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The presence of deprotonated 2-aminopyridines (apy li-
gands) as face-capping ancillary ligands in carbonyltriru-
thenium cluster complexes facilitates their reactivity (mild re-
action conditions) and increases the regioselectivity of their
reactions. This is probably due to the hemilabile character of
the apy ligands that help maintain the cluster nuclearity and
also provides reaction pathways of low activation energy.
Thus, the presence of apy ligands in triruthenium cluster
complexes of the type [Rus(u-H)(p3-apy)(CO)g] has allowed
an extensive and regioselective derivative chemistry that is
surveyed in this review. A comparative study of the reactivity

of 2-amino-, 2-mercapto- and 2-hydroxypyridines with triru-
thenium clusters is followed by a survey of selective reactions
of apy-bridged triruthenium cluster complexes that covers
substitution processes, protonation reactions, oxidative
addition of hydrogen, hydrosilanes and hydrostannanes,
reactions with alkynes and diynes, reactions of coordinated
alkenyl and ynenyl ligands, synthesis and reactivity of cat-
ionic non-hydridic clusters, preparation of higher-nuclearity
clusters and some catalytic applications.

(© Wiley-VCH Verlag GmbH, 69451 Weinheim, Germany,
2002)

1. Introduction

Regioselectivity is a major concern in the derivative
chemistry of carbonyl transition metal cluster complexes.[!
Mixtures containing mono- and/or dinuclear complexes are
frequently formed as reaction products and, even when no
cluster fragmentation occurs, single products are seldom
observed.!?!
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The above statement is particularly true for the derivative
chemistry of the most common ruthenium and osmium
cluster starting materials, such as [Ru3(CO);»], [Os3(CO);5]
and many of their trinuclear derivatives. The low regioselec-
tivity of many of their reactions is a consequence of some
intrinsic characteristics of this type of compounds: (a) they
are saturated species (48 valence electrons) with high kinetic
stability, frequently requiring thermal or photochemical ac-
tivation to wundergo chemical transformations; (b)
metal —metal bonds are rather weak and are easily cleaved
under thermal or photochemical conditions; and (c) due to
their polynuclear nature, cluster complexes may undergo
transformations at more coordination sites than mononu-
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clear species and, consequently, once the corresponding ac-
tivation energy has been reached (particularly if this is
high), their reactions often lead to mixtures of products.

Ligand (generally CO) dissociation is usually a requisite
for reactions of saturated carbonyl transition metal cluster
complexes, since a vacant site is often necessary for the in-
coming reagent to enter the coordination shell of the cluster
complex.[>4 It is implicit that the lower the activation en-
ergy of this step, the more selective the reaction will be,
since the risks of cluster fragmentation and reactions at dif-
ferent cluster coordination sites are diminished. To ensure
selectivity, a low activation energy should be associated
with an appropriate energy minimum. Several methods have
been devised to reduce the activation energy of reactions of
such cluster complexes, the following being the most im-
portant ones:

(a) To carry out the reactions in the presence of trimethyl-
amine oxide.[! This reagent can react with coordinated CO
to give CO,, in the presence of the appropriate ligand, even
at very low temperatures (—78 °C).

(b) To start from ‘“activated” cluster complexes con-
taining weakly coordinating ligands.l®) Acetonitrile is easily
displaced by many reagents from complexes such as
[M5(CO);5— (MeCN),] (M = Ru,l% Os;[0P] x = 1, 2 or 3).
These complexes are normally prepared by treating the par-
ent carbonylmetal complexes with acetonitrile in the pres-
ence of the appropriate amount of trimethylamine oxide.
Alkenes!®! and dienes!®¥ have also been used as weakly co-
ordinating ligands.

(c) Redox catalysis.”! The substitution of CO by other
ligands can be carried out under mild conditions (room
temperature) by performing the reactions in the presence of
catalytic amounts of strong reducing reagents, such as the
benzophenone ketyl radical anion.

(d) Chemical catalysis. The presence of catalytic amounts
of hard anions, such as halides, pseudohalides, carboxylates
(as PPN salts, in the absence of ion pairing),® or methox-
idel! or hydridel'? sources can promote the substitution of
CO ligands by other ligands.

As far as reactivity is concerned, cluster complexes con-
taining bridging ligands with hard-donor atoms!'!l are a
particular case among carbonyl transition metal cluster
complexes because they exhibit an enhanced substitutional
lability'?) undergoing reactions under mild conditions.
Such ancillary ligands have been termed as hemilabile li-
gands.['?l Although a few examples of bridging monodent-
ate hemilabile ligands are known (chloride,'3! isocyan-
ate'"), most hemilabile ligands are bidentate and contain
both soft- and hard-donor atoms.['>!¢] As carbonyl trans-
ition metal cluster complexes have soft metal atoms, the
softer donor atom of the ligand binds strongly to the metal
atom(s), while coordination of the harder donor atom
should be labile enough to provide reaction pathways of
low activation energy. In addition to helping prevent cluster
breakup, these ligands direct the cluster reactivity to reac-
tion sites close (usually cis) to the hard-donor atom, thus
inducing regioselective reactions.
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As long as it is not inconvenient to a particular research
project to have a hemilabile ligand attached to the metal
cluster, and provided the right hemilabile ligand is chosen,
cluster compounds containing a hemilabile ligand have
been shown to be the starting materials of choice for study-
ing cluster—ligand interactions,!'>!7 for exploring the re-
activity of cluster-coordinated ligands,!'>!"! and for prepar-
ing cluster catalysts.['8]

During the last ten years, Lavigne’s and Cabeza’s groups
have shown that deprotonated 2-aminopyridines (apy) are
superb hemilabile ligands in carbonyltriruthenium cluster
complexes. This microreview comments on the synthesis
and selected reactivity of apy-bridged carbonyltriruthenium
cluster complexes. A comparative study of the reactivity of
2-amino-, 2-mercapto- and 2-hydroxypyridines with triru-
thenium clusters is followed by a survey of selective reac-
tions of apy-bridged cluster complexes that comprises not
only substitution processes, but also oxidative additions,
protonation reactions, reactions of coordinated ligands,
preparation of higher-nuclearity clusters and some catalytic
applications. The review is concluded by describing the
properties of apy ligands, highlighting the great influence
that such ancillary ligands have on the reactivity of the clus-
ter compounds they are coordinated to.

II. Comparative Reactivity of 2-Amino-, 2-
Mercapto- and 2-Hydroxypyridines with
Triruthenium Clusters

We reported the synthesis and X-ray structure of the first
carbonyltriruthenium cluster containing an apy ligand in
1988.111 1t was prepared by treating [Rus(CO),,] with 7-
azaindole in refluxing hexane (Scheme 1). This work was
prompted by the finding that ethylene glycol and methanol
could be prepared from synthesis gas using a combination
of [Rus(CO),,] and 7-azaindole as catalyst precursors.?"]

[Ruy(CO)] NN
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7-azaindole e -CO ./ e
JH
Scheme 1

These results led us to examine the reactivity of
[Ruz(CO);,] with a series of 2-amino-, 2-mercapto- and 2-
hydroxypyridines. These ligand precursors are structurally
very similar, but differ in their acid-base properties. All re-
actions need thermal activation (60—110 °C). 2-Aminopyri-
dines (Hapy) afford only trinuclear hydrido derivatives con-
taining face-capping ligands, regardless of the presence of
substituents on the pyridine ring or on the exocyclic nitro-
gen atom, and regardless of the ratio of the reactants
(Scheme 2).2!) However, 2-mercapto- and 2-hydroxypyrid-
ine (HSpy and HOpy, respectively) lead to several products
depending on the ratio of the reactants. No evidence was
obtained for the presence of an intermediate trinuclear
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complex in the reactions of [Rus(CO),,] with 2-hydroxypyr-
idine.?!! The complex [Rus(p-H)(us3-Spy)(CO)o] was isolated
in a low yield because it reacts readily with 2-mercaptopyri-
dine to give polymeric [{Ru,(p3-Spy)(CO)4},,] (analogous to
the polymer derived from 2-hydroxypyridine) and/or mono-
meric [Ru(Spy)»(CO),] (Scheme 2).122!
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In parallel to our work, Lavigne’s group studied the reac-
tions of [Ru3(CO);,] with deprotonated 2-anilino-, 2-merc-
apto- and 2-hydroxypyridines (Phapy, Spy and Opy, re-
spectively) and showed that the results were comparable
with those of the reactions of [Rus(u-H)(CO),,]~ with the
neutral ligands (Scheme 3).?3! While only a face-capping
derivative was observed for the Spy ligand, both edge-
bridging and face-capping derivatives were observed for the
Phapy and Opy ligands. Interestingly, interconversion of the
decacarbonyl and nonacarbonyl derivatives of the Phapy li-
gand is observed under milder conditions (25 °C, CO or
inert gas purge), while interconversion of the corresponding
Opy derivatives is not observed (the decacarbonyl Opy
complex could only be partially decarbonylated after pro-
longed refluxing under a stream of inert gas).[>’]

The very mild conditions under which the above-men-
tioned interconversion of the anionic Phapy derivatives
takes place indicate that the reversible opening of the amido
bridge in ps-apy ligands is a low activation energy process.
Although such a bridge opening has been observed only in
very few occasions in neutral cluster complexes containing
us-apy ligands (vide infra), it is believed that in their reac-
tions such an opening may also be responsible for their high
reactivity.”> This, in addition to the higher stability of the
trinuclear apy derivatives than that of the Opy and Spy
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complexes, makes the apy ligands excellent ancillary ligands
for triruthenium cluster complexes. This statement is dem-
onstrated by the rich, easy and regioselective derivative
chemistry commented in the following section of this re-
view.

ITI. Selected Reactivity of Triruthenium Clusters
Containing Deprotonated 2-Aminopyridines

As starting material, we chose the complex [Rus(p-H)(ps-
apyMe)(CO)oy] (1, HapyMe = 2-amino-6-methylpyridine,
Scheme 4) because the presence of the methyl group on the
pyridine ring facilitates the monitoring of the reactions by
NMR spectroscopy, without sterically interacting with
other ligands. In addition, the presence of the N— H hydro-
gen atom results in an appropriate solubility/insolubility of
the complexes in polar/nonpolar solvents.

IIl.a. Reactions with Phosphanes

Simple carbonyl substitution reactions are frequently
used to determine the position of reactive sites in cluster
complexes. Schemes 4 and Scheme 5 show the reactivity of
complex 1 and its protonated derivative [Rus(pu-H),(pt3-
apyMe)(CO)o]* (2) with triphenylphosphanel?*23  and
bis(diphenylphosphanyl)methane, %! respectively. It is re-
markable that all reactions are regioselective and that the
successive substitutions take place stepwise. Moreover, the
first substitutions occur instantaneously at room temper-
ature, while further substitutions require gentle heating
(60—70 °C). With triphenylphosphane, under kinetic condi-
tions, the substitutions take place in positions cis to the
bridging amido fragment and/or cis to the hydrido ligand,
indicating a strong cis-labilizing effect of these ligands. The
rigidity of the dppm ligand results in the coordination of
the two P atoms at the equatorial sites on adjacent metal
atoms. In the case of some cationic complexes, the kinetic
products isomerize on heating resulting in the thermodyn-
amic products by dissociative mechanisms (such isomeriza-
tions are inhibited by the presence of the free phosphanes in
solution). Stable neutral methoxycarbonyl derivatives (not
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represented in Schemes 4 and Scheme 5) are produced when
the cationic complexes are treated with potassium

methoxide.[24726]
+
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Facile activation of the P—H bond of diphenylphosphane
has been observed on heating diphenylphosphane derivat-
ives of complex 1 (Scheme 6).[7]
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Basolo and Lavigne studied the mechanism of exchange
of CO by phosphane ligands in a series of anionic com-
plexes [Rus(ns-Rapy)(CO)y]~, having different R substitu-
ents on the exocyclic N atom (Scheme 7).[*8! Second-order
kinetics were found (associative-type mechanism), which is
consistent with a two-step process in which the first step is
the coordination of the phosphane with the concomitant
opening of an Ru—N arm. This adduct evolves into the
final substituted product. The energy barrier for the second
step depends on the nucleophilicity of the amido group. In
fact, the initial adduct can be isolated when R = Ph, but
it is too short-lived when R = Me. These results clearly
demonstrate the hemilabile character of the apy ligands in
these complexes.

Scheme 7
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IILDb. Reactions with Hydrogen, Silanes and Stannanes

The reactions of these three reagents with unsaturated
organic substrates are of great practical importance and
need the intermediacy of metal catalysts. We wondered
whether such reactions could be promoted by apy-bridged
triruthenium clusters.

Prior to this study, the reactivity of carbonyltriruthenium
cluster complexes with these three reagents had been rela-
tively uninvestigated. This is probably because their reac-
tions with [Ruz(CO);,] frequently give products of different
nuclearity, i.e. [Ruy(p-H)4(CO)15],21 [Ru,(SiR5)»(CO)g] and
[Ru(ER3),(CO),] (E = Si, Sn).BY Interestingly, a few trinu-
clear products containing ER; groups have been obtained
using [Ruy(MeCN)(CO);4],BY [Rus(u-H)(CO);,] -, or li-
gand-bridged clusters3! as starting materials.

Complex 1 is an efficient catalyst precursor for the homo-
geneous hydrogenation of alkynes to alkenes and dienes to
monoenes.?* This catalytic activity prompted us to study
the stoichiometric reactions that might be involved in the
catalytic process. The reaction of complex 1 with hydrogen
(1 atm, 110 °C) leads to the hexanuclear hexahydrido 92-
electron derivative [Rug(ps-H)»(n-H)4(ps-apyMe),(CO) 4]
(5, Scheme 8),53%! erroneously formulated as [Rus(p-H)s(us-
apyMe)(CO)g] when it was first reported.’¥ This remark-
able complex consists of two unsaturated (46-electron) tri-
nuclear units connected to each other through two bridging
hydride ligands. The shortest Ru+*Ru distance between the
two trinuclear units is 3.292(3) A, too long to be considered
an Ru—Ru bond. It regenerates complex 1 when exposed
to carbon monoxide (1 atm, 20 °C), but undergoes CO sub-
stitution instead of ligand addition when treated with P(p-
tolyl); at room temperature. Complex 5 is even more effect-
ive than 1 as a catalyst precursor for the homogeneous hy-
drogenation of diphenylacetylene under very mild condi-
tions (1 atm, 50 °C).B3¢

/@1 /(@\ H
Me” N f M NN s /HNH\ 4
ke v SeyaRDE
—Ru ] / / \ / H=BUG Ry u\.
A T EREIN] /
1 s H, \LCNjMe
Scheme 8

As occurs with [Os;(p-H),(CO);0],*”! the hydrogenation
of 1 implies the oxidative addition of hydrogen to a trinu-
clear cluster complex and the elimination of two CO ligands
to give an unsaturated 46-electron species. While the os-
mium species is stable, the ruthenium species dimerizes to
give 5. Unsaturated 46-electron clusters of ruthenium are
very rare. To date, only one trinuclear derivative has been
reported, i.e. [Rus(p-H)(u-PPh,)(CO)o].B71 A hexanuclear
complex related to 5, but containing thioureate instead of
apyMe ligands, has also been reported.[*®]

While the substituted complex [Rus(pu-H)(pus-apy-
Me)(PPh3)(CO)g] (3; Scheme 4) does not react with hydro-
gen, the disubstituted derivative [Rus(pu-H)(ps-apy-
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Me)(PPh3),(CO),] (4) undergoes two P—C bond activation
processes on reaction with hydrogen (1 atm, 110 °C), lead-
ing to a complex containing a bridging phenyl group and
two bridging diphenylphosphido ligands, i.e. [Rus(p-Ph)(ps-
apyMe)(u-PPh,)»(CO)¢] (Scheme 9).3%1 A few more triru-
thenium clusters containing bridging phenyl groups derived
from PPh; ligands have been reported in the last few
years.[!740742 It appears that cluster complexes of this type
have an unusual ability of stabilizing bridging phenyl
groups.

/ /R{,.-—PPh3 Hy, 1 atm,

[e—— o S Ry
VA 110°C RN
~"PPh, J
R {H Py, e
Scheme 9

The clusters [Rus(p-H)(ps-apyMe)(PPhs) (CO)y_,] [x =
0 (1), 1 (3), 2 (4)] react with HSiEt; to give the oxidative
substitution products [Rus(p-H),(ps-apyMe)(SiEts)-
(PPh3) (CO)s_.] [x = 0 (6a), 1 (7a), 2 (8a)]. Similar reac-
tions with HSnBu; afford [Ruz(u-H)>(us-
apyMe)(SnBus)(PPh;).(CO)s—.] [x = 0 (6b), 1 (7b), 2 (8b)],
which are isostructural with the corresponding silyl derivat-
ives (Scheme 10).[431 The reactions of 6a and 7a with PPh,
results in the elimination of HSiEt;, rendering the com-
plexes 3 and 4. However, similar reactions with the tin-con-
taining compounds 6b and 7b afford the substitution prod-
ucts 7b and 8b, respectively. Further, while 6b is stable under
carbon monoxide, the silyl derivative 6a regenerates com-
plex 1 under the same conditions. These reactions, which
represent the first systematic study of the reactivity of triru-
thenium clusters with silanes and stannanes, demonstrate
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that the hydrido(stannyl) complexes are much more stable
than the hydrido(silyl) derivatives towards the elimination
of the corresponding triorganostannanes or triorganosil-
anes.

Il.c. Reactions with Alkynes

Alkynes have always attracted the attention of organo-
metallic cluster chemists because of their versatile reactiv-
ity.* They are good ligands that bind strongly to the metal
atoms, and are prone to undergo facile insertion processes
and coupling reactions with other ligands.

Cluster complexes of the type [Rus(pu-H)(ps-apy)(CO)o]
react easily (10—20 min, 40—60 °C) with alkynes to give
derivatives that contain edge-bridged alkenyl ligands. For
steric reasons, the position of the alkenyl group within the
clusters depends on the presence or absence of substituents
on the amidic N atom (Scheme 11).[23:43

O
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Scheme 11

The phosphane-substituted complexes 3 and 4 also react
with diphenylacetylene to give alkenyl derivatives
(Scheme 12).1#6-47] The conditions needed for the reaction of
the disubstituted complex 4 (110 °C, 75 min) induced the
cleavage of a P—C bond giving a phenyl derivative that can
be isolated.*”] The monosubstituted alkenyl derivative
[Rus(ps-apyMe)(u-PhCH=CPh)(PPh3)(CO),] promotes the
catalytic hydrogenation of diphenylacetylene under mild
conditions (1 atm, 80 °C). A kinetic analysis of this reaction
indicated the presence of intermediate trinuclear clusters as
catalytic species.[*]

The reaction of diphenylacetylene with the hydrido(silyl)
compound [Rus(p-H),(n3-apyMe)(SiEt3)(CO)g] (6a) gives
the alkenyl complex [Rus(ps-apyMe)(n-PhCH=CPh)(CO)g]
(9) and HSiEt;.M¢ Analogous reactions of hydrido(stannyl)
compounds give a mixture of two isomeric hydrido(stannyl)-
alkenyl derivatives (Scheme 13).14] Interestingly, the reac-
tions of the alkenyl complex 9 with tertiary silanes and
stannanes give similar mixtures of compounds including
(alkenyl)hydrido(silyl) and (alkenyl)hydrido(stannyl) deriv-
atives.[*®41 It should be noted that in all the compounds
having alkenyl and ERj; ligands, these ligands are attached
to different metal atoms. This may explain why no hydro-
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silylated or hydrostannated diphenylacetylene is observed
when diphenylacetylene and triorganosilanes or triorgano-
stannanes are allowed to react in the presence of complex 1.

It has been reported that [Rus(p-H)(ps-Phapy)(CO)o]
promotes the regioselective polymerization of phenylacetyl-
ene to cis-polyphenylacetylene, but only in the presence of
a catalytic amount of HSiEt;.5% The role played by the
silane remains unknown. In the absence of silane, 1,2,4-tri-
phenylbenzene is obtained. When (triphenylsilyl)acetylene
is used as the incoming substrate, a poor catalytic dimeriz-
ation to (FE)-1,4-bis(triphenylsilyl)but-1-yn-3-ene is ob-
served.[Y

Compound 1 reacts with diphenylbutadiyne and 1,6-di-
phenoxyhexa-2,4-diyne in THF at refluxing temperature to
give the ynenyl derivatives [Rus(ps-apyMe)(u-RC=CC=
CHR)(CO)g] [R = Ph (11), CH,OPh (13); Scheme 14].
These products contain a 1,4-disubstituted butynen-3-yl li-
gand n3-coordinated to two ruthenium atoms. The remark-
able compound [Rus(pu-apyMe){ps-n®-PhCCs(C=CPh)-

Eur. J. Inorg. Chem. 2002, 1559—1570
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HPh,}(CO),] (12), which contains an n’-cyclopentadienyl
ring and a bridging carbene fragment, has also been ob-
tained from the reaction of 1 with diphenylbutadiyne.[>!]
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As diynes contain asymmetric alkyne fragments, there are
two possible products resulting from the insertion of one of
their alkyne fragments into a metal—hydride bond.B!
While compounds 11 and 13 contain butynen-3-yl ligands
that clearly result from one of the two possible insertion
regioisomers, compound 12 arises from an unprecedented
[3+2]-cycloaddition reaction of an unobserved 1,4-di-
phenylbutynen-4-yl ligand (of the other insertion re-
gioisomer) with a triple bond of a second diphenylbuta-
diyne molecule. Both insertion regioisomers have been
isolated from the reaction of [Rus(pu-H)(ps3-Phapy)(CO)o]
with diphenylbutadiyne.[>?

The reaction of complex 1 with an excess of hexa-2,4-
diyne in refluxing THF gives the trinuclear derivative [Rus-
(ns3-apyMe){p-n°>-MeC=CC(=CHMe)CMe=CC=CMe}-
(CO);] (15) as the final product (Scheme 14). This com-
pound contains an unprecedented diynedienyl ligand that
arises from the coupling of hexa-2,4-diyne with the hex-2-
yn-4-en-4-yl ligand of the intermediate [Rus(ps-apyMe)
p-MeCH=CC=CMe)(CO);] (14). This intermediate is the
first compound observed in the reaction of 1 with hexa-2,4-
diyne, but it could not be isolated free of 15.15%

From the results described above, it can be inferred that
alkynes can easily be activated in the form of alkenyl (vinyl)
ligands by carbonyl(hydrido)triruthenium clusters con-
taining bridging apy ligands. It is worth noting that the
presence of the face-capping ligand in the clusters is essen-
tial in maintaining the cluster nuclearity, since it is well
known that the reactions of alkynes and alkenes with hydri-
dotriruthenium clusters containing edge-bridging ligands
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provoke the loss of one metal center, rendering bridged di-
nuclear products.[>4

III.d. Reactivity of Alkenyl Derivatives

Many of the alkenyl complexes commented on above
were considered to be ideal candidates for reactivity studies,
including the chemical modification of the alkenyl ligand
itself.

Both the neutral alkenyl complex [Rus(ps-apyMe)(p-
PhCH=CPh)(CO)g] (10) and its protonated derivative
[Ru;(p-H)(ps-apyMe)(u-PhCH=CPh)(CO)s][BF] (16) pro-
mote the catalytic hydrogenation of diphenylacetylene un-
der very mild conditions. The neutral complex is more effi-
cient (TOF = 38.8 h™!)> than the cationic complex
(TOF = 29.2 h~ 1% under comparable reaction conditions
[333 K, p(H,) = 0.573 atm]. (Z)-Stilbene is the kinetic prod-
uct, but it is progressively isomerized to (E)-stilbene. Hydro-
genation of stilbenes to 1,2-diphenylethane was not de-
tected. Detailed chemical and kinetic studies on these reac-
tions indicated the presence of intermediate trinuclear clus-
ters as catalytic species in both cases.

Lavigne’s group has studied a number of very interesting
C—C bond-forming reactions starting from [Rus(ps-
Rapy)(u-PhCH=CPh)(CO)g] (R = Ph or Me), that are out-

lined in Scheme 15.
O
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Stoichiometric ethylene—diphenylacetylene codimeriz-
ation has been observed on treating [Rus(ps-Phapy)(p-
PhCH=CPh)(CO)s] with ethylene.®’! The mononuclear
complex [Ru(PhCH=CPhCH=CH,)(CO);] is a by-product
of this reaction. It is proposed that the reaction proceeds
by ethylene insertion into the metal—alkenyl group, fol-
lowed by B-elimination. The elimination of free butadiene
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competes with the elimination of the mononuclear butadi-
ene complex.

The reaction of [Rus(us-Phapy)(u-PhCH=CPh)(CO);]
with benzyl isocyanide at room temperature leads to
[Rus(ps-Phapy)(u-PhCH=CPhC=NCH,Ph)(CO)g],
contains an alkenylimino ligand (Scheme 15).5% This inser-
tion reaction is related to the rapid uptake of triphenylphos-
phane (room temperature), giving the acyl derivative
[Rus(ps-Meapy)(u-PhCH=CPhC=0)(PPh;)(CO),].’8 Se-
cond-order kinetics indicate that the initial step is an associ-
ative addition of the PPhj; ligand to the metal cluster with-
out CO loss.

In addition, a related 50-clectron acyl derivative, i.e.
[Rus(pus-Meapy)(u-PhCH=CPhC=0)(CO)o], is formed
when the alkenyl precursor is exposed to CO
(Scheme 15).581 Hydrogenation (25 °C, 5 atm) of this com-
plex causes the elimination of a-phenylcinnamaldehyde and
the recovery of the hydrido complex [Rus(p-H)(ps-Mea-
py)(CO)o]. The overall transformation constitutes a step-
wise hydroformylation of diphenylacetylene. Attempts to
achieve a catalytic process led to the isolation of the cata-
lytically  inactive  dinuclear  derivative  [Ru,(Me-
COapy),(CO)¢] as the major metal-containing product
(Scheme 16).581 This reaction represents the first (and so
far unique) example of the degradation of an apy-bridged
triruthenium cluster, probably due to the harsh reaction

conditions.
O Me
NN
/ \Rl. 50Ph,C,  Mew ,C.\/' o\ @
o~ ph=X|7 _70°C,24h e
* \Ru \
/ ! N TCoGam ./ L
H, (15 atm)
Scheme 16
The reactivity of the ynenyl derivatives [Rus(ps-

apyMe)(u-RC=CC=CHR)(CO)g] [R = Ph (11), CH,OPh
(13)] with diynes and alkynes has been studied.’!l In all
cases, the products contain a ruthenacyclopentadienyl frag-
ment formed by the coupling of the coordinated ynenyl li-
gand of the starting material with a triple bond of the new
reagent (Scheme 17). While all compounds derived from 11
have the alkenyl C=CHR (R = Ph) fragment with an (E)
configuration (R rans to Ru, Scheme 17), most of the prod-
ucts derived from 13, have the alkenyl C=CHR (R =
CH,OPh) fragment with an (E) configuration.

It is interesting to note that all these ruthenacyclopentad-
ienyl derivatives, as well as complex 12 (Scheme 14), have a
S-electron donor apyMe ligand attached to only two metal
atoms, a coordination mode previously unobserved for apy
ligands in cluster chemistry that strongly supports the hemi-
labile character of these ligands.

IIl.e. Synthesis and Reactivity of Cationic Non-Hydridic
Clusters

Simple protonation of neutral carbonyl cluster complexes
frequently leads to cationic hydridic derivatives.[!9-2425]
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However, very few non-hydridic cationic carbonyl clusters
have been described. For ruthenium, prior to the cluster
complexes commented on below, only a few examples of
trinuclear 50-,51 47-101 or 46-electron!®® species were
known.

The presence of the alkenyl and hydride ligands in the
cationic complex [Ruz(p-H)(ps-apyMe)(u-PhCH=
CPh)(CO)g][BF,4] (16) prompted us to study reactions that
might induce the reductive elimination of (Z)-stilbene, and
that would give cationic cluster compounds containing non-
hydridic ligands. Although reactions with phosphane li-
gands only lead to CO-substitution products,'®l complex 16
reacts gently (1 atm, 20 °C) with carbon monoxide giving
the cationic complex [Rus(ps-apyMe)(CO)o][BF4] (17) in
quantitative yield (Scheme 18). (Z)-Stilbene is a by-product
of this reaction.[®?l No other non-hydridic 48-electron cat-
ionic triruthenium cluster complexes were known prior to
the publication of complex 17.

@, e T

N //L/,Ru‘.

—RuZ
1 atm, 25 °C

o s /1
Scheme 18

The reactivity of complex 17 markedly reflects a very
high electrophilicity. It easily undergoes CO-substitution re-
actions on treatment with a variety of nucleophiles, includ-
ing phosphanes,®? hydrides, halides and carboxylates
(Scheme 19), and is unstable in donor solvents (acetone,
THF).163]
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It is worth noting that the thermal activation of a P—C
bond of the disubstituted compound [Rus(ps-apy-
Me)(PPh;)(CO)g][BF,4] (18) leads to the phenyl derivative
[Rus(p-Ph)(ps-apyMe)(1-PPh,)(PPhs)(CO)][BE,] (19).
Treatment of 19 with carbon monoxide regenerates 18 via
the 50-electron intermediate [Rus(p-Ph)(ps-apyMe)(p-
PPh,)(PPh;)(CO)g][BF4] (20) (Scheme 20).4!1 These reac-
tions represent the only reversible triphenylphosphane P—C
bond activation reaction reported in carbonyl cluster chem-
istry. The characterization of the neutral acyl derivative
[Ru3(n-PhCO)(p-Cl)(ps-apyMe)(n-PPhy)(PPh3)(CO)s] (21),
which arises from the reaction of 19 with [PPN]CI, supports
the formulation assigned to 19.#1]

II1.f. Reactions Leading to Higher-Nuclearity Clusters

As part of the study of the reactivity of the cationic com-
plex 17, we treated it with aqueous NaOH. Two complexes
were obtained, i.e. 1 and the hexanuclear derivative [Rug(ps-
apyMe),(CO);g] (22) (Scheme 21).141 The latter is the only
example of a hexanuclear cluster consisting of two vertex-
linked metal triangles in the chemistry of ruthenium.

A possible reaction pathway for this transformation is
sketched in Scheme 22.%4 It involves the nucleophilic attack
of the coordinated CO ligand of complex 17 by the hydrox-
ide anion, to give an unstable hydroxycarbonyl species that
rapidly releases CO,, rendering the neutral hydride 1. Be-
fore all of complex 17 has been consumed, complex 1 de-
protonates with more OH™ giving the anionic derivative
[Rusz(ps-apyMe)(CO)o]~ (23). Finally, 23 reacts with the re-
maining complex 17 to give CO and the hexanuclear cluster
22. This reaction sequence is supported by the facts that 17
does react with 23 to give 2, and that 1 can be deprotonated
with NaOH to afford 23. Alternatively, compound 22 can
also be prepared by zinc reduction of complex 17.164
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The hexanuclear compound [Rug(p-H)(ps-S)(p3-apy-

Me)(CO);5] (24), which consists of two closed trimetal units
connected by two metal—metal bonds, has been prepared
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by reaction of the cationic complex 17 with the anionic clus-
ter [Rus(u3-S)(CO)o] 2 (Scheme 23).1931 Although other re-
lated carbonylhexaruthenium cluster compounds con-
taining pu-S ligands are known, 38163 they are electron-rich
derivatives since their electron count (94-electrons) has two
electrons more than those required by electron-precise clus-
ters containing eight metal—metal bonds (92 electrons). In
contrast, compound 24 is electron-precise.
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Scheme 23

The reactions of anionic carbonyl clusters with mononu-
clear cations have often been used to prepare higher-nuc-
learity cluster compounds.[°® However, no reactions of cat-
ionic carbonyl clusters with anionic complexes had been re-
ported prior to the publication of compound 17. This is
probably because cationic non-hydridic clusters were not
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readily accessible and because a proton transfer from the
cation to the anion occurs when cationic hydridic clusters
are used. This results in a mixture of two neutral complexes
rather than a cluster of higher nuclearity.

The mercury-containing hexaruthenium cluster [Rug(jis-
Hg)(ns-apyMe),(CO) 5] (25) has been prepared by treating
complex 1 with diphenylmercury (Scheme 24).1°71 This com-
plex reacts with mercury(Il) chloride to give [Rus(p-
HgCl)(ps-apyMe)(CO)o] (26). In both cases, the mercury
atoms span the same Ru—Ru edge as the amido moiety.

Redistribution reactions of compound 26 with the
metal —metal-bonded dimers [M,Cp,(CO)¢] (M = Mo, W)
and [Co,(CO)g] give mixtures of the mixed-metal clusters
[{Rus(ps-apyMe)(CO)o} (u-Hg)ML, ] (ML, = MoCp(CO);,
WCp(CO);, Co(CO)4] and the corresponding chloro com-
plexes [MCIL,] (Scheme 24).[°%] These mixtures can be sep-
arated. Besides these reactions, the only additional example
of a reaction of a metal cluster containing an HgX (X =
halogen) moiety with a neutral complex containing
metal—metal bonds is that of [Rus(u-Hgl)(p3-Co1Bu)(CO)g)
with [Ruz(CO);,], which gives [{Rus(p3-C,tBu)(CO)o} (13-
Hg),Ru(CO),] as the major product.[*’]

IV. Concluding Remarks

The following are the principal features associated with
apy ligands in carbonyltriruthenium clusters:

(a) The apy ligands remain unchanged under most reac-
tion conditions, thus avoiding undesirable side reactions.

(b) The reactions take place under mild conditions
(25—100 °C), probably induced by a hemilabile effect of the
apy ligands.

(¢) Reactivity (CO substitution) is directed to positions
cis to the apy amido group, thus leading to regioselective
reactions in most cases.

(d) The trinuclear cluster framework is preserved during
the reactions because of the mild reaction conditions, and
because of the anchor effect of the apy ligands, which main-
tains the metal atoms in adequate proximity.

(e) This type of cluster complexes show an unusual ability
to stabilise bridging phenyl groups.

(f) The compounds have a convenient solubility in polar
solvents (insoluble in nonpolar solvents), particularly if the
exocyclic nitrogen atom is part of an N—H group.

(g) The basicity of the apy ligands can be tuned by intro-
ducing substituents on the exocyclic nitrogen atom.

(h) The reactions can easily be monitored by '"H NMR
spectroscopy, particularly if the pyridine ring contains a
methyl substituent.

Up to date, over a hundred carbonyltriruthenium cluster
complexes containing bridging apy ligands have been re-
ported. This wide-ranging cluster chemistry includes quite
a few outstanding reactions and products, which have been
surveyed in this review. No doubt, this rich derivative chem-
istry has been facilitated by the presence of deprotonated
2-aminopyridines as ancillary ligands in the clusters.
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signed to 9 in early publications.?*4%4% However, subsequent
reactivity studies demonstrated that both the alkenyl ligand
and the amido fragment span the same Ru—Ru edge.>!

461 J°A. Cabeza, S. Garcia-Granda, A. Llamazares, V. Riera, J. F.
Van der Maelen, Organometallics 1993, 12, 2973.

471 J. A. Cabeza, A. Llamazares, V. Riera, P. Briard, L. Ouahab,
J. Organomet. Chem. 1994, 480, 205.

481 J. A. Cabeza, J. M. Fernandez-Colinas, A. Llamazares, V. Ri-
era, Organometallics 1993, 12, 4141.

491 J A. Cabeza, S. Garcia-Granda, A. Llamazares, V. Riera, J. F.
Van der Maelen, Organometallics 1993, 12, 157.

301 P Nombel, N. Lugan, F. Mulla, G. Lavigne, Organometallics
1994, 13, 4673.

Bl J. A. Cabeza, 1. del Rio, S. Garcia-Granda, G. Lavigne, N. Lu-
gan, M. Moreno, P. Nombel, M. Pérez-Priede, V. Riera, A.
Rodriguez, M. Suarez, J. F. Van der Maelen, Chem. Eur. J.
2001, 7, 2370.

521 [52a] P Nombel, PhD Thesis, Université Paul Sabatier, Toul-
ouse, 1996. 521 P. Nombel, N. Lugan, G. Lavigne, unpub-
lished results.

B3] A. Cabeza, I. del Rio, S. Garcia-Granda, M. Moreno, V.
Riera, Organometallics 2001, 20, 4973.

54 See, for example: P41 J. A. Cabeza, J. M. Fernandez-Colinas,
A. Llamazares, V. Riera, Organometallics 1992, 11, 4355. [>4b]
C. E. Kampe, H. D. Kaesz, Inorg. Chem. 1984, 23, 4646. [34]
N. M. Boag, W. J. Sieber, C. E. Kampe, C. B. Knobler, H. D.
Kaesz, J. Organomet. Chem. 1988, 355, 385. 5441 Z_ Xue, W. J.
Sieber, C. B. Knobler, H. D. Kaesz, J Am. Chem. Soc. 1990,
112, 1825 and references therein.

331155l 3 A Cabeza, J. M. Fernandez-Colinas, A. Llamazares, V.
Riera, S. Garcia-Granda, J. F. Van der Maelen, Organometal-
lics 1994, 13, 4352. 5581 . A, Cabeza, J. M. Fernandez-Colinas,
A. Llamazares, V. Riera, S. Garcia-Granda, J. F. Van der Ma-
elen, Organometallics 1995, 14, 3120.

1570

1561 J A. Cabeza, 1. del Rio, J. M. Fernandez-Colinas, V. Riera,
Organometallics 1996, 15, 449.

71 N. Lugan, F. Laurent, G. Lavigne, T. P. Newcomb, E. W. Liim-
atta, J. J. Bonnet, J Am. Chem. Soc. 1990, 112, 8607.

1381 P. Nombel, N. Lugan, B. Donnadieu, G. Lavigne, Organomet-
allics 1999, 18, 187.

(3911591 J A . Cabeza, F. J. Lahoz, A. Martin, Organometallics 1992,
11, 2754. 501 J S, Field, R. J. Haines, J. A. Jay, J. Organomet.
Chem. 1990, 395, C16. %1 H. K. Nagra, R. J. Batchelor, A. 1.
Bennet, J Am. Chem. Soc. 1996, 118, 1207.

[0 N. G. Connely, N. J. Forrow, S. A. R. Knox, K. A. MacPher-
son, A. G. Orpen, J Chem. Soc., Chem. Commun. 1985, 16.
(611 J. A. Cabeza, I. del Rio, A. Llamazares, V. Riera, J Organomet.

Chem. 1996, 511, 103.

(621 3. A. Cabeza, I. del Rio, A. Llamazares, V. Riera, S. Garcia-
Granda, J. F. Van der Maelen, Inorg. Chem. 1995, 34, 1620.
(631 J. A. Cabeza, 1. del Rio, V. Riera, F. Grepioni, Organometallics

1997, 16, 812.

(641 J. A. Cabeza, I. del Rio, V. Riera, F. Grepioni, Organometallics
1995, 14, 3124.

(631165l R, D. Adams, J. E. Babin, M. Tasi, Inorg. Chem. 1987, 26,
2561. 19301 B, R. Cockerton, A. J. Deeming, Polyhedron 1994,
13, 2085. [65¢1 G. Siiss-Fink, U. Bodensiek, L. Hoferkamp, G.
Rheinwald, H. Stoeckli-Evans, J. Cluster Sci. 1992, 3, 469. [63d]
G. Siiss-Fink, U. Bodensiek, L. Hoferkamp, H. Stoeckli-Evans,
J. Chem. Soc., Dalton Trans. 1993, 127.

(6] See, for example: E. J. Voss, C. L. Stern, D. W. Shriver, Inorg.
Chem. 1994, 33, 1087 and references therein.

[671P. L. Andreu, J. A. Cabeza, A. Llamazares, V. Riera, C. Bois,
Y. Jeannin, J Organomet. Chem. 1991, 420, 431.

%81 P L. Andreu, J. A. Cabeza, A. Llamazares, V. Riera, S. Garcia-
Granda, J. F. Van der Maelen, J Organomet. Chem. 1992,
434, 123.

1 E. Rosenberg, D. Rickman, I. N. Hsu, R. W. Gellert, Inorg.
Chem. 1986, 25, 194.

Received November 13, 2001
[101453]

Eur. J. Inorg. Chem. 2002, 1559—1570



