(CO)(PMePhz)3][PFs] (26) has been 

Ph 

t ‘C 
tip 

a = 0.241 nm PPh3 \ 
b = 0.231 nm F$\ 

F'o\J /\,A 

ON 
RU 

I 
\ 

\ 
H 

co 
(26; L = PMezPh) (27) PPh3 

reported [ZOZI. Treatment of [FtuH(P%lelPh)5][PFB] with CO1 in an ethanolic 

solution of p5ihIez yields [~(O~~ez)(PbIezPh)s][PFs], which was also structurally 

characterised and, like (26), shown to possess F&I-P bondstrms to oxygen which 

are significantly shorter (at 0.228 nm) than those of the mutually tram phosphines 

(at 0.241 nm) 12031. 

The canplexes [RuH(OAXFs)(CO)(PPh3)tl and [~(02C(3F3)2(CO)(pPh~)21 react 

with a.l@nes, with terminal or internal CX linkages, to give oliganerisation or 

hydrogenation products, respectively, along with vinyl canplexes. Thus: 

+ cis-CH(Ph)=CH(Ph) 

With phenylethyne, the initial product is [~(C~Sh)(O,CcF,>(CO>(pph,),l, xvhich 

reacts with a further mole of PhCM to give [~(C4HPh,)(O,CCFI)(CO)(ppha)21 

(27) [204]. 

2.8.6.3 CO~~ZQXQS with nitrogen donor zigands 

Treatment of [N?Xt4][FtuC14(NCR)2] (R = CkH,,-2-ble) with PEPhz Yields 
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[Fbc12(NCR)2(PMePh2)21 [WI, whereas [RuHCl(PPh3>sl reacts with Lib(Sihle~)~l 
in thf to yield the red, mnaneric and diamgnetic canpound, E~{N(SibieB)2)(PPhJ)*], 

which is air-stable and soluble in hydrocarbons. On heating, however,this latter 

cunplex eliminates NH(SiMe3)2 [205]. 

Tw canpler;es of tris(2_pyridyl)phosphine, [RufP(py),I,HCl] (28) or 

P Cl 

P 

dl 

<aa) 

p\l /’ 
Ru 

(291 

[Ru{P(py)31&12] <2Q), have been prepared by treating [Ru(PPh3)~HCl] or 

[Ru(PPh3)3C12] with P(py)a in CsH6, respectively. Their structures have been 

postulated although (29) is thought to have been obtained as a mixture of 

isomers [206]. 

2.8.6.4 IsonitriZe and dithiomethyZester comptexes 

The cunplexes [FIIJXZ(CNC~H~-~-~$Q)~L~] (X = Cl or Br; L = 

SbPh3; R = bfe, Et or Pr) have been reported [108,207]. UV 

AsE'hzR, A.sPh3 or 

irradiation of 

[RuC12(CNCMe3)2(PPh3)2] brings about an i sanerisation reaction; the-canposition 

of the photc+stationary state was found to be wavelength dependent [208]: 

P 

cl\*/oJR I 
hV , 

Rx' \Cl I 
\ 

P 

cl\Ru/cl I 

RNC’ ‘(NR 
I 
P 

The wleCuk?r structures of the interesting $-dithianethylester complexes 

C~(r12-CS2Me)(CO)(~C6H4-4-~}(PPh~ I21 [Clot,] (30) and 

~~(~2-cS~Me~(CO)~(PPh~)~l[C10~l (31) have been determined [209]. 

2.8.6.5 Hydride complexes 

The molecular structure of cis-CRuH2(dppe)2].C6H6 has been determined i?(RuH) = 

0.158(15) nm1 and a novel synthetic route to [R&L,,] (L = FJPhs, pPh2Me, l?FMfe2 

or Idppe) reported [210]: 
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i 

I I 

Me- 
\ 

PPh3 

OC\ _/: I 

.?NC 
;R”,i 

I 
PPh3 

(30) 

+ 

PPh3 ‘S -Mt 

(31) 

1 
+ 
1 ? 

[RuH2(PPh3),.] reacts with a variety of N-, S- or U- donor ligands {e.g. bipy, 

~,~-C~HQ(CWZ, py-2-OH, quin-E&OH, py-2-NHz, py-2-SH, 1,2-C6HS(NHZ)2r NH*-2-C6HrSH, 

NKA-C,H,OK 1,2-C&(OW1, 1.3-C6H4(OH)2 or ~,~-CGHI,(CH)~~ to give, ?:nter aZia, 

[RuH2(PPh9)2(bipy)], [~2(PPhs)sE1,2_CsHI,(CN)2)], CRWPPh3)3(LL')] (L-L'H = 

quin-8-OH, py-2-OH or py-2-N&), [FU(I?Pha)~(GL')2] (L-L'H = quin-8-OH, py-2-OH 

or I=z-~-C~HI@), b.dPPhs)~W-L)1 or f.Ru~PPh3)~(CO)G-L)l WL-I-H = 1,2-C&+(~2)2), 
[PuH(PPh,)2(LL')] (L-L'H = HO-3-C6H+(3H or HO-2-C6H,,0H) or 

[fh12H2(PPh~)4(1,4_CsH402)Bl [2111. btireover, the full details of the reactions of 
"h- In - n U n .,-\ ..r;+L. rD..-r~r\\,nn& N-U in - ~6m+-rrmzj IYILI~ tnurm\b~,\rr~gj3] (X= Cl oi 3i-j, rn..rr ,r.n\,nn,_ pun2\L.“,\rr‘ln)~l or 

[2uH2(PPha),,] to give the fonmmi de, ureylene or fomamiciinate cmnplexes reported 

last year [l; p. SS] have now appeared (2121. 

The exciting work with diop (32) continues, with a clarffication of the 

(32; (4R,SR)-<-I-diop) E33; P-P = (32)) 

structure of [FMICl(di~p)~l ~3). which has now been crystallographically 

dmxmstrated to possess a tram configuration 12131. (33) was originally 

a cis gecmatry on the basis of 31P and 'H NMR spectroscopic studies; this 

assigned 

assign- 

ment was incorrect as the doublet of triplets observed arose, not fraa the cis 

configuration, but fran tbe deceptively simple AA'EB'X spin system of the 

tram isanar 12131. (33) will catalytically hydrogenate activated alkenes 

(including prochiral alkenes in high optical yields) under mild conditions. 

Studies on acrylamide and a-phenylacrylic acid have indicated a arxhanism 
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involving the coordination of the alkene to give au alkyl intermediate that, in 

the rate-detennin ing step, subsequently reacts with HP to give the saturated 

product and regenerate the canPound (33): a diop ligand dissociates to allow the 

initial alkene coordination [214,215]. 

SC& interesting dimeric canplexes have been reported this year. Thus, 

treatrtent of [Ru~(u-CR2)3(PLre,)6] with Hz (3 atm) in petroleum ether gives 

~Ru2H2(u-Hj2(PMe3)6] (34) quantitatively. This complex will react with one 

PMe3 

Me3P,7 ,H, 1 /‘Me3 

Me3P,qY\H,i/u\PMe r(RuRu) = 0.2611 nm 

3 
PMe3 H 

(34) 

equivdlent of H[BF+J in thf to give r~z(~-~)3(~~~s)61CB~III Cr(RuRu) = 

(cf_ ~25); Section 2.8.6.1) [ZlS]. {Ru2(0zCMej4Cl)n reacts with Na/Rg 

in the presence of PMea and Ha (3 atm). to give cis-[RL&(F%&)L]; the 

complex reacts with an excess of water in thf at 60 "C! to give 

0.2540 m-al 

in thf, 

latter 

[Ru2(oBI)2(~~)2(P~~3)6], tiich is presumed to have a structure analogous to 

(34) [216]. hu2H2(WZ1)2(PPh3)6~, which als o is presumed to have a structure 

similar to (341, has been prepared by the unusual method of treating.[RuH2(PPha)k] 

with Si4C12Phe in benzene, in the presence of NEt3. ~R%Hr(u--C1)2(PPh3)6] is 

different, chemically and spectroscopically, from [Ru(PPh3)3HC1].solvate, and 

undergoes spontaneous decanposition in benzene or thf to give HZ and a canpound 

andlysing as {Ru(PPh3),CljZ (cf_ Section 2.9) [217]. It is notable that the 

last occasion when ERu(PPh3)3Cl)Z was claimed [218], the material turned out to 

be [Ru(l'Ph,)3HCl]. 

In an interesting insertion reaction, [RuHCl(CO)(PPh3)~] reacts with RC!K=CRR' 

Cf CR(CO&e)+H(C~Me) or C&=CH-2-py) to give the compounds 
I * 

[RuC1(CO)(RCH-CH2R~)(PPh3)2], in which the alkyl residue is bidentate, coordinated 

through the a-alkyl bond and also via R' [219]. With CR2=CR(CN), however, 

~(Ph~P)~(oC)~~~(hie)(c=N)~(~~1)2EluC~(~Ie)((=N))(CO)(pPh~)2] is formed, with a 

mire normal mncdentate alkyl group present [219]. 

The preparation, properties and oatalfiic activity of [RuH2(PPhs)4] have been 

revierved briefly 12203, and (RuRC1(PPh3)9] reported to induce the isouerisation 

of ?I-allylamides to give aliphatic enamides [221]: 

e.g. 
NHco!ae 

- * 
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rRuHCl(CO)(~h~)~] is a gocd harogeneous catalyst for the selective hydrogenation 

of a,f3-unsaturated ketones, forming saturated ketones under mild conditions [X3]; 

both [RuHC1(CO)(PPh3)s] and [KuKCl(PPh3)j] are effective catalysts for the 

hydrogenation of various aldehydes and ketones [194]. Water soluble analogues 

of several of these PPh3 cunplexes have been prepared using the salt 

Na[(S0&-C6Ho)PPh2], NarL], including Na2[KuHC1(CO)zLz], NaX[XuHC1(CO)L3], 

Naa[KuH(02Cb!e)LX] and NaI[FtuHClL3] (1981; [9uH(02CMe)L,]3- has been dmnstrated 

to catalyse the aqueous phase hydrogenation of wuns-WCH=CH(COZH) 11991 and of 

b!eC(O)COzH r200]. 

2.8.6.6 CycZoruthenazed complexes 

The novel complexes K[~{(C.HI,)PPh2}(PPh3)IHP].Et20.C*0He and 

K~[Rur(PPhz)z(PPh,)zH~].2diglynz are active catalysts for the mild, hcxnogeneous 

catalytic hydrogenation of aliphatic carboxylic acid esters to alcohols [222] or 

of polycyclic aranatics (e.g. anthracene -1,2,3,Ptetrahydroanthracene) [223]. 

Treatment of tnns-[SuC12(Pb!e3)s] with Li[(C!EJp)2PMe2] yields the novel 

canplex (35) and the interesting by-product (36) 11861. Pull details of the 

PMe3 

HZC, 1 p, 

I 
Me2 P 

q\,, BMe2 
2 

PMe3 

(35) 

PMe3 

Cl 

\I / 
PMe3 

Me3P 
/T”\ 

CH2 *PMe3 

PMe3 

(36) 
1 Cl 

&em&a2 reduction of [Pu(PPhX)aC12] with Na or big amalgam, to give 

[~(C,HopPh2)(bf~)(PPh3)2], have now been published 12241 {cf. the product 

claimed from the eZectrochemica2 reduction, rRu(bIeCN)(PPhA.(n-hI( [225]1. 

Cole-Hamilton and Wilkinson contend that the products fmm the chemical and 

electrochenical reduction are identical and should be formulated as 

[RuH(C6H4pph2)(b~~)(pph3)2] c2241, whereas the original wn-kers maintain that 

the products are not the same, and that the product of the electrochemical 

reduction is correctly formulated as a xuthenim(0) complex [226]. The 

complexes [RuH(GH&Fh2)(py)(PPh~)z] and [EtuH(GHZPhz)(bipy)(PPh3)] have also 

been reported and characterised r224]. 

2.8.7 Organome&aZzic compounds 

Whilst organanetallic chemistry is strictly outside the scope of this review, 

note is made here of a few papers of particular relevance to coordination chemists. 
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A new facile route to [qua] 

ruthenocene (37; vl = 2. 3 or 4) 

I- 1 

hasheendescribed m71, and oliganers of 

have been prepared in low yield (2281. The 

PPh3 

(38) 

complex [(~6-C~hfe6)~(u-H)~(~-Cl)~(~6~6~~6)]Cl has been shown to be an 

efficient hanogeneous hydrogenation catalyst under mild conditions, converting 

alkenes to alkanes, arenes to cyclohexanes, styrene to ethylcyclohexane and 

aryl ketones to cyclohexyl ketones [229], whereas [(r16-C~Me~)~(~-oH)~~(~6-C6Me6)]~ 

catalyses the disproportionation of ethanal to ethanoic acid and ethanol [230]. 

The crystal structure of [9u(cp)(CO)~(CON-I~)] has been reported [231]. Treatment 

of rEu(CO)tX(hie)L~] (X = Cl, Br or I; L = PMezPh or AsbfeaPh) with L' (L' = CO, 

various phosphines or Asb&Ph) has been shown to yield [Ru(CO)X(CCMe)L~L']; the 

formation of the acetyl group involves an intranmlecular rearrangwent 12321. 

[Ru(C0)2(PPh3)3] reacts with bIeHg1 to give [Ru(CO>(PPh~)~I(~z-C(0)cH,)I (38) 

which, in solution, is predcminantly in the form [Su(CO);?(PPhs)2I(Me)] [233]. 

(38) has been structurally characterised, together with its analogue 

~~(CO)(pPh~)~I~~'-C(O)C~H,-4-b~~] [233]. 

The cnnp0und.s [FU(cp)(dppe)L][PF,] (L = alkene, CO, py or MeCN) have heen 

prepared by the treatment of [Ru(cp)(dppe)Cl] with L and [NH+][PFs] in MeOH at 

20 OC; treatment of [Pu(cp)(dppe)Cl] with Li[Allh,] or Li.Me gave [m(cp)(dppe)H] 

or [Ru(cp)(dppe)Me], respectively 12341. Sane reactions of [Ru(cp)(PPh3)Gl] 

and [Ru(cp)(C0)~Cl] are sumnarised in Scheme III [235]. 

2.8.8 Trich7.orosiZy7. derivatives 

A new preparation of [Ftu(CO)+(SiC13)2], fraa the photochemical reaction between 

[Rua(CO)~] and SiClsH in hexane under CO (2 atm), results in the z%hlDst 

quantitative formation of the cis-isanar (which is extremely difficult to 

prepare pure by any other route). At 70 OC, this canplex iscuerises to give a 

mixture of 7% trans and 3WjG cis isaners; it reacts with PPha at ambient 

temperatures to give me~[~(CO)~(FPhs)(SiCls)2], and with 1,3,5-GH#e3 at 

reflux to give CEhl(C6H3Me3)(CO)(SiC13)2] in good yield. Mer-[~(CO)s(PPhs)(SiC13)2] 
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1 
[Elu(cp)(PbIe3,2LI[PFF6lr rpF6’-~Et;B [RMc~)(p~!e~)zX] 

Or = nr, I OI- [SCN]) 

MeOIi 

b’Fs]- 

P'les 

In 211 PWep 
-bw=P)~PhIe3m3)21+ + cFbl(cP)(PMe3)2(co)l+ 

.XHEME 111: Sane reactions of [Ru(c_o)(PR,),Cl] and [Ru(cp)(CO)2Cl] [235]. 

will not react with further quantities of PPh:,, even at 80 OC, but will react 

with P(OMe)s to yield [~(CO).(PPh,)(P(~~)3)(SiC13)2] [236]. If, during the 

synthesis of cis-[Rn(CO)s(SiC1~)z], a shorter irradiation time is used, cis- 

[Ru(CO)bH(SiCls)] (air-sensitive; m-p. 22-23 OC) is formed, which will also 

react with PPh3 to give mer-[Ru(CO)~(PPhs)H(SiCls)] [236]. Substitution 

reactions of these wnplexes occurs trams to Sic13 in all cases, as this ligand 

has a greater tram labilising effect than either CO or hydride. This property 

has been used to prepare a wide range of [R~(CO),(PR,)(S~C~J)~] and 

[Ru(CO)2(PRs)2(SiC13)2] phosphine canplexes [237]. Cis-[Ru(C0)4(SiC13)t] will 

also react with bidentate ligands, L-L {L-L = F.4eS(CH2)$91e, R2P(=S)P(=S)R2 

(R = Me or Et), dppn, dppe, diars, dpae, bipy, nbd, cod or cot) to give specific 

substitution of the CO groups tram to the tw SiC13 groups, yielding trans, 

cis,cis-[Ru(CO)2(GL)(SiC13)2]: the cunplexes [(clBSi)~(OC)31hl(u-GL)~(CO)s(SiC1a)2] 
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(GL = dplzm, dppe or dpae) were also isolated in this study 12381. 

The salts A&L& (A = Ca, Sr, Eu or Yb) have been cbaracterised by '%a 

blijssbauer spectroscopy at 4.2 K and shown to contain lmv-spin ruthenium(I1) 12391. 

2.9 R~IlJM(I) 

The well khown reaction [240]: 

““\ ,/=I\ /‘“’ xz R$'\Ci)/C1\C~,PR~ 

(X = Cl, Br or I)- 

X X 

has been reinvestigated [241], using P(CMea)s instead of the P(CMe,)2(Ar) (Ar = 

various aryl groups, e.g. C6H5-4-Me) ligands used originally, giving (not 

surprisingly) similar products. The canplexes [RUz(C0)4(~-X)2EP(ChIe3)3}21 (X = 
Cl, Br or I) have also been prepared [242] by conventional methods [240]; the 

branide complex was crystallographically characterised and the molecules shown 

to possess the es-ted structure_ Cunplexes of the well-established class 

CRu2(CO)r(~-02CR)2(PR~)~l (e.g. [~,(CO),(O~cJfe>2CP(~fea)~(C~H~hfe)l~l [2401) 

have also been prepared by treating [Ru3(CO)u] with P(C%Z~)~ and IKOzH (R = H, 

Me, Et, l?r or C17H35 > [243]_ The CcmDlex [~z(CO)~(FL--I)~IP(~~)~H)Z] has been 
prepared by the reaction of [R~~(CO)~I~(U-I)~] with P(Cb&), in 2-methoxyethanol 

12441; treatment of "RuC13.~H1cY' with CO, NaI and P(Cbie,), in 2-mthoxyethanol 

yielded only the ruthenium(I1) cmplex [(bIeaC)3PII]2[~214(~-1)2(C0)2CP(~3)2H)2] 

[244]'. 

Some interesting new chemistry has been reported by vlilkinson and coworkers. 

Thus, treatment of CRu2(02CMe)4C11n with hlg(CsH4-2-OMe)2 in the presence of Pbka, 

followed by treatment with [CPh9][BF,] in thf, yields [(Ue~P)~ClRuRuCl(Ph@~)~] 

[189]. Treatment of [Ru~(~-CH~)3(P&s)~] with water in thf yields the unusual 

complex [(~,P>3~(~~)(~-H)~(P~e3)3] 12161. Each of these conpounds 

represents a nm type of complex. 

The VI? W-VIS and IR spectra of [F&(cp)~(C0)~] have been reported 12451, and 

the details are in accord with the temperature dependent eqplibria established 

by Manning [246]: 
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(bridged isomers) 

~~~P>~~o~~~-~~~~~~c~P~l 
<non-bridged isomers) 

The U-NY* transition associated with the Ru-Ru bond was identified at 37735 cam1 

in the bridged isomers, and at 30305 cm-' _ in the non-bridged ismere. Irradiation 

of the isansric mixture in CCL, yielded [Ru(cp)(CO),Cl] as the sole carbonyl- 

containing product, illustrating the efficient cleavage of the Ru-Flu bond (even 

in the presence of bridging carbonyl groups) [245]. [Ru~(cp)~(CO)~'j reacts 

with P(OR)3 (R = Me, Et or Bu) to give [Ru(cp)(CO)$], whereas with PPra it 

yields a mixture of [Ru2(cp)2(CO),(PPr,)] and [Ru(cp)(CO)(PPr~)Cl]. The chloride 

in this last ccmplex is derived from CH2C12, and the precursor is believed to 

be ku(cp)(CO)(PPr3)H] 12471. Treatment of [F&I~(CO)~ ] with AshlezR (R = H or 

Nb%+) in C6H6 yields [(CO),Ru(u-AsMe2)2Ru(CO)3] [201]. 

2.10 EuJlXEN1uM(0) 

The kinetics of the following reaction have been studied [248]: 

b.dCOl~ 1 + PR3 -[R~(CO)I.(PR~)] +CO 

<R = Ph. Bu or Oble) 

The rate determining step involves the dissociation of CO to generate [Ru(CO),]. 

The oxidation of [Ru(CO)5] by 12, to give ci~-[Rn(CO)~1~] and CO, Proceeds by 

straightforward oxidative elimination reaction 12481. A report on the photo- 

activation of [Ru(CO)n(PPh3)s_,_] (n = 5, 4 or 3) torvards the isanerisation, 

hydrogenation and hydrosilylation of pent-1-ene has appeared [249]. 

[R~(u-C&)~(Phle~)6] reacts with CO (5 atm) at 60 OC to give r;ran~-[Ru(CO)~(P~Ie~)~], 

and this product has been characterised crystallographically [48]. 

Z'rms-[Ru(CO)B(PPh3)2] reacts with a saturated solution of 302 in benzene/ 

heptane to give [~(C0)2(~2-S02~2)(PPh3)2] (39); the structure of (39) was 

‘0 

5’ 

/ q5im 
0 

I PPh3 

a$y” - -__ --_ 
----:x0 

_ __--- 

4 

__-- 

0; ---- 

PPh3 

<=I 
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determined at -60 OC [ZSO]. 

Full details are now available of the preparation and isolation of the red 

paramagnetic ruthenium(O) cunplex [Ru(MeCN)~(PPh~)~], as dell as of 

[Ru(MeCN)3(PPh3)2] and [Ru(&CN)(PPh3)3] 12241. CRu{P(~%k),1~1 has heen shown 

to undergo an interesting isanerisation at 150 'C to give 

[{(hieo),P)4~(hIe)EP(0)(Ohle)2)]: both isaners react with lIeI to yield 

[~IP(oMe) 3 1 &felI [2511- 
Canplexes of the trams-spanning bidentate phosphine ligand 2,11-bis(diphenyl- 

pho_qhinaxxzthyl)benzo[c]phenanthrene (40), of formulation [pus], have 

CH PPh 2 2 

(40) 

heen prepared by the photochemical reaction of (40) with [Ru(CO),(cot)]: the 

ca&ex [Ru(CO)~(Ph&CHAW~] was also prepared by treating (RuC12(C7H8)}, with 

hydrasine hydrate and PhzPCHzPh in ethanol under CO. Both complexes [Ru(CO)3(GL)] 

{L-L= (4o)j and [Ru(CO)x(Ph$CH2Ph)2] were character%& by 'H and "P NbiR and 

IR spectrcscopy 12521. 

Ruthenium(O) isonitrile canplexes have been prepared according to [253]: 

trrms-[RuC1~(CNCMe3)1,] ";;;;; thf= [Ru(CNCbfes)~] PPh3 ~[Ru(CNCble,)~(F'Ph3)] 
3 

(41) (42) 

(42) a and the iron analogue of <41), have been crystallographically character&xi; 

(42) has a structure based on a trigonal bipyramid, with linear axial CNR ligands 

but with the equatorial isonitrile group being bent (Ck = 130°) [253]. 

kWCO)~(PPh3)z(NzR)1 1R = C&l,, GBr ,,, -9-fluorene or -9-(2,7-Br?-fluorene)} 

were prepared by treatment of [Ru(C0)2(l?Ph3)2(C2H,))] with the appropriate diazo 

derivative; [Ru(C0)2(PPh3)2(N&Cl+)]_CHzClz (43) was structurally characterised. 
-1 All of these ccmplexes sho.v a v(NN) stretching frequency at cc. 1500 on , 

strongly suggesting that they all involve n2-coordination of the diazo group 

[254]. The 1,4_diazabutadiene ligands, R-N=CHCH~-R (dad; R = CXe,, CIiM+ or 

cych),react with [F&(CO)u I to yield [Ruz(CO)6(dad)]; these ccmplexes were 

characterised by IR and NMR spectroscopy, and are believed to have the structure 
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Ph3P 

F”\ 
C 

7 ‘N-R oC/ 1 N 

N 

I 

PPh3 

R 

(42.1 (43) 

(44). Treatment of [Fe(CO)a(dad)] with [Ru3(CO)~ ] yields an iscmeric mixture 

of [FbFe(CO)6(dad)]; one cunplex with the Ru receiving the n-donation fran the 

dad ligand, the other with the iron accepting it. [Ru1(CO)6(dad)] reacts with 

<45) (46) 

R 

a further nx3le of dad to give (451, which involves a dimerised dad ligand; won 

heating, (45) gives (46). Prolonged heating of (46) at 150 OC causes cleavage 

of the C-C bond, forming [Ru~(CO)b(dad)~l (47); the dad (R = -2) conrpl~ has 

been crystallographically chq-acterised [255,256]. 



124 

R 
/ 

OC\ /\~(I.,co c /““yj?r/ RU\co 
c 

0” / 
R 

(47) 

2.11 RUI'HENIl_M(-II) 

IR evidence has been presented and interpreted as indicating that [Ru(C0)1,1~- 

is able to reduce CO2 to CO, according to [257]: 

Na2[Ru(CO>,] + 2CO2 -buiu(CO)~l + Naz[CChl 

2.12 BORIDES 

The structure of Ru,B, has been described in terms of the .sseZZa quadrmr_ouZa 

building unit 12581, and the magnetic behaviour of MRu3B2 (M = lanthanide) 

materials has been studied from 1.8-1100 K [259]. 

2.13 RUIHEVIUM CARBCYWL CIXJ- 

This year has seen many exciting advances in ruthenium cluster chemistry. 

High-yield synthetic routes have been developed for ruthenium and osmium 

clusters of nuclearity 26, and the chemistry of t'hese species is now being 

developed. One problem this has created, however, is one of representation - 

it is very difficult to draw the structure of a high nuclearity cluster and see 

the chemically important features at a glance (or, indeed, after prolonged 

examination!) A system of representation is used in this section (and in 

Section 3.9 of the canpanion review on osnium) which, at least in part, circum- 

vents scxne of the problems. Thus, all of the ruthenium atans are represented 

by a solid circle (0) within a predaninantly ruthenium cluster - only hetero- 

atars are marked by their chemical symbols. The number of terminal carbonyl 

groups on each metal atan is indicated numerically, rather than by inclusion 



of their geometric representation. Allofthen~tal-metal bonds aremarked, 

as are all of the bridging and interstitial ligands. Where a bridging hydride 

is found, no direct metal-metal bond is indicated (for the rationale of this, 
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see Section 3.9.1). Sane camon structures are represented by the formalism in 

Fig. 3. This method may have scme deficiencies (e.g. it shows nothing of the 

;a3 = 3&3 
3 

H 

C 

3 = - 
3 3 

3 

Fig. 3: Sam2 representations of well-known cluster caqpleves according 

abbreviated structural formalism described in Section 2.13. 

to the 

relative orientation of terminal ligands), but it does offer a clear view of 

the metal cluster core- 

A major feature of this year's publications has been the appearance of a book 

dedicated entirely to transition metal clusters [260]. It contains chapters 
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dealing with the structure of metal cluster canpounds [261], the bonding within 

clusters [262], cubane structures [263], thermochtical estimation of metal-metal 

bond enthalpy contributions in clusters [264], reactions of metal clusters 12651, 

ligand mobility in clusters 12661, the use of metal clusters in catalysis [267], 

and a physicist's view of the electron distribution within clusters 12681. This 

represents an invaluable addition to the documentation of metal cluster chemistry. 

Also of general interest, the second part [269] (for part I, see [270]) of 

Johnson's novel approach to structure and fluxional behaviour in binary carbonyl 

clusters has appeared_ The node1 is based on the observation that carbonyl 

ligands pack in space so as to minimise non-bonded interactions, and the 

assun@ion that the structure of [MJCO),] clusters is merely a reflection of 

the insertion of an El, polyhedron withir~ the (CO), polyhedron. This model has 

cane in for sane criticism [e.g. %'I]. but this latest article [269] discusses 

m3st of these probkns in detail. The recent advances in high nuclearity clusters 

will certainly prove to be a good testing ground for this theory. 

Another important general article to appear this year describes a quantitative 

procedure for indirectly locating hydride ligands bound to transition metal 

clusters, and has been tested against a series of cunplexes in which the hydrides 

have been directly located by a canbination of X-ray and neutron diffraction 

studies. The method was then applied to a number of structures where qualitative 

arguments had been unable to achieve an unambiguous location of the hydride 

ligands, and definite predictions made [272]. The rapid expansion in this area 

of chemistry will soon reveal the utility of the technique. 

As last year, papers dealing solely with organanetallic chemistry have been 

excluded from this Section. 

2.13.1 TKnieric clusters 

Another autoclave synthesis for the preparation of [RII~(CO)Q ] has heen 

reported [273]. "0 NMFI studies upon [Ru3(CO)m ] (enriched with Z Cl'0 by 

exchange) show a single resonance at roam temperature: the narrow line-width 

observed (ca. 22 Hz) is very encouraging for further studies 12743. 'Ike 

additional reports of the Wl?FS spectra of [Ru-J(CO)n] have appeared [275,276], 

which add little to results relxx-ted last year 11; pp_ 60,711. In particular. 

the utility of 0KlO calculations I2761 for molecules of this size rmst be open 

to question. 

The adsorption of [Rus(CO)n ] onto AI203 has been studied by inelastic 

electron-tunnelling spectroscopy; the cluster was found to retain its structure 

upon adsorption: heating of the material to 470 K (0.1-r of 0,) causes the 

desorption and possible oxidation of the cluster [27'7]. The high resolution IR 

and F&man spectra of [FUnOs3_, (CO)t2] (n = 0, 1, 2 or 3) have been reported 12781, 
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as have similar studies upon "CO enriched samples of [Ru,<CO>,, ] and [Os,(CO)u I 

[278,279]. The IR s.pectrum of [Rus(CO)12 ] has also been compared with data for 

CO adsorbed onto Ru(OO1) [ZSO]. 

The activation energy for the thermal decunposition of [I&(CO)12] at 130 OC 

is reported [281,282] to have the ludicrously low value of 41 kJ nol-' (cf. AH* 

for '?O eschange, with the rate-detexmining step of [Rux(CO)12]i--c 

[Ru~(C0)~1] + CO, is 133 kJ mol-l 12831; mdecomp(in argon) = 374 kJ mol -1 

[284]}. The reported value is remarkably similar to the enthalpy of melting 

(43.5 kJ n-01-l at 155 OC [284]) of [Ru,(CO)u], however! iRu3(CO)It I’ has been 
produced by electrochemical or alkali-n&al reduction of the parent cluster, 

and characterised by EPR spectroscopy [285]. The catalytic properties of 

[Rup(CO)12 ] are discussed together with those of [&s(CO)12] in Section 3.9.1. 

[Rna(C0)12], in basic conditions, catalyses the hydroformylation 12861 and 

aminanethylation 12871 of alkenes: species such as [HRu(CO)s]-, [HzF&(CO)a]- 

and [HRu3(CO)u ]- have been postulated as important catalytic intermediates. The 

last species, moreover, has seen an exciting development in its chemistry. Thus, 

[RRu3(CO)11 ]- (48) has heen prepared in high yield by the treatment of [Rug(CO)u ] 

lbj- 3+3L3@4 

O," 

(48) (49) (50) 

with Na[E@h,] in thf, and isolated as its [Et,,N]+ or [N(PPh3>2]+ sdt. 

[N(PPhs)2][HRus(C0)11] has been crystallographically characterised. and VI "C 

NMR studies have shown the anion to be fluxional in solution at roan temperature 

[288]. (48) is also generated by the treatment of [Ruj(CO)n ] with LirHBEt,] 

in thf [289]. Protonation of [HRus(CO)ll ]- with HSO$F', at -60 OC in C&Cl2 

yields theO-protonated cxxnplex <49), as indicated by 'H NFlR spectroscopy. Won 

warming, (49) is irreversibly converted into the previously unobserved iscxner, 

(50), which itself decunpos es above -30 OC to give H 2 and [Ru3(CO),2] (with small 

amounts of [HJW,(CO)u] and [H2Ru4(CO)lg]) [290]. This behaviour is to be 

contrasted with the equally interesting behaviour of (48) towards roan tanperatUre 

protonation with concentrated H&D,,. which generates hexanuclear clusters (see 

Section 2.13.3). The catalytic activity of (48) has been derPnstrated by the 

reports of the hydroformylation ofetbeneor propene in dmf at 100 OC [291]: 
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CIHI, + CO + H2 (48) ) CH&IH&HO (74%) 

CH&SC!Hz +CO + Hz -CH&H~CH&HO (6%) 

+ 

(cJ&)z- (SJ 

In a related reaction, Na[HRuS(CO)ll] was treated with [B,O][BF+] in 

ethanenitrile, and shown to yield [HRu,(CO)~~ (CCCH~)] <51), which has been 

4 AMe 

3 
A 

P 

H 
C 

3 

ii 
3 3 

'\Me 

crystallographically 

13C NblEI spectroscopy 

3 
(51) (52) 

characterised and its solution fluxionality studied by Vi' 

[292]. (51) has alsO been prepared by methylation of (48) 

with MeSOsF and shown to undergo hydrogenation under mild conditions 12931: 

(521, itself, has an interesting chemistry and this is sunmarised inScheme IV 

[294]. 

Treatnxznt of Na[HRu3(CO)II] with [NO][PF6] ~e1d.s [HRu~(CO)~~ (NO)] (531, 

which reacts Smith P(W)3 to give rIiWa(CO)7(NO)(P(CMe)~I~] <54). (53) is also 

formed in the reaction between [H&II,(C~)~~ ] and [NO][PFS] in bkCN. Treatment 

of (53) with PPh3 yields [HFba(CO)9(NO)(PPh3)], [HRu9(CO)B(NO)(FPhS)2] and 

bw(CW7WW(PPh3)31. A determination of the rx~lecular structure of (54) showed 

all the phosphite ligands to be essentially equatorial; the nature of this 

canplex has been studied by Vl! 13C NMR spectroscopy [295]. The crystal structure 

of [Ru3(CO)~~(PPh3)] has revealed the PPh, group to be in the expected equatorial 
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~H$uaCOls(us-‘==)l rH3RdCOMu-(31)i 

I base; 

EtOH 

I 

Bu&'di 

[H3Ru~(CO)s(~&XMe)] (XB~3C1)[H,~~(CO)9(~,-cx)] . z- pA~~1~[~l~,(~~)9(~I~~BH*R)I 

(52) or Br) (R = H or Me) 

I 

AlClj 

base; ! 

NRF.t2 MeOH 

1 

~mu~(CO)la(~2-CNEtz)l [Hs~B(CO)s(up-CCOzhle)] 

SCHEME IV: The synthesis and reactions of [H~RuB(CO)~(~~-CY)] (Y = OUe, OEt, Cl, 

Br, COzMe, H, Ph or CsH4-4-Me) [294]. 

position, but the argunxznts presented concerning possible isomer isn are not 

definitive [296]. 

[F~u~(CO)~~] does not react with E, (E = S, Se or Te) in propanone at reflex, 

but under CO/H2 (35 atm; 1:l) [Rus(C0)9E~] and [HzRuj(CO)gE] are formed c2971. 
The structures of [H2m1(C0)9E] (55) are believed similar to that reported last 

P (OMe 13 

3b3 tMeO13P+(&WOMel~ 

0 

(53) (54) 

3 

H 

;;"\I 

E 

3 

(55) (56) 

year for [HAk3(CO)Gl [I; p-721. canplexes described as C(U-H~~RU~(CO~~(U~-E)~ 

(E = S, Se or Te) have been reported previously [2%1, but their IR spectra are 



130 

not consistent (i.e. they have fewzr bands) with the spectra reported in the 

recent paper [2971. Moreover, the earlier report 12981 stated that [HzRuJ(CO)G] 

is pammagnetic, containing two unpaired electrons per molecule - a very 

interesting phencmenon, if correct. [H23u3(C0)9S], (55; E = s), reacts with 

K[E!.H(OCHMe2)3] at -60 OC to give a formyl derivative (cf_ Section 3.9.1). which 

(upon watming) yields [HRu,(CO)aSl-, which itself reacts with acid to regenerate 

[HzK~~(CO)~S] 12991. 

[Ru,(cO)~ ] reacts with b&NH to give [HR~,(CO)~~(O=UV&Z)] (561, which has 

been structurally characterised, and the bridging hydride located [3OO]. In 

<56), the v(Ru2H) stretching mode occurs at 1400 on-' and for its deuterated 

analogue, v(RuzD) is at 990 c&l [300]. [F&(CO)U ] reacts with MezNC%Sib¶e~ 

or bk2NCH2Snbkz3 to yield [HEtu3(CO)~o ((XWz?2)1 and, with the latter reagent, some 

[Ftu(CO)+(SnMe~)2] was identified as a by-product [301]. 

In addition to the well-known product [(cp)$u~(CO>~,] (cf. Section 2.9). the 

reaction of [RLI~(CO)~~] with cyclopentadiene has also been shown to yield the 

interesting eclipsed linear complex [E(cp)~(CO)2}Ru(CO)~{Ru(cp)(CO)21] Ir(RuRu) = 

0.2889 nm}, containing ~~~~h.mitIy tram cyclopentadienyl rings, as illustrated in 

(57) [302]. 

I /“” I=” 
Ru Ru 

I co 

2.73.2 Tetrameric chsters 

A high yield synthetic route to [F&(CO)l3 12- and [Ru,(CO)m 14-. via the 

controlled reduction of [FkMX&i with K[Ph$ZO]. has been developed 13031: 

4[Ra(CO)m I + =rPbCOl -3K2[Ru,,(CO)u ] + 9CO + 6PhzCO 

41IW (CO) 12 1 + l=[Ph2COl -3K,,[3ul,(CO)12] + 1x0 + 1zPh~CO 

These anions were isolated as their [N(pPh3)2]+ salts. The pKa values for 

[HI,R~I,(CO)~] (11.7) and [H2Fluo(CO)13] (14.7) have been measure d for the first 

time 13941. 

Treatment of [Kug(CO)n ] with [N(IThB),]C1 in thf at reflux has yielded 

crystds of [N(PPhp)2][~~(CO)13Cl]. suitable for crystallographic cbaracterisation: 
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the Li+ and [NFXsBz]+ salts of [Rw,(CO)~~C~]- (58) were also prepared [305]. 

Cl - 

3 18 3 

3 

3 I 
C 
0 - 

(58) 

Treatment of [HsRus(CO)12] with dppe, in the presence of MepNO, leads to the 

formation of [HI&II,(CO)I~ (dppe)] (591 in good yield; the conpound was 

characterised crystallographically and all the hydride ligands mere located. 

Upon heating, (59) rearranges to give the already known and crystallographically 

(59) (60) 

characteriseci isaner (60). (59) is fluxional in solution, and has been studied 

by VT 'H NbfR spectroscopy [306]. ]H&u,,(CO)lzl also reacts with L (L = P(OMe), 

or PPhs) under UV irradiation to produce [HJ&,(CO)u L], and with alkenes 

(depending on conditions) to cause photocatalytic hydrogenation or isamerisation 

13071. The ccmpound.s [H4~,KO>,,_n (P(CEt),),] (n = 1, 2 or 4) catalyse the 

isarerisation and hydrogenation of dimethylfumarate 13081, [H~R~~(co)~.&PR~)~] 

(R = Ph, Ru, OEt or CPh; n = 1, 2 or 3) catalyse the hydrogenation of pent-1-yne 

and pent-2-yne [309], and [HJ?LI,,(CO)~(PB~,).] catalyses the hydrogenation of 

=CzH IR = CH,(cH.& n = O-51, (R2CO)2O (R = Me or Pr) and several dicar~boxylic 

acids to the corresponding alcohols, RC&OH, at 100-200 OC (100-200 atm of Hz) 

13101. 
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2.13.3 Zexanieric cEusters 

This year's key developnent has been the discovery of new high yield synthetic 

routes to Ru6 clusters, with the pranise of exciting chemical developnents in 

the near future. These new preparative routes are surmarised in Scherzo? V [311,312]. 

mu~K0)121 
KOH 
MeOH 

*ImS(Co)ll I- 

add solution in thf 

to a saturated aq. 
HzS04; 

KOH solution 
thf 

cR%Gm1a 12- 
HZSO4 

i,*~:,_81?j!;:1- 

2 6 1 

5XttEXE V: The syntheses of same Rug clusters f311,312]. 

The anions ffhl~(CO)~ 12- (61) [311] and ~HEIL&(CO)~~]- (62) 13121 were characterised 

crystallogaphically as their [RPhQk]' and ~W?.Ph~)~f* salts, respectively. It 

2- 

is of sane interest to note that all the mmbers of the series [13~_nN&Ol~8]n- 

(b! = F~I or 5s; n = 0. I or 2) have been,stmcturally characterised, and no 

ruthenium cluster has the same structure as its osmium analogue. The structure 

of [AsPh~][HRu6(CO)18] has also been determined, by a ccmibination of X-ray and 

neutron analysis, and the position of the interstitizil hydride was diE?Ctl>r 

located Ir(RuH> = 0.203-0.206 m) [313]. This is an important result as, 

although this was the proposed structure for the canplex [314], it had XWEntlY 
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been questioned 13151. Wreover, the first observation of the v(h!H) stretching 

mxie for an interstitial hydride has been re_ported for the CNJI~+]' and [AsPhl,]+ 

salts of (62), at 825 m-l, and the u(RuD) stretch in [NE~Q][DFQ(CO)~~] has 

been identified at 600 cn-'. At 95 K, the w(PuH) band in the ]m~e,]’ salt splits 

into an equal intensity doublet at 845 and 806 cm-' and a similar effect is found 

in the ]AsPh,,]+ salt (842 and 817 on-'): this phencmenon has been ascribed to 

Fermi resonance [316]. 

A high yield (-69%) synthesis of A~]Ku&(C0)16 1 (A = [NXa.l. [NEt,l, bsEW1 
or [N(PPh,),]) has been found; treatment of [KuB(CO)I~l with NarPln(C0)51 in 

diglyme at reflux for several hours produces red solutions containing 

rPugC(c0)16 I? A 13C0 enriched sample of [Kul(CO)12 1 produced a product with 

a "C NNR spectrum confirming that the encapsulated carbide originates from a 

carbonyl group. ]Ru&(CO)16 12- can be protonated. in a stepwise manner, to give 
[HRu&(CO)16]- and [HzRu&(CO)l~ 1; mild oxidation of this anion, in the presence 

of CO, yields [Ru&(CO)17 1 [317]. A determination of the crystal structure of 

~NMes]t[Ku&(CO)~6] has revealed the structure of the anion to be that 

illustrated in (63) [317,318]. 

(63) 

2- 

(64) 

In an independent study, it was discovered that treatment of [Rux(CO),2 ] with 

ethene (30 atm; 150 OC> gives ku&(CO),,] in 70% yield. This latter canples 

reacts with [Cafe]-, via nucleophilic attack on a CO ligand, to give 

[3usC(CO)16(CO#e)]-, i%hich has been isolated as its [N(PPh,)z]' salt. This 

anion reacts with aqueous base to form [FILI&(CO)~~]~- xbhich, in this study, was 

isolated as its [AsPh,,]+ and rN(PPh&]+ salts, and is protonated by sulphuric 

acid (-30 "C) to give rHzRu&(C0),6 I [319]. A determination of the crystal 

structure of [AsPhr]2[Ru&(C0)16] has revealed the structure of the anion to be 

that illustrated in (64) [319]. (63) and (64) are the first examples of isaneric 

carbonyl cluster anions; (63) contains 3 bridging and 13 terminal groups, and 

(64) contains 4 bridging and 12 terminal carbonyl groups. The terminal CO group 

in <63), which becones the bridging group in (64),.is already in the correct plane 
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and bent towards the appropriate Ru ataa, exhibiting a RuC separation of 

0.2615 nm 13181; the equivalent bond length in (64) is 0.2327 nm [319]. The INO 

structures probably represent similar energy minima on a fluxionality profile. 

2.13.4 bfixed-metal ctrcsters 

be&dCO) 12 1' and [FeRup(CO),2]z have been generated by electrochemical or 

alkali-metal reduction of the neutral trimers and characterised by EPR 

spectroscopy [285]; rFhnC=3_n (CO)12] (n = 1 or 2) have been characterised by 

high resolution vibrational spectroscopy [278]. The pxa vahes for [H+F~R~~(CO),~ ] 

(13.4) and [H2FeRu3(CO)Is] (14.3) have been masured [304], and VT 'H and 13C 

Nm studies upon [HzF~s(~~),3], [HzF~lOs(CO)l:, I and rHnFeRuOsz(CO),~ 1 have 
been used to establish the flwiional behaviour of the carbonyl groups [320a]. 

The reactions of ~H~F~RLI~O~~_,~ (COl131 (n = 1, 2 or 3). [HCoR%(CO)u I, 
[H2FeRuz(CO)12L] (I. = Pb&Ph), [HF~F&I~(CO)~~]- and [cORu3u3(CO)19]- with CO (1 atm; 

O-80 "C) result in cluster fragmentation to yield trimeric and mnaneric products, 

but the fragmentation is selective [320b]: 

8. g. 
C~~~db(co),~ IL DUNG 1 + bell + HZ 

~Hz~~n~3_n(CO) 131 ~IRu~O~~_~(C~)~~~ + ke(CO)~1 + HZ 

rHzFeRu3(CO)n (PhkzPh)] L [FeRuz(CO)11 (PMezPh)] + ku(CO),] + Hz 

[HC~RIJ~(CO)~~] reacts with Hz in hexane at reflux to give the new cluster 

[H&Su3(C0)u]. In solution, [H3CoRu3(CO)12] shows tuo isaaar ic fozms (as 

deduced by 'H NMR and IR spectroscopy). One form, (651, has been crystal- 

lographically characterised whilst the structure of the other isaner, (661, has 

3 3 

3 3 3 

(65) (66) 

been deduced fraa its spectroscopic characteristics [321]. ~HCoRus(CO)ls 1, 

[HC&WO~(CO)~~ 1, [HC~R~O~~(CO)~~ 1 and @AO~I(CO)I~ 1 (trace atmunts) uere 
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nitric acid to produce, as the final product, CRU(NO)(CN),(H~OI~~; the intermediate 

Kz[~~(NO)(CN)~] was also isolated [325]. The hydrolysis of ~WNO)(NOS )~(HzO)ZI 

in dilute nitric acid solution has been studied [326], and the absorption of 

Na~[Ru(KO)(NOz)ll(OK)].2H20 onto activated charcoal has ken investigated with a 

view to elimination of ruthenium fran fission products [327]. 

[Elu(XO)2(PPh3)2] reacts with SOz to give [~(NO)~(pPh~)~(SO~)], which contains 

both a linear and a bent NO group, and is oxidised in air to give 

Cw~o~2~pph3~2c30,~l C328l. The electrochemical reduction of [PuC1(NO)2(PPh~)2] 

has been investigated; the complex is reduced in tm one-electron steps, the 

first of \\bich is reversible, the second of which is not (see Scheme VI) [329]. 

[EluCl(NO)2(PPh,)z]+~ 

-'/ 

kuCl(NO)z(pph3)z] 

+e- 

/ 

[KuC1(N0)2(PPh3)2]--cl-_ ku(NO)z(pph3)z] + CK=lz(KO)z(PPh3)z] 

<stable) 

_ [EkCl(NO)zWh~)~l+ t I slow 

SCHEME VI: Electrochemical reduction of :FW1(N0)2(PPh3)2]+ [329]. 

The caaple>re~ t_rr.s-r9uCl(N0)(L-~)], srms-[KuCl(KOj(CO)(~L)] and mans- 

t 
decunposition 

~~C~(NO)(P(CCH&CE~~(L-L)] EGL = (40)) and srrms-rEUl(NO)(CO)(PPhQ~Ph)~] 

have been prepared; the crystal structure of tra73s-I~Cl(NO)(CO)(GL).~ 171) 

Ph 
-Ru- 

reveals the molecule to be a distorted trigonal bipyramid. The square-planar 

ccmple~ kuCi(NO)(GL)] readily adds on a fifth ligaud [330]. 
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Either continuous or pulse radiolysis of solutions of [Ru(NHI,)s(NO)~~+ in the 

presence of RH yields the green al&lnitroso canplexes [Ru(NR~)~{N(o)R~~~+ (R = 

CH2Cbfe2~, CCH2Cble2NH31+, ICH2CMe2C021-, ICWCMe(NH':)(COT)l, CUWMe(Cm)c021- 

or [CI&(h!e)NC(O)bk]), which have been characterised by UV-VIS and IR spectroscopy 

13311. Full details of the preparation and structure of the canplexes 

[HE(R)(EtO)Po12Cl(NO)Ru(~-Cl)~Ru(NO)Cl(cIP(OEt)(R)1~H] (R = OEt or Ph), rePorted 

last year [l; p.611, have now been published [332], and the cmqlexes trans- 

bdNO)&~z)nC11 (I% = Meen. Etz, FleEt or blePh), t~s-[Elu(NO)(S,~~,>2(0H)], 

trans-r~(NO)(S*~~2)zL]+ (L = Hz0 or MeOH), cis-rEWNO)(S~CNMe_&X] (X = P, 

Br, I or NO1), cis-[Ku(NO)(S~CN&)X] (R2 = Et2 or MeEt; X = Br or I) and cis- 

and r;r~s-[Ttu(NO)(Sz(=Nb~et)pX] (X = [N3], [sun] or [NCO]) have been prepared and 

characterised by UV-VIS, IR and 'H and 13C! h%lR spectroscopy 13331. The glycolic 

acid ccrqlex K2[Ru(NO)(CZH&02)2(0H)] [334] and complexes of +amidinothioureas 

(mi), [RU(NO)(LL)C~~(H~O)] 13351 also have been described. 

nm thionitrosyl canplexes, [Ru(NS)C13L2] (L = PPh3 or AsPha) have been prepared 

this year, by treatment of ~TtuCls.~,(Y' with NaS3C13 in thf in the presence of L 

13361. 

2.15 PHUKCHEMISi-RY AND PIKKQPRYSICS OF THE TRIS(2,2'-BIPYRIDINE)RUI'HENIlJ!I(II) 

C_JTICY.J, AND REL4TED SYSI'EW 

Interest in the photochemistry and photophysics of [Ru(bipy)3]2f and its 

derivatives continues unabated and 1980 has seen some conventional views 

challenged. An excellent short review of the field uPto 1979 has been published 

by Ford [134], and tm summaries of the recent work of Crosby [337] and Valenty 

[338] have appea..ed. 

The emission properties of {f8u(bipy>3]2')* and E[_Su(bipy-ria)3]2+1* have been 

reinvestigated, between 2 and 77 K, in HzO, DzO, dmf and perdeutero-dmf 13391, 

and the quantum yieids for the emission I YYII the complexes {[~~(LIJ~]~+}* (LL = 

bipy, 4,4'-Ph,bipy, 4,4'-bIe*bipy, phen, 4,5-\?h*phen, Xlphen, 5-Brphen or 

2,3,5,6-(2-py)rpyrazine) ha;re been reexamined in aqueous solution at 25 OC [340]. 

A superb paper describing the preparation and photophysical properties of a wide 

range of surfactant derivatives of ruthenimn(I1) of the type [8u(LL)z(L'L'>]2+ 

(LL = bipy or phen; L'L' = bipy-4-Me-4'-(CH2)gR or bipy-4,4'-((CK2)6R)2; R = 

CzHs, C6Hn > CloHzl, Cl2 Hz5 or C1,,Hz4) has been published 13411, but the space 

available in this review does not allow justice to be done to the excellent 

synthetic chemistry described_ The absorption and emission spectra of 

C~(biPy)2(biP~~-4r4'~02C18H37 )2)12+. [~(bipy)2{bipy-4,4'~C19H39 )zI12+ and 
~~(bipy)Cbipy-4,4’fC19H39 )21(~t)21 in aqueous micellar solution have also been 

the subject of a detailed investigation [342]. 

Although nommlly considered as unity, there have been several suggestions 
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in the literature that the quantum yield, I$=, for the production of the emitting 

state of C[Ru(bipy)a]2+)* or ([Ru(phen)3]2')* might be as 10~ a~ 0.5. It is 

timely, then, that new experiments based on the oxidative quenching of these 

species by [S20s]2- confirm that I$ is indeed unity 13431. 

For many years now, the Crosby model for the photophysical properties of 

[Ru(bipy)X]2+ [344] has remained essentially unchallenged: very briefly, it 

assmes that the lorvest excited state of 1[Ru(bipy)3]2'1* has D3 symnetry (i.e. 

the liganci states are canpletely delocalised) and that spin-orbit coupling is 

so strong that the terns 'singlet' and 'triplet' are meaningless and that, 

therefore. there are no discrete singlet and triplet manifolds. The observed 

emissions, on the Crosby model, originate from individual ion-state manifolds, 

derived fran an electron-ion coupling model. Evidence is now mounting. however, 

that this model is incorrect, and this is sumnarised in the follaving paragraphs. 

TW papers by Ferguson and cowxkers [345,346] have provided strong evidence 

for the existence of identifiable singlet and triplet manifolds (in complete 

contradiction to the Crosby model), IZlilst their assignments of their CD spectra 

are erroneous, leading then to scxne untenable conclusions concerning the bonding 

in [m(bipy>,12+. Unfortunately, space limitations in this review do not allow 

all the :L%l. arguments to be developed here (although they will be discussed 

at length, elsewhere [347]). The Ferguson model has been short-lived, as it 

has been very convincingly challenged by Daul and coworkers [348], who have 

pointed out an error in the published intemretation of the CD spectra of 

[IWbiw)s]2+ 13451, and backed this up with jLI and EHW calculations 13491. 

The Dan1 mxlel allows a conventional ordering of the bonding and anti-bonding 

levels of [Ru(bipy)s]2f, whilst only predicting a very yak intramolecular 

interligand interaction (significantly snaller than the Crosby model). It retains 

the convincing arguments of the Ferguson mxiel for the existence of discrete 

singlet and triplet manifolds and offers (at least in my opinion) the best 

description so far achieved of the bonding and photophysical properties of 

[Ru(bipy),12+. Moreover, the spin-orbit coupling energy for [(-)-Su(phen)3]2f 

has been calculated to be RUB% more important than the l&and-l&and interactions, 

which leads to an ordering sequence of lowest excited states of 3A2<'A2<'E [350], 

in accord with the CD results, but again at variance with the conclusions of the 

Crosby model. 

The other feature central to the Crosby model, the cunplete deloccilisation of 

the excited state manifold with concanitant strong interligand coupling and 

over-&l D3 -try. has also been challenged in several independent ways. 

Single-crystal polarised emission spectra of (Su(bipy>312+ reveal that the 

symmetry of the excited state is lower than Da, independent of the choice of 

mdeZ [351], and this is supported by the time-resolved resonance Raman spectra 

of C[Flu(bipy)~]~?* 1 which suggest that the excited electron is predaninantly 
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localised on one of the three bipy ligands [352]. In other words, the excited 

state appears to have Cqv symnetry and, to a zeroth approximation, may be thought 

of as C[RIF (bipy)z(bipy-)]2+)*. Jkminesoence photoselection spectra (77 K) 

have also been recorded for [Ru(bipy>x12+ and [Ru(phen)3]2+: excitation polar- 

isation rises to a nmximm of 22% at 21000 cm-l and decreases to 16% near the 

origin of the mission. The polarisation spectra of the complexes indicate an 

F&type enission (in contrast to the Crosby model), and so apparently verify the 

effective Ds symnetry and delocalisation of the excited state (thus, supporting 

the Crosby model). However, a C,v model with a 'hopping' mechanisn muld also 

explain the observed results [353]. 

The Crosby model was extended, in a paper with Elfring [354], to suggest that 

the excited states in mixed ligand wxnplexes ere also cunpletely delocalised 

over all three ligands. However, in a paper to be published shortly [355], it 

has been shorn that the NMR data, upon which sane of these conclusions were 

(in part) based, are in error, and that the life-time measurements presented and 

interpreted in terms of a strong-coupling model [3543 equally well support a 

model of zero or minimaL coupZing [355]. hloreover, absorption spectra of 

[Ru(bipy)z(bipy-4,4'-R,R')12+ (R,R' = COOH, COW; COOH, CCC-; COO-, CCC-; or 

COOEt, COOEt) provide strong evidence for the localisation of charge in the 

excited states of the canplexes, and emission f,ran {[Ru(bipy)2(bipy-4,4'-RZ)]2-cI* 

(R = CCCH or CCQEt) occurs frcm the substituted ligand, and not from the 

unsubstituted bipy 13561. The cunplexes [Ru(bipy)n(pq)3_n]2+ {pq = (72); 

(72; P9) 

n = 0, 1, 2 or 3) have been prepared, and their rOaTL temperature absorption 

spectra and emission spectra (roan tenperature and 77 K) reported. The charge- 

transfer states initially populated by absorption of visible light are 

essentially localised on individual ligands (a similar phenanenon XLS noted in 

many of the cunplexes reported by Belser and von Zelewsky [150], see Section 

2.8.4 and Fig. 2), and there is little coupling between the ligands. Emissions, 

horvever, were found to occur fran a single state, localised and possessing the 

characteristics of the pq ligand alone [357]. Indeed, dual emission was briefly 

noted fran the canplexes [Ru(phen)n(pq)3_n]2+ (n = 1 or 2) [357], and this 

phenanenon has been independently observed for the cunplex 

cis-[Ru(bipy)2(4,4'-bipy-N-b!e)2]4+ 13581. Thus, 1980 has seen a mounting body 

of new evidence that the excited states of [Ru(bipy)a]2+, and related species, 
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should now be thought of as localis&, rather than delocalised, and this should 

lead to a better understanding of the photochemistry of these ccxnplexes. 

Full details of the excited-state acid-base reactions of [fuzz] (LL = 

bipy or phen) in acidic solution have now been published_ The ground state 

equilibria may be represented as: 

rRuuJJ2(CN)zl + w+ c [Ruu(LL)zCNlCNHll+ + H+ i hlu(LL)*(m)212+ 

Irrespective of the degree of protonation in the ground state, rocm temperature 

emission is only observed frcm ~[R~(LL)~(cR)~]~+)*, indicating a very fast 

(with respect to emission decay rate constants) deprotonation reaction must 

occur in {[R~(LL),(~)(w)]+)* and {[R~(LL)~(cNH)~]~~~*. At 77 K, however, 

emission from the protonated forms has been observed [359]. A less detailed 

study of the emission from {[Ru(bipy)2(CX>z]}* has also appeared [360], and 

the absorption spectrum of E[Ru(bipy)2(CN>2]1* has been reported 13611. 

Many studies of the oxidative and reductive quenching of f[Ru(bipy)3]2C!* 

and its derivatives have appeared this year. and an interesting treatment of 

the application of electron-transfer theory to excited-state redox processes 

has been published [362,369]. A brief review of sane quenching reactions of 

{[Ru(bipy)3]2+)* has been presented [363]. Hydrophobic derivatives of [Ru(bipy)3]2c, 

such as [Fh_l(bipy)2ibipJ~-4,4'fC20Hlrl)2)]2+r [~(bipy)*Ebipy-4,4'fCOOC~BH37 1211~~ 
and related species, in monolayer assemblies undergo rapid and efficient energy 

transfer at rates much greater than predicted by Fdrster theory: this suggests 

that the alkyl chains take part, in sane way, in the transfer of excitation 

energy 13641. Abnormal decay kinetics for ([Ru(bipy)1]2C)* in surfactant 

solutions (containing sodium dodecyl sulphate) below critical micelle concen- 

trations have been observed. [Ru(bipy>3]2' appears to form ccmplexes with the 

sodium dodecyl sulphate containing several [Ru(bipy)3]2+/SDS, and the abnormally 

fast decay is consistent with self-quenching within the same cluster [365]. 

[~(biPy)2EbiPS--4,4'IC(O)N(C12H~5 >~IzII~+ undergoes photoreduction by Ph%z 
(under flash photolysis conditions) in micellar solutions of a cationic 

surfactant; catalytic reduction of a number of substrates (e.g. [w12'> occurred 

subsequently at the micelle surface [366]. The same system has also been studied 

in synthetic bilayer membranes and phospholipid li poscmes [367]. The quenching 

of f[Ru(bipy)s12+1*, ([Ru(bipy)2(bipy-4,4'-Rt)]2+)* (R = Ue, CCXM or COO-) and 

I@u(biPy)z(CW~])* by W12’ has also been studied as a function of ionic 

strength [368]. 

Full details of the kinetic studies for the electron-transfer quenching of 

{[Ru(bipy),12+)* by a series of organic quenchers have now been reported. Both 

czxidative quenching (by nitroarenes) and reductive quenching (by arcmatic 

amines) are detailed and experimental values of the redox Potentials of the 



[F%u(bipy)~]3+~2f* and [EWbipy)s] 2+*/* couples of -0.81‘0.07 V and +0.?750.07 V 

(bfeiX; VS. SCE), respectively, were determined [369]. These values are in 

excellent agreement with those calculated from smctroscopic and CV studies, at 

-0.84 V and +0.84 V, respectively. The full details of the reductive quenching 

of ([Ru(bipy)a]2+1*, f[RuCbipy-4,4'fC02~~eZ)2)312+}* and 

C[Rufbi~~-5,5'fCO?~Ie~)~j~]~+)* by Et+ and Phiile2 have also been reIxwted this 

year. Spin-trapping experiments demnstrated the nature of some of the radicals 

generated, and point to a mechanism in which the amine radical cation is formed 

in the quenching step [370] _ 

The quenching of a series of E[Ru(LL,>,]2')* by [hi(LL)3]2+ (U = Fe, Ru or 0s; 

IL = bipy, phen, Xlphen, 4,7-Hezphen, etc.) has been reported in detail 

f3711. The oxidative quenching of (fRu(bipy)3]2f1* by Hg2+ occurs to give 

[IWbipy),]3c and I&+, which rapidly dimerises to give [hg212* in cmpetition 

with the themal back reaction; this system has been used for the basis of a 

photogalvanic cell [372]. The kinetics of the oxidative quenching of 

C[Ru(bipy)~]2+1* by Fe3* and the reverse them1 reaction, have been invest- 
aq' 

igated as a function of pH and ionic media effects. The highest steady-state 

yield of [2u(bipy)s]3+ and [Fe(H@)6]2+ occurs in high concentrations of 

perchloric or trifluorcmethylsulphonic acid, but the direct reaction of 

I[Ru(bipy)3]2+3* with [ClO,,]- eliminates perchloric acid as a useful medium. 

2 M rrifluoranethylsulphonic acid w%s thus proposed as a good candidate as a 

medium for a practical photogalvanic system [373]. An independent study of the 

quenching of {[RLI(LL>,]~~}* (LL = bipy, 5,5-hfe,bipy or 4,4'-11e2bipy) and 

E[Wbiw)2(W2]1*by [Fe(H2C)6]3+ by an elegant and novel electrochenical 

transient method has been described; the analysis yields both the quenching 

rate constant, k , and the rate constant for the reverse themal reaction, and 

gives good agre&nt with previous conventional studies 13743. The oxidative 

quenching reactions of ([FLu(bipy)z(CN)2])* by [Fe(CX)6j3- in a polyelectrolyte 

solution [361], and of {[2u(bipy)5]2+}* by [co(LL),]~+ (LL = bipy or phen) [94], 

or by a series of binuclear superoxide-bridged cobalt(II1) canplexes [375] have 

also been described. The reductive quenching of ([Ru(bipy)3]2*)* by Sb(II1) 

in oxygenated hydrochloric acid results in the formation of hydrogen peroxide 

[376], whilst the reductive quenching of ([2u(bipy)3]2C)* by a series of 

dithiocarbamate anions produces [Ffu(bipy),]+ [377]. Finally, the quenching of 

f[Wbipy)312+1* by [CWW)G]~+ and [CLIC~(H,O)~]~ has been studied [378]. 

An excellent example of photoinduced chiroselective electron-transfer has 

appearedthisyear. The quenching of EA-[2u(bipy)3]2*j* by racenic [Co(acac)3] 

leads to the decay of the isotropic absorbance of [Co<acac>X], and the appearance 

of the CD absorption of A-[Co(acac)l] [379,380]. A photoracetnisation of 

A-[Ru(bipy),]2+ occurs on irradiation with visible light in neutral aqueous 

solution, but with a 10;~ quantum yield; the racemisation was postulated to occur 
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via a 'one-legged' bipy intexnediate (cf. Sections 2.8.3 and 2.8.4) [380]. Finally, 

the photoanation of [Ru(bipy)3]Brz (cf. Section 2.8.4) in dmf has been studied, 

and the quantum yields for the formation of [EZu(bipy)2(dmf)Sr]+ and [Ru(bipy)2Br2] 

determined; the mechanign was discussed In terms of an ion pair/ion triplet model 

(rather than the alternative involving 'one-legged' bipy) [381]. 

2.16 PHUIDCATALYTIC DM3oFlFfEXTIoN OF WATER 

The discussion in this section system draws heavily upon the discussion in last 

year's review [l; p.62-641; in particular the Schemes referred to in the following 

discussion are those to be found in last year's article. 

The %ouillabaisse" technique is as popular as ever. Another study of the 

system described in Scheme III [l; p-631 has appeared [382] and, in a nerv 

variation, @u(TPP)(CO)] has replaced [Ru(bipy>a]2+ and DeeuZphotlibrio vulgaris 

has replaced PtOz [383]. In relation to Scheme III (1; p.631, the back reaction 

of [8u(bipy)3]3+ with [WI' can be retarded by -lo2 by using an [aa~]~' derivative 

in t+hich one of the +methyl groups has been replaced by a N-CII,Hls linear chain, 

imparting amphiphilic properties (these derivatives form micelles at concen- 

trations >7 x 10s3 . h) but leaving the quenching rate of {[8u(bipy)312+)* essentially 

unaffected [384]. Taking a slightly different approach, the quenching of 

{[Ru(bipy)z{bipy-4,4'fCleHP )2}]2'}* by [blV12’ has been investigated in anionic 

and cationic micelles. wenching in anionic micelles is far more effective than 

in hanogeneous solution; in cationic micelles, in contrast, quenching is far 

less effective than under hanogeneous conditions [385]. 

Irradiation of an aqueous solution containing Su(I1) or Pr(I1) and 

[~(bipy)21bipy-4,4'~OtC:lsH~ >112+ (on a glass slide) produced a very low yield 
of H, andgavesubstantial decanpos ition of the canplex [386]. Research into 

the use of metal oxide catalysts continues and 8uOz has been shown to catalyse 

Scheme III [l; p-631 at-least as well as colloidal Pt 13873. AhOn [388a] or 

hydroxycobalt(II1) canplexes [388b] catalyse the oxidation of water by 

IMbipy)313+, whilst 8uOn deposited onto Y-zeolites has been denrmstrated 

to be a far more efficient catalyst for mediating the oxidation of water than 

UlsuPportedRuO~. Thus RuOJY-zeolite was used to catalyse Scheme V [l; p-631, 

and O2 evolution was at an optimum at cc. pH 4 [389]. 

In a related system, W irradiation of aqueous methanol in the presence of 

Ti02/Ru02/Pt has been found to produce dibydrcgen [390], whilst TiOz@uO1 was 

also found to catalyse the following reactions [391]: 

aJ-xgl + C(s) h”; 8o oc*mg) + coz(g) 

HzO(g) + C(s) h”’ So Oc* Hz(g) + Co(g) 
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A useful review dealing with the use of [Ru(bipy)p]2+ in photogalvanic 

systems has appeared 13921, and an excellent and detailed study of transient 

processes in photogalvanic cells, focussing upon the [Ru(bipy)3]2+/[Fe(H20)6]3+ 

cell, has been reported [393,394]. An independent, and equally thorough, 

investigation of the r~(bipy)3]2*/rF~(~~O)~]3+ and IRu(3,4,7,&-~~*Fhen),]'+/ 

[Fe(Hz0)6]3+ systems, found that the overall quantum efficiency, $i, was close 

to its max&um value of unity, but that the rate constants for the back reactions 

are too large by an order of magnitude for the cell to be practically useful. 

Bmeover, the system is limited by the relatively low solubilities of the 

ruthenium canplexes, but increasing those concentrations wuld have a further 

deliterious effect upon the already uhsatisfactory back reaction [395]. It was 

also discovered that the electroreductiou of [Ru(bipy)s]3f at a thionine-coated 

electrode is dramatically inhibited, the potential for reduction being depressed 

by ca. 0.6 V; the consequences of this observation upon the above photogalvanic 

svmms sore discussed [396,397]. 

An interesting new photoeleetrochsaicl cell, based on the oxidative quench- 

ing of I[fht(bipy)3]2f)* by ~CO(CZOQ)SI~-, results in the evolution of O2 and the 

pzmluction of significant photocurrents (at the expense of consuming [cO(Cz01,>~]~-) 

according to 13981: 

c4THoDE : buCbipr)~12f + hv - f[Ru(bipy) ]2+%* J 

~hOiw),12+l* + [~o(c~O,)~l~- - @u(bipy)313' + [CO(H,~),]~+ 

6Ha0+ * 3&GO4 

[Ru(bipy)3]3+ + e- " *[Ru(bipy)3]2+ 

ANODE I [OH]- Pt c-e- f J&O + f02 

Finally, there has been disappointingly little progress with approaches aimed 

at the photoelectrolysis of water. The only paper to appear this year deals 

wkth the sensitisation of single crystals of TiO2 and SrTiOa coated with thin 

films of CRu(bipy)*ibipy-4,4'~~~Hpg)2)]2~ or ~~(bipy)2Cbipy-4,4'-CC02C~aH~~)2}]24 

f3991. 
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2.1’7 STJRFACJZ M3DIFICATION 

This section, which last year dealt only with electrode mdification, has been 

extended to cover the whole area of surface modification. Nevertheless, the 

highlight of the year is the appearance of a splendid review by &may dealing 

solely with chemically modified electrodes [400]. 

In an excellent example of synthetic chemistry (see Scheme VII), an [2n(bipy),]'+ 

derivative has been covalently attached to n-%02, and character&cd by electronic 

absorptionspectroscopy andCV. Thick coatings (ca. 1000 monolayers) were 

produced by this method (presnmably o&z oliganerisation of hydrolysed SiC13 

groups) which were stable to organic solvents, as ~~11 as aqueous acids and 

bases. Upon prolonged irradiation, the electrode coating undergoes extensive 

hydrolysis. The coated electrode produces significant photocurrents when 

irradiated with visible light [401]. A derivative of [Ru(bipy)2(py)(NO2)]+ 

(see Section 2.6.5) has been attached, via a silylamine linkage, to a platinum 

electrode surface 14021: 

Pt/PtO/SiWHzl3WC&)z~~ + [~tu(bipy)z(py-4-cO)(NO~)l+ 

i 

I/ \ 
Js~ 

-c 

NRu+(bipy>2(NOa) 
- 

Electrochemical studies suggest that the general form of reactivity observed 

in hcnogeneous solution is retained upon electrode aodification, but that 

reaction rates are substantially changed. 'Ibis slows down the conversion of 

[Wbipy)z(py)(NO>]3+ (see Section 2.6.5) to [Ru(bipy)2(py)(NOz)]+ in basic 

solution, a key step in any catalytic cycle designed for this electrode, and 

thus lowers the utility of such modified surfaces for oxo-transfer electrodes. 

Moreover, solvolysis of the surface-attached canplex yields [402]: 

::/\ 
pt_NH-c 

-c 

Nku2f(bipy)2(&CN) 
- 

which terminates any catalytic activity. However, development of systenr; of 

these sorts should lead, in the near future, to practical oxo-transfer catalytic 

electrodes. 

p-type Si surfaces have been modified with an [NV]~' derivative, and used to 

bring about the photoreduction of [~(NH~)~]~+ _ 111 aqueous solution (an ender- 

gonic reaction) 14031, whilst n-type Si surfaces modified with ferrocene 

derivatives can achieve the photooxidation of [RLI(NH~)~]~+, via a surface 

ferricenium cation [404]. 
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SCHEME VII: Covalent attachnent of [Ru(bipy>3]2+ to an Sn02 electrode c4011. 
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Full details of the electrochemical response of [Ru"'(edta)]- coordinated to 

films of high mlecular weight poly(Pvinylpyridine) on pyrolytic graphite 

electrodes have now been published; the effects of film thickness, temperature, 

supporting electrolyte and solvent wre investigated [405]. When attached in 

8 similar manner to thin-film transparent graphite, [FLu '"(edta)]- has been 

studied by simultaneous electronic absorption spectroscopic and electrochemical 

msasurements. Not all of the ruthenium(II1) within the polymer coating - 

reduced to ruthenium(I1) during a reductive voltamnetric scan, but it could be 

all reduced if the potential was held negative for some minutes [4Of3]. The 

reduction of [Fe(CN>6]3- _ 1s impededby unprotonated films of PVP, but is 

catalysed by a similar film modified with.[Ru11(edta)]2-: the reaction was 

studied using a polymer-coated rotating disc electrode. The current is limited 

by the rate of reaction between [Fe(CN),]3- and [Fu11(edta)]2-, and not by the 

conductivity of the polymer coating 14071. 

As an alternative to covalent attachment, electrostatic binding may be used. 

Coating graphite electrodes with polymers bearing charged ionic groups produces 

centres which will strongly bind mltiply-charged metal cunplexes bearing the 

opposite charge to that of the polymer. Thus, [Ru(NHS)6]3+ is absorbed onto 

an electrode coated with polyacrylic acid, but the canplex is rapidly released 

upon continuous cycling of the potential [408]. A pyrolytic graphite electrode 

coated with the perfluorinated ion-exchange polymer, Nafion, and containing 

[Ru(bipy)3]2+ _ incorporated by the electrostatic binding technique, has been 

shown to produce electrogenerated chemiluminescence upon oxidation-of the 

[Mbipy)x]2' _ in the presence of oxalate ions in aqueous solution. In &CN, 

in the absence of [CZO~I~-, rapid cycling of the potential (to generate 

sequentially [Fk(biPy)3]3f and [ELu(biPy)3]c) also produces short-lived ECL, but 

the polymer film is unstable under such conditions [409]. 

In respect of polymer-bound catalysts not attached to electrodes, 

]FWl~(CO)~(PPh~)~] has been anchored to styrene-divinylbenzene resins by the 

following reaction scheme 14101: 

This polymer-anchored catalyst was used to pate the hydrogenation of 1,5-cod [410]: - 
0 + HP 

- 
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high selectivity for the formation of cyclooctene (conpared to cyclooctane) wxs 

observed, particularly at high P/Ru ratios (which is canparable to the results 

found for [RIAC~~(CO)~(PP~~)~] in the presence of excess PPha in hmneous 

solution) [410]. The kinetics of attachment of [RuCls(NO)(ShPh3)2] to the same 

polymer have been studied; the results suggest that the canplexes are each 

anchored to the polymer at tie sites [411]. 

[bu(bipy)a12+ has been attached to polystyrene by a series of reactions 

involving successive bromination, lithiation, treatxnent with bipy, and finally 

reaction with [2u(bipy)2C12]_ Prelindnary experiments indicate that the anchored 

material is photochemically active for the reduction of [MV]~' in the presence 

of triethanolamine [412]. In a reverse apProach, [MV]~' has been adsorbed onto 

cellulose and photorwiuced, sensitised by [m(bipy),12+ in the presence of 

CedtaHrl c4131. 
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