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INTRODUCTION

This review covers the coordinaton, organometallic and cluster chemistry of osmium
published in the calendar year 1991, and is the first since the 1981 review published in volume 67 of
Coordination Chemistry Reviews. It is not completely comprehensive in that eoverage has been
restricted 10 the more well-known jovmals. In kecping with earlier reviews of osmium chemistry,
the emphasis is on coordination chemistry and development of new cluster frameworks. Whilst
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organometallic chemistry is also covered the depth is less; in particular, papers which describe
numerous gansformations of organic fragments attached to cluster cores are nok described in detail.
For the purposes of this review, binuclear metal-metal bonded species are discussed under clusters.

11 OSMIUM{VII)

0504 catalyses the oxidation of [NzHs]+ to Ny by the chlorate ion. Mechanistic
investigations revealed that QsOy acts as a two-electron oxidant in two separate steps, giving OsV1
and OsTV intermediates:

[NaHsi* + 0504 + SHY —  Os¥l + NaHy + 4 Hy0
NoHp + OsVl + 2H0 — OsOp + Np + 6Hf

The QsOr is then oxidised back to OsO4 by the chlorate ion. The [CIO}- which is produced in this
last step is also involved in oxidising the substrate [1). OsVH also catalyses oxidation of the
kypophosphite ion [H2PO,)~ by N-chlorotoluene-p-suiphonamide (chioraming T); the kinetics and
mechanisin of this were investigated [2).

Reaction of OsQO4 with HN'Bu{SiMes) yielded the homoleptic tera-imide Os(=N'Bu)s,
together with the tetranuclear Os¥! complex (1) in which the ouvter Os centres are tetrahedral and the
inner are square pyramidal. Os(=N'Bu)4 may be reduced to the OsY! dimer [Os(=N‘Bu)z(i-
NtBu)]s, and reacts with [Me301[BF4] to give the anslogoes OsYI dimer [Os(=N'Bu)z(u-
N'Bu))2iBFa)s [31. The reactions of the tewra-imide Os(=NtBu)4 with carboxylic acids and
halogens were also investigated. Reaction with acetic acid and pivalic acid gave the mononuclear
OsV1 complexes (2) and (3) respectively; whereas (2) contzins one monodentate and one bidentate
acetate, both pivalste ligands are monondentate in (3). Reaction of Os{=N'Bu)s with I2 produced
(4) and (5). In (4) one OsV¥! centre is tetrabedral and the other trigonal bipyramidal, whereas (5) is
& mixed-valence OsY/OsVH compound. An analogue of (4) containing Cl in place of I was
prepared by reaction of Os(=NtBu)y with Clp [4].
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12 OSMIUM(VI)
12.1  Nimido amdimido complexes

Reaction of [Os(=N}{terpy)Clhl* with one eguivalent of PPhy in acetonitrile resuhts in N-
stom transfer to the phosphine to give the OsVi-phosphoranimato complex frans-
[Os(terpy)(NPPh3)Clz]*. Similar results were obtained with a variety of other phosphines.
Depending on the nature of the phosphine used, the resulting phosphoranimato complexes can
underge up to two one-electron reductions and one one-clectron oxidation [5]. Several OsVi=N)
complexes with heterocyclic ligands have been prepared. [Os(=N){(f2-terpy)Ch], in which the terpy
ligand adopts a very unusual bidentate binding mode, undergoes chelate ring closure to give
[Os(=N){terpy)Clal+. Nurmerous other complexes such as mononuclear {Qs(=N)Ciz(LL)] (where
LL is two equivalents of 2 monodentate ligand such as pyridine or pyrazine, or one bidentate ligand
such as 4,4'-dimethylbipyridine) and biauclear [{Os(=N)Clg}a(u-L)]2- {where L = dioxan,
pyrazine) were prepared; the crystal structure of [BugN)2[{Os(=N)Cla}o(p-pyrazine)] was
determined. The nitrido ligands may be reduced o ammines in protic media [6]. Addition of
pyridines to [Os(=N)Cls]2- results in liberation of N3 via an N-N coupling reaction and concomitant
reduction of the csmium centre, The reaction is triggered by attachment of a pyrifine ligand rrans ©
the nitride. Thus, heating [Os(=N)Cla(py)2] to 100°C in pyridine yields mer-[OisClg,(py)g] and No,
and heating rans-[Os(=N)Clsz{pic)2] (pic = picoline) in accto_nitlrilc gives mer-
[OsCla{pic)(MeCN)) and Na. For [OsEN)Cla(terpy)J* the coupling is so famle that the complex
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is rather unstable. The coupling is thought to occur vig a (4—N2) bridged binuclear intermediate;
evidence for this comes from detection of [{{pickClsOsI ) NaN{OsTICl{pic)4)}* during a reaction
.

Anionic complexes [OsYimN}L21-, where L is N-acetyl-L-cysteinate, 3-sulphidopropionate
(both S8.0-bidentate ligands) or 3-sulphidopropionamidate (an S,N-bidentate ligand) (6 - 8
respectively) were prepared as models for the iron centre of isopenicillin-N-synthetase. All have
square pyramidal geometries [8].
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Compiex (%), prepared from [OsVi(=0}2Cls12- and BuNCO in acetoniwrile, is the first
structuraily characterised example of an N,N-bidentate urcato ligand. The apical nitride is thought to
arise from C-N bond cleavage of an intermediate containing an Os{(=N'Bn) linkage [9). By contrast,
reaction of OsO4 with 2,6-diisopropyl-phenylisocyanate gives the trigonal QsYI complex
[Os(=NAr)) (Ar = 2,6-diisopropylphenyl; c.f. the OsVIE tetraamides of refs. 3 and 4), which reacts
with MegNO to give [Os{=NAr)3(=0)]). This OsVH gpecies reacts with olefins (RCH=CHR} to
give tetrshedral metallaimidazolidine complexes such as (10).
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[Qs(=NAr)s] also reacts with small phosphines and phosphites (L) to give planar Og'V
species [Os(=NAr)2Ls), whose further reactions are summerised in scheme 1 [10].
[Os(mN)Cla(CH2SiMes)s] reacts with NaCp or NaCp* to give [(Cp)Os(=N)(CH28iMes);] and
[{Cp*YOs(mN){CH;,8iMe3)o] respectively, the first examples of cyclopentadienyl-nitrido transition-
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metal complexes. The N atom in these is a 'soft’ Lewis base, forming a 1:1 adduct with BF; and a
2:1 adduct with Ag*; [({Cp)Os(CHzSiMeska(aN)Y}3AgI[BE;] has been crystallographicalty
characterised. The N atom may also be alkylated {11).

122  Oxocomplexes

{Me40s(=0)} could be prepared cither from OsO04 and MeyZn in 19% yield, or from 0504 and
{Ti{OiPr)sMe] in 50% vield, or by methylation of the glycolate complex [Os(=0}OCHCHa0))
in 60% yield. It undergoes an imeversibic oxidation at +2.2 V and a reversible reduction at -1.58 V.

[Os{=NAm (=0}l [Os{=NA®L(R}{PMe,Ph),]

L

Me;NO Rt (R = Me, Ef)

Trans- {Os{=NAT){PMeyPh))

)

|
[Os{=NA,(PMe,Phil ]

2 Mey W}

KS,CNE
[Os(=NArL(Me ) (PMe,Ph)] 2eNER [Os(=NAr),(OAc)(PMa,Ph)]

[Os{=NArL{S,CNEL}]
Scheme 1: Reactions of trans-[Os(=NAr)z(PMeaPh)z]

The gas-phase structure, determined by clectron diffraction, has Cq symmetry with Os-C = 2.096(3)
A and Os=0 = 1.681(4) A. EyOs(=0) was also prepared, and is an orange, air-steblc crystailine
solid [12]. The first perfluorophenyl complex of osmium, [(N1-CgFs5)20s(=0)2(py)2), was
prepared from the glycolate complex [Os(=0)2(0CH2CH20){py)2] by reaction with
[(CsFs)y2Zn(py)z]. The crystal structure has been determined; the oxo ligands pre mutually trans,
the two pyridyl groups mutuaily cis and the two perflucropheny! ligands also mautually cis. It
sublimes at 230"C without decomposition, its high stability being due 10 the electron-withdrawing, o-
bound Ce¥'s ligands [13]. Glycolate-OsVI complexes were 2lso used as starting materials for the
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alkyl complexes [Rz0s(=0)L] and [R20s(=0)2L7), where L is a neutral, monodentate ligand. For
L = pyridine, the equilibrium

RyOs(=0)(py)2 R,0s(=O)fpy} + py

may be driven to the right in vacie and to the left by excess pyridine. Although MexOs{=0)(py) is
monomeric in Solution, it exists as a trimer in the solid state {(11); in contrast,
[{Me38iCH)20s(=0)({py)}] has a tigonal bipyramidal monomeric crystal structure [14].

The series of complexes [Os(=0)2({py)oL], [Os(=0)(3-pic)oL]), where L is an O,0-
bidentate ligand (lactate, atrolactate, citrate, oxalate, quinate, oxo-isobutyrate, tartrate etc.) were
prepared as models for the complexation of sugars to metal ions; all were characterised by XPS and
mass spectrometry, and contain mrans-OsOz groups. Some binuclear complexes with tartrate as
bridging ligand were also prepared [15]. The crystal structure of [{Qs(=0)2(py)2]2(C10H1209)), &
binuclear osmnate ester containing two Os(=0%(py)0; cenires prepared from reaction of OsOy
with 3,4-diethyl-furandicarboxylate and pyridine, has been determined [16].

(11}

Ph Ph

(H212) (H213)
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The trans-dioxocosmium{VI) complex of the chiral tetradentate binaphthyl-based ligand
(H212) has been prepared. Since high-oxidation state osmivm complexes are potential catalysts for
oxidation reactions, this chiral complex ofers a possible route to chiral catalysis [17). Frans-
dioxoosmium(VI) complexes of dibasic tetradentate Schiff bases such as (Hz13), prepared from B-
diketones and 1,2-diaminoethane, have been studied. Reduction with thiols leads to compiexes such
as trans-[Os1Y(SCHPh)2(#3)], which was crystallographicaily characterised. The OsiV/Qsil
reduction potentials of these complexes vary with the delocalisation ability of the axial thiolates [181.

The 4-fluorophenylimido-oxcosmiun(VT) perphyrin complexes [Os{=0)(=NCsHsF}(P)
{where P is the dianion of meso-tetraphenylporphyrin or meso-tetrakis(3,4,5-trimethoxyphenyl}-
porphyrin} were prepared and characterised by YH NMR and UV/VIS spectroscopy; the UV/VIS
spectra are similar to those of srans-dioxoosmium(V1) porphyrin complexes [19]. Detailed 2D and
13C NMR and mass spectra of Ceo(0sO4)(4-1Bu-pyridine)s have been performed [20,21]. The
presence of an O20s(=0) unit added across one double bond of the Cgg reduces the symmetry
and allows spectroscopic studies to be performed which are not feasible on free Can

13 OSMIUMV)

The ESR spectrum of [Os{(=0){E1zC(0¥C0;}2]~ was measured, and the reactivity of the
complex compared with analogous RuV(=0) complexes with a-hydroxycarboxylate ligands [22].
Normal coordinate analyses for the series of QsY, OstY and OsB complexes [OsXpYgnlZ XY =
F, C1, Br; z = 1,2.3) have been cammied ot [23).

14 OSMIUM(IV)

The kinetics of dissociation of Hy from {O3H4(PTol3)1] (Tol = p-CgH4CH3) and
[OsHs5(PToly)z]+ were measured; the dissociation rate increases with increasing protonation [24).
The hydride spin-lattice relaxation times {T'7) for (OsH4(PTol3)3] and its devterated isotopomers
[OsHxD4 x{P-dTol3)3] (x = 1 - 4; dTol = p-CgHaD2CH3 with the D atoms ortho to P) were
recorded as a function of temperature. For these and 33 other ‘classical’ hydrides, the relaxation
rates correlate well with the expected values. However for n2.Hj complexes the agreement between
theory and observation is less satisfactory [25]. [Os(NHj3)4Hz1%* undergoes facile substitotion of
NH3z by acetonitrile, pyridine, imidazole, halide fon or water. The initial product is trans-
[Os(NH32}3H3L}2+, but NMR spectroscopy shows that this converts to the cis isomer, slowly but
nearly completety [26].

The preparation of the new diamgnetic complexes [OsHoCla(PR3)2) (PR3 = PiPry,
PMetBu;) has been achicved by reaction of OsClaaH20 with PR3y in 2—pro;_§anol at reflux; the
crystal structure of [OsH2Cl(PiPr3)z] shows a distorted square antiprismatic (formally Dag)
geometry with two vacant sites in the alicmate positions of one square base. [O$HCla(PMetBug)o)
catalyses hydrogenation of olefins and dienes, and reduction of benzylidencacetone and
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benzylideneacetophenone to the saturated ketones. Some reactions of [OsHaCla(PMetBuz),] are
summarised in Scheme 2 [27).

altrans - [OsCL{CORPMEBU,)) —“%"i‘—- alltrans - [OsH{COL(PMe'Buy),]
4

Cco

T PMe;
[OsHClp{(PMOBuglplj ——— ais- [OsCL(PMay),)

NaBH /MeOH/
CeHg

1

[OsHg(PM8Buy),)

Scheme 2: Reactions of [OsHyCly(PMetBua)sl.

The energy levels of the low-lying d-orbitals of frans-[OsCl4Iz)%~ and [OsChala}2- (both fac
and mer isomers) were determined, by examination of their UV/VIS spectra (recorded at 16K) and
their emission spectra {recorded between 10K and 20K) over the range 4,200 to 12,500 e}, a
region in which only d-d mensitions are expected [28].

15 OSMIUM(IIT}

The electron-transfer cross-reaction rate constant for the thermodynamically unfavourable
oxidation of [Fe{4,7-Meophen[2+ by poly-[Os(bipy)o(4-vinyl-bipy)]P+ was measured at the redox
polymer surface in a variety of solvents. A theoreticel model incorporating solvent relaxation time,
solvent diclectric constant and reaction free energy was developed to explain the solvent dependence
of the clectron-tansfer rate [29]. The kinetics of oxidation of thicsulphate by [Os(phen)s)3+
acconding to the reaction:

2 [Os(phen)3}3+ + 2(8203]% — 2 [Os(phenp]?* + [S40¢}%-
were examined. The redox potential of the osmium centre was varied by using phenanthroline
derivatives such as 4,7-dimethylphenanthroline, §,6-dimethyiphenanthroline and S-chioro-

phenanthroline. Errespective of the precise redox potential,the rate law was found to be:

AOsMYdt = 2i[OsT[S70927] + 2kofOsT{S70422.
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Both k; and k7 increase as the reduction potential of the Os™! increases; both terms describe outer-
sphere processes {30). The kinetics of OsI/OsH! self-exchange in [Os(CN)614-/3- in agueous
roedia were examined by 13C NMR line-broadening techniques. At 25°C the rate constant is (8.9 +
0.5) x 104 M1 sec-1. Tt was found that the self-exchange rate decreases with increasing acidity, due
to the presence of additional equilibria involving protonated species such as [(HINCy0s(CN)4J%~
and [ENC)Os(CN)s13-. The rate constants were discussed in terms of inner-sphere and solvent
rectganisation barriers, and compared with the values for the analogous Fe and Ru complexes [31}.

The electrochemical, UV/VIS and structural propexties of the two serics of Os™ complexes
[OsBrg)3-, {0sBrs(COY)2-, [0sBry(COY2}- and rrans-[0sXy(MeCNJaJ-, [OsXa(MeCN)(CO)),
[OsX4{CORYT (X =C), Br) were examined to determine the effects of stepwise variation in the
number of CO ligands on complex properties. In each case it was found that the Os!B/OslT and
OsI/OsIY couples shift two to three times further for addition of the first CO than for the second;
ie. a very non-linear accumulation of igand electronic effects, contrary to recent predictions [32].

The triply-bonded species [0s3Xg]2- (X = ), Br) react with a variety of isonitriles RNC o
give the 17-electron complexes [OsX(CNR )21 in good yield, and with CO in ethanol to give
[OsXa(COWELOH)}~. The BtOH in this last complex is labile and may be replaced by any of
several Lewis bases L {e.g. dmso, thf, pyridine, phosphines, isonimiles) to give [OsX4(COJL]~. The
spectroscopic and electrochemical properites of the new complexes were examined. Crystal
structures of [BugNJIOsCly{CN-xylyl);) and [BugyNJiOsCly ¢gBr1,32(CO){dmso)] showed them
both to have frans geometries [33). [Osp(02CCH;)4Clo] reacts with molten di(p-tolyl)formamidine
(H14) to give, after crystallisation, [Os2(14)4Cly).CsHg.hexane. The Os-Os bond length is
2.467(1)A, which is very long for a triple bond between two Os!H atoms. The ground-state
electronic structure was established by theoretical and magnetic studies, and shows that the long
bond is due to the shift of an electron from 2 §* orbital to a more strongly antibonding R* orbital
[34]. Electrochemical studies on [OsCla{PPhs)a(sq)], where sq is one of a variety of semiquinones,
show the presence of an OsU/OsTV oxidation and a semiquinone-catecholate reduction. The
complexes catalyse oxidation of primary alcohols by N-methylmorpholine-N-oxide [35).

Q&
& Q

(H14)
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Whereas reaction of [Os{SR)3(PMeaPh)] (R = CgFs, CgHaF) with benzoic acid gives the
paramagnetic Os'll complexes [Os(SR}2(0,CPh)(PMeaPh)], which are octahedral with mutually
trans thiolates and mutually cis phosphines, reaction with HCl gives the dimagnetic OsTV complexes
{OsCHSR)a(PMeaPh)] which have trigonal bipyramidal geometries. These may have possible use in
further syntheses of new osmium complexes, as they are coordinatively unsaturated and allow
access to reactive Os centres by reduction [36]. In [Os(B1SCS2)2(PPha)ol¥1+ the OsY state has 2
strong preference for cis S4P2 geometry whereas the OsH state prefers a frans geometry, due to
changes in the balance of steric hindrance and dr-pr back-bonding with oxidation state [37].
Similar behaviour is observed with xanthate ligands in the Os!! and Os!I complexes
[Os(ROCS21({PPh3)a¥1+ (R = Me, Et, iPr, PhCH3). Both cis and trans forms were isolated for
each oxidation state; clectrochemical studies confirmed that the Qs state is more stable in a cis
geometry and the OsI! state is more stable in a rrans geometry. The decrease of back-bonding in
the OsTl state sllows steric effects to predominate, with the bulky phosphines moving as far apart as
possible [38].

16 OSMIUM(IT}
16.1  Complexes with N-heterocyclic ligands

The crystal structure of [Os(bipy)3][PFg]s has been determined; it is isostructural with
[Ru(bipy)3)[PFsle {39). [Os(bipy)3)?* has been incorporated into Nafion films on electrods
surfaces, in order to study the effects of ion association (of electroactive cations and electro-inactive
countetions) within the polymer on the dynamics of clectron hopping. A very non-linear increase in
the apparent diffusion coefficient if incorporated counter-ions with concentration was observed [40].
The quenching of the MLCT excited state of [Os{bipy)3]2* and other Osil-based photoactive
complexes by anthracene and 2,3-benzanthracene was shown to occur by energy-transfer in the
Marcus-inverted region. This shows that the inverted region can be reached for energy-transfer as
well as electron-transfer [41].

N/l N/ N/
S YO0
N I\ N/I\ NZ AN

N~ N A N A

(15) (16) (17)
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Copolymeric films of poly-IRu(4-Me-bipy)2(4-viny)-py);)2* and [Os(4-vinyl-bipy)s}2+
were prepared by reductive electropolymerisation on platinum-disc electrodes. Photolysis in the
presence of [MezNCS2]~ leads to ejection of the 4-vinylpyridine fragments ang consequent loss of
the Ru centres from the polymer. This results in 2 film of poly-{Os(4-vinyl-hipy)3]2* containing
specifially-sized voids attached to the electrode surface, capable of 'size-selective’ electrochemistry
[42). (Os(bipy)zLi[PFgl2 (. = 18, 16, 17), in which only one site of the potentially binucleating
ligand L is occupied, were prepared and characterised by electrochemistry and UV/VIS
spectroscopy. In each case the LUMO is on the ligand L rather than on 2 bipy ligand [43),

N (CHa)n \ [4+]
A A
(Bipy)2Ru, “Os(bipy);
. PN
\ | x |

Figure 1, A series of polymethylene-bridged Ru-Os binuclear complexes (n = 2,3,5,7)

(18) (1%

The photophysical propertics of the series of complexes in Figure 1, containing
polymethylene-linked [Ru(bipy)3]?* and [Os(bipy)s]2+ chromophores, were examined. The
bridging ligands were prepared by deprotonation of & methyl group of 4,4'-dimethylbipyridine with
LDA followed by reaction with half an equivelent of Bi{CHs),Br. Near-complete quenching of the
emission from the ruthenium centre was observed, accompanied by an enhancemnent of the emission
from the osmium centre. An energy-transfer mechanism (via a Firster-type dipole-dipole
interaction) was proposed; the energy wansfer rate constant drops from 5.3 x 108 sec-! whenn = 2
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to 1 x 108 sec~! when n =7, and is proportional to r—® (where r is the Ru-Os scparation} (44). The
Os!l complexes with terpy, 4'-tolylterpy (18) and 4,4' 4"-tripheaylterpy (19} show a continuous
variation in redox and spectroscopic proprtics according to the degree of ligand substimtion. All of
the complexes are strongly luminescent in solution at room temperature [45).

Attachment of one or two Os{bipy)22* units at the N,N-chelating sites of 3,5-bis(2-
pyridyiytriazole (H20) yielded [Os(bipy)2(20)}+ and [{Os(bipy)2) 2(-20)13+, whose
electrochemical, UV/VIS spectroscopic end photochemical properties were compared with those of
[Os(bipy)3i2+. For both complexes with (28), the LUMO is based on 2 bipyridine ligand, resulting
in bipy-based reduction processes and Os{dn) — bipy(n") charge-transfer bands i the UV/VIS
spectrum. The mononuciear and binuclear complexes have emission lifetimes of 250 ns and 340 ns
respectively at 90K [46]. The heterobinuclesr complex [(bipy)2Ru(p-20)Os(bipy)a13+ exists in two
isomeric forras, as the two binding sites of the bridging ligand are inequivalent; their propertics are
generally similar. In each case, excitation of the Rull centre is foliowed by energy transfer with
nearly 100% efficiency to the Os!l centre (c.f. ref. 44). By contrast the one-electron oxidised form
(with an Osll! centre) shows no luminescence, due to the presence of a low-lying inter-valence
charge transfer (IVCT) stete which deactivates the luminescent MLCT levels [47].

‘The binuclear complexes [(N-N)20s(u-H221)YOs(N-N}2J4* (N-N is bipy or phen) are
dibasic acids due to the imidazole protons of the bridging ligand. Consequenily their UV/VIS and
electrochemical properties are strongly pH dependent. The IVCT band of the mixed-valence
OsTHOsM complex moves to lower energy and becomnes 4 to 6 times more intense when the bridging
ligand is deprotonated, thereby allowing proton-induced switching of the metal-metal interaction
[48]. The homo- and hetero-binuclear complexes [{{bipy)?0s }a(u-22)12+ and [(bipy)2Os(p-
22)Ru(bipy)2]2*+ have an extensive series of redox processes. The bipy ligands may each undergo
one-electron reductions, and oxidation state combinations +2/+3, +3/+3 and +3/+4 are accessible
for the metal cenires [49].

[ Y
NP N{* x
N
& 'I’i (H,21)
(H20) ™

(H,22)



162 Complexes containing phosphine ligands

The crystal structures of [OsCI{CO)PPha){tacn)]2[ZnCla] (where tacn = 1,4,7-triaza-
cyclononane) [501 and of the cis, cis and frans, trans isorners of JOsBry{COXMeCN)(PPha)s] [(51]
have been determined. In the latter case, steric contributions to the structures of the two isomers
were discussed [51). NMR spectroscopy of the five-coordinate complex [OsHCI(COXPiPr3)2] in
acetone shows that coordinated acetone inserts into the Os—H bond to give a coordinated
isopropoxide, which re-converts 1o coordinated acetone by P-climination. For such insertion to
occur requires side-on n2-bonding of the C=O bond. The complex catalyses hydrogen atom
transfer from 2-propanol to cyclohexanone and acetophenone [52]. [OsHCHCOQ)(PiPry)y] is also
an active and selective catalyst fot the addition of Et3SiH to phenylacetylene. Either cis or trans
PhCH=CHSiEty may be obtained in good yicld depending on the reaction conditions; the reaction
occurs vig an [Os(SiBt3)}(n2-Ha)CHCO)PiPrs)y] intermediate [53). A iabile PPh3 ligand in
[OsHCI{CO)(PPh1)3] may be substituted by a variety of other phosphines including PCl3, PCloPh,
PH3(CgHoMez) and 3,4-dimethyl-P-phenyl-phosphole. In each case the new ligand is trans o the
hydride and cis to the other two PPh3 ligands; the PCl3 and PCloPh ligands may in turn be
substitued by MeO-, H- or toluidine. The hydride ligand may be displaced with HCIO4 in MeCN
resnldng in loss of Hz to give a cationic acetonitrile adduct, and by Cly to give a mixture of isomeric
nentral dichloride complexes [54).

The Hj ligand in trans-[OsH{dppe)(M2-H)1* [dppe = 1,2-bis(diphenylphosphino)ethane] is
rapidly spinning and has a long bond (0.99 A). Likewise, [OsH(depe)(nZ-H2)}* [depe = 1,2-
bis(diethylphosphino)ethane] has properties mid-way between a complex containing H- and 112-Hy,
and e trihydride complex. Homolytic cleavage of the H-H bond is a relatively low energy process;
NMR spectroscopy of deuterium-substituted isotopomers showed that there is an eqnilibrium
berween {spinning Ha + hydride) and {trihydride) at 180K [55). The five coordinate structure of
[OsCl{dcpe)zl* [depe = 1,2-bis(dicyclohexylphosphinojethane] is stabilised by the bulky
phosphine ligands. Reaction with Hp afforded [OsCln2-Ha)dcpe);]*, which conld also be
prepared by protonation of [OsHCHdcpe)pl. On the basis of 'H and 31P-{1H} NMR
measurements, [OsHa(depe)s]* was proposed to have a seven-coordinate trihydride structure (i.c.
formally Os!V). Reaction of {OsCla{depe)s) with Ha gave both trans-[OsHCl{dcpe)s) and cis-
[Os(E)2fdcpelal [56).

The trans isomers of [OsLsaX3] (L = PMes, PMeyPh, AsMes, SbPhs, py; X = Cl, Br)
convert to the cis isomers in chlorinated solvents. Oxidation of rrans-[OsLaX3] by Oz or HNGy
yielded trans-{OsTBLaX51+, which have OsT8 and OV couples whose potentials are dependent
on the namres of L and X. The crysial structure of trans-[Os(PMe3)aCl2][BF4] was determined
[57] ¢c.f. refs. 37 and 38). The charge distribution in neutral osmium-dioxolene complexes was
investigated. The structueal parameters of [Os(PPhi)2(dbg)Clz) (dbq = 3,5-Bug-1,2-benzo-
quinone) suggest that the dbqg ligand (formally a quinone) is actually intermediate between the
semiguinone and cateckol oxidation states, resulting in a higher oxidation state than +2 for the
osmium centre. Similarly the crystal structure of cis-fOs(PPhi)a(dbq)z] suggests that both ligands
are in the catecholate oxidation state €i.e. an Os'V complex). These complexes undergo ligand-based
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interconversions between the redox states, similar to those of the analogous ruthenium complexes
{38).

16.3  Other coordingtion complexes

The crystal structure of Nag[Os(CN)s].10H20 was determined; it consists of layers of
[Os{CN)s}* anions intercalated with layers of hydrated Nat ions [59]. [{Os(CO)3l}a(-1)2) was
prepared by reaction of [(u-H)Os3(CQ)11]~ with CH2IC1 and BCly, and the crystal structure
derermined [60]. Reductive nitrosylation of OsOy4 with NHOH.HCI in the presence of oxalate
gives the square-pyramidal [Os(NO)(C204)]- in which the NO* ligand is axial. This reacts with
HX (X = halide) to give [Os(NO)X5]2- as the major product in each case, which ali undergo 2 one-
electron oxidation. For X = €1 or I, reaction of [Os(NO)Xs5)2- with phen affords
[Os{NO)X 3(phen)); for X = Br, the same reaction only results in [Hphen}2[Os(NO)Brs).2Hz0
which was crystallographically characterised [61]. The crystal structures of
[Os(NO)YBra(Et»S }(Et250)] and [Os{NOGICl{Et2PPh);{MeOCH7CH,0)] were determined; both
are octahedral, with the sulphoxide and alkoxide respectively zrans to the NO* [62].

Condensation of [Os(TPP)] (TPP = meso-temphenylporphyrin) with O gives the peroxo-
bridged binuclear complex {Os(TPP)la(-0z), which has an O—O vibration ar 1090 cm-! {63].
{Os(TTP)] [TTP = meso-tetra(p-tolyl)porphyrin] reacts with CMe—CMer-SiMe; o give the
silylene complex [(TTP)Cs=8iMea.thf]; similar products are obtained from reaction of
[Os(TTP))%- with RSiCly [64].

164  Organomewtilic complexes

The crystal saucture of [{ QOs(NHz)s }a{u-pyrene))[CF3503]4.4MenCO (23) was determined. The
metal-centred oxidations are separated by 100 mV, indicaiive of a weak metal-metal interaction across
the bridging pyrene ligand [65]. The n?-coordination of an Os(NH3)52+ fragment to anisoles,
phenols and anilines results in an enhancement of electrophilic artack at the para position of the
aromatic rings [66). Reaction of [Os(NH3)s(diallyl-cther)}?* with triflic acid gives the allyl complex
[Os(NH3)s(n3-C3Hs))3+ in good yield; it shows no redox activity, but undergoes addition of
nucleophiles at the terminal allyl carbon atom. Cyclic allyl complexes were also prepared from partial
tydrogenation of Os(NH3)s2+ complexes with n2-bound anisole or 14-dimethoxybenzene. The
affinity of the Os(NHz)s2* fragment for the C=C double bord of a conjugated diene is higher than
for an isolated alkene [67). The crystal smucture of [(2,3-12-2,5-dimethylpyrrole)Os(NH3)s]2+
reveals that n2-2,3-coordination of pyrrole (i¢. as an alkene) ransforms the ligand to an enamine, with
significant localisation of the f-electron density [68].
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Scheme 3: Reactions of [(n5-Cglg)Os(PR3)I2) with terminal aliynes

Reaction of [(n6-CgHg)Os(PR3)I2] with terminal alkynes R'C=CH can proceed along
various paths depending on the nature of R' (Scheme 3). If R' is an alkyl or aryl group, the product
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is either a neutral alkinyl [69, 70] or a cationic vinylidene [70] species; if R' = COoMe, the product
is a vinyl complex containing a five-membered ring in which an O atom also coordinates o the Os
[70); if R' = CHoCH(OH)R" the product is a cyclic oxycarbene, which may be deprotonated to give
a vinyl ether [71]. Several other reactions of these products were also described. New routes to the
azavinylidene half-sandwich compounds [(n6-arene)Os(=N=CRR")L}* (R, R’ = Et, Phy; L = PiPr3,
PMefBuy; arene = benzene, mesitylene) have been developed stanting from [(nS-arenc)OsLiz] [72).

Nomerous reactions of [{j5-mes)0s(COXC:1 and [(N5-mes)Os(CNR)Cl2) {mes = 1,3,5-
trimethylbenzene) with alkyl and aryl Grignard and lithigm reagents have been carried out. In
general, displacement of a halide occurs to give mononuclear products containing a o-bound alkyl or
aryl group in addition to the m-bound mesitylene [73, 74]. For the reaction of [(n®-
mes)Os(COIC3] with CgH)MgCL, [(n6-mes)Os{CgH1)2(CO)] is the major product, whereas use
of CgHy MgBr results in [(nS-mes)Os(CeH ) p)(CO) where the coordinated cyclohexene has an
endo configuration {74]. Another unexpected result was the formation of (24) as 2 by-product in
the reaction of [(16-mes)Os(CNMe)Clz) with PhMgBr [73].

Seme reactions of [(N6-mes)OsCly], are summarised in Scheme 4 [75, 76]. Labelling
experiments using CaDsOD as solvent showed that in (25), formed by reaction of f{ns-
mes)0sClal, with NayCO4/ethanol/propene, all three new ligands (H, CO and CHj3) have come
from the solvent ethanol. The ethanol, therefore, was controllably fragmented to CHz, CO, Hand
Hy (which is trapped by the olefin) {75).

o
Ph Os.
2N
\ Ph

Ph

/NH

24

Protonation of [(n6-mes)OsH2(PMe3)] with HBF; gives [(nS-mes)OsH3(PMe3)i*, which
has a classical trihydride structure according to 77 measurements [761. [(R5-CsHg)OsLH3]* (L =
phosphine or phosphite) were readily prepared by protonation of the neutral dihydrides. They are
fluxional at room temperature {single hydride resonance in the NMR spectrum) but at low
temperature show well-resolved AB2 or A2B systems with large, temperamire-dependent Jap
couplings due to quantum-mechanical exchange coupling between the protons [77). Reaction of
[{pp3)OsCla] with Na/Hg in benzene [pp3 = P(CsHy-2-PMez)3) afforded [(pp3)OsH(Cglls)] (78]

The monomeric arene-nitrido complexes {NS-CsMeg)Os(=N'Bu)] react with alcokols to
give [(n6-CgMeg)Os(alkoxide)z) and with thiols to give [(16-CeMeg)Os(thiolate)p]; amincfimido
cxchange reactions are also possible. These reactions allow new routes into low-valent osmium
complexes containing Os—-X (X =N, O, §) bonds [79].
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Scheme 4: Some reactions of [(1/6-mes)OsClaly

17 OSMIUM(T}

Bending potential energy surfaces for twelve isoelectronic siates of [OsHal*, formed by
insertion of Os* into Hy in the gas phase, have been celculated [80].



18
18 OSMIUM(0)

18.1  Sandwich complexes

The UV/VIS spectra of Cp20s and Cp*20s in the vapour phase were compared to the solution
spectra. Differences arise due to the presence of two sharp bands due 1o the Sd(agy [6ple))”
and 5d(aig) — [6p(azy))” Rydberg excitations in the vapour phasc spectra (where * denotes the
excited state). Although these transitions also ocowr in solution, the spectral bands are broadened
beyond detection [81]. An osmecene derivative with a risulphide bridge linking the two rings was
shown by NMR spectroscopy to undergo s fluxional bridge-reversal process (Scheme 5) whose
activation free energy is related to the strength of the metal-ring bonding and the torsional encrgics
of the §—8 bonds [82).

/Y% ¢ e /}_ -
i S — '
5

7S N~ T 7o

Scheme 5: Fluxional behaviour of trisulphide-bridged osmocene

Decamethylosmocene-1,2-dicarbino! loses two HaQ molecules on protonation, to give
[Cp*OsCsMes(CH2)12* (26) in which the two -CHp* groups interact with the metal centre; the
1,1"-isomer [Qs(CsMesCH2))?+ was also prepared. MO calculations suggest that a variety of
distortions should occur, including bendong of -CHa+ groups out of the Cp* ting planes, ring
canting, and off-centre ting slipping [83]. «-Osmocenylcarbinols and their Cp” analogues show
intramolecular OH-Os hydrogen bonding [84); the steric influcnces of substituents on the carbinol
group and the Cp rings on this H-bonding were investigated [85]. The pendant phenyl rings of
phenyl-substituted o-osmocenyl carbineol could be ligated to other metal complexes to give (27) and
(28) [86].

Me
c
MeCE 3 CMe
HO |
CH2+ -““05". CH2+ Os M
Me, Me
e @
Me

(26) {27). M = Cog(CO)g; (28), M = Cr(CO)3
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1.82  Oiher Os{0) complexes

[OsCINO)YPIPra)] is a stable, planar 16-clectron complex which undergoes oxidative
addition with Hg, HX, Mel, I and MecOH, Lk reacts with alkynes to give ¢ither terminal alkynyl
complexes or side-on m-bound alkynes. Rt adds CO to give 2 five-coondinate, 18-clectron complex
[87). The crystal siructure of [OsCHNOYPPh3)2(OSNCsHs-4-Me)) (29) has been determined;
the SIV heterocammiene (formally O=S=N-CgHaMe) adopts a psendo-olefinic 12-N,S coordination
mode [S-N = 1.61(4) A} to the Os0 centre [88). Addition of the nucleophile [Os(COM]?- to the
coordinated, electrophilic hydrocarbon ligands of other complexes affords heterotrimetallic species.
Thus seaction of [Os(CO)]?- with [(CO)sFe{cycloheptadienyl)j+ gives cis-[{Os(COY} {(t-nlm*
C7Hg)Fe(COY3}21 (30) whose crystal sttucture has been determined; analogous products were
obiained from reaction of [Os(CO)412- with [Cp(NOXCOMo(aliyD))*, [Cp(COMolbutadiene}]*,
[(CO)Fe{cyclohexadienyD]* and other electrophiles [89]. Mono-protonation of [Os(n6-mes)(31})
[where the 1,3-diene (31) has the molecular formulz CygH4] gives the fluxional cation [Os(n6-
mes)(CigH15)]t. Treatment with BulNC causes irreversible hydride transfer to (31), giving
[Os(nB-mes)(Cy3H sHCNB}* [905.

PhaT o /0
ONewe o™ (CO)0s
Cl / “N
Pth l
Fe(CO) i
29 30) 1))

19 IONIC SOLIDS

Pr4l50s was prepared from Prlz, Pr and Os at 875" - 975°C [91].
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116 OSMIUM CARBONYL CLUSTERS
1.10.1  Clusters with only carboryl and hydride ligands

A new theoretical analysis accounts very well for the X-ray abserption spectrum of
[Os3(CON2) [92]. Isotopic labelling experiments suggest that electron transfer reactions between
[Os3(C0)1112- and M3(CO} 12} (M = Fe, Ru) to give [O53(CO);12] and [M3(CO)13]% occur by an
outer-sphere mechanism (93). The crystal structure of [PhyP12{0s)06(CO)26] has been determined.
The structure of the core is that of a tricapped octehedron, with an additional Os{CO)3 group on one
of the three caps. The cluster is suggested (o be at an interrnediate stage between the well-known
low nuclearity Os clusters and new 'giant' species [94). A more impressive example of a cluster
further along the same route is [Osz{COMol2 (Fig. 2), a molecular tetrahedron with four Os atoms
along each edge. The Os atoms are arranged in a cubic close-packed array with no interstitial atoms.
The arrangement of CO ligands over the surface is similar to that of chemisorbed CO on the (111)
surface of close-packed metals. Preliminary experiments show a very rich electrochemical
behaviour [95].

0

N I /
[l <
/

Figure 2: Core structure of {Os20(CO)40}2 ; each vertex represents an Os atom.

The kinetics of 13CO exchange with 12C0 in [HOs3(CO)}1)]- and [DOs3{CO 1)~ were
studied. Two paraile] pathways were found, one dissociative and one associative; the rate is cation-
dependent due to ion-pairing cffects {96]. Examination of the vibrational specira of the pz-H
Ligands in [H4Os4(CO)2] indicates that the molecule has Dyg symmetry. The Raman specirad
intensities are strongly influenced by the fact that the four hydrides have pseudo-Day symmetry
{neglecting the rest of the cluster), and by the spherical symmetry of the hydrogen 1s orbitals [971.
Reaction of §0sg(CO)1g) with R3NO (R = Me, Er) in a2 non-coordinating solvent results in
formation of [HOsg{CO)171, which was subjected to a variable-terperature NMR spectroscopic
smudy. [HOsg(CO)171 is isoelectronic with Osg(CO)g and behaves similarly [98]. Pyrolysis of
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[Os3(CO)10(MeCN)2] in vacuo affords [OsgH(CO)24]-, which was crystallographically

characterised. The core structure is the first example of & tri-capped octahedron [99]. A neutron-
diffraction studv of (PPN HaOginfC el Iocated the hud!_‘ldp I!cmnde d:mtlv All are on the

RLLliaAasires Duiaay W R L AN LA AR EO RGNS PRl Svaaas B bl
surface; two are wriply-bridging and two are doubly bridging. There is an incipient C—H interaction
between the CO ligands and the hydrides, which suggests that the cluster is a good mode! for the
chemisorption of 'syngas’ (Hy + CO) on metal surfaces [100].

1.10.2  Clusters with additional C, Si or Sn ligands

The stereochemical non-rigidity of [0s3(C0)s(n2-CoHa)(3:n202:n2-CeHg)] (32) was
studied by line-shape analysis of its 13C CP/MAS NMR spectrum. Five dynamic processes were
identified in solution including a "jump'-type reorientation of the benzene ring, ethene rotation and
"wrnstile’-type rotation of Os(CO)3 vertices [101).

E_—_—>

H— -

{00)305'\ /05(00}3
O]

(32)

Activation of [Os4(u-H)4{CO)17] with MeaNQ in MeCN gives the reactive intermnediste
{Os4(p-H)a(CO)10(MeCN)), which reacts with 1,3-cyclohexadiene to give new clusters with apical
CgHg and CgHg ligands. The CgHg ligand converts to 1)5-CgHg on heating. The crystal structures
of [Osa(u-H)2(CON1o(nS-Cstlg)] and [Os4(COY(MO-CeHg)(n*-CeHy)) were determined (102).
Molecular organisation in crystals of [0ssH2(CO)1pinS-arene)] was investigated by packing
potential-energy calculations; the crystal structures were determined for arene = tolene and m-
xylene. Crystal packing and ease of reorientational motion of the arene in the solid state were
discussed [103). The benzene ligand in [Os4H2(CO)p(M6-CoH)] is labile and could be displaced
by PhC=CPh in the presence of Me3NO and MeCN, to give [OsqH2(CO}(PhaC2)21. One PhaCo
ligand adopts 2 typical (3-n2, 20 + ) face-capping mode, but the other is attached terminaily (like
an alkene} as a (p1-02) four-electron donor (Fig. 3). The C-C distance and the Ph—C-—C bord
angles indicate that the C atoms retain substantial sp character [104]). The crystal structure of [{j1-
N1,n2-C2Hs)0s2(CO)5) shows that the ethylene C atoms are almost completely:sp? hybrids. The
C-C bond lengths are similar to those of ethane and ethene chemisorbed on the PH(111) surface; the
complex is therefore a model for chemisorbed ethene [105]. '

Reaction of [HOs3(CO})1]- with PhC=CPh gave as the unexpected product
[Ha0s5{CO13(PhaCa) {PRCCHYCgHa)}l. The core structure is that of a twisted ‘bow-tie', with
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one PhoCs adopting a normal p3-2¢ + x) bonding mode, and the other being ortho-metallated (o~
N2)Ph-CCH)-CsHs due to intramolecular H-transfer from a phenyt ring to the acetylene carbon
atom [106). By contrest reaction of PhC=CPh with [Os7Hz{CO)ap] results in C=C cleavage to give
li3-carbynes such as [Os7(CO)13{n3-CPh)z2] and [Os1(CO))y5(33-CPh)4]; the former has a
monocapped octahedral core, whereas the latter is a bi-capped square pyramid (1071, The radical
[H30s3(CO)a(p3-C")] reacts with CgHSFE to give [H30s3(CO)o{p3-C-CgHs)) and with CeFs to
give [H3053(CO0{p3-C-CgFs)l [108).

1.29(1) A
14?.3{6}'/_\ /\ 139.6(5)"
Ph H Ph
L \? /c/

Os

Figure 3: Structural parameters of the (12-u1)-PhyC ligand in [OsqH2(COY(PhaCa)2]

The terminal carbene (Os3(CO 1 {=C{E)NMe; 1] reacts with BuC=CH to give a variety of
products, via new C-C bond forming reactions by transfer of the carbene to the alkyne. Several
multicentre wansformations of the organic ligands are described, and the erystal stmctres of the
initial adduct [Os3(COY{ =C(Er)NMe3} {1l3-C(H)C'Bui}] and the products [Os3(CO)g{=C(Et)-
N(Me)CHz-} {p3-C(H)C'Bu j(1-H)) (33) and [Os3(COYo{u3-PhCC(EtKNMez) H-H)l (34)
determined [109]. The reactivity of [Os3(CO)g{ p3(=C{EON(Me)YCH=) }{u-H)2{MeCN)] (35),
which contains a bridging aminocarbene ligand, to diarylatkynes was exarmined. New organic
ligands attached to the Osj core resulted, from insertion of hydride into the alkyne followed by
coupling of the resultant alkenyl groups 1o the bridging carbene [110}.

e
0Cc—0&—-co Y
\“ CO l— 0s(CO
\ { )::‘| O 057 \S:l Ja
co
O Os / (COL
(COp . (COk MeCN

62 34) (35)



23

Orxidative addition of cyclopentadicnylidenc-triphenylphosphorane {36) to the activated
cluster [Os53(CO)10(MeCN)2] affords the zwitterion (37), with the Cs ring coordinated as a pi-
alkylidene. In solution it slowly interconverts to the isomer in which the phosphonium group is at
the position marked *. Loss of one CO ligand results in {Os3(u-H){(u3-PhsPCsH3)(CO)) (38),
which also exists as a mixture of isomers [111]. N-Methylpyrollidine also reacts with
[Os3({CON(McCN)2l, to give a mixture of (39) and (40) [112).
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The reactions of various Osg clusters with methoxyellene [CHa=C=CH(OMe)] and methy]
propargyl ether [HC=C-CH;0Me] were studied. Methoxyaliene behaves simply as a four-electron
tigand bridging one edge of the cluster in syn and anti [0s3(C0)11 {pu-CHCCH)IOMe}), but
coupling of the alkyne with itself and with CO gives rise to Os3 clusters containing coordinated
organic fragments such as MeQOCH2-C=CH-C(0)-CH=C-CH;0Me, in addition to simple
coordination of the starting material in [Os3(CO)o(p-CONp3-12-C=C-CH20Me)) [113]. The
capped clusters {H30s3(CO(3-CY)} (Y = COMe, CONEr;, CON(Me)Ph) were prepared by
reaction of (H3053(CO)(13-CBr)] with AlCt; and CO in the presence of CHzOH, Et;NH and
PhNHMe respectively. The same products could be obtained from [HzOs3(COM(p3-C-CO)* with
the same reagents. For Y = COpMe and CONEy, pyrolysis converts the alkylidy'nctoanalkylidene
(Scheme 6); the rates and mechanisms of these reactions are discussed [114].
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1,1,1-Tris(isocyanomethyDethane (tris-NC) acts as a face-capping ligand in [Osa{(CO(tris-
NC}] (41), with one —-NC donor to each Os atom. JOs3(CO)g{tris-NC)2) was also prepared and is
thought to have both faces capped in the same manner [115]). Thermolysis of the isonitrile clusters
[0s3{CONpX{(p-XHTNR)) (R = Me, Ph, p-tolyl, o-tolyl, 2,6-MesPh; X = H, D) can resuvlt (apart
from loss of CO) in metal-to-isonitrile H transfer. The H atom may transfer to the isonitrile C atom,
giving [Os3¢CO)(R-H){(p-n2-CH=NR)] or to the N atom, giving [Os3(CO)a(p-H)(-n!-
C=NHR)]. Mechanistic and kinetic studies were performed to probe the dependence of reaction
pathway on the nature of the substituent R [116].
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Scheme 6: Pyrolysis of {H30s3(CO)p(113-CX)) (X = OMe and NEtp)
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[Os3(COe{ns-13-Si{OE): }(u-H)] (42) is the first example of a (U3-n3}-siloxy ligand in a
trinuclear metal compiex. Addition of two equivalents of CO yields [Os3(CO) { Si{OE)s ) (0-H),
wheze the -Si{OEt)3 acts just as & terminal ligand. The crystal structures of these two species and of
[Cs3(COYp{MeCN){ Si(OEt)3} (1-H)) were determined [117]. In the siannyne complex
[Os3(COnpfut-SeR)(p-H)] [R = pyridyl-2-C{SiMeg3)z, a bidentate C,N-donor to Sa) the SnR group
bridges one Os-Os edge. The cluster is therefore a possible precursor 1o new high-nuclearity Os-
Sn species [118].



1,103 Clusters with additional N, P, As or Sb ligands

[Os3(COM14) reacts with azoethane to give [HOs3(CO)o(p3-n2-EIN-N=CHMe)], which
contains 2 bridging hydrazone ligand; its crystal stucture was determined [119]. The reactions of
[0s3(COY10{MeCN)»} with some secondary amines were investigated. Whereas reaction with
NPrNHE! vields two new Os3 clusters, reaction with MeNHE! yields five; amongst these, the crystal
structures of {Os3(CO)p(u-H)p-12-MeC=NMe)l, [0s53(CO)o(n-H)(-n?-EtNHCH3)) and
[Os3{COM (- X -4 -CHCHN(ENCH;CH,CHs) were determined [120]. The hetero-cumulene
PhN=C=C=PPh; reacts with [Ho0s3(CO)0} to give [HOs3(CO)g(p3-72-PhN=CH-C-PPh3)]
(43) (121). The site of akiition of trialkylphosphines to the unusually reactive Oss clusters (44)
arx] (45), and the nature of the products formed, vazries with the siructure of the jmide ligand and the
steric bulk of the phosphine. In general, addition of PR3 causes partial displacement of the imidoyl
ligand (reducing from a five-electron donor to a three-clectron donor); the products undergo thermal
rearrangements vig C-0s and CN bond cleavage [122]. The factors influencing exo vs. endo
configurations, and n1 vs. n2 coondination modes of heterocyclic ligands X in the clusters
[Os3(CONa{n-Hi-X)] (X = pyrolyl, indolyi, furyl, thienyl) have been examined [123].

1
Ph PPh N ™
\N / 3
) 0s{CO);
(CO),08 03 co
s 4 €Ok cop0d —=0s(CO)s
(o H
{43) (44) RI =Et; R2=1pPr

(45) R! + RZ = ~{CH)3-

The activation volume for terminal/bridging hydride exchange in [0s3(C0)gH(p-H)(PPhs))
was determined 1o be —0.8 (£ 0.4) cm3 mol-1 by analysis of NMR lineshapes at pressures up to 200
MPa. The negative value suggests a transition state in which both hydrides are bridging [124].
New routes to the phosphine-substituted clusters [Os3(CO0}y1{PH1)] and {HO$3({COhpliza-PH2)
were developed using PH3l rather than the more hazardous PH3. These species are precursors for
the preparation of high-nuclearity P-containing clusters [125). [Os3(CO)g(p-Hiz(3-Ar)] (Ar =
CgHa, CgHg, C4HaN, C4HyNMe) may be activated with MesNO in MeCN to give the acctonitrile-
substitued derivatives [Os3(CO¥_n(-H)2{MeCN}p{p13-Ar)] {n = 1,2) which react in tarn with
phosphines or phosphites o give [Os3(CO)g.a(1-HR(PR3)a(13-AD] (n = 1,2; R = Ph, Et, OMe) by
displacement of the acetonitrile ligands [126). [Os7{CQ)2{P(OMc)3}] has & capped octahedral
structure, with the capping Os atom besring the (MeQ)3P ligand [i27]. Tris(hlkynylphosphines
{RC=C)3P may be used to prepare functionalised phosphido and phosphinidene clusters; for
example, reaction of [0s3(CO)12) with P(C=C'Bu)s gives [053(COJg(13-12-C=CiBu){ps-
P{C=C'Bu)y}] [128].
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The diphosphazene ligands are monodentate P-donors in [Qs3(CO) 1 {(CF3)2P=N=PPha}]
and [Os3(C0O);0{(CF3)2P=N=PPh3}2]. The P-N bonds are of a similar length, suggesting
delocalisation of ligand electron density [129, 130]. P-Phenylphosphole and 3,4-dimethyi-P-
phenylphosphole (L) coordinate as monodentate terdary phosphines in [Os3(CO)11L] and
[Os3(CO)y0L2]. In each case, heating results in oxidative addition of a P-C bond {either to the
phenyl group or within the CaP ring) to an osmium atom with concomitant cleavage of the
phosphole ring and the Os3 ring. For L = 3,4-dimethyl-P-phenylphosphole, the crystal structure of
the major product [Os3{CO)(j3- PAPCHC(Me)C(Me)}CH)] was determined {131, 132,

Efficient synthetic routes to the substituted clusters [Qsg(CO)y7L] [L = P{OMe})s, PEt3,
PPhyMe, PPhs, AsPh3, SbPha] and [Osg(CO)sL2] (L' = PPhs, PPhyMe) are described; they have
the same bicapped tetrahedral core structure as [Osg{CO)5]. Decarbonylation of [Qsg(CON7L]
with Me3NQ in CH(lp affords the new species [HOsg(CO)y6l]-, which may be protonated with
HBF4 in two separate steps to give [H2086{CO)16L] and [H30s5(CO) gL+ The same reaction
with MesNO/CH2Cy was used o convert [Qsg{CO)16L7] to [HOsg(CO)15L" 21 (133].
[0s3(CONMp(u-HYH)L] (L = CO, PPh3, AsPha) undergo two-electron, chemically irreversible
reductions similar to that of the isoslectronic [Os3(C0Y2). In contrast the 46-eleciron clusters
[0s3(COY(p-H)2L] undergo two distinct reductions, the first of which generates [Qs3H2(CONol~
f134). The new hexaosmium clusters [{Os3(CO)11}-As-[O0s3(CO)9H3}] and
[{O0s3(CQO)gH3 }2(-As)), prepared by reaction of appropriate Os3 starting materials with AsHz,
each consist of two Os3 units bridged by the arsenic atom [135).

1.104  Clusters with additional O, 8, Se or Te ligands

The radical (CF3);NO preferentially attacks the terminat H in [Os3(CO)y ((H)}-H)), to give
[953(COY (U-BM(CF3HhNO}, the first example of a stable metal carbony! cluster containing this
strongly-oxidising perfluoro radical which coordinates as a monodentate O-donor [136), The 13C
MAS NMR of silica-supported [Os3({12C0)12] revealed the structures and dynamic behaviour of
the bonnd species. Tt was assigned by comparison with solution spectra of species such as
[Os3(CONH)(OR) (R = Me, Ph, SiEt3), [0s3(CO)10(H}O2CH)] and [Os3(CO}10(OMe)z]
which are models for the swface-attached species. The initial product is [Os3(CO)1o(H)(O-
Simsupport)]; physisorbed {Os3(CO)2] undergoes fast isotropic motion [1371.

Reaction of [HOs3(C0O) 1]~ with [Os3(CO)16(MeCN)2) in acetone under Qs affords
[HOs3(CO}10.CO2.0s6(CO)20l- (46). The roie of O in the formation of the CO7 bridge is not
clear {138]. Reaction of [Os3(CO)oMeCN)2] with oxalic acid gives [{Os3(CO)o{p-H)}a(u-
Ca04)] (47) in which two Os3 gronps are linked by the bridging oxalate [139].

The preparation of [HxOs3(COY(038CF3)0] and some if its reactions are summarised in
Scheme 7; (48) was crystallographically characterised {140]. The crystal structure of cis-
[084(CON12(12-CF3CO)0] (49) has been determined [141].
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Scheme 7: Preparation and reactions of [HaOs3(CO¥(01SCF3)n}

Reactions of [Qs3(CO){-dmt)] (50; dmt = 3,3-dimethylthictane) have been studied which
involve ring-opening of the dmt ligand to give new (Os3 complexes with sulphide ligands. The dmt
ring may be opencd by oligomerisation with further dmt ligands to give (51}, nucleophilic attack by
chloride w0 give (§2), or photochemically to give (53). Numnerous further reactions of these species
involving reamrangement of the ligand fragments have been performed {142, 143).
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[Os=Os(CO}]
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Thermolysis of [Os3(COYo(u-ScPh)2] (from [Os3(CO)1o(MeCN)p) and PhSeSePh) gives

[Os3(CO)g(1-Ph) G- PhCONu3-Se)zl, in which the original diselenide has been cleaved into four
separate ligand fragments, and all three Os atomas have been oxidised to Osl! by oxidative addition
{144]. Reaction of [Qs3(CO)11{MeCNj] with Te(CF3); in cyclohexane resulted in formation of
{OsuCO11{Te(CgH11)2}), where the CF3 groups originally attached to Te are replaced by
cyclohexyl groups. The first C-H activation is therraally induced whereas the second is
photochemical; similar results were also obtained with pentane [145].

[0 3= Os(CO}}

(50)

Os
VAN
cl 4d';""~:;;?‘;;:,4."“““E;..~“k<)’i—".‘:,ﬁi(‘:(:))‘

[0 5= Os{CO}]

(52)
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1105 Clusters with additional halogen ligands

Reaction of [0s3(CO) (- Br){CH=CHPh)] with PhCHoNC and PPh3 gave [Os3(COlo{pt-
Br){CNCH3Ph){CH=CHPh)] and [Qsz{CO)s(PPha)()t-Br)}{CH=CHPh}]) respectively. NMR
spectroscopy showed that whereas the former has a static ethenyl ligand, the laner undergoes n-G
and o-r rearrangement (vinyl flipping) [146).

L1l OSMIUM CLUSTERS CONTAINING OTHER TRANSITION METALS
1111 GroupsGand 7

[(CO)s.x{BuNC),Os-M(CO)s] (M = Cr, Mo, W; x = 1,2) were prepared by reaction of
{Os{CO)55(1BuNC); ) with [M(CO)s5(thf)]. The crystal structures were determined for M = Cr and
x = 1,2; in both cases the 18-electron Os(CO)s.x{'BuNC ), fragment acts as a two-electron donor to
Cr via an Os—Cr dative bond [147]. [CpWOs3(COns3(ts-nlninim2-CHC=CCH=CH,)] (54)
was prepared by reaction of [Os3(CO)1g{MeCN)2] with [CpW(CO)3(CH,C=C—CH=CH3)]: an
additional tetranuclear cluster, in which the W atom has migrated to the ligand p-carbon, was aiso
isolated [148]. Both acetylide clusters {CpLW20sy(COM(CuCPh}(-H)] and vinylidene clusters
[CpLW20s2(CO¥(=C=CHPh)] (L = Cp or Cp*) were isolated from the reaction of
[CpWOs2(CO)g(C=CPh)] with Me3NO followed by LW(CO):H. The two products may be
reversibly, thermally interconverted [149). Recaction of [Os3(C0)o(RC=CR)] with
[WL{Q0)3(C=CPh)}) affords the butterfly clasters [LWOs3(CO%{113-CPRYCCRCR)] (R = p-toly),
L = Cp, 55; R = Me, L = Cp*) via scission of the acetylide CmC bond and coupling of the acetylide
a-carbon atom with the coordinated alkyne, Reaction of these species with ditolylacetylene
followed by loss of CO generates new tetranuclear WOs3 clusters [150). Thermolysis reactions of
the butterfly chuster {CpWOs3(CONo(CMe=CMeCCPh)] (56) under various conditions lead to
core rearrangements via loss of CO and activation of the hydrocarbon ligand [151).

CO Tel‘
(CO)gOSQOS(CO)s —0C
To m\\\ /
— cO)
_ / / {CO)
\ / (CO)30s /08(00)3
(CO) W(CO)Cp

(54) (55) (W =W-Cp)
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(56) [W = W(p(CO)) 57 M = Mn(CO)x
(58): M = FeCp

10s3(-HHCO)10{(C4HIN)Mn{CO)3}) (57) was structurally characterised; the pyrrole
Ting acts as an 8-electron donor [152). Hydrecarbon-bridged polynuclear complexes were prepared
by reaction of cationic Re complexes with anicnic Os complexes. Thus, addition of
[(CO}sRe(C2H)]* to [0s(COi gives ((CO)sReCH2CH20s(CO)CHyCHaRe(CO)s]; similarly,
reaction of ({CCYsRe(CaHa)1* with {Os3(CO0)12)2- affords ((CO)sReCH2CH20s(COMOs(CON-
Os(CO)4CH2CHoRe(CO)5] [153).

1112 Groups 810 10

The crystal structore of (58), prepared by reaction of azaferrocene with
[Cs3(CO)19{MeCN)2], was determined. The iron centre undergoes a reversible one-electron
oxidation [152). The dianion [Qsy(CO}(RICECR2)]2- reacts with [Ru(tj5-CgHg)(MeCN)3j2+ to
give [(15-CsHg)Ru(R1CuCR2)Os3(CO)g), whose crystal structure was determined for R =R2 =
Me (59) [154].

Te
Mo S thT/\PPha
N
4 I cé\ (COWRR Os(CO)H
——Ru i V >os I
I T PhP. PPl
\ \
Os [0 s= Os(CO}]
(59 (60)

An extensive series of dppm-bridged Os-Rh complexes has been prepared starting from
(68), which contains a coordinatively unsaturated rhodium centre. Examples include reaction with
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CCL, to give [RhOsCICO)3(p-dppm)z] and with HBF4 to give [RhOs(CO)s(-Hia(k-dppmpn]*
(155]. HOS(CO)]- reacts with [ECI(w2-dppm)2] o give [rOsED{CO)3 (122-M3-(o-CeFlg)PhP-
CH2PPha }{t-dppm)], in which one phenyl group is ortho-metaitated at the iridium atom. Addition
of a proton or [Au{PPh3)]* reverses the metallation, giving [IrOs(CO)(p-H)(R-X)(4-dppm)z)* [X
=H, Au(PPh3)] which have core structures similar to (60) with an osmium-to-iridium dative bond
Other transformations af the core are described, and the crystal strucwre of [IFOs(CO)s(u-
dppm);)iBFa) reported [156). Carbonyl fluxionality in the triangular clusters [(n5-CsRsYCONx-
§Os(COY412] (R = H, Me) was examined by NMR spectroscopy [157]). ‘

The crystal structures of the butterfly clusters {Os3Pt(p-H)2{CONo(PCy3)(P'Pr3)] [158]
and [Os3PHCOY 1(PPh3)2] [159] were determined. Both have a Pt-PR3 group at one wingtip, with
the other phosphine bound to the Os atom at the other wingtip. Isomerisation and fluxional
processes of the tetrahedral clusters {Os3Pu(-H}CO)o(PR3)(PCy3)] (where the PCys is attached
to Pt and the PR3 attached to Os) were studied by 13C EXSY NMR spectroscopy. The structures
adopted depend on the bulk of PR3. For PR3z = PMesPh, PMes, PPhs one isomer predomyinates,
and H- migration occurs. For PR3 = PiPrs, PCy2'Pr the clusters axist as a 1:1 mixtare of two
isomers in solution which interconvert rapidly at room temperature. Several independent CO
exchange pathways may be present (1601, Nido-[OsBsHo(CO)}PPh3);] may be convented to
[(CO){PPh3)0s(u-H)P1CH{PMeaPh)BsH7] according to Scheme 8. Thermolysis of this yiclds a
variety of other platina-osmaboranes [161).

e
H-.pt._-—PMegPh

//
Os 1) Base
w 2) PICL{PMa,Ph),

Scheme 8: Preparation of a new platina-osmaborane [Os = Os(CO}PPha)z)

Reaction of {Os3(CON10{MeCN)2] with Pt{cod); gives two products, [PraOs3(CO)olcod}z]
{comprising a tetrahedral P1pOs2 core with an Os(CO)4 group bridging the Os-Os edge) and
(PtOs3(CO)g(cod)(t-CgH11)(e-HD) (comprising a tetrahedral PtOs3 core in which one cod ligand
bridges an Os-Os edge due to C-H cleavage). The former product is electron deficient, and reacts
with CO to give inter alia the muncated raft cluster [Pt20s3(C0Yi4] [162]. The crystal structures of
[P12052(COM1(cod)2] and [Prz0s4(CONa(cod)z) (from reaction of [Prz0s4(CO)ig] with cod)
were determined; both have tetrahedral Osg cores with two Pi(cod) face-capping groups, and differ
only by the presence of an additional p-CO in the latier case. They may be interconverted by gain
and loss of CO [163, 164]. [PtaO0se{CO)11{cod}z] is unsaturated, and reacts with Pt{cod); and H2S
to give [PtaCsa(CON 1(cod)3] (61) and [PrOs4(COMa(cod)(u3-5){(i-Hya) (62) respectively {164].
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By contrast photochemical reaction of [PtaOsa{CO)ig] with cod affords a mixture of
[PtaOsa(CO)y7] (29%, which undergoes two reversible onec-clectron reductions},
Pt20s4(CO) 15{cod)] (25%, which has a raft-like structure), [Piz0s4{CO)y2(cod)2] (6%) and
[PtOsa(COMgfcod)]; the latter two products are already known [165]).

Os

AT Rt
l/ /\ / /
Os-\~="—=0s N SRy A
[Pt= Pticod); Os= Os{(CO}]
(61) (62)

The two bridging hydrides were not located
crystatlo ically, but probably e along
05O :

Reaction of [PtoOse{CONg] with Hy at 25°C/100 amn. affords the four new hydrogen-rich
clusters [PtOss{CON6(1-H)s] (a P1Osy tetrahedron and a PiOsy triangle fused at a shared Pt
vertex), [PtaOss(CO)7{u-H)g) (PtOs3 and PraOs2 tetrahedra fused at a shared Pt vertex),
[Pt20s7(CO)23(p-H)g) (PiOs3 and P1a0so terahedra and a PtOsy tiangle, fused at shared Pt
vertices) and [PtOsg{CO}ig{u-H}gl (two PtOs3 tetrahedra fused at the shared Pt vertex). All
hydrides were located unambiguonsly by crystallography and 1H NMR spectroscopy. The first
three clusters are electron deficient and are readily degraded by CO [166). Further reactions of
{P10s5(CO 7(pe-H)g] with H3S, to give [PtOss(CO) 15{u-H)g(l3-5)] (63), and with Os(CO)s o
give [PtOss{(CO)1g(n-H)) (64) and [P1Os4{CO)1s{n-H)2] (65) were carried ont. Again, all
products were characterised by X-ray crystallography and the hydrides located both indirectly from
their bond-lengthening effects and directly from NMR spectroscopy. The dynamic behaviowr of the
species in solution was studied [167].

0s—H  (c0)0s—0s(CO), Os(CO),

o‘s\Hi7\°’ \Hé ) {OO)thé oi\éfz
ANL L T

| /)93 AN ) fO s= OS(CO})

(63) (64) 6S)
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Small mixed-metal Pt-Os clusters have been used as precursors to prepare high-nuclearity
species; birnetallic clusters containing Pt are of interest for modelling the surface behaviour of Pt-
alloy catalysts used in pettoleumn teforming. Thermolysis of [Pr20s3(CO){cod)z] under N2 in
hexane produced [PtgOsg(COlaa(cod)] (66) and [PisOsg{CO)¥21{cod)2] (67), both of which
contain alternating layers of Os and Pt atoms [I68]. Likewise, thermolysis of
[Ptz0s3{COW(cod}z{-H)al in the presence of CO affords [PiyOsg(COY{cod}p-H)z] which has
a siinilar alternating-layer structure to (66) {169).

@
/
08—\-—/—0s
N\
°’“‘-<‘:o

[P ¢=P(CO); O 5= Os(CO}}

{66) ©7)

1113 Groups 11 and 12

The ally) ligand in the new cluster [Os3(C0)o{l2-13-Cals)(J2-AuPEts)] shows a hitherto
unobserved coordination mode, bridging one Os—0s edge. Fenske-Hall calculations were used to
probe the bonding [170]). The nucleophilic P atom in [Os3{COY ol H{u-PPR)]- reacts with
clectrophiles such as [AuCI{PMezPh)] to give [Os3(CO)10{F) {p-P(Ph)Au{PMeoPh)}] (68) and
with [HgCIR] to give analogous species with P-Hg bonds. The reactions occur at the more
accessible side of the nucleophilic P atom, exe to the Os(CO)s group [171]. Reaction of
[Os3{COX(RIC=CR2)2- with [AuCl(PPha)] gives [Oss{(COR(RIC=CROXY] (X = Y = AvPPhg;
X =H., Y = AuPPh3)} [154]. The stucture of [OsgAuC{COno(y-OMe)] (69), prepared by reaction
of [Os3(CO)e{t- AuPEt)p-COMe)] with [Os3(C0)10(MeCNY), was determined [172].
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(00}40s 0s(CO)
\ _Au(PMe,Ph)
(CONOs<— / \ / cl:
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[0 = Os(COY) 05,
(68) (69)

The crystal structures of [Os3(COM(e3-12-BuCa)(3-HgH{Mo(Cp)(CO)3}), [Os3(COk
(13-12-BuaC)(3-He){Co(CO)4}] and [{Os3(COM{u3-S)(p2-H)}2(1e-Hg)] were determined
[1731. The preparation and crystal structure of the giant cluster anion [Os18Hg3C2(C0)421%- have
been reported (Fig. 4). The struchire comprises two tricapped-octahedral Osg fragments linked by a
Hga triangle. Ejection of one Hg atom to give [OsigHg2C2(C0)4212° may be induced
photochemically; the Hg atom may then be re-inserted thermally [174).

i
<

Figure 3: Core structure of {OsysHgaCz(C0)42]2 ; cach nnlabelled vertex represents an Os
aom.
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