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2. RUTHENIUM

K.R. SEDDON
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INTRODUCTION

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, many from 1979 are included. The review is a
continuation of last year's [1], 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 comprehensive approach
which distinguishes these reviews from related reviews covering a similar
period, produced by the Chemical Society [2]. 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 RUTHENIUM(VIII)

The use of RuO, for the oxidation of simple ethers has been further investigated.
In homogeneous solution (e.g. in CCl.), lactones are formed [3]:

€-g- RuO,,
CC1l,

O 0 (o]

For two-phase (CCl,/H,0) catalytic reactions (the RuQO, being regenerated with
Na[I0.]), oxidation to di-acids or ketones was typically observed [3]:

€.g- Ru0.
CCl1,/H,0 o /
O OH O
RuO;.
—[ o)— CCI./H,0 \ /

o O

2.2 RUTHENIUM(VI)

A very useful compilation of the physical and chemical properties of RuFg
and RuOF. has been published [4] and it has been reported that RuOF, can be
converted into RuO, at room temperature by hydrolysis, followed by fluorination
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of the hydrosylate [5].
A correction to an earlier report [1; ref. 9] on the antiresonance Raman

effect for [Ru0,]®  has been published [6].
2.3 RUTHENIUM(V)
2.3.1 Fluorides

The magnetic properties of [Ru,Fz ] have been studied from 4.2-300 K. A
maximum in the x/T curve at 40 K does not correspond to T,, however, and localised
antiferromagnetic interactions within the tetrameric unit are responsible for
the magnetic behaviour. This was 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.Fi ] has appeared [4] and its
hydrolysis has been further studied [5].

Treatment of [RuFs] with NO, or a large excess of NOF, at room temperature
yvields [NOJ{mRuF¢], which has been characterised by Raman spectroscopy [(8].

2.3.2 Oxides

Na;RuO. has been studied by %Ru Missbauer spectroscopy between 4.2 and 30 K,
and the results are believed to contradict the published interpretation of its
magnetic behaviour in termms of tetranuclear intracluster antiferromagnetism.
Instead, it is proposed that Na3zRuO. shows antiferromagnetic three—dimensional
long-range order, with T, = 30 K [9]. *Ru MJssbauer studies and VT magnetic
susceptibility measurements have also been reported for BaLzau\II IRuVOG (MII =
Mg, Co, Ni or Zn): they show long-range antiferramgnetic order, with TN ~20-40 K
[10]. The preparations and characterisation of the novel cubic BaZMIIIl'va;
'Y = 1a, Nd, Sm, Eu, Gd, Dy or ¥) and rhombically distorted SrzMIIruYo, (ME1T =
Eu, Gd, Dy or Y) perovskites have been described; Ba,ScRuQ¢ has a hexagonal 6L
structure [11].

2.4 RUTHENIUM(IV)
2.4.1 Fluorides

[NO)2[RuFs] has been prepared by the prolonged reaction between [NO][RuFg]
and an excess of NOF at 150 °C, and characterised by Raman spectroscopy [8]. The

hydrolysis of RuF. has been studied [5] and a short review of [RuFs1?” salts
has been published [4].
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2.4.2 Chlorides and oxochlorides

|'RuCls]2_ is reduced to [RuCle]s— by H+ (generated by pulse radiolysis),
whereas [RuCls]s- is oxidised to [RuCle]z_ by [Clz]:: both these hexachloro-
ruthenate complexes have been characterised by electronic spectroscopy [12].

The reduction of [RuCls]2” by H, has also been studied in 6 M hydrochloric acid
[13].

The syntheses of [Ru,OCl¢(NCR)s] (R = Me, Ph, CgHy—2-Me or CH,=CHCH,), fram
"RuCl;.xH,0"' and RCN, have been described (14]. These air-stable, violet dimers
are diamagnetic and probably have a structure analogous to that of [Ru20Cly 1.
They are potentially very valuable synthetic reagents [15]:

e-g- (RuzOC1g(NCR)w] + a[NEt,lc1 SH2Cl2 . [wEe, ] [RuCl s (NCR)]
(R = Me or Ph)
dmf
[NEt, ] [RuCls(dmf)]

These reactions can be performed conveniently by generating {Ru,0C1 ¢ (NCR) ., ]
in situ, and then treating the reaction mixture with the desired reagent (e.g.
Et,]c1) [15].

Treatment of "RuCli;.xH,O"' 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 complex described as " [NEtu],[Ru.Cl;(CH)s]";
which is stable in nitromethane solution but unstable in aqueous or MeCN solution.
An analogous [AsPh,]’ salt has been isolated, and these complexes may well contain
an Ru-O-Ru linkage [15].

2.4.3 Oxides and related mixed-valence compounds

The chemical diffusion coefficient for protons in crystalline RuO, powders
(with varying chloride content) has been measured and correlated with data
obtained for thin films [16]. Studies of the anodic evolution of 0, on RuO,
single crystals have led to the conclusion that its catalytic activity is not
as great as that of poorly crystalline hydrous Rqu. Nevertheless, the former
is still a good stable electrode material for O, evolution, at potentials upto
1.6 V [17]. The reaction of RuO,.xH,O with sulphuric acid at high temperatures
has been studied [18]. The use of RuQ, as a catalyst for the photodecamposition
of water is discussed in Section 2.16.

The preparations and properties of RuO: and RuO,/TiO, films have been described
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[19], as has a method for determining their surface area [20]. Dichlorine
evolution at RuO, 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 RuO; and RuO;/TiO, films in basic conditions has been
investigated; redox reactions involving Ru(VI) and Ru(VII) species were observed
[23].

The magnetic behaviour of BaRuO; has been reexamined in the light of its
crystal structure and Mossbauer 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 {Ru;O;; }'?” entity and the analysis agreed well
with both the Mdssbauer results and the magnetic susceptibility data (24]. As
well as BaRuO;, the compounds Ba,RuQO,(tetragonal) and Ba;RuOs(rhombic) have
been isolated fram the BaO/RuO, system [25].

Bi,0; reacts with RuO, to give the cubic phase BizRu207+x (x<0.2; a = 0.9300 nm),
which irreversibly gives the pyrochlore BiRu;0; at temperatures above 975 °c
{26]. The Bi.0;/Ru0; system also yields BisRuiOy (b.c.c.) and BigRuO,,
(monoclinic) under appropriate conditions [27], and preparations of PbBi,Ru;Oj, ,
Pb2Bi,Ru,0;;5 and Pb3BiRu,0;, have been reported [28]. A new and facile route
to A21'-b.1207_y (A =Pb or Bi) and to (Pb,Bi) 2Ru207_y has been developed, based on
precipitation from agqueous solution of mixtures of the nitrate salts with base
at 75 °C, 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
catalytic oxygen electrodes (ef. [1; p. 44]). The preparation of sz(Ruz_ber)O,,_y
has also been described and its use in oxygen reduction illustrated [30]. The
specific heats of the pyrochlores Cd:;Ru;0; [31] and Y:Ru;0, [32] have been
measured below 20 K, and the formation of solid solutions Nd(M,M!'),0; (M,M' =
Ru, Sn, Sb, Ti), with the pyrochlore structure, have been studied fram 1300 to
1350 °C [33]. The temperature and concentration dependence of the electrical
conductivity of Ndz(RuxSnl_x)O,, (0<x<0.5) were also investigated in this study:
the n-type semiconductivity increases smoothly with an increasing proportion of
Nd,Ru,07, upto 30 mol%, and then abruptly increases more rapidly [33].

Magnetic studies of LixRqu (x ~1.3) indicate that its susceptibility
behaviour with temperature is not very different fram that of RuO,, suggesting
that the insertion of lithium does not produce localised electron density on
the ruthenium [34]. 1In contrast, for the perovskites (ACu:;I)(Ruz.)Ou (A = Na,
Ca, Sr, Cd, La, Pr or Nd), a change in the charge on A is balanced by the
introduction of a RuIII or Ruv ion: these compounds were characterised by X-ray
powder crystallography and yx/T plots [35]. The new, mixed-valence, oxides

2T e TS 2T aIrr AN et
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Ba:.NbRu;O0;2 and Ba,TaRu;0;; have been prepared and structurally characterised:
they contain the trinuclear unit {Rui0;, }]3—; their low temperature magnetic
properties have been determined and rationalised [36].

The magnetic and structural properties of the K,;NiF, phases, Srz(Fexml_x)O A
(0<x<0.5), have been studied by *Fe and %*Ru MSssbauer spectroscopy and magunetic
susceptibility measurements. For x<0.4, the iron is present as Fe''T and the
ruthenium as Ru'Y and Ruv; at x = 0.5, partial oxidation of Felll to FelV has
occurred; even at x = 0.1, the Pauli paramagnetism of Sr;RuO, has given way to
long-range antiferromagnetic ordering and localised-electron behaviour [37].
¥Ru MSssbauer spectra and VT magnetic susceptibility measurements upon
LazMRuIvos (M = Mg, Co, Ni or Zn) and BaLaFeIIIRuIvOs have been reported; the
La,MRuQs phases are not magnetically ordered at 4.2 K [10].

Heating a mixture of La,0;, Ru and RuO, yields the unusual phase Las.sRu 4013.
Its crystal structure has been determined and its lattice is composed of
perovskite-type slabs, three-octahedra thick {parallel to (100)}, linked
together by La atoms or {RuO¢} octahedra (the latter being joined together by
opposite edges to form one-dimensional infinite chains parallel to the b axis)
{38].

2.4.4 Sulphtdes

Amorphous, low-spin, RuS: has been prepared by treating anhydrous RuCl; with
[NH.1[HS] in an ethereal solution at room temperature, followed by heating the
isolated product in a stream cf H,S at 250 ‘C [39]. The high temperature (374-
1480 K) enthalpy of RuS2(s) has been measured and decamposition pressures have
been determined for the reaction:

RuS;(s$) = Ru(s) + S2(g)

This yielded [40]:

Ru(s) + 2S(rh) ———=RuS,(s); AH,(298 K) = 199 kJ mo1™t

2.4.5 Other complexes

[Ru(bipy)2 (py)(0H2)1%* or [Ru(terpy)(bipy)(QH,)]12* can be electrochemically
oxidised to [O=Ru(bipy)z(py)]2+ or [O=Ru(terpy)(bipy)]2+ at potentials of
0.6-0.8 V (vs. SCE). These ruthenium(IV) species are active oxo-transfer
agents and can induce the following chemically catalysed electrochemical
oxidations [41]:



Me,CH(OH ) ———=Me,C=0
C2HsOH =—————s[CH,C0,]"
CH;CHO ———=[CH,C0]1"

CeHsCH; ——=[CcHsCO2 ]

1,4-Me,CgHu ——’[Csﬂu—l 4-(CO2 )2

@OQ

Ethene was unreactive under these conditions [41].

The ruthenium(IV) complexes, [RJJHs(SiRs)Ln] (R; = F3, MeF,, ClyMe, (CEt),,
ClMez, HPh., MePh: or Phi; L = PPhj;, AsPh; or P(CsHu—-4-Me);; n = 2 or 3) have
been prepared by the reaction of an excess of HSiRi with [RuH,L,], [RuHC1L;],
[RuCl,L3;] or [RuCl3;(AsPhi)i;]. The corresponding [RuH,C1(SiCl;)L;] compounds
were prepared by the reaction of [RuHC1Li:] with HSiCl;. [RuH,X{Si(CEt),}L;}
(X = Cl or I) have been obtained by the treatment of [RuH;{Si(CEt);}(PPhj);]
with CDCl; or I,. The complexes [RuHi(SiR;)L;] undergo silyl exchange or H-D
exchange with HSiR} or D,, respectively [42].

Halogenation of [Ru2(CsMe4Et);(CO)«] has been reported to give, initially,
[(Csl\le;.Et)Ru(CO)2(],1—)()1?1.1(CO)z(CSMel.Et:)]+ (X =C1, Br or I), and then, for the

bromide, an unusual ruthenium(IV) organometallic derivative [Ru(CsMe.Et)(CO)Br;]
(1) is formed. (1) is air-stable, and has been characterised crystallographically.

Et

1
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It shows a displacement of the alkyl carbon atoms ca. 0.014 nm away from the Ru
atom, with »(CO) = 0.187 nm and »(RuBr) = 0.2547 nm [43].

2.5 Ru(IV/III), MIXED-VALENCE COMPLEXES
An X-ray crystal structure determination of a ruthenium red salt,

[Ru302 (NH3 )14 11S203]3.4H,0 has revealed a surprising structure for the cation
(B30 (NH3 ) 1 ]6+ (2). Although it possesses the expected essentially linear

— han *
NH3 NH3 NHy  NHj 6
- NH3 /NH3 \ /
H3N Ru - ) Ru _\o/1 Ru NH3
H3N/ | H3N/ 171.5° \
NH3 NH1 NH3 NH3
€]

Ru-O-Ru-O-Ru backbone, the ion does not possess a centre of symmetry. One of
the . terminal {Ru(NH;)s} groups is twisted through 31°, with respect to the
two, essentially eclipsed (dihedral angle = 4°), {Ru(NH;)s} and {Ru(NH;).}
groups. r(RuQ) lies in the range 0.1845-0.1857 nm but individual bonds are not
significantly different in length [44]. The resonance Raman spectra of ruthenium
red, ruthenium brown, [Ru;0,(NH3)je (en), 1" and [Ru30:(NH3) 10 (en)>1°* have been
reported: their excitation profiles have maxima close to the intense visible
absorption bands and it was found that all of the a.lg modes (and some of the
az‘1 modes) were enhanced (and not just those associated with the Ru-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(NHj)s(Me,CO)1%+
the novel, red,dimeric complex [(NH, ) sRuORU(NH;)s1%*, clearly related to ruthenium
red. Oxidation of this camplex with bramine generates the mixed-valence species

with O, (under anhydrous conditions) generates

[(NH:) sRUORu(NH;)s]°*. The tetrapositive cation is unstable in solutions over
long periods (>1 h) but the pentapositive cation is significantly more stable.
In MeCN, the following CV behaviour (L = NH;) was observed [47]:

6+, -e 5+ 2 3\ 4+ __+e_ 3+
[LsRuORULs ] 3= [LsRuORuLs]°" T——=— [LsRuORuLs] —I 55 v LLsRuORuLs])

+0.32 V
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Thus, the ruthenium(IV) analogue of [Ru,OCly, J%~

, with all ammine ligands, is
unstable.

Salts of [(NH;)sRuORu(NH;)s]*" and [(NH,)sRuORu(NH;)s]%* (and their
perdeuterated analogues) have been characterised by XPES, UV-VIS and IR
spectroscopy. The Ru—O-Ru bridge appears to be bent, and u P (per Ru atam)
is ea. 1.15 py at room temperature and 0.38 pj at 18.4 K [47].

The treatment of a red oil formed in the preparation of [Ru,(u—CH,);(PMe;)e] [1;
p. 49] with agueous H[BF.] gives [(MesP),Ru' ™ (u-CH, ) Ru'Y(u-CH,),Rul ¥ (PMe;), 1[BF, ],

(3) and a dimeric ruthenium(II) camplex [Ru,(u-OH)3;(PMe;)sl1[BF,]. The molecular

PMeq

\I CHZ\R/

Me3P

u [BFA 2
Me P
3
PMeg CHp PMe:fMe3

(&)}

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

valence complex [Ci,Hzs NH3]3[Ru,0,(S0,)3:(H,0),] has also been reported [49].

2.6 RUTHENIUM(III)
2.6.1 Halides and ~salide complexes

Further studies of "RuCli;.xH,0" or ""RuCl;(OH)" have been discussed in terms
of the multicomponent and heterogeneous nature of these materials [50]. However,
the fact that commercial "RuCl;.xH,0O'"' is a mixture of, inter alia, chloro—
ruthenium(III), chlororuthenium(IV) and chloronitrosylruthenium complexes cannot

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

is clearly not appreciated. One report this year, which highlights this problem,

is the formation of an ammine derivative of ruthenium(III), where the only source
of nitrogen was "RuCl;.xH,0' (see Section 2.6.7) [51]. The ageing of solutions
of "RuCl,;.xH,0' in hydrochloric acid media has been studied by electronic
absorption spectroscopy [50], and "RuCl,.xH,0"' in sodium hydroxide solution has

been used as a chirality transfer reagent, in the stereospecific isomerisation

of chiral allyl alcchols to chiral acyclic ketones [52]. RuCl; (origin and

nature unspecified) reacts with cyclopropane and CO in benzene solution to give
a mixture of PhCH,CH,CH; and PhCHMe, (44:56), but no chlorobutanoates [53].
Crystals of KC1, or NaCl, doped with RuCl; have been studied by optical
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absorption spectroscopy; the bands observed at 43480, ca. 31000 and ca. 26800 cm—1
were assigned to [RuCls]s— and a band at ca. 40000 cm™ ' was assigned to an
[RuCle1®” impurity (54]. [Ci2HasNH;]13[RuCle] has been isolated by solvent
extraction and characterised by electronic absorption spectroscopy [55].

Treatment of "RuCl;.xH,O"' with RCN in methanol at 70 "C produces
mer—[RuCl;(NCR):] (R = Me, Ph, C¢H,—2-Me, C¢Hu-3-Me or CH,=CHCH.), with the
corresponding salt [Ru’’C1(NCR)s]{Ru'*TC1,(NCR),] (R = Me, Ph, CeH,—2-Me,
CsH,-3-Me, CsH.—4-Cl, CH,=CH or CH,=CHCH,) formed as a by-product [14].
[RUC1;(NCR);], like its vanadium(III) and titanium(III) analogues, promises to
be a very useful synthetic reagent. In particular, the compound can be prepared
in situ and used without isolation. Same of the reactions of this compound are
given in Scheme I [14,15].

Fae~TRuC1 3 (NCR), (MeOH) ]

MeOH

rizr— [RUCL s (NCR) L JtmEoe mer—[RUCI 5 (NCR) 3 ] LE£2CL L INEr, 1[RUCL. (NCR) ]

H,CL
(L = py, PhSMe or CH2C1, CH2C1.

R'CN)
MeOH pYy
[RuC13(NCR)(MeOH) ] [NEty ] [RuCl. (py)2]
MeOH
[RuC1, (NCR) 2 (MeOH) ]+

SCHEME I: The use of mer—[RuCl;(NCR);] for the synthesis of other ruthenium(III)
complexes [14,15].

2.6.2 Complexes with oxygen donor ligands

The electronic absorption spectrum of [Ru(HzO)5]3+ has been measured, and
fitted to Tanabe-Sugano matrices to yield values for the ligand-field parameters,
10 Dg = 28600 cm™* and 3 = 640 cm - [56]. The PK_ value for the formation of
[Ru(H.0)s(0H) 12", from the hexaaqua cation, has been measured as 2.4 at
20 °C and the CT bands of [Ru(H20)¢1%" and [Ru(H.0)s(0H)]1?* interpreted in terms
of the optical electronegativities of H»O and [OH] [s6].

The temperature dependence of the CH; isotropic shifts in [Ru(acac)i] has been
studied [57], its C relaxation times (T, and T,) have been calculated and
compared with the experimental value [58], and the kinetics of ligand exchange
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between [Ru(acac[2- “C]);] and acacH have been investigated [59]. Treatment of

[RuC1:(PPhi)a] with MeC(O)CH.C(O)CH,(CO)Ph yields [Ru(acac)(CO)(PPhi)Cl.:] {60].
[Ru30(0,CMe) s (OH2) 317 has been shown to be an active catalyst, in a two-liquid

phase system, for the isamerisation of allyl alcohols to saturated ketones [e1].

2.6.3 Complexes with sulphur donor ligands

The camplexes [Ru(S.(NR.);] {R = Me, Et, Fr, CHMe, or (CH;),} and [Rul;]
{L = (4; CH; or 0)} have been studied by a variety of electrochemical methods [62].

//S
Y, N—C
\__/ Ng-
@

The complexes A[RuCl,(MeSCH,CH,SMe)] (A = [NMe,] or [PPh.]) have been prepared by
treatment of "RuCl;.xH,O' with MeSCH,CH,SMe in EtOH or Me.CO, in the presence of
AC1 [63]. Ruthenium(III) complexes with the following ligands have also been
reported: 4-quinolinedithiocarboxylic acid [64], 3,4,5-pyridazinetrithiol [65],
N-phenylcarbamoylpyrrole-2-thiocarboxamide {66], piperazine(dithiocarboxylic acid)
[67], piperazinebis(dithiocarboxylic acid) {67], 1,2,4-triazoline-5-thione
derivatives [68], bis(4-ethylphenyl)dithiophosphinic acid [69] and 1-imino-3-

thioisoindoline [70].
2.6.4 Ammine and amine complexes

NMR studies of aqueous solutions containing [Rz.t(NH;);,]3+ have
been used to probe the second coordination sphere of this complex; it was
deduced that the -distance of closest approach of the water to the cation is
0.39 nm and the structure of the second coordination sphere has been discussed
[71]. Contact and pseudocontact shifts for [Ru(NH;)6]>* have also been
calculated [72]. [Ru(NH;)s13* has been studied in the salts
[Ru 1Y (NH,) 6] [Fel T (V) sL].2H,0 (L = CO, CN, dmso, pz, py or imidH), which show
intervalence transitions in their visible spectra, of an energy very dependent
upon L, whereas [Rul!I(NH;)e¢][Fe'!'(CN)s] shows no similar phenamenon [73].
[Ru(NH1)¢}3* has been used to load a NaY zeolite with ruthenium metal [74].
Indeed, Fischer-Tronsch catalysts on Faujasite-type zeolites normally
involve the degradation of a metal complex to its metallic state before activity
is observed [75,76]. However, when [Ru(NH;)]3* is supported on a Faujasite-
type zeolite (X or Y) and thermally activated at 240-280 °C, a complex (postulated
as [m(NH3)x(G{)y(CO)z]n+) is formed which is very active for the water gas
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shift reaction (H.0 + CO=%==CO. + H.); this complex is stable upto 280 °C, whence
it loses activity irreversibly [77].

Raman and far IR spectra of [Ru(NH;)sX]JY: (X*Y; X=Cl, Br or I; Y = C1, Br,
I, [C10.] or [NO;]) and trans-[Ru(NH3),Cl,]Cl have been recorded and analysed
[78]. The aquation of [Ru(NIﬂI3)501]2+ in acidic aqueous solution at 60 °C has
been reinvestigated: the volume of activation is -30 c:m3 mol—l at zero pressure
and shows a high pressure dependence. For the reverse anation process, AV* =
-20 cam® mo171. These results provide strong evidence that, for this reaction
and other simple substitution reactions of ruthenium(III) complexes, the
mechanism is associative (A,or SN2 limiting) in acid conditions {79]. The

equilibrium constants for:

n+ n+
[Ru(NH;)s(H0)]"" + NH, R === [Ru(NH,)_(NH, R )]"" + H,0
(n=20r 3 (=2, 1o0r 0)

have been measured for various amino acid esters (ms-xRx): affinity of these
ligands for both ruthenium(III) and ruthenium(II) was found to decrease as x
increased [80]. The acid hydrolysis of [Ru(NH;)s(¥H2CH.CO,Et)]3 gives a

mixture of [Ru(NH3)s(OH,)]3* and [Et0,CCH,NH;]* and of [Ru(NH3)s(0.CCH,NH;)13* and
and EtGH. The reaction proceeds via an initial isamerisation of the ethyl
glycinate camplex to [Ru(NH;) 5{0C(0Et)CHZNH2}]3+; the protonation of the amine
function prevents reversal to the N¥-bonded isomer, followed by competing ester
hydrolysis and aquation reactions [81].

The camplexes [Ru(NH;)s(0.CR)1%" (R = CCl;, CHCl,, CH,X, CH,, Et, CiMe, or H;
X=F, C1, Br, I, OH or NH;) have been studied by polarography and electronic
absorption spectroscopy [82]. The reduction of [Ru(NH;)e]3*, [Ru(NH:;)s(py)13*,
[Ru(NH; )4 (py)2]>" or [Ru(NH;).(bipy)]®* by H.S has been demonstrated to occur
efficiently at pH 4, producing elemental sulphur [83]. The kinetics for the
[Ru(NH;3 ) s (py) 13¥/[Ru(NH, ) s(py) 12" couple has been estimated by studying the
rates of electron-transfer reactions between [Ru(NH;)s(isonic)]3* and
(Ru(NH;)s(nic)]?*, and between [Ru(NH;)s(nic)]®* and [Ru(NH;)s(isonic)]®* [8a].
The kinetics of the reactions between [Ru(Mi;)s(isonic)]™ (n = 2 or 3) and
superoxide, [0;]°, have been determined [85]:

RU(III) + [0;]° ———eRu(II)
Ru(II) + [HO;]  ———eRu(III)
The rates of reduction of [Ru(NH,)s(isonic)]3* by *OH, H-, e, [COZ]:' and

HC(OH), were also derived, as was the rate of oxidation of [Ru(NH,)s(isonic)]®*

by -OH [85]. The kinetics of the electron-transfer reaction between [Ru(NH,)sL]3*
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(L = py or 4,4'-bipy) and [Co(edta)]®  have been reported [86].

Work on binuclear imidazole complexes [1; p. 48] has now been extended to
-encampass histidine derivatives. The complex trans—[Ru(NHj;). (SO, )(bochisH)][BF.]
(5) was prepared by treatment of trans—[Ru(NHj;).,(SO,)(H.0)] with (6) in the

Q 0
OH

N /’/JL\\()__+__

O O

(6; bochisH) (7; hisH)

presence of H[BF.], followed by oxidation with H,O,. Reaction of (5) with
trans—-{Ru(NH1 )4 (S03)(H20)], in the presence of Li[OH], followed by treatment

with H[BF.] and H,02, results in the dimerisation and hydrolysis of the

protecting butoxycarbonyl group, to yield zrans—{(SO.)(H;N).Ru(his)Ru(NH;),(S0.)][BF,].
Reduction of this dimeric species with [Ru(NH;)s(hisH)]?* results in the formation
of a mixed-valence neutral dimer (IT = 8600 cm 1) [87].

Photolysis of cis— or trans-[Ru(en),Cl.]" in aquecus solution at energies
corresponding to ligand field transitions result in aquation and isomerisation,
yielding mixtures of eis- and trans—[Ru(en),(H,0)C1]%* (¢ ~0.003-0.005): cis-
or tr‘ans—[&l(en)z(HzO)Cl:E2+ are photoconverted into each other (¢ ~0.04) [88].

The complexes trans—[Ru(LL),X2]* (IL = en, 1,3-pn or dmen; X = Cl, Br or 1) and
trans-[Ru(Ly)X21" (L. = 2,3,2-tet, 3,2,3-tet, 3,3,3-tet, cyclam or [14]aneS.;
X = Cl, Br or I) have been prepared by a modification of the conventional route

and characterised by IR and UV-VIS spectroscopy and p measurements {89]. The

camplexes cis— or trans—[Ru(L,)X,1" and eis- or transfflf{u(L..)(HZO)X]z* (Le =
(NH3)y, (en),, 2,3,2-tet or cyclam; X = C1 or Br) have been studied by CV and
the kinetics of aguation of their ruthenium(II) analogues have been determined
[90]. Treatment of K,[RuCls(H.0)] with cyclam results in the formation of a
mixture of ¢is— and trans-[Ru(cyclam)Cl;]Cl; the iscmers can be separated by ion-
exchange and gel-filtration chromatography [91].

The camplexes [Ru(H3ATP)(H.0),]Cl, (H,ATP = adenosine triphosphate) [92] and
[RuC1:L,] (L = 3,3'-dimethoxy- or 3,3'-dimethylbenzidine) [93] have been reported.

2.6.5 Diimine complexes

The rates of oxidation of [Go(LL)3]2+ (LL = bipy or phen) by [Ru(bipy);]a*
have been determined using flash photolysis techniques [94], and a detailed study
of the oxidation of cyclohexanone by [Ru(bipy)s]13* has been reported [95,96].
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The oxidation of water by [Ru(bipy)3]3+ has been investigated in a further and
independent study and ''covalent hydration' of the coordinated ligand again
postulated (with very little supporting evidence) [97].

Although claims for the existence of such camplexes as trans-[Ru(bipy).Cl.]
[98] and z:r-ans—[Ru(bipy)z(py)z]2+ [99] have been made recently, they were
unconfirmed and poorly supported by experimental evidence (although, nevertheless,
probably correct). Now, convincing proof that such isomers exist has been
published. ([Ru(bipy)z(H.0)2]2", as produced by the acid hydrolysis of cis-
[Ru(bipy)z(C03)] has a ezs configuration and it has been demonstrated that this
complex will undergo photoisomerisation in aqueous solution, according to:

cis—[Ru(bipy)z (H20)2 12" =2 trans-[Ru(bipy), (H;0),1%*

In the presence of [C10,] , photochemical oxidation to [Ru(bipy)z(C)Hz)(Cl!-I)]z+
occurs, and the crans isomer of [Ru(bipy):(0H2)(CH)][C10,]. has been structurally
characterised {r(RuN) = 0.2095 nm; r(RuO) = 0.2007 nm} [100].

Electrochemical oxidation of [Ru(bipy)2L(N02)1* (L = NH;, py, pz, MeCN or
PPh;) or [Ru(bipy)2CL(NO:)] proceeds according to:

2[Ru(bipy)sL(NOz)]* ~=2%—e 2[Ru(bipy),L(NO;)]%*

[Ru(bipy).LN0)13* + [Ru(bipy).L(N03)1*

[Ru(bipy),L(NO;)12*

The oxidation of the coordinated nitro group proceeds via isomerisation of the
Ru*1_z0, linkage to Ru'I¥-0NO, followed by reaction with [Ru'l¥(bipy).L@0,)]%*
{101].

The complexes [Ru(terpy)Cls] [102] and [Ru(biquin)Cls;] [93] have been
prepared by treatment of "RuCl;.xH,0' with the diimine ligand.

2.6.6 Porphyrin and phihalocyanine complexes

The discussion of ruthenium(III) porphyrin and phthalocyanine complexes is
reserved until Section 2.8.5.
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2.6.7 Phosphine and arsine complexes

As a by-product of the reaction between '"RuCl;.xH.0Q"' and P(OMe); in refluxing
methanol, the complex mer,trans—-[RuCl;{P(OMe)s},(NH;)] was isolated as red
crystals and structurally characterised [51]. The source of the NH; was the
"RuCl;.cH,O" (see Section 2.6.1) in which, as long ago as 1966 [103], nitrosyl
impurities have been reported.

An electrochemical study of a wide range of [RuCliL;] (L = phosphines or
arsines), [RuCl.L:]~ (L = phosphines or arsines), and [RuClaLL'n] (L = phosphines
or arsines; L' = amines or nitriles; n» = 1 or 2) camnplexes has been reported.
Most of the neutral complexes show a reversible one-electron reduction but an
irreversible one-electron oxidation, whereas the anionic complexes show
irreversible reduction and quasi-reversible oxidation behaviour [104]. Studies
of solutions of [RuCl;(AsPh;),(MeCH)] in CH,Cl, have indicated that the expected
dimerisation

2[RuC1;(AsPh; ), (MeOH) ] ———— [C1;(Ph3As) ,Ru(u-Cl) ;Ru(AsPh; ),Cl, ]

occurs within a few minutes of dissolution. %o evidence was obtained for the
existence of the purported [105) five-coordinate [RuCl;(AsPh;).] complex [104].
EPR measurements on a similar range of complexes, [RuXj;Li], [RuXj;L:}, [RuX.L.]”,
[RuX;La(solvent)] and [RuX,(dik)L:] (L = PPhj or AsPhj; X = Cl or Br), have also
been reported [106], as have UV-VIS and EPR spectra and Uege measurements for
[Rux_L, 1[RuX L (MeCH)] and [RuX,L(CNCsH.-4-Me)z2] (X = Cl or Br; L = PPh; or
AsPh,; »n = 2 or 3) {[107,108].

2.7 Ru(III/II), MIXED-VALENCE COMPLEXES

{Ru,(0,CMe) 4Cl} ,, must be one of the most popular molecules with crystal-
lographers, as the results of two more independent X-ray studies have been
published for the anhydrous material this year [109,110] {»(RuRu) = 0.2287 nm;
r(RUCL) = 0.2577 nm; cf. [1; p.46, Table 1}}. The results of SCF-Xo~-SW
calculations upon {Ru,(0,CH),Cl,]”, [Ru,(0,CH),]* and [Ru,(0,CH).] have been
reported; the mixed-valence complexes are predicted to have a a2 82(n*)2(8*)!
configuration, corresponding to the experimentally verified three unpaired
electrons per dimeric unit. The band in the electronic spectrum of {Ru;(0,CR).}"
at eq. 20000 cm t is assigned to an Or—en* transition (where Or is principally
a Ru-O orbital but contains a significant amount of Ru-Ru 7 character), and the
band at cq. 10000 cm *
assignments of the §+6* transition to the band at ca. 20000 cm ' is a

is assigned to the §+6* transition [111]}. The previous

consequence of the mistaken assignment of the lowest observed band in the
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electronic spectrum of a complex to the expected lowest energy electronic
transition, even though the whole spectral region (particularly the NIR) had
not been examined. Norman and coworkers' calculations [111] predict a &+&*
transition energy at 8800 cm—l, close to a weak band (doublet) observed in the
solution spectrum of {Ruz(ozcue) 401}n in water; this doublet was explained in
terms of a forbidden §»n* transition (predicted at 8600 cm—l) contributing to
the observed intensity. However, the solid-state spectrum of {m2(02CMe) 4C1}n
in this region has not been reported previously; it is illustrated in Fig. 1
f112] and clearly confirmms the presence of a doublet in this region, in support
of Norman's assigmments. Independently, polarised absorption spectra (12500-
30000 cm 1) were recorded at 300 K and 5 K {110]. The results fit reasonably
well with Norman's SW-Xo calculations {111] but there are some significant
discrepancies, possibly explained by the fact that the calculation was for a
dimer and not the polymeric array of Ruzs+ centres.

For trimeric systems, the rate constants for electron exchange between
(Ru30¢02CMe) s (py) 31" and [Ru30(0:CMe)e(py)s] have been determined by VI 'H NMR
line broadening experiments [113].

Interest in the Creutz-Taube ion shows no sign of waning. Single-crystal VT
EPR measurements [114] upon [(H3iN)sRu(p—pz)Ru(MNH;)s1Br.Cl apparently favour a
delocalised ground state, rather than the valence-trapped ground state argued
for following previous work [115] on powdered samples. EHMD calculations upon
this ion and the related [(H,N)SM(L—L)RJ(I‘H{;)S]5+ (L-L = 4,4'-bipy or N=C-C=N)
systems has confirmed that valence-trapping exists for the u-4,4'-bipy complex,
and that valence delocalisation occurs for the uy-cyanogen complex, but the
results were inconclusive with regard to the p-pyrazine species [116]. A novel
u-quinoxaline (8) analogue, [(H;N)sRu(u—quinoxaline)&x(NHg)5]5+, has now been

N
~N
9®
N
(8)

reported and possesses an absorption in the NIR at 5900 ant {cf. 6300 cm
[ (H3N) sRu(p—pz)Ru(NH; ) 5]5+}: this has been taken as evidence for valence
trapping in b.th molecules, as the n* levels of (8) are considerably lower than

1 for

those in pz [117;.

The salts [(bipy),ClRu(yu~dppm)RuCl(bipy).]X, (X = [C10,] or [PFe]) have been
isolated, following the treatment of [Ru(bipy).Cl,] with dppm in ethanol;
subsequent stoicheiometric oxidation with [Fe(bipy)s]3* generates the mixed-
valence tripositive cation, which is a valence-trapped species with Y, at
8020 an~!. Oxidation of this with a further equivalent of [Fe(bipy):]3* yields

the ruthenium(III) tetrapositive dimeric cation [118]. The related mixed~valence
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Fig. 1: The reflectance spectrum of {Ru2(02(3Me) 401}n {112].
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complexes {(bipy).ClRu(L~L)RuCl(bipy)213* (I-L = pz, 4,4'-bipy, pyrimidine,
trans-1,2-bis(4~pyridyl)ethene or 1,2-bis(4-pyridyl)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 emphasis being
given to the solvent dependence of the NIR band). The results have been discussed
in terms of the effects of solvation and the Ru...Ru separation upon optical and
thermal electron—transfer [119].

Slow electrochemical oxidation of [Ru,(S,CNEt;).(CO).] in CH,Cl, has yielded
the novel mixed-valence complex [Ruz(SzCNEt;),(CO)2]}" (9), which has been

r— —

NEt, +

57 .
Et N/\S \/
2 C
& -
ts
| ]

9

crystallographically characterised as its [BF,]  salt. The Ru...Ru separation
is 0.3614 nm, suggesting that there is no significant metal-metal interaction
[120]. The formation of.the cation involves an unusual CO transfer, fram the
starting material which contains one CO on each Ru atam, to the product which
has two CO's bound to one Ru atam and none to the other. The question of
localised or delocalised valence states in (9) is still to be answered.

Studies upon [Ru;Clsl,] (L = phosphines or arsines) are reported in Section
2.8.6.1.

2.8 RUTHENIUM(II)
2.8.1 Chlorides and cyanides

Dissolution of {mz(OZCZMe) 4C1}n in 12 M hydrochloric acid, under argon, results
in the formation of a deep blue solution. Addition of [NEt, ]C1 to this solution
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has resulted in the isolation of a campound [H;03].[NEt,],[RusCl,; ], which has
been characterised crystallographically, and shown to contain the mixed-valence
[RusCly 1% anion (10> [121). The camplex is not believed to be the chromophore

4-—
Ct Cl Cl Cl a = 0.237 nm
a b C

\m 4Cl§n/ \mécn 5 = 0.238 om

/Ru RU \ / RU e = 0.237 nm
Cl / \ / \Cl/ \ r(RuRu) = 0.2805 nm
| Cl Cl Cl

L .

(10)

in the well-known but little~understood ‘'ruthenium blue” solution, but rather is
derived fram it by trace amounts of aerial oxidation. Unfortunately, electronic
spectral data for this complex were not published but, nevertheless, this
constitutes the first complex to be unambiguously identified from the ruthenium
blue system. In the introduction to his paper, Cotton [121] highlighted the
almost total disagreement amongst all publications dealing with the ''ruthenium
blue" species, or (more generally) any other ruthenium(II) chloride species.
This situation has been exacerbated by a publication from my own laboratory [122],
in which we claimed (based upon total elemental analyses of 299.8%) the isolation
of brown trimeric complexes of the general formulation A;[RuiCls] (A = a mono-
positive cation). We now know that the analysis figures fbr the metal (supplied
by a comnercial Analytical Laboratory in West Germany) were inaccurate and that
the camplexes should have been formulated as A, [RuivOCIQ(Oﬂz)].tzo. We thus
retract these observations, and apologise to any workers who have attempted to
repeat the reported preparations.

1§ NMR studies and a mechanism for the spontaneous polarisation of the ferro—
electric material K, [Ru(CN)¢].3H,0 have been reported [123] and the kinetics of
the oxidation of [Ru(CN)s]*” by [MnO.]}™ has been studied [124]. An agueous
solution containing [Ru(CN)s]1%™ and the histidine (7) complex [Co(his).] was
observed, upon irradiation with visible light, to develop a red-orange colour.
This colouration was ascribed to the formation of [(his)2Co(u-NC)Ru(CN)s13~ [125].
In a similar manner, [Ru(CN)¢1% in the presence of [Fe(H20)5]3+ generates an
intense violet-blue colour, but no explanation of this phenomenon has been offered
[126].

2.8.2 Complexas with Group VIB donor ligands

The crystal structure of Ba[Ru(H>vi);]..9H,0 has been determined; the anion
has faeial geometry and the ligand is bonded to the metal via the atoms indicated



98

0 (l)"
H\N /N ~
)\ X,
(0] lsll (0]
H

11; {Havi]D)

in (11) [127]. A 'H NMR and IR spectroscopic study has led to the characterisation
of the species [Ruxa_n(dnso)n]n_4 (n = 3,4,5 or 6; X = Cl or Br) and their
hydrolysis products; Scheme II shows their interrelationships [128]. 0-bonded
dmso is labile in D,0, whereas S-bonded dmso appears not to be. New assignments
for v(Ru-Cl) stretching modes have been suggested for [RuCli(dmso);]” (at 265
and 241 an™ 1), [RuCl,(dmso),] (at 258 and 248 cm ') and [RuCl(dmso)s]* (at
246 cm'l), bringing them into line with the frequencies for many other ruthenium(II)
complexes. Bands at 1100 and 425 cm * were found to be characteristic of S-bonded
dmso, whereas bands at 925 and 480 ot
[128]. A paper, subtmitted after [128] was published, but not referring to it,
contains a limited study of the same hydrolysis phenomenon [129].

The macrocyclic complexes [Ru(Lsy)Xz2] (Ly = [14]aneS, or bzo[15]eneS,) [89]
and some dithiocarbamate complexes of formulae [RuLz(H,0),] and [RuL.] {L =
(4; Y = CHp, NH, NMe, O or S)} have been reported {130]. Ruthenium(II) camplexes
have also been reported with the ligands 3,4,5-pyridazinetrithiol [65],
N-phenylcarbamoylpyrrole-2-thiocarboxamide {66], and a number of substituted
thiosemicarbazides and thiosemicarbazones [131].

were found when O-bonded dmso was present

2.8.3 Ammine and amine complexes

The IR spectra of [Ru(MH;)¢lX; (X =Cl, Br, I, [PF¢] or [BF,]) and [Ru(ND;)s]Br,
have been reported and the v(Ru-N) stretching modes have been identified as
occurring at ca. 400-420 cm 1 [132]. 4b initio SCF calculations have been
performed upon [Ru(NH;)sL]%* (L = N,, CO or H,0) and upon the {Ru(NH;)s}2*
fragment of these ions {133].

Ligand substituent effects on the photochemistry of [Ru(NH;)sL}%* (L = py or
a substituted derivative) complexes have been the subject of an excellent review
{134]. The preparations of tparzs—[fhl(NH;)b(py)L]2+ (L = pz, pzH" or py-4-C(O)Me)
and trans—{Ru(NH:).L.] (L = pz or pzH") 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 complexes lead to the predominant photoaquation of one
coordinated ammonia molecule [135]. A novel, photochemically induced, linkage
isomerism has been observed for [Ru(NH;),Cl(S02)]Cl in a KBr pellet, involving

a change in the bonding mode of the S0, [136]:

0 0
y/ -
fu=—s7 hy

—————rei Ru<——s

\\ 25-195 K C!

Full details of the structure and some chemical properties of the interesting
metalloflavin complex [Ru(NH;).(10-Meialo)}{PFsl. (10-Meialo = 10-methyliso-
alloxazine), which was discussed last year {1; p. 51], have now been published:
NMR and electronic absorption measurements, along with CV and OITLE studies, are
described in an excellent paper [137]. Novel alkene and alkyne derivatives of
the pentaammineruthenium(II) moiety have been prepared by an extremely facile
route [138]:

2+ 2+
[Ru(NH; ) s(H-0)] + alk ——[Ru(NH;3)s(alk)] + H,0
(alk = ethene, isobutene, 1,4-cyclohexadiene,
fumaric acid, ethyne, phenylethyne or

hex-3-yne)

The bonding in these complexes is comparable with that in Zeise's salt, with
'edge-on' bonded alkenes and alkynes. The complexes were characterised by
UV-VIS, IR and 'H NMR spectroscopy, and by cyvelic voltammetry, all of which
indicate the presence of strong d g oW back-bonding. The molecular structure

of one of these complexes, [(HiN)sRu(HO,CH=CHCO,H)]2*, (12), was determined [138).

[~ 1 2¢
NH3 COzH
NH HC
l/ 3 |
HqN HC
|
NH \co H
| 3 27

(12)

In an analogous reaction, treatment of [Ru(NHa)s(HzO)]2+ with an excess of
3,3-pentamethylenediazirine yields [Ru(NH;)s(N,CsHyo )12%, (13), which has been
isolated and structurally characterised as its [PFs]” salt. (13) is oxidised



101

NH3
H3N l NH,
\\\\\R ////’
u
H3N/ l \N
A

(13)

in acidic solution, by O, or H;O;, to give [R11(NH;)5(N2)]2+ and cyclohexanone;
(13) can also undergo the following fascinating dimerisation reaction {139]:

]4-('-

2+
Ru (NH [9]
(RuCNHa )5 (NaCoy 12" LE2MM s G20 |3 041,y s (u2Celtio Ru(MHy )
NH3; or N,;CgHy (14)

(14) can also be prepared by treating N2CgH;; with an excess of [Ru(NH;)s(HzO)]2+

[139].

The kinetics of the anaerocbic reduction of beef heart mitochondrial cytochrome
¢ oxidase [140] and of various platinum(IV) camplexes (e.g. trans—[Pt(Nﬂg)..Clz]2+
or [PtC1:1%7) [141] by [Ru(NH;)s]%* have been reported. The reduction of O; to
Hy0, by [Ru(NH;)s12*, [Ru(NHj)s(isonic)]?*, cis— or trans—[Ru(NH;).(isonic)(H:0)}%*
or [Ru(NH;).(phen)]?" has also been investigated: the mechanism involves outer—
sphere electron-transfer, generating [Oz]; [142]. 1In a related study, the
kinetics of the reduction of H,0; by [Ru(NH;)s}2* or [Ru(NH;)sL]?" (L = H,0 or
1-Meimid) were determined; a common mechanism for all three reactions was
postulated, involving the formation of a seven-coordinate ruthenium(IX) inter-
mediate [143]. The difference in the mechanisms postulated for the respective
reductions of O, and H,0, is striking.

The oxidation of alcohols coordinated to ruthenium, by dioxygen, to yield
ketones and hydrogen peroxide, has been observed. Thus, for the 2-(1'-
hydroxyethyl )pyridine complex (15), oxidation to the 2-ethanoylpyridine complex
(16) occurs [144]:

2+

(15) (16)
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The reaction involves the formation of a ruthenium(IV) alkoxide intermediate,
which then undergoes a metal-ligand redox reaction to yield the ruthenium(II)
ketone complex [144]. A complex [Ru(NH;)s(H,ATP)]Cl, (H,ATP = adenosine
triphosphate) has been reported [92].

The complex [Ru(py)s]?* will be considered in Section 2.8.4. The complexes
eis— or trans—[Ru(cyclam)C1l,]Cl can be reduced by zinc amalgam to yield their
ruthenium(II) analogues, which react with an excess of isonicotinamide to give
eis— or tr-ans—[Rz1(cyclam)(isonic)2]2+. Similarly, eis-[Ru(cyclam)Cl,] reacts
with bipy to give cis—[Ftu(cyclam)(bipy)]2+ but trans—-[Ru(cyclam)Cl.] reacts with
bipy to yvield a product with different spectral properties, and the latter has
been postulated to contain the elusive monodentate bipy ligand [91]. Treatment
of mer—[RuCl;{NH,(CH;)3NH(CH,);NH:}] in aqueous ethanol with 2,6-diethanoyl-
pyridine yields a violet, diamagnetiec macrocyclic complex of L, -(17) [145].

O

N

g

Qa7)

This complex, [Ru(L)(H,0)12*, has been postulated to exist as either a five—
coordinate monomer or a Ru-Ru bonded dimer; the possibility of a p—oxo bridged
dimer does not appear to have been considered. Thirty new oxime complexes of
ruthenium(II) have been prepared by the treatment of [RuCl,(PPhi);] with
chelating or simple oximes, in both the presence or absence of base. These
complexes were characterised by 'H and 3*'P NMR spectroscopy [146].

2.8.4 Diimine complexes

Interest in [Ru(bipy);]?" and its derivatives continues unabated. Two
extremely important structural studies have been published this year:
[Ru(py)e1[BF.]2 [147] and [Ru(bipy);][PFs]. [148] have been characterised by
X-ray crystallography. Although the cation of the former salt is not a diimine
camplex, [Ru(py)e]®* has particular relevance to the studies of [Ru(bipy)s]lZ*.
[Ru(py)s][BF.]. was prepared by the prolonged reaction of [RuHL;(PPhj),]{BF.]

(L = MeOH or H;0) with pyridine in methanol, and characterised structurally

{r(RuN) = 0.212 nm}, spectroscopically (UV-VIS, IR, 'H and *C MMR) and
electrochemically (CV) [147]. This is an excellent and interesting paper, not
least because it details the remarkable similarity of the properties of [m(py)5]2+
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and [Ru(bipy):]%*, which have essentially identical, reversible, oxidation
potentials, and similar Ru-N bond lengths. [Ru(bipy);]}{PFs], shows the expected
D; ground state point symmetry {r(RuN) = 0.2056 nm} [148]. However, the
structure determined for this latter compound was of an anhydrous salt and a
good deal of interest lies in the hydrated [Ru(bipy);]Cl,.6H,O complex,
particularly in the dispositions of the water 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)s;]2* salt.

An interesting series of camplexes, involving ligands which would be
conventionally considered to be sterically hindered towards coordination, has
been prepared. The camplexes, [Ru(LL);]Cl, (LL = 6-Mebipy, 6,6'-Me,bipy,
2-Mephen or 2,9-Me;phen) were prepared by the interaction of LL with a blue
ruthenium(II) chloride solution and characterised by electronic absorption and
emission spectroscopy (including ¢ and T measurements). Despite the steric
hindrance, the energies of the observed MICT absorption bands and the emission
bands of these camplexes are remarkably similar to those of [Ru(bipy)3]2+ and
[m(phen)3]2+, but the magnitude of €, ¢ and T are all much smaller than those
of the parent complexes [149]. 1In a superb example of synthetic chemistry, a
vast series of complexes with seventeen different bidentate ligands, LL (see
Fig. 2), of formlation [Ru(LL);]®*, [Ru(LL).(bipy)1®*, and [Ru(LL)(bipy),1%*
have been prepared, isolated as [PF¢]  salts, and characterised by 'H NMR, IR,
electronic absorption and emission spectroscopy, and cyclic voltammetry [150].
[Ru(4-NO;-bipy)31%*, included in the above study [150], and [Ru'Y(4-Et;P-bipy);]°*
have been independently prepared and isolated as perchlorate salts [151].

Also, in a variant on a well-known theme {cf. [Ru(bipym)j]2+ {152]; bipym = &)},

Cr <D N~

N N

(18; bipym) (19; bpz)

the camplex [Ru(bpz),]JCl,.4.5H,0 {bpz = (19)} has been prepared by treatment of

{RuCl,(dmso),] with (18) and, perhaps not surprisingly, shows similar photo-

physical and photochemical properties to [Ru(bipy)s;]?* and [Ru(bipym);]%* [153].
Meyer's excellent synthetic work, based upon the {Rn(bipy)z}2+ moiety,

continues. The eis===trans photoisamerisation of I'Ru(bipy)z(H20)2]2+ [100}

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

the photochemical syntheses of [Ru(bipy)zLX]+ (L = py, 4-Me;C-py or Me(N; X =

Br, NO,, [Ncs], [Nos], [C10.]1, [CF3C0.] or [MeCeH.—4-SO:1) and [Ru(bipy),X.] have

now been published {154]:
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O N

(R = C1 or CMej)

Me Me (R = H, Me or Ph) (R = Me or Ph)

(R = Me or Ph)

“
~._ _N
Nl\N
~
/I N /,
>~ N N

Fig. 2: The ligands used in the synthetic study of [Ru(IL);12* complexes by Belser
and von Zelewsky [150]. Many of these ligands are conventionally
considered as sterically hindered towards coordination.
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e.g- [Ra(bipy)z ()2 1°" + X g [RUCbipy)2 (py)X]” + py

[Bu(bipy)2(py)X]* + X~ ———=[Ru(bipy):X.} + py

The complexes were characterised by CV, and UV-VIS and IR spectroscopy. In the
photochemical reaction between [Ru(bipy);]®* and [NCS]™, an intermediate was

observed which was postulated as [Ru(bipy).(n!-bipy)(NCS)]¥, containing the

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

of the reaction of trans—-{Ru(cyclam)Cl,] with bipy; Section 2.8.3) [154]. The

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

prepared by conventional routes: [Ru(bipy):(pzlH),]}[PFe¢l., [Ru(bipy).(pzlH)(pzl)][PFs]
and [Ru(bipy).(pzl).] were characterised by CV and UV-VIS spectroscopy [155]. Of
more interest, [Ru(bipy):(pzl).] reacts with [Ru(bipy):(Me:C0).]1%" to yield the
doubly bridged dimer, [(bipy).Ru(u-pzl),Ru(bipy)2]2* (20). Although stable on

O T
N— N

(bipy)zRu/ \Ru(bipy)2
Ny —n”
O

]
(20)

the CV time-scale, the mixed-valence tripositive form of (20) is unstable towards
electrochemical synthesis, decomposingin MeCN (ef. [(bipy) Ru(u—-Cl),Ru(bipy) 2]3+
[156]) to give [Ru(bipy).(MeCN),1%* and [Ru(bipy).(pz1),]* [155]. A novel series
of alkyl nitrite complexes, [Ru(bipy).(py){N(0)OR}]1%* (R = Me, Et, Bu or CMeyH),
has been prepared by treatment of [Ru(bipy):(py)(N0)13* with [OR]™ in MeCN. These
camplexes, which were characterised by CV and by UV-VIS, IR and 'H MR
spectroscopy, react with acid to regenerate the parent nitrosyl species and ROH.
The complexes [Ru(bipy).Cl{N(O)OR}]* were prepared in a similar manner from
[Ru(bipy),C1(NO)}?* [157].

The molecular structure of cis—{Ru(bipy):(C0O)C1][C10,] has been reported, and
same of its reactions (e.g. with monodentate ligands to give thermal displacement
of C17, or photochemical displacement of CO) have been investigated. The Ru-N
bond trans to CO, at 0.218 nm, is longer than the mutually trans Ru-N bonds
{r(RuN) = 0.210 nm}, which are in turn longer than the Ru-N bond trans to Cl (at
0.207 nm) [158]. Aqueous solutions of [Ru(bipy),(CO)C1]* produce H,, CO and CO,
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upon visible-light photolysis; under an atmosphere of CO, the reaction is
catalytic and represents the first report of the photocatalysis of the water-gas
shift reaction [159]. The complexes [Ru{4,4'-(NO;),-bipy},Ci,] and
[Ru'®{4,4'~(Et;P),-bipy},C1,1[Cl0O. ], have also been prepared and characterised
by UV-VIS spectroscopy and CV [151].

The reaction of [Ru(terpy)Cls;] with an excess of L {L = PPhj, P(C¢H,~4-Me), or
py}, in the presence of NEt,, yields violet trans—[Ru(terpy)ICl,]. This complex
can be converted to pink eis—-[Ru(terpy)LCl,] by boiling in 1,2-dichloroethane
and the cis-isamer can also be prepared by treatment of [Ru(PPh;);Cl,] with
terpy. The chloride in the eis-isomer is significantly more labile than that
in the ¢rans-isomer. Thus:

PPh .
o —_PPhy
trans-[Ru(terpy)(PPh;)Cl.] We,Co, 25 G~ 1 reaction

PPh,

+
Me,CO; 25 °C trans—[Ru(terpy)(PPh;),C1]

eis-[Ru(terpy)(PPh;)Cl,]

This represents a good example of the trans-labilising effect of phosphines bound
to ruthenium(II). With CO, the eis— and trans-isomers give different isomeric
products [102]:

[{0]
1,2-C2H4Cl;; reflux

trans—[Ru(terpy)(PPh;)C1, ] -+ trans—[Ru( terpy ) (CO)Cl, ]

. co .
eis—[Ru(terpy)(PPh;)Cl,] T o CoH.CLLs retluxvczs—[Ru(terpy)(CO)Clz]

The monothiobenzoate complex [Ru(OSCPh),(PMe;Ph),] reacts with LL (LL = bipy
or phen) to give cis,eis,eis—[Ru(LL){5C(O)Ph};(PMe,;Ph),]. When LL = phen, a
minor by-product eis,eis,trans—{Ru(phen){SC(O)Ph},(PMe,Ph),], was also isolated.
Both cis,cis,eis—- and cis,ets,trans-[Ru(phen){SC(0)Ph},(PMe,Ph),] were structurally
characterised and have r(RuN) values of 0.212 and 0.209 nm, respectively [160].
In contrast, the analogous reaction with 1,2-diaminoethane yielded eis,trans,cis—
[Ru(en){5C(0)Ph},(PMe,Ph),] [160]. Treatment of
[(bipy)(Ph;P):Ru(u—C1) ;Ru(PPh; ), (bipy)1Cl, with [CsF.S]™ gives an isomeric
mixture of products (as judged by ¥F NMR spectroscopy) of fornula
[(bipy)(Ph;P),Ru(u—SCeFs),Ru(PPh;),(bipy)]Cl, [161].

2~(phenylazo)pyridine (21; azpy) is structurally analogous to a diimine, and
indeed acts as a bidentate ligand. Thus, the reaction of (21) with an ethanolic
solution of "RuCl;.xH,0' at reflux yields the dark blue complex cis-{Ru(azpy).Cl,],
whereas treatment of [Ru(dmso),Cl,] with (21) in Me,CO produces the green complex,
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- N

N \\N—-—Ph

(21; azpy)

trans-[Ru(azpy),Clz]; the latter, upon heating in xylene, produces a different
blue eZs-isamer to that already described. The characterisation does not give
unambiguous structural assignments, however [162]. Further details of the
interesting diazadiene complexes described last year [1; p. 54] have appeared.
Treatment of [RuCl,(PPh;),] with (22) or (23) yielded [Ru,Cl,;(PPh;),(dad),]X

! !

R R
R—N:/ \:N——R
(22; R = CHMe,, R' = H)

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

{dad = (22) or (23), X = Cl or [BPh,]}, whereas using only half an equivalent
of (23) produced [Ru:Cl.(PPhi)i(dad)]. The reaction of [RuHC1(PPh;),] with
(22) in Et,0 produces [RuHC1(PPh;).(dad)], which reproportionates in MeCH to
give a mixture of [RuH,(PPhj)2(dad)] (and [RuH,(CO)(PPhi;);]) and
[Ru,CL3(PPhi)2(dad).]C1. [RuH.(PPha)2(dad)] has also been prepared by treating
[RuH.(PPh3)s] with (22). [RUHC1(PPh3).(dad)] {dad = (22)} reacts with water in
toluene to eventually yield [Ru,H(u-C1)(u-OH),(PPh;);(dad)]} [163].

Three more papers claiming 'pseudo-base' formation for a series of complexes
related to [Ru(S—NOz—pI'xen)a]2+ have appeared [164-166].

Good progress is also being made in gaining an understanding of the reduction
products of [Ru(bipy)s]12*. Although formally ruthenium(I) and ruthenium(0),
[Ru(bipy):]* and [Ru(bipy):] are much more usefully considered as
[Ru""(bipy).(bipy )]* and [Ru''(bipy)(bipy ).], and so their chemistry will be
discussed in this section. Electrochemically generated [Ru(bipy)3]+ is
quantitatively oxidised to [Ru(bipy);]2+ in deaerated acidic aqueous solutions,
but there is little or no production of dihydrogen. Similar treatment of
[Ru(bipy)s] (produced electrolytically, precipitating from MeCN solutions as a
dark solid), in contrast, results in the rapid, stoicheiometric evolution of
dihydrogen at pH 1, pH 7 or pH 12, with the concomitant generation of
[Ru(bipy)s1%* [1671:

[Ru(bipy)s] + 2H;0" ——=[Ru(bipy);1%* + H, + 24,0

[Ru(bipy)s] + 2H,0 ———=[Ru(bipy):1®* + H, + 2[0H]”
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Experiments in D,0 resulted in the evolution of D,, confirming that the evolved
dihydrogen originates from the solvent and not the ligand. Similar results were
obtained for [Ru(terpy).] and {Ru(terpy).]® (H, evolution being observed for the
former, but not the latter), but no H; evolution was observed with either
[Ru(phen);] or [Ru(bipy’)z(4,4'—bipy—1?.'—b.k—:)2]2+ [167]). The CV of
[Rl;l{bip},‘—‘l,4’—(C02Et)2}3]2+ has been reported and the reduction monitored by the
OTTLE technique: intense NIR absorption bands were observed, progressing to
lower energy as the reduction proceeded [168). It should be noted, however, that
similar multireduction waves to those observed in this paper had been observed
as early as 1976 [169]. Cathodic voltammograms have also been reported for
[F\’J.x(4,7~Ph2phen)3]2+ and [Ru(tpt)2]2+ in dmf [170]. The reactions of radio-
lytically generated radicals RleC.OH (Ri;=R, = Hor Me; R, = H, R, = Me) with
[fm(bipy)g]2+ or [Ru(phen)g]2+ have been investigated, radical attack appearing
to occur at the coordinated ligand [171].

A remarkably tenuous correlation has been drawn between the oxidation
" potentials of the complexes [Ru(bipy)z(I_L)]2+ (IL = bipy, en, (py)z, (NHi), or

{CN"].) and the ionisation energies of their 3d (??) electrons [172]. It is
remarkable that such a paper can be published in a reputable journal - to refer
to the 3d electrons of ruthenium as the valence level is unbelievable, to draw
a correlation between five points of a total spread of 0.4 eV which have been
measured only to +0.1 eV defies sensible comment!

The reduction and oxidation of [Ru(bipy;]2+ at i1lluminated semiconducting
electrodes has been studied. The complex is reduced at a potential ca. 0.5 V
more positive than its thermodynamic reversible reduction potential at
illuminated p-type silicon [173], and is oxidised at a potential ca. 0.5 V more
negative than its thermodynamic reversible oxidation potential at illuminated
MoS, [174].

The many developments in the photochemistry and photophysics of [Ru(bipy)a]2+
and related complexes are considered separately in Section 2.15. The use of
these camplexes for the photocatalytic decamposition of water is also considered
separately, in Section 2.16, and their attachment to modified surfaces is
discussed in Section 2.17.

2.8.5 ZPorphyrin and phtnalocyanine corplexes

The complexes [Ru(TPP)L,] (L = PEt;, PMe,Ph, PPh;, P(OMe); or CNCMe;) have been
prepared from [Ru(fPP)(CO)] and characterised by UV-VIS, IR and !'H NMR
spectroscopy, as well as by CV; the complexes show reversible oxidation and
reduction waves [175). In what is probably this years most important paper on
ruthenium chemistry, it has been observed that [Ru(TPP)(PPhs;).], in the presence
of free phosphine, is an extremely efficient decarbonylation reagent for aromatic
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and aliphatic aldehydes under ambient conditions. Moreover, the decarbonylation
is catalytic, with (for the decarbonylation of PhCH,CHO to PhCH;) a turnover
number of >10* in 30 min at 50 "C (10® at room temperature) [176].

The camplexes [Ru(MPIXDME)(CO)L] and [Ru(TIPPP)(CO)L] (L = one of a variety of
imidazoles, pyridines, pyrazoles or benzylamines) have been studied by 'H NMR
spectroscopy, and the resonances due to L were all found to be markedly shifted
upfield; these shifts have been used to determine the ring currents in the
porphyrin rings [177]. Two similar, but independent, reports of the preparation
of ruthenium myoglobin complexes have appeared this year. [Ru(MPIX)(CO)]
interacts with apomyoglobin in neutral pH solution to give a 1:1 protein camplex,
[Ru(Mb)(CO)], with a normal Soret band; the pH dependence of the electronic
spectrum was determined {178]. Independently, ruthenium(II) myoglobin,

[Ru(Mb)], has been prepared by the reconstitution of horse heart apamyoglobin
with [Ru(MPIX)(dmf),]; it contains one ruthenium porphyrin per heme binding
site, and is readily oxidised to the ruthenium(III) complex, [Ru(Mb)]}* [179]:

(Ru(Mb)] ‘_[i———ﬂ;z—‘_ (Ru(Mb)Y]™
S,0]%"

[Ru(Mb)] reacts with CO [179] to form the known complex [Ru(Mb)(CO)] [178,180];
the reaction with dioxygen is interesting because, although reversible oxygen-
ation of protein—-free [Ru(MPIX)(dmf).] occurs readily, irreversible oxidation
to yield [Ru(Mb)]" occurs wia an outer-sphere electron-transfer mechanism [179].
In the chemistry of ruthenium(II) phthalocyanine camplexes, we again find
the work of independent groups proceeding in parallel. The camplexes [Ru(Pc)L,]
(L = py, 4-Me-py, 4-MeiC-py, imidH, MeCN, dmf or dmso) and [Ru(Pc)L(CO)] (L =
py, 4-Me-py, 4-Me;C-py, dnf 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. Alterné.tively,
*[Ru(Pc)(CO)]" (formed from [Rus(CO)p ] and PcH:) reacts with L to give
[Ru(Pe)L(CO)], which can also be formed by treatment of [Ru(Pc)L;] with CO. The
complexes were characterised by electronic absorption spectroscopy and CV.
Chemical or electrochemical oxidation generates [mII(Pc+)L2] and not
[RuHI(Pc)Lz]*, as evidenced by EPR and electronic absorption spectroscopy [181].
Treatment of RuCl;.xH,0 with 1,2-dicyanobenzene or 2-cyancbenzamide has 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 [182]. However, when the reaction
was performed under CO, the CO complex was obtained in good yield, and (for
example) extraction of the reaction mixture with pyridine yielded [Ru(Pc)(py)(CO)].
This latter camplex has also been prepared fram [Ru;(C0O),2 ] and 1,2-dicyanobenzene,
followed by an extraction of the products with pyridine. Other related reactions
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which have been investigated include:

[m(Pc)(N}Izph)z ] .4PhNH2 iiogacgo " [ml(PC)]” —’22 [RU.(PC)(PY)(CO)]
T PhNH l co
_ g, , S = [Ru(Pe) (th)(CO) ]

These carbonyl complexes all showed a high solubility in organic solvents [182].
Boucher and Rivera [183] have recently claimed that conventional methods for the
preparation of ruthenium(III) phthalocyanine complexes (e.g. those discussed in
the above paper {182]) do not, in fact, yield phthalocyanine complexes, but give
derivatives of a monochlorinated phthalocyanine ring, represented hereinafter

by (CiPc), in which the chlorine is a substituent of the ring and not attached to
a metal. Thus, these authors have found that they can achieve yields of 60-70%
of [Ru(ClPc)(py).].4py and [Ru(ClPc)(PPh;);] with no evidence being obtained for
the complexes of ruthenium(III) claimed in the literature [e.g. [182] and
references therein]. Their evidence relies heavily on 'H NMR spectroscopy,
however, and work from my own laboratory [184] would strongly suggest that this
has been misinterpreted: the spectra reported are much more consistent with a
mixture of [Ru(Pc)(py).] and [Ru(Pc)(py)(solvent)], and (as described) do not
resemble the spectra of genuinely ring-substituted derivatives of ruthenium(II)
such as [Ru{Pc-(S0;),11*" {H,Pc-(SO;H), = phthalocyanine tetrasulphonic acid}.
We also cannot support Boucher and Rivera's suggestion that "[RunI(Pc)Cl]" (or,.
in the light of James' results above [181], "[Ru''(Pc*)C1]" - no distinction
between these formulations will be made in this discussion) cannot be prepared
by conventional literature methods; in our hands [184], good yields of a para-—
magnetic "[Ru(Pc)Cl]" compound were obtained. It is, perhaps, worthy of note
that many of the "discrepancies' in the literature can be ascribed to the
variable, heterogeneous composition of "RuCl;.xH,0'' (see Section 2.6.1) - we
find that the use of pure ruthenium(III) or ruthenium(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)]' [184].

The complexes "[Ru(Pc)]", [Ru(Pc)(dmso).].4dmso and [Ru(Pc){(CD;),S0},].4(CD;),S0
have been demonstrated (like their porphyrin analogues, vide supra) to be effective
NMR shift reagents for a wide range of imidazoles, pyridines, primary aliphatic
amines and primary aromatic amines, for a substantial range of secondary aliphatic
amines, secondary aromatic amines and hydrazines, and for a narrow range of
tertiary aliphatic amines [185].
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2.8.6 Phosphine, phosphite and arsine complexes

2.8.6.1 Halo, carbonylhalo and hydroxo complexes

New preparations of [RuCl,{P(OMe);}.,] (from '"RuCl;.zH,O" and P(OMe); in methanol
at reflux) [51] and trans—[RuCl.(PMe;).] (from "RuClj.xH,O" and PMe; in methanol,
or by treatment of [RuCl.(PPh;).]} with PMe; in hexane) [186] have been reported,
as have the complexes of (24), [Ru(L)C1]Cl [187]. Some of the reactions of

(24; E = P or As)

[Ru(L)cllcl {L = (24)} with H,, CO or NO were also investigated in this latter
study. It has been reported independently that, although trans—[RuCl,(PMe;).]
can be made fram {RuCl.(PPh;)3;] and an excess of PMei, it is better prepared by
treating {R!12(02CL1e)4Cl}n with Na/Hg in thf, in the presence of PMe; and lithium
chloride [188,183]. Benzene solutions of zrans—[RuCl.(PMe;).], upon ageing,
produce [(MeiP),Ru(p-Cl),Ru{PMe;),]Cl, and, upon treatment with Na/Hg in thf,
yield cis-[RuHC1(PMe;).] [189]. [RuCl(PMe;).][BF.] has also been isolated, as
a by-product in the preparation of [(Me;P).ClRu-RuCl(PMe;).] (see Section 2.9)
[189].

The camplex [Ru,(OH)3(PMes;)s][BF,] (25) was formed as a by-product in the

r H
)
\ / H\ /
Me3P—/”' \\\\ ///’ \\\\PMe3
Me;P PMe,

(25)

——

Me3 P PM93

[BF,]

preparation of (3) (see Section 2.5) and was characterised by X-ray crystal-
lography: (25) has an Ru...Ru separation of 0.3004 nm [48]. The complex
{Ru, (OH), (u—OH) ,(PMe; )] is discussed in Section 2.8.6.5.

CV studies for solutions of [Ru,Cl,(PRs;)s] (R; = ClPh,, MePh, or Et,Ph) and
[Ru2C1, (PPh3),(CO)] show reversible one-electron oxidation waves, corresponding
to the formation of the mixed valence monopositive cations. Similarly, the
stable compounds [Ru;Cls(PR3;);L] (R = Ph or CgH,—-4-Me; L = CO or CS) show a
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corresponding one-electron reduction wave, corresponding to the formation of
[Ru,Cls(PR3)3L]". Intriguingly, the camplexes [Ru.ClsL,] {L = PEt.,Ph or
AsS(CgHy—4-Me)3} and [Ru;Clg(AsPhs)s] show both reversible one—electron oxidation
waves and reversible one-electron reduction waves [190]. An electrochemical
study of [RuC1:(CO):;L.] (L = one of a variety of phosphines, arsines, diimines,
or amines) has revealed that these camplexes also undergo a one-electron
oxidation [104].

[RuC1,(PPh3);] has been shown to catalyse the following reactions of secondary
alcohols, RzCHOH (R = aryl) [191]:

R2CHOH =——>R2CO + H: (dehydrogenation)

2R,CHOH ————=-R,CHOCHR, + H,0 (dehydration)

3R2CHOH =R, CHCHR, + R,CO + 2H,0 (reductive coupling)

2R, CHOHl ————=R.CH:> + R.CO + H.,0 (disproportionation)

R.CHOH + R}CHOH ———R,CH, + RICO + H,0 (hydrogenolysis)

The conditions for the promotion of each of the above reactions have been
optimised and defined, and hydrido and alkoxy canplexes of ruthenium have been
shown to be involved as intermediates [191]. [RuCl,(PPh;)s;] will also catalyse
the reduction of azobenzene to aniline by Me,CHOH [192], the selective hydro-
genation of o,R-unsaturated ketones to saturated ketones under mild hamogeneous
conditions [193], and the hydrogenaticn of aldehydes or ketones [194], and will
decarbonylate [(cp)Fe(CO).{C(O)R}] (R = Me or Ph) to give [Ru(PPhj)2(C0)2Cl,]
[195). This last reaction occurs only slowly, even in benzene at reflux, and
so is of little synthetic utility. Studies with [Ru,Cl.{(+)-diop}i] and
[RusClu{(-)-diop}s;] continue and these camplexes have been found to be catalysts
for the asymmetric transfer hydrogenation of prochiral unsaturated acids or
esters by alcohols, giving typical values of ca. 15% optical purity for the
acids and ca. 5% for the esters [196]:

RR'CHOH + R'CH=C(R"')CO,R"" ————=RR'C=0 + R''CH,CH(R'"" )CO,R"™"

The camplexes [RuCl,(PMe;),] and [Ru(PMe;),(C0),Cl,] are both catalysts for the
hydrogenation of dec-l1-ene in the presence of Me,NH.BH; a.ud—alcohol; the latter
camplex is the.better catalyst [197].

In an interesting series of papers [198-200], water-soluble analogues of
several triphenylphosphine camplexes of ruthenium(II) (see also Section 2.8.6.5)
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have been prepared using the salt Na{(S03-3-Ce¢Hy)PPh,] (NalL]), including
Na [RuL2(CO).C1.] and Na,[Rul.Cl,]: the latter complex was shown to catalyse
the aqueous phase hydrogenation of trans-—-MeCH=CH(COzH) and of MeC(O)CO,H.

The camplex [(CO);CIRu(u-AsMe,),RuC1(CO)3;] has been prepared by treating
[Ru3(CO) 1, ] with AsMe;Cl in petroleum ether [201].

2.8.6.2 Complexes containing oxygen donor ligands
The molecular structure of [Ru(0;CMe)(CO)(PMePh,);][PFs] (26) has been

Pr{\
[ L T+ C\\
o] o1 S
CH, C/ \Ru/ a = 0.241 nm PPh3 \
\ _~ b = 0.231 nm F3C o] \ c
| e R P,
- L J 0-’“”—’-Ru\\\ }1
| o
(26; L = PMe,Ph) 27 PPhq

reported [202]. Treatment of [RuH(PMe,Ph)s][PFs] with CO, in an ethanolic
solution of MHMe, yields [Ru(O2CNMe;)(PMezPh).][PFs], which was also structurally
characterised and, like (26), shown to possess Ru-P bonds trans to oxygen which
are significantly shorter (at 0.228 nm) than those of the mutually ¢rans phosphines
(at 0.241 nm) [203].

The camplexes [RuH(O2CCF;)(CO)(PPhj3)z] and [Ru(0,CCF3).(CO)(PPh;)2] react
with alkynes, with terminal or internal C=C linkages, to give oligomerisation or
hydrogenation products, respectively, along with vinyl camplexes. Thus:

(RuH(O,CCF3 ) (CO) (PPh3 )2 ]-=RE=CPR o [ {C(Ph)=CHPh } (0,CCF; ) (CO) (PPhs ) 2 ]

CF3CO.H CF3CO.H
+

RCHO RCH,OH [Ru(0,CCF3)(CO)(PPh;)>]

+ e1s-CH(Ph)=CH(Ph)

With phenylethyne, the initial product is [Ru(CECPh)(02CCF3)(CO)(PPh3)2], which
reacts with a further mole of PhC=CH to give [Ru(C.HPh,)(0.CCF,)(CO)(PPh;).]
27> [204].

2.8.6.3 Conmplexes with nitrogen donor ligands
Treatment of [NEt,][RuCl.(NCR).] (R = C¢H,—2-Me) with PMePh, yields
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{RuCl12(NCR)2(PMePh;)2] [15], whereas [RuHC1(PPhj);)] reacts with Li[N(SiMe;).]
in thf to yield the red, monameric and diamagnetic compound, [RuH{N(SiMe3);}(PPhi),] ,
which is air-stable and soluble in hydrocarbons. On heating, however, this latter

camplex eliminates NH(SiMes ), [205].
Two camplexes of tris(2-pyridyl)phosphine, [Ru{P(py);};HC1] (28) or
p

\RU/H P\Rlu/Cl
P/I\_,\/N N/I\N

(28) (29)

[Ru{P(py);}2Cl2] (29), have been prepared by treating [Ru(PPh;).HC1] or
[Ru(PPh3);Cl,] with P(py)s; in CeHg, respectively. Their structures have been
postulated although (29) is thought to have been obtained as a mixture of

isomers [206].

2.8.6.4 Isonitrile and dithiomethylester complexes

The complexes [RuX,(CNCgH,-4-Me),L.] (X = Cl or Br; L = AsPh,R, AsPh, or
SbPh3; R = Me, Et or Pr) have been reported [108,207)]. UV irradiation of
[RuC1,(CNCMes )2 (PPhj3).] brings about an isomerisation reaction; the-composition
of the photo-stationary state was found to be wavelength dependent [208]:

P p
c1 R c1 c1
>L< == >1<
RNC | c1 RNC I NR
P p

The molecular structures of the interesting nz—dithicxnethylester complexes
[Ru(n*-CS,Me)(CO) {CNC¢H,-4-Me}(PPh3),1[C10.] (30) and
[Ru(n?-CS,Me)(CO) 2 (PPh3),1[C10,] (31) have been determined [200].

2.8.6.5 Hydride complexes

The molecular structure of cis—{RuH,(dppe).].C¢Hs has been determined {r(RuH) =
0.158(15) nm} and a novel synthetic route to [RuH,L,] (L = PPh, , PPh,Me, PPhMe,
or idppe) reported [210]:

[Ru(n*-cod) (n®-cotr) ] —22—s[Rull,L ]
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— M\e_. . __ -—

PPhg S PPhy
7
0] I C ocC |
\\R Y
u
RNC S \

i PPhy 1 i PPh, S—Me |

(30) (31

[RuH,(PPh;),] reacts with a variety of #-, S— or O- donor ligands {e.g. bipy,
1,2-CeHo(CN)2, py-2~OH, quin-8-OH, py-2-NH, py-2-SH, 1,2-C¢H.(NH.)», NH,—2-CcH.SH,
NH,-2-CeH,OH, 1,2-CeH.(OH)», 1,3-CcH.(OH), or 1,4-C¢Hy(CH)} to give, inter alia,
{RuH, (PPh; ), (bipy)], [RuH,(PPhi);{1,2-CeHu(CN),}], [RuH(PPh;);(L-L')] (L-L'H =
qQuin-8-CH, py-2-0OH or py-2-NH,), [Ru(PPh;)i(L-L');] (I~-L'H = quin-8-OH, py-2-CH

or NHz-2-CeH,Q8), [Ru(PPh;):(L-L)] or [Ru(PPh;)2(CO)(L-L)] (HL-LH = 1,2-CeH4(NH2)2),
[RuUH(PPh,),(I-L')] (L-L'H = HO-3-CgH,CH or HO-2-C¢H,OH) or

(Ru,H,(PPh3)y (1,4-CeHu02)3] [211]. Moreover, the full details of the reactions of

DArYY /D o= M I A AN eurs +1a DL ITY 7NN 7T 1 Iy = M mem D) fn. TN\ £ DD 1
WU (0L — Lelly—9—0Ir ) WALLID [ IMUIA\LUY\XTi13 3] \a — Vi UL D1, Lrumz\\,uj\rru;);,_] Oor

[RuH,(PPh3),] to give the formamide, ureylene or formamidinate camplexes reported
last year [1; p. 58] have now appeared (212].
The exciting work with diop (32) continues, with a clarification of the

M N2
P’_/_/.Ru\)
Me \/ Ct
P
{32; (4R,5R)-(-)-diop} {33; p-p = (32}

structure of [RuHCl(diop).] ¢33), which has now been crystallographically
demonstrated to possess a trans configuration [213]. (33) was originally assigned
a eis geometry on the basis of 3P and 'H NMR spectroscopic studies; this assign-
ment was incorrect as the doublet of triplets observed arose, not from the cis
configuration, but from the deceptively simple AA'BB'X spin system of the

trans isomer [213]. (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 mechanism
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involving the coordination of the alkene to give an alkyl intermediate that, in
the rate-determining step, subsequently reacts with H, to give the saturated
product and regenerate the campound (33): a diop ligand dissociates to allow the
initial alkene coordination [214,215].

Same interesting dimeric camplexes have been reported this year. Thus,
treatment of [Ruz(u-CH,);(PMes)e] with H, (3 atm) in petroleum ether gives
[Ru-H, (u-H)2(PMes)s] (34) quantitatively. This complex will react with one

PMe3

Mes P PMej

r(RuRu) = 0.2811 nm

(39)

equivalent of H[BF,] in thf to give [Ru,(p-H)3;(PMe;)s][BF.,] {»(RuRu) = 0.2540 nm}
(ef. (25); Section 2.8.6.1) [216]. {Ruz(OZCMe)‘lCI}n reacts with Na/Hg in thf,
in the presence of PMe, and H, (3 atm), to give cis-{RuH,(PMe;).]; the latter
canplex reacts with an excess of water in thf at 60 ‘c to give
[Ru, (CH), (u~0H), (PMes)s], which is presumed to have a structure analogous to
(34) [216]. [RusH,(u-Cl)>(PPh,;)s], which also is presumed to have a structure
similar to (34), has been prepared by the unusual method of treating [RuH;(PPhj3).]
with Si,Cl,Phg in benzene, in the presence of NEt;. [RuzH(p-Cl)2(PPhs)g] is
different, chemically and spectroscopically, from [Ru(PPh;),;HC1l].solvate, and
undergoes spontaneous decomposition in benzene or thf to give H; and a compound
analysing as {Ru(PPhs)BCIi'x (ef. Section 2.9) [217]. It is notable that the
last occasion when {l’tu(P’PhE!)301}:zc was claimed [218], the material turned out to
be [Ru(PPhj),HC1].

In an interesting ins@rtion reaction, [RuHC1(CO)(PPhi);] reacts with RCH=CHR'
{= CH(CO,Me)=CH(CO;Me) or CH,=CH-2-py} to give the compounds
[RGCL(CO) (RCH-CHZR' )(PPhs)2], in which the alkyl residue is bidentate, coordinated
through the o-alkyl bond and also via R' {219]. With CH,=CH(CN), however,
[(Ph3P), (OC)Ru{CH(Me)(CN) H(1:—C1) ,Ru{CH(Me) (CN) }(CO)(PPh;).] is formed, with a
more normal monodentate alkyl group present [219].

The preparation, properties and catalytic activity of [RuH,(PPh;).] have been
reviewed briefly [220], and [RuHCL(PPhj3),] reported to induce the isomerisation
of ¥-allylamides to give aliphatic enamides [221]:

NHCOMe NHCOMe
e.g. N R
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[RuHC1(CO)(PPh3)3] is a good homogeneous catalyst for the selective hydrogenation
of a,B-unsaturated ketones, forming saturated ketones under mild conditions {193];
both [RuHC1(CO)(PPh3);] and [RUHC1(PPh;);] are effective catalysts for the
hydrogenation of various aldehydes and ketones [194]. Water soluble analogues

of several of these PPh; camplexes have been prepared using the salt
Na[(S03;-3-CsH. )PPh,], Na[L], including Na,[RuHC1(CO);L.], Naj;[RuHC1(CO)L,;],

Nas; [RuH(O,CMe)L3] and Na;[RuHCIL;] [198]; [RuH(0,CMe)L;]®” has been demonstrated
to catalyse the aqueous phase hydrogenation of rrans—-MeCH=CH(CO,H) [199] and of
MeC(0)CO;H [200].

2.8.6.6 Cycloruthenated complexes
The novel complexes K[Ru{(CcH.)PPh:}(PPh;);H,].Et;0.Cyq He and
K2 [Ruz (PPh, )2 (PPhj):H, ] .2diglyme are active catalysts for the mild, homogeneous
catalytic hydrogenation of aliphatic carboxylic acid esters to alcohols [222] or
of polycyclic aromatics (e.g. anthracene —1,2,3,4-tetrahydroanthracene) [223].
Treatment of trans—[RuCl,(PMe;).] with Li[(CH.).PMe.] vields the novel
camplex (35) and the interesting by-product (¢36) [186]. Full details of the

PMej PMe3
H,C I CH cl , PMe
2 2 3
\Ru/ PMe, RU\ Ct
Me,P I \CH2 Me3P | CHp PMeg
PMe PMe3 B
(35) (36)

chemical reduction of [Ru(PPh:)iCla] with Na or Mg amalgam, to give
[RUH(C¢H.PPh; )(MeCN)(PPh3):], have now been published [224] {ef. the product
claimed from the electrochemical reduction, [Ru(MeCN)(PPh;).(n-MeCN)] [225]}.
Cole-Hamilton and Wilkinson contend that the products from the chemical and
electrochemical reduction are identical and should be forrulated as
[RuH(C¢H,PPh; ) (MeCN)(PPh3),] [224], whereas the original workers maintain that
the products are not the same, and that the product of the electrochemical
reduction is correctly formulated as a ruthenium(0) complex [226]. The
complexes [RuH(CgsH.PPh,)(py)(PPh3),) and [RuH(CgH.PPh)(bipy)(PPh;)] have also
been reported and characterised [224].

2.8.7 Organometallic eompounds

Whilst organometallic 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 [Ru(cp)2] has been described [227], and oligomers of
ruthenocene (37; n = 2, 3 or 4) have been prepared in low yield [228]. The

[ ) ]
©am
0C Me
)

= Ru&——o/// 122.8°

l e
H ———@ PPh3

—n
(37) (38)

complex [(n®%-CgMeg)Ru(u-H), (u~Cl)Ru(n®~CeMegs )IC1 has been shown to be an
efficient homogeneous hydrogenation catalyst under mild conditions, converting
alkenes to alkanes, arenes to cvclohexanes, stvrene to ethylcyclohexane and

aryl ketones to cyclohexyl ketones [229], whereas [(n®-CeMee)Ru(p-OH)3sRu(n®-CeMeg)]*

catalyses the disproportionation of ethanal to ethanoic acid and ethanol rz';m

The crystal structure of [Ru(cp)(CO),(CONH;)] has been reported [231]. Treatment

of earcoOY., XN \r-] (X =Cl, Br or I: L = PMe,Ph or AsMe,Ph) with L' (L' =CO
of {Ru(CO)X(Me)Lzj (X Cl, or I; Je, Pt AsMe,Ph) with L Co,

various phosphines or AsMe,Ph) has been shown to yield [Ru(CO)X(COMe)L,L']; the
formation of the acetyl group involves an intramolecular rearranganent {232]
[Ru(CO)>(PPh;);] reacts with MeHgI to give [Ru(CO)(PPh;).I{n2-C(O)CH;}] (38)
which, in solution, is predominantly in the form [Ru(CO),(PPhj),I(Me)] [233].
(38) has been structurally characterised, together with its analogue
[Ru(CO)(PPh;),1{n3-C(O)CeH,—4-Me}] [233].

The campounds [Ru(cp)(dppe)L]{PF¢] (L = alkene, CO, py or Me(N) have been
prepared by the treatment of [Ru(cp)(dope)Cl] with L and [NH,][PFe] in MeQH at
20 °C; treatment of [Ru(cp)(dppe)Cl] with Li[AlH,] or LiMe gave [Ru(cp)(dppe)H]
or [Ru(cp)(dppe)Me], respectively [234]. Some reactions of [Ru(cp)(PPhj;)2Cl]
and [Ru(cp)(CO)2C1l] are summarised in Scheme III {235].

2.8.8 Trichlorosilyl derivatives

A new preparation of [Ru(CO),(SiCl;),], from the photochemical reaction between
[Rus(CO) 1> ] and SiCl;H in hexane under CO (2 atm), results in the almost
ANttt Sy Evenond 3 e A tton s Forenmes fudaialh to Avdbvonmaler AIEFFI AT A
\dumlb&bah*v AVULILLAVUILL WL LT e A LA s 9 WiAAlil 1O TAaLdlqaicd L U R A RIS - VY s

mixture of 70% trans and 30% cis isamers; it reacts with PPha at ambient

reflux to give Ltiuu, 3)(LU)LDIL13)2] in good yieid. Mer~lm1u,U)3wyn3)( SiCli3)2]
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[Ru(cp) (PPh;),c1] B3 L IPES™ | 1o o0y (pph, )5 (PMes ) [PFe ]

EtOH
dppe;
toluene lt:::i:ene — [Ru(cp)(PMe;)C1]
(Ru(cp)(dppe)Cl]
[no][pFs]; X ;
Me,CO EtOH SnCl.
[Ru(cp)(PMe1)2 (NO) I [PFe]. [Ru(cp)(PMes)2(SnCl;)]
B
(Ru(ep)(PMes ) oL [PFe J=LZZed" oL (Ru(cp)(Phes).x]
(X = Br, I or [scN])
CO;
MeOH
Y
[pFel™
i 4
[Ru(cp)(CO)2C1] Hes e [Ru(cp)(PMe,),(COY1*
[Ru(cp)(CO) 1) Phies [Ru(ep)(PMe)(CO)Y 21" + [Rulep)(PMes)2(CO)]*

SCHEME III: Scme reactions of [Ru(ep)(PR;).Cl] and [Ru(cp)(CO),C1l] [235].

will not react with further quantities of PPh;, even at 80 °C, but will react
with P(OMe); to yield [Ru(CO)»(PPh,){P(OMe),}(SiCl;),] [236]. If, during the
synthesis of ezs—[Ru(C0).(SiCl;).], a shorter irradiation time is used, cis-
[Ru(CO),H(SiCl3)] (air-sensitive; m.p. 22-23 °C) is formed, which will also
react with PPh; to give mer—{Ru(CO);(PPh;)H(SiCl;)] [236]. Substitution
reactions of these camplexes occurs trans to SiCl; in all cases, as this ligand
has a greater trans labilising effect than either CO or hydride. This property
has been used to prepare a wide range of [Ru(CO);(PR,)(SiCl;),] and
[Ru(CO)2(PR3)2(SiCl;),] phosphine camplexes [237]. Cis-{Ru(C0).(SiCl;),] will
also react with bidentate ligands, L~L {L-L = MeS(CH,),SMe, R,P(=S)P(=S)R,

(R = Me or Et), dppm, dppe, diars, dpae, bipy, nbd, cod or cot} to give specific
substitution of the CO groups trans to the two SiCl; groups, yielding trans,
ets,eis—[Ru(CO) 2 (L-L)(SiCl31)2]: the complexes [(C13Si);(OC)3Ru(u—L-L)Ru(CO)3(SiCl;),]
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(L-L = dppm, dppe or dpae) were also isolated in this study [238].
2.8.9 iHydrides

The salts A;RuHg; (A = Ca, Sr, Eu or Yb) have been characterised by *Ru
Mossbauer spectroscopy at 4.2 K and shown to contain low-spin ruthenium(II) [239].

2.9 RUTHENIUM(I)

The well known reaction [240]:

R,P ci DR, co co
R.P | c1 PR
oc \Ru/————\Ru/ co Xz 3 S \Rlu/ 3
- i (X=¢Ci, Bror D~ _~
/ \ /S \ oc | ~a” | oo
c1 X X

has been reinvestigated (241], using P(CMes;); instead of the P(CMe;);(Ar) (Ar
various aryl groups, e¢.g9. C¢Hy—4-Me) ligands used originally, giving (not

surprisingly) similar products. The complexes [Ru»(CO).,(nu-X)2{P(CMes)s}.] (X
Cl, Br or I) have also been prepared [242] by conventional methods [240]; the
bramide complex was crystallographically characterised and the molecules shown
to possess the expected structure. Complexes of the well-established class
[Ru2(CO)u(1-02CR)2(PR3)2]1 (e.g. [Ru,(CO).(0:Clle),{P(CMe;),(CsHuMe)}2] [240])
have also been prepared by treating [Rui(CO); ] with P(CMe;); and RCO,H (R = H,
Me, Et, Pr or Cy;H3s ) [243]. The complex [Ru2(CO).(n-I),{P(CMe;).H}>] has been
prepared by the reaction of [Ru;(C0O)gI (u-I);] with P(CMe;); in 2-methoxyethanol
{244]; treatment of "RuCl;.zxH,0' with CO, Nal and P(CMe;); in 2-methoxyethanol
yielded only the ruthenium(IX) complex [(Me3iC)sPH], [RuaXs(u—I)2(CO)2{P(CMe;) HE,]
[244].

Some interesting new chemistry has been reported by Wilkinson and coworkers.
Thus, treatment of {mz(ozcue) 401}’z with Mg(C¢H,-2-OMe), in the presence of PMej,
followed by treatment with [(Ph;][BF,] in thf, yields [(Me;P),ClRuRuCl(PMe;)-]
{189]. Treatment of [Ru.(p-CH;)3(PMes)s] with water in thf yields the unusual
complex [(Me;P);Ru(u~OH)(p-H)Ru(PMes;);] [216]. Each of these compounds
represents a new type of complex.

The VI UV-VIS and IR spectra of [Ru,(cp)»(CO),] have been reported [245], and
the details are in accord with the temperature dependent equilibria established
by Manning [246]:
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[ (ep) (COYRU(u-CO) 2 Ru(CO)(cp) ] T=—=—o ((cp)(CO),Ru-Ru(CO)2(cp) ]
(bridged isomers) (non-bridged isomers)

The g+o* transition associated with the Ru-Ru bond was identified at 37735 cm *

in the bridged isamers, and at 30305 cn ! in the non-bridged isomers. Irradiation
of the isameric mixture in CCl, yielded [Ru(ep)(CO).Cl] as the sole carbonyl-
containing product, illustrating the efficient cleavage of the Ru-Ru bond (even

in the presence of bridging carbonyl groups) [245}. [Ru.(cp)»(CO).] reacts

with P(OR); (R = Me, Et or Bu) to give [Ru(cp)(CO).R], whereas with PPr; it

yields a mixture of [Ruz(cp)2(CO);(PPri)] and [Ru(cp)(CO)(PPr;)Cl]. The chloride
in this last complex is derived from CH.Cl,, and the precursor is believed to

be [Ru(cp)(CO)(PPr;)H] [247]. Treatment of [Ru;(CO); ] with AsMe,R (R = H or
NMe,) in Ce¢Hs yields [(CO),Ru(y—AsMe;),Ru(CO);] [201].

2.10 RUTHENIUM(O)

The kinetics of the following reaction have been studied [248]:

[Ru¢co)s] + PR3 ——— [Ru(CO).(PR;)] + CO
(R = Ph, Bu or OMe)

The rate determining step involves the dissociation of CO to generate [Ru(CO).].
The oxidation of [Ru(CO)s] by I,, to give ess-[Ru(C0).,1,] and CO, proceeds by
straightforward oxidative elimination reaction {248]. A report on the photo—
activation of [Ru(CO) (PPh,),_ ] (n =5, 4 or 3) towards the isamerisation,
hydrogenation and hydrosilylation of pent-l-ene has appeared {249].
[Ru,(u-CH,);(PMes)e] reacts with CO (5 atm) at 60 °C to give trans—[Ru(CO) (PMe; ).},
and this product has been characterised crystallographically [48].

Trans—{Ru(CO) ;{PPh;),] reacts with a saturated solution of SO, in benzene/
heptane to give [Ru(C0)2(n?-S0,.S0,)(PPhs).] (39); the structure of (39) was
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determined at -60 "C [250].

Full details are now available of the preparation and isolation of the red
paramagnetic ruthenium(0) complex [Ru(MeCN),(PPh;).], as well as of
[Ru(MeCN)1(PPh3),] and [Ru(MeCN)(PPhs)s] [224]. [Ru{P(OMe),}s] has been shown
to undergo an interesting isomerisation at 150 oC to give
[{(MeO) 1P} Ru(Me) {P(0)(OMe).}]: both isomers react with Mel to yield
[Ru{P(OMe);}sMe]T [251].

Complexes of the trans—-spanning bidentate phosphine ligand 2,11-bis(diphenyl-
phosphinomethyl )benzo[c]phenanthrene (40), of formulation [Ru(CO);(L-L)], have

QO CH,PPh,
OQ CH,PPh,

40)

been prepared by the photochemical reaction of (40) with [Ru(CO);(cot)]: the
complex [Ru(CO);(Ph,PCH,Ph),] was also prepared by treating {RuClz(C,’l-IS)}n with
hydrazine hydrate and Ph,PCH,Ph in ethanol under CO. Both complexes [Ru(CO):(I-L)]
{L-L= (40>} and [Ru(CO);(Ph,PCH,Ph),] were characterised by 'H and 3P NMR and
IR spectroscopy [252].

Ruthenium(0) isonitrile complexes have been prepared according to [253]:

Na/Hg; t
CNCMe 4

he o [Ru(CNCMe;)s] —EEB2 o [Ru(CNCMe; )4 (PPh3) ]

(41) (42)

trans—[RuCl,; (CNCMes )y ]

(42), and the iron analogue of (41), have been crystallographically characterised;
(42) bhas a structure based on a trigonal bipyramid, with linear axial CNR ligands
but with the equatorial isonitrile group being bent (AR = 130°) [253].
{Ru(CO) . (PPh;),(N,R)] {R = CsCl,, CsBr,, —9-fluorene or -9-(2,7-Br,—fluorene)}
were prepared by treatment of [Ru(CO),(FPPh;),(C,H,)] with the appropriate diazo
derivative; [Ru(CO),(PPh;),(N,CsCl,)].CH.Cl, (43) was structurally characterised.
All of these complexes show a v(NN) stretching frequency at ca. 1500 cm_l,
strongly suggesting that they all involve n?-coordination of the diazo group
[254]. The 1,4-diazabutadiene ligands, R-N=CHCH=N-R (dad; R = CMe;, CHMe, or
cych), react with [Rus(CO);; ] to yield [Ru,(CO)¢(dad)]; these complexes were
characterised by IR and NMR spectroscopy, and are believed to have the structure
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R
I
I
N—R Ct Cl
o c”
| e PPh4
Ph3P ?U\ I N ~Cl
R Spee]| 4
T PPhq
R
(42) (43)

(44). Treatment of [Fe(CO);(dad)] with [Rui(CO): ] yields an isomeric mixture

of [RuFe(CO)s(dad)]; one complex with the Ru receiving the m—-donation from the

dad ligand, the other with the iron accepting it. [Ru,(CO)g(dad)] reacts with
R

Ny——

| A

(CO)3Ru “-ﬁ—\-) Ru(CO)3

(44)

R——N // " R\ // N—R

\ — AKX
(CO)7Ru Ru(C0), (co), Ru Ru(CO)z
C
(o}
(45) (46)

a further mole of dad to give (45), which involves a dimerised dad ligand; upon
heating, (45) gives (46). Prolonged heating of (46) at 150 °C causes cleavage
of the C—C bond, forming [Ru,(CO).(dad).] ¢47); the dad (R = CHMe.) camplex has
been crystallographically characterised [255,256].
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\ &4\ / /co
c/ \/ co

47)

2.11 RUTHENIWM(-ITI)

IR evidence has been presented and interpreted as indicating that [Ru(CO)..]z—
is able to reduce CO; to CO, according to [257]:

Na, [Ru(CO).] + 2C0, ———[Ru(CO)s] + Na»[CO;]
2.12 BORIDES

The structure of Ru,B; has been described in terms of the svella quadrangula
building unit [258], and the magnetic behaviour of MRu3zB, (M = lanthanide)
materials has been studied from 1.8-1100 K [259].

2.13 RUTHENIUM CARBONYL. CLUSTERS

This year has seen many exciting advances in ruthenium cluster chemistry.
High-yield synthetic routes have been developed for ruthenium and osmium
clusters of nuciearity =26, and the chemistry of these 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 campanion review on osmium) which, at least in part, circum-
vents some of the problems. Thus, all of the ruthenium atoms are represented
by a solid circle (@) within a predominantly ruthenium cluster — only hetero-
atams are marked by their chemical symbols. The number of terminal carbonyl
groups on each metal atom is indicated numerically, rather than by inclusion
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of their geometric representation. All of the metal-metal bonds are marked,

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,
see Section 3.9.1). Some common structures are represented by the formalism in
Fig. 3. This method may have some deficiencies (e.g. it shows nothing of the

4
a NO
3
o]
N = a
3 3 \
3
aq 4 N NO
(o]
[Ru3(CO) 2 ] [Ru3(CO) 10(NO) 2]

3
H H H
H—T 3 = 3
3 H a H s
3 H

[H,Ru, (CO) 3, ]

G |
o H H
t< CGH;
3 3 =
—~H 3 3
H H
3 H

[H3Ru3(CO) g (CMe) ]

Fig. 3: Some representations of well-known cluster complexes according to the

abbreviated structural formalism described in Section 2.13.

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 compounds [261], the bonding within
clusters [262], cubane structures [263], thermochemical estimation of metal-metal
bond enthalpy contributions in clusters [264], reactions of metal clusters [265],
ligand mobility in clusters [266], the use of metal clusters in catalysis [267],
and a physicist's view of the electron distribution within clusters [268]. 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 model is based on the observation that carbonyl
ligands pack in space so as to minimise non-bonded interactions, and the
assumption that the structure of [Mm(CO)n] clusters is merely a reflection of

the insertion of an Mm polyhedron within the (CO)n polyhedron. This model has
come in for some criticism [e.g. 271], but this latest article [269] discusses
most of these problems 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 camplexes in which the hydrides
have been directly located by a combination 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 organometallic chemistry have been
excluded from this Section.

2.13.1 Trimeric clusters

Another autoclave synthesis for the preparation of [Ru;(CO)y ] has been
reported [273]. YO NMR studies upon [Ru;(CO). ] (enriched with 7% C O by
exchange) show a single resonance at room temperature: the narrow line-width
observed (ca. 22 Hz) is very encouraging for further studies [274]. Two
additional reports of the UVPES spectra of [Ru;(CO), ] have appeared [275,276],
which add little to results reported last year (1; pp. 60,71]. In particular,
the utility of (NDO calculations [276] for molecules of this size must be open
to question.

The adsorption of [Ru3(CO)r ] onto Al,0; has been studied by inelastic
electron-tunnelling spectroscopy; the cluster was found to retain its structure
upon adsorption: beating of the material to 470 K (0.1t of 0,) causes the
desorption and possible oxidation of the cluster [277]. The high resolution IR
and Raman spectra of [Run053_n(C0)12] (n =0, 1, 2 or 3) have been reported [278],
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as have similar studies upon 5CO enriched samples of [Ru;(CO);, ] and [0s,(CO);; ]
[278,279]. The IR snectrum of [Rus;(CO);. ] has also been compared with data for
CO adsorbed onto Ru(001) [280].

The activation energy for the thermal decamposition of [Ru3(CO);2 ] at 130 °c
is reported [281,282] to have the ludicrously low value of 41 kJ mol~1 {ef. N

e

for CO exchange, with the rate-determining step of [Ru;(CO);; ]
[Rus(CO) 1 ] + CO, is 133 kJ mol * [283]; BH . (in argon) = 374 kJ mol”
[284]}. The reported value is remarkably similar to the enthalpy of melting
(43.5 kJ mol™t at 155 °C [284]) of [Ru;(CO).» ], however! [Ru;(CO);. ]: has been
produced by electrochemical or alkali-metal reduction of the parent cluster,
and characterised by EPR spectroscopy [285]. The catalytic properties of
[Ru3(CO);. ] are discussed together with those of [0s3(C0);2 ] in Section 3.9.1.
[Ru;(CO),2 ], in basic conditions, catalyses the hydroformylation [286] and
aminamethylation [287] of alkenes: species such as [HRu(CO)s]™, [HzRu.(CO)g]™
and [HRus;(CO)1u 1~ have been postulated as important catalytic intermediates. The
last species, moreover, has seen an exciting development in its chemistry. Thus,
[HRu3(CO)11 1~ (48) has been prepared in high yield by the treatment of [Ru3;(CO)y ]

1

4 - 4 4
A
H H -2 5 H
3 3 3 3 3 Az.
c
5 i H
H
(48) (49) (50)

with Na[BH.] in thf, and isolated as its [Et,N]* or [N(PPh,),]* salt.

[N(PPh3)2] [HRu3(CO) 11 ] has been crystallographically characterised, and VI' 13C
NMR studies have shown the anion to be fluxional in solution at room temperature
{288]. (48) is also generated by the treatment of [Ru3;(CO)y ] with Li[HBEt,]

in thf [289]. Protonation of [HRu3(CO);; ]~ with HSO,CF; at -60 °C in CD,Cl,
yields the 0-protonated complex (49), as indicated by 'H NMR spectroscopy. Upon
warming, (49) 1is irreversibly converted into the previously unobserved isamer,
(50), which itself decomposes above -30 °C to give H, and [Ru;(C0O). ] (with small
amounts of [H,Ru,(CO),» ] and [H,Ru.(CO);s }J) [290}. This behaviour is to be
contrasted with the equally interesting behaviour of (48) towards room temperature
protonation with concentrated H,SO,, which generates hexanuclear clusters (see
Section 2.13.3). The catalytic activity of (48) has been demonstrated by the
reports of the hydroformylation of ethene or propene in dmf at 100 °c [291]:



128
(48)
CoH, +CO + H, =480 o CH,CH,CHO  (74%)

CH,CH=CH, + CO + H, —28) o CH,CH,CH,CHO (60%)

+

(CH3).CHCHO (3%)

In a related reaction, Na[HRu;(CO);; ] was treated with [Me;O][BF,] in
ethanenitrile, and shown to yield [HRu; (CO) 1 (COCH3)] (51), which has been

Me
4
(I)/
H C
3 3
c
i 3 a3
“Me H H
3

(51) (52)

crystallographically characterised and its solution fluxionality studied by VT
3C NMR spectroscopy [292]. (51) has also been prepared by methylation of (48)
with MeSO;F and shown to undergo hydrogenation under mild conditions [293]:

N -
[Ru3 (CO) 12 ] —g 2 [HRu (CO) 1y TH2222T - [HRu13 (CO) 10 (COCH3 )]
(48) (€29

MeOMe Hy

Co/Mz (1:1). 1y Ry, (CO), (COMe)]
(52)

(52), itself, has an interesting chemistry and this is summarised in Scheme IV
{204].

Treatment of Na[HRu;(CO)y; ] with [NOJ[PF¢] yields [HRu;(CO)qy, (NO)] (53),
which reacts with P(OMe)s to give [HPu3;(CO)7(NO){P(OMe)s;}s] (54). (53) is also
formed in the reaction between [H2Ru,(CO):3 ] and [NO][PFg] in MeCN. Treatment
of (53) with PPh; yields [HRu;(CO)s(NO)(PPhs)], [HRu;(CO)s(NO)(PPh3).] and
[HRu3(CO)7(NO)(PPh3)3;]. A determination of the molecular structure of (54) showed
all the phosphite ligands to be essentially equatorial; the nature of this
camplex has been studied by VT 13C NMR spectroscopy [295]. The crystal structure
of [Ru3(CO)y; (PPh;)] has revealed the PPh, group to be in the expected equatorial
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{H3Ru3(CO) s (13—CCEL)] [H3Ru; (CO) o (p—CH) ]
{
base;
EtOH Bu3SnH
(H;Ru3 (COYs (113-COMe) ] =222 — o [H,Ru; (CO) s (113-CX) ] -—2rStde[H,Ru,, (CO) o (113-CCsHuR) ]
(X = C1 2. PhR
(52) or Br) (R = H or Me)
AlC1;
base;
NHEt, MeOH
L L
[HRu3(CO) 10 (H2-CNEt2)] [H3Ru; (CO) ¢ (113-CCO2Me) ]

SCHEME IV: The synthesis and reactions of [H3Ru,(CO)s(n3;—CY¥)] (Y = OMe, OEt, Cl,
Br, COzMe, H, Ph or CeH,—4-1e) [294].

position, but the arguments presented concerning possible isomerism are not
definitive [296].

[Ru3(CO)12 ] does not react with En (E = S, Se or Te) in propanone at reflux,
but under CO/H, (35 atm; 1:1) [Ru3(CO)eE2] and [H,Ru;(CO)sE] are formed [297].
The structures of [H,Ru3;(CO)E] (55) are believed similar to that reported last

3@3 /C=O

NMe,

(55) (56)

year for [H20s3(C0O)sS] [1; p.72]. Complexes described as [(u-H) 2Ru3(CO) ¢ (113-E) ]
(E = S, Se or Te) have been reported previously [298], but their IR spectra are
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not consistent (Z.e. they have fewer bands) with the spectra reported in the
recent paper [297]. Moreover, the earlier report [298] stated that [H2Ru;(CO)sS]
is paramagnetic, containing two unpaired electrons per molecule — a very
interesting phencmenon, if correct. [HRu;(CO)sS], (55; E = §), reacts with
K[BH(OCHMe; );] at -60 °C to give a formyl derivative (ef. Section 3.9.1), which
(upon warming) yields [HRu;(CO)¢S] , which itself reacts with acid to regenerate
[H2Ru3(CO)oS] [299].

[Ru3(CO)y ] reacts with Me,NH to give [HRu;(CO)0 (O=CNMe:)] (56), which has
been structurally characterised, and the bridging hydride located [300]. 1In
(56), the v(Bu,H) stretching mode occurs at 1400 an! and for its deuterated
analogue, v(RupD) is at 990 em L [300]. [Rus(CO)y ] reacts with Me,NCH,SiMe;
or Me,NCH,SnMe; to yield [HRu,;(CO)i (CNMe2)] and, with the latter reagent, some
[Ru(CO)+(SnMes)>] was identified as a by-product [301].

In addition to the well-known product {(cp)zRu.(CO)4] (ef. Section 2.9), the
reaction of [Rus(CO);2 ] with cyclopentadiene has also been shown to yield the
interesting eclipsed linear camplex [{(cp)Ru(CO),}Ru(CO),{Ru(cp)(CO)2}] {»(RuRu)
0.2889 nm}, containing mutually trans cyclopentadienyl rings, as illustrated in
¢57) [302].

[}

co co
l co | co cp
yd yd
Ru RU Ru
rava
& co co
co co

(57)
2.13.2 Tetramerte clusters

A high yield synthetic route to [Ru.(CO)1 12~ and [Ru,(CO)1, 1%, via the
controlled reduction of [Rus(CO);z ] with K[Ph,CO], has been developed [303]:

4[Ru3(C0O)12 ] + 6K[Ph,CO] ———— 3K, [Ru,(CO),;3] + 9CO + 6Ph,CO
4[Ru3(CO) 2 ] + 12K[Ph,CO] ————= 3K, [Ru,(CO);» ] + 12CO + 12Ph,CO

These anions were isolated as their [N(PPhs;).]" salts. The pK_ values for
[HuRus (CO) 12 ] (11.7) and [HRu,(CO)13 ] (14.7) have been measured for the first
time {304].
Treatment of [F3(CO)p ] with [N(PPh;),]Cl in thf at reflux has yielded
crystals of [N(PPh;).]}{Ru,(C0);aCl1l], suitable for crystallographic characterisation:
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the Lit and [NEt;Bz]* salts of [Ru,(CO),;Cl]l~ (58) were also prepared [305].

[ n
Clt -
3 3
3
X |
Cc
_ o _
(58)

Treatment of [H.Ru,(CO);2] with dppe, in the presence of Me;NO, leads to the
formation of [H,Ru.(CO)1 (dppe)] (59) in good yield; the compound was
characterised crystallographically and all the hydride ligands were located.
Upon heating, (59) rearranges to give the already known and crystallographically

3
H P
2 P
H
H
3 2 3
H

(59) (60)

characterised isomer (60). (59) is fluxional in solution, and has been studied
by VT 'H NMR spectroscopy [306]. [H,Ru,(CO),,] also reacts with L (L = P(OMe);
or PPhj;) under UV irradiation to produce {H,Ru,(CO), L], and with alkenes
(depending on conditions) to cause photocatalytic hydrogenation or isomerisation
{307]. The campounds [H4Ru4(CO)12_n{P(OEt)3}n] (n =1, 2 or 4) catalyse the
isamerisation and hydrogenation of dimethylfumarate [308], [H LRu 4(C0)12—n(pR3)n]
(R = Ph, Bu, GEt or (®Ph; n = 1, 2 or 3) catalyse the hydrogenation of pent-l-yne
and pent-2-yne [309], and [H,Ru1,(CO)s(PBu,),] catalyses the hydrogenation of
RCO.H {R = CHs(CHz)n; n = 0-5}, (R,CO),0 (R = Me or Pr) and several dicarboxylic
acids to the corresponding alcohols, RCH,OH, at 100-200 °C (100-200 atm of H,)
[310].



2.13.3 Fexameric clusters

This year's key development has been the discovery of new high yield synthetic
routes to Rug clusters, with the promise of exciting chemical developments in
the near future. These new preparative routes are summarised in Scheme V [311,312].

KOH

MeOH [HRu3(COYn 1™

[Ru3(C0) 2 ]

add solution in thf
H2804;

tht

to a saturated aq.

KOH solution

1 v

o H,2S0 -
[Rus(CO) 16 12 i [HRu&(CO) 15 ]
H2850 H2S804;
CH,C1, CHzC1,

[H,Rug(CO)Y s 1
SCHEME V: The syntheses of same Rus clusters [311,312].

The anions fRus(CO);a}z' ¢61) [311] and [HRue(COY }~ (62) [312] were characterised
crystallogaphically as their [PPhiMe]” and [N(PPh3).]" salts, respectively. It

2_

(61) (62)

is of scme interest to note that all the members of the series {Hz_nMS(CO)ls]n'
(M= Ru or Os; n = 0, 1 or 2) have been structuraily characterised, and no
ruthenium cluster has the same structure as its osmium analogue. The structure
of [AsPh.][HRug(CO)1s ] has also been determined, by 2 conbination of X-ray and
neutron analysis, and the position of the interstitial hydride was directly
located {r(RuH) = 0.203-0.206 rm} [313]. This is an important result as,

although this was the proposed structure for the complex [314], it had recently
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been questioned [315]. Moreover, the first observation of the v(MH) stretching
mode for an interstitial hydride has been reported for the [NMe,]” and [AsPh.]"
salts of (62), at 825 cm ., and the V(RuD) stretch in [NMe,][DRug(CO)y ] has
been identified at 600 cm 1. At 95 K, the v(RuH) band in the [NMe.]® salt splits
into an equal intensity doublet at 845 and 806 em ! and a similar effect is found
in the [asPh,]™ salt (842 and 817 cm_l): this phenomenon has been ascribed to
Fermi resonance [316].

A high yield (~60%) synthesis of A,[RucC(CO)i;s ] (A = [NMe.], [NEt,], [AsPh.}
or [N(PPh;).]) has been found; treatment of [Ruj;(CO)i; ] with NalMn(CO)s] in
diglyme at reflux for several hours produces red solutions containing
RusC(CO) 15 1¥. A BCO enriched sample of [Ru;(CO);, ] produced a product with
a C NMR spectrum confirming that the encapsulated carbide originates from a
carbonyl group. [RugC(CO) g ]2_ can be protonated, in a stepwise manner, to give
[HRuEC(CO) 15}~ and [H2RugC(CO) s 1; mild oxidation of this anion, in the presence
of CO, vields [RusC(CO),; ] [317). A determination of the crystal structure of
{NMe, ]2 [RusC(CO)Y s ] has revealed the structure of the anion to be that
illustrated in (63) [317,318].

r 2 ] 2— r 2 —2_

Oc Oc

_ 2 - L 2 .

(63) (64)

In an independent study, it was discovered that treatment of [Ru;(CO);, ] with
ethene (30 atm; 150 °c) gives [RugC(CO),7] in 70% yield. This latter complex
reacts with [OMe]™, vig nuclecophilic attack on a CO ligand, to give
[Ru¢C(CO) s (CO,Me)]~, which has been isolated as its [N(PPh;),]* salt. This
anion reacts with aqueous base to form [RusC(CO) s ]2_ which, in this studyv, was
isolated as its [AsPh,]* and [N(PPh;),]* salts, and is protonated by sulphuric
acid (-30 °C) to give [H:RuC(CO),s] [319]. A determination of the crystal
structure of [AsPh,],[RugC(CO) ) ] has revealed the structure of the anion to be
that illustrated in ¢e64) [319]. (63) and (64) are the first examples of isomeric
carbonyl cluster anions; (63) contains 3 bridging and 13 termiral groups, and
(64) contains 4 bridging and 12 terminal carbonyl groups. The terminal CO group
in (63), which becames the bridging group in (64),.is already in the correct plane
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and bent towards the appropriate Ru atam, exhibiting a RuC separation of
0.2615 nm [318]; the equivalent bond length in (64) is 0.2327 nm [319]. The two
structures probably represent similar energy minima on a fluxionality profile.

2.13.4 Mixed-metal clusters

[Fe,Ru(CO)12 1~ and [FeRuz(CO)1, 1~ have been generated by electrochemical or
alkali-metal reduction of the neutral trimers and characterised by EPR
spectroscopy [285]; [RunOsa_n(CO)lz] (n = 1 or 2) have been characterised by
high resolution vibrational spectroscopy [278]. The pX, values for [H,FeRu;(CO) 12 ]
(13.4) and [H,FeRu3;(CO);3 ] (14.3) have been measured [304], and VT 'H and BC
NMR studies upon [H,FeRu3(CO)s ], [HFeRu,0s(CO)i ] and [H,FeRuOs,(CO); 1 have
been used to establish the fluxional behaviour of the carbonyl groups [320a].

The reactions of [HzFelmnOss_n(CO)ls] (n =1, 2 or 3), [HCORu;(CO)1z 1],
[H,FeRu3;(CO) 2 L] (I, = PMe,Ph), [HFeRu;(CO);3]  and [CoRu;(CO),;3 ]  with CO (1 atm;
0-80 °C) result in cluster fragmentation to yield trimeric and monomeric products,
but the fragmentation is selective [320b]:

2-g- [H,FeRu3(CO) 13 1 —S2 = [Ru;(CO) iz ] + [Fe(CO)s] + H:
CO
[H,FeRu 0s;_ (CO), ;] ———=[Ru,0s,_,(CO),,] + [Fe(CO)s] + H2
[H2FeRu3(CO) 12 (PMesPh)] —2—e[FeRu, (CO) 1, (PMe:Ph)] + [Ru(CO)s] + H,
[HCoRu3(CO) 13 ] reacts with Hz in hexane at reflux to give the new cluster
[H:CoRu3(CO);2]. In solution, [H3CoRu;(CO);» ] shows two isomeric forms (as

deduced by 'H NMR and IR spectroscopy). One form, (65), has been crystal-
lographically characterised whilst the structure of the other isamer, (66), has

3 3
H H H
2
Co Co—H
3 Co
3 3 3 3

H
(65) (66)

been deduced from its spectroscopic characteristics [321]. [HCoRu3;(CO)i;1],
[HCOR1,0s(CO) 13 1, [HCORuOs(CO)13 ] and [HCoOs3(CO) 13 ] (trace amounts) were
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prepared by treating [RunOss_n(CO)lz] (n =3, 2, 1 or 0) with K[Co(CO),], follawed
by protonation. The reaction between [N(PPh3)21{Co(CO)s] and [Rui(CO)yz 1, without
protonation, yielded [N(PPh3)2]1[CoRu3(CO),3 ] and analogous reactions of

[Fe Ru, (CO),,] (n = 2 or 1) gave [N(PPh,),][CoFe Ru,  (CO) .
[N(PPh3)2]1[CoRu3(CO) 13 ] was crystallographically characterised and the structure
of the anion is illustrated in (67) [322].

— 3 1.
Me
< As 2
1 Co—cQ (CO)4Ru ———> Mo(cp) (CO),
Co
| 3 3 ]
(67) (68)

Treatment of [Ru3(CO)2 ] with [(Me2As)M(cp)(CO);] (M = Mo or W) yields
[Rus(CO) 1 {(AsMe,)M(cp)(CO)1}], together with (68) as by-product (M = Mo) [201].
It is of interest to note that (68) contains a donor-acceptor metal-metal bond
(see Section 3.94). Similar treatment of [Ru;(CO),. 1 with [(Me,As)Fe(cp)(CO).]
yields [Rua(CO)lz_n{(AsMez)Fe(cp)(CO)z}n] (n =1, 2 or 3) [201]. Treatment of
[HRu;(CO) o {C=CCMe; }] with PhHgX (X = Br or I) gives [Ru;(CO)s{C=CCMe;}(u-HgX)]
(69) and benzene. (69) can also be prepared by the reaction between

(69; R = CMeg3) (70; R = CMej3)
[Ru;(CO)g{C=CCMes}]” and HgX,. Although monameric in solution, the crystal
structure of [Ru;(CO)s{C=CCMe;}(p-HgX)] (X = Br) reveals that it is dimeric in
the solid state, with the structure (70) [323].

2.14 RUTHENIUM NITROSYLS AND THIGNITROSYLS

K, [Ru(NO)Cls] reacts with KHF, at 350 °C to give K, [Ru(NO)Fs].2H,0;
Ba{Ru(NO)Fs].H,0 was also prepared in this study [324]. [Ru(N)¢]*™ reacts with



136

nitric acid to produce, as the final product, [Ru(NO)(CN);(H,0).]; the intermediate
K2 [Ru(NO)Y(CN)s] was also isolated [325]}. The hydrolysis of [Ru(NO)(NOs:)i(H20):]

in dilute nitric acid solution has been studied [326], and the absorption of

Na, [Ru(NO)(NO; ), (OH) ].2H,0 onto activated charcoal has been investigated with a
view to elimination of ruthenium from fission products {327].

{Ru(NO)2(PPh3);] reacts with SO, to give [Ru(NQ).(PPh,);(S02)], which contains
both a linear and a bent NO group, and is oxidised in air to give
[Ru(NO)2(PPh3)2(S0,)] [328]. The electrochemical reduction of [RuCL(NO),(PPhj),]
has been investigated; the complex is reduced in two one-electron steps, the
first of which is reversible, the second of which is not (see Scheme VI) [329].

(RUCL(NO)2 (PPh3)2] " T [RuCL(NO)2(PPh3): ]

+e
[RUCL(NO) 2 (PPhs)2}” —2 e [RU(NO)2(PPhs)2] + [RUCL2(NO)2(PPh3).]
l—‘ (stable) 1
| [RuC1(NO), (PPhs),]* stew

decamposition
SCHEME VI: Electrochemical reduction of [RuCl (NO) ., (PPhs )2]+ [329] .
The camplexes trans—[RuC1(NO)(L-L)], zrans-[RuCl(NO}(CO)(L-L)] and zrans—

[RuC1(NO){P(OCH, ) sCEt}(L-L)] {I-L = (40)} and zrans-[RuCl(NO)(CO)(PPh,CH,Ph)]
have been prepared; the crystal structure of trans—- RuCl(NO)(CO)(L-L)} <71)

| o=
Ph——P
IO\
Ph N/ “o Ph
\ 14Z-8°
o]
(71)

reveals the molecule to be a distorted trigonal bipyramid. The square-planar
caomplex [RuC1(NO)(I~L)] readily adds on a fifth ligand [3301.
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Either continuous or pulse radiolysis of solutions of [Ru(NH;)s(NO)]3* in the
presence of RH yields the green alkylnitroso camplexes [Ru(NHa)_:,{N(O)R}]2+ (R =
CH,CMe,0H, [CH,CMe,NH,1", [CH,CMeCO.]17, [(}izCMe(NH;)(COZ)], [CH,CMe(OH)CO, 1™
or [CH,(Me)NC(O)Mel), which have been characterised by UV-VIS and IR spectroscopy
[331]. Full details of the preparation and structure of the complexes
[H{(R)(EtO)PO},C1(NO)Ru(u-C1) ,Ru(NO)CL{OP(CEt)(R)},H] (R = OEt or Ph), reported
last year [1; p.61], have now been published [332], and the complexes trans-—
[Ru(NO)(S2CNR,)2C1] (R: = Me,, Et,, MeEt or MePh), trans—[Ru(NO)(S,CNMe,),(CH)],
trans—[Ru(NO) (S2CNMe; ), L]* (L = H,0 or MeOH), cis—[Ru(NO}(S,CNMe,).X] (X = F,

Br, I or NO;), cis-[Ru(NO)(S.(NR2)X] (R, = Et, or MeEt; X = Br or I) and cis-—
and trans-[Ru(NO)(S,(MNMe;).X] (X = (N3], [SCN] or [NO]) have been prepared and
characterised by UV-VIS, IR and 'H and C NMMR spectroscopy [333]. The glycolic
acid camplex K, [Ru(NO)(OCH,CO,),(CH)] [334] and complexes of iF-amidinothioureas
(LLH), [Ru(NO)(LL)Cl.(H.0)] [335] also have been described.

Two thionitrosyl complexes, [Ru(NS)Cl3L,] (L = PPh; or AsPh;) have been prepared
this year, by treatment of "RuClj;.xH,0'" with N.S;Cl, in thf in the presence of L
[336].

2.15 PHOTOCHEMISTRY AND PHOTOPHYSICS OF THE TRIS(Z2,2'-BIPYRIDINE)RUTHENTUM(II)
CATION, AND RELATED SYSTEMS

Interest in the photochemistry and photophysics of [Ru(bipy);]?* 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 two summaries of the recent work of Crosby [337]} and Valenty
[338]} have appeared.

The emission properties of {[Rll(bipy)3]2+}* and {[m(bipy-da)g]2+}‘ have been
reinvestigated, between 2 and 77 K, in H;0, D0, dmf and perdeutero-dmf (339],
and the quantum yieids for the emission . *vm the complexes {[m(m)3]2+}* (L =
bipy, 4,4'-Ph,bipy, 4,4'-Me,bipy, phen, 4,7-Ph,phen, 5-Clphen, 5-Brphen or
2,3,5,6-(2-py)wpyrazine) have been reexamined in aqueous solution at 25 °C [340].
A superb paper describing the preparation and photophysical properties of a wide
range of surfactant derivatives of rutheniumn{II) of the type [Ru(lL),(L'L' )12+
(LL = bipy or phen; L'L' = bipy-4-Me-4'—(CH;):R or bipy-4,4'-{(CH,):R},; R =
CHs, CgHy , CyoHa , Ci2Hys or Cy,Hze ) has been published [341], 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
[Ru(bipy).{bipy-4,4'<4C0,Cye Hir )231%", [Ru(bipy).{bipy-4,4'~4CisHyp )2}1%* and
[Ru(bipy){bipy-4,4'€C1eHis )2 }(CN),] in aqueous micellar solution have also been
the subject of a detailed investigation [342].

Although normally considered as unity, there have been several suggestions
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in the literature that the quantum yield, ¢T, for the production of the emitting
state of {[M(bipy)a]z+}* or {[Ru(phen);1?*}" might be as low as 0.5. It is
timely, then, that new experiments based on the oxidative quenching of these
species by [S,061%" confirm that ¢, is indeed unity {343].

For many years now, the Crosby model for the photophysical properties of
[Ru(bipy)3]2+ {344] has remained essentially unchallenged: very briefly, it
assumes that the lowest excited state of {[Ru(bipy);1%*}" has D; symmetry (Z.e.
the ligand states are campletely delocalised) and that spin-orbit coupling is
so strong that the termms '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 summarised in the following paragraphs.

Two papers by Ferguson and coworkers [345,346] have provided strong evidence
for the existence of identifiable singlet and triplet manifolds (in complete
contradiction to the Crosby model), whilst their assignments of their CD spectra
are erroneous, leading them to some untenable conclusions concerning the bonding
in [Ru(bipy)g]z*. Unfortunately, space limitations in this review do not allow
all the - ital 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 intermretation of the CD spectra of
[Ru(bipy)s]12* [345], and backed this up with Xo and EHMO calculations [349].

The Daul model allows a conventional ordering of the bonding and anti-bonding
levels of [Ru(bipy);]%*, whilst only predicting a very weak intramolecular
interligand interaction (significantly smaller than the Crosby model). It retains
the convincing arguments of the Ferguson model 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)s]2*. Moreover, the spin-orbit coupling energy for [(—)—Ru(phen);,]z+
has been calculated to be much more important than the ligand-ligand interactions,
which leads to an ordering sequence of lowest excited states of 3A,<'A,<'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 complete delocalisation of
the excited state manifold with concomitant strong interligand coupling and
overall D3 symmetry, has also been challenged in several independent ways.
Single-crystal polarised emission spectra of [Ru(bipy)g]2+ reveal that the
symmetry of the excited state is lower than D3, Zndependent of the choice of
model {351], and this is supported by the time-resolved resonance Raman spectra
of {[}'m(bipy)3]2+}*, which suggest that the excited electron is predaminantly
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localised on one of the three bipy ligands [352]. In other words, the excited
state appears to have CZV symmetry and, to a zeroth approximation, may be thought
of as {[Ruf¥(bipy)2(bipy~)]1%*}*. ILuminescence photoselection spectra (77 K)
have also been recorded for [Ru(bipy)3]2+ and [Ru(phen)3]2+: excitation polar—
isation rises to a maximum of 22% at 21000 an ! and decreases to 16% near the
origin of the emission. The polarisation spectra of the complexes indicate an
E-type emission (in contrast to the Crosby model), and so apparently verify the
effective D; symmetry and delocalisation of the excited state (thus, supporting
the Crosby model). However, a C2v model with a 'hopping' mechanism would 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 complexes were also campletely delocalised
over all three ligands. However, in a paper to be published shortly [355], it
has been shown that the NMR data, upon which some 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 [354] equally well support a
model of zero or minimal coupling [355]. Moreover, absorption spectra of
[Ru(bipy)z(bipy—4,4'—R,R')]2+ (R,R' = COOH, COOH; COOH, COO™; COO™, COO ; or
COCEt, COOEt) provide strong evidence for the localisation of charge in the
excited states of the camplexes, and emission from {[Ru(bipy)z(bipy—4,4'-Rz)]2+}‘
(R = COOH or COOEt) occurs from the substituted ligand, and not from the
unsubstituted bipy [356]. The complexes [m(bipy)n(pq)3_n]2* {pq = (72);

\_/ /_\

N N

(72; pq)

n =0, 1, 2 or 3} have been prepared, and their room temperature absorption
spectra and emission spectra (room temperature and 77 K) reported. The charge-
transfer states initially populated by absorption of visible light are
essentially localised on individual ligands (a similar phenomenon was noted in
many of the complexes reported by Belser and von Zelewsky [150], see Section
2.8.4 and Fig. 2), and there is little coupling between the ligands. FEmissions,
however, were found to occur fram a single state, localised and possessing the
characteristics of the pgq ligand alone [357]. 1Indeed, dual emission was briefly
noted fram the camplexes [m(phen)n(pq)a_n]2+ (n =1 or 2) {357}, and this
phenomenon has been independently observed for the complex
cis—[R.u(bipy)2(4,4'—bipy—1V-—Me)2]4+ {358]. Thus, 1980 has seen a mounting body
of new evidence that the excited states of [M(bipy)3]2+, and related species,
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should now be thought of as localised, rather than delocalised, and this should
lead to a better understanding of the photochemistry of these complexes.

Full details of the excited-state acid-base reactions of [Ru(LL)2(CN),] (LL =
bipy or phen) in acidic solution have now been published. The ground state

equilibria may be represented as:
[Ru(LL)2(CN)2] + 2H" —— [Ru(LL),(CN)(CNH)]* + HY &=—=> [Ru(LL),(CNH),]%*

Irrespective of the degree of protonation in the ground state, room temperature
emission is only observed from {[Ru(lL)z(CN)z]zJ'}*, indicating a very fast
(with respect to emission decay rate constants) deprotonation reaction must
occur in {[M(LL)Z(CN)(CM{)]*'}* and {[R.l(LL)z(CNH)z]2+}*. At 77 X, however,
emission from the protonated forms has been observed [359]. A less cdetailed
study of the emission from {[Ru(bipy)z(CN)z]}* has also appeared [360], and
the absorption spectrum of {[Ru(bipy)z(C':\I)z]}* has been reported [361].
Many studies of the oxidative and reductive quenching of {[Ru(bipy)i
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 some quenching reactions of
{[Ru(bipy)3]2+}* has been presented [363]. Hydrophobic derivatives of [Ru(bipy)i
such as [Ru(bipy)z{bipy-4,4'€CzoHu )211%", [Ru(bipy)a{bipy-4,4'€CO0Cs Hy )2}12"
and related species, in monolayer assemblies undergo rapid and efficient energy
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transfer at rates much greater than predicted by Forster theory: this suggests
that the alkyl chains take part, in some way, in the transfer of excitation
energy [364]. Abnormal decay kinetics for {[Ru(bips’)3]2+}* in surfactant
solutions (containing sodium dodecyl sulphate) below critical micelle concen-—
trations have been observed. [Ru(bipy);]** appears to form complexes with the
sodium dodecyl sulphate containing several [Ru(bipy)g]2+/SDS, and the abnormally
fast decay is consistent with self-quenching within the same cluster [365].
[Ru(bipv), {bipy—4,4' §C(OIN(Cz Has )21231%" undergoes photoreduction by PhNMe,
{(under flash photolysis conditions) in micellar solutions of a cationic
surfactant; catalytic reduction of a number of substrates (e.g. [MV]2+) occurred
subsequently at the micelle surface [366]. The same system has also been studied
in synthetic bilayer membranes and phospholipid liposomes [367]. The quenching
of {[Ru(bipy)s]12*1*, {[Ru(bipy)a(bipy—-4,4'-R,)]12*}* (R = Me, COOH or COO”) and
{[Ru(bipy),(CN),1}" by [MV]®** 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)3]2+}* by a series of organic quenchers have now been reported. Both
oxidative quenching (by nitroarenes) and reductive quenching (by aromatic
amines) are detailed and experimental values of the redox potentials of the

]2+
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[Ru(bipy):13+/2+* and [Ru(bipy);}?**/* counles of -0.81:0.07 V and +0.770.07 V
(MeCN; vs. SCE), respectively, were determined [369]. These values are in
excellent agreement with those calculated from spectroscopic and CV studies, at
-0.84 V and +0.84 V, respectively. The full details of the reductive quenching
of {[Ru(bipy);1%*}*, {[Rulbipy-4,4'€CO;CHMe;)2}31%*}" ana

{ [Ru{bipy-5,5'€CO.CHMe, )2 1:1°¥}" by Et.N and PhNMe, have also been reported this
yvear. Spin-trapping experiments demonstrated the nature of some of the radicals
generated, and point to a mechanism in which the amine radical cation is formed
in the gquenching step [370].

The quenching of a series of {[Ru(LL),1%*}" vy [M(LL);]%* (M = Fe, Ru or Os;
1L = bipy, phen, 5-Clphen, 4,7-Me;phen, ete.) has been reported in detail
[371]. The oxidative quenching of {{Rzz(bipy)3]2+}* by ng+ occurs to give
{Ru(bipy)g]3+ and Hg®, which rapidly dimerises to give [Hg;1%" in competition
with the thermal back reaction; this system has been used for the basis of a
photogalvanic cell [372]. The kinetics of the oxidative quenching of
{[Ru(bipy):13*1" vy Fei*, and the reverse themmal reaction, have been invest-
igated as a function ofqu and ionic media effects. The highest steady-state
yield of [Ru(bipy);}3+ and [Fe(H,0)¢1%" occurs in high concentrations of
perchloric or trifluoromethylsulphonic acid, but the direct reaction of
{[Ru(bipy) 3]2*'}* with [C10,]” eliminates perchloric acid as a useful medium.

2 M trifluoramethylsulphonic acid was thus proposed as a good candidate as a
medium for a practical photogalvanic system [373]. An independent study of the
quenching of {[Ru(LL).]%*}" (LL = biny, 5,5-Me,bipy or 4,4'-Me,bipy) and

{ [Ru(bipy)2(CN),1}" by [Fe(H,0)¢]3* by an elegant and novel electrochemical
transient method has been described; the analysis yields both the quenching
rate constant, kq, and the rate constant for the reverse thermal reaction, and
gives good agreement with previous conventional studies [374]. The oxidative
quenching reactions of {[Ru(bipy),(CN),11" by [Fe(tN)s]®™ in a polyelectrolyte
solution [361], and of {[Ru(bipy);12*}* by [Co(1L);)3* (IL = bipy or phen) [94],
or by a series of binmuclear superoxide-bridged cobalt(III) complexes [375] have
also been described. The reductive quenching of {{m(bipy)dz*}* by Sb(III)

in oxygenated hydrochloric acid results in the formation of hydrogen peroxide
[376], whilst the reductive quenching of {[Ru(bipy)s]z*}* by a series of
dithiocarbamate anions produces [Ru(bipy);]™ [377]. Finally, the quenching of
{[Ru(bipy) ;121" by [Cu(H,0)6]1%* and [CuC1(H,0)s]* has been studied [378].

An excellent example of photoinduced chiroselective electron-transfer has
appeared this year. The quenching of {A—[Ru(bipyh]qu}* by racemic [Co(acac),]
leads to the decay of the isotropic absorbance of [Co(acac),;}, and the appearance
of the CD absorption of A-[Co(acac),] [379,380]. A photoracemisation of
a-{Ru(bipy); 12" occurs on irradiation with visible light in neutral agueous
solution, but with a low quantum yield; the racemisation was postulated to occur
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via a 'one—legged' bipy intexmediate (cf. Sections 2.8.3 and 2.8.4) [380]). Finally,
the photoanation of [Ru(bipy):]Br, (ef. Section 2.8.4) in dmf has been studied,

and the quantum yields for the formation of [Ru(bipy):(dmf)Br]* and [Ru(bipy).Bra]
determined; the mechanism was discussed in terms of an ion pair/ion triplet model
(rather than the alternative involving 'one-legged' bipy) [381].

2.16 PHOTOCATALYTIC DECOMPOSITION OF WATER

The discussion in this section system draws heavily upon the discussion in last
yvear's review [1; p.62-64]; in particular the Schemes referred to in the following
discussion are those to be found in last year's article.

The "bouillabaisse' technique is as popular as ever. Another study of the
system described in Scheme III [1; p.63] has appeared [382] and, in a new
variation, [Ru(TPP)(CO)] has replaced [Ru(bipy):1®* and Desulphovibrio vulgaris
has replaced PtO, [383]. In relation to Scheme III (1; p.63], the back reaction
of [Ru(bipy);13* with [MV]* can be retarded by ~10% by using an [MV]2* derivative
in which one of the ¥-methyl groups has been replaced by a #¥-Cy, Hys linear chain,
imparting amphiphilic properties (these derivatives form micelles at concen-
trations >7 x 107> &) but leaving the quenching rate of {[fb.x(bipy);]2+}* essentially
unaffected [384]. Taking a slightly different approach, the quenching of
{[Ru(bipy).{bipy—4,4'€C;s Hy 231121 by [MvV]%* has been investigated in anionic
and cationic micelles. Quenching in anionic micelles is far more effective than
in hamogeneous solution; in cationic micelles, in contrast, quenching is far
less effective than under homogenecus conditions [385].

Irradiation of an aqueous solution containing Eu(IIl) or Pr(II) and
[Ru(bipy).{bipy-4,4'£C0,Cs Hyy )}]2+ (on a glass slide) produced a very low yield
of H, and gave substantial decamposition of the complex [386]. Research into
the use of metal oxide catalysts continues and RuO; has been shown to catalyse
Scheme III [1; p.63] at_least as well as colloidal Pt [387]. MnO, [388a)] or
hydroxycobalt(III) camplexes [388b] catalyse the oxidation of water by
[m(bipy)3]3+, whilst RuD, deposited onto Y-zeolites has been demonstrated
to be a far more efficient catalyst for mediating the oxidation of water than
unsupported RuO,. Thus RuQ,/Y-zeolite was used to catalyse Scheme V [1; p.63],
and O, evolution was at an optimum at ca. pH 4 [389].

In a related system, UV irradiation of agueous methanol in the presence of
TiO,/Ru0, /Pt has been found to produce dihydrogen [390], whilst TiO,/RuQ, was
also found to catalyse the following reactions [391]:

2H,0(g) + C(s) L2850 "Co o, (g) + COx(g)

H,0(g) + C(s) 2282 _Co y,(g) + cO(g)
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A useful review dealing with the use of [Ru(bipy);}2* in photogalvanic
systems has appeared [392], and an excellent and detailed study of transient
processes in photogalvanic cells, focussing upon the [Ru(bipy);]?*/[Fe(H.0)6]3*
cell, has been reported {393,394]. An independent, and equally thorough,
investigation of the [Ru(bipy)s;]12*/[Fe(H:0)¢]13* and [Ru(3,4,7,8-Me.phen),]%*/
[Fe(H:0)613" systems, found that the overall quantum efficiency, ¢, was close
to its maximum 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.
Moreover, the system is limited by the relatively low solubilities of the
ruthenium complexes, but increasing those concentrations would have a further
deliterious effect upon the already unsatisfactory back reaction [395]. 1t was
also discovered that the electroreduction of [Ru(bipy)g]a"" at a thionine-coated
electrode is dramatically inhibited, the potential for reduction being depressed
by ea. 0.6 V; the consequences of this observation upon the above photogalvanic
systems were discussed [396,397].

An interesting new photoelectrochemical cell, based on the oxidative quench-
ing of {[Ib.x(bipy);]z*}‘ by [CO(CZOQ)3]3_, results in the evolution of O, and the
production of significant photocurrents (at the expense of consuming [Co(C20.);157)
according to {398]:

CATHODE : [Ru(bipy)11%* + hv ———e { [Ru(bipy)s 127}

{TRu(bipy)s12*}* + [Co(C;0,)313" —————= [Ru(bipy),]13* + [Co(H,0)¢13*
6H;0" + 3H,C,0,

[Ru(bipy), 1°° + e& =2t —w [Ru(bipy), 12*

ANODE - [oH]™ —Ef—ee™ + 3H,0 + 10,

CELL REACTION : [Co(C30.):13" + SH.0" + %H,0 =Y e [CO(H20)6 13F + 3H,C20. + 30,

Finally, there has been disappointingly little progress with approaches aimed
at the photoelectrolysis of water. The only paper to appear this year deals
with the sensitisation of single crystals of TiO; and SrTiO; coated with thin
films of [Ru(bipy).{bipy-4,4'4€CisHss )2}1%* or [Ru(bipy),{bipy-4,4'4C0,C1s Hay 2117
[399].
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2.17 SURFACE MODIFICATION

This section, which last year dealt only with electrode modification, 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 Murray dealing
solely with chemically modified electrodes [400].

In an excellent example of synthetic chemistry (see Scheme VII), an [Ru(bipy);]%*
derivative has been covalently attached to n-SnO;, and characterised by electronic
absorption spectroscopy and CV. Thick coatings (ca. 1000 monolayers) were
produced by this method (presumably via oligomerisation of hydrolysed SiCl,
groups) which were stable to orgunic solvents, as well 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)]1"

(see Section 2.6.5) has been attached, via a silylamine linkage, to a platinum
electrode surface [402]:

Pt/PtO/Si(CH,)3sNH(CH; )oNH, + [Ru(bipy)2(py—-4-COOH)(NOz)1*

0
Pt/x-vv\N\MAN\fW\N\ANH_H / \ th1+(bipy) 2(NO3)

Electrochemical studies suggest that the general form of reactivity observed
in homogeneous solution is retained upon electrode modification, but that
reaction rates are substantially changed. This slows down the conversion of
[Ru(bipy)z(py)(NO)]3+ (see Section 2.6.3) to [Ru(bipy)z(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 camplex yields [402]:

(&)
Pt/‘\/\/W\NWVV‘\A/VW‘\.NH—g / \NRu2+(bipy) 2 (MeCN)

which terminates any catalytic activity. However, development of systems of
these sorts should lead, in the near future, to practical oxo-transfer catalytic
electrodes.

p-type Si surfaces have been modified with an [Mv]%* derivative, and used to
bring about the photoreduction of [Ru(NH;)s]3+ in aqueous solution (an ender-
gonic reaction) [403], whilst n-type Si surfaces modified with ferrocene
derivatives can achieve the photooxidation of [Ru(NHg)c,]2+, via a surface
ferricenium cation [404].
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SCHEME VII: Covalent attachment of [Ru(bipy);]2+ to an SnO, electrode [401].
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Full details of the electrochemical response of [RulIl(edta)]™ coordinated to
films of high molecular weight poly(4-vinylpyridine) on pyrolytic graphite
electrodes have now been published; the effects of film thickness, temperature,
supporting electrolyte and solvent were investigated [405]. When attached in
a similar manner to thin-film transparent graphite, [Ru'!(edta)]” has been
studied by simultaneous electronic absorption spectroscopic and electrochemical
measurements. Not all of the ruthenium(IIX) within the polymer coating was
reduced to ruthenium(II) during a reductive voltammetric scan, but it could be
all reduced if the potential was held negative for some minutes [406]. The
reduction of [Fe(CN)¢]3~ is impeded by unprotonated films of PVP, but is
catalysed by a similar film modified with-[Ru'¥(edta)]?": the reaction was
studied using a polymer-coated rotating disc electrode. The current is limited
by the rate of reaction between [FE(CN)S]s_ and [RuII(edta)]Z-, and not by the
conductivity of the polymer coating [407].

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 complexes bearing the
opposite charge to that of the polymer. Thus, [Ru(NH,)¢]>* is absorbed onto
an electrode coated with polyacrylic acid, but the complex 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
[Ru(bipy)a]2+ in the presence of oxalate ions in aqueous solution. In Me(N,
in the absence of [C20,]%", rapid cycling of the potential (to generate
sequentially [Ru(bipy)3]3?‘ and [Ru(bipy)s;]¥) 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,
[RUC1;(CO)2(PPh3),] has been anchored to styrene-divinylbenzene resins by the
following reaction scheme [410]:

0—' oyt 0—.—B—f-—L— @
cc1“ :

® PPh, | RUCI,(CO), <—LRUCL2(CO) 2 (PPh;) 2 ]
X CsHsCH3; reflux

This polymer-anchored catalyst was used to promote the hydrogenation of 1 ,5-cod [410]:

+ H, 150 C
Hz, CeHg
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High selectivity for the formation of cyclooctene (compared to cyclooctane) was
observed, particularly at high P/Ru ratios (which is camparable to the results
found for [RuC1,(CO),(PPh;),] in the presence of excess PPh; in homogeneous
solution) [410]. The kinetics of attachment of [RuCl:(NO)(SbPh3).] to the same
polymer have been studied; the results suggest that the camplexes are each
anchored to the polymer at two sites [411].

[Ru(bipy)g]2+ has been attached to polystyrene by a series of reactions
involving successive bromination, lithiation, treatment with bipy, and finally
reaction with [Ru(bipy).Cl.]. Preliminary experiments indicate that the anchored
material is photochemically active for the reduction of [MV]Z* in the presence
of triethanolamine [412]. 1In a reverse approach, [MV]®* has been adsorbed onto
cellulose and photoreduced, sensitised by [Ru(bipy);]2+ in the presence of
{edtaH.] [413].
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