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While the primary motivation of fundamental studies on their reactivity have revealed the possibility of achieving a
number of stoichiometric or moderately catalytic “cluster-carbonylhalotriruthenium complexes was to understand the

promoter effect of halides on certain ruthenium-based mediated” transformations of organic substrates under very
mild conditions. Yet, the viability of these systems is stillcatalytic systems of industrial relevance, such complexes

have gained significance in their own right due to their limited to a narrow low-energy domain. By contrast,
halotriruthenium derivatives are still seen to function asremarkable ability to provide low-activation energy

pathways for the coordination of organic substrates. catalyst precursors under the actual conditions of certain
catalytic reactions where they act as sources of ruthenium(II)Limitations inherent to the fragility of these prototypes led

to the design and development of a related family of more halide complexes that become the active components of the
system. The second part of the review focuses on novelsophisticated derivatives where an aminopyridyl group

serves as an alternate hemilabile ancillary ligand. Studies of aspects of their fascinating chemistry.

Introduction
mide salt acts both as solvent and co-catalyst. [2] Two
anionic species, [Ru3(µ-H)(CO)11]2 and [Ru(CO)3X3]2,The association of carbonylruthenium complexes with
both directly generated in situ under CO/H2, were found tohalides has long been known to produce remarkably ef-
be essential for optimum activity.ficient catalyst precursors. Historically, Dombek and Knif-

The CO hydrogenation leading to glycol was proposed toton were the first to draw attention on the effects of these
begin with the formation of a formyl species by intermolecular“magic” mixtures in two fascinating series of independent
hydride transfer from [Ru3(µ-H)(CO)11]2 (or, more probablyreports revealing, respectively, that enhanced selectivity in
from [HRu(CO)4]2 generated in situ)[3] to one of the electro-the syngas conversion into ethylene glycol could be
philic carbonyl groups of the haloruthenium(II) complex.achieved in the homogeneous phase with an Ru3(CO)12/iod-

At that time, however, and even though interesting modelide system,[1] or by ruthenium “melt” catalysis, where a bro-
studies were done with other metals, [4] the proposed
halo(hydroxyalkyl)ruthenium(II) intermediates on the way
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These and related[5] pioneering observations paved the catalyzed by the multi-component Ru/iodide/DMF sys-

tem.[19]way to a dramatic development of research on Ru-based
syngas reactions, [2b] with notable modifications including Based on what we knew at that time, carbonylhaloru-

thenium clusters appeared to us unlikely to survive underthe use of different promoters such as onium chloride salts
and weak acids[6] or even benzimidazoles. [7] The mixture of the reported experimental conditions. We were thus chal-

lenged to re-investigate the hydroesterification reaction with[HRu3(CO)11]2 and [Ru(CO)3X3]2 (X 5 Br or I) was later
found to be active for various related reactions[8] including, the aim of tracing the transformation of Ru3/halide precur-

sors toward the formation of the active species. Studies inin particular, the oxonation of olefins [9] and their alkoxycar-
bonylation. [10] Besides, Cenini and co-workers published an collaboration with Kalck and co-workers led us to observe

that the aforementioned anionic mononuclear carbonylru-interesting phosgene-free process for the carbonylation of
aromatic nitro compounds to carbamates, again using mix- thenium(II) halide species [Ru(CO)3X3]2 was again implied,

and could even be used alone as a catalyst precursor. [20] Atures of Ru3(CO)12 and halide salts. [11]

While examining the chemical behavior of the same com- literature survey indicated that, in spite of the newly estab-
lished implication of carbonylhaloruthenium(II) complexesplexes within a much lower energy domain, Kaesz and co-

workers discovered at the same time that the presence of a as catalyst precursors in a growing number of C2C bond-
forming reactions, [21] the present state of knowledge of theirhalide in the ligand shell of a carbonylruthenium cluster

results in the regioselective incorporation of phosphane li- reactivity rests essentially on early pioneering studies. [22]

Thus, a new research project was undertaken with the aimgands[12] or organic substrates[13] under unprecedented
mild conditions. A spectacular report [13] included a reaction of filling the gap between the basic knowledge on these

compounds and their applied reactions. The first results ofbetween the halide-containing species Ru3(µ-H)(µ-
Cl)(CO)10 and ethylene/CO mixtures (5 atm), giving the our new investigation are summarized in the second part of

this review.propionyl complex Ru3{µ-C(O)CH2CH3}(µ-Cl)(CO)10

within minutes at 25°C (Scheme 1), thus nicely modeling a
key step in olefin hydroformylation, a reaction independ-

I. Chemistry of “Anion-Promoted” Rutheniumently found to be catalyzed by [Ru3(µ-H)(CO)11]2. [14]

Cluster Complexes Under Mild Conditions

I.1 Catalysis of CO Displacement by Phosphanes in
Ru3(CO)12 in the Presence of Anionic Nucleophiles

In 1984, we made the intriguing observation that ad-
dition of catalytic amounts of [(PPh3)2N]Cl to a THF solu-
tion containing a mixture of Ru3(CO)12 and triphenylphos-
phane, results in the rapid formation of the monosubsti-

Scheme 1. Facile activation of ethylene by a carbonylchlorohydri- tuted derivative Ru3(CO)11(PPh3) at 25°C[15] (Equation 1).
dotriruthenium complex

In attempts to devise an anion route to the above halohy-
dridotriruthenium derivative, Kaesz and Lavigne discovered
that Ru3(CO)12 reacts spontaneously at 25°C with onium
salts of halides or pseudohalides in the absence of ion pair-
ing to give hitherto unknown adducts of the type [Ru3-
(CO)122n(X)]2 (n 5 023) exhibiting remarkably enhanced Whereas the thermally induced substitution (ca. 2 h,

90°C) was known to give only the “thermodynamic” trisub-substitutional lability. [15] These “activated” species primarily
drew attention while appearing as the first formed inter- stituted derivative Ru3(CO)9(PPh3)3, [23] catalysis by the salt

under highly dissociating conditions (i.e. in the absence ofmediates on the way to Dombek9s catalysts (vide supra). In
fact, as explained below in the first part of this review, these ion pairing) appeared as a valuable means to selectively trap

the kinetic substitution product. The system was rapidly ex-and related complexes were further shown to be of specific
interest as synthetic tools for a number of stoichiometric tended to a range of nucleophilic anions [see Equation 1,

catalysts type (i)] whose relative efficiencies were establishedor moderately catalytic cluster-mediated transformations of
organic substrates occurring on a laboratory scale under on the basis of a preliminary kinetic study revealing a zero-

order rate dependence on [Ru3(CO)12]. The effect of thesevery mild conditions [16] but having no direct relevance to the
applied reactions mentioned above. ions was interpreted in terms of the enhanced substitutional

lability of the methoxycarbonyl adducts [Ru3{η1-A renewal of interest for ruthenium/halide systems em-
erged in 1989 with Keim9s report [17] that carbonylru- C(O)OMe}(CO)11]2 established by Ford[24] in stoichio-

metric reactions with phosphanes (see Equations 223)[25]thenium chloride clusters were catalyst precursors for the
hydroesterification of ethylene with methyl formate, orig- or molecular hydrogen (sequence of Equations 2 and 4), [26]

and independently applied to 13CO enrichment by Dar-inally disclosed by Sneeden et al. [18] The reaction was later
shown by Petit and co-workers to be much more efficiently ensbourg. [27]
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Ru3(CO)12 1 OCH3

2 R [Ru3(CO)11{C(O)OCH3}]2 (2) I.2 Intramolecular Halide-Promoted CO Labilization
[Ru3(CO)11{C(O)OCH3}]2 1 PR3 R and Its Application to the Controlled Activation of

Ru3(CO)11PR3 1 CO 1 OCH3
2 (3) Unsaturated Substrates

[Ru3(CO)11{C(O)OCH3}]2 1 H2 R
Ru3(µ-H)(CO)11]2 1 HC(O)OCH3 (4) Whereas the primary adducts discussed above are in-

volved in the catalysis of phosphane substitution, we will
It was suggested[15b] (Scheme 2) that CO labilization by

now see that the subsequent anionic derivatives
the oxygen atom of a transient nucleophile-CO adduct

[Ru3(Cl)(CO)122n]2 (n 5 123) are of synthetic utility when
“C(O)Nu” would allow the phosphane to reach the metal

the incoming ligands are unsaturated organic substrates.
center. The increased basicity brought by this incoming li-
gand would then cause a reduction of the δ1 character of
the carbon atom, thereby facilitating the expulsion of the I.2.1 Equilibria within Ru3/Halide Systems
nucleophilic anion Nu2 and its intermolecular transfer to
a neighboring cluster for the propagation of the effect. The complete elucidation of the precise nature of these

halide adducts rests on the concerted efforts of several
groups.[15,20,32235] Though Scheme 3 displays all equilibria
appearing within the Ru3(CO)12/chloride system, the pres-
ent paragraph deals only with the first three adducts
[Ru3(Cl)(CO)122n]2 (n 5 123), whereas further re-arrange-
ment to tetranuclear species occurring under specific con-
ditions will be discussed in section II.1.

Scheme 2. Proposed pathway for anion-promoted CO labilization
(the square box denotes a vacant coordination site)

While reasoning that the simplest nucleophilic anion H2

is likely to give the same type of transient adduct [Ru3{η1-
C(O)H}(CO)11]2 (or [Ru3{Η}(CO)12]2), we were able to
show that catalysis of CO displacement by phosphanes into
Ru3(CO)12 can also be efficiently carried out by intermolec-
ular hydride transfer, using simple hydridic reagents like pot-
assium tri-sec-butylhydroborate (K-Selectride) or
[HRu(CO)4]2 as catalysts [Equation 1, catalyst type (ii)]. [28]

The latter procedure, exceeding the performance of the so-
dium benzophenone ketyl catalyst proposed earlier by
Bruce, [29] is of high practical synthetic utility since “super
hydrides” are found in any chemical laboratory. Signifi-

Scheme 3. Equilibria within Ru3/halide systemscantly, the catalytic substitution can also be initiated by ad-
ding few crystals of [PPN][Ru3(µ-H)(CO)11] to a THF solu- In the first observable adduct, [Ru3(Cl)(CO)11]2 (readily
tion of Ru3(CO)12 and phosphane under CO.[28] In that obtained at 25°C), the halide ligand occupies an axial coor-
case, however, an induction period is required for the latter dination site onto the metal triangle. [33] It then slowly labil-
anion to generate the actual hydride transfer agent [Ru3{η1- izes one vicinal CO at 25°C while moving into an edge-
C(O)H}(CO)11]2 (or [Ru3{Η}(CO)12]2 [30]). The mechanism bridging position to yield [Ru3(µ-Cl)(CO)10]2. Finally, it
proposed at that time for the formation of such adducts [28]

may still use one more electron pair to coordinate in a face-
found further support in the results of a more recent kinetic bridging position with concomitant CO labilization to form
study reported by Shore, [30c] indicating that 13CO/12CO ex- [Ru3(µ3-Cl)(CO)9]2. However, this requires the assistance of
change in [Ru3(µ-H)(CO)11]2 is governed by competition thermal activation (60°C) and a stream of inert gas to
between two parallel pathways, namely, a dissociative path- evacuate the released CO.[34]

way (zero-order in anion and zero-order in CO) and an as-
sociative step (first-order in anion and first-order in CO),
the latter becoming increasingly significant with increasing I.2.2 Activation of Alkynes under Ambient Conditions
concentration of 13CO. Thus, just like in the water gas shift
reaction[30] [and also like in the hydride transfer occurring Opening of the halogen bridge in [Ru3(µ-Cl)(CO)10]2 or

[Ru3(µ3-Cl)(CO)9]2 provides a low-activation-energy pathin the glycol synthesis (vide supra)], the preceding substi-
tution reaction is governed by an associative step. for the reaction of these complexes with alkynes at 25°C,

giving only one species [Ru3(µ-Cl)(µ-RCCR)(CO)9]2 inFor anionic nucleophiles such as halides and pseudohal-
ides, the nature of the initial site of attack proposed in quantitative yield within few minutes (Scheme 4). [34] [36]

The kinetics of this reaction were investigated by Ba-Scheme 2 cannot be ascertained since the first formed ad-
ducts are very short-lived. Competitive nucleophilic attack solo. [37] The halide ligand appears to be so lightly coordi-

nated to the metal core in the latter anionic species that itsat CO and at the metal center was reasonably suggested by
Ford on the basis of a thorough kinetic study. [31] displacement by a CO ligand can be readily catalyzed by a
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Scheme 4. Halide-promoted reaction of alkynes with Ru3(CO)12

Scheme 6. Synthesis of the first prototype of an unsaturated alkyne-
triruthenium cluster complex and observation of a “windshield-
wiper” motion of the alkyne ligand onto the metal triangleprotic solvent like methanol. Hence, if a biphasic hexane/

methanol solvent mixture is used, the neutral complex
Ru3(µ-RCCR)(µ-CO)(CO)9 transfers itself to the hexane HC5CPh2C(O)2PhC5CPh appeared as the result of an

intramolecular alkyne/CO/alkyne coupling. [41] Bearing inphase, from which it can be recovered pure without chro-
matographic workup.[34] [36] The latter complex is the kinetic mind the existence of a patented process for the synthesis

of hydroquinone using Ru3(CO)12 as a catalyst precursor, [42]product of the reaction between Ru3(CO)12 and alkynes,
and is not observable under thermal activation. [38] we treated the newly formed derivative with CO, hoping to

release a cyclic ketone or a quinone. However, this resultedSlight modifications of the above synthetic strategy al-
in successive losses of the supporting dppm ligand and oflowed the preparation of various alkyne-, alkynyl- [34] [36] or
one metal center, ending with the formation of a stable di-allenyltriruthenium[39] complexes. For example, the new al-
metallic fly-over species. It was thus becoming clear that thelenyl complex Ru3(µ-Cl)(µ-HCCCH2)(CO)9 was readily ob-
elimination of the free organic molecule (probable undertained within a few minutes by reaction of the anionic chlo-
forcing conditions, but not observed under those of ourrotriruthenium complex with propargylic alcohol followed
experiment) would take place only from a low-nuclearityby proton-induced dehydration of the cluster-bound ligand
fragment after complete degradation of the cluster (see(Scheme 5). [39]

Scheme 7, ancillary ligands omitted for clarity).

Scheme 5. Facile dehydration of a cluster-bound alkynol

Significantly, the first and still unique prototype of un-
saturated 46e2-alkynetriruthenium complex, Ru3(µ3-η2-
PhCCPh)(µ-dppm)(CO)7, was also prepared from the
anionic alkynedecacarbonylchlorotriruthenium derivative
by methanol-induced halide abstraction in the presence of

Scheme 7. Intramolecular akyne/CO/alkyne couplingdppm according to the sequence shown in Scheme 6. [40]

While the synthetic utility of the halide appeared obvious A modification of our strategy was thus required in order
in light of the above reactions, we rapidly faced a new prob- to observe full transformations of organic substrates on the
lem while attempting to achieve a full transformation of metal core (see section I.3).
the “activated” alkyne directed toward the liberation of an
oligomeric substrate. This is illustrated in Scheme 7. [41] We
first made the encouraging observation that the cluster- I.2.3 Activation of Olefins
bound alkyne ligand in the triruthenium complex Ru3(µ-
PhCCPh)(µ-dppm)(CO)7 could be readily engaged in C2C In 1986, Gladfelter and co-workers reported that olefins

can be readily hydrogenated at ambient temperature in thebond formation with an incoming phenylacetylene molecule
within minutes at 0°C, giving the coordinatively unsatu- presence of the isocyanatotriruthenium cluster complex

[Ru3(NCO)(CO)10]2, [43] another member of the growingrated “fly-over”-type complex Ru3[µ-PhCCPh2C(O)2Ph-
CCH](µ-dppm)(CO)6 where the dialkenyl ketone fragment family of “anion-promoted” triruthenium clusters. [16] The
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system was understood in terms of the ability of the However, given that such a transformation occurs only

under very mild conditions, there is no evidence for its valuepseudohalide X2 5 NCO2 to function reversibly as a one-
or three-electron donor, thereby helping to maintain similar as a model for the effective carbonylation of aromatic nitro

compounds, which is known to take place only under morerelative energies of the intermediates. The catalytic reaction
observed with ruthenium was modeled with osmium forcing conditions.
(Scheme 8) for which the alkyl intermediate was inter-
cepted, using succinoyl anhydride as the olefin. [44]

I.3 Effects of Related Nitrogen-Based Hemilabile
Ancillary Ligands

I.3.1 The Basic Concept

Since the adventitious loss of the halide from the above
triruthenium species appeared as an undesirable dead end
in several cases, we were led to devise a related family of
“activated” cluster complexes incorporating aminopyridyl
groups as alternate hemilabile ancillary ligands. As shown
in Scheme 10, whereas the pyridyl group functions as an
anchor, the amido group can adopt terminal or bridging
coordination modes quite analogous to those occurring
with halides (see Scheme 3). [46]

Scheme 8. Mechanism of the anion-promoted olefin hydrogenation
proposed by Gladfelter and co-workers; the square box appearing
in the scheme denotes a vacant coordination site on the metal cen-
ter

A limitation of the system for X2 5 Cl2 appeared to
be the facile reductive elimination of HCl from the anionic
halohydrido intermediate, giving the anion [HRu3(CO)11]2,
a pathway related to the one shown in Equation 4.

Scheme 10. Reversible CO uptake by a triruthenium cluster incor-
I.2.4 Carbonylation of Nitrosobenzene porating an aminopyridyl group as hemi-labile ancillary ligand

An advantage of aminopyridyl ligands is the possibilityIn connection with the above-mentioned discovery by
to tune their nucleophilicity by modifying the nature of theCenini et al. of a promoter effect of halides on the ru-
R group. Second-order kinetics were observed by Basolothenium-catalyzed synthesis of carbamates from aromatic
for the reactions of anionic (aminopyridyl)trirutheniumnitro compounds, [11] Geoffroy and co-workers were able to
complexes with phosphanes. [47] The results were consistentshow that the lightly coordinated halide in [Ru3(µ-
with a mechanistic scheme in which nucleophilic attack byCl)(CO)10]2 can be engaged in bridge-opening/closing reac-
the phosphane gives an adduct bearing the amido ligand intions assisting both the coordination of nitrosobenzene

prior to NO bond cleavage and the carbonylation of the
incipient nitrene intermediate to give phenyl isocyanate
(Scheme 9). [45]

Scheme 9. Mechanism of the anion-promoted conversion of nitro-
sobenzene into isocyanate, as proposed by Geoffroy and co-wor- Scheme 11. Isolation of a phosphane adduct on the way to the

substituted derivativekers
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terminal position. After isomerization of such an intermedi-
ate, further reformation of the amido bridge through intra-
molecular nucleophilic attack with concomitant CO expul-
sion leads to the substituted derivative. The energy barrier
for the latter step is dependent on the nucleophilicity of
the amido group. Thus, whereas the intermediate adduct is
trappable with R 5 Ph, the reaction proceeds directly to
the substituted derivative when R 5 Me.

I.3.2 Activation of Alkynes and Vinyl-Group Transfer
Reactions

Scheme 13. Oligomerization of terminal alkynes in the presence of
the (anilinopyridyl)hydridotriruthenium complex as catalyst pro-The hemilabile behavior demonstrated for the above cursor

anionic species was suggested to account for the high reac-
tivity of the corresponding protonated complexes Ru3(µ- Though polymerization of phenylacetylene under hydro-
H)(µ-RNpy)(CO)9 whose reactions with phosphanes pro- silylation conditions has been also observed in a few in-
ved to be too fast, even at 240°C, to be amenable to kine- stances with other metals, [51] the promoter effect of the sil-
tic studies. ane as a co-catalyst remains unclear.

In 1990, we made the original observation that the anilin- With triphenylsilylacetylene as the incoming substrate
opyridyl complex Ru3(µ-H)(µ-PhNpy)(CO)9 is prone to ac- (and in the absence of silane), a rapid but poorly catalytic
tivate alkynes selectively via the alkenyl intermediate Ru3(µ- dimerization was observed (see Scheme 13), leading selec-
H)(µ-PhNpy)(PhC5CHPh)(CO)8 and to promote the cata- tively to the (E)-1,4-bis(triphenylsilyl)but-1-en-3-yne, ob-
lytic hydrogenation of diphenylacetylene as well as its stoi- tained pure as beautiful crystals appearing on the walls of
chiometric hydrovinylation. [46] Whereas the kinetics and the glassware. Here again, no intermediates could be de-
mechanism of the former reaction were subsequently inves- tected and our approach to the mechanism had to rely on
tigated in detail by the group of Cabeza and Riera, [48] we model studies. First, in order to test the mechanistic pos-
became more interested in the second type of transform- sibility of a vinylidene/acetylide coupling, [52] which should
ation which involved C2C bond formation (Scheme 12). have generated a transient butenynyl intermediate, [53] we

treated the hydrido complex with a preformed diyne whose
insertion into the Ru2H bond was likely to give such an
intermediate. Though a butenynyl complex was effectively
isolated (Scheme 14), [54] it could not be regarded as a
plau‘sible intermediate since it was not possible to promote
its reductive elimination as an enyne in the presence of an
incoming alkyne.

Scheme 12. Cluster-mediated hydrovinylation of diphenylacetylene Scheme 14. Activation of a diyne by insertion into an Ru2H bond
and formation of a butenynyl ligandThe co-dimerization leading to 1,2-diphenyl-1,3-buta-

diene was understood in terms of an insertion of ethylene Though not firmly established, the alternate possibility
into a ruthenium2alkenyl bond followed by β-elimination, of an alkenyl/acetylide coupling was preferred in light of
a mechanism similar to the one established by Knox for a the parallel observation of a facile alkenyl-group transfer
parallel reaction occurring at a diruthenium center. [49] from the alkenyl complex to the α-carbon atom of an in-

With more reactive 1-alkynes (and in the absence of al- coming isocyanide (Scheme 15). [50] [54]

kene), multiple alkyne insertions were observed. Curiously,
whereas ruthenium is not known to be an efficient alkyne
polymerization catalyst, the regioselective polymerization of
phenylacetylene to the cis-polyphenylacetylene was found
to take place within few minutes at room temperature in
the presence of the hydrido species Ru3(µ-H)(µ-
PhNpy)(CO)9 and of triethylsilane (as a co-catalyst)
(Scheme 13). [50] By contrast, trimerization was observed in Scheme 15. Alkenyl/isocyanide coupling giving an azabutadienyl li-

gandthe absence of silane.
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Here, the incorporation of the isocyanide ligand onto the global expansion of the structure by lengthening of several of

these bonds without localized rupture, [55] as independently48e2 species occurs at 25°C by an associative pathway con-
sistent with a mechanistic scheme where the transient open- demonstrated for another ligand-bridged triruthenium clus-

ter complex. [57] Another notable feature, highlighted by theing of the amido bridge (or another weak bond, vide infra)
assists the incorporation of the ligand, whereas its sub- previous equilibrium, is the ease with which the propenoyl

group migrates at the periphery of the cluster.sequent reformation triggers C2C bond formation, in exact
parallel with reactions observed earlier with halides and re- Following the isolation of the propenoyl adduct, we suc-

ceeded in releasing α-phenylcinnamaldehyde upon treat-lated ancillary ligands.
With the aim of verifying the generality of such a ment with CO/H2 mixtures under very mild conditions. The

propenoyl complex could then be tied to a catalytic cycleworking hypothesis, we treated our alkenyl complex with
triphenylphosphane and effectively observed that the incor- for the hydroformylation of diphenylacetylene (Scheme

18). [55]poration of this ligand also caused migratory CO insertion
of the alkenyl group (Scheme 16).

Scheme 16. Phosphane-induced migratory CO insertion of an alken-
yl group

Though obtained within few minutes under very mild
conditions, the resulting propenoyl complex proved to be
the thermodynamic product of the reaction. [55] Evidence for
the existence of a kinetic intermediate was obtained from
additional experiments[55] including a preliminary kinetic
study carried out by Basolo. [56] Further work indicated
that, of course, CO gas itself is readily incorporated and
promotes the same migratory insertion. Though the corre-

Scheme 18. Catalytic cycle for the hydroformylation of diphenyl-sponding adduct is stable only under CO, we succeeded in
acetylene showing the isolated intermediatescrystallizing it under such conditions (Scheme 17). [50] [55]

Though the reaction could cycle catalytically, the viability
of the system under non-optimized conditions was affected
by a competitive CO insertion into the Ru2N bond of the
methylaminopyridyl group, ending with the formation of an
inactive carboxamido complex of lower nuclearity.

II. Aspects of the Chemistry of
Carbonylhaloruthenium(II) Complexes

Scheme 17. CO-induced migratory CO insertion of an alkenyl II.1 Evolution of Ru3(CO)12/Halide Mixtures undergroup
the Conditions of a Typical Hydroesterification

Significantly, two carbonyl ligands were incorporated Reaction
without a detectable intermediate. The fact that an open
50e2 cluster was obtained (rather than a closed 48e2 species Studies reported in this section were undertaken in col-

laboration with Kalck and co-workers. Philippe Kalck wasbearing a terminal amido group) raised recurrent questions
about the nature of the initial elusive adduct formed upon interested in the use of methyl formate as a valuable feed-

stock in organic synthesis. The “direct” addition of thisligand addition to the alkenyl cluster complex. Indeed, let
us remind ourselves that there are three types of weak substrate to olefins for the production of esters appeared to

be a challenging reaction[58] that had been shown bybonds in this complex whose rupture is plausible: (i) the
Ru2N bonds of the amido bridge, (ii) the π interaction be- Keim[17] to be catalyzed by Ru3(CO)12 alone or (albeit less

efficiently) by the anion [Ru3(µ-Cl)(CO)10]2. A preliminarytween the alkenyl group and the cluster and (iii) the metal-
2metal bonds. Thus, hypotheses regarding the rupture of screening of the above-mentioned series of anionic triru-

thenium complexes incorporating halides, anilinopyridyl orany of such bonds may be equally reasonable due to the
probable similar magnitude of their respective enthalpies. alkoxypyridyl groups led us to focus on the Ru3(CO)12/

[PPN]Cl system, which proved to be highly efficient pro-However, we believe that a more realistic scheme involves a
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vided that an amide-type solvent like DMF was used. Dur- the dimeric ethyl complex in a pure form proved to be the

catalyzed addition of ethyl formate to ethylene.ing the course of preliminary experiments aimed at de-
termining the optimum Ru/Cl ratio, we noted that the
[Ru3(µ-Cl)(CO)9]2 reacts cleanly with an excess of halide at
60°C to give the novel unsaturated dianionic species
[PPN]2[Ru4(µ-Cl)2(CO)11] already shown in Scheme 3.[20] [59]

Strikingly, its structure, of an unprecedented type, gave the
image of a mononuclear RuII complex “Ru(CO)2Cl2” sup-
ported on an anionic triruthenium unit “[Ru3(CO)9]22”.

It was amazing to realize that a catalytic run performed
in 1997 led to the discovery of the existence of a simple
yet hitherto unknown species, some thirty years after its
antecedent [PPN][Ru(CO)3Cl3](!). Clearly, this revealed that
the reactivity of carbonylchlororuthenium(II) species to-
ward unsaturated organic substrates had not been examined
in detail, or, at least needed to be revisited.

Intuitively, the liberation of such a fragment under cata-
lytic conditions was thus conceivable. In fact, the above di-
anionic cluster species could be used alone as a catalyst pre- II.2 Pioneering Observations on
cursor, just like other haloruthenium cluster complexes of Carbonylhaloruthenium(II) Complexes
the same series shown in Scheme 3. After overnight cata-

The present state of knowledge of the chemistry of car-lytic experiments, the principal species recovered in the re-
bonylchlororuthenium(II) complexes rests on the importantactor was the well-known carbido cluster [Ru6(C)(CO)16]22.
pioneering discoveries made in the 1960s and 1970s by sev-Remembering that this inactive product had been pre-
eral groups[22] amongst which we recognize names that haveviously detected by Dombek[1] at the end of syngas reac-
marked the development of this field: Chatt, [61] Halperntions using Ru/halide mixtures as catalyst precursors (vide
and James, [62] Bruce and Stone, [63] Braca, [64] Calderazzo, [65]

supra), we reasoned that the active species in both systems
Johnson and Lewis, [66] Collmann and Roper, [67] and Wil-might be the same. Then, different catalytic runs using
kinson.[68]

[PPN][HRu3(CO)11]2 and [PPN][Ru(CO)3X3] (X 5 Cl, I)
Equilibria involving the principal binary carbonylchloroeither separately, or as mixtures, led us to conclude that

derivatives are shown in Scheme 20. Chatt[61] was the firstunder the conditions of our hydroesterification reaction, the
to observe that bubbling CO through a solution of RuCl3 ·best precursor was [PPN][Ru(CO)3Cl3] “alone”. [59] It was
3 H2O at 85°C gives a red solution containing a structurallythus appearing that the active species (still elusive) could be
ill-defined polymeric complex [Ru(CO)2Cl2]n. Prolongedgenerated from either Ru0 or RuII precursors. With
treatment with CO at 1202140°C[63] gives the 16e2 tricar-[PPN][Ru(CO)3Cl3], the reaction started without an induc-
bonyl unit “Ru(CO)3Cl2”, which spontaneously stabilizes it-tion period and proved to be very efficient (Scheme 19).
self by forming halide bridges to give [Ru(CO)3Cl2]2. [69]

Since the reverse decarbonylation is also operative at high
temperature, a mixture of [Ru(CO)2Cl2]n and [Ru-
(CO)3Cl2]2, known as the “yellow solution”, [70] is generally
obtained. The only way to drive the equilibrium toward the
more CO-rich derivative is thus to pursue the carbonylation
at room temperature. [59] As originally reported by Bruce
and Stone, [63] splitting of the dimer [Ru(CO)3Cl2]2 by a do-Scheme 19. Experimental conditions and performances of the cata-

lytic hydroesterification reaction nor solvent like THF gives the nice crystalline complex Ru-
(CO)3Cl2(thf) from which THF may be subsequently dis-
placed by a halide anion to give the anionic species [Ru-A DMF complex [PPN][Ru(CO)2Cl3(DMF)] appeared to

be readily formed by decarbonylation of the above precur- (CO)3Cl3]2.
In fact, the complexes shown in Scheme 20 represent thesor. Interestingly, three closely related alkyl complexes

[PPN][Ru2(µ-Cl)3(CO)4RR9] (R 5 Et or Me; R9 5 Et or principal possibilities to stabilize the 14e2 fragment “Ru-
(CO)2Cl2” by using all possible combinations of CO andMe) were subsequently intercepted in the reactor by

quenching the catalytic reaction as the system reached its Cl2 ligands. For a long time, these complexes were mainly
regarded as intermediates for the preparation of more elab-optimum activity. [60] It was shown that, under the reaction

conditions, the alkyl moieties were derived principally from orate species. [22] For example, ruthenium chemists have long
been using the above-mentioned “yellow solution” for theethylene (by insertion into an Ru2H bond) but also from

the alkyl formate [by cleavage of the O2C(sp3) bond]. Ef- preparation of Ru3(CO)12 (by reduction with CO in the
presence of zinc as a halide acceptor), [70] whereas fascinat-fectively, at that time, the only way to exclusively obtain

Eur. J. Inorg. Chem. 1999, 9172930924



Effects of Halides and Related Ligands on Reactions of Carbonylruthenium Complexes (Ru02RuII) MICROREVIEW

Scheme 20. Interconversion between the principal known carbonylhaloruthenium(II) complexes

ing new complexes are still made nowadays by treatment of the known[20] oxo complex [PPN]2[Ru4(µ4-O)(µ-Cl)4(µ-
CO)2(CO)8] was obtained, [74] which was indicative of a fac-[Ru(CO)2Cl2]n with sophisticated phosphanes. [71]

In the early work of Pino et al. [72] we find a rare example ile activation of water accompanied by reductive elimin-
ation of HCl, trapped as [NEt3H]Cl.of a carbonylhaloruthenium(II) complex bearing a hydro-

carbon fragment as the only additional ligand. This is the
allyl species Ru(C3H5)(CO)3Br, prepared by oxidative ad-
dition of allyl bromide to Ru3(CO)12. Such a compound
was shown to act as a catalyst precursor for olefin hydro-
genation and isomerization, [64c] whereas its reaction with
hydrogen gave a structurally ill-defined polymeric acyl spec-
ies resulting from a hydrogenation of the allyl moiety fol-
lowed by migratory CO insertion. [64c]

Scheme 21. Facile activation of water by a carbonylchlororutheni-
um(II) complex with formation of an oxoruthenium(II) species

Though not fully understood, the reaction was thought
to involve initial attack of OH2 ions at the carbon atom of
a coordinated CO ligand.Further treatment of the latter with CO/methanol led to

the stoichiometric formation of esters, thus prefigurating
the possibility to achieve hydroesterification reactions.

II.3.2 A Simple Route to “Unprotected” Alkyl and
II.3 New Findings in the Footsteps of the Alkenyl Complexes
Pioneers

An obvious analogy of the preceding reaction with theII.3.1 Facile Activation of Water
basic principle of the water gas shift [24] led us to attempt
the generation of a transient hydrido species by treatmentIn attempts to trace the evolution of [PPN][Ru(CO)3Cl3]

under the conditions of a typical hydroesterification reac- of the neutral complex [Ru(CO)3Cl2(thf)] with KOH and to
examine its ability to insert olefins and, by extension, anytion, it was noted that treatment of this complex with tri-

ethylamine (the optional co-catalyst) resulted in halide dis- unsaturated organic substrate. The logical sequence we en-
visaged (Scheme 22) effectively allowed a clean preparationplacement rather than CO substitution. [73] This provided an

indication that the neutral fragment “Ru(CO)3Cl2” might of the anionic ethyl complex [Ru2(µ-Cl)3(CO)4(CH2CH3)2]2

in a one-pot procedure requiring no ethylene pressure. [75]be the reacting entity, whereas the weakly coordinated hal-
ide anion could be regarded as a lightly stabilizing ligand Subsequently, it was not a problem to extend the reaction

to the case of alkynes and to observe in such cases a parallelfor the neutral unit. Furthermore, with wet triethylamine,
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have relevance to various catalytic systems involving car-
bonylhalo derivatives. [76]

II.3.4 A New Binary Carbonylchlororuthenium(II)
Species

An intriguing point in the sequence shown in Scheme 22
was the fact that dimerization of the monoanionic alkyl in-
termediate [Ru(CO)2Cl2(η1-X)]2 (X 5 R) (observable only
in a donor solvent like DMF) gave a monoanionic dimer
[Ru2(CO)4(µ-Cl)3(η1-X)2]2 (by loss of a halide ion, see
Scheme 24) rather than the expected dianionic dimer
“[Ru2(CO)4(µ-Cl)2(Cl)2(η1-X)2]22” (X 5 R), which might
have been isostructural with the known “allchloro” (X 5
Cl) analog [Ru2(CO)4(µ-Cl)2(Cl)4]22shown in Scheme 20.Scheme 22. Proposed mechanism for the formation of the isolated

alkyl complex

cis insertion leading to the corresponding isostructural alk-
enyl derivative [Ru2(µ-Cl)3(CO)4(RC5CHR)2]2. [75]

II.3.3 Facile Interconversion RuII2Ru0

A (naive) tentative attempt to intercept the transient hyd-
rido species, generated in the preceding reaction by decar-
boxylation of the intermediate hydroxycarbonyl species in
the presence of CO (and in the absence of any unsaturated
substrate), led us to observe the formation of Ru3(CO)12 in
quantitative yield(!).

Scheme 24. Aggregation of unsaturated 16-e2 haloruthenium frag-
ments and formation of a face-sharing bi-octahedral species
(FSBO); the square box appearing in the scheme denotes a vacant
coordination site on the metal center

Conversely, the fact that the hypothetical allchloro anion
[Ru2(CO)4(µ-Cl)3(η1Cl)2]2 had never been intercepted was
also intriguing. In fact, we found that such a compound
does exist, and can be simply prepared by thermal decar-
bonylation of [Ru(CO)3Cl2(thf)] in the presence of the ap-
propriate amount of halide (1/2 equiv. per Ru unit). [75] It
can be regarded as the simplest association of two neutral
units “Ru(CO)2Cl2” that are lightly stabilized by a weakly

Scheme 23. A facile reduction of RuII to Ru0 coordinating halide.

Apart from the interest in the procedure on account of
its performance and of the established possibility to run the II.3.5 A Simple Route to Vinylidenes
reaction directly from commercial RuCl3, [75] an important
extension of this finding was to establish that an extremely The simple “non-hydridic” complex [(PPh3)2N][Ru2(µ-

Cl)3(CO)4(η1-Cl)2] allows the facile activation of alkynes tofacile reduction of carbonylhaloruthenium(II) precursors to
Ru0 intermediates can take place by reductive elimination give vinylidenes. [75] To date, the latter intermediates have not

yet been intercepted. Yet, we do observe the product of theirof HCl as soon as traces of water are present. This may
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clean hydration involving C2C bond activation. Typically, ac-
tivation of phenylacetylene gives the benzyl derivative
[Ru2(CO)4(µ-Cl)3(η1-CH2Ph)2]2 (Scheme 25). The mecha-
nism we propose for such a reaction is fully consistent with
the one previously established by Bruce, [77] Bianchini [78]

and Esteruelas. [79] In the present case, a transient opening
of the halide bridge is believed to provide the vacant site
required for alkyne activation, whereas its closure assists
the final CO loss.

Scheme 26. General scheme for the reaction of face-sharing bi-
octahedral species with nucleophiles

16e2-acyl species [Ru{C(O)R}(PR3)2(CO)Cl] (Scheme
27). [60]

If X is an alkenyl group, whether it migrates or not de-
pends on the nature of the starting alkyne. As shown in
Scheme 27, we have been able to obtain the alkenyl complex
[Ru(CH5CHPh)(PPh3)2(CO)2Cl] from phenylacetylene,
and the propenoyl complex [Ru{η2C(O)2PhC5CHPh}-

Scheme 25. Activation of the C2C triple bond of a terminal (PPh3)2(CO)Cl] from diphenylacetylene, and to determine
alkyne by hydration of the transient vinylidene; the square box

their respective structures. [82] It is noteworthy that the sameappearing in the scheme denotes a vacant coordination site on the
metal center complexes were originally prepared by Ros[83] from

RuH(CO)Cl(PR3)2. The chemistry of these and related de-
rivatives is currently being investigated by Werner[84a,b], Es-Interestingly, related ruthenium(II) halide complexes
teruelas[84] and Caulton. [85] With our procedure, retentionhave been recently shown by Wakatsuki[80] to catalyze the
of the dinuclear structure is possible by using a bridginghydration of alkynes to produce aldehydes and ketones. Un-
ligand like bis(diphenylphosphanyl)methane, as exemplifiedobserved carbenoid species have also been recently postu-
by the facile synthesis of the dimeric acyl complex [Ru2(µ-lated as key intermediates in the construction of polycyclic
Cl)2{C(O)CH2CH3}2(µ-dppm)2(CO)2] (Scheme 27). [86] Wering systems from enynes involving [Ru(CO)3Cl2]2 as a cata-
are currently exploring the reactivity of the dimers [Ru2(µ-lyst precursor. [21a]

Cl)3(CO)4(η1-X)2] with a variety of other ancillary ligands
and substrates.

II.3.6 Aspects of the Reactivity of FSBO (Face-
Sharing Bi-Octahedral) Complexes

While the aggregation of carbonylhaloruthenium(II)
species is understood to be a means for the unsaturated
organometallic fragments to relieve their unsaturation, the
reverse reaction, namely, a transient opening of halide
bridges, constitutes the main pathway for substrate acti-
vation, as illustrated by the preceding reaction (Scheme 25).

A notable structural feature is that the Ru2Cl bridge
bonds that are trans to the sigma donor (alkyl, alkenyl) are
significantly longer than those trans to CO. This suggests
the possibility of a selective opening of these bonds through
a sequence (Scheme 26) that is reminiscent of the one pro-
posed by Cotton and Poli for related FSBO species. [81]

Thus, the masked unsaturation of these aggregates also
allows the facile formation of adducts with a variety of do-
nor ligands, ultimately leading to more elaborate complexes.
With L 5 phosphanes, a rearrangement occurs within the
coordination sphere of the final mononuclear species to
give the trans-P isomer only. If X is an alkyl group, the Scheme 27. Facile reactions of alkyl- and alkenylcarbonylchloro

complexes with phosphanesphosphane also induces migratory CO insertion, giving the
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Another aspect of their reactivity is the facile replace- ile ancillary ligands is that, in spite of their fascinating reac-

tivity, their ability to catalyze substrate transformationsment of halides by methoxide ions, which we have observed
in some instances. For example, during the course of elec- with retention of the polymetallic structure is effective only

under very mild conditions that are still too close to thosetrospray mass-spectral analyses of crystals of the dimeric
alkenyl complex [(PPh3)2N][Ru2(µ-Cl)3(CO)4(η1-PhC5 liable to cause their degradation. An illustration of this can

be found in our recent report of a cluster-mediated hydro-CHPh)2] (whose structure had been ascertained by X-ray
diffraction) we observed the ion [Ru2(µ-Cl)(µ- formylation of diphenylacetylene.

Significantly, we now find that simple carbonylhaloru-OMe)2(CO)4(η1-PhC5CHPh)2]2 when methanol was used
as a solvent for the introduction of the samples (Scheme thenium(II) derivatives, easily generated from carbonylru-

thenium (Ru0)/halide mixtures or by direct carbonylation of28).

Scheme 28. Facile replacement of halides by methoxide ligands under the experimental conditions of electrospray mass spectrometry

We are currently exploring various possibilities to induce RuCl3, are prone to react with olefins or alkynes in the pres-
ence of a simple source of hydride to give trappable alkyla systematic replacement of halides by other ancillary li-

gands through activation of hydrogen2element bonds, or alkenyl complexes, whereas transient vinylidene species
are formed from alkynes in the absence of a hydride source.starting from compounds like thiols, imidazoles, aldehydes,

etc. A full replacement of halides by methoxide ions has These unsaturated complexes tend to relieve their unsatu-
ration by forming aggregates whose dissociation may inbeen reported by Süss-Fink in related methoxycarbonyl

complexes. [87] turn release reactive organometallic fragments. Thus, we be-
lieve such complexes will provide realistic models for el-Finally we wish to conclude this section by specifying

that groups other than the halides may participate in the ementary transformations occurring in applied catalysis in-
volving Ru/halide mixtures. An interplay between RuII andformation of bridges between the RuII centers. Typically, in

the treatment of [PPN][Ru(CO)3Cl3] by methoxide ions, Ru0 species may be expected in these multicomponent sys-
tems, due to the facile and reversible reductive eliminationSüss-Fink isolated a complex which probably results from

a transformation of the unobserved primary adduct (which of HCl. Further work aimed at understanding such pro-
cesses is in progress.we believe is [PPN][Ru{C(O)OMe}(CO)2Cl2]). Once again,

a monoanionic aggregate (rather than a dianionic species)
is obtained after loss of a halide ion. Interestingly, the new

Acknowledgmentscompound bears terminal halides and bridging methoxycar-
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