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. Introduction

Complete cleavage of the rather strong H—H bond
(103 kcal mol~1) on metal surfaces or metal complexes
has long been dogma in the mechanism of catalytic
hydrogenation processes. Depending upon the cata-
lytic system both homolytic and heterolytic cleavages
had been proposed (egs 1 and 2).%

H
M + Hy —»MiH ()]

M=Y + H, —— M—H + H-Y @

The initial species formed upon approach of mo-
lecular hydrogen to the metal has been speculated
upon for many years and was generally regarded to
be only a transient. Thus, in 1959 Halpern specu-
lated that the activation of hydrogen involved attack
of the bonding electrons of the hydrogen molecule on
a vacant metal d orbital.? Other researchers pre-
sented a different view: transfer of electrons from
an occupied d orbital to the antibonding (¢*) orbital
of hydrogen.® In a sense both ideas were correct; it
was Kubas who first obtained clear evidence for a
stable dihydrogen complex, W(5?-H,)(CO)3(P'Pr3),.*
Theoretical studies followed this discovery. Thus,
orbital population analysis showed that the primary
interaction is H, — M with a small amount of M —
H, o* back-bonding.®

Initially, the complex W(#?-H,)(CO)3(P'Prs3), was
viewed as an arrested intermediate along a reaction
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coordinate stabilized by sterically demanding phos-
phines. However, since the first report by Kubas et
al. in 1984, numerous dihydrogen complexes have
been synthesized. The spectroscopic characterization
and some theoretical aspects on the nature and
stabilization of the M(32-H,) bond of these complexes
have been also the subject of intensive studies in
recent years and various reviews of the field have
appeared previously.5~1! Thus, the known dihydro-
gen chemistry now indicates that some dihydrogen
complexes are more than reactive intermediates and,
therefore, must be considered to have an identity and
chemistry of their own, including direct reactivity in
homogeneous catalysis that will be the subject of this
review.

Table 1 lists the known metal—dihydrogen com-
plexes considered to be involved in homogeneous
catalyst reduction reactions of alkenes, alkynes, and
ketones.?#1 Other reported homogeneous reactions
include dimerization of alkynes,*? dehydrogenation
of alcohols*® and alkenes,** as well as H/D isotopic
exchange,*~*° will be not considered in this paper.
Furthermore the possible involvement of dihydrogen
complexes in the action of hydrogenase and nitro-
genase enzymes®® has been also reported.

This review is classified according to metal and/or
type of complexes and includes most relevant homo-
geneous dihydrogen compounds taking part in ho-
mogeneous reduction of unsaturated substrates by
hydrogenation, hydrogen-transfer, and hydrosilyl-
ation reactions. Coverage of the literature is up to
the middle of 1997. A comprehensive review by
Jessop and Morris® on the reactivity of transition
metal dihydrogen has previously highlighted cata-
lysts and related reactions reported until 1991.
According to Table 1 most of the dihydrogen com-
plexes active as homogeneous catalysts in mild
conditions are iridium, osmium, and ruthenium
derivatives. Phosphine complexes of these metals are
relatively rich in molecular dihydrogen chemistry.
Some of them have provided interesting lights on the
mechanism of catalytic reactions, and in particular
on the role of the dihydrogen ligand in reduction
processes.

Il. Iridium— and Rhodium-Dihydrogen Complexes

A. Iridium-Dihydrogen Complexes

The largest number of observed reactions involving
dihydrogen compounds proceed by loss of molecular
hydrogen as a result of the weak binding of the
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dihydrogen ligand to the metallic fragment. This
good leaving ligand stabilizes unsaturated species in
solution, without bothering the coordination of the
substrate to the metallic center. The energies re-
quired for the dissociations of H, can be correlated
with the structural features of the metal—dihydrogen
moiety.5! Several catalytic systems based upon this
strategy have been reported, and some other cata-
lysts, studied before 1984, would also contain the
dihydrogen ligand. We have previously considered>?2
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the possibility that dihydrogen intermediates of
formula [MHa(72-H2)«(PR3)y]* may be involved in
catalytic hydrogenation by cationic iridium and rhod-
ium precursors of formulas [M(diolefin)(PR3),]* (or
[Ir(diolefin)L(PR3)]™" ) extensively studied by Schrock
and Osborn® and Crabtree.>* These dihydrogen
intermediates could be formed by substitution of S,
usually a weak coordinating solvent, in the [MH,Sy-
(PR3),]* species generated from [M(diolefin)(PR3),]*
complexes. Supporting this possibility for iridium,
the complex [IrH2(57?-H2)2(PCys)2] T has been isolated,
although the synthesis was made by protonation of
IrHs(PCys),; the addition of acetonitrile to this dihy-
drogen complex gives [IrHz(MeCN)(PCys)2]".%° In
the absence of coordinating solvents and molecular
hydrogen, these iridium catalytic cations undergo an
irreversible deactivation, as a result of the formation
of the [(PR3)HIr(u-H):IrH(PR3),] dimers.>® Further-
more other bis(dihydrogen) complexes, such as the
stable RuH,(i7?-H,)2(PCys),, have been reported.> The
[IrH2S2(PRs),]" complexes (S = #5?-H, or solvent)
share some common characteristics with the [IrHx(?-
H,)(PMe,Ph);]* catalyst, in which an additional non-
dissociating phosphine is present, and in both sys-
tems the observation of hydride—olefin intermediates
is allowed.

The role of the dihydrogen ligand in complex
[IrH2(2-H2)(PMe,Ph)s] ™, prepared by protonation of
IrH3(PMe,Ph)s, is to allow access to ethylene, because
it acts as a good leaving group. The catalytic cycle
shown in Scheme 1 has been proposed for the

Scheme 1

IMHL = H) P == H,IrR," + H,

A
+ C,H,

PulrHy(C,H,)*
*H, B
+(C,HJ)

RIr(CH.); === Rilr(C,H) " PylrH(C,Hs)

CoHs & / 2He

PyrH(C,HsIC,H,"

P:=PMe.Ph

ethylene hydrogenation at 25 °C and 1 atm. The
complexes A—C have been detected or isolated.'34

An iridium—butyne complex of formula [Ir(MeC,-
Me)(PMe,Ph);]BF4 has been isolated and structurally
characterized,'® by reacting [IrHz(572-H)(PMe,Ph)s]-
BF, with 2-butyne; in this reaction a mixture of cis-
2-butene and 1-butene is also detected. This butyne
compound seems to be an intermediate in the selec-
tive hydrogenation of 2-butyne by the [IrHa(;?-
H,)(PMe,Ph)s]* cation at 25 °C and 1 atm. In this
catalyst precursor the loss of the good leaving #?-H,
ligand gives the catalytically active unsaturated
hydride species [IrH(PMe,Ph)s]*, allowing ligands
to access the reducible alkene or alkyne substrates.
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Table 1. Dihydrogen Complexes Involved in Homogeneous Catalyst Reduction Reactions

complex reaction unsaturated substrate ref(s)
IrH,Cl(172-H,)(P'Pr3), hydrogenation benzylideneacetone 12
[IrH2(52-Hz)(PMePh)s]* hydrogenation ethylene 13,14
[IrH2(y%-Hz)(PMe,Ph)s] hydrogenation 2-butyne 15
[FeH(n?-H2)(PP3)]™ 2 hydrogenation alkynes 16—-18
[FeH(#?-H)(PP3)]* 2 hydrogen transfer unsaturated ketones 19
[FeH(n?-H2)(PP3)]™ 2 hydrogen transfer cyclohexanone 19
[RuH(n?-H,)(PP3)] 2 hydrogenation phenylacetylene 20
[RuH(n?-Hy)(PP3)] "2 hydrogen transfer unsaturated ketones 19,21
[RuH(n?-Hy)(PP3)] 2 hydrogen transfer ketones, alkenes 19
[OsH(5?-Hy)(PP3)] ™2 hydrogen transfer unsaturated ketones 19
[OsH(52-Hy)(PP3)] ™2 hydrogen transfer ketones, aldehydes 19
[OsH(52-Hy)(PP3)] ™2 hydrogen transfer alkenes, alkynes 19
OsHCI(#2-H2)(CO)(P'Pr3), hydrogenation alkenes 22,23
OsHCI(5?-H2)(CO)(P'Pr3); hydrogenation phenylacetylene 23
OsHCI(#2-H2)(CO)(P'Pr3), hydrogenation benzylideneacetone 24
OsHCI(?-H)(CO)(P'Bu,Me), hydrogenation styrene 23
OsHCI(5?-H,)(CO)(PBu,Me), hydrogenation phenylacetylene 23
OsHCI(?-H,)(CO)(PBu,Me), hydrogenation benzylideneacetone 24
Os(SiEts)Cl(57?-H2)(CO)(P'Prs). hydrosilylation phenylacetylene 25
OsHy(172-H,)(CO)(P'Pr3), hydrogen transfer ketones 26
OsH(C,Ph)(7?-H2)(CO)(PPr3), hydrogen transfer phenylacetylene 27
RuH2(7?-H2)2(PCys)2 hydrogenation dimethyl fumarate 28
RuH2(7?-H2)(PPhs); hydrogenation ketones, arenes 29
RuH,(7?-H2)(PPhs); hydrogen transfer ketones 30
[RuH(n?-Hz)P,] b hydrogenation alkynes 31
[RuH(5?-Hy)(binap).]* ¢ hydrogenation prochiral carboxylic ac. 32
[Ru(HBpz3)(?-H2)(PPh3)L]BF,¢ hydrogenation alkenes 33
RuH{HB(3,5-Me;pz)s} (7?-Hz)-* hydrogenation ketones 34
RuH{HB(3,5-Me;pz)s} (%-Hz),* hydrogen transfer ketones 34
(7?-H2)(dppb)Ru(u-Cl)zRuCl(dppb)f hydrogenation alkenes 35,36
(7?-Hz)(dppb)Ru(u-Cl)sRuCl(dppb) hydrogen transfer acetophenone 35
(7?-H2)(P—N)Ru(u-Cl)2(u-H)RUCI(PPhj),9 hydrogenation hexene 37
(7?-H2)(PR3)2Ru(u-Cl)2(u-H)RUCI(PR3), hydrogenation alkenes 38
M(772-H,)(NBD)(CO)3" hydrogenation' norbornadiene 39,40
[FeH(#n?-H)(P(OEt)s)4]* hydrogenation alkynes 41

app; = P(CH,CH,PPh,)3. P = PPh(OETt),, P(OEt);, P(OMe)s. ¢ binap = 2,2'-bis(diphenylphosphino)-1,1'-binaphthyl. ¢ HBpz3
= hydridotrispyrazolylborate; L = PPhs, CH:CN. ¢ HB(3,5-Me;pz)s = hydridotris(3,5-dimethyl)pyrazolylborate.  dppb =
Ph,P(CH2)4sPPh,. 9 P—N = (-CsHs)Fe(5-CsH3(CHMeNMe,)PPr,-1,2). " M = Cr, Mo. ' Photocatalytic hydrogenation.

It was recognized at an early stage that another
quite common property of dihydrogen complexes is
that the coordinated dihydrogen ligand can act as a
Brgnsted acid.® This has prompted speculation that
the dihydrogen compounds can be the key intermedi-
ates of the heterolytic hydrogen activation. Thus
Crabtree®’ has proposed that the ruthenium complex
RuCl,(PPhg); could activate molecular hydrogen het-
erolytically via the dihydrogen complex RuCl,(1?-H,)-
(PPh3)s. Recently we have found that the dihydrogen
complex IrH;Cl(72-Hy)(P'Pr3), (D) is an intermediate
in heterolytic activation of dihydrogen.*? Detailed
kinetic studies suggest that this dihydrogen complex,
initially reported by Jensen and co-workers,> is an
intermediate in changing from IrH,CI(PPr3), (E) to
IrH3(PPrs3), (F). Complex E, which unlike the cata-
lytically inactive IrH,CI(PPhs); compound,®® is coor-
dinatively unsaturated, catalyzes the hydrogenation
of benzylideneacetone to 4-phenylbutan-2-one, in
2-propanol at 60 °C and 1 atm, via the trihydride
complex F as shown in Scheme 2.

The Kkinetic studies appear to indicate that E
should be considered the catalyst precursor and,
under catalytic conditions, it is in equilibrium with
the dihydrogen complex D, which subsequently loses
HCI, as shown in eq 3:

IrH,Cl(5%-H,)(P'Pr,), — IrH,(P'Pry), + HCl  (3)

Scheme 2
IrCIH,(P'Pry), E
+H,
IrCIH,(m*-H,)(P'Pr); D
-HCI
IrH,(P'Pr); _ PACH=CHCOCH,
PhCH,CH,COCH,

F

H.
IrHy(P' Pry),(PhCH=CHCOCH,)

Equation 3 and Scheme 2 indicate that the dihy-
drogen complex D is an intermediate in the hetero-
lytical activation of hydrogen in changing from
complex E to F. According to eq 3 the hydrogenation
rate is inversely proportional to the concentration of
added HCI.

In agreement with the above-mentioned heterolytic
activation of dihydrogen, a neutron diffraction study
on a single crystal of cis-IrHCl,(72-Hy)(P'Prs), reveals
that one of the hydrogen atoms of the dihydrogen
ligand interacts with the chloride of an adjacent
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molecule to give an infinite hydrogen-bonded poly-
mer. Such hydrogen bonding is a vivid demonstra-
tion of the Bregnsted acidity of the coordinated
hydrogen molecule.’2 A neutron diffraction study of
the related IrH,1(%-Hy)(P'Prs), complex has been
recently published.® A total of 10 dihydrogen
complexes have been determined to date by neutron
diffraction.®!

A possible dihydrogen—iridium(l11) intermediate
with a tripodal polyphosphine ligand could be in-
volved in the solid—gas catalytic hydrogenation of
ethylene at 60 °C by [IrH{ MeC(CH,PPh,)3}(C;HJ)]-
BPh,.52

B. Rhodium—-Dihydrogen Complexes

Morokuma and co-workers® have studied in detail,
with the ab initio MO method, the potential energy
profile for the catalytic cycle of ethylene hydrogena-
tion by the Wilkinson-type catalyst RhCI(PH3),. The
features of this profile fully support the Halpern
mechanism for the Wilkinson-type catalysts.®4%° In-
terestingly, the theoretical calculations agree with an
oxidative addition by the intermediacy of RhCI(»?-
H)(PH3), species. In this intermediate the Rh—H
bond lengths are 0.13 A longer than those of the
dihydride RhCIH,(PH3), complex, while the H—H
distance is substantially longer than that of molec-
ular hydrogen, suggesting a strong three-center
interaction. Furthermore the optimized structure of
the Rh(;2-H,) fragment in RhCI(52-H,)(PHa); is simi-
lar to that determined experimentally for the W(#?-
H,) fragment in W(5?-H)(CO)s(P'Prs)..* In agree-
ment with the intermediacy of M(3%-H,) species in
the homolytic splitting of hydrogen, spectroscopic
observations indicate that the solutions of some
dihydrogen complexes contain a dihydride equilibri-
um fraction formed by oxidative addition.*6-10:66

Homogeneous hydrogenation by rhodium com-
plexes has played a key role in the fundamental
understanding of catalytic reactions;5267:68 however,
no evidence has been found for the participation of
dihydrogen—rhodium complexes. A previous reportt®
on the cationic dihydrogen complex, [Rh(?-H2)(PP3)]"
(PP; = P(CH,CH;PPh,)3), active as hydrogenation
catalyst, has been reinvestigated concluding that the
complex must be considered as highly dynamic
[RhH2(PP3)]* species.”0"t

At first glance the above-mentioned catalytic reac-
tions involving iridium and rhodium complexes can
be considered as representative examples of three
possible roles of metal-coordinated dihydrogen: it
may consider as an intermediate on the way to
homolytic or heterolytic activation of hydrogen, or
may behave as a good leaving ligand that can provide
a free coordination site for the incoming unsaturated
substrate.

IIl. Hydride—#?- D|hydrogen Complexes of
Formulas [MH(n?-H2)(PP3)]™ (M = Fe, Ru, Os;
PP3 == P(CH2CH2PPh ) )

The cationic complexes [MH(72-Hy)(PPs)]* (M = Fe,
Ru, Os; PP; = P(CH,CH,PPh,)s), extensively studied
by Bianchini and co-workers’>7® are nonclassical
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Scheme 3
@@
] o
I T
)/(p&M H\Q
Pm / \ .
P /H
(ka o— c R F5<&, o /_/ R’

M:Fe,Ru, or Os

trihydrides displaying an identical octahedral struc-
ture where the metal is coordinated by the four
phosphorus atoms, by a dihydrogen ligand and a
terminal hydride ligand; they are active catalysts for
hydrogen-transfer reactions, and provide the pos-
sibility of comparison among the three metal cen-
ters.’® In these complexes the strength of the
metal—dihydrogen bond increases in the order Ru <
Fe < 0s.” Irrespective of the metal center a common
and classical catalysis cycle (Scheme 3) has been
proposed for the reduction of unsaturated ketones
from secondary alcohols.'®”* The vacant coordination
site for the incoming substrate is provided by dihy-
drogen unfastening from the catalyst precursors. Due
to the different metal to dihydrogen bond strengths
it is believed that for Ru the equilibrium is shifted
toward [RuH(PP3)]*, whereas for Fe and Os, part of
the metal is waiting as [MH(»?-H,)(PP3)]".*®* The
proposed cycle involves the classical four steps®?®75
generally accepted for hydrogen-transfer reactions.
In the osmium case an Os(-O-ketone) intermediate
has been observed and due to the remarkable steric
hindrance of the metal centers in the [MH(PP3)]*
moiety the preservation of this #*-O-bonding mode
for the three complexes has been suggested.'®72
Unsaturated ketones, such as benzylideneacetone are
chemoselectively reduced to allylic alcohols by using
the iron or ruthenium catalysts, at 60—80 °C, but the
related osmium catalyst yields saturated ketones via
isomerization of the allylic alcohols initially formed.'®
Some substrates deactivate the catalyst due to the
formation of stable [M(O,CR)(PP3)]" (M = Fe, Ru)
complexes.192

The important differences on metal—dihydrogen
bond strengths are highlighted by the study of the
selective hydrogenation of alkynes to alkenes by
[MH(#?-H,)(PP3)]™ (M = Fe, Ru) complexes. In this
context, it is interesting to mention that the iron
complex is one of the most stable dihydrogen com-
plexes reported in the literature.®1873

The reactions of the complex [FeH(n2-Hy)(PP3)]*,
under 1 atm of hydrogen, with alkynes are catalytic
and produce only alkenes®1® except for HC=CSiMes;.
In this case, the reductive dimerization of the alkyne
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to 1,4-bis(trimethylsilyl)butadiene predominates over
hydrogenation at high temperature.’® No formation
of alkanes was observed, even with very long reaction
times;'876 the turnover numbers decrease by increas-
ing the bulkiness of the alkyne substituent (e.g.,
PhC=CH, 45 h™!; "PrC=CH, 37 h7i, at 63 °C).
Kinetic studies and other experimental data show
that, under hydrogenation conditions (20—63 °C), the
dihydrogen is so strongly bound to the iron center
that the requested free coordination site is provided
by the unfastening of one of the —CH,CH,PPh, arms
of the PP;3 ligand rather than dihydrogen decoordi-
nation. The proposed mechanism is shown in Scheme
4_18

Particularly relevant is that the dihydrogen ligand
does not leave the metal prior to alkyne coordination
and that the reduction seems to occur via an in-
tramolecular acid/base reaction involving dihydrogen
and o-vinyl ligands cis disposed. It seems possible
that other hydrogenation reactions could involve
protonation by #°-H, intermediates of adjacent or-
ganyl ligands in a o-bond metathesis or heterolytic
cleavage reaction.

The related ruthenium derivative [RuH(#7?-H,)-
(PP3)]* also catalyzes the selective hydrogenation of
phenylacetylene to styrene under mild conditions.?°
A kinetic study of the reaction suggests that the
reaction mechanism essentially involves the usual
cycle adopted by monohydride—metal hydrogenation
catalysts (Scheme 5) although other more complex
side intermediates also seem to contribute to the
overall hydrogenation reaction. The weak dihydro-
gen coordination permits the stabilization of the
formally unsaturated [RuH(PP3)]" species in solution
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without affecting the coordination of the substrate
to the metal center.

These observations on the hydrogenation reaction
by [MH(#2-H,)(PP3)]T complexes confirm that dihy-
drogen can play several roles in hydrogenation reac-
tions. As shown in eq 4 for M = Ru the weakly bound
dihydrogen provides a free coordination site at the
metal for the incoming unsaturated substrate, while
for M = Fe the strongly coordinated dihydrogen
remains bound to the metal center in the course of
the catalytic cycle and the free coordination site is
provided by the unfastening of a phosphine arm of
PP;. Thus, for the iron complex the dihydrogen acts
as a reagent capable of hydrogenating the substrate
via an intramolecular acid/base reaction (Scheme 4).
The different behavior is the consequence of the
dissimilar metal—dihydrogen bond strengths, which
increase in the order Ru < Fe.”” Furthermore,
inelastic neutron scattering experiments have pro-
vided experimental evidence for a larger dz(M)—
0*(H,) back-donation for iron.”® A similar trend has
been observed for [MH(#2-H,)(dppe).]BPh; (M = Ru,
Fe; dppe = PPh,CH,CH,PPh,) complexes.t®

P

i L
[ R,h [L& — [EF; @)

\\ _H2
IV. Osmium-Dihydrogen Complexes

Several osmium—dihydrogen complexes with basic
phosphines, such as P'Pr; or P'Bu,Me, have been
found to be involved in the reduction of unsaturated
substrates. In particular, osmium—dihydrogen com-
pounds, formed by reacting OsHCI(CO)(PR3), with
hydrogen,?® provide some insights on the mechanism
of catalytic reactions, and will be treated separately.
The catalytic activity of these OsHCI(CO)(PR3),
complexes has been developed in the course of an
extended cooperation between Zaragoza and
Wurzburg,?223267578 and we refer to them as the
Zaragoza—WuUrzburg catalysts.

A. The Zaragoza—WUrzburg Catalysts: OsHCI-
(CO)(PRs), (PR3 = P'Prs, PBu,Me)

The complexes OsHCI(CO)(PRz), (PRs = PiPrs,
P'Bu;Me) are selective catalysts for the sequential
hydrogenation of phenylacetylene in 2-propanol at 60
°C and 1 atm;? they react with phenylacetylene to
give the five-coordinate alkenyl—osmium compounds
Os{ (E)-CH=CHPh} CI(CO)(PR3); (PR3 = P'Pr3, P'Bu,-
Me) almost quantitatively, that subsequently react
with hydrogen to produce styrene, ethylbenzene, and
the dihydrogen complexes OsHCI(#?-H;)(CO)(PR3)..
These reactions constitute a catalytic cycle for the
reduction of alkynes to alkenes, with selectivities
close to 100%. A Kkinetic investigation of these
reactions indicates that the rate of formation of
styrene is determined by the rate of reaction of
alkenyl compounds with hydrogen, in agreement with
the cycle shown in Scheme 6.

In contrast to the hydrogenation of phenylacety-
lene, the reduction of benzylideneacetone in the
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Scheme 6
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presence of OsHCI(CO)(P'Prs), is first-order with
respect to the concentration of catalyst and substrate
and independent of the pressure of hydrogen in the
0.7—1.3 atm range. The mechanism deduced for this
reaction based on the kinetic data and on spectro-
scopic observations is shown in Scheme 7. As the
insertion of the benzylideneacetone substrate in the
Os—H bond of OsHCI(CO)(P'Prs), is not favored due
most probably to the trans disposition of the hydride
ligand and the coordination vacancy, the formation
of trans-(hydride,dihydrogen)-OsHCI(;72-H.)(CO)(P'Prs),
(G) following isomerization to cis-(hydride,dihydro-
gen)-OsHCI(52-H)(CO)(P'Pr3), (H) and subsequent
hydrogen dissociation produces a rearrangement of
the catalyst ligands to give a new monohydride
isomer that contains the hydride ligand and the
coordination vacancy in a cis disposition. Then,
coordination of the benzylideneacetone substrate and
its subsequent insertion in the Os—H bond must lead
to an alkyl intermediate that by reaction with mo-
lecular hydrogen gives 4-phenylbutan-2-one and re-
generates the catalyst. Recent experimental and
theoretical studies show that the trans-(hydride,
dihydrogen)-OsHCI(7?-H,)(CO)(PR:3), species are the
most stable products among all possible hydride—
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Scheme 8
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dihydrogen or trihydride species, while the cis-
(hydride,dihydrogen)-OsHCI(%?-H,)(CO)(PHz), com-
plex occupies, according to ab initio calculations, a
local minimum in the potential hypersurface with a
relative energy of 13.8 kcal mol=1.7°

On the other hand, the kinetic investigation of the
hydrogenation of benzylideneacetone by OsHCI(CO)-
(P'Bu;Me), shows that the reaction is second-order
with respect to the catalyst and first-order with
respect to hydrogen (0.8—1.5 atm range) and ben-
zylideneacetone.?* Scheme 8 shows a tentative cata-
lytic cycle in agreement with these kinetic data and
which contains, in equilibrium, the species spectro-
scopically detected in the reaction of OsHCI(CO)-
(P*Bu,Me), with molecular hydrogen. Under cata-
lytic conditions (60 °C, 1 atm) this monohydride is
in a dynamic equilibrium with the trans-(hydride,
dihydrogen) complex G that isomerizes to cis-(hy-
dride,dihydrogen) compound H. The subsequent
reaction of complex H with the monohydride OsHCI-
(CO)(P*BuzMe), could lead to a binuclear intermedi-
ate which, by reaction with benzylideneacetone gives
the saturated ketone and regenerates the catalyst.
On the basis of theoretical work by Burdett and
Pourian® the binuclear intermediate is proposed to
contain a planar tetragon of cyclically bound hydro-
gen atoms. This proposal should be considered in the
wider context of the possible existence of polyhydride
complexes best described as containing H,, ligands.8°

It is interesting to remark that slight modifications
on the electronic properties and on the steric require-
ments of the catalyst ligands, as well as on the
characteristics of the substrates, can completely
change the direction of the equilibria and therefore,
the contribution of a particular species, in these cases
nonclassical hydrogen intermediates, to the overall
catalytic process.

Interestingly OsHCI(CO)(P'Prs), is also a very
active and selective catalyst for the addition of
triethylsilane to phenylacetylene at 60 °C, to yield
trans- and cis-PhHC=CH(SiEtz).?> The reaction of
OsHCI(CO)(PiPrs), with triethylsilane is the rate-
determining step. The catalytic reaction proceeds
(Scheme 9) via a silyl—dihydrogen intermediate of
formula Os(SiEts)Cl(17?-H2)(CO)(P'Prs), (J) and its
dihydride tautomer, Os(SiEts)CIH,(CO)(P'Pr3), (1). In
the isolable silyl—dihydrogen Os(SiEt3)Cl(n?-
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Scheme 9
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H,)(CO)(P'Pr3), intermediate, Os(SiEtz)(;72-H) bond-
ing is preferred over that of OsH(#>-HSIiEts). A
recent theoretical study by Maseras and Lledos®2
shows that the »? coordination of the H—SiEt; ligand
to the OsHCI(CO)(PHs), fragment is stronger than
that of the dihydrogen ligand to the Os(SiEt3)CI(CO)-
(PH53), fragment by about 15 kcal/mol, a value that
compensates almost exactly the superior strength of
the H—H bond with respect to the H—SiEt; bond.
Therefore both coordination bonds could be found.
Thus, Luo and Crabtree®® have reported a MH(?-
HSiEt;) bonding mode for the complex [IrH,(5%-
HSIiEts)(PPhs),]*. Very recently, Kubas and co-
workers have reported detailed comparisons of H—H
versus Si—H o-bond coordination and activation on
various 16e metal centers.8?

The hydrogenation and hydrosilylation mecha-
nisms using OsHCI(CO)(P'Prs), as catalyst shows
significant differences (Schemes 6 and 9). Thus,
although the very stable Os{(E)-CH=CHPh} CI(CO)-
(P'Prs), is the only complex observed under catalytic
conditions in both cases, the hydrosilylation catalysis
proceeds by initial reaction of HSiEt; with OsH-
CI(CO)(P'Pr3),. The formation of cis-PhHC=CH-
(SiEts) seems to occur by isomerization of a vinyl
intermediate (Scheme 10) formed by displacement of
the coordinated dihydrogen ligand and subsequent
insertion of phenylacetylene into the Os—SiEt; bond
of Os(SiEts)Cl(57?-H2)(CO)(P'Prs).. The related RuH-
CI(CO)(P'Pr3), complex is also an active catalyst and
extremely selective for the hydrosilylation of phen-
ylacetylene, with exclusive formation of cis-
PhHC=CH(SIiEts), most probably through a similar
mechanism.83

The OsHCI(CO)(P'Prs3), complex is a modest cata-
lyst for the hydrogen transfer from 2-propanol to
unsaturated substrates, such as styrene, ketones, and
unsaturated ketones at 83 °C. However the addition
of NaBH, leads to an important increase of activ-
ity.”>’® Under hydrogen-transfer conditions the cata-
lyst precursor OsH4(CO)(P'Pr3)2, that should be con-
sidered as the dihydrogen compound OsHj(%?-
H,)(CO)(PiPrs3),,%* is formed. It affords OsH-
(CO)(P'Prs),%¢ that acts as the catalyst. The experi-
mental evidence indicates that the hydrogen transfer
from 2-propanol to ketones follows the catalytic cycle
shown in Scheme 11.26
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B. Other Osmium-Dihydrogen Complexes

The alkynyl—dihydrogen complex, OsH(C,Ph)(3?-
H,)(CO)(P'Prs), (Scheme 12), is an intermediate in
the reduction of phenylacetylene to styrene, by
hydrogen transfer from 2-propanol.?’ This alkynyl—
dihydrogen osmium complex can be isolated by reac-
tion of phenylacetylene with the catalyst precursor
OsH,(17%-H)(CO)(P'Prs),; its activation involves the
loss of one dihydrogen ligand per molecule of complex
to give the OsH,(CO)(P'Prs), catalyst. In this way
the formation of OsH(C,Ph)(n%-H,)(CO)(P'Prs), (K)
could be rationalized as the result of the reaction of
a terminal alkyne to the unsaturated dihydride
complex, OsH>(CO)(P'Prs),, via the initial protonation
of the dihydride complex by the acidic phenylacety-
lene to give the previously reported® cationic dihy-
drogen intermediate [OsH(7?-H,)(CO)(P'Prs)2]*, and
subsequent coordination of PhC=C".

It is interesting to mention that under argon a
2-propanol solution of the dihydrogen complex K
leads to the styrene complex OsHy(#?>-CH,=CH-
Ph)(CO)(P'Prs)2 (L). A simplified catalytic cycle that
seems to be operating under hydrogenation and
hydrogen-transfer conditions is shown in Scheme
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Scheme 12
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12.27 A lateral reaction that reduces the reaction rate
is the transformation of the OsH(C,Ph)(»*-H,)(CO)-
(P'Pr3), intermediate into the bis(alkynyl) complex
0s(C,Ph)2(CO)(P'Prs), (M).8¢ Complex M is an active
catalyst for the addition of triethylsilane to phenyl-
acetylene at 60 °C, leading to the formation of cis-
and trans-PhCH=CH(SiEt3) as well as the dehydro-
genative silylation product PhC=C(SiEts).%”

The osmium(lV) OsH:Cly(PR3), (PRs = P'Prs,
P'Bu;Me) complexes are active catalysts for hydro-
genation of olefins (60 °C, 1 atm), and in the presence
of NaBH,, catalyze the hydrogen transfer from 2-pro-
panol to ketones at 83 °C; under these conditions the
OsHg(PR3). compounds, which more likely are non-
classical hydride complexes are formed, affording in
a subsequent step the unsaturated catalytically ac-
tive “OsH4(PR3),” species.?® In addition, it should be
mentioned the easy formation of osmium(ll)—dihy-
drogen complexes containing the Os(#?-H,)(P'Pr3),
moiety by simple addition of a variety of neutral and
anionic ligands to the osmium(1V) compound, OsH.-
Cly(P'Pr3),.8%% Morris and co-workers have recently
reported some osmium complexes having elongated
dihydrogen ligands, arrested along the pathway to
oxidative addition.'®! It has been suggested that
dihydrogen—vinylidene species of osmium(l1) are key
intermediates in the synthesis of hydride—carbyne
complexes of osmium(Il) by reaction of OsH,ClI,-
(P'Pr3), with terminal alkynes.%?

A neutron diffraction study on the active hydro-
genation catalyst [OsHs(PMe,Ph);]BF,, initially for-
mulated as a dihydrogen complex,®® shows that it is
a cationic pentahydride with relatively short H/H
separations.®*

The above-mentioned observations support the
increasing evidence that for group 8 metals not only
ruthenium but also osmium forms a large variety of
dihydrogen and hydride complexes with phosphine
ligands which are good catalysts for the reduction of
unsaturated organic substrates.®®

V. Ruthenium Dihydrogen Complexes

The bis(dihydrogen) complex RuH(r?-Hy)2(PCya)2
is an active catalyst for the hydrogenation of dimethyl
fumarate, an alkene with electron-withdrawing sub-
stituents; after hydrogenation this complex is the
major organometallic compound along with the hy-
dride—dihydrogen complex RuH(#?-H,)(#?-O,CCH,-
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CH,CO,CH3)(PCys),.28 In contrast the reaction with
ethylene leads to the reduction to ethane, by dehy-
drogenation of the cyclohexyl group, and concurrent
formation of RuH((3-CsHs)PCy,)(C2H,)(PCys) which
contains a cyclohexenyl ring. This compound is the
only species observed after the highly selective de-
hydrogenative silylation of ethylene® promoted by
RUH(?-H2)2(PCys).. It has been recently reported
that one or two dihydrogen ligands from the RuH,-
(7?-H>)2(PCys), complex can be substituted leading to
complexes where one or two H—Si bonds are #?
coordinated to the metal.®’

The dihydride—dihydrogen complex RuH(?-H,)-
(PPh3)s, initially formulated as RuH4(PPh3)s, cata-
lyzes the hydrogenation of cyclohexanone.?® Detailed
kinetic studies show that the rate-determining step
is the reaction of the coordinatively saturated RuH,-
(7?-H,)(PPhs)s species with cyclohexanone (Scheme
13). Arene substrates such as 9-methylanthracene
are also effectively hydrogenated. The catalytic cycle
seems to be analogous for unactivated ketones and
arene substrates, and some key intermediates have
been isolated. This complex is also an effective
catalyst for the reduction of cyclic ketones by hydro-
gen transfer from 2-propanol at room temperature.2°
The dihydrogen ligand in RuH,(»?-H,)(PPh3); seems
to act as a good leaving group, both under reduction
by molecular hydrogen (Scheme 13) and under hy-
drogen-transfer conditions (Scheme 14).

Complexes [RuH(7?-H)P4]* (P = PPh(OEL),, P(O-
Et);, P(OMe);) are active catalysts for the selective
hydrogenation of alkynes to alkenes. The reaction
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Scheme 15
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is initially fast, but the formation of butenylnyl
derivatives of formulas [Ru(#3-RC=CC=CHR)P,]"
causes the deactivation of the catalyst. The reaction
path shown in Scheme 15 has been proposed on the
basis of experimental observations.3!

Two chiral dihydrogen complexes of formula [RuH-
(7?-H2)(L—L),]PFs (L—L = 2,2"-bis(diphenylphosphino)-
1,1'-binaphthyl (binap),®? or 1,2-bis((2R,5R)-2,5-
dimethylphospholano)benzene (Me-duphos)®®) have
been reported. The complexes are readily formed in
the presence of hydrogen from the efficient asym-
metric hydrogenation [RuH(L—L),]PF catalysts. The
structure of trans-[RuH(»?-H,)(Me-duphos),]PFs has
been determined by X-ray; the #?-H, ligand is trans
to the hydride ligand and located in a chiral pocket
defined by the Me-duphos ligands.®® The catalytically
active species in these systems is thought to be
formed by losing one of the chiral diphosphine
ligands.®>%° Very recently some related thermolabile
complexes containing diphosphines with large natu-
ral bite angles of formula [RuH(;2-H,)(diphosphine),]*
have been reported.t®

Dihydrogen complexes of formulas [Ru(HBpz3)(5?-
H,)(PPh3)L]BF, (L = PPhs, CH3CN) are likely in-
volved in hydrogenation of olefins catalyzed by
[Ru(HBpz3)(PPh3)x(CH3CN)s;x]IBFs (X = 1 or 2) in
anhydrous tetrahydrofuran under 40 atm of hydro-
gen according to Scheme 16.3% Enhanced catalytic
activities were observed in the presence of triethyl-
amine or water. The proposed mechanism involves
protolysis of Ru-alkyls with HNEt;* or H;0™, in such
a way that olefins are reduced through a stepwise
H~/H* transfer process (Scheme 17). Itis interesting
to mention that deuterium was incorporated into the
catalytic hydrogenation products when D,O was
present. The enhanced catalytic activity in the
presence of water, and incorporation of deuterium in
the hydrogenation products, were explained with
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mechanisms involving dihydrogen complexes.3® The
related complexes RUH{ HB(3,5-Me,pz)s} (7*>-H>). and
RuH{HB(3,5-Me,pz)s} (COD) are also good catalysts
for the reduction of unactivated ketones by molecular
hydrogen or by hydrogen transfer from 2-propanol
in basic media. These reactions occur in mild condi-
tions (50—80 °C, 3 atm of Hy) with good turnover
numbers (~50 h~! under H,, 400 h™! in hydrogen
transfer conditions).3*

The catalytic hydrogenation activity of the cis-
[Ru(6,6'-dichloro-2,2'-bipyridine)(OH;),;](CF3SOs), at
105 °C and 40 atm of hydrogen is greatly enhanced
by addition of small amounts of water. On the basis
of labeling experiments it has been suggested that a
dihydrogen—ruthenium complex intermediate is het-
erolytically cleaved by water to form an active metal
hydride complex.%? This water soluble complex was
found to be an effective catalyst for the hydrogenation
of organic carbonyl compounds and olefins in biphasic
aqueous/organic systems.10?

James and co-workers®~3 have reported a number
of dinuclear ruthenium dihydrogen complexes that
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are active as reduction catalysts. The (%
H2)(dppb)Ru(u-Cl);RuCl(dppb) complex, obtained by
addition of dihydrogen to [RuCl(dppb)(u-Cl)]. is an
effective catalyst for hydrogenation under hydrogen
and for transfer hydrogenation from 2-propanol.3536
A detailed kinetic study of the hydrogenation of
styrene in N,N-dimethylacetamide (DMA) suggests
a catalytic cycle as shown in Scheme 18. Only
dinuclear species are detected and thus, dinuclear #?-
H, species seems to be involved in the catalytic
process. The experimental observations are inter-
preted in terms of a basic hydride route in which the
dinuclear dihydrogen complex (172-H.)(dppb)Ru(u-Cl)s-
RuCl(dppb) (dppb = Ph,P(CH,)sPPh,) transfers in
two steps both hydrogens to the alkene.3¢

Other related dinuclear dihydrogen ruthenium
complexes containing the (7?-Hz)Ru(u-Cl)2(u-H)Ru
moiety, of formulas (12-H,)(P—N)Ru(«-Cl),(u-H)RuClI-
(Pph3)237 (P—N = (77-C5H5)F€(77-C5H3(CHM9NMez)-
PiPr,-1,2)) or (7%-H2)(PRs)Ru(u-Cl),(u-H)RUCI(PR3),%
have been found to be active catalysts for the
hydrogenation of alkenes.

Mezzeti et al.»% have reported that the dihydrogen
complex RuCl,(n?-H,)(biphemp) (biphemp = (S)-2,2'-
bis(diphenylphosphino)-6,6'-dimethylbiphenyl) could
be an intermediate in the enantioselective hydrogen-
ation of 2,4-diketones by RuCl,(PPh3)(biphemp), fa-
cilitating the transfer of a proton from the acidic
dihydrogen ligand to a carbonyl oxygen atom, fol-
lowed by hydride attack. A dinuclear complex of
formula (%-H,)(biphemp)Ru(u-Cl)sRuCl(biphemp) was
also detected, but its formation appears to be non-
favorable for the hydrogenation reaction.

Interestingly, Hembre et al. have reported that
some dihydrogen ruthenium complexes are hydro-
genase reactivity models.% In particular, the cat-
ionic complex [Ru(CsMes)(?-Hz)(PPh,CH,PPhy)]" is
a well-characterized compound, illustrating the co-
operative roles of a dihydrogen complex and a transi-
tion metal hydride as a functional model of hydro-
genase enzymes.
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VI. Non-platinum Group Metal Dihydrogen
Complexes

Most of the dihydrogen complexes active as homo-
geneous reduction catalysts are platinum group
metal derivatives. In addition some iron and group
6 metal complexes have been found to be involved in
homogeneous catalytic reductions.

Poliakoff and co-workers have reported that dihy-
drogen complexes are key intermediates on the
photocatalytic hydrogenation of norbornadiene by
group 6 metal carbonyls.®*4 The dihydrogen com-
plexes were generated by the photolysis of M(NBD)-
(CO); (NBD = 2,5-norbornadiene; M = Cr, Mo)
complexes with molecular hydrogen. The proposed
mechanism implies that the intramolecular transfer
of H, (or D,) to the diolefin in mer-M(52-H,)(NBD)-
(CO)3 leads to formation of norbornene (eq 5), but in
fac-M(n?-H,)(NBD)(CO); leads to nortricyclene (eq 6).
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Two hydride dihydrogen iron complexes have been
reported to hydrogenate 1-alkynes to alkenes. Both
complexes, [FeH(?-H)(P(OEt)s).]" 4t and [FeH(n?-
H,)(PP3)]™ 18 are cationic and contain four-coordi-
nated phosphorus atoms. The catalytic mechanism
for the latter complex has been discussed above
(Scheme 4) and proceeds through the unfastening of
a phosphine arm of the PP; ligand due to the strong
bonding of the dihydrogen ligand.

VII. Conclusions

In the preceding pages, we have offered a compre-
hensive up-to-date review of dihydrogen compounds
in hydrogenation, hydrogen transfer and hydrosilyl-
ation reactions. A quick glance of the proposed cycles
suggests that under catalytic conditions the dihydro-
gen intermediates can be formed either by coordina-
tion of molecular hydrogen to an unsaturated metal-
lic fragment® or by addition of HSiR; molecules to
unsaturated monohydride compounds.?®> Although
experimental evidence for the formation of dihydro-
gen intermediates by coordination of unsaturated
organic substrates to unsaturated dihydride com-
plexes, still have not been found, the recent synthesis
of new dihydrogen complexes by coordination of
nucleophilic ligands to the complex OsH,Clx(PiPrs),%
suggests that this transformation could also occur
under catalytic conditions. The formation of catalytic
dihydrogen intermediates by protonation of hydride
compounds would be also anticipated, in particular
for reactions involving terminal alkynes or weakly
protic HX molecules. In this context it should be
mentioned that this reaction pathway is a general
method for the stoichiometric preparation of dihy-
drogen complexes.®
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The examination of the proposed catalytic cycles
also indicates that the dihydrogen intermediates can
play different roles in these types of reactions. Some
of them are proposed as intermediates for the ho-
molytic activation of hydrogen. In agreement with
this, spectroscopic observations indicate that the
solutions of some reported dihydrogen complexes
contain a dihydride equilibrium fraction,®~1° which
is formed by oxidative addition of the dihydrogen
ligand. The Morokuma theoretical studies®® also
show that the oxidative addition of molecular hydro-
gen to the RhCI(PHs3), fragment also involves a strong
three-center interaction. Schemes 2 and 4 also
illustrate that the heterolytic hydrogen activation
involves dihydrogen intermediates.'?*® In general,
this activation appears to be favored by the presence
as ancillary ligands of both acceptor molecules, trans
disposed to the dihydrogen ligand, and ligands with
a lone pair coordinated cis to dihydrogen. It is
noteworthy that dihydrogen complexes can be tuned
for the efficient heterolytic activation of dihydrogen
and the acidity of some dihydrogen complexes are
greater than the related dihydride compounds.®1%
There is a need for a better knowledge of the
heterolityc splitting of dihydrogen.

The dihydrogen ligand of some compounds can be
easily substituted by unsaturated organic molecules;
in this way, it stabilizes unsaturated catalysts with-
out bothering the coordination of the substrate, the
complex [IrHx(n?-H,)(PMe,Ph)s)]* is a good example
of this.!* In contrast, in the related [FeH(»?-H,)-
(PP3)]* complex, the dihydrogen ligand is so strongly
bonded that favor the decoordination of other ligands,
while as reagent can hydrogenate the substrate.'®

The hydrogenation cycles shown in Schemes 6—8
illustrate three fascinating roles, which produce the
catalytic activation of the nonactive precursor of
formulas OsHCI(CO)(PRz)2 (PR3 = P'Pr; P'Bu,Me)
as a result of dihydrogen coordination.?3?* The
hydrosilylation of phenylacetylene in the presence of
OsHCI(CO)(PPrs), is a consequence of the formation
of Os(SiEts)CI(CO)(P'Prs),; via Os(SiEts)Cl(n?-
Hz)(CO)(PiPT3)2.Z5

Despite the apparent simplicity of the dihydrogen
ligand much more research must be carried out for
better understanding of the role of the dihydrogen
complexes in homogeneous catalytic reactions. Nu-
merous dihydrogen complexes have been reported.
However the ancillary ligands contained by them are
very similar. This problem is a result of the limited
number of useful synthetic routes described for their
preparation. New developments in catalytic reactiv-
ity of dihydrogen complexes will most probably
require new types of compounds with new ligands.
Further work needs to be done to find alternative
reaction pathways which lead to new types of dihy-
drogen compounds that could be implicated as inter-
mediates in homogeneous catalytic processes. There
is also a need for mechanistic reinvestigation of
known systems on the basis of spectroscopic tech-
niques, such as high-pressure NMR, and Kinetic
studies.

Chemical Reviews, 1998, Vol. 98, No. 2 587

VIII. Acknowledgments

We gratefully acknowledge the efforts of a group
of talented individuals responsible for the studies
developed in Zaragoza and summarized herein: Cris-
tina Bohanna, Ana Lbpez, Natividad Ruiz, Eduardo
Sola, and Cristina Valero. It is also a pleasure to
acknowledge Professor Helmut Werner at Wirzburg
University for stimulating discussions and collabora-
tions. The generous research award from the Hum-
boldt Foundation to one of us (L.A.O.) for making
possible a stay in Wurzburg University, where a
significant part of this review was written is grate-
fully acknowledged. The author’'s own work men-
tioned in this review was financially supported by
DGICYT (Spain) and the European Commission.

IX. References

(1) (a) Brothers, P. J. Prog. Inorg. Chem. 1981, 28, 1. (b) James, B.
R. Homogeneous Hydrogenation; Wiley: New York, 1973.

(2) Halpern, J. Adv. Catal. 1959, 11, 301.

(3) (a) Osborn, J. A.; Jardine, F. H.; Wilkinson, G. J. 3. Chem. Soc.
A 1966, 1711. (b) Vaska, L.; Wesneke, N. F. Trans. N. Y. Acad.
Sci. 1971, 31, 70.

(4) Kubas, G. J.; Ryan, R. R.; Swanson, B. I.; Vergamini, P. J,;
Waserman, H. J. 3. Am. Chem. Soc. 1984, 106, 451.

(5) Hay, P. J. Chem. Phys. Lett. 1984, 103, 466.

(6) (a) Kubas, G. J. Acc. Chem. Res. 1988, 21, 120. (b) Kubas, G. J.
Comments Inorg. Chem. 1988, 7, 17.

(7) Henderson, R. A. Transition Met. Chem. 1988, 13, 474.

(8) (a) Crabtree, R. H. Acc. Chem. Res. 1990, 23, 95. (b) Crabtree,
R. H.; Hamilton, D. G. Adv. Organomet. Chem. 1988, 28, 299.
(c) Crabtree, R. H. Angew. Chem., Int. Ed. Engl. 1993, 32, 789.

(9) Jessop, P. G.; Morris, R. H. Coord. Chem. Rev. 1992, 121, 155.

(10) Heinekey, D. M.; Oldham, J. Chem. Rev. 1993, 93, 913.

(11) Morris, R. H. Can. J. Chem. 1996, 74, 1907.

(12) Esteruelas, M. A.; Herrero, J.; Lopez, A. M.; Oro, L. A.; Schulz,
M.; Werner, H. Inorg. Chem. 1992, 31, 4013.

(13) Lundquist, E. G.; Huffman, J. C.; Folting, K.; Caulton, K. G.
Angew. Chem., Int. Ed. Engl. 1988, 27, 1165.

(14) Lundquist, E. G.; Folting, K.; Streib, W. E.; Huffman, J. C,
Eisenstein, O.; Caulton, K. G. J. Am. Chem. Soc. 1990, 112, 855.

(15) Marinelli, G.; Rachidi, I. E.-l.; Streib, W. E.; Eisenstein, O.;
Caulton, K. G. J. Am. Chem. Soc. 1989,111, 2346.

(16) Bianchini, C.; Meli, A.; Peruzzini, M.; Vizza, F.; Zanobini, F.;
Frediani, P. Organometallics 1989, 8, 2080.

(17) Bianchini, C.; Meli, A.; Peruzzini, M.; Frediani, P.; Bohanna,
C.; Esteruelas, M. A;; Oro, L. A. In Advances in Catalyst Design;
Graziani, M., Rao, C. N. R., Eds.; World Scientific: Singapore,
1991; p 267.

(18) Bianchini, C.; Meli, A.; Peruzzini, M.; Frediani, P.; Bohanna,
C.; Esteruelas, M. A; Oro, L. A. Organometallics 1992, 11, 138.

(19) Bianchini, C.; Farnetti, E.; Graziani, M.; Peruzzini, M.; Polo, A.
Organometallics 1993, 12, 3753.

(20) Bianchini, C.; Bohanna, C.; Esteruelas, M. A.; Frediani, P.; Meli,
A.; Oro, L. A,; Peruzzini, M. Organometallics 1992, 11, 3837.

(21) Bianchini, C.; Farnetti, E.; Frediani, P.; Graziani, M.; Peruzzini,
M.; Polo, A. J. Chem. Soc., Chem. Commun. 1991, 1336.

(22) Esteruelas, M. A.; Sola, E.; Oro, L. A.; Meyer, U.; Werner, H.
Angew. Chem., Int. Ed. Engl. 1988, 27, 1563.

(23) Andriollo, A.; Esteruelas, M. A.; Meyer, U.; Oro, L. A.; Sanchez-
Delgado, R. A.; Sola, E.; Valero, C.; Werner, H. J. Am. Chem.
Soc. 1989, 111, 7431.

(24) Esteruelas, M. A.; Oro, L. A,; Valero, C. Organometallics 1992,
11, 3362.

(25) Esteruelas, M. A.; Oro, L. A,; Valero, C. Organometallics 1991,
10, 462.

(26) Esteruelas, M. A.; Valero, C.; Oro, L. A.; Werner, H.; Meyer, U.
Inorg. Chem. 1991, 30, 1159.

(27) Espuelas, J.; Esteruelas, M. A.; Lahoz, F. J.; Oro, L. A,; Valero,
C. Organometallics 1993, 12, 663.

(28) Borowski, A. F.; Sabo-Etienne, S.; Christ, M. L.; Donnadieu, B.;
Chaudret, B. Organometallics 1996, 15, 1427.

(29) Linn, D. E.; Halpern, J. 3. Am. Chem. Soc. 1987, 109, 2969.

(30) Lin, Y.; Zhou, Y. J. Organomet. Chem. 1990, 381, 135.

(31) Albertin, G.; Amendola, P.; Antoniutti, S.; lanelli, S.; Pelizzi, G.;
Bordignon, E. Organometallics 1991, 10, 2876.

(32) (a) Tsukahara, T.; Kawano, H.; Ishii, Y.; Takahashi, T.; Saburi,
M.; Uchida, Y.; Akutagawa, S. Chem. Lett. 1988, 2055. (b)
Saburi, M.; Takaeuchi, H.; Ogasawara, M.; Tsukahara, T.; Ishii,



588

(33)
(34
(35
(36)

@7

(38)

(39)
(40)
(41)
(42)
(43)

(44)
(45)
(46)

(47)

(48)
(49)

(50
(51)

N

(52)

(63)

(54
(55)

(56)
(67)
(58)

(59)
(60

Nl

(61)

(62)
(63)
(64)
(65)

(66)

Chemical Reviews, 1998, Vol. 98, No. 2

Y.; Ikariya, T.; Takahashi, T.; Uchida, Y. J. Organomet. Chem.
1992, 428, 155.

Chan W. C,; Lau, C. P.; Chen, Y. Z,; Fang, Y. Q.; Ng, S. M,; Jia,
G. Organometallics 1997, 16, 34.

Vicente, C.; Shul'pin, G. B.; Moreno, B.; Sabo-Etienne, S.;
Chaudret, B. J. Mol. Catal., A 1995, 98, L5.

Joshi, A. M.; James, B. R. J. Chem. Soc., Chem. Commun. 1989,
1785.

(a) Chau, D. E. K. Y.; James, B. R. Inorg. Chim.. Acta 1995,
240, 419. (b) Joshi, A. M.; McFarlane, K. S.; James, B. R. J.
Organomet. Chem. 1995, 488, 161.

(a) Hampton, C.; Cullen, W. R.; James, B. R.; Charland, J.-P. J.
Am. Chem. Soc. 1988, 110, 6918. (b) Hampton, C. R. S. M.;
Butler, I. R.; Cullen, W. R.; James, B. R.; Charland, J.-P.;
Simpson. J. Inorg. Chem. 1992, 31, 5509.

(a) Hampton, C.; Dekleva, T. W.; James, B. R.; Cullen, W. R.
Inorg. Chim. Acta 1988, 145, 165. (b) Dekleva, T. W.; Thorburn,
I. S.; James, B. R. Inorg. Chim. Acta 1985, 100, 49.

Jackson, S. A.; Hodges, P. M.; Poliakoff, M.; Turner, J. J.; Grevels
F.-W. J. Am. Chem. Soc. 1990, 112, 1221.

Hodges, P. M.; Jackson, S. A.; Jacke, J.; Poliakoff, M.; Turner,
J. J.; Grevels, F.-W. J. Am. Chem. Soc. 1990, 112, 1234.
Albertin, G.; Antoniutti, S.; Bordignon, E. Proc. 21 Congr. Naz.
Chim. Inorg. Bressanone, 1991.

Bianchini, C.; Peruzzini, M.; Zanobini, F.; Frediani, P.; Albinati,
A. J. Am. Chem. Soc. 1991, 113, 5453.

(@) Morton, D.; Cole-Hamilton, D. J. J. Chem. Soc., Chem.
Commun. 1988, 1154. (b) Morton, D.; Cole-Hamilton, D. J.; Utuk,
I. D.; Paneque-Sosa, M.; Lopez-Poveda, M. J. Chem. Soc., Dalton
Trans. 1989, 489.

Michos, D.; Luo, X. L.; Faller, J. W.; Crabtree, R. H. Inorg. Chem.
1993, 32, 1370.

Zimmer, M.; Luo, X. L.; Schulte, G.; Crabtree, R. H. Angew.
Chem., Int. Ed. Engl. 1991, 30, 193.

Albeniz, A. C.; Heinekey, D. M.; Crabtree, R. H. Inorg. Chem.
1991, 30, 0, 3632.

Collman, J. P.; Wagenknecht, P. S.; Hutchison, J. E.; Lewis, N.
S.; Lopez, M. A,; Guilard, R.; L'Her, M.; Bothner-By, A. A;
Mishra, P. K. 3. Am. Chem. Soc. 1992, 114, 5654.

Kubas, G. J.; Burns, C. J.; Khalsa, G. R. K.; Van Der Sluys, L.
S.; Kiss, G.; Hoff, C. D. Organometallics 1992, 11, 3390.
Sellmann, D.; Kappler, J.; Moll, M. J. Am. Chem. Soc. 1993, 115,
1830.

Crabtree, R. H. Inorg. Chim. Acta 1987, 125, L7.

Bakhmutov, V. I.; Vorontsov, E. V.; Vymenits A. B. Inorg. Chem.
1995, 34, 214.

(@) Chaloner, P. A.; Esteruelas, M. A.; Job, F.; Oro, L. A.
Homogeneous Hydrogenation; Kluwer Academic Publishers:
Dordrecht, The Netherlands, 1994; Chapter 2. (b) Chaloner, P.
A.; Esteruelas, M. A.; Jod, F.; Oro, L. A. Homogeneous Hydro-
genation; Kluwer Academic Publishers: Dordrecht, The Neth-
erlands, 1994; Chapter 3.

(a) Schrock, R. R.; Osborn, J. A. 3. Am. Chem. Soc. 1976, 98,
2134. (b) Schrock, R. R.; Osborn, J. A. J. Am. Chem. Soc. 1976,
98, 2143. (c) Schrock, R. R.; Osborn, J. A. 3. Am. Chem. Soc.
1976, 98, 4450.

Crabtree, R. H. Acc. Chem. Res. 1979, 12, 331.

(a) Crabtree, R. H.; Hlatky, G. C.; Parnell, C. P.; Segmuller, B.
E.; Uriarte, E. J. Inorg. Chem. 1984, 23, 354. (b) Crabtree, R.
H.; Lavin, M. J. Chem. Soc., Chem. Commun. 1985, 1661.
Chaudret, B.; Poilblanc R. Organometallics 1985, 4, 1722.
Crabtree, R. H. The Organometallic Chemistry of the Transition
Metals; Wiley: New York, 1988; Chapter 9.

Mediati, M.; Tachibana, G. N.; Jensen, C. M. Inorg. Chem. 1990,
29, 3.

Bennett, M. A.; Milner, D. L. J. Am. Chem. Soc. 1969, 91, 6983.
(a) Albinati, A.; Bakhmutov, W. I.; Caulton, K. G.; Clot, E.;
Eckert, J.; Eisenstein, O.; Gusev, D. G.; Grushin, V. V.; Hauger,
B. E.; Klooster, W. T.; Koetzle, T. F.; McMillan, R. K.; O'Loughlin,
T. J.; Pélissier, M.; Ricci, J. S.; Sigalas, M. P.; Vymenits, A. B.
J. Am. Chem. Soc. 1993, 115, 7300. (b) Eckert, J.; Jensen, C.
M.; Koetzle, T. F.; Husebo, T. L.; Nicol, J.; Wu, P. 3. Am. Chem.
Soc. 1995, 117, 7271.

(a) Bau, R.; Drabnis, M. H. Inorg. Chim. Acta 1997, 259, 27. (b)
Albinati, A.; Klooster, W. T.; Koetzle, T. F.; Fortin, J. B.; Ricci,
J. S.; Eckert, J.; Fong, T. P.; Lough, A. J.; Morris, R. H;
Golombek, A. P. Inorg. Chim. Acta 1997, 259, 351.

Bianchini, C.; Farnetti, E.; Graziani, M.; Kaspar, J.; Vizza, F.
J. Am. Chem. Soc. 1993, 115, 1753.

Daniel, D.; Koga, N.; Han, J.; Fu, X. Y.; Morokuma, K. J. Am.
Chem. Soc. 1988, 110, 3773.

(a) Halpern, J. Inorg. Chim. Acta 1981, 50, 11. (b) Halpern, J.;
Okamoto T. Inorg. Chim. Acta 1984, 89, L53.

Collman, J. P.; Hegedus, L. S.; Norton, J. R.; Finke, R. G.
Principles and Applications of Organotransition Metal Chemis-
try; University Science Books: Mill Valley, CA, 1987; p 531.
(a) Luo, X.; Crabtree, R. H. 3. Am. Chem. Soc. 1990, 112, 6912.
(b) Khalsa, G. R. K.; Kubas, G. J.; Unkefer, C. J.; Van Der Sluys,
L. S.; Kubat- Martin, K. A. J. Am. Chem. Soc. 1990, 112, 3855.

(67)

(68)

(69)

(70)
(71)
(72)
(73)
(74)
(75)

(76)
(77)

(78)
(79)
(80)
(81)
(82
(83)
(84
(85)
(86)
87
(88)
(89)
(90)
(91)

(92)
(93)
(94)
(95)
(96)
(97)

(98)
(99)
(100)
(101)
(102)
(103)

(104)

(105)

Esteruelas and Oro

James, B. R. In Comprehensive Organometallic Chemistry;
Wilkinson, G., Stone, F. G. A., Abel, E. W., Eds.; Pergamon:
Oxford, 1982; Vol. 8, Chapter 51.

Dickson, R. S. Homogeneous Catalysis with Compounds of
Rhodium and Iridium; Reidel: Dordrecht, The Netherlands,
1985.

(a) Bianchini, C.; Mealli, C.; Meli, A.; Peruzzini, M.; Zanobini,
F. J. Am. Chem. Soc. 1988, 110, 8725. (b) Bianchini, C.; Mealli,
C.; Peruzzini, M.; Zanobini, F. 3. Am. Chem. Soc. 1987, 109,
5548.

Heinekey, D. M.; Liegeois, A.; van Roon, M. J. Am. Chem. Soc.
1994, 116, 6, 8388.

Heinekey, D. M.; van Roon, M. J. Am. Chem. Soc. 1996, 118,
12134.

Bianchini, C.; Linn, K.; Masi, D.; Peruzzini M.; Polo, A.; Vacca,
A.; Zanobini, F. Inorg. Chem. 1993, 32, 2366.

Eckert, J.; Albinati, A.; White, R. P.; Bianchini, C.; Peruzzini,
M. Inorg. Chem. 1992, 31, 4241.

Bianchini, C.; Peruzzini, M.; Farnetti, E.; Kaspar, J.; Graziani,
M. J. Organomet. Chem. 1995, 488, 91.

Esteruelas, M. A,; Sola, E.; Oro, L. A.; Werner, H.; Meyer, U. J.
Mol. Catal. 1988, 45, 1.

Bohanna, C. Ph.D. Dissertation, University of Zaragoza, 1991.
Bianchini, C.; Masi, D.; Peruzzini, M.; Casarin, M.; Maccato, C.;
Rizzi, G. A. Inorg. Chem. 1997, 36, 1061.

Esteruelas, M. A;; Sola, E.; Oro, L. A.; Werner, H.; Meyer, U. J.
Mol. Catal. 1989, 53, 43.

Bakhmutov, V. I.; Bertran, J.; Esteruelas, M. A.; Lledos, A.;
Maseras, F.; Modrego. J.; Oro, L. A.; Sola, E. Chem. Eur. J. 1996,
2, 157.

Burdett, J. K.; Pourian, M. R. Organometallics 1987, 6, 1684.
(a) Maseras, F.; Lledos, A. Organometallics 1996, 15, 1218. (b)
Luo, X. L.; Crabtree, R. H. 3. Am. Chem. Soc. 1989, 111, 2527.
Butts, M. D.; Bryan, J. C.; Luo, X.-L.; Kubas, G. J. Inorg. Chem.
1997, 36, 3341.

Esteruelas, M. A.; Herrero. J.; Oro, L. A. Organometallics 1993,
12, 2377.

Gusev, D. G.; Kuhlman, R. L.; Renkema, K. B.; Eisenstein, O.;
Caulton, K. G. Inorg. Chem. 1996, 35, 6775.

Esteruelas, M. A.; Garcia, M. P.; Lopez, A. M.; Oro, L. A; Ruiz,
N.; Schluinken, C.; Werner, H. Inorg. Chem. 1992, 31, 5580.
Werner, H.; Meyer, U.; Esteruelas, M. A,; Sola, E.; Oro, L. A. J.
Organomet. Chem. 1989, 366, 187.

Esteruelas, M. A.; Lopez, A. M.; Oro, L. A;; Tolosa, J. I. J. Mol.
Catal., A 1995, 96, 21.

Aracama, M.; Esteruelas, M. A,; Lahoz, F. J.; Lopez, J. A.; Meyer,
U.; Oro, L. A.; Werner, H. Inorg. Chem. 1991, 30, 288.
Esteruelas, M. A.; Oro, L. A.; Ruiz, N. Inorg. Chem. 1993, 32,
3793.

Esteruelas, M. A.; Lahoz, F. J.; Oro, L. A.; Ofate, E.; Ruiz, N.
Inorg. Chem. 1994, 33, 787.

Maltby, P. A.; Schlaf, M.; Steinbeck, M.; Lough, A. J.; Morris,
R. H.; Klooster, W. T.; Koetzle, T. F.; Srivastava, R. C. J. Am.
Chem. Soc. 1996, 118, 5396.

Espuelas, J.; Esteruelas, M. A.; Lahoz, F. J.; Oro, L. A.; Ruiz,
N. J. Am. Chem. Soc. 1993, 115, 4683.

Johnson, T. J.; Huffman, J. C.; Caulton, K. G.; Jackson, S. A,;
Eisenstein, O. Organometallics 1989, 8, 2073.

Johnson, T. J.; Albinati, A.; Koetzle, T. F.; Ricci, J.; Eisenstein,
O.; Huffman, J. C.; Caulton, K. G. Inorg. Chem. 1994, 33, 4966.
Sanchez-Delgado, R. A.; Rosales, M.; Esteruelas, M. A,; Oro, L.
A. J. Mol. Catal., A 1995, 96, 231.

Christ, M. L.; Sabo-Etienne, S.; Chaudret, B. Organometallics
1995, 14, 1082.

(a) Delpech, F.; Sabo-Etienne, S.; Chaudret, B.; Daran, J.-C. J.
Am. Chem. Soc. 1997, 119, 3167. (b) Sabo-Etienne, S.; Hernan-
dez, M.; Chung, G.; Chaudret, B.; Castel, A. New. J. Chem. 1994,
18, 175.

Schlaf, M.; Lough, A. J.; Morris, R. H. Organometallics 1997,
16, 1253.

Burk, M. J.; Gross, M. F.; Harper, T. G. P.; Kalberg, C. S.; Lee,
J. R.; Martinez, J. P. Pure Appl. Chem. 1996, 68, 37.
Kranenburg, M.; Kamer, P. C. J.; van Leeuwen, P. W. N. M.;
Chaudret, B. J. Chem. Soc., Chem. Commun. 1997, 373.

Lau, C. P.; Cheng, L. Inorg. Chim. Acta 1992, 195, 133.

Lau, C. P.; Cheng, L. J. Mol. Catal. 1993, 84, 39.

Mezzetti, A.; Tschumper, A.; Consiglio, G. J. Chem. Soc., Dalton
Trans. 1995, 49.

(a) Hembre, R. T.; McQueen, S. J. Am. Chem. Soc. 1994, 116,
2141. (b) Hembre, R. T.; McQueen, J. S.; Day, V. W. J. Am.
Chem. Soc. 1996, 118, 8, 798.

(a) Bullock, R. M.; Song, J.-S.; Szalda, D. J. Organometallics
1996, 15, 5, 2504. (b) Schlaf, M.; Lough, A. J.; Maltby, P. A;;
Morris, R. H. Organometallics 1996, 15, 2270. (c) Heinekey, D.
M.; Luther, T. A. Inorg. Chem. 1996, 35, 4396. (d) Rocchini, E.;
Mezzetti, A.; Ruegger, H.; Burckhardt, U.; Gramlich, V.; Del
Zotto, A.; Martinuzzi, P.; Rigo, P. Inorg. Chem. 1997, 35, 711.

CR970322U



