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INTRODUCTICN

The pericd of this review essentizlly coincides with the coverage of Vols.
92 and 93 of Chemical Abstracts. Thus, althcugh the majority of the papers
covered were published in 1980, many fram 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 cmitted (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 diverped 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 RuQ, for the oxidation of simple ethers has been further investigated.
In homogeneous solution (e.g. in CCl.), lactones are formed [3]:

e.g.
g RuO,

0 CCl1, o o

For two-phase {OCl,/H.0) catalytic reactions (the RuO. being regenerated with
Nal10.]), oxidation to di-acids or ketones was typically observed [3]:

€-g- RuO,
CCl, /Hy0 o y/
O o4 O
Ru(.‘h.
<0> CCls /120 " /

o O

2.2 RUTHENIUM{YI)

A very useful conpilation of the physical and chemical properties of RuFe
and RuCF, has been published [4] and it has been reported that BuQF. can be
converted into RuQ., at rcom tamperature 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 RUTHENTIM(V)
2.3.1 Fiuoprides

The magnetic properties of [Ru,Fa ] have been studied from 4.2-300 K. A
maximan in the %/T curve at 40 K does not correspond to T, howvever, and localised
antiferramgmetic interactions within the tetrameric unit are responsible for
the magnetic behaviour. This was confimmed 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
yields [NO]J{RuFe], which has been characterised by Raman spectroscopy [8].

2.3.2 Oxides

MajRuD. has been studied by *Ru Mjssbaver spectroscopy between 4.2 and 30 K,
and the results are believed to contradict the published interpretation of its
magnetic behaviour in terms of tetranuclear intracluster antiferrcmagnetism.
Instead, it is proposed that NaRuO. shows antiferromagnetic three—dimensional
long-range order, with T, = 30 K [2]. *Ru Missbauer studies and VT magnetic
susceptibility measurements bave also been reported for BaLan® Il’ti.lvos (M” =
Mg, Co, Ni or Zn): they show long-range antiferramagnetic order, with TN' ~20-40 K
{10]. The preparations and characterisation of the novel cubic Baz!‘.!InRuVO;
'Y = La, N4, Sm, Eu, Gd, Dy or Y) and rhambically distorted SrzdfiirnYo. (fFf% =
Eu, Gd, by or Y) perpvskites have been described; Ba,ScRuQs has a hexagonal 6L
structure [11].

2.4 RUTHENIUM(IV)
2.4.1 Fluorides

(nOl; [RuFs] has been prepared by the prolonged reaction between [no] [RuF; 1
and an excess of NOF at 150 "C, and characterised by Haman spectroscopy [(8]. The

hydrolysis of RuF, has been studied (5] and a short review of [RuFe]®~ salts
has been published [4].
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2.¢€.2 Chlorides and oxochlorides

IR!.LC15]2_ is reduced to [RuCls]3_ by He (generated by pulse radiolysis),
whereas [RuCle]®” is oxidised to [RuCls}%” by [C1.1": both these hexachloro-
Tuthenate complexes have been characterised by electronic spectroscopy [12]).

The reduction of [RuCl:]2~ by H: has also been studied in 6 M hydrochloric acid
f13].

The syntheses of [Ru,0C1g(NCR}.] (R = ¥Me, Ph, CeHs—2-Me or CH,=CHCH.), fram
"RuCl;.=~H,O'' and RCN, have been described [14]. These air-stable, violet dimers
are diamagnetic and probably have a structure aneslogous to that of [Ru>OCly ]4_.
They are potentially very valuable synthetic resgents [15]:

e.g- {Ru,OC16(NCR)«] + 4[NEt.]1c1-H2€12  [nEr, ] [RuCE s(NCR)]
(R = Me or Ph)
dmf
[REt, ] [RuCLls(dmt)]

These reactions can be performed conveniently by generating (Ru,0C1 o (NCR )y, )
“n s¥tw, and then treating the reaction mixture with the desired reagent (e.g.
[MEt.1C1) [1s].

Treatment of "RuCl;.xH0" in 12 M hydrochloric acid {aged at S0 t'C} with
[INEt,]C1 in the presence of a few drops of mercury, followed by filtration and
heating, leads to the isolation of a complex described as ' [MEty)z{RuzCl.{(0H)s]";
which is stable in nitromethane sclution but unstable in agueous or Me(N solution.
an analogous {asPh.]” salt has been isolated, ond these complexes may well contain
ar Ru-0-Fu linkage [15].

2.4.3 Oxides and related mired-vaience compounds

The chemical diffusion coefficient for protons in crystalline RuQ, powders
{with varying chloride content)} has been measured and correlated with data
cbtained for thin films [16]. Studies of the ancdic evolution of O, on Ru0,
single crystals have led to the conclusian that its catalytic activity is not
as great as that of poorly crystalline hydrous Rqu. Nevertheless, the former
is still 2 good stable electrode material for O; evolution, at potentials upto
1.6 Vv [17}. The reaction of RuQ;.xH,0 with sulphuric acid at high temperatures
has been studied [18]. The use of RuB, as a catalyst for the photodecamposition
of water is discussed in Section 2_16.

The preparations and properties of RuDz and Bu(,/TiQ, films have been described
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{191, as has 2 method for determining their surface area [20}. Dichlorine
evolution at M. coated Ti electrodes has been further studied {211 and these
electrodes have alsc been used for the electro—oxidation of methanol [22]. The
electrochemistry of BuQ; and RuQ:/Ti0; films in basic conditions has been
investipated; redox reactions involving Mi{VI} and Ru(VII) species were cobserved
[23].

The magnetic behavicur of BaRuO. has been reexamined in the light of its
crystal structure and Mdssbauer data: the absence of long-range magnetic order—
ing at lowv temperature is explained by spin-orbit coupling effects giving rise
to 2 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;0,; }'2” entity and the analysis agreed well
with both the Mossbauer results and the magnetic susceptibility data {24]. Aas
well as BaRuD;, the compounds Ba,RuQ,{tetragonal) and Ba;Fu0s{rhorbic} have
been isolated from the BaD/RuQ. system [25].

Bi,0; reacts with RuQ; to give the cubic phase Bizmzonx (x<0.2; ¢ = 0.9300 nm},
which irreversibly gives the pyrochlore BisRu;(; at temperatures above 875 C
f26]. The Biz0,/RuQ; system also yields BijRuiOy (b.c.c.) and BigRuOy,
¢monoclinic) under appropriate conditions {27], and preparations of PbBiRu,0,, ,
Pb:Bi-Rus0;; and Pb;BizRu.0:. have been reported [28). A new and facile route
to Azmzo,,_y (A =Pb or Bi) and to (Pb,Bi}zRuzo.r_y has been developed, based on
precipitation from aguecus solution of mixtures of the nitrate salts with base
at 75 °C, followed by proionged digestion [23]. The powders which have X-ray
diffraction choracteristics identical to those of conventicnally 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)OT_y
has also been described and its use in oxygen reduction illustrated [30}. The
specific heats of the pyrochlores Cd;Ru,0; {311 and Y:Ru>0; {32} have been
measured below 20 K, and the formation of solid solutions Nd(M,M'¥20; (MM =
Ra, 3n, 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(m:S“1—x)°7 {0<z<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 I..j._‘,‘:l:h.xo2 (= ~1.3) indicate that its susceptibility
behaviour with temperature is not very different from that of Bul;, suggesting
that the insertion of lithium does not produce localised electron density on
the ruthenium (34]. In contrast, for the percvskites (ACM{I)(Rul.)Ou (A = Na,
Ca, Sr, Cd, La, Pr or Nd), a change in the charge on A4 is balanced by the
introduction of a RuHI or Ruv ion: these compounds were characterised by X—ray
powder erystallography and /T plots [35]. The new, mixed-valence, oxides

T I T T e b zimr s aTe st ey o - R a
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Ba,NbRu;0 and Ba,TaRu,0;; have been prepared and structurally characterised:
they contain the tripuclear unit {Bui0;; }]3_; their low temperature magnetic
properties have been determined and rationalised [36].

The magnetic and structural properties of the K);NiF, phases, Sr2(Fexm1-x)0 s
{0=x=20.5), have been studied by “Fe and Hu Missbauer spectroscopy and magnetic
susceptibility measurements. For r<0.4, the iron is present as Fe' 't and the
ruthenium as Ru'’ and Ru'; at x = 0.5, partial oxidation of Fe'l' to FelV has
occurred; even at x = 0.1, the Pauli paramagnetism of SroRul, bas given way to
long-range antiferrcomgnetic ordering and localised-electron behaviour [37].
PR Misshauer spectra and VT magnetic susceptibility measurements upon
iaMu'Y0; (M = Mg, Co, Ni or Zn) and BalaFe'!'ru'VO. have teen reported; the
La;MRuQ; phases are not magnetically ordered at 4.2 K [10].

Heating a mixture of La,03;, Ru and Rud; yields the unusual phase Laa.sRu4013.
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 {RuOs} octahedra (the latter being joined together by
opposite edges to fomm one-dimensional infinite chains parallel to the 5 axis)
{32].

2.4.4 Sulphides

.ﬁ:rbrphous, low-spin, RuS: has been prepared by treating anhydrous RuCl; with
{NH.}[HS] in an ethereal solution at room temperature, followed by heating the
isolated product in a stream cf H,S at 250 “C {32]. The high temperature (374
1480 K} enthalpy of RuS:({s) has been measured and decamposition pressures have
been determined for the reaction:

RuSz(8) =———HRuis) + S2(g)
This yielded {40]:
Ru(s) + 2S(rh) ————eRuS,(s); AH (298 K) = -199 kJ mo1™"
2.¢.5 Other complexes
[Rll(bipy)z(pY)((Hz)}2+ or [m(terpy)'(bipy)(ﬂiz)]2+ can be electrochemically
oxidised to [G=Ru(bipy)2(py)12* or [O=Ru(terpy)(bipy)1®* at potentials of
0.6-0.8 V {vs. SCE). These ruthenium(IV) species are active axo-transfer

agents and can incduce the following chemically catalysed electrochemical
oxidations {41):



85

Me, (O ) ———== e, C=0
C2HgOH =mme—en[(HC0, 1
CH;CH0 ———= [ ,C0,:]"

CgHsCHy ————=[CeHsCO2 1

1,4-Me,CsHe —--[csﬂl.—1 a- ((:oz)2

OOO

Ethene was unreactive under these conditions [41].

The ruthenium(IV) canplexes, [RuHa(SiRS)Ln] (R = Fi, MeF,, Cl:Me, (CEt)a,
ClMez, HPh;, MePh: or Phji; L = PPh;, AsPh, or P{(CgH.-4-Me);, n = 2 or 3) have
been prepared by the reaction of an excess of HSiR; with [Rub;L.}, [RuHCIL;],
[FuCizlia] or [RuCis¢AsPhy);]. The corresponding [RuH»Cl(SiCl,)}L;] compounds
were prepared by the reaction of [RuHCIL:] with HSiCl;. ([RHX{Si{CEt),}L.]

(X = Cl or I) have been obtained by the treatment of [RuH;{Si{QEt);}{(PPh;):]
with CDCl; or Iz. The corplexes [RuHa{SiR;)L:] undergo silyl exchange or H-D
exchange with HSiRY or D,, respectively [42].

Halogenation of [Ruz (CsMeyEE):{CO)«] has been reported to give, initially,
[(Csl\ier.Et}Ru(CO)z(u—x)m(CO)z(Csh!e;.Et)]"' (X =1Cl, Br or {), and then, for the
bramide, an unusual ruthenium{IV) organametallic derivative [Ru{CsMe.Et}(CO)Br,]
(1) is fommed. (1) is air-stable, and has been characterised crystallographically.

(L



86

It shows a displacement of the alkyl carbon atoms eq. 0.014 nm away from the Ru
atcm, with ~(CO} = 0.187 nm and »{RuBr) = 0.2547 nm [43].

2.5 BRu{IV/IiI}, MIXED-VALENCE OOMPLEXES
An X-ray crystal structure determination of a ruthenium red salt,

[Rus0z (MNH1 ) 1 1{5205]5.4H,0 has revealed a surprising structure for the cation
(P30, (N, ) ]6+ (2). Although it possesses the expected essentially linear

NH3 NH3 NH3  NHj3

/NH3 /NH3 \ /

H3N Ru - o] Ru 0 Ru f\'H3
H3N H3N 171-%
NH4 NHq NH3 NH 4

{2)

Ru-0O-Ru—0Q-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, [Rus02(NHi) i (en)21%% and [Ru30,(NH; )1 (en)217" have been
reported: their excitation profiles have maxima close to the intense visible
absorption bands and it was found that @il of the a.1g mxdes {and some of the

2, modes) were enhanced {and not just those assoclated with the Ru-0O stretching
frequencies) [45]. The use of ruthenium red as a staining reagent in optical
and electron microscopy has been reviewed [46]1.

Treautment of [Ru(m{3)5(hiegco)]2+ with O; (under anhydrcus conditions) generates
the novel, red,dimeric complex [(NH,)sRuORu(NH,)s]**, clearly related to ruthenium
red. Oxidation of this complex with bromine generates the mixed-valence species
[(NH.)sRuORu(NH4)s]>'. The tetrapositive cation is unstable in solutions over
long pericds (>1 h) but the pentapositive cation is significantly more stable.

In Me(N, the following CV behaviour (L = NH;) was cbserved [47]:

6+, -e S+ —ta_ 4 ~
[LsRuORuL; 1% oS- [LsRuORuLs ] *_\_ﬁ;_ {LsRuCRuLs ] ** S —e{LsRuORUL; )

+3.32 ¥
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Thus, the ruthenium(IV) analogue of [Ru,0Cly J?7, with all ammine ligands, is
unstable. Salts of [(NH;)sRuOR(NH,)s1%*" and [(NH,)sRuORu(NH,)s]* (and their
perdeuterated analogues) have been characterised by XPES, UV-VIS and IR
spectroscopy. The Ru—O-Fu bridge appears to be bent, and Megs {(per Ru atom}
1s ca. 1.15 uy at room temperature and 0.38 y at 18.4 K [a7].

The treatment of a red oil formed in the preparation of [Rua(u—CH;},(PMe;)s) {1;
p. 49) with agueous H[BF.] gives [(3e;P) Ru"*(nu-CH,) ™Y (-G, ) RuT 11 (PMes ) }[BFL ],
(3) and a dimeric ruthenium(II) complex [Fuz{u—CH);(PMe;)¢]1[BF,]. The molecular

o PMe3 2 PMe3  pmey
e3 [ / &
\ CHz :_.3
CHy — \
M93P PME
pME3 CHZ pM93

(3}

structure of (32) involves a metal-metal separation of 0.2637 nm [48)]. The mixed—
valence complex [Ci» HasNH3} 3 {Ru,02(50,)3(H20)2] has also been reported {439].

2.6 RUTHENIUM(ITI)
2.8.1 Halides and halide complexes

Further studies of *RuCl;.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,.zH:0' is 2 mixture of, inter alia, chloro—
ruchenium({III}, chlororutheniyum{IV) and chloronitrosylruthenium complexes cannot
receive too nuch publicity, as many papers are still being published where this
is clearly not appreciated. One report this year, which highlipghts this problem,
is the formation of an ammine derivative of ruthenium(III), where the only source
of nitrogen was "RuCl, . H,O' (see Section 2.6.7) [51]. The ageing of sclutions
of '"RuCl;.zH,0" in bhydrochloric acid media has been studied by electronic
ahgorption spectroscopy [50], and "RuCl,.zH,0" in sodium bydroxide solution has
been used as a chirality transfer reagent, in the stereospecific iscmerisation
of chiral allyl alcchols to chiral acyclic ketones [52]. RuCl; (origin and
nature unspacified) 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 an-1
were assigned to !'HuClsjsﬂ and 2 band at ca. 40000 cm™ ' was assigned to an
(RuCle]?” impurity [54). (CizHasNH,1;{RuC1¢] has been isolated by solvent
extraction and characterised by electronic absorption spectroscopy [55]).

Treatment of "RuCly.xH0¥' with RN in methanol at 70 "C produces
mer-[RuC1 1 (NCR)Y;) (R = Me, Ph, CgH.—2-Me, CgH,—3-Me or CH=CHCH,), with the
corresponding salt [Rul*CY(NCR)sI{Ru’' C1l.(NCR).1 (R = Me, Ph, CgH,-2-Me,
CgH.-3-Me, CeH.—-4-Cl, (H,=CH or (H,=CH(H.) formed as a by-product Ta14]}.
{RUC1;(NCR),], like its vanadium{III} and titanium{IIi} analopues, pramises to
be a very useful synthetic reagent. In particular, the compound can be prepared
Zn 3itx and used without isclation. Same of the reactions of this compound are
given in Scheme I [14,15].

Fac-[RUCY ; (NCR} 2 (MeCH} ]}

AMeOH

rier- (RuCLy (NCR) s L}z mer—[RUCL s (NCR) ] Hp ]S en (NEE. ] (RUCLL CNCR).
(L = py, PhSMe or 2mn2 =
R'CN)
MelH Py
{RUCI 3 (NCR){MeCH) ] [NETq I [RUC14(py)2]
MeOH
{RUC1.2 (NCR) z{MeCH) 1"

SCHEME I: The use of mer—[RuCl (NCR},] for the synthesis of other ruthenium{III}
conplexes [14,15].

2.6.2 Corpleres wich orygen donor ligands

]3+ has been measured, and

The electronic ahsorption spectrum of [Ru(H,0),
fitrted to Tanabe-Sugano matrices to yield values for the ligand-field parameters,
10 Dg = 28600 am © and 5 = 640 cm * [56]. The pK_ value for the formation of
[Ru(HZO)s(OH)}2+, from the hexaagua cation, has been measured as 2.4 at
20 °C and the CT bands of [Ru(H:0)e]1>" and [Ru(H:0)s(CH)1%" interpreted in terms
of the optical electronegativities of H.0 and [CH] [58].

The temperature dependence of the C#; isotropic shifts in {Ru¢acac):] has been
studied [57)], its ’C relaxation times (7, and T;) have been calculated and

compared with the experimental value [68], and the kinetics of ligand exchange
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between {Fu(acaciz- ™C]};] and acacH have been investigated {59]. Treatment of

[RUC11(PPhi}a] with MeC(O)YCH.C{O)CH,{CO)Ph vields (Ru{acac}(CO¥FPh:)C1;] {60].
[Ru;0(0,CMe) 6 (CHz)3]" has been shown to be an active catalyst, in a two-liquid

phase system, for the isomerisation of allyl alcohols to saturated ketones [61].

2.6.3 Complexes with sulphur donor ligands

The complexes [Ru(S:(NR:z)}.)] {R = Me, Et, Pr, CHMe; or ((H,).} and {Rul,}
{I, = (4; CH; or 0}} have been studied by a variety of electrochemical methods [62].

— S
¥ N—C
A4 \5_

4}

The camplexes AIRuCL, (MeSCH,CH,SMe)] (A = [MMe.] or [DPh.]) have been prepared by
treatment of *RuCl,.zH,0* with MeSCH,CH,SMe in EtOH or Me.CO, in the presence of
aCl (63]. FRuthenium{IIl) complexes with the following ligands have also been
reported: 4-guinolinedithiocarboxylic acid [64], 3,4,5-pyridazinetrithiol [65].
#-phenylcarbamoylpyrrole-2-thiocarboxamide {66), piperazire(dithiocarboxylic acid)
(671, piperazinebis{dithioccarboxylic acid) {67], 1,2,4-triazoline-5-thione
derivatives [68], bis{4-ethylphenyl)dithiophosphinic acid {69} and l1-imino-3-
thioisoindoline [70].

2.8.4 Armine and amine complexas

NMR studies of aqueous solutions containing rm(m3)5]3“ have
been used to prohe 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 fRu(NH; e 13" have also been
calculated [72]. [Ru(l*l]-l;).;]a+ has been studied in the salts
[RuEI¥ (1, )6 1 {Fet T(a)sLY . cH,0 (L = CO, N, dmso, pz, py or imidH), which show
intervalence transitions in their visible spectra, of an energy very dependent
upon L, whereas (Butif(MHi)s][Fe* (@)l shows no similar phenamenon [73].
[Ru(NH. )< }>* has been used to load a NaY zeolite with ruthenium metal {74].
Indeed, Fischer-Tropsch catalysts on Fanjasite-type zeolites normally
involve the degradation of a metal complex to its metallic state before activity
is observed (75,76). However, when [Ru(NH:)¢]>' is supported on a Faujasite-
type zeolite (X or Y) and thermally activated at 240-280 °C, a complex {postulated
as [m(ma)x(a{)y(co)z]"*} is formed which is very active for the water gas
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shift reaction (H:0 + CO=2==(CQ, + H:); this complex is stable upto 280 °C, whence
it loses activity irreversibly [77].

Ranan and far IR spectra of [Ru{NH:)sX]JY, (Xt¥; X =Cl, Bror I; Y =C1, Br,
1, [C104] or [NO;)) and erans-[Ru(i¥H,),Cl:]C1 have been recorded and analysed
i78]. Tune aguation of [Ru(MH,)sC11%* in acidic agueous solution at 60 °C has
been reinvestigated: the volume of activetion is ~30 am® mol~ ' at zero pressure
and shows a high pressure dependence. For the reverse anation process, avt =
-20 cm® mo1” L. These results provide strong evidence that, for this reaction
ancd aother simple substitution reactions of ruthenium(III) complexes, the
mechanism is associative {A,or SN2 limiting) in acid conditions {78]. The
equilibrium constants for:

[Ru(MH, )5 (H0)]"" + NH, R === [Ru(NH,) (NH, R )" +H,0
(0t =20r 3) (=2, 1o0r )

have been measured for various amino acid esters (NH; R ): affinity of these
ligands for both ruthenium{III)} and ruthenium{Ii} was found to decrease as
increased {80]. The acid hydrolysis of [Ru(MH;)s(¥H.CH,CO,Et))>" gives a

mixture of [Ru(NH:)s((H>))>" and [Et0,CCH,NH,]" and of [Ru(NH,)s(0-CCH.NH,)}>* and
and EtOH. The reaction proceeds vig an initial isanerisetion of the ethyl
glycinate complex to [Ru(NH;)s{OC(GEL)CH,NH,1}13*; the protonation of the amine
function prevents reversazl to the ¥#-bonded iscmer, followed by competing ester
hydrolysis and aguation reactions [81].

The canplexes [Ru(NH;)s(0.CR)}%" (R = CCl1;, CRCl,, CH,X, CH,, Et, CiMe, or H;
X=F, C1, Br, I, (H or NH;)} have been studied by polarography and electronic
ahsorption spectroscopy [82). The reduction of [&J(NH;)5]3+, [Phl(NHg)s(py)]3+,
[Ru(NH3 ). (py) 217" or [Ru(iH;).(bipy)}®" by H.S has been demonstrated to occur
efficiently at pH 4, producing elemental sulphur {83]. The kinetics for the
[RuCNH: ) sCpy) 13 /[Ru(NH, ) s (py) ] %Y couple has been estimated by studying the
rates of electron-transfer reactions between [Ru(NH;)s(isonic)}®* and
[Ru(NH; ) s(nic)}2*, and between [Ru(NH;)s(nic)]®* and [Ru(NH,)s(isonic)1®* (84].
The kinetics of the reactions between [Fhi(bﬂlg)s(isonic)]n+ {n=2o0r 3) and
superoxide, [Oz]:, have been determined [85]:

Ru(IIT) + {0;]° ———=Ru(I1)

m(II) + [HOp] ———eRU¢III)
The rates of reduction of [Ru(NH,)s(isonic)}i>* by ‘O, H+, e, [CO,1" and
HC(OH), were also derived, as was the rate of oxidation of [Phl(NH3)5(isx)nic)}2+

by -0H [85]. The kinetics of the electron-transfer reaction between [Ru(MH,)sL]?*
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(L = py or 4,4'-bipy) and {Co(edta)]®  have been reported [&6].

Work on binuclear imidazole complexes I1; p. 48] has now been extended to
encompass histidine derivatives. The complex trans—[RulNH; ), (50, )(bochisH)]{BF. ]
{5) was prepared by treatment of trans—[Ru{NH;),{S0, }(H:0)} with ¢6) in the

Q 0

CH
0

N /"\0—}—

H

N (O N N~
N S
(6; bochisH) {7; hisH)

presence of H{BF,], followed by oxidation with Hz0:. Reaction of (5) with
trans-{RU(NH3 }4 {503 }{H20}], in the presence of Li[OH], followed by treatment

with H{BF.} and H,0:, results in the dimerisation and hydrolysis of the

protecting butoxycarbonyl group, to yield zrans—[{50.){H;N).Ru(his}Bu(NH; Y, (S0,)](BF. 1.
Rednction of this dimeric species with [m(NH;)s(hisH)]z+ results in the formation

of a mixed-valence neutral dimer (IT = 8600 am V) (87].

Photolysis of cis— or trams-[Ru(en);Cl:]" in agueous solution at energies
corresponding to ligand field transitions result in aquation and iscmerisation,
yvielding mixtures of eis- and tmns~[m(en)z(H20)01]2+ {¢ ~0.003-0.005): cis-
or trans-[{Rulen),(H,0)C13%" are photoconverted into each other (¢ ~0.04) [88].

The complexes trans—[Ru(IL};X.}" (11 = en, 1,3-pn or dmen; X = CL, Br or I) and
trans-{Ru(L. )X 17 (L, = 2,3,2-tet, 3,2,3-tet, 3,3,3-tet, cyclam or {14]aneS.,;
X =C1, Br or I) bave been prepared by a modification of the ccnventionzl route

and characterised by IR and UV-VIS spectroscopy and n measurements [89]1. The

camplexes eis— or trans—(Ru(L.)X:]" and eis- or trmsff;hl(Lg.)(HzO)x12+ (L. =
{NH2),, €en)s, 2,3,2-tet or cyclam; X = C1 or Br) have been studied by CV and
the kinetics of aguation of their ruthenium{IY} analcgues have been determined
{90]. Treatment of K:[{RuCl{H,0)] with cyclam results in the formation of a
mixture of eis— and trans-{Ru{cyclam)Cl;]JCl; the isomers can be separated by ion—
exchange and gel-filtration chromategraphy [91].

The complexes [Ru{H;ATP)(H,0),]Cl, (H,ATP = adenosine triphosphate) [92] and
{RuCt.1,] (L = 3,3'-dimethoxy— or 3,3'-dimethylbenzidine} [93] have been reported.

2.6.5 Diimine complexes
The rates of axidation of {CO(LL)3]2+ (1L = bipy or phen} by [Ru(bipy);]a+

have been determined using flash photolysis techniques [94), and a detailed study
of the oxidation of cyclohexancne by [Ru(bip_v);}a"' has been reported [95,96].
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The oxidation of water by [Ru(bip}’)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 srans—[Ru{bipy).Cl;]
[98] and zrms—[h(bipy)z(py)z]z+ [99] have been made recently, they were
unconfirmed and poorly supported by experimental evidence (although, nevertheless,
probably correci). Now, convincing proof that such isomers exist bas been
published. [Ru(bipy)z(H20)2)%*, as produced by the acid hydrolysis of eis-
[Ru(bip_v)z(cos)} has a cfs confipuration and it has been demonstrated that this
complex will undergo photolsomerisacion in agueous solution, according to:

]2+ h ]2-'-

W
eis-fRudbipy ), (H.0)2 —— trans-{Rudbipy}2(H,0).

In the presence of [ClO,]} , photochemical oxidation to [Ru(b:ipy)z(OHz)(OH)}z+
occurs, and the trans isomer of [Ru({bipy)z{0Hz){CH)]IClO.]: has been structurally
characterised {r(RuN) = 0.2095 mm; r{RuC) = 0.2007 nm} [100].

Electrochemical oxidation of [Ru(bipy)zL(Nog)]"' (L = NH;3, py, pz, MeXN or
PPha) or [Fu{bipy).C1{NO,}] preceeds according to:

—2e

2{Ru(bipy) . LINO2 )1t 22— 2[Ru(bipy ), L(8NO; )}~

(Ru(bipy),L(80Y 1" + [Ru(bipy)zL(NO1)1*

[Ru(bipy)2L(NOs )] 2+

The oxidation of the coordinated nitro group proceeds via isamerisation of the
Rut'¥_0, linkage to RuYTX_0NO, followed by reaction with [Ru’ ¥ (bipy).L0.)1%*
f101]}.

The complexes {Ru(terpy)Cli} [102] and [Rufbiquin)Cl;] [93] have been
prepared by treatment of "RuCl,.»H,0" with the diimine ligand.

2.8.86 Porphyrin and phihalooyanine complexes

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

&s a by-product of the reaction between "RuCl;.xH:0" and P{Oile); in refluxing
methanol, the complex mer,trans-[RuCl;iP{OMe}a}{MH;}] was isolated as red
erystals and structurally characterised {51]. The source of the NH; was the
"RuCl;.xH 0" (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 [RuCl;L:] (L = phosphines or
arsines), {RuCl.L.]" (L = phosphines or arsines), and [R:uClaLl.'n] (L = phosphines
or arsines; L' = amines or nitriles; n = 1 or 2) complexes has heen reported.
Most of the neutral complexes show a reversible one—electron reduction but an
irreversible one-electron oxidation, whereas the anionic camlexes show
irreversible reduction and quasi-reversible oxidation behaviour {104}, Studies
of soluvions of [RUCL;(AsPh,),(MeCH}] in CH,Cl, have indicated that the expected

dimerisation
2[RuC1 ;{A=Ph; ) » {(MeOH) ] —————=[CL:(Ph3as )} ;Ru{p-CL)Ru(AsPh; );Cl,]

occurs within a few minutes of dissolution. #&¢ evidence was obtained for the
existence of the purported [105] five-coordinate [RuCl;(AsPh;):] complex {104].
FPR measurements on a similar range of complexes, [BuXsL;], [RuX;L.}, [RuX.L:]17,
[RuX,La{solvent)] and [RuX2(dik)L:} {L = FPhy or AsPh,;; X = Cl or Br), have also
been reported [106], as have W-VIS and EPR spectra and U g MeasUrements for
[RuX L ]fRuX L (MeOH)] and [RuX;L(CNCeH.—4-Me)2] (X = Cl or Br: L = PPh; or
&sPhs; n = 2 or 3) [107,108].

2.7 Ru(II1/II1), MIXED-VALENCE COMPLEXES

{Ruz(OZCJ-!e) 4.01}?1 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} {r{(RuRu) = 0.2287 nm;
r{RuCl) = 0.2577 nm; cf. [1; p.46, Table 1]1}. The results of SCF-Xa-SW
calculations upon [Ru,(Q,CHY.C1,] 7, [Ru.€0,CH),]" and {Ru,(Q,CH).} have been
reported; the mixed-valence complexes are predicted to have a g®w"§3(n*)?(&%)!
configuration, corresponding to the experimentally verified three unpaired
electrons per dimeric unit. The band in the electronic spectrum of {Ruz(0,CR).}"
at eq. 20000 em ' is assigned to an On—en* transition (where On is principally
a Bu—O orbital but contains a significant amount of‘Ru—Ru T character), and the
band at caq. 10000 cm *
assignments of the &>6* transition to the band at ea. 20000 an
consequence of the mistaken assignment of the lowesl cbserved band in the

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

1159.
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electronic spectrum of a camplex to the expected lowest energy electronic
transition, even though the whole spectral region {(particularly the NIR) had
rot been examined. Normen and coworkers® calculations {111] predict a §+6*
transition energy at 8800 cm ©, close to a weak band (doublet) observed in the
solution spectrum of {mzcozcue) 4Cl} , in water; this doublet was explained in
terms of a forbidden 6+n* transition (predicted at 8600 cm_l) contributing to
the ohserved intensity. However, the solid-state spectrum of {Ruz(OzCMe) CL ]"l
in this region has not been reported previously; it is illustrated in Fig. 1
f112] and cleariy confirms the presence of a doublet in this region, in support
of Nomman's assigmments. Independently, polarised absorption spectra (12500—
30000 cm_l) were recorded at 300 K and 5 K [110]. The results fit reascnably
well with Norman's S#-Xo caloulations {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 Ru,>' centres.

For trimeric systems, the rate constants for electron exchange batwsen
{F;0(0:CMe) s (Py)a 1" and [Au:0(0:(Me)e(py),]1 have been determined by VI ‘H MR
line broadening experiments {113].

Interest in the Creutz-Teube ion shows no sipn of waning. Single-crystal VE
EPR measurements [114) upon [{H,N)sRu(p—pz)Ru(lH;)s]Br.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 [(HgN)sRI.l(L—L)RU(NHg)s]S-‘- (L-L = 4,4'-bipy or N=C-C=N)
systems has confirmed that valence—trapping exists for the u—4,4’—bi:py camnplex,
and that valence delocalisation occurs for the p-cyanogen complex, but the
results were inconclusive with regard to the p-~pyrazine species {116]. A novel
u-quinoxaline (8) analogue, [(H3N)sRu(u~quinoxaline)Ru({NH;)s]1®", has now been

N
2
)
N
(8}

reported and possesses an ahsorption in the NIR at 59200 cn b {ef. 6300 am
[(H.N) sRu(p-pz )Ru(NH, }s]°*}: this bas been taken as evidence for valence
trapping in b.th molecules, as the w* levels of (8) are considerably lower than

1 for

those in pz [117].

The salts [(bipy),ClRu(u~dppm)RuCl{bipy).1X, (X = [C10.] or [2¥F:1) have been
isolated, following the treatment of [Ru(bipy),Cl.]} with dppm in ethanol;
subsequent stoicheicmetric oxidation with [Fe(bipy);1°* generates the mixed—
valence tripositive cation, which is a valence-trapped species with Vpo at
8020 an™l. Oxidation of this with a further equivalent of [Fe(bipy);]3+ yields

the ruthepium{III) tetrapositive dimeric catiaon [118]. The related wmixed-valence



85

-— AINVEHOSAY

Fig. 1: The reflectance spectrum of {an(ozCHe)4C1}n fii2].
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complexes {(bipy).ClRu{L~L)RuCi(bipy)213* (L-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(Il) analogues, and
characterised by CV and WW-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;(NEt;).{C0O);] in HCl, has yielded
the novel mixed-valence complex [Ru(S;CNEt).(C0).J* (9), which has been

NE1i5 +

{9

crystallographically cheracterised 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 cne CO on each Bu atom, to the product which
has two CO's bound to one Ru atom and none to the other., The question of
localised or delocalised valence states in (3 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 Chiorides and cyanides

Dissolution of {Ehxz(OzCMe) 4C]'}n in 12 M hydrochloric acid, under argon, resualts
in the formation of a deep blue solution. Addition of {Et,]C1 to this solution
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has resulted in the isolation of a campound [H,0,],[NEt.].{Ru;C;; ], which has
been characterised crystallographically, and shown te contain the mixed-valence
(RusClyz 1% anion ¢10) [1211. The complex is not believed to be the chromophore

-

Ct ot} Ci_p Ci a = 0.237 mm
\\‘xﬁ\\ﬂu ﬁﬁijifCi::::::\n',jb/, \\\““-En1::53:::c‘ b = 0.238 om
/Ru Ru Ru e = 0.237 nm

Ci / \ / %Cl% \ r{RuRu) = 0.2805 nm

Cl Cl ol Cl

L. .
(10)

in the well-known but littie—understceod "ruthenium blue" solution, but rather is
derived from it by trace amounts of aerial oxidation. Unfortunately, electronic
spectral data for this complex were not published but, nevertheless, this
constitutes the first camplex to be unambipuously 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 cother 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 isclation
of brown trimeric complexes of the general formilation A;{Ru:Cls] (A = a mono-
positive cation). We now know that the analysis figures for the metal {supplied
by 2 commercial Analytical Laboratory in West Germany) were inaccurate and that
the complexes should have been formulated as A;[Rui'OCls(CH)].zH.0. We thus
retract these observations, and apologise te any workers whe have atteppted to
repeat the reported preparations.

H NMR studies and a mechanism for the spontanecus 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 IMnO.}  has been studied [124]. An agueous
solution containing [Ru(CN)6]%” 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).Co(u-NC)Ru{CN);]>" [125).
In a similar manner, {Re¢¥)6]* in the presence of [Fe(H20)5]3+ generates an
intense violet-blue colour, but no explanation of this phenomenon has been offered
f126).

2.8.2 Complexes with Group VIB donor ligands

The crystal structure of BalRi(H»vi);])».9H,0 has been determined; the anion
has facial pecmatry and the ligand is bonded to the metal via the atoms indicated
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in ¢11y {127). A *H NMR and IR spectroscopic study has led to the characterisation
of the species [RuX;_ (amso),J'"* (n = 3,4,5 or 6; X = C1 or Br) and their
hydrolysis products; Scheme II shows their interrelationships [128]. O-bonded
dnso is labkile in D,0, whereas S-bonded dmso 2ppears not to be. New assignments
for v(Ru-Cl) stretching modes have been suggested for {RuCl,(dmso);]” (at 265
and 241 cm 1y, [RuCl.(dmso).] (at 258 and 248 an 1) and [RuCL(dmso)si* (at
246 cm-l), bringing them intc 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 an~ ! were found when 0-vonded dmso was present
{128]. A paper, submitted after [128] was published, but not referring to it,
contains a limited study of the same hydrolysis phenamenon [129],

The macrocyclic complexes [Ru{L,)X2] (Ly = [14}aneS, or bzo[15)enes.,) {89]
and sawe dithiocarbamate complexes of formulae [RuL:(H;0).] and [Rul:} {L =
(4; Y = CHz, KH, NMe, O or S)} have been reported {130]. Ruthenium({II) complexes
have also been reported with the ligands 3,4,5-pyridazinetrithiol [65],
¥-phenylcarbamoylpyrrole-2—-thiccarboxamide {66], and n number of substituted
thiosemicarbazides and thiosemicarbazones [131].

2.8.3 Anmine and anine complexes

The IR spectra of [Ru{NH,)¢JX, (X = Cl, Br, I, {PF¢] or [BF,]) and {Bu(ND,)¢iBr,
have been reported and the v(Ru-N} stretching modes have been identified as
cccurring at ca. 400-420 cau ! f132]. 4B initio SCF calculations have been
performed upon [Ru(NH;)sL1%" (L = N, CO or H,0) and upon the {Ru(NH;)s5}2"
fragment of these ions [133].

Ligand substituent effects on the photochemistry of [Ru(ﬂHa)sL}z* (L = py or
¢ substituted derivative} camplexes have been the subject of an excellent review
{134]. The preparations aof tms—[m(m:lg);.(py)L]2+ (L = pz, pzH" or py—4-C(O)Me)
and traots—{Ru(NH;).L.] (L = pz or pzH') have been reported, and their basicities
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in agueous solution, and their electronic spectra have been studied. Visible
light photolyses of these camplexes lead to the predominant photoaguation of one
coordinated ammonia molecule [135). A novel, photochemically induced, linkage
isomerism has been observed for [Ru{NH;).C1{S0;)JCl in a KBr pellet, involving

a2 change in the bonding mede of the S0, [136]:

0 0
hv <
- Ru

/4 s
Fu - 5
\\0 25-195 K CE

Full details of the structwre and some chemical properties of the interesting
metalloflavin complex [Ba¢NH;)(10-Meialo)}}[PFs;l, (10-Meialo = 10-methyliso-
ailoxazine), which was discussed last year {1; p. Si], have now been published:
MMR and electronic absorption measurements, along with CV and OTTLE 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, 35 (H0)1" + alk ————=[Ru(¥H;)s(alk)}*" + H,0
{alk = ethena, 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 alikymes. The complexes were characterised by
UV-VIS, IR and ‘H MR speciroscopy, and by cyelic voltammetry, all of which
indicate the presence of strong d P back-bonding. The molecular structure

of one of these complexes, [(HgN)5M(HDgGi=GEOzH)]2+, ¢12), was determined [138].

NH3 /COzH
" e
~ !
HaN /Ru II
H3N l HC
NH COsH
L 3 27

(12)

In an analogous reaction, treatment of [Eb.l(NH;)s(HZO)]2+ with an excess of
3,3-pentamathylenediazirine yields [Ba(NH;)s(N.CgHio )J2", (13), which has been
isolated and structurally characterised as its [PF¢]™ salt. (13} is oxidised
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(13>

in acidic solution, by 0: or HyO,, to give [RJJ(NH;}S(Nz)]2+ and cyclohexanone;
(13) can also undergo the following fascinating dimerisation reaction {132]:

2+
H 0
[RUCNHS ) 5 (N2 Colyo ) 12* LRUUHsY s 2OV TN ¢y oy o1 3Cetzp YRUGH, )51 %
“"NH3; or NaCgHy 14>

(14) can alsc be prepared by treating NaCsH;; with an excess of [Ru(NH;}s(HzD)}2+

[130].

The kinetics of the anaerobic reduction of beef heart mitochondrial cytochrome
c oxidase [140] and of varicus platinum(IV) complexes {e.g. trans—[?t(NH;)..Clz]2+
or [PtCle]?") T141] by (m(hﬂ;)s]z"' have been reported. The reduction of D; to
H,0, by [Ru(NH;)e12*, [Ru(M;)s(isonic)]?*, ois— or trans—[{Ru(NH; ). (isonic)(H03}%*
or [Im(NH;)..(phen}]h has also been investigated:. the mechanism involves outer—
sphere electran-transfer, generating {0,]" {142]. In a related study, the
kinetics of the reduction of H,0; by [Ru(NH;)s]®* or [Ru(NH;}sL}*" (L = H.0 or
1-Meimid) were determined; a coomon mechanism for all three reactions was
postulated, involving the formation of a seven-ococordinate ruthenium(II) inter-
mediate [143]. The difference in the mechanisms postulated for the respective
reductions of 0O: and HpQ, is striking.

The oxidation of alcohols coordinated to ruthenium, by dioxygen, t¢ yield
ketones and hydrogen peroxide, has been cohserved. Thus, for the 2-{1'-
hydroxyethyl )pyridine complex (15), oxidation to the 2-ethanoylpyridine complex
(16} occurs [144}:

2+ 2+

(HsN)oRu-— N / + 0, —= (Hamum"—'ﬂ\ /| + B0

0 o

(13) {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 cooplex [Ru(iH;)s(H,ATP)]Cl, (H ATP = adenosine
triphosphate) has been reported {92].

The camplex [Ru(py)s]®™ will be considered in Section 2.8.4. The complexes
cis— or trans-[Ru{cyciam)C1;]Cl can be reduced by zinc amalgam to yield their
ruthenium{iI) analogue=s, which react with an excess of isonicotinamide to give
eis- or trans—[m(cyclam)(isonic)z]z+. Similarly, eis-[Ru(cyclam)Cl,] reacts
with bipy to give czis—[Ru{cyclam){bipy)}** but trans—[Ru(cyclam)Cl,] reacts with
bipy to yield a product with different spectral pruperties, and the latter has
been postulated to contain the elusive monodentate bipy ligand [91]. Treatment
of mer—{RuCl; {NH,(CH; } sNH(CH,)sNH.}] in agueous ethanol with 2,6-diethanoyl-
pyridine yields a violet, diamagmetic macrocyclic complex of L, ¢17) [145].

O

N

)

17}

This camplex, [Ru(L)(H:0))**, has been postulated to exist as either a five-
coordinate monomer or a Ru-BRu bonded dimer; the possibility of 2 p—oxo bridged
dimer dces not appear to have been considered, Thirty new oxime complexes of
ruthenium{1I) have been prepared by the treatment of [RuCl,(FPhj;);] with
chelating or simple oximes, in both the presence or absence of base. These
complexes were characterised by 'H and P MR spectroscopy [146].

2.8.4 Ditmine complexes

Interest in [m(bipyj3]2+ znd its derivatives continues unabated. Two
extremely important structurzl studies have been published this year:
[Ru(py)s1(BF.]). (147] and (Rubipy):J[PFe}> [148] have been characterised by
X-ray crystallography. Although the cation of the former salt is not a diimine
canplex, [Ru(py)s]2+ has particular relevance to the studies of [Ru(bipy):i>".
(Ru(py)e¢]l{BF.], was prepared by the prolonged reaction of [RuHL;(PPh,);][EF. ]

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

{r(RuN) = 0.212 nm}, spectroscopically (W-VIS, IR, 'H and C NMR) and
electrochemically (CV} [147]. This is an excellent and interesting paper, not
least because it details the remarkable similarity of the properties of [Ru(py)sl®”
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and {Ru{bipy)s1?*, which have essentially identical, reversible, oxidation
potentials, and similar Ru-N¥ bond lengths. [Ru(bipy),}{PF;], shows the expected
D; ground state point sympetry {r(RulN) = 0.2056 nm} {148). However, the
structure determined for this latter campound was of an anhydrous salt and a
good deal of interest lies in the hydrared [Ru(bipy).]Cl,.&H;0 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);]2* salt.

An interesting series of complexes, involving ligands which would be
conventionally considered to be sterically hindered towards coordination, has
been prepared. The complexes, [Ru{il);]Cl, (LL = 6-Mebipy, 6,6'-Me,bipy,
2-Mephen or 2,9-Mezphen) were prepared by the interaction of LL with a blue
ruthenium(II} chloride soliution and characterised by electronic absorption and
emission spectroscopy (including ¢ and 1 measurements). Despite the steric
hindrance, the energies of the observed MLCT absorption bands and the emission
bands of these complexes are remarkably similar to those of [Ru{bipy).l1%" and
[Ru(phen),12*, but the magnitude of e, ¢ and T are all mch smaller than those
of the parent complexes [149]. In a superb example of synthetic chemistry, a
vast series of complexes with seventeen different bidentate ligands, LL (see
Fig. 2), of formlation [RuW(LL);1%*, [Ru(IL):(bipy)3%%. and [Ru(LL)(bipy)a1%*
have been prepared, isolated as [PFg] salts, and characterised by 'H NMR, IR,
electronic absorption and emission spectroscopy, and cyclic voltammetry [150].
[Ru(4-NO,-bipy); 12", included in the above study [150], and {Ru'¥(4-Et;P-bipy);)>*
have been independently prepared and isolated as perchlorate salts [151],

Also, in o variant on a well-known theme {of. [Ru(bipym)j]z‘t- {152]; bipym = (18) ',

=N AN 2 e
Wl W
¢18; bipym) €19; bpz}

the camplex {Ru(bpz),JCl,.4.5H,0 {lpz = (193} has been prepared by treatment of

{RuCI:(duso),] with (18) and, perhaps not surprisingly, shows similar photo—

physical and photochemical properties to [Ru(bipy);)%* and [Ru(bipym);]z+ [1531.
Meyer's excellent synthetic work, based upon the {R:..n(t:r:i.py')z}2+ moiety,

continues. The ois==trans photoisamerisation of [Ru{bipy),(H:0);1%* [100]

has already been discussed (see Section 2.6.95) and novel, high yield routes for

the photochemical syntheses of [Ru(bipy),LX]" (L = py, 4-Me;C-py or MeN; X =

Er, NO., {NCS], [NO;l1, [C10.}, [CF;00,] or [MeCH,—4-50;]1) and [Ru(bipy).X.] have

now been published [154]:
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Fig. 2: The ligands used in the synthetic study of [R].:(I_L)3]2+ complexes by Belser
and von Zelewsky [150]. Meany of these lipands are conventionally
considered as sterically hindered towards coordination.
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e.g- [Ru(bipy)a(py)a]™" + X orgrre(Bubipy)2(py)X]” + py

{Ru(bipy)2¢(py3X]T + 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 intemmediate was
observed which was postulated as [Ru(bipy).{n'-bipy)(NCS)]*, containing the

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

of the reaction of trara-[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):(pz)H):1{PF¢l,, [Mu(bipy).{pz1H)(pzl)]{PFs]
and [Rufbipv),;{pzl),;] were characterised by CV and UV-VIS spectroscopy [155]}. Of
more interest, {Fu(bipy).{(pzl).] reacts with [m(bipy)z(i.lezCO)z]2+ to yield the
doubly bridged dimer, [{bipy)sRu{u—-pzl),Ru(bipy).]J>* (20). Although stable on

Oy i

N— N

N >Ru(bipy}2

N —N

O

{20)

(bipy),Ru

the CV time-scale, the mixed-valence tripositive form of ¢20) is unstable towards
electrochemical synthesis, decomposing in MeQN (ef. [(bipy)2Ru(u—Cl) Ru(bipy),13*
[1561) to give [Rulbipy).(MecN).]?* and [Ru(bipy)a(pzl).1* {155]. A novel series
of alkyl nitrite complexes, [Ru(l:ripy)z(py,rj){!*!(o}OR}r]z+ (R = Me, Et, Bu or CNe;H},
has been prepared by treatment of {Ru(bipy )2 (py)(N03 13" with [OR]™ in MeCN. These
conplexes, which were characterised by CV and by UV-VIS, IR and 'H NMR
spectroscopy, react with acid to regenerate the parent nitrosyl species and ROH.
The camplexes [Ru(bipy).CL{N(OIOR}]" were prepared in a similar mamner from
[Ru(bipy),C1(NO)1%" [157].

The molecular structure of eis—-{Ru{bipy),(CC)CL}{CiC,]) has been reported, and
sane of its reactions {(e.g. with monodentate ligands to give thermal displaceament
of C17, or photochemical displacement of CO) have been investigated. The Ru-}
bond trans to OO0, at 0.218 nm, is longer than the mutually trans Bu-N bonds
{r(RuN) = 0.210 nm}, which are in turn longer than the Ru-N bond zrans to CL {at
0.207 nm) [158]. Agueous solutions of [Ra(bipy)(C0O)C1]" produce H, CO and CO;
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upon visible-light photolysis; under an atmosphere of €O, the reaction is
catalytic and represenis the first report of the photocatalysis of the water—gas
shift reaction [159]. The complexes [Ru{4,4'-(NO;),-bipy},Cl,] and
{Rl-ln{4,4‘-(El:3P)z—bipy}2012][ClO-.]., have also been prepared and characterised
by UV-VIS spectroscopy and CV [151].

The reaction of [Ru(terpy)}Cl;] with an excess of L {L = PPh,, P{CsH,—1-Me), or
py}, in the presence of MEt,, yields violet irans—[Rulterpy)iCl,]. This canplex
can be converted to pink eis-[Ru{terpy)LCl.;]} by boiling in 1,2-dichloroethane
and the cis-isomer can also be prepared by treatment of [Ru(PPh;)s;Cl.] with
terpy. The chioride in the eds—isomer is significantly more labile than that
in the trans-isomer. Thus:

PPh .
Froo ___—}—_6_-'
trans-{Rud terpy }{PPh; )C1,] We,Co, 25 G~ 1° reaction

PPha

ets-{Ru(terpy)(PPh;)Cl2 ] g—rra st

trans-[Ru{ terpy }{(PPh;).C1]"

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]:

trans-[Ruterpy)(PPhs )CL.] 5 2_‘:2““?:2_ — = trans-[Ru( terpy ) (COXC1, ]
" r

. co N
ezs—[Mu{terpy )(PPh;)C1, ] NI reﬂux-—cz.s—[fh.l(terpy)(CO)Clz]

The monothiobenzoate complex [Ru{OSCPh),{PMe,Ph),] reacts with LL {LL = bipy
or phen) to give eis,eis,cis—[RU(LL){SC(O)Pn},{PMe,Ph),]. When LL = phen, a
minor by-product eis,cis,trans-{Ru(phen){SC{O)Ph},{PMc,Ph),], was also isolated.
Both eis,cis,cis- and eis,eis,trans-{Ru(phen}{5C(0)Ph},(FMe.Ph},] were structurally
characterised and have r{RuN} values of 0.212 and 0.209 um, respectively [160].
In contrast, the analopous reactiopm with 1,2-diaminocethane yielded eZs, trans,ctis—
[Ru(en){5C(OYPh},(PMe.Ph),] [160]. Treatment of
{(bipy}(Ph;P)Au(u—Cl),Ru{PPh; ), (bipy) JC1: with [CeF;8] gives an isameric
mixture of products (as judged by YF NMR spectroscopy) of fonmla
[(bipy)(Ph;P)2Ru(u-SCeFs ) 2Ru(PPh; ), (bipy)ICl, [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;.zH,U" at reflux yields the dark blue complex eis—{Rufazpy).Cl,],
whereas treatment of [Ru{dmso).Cl,] with (21) in Me,CO produces the green camplex,
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O N

N \\N — Ph
(21; azpy)

trans-{Ru{azpy);Cl;]; the latter, upon heating in xylene, produces a different
blue c7s-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;{FPh;).(dad),]X

R R
R~—-—N/ \:N——R
€22; R = CHMep, R' = H)
(23; R = Ph, R’ = Me)

fdad = (22) or (23), X = Ci or [BPh.,]}}, whereas uzing only half an equivalent
of (23 produced {Ru,C1,{FPh;):{dad}]. The reaction of {RuHC1{PPh;),] with
{22) in Et:0 produces [RuHC1{PPh;):{dad)], which reproportiocnates in MeCH to
give a mixture of [RuH:(PPh;);{dad)] (and [RuM.{CO}(PPh,);]) and
[Ru2C1:¢PPh;)2(dad); ICE, [RuH,(PPh,);(ded)] has alsc been prepared by treating
[RuH.(PPh;};] with (22). [RUHCI{PPh,):({dad}] {dad = ¢22)} reacts with water in
toluene to eventually yield [Ru:H(u—CLl)(p—CH)Y,(FPh;)s{dad}] [163].

Three more papers claiming "pseudo-base’’ formation for 2 series of complexes
related to [Ru{5-NO.—phen);]1%* have appeared [164-166].

Good progress is also being made in g2ining an understanding of the reduction
products of [m(biby)3}2+. Although formmally ruthenium{I) and ruthenium{0},
[Ru(bipy),1" and [Ru(bipy);} are much more usefully considered as
{ru* (bipy).(bipy 31" and {Ru'®(bipy)(bipy }.1, and so their chemistry will be
discussed in this section. Electrochemically generated [Ru(bipy)al? is
quantitatively oxidised to [Ru(bipy)g]2+ in deaerated acidic aguecus solutions,
but there is little or no producticn of dihydrogen. Similar treatment of
{Ru(bipy):] (produced electrolytically, precipitating from MeQN sclutions as a
dark solid), in contrast, results in the rapid, stoicheicmetric evelution of
dihydrogen at pH 1, pH 7 or pH 12, with the concanitant generation of
[Ru(bipy)s1** 11671:

(Rubipy)s] + 2H;0" ———w[Ru(bipy);1>" + H; + 9H,0

[Ru(bipy)s] + 20 ———e[Ru(bipy);}>* + Hy + 2[0H]"
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Experiments in Da0 resulted in the evolution of D;, confirming that the evolved
dihvdrogen criginates fram the solvent and not the ligand. Similar results were
obtained for [Ru(terpy).] and {Ru(terpy).]® (H, evolution being cbserved for the
former, but not the latter}, but no H; evolution was observed with either
[Ru(phen):] or [Ru(bipy).(4,4'-bipy-#-Me),1*" [167]. The CV of
[Ru[bipy—é,4‘—(C02Et)3}3]2+ has been reported and the reduction monitored by the
OTTLE technique: intense NIR absorption bands were cbserved, 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
a2s parly as 1976 [169]. Cathodic voltammograms have also been reported for
[Ru(4,7-Phophen)s J2* and [Ru(tpt)z12* in dmf {170]. The reactions of radio—
lytically generated radicals R;Rzé@l {R;=R; = H ar Me; R; = H, R; = Me} with
{Ru(bipy)z}m' or {Ru(phen)3]2+ have been investigated, radical attack appearing
to cccur at the coordinated ligand [171].

A remarxkably tenuous correlation has been drawn between the oxidation

" potentials of the complexes [Ru(bipy)z(ll.}]2+ (LL == bipy, en, (pyl):, {(NH;): or
fCN7].) and the ionisation energies of their 34 (??) electrons [172]. It is
remarkable that such a paper can be published in a reputable journal — to refer
1o the 3d electrons ¢f 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 z0.1 eV defies sensible comment!

The reduction and oxidation of fm(bipy3]2+ at illuminated semiconducting
electrodes has been studied. The complex is reduced at a potential eca. 0.5V
more positive than its thermodynamic reversible reduction potential at
illuminated p—type silicon {173}, and is oxidised at a potential caz. 0.5 V more
negative than its thermodynamic reversible oxidation potential at illuminated
MoS. [174].

The many developments in the photochemistry and photophysics of [Hu(‘bipy)g_]2+
and related camplexes are considered separately in Secticon 2.15. The use of
these camplexes for the photocatalytic decampoasition 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 Porphyrin and phvralocyanine complexes

The complexes [Ru{TPP)L.} (L = PEt,, PMe,Ph, PPh,, P{OMe)s; or CNCMe,) have been
prepared from [Ru(TPP)}(CO)] and characterised by UV-VIS, IR and 'H NMR
spectroscopy, as well as by CV; the camplexes 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}PPhj;)}:), in the presence
of free phosphine, is an extremely efficient decarbonylation reagent for aromatic
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and aliphatic aldehydes under arbient eonditions. HMoreover, the decarbonylation
is catalytic, with {(for the decarbonylation of PhCH.CHO to Ph(iH;) a turhover
number of >10" in 30 min at 50 "C (10° at room temperature) [176].

The complexes [Ru(MPIXDME}{CO)L] and [Ru(TIPFP)(CO)L] (L = one of a variety of
imidazoles, pyridines, pyrazoles or benzylamines) have been studied by H MMR
spectroscopy, and the rescnances due to L were all found to be markedly shifted
upfield; theze shifts have been used to determine the ring currents in the
porphyrin rings [177}. Two similar, but independent, reports of the preparation
of ruthenium mycglobin cormplexes have appeared this year. {[Ru(MPIX)(C0)]
interzets with apamyvoglobin in neutral pH solutlon to give a 1:1 protein camplex,
[Ru(¥b)¢C0O)), with 2 normal Soret band; the pH dependence of the electronic
spectrum was determined [178]. Independently, ruthenium(II} mycglobin,

[Ru(Mb)] , has been prepared by the reconstitution of norse heart apamyoglcobin
with [Ru(MPIX)(dmf).]: it contains one ruthenium porphyrin per heme binding
site, and is readily oxidised to the ruthenium(III) camplex, {[Ru(db}}* [179]:

(R} q___!}_;_z__;_\ {Ru(am)]*
§205]2-

{Ru{Mb}] reacts with CO [179] to form the known complex [Ru(Mb}{C0)] [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)]" cccurs vig an outer-sphere eleciron-transfer mechanism [179].

In the chemistry of ruthenium(II} phrhalocyanine camplexes, we again find
the work of independent groups proceeding in parallel. The complexes [Ru(Pe)L,]
(L = py, 4Me-py, 4-MesC-py, imidH, MeCN, duf or dmso)} and [Ru{Pc)L{CO)] (L =
py, 4-Me—py, 4-Mes;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 "[RuPc)]" with L. Altemé.tively,
" [Ru(Pe)(C0)}* (formed fram [Rua{CO);z ] and PcH.) reacts with L to give
fRu{Pc)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 [Rufl(Pc™IL.] and not
[RuIH(Pc)Lg]"', as evidenced by EPR and electronic absorption spectroscopy [181].
Treatmeent of RuCl,.xH:0 with 1,2-dicyancbenzene or 2-cyancbenzamide has been
found to yield mixtures of "[Bu(Pc)]”, “{Ru(Pc)CL]" and [Ru(Pc)L(CO}] (L =
solvent used for extraction) in ca. 5% yield [182}. However, when the reaction
was performed under CO, the CO complex was obtained in pood yield, and (for
example) extraction of the reaction mixture with pyridine yielded [Ru(Pc}{py)(CO}].
This latter ccmplex has also been prepared fram [Ru:(C0)2 1 and 1,2-dicyancbenzene,
followed by an extraction of the products with pyridine. Other related reactions
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which have been investigated include:

[Ru(Pc)(MizE[’h)z].qpmHz £i°3acﬁo »[Ru(Pc) I ___.,gg [Ru(Pc)(py)(CO}]
_ Ph:ﬂz | S0 o [Ru(Pc)( thf }(CO)]

These carbanyl camplexes all showed a high solubility in organic solvents {182],
Boucher and Rivera [183] have recently claimed that conventional methods for the
preparation of ruthenium{II1} 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 hereinnfter
by (ClPc), in which the chlorine is a substituent of the ring and rot attached to
a metal. Thus, these authors have found that they can achieve yields of 60-70%
of [Ru(CIPc){py):].4py and [Ru{ClPc}{PPh;):} with no evidence being cbtained for
the camplexes 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(Pc3i{py)i(sclvent)], and (s described) do not
resemble the spectra of genuinely ring-substituted derivatives of ruthenium{II)
such as [Em{Pc—(Sm)..}}"' {H;Pe-(S80;1), = phthalocyanine tetrasulphonic acid}.
We also cannot support Boucher and Rivera's suggestion that *[Ru’ll(Pc)Cll* (or,
in the light of James® results above [181], s{R*Y¢(pe*)C1}" - no distinction
between these formulations will be made in this discussion) cammot be prepared
by conventional literature methods; in our hands fiB4] , good yields of & pars—
magnetic *'[Ru{Pc)C1l]* compound were obtained. It is, perhaps, worthy of note
that many of the ‘'discrepancies' in the literature can he 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 distributicns, but, even so,

we have found no evidence for the formation of “[Ru(PcCl)] [184}1.

The complexes "[Ru(Pe)}", [Ru(Pe)(dmsoe)z].4dmso and [Ru(Pc){(CD,);50},].4(CD;),50
have been demonstrated {like their porphyrin analogues, vide supra) to be eifective
NMR shift reagents for a wide range of imidazoles, pyridines, primary aliphatic
amines and primary arauwtic 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{0Me);l},] (from "RuCl;.zH,O' and P{OMe), in methanol
at reflux) [51] and trans—RuCl.{PMe;z).] (from "RuCl;.zH0" and PMe, in methanol,
or by treatment of [RuCl.(PPh,).] with PMe; in hexane) [186] have been reported,
as have the complexes of ¢24), [Ruw(L)IC1]cl 11871, Some of the reactions of

(Ph,ECH, CH,),PCH, CH,P (CH,CH,EPh, ),

{24; E = P or As)

[Ru(L)cllcl {L = (24>} with H,, OO or NO were also investipated in this latter
study. It has been reported independently that, although trans—{RuCl; (Pies ). ]
can be made from [RuCl:(PPh,;):;] and an excess of PMe,, it is better prepared by
treating -[Rl.lz((.‘)zcw_\)‘;'Cl]-,,l with Na/Hg in thf, in the presence of Phle; and lithium
chloride [188,189). Benzene solutions of zrans-[RuCl:(PMe;}.], upon ageing,
produce [(Me:P) Rulp—Cl),Ru{PMe;},]JCLl, and, upon treatment with Na/Hg in thf,
yield eis-{RuUHC1(PMes).] T189]. [RuCl{PMe;).]{BF.] has also been isolated, as
a by-product in the preparation of [(Me DY, C1Ru-FuC1({PMe; ). ] (see Section 2.0%
f189].

The camplex [Ru,(CH);{PMe;)s1[BF.] ¢25) was formed as a by-product in the

H
\ N
L8N
Me3P/ \ / M\N"“"F’IW'IE-3
Me4P PMe,

(23}

—

Mejz P PMe 5

[BF,}

preparation of (3} (see Section 2.5) and was characterised by X-ray crystal-—
lography: (25) has anr Ru...Ru separation of 0.3004 nm [48]. The complex
{Ru, (QH); (—0H)  (PMe; )s] is discussed in Section 2.8.6.5.

CV studies for solutions of [Ru,Cl.{PR,)}s] (R; = ClPh,, MePh; or Et,Ph) and
[Ru2C1,(FPh;),(C0O)] show reversible one-electron oxidation waves, corresponding
to the formation of the mixed valence monopositive cations. Similarly, the
stable campounds [Ru;C15(PR;);L] (R = Ph or C¢H,—4-Me; L = CO or CS) show a
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corresponding one-electron reduction wave, corresponding to the formation of
{Ru,Cls(PR;};L1". Intriguingly, the camplexes {Ru»ClsL,] {L. = PEt.Ph or
AS(CeHy—-4-Me)a} and [Ru:Clg{AsPh;)};] show both reversible one-electron oxidation
waves and reversible one-electron reduction waves {180]. An electrochemical
study of [RuCl2¢(C0):L:] (L = one of a variety of phosphines, arsines, diimines,
or amines) has revealed that these complexes also undergo a one-electron
oxidation [1c4],

{RuC12¢(¥Ph;);] bas been shown to catalyse the following reactions of secondary
alcohols, RAHCH (R = aryl) [191]:

R2CHOH —————o-§:00 + H:z

{dehydrogenation)
ZR2CHOH ————=-RCHOCHR, + H20 (dehydration)
3R2CHOH ————RCHCHR, + R:CO + 2H:0 {reductive coupling)

2R, CHOH ————=-RCH; + R:CO + H,0 (disproportionation)

RpCHGH + RHCHOH ————=R,CH, + RiCO + HoO {hydrogenolysis)

The conditions for the premotion of each of the above reactions have been
optimised and defined, and hydrido and alkoxy camplexes of ruthenium have been
shown to be involved as intermediates {151]. [RuCl.{PPh,)s] will also catalyse
the reduction of azobenzene to aniline by Me,CHOH [192], the selective hydro-
genation of o,B-unsaturated ketones to saturated ketones under mild homogeneous
conditions {193], and the hydrogenation of aldehydes or ketones {104], and will
decarbonylate [(cp)Fe(C0).{C(O)R}] (R = Me or Ph) to give [Ru(FPhj}2(C0};C1,]
[195]. This last reaction occurs only slowly, even in benzene at reflux, and
s0 is of little synthetic utility. Studies with [RuzCl.{{+)-diop};] and
{Ru.Cl.{(-}-diop};] continue and these camplexes have been found to be catalysts
for the asympetric transfer hydrogenation of prochiral unsaturated acids or
esters by alcochols, glving typical values of ea. 15% optical purity for the
acids and ez. 5% for the esters [196]:

RR'CHOH + R'GH=C(R" YOO, ————w-FR'C=0 + R'CHLH(R™ JCO,R™

The camplexes [RUCL,(PMe;),) and [Ru(PMe;)z{C0),Cl,] are both catalysts for the
hydrogenation of dec-l-ene in the presence of Me,NH.HBH; and_a.lcohol; the latter
complex is the better catalyst {197]7.

In an interesting series of papers {198-200], water—soluble analcgues of
several triphenylphosphine complexes of ruthenium(il) (see also Section 2.8.6.5)
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hiave been prepared using the salt Naf{S03:-3-CsH¢)PPhy] (NalLl), including
Na; {RuL.z(C0)2C1:] and Na,[RuL.Cl,]: the latter camplex was shown to catalyse
the aquecus phase hydrogenation of trans—-MeCH=CH{COzH) and of MNeC(O)XCO.H.

The complex [(CO);ClRulu-AsMe,},RuC1(CO);] has been prepared by treating
{Ru3;(CO)y; ] with AsMe,Cl in petroleum ether (201].

2.8.6.2 Compleres containing oxygen donor ligands
The molecular structure of [Ru(QCMe)(CQ)(PMePho);]{PFs] (26) has been

Ph\
- L N N
o a' b L c
CH, C/ \Hu/ a = §.241 nm PPh, \
N N b = 0.231 pm FaC 0 l c
o] ~ Ph
l =~ C\/ \R // ~~.\\C/’
u
co

(26; L = PileaPh) (277 Pph3

reported [202], Treatment of [RuH(PMe.Ph)s;]IPF¢] with CO. in an ethanolic
solution of MiMe. yields [Ru(Q.CNMe:}(PMe:Ph)q}[PFs), which was also structurally
characterised and, like (26), shown to possess Ru-P bonds trans to oxygen which
are significantly sheorter {2t 0.228 nm) than those of the mutually trans phosphines
{at 0.241 nm) [203].

The camplexes [RuH{QCCF;){C0){EPh;y):] and [Ru{0Q;CCF;}z(CO)(FPh;)2] Teact
with alkynes, with terminal or internal C=C linkages, to give oligamerisation or
hydrogenation products, respectively, along with vinyl complexes. Thus:

{RUH(0,CCF 3 }(C0) (PPhj ) 1=22= e [Ru{C(Ph )=CHPh } {O,CCF ) (COY (PPh3 )2 )
CF3COzH CF,CazH
ES
BCHO RCH2OH [R{02CCF3)2(COY(PPh3 )2 ]

+ eis—(H{Ph)=CH({Ph)

With phenylethyne, the initial product is [Ru{C=CPh})(0,CCF;)(CO)(PPh;)»], which
rezcts with a further mole of PhC=CH to give [Ru{C.HPh,){0.CCF,}{COYPPh,).]
¢27) [(20a}.

2.8.6.3 Complexaes with nitrogen donor ligands
Treatment of [NEt,][RuCl.(NCR).l (R = CeH.,-2-Me) with PMePh, yvields
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{RUCL2(NCR)}2(PMePh; )21 {151, whereas [RuHCI(PPh;};] reacts with Li[N{SiMe;}s]
in thf to yield the red, monameric and diamagnetic compound, [RuH{N(SiMe:)>}(PPh3).],
which is air-stable and soluble in hydrocarbons. On heating, however, this latter

camplex eliminates NH{SiMe;): [205].
Two complexes of tris(2-pyridyl)phosphine, [Ru{P(py):};HC1] ¢28) or

\RU/H P\lu/a
LI N
cl p_"

(28) (29)

P

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

isomers [206).

2.8.8.4 Isonitrile and dithiomethylester complexzes

The complexes [RuX,((NCgH,~4-Me),L.] (X = C} or Br:; L = AsPh,;R, AsPh, or
StPhjy; R = Me, Et or Pr) have been reported [108,207). UV irradiation of
[RUC1. ((NCMe3}2(PPh3);] brings about an isamerisation reaction; the-composition
of the photo-stationary state was found to be wavelength dependent [208]:

p p
c1\H!u/_cm N c1_‘\R!u/.c1
e | ~a nuc/l S awm

P p

The molecular siructures of the interesting nz—dithicmethylester complexes
TRU(n”~CS,Me }{CO) {CNCH:~4-Me } (PPh3),1[C10,] (30) and
[Ru(n?-Cs,Me)(C0)2(PPh3),][C10,] (31) have been determined f200].

2.8.8.5 Hydrida eompleras

The molecular structure of eis-(RuB,(dppe).].C¢He has been determined {r(Rub) =
0.158(15) nm} and a novel synthetic route to [RuH,L,] (L = DPh,, FPh,Me, PPhMe.
or idppe) reported {210]:

[fhi<n“—cod)(n5—cotr)]-i__—ﬁ-§g-[mﬁizh}
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[ Me | + [ ]
PPh, /5 PPhy
ocC | C ocC I S
\\ R _/ 1 \"R - 7
u
RNC I = ocC I C\
PPh i PPhy S—Me
(30> 3L

[RuH,{PPh1). ] reacts with a variety of ¥-, 5- or O- donor ligands {e.g. biny,
1,2-CeHo{MN) 2, pv—-2-0H, quin-B-OH, py—2-NHz, py-2-SH, 1,2-CcH.{NH;);, NH,—2-C;H.SH,
NH,- 2 CHOH, 1,2 0CH. (OHY:, 1,3 CH.((H): or 1,4~-CgHu((H)2} 1o give, #nter alia,
{RuH, (PPh; ), (bipy)], [RuH,(PPh,);{1,2-CeHu(CN)2}], [RuH(PPh;),(L-L"}] (I-L'H =
quin-8-0H, py-2-0H or py-2-NH:)}, {Ru(PPhi)}i{i~L')2] (I~L'H = quin-8-Ci, py-2-Qd

or NHp—2-CeHyQH), [Au(PPhi)i{L-L)] or [Bu{PPh,)(COXIL~L}] (HL-LH = 1,2-CsH,(NH:)2),
[RuH(PPh,)2(I-L' )] {(L-L'H = HO-3-CgH.OH or HO-2-C¢H,0H) or

[RusHs (FPhs Yo (1,4-CeHuQ2Y3] [211). Moreover, the full details of the reactions of

THRYWY T on 11T A ey amiein TDGITW A ST % 3 ST = AT e Daa fr.rr_ s/ sy T
BNCG (R = Celly-4-Ne) with |RuX{CO){FFhi1)1j {X = Cl or Br}, (RH{CC{PPh,y),) or

[RuH,{PPh;).]} to give the formamide, ureylene or formamidinate complexes reported
last year {1; p. 58] have now appeared {212].

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

Me ¢

CH,PPh, K / /)

] p—"") N/
Me 0 7 CHZPth \/ Ci
H P
{32; (4R,SR)-(-)-diop} {33; p-p = (323}

structure of [RuHCl(diop).] ¢33), which has now been crystallographically
demnstrated to possess a trars configuration [21371. (33) was originally assigned
a eis geametry on the basis of ¥P and 'H NMR spectroscopic studies; this assign-
ment was incorrect as the doublet of triplets cbserved arose, not fram the cis
configuration, but from the deceptively simple AA*BB'X spin system of the

trane 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 intemediate that, in
the rate-determiniang step, subsequently reacts with H: to give the saturated
product and regenerate the compound (33): a diop ligand dissociates to allow the
initial alkene coordination [(214,215].

Sa:ne interesting dimeric complexes have been reported this year. Thus,
treatnent of [Ru;(u-CH, }2{PMe3)s] with H; (3 atm) in petroleum ether gives
{Ru Ha. (1—HJ2(PMes)s} ¢(34) quantitatively. This complex will react with cre

PM93

Mea P PMeq

r{RuRu) = 0.2811 nm

(34)

equivalent of H[BF,l in thf to give [Ru.{u-H} {PMe:)s][BF.] {r{RuRu) = 0.2540 nm}
(ef. (25); Section 2.8.6.1) [218]. {Ruz(OZCIIe)qCI}n reacts with Na/Hg in thf,
in the presence of DMe; and H, (3 atm), to give cis-{RuH;(PMe;):]1; the latter
camplex reacts with an excess of water in thf at 60 C to give
[Buaz (OH) 2 { u—OH): (PMe; )], which is presumed to have a structure znalogous to
¢32) [216]. ([RuaH.(L-Cl):(PPh,;)e}, which also is presumed to have a structure
similar to ¢(34), has been brepared by the unusual method of treating [RuH:(PPhsz).]
with Si,Cl,Phg in benZene, in the presence of MEts;. {RuzH2{p-Cl)z2(PPhs)s] is
different, chemically and spectroscopically, from [Ru(PPh;) HCl].solvate, and
undergoes spontaneogus decamosition in benzene or thf to give H: and a compound
analysing as {Fh.l(PPha)aClix {ef. Section 2.2) [217]. It is notable that the
last cccasion when {Rl.l(PPhs)sCl}x was claimed [218], the material turned out to
be [Ru(PPh;);HC1].

In an interesting ins&rtion reaction, [RuHC1{CO}(FPh;);] reacts with RCH=CHR'
{= CH{CO:Me)}=CH(CO.Me) or CH,=CH-2-py} to give the compounds
{RUCL(COI(RCH-CHoR' ){PPh3)2], in which the alkyl residue is bidentate, coordinated
through the u-alkyl bond and also vig R' [219]. With CHp=CH(CN), however,
[(Ph;P)2(0C)Ru{CH(Me ) (CN) H1—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{PPh,;);] reported to induce the isomerisation
of ¥-allylamides to give aliphatic enamides [2211]:

NHCOMe NHCOMe
e.g. N - R
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JRUHCL(CO){PPh;)3;]} is a good homogeneous catalyst for the selective hydrogenation
of a,B-unsaturated ketones, forming saturated Ketones under mild conditions [:93];
both [RUHCI(CO)(FPhj}3:) and [RUHC1{PPh;};] are effective catalysts for the
hydrogenation of various aldehydes and ketones [194]. Water soluble analopues

of several of these PPh; camplexes have been prepared using the salc
Na[(S0,-3-C:H.)PPh,], NalL], including Na,[RuHC1{CO):L.], Na;[RuHC1{CO}L,],

Na, [RuH(0,(3e)L.;] and Na,;{RuHC1L,] [198]; [RuH(0,CMe)L;}>” has been damnstrated
to catalyse the agueous phase hydrogenation of zrans—MeCH=CH(CO,H) [199] and of
MeC(Q)COH {200]}.

2.8.6.8 Cyelaruthenated complexes
The novel complexes K{Ruf{CgH. )PPh: }(PPhj)2H2].E1,0.Ciy He and
K2 [Rua(PPh; )2{PPh,3}:H,].2diglyne are active catalysts for the mild, homogeneous
catalytic hydrogenation of aliphatic carboxylic acid esters to alcohols f222] or
of polycyclic arcmatics (e.g. anthracene —e-1,2,3,4-tetrshydroanthracene) [223].
Treatment of trans—[RuClz(PMe;).] with Li[({CH.)}.PMe.] vields the novel
camplex (35) and the interesting by-product ¢36) [186]. Full details of the

PMes PMe3
H,C | CH cl I PMe
z Z
~ \ -
\Ru< /PMez Ru ct
Me, P I CH2 ME3P | CHZ PME3
FMeq PMe
(35 (36) -

chemical reduction of [Ru(PPhi)};Cl:] with Na or Mg amalgam, to give
[RuH{CsH.PPh; )(}eCN) (PPhs )2 ], have now been published [224] {ef. the product
claimed from the electrochemicel reduction, [Ru{MeCN)(PPh;).(n-MeC)] [225]%.
Cole-Hamilton and Wilkinson contend that the products from the chemical and
electrochemical reduction are identical and should be fornmlated as
[RuH(CH,PPh, )(MeCN}(FPh;),] [224], whereas the original workers maintain that
the producis are not the same, and that the product of the electrochemical
reduction is correctly farmulated as a ruthenium(0) complex [226]. The
complexes [RUH(CsH.PPh,){Dy)(FPh3)>2} and [RuH(CeH.PPh:)(bipy)(FPh3;}] have also
been reported and characterised [224].

2.8.7 Organometallis eompounds

Whilst organometallic chemistry is strictly outside the scope of this review,
note is made here of a few papers of perticular relevance to coordination chemists.
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A new facile route to {Ru{ep):] has been described {227], and oligamers of
ruthenocene (37; n = 2, 3 or 4) bave been prepared in low yield [228]. The

- .
@rt
F’Phg
QcC Me
}_iu l o}

~Ru«— ff+/ 122.8°

{ 1/ l 0
)
S
T o (38)

complex {(nS-CoMeg YRu(u-HY, (u~Cl3Ru(n®-CeMee YJC1 has been shown to be an

efficient hamcgenecus hydrogenation catalyst under mild conditions, converting
alkenes to alkanes, arenes to cvclohexanes, styrene to ethylcyclohexane and

aryl ketones to cyclohexyl ketones [228], whereas [(n®-CgMeg )Ru{p—OH) Ru{n®-CeMeg)]”

catalyses the disproporticnation of ethanal to ethanoic zcid and ethanoi [230].

The crystal structure of [Ru{cp){C0).{CO¥Hz)] has been reported [231]. Treatment

AT [y Yda \T_'l r'\( = 3 By o~y T- I, = DA _ Dl o~ Aedis T Y aiedl. T.7 {\' 1 = MM
AL AL\ F FAA L JAF g oLy AL WA Ly ST AT O ASSFEZ oY/ WATH 4 s,

various phosphines or AsMe,Ph} has been shown to yield [Ru{CO)X(COMe)L,L' ;¢
formation of the acetyl group involves an intramoiecular rearrangement {_232].
{RU(CO)>2¢(PPh1);] reacts with MeHgl to give {Ru{CO)Y(PPh,),I{n?-C(0)CH,}] (3%
which, in solution, is predominantly in the form [Ru{CO).(PPh;)I{Me)] [233]}.
{38) has been structurally characterised, together with its analogue

[Ru{CO) (FPh3):I1{n2-C(O)CgH,—a-t23]) [233].

The compounds {Ru{cp)(dppe)L}iPF;] (I = alkene, CO, py or MeW) have been
prepared by the treatment of [Ru{cp){dope)Cl] with L and [18i,]{PFs] in MeCH at
20 °C; treatment of [Ru{cp){dppe)Cl] with Li{AlH,] or LiMe gave [Bu(cp){dppe)H]
or [Ru(cp){dppelMe], respectively [234]. Some reactions of [Ru{cp)(PPh;).Cl]

and [Ru{cp)(C0)2Cl] are swmarised in Scheme ITI [235].

2.8.8 Trichlorosilyl derivatives

L TV R -

[l.l.l.)k.l.u.l.t: UL .l'lm L ICIIL
temperatures to giw

P R = - o ot

s H b eg)(C 3{5iC1l1)2] in good ylelci. Mer—;_tu.lguu);t,fynguan,l 321

(‘tm“‘

reflux to give [Ru(C
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[Ru(cp) (FPh; )2C1] —Ees o TPl | 1o cepy(pph, o (¥ ) PR )
dppe;
toluene iﬁifxene w (Ru(cp)(PMe,; ) :C1]
{Ru(ep)(dppe)Cl ]
[ro][prel; X ;
Me ,CO EtOH SnCl,
[Ru{cp}(PMe. ) (NOX1TPFe ]2 [Rucp)(PMe; )2(SnC1,)]
_ 1
(Ru(ep)(Phes ).LIIPFe Jo 226l o (Ruccp)(Mes ) x]
£X = Br, I or [SCN])
co;
MeOH
L
{eFel”
r
[Ru(cp)(CO)Y2C1] Phies [Ru(ep)(PMe,),(C0 1"
{Ru(cp)(CO) 11 s e [Ru(cp)(PNes)(CO) 1" + [Rulep)(PHe,)2(CO)1™

SCHEME III: Same reactions of [Ru(ep){PR,).Cl] and [Ru{cp}(CO),Ci] [235].

will not react with further quantities of PPhs, even at 80 °C, but will react
with P(OMe); to yield [Ru(CO) (PPh,){P(OMe),}(SiCl,),) [236). If, during the
synthesis of e¢is—[Ru(C0).(SiCl,)2], a shorter irradiation time is used, cis—
TR{CO},H(SiCl:3}] (air-sensitive; m.p. 22-23 °C) is formed, which will also
react with PPh; to give mer—[Ru{CO);{PPn;)}H(5iCl;}] [236]. Substitution
reactions of these camplexes occurs trans to 5iCli in all cases, as this ligand
has a greater frans labilising effect than either CO or hydride. This property
has been used to prepare a wide range of [Ru(CO);(PR;)(8iCi;);] and
[Ru{CO):{PR;)2{5iCL;).] phosphine camplexes {237]. Cis—{RU(CO),{(SiCl;),] will
also react with bidentate ligands, I~L {L-L = MeS{(H,).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 CG groups trams to the two 8iCl: groups, yieldipg trans,
eis,ets—-{Ru{C0) 2 (L-L)}{SiCl1)>1: the complexes [(Cl.8i)»(0C)sRu{u-L-L)Ru1(CO);{5iCl;),]
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{L-L = dppm, dppe or €pae) were also isolated in this swudy (238]3.
2.8.3% Hydrides

The salts A;RuHg (A = Ca, Sr, Fu or ¥Yb) have been characterised by **Ru
Mossbauer spectroscopy at 4.2 K and shown to contain low-spin ruthenium{I1) [23s].

2.9 RUTHENIUM(I)

The well known reaction [240]}:

R3P C1 PR, co co
R,P I c1 | PR
oc \rm/-—-—-_-\m/ co X2 . ~a” m” 3
- ul (X = CL, Br or D» -
/ \ / \ oc l ~Na”” | oo
ocC C1 co X X

has been reinvestigated [241], using P(CMe,)s instead of the P{CMe;);(Ar} (Ar
various aryl groups, ¢.g. CsHy—4-Me) ligands used originally, giving {not
surprisingly) similar products. The complexes [Ruz(COY.{u-X)2{P(Che;);l2] (X
Cl, Br or I) have also been mrepared [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
{Ru>(C0O). (L-02CR}2(PR1)2] (e.g. [Ru,{CO).(0:CMe) {P(CMe;),(CeHuMe)) 1 [240])
have alsc been prepared by treating {Ru;(C0);: § with P(CMe;); and RCO,H (R = H,
Me, Et, Pr or CiyHas ) [243]. The camplex [Ru2(CO).(p-T)2{P(CHe;).H}2] has been
prepared by the reaction of [Ruz(CO)eIs{u-I);] with P(CMes); in 2-methoxyethanol
{244]; treatment of "RuCl;.xH,0" with CO, Nal and P{CMe;}; in 2-methoxyethangl
vielded only the ruthenium{II) conmplex [(MeyC)PHI[Ru Y. (1-T)2(C0O)z {P(CMe;)H}2]
[244]-.

Some interesting new chemistry has been reporied by Wilkinson and coworkers.
Thus, treatment of {Emzcozcue) 401 }n with Mg(CeHy—-2-0Me); in the presence of PMe,,
followed by treatment with [CPh;]{BF,} in thf, yields [(Me;P).C1RuRuCl(PMe;).]
[189]. Treatment of {Ruz{p-CH;};(PMe;)s] with water in thf yields the unusual
complex {{(Me,P);Ru{p—CH}(p-H)Ru(PMe;);) [216]. Each of these campounds
represents a new tvpe of complex.

The VT UV-VIS and IR spectra of [Ru,{cp)»{CO).] have been reported [245], ana
the details are in accord with the tesperature dependent egyilibria established
by Manning {296]:

1t



121

{(ep)(COIRU(U-CO),R(CO) (cp) ] === {(cp}CO) 2 Ru-Ru(CO)2(cp)]
(bridged iscmers) {non-bhridged isomers)

The g+g* transition associated with the Ru-Ru bond was identified at 37735 cm *
in the bridged isomers, and at 30305 can ! in the non-bridged isomers. Irradiation
of the isameric mixture in CCl, yielded [Ru(ep)(C0},C1] as the sole carbonyl-
containing product, illustrating the efficient cleavage of the Ru-Fu bond {even
in the presence of bridging carbonyl groups) {2453, {Ru.(cp):z(CO).] reacts
with P{OR), (R = Me, Et or Bu) to give [Bu(cp)(CO):R], whereas with PPr; it
yields a mixture of {Ru,(cp)2(CO);(PPri)] and {Ru(cp)(CO)(PPr;)Cl]. The chloride
in this last complex is derived from (H,Cl,, and the precursor is believed to
be [Ru(cp)(COY(FPri)H] [247]. Treatment of {Ru,(CO)p ) with AsNe,R (R = H or
MMez) in CcHe vields [{CO).Ru(p-AsMe, ) Ru{C0);] {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 OMs=)}

The rate determining step involves the dissociation of CO to generate [Ru{CO).]J.
The oxidation of [Ru(CO)s) by I, to give cis-[Ru(CO}.1.] and CO, proceeds by
straightforward oxidative elimination reaction {248]. A report on the photo-
activation of {Ru(CO)n(PPha)s_n] {(n =5, 4 or 3) towards the isomerisation,
hydropenation and hydrosilylation of pent—l-ene has appeared {249].
{Ru.(u~CH,}5(PMes )¢ ] reacts with €O (5 aikm) at 60 "C to give rans—[Ru{CO);{PMe;)z},
and this product has been characierised crystallographically [4R].

Trars—-{Ru(CO) 3{PPhi)>] reacts with a saturated solution of S0, in benzene/
heptane to give (R!J(CO)z(nz—g)z:mz)(PPh3}z} (39); the structure of (39) was

‘0
S

/ \0-\25nm

O
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determined at -60 "C [250].

Full details are now available of the preparaticn and isolation of the red
paramagnetic ruthenium{0} complex [Ru(MeCN).(FPh,;):], as well as of
(Ru{MeN);(PPhy}2] and [R(MeCN)}(PPh;).} [224]. [Ruf{P{(OMe),}s] has been shown
to underge an interesting isomerisation at 150 °C to give
[{(Mc0):P}.Ru(ife) {P(0)(Oe)> }]: both isomers react with Mel to yield
[Ru{P(OMe);}sMelT [251].

Canplexes of the ¢rans—spanning bidentate phosphine ligand 2,11-bis(diphenyl-
phosphinomethyl Ybenzo{e Jphenanthrene ¢40), of fornmlation [Ru(CO);(I-L)], have

OO Cngphz
QQ CH,PPh,

(40}

been prepared by the photaochemical reaction of ¢40) with [Ru(CO)3{cot)]: the
camlex [Ru{CO);(Ph;PCH,Ph).] was also prepared by treatiag [RuClz(C_,Hs)}?l with
hydrazine hydrate and Ph,PCH.Ph in ethanoi under CO. Both complexes [RulCO):{L-L)]
{I-L=¢40)} and [Ru{CO):(Ph,PCH,Ph}:] were characterised by 'H and *P NMR and
IR spectroscopy [252].

Ruthenium{0)} isonitrile camplexes have been prepared according to [253):

Na/Hg; th

e [Au(NGMe 3 )5 ] —ER2 e [ (CNCUEs )o (PPh3) ]

{41) {42)

trarns—{RuCl ; (QNCHe3 )y ]

{42y, and the iron analogue of ¢41), have been crystallographically characterised;
¢a2) bhas a structure based on a triponal bipyramid, with linear axial CNR ligands
but with the equatorial isonitrile group being bent (CRR = 130°) [253].
[EJ(CO)Z(PPh;,)z(NZR)] {R = CsCl,, CsPry,, -9-filuorene or -9-(2,7-Br.—fluorene)}
were prepared by treatment of [Ru(CO0),(FPh,).{C,H,)] with the appropriate diazo
derivative; [Ru{CO),{PPh.)};{N,CsCl,)i.CH,Cl, (43) was structurally characterised.
All of these complexes show a v(NN) stretching frequency at cgq. 1500 r.:m_l,
strongly suggesting that they all involve n?-coordination of the diazo group
f254}. The 1,4-diazabutadiene ligands, R-N=CHCH=N-R (dad; R = (Me,, CHMs, or
cych), react with [Ruz(CO)p } 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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¢44). Treatment of [Fe{C0);{dad}) with [Ru;{CO}r ] yields an isameric mixture

of [RuFe{C0)s(dad)]; one complex with the Ru receiving the m-donation fram the

dad lipand, the other with the iron accepting it. [Ru;(COYs(dad)] reacts with
R

\N_.---‘""

| A

(CO)3 Ry k;__,\_]’ Ru{CO);

(a4}

N—R
Ll SN S
(CO);Ry ~N Ru(CO), (cmz\n'u‘// ™~ Ru(CO);
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 CC bond, forming [Ru:{C0).(dad);] (47); the dad (R = CHMe;) camplex has
been crystallographically characterised [255,256)].
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2,11 RUTHENIRM-IT}

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

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

The structure of Ru,B; has been described in termms of the swella quadranguia
building unit [238], and the magnetic behaviour of MRu;B, (2 = lanthanide)
materials has been studied fram 1.8-1100 K [258}.

2.13 RUTHENIUM CARBONYI. CLUSTERS

This year has seen many exciting advances in ruthenium cluster chemistry.
High-yield synthetic routes have been developed for ruthesium 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!) 4 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 atams are represented
by a solid circle (@) within a predaminantly ruthenium cluster — only hetero—
atoms are marked by their chemical symbols., The mmber of terminal carbonyl
groups on each metal atam 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 bydride
is found, no direct metal-metal bond is indicated (for the rationmale 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

2
NO
4 3
o
a a3 \
H ]
4 4 N NO
O
[RU3(CO) 12 ] [Ru3(CO) ;4 (NOY 2]
a3 3
H H H
H—N 3 = a
3
H ak—H 3
3
H
[H. Ruy (COY 12 ]
3
T
C H H
< CCH,
3 3 =
-~H a 3
H H
3 H

{HaRua1(CO)g(CMa) ]

Fig. 2: Some representations of well-lkmown cluster complexes according to the
abbreviated structural formalisn 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 trancgition metal clusters [260]. It contains chapters
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dealing with the structure of metal cluster compounds {251], the bonding within
clusters [262], cubane structures [263], thermochemical estimation of metal-recal
bond enthaipy 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 distributicon 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 fluxicnal behaviour in binary carbonyl
clusters has appeared. The model is based on the abservation that carbonyl
ligands pack in space so as to minimise non-bonded interactions, and the
assumption that the structure of {Mm(COJn] clusters is merely a reflection of

the insertion of an um polyhedron within the (CO)?z polyhedron. This model has
come in for some criticism [e.g. 271), but this latest article [269] discusses
nost 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 guantitative
procedure for indirectly locating hydride ligends bound to transition metal
clusters, and has been tested against a series of camplexes in which the hydrides
have been directly located by 2 combination of X-tay and neutron diffraction
studies. The method was then applied to a number of structures where gqualitative
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 atility of the technique.

As last year, papers dealing solely with organametallic chemistry have been
excluded from this Section,

2.13.1 Trimeric clusters

Another autoclave synthesis for the preparation of [Ru;{C0QY,2 ] has been
reported [273]. Y0 MR studies upon [Ru;(COY ] {enriched with 7% C V0 by
exchange) show a single rescnance at roam temperature: the narrow line—width
ohserved (ea. 22 Hz) is very encouraging for further studies [274]. Two
additional reports of the UVPES spectra of [Ru;(CO)p ] have appeared [275,2761,
which add little to results reported last year [1; pp. €0,71]. 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: hesting af the material to 470 K (0.1t of O.) canses the
desorption ang possible oxidation of the cluster [277]. The high resolution IR
and Haman spectra of [Etunoss_n(CO)lz] (n =0, 1, 2 or 3) have been reported [278],
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as have similar studies upon ’CO enriched samples of [Ru,(CO); ] and [085(C0O) ). ]
{278,279). The IR spectrum of [Ru;{C0):. ] has alsc been conpared with data for
CO adsorbed onto Ru{001) [280].
The activation energy for the thermal decamposition of [Ru;(C0),;] at 130 °c
is reported [281,282] to have the ludicrously low value of 41 kJ ) {ef. il
for ™CO exchange, with the rate-detemmining step of [Ru,(CC), |==—+
[B25(C0) . § + CO, is 133 kJ mol™* [283]; B ono(i argon) = 374 kJ mol”
[284]}. The reported value is remarkably similar to the enthalpy of melting
(43.5 kJ mol™ ! at 155 °C [284]) of [Ru;(CO)y J, however! [Ru,(CO):2] has been
produced by electrochemical or alkali-metal reduction of the parent cluster,
and characterised by EPR spectroscopy [285]. The catalytic properties of
{Ru;(COY:» 1 are discussed together with those of [0s,(C0) ] in Section 3.9.1.
[Ru;(CO} . ], in basic conditions, catalyses the hydroformylation [286] and
aminomethylation [287] of alkenes: species such as [HRu(CO)s) , [H:Bma{CO)gJ™
and [HAw;(CO);; 1™ have been postulated as important cataiytic intermediates. The
last species, morecveY, has sSeen an exciting development in its chemistry. Thus,
{HRu;¢CO);; ]~ ¢48) has been prepared in high yield by the tremtment of [Ru;(CO)p 1

i

4 - 4 4
A
[T} H —_— H
3 3 3 3 3/\4

C

8 i H
O\H

(48) £49) {50)

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

{N(PPh;):] {HRu1(COY 1y ] has been crystallographically characterised, and VI' PC
NMR studies have shown the anion to be fluxional in sclution at rooan temperature
(288]. <¢4e) is also generated by the treatment of {Ru.{CO)yp ] with LifHBECL,}

in thf [289]. Protonation of [HRu;{CO);; ] with HSO,CF, at —-60 "C in CD,Cl,
vields the 0-protonated complex (49), as indicated by 'H NMR spectroscopy. Upon
varming, ¢49) is irreversibly converted into the previously unobserved isamer,
(50), which itself deconposes above —30 “C to give H, and [Ru;(CO);z ] (with smll
amounts of {(H,Ru,{CO)y ) and [H,Ru.,(CO):; 13 1290}, This behaviour is to be
contrasted with the equally interesting behaviour of (48) towards room temperature
protonation with concentrated H,S50., 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 &mf at 100 °C [291]:
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CoH, +CO + H, =222 o CH.CH,CHO  (74%)

CH,(H=CH, + CO + H, —38) o on on,CH,CHO (60%)

+

(CH;).CECHO {3%)

In a related reaction, Na[HRu;{CO);; ] was treated with [Me;0]{BF.] in
ethanenitrile, and shown to yield {HRu 3 (CO) 3 (COCH3)] ¢51), which has been

Me
4
?/
H C
3 3
C
g 3 - 3
“Me H H
3
(5L (52

crystallographically characterised and its solution fluxionality studied by VI
B0 ME spectrascopy [292]. (51) has also been prepared by methylation of (48)
with MeS0;F and shown to undergo hydrogenation under mild conditions [293]:

[u3(C0) 12 ]~ (13 (CO) 1y J-E2502E e (15 (CO) 10 (COCHS )]
483 {51)

MeOlle H»

€O/Ha €1:1) [Hsms(co)g(can'e)]
{52

(52), itself, has an interesting chamistry and this is sumarised in Scheme IV
(294]}.

Treatment of NalHRu;{CO),; ] with [NOJ[PF:] vields [HRu,(CO); (NO)T (53),
which reacts with P(OMe}: to give [HPn;{(CO)7(NO}P(OMe);}:] ¢54). (53) is also
formed in the reaction between [HaRuu(CO}1s ] and [NOI{PFe] in MeCMN. Treatment
of (53) with PPh; vields [HRu,{CO)4{NO){PPh,}], [HRu:{CO)s(NOY{PPh;).] and
[HRua (CO) 7 (NO)(PPh3 }3]. A determination of the molecular structure of (54) showed
all the phosphite ligands to be essentizlly equatorial; the nature of this
camplex has been studied by VT ¥*C NMR spectroscopy [295]. The crystal structure
of [Ru,;(C0O),; (FPh;)] has revealed the FFh, group to be in the expected eguatorial
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{H3Ru;(C0O) 9 (1;—COBL)] [H3Ru3 (COYe (u-—CH}]
{ i
base;
C+0H BuiSnH

(H;Ru, (COYs (113-C0Me)] —EE2—am (MR, (CO) o (n13-CK) ) 5z [H3RU, (CO) 5 (u,—CCoHLR) ]

(X 2, PhR
{52) or Br) {R = H or Me)
alC1;
bage;
NHEt MeOH
] }
[HRu3(CO) 50 (H2—CHEL,) ] [H3Ru3 (CO)Y o {u3-CCO2Me) ]

SCHEME IV: The synthesis and reactions of [HaRu,{(CO)s{n;-C¥)]} (Y = OMe, QEt, Cl,
Br, COzMe, H, Ph or CeH,—4-Me) [294].

position, but the arguments presented concerning possible isomerism are not
definitive [2986].

[Ru1(COY ;2 ] does not react with En (E =5, Se or Te) in propanone at reflux,
but under CO/Hz (35 atm; 1:1) [Ru3{CO)sEz] and [H Rua(CO)E] are formed [297].
The structures of [H;Rui{CO);E]l ¢s55) are believed similar to that reported last

léfﬂ
3 3 ’/C==0

NMe,

{55) {56)

year for [H:0sa(C0)sS] {i; p.72]. Complexes desecribed as [ (u-H):Ru,(COYe{14y-E) ]
(E = 8, Se or Te) have been reported previcusly {298], but their IR spectra are
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not consistent (i{.e. they have fewer bands) with the spectra reported in the
recent paper [297]. Moreover, the earlier report [298] stated that [H:Ru;(CO)sS]
is paramagnetic, containing two unpaired elecirons per molecule — a very
interesting phencmenon, if correct. (HaBu,{CO)=5]1, (55: E = §), reacts with
K{BH(OCHMe:, }1] at —60 °C to give a formyl derivative (cf. Section 3.9.1), which
(upon warming) yields {HRu;(CO)sS]™, which itself reacts with acid to regenerate
{HaRu,{CO},S] [299].

[Ru;(CO); ] reacts with Me:NH to give [HRu,(C0)i (O=CNMe:}] ¢56), which has
been structurally characterised, and the bridging hydride located [300]. 1In
(563, the v{Ru.H) stretching mode occurs at 1400 an ! anq for its deuterated
analogue, v(Ru,D) is at 990 am * {300]. [Rus(CO); ] reacts with Me,NCH,SiMes
or Mo NCH,SnMe; to yield [HRu;{CO)s (C=NMe:}] and, with the letter reagent, some
[Ru(CO).(SnMe;)2] was identified as a by-product [3011.

In addition to the well-known product {(cp):Ruz(C0).] (ef. Section 2.8), the
reaction of [Rui{CO}2 ] with cyclopentadiene has also been shown to yield the
interesting eclipsed linear complex [{(cp)Ru(CO)2}Ru(CO).{Ru(cp)(CO)>}] {r(Ruku)
(Q.2889 mm}, containing mutually trans cyclopentadienyl rings, as illustrated in
(573 [302].

I

co co
| co I co ce
yd yd
Ru Ru U
& co co
co co

2.13.2 Tetrameric clusters

A high yield synthetic route to [Ru.(CO};1 ]2" and [Ru,(CO):2 ]“"', via the
controlled reduction of [Rui(C0) 1z 1 with K[Ph.00], has been develcped [303):

4[Ru3(CO)2z 1 + 6K{PhCO] — = 3K,{Ru,(COY)z ] + 90O + 6PhCO
4[Ru5(CO) 1z ] + 1ZKIPh,CO} —— 3K (AU, (COY12 ] + 12CO + 12Ph,CO

These anions were isolated as their [N(PPh;),]" salts. The pK_ values for
[HeRu,(CO) gz J (11.7) and [H,Ru,(CO)Y;3 ] (14.7) have been measured for the first
time [304].
Treatment of [Rua(CO)p 1 with [N(PPh,;);]C1 in thf at reflux has yielded
crystals of [N{(FPh:)2]}{Ru.(C0):2Cl], suitable for crystallographic characterisation:
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the Li* and [MEt;Bz]}* salts of [Ru.{CQ):;3CLl]~ (58) were also prepared [305].

— —

Ct -

(58>

Treatment of [H.Ru,{CO):z ] with dppe, in the presence of Me,;NO, ieads to the
formation of [H,Ru.{COY: (dppe}] ¢59) in good vield; the compound was
characterised crystallographically and aill the hydride ligands were located.
Upon heating, (59) rearranges to give the already known and crystallographically

3 3
H P _
2 P 1 P
H H
H H &
3 2 3 3
H H—"'p

(59) [4:10)]

charocterised isomer (603y. ¢59) is fluxional in solution, and has been studied
by VI 'H NMR spectroscopy [306]). [H.Ru,(C0O),,] also reacts with L (L = P{OMe);
or PPhy) under UV irradiation to produce [H.Bu,(CO); L), and with alkenes
(depending on conditions) to cause photocatalytic hydrogenation or isomerisation
{307). The compounds [H4m4<00)12_n{p(0m)3}n] (n =1, 2 or 4) catalyse the
isomerisation and hydrogenation of dimethyliumarate [308], [H 4R, (CO), 2_n(pas)r:]
(R = Ph, Bu, OBt or OPh; n = 1, 2 or 3} catalyse the hydrogenation of pent—i-yne
and pent-2-yne [308], and [H,Ru1.,{CO)s(PBu,).] catalyses the hydrogenation of
HCO;H {R = (Ha(CHz)n; n = 0-5}, (Ry;CO);0 (R = Me or Pr) and several dicarboxylic
acids to the corresponding alcchols, RCH,OH, at 100-200 °C (100-200 atm of H,)
i310}.
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2.13.3 Feromerie clusters

This year's key development has been ithe 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 sumarised in Scheme V [311,312].

KOH -
{Ru;(CO} 2z ] eOR — [HR13(CO) 4 ]
add solution in thf
S50, ;
to a saturated aq. H2504;
*
KOH solution ht
!
H,S50
[Ru5(COY 10 ] e [HRu(CO) 56 ]
Hz50., Ha280,;
CH»Cl1o CH;C1,

[HaRug(COJve
SCHEME V: The syntheses of some Rug clusters [311,312].

The anions fms(coha}z“ 61y [311] and [HRug{CO): 1~ (62> [312] were characterised
erystallogaphically as their [PPhiMel” and [N(PPh3).]" salts, respactively. It

2_

(61) (62)

is of same interest to note that all the members of the series [Hz—nMe(CG)J.s]n_
(M = Ru or Cs; » =0, 1 or 2) have been structurally characterised, and no
Tithenium cluster has the same structure as its osmium analogue. The structure
of {AsPh.,]{HRUE{(COY ;s ] has alsoc been determined, by z cambination of X-ray and
neutron analysis, and the position of the interstitial hydride was directly
located {r(RuH) = 0.203-0.206 mm} [313]. This is an important result as,
although this was the proposed structure for the camplex {3141, it had recently
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been questioned [315]. Moreover, the first cbservation of the w(MH) stretching
mode for an interstitial hydride has been reported for the [NMe.])" and [asPh.]*
salts of (62), at 825 an *, and the vw(RuD) stretch in [Nie,][DRug(CO) ] has
been identified at 600 am ©. 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 fasPn.1" salt (842 and 817 cm 1): this phenomenon has been ascribed to
Fermi rascnance [316].

A high yield (~60%) synthesis of A,[RueC(COY, 1 (A = INMe.], [NEt.], [AsPh.]
or [N(PPh,);]) has been found; treatment of [Rui{C0O); } with Na[Mn(CO)s] in
diglyme at reflux for several hours produces red sclutions containing
fRusC(COY 1 )27, A 'CO enriched sample of [Ru4(CO),, 1 produced a product with
a "“C NMR spectrum confirming that the encapsulated carbide originates from a
carbonyl groun. [RugC{CO);s ]2_ can be protonated, in a stepwise manner, to give
[HRuC(CO) 15 }7 and [H2RugC(CO) s 1; mild oxidation of this anion, in the presence
of CO, vields [RucC(CO},; 1 [317]. A determination of the crystal structure of
[MMe. ]2 [RusC(COY 6 ] has revealed the structure of the anion to be that
illustrated in ¢63) [317,318].

B 2 7 B 2 T
Oc Oc

2 L 2 -

(63> (64)

In an independent study, it was discovered that treatment of [Ru;{C0O);, ] with
ethene {30 atm; 150 ey gives [Ru C{CO);;] in 70% yield. This latter camplex
reacts with [OMe]™, vZa nucleophilic attack on a CO ligand, to give
[RuCCCO) 35 (COzMe}]™, which has been isolated as its [N(PPh,};]* salt. This
anion reacts with aguecus base to form [RusC(COY. 12~ which, in this studyv, was
isolated as its [AsPh.}” and [N(PPh;),]" salts, and is protonated by sulphuric
acid (-30 °C) to give [H:Ru C(CO),s] [319]. A determmination of the crystal
structure of {AsPh,]J;[RusC(CO) ] has revealed the structure of the anion to be
that illustrated in ¢6<) (319]. (63> and ¢64) are the first examples of isameric
carbonyl cluster anions; (63y contains 3 bridging and 13 termir2l groups, and
¢64) contains 4 bridging and 12 teminal carbonyl groups. The teminal CO group
in (63), which becames the bridging group in (64),.1is already in the correct plane
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and bent towards the appropriate Ru atam, exhibiting a BuC separation of
0.2615 nm [318)]; the equivalent bond length in (64) is 0.2327 nm {318]. The two

structures probably represent similar energy minima on a flixionality profile.
2.13.¢ Mixed-metal clusters

[FeRu{CO) 2 ]: and [FeRu,(COY,2 }: have been generated by electrochemical or
alkali-metal reduction of the neutral trimers and characterised by EPR
spectroscopy (285]: rRunGES—n(m)lz‘] (n = 1 or 2) have been characterised by
high resolution vibrational spectroscopy [278]. The pX, values for [H,FeRu, (CO) i» |
(13.4) and [H,FeRu;(CO);1 ] (14.3) have been measured {304], and VT !H and Y'C
NMR studies upon [H,FeRu;{CO),; )}, [H FeRu,0s(CO) ) and [H.FeRuQs:(CO),; | have
been used to establish the fluxional behaviour of the carbonyl groups {320a].

The reactions of [H FeRu Os, (CO) ;] (» =1, 2 or 3), [HCORu3{CO) 13 ],
[H,FeRu3(CO) 1z 1.} (7. = BMe,Ph), [HFeRu;{CO);3 ]  and [CoRu3(CO};; 17 with CO (1 atm;
0-80 °C) result in cluster fragmentation to yield trimeric and monameric products,
but the fragmentation is selective [320bj:

2-g- {HzFeRu, (COY 1 ]L“"[RUKCO) iz} + [Fe(co)s) + H:
co
TH FeRu Os,_ (CO}, ] ———=[Ry,0s, (€0} ,] + [Fe(CO)s] + Hp
[HoFeRu3(CO) 12 (PMezPh)] —— 2w [FeRu,(CO) 13 (PMezPh)] + [Ru(CO)s] + Hz
[HCoR3(CO) 13 ) Teacts with Hz in hexane at reflux to give the new cluster
(H:Com1:(CO)1z 1. In solution, [H;CoRus{CO);» 1 shows two isomeric forms (as

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

3
H H H H
2
Co /Co —H
3 Co
3 3 3 3
H
{&65) {66}

been deduced from its spectroscopic characteristics {321]. [HCoRua(CO)1: ],
(HCOR220s(CO} 1: }, [HCORUOS,(CO) i ) and [HCo0s;(COY i ] (trace amcunts) were
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prepared by treating [Ib.ln()sa_n(CO)lz] (n =13, 2, 1 or 0) with K{Co(CO)s], follawed
by protonation. The reacticn between [N(FPhsz}21{Co(CO)s] and [Bus(CO}1 ], without
protonation, yielded [N(PPh,):][CoRus(C0Y,;3 ]} and analogous reactions of

[Fe Ru, (C0O),,] (n = 2 or 1) gave [N(PPh,),1[CaFe Ru,  (CO},.]I.
[N{PPh3):][CoR3{CO) 3 ] was crystallographically characterised and the structure
of the anion is illustrated in (s7) [322]}.

—

3 7] —
Me
< Asz\
1 Co—qo (CO)RU———— Mo{cp) (COJp
Co
| 3 3
(67 (68)

Treatment of [Rua{(CO}z ] with [(Me28s)M(cp)(CO);] (M = Mo or W) yields
[Ru,(CO) » {(ashe: M{ep)(CC),}], topether with (68) as by-product (M = #o) [201]).
It is of interest to note that (68) contains a donor-acceptor metal-metal bond
(see Section 3.9.4). Similar treatment of [Ru;{CO);. ] with [(Me.fs)Fe(cp){CO).l
yields [R‘ua(CO)lz_n{{AsMez)Fe(Cp}(CO)z}n] {(n =1, 2 or 3) [201]. Treatment of
[MRu . (CO) s {C=CCMes }] with PhHgX (X = Br or I) gives [Ru,(CQ)s{CaCMe;}(u-HgX}]
(69) and benzene. (69) can alsc be prepared by the reaction between

(69; R = CMe3) (70; R = CMe3)
[Ru;{CO)s{C=CMe3}]” and HgX,. Although monameric in solution, the crystal
structure of [Rus{C0).{C=0Me; 1(p-HgX)] (X = Br) reveals that it is dimeric in
the solid state, with the structure (70) [323].

2.14 HUTHENIUM NTTROSYLS AND THIGNITROSYLS

K> [Ru¢NO)}C1ls] reacts with KHF, at 350 °C to give Ka[Ru(NO)Fsl.2H,0;
BalRu{NO)YFs].H,0 was also prepared in this study [324]. [Ru(N) o1 reacts with
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nitric acid to produce, as the final product, [Ru{NO)(CN}a(Hz0):]; the intermediate
Kz {Ru(NO)(CN};] was also isolated {325]. The hydrolysis of [Ru{NO)(NO;):(H.0}.]

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

Kz, {Ru(NOY(NO; ) (CH) ] . 2H,0 onto activated charcoal hes been investigated with a
view to elimination of ruthenium fram fission products [3271.

{RU(NO}2¢PPh1 ). ] reacts with S0, to give [Ru{NO},(PPh:}.(50:)], which contains
both a linear and a bent NQ group, and is oxidised in air to give
{Ru{l0}2{PPh3)2(S50,)} [328]. The electrochemical reduction of [RuCL{NQ).(PPh,),]
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 Schame VI) {329].

[RUCI(NO)2{PPh33.1" ‘__j—:-_:=\_ fRUCI(NO) 2 ¢(PPh; )2 ]

+e

{RuCL{NO) 2(FPhs )2}  ~—ot e [RU(NO)2(PPh1)2) + [RUC12(NO}2(¥Phj),]
{stable) 1
[RuC1(NO), (PPh3),]" slow
decamposition

SCHEME VI: Electrochemical reduction of [RuCi(NO).(PPh;),;]” [320].

The complexes trans—[RuClL(NO)Y(I-L)], rans-[RuCL{NOCOY{L-L)] and trais—
[RuCI{NOY [P(OH3 } 1 Et HE-L}! {i-L = (40)} and crans-[RuCL{NO){CO){PPh, 3 Ph).]
have been preparad; the crystal structure of trars—{RuCL{NO){COMI~L}) (71)

| ™
Ph P
BaN
Ph So Ph
14z2-8°
o]
(71)

reveals the molecule to be a distorted trigonal bipyramid. The square-planar
camplex [RuCi1{NO)(I~L}] readily adds on a fifth ligand £330].
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Either contimious or pulse radiolysis of solutions of [Ru(NH,;)s(NO)}3* in the
presence of RH yields the green alkylnitrosc complexes [m(NHg)s{N(O)R}]2+ (R =
CH,CMe, O, [CH CMe NH,1*, [CH,(Me,CO.)}", (G CMe(WH)(CO7)), [CH,CMe(QH)CO,1™
or [CH,{Me)NC(OXe]), which have been characterised by UV-VIS and IR spectroscopy
[3311. Full details of the preparation and structure of the camplexes
[H{ (R)}(Et0)PO} ,C1(NO)Ru(p-C1 } ,Ru(ND)CL{OP{CEL ) (R} },;H] (R = CEt or Ph), reported
last year [1; p.61}, have now been published [332}, and the complexes trans—
[RU(NOY(S2(NR,; 32C1] (R = Me,, Etz, MeEt or MePh), trans—[Ru(NO)(S,Cide, ), (CH)1,
trans—[Ru(NO)(S2MMe; ), L]Y (L = Ha0 or MeOH), cis—[Ra(NOJ(SQWMe,),X] (X = F,

Br, T or NO, )Y, eis—[Ru(NO}{S(NR,)X] (R, = Ft, or MeEr; X = Br or I) amd cis-
and crans-[Ru{NO}(S5,MMMe;),X] (X = [Ni], [5W]1 or [NCO]) have been prepared and
characterised by UV-VIS, IR and 'H and C MMR spectroscopy [333]. The glycolic
acid complex Kz[Ru(NOY(OCHC0,),(CH)] [334] and complexes of i#-amidinothioureas
(L1IH), [Ru(NOY(LL)C1.(H.0}} [335] also have been described.

Two thionitrosyl complexes, [RU(NS)C13;L;] (L = PPh; or AsPh:)} have been prepared
this year, by treatment of *'RuCl, . =H 0" with N.S;Cl; in thf in the presence of L
{336].

2,15 PHOTOCHEMISTRY AND PHOTCPHYSICS OF THE TRIS(2,2'-BIPYRIDINEJRUTHENTRH(I1)
CATION, AND RELATED SYSTEMS

Interest in the photochemistry and photophysics of I'Ru(bipy);]z+ and icts
derivatives continues unabated and 1980 has seen some conventional views
chedlenged. An excellent short review of the field upto 1979 has been published
by Ford [124], and two summaries of the recent work of Crosby [337] and Valenty
[338] have appeared.

The emission properties of {{Ru(bipy)g]m}* and {{Em(bipy—da)3]2+}’ have been
reinvestigated, between 2 and 77 K, in H;0, D;0, dmf and perdeuterc-dmf [339],
and the quantum yieids for the emission : W the complexes {{Ru(LL)a]z"-}* {LL =
bipy, 4,4'-Ph,bipy, 4,4'-Meybipy, phen, 4,%-Phyphen, 5Llphen, 5-Brphen or
2,3,5,6-(2-py)upyrazine) have been reexamined in aqueous solution at 25 “C [340].
A superb paper describing the preparation and photeophysical properties of a wide
range of surfactant derivatives of ruthenium{II} of the type [Ru(LL)z{L'L’}]%*
{LL, = bipy or phen; L'L’ = bipy—4-Me-4'-{CH; }sR or bipy—2 4°—{({CH,)R},: R =
CyHs, CgHpy , CipHsy , Ci12Hzs or Cy Hig ) 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)2{bipy—4,4' £C0,Ca Hsr )z}]2+, {Ru¢{bipy),{bipy-4,4'—C3 Hy )z}]2+ and
[Ru¢bipy){biny—4,4'€Cjo Hyy Y HN},] in aguecus micellar solution have also been
the subject of a detailed investigation [342].

Althouvgh normally considered as unity, there have been several suggestions
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in the literature that the quantum yield, b, for ihe production of the emitting
state of {{Rbipy):1%*}" 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 {8,012 confirm that ¢_ is indeed unity [343].

For many years now, the Crosby model for the photophysical properties of
[Ru(bipy)a]z"' [244] has remained essentially unchallenged: very briefly, it
assumes that the lowest excited state of {[Fb.l(bipy);]er}* has D; synmetry (zZ.e.
the ligand states are completely delocalised) and that spin-orbit coupling is
so strong that the terms 'siaglet' and 'triplet’ are meaningless and that,
therefore, there are no discrete singlet and triplet manifolds. The observed
emissions, on the Crosby model, originate from individeal ion-state manifolds,
derived fram an electren—-ion coupling model. Evidence is now mounting, however,
that this model is incorrect, and this is summarised in the following paragraphs.

Two papers by Ferpuson and coworkers {345,348] 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 errcnecus, leading them to some untenable conclusions concerning the bonding
in (Ru(bipy)s]1?*.
all the -.ial arguments to be developed here (although they will be discussed
at length, elsewhere [347]). The Fergusocn model has been short-lived, as it
hag been very convincingly challenged by Daul and coworkers [348], who have
pointed cut an error in the published internretation of the CD spectra of
[Ru(bipy)3]2+ (325], and backed this up with X~ and EHMO caleulations [349].

The Daunl model allows a conventional ordering of the bonding and anti-bonding
levels of [Ru{bipy};1%", whilst only predicting a very weak intramolecular
interlipand interaction (significantly smller than the Crosby model). It retains
the convincing arguments of the Ferguson model for the existence of discrete

Unfortunately, space limitations in this review do not allow

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)3]2+. Moreover, the spin—orbit coupling energy for [(—)-—Ru(phen);]2+
has been calculated to be much more important than the ligand-ligand interactions,
which leads to ar ordering sequence of lowest excited states of 2A,<!A,<'E [350],
in accord with the (D results, but again at variance with the conclusions of the
Crosby model.

The other feature central to the Croshy model, the camplete delecalisation of
the excited state manifold with concanitant strong interligand coupling and
overall D; syrmetry, has also been challenged in several independent ways.
Single—crystal polarised emission spectra of [Ru(b:l[:w);]z+ reveal that the
symetry of the excited state is lower toan D3, Thdependent of the choice of
model {351}, and this is supported by the time-resolved resonance Rammn spectra
of {[Ru(bipy);12*}"*, which suggest that the excited electron is predominantly
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localised on one of the three bipy ligands [352). In other words, the excited
state appears to have sz symmetry and, to a zeroth approximation, may be thought
of as -[[mIII(bipy)z(bip_v"}]zq'}‘. Luminescence photoselection spectra (77 K)
have also been recorded for [Ru(bipy);}2* and [Ru(phen);]1%*: excitation polar-
isation rises to a maximm of 22% at 21000 eam * and decreases to 16% near the
origin of the emission. The polarisation spectra of the complexes indicate an
E-type enission (in contrast to the Crosby model), and so apparently verify the
effective D; symnetry and delocalisation of the excited state (thus, supporting
the Croshy model), However, a sz 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 conpletely delocalised
over all three ligands. However, in a paper to be published shortly [355], it
has been shown that the NMR data, upon which scme 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 zerec or minimal coupling {355]. Moreover, ahsorption spectra of
{Ru(bipy).(bipy-4,4'-R,R' )1%* (R,R* = COOH, COQH; COOH, CO0 ; COO™, COO7; or
COQEt, COOEt) provide strong evidence for the localisation of charge in the
excited states of the camplexes, and emission fran {[Rl.l(bip}r)z(bipy—tl,d‘-ﬁg)]2*}
(R = COOH or COOEt) cccurs fram the substituted ligand, and net from the

unsubstituted bipy {356]. The complexes [Rl.l(bipy)n(pq)s_n]zJ' fpq = (723;

\—/ /_\

N N

(72; pqi

n =20, 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 phencomencn was noted in
many of the complexes reported by Beiser and von Zelewsky [150], see Section
2.8.4 and Fig. 2), and there is little coupling between the ligands. BEmissions,
however, were found to occur fran a single state, localised and possessing the
characteristics of the pq ligand alone [357]. Indeed, dusl emission was briefly
noted fram the complexes [m(phen)n(pq)a_njz* (n = 1 or 2) [357], and this
phenomenon has been independently ohserved for the complex
cis—fRulbipy)2(4,4'-bipy-¥-Me).]?* [358]. Thus, 1980 has seen a mounting body
of new evidence that the excited states of [Rl.l(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},(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] + 2™ =—— [Ru(LL)2(CNY(CNH)]™ + HY &—— [Ru(LL) (C),1**

Irrespective of the degree of protonation in the ground state, room temperature
emission is only observed from {[Ru(LL)z(C.N}z]z"'}‘, indicating a very fast
(with respect to emission decay rate constants) deprotonation reaction rust
occur in {{RU(IL),{(@N)(CNH)]*1" and {[Ru(LL),(CNH);1%*}". At 77 K, however,
emission from the protonated forms has been observed [359]. A less detailed
study of the emission from {[R‘u(bipy)z(CN}z}}* has also appeared [360], and
the absorption spectrum of {[Ru(bipy)2(CN)2]} has been reported [361].
Many studies of the oxidative and reductive quenching of 1’.'[Ru(bip:,r)g]2+}4k
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
{[Rt.z(bip:,r);;}2+}wl has been presented [363]. Hydrophobic derivatives of [Ru(bipy);
such as {Ru{bipy)z{bipy—4,4’ {CzoHu; )2}]2+, {Ru(bipy}, {bipy-4,4" £CO0C;, Hyr 22312
and related species, in monolayer assemblies undergo rapid and efficient energy

]2+

transfer at rates much greater than predicted by Forster theory: this suggests
that the alkyl chains take part, in same way, in the transfer of excitation
energy [364]. Abnormal decay kinetics for {[FI:u(l::ipy)3]2"*]-"1 in surfactant
solutions (containing sodium dodecyl sulphate) below critical micelle concen—
trations have been observed. [Ru(bipy);1®" appears to form camplexes with the
sodium dodecyl sulphate containing several [Ru(bipy);]2+/m, and the abnormally
fast decay is consistent with self-guenching within the same cluster [365].
[Ru{bipv)}.{bipy-4,4' {C(OIN(C;; Has )z]z}]z+ undergoes photoreduction by PhiNde,
(under flash photolysis conditions) in micellar solutions of a cationic
surfactant; catalytic reduction of a number of substrates {e.g. [w]2+) oceurred
subseqguently at the micelle surface [366]. The same system has also been studied
in swthetic bilayer membranes and phospholipid liposames [367]. The quenching
of {[Rubipy)12*}", ([Bulbipy)s(bipy-4,4‘-R2)3%*}" (R = Me, COH or COO™) and
{[Fu(bipy)»{CN},1}" by [MVI®" has also been studied as a function of ionic
strength [388].

Full details of the kinetic studies for the electron-transfer quenching of
{|:151.’:.1(bi;:|_‘,')3,]2"'}“l by a meries of organic quenchers have now been reported. Both
oxidative guenching {by nitroarenes) and reductive guenching (by aromatic

amines} are detailed and experimental values of the redox potentials of the
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[Ru(bipy): 13*+/2+* and [Ru(bipy);]2**/* couples of —0.81=0.07 V and +0.7720.07 V
{MeCN; vs. SCE), respectively, were determined [363]. These values are in
excellent agreement with those calculated from snectroscopic and CV studies, at
—0.84 V and +0.84 V, respectively. The full details of the reductive quenching
of {[Ru(bipy)s]**}", {[Rufbipy-4,4'€C0O,CHYe;)2151%*} and

{ [Ru{bipy-5,5'€C0O:CHMe, )2 35 12¥3” by Et.N and Phde, have also been reported this
year. Spin-itrapping experiments demonstrated the nature of some of the radicals
generated, and peoint to a mechanism in which the emine radical cation is formed
in the quenching step [370].

The quenching of a series of ‘I[Ru(l_.l_.)a}z"'}’|l by [l\!(l..l..);]z+ (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 {{Ru(bipy}:1%*)" by Hg®' occurs ta give
[Ru(bipy):}°* and Hg®, which rapidly dimerises to give [Hg;]12* in competition
with the thermal back reaction; this system bas been used for the basis of a
photogalvanic cell [372}. The kinetics of the oxidative quenching of
{[Ru(bipy)g}z"'}‘ by Fei", and the reverse thermal resction, bave been invest-
igated as a function ofqu and ionic media effects. The highest steady-state
yvield of [Ru(bipy);}a+ and [Fe(H,™s}*" occurs in high concentrations of
perchloric or triflucrcmethylsulphonia acid, but the direct reaction of
{[Rl.l(bipy)a]m}' 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 {[RW(It).}2*}* (IL = biny, 5,5-Me.bipy or 4,4'-Me,bipy) and

{ {RuCbipy) 2 (G),]} by [Fe(H20}5]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 agresement with previous conventional studies [374]. The oxidative
quenching reactions of {{EDJ(bipy)z(CN};}}' by {Fe(CN)sla' in a polyelectrolyte
solution [361], and of {[Ru(bipy);i1Z*}" by [Co(IL};]3* (LL = bipy or phen) [94],
or by a series of binuclear superoxide-bridged cobalt{IIl) complexes [375] have
also been described. The reductive quenching of {[Ru(bipy),1%*}" by Sb(III)

in oxygenated hydrochloric acid results in the formation of hydrogen percoxide
[376), whilst the reductive quenching of {[Ru(bipy);]2*}" by a series of
dithiocarbamate anions produces [Ru{bipy),]* [377]. Finally, the quenching of
{ [Rutbipy) ; 12¥1" by [Cu(H,03612" and [CuC1(H,0);1* has been studied [378].

An excellent example of photoinduced chiroselective electron-transfer has
appeared this year. The quenching of [a—{m(bipy)3]2+}' by racemic [Co(acac),]
leads to the decay of the isotropic absorbance of [Co(acac),], and the appearance
of the CD absorption of A-{Cofacac),] [379,380]. A photoracemisation of
A-[Ru(bipy),}%* oceurs on irradiation with visible light in neutral aguecus
solution, but with a low quantun yield; the racemisation was postulated o 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:z (ef. Section 2.8.4) in dmf has been studied,

and the quantum yields for the formation of [Ru(bipy)(dmf)Brl]™ and [Ru(bipy):Br.]
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 DEOQMPCSITION OF WATER

The discussion in this section system draws heavily upon the discussion in last
year'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 ITI [1; p.63] has appeared [382] and, in a new
variation, [RW(TPP)(CO)] has replaced [Ru(bipy):1®" and Desulphovibrio wulgaris
has replaced PtO, [383]. 1In relation to Scheme III {1; p.63], the back reaction
of [m(bipy)3]3+ with [MV]* can be retarded by ~10° by using an v1%* derivative
in which one of the Y-methyl groups has been replaced by a ¥~Cy Hyp lipnear chain,
imparting amphiphilic properties {these derivatives form micelles at concen-—
trations >7 x 1072 &3} but leaving the quenching rate of {[Eh.l(bipy);]2+}- essentially
unaffected [384]. Taking a slightly different approach, the quenching of
{[Ru{bipy).fbipy—-4,4'{CyHy )2}]2+}* by {Mv]?* has been investigated in anionic
and cationic micelles. (uenching in anicnic micelles is far more effective than
in homogenecus soluticn; in cationic micelles, in contrast, quenching is far
less effective than under hamogenecus conditions {385].

Irradiation of an agueous solution containing Eu{II} or Pr{II) and
[Ru(bipy ), {bipy-4,4"€C0O:C s Hy )}1%* (on a glass slide) produced a very low yield
of H, and gave substantial decomposition of the complex [386]. Research into
the use of metal oxide catalysts continues and RuO. has been shown to catalyse
Scheme ITI [1; p.63] at_least as well as colloidal Pt [387}. MnO, [38Ba) or
hydroxycobalt{III)} camplexes {388b] catalyse the oxidation of water by
[Eh.l(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 RuQ;. Thus RuD, /Y-zeolite was used to catalyse Scheme ¥V [1; p.&631,
and 0, evolition was at an optimm at cz. pH 4 [389].

In a related systam, UV irradiation of agueous methanol in the presence of
Ti0; /RuQ, /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) Ui B0 "Co om (g} + COx(e)

H,0(g) + C(s) 2280 C g () + cO(g)
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A useful review dealing with the use of [Ru{bipy);}%* in photogmlvanic
systems has appeared [392], and an excellent and detailed study of transient
processes in photogalvanic cells, focussing upon the [Ra(bipy) 3]2+/ [Fe(H0}5]
cell, has been reported {393,394]. An independent, and egually thorough,
investigation of the [P!:u(bipy)3]2+/[Fe(H20)5]3+ and [I—hJ(3,4,7,8—-Me..phen)3]2+,’
[Fe(H,0): 1" systems, found that the overall quantum efficiency, ¢, was close
1o its mavdmum 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 canplexes, but increasing those concentraticns would bhave a further
deliterious effect upon the already unsatisfactory back reactien [385]. It was
also discovered that the electroreduction of [Rn.x(b:'q::y);]3+ at a thionine-coated
electrode is dramatically inhibited, the potential for reduction being depressed
by ca. 0.6 V; the consequences of this chservation upon the above photogalvanic

3+

systems were discussed [396,397).

An interesting new photoelectrochemical cell, based on the oxidative quench-
ing of {[l’r.u(l:r:ipy)3]2*'}"l by [Co(C204)3]%, results in the evolution of O, and the
production of significant photocurrents (at the expense of consuming [Co(T200),177)
according to {398]:

]2 ]2+}*

CATHOTE - [Fu(bipy), ]t + hv — = [{Ru(bipy)s

{TRu(bipy) 1 12*3T + [Co(C,04).1> [Ru(bipy);13* + [co(8.0).1%*
Q-I30+ + 3HLCy0.

[Ru(bipy), }1*° + e =—Et——e [Ru(bipy), 12°

ANCDE - [oH] ™ =g + 3,0 + 10,

CELL FEACTION : {Co(C0u)3]1°" + SH;0" + %H,0 —¥ e [Co(H,0)s1%" + 3M,C.0. + 10,

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 Ti0O; and SrTiQ; coated with thin
£ilms of [Ru(bipy)z{bipy-4,4CisH )211*" or [Ru(bipy)s {bipy-4,4'400:Cia Hy 121127
[399].
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2,17 SURFACE MODIFICATICN

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—5n0;, and characterised by electronic

]2+

absorption speciroscopy and CV. Thick coatings (eaz. 1000 monolayers) were
produced by this method {presumably wiaz cligamerisation of hydrolysed SiCl,
groups) which were stable to organic solvents, as well as agueous 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)s(py)(NO2)]*
{see Section 2.6.5) has been attached, viz a silylamine linkage, to a platimm
electrode surface [402]:

Pt /PrO/5i(CHz ) sNH(CH, )M, + [Ru(bipy)2{py-4-COCH)(NO;)1"

Q
Dt inrnnnnnannnnnnnonNH L / N NIh1+(biDY}2(NOz)

Electrochemical studies suggest that the general form of reectivity obserwved
in homgeneous solution is retained upon electrode modification, tut that
reaction rates are substantially changed. This slows down the conversion of
[Ru(bipy)2(py)(N0)1>* (see Sectiom 2.6.5) to [Ru(bipy)a(py)(N0:31" 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]:

o]
pt}vvwxmmn.ru\r\n.rmm{-g / \Nﬂuz"'(bipy)z(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 [Hv]z"' derivative, and used to
bring about the photoreduction of [Ru(l‘l]-l;;)s]:"'+ in anueous solution {an ender—
gonic reaction) [403], whilst n-type Si surfaces modified with ferrocene
derivatives can achieve the photooxdidation of {m(m3)5]2+, via a surface
ferricenium cation [404].
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SCHEME VII: Covalent attachment of [Ru(bipy):]%* to an Sn0, electrode [401].
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Full details of the electrochemical response of [Ruln(edr.a)]' 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 f405]. When attached in
a similar manner to thin—film transparent graphite, {Ru®'}(edt2)]” has been
studied by simultaneous electronic absorption spectroscopic and electrochemical
measurements. Not all of the ruthenium{III¥} within the polymer coating was
reduced to rutheniun{II) during a reductive voltammetric scan, but it could be
il reduced if the potential was held negative for some minutes [406)}. The
reduction of [Fe(CN)s}a- is impeded by unprotonated films of PVP, but is
catalysed by a similar film modified with' [Rul¥(edta)]? : the reaction was
studied using a polymer-coated rotating disc electrode. The current is limited
by the rate of Teaction between [Fe(CN)s]z_ and [Ruu(edta.)]z_, and net 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 proups mroduces
centres which will strongly bind cultipiy-charged metal conplexes bearing the
opposite charge to that of the polymer. Thus, [Ru(MH,)¢]>* is absorbed onte
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(b:i.py)a]2+ incorporated by the electrostatic binding technique, has been
shown to produce electrogenerated chemiluminescence upcon oxidation of the
[Ru(bipy)ﬂz"' in the presence of oxalate ions in agueous solution. In MeCN,
in the absence of [C:0.]°", rapid cycling of the potential (to generate
sequentialiy [Ru(bipy);1°T and [Ru(bipy);]*) 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,
RUC12(COY2(PPh;).] has been anchored to styrene-divinylbenzene resins by the
following reaction scheme [410):

._. dark o °c ._'.'Bf %5@_:2}__._ @ PPh,
cci, :

Q PPh, | RuC1,{CO}, fRuC1; (COY 2 (PPh3) 2]
x CgHsCHy; reflux

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

em, 1507
52. CeHg
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High selectivity for the formation of cyclooctene {comared to cyclooctane} was
cbserved, particularly at high P/Ru ratios (which is comparable to the results
found for [RuC1:(C0O).(PPh,):} in the presence of excess PPh; in homogenecus
solution) [410}. The kinetics of attachment of [RuCl3(NC){StPh;)z] to the same
polymer have been studied; the results svgpest that the complexes are each
anchored to the polymer at iwo sites [411].

[Rubipy)212* 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 aporoach, [MV]2" has been adsorbed onto
cellulose and photoreduced, sensitised by {Ru(bipy)3]2+ in the presence of
ledtan,] [413].
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