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1. Dissertations

Four dissertations dealing with mononuclear ruthe-
nium and osmium sulfur complexes have been pub-
lished. The chemistry of the ruthenium bisulfite com-
plexes [(bpy),Ru(SO;H),], [(terpyXbpy)Ru(SO,H)]",
[(bpy)(pY)RU(SO;H)]*, has been examined. The anal-
ogous osmium complexes were found to be more diffi-
cult to prepare. Electrochemical investigations of bound
SO, are reported for [(NH;);Ru(SO,)]Br, [1]. Synthe-
sis, characterization, and reactivity of the ruthenium-
nitrosyl thiolates [Ru(NOXS-2,6-Me,C¢H;),]~ and
[Ru(NOXS-2,3,5,6-Me,C,H),]~ are described. The
characterization of cyclometallated products from reac-
tions of the above ruthenium-niirosyl thiolates is pre-
sented [2]. Studies involving ruthenium thiolate, thiol,

* No reprints available. For previous Annual Survey see
J. Organomet. Chem., 432 (1992) 215.
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and thioether complexes are described. The ruthenium
complexes were based on CpRuL (S) (L = phosphine
or phosphate) [3]. Synthetic routes to [Ru(S-S),] (S-S
= -S,P{OEt},, -S,CNR,; R = Me, Et, 'Pr) have been
reported. Electrochemical studies reveal reversible
one-electron oxidation and reduction steps. The reac-
tion of tcne with selected complexes is shown to afford
a coordinated tcne ligand (tcne™) and an oxidized
metal center (M3+) [4].

The molecular structures of Os(CO); and Ru(CO);
have been determined by electron-diffraction studies.
Both molecules exhibit D, symmetry as expected.
Values for bond lengths and bond angles are included
[5]. A two-part dissertation describing the synthesis and
characterization of new ruthenium and osmium metal-
laboranes and heterobinuclear dianions has been pub-
lished. The former complexes are obtained from the
reaction of [M(CO),]’~ (M=Ru, Os) or [CpRu
(CO),]~ with L - BH; (L = THF, Et,0). The products
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resemble a diborane(6) molecule with the organometal-
lic fragment replacing a bridging hydrogen. The heter-
obinuclear complexes [MM'(CO),]°~ (MM’ = FeRu,
FeOs, RuOs) have been prepared from the reaction of
[M(CO),]?>~ with M'(CO),. Crystallographic data on
the iron-ruthenium dimer, [FeRu(CO)g]*~, are in-
cluded [6]. The carbonylmetalate anion [InRu(CO), K]
has been prepared from the reaction of [InRu(CO), 1,
with KEt;BH. Anion functionalization with alkyl
halides gave the corresponding alkyl complexes. The
carbonylation reactivity of InRu(CO),Me and InRu
(CO),CH,OMe is also included [7]. Reactivity studies
on alkyl and aryl ruthenium(II) carbonyl complexes are
described. Carbonyl insertion and reductive elimina-
tion chemistry have been studied kinetically in selected
cases [8]. Photoelectron spectroscopy data on [CpRu-
(NO)I, and [CpRu(NO)],-u-CH, have been presented
[9].

Several new difluorophosphine ruthenium com-
plexes have been synthesized and characterized by
NMR spectroscopy and X-ray diffraction analysis [10].
The phosphine ligands 1-phenyldibenzophosphole and
1-phenyl-3,4-dimethyl-phosphole have been employed
as ancillary ligands in the preparation of new ruthe-
nium(II) complexes. Full solution characterization, X-
ray diffraction studies, and results from the catalytic
hydrogenation of 1-hexene are presented [11]. The
chemistry of pentadienylruthenium complexes has been
reported. Reaction of RuCl(PPh,); with pentadienyl-
tributyltin gives (n°-pentadienyl)RuCIl(PPh,),, which
has been used as a starting material for the synthesis of
other pentadienyl complexes. A discussion dealing with
the solution dynamics of the pentadienyl ligand in
selected pentadienyl complexes is included [12]. Quin-
odimethane and naphthoquinodimethane complexes
have been synthesized from various RuCl,P, com-
plexes. A detailed NMR examination of [Ru(CH,C,-
H ,CH,XPMe,),] established the existence of an inter-
mediate that contains a o2, 7—72 Ru-xylidene interac-
tion [13]. The synthesis and redox properties of several
ruthenium alkynyl complexes have been reported [14].
The isonitrile complex trans-RuCl,(CNPh), has been
prepared and fully characterized by solution measure-
ments and X-ray diffraction analysis. Included in this
report are halide activation studies [15]. Chalcogen-
and transition metal-bridged [3]ruthenocenophanes
have been synthesized and spectroscopically examined.
Pyramidal chalcogen inversion and bridge reversal are
responsible for the NMR fluxionality observed in solu-
tion [16].

High-valent osmium complexes containing chelating
ligands with imine, imido, and nitrido moieties have
been synthesized. Included in this report are the X-ray
crystal structures of Os(n*-HBA-BXNCH;NHC:H,)

and [OsN(n*-HBA-B)]~ [17]. The reaction between
Os0, and bidentate ligands in HX is reported to give
six-coordinate trans-dioxoosmium complexes OsO,X ,-
(L-L) (L-L = diphosphines, diamines, dithioethers,
and diselenoethers; X = halide). The trans-[0OsO,**
moiety displays a characteristic v(Os—O) stretch at ca.
840 cm™! [18). The photochemistry of isomeric com-
plexes of ruthenium{(II) with 2-(phenylazo)pyridine has
been explored. The effect of solvent on the absorption
spectra and correlation of the lowest MLCT energies
with some empirical solvent parameters is discussed. It
is suggested that the MLCT excited state is responsible
for the observed photoreactivity [19]. Several ruthe-
nium(I) complexes containing terpy ligands have been
examined for luminescence activity. Luminescence life-
time studies reveal that the phenyl groups on the terpy
ligands increase the barrier to quenching of the SMLCT
state via the >d—d states [20]. The excited-state quench-
ing of the ruthenium-containing film poly-[Ru(bpy),-
(vpy),I** by Co™ quenchers has been reported. Both
static quenching and intra-polymer energy migration
mechanisms are observed [21]. Electron-transfer rate
constants for oxidation and reduction in horse heart
cytochrome ¢ with ruthenium amines and ruthenium
polypyridine complexes covalently bound to the His-33
residue have been measured. Evidence is presented
that supports a directional electron-transfer model [22].
The luminescent properties of silica-immobilized poly-
pyridyl ruthenium(II) complexes have been explored by
using absorption, emission, and time-resolved emission
spectroscopies. Gas phase quenching studies using oxy-
gen exhibit complex behavior as evidenced by nonlin-
ear Stern—Volmer behavior [23]. The solvent dynamics
of heterogeneous electron transfer reactions and elec-
trogenerated chemiluminescence and electrochemistry
of organized monolayers of a Ru(bpy)?*-based surfac-
tant at In-doped tin oxide have been reported [24].
The ruthenium dimer Ru,{u-O=C(NMe,),u-o,m-
C(Ph)=C(Ph)HKCO), has been isolated from the reac-
tion between Ru{u-H,u-O=C(NMe,)(CO),, and
diphenylacetylene. The dimer reacts with PPh; to give
the corresponding monophosphine complex, Ru{u-
O=C(NMe,),u-o,m-C(Ph)=C(Ph)H}CO);PPh,, which
has been characterized in solution and by X-ray
diffraction analysis. Low-temperature 'H and *C NMR
measurements reveal that both vic and gem isomers
are present in solution. The major isomer is assigned to
the gem isomer [25]. The synthesis and reactivity of
binuclear ruthenium(II) and osmium(lI) porphyrin
complexes have been described. Dimer cleavage reac-
tions and the redox chemistry are also discussed [26]. A
report on the first example of a metal-centered ligand
addition to a cyclopentadienyl metal sulfide has ap-
peared. [(n*-CsMe,Et)Rul,S, is shown to react with
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CO to give [(n°-CsMe,Et)Rul,S,(CO), which has been
fully characterized [27].

The new phenylimido trinuclear clusters Ru,SD-
(NPhXCO), and H,Ru,S(NPhXCO), have been pre-
pared. Included in this study are the X-ray crystal
structures of H,Ru;S,(CO); and Ru;S(NC.H ,Cl)-
(CO)g. Phosphine substitution studies and alkene hy-
drogenation resuits with seiected clusters are described
[28]. The reaction between Ru;(CO)g(u-COXp;-S)
and phenylacetylene gives the acetylene-bridged cluster
Ru;(CO)¢(u5-n*-HC,PhXu,-S) as the major product.
The reactivity of other ruthenium and osmium clusters
is described [29]. The synthesis and redox activation of
sulfido-bridged trinuclear ruthenium clusters are pre-
sented. High turnover numbers (> 50,000) are ob-
served in the electrochemically induced ETC ligand
substitution reaction employing Ru(CO)y(u5-S), and
Ru;(CO),o(n3-S). Cyclic voltammetric data indicate
that CO, is able to bind to Ru;(CO)y(us-S), [30]
Ligand substitution studies and nucleophilic activation
of Ru,(CO),, have been investigated. Rate constants
for product formation have been measured and the
resulting products fully characterized by solution and
solid-state techniques [31]. Anionic ruthenium and os-
mium polynuclear carbonyl clusters have been synthe-
sized and their reactivity toward small molecules ex-
plored [32].

Ruthenium-supported catalysts have been investi-
gated as Fischer—Tropsch catalysts with major empha-
sis on the effect of metal particle size and its relation-
ship to catalytic activity [33]). The catalytic activity of
zeolite-supported ruthenium in the presence of
Fe/ZSM-5 has been explored. Catalyst characteriza-
tion includes IR, XPS, ISS, XRD and pyridine
chemisorption studies [34]. CO, conversion to methane
has been studied by using intrazeolite ruthenium car-
bonyl catalysts. Evidence is presented that supports an
active catalyst derived from interior Ru;(CO),, units
and surface derived catalysts only when hydrogen poor
conditions exist [35]. A report on the structure and
surface composition of supporied Ru/Pt bimetallic
catalysts is described. Also presented is a new quantita-
tive technique that allows measurement of the en-
thalpies of gas—solid reactions [36]. The preparation
and characterization of supported Ru/Pt bimetallic
clusters have been discussed. RuCl;-nH,0 and Ru
(NH,)(Cl; were used as starting materials for support
on silica [37]. New polyquinoline-supported ruthenium
redox systems have been synthesized and character-
ized. Polymer-modified electrodes based on these sys-
tems were found to catalyze the oxidation of selected
primary alcohols to the corresponding aldehyde with
high catalytic currents. Over oxidation of the product
aldehydes to carboxylic acids was not observed [38].

Supported ruthenium carbonyls have been prepared
from Ru(CO),CI(THF). Adsorption onto MgO,
Al O3, SiO, and NaY zeolite proceeds with less than
0.1 equivalent loss of CO. This study also includes
details on the preparation of the bimetallic cluster
[RuCo,(CO),,]”, which is obtained from the Al,O;-
induced disproportionation of RuCo,(CO),, [39].

Thiophene hydrodesulfurization over sulfided ruthe-
nium catalysts has been investigated [40]. XPS and
SIMS have been employed in catalyst evaluation. Hy-
drodesulfurization catalysts prepared from Ru,Th, in-
termetallics and ThO,-supported ruthenium systems
have been prepared and fully characterized by the
normal complement of surface science techniques [41].

The icosahedral alloy Al-Cu—Ru was the subject of
diffraction experiments [42). A report on the laser-
induced thermal desorption of methanol from a Ru
(001) surface has appeared. Hydrogen and carbon
monoxide diffusion on a clean Ru(001) surface have
been measured and diffusion activation barriers calcu-
lated [43]. The reactivity of C, molecules and coad-
sorption of probe molecules with ammonia on a Ru
(001) surface has been studied [44]. Kinetic investiga-
tions of the decomposition of formic acid on a Ru(001)
surface at 130 and 310 K are described. Dissociative
chemisorption proceeds by both O-H and C-O bond
cleavage [45]. A study on a ruthenium cyanide surface-
modified electrode has appeared [46].

2. Mononuclear complexes

2.1. Organometallic porphyrins

The first dihydrogen porphyrin complexes have been
described. Reaction of [M(OEPXH)]IK] (M = Ru, Os)
with benzoic acid yields the corresponding dihydrogen
complex M(OEPXH ,), which exhibits an 7?-hydrogen
ligand based on '"H NMR spin-lattice relaxation mea-
surements and examination of the 'Jy;,, value from the
17°-HD complex. The hydrogen transfer reactivity of
these systems resembles that of hydrogenase enzymes
[47]. Confacial metallodiporphyrin complexes have been
synthesized and examined as model systems involving
the bimolecular reductive elimination of hydrogen [48].
The porphyrin complex [Ru(OEP-N-C H XCHj)l-
[BF,] has been prepared by oxidation of Ru(OEPXC,-
H,), with AgBF,. The X-ray structure of the product
reveals the presence of N-bound and Ru-bound phenyl
groups, consistent with the results of other “suicide
adducts” of cytochrome P,;,. The X-ray structure,
which is shown below, reveals that an agostic Ru—H
interaction, originating from the N-C.H, moiety is
also present [49].

The redox chemistry of Ru(OEPXC:H), and Ru-
(OEPXC¢H;) has been examined by cyclic voltamme-
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Fig. 1. Reprinted with permission from Inorg. Chem., Copyright 1990
American Chemical Society.

try. Rapid loss of [C{H]™ from [Ru(OEPXCH;),}*~
gives the diamagnetic complex [Ru(OEPXCH;)]1™
while N-arylation is observed during oxidation. Elec-
tron-self-exchange reactions for several of the redox
pairs have been determined by 'H NMR spectroscopy
[50]. The synthesis, spectroscopy, and electrochemistry
of osmium(IV) and osmium(V) porphyrins are dis-
cussed. Os(OEPXO), was used as the starting material
[51]. m-Chloroperoxybenzoic acid oxidation of Ru
(TPP)CO and Ru(TMP)CO gives the corresponding
dioxo ruthenium porphyrins, Ru(TPPXO), and Ru
(TMPXO),, which were then examined by resonance
Raman and IR spectroscopy. Normal coordination cal-
culations were carried out on the O=Ru=0 vibrations.
A mechanism involving two successive O-O bond
cleavages of the oxidant is proposed in the formation
of the dioxo ruthenium porphyrin complexes [52]. The
origin of the excitation wavelength dependence for
photoinduced CO loss in Ru(OEPXCO) has been ex-
plored. The quantum yield for CO loss is very depen-
dent of the excitation wavelength. Quenching studies
and the results of laser flash photolysis investigations
are presented {53].

A heterometallic ruthenium-osmium porphyrin com-
plex has been synthesized by using the cofacial por-
phyrin ligand 1,8-bis[5-(2,8,13,17-tetraethyl-3,7,12,18-
tetramethylporphyrinlbiphenylene. NMR and mag-
netic measurements confirm the paramagnetism associ-
ated with the Ru=Os bond [54]. The synthesis and

characterization of the new porphyrin complex te-
trakis(2,6-difluorophenyl)porphinato  ruthenium(II)
(COXN-MelIm) have appeared. Hydrocarbon oxidation
results using the co-oxidants 'BuOOH and hypochlo-
rite are also presented [55].

2.2. Halides

Salts derived from [Ru,Br,]’~ have been examined
in spectroscopic and redox studies [56]. A new synthe-
sis of RuF; involving fluorination of RuFs is reported.
IR matrix studies and UV-visible vibration data are
discussed [57]. Mixed fluorochloro-osmates(IV) have
been studied by °F NMR spectroscopy [58).

The synthesis of trans-OsL,X, (L = two-electron
donor ligands; X = Cl, Br) complexes is presented.
Cyclic voltammetric studies have defined the Os'V/
Os'! redox couples, and redox potentials correlated
with the lowest charge-transfer transitions in the UV-
visible spectra. The X-ray structure of trans-[Os-
(PEt;),Cl,Ph,P] has been solved [59). Several halo-
gen-tetramethylene sulfoxide ruthenium(II) and ruthe-
nium(I1I) complexes have been synthesized and charac-
terized. The complexes prepared include: cis- and
trans-RuCl(TMSO),, cis- and trans-RuBr,(TMSO),,
(TMSO)H(trans-RuTMSQ),Cl,), and mer-RuCl(TM-
SO),. The cis isomers, which are thermodynamically
more stable, are transformed to the trans isomer upon
optical excitation in TMSO solution. X-Ray crystallo-
graphic analysis of cis-RuCl,(TMSO), and (TMSO)-
H(trans-Ru(TMSO),Cl,) indicates that all TMSO lig-
ands are S-bonded to the ruthenium center [60]. The
electronic structure of [Os(NX)CL,]*~ (X =S, O) and
[Os(NS)C1,(H,0)]~ has been calculated by using
CNDO /2 methodology [61].

Isomerism and solution equilibria for (2,7-dimethyl-
octadienediyDruthenium(IV) complexes are presented
[62). The reaction between RuCl, -xH,O and cyclooc-
tadiene in the presence of zinc yields a mixture of
products. Of the many products produced, Ru,Cl (C,-
H,,),, RuH(C4H ;XCH{), Ru,Cl,(OCH;;XC4H ,),,
and Ru(CgH (XC4H ,) were isolated and structuraily
characterized by X-ray crystallography [63]. RuCl,-
(PPh;); reacts with a-amino acids to give Ru(amino
acidXPPh,),. The X-ray structures of the amino acid
complexes prepared by using glycine and pL-alanine are
presented [64]. The o-vinyl complex Ru(CR=CHR)-
CI(COXPPh,), (R =H, Me, Ph) reacts with [K[HB-
(pz),] with chloride and PPh; ligand loss to give Ru-
(CR=CHR)PPh,}{HB(pz),} [65]. The reaction between
[K][H,B(bta),] and RuRCH(COXPPh,), (R=CH,
Me-4, C(C=CPh)=CHPh) proceeds by loss of the chlo-
ride ligand to afford RuR(COXPPh,),{H,B(bta),} in
high yield [66]. Acetylene reacts with Cp* Ru(P!Pr,)Cl
or [Cp*Ru(u;-CD], to give the dinuclear ruthenacy-
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clopentadiene complex Cp*Cl,Ru(n?:n*u,-C,H,)-
RuCp*, which has been characterized by solution NMR
measurements and X-ray diffraction analysis. Reaction
of [Cp*Ru(u ,-CD), with one equivalent of HC=CSiMe,
vields the monoalkyne complex Cp¥Ru;(u,-CD(u5-
CIXn?-u ,-HC=CSiMe,). This complex while character-
ized by X-ray crystallography is unstable in solution
[67].

The use of a modified microwave heating system in
the synthesis of organometallic complexes has been
described. Reaction times have been shortened consid-
erably compared to the reported thermal procedures
[68]. RuCl,-xH,0 and sodium periodate have been
used in the oxidation of the C(6) alcohol group in
benzyl 2-acetamido-3-O-[( R)-carboxyethyl}-2-deoxy-a-
p-glucopyranoside 1’,4-lactone. The corresponding car-
boxylic acid was isolated in good yield [69].

2.3. Hydrides

Extended Hiickel calculations have been performed
on (LXL'X12%-H,)Ru(x-CD)(u-H)Ru(PR ;), H in order
to study the nature of the bonding between the n*H
moiety and the diruthenium fragment [70]. Molecular
hydrogen complexes [MH(n-H,)P,IBF,] (M = Ru, Os;
P = PhP(OEt),, P(OEt),, P(OMe);) have been pre-
pared by protonation of the neutral dihydrides MH,P,
at low temperature. Variable-temperature 'H and *'P
NMR data, spin-lattice relaxation measurements, and
Jup values support the existence of the molecular
hydrogen ligand. The report also deals with the reactiv-
ity of arenediazonium cations with the dihydride and
molecular hydrogen complexes [71]. A report describ-
ing simultaneous photodissociation of H, and PMe,Ph
from OsH ,(PMe,Ph); has appeared. An equilibrium
mixture of Os,H,P, and Os,H,P; is observed when
OsH,P; is photolyzed under vacuum. X-Ray diffrac-
tion results for Os,H,Ps indicate that the dimer is
composed of two octahedra that share a common edge,
bridged by two hydride ligands [72].

The reaction between methyl vinyl ketone and RuH-
(BH XP,) (P; = ttp, Cyttp) yields Ru(n*-CH,=CHCO-
MeXP,). The tetrahydride RuH ,(Cyttp) has been al-
lowed to react with 2-vinylpyridine, vinyl acetate, and
methylacrylate to give a variety of products. Full solu-
tion characterization of all new products and the X-ray
diffraction structure of Ru(n*-CH ,=CHCOMeXttp) are
described [73]. Thermolysis of cis-OsH(neopentyl)-
(PMe,), is reported to give both intramolecular and
intermolecular carbon-hydrogen activation processes.
The complex fac-OsH(n2-CH,PMe,XPMe,); is ob-
tained at 80°C in cycloalkane solvent as a result of
C-H bond activation of one of the coordinated PMe,
ligands. Thermolysis in neat Me,Si gives cis-OsH(CH ,-
SiMe,;)(PMe,), and the previous cyclometalated com-

Fig. 2. Reprinted with permission from Organometallics, Copyright
1990 American Chemical Society.

plex. Data from phosphine inhibition studies, isotope
effects, and crossover experiments are presented along
with a plausible mechanism which accounts for the
observed C-H bond activation chemistry [74].

The reaction between RuH(CO)CI(EPh;); (E =P,
As) and 1-piperidinecarbonitrile and 1,4-piperazine-
carbonitrile has been investigated [75]. The hexahy-
dride OsH(PCy,), has been prepared by LiAlH, re-
duction of Os(O)CI,(PCy,), [76]. Dimethyl maleate
and diethyl maleate have been allowed to react with
RuH(CIXCOXPPh,); [77]. The X-ray structure of
RuH(CIXCOXPPh,),(SN,C,H,), which is obtained
from RuH(CIXCOXPPh,); and 2,1,3-benzothiadiazole,
is reported [78]. Alkynes react with RuH(CIXCOXpy)-
(PPh,), to give the alkenyl complexes RuCI(CO}(E)-
HC=CHR}(pyXPPh,),. The insertion reaction pro-
ceeds via a cis-insertion sequence [79]. The hydride
complexes MHCI(COXPPh,), (M = Ru, Os) react with

Fig. 3. Reprinted with permission from Organometallics, Copyright
1990 American Chemical Society.
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R,Hg compounds to afford the five-coordinate o-
complexes RuR(CIXCOXPPh,),. X-Ray results of two
of the products, Ru( p-tolylXCIXCOXPPh,), and Ru-
(o-tolyIXCIXCOXPPh,),, are presented [80]. The ef-
fect of Group 15 donor ligands on the hydrogenation
of alkynes using the catalysts [RuHL]* and [RuHL ;-
L51* is reported. Hydrogenation reactivity as a func-
tion of the ligand’s cone angle and added ligand is
described [81].

2.4. Phosphines

Carbon-carbon bond cleavage in acetone has been
explored with Ru(PMe,),(n%-C,H,). Included in this
report is the direct synthesis and spectroscopic charac-
terization of an intermediate oxametallacyclobutane
complex [82]. In a related study, the synthesis and
spectral characterization of Ru(PMe,),(Me{OC(CH ,)-
Me} are reported. Ru(PMe,),(MeXOC(CH,)Me} is
unique in that it exists as an equilibrium mixture of
oxygen- and carbon-bound transition-metal enolates.
Thermolysis of the enolate mixture furnishes methane
and an n*oxatrimethylenemethane complex [83].
Phosphorus—carbon cleavage of coordinated PMe, in
Ru(PMe,),(OCH ,Me), occurs under thermolysis con-
ditions to yield the dimethylarylphosphinite complex
Ru(PMe,);(n*-PMe,OC(H , XOC,H Me). The same
product is also obtained when the orthometallated
complex Ru(PMe,),(n2-OC¢H;Me) is treated with p-
cresol. The structure of the dimethylarylphosphinite
complex has been established by X-ray diffraction anal-
ysis [84].

The effect of solution on the structure of RuCl,-
(Cyttp) has been noted. In non-polar solvents, mer-Ru-
Cl,(Cyttp) and fac-RuCl,(Cyttp) are present in equal
amounts while the same two isomers, plus [Ru,Cl;-
(Cyttp), ICl], are present in halogenated solvents. In
more polar solvents such as AcOH and MeNO,, the
major isomer exists as a 1:1 electrolyte [85]. The
reactivity of Ru(CO),(triphos) (triphos = ttp, Cyttp, etp)
toward I, and Mel has been investigated by using
NMR and IR spectroscopy [86]. The hydride com-
plexes MH(CIXCOXPPh,); (M = Ru, Os) react with
benzotriazole to give a pair of geometric isomers
MH(CIXCOXPPh,),(Hbta). Reaction of MH,(CO)-
(PPh,), with excess benzotriazole yields the complex
MH(bta - - - H-bta)benzotriazole—benzotriazolate pair
that functions as an NN’ chelating ligand [87]. The
X-ray structure of Ru(PPh;)(u-CIC,H,CO,)Cl, has
been reported. The carboxylate complex, which was
obtained from the reaction between Ru(PPh,),Cl, and
MCPBA, exhibits a quasi-reversible reduction at —0.4
V uvs. SCE [88). Octahedral and trigonal-pyramidal
osmium(II) complexes containing the bidentate ligand
dcpe have been synthesized and spectroscopically char-

acterized. Addition reactions to the five-coordinate
osmium and ruthenium complexes are presented [89].
HNO, /HBE, oxidation of the complexes mer-OsL X
(L = phosphines, AsEt,; X =Cl, Br) furnishes mer-
[OsL, X,][BF,]. The osmium(IV) complexes have been
characterized by NMR and IR spectroscopy, and mag-
netic and conductance measurements. Cyclic voltam-
metric data reveal that the mer-[OsL;X;1* oxidation
couple is reversible [90]. The lithium salts of 1,2,3-
trimethyl-, 1,2,3,4-tetramethyl-, or 1,2,4,5-tetramethyl-
benzene have been allowed to react with RuCl,L,
(L = PMe,, PMePh,). Spectroscopic data indicate that
the o-xylidene moieties are best described as methyl-
substituted o-quinodimethanes [91). The synthesis and
reactivity of osmium phosphido complexes, Os(n?-L)-
(PH,XCOXPPh,), (L=AcO, Me,CS,, acac, NO,),
have been reported. The X-ray structure of Os(n?-
OACc)PH , AulXCOXPPh,),, which was obtained from
the reaction with Aul, is included [92].

The fluxional behavior of bis- and tris-(ether phos-
phine) ruthenium(II) chloro and acetate complexes has
been published [93]. Methanol carbonylation has been
explored by using a catalyst prepared from RuCl,-
(PPh,), and the ether phosphine ligand Ph,PCH,C,-
H,0, [94]. The use of methylenebis(1,3,2-dithiaphos-
pholane) and (methylimino)bis(1,3,2-dithiaphospho-
lane) as an ancillary ligand in ruthenium complexes is
described [95].

2.5. Carbonyls

The molecular structure of Ru(CO), has been estab-
lished by gas-phase electron diffraction analysis. The
diffraction data reveal that Ru(CO), adopts a trigonal-
bipyramidal structure with the axial Ru-C bonds only
slightly shorter than the equatorial Ru—C bonds [96].
An IR spectroscopic study of the transients derived
from the photolysis of gas-phase Os(CO); has been
presented. The major photoproducts, Os(CO), and Os
(CO),, have been detected by using transient IR spec-
troscopic techniques. IR absorptions for Os,(CO), and
bimolecular rate constants for the reaction of CO with
these coordinatively unsaturated monomeric osmium
fragments are included in the report [97]. The mecha-
nism for the conversion of Ru(CO); into Ru,(CO),, in
cyclohexane solvent has been examined. CO is lost,
giving Ru(CQO), as the initial step, which is followed by
a series of fast reactions to yield the trimer Ru,(CO),,.
Activation parameters for the trimerization reaction
and the equilibrium are reported {98]. The thermal
behavior of Ru(CO),(MeCO,)(PBu,), and related
ruthenium carbonyls has been investigated by IR spec-
troscopy [99].

The synthesis and characterization of the poly-
chalcogenide complex [Ru(CO),Se,),]*~ are de-
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scribed. X-Ray diffraction analysis has unequivocally
shown that [Ru(CO),(Se,), [Et,N], s[Na], 5 consists of
noninteracting Et,N* cations and interacting Na* and
[Ru(CO),(Se,),)*~ ions. The ruthenium center adopts
an octahedral geometry with two cis carbonyl groups
[100]. A report dealing with the synthesis and reactivity
of the digermylruthenium complexes Me,Ge(CH,), -
Ge(Me,)Ru(CO), (n =1, 2) has been published [101].
The reaction between [Fe{P(OMe)J(NO),(n>-allyD]*
and Ru(CO),L(n*-cot) (L =CO, PPh;) proceeds to
give [Ru(CO),L(n?,73-CzgHgR)IT (R =allyl) as a re-
sult of allylic alkylation of the cot ligand. The X-ray
crystal structure of the 2-methylallyl complex and the
results of variable-temperature NMR studies are also
discussed [102]. Os(CO),(PPh,), reacts with di-p-
tolyldiazomethane at 80°C to yield OsH(CO),[(CH ,p-
Me)X p-toly)CNNC( p-tolyl), (PPh;) in high yield. The
structure of this metallocycle, which possesses a keta-
zine ligand bound to the osmium center via nitrogen
and the ortho-carbon of a p-tolyl moiety, has been
established by X-ray diffraction analysis [103]. Diphen-
ylbutadiyne and bis(phenylethynyl)mercury have been
allowed to react with RuH(CIXCOXPPh,),. The major
product with the former reagent is the coordinately
unsaturated o-vinyl complex Ru{C(C=CPh)=CHPh}-
(CO)CI(PPh,),, which results from alkyne insertion
into the Ru-H bond. Use of Hg(C=CPh), proceeds
similarly to give the same products [104]. The reaction
between pyrazole and RuH(COXCIXPR,), (R = Ph,
n =3; R ='Pr, n = 2) has been investigated. The result-
ing pyrazole complexes were used in the synthesis of
heterobimetallic complexes [105].

The ruthenium complexes Ru(CO)CI{CH=CHR)-
(PPh;), and Ru(CO)CI(CH=CHRXPPh,),L (L =py,
Me, Hpz) react with one equiv. of ‘BuNC to give the
corresponding substitution product, Ru(CO)CI(CH=
CHRXPPh,),(*BuNC). Use of excess ‘BuNC yields the
insertion product, [Ru-{n'-C(O)CH=CHR}(*BuNC),-
(PPh,), J[C1] [106]. A detailed study on the kinetics and
mechanism of the hydrogenolysis of the acyl complex
dicarbonylchloronorbornenoylbis(triphenylphosphine)-
ruthenium(II), Ru(CO),Cl{n'-C(O)C,;H}(PPh,),, has
been presented. The mechanism for the formation
2-norbornene-5-carboxaldehyde and the Ru-P solution
bond dissociation energy are discussed [107].

The alkyl/aryl complex [(N-N),Ru(COXCH,R)]*
(N-N = bidentate nitrogen ligand; R = H, ‘Bu, Ph) has
been obtained from (N-N,)Ru(CO,). The first step
involves protonation of the carbonate complex, fol-
lowed by treatment with terminal alkynes. The use of
terminal alkynes as sources of carbon-alkyl and car-
bonyl-acyl ruthenium complexes is emphasized [108].
Ru(CO); reacts with substituted 1,4-diaza-1,3-buta-
dienes (R-DAB) to give Ru(CO),(R-DAB) as the

Fig. 4. Reprinted with permission from Inorg. Chem., Copyright 1990
American Chemical Society.

major product. The product, which is extremely air-
sensitive, has been fully characterized in solution using
NMR spectroscopy and by FD mass spectroscopy. Op-
tical excitation or thermolysis gives the dimeric com-
plex Ru,(CO);(R-ADA) as a result of C-C bond
coupling. The X-ray crystal structure of the isopropyl
derivative, Ru,(CO);(‘Pr-ADA), is shown in Fig. 4
[109].

2.6. Sulfur and oxygen ligands

The sulfur-ligated complexes cis-RuCl,(TMSO),
and mer-RuX,(TMSO), (X =Cl, Br) have been pre-
pared and structurally characterized in the case of
chloro complexes [110]. The mixed thioxanthate-
phosphine complexes cis-Ru(RSCS,),(PPh;), and
trans-[Ru(RSCS,),(PPh;),]* have been synthesized
and studied by cyclic voltammetry. The esr and UV-
visible data for the 17-electron complexes cis-{[Ru-
(RSCS,),(PPh,),]* and trans-[Ru(RSCS,),(PPh,),]*
are presented [111]. Several different sulfur-containing
amino acids have been allowed to react with either
[Ru(NBD)Cl,], or [Ru(1,5-COD)Cl,], to give Ru-
(dieneXamino acid)Cl, complexes. Crystal structures
are reported for Ru(NBDXp,L-methionine methyl es-
ter)Cl,, Ru(NBDXb,L-methionine)Cl, - MeOH, and
Ru(NBDXb,L-penicillamine)Cl, - EtOH - HCl, which
exhibit bi-, tri-, and tetra-dentate coordinated S,N-,
S,N,O-, and S,5,N,O- ligands, respectively [112]. A
report on the redox behavior of dithiocarbonato com-
plexes cis-Ru(ROCS,),(PPh,), has appeared. One-
electron oxidation yields the corresponding 17-electron
cis complex, which is observed to isomerize to the trans
isomer rapidly on the cyclic voltammetric time scale
[113]. The chlorocarbene complex Ru{=CCI(2-pyrrol-
yDIC1(CO),(PPh,), reacts with dimethyldithiocarba-
mate by chloride displacement at the carbene and
metal centers. The product, a ruthenium-substituted
1-azafulvene, Ru{C(C,H ,;N)SCNMe,S} u%-S,CNMe,)-
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(COXPPh,) has been characterized in solution by NMR
measurements and its reactivity in protonation and
alkylation reactions is discussed [114].

The ruthenium and osmium complexes ML, -
(PPh;),(OSN-SO,C.H ,Me,) have been obtained from
the 16-electron complex ML (PPh,), or ML, (PPh,),.
The sulphinylamine cumulene ligand is shown to adopt
one of three possible bonding geometries, depending
on the metal electron density, d-orbital occupancy,
oxidation state and frontier orbital symmetry [115]). The
reactivity of the p-tolyliminooxosulphurane complexes
Ru(COXLXPPh,),(OSNR) (L = CO, CNC¢H ;Me-2,6,
‘BuNC; R'=p-tolyl) and Os(CIXNOXPPh,),(OSNR)
with electrophiles has been explored. Reaction with
HSbF, yields the N-protonated complexes [Ru(OSN-
HRXCOXPPh,),(CNCH ;Me-2,6)[SbF,], which are
shown to react with added nucleophiles to give the
corresponding substituted 7!-sulphinamido complexes
[116]. Toluene sulphonyliminooxo-A*-sulphurane reacts
with Os(CIXNOXPPh,),L (L = ethylene, allene, PhC=
CPh, MeC=CMe, CF;C=CCF,) to give the product of
ethylene substitution Os(CIXCOXPPh;),(OSNSO,R)
and by metallocycle formation to afford Os{C(=CH,)-
CH,S(NSO,R)O}CIXNOXPPh,),. This latter product
has been crystallographically characterized. The metal-
locycles exhibit reversible protonation chemistry at the
exocyclic sulphimine moiety [117]. The synthesis and
characterization of Os(CIXNOXPPh,),(OSA) (A = O,
CH,, S, NR; R = p-tolyl, o-tolyl, SO,CcH Me-4) are
reported [118).

SO, reacts with (R)g,-Ru(ncmpXCOXPPh;)Me via
SO, insertion into the Ru—Me bond to give (R)g,-Ru-
(nmcpXCOXPPh;SO,Me) with retention of configura-
tion at the ruthenium center. Included in this reported
are the X-ray crystal structures of (§)g,-Ru(nmcp)-
(COXPPh;)Me and (R)g,-Ru(nmcpXCOXPPh,)SO,-
Me [119]. Thioxophosphane and selenoxophosphane
complexes of osmium(0) have been prepared by the
sequential addition of CF;SO,H and base to Os(OAc)-
(PH,=EXCO),(PPh,), (E =S, Se). *'P{'H} NMR anal-
ysis indicates that the PPh; groups are trans oriented
and strongly coupled. Electrophilic reactivity studies
and ab initio SCF calculations are discussed. The X-ray
structure of Os(CO),(PPh,),(n2-PHS) has been solved
(see Fig. 5) [120].

The reaction of the ruthenium(II) complexes Ru-
(PPh;),(S,) and Ru(PPh,),(®*S,) with NO gas is re-
ported. PPh, ligand substitution by NO and S-C bond
cleavage of the S, and B"S, ligands accompany this
reaction to give the (vinylthio)arenethiolate complexes
Ru(NOXPPh,)S,XS,-CH=CH,) and Ru(NOXPPh,)-
(BuS,XB'S,~CH=CH,), respectively. It is suggested
that the reaction proceeds via 19-electron intermedi-
ates [121]. These same two complexes, Ru(PPh,),(S,)

Fig. 5. Reprinted with permission from Organometallics, Copyright
1990 American Chemical Society.

and Ru(PPh;),(®'S,), have also been investigated for
their reactivity toward HCI as part of a study on model
reactions for oxidoreductases with metal-sulfur centers
[122]. The reaction between [Ru(arene)Cl,], (arene =
C¢Hg, CsMeg, 4-MeCHPr) and four molar equiv. of
1,4,6-trithiacyclononane ([9]aneS,) has been found to
give [Ru([9]aneS,),[BPh,] upon the addition of [Na}4-
[BPh,]. The X-ray structure of [Ru([9]aneS,),[BPh,]-
2DMSO is presented along with the associated redox
chemistry. The preparation and X-ray crystal structure
of the hexathio complex, [Ru((18]aneS,)IBPh,], are
also described [123].

Bis-allylic compounds have been examined as sub-
strates in osmium tetraoxide catalyzed dihydroxylation
reactions. The reported data indicate that the high
diastereofacial differentiation observed may be at-
tributed to a particular ground-state conformation
[124]. A report on the stereoselective osmylation of
1,1-disubstituted alkenes has appeared [125]. The use
of osmium tetraoxide in the synthesis of (+)- and
(—)-pinitol has been reported [126]. Vicinal hydroxyl-
ation of alkenes using osmium tetraoxide in the pres-
ence of hexacyanoferrate as a cooxidant has been de-
scribed [127]. The X-ray crystal structures of cis-dioxo
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osmium(VI) esters derived from osmium tetraoxide
and cinchona alkaloids as ancillary chiral ligands are
presented. The results are discussed in the context of
catalytic asymmetric dihydroxylation reactions [128].
Chiral Cl-oxygenated allylic silanes have been em-
ployed as substrates in catalytic osmylation reactions.
The diastereofacial selectivities observed are influ-
enced by the bulk of the silane group and the nature of
the substituent on the Cl-oxygen [129]. The X-ray
crystal structure of an osmium(VI) bisglycolate has
appeared [130].

Ruthenium tetraoxide and the stoichiometric oxi-
dant periodic acid have been used in the oxidation of
aromatic rings to carboxylic acids. The reported proce-
dure is compatible with functional groups that are
known to be acid sensitive [131].

A photochemical study on the decomposition of
gaseous ruthenium tetraoxide is reported. The wave-
length dependence and the nature of the primary and
secondary photoproducts are discussed [132]. IR data
of highly vibrationally excited osmium tetraoxide are
discussed. A strong nonlinear interaction of the vibra-
tional modes is observed and a theoretical model that
explains the observed spectrum is presented [133]. A
report describing sample introduction techniques for
the determination of osmium isotope ratios by induc-
tively coupled plasma mass spectrometry has appeared
[134].

Kinetic data for the substitution of aqua and hy-
droxo ethylenediaminetriacetate compounds with thio-
cyanate and thiourea have been collected. The influ-
ence of the pendant group in the ruthenium(III) com-
plexes studied is described [135]. The carboxylate com-
plexes Ru(PhCO,),(PPh,),(CO), and Ru( p-MeCH ,-
CO,),(PPh,),(CO), have been prepared from Ru
(CO),(PPh,), and the appropriate carboxylic acid. The
phosphine ligands adopt a frans orientation in these
octahedral ruthenium(II) complexes. The X-ray struc-
ture of the former complex is presented [136]. The
saturated carboxylate complexes Ru(O,CR”XCOXRC-
=CHR'XPPh,), have been synthesized from the corre-
sponding dichloro complexes. The X-ray structure of
Ru(0O,CMeXCOXCH=CHPh)PPh,), reveals trans
phosphine groups and an n?-acetate moiety [137]. The
reaction between salicylaldehyde and RuH,(CO)-
(PPh,); and OsH,(COXPPh,), has been studied. The
o-hydroxybenzyl alcohol complex Ru(OCH,CO)-
(HOC¢H ,CH,OHXCOXPPh,), - solvent and Os(OCg-
H,COXCO),(PPh,), have been characterized. The X-
ray structures for the CH,Cl, and MeOH solvated
complexes are included [138]. A study on the reactivity
of PPh; toward Ru,Cl(n-O,CAr), has appeared. The
chemistry associated with the mixed-valence complex
[Ru,(u#-OH,)u-0,CAr)**] is presented [139]. 3-

Butenoic acid reacts with Ru(codXcot) in the presence
of added PMe, to give the ruthenium(II) complex
Ru(1-5-7°-CgH,  ){n'(0),n*(C,C")-OCOCH ,CH-
=CH,}(PMe,). The X-ray crystal structure of the prod-
uct indicates that a piano-stool coordination exists
around the ruthenium center (see Fig. 6) [140].

A review article on the photochemistry and photo-
physics of trans-d?-dioxo complexes of osmium(VI) has
been published [141]. The dioxo complex Os(O),(mes),
has been allowed to react with a wide variety of donor
ligands to give Os(O),(mes),L,. The structures of sev-
eral of these dioxo complexes have been solved by
X-ray diffraction analysis and the redox chemistry is
presented [142]. The synthesis and X-ray structure of
0Os(0),(Me)(py), and the trimer [Os(O),(Me),(py)],
are described. The report also includes the electron
diffraction structure of Os(OXMe),. A flow chart for
the funtionalization of osmium tetraoxide to organoos-
mium oxides is described [143]. Monooxo complexes of
osmium(VI) and ruthenium(VI) have been prepared
from [M(O)C1,][Ph,P], or [Os(O),(OSiMe,),][Ph,P],
using (Me;SiCH,),Mg. The new complexes were char-
acterized by solution NMR measurements, and IR and
UV-visible spectroscopy. Cyclic voltammetric data re-
veal that each compound exhibits a quasi-reversible
one-electron oxidation. The molecular structure of Os
(OXCH,SiMe,),, as determined by X-ray diffraction
analysis, reveals a distorted square pyramidal geometry
about the osmium center with the four carbon ligands
defining the base of the square pyramid [144]. A full
paper on the comparative reactivity of isoelectronic
nitrido, methylimido, and oxo osmium(VI) complexes
has appeared [145]. The electronic properties of
oxo/acetate-bridged ruthenium complexes have been
reported [146]. The synthesis and structures of diox-
oruthenium(VI) complexes have been presented. The
high-yield synthesis of Ru(0),(py),(O,CR}, (R = Mg,
Et, Pr, iPr, Ph) is achieved by using barium ruthenate
as a starting material. The X-ray crystal structure of
the diacetate complex, Ru(O),(py),(O,CMe),, sup-
ports the existence of a linear trans-dioxo moiety (see
Fig. 7). Oxygen atom transfer reactivity to various
substrates is discussed with respect to the long ruthe-
nium-o0xo bond lengths observed in these complexes
[147].

Osmium macrocycle complexes, OsL (L = macro-
cycle), have been synthesized from 1,4,8,11-tetrameth-
yl-1,4,8,11-tetra-azacyclotetradecane, 1,4,8,11-tetra-
methyl-1,4,8,11-tetra-azacyclopentadecane, 1,5,9,13-te-
tramethyl-1,5,9,13-tetra-azacyclohexane, and meso-2,3,

. 7,11,12-pentamethyl-3,7,11,17-tetra-azabicyclo[11.3.1]-

heptadeca-1(17),13,15-triene. Multiple redox states and
pH-dependent redox couples are observed in the trans-
dioxo complexes. Thermal alkene oxidation reactions
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using trans-[OsL(0),]** indicate that these complexes
are poor oxidants [148]. The mechanisms of two-
electron reduction of trans-dioxoruthenium(VI) to
trans-aquooxoruthenium(VI) and disproportionation of
trans-dioxoruthenium(V) have been studied [149]. The
luminescent excited state of several trans-dioxoosmi-
um(VI) complexes has been examined in electron-
transfer quenching reactions [150].

A single-crystal neutron diffraction study of
CsRu[SO, ], - 12H,0 has appeared. The adopted struc-
ture conforms to a B alum modification [151]. Buck-
minsterfullerene reacts with osmium tetraoxide in the
presence of pyridine to give the corresponding osmate
ester as a 2:1 adduct. The carbon framework is not
disrupted in this reaction [152]. Catalytic cxidation
results and flow detection of carbohydrates at ruthe-
nium dioxide modified electrodes have been published
[153].

Tris(3,5-di-t-butylbenzoquinone) complexes of ru-
thenium and osmium have been examined for periodic
trends in charge distribution of second- and third-row
transition metals. Cyclic voltammetry studies indicate
that both complexes exhibit two oxidations and two
reductions at similar potentials. The report includes
the X-ray crystal structures of the cis and trans iso-
mers of Ru(DBQ); and of trans-Os(DBQ);. Variable-
temperature NMR data reveal that racemization pro-
ceeds by a trigonal twist mechanism at low tempera-
tures while at higher temperatures structural isomer-

04
Fig. 6. Reprinted with permission from Organometallics, Copyright
1990 American Chemical Society.

Fig. 7. Reprinted with permission from Inorg. Chem., Copyright 1990
American Chemical Society.

ization and racemization by a rhombic twist mechanism
are observed [154). The reaction between PQQ and
cis-Ru(bpy),Cl, affords a green o-quinone derivative
with intense MLCT transitions [155]. Double chloride
displacement in the chlorocarbene complex Ru{=CCl-
(pyrrolyD}C1(COXPPh,), is observed upon treatment
with catechol in the presence of pyridine. The product,
Ru{=C(OC¢H ,0)2-N-methylpyrrolyDI(CO),(PPh,),,
which was obtained after reaction with Mel, has been
characterized by IR spectroscopy and single-crystal X-
ray diffraction analysis [156]. The synthesis and charac-
terization of new ruthenium(II) phenolates have been
presented [157]. New trans-(a-dioximato)ruthenium
complexes have been prepared and their electronic and
redox properties examined [158].

Data on the electrochemical vs. the self-exchange
kinetics of [Ru(hfac);1%/~ are discussed as a function of
solvent [159). The mixed-ligand complexes Ru(acac),-
(tfpb), Ru(acacXtfpb),, Ru(acac),(hfac), and Ru-
(dpm),(hfac) have been synthesized and explored by
cyclic voltammetry. The molecular structure of Ru-
(acacXtfpb), was determined by X-ray diffraction anal-
ysis [160]. A report describing the mechanism of in-
tramolecular rearrangements in Ru(acacXtfpb), has
been published [161].

2.7. Nitrogen ligands

The X-ray crystal of [{Os(NH,)s},(n?: n%-u-C,
Hg)I** has been published. Thermolysis of this 52 : -
u-benzene complex gives the n?:n%pu-benzene com-
plCX, [{OS(NH3)5}{OS(NH3)3}(772 . 776'N‘C6H5)]4+,
which has been characterized in solution by 'H NMR
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spectroscopy [162]. The 20-electron complex Os(N-2,6-
CHLiPr), has been synthesized and structurally char-
acterized. The diffraction results reveal that the os-
mium center adopts a trigonal planar geometry. PMe,-
Ph has been allowed to react with the imido complex to
afford Os(N-2,6-C(H.Pr),(PMe,Ph), and Me,-
PhP=NAr while the oxo-imido complex OsO(N-2,6-C-
H.Pr), has been obtained from the reaction between
the imido complex and Me,;NO [163]. cis-Ru(PPh,),-
Cl(phenox), has been synthesized and examined by
cyclic voltammetry. The redox chemistry is discussed in
terms of a possible model system for both oxygenase
and dioxygenase metalloenzymes [164). A report de-
scribing the preparation and reactions of Ru(DAD)L ,-
(B)I (L, = CO, norbornadiene; E = R, H, COR, SiMe )
has appeared. X-Ray diffraction data on Ru(DAD)-
(C,Hg)Me(D) indicate that the methyl group is oriented
cis to the DAD and norbornadiene ligands [165]. Sev-
eral new 2-hydroxypyridinate complexes of the form
Ru,(Xhp), (X = 6-Me, 6-Cl, 6-Br) have been prepared
and characterized by X-ray crystallography. Magnetic
susceptibility measurements reveal that all three com-
plexes are magnetically similar with a spin-
triplet /orbital-singlet ground state derived from a
8*27*? electron configuration. The X-ray structure of
Ru,(mhp), is shown in Fig. 8 [166].

Mixed ligand complexes of ruthenium(II) edta have
been synthesized from [Ru(edtaH)Cl]~ by using the

can

Fig. 8. Reprinted with permission from J. Am. Chem. Soc., Copyright
1990 American Chemical Society.

ligand cytosine, uracil, 2-thiocytosine, 2-aminopyri-
midine and 5-aminouracil [167]. Several purine ligands
have been allowed to react with [Ru(edtaH)CI]~ to
give monomeric and dimeric ruthenium(II) edta com-
plexes [168]. The reaction between [Ru(hedtaXH,0)]~
and uridine and cytidine nucleosides has been investi-
gated. The resulting complexes, [Ru(hedta)L]™ (L =
uridine or cytidine ligand), were characterized by 'H
and >C NMR spectroscopy, cyclic voltammetry, and
differential-pulse polarography [169]. A paper describ-
ing the electrochemical parametrization of metal com-
plex redox potentials has appeared. Ruthenium(III)/
ruthenium(II) redox couples serve as the electrochemi-
cal standard [170]. Oxidation of [Ru(edtaXOH),]~ has
been reported to give a dimeric Ru"Ru' ion. The
low-temperature resonance Raman data and water-
oxidizing properties of this dimer are discussed [171].

The synthesis and spectroscopic characterization of
(phthalocyaninato)osmium(II) and biaxially coordi-
nated (phthalocyaninato)osmium(II) derivatives have
been published [172]. The synthesis and photoproper-
ties of Ru(octabutoxyphthalocyanineXpy), are pre-
sented. The triplet-state properties have been mea-
sured by laser flash photolysis and the rate constants
for energy transfer from the triplet state to O, are
reported [173].

[Ru(CN)4]*~ is reported to form a charge-transfer
complex with 4,4'-dicyanophenyl-bipyridinium dichlo-
ride in the solid state and in solution. Thin films of this
charge-transfer complex have been examined electro-
chemically [174]. The oxidation kinetics of ascorbic acid
and 1,2- and 1,4-dihydrobenzenes by [Ru(CN),]*~ have
been described [175]. A mixed-valence ruthenium
cyanide modified electrode has been prepared and
examined in cysteine, cystine, methionine, and thio-
cyanate oxidation reactions [176]. The kinetics and
mechanisms of electron-transfer reactions with [Ru-
(CN)s]*~ and [Ru(CN)¢]*~ in aqueous solution have
been investigated. 3C NMR line-broadening experi-
ments have been employed in the measurement of the
electron self-exchange rate constant for the [Ru-
(CN)4]*~73~ redox couple [177]. The synthesis of [Ru-
(CN)¢I"Bu,N]; is described. Polymer functionaliza-
tion experiments using this ruthenium cyanide complex
are also presented [178].

The results of studies on long-range electron trans-
fer in ruthenium-modified cytochrome ¢ have appeared
[179]. A report dealing with a numerical algorithm that
is used to survey proteins for their electron-tunneling
pathways is presented [180]. A cyclic voltammetric study
of three ruthenium-modified electron-transfer proteins
along with model derivatives obtained by attachment of
[Ru(NH,);[**/%* to specific histidine residues has ap-
peared [181]. The energetics of intramolecular electron
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transfer in [Ru(NH;);]** modified Stellacyanin are
reported. Included in this report are the standard
enthalpy and entropy for the protein-coordinated [Ru-
(NH;)s(His)]**/** redox couple [182].

The macrocyclic complex cis-[Ru(LXCD,][C1O,] has
been obtained from the reaction between [Ru(Cl),-
(H,0)IKl, and 1,4,7,10-tetramethyl-1,4,7,10-tetra-aza-
cyclotridecane. The X-ray crystal siructure and the
UV-visible spectrum, which exhibits an intense p_(Cl)
d_(Ru) charge-transfer band at 378 nm, are included
[183]. The synthesis, characterization, and redox exami-
nation of trans-[Ru(L)O,]** have been published. The
cationic dioxo complex is prepared from [Ru(Cl)s-
(H,O)]IK] and the ligand N,N'-dimethyl-bis(2-pyridyl-
methyDpropylenediamine. Oxidation results using the
dioxo complex are presented [184]. A report describing
the oxygenation and carbonylation studies of several
ruthenium(III) Schiff base complexes has been pub-
lished [185]. The synthesis, characterization, and ligand
binding studies of ruthenium(III) Schiff base com-
plexes have appeared (186]. EPR data on stable ruthe-
nium(I11) Schiff base complexes have confirmed the
low-spin Ru'! 4d> configuration associated with these
complexes. The EPR results on the axially coordinated
chloride and carbonyl derivatives are presented [187].

Two histidine groups in the i and i + 4 positions of
a peptide have been functionalized by using [Ru-
(NH;)(H,0),**. It is claimed that the resuliting com-
plex, [Ru(NH,),(L),**, can prevent helix nucleation
[188]. The molecular hydrogen complex [Os(NH ;)s(n*-
H,)** has been prepared from [Os(NH,);]OTf],.
One-electron oxidation affords [Os(NH ;)s(n%-H,)P™,
which is shown to be able to hydrogenate acetone to
isopropyl alcohol. The advantages of using methanol as
a reaction solvent in the preparation of [Os(NH ;)s(n*-
H,)I** are discussed [189]. The effect of the magnetic
field on the rate of the outer-sphere electron-transfer
reaction between [Ru(NH,);]** and [Co(NH,)s]*" is

N

Fig. 9. Reprinted with permission from Inorg. Chem., Copyright 1990
American Chemical Society.

discussed. The data reveal that the transition state of
this reaction exhibits a strong coupling of the ruthe-
nium and cobalt magnetic dipoles [190]. The nature
and activation of ruthenium amines in X zeolites have
been studied by using ESR and ESR modulation mea-
surements [191]. The binding of [Ru(NH,)¢]** and
[Ru(bpy),** to a bi-conductive polymer film has been
reported [192). A report dealing with the synthesis and
electrochemistry of pterins coordinated to tetraam-
mineruthenium(II) has appeared [193]. The b} « b,
LMCT oscillator strength in [Ru(NH,),(2,3-dichloro-
phenyl)cyanamide(— 1)** has been examined as a
function of solvent [194]. The new polypeptide-bridged
complexes [(NH;);4-Ru(Pro),Co(NH ,;);J[CF;CO,]; (n
= 0-4) have been synthesized and examined in long-
range electron-transfer studies [195]. Magnetodynamic
effects on outer-sphere electron-transfer reactions have
been examined in the reactant pair [Ru(NH,)J**/
[Co(NH,)¢I** [196]. New pentaamineruthenium(II)
complexes with an ancillary phenylcyanamide ligand
have been synthesized and examined by cyclic voltam-
metry. The X-ray structure of [Ru(NH,)(2,3-Cl,-
pcyd)[SO,] - EtOH reveals that the cyanamide ligand
is nearly coplanar as a result of strong 7 coupling to
the ruthenium center (see Fig. 9) [197].

A molecular orbital study using the INDO /1 method
has been carried out in order to study the interaction
between cis-[Ru(NH ;XHN=CH-CH=NH),(O)]** and
methanol. The results were discussed in the context of
alcohol oxidation reactions [198]. Resonance Raman
data for tris(u-halo)bis(triamminerutheniumXII) ions
are reported [199]. The reaction between [Ru(NH,),-
(1,10-phen)** and SO3~ has been examined in aque-
ous solution at 25°C. Sulfonation of the 1,10-phen
ligand is shown to occur under acidic conditions [200].
The kinetics and mechanism of the reaction between
alkyl radicals and [Ru(NH ;);X]** (X = halides, aquo,
thiocyanate, azide) have been published [201].

The photoselection spectra for a series of Ru'! di-
imine complexes have been reviewed [202]. A review
article describing the energetics and dynamics of sol-
vent reorganization in charge-transfer excited states
has been published. The complex chosen was Ru-
(bpy),(CN), and its MLCT excited state was examined
in a series of aliphatic alcohols [203]. A study involving
the redox regulation based on the pH-dependent hy-
drolysis of [Ru(bpy),(2-pyridinecarboxaldehyde)]** has
appeared [204). The ruthenium complex [Ru(bpy)-
L(HZO)]2+ (L = polypyrrole functionalized terpyridine
ligand) has been prepared and electrochemically exam-
ined [205]. The use of RuBry(DMSO); and fac- and
mer-{RuCl,(DMSO),] in the synthesis of ruthenium(III)
bipyridine and 1,10-phenanthroline complexes has been
described [206]. Mono- and di-ferrocenyl bipyridyl lig-
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ands containing trans conjugated alkene linkages be-
tween the ferrocene redox centers and the 4,4'-
substituted 2,2’-bipyridine ligand have been employed
in the synthesis of new ruthenium(II) complexes. The
redox chemistry and electrochemical polymerization
reactions are described [207]. A study demonstrating a
direct electrical communication between graphite elec-
trodes and a surface adsorbed glucose oxidase/ os-
mium(bpy),(pvp)Cl polymer system has been presented
[208].

The observation of temperature-modulated photore-
dox reactivity and photosubstitution in [Ru(dmb),(3-
Brpy),]>* has been noted [209]. Comparative studies
on the charge distribution in [M(bpy),(quinone)]” com-
plexes (M=Ru, Os; n=0, +1, +2) are presented.
The three quinone ligands used in this study were
derived from catechol, 3,5-di-t-butylcatechol, and tetra-
chlorocatechol. The X-ray structure of [Os(bpy),-
(DBcat)][C10,] reveals that the quinone ligand is best
described as a catechol on the basis of the carbon—
oxygen bond lengths (see Fig. 10) [210].

The synthesis and luminescent behavior of cis-[(4,4'-
X ,-5,5"-Y,-2,2"-bipyridine)Os(COXCD]* complexes (X
= NEt,, OMe, Me, H, Cl, Y=H; X=H, Y = Me;
X =Y = Me) have been described. Linear correlation
of electrochemical, »(CO), and absorption/emission
data with Hammett o constants of the bipyridyl sub-
stituent groups are presented and are used in predic-
tion of ground- and excited-state properties in analo-
gous complexes [211]. Photochemical CO, reduction
has been reported when [Ru(bpy),(CO),]** is used
with the electron acceptors triethanolamine and 1-
benzyl-1,4-dihydronicotinamide [212]. A cadmium-
coated electrode containing Ru(CN),(bpy) has been
prepared and examined in emission intensity and ex-
cited-state lifetime studies [213]. The X-ray structure of
a ruthenium bis-2,2’,N,N’-bipyridyl ketone complex has
appeared [214].

2,2’:6’,2"-Terpyridine reacts with [Os(N)X,]~ (X =
Cl, Br) to give [Os(NXterpyXX),X]. The X-ray struc-
ture of {Os(NXterpyXCD), J[Cl] reveals that the chloride
ligands are situated trans to each other relative to the
nitrido ligand. The nitrido ligand may be reduced by
either electrochemical or chemical means in acidic
solution to give the amine complex Os(NH ,Xterpy)Cl,
[215]. The synthesis of [Ru(terpyXtmenXH,O)]** and
the corresponding oxo complex has been described.
The kinetics for the reaction between the oxo complex
and alkenes, which affords epoxides, have been mea-
sured [216]. The synthesis of functionalized asymmetri-
cal bis(terpyridine)osmium(Il) complexes is described
{217). trans phosphine complexes of the form [Ru-
(NO,XPR ;),(terpy)]* have been prepared and charac-
terized by spectroscopic techniques and cyclic voltam-

Fig. 10. Reprinted with permission from Inorg. Chem., Copyright
1990 American Chemical Society.

metry [218]. The X-ray structure of trans-[Ru(NO,)-
(terpyXPMe;),[CIO,] has been reported [219].

The reaction between trans-[Ru(OHXpy), (NO)P**
and azide ion is reported to give Ru(OHXN,),(py),-
(NO) and Ru(N,),(py),(NO). The ruthenium nitrosyl
reactant fails to react with NH,OH or OH™ at pH < 13.
The redox chemistry for these and other related com-
plexes are reported along with the structural determi-
nation of trans-[Ru(OHXpy) (NO)I[PE], - H,0, which
displays cis-pyridines and trans-OH and NO groups
[220]. The oxidation of trans-RuCI(NO,Xpy), and
trans-{Ru(NO,XH ,0Xpy),]* is reported to give trans-
[RuCl(OXpy),]* and trans-[Ru(ONOXOXpy),]*, re-
spectively. Plausible mechanisms for these transforma-
tions are presented [221]. The eletrodeposition of
ruthenium in poly(4-vinylpyridine) films on glassy car-
bon electrodes has been examined and studied for
hydrogen evolution activity [222].

A luminescence quenching study has been carried
out on [Ru(bpy),]** in micelles and hemimicelles as a
means to gain information on the location of this
Raman and luminescence probe. Stern-Volmer data
for doxylstearic acid quenching of [Ru(bpy);]** are
included [223]). Picosecond time-resolved resonance
Raman data are reported for MLCT excited states of
[Ru(bpy);**, [Ru(1,10-phen);]**, and the mixed ligand
complexes of bpy and 1,10-phen [224]. Time-resolved
emission spectroscopy has been employed in the spec-
troscopic study of [Ru(bpy);]**. The observed data are
discussed in terms of the glass transition temperature
of the medium and the counter cation [225]. A normal-
coordinate analysis has been completed for the ground
and *MLCT excited states of [Ru(bpy),]** [226]. Ho-
moleptic and heteroleptic ruthenium(II) bpy and bpz



134 M.G. Richmond / Ruthenium and Osmium 1990

complexes have been investigated by resonance Raman
spectroscopy [227). Highly resolved emission data from
[Os(bpy-dg);]** have been obtained. The three lowest
excited states are blue-shifted by 32-35 cm™! [228).
Exciton hopping in excited state [Ru(bpy);]>* has been
examined by using picosecond polarized absorption
spectroscopy. Exciton hopping is discussed in terms of
solvent-mediated electron-transfer theory [229]. Vibra-
tional frequency data have been used in the molecular
structure determination of the *MLCT state of [Ru-
(bpy);]** [230]. The time-dependent nonradiative de-
cay in the MLCT excited state of [Ru(bpy);]°* has
been explored [231]. Bimolecular quenching of the
MLCT excited triplet states of [Ru(bpy);]**, [Ru(1,10-
phen);1**, and [Ru(4,7-diphenyl-1,10-phen);]>* has
been studied by laser flash spectroscopy. The AG®
dependence and rate of back electron transfer within
the geminate radical pair are discussed in terms of
nuclear rearrangement and nuclear tunneling [232].
The interchromophonic coupling model has been used
in the analysis of photoselection spectra of ruthe-
nium(II) diimine complexes [233]. The photogalvanic
and photophysical behavior of ruthenium(II) diimine
has been investigated in sodium lauryl sulfate solutions
[234). The effects of HCIO, on the [Ru(bpy);]**-
catalyzed photoreduction of phenacyl halides in MeCN
are presented [235]. A study describing the photoin-
duced formation of spatial patterns in the Belousov-
Zhabotinskii reaction has appeared. The reaction was
catalyzed by [Ru(bpy);]>* [236]. The enantiopreferen-
tial DNA binding of [Ru(1,10-phen);** has been ex-
amined by using circular dichroism and linear dichro-
ism spectroscopy [237]. A report describing the use of
electrospray ionization as a new tool for the analysis of
ionic transition-metal complexes has appeared. This
technique has successfully generated intense beams of
intact gas-phase cations from [Ru(bpy);l[Cl], and [Ru-
(1,10-phen);][Cl], [238].

Cyclic voltammetric and electrogenerated chemilu-
minescent data have been used to study the electro-
static binding of [Os(bpy),;]** to calf thymus DNA. The
observed ECL was greater for the DNA-bound com-
plex [239]. The description of a novel optoelectrochem-
ical microprobe that allows for optical and electro-
chemical measurements has appeared. The system was
used in an ECL study involving {[Ru(bpy);]** and per-
sulfate [240]. The electrochemiluminescence quantum
yield for several ruthenium(II) diimine complexes has
been measured [241].

A report on CO, reduction using [Ru(bpy),]** as a
catalyst has appeared. The ruthenium(II) bpy complex
is activated by visible light irradiation, producing for-
mate as the major product. CO, reduction derives
from an intermediate Ru' species, which is produced

by reductive quenching of optically excited [Ru-
(bpy);** by added tertiary amine [242].

The kinetics and mechanism of arsenious acid oxi-
dation by peroxodisulfate ion are presented. The rate
of the reaction is accelerated by visible light excitation
of [Ru(bpy),]** [243). The redox potentials of the azide
and dithiocyanate radicals have been measured by us-
ing the reference couple [Ru(bpy);J**/>* in a two-pulse
radiolysis experiment [244]. A radiolytic study of the
reaction of hydroxyl radical with [Ru(bpy);]** has been
published [245]. The kinetics of electron-transfer reac-
tions between [Ru(bpy);]** and several Co" macrocy-
cles have been studied by laser flash photolysis. The
data have been evaluated in the context of Marcus
theory [246]. Sulfite oxidation by [Os(bpy),)** has been
reinvestigated in aqueous solution at room tempera-
ture. The products from this reaction are [SO4]2_ and
[Os(bpy);]**. The measured value of k, allows for an
accurate evaluation of this reaction by Marcus theory
[247]. The photosensitized reduction of vic-dibromo
and keto compounds has been carried out by using
[Ru(bpy);]** and triethylamine as photosensitzer and
electron donor, respectively [248].

A report describing the use of an optical fiber
oxygen sensor, which employs the luminescent proper-
ties of [Ru(1,10-phen);]**, has appeared [249]. The
rates of electron-transfer reactions of metal bound
monolayers have been measured [250]. Polymer-bound
ruthenium(II) and osmium(II) complexes have been
examined as energy storage systems and investigated
for their mixed-valence properties [251]. Thin poly-
meric films of poly[Ru(bpy),(vpy),I**, poly[Ru(4,4'-
dimethyl-bpy),(vpy),]**, and polylRu(4,4',5,5'"-tetra-
methyl-bpy),(vpy),]** have been employed in imaging
studies. Spatially resolved, film-based structures are
obtained by photochemical ligand-loss reactions involv-
ing the deposited polymeric films [252]. [Os(bpy);]**
has been codeposited with silicotungstates to produce
novel composite polynuclear films on electrodes. The
catalytic properties of these new composite films are
described [253]. Saveant-Andrieux theory has been used
in the study of cysteine oxidation at Nafion-[Os-
(bpy),J**/3* film coated glassy carbon electrodes {254].
Thin films of [Os(bpy),(vpy),]>* on gold electrodes
have been prepared by reductive polymerization [255].
A report on clay-adsorbed [Ru(bpy);]** enantiomers
has been presented [256). Polypyridinyl complexes of
ruthenium(II) having ancillary 4,4’-dicarboxy ester—bpy
ligands attached to polypyrrole films have been pre-
pared [257]. The photoelectrochemical properties of
TiO, electrodes in photosensitzed reactions employing
[Ru(4,4'-dicarboxylic acid-bpy);]>* have been ex-
plored [258]. [Ru(vbpy),J** based electrodes have been
investigated in speciation studies [259]. Resonance Ra-
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man and time-resolved resonance Raman data are
reported for surface interaction studies involving
ruthenium(II) diimines and TiQ, [260]. The dynamics
of charge recombination from [Ru(4,4'-dicarboxylic
acid-bpy);P* and transparent TiO, membranes are
discussed [261]. Chromophore/ quencher assemblies
based on poly(tris[4-(2-pyrrol-1-ylethyl)-4’-methyl-bpy)]-
ruthenium(II) have been prepared and examined as
molecular-level photoconversion systems [262]. A
glassy-carbon electrode coated with poly-{Ru(vbpy),**
has been used to generate H,O,, which reacts with
added Mn(TPP)CI to produce an active olefin epoxida-
tion reagent [263]. Polypyridine complexes of osmium
(II) have been prepared and examined in three elec-
tron-hopping conductive polymer films [264]. Polymer
structure and the mechanism of formation of electro-
chemically polymerized [Ru(4,4’-dimethyl-bpy),]°*
have been explored [265). Scanning electrochemical
microscopy has been used to study the surface of a
Nafion-[Os(bpy);])** thin film [266]. The redox conduc-
tance of ruthenium(1l) and osmium(II) diimine com-
plexes has been measured. The conductance data were
analyzed in terms of the metal present, back-bonding
ability of the ligands, and distance between localized
states [267).

The optical properties of [Ru(bpy);]** encapsulated
in zeolites have been probed by using diffuse re-
flectance absorption, emission, Raman, and time-
resolved emission and Raman spectroscopies. Data
from these and other surface-science techniques reveal
that the zeolite does not appreciably perturb the
ground-state structure of [Ru(bpy);]** [268].

The cations [Ru(bpy);’* and [Os(bpy);]** have
been exchanged onto clay surfaces and examined in
quenching studies [269]. A stopped-flow electric
dichroism study dealing with the adsorption of enan-
tiomeric and racemic [Ru(1,10-phen);]** by colloidally
dispersed montmorillonite has been published [270].
Photophysical and photochemical data for hectorite-
adsorbed [Ru(bpy);’* have been presented [271].
Clay-modified electrodes based on [Ru(bpy),]** have
been synthesized and examined electrochemically [272].

[Ru(bpy),(dppz)]*>* has been examined as a spectro-
scopic probe for nucleic acids. The luminescence ob-
served in the DNA-bound complex serves as a sensitive
marker for DNA conformations [273]. The ECL behav-
ior of [Ru(bpy);]** in aqueous solutions containing
persulfate has been studied. A bright orange color was
observed in this experiment [274]. A comprehensive
ESR study of homo- and heteroleptic mono- and dinu-
clear tris(a-diimine)ruthenium radical anions has been
published. Fast spin exchange on the ESR time scale is
reported for all of the singly reduced homoleptic com-
plexes [275]. Photophysical data are presented that

support the existence of a thermally accessible, higher
lying MLCT excited state for Ru™ and Os" polypyridyl
complexes. The higher lying MLCT state, which is
found 300-800 cm~! above the lowest lying MLCT
state, can make an appreciable contribution to nonra-
diative decay at room temperature [276). Data support-
ing intraligand electron transfer in the excited MLCT
states of mixed ligand ruthenium(II) polypyridyl com-
plexes have been obtained by using picosecond Raman
spectroscopy [277]. Novel m-conjugated complexes have
been prepared from [Ru(bpy),]** and 3,3'-diazameth-
ylviologen. The redox chemistry of these complexes is
reported along with the ESR and electronic absorption
data [278]. The use of “?Ru NMR spectroscopy of
several ruthenium(II) polypyridyl complexes has been
discussed [279]. The synthesis and characterization of
9,10-phenanthrenequinone complexes of ruthenium(II)
are reported. Included in this report is the X-ray
structure of [Ru(bpy),(phiD)][BF,],, which reveals sub-
stantial back-bonding to the ruthenium center from the
phi ligand. The X-ray structure of this complex is
shown in Fig. 11 [280].

Ruthenium(II) complexes with dmpt, dppt, and tpf
have been prepared and examined by 'H NMR, emis-
sion, and Raman spectroscopies. The redox data are
correlated with the emission and absorption data [281].
The photophysical and electrochemical properties of
[Ru(bpy),(tap);_,]** (n=0-3) have been published.
The homoleptic complex [Ru(tap),;]** displays unusual
photophysical behavior. Unlike similar complexes
whose emission lifetimes are modulated by nonradia-
tive deactivation from the *MLCT state, [Ru(tap),]**
deactivates by an intersystem crossing process to a
metal-centered triplet *°MC) state [282]. [Os(dpp);]**
and [Os(4,4'-carboxylic acid-bpy),]>* have been ex-
plored for their protonation behavior in the ground
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Fig. 11. Reprinted with permission from Inorg. Chem., Copyright
1990 American Chemical Society.
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and excited states [283]. The synthesis, and spectro-
scopic and redox properties of [Ru(bpy),(3,3’-dimethyl-
5,5'-bis-1,2,4-triazole)]** are discussed. The pK, values
of this complex have been measured by UV-visible
titrations, revealing two deprotonations. The bis(tri-
azole) ligand is reported to be a weak m-acceptor
ligand [284]. The synthesis, characterization, and redox
study of [Ru(bpy),(3-(2-hydroxy-phenyl)-5-(pyridin-2-
y)-1,2,4-triazole}]** have been published. The X-ray
structure of the title compound, as the bis [PF]~ salt
and acetone solvate, accompanies this report [285].
Ligand-metal interactions and excited-state properties
in ruthenium(II)-diimine complexes are discussed. Lig-
and o- and w-bonding properties are included in this
report [286].

The synthesis and coordination chemistry of 6',6”-
bis(2-pyridyl)2,2’ : 4,4” : 2” 2'"-quaterpyridine  have
been published [287]. Heteroleptic [Ru(bpy),(L-L")]**
and homoleptic [Ru(L-L’),}** (L-L' = new pyrazole-
containing bidentate ligands) have been synthesized
and fully characterized by 'H and 3C NMR spec-
troscopy. Data from CV studies are presented and
discussed [288). The complex [Ru(bpy),(dppz)]** has
been prepared and electrochemically examined. The
photochemical properties were studied, and excited-
state quenching studies have been carried out [289].
The complex Ru(pz),(pzH),(DMSO) has been ob-
tained from the reaction between cis-RuCl,(DMSO),
and [K][H,B(pz),] as a result of B-N bond cleavage in
the dihydrobis(1-pyrazolyl)borate ligand. An X-ray
diffraction study confirms the identity of the ruthenium
complex. In a comparative study, cis-RuCl,(DMSQO),
reacts with free pyrazole to give RuCl(pzH),(DMSO),
[290). The acid-base chemistry of ruthenim(II) triazole
complexes has been investigated. The X-ray structure
of [Ru(bpy),{3-methyl-5-(pyridin-2-yl)-1,2,4-triazole}]* *
is presented and the data from luminescence titrations
are discussed [291]. The reaction between RuCl; and
1-methyl-3-(pyridin-2-yl)-1,2,4-triazole in DMF leads to
[Ru(L-L"),(CO)CI]*, which exists as a mixture of iso-
mers. Recrystallization of this mixture has allowed for
the isolation of the cis isomer, which has been charac-
terized by X-ray diffraction analysis. Spectroscopic and
redox data reveal that the pyridyltriazole ligand is a
weaker 7 acceptor than the bpy ligand [292). The
HPLC separation and characterization of linkage iso-
mers of the 3-(pyridin-2-yl)-1H-1,2,4-triazole complex
of Ru''(bpy), are reported [293]. The synthesis and
X-ray diffraction structure of [Ru(tpm)(H,0),;1[0,SC,-
H Me-4], - 1.5H,0 have been published. The terden-
tate ligand tpm occupies three cis sites, giving rise to
the observed facial isomer. The three water molecules
occupy the three remaining octahedral sites. Cyclic
voltammetric studies reveal the existence of Ru'l'/I,
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Fig. 12. Reprinted with permission from Inorg. Chem., Copyright
1990 American Chemical Society.

Ru!vY/™ and Ru¥/! redox couples. One of the chelate
arms opens up past the Ru!V couple, resulting in the
formation of a trans-dioxo Ru'Y complex (see Fig. 12)
[294].

The synthesis and characterization of cis-[Ru(tepa)-
CL 1", [Ru(N,OXH,0)l**, and [Ru(N,OXO)I** are
described. The latter complex reacts, after oxidation to
RuY, with organic substrates in hydrogen atom /hy-
dride abstraction reactions [295]. The synthesis and
X-ray structure of o-phenylene-diaminebis(o-benzo-
quinonediaminejruthenium(II) have been published
[296]. The synthesis and 'H NMR study of ruthenium
(I 2,2'-biimidazole complexes, [Ru(bpyX2,2’-bi-
imidazole)]?*, have been described [297].

A vibronic coupling model for the calculation of
mixed-valence line shapes in the Creutz-Taube ion has
been described. It is argued that the band shape of the
Creutz-Taube mixed-valence band arises from coupling
to a molecular mode before and after the b3 (d,m)
b, (d,7*) excitation [298]. Electrochromism in the
near-IR absorption spectra of bridged ruthenium
mixed-valence complexes has been studied [299]. The
synthesis and spectroscopic examination of [(NH,)-
Ru-L-Ru(NH,)]** (L = 1,4-dicyanamido-2,3,5,6-te-
trachlorobenzene dianion) have been described. UV-
vis—near-IR and electrochemical data indicate that this
complex is a weakly coupled mixed-valence dimer. The
X-ray structure of the dianionic ligand is included in
this report [300]. A theoretical model dealing with
electron transfer and energy transfer through bridged-
ruthenjum systems has been reported [301]. Data for
electron transfer and energy transfer in bis(penta-
amineruthenium) complexes that are bridged by «a,w-
dipyridyl trans-polyenes have been published. The ob-
served electronic spectral data have been deconvoluted
into = m*, Ru ligand, ligand Ru, and intervalence
transitions [302].
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A review article on intramolecular energy transfer in
Ru'-Ru! and Ru’-Cr!"! dimers has appeared [303].
The ligand-bridged complexes [(OC),CIRe-L-M-
(bpy),>* (M =Ru, Os; L =dpp, dpq) have been syn-
thesized and examined by a variety of spectroscopic
techniques [304]. Dimeric ruthenium-osmium com-
plexes bridged by an asymmetric triazolate bridging
ligand have been synthesized and characterized by
X-ray crystallography. Intervalence charge-transfer
bands are reported for these complexes [305]. Ruthe-
nium(ID-chromium(II) and ruthenium(ID-rhodium
(I11) complexes with a linking cyanide ligand have been
prepared and explored in photoinduced energy trans-
fer schemes [306]. The use of [[Ru(bpy),(CN),},Ru-
{bpy(CO,),},I** as an antenna-sensitized device in vis-
ible light collection is described. Emission and excita-
tion spectra reveal that light is absorbed by the Ru
(bpy),(CN), antenna moieties and transmitted to the
central [Ru-{bpy(CO,),},]*>~ sensitized moiety [307].
Data that support an intervalence hole-transfer path-
way have been published [308]. The heptanuclear com-
plex Ru[(u-dpp)Ru(bpyX u-dpp)Ru(bpy), ]** has been
prepared and its luminescence and redox behavior
explored [309]. The dpp-bridged complex [(bpy),Ru(u-
dpp)Ru(bpy),]** and [Ru(bpy),(dpp)]** have been ex-
amined by excited-state absorption spectroscopy. The
redox properties, including the results from spectro-
electrochemical studies, are discussed [310]. The
bridged complexes [(bpy),Ru-L-RhH(PPh;),P’* (L
= bpm, dpp, dpq) have been synthesized and investi-
gated in competitive hydrogen loss and emission after
optical excitation [311]. New luminescent and redox-
reactive tetranuclear ruthenium(II) polypyridyl com-
plexes have been described [312). Electrochemical sta-
bility constants are reported for the mixed-valence
species [(bpy),M{(u-bptz)M(bpy),]**/°*/¢* and
[(bpy),M(u-adc-Me2~ )M(bpy),**/3*/** (M = Ru,
Os) [313]. The attachment of [Ru(bpz),{Fe(CN);},]>~3"
(n =1-6) to different electrodes is described [314].
The role of the LUMO in determining the stability of
[{Ru(bpy),},dpql** and [{Ru(bpy),},dpp]** has been
discussed [315]. The dinuclear complexes [Ru,Cl,-
(bpy),bpnp)?* and [Ru,(u-OAc);bpnp]* have been
synthesized and spectroscopically characterized. One-
electron oxidation of the former dimer affords the
corresponding mixed-valence Ru'-Ru'!! complex. The
X-ray crystal structure of the latter complex is shown in
this report (Fig. 13) [316].

The ligand-bridged complex [(4,4’-dimethyl-bpy),-
Ru(u-bbpe)Ru(4,4’-dimethyl-bpy),1** has been pre-
pared and its MLCT excited state examined for bbpe-
modulated electron delocalization [317]. The symmetri-
cal mixed-valence dimers [(bpy),CIRu-4,4’-bpy—Ru-
(NH,),]°%/5*/4* exhibit resonance-enhanced Raman

Fig. 13. Reprinted with permission from Inorg. Chem., Copyright
1990 American Chemical Society.

scattering in the near-IR region [318]. New ruthenium
complexes containing a bridging 1,4,5,8-tetraoxonaph-
thalene ligand have been synthesized and examined for
mixed-valence interactions [319].

A paper describing the synthesis and redox proper-
ties of bis[bis(bipyridine)ruthenium(ID]-3,3',4,4'-tetra-
imino-3,3’,4,4’-tetrahydrobiphenyl has been published
[320]. The synthesis, redox properties, and X-ray crys-
tal structure of Ru,(OAc),(dcnp) have been reported
[321]. New cofacial bioctahedral complexes of ruthe-
nium have appeared [322]. The preparation and prop-
erties of new ruthenium(II) complexes possessing biim-
idazole and bibenzimidazole ligands are described [323].
New ruthenium complexes bearing the ligand 1,3,5-
tris[{(5-(ethoxycarbonyl)-2,2 "-bipyridyl-5’-yl)carbonyl}-
benzyl(amino)methyl]benzene have been synthesized
and fully characterized [324]. The photophysics and
photoredox reactivity of ligand-bridged ruthenium(Il)
polypyridyl dimers and their monomeric analogues have
been presented [325]. The heterobimetallic complex
[4-(3-ferrocenylpropyl)-4'-methyl-2,2’-bpy]bis(2,2'-bpy)-
osmium dichloride has been synthesized and the diffu-
sion coefficients of the iron and osmium centers have
been determined by using electrochemical techniques.
Identical diffusion coefficients were observed for the
two metal centers in homogeneous solutions. However,
the diffusion coefficients were observed to be unequal
for a Nafion coating containing this complex. An expla-
nation for the disparate diffusion coefficients is pre-
sented [326]. Studies of [(H;N);Co-L-Ru(edta)]* (L
= ~0,C-4-pyridyl) incorporated as a counterion in
Nafion films on glassy carbon electrodes have been
reported [327].

The triazenido complex Ru,(RNNNR),(CO), (R =
p-tolyD) reacts with 2,2-bpy to give Ru,(RNNNR),-
(CO),(bpy) and which is shown by X-ray diffraction
analysis to possess a pair of non-equivalent ruthenium
atoms [328].
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2.8. Alkenyl and alkylidene complexes

Sodium cyanide reacts with the vinylidene complex
[CpRu(PMe,),=C=(Me)Ph]* in high stereo selectivity
to give (Z)-CpRu(PMe,),C(CN)=C(Me)Ph. The (Z)
isomer readily isomerizes under acid conditions to the
(E) isomer [329]. Ru(CF;)Br(CO),(PPh,), reacts with
BBr, to give the bromoalkylidene complex [RuBr-
(CO),{=C(C(H ,PPh,),}IBBr, 1. This intermediate loses
CO and BBr; on standing to furnish RuBr,(CO)[=C-
(C¢H,PPh,),]. The molecular structure of this neutral
alkylidene complex has been determined by X-ray crys-
tallography [330]. The reactions of alkynes with the
vinyl ester complex CpRu{C(CO,Me)=CHC(O)OMe}-
(PPh,) have been examined. A mechanism, which sug-
gests either ester carbonyl group or PPh;, displacement
by the incoming alkyne, is presented. The X-ray crystal
structures of two of the products are discussed [331]. A
report on the carbonylation of alkenyl ruthenium com-
plexes has appeared [332].

2.9. mw-Complexes

Tetrafluoroethylene and maleic anhydride react with
M(CO)L(PPh,); (M =Ru, Os; L=CO, p-tolyl-NC)
and OsCI(NOXPPh;); by phosphine loss to yield the
corresponding 7 complex. The X-ray structure of Ru
(CF,=CF,XCO),(PPh;), exists as an equilibrating mix-
ture of isomers in solution, possessing cis- and trans-
PPh, groups. This equilibrium has been examined by
variable-temperature NMR measurements; the Van't
Hoff plot has been constructed and AS evaluated.
While the X-ray structure of Os(maleic anhydride)
(CO),(PPh,), exhibits only one crystalline form having
cis PPh; groups, solution measurements reveal the
presence of cis and trans isomers [333]. n%-Bound
arene complexes of pentaamineosmium(Il) have been
selectively hydrogenated to alkenes in the presence of
Rh and Pd heterogeneous catalysts. The hydrogenation
reaction is regio- and stereoselective, occurring anti to
the osmium center. The structure of the 3-methoxycy-
clohexene complex [Os(NH ,)s(n*-C,H ;,O)[OTf], has
been solved by X-ray diffraction analysis [334]. The =
complex Ru{P(OMe),}(n*-C,Ph X7n*CsH;) reacts
with dienes with displacement of 1,3-cyclopentadiene
to give compounds of the form Ru{P(OMe,);}(n*-
C,Ph,Xn*1,3-diene). A reaction mechanism is dis-
cussed and X-ray structures of several products are
presented [335). The isolation and X-ray structure of
the cycloheptatrienyl anions [(n3-C,H,)M(CO);]~ (M
= Ru, Os) are reported. Low-temperature 'H and *C
NMR data reveal that the solid-state structure is
adopted in solution (Fig. 14) [336].

A review article dealing with the chemistry of cy-
clopentadienylruthenium complexes has been pub-
lished [337). The X-ray crystal structure of [Cp*Ru-

Fig. 14. Reprinted with permission from Organometallics, Copyright
1990 American Chemical Society.

(CO),(H,0)ICF;SO,], which was prepared from
Cp*Ru(CO),Me, has been presented [338]. Cyclopen-
tadienyl complexes of ruthenium and osmium have
been investigated by MS(FD) and MS(EI) spectrometry
[339]. (n°-C5sPhs)Ru(CO),Br has been obtained from
the reaction between Ru,(CO),, and C;Ph.Br. The
dicarbonyl complex has been examined in phosphine /
phosphite substitution reactions. Included in this re-
port is the X-ray crystal structure of (n°-CsPhs)Ru-
(COXPPh,)Br [340]. The redox properties of (n°-
CsPh)Ru(COXL)Br (L = P-ligands) have been studied
and the oxidized products examined by ESR spec-
troscopy [341]. Carbon—carbon bond formation has
been observed in the coupling reaction of acetylenes
and allyl alcohols using CpRu(PPh;),Cl as a catalyst
[342]. CpRu(SnPh,XCO), has been allowed to react
with PhLi to furnish the carbene complex CpRu-
(SnPh;XCOX=C(OEt)Ph} after ethylation. The SnPh,
group is readily displaced by iodide to give CpRul-
(COX=C(OE®)Ph}, which has been structurally charac-
terized [343]. The X-ray structure of [CpRu(PPh,)-
(NOXCDI[PFE,] is reported [344]. Ammonium hexafluo-
rophosphate reacts with CpRu(PPh,),Cl and CpRu-
(PPh,X(CN'Bu)Cl to furnish the ammonia cations [Cp-
Ru(PPh;),(NH)IPF;] and [CpRu(PPh;XCN'Bu)-
(NH,)I[PE,], respectively. The X-ray crystal structures
of both products are presented and the spectroscopic
data obtained from the NH, isotopomers are dis-
cussed [345]. Data relating to the stereoelectronic ef-
fect of the formyl ligand in Cp* Ru(COXPPhMe,)-
(CHO) have been discussed [346).
CpRu(PMe,),(C=CH) reacts with Cp,Zr{HXCI) to
give CpRu(PMe,),CH=CHZ(CI)Cp,, which exhibits an
agostic interaction between the Zr center and the CH
group that is B8 to the Zr, as determined by NMR and
IR data [347]. The reaction of [CpRu(COXMeCN),]*
with S-trans-1,3-dienes has been reported to afford
stable allyl complexes [348]. y-Oxoisocyanide ruthe-
nium complexes have been synthesized from the reac-
tion between CpRu(PPh,),CN and «,B-unsaturated
ketones in the presence of HBF, [349]. The molecular
hydrogen complexes [CpRu(CO)L(H,)]* (L = PCy,,
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Fig. 15. Reprinted with permission from Organometallics, Copyright
1990 American Chemical Society.

PPh;, PMe,Ph, PMe;) and [CpRu(L-LXH,)]* (L-L
= dmpe, dmdppe, (R)-prophos) have been synthesized
by protonation of the corresponding neutral hydride.
Several of the pentamethylcyclopentadienyl derivatives
have also been prepared. '"H NMR measurements con-
firm the identity of the n2-H, moiety. Data are pre-
sented that show that the n?-H, complex, which is the
kinetic product of protonation, undergoes an in-
tramolecular isomerization to the transoid dihydride.
The reactivity of the n>-H, and dihydride complexes is
discussed [350]. [CpRu(MeCN),]*, a source of CpRu*,
has been allowed to react with RuBrene to give [CpRu-
(RuBrene)]*. The effect of temperature in determining
the site of attachment of the CpRu™* fragment is de-
scribed [351]. CpRu(PPh;),(C=CMe) and CpRu(L),-
(C=CPh) {where L, = (PPh;),, dppe, (COXPPh,)} re-
act with 1,1-dicyano-2,2-bis(trifluoromethyl)ethylene to
yield the corresponding o-cyclobutenyl complexes Cp-
Ru{C=C(R)C(CF;),C(CN),}(L),, of which the structure
of CpRu{C=C(Ph)C(CF,),C(CN),}(COXPPh ) has been
crystallographically characterized (Fig. 15). The reactiv-
ity of these complexes has been explored and the
crystal structures of several of the products are in-
cluded in this report [352].

The complexes CpRu(PPh),SR (R ="Pr, 'Pr, 4-C,-
H,Me) have been prepared and examined for their
proclivity to participate in CS, insertion reactions. CO
readily displaces one PPh; group to give the corre-
sponding carbonyl complex. The thioxanthate complex
CpRu(PPh,)S,CS"Pr has been isolated from the reac-
tion between CpRu(PPh;),S"Pr and CS, and fully
characterized by solution and X-ray diffraction tech-
niques [353]. The binding and activation of halocarbons
by cyclopentadienylruthenium(II) complexes are re-
ported. The halocarbon-bound complexes are best de-
scribed as Ru'' complexes rather than Ru!Y products
of oxidative addition. This report includes details on

the X-ray crystal structure of [CpRu(COXPPh,XIC,-
H,p-Me)IPF,] and the halocarbon displacement
chemistry, which may be achieved by using inorganic
and organic nucleophiles [354). '0Os NMR data have
been collected for cyclopentadienylosmium complexes
by using indirect heteronuclear 2D NMR spectroscopy
[355]. Allylic halides oxidatively add to (n°-CsR s)Ru-
(1), X complexes (L = CO, PPh;; R =H, Me) to give
n>-allylcomplexes of the type CpRuX,(n’-allyl). A
pseudo-piano-stool structure is reported for CpRuBr,-
(n-C;H,;), where the two bromides and two terminal
carbons of the endo-n>-allyl ligand define the piano
stool’s legs [356]. New 'H NMR data have led to the
reinterpretation of the 'H NMR spectra of CpRu-
(PPh;)H; and Cp*Ru(PPh;)H, [357].

The X-ray structures of CpRu{C=C(Ph)C(CF,),-
C(CN),}(MeCNXPPh;) and [CpRu{C=C(Ph)C(CF;),-
C(CN),}(PPh;)L,-u-{(NC),C=C(CF;),} have been re-
ported [358]. Open and half-open ruthenocene and
osmocene complexes have been prepared and charac-
terized by solution and X-ray diffraction methods [359].
The synthesis, structure, and reactivity of {n*-(5e)-
butadienyl}cyclopentadienylruthenium complexes are
reported [360].

The complexes Cp*RuL,Cl (L, = CO, PMe,, di-
enes) are readily obtained from the tetramer [Cp* Ru-
Cl],, whose X-ray structure accompanies this report.
High yields of the n*-diene complexes are reported by
using [Cp*RuCl], as a starting material. The X-ray
structure of Cp*Ru(n*-S-cis-1,3-butadiene)l is pre-
sented [361]). The chemistry and X-ray structure of the
coordinatively unsaturated complex Cp * Ru(acac) have
been published. The acac complex serves as a useful
precursor to a wide range of Cp*Ru(acac)L complexes
[362]. The 16-electron complex Cp*Ru(OMeXPCy,)
has been synthesized from the methoxy-bridged dimer
[Cp*Ru(OMe)],. Reaction of this PCy,; complex with
H, and HBF, affords the known trihydride Cp*RuH ,-
(PCy,) and [Cp* Ru(C,H4PCy,)]* [363]. The results of
a Cl/OMe exchange study using [Cp*Ru(OMe)],,
[Cp*RuCl],, and Tp*Ru(COD)Cl have been pub-
lished [364].

The base-free silylene complexes [Cp* Ru(PMe,),=
Si(SR),]" (R = Et, p-MeC¢H,) have been prepared by
treating Cp *Ru(PMe,),Si(SR); with Me,SiOTf [365].
The synthesis and reactivity of ruthenium silyl and
diphenylsilylene complexes have been published. 'H
NMR evidence is presented for the existence of the
base-free silylene complex [Cp*Ru(PMe,),=SiPh,]*
in solution. The X-ray crystai structures of Cp*Ru-
(PMe;),SiPh,H, Cp*Ru(PMe,),SiPh,(OTf), and
[Cp*Ru(PMe,),SiPh ,(MeCN)JOTH{] are presented and
their features discussed [366). The nitro complexes
CpRu(L),(NO,) (L = PPh;, idppe, ;dppm, idmpe)
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have been prepared by starting from RuCl,-3H,0.
Reaction of these nitro complexes with HPF, affords
the cationic nitrosyl complexes [CpRu(L),(NO)J**. The
spectroscopic and redox data for these complexes are
reported [367]. The oxidation behavior of CpRu(CO)-
(PR ;)Me in MeCN (R = Ph, Cy) has been explored by
using derivative cyclic voltammetry. The role of 19-
electron acetonitrile complexes in the oxidatively in-
duced Ru-methyl bond cleavage reaction is discussed
[368].

1,1’-bis(chlorocarbonyDruthenocene has been con-
densed with p-t-butylcalix[4]arene to yield a redox-
active ruthenocene-calix{4larene dimer [369]. The
dibenzothiophene (DBT) and hexahydrodibenzothio-
phene (HHDBT) complexes [CpRu(DBT)]*, [CpRu-
(HHDBT)]*, and [(CpRu),(DBT))** have been synthe-
sized, characterized, and studied in oxidation/ reduc-
tion reactions. The X-ray structure of (CpRu),(DBT),
which is obtained from the reaction between [(CpRu),-
(DBT))** and [Et;BH]", is presented [370]. The te-
tramethylthiophene (tmt) complex [(tmt),Ru][OTf], has
been examined in base hydrolysis reactions [371]. A
report dealing with the rates of electron exchange
between Cp,Ru and [Cp,RuBr]* has been published.
The effect of solvent, counter anion, and temperature
were all treated as variables [372]. The rates of the
atom /electron exchange process in Cp,0Os and
[Cp,OsI]* have been measured by using 'H NMR
spectroscopy [373). 1,1-Bis(methyithio)ruthenocene
(L-L) has been used as an ancillary ligand in the
preparation of W(CO),(L-L). The X-ray crystal struc-
ture of this complex and 'H NMR measurements of
sulfur inversion are reported [374). The X-ray crystal
structure of Cp*Ru(OCH ,PPh,}{PPh,(C,H,OH)},
obtained from the reaction between PPh(C,H,OH)
and (Cp*RuCl,),, has appeared [375]. The synthesis of
the ruthenocene complex (C;H ,SiHMe,),Ru has been
described [376].

New osmium(0) and osmium(II) complexes have
been obtained from [(mes)OsCl,],. Reaction with CO
affords (mes)OsCl,(CO), which serves as an intermedi-
ate to other (mes)Os complexes [377]. (mes)OsCl,-
(PMe,) reacts with NaBH, or LiAlH, to yield the
dihydride complex (mes)OsH ,(PMe;). When (mes)Os-
H,(PMe,) is irradiated in benzene solution hydrogen is
lost, giving the hydrido phenyl complex (mes)OsH(Ph)-
(PMe,). The X-ray structures of [(mes),Os,(u-H);1"
and [(mes)OsH(u-H)), are included in this report [378].
Intermolecular and intramolecular C-H bond activa-
tion reactions have been described for (mesitylene)-
osmium complexes. Complexes of the form (mes)-
OsH(RXP) (R = alkyl; P = phosphine) do not undergo
alkyl hydride exchange with alkanes or arenes upon
heating. It is shown that the 16-clectron complexes

(mes)OsL are less thermally accessible than its isolobal
counterpart Cp*IrL [379]. Several p-cymeneruthenium
complexes have been synthesized and spectroscopically
characterized. The X-ray structure of [(MeC¢H ,/Pr)Ru-
(pzXHpz),1[BF,] is presented [380]. 1,1-Diphenylpenta-
2,4-diyn-1-ol reacts with (CsMeg)RuCl,L (L = PMe,,
PMe,Ph) to furnish the corresponding ruthenium cu-
mulene complex. Full solution characterization and the
X-ray crystal structure are described [381]. Carbon-hy-
drogen bond activation has been explored with
(CcMe )Os(COH, and related hexamethylbenzene
complexes of osmium. Photolysis of (C,Meg)Os(COH,
in hydrocarbon solvent leads to hydrogen loss and
solvent C-H bond activation, giving (C,Me)Os(CO)-
H(R) (R = Ph, cyclohexyl, neopentyl) and free hexam-
ethylbenzene. The independent synthesis and charac-
terization of each alkyl hydride complex are presented
[382]. X-Ray diffraction data for (C¢Me,)Os(CO)-
(cyclohexyl), are reported. A protonation study of
arene-bis(ethylene) complexes of ruthenium and os-
mium has appeared. HPF; addition to (arene)-
M(CH,=CH,), (arene = C4Mes;, M = Ru; arene =
mesitylene, M = Os) yields the corresponding mono-
protonated salt. In the case of the ruthenium complex,
variable-temperature 'H and '*C NMR measurements
reveal the existence of a fB-agostic ethyl(ethylene)
cation [(C4Me()Ru(CH,CH ,-u-HXCH,=CH,)]*. The
osmium complex [(mes)OsH(CH,=CH,),]* exhibits
rapid ethylene ligand rotation about the metal-olefin
axis. Hydrogen migration to the ethylene ligands is
slow on the NMR time scale, allowing for trapping of
the ethyl intermediate by external nucleophiles [383).
The phosphine-substituted complexes (C4sMeg)RuCl,L
react with excess Mg(CH ,SiMe;)Cl to yield orthomet-
allated derivatives [384].

The synthesis and spectroscopic characterization of
carbene complexes derived from (arene)RuCl,L have
been described [385]. a-Amino acids have been al-
lowed to react with [(C¢H¢)RuUCL, ], to give the corre-
sponding coordinated amino acid complex (C¢H¢)Ru-
Cl(amino acid) [386). L-Alanine and rL-alanine methyl
ester react with [(CqH(RuCl,}, to furnish the struc-
turally characterized amino acid derivatives (C;H ¢)Ru-
Cl(amino acid). The reaction of 9-ethylguanine with
the amino acid complex derived from L-alanine yields a
diastereomeric mixture of products [387)]. Optically ac-
tive ruthenium(II) complexes with ancillary a-amino
acid ligands have been synthesized. 'H NMR measure-
ments indicate that the epimerization of [( p-cymene)-
Ru(amino acidXMeOH)]* complexes is rapid [388].

The complexes [CpRu(arene)]* and [(CpRu),-
(arene)]** (arene = naphthalene, phenanthrene, py-
rene, anthracene) have been prepared and examined
by cyclic voltammetry. The electrochemical data are
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discussed in terms of the Cp*Ru/arene interaction
and stabilization of the reduction products [389].
Ruthenacyclopentane complexes have been obtained
from the reaction between (C Meg)RuCl,L and 1,4-
dilithiobutane. The reported ruthenacyclopentane
complexes react with trityl tetrafluoroborate to give
n3-allyl complexes [390]. The synthesis and reactivity of
[(C¢H . )Ru( para-cyclophane)l** and [(C4H¢)Os(ace-
tone);]** have been investigated [391).

The reaction between [(arene)RuCl, ], and nido-[7-
TeB,,H,;]1” is reported to give metallaheteroborane
complexes [392]. A study dealing with regiospecific
n-alkylation in (arene)Ru(Et,C,B;H;) has appeared
[393]. The metallacarborane complex (Et,C,B;H4)Ru-
( p-cymene) has been studied in bridge deprotonation /
xylyl functionalization reactions [394]. The synthesis,
structure, and redox properties of ruthenium com-
plexes with C,B; or C;B, rings are presented [395].
The chemistry of tetradecker sandwich complexes con-
taining the (cymene)Ru fragment has been published
[396].

3. Dinuclear complexes

3.1. Homodinuclear complexes

Binuclear ruthenium aquo, hydroxy, and oxo com-
plexes with the ancillary chelating ligand [CpCo{(CH ;-
CH,0),P=0};]~ have been prepared and structurally
characterized [397). The dimers Ru,CI(O,CPh), and
Ru,Cl(O,CCH ,-p-OMe), react with PPh; in MeCN
to give the diruthenium(III) complexes [Ru,0(O,-
CPh),(MeCN),(PPh,),]** and Ru,0(0,CC.H ,p-
OMe),(PPh,),, respectively. X-Ray diffraction analyses
have established the molecular structure of these com-
plexes, which are presented as models for the diiron
centers in hemerythrin [398]. The X-ray crystal struc-
ture of [Ru,O4(py),]-3.5H,0O has been solved. This
and other pyridine-based oxo dimers have been exam-
ined in alcohol to aldehyde and ketone oxidation reac-
tions [399].

The dimer [Os,Clg[PMePh,], and the bromo and
iodo analogues have been structurally characterized by
X-ray crystallography [400]. The synthesis of an os-
mium-osmium triple bonded dimer that contains ancil-
lary bromide ligands is reported [401].

The paramagnetic diruthenium complexes [Cp * Ru-
(#-SR);RuCp*] (R =Pr, Et, Cy, Bz, Ph) have been
prepared from the reaction between RSNa and
[Cp*RuCl,],. The isopropyl derivative has been struc-
turally characterized. The reactivity of selected com-
plexes with CO, 'BuNC, H,, and phenylacetylene is
described [402]. A one-pot synthesis of [CpL,Ru(u-
CN)RuL’,Cp]* (L, L’ = PPh;, AsPh,, SbPhy; L,, L), =
dppe, dppm) starting from CpRuL, X and 1,3,5-triazine

has been published [403]. The results of an ab initio
study of the photoelectron spectra and bonding in
Ru(O,CH), and Ru,(O,CH),(NO), have appeared.
The ground-state configuration of the former complex
is predicted to be o?w*8*8**mr*? [404]. The synthesis
and NMR spectral results of the products derived from
the reaction of Lewis acids and biruthenocene are
discussed [405].

The pseudo-triple-decker complex Cp,Ru,(u-cyclo-
CyH,) is oxidized at ambient temperature by a two-
electron process to afford the stable dication [Cp,Ru,-
(n-cat-CgH)P?*. Both ruthenium atoms insert into a
C-C bond of the cyclooctatetraene ligand during the
oxidation process. At low temperatures, the product of
single-electron oxidation has been observed and shown
to participate in an ECE-EEC route, which gives the
dication at higher temperatures. The X-ray crystal
structures of Cp,Ru,(u-cyclo-CgHy) and [Cp,Ru(u-
cat-CygH,)P?* are included in this report [406]. Several
bis(n°-hexamethylbenzeneX7n°,15-[2,, Jcyclophane)diru-
thenium(ILII) complexes have been synthesized. It is
demonstrated that two-electron reduction leads to the
formation of two cyclohexadienyl anion decks con-
nected by a new carbon-carbon bond [407]. The syn-
thesis and characterization of bis(n®-hexamethyl-
benzeneXn®,n®-polycyclic aromatic)diruthenium(IL,IT)
complexes (polycyclic aromatic = phenanthrene, 9,10-
dihydrophenanthrene, biphenyl, 3,3',5,5'-tetramethyl-
biphenyl, 4,5,9,10-tetrahydropyrene, triphenylene) have
been presented [408]. The reaction between (C Me,)-
RuCl(PMe,) and aniline in the presence of AgBF,
vields the anilide-bridged diruthenium complex [(C,-
Me,),Ru,(u-NHPh),;[BF,] [409].

The chemistry of bis(cyclopentadienylruthenium)
complexes has been reviewed [410). The synthesis, X-
ray structure, and reactivity of the ruthenium-
ruthenium double-bonded complex Cp,Ru ,(p-COXp-
C,Ph,) have been published [411]. The interaction of
(C4F,;XCF;),COH and HCl with Cp,Ru,(CO), in lig-
uid xenon solvent has been examined by IR spec-
troscopy [412]. The synthesis of 1,3-bis(cyclopenta-
dienylruthenium dicarbonyl)-1,4-butadione has been
reported [413]. A photochemical study of Cp,Ru,(CO),
and CH,[CpRu(CO),], in frozen gas matrices at 12 K
has been published. Near UV-visible optical excitation
of Cp,Ru,(CO), produces the corresponding 17-
electron radical complex as the major product along
with small amounts of the triply bridged species
Cp,Ru,(CO); [414]. Matrix isolation techniques have
been employed in the photochemical study of Os,(CO),
and Os(CO)y(u-CH,=CH,). Optical excitation leads
to ejection of CO and ethylene, respectively. Photolysis
studies using plane-polarized light indicate that the
dimer has C,, symmetry. Extended photolysis under
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Fig. 16. Reprinted with permission from Organometallics, Copyright
1990 American Chemical Society.

CO ultimately affords Os(CO)s [415]. The synthesis of
[M(CO)*~ (M =Ru, Os) and [FeRu(CO)]*~ has
been described. The identity of the mixed-metal dimer
was ascertained by X-ray crystallography [416]). The
molecular structures of the arsinidene complexes [{Cp-
Ru(CO),}],(u-COXpu-AsR) (R =Me, Ph) have been
established by X-ray diffraction analysis [417].

Methyl triflate reacts with Ru(dmpm),(CO);s to give
two products, which have been isolated by fractional
crystallization. X-Ray diffraction analysis has identified
one of the products as [Ru,(dmpm),(CO),(x-COMe)]™
which results from methylation of the oxygen of the
bridging carbonyl group. NMR spectroscopic and mass
spectrometry data suggest that the other product is
[Ru,(dmpm),(CO)s;(Me)]* (Fig. 16) [418].

The synthesis and spectroscopic characterization of
the diruthenium o,m-vinyl complexes Ru,{p-O=C-
(NMe,),u-o,m-C(R}=C(R)H}(CO)s(PPh;) (R = Ph, p-
toly) and Ru,{u-O=C(NMe,),u-0,7-C(Ph)=CH ,}-
(CO)4(PPh,) have been presented. *CO labeling stud-
ies and X-ray crystal structures of the bis(tolyl) and
diphenylacetylene-derived complexes are included in
this study [419]. The phosphido-bridged cation [Ru,-
(CO)g(-PPh,)]* has been prepared and fully charac-
terized. The X-ray crystal structure of this phosphido
complex may be considered to be a structural analogue
of Ru,(CO), [420]. Acetylide to acetylene transforma-
tion via C—C and C-N bond-forming sequences has
been described for the edge-bound acetylide complex
05.,(CO)((u-n2-C=CPhX u-PPh,) in the presence of
‘BuNC and Et,NH [421]. The synthesis of the o,0-
alkyne-bridged complexes CpRu(PMe,),[u-n': n'-
(MeO,0)C=C(CO,Me)IML,, (ML, = CpRu(CO),, Mn-
(CO),, Re(CO)s) has been published. The X-ray struc-
ture of the bis(ruthenium) complex is discussed [422].

Dimetalloheterocyclic complexes have been ob-
tained from the reaction between [Ru,H(CO){u-
(RO),PN(Et)P(OR),}]* (R = Me, ‘Pr) and alkynes, ni-
trites, and carbon disulfide {423]. The synthesis of the
solvent complexes [Ru ,(CO)s(solvent}{ n-(RO),PN(Et)-
P(OR),}** (R =Me, 'Pr) has been discussed [424].
The preparation of dithiophosphinate-bridged ruthe-
nium(I) and ruthenium(II) complexes has been de-
scribed. The structure of Ru,(CO),(u-S,PMe,),-
(PPh,), - CH,Cl, accompanies this report [425]. New
diruthenium(I) and diosmium(I) containing poly
(pyrazolylborate ligands have been synthesized and
examined by '"H NMR spectroscopy for their dynamic
solution behavior [426]. A report has appeared that
describes the chemistry of polymeric ruthenium(I) and
biruthenium(I) and biosmium(I) carboxylate-bridged
complexes. The X-ray diffraction results of Ru,(CO),-
(u-0,CMe),(MeSCH ,SMe) - THF are presented [427].
The reaction between Ru,(CO),, and carboxylic acids
and phosphinic acids is reported to give the carboxyl-
ate-bridged complexes Ru(CO),(O,CR),P, and phos-
phinate-bridged species Ru,(CO),(O,CR),P,, respec-
tively, after treatment with added P-ligand [428]. Treat-
ment of Ru,(CO),(x-0,CMe),(PBu,), with 170 atm of
H, at high temperature furnishes phosphine- and
phosphido-substituted ruthenium carbonyl hydride
clusters of varying nuclearity [429].

3.2. Heterodinuclear complexes

The propargyl-ruthenium complex CpRu(CO),CH ,-
C=CPh has been shown to react with Fe,(CO), to give
the heterometailic-(alienylcarbonyl) complex (OC),Fe-
{-n*-0(0)C(Ph)=C=CH,}Ru(CO)Cp. The molecular
structure was unequivocally determined by X-ray
diffraction analysis [430]. Nucleophilic attack on multi-
site-bound acetylides in the dimers M (CO)¢(u,n*-
C=CPhX u-PPh,) (M = Ru, Os) has been investigated.
Cyclohexylamine reacts at the a-carbon of the acetylide
ligand [431]. HFeRu(CO)S(R—C——CH—CH=NiPr), which
is the first known heterobimetallic monoazadiene, has
been synthesized from Ruy(CO){(R-C=CH-CH,NR)
and Fe,(CO),. The X-ray crystal structure of the prod-
uct is discussed with respect to its isolobal relationship
to CpFe(CO),H [432]. Heterobimetallic M-M’ com-
plexes (M = Ru, Os; M’ = Rh, Ir, Au) with ancillary
pyrazolate or imidazolate ligands are described [433].
The alkanediyl complexes CpFe(CO),(CH,),Ru(CO),-
Cp (n = 3-5) have been prepared. Spectroscopic and
analytical data are reported [434]. A review of the
chemistry associated with heterobimetallic zirconium-
ruthenium complexes has been published [435]. CpRu-
(L),C=CH (L = P-ligand) reacts with CpWCI(CO)-
(PhC=CPh) in the presence of the halide acceptor
TIBF, to give the ruthenium-tungsten ethynyl-bridged
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Fig. 17. Reprinted with permission from Inorg. Chem., Copyright
1990 American Chemical Society.

complex [Cp(L),Ru(u-C=CH)W(PhC=CPhXCO)Cpl*,
which has been fully characterized in solution and by
X-ray diffraction analysis [436]. Reaction of [(p-
cymene)RuCl,], with [WS,]*~ yields [( p-cymene)Ru-
Cl,WS, while (p-cymene)RuCl,(PPh;) reacts with
[WS,]*~ to give (p-cymene)RuWS (PPh,), which has
been structurally characterized (Fig. 17) [437].

4. Polynuclear complexes
4.1. Trinuclear clusters

4.1.1. Simple and hydrocarbon ligands

A review on the mechanistic studies of the photo-
chemical reactivity of M;(CO),, (M = Ru, Os) has been
published. The photochemical reactivity of M;(CO),,
is discussed in terms of a unified model [438]. The
solid-state and dynamic solution motion exhibited by
M4(CO),, (M =Ru, Os) and its derivatives has been
examined and interpreted by the ligand polyhedral
model [439]. Carbon-nitrogen bond cleavage and car-
bon-carbon bond coupling in the reactions of Ru,-
(CO),, with tertiary amines have been documented. Of
the compounds described, Ru(CO)o(u-H)p,-n>-
CH,CC(H)C=N(Et),} and Ru;(CO)¢(u-H)psn?-
(Et),N=C(H)C(H)CCH,} have been structurally char-
acterized by X-ray diffraction analysis (see Fig. 18).
Mechanistic schemes, which account for all of the
observed products, are presented [440].

The details associated with the photochemical graft-
ing of Os4(CO),, to inorganic metal oxides have been
published. The physisorption of Os,(CO),, to silica gel
has been found to be highly dependent on the excita-
tion wavelength [441]. The hydride clusters M;(CO),-

(u-HXp;m%-C=CMe,NHCOR) (M = Ru, Os) have
been obtained from the reaction between M,(CO),,
and HC=CCMe,NHCOR. The butterfly clusters
M,(CO), (11 ,n*-HC=CMe,NHCOR) have also been
isolated and characterized by NMR measurements and
X-ray crystallography in the case of the ruthenium
cluster (R = Ph) [442]. Chiral monocarboxylic acids and
Ru,(CO),, react to give carboxylate-bridged diruthe-
nium complexes [443]. A review article on edge double-
bridged trinuclear ruthenium and osmium complexes
has appeared [444]. The reactivity of Ru(CO),q(u-H)-
(u-O=CNMe,) with diarylacetylenes furnishes diruthe-
nium complexes of the form Ru,(CO)¢(u-O=CNMe,)-
{p-o,m~RC=CH(R)} (R = aryl). The reactivity of the
dinuclear products is explored [445]. The reaction be-
tween Ru,(CO),, and oximes leads to fragmentation of
the triruthenium cluster and formation of bisoximato-
bridged diruthenium complexes of the form Ru,(CO),-
(1,1n*-ONCR'R"),L, (L = intact oxime) [446]. Ru,-
(CO),, and bis(dimethylgermyl)alkanes react to give
Me,Ge(CH ,),Ge(Me), Ru(CO), (n =1, 2) under pho-
tochemical or thermal conditions [447].

The observation of a dichloromethane bridging lig-
and has been reported in the cluster complex {(n°-
C4Me,),Ru,H,(CH,Cl,)}RuB,oH(OEt),, which was
obtained from the reaction between {(n°-C Me),-
Ru,H JRuB,H4(OEt), and phenylacetylene and
CH,Cl,. X-Ray diffraction analysis confirms the exis-
tence of the bridging dichloromethane ligand [448].
The ruthenium cluster {(n%-CMe4),Ru,H (CO),}-
RuB, H4(OEt), has been obtained from the reaction
between CO and the corresponding tetrahydride clus-

0622y

Fig. 18. Reprinted with permission from Organometallics, Copyright
1990 American Chemical Society.
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ter [449]. The cluster Ru;(CO),(HXx-COBH ,NMe,)
has been obtained as a minor product from the reac-
tion between Ru,(CO),,_,(MeCN), (x=1, 2) and a
solution of BH, -THF with added NMe; or BH,-
NMe,. X-Ray diffraction results are presented for this
cluster [450). The synthesis and characterization of the
ruthenaborane cluster Ru;(CO);B,H, have been pub-
lished. The results of deprotonation studies and discus-
sions dealing with isolobal relationships are presented
[451). 9-Chloro-9-borabicyclo[3.3.1]lnonane and Os,-
(CO)o(-H);(e 5-BCO) react to give Os5(CO)o(p-H);-
{15;m7*-0(OBCgzH ,)BCl). An X-ray crystallographic
study has established the structure of this cluster [452].

The p;-methylidyne cluster [(Cp*Ru);(u,-CDp,-
HXu5-CH)]* has been prepared from [Cp*RuCl,],
and AgBF, in ethanol solvent. Reductive coupling of
the p;-methylidyne and p,-hydride ligands yields the
dinuclear complex [Cp*Ru(COXu,-CH,Xu,-CDRu-
(CO)Cp*]*. The X-ray crystal structures of these new
clusters are included in this report [453]. The synthesis
and characterization of trimeric tartratodiruthenium
complexes are described [454).

The reaction of acid with [Ru;(CO),,(u-H)]I™ has
been examined by using stopped-flow FT-IR spec-
troscopy. Protonation of [Ru;(CO),,(u-H)I~ with
CF,;SO;H yields the kinetic product Ru;(CO),o(u-H)-
(u-COH), which rapidly rearranges to HRu,(CO),(u-
H). When CF;CO,H is used as the protonating agent
only the latter cluster is observed. The isomerization
mechanism for this kinetic to thermodynamic rear-
rangement is discussed and kinetic data are presented
for the reductive elimination of hydrogen from the
dihydride cluster [455]. The kinetics and mechanism of
reductive elimination of hydrocarbon from Ru;(CO),-
(p-H),(n;-CX) (X = Ph, Et, Cl, CO,Me, SEt, CHPh-
CH,Ph) have been reported. The postulated mecha-
nism involves a series of C—H reductive eliminations,
which are all preceded by a reversible migration of a
bridging hydrogen in a Ru-H-Ru position to a bridg-
ing hydrogen in a Ru-H-C position. The involvement
of an agostic hydrogen in the reductive elimination
sequence is thoroughly discussed [456]. The kinetics of
hydride fluxionality in the clusters Ru;(CO)gl(x-H),-
(u5-X) (n=1, X=CH,SEt, L=CO; n=2, X=CH-
CO,Me, L =PPh;) are reported. The activation pa-
rameters and the results of deuterium isotope effect
studies are presented [457]. The synthesis and reactiv-
ity of triruthenium and triosmium clusters possessing
an agostic hydrogen bond are described. Protonation of
M ,(CO)y(u-H)3(15-CX) (M = Ru, X = Et, CHPhCH ,-
Ph; M = Os, X = Me) with CF;SO;H yields the agosti-
cally bonded clusters [M ;(CO)o(u-H);(u5-11--HCR)]*,
which result from proton addition across a C-M edge
[458]. The influence of w-donor substituents in deter-

Fig. 19. Reprinted with permission from Organometallics, Copyright
1990 American Chemical Society.

mining nido—-arachno polyhedral distortions is re-
ported through the use of X-ray diffraction data. Struc-
tural comparisons reveal that r-donor substituents on
the capping ligand are responsible for the observed
polyhedral distortions. Included in this report are the
X-ray crystal structures of Ru,(CO)o(u-HXpu;-n°-
CMeCMeCMe), Ru,(CO)y(u-HX u5-n*-CMeCMeCO-
Me), and Ru;(CO)o(u-HXu;n>-CMeCMeCSEt), the
former whose ORTEP diagram is shown in Fig. 19
[459].

The X-ray crystal structure of Rus(CO)g{u-
n': n': n*-PhC=C(Ph)C(Me)=CCH ,Me,}, obtained
from a regiospecific allyl-alkyne coupling reaction in-
volving Ru,(CO)s(HXMeCCHCNMe,) and dipheny-
lacetylene, has been published. The organic ligand is
bound to the triangular array of ruthenium atoms by
o-m Ru-carbon bonds and a o Ru-nitrogen bond
[460].

Kinetic data are reported for the addition of
methoxide to the nZvinyl ligand in Os;(CO),,(H)-
(CHCH,) [461]. The reaction between methoxide and
the clusters Os,(CO)y(n-H),(13,7*-0,ER) (E=S, R
=0; E=P, R=0H, Ph; E = As, R = Ph) occurs at a
carbonyl group to give a methoxycarbonyl species. *C
NMR data have allowed the site of methoxide attack to
be determined [462]. The X-ray structure of Os,(CO),-
(u-H) (1 5-n"'-CCO) has been published. A discussion
of internally inconsistent Os—Os bond lengths are ex-
plained by consideration of both ordered and disor-
dered molecular sites in the crystal [463]. The reaction
between Os;(CO),((MeCN), and propynoic acid has
been examined and found to give the cluster Os;-
(CO),((HXCH=CCO,), which contains a u-carboxylate
group and a non-coordinated alkyne ligand. The pen-
dant alkyne ligand has been coordinated to another
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trinuclear cluster by reaction with My(CO),(MeCN),
(M = Ru, Os). The linked clusters have been struc-
turally characterized [464]. [Os(CO),,(H)]™ reacts with
EPh,Cl (E = P, Sb) to yield the corresponding bridged
cluster, Os(CO),(n-HXp-EPh,). The synthesis of the
iodo-bridged cluster is also described. The X-ray crys-
tal structure of Os;(CO),,(u-HXu-SbPh,) confirms the
double-bridged nature of these clusters [465]. '*C
Cross-polarization magic angle spinning NMR spec-
troscopy has been used to study the reorientational
motion of the C;H, and CH,CH, ligands in Os,-
(CO)g(n-CH ,=CH X p3-n%: 0 : n>-C¢H,) [466).

A report describing room-temperature C-H activa-
tion and transalkylation in secondary aliphatic amines
with Os;(CO),((MeCN), has appeared. The observed
products are shown to be dependent on structure and
steric requirements of the amine ligand [467]. Func-
tionalized triosmium alkylidyne clusters have been pre-
pared from Os3(CO)y(H);(5-CBr) and AgSbF, under
CO, followed by the treatment with silicon and tin
nucleophiles [468]. The reaction between MeC=CNMe,
and Os;(CO),(¢-H), yields the cluster Os;(CO);o{u-
C(Me)C(H)NMe,}(u-H) by the addition and insertion
of the ynamine ligand into an Os—H bond. Thermolysis
at 68°C yields the new cluster Os (CO),q{u-CH(Me)-
CNMe,(u-H) by a hydrogen shift from the NMe,-
substituted carbon to the methyl-substituted carbon.
Both of these clusters have been structurally character-
ized. Full solution characterization and reactivity stud-
ies of these and related clusters are discussed [469].
The effect of high pressure on the vibrational frequen-
cies of coordinated C, hydrocarbon ligands in trios-
mium clusters has been explored [470]. The synthesis
and reactivity of the silyl-substituted triosmium clusters
Os,(CO),,(HXSiR;) (R=0OMe, OEt, Et, Ph) have
been published [471]. An IR study on the main vibra-
tional modes of the coordinate alkyne ligand in Os,-
(CO),o(3,m*-alkyne) and Co,Ru(CO)o(p,,m*-alkyne)
is presented [472). Thermolysis of HOs,(u-HXCO),,-
(*BuNQ) yields Os;(x-H),(CO),(*BuNC) as the green
isomer. Continued heating gives the known red isomers
of this complex. X-Ray diffraction analysis of the green
1somer reveals that the isonitrile group is axially bound
to an osmium atom not associated with the bridging
hydrides. The fluxionality of these isomers has been
investigated by 'H and '*C NMR spectroscopy [473].
Os4(CO),((MeCN), reacts with 2-formyipyrrole to give
the p-acyl cluster Os;(CO),H(x,-NHCH=CHCH=
CCO) as a result of formyl C-H bond activation. The
X-ray structure of this and related clusters is discussed
in terms of tautomeric stabilization [474]. An Extended
Hiickel study has been carried out on the nonclassical
alkyne complex Os;(CO)y(p-H),(p3-HC,NEt,). The
results are compared to other 46-electron closo and

48-electron nido M,C, complexes [475]. A report on
the synthesis and X-ray structure of the triosmium-
siloxane cage complex Os4(CO),(HX{(x-0)Si,0,(C,(-
H,,);} has appeared [476]. Physisorbed Os;(CO),, is
reported to give the silica-anchored hydrido cluster
Os,(CO),,(HXOSi-). The cluster readily releases Os ;-
(CO),,(HXOH) upon treatment with HF [477]. The
triosmium cluster HOs,(CO),((OCNHCHMe,)I, has
been obtained as a minor product from the reaction
between HOs ,(CO),(OCNHCHMe), and I,. A mech-
anistic scheme and the ORTEP diagram of the product
are presented [478]. Kinetic isotope effects on ligand
migrations in Os;(CO)y(-X){p3-n%-(CH,CH,),C,}
(X =H, D) are discussed. Variable-temperature NMR
data indicate that alkyne migration over the face of the
cluster is coupled with hydride migration [479].

4.1.2. Phosphine ligands

The fluxional behavior of the phosphine-substituted
clusters Os;(CO)o(p-H),L has been investigated by
NMR spectroscopy. X-Ray diffraction analysis of the
'PPr, derivative reveals that the 'PPr, ligand is located
at an equatorial site on the Os(u-H),Os unit [480]. The
cluster Os,(CO),(Ph,PCH=CH,) has been prepared
from Os;(CO),, and Ph,PCH=CH,. The same reaction
using Ru;(CO),, is more complex, giving Ru;(CO)(u-
HXPh,PCH=CH, Xu,-Ph,PCH=CH) as the major
product. The molecular structure of this latter cluster
has been unequivocally established by X-ray diffraction
analysis [481]. Os;(CO),,(MeCN) reacts with bis(di-
phenylphosphino)acetylene at room temperature to
yield [Os,(CO),,,(Ph,PC=CCPPh,). The X-ray struc-
ture of this cluster is presented [482]. Thermolysis of
Ru,(CO),,(PPh,) in toluene is reported to give the
B3> M4 and pe-benzyne complexes Ru;(CO),(u-
PPh,),(13-n*CcH,), Ru,(CO);o(1-COXp,-PPhX -
n*C¢H,), and Ruy(CO);(u,-PPhXpus-n®-C.H,), re-
spectively. X-Ray diffraction data for the last two clus-
ters are reported. The spectroscopic data for the new
clusters are discussed along with the fluxional behavior
associated with benzyne rotation on the Ru; and Ru,
clusters [483]. The phosphinophosphazene ligand
N;P;Cl,PhPPh, reacts with Ru,(CO),, to furnish the
monophosphine cluster Ru,(CO),,(N,P,Cl,PhPPh,),
which has been structurally characterized [484]. The
phosphorus ylide Ph,P=CH, reacts with Ru,(CO),, to
give Ru,(CO)4(u-HXOC=CHPPh.,). This initial prod-
uct rearranges upon heating to yield the u,-capped
cluster Ru;(CO)¢(p-H), (1 5-CPPh,). Both clusters have
been characterized by X-ray diffraction analysis [485].
The phosphido-bridged cluster [Ru(CO)y(PPh ) -
PPh,)]™ has been obtained from the reaction between
[Ru;(CO),,(n-H)]~ and PPh,. It is suggested that the
clusters [HRu;(CO),((PPh;)]~ and [HRu,;(CO),-
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(PPh,)]” are probably intermediates in the reaction.
The reactions of [Ru,(CO),(u-H)]~ with other P-
ligands and AsPh; are described [486]. The triosmium
clusters Os;(CO)o(u3-CoH MeXp5-AsC¢H Me) and
0s3(CO)g(p3-CeH sMe)(p 3-AsCH ;Me)As( p-tol),
have been obtained from the reaction between As(p-
tol); and Os5(CO),,(MeCN) and Os4(CO),((MeCN),,
respectively [487].

Ru5(CO)g(-HX 1 3-ampy) reacts with PPh; or dppm
to give Ru;(CO),L(u-HXu,-ampy) [488]. The effect
of phosphine-ligand substitution on the mode of at-
tachment of the triply-bridged C;H, ligand in trios-
mium clusters has been examined. Included in this
report are the X-ray crystal structures of Os;(CO)q(u ;-
PMeXCH,) and Os;(CO)g(u;-PMeXPEt;XCH,)
[489]. Os4(CO),((R,C,) (R =Ph, Et, Me) reacts with
Me;NO in the presence of MeCN at low temperature
to give Os(CO)s(MeCNXR ,C,). The solvent complex
was next examined in reactions with alkynes and P-
ligands. The X-ray structure of Os;(CO)y{P(OMe),}-
(Ph,C,) has been determined by X-ray crystallography.
A p;-n? |l -bonding mode is observed for the dipheny-
lacetylene ligand and the P(OMe); ligand is shown to
occupy an equatorial position at an osmium center
bearing a o-bonded acetylenic carbon [490]. A wide
range of products has been reported for the thermoly-
sis reaction between Ph,PH and Ru,(CO),, [491]. The
reaction between Os,(CO),(u-HXMeCNXSi(OR);} (R
= Me, Et) and diphosphines has been investigated.
With the ligand dppm, Os(CO),(u-HXSi(OR),}-
(dppm) is observed as the sole product. Spectroscopic
and diffraction data confirm the presence of the free,
dangling phosphine group. Reaction with dppe is more
complex, yielding Os3(CO)(n-HXSi(OR),;}dppe),
[O0s5(CO), o u-HHSI(OR);}](u-dppe), and Os;(CO),q-
(dppe). The observed production distribution is depen-
dent on the stoichiometry of the reaction [492]. The
pyrolysis of Ru3(CO),,(dppf) in cyclohexane has been
reported to give six major products, most of whose
structures were determined by X-ray crystallography.
The X-ray structure of Ru(CO)g(n-HXp ;-PPh(n!,n%-
C¢H ,XCp)Fe(CpPPh,)} is shown in Fig. 20 [493].

The results of a redox study on alkylidyne-capped
triruthenium clusters have been published. One-
electron oxidation of Ru(CO),_,L,(u-H)4(CX) (X =
OMe, L =PPh;, n=2,3; X =0OMe, L= AsPh;, n =3;
X = SEt, NMebenzyl, L = PPh;, n = 3) yields the cor-
responding radical cation, which is shown by electro-
chemical criteria to be quasi-reversible. EPR data are
reported for these odd-electron cluster species. The
radical cations decompose in solution by loss of the
capping ligand, giving [Ru;(CO)q(u-H)L;]* in the case
of the tri-substituted clusters [494]. Ru,(CO),, reacts
with tetraethyldiphosphite at 70°C to give a mixture of

Fig. 20. Reprinted with permission from Organometallics, Copyright
1990 American Chemical Society.

at least five products. Of these products, the structure
of Ru3(CO),,{(EtO),POP(OEt),} has been solved by
X-ray diffraction analysis. The diphosphite ligand oc-
cupies equatorial sites on adjacent ruthenium centers
[495]. Reductive elimination of ethylene and benzene
and ruthenium-ruthenium bond cleavage to give Ru,-
(CO)¢(1-PPh, X u-PCH=CHC (H ,) have been observed
in the thermolysis reaction of Ruj;(CO)g(u-HXPh,-
PCH=CH , X n;-Ph,PCH=CH) [496]. Halogenation of
M;(CO),,{n-(RO),PN(E)P(OR),} and M,(CO)q{u-
(RO),PN(Et)P(OR),}, (M = Ru, Os; R = Me, 'Pr) gives
cationic products as a result of M—M bond halogena-
tion [497]. The phosphido-bridged cluster Os;(CO),,
{1 ,-P(C;Fs)H)(u-H) has been isolated from the reac-
tion between {C,F;),PH and [Os;(CO),,(u-H)]". X-
Ray diffraction analysis indicates that the phosphido
and hydride ligands bridge a common osmium-osmium
bond [498]. The synthesis and X-ray structure of Ru,-
(CO)¢{PPhC(Ph)C(Ph)}(-PPh,), have been reported.
The product cluster results from insertion of dipheny-
lacetylene into one Ru-P bond in Ru;(CO),(u-HXpu-
PPh,); [499]. The reactivity of [Ru(CO)g(u-HXu-
PPh,),]” and [Ru;(CO)g(u-HXPPhXPPhCH )]~
with halides of the copper triad has been reported
[500]. The pyrolysis of [Ru(CO),,],(Ph,PC=CPPh,) has
been studied as a method to higher nuclearity ruthe-
nium clusters. NMR spectroscopic and X-ray crystallo-
graphic data on the Ru, and Rus products are dis-
cussed [501}].

4.1.3. Nitrogen ligands

Ru;(CO),, reacts with [N(PhXC;H,N)]~ to yield
the nitrogen-ligated cluster [Ru,(CO)q{u,-1n2-N(Ph)-
(CsH,N)]I™. Protonation yields the corresponding hy-
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drido cluster which has been examined for its substitu-
tional lability. The results of cluster-assisted alkyne/
ethylene dimerization studies are reported [502]. The
triruthenium  clusters Ru;(CO)g(p-H¥p ;-NRC(E)-
NHR} (E = O, S; R = H, Me, Ph) have been prepared
from Ru;(CO),, and the corresponding ureas and
thioureas, respectively. The X-ray structure of the clus-
ter derived from N,N’-diphenylthiourea shows that the
thiourea moiety is coordinated to the metallic frame by
a u,-sulfur linkage [503]. Site-specific protonation
studies have been reported for [Ru(CO),(p,-NO)I™.
Use of CF,SO;H vyields the O-protonated cluster Ru ;-
(CO),(;-NOH) while use of the weaker acid
CF,;CO,H leads only to HRu(CO),(p5-NO), which is
the result of ruthenium-ruthenium bond protonation.
An immediate O-H to Ru-H-Ru tautomerization is
observed when the former cluster is treated with
[PPN][CF;CO,]. o-Methylation using CF;SO;Me oc-
curs at the nitrosyl group to yield Ru(CO),o(p,-
NOMe) in high vield. The X-ray structure of this
cluster has been solved by using X-ray diffraction anal-
ysis (see Fig. 21) [504].

The imido clusters Ru;(CO)g(u;-NPh), and Ru;-
(CO)¢H ,(u5-NPh) have been examined in alkyne reac-
tivity studies. Diphenylacetylene reacts with the bis(im-
ido) cluster to give the tetraruthenium cluster Ru,-
(CO),o(pe5-NPh) (9% ,-PhC=CPh). X-Ray diffraction
analysis reveals that this cluster possesses a butterfly
geometry [505]. Nitrobenzene reduction has been mod-
eled with several nitrogen-substituted clusters. The X-
ray crystal structures of Ruj(CO),((HXPhNH) and
[Ru;(CO)o(HX e ;-NPh)]~ are presented. Kinetic data

Fig. 21. Reprinted with permission from Inorg. Chem., Copyright
1990 American Chemical Society.

are reported for selected reactions [506). Ru;(CO),,
reacts with benzimidazole to yield Ru;(CO),q(p-HX -
bzim). This cluster could not be characterized directly
and was, therefore, converted into the PPh,-substituted
cluster Ru;(CO)y(PPh; X p-HXp-bzim) [507). The elec-
tronic structure of Ru;(CO){(MeC=CHC=N'Pr),,
which is isolobal with ruthenocene, has been investi-
gated by using He I1/He II gas-phase UV photoelec-
tron spectroscopy and DV-Xa MO calculations [508].
The reaction between Ru,(CO),, and hydrazines and
hydrazones has been examined. The parent cluster of
the series, Ru;(CO)4(u,-HX ;-NHNH ), has been iso-
lated and characterized by X-ray diffraction analysis
[509). The nitrogen-bridged clusters Ru;(CO),_ (Ph,-
PH) (u-HXp-ampy) (x =1, 2) have been prepared
from Ru4(CO)4(u-HX u-ampy) and Ph,PH. The mono-
Ph,PH cluster is transformed into Ru5(CO)¢(u-CO),-
(pu-ampyXu-PPh,), which is predicted to have a u,-
phosphido group that spans one of the two Ru-Ru
bonds unbridged by the ampy ligand [510]. The reac-
tion between Ru(CO),, and substituted aminopy-
ridines has been studied [511]. The dihydride cluster
[Ru(CO)o(uu-H),(p;-ampy)]* has been synthesized
from the neutral monohydride. Data from PPh; ligand
substitution studies are discussed [512].

The reaction between the carbene cluster Os,-
(CO), {C(Et)NMe,} and phenylacetylene gives Os;-
(CO)J[ 1 5-PhC,{C(Et)NMe,}(u-H) by way of C(Et)-
NMe, carbene ligand transfer to the a-carbon of a
bridging phenylacetylene intermediate. Both clusters
were characterized by IR and NMR spectroscopy and
X-ray diffraction analysis [513]. A study on the effect of
pressure on the IR frequencies of the a-pyridyl ligand
in HOs ;(CO),((1,n%-NCsH,) has appeared [514]. Os;-
(CO),((MeCN), reacts with acetone oxime, Me,-
C=NOH, to yield the bridging oximato cluster Os;-
(CO),o(n-HXp-Me,C=NO) as a result of O~H bond
cleavage. Use of benzaldehyde oxime, PhCH=NOH,
gives an isomeric mixture of Os,;(CO),(n-H)-
(PhCH=NO), which have been separated on silica gel
and characterized by IR and NMR spectroscopy. N-O
Bond cleavage in Os(CO),(x-HXx-Me,C=NO) is ob-
served to occur upon heating, giving Os;(CO),o(u-
OHX -Me,C=N). The X-ray crystal structures of both
acetone oxime-derived clusters are presented [515].

4.1.4. Sulfur ligands

The synthesis and reactivity of Ru(CO)g(p-HXp5-
PyS) have been described. The product cluster, which
is obtained from the reaction between Ru,(CO),, and
pyridine-2-thiol, decomposes slowly in solution to give
polymeric [Ru(pySXCO),], and Ru(pyS),(CO), [516].
The triruthenium cluster Ru;(CO)y(p;-MeC,NMe,)-
(15-S) undergoes decarbonylation to afford the
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hexaruthenium clusters Ruy(CO),,(u;-MeC,NMe,)-
(14-S), and Ruy(CO),,(1;-MeC,NMe, X u,-S), by fu-
sion of two trinuclear clusters. Both of these products
have been structurally characterized [517). M;(CO),,-
(p3-S) (M = Ru, Os) react with Me,C,NMe, to give
M (CO){u-SC(NMe,)CMe} and M ,(CO)o(p 4-
MeC,NMe,) in the case of the ruthenium cluster. The
osmium cluster Os;(CO),(p;-S) reacts with the same
ynamine to give only Os;(CO)q(1;-MeC,NMe, X 15-S),
which has been characterized by single-crystal X-ray
diffraction analysis. The ynamine ligand in this latter
cluster is best formulated as an (a,a-dimetallioethyl)-
(dimethylamino)carbene ligand [518].

Ring opening, C—~H activation, and decarbonylation
in Os;(CO),(S(CH,);} are reported to occur upon
optical excitation. The isolated product, Os;(CO),o{u-
SCH ,CH=CH,}(u-H), has been spectroscopically char-
acterized and examined for its reactivity toward
PhPMe, [519]. 3,3-Dimethylthietane reacts with Os,-
(CO),((MeCN), to give Os4(CO),(n-SCH,CMe,CH,).
When this latter cluster is heated, the clusters Os-
(CO)o(u3-SCH,CMe,CHXu-H), Os,(CO){n-
S(CH,),CMe}(u-H), and Os(CO);(u-COXpu-SCH ,-
CMe,CH,) may be isolated [520]. The clusters Os;-
(CO){u-C(EON(Me)CH ,}(u3-S)X(u-H); and Os;-
(CO){C(Et)NMe, Y 5-SXu-H), have been prepared
from Os;(CO)y(u;-MeC,NMe, X;-S) and hydrogen
at elevated temperature. The effect of hydrogen pres-
sure on the product distribution is discussed. X-Ray
data for several of the new clusters are reported [521).
The cluster Osy(CO){{C(H)NMe,}(1t5-SXu-H), has
been obtained from the reaction between Me;N and
Os4(CO)¢( 11 3-COX i 5-S) and Os4(CO),(u-SPhX u-H).
X-Ray crystallography reveals that the secondary (di-
methylamino)carbene ligand is terminally coordinated
to the p-sulfido-bridged cluster (Fig. 22). This cluster
i1s also reported to function as a catalyst in the ex-
change of alkyl groups between NEt, and NiPr, [522].

4.2. Tetranuclear clusters

A triclinic polymorph of H,Ru,(CO);; has been
structurally characterized [523]. The clusters H,M,-
(CO),, (M = Ru, Os) have been prepared from silica-
supported M;(CO),, and hydrogen. Solvent extraction
releases the tetranuclear cluster in high vield. The
procedure described here for H,Os (CO),, offers sig-
nificant advantages over the reported solution synthe-
sis [524]. BH, - THF reacts with H,Ru ,(CO),, to fur-
nish the butterfly cluster HRu ,(CO),,BH,, which has
been characterized by X-ray crystallography (Fig. 23).
KH is shown to sequentially deprotonate the borohy-
dride group, giving [HRu,(CO),,BH]” and [HRu,-
(CO),,BI*~. The exchange of bridging hydrides in

Fig. 22. Reprinted with permission from J. Am. Chem. Soc., Copy-
right 1990 American Chemical Society. ’

[HRu (CO),,BH]~ has been examined by using 2-D
NMR spectroscopy [525].

The chemistry of tetranuclear carbonyls of osmium
has been reviewed [526]. The synthesis and structure of
Os (CO),;sL {where L = CO, PF;, P(OCH ,),CMe} have
been published. The structure adopted by these clus-
ters is dependent on the electronic properties of the
ancillary ligand. With either CO or PF; as the ancillary
ligand, the cluster adopts a puckered-square osmium
frame, while a spiked-triangular osmium frame is ob-
served with the constrained phosphite ligand. The X-ray
diffraction data for these three clusters are discussed
[527). Os(CO),5 reacts with '‘BuNC to yield Os,-

Fig. 23. Reprinted with permission from Inorg. Chem., Copyright
1990 American Chemical Society.
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(CO),('BuNC). X-Ray diffraction analysis reveals that
the 18-electron compound Os(CO),('BuNC) functions
as a ligand to the Os;(CO),, fragment by formation of
an unbridged dative Os—-Os bond. The fluxional behav-
ior of this cluster has been examined by using variable-
temperature '3C NMR spectroscopy [528]. The tetrahe-
dral cluster Os,(CO),,(HXC,H,) has been synthesized
from the pyrolysis of Os;(CO),((MeC=CMe). X-Ray
diffraction analysis reveals that an allyl ligand is pre-
sent, bonding to one of the cluster faces in a u,-n3
mode [529]. The cluster Os,(CO),,(CoH¢) has been
isolated as one of the products from the reaction
between Os;(CO),, and indene. Single-crystal X-ray
diffraction analysis of HOs,(CO)o(CoH XCgH ) indi-
cates that one face of the Os, tetrahedron is capped by
an indyne ligand with u;-n%|| bonding [530]. The
ynamine ligand MeC,NMe, reacts with Os ,(CO),(u ;-
S) to give a mixture of tri- and tetraosmium clusters.
The X-ray structures of these clusters are reported
[531].

4.3. Pentanuclear clusters

A review article on the reﬁctivity of the pentaruthe-
nium cluster Rug(CO);5(x5-C,PPh,Xu-PPh,) has ap-
peared [532]. Thermolysis of H,Os(CO),({P(OMe);}
with excess P-ligand initially gives H,0sy(CO),,-
{P(OMe),}L, which decarbonylates to yield H,Oss-
(CO),5(P(OMe),}L. This latter cluster may be obtained
directly from the reaction between H,0s(CO),,-
{P(OMe),} and added ligand when Me;NO is used as a
decarbonylating reagent. Hydride fluxionality has been
examined by using variable-temperature 'H NMR
spectroscopy. The X-ray structure of H,0s/(CO),;-
{P(OMe),}PEt, is reported. The molecular polyhedron
is based on a trigonal bipyramid with the P(OMe),
ligand located at an apical osmium atom and the PEt,
ligand attached to an equatorial osmium atom of the
bipyramid [533]. Os(CO),, has been prepared from
the chemical oxidation of [Os(CO),s]*~ in the pres-
ence of CO. The reaction of Os/(CO),, with Me;NO
in the presence of donor ligands leads to the corre-
sponding mono-substituted clusters Os(CO),sL. The
X-ray crystal structures of Os (CO),;{P(OMe),} and
Os(CO)sPEt, are reported and in both cases the
ancillary ligand is attached to one of the equatorial
osmium atoms of the bipyramid [534].

4.4. Hexanuclear clusters

The hexaruthenium cluster Ru (CO),((n-H)g(7n-
PHBuXu-PBu,)(PBu3),{is-P} has been obtained
from the reaction of Ru(CO),(acetone),(PBu;), with
hydrogen at elevated temperature. An X-ray diffrac-
tion study reveals that the cluster is based on a butter-
fly arrangement with two pairs of triangular wings

[535]). Chemical oxidation of [RusC(CO),4]°~ using ei-
ther ferrocenium tetrafluoroborate or FeCl, in the
presence of alkynes furnishes the cluster complexes
Ru4C(CO),s(11;-n-RCCR’) (R = R’ = H, Me, Et, Ph;
R =H, R’ =Ph; R =Me, R’ =Ph). In the case of the
phenylacetylene-substituted ciuster RuC(CO),s(p ;-
12-PhC=CH), thermolysis in toluene gives the new clus-
ter RuyC(CO),s(u-HXC=CPh) [536]. The clusters
Ru(u 4-1n%*C0O)(CO),5(n°-C,HMe,) and HRu (p1 ,-n*-
COXCO),5(p,-n’-C¢H;Me,CH,) have been isolated
from the thermolysis reaction between Ru,(CO),, and
mesitylene. The molecular structure of both clusters
has been unequivocally determined by X-ray crystallog-
raphy. The results of IR and >C and 'H NMR studies
are presented [537]. [RuoC(CO),]*~ reacts with methyl
iodide at high temperature to give [Ru,C(CO),(-
(CH3)]". X-Ray diffraction data indicate that the octa-
hedral metal core is retained. This methyl cluster re-
acts with CO (50 atm) to give the corresponding acetyl
cluster [RusC(CO),((COMe)]-, which has been con-
firmed by X-ray diffraction analysis. The reaction be-
tween the dianionic cluster and allyl bromide is also
described [538]. The 84-electron cluster H,Ru(CO),,
has been obtained from H,Ru (CO),,. X-Ray diffrac-
tion analysis indicates that the molecular polyhedron is
best described as a bicapped tetrahedron (Fig. 24).
When this cluster is exposed to excess CO, cluster
fragmentation to tri- and tetranuclear species is ob-
served [539].

The reaction between P(OMe); and Os((CO),, and
Os4(CO),, has been examined. The ligand-substituted
clusters have been isolated and characterized by solu-
tion and solid-state techniques [540]. Thiirane ring-

/4R
Fig. 24. Reprinted with permission from J. Am. Chem. Soc., Copy-
right 1990 American Chemical Society.
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opening and oligomerization reactions have been stud-
ied by using the hexaosmium clusters Os(CO),;-
(MeCN) and Os(CO),((MeCN), [541].

4.5. Higher nuclearity clusters

Fast atom bombardment mass spectrometry has been
employed in .the analysis of the osmium cluster
H,0s,(CO)y,_, (x=0, 1, 2) [542]. The X-ray crystal
structure of [Ru,o(ps-CHCO),o(-CO),[Ph,PCH ,-
CH,PPh,] - 2(acetone) has been solved and a discus-
sion on the origin of the severely disordered structure
of the bis(tetraammonium) cluster is presented [543].

4.6. Mixed-metal clusters

4.6.1. Clusters containing Main Group atoms

The ruthenaborane clusters 2,4-Me,-( p-cymene)-1,
2,4-RuC,B.H; and 2,4-Me,-(C,Me,)-1,2,4-RuC,B;H,
have been synthesized from the nido-dicarbaborane
5,6-Me,-5,6-C,BgH,, and [(p-cymene)RuCl,], and
[(CMeg)RuCl,],, respectively. Solution characteriza-
tion details and the X-ray diffraction structure of the
former ruthenaborane are presented [544]. The substi-
tution chemistry of the bismuth-capped cluster Ru;-
(CO)o(-H)5(u5-Bi) has been examined. The struc-
tures of the ligand-substituted clusters have been as-
signed on the basis of spectroscopic measurements
[545]. The oxygen atom of the unique carbonyl in
Os(CO)g(u-H)4(u5-BCO) is attacked by the Lewis
acids BX,; (X =Cl, Br) to give Os;(CO)g(u-H)5(15-
CBX,). Boron-10-labeling experiments reveal that this
reaction proceeds by an intramolecular boron/carbon
exchange sequence. Similar reactions were also con-
ducted with the phosphine-substituted cluster Os,-
(CO)e(PPh ;X u-H)4(1;-BCO). The reactivity of Os,-
(CO)o(PPh,; X 1-H)4(u5-CBCl,) in ligand substitution
and deprotonation reactions is reported [546]. The
tetraruthenium cluster Ru(CO),,(u,-Te), has been
isolated from the reaction between Fe(CO)y(u4-Te),
and Ru,(CO),,. Reaction of Ru,(CO),,(u,-Te), with
PPh, at room temperature affords Ru,(CO)¢(PPh,),-
(u5-Te), and Ru,(CO),(PPh,;Xu,-Te), while dppm
reacts to give Ru,(CO)y(u-dppmXu ,-Te),. The molec-
ular structure of each of these clusters was established
by X-ray crystallography (Fig. 25) [547].

4.6.2. Clusters containing other metals

The heterometallic acetylide cluster Cp,Mo,Ru,-
(CO),,(C=CPh), has been synthesized from Ru,(CO),,
and CpMo(CO),(C=CPh). X-Ray diffraction analysis
reveals the presence of a double butterfly polyhedron
with acetylide ligands in a u,-n? bonding mode [548].
CpW(CO),H reacts with the imido cluster Ru;(CO),,-
(u5-NPh) to give CpWRu(CO)¢(u-HX 1 3-NPh), which

Fig. 25. Reprinted with permission from Inorg. Chem., Copyright
1990 American Chemical Society.

reacts with CpW(CO),(C=CPh) to produce Cp,W,Ru -
(CO)(u-NPhX u,m*-CH=CPh). Use of Cp* W(CO),H
gives the corresponding Cp* clusters [549]. Acetylide—
alkyne coupling has been observed in the reaction of
CpWOs,(CO)4(C=CR) (R = Ph, Bu) with disubstituted
alkynes. The decarbonylation reagent Me;NO was used
to generate an alkyne coordination site in the WOs,
cluster [550]. The acetylide clusters MOs;(CO),;-
(C=CPh)Cp (M =Mo, W) react with CpMo(CO),-
(C=CPh) to afford MMoOs ;(CO),,(CCPhCCPh)Cp, as
a result of head-to-tail coupling of the acetylide lig-
ands. Variable-temperature 'H NMR studies indicate
that the C, chain exhibits a twisting motion in solution.
The X-ray crystal structures of Mo,0s5(CO),;-
(CCPhCCPh)Cp, and MoWOs ,(CO)y(i,-CX e ;-CPh)-
(CCPh)Cp,, the products of the reaction between
CpW(CO),(C=CPh) and MoOs,(CO),,(C=CPh)Cp, are
presented [551]. The methoxymethylidyne cluster (»°-
C;R)WRu,(CO),,(u;-COMe) (R = H, Me) has been
obtained from the reaction between Ru;(CO),(u-CO-
MeXH) and (n°-C5R)W(CO),H. Hydrogenation in
toluene leads to C~O bond scission and production of
the carbido cluster (7°-C5Rs)WRu(CO),;(p,-CXp-
H), whose structure has been solved by X-ray diffrac-
tion analysis [552]. Os;(CO),[(MeCN), and CpW-
(CO)4(C=CR) (R = Ph, Bu) react in refluxing toluene
to give CpWOs,(CO),(C=CR). CpWOs,(CO),;-
(C=CPh) reacts with excess ditolylacetlylene to yield
CpWOs3(CO)(CO)g(p 5-CPh){ p 4-1°-C(C,Tol,),}
[553]. The fluxional behavior of the coordinated
acetylide ligand in (7°-C5R MM CO)s(C=CR’) M =
Mo, W; M'=Ru, Os; R =H, Me; R'=Ph, CH,F,
C4H,OMe, ‘Bu, Pr) has been examined by *C NMR
spectroscopy. The X-ray structures of the clusters Cp-
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WOs ,(CO)g(C=CPh), CpWRu (CO)g(C=CPh), and Cp-
MoRu,(CO),(C=CPh) are discussed (Fig. 26) [554].

The clusters HRu5(CO),o{u-NC-Mn(CO)(n*-Cs-
H,R)} and Ru4(CO);o{-NC-Mn(CO),(n*-CsH R},
(R = H, Me) have been prepared from Ru,(CO),, and
(9*-CsH,R)Mn(CO),CN. The X-ray structures of the
methylcyclopentadienyl-substituted clusters are re-
ported [555). The mixed-metal carbide clusters [MnM ;-
C(CO)51-, [M5Ru,C(CO),F*~, [M3Ru;C(CO);s]-,
and [Ni;Ru(CO),;J*~ (M = Ru, Os; M’ = Cr, Mo; M”
= Co, Rh) have been synthesized in a redox-
condensation scheme using the ketenylidene cluster
[M,(CO)(CCO)I>~. IR and variable-temperature '>C
NMR data are reported, and the molecular structures
of the MnOs, and NijRu, are discussed [556].

Regioselective alkyne insertion into the cobalt—
phosphido bond of RuCo(CO),(u,-PPh,) is reported
to give (OC);Ru{u-n3-Ph,PCOC(R")=C(R")}Co(CO),
(R'=R”=Ph; R’ =Ph, R"= C=CPh; R"= H, R" = Ph,
R’=H, R”='Bu; R’ =SiMe;, R"=H; R'=R"=H).
These (alkenylcarbonyl)phosphine complexes undergo
decarbonylation at moderate temperatures to give the
(alkenyl)phosphine complexes (OC),Ru{u-n3-Ph,PC-
(R")=C(R")}Co(CO), (Fig. 27) [557].

Dimethyl- and diphenyltelluride clusters based on
HRuCo,(CO),, have been prepared and structurally
characterized. The initial substitution step is regiose-
lective and proceeds by replacement of an apical car-
bonyl group on the ruthenium atom [558]. The synthe-
ses and X-ray structures of the dimethylselenide-
substituted clusters HRuCo4(CO),,(SeMe,), HRuCo,-
(CO),(SeMe,),, and [HRuRh;(CO),l,(SeMe,), are
reported. The latter cluster possesses two bridging

Fig. 26. Reprinted with permission from Organometallics, Copyright
1990 American Chemical Society.

Fig. 27. Reprinted with permission from Organometallics, Copyright
1990 American Chemical Society.

4-electron dimethylselenide ligands [559]. In a separate
report, [HRuRh(CO),],(SeMe,), is shown to arise
from the dimerization of HRuRh,(CO),,(SeMe,) [560].
An electrochemical investigation on the anionic clus-
ters [RuCo4(CO),,_,,(PhC=CPh),]” (n=0, 1) has
been carried out. The parent cluster (n = 0) is reported
to undergo either two distinct one-electron reduction
steps or a single two-electron reduction process. The
particular pathway observed is dependent on the na-
ture of the solvent. The redox tunability is discussed.
The alkyne-substituted cluster undergoes two separate
one-clectron reduction steps in addition to an irre-
versible four-electron oxidation process which leads to
cluster fragmentation [561].

Oxidative decarbonylation of the acetylide ligand in
Co,(CO)g-1-{CpRU(COXC=CPh)} is reported to give
the tetrahedrane cluster Co,Ru(CO),Cp(u5-CPh). The
identity of this new cluster was established by an X-ray
diffraction study. A '*C-labeling study has confirmed
the fate of the oxidized carbon and has enabled the
presentation of a plausible reaction mechanism [562].
The unsaturated hydride-bridged cluster Os,(CO),(u-
H), reacts with CpRh(CO), in toluene to give two
major products that have been identified as CpRhOs ,-
(CO)y and CpRhOs;(CO),4(u-H),; the pentanuclear
cluster CpRhOs ,(CO),;(n-H), was also isolated, albeit
in low yield. When the same reaction was conducted
under an atmosphere of hydrogen, the cyclopentadi-
enyl ligand was lost in one case and toluene coordina-
tion was observed. The two new products isolated are
RhOs ;(CO)y(n°®-CHsMeXu-H); and CpRhOs,(CO)o-
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(u-H), [563]. A report has described the structural
trends observed in phosphine-substituted HRu-
Co,Rh,_ (CO),, (x = 0-3) clusters [564]. The synthe-
sis and X-ray structure of FeRuCp(CO)(u-COXpu-
CPh=CPhH) have been presented. A mechanism in-
volving Fe(CO) (acetylene) insertion into the Ru-H
bond of CpRu(CO),H is discussed [565]. Hetero-
bimetallic M—-M’ (M = Ru, Os; M’ = Rh, Ir, Au) com-
plexes with a pyrazole or imidazole ligand have been
synthesized and spectroscopically characterized by IR
and NMR spectroscopy. Included in this report is the
X-ray crystal structure of (Ph;P),(OC)HRu(p-2,2'-
biimidazole)Rh(1,5-COD) [566]. X-Ray diffraction data
on Fe,0s(CO),, have been published [567]. Reaction
between Os(CO)g(n-CH,=CH,) and (C;R )Rh(CO),
(R =H, Me) gives the known cluster (C;R;)RhOs,-
(CO), in moderate yield. Both clusters exhibit fluxional
carbonyl behavior which has been examined by vari-
able-temperature >*C NMR spectroscopy. The energet-
ics for carbonyl scrambling and exchange pathways are
discussed [568]. (1,5-COD)RhH ,Os(PMe,Ph), reacts
with CO, to give H,0s(COXPMe,Ph),, [(1,5-COD)-
Rh],0sH(CO,XPMe,Ph); and H,0. The X-ray crys-
tal structure of the Rh,Os product reveals that the
CO, ligand serves to bind the two rhodium atoms by a
single oxygen bond and the osmium atom by a carbon
bond (see Fig. 28) [569].

The synthesis of ruthenium-platinum clusters with
bridging methylene, methylidyne, and carbido ligands
has been reported from the reaction between Cp,Ru,-
(p-CH, Xp-COXCO)IL (L = CO, MeCN) and Pt(ethyl-
eneXPR;), (R = cyclohexyl, ‘Pr). The structures of
RUZPI(;.L-CHZXM-COXCO)z(PCY)sz, Ru,Pt,(u-H)-
(1 ,-CHXu-COXCO)(P'Pr),Cp,, Ru,Pty(u-H)y(p,
CXu-CO)(P'Pr),Cp, are described [570]. Pt(1,5-
COD), and Ru(CO)s react at room temperature to
furnish the hexanuclear cluster [PtRu,(CO),],, which
has been shown by X-ray crystallographic analysis to be
an open cluster, consisting of two Ru(CO), groups
bonded to two Pt(CO) groups followed by two addi-
tional Ru(CO); groups that bridge a Pt—Ru bond. This
cluster undergoes ready cleavage with added dppe to

P13

Fig. 28. Reprinted with permission from Inorg. Chem., Copyright
1990 American Chemical Society.

Fig. 29. Reprinted with permission from Inorg. Chem., Copyright
1990 American Chemical Society.

give PtRu(CO)4(dppe) while reaction with dipheny-
lacetylene yields the alkyne-bridged cluster Pt;Ru,-
(CO),(u-PhC,Ph), [571]. The synthesis and X-ray
structure of Pt[Ru,(u-HXpu,-n2-C=C'BuXCO),),,
which was obtained from the decomposition of
Ru,; Pt(p-H){p ~-1*-C=C'Bu}(CO)4(1,5-COD), have
been reported [572]. Pt,0s,(CO),; reacts with hydro-
gen (100 atm) to give Pt,0s(CO)(u-H)s and Pt-
Os;(CO),((u-H)s. X-Ray diffraction data reveal that
the former cluster is best described as a vertex-shared,
Pt(1), bitetrahedron (see Fig. 29) [573].

The reaction between [M(CO)(n*B,H;)]~ (M=
Ru, Os) and Ph;PAuCl leads to the heterometallic
complexes Ph,PAuM(CO),(n*B,H;). NMR spec-
troscopy indicates that the electrophile adds to the
metal and does not disturb the B,H unit [574]. The
synthesis of trinuclear Ru,M (M = Cu, Ag, Au) and
pentanuclear Ru,Au clusters starting from Ru,{u-1,2-
(NH,)C¢H ,(CO),(PPh,), has been described [575]
The influence of the P(CH,Ph); ligand on the polyhe-
dral structures adopted by Cu,Ru (u4-H),(CO),{u-P-
(CH,Ph),(»%-CH,Ph)} and Cu,Ru,(p;-H),(CO),,-
{P(CH,Ph),} has been investigated by X-ray crystallog-
raphy [576]. Reaction of [Ru (CO),;J*~ with 2 equiv. of
[M(MeCN),1* (M = Cu, Ag), followed by the addition
of PPh,, yields the mixed-metal clusters M,Ru,(u-
C0),(CO),((PPh,),. The corresponding gold derivative
is obtained by using Ph,;PAuCIl as an electrophile. All
of these clusters consist of a ruthenium tetrahedron
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that has two Ru; faces capped by M(PPh;) moieties
[577]. The reaction of [Ru (-H),(CO),,]*~ with Group
1B reagents has also been examined [578). The synthe-
sis of RusM,(su5-C,PPh,Xu-PPh,Xu-PPh,XCO),,-
(PPh,), (M = Ag, Au) and the X-ray crystal structure
of RugAu,(us-C,PPh,)u-PPh,)CO),,(PPh,),-
{P(OEt),} have been published [579]. The X-ray crystal
structure and photochemical reactivity of the mercury-
bridged cluster [Os,;;Hg,C,(CO),,]*~ have been pre-
sented [580].

5. Miscellaneous chemistry

5.1. Heterogeneous and supported complexes

The adsorption of Ru(CO),Cl,(THF) onto the sur-
face of hydroxylated metal oxides gives one of two
surface Ru(CO); species as determined by IR spec-
troscopy [581]. Ru(CO), adsorbed species have been
explored by 3C NMR spectroscopy [582). Solid-state
NMR data on '*C-enriched ethylene adsorbed on sil-
ica-supported ruthenium have been reported. Ethylene
decomposition to acetylide and alkyl groups has been
observed and recombination of adsorbed species is
reported to yield cis- and trans-2-butene [583]. Mor-
phology changes in ruthenium catalysts supported on
v-Al,0,, MgO, SiO,, and TiO, have been explored by
using IR and EXAFS techniques [584]. Ru/Al,O,
catalysts prepared from Ru,(CO),, have been studied
by EXAFS [585].

Surface protonation and electrochemical activity
data of the rutile RuO, have been reported [586]). The
synthesis and characterization of the ruthenium-
substituted heteropolyanion [SiRu(H,0)W,,05,]°~
have been published. This complex was shown to func-
tion as a catalyst in allylic oxidation, epoxidation, and
oxidative cleavage reactions when a primary oxidant
was present [587). The effects of y-radiation on CO
methanation using Ru/zeolite-X catalysts have been
examined by using ESR spectroscopy [588]. The use of
Ru(NOXNO,), as a precursor for the preparation of
Ru-Cu/MgO catalysts is described [589]. A study on
the atomic structure and superstructure of a-RuCl; by
scanning tunneling microscopy has appeared [590].

Ruthenium methanation catalysts prepared from
Ru,Th, intermetallics have been characterized by a
variety of surface science techniques [591]. The surface
diffusion and desorption of pentane isomers on Ru(001)
have been studied [592]. The bimetallic system Mn/
Ru(001) has been prepared by vapor deposition of Mn
on Ru(001). The bimetallic system was examined for its
CO chemisorption reactivity [593]. The rates of hydro-
gen and deuterium diffusion on a Ru(0001) surface
have been examined by variational transition state the-
ory [594].

5.2 CO, reduction

The electrochemical reduction of CO, has been
examined by using [Ru(L-L),(CO),]** (L-L =bpy, 1,
10-phen, 4,4'-Me,bpy) and Ru(L-LXCO),Cl,. Reduc-
tion at —1.30 V vs. SCE in MeCN/H,0, MeCN/
MeOH, or MeOH led to the formation of formate. A
working catalytic cycle is presented and individual steps
are discussed [595].

5.3. Oxidation reactions

An oxygen-labeling study using [(bpy),(O)Ru(O)Ru
(OXbpy),]** has been conducted in order to investi-
gate the mechanism for dioxygen formation [596]. Pri-
mary ethers have been converted to esters or lactones
by using the catalyst RuX,L, (X = halide; L = DMSQO;
(L), =dppp) and the co-oxidant LiClO, [597]. The
oxidation of olefins by cis- and trans-ruthenium(VI)-
dioxo complexes has been studied by INDO /1 molecu-
lar orbital calculations. The formation of a dioxometal-
lacycle species represents a global minimum in the
reaction between ethylene and [cis-RuO,]** [598].
INDO /1 molecular orbital calculations have been car-
ried out as a means of studying probable intermediates
in ruthenium-oxo-catalyzed epoxidations [599]. RuCl,-
(PPh3); and the co-oxidant 'BuOOH are reported to
oxidize lactams and amides. The major product is the
a-t-butyldioxy amide [600]. The oxidation of PPh; with
NaOCIl using [Ru(edtaX0O)]~ has been studied. The
kinetics of oxoruthenium formation are reported [601].
The kinetics of oxygenation of [Ru(edtaXH,0)]” to
[Ru(edtaXO)]~ using the oxidant KHSOg have been
studied spectrophotometrically. The oxoruthenium
complex was employed as an oxygen transfer agent in
reactions with cyclohexene and cyclooctene [602]. The
kinetics and mechanism of glycollic and mandelic acid
oxidation by Ru™ and NBS have been studied [603].
Cyclohexylurethane has been obtained from the Ru-
(saloph)Cl ,-catalyzed oxidative decarbonylation of cy-
clohexylamine [604]. Cyclohexene epoxidation has been
achieved by using a Ru(edta)/ ascorbate /H,0, system
[605]. Acetaldehyde has been obtained as the sole
product from acetylene using the catalyst [Ru(edta-H)-
Cl}]™ in the presence of water [606]. RuCl; and N-
methylmorpholine have been reported to function as a
catalytic system for the conversion of unsaturated and
primary alcohols to the corresponding aldehdyes [607].
Water oxidation to give dioxygen has been reported for
several ruthenium(IIT) complexes [608].

5.4. Hydrogen production and hydrogenation reactions
Transfer hydrogenation has been examined with the
precatalysts Ru,(CO),, and Ru,(CO),,(H),. Cyclohex-
anone has been observed as an intermediate in the
conversion of cyclohex-2-en-1-one to cyclohexanol [609].
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Chiral ruthenium complexes derived from (+)-diop
and (+ )-diphenylphosphinite-pantolactone have been
synthesized and examined in asymmetric hydrogen
transfer reactions [610]. The transfer hydrogenation
activity of RuH (PPh,); and RuH,(PPh,), has been
studied [611]. Ru;(CO),,-catalyzed reduction of Schiff
bases using syngas has been explored. Pyridine was
observed to be the solvent of choice [612]). A report on
the selective hydrogenation of a,B-unsaturated aldehy-
des using the water-soluble phosphine TPPTS and
RuCl; has appeared [613]. Aromatic and aliphatic
aldehydes are reduced to the corresponding alcohols
using the catalyst RuCl,(TPPTS), and formate as the
source of hydrogen [614). A direct synthesis of ethanol
from syngas has been reported with a ruthenium/
[PPN][CI] system [615]. A report describing the effects
of phosphoric acid on the above catalyst system has
been published [616). The photocatalytic behavior of
[Ru(edta-H)CI]~ in cyclohexene hydrogenation reac-
tions has been described [617].

5.5. Other catalytic reactions

Intermolecular hydroacylation and transformylation
reactions have been observed when Ru;(CO),,, Ru(l,
5-CODXCOT), and Ru(n°-cyclooctadienyl), were used
as catalysts [618]. Indoles have been synthesized from
2-aminophenethyl alcohols when RuCl,(PPh,); was
used as a catalyst [619]. 1,3-Butadiene coupling to the
diazadiene ligand in RuCl,(DAD) in the presence of
magnesium has been reported [620]. 1-Substituted per-
hydroazepines have been obtained from primary amines
and 1,6-hexanediol using a RuCl;/PPh, catalyst. A
plausible catalytic mechanism is presented [621]. Ru,-
(CO),, functions as a catalyst in the reductive carbony-
lation of ortho-nitrophenylazo compounds [622].

Methyl acetate carbonylation has been examined
with the catalysts RuCl,(PPh,),, trans-Ru(CO),Cl,-
(PPh;),, and H,Ru(COXPPh,);. The observed cat-
alytic activity of these systems are compared with that
of RuCl; [623]. The hydroformylation of 1-hexene,
cyclohexene, and cyclooctene has been studied with
[Ru(saloph)Cl,] as a catalyst [624]. Propylene hydro-
formylation has been examined with the same catalyst,
and the results are compared to the analogous Co,-
(CO);-catalyzed reaction [625]. Aldimines have been
prepared from alkenes and cyclohexylisocyanide in the
presence of hydrogen and low-valent ruthenium cata-
lysts [626]. Dimerization of methyl acrylate and cy-
clotrimerization of methyl propriolate are observed
with Ru,(CO),, as a catalyst [627).

Reductive carbonylation of nitrobenzene in ethanol
using the catalyst [Ru(saloph)Cl,] has been described
[628]. Ruthenium Schiff base complexes have been
investigated in preparation of phenylurethane from

nitrobenzene [629]. Alcohol homologation has been
explored by using ruthenium-cobalt—iodine catalyst
systems [630]. A catalyst system derived from Ru,-
(CO),, and phosphines functions to decarbonylate for-
mates to alcohols. It is proposed that formate is acti-
vated by oxidative addition of the C-H bond to the
working catalyst [631]. The coupling of alkyl formates
and alkenes to esters is catalyzed by ruthenium cata-
lysts [632]. Cyclohexene carbonylation to give cyclohex-
ene-1-carboxaldehyde has been demonstrated by using
the catalyst Ru(edta-HXCO) in alcohol /water solvent
[633). Polymer-supported ruthenium(trimethylenedia-
mine) complexes are reported to be active in cyclohex-
ene hydrogenation reactions [634].

6. Abbreviations

acac acetoacetonate

adc-Me?~ 1,2-diacetylhydrazido(2 — )

bbpe trans-1,2-bis(4’-methyl-2,2'-bipyridyl-4-
yl)-ethene

bpnp 2,7-bis(2-pyridyl)-1,8-naphthyridine

bptz 3,6-bis(2-pyridyl)-1,2,4,5-tetrazine

bta benzotriazol-1-yl

bpy bipyridine

bpz bipyrazine

bzim benzimidazole

1,5-COD 1,5-cyclooctadiene

cot cyclooctatetraene

Cp cyclopentadienyl

Cp* pentamethylcyclopentadienyl

Cyttp PhP(CH,CH,CH,PCy,),

DAB 1,4-diaza-1,3-butadiene

DAD diazadiene

dcnp 1,8-naphthyridine-2,7-dicarboxy-
late(2 -)

dcpe Cy,PCH,CH,PCy,

dmdppe (1,1-dimethyl-2,2-diphenylphosphino)
ethane

dmp 4,4'-dimethyl-2,2’'-bipyridine

dmpe 1,2-bis(dimethylphosphino)ethane

dmpm 1,1-bis(dimethylphosphino)methane

dmpt 5,6-dimethyl-3-(pyridin-2-yl)-1,2,4-
triazine

dpp 2,3-bis(2-pyridyl)pyrazine

dppe 1,2-bis(diphenylphosphino)ethane

dppf 1,1’-bis(diphenylphosphino)ferrocene

dppm 1,1-bis(diphenylphosphino)methane

dppt 5,6-diphenyl-3-(pyridin-2-y1)-1,2,4-
triazine

dppz dipyrido[3,2-a : 2’,3’-c]lphenazine

dpgq 2,3-bis(2'-pyridyl)quinoxaline

ECL electrogenerated chemiluminescence

etp PhP(CH,CH,PPh,),
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Hampy 2-amino-6-methylpyridine

Hbta benzotriazole

hedta N-(hydroxyethyl)
ethylenediaminetriacetate

Hfac hexafluoroacetylacetonate

Hphenox t-butyl-substituted phenoxazinol
semiquinone

Hpz pyrazole

In indenyl

Me,Hpz dimethylpyrazole

MLCT metal-to-ligand charge transfer

NBD norbornadiene

nmcp neomenthylcyclopentadienyl

N-Melm N-methylimidazole

N,OH bis(2-{2-pyridyl}ethylX2-hydroxy-2-{2-
pyridyl}ethyl)amine

OEP octaethylporphyrin

phi 9,10-phenanthrenequinone

PPN bis(triphenylphosphine)iminium

PQQ 4,5-dioxo-4,5-dihydro-1H-pyrrolof2,3-
f lquinotine-2,7,9-tricarboxylic acid

py pyridine

pz pyrazol-1-yl

R-ADA 1,6-di-R-1,6-diazahexa-1,5-diene-3,di-
R-aminato

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

saloph bis(salicylaldehyde)-o-
phenylenediamine

SIMS secondary ion mass spectrometry

tap 1,4,5,8-tetraazaphenanthrene

tcne tetracyanoethylene

tepa tris(2-{2-pyridyl}ethyl)amine

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

tfpb 4.4, 4-trifluoro-1-phenyl-1,3-
butanedionate

tmen N,N,N’,N”-tetramethylethylenediamine

TMP tetramesitylporphyrin

TMSO tetramethylene sulfoxide

tpm tris(1-pyrazolyl)methane

TPP tetraphenylporphyrin

TPPTS meta-trisulfonated triphenylphosphine

tpt 3,5,6-tris(pyridin-2-yl)-1,2 4-triazine

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

vpy vinylpyridine

XPS X-ray photoelectron spectroscopy
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