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The thermal activation of a triphenylphosphine P-C bond of the 48-electron cationic cluster
complex [Ru3(µ3-ampy)(PPh3)2(CO)8][BF4] (2; Hampy ) 2-amino-6-methylpyridine) leads to
the phenyl derivative [Ru3(µ-Ph)(µ3-ampy)(µ-PPh2)(PPh3)(CO)7][BF4] (3). Treatment of 3with
carbon monoxide regenerates 2 via the 50-electron intermediate [Ru3(µ-Ph)(µ3-ampy)(µ-PPh2)-
(PPh3)(CO)8][BF4]. These reactions represent the first reversible triphenylphosphine P-C
bond activation reaction reported in carbonyl cluster chemistry. The neutral acyl derivative
[Ru3(µ-PhCO)(µ-Cl)(µ3-ampy)(µ-PPh2)(PPh3)(CO)5], which arises from the reaction of 3 with
[PPN]Cl, has been characterized by X-ray diffraction methods.

Introduction

Cationic trinuclear carbonyl cluster compounds con-
taining no hydride ligands are uncommon.1-10 Recently,
we reported a high-yield synthesis of the first 48-

electron triruthenium cluster of this kind, the face-
bridged cluster [Ru3(µ3-ampy)(CO)10][BF4] (1; Hampy )
2-amino-6-methylpyridine) (Chart 1).9 As far as we are
aware, the only cationic, non-hydridic, trinuclear car-
bonyl clusters of ruthenium known prior to compound
1 are 50-, 47-, or 46-electron species.4,5 Previous
reactivity studies on 1 have revealed a unique chemical
behavior as a result of the very high electrophilic
character of this cluster.11 These studies have allowed,
for example, the preparation of the unusual hexanuclear
compounds [Ru6(µ3-ampy)2(CO)18] (94 electrons)11a and
[Ru6(µ-H)(µ3-ampy)(µ4-S)(CO)17] (92 electrons).11b
As a continuation of these reactivity studies on

cationic, non-hydridic, triruthenium cluster compounds,
we now report that the thermolysis of the bis(triph-
enylphosphine) derivative of 1, [Ru3(µ3-ampy)(PPh3)2-
(CO)8][BF4] (2) (Chart 1),9 leads to [Ru3(µ-Ph)(µ3-ampy)-
(µ-PPh2)(PPh3)(CO)7][BF4] (3), a remarkable cationic
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(1) See, for example: (a) The Chemistry of Metal Cluster Complexes;

Shriver, D. F., Kaesz, H. D., Adams, R. D., Eds.; VCH Publishers: New
York, 1990. (b) Mingos, D. M. P.; Wales, D. J. Introduction to Cluster
Chemistry; Prentice-Hall International: Englewood Cliffs, NJ, 1990.
(c)Metal Clusters; Moskovits, M., Ed.; John Wiley & Sons: New York,
1986. (d) Transition Metal Clusters; Johnson, B. F. G., Ed.; John Wiley
& Sons: New York, 1980.

(2) Bruce, M. I. In Comprehensive Organometallic Chemistry II;
Abel, E. W., Stone, F. G. A., Wilkinson, G., Bruce, M. I., Eds.;
Pergamon: Oxford, 1995; Vol. 13.

(3) For a review on cluster-stabilized cations, see: McGlinchey, M.
J.; Girard, L.; Ruffolo, R. Coord. Chem. Rev. 1995, 143, 331.

(4) Cationic, non-hydridic, 50-electron triruthenium clusters are
described in the following: (a) Cabeza, J. A.; Lahoz, F. J.; Martı́n, A.
Organometallics 1992, 11, 2754. (b) Field, J. S.; Haines, R. J.; Jay, J.
A. J. Organomet. Chem. 1990, 395, C16. (c) Nagra, H. K.; Batchelor,
R. J.; Bennet, A. J.; Einstein, F. W. B.; Lathioor, E. C.; Pomeroy, R.
K.; Wang, W. J. Am. Chem. Soc. 1996, 118, 1207.

(5) Cationic, non-hydridic, 47- and 46-electron triruthenium clusters
are described in the following: Connelly, N. G.; Forrow, N. J.; Knox,
S. A. R.; Macpherson, K. A.; Orpen, G. J. Chem. Soc., Chem. Commun.
1985, 16.

(6) Cationic, non-hydridic, 47-electron tricobalt clusters are de-
scribed in the following: (a) Bedard, R. L.; Dahl, L. F. J. Am. Chem.
Soc. 1986, 108, 5933. (b) Ziebarth, M. S.; Dahl, L. F. J. Am. Chem.
Soc. 1990, 112, 2411.

(7) Cationic, non-hydridic, 48-electron tricobalt clusters are de-
scribed in the following: (a) Hallgreen, J. E.; Eschbach, C. S.; Seyferth,
D. J. Am. Chem. Soc. 1975, 94, 2547. (b) Seyferth, D.; Williams, G.
H.; Nivert, C. L. Inorg. Chem. 1977, 16, 758. (c) D’Agostino, M. F.;
Mlekuz, M.; Kolis, J. W.; Sayer, B. G.; Rodger, C. A.; Halet, J. F.;
Saillard, J. Y.; McGlinchey, M. J. Organometallics 1986, 5, 2345. (d)
Edidin, R. T.; Norton, J. R.; Mislow, K. Organometallics 1982, 1, 561.
(e) D’Agostino, M. F.; Frampton, C. S.; McGlinchey, M. J. J. Organomet.
Chem. 1990, 394, 145. (f) D’Agostino, M. F.; Mlekuz, M.; McGlinchey,
M. J. J. Organomet. Chem. 1988, 345, 371. (g) Olson, W. L.; Dahl, L.
F. J. Am. Chem. Soc. 1986, 108, 7657. (h) Wadepohl, H. Angew. Chem.,
Int. Ed. Engl. 1992, 31, 247.

(8) A cationic, non-hydridic, 48-electron triosmium cluster is de-
scribed in the following: Asunta, T.; Rissanen, K.; Krivykh, V. V.;
Rybinskaya, M. I. J. Organomet. Chem. 1989, 372, 411.

(9) Cabeza, J. A.; del Rı́o, I.; Llamazares, A.; Riera, V.; Garcı́a-
Granda, S.; Van der Maelen, J. F. Inorg. Chem. 1995, 34, 1620.

(10) Cabeza, J. A.; del Rı́o, I.; Llamazares, A.; Riera, V. J. Orga-
nomet. Chem. 1996, 511, 103.

(11) (a) Cabeza, J. A.; del Rı́o, I.; Riera, V.; Grepioni, F. Organome-
tallics 1995, 14, 3124. (b) Cabeza, J. A.; del Rı́o, I.; Riera, V.; Grepioni,
F. Organometallics 1997, 16, 812.
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cluster containing a phenyl ligand that arises from a
P-C bond activation reaction. This reaction was found
to be reversible, since 3 reacts with carbon monoxide to
regenerate 2 via the 50-electron intermediate [Ru3(µ-
Ph)(µ3-ampy)(µ-PPh2)(PPh3)(CO)8][BF4] (4). We also
report that the reaction of 3 with [PPN]Cl leads to the
unusual µ-benzoyl derivative [Ru3(µ-PhCO)(µ-Cl)(µ3-
ampy)(µ-PPh2)(PPh3)(CO)5] (5), which has been charac-
terized by X-ray diffraction methods.

Results

Triphenylphosphine P-C Bond Activation:
Thermolysis of Compound 2. Stirring a 1,2-dichlo-
roethane solution of 2 at reflux temperature for 1.5 h
resulted in its quantitative transformation into the
derivative [Ru3(µ-Ph)(µ3-ampy)(µ-PPh2)(PPh3)(CO)7][BF4]
(3). This compound is a violet solid which can be
handled in air without appreciable decomposition.
The 31P{1H}NMR spectrum of 3 displays two singlet

resonances, one at a chemical shift close to that found
for 2 (37.7 ppm in 3 vs 33.9 ppm in 2), indicating a
similar chemical environment of the PPh3 ligand in 3
as that found in 2, and the other at 223.1 ppm. The
high chemical shift of this resonance confirms the
transformation of one PPh3 ligand of the starting
compound 2 into a bridging diphenylphosphido ligand
in 3.12 In addition, the fact that both resonances are
singlets confirms that the PPh3 and µ-PPh2 ligands are
attached to different ruthenium atoms.
Although the highest mass peak in the FAB mass

spectrum of 3 is observed atm/z ) 1103, corresponding
to the hexacarbonyl fragment [M - CO]+, the 13C NMR
spectrum shows seven CO resonances, confirming that
the compound is actually a heptacarbonyl derivative.
The IR spectrum verifies the absence of bridging CO
ligands.
The presence of the phenyl ligand in 3 is also

indicated by the 1H and DEPT 13C NMR spectra, which
show the resonances of the corresponding atoms of the
phenyl ligand spread over a wide range of chemical
shifts (8.51-6.91 ppm in the 1H spectrum, 152.2-124.5
ppm in the 13C{1H} spectrum), as observed previously
for the cluster [Ru3(µ-Ph)(µ3-ampy)(µ-PPh2)2(CO)6], which
contains a bridging η1-phenyl ligand and which has been
characterized by X-ray diffraction methods.13 The other
ruthenium cluster previously known to contain a bridg-
ing phenyl ligand is the trinuclear compound [Ru3(µ,η2-
Ph)(µ3-S)(µ-PPh2)(PPh3)(CO)6].14 However, the bridging
phenyl ligand of this sulfur-capped 48-electron cluster
is a three-electron donor, being coordinated to one metal
atom in a σ-fashion and to another metal atom in a
π-fashion. Such a coordination type for the phenyl
ligand can be ruled out in the case of cluster 3, since
the high 31P NMR chemical shift (223.1 ppm) observed
for the diphenylphosphido ligand of 3 is within the range
expected for 48-electron clusters (200-450 ppm)12,15-17

and since, for 3 to be a 48-electron heptacarbonyl
cluster, the phenyl ligand should contribute only one
electron.
The structure proposed for this compound in Scheme

1 is based on its spectroscopic data, since, despite many
attempts, we could not grow single crystals suitable for
an X-ray diffraction study. This structure is also
supported by reactivity results and by the X-ray struc-
ture of one of its derivatives (vide infra), although the
bridging situation of the phenyl ligand has not been
unambiguously established.
Regeneration of the Triphenylphosphine

Ligand: Reaction of Compound 3 with Carbon
Monoxide. Exposure of a room temperature solution
of 3 in 1,2-dichloroethane to carbon monoxide for a few
minutes resulted in the quantitative formation of the
orange 50-electron cationic derivative [Ru3(µ-Ph)(µ3-
ampy)(µ-PPh2)(PPh3)(CO)8][BF4] (4). This compound
could not be isolated, since it underwent a spontaneous
transformation into 2 on being kept in solution at room
temperature for 1 h (with and without a CO atmo-
sphere), and it re-formed 3 within seconds when we
attempted to evaporate the solvent under reduced
pressure. As the solutions of cluster 4 proved to be
indefinitely stable at temperatures below -50 °C, the
compound could be characterized by NMR spectroscopy
at low temperature (-60 °C).

(12) Carty, A. J.; MacLaughlin, S. A.; Nucciarone, D. In Phosphorous-
31 NMR Spectroscopy in Stereochemical Analysis; Berkade, J. G., Quin,
L. D., Eds.; VCH Publishers: New York, 1987; Chapter 16.

(13) (a) Briard, P.; Cabeza, J. A.; Llamazares, A.; Ouahab, L.; Riera,
V. Organometallics 1993, 12, 1006. (b) Cabeza, J. A.; Franco, R. J.;
Llamazares, A.; Riera, V.; Pérez-Carreño, E. Organometallics 1994,
13, 55.

(14) Hoferkamp, L. A.; Rheinwald, G.; Stoeckli-Evans, H.; Süss-Fink,
G. Organometallics 1996, 15, 704.

(15) Lugan, N.; Lavigne, G.; Bonnet, J.-J.; Réau, R.; Neibecker, D.;
Tkatchenko, I. J. Am. Chem. Soc. 1988, 110, 5369.

(16) (a) Bradford, C. W.; Nyholm, R. S.; Gainsford, G. J.; Guss, J.
M.; Ireland, P. R.; Mason, R. J. Chem. Soc., Chem. Commun. 1972,
87. (b) Bradford, C. W.; Nyholm, R. S. J. Chem. Soc., Dalton Trans.
1973, 529.

(17) Andreu, P. L.; Cabeza, J. A.; Riera, V. Inorg. Chim. Acta 1991,
186, 225.
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The 13C NMR spectrum of 4 demonstrates the incor-
poration of a new CO ligand, since it shows eight
carbonyl resonances in the range 205.3-198.8 ppm, as
expected for terminal CO ligands. These resonances
rule out the possibility of having an acyl ligand, which
should present a higher chemical shift for its carbonyl
resonance (see below the 13C NMR data of the acyl
compound 5). As with that of 3, the 13C NMR spectrum
of 4 also contains the resonances of the phenyl ligand
spread over a wide range of chemical shifts (156.5-125.2
ppm), most of them overlapped with those of the other
phenyl rings. The 1H NMR spectrum is comparable
with that of 3. However, in the 31P{1H} NMR spectrum,
the resonance of the diphenylphosphido group appears
at 163.5 ppm, ca. 60 ppm lower than that of 3. The
addition of a CO ligand should transform 3 into a 50-
electron derivative, and this should be accompanied by
a considerable shift of the 31P resonance of the µ-PPh2
ligand toward lower frequencies;12 for example, the 31P
chemical shifts of the µ-PPh2 ligands in the 50-electron
clusters [Ru3(µ-PPh2)3(CO)9]+,4a [Ru3(µ-Cl)(µ-PPh2)3-
(CO)7],4a [Ru3(µ3-H){µ3-P(Ph)C6H4}(µ-PPh2)3(CO)6],18 and
[Ru3{µ3-P(Ph)C5H4N}(µ-PPh2)3(CO)6]19 are in the range
148.5-1.4 ppm.
All these spectroscopic data support the structure

proposed for 4 in Scheme 1, although, as occurs with 3,
the bridging situation of the phenyl ligand has not been
unambiguously established.
Reaction of Compound 3 with [PPN]Cl: Synthe-

sis and X-ray Structure of the Neutral Acyl De-
rivative 5. The structural characterization of a de-
rivative of 3 would shed more light on the structure of
this cluster. Therefore, some reactions of 3were carried
out in order to get single crystals of a derivative suitable
for X-ray diffraction studies.
Treatment of a dichloromethane solution of 3 with

[PPN]Cl resulted in an instantaneous color change from
violet to orange. A chromatographic workup allowed
the isolation of the neutral 50-electron acyl derivative
[Ru3(µ-PhCO)(µ-Cl)(µ3-ampy)(µ-PPh2)(PPh3)(CO)5] (5).
The structure depicted for 5 in Scheme 1 is based on

an X-ray diffraction study carried out on a crystal of
the 1,2-dichloroethane solvate 5‚1.5C2H4Cl2. A selec-
tion of bond distances and angles is given in Table 1.
Figure 1 shows a view of the molecular structure as well
as of the coordination surroundings of the three metal
atoms. The cluster consists of a triangle of ruthenium
atoms triply bridged by the ampy ligand. A chloride, a
benzoyl ligand, and a diphenylphosphido ligand act also
as bridging ligands, spanning the three Ru-Ru edges,
with the benzoyl ligand spanning the same edge as the
amido fragment of the ampy ligand. The cluster shell
is completed by one PPh3 ligand and five terminal CO
ligands (three in axial and two in equatorial positions).
While the Ru-Ru distances of the edges associated

with the chloride and acyl ligands (2.836 and 2.848 Å,
respectively) are within the range expected for “normal”
Ru-Ru bonds, the edge spanned by the diphenylphos-
phido ligand is considerably longer (3.140 Å). A similar
situation has been found in the neutral 50-electron
cluster [Ru3{µ3-P(Ph)C5H4N}(µ-PPh2)(CO)9],15 but in

this case the diphenylphosphido-bridged edge (3.847 Å)
is much longer than the other two (average 2.894 Å).
The benzoyl ligand of 5 interacts with two Ru atoms

in a µ-η1:η2 manner, being σ-bonded to Ru(2) through
the carbonyl carbon atom [Ru(2)-C(6) ) 1.98(2) Å] and
π-bonded to Ru(1) through the carbon and oxygen atoms
[Ru(1)-C(6) ) 2.39(1) Å, Ru(1)-O(6) ) 2.219(9) Å].
Curiously, in other 50-electron triruthenium clusters

(18) Corrigan, J. F.; Doherty, S.; Taylor, N. J.; Carty, A. J.; Boroni,
E.; Tiripicchio, A. J. Organomet. Chem. 1993, 462, C24.

(19) Lugan, N.; Fabre, P.-L.; de Montauzon, D.; Lavigne, G.; Bonnet,
J.-J.; Saillard, J.-Y.; Halet, J.-F. Inorg. Chem. 1993, 32, 1363.

Figure 1. (a) Molecular structure of 5. (b) Coordination
shell of 5, showing only the metal triangle and relevant
atoms of each ligand.

Table 1. Selected Bond Lengths and Bond Angles
in 5‚1.5C2H4Cl2
Bond Lengths (Å)

Ru(1)-Ru(2) 2.848(2) Ru(1)-Ru(3) 3.140(2)
Ru(2)-Ru(3) 2.836(2) Ru(3)-Cl(1) 2.443(4)
Ru(1)-P(2) 2.277(4) Ru(2)-P(1) 2.341(4)
Ru(3)-P(2) 2.265(4) Ru(1)-N(1) 2.13(1)
Ru(2)-N(1) 2.18(1) Ru(3)-N(2) 2.23(1)
Ru(2)-Cl(1) 2.591(4) Ru(1)-C(2) 1.87(2)
Ru(1)-C(4) 1.89(2) Ru(1)-C(6) 2.39(1)
Ru(2)-C(1) 1.85(2) Ru(2)-C(6) 1.98(2)
Ru(3)-C(3) 1.83(2) Ru(3)-C(5) 1.88(2)
Ru(1)-O(6) 2.219(9) C(1)-O(1) 1.14(2)
C(2)-O(2) 1.16(2) C(3)-O(3) 1.18(2)
C(4)-O(4) 1.13(2) C(5)-O(5) 1.13(2)
C(6)-O(6) 1.26(2)

Bond Angles (deg)
Ru(1)-Ru(2)-Ru(3) 67.06(5) Ru(1)-Ru(3)-Ru(2) 56.65(4)
Ru(2)-Ru(1)-Ru(3) 56.29(4) Ru(2)-Cl(1)-Ru(3) 68.5(1)
Ru(1)-P(2)-Ru(3) 87.4(1) Ru(1)-N(1)-Ru(2) 82.6(4)
Ru(1)-C(6)-O(6) 66.6(7) Ru(2)-C(6)-O(6) 121(1)
O(6)-C(6)-C(25) 114(1)

P-C Bond Activation on a Cationic Carbonyl Cluster Organometallics, Vol. 16, No. 8, 1997 1745
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containing bridging acyl ligands, for example in [Ru3-
(µ-PhCO){µ3-P(Ph)C5H4N}(CO)9]20 and [Ru3(µ-PhCHd
CPhCO){µ3-N(Me)C5H4N}(CO)9],21 the carbon atom of
the acyl group is attached to only one Ru atom, while
the oxygen atom closes the bridge binding the other Ru
atom. It is also curious that, in contrast to 5 (in which
the acyl-bridged Ru-Ru edge is closed, Ru(1)-Ru(2) )
2.848 Å), those of these two latter compounds are open,
involving very long Ru-Ru distances (3.639 and 3.412
Å, respectively).
The FAB mass spectrum of 5 shows peaks due to the

molecular ion and to ions resulting from the loss of up
to five CO ligands. The IR (1605 cm-1) and 13C NMR
(255.9 ppm) spectroscopic data of the acyl carbonyl
group of this cluster are comparable to those reported
for bridging acyl carbonyl groups of other 50-electron
trinuclear clusters.20-22 The fact that the 13C NMR
resonance of the acyl carbon atom is a singlet, although
in the solid state it is attached to Ru(1) in a position
approximately trans to the µ-PPh2 ligand, suggests that
the C(6)-Ru(1) interaction may be absent in solution,
as found in other acyl clusters.20,21 The remaining
spectroscopic data of this compound are in agreement
with the solid state structure.
The acyl group of 5 should be formed by a migratory

insertion process which requires the attachment of the
phenyl and carbonyl groups to the same metal atom.
The fact that the carbonyl carbon atom of the acyl group
of 5 is much closer to Ru(2) (1.98 Å) than to Ru(1) (2.39
Å) supports the attachment of the phenyl group of 3 to
the ruthenium atom unbonded to the µ-PPh2 ligand, as
is, indeed, the case if the phenyl ligand of 3 is in a
bridging position.
It is also worth noting that the 31P{1H}NMR spectrum

of 5 contains two singlet resonances at chemical shifts
close to those of 4. This fact confirms that 4 is a 50-
electron cluster and that the Ru-Ru distance of its
phosphido-bridged Ru-Ru edge should be similar to
that of 5.

Discussion

The cyclic reaction pathway shown in Scheme 1
represents a reversible P-C bond activation process
occurring on cationic cluster complexes. The relevance
of these results lies not only in the fact that a P-C bond
activation reaction has never been observed previously
on a cationic trinuclear carbonyl cluster compound but
also in the fact that the reversibility of such a process
has never been demonstrated previously.23,24

In addition, although the thermal activation of P-C
bonds of coordinated triphenylphosphine ligands has
been observed on many occasions,13,14,16,23-29 these reac-
tions generally lead to phosphido-bridged derivatives as
well as to benzene,28,29 benzaldehyde,26,29 or biphe-
nyl.26,27 However, very few σ-phenyl-µ-diphenylphos-

phido derivatives have been isolated,13,14,16,25 although
they have often been claimed as intermediates in these
processes.24,26,27 Compounds containing bridging phenyl
ligands arising from P-C bond cleavage reactions are
even less common, being restricted to a few compounds
of ruthenium13,14,30 and to one of osmium.16
From a mechanistic point of view, although it is clear

that 4 is an intermediate in the transformation of 3 into
2, the involvement of 4 in the thermal transformation
of 2 into 3 is unlikely. It seems more probable that, in
the transformation of 2 into 3, the P-C bond cleavage
step is preceded by a CO dissociation step (which
requires thermal activation) that would give rise to an
unsaturated 46-electron species, which would undergo
the oxidative addition of the P-C bond. As the phenyl
and µ-PPh2 ligands of 3 are not in a cis arrangement, a
ligand rearrangement step should occur after the oxida-
tive addition of the P-C bond. This mechanistic
proposal is strongly supported by the fact that the
reaction of 2 with triphenylphosphine in refluxing 1,2-
dichloroethane renders the substituted derivative [Ru3-
(µ3-ampy)(PPh3)3(CO)7][BF4] in quantitative spectro-
scopic yield. Therefore, as 3 is never observed when the
reaction of 2 with triphenylphosphine is monitored by
spectroscopic means, a CO dissociation step is expected
to precede the formation of [Ru3(µ3-ampy)(PPh3)3(CO)7]-
[BF4] (when there is triphenylphosphine available in
solution) or 3 (in the absence of additional ligands that
could replace the released CO). Furthermore, we found
that 3 does not react with triphenylphosphine in 1,2-
dichloroethane at reflux temperature.
As far as the acyl derivative 5 is concerned, it should

be noted that it is an uncommon type of compound in
the sense that it is a 50-electron species containing an
acyl ligand that spans a metal-metal bonded edge. All
the other 50-electron triruthenium acyl clusters contain
these ligands spanning open Ru-Ru edges.20,21 The
proximity of the acyl-bridged metal atoms of 5 may
cause the acyl ligand to interact with the metal atoms
in an η1-C:η2-C,O bridging type, whereas the acyl groups
of the other known 50-electron triruthenium acyl clus-
ters interact with the metal atoms in an η1-C:η1-O
bridging type,20,21 probably as a consequence of a longer
Ru-Ru distance.

Experimental Section

General Data. Solvents were dried over sodium diphenyl
ketyl (diethyl ether, hydrocarbons) or CaH2 (dichloromethane,
1,2-dichloroethane) and distilled under nitrogen prior to use.
Unless otherwise stated, the reactions were carried out under
nitrogen, using Schlenk vacuum line techniques, and were
routinely monitored by solution IR spectroscopy (carbonyl
stretching region). Compound 2 was prepared as described

(20) Lugan, N.; Lavigne, G.; Bonnet, J.-J. Inorg. Chem. 1986, 25, 7.
Lugan, N.; Lavigne, G.; Bonnet, J.-J. Inorg. Chem. 1987, 26, 585.

(21) Nombel, P.; Lugan, N.; Mulla, F.; Lavigne, G. Organometallics
1994, 13, 4673.

(22) Cabeza. J. A.; Fernández-Colinas, J. M.; Llamazares, A.; Riera,
V.; Garcı́a-Granda, S.; Van der Maelen, J. F. Organometallics 1995,
14, 3120.

(23) For a review on transition-metal-mediated P-C bond cleavage
reactions, see: Garrou, P. E. Chem. Rev. 1985, 85, 171.

(24) Lavigne, G. In The Chemistry of Metal Cluster Complexes;
Shriver, D. F., Adams, R. D., Kaesz, H. D., Eds.; VCH Publishers: New
York, 1990; Chapter 5.

(25) (a) Delavaux, B.; Chaudret, B.; Dahan, F.; Poilblanc, R. Orga-
nometallics 1985, 4, 935. (b) Harding, M. M.; Nicholls, B. S.; Smith,
A. K. J. Chem Soc., Dalton Trans. 1983, 1479. (c) Jans, J.; Naegeli,
R.; Venanzi, L. M.; Albinati, A. J. Organomet. Chem. 1983, 247, C37.
(d) Taylor, N. J.; Chieh, P. C.; Carty, A. J. J. Chem. Soc., Chem.
Commun. 1975, 448. (e) Bender, R.; Braunstein, P.; Tiripicchio, A.;
Tiripicchio-Camellini, M. Angew. Chem., Int. Ed. Engl. 1985, 24, 861.

(26) Abatjoglou, A. G.; Billig, E.; Bryant, D. R.Organometallics 1984,
3, 923.

(27) Lewin, M.; Aizenshtat, Z.; Blum. J. J. Organomet. Chem. 1980,
184, 255.

(28) Sabo, S.; Chaudret, B.; Gervais, D. J. Organomet. Chem. 1983,
258, C19.

(29) Dubois, R. A.; Garrou, P. E. Organometallics 1986, 5, 466.
(30) Clucas, J. A.; Harding, M. M.; Nicholls, B. S.; Smith, A. K. J.

Chem. Soc., Dalton Trans. 1985, 1835.
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previously.9 Infrared spectra were recorded on a Perkin-Elmer
FT 1720-X spectrophotometer, using 0.1-mm CaF2 cells. 1H,
13C, and 31P NMR spectra were run at room temperature with
Bruker AC-200 and AC-300 instruments, using internal SiMe4
(for 1H and 13C) or external 85% H3PO4 (for 31P) as standards
(δ ) 0). Fast atom bombardment (FAB) mass spectra were
obtained on a Finningan Mat-95 spectrometer, using nitroben-
zyl alcohol as matrix and cesium as bombarding gas. Mi-
croanalyses were obtained from the University of Oviedo
Analytical Service.
[Ru3(µ-Ph)(µ3-ampy)(µ-PPh2)(PPh3)(CO)7][BF4] (3). A

solution of 2 (80 mg, 0.064 mmol) in 1,2-dichloroethane (20
mL) was stirred at reflux temperature for 1.5 h. During this
time, the color changed from red to violet. The solvent was
removed under reduced pressure and the solid residue was
washed with two 5-mL portions of diethyl ether and vacuum-
dried to give 3 as a dark violet solid (70 mg, 89%). Anal. Calcd
for C49H37BF4N2O7P2Ru3: C, 48.33; H, 3.06; N, 2.30. Found:
C, 47.84; H, 3.14; N, 2.29. MS (m/z): 1103 (M+ - CO). IR
ν(CO) (C2H4Cl2): 2070 (m), 2053 (w), 2022 (vs), 1999 (w), 1964
(w) cm-1. 1H NMR (CD2Cl2, 23 °C): 8.51 (d, J ) 8.2 Hz, 1 H,
µ-Ph), 7.72-6.91 (complex mixture of signals, 30 H), 6.81 (t,
J ) 7.3 Hz, 1 H, ampy H4), 6.36 (d, J ) 7.3 Hz, 1 H, ampy H3),
5.75 (s, br, 1 H, ampy NH), 2.38 (s, 3 H, ampy Me) ppm.
13C{1H} NMR (CD2Cl2, 23 °C, DEPT): 205.0 (d, J ) 7.8 Hz),
204.6 (d, J ) 9.8 Hz), 200.7 (d, J ) 8.2 Hz), 198.8 (t, J ) 8.0
Hz), 196.0 (d, J ) 12.6 Hz), 193.8 (d, J ) 6.1 Hz), 193.5 (d, J
) 5.2 Hz) (7 CO ligands), 173.4 (s), 159.7 (s), 140.7 (s), 120.3
(s), 116.1 (s), 30.8 (s) (ampy carbon atoms), 152.2 (s, CH), 137.7
(d, J ) 46.2 Hz, C), 136.3 (s, CH), 135.7 (d, J ) 29.2 Hz, C),
133.9-129.0 (complex mixture of signals), 124.5 (s, CH) (6
phenyl groups) ppm. 31P{1H} NMR (CDCl3, 23 °C): 223.1 (s),
37.7 (s) ppm.
[Ru3(µ-Ph)(µ3-ampy)(µ-PPh2)(PPh3)(CO)8][BF4] (4). Car-

bon monoxide was bubbled for 2 min through a 1,2-dichloro-
ethane solution (15 mL) of 3 (50 mg, 0.041 mmol) at room
temperature. The color changed immediately from dark violet
to orange. The IR spectrum of this solution showed the
complete disappearance of 3 and the formation of a new
product (4). IR ν(CO) (C2H4Cl2): 2069 (vs), 2043 (s), 2000 (s),
1973 (sh) cm-1. This compound was not isolated as a solid
because 3 was re-formed within seconds when, in order to
remove the solvent, the orange solution was exposed to
vacuum. On the other hand, the orange solution of 4 turned
red upon standing at room temperature for 1 h. The IR
spectrum of this red solution indicated the quantitative
transformation of 4 into 2. The NMR spectra given below were
obtained from a solution prepared by bubbling CO for 1 min
through a CD2Cl2 solution of 3 in an NMR tube at -50 °C and
transferring the tube quickly to the precooled spectrometer
probe. 1H NMR (CD2Cl2, -60 °C): 8.25-6.96 (m, 30 H), 6.82
(t, J ) 7.6 Hz, 1 H, ampy H4), 6.12 (d, J ) 7.6 Hz, 1 H, ampy
H5), 5.45 (d, J ) 7.6 Hz, 1 H, ampy H3), 2.87 (s, br, 1 H, ampy
NH), 2.31 (s, 3 H, ampy Me) ppm. 13C{1H} NMR (CD2Cl2, -60
°C, DEPT): 205.3 (s), 204.0 (d, J ) 13.9 Hz), 196.8 (d, J )
11.1 Hz), 195.4 (d, J ) 9.6 Hz), 194.8 (d, J ) 8.6 Hz), 194.3 (d,
J ) 7.1 Hz), 190.1 (d, J ) 6.0 Hz), 189.8 (d, J ) 6.0 Hz) (8 CO
ligands), 174.2 (s), 158.8 (s), 140.4 (s), 120.1 (s), 113.3 (s), 32.8
(s) (ampy carbon atoms), 153.5 (s, CH), 138.5 (d, J ) 47.2 Hz,
C), 133.6-128.6 (complex mixture of signals), 125.2 (s, CH) (6
phenyl groups) ppm. 31P{1H} NMR (CDCl3, 23 °C): 163.5 (s),
45.3 (s) ppm.
[Ru3(µ-PhCO)(µ-Cl)(µ3-ampy)(µ-PPh2)(PPh3)(CO)5] (5).

[PPN]Cl (23.6 mg, 0.041 mmol) was added to a solution of 3
(50 mg, 0.041 mmol) in dichloromethane (10 mL) at room
temperature. The color changed from dark violet to orange.
The solution was concentrated under reduced pressure to ca.
2 mL and introduced into a column (10 cm × 2 cm) of neutral
alumina (activity IV) packed in hexane. Elution with dichlo-
romethane afforded a single orange band. After evaporating
to dryness the resulting solution, the residue was washed with
diethyl ether (3 × 5 mL) and dried under vacuum to give 5 as

an orange powder (35 mg, 75%). Anal. Calcd for C48-
H37ClN2O6P2Ru3: C, 50.64; H, 3.27; N, 2.46. Found: C, 51.31;
H, 3.08; N, 2.32. MS (m/z): 1138 (M+). IR ν(CO) (CH2Cl2):
2030 (s), 2001 (vs), 1964 (m), 1944 (m), 1927 (sh), 1605 (w)
cm-1. 1H NMR (CD2Cl2, 23 °C): 7.77-6.87 (m, 30 H), 6.77 (t,
J ) 7.7 Hz, 1 H, ampy H4), 6.04 (d, J ) 7.7 Hz, 1 H, ampy H5),
5.02 (d, J ) 7.7 Hz, 1 H, ampy H3), 2.98 (s, br, 1 H, ampy
NH), 1.89 (s, 3 H, ampy Me) ppm. 13C{1H} NMR (CD2Cl2, 23
°C, DEPT): 255.9 (s) (acyl carbon), 210.5 (d, J ) 13.0 Hz), 201.4
(d, J ) 13.1 Hz), 200.5 (d, J ) 12.1 Hz), 195.5 (s), 191.5 (t, J
) 5.5 Hz) (5 CO ligands), 169.0 (s), 158.4 (s), 138.6 (s), 117.7
(s), 113.7 (s), 30.1 (s) (ampy carbon atoms), 152.3 (s, C), 140.5
(d, J ) 46.3 Hz, C), 138.6 (d, J ) 34.2 Hz, C), 135.1-125.7
(complex mixture of signals) (6 phenyl groups) ppm. 31P{1H}
NMR (CDCl3, 23 °C): 151.9 (s), 34.1 (s) ppm.
Crystal Structure of 5‚1.5C2H4Cl2. An orange crystal,

obtained by layering pentane on a solution of the complex in
1,2-dichloroethane at -20 °C, was used for the X-ray diffrac-
tion study. A selection of crystal and refinement data is given
in Table 2.
The cell dimensions were determined by least-squares

refinement of 25 reflections with 5 < θ < 12°. Space group
P21/c was determined from systematic absences. Intensities
were collected with a scan angle of 1.5° and a variable scan
rate with a maximun scan time of 60 s/reflection. Three
standard reflections were monitored every 60 min, revealing
no intensity fluctuations. Final drift correction factors were
between 0.98 and 1.13. Profile analysis was performed on all
reflections.31 In view of the small size of the crystal, no
absorption corrections were made. Lorentz and polarization
corrections were applied.
The structure was solved by the Patterson heavy atom

method using DIRDIF92.32 Isotropic and full-matrix aniso-
tropic least-squares refinements on F2 were performed using

(31) (a) Lehman, M. S.; Larsen, F. K. Acta Crystallogr. 1974, A30,
580. (b) Grant, D. F.; Gabe, E. J. J. Appl. Crystallogr. 1978, 11, 114.

(32) Beurskens, P. T.; Admiraal, G.; Beurskens, G.; Bosman, W. P.;
Garcı́a-Granda, S.; Gould, R. O.; Smits, J. M. M.; Smykalla, C. The
DIRDIF92 Program System; University of Nijmegen: Nijmegen, The
Netherlands, 1992.

Table 2. Crystallographic and Refinement Data
for 5‚1.5C2H4Cl2

formula C48H37ClN2O6P2Ru3‚1.5C2H4Cl2
fw 1286.82
cryst syst monoclinic
space group P21/c
a, b, c, Å 14.998(4), 17.971(7), 19.615(10)
â, deg 105.14(4)
V, Å3 5103(4)
Z 4
F(000) 2564
Dcalcd, g/cm3 1.675
µ, mm-1 1.199
cryst size, mm 0.2 × 0.2 × 0.2
radiation (λ, Å) Mo KR (0.710 73)
diffractometer Enraf-Nonius CAD4
monochromator graphite
temp, K 293(2)
scan method ω-2θ
θ limits, deg 1.41-22.98
h,k,l ranges -16 to +15, 0 to +19, 0 to +21
reflns collected 7336
independent reflns 7092
Rint ) ∑(I - <I>)/∑I 0.086
reflns with I > 2σ(I) 3647
restraints, parameters 0, 614
R(F)I>2σ(I)

a 0.0603
Rw(F2)all datab 0.1941
GOFc 0.976
∆/σ 0.009
max, min ∆F, e/Å3 1.207, -1.529
a R(F) ) ∑||Fo| - |Fc||/∑|Fo|. b Rw(F2) ) [∑w(Fo

2 - Fc
2)2/

∑w(Fo2)2]1/2. c Goodness of fit (GOF) ) [∑w(Fo2 - Fc2)2/(N - P)]1/2.
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SHELX93.33 A difference Fourier synthesis allowed the loca-
tion of two 1,2-dichloroethane solvent molecules, one lying on
an inversion center (thus contributing one-half to the empirical
fomula). After refinement of the positional and anisotropic
thermal parameters of the non-hydrogen atoms, the hydrogen
atoms were refined isotropically, using a riding model, with
temperature factors fixed at 0.070 Å2. Function minimization
was carried out [∑w(Fo

2 - Fc
2)/∑w(Fo

2)]1/2, w ) 1/[σ2(Fo
2) +

(0.1P)2], with σ(Fo
2) from counting statistics and P ) [max-

(Fo
2, 0) + 2°Fc

2]/3. Atomic scattering factors were taken from
the literature.34 Geometrical calculations were made with
PARST.35 The structure plot was drawn with the EUCLID

package.36 All calculations were carried out on VAX computers
at the Scientific Computer Centre of the University of Oviedo.
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D., Parkanyi, P., Simon, K., Eds.; International Union of Crystal-
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(34) International Tables for X-Ray Crystallography, Volume 4;
Kynoch Press: Birmingham, U.K., 1974 (present distributor: Kluwer
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(35) Nardelli, M. Comput. Chem. 1983, 7, 95.
(36) Spek, A. L. In Computational Crystallography; Sayre, D., Ed.;
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