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1. Dissertations

Two ruthenium complexes have been examined as
probes for higher-order structure in RNA. [Ru(1,10-
phen);]** and [Ru(TMphen),]>* display different
affinities for tRNA and bind RNA by different interac-
tions, as revealed by biophysical analyses. The reactiv-
ity of these ruthenium complexes are consistent with
mediation by singlet oxygen at the nucleic acid base [1].
New osmium Schiff-base complexes have been synthe-
sized and spectroscopically characterized. The X-ray
crystal structures of Os(O),[(BA),en], Os(OCH,),-
[(BA),en)], Os(O),(SAP)py, and OsCI(SAPXPPh,), are
reported [2]. The synthesis and redox properties of new
ruthenium and osmium complexes bearing ancillary
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imine ligands have been described. Kinetic and mecha-
nistic studies that deal with the oxidation of benzyl
alcohol using [Ru(bpy) (OXP(p-C¢H X),);]°* are re-
ported. The mechanistic aspects of the oxidation reac-
tion are discussed with respect to linear free energy
relationships developed [3]. Proton-coupled electron
transfer has been examined with several ruthenium
polypyridyl complexes. The efficacy of proton-coupled
electron transfer has been evaluated by using cyclic
voltammetric data [4]. The synthesis and characteriza-
tion of ruthenium(II) amine isocyanoborane complexes
have appeared. Profound electronic changes are ob-
served in the new complexes, as determined by UV-
visible spectroscopy [5]. Chromophore-quencher com-
plexes based on osmium have been examined for pho-
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toinduced electron transfer reactivity. Emission quan-
tum yields and lifetimes have been determined, and in
the case of [Os(bpy),(COXDMABN)]?*, an emissive
LLCT state has been observed [6]. Ligand loss photo-
chemistry has been examined with thin homo- and
copolymeric films of ruthenium and osmium bipyridyl
complexes. The thin films, which were prepared by
reductive electropolymerization, readily released [Ru-
(bpy),** fragments upon photolysis of the rutheni-
um-vpy bonds. Film images were obtained when mask-
ing techniques were employed [7]. Tri- and tetra-
dentate Schiff-base ligands have been used in the syn-
thesis of new trans-dioxoosmium(VI) complexes. Thiol
reduction of these complexes yields the corresponding
osmium(IV) complexes with trans thiolate ligands. The
X-ray crystal structures for several of the products and
cyclic voltammetric data are presented [8]. The synthe-
sis, characterization, and photophysics of [Ru(tpy)-
(bpy)L]"* (where L = CI, I, MeCN, or aromatic amine)
are reported. The study was conducted in order to
quantify the excited-state changes as a function of the
ancillary ligand (L). The room temperature lifetimes
for emission from the Ru-tpy MLCT excited state are
reported [9]. The anionic hydride [Ru(OEPXTHF)H]K]
has been synthesized by heterolytic H, splitting using
Ru(OEPXTHF), and base. The data suggest that dihy-
drogen coordination occurs, followed by deprotonation
of the bound hydrogen. Support for this scenario comes
from the characterization of the transient dihydrogen
porphyrin complex. The reducing properties of the
anionic hydride complex have been established by
studying the reactivity with a suitable NAD* analogue.
The parallels between the dihydrogen complex and
hydrogenase enzymes are discussed [10]. trans-Ru-
(TMPXO), has been shown to catalyze the aerobic
epoxidation of alkenes. Using substituted styrenes, the
epoxidation data have been analyzed and found to give
a Hammett p* value of —0.93. The X-ray structure of
trans-dioxo-5,10,15,20-tetra(2,6-dichlorophenyl)porphy-
rinatoruthenjium(VI) has been solved. The cyclic volt-
ammetry data are reported for many of the porphyrins
studied [11]. New nitrido complexes of osmium(VI) and
ruthenium(VI) have been prepared and examined as
oxidants. Nitrido complexes with an ancillary chromate
ligand are described. The reaction between [M(N)-
(CH,SiMe,),(CD),]~ (where M = Ru, Os) with Ag,Cr-
O, or K,CrO, affords [M(NXCH ,SiMe,),(CrO,)]".
The molecular structure of the ruthenium analogue has
been determined. All of these complexes are thermally
stable to air and water. The kinetics for the oxidation
of benzyl alcohol to benzaldehyde using [Os(N)(CH ,Si-
Me,),(CrO,)]~ and oxygen as the secondary oxidant
have been measured. The reaction is first order in both
the nitrido complex and oxygen. A mechanism involv-

ing a B-elimination and oxygen insertion as the rate-
limiting step is discussed [12]. A dissertation describing
the synthesis, properties, and reactivity of ruthenium(II)
carboxylate complexes has been published [13].

The reaction of [OsBr)[NBu,l, with excess PPh; in
the presenceof AcOH/ Ac,0 (80: 20) yields the biocta-
hedral complex (u-Br),[Os(COXPPh ), [OsBr(PPh,)),
which is ligated by the three bridging bromide ligands.
This same complex reacts with MeCN to give the
compounds cis- and trans-Os(Br),(COXMeCNXP-
Ph;),. The cis isomer is kinetically favored and is
shown to transform into the thermodynamically fa-
vored trans isomer [14]. The reactivity of the water-
soluble complex [Ru(H,O)]tos], has been explored
with functionalized alkenes. Complex formation, alkene
isomerization, and metathesis chain transfer are re-
ported [15]. The synthesis and characterization of
mono- and bimetallic ruthenium complexes are pre-
sented. The ligand reduction potential and the steric
crowding around the ruthenium control the observed
redox and spectroscopic properties [16]. The complex
Ru(dmpe),(HXnaphthyl) has been examined with sev-
eral substituted phenyl isocyanides as a route to in-
doles. The mechanistic aspects for this reaction have
been investigated, and related data on N-H bond
activation is reported [17]. The photochemistry of Ru-
(dmpe),(H), has been investigated by using laser flash
photolysis. Optical excitation leads to the reductive
elimination of H, and generation of the 16-electron
species Ru(dmpe),. The rate of reaction of Ru(dmpe),
with H, and CO has been measured and found to be
close to the diffusion controlled limit. The synthesis of
Ru(CO),(PMe;),(H), is described and the thermal re-
action of this complex with alkynes has been found to
give the alkenyl hydride complexes Ru(CO),(PMe;,),-
(CR=CHR)H) [18]. An improved procedure for the
asymmetric hydrogenation of B-keto esters has been
reported with a ruthenium catalyst [19].

The asymmetric dihydroxylation of alkenes has been
studied by using new osmium(VI) to osmium(VIII)
oxidants. Ligand modifications on the ancillary cin-
chona alkaloid ligands have led to substantially higher
enantioselectivities [20]. A report on asymmetric os-
mium tetraoxide hydroxylation of alkenes has ap-
peared. High enantiomeric excesses in alkene dihy-
droxylation were achieved when chiral N,N’-dialkyl-
1,2-diphenylethane-1,2-diamines are employed as a
chiral auxiliary. The pH requirements for alkene dihy-
droxylation have also been studied [21]. Mechanistic
studies on the osmium-catalyzed asymmetric dihydroxy-
lation of conjugated and non-conjugated dienes are
presented [22].

The synthesis and spectroscopic charactierization of
the cyclic carbene complex (carbonylXn>-cyclopentadi-
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enyl)(1-methoxy)ruthenacyclopentene are described
[23]. Cyclometallated imine complexes have been pre-
pared by allowing (n5-C(R (J)Ru(PMe,;),(X), (where R
=H, alkyl; X = Cl, I) to react with benzylidene imines.
The reaction of the cyclometallated imines with nucle-
ophiles yields amides with very high diastereoselectivity
via a kinetically controlled process. NMR data and
X-ray crystal structures are reported [24]. New [(poly-
chlorobenzene)RuCp]* complexes have been synthe-
sized from [CpRu(MeCN),;]*. The use of these com-
plexes in the synthesis of natural products based on
vancomycin is presented [25]. The reaction between
CpRu(PPh;),Cl and RS~ vyields the corresponding thi-
olate complexes CpRu(PPh,),SR. CS, is shown to
insert into the Ru-S bond to give the thioxanthate
complexes CpRu(PPh,),S,CSR. The X-ray crystal
structures of CpRu(PPh;XCO)SS(CHMe,), CpRu(P-
Ph,XCO)SSS(n-C;H,), CpRu(PPh,(CO)SS(O)CH-
Me,), and CpRu(PPh;XCO)SS(0),(4-C;H Me) have
been determined [26]. The “Cp*Ru” fragment has
been allowed to react with 10,11-dimethoxyaporphine.
Only one of the four possible diastereoisomeric prod-
ucts was isolated and whose structure was unequivo-
cally established by X-ray crystallography [27].

The dinuclear complex Ru,(dmpm),(CO)s has been
obtained from the reaction between Ru;(CO),,, dm-
pm, and CO. The electron-rich nature of this dimer is
demonstrated by its reactivity towards electrophiles.
Non-first order *'P NMR data and ten X-ray struc-
tures of Ru,(dmpm), A-frame complexes are discussed
[28]. The synthesis, redox, and spectroelectrochemical
studies of complexes of the form [L,m(u-X);ML,1**
(where M = Ru, Os; L = phosphine; X = ClI) have ap-
peared. The nature of the metal-metal interaction is
classified according to the criteria developed by Robin
and Day [29].

Tercyclopentadienyl diheterotrimetallic complexes
have been synthesized and their reactivity investigated.
Photoisomerization studies are also included [30]. The
synthesis, characterization, and reactivity studies of
mixed-metal binuclear ruthenium complexes have ap-
peared [31]. The photophysics of Ru,(CO),, in fluid
solution have been investigated by using time-resolved
infrared spectroscopy. The transient intermediate Ru,-
(CO),, reacts with CO and donating solvents in a
second-order reaction. The second-order rate con-
stants have been calculated [32). The reaction of Ru;-
(CO),, with added chloride has been studied and the
rates of formation of [Ru;(CO),,(CD]~ measured. Two
possible mechanisms are discussed on the basis of the
kinetic data collected [33]. P-C bond cleavage reac-
tions have been explored in the reaction between Ph,-
PC=CR (where R = Ph, 'Bu, 'Pr) and the 46-electron
cluster (u-H)Ru;(CO)y(u-PPh,). The isolated clusters

have the form Ru;(CO),u-PPh,),(u;-n*-HC=CR),
which result from a phosphido transfer to the cluster
coupled with transfer of the hydride ligand and forma-
tion of the acetylene ligand. X-Ray crystallography has
established these clusters as five-vertex nido clusters
with a u,-n*| acetylene ligand. Pyrolysis of (x-H)Ru;-
(CO),,(n-PPh,) gives a range of products, of which the
heptanuclear cluster Ru,(CO),4(p,-PPh), and the oc-
tanuclear cluster Rug(CO),,(ps-PXp,-PPhXp-PPh,)
have been crystallographically characterized [34]. The
reaction of Ru;(CO),, with dppee has been examined.
The synthesis of Ru,(CO),{(PPh,),CHCH,PPh,}
(PEt;) and its reaction with other metal complexes are
reported. Hydrogen activation studies have been car-
ried out with Ruy(CO),,_, (dppee), (where x =1, 2)
[35]. The fluxional behavior of hydride ligands on tri-
and tetraruthenium alkylidyne clusters have been stud-
ied by using variable-temperature 'H and ®C NMR
spectroscopy. The reaction between (u-H);Ru;(CO)g-
(MeCNXu5-CPh) and cyclopentadiene affords the new
clusters (u-H),Ru(CO)((u-COXn>-CpXp;-CPh) and
Ru;(CO)(p-CO),(n°-CpXu-CPh). Hydrogenation of
the latter cluster, which was also characterized by
X-ray crystallography, gives the former cluster. The
new cluster (u-H)Ru (CO) ,(u,1%-COMe) has been
isolated from the reaction between (u-H)Ru;(CO) (-
(u-COMe) with either Ru(CO); or Ru(CO),(ethylene)
and structurally characterized [36). Ruthenium clusters
containing a highly coordinated oxo, acetamidato, or
sulfido ligand have been prepared. The oxo cluster
[Fe,Ru(CO),,(12,-O)~ has been synthesized from the
oxo cluster [Fe;(CO)(p;-O)F~ and Ru4(CO),((M-
€CN),. The chemistry of the sulfido cluster [Ru;(CO)y-
(14-S)*~ has been investigated with the complexes
[M(CO);(MeCN);]* (M =Mn, Re) and it is demon-
strated that the new clusters HRu;M(CO),,(MeCN),-
(u4-S) can be isolated [37]. Two isomeric hydridovinyl
clusters have been obtained from the reaction between
(n-H),0s,(CO)4(PPh,) and acetylene. The solid-state
structure of each isomer has been determined by X-ray
diffraction analysis. When the same cluster was al-
lowed to react with ethylene, the cluster (u-H),Os3-
(CO)o(PPh,X .-CHCH ;) was isolated. The reaction of
diazomethane with (u-H),0s(CO),(PPh;) has also
been examined, and the resulting product character-
ized by mass spectrometry and solution NMR tech-
niques [38]. Os(CO)s; reacts with Os,;(CO),g(cyclo-
octene), to afford the first tetraosmium binary car-
bonyl cluster Os,(CO),s. The molecular structure of
this cluster consists of a planar, “kite-like” arrange-
ment of osmium atoms. The cluster Os(CO),q, which
was obtained from the reaction between CO and Os,-
(CO),s, adopts a cyclobutane-like structure. Thermoly-
sis of Os,(CO),s gives Os,(CO),,, which is shown to
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possess a pseudo-tetrahedral structure. Carbonyl mo-
bility is still rapid at —130°C and the IR spectrum
reveals only three broad carbonyl stretches. This be-
havior is discussed in the context of CO-exchange that
occurs on the infrared time scale [39]. The new clusters
HFeRu (CO),,(u-CX) (where X = OMe, NMe,) have
been prepared by a metal fragment exchange route.
The mechanism of ligand substitution in HFeRu,-
(CO),o(u-CNMe,) has been investigated and the site
of phosphine ligand attachment discussed [40]. The
interaction between ruthenium and osmium clusters
with magnesia has been studied both experimentally
and theoretically [41]. The new platinum-osmium clus-
ter Pt,05,(C0O),((1,5-COD),, PtOs,(CO)g(1,5-COD)-
(u-CgH;; X-H), and PtOs (CO),, have been isolated
from the reaction between Os;(CO);((MeCN), and
Pt(1,5-COD),. The reactivity of the first cluster with
CO and alkynes is reported. The pyrolysis of this same
cluster yields the four high nuclearity clusters Pt,Os-
(CO),,(1,5-COD), Pt 0s4CO),(1,5-COD),, Pt,Os¢-
(CO),4(1,5-COD),, and Pt,0s,(CO),(1,5-COD), [42].

The results of an investigation dealing with the
phases and microstructures of rapidly solidified Al-
Cu-Ru face-centered icosahedral alloys are presented
[43]. Metal-modified Ru(001) surfaces have been exam-
ined by using metastable quenching spectroscopy in
addition to thermal desorption spectroscopy [44]. Al,O,
films have been prepared on Ru(001) and examined for
electronic and vibrational structure [45]. The diffusion
of hydrocarbon adsorbates on a Ru(001) single-crystal
surface has been explored by using Laser-Induced
Thermal Desorption (LITD) techniques [46]. The reac-
tion mechanism of alcohol and aldehyde formation
from syngas has been investigated with a Ru/SiO,
catalyst [47]. Oxygen reduction and generation reac-
tions on ruthenium metal and its pyrochlores are re-
ported [48]. Zeolite-supported ruthenium catalysts have
been synthesized and examined in the water gas shift
reaction [49].

A study on the B end-point energy for the decay on
neutral ¥ Re to singly ionized '®’Os is reported [50).
The osmium isotopic compositions and concentrations
of marine and continental sediments have been deter-
mined. Sediment osmium was analyzed by ID-SIMS
[51]. A report on the osmium concentrations in modern
and ancient sediments has appeared [52].

2. Mononuclear complexes

2.1. Organometallic porphyrins

The transformation of a methyl group into a car-
bonyl group on a ruthenium porphyrin has been ob-
served. The reaction between Ru(OEPXCH,) and
TEMPO affords Ru(OEPXCO). Isotopic labeling of

the methyl carbon confirms that the source of carbonyl
carbon is derived from the initial methyl group. The
X-ray structure of Ru(OEPXCOXTEMPO) and perti-
nent spectroscopic data are presented [53]. The reactiv-
ity of Ru(OEPX p-XC(H,), complexes has been stud-
ied by cyclic voltammetry. Oxidation to [Ru(OEP)-
(aryl),]* leads to a Ru-to-N migration of an aryl group,
while aryl group loss is observed from the dianion
[Ru(OEPXaryl),]*~. The mechanism associated with
each of these reactions is discussed [54]. The redox
chemistry of Ru(OEPXCH ,), has been explored, and a
scheme for the formation of the bridging methylene
complex [Ru(OEP-N-u-CH,XCH,)]* reported [55].

A report that includes the synthesis of [Ru(OEP)],,
Ru(OEPXCOXCH;OH), and Ru(OEPXpy), has ap-
peared [56]. The metalloporphyrin hydride complexes
[M(PorXLXH)IK] (where M =Ru, Os; Por = OEP,
TMP; L = THF, 1-tert-butyl-5-phenylimidazole, PPh,,
py) have been synthesized from [M(Por)][K],. The
mechanism for product formation and electrochemical
studies of bimolecular H, elimination are described.
The relationship between the porphyrin hydrides and
hydrogenase enzymes and the hydrogen electrode reac-
tion is stressed [57]. The synthesis of the stable, bridged
dinitrogen complex (u-N,)Ru,(diporphyrinatobiphen-
yleneX1-tert-butyl-5-phenylimidazole), is described.
The reactivity of this complex is discussed with respect
to dinitrogen reduction. The redox properties of this
porphyrin have been examined by cyclic voltammetry
[58]. The synthesis and spectroscopic characterization
of the dihydrogen complexes M(OEPXLXH,) (where
M = Ru, Os; L = THF, 1-tert-butyl-5-phenylimidazole)
have been published. T, NMR data have been used to
calculate the H-H bond length. Mechanisms are pre-
sented for the catalytic dihydrogen oxidation using
Ru(OEP) complexes [59].

The synthesis and solution characterization of tert-
butylimido complexes of osmium(VI) and ruthenium
(VD porphyrins have appeared [60]. The first (dialkyl-
amido)ruthenium porphyrin complex Ru(3,4,5-MeO-
TPPXNPh,), is reported. A qualitative molecular or-
bital scheme that shows the 7 interactions between the
ruthenium and nitrogen atoms is shown and discussed
[61]. The synthesis and characterization of carbonyl-
and dioxo-containing ruthenium/osmium tetrapropyl-
porphycene complexes are reported [62]. New di-
alkoxyosmium(IV) porphyrins have been prepared from
Os(PorXN,XTHF) (where Por = Tpp, 3,4,5-MeO-TPP).
Besides NMR spectroscopic data, the X-ray crystal
structures of Os(TPPXOEt),, Os(TPPOCH(CH,),},,
and Os(TPPXOPh), are presented. All three structures
exhibit trans diaxial alkoxide groups [63].

The reaction between 2-monofluoroethyl isocyanide
and 2,2,2-trifluoroethyl isocyanide with Ru(TPPXCO)
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Fig. 1. Reprinted with permission from Inorg. Chem. Copyright 1992
American Chemical Society.

has led to the formation of the corresponding iso-
cyanide-substituted porphyrin complex [64]. The redox
reaction between trans-Ru(TPPXO), and Fe(salmah)
is reported [65]. The resonant nonlinear optical proper-
ties of films of soluble oligomeric bridged (phthalo-
cyaninato)ruthenium(II) complexes have been investi-
gated. The synthesis and semiconducting properties of
bridged (phthalocyaninato)osmium compounds are de-
scribed. The ancillary ligands used with these com-
pounds are the bidentate nitrogen ligands pyrazine and
tetrazine [67]. Several osmium porphyrin carbene com-
plexes, Os(TPPX=CRR’) (where R =R’ =p-tolyl; R =
H, R’ = SiMe,, CO,Et), have been prepared and found
to convert ethyl diazoacetate to diethyl maleate and
diethyl fumarate in high yields and high stereoselectiv-
ity [68]. The use of the catalyst Ru(TMPXO), in alkane
and alkyl alcohol oxidation has been published. The
oxidant employed in these reactions is based on 2,6-di-
chloropyridine N-oxide [69].

2.2. Halides

The fluoride complex cis-OsF,0, has been pre-
pared by allowing OsO, to react with KrF, in HF [70].
Data on the magnetic exchange and zero-field splitting
in the d> [OsVCl4]~ ion have been reported. DV-Xa
calculations have also been carried out [71]. OsOF; has
been investigated by electron spin resonance spec-
troscopy in several different matrices at 77 K. Hyper-
fine coupling to 1890s and to four equivalent fluorine

atoms was observed. No coupling to the axial fluorine
atom was noticed [72]. Ruthenium K-edge EXAFS
data for RuF, and [RuF][K] have been collected at 10
K to give the ruthenium—fluorine bond distance in
each complex [73]. The reaction of AsF; with [RuFg]*~
in anhydrous HF solution affords RuF,. The structure
of RuF, has been determined by using synchrotron and
neutron powder diffraction data [74]. A report describ-
ing the % Ru Mdssbauer spectroscopic and magnetiza-
tion data on black a-RuCl; and brown B-RuCl; has
been published [75]. The hexachloroosmate(V) oxida-
tion of tetrabutylammonium tert-butylcyanoacetate to
meso- and rac-2,3-di-tert-butylsuccinonitrile is de-
scribed. This report represents the metal ion-based
oxidant that simulates the Kolbe anodic oxidation of
carboxylates [76).

The structure of reduced rare-carth metal halides of
the form R,Br,Os (where R =Y, Er) has been deter-
mined [77]. The synthesis of RuBr,(DMSO), has been
investigated. The crystal structure of [ fac-RuBr,(DMS-
O),;]INEt,]- 0.5MeOH is included in this report [78].
[OsBrg]*~ reacts with neat 1,2-ethanediamine to give
cis-{Os(en-H),(en)]?*. The spectroscopic and redox data
for this and related compounds are discussed [79]. The
reaction between RuCl;(THF); and Mg(mes),(THF),
yields the homoleptic mesityl complex [Ru(mes),]*,
whose molecular structure was determined by X-ray
crystallography [80].

The ruthenatetraborane complex Ru(HXCOXP-
Ph,XB;H,) has been prepared from the reaction be-
tween [B;Hg[[NMe,] and Ru(CIXHXCOXPPh;); or.
[Ru(HXCOXMeCN),(PPh;),]*. The X-ray structure of
the product is presented, and the reactivity towards
N-halosuccinimides is reported [81].

Fig. 2. Reprinted with permission from Inorg. Chem. Copyright 1992
American Chemical Society.
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2.3. Hydrides

The electron-rich alkene [=CN(CH ,Ph)CH,CH,N-
CH,Ph], reacts with Ru(CIXHXPPh,); to give the
five-coordinate carbeneruthenium(II) complex Ru(CD)-
L(PPh),, which results from the ortho-metallation of
one of the N-benzyl substituents. The existence of the
metallocycle was established by X-ray crystallography
[82]. Treatment of Ru(HXCIXCOXPPh,) with [HB(1-
pz);]” gives Ru{n>-HB(1-pz);}(PPh,XCOXH) in excel-
lent yield. The corresponding chloride is obtained by
treating the hydride with chloroform. The reactivity of
the chloride complex with donor ligands is presented
along with the X-ray structure of [Ru{n*-HB(1-pz),}(P-
Ph,X(COXPMe,)]* [83]. Kinetic data on the addition
of haloalkanes to alkenes using the catalysts Ru(H),(Si-
Me,PhXPPh,); and Ru(H)/(PPh,), have appeared.
The mechanism associated with this reaction is dis-
cussed [84]. Intramolecular ligand exchange in Ru(H),-
(COXPPh,); has been investigated by NOESY NMR
spectroscopy. A trigonal twist process is shown to be
operative in the ligand exchange process [85]. The
alkylhydrido complexes Os(HXCH;XCO),(PR;), are
obtained from Os(HXn?-BH , XCOXPR ;), when treat-
ed with the protic solvents ethanol or 2-methoxy-
ethanol. The X-ray structure of the isopropyl phos-
phine complex is included, and the reactivity of the
methyl moiety with electrophiles is outlined [86).

Fig. 3. Reprinted with permission from Organometallics. Copyright
1992 American Chemical Society.

The hydrogenation of benzylideneacetone has been
explored with several dihydrogen osmium catalysts. The
catalytically inactive complex frans-(hydride, dihy-
drogen)-Os(HXCIX72-H,XCOXP-Pr,), is also shown
to isomerize to the cis isomer before dissociation of
molecular hydrogen [87]. H, reacts with Ru(HXCD-
(COXP-'Pr3), in fluid solution to produce RuH(H,)-
(CIXCOXP-'Pr,), and Ru(H),(H,XCOXP-'Pr,), when
the reaction is run in the presence of KOH. The
structures of these compounds have been assigned by
using NMR data [88]. Phenylacetylene hydrogenation
to styrene is shown to be catalyzed by the cis-hydrido
{n*-hydrogenjruthenium(Il) complex [Ru{HX7n*H,)-
(PP;y)]*. Kinetic data and a reaction mechanism that
involves this molecular hydrogen complex as an active
catalyst are presented [89]. The reactivity of M(H)n?-
BH , X(COXP-iPr;), (where M = Ru, Os) towards elec-
trophiles has been studied. The catalytic activity of
related complexes in asymmetric hydrogen transfer
from 2-propanol to acetophenone is described [90].
The dihydride complexes Ru(H),(LXtriphos) {where
L = CO, P(OCH,),CEt, PMe,Ph} have been prepared
from corresponding dichloride with NaBH,. Protona-
tion of these complexes with HBF,- OEt, gives the
n?*-dihydrogen complexes [Ru(HX n2-H,XLXtriphos)]*,
which have been confirmed by variable-temperature
'H NMR T, measurements and 'H,;, coupling con-
stants [91]. The dihydrogen complexes [M(HX7?-H,)-
(PPy)]* (where M =Ru, Os) have been studied by
inelastic neutron scattering experiments and the bar-
rier to rotation of the dihydrogen ligand determined
[92]. Molecular dihydrogen and hydrido complexes of
ruthenium(II) with ancillary ferrocenyl-based phos-
phine amine ligands and monodentate phosphine lig-
ands have been synthesized, studied by variable-tem-
perature NMR spectroscopy, and examined by X-ray
crystallography [93).

2.4. Phosphines

Several new dihydrobis(benzotriazolyl)borato com-
plexes of ruthenium(II) have been prepared. Treat-
ment of [H,B(bta),]” with Ru(CIXRXCOXPPh,),
(where n=3, R=H; n=2, R=aryl and alkenyl
groups) furnishes the chelate complexes Ru(RXCOXP-
Ph),{n?-H,B(bta)} in high yield. The hydrido complex,
which may also be prepared from [Ru(HXMeCN),-
(COXPPh,),]", gives the corresponding chloride com-
plex upon treatment with N-chlorosuccinimide [94].
The synthesis and X-ray crystal structure of Ru(CIXP-
Ph,),{«x*-HB(pz),} have been published. Halide dis-
placement by [B;Hg]~ yields the ruthenatetraborane
complex Ru(B;H ¢ XPPh X« 3-HB(pz),} [95].

The reaction between the cis hydridochloro complex
Ru(HXCIXPP;) with TII) ions gives [Ru(CITD(H)-
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(PP,)]". X-Ray crystallography confirms the presence
of the TICl ligand in the product [96]. The characteri-
zation and reactivity of the unsaturated complex Ru-
(dmpe), have been investigated by using matrix isola-
tion and transient spectroscopic techniques. Optical
excitation of cis-Ru(H),(dmpe), generates the complex
of interest. The reaction of Ru(dmpe), with various
ligands has been studied and the second-order rate
constants reported for these reactions. In the case of
H, and CO, the reaction with Ru(dmpe), is close to
the diffusion limit. The reaction chemistry is discussed
and it is suggested that Ru(dmpe), has a singlet ground
state with a square-planar coordination geometry [97].
The kinetics and mechanism for the conversion of
nitroaromatics and methanol to methyl N-arylcar-
bamates using the catalyst Ru(CO),(dppe) are pre-
sented. Aniline has been observed as a reaction
byproduct as well as an intermediate in the formation
of carbamate. This report includes the X-ray structure
of Ru(CO)(dppe{C(O)N(Ar)O} (where Ar =p-C,H ,-

(N which wae nhtained fram the raam temnaratnre
\./ll’ YWILIWIL YWAD VUULAdlLLIWA LI VILL WIw 1UVILLL LV‘I]HVI ALUL W

reaction between Ru(CO).(dppe), ArNO,, and CO.
High-pressure CIR spectral and NMR data are also
presented [98]. Ruthenium acetate complexes possess-
ing triphosphine ligands have been synthesized. Ru-
(CD(Cyttp) reacts with AgOAc and NaOAc to yield
mer-Ru(CIXOACKCyttp), fac-Ru(CIXOAcXCyttp), or
fac-Ru(OAc),(Cyttp) depending on the initial condi-
tions. The molecular structure of fac-Ru(CIXOAc)-
(Cyttp) was determined by X-ray crystallography [99].
cis-mer-Ru(H),(COXCyttp) reacts with excess HX
(where X =BF,, O,SCF,) to afford air-stable com-
plexes with two weakly coordinated anion ligands. The
X-ray structure of cis-mer-Ru(O,SCF;),(COXCyttp) is
reported. Variable-temperature NMR data support the
existence of complexed and free X ligands. The use of
these complexes in ligand substitution reactions is dis-
cussed [100].

A practical synthesis of BINAP—-ruthenium(II) di-
carboxy-ate complexes has appeared. The starting ru-
thenium complex employed in this synthesis is [Ru-
(Cl)(benzene)], [101]. An improved procedure for the
synthesis of [Ru(CI),(BINAP)], - NEt, and the effect of
trace amounts of acid on the ruthenium(II)-BINAP
catalyzed asymmetric hydrogenation of B-keto esters
have been published [102]. The biphosphine complexes
Ru{C),(DMSO)},(bp) and cis-Ru{Cl),(bp), have been
isolated from the reaction between bp and Ru(Cl),(D-
MSO),. The structure of the former complex has been
established by X-ray crystallography [103]. Several ru-
thenium(II) complexes derived from [RuX{(S)-BINA-
Plarene)]™ (where X = halide; arene = benzene, p-cy-
mene) have been prepared and structurally character-
ized by X-ray crystallography. The catalytic activity of

Fig. 4. Reprinted with permission from Inorg. Chem. Copyright 1992
American Chemical Society.

these complexes has been examined in the asymmetric
hydrogenation of methyl 3-oxobutanoate [104]. The
asymmetric hydrogenation of prochiral carboxylic acids
and functionalized carbonyl complexes has been ex-.
plored with ruthenium(II)-BINAP catalysts. The cata-
lysts prepared for this study were Ru(Cl),(ArCN),(BI-
NAP) (where ArCN = benzonitrile, 2-furancarboni-
trile, pentafluorobenzonitrile) [105].

Models for linear acetylide polymers have been ex-
amined by using ruthenium(II) phosphine complexes.
The bis(acetylide) and bis(diacetylides) complexes
trans-Ru(CO),(PEt,),{(C=C),R}, (where n=1, R=
SiMe;; n=2, R=SiMe;; n=2, R=H) have been
synthesized and fully characterized by IR and Raman
spectroscopy. The solid-state structure of trans-Ru-
(COXPEt,),(C=CSiMe,), has been established by X-
ray crystallography [106]. A report demonstrating the =
stabilization of unsaturation in Ru(HXXXRXP-'Bu-
Me,), (where X = halide; R = anilide, alkoxides) has
appeared. Included in this report is the X-ray structure
of Ru(HXOSiPh;XCOXP-'BuMe,), [107]. The reac-
tion between cis-Os(Br),(CO), with ether—phosphine
ligands yields complexes of the form Os(Br),(CO),(P-
0),. The chemistry of the phosphine-substituted com-
plexes and the properties of the corresponding chelated
species Os(Br),(P-0), are presented [108]. The X-ray
structure of cis-Ru(Cl),(COXP-0),, which exhibits one
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chelated P-O ligand and one phosphine-coordinated
P-0O ligand, and the fluxional NMR behavior of this
and related complexes have been published [109]. The
reaction between the functionalized ether—-phosphine
ligand MeO(CH,),P(PhXCH,),Si(OMe); with Ru-
(CD(PPh,); and Ru(HXCIXCOXPPh,), is described
[110]. Butadienyl complexes have been isolated from
the reaction between Ru(HXCIXCOXPPh;); and
trans-R'CH=CHC=CR" (where R =R’ =SiMe;, ‘Bu,
Me, Et). Instead of having an 18-electron configuration
at the ruthenium by the normal n>-coordination of the
butadienyl ligand, these complexes are unsaturated as
a result of n!-coordination of the butadienyl ligand
[111]. Carbon-nitrogen bond cleavage in B-nitrostyrene
has been observed in the reaction with Ru(HXOAc)-
(COXPPh,),. IR data indicate that a N-bonded nitro
group is present in the product which has been identi-
fied as Ru(NO,XOAcXCOXPPh,),. The byproduct in
this reaction is styrene [112]. Os(CD),(PPh,), reacts
with P(C;H,SH-2), to afford the osmium(II) complex
OsL. The nature of the ancillary L ligand has been
determined by X-ray diffraction analysis to be a hexa-
dentate ligand, which was formed by the oxidative
coupling of two P(C,H,S-2), ligands by two disulfide
bonds [113]. Three isomeric products have been spec-
troscopically characterized when Ru(CDXHXPPh,), was
allowed to react with COT. The interconversion of two
of these isomers has been studied through the use of
NMR spectroscopy [114]. The synthesis, spectroscopic
characterization, and redox reactivity studies on
cationic ruthenium(III) complexes have appeared [115].
The ring-opening metathesis polymerization (ROMP)
of norbornene by the ruthenium carbene complex Ru-
(CD,(PPh,),(=CHCH=CPh,) has been reported [116].
The new water-soluble phosphine complexes Ru(Cl),
(PTA), and Ru(CD,(PTA),-2HCI have been synthe-
sized from RuCl; and shown to be catalytically active
in the hydrogenation of unsaturated aldehydes to un-
saturated alcohols. The X-ray crystal structure of the
former complex reveals the presence of cis chloro
groups [117]. Several TPPTS-substituted ruthenium
complexes have been synthesized and examined for
their catalytic efficacy in propionaldehyde hydro-
genation reactions. The kinetic data, salt effect on the
reactivity, and a plausible mechanism are presented
and discussed [118]. The synthesis of ruthenium com-
plexes with ancillary TPPTS ligands is reported, and
spectroscopic data on the structures of these TPPTS-
substituted complexes relative to their PPhj-sub-
stituted complexes are discussed [119].

2.5. Carbonyls
Stereospecific decarbonylation of cis,trans-Ru-
(BCO,XCO XPMe;),(COMeXD) occurs in the pres-

ence of [Na][BPh,] to give [Ru(CO,XCO X**CO XP-
Me,),(Me)]* [120]. The synthesis and reactivity of hy-
drido, halogeno, and o-organyl ruthenatetraboranes
have been presented. The X-ray structure of Ru(H)-
(B;HXCOXPPh,), has been solved, and sodium di-
alkyldithiocarbamate is shown to displace the B;Hg
moiety from the chloro complexes [121]. Secondary
amines react with Ru(COEtXCIXCOXPPh,), under
CO and/ or ethylene to yield the propionyl-carbamoyl
complexes Ru(COEtXCONR,XCOXPPh;), (where
NR, = NEt,, N(CH,),CH,, NMe,). All new com-
plexes have been isolated and characterized by NMR
and IR spectroscopy [122]. trans-3,4-Bis(trifluorometh-
ylsulfonyloxymethyl)oxolane has been allowed to react
with [Os(CO),]Nal,. The two products isolated corre-
spond to the cis and trans forms of 3-oxo-7-osmabicy-
clof3.3.0Joctane, of which the molecular structure of
the cis isomer was unequivocally established by X-ray
crystallography [123]. The osmacyclobutane complex
Os(CO),(CH ,CD,CH ) was prepared from [Os(CO),}-
[Na], and TsOCH,CD,CH,OTs. The mechanism for
propylene extrusion has been investigated and both a-
and B-hydrogen eliminations are observed. CO inser-
tion into the osmacyclobutane ring is facile and may be
a prerequisite in the propylene extrusion mechanism
[124). The synthesis and reactivity of the (isocyanide)
ruthenate analogue of tetracarbonylferrate have been
presented [125].

The hydrolysis of Os(SiCl; XCIXCOXPPh,), affords
the coordinately unsaturated trihydroxylsilyl complex
Os{Si(OH),}(CIXCOXPPh,),, whose molecular struc-
ture has been determined by X-ray crystallography.
Also isolated from the hydrolysis reaction is the dios-
mium tetrahydroxydisiloxane complex [Os(CIXCOXP-
Ph,),Si(OH),],0. This disiloxane complex has been
characterized by solution methods and X-ray diffrac-
tion analysis [126]. The mechanism of halide-induced
disproportionation of [M(CO),(PCy;),]* (where M =
Ru, Os) has been studied by using double potential
step chronocoulometry, rotating-ring-disk electrochem-
istry, bulk coulometry, and cyclic voltammetry. The
role of ion pairing in the disproportionation reaction is
thoroughly discussed [127]. A report on the car-
bonylation of the Ru-Me bond of Ru(MeXIXCO),-
(‘Pr-N=CHCH=N-iPr) has appeared. The car-
bonylation reaction is shown to be catalyzed by Ru
(CO),L (where L =various phosphines and phos-
phites), ZnCl,, and H*. In the case of Ru(CO),L
catalysis, a binuclear intermediate is discussed. The
X-ray crystal structures of Ru{C(O)Me}IXCO),(‘Pr-
DAB) and [Ru(MeXCO),(‘Pr-DAB)JOTf] are pre-
sented. 1,3-Dipolar cycloaddition reactions to the
C=N-M fragment of Ru(CO);(‘Pr-DAB) have been
demonstrated. The X-ray crystal structures of N("Pr)C-
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Fig. 5. Reprinted with permission from Organometallics. Copyright
1992 American Chemical Society.

(O)Ru(CO),(PPh ;)C(CO,Me)=C(CO,4-Me)C-HCH=N-
(‘Pr) and [NH('Pr)Ru(CO),0(CO,Me)}=C(CO,Me)C-
HCH=N(Pr)]* are included in this report [129].

2.6. Sulfur and oxygen ligands

The reactivity of the thiosulfate complex [Os(OQ),(S,-
0,),]*~ has been investigated with organic and inor-
ganic ligands and the vibrational spectra of the prod-
ucts discussed. X-Ray diffraction analysis of [Os(H,0)-
(5,0,),(PMe,Ph);]~ reveals an octahedral geometry at
the osmium center with two frans S-bonded thiosulfate
ligands [130]. A study on the [HSOs]~ oxidation of
thiols coordinated to ruthenium(III) has appeared. In-
cluded in this study are the synthesis of new (thiolato)
ruthenium(III) complexes and the kinetic data related
to the oxidation reaction [131}].

Treatment of cis-Ru(Cl),Me [14]aneS, with NaBH,
furnishes the new complex [Ru ,(HXu-HXCIXMe [14]-
aneS,),]" along with trans-Ru(HXCIXsyn-Me J14]ane-
S,). The former complex, which represents an example
of a u,-hydrido complex of a crown ether without a
metal-metal bond, was characterized by X-ray diffrac-
tion analysis [132). The reaction of Ru(CD),(PPh,),
with thiacrown ethers has been examined. 1,4,7-trithia-
cyclononane and Me[14}aneS, both react with Ru
(CD,(PPh,); to give complexes derived by PPh, ligand

substitution. The X-ray crystal structures of these
products as well as the products that are formed from
the reaction between Ru(CD)(CSXOH,XPPh,), and
Ru(CIXHXCSXPPh,), with 1,4,7-trithiacyclononane
are presented [133]. Treatment of [Os(Cl),(4-MeCH ,-
iPr)], with 1,4,7-trithiacyclononane yields the bis(sand-
wich) complex [Os(1,4,7-trithiacyclononane),**. An al-
ternative synthesis of this product that starts from
[Os(CD¢]INH,], is also presented. The X-ray crystal
structure and redox properties are discussed. The reac-
tivity of M(H) ,(COXPPh,), (where M = Ru, Os) with
1,4,7-trithiacyclononane accompanies this report [134].
Ru(CD),(PPh;)(1,4,7-trithiacyclononane) has been al-
lowed to react with TIPE, to give [(TICl,)Ru(PPh;X1,-
4,7-trithiacyclononane)l,[PF,], in CH,Cl,. The mole-
cular structure of this complex has been solved by
X-ray crystallography, and it is demonstrated that this
product readily precipitates TICI on dissolution in ace-
tone and gives the chloro-bridged dimer [Ru(CIXP-
Ph;X1,4,7-trithiacyclononane)l3* [135]. Both chloride
ion and phosphine ligand loss are observed in the
reaction between 1,4,7-trithiacyclononane and Ru-
(CH=CHRXCIXCOXPPh,), (where R=H, '‘Bu, C;H,
Me-4). The isolated product, [Ru(CH=CHRXCOXP-
Ph,)(1,4,7-trithiacyclononane)]*, was structurally char-
acterized by solution spectroscopic methods [136].

The complex [Ru(CO),(PPh,),(SMe)lBF,] has been
obtained from the reaction between Ru(CO);(PPh,),
and [Me,SSMe][BF,] [137]. Treatment of Ru(CIXNO)-
(PPh,), with thiirane-S-oxide, C,H,SO, yields the sul-
fur monoxide complex Ru(CIXNOXSOXPPh,),, which
has been shown by X-ray diffraction analysis to contain
a linear nitrosyl ligand and a terminal bent sulfur
monoxide group. It is demonstrated that the sulfur
monoxide ligand may be oxidized to a sulfur dioxide
and a sulfate group using MCPBA. These latter two
complexes have been characterized by IR and NMR
spectroscopies and mass spectrometry [138]. Bis(alkyl
trithiocarbonato-S, S') complexes of osmium have been
synthesized and examined for geometrical isomerism.
The redox properties and ESR data are included in
this report. A comparison to ruthenium congeners is
made and it is shown that the ruthenium congeners
isomerized more rapidly [139]. The reaction of Ru-
(CO),(pyS), with Ru,(CO),, has been examined and
polynuclear products have been isolated and character-
ized [140]. The thiocarbonyl complexes M(SiMe,Cl)-
(CIXCSXPPh,), (where M = Ru, Os) have been syn-
thesized from M(PhXCIXCSXPPh;), and HSiMe,Cl.
CO addition to the thiocarbonyl complexes M(SiMe,-
OEtXCIXCSXPPh,), induces a migratory insertion re-
action involving the silyl and thiocarbonyl ligands, which
affords the n>-silathioacyl complexes M{72-C(S)SiMe -
OEt}CIXCOXPPh,),. The molecular structure of the
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Fig. 6. Reprinted with permission from J. Am. Chem. Soc. Copyright
1992 American Chemical Society.

ruthenium analogue of this latter complex is presented
[141]. Oxidation of thiolate ligand in CpRuL,(SR)
(where L, = PPh,, dppe, PPh;/ CO; R = Me, Ph, ben-
zyl) by dimethyldioxirane yields the sulfone complex
CpRuL,SO,R [142]. Treatment of Ru(CO),(PPh,); or
cis,cis,trans-Ru(H),(CO),(PPh,), with H,S furnishes
the complex cis, cis, trans-Ru(SH) ,(CO) (PPh,),. X-Ray
diffraction analysis confirms the structure and indicates
that the mercapto protons are not involved in SH/7
interactions with the phenyl rings. The same reaction
was studied with Ru(H),(dppm),, which was shown to
initially give trans-Ru(HXSHXdppm),, followed by cis-
and trans-Ru(SH),(dppm), upon further reaction with
H,S [143]. The structural integrity of the trigonal cores
of [M(SR);]* ° (where M =Ru, Os; RS =5-2,3,5,6-
Me ,CH, $-2,4,6-'Pr;CH,) has been explored by X-ray
crystallography and electrochemical techniques [144].
Polymeric [Ru(PPh,X’S,)], [where 'S/ = 1,2-bis{(2-
mercaptophenyl)thio}ethane(2-)] reacts with H,S at
—70°C to give Ru(SH,XPPh,;X'S}). The molecular
structure of this product was determined by X-ray
diffraction analysis. This is a rare example of a H,S
complex that is stabilized by hydrogen bonding with
the ancillary sulfur coordination sphere. Oxidation ex-
periments and the products that result are presented
{145].

The introduction of an ethynyl group into a y-posi-
tion of a tris(B-diketonato)ruthenium(III) complex is
described. The use of the ethynyl group may be used to

construct homo- and heterobinuclear complexes. A
stepwise two-electron oxidation and reduction through
RuV-Ru!"' and Ru-Ru"! states are revealed by cyclic
voltammetry for [L,Ru'™OCMe),4-C(-C=C-),C(Me-
CO),Ru™L,]. The stabilities of mixed-valence states
are discussed with respect to the comproportionation
constants [146]. The redox properties of Ru(acac), in a
room-temperature molten salt have been examined.
The reactivity of [Ru(acac);]” with the chloroalumi-
nate molten salt is outlined [147].

The synthesis of mixed-alkyl osmium oxides of the
form (R),(R"),0s=0 is described. The molecular
structure of cis-dimethyl(2,2-dimethylpropyloxoos-
mium has been determined by X-ray diffraction analy-
sis [148]. Osmium(VI) glycolate complexes may be alky-
lated in a two-step procedure to give mixed-alkyl ox-
oosmium complexes. The initial chelating ligands in the
starting materials give square-pyramidal alkyl com-
plexes with a cis-geometry (cis R, R' and R’, R").
Included in this report is the X-ray crystal structure of
dimethyl(2,3-dimethylbutane-2,3-diolato)oxoosmium
(VD) [149]. Dihalogen osmium(VI) complexes of pinacol
have been obtained from the reaction of AlX, (where
X =Cl, Br) with oxobis(pinacolato)osmium(VI). Cis
alkyl groups may be subsequently introduced by reac-
tion with dialkylzinc reagents [150]. The oxo complexes
[0s(0),(O,CRXCI),]~ {where R = Me, Et, CH(Me)Et}
and [Ru(0),(O,CR'XCD),]~ (where R’ =Me, Et, Pr,
CHF,) have been synthesized and examined as cat-
alytic oxidants [151). Thermally activated ruthenium
dioxide hydrate has been found to mediate the oxida-
tion of water to oxygen by [MnO,]~ [152]. Cyclohexyl
isocyanate reacts with the oxoruthenium(V) anions
[Ru(OXOCEt(R)C(0)0O),]- (where R=Me, Et) to
yield the amidoruthenium anions [Ru{NH(C H,){O-
CEt(RX0)0},]". The reaction of dioxygen with these
amido complexes has been studied [153].

A report on the regiochemistry of the bisosmylation
of Cq has appeared [154]. The new perfluoro-
pinacolate complex (PFP),0s(OX4-'butylpyridine) has
been prepared [155]. The thermochemistry of gaseous
0s0,, 0s0,, 0sO,, and OsO, which have been gener-
ated by reaction of O,(g) with osmium, has been stud-
ied by using mass spectrometry [156]. The reaction of
RuO, and OsO, with buckminsterfullerene has been
explored by extended Hiickel methods [157]. A report
dealing with variable photon energy photoelectron
spectroscopy of OsQ, and pseudopotential calculations
of the valence ionization energies of RuO, and OsO,
has appeared [158]. A new model for the stereoselec-
tive dihydroxylation of alkenes by chiral diamine com-
plexes of osmium tetraoxide has been described [159].
The catalytic oxidation of fluorinated alkenes using
osmium tetraoxide has been studied [160].
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The synthesis and redox chemistry of bis(o-benzo-
semiquinonato)bis(triphenylphosphine)ruthenium(II)
complexes have been examined. The X-ray diffraction
structure of Ru(O,C.Cl¢),(PPh,), is presented [161].
The preparation, characterization, and redox behavior
of ruthenium complexes that bear catecholate and 2-
(m-tolyazo)pyridine ligands are reported [162]. The
charge distribution in several bis(quinone) complexes
of ruthenium and osmium has been investigated. The
complexes of interest have been synthesized by treating
Os(bpyXCl); with the desired catechol. The products,
which have the form Os(bpyXcatechol),, have been
examined by cyclic voltammetry and UV-vis-near-IR
spectroscopy. This report presents the X-ray diffrac-
tion data for Os(bpyXCl,Cat), - 2C{H 4 [163].

2.7. Nitrogen ligands

New osmium(III) and (IV) complexes with an ancil-
lary ethylenebis(salicylidineimine), 1,2-bis(pyridine-2-
carboxamido)benzene or 4,5-dichloro-1,2-bis(pyridine-
2-carboxamido)benzene ligand have been synthesized
from trans-dioxoosmium(VI) complexes. The isolated
complexes were observed to function as alkene oxida-
tion catalysts using iodosylbenzene as the oxygen source
[164]. The synthesis and X-ray diffraction structure of
Ru(edta)NO) are presented. This nitrosyl complex has
been shown to be an excellent oxygen-atom transfer
agent toward 1-hexene and cyclohexene to give hexan-
2-one and cyclohexene epoxide, respectively [165]. [Ru-
(Hedta)}(CD]~ and Ru(Hedta)(H,0) have been allowed
to react with dppm in a H,O/EtOH mixture to give
Ru(HedtaXdppm) and Ru(H,edtaXdppm). The mole-

Fig. 7. Reprinted with permission from Inorg. Chem. Copyright 1992
American Chemical Society.

Fig. 8. Reprinted with permission from Inorg. Chem. Copyright 1992
American Chemical Society.

cular structure of the latter complex, as its DMSO and
H,O0 solvates, is reported [166]. The synthesis of the
complexes [Ru(HedtaXNO)]™ and Ru(edta}NQO) has
appeared. The use of the former complex as an effi-
cient oxygen transfer agent for the oxidation of alkenes
by dioxygen and iodosylbenzene is described. A key
component of the oxidation reaction is the involvement
of a ligand-mediated nitrosyl / nitro couple [167]. The
details associated with the catalysis of the Diels-Alder
reaction using trans-[Ru(salenNOXH,0O)]* are de-
scribed. Rate accelerations of > 10° have been mea-
sured relative to the corresponding thermal reactions
[168].

The influence of the 5-substituent of uracils and
uridines on the coordination of [Ru(Hedta)]~ has been
investigated by '"H and 'F NMR spectroscopy. Both
cyclic voltammetry and differential-pulse polarography
have been used to study the n? coordination of the
uracils and uridines to the ruthenium center [168]. The
synthesis and characterization of the ruthenium oxo
complexes [Ru(OXedta)]~ and [Ru(OXpdta)]~ have
appeared. Transfer of the oxo atom to saturated hydro-
carbons has been studied spectrophotometrically. The
X-ray crystal structures of both oxo products are pre-
sented [170].

The kinetics and mechanism of the reduction of
trans-[Ru™(LXOXH ,0)]** to trans-[Ru™(LXOH)-
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(H,0)** (where L =6,7,8,9,10,11,17,18-octahydro-6,
10-dimethyl-5H-dibenzo[e,n][1,4,8,12]dioxadiaza-cyclo-
pentadecine) by cis-[Ru’NH,), (isonicotinamide)]**
are discussed. The molecular structure of trans-[Ru™-
(LXOHXH,O)P** has been crystallographically deter-
mined. Treatment of trans-[Ru(LXCD,]* (where L =
1,5,9,13-tetramethyl-1,5,9,13-tetraazacyclohexadecane)
with nitrite ion furnishes trans-{Ru(LXOXCD]* and
trans-[Ru(LXOHXNO)]?>*. These products arise from
the disproportionation of trans-{Ru(LXCIXNO,)]*. The
X-ray structures of the products are included in this
report [172]. The synthesis and crystallographic struc-
tures of cis-[RuYI(LX0),1**, cis-[Ru¥(LXO),]*, and
cis-[Ru''(LXMeCN),]** (where L = N,N,N’,N’-3,6-
hexamethyl-3,6-diazaoctane-1,8-diamine) have been
published. The redox properties of these complexes
and the oxidation of saturated hydrocarbons are dis-
cussed [173]. The mechanism of alcohol oxidation by
trans-dioxoruthenium(VI) complexes with an ancillary
nitrogen chelating ligand has appeared. The nitrogen
ligands used include bpy, N,N’-dimethyl-6,7,8,9,10,11,-
17,18-octahydro-5H-dibenzo[en][1,4,8,12]dioxadiazacy-
clopentadecine, N,N’-dimethyl-N,N’-bis(2-pyridyl-
methyl)-3,7,11,17-tetraazabicyclo[11.3.1]heptadeca-1(17),
13,15-triene, and 1,4,8,11-tetramethyl-1,4,8,11-tetraaza-
cyclotetradecane. The alcohol oxidation proceeds by
either a hydride or hydrogen atom abstraction process
[174]. Kinetic data for alkene oxidation using a series
of isostructural trans-dioxoruthenium(VI) complexes
are reported. A linear free energy relationship between
log K, and E°(Ru""-Ru") for the oxidation of styrene
and norbornene has been established [175]. The syn-
thesis and spectroscopic properties of the ruthenium
complexes trans-Ru(ClXcyclamXL) (where L = 4-pico-
line, py, isonicotinamide, 4-acetyl-pyridine) have been
obtained from the reduction of trans-[Ru(cyclam)
(CD,1* in the presence of excess L. The redox behav-
ior and the MLCT energies of these complexes are
discussed [176].

Hydrogen displacement in [M(HX7n%-H,){P(OEt),-
Ph},]* (where M =Ru, Os) by [NOJPEK] gives the
linear nitrosyl complexes [M(HXNOXP(OEt),Ph},]**.
Treatment of these complexes with isocyanide and CO
proceeds by phosphite loss and ligand capture [177).
The single-crystal X-ray diffraction structures of trans-
Ru(dpgh),(NOXCD) and trans-[Ru(dmgh)(dmgh,)-
(NOXCD]* have been presented. Variable-tempera-
ture '"H NMR spectroscopy has been used to measure
the rate of proton exchange in the latter complex [178].

The synthesis and characterization of the dioxo-
osmium(VI) complexes cis-Os(O),(L) and trans-Os-
(0),(L’) {where L = 2,6-bis(2-hydroxy-2,2-diphenyleth-
ylpyridine; L' = NH ,-'Bu, Py, 4-tert-butylpyridine}, the
nitrido complex Os(NXLXCI), and the imido complexes

Os(LXNCOCF;XCIXO,CCF,) and Os(LXNPh), have
been published [179)]. Bisruthenium(I1I) complexes have
been allowed to react with 2,6-bis(pyrazol-1-ylmethyl)-
pyridine. The characterization and redox investigation
of the isolated products are discussed [180]. A report
on the use of the ruthenium(II) complex trans-Ru(py),-
(CD, in the design of an artificial four-helix bundle
metalloprotein has appeared [181]. Treatment of [Ru-
(DMSO)(I[BF,], with 2,6-bis(o-methoxycarbonylphen-
ylthiomethyb)pyridine gives a complex with a non-sym-
metrical tridentate ligand that possesses a benzothio-
phene fragment [182]. The coordination of [Ru™(edta)-
(H,0)]” and [Ru™edtaXH,0))*~ to poly(4-vinylpyri-
dine) gives the corresponding poly(4-vinylpyridine)-sub-
stituted complexes. The diffusion coefficient for these
complexes has been measured [183].

The synthesis and characterization of two metallacy-
clopentatriene complexes have been reported. When
trans-{Os(ethylenediamine) (n2-H,XH,O)F** is heated
with 2-butyne, the product cis-[Os(C ,Me,Xethylenedi-
amine),]** may be isolated in near quantitative yield.
The X-ray structure of the product unequivocally es-
tablishes the presence of the osmacyclopentatriene
moiety. Treatment of the same reactant with 2,8-deca-
diyne affords cis-[Os(C,oH,,Xethylenediamine),]** as
a result of an intramolecular alkyne cyclization reac-
tion [184]. A 1,2-hydrogen shift in the osmacyclopenta-
triene complex cis-{Os(C ,Me ,Xethylenediamine), >+
furnishes the corresponding osmahexatriene complex
due to the conversion of one of the carbene ligands to
a coordinated alkene. The L-histidinate complexes Ru-
(CIXL-histidineXdiene) (where diene = nbd, cod) have
been prepared from the chloro-bridged polymer [Ru-
(CIXdiene)], [186]. The synthesis and X-ray diffraction
structure of [Ru(CD),(COX1-methylimidazole)]~ have
appeared. The ruthenium(III) atom is octahedrally co-
ordinated to four co-planar chlorine atoms [187]. A
review on the coordination and organometallic chem-
istry of monoazadiene ruthenium complexes has been
published [188]. The reaction between [Os(Br)¢]*~ with
excess tmen yields the osmium(IV) tris-chelate complex
[Os(tmen-H),(tmen)**. The pH dependence of the
reduction potential has been determined by cyclic volt-
ammetry [189]. Treatment of the ruthenium(II) and
osmium(II) complexes M(CI),(PPh;); with N,N’-di-
phenylamidines, PhN=C(R)-NHR (where R =H, Me,
Et, Ph), yields the ruthenium(III) and osmium(III)
products M(CD,{PhNC(R)NPh}(PPh,),. The X-ray
structure of trans-Os(C1),{PhNC(Et)NPh}, accompa-
nies this report [190). Excited-state proton transfer to a
tris[2-(2-pyrazinyl)thiazoleJruthenium(II) cation has
been examined [191]. Optically active 2-aminocarbonyl-
pyrrolidine ligands have been introduced into rutheni-
um complexes. The ligands employed were (S)-2-
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Fig. 9. Reprinted with permission from Inorg. Chem. Copyright 1992
American Chemical Society.

'butylaminocarbonylpyrrolidine and (S)-2-(3-tricthoxy-
silyl) propylaminocarbonylpyrrolidine. The hydro-
genation activity of the prepared complexes has been
investigated [192]. The reaction between Ru(PPh,),-
(CD), and HPhenoxSQ has been studied under a vari-
ety of conditions. The complexes Ru(PPh;),(Cl),-
(PhenoxSQ) and Ru(PPh;XCIXPhenoxSQ), have been
isolated and characterized by spectral and electro-
chemical techniques. The solid-state structure of the
former complex has been solved by X-ray crystallogra-
phy [193].

A review dealing with electron transfer in rutheni-
um-modified proteins has been published [194]. Vol-
umes of activation for intra- and intermolecular elec-
tron transfer from ruthenium(II) ammine complexes to
different cytochrome C complexes have been measured
by pulse radiolysis [195]. Linkage isomerization reac-
tions in [Ru(NH,)J(acetone)]®*/2* are reported. Ki-
netic and thermodynamic data for the 5! — 52 linkage
isomerization in [Ru(NH ;)(acetone)** are presented.
The redox behavior of the various isomers has been
studied, and it has been observed that the hexafluoro-
acetone complexes exist solely in the 52 form [196].
The coordination of Ru(NH ), groups to pyridine sites
in a cobalt meso-tetrakis(4-pyridyl)porphyrin adsorbed
on pyrolytic graphite has been achieved. The electro-
catalysis of O, to H,O has been studied [197]. Penta-
ammineruthenium(I) complexes of nicotinamide and
isonicotinamide exhibit rapid amido to pyridyl isomer-

ization reactivity upon reduction [198]. The incorpora-
tion of [Ru(NH,),]’* into a polypyrrole-Co-{3-
(pyrrol-1-y)propanesulfonate}] film is reported [199].
The theory of quasireversible electrode processes has
been studied at mercury oblate spheroidal microelec-
trodes by using Ru'M(NH,),/ Ru''(NH,), [200]. Zinc
amalgam reduction of [Os(NH,){(MeCN)P** and [Os-
(NH )4(O,SCF;)FF* in MeCN gives the complex [Os-
(NH,)s(n*CH,CH=NH,)’*. The spectroscopic and
redox behavior of this 7n2-iminium complex are de-
scribed [201]. The X-ray structure and magnetic prop-
erties of [Ru(NH ;) I[Br[SO,] have been determined
[202]. Cerium(IV) oxidation of [Os(NH ;,)s(CD]** in wa-
ter gives the nitrido complex [Os(NXNH,),]** in quan-
titative yield. Excited-state quenching of the nitrido
complex by electron donors has been demonstrated
and the quenching process discussed within the context
of a photoinduced electron-transfer mechanism [203].

Refluxing [Os(NH,),(N,),[OTf], with propylamine
yields cis-[Os(NH ) (NH,PrXN,)]**. Treatment of this
complex with a triflic acid/bromine solution promotes
nitrogen loss and formation of the corresponding tri-
flate [Os(NH,),(NH,PrXOTf))**, which upon zinc
amalgam reduction furnishes the cis-iminium complex
[Os(NH ,),(HX7*-NH,=CHEt)]**. Cyclic voltammetric
analysis for the formation of the iminium complex has
allowed for the determination of the rate constant for
this reaction [204]. The phenol-cyclohexadienone equi-
librium for m*-coordinated arenes in [Os(NH,).-
(arene)]?>* has been studied [205]. The synthesis of
[Os(NH,)5(2,3-n2-pyrrole)** and various alkylated
pyrrole derivatives has been reported. Also included
are the results of protonation and electrophilic addi-
tion studies [206]. The pentaamineruthenium(II) moi-
ety has been attached to the terminally disubstituted
rigid rod molecules derived from [nlstaffane-3,3¢* -
dithios (where n = 1-4) [207]. [Ru(NH ,);(H,0)]** has
been allowed to react with a mixture of tyrosine and
valine tRNAs. Spectral, kinetic, and electrochemistri-
cal data are discussed [208]. The theory of the feedback
mode of the scanning electrochemical microscope has
been examined by studying the oxidation of [Ru(N-
H ) ]** [209]. The nature of ruthenium(II)-S(thioether)
bonding has been investigated by a variety of tech-
niques. The preparation, X-ray structure, and elec-
tronic spectra for [Ru(NH,);{S(MeXEt)}]** are pre-
sented and discussed. Ab initio molecular orbital calcu-
lations reveal that substantial back bonding exists be-
tween the ruthenium and sulfur atoms [210].

The photochemistry of trans-[Ru(NH,),{P(OEt),}-
(H,0))**, trans-[Ru(NH,) {P(OE1),},]**, and trans-
[Ru(NH,),{P(OEt),}(CO)]** has been explored. Pho-
toaquation of the thermally inert NH; ligand is ob-
served, and photoaquation of CO in the latter complex
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is explained by considering a scheme that involves
depopulation of a bonding d7 orbital and population
of a o* orbital [211]. The synthesis, spectroscopy, and
electrochemistry for trans-[Ru(NH,),(imidazole)(iso-
nicotinamide)]** have been published. The X-ray
structure of this complex reveals an octahedrally coor-
dinated ruthenium center [212].

A report that demonstrates the use of electrochemi-
cal microscopy in the examination of counterion ejec-
tion from a Nafion coating on electrodes has appeared.
It is observed that one-third of the initially present
[Os(bpy);)** cations are lost during the oxidation to
[Os(bpy);]>*. The characteristics of the altered cyclic
voltammetric waves of [Os(bpy);**/?* and other un-
usual features of this film are discussed [213]. The
preparation of polymers derived from [M(vbpy);[PF;l,
(where M = Ru, Os) by free-radical polymerization is
described. The resulting polymers were fractionated
according to molecular weight using size exclusion
chromatography, and the diffusion coefficients deter-
mined by electrochemical methods [214]. The synthesis
and photoredox pathways available to spatially re-
stricted metallopolymeric films have appeared. The
polymeric films were derived from [Ru(vbpy),]** [215].
The X-ray structures of [Ru(bpy);IPK], and [Ru-
(bpm),J[PF,], - MeCN have been determined and a dis-
cussion on their similarities presented [216].

The effect of charge separation in donor—chromo-

Fig. 10. Reprinted with permission from Inorg. Chem. Copyright
1992 American Chemical Society.

Fig. 11. Reprinted with permission from Inorg. Chem. Copyright
1992 American Chemical Society.

phore—acceptor complexes has been explored for in-
verted region behavior in reverse electron transfer re-
actions. The electron donor is a phenothiazine moiety
while the electron acceptor is a N,N'-diquaternary-
2,2'-bpy group, both of which are covalently linked to a
Ru(bpy), moiety. Optical excitation of the Ru(bpy);
MLCT state affords a long-lived charge-separated state
as a result of oxidative quenching of the Ru(bpy):*
moiety, which is followed by phenothiazine-to-ruthe-
nium electron transfer. The Marcus inverted behavior
observed has been analyzed [217]. The synthesis and
photophysical properties of several complexes of ru-
thenium(II) containing 4,4'-di(carboxyphenyl)-2,2"-bpy
and related bpy ligands are reported. Microstructures
in thin polymeric films have been investigated by using
copolymerized films of poly-cis-{[Ru(Me, bpy),(vpy),**
[Os(vbpy);]** on platinum electrodes. With the use of
mashing techniques, spatial control of the osmium(II)
complex may be achieved [219]. The synthesis and
characterization of arborols containing polypyridylru-
thenium(IT) complexes are presented. These complexes
have been examined for their luminescent behavior
and redox properties [220]. Underivatized amino acids
have been detected by a post column chemilumines-
cent technique using electrogenerated [Ru(bpy),]**
[221]. New luminescent pH sensors based on [Ru-
(bpy),(5,5'-diaminomethyl-2,2"-bpy)}** have been pub-
lished [222]. Photoelectrocatalytic reduction of oxygen
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using a chemically modified electrode containing [Ru-
(bpy);** has been demonstrated [223]. The synthesis
and redox behavior of a ruthenium(II)-containing poly
(2,2 -bipyridine-5,5'-diyDpolymer are discussed. The
catalysis of hydrogen evolution from aqueous solution
has been investigated [224]. The bimolecular electron-
self-exchange reaction between osmium(II) and os-
mium(III) sites in bipyridine redox polymer films has
been examined and the rate constants discussed [225].
The redox properties of polypyridyl complexes immobi-
lized in a k-carrageenan hydrogel matrix are reported.
The data presented support a dual-mode mechanism
that involves physical diffusion and electron hopping
for charge propagation [226]. The electron-transfer
quenching of the MLCT excited state of [Ru(bpy),**
by intra zeolitic methylviologen ions has been studied
by steady-state and time-resolved spectroscopic tech-
niques. This rate of quenching was shown to be de-
pendent on the diffusion of methylviologen ions within
the zeolite channels [227]. A photophysical examina-
tion of intramolecular transfer of triplet energy in a
polypyridylruthenium(II) complex that is covalently at-
tached to a pyrene moiety has been reported [228]. The
primary process of illumination on the [Ru(bpy),]**-
catalyzed Belousov-Zhabotinskii reaction has been de-
termined [229]. Scanning tunneling microscopy data for
adsorbed monolayers of [Ru(bpy),{bpy-(CH,), -bpy}]**
(where x =4, 5) on Au(Ill) are discussed with respect
to the spatial distribution of ruthenium [230]. The
spectral properties of [Ru(bpy);}** synthesized within
zeolite Y cages have been published [231]. A study
dealing with the [Ru(bpy),]**-sensitized, photoinduced
transmembrane electron transfer reactions has ap-
peared [232]. The synthesis of tris-2,2’-bipyridyl mac-
robicyclic cryptand molecules containing externally co-
ordinated ruthenium(II) cations has been described
[233]. Nitroxide-labeled ruthenium(II)-polypyridyl com-
plexes have been synthesized and investigated as EPR
probes in the study of organized systems [234]. The
photoinduced electron transfer between [Ru(bpy);]**
and methylviologen in the supercages of hydrated zeo-
lite Y has been explored. The size of [Ru(bpy),]**
ensures that it remains trapped within the supercages,
but the migration of methylviologen through the zeolite
framework facilitates electron transfer in neighboring
cages. Time-resolved resonance Raman spectroscopy
has been used in the study of the electron-transfer
reaction [235]. Photoinduced electron transfer in cova-
lently linked ruthenium tris(bipyridyl)-viologen mole-
cules has been investigated and data presented that
support back electron transfer in the Marcus inverted
region. The rates of photoinduced electron transfer
were measured by picosecond flash photolysis/
transient absorbance techniques [236].

B-DNA has been examined by photophysical and
EPR techniques using nitroxide-labeled ruthenium(II)-
polypyridyl complexes. The complexes examined in-
clude [Ru(1,10-phen),(1,10-phen-T)]** and [Ru(bpy),-
(1,10-phen-T)** (where T=TEMPO moiety). The
TEMPO spin label is attached to the phenanthroline
ligand by a carbamate moiety [237]. The enantioselec-
tive quenching of [Tb(2,6-pyridinecarboxylate);]*~ by
resolved [Ru(1,10-phen);** in methanol and water has
been demonstrated and shown to be solvent dependent
[238]. The effect of the ionic strength of methanol and
water solutions on the enantioselective quenching of
[Tb(2,6-pyridinecarboxylate)]>~ Iuminescence by re-
solved [Ru(1,10-phen),]** is discussed [239]. Two-di-
mensional NMR data on the interaction of [Ru{1,10-
phen),]** with the self-complementary decanucleotide
duplex [d(CGCGATCGCG)], provide evidence for the
binding of both A- and A-[Ru(1,10-phen);]** to the
AT portion of the oligonucleotide [240).

Thin films of poly{pyrrole-{(Ru'(bpy),(Cl),]} have
been prepared and the [Ru'(bpy),(CD),] sites in the
polymer examined for their conversion to cis- or trans-
[Ru(bpy),(H,0),1** [{Ru(bpy),(H,0)},0]#*), and
[Ru(bpy),(MeCN), **. The electrocatalytic behavior of
these films has been investigated [241]. The oxidation
of hydroquinones by [Ru(bpy),(pyXO)]>** and [Ru-
(bpy),(pyXOH)I** has been investigated. The product
quinones are formed by distinct one-electron steps.
The mechanistic details and the effect of pH on the
rate of the reaction are discussed [242]. The synthesis
and catalytic hydrogenation activity of cis-[Ru(6,6'-
Cl,bpy),(H,0),]** are reported [243]. The synthesis
and spectroscopic characterization of [Ru(bpy),(CO)-
(NO)]* are presented.The X-ray structure of this com-
plex has been solved and the reactivity with hydroxide,
which gives the corresponding metalloacid, has been
examined by UV-visible spectroscopy [244].

The osmium complex cis-[Os(bpy),(COXH)]* func-
tions as an electrocatalyst for the reduction of CO, in
MeCN at glassy carbon or Pt electrodes. CO is ob-
served as the major product under anhydrous condi-
tions, with formate being formed in the presence of
water. Digital simulation of cyclic voltammograms un-
der the electrocatalytic conditions reveals a rate-de-
termining step that involves the reaction between CO,
and the direduced complex [Os(bpy),(COXH)]". The
kinetics of CO, reduction by cis-[m(bpy),(COXR)]~
(where M = Ru, R =benzyl; M = Os, R = H, Me, Ph)
have been studied, and the observed linear correlation
between In k and the cone angle of the R group
discussed [245]. Treatment of [Ru(bpy),(CO),]** with
2 equiv. of [Bu,NJOH] in H,0/EtOH yields the
n'-carboxylate complex [Ru(bpy),(COX7'-CO,)]- 3H,-
O. The molecular structure was determined by X-ray
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Fig. 12. Reprinted with permission from Inorg. Chem. Copyright
1992 American Chemical Society.

crystallography. The initial starting material is regener-
ated upon treatment with acid [246]. The X-ray struc-
ture of [Ru(bpy),(COXCO,H)]" has been determined
in order to compare the structural differences between
it and [Ru(bpy),(COX7'-CO,)]. The synthesis and
characterization of trans-[Ru(bpy),(NOXOH)]?>* have
been published. X-Ray diffraction analysis has been
used to solve the molecular structure of this new com-
plex [248]. Folic acid, lumiflavin, and riboflavin have
been bound to the “[Ru(bpy),]**” fragment. The pk,
values of the heterocyclic nitrogen-H protons and the
MLCT spectra have been measured [249].

The reaction between Ru(bpy),(Cl), and 2-(2-
thienyl)pyridine in the presence of a chloride scavenger
yields [Ru(bpy),{2-(2'-thienyl)pyridine}]** which con-
tains a bidentate N,S-bonded ligand [250]. The synthe-
sis of the trifluoromethyl-substituted ligands 4,4'-bis-
(trifluoromethyl)-2,2"-bpy, 5,5'-bis(trifluoromethyl)-
2,2"-bpy and their reaction with ruthenium(II) com-
plexes are reported. The new polypyridyls have been
examined by electrochemical and spectroscopic meth-
ods [251]. The synthesis and FAB mass spectrometry
data of homo- and heterometallic ruthenium(II) com-
plexes with a 1,4,5,8,9,12-hexaazatriphenylene ligand
have been presented [252]. The use of the tetradentate
bridging ligand 2,6-bis(2-pyridyl)benzodiimidazole as a
ligand in ruthenium(II) complexes is described [253].
The electrochemistry of [Ru(bpyXNH,),}** and [Ru-
(1,10-phenXNH ), J** has been investigated and esti-
mates of electronic delocalization, which are based on
partial oxidation-state markers in the Raman spectra,
are discussed [254). The synthesis and redox properties

of polypyridyl complexes of ruthenium(II) containing
three different bidentate ligands are presented [255].
An electrochemical study of a bpm-ligated ruthenium
complex has appeared [256].The charge-transfer ex-
cited states of ruthenium(II}) complexes with bridging
2,2"-bis(2-pyridyl)bibenzimidazole or 1,2-bis{2-(2-pyr-
idyl)-benzimidazole}ethane have been examined by
emission and transient absorption spectroscopy [257].
A general synthetic approach to tris(polypyridyl)-sub-
stituted ruthenium(II) complexes has been outlined
[258]. The electron-transfer reactivity of pentaamineru-
thenium(IT) complexes with either a pyrazine or bpy
ligand has been explored [259). The oxidative elec-
tropolymerization of ruthenium complexes with an ani-
line-substituted 2,2"-bpy has been described. The spec-
troscopic data for the polymer films are also discussed
[260]. The photophysics and photochemical behavior of
2-(2’-pyridyDpyrimidine and bis(pyridine)polypyridyl
complexes of ruthenium(II) have been published. The
MLCT-dd energy gap and the emission data have been
measured and the studied complexes discussed with
respect to the design of molecular assemblies [261].
Several mono- and diaquapolypyridyl complexes of ru-
thenium(II) have been shown to function as stereose-
lective binding agents to DNA [262]. A one-pot synthe-
sis of several polypyridyl ruthenium complexes is re-
ported [263]. The absorption spectra, luminescence
properties, and electrochemistry of ruthenium(lI) com-
plexes containing bis(pyridyDtriazole ligands have been
published [264]. The luminescent properties of DNA-
ligated ruthenium(II) complexes with two phenanthro-
line ligands and a dipyridophenazine ligand have been
recorded [265]. A study on the ruthenium(II) com-
plexation to an oligonucleotide is discussed with re-
spect to ruthenium complexes being able to function as
spectroscopic probes fornucleic acid conformations
[266]. The chemistry and spectroscopic properties of
ruthenium complexes with pyridine and phenol ligands
are discussed [267]. Several Ru(bpy),-substituted com-
plexes containing pyridyltriazole ligands have been syn-
thesized. The X-ray structure of [Ru(2,2-bpy),(CI}3-
methyl-1-(pyridin-2-yl)-1,2,4-triazole}]** accompanies
this report [268]. The electrochemical oxidation of cis-
[Ru(bpy),(2,3-dimethyl-2,3-diaminobutane)l** exhibits
a reversible three-proton three-electron couple. C-C
bond cleavage of the 2,3-dimethyl-diaminobutane lig-
and is observed during oxidation and the isolation of
cis-[Ru(bpy),(NH=CMe,),]** reported. The identity of
this oxidation product was ascertained by X-ray crystal-
lography [269]. The enantioselective cleavage of plas-
mid DNA by the « isomer of [Ru(bpy),(4’, 7’-phenan-
throlino-5', 6-: 5,6-pyrazine)]** in the presence of cop-
per(I1), 3-mercaptopropionic acid, and hydrogen perox-
ide has been demonstrated. The A isomer of this
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ruthenium complex is inactive [270]. The formation of
supramolecular complexes of tris(6,6"-oligoethylenegly-
col-3,3"-bipyridazine)ruthenium(I)has been published
[271). The excited-state interactions in ligand-brid-
gedchromophore-quencher ruthenium(I) complexes
are reported [272]. The photophysical and photochemi-
cal properties of mixed ligand complexes of ruthenium
(1) with a 3-(pyridin-2-yl)-1,2,4-triazole ligand have
been examined. Temperature-dependent luminescent
data indicate that the protonated complexes decay via
population of a metal-centered excited state [273]. The
photoinduced intramolecular electron transfer in sev-
eral ruthenium(II) diimine donor-diquat acceptor com-
plexes has been investigated. The data are discussed
with respect to through-space and through-bond inter-
actions [274].

The synthesis of tris(2,2"-bpy)ruthenium(II) com-
plexes with pendant pyridyl or phenol ligands has ap-
peared [275]. The synthesis, spectroscopic and redox
characterization, and X-ray diffraction structure of
[Ru(HXterpyXPPh;),]* have been published [276]. The
assembly of coordination polymers and oligomers of
ruthenium complexes containing terpy ligands is de-
scribed [277]. The X-ray structures of the free ligands
terpy and 2,6-bis(pyrazol-1-yl)pyridine are compared
with the same ligands in the complexes [Ru(LXNO,)-
(PMe,),]* [278]. New terpy-derived coordination oli-
gomers and polymers of ruthenium have been pre-
pared and their redox properties investigated [279].
The luminescent [Os(terpy),]** photosensitizer has
been attached to supramolecular dyads and triads and
examined for electron-transfer activity with a cova-
lently linked methylviologen acceptor group [280]. The
synthesis and ruthenium complexation chemistry of
3,4-dihydroxyphenylterpyridine are presented [281].
The synthesis and redox investigation of trans-[Ru-
(terpyX0),(H,O)F** are reported [282]. The reactivity
of trans-[Ru(terpyXbpy)H,0)]**, [Ru(terpy)1,10-
phenXH,0)**, and [Ru(terpyXtmenXH,O)** with
DNA has been studied by cyclic voltammetry. DNA
cleavage by an oxoruthenium(IV) species is discussed,
and the molecular structure of the latter complex de-
termined by X-ray diffraction analysis [283].

Superexchange metal-metal coupling in dinuclear
pentaamineruthenium complexes tethered by a 1,4-di-
cyanamidobenzene ligand has been examined. The
complexes were characterized by cyclic voltammetry,
UV-vis-NIR spectroscopy, and magnetic susceptibility
measurements. The superchange mechanism involves
ruthenium(IIDdr-orbitals and the = HOMO of the
bridging ligand [284). The singly oxidized forms of the
cyano-bridged complexes [(CNXbpy),Ru'l-CN-Ru'l-
(4,4'-dicarboxy-2,2"-bpy),-NC-Ru'(bpy),(CN)] and
[(H,O0Xbpy),Ru"’-NC-Ru'"(4,4'-dicarboxy-2,2"-bpy),-

Fig. 13. Reprinted with permission from Inorg. Chem. Copyright
1992 American Chemical Society.

CN-Ru''(bpy),(H,0)] exhibit intervalence charge
transfer bands in the infrared region [285]. The tem-
perature dependence of the intervalence transition for
the transition[(bpy),(CDRu(pz)Ru(NH ;);]** —
[(bpy),(CDRu’ "(pz)Ru"(NH;)5]** has been examined
[286]. Data from a picosecond infrared study of ultra-
fast electron transfer and vibrational energy relaxation
data in the mixed-valent ruthenium dimer [(NC);Ru!-
CNRu"(NH,);]~ are discussed [287]. The ability of
the S-S bridge to facilitate electrical conductivity be-
tween ruthenium centers in the binuclear ruthenium
complex [{Ru(NH,),},(4,4-dithiodipyridine)] has been
studied [288]). The complex trans-[(NH,),(py)Ru-pz-
Ru(NH,),(py)’*, which is a close relative of the
Creutz—Taube ion, exhibits multiple intervalence bands
that are dependent on the nature of the solvent and
added electrolyte [289]. The synthesis, absorption and
luminescence properties, and redox behavior of the
tridecanuclear ruthenium complex Ru[(u-2,3-dpp)Ru-
(bpy)(x-2,3-dpp)Ru-{(x-2,3-dpp)Ru(bpy),},]; have
been investigated [290). Several mixed-metal osmium
(II) / ruthenium(II) bimetallic complexes have been
synthesized and their electrochemical, spectroscopic,
and spectroelectrochemical properties reported. The
examined complexes include [(bpy),Os(u-BL)Ru-
(bpy),}]** (where BL =the bridging ligand dpp,dpq,
dpb) [291). Resonance Raman spectra of [{(bpy),-
Ru(H,0)},01** and its congeners have been recorded
and pathways for water oxidation outlined [292].

The synthesis and resonance Raman spectral data of
[(bpy),(CDOs™CN)Ru"Y(NH ;) 1> *,[(bpy) ,(CN)Os(C-
N)Ru"™NH,);]**, and [(bpy),Os"{(CN)Ru"(N-
H,)sh,1°* are reported. The use of resonance Raman
spectroscopy in assigning the nature of complicated
and overlapping electronic transitions is discussed [293].
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An electrochemical study has dealt with donor/
acceptor orbital mixing and electronic coupling in the
cyanide-bridged mixed-valence complexes [(NH;);Ru-
NC-Fe(CN)s]~ and [t-(py-X)XNH;),Ru-NC-Fe-
(CN)s]~ (where X = py, 4-Mepy, 3-Clpy) [294]. Ther-
mochromic effects have been investigated in the asym-
metric mixed-valence complex [(NH;);Ru'"-NC-Fe'l-
(CN)s]~ [295]. The synthesis, spectroscopic characteri-
zation, and redox properties of the triazole-bridged
complexes [(bpy),Ru™bpt)Rh™(ppy),]** and [(bpy),-
Ru''(bpt)Ir™(ppy),** have been published. Efficient
energy transfer from the higher excited states centered
on the M(ppy), moiety to the lowest energy excited
state associated with the Ru(bpy) moiety is noted [296].
The reactivity of ruthenocenylbipyridines has been ex-
amined [297]. The dinuclear compounds [(HXCOXP-
Ph;),Ru(u-bim)M(COD)] (where M =Rh, Ir) have
been studied as catalysts for the hydrogenation of
cyclohexanone, styrene, and a,B-unsaturated ketones.
Kinetic data have been collected and a reaction mecha-
nism for the reaction discussed. It is suggested that the
active catalyst is based on a dinuclear complex, where
the ruthenium center facilitates the hydrogen transfer
reaction [298]. The bifunctional supramolecule [Ru(1,-
10-phen),(phen-cyclam-Ni)]** has been synthesized
and its spectroscopic and redox properties reported.
This particular complex has been shown to function as
a catalyst for the photoreduction of CO,. In the CO,
reduction reactions, the Ru(1,10-phen), moiety acts as
a photosensitizer, and the Ni(cyclam) moiety functions
as the catalytic reduction site [299]. The photophysical
properties of covalently attached [Ru(bpy),]** and [Ni-
(cyclam)]™ are discussed [300]. Intramolecular energy
transfer brin the ruthenium(Ii)-chromium(III) chromo-
phore-luminophore complex [Ru(bpy),{Cr(cyclam)
(CN),}3* has been measured and is shown to originate
from a Ru(II) — Cr(III) intervalence state. Visible light
absorption by the Ru(bpy)5* chromophore promotes
light emission from the Cr(cyclamXCN); luminophore
[301].

Luminescence and intramolecular energy-transfer
processes in the cyano-bridged complexes [(CO);(bpy)-
Re—CN-Ru(bpy),-NC-Re(bpyXCO);}** and [(CO),-
bpy)Re—CN-Ru(4,4'-dicarboxy-2,2'-bpy),-NC-Re(bpy)-
CO),]** have been analyzed. Intense absorption inter-
valence transitions are observed in the infrared region
that result from the charge transfer excited state of the
partially oxidized species [302]. The extent of electronic
coupling in cyano-bridged ruthenium polypyridyl com-
plexes and the role of electronic effects on cyanide
stretching frequencies have been investigated. The data
on the resonance Raman spectra and time-resolved
infrared measurements are reported [303]. The synthe-
sis, luminescence data, and redox properties of hexa-

nuclear ruthenium/osmium complexes containing the
monochelating cationic ligand 2-[2-(1-methylpyridini-
umyD)]-3-(2-pyridyl)pyrazine are discussed. These
made-to-order complexes have unusual compositions
and topologies [304]. The preparation and characteri-
zation of redox copolymers derived from [Ru(4-vinyl-
4'-methyl-2,2"-bpy),]** and [Os(4-vinyl-4-methyl-2,2"-
bpy);** have been published. Luminescence experi-
ments indicate a significant degree of energy transfer
from ruthenium to osmium states in the polymer [305].
Long-range energy transfer in the oligomeric com-
plexes [(1,10-phenXCO);Re(CN){Ru(bpy),(CN)},Ru-
(bpy),(CN)[**D+ (where n = 0-3) has been explored
by excited-state resonance Raman spectroscopy [306].
The selective-solvation-induced intramolecular elec-
tron transfer in trimethylenebipyridine-bridged ru-
thenium/ osmium complexes has been studied by
pulsed accelerated flow spectrophotometry [307]. The
synthesis and photophysical investigation of deca-
nuclear homo- and heterometallic polypyridine com-
plexes are presented. These supramolecular complexes
exhibit relatively long-lived excited states [308]. The
lifetimes of MLCT excited states of [Ru(bpy),(L-L)Rh-
(bpy),I’* [where the bridging ligand L-L = 2,6-bis(2'-
pyridyl)benzdiimidazole, 2,2’-bis(2"-pyridyl)bibenzimi-
dazole, 1,1-dimethyl-2,2’-bis(2”-pyridyl)-6,6'-bibenzimi-
dazole,bis{2-(2"-pyridyl)benzimidazoylethane}] have
been examined by laser flash kinetic spectroscopy [309].
Optical and thermal charge-transfer processes in the
three-centered, cyanide-bridged intervalent charge-
transfer complexes [Pt(NH ;)4][(NC);M-CN-Pt(N-
H,),-NC-m(CN),] (where M = Ru, Os) have been ex-
amined. The observed intervalence charge-transfer
bands have been analyzed within the context of Mar-
cus—-Hush theory [310]. A spectroelectrochemical study
of [(bpy),Ru(u-ReS,)Rulbpy),]** reveals rich ligand
field and IR vibrational spectral data [311].

2.8. Alkenyl and alkylidene complexes

The reaction of the (E)-alkenyl complexes Ru(CO)-
(CIXCH=CHRXPPh,), and Ru(COXCIXCH=CHRXP-
Ph,),L (where L = Me,Hpz, py) with isocyanides af-
fords products of the form [Ru(COCH=CHRXCNRXP-
Ph;),]*, which exhibit an (E)-a,B-unsaturated-n'-acyl
ligand. The X-ray structure of [Ru(C=CPhXCN-"'Bu);-
(PPh;),]" is included [312]. Treatment of Ru(CIXH)
(COXPPh,),(BSD) with the propargylic alcohols
HC=CCR,0OH (where R = CMe,, cyclo-C;H,,) gives
the o-vinyl complexes Ru(CIXCH=CHCR ,OHXCOXP-
Ph),(BSD). The same reaction using Ru(CIXHXCO)-
(PPh,),, followed by treatment with BSD, yields the
dehydrated o-dienyl complexes Ru(CH{CH=CHC(=
CH,)Me}(COXPPh,),(BSD) and Ru(CIXCH=CHC,-
H XCOXPPh,),(BSD) [313]. The transfer of a vinyl
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ligand from mercury(Il) complexes to ruthenium(II)
complexes has been studied [314]. The synthesis of
osmium carbene complexes by double metalation reac-
tions involving alkoxyalkyl- and aminoalkylphosphanes
has appeared [315]. The activation of diynes as a route
to new bis(alkenylallenylidene)ruthenium complexes
has been described [316]. The (arene)ruthenium(ID)
complexes (n%-arene)Ru(PMe,XCl), (where arene =
CeMe,,CcMe, H,) react with HC=CC(RXR')OH, fol-
lowed by metathesis with [Na][PF], to give the cationic
alkenylcarbene complexes [(n%-arene)}(PMe,;XCD)Ru=
C(OMe)}{CH=C(RXR'}[PF;]. The X-ray crystal struc-
tures of several of the carbene products are presented,
and mechanistic details are discussed [317]. The prepa-
ration and isolation of octahedral ruthenium(II) com-
plexes Ru(Cl),(P-0),, which contain P, O-bound lig-
ands, from the reaction between Ru(C1),(PPh;); and
'Pr,PCH,CH,OMe and 'Pr,PCH,C(O)OMe are de-
scribed. The fluxional behavior of these complexes has
been studied by variable-temperature 3'p NMR spec-
troscopy. These same complexes have been allowed to
react with acetylenes to yield vinylideneruthenium(II)
complexes, of which the X-ray structure of Ru(Cl),-
(=C=CHPhXn'-Pr,PCH,CH,OMeXn°- 'Pr,PCH ,CH ,-
OMe) is discussed [318]. The catalytic activity of a
well-defined diruthenium alkylidene complex in alkene
polymerization reactions has been examined [319]. The
synthesis and study of carbene migratory insertion re-
actions of a ruthenium carbene complex have appeared
[320]. The o-acetylide complex CpRu(COXPPh,)-
(C=CPh) reacts with trans-CH(CO,Me)=C(CNXCO,-
Me) to give two isomeric cyclobutenyl compounds based
on CpRu{C=C(Ph)C(HXCO,Me)C(CNXCO,Me)}(CO)-
(PPh,). Thermal opening of the cyclobutenyl ring in
both isomers occurs in a conrotatory manner to afford
the same butadienyl complex CpRul[{C(=C(CNXCO,-
Me)}C(Ph)=C(HXCO,Me)(COXPPh,). All four com-
plexes have been structurally characterized by X-ray
crystallography [321].

2.9. w Complexes

The synthesis and ligand exchange reaction of
[(COD)Ru(H,0),]l[OTs], have been reported. The X-
ray crystal structure of this complex reveals a highly
distorted octahedral arrangement of the ligands about
the ruthenium center [322]. Complexes of the form
Ru(n*-1,3-diene)(n*-CODXnitrile) have been prepared
from the reaction between 1,3-dienes and Ru(#n%-naph-
thaleneX7n*-COD) in the presence of nitriles [323].
Treatment of [Ru(n*-2,4-dimethylpentadienyl),(H)]*
with various ligands affords the complexes [Ru(n>-2,4-
dimethylpentadienylXL),]* [324]. Disrotatory, electro-
cyclic closure and dehydrogenation of one of the
pentadienyl ligands in Ru(7>-2,4-Me,CsH ), have been

Fig. 14. Reprinted with permission from Organometallics. Copyright
1992 American Chemical Society.

observed [325). Hydrogen migration to acyclic pentadi-
enyl ligands has been studied in [Ru(n’-2,4-dimethyl-
pentadienyl)(n*-2,4-dimethylpenta-1,3-diene)(L)]*
{where L ='BuNC, CO, P(OMe),} complexes [326].
The use of packing potential energy calculations and
computer graphic analysis to study the molecular orga-
nization in crystals of ruthenocene has been discussed
[327]. The synthesis and spectral characterization of
the protected ethynyl ruthenocenes 1-(3-hydroxy-3-
methylbut-1-ynyl)4-ruthenocene, 1,1-bis(3-hydroxy-3-
methylbut-1-ynyDruthenocene, and 1,3,1-tris(3-hy-
droxy-3-methylbut-1-ynyl)ruthenocene have been pub-
lished [328]. The synthesis of Ru(Cp*X7>-C;F;), which
is the first transition-metal complex with a pentafluoro-
cyclopentadienyl ligand, has appeared [329]. The reac-
tion of 1,1-dilithioosmocene with elemental sulfur
yields the bridged osmocene compound 1,2,3-trithiaf3]-
osmocenophene. The X-ray structure of this complex
reveals that the cyclopentadienyl rings adopt an
eclipsed conformation [330]. The enantioselective re-
duction of benzoyl derivatives of ruthenocene has been
examined as a route to carbinols and diols [331]. The
synthesis and NMR examination ('H and >C) of met-
allocenyldiphenylmethyl hexafluorophosphates have
been investigated. Included in this report is the X-ray
crystal structure of [(Cp)Os(C;H,CPh,)]*. The stabi-
lization of the a-carbocationic center for diphenyl-sub-
stituted cations increased in the order Fe < Ru < Os
[332]. The synthesis of the half-open metallocenes
(Cp*)Ru(pentadienyl) and (Cp*)Ru(dieneXCl) starting
from [(Cp*)Ru(CD),], is described [333). The azaru-



238 M.G. Richmond / Ruthenium and osmium 1992

thenocenes [(Cp*)Ru(n’-C,Me,N)] and [(n°-C,Me,-
N),Ru] have been prepared from [(Cp*)Ru(CD,], and
(2,3,4,5-tetramethylpyrrolyDlithium. Both azaru-
thenocenes have been characterized by NMR analysis
and their stability is discussed [334]. A report that
outlines the development of a parameter scale for
substituent effects in cyclopentadienylruthenium com-
plexes has been published [335]. The reduction of
[(n*-C,Me,S),RullOTf], with Cp,Co affords the neu-
tral complex (n°-C,Me,S),Ru, which is shown to be
unstable above —20°C. Variable-temperature NMR
studies reveal that the observed fluxional behavior de-
rives from the interconversion of 7°-C,Me,S and n*-
C,Me,S ligands. The coordination of “Fe(CO),” to
one of the sulfur atoms has been demonstrated [336].
The mercuration of (Cp*),Ru using mercuric acetate
yields the complex pentakis(acetoxymecurio)penta-
methylruthenocene. Halogenation of this complex with
halide ion gives the corresponding pentahalopenta-
methylruthenocene (halogen = Br, I). The molecular
structure of the iodo complex has been determined by
X-ray diffraction analysis [337]. The synthesis of several
half-open ruthenocenes of the form (Cp*)Ru(pentadi-
enyl) have been reported and characterization by solu-
tion methods and X-ray crystallography presented [338].

The reactivity of [(Cp*)Ru(OMe)], with dppm has
been examined and the products of hydroxy and hydro-
gen sulfide exchange for the methoxy groups character-
ized [339]. Olefin activation and allyl ligand formation
have been observed when [(Cp*)Ru(OMe)}, is allowed
to react with simple olefins [340]. Treatment of [(Cp*)-
Ru(OMe)], with but-3-en-1-ol leads to exchange of the
alkoxo group and formation of [(Cp*)Ru{n>-O(CH ,),-
CH=CH,}],, whose molecular structure has been solved
by X-ray crystallography. This complex reacts with
two-electron donor ligands to yield (Cp*)Ru(n3-CH ,-
CHCHCHO)L. The butenyloxy group is transformed
into an allenecarboxaldehyde upon ligand capture [341].
The reaction between (Cp*)Ru(PXCl) (where P =P-
Cy;, 'Pr,PPh) and TIOR (where R = CH,CF;) gives
(Cp*)Ru(PXOR). The X-ray crystal structure of the
PCy, derivative is presented [342].

The reaction of (Cp*)Ru(*Pr;PXHX7?-CH=SiPh,)
with hydrosilanes occurs with an initial migration of
hydride to the silene ligand, followed by the formation
of disilyl hydride or silyl dihydride ruthenium(IV) com-
plexes. The X-ray diffraction data of (Cp*)Ru(‘Pr,P)-
(H),(SiHCIMes) are discussed [343]. The synthesis of
donor-stabilized silylene ligands at a ruthenium center
has appeared. The X-ray diffraction structure of
[(Cp*)Ru(PMe;),{Si(STol-p),}(1,10-phen)[OTL], is
presented in this report [344]. The ruthenium(0)-silane-
diyl complexes (‘BuO),(HMPA)Si=Ru(CO),,Me,(HM-
PA)Si=Ru(CO),, Cl,(HMPA)Si=Ru(CO),,Ph,(HMP-

A)Si=Ru(CO),, and HCKHMPA)Si=Ru(CO), have
been obtained from the reaction between [Ru(CO),J*~
and the appropriate chlorosilane. Variable-tempera-
ture '"H NMR data indicate that the HMPA ligand
remains coordinated to the silicon center [345].

The complexes (Cp)Ru(PPh,),{S(SO,)R} and (Cp)-
Ru(PPh,; XSO, {S(SO,)R} (where R =4-C,H ,Me, n-
propyl, isopropyl) have been prepared from (Cp)Ru(P-
Ph;),(SR) upon treatment with SO,. The conditions
that favor these products are discussed, and the X-ray
diffraction structure of (Cp)Ru(PPh,XSO,}S(S50,)-4-
C¢H ,Me} presented [346].

The synthesis of (Cp)Ru(PPh,),(SeH) and (MeCp)-
Ru(PPh,),(SeH) is reported. (Cp)Ru(PPh,),(OTf) re-
acts with elemental selenium to afford [(Cp)Ru(P-
Ph,),1,(u-n', 1'-Se,XOTf),. The X-ray diffraction
structures of two of these products and the reduction
chemistry are discussed [347]. The thiobenzaldehyde
complexes [(Cp)Ru(P,Xn2-S=CHCH ,-4-X)}* (where
P, =dppm, dppe; X =H, Cl, OMe) have been pre-
pared by a B-hydride abstraction reaction from the
corresponding thiol complex [348]. The synthesis, char-
acterization, and reactivity of chiral half-sandwich
phosphaallyl complexes have been published. The mol-
ecular structures of [(Cp)Ru(n!'-Ph,PCH=CH,Xn?-
Ph,PCH=CH,)]* and [(Cp)Ru(Ph,PCH=CH,),(CO)]*
have been solved by crystallographic methods [349].
The reaction between (Cp*)Ru(bpyXC!) with different
two-electron donor ligands yields [(Cp*Ru(bpyXL)]*.
The solid-state structure of the ethyl maleate complex
has been solved by X-ray crystallography [350].

The oxidation of [(Cp*)Ru(Cl),], by chemical or
electrochemical methods in the presence of thiophene
produces [(Cp* )Ru(CD)(thiophene),]*, which has been
characterized by X-ray diffraction analysis in the case
of the perchlorate salt [351]. The reaction between
(Cp)Ru(PPh,),(Cl) with ether—phosphine ligands P ~
O yields (Cp)Ru(PPh,;XP ~ OXCl) and (Cp)Ru(P ~
0),(CD), of which the X-ray structure of (Cp)Ru(Ph,P-
CH ,CH ,OMe),(CD) has been solved [352]. The com-
plex [(Cp)Ru(PMe,Ph),(n*-acetylene)]*, which has
been obtained from the reaction between (Cp)Ru(P-
Me,Ph),(C]) and acetylene, rearranges to the vi-
nylidene isomer, [(Cp)Ru(PMe,Ph),(C=CH,)]*, which
upon treatment with base yields the acetylide complex
(Cp)Ru(PMe,Ph),(C=CH). The X-ray crystal structures
of the acetylene and vinylidene complexes are pre-
sented [353]. The enthalpies of protonation and '"H
NMR data for (Cp)Os(PPh,),X, (Cp)Os(PPh,Me),X,
[(Cp)Os(PPh,),(XXH)]*, and [(Cp)Os(PPh,Me),(X)-
(H)]* (where X=H, Cl, Br, I) have been published
[354]. The synthesis and X-ray diffraction study of
(Cp*)Ru(acacXCF,=CF,) have appeared. The influ-
ence of the strong 7 acceptor ligand CF,=CF, on the
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Fig. 15. Reprinted with permission from Organometallics. Copyright
1992 American Chemical Society.

observed low barrier to propeller rotation is discussed
[355]. The conversion of (Cp and Cp*)Ru(CO),X
(where X =Cl, Br) to halomethyl, alkoxymethyl, and
cyanomethyl complexes is described [356]. The stereo-
chemical aspects of the synthesis and reactivity of
(diphosphineXcarbonylXcyclopentadienyDruthenium
complexes have been investigated [357]. A study on the
oligomerization of butadiene using the complexes (Cp
or Cp*)Ru(n-butadieneXX) (where X =Cl, Br) has
appeared [358]. The thermolysis of (Cp)Ru(CO),{CH-
(Me)Ph} in benzene solution has been examined and
the Ru-CH(Me)Ph bond dissociation energy calcu-
lated [359]. The propargyl complexes (Cp)Ru(L),(CH ,-
C=CPh) (where L =CO, PPh,) have been prepared
from the reaction between [(Cp)Ru(CO),]~ and PhC=
CCH ,CI or PhC=CCH ,0s(0),C(H ,Me-4 and (Cp)Ru
(PPh,),(Cl) with PhC=CCH ,MgCl. The reactivity of
these propargyl complexes with acid and other transi-
tion-metal complexes is reported [360]. The reaction
between [(Cp or Cp*)Ru(CO),]~ with the diphos-
phene complexes Cp*P=PMes* and Cp*P=PCp* and
the arsaphosphliene complex Cp*As=PMes* has been
reported to give ruthenium-substituted diphosphenes,
arsaphosphenes, and tetraphospha-bicyclobutanes
[361].

The “Cp*Ru™” fragment has been allowed to react
with cyclic chlorinated hydrocarbons to give [(Cp*)Ru-
(n8-C4H{)1*. The dechlorination reaction is discussed

with respect to C-X bond reactivity (where X = Cl, O,
H, C) [362]. The protonation chemistry of ruthenium
and osmium diene complexes has been explored. The
fluxional NMR behavior of the products and the bal-
ance between terminal and agostic hydrides are dis-
cussed [363]. The synthesis, X-ray diffraction studies,
and chemical reactivity of (Cp)Ru{(C,F;),PCH,CH ,P-
(C,F5),}(CD) have been published. The corresponding
hydride and methyl complexes are obtained from
[(Cp)Ru{(C,F,),PCH ,CH ,P(C,F;),}]~, which is readily
synthesized by sodium naphthalide reduction of the
chloro complex [364]. The resolution of tert-butyl
methyl sulfoxide using the ruthenium fragment “(Cp)-
Ru(COXPPh;)*” has been outlined. The use of the
ruthenium compiex as a Lewis acid template and the
resolution procedures are fully discussed [365]. The
enthalpies for the formation of [(Cp*)Ru(MeCN),]-
[OTf] and arene are reported. The factors affecting the
Ru-arene bond energy are discussed, and the X-ray
crystal structure of [(Cp*)Ru(n®-C¢H,SiMe,)[OTf]
presented [366). The complex [(Cp)Ru(1-phenyl-3,4-di-
methylphosphole),(MeCN)]* has been allowed to react
with a wide variety of dienophiles. The scope and
diastereoselectivity of these intramolecular [4 + 2] cy-
cloadditions are discussed and many X-ray crystal
structures presented [367]. The kinetic and thermody-
namic acidity of n2-dihydrogen and dihydride ligands
complexes of the form [(Cp*)Ru(L),(H),]* (where L
= various mono- and bidentate phosphines) has been
investigated. The identity of a dihydrogen ligand in a
given complex is ascertained by using T, and J(HD)
measurements. A single-crystal X-ray diffraction study
of [(Cp*)Ru(n?*H ,Xdppm)]* is included in this study
[368]. The Arbuzov rearrangement of (allyloxy)phos-
phines catalyzed by [(Cp)Ru(MeCN),1* has been stud-
ied. The molecular structure of [(Cp)Ru{n’>-P(OCH,-
CH=CH,),}]*, which was solved by X-ray diffraction
analysis, and other isolated intermediates have been
used in a discussion of the reaction mechanism that is
presented [369].

A study on multiple-ligand bonding in the osmium
imido complexes Os(n°-CsMeXN-'Bu) and Os{n-1,4-
(CHMe,)MeCH J(N-'Bu) has appeared. The He I
and He II photoelectron data provide evidence for a
cyclopentadienyl-imido analogy [370]). The dialkyl-
osmium(II) complexes (Mes)Os(COXR), (where R =
Et, "Pr, 'Pr, "Bu) have been synthesized from (Mes)-
Os(COXCI), and the Grignard reagent RMgX. The
synthesis of hydrido/olefin complexes and hydride ab-
straction reactions are included in the report [371]. The
synthesis and vibrational analysis of (arene)osmium(II)
complexes have been published. The assignment of the
vibrational modes are supported by polarized Raman
spectra [372]. The reaction of nucleophiles (H™, CN~,
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OH™) with (n%-areneXn®[2.2]paracyclophane)ruthe-
nium(IDtetrafluoroborate {(where arene = benzene, p-
cymene, 1,4-diisopropylbenzene, hexamethylbenzene)
produces (n°-cyclohexadienyl)(n®-[2.2]paracyclo-
phane)ruthenium(II) complexes. Similar reactions have
been conducted with the osmium(I) »®-C.H, ana-
logue and the results reported [373]. The synthesis,
properties, and X-ray crystal structures of diastere-
omeric arene ruthenium(II)chiral Schiff-base com-
plexes have appeared [374]. The ruthenacyclobutane
complexes Ru(CH,CMe,CH,X7%CMe ) PRPh,)
(where R = Me, Ph) have been shown to decompose
when treated with alumina [375]. The synthesis and
spectroscopic characterization of (n®-arene)ruthenium
(D) trifluoromethylsulfonates and dinulear di-u- and
tri-u-hydrido (n%-arene)ruthenium(I) complexes are
reported. The catalytic activity of these complexes in
cyclohexene and 1-hexene hydrogenation reactions has
been investigated [376]. The 2,6-diphenylthiophenolate
anion reacts with Ru(CD,(PPh,), to give (1°2,6-di-
phenylthiophenolate)Ru(2,6-diphenylthiophenolate)-

(PPh,), which was characterized by X-ray crystallogra-
phy [377]. Areneruthenium(II) complexes with a bi-
functional bridging phosphonomethylalkoxycarbene lig-
and have been prepared [378]. Treatment of [(75-C,-
H¢)Ru(Cl), ], with Cy,PCH,CH,PCy, in the presence
of AgO,SCF, gives [(n°-CH ¢ )Ru(CIXCy,PCH,CH,P-
Cy,)]*. This cation reacts with NaK alloy to give (n°-
C¢H¢)Ru(Cy,PCH,CH,PCy,) and with the hydridic

Fig. 16. Reprinted with permission from Organometallics. Copyright
1992 American Chemical Society.

CSA

Fig. 17. Reprinted with permission from J. Am. Chem. Soc. Copy-
right 1992 American Chemical Society.

reagents NaBH, and LiAlH, to give the corresponding
ruthenium hydride complex [(1°-C¢H¢)Ru(HXCy,P-
CH,CH,PCy,)]* and (n°-CH,)Ru(HXCy,PCH,CH ,-
PCy,), respectively [379]. Intermolecular hydrogen
bonding in ruthenium-hormone complexes has been
examined by way of the X-ray crystal structures of
a-[(Cp*)Rulestradio)]™ and «a-[(Cp*)Ru{3-O-(hydrox-
ypropyl)estradiol}]*. Strong intermolecular hydrogen
bonding between the ruthenium hormone subunits is
observed [380). The reaction of [(Cp)Ru(n®-1,3-Cl,C,-
H,)]* with phenoxide nucleophiles has been studied,
and the methodology for the sequential selective dis-
placement of both chloride groups by different nucle-
ophiles has been presented [381]. The use of areneru-
thenium complexes in the preparation of vancomycin
has appeared [382). A one-step synthesis of the tetra-
methylbenzene alkenyloxy-alkenylcarbene rutheni-
um(ID) complexes [(%-CMe,H,)Ru=C{O(CH,),,CH
=CH,{CH=CH(CH=CH),,-R}(CIXPMe,)]* (where m
=1, 2; n=0, 1, 2) from the dichlororuthenium com-
plex (n%-C¢Me H,)Ru(Cl),(PMe,) is reported. Also
discussed is the formation of an %°-allyl-alkene ru-
thenium complex [383). Arene versus thiophene reduc-
tion and thiophene ring protonation in [(n%-CMeg)
Ru(thiophene)]* have been investigated. The redox
behavior of this complex has been examined and the
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X-ray crystal structure of [(n°®-C,Me,)Ru(n*-2,5-Me,-
C,H,-5-2-H)]* presented [384].

3. Dinuclear complexes

3.1. Homodinuclear complexes

The synthesis and structural characterization of the
adamantylcarboxylate-containing complexes [Ru,(C,,-
H,;CO,),(MeOH),] - 2MeOH and [Ru,(C,,H,sCO,);-
(CO;XMeOH)]- 2MeOH are reported. The starting
material used in the preparation of these complexes
was [Ru(CO,),J[K]; - 4H,0 [385]. Polymeric [Ru (O,-
CEt)(phenazine)]* has been obtained from the reac-
tion between [Ru,(O,CEt),(H,0),]* and phenazine.
The product has been examined by X-ray diffraction
analysis and magnetic susceptibility methods [386]. The
triply bridged diruthenium complexes [RuT'(u-OXu-
0,CMe),1** and [Ru'VRuM(u-OXu-O,CMe),**
have been synthesized and characterized by spectro-
scopic methods. The redox behavior has been investi-
gated by cyclic voltammetry [387]. Treatment of Ru,-
(chp),Cl with pyridine and pyrazine gives the dinuclear
complex [Ru(chp),(py)]* and the tetranuclear species
[{Ru(chp),},(p2)]*, respectively. The X-ray crystal
structures of both complexes along with the variable-
temperature magnetic susceptibility data are presented
[388]. The related diruthenium triazeno complexes
Ru,[( p-tolyDNNN( p-tolyD],(MeCN),Ru,(PhNNNPh),,
and Ru,[( p-tolyDNNN( p-tolyD],(MeCN) - BF; have
been prepared and crystallographically examined. Mag-
netic susceptibility and EPR data on the latter complex
confirm the existence of a #*> ground state configura-
tion [389]. Polymeric chain cleavage in Ru,(O,CR),Cl
has been examined and found to give the cationic—
anionic complexes [Ru(CIXMeCN),(PPh,), l,[Ru,(Cl),-
(0,CC¢H p-Me),], [Ru(CIXMeCN),(PPh)][Ru(Cl)-
(MeCN),(PPh )IRu(CD,(O, CCH,p-OMe),], and
[Ru(CIXMeCN),(PPh,), [Ru,(CD,(O,CR),] (where R
= Me, Ph, C,H,-p-Me). The X-ray crystal structures of
the first two complexes have been solved [390]). The
redox chemistry of [Os,(Cl);J*~ has been explored by
using spectroelectrochemical methods, and evidence
for the formation of [Os,(Cl)g]™ and [Os(Cl)g]° pre-
sented [391]. A new synthesis for [Rux(CO;),]M]; - n-
H,O (where M = Na, K) has appeared. The molecular
structure of the sodium complex has been determined
by X-ray crystallography. Cyclic voltammetric studies
indicate that the observed one-electron oxidation is at
best quasi-reversible, which explains the instability of
the oxidation product in water [392].

The synthesis of 1, 1”-diethylbiruthenocene and
1, 1”-dipropylbiruthenocene, from 1,1”-diacetylbiruthe-
nocene and 1, 1”-dipropionylbiruthenocene, respec-

tively, and '"H NMR behavior of the mixed-valence
halo-1',1"-dialkylbiruthenocenium(II, IV) salts are dis-
cussed. The rate of electron transfer between the Ru!
and Ru'¥ centers in the dialkyl complexes is slow
relative to the halobisruthenocenium complexes as a
result of dialkyl group steric hindrance [393]. The reac-
tion between 1,1"-biruthenocene and FeX; in HX-
NH,PF; (where X =Cl, Br) and I, has been exam-
ined. The resulting mixed-valence biruthenocenium
salts have been characterized by B¢ CP-MAS, B¢,
and '"H NMR spectroscopy [394]. The X-ray crystal
structure of [1.1]ruthenocenophane has been deter-
mined in order to study the consequences of the ru-
thenium-ruthenium bond [395]. Single-crystal X-ray
data on the [1.1] metallocenophanes(CsH ,-CH,-C,-
H,)FeRu(C;H,-CH,-C;HRu, have been reported.
The degree of twist in these complexes is correlated
with the redox potential of each complex [396].
Treatment of the dianion derived from 2,2,8,8-tetra-
methyl-2,8-disilatricyclo[7.3.0.0>7 |dodeca-3,5,9,11-tetra-
ene with [(Cp*)Ru(CD)], yields a diruthenium complex
with a doubly bridged cyclopentadienyl ligand [397].
The reaction of O, with the paramagnetic polymer
[(Cp*)Ru(Cl),], affords the oxo-bridged ruthenium(1V)
complex [(Cp*)Ru(Cl),],0O, which has been cocrystal-
lized with dibenzothiophene and examined by X-ray
crystallography [398]. A report on silylene-bridged ru-
thenium dimers has appeared. The reaction between
Ph,SiH, and the coordinatively unsaturated complex
[(Cp*)Ru(u-OMe)], furnishes [(Cp*)Rul,(u-SiPhO-
MeXu-OMeXu-H). The unequivocal identity of this
product was established by X-ray diffraction analysis.
When the same reaction is conducted with CyMeSiH ,,
only [(Cp*)Ru(u-n?-H-SiMeCy)](u-HXH) is isolated
[399]. The new ruthenium compiexes [(Cp*)Ru(O-
Me)l,{P(OMe),}, (Cp*)Ru{P(OMe),},(OMe), and
(Cp*)Ru{P(OMe),},{PO(OMe),} have been isolated
from the reaction between P(OMe); and [(Cp*)Ru(O-
Me)l, [400]. The molecular structure of [(Cp*)Ru-
(CO),], has been determined by X-ray crystallography.
The complex exists as the trans isomer only in the solid
state [401). The p-methylene complex (Cp),Ru(CO),-
(u-COXu-CH,) and the di(x-methylene) complex
(Cp),Ru(CO),(u-CH,), have been obtained from the
reaction between dihydrosilanes and (Cp),Ru,(CO),
[402]). The acid-catalyzed reaction of ethylene with the
Ru=Ru double-bonded p-alkyne complex (Cp),Ru,
(u-COXu-RC,R) occurs by way of ethylene C-H bond
activation and alkyne-linking. The formation of the
Ru=Ru triple-bonded p-vinyl cation [(Cp),Ru (u-CO)-
(u-CR=CHR)]" is also described [403]. The synthesis
and reactivity of diruthenium u-silyl complexes pos-
sessing three-center two-electron Ru-H-Si interac-
tions are discussed [404]. Diphenylacetylene reacts with
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Fig. 18. Reprinted with permission from Organometallics. Copyright
1992 American Chemical Society.

the tetrahydride complex (Cp*)Ru{u-H),Ru(Cp*) to
afford (Cp*)Ru(u-H),(u-PhCCPh)Ru(Cp*). X-Ray
diffraction analysis establishes the presence of the per-
pendicularly bridging diphenylacetylene ligand [405].
The diruthenium complex [(Cp*Ru),-n, m°-chry-
sene]** has been synthesized and reduced to the
mixed-complex [(Cp*Ru'XCp*Ru")-n%, n°-chrysene]*
using chemical and electrochemical methods. The EPR
and intervalence absorption data for this mixed-va-
lence complex are reported [406]. New dinuclear hy-
droxo-, methoxo-, and pyrazolate-bridged complexes of
ruthenium(II) have been synthesized and character-
ized. The X-ray crystal structure of [{( p-cymene)Ru},-
(u-pyrazoleX u-OH),1* is included [407]. The synthesis
and X-ray structural determination of [{(C Me4)Ru},-
(u-SPh);]* have been published [408]. Geometrical
isomerism in 2-hydroxypyridinate and pyridine-2-thio-
late complexes derived from the bis(allyl) ruthenium
(IV) dimer [Ru(n?:73-C,,H;(XCIXu-CD], has been
investigated. The NMR properties and the X-ray crys-
tal structures of two of the products are discussed
[409]. The synthesis of the thiocyanato S,N-bridged
dimer [Ru(n?:7-CoH;(XCIXu-SCN)), is presented
and is shown to exist in two diastereomeric forms [410].
The synthesis and X-ray crystal structures of Ru,-
(1-S5)(1-S,CNMe, XS,CNMe, ) (CO).(PPh,), and
Ru,(p-ScXp-S,CNMe, XS,CNMe, XCO),(PPh,), have
appeared [411]. The preparation, reactivity, and X-ray
structure of the p-hydrazine-bridged mixed-valence ru-
thenium(II, III) complex [Ru(CIH{P(OMe);},(p-CIX p-
N,H,Xu-S,) are discussed [412). The TMSO-sub-

stituted complex (Br){(TMSO),Ru u,-TMSO),(u(3}-
TMSO),(Li)(TMSO}, has been obtained from RuCli,-
-3H,0 [413].

The electron transfer reactivity of Ru(u-COXCO),-
{u-(RO),PN(Et)P(OR),}, (where R =Me, 'Pr) has
been examined by using the acceptor molecule o-chlo-
ranil. Both electron transfer and the fission of one of
the diphosphazane ligands to give Ru,{x-(RO),PN-
(EC(OH(RO),POC,C1,OKCO),{u-(RO) ,PN(Et)P-
(OR),} are observed in the reaction. The X-ray struc-
ture of the fission product (R = Me) accompanies the
report and establishes the P-O bond cleavage [414].
The protonation of the diphosphazene complexes Ru,-
(1-COXCO),{u-(RO),PN(Et)P(OR),}, (where R =
Me, 'Pr) using HBF, or HPF, has been shown to give
the terminal hydride complex [Ru,(HXCO)s{u-(RP),-
PN(Et)P(OR),},]*, whereas the use of HX (where
X = Cl, Br, NO,, FBO,H, CF;CO,) gives both termi-
nal and bridged hydride products. The X-ray structures
of two of these products and the fluxional behavior of
the hydrido complexes [Ru,(HXCO),{u-(RO),PN(Et)-
P(OR),},]" are reported {415]. The investigation of the
reaction of the diphosphazane-bridged diruthenium
complexes Ru,(u-COXCO),{u-(RO),PN(Et)P(OR),},
(where R = Me, 'Pr) with TCNE and TCNQ by EPR /
ENDOR, UV-visible and near-IR spectroscopy is pre-
sented. Cyclic voltammetric data indicate the presence
of distinct reduction waves ascribed to ruthenium-
coordinated and noncoordinated TCNE and TCNQ
species [416]. Charge-transfer salts have been obtained
from the reaction between Ru,(u-COXCO),{-(RO),-
PN(Et)P(OR),}, (where R = Me, 'Pr) and TCNQ and
TCNE [417].

The synthesis, characterization, and reactivity study
of the mixed-valence complexes (P-PXCDRu(u-Ci);-
Ru(CIXP-P) have been described [418]. The diphenyl-
phosphine complex tranforms into the diphenylphos-
phido complex Ru,(CO),(.-PPh,), under CO gas. The
formation of the ethyldiphenylphosphine complex Ru ,-
(CO)(-O,CEt),(PPh,Et), has been observed when
the phosphido complex is allowed to react with eth-
ylene and water. A discussion on the catalytic hy-
droformylation of ethylene is presented in light of the
last complex [419]. Three products have been isolated
from the reaction between Ru,(dmpm),(CO); and D-
MAD. The X-ray crystal structures of Ru,(dmpm),-
(CO)4{u-C,(CO,Me), HC(O)C(O)C (CO,Me),} and
Ru (dmpm),(CO),{u-C(O)C(CO,Me)} are included
and discussed with respect to the unusual double inser-
tion of CO observed in the former complex [420).

Hydrogenation of the central C—-C bond of coordi-
nated a-diimineligands in (H),Ru,(CO);(:PrN=CHCR-
=N-iPr) (where R = H, Me) involves C-H and Ru-H
bond-making and -breaking processes. The molecular
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structures of (H),Ru(CO),(‘PrNCH,CH,N-'Pr) and
Ru,(CO)('PINCH,CH,N-'Pr) have been determined
by X-ray crystallography [421]. The reactivity of alky-
lated ruthenium a-diimine complexes toward CO and
phosphines has been studied. Treatment of Ru(CO);-
(‘PrDAB) with Mel affords the structurally character-
ized complex Ru,(MeXIXCO),(‘PrDAB). Here the
Ru(CO),(Me) and Ru(CO), fragments are held to-
gether by a bridging iodide and bridging a-diimine
ligand [422].

3.2. Heterodinuclear complexes

The improved synthesis of the heterometallic com-
plex RuMn(CO){(CpXx-HXz-PPh,) and its reactions
with alkynes and phosphines have been reported. The
alkyne complex RuMn{u-o : n%-C(Ph)=CH(Ph)}(u-
PPh,XCpXCO), has been structurally characterized by
X-ray crystallography [423]. The heterometallic phos-
phido complexes RuFe(u-PPh,),(CO); and RuM(u-
PPh,),(CO), (where M = Cr, Mo, W) have been pre-
pared by the bridge-assisted method. The hydro-
genation of cyclohexanone was found to be effectively
catalyzed by the RuFe dimer [424].

The nature of the metal-metal bond in the donor—
acceptor complexes (OC);OsM(CO); (where M = Cr,
W) has been explored by ab initio molecular orbital
calculations. The dative metal-metal bond was sup-

ported by the calculations, where the highest occupied
g-orbital of Os(CO)s and the lowest unoccupied o-
orbital of m(CO); interact to form the observed Os-M
bond [425]. The complex (COD)Ir(u-H);Ru(PPh;),,
which is the kinetic product obtained from the reaction
between [Ru(H),(PPh,);]” and [Ir(CODXCD],, iso-
merizes to (COD)Ir(u-H),Ru(HXPPh,),, with mer
phosphine groups. The reactivity of the thermodynamic
complex with H, and temperature-dependent'H NMR
behavior are presented, and the X-ray crystal structure
of the latter dimer solved [426]. The reaction of MeCN
with (PPh;),(COXH)Re(u-H);Ru(HXPPh,), leads to
(PPh;)(CO)Re(u-H);Ru(MeCNXPPh,),. The reac-
tion may be reversed by treatment with H,. When the
same reaction is examined with PhCN, only (PPh,),-
(CO)Re(u-H)(u-NCHPh)Ru(PPh,;),(PhCN), the re-
sult of nitrile hydrometalation, is observed. The termi-
nally bound PhCN ligand is readily displaced by CO to
give (PPh;),(CO)Re(u-H),(u-NCHPh)Ru(CO)(P-
Ph,),. The identity of the former hydrometalated ni-
trile complex has been determined by X-ray diffraction
analysis [427]. The n*-iminoacyl complex (CpXPMe,),-
RuCH=CHC(N-'Bu)Zr(CIXCp), has been prepared
from (CpXPMe,),RuCH=CHZr(CIXCp), by isocyanide
insertion into the Zr-C bond. The NMR properties of
this complex and X-ray crystal structures of related
complexes are reported [428]. CO, insertion into the

Fig. 19. Reprinted with permission from Organometallics. Copyright 1992 American Chemical Society.
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Fig. 20. Reprinted with permission from J. Am. Chem. Soc. Copy-
right 1992 American Chemical Society.

Zr-C bond of (CpXPMe,),RuCH=CHZ(CIXCp),
yields the carboxylate complex (CpXPMe,),RuCH=
CHCO,Z1(CIXCp),. The insertion chemistry with re-
lated Ru/Zr complexes containing a C, bridge with
single, double, and triple bonds has been examined
[429]. The reaction of hydrogen with FeRu(CO)4(a-
diimine) complexes is reported to yield the highly reac-
tive species FeRu(H),(CO)4(diimine). The mechanism
of the trans addition of H,/D, to the central C-C
bond of the coordinated 1,4-diaza-1,3-butadiene has
been addressed [430). The synthesis, crystal structures,
and Mossbauer, susceptibility, and EPR data on sev-
eral spin exchange coupled complexes possessing a
(u-oxo)bis(u-acetato)ruthenium metal core have been
described. The X-ray crystal structure of the RuMn
derivative is shown below [431].

4. Polynuclear complexes
4.1. Trinuclear clusters

4.1.1. Simple and hydrocarbon ligands

A study on the oxidative addition of aldehydes and
Schiff bases to Ru,(CO),, has appeared. Both aliphatic
and simple aromatic aldehydes react with Ru;(CO),,
to give products of the form Ruy(CO);¢(pu-HXp-RC=0)
in low yields. The oxidative addition products are fa-
vored with aromatic aldehydes that bear electron-
donating groups [432]. Treatment of Ru,(CO),, with
pyridine at 120°C results in cluster fragmentation and
formation of the ortho-metalated complex Ru ,(u-py),-
(CO),. At 180°C, the complex Ru,(u-pyXu-CoH;-
N,XCO),, which contains a bridging ortho-metalated
bpy as a result of pyridyl ligand coupling, has been

isolated and structurally characterized by X-ray diffrac-
tion analysis [433]. The sugars 1,2-o-isopropylidene-a-
p-glucofuranose and 1,2:5,6-di-o-isopropylidene-a-p-
glucofuranose react with Ru;(CO),, to yield the sugar-
substituted cluster Ru;(CO)4(sugar). The -catalytic
properties of these new clusters have been explored
[434]. Ru4(CO),, reacts with sulphonic acids to furnish
ruthenium complexes with w,-n%-sulphonato bridges.
All complexes were characterized by solution methods
and in the case of Ru,(CO),{u,-n*-00S(OXtol)},(P-
Ph,), by X-ray crystallography [435]. The controlled
pyrolysis reaction involving Ru,(CO),, and tetra-
phenylcyclopentadienone has been shown to give Ru,-
(CO)4{(C,Ph,CO),. The molecular structure has been
established by X-ray diffraction analysis [436]. Ligand
fluxionality in M;(CO),, (where M = Fe, Ru, Os) and
their ligand-substituted derivatives has been examined
and a mechanism involving an intermediate with antic-
ubeoctahedral geometry presented [437]. The reaction
between Ru,(CO),, and catechol gives a coordination
polymer containing n*ortho-benzoquinone ligands
[438].

Refluxing Ru,(CO),, with 1,3-butadiene or cis-2-
butene yields the u,-n-dimetalloallyl cluster (u-H)-
Ru,(p;-n>-CHCHCMeXCO),, which upon reaction
with PPh yields the corresponding mono- and bis-sub-
stituted clusters. All three of these clusters have been
structurally characterized by X-ray crystallography
[439]. A variable-temperature BC NMR study of Ru,
(u-H)(13-n%-C=C-'BuXCO), has been conducted and
three fluxional processes outlined. The phosphine
derivative Ru,(u-H)(5-n%-C=C-'Bu)XCO)4(PMe,Ph)
has also been examined by NMR spectroscopy, which
revealed that the exchange of the Ru(CO),(PMe,Ph)
group occurs by a concerted rotation, resulting in clus-
ter enantiomerization [440). The reaction of cyclo-
pentadiene with (u-H);Ru (u;-CPhXCO),_,(MeCN),
(where n =1, 2) yields the new clusters Rus(u;-CPh)-
(u-CO)(CO)((Cp) and Ru;(p;-CPhXp-CO)4(Cp);.
The hydrogenation of the former cluster gives (u-H),-
Ru,(u3-CPh)u-COXCO)((Cp). The solid-state struc-
tures of the former two clusters have been solved by
X-ray crystallography [441]).

The cluster Os;(CO)(ps-n?:n?: n*CHXCH =
CH,XMeCN) reacts with alkynes to give the new clus-
ter Os;(CO),(1n5-CcH X u5-n*alkyne), where the ben-
zene ring has migrated to a single osmium atom. The
related ruthenium cluster Ru,(CO)g(p;-n%: n%: n*-Cy-
H,) reacts with alkynes to give Ru(CO),(n®-C¢H)-
(p3-n*-RC,RCO) in which CO insertion has occurred
[442]. The synthesis of triosmium clusters containing
benzene in a face-capping bonding mode is reported.
X-Ray crystallographic data for Os;(CO)o(us:n*: 7%:
n%C¢H,), Osy(CO)g(PPh X s:1%:n?: n%-CcHy), and
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Fig. 21. Reprinted with permission from Organometallics. Copyright
1992 American Chemical Society.

0s,(CO)((n%-CH =CH, X5 : n*: 7 : n*-C¢H¢) are
discussed. The bonding in the parent cluster has been
studied by semiempirical molecular orbital calculations
[443]. The fluxional behavior of the ps-arene/ole-
fin triosmium complexes Os,(CO)g(n2-CH ,=CHR)-
(us:m%:n%:m? -CHy) (where R =H, Me, Ph, ‘Bu)
has been examined by NMR spectroscopy. Five inde-
pendent fluxional processes are observed and discussed
[444].

The acetonitrile cluster Os,(CO);,(MeCN) reacts
with excess CNCF; at room temperature to give Os;-
(CO),;(¢-CNCF;), and Osi(CO),o(p-CNCF3),. The
former cluster is transformed into the latter cluster at
80°C. The X-ray crystal structures of these clusters and
the role of osmium—osmium bond cleavage in the lig-
and substitution reaction are discussed [445,446].
Treatment of Os;(CO);;(CNR) with MeCN in the
presence of Me;NO gives Os;(CO),o(CNRXMeCN).
Acetonitrile displacement occurs upon treatment with
two-electron donor ligands. Propynoicacid reacts with
Os,;(CO),((CNRXMeCN) in CH,CI, to give the hy-
drido cluster (u-H)Os;(CO),,(OCOC=CH)CNR),
whereas in MeCN only Os ;(CO),(1,-OCOC=CHX 11 ,-
C=NHR) was isolated [447]. The carboxamido cluster
0s;(CO),;((,-CONHR' X ,-C=NHR) has been ob-
tained from the reaction between Os;(CO);;(CNR)
and primary amines. The reaction of this product with
excess amine yields Os;(CO)¢(NH,R X u,-CONHR')-
(u,-C=NHR). The hydrosilation of alkynes by the os-
mium cluster Os;(CO),(NCMe)Si(OMe);}(u-H) has
been examined. An isolated intermediate is used in the
hydrosilation mechanism that is presented [449]. The

coordination of trialkoxysilyl ligands in triosmium clus-
ters has been studied. Treatment of Os(CO),(Me-
CN), and Os;(CO),,(MeCN) with HSi(OR), (where
R = Me, Et) affords the new clusters Os,(CO),((Me-
CN){Si(OR);}(n-H) and Os;(CO),,{Si(OR);}(u-H), re-
spectively. The thermolysis reactions involving these
clusters are outlined, and the X-ray crystal structures
of several clusters are presented [450]. Bromine and
iodine have been allowed to react with the hydrido(car-
boxamido)triosmium cluster (p-H)Os;(CO),(n-OC-
NHCHMe,). The kinetic product of these reactions
corresponds to (u-X)Os(CO)(u-OCNHCHMe, XX),
with two cis halogen ligands. A slow transformation is
observed to the trans isomer [451). The reaction of
bis(trifluoromethyDnitroxyl radical  with (H),Oss-
(CO),(L) (where L = MeCN, PhCN) produces the sta-
ble clusters (u-H)Os;(CO),(LXON(CF;),}. X-Ray
diffraction analysis reveals that the terminal (CF;),NO
ligand occupies an axial coordination site. Variable-
temperature °F NMR measurements indicate that the
slowed rotation of the (CF,),N moiety about the Os-O
bond results from steric hindrance with the ancillary
carbonyl groups [452]. The X-ray crystal structures of
(1-H)Os5(CO)o( i 3-n*-R ,C, X u-OEt) (where R = Me,
Ph), which were obtained from the reaction between
Os,(CO),(R,C,) and ethanol, have been published
[453]. The synthesis and X-ray diffraction structure of
0s,(CO), (1 5-MeO,CC=CCO,Me) have appeared.
The alkyne C-C bond is parallel to an Os-Os edge
and one CO ligand is bridging. Deprotonation of Os;-
(p-H)5(CO)o( 1 5-COMe) yields the anion [Os;(u-H),-
(CO)¢(p5-COMe)]~. The reactivity of this anion and
related triosmium anions is presented [455]. Trimethyl-
silylacetylene reacts with Os;(CO),((MeCN), by Me-
CN displacement to give Os,(CO),(HC=CSiMe,),
which upon thermolysis undergoes decarbonylation and
hydrogen migration to yield Os,(CO)4(HXC=CSiMe,).
Desilylation of this last cluster is observed after silica
gel chromatography, and the cluster Os;(CO)(HXC=
CH) is produced [456]. Hydroboration of (u-H),Os;-
(CO),, by diborane gives (u-H);O0s(CO)o(3-BCO) or
{(p-H);055(CO)g(25-C-)}5(0;B;03) depending on the
reaction conditions. PMe; reacts with the former clus-
ter by loss of the boron-coordinated CO group to give
(u-H);0s;(CO)¢(1-BPMe ;). The X-ray crystal struc-
tures of several clusters are included in the report
[4571.

4.1.2. Phosphine ligands

The reaction of Ru;(CO),,(u-dppm) with 1-alkynes
(where R =Ph, ‘Bu,SiMe,, CF,) yields the clusters
Ru,;(-H)(25-C,RXCO)(p-dppm). Ruthenium/ gold
clusters have also been obtained when the gold alkyne
compounds Au(C=CPhXPR ;) were examined [458]. D-



246 M.G. Richmond / Ruthenium and osmium 1992

Fig. 22. Reprinted with permission from Inorg. Chem. Copyright
1992 American Chemical Society.

MAD reacts with Ru;(CO),(n-dppm) to yield four
isolated complexes. The X-ray structures of three of
these products have been determined [459]. The clus-
ters (u-H),0s;(CO)o(it5,m3-O,ER) (where E=P, R =
Me, Ph; E = As, R = Ph) have been synthesized and
spectroscopically characterized. The X-ray crystal
structure of (u-H)Os ;(CO), (., 712-O,PPh,), which was
prepared from Os,;(CO),,(MeCN), and Ph,PO,H, is
presented [460]. Triphenylphosphoranylidene, Ph,P-
CHCHO, reacts rapidly with Os;(CO),,(MeCN), to
give Os;(CO),o(u-HXu-Ph;PCCHO) and Os,(CO),,-
(u-HXpu-Ph,PCHCO) as a result of C-H bond activa-
tion at the a- and B-carbons, respectively. The decar-
bonylation chemistry and X-ray crystal structures are
discussed [461]. The synthesis and characterization of
phosphinobenzyl- and aryl-silane ligands and the tri-
osmium clusters derived from these ligands are de-
scribed [462]. The ketophosphine Ph,PCH ,C(O)Ph, L,
and Ru;(CO),, have been allowed to react with Me ;NO
to give Ru;(CO)y(L);. Iodine reacts with this cluster by
fragmentation to produce [Ru(u-I{Ph,PCHC(O)Ph}
(CO),NCO), ], [463]). The reaction of Ru(CO),, with
RPH, (where R = Ph, Cy) has been re-examined, and
the role of the triruthenium clusters Ru;(CO),,(n-H)-
(u-PHR), Ru;(CO)y(H)(15-PR), Ru,(CO)(H) (1t 5-
PRXPH,R), and Ru;(CO)4(H),(x-PHR), in the for-
mation of the bis-phosphinidene-capped cluster Ru;-
(CO)o(5-PR), has been discussed. Many other related
ruthenium clusters have been isolated and spectroscop-

ically characterized [464]. The reactivity of the phos-
phinidene-capped, phosphido-bridged cluster Ruj-
(CO)1,-PPh,) (11 5-PPh) with CO, P(OMe),, NaBH,,
and diphenylacetylene has been investigated. The mol-
ecular structure of Ru;(CO),{P(OMe);}(u,-PPh,),
(u;-PPh) has been solved by X-ray diffraction analysis
[465). The synthesis of Ru;(CO){(n>-tmpm) and its
reactions with HPF; and [(PPh;)Au]lOTf] have ap-
peared. The X-ray crystal structure of the ruthenium/
gold cluster complex formed from this last reagent is
included in this report [466]. The 50-electron cluster
[Ru;(CO)g(p-PPh,),I[Cl] has been prepared from the
reaction of RuCl; - nH,0 with PPh,H and its reactivity
studied. UV irradiation leads to CO loss and formation
of Ru;(CO)u-CIXu-PPh,);. The hydrido cluster
Ru(CO)(u-HXu-PPh,); may be isolated from both
of the previous clusters during reflux in isopropyl alco-
hol [467]. The synthesis of [(x-H)Ru;(CO)s(1;-PR)]™
(where R = Ph, ‘Bu) has appeared. The course of the
reaction has been investigated by low-temperature >'P
NMR spectroscopy and the molecular structure of [(u-
H)Ru;(CO)g(p5-P-"Bu)]~ determined by X-ray crystal-
lography [468].

4.1.3. Nitrogen ligands

The conjugate base derived from 2-hydroxypyridine,
2-anilinopyridine, or 2-mercaptopyridine has been ex-
amined in the reaction with Ru(CO),,. The activated
clusters [Rus{u-n%-X(CsH NKCO),]~ and [Ru,(u;-
1%X{CsH, NIXCO),]~ (where X =NPh, O, S) were
isolated and characterized. Similar reactions were stud-
ied by using halide-activated clusters. The above clus-
ters were also examined for their alkyne coordination
chemistry [469]. The reaction between N-tolyl-di-
phenylketenimine, Ph,C=C=N-p-tolyl, and Ru,;(CO),,
is reported to give Ru(CO)4(C,;H;;N) and Ru(CO)-
(C,,H,,;N); the structure of the former cluster has been
solved by X-ray crystallography [471]. The clusters
Ru;(pu-HXu5-ampyXCO)(dppm) and [Ru,(u-H),(u ;-
ampyXCO).(dppm)]* have been isolated from the re-
action between dppm and Ru,(u-HXu;-ampyXCO),
and [Ru,(u-H)(u;-ampyNCO),]*, respectively. The
structures of all products have been assigned by spec-
troscopic methods. Protonation ofthe former dppm-
substituted cluster with HBF, - OEt, produces a dihy-
dride cluster that is isomeric with the latter product
cluster [471]. The reaction between ureas and Ru,-
(CO),, has been investigated and shown to afford
triruthenium clusters of the form (u,-H)Ru,(CO),-
(u5-7*-R'NCONHR") (where R'= R" = H, Me; R' = H,
R” = Ph, cis-CH=CHMe, trans-CH=CHMe). The X-ray
crystal structure of the cis-CH=CHMe isomer exhibits
a coordinated urea moiety that functions as a tripodal
handle perpendicular to the triruthenium plane {472].
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Treatment of Ruy(CO),, with MeN(CMe,C=CH),
yields the trinuclear cluster Ru,(CO)J(HCCCMe,N-
MeCMe,CCHCCCMe,) and a dinuclear ruthenacyclo-
pentadiene complex. The former complex has been
structurally characterized by X-ray diffraction analysis,
revealing the presence of a six-carbon chain that is
coordinated to three ruthenium atoms [473]. A report
describing the catalytic and regioselective acylation of
aromatic heterocycles using Ru4(CO),, has appeared.
The involvement of an ortho-metalated pyridyltriru-
thenium cluster is discussed [474]. The use of the
edge-bridged cluster Ru,(u-CgH,;N,Xu-HXCO),
(where CgH;;N, = 1,2-diamino-4,5-dimethylbenzene)
as a catalyst for the hydrogenation of diphenylacetyl-
ene to stilbene is described. The kinetic data support
catalysis arising from a mononuclear species [475].
Treatment of the clusters Ruy(CO)q_,(u-HXp;,n?
ampyXPPh,), (where n = 0-2) with Et,SiH produces
the oxidative addition products Ru(CO),_,(u-H),-
(p3,m*-ampyXPPh,) (SiEt;) (where n=0-2). Analo-
gous reactions are reported for Bu,SnH. All new prod-
ucts have been characterized in solution by 'H, “C,
and *'P NMR spectroscopies and X-ray crystallography
in the case of Ru;(CO)g(p-H),(1t;,m*-ampyXSiEt;)
[476]. The reaction of diazomethane with the w;-im-
idoyl clusters (u-H)(14-n%-MeC=NCH ,Me)Ru,(CO),,
(u-HX g ;-n%-C=NCH ,CH,CH,)Os ;(CO),, and (u-H)-
(13-n*-MeCH ,C=NCH ,CH ,CH ,CH ;)Os ;(CO), yields
the clusters (u-H),{p;-n>-CH(Me)C=NCH ,Me}Ru,-
(CO)y, (u-H),(p3-n*-CHC=NCH ,CH ,CH,)Os,(CO),,
and (p-H,)4-{p;-n12-CH(MeCH ,)C=NCH ,CH ,Me}-
Os,(CO)y, respectively, as a result of CH, insertion
into the C—-M o bond of the imidoyl ligand, followed
by C-H bond activation. Solution spectroscopic data
and the X-ray crystal structures of four clusters are
presented [477].

Halides react with the imido cluster Os(CO)g(p -
NPh) to afford the isomeric clusters [Os,(CO)(u,-X)-
(p5-NPh)}~ and [Os;(CO)o(XX p5-NPh)] ™, the ratio of
which depends upon the nature of the halide. The
carbonylation chemistry of these halide-substituted
clusters has been investigated [478]. The cluster Os,-
(CO),((MeCN), and azetidine have been allowed to
react in refluxing CH,Cl, to give Os;(CO);o(u-NCH ,-
CH,CH,Xu-H). The four-membered NCH,CH,CH,
ring bridges two of the osmium atoms by the nitrogen
atom. Heating this cluster at 125°C leads to the new
cluster Os,(CO),,{u-N=C(H)Et}(u-H) by way of ring
opening and a hydrogen shift. The molecular structure
was determined by X-ray crystallography [479). The
reactivity of the carbene centers in the cluster Os,-
(CO)y{pn5-C(Et)N(Me)CHN u-H), toward diphenyl-
acetylene has been studied. At 125°C, six products
were obtained. Of these, four are new clusters that

Fig. 23. Reprinted with permission from Organometallics. Copyright
1992 American Chemical Society.

have been characterized by solution methods and X-ray
diffraction analysis [480].

4.1.4. Sulfur ligands

Treatment of Ru;(CO),, with a thiourea-function-
alized silica xerogel yields a surface-attached cluster
whose spectroscopic properties are identical to that of
(p-HRu3{u;-SC(INHPr)NPh}(CO),, which is obtained
from the reaction between Ru,(CO),, and N-phenyl-
N'-propylthiourea. The molecular structure of this lat-
ter cluster has been solved by X-ray crystallography
[481]. The synthesis of the trinuclear cluster [(Cp)Ru-
(SR)]; (where R ="Pr,'Pr) from (Cp)Ru(PPh)(SR) is
described. The clusters are formed in an aggregation
reaction that proceeds by loss of the PPh; ligands in
refluxing toluene. The X-ray structure of the n-propyl
cluster accompanies this report [482). Vacuum pyrolysis
of Ru4(CO),, with Ph,Se, at 185°C produces the clus-
ter Ru (CO)g(125-CO)5(p,-Se),. This cluster reacts with
dppp to yield the phosphine-substituted cluster Ru,-
(CO)AdpppX u5-Se),. Both structures were determined
by X-ray crystallography [483]. The reaction between
Os4(CO);, and the tridentate thioether [12]aneS, af-
fords the clusters Os;(CO),([12]aneS;) and Os,-
(CO),5([12]aneS;) while the same reaction with Ru,-
(CO),, is much more complex. The X-ray structures of
Os,(CO)y5(12]aneS;) and Ru(CO),s(u,-n*-COX[12]
aneS;) are presented with this report [484]. Dppm and
Os(CO)g(u-H) (1 5-S) have been allowed to react in
refluxing toluene to give Os;(CO),(dppmX u-H),(1£4-S).
Higher reaction temperatures yield the known cluster
Os,(CO)g(e-dppm),, along with the latter cluster. The
protonation chemistry of these clusters has been inves-
tigated, with emphasis on the site preference for proto-
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Fig. 24. Reprinted with permission from Organometallics. Copyright
1992 American Chemical Society.

nation and the fluxional behavior of the resulting hy-
dride clusters. The X-ray crystal structure of Os;-
(CO)(dppmX u-H) (1 5-S) is discussed [485]. The cyclic
polydentate thioether ligands 1,3-dithiacyclohexane, 1,
3,5-trithiacyclohexane, and 1,4,7-trithiacyclononane
have been allowed to react with Ru(CO),,. The iso-
lated products HRu,;(CO)¢(u;-13-1,3-dithiacyclo-
hexane), Ru;(CO)y(u;-1°-1,3,5-trithiacyclohexane),
and Ru,(CO)o(u,-13-1,4,7-trithiacyclononane) have
been fully characterized by solution methods and X-ray
crystallography. The reactivity of these clusters towards
CO and H, are reported [486]. Ru;(CO),, reacts with
pyridine-2-thiol in refluxing cyclohexane to produce
Ru;(u-HX 1 5-pySXCO),. X-Ray diffraction analysis re-
veals that the pyS ligand bridges two ruthenium centers
via the S atom and bonds to the remaining ruthenium
atom by the pyridine ring [487].

The sulfur-bridged clusters Ru;(CO);o{p-S(C=C-
Me,)C(Me)=CH, }(u-H) and Ru,(CO)g{n-S(CH=C-
Me,)C(Me)=CH,}(u-H) have been obtained from the
reaction between Ruy(CO),, and tetramethylallene
sulfide. The former product has been characterized by
X-ray diffraction analysis [488]. The nucleophilic ring
opening of the bridging thietane ligand in Os;(CO)g-
(3-SXu-SCH,CMe,CH,) and Osy(CO)g(p3-SHp-S-
CH,CH ,CH,) by added chloride ion proceeds by way
of carbon-sulfur bond cleavage. These two clusters
react with HCI to give Os;(CO)y(p5-SXu-SCH,CMe,-
CH,CIXu-H) and Os,(CO)y(p5-SXu-SCH,CH,CH ,-
CI)Xp-H), respectively. The molecular structures of
three clusters are reported [489]. The products from
the thermolysis of the 3,3-dimethylthietane-substituted
clusters Os,(CO),,(SCH,CMe,CH,) and Os;(CO),4-
(u-SCH ,CMe,CH,) have been isolated and character-

ized. Thietane ring opening reactions and the reactivity
of these products towards UV light and CO have been
examined. Several X-ray crystal structures are pre-
sented [490]. Optical excitation of Os,(CO),,{S(CH,),}
leads to decarbonylation and the formation of the
isomeric clusters Os(CO);{u-S(CH,),CH,} and Os,-
(CO),((u-SCH,CH=CH ,Xu-H) as a result of C-S
bond cleavage and thietane ring opening. The former
cluster contains a thiametallacyclopentane ring while
the latter cluster possesses a 2-propenethiolato ligand
and a bridging hydride ligand. Both clusters have been
crystallographically characterized and their reactivity
investigated [491]. The cluster Os;(CO),,(u-SCH,C-
WZCHZ) reacts with a variety of nucleophiles to yield,
after acidification, clusters of the form Os(CO),,(p-S-
CH,CMe,CH ,XXu-H) (where X =F, Cl, Br, 1, EtO,
Et,N, Me,N). The stereochemistry associated with the
ring-opening reaction was explored by using Os,-
(CO), ol p-trans-SC(H)MeCH ,C(H)Me} [492]. Treat-
ment of Os;(CO),((MeCN), with trans-2,4-diphenyl-
thietane produces the isomeric clusters cis- and trans-
0s,(CO),of u-SC(H)PhCH ,C(H)Ph}. The cis isomer has
been characterized by X-ray diffraction analysis and
found to contain a thiametalladiphenyl cyclopentane
ring. Heating these isomers at 97°C leads to five cluster
compounds, which have been isolated and character-
ized [493]. The clusters Os,(CO)4(p-n*-C=CHCH,C-
H,Xu-SPh) and Os;(CO),(u-n*-C=CHCH,CH,Xu-
SPh) have been isolated from the reaction between
0s5(CO),((MeCN), and 1-(phenylthio)cyclobutene,
PhSC=CHCH ,CH,. When the latter cluster is treated
with Me;NO, the new cyclobutyne-substituted cluster
0s;(CO)y(-SPhX p 3-n2-C=CCCH ,CH , X -H) may be
isolated. The molecular structure and fluxional behav-
ior of the hydride ligand are discussed [494].

4.2. Tetranuclear clusters

Thermolysis of Ru;(CO),, with the thioureas SC-
(NHR), (where R = Et, 'Pr) produces the tetrarutheni-
um clusters Ru (CO)(n-CO)4(u-S),{C(NHR),}, and
Ru (CO)(u-CO)4(4-S),{C(NHR),}. The molecular
structures of both of the isopropyl clusters have been
solved by X-ray diffraction analysis [495]. Tetramethyl-
thiourea reacts with Ru(CO),, to give the sulfur- and
diaminocarbene-substituted clusters Ru(u,-CO),-
(CO)y_,(114-S),{C(NMe,),}, (where n =1, 2). The X-
ray crystal structures are reported and the reaction
discussed with respect to the other observed products
[496]). The tri-, tetra-, and pentanuclear ruthenium
clusters obtained from the reaction between Ru,(CO),,
and SC(NMe,), are described. Included in this report
are the X-ray structures of Ru(CO),(p,-CNMe, X p5-
S} ;-SRu(CO)4(n*-CH,NMeCNMe,)}, Ru(CO),,-
(u,-CNMe,),(p4-S),, and Ru,(u,-CO)5(CO)e(14-S),-
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(n%-Me,NCNMeCH,CNMe,) [497]. The reaction of
chloride ion with Os(u-COXCO),,(n-SCH,CMe,C-
H,) affords the cluster [Os(p-COXCO),,(1-SCH,C-
Me,CH,CD]™. Protonation of this cluster yields the
corresponding hydride cluster, which loses CO at 97°C
to give Os (CO),,(u,-SCH,CMe,CH,CIXp-H) [498].

The tetraruthenium clusters Ru,{u,-0(O,P),0,n*
C;H ,(OXPPh,)}(u-PPh,XCO);; and Ru,u,o(OP),
0,m2-C¢H ;(COXPPh,)}(-PPh,XCO)y(n*-C,H,) are
reported as products from the reaction between 1,3-
butadiene, CO, and the C,PPh, ligand present in
Rus(u5s-C,PPh, X u-PPh,XCO),;. X-Ray data indicate
that the product Ru, clusters contain metalated di-
phenylphosphinocyclopentenone and -benzoyl ligands,
respectively [499]. Hydrogen-transfer reactions and the
molecular structure of one diastereomer of the 64-elec-
tron butterfly cluster (u-H),Ru,(CO)g{MeC=C(H)C-
(H)-N-iPr}, are reported. Related clusters have been
prepared and spectroscopically characterized [500]. The
linear cluster Ru,(CO),(MeC=C(H)C(H)=N-Pr}, re-
acts with CO to give Ru(CO),,{MeC=C(H)C(H)=N-
iPr},. The changes in the coordination of the ancillary
MAD-yl ligands have been studied and a plausible
mechanism outlined for the regioselective C-H bond
activations that have been observed [501]. The transfor-
mation of Ru(CO),s(n,-PPh,), to (n-H)Ru(CO),,-
(u-PPh, X ,n'(P),n'(P),n'(P),n',n*(CcH )PPh}  has
been observed at elevated temperature. The molecular
structure of this product supports the exis-
tence of a five-coordinate bis(aryl)phosphido bridging
ligand [502]. The phosphinidene-capped cluster Ru,-
(CO),5(p5-PPh) adds H, to give (u-H),Ru(CO),,(u5-
PPh) in quantitative yield. This cluster has been fully
characterized by solution methods and by X-ray
diffraction analysis [503].

Fig. 25. Reprinted with permission from Inorg. Chem. Copyright
1992 American Chemical Society.

4.3. Pentanuclear clusters

Pyrolysis of Os(CO)s yields the planar metal car-
bonyl cluster Os;(CO),g, which has a raft-like arrange-
ment of osmium atoms as shown by X-ray crystallogra-
phy [504]. The reaction between Ruy(CO),; and Me;-
NO in the presence of cyclohexa-1,3-diene yields the
carbide cluster Ruj(CXCO),5(n*-C¢H,), which reacts
with additional Me;NO to produce the benzene-sub-
stituted clusters Rug(CNCO),(p5:n?:n%: n*CcHg)
and Rus(COXCO),(n%C¢Hg). These latter two clus-
ters have been characterized by spectroscopic and crys-
tallographic methods [505). The reactions between
Ru(pu5-CCPPh,Xp-PPh,XCO),;; and 1,3-butadiene
have been shown to give the new clusters Ru{u,-CC
(PPh,)CH ,-n*-CHCHCH ,}(.-PPh, X £.-COXCO),,,
Ru{p ,~-CC(PPh,)CHCH=CHMe}(-PPh, X -CO),
(CO)y, and Rug(u,~CgH X p-PPh,XCO),,, the mole-
cular structures of which have been solved by X-ray
crystallography [506]. The results of a molecular orbital
study on Rus(us-C,Xpu-SH)(u-PH),(CO),; indicate
that the 8 carbon of the C, should behave as a
nucleophile. Experimental proof that corroborates
these data are presented {507]. The pentanuclear sul-
fido clusters [Ru(CO),(S)I*~, [Ru,(HXCO),,(S)] ", and
Ru,(H),(CO),(S) have been synthesized from the re-
action between Ru,(CO),, and SC(NMe,),, depending
upon the reaction conditions. The X-ray crystal struc-
ture of the dianionic cluster has been determined [508).
Ru-Ru bond cleavage has been observed in the addi-
tion of Me,S, to Rus(us-C,PPh, X u-PPh,XCO),,. The
two isolated products Rus(us-C,Xu-SMe),(u-PPh,)-
(CO),, and Rus(ps-C, X u-SMe),(u-PPh,XCO),, have
been analyzed by X-ray crystallography [509].

4.4. Hexanuclear clusters

The solid-state structure of the hexaruthenium car-
bide cluster Ru(CXCO),, has been redetermined, and
the relationship between the three known isomers of
this cluster discussed [510]. The substitution of CO by
P-ligands in Ru(CXCO),, has been studied and the
kinetic data reported [511]. The synthesis and X-ray
structure of Ru(CXCO),(n°-C¢H ;Me;-1,3,5), have
appeared [512]. The reaction of Ru(COXCO),,(n5-1,-
3,5-C¢H;Me,) with Me;NO in the presence of 1,3-cy-
clohexadiene gives the mixed arene-diene cluster Ru-
(CXCO),(n%-1,3,5-C¢H ;Me X n*-C4H,), which upon
further reaction with Me;NO yields Ru(CXCO),,(n°®-
1,3,5-C¢H ;Me X3 : n2: m2-C¢Hy). On standing, this
latter cluster rearranges to Ru(CXCO),,(n%-1,3,5-C-
H;Me Xn5-CiHg) [513]. The clusters Ru(CO), (-
SCH,CMe,CH,), and RugCO),,(u-SCH,CMe,-
CH,X(5-SCH,CMe,CH ,)5{1,-SCH,C(MeXCH,,)CH ,}-
(u-H) have been obtained from the thermolysis reac-
tion of Ru,(CO),(u-SCH,CMe,CH,),. The former
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hexanuclear cluster releases Ru,(CO),, and 4,4-di-
methylthiobutyrolactone upon treatment with CO at
elevated temperature. The X-ray crystal structures of
these Rug clusters are presented [514].

4.5. Higher nuclearity clusters

The reaction of Os,(CO),,(MeCN) with dppa gives
the linked cluster {Os;(CO),,},(dppa), while the reac-
tion between Os,(CO),(MeCN), and excess dppa pro-
duces the cluster complexes {Os;(CO),(dppa)},, {Os,-
(CO),((dppa)};, and {Os;(CO),(dppa)},. The X-ray
crystal structures of two of these products and the
synthesis of gold-substituted derivatives are described
[515]. The isolation and X-ray crystal structure of [(H)-
Ru,(CO),,]~ have been published [516]. Treatment of
Os,(H)(CO),, with 2-butyne gives the cluster Os,-
(CO),¢((Me,C,), while Os,(H)(CO),;(MeCN) reacts
with 2-butyne to give Os,(H),(CO),;(Me,C,). The
spectroscopic and X-ray diffraction data for these and
other clusters are discussed [517]). Hydride and car-
bonyl fluxionality in [(H)M,,(CXCO),,]~ (where M =
Ru, Os) has been examined by variable-temperature
NMR spectroscopy [518]. The synthesis, structural
characterization, and molecular organization of (H),-
Os,((CXCO),, in the solid state have been described.
The X-ray structure reveals the presence of two bridg-
ing hydride ligands on the surface of the Os,, frame
[519].

The thermolysis reaction involving Ruy(CO),, in
methanol / water affords the ruthenium cluster [Ru,,-
(HXCO),;]*~, which is shown by X-ray crystallography
to consist of two octahedra and two trigonal bi-
pyramids that share common triangular faces [520].

Fig. 26. Reprinted with permission from Organometallics. Copyright
1992 American Chemical Society.

Fig. 27. Reprinted with permission from Organometallics. Copyright
1992 American Chemical Society.

4.6. Mixed-metal clusters

4.6.1. Clusters containing main group atoms

The reaction between [Ru,(CO)((B,H,)]™ and Ru;-
(C0O),((MeCN), gives the two borido clusters [Ru,-
(H),(CO),5(B)]~ and [RuCO),,(B)]~. The molecular
structures have been solved by X-ray crystallography
[521]. The agostic B-H — Ru bond in [Ru(CI{7,8-1-S
(CH,CH,)S-C,B4H (}(PPh,)] - acetone has been
demonstrated by X-ray crystallography and NMR spec-
troscopy [522]. Irradiation of (H)Ru;(CO)«(B,H) with
PPh, gives (H)Ru;(CO)4(PPh;XB,H ), which has been
shown to be an analogue of B;H, by X-ray crystallog-
raphy [523]. The reaction of [(H)Ru ,(CO),,(BH)]~ with
(phosphine)gold(1) chlorides has been examined and
the products characterized [524]. Treatment of (H)
Ru(CO),(BH) and (HXCpW)Ru,(CO),(BH) with
PhC=CPh furnishes (H)Ru,(CO),,{BHC(Ph)C(Ph)H}
and (HXCpW)Ru,;(CO),,{BC(Ph)C(Ph)H}, respec-
tively. Both products have been characterized by X-ray
crystallography [525].

The synthesis and solid-state structure of In{Ru-
(CO)(Cp)}; have been published. X-Ray crystallogra-
phy indicates that the trigonal-planar indium is bonded
to three (Cp)Ru(CO), groups by unsupported In-Ru
bonds [526]. Vacuum pyrolysis of Ru,(CO),, with Ph-
SeSePh yields the selenium-containing cluster Ru,(u ,-
Se),(-CO)5(CO), ;. The reactivity of this cluster with
added dppa, SbPh,, and CO has been investigated and
the products characterized by X-ray diffraction analysis
[527]. The synthesis and X-ray crystal structure of
[Ru((Te,),(CO),,1*~ have been described [528).
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4.6.2. Clusters containing other metals

The heterometallic imido clusters (L)WRu,(CO),-
(u-HXp;-NPh) (where L = Cp, Cp*) react with hexa-
fluoro-2-butyne to give (LYWRu (CO),(u ;-NPhXCF,C-
CHCEF,). A discussion on imido-ligand-assisted alkenyl
migration and dissociative intermetallic phosphine mi-
gration is presented [529]. Decarbonylation of (Cp)Mo-
0s,(CO),,{p5-n%-C(O)CH,Tol} with Me,NO in the
presence of H, yields the cluster (Cp)MeOs;(CO),o(u-
H),{u;-n%-C(O)CH,Tol} in quantitative yield. Acyl
C-0O bond scission is observed to give three isomeric
hydrido-oxo-alkylidene clusters (Cp)MoOs (CO)o(p-
HXu-OXu-CHCH,Tol) at elevated temperature [530].
The heterometallic phosphinidene clusters (Cp*)-
WRu,(CO), (e 5-HXp5-PPh) and (Cp)WRu (CO)(u-
H)(u5,-PPh) have been obtained from the thermolysis
reaction involving Ru,(CO),((u-HXu-PPh,) with ex-
cess (Cp*)W(CO),(H) and (Cp)W(CO),(H), respec-
tively. (Cp*)WRu,(CO),o(p5-HXu5-PPh) is shown to
fragment under CO at elevated temperature to pro-
duce {Cp*)WRu(CO)4(-HX p4-PPh). The molecular
structures of all three products have been assigned by
X-ray diffraction data [531). The metal fragment addi-
tion and substitution reactions of Ru;(CO)4(BH,) and
Ru(HXCO)4(B,H,) have been examined with (Cp),-
M,(CO); (where M = Mo, W). The two products that
have been characterized by X-ray crystallography are
(Cp)WRu,(HXCO),,(BH) and (Cp)MoRu,(H);(CO),,
[532]. Treatment of the phenylimido cluster (Cp*)-
WRu,(CO)(u-NPhXCF,CCHCF,) with hex-3-yne
furnishes the cluster (Cp*)WRu(CO) (NPhY{C(Et)C-
(Et)C(CF;)CH(CF;)}. The molecular structure of this
cluster, which was determined by X-ray diffraction

Fig. 28. Reprinted with permission from Organometallics. Copyright
1992 American Chemical Society.

analysis, reveals the presence of a terminal phenyl-
imido ligand. When the same reaction was investigated
with DMAD, only (Cp*)WRu ,(CO)(u;-NPh)}{C(CO,-
Me)C(CO,Me)C(CF,)CH(CF,)}, with a face-bridging
imido ligand was isolated [533]. The reaction between
0s,(C0O),(C,R,) (where R = Tolyl, Me) and (L)W
(CO),(C=CR’) (where L = Cp, Cp*; R’ = Ph, 'Bu) has
been studied and found to yield a total of six WOs,
clusters. The isolation and characterization of these
clusters are reported [534]. The clusters (Cp)MoOs -
(CO), {1 ;-7*C(O)CH ,Tol}, (Cp)MoOs;(CO), (15
CTol(1-H), and (Cp)MoOs;(CO),(p5-n-C,Tol),-
(u-H) have been isolated from the room temperature
reaction between (Cp)Mo(CO),(=CTol) and Os,
(CO),(1-H),. The solution characterization and flux-
ional behavior of the first product cluster are described
[536].

The clusters (OC);M[Os(CO),(PR ;),], {where M =
Cr, Mo, W; R = Me, OMe; R, = (OCH,);CMe} have
been synthesized by ultraviolet irradiation of (R;P)
{0C),0sM(CO)s in C(F,. The variabie-temperature
NMR data are discussed and the molecular structures
of several of the products determined [536). The syn-
thesis and X-ray diffraction structure of (OC),-
(*BuNC)OsOs(CO)5(CN-'Bu)W(CO); have been pub-
lished. This cluster exhibits two dative metal-metal
bonds in tandem (Os — Os —» W) [537].

The sulfur-bridged clusters [{Ru(P),},(u-MS )P+
(where M = Mo, W; P = P(OMe);) have been synthe-
sized and the X-ray crystal structure of the tungsten
derivative determined [538)]. The synthesis and reactiv-
ity of the sulfur-bridged clusters {(L)Ru(COXPPh,)},-
(u-MS,) (where M = Mo, W; L = PhNCHS, CH,CH ,-
(C;H,N), CH,CH,((O)OMe) have been presented.
The molecular structures of {(PhNCHS)Ru(COXP-
Ph;)},(u-MoS,) - 3acetone and the tungsten analog
have been solved [539]. The reaction of [Ru(H,0)4}**
with [PW;,05]’~ has been found to give, after O,
oxidation, [PW,;;0;;Ru"(H,0)}*". The reactivity of
this complex in oxidation reactions and the redox data
are discussed [540]. The cluster Ru,(CO)g{u,-C(H ,Cr-
(CO);}(1e5-P-'Bu) has been obtained from the reaction
between Ru;(CO),, and P{C(H,Cr(CO),},-'Bu. The
presence of a dative Ru— Cr bond has been con-
firmed by X-ray diffraction analysis [541].

Treatment of Oss;(CO),,(cyclooctene), with Re-
(CO),(PMe,),(H) gives the new cluster {(OC),(Me;P),-
Re(u-H)},0s,(CO),y, whose molecular structure has
been established by X-ray crystallography [542].

A report describing the reaction between Ru,(CO),,
and ferrocenylacetylene has appeared. Isolated from
this reaction were the clusters Ru,(pu-HXCO)o(p-1%-
C=CFc), Ru,(CO){C,H,(Fc),}, and Ru(CO)(u-C-
(H)=C(Fc)COC(H)=C(Fc)} (where Fc = ferrocene). All
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three clusters were characterized by IR and NMR
spectroscopies and by X-ray crystallography in case of
Ru,(CO)({C H (Fc),} [543]. Lithioferrocene and 1,1-
dilithioferrocene have been allowed to react with (Cp)-
Ru(CO),(CD, (Cp*)Ru(CO),(CD, and (CgMeg)Ru-
(COXCD), toyield o-bonded ferrocenyl complexes [544].
A report on iron—-osmium bonding has appeared. Py-
rolysis of Os,(CO),(PFcPh,), and Os;(CO),,(PFc,Ph)
gives Os(CO)g(H),{PAX{CH ;Xn-CsH;)Fe(n-CH,))
(where Ar = Ph, Fc, respectively), while the thermoly-
sis of Os;(CO),,{Fe(n-CsH P-'Pr,),} furnishes the new
cluster Os(CO),(HXP-Pr}{Fe(n-CsH P-'Pr,Xn-Cs-
H,)}. The identity of these clusters has been solved by
X-ray diffraction analysis [545]. Thermolysis of Ruj-
(CO),o{Fc'(P-'Pr,),} {where Fc' = Fe(n-CsH,),} gives
three products, of which the structures of Ruy(CO)g(p-
H)z{(n-PC5H4)Fe(n-C5H4P-‘Prz)} and Ru,(CO)g(u-
HXu-OHXu-Fe(n-CsH,P-'Pr,),} have been crystallo-
graphically determined [546]. Ferrocyne- and ferro-
dicyne-osmium clusters have been synthesized. In-
cluded in this report are the X-ray crystal structures of
O5(CO)o{p 3-(CsH ;)Fe(CsH 5)H p 3-P(CsH ,)Fe(Cs-
H,)}, Os;(H),(CO)g(‘Pr,PCH,)Fe(CsH,P-'Pr,)Os -
(H),(CO)g, and Os5(CO)¢(u;-CeH Hu,-P(CH )Fe-
(CHy)) [547]. 1,2,4-3-Trithia[3]-ferrocenophane reacts

Fig. 29. Reprinted with permission from Organometallics. Copyright
1992 American Chemical Society.

Fig. 30. Reprinted with permission from Organometallics. Copyright
1992 American Chemical Society.

with Ru4(CO),, to yield the cluster Fe(n-CsH,S),Ru,-
(CO). The cluster Fe(n-CH ,S),(S)Os(CO), was ob-
tained when Os(CO),, was used in place of Ru;(CO),,.
At higher temperature (> 100°C), the iron/osmium
cluster was obtained along with four additional clus-
ters. The X-ray structures of Fe(n-CsH,S),Ru,(CO),
and Fe(n-CH ,S)(14-S)O0s,(CO),, are included [548].
A report describing double metalation and iron—
osmium bonding involving ferrocenyl moieties is dis-
cussed. The X-ray crystal structures of (H),0s;(CO)s-
{(n-CsH Fe(n-CHLP-'Pr,)} and (H),0s5(CO)4{(7n-
CH )Fe(n-C H P(Fc)Et)}, which were synthesized by
thermolysis of Os;(CO),,(PFc-'Pr,) and Os;(CO),;-
(PEtFc,), respectively, have been solved [549].
Treatment of Ru,(CO),, with (Cp*)Fe(CO),C=CFe-
(CO),(Cp*) gives the characterized carbide clusters
(1 4-C,XCp*Fe),Ru (CO)(u-CO), and (p4-C,)(Cp*-
Fe),Ru((CO),,(¢-CO); [550]. The reaction between
the ethynediyl complex {(CpXOC),Ru},(u-C=C) and
Fe,(CO), yields the crystallographically characterized
cluster Fe,Ru,(u,-C=CXu-COXCO)4(Cp), [551]. The
isolation and X-ray diffraction structure of Fe;Rus(pq-
CXps-CXu-PPh,),(CO),,, which contains a square-
pyramidal Fe,Ru,(us-C) cluster fused to an octahedral
Fe,Ru,;(u-C) cluster by a shared Fe,Ru face, have
appeared. This mixed-metal cluster is obtained from
the reaction between Fe,(CO), and Ruy(us-C,PPh,)-
(u-PPh,XCO),; [552]. Dissociative CO loss from (H)-
FeQs,(CO),, has been observed to give the coordina-
tively unsaturated cluster (H),FeOs(CO),,. UV-visible
and IR spectra for the matrix-isolated (H),FeOs(CO),,
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cluster are presented and discussed with respect to the
photochemistry of (H),FeOs,(CO),, at silica surfaces
[553]. Isomeric forms of RuOss(CO),{n®-C4H¢) and
RhOs(CO),s(Cp*) have been obtained from the reac-
tion between [Oss(CO),5s]>~ and [Ru(n%-CH XMeC-
N),I** and [(Cp*)Rh(MeCN),]*, respectively. The X-
ray crystal structures of these clusters and their reac-
tion with (Et;P)Au(Cl) are presented [554]. Treatment
of Fe(CO),(dppee) with Ru,;(CO),q(dppee) produces
the new cluster (OC),Fe{(Ph,P),CHCH ,PPh,}Ru,-
(CO)4(dppee), which has been characterized by single-
crystal X-ray diffraction analysis [555].

The mixed-metal cluster FeRug(u,-CCH,Xu -
SMeX u-SMeX u-PPh,),(CO),; has been isolated from
the reaction between Fe,(CO), and Ru{u,-CCH,)-
(13-SMe)(u-PPh,),(CO)y, [556]. Metal fragment ex-
change has been employed in the synthesis of (H)Fe-
Ru,(CO),(u-CX) (where X = OMe, NMe,). Kinetic
studies of substitution by PPh; have been conducted,
and the relative rates of CO loss determined to be
FeRu, > Fe, > Ru, [557].

The synthesis of the diphosphine-linked cluster Os;-
(CO),,(dppm)Rh ((CO),5 has appeared. The identity of
this cluster has been determined on the basis of IR and
*'P NMR data [558]. Reaction of (u-H),0s,(CO),,
with (Cp)Ir(CO), leads to the new cluster (u-H),(Cp)-
IrOs 3(CO),,. This cluster possesses a tetrahedral core
with a semi-bridging carbonyl ligand from Ir to Os, as
determined by X-ray crystallography [559]. The prepa-
ration and catalytic properties of the bimetallic com-
plexes [MRh,(CO);5]*>~ (where M = Fe, Ru, Os) have
been reported [560]. The cyclic polydentate thioether
1,3,5-trithiane has been allowed to react with (H),Ru,-
(CO),,, (H);Ru;CHACO);,, and (H)RuCo4(CO),,. The
resulting products have been characterized by solution
and diffraction techniques [561]. The reactivity of Rh-
Ru,(u-H)(1-COXCO)((Cp) with dppm, dppe, and
dppp has been investigated. Treatment of alkynes
RC=CR (where R =Ph, Et) with this cluster gives
RhRu;(C,R,XCO)¢(Cp) and RhRu,(C,R,XCO),(Cp)
(where n =7, R = Et; n =8, R = Ph) [562]. The nitro-
syl-substituted cluster RuCo,(CQO),,(NO) has been syn-
thesized from [RuCo,4(CO),,]1~ and [NO][BF]. Alkyne
insertion into one of the Co—Co bonds of this nitrosyl
cluster affords the new cluster RuCo,(CO){(NOXy,-
17%-RC=CR’) (where R=R'=Ph; R=Ph, R =H; R =
R’ = H) along with a minor amount of the trinuclear
cluster RuCo,(CO)y(5-n*-RC=CR’) [563]. The tetra-
hedral cluster [RuCo5(CO);,]~ and (H)RuCo,(CO),,
have been examined by solid-state *’Co NMR spec-
troscopy [564]. The synthesis of the methoxycarbene
complex derived from (Cp*)Co(Et,C,B,H,CDRu(CO),
has appeared [565]. The synthesis and characterization
of the tetradecker metallacarborane sandwich complex

(Cp*CoX2,3-Et,C,B;H ,-5-CIX2,3-Et,C,B,H-4,5[5,6]-
Cl,)Ru have been reported [566]. Acidification of [Os-
Rh(CO)s]*~ vields the anions [OsRh(CO),]~ and
[OsRh,(CO),,]~. The X-ray structures of these anions
and the >C NMR data are presented [567].

The cluster Pt;Ru(CO),,(u-H);(p;-H) has been
synthesized from the reaction of Ru,Pt,(CO),; with
H, in refluxing heptane. This cluster has been charac-
terized by solution techniques and X-ray diffraction
analysis. Diphenylacetylene reacts with this cluster to
give Pt;Ru(CO),o(u;-PhC, PhXu-HX u-H). The mol-
ecular structure of this cluster is similar to that of the
starting ciuster [568]. The edge-shared biooctahedral
cluster RugPt,(CO),,(u;-H), has been prepared from
the reaction of Ru,Pt,(CO),4 with Ru (CO);(u-H),
and examined for its reactivity with dppe, because of
its electron deficiency. The X-ray crystal structure of
RugPt(CO)(dppeXp-H), accompanies this report
[569]. The new clusters Ru,Pt(CO);,(CODXu-H),,
Ru ;Pt(CO)o(u-COXCOD) u-H),, Ru,Pt,(CO);-
(COD),,(n3-H),, and RusPt(CO),;;(COD)(p;-H),
have been isolated from the reaction between Ru,
(CO)5(u-H), and P(COD),. All four of these new
clusters have been characterized by IR, 'H NMR, and
X-ray diffraction analyses [570]. Pyrolysis of Pt,Os;-
(CO),(COD), under CO yields the new high-nuclear-
ity platinum-osmium clusters Pt,Os(CO),,(COD), Pt,-
Os4(C0O),,(COD),, and Pt,0s,CO),,(COD),. The
spectroscopic data, X-ray crystal structures, and reac-
tivity of these clusters are discussed [571].

The redox condensation of [0s,(CO)((CCO)J*~ and
Ni(CO), gives the 100-electron carbide cluster
[Os;Ni,(CXCO)sJ*~. X-Ray diffraction analysis indi-
cates that the carbide ligand resides in the center of a
trigonal prism of two Os and four Ni atoms. The
remaining Os atom caps a square face of two Ni and
two Os atoms. The low-temperature BC NMR data are
also discussed [572].

Redistribution reactions of Ru;(u-HgCIXu;-n%am-
pyXCO), with the metal-metal bonded dimers {(Cp)
M-(CO),}, (where M = Mo, W) and Co,(CO); give the
mixed-metal clusters {Ru;(u;-n%-ampyXCO)o}(u,-Hg)
MLn {where MLn = (Cp)M(CO),, Co(CO),}. The X-ray
structure of the cobalt derivative reveals that the Hg—
Co(CO), fragment bridges the same Ru—Ru edge as
the amido moiety of the ampy ligand [573)]. Treatment
of [RuCo,(CO),,]~ with HgBr, vields the penta-
nuclear cluster RuCo,(CO),,(HgBr) and hexanuclear
cluster RuCo4(CO),,{u,-HgCACO),}. The mercury
atom caps the Co, face in this latter cluster [574].
Variable-temperature >C NMR spectroscopy has been
used to study the fluxional behavior of the mercury-
capped decaosmium clusters [Os,(CXCO),,(HgX)]~
{where X =Cl, Br, I, CF;, (Cp)Mo(CO),}. The ob-
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served mobility of the mercury fragment is discussed
along with a unified model for the observed metal-core
fluxionality [575]. The synthesis of the osmium clusters
[Os,,(CXCO),(HgX)]~ (where X=Cl, Br, I) from
HgX, and [Os,o(CXCO),,J*~ and the X-ray structure
of the HgCF;-substituted cluster are presented [576].
Mercury extrusion from [Os,(Hg);(C),(CO),,]*~ dur-
ing reduction leads to [Os,(Hg),(C),(CO),,]*~, which
has been isolated and crystallographically character-
ized. The redox properties of this Os;Hg; cluster and
related mercury clusters have been explored by cyclic
voltammetry [577]. The reaction between the carbide
cluster Rug(CXCO),s; and Hg(CF;XO,CF;) produces
the new cluster Ru(CXCO),(HgCF;XO,CCF,;), which
is shown by X-ray diffraction analysis to contain a
bridged-butterfly Rus metal core [578]. The reaction
between Ru,(1,8-diaminonaphthaleneXCO),(P-'Pr;),
with HgX, (where X = halides, acetates, SCN, ONC) is
reported to give adducts which contain mercury atoms
that are bonded to two ruthenium atoms [579]. A
report on the synthesis and dynamic behavior of mer-
cury-linked clusters with methoxymethylidyne ligands
has appeared. Included is the X-ray diffraction struc-
ture of Hg{Ru,(x-COMeXCQ),,}, [580].

The molecular structure of [{Ru,(HXCO),,B},Cu,
(u-CDP~ has been solved [581]. The reaction of the
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Fig. 31. Reprinted with permission from Inorg. Chem. Copyright
1992 American Chemical Society.

Fig. 32. Reprinted with permission from Organometallics. Copyright
1992 American Chemical Society.

soft electrophiles Cul and [Cu(PR ;)]* with [Ru;(CO)y-
(CCO)J>~ has been investigated. The X-ray crystal
structure of [Ru;(CulXCO),(CCO))*~ is presented
[582]. The single-crystal X-ray diffraction structure of
(OC),(PPh,),0sAg(0O,CF;) has been published and
discussed as a structural model for a precursor complex
in electron-transfer reactions involving organometallic
complexes and silver(I) salts [583]). Phenylselenenyi
chloride reacts with [Ru(CXCO)(]*>~ to yield [Ru,-
(CXCO),5(SePh)]~, which upon further reaction with
Au(PPh,XCD vyields the cluster Ru(CXCO),(SePh)
(AuPPh;,) [584]. The synthesis and solution properties
of the boron-containing cluster (H)Ru ,(CO),,(B{Au
(dppf)} have been described. The molecular structure
of this cluster has been solved by X-ray crystallography
[585]. Ruthenium extrusion from the hexaruthenium
cluster Ru (CO),,(BXAu(PPh;)} under CO pressure is
reported to give the pentaruthenium cluster Rug-
(CO),{(B{Au(PPh,)}. This cluster is shown to have a
square-pyramidal Rug core with an interstitial boron
atom by X-ray diffraction analysis [586].

5. Miscellaneous chemistry

5.1. Heterogeneous and supported complexes
Ruthenium has been deposited as ruthenium-red on
NaY zeolites. The reduction of the ruthenium and
cluster growth have been explored by the measurement
of xenon adsorption on Ru and EXAFS studies [587].
The adsorption of ethylene on Ru-Y zeolites has been
investigated by B¢ solid-state NMR spectroscopy. The
rates of ethylene hydrogenation to ethane and butane
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are reported [588]. The low-temperature water gas shift
reaction has been examined with zeolites that have
been modified by [Ru(NH,),’*. A ruthenium(II)-di-
carbonyl species is reported to be the catalytically
active species for this reaction [589]. The use of the
xenon-adsorption method for the study of ruthenium
cluster formation and growth on Y zeolites has been
described [590].

The electrocatalytic properties of polypyrrole films
possessing pendant cationic [Ru(bpy);** groups along
with RuO, have been studied in alcohol oxidation
reactions [591]. Carbon paste electrodes doped with
ruthenium have been prepared and examined for elec-
trocatalytic activity in a variety of reactions [592].

The adsorption and decomposition of monomethyl-
amine on Ru(001) have been examined by using high-
resolution electron energy loss spectroscopy and ther-
mal desorption mass spectrometry [593]. The adsorp-
tion of diborane on clean Ru(0001), NH,/ Ru(0001),
and O/ Ru(0001) surfaces has been studied in connec-
tion with the synthesis of boron nitride thin films [594].
The adsorption of hydrazine on clean Ru(0001) and its
coadsorption and reaction with diborane have been
described [595]. The deposition of cerium onto Ru-
(0001) affords layer growth of the rare-earth metal
[596].

BC-enriched Ru,(CO),, supported on the metal—
oxide surfaces of y-Al,0, SiOf, MgO, and HNa-Y
zeolite has been investigated by *C MAS NMR spec-
troscopy. Highly mobile physisorbed clusters have been
observed with the first two supports. In the case of
MgO, highly fluxional hexaruthenium clusters are ob-
served [597]. The influence of potassium as a promoter
in the hydrogenation of 3-methyl-2-butenal by Ru/ Si-
O, has been discussed [598]. The photochemical prop-
erties of silica-supported (H),FeOs,(CO),; have been
examined by using FT-IR and UV-visible reflectance
spectroscopies. The coordinatively unsaturated cluster
(H),FeOs4(CO),, is stabilized by the silica support
[599]. Adsorption of [Os,;(CXCO),,]*>~ onto thermally
activated MgO leads to a supported decaosmium car-
bide cluster. Cluster characterization by EXAFS, IR
spectroscopy, and UV-visible diffuse reflectance spec-
troscopy is described. The transmission electron micro-
scope images of the supported cluster have been ob-
tained [600]. The alkylation of alkenes with methane
using a heterogeneous ruthenium catalyst system is
presented [601]. FT-IR data have been reporied for
adsorbed hydrogen atoms on 2 wt % Ru/MgO cata-
lysts [602]). Alkene homologation using methane is re-
ported for a ruthenium-supported catalyst [603]. Os,-
(CO),, has been supported on magnesia and examined
in CO hydrogenation reactions in a flow reactor [604].
The photocatalytic reduction of N, to NH; has been

examined by using surface-supported ruthenium cata-
lysts [605]. The Si-O-supported catalysts RuCos,,
RuCo,, Ru;M,C (where M = Co, Fe, Ni, Mo, Rh, Cr,
Mn; x = 1-3) have been studied in the hydrogenation
of CO to C,-C, alcohols [606]. The cluster [Ru(C)-
(CO),(Me)]~ has been supported on SiO,, Al,O,, and
TiO,, and the supported systems characterized by EX-
AFS, TPD, and FT-IR spectroscopy [607]. The forma-
tion of methanol, dimethyl ether, and formaldehyde
has been observed when the supported ruthenium cata-
lysts [Ru(CXCO),((Me)]~/ oxide are treated with syn-
gas. Methane and hydrocarbons are the major products
observed when the catalysts [Ru(CO), 3>~/ oxide are
employed [608]. The hydrogenation of nitrobenzene
using polymer-supported ruthenium(II) catalysts has
been examined [609].

The chemical bonding in the rutile structure of
RuO, has been studied by ab initio molecular orbital
calculations [610]. The phases R;I,Ru (where R = La,
Pr, Gd, Y, Er) have been synthesized and character-
ized [611]. The electronic and bonding properties of
RuS, have been examined by DV-Xa calculations
[612].

5.2. CO and CO, reactions

The carbonylation of methanol to acetic acid has
been examined by using the catalysts trans-Ru(CO),-
(CD,{PPh,),, cis-Ru{CO),{(CD),(PPh,),, and (H),Ru-
(COXPPh,),. The highest activity and selectivity were
observed with the latter complex [613]. Carbonylation
of nitrobenzene to methyl phenylcarbamate has been
studied with the bimetallic catalysts [MRh (CO),5]*>~
(where M = Ru, Os). The addition of bpy to the cata-
lyst system enhances the rate and selectivity of the
reaction [614]. The use of Ru,(CO),, as a catalyst for
the deoxygenation of 2-nitro-N-(phenylmethylene)ben-
zeneamine derivatives to 2-substituted benzimidazoles
has been presented [615]. A report on the ruthenium
(IID-Schiff base catalyzed carbonylation of nitroben-
zene to phenylurethane has appeared [616].

5.3. Oxidation reactions

Evidence for the stereoelectronic control of di-
astereoselectivity in osmium tetraoxide-catalyzed cis-
dihydroxylations of sterically unbiased 3-(4-X-phenyl)-
3-phenylcyclopentenes {where X = NO,, Cl, Br, OMe,
N(Me),} is reported [617]. Selective asymmetric dihy-
droxylation of dienes has been studied with a function-
alized osmium tetraoxide catalyst [618]. A report de-
scribing a new ligand class and a process improvement
in osmium-catalyzed asymmetric dihydroxylation reac-
tions has appeared [619]. The osmium-catalyzed asym-
metric dihydroxylation of enol ethers affords a-hydroxy
ketones in high enantiomeric purity [620].
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Alkane oxidation by molecular oxygen in the pres-
ence of acids and aldehydes with the ruthenium cata-
lysts RuCl;-nH,0 and Ru(CD,(PPh;); has been ob-
served to occur with good yields [621]. The kinetics and
mechanism of the oxidation of cyclohexane and
adamantane by molecular oxygen have been examined
with a ruthenium(III)-saloph complex [622]. In situ
generated RuO, has been reported to function as a
catalyst for the oxidation of nonactivated C-H bonds
[623].

The use of Ru™(hedta) and related complexes in
the epoxidation of stilbenes is described [624]. Ru-
thenium(IT1I)-Schiff base complexes have been synthe-
sized and examined in alkene epoxidation reactions
[625]. The kinetics and mechanism of styrene and sub-
stituted styrene epoxidation by oxygen and [Ru!'-
(edtaH,0)]~ have been published [626]. The rutheni-
um complexes [Ru(dimethylglyoximeXCl),]~, [Ru(di-
phenylglyoximeXCl),]~, and the corresponding ru-
thenium(V) oxo complexes have been synthesized,
characterized, and examined in the epoxidation of cy-
clohexene [627]. The epoxidation of oleic acid using
H,0, and Ru(bpy),(Cl), has been described [628].

Secondary alcohols are oxidized to ketones by ace-
tone and catalytic amounts of the ruthenium catalyst
Ru(CD,(PPh;), [629]. Allylic alcohols and terminal
alkynes yield B,y-unsaturated ketones when treated
with the ruthenium catalyst (Cp)Ru(PPh;),(CD) [630].
The activation and thermodynamic parameters for the
homogeneous oxidation of cyclohexane to cyclohexa-
nol, cyclohexanol to cis-1,3-cyclohexane diol and olefin,
and cyclohexene to epoxide using the catalyst system
composed of Ru''(edta)-ascorbate-O, are reported
[631]. The kinetics and mechanism for the oxidation of
dimethyl sulfide by [Ru™(edtaXCl)]~ and oxygen have
been published [632]. Ruthenium(II) complexes have
been employed as catalysts in the oxidation of satu-
rated hydrocarbons [633]. The epoxidation of alkenes
using a Ru™(edta)-ascorbate-oxygen system has been
presented. Detailed kinetic, catalytic, and equilibrium
studies have been conducted, which have led to a
proposed mechanism involving a monooxygenase model
[634]. The oxidation of hydrazine using the oxorutheni-
um catalyst [RuY(OXH,0),(CD,]* has appeared. A
mechanism that involves a diazene intermediate that
undergoes a two-electron oxidation to give N, is de-
scribed [635]. The photooxidation of cyclohexane and
adamantane using water as the oxygen source and a
semiconductor catalyst system with [Ru™(edta)}(C1)]~
has been described [636]. A study on the oxidation of
olefinic and saturated substrates using [Ru''(edta)-
(CD]~ has appeared. The rate and activation data are
presented and a mechanism for these reactions is out-
lined [637]. The oxygenation of organic substrates by

molecular oxygen and the ruthenium catalyst [Ru(Cl),-
(H,0),]" has been explored [638]. The electrochemi-
cal behavior of the ruthenium(III)-Schiff base complex
[Ru™{bis(2-hydroxynaphthaldehyde)diethylenetriami-
nato}(Cl)] in oxidation reactions is reported [639]. The
hydrocarbon compounds adamantane, cyclohexane,
hexane, and heptane have been oxidized by a catalyst
system composed of the ruthenium complexes [Ru-
(H,0)PW,,(0),,]’~ and cis-[Ru(H,0),(DMSO),**
and t-butylhydroperoxide [640]. The oxygen-atom
transfer from molecular oxygen to adamantane is cat-
alyzed by a ruthenium(III)edta complex [641]. Alcohol
dehydrogenation has been achieved with the following
ruthenium complexes [Ru(bpy),(2-HOCH ,py)I**, [Ru-
(bpy),(2-HOCD.,py)I**, and [Ru(bpy),{2-HOCH(Me)-
py})?*. The mechanism associated with this reaction is
discussed [642].

5.4. H, Production and hydrogenation reactions
Asymmetric hydrogen transfer reactions using ru-
thenium complexes have been published [643). The
enantioselective ruthenium-mediated synthesis of (—)-
indolizidine 223AB has been described. The reported
synthesis utilizes a symchiral aldehyde that is prepared
by BINAP-ruthenium-mediated hydrogenation of a re-
quisite B-keto ester [644). The asymmetric hydro-
genation of itaconic acid and other prochiral carboxylic
acids by [Ru(HXbinap),]* has been investigated. *'P
NMR spectroscopic data are included with this report
[645]. The transfer hydrogenation of «,B-unsaturated
aldehydes has been examined with the ruthenium cata-
lysts Ru (CO)4(L)s(H), {where L ="Bu,P, P(OEt),, P-
(OMe);, PMe,, PPh,} [646]. Kinetic and mechanism
data are presented for the hydrogenation of benzalde-
hyde using the catalyst [Ru(HXCOXMeCN),(PPh,),]*
[647]. The alcohols 2-propanol, 2-butanol, cyclo-
hexanol, benzyl alcohol, 1-phenylethanol, benzhydrol,
2-methoxyethanol, and tetrahydrofurfuryl alcohol have
been used as reducing agents in the transfer hydro-
genation of D-glucose with the catalyst system Ru(Cl),-
(PPh,),. The major product from glucose is sorbitol,
with minor amounts of glucono-1,5-lactone being ob-
served as a side-product from a disproportionation
reaction [648]. The hydrogenation of alkenes has been
studied with the bulky phosphine complexes cis-Ru-
(H),(dcpe), and cis-Os(H),(dcpe),. The ruthenium
complex is more active in the reduction of enones to
saturated ketones while the osmium complex is more
active in the reduction of unactivated olefins [649]. The
catalytically active species is formed by the dissociation
of one of the disphosphine ligands [649]. Alkene and
alkyne hydrogenation reactions have been investigated
with the ruthenium complex Ru;(CO)y(u;-ampyXu-H)
[650]. Imines are hydrogenated easily under transfer
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hydrogenation conditions with the ruthenium catalyst
Ru(Cl)z(PPh3)3 [651].

5.5. Other catalytic reactions

The ruthenium-catalyzed cyclization of N-allyltri-
chloroacetamides yields trichlorinated y-lactams. When
the same catalyst is used in the cyclization of secondary
N-allyltrichloroacetamides, good diastereoselectivity is
observed [652]. The hydration of nitriles and the trans-
formation of §-ketonitriles to ene-lactams are reported
to be catalyzed by Ru(H),(PPh;), under mild condi-
tions [653]. The oxidative condensation of diols to 5-
and 6-ring lactones has been demonstrated when ru-
thenium polyhydride complexes have been employed as
catalysts [654]. The aqueous ring-opening metathesis
polymerization (ROMP) of 7-oxa-norbornene-2,3-di-
carboxylic acid dimethyl ester and norbornene with
ruthenium catalysts has been described [655]. The ru-
thenium-catalyzed ROMP of norbornene, cyclooctene,
and cyclopentene has been examined. The nature of
the catalyst and the characterization of the polymer are
discussed [656]. The catalytic reduction of aromatic
nitro compounds using Ru,(CO),, has been investi-
gated under water gas shift conditions [657]. The dual
catalytic system composed of Co,(CO); and Ru,(CO),,
has been shown to facilitate the rearrangement of
heterocyclic nitrogen ketones to lactams in good yields.
Cyclization of 2,6-dimethylpiperidinyl ketones gave
5,6,7,8-tetrahydroindolizines in high yields [658]. A re-
port describing the cyclization-reconstitutive addition
of propargyl alcohols with allyl alcohols using (Cp)Ru-
(PPh,)(CD) has appeared [659]. The synthesis of 1,3-
disubstituted 2,3-dihydroimidazol-2-ones from N,N'-
disubstituted ureas and vicinal diols is reported. Mod-
erate to high product yields are observed with the
ruthenium catalyst Ru(CD,(PPh,), [660]. The cross-
metathesis of vinyl-substituted silicon compounds with
1-decene is observed with the catalyst Ru(Cl),(PPh,),
(6611].

6. Abbreviations

acac acetoacetonate

bim 2,2'-biimidazole

binap 2,2"-bis(diphenylphosphino)-1,1'-bi-
naphthyl

biq 2,2'-biquinoline

bp 4,4'.5,5-tetramethyl-2,2’-biphosphine

bpbzim 2,2'-bis(2-pyridyDbibenzimidazole

bpy bipyridine

bpz bipyrazine

BSD 2,1,3-benzoselenadiazole

bta benzotriazol-1-yl

chp 6-chloro-2-hydroxypyridine

1,5-COD
CoT

Cp

Cp*
cyclam
Cyttp
DAB
DAD
dcpe
2,5-DHT
DMABN
DMAD
dmgh
dmp
dmpe
dmpm
dmpt

dpb
dpgh
dpp
dppa
dppe
dppee
dppf
dppm
dppp
dppt

dppz
dpq
ECL
Hampy
Hbpt
Hbta
H,DBA
hedta

Hfac
HPhenoxSQ

In

Me, [14]aneS,
Me,Hpz
1,3-Me, lum
mes

MLCT

nbd
N-Melm
OEP

pdta

phi

PPN

PP,

1,5-cyclooctadiene

cyclooctatriene

cyclopentadienyl
pentamethylcyclopentadienyl
1,4,8,11-tetraazacyclotetradecane
PhP(CH,CH,CH,PCy,),
1,4-diaza-1,3-butadiene

diazadiene

Cy,PCH,CH,PCy,
2,5-dihydrothiophene
4-N,N-dimethylaminobenzonitrile
dimethyl acetylenedicarboxylate
dimethylglyoxime

4. 4'-dimethyl-2,2'-bipyridine
1,2-bis(dimethylphosphino)ethane
1,1-bis(dimethylphosphino)methane
5,6-dimethyl-3-(pyridin-2-y1)-1,2,4-tri-
azine

2,3-di-(2’-pyridylXbenzo[ g lquinoline)
diphenylglyoxime
2,3-bis(2-pyridyl)pyrazine
bis(diphenylphosphino)acetylene
1,2-bis(diphenylphosphino)ethane
1,1-bis(diphenylphosphino)ethene
1,1"-bis(diphenylphosphino)ferrocene
1,1-bis(diphenylphosphino)methane
1,3-bis(diphenylphosphino)propane
5,6-diphenyl-3-(pyridin-2-yl)-1,2,4-tri-
azine

dipyrido[3,2-a : 2',3'clphenazine
2,3-bis(2’-pyridyl)quinoxaline
electrogenerated chemiluminescence
2-amino-6-methylpyridine
3,5-bis(pyridin-2-yl)-1,2,4-triazole
benzotriazole
1,5-diphenyl-1,3,5-pentanetrione
N-(hydroxyethyl)ethylenediaminetri-
acetate

hexafluoroacetylacetonate
1-hydroxy-2,4,6,8-tetra-tert-butylpheno-
xazinyl

indenyl
1,4,8,11-tetrathiocyclotetradecane
dimethylpyrazole
1,3-dimethyllumazine

mesityl

metal-to-ligand charge transfer
norbornadiene

N-methylimidazole
octaethylporphyrin
propylenediaminetetraacetate
9,10-phenanthrenequinone
bis(triphenylphosphine)iminium
P(CH,CH,PPh,),
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ppq 4-phenyl-2-(2'-pyridyl)quinoline

ppY 2-phenylpyridine

PTA 1,3,5-triaza-7-phosphaadamantane

Dy pyridine

pz pyrazol-1-yl

(R)-prophos  (R)-(+)-1,2-bis(diphenylphosphino)
propane

saloph bis(salicylaldehyde)-o-phenylenediam-
ine

SIMS secondary ion mass spectrometry

tap 1,4,5,8-tetraazaphenanthrene

tcne tetracyanoethylene

TCNQ 7,7,8,8-tetracyanoquinodimethane

tdpep P(CH,CH,PPh,),

TEMPO 2,2,6,6-tetramethylpiperidene-1-oxyl

terpy 2,2:6',2"-terpyridine

tfpb 4,4 4-trifluoro-1-phenyl-1,3-butanedi-
onate '

tmen N,N,N’',N"-tetramethylethylenedia-
mine

TMP tetramesitylporphyrin

TMphen 3,4,7,8-tetramethyl-1,10-phenanthro-
line

tmpm tris(dimethylphosphino)methane

TMSO tetramethylene sulfoxide

T™MT 2,3,4,5-tetramethylthiophene

tpm tris(1-pyrazolyl)methane

TPP tetraphenylporphyrin

TPPTS meta-trisulfonated triphenylphosphine

tpt tris(pyridin-2-y1)-1,3,5-triazine

tpterpy 4,4’ 4"-triphenyl-2,2’ : 6',2"-terpyridine

triphos PhP(CH,CH,PPh,),

ttp PhP(CH,CH,CH,PPh,),

vbpy 4-vinyl-4’-methyl-2,2'-bpy

vpy vinylpyridine

XPS X-ray photoelectron spectroscopy
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