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I. Dissertations

Eleven dissertations dealing with nitrogen-substituted
ruthenium and osmium complexes have been published. Ruthenium(II)
mononuclear and polynuclear complexes based on 2,2'-bipyrimidine
and 2,3-bis(2'-pyridyl)pyrazine have been prepared and examined in

1 The reaction of

connection with water splitting chemistry.
potassium osmate with 2, 4~bis~hydroxymethylpropamido-2,4-dimethyl~
3-pentanone (H4-}{HPA-DMP) gives the osmium oxo complex Os(VI) (n‘-
HMPA~DMP) (0).2 Structural characterization and electrochemical
studies involving the 0s(VI)/(IV) redox couple are reported. The
synthesis of the new ruthenium oxo complexes cis-
[(bpy)z(AsR3)Ru(IV) (O)](C104)2 has been described.3 The use of
these oxo complexes in kinetic and mechanistic oxidation studies
of alcohols, olefins, sulfides, sulfoxides, and free phosphines is
reported. The processes controlling excited state decay in several
ruthenium(II) and osmium(II) polypyridyl complexes have been
examined,4 along with the synthesis, electrochemistry, and
photophysics of various tris(substituted-bipyridyl) Ru(II)

5

complexes being described. The photochemistry and photophysics

of mononuclear and covalently linked polynuclear ruthenium(II)

6

bipyridyl complexes have also been examined.” Cis and trans osmium

complexes of the form [(bpy)zoa(CO)R]+1 (where R = H, Me, Et, Ph,
benzyl, or Cl) have been prepared and their photochemistry and
photophysical properties reported. 7 The synthesis and
characterization of sundry ruthenium "picnic-basket" porphyrins
have been report:ed.8 These complexes exhibit reversible dinitrogen
and dioxygen binding; the latter complex being characterized by
NMR and IR spectroscopy. Results dealing with [Ru(NH3) 5H201+2
modified metalloproteins and the kinetics of electron transfer
associated with these ruthenium modified systems have been

presem:ed.9 Two reports have appeared that describe the reactivity
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10

of unsaturated ligands and carbon hydrogen bond activation in

aromatic nitrogen hetelz'ocyclesu

with pentaammineosmium(II).
Polynuclear ruthenium and osmium complexes accounted for
twelve dissertations in 1988. The photochemistry and phosphine-
pPhosphite substitution chemistry of
(fulvalene)diruthenium(tetracarbonyl) has been presented. 12
Ethylene extrusion from (p-ethanediyl)octacarbonyldiosmium and
preparation and reactivity of the osmacycicbutane complex

(CHZCHZCHZ)OS(CO)4 have been r:eport:ed.13

The reactivity of the
triruthenium ketenylidene cluster [PPN] 2 [Rug (CO) g (1y=CO) 3 (k3=CCO) ]“
and the reactions of 054(C0)12(M3-S) with co, HezNH, acetylene, and

15

H, have been reported. The catalytic hydrogenation of olefins

using the isocyanato clusters [Ru, (NCo) (co) 10] -1 and
[0s3 (NCO) (CO)u]'1 was report:ed16 with ligand transformations and
catalytic transalkylation of tertiary amines using osmium carbonyl
clusters providing a second example of cluster-mediated substrate

17

activation. The substitutional reactivity of the trimetallic

clusters Ru3z(CO);, and 0s3(CO)y, is contrasted with the
corresponding mononuclear analogues and substitution reactions with
the mixed-metal clusters Fe,Ru(CO) 15, FeRuz(CO)lz, FeZOS(CO)lz have

18

been published. A detailed study concerning the kinetics of 1300

exchange, effects of ion pairing in [1-112\13(c0)11]'1 and [I~1053(c0)11]'1
and their role in the water-gas shift reaction has appeared.19
Sequential reductive elimination of three C-H bonds from

(u—=H) 3Ru3(C0)9(u3-Cx) has been reported to give CH3X.2°

Homogeneous
and oxide-~supported polynuclear ruthenium and osmium complexes were
the subject of solid-state l:“C NMR analy51521 and an investigation
using a specially designed NMR probe capable of analyzing compounds
from -40 to 100 °C and pressures up to 4000 psi has alppealred.22

The use of Diffuse Reflectance FTIR spectroscopy (DRIFTS) to

References p. 310
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investigate surface-supported ruthenium carbonyl clusters active
in co, methanation has been described.23
Other dissertations abstracted include the investigation of

24

[l1.1]ferro-ruthenocenophane, structure analysis of

OS(ethylene)z(CGMes),z5 and the geometric isomerization and 1-hexene
hydrogenation exhibited by complexes based on Ruch(CO)ZP2.26
Finally, ruthenium complexes possessing w-bound thiophene and
benzo[b]thiophenes have been reported along with their reactions
with hydride, methoxide, in homogeneous solution and deuterium
exchange in heterogeneous reaction studies.27
II. Mononuclear Complexes

(a) organometallic Porphyrins

The synthesis and characterization of a new sterically
protected ruthenium porphyrin has been reported. The tetraaryl
porphyrins are synthesized in moderate to good yields from the
high-dilution coupling of selected a,a,a,a~tetrakis (o~
aminophenyl)porphyrin derivatives with isophthaloyl chloride,
followed by reaction with Ru4(CO) 5. The resulting ruthenium
porphyrins possess a rigid superstructure with a cavity being
defined by the appended superstructure. The regiochemistry for CO
coordination has been reported along with equilibration studies

28 A subsequent

involving axial coordination of CO and pyridine.
study has reported the reversible binding of dinitrogen and
dioxygen to those same ruthenium porphyrin complexes. The ligated
NZ and 02 complexes have been characterized spectroscopically and
a transient pentacoordinate ruthenium is the active species that
binds these molecules within the protected cavity. Based on IR

1 suggests that dioxygen is

29

measurements, an O0-0 band at 1103 cm”
reduced by one electron and is coordinated as a superoxide ion.
The reaction of Rug (€CO) g, with the N,N'-vinyl-bridged

porphyrin based on tetraphenylporphyrin, TPP, affords three
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products. The major product in boiling DMF is the carbene complex
TPPRu=C=C (p-CgH,C1),, with N,N'-bridged [TPPC=C(p-CgH,Cl),]Ru(CO),
and [TPPCHCH (p-CgH,C1) ,JRu(CO), being formed in THF. The latter
porphyrin requires the presence of the noncoordinating base 1,8~
bis(dimethylamino)naphthalene for formation. These latter two
porphyrin complexes maintain intact N,N'-carbene bridges and
display insertion of the ruthenium into a pyrole C-N hond. A&ll
conplexes were characterized spectroscopically in addition to a

X-ray structure of [TPPC=C(p-CgH,Cl),]Ru(CO), being reported.3?
6H4C1) 2

Oxidation of several para-substituted porphyrins based on TPP
and octaethylporphyrin (OEP), prepared from 083(C0) ;5 and HyTTP or
H,OEP, to give dioxoosmium(VI) complexes, Os(p-X-TPP) (0), and
Os (OEP) (0)2 is reported. In each case a stable osmium(IV)
intermediate has been observed and spectroscopically characterized.
The X-ray crystal siructure of (0s(p-Me-TPP) (0)2]'2THF is also
presented.3l

Several dinitrogen complexes have been synthesized from the
tetramesitylporphyrin (TMP} complex Ru(TMP)}CO. Photolysis of this
monacarhonyl porphyrin in coordinating salvents such ag MaC, or

References p. 310
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THF, gives the corresponding bis-solvates, Ru(THP)Lz. The
analogous complexes Ru(TMP) (DHF)Z and Ru(TMP) (EtZO)z were prepared
from Ru(TMP) in benzene. The former complex could not be
synthesized via the photochemical route due to the photocatalyzed
decarbonylation of DMF to dimethylamine. Reaction of Ru(TMP) L,
with N, led to Ru (TMP) L(N,) and a X-ray structure was obtained for
Ru (THP)THF(NZ) . The bis-dinitrogen complex Ru(TMP) (NZ)Z is obtained
from the highly reactive Ru(TMP) complex in the solid state upon
exposure to N2.32

[Ru(OEP) ], reacts with the thioethers undecyl methyl sulfide
(DecMeSs) and ths to give low-spin complexes with the formula
Ru(CEP)L,. Both bis(thioether) complexes have been structurally
characterized by X-ray diffraction analysis and display an a-band
that is rather hypsochromically shifted, suggesting the presence
of only weak x-backbonding. Ru(OEP) (DecMeS)z catalyzes the slow
autoxidation of DecMeS (excess) to the sulfoxide (mainly) and more
rapidly with in situ air generated H202.33

Other papers dealing with porphyrin complexes include a study
of the reaction of nitrosobenzene with Ru(OEP) (CO) (EtOH) to give
Ru (OEP) (PhNO)2 or Ru(OEP) (PhNO)L (where L = pyridine, co, HZO' or

34

PPh,) depending on the reaction conditions, a resonance Raman

investigation of the backbonding in Os (OEP)L, (where L = pyridine

or NH3; L, = CO/pyridine) has appeared,35

CO addition to Ru(OEP)L,
and Ru(TPP) L, (where L = DMF, MeCN, aniline, or substituted
benzonitriles) has been examined and the first-order rate constants
for the loss of para and meta XCgHgCN from Ru(OEP)Lz report:ed.36
Oxidation of Ru(TTP) (CO) and Ru(OEP) (CO) yields the corresponding
m-cation radicals that are shom to give well-resolved, hyperfine
shifted NMR spectra; the non-Curie law behavior for

Ru (TTP) (CO) **Br™ arises from a thermal equilibrium between the ZAZu
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2

= A, w-cation radical states.37

The redox properties of
Ru[(o-NHz)TPP]Lz (where L = CO, pyridine, MeCH and THF) along with

the electrocatalysis of 0, has been report:ed.:‘;8

Axjal-ligand
control on the photophysics associated with Ru(TTP)L(CO) and
Ru(OEP)L(CO) (where L = EtOH, piperidine, DMSO, or pyridine) has
allowed for a comparison and reactivity evaluation of the
metalloporphyrin (r,r*) and (d,r*) excited states.39 Finally, the
deactivation of the lowest excited friplet state, 3(1’,1’*), in
Ru(porphyrin)L(CO) complexes is shown to occur, in part, via a
metal-to-ring (d,t*) charge-transfer excited state which lies at
higher energy.40

(b) Halides

The reaction of usmium sponge with fluorine gas at 300 °C gave
0sFg which was then isolated by low temperature in inert-gas
matrices and subjected to IR spectroscopic analysj.s.41 Trans-
Ruclz(DHSO)4 and cis-RuBrz(DHSO)4 have been prepared and their
structures determined by X-ray diffraction analysis. DMSO
dissociation along with the use of these complexes as anticancer
agents against Lewis 1lung carcinomas is presented.42 The
preparation and X-ray diffraction results for OsBr4(AsPh3)2‘3 and
(OSXG) (PPhaH)z (where X = C1 or Br) M have appeared.

The dichlorocarbene complex Osclz (=cc12) (CO) (PPh3) 2 reacts with
the nucleophiles HE (where E = O, S, Se, or Te) to give the
chalcocarbonyl complex OSCIZ(CO) (CE) (PPh3)2. Substitution of HZE
for HE™ also yields the corresponding chalcocarbonyl complex except
when H,Te is used. X-Ray diffraction analyses are reported for the
thio, seleno, and telluro analogues with the establishment of an
increasing trans-influence in the order CO < CS < CSe < C'I'e.45

(c) Hydrides

The hydrides RuHZ(PPh3)‘ and Osﬂ‘(PPh3)3 react with sulphonic

References p. 310
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acids RSO3H (where R = CH3 or CF3) in boiling benzene to yield [MH
( nG-CGHG) PPh3)2] (O3SR) as air-stable solids while the latter hydride
affords [OsHy(PPhy),](03SR) in EtOH solvent.*t

Monosubstituted alkynes R'C=CH (where R = n-C3H,, MesC, Ph, or
Co,Me) have been reported to react with the ruthenium hydride
complexes HRu(CO)Cl (Hezl-lpz) (PR3)2 (where R = Ph or p-tolyl; Mezﬂpz
= 3,5-~dimethylpyrazole) to give alkenylpyrazole complexes
Ru(CO) C1 (CH=CHR') (Me,Hpz) (PR3), through cis alkyne insertion into
the Ru-H bond. Double insertion was observed with dimethyl
acetylenedicarboxylate t o give
Ru (CO) C1[Me0,C=C(CO,Me) C(CO,Me)=CHCO,Me] (PRy),  while  phenyl
acetylene afforded unusual metallocycles of the form
Ru[NH=C (Ph) OC=CHPh] (CO) Cl(PR3)z. The reaction between methyl
propionate and HRu(CO) Cl(HeZsz) (l'-‘Ph3)2 besides yielding the
insertion product as the major complex also gives as a minor
product the bicarbonate complex Ru(cCO) (He02c=CHcozHe) (Hc03) 1 PPh3) 2¢
Spectroscopic data and X-ray structures are pr:esent:ed.47

The reaction between dimethyl acetylenedicarboxylate and
(ns-CSHS)Ru(PPh3)zH has been reinvestigated and it has been shown
that the product of initial cis alkyne insertion rearranges into
the trans isomer. Chelation of one of the carbomethoxy ester
groups follows upon PPh3 dissociation. The use of lH and 13c NMR
chemical shifts are shown to be an unreliable guide for vinyl
stereochemistry assignment. 48

50, insertion into (nS-CSMeS)Ru(CO) ZH has been shown to give

18

(nS-CSMeS)Ru(CO)ZSO3H. Use of isotopically enriched S°°0, reveals

that the additional oxygen atom is derived from a second sl8

©;
molecule via oxygen abstraction from the unstable first insertion
product, (ns-csnes)Ru(CO) 2518021-1. Infrared spectral data and

characterization by X-ray diffraction analysis is :I.nc:luded.49
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The fluorocarbon acid HZC(502CF3)2 has been reacted with
several ruthenium and osmium hydride/acetate compliexes in order to
probe for selective hydrogen or acetic acid elimination upon
protonation. (Ph3P)2Ru(c0)H(0Ac) gives the binuclear complex
[ (Ph3P) 4Ru, (CO) 5 (k—H) 5 (4-OAcC) ] [HC(SO,CF) 5} while (PhyP)sRuH(OAc) in
toluene yields the cationic toluene complex
[(r-toluene)RuH(PPh3)2][CH(SOZCF3)2] upon treatment with
HZC(SOZCF3)2. The osmium complex (Ph3P)308H(0Ac) reacts with
H)C(SO)CF3),  in  tolueme  giving [ (PhyP)40s(n?-H,) (n?-

OAc) ] [CH(SO,CF3),] toluene.  The

~Hy ligand was not clearly
resolved in the X-ray structure, but a lﬂ spin-lattice relaxation
study and the value of JHD in the HD analogue (J = 13.7 Hz) support
the presence of coordinated hydrogen. Upon treatment with
acetonitrile, elimination of acetic acid is observed along with

formation of mer-trans—[(Ph3P)3OsH(HeCN)2][CH(SOZCFa)Z].so

Five papers have appeared concerning the use of spin-lattice

References p. 310
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relaxation times, Ty, in determining the nature of ancillary bound
dihydrogen and/or dihydride ligands in mononuclear ruthenium and
osmium complexes. T; values for several ruthenium hydride
complexes have been measured. The complex RuH4(PPh3)3 displayed a
T, value of 0.050 s at ca. 291 K reinforcing the presence of both
dihydride (M-H, classical) and coordinated molecular hydrogen

[H-(Hz), non—classical].51

The complex RuHG(PCy3)2 has been
reformulated as cis, cis, trans-Ru(Hz)z(H)Z(PCY3)3, a complex that
contains two (nz-Hz) groups and two terminal Ru-H bonds. The new
assignment is supported by a short, temperature-dependent T value
for the rapidly exchanging hydrogen ligands. The same complex
readily loses three moles of hydrogen to give the first dinuclear

Z-HZ 1igand.52

complex Ruz(Hz)(H)4(PCy3)4 possessing an n Trans-
(0 (n2-H,) (H) (PhyPCH,CH,PEt,) ] (BF;) reveals two distinct, high-
field proton resonances at low temperature consistent with an

octahedral structure where the hz

~H, ligand is trans to the
terminal hydride. The isotopomer trans-[Os(nz-
HD) (D) (PhyPCH,CH,PEt,) ,] (BF,), prepared by heating the protio
complex under Dy, displays one of the smallest lJ(H,D) values (19

Hz) reported to date. The T value of the nz

-H, ligand in this
complex indicates that the H-H bond length in the aryl/alkyl
phosphine (Ph,PCH,CH,PEt,) is shorter than that calculated from T,
measurements in the corresponding dialkyl phosphine
(Et,PCH,CH,PEL,) . 53,54
Thecomplexestrans-[Os(nz-HZ)Uﬂ(meso—tetraphos)]+1andtrans-
[Os(nz-Hz)(H)(rac-tetraphos)]+1 [where tetraphos =
PhZP(CHZCHZPPh)ZCHZCHZPPhZ] have been prepared and the T values
measured and compared to the above PhZPCHZCHZPEt2 analogues.55
(d) Phosphines

Treatment of (ns-CSHS)Ru(diphos)I with methyl trifluoromethane
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sulfonate gives the iodomethane complex

[(n5-c5H5)Ru(diphos)IHe](CF3SO3) in high yield. this new complex

13 31

has been fully characterized by lH, c, and P NMR spectroscopies;

the iodomethane ligand does not exchange with free iodomethane in

1H NMR measurements. The reactivity of this

solution based on
complex was examined in methylation reactions with the enamine
1-(N-pyrrolidine)cyclohexene and the trimethylsilyl enol ether of
cyclohexanone. Both substrates reacted in moderate to high yield
to give the corresponding product of C-alkylation as the major
prc:niluct.s6

The axially dissymmetric phosphines (R)- and (S)-2,2'-
bis(diphenylphosphino)~-1,1'-binaphthyl ([i.e., (R)- or (S)-BINAP]
have been reacted with [RuCl, (COD) ], in the presence of added RCO,Na
to yield the ruthenium(II) complexes Ru(OZCR)z[(R)— or (S)-BINAP]
(where R = Me or t-Butyl). The X-ray crystal structure of
Ru[OZCC(CH3)3]2[(S)-BINAP] indicates that the complex has a A
structure, while the BINAP-containing seven-membered chelate ring
is observed to adopt a § conformation. Structural comparison with
the known [Rh{ (R)~BINAP)} (norbornadiene)] (C104) complex and results
of efficient asymmetric hydrogenation reactions are presented.57

Pentadienyltributyltin reacts with RuCl, (PPh3)3 to yield
(ns-pentadienyl)RuCI(PPh3)2. This complex serves as a precursor to
other pentadienyl complexes. Addition of PMe; or PMe,Ph (3 equiv.)
to the above complex leads to (n3-pentadieny1)RuC1(PR)3 with the
n3-pentadieny1 ligand adopting a W-shaped syn geometry. Halide
abstraction using Ag035CF3 or MeO;SCH3 affords the cationic complex
[(ns-pentadienyl)Ru(PR3)3] (O3SCF3) . Variable-temperature 31P NMR

5

measurements reveal that the n°-pentadienyl complexes equilibrate

the ancillary phosphines via rotation of the pentadienyl group

relative to the metal-ligand fr:amework.'r’8

References p. 310
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C3P3

The transition-metal diphosph.ae complex ( n5-c5ue5)nu(co) oP=FR
(where R = 2,4,6-t-Bu3c6H2) reacts with the sulfur ylide
(Me) 25(0) =CH, to give the diphosphirane complex

—

(ns-csnes)nu(CO)ZPCHZPR. Use of diphenylsulfonium cyclopropanide
yields the first example of a 1,2~diphosphaspiro[2.2]pentane
P ——
complex (n5-c5Me5)Ru(c0)ZPC(CHZCHZ)PR which has been fully

__
characterized. 59

Several ruthenium(II) complexes based on RuCl, (CO) 2Pz (where

P = Bzap, Phap, PhZHeP, PhMeZP, or He3P) have been prepared and
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fully characterized. The initially formed complex has all ligand
pairs trans (ttt) and is observed to thermally isomerize to the
isomeric complex where all ligand pairs are cis (ccc). Kinetic
measurements indicate a rate-determining loss of CO with the
phosphine's cone angle and basicity influencing the rate of
isomerization. The As* and AV’ values are both consistent with the
proposed dissociation process for the ttt -+ ccc iscmerization.so
A report dealing with the solid-phase thermal isomerization of
these same ruthenium(II) complexes using differential scanning

calorimetry has also appeared.sl

The labile solvent complex Ru(DHSO)4c12 reacts with
bis[ (diphenylphosphino)methyl]phenylarsine (dpma) giving
Ru(dpma)C12 which has been characterized by X-ray diffraction
analysis. The ruthenium is six-coordinate with trans chloride
ligands. One of the dpma ligands is bound through the two
phosphines while the other dmpa ligand is bound through one
phosphorus and arsine atom, presumably due to steric factors

associated with the dmpa ligand. An autocorrelated S3lp NMR

spectrum recorded at -60 °C suggests the presence of an additional

62

isomer in solution having cis chloride ligands.

References p. 310
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Reaction of Ru (DMSO) 4C1, with the tripod ligand MeC (CH,PPh,) 4
(triphos) gives the dinuclear complex [Ruz(uz-c1)3(triphos)z]cl

while HeC(CHZAsPPh2)3(triars) allows isolation of the mononuclear

to [Ruz(uz—CI)z(triars)z]CI upon dissolution in MeOH. Chloride
liganad abstraction using AgO,SCF, in MeCN produces
[Ru(HeCN)g(tripod)](Cngog)Z while use of DMSO solvent and
temperatures above 100 °C lead to [Ru(DHSO)3(tripod)](CF3SO3)Z. The
DMSO/tripod complex reacts readily with CcO to give the dicarbonyl
triflate complex [Ru(CF3S03) (CO),(tripod)] (CF4S04) .53

New ruthenium(II) 2,2',2"-terpyridine (trpy) complexes
possessing trans spanning diphosphine ligands have been prepared
and cationic complexes of the form [(Ru(trpy) (P-P)C1] (Cl04) ([where
P-P = diphenyl-P-benzyl-N(Me)2-(CH2)n—N(Me)z-benzyl-P-diphanyl; N
= 5 or 6) isolated. Spectral characterization, conductance and
cyclic voltammetry studies of the ruthenium(III)/ruthenium(II)
redox couple of all new complexes are reported along with
comparison to related complexes.64

Two reports have appeared concerning the reduction and
functionalization of RuClZ(PP3) [where PPy = P(CHZCHZCHZPH92)3].
Treatment with LiAlH, leads to the dihydride RuM,(PP3) which reacts
with COZ to give the formate complex RuH(OZCH)(PP3). C-H bond
activation of benzene occurs when the dihydride complex is
photolyzed. The coordinatively unsaturated dS-HL4 fragment Ru(PP3)
reacts by an oxidative addition reaction with the benzene solvent.
This aryl/hydride product has been characterized by X-ray
diffraction analysis.65 Related C-H bond activation products have
been obtained from the sodium amalgam reduction of RuClz(PP3) in
the presence of benzene, toluene, and o- or m-xylene. Toluene C-H
bond activation occurs at the meta position to give two isomers

characterized by a syn or anti meta-methyl/RuH disposition. X-Ray
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The reaction of the bidentate ligand diphenylphosphinoacetic
acid (POH) with ruthenium(II) and (III) complexes is described.
Rud,)PPny>, reacts wirn PDB )3 egmdv.) To give R)PD )P0 and
Ru(PO)z(PPh3) when 2 equiv of POH are used. POH reacts with
Ru (DMSO) 4C12 (2:1 ratio) to yield a complex of composition
HRu (PO) zcl(DHSO) while a 3:1 ratio of POH to Ru(DHSO)4C12 affords
HRu(PO) 3. RuCl3"3H,0 reacts with POH resulting in the formation of
the DYridged Aimer IRBIPD)ZCI)Z, ») complexes have Yeen

characterized spectroscopically (1H and 3

67

P NMR) and by EBPR and
electrochemical measurements.

The aminophosphine ligand (Ph,PCH,CH,y) 3N (TPEA) reacts with
Rl1c12(1’1='113)3 and Ru(DMSO)4cl2 to give the chelated complexes
RuClZ(TPEA) and Ruclz(DHSO) (TPEA), respectively. Depending on the
reaction conditions, Ruxa(TPEA) or [Ruxz (AsPh3) (TPEA) ] (X) can be
obtained from the reaction of TPEA with RuX, (AsPh3)2HeOH (where X
= Cl or Br) .68

Electronic spectra and resonance Raman behavior of several
RuCl,(PPh;) ,(X-py), complexes (where x-py = substituted pyridine)
have been published. The electronic spectra display two intense
charge-transfer bands which are assigned to the dxz -+ ¥ and dxy -

X electronic transitions while the resonance Raman spectra reveal

the presence of three charge-transfer excited states involving the
Ru-pyridine chromophor. 69
(s) Carbonyls
The photochemistry of Ru(CO),(n’-diene) (vhere diene =
1,4-pentadiene, 3-methyl-1, 4-pentadiene, 1,5-hexadiene, or
1,6-heptadiene)} and the thermal chemlstry of Ru(CQ) a(ethylene) 2

withr thhese dQlenes are reported. Thne thermalr Lisomeriration of

References p. 310
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Ru(co)3(n4-1,4-pentadiene) to Ru(CO)3(n4-1,3-pentadiene) proceeds
with a half-life of ca. 2 min at room temperature. Photolysis of
Ru(CO) 4 (n®-1,4-pentadiene) at 77 K yields both Ru(cO)s(n*-1,4-
pentadiene) (~75%) and HRu(co)a(n3-CSH7) (~25%). The latter product
is observed to thermally isomerize to Ru(co)3(n4—1,3-pentadiene)
above 198 K. The complex Ru(CO)3(n4-1,5-hexadiene) is stable for
several hours at room temperature while photolysis of Ru(CO)4(n2-
1,6-heptadiene) in the presence of added 1,6-heptadiene affords
only the bis(olefin) complex Ru(c0)3(n2—1,6-heptadiene)2.7°

The mechanism of carbonyl insertion in the complexes cis-
RuMex(CO)z(PMe3)2, (where X = I or CN) has been examined. Studies

13

using "“CO with natural abundance cis-RuHeX(CO)Z(PHe3)2, 12CO with

Beo  with

isotopically enriched cis-RuHeX(laco)z(PHe3)z, and
selectively labeled cis-RuMex(12co) (3co) (PMe,), indicate that these
reactions proceed via methyl group migration to a cis carbonyl
group and not by CO migration to the methyl site.71

Reaction of the cyclopentadienone complex (n4-Ph4C4CO)Ru(CO)3
with Et,NH at room temperature gives the amine complex
(n*-Ph CCO)Ru(CO) ,(Et,NH)  which  has  been  characterized
spectroscopically and by X-ray diffraction analysis. The same
amine complex was also isolated using Et3N at 140 °C.72

08 (CO) g has been the subject of a gas-phase electron
diffraction study which shows that 08(CO) gy possesses Dy, symmetry.
Corrections for three-atom multiple scattering are reported to
improve the fit of the experimental data, but little improvement
of the parameter values is observed.73

The synthesis and spectral characterization of several
ruthenium(II) complexes of the form RuClz(CO)ZL2 (where L =
naphthisoxazole, 2-aminobenzthiazole, allylthiocurea, thiocacetanide,

or P(OPh)3) have been described.74
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Hexabromoosmium(IV) reacts with PPh3 in refluxing acetic
acid/acetic anhydride to yielad OsBrz(co)z(PPh3) 2+ X-Ray diffraction
analysis Yeveals Ynat YTne osmium Aeom JWoPTeE an  ottanedral
coordination WATh Three disvrdered PBrsCO atumss/molecule, and a
single ordered IU maireculie possessing trans PPy graups.75
(£) 8ulfur and Oxygen Ligands
The isomerization kinetics for the conversion of cis—Os(n‘-
CHBA-DCB) (OPPh3) 2 (where CHBA-DCB = 1,2-bis-3,5-dichloro-2-
hydroxybenzamido-4,5-dichlorobenzene) to the corresponding trans
isomer has been examined and is shown to be first order in metal
complex and zero order in OPPh;. An intramolecular twist mechanism
is favored based on the absence of rate suppression using
hydroquinone or 2-mercaptoethanol and a lack of OP(p-tolyl)3
incorporation in the final product. The equilibrium constant
between cis- and trans-(0s(n*-CHBA-DCB] (OPPhy],1*! and the kinetics
fcr the caaversian af the cis cation ta tlhe traas catian are
regorted. The activation parameters and their mechanistic
significance are discussed and comparisons made between the neutral
amu cacionlc readtions.P-
Synthesis and reactivity studies of the stable
nz-thioxophosphane complex Os(CO)z(PPha)z(nz-PHS) are reported.
X-feoy LOoSOraIteOn onlyeet ohswie whet ulre we Doy YUSUPE T
oriented in a trans fashion and that the phosphorus and sulfur

atoms of the nz

grcups.l 1

~-thioxophosphane group are coplanar with the two CO

Reaction of K,Ru (NO) 015 with substituted aromatic thiolate
anitons attords complexes with the compagicion [Ru{SK} 3{¥3} 3'1 {where
R = 2,3,5,6-Me,CeH, 2, 6-Me,CcH3, or 2,4, 6-1-Pr3c6H2) . The isopropyl
derivative reacts with MeOH, DMSO, or MeCN via solvent displacement
of the nitrosyl glroup to give Ru(SR) 4L Ru (SR) 4 (MeOH) readily

loses MeOH under vacuum to give Ru(SR) 4- X-Ray structural analysis
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230

reveals a pentacoordinated ruthenium atom formed by four thiolate
groups and methine C-H activation of one of the ortho isopropyl
groups. The methyl derivatives react slowly at room temperature
in MeOH to yield a dimeric complex through a C-H bond activation
process. For the thiolate ligand R = 2,3,5,6-Me,C,H, the resulting
dimer [{Ru (uz-S-CHZ—B +5, S-He3C6H) {s-2,3,5, 6-C6H) (NO) )2 (MZ—S-Z +3,5,6-
He4C6H) ] -1 does not possess a Ru-Ru bond as judged by a X-ray
diffraction study where a Ru-Ru distance in excess of 3.3 A was
observed.78

A comprehensive NMR kinetic study of water exchange with
[Ru(HZ°)6]+3' [Ru(HZ°)6]+2' and [Ru(HeCN)G]+2 has been reported. 17o
NMR measurements were employed with the former two agquo complexes

while 1

H NMR spectroscopy was used to assess MeCN exchange in the
latter complex. From the kinetic parameters in the ruthenium(II)
systems, solvent exchange is shown to proceed by an interchange I
mechanism. The ruthenium(III) complex displays exchange from both
[Ru(H2°)6]+3 and the monohydroxyl complex [Ru(H20)50H]+2. The
kinetics for exchange support an associative interchange I, for
water on [Ru(H20)6]+3 and an I mechanism on the deprotonated
[Ru(H20)50H1+2. The results of exchange are compared to other di-
and trivalent transition-metal complexes.79

The kinetics of aquation and anation reactions have been
studied using [RuCly(H,0),1 ), RuCly(H,0)3, [Rucly(H0),1*!, and
[RuCI(H20)5]+z. The dependence on hydronium ion concentration and
KCl concentration on the kinetics is reported along with possible
mechanisme and computed rate constants for all reaction steps.80

Treatment of mer-0sCl,(N,) (PMe,Ph)4 with HeZNcsz' leads to loss
of dinitrogen and formation of mer/fac-OSCI(Hezncsz)(Puezph)3 or
cis—Os(HeZNcsz)Z(PHeZPh)z depending on the conditions employed and
the nature of the gegencation. Reaction of ner-Osxz(Nz)(PHezph)3

(vhere X = Cl or Br) with monodentate thiolates RS- (where R = CF3,
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Me, Ph, or CgFg) at room temperature gives the product of only
halide displacement mer-OsX(RS) (Nz) (PHeZPh)3. A X-ray structure of
mer-OsCl(CSFS)NZ(PMeZPh)3 reveals the presence of an octahedral
osmium atom with trans dinitrogen and chloride 1:lqands.81

The electrophilic imino-oxo—k"-sulphane 4-MeCgH,SO,NSO reacts
with OsCl{KO) (ethyliene) (?%3) 2 to give OBCL(NO) (?%3) 2‘(4—
Me@ R, 50,M50> 3in ppantirarive yield. ByArolysis ol Ihe sulvhane
complex yields the <corresponding sulfur dioxide complex
0sC1 (NO) (PPh3),(S0,) while reaction with HZS/HS' gives the disulfur
complex OsCl (NO) (PPh3)z(Sz). The latter derivative is readily
oxidteat with wmeba-criavaumertenzatc acid Lo gilwe the Jdbauitur
momoxide compirex UsCL{NG} erPrs.;l‘.,j(S‘.,ttl it

Zinc amalgam reduction of tris(f-diketonato)ruthenium(III)
compiexes JwWiere ¥J-Ifketonata = acetviacectanate racaci. 1.1.1-
tritiuara-z,4~-pentanetianate Jtfacy, 1,1,1.3.35,3-nexafivarg~2z,3-
pentanedionate (hfac), or 2,2,6,6-tetramethyl-3,5-heptanedionate
(dpm) ] in acetonitrile leads to diacetonitrile-bis (8-
diketonatajruthenium(IT} complexes. Reductian of mnixed-ligand
p-diketonato complexes reveals that the more electron-donating
B-diketonate ligand is displaced by two acetonitrile ligands. The
synthetic usefulness of these solvated ruthenium(II) complexes is
shown by the preparation of known and new mixed-ligand fg-diketonato
ruthenium(III) complexes RuL,L'.3

The Ru(hfac)ao/ -1 self-exchange has been examined by g nmr
measurements in a variety of solvents and as a function of pressure
up to 200 MPa. Data analysis using the Stranks-Hush-Marcus
relationship reveals that the kinetics for electron tranafer are
influenced primarily by solvent reorganization with a minor
contribution originating from internal reorganization within the
ruthenium complexes. . The effect of pressure on the lg line widath
and chemical shift of Ru(acac) 3 in similar solvents is also

reported. 8¢
References p. 310



232

A report dealing with the crystal structure and absolute
configuration of (+)CD275 - Ru(acac),; has appeared. The optical
antipode was isolated from an enantiomeric mixture of Ru(acac),
using cellulose tris(phenylcarbamate) coated silica gel and is
shown to possess a A configuration of Dy symmetry with slight axial
elongation.85

o~-Formylphenols and o-acylphenols react with ethanol-reduced
Ruc13 to give tris chelate ruthenium(III) complexes. The complex
formed from salicylaldehyde has been crystallized and analyzed by
X-ray diffraction analysis. The EPR data of these low-spin RuL,
complexes display rhombic spectra with axial and rhombic distortion

parameters of <~4500 and 1500 cm'1

respectively. The redox
chemistry of these complexes is reported along with the conversion
of [RuIvL3]+l to [RuIsz(HeCN)2]+l. The bis(acetonitrile) complex
provides an entry point to other compounds based on the Rulhﬁ
fragment.86

A voltammetric examination of the redox behavior of
[Ru4(OH)12]+4 at a platinum rotating disk electrode has been
reported. Oxidation leads to [Ru4(OH)12]+5 which is formulated as
a tetrameric Ru(4.25) species. The oxidation process is
independent of the solution acidity which suggests that hydroxyl
oxidation is unlikely. The ruthenium(4.25) complex is reduced by
water in 1.0 M HClO4 by an undetermined photochemical process.87

Reactions with the thioether dithiolato complex
Ru(PPh3)2(dttd)(where dttd = 2,2'-ethylenedithiobis (thiophenolate)]
and the amino dithiolato complex Ru(PPh3)2(bmae)twhere bmae = 2,2'-
ethylenediiminobis(thiophenolate) ] are described. PPhy
substitution is observed by CO in Ru(PPh3)2(dttd) at room
temperature to give Ru(co)(PPh3)(dttd) whereas the bmae complex is

unreactive. The bmae complex is shown to yield Ru(CO)(PPh3)(bmae)
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and Ru(CO)z(bmae) at elevated temperatures or through a base-

induced deprotonation of the amine funci:ionality.88

Ru(CO) (apttd) {where dpttad = 2,2"'-
[thiobis(ethylenethio) jbis(thiophenolate}} has been shown to react
with bis(2-bromoethyl)sulfide at elevated temperature to give, via
loss ©I an D<pENZENEHITNAIGLIETE Urouk. the nNEw 1yant vordtaining
camalex RU(BZa-957( (_c:m:d’r.'.t (alere Bza-9535 = crriddrladenzga (¥ (crawt~
3). This new complex has been characterized spectroscopically and
by X-ray diffraction analysis.89

A X-ray diffraction study reveals intermolecular stacking of
the N-bound tetracyancethyiene (tcne} ligands in
Os(SZPHez) (PPhs) (tcne) which was prepared by reacting tcne with
Os(szmez) (PPh3)2. In contrast, OS(SZPPhZ) (PPh3) (tcne) adisplays no
such intermolecular contacts in the solid state. The spectra,
electrochemical and coulometric properties of these complexes are
reported and compared with known charge-transfer complexes.90

An in-depth examination of all bond-isomeric
hexakis[thiocyanato(N)-thiocyanato(S) Josmium(III) and (IV)
conplexes has appeared. Included here is the preparation, redox
tehavior, vibrational and electronic spectral analysis of all
conplexes 'sisc\‘&m.g 1,92

The chemistry associated with several ruthenium hydroxides and
alkoxides has been partially reviewed in a comprehensive review of
the late transition metals.®?

Kinetic and equilibrium measurements have been reported fo:
tire Tedus TRaTliun wwhveen Ui Guuse cumpiek TRug(Mg) 14785 z‘j*J AUIR

Lt
Fe™*”

salts .% The electronic spectrum of the dioxo couple:
[Os(o)z(CN)4]'2 exhibits five distinct band systems at 10 K. Ban
assignments and singiet-triptet aistances are dkscnssed.gs e
report dearing withn the crysta: structure and etrectronic propertter
of IO 310}1) Z)'Z has appeared. The INYes OXO GIOUDS AYP DDSEYVEH!

References p, 310
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to reside in the equatorial plane giving rise to an overall
trigonal-bipyramidal geometry and idealized Dy sylmet:ry.g6 The
redox properties of several trans-dioxocosmium(VI) Schiff-base
complexes have been reported. The X-ray structure of trans-
tos'!(0),(3-t-Bu-saltmen)] [where 3-t-Bu-saltmen = N,N'-(1,1,2,2-
tetramethylethylene)bis(3-tert-butylsalicylidenaminato)] is also

97

presented. The X-ray structure and spectral properties of the

u-oxo complex (Ru,(u-0) (u—OAc)z(pyridine)6]+z have been reported.
The redox properties and the relationship of this ruthenium dimer
to the iron-containing protein methemerythrin are d:i.scussed.g8

Two reports dealing with the synthesis and reactivity of
u-peroxo bis(ethylenediaminetetraacetate)ruthenium(IV) complexes
have been published. The u-peroxo complexes are prepared using
molecular oxygen or H2°2.99,100

(g) Nitrogen Ligands

Several reports dealing with the chemistry associated with
[Os (NH3)5L]+2 complexes have appeared. For L = acetone, a redox-

LR n2 isomerization is observed upon one-electron

reduction. The thermal rate constant for nz - nl acetone

2

induced 1n

-coordination of acetone is
1

conversion has been measured and the 7

shown to be 5.0 kcal/mol more stable than the n -isomer. A variety

of coordinated aldehydes and ketones have been examined and it is

2

shown that the initially formed complex arises by n“-arene

1

coordination. Linkage isomerization to the n"-coordinated carbonyl

complex is readily observed upon oxidation to the osmium(III)

101

complex. A similar linkage isomerization was also reported for

[OS(NH3)5(nZ-PhNHz)]+Z along with the isomerization rates anad

102 2

thermodynamic parameters. Substituent effects on n“-coordinated

arene complexes in [Os (N‘H3)5L]+2 complexes have been examined by

variable-temperature NMR measurements. Tautomerization rates

2 2

associated with 2,3-n° = 5,6-n° exchange process have been
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calculated for several substituted-benzene osmium(II) complexes.
The stabilities of the corresponding osmium(III) complexes are also
presented. 103

Benzene hydrogenation to cyclohexene under mild conditions
using [0s (NH3)5(nz-c5H6)]+2 in the presence of palladium on carbon
has appeared. The hydrogenation reaction proceeds through an
osmium (II)~+(III) redox couple.104 The complex [(Os(m3)5)z(nz:nz—
K-CeHg} }“ is unreactive due to steric crowding which prevents
palladium coordination to the arene. Reaction of [Ru(NH3)5]+2 with
[Os(m3)5(n2-c6!{6) }*2 yields the mixed-metal nz-. nz—u-arene conmplex
[OssIR},) FRUIRR, ) 1 nL:,nlru—‘co; D,;):f“‘ andlogous ‘to ‘the apove dimeric
osmium arene.l0%

New pyrazine bridged osmiumpentaamine complexes are described
using (OS(NH3)5pz]+2 (where pz = pyrazine) as the starting material.
Thee new compl exes Ancanbe J )m;) :‘-Ds)pzD Ds)m.;){) D)‘,
[(NH3)4(Nz)Os(pz)Os(NH3)5]+" (n = 4, 5, or 6),
[(NH3)4(Cl)Os(pz)OS(NH3)5]'"' (n = 3, a, or 5),
[ (NH3) 508 (Pz)Rh(NH3)]™ (n = 5 or 6), all of which are fully
investigated by electrochemical and spectroscopic techniques. The
chenistry associated WATDH Yoe pyrazipe-bridged ruorrendmperraamdrs
compiexes Imf;xf‘ku“(pﬁmm;‘,lﬁx‘.’s 38 Sesaribed and compared o
the osmium tumlogues.m6

The synthesis and redox properties of several new
N-heterocyclic complexes of ruthenium and osmium of the form
[H(NH3) 5(N-heterocyc1e) ]"'2 have been reported. The method of choice
for tite preparation of these ruthienium(IIj and osmium(II} complexes

is through reduction of the corresponding metal (III) complex in

nonagueous solvents, 107

Treatment of [OS(NH3)5]+2 with acetone gives the imine complex

[Os (NH3)5(Nchez) ]+2 through a redox-catalyzed condensation scheme

References p. 310
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involving [Os(NH3)6]+3. NMR measurements reveal the imine to be

2

terminally coordinated, unlike the n“-%x coordination observed with

the isoelectronic acetone analogue.108

An in-depth electrochemical and spectroscopic study of

[0 (NH;) g (nitrite) ) *2:+3 a.109

complexes has appeare

The synthesis, 1linkage isomerization, and autoxidation
kinetics have been examined for reductic acid complexes of
pentamineruthenium(III). The ascorbate and tetramethylreductate
complexes display either rhombic or axial EPR spectra depending on
the degree of protonation along with magnetic susceptibilities
consistent with Ru(III) species. The pH dependence on the redox

110 Ascorbic acid reduction of mononuclear

processes is described.
and binuclear ruthenium(III) amine complexes is presented. The
rate-determining reaction involves reaction between the
ruthenium(III) complex and two ascorbate monoanions, followed by
reaction of the ascorbate radical with the ruthenium(III) complex.
The reactions have been analyzed using the Marcus~Sutin model for
outer-sphere electron-transfer reactions to give the self-exchange
rate constant of the ascorbate monoanion/ascorbate radical
couple.111

The rates of [Ru(NHa)S(pyridine)]+3 reduction by [':l‘j.(c204)]'1
have been measured and are observed to occur via an outer-sphere
mechanism. Use of [Ru(OAc)z(C204)2]'1 as the oxidant leads to an
inner-sphere mechanism with an observable Ru/Ti oxalate
intermediate. The stability constants for [Ticzo4]+l and
[Ti(c204)]'1 are also reported.112 The formation kinetics for the
binuclear complex [(NI-I3)!-,Ru.”INCFe”I(CN)5]’l have been measured.
The reaction proceeds through the rapid formation of the ion pair
[(NH3)5RuOH2]+3/[Fe(CN)6]'4 which is shown to be the precursor to
the valence-trapped binuclear Ru/Fe complex. The intervalence

absorbance band has been measured and a discussion is presented
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dealing with the extent of electronic delocalization in this and

related complexes. 113

[Ru(NH3) 5(oiefin) ]"'2 and [OS(NH3) 5(olefin) ]"’2
(where olefin = isobutylene, propene, 1,3-butadiene, 1,4-
pentadiene, or 1,5-hexadiene) have been prepared and
spectroscopically characterized. The redox potentials have been
measured and are contrasted with other known complexes. Binuclear
complexes based on 1,3-butadiene are obtained by reacting
[ (NH3) gM(1, 3-butadiene) ]+2 with [ (NH;) gM (triflate) ] (triflate) 2 while
the mixed-metal analogues are prepared similarly. In [(NH3)5H(1,3-

butadiene) ]+2' the uncoordinated olefin may be brominated using Br,

while no reaction is observed in the binuclear complexes.114

The preparation of isothiocyano and isoselenocyano complexes
based on pentaamineosmium(II) are reported. Reaction of -SCN and
-SeCN with [(NHa)SOS(triflate)](triflate)z ylelds the respective
N-bonaeu camiiexes as uadrermineu "py Viordcrond:e s_r:uev;‘crc:scqr:;sr.UEL
Finally, the crystal and molecular structure of the mixed-valence
ruthenram f!.im';{f\mgf,t’m:.ﬁ3aa<{@:31,3gf\ﬂ:l@:lf, das WM’;«&.J 16
The synthesis and redox properties of t:rans--[Ru(NH3)41..L']"'2
complexes (where L, L' = pyridine, 4-picoline, isonicotinamide,
4-aceEyr pyraidine. pyrazine. or oyrazinium are reporreb a1ong witn
the aqueous solution basicities of the coordinated pyrazine ligand

in all the new complexes.117

In the complexes trans-
(Ru(NHz) 4 (PRy) (H,0) 1*% (where R = Et, Bu, Ph, PhO, EtO, or BuO) the
trans-£33e0r and rrars-2nIdnerce or The agRarTiorn reacrdow (» rxe
presence of pyridine have been measured. Generalizations
concerning the influence of ¥ vonding on The Trans-inilvence ol The
ancillary phasphine are discuseed.’®

A report dealing with the optical outer-sphere ligand to metal
charge transfer (LMCT) in the ion pair [Ru(NHy)gl*’/[Rh(cN)g)™3 has

appeaxed. Bixing {hese ions gives 2an increased U9/ near-Uy

References p. 310
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absorption assigned to an outer-sphere IMCT from a Rh-cyanide to
the Ru-amine.!l?

The nitrosyl complex [RuCls(NO) ]'2 reacts with the macrocyclic
amine ligand 1,4,8,11-tetramethyl-1,4,8,11-tetraazacyclotetradecane
in the presence of hydrazine and acetonitrile to give trans-
[Ru(u) (macrocycle) (N3) (HeCN‘)]"l. The molecular structure of the
azide complex has been determined and the measured
Ru-N(acetonitrile) bond distance is contrasted to the analogous oxo
complex trans-[Ru(") (macrocycle) (O) (MeCN) ]*’1.120

A report on the electrocatalytic reduction of nitrite using
the ethylenediaminetetraacetic acia (edta) complexes
[Ru”(Hedta) (No+)] and [Ru”(Hedta) (1-120)]’l has appeared. The
nitrite reduction pattern is compared to known water-soluble iron
porphines.121 The oxidation of Na[Ru“(Hedta) (HZO)]'4H20 by sodium
persulfate leads to Ruzo(Hedta)z'xHZO (x = 15.4 t 0.4). Cyclic
voltammetric analysis suggests a bridging Ru-0-Ru structure. Use
of [Ruu(edt:a)]'2 gave similar results. The complexes [Ruu-
(edta)} 2, [Rull(Heata) (H0)17!, ana [Rull,(ttha) (Hy0) 12 (where
ttha = triethylenetetraaminehexaacetic acid salt) are oxidized by
either Hy0, or 0, to give products of HyO replacement by Hy0,. The
EPR data and DMPO spin adduct EPR data of several I.Ru”l(oz'z)

4 3, or ttha's) are reported along

complexes (where L = edta ', Hedta~
'w:lth the olefin epoxidation behavior exhibited by those
¢:omp1ex¢as.122 The aquation of [Ru(edta) (Hzo)]'l using SCN’, N3',
thiourea, and substituted thioureas has been examined as a function
of pH, temperature, and pressure. A reaction involving an I,
mechanism is favored based on the pH dependence and activation
parameters. 123

The autoxidation of the metal encapsulated complex [Ru(sar) ]+2
(where sar = 3,6,10,13,16,19~hexaazabicyclo[6.6.6)eicosane) has

been examined electrochemically and spectrophotometrically. The
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rate of autoxidation is strongly pH dependent and a mechanism is
presented that accounts for the rate differences at low and high
PH. Analysis of the kinetic data has allowed evaluation of the
acidity of the proton on the secondary nitrogen (pKa = 6.3) in
[Ru(sar} ]+3. 124

Reaction of the tridentate ligand 1,4,7-triazacyclonane (tacn)
with [Ru(DHF)6]+2 gives [Ru(tacn)2]+2. This ruthenium(IX) complex
has been fully characterized and its redox properties presented.

The Ru‘?/*3

redox couple is fully reversible which has allowed the
electrun~selif~eachange rate to be measured Py MR neasurenents.

The large electron-self-exchange rate constant (kex = 5 X 104

1 1, p=0.1M, T=23 °C) has been used to assess the effect of

M 's”
strain in the tacn ligand on the exchange reactions and has been
contrasted with other ruthenium amine complexes and cobalt and
nicke) rehbox conp)es.ui

Ru (CO) 41 reacts with Ag(toletol) [where tolN5t01 = 1,5-bis(p~-
tolylinentaazadienel ta qilve _cm_cm,ts,_(mm;mu. ];Z. which fhag been
characterised crystallograpirically. Twe peamntaacadientdo lgamis
bridge t™he tTwo R0}TO) wirs Yy The B; and P; »roms. Toe
pentaazadienidoc ligands dispiay pianar Ng zig-zag chains with an
all-trans configuration. 126

Several new 1,3-diaryltriazenido complexes of ruthenium and
osmium have Dbeen reported. The synthesis and spectral
characterization of [Ru (ArNNNATr) (c0)3]2, [Ru(ArNNNAr)Z]z,
cis-Ru(ArNNNAr)z(co)Z, m(z(ArN'NNAr) (PPh3)2, and H(ArNNNAr)3 (where
M =FRuords; K= CL aor 8r; Ar = p-substituted aryl (4, CI. or ¥ell
are described. The measured magnetic moments of the dimeric
[Ru(ArNNNAr)Z]Z complex reveals ca. one unpaired electron per
dimer, suggesting population of the spin states 0214621‘4 and
0214621‘301.127 The ruthenium(II) and osmium(II) complexes

Hclz(PPh3)3 react rapidly with 1,3-diaryltriazenes under aerobic

References p. 310
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conditions to yield the corresponding 1,3-diaryltriazenido
complexes Hclz(ArN'NNAr) (PPh3) 2° All of these complexes display

measured magnetic moments consistent with a low spin d5 Ru(III) or

Os(III) center. 128

A report of optical outer-sphere metal-to-metal charge
transfer in the ion pairs [Pt(NH:‘,)!-,Cl]":’/[llt(cr{)ﬁ]'4 (where M = Ru or
0Os) has appeared. The energetics associated with the optical MMCT
are briefly discussed.129

The interactions of the nucleosides adenosine, cytidine,
guanosine and inosine with [Ru(C0)3Cl,], and polymeric [Ru(c0)2c12]x
have been reported. Depending on the Ru:nucleoside ratio, mono-
and bis-nucleoside derivatives may be isolated. IR and NMR

spectral data ar. presented.13°

A reactivity study of [Ru3(c0)m(uz-NO)]'1 has appeared.

P-ligand substitution occurs rapidly at a nitrosyl-substituted

13

ruthenium atom and complete "“CO exchange is observed under mild

conditions. The reaction of PPN(NO,) with [Ru3(c0)m(uz--N0)]'l
under CO gives [Ru(c0)3NO]'l when photolyzed. This latter complex

can also be synthesized using PPN(NO,) and Ru(CO)g as starting

materials. 131

Liz[Ru(lscN) 5NO] has been synthesized at 90% isotopic

enrichment and characterized spectroscopically. Attempts to

1 13

determine the two-bond coupling 2J( l:‘,Cax—Ru- 3Ceq) using C NMR

spectroscopy were unsuccessful. The doubly labeled complex
Li4[Ru(13CN)5( l!-'Noz) ], prepared from the nitrosyl complex and excess

Li(15N0,), revealed a two-bond coupling to the 5w, Z3(!3c, -Ru-

1 15

5Noz) and ZJ(13ceq-Ru- NO,). The reactivity of the nitrosyl with

other nucleophiles is reported and compared with nitroprusside.l32

Three reports concerning the chemistry associated with nitrido

compléxes have appeared. Halide metathesis in trans-
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[0s (N) (cnzsiue3)c12]‘1 is observed using the silver salts Ag,C03,
AgReo4, and Agso4. The isolated carbonate, perrhenate, and sulfate
complexes all possess a square-pyramidal structure with the nitrido
group occupying the apical posj.t:ion.133 Reaction of the anionic
nitridoruthenium(IV) complex [Ru(N) (OS.’n.l{e3)4]'l with AlMe; or
Me(CH,SiMe;), yields [Ru(N)(Me),)”! and [Ru(N)(CH,SiMes),)7},
respectively. The X-ray structure of the tetramethyl derivative
is reported and is shown to be square pyramidal with the methyl
groups bent down below the plane of the ruthenium. The reactions
of these anionic nitrido complexes with HC1, Au(PPh3)Cl1, and Lewis

acids is described and contrasted with the related osmium

analogues.l“ Several new nitridoosmium complexes with ancillary

sulfur ligands have been synthesized and characterized.
[O8 (N) (CH,SiMe;) ,C1,]"! reacts readily with 1,2-ethanedithiol in the
presence of Et;N to give the osmium dithiolate complex
[Os(N) (cnzsine3)z(scxzc}125)]'l. Reaction of the dichloro complex
with thiocyante gives [0s(N) (cnzsine3)2(scu)2]'l which is shown to
exhibit linkage isomerization. The major isomer possesses two
N-bound thiocyanates while the mninor isomer displays one

thiocyanate and one isothiocyanate ligand. Both chlorides are

References p. 310
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replaced upon reaction with 2-pyridine thiol to give the neutral
dimer [o-(N)(cuzsiue3)2(scsﬂ4u)]2. The 2-pyridine thiolato ligands

are shown to chelate and bridge the two osmium centers by X~ray

The synthesis and X-ray structure of Ruc1(8-quinolinate)z(N0)
have been reported. The chloride is shown to be cis to the
nitrosyl group with the quiolinate arranged with cis oxygens and

136 Geometric isomerization in the related

trans nitrogen atoms.
2-methyl-8-quinolate complex RuX(z—mqn)z(No) (where X = Cl or Br)
has been observed upon optical excitation. The all trans-RuX(2-
mqm)z(No) complex has been prepared starting from either cis(0,0),
cis(N,N)- or cis(o,O),trans(N,N)-RuX(z-mqm)z(No).137 The influence
of the axial ligand in the oxidation of trans-[RuX(NO)(py)“+2
(where X = Cl1 or OH) is discussed. Oxidation is shown tc give the
oxo complexes trans-[Ru(ONO)(o)(py)4]+1 and trans-[RuCl(O)(py)4]+l
starting with the hydroxyl and chloride complexes, respectively.138
The preparation and X~ray structure of cis-[OsC14(NO)(NSCl)]'1
starting from (Nscl)3 and 0sCl4(NO) have appeared.139

A study dealing with the preparation and properties of
rutheniunm nitrosyl/nitrite complexes with ancillary
2-(arylazo)pyridine ligands (L) starting from the dinitro complex
Ru(N02)2L2 has been published. Protonation of the dinitro complex
Ru(NO,) 5L, gives the nitrosyl/nitrite complex in high yield. IR
analysis reveals the existence of a highly electrophilic nitrosyl
ligand based on the observed vNO stretch at 1950 cm'l. The redox
chemistry and chemical reactivity toward hydroxide ion is
described.140 The stereospecific isomerization of trans-y-
Ru(azpy)zclz [where azpy = 2-phenylazo(pyridine)] into the a« or §
geometric isomers has been reported using hydroxide as a catalyst.
The kinetics for the isomerization of the 7 form into the § form

and mechanistic interpretations are pre-entea.l4l
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Thestructureofner-Ruc13(HeCN)[1-nethy1-3-(2—pyridy1)—1,2,4-
triazole] has been solved. The heterocyclic complex is prepared
by reacting RuCl, with the triazole in acetonitrile. The ORTEP
diagram reveals that the MeCN ligand is trans to the pyridyl

nitrogen.142

The chemistry and radiosensitizing activity of
ruthenium(II) complexes with ancillary 4-nitroimidazole ligands has
appeared. The new complexes have the general formula RuClZ(DMSO)ZLh
(where L = 4-nitroimidazole derivative; n = 1 or 2) and the
N-methyl-4-nitroimidazole derivative (n = 1) displays a higher
sensitizing enhancement ratio relative to the free heterocycle and
shows no in vitro cytotoxicity toward hypoxic tumor ce11.143

A new Schiff base complex without a wm-acidic ligand has been
synthesized. The ruthenium(III) complex [Ru(SB)CIZ]'l (where SB =
Schiff base) has been prepared using
HeC(O)CHZCR=NCHR'CH2N=CRCH2C(O)Me and the usual spectroscopic
characterizations are reported along with XPS data.l44

Aryldiazonium cations react with RuH,[P(OEt)3]4 to give
bis(aryldiazene)- and mono(aryldiazenido)ruthenium complexes. A
low-precision X-ray structure of the bis(diazene) complex [Ru(4-
Hec6H4N=NH)Z(P(OEt)3)4]+2 reveals an octahedrally disposed ruthenium
with cis diazene groups. The bis(diazene) complexes react with
Et;N to afford new.pentacoordinate aryldiazenido complexes of the
form [Ru(Aer)(P(OEt)3)4]+1. Protonation of the aryldiazenido
complexes using HBF, and CF3CO,H gives [Ru(ArN-NH)(P(OEt)3)4]+2 and
[Ru(CF4C0,) (ArN=NH) (P (OEt)3),1*!, respectively.l45

The results of EPR studies of irradiated single crystals of
alkali halides doped with ruthenium and osmium cyanide complexes
have been published.146

The tripod ligands tris(2-pyridyl)amine, tris(2-
pyridyl)methane and tris(2-pyridyl)phosphine have been reacted with
[Ru(DHF)6]+2 to give the respective bis(tripod)ruthenium(II)
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complexes. All three complexes were examined by X-ray analysis,
revealing an increased distortion from idealized D3y symmetry as

the bridgehead X-C(pyridyl) bond distance increases.l47

The electrochemistry of [H(bpy)3]+2 (where bpy = 2,2'~
bipyridine; M = Ru or 0s) has been examined in liquiad 50, at -70 °c
using ultramicrovoltammetric electrodes. [Ru(bpy)]+2 displays
oxidation waves to the 3+, 4+, 5+ and 6+ species. The 3+ state
corresponds to a metal-centered oxidation while the latter three
states are derived from bpy-centered oxidations. The 3+ and 4+
states exhibit Nernstian behavior as judged by the usual cyclic
voltammetry criteria while the 5+ and 6+ states decompose through
reaction with solvent or electrolyte. [Os(bpy)s]+2 may be oxidized
to the stable, metal-centered 3+ and 4+ states. A transient 5+
species OsIv(bpy'+)(bpy)2, originates from a bpy oxidation.
Standard potentials and the rate constants for the 5+ and 6+ states

148

are presented. Fast-scan cyclic voltammetric measurements have

been used to study the reduction of [Ru(bpy)]+2. The heterogeneous
rate constant for the +2/+1 and +1/0 redox couples are found to be
one order of magnitude larger than previously reported.149
[Ru(bpy)3]+2 and Ru(acac) 4 oxidation has been examined at a rotating
disk electrode using acetonitrile solvent. The diffusion
coefficient and apparent rate of charge-transfer have been

determined.lso

pPH effects on the redox properties of [Ru(bpy)3]+2
using a clay-modified electrode have been investigated. The
voltammetric waves for the 2+/3+ redox couple are unaffected in the
PH range 4-10 and are diminished below pH 4. Electrode passivation
results from adsorption on the edges and planar surfaces of clay

platelets.151

A photochemical study of [Rn(bpy)3]+2 in DMF solvent with
chloride ions has appeared. The primary photoproducts observed

were  cis-Ru(bpy),Cl, and cis-[Ru(bpy),(DMF)c1)*1, 152
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Disproportionation of (3C'1') [Ru(l)py)3]"'2 in fluid solution to
[Ru(bpy)3]"’l and [Ru(bpy)3]"’3 is shown to compete with unimolecular

relaxation at diffusion-controlled rates. 153 The photochenistry and

+2

electrochemistry of [Ru(bpy)3]+2 and [Ru(bpy)z(HeCN)Z] in MeCN

solvent with chloride ions has been reported. [Ru(bpy)z(!(eCN)CI]'l

is ultimately formed from the comproportionation of [Ru (bpy)3]"'3 and

[Ru(bpy)3]+1, persulfate oxidation of [Ru(bpy)3]+1, and oxalate
reduction of [Ru(bpy)3]+3. Optical excitation of [Ru(bpy):‘,]+2 leads
to {Ru(bpy) 2(MeCN) 2]"'2. For both [Ru(bpy)3]+2 and

[Ru(bpy)z(HeCN)z]+2, the lowest excitation state is responsible for

154

ligand substitution. A review article dealing with recent

developments in the spectroscopy of [Ru(bpy)3]+2 and the nature of

155

the charge transfer excited states has been published. IR and

resonance Raman spectra of [Ru(bpy)3]+2 and several of its
deuterated analogs have been measured and interpreted by normal-

156

coordinate analysis. The luminescence of [Ru(bpy)3]"'2 using

picosecond laser pulses has been shown to function as an optical
step signal for detector testing in the nanosecond time dom/znin.ls7

The effect of salts on the bimolecular rate constants and cage
escape yields in the oxidative quenching of excited [Ru(bpy)3]+2 in
the presence of methylviologen (HV*Z) and [Ru(NH3)5(py) ]"'3 has been
examined in aqueous solution. For specific counterions, electron
transfer was observed to be faster with added 0104' than €17,
suggesting that the rate of the unimolecular electron-transfer step
is dependent on an intermediate encounter complex that includes the

158

gegenanion. Cage escape yields from the quenching of excited

[Ru (bpy)3]+2 by MV+2 have also been reported in aqueous solution

using pulsed-laser flash photolysis. The primary quantum yield for

the formation of [Ru(hpy)3]+3 was examined as a function of Hv+z

159

concentration, ionic strength, and pH. Photoelectron transfer
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in multilayered Langmuir-Blodgett films has been reported using
excited [Ru(bpy):‘,]+2 as the reductant to several acceptor molecules
has appeared. The dependence of the rate of photoinduced electron
transfer on the free energy change supports the possibility of a
Marcus inverted region at highly negative AG° values.160

The synthesis and photochemistry of new, covalently-linked
ruthenium(II) dimers have been described. The luminescence
properties of the complexes [Ru(bpy)z]zL [where L = 1,2-bis(4'-
methyl-2,2'bipyridin-4-yl)propane}] are contrasted to polymer-bound

+2 (where L' =

[Ru(bpy)3]+2 and the component monomer [Ru(bpy) 2L']
4,4'-dimethyl-2,2'-bipyridine). Intramolecular enhanced quenching
was not observed in either of the [Ru(bpy)Z]ZL analogues and
electron-transfer quenching of excited [Ru(bpy),],L with Mv*? is
compared with the polymer-bound and component monomer complexes.
Kinetic evidence is presented that rules out energy migration
between the ruthenium centers in [Ru(bpy)z]zL and the polymer-bound

161 A report demonstrating spontaneous organization of a

complex.
sensitizer-acceptor-secondary acceptor complex at the surface of
a zeolite has appeared. A covalently linked [Ru(bpy)3]+2-N,N'-
dialkyl-2,2'-bipyridinium complex (RuL3+z-nDQ+2) functions as the
sensitizer-acceptor portion while the secondary benzylviologen
acceptor portion, embedded within a zeolite frame, completes the
molecular triad. The photochemistry leading to a long-lived
charge-separated state is reported.162 The presence of novel
luminescence in an amide-bridged [Ru(bpy)3]+2 based dimer has been
observed and explained by excimer formation. The cyclic
voltammogram for the Ru+3/Ru+z couple is quasi-reversible,
suggesting a sluggish intradimer electron transfer proc::ess.163

A closed cage ruthenium(II)-polypyridine complex has been
pPrepared and examined photochemically. The noncryptand, spacered

4

tris-bpy ligand renders the ruthenium(II) complex ca. 10° times
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more stable than [Ru ().)py)3]"'z towards photodecomposition. The caged
complex also promotes an increased excited state lifetime relative

to [Ru(bpy)3]+2. The reasons for the increased stability are

presented. 164

Intramolecular electron transfer in linked
[Ru(bpy)3]"2/diqt.mt:+2 complexes has been measured in acetonitrile
solution using time-resolved picosecond emission and absorption
spectroscopies. The rate of electron transfer from the metal-to-
ligand charge transfer (MLCT) states to the diguat acceptor is
readily analyzed by a simple kinetic model where MICT exciton
hopping is fast and electron transfer to the diquat is rate
limiting. Electrochemical potentials for the ruthenium +2/+1 and
+1/0 redox couples are related to the MICT state energies and a
linear correlation between the driving force and rate of electron
transfer is demonstrated. Reverse electron transfer
(diquat-ruthenium) is observed to be faster than the forward rate
of electron 1:r1:ms1:‘er.165

The chromophoric ligand has been varied in a variety of osmium
complexes in order to study the properties of the MICT excited
states. The examined compounds include [Os (PP) 3] 2 ,
[Os(PP)z(py)2]+2 and [0s(PP),(LL) 1*2 [vhere PP = bpy, 1,10-phen, and
substituted derivatives; LL = o-phenylenebis(dimethylarsine), 1,2-
bis(diphenylphosphino)methane, cis-1,2-bis(diphenylphosphino)-
ethylene, or o-phenylenebis(diphenyiphosphine)]. Photophysical and
electrochemical data reveal that substituent variations in the
chromophoric ligand (PP) have little effect on the dr osmium levels
based on similar E, /2 values for the ground-state Os"’3/ +2 redox
couple. The MLCT absorption or emission energies display a linear
correlation to the difference in metal-based oxidation and ligand-
based reduction potentials (B, /2(05"'3/ "'2)-!!1 /z(PPO/ 'l) J. The energf
gap between the ground and excited states 1s shown to be

responsible for all of the observed spectral properties.166
References p. 310



248

[RuL.3]+2 (where L = bpy or 4,7-dimethyl-1,10-phenanthroline)
complexes undergo luminescence quenching by Aq+ in aqueous solution
by the formation of luminescent exciplexes. Both the bimolecular
exciplex complex *(RuIB/Ag)+3 and the termolecular exciplex complex
*(Rula/Agz)+4 have been observed. The spectral properties of the
exciplexes, energetics and reaction dynamics are presented.167

New osmium(II) complexes possessing bpy or 1,10-phen have been
prepared using Os(bpy)cl4 or mer-Os(PHezPh)C13 as starting
materials. Use of the carbonate complex Os(bpy)zco3 allows for the
synthesis of dicationic complexes having the formula
[Os(bpy)z(L)z]+2 (where L = solvent, phosphine, pyridine, etc.).
These complexes have been examined by cyclic voltammetry, UV-
visible spectroscopy, emission spectroscopy and NMR spectroscopy. 168

A variable-temperature FTIR study of Ru(bpy)z(NCS)z has been
reported and a trans thiocyanate configuration was readily
established. Spectral comparison to other analogous thiocyanate
complexes is also presented.169 The 1H and l3C NMR chemical shifts
of [Ru(bpy)3]+2, [Ru{2-(2-pyridy1)thiazole)3]+z, [Ru{2- (2~
pyrazyl)thiazole)3]+2, and [Ru(2,2'—dithiazole)3]+2 have been
measured and are compared to the free heterocyclic 1ligands.

Coordination-induced shifts have been

(Gcomplexed'afree 1igand)
calculated and are used to assess effects such as electronic o-

donation, d—r* backbonding, van der Waals interactions, and

magnetic anisotropy of the chromophoric ligands.”0

Ru(bpy)c13 has been reacted with various dioxolene ligands to
yield new [Ru(bpy)(dioxolene)z]n complexes ( where dioxolene =
catechol, 3,5~-di-tert-butylcatechol, or 3,4,5,6-
tetrachlorocatechel; n = -1, 0, or +1). The oxidation state of
these complexes may be controlled to yield catecholate,
semiquinone, or quinone based derivatives. A full spectroscopic

investigation of the different redox states associated with each
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compound 1is ©presented along with the ORTEP diagram of
71

Ru(bpy) (dioxolene),.}

The redox chemistry, absorption spectra, and luminescence
properties of new tris-heteroleptic ruthenium(II) complexes is
presented. All of the complexes contain one bipyridine ligand.
Three types of ligand-centered and three types of MLCT bands are
observed in the absorption spectra with luminescence originating
from the lowest lying MICT triplet state in each complex. The
redox chemistry reveals one reversible metal oxidation wave and
three reversible reduction waves assigned to separate 1ligand

reduction. 172

The synthesis of these compounds has appeared
separately. 173
The selenocyanate complexes Ru(bpy) 2 (NCSe) 27

[Ru(bpy) , (Ncse) 11071

, and [Cl(bpy),Ru(NCSe)Ru(bpy),C1]" (where n
= +1, +2, or +3) have been prepared and their redox chemistry and
vibrational (IR and resonance Raman) spectra reported. The mixed-
valence compound [Cl(bpy) zRuNCSeRu(bpy) zcl]"'z displays class II
charge transfer behavior via pseudosymmetrical x overlap of the

dx (u) -3x (NCSe) -dx (u) orbitals.!74
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Tri- and tetrametallic ruthenium(II) complexes with ligating
2,2'-bipyrimidine (bpm) and 2,3-bis-(2-pyridyl)quinazoline (bpq)
ligands have been synthesized. The homooligonuclear complexes
contain a central ruthenium(II) atom as either [Ru(bpy)(bpn)z]+2,
[Ru(bpy)(bpq)2]+2, or [Ru(bpm or bpq)3]+2 wvhich may be complexed
with two or three RuII(bpy)z fragments. The resulting complexes,
which have the general formula [Ru(bpy)(bmeu(bpy)2)2]+6,
[Ru(bpy) (bPQRu(bPY),},1*®,  [Ru(bpmRu(bpy),}31*%,  ana
[Ru(bquu(bpy)2}3]+8, have been studied electrochemically and
spectrophotometrically. The energy gap between the dx and r*
states may be readily measured using either AEl/2 or MICT energies
based on a demonstrated linear free energy relation between the
optical and thermodynamic energy gaps.175

The terpyridyl complexes [Ru(trpy)(bpy)(py)]+2 and
[Ru(trpy) (4,4 '~dph-bpy) (pY) ]+2 (where trpy = 2,2':6',2"~terpyridine
and 4,4'-dph-bpy = 4,4'-diphenyl-2,2'-bipyridine) were examined
using spectroelectrochemical techniques. Low-temperature EPR data
supports electron localization on the r* orbital of the trpy ligand
during reduction.”6

The complexes cis-[Ru(HZO)(bpy)z(PR3)]+2 (where R = aryl or
substituted aryl) have been examined in anation reactions using
acetonitrile, 4-acetylpyridine, and chloride ion. The second-order
rate constants for ligand substitution are shown to depend on the
steric and electronic properties of the coordinated phosphine and
the activation parameters support a dissociative-interchange (I4)
mechanism.177 The anation kinetics for acetonitrile substitution
in trans-[Ru(bpy) , (H,0) (OH) 1*Z and trans-[Ru(1,10-phen) , (H,0) (OH) ]*2
have been reported. The reaction is reversible and strongly

dependent on the pH. The corresponding ruthenium(III) complexes
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catalyze the substitution reaction and the isomerization of the
trans diaquo complexes.”8

The acid-base equilibria of coordinated bisulfite have been
measured for the complexes Ru(bpy)z(HSO3)L (where L = bisulfite,
py, or water). The bisulfite ligand reacts with 6 M H,804 to yield
the corresponding 50, complex which suggests that the Ru(bpy)z

moiety is more electrophilic than in [(NH3)5Ru]+2 complexes. The

X-ray structures of Ru(bpy)z(H803)2 and Ru(bpy)z(Hso3)(py) are
179

presented along with the redox chemistry.
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Mono- and dinuclear bis(bipyridine)ruthenium complexes
containing a 3,5-bis(pyridin-2-yl)triazole (bpt) ligand have been
prepared and spectroscopically characterized. Both
[Ru(bpy)z(bpt)]+l and [(Ru(bpy)z)z(bpt)]+3 are emissive at room
temperature and electrochemical measurements reveal that oxidation
of the latter complex dgives the mixed-valence compound
[(Ru(bpy)z)z(bpt)]+4. A visible intervalence transition at ~750 nm
suggests that the mixed-valence dimer should be regarded as a class
ITI charge transfer complex. A proton COSY spectrum of
[(Ru(bpy)z)z(bpt)]+3 is presented, but an unequivocal proton
assignment was not possible.180

Electrocatalytic reduction of co, has been reported using cis-
[Os(bpy)z(CO)H]+l. CO is the major product under anhydrous
conditions with formate being observed under aqueous conditions.
Digital simulation of the cyclic voltammagrams under
electrocatalytic conditions supports an associative mechanism with
co, reacting with the reduced complex [Os(bpy)z(CO)H]'l in the rate-
limiting step.181 The isocyanide complexes [Ru(bpy)z(CN)(CNMe)]+1,
[Ru(bpy)z(CNHe2)2]+2, and [Ru(bpy)(CNHe)4]+2 have been synthesized
from the dicyanide complex. The isocyanide ligands cause large
hypsochromic shifts in the Ru - bpy MICT transitions and large

+2/+3 redox couple. The excited-state

182

anodic shifts in the Ru
properties (spectral and redox) of all complexes are discussed.
Mono- and dinuclear thiocyanato bridged bis(bipyridine)ruthenium
complexes have been prepared and examined. The complex
[Ru(bpy)z(NCS)cl]+2 is synthesized from the nitrosyl complex while
the dimeric complexes are obtained from the reaction of the
thiocyanate complex with [Ru(bpy)z(HzO)c1]+l. The nixed-valence
complex [Cl(bpy)zRuNCSRu(bpy)zcl]+2 displays a weak, unsymmetrical
intervalence charge transfer band at ~950 nm, suggesting a class

ITI charge transfer complex. The comproportionation constant has
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been calculated for production of the latter dimeric (23) complex

from the (22) and (33) complexes.183

The !H NMR chemical shifts of cis-[Ru(bpy),(H,0),1*?, cis-
[Ru(4,4'—He2bpy)2(H20)2]+2, and cis—[Ru(S,S'—Heszy)2(H20)2]2 have
been reported. The corresponding u-oxo bridged dimers have been

1l-l NMR measurements and the chemical

184

examined using paramagnetic
shifts used to follow substitution and oxidation reactions.

A report concerning effective, broad band sensitization of
T102 to visible light by [Ru(2,2'-bipyidyl-4,4°'-
dicarboxylate)Z(HZO)Z]'2 has appeared. At pH 4 - 5 the carboxylic
acid groups of the bpy ligand are deprotonated, giving rise to the
dianion formulation. Photoelectrochemical experiments are
described that support electron injection from the ruthenium
complex to the conduction band of Tioz.185

The resonance Raman results have been reported for
[Ru(bby), (DTBSq) 1! and [Ru(bpy),(Q)1*? (where DTBSq - 3,5-di-tert-
butyl-o-semiquinonate and Q = o-quinone) and the identity of the

a.186 Excited-state absorption and

electronic states assigne
resonance Raman spectra of [Ru(bpy) 2 (1,10-phen) ]+2 and
[Ru(bpy) 2( DIP) ]"'2 (where DIP = 4,7-diphenylphenanthroline) have been
reported. The excited-state spectra reveal that the excited-state
electron 1is 1localized on individual 1ligands with the bpy1|r
population being twice that of 1 ,lo-phen*. The DIP complex shows
a population reversal with a DIP* population twice thatvof bpy*.187

New bipyridyl complexes with S-bonded ligands are described.
Cis- and trans-[Ru(bpy)zl.z]+z, (Ru(terpy)L,(Cl) ]+l, and cis-
[Ru(bpy) ,L(C1) ]+1 (where L = phenothiazine, 10-methylphenothiazine,
Ph,S, PhSMe, or 1,4-dithiane) have been fully characterized and
studied by cyclic voltammetry. Electrochemical oxidation of the

phenothiazine complexes in MeCN leads to rapid Ru-S bond scission

References p. 310



254

and observation of the corresponding acetonitrile complex. The
complexes cis- and trans-[Ru(bpy)z(phenothiazine-S)z]+2 have been
examined by X-ray diffraction analysis and their structures
compared and the stacking between the bpy and phenothiazine ligands

discussed.188

Coordinated ammonia in [OS(terpy)(bpy)(NH3)]+2 has been
oxidized in the presence of secondary amines to the corresponding
nitrosamine complex [OS(terpy)(bpy)(N(O)NRz)]+2. The nitrosamine

+2/+3 redox couple and variable-

complexes exhibit a reversible Os
temperature NMR measurements reveal restricted rotation about the
N-N bond. The rotational activation barriers for the nitrosamine
complexes derived from EtZNH and morpholine are ~ 8 - 10 kcal/mol
lower than for uncomplexed nitrosamines. A plausible oxidation
mechanism based on the observed electrochemical stoichiometry (six
electrons by coulometry) is presented.189

The complexes [Ru(tpm){4,4'—(X)2-2,2'-bpy}(py)]+2 [where tpm
= tris(l-pyrazolyl)methane; X = C(O)OEt, Ph, Me, NH, or H] have
been prepared and their MICT excited states examined. The energy
gaps between the (dr)6 ground and (dt)s(t*)l excited states increase
as the donor ability of the X group increases. A full
electrochemical and photophysical evaluation of these complexes is

190

included. The temperature dependent emission lifetimes of the

complexes [Ru(bpy)n(4,4'—dpb—bpy)3_n]+2 have been examined in

propionitrile/ butyronitrile solution from 90-293 K. Photophysical

3

measurements of the °MICT emitting level and the photoreactive

metal-centered (3HC) level allow calculation of the energy

3

separation between the minimum of the “MICT potential curve and the

Iyror-3 191

MC crossing point. Intramolecular energy transfer in the
covalentlylinkeddinuclearcomplex[(bpy)zRu(L—L)Ru(biq)z]+4[where
L-L = 1,4-bis(2-(4'-methyl-2,2'-bipyridyl-4-yl)ethyl}benzene; bigq

= 2,2'-biquinoline] has been examined.192
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The following compounds synthesized for the first time or
prepared by a more efficient route include Ru(trpy’)Cls,
Ru(bpy'),Cly, [Ru(trpy’) (bpy)cl]*!, and [Ru(trpy” (bpy")c1]*! (where
trpy* = 4,4',4"-tri-tert-butylterpyridine; bpy* = 4,4'-di-tert-
butylpyridine), all of which have been examined spectroscopically
and electrochemically. 193

A review on the photophysics, photochemistry,
electrochemistry, and chemiluminescence of ruthenium(II)
polypyridine complexes has appeared.194

The nitrile-bridged binuclear complex
[ (PY) (NH;) JRUNCRu (bpy) , (CN) ]"’3 and the trinuclear complexes
[(PY) (NH3) ;RUNCRu (bpy) ,CNRu (NH3) 4(py)1*%,  ana
[ (pY) (NH3)4RuNCRu(bpy)ZCNRu(NH3)5]"'6 have been synthesized and
spectroscopically investigated. The binuclear complex is formally
a [3,2] localized valence complex while the latter two trinuclear
compounds may be considered as [3,2,3] complexes. The redox
chemistry, MICT and intervalence charge-transfer bands are reported
and assigned. The intervalence charge-transfer absorption
originates from a long-range interaction between the terminal
ruthenium centers in the [2,2,3) complexes.195

The nitrile-bound complex cis-—[Ru(bpy)2(4-cyanopyridine)2]+2
has been reacted with [Fe(CN)s(Nﬂa) ]'3 and [Ru(NHa)s(Hzo) ]"’2 to give
binuclear and trinuclear complexes of the form cis-Ru(bpy)2(4-
CNpy) jFe (CN) 5, and cis-[Ru(bpy),(4-CNpy) pRu, (NHy) 141*6, respectively.
Spectral and electrochemical data are reported along with chemical
oxidation using Br, to give valence-trapped mixed-valence complexes
where the central Ru“(bpy)z fragment is adjacent to either a
FeHI(CN)s or RuHI(NH3)5 moiety. Visible metal-to-metal charge-
transfer adsorption data and the equilibrium constant for the
comproportionation reaction involving the [6,8] trinuclear complex

are presented. 196
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Several new ruthenium complexes derived from di-2-pyridyl
ketone have been reported. Spectral and electrochemical studies
were carried out and the synthesis of a 1,1-di-2-pyridylethanol

197

complex is described. A study dealing with the acid dependence

on photosubstitution quantum yields in [l‘(u(l,lo-phen)3]+2 has

appeared. The results suggest a reactive intermediate with a
monodentate phen ligand. 198
The X~-ray diffraction structure of trans-

[Ru(bpy)z(thPN'Me)][0104]2 has been publ:l.shed.199 Reaction of
Ru(CO),Cl, with 3,6-bis(2-pyridyl)pyridizine (bppi) yields both
[ (cis~dicarbonyl) (trans-dichloro)Ru(bppi) ]+2 and [(cis-
dicarbonyl) (cis-dichloro)Ru(bppi) ]+2. The bppi complexes were
characterized by X-ray diffraction analysis.zoo

The reaction of Ru(DMSO0)4Cl, and Ru(py),Cl, with the
heterocyclic ligands bpm, 3,6~di-(2-pyridyl)-1,2,4,5-tetrazine,
2,3-bis(2-pyridyl)-5,6-dihydropyrazine, 2,3-bis(2-pyridyl)-pyrazine
(bpp), (bpq)-quinozaline and 2,3,5,6-tetrakis(2-pyridyl)-pyrazine
are described. All new complexes have been spectroscopicaily
character:lzed.201 A report on the reaction between [Ru(CO) zclz]n
and the ligand bpm and bpp has appeared. The product Ru(CO) 2C12L
(where L = bpm or bpp) has been further reacted with [Ru(CO) 2C12]n
or M(DMSO),Cl, (where M = Pd or Pt) to yield the dinuclear
complexes clz(CO)zRuLRu(CO)ZCI2 or Clz(CO)zRuLHClz, respect::i.vely.zo2

Solvatochromism in the excited state of cis-Ru(l,10-
phen),(CN), has been examined. The absorption and emission
energies and the temperature dependence of the emission lifetime
display a good correlation with Gutmann's solvent acceptor number
(AN) , supporting an electron donor (complex)-acceptor (solvent)
interaction. The linear relationship between the apparent

activation energy for emission decay and the solvent AN is
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explained by the presence of a solvent-dependent energy level in
the lowest emitting MLCT excited state.2°3

Ruthenium(II) complexes with the heterocyclic ligand 1,4,5,8-
tetraazaphenanthrene (tap) ﬁave been prepared. The ground- and
excited-state bhasicities of (Ru(bgyln(tapls_n;*’z (for n =0, 1, 2}
are reported along with carboxylic acid promoted luminescence
quenching s'l:ud:les.204

Reaction of 2,4,6-tris(2~pyridyl)-1,3,5-triazine (tpt) with
[Ru(ccc»)zl:‘lz))r gives Ine dlrvinernium comgplex Ju-LoD) )Rn)CD)ZmZ)Z,
Each ruthenium is ligated in a bidentate fashion by a pyridine and
triazine nitrogen atom. The triazine ring in this complex is
activated towards MeOH attack. The methoxide-substituted complex

has teen characterized in solution and by K-ray diffraction

analyssis .ZQS

TRe redox properties of agua complexes of Ru“(ts:py} ang
Rull (tpmg are Gemcrives. <in- w6 trane-iiterpy) (piciRuia)1™
(wvhere pic = picolinate anion) exhibit two chemically reversible
one-electron oxidations to the Ru(IVi/PBu(III} and Ru({IITI} /Ru{II}
couples. These electrochemical couples are strongly dependent on

the pH as demonstrated by Pourbaix plots. The properties and
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electrochemistry of the u~-oxo ions cis- and trans-

111

[{ (terpy) (pic)Ru )201+2 are also report:ed.206

Intense electrogenerated chemiluminescence has been observed
with [Os(bpz):‘,]+2 (where bpz = 2,2‘-bipyrazine) .207

Exciplex formation between Ag+ ions and the lowest excited
state of [Ru(bpz) 3]"'2 has been demonstrated in aqueous or
acetonitrile solution. Stern-Volmer quenching studies as a
function of [Ag+] have been carried out and indicate that up to six
Ag+ iona define the exciplex complex. No ground state interaction
between [Ru (bpz)3]"'2 and Ag* ions is de't:ec't:ecl.zo8 The excited state
of [Ru(bpz)3]+2 is readily quenched by persulfate, [Co(NH3)5c1]+2,
and protons at pH 0. Microsecond flash studies show that
*[Ru(l:ppz):‘,]"'2 is quenched oxidatively by persulfate to give the
strong and unstable oxidant [Ru(bpz)3]+3. Photo-oxidation of water

209

from this latter complex is described. The one-electron

reduction of [Ru(bpz)3]+2 has been examined using radiolytically
generated radicals in agqueous solution. The resulting ligand-
radical complex may be regarded as [Ru(bpz)z(bpz') ]+l. HO radicals
react with [Ru(bpz) 3]+2 to give an intermediate OH-ring attack
adduct that undergoes a bimolecular decay near diffusion limits
while reaction with H' results in hydrogenation at a ring carbon.210
A temperature dependence study on the electrogenerated
chemiluminescence efficiency (ngeL)  of [Ru(bpz)3]+2 has been
reported. A mechanistic interpretation is presented based on the
measured luminescence quantum yields and NgcL values.211 The

+2n (where n = 1, 2) and

resonance Raman spectra of [(Ru(NH3)5)nbpz]
[Ru(bpz)3(Ru (N'H3) 5)6]+l4 have been measured as a function of
wavelength through the MLCT bands. The latter heptanuclear complex

exhibits three types of excitation profiles, consistent with three
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MICT bands involving the peripheral and central ruthenium(II) ions
and two l'* levels of the bpz l:l.gami.212

Optical electron transfer in the mixed-valence complex
[(NH3)5RuII-4,4'-bpy-RuIII(NH3)5]+5 has been studied in mixed
solvents in order to investigate molecular aspects of solvent
reorganization. The experimental data, corrected for unsymmetrical
selective solvation effects, suggests that the majority of solvent
reorganization originates from reorientations within the first

molecular solvent layer. 213

A report dealing with ruthenium and
osmium complexes reveals that the activation parameters and
separation distances for electron transfer may be used to provide
information concerning the relative importance of nuclear and
electronic factors in determining the distance dependence of
electron-transfer rates. 214

The synthesis, characterization, and oxidation reactivity of
the nitro complexes trans-[Ru(terpy) (PHe3)z(Noz)]+" (where n = 1,
2) have appeared. The nitroruthenium(III) complex reacts with
benzyl alcohol to give benzaldehyde and the nitroruthenium(II)
complex. The second-order rate constants for benzaldehyde and
butanol oxidation have been measured at 5 °c. Trans-
[Ru(terpy) (PHe3)2(N02) ]"'2 is also shown to epoxidize norbornene to
produce the exo oxirane and the nitrosyl complex trans-
[Ru(terpy) (P’He3)2(N0)]+2. The nitrosyl complex is shown to react
rapidly with unreacted trans-[Ru(terpy) (PHe3)2(N02)]+2 via fast
electron transfer to furnish trans-[Ru(terpy) (Pxe3)2(N02)]+l and
trans-[Ru(terpy) (PMeg),(No)]*3.215

(h) Alkenyl and Alkylidene Complexes

Cs, ingertion into the ruthenium-alkenyl bond of
Ru (CO) cl(PPha)z(Hc-CCHR) (vhere R = Ph or t-Bu) does not give the
dithiocester, but rather the alkenedithiocarboxylate complexes

Ru(C0)Cl1(PPh3) 5 (S,CCH=CHR) . Full spectroscopic characterization
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along with the X-ray diffraction results of the phenyl derivative
are repox:'t:ed.n6

The methoxymethyl complex (n5-c5ne5)nu(c0)2(cuzone) has been
reacted with [(PhyC] [BF,] to yield the secondary methoxycarbene
complex [(n5-c5ne5)Ru(CO)2(CHone) ]"'l. Low-temperature NMR
measurements ( 1H and 13C) reveal that carbene formation is under
kinetic control. The initial cis/trans carbene ratio of 95:5 (at
-80 °C) readily equilibrates to the more thermally stable trans
isomer upon warming. Isomerism results from restricted carbene
carbon-oxygen bond rotation. Carbene insertion into the Si-H bond
of Et3S:I.H and HezPhsiH vields the corresponding methoxymethyl
silanes while the silanes Ph3s:lH, Ph3si.ue and ph3sioxe react by a
hydride/methoxide exchange pathway. The X-ray structure of

[(n5-C5H5)Ru(C0)Z(CH2=CHPh)]+1 is also presented.217

A X~-ray diffraction study of the methoxymethyl carbene complex
[(ns-csns)Ru(PPh3)2(cxeoue)]"’l has appeared. The carbene complex
was prepared by reacting [(ns-CSHS)Ru(PPhs) z(lh(:ll)]+1 with

trimethylsiiyl acetylene in MeOH solveni:.z18
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(1) w-Complexes
The cyclopentadienyl complexes (ns-CSHs)Ru (Henpph3-n)2R and
(ns-CSHeS)Ru(MenPPh3_n)ZR (where R = neopentyl or methyl; n = 0-3)
have been prepared and their thermolysis reactions studied. The
ruthenium-methyl complexes eliminate methane on warming with
concomitant intramolecular activation of an ortho H-C (phosphorous
phenyl) bond; the neopentyl complexes react intermolecularly with
benzene solvent to give neopentane and the corresponding ruthenium-
phenyl complexes. Reaction of the phenyl complexes
(n5-c5H5)Ru(PPh3)2Ph in toluene leads to an equilibrium mixture of
m- and p-tolyl complexes. For comparable reactions, the
(115-C5Me5)Ru complex is more reactive than the (ns—csﬂs)Ru complex
in Cc-H bond activation. An ORTEP diagram of
(n5-CgHy) Ru (PMey) (PPhy) (CHyCMe=CH,) is presented.?!d
Two reports dealing with (ns-CSHS)Os(CO) (L)R (where L = CO or
phosphine; R = alkyl or aryl) have appeared. Photolysis of

(ns-CSHeS)OS(CO)Z(benzyl) in the presence of MezPPh leads to both

(n4

-csnesbenzyl)Os(CO)Z(HeZPPh) and
(n°-CgMeg) OS (CO) (Me,PPh) (COCH,Ph) .  Homolytic scission of the
Os-benzyl bond, followed by radical addition to the (ns-csxes) ring,

220 qppe

is postulated in the formation of the former complex.
electrophiles Br,, CF3COOH, and HgBr have been reacted with
different (ns—csnes)Os(CO) (L)R complexes to ultimately yield normal
electrophilic cleavage products. Use of HgBr2 wvhen L = HeZPPh and
R = Me has allowed isolation of the intermediate osmjum(IV) complex
[ (n5-CgMe) Os (CO) (Me,PPh) (Me) (HgBr) 1 *!.221

Reaction of (n’-CgHg)Ru(PPhy),Cl with (ME,) 2 (where M = Mo or
W; E = S or Se) gives the new organoruthenium tetrathio- and
tetraselenometalates [(ns-CSHS)Ru(PPha)z]zHE4. Both PPh, ligands
may be replaced with PMe; and isocyanides while only one PPhy

ligand is replaced when treated with CO. The kinetics of the first

References p. 310



262
substitution step with t-BuNC have been examined and are found to
be independent of t-BuNC. The redox properties of the new
complexes and the X-ray structure of [(nS—CSHS)Ru(t-BuNC)Z]ZWS4 are
reported.zzz The synthesis, spectral properties, and X-ray
diffraction structure of [(ns-CSHS)Ru(PPha)Z(thiirane)]+1 have been
reported. This transition-metal analogue of an episulfonium salt
was obtained from the reaction of the ruthenium triflate complex
(n3-CgHg) Ru (PPhy) ,OTf with thiirane.??3

The l6~electron ruthenium-silyl complex
(ns-csnes)Ru(PCY3)CHZSiHGZH, prepared from the corresponding
ruthenium chloride complex and CngCstiHeZH, undergoes a
B-elimination to give the thermally unstable nz—silene complex
(n°-CgMeg) Ru(PCy;) (H) (n?~CH=SiMe,) .  The stable silene complex

(ns-CSMeS)Ru(P(i—Pr}a)(H)(nz-CH2=SiPh2) has been prepared similarly
2

-silene group confirmed by spectroscopic
224

and the presence of the 1

measurements and X-ray diffraction analysis.

Ru(PPh3)301z reacts with CSHSCHZCHZPPhZ to give the
cyclopentadienyl complexes (ns-c5H4CHZCH2PPh2)Ru(PPha)c1 which has

been structurally and spectroscopically characterized. An
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anomalous high-field cyclopentadienyl 1

H resonance (6§ 2.27 at room
temperature; § 1.91 at -60 °C) is ascribed to a shielding effect
originating from the PPh, ligand. Reaction of this compound with
p(oxe)3 or AgBF4/(+)-PhCH(He)NH2 affords the P(oxe)3 complex and a
diastereomeric mixture of [(ns-csﬂ4CHzCHzPth)Ru(PPha)((+)-

ancn(ne)ph)]”.zzs

The X-ray structure of
(ns-CSHS)Ru(PPha)(dimethyldithiocarbamate), prepared from
[(nS-CSHS)Ru(PPh3)Z(Hsc3H7)]+l and sodium dimethyldithiocarbamate,
has been presented.226

Several new bis(polyene) ruthenium(II) complexes have been
prepared and examined. [(ns-CSHS)Ru(HeCN)3]+l has been reacted with
indoles to give the mixed-polyene complexes
[(ns-CSHS)Ru(nG—indole)]+2. Malonates, alkoxides, amines, and the
disodium salt of mercaptoacetic acid all react with the 4- and
5-chloroindole derivatives by a SyAr mechanism to yield substituted

indoles.227

Unsymmetrical ruthenocenes have been synthesized from
polymeric [(n5—C5He5)RuC12]n and alkali metal salts of
cyclopentadienyl compounds. Direct reaction of
diazotetrachlorocyclopentadienyl with the above oligomer affords
(ns-c5He5)Ru(n5-c5015)- The redox properties and XPS data were

examined and the electronic effects of the ligands assessed. X-Ray

results for (ns-csues)Ru(ns-L) (where ns-L =
pentachlorocyclopentadienyl, indenyl, or fluorenyl) are
present:ed.zz8 The n3—cyclopropeny1 complexes (ns-CSRS)Ru(nz-

C3Ph3)x2 (where R = H or Me; X = C1l or Br) have been obtained from
the oxidative addition of BrC3Ph3 to (ns-CSHS)Ru(l,S-COD)x and
[(ns—csxes)Ruc1]4. The dibromo complex (ns-CSHS)Ru(na-caPha)Brz has
been examined crystallographically. Metathetical halide
displacements and NMR (IH and 13C) measurements on cyclopropenyl

229

rigidity are reported Two reports on the synthesis and organ
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distribution studies of isotopically labelled (103

4.230, 231

Ru) ruthenocene
derivatives have appeare

x-Bound benzo[b)thiophene (BT) complexes of ruthenium have
been investigated as models for hydrodesulfurization processes.
Reaction of [(n!-’—C!-,H!-,)Ru(MeCN)3]+1 or (nS-CSHS)Ru(PPhs)ZCl and AgBF4
in the presence of the desired benzo[b]thiophene gives
[(ns-CSHS)Ru(ns—BT)]H. The X-ray structure and spectroscop{c
properties of this complex are repor1:ed.232 Reactions of H , MeO~
malonate, EtS~, and phosphines with the above BT complex proceed
by ns-ring attack to yield the  «corresponding neutral
cyclohexadienyl complex (n5-C5H5)Ru(BH-nucleophile). Of the four
isomers observed by nucleophilic attack on a protonated carbon, the
major isomer is shown to result from nucleophile addition to the
carbon closest to the sulfur atom (C-7). The cyclohexadienyl
complex resulting from hydride addition to C-7 has been obtained
from the crude isomeric mixture and characterized
crystallographically. Hydride abstraction studies |using
[PhyC] [BF4] reveal that the four isomeric cyclohexadienyl complexes
react at different rates to regenerate the starting cationic BT

complex. 233

1l-l and 13c NMR studies reveal a static arene in the complexes
(n6-1,4-t-Buc6H4)Ru(C0) (SiMey) 5, (n6—1,4-t—Buc6H4)Ru(Co) (GeCly),, and
(n-1,4-t-BucgH,)0s (cO) (SiCl3),. The importance of ring tilting in
arene rotation is discussed using other substituted arene complexes

234 The reaction between [ ( ns-CSHeG)Ruclz]z

as comparative examples.
and dimethyl phosphite affords the complex anion
[(nG-CSHeS)RuCI(P(O) (OMe)z)z]'l which has been further reacted with
copper powder under CO to give the 0,0,Cl-chelate ligand complex
[ (n8-CqMeg) RuCl (P (0) (OMe) ) ,] (cuco) . 235,236 pimeric [ (n8-cgHg) Ruc1, ],

has been reacted with PhOT1 to give [ (ns-csl-ls) oRuy ( yz-OPh) 3]+1 .
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Treatment of the phenolate cation with H,0 yields the tri(hydroxy)
bridged complex [ ( '76'C6H6) zRuz(uz--Ol-l):"]+1 which has been isolated and

characterized by 1 237

H NMR and X-ray diffraction analysis. A X~-ray
structure for [(ns-CGHeG)Ruclz]z has been reported and no unusual
features were observed.z:"8

Hydride addition to the arene ring in [(ns—CGHG)OB(PHe3)zI]+l
gives the corresponding neutral cyclohexadienyl complex
(n5-C6H7)Os(PHe3) oI in quantitative yield. Sodium amalgam reduction
furnishes the highly reactive anion [(175-C6!-I7)Os(PMe3)2]'l which has
been reacted with a NH,PFg/1, mixture to give (ns-c6H7)Os(PHe3)2H
and (n4-csl-!8)OsH(I) (PMey),. The n4-11gand in the latter complex is
formulated as a coordinated 1,3-cyclohexadiene moiety based on NMR
analysis. 239

The aqua compounds [(ns-CGHG)H(H20)3]+2 (where M = Ru or 0s)
have been obtained from the reaction of [(ns-csns)nmz]z with Ag+
ions in Hy0 or treatment of [Ru(H20)6]+2 with cyclohexadiene in

EtOH. 17

O NMR experiments at variable temperature and pressure
have been examined and the water-exchange rates measured. HZO
exchange is observed to be three orders faster in the arene
complexes than in [H(HZO)G]"'Z. Activation parameters supporting an
interchange mechanism (I) with equal bond breaking and making
contributions and the X-ray structure of [(176-c61-{6)Ru(H20)3]+2 are
presented. 240
III. Dinuclear Complexes

(a) Homonuclear Complexes

Thirteen reports have appeared dealing with the synthesis and
properties of ruthenium and osmium bridged carboxylate compounds.

o:z(ozccu3)4c12 has been examined by Raman spectroscopy and the

v(0s0s), v(0s0), and »(0sCl) stretching bands assigned. FTIR
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studiee of the deuterated complex have been conducted and used in
the unequivocal assignment for many of the infrared and Raman
stretching bam‘ls.241 The same acetate complex has been reacted with
2-diphenylphosphinopyridine to give 0s, (OZCCH3) { thPpy) 2C14. X-Ray
diffraction analysis reveals a cisoid orientation of the two Ph,Ppy
ligands which are arranged in a head-to-tail fashion. The observed

242 Extensive

0s-0s bond distance suggests a formal bond of 2.5.
Raman and FTIR studies of the carboxylate complexes Osz(ozcn) 4C12
(where R = CHZCI, Et, or Pr) are reported. The »(0s0s) and v (0sCl)
stretching bands are insensitive to the nature of the R group.

9 & &
The electronic and resonance-Raman spectra support a 02146"1 é

ground state configuration. 243

Os, (OZCCH3) Z(CO)G reacts with CF3CO,H
to yield the osmium(II) mononuclear complex Os (OZCCF3)2(CO)3. The
same complex is also obtained from 053 (CO) 12 and CF3c°2H at elevated
temperatures. Reaction of CF3CO,H with the more basic, axially
substituted carboxylates Osz(OzCCH3)2(CO) 41.2 (where L = PllezPh,
PMePh,, PPhy, or pyridine) leads to protonation of the 0s-0s bond.
The resulting complexes [OSZ(OZCCH3)2(;42-H) (CO) 4Lz]+l have been
spectroscopically characterized and the X-ray structure of the
PHeZPh complex reported.z“

Electronic absorption data has been presented for
[Ru, (butyrate) 4X,1{1""* (uhere x = c1, Br, or I; n =0, 1, or 2)
in different solvents along with single-crystal visible absorption
data for Ruz (propionate) 4c1, Ruz(acetate) 401, Ruz (butyrate) 487, and

1.245

two crystal forms of Ru, (butyrate)4c Near-infrared and Raman

spectral data are presented for Ruz(ozc}l)4cl and [Ruz(ozc}l) 4012]'1.
The v(RuRu), »(RuCl), and »(RuO) stretching bands have been
assigned and the observed vibronic intensities of the formate
246

complexes compared to similar carboxylate complexes.

Ru, (propionate),Cl has been reacted with Ag0,CCH; and propionic acid
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to give Ru, (propionate)5 which has been characterized by X-ray
diffraction analysis. The structural data for the known acetate
complex Ruz(acetate)6'0.7ﬂzo suggests that the structure is more
accurateiy represented as Ruz(acetate)‘°(acetate)z'o.ﬂizo. The
spectral and redox properties of these dimers are presented along
with the crystallographic structures of the propionate and

trifluorocacetate derivatives. 247

The reaction of Ru, (0,CR) 4C1
(where R = Me or Ph) with AgO,CCFy in MeOH gives the mixed-
carboxylate, monotrifluoroacetate complexes [Ruz (OZCR)4(OZCCF3)L2]
(where L = MeOH or H,0). Use of CF3COOH furnishes
Ru, (0)CR) 5(0,CCFq) 3(H,0)g 5  which  upon oxidation gives the

6

paramagnetic Ru2+ complex Ru,(0,CR),(0,CCF3),4(H,0),. Spectral and

redox data are reported and structures of the tris- and tetrakis-

(trifluoroacetate) complexes presented. 248

The synthesis and
spectral properties of ruthenium tetraarylcarboxylates have been
reported. The complexes Ru, (OZCR) 401 (where R = Ph or p-HeOCGH‘)
all exhibit a quasi-reversible one-electron reduction at ca. 0.0
vV vs. SCE."'49 A report of new uz-hydroxo- and uz-oxobis(uz-
acetato)diruthenium complexes exhibiting weak intramolecular Ru’*°Ru
interactions has appeared. Temperature-dependent magnetic moment
data and X-ray diffraction structures are present:ed.zs0

Reaction of diphosphines and dithioethers with
Ruz(OZCR)z(cou(neCN)z or [Ruz(OZCR)Z(co)4]x (where R = Me or Et)
leads to ruthenium(I) polymers [Ru,y (0,CR) (CO) 4 (4-L) ], or dinuclear
complexes with bridging or chelating ligands. The X-ray structure
of [Ru,(0,CMe) (c0)4(1.2)2]+1 (wvhere L, = dppm or dppe) is reported.zg'1

Gas—-phase UV photoelectron (both He I and II) spectroscopy
and SCF first principle discrete (DV) Xa calculations have been
used to determine the electronic structure of Ru, (CO) 4 (R-DAB) (4~

CO) and Ruz (60)4(R—DAB) (s-acetylene) (where R-DAB = 1,4-diaza-1,3-
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butadiene;. Botn theory and experiment confirm the avsence of any
divect ®u-Bu iakeractian.’i

The complexes HZ(CO)G(pz—nz-CICR) (pz-PPh)z (where M = Ru or 0s;
R = Ph, t-Bu, or i-Pr) are obtained by pyrolysis of
M3(CO) 11 (thPc=CR) . The crystallographic structures of R“Z(CO)G(“Z'
nz-cnc-t -Buy {8, -PPh)z and the araloyous ospium coppled are reporied.
Variable-temperature NMR measurements (IH, 13c, and 31P) reveal two
fluxional processes that involve acetylide o-x interchange and

M(CO)4 trigonal rotation.253

The alkyne complexes "Z(CO)G[“Z'
CHC(Ph)NEtzl (uz-PPh) 2 have been prepared by addition of Etle-l to the
akove phenylacetylide complexes. The spectral progerties and X-
ray structures of both zwitterionic yz-alkylidene complexes are

presented. 254

An electrochemical investigation of the ruthenium flyover
bridge complexes Ruz(CO)G[C(R) =C(R')COC(R")=C(R'")] (where R', R",
and R'" = either Me or Ph) has appeared. All derivatives exhibit

a one-electron reduction process that is reversible only at high
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scan rates (> 20V s'l) along with an irreversible oxidation wave.
Cyclic voltammetric studies suggest that the oxidation process
represents a one-electron totally irreversible charge transfer:.z55

Lithium di-p-tolyltriazene has been reacted with Ru, (OAc), to
yield the diamagnetic ruthenium(II) complex Ruz[(p-CH3C6H4)N'NN(p-
CH3CgHyg) 14- Characterization by X-ray diffraction analysis, cyclic
voltammetry, and NMR and absorption spectroscopy is included. The
solid-state structure possesses idealized D4y, symmetry as required
for an eclipsed conformation, A ground state electron
2,452, *4

confiquration of ‘o is proposed based on the eclipsed

conformation and short Ru-Ru bond (2.417 A) .256

Dithiobis(f-diketones) have been reacted with
RuH(C1l) (CO) (1=Ph3)z and ([RuCl(CO) (PPhs)z(acrylonitrile) Iz to give
[RuCl(CO)(PPha)z]zL, [RuH(CO)(PPha)ZJZL, and
[Ru(CO) (PPhy),(acrylonitrile)),L [where L = {RC(O)CHC(O)R},S, and
R = Me or Ph]. Treatment of the product disulfides with MeLi leads
only to decomposition with no evidence for mercaptan complexes.257

The X-ray structure of OSZ(CO)G(“Z'Br) (Br)z[u-OCNHCH (He)z] ’
prepared from the reaction of Brz with 0s4 (CO) lo(nz-ﬂ) [ 2=
OCNHCH (Me)z] has been reported. The molecule consists of two
0s(CO)3 groups and one terminal bromine group that are trans to

each other. 258

The diosmacyclopropane complex 08, (CO) B(uz-cmle) has been
prepared from Os, (CO)a'2 and the bistriflate CH3CH(0Tf)2. Unlike
the parent diaosmacyclopropane 0s, (c0)8(u2-CH2), 0s, (Cc0) s(uz-cmte)
undergoes facile CO insertion at elevated temperature in the
presence of CO to give the diaosmacycloalkanone compound
OSZ(CO)s(r;z-CI-l(Me)-CO).z59 A new, improved synthesis of
[Osz(CO) GCIZ]Z is described using 0sCl,. The chlorocarbonyl dimer

may be used as a starting material in the preparation of
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cyclopentadienylosmium complexes. The %-ray structure of the p-
form of [08({00]4C251, is preeenl:ed.zso

Several ruthenium(II) dimers containing CO and t~BuNC ligands
have been syntnesizea starting with RuClg. 1sotation of cis- or
trans-[Ruclz(CO) (t-BuNC),], is dependent on the reaction
temperature. Product characterization by IR spectroscopy and the
synthetic route leading to the cis and trans complexes are
presented. 261

(ns-csne4Et)2Ruzs4 reacts with co to give
(ns-C5He4Et)2RuZS4_x(CO)x (where x = 1, 2) in the first reported
exanple of a metal-centered ligand addition to a
cyclopentadienylsulfide compiex. The carbonylation is facile using
P3u3 as a sulfur abstraction agent:.262

Two reports dealing with the diruthenium tetrahydride complex
(ms' -‘L:_fhef‘,ﬂtu‘,(u‘..-'ﬁ,) qr.'}m‘_(,ﬁr"-‘!:‘_',;Itle‘_',;,) ‘nave appearea. Readtrion Or
[cna-c5ne5)kuc12)z witn Lauma4 gives the tetrahydride in moderate
yield. The identity of the four bridging hydrides has been
conihrmeh LBAIND “FAR j)]"h anb nt), FO-KS., anb 3-ray WLITraction
amaLysls. l'ﬁ ‘RMR gpin-idccice rdiaxation €tudles fﬂ;,fj an up
vaiues Trom Yne he-'xso‘copmer sgpport tne presence of ‘nydride
ligands and not a nz-coordinated hydrogen(s) .253 The tetrahydride
reacts with ethylene (1 atm) at room temperature to give (n5-
Cg¥eg) Ra{nl =, ~CHCH,) {1,y THy) Ra(n ~Cer) . YMR spectral date and
X-ray &iffraction analysis for the apove complax and the products
of carbonylation and PMe, addition are gj.ven.264

The diruthenium complex ([Ru(H) 2C1(Ptol,),], has been
reformulated as (Ptol3)2RuH(u2-H) (uz-cl)znu(nz-l-lz) (Ptol3)2 based on
l!{ NMR epin relaxation studies. This complex represents the first

example of a dimeric complex possessing a nz-coordinated Hy

lzlgand.265 Reaction of (P-N)Ru(PPh3)c12 {where P~N = Fe(ns-
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CgHj (CHHeNHeZ)P( i-Pr) 2~1,2) (ns-csﬂs)] with Hz affords the dinuclear
n?-H, complex (P-N)(n’-Hy)Ru(py=Cl),(s,-H)RuH(PPhy),. A X-ray

structure, with successfully refined hydrogen positions, reveals

2

the presence of the n°-H, moiety. T studies confirm the existence

1

of the coordinated H, group while variable-temperature "H NMR

analysis indicates that intramolecular exchange between the nz

266

-H,
and the By-H ligands is facile.
(b) Heteronuclear Complexes
The complexes H(CO)4(n2-HFB) (where M = Ru or O0s; HFB =
hexafluorobutyne) react with Ru(CO)5 or Os(CO)5 to give the homo-
and heteronuclear complexes Mz( CO)s(uz-nl,nl-HFB) . These complexes
adopt a dimetallacyclobutene structure and have been examined by

13 13

C NMR spectroscopy. Variable-temperature °“C NMR measurements on

1-HF'B) reveal a "merry-go-round" exchange process

RuOs(CO)a(yz-nl,n
which allows equilibration of six carbonyl groups. The carbonyls
trans to the parallel HFB ligand are static under these conditions.
Reaction of (ns-csues)n'(co)z (where M' = Co, Rh, or Ir) with the
M(CO) 4(n?-HFB) gives M(CO),M'(CO) (n5-cgMeg) (u-n!,n'~HFB) in good
yield for M' = Rh and Ir. The heterodimetallacyclobutene complex
(M = Ru; M' = Co) readily loses CO to give the tetrahedral complex
(C0) 3Ru (4p~CO) Co(1°~CyMey) (up=n’, n?~urB) .267
IV. Polynuclear Complexes

(a) Trinuclear Clusters

1. Simple and Eydrooarbon Ligands

13c and 17o NMR spin-lattice relaxation times for the carbonyl
ligands in H3(c0)1z (where M = Ru or 0s) have been measured. The
'I‘1 data was next used to calculate the l70 quadrupole coupling
constants (QCC) and the correlation times (r.) at different
t:emperat:ures.268 The solid-state structure of the same two clusters

13

was also examined by °“C NMR spectroscopy employing magic angle
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spinning (MAS). T, measurements of Ru3(CO) ¢, in the solid state
indicate tnat The eguatoridl car¥ponyls relax Iaster Than The axazl

carbonyls. 269

The reaction between 053 (CO) lo(uec}l) 2 and formylferrocene leads
to acyl oxidative addition and isolation of 083(CO) 3o (H) (#,-OCFc)
(where Fc = ferrocene). NMR and X-ray characterization _is
presented. The redox properties were investigated by cv which
indicates the existence of a reversirie, Fe-based One-electron
oxidation and an 1irreversible, cluster-based two-electron
reduction. IR spectroelectrochemistyy measurements are
presem:ed.270 Thermolysis of Ru3(CO) lO(PhZPFC) 2 gives the Ky- benzyne
complex Ruy (CO) 7 (uy-n?-CgHy) (1p~PhyPFc) ,. X-Ray diffraction analysis
reveals that the Fc groups are oriented trans with respect to the

triangular Ruy plane and the benzyne ligand is planar. The

fluxional nature of the benzyne ligand has been examined by g NMR
2N

spin-saturation studies.
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Cationic allyl complexes of ruthenium and osmium are reported
from thermal and photochemical reactions of x3(c0)12 and allyl
alcohol. Me3NO'2H,0 induced decarbonylation of 083(C0) 5 in the
presence of allyl alcohol, followed by acidification, affords
[083(CO) 11 (C3H;) .22

The equilibria reactions between Ruy(C0);, and halides have
been investigated as a function of temperature, CO partial
pressure, and halide. Treatment of Ru,(C0);, with €l” or Br (as
the ppN* salt) gives [Rug (#z'Cl or Br) (CO)m]'1 via the intermediate
cluster [Rug(Cl or Br) (CO)“]'I. Use of I gives the analogous
decacarbonyl cluster, but without spectroscopic evidence of
[Ru3(I)(c0)11]'1. Upon heating, CO is lost and the tetranuclear
butterfly clusters [Rug(s,~Cl or Br)(C0)j3]™! or [Rus(s3-I) (c0) g1
are obtained. The tetranuclear butterfly clusters revert back to
the decacarbonyl clusters upon exposure to CO and halide. The X-
ray structure of [Ru3(u3-I) (CO)Q]'1 is presented along with

reactions under H, and H,/CO m:lxtures.n3

The transient formyl
complex [Ru3(co)11(c1-l0)]'1, prepared from Ru3(CO);. and Et3BH’, has
been characterized at -78 °C by NMR (l4 and 13¢) ana Fr-IR
spectroscopies. Facile decarbonylation is observed at -50 °c to
give the known hydride cluster [Ru3(C0)11(u2-H)]'l. Formyl
decomposition by a radical-chain process was ruled out using
BuysnH. 274

The products from vacuum pyrolysis of OSS(CO)IZ have been
analyzed using high~performance liquid chromatography (HPLC). Many
of the pyrolysis products were isolated in pure form in a matter
of minutes by HPLC compared to conventional chromatographic
separation.us The reaction of 084 (CO) 1 (MeCN) and primary arsines
RASH, (where R = Ph, Me, or H) initially yields the transient

arsine complex 083(C0)H(RA5H2) , followed by transformation to the
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opened arsinidene cluster 0s4(C0) 11(3’2(“3'1‘33) . This cluster
consists of HOs (CO) 4 and HOSZ(CO)7 units tethered by a k3-ASR group.
The reactivity of these triosmium clusters with 0s sources and
their thermolysis reactions are described. 276 Lithium
phenylacetylida reacts with QeHLCLY (Rl (where L= T Qx ae,7h)

2_cmcPh) .

to give the bridging acetylene cluster OS3H(CO)9(L) (B-n
When & = I, tapid € = o, € -+ € agartyliane ecrambliog dedween ¢4
bridged osmium atoms is observed, whereas the PHeZPh derivative is
stereoctnemically rioib. Two isoperic Yorms ol Yne JATIer clNsSIer
are SNOWN TO exX1st ny Ln anb 3"? AR BDPECTIOBCODY. A COYXysTal
structure of the major isomer is reported.277 A Fourier transform
ion cyclotron resonance (FT-ICR) mass spectrometry study of
HZOs3(CO) 10 has appeared. The ion-molecule pathways and measured
rate constants for individual ionic species are reported.278 The
X-ray scruckture at Gay hn~TUplMRa} {2~ R (LW ey ‘has veen redetermiced
and the results of normal probability plot analysis repc:rt:ecl.279
The synthesis of the fluoromethylidyne cluster 053(u2—
H)3(CO)9(p3-CF) is described. The 13C NMR chemical shift of the
apical carbon in this and other apically substituted osmium
clusters is compared with anatogous tricovait alkyilayne
clust:ers.zao The aiXylidyne radica:i 033(ﬁ2-ﬂ)3(c0)9m3-0‘) has been
generated from 053 (uz-H)z(Co)g(u3—CBr) and Rez(CO) 10 upon
photolysis. The alkylidyne radical abstracts hydrogen from
cyclohexane and toluene while benzene gives the phenyl complex
Os4 (uz-H)3(co)9(u3-CPh). Use of deuterated solvents confirms the
D(H) atom abstraction reactions and in the case of dlz-cyclohexane
affords the diketone cluster 1083 (By=1) 3 (CO) g (#3-CCO) ], which has

been structurally characterlzed.zsl

Reaction of (084 (65~
H)3(co)9(u3-C) ]3(039303) with Bs“g or 1,2-czBml-llz in the presence of

BFy gives the boron-osmium clusters 0'3(“2'H)3(c°)9(“3'c) (BSHB) and
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053(“2'H)3(co)9(“3'c)(CEBIOHII)' respectively. Hydrolysis of the
apical ¢-B bond furnishes the methylidyne cluster 083 (kp~
H)3(C0)9(u3-CH). llB NMR and FT-ICR mass spectra were employed in
cluster characterization.Z82

A theoretical study concerning the effect of uz-bridging
ligands on the cluster frame of H3(c0)1°(u2-ﬂ)(uz-x) (where M = Ru
or Os; X = C1, SH, or PHZ) has appeared. Fenske-Hall calculations
indicate that metal to main-group u,-bridging interactions outweigh
direct M-M overlap in determining the bridged M-M bond 1length.
Periodic trends as a function of the By=X ligand are presented and
discussed.283

Reaction of the pyridine-2~carbaldimine ligand 6-MeCgHyN-2-
CH=N(i-Pr) with 053(CO)10(HeCN)z at room temperature affords
053(C0)9(u2-H)[6-CH2C5H3N-2-CH=N(1-Pr)] as a result of methyl C-H
bond activation. The pyridine ligand coordinates in a tridentate
fashion with both nitrogen atoms chelating a single osmium atom
while the alkyl group is coordinated to an adjacent osmium center.
Thermolysis at 130 °C leads to CO loss and formation of the By-
alkylidene cluster 053(co)s(nz-ﬂ)2[6-CHc5H3N-2-CH=N(i-Pr)] as a
result of a second C-H bond act:ivat:ion.ze4

Protonation rates in the ruthenium and osmium clusters
[143(C0)u(uz-H)]'l have been investigated at low temperature using

lH and 13

C NMR spectroscopy. A pre-equilibrium exchange between
the initial anion and protonated cluster indicates that protonation
is not instantaneous. The initial site of protonation is shown to
involve the oxygen atom of the uz-co group, followed by slow
rearrangement to the dihydride cluster Ha(CO)ll(uz-H)z. while no
kinetic isotope effect is observed with the formation of
M3(C0) o[ B,~COH(D) ] (p-H), the ruthenium cluster exhibits a large

isotope effect (kﬂ/kD & 47 at -40 °C) for rearrangement to the
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dihydride cluster. The magnitude of the isotope effect observed
in the ligand-to-metal hydrogen transfer is discussed with respect

to other cluster protonat:i.ons.285

The allenic cluster 053(C0)9(u2—H) (u3—n3-CH3CH2C=C-C(H)CH3},
80% enriched in deuterium at the f;z-hydr}.de position, has been
exanined for carbon-hydrogen interchange reactivity. AL 3110 °C ihe
deuterium is incorporated into the allenic hydrogen position and
the methylene hydrogens only. The alkyne complex Os3 (Co)g(u3-n2-
CH3CHZCICCH2CH3)is postulated as a key intermediate. The analogous
ruthenium cluster was also examined, ylelding simiiar results.
Plausible mechanisms for hydride scrambling are presen'l:ed.za6

Reversible C-C and C-H bond forming reactions are described
when the acylmethylidyne cluster [Ru3(co)9(u3-co) {n3-Cc(0) CH3)]'1 is

2

treated with CO or Hy. €O addition furnishes the Bay=n -acyl cluster

[Ruy (CO) 7 (43=CO) 3(s,~n?~CHyC (0)cc0} 1™} while H, addition gives the
py-n’-acyl cluster [HRuj(CO)g(u3-n>~CHC(0)CHy)]1 ).  The former
reaction is reversible and the equilibrium constant at room
temperatﬁre is reported. Igatopic tracer studies reveal that

Z-acyl cluster ls derived from a CO qroup

ketenyl carbon in the Gy 1
initially present in the starting cluster. Protonation and
alkylation studies of these new anionic clusters are described.
The X-ray structure of the acylmethylidyne cluster is included.287
An infrared and Raman study of the ketenylidene clusters
[Rup (C0) £ (65=C0) 5 (45=CCAYT - &N By (T15i4p-T00] ‘nas appexrel.
The stretching vibrations of the ketenyiidene ligand have been
identitied and suphected to appruiimte Horml-covrdimite analyehs.
Metal framework vibrations are also reported in addition to Raman

288 A brief review dealing, in part, with

depolarization ratios.
ruthenium and osmium ketenylidene clusters and the transformations

avallable to the ancillary CO groups has been pub}.isbad.zag



277

02

Pyrolysis of the (dimethylamino)carbene cluster Ru3(co) 10(“2-
cmlez) (uz-H) at 185 °C yields the higher nucleari'ty clusters
Ruy (CO) 1 (ny-n?-CNMe,) (up=H) , Rug(CO) |3 (ny=n’~CNMe,) (u,-CNMey), and
Rug (ug=C) (CO) 14 (4p~CNMe,) , in low yields. Full spectral
characterization and X-ray structures of the new carbene clusters
are reported. Direct synthesis of the former tetranuclear cluster
may also be achieved in moderate yield from the reaction of Ru(CO)g
with Ruy(CO)q(Hp=CNMe,) (ip-H) . The tetra- and pentanuclear carbene
clusters are postulated to arise from a combination of Ru(CO), and
Ru, (CO)S(CNHez) (H) units while the hexanuclear cluster derives from
the formal fusion of two starting Ru3 clusters.zgo

Bis(dimethylamino)methane reacts with Os, (CO) 10 (uz-l{) 2 to yield
033(c0)10(u-n2-c1-lzmle) (pz-H). X-Ray diffraction analysis reveals
a triangular osmium cluster with a bridging (dimethylamino)methyl
ligand. Heating the new cluster at 98 °C furnishes 053(c0)9(u3-n2-
C(H)Nnez) (uZ-H) 2 and 053(c0) 10 (uz-cm!ez) (uz-H) . The X-ray structures
of both clusters are presented. Plausible mechanistic pathways
involving multicenter osmium C-H bond activations are proposed."’91
ives

Photoinduced decarbonylation of 0Os,(CO ~CHCHNEt
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latter cluster is also the exclusive product obtained when the
starting cluster is refluxed in hexane. Both products have been
characterized spectroscopically in addition to X-ray diffraction
analysis. Reaction of HN-n-Pr, with the latter cluster gives the
corresponding (dipropylamino)alkenylidene cluster via replacement

of the Ei:zN gmup.?‘gz

083 (00} 1g (6O} (4y-B) reacts with CH, (NMe, ) 2
at 98 °C to give isomeric (dimethylamino)carbene clusters
083 (C0) g (3=n?~CHNMe,) (4;-OMe) (s,-H) and Os3(CO) g (CHNMNa,) (1s,~OMe) (k,~
H). The carbene ligand in the former open triangular cluster is
bound to two osmiums by a uz-carbon bridge while the dimethylamine
grcug Lls cagrdinated ta the remaining aewmium atam. The latter
cluster contains a terminal (dimethylamino)carbene 1ligand.
Coupling of methyl propiclate with the carbene ligand of the former
cluster is described. X-Ray structures of all new products and
mecianiztic 2iRmes wre -pmmws.”:*

Reaction of I, with 083(C0);,(u~OCNHCHMe,) (u,~H) leads to
cluster fragmentation and production of several di- and mononuclear
osmium complexes. The complexes o:z(m)s(u-ocmcmlez) (uz-I)Iz and

trans-HIOs(CO), have been observed using 2 equivalents of I,. The

latter complex isomerizes in solution to the cis isomer and reacts
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with excess I, to yleld cis-IZOs(CO) 4 The former dimer has been
characterized crystallographically. Formation of the mononuclear
amine complex Os(c)a(N'HZCRHeZ) (where R = H or Me) is observed when
3 equivalents of I, are used.294

2. Phosphine Ligands

Ligand substitution in the ruthenium and osmium clusters
M3(CO)p and M3(CO);;L (where L = phosphine or arsine) has been
examined using MejNO as a decarbonylation reagent, These
reactions obey second-order kinetics, being first order in initial
cluster concentration and first order in Me)NO concentration. No
incoming ligand dependence was observed. The rate-determining step
involves nucleophilic attack of the oxygen atom of Me3NO on a
carbonyl carbon atom followed by coz loss and ligand capture.
Differences in the rates of reaction between similar ruthenium and
osmium complexes are d:lscussecl.zgs’z96

Three extensive reports concerning the X-ray crystal
structures of ruthenium and osmium clusters of the form H3(CO)HL,
M3(CO) oLy, and M3(CO)gL; (where L = phosphine or phosphite) have
appeared. The factors leading to the observed ligand disposition
and metal framework distortion are presented.zw'z”'299 The X-ray

structure of Ru3(CO)m(PPh3)2 has been the subject of a separate
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paper. The twao Pl?h3 groups are bhound to adjacent ruthenium atoms
and are equatorially disposed. Several carbonyl groups are

semibridging and the unique ruthenium atom and four carbonyl groups

are noticeably twisted relative to Ru3(co) 12.300
Ru3(co)lo(dppee) [ where dppee =
vimyiidenenisidtgnenyvignosnnineil ‘nas ‘Bean examined

crystallographically. The dppee ligand bridges adjacent ruthenium
atoms via epuaroriz) coordinariop. Thne popd Aenpgrp o¥ Yhe YInw)

group 38 NOT a¥Tecteb ny Hnostnaine cporbhnal:hon,m"

Tpe reacriop
betwen Yuis|(izsvprupyiphusphomuaeticame wk "Ru3‘('c."‘;‘) 12 Tas ‘peen
studied in the presence of a PPN-CN catalyst. The first observable
prodnct i Tne vribdped cluster )mfn:mwn-nmmzm-h-yﬁ ¥pigcn As
shown To exist i»n ‘two isoperic Iorms )syn and anr) l1sppropyd
groups) Y VAR SpecTYroscopy. MXisp L2splared s Trpe ODsIer
RUG (OO} 5,8 (6:-0P -4 -PYPHCR D40y} whish iz devived by €O lsee
and@ supseguent inrramolecvular P-B oxidarive addirion To he avove

cluster. 302

Photolysis of Ru3(c0)12 in the presence of the
bidentate rnosppines e, PrH,PHe, { dmpm) , P)JZPD}ZPP)JZ loppm), and
PhZPN(Et) PPh, (dppea) furnishes tri-, di- or mononuclear complexes
depending upon the reaction conditions. The crystal structure of
Ru, (CO) 14 (dppea) reveals edquatorial coordination of the
aminophosphine ligand and a 0.06 A shortening of the bridged Ru-Ru

bond relative to the other two unbridged Ru-Ru }.':om:ls.ao3

In a
related reaction, the arsine ligand t:—Buzlxs(NSN)I\s-t:—Bu2 reacts
with Rua(co) 12 to give Ru3(C0)8(u2-H) (ya-As-t—Bu) (uZ-NSNAs (t—Bu)z).
Use of the eight-membered heterocyclic arsine t-BuAs(NSN)ZAs—t-Bu
yields the arsine coordinated cluster Ruj (CO) lo(t-BuAs(NSN)zAs-t-
15‘”‘:'104

The substitution and fragmentation reactions of

Rug (CO) 15 ,(PBuy), (where n = 0 - 2j in the presence of PBu; have
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been examined. A phosphine-independent path always leads to ligand
substitution while the phosphine-dependent path 1leads to
substitution and/or cluster fragmentation. Estimates of
kfragmentation/ksubst1tUt10n are reported as a function of

temperature. 305

The reaction between Rug (CO) g{3-n =P (Ph) CHyP(Ph) (CgH,) } and CO
has been reinvestigated. Facile CO addition is observed upon Ru-
Ru bond scission to give Rug (CO) lo(u3-n3-P(Ph)CH2P(Ph) (CSH4“ which
has been isclated and subjected to X-ray diffraction analysis.
Phosphines trap the same intermediate at low temperature to give
Ru3(CO)gL(u3—n3-P(Ph)CH2P(Ph) (c6H4)). In the case of L = PPh3,
warming leads to several compounds from which the dinuclear complex
Ru, (CO) g (-1 -P(Ph)CH,P(Ph) (CgH;)})  has been  isolated  and
characterized. 306 The acyl cluster Ru3 {n—-C(0O)Ph) {u3-
P(Ph) (c5H4N))(c0)8L (where L = CO, PhZPH, or CYZPH) has been the
subject of thermolysis and hydrogenation reactions. Thermolysis
of the RZPH—substituted clusters gives benzaldehyde and Rug {3~
P(Ph) (C5H4N) } (uz—PRZ) (“Z'CO)Z(CO)G while reaction of the
nonacarbonyl cluster with H, yields benzene and Ru3(y2-!{) {ug-
P(Ph) (C5H4N))(Co)9. The role of metal-metal bond cleavage in
substitution and hydrogenation reactions is discussed.3°7

Reaction of Ru:,'(CO)12 with t-BuZPH affords the phosphido-
bridged cluster Ruj (CO) g (6p~H) 5 (p-P-t=-Buy) 5, characterized by
spectroscopic and X-ray diffraction analysis. Facile hydrogen
addition is observed under mild conditions to give the 50-electron
cluster Rug (CO)8(u2-H) (H)z(nz-P-t-Buz)z. The unbridged Ru-Ru bond
in the starting material is cleaved during hydrogen addition to
yield the terminal Ru-hydrides that point away from each other.
1

H NMR measurements indicate bridge # terminal hydride exchange and

'I'1 values rule out a molecular hydrogen ¢:01||p1ex.3°8 The products
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obtained from the thermolysis of Ruj (CO) y, with PhPHz have been
isolated and fully characterized. The nature and yields of the
observed tri-, tetra-, penta-, and hexanuclear clusters are
dependent on the reaction time and molar ratios with the majority

of the products possessing a nuclearity greater than t'.hree.:m9

Cluster racemjzation in Ruj (CO) 7 ( uz-ﬂ) (C=C-t-Bu) (dppm) has been

13

demonstrated by NMR spectroscopy (IH, Cc, and 31P) . X-Ray

diffraction analysis reveals an ordered racemic array of
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enantiomers which racemize in solution by a concerted acetylide
rotation/hydride migration nechanisl.sw

controlled oxidative insertion into the phosphinoalkyne bond
in Rug (CO) 11 (PhyPC=CR) (where R = i-Pr or t-Bu) furnishes the 50-
electron cluster Ru3(c0)9(u3-n2-CICR) (uz-Pth) . Both clusters lose
CO on heating to give Rug(CO)g(y=CO),(s3=n°~CmCR) (4p=PPhy). The
latter cluster (R = i-Pr) reacts with diazomethane to yield the
u3-a11eny1 cluster Ru3(c0)8(u3-n3-CH2=c=c-i-Pr) (uz-PPh)z through the
formal coupling of a methylene fragment with the acetylide.
Further reaction with diazomethane gives the methylene-bridged
cluster Rug(CO)y(p-CHy) (i3=n°-CHy=C=C-i-Pr) (i,~PPh),. The X-ray
structures of many of these clusters are presented in addition to
the role the uz-phosphido group plays in promoting C-C bond forming
;:arocesses.:“ll The chemistry associated with the above methylene-
bridged cluster has been the subject of a separate report. A slow
isomerization to the corresponding 2-isopropyl-1,3-butadienediyl
cluster Ru3(CO)7(u2-H) (u3—n4-CH=C(i-Pr)C=CH2) (uz-Pth) is observed.
Crystallographic analysis reveals a triangular Ruy core with
bridging phosphido and hydride groups on the same edge. Exposure
of methylene-bridged cluster to CO in methanol gives the open
allenyl cluster Ru3(CO)g(us-n3-CH2=c=C(i-Pr)}(uZ-Pth) and methyl
acetate via CO insertion into the Ru-(uz-CHZ) bond to give a
transient C,C-ligated bridging ketenyl cluster. Isotopic labelling
studies reveal that a CO group originally associated with the
methylene-bridged cluster undergoes insertion into the Ru- (uy=CHy)
bond. Mechanistic schemes for hydrocarbon chain growth on a
cluster surface are discussed.312 The reactivity of the allenyl
cluster Ruy(CO)g(H3—n°~CH,=C=C (i-Pr) ) (u,~PFh,) towards CO, P(OMe)j,
Hy, and alkynes is reported. The Ru-Ru bond bridged by the
phosphido group is cleaved upon CO addition to give the 50-electron
cluster Ruj(CO)g{ u3-n3-CH2=C=C( i-pr)) (sp=PPh,) . Isotopic labelling
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Vo incorporation trans

studles witn uCD reveal a reglospecitic
to one arm of the phosphido bridge. Alkynes react to give clusters
of the form Ruy(CO);{p3-n>-CHy=C=C(i~Pr)C(R)C(R')} (ip=PPhy) which
all contain a "“wrap-around" five carbon hydrocarbon fragment.
Variable~temperature NMR measurements of these latter clusters
support the presence of a "hidden partner" exchange process
involving axial-equatorial K#,=PPh, isomerism. Full spectral
characterization and crystallographic structures for many of these
novel clusters are included.313

A communication describing the photoinduced dimetallation of
face-capping benzene ligands in the osmium clusters

08, {COY o {(PRy} (#3"&‘2”&‘2-’@2-05#5) {where R = Ph or MeQ} gives the

hydride cliusters OBg (09 gIFR3) (hy=K) zﬁ‘g“'fl -.1)2 -.1)‘1

‘CGKAS . The clustey
analogue for benzene activation is discussed with respect to
atksordate overiayers on metal surfaces.3u The use of glatinumdd{
complexes as CatalySTs 1n the SYNIDes1s DY V51D . FPD, Srarring
from °53(c°)12 is reported. The described procedure offers a
convenient. nagn-yielh roure TO the DONOSUDSTITLUTIEd cluster in
esssentilally guantltative yleld. Bn electron-transter catalysis
schene is prbpbseb,als

The bidentate phosphine ligand dppe reacts with
083 {CO) ;5 {MeCR) , To give the bridged complex ©B3{C0),pidppe) as the
major product. Treatment of this dppe-substituted cluster with
CF4CO,H gives (Osy(uy-H) (CO) o(dppe)]*! as a result of 0s-0s bond
protonation. Low-temperature IH NMR studies indicate that
protonation occurs at both the unsubstituted and substituted 0s-0Os
bonds. The thermodynamically favored and isolated isomer is shown
to originate from protolysis of the phosphine-substituted bond.
Variable-temperature NMR measurements indicate that the (;;;C_C-Pgs
ring in the neutral cluster is fluxional via an inversicn process

whereas it is frozen out in the cationic cluster. Both clusters
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have been structurally characterized.316 0s-0s bond protonation
reactions have been examined for chelating phosphine complexes
Os3(c0)lo(L-L) (where L-L = dppe or dppp). Protonation occurs at
a 0s-0s bond bearing the diphosphine ligand based on spectral
analysis. The reactivity of the parent clusters towards H, and the
X-ray structure of 083(CO)g(ky-H),{Ph,yP(CHy)3PCgH,) is described.317
Protonation and hydrogenation reactions are described for the
bridging phosphine complexes 053(co)lo(dppm) and 053(CO)l°(dppb).
The geometric and electronic factors involved in the protonation
reactions of those and other bidentate phosphines are discussed and
compared.318

A report dealing with reversed ortho-hydrogen abstraction has
appeared. Reaction of Sn{CH(SiHe3)2}2 with the known osmium cluster
053(c0)8(u2—H)(PhZPCH2P(Ph)C5H4) leads to the dppm-substituted
cluster 033(co)a[uz-Sn{CH(siHe3)z)]z(u-dppm). This triangular
osmium cluster is paramagnetic as determined by NMR and EPR
measurements.319

3. Nitrogen Ligands

Thermolysis of Ruy (CO) 9 (43-NPh) gives the hexaruthenium
cluster Rug (CO) 15 (ug~NPh) 5 in high yield. X-Ray diffraction
analysis reveals the presence of a distorted pentagonal-bipyramidal
core. Three ruthenjum atoms and the two u4-NPh groups define the
pentagonal plane with two capping ruthenium atoms completing the
polyhedron. The remaining ruthenium atom is bonded to one of the
polyhedral ruthenium atoms and w-coordinated to the phenyl group
of a capping u4-NPh ligand. Reaction of the starting u3-imido
cluster with Rug (CO),, also yields the same hexaruthenium cluster.
The heptaruthenium cluster Ru7(CO)16(u4-NPh)z has been isolated and

spectroscopically characterized.3z°
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Nitrogen heterocycles have been reacted with Ru3(C0),, to
afford new heterocyclic ruthenium clusters. 1H-Pyrrolo(2,3-
blpyridine (Hppy) and benzimidazole (Hbzim) react to give
Ruj (CO) g (kp~H) (3-ppY) and Rus(CO);q(ky~H) (u-bzim), respectively.
Reaction with benzotriazole (Hbztz) leads to cluster fragmentation
and Ruz(CO)G(u-l.)zi:z)2 while 1,8-naphthyridine (napy) furnishes the
carbonyl-bridged cluster Ru, (co) 7( uz-CO) 3 (p-napy). The ppy and napy
clusters have been structurally characterized. The napy cluster
undergoes facile Ru~Ru bond protonation and deprotonation.321

Reaction of 083(CO)jg(MeCN), with (n°-Cglg)Fe(n°-C,H,N)
(azaferrocene) leads to Oss(co)m(uz-H) { (ns—c5H5)Fe(n5-c‘H3N) }, via
a C-H bond activation sequence involving the pyrrolyl ring. The
ortho-metallated pyrrolyl ring functions as a three-electron
donor.322

1,4-Disubstituted-1,4-diaza-1,3-butadienes (R-DAB) react with
Os:‘,(CO)m(MeCN)z to yield two isomers of 053(c0)l°(R-DAB): the
isomer product ratio is dependent on the R-substituent. One isomer

exhibits a 4-electron R-DAB ligand which coordinates to the
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trianqular osmium core via axial and equatorial sites. The other
isomer is a 50-electron cluster that possesses an opened osmium
polyhedron with a 6-electron R-DAB ligand, coordinated in a o-N,
uz-N', nz-c=N' fashion. Clusters with the 4-electron R-DAB ligand
reveal a low-temperature rocking process about one axial and two
equatorjial sites on the substituted osmium atom as determined by
]H and 13c NMR studies. At higher temperature, pairwise bridge-
terminal carbonyl exchange perpendicular to the triangular osmium
core is observed. Crystallographic structures of many of these
clusters are presented.323 In an accompanying paper the 48-electron
cluster Osa(CO)lo(i-Pr-DAB) with a chelating 1i-Pr-DAB 1ligand
transforms into the 50-electron cluster Os3(CO)10(i-Pr-DAB) in
refluxing hexane. Prolonged heating leads to CO loss and the new
cluster 033(C0)9(1-Pr-DAB). The diimine ligand functions as an 8-
electron donor and the cluster polyhedron may be viewed in terms
of a dodecahedron geometry. Full spectral and crystallographic
analyses are reported along with IR kinetics which support the
stepwise nature of these cluster transformations.324

4. 8ulfur Ligands

Two reports dealing with trinuclear sulfur clusters have
appeared. Reaction of the chalcogen-bridged cluster Ru3(CO)9(u3—
CO)(u3-S) with Ru(CO)5 in refluxing hexane yields the clusters
Rug (CO) 15(k4q=S) , Rug(CO) g5 (ky=CO)3(Hg=S), and Ruy(CO)}q(K3-C0),(kg-S) -
All three clusters have been fully characterized by spectroscopic
and structural techniques. The stepwise formation of hexa- and
heptaruthenium clusters is demonstrated by thermolysis of Ru(CO)¢
with the corresponding lower nuclearity ciluster. Cluster
degradation with CO also proceeds in a stepwise fashion.325

The trinuclear osmium clusters 053(c0)9(u3-x)2 (where X = S or
Se) have been examined by photoelectron spectroscopy (He I only)

and Fenske-Hall MO calculations. The HOMO is composed primarily
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ot eg-llke arbitals agsaciated with the Os(CO)3 traquents which
account for the majority of in-phase 0s~-0s bonding. A comparison
cf these clusters with the analagaus triiran suifida cluster is
;tesented.325

{b) Tetranuclear Clusters

The pKa values of H4Ru4(co)11P(OHe)3 and H4Ru4(co)1°[(P(OHe)3]2
have been measured in acetonitrile solution. Values of 12.4 and
I5.4, Ccesgectivaly, ware oiouiated.t  Roogazedlemes (EI-
€©B,C)B) =C|H) C)3)=NR JR-MAD) have been reacted wixh R )C0),, o give
the linear tetraruthenium cluster Ru, (CO) lo[cnsc-C(H)C(H)-NR]z. The

R~MAD ligands in this 66-electron cluster are coordinated in a o-
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N, o=C, nz-N=c, r)z

-C=C fashion as demonstrated by X-ray diffraction
analysis. The use of CVMO theory to describe the cluster's
polyhedral shape and its isolobal relationship to [(n5-
CgHg) Ru(CO) ], are discussed.3?8

The u4-phosphinidene capped clusters Fe3Ru(CO)ll(u4-PPh)2,
FezRuz(CO)“(u4-PPh)2, and Ru4(CO)“(u4-PPh)2 have been examined
using electrochemical techniques. EPR spectra of the radical
anions become increasingly broad as the number of ruthenium atoms

329 Two new 64-electron phosphido-bridged clusters with

increases.
elongated Ru-Ru bonds have been synthesized and characterized.
Reaction of [Ruy (CO) 13]'2 with PhyPC1 and Ruq(CO)y, with Ph,PPPh,
gives the quasiplanar butterfly clusters Ru4(c0)13(u2-PPh2)2 and
Ru4(CO) lo(uz-Pth) 4 respectively. The cluster's electron count and
its relationship to the observed polyhedron and Extended Hiickel MO
calculations are presented.33°

The tetraosmium cluster 084 (CO) ;5 (PMe3) has been obtained from
the reaction of Os(CO)4(PHe3) with either 053(CO)“(MeCN) or
083 (CO) 9 (Ky=H) ;- Me,NO induced decarbonylation affords
084 (CO) 14(1-"!!133) which may be transformed into OsQ(CO) 13(I’Me3) upon
thermolysis or photolysis. All three clusters have been
structurally characterized and the fluxional behavior of the

13

ancillary CO groups have been evaluated by "“C NMR spectroscopy.

The stepwise decarbonylation provides the first documented paradigm

of a 64- - 62- -+ 60-electron transfornation.33l

Photolysis of
08,4 (CO) 15 gives the new binary cluster 08,4(C0) 4 which exhibits an
irregular tetrahedral Osy core with weakly semibridging CO groups.

A limiting 13

C NMR spectrum could not be obtained due to rapid co
exchange (-130 °C). From the estimated CO exchange rate constant
at -130 °C and the observed broadness in the room temperature IR

spectrum, the ancillary CO groups are predicted to be fluxional on
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the IR time scalc.332 034(c0)13(u2-ﬂ)z(me3) has been isolated from
the reaction of 033(00)10(;;2-11)2 and Os(c0)4(PHe3) in the presence
oft Rea.,m. The uwutterfiy adaivhedran adqoted jJy the cluster g
cconTirmen ‘oY “A-ray tiYXracrion anslvsis. Tne FRe, D oannd 18 Snown
to occupy a Vainp-Tip siTe WALn obe nydrine 11gand praidgino an
adjacent Os-0Os bond and the other bridging the hinge Os-0Os bond.
A comparison with other planar 62-electron complexes that have no
bridging ligands is presented.333

Treatment of [083(CO),(ky-H)3(MeCN)]1 ) with [ (PPhy),N][X]
(vhere X = HGZ, <1, Br, or Ij gives {034(c0) lz(pz-ﬁ)m3-!it:(0)1(a)]'l
vhen X = NG, and 08,(CO};p(8yElg(ty-X} and (O, (0O}, (uym5) %3 "
for the halides. All products were characterized spectroscopically
in solution. The amido cluster derives from an oxygen transfer
from the nitrite anion to the coordinated MeCN ligand. Reaction
of iodo cluster [Os‘(CO)lz(uz-l-!)I]'l with methyl or ethyl triflate
affords the unstable alkyl iodide clusters 054(c0)12(n2-}l)2(IR')
(wvhere R' = CHy or Et). Isolation of these coordinated alkyl

iodide clusters was unsuccessful due to disproportionation to
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084 (CO) 15 (#y=H)3I and 08,4 (CO) 1, (kp=H) 4. Functionalization of the
anionic clusters with Cu(PPh3) cl and Au(PPh3)c1 and X-ray
diffraction analysis of the resulting mixed-metal clusters are
included. 334

Reaction of the phosphinidene-capped cluster 033(00)9(u2-
H)z(u3-PR) (where R = Ph or Cy {cyclohexyl}) with H3(CO)12 (where
M = Ru or Os) gives the tetranuclear clusters
033H(CO)12(u2-H)2(u3-PR) in addition to the known penta- and
hexanuclear clusters 033H2(co)15(u4-PR) and Os3H3(c0)17(u-PR),
respectively. The X-ray crystal structure of Os4(c0)12(u2-}!)2(u3-
PPh) is reported along with complete solution NMR and IR
characterization of all new clusters. The tetranuclear clusters
adopt a butterfly conformation consistent with the 62-electron
count. 3%

(c) Pentanuclear Cluster

The pentaruthenium cluster Rus(CO)ls(u‘-S) has been reacted
with trans-2-heptene to give the pentadienyl cluster R“S‘co)lz‘“4'
S) (u3-H) (n5-1,5-xe2c555) in low yield. Use of 2,4-heptadiene
instead of trans-2-heptene gives a higher yield of the product

cluster. X-Ray diffraction analysis reveals a square-pyramidal

core of five rutheniums capped by a u‘-sulfido ligand. The
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syntnesis and structurai cuaracterization of the related
hexaruthenium cluster Rus(CO)ls(u4-S) (u3—l-l) (n5-1,5-uezc5H5) is also
described. The conditions necessary for interconversion of the

penta- and hexaruthenium pentadienyl clusters are preseni:ed.336

(d) Hexanuclear Clusters

The hexaosmium cluster Oss(co) 21 (#p—H) (u3~-PH) has been obtained
from the reaction of 083 (C0) 1 (MeCN) with Os3(CO)1°(p2-H) (“Z'PHZ)‘
Use of 0s3(CO) lo(MeCN)z instead of the mono-acetonitrile cluster
gives 08¢ (CO) 5 (MeCN) (uz-H)z(u3-PH) . Crystallographic analysis of
the latter cluster reveals that the Bq3-PH group serves to ligate
two Os, triangles; one Osy triangle is symmetrically bridged via
aT JE-ON SGYE WIICTe IR otiler- CriamgTe Somay ¢u Che B3=PW IIgung I
@& Terminal Tasnion. Facile Jsproronarion n¥ one nf Yne M8
Ilgands 1o the formexr clusfer gqives €he anfanie olugfex
[0sg (CO) 5y (By=H) (p#3-PH) ]'1, while thermolysis leads to OSG(CO) 18 (B2=
H) ( p.s-P) . Deprotonation of the “S'P cluster gives
[OsS(CO)la(uS—P)]'l which has been structurally characterized.3%7
P(OMe), reacts with Osg (COJ 6 (MeCNj, to yield two isomers of
0Osg (CO) 16{P(OMe) 3}, as the wmajor products. IH NMR analysis reveals
that one of the isomers has equivalent P(Oﬂe)3 groups while the
other has inequivalent P(OMe)3 groups. X-Ray structural
examination of both isomers establishes the phosphite
regiochemistry about the cluster polyhedron. The symmetrical
isomer is shown to have p(oue)3 ligands on the capping osmium atoms
while the other isomer is substituted at a capping and internal

osmium atom of the bicapped-tetrahedral frame. The observed

solution isomerism and possible interconversion mechanism are
discussed. 338
The crystal structure of the hexaruthenium carbide cluster

Rus(co) 13 (uz-CO) (ns-toluene) has been reported.339
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(e) Higher Nuclearity Clusters

The heptaruthenium cluster Ru7(c0) lg(p-CNMez) (us-n) has been
obtained from the reaction of Ru(CO)5 with Ru4(CO)12(u4-n2-
CNMe,) (up-H) or Ru5(c0)l4(/44—n2-cmte2) (up-H) . X-Ray diffraction

analysis reveals a capped octahedral cluster with an interstitial

hydride. The us-hydride is observed to be slightly displaced
340

toward the capping ruthenium atom.

Electrochemical oxidation of [08;q(CO) 4 (kg=C) ]'2 at a hanging
drop mercury electrode initially affords [O0s,,(CO) 48 (#=C) zﬂgzj'z.
The latter cluster transforms to [Oszoﬂg(CO) 48(“5-0)2]'2. Cyclic

voltammetric studies of the parent dianion support the presence of

References p. 310
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a two-electron reduction process to give the tetraanion
[031°(c0)24(u6-C)]°4. Independent synthesis and electrochemical
study of the trianion [Oslo(co)u(uG-C)]'?‘ has established the
stepwise nature of reduction in these clusters. The IR spectra of
the di-, tri-, and tetraanion are presented and the structural
changes associated with cluster polyhedron are briefly d:l.scussed.:“41
A smeparate report tealing Witn ‘tne Wesign vi = Yhin hEyer, The
transparent electrochemical cell along with its application in the
redox study of [OsG(CO) 18(1.16-1’)]'l and [Oslo(CO)u(us-C)]'l is
presented. 342

The spin-lattice relaxation times for several decanuclear
osmium clusters possessing interstitial hydrides have been
reported. The inversion recovery technique was employed and
interstitial hydrides in a tetrahedral core appear to relax more
rapidly than hydrides located in an octahedral sit:e.343 Hydride
fluxionality in several hydrido decaosmium clusters has been
examined wusing the observed lJ (1870-11{) values. Polynuclear
structures and hydride exchange pathways are postulated based on

the NMR data.3%4

The ruthenjum cluster Rugg (P-t-Buy) 1,Cl,, has been studied
using high-resolution electron microscopy (HREM). The cluster's
morphology and atomic structure has been chserved by dynamic in
situ HREM measurements at TV rate using low-light-level, silicon~
intensified target cameras.345

(f) Mixed-Metal Clusters

1. Clusters Containing Main Group Atoms

One or two bismuth atoms have been incorporated into ruthenium
clusters. Reaction of Bi(N03)3 with [Ru4(c0)lz(u2-n)3]'l leads to
Rus(co)g(yz-ﬂ)s(ps—ni) which is shown by X-ray diffraction analysis
to possess a distorted tetrahedral core. Each Ru-Ru edge is
bridged by a hydride ligand. Other bismuth clusters synthesized
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and structurally studied include Ru3(c0)9(y3-Bi)z and

Ru, (CO) 1, (4g-Bi),. 348

B:I.(No3)3 has been reacted with
[Ru(CO)u(uz-H)]'l in methanol to yield the pentaruthenium cluster
Rus(CO)le(uz-H)(u4-Bi). X~Ray diffraction analysis indicates a
spiro-cluster where the p4-bismuth atom ligates a Ruz(CO)8 and a
Ruj (CO) 9 (kp=H) fragment. The coordination geometry about the
bismuth atom is observed to be pseudo- tetrahedra1.3‘7
2. Clusters Containing Other Netals

The mercury-bridged cluster [Ru3(c0)9(u3-nz-c-c-t-Bu)](u3-
Hg)[(ns-CSHS)Ho(CO)3] has been examined in thermolysis, photolysis,
and ligand substitution reactions. The #p-Hg-Ru, bond is shown to
be 1less labile than the Hg-Mo bond. Photolysis leads to
elimination of Hg® and formation of the new triangular cluster (6o~

nz-C!C-t-Bu)RuZHo(ns-CSHS)(C0)8. X-Ray diffraction analysis and

13

variable~-temperature "°C NMR results are presented. The acetylide

ligand exhibits fluxional behavior interpreted by an edge-hopping
348

motion between the two Ru-Mo edges. Reaction of Ru3(CO)12 with

[ (n5-CgHg)M(CO) 317} (where M = Mo or W) gives [RugM (n5-CgHg) (€0) 1,17}
in good yield. The X-ray structure of the molybdenum cluster and

its reactions with H+, Hy, and alkynes are presented. The cluster

References p. 310
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[Ru3W(n5-c5H5) (co) 10(p4-n2-nec-CHe)]'l has been isolated and
characterized structurally. The polyhedral core exhibits a

butterfiy arrangement of metal atms.:“g

The tetrabedrare cluster FaMo,(T8),(n-Cyp (hySi Sas Geen
preparad Tiun R‘%‘(@S*‘, 9‘(‘,53-@3'3 ‘(‘ﬁ3—‘3$ LS {«(ﬁf'—csﬁssm-(cssz«;z st &8 2.
The pentanuclear cluster Ruanoz(CO) m(uz—CO)z(ns-csﬂs)z(u4-5) was
also isolated in 2 % yield. All the ruthenium clusters have been
structuraiily thuracierized. The pentamclisary cluster Cramsdorns
into the RuMo, cluster under similar reaction condirions and is
suggested to be an intermediate in the formation of the
tetrahedrane cluster. A plausible sequence for the construction

of thee prerntanufiear anh terranetirane TIusEters 1s preseiteh .350

Th
a separate paper, tne dAndve TETrdneirane Truster s ‘peen esunnel
in phenyl acetylene oligomerization reactions. The clusters
HozRu(CO)z(nscsﬂs)2[u3-n6-HCC(Ph)C(H)C(Ph)C(H)C(Ph)](u3-S) and
Mo,Ru (CO) , (n5-CgHg) , [~ ~PhCC (H) CPh) [43-n°-HCC (Ph) CH] (43-S)  have
been isolated and fully characterized. The former cluster exhibits
a 1,3,5-tripghenyldimetallahexatrienyl face bridq}i.nq ligand, formed
from tie tead~to~tall vuupliitg of three Pyl woeotylome msieaies.

The latter cluster possesses a triply bridging

2-phenyidimetallaaliyl ligana and an etge pridging
1,3-diphenyldimetallaallyl ligand. The reactivity of these new

clusters and their interconversion chemistry are fully described.u’1

Ru(c0)5 has been reacted with Runoz(CO)7(n5—c5H5)2(u3—S) to give the

2-c0) (n3-CgHg) ,(44-S)  and

new clusters MozRu4 (CO) 13 (u4-n
MozRus(CO) 14 (;54—1)2—00) z(ns—csl{s) z(urs) . IR spectral analysis
indicates that the x,-CO groups in the MoyRug cluster are

vibrationally coupled, giving rise to a symmetric and antisymmetric
C-0 stretch. Cluster growth sequences are presented and
discussed.352
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The mixed-metal clusters (ua-X)RuCOz(CO)g (where X = alkyne,
vinylidene, S, or PPh) have been examined for site selectivity in
phosphine substitution reactions. Both metal sites react with
incoming P-ligands. Cobalt substitution is kinetically controlled
while ruthenium substitution is thermodynamically favored. The
migratory aptitude of P-Co - Ru-P rearrangement decreases in the
order PHe3 > PHeZPh >PHePh2 > PPh3. The X-ray structures of many
of these new substituted clusters along with a reactivity

comparison to the analogous FeCo, clusters are pre-ented.353
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Selective substitution by amines or phosphines at ruthenium is
obsserved 1n the mixed-metrdl Ccluster THRUTO, 1T 55 - saluxion

14 ana 59

characterization by IR and Co NMR support the preferential
substitution at ruthenium. The X-ray crystal structure of
HRUCo, (CO) ; (PPhy) is included.3%* The structure of CoRus(CO),qo(s,-
CO)3(up-H) has been solved and comparison to the Bp—AuPPh,
derivative 1s dlscussed. 1t was canciuded That use ot Tne
phosphineaurio 1ligand positions should be used cautiously in
defining hydride 1ligand positions, despite the H and AuPPh3
isolobal relationship. 355

The tetranuclear cluster (ns-csl(es) ZRuZRhZ (Co) 6 (u3—c0) 2 has been
prepared from Ru3(co) 12 and (n5-c5xe5)nh(00)2 in the presence of Hz.
The tetrahedral metal core and u3—co ligands are confirmed by X-
ray diffraction analysis. Cluster cleavage to Ru(CO)g and (ns-
CgMes} Rh(CO) 2 by CO occurs readily with a half-life of ca. 4.5 hrs
at ambient temperature and pressure. Reaction with H, gives (ns-
csl{es)Rh(co)z as the only identifiable product.zss The related
cluster RujRh(CO)q(K,=CO) (ns-csﬂs) (up-H), was obtained from
ha(CO)‘CI2 and Ru‘(CO)B(,uz-H)z in the presence of Tl(ns-csﬂs).
X-Ray crystallography reveals a distorted Ru3Rh tetrahedron and
hydride bridging of the Ru-Ru edges. The Kp—CO ligand bridges a
Ru-Rh edge. The hydride 1ligands are inequivalent at 1low
temperature in the lﬂ' NWR spectrum and tfie activation enerqy ror

d.357 In a separate paper, the

hydride coalescence is reporte
stereochemical non-rigidity of the above RusPh cluster and the
clusters RugRh(CO)g(k)-CO) (p-H) p(n°-CgMeg) and  RugRh(CO)g(n°-
CyMian} (weR) 5 Gave beex stadied hy MR SPaTirasaagy- 358

The heterometallic clusters HZRu4(c0)lz(u-PhZP(CHZ)nPPhZ)(ua-
H)z (where M = Cu or Ag; n = 1-6) have been prepared from

[Ru4(CO)lz(u-H)z]'l and [H(HeCNh]'l. For M = Cu and n = 2, 3, or
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5, X-ray diffraction analysis reveals a tetrahedral ruthenium core
which is capped by a copper metal atom. The remaining copper
fragment caps a CuRu, face to complete the observed trigonal-
bipyramidal geometry common for these derivatives. The bidentate
phosphine bridges the two coinage metals. Facile site-exchange of

the two coinage metals has been demonstrated by lH and 31P NMR

359

measurements. Solution fluxionality and the X-ray structures of

Cquu4(CO)12(PR3)2(u3-H)2 (where R = cyclohexyl or cmlez) have been
communicated. The ligand's cone angle is shown to influence the
polyhedral structure adopted by the c1uster.350 An in-depth study
of the metal framework fluxionality in Cquu4(Co) 1252 (43-H) 5 (where

L = various phosphines and phosphites) has appeared. The

activation parameters for coinage metal site-exchange have been

361

calculated by band-shape analysis (31P NMR) . The synthesis of

the gold/ruthenium clusters Aquu4(co)lz(u-thE(c:HZ)nE'th)(u3-H) (uz-
H) (where E=E' =P, n=2; E=E'=As8, n=1or 2; E = As, E'
= P, n = 1 or 2) has appeared. X-Ray diffraction analysis of

Aquu4(c0)lz(u-thAscHzPth) (us-H) (pz-H) reveals the presence of a

197

square-pyramidal core with a face-capping Ru(CO)4 fragment. Au

Mossbauer spectra are reported and the results used to determine

the polyhedral structures of the other gold-containing clust:ers.:"52

The related Ag/Ru cluster Angu4(c0) lz(u-thPCHZPPhZ) (u3-H) 2 has

1

been synthesized and crystallographically analyzed. ogAg(lH) INEPT

NMR spectra for the dppm, dppe, dppb, and the

bis(triphenylphosphine) clusters are reported. Values of l.‘J( 107,

109Ag_107, 1oghg) have been measured and report:ed.363 The X-ray
reported. The polyhedral structure is based on a AuyRu, square
pyramid with adjacent face-capping Ru(CO); and Au(PPh3)

fragments. 364
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New heterobimetallic Au/Ru and Au/0Os hydrido complexes have
been prepared. Reaction of AuPPh3NO3 with H(H)4(PPh3)3 (where M =
Ru or Os) leads to [AuZH(H)a(PPha)S]H. The carbonyl complexes
(AuM(H) ,(CO) (PPhs),1* and [AuM(H),(CO),(PPhs)3)*! were synthesized
similarly from M(H), (CO) (PPh3) 5 and M(H), (CO), (PPhg),, respectively.
X-Ray diffraction analysis of [AuzOs (H) 3 (PPh3) 5 ] +1 and
[AuRu (H) , (CO) (1='1>h3)4]+1 is included. Isomerization of 1-hexene to
cis— and tranc-© hesene usdag: PARCHE (28 Mgyt e higher Thow
with the parent ruthenium complex.365

The mixed-metal clusters BRuZOs(u-COMe) (co)lo, H3Ru205(p3-
COMe))t:D)i., mnbsf))s—‘:m@)t:b) 25 and Bfﬁnbsz)pf-cme>)tb>€ Dave
been synthesized and examined in ligand substitution reactions and
for reductive elimination of hydrogen. Equilibrium constants for
hydrogenation and polyhedral isomerization have provided estimates
of the Ru-¥-Ru and Us-B-0s pond energies. Reductlive ellilmination
of Kz aoccurs at a single metal a’tom.m

Free rotation of the Cr(co)g fragment in (oc) SCr[OS(CO)3PHe3]2
sugpests The presence pf a centrally directed, three-center two-
electron bond between the three metal atoms. The crystal structure

and variable~temperature 13 d. 367

C NMR measurements are presente
Alkynes react with (nS—CSHS)WOs3(CO) 128 to give clusters cof the form
(ns-cs}ls)wos3 {€D} IO( B _,',2 -RCECR'). Symmetrical and/or unsymmetrical
isomers are formed depending on the nature of the R and R' groups.
Facile intramolecular C=C bond scission is observed (R = R' = Ph,
tol; R = Ph, R' = tol) upon He3No—induced decarbonylation to give
the corresponding dialkylidyne clusters (ns-CSHS)WOs3(CO)9(u3-
CR) (y3-CR')H and alkyne-oxo clusters (n5-c51-15)w0s3(c0)8(u-o) (u3-n2-
RCmCR’}H and full spectroscopic characterization of all new

clusters is :lnclu::lecl.368
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The crystal structure of ReOs3(C0)lz(p-H)5 has been solved and

is shown to exhibit a tetrahedral Re0s3 core.369

Ligand
substitution reactions in Fe,08(C0),, are reported. The kinetics
reveal a first-order dependence in cluster and zero-order
dependence in ligand. A dissociative CO loss is suggested to be
rate-limiting based on the observed kinetics and the activation
parameters. CO loss is believed to occur from an iron atom,
followed by rearrangement of an osmium carbonyl to the iron center.
Ligand capture at the unsaturated osmium atom leads to the observed
product.37°

Hydride and carbonyl fluxionality in 0s3Pt(CO)q(PCy;) (n,~H),
has been examined by NMR spectroscopy. Protonation of the 053Pt
cluster with HBF, leads to [0S3Pt(CO),q(PCY3) (4y-H)3]*! which has
been crystallographically characterized. The fluxional behavior
of the two 0s(u,-H)Os hydrides is demonstrated by NOE studies while
carbonyl exchange was studied using the DANTE pulse sequence. The
fluxional behavior of the butterfly clusters 053Pt(CO)1°(PCy3)L(u2-
H), (where L = CO or PCy,) is different and has been examined by

13¢ 2p exchange correlation NOESY studies. The hydrides in these

butterfly clusters are nonfluxional. Values of lJ(187Os-13C)

References p. 310



302

coupling constants are includecl.371 Reaction of
0s3Pt (CO) 1o (PCy3) (ky=H), with isonitriles gives the corresponding
60-eleectron ‘DUTTEITYY Clusters ﬁ:a,?\:)\:bj ‘,d,)ma,jﬁtiﬁjj)g-'h) 5 R
studiees anbicate Tnat The RHT QLhpanh 2B Toorhanatedh to Wn UBRIUR
atom. Thermolysis leads to CO loss and 053Pt(CO)9(PCY3) (RNC) (”'2"
H),. X-Ray diffraction analysis reveals a Os,Pt tetrahedral core
with the RNC group coordinated to platinum. This 58-electron
cluster reacts with diazomethane To give Dsgﬁjt:o)gj?cyg) FRIC) )»2-
H) g (Bp=SHpd . The 3efhilese iz shawm €0 Bridge W W lsw.
Facile protonation of Tthe remaining ©s-08 edge is ocpserved with

3

72 The Srgslinh stiruwciuces % %‘..%EAQQ,\ 6,5'!0.3 5,,\‘-._&55‘-.-
H), and 0s3Pt(C0);5(PCY) (4,-H), toluene are reported. 373,374

The hetercnuclear clusters {0510(6'0)24 (#G-C) (RPR3 )n}w" {where
n=1, m=1, M= Au, Ag, or Cu; n=2, m= 0, M = Au or Ag) have
been synthesized and NMR analysis indicates the presence of two
isomeric forms. The praoposed isomeric forms and a general
interconversion pathway ihvolving cap/edge bridge/cap exchange are
presented. 375
V. Miscellaneous Chemistry

(a) Heterogeneous and Supported Complexes

Siloxyl-bridged diruthenium(II) complexes have been prepared
and examinel as mode:r systems Por crusSter-derived, siiica supportex
catalysts.376 ESCA results of Ru(III) and Ru(IV) oxides deposited
on A1203 and MoOj-covered Al,O3; before and after reduction with

hydrogen are reported. MoO, covering increases the stability of

nn

the ruthenium ta reductian. EXAFS and RANES analyses ot

electropolymerized films of [H(v-bpy)3]+z (wvhere v-bpy = 4-vinyl-
4'-methyl-2,2'-bipyridine; M = Ru or Os) and [Os(phen(v-bpy)zl"’z
have been published. These results are discussed with respect to

3718

in situ lnvestigation oF exrectrocataiytic systems. A paper
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dealing with the role of preparative variables on the surface
composition of supported Pt-Ru bimetallic clusters has appeared.379

The morphology changes of Alzo3-supported Ru3(co) 12 have been
analyzed by EXAFS measurements. Addition of CO disrupts the
cluster and gives Ru(co) species while CO removal leads to the

formation of new ruthenium clusters.”o

XANES, AES, and LEED
studies of Ru3(co) 12 adsorbed on Cu(III) are reported. CcConditions
leading to the formation of bimetallic Ru/Cu clusters are

discussed. 381

Hydrogenation of CO by Ru-Al,03 catalysts is
dependent on the initial treatment of the supported catalyst. The
effect of oxidation/reduction on the microstructure of the Ru
particles and the resulting catalytic activity are c:l:l.scussed.?’82
Fischer-Tropsch activity and methanation of co, is reported for
Ru:‘,(co)12 supported on pyrolyzed polyacrylonitrile. A comparison
with ruthenium on Al,04 is made. 383

Rug (CO),;, reacts with magnesia to give the anionic cluster
[Ru3(CO)n(H)]'1(Hg+2)i. Zinc and lanthanum oxide supports alsco
give the same cluster. Programmed thermal decomposition studies
of the anionic cluster lead to mononuclear Ru”(CO)“(OHgC)z and
metallic ruthenium depending on the atmosphere, temperature, and
amount of support hydroxylation. Water gas shift, methanation, and

CO oxidation chemistry is clescr:l.bed.sm4

An isotope-labeling study
has been conducted in order to study the effect of subcarbonyl
surface intermediates from Ruy (co) 12 supported on A1203.
Temperature-programmed decomposition (TPD) results are presented
along with surface mechanisms for CO and Hy utilization.385

A1203 supported FexRu3_x(CO)lz (where x = 0, 1, 2, or 3) have
been examined by EXAFS, IR and UV-visible-diffuse reflectance
spectroscopies, and by TPD studies. The cluster's integrity was

maintained in all cases and support attachment was through the
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oxygen atom of a carbonyl group.?‘86 The thermal behavior of
Fe,Ru(C0);, supported on sioz has been investigated by IR
spectroscopy. Facile decomposition teo Ruo(CO)z, Ru”(CO)z, and
RuIII ( CO)Z surface-supported fragments are observed. Treatment with
hydrogen followed by vacuum leads to the surface-bound clusters
HyFeRu3(CO) 3, HyFeRu3(CO) ,, HyRu,(CO);p, and HRug(CO)q(0Si-
surface) .387

Ru(CO) 3C1,(THF) has been reacted with hydroxylated aluminum
to yield supported [Rua(CO)ll(H)]'l. Evidence is presented that
suprarts tde Intermediacy of manonuciear Ru”(cn(-s(a.ds( as a
precursor to the trinuclear clust:er.388 H4Ru4(c0)12 has been
physisorbed on Sioz, Tioz, 1-A1203, and MgO. Aggregates of metal
particles are observed using Sioz while oxidation by the surface
hydroxyls on Tioz and 1-A1203 yields mononuclear ruthenium
complexes. Use of MgO allows for the stabilization of the
initially formed anionic ruthenium clusters relative to the other
supports.s89

The polynuclear carbide cluster [Oss(co)“(c) ]'2 was obtained
from MgO-supported 08, (CO) 12° The surface-mediated reaction affords
the carbide cluster in much higher yield (~65 %) than the

previousiy reporred pyrozlytic route. 1

Deposition or U54(C0] 15 on
sioz has been examined by IR, XPS, and TPD analyses. Oxidized
osmium(IT) surface species are ohserved in both an argon and oxygen
atmosphere. The oripinal trinuclear frameworkx was restored at
elevated temperature under TU. a1 Uittuse Retrectance IR (URIFTS)
measurements are reported for the thermal decomposition of
0s3(CO) 12° Rapid transformation to Hy08,(CO) 12 is observed under

392 Potassium-modified Os/alumina catalysts are described using

HZ.
053(00)12 and KZ[OSOZ(OH)4]. The role potassium plays in blocking

co adsorption and the relationship of the observed
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carbonate/bicarbonate species to the water-gas shift reaction are

discussed. 393

The bonding of Hy08(CO) 4 and H,08,(CO) ¢, to basic MgO has been
examined using CP/MAS 13c NMR and IR spectroscopies. A strong,
localized adsorbate-support interaction of [HOs(CO) 4] -1 to a surface
Hg+z ion is indicated. The interaction is through the oxygen atom
of a CO group. In contrast, only a weak surface association is

observed with [H30s,(CO) 12]'1.394

13

MAS C NMR spectroscopy has been employed to identify the

nature of the surface-bound cluster that results from Os3(c0)lz
impregnation of silica or alumina. Based on solid-state NMR
measurements and spectral comparison to 033(c0) lo(uz-l{) (uz-OX)
(where X = S:I.Et3 or OZCH) and 053(co) lo(uz-oue)z the supported
osmium cluster is suggested to resemble the above open polyhedral
clusters. 395_

Evidence for cluster catalysis using the silica-supported
osmium cluster 0Os3 (CO) 10(“2'H) (uz-osi-surface) is presented. The
supported cluster catalyzes the hydrogenation of ethylene under
mild conditions. A mechanism involving facile 3Je = 1le”
interconversion of the surface-oxygen 1ligands allows for the
generation of a vacant coordination site and entry into productive
catalysis. A comparison of the catalytic activity of the supported
cluster to the homogeneous cluster 053(C0) lo(uz-H) (uz-oph) is made.
The latter cluster is transformed into Hy084 (CO) 10 and H2034(c0) 12
under catalytic conditions. Support stabilization of the triocemium
framework is clearly indicated and is discussed in the context of
cluster cai:alys:ls.396

(b) cO and co, Reduction

Reductive polymerization of CO in the Fischer-Tropsch reaction
has been theoretically examined using the model complex
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ClRuH (CH,) .3

An electrochemical study has shown that ruthenium
cathodes will reduce both CO and MeOH to methane. The rates and
faradaic efficiencies are reported.398

Hydrocarbonylation of C; - Cy alcohols using Co-Ru catalysts
and synthesis gas has been reported. Iodine and iodides promote
hydrocarbonylation. The cocatalytic effect displayed by the
ruthenium and a plausible mechanism involving an intermediate
olefin complex are discussed.399

Photochemical reduction of €O, to CO and Hcoz' has been

observed wusing the electron donor compound 1l-benzyl-l,4-

dihydronicotinamide and the ruthenium complexes [Ru(bpy)a]+z and

[Ru(bpy) , (C0) ,1*2. 400

Electrochemical reduction of Co, to methane
using electroplated ruthenium electrodes has been reported. The
effect of electrolyte impurities as promoters in methane formation
is discussed. 0!

(c) Oxidation Reactions

The dioxoruthenium(VI) complexes [Ru(0)2c14]'2 and
[Ru(0)2c13]'1 have been prepared and structurally characterized.
Halide loss in the former complex gives_the five-coordinate dioxo
complex. The dissociation constant for this equilibrium reaction
has been spectrophotometrically determined and is reported.
[Ru(0)2c13]'l oxidized phosphines to phosphine oxides and reacts
with cyclohexene to afford cyclohexene oxide, 2-cyclohexenone, 2-
chlorocyclohexanone and cyclohexene chlorohydrin. 2,6-Di-tert-
butylphenol was oxidized to corresponding benzoguinone in addition
to yielding some 3,5,3',5'-tetra—tert-butyldiphenoquinone.‘oz The
crystal structure of t:rans-[Ru(O)z(HIos)z]'6 (as the NaK5 salt) has
been solved. IR and Raman spectral data are reported along with
electrochemical results. The periodate complex and the analogous

tellurate complex [Ru(O)z(HzTeos)z]'6 have been examined in

oxidation reactions. The periodate complex oxidizes primary and
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secondary alcohols to carboxylic acids and ketones, respectively.
The reactions become catalytic with the addition of periodate as

a co-catalyst.403

The synthesis and oxidation chemistry of
Ru(Saloph) (L)Cl and [Ru(Saloph)clz]'l (where SolphH, =
bis(salicylaldehyde)-o-phenylenediamine; L = imidazole, 2-
methylimidazole, or pyridine) have been presented. Both ruthenium
complexes react with 02 to form 1:1 complexes. Cyclohexene
oxldation to cyclohexene oxide 1s observed and a mechanism based
on rate and equilibrium constants is reported.‘o‘

A report describing the oxidation of H,0 to 0, by mononuclear
Ru(amine) complexes and a Ce(IV) oxidant has appeared.405

The complexes [Ru(bpy)z(Hzo)2]+2 and [Ru(l,lO-phen)z(Hzo)zj+2
catalytically oxidize alkanes to alcohols and ketones in the
presence of t-BuOOH. Based on kinetic isotope effect measurements
(Rﬂ/kﬂ = 3.5 for cyclohexane) and C-H bond relative reactivities
(k3o/k20 ~ 6.5 for adamantane) a hydrogen abstraction mechanism is
proposed.406 The electrocatalytic oxidation of alkenes and ketones
has been described using [Ru(trpy)(bpy)(O)]+2. Substrates examined
include cyclohexene, safrole, isosafrole, isophorone, deoxybenzoin,
and acetophenone.4°7

The pH-dependent redox properties of cis- and trans-
[Ru(bpy)z(Hzo)Z]+2 are reported. The electrochemical data
establish the relative stabilities of each isomer and the
oxidation states associated with them. Aspects of catalytic Hy0
oxidation to 0, are presented within a 4-electron scheme involving

408

aqua/hydroxo/oxo redox couples. Electrochemical oxidation of

IIIORuIv(OH)(bpy)z]+3 gives

[(bpYy)s(HO)RuU
[(bpy)z(O)RuIVORuv(O)(bpy)z]+3 which is shown to be a powerful
oxidant. Isopropanol, propanic, propenoic, and crotonic acid

oxidation results are presented.‘o9
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The ruthenium oxo complex [Ru(bpy) (L) (0O) ]+2 {where L =
phosphine or arsine) has been prepared from the corresponding aquo
complex. Oxidation of alcohols to aldehydes and ketones, aldehydes
to acids, and alkenes to epoxides and/or allylic oxidation products
is reported.*!® oxidation of {Ru(bpy) (big) (L) (H,0)1*? (vhere L =
phosphine) yields the ruthenium oxo complex [Ru(bpy) (biqg) (L) (0) ]+2.
The kinetics for benzyl and allyl alcohol oxidation are reported
along with the results of cyclobutanol oxidation which display
reactivity consistent with two-electron oxidations. The reactivity
of the mixed bpy/biq oxo complex is greater than the above bis (bpy)

oxo complex as a result of increased hydrophobicit:y.411

The triruthenium oxo cluster (Rug (p3-0) (pfb)G(Et20)3]+1 (where
pfb = perfluorobutyrate) has been prepared and examined as a
catalyst in alkene oxidations using molecular 0, as the oxidant.
Substrates studied include cyclohexene, trans-g-methylstryrene,
and norborene. From the effects of inhibitors, observed induction
periods, and solvent effects, a free-radical chain process is
suggested. 412

A communication reporting the catalytic epoxidation activity
of the ruthenium and osmium phosphine complexes [MCl (L—L)z]"'1 [where
M = Ra o T8F 22 = PP OF I-AipmenyIphmospirime-T-iTt-
pyridgilethanel nas ajppesreld. 2 wide wartety af alkeanes 4ave
oxidized in the presence ol FPniL, nypocniorites. and 'nzbz.ua

Two papers have appeared dealing with arene osmylation
reactions. Xrenes and 08D, react to form 1:2 adducts which have
been shown to he @lectron-donor-acceptor {EDA)} camplexes. Tae EDA
complexes nave been spectrally characterized and the association
constants are reported. Photochemical excitation within the
charge-transfer manifold of the EDA complex leads initially to the

ion pair [Arl-l'+Oso4"] and ultimately to complexes of the form

(ATH) (080,) » (py) 4. 14 415
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(d) cCarbon-Carbon Bond Forming Reactions

The hydroformylation of 1-pentene, styrene, and ethyl acrylate
has been achieved using [HRu(CO)4]'1. A comparison with
[Rua(CO)u(uz-H)]'l and Ru3(c0) 12 reveals that mononuclear complex
is the most active c';at:allyst:.‘16

Fischer-Tropsch catalysis has been observed using metal
cluster catalysts encapsulated in alumina pillared montmorillonite
(APM) galleries. Ru3(c0) 127 084 (CO) 127 H2°83(c°)12' and H4Ru4(c0)12
were immobilized within the clay support. Crystalline ruthenium
aggregates, obtained from the reduction of [Ru3(CO) 1 (H)]+1-APH,
displayed unusual selectivity to branched products in the Fischer-
Tropsch reaction. Carbonium ions arising from protonated Fischer-
Tropsch olefins are suggested as participants in these reactions.‘”

(e) Hydrogen Production

The formation of Hz at a Ruo, film electrode has been explored
in order to better understand the chemistry observed with the
colloidal Ruo, system. Voltammetric results are pr:esen‘l:ed.418

Water photolysis using ruthenium/bpy complexes leads to Hy
formation. The complexes [Ru(bpy)z(l.-l!-l.'-R'-l:vpy)]"'z (where R and
R' = a wide variety and combination of substituents) function as

sensitizers in a four component system (Ru+2/nv+2/BDfrA/colloida1 Pt)

References p. 310
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used for H, production. Complexes with electron withdrawing
subssStituents are ‘the oSt adtivefls R0 prohuction Trom anovtner

four component system (Ru+2/HV*2/EDTA/colloidal Ruoz) has also been
reportedi. Tne reaction nas ‘been exanined as a function ot Yignt
intensity, s, temperature, »nd component cbm:en‘r.rat‘.mn.‘zo

Rqu(Nz)(PPh3)3 reacts catalytically with alcohols to give H,
via alcohol dehydrogenation. High turnover rates are reported and

a plausible mechanism is presented and discussed‘“'1
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