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Abstract

Homogeneous catalysis by osmium complexes is more promising than hitherto realized. Most of the reactions studied have
concentrated on simple model substrates, and therefore a demonstration of the utility of these catalysts for reactions of more
sophisticated organic molecules is needed; highly selective reduction of terminal and internal carbon—carbon triple bonds in
presence of other unsaturations within the same molecule should become an immediate goal. In view of the excellent results
obtained in the asymmetric dihydroxylation of alkenes, other highly enantioselective processes, such as hydrogenation, oligo-
merization, hydrosilylation and hydroformylations may be envisaged with osmium complexes; catalytic activation of C-H, C-
S, C-N, N-H, and OH bonds also seem reasonable and important targets. As a consequence of the high thermal and oxidative
stability observed for osmium complexes, their syntheses, manipulation, and recycling may prove much simpler than for
analogous, less robust catalysts derived from other metals, and these advantages may counter the higher cost involved in the
case of osmium. Furthermore, this enhanced stability will certainly be convenient for kinetic and mechanistic studies which
could lead to a deep understanding of the catalytic chemistry.
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1. Introduction nation, insertion—deinsertion, etc., are too slow for
third row metal complexes to be of any practical
application in catalysis. A judicious choice of the

Homogeneous catalysis by platinum metal -
metal-ligand system, however, may lead to highly

complexes has been traditionally dominated by

ruthenium, rhodium and palladium [ 1]. The fact
that 5d metals usually form more stable complexes
than their 4d congeners has led to the general
assumption that reactions typically conforming
catalytic cycles, such as Lewis base addition—
elimination, oxidative addition—reductive elimi-
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efficient catalysts, as demonstrated by platinum
hydroformylation [2], and by the rich catalytic
chemistry of iridium complexes developed
recently [3,4]. In the past few years, a number of
interesting examples of organic transformations
catalyzed by osmium complexes have emerged in
the literature, indicating that this still relatively
undeveloped field offers considerable catalytic
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potential to be exploited in the near future. Here
we provide an account of the published work con-
cerning the use of osmium complexes in homo-
geneous catalytic reactions, in the hope of
stimulating further research in this area.

2. Mononuclear complexes

For mononuclear complexes, the earliest
reports on catalytic activity are some brief men-
tions by Vaska [5] and Mitchell [ 6] on the ability
of OsHCI(CO)(PPh3); to hydrogenate C=C
bonds. Chatt and coworkers also described some
experiments on the isomerization and hydrogen-
ation of octenes catalyzed by OsH,(PEtPh,),,
OsH,(CO) (PEtPh, ), and OsH,(PEtPh,); [7].
Robinson and coworkers have described the cat-
alytic dehydrogenation of alcohols, as well as the
isomerization and transfer hydrogenation of acet-
ylenes by ruthenium and osmium trifluoroacetate
complexes [ 8]; in these papers, however, itis only
stated that osmium complexes are less effective
than their ruthenium analogs, but the catalytic data
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presented concern exclusively the latter. Olefin
hydrogenation by use of OsHCI(CO) (PPh;)s,
OsH;(PPh;); and OsHCL,(AsPh;); [9], as well
as hydroformylation by mixtures of osmium salts
with phosphines [10] have been claimed in the
patent literature.

The full potential of hydrido-phosphine
osmium complexes as efficient and versatile cat-
alysts for organic reactions has only recently
begun to be exploited in some laboratories, includ-
ing ours in the case of compounds of the type
OsHX(CO) (PR;), 5 and related species.

2.1. The complex OsHBr(CO)(PPhs;);

The complex OsHBr(CO) (PPh;),, first syn-
thesized by Vaska in 1961 [11] by prolonged
reaction of [OsBrg]?>~ with PPh; in boiling 2-
methoxyethanol, combines good solubility in a
number of common solvents with high thermal
and oxidative stability. The structure of this com-
pound [12], together with a summary of its ver-
satile catalytic chemistry developed in our
laboratories [ 13—-16] are shown in Scheme 1.
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Isomerization reactions are conducted at 100°C
and include double bond migration and cis—trans
isomerization, isomerization of cyclohexa-1,3-
diene to cyclohexa-1,4-diene, and of allyl alcohol
to propionaldehyde. Hydrogenation of terminal as
well as internal olefins, dienes, and acetylenes is
also achieved at 100°C and 1 atm H,. The most
remarkable reactions are the highly selective
reductions of dienes to monoenes, and of alkynes
to alkenes. The C=0O bonds in aldehydes and
ketones are also efficiently hydrogenated by
OsHBr(CO) (PPh;) ;. Crotonaldehyde reduction
by this complex produces a 1:1 mixture of the
unsaturated alcohol and the saturated aldehyde,
while the fully hydrogenated product is not
formed. Cyclohex-2-en-1-one, on the other hand,
undergoes exclusive C=C bond reduction under
1 atm H, or, more rapidly, in boiling isopropanol
under N,. In the case of L-carvone, the exocyclic
C=C bond is specifically hydrogenated by
OsHBr(CO) (PPh;); under 1 atm H,; by raising
the H, pressure to 5 atm, both C=C bonds are
reduced. Pressures of the order of 60 atm result in
the formation of the corresponding saturated alco-
hol.

Nitrobenzenes are also selectively reduced by
OsHBr(CO) (PPh;)5 to the corresponding ani-
lines under hydrogen, syngas and water—gas shift
conditions; the highest rates were observed under
CO/H,0 in alkaline medium [ 16]. Finally, olefin
hydroformylation is catalyzed by
OsHBr(CO) (PPh;)5 at 150°C and 100 atm CO/
H,, reaching maximum rates of ca. 3 turnovers
h~! with selectivities of 67% for aldehydes (n/i
ratioca.2) [ 13,14]. Also, the closely related com-
pound OsHCI(CO) (PPh;), showed to be a very
efficient catalyst precursor for the specific homo-
geneous hydrogenation of the heterocyclic ring in
quinoline and benzothiophene (Egs. 1 and 2).
Reduction of the sulfur heterocycle required more
drastic conditions than that of the nitrogen-con-
taining ring. Decomposition of the complex is not
apparent in the time range investigated; however,
prolonged reaction in the hydrogenation of ben-

zothiophene did lead to some decomposition and
a consequent loss in catalytic activity [17].
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2.2. Carboxylate complexes

The triphenylphosphine complexes
OsHX(CO) (PPh;); (X=Cl, Br) react with ace-
tic acid to yield the corresponding carboxylate
derivatives OsX(OCOCH;) (CO) (PPh,),, char-
acterized spectroscopically and crystallographi-
cally for X=Br [18]. These complexes have
proved to be very active in the hydrogenation of
the C=0 bonds of aldehydes (140°C, 30 atm H,)
and ketones (140°C, 60 atm H,). The reaction
mechanism illustrated in Scheme 2 involves a
bidentate—monodentate equilibrium for the car-
boxylate ligand, through which coordinative
unsaturation and, consequently, catalytic activity
is attained [19].

Carboxylate complexes of formula OsH(7*-
0O,CR*)(CO) (P'Pry), (R*=(S)-CH (Naph-
OMe)Me, (R)-CH(OMe)Ph, (R)- C(CF;)-
(OMe)Ph, (§)-CHOC(=0)CH,CH,) have been
found to be active catalysts for the asymmetric
hydrogen transfer reaction from 2-propanol to
acetophenone [20].

2.3. Arsine complexes

As an extension of the work on osmium PPh,
complexes, the synthesis and characterization
of analogous arsine complexes OsHCI(CO)-
(AsPh;);, OsHCI(CO)(AsPh;) (arphos) and
OsCI(CO) (OCOCH;) (AsPhy), were also
reported. These new osmium arsine complexes
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were also efficient precatalysts for the homoge-
neous hydrogenation of propionaldehyde under
moderate reaction conditions [21].

2.4. The complexes OsHCI(CO)(PR;),: the
Zaragoza—Wiirzburg catalysts

These complexes where PR; is a bulky trialkyl-
phosphine (P'Pr;, PMe'Bu,) have been prepared
by reaction of OsCl;-H,O with the appropriate
phosphorus ligand in boiling methanol. Spectro-
scopic data indicate a square base pyramidal
geometry, with the hydride occupying the apical
position and the phosphines disposed in a trans
arrangement [22,23].

At room temperature, the complex
OsHCI1(CO) (P'Pr;), adds Lewis bases that are
not bulkky (e.g. CO, PMe; and P(OMe);) to
form octahedral compounds of formula
OsHC1(CO)L(PPr;), [22]. Oxygen, hydrogen,
and olefins such as ethylene, methyl acrylate,
acrylonitrile and methyl vinyl ketone are also
coordinated [22,24]. Upon reaction with HSiEt;,

the dihydrogen complex Os(SiEt;)Cl(7*-
H,) (CO) (P'Pr3), is formed [25]. Alkynes, sty-
rene and acetone undergo insertion into the Os—H
bond [26-28] (Scheme 3).

Catalytic reactions with these compounds
include hydrogen transfer from 2-propanol to
cyclohexanone, acetophenone [29], benzylide-
neacetone, benzylideneacetophenone [30] and
phenylacetylene [31], hydrogenation with
molecular hydrogen of styrene, cyclohexene,
cyclohexadienes, phenylacetylene, diphenylace-
tylene and benzylideneacetone [24] and hydro-
silylation of phenylacetylene [25].

The hydrogen transfer reactions are usually per-
formed in boiling 2-propanol under N, or Ar and
in the presence of NaBH,. Under catalytic condi-
tions the complex OsHCI(CO)(P'Pr;), reacts
with NaBH, to give initially OsH(7’-
H,BH,) (CO) (P'Pr;), [23]. Under reflux in 2-
propanol it decomposes to the tetrahydrido
OsH,(CO) (PPr3), [32], which affords
OsH,(CO) (P'Pr;), that acts as the catalyst of the
reactions. Kinetic and spectroscopic studies car-
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[Os}H ried out on the hydrogen transfer reaction from 2-

CH R
°=°<CH: °=C<R~ propanol to cyclohexanone suggests that these
reactions involve four steps (Scheme 4) [28]:
(i) coordination of the ketone to the coordina-

tively unsaturated dihydride OsH,(CO) (P'Pr3) ,,
(ii) formation of an alkoxy metal intermediate by

hydrogen migration from the metal to the ketonic
HOCH] R' double bond, (iii) exchange of the alkoxy group
R by reaction with the alcohol, which acts as solvent,
CH, and (iv) a B-elimination process.
roor
3

[Os}-(OCHRR)) Competitive reactions (ketone—olefin) indicate
that ketones are reduced preferentially to olefins;
however, a,B-unsaturated ketones are selectively
Scheme 4. reduced to the corresponding saturated ketones.

{Os|-{OCH(CH3)ol H-[Os}-(n>-OCRR)

[Os}-H = OsHo(CO)(PiPr3),
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At long reaction times saturated alcohols may be
obtained [30].

A detailed study of the reaction rate of the
reduction of phenylacetylene by hydrogen trans-
fer from 2-propanol has shown that, initially, the
solution which contains OsH,(CO) (P'Pr;) , rap-
idly reduces the substrate to styrene. However, the
reaction rate falls, progressively, as the colorless
solution of OsH,(CO)(P'Pr;), is transformed
into a dark red solution of
Os(C,Ph),(CO) (P'Pr3), [31]. Spectroscopic
investigations have shown that the tetrahydrido
complex OsH,(CO) (P'Pr;), reacts with the stoi-
chiometric amount of phenylacetylene to give
molecular hydrogen and the alkynyl-dihydrogen
derivative ~ OsH(C,Ph) (n?-H,) (CO) (P'Pr3),,
which reacts with a second molecule of phenyla-
cetylene to give Os(C,Ph);(CO)(P'Pr;), and
molecular hydrogen. Under argon atmosphere, the
stiming of a solution of OsH(C,Ph)(7’-
H,)(CO) (PPr3),, in 2-propanol leads to
OsH,(n*-CH,=CHPh) (CO) (P'Pr3), and
acetone in quantitative yield. These observations
have been elegantly accommodated by the cycle
shown in Scheme 5, which contains the stoichio-
metric steps that could summarize the process of
hydrogen transfer from 2-propanol to phenylace-
tylene [33].

Under molecular hydrogen, dienes are reduced
to mixtures of the monoene and the alkane with

moderate to good selectivities for the monoolefin.
Alkynes and o, B-unsaturated ketones, on the other
hand, are selectively hydrogenated to the corre-
sponding olefins and saturated ketones [24].

The kinetics and the mechanisms of the hydro-
genation of phenylacetylene to styrene [27] and
benzylideneacetone to 4-phenylbutan-2-one [34]
catalyzed by OsHCI(CO)(PR;), (PR;=P'Prs,
PMe'Bu,) have been investigated in detail. For
the reduction of the alkyne, with both catalysts the
rate law is

__ d[phenylacetylene]
dt

=k[ phenylacetylene] [ Os] Py,

Scheme 6 illustrates the catalytic cycle for the
selective phenylacetylene hydrogenation. The
reaction of the monohydrides with the alkyne is
rapid and leads to stable 16-electron vinyl com-
plexes Os( (E)-CH=CHPh)C1(CO) (PR;),. The
elementary steps involved in the transformation
of the styryl derivatives are too rapid to be
observed by spectroscopic methods. However, it
has been shown by NMR spectroscopy that ace-
tylenedicarboxylic methyl ester coordinates to
OsHCI(CO) (P'Prs), trans to the hydride at room
temperature; then rearrangement to the cis isomer
takes place, followed by insertion to yield the cor-
responding vinyl species. The slow step of this
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catalytic cycle is the reaction of the five-coordi-
nate complexes with hydrogen to yield the olefin
and regenerate the catalysts.

The high selectivity observed for the hydrogen-
ation of phenylacetylene to styrene seems to be
thermodynamically controlled. The independent
study of the reduction of the C=C and C=C bonds
indicates that the latter is kinetically favored.
However, the vinyl complexes are the main spe-
cies under catalytic conditions. These derivatives
represent thermodynamic sinks that cause virtu-
ally all the osmium present in solution to be tied
up in this form, and consequently, the kinetically

PhCHZCH,C(O)CH3

GHzPh CHzPh

HG HC HPh
o i,
[ s}6>-CHs-—-1081/c?§0 or |0:r’ Zﬂz

H Ph
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[Os
CHg
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unfavorable pathway becomes the only one avail-
able in the presence of phenylacetylene.

The mechanisms deduced for the hydrogena-
tion of benzylideneacetone to 4-phenylbutan-2-
one, on the basis of kinetic results and
spectroscopic observations (Schemes 7 and 8),
illustrate some roles of the dihydrogen complexes
in catalysis. The complex OsHCI(CO) (P'Pr;),,
initially inactive is activated as a result of the
formation of trans-(hydrido, dihydrogen)-
OsHCI(7*-H,) (CO) (PPr;),, which isomerizes
to  cis-(hydrido,  dihydrogen)-OsHCI( -
H,) (CO) (P'Pr;), and subsequently dissociates

H H
(Js] H
) *l&]

~ "

Scheme 7.

[Os] = OsCYCOXPiPr3),



238 R.A. Sdnchez-Delgado et al. / Journal of Molecular Catalysis A: Chemical 96 (1995) 231-243

T (Ols] H‘B\\ H

IOIS] + PhCHxCHC(O)CH3

os 1 jog] T H
H--H \4[0'; [(Ls]/‘H
s ——

[Os] = OsCI{CO)(PMetBus),

Scheme 8.

the n>-H, ligand (Scheme 7). Under catalytic
conditions, the complex OsHCI(CO) (PMe'Bu,),
is in a dynamic equilibrium with trans- (hydrido,
dihydrogen)-OsHCI(7*-H,) (CO) (PMe'Bu,) ,,
which also isomerizes to cis-(hydrido, dihydro-
gen)-OsHCI(7-H,) (CO) (PMe'Bu,) ,. The sub-
sequent reaction of this derivative with
OsHCI(CO) (PMe'Bu,), leads to a binuclear
intermediate, which by reaction with benzylide-
neacetone gives the saturated ketone and regen-
erates the catalyst (Scheme 8). It has been
proposed that the binuclear intermediate could be
trans-[ OsC1(CO) (PMe'Bu,) ,],H,, containing a
planar tetragon of cyclically bound hydrogen
atoms [34].

trans- and cis-PhCH=CH(SiEt;) are selec-
tively obtained in high yield, by reaction of phen-
ylacetylene with triethylsilane in the presence of
OsHC1(CO) (P'Pr;),. Although the vinyl com-
pound Os((E)-CH=CHPh)CI(CO) (PPr3), is
the main species under hydrosilylation conditions,
the catalytic reaction proceeds via the silyl dihy-
drogen intermediate Os(SiEt;) C1 (n*-H,) (CO)
(P'Pr3), (Scheme 9) [25].

2.5. The complex OsH,Cly(P'Prs),

Under hydrogen atmosphere, solutions of this
compound in 2-propanol, 1,2-dichloroethane or
toluene catalyze the hydrogenation of styrene,

methylstyrene, cyclohexene and cyclooctene at
considerable initial rates, which depend both on
the solvent and the alkene substrate [35].
OsH,Cl,(P'Pr;), also catalyzes the hydrogenation
of the C=C bond of «,B-unsaturated ketones as
well as dienes. 1,5-Cyclooctadiene is more rapidly
reduced than the 1,3-isomer. This finding is also
true in a competitive sense: 1,3-cyclooctadiene is
not hydrogenated until the concentration of the
1,5-isomer is almost zero. The selectivity for these
reactions to give cyclooctene is poor.

Ketones such as cyclohexanone, methylcycloh-
exanone, and acetophenone are not hydrogenated
under atmospheric pressure of hydrogen. Also
under hydrogen transfer conditions (boiling 2-
propanol under Ar), the catalytic activity of the
dichloro dihydrido compound is rather poor; after
3 h the conversion to the corresponding alcohol is
not more than 4%. The addition of NaBH,, how-
ever, gives rise to a significant increase in activity
[35]. Under these conditions, the complex
OsH,Cl, (P'Pr5), reacts with NaBH, to give ini-
tially OsH;(7*-H,BH,) (P'Pr5),, which decom-
poses to OsHg(P'Pr3), [36]. As this hexahydrido
is coordinatively saturated, its activation most
probably involves the loss of one dihydrogen mol-
ecule per molecule of OsHg(P'Pr;), to produce
OsH,(P'Pr;),, which presumably acts as the
active catalyst [35].

Os((E)-HC=CHPh)(CO)(PiPrs),

HC,Ph

|
OsHCICO)(PiPry)2
HSIEt;
cis-PhHC=CH(SIEts)
trans-PhHC=CH(SIEts)

OsHy(SIEty)CI(CONPIPra),

/

Os(SIEt3)CIn*-Hz){CO)PiPr3)2

HC=CPh

Scheme 9.
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The reaction of the complex OsH,Cl,(P'Pr3),
with K(CH;CO,) in methanol affords the trihy-
dride OsH; (7*-0,CCH;) (P'Pr3),. This complex
reacts with phenylacetylene to give the hydrido-
vinylidene complex OsH(7*-0,CCH3)
(C=CHPh) (P'Pr;), which catalyzes the
dimerization of phenylacetylene to give a
mixture of trans-PhC=CCH=CHPh and cis-
PhC=CCH=CHPh in a 2:5 molar ratio [37].

2.6. The complexes [OsH(L)(PP;)]BPh,

Bianchini et al. have recently observed that
complexes of the type [OsH(L)(PP;)]BPh,,
where L=H,, N, and PP;=P(CH,CH,PPh,),,
are efficient catalyst precursors for the reduction
of a,B-unsaturated ketones and for the regio- and
stereoselective dimerization of acetylenes [38].
Thus, hydrogen-transfer reaction of «,B-unsatu-
rated ketones catalyzed by OsH(H,) (PP;) 1BPh,
must be performed in propan-2-ol and cyclopen-

tanol and its selectivities depend on the structure
of the substrate; a,B-unsaturated ketones are
reduced to saturated ketones via isomerization of
the initially produced allylic alcohols [38a].
Complex [OsH(N,) (PP;) ]BPh, catalyzes the
dimerization of terminal alkynes to disubstituted
but-3-en-1-ynes. Interestingly, at 0°C, this com-
pound reacts with the stoichiometric amount
of (trimethylsilyl)acetylene to give a
mixture of the cationic compounds
[ (PP;)OsH(C=CHSiMe;) ]BPh, and (E)-
[ (PP;)Os{n’>-(SiMe;)C,=CH(SiMe;) }1-
BPh,. A detailed study of this reaction under dif-
ferent experimental conditions together with the
detection of some intermediates led to the mech-
anism shown in Scheme 10 [38b].

2.7. Osmium catalyzed asymmetric olefin
dihydroxylation

A novel catalytic process based on the enantio-
selective addition of OsQ, to olefins and dienes to
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produce vicinal diols has recently been described
by Sharpless and coworkers [39—42]. The sim-
plicity and effectiveness of this procedure is illus-
trated by the reaction of (FE)-stilbene, which is
completely digested to a homogeneous solution
of the diol product when a suspension of the olefin
in acetone—water is allowed to stand overnight in
the refrigerator with OsO, in presence of the cin-
chona alkaloid derivatives dihydroquinine or dih-
ydroquinidine as chiral ligands (Eq. 3):

RN

CH

0.2-0.4% 0sQy4, acetone P:>Z—KH
H:0, L
2 Ph (3)

o]
78-88% ee

Ph.

The reaction is of general application to a num-
ber of olefins, producing the diols with yields of
80-95% and enantiomeric excesses (ee) of 33—
88% [39].

Mechanistic insight into this reaction led to a
greatly improved process by the trivial modifica-
tion of adding the olefin slowly to the catalytic
mixture. All the alkenes studied gave higher ee’s
and reacted faster than in the original method. This
and other observations were explained by a mech-
anism involving two distinct catalytic cycles oper-
ating for the conversion of the olefin to the vicinal
diol. As shown in Scheme 11, OsO, adds one

[0}
P
O
’\7: Os —L
oy
0
2
3 \(O\
P o
0= Os<'
I 0 Hzo
L
1 O

molecule of the chiral ligand to produce the iso-
lated intermediate OsO,L (1), which in turns
reacts with the olefin to yield the dioxomonogly-
colate species 2 (also isolated). Oxidation of the
latter yields a putative Os(VIII) trioxomonogly-
colate complex 3 which is a key intermediate
occupying the pivotal position at the junction
between the two cycles. The properties of this
intermediate are believed to determine how the
diol production is partitioned between the cycles
whichis crucial in determining high ee. If complex
3 is allowed to be hydrolyzed in the absence of
excess alkene, then 1 is regenerated, and the max-
imum ee is achieved as determined during the
addition of 1 to the olefin. When excess alkene is
present in the reaction medium, an alternative
reaction with a second molecule of olefin becomes
important, yielding the oxodiglycolate interme-
diate 4 (isolated), which is then oxidized to the
dioxodiglycolate § and subsequently hydrolyzed
to produce the diol and regenerate 3. Turning on
this second cycle, which implies displacement of
the chiral ligand from the osmium center, results
in lower ee’s, and in reduced turnover frequencies
[40]. In later work, the reaction was further mod-
ified by the use of phthalazine as the chiral ligand,
which produces ee’s in excess of 90% [41]. Also,

Scheme 11.
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the reaction has been applied to conjugated and
non-conjugated dienes using K;Fe(CN)¢ as the
stoichiometric oxidant and phthalazine as the
ligand [42].

3. Cluster compounds

The use of osmium carbonyl clusters as catalyst
precursors for a variety of organic reactions has
been the subject of a number of papers. The trin-
uclear cluster Os;(CO), is an efficient precata-
lyst for alkene isomerization [43], alkyne
cyclotrimerization [44], C-N bond activation
[45], hydroformylation [46], and water—gas shift
[46,47] and CO hydrogenation [48] reactions in
solution.

The mechanisms of these and other ‘cluster-
catalyzed’ reactions have not generally been well

established. In particular, the question of whether
the cluster itself is the species responsible for the
catalysis has been the subject of much debate, and
remains largely unsolved. The mere fact that the
cluster is recovered intact from the catalytic runs,
or in some cases, is the only species observed
under catalytic conditions by IR or NMR spec-
troscopy, must be interpreted with caution. It is
sufficient to transform a small amount of the clus-
ter — not recoverable or even observable — into a
very reactive mononuclear fragment, to obtain a
highly active catalytic solution.

Some detailed mechanistic studies have
addressed this problem in the case of osmium
compounds. The unsaturated dihydrido derivative
Os;H,(CO) o has been reported by Shapley to
hydrogenate olefins in solution [49]. Through a
combination of chemical and spectroscopic meth-
ods it was possible to establish the catalytic cycle

alkene

N

alkene i

y H

A

alkane

Scheme 12.
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shown in Scheme 12, implicating only trinuclear
species throughout the hydrogenation process.
Similarly, the closely related silica-supported
cluster Os;(CO) o( u-H) (u-OSi=) was found
by Basset and coworkers {50] to be an efficient
catalyst for the hydrogenation of ethylene under
mild conditions; kinetic, as well as volumetric and
IR studies on this system and on a soluble
0s;(CO) 0( u-H) (u~-OPh) analogue led to a pro-
posed mechanism involving the intact triosmium
framework in all the elementary steps conforming
the catalytic cycle; a facile 3e < le interconver-
sion of surface-oxygen ligands was said to provide
the appropriate energy balance for cluster cataly-
sis without fragmentation. Another system which
appears to hydrogenate olefins through a cycle
involving only trinuclear species is the
[Os3(NCQ) (CO),;] ~ anion reported by Glad-
felter [51]; in this case the u-n*< 7' transfor-
mation of the isocyanate ligand provides the
vacant coordination site required for the catalysis
to proceed, without the need to break any Os-Os
bonds.

Sénchez-Delgado and coworkers reported that
a number of other tri- and tetranuclear osmium
clusters can serve as catalyst precursors for C=C
bond hydrogenation under moderate reaction con-
ditions; the fact that some structure-activity rela-
tionships could be established led to the idea that
the intact clusters could be the actual catalytic
species [52]. However, more detailed work by
this group on the kinetics of styrene hydrogenation
with neutral and anionic tetrahedral and ‘butterfly’
shaped tetraosmium clusters concluded that frag-
mentation of these clusters yielding low concen-
trations of highly active species of lower
nuclearity was the rule whenever important cata-
lytic activity was observed [53].

4. Future prospects

It is clear from the examples presented above
that homogeneous catalysis by osmium com-
plexes is more promising than hitherto realized.
Most of the reactions studied so far have concen-

trated on simple model substrates, and therefore a
demonstration of the utility of these catalysts for
reactions of more sophisticated organic molecules
is needed; highly selective reduction of terminal
and internal carbon—carbon triple bonds in pres-
ence of other unsaturations within the same mol-
ecule should be an immediate goal. In view of the
excellent results obtained in the asymmetric dih-
ydroxylation of alkenes, other highly enantiose-
lective processes, such as hydrogenation,
oligomerization, hydrosilylation and hydrofor-
mylations may be envisaged with osmium com-
plexes; catalytic activation of C-H, C-S, C-N, N—
H, and OH bonds seem also reasonable and
important targets.

As a consequence of the high thermal and oxi-
dative stability observed for osmium complexes,
their syntheses, manipulation, and recycling may
prove much simpler than for analogous, less
robust catalysts derived from other metals, and
these advantages may counter the higher cost
involved in the case of osmium. Furthermore, this
enhanced stability will certainly be convenient for
kinetic and mechanistic studies which may lead to
a deep understanding of the catalytic chemistry.

In conclusion, a much greater interest in this
largely unexplored area of chemistry is to be
expected in the near future.
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