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3. OSMIUM
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INTRODUCTION

The scope and aims of this review are very similar to those of the companion
review (Section 2} on ruthenium. HNot only does the chomistry of osmium differ,
in ways that are becoming increasingly more spparent each year, from that of
rutheniim, but the emphasis in the work renorted differs. Thus for osmium, this
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year, neerly half of the papers published have been concerned with carbonyl
cluster chemistry, whereas for ruthenium only abcut 15% of the papers were
conceroed with that area. In contrast, the development of the coordination
chemistry of osmium, particularly of oxidation states zTIX, has lagged signii-
icantly behind that of ruthenium, although the greater stability of those
oxidation states for osmium pramises a rich and exciting chemistry, which is
hinted at in Sections 3.4-3.6. It is undbubtedly true that certain areas of
ogsmium chemistry, notably the chemistry of fOs(bipy)3]2+, are experiencing an
upsurge in interest in response to interest in the ruthenium chemistry, but the
chemistry of cosmium deserves more than a reflected glory.

3.1 OSMIUM(VIII)

The vy IR band of {0=0.] has been studied using hiph-resolution saturation
spectroscopy with CO; lasers; fine and hyperfine structure was detected [1,2].

An excellent review of the uses of 0s0, for the zis-hylroxylation of alkenes
and alkynes has been published [3]. The oxidations of o,@-unsaturated ethers
(4] and cyclopropylidenecycioalkenes [5] by [0s0,] bave been investigated; the
latter substrates yield the expected diols, apart from cyclopropylidenecyclo-
propane, which gives a mixture of cyclohexanedione and formylcyclopropane
derivatives [5].

The hydroxylation of sterically hindered alkenes by [0s0,] is catalysed by
Me NO and pyridine [6]. [0s0,], in the presence of (1), can cause asymmetric

RI
(Li R = H, R* = (2); (2)
R = (2), R" = H)

induction in the reaction [7]:

OH

m\\\\“ -

0s0,  Lii{adH,]_ R 4
(1) ‘HQ” R.m

R‘/ \ R" HO "
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Improved oxyamination procedures for alkenes with [Q;05=NCMeal have been reported,
Originally, pyridine was used as a solvent, but now the tertiary alkyl bridge-
head amine adducts [0:0s=NCMea(L}] {L = ¢33-¢63} or [{0;0s=NCMe;};L} {L = (73 or

Q dy L A7y

(53 {73

(3)

lmta} are used in non-coordinating solvents [8]:

H H

\ / [0:08=NCMe (L} ]

Good yields of amine, and very little dicl, were obtained; the complex with
(33 was particularly efficient [8]. The molecular structures of the campounds
[0;05=NR] (8; R = N-1-adamantyl) and [0:0s(=NMe,).] (9> have been recently

F(0s=0) = 0.1715 nm
r(Os=N) = 0,1697 nm
N o=lic = 171.4°
Os
AR
o” 4
8)
M93C CME3
/ F(Os=0) = 0.1744 nm
N! 2 r{0s=N} = 0.1715 nm
\ / osN'C = 155.1°
Os OsN2C = 178.9°
4/ N
O
O
»

determined: the R-N-Os unit inh. ¢(8) is essentially linear htut one of the two
units in (9) is significantly bent [9].
A series of indole derivatives related to tryptophan react with [OsOu(py).],
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by addition to the 2,3-pocsitions of the indole ring, to give osmium{VI) csters.
With l-methyl-c-F-acetyl-Di~tryptophan, the camplex (10) was isolated [10]. The

O

)J___

HN
Co,

O=0

0 S/Py
_0/ o~ py
N 0

Me

(10)

reactions of {0s0O.] with derivatives of model systems (L)} for the side chains
of tissue proteins have been studied, alone and in the presence of unsaturated
lipids (R}, as part of a general study of the fixation of biclogical tissue
with [0s0,]. This resunited in the isolation and characterisation of the
following complexes: [0sy OsLi] (L = a-i#-benzoyl-L-histidine isobutyl ester,
imidH, 1-Meimid, 5,6-dimethylbenzimidazole, butylamine or a-¥-benzoyl-DI—
methionine), [OsylOsLsL'] (L. = 1-Meimid; 1’ = L-proline methyl ester or o—i-
benzoyl-I-arginine ethyl ester}, {os™1,,] (IH, = glutathione or L-cysteine),
[(ksnLL;t] (n =2 or 3; L =1-Mimid; L' = a-#-benzoyl-L-cysteine or a-¥-acetyl-
L-cysteine), {C?SVIoz(OzR}L;} {R = cvclohexene, oleic acid, methyl cleate or
cholesteryl ethanoate; L = I-Meimid, 5,6-dimethylbenzimidazole, o-V-benzoyl-L—
histidine isobutyl ester or pyridine), [Os) 0.(0.R)L.] and [Os) 0(OsR' )Ls]

(R = methyl lincleate; R* = methyl linolenate; L = 1-Meimid) [11]. The
reduction of {0sOy] by NalBH,) in acidic agueous solution has also been
investigated [12].

3.2 OSMIUM(VII)
Force constants have been calculated for [OsOFs] [13].
3.3 OSMIMM(VI}
Further derails are emerging {14} of the fascinating chemistry of the osmium{VI}
ester complexes with (3), and related amines, which were discussed last year
f15; p.66). The crystal structure of [0=0s{C:C.Me.).] (11) reveals the

constituent meolecules to be a five-coordinate complex, based on a square pyramidal
geametry about the metal [16].
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(11)

The complexes [Os0; (CEP)] and [OssN(X)(OEP}] (X = [OMa], F or [Cl0.]) have
been prepared, and characterised, by 'H NMR, UV-VIS and fluorescence spectroscopy,
and have been the subject of FHMD calculations [17].

3.4 OSMIAKV)

(Ro][OsFs] has heen prepared by treating [OsFe] with NO, or a large excess
of NQOF, at room temperature and characterised by Raman spectroscopy [181.

One of the most exciting papers to be published this year describes the
preparation and properties of a new halide of osmium, [0s,Ci,e]. This interest-
ing new species was prepared by halide exchange, according to [19]:

OsFg + 2BCly; ——»(0sCls + 2BF; + iCl,

{0s5,C1,; ] is a black solid, extremely moisture sensitive, which gives [0s0.] in
moist air and [0sOCl.] in moist solvents: in basic solution, 0s0;.zH:0 is
slowly precipitated. [0s2Cly ] is insoluble in non-polar 5olvents {e.g. CCL,
or CeHypz } but dissolves slightly in CHC1l, or (H;Cl: to give essentially non-
conducting solutions. It is stable at roam temperature im vagcus or under an
inert atmosphere but decomposes above 160 C to give 0sCl, and Cl:. {0s:Cly ]
is isamorphous with [RezCly, J and its structure is shown in (12); its IR

Ct Ci

a = 0.224 nm
Cl / Ci \ [ ] o = 0.242 nm
a b
\ ./._C_-CB\_OS{Q e = 0,363 nm
P T N e g = 95°
Ci Cl a Cl o
$ = 83
Ct Cl
(12)

spectrum has been recorded and assigned analogously to [MpCl,p ] (M= Nb, Ta or
Re}, and its diffuse reflectance electronic spectrum was aiso reported. The

compound gives a broad (several hundred CGauss) EPR signal at ¢ ~2.0 and has a
room temperature magnetic moment per Os atam of Bope = 2.55 Ug- The magnetic
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susceptibility obeys the Curie-Weiss law {80-293 K; ew = 230 K), and any direct
0s...0s interaction was considered unlikely, rather the antiferromagnetic coupling
was thought to occur by a superexchange interaction through the bridging

chloride atams [19].
3.5 OSMIWBKIV)
3.5.1 FAalides and oxohalides

301 NQR spectra have been measured for crystals of K,[0sClg]; the results
stupport the theory that the high electrical conductivity of these crystals is
associated with H' ion mobility [20]. The IR, structural, and magnetic
praperties of the solid solutions Kz[(Pt,Os}le.] have been determined; for
K:[0=Cle], M, = 1.49 uy and v(0sCL) = 325 an’l [21]. low temperature NIR
absorption and MD spectra have been measured for 0s* doped into cubic crystals
of Cs,[ZrCls] and Cs,[2rBrg]; the electronic d«+d transitions for the osmium{IV}
(tzs)“ configuration have been identified and assigned in this excellent study.
All six excited states were identified (10 Dg = 22400 am *; B = 500 an ) [22].
Earlier data [23] concerning the low temperature specific heat variations of
K:[0sC1,] have been reinterpreted, to allawv for the presence of a low-lying
rotary mode in the crystal at 29,1 em L {24].

The preparation of trans- [GsC1.FI]2, by the interaction of tridodecylammonium
fluoride with [(Ci Has }sMH]I,{0sCIsI] in non—polar sclvents, has been Teported
and this anion has been characterised by IR and UV-VIS spectroscopy [25].
Electronic spectral studies of 4;[0sCL.FI] (4 = {C2Has }3NEt or (Cj Has J3NH) in
various organic solvents indicate that intimste ion pairs form between
[(Ci2Has )5NH]Y and [0sC1.FI]1® in non-polar solvents, that loosely-bound ion
pairs form between [(Cp Has );NEt]" and {0sCl.FI]?” in polar or non-polar solvents,
or between [(CizHzs ).NH]* and [0sC1.FI1?" in polar solvents, and that solvent—
separated ion pairs are present in protic solvents [26].

The isolation of the salt [SCl;].[0sC1¢] has been reported [27]. Acidie
hydrolysis of [0sCle¢l?” (and controlled reduction of OsO, in hydrochloric acid
with Fe{Il)) gives products which have been separated by colum chromatography
on cellulose: they were characterised by determination of their Os:Cl ratio,
ionic charge (as deduced fram elution behavieour), and absorption sSpectroscopy.
The species thus identified include: [GSCls(H0)]", ets—[0sCL,{CH){H:0}]",
fac-[0sC13(CH) > (Hz0)]™, mer—{0sC15(CH}(Ha0)51, [0s,0C1, 197, {08,001 (H20321%"
and {0s20C1¢(CH)2(H2032]%" [28]. [0sX:]2™ reacts with bidentate sulphur—onor
ligands to give [0sX,{IL)] (X = C1, LL = RS{CH,)}»SR, RSCH=CHSR or 1,2-C¢H,(SR):,
R = Me or Ph; X = Br, LL = MeS{CH,)},SMe or MeSCH=-CHSMe) [29].
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3.8.2 Ammines

Trans— and eis—(0s(MH,)eXz12" (X = C1, Br or I}, mer-[Os(NH,),X;]* and
{Os(NH;)C1s1” have been prepared by the oaxidation of their osmium(III} analogues
with [Fe(H20)5]3+- Acidic soluticn aquation and disproportionation reactions
{both of which readily ocour) ars sufficiently slow to allow ion-exchange
separation, isplation of the solids, and characterisation of the solution species.
w(QsCl) is eq. 40 an 2 higher than for the csmium(III) analogues and the LACT
transitions occur at lower energies for the osmivm{IV) complexes. At high
acidity, the Os{IV)/Os(IIl) couples are reversible on the CV time scale, at
{(for X =Cl) 0.73, 0.83, 0.61 and 0.37 V (vs. SHE), respectively, and the
camplexes show pX ‘s of 4.0, cg. 1.0, 4.9 and 6.5. These osmium complexes all
show weak, sharp NIR absorption bands [30]. At lower acidities, disproportion-
ation, according to the following equation, occurs [30]:

3trans-[OS{NH, ) (NH, )1C12 ]~ + 3,0+ 2zrans-[Cs(NH, 3.C1, 1" + {050, (NH; ). ]2 + H,;0" + 201

Treatment of [0s0.1, [(13015]2_ or [OsmH3)501]2+ with agueous ammonia in air
generates a new, violet coloured conplex, [OssN(NH;)e{OH;)5]Cls, which has
appropriately been named “ognium viclet” (by analogy with “ruthenium red'’, see
Section 2.5). This canplex is believed to have the structure illustrated in (13)

NH3 OHZ NH3 o+
NH OH l NH
3 2 3
0 o'/ c! Z N O o OH
HyQ —— Qs ====== N =—=—==== 5 === === 0s
2 2
NH3 OH, NH4
| NH OH, NH ]
{133

and appears to be a better cell staining reagent than ruthenium red. Related
camplexes prepared include [Os:Na(NH;)a(OHz)s]7*, [OsalN2(NH;) e (QH)(OH)51%"
{08312 (NH, ) ¢ (OH Y., (QH2)21%%, [0SaN5(NH3 ) (OH)(OH2)2], [O8:N2 (QN) 1 (OH2)u 1%
and [Os;Na((N)e(CH)L((H2)2], and all were characterised by IR, resonance Raman,
and XPES spectroscopy [31].

3.5.3 Other compleres
The cation of the salt [Os(S:CNEt,)a}{PFs] (prepared by oxidation of

(Os(S:CNEt; )4} electrochemically, or by BF; under acrobic conditions) undergoes
a novel monamer=—==dimer equilibrium in CH,Cl; solution:
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2[0s(S;ONEt, )3 1* =2 (052 (SNt )6 12"

In the solid state, it exists solely as the dimer, (14), possessing a distorted
pentagonal bipyramidal geametry about each Os atom {r(0sOs) = 0.3682 nm} {32].

- 2+

_ ,

{14)

With Me(N or C17, it forms {0s(S,CNEt, )3 (NCMe) 1t or [0s(S,(MEt2),C1],
respectively, both of which are believed, also, to be seven—coordinate [32].
& new Schiff base camplex of osmium{IV) has alsc been reported [33].

3.6 CSMIRIII}
3.6.1 #Halides and pseudonalides

Treatment of ¢sCl: in benzene with cyclopropane and CO gives a mixture of
CgHsCHMe: (95%), methyl Z—chlorcbutencate {(2%) and methyl 3-chlorcbutanoate
(3%) [24]. EXAFS has been used to study the camplexes [0‘3("'[3)“(5@35_&]3_

(n =1, 2, 3, 3 or 6}: »{0s5) is invarient at 0.250 nm within the series,
whereas »{0OsN) decreases fran 0.226 nn {(n = 1) to 0.213 om {# = 6)_. TFor these
measurements, [Os{py).Brz] was used as a reference, to determine the nitrogen

backscattering amplitude and phase shifts of the PE wave for the Os-N pair {35].
3.6.2 Dithiocarbonatz compleres

The novel camlex [(Bz(u-saﬂ{Etz)z(Sz(.‘.NEtz}3]+, isolated as its [BPh,])  salt,
is the first characterised example of a complex of the elusive sulphur-rich
trithiocarbamate ligand. The species was isplated as a by-product in the
normal preparation of [Os(S.CNEtz)s] end [Us,(S:Q%¥Et.)s]}T, but the reason for
its formation, and its properties, are not yet cleesr. Its structure (15) has
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(15)

been determined crystallographically, however, and has an OsOs senaration of
0.2791 nm [{36]. Similar camplexes have been prepared, by treatment of
{0s({S(NR>Y;] (R = Me or Et) with elemental sulphur in dmf to yield

{082 (1-55 ) (u-S5CNR2 )(S2CNRz )31 (16), along with some [Os,(u-S,CNR; ),(S2(NR, )3 J[PFe]

S

u

(163

(17). (16} can be converted into ¢(17) by reaction with tetraalkyithiuram
disulphide. The structure of ¢17; R = Me) is essentially similar o (15, with
r(Q=0s) = 0.2792 nm. The structure of (16; R = Et) shows the unusual bonding
dle of the (pu-3s5) ligand, and reveals an Os-0Os separation of 0.2785 nm. 17
reacts with PBus or P(CMe); to rive {0s:(u-S;CNR,){SCNR,};][PFs] {371.

3.6.3 Ammine and diimine complexes

Good new synthetic routes to [Os(NH;)s(OH2)]1[C10,];, (Os(NH;)sXIX, (X = Q1,
Br or 1), {Os(NH3)e]J{CIOu]l3, trans—[Os(NH;33uX2]X (X = €1, Br or I) and
Cs:[0sC15{NH; )] have been developed; their NIR spectra show weak, sharp
absorptions {30}. Treaunent of omminehalocsmium{IiI) complexes with HNO; yields
such camplexes as cis-[0s(NH;).I(N2)]%", cis- or trans-[0s(NH; )X ()] (X = €1,
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Br or I}, rmer-[0s(MH;)2Xs:(N2)] and [Os(NH:)s(N2)13*. Typically [38):
{OS(NH3)uI2]" + HNOz ~me——e (OS(NH; )2 I (N2) T + 2H,0
The mechanisn for this reaction is believed to involve an csmium({IV) intermediate:

fos(MH ) 121" T iga——[0s(MH:),121%" + MO + Hz0

(Os(NH;) 2T (N2 )1 =0 [Os(NH3 )3T, (NH,) )Y + Hy0"

The coordinated N: considerably enhances the acidity of the coordinated ammonia.
Thus the pi, of [os(H;)63%" is ca. 16, whereas the pX, of [Os(NH, ) s(N2) 13" is
ea. 6.6. In basic conditions, the osmium(IIl) complexes disproportionate to
give the corresponding osmium{II) camplex and an unidentified osmium{VI) species
{38]. The ruthenium{IIl) analcgues of the above complexes have been prepared
and [t)s(b!H;)s(Nz)]z+ can be converted into [OS(NH3)&.(Nz)z]z+ with HNO2z, but this
time involving an osmium{III) intermediate [38].

A correlation between the half-wave reduction potentials of [Os(IL)>)>" (LL =
bipy, 4,4'-Mezbipy, 5,5'-Me;bipy or phen) and the rate constant for their
reduction by [Fe(H20)5]2+, in the presence or absence of sodium dedecyl sulphate,
has been proposed [39].

'3.5.¢ PDPhosphine and arsine complexes

[05}{5]2' {X = Cl or Br) reacts with AsPh;R (R = Me, Et, Pr or Bu) in basic
conditions to give [OsXi(AsPh,R);] [40]. Treatment of Na.[0CsCle] with PPh; in
ethanol yields a green precipitate of {OsC1:(PPh;);]. However, if this reaction
mixture is filtered, and the filtrate heated and treated with MeCH, then
f0=C1,(Ma(N)Y(PPh; )2 ] can eventually be isclated. This complex was characterised
crystallographically {r{0sCl) = 0.236 nm} and shown to have a mer,tras
confipuration {41].

3.6.5 Osmiumosmium triple bonded camplexas

The first complex of this type, the purple compound [Csz(py—2-03,Cl,] (18),
has been prepared by treating 0sCl, with 2-hydroxypyridine in ethanol, and has
the familiar "lantern"” structure [42]. It has been isolated, both as mono{diethyl
ether) and as bis{ethanenitrile) solvates, and the molecular structures of both
forms have been determined. For the former complex, r{Os=0s) = 0.2344 nm and
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(18

r{CsCl} = 0.2483 nm; for the latter, r{Qs=0s) = 0.2357 nm and r{0sCl) = 0.2303
am [43].

3.7 OSMIUM(II)
3.7.1 Compleres with sulphur donor Ligands

i0sL2] and {Os(HL):>}{EPh.] (HL = thiodiglycol) have been prepared and
characterised [24].

3.7.2 Ammine and pyridine complexes

A new synthetic route to [Os(NH;)s{N.)ICl, has been published [301. Other
osmitm{II) dinitrogen camplexes have been discussed in Section 3.6.3.

Dark red, trana-{0s{py}sIz] has been prepared by the reaction of K:{OsI¢]
with pyridine (in the presence of glycerin), It is volatile at 360 °C, and
so0luble in organic solvents but not in water. Solutions of the camplex in non—
polar solvents react with X (X = C1 or Br) to give blue camplexes, tentatively
formulated as [Os¢(py),I.}.2HX [4S]. Similarly, K,{fae-0sX;I,] (X = €1 or Br)
reacts with pyridine and glycerin to give the dark red, trans—[Cs{py)sXI}
complexes, which are soluble in organic soclvents and sgblime in vgcue at 300
or 320 °C; they also react with HX, to give violet "trans-[Os(py).XI].ZX' [46].

3.7.3 Diimine complexes

In the wake of the current interest in [Ru(bipy);}*" (ef. Sections 2.8.4,
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2.15, 2.16 and 2.17), attention is being turned towards [CE{bipy);]z"‘. Thus,
the electronic absorption and CD spectra of [(.‘ls(bipy)s]2+ have been studied and
provide strong evidence, even for osnium where the spin-orbit coupling constant
is large, that there is same real meaning to the singlet and triplet manifold
[47}. Lifetime measurements for [Os(LL);}** (IL = bipy, phen, 4,4'-Me,bipy,
3,6-Mep;phien, S5-Mephen, S5-Clphen, 4,4'-Phybipy or 4,7-Phpphen), and rate constants
for the quenching of {[0s(5-Clphen);1%*1” vy [M(IL);]Z* (M = Fe, Ru or Os; IL =
various diimines) have been reported [48]. Complexes with sterically hindered
ligands, [Os(I1L};]Cl. (LL = 6-Mebipy, 6,6'-Me,bipy, 2-Mephen or 2,9-Me,phen)
have also been prepared, and characterised by absorption and emission
spectroscopy {including ¢ and T measurements) {49]. In an independent study,
the camplexes [0Os(ILL);1I, (IL = bipy, 4,4'-Me,bipy, phen, 5,6-Me,phen or 4,7-
Mezphen), [Os(bipy)2X.] (X = Cl or V), [Os(bipy)s(en)ils, [Os(bipy)s(py)2lls
and {Os(terpy)=]I, have been prepared, and characterised by electronic
absorption spectroscopy and low temperature emission spectroscopy {including o
and 1 data) {50,51). The quenching of {[(B{ILJ;]2+}‘ {LL = bipy, phen, 5,5'-
Me,bipy or 5-Clphen) by [Fe(H,0)s]* has been studied by an electrochemical
transient methad and rate constants for the quenching reaction, and for the
reverse thermal reaction, determined [52]. The electrochemistry of [()s(bipy)3]2+
in dmf has alsc been investigated by polarcgraphy and CV; six reduction waves
weare ohserved, corresponding to five successive one-electron reductions to the
species [Os(bipy).]>", which decomposes at the sixth wave [53].

The camplexes [(B(LL)2L2]2+ (LL = bipy, L = ¥e(WN; LL = phen, L = PMe,Ph} and
[0s{LL),(L'L")}?* (LL = bipy or phen; L'L' = dppm or Ph,PCH=CHPPh,) were
prepared according to [34]:

dppm

2+
#; glycerol [Ru(phen).(dppm)]

e.g- eis-[Ru(phen)Cl.]
These camplexes, along with [Os(IL}1]%% (LL = bipy or phen), were characterised
by CV, UV-VIS, lem and T, measurements, and it was found that the lifetime of
the excited state was considerably enhanced by the introduction of strong
m-acceptor ligands. Thus, for {[Os{phen),1*}*, t = 8 x 107® g% (MeH; 25 °C),
but for {[Os(phen),{Ph,PGi=CHPPh,)]2*}", v = 1.84 x 107% 571 (eN; 25 °c) [54].

3.7.4 Porphyrin and phthalocyanine complexzs

The camplexes [0s{QEP)L.] {L = NH,, py or P(OMe);}, [Os(CEP)(LY}(L')}] (L = Na,
L' = thf; L=CO, L' = py; L = CS, L* = py} and {OS(CEP)(NO}X] (X = QMe, F,
{c10,] or NO) have been prepared and characterised by electronic absorption and
emission spectroscopy; the bonding was discussed in terms of EMMO calculations
{171.
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{0s(Pc)(00)(py)] has been preparecd by the reaction of Os0, with molten 1,2-
dicyancbenzene under €O, or by treating [Os:(CO}y;; ] with 1,2-dicyancbenzene in
air, foliowed by reaction with pyridine; [Os(Pc)(CO)(thf)] was prepared in a
similar mnner, The molecular structure of [Os{Pe(CO)( pv)] reveals that the
Os atom is 0.0150 nm out of the plane of the phthalocyanine group tawards the CO
{r(Os.Nw) = 0.2202 wn; r(OsN, ) = 0.198, 0.203 mm; r(0sC) = 0.1873 nm} [55].

3.7.5 Phosphine and arsine complexes

0sx:1®~ (X = C1, Br or I) reacts with diars in MeOH/Me,CO under 0O to give
[0sX,(CO).(diars)]; one eis and two tranz isomers were formed according to the
reaction conditions, The isomers are interconvertible, the all cis isaomer being
the most stable and the £rans carbonyl isamer being the least stable [56].
{OsX4(AsPhsR) 31 (X = C1l or Br; R = Me, Et, Pr or Bu) reacts with CO to give
[0sX, (CO) 2 {AsPhaR), ], whereas treatment of [OsXe]?™ with AsPh,R in the presence
of methanal yields [0sX:(CO)(AsPhR),] [40].

Full details of the reactions of RNCO (R = CgH.—4-Me) with [OsHX(CO){PPhs);l
{X = C1 or Br), [OsH,{CO){PPh;);], or [OsH,{PPh,);] to give the formamido,
ureylene and formamidinato complexes reported last year [15; p.70] have now
appeared {57]. {OQsH(0.CCF;}CO){(FPh;)z]1 and [Os{0.CCF;):{COY(PPh:}:] react with
both terminal and internzl alkynes to give cligonerisation and hydrogenaticn
products, respectively, along with some vinyl complexes. For phenylethyne, the
process is catalytic, one mole of complex producing 100 moles of oligamner {cf.
Section 2.8.6.2) [58].

3.7.6 Carbonyl complexes

e1s-{0s{CO) . (CHCsF:-).1 has been prepared by treating CcHBsCH.C1 with
[0s¢c0).1%" and its molecular structure determined {F(OsCg ) = 0.218 mm;
F(Oscco) = 0.194 nm} {59]. The reaction between {H.0s.(CO)y } and N;0, yields
{H.05.(COY ;2 (G {Os(COY.(NO3)Y2]~ (see also Section 3.9.2): the anjon is a
facial osmium(I1) complex, containing three monodentate nitrato ligands, and
has been erystallographically characterised [60].

The px, of [H.0s(C0).] is 12.8 {e1].

3.7.7 Carbene and carbyne complexes

{Os(CO) (PPhi }3HC1] reacts with [Hg(CCli).] to give the fascinating dichloro-
carbene complex [Oﬂlz(CCIZ)(m)(PPha)Z] ¢19) which has been characterised
crystailographically [62]. ¢19) reacts with LiR (R = Ph, CgHi~4-Me, CgH,—-4-Nie,
or CiH.,—4+0OMe) to generate the five-coordinate ca.rbjrne caomplex,
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PPh3
PPh
01\ o I 8 0
el =
ocC c ——C1 I N el
/ PFPh
PPhy 3
(13) 2

[Os¢ =CRICL(CO}(PPh3)}2]1: [OCs(=CCeH,-4-Ma)CL{COY(FPh,),] ¢20) was crystailographically
characterised {r{0s=C) = 0.177 nm; r{OsCl} = 0.2506 nm} [63]). The reactions of
¢19) and (20) are summarised in Scheme I [62,63].

[0sC12(CO) 2 (FPh3 ), ]
Ha0
[OSCL,(CNR) (COY(FPh3 )2 ] <2 [0sC1, (CC1 2 )(CO)(PPhz)2 ) LELL o fosc, (CE)(COY(PPhs )2 ]
(R = e, Bu or CegHy-4-Me) (1) (E =5, Se or Tes

LifceH,~4-Me]

[OSC1{n?—ECR)(COY{DPh, )2 ] =L [08(=CR)CL(CO) (PPh; )] ~— e [0sC12{CHR)(CO){(PPhs )2 ]
{E = 5, Se or Te) {20; R = CgHy—1-Me)

[ER]™
€1z LifEt;BH]

y
{0sC1, (CCIR)(COY{(PPh1) 2]

H20

]
([0sCL{n*-CCR){CO)(FPh3)2])

{OsCL{R){CO)2(PPh3)2)

SCHEME 1: Some reactions of (19) and (20) {62,63].
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3.7.8 TIrichlorosilyl and irichlorostarmyl corpleres

2t3~{0s(00),(5iC1;),] has been prepared fram the photochemical reaction
between [Os;(CO);2 1 and CL;SiH: upon heating at 120 °C, it is quentitatively
converted to the trans isamer (af. Section 2.8.8). efs-{0s{(C0).(SiCl,).] reacts
with PPh, at 130 °C, to give mer—[Os(CO),(PPh;){5iCl;),], and with 1,3,5CgH,Me,
(200 °C; sealed tube), to give low vields of [{CgHiMe;}Os(CO)(SiCl;):] [64,65].

The molecular structure of a salt of [0sC1(SnCl,)s1% {F(OsC1) = 0.243 nm;
r(0sSn) = 0.2530-0.2582 nm} has been determined [66,67], although the nature of
the cation, nominally [MMe,]", appears to be in same doubr.

3.8 OSMIUM(O)

The reduction of [{05‘312(1,5—00&1)}”] with potassium amalgam, in the presence
of excess CNCMe;, yields [Os(CNQMe;):(1,5-cod)}} [68], whereas treatment of
[OsH,(COY. ] with [Fe(CitMe;)s] gives [FeH(NCMe,)s] [OsH(CO).]1™ [69].

3.9 OSMIUM CARBONYI. CLUSTERS

The introduction to the section on ruthenium carbonvl clusters {(Section 2.13)
is essential background to the following discaussion, as it outlines the notation
which has been used to represent the cluster structures and reviews the general
background literature common to both ruthenium and osmiwm.

An excellent review of the syntheses, structures and reactivities of osmium
carbonyl cluster camplexes has been published, with particular emphasis heing
placed upon bonding and reaction pathways [70]; it is highly recommended to any

workers interested in this area.
3.8.1 Trimerie clusters

The high resolution IR and Raman spectra and a coamplete vibrational analysis
of [mn&;a_n(CO)lz] {(n =0, 1, 2 or 3) have been reported [71,72], and a further
study of the UVPES of [0s3(C0)» ] has been published {73]. Electrochemical or
alkali-metal reduction of [0s3(C0);: ] generates [0s3(CO);; 17, which has been
characterised by EPR spectroscopy (74].

The reduction of CO by H, using [M;(C0);:]1 (M = Ru or Os) in 2-methoxyvethancl
(below 200 °C and 200 atm) gives MeCH and Me.CO (when M = Ru) or MeQH, HOO.Me,
Me,CO and HOO,C,H,0H (when M = Os) [75]. It is not clear fram this cammunication
how the possibility of these products arising from the solvent was eliminated,
but this may become clear when fuller details are published. [M:{(CO}2] (M =
Ru or Os) is also reported to be an active catalyst for the water gas shift
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reaction (OO + H,0==—=H, + C0,), showing a high degree of sulphur tolerance
[76], and to be a homogenecus catalyst for the alkyl exchange reactions of
tertiary amines [77].

Same photochemical teactions of {0s,{C0),»] with common reagents have been
investigated. Thus, UV irradiation of [CE;;(CO),Z] in CCl,, CHCl; or CH,Cl,
yields [(}S(CO),‘Clz], via a proposed intermediate of [Osa(CO) 2Cl;]. HNo reaction
was observed with CO, but UV irradiation of [0Os;(CO);z] in the presence of PPh,
gave [Qsa(CO)lz_n(PPha)n] (n =1, 2 or 3): prolonged irradiation of
[0=,(C0) 4(PPh;),] with PPh, generated [0s(CO)Y,(PPh,).] [78].

[0s,(C0} ,{NO), (P(OMe);}] (21) has been structurally characterised and the

4 4
O
2 N
(MeO)aP 3 a MeaN 9
N N
O O
(21> €22)

phosphite ligeand is equatorial [79]. Treatment of [0s;{CO}), (N0}l with Me.NO
yvields [Os;(CO)(NO),(NMe;)] ¢22); the very long Os-NMe, bond (0.222 nm) reflects
the utility of NMe; as a good leaving group in cluster chemistry [80].

Appropriate treatment of [0s;(CO)p ] with ONR yields [Oss(m)lz_n(GQR)n]
(R=Me or CHu—4-OMe, n =1 or 2; R=Buor Qde,, n =1, 2, 3 or 4) which have
been studied by VT YC NMR spectroscopy [81]. Indeed, {0s;{C0)p (NGie)], which is

[QS;(CO) 12] + MeCN + Me;NO _-'[053((:0) u (NCEE)] + COz + NMe;

KH,
[055(C0) 1 Cu-H) (u=-NH2 )] =—L—— {05, (COY 11 (8H;)) + HeCN
(24 (23}
cyclobexamone

[0S3(C0Y 18 (1-H)(1-NCeH o }]"'&_ [0S, (C0) 1, (NH=CgHy )]
(26) (25)

SCHEME 1I: The synthesis of ammonia derivatives of [Oss(C0):: 1 [82].
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isomeric with the QMe camplex, is the basis of the interesting chemistry
illustrated in Scheme II. The camlexes (23)-(26) were characterised by IR and

*H MMR spectroscopy; the conversion of (25)+(26) is more facile than that of
23)+24> (82].

Turning, ncowv, to hydride derivatives, IR, Raman and ¥e NMR spectral studies
upon [H,053:¢C0O);> ] are all consistent with it possessing the structure (27),

co H
Co

C C
/ Q:Q / 0
Qs Os Os
o~ / N\, -

Co / “to

Co
H

0cC

CO (27

Co

with terminal hydrides and a linear skeleton {83]. The UVPES (He-I and He-II)
study of [Ha05:(COYw | and [Hu0s.(CO):2 ] which was reported this year {84] has
a very important conclusion. 7The results are totally inconsistent with the

P S T SN TR T JUPRE & T N YR Y Y ) s T T T J i JPE T T T
COoRvenLlonal DoilalLilg scnaam & Rzl g p, (&8, All WIIICH & LUlndl GluLe
4 4
H H
3 3 3 q
H H
(28) (29)

bond is normally written between the two bridged Os atoms. Instead, they clearly
point to a localised 4-cenire, 4-electron bonding (or, alternatively, two 3-centre,
2-glectron bonding) situation, (29), analogous to that found in diborane (30): To

M
B \ s T——H H—-—"""B\ 7 Ty
/ \./
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write {Ha0s3¢CO):0 ] with structure (28) is as misleading as to write diborane
with structure (21). Similarly, there is no direct metal-metal interaction
between the singly hydride bridged metal centres in [HeOs4{CO);z}. 'Thus, in
all of the structures in this review (and in the campanion review on ruthenium),
the M{u-H) situation is represented as M/H\H and not as L{{-l—{}-h!.

The molecular structures of [0s;(COYwBra] 32y [85), [HOs:(CO)YwBrl ¢33) {861,

4 4 1

3
Br H
H
3 3 a a
3 3
Br X
€323 €23; ¥ = 82} ?
{34; X = OMe) Me
{35; X = NHSOzCgHu-4-Me) (36)

[HOS3(COY w0 (OMe)l (34) [87], [HOS:(CO):1c (NHSO:CsHe—4-Me)] ¢35) {88] and
fHOS3(CO) s (CaH, Y(SMe)] ¢35 [89] have been reported. (32) was prepared by
treating [0s,(C0} 12 ] with 2-bromomethylnaghthalene [85], and (35) by treating
[Hy0=3(00) 15 1 with N3;S0,CcH,—4-tle [88]. The hydride was directly located in
(33), and its structure was canpared with a nuidber of related molecilies,
[HOs;(C0) 0 X] (X = H, €1, CHCH=NEt,, SEt, etc.); the Os—Os distance in the
{Os: (-H) (u-X)1 moiety seems to be determined more by the Os-H-Os unit then by
the Os-X-Os unit [86]. 1In.(36), the ethene molecule is equatorial [89].
[HRU;3(C0) 1o (NO)] has been prepared by treating Na[HRu;(CO);; ] with [NO]{PFs] [o0].
Treatment of [0s3{COY;2 ] with Li[EtiBH] in. thf at -30 'C yields a deep red
solution, believed (on th? basis of IR and 'H MMR spectral evidence) tc contain
the formyl camplex, [0s3(CO)y (CHO}} : the complex decomposes at rodm tewperature

4

37)
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[91]. Formyl intermediates, [H20s:(CO)s{CHO)S] and [HOs,(CO)s(0:CMa)(CHO)]™,

are also generated in the reactions illustrated in Scheme ITI [92]. The novel

[H2083(C0) o (u-5)] BIBELOCHO2) 11 141, 0c, (COY o (CHO) (1,831

‘ WArMm
I nt

[HOS3 (CO)s(u3-8)]1" + [H,0s,(COYa(13~8}]" (37

{Hu.05,(CO)s{us-5)1

trihydrido species, {(37), contains a terminal hydride ligand. In another
reaction involving attack on a coordinated carbonyl group, a novel carbyne
cluster, [HOs3{CO); {C(Me3}] (38}, has been prepared by methylation of [HOs3;(CO)i ]~
{cf. Section 2,13.1} with MeS50;F. Treatment of (38) with dihydrogen generates
(H20s5(00) o {us—C(OMe)1] (39) [93], which reacts with BX; (X = Cl or Br) to yvield

3 3

.

| "
LN VN
~N ~,

rr
AR =
(39; X = OMe) (41; E = S, Se or Te)
FAD. ¥ = 17 -~ D%
12; X = C1L or Br}
P L [ P T up B L 4 £ N s oy
LLIEE SLL =l LIolduecu

} reacts with E, (E = S, Se or Te), in octane at reflux, to give
{H,05;({CO)4E] €41) and [H,0s,(00)2E.] (see Section 3.9.2) [95].
[H;052(CO) o (MeN)(u3-83], 2 derivative of (41; E = S), reacts with CS; in
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cyclohexane to give [Hz(Bg(CO);r(CS)(ug—S)z] ¢42), in which the C5 group is

)K\/ sc—& " e

{42)

M
~
\
R
y
/

temwinal and equetorial {r(OaC)CS = 0.190 nm}, and two of the osmium atoms

contain no direct bonding interaction between them {»{CsOs) = 0.370 mm} {96].

Treatment of [0s;(C0)y (CeHg)) with KI[S,CH], or [H,054(C0)Ys(PMe Ph)] with CS,,

yvields the related complexes [HOs:{CO)p (S2CHY] (43) or [HOS3(CO)q(PMePh)(52CH)]
PMezPh

4
3
- H
3 3
3 3
s S ]
\C/

S\c/é

H H
{43} (44)

(44), respectively. The_strucl:ures of (43 and (44) contain different hydride
distributions (2lthough it should be noted that the hydrides were not directly
located), and it is clear fram the structural results that, for both the (u-5.CH}
bridged Os—0s bond, and the unbridged Os-0s bond, addition of a hydride ligand
cansed an ineregse in Os-Os separation [97].

Although strictly organometallic (and many cther exanples of organometallic
cluster chemistry have been omitted from this review), the last two papers to
be discussed in this section reveal interesting bonding features which reflect
vpon cluster chemistry in general. Treatment of [HOS;(CO)u {(CF3C=CHCF.}] with
FEt; yields [HO=,(CO); (PEL;}CF;C=(HCF;)]1 (a5}, which shows the remarkable
feature of the triangular cluster of the reactant having opened to an almost
linear chain (OsDsOs = 162.3"), with the terminal osmium atams showing no bonding
interaction, either directly or viag bridging ligands {other, of course, than the
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FGC\,’_’/
“Q/H
EtgP— o8 A

{45}

central osmium meiety!), between each other [98], A similar, albeit less
dramatic, example of this kind was found in the formation of (42). This cluster
breakdown is promoted by the coordination of an additonal two-glectron donor,

in a2 reaction type which is not so uncommon in the reactions of higher nuclearity
clusters {e.g. [0s:(COYp 1) [98]. Another example of Os-Os bond cleavage by

the creation of an electron-rich complex is in the formation of the thioform-
aldehyde derivative [Os3(CO)g(PMesPh)(n;-S)(1-8=CH;)1 (46), by treatment of

PMe, Ph
LA PMe, Ph
L
2
‘foiijiiiiiz\\\‘\\\\\~ S Cl{2
3 \ *3 5
s,\ 3 3
CH, ’
(4a6) (47}

[H.0s,(C0)3(P¥e,Ph)}] with CS,. <¢46) contains only cne Os-0s bond; upon
heating, this camplex loses a mole of CO (Z.2. a two-electron donor) te form
[0s1(CO)Y s ({PMe,Ph)(11-S)(1t:—-5=CH,)] (47), which contains mwe Os—Os bonds [99].

3.9.28 Petrameric clusters

The pk, of [H,08.(00):;] is 12.0 [61) and a UVFES (He-I and He-II) study of
it indicates that its bonding should be visualised as indicated in ¢48) [841,
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(48)

with four two-electron three-centre bonds and only two direct metal-metal bonds

{see the discussion for [H:0s;{C0O):s ] in Section 3.9.1). This view of the

striciire heips draw an analogy between what have traditionaliy been considered

different classes of cluster, the tetrahedral cluster {as exenmplified by

[Hu0S.(CO) 2 1) and the ‘butterfly' structure (49). An excellent example of this
X

{43

latter c¢lass of campound has been provided this year, in a combined X-ray and
neutron diffraction study‘ of [Ha0s,(C0)};2I], in which all of the hydrides were
directly located [100]. The structure of [Ha0s,(CO);z 1] can thus be xepresented
as in ¢50), the left-hand representation emphasising its relationship to (49)
and the right-hand representation emphasising its relationship to a tetrahedral
structure. Camparison between {(48) and (50) reveal that the complexes may be
thought of, fram a bonding point-of-view, in an identical manner. Structure
{50) has two additional electrons in the Os-I-Os bridge, which force the metal
centres further apart than in the equivalent Os-H-Os bridge in ¢4a8). This
effect may be thought of as steps in a reaction profile of cluster breakdown,
promoted by the addition of a two-electron donor, an excellent example of which
was discussed in the final paragraph of Section 3.9.1.

The molecular structure of [H.0s,(CO).; (Me)] (prepared by the hydrogenaticn
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I

(50)

of [HOs;{CO) iy (GEMe)]) has been reported. The hydride ligands were directly
located: the skeleton is as (48}, with each osmium carrying three terminal

ligands (the (Me and one CO were disordered) [101]. Treatment of

[H.05.(CO)Yz ] with {NOIX {X = [NO,;], [PF:], [BF,] or Cl} in =N or CH,Cl,

yields [H,0s.(CO)p (OH)]' (51), which was also isolated as a salt of [Qs(CO);(NO;3),1”

-+ B 1+
] 3

(513} b —

{see Section 3.7.6), in the reaction between [H,0S.(CO);z 1 and N,O,:
(H30s,(CO)},z (M)} was formed as a by-product and is readily converted to (513
by treatment with acid. The source of water in the synthetic steps is unclear
[60}. The reaction of [HOs;(COYy 17 with [Fe.(C0)s] in boiling thf leads to
the isclation of [HOsS,(CO):3 ]~ (52) as its [N(PPh;}.]' salt, which can alsc be
prepared in low yield by the pyrolysis of [N(PPh1).]1[HOs:(C0);; 1. The complex
was crystallographically characterised but the hydride was not directly located
{102). Finally, [H:0s,(C0}125e2] (53), isclated from the reaction between
[0s3(CO);2 ] and selenium (see also Section 3.9.1), has also been structurally
characterised: [Ha0s,(00):12B2] (E = S or Te) were prepared similarly [95].
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— -
3 - 3

H Se Se

O
£
C/ v}l

3

3~ 3 ) 3
(52} (53

2.3.3 Pentaneric clusters

Same exciting new chemistry centred on the Oss skeleton is being developed.
The structure of [0ssC(COY1s] (54) has been determined, and the molecule heen

a -
3
3
3
3
3
i
3 3
3
{543 {55)

shown to enter the reaction cycle 1llustrated in Scheme IV, (55) was also
crystallographically characterised [103]. The reactions of [Hx0ss5(CO);5] (56)

+
[085C(COY 15 ] —12 o [M(PPh3}»1 (N(PPh; )z ] [0ssCCO) 15 1]
{543 (593
a*
1s0.°C L 2g(NO:] _ [j05yG(C0) s T]

SCHEME TV: Sare reactions based on {0ssC(C0O),s1 {103].
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with various nucleophiles have been investigated., With {OH] or LiMe, deproton-
ation to give [HOss(CO)is | or [Oss(CO)is ]2_ occurs, whereas treatment with I,
P(OMe); or CO yields [Hy0s5(COY1s 11 ¢57), {H:055(C0) s {P{OMe);}] (58) or
[H:0s:(CO}Y ¢ 1 respectively, ag indicated in Scheme V; the structures of (57)

[~ m

3."Y

(5T

(56)

Y = P{OMe)r

3
SCHEME V: Nucleophilie attack upon ¢563 [104]. (58)

(as a [MBu,}" salt) and (58) have been determined [104]. Here, again, 2 two-
electron donor has caused metal-metal bond cleavage.

Treatment of [Hz083;¢(00)1: ] in boiling octane with azcbenzene yields the
camplex [HOss(CO) 3 {PANCH.N}] ¢59), which contains two extremely short Os-Os
bonds, marked with -+ in (59), at 0.2606 and 0.2601 nm {cf. »(Os(s) in
[05:(C0},z ] is 0.2877 mm} {105]).

3.9.494 Hezamevric clustars

The electronic structure of [0se{C0)w | has been described in terms of a
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(59)

molecular orbital model, based on the assump*ion that the Osg core resembles 2
recognisable fragment of the bulk metal {106). The full conclusions of this
work, however, are not immediately accessible. Of much greater immediate impact
is a very helpful discussion of the bonding in [0s¢{(CO}u» ] in terms of the
postuliated presence of heteropolar homonmuclear metal-metal bends, as illustrated
in (60) [107]. This makes a lot of sense, both in terms of the chserved

3 3
3

3
(60)

structure and, more lmportantly, the observed reactivity of these polynuclear
clusters; these concepts are well worth further consideration and development.

3.9.5 BHigh nucleanity clusters

Treatment of [0sp(COJYz3 ] in thf with I, leads to the isolation of
{02002z }2~ (61) as a dark red salt of [N(PPh,),}" [108]. Pyrolysis of
[053(COY12 } or [0S3(CO); (py)] leads to the isolation of [Osyp C(COYz 17 (62,
also as a [N(PPh;).]" salt [108). Both (61) and (62) have been structurally
characterised; the structure of (62) represents a fragment of a cubic close-
packed array.
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(61}
3.5.8 Mired-metal ciusters

Mixed-metal clusters involving osmium and ruthenium were discussed in
Section 2.13.4. [N({PPhj;);)[HFe0s:{C0O):; ] was isolated as a by-product in the
preparation of [N{PPh;):){HOs.(CO):; ] (see Section 3.9.2) [102). Treatment of
[H20s35(C0)w ] with [Fe(C0).}?”, followed by acidification, yields [H.Fe0s3(CO) )
(63); the initial reaction step involves nucleophilic attack by [Fe(c03,12" on

cp
2
/F'e Co
0, f \Co o /
C
a 3
3 a
H H
\J'_,./
a H\é—"’"’ﬂ
(63> {64)

the cluster. The reaction between [H.05:(C0) ] and {Fe,(CO)y] alsc yields
(633, but it was postulated to occur by a very strange mechanism, involving
formulation ¢283 of [H>0s3(C0O) 0 | donating its Os=0Os double bond electrons to
Fe(CO),, rather like an [Fe{CO),{alkene)} complex [110]. Finally, reaction
between {Hz05:(C0Y s ] and [{cpXCo(CO):]1 gives [{cp)Colsa(CO) 1w Hz] <64y [110].
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3.9.7 Surface modificarion

[0s:(C0)2 J, [H2053(C0O) ] and [Oss{CO}1n ] physisorb onto hydroxylated silica
at room temperature. At 150 °c, oxidative addition of surface Si-OH groups to
the Os-Os bond of {Cs2(COYiz ] occurs to form the surface-anchored camplex (65).

]

|
===

(65)

Similar results were obtained with 41,0:. A model complex, [HOs.(CO): {05iPh:}], was
prepared by reaction of [0s:{(C0O},; ] with Ph;SiC#. (&5) has been prepared also by
the direct reacticn of silica with [Os:(CO}. (NOMe),] at 25 "C.  (65) was
characterised by both IR and EXAFS measurements. Heating (65) at 200 °C results

in cluster d‘egu'u;mition, ra yieldi Elligcmeric osmium{IIl} derivatrives, such as
{Os(CO)z(o-s’ig)z}ﬂ or {05(c0)3(o—sli-::,):}z [111,112].

3.10 OSMIUM NITROGYLS AND THIOKITROSYLS

The kinetics of the hydrolysis of [Os(NO)Xs)%™ (X = €1, Br or I) have been
studied {113). [0s(@):}%" reacts with nitric acid to produce, as the final
product of the process, [Os{NO)((N)i{H:0):]. Intermediates K,{Os(NO)(CN)s) and
Ag{Os(NC) (V). {H20}] were alsc isolated {114}, OsCl; reacts with N5;Cl; in
thf, in the presence of AsPh; or PPh;, to yield [Os(NS)CL.(AsPh, ), ] or
[Os{NS)C1;(PPh3;):]}, respectively [115].
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