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Abstract

The reaction between HRu3(CO)10(l-PPh2) (1) and the diphosphine ligand 4,5-bis(diphenylphosphino)-4-cyclopenten-1,3-dione

(bpcd) proceeds rapidly in the presence of Me3NO to furnish H2Ru3(CO)7(bpcd)[l,r-PPh(C6H4)] (3). Treatment of the nonacar-

bonyl cluster HRu3(CO)9(l-PPh2) (2) with bpcd at room temperature affords cluster 3 as the major product in addition to cluster

1. Thermolysis of cluster 3 in 1,2-dichloroethane yields Ru3(CO)6(l-CO)(l-PPh2)[l,g
2,g1-PPhC@C(PPh2)C(O)CH2C(O)] (4) as the

major isolable product. The highlights associated with the production of cluster 4 involve the reductive elimination of the ortho-

metalated aryl group with one of the two bridging hydrides in 3 and cleavage of one of the P–Ph bonds of the bpcd ligand, followed

by the release of benzene from the transient sigma-bound Ru–Ph group. Both H2Ru3(CO)7(bpcd)[l,r-PPh(C6H4)] and Ru3(CO)6(l-
CO)(l-PPh2)[l,g

2,g1-PPhC@C(PPh2)C(O)CH2C(O)] have been isolated and characterized in solution by IR and NMR (31P and 1H)

spectroscopies, in addition to X-ray crystallography. The solid-state structure of H2Ru3(CO)7(bpcd)[l,r-PPh(C6H4)] confirms the

presence of an orthometalated l2-phosphido moiety and a chelating bpcd ligand. The crystal structure of cluster 4 consists of a tri-

angular Ru3 core where one face is capped by the 6e-donor ligand l,g2,g1-PPhC@C(PPh2)C(O)CH2C(O).

� 2005 Elsevier B.V. All rights reserved.

Keywords: Ruthenium cluster; Phosphido compounds; Orthometalation; Diphosphine ligand
1. Introduction

The reactivity of the triruthenium clusters HRu3-

(CO)10(l-PPh2) (1) and HRu3(CO)9(l-PPh2) (2) in

ligand substitution reactions and catalytic hydrogena-

tions has been extensively explored [1–5]. The latter clus-
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ter, which is readily obtained from the Me3NO-

promoted decarbonylation of HRu3(CO)10(l-PPh2) [6]

or by hydrogenation of the acetylide-bridged clusters

Ru3(CO)8(l3-g
2-CCR)(l2-PPh2) (where R = But, Pri)

[7], has invoked considerable interest due to its formal

unsaturation that is alleviated by coordination of one
of the two P–Ph bonds to the non-hydride-bridged Ru

center, as shown below [8]. Such an g2-coordination of

the P–Ph bond is akin to an agostic interaction between

a metal and an alkane [9] and may be viewed as an ar-

rested or precursor state for the oxidative cleavage of
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P–Ph bonds at a transition-metal center [10]. The facile

addition of a variety of substrates to HRu3(CO)9(l-
PPh2) (2) suggests that the P–Ph bond is weakly bound

to the ruthenium center and that its dissociation pro-

vides a low-energy pathway for the generation of a

coordinatively unsaturated site within the cluster [3].
Ru

Ru

Ru
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cluster 2

Recently, we have published our results on the ligand

substitution behavior of the azavinylidene-bridged clus-
ter HRu3(CO)10(l-NCPh2) with the diphosphine ligands

1,2-bis(dimethylphosphino)ethane (dmpe) and 4,5-
bis(diphenylphosphino)-4-cyclopenten-1,3-dione (bpcd),

with the coordination of these ligands giving bridged

and chelated diphosphine-substituted clusters, respec-

tively, as depicted in Scheme 1 [11]. HRu3(CO)10(l-
NCPh2) is structurally similar to the triruthenium clusters

HRu3(CO)10(l-PPh2) (1) and HRu3(CO)9(l-PPh2) (2),

insomuch as it possesses a hydride- and pnictogen-

bridged ruthenium–ruthenium bond, and this structural
similarity, coupled with the absence of reports for the

reaction of clusters 1 and 2 with diphosphine ligands,
Ru

Ru

Ru
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C
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Scheme 1
would allow us to test the generality associated with

the mode of diphosphine coordination in a given poly-

hedral motif.

With this rationale for our interest in HRu3(CO)10(l-
PPh2) (1) and HRu3(CO)9(l-PPh2) (2), we have studied

the reaction between clusters 1 and 2 with the diphos-
phine ligand bpcd [12]. Herein, we present our data on

synthesis and structural characterization of the new

clusters H2Ru3(CO)7(bpcd)[l,r-PPh(C6H4)] (3) and

Ru3(CO)6(l-CO)(l-PPh2)[l,g
2,g1-PPhC@C(PPh2)C(O)-

CH2C(O)] (4). Controlled thermolysis reactions estab-

lish cluster 3 as the precursor to cluster 4. Chelation of

the bpcd ligand to the cluster polyhedron is accompa-

nied by an orthometalation of one the aryl groups
belonging to the bridging phosphido moiety and this

C–H bond activation is reversed upon thermolysis of

cluster 3. The reformation of the l-PPh2 moiety in clus-

ter 4 is accompanied by P–Ph activation of the ancillary

bpcd ligand and release of benzene.
2. Experimental

2.1. General methods

The Ru3(CO)12 and bpcd ligand used in these studies

were synthesized from hydrated RuCl3 and 4,5-dichloro-

4-cyclopenten-1,3-dione, respectively, according to

known procedures [13,14]. All reaction and NMR

solvents were distilled under argon from a suitable
O
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drying agent and stored in Schlenk storage vessels [15].

The combustion analyses were performed by Altantic

Microlab, Norcross, GA.

The reported infrared data were recorded on a Nicolet

20 SXB FT-IR spectrometer in 0.1 mm amalgamated

NaCl cells, using PC control and OMNIC software,
while the 1H NMR spectra were recorded at 200 MHz

on a Varian Gemini-200 spectrometer. The 31P NMR

spectra were recorded at 121 MHz on a Varian 300-

VXR spectrometer in the proton-decoupled mode, with

the reported 31P chemical shifts being referenced to exter-

nal H3PO4 (85%), taken to have d = 0.0. Here positive

chemical shifts are to low field of the external standard.

2.2. Synthesis of H2Ru3(CO)7(bpcd)[l,r-PPh(C6H4)]

from HRu3(CO)9,10(l-PPh2) and bpcd

2.2.1. From HRu3(CO)10(l-PPh2) and Me3NO

To 0.10 g (0.13 mmol) of HRu3(CO)10(l-PPh2) (1)

and 60 mg (0.13 mmol) of bpcd in a Schlenk tube under

argon was added 30 mL of CH2Cl2, followed by 20 mg

(0.27 mmol) of Me3NO. The reaction solution immedi-

ately changed from yellow to red in color, with stirring

continued for an additional 1.0 h at room temperature.

TLC analysis using CH2Cl2/petroleum ether (1:1) re-

vealed the presence of a small amount of cluster 1
(Rf = 0.90) and a red spot (Rf = 0.45) corresponding to

H2Ru3(CO)7(bpcd)[l,r-PPh(C6H4)] (3), along with

some material that remained at the origin of the TLC

plate. The reaction solvent was removed under vacuum

and the crude mixture was separated by column chro-

matography over silica gel. Use of petroleum ether as

the eluent afforded cluster 1, after which CH2Cl2 was

employed as the mobile phase for the elution of pure
3. Single crystals of H2Ru3(CO)7(bpcd) [l,r-PPh(C6H4)]

suitable for combustion analysis and X-ray diffraction

examination were grown from a toluene solution con-

taining cluster 3 that had been layered with pentane.

Yield of red 3: 85 mg (57%). IR (CH2Cl2): m(CO) 2057

(s), 2033 (m), 2019 (s), 2000 (s), 1984 (sh), 1963 (sh),

1929 (sh), 1749 (m, symm dione carbonyl), 1717 (s, anti-

symm dione carbonyl) cm�1. 1H NMR (CDCl3): d 8.00–
6.15 (29H, aromatics), 3.66 (2H, AB quartet,
2JH–H = 22 Hz), �13.44 (1H, multiplet), �17.14 (1H,

quartet, J = 12 Hz). 31P{1H} NMR (CDCl3): d 121.19

(l2-PPh2, dd,
2JP–P = 194, 13 Hz), 48.30 (broad triplet,

2JP–P = ca. 14 Hz), 47.01 (dd, 2JP–P = 194, 13 Hz). Anal.

Calcd (found) for C48H33O9P3Ru3 Æ toluene: C, 53.19

(53.27); H, 3.33 (4.02).

2.2.2. From the direct reaction with HRu3(CO)9-

(l-PPh2)
To 0.10 g (0.13 mmol) of HRu3(CO)9(l-PPh2) (2) in

25 mL of CH2Cl2 was added 60 mg (0.13 mmol) of bpcd.

As before, the reaction solution immediately changed in

color from yellow to red, supporting the formation of
cluster 3. The reaction was stirred for 0.5 h and then

examined by TLC analysis, which confirmed the pres-

ence of H2Ru3(CO)7(bpcd)[l,r-PPh(C6H4)] as the major

product, along with the formation of a trace amount of

cluster 1. Both products were isolated as described

above. Yield of 3: 0.11 g (73%).

2.3. Thermolysis of H2Ru3(CO)7(bpcd)[l,r-PPh-
(C6H4)] to Ru3(CO)6(l-CO)(l-PPh2)[l,g

2,

g1-PPhC@C(PPh2)C(O)CH2C(O)]

To a small Schlenk vessel containing 0.10 g

(0.087 mmol) of H2Ru3(CO)7(bpcd)[l,r-PPh(C6H4)] un-

der argon was added 25 mL of 1,2-dichloroethane, after
which the vessel was heated at ca. 80 �C for 2.0 h. The

reaction was allowed to cool to room temperature and

was examined by TLC analysis (CH2Cl2), which re-

vealed the presence of a trace amount of a fast moving

yellow spot (Rf = 0.85), a purple spot (Rf = 0.25), and

extensive decomposition, as evidenced by the large

amount of black-colored material that remained at the

origin. Cluster 4 was isolated by column chromatogra-
phy over silica gel using CH2Cl2 and was recrystallized

from a 1:1 mixture of CH2Cl2/pentane. Yield of 4:

33 mg (22%). IR (CH2Cl2): m(CO) 2049 (m), 2021 (vs),

1995 (s), 1950 (sh), 1892 (m), 1716 (m, symm dione car-

bonyl), 1684 (m, antisymm dione carbonyl) cm�1. 1H

NMR (CDCl3): d 8.00–6.60 (25H, aromatics), 3.54

(2H, AB quartet, 2JH–H = 22 Hz). 31P{1H} NMR

(CDCl3): d 249.97 (l2-phosphido, dd, 2JP–P = 171,
79 Hz), 64.60 (l2-phosphido, dd, 2JP–P = 79, 18 Hz),

6.14 (phosphine, dd, 2JP–P = 171, 18 Hz). Anal. Calcd

(found) for C46H27O9P3Ru3 Æ 1/2CH2Cl2: C, 47.079

(46.81); H, 2.54 (2.63).

2.4. X-ray crystallography for clusters 3 and 4

Selected crystals of H2Ru3(CO)7(bpcd)[l,r-PPh
(C6H4)] and Ru3(CO)6(l-CO)(l-PPh2)[l,g

2,g1-PPh

C@C(PPh2)C(O)CH2C(O)] suitable for X-ray diffraction

analysis were grown as described above and were each

sealed inside a Lindemann capillary, followed by mount-

ing on an Enraf-Nonius CAD-4 diffractometer. After the

cell constants were obtained for both samples, intensity

data in the range of 2� 6 2h 6 44� were collected at

298 K and were corrected for Lorentz, polarization,
and absorption (DIFABS). The structures were solved

by using SHELX-86 (cluster 3) and Multan (cluster 4).

All non-hydrogen atoms were located with difference

Fourier maps and full-matrix least-squares refinement

and were refined anisotropically with the exception of

the carbon and oxygen groups in cluster 3. Due to the

unresolved disorder and paucity of data, the bridging hy-

dride atoms in 3 could not be located. All non-hydrogen
atoms in cluster 4 were refined anisotropically with the

exception of the ancillary phenyl carbons. Refinement
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on 3 converged at R = 0.0613 and Rw = 0.0731 for 5191

unique reflections with I > 3r(I), while for 4 refinement

converged at R = 0.0438 and Rw = 0.0503 for 4192 un-

ique reflections with I > 3r(I).
Table 1

X-ray crystallographic data and processing parameters for the tri-

ruthenium clusters H2Ru3(CO)7(bpcd)[l,r-PPh(C6H4)] (3) and

Ru3(CO)6(l-CO)(l-PPh2)[ l,g
2,g1-PPhC@C(PPh2)C(O)CH2C(O)] (4)

Compound 3 Compound 4

CCDC entry no. 264527 264526

Space group Triclinic, P�1 Triclinic, P�1
a (Å) 11.335(2) 12.2894(7)

b (Å) 20.111(3) 14.505(1)

c (Å) 22.818(2) 14.798(1)

a (�) 68.28(1) 104.418(8)

b (�) 83.07(1) 113.749(6)

c (�) 86.50(1) 101.695(6)

V (Å3) 4796(1) 2197.6(4)

Molecular formula C48H33O9P3Ru3 Æ
1/4toluene

C42H27O9P3Ru3 Æ
CH2Cl2

fw 1171.96 1156.74

Formula units per cell (Z) 4 2

Dcalcd (g cm�3) 1.622 1.748

k (Mo Ka) (Å) 0.71073 0.71073

Absorption coefficient (cm�1) 10.66 12.81

Abs corr factor 0.87–1.13 0.82–1.17

Total reflections 11716 5366

Independent reflections 5191 4192

Data/res/parameters 5191/0/577 4192/0/391

R 0.0613 0.0438

Rw 0.0731 0.0503

GOF on F2 0.88 1.12

Weights [0.04F2 + (rF)2]�1 [0.04F2 + (rF)2]�1
3. Results and discussion

3.1. Syntheses, spectroscopic data, and X-ray diffraction

structure for H2Ru3(CO)7(bpcd)[l,r-PPh(C6H4)]

Treatment of the saturated cluster HRu3(CO)10(l-
PPh2) (1) and bpcd at room temperature in CH2Cl2 with

two equivalents of Me3NO leads to a rapid production
of the new cluster H2Ru3(CO)7(bpcd)[l,r-PPh(C6H4)]

(3) as the major product. No reaction between 1 and

bpcd was observed in the absence of Me3NO, and while

heating a 1,2-dichloroethane solution containing

HRu3(CO)10(l-PPh2) and bpcd at 80 �C did show

TLC evidence for the formation of the desired product

3 and a purple spot, that was later confirmed as Ru3-

(CO)6(l-CO)(l-PPh2)[l,g
2,g1-PPhC@C(PPh2)C(O)CH2-

C(O)], there was considerable decomposition observed,

rendering this method of little synthetic value in the

preparation of cluster 3. H2Ru3(CO)7(bpcd)[l,r-
PPh(C6H4)] has also been obtained from the direct reac-

tion of the reactive, 46-electron cluster HRu3(CO)9
(l-PPh2) (2) with bpcd. In the case of the reaction

employing cluster 2 as a starting material, the small

amount of HRu3(CO)10(l-PPh2) that always accompa-
nies the production of cluster 3 derives from the capture

of the liberated CO by HRu3(CO)9(l-PPh2) [2,7]. TLC
analyses revealed that these reactions giving cluster 3

were essentially complete after several minutes, but as

a matter of protocol we typically allowed the reaction

to be stirred for short period of time (ca. 1.0 h) before

chromatographic separation over silica gel. H2Ru3-

(CO)7(bpcd)[l,r-PPh(C6H4)] was isolated as a red solid
that was found to be stable in the solid state under argon

for several weeks. Solutions of 3 exposed to oxygen are

less stable, showing signs of slow decomposition over

the course of several hours.

Cluster 3 was characterized in solution by standard

methods. Terminal carbonyl stretching bands from

2057 to 1929 cm�1 were found for the ruthenium-bound

CO groups, with the m(CO) bands at 1749 and
1717 cm�1 ascribed to the vibrationally coupled sym-

metric and antisymmetric dione C@O stretches, respec-

tively [16]. The 1H NMR spectral highlights include an

AB quartet centered at d 3.66 for the diastereotopic

hydrogens associated with the dione ring of the ancillary

bpcd ligand and two, high-field bridging hydrides at d
�13.44 and �17.14 that are coupled to all three phos-

phorus centers. The 31P NMR spectrum of 3 reveals
the presence of three resonances at d 47.01, 48.30, and
121.19. Here, the latter down field resonance is readily

to a l2-phosphido moiety, with the remaining two 31P

chemical shifts consistent with a chelated bpcd ligand

[17]. The unequivocal 31P assignments for cluster 3, ta-

ken in conjunction with the solid-state structure (vide

infra), are shown below.

Ru

Ru

Ru

H

P

Ph

O

O

Ph 2P
PPh 2

H

δ 121.19

δ 47.01

δ 48.30

The molecular structure of cluster 3 was established

by X-ray crystallography. Single crystals of 3 crystallize

in the unit cell as two independent molecules with no

unusually short inter- or intramolecular contacts. Tables

1 and 2 report the X-ray data collection and processing

parameters and selected bond distances and angles,

respectively.



Table 2

Selected bond distances (Å) and angles (�) in the triruthenium clusters H2Ru3(CO)7(bpcd)[l,r-PPh(C6H4)] and Ru3(CO)6(l-CO)(l-PPh2)[l,g
2,g1-

PPhC@C(PPh2)C(O)CH2C(O)]a

Molecule A Molecule B

H2Ru3(CO)7(bpcd)[l,r-PPh(C6H4)]

Bond distances

Ru(1a)–Ru(2a) 2.910(2) Ru(1b)–Ru(2b) 2.940(3)

Ru(1a)–Ru(3a) 3.075(2) Ru(1b)–Ru(3b) 3.065(3)

Ru(2a)–Ru(3a) 2.820(2) Ru(2b)–Ru(3b) 2.839(3)

Ru(1a)–P(1a) 2.312(5) Ru(1b)–P(1b) 2.300(6)

Ru(1a)–P(2a) 2.337(6) Ru(1b)–P(2b) 2.359(5)

Ru(1a)–P(3a) 2.328(6) Ru(1b)–P(3b) 2.308(5)

Ru(2a)–P(3a) 2.325(5) Ru(2b)–P(3b) 2.332(6)

Ru(3a)–C(312a) 2.15(2) Ru(3b)–C(312b) 2.14(2)

C(11a)–C(15A) 1.33(3) C(11b)–C(15b) 1.36(2)

Bond angles

P(1a)–Ru(1a)–P(2a) 85.2(2) P(1b)–Ru(1b)–P(2b) 86.5(2)

P(1a)–Ru(1a)–P(3a) 107.2(2) P(1b)–Ru(1b)–P(3b) 101.5(2)

P(1a)–Ru(1a)–C(1a) 90.4(6) P(1b)–Ru(1b)–C(1b) 94.6(7)

P(2a)–Ru(1a)–P(3a) 167.3(2) P(2b)–Ru(1b)–P(3b) 171.2(2)

P(2a)–Ru(1a)–C(1a) 89.4(8) P(2b)–Ru(1b)–C(1b) 91.7(6)

P(3a)–Ru(1a)–C(1a) 93.3(8) P(3b)–Ru(1b)–C(1b) 91.4(6)

Ru(1a)–Ru(3a)–C(312a) 91.1(5) Ru(1b)–Ru(3b)–C(312b) 89.7(6)

Ru(2a)–Ru(3a)–C(312a) 91.7(5) Ru(2b)–Ru(3b)–C(312b) 90.2(5)

C(5a)–Ru(3a)–C(312a) 179.3(8) C(5b)–Ru(3b)–C(312b) 89.5(8)

Ru3(CO)6(l-CO)(l-PPh2)[l,g
2,g1-PPhC@C(PPh2)C(O)CH2C(O)]

Bond distances

Ru(1)–Ru(2) 2.901(1) Ru(1)–Ru(3) 2.981(1)

Ru(2)–Ru(3) 2.742(1) Ru(1)–P(1) 2.375(3)

Ru(1)–P(2) 2.340(2) Ru(1)–P(3) 2.375(3)

Ru(2)–P(2) 2.337(3) Ru(2)–P(3) 2.308(2)

Ru(2)–C(5) 2.133(8) Ru(3)–C(5) 2.13(1)

Ru(3)–C(11) 2.19(1) Ru(3)–C(15) 2.198(8)

C(11)–C(15) 1.41(1)

Bond angles

P(1)–Ru(1)–P(2) 84.67(8) P(1)–Ru(1)–P(3) 164.86(6)

P(2)–Ru(1)–P(3) 80.22(8) P(2)–Ru(2)–P(3) 81.70(8)

C(11)–Ru(3)–C(15) 37.6(3) Ru(1)–P(2)–Ru(2) 76.69(6)

Ru(1)–P(3)–Ru(2) 76.55(8) Ru(2)–C(5)–Ru(3) 80.2(3)

Ru(2)–C(5)–O(5) 143.3(8) Ru(3)–C(5)–O(5) 136.0(8)

Ru(3)–C(11)–P(1) 96.3(3) Ru(3)–C(15)–P(2) 90.4(3)

a Numbers in parentheses are estimated standard deviations in the least significant digits.
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The ORTEP diagram of one of the independent mol-

ecules of H2Ru3(CO)7(bpcd)[l,r-PPh(C6H4)] (3) is

shown in Fig. 1. Since the two molecules of H2Ru3-

(CO)7(bpcd)[l,r-PPh(C6H4)] (A and B) show only min-
or structural differences, we will present and discuss the

highlights of only molecule A. The two most important

structural features found for this 48-electron cluster in-

clude the chelation of the bpcd ligand to the Ru(1a) cen-

ter and the orthometalation of one of the phenyl groups

associated with the original l2-PPh2 moiety in clusters 1

and 2. This orthometalation leads to a Ru(3a)–C(312a)

sigma bond of 2.15(2) Å, whose distance is in good
agreement with related orthometalated cluster [HRu3-

(CO)8(PPh3){l,r-PPh(C6H4)}]
� [18] and other structurally

characterized compounds possessing an orthometalated

Ru–C(aryl) bond [19]. This activated phenyl group

[atoms C(311a)–C(316a)] is orthogonally disposed to
the plane defined by the three ruthenium atoms, on

the basis of a dihedral angle of 91�. The Ru–Ru bond

lengths, while distinctly asymmetric in nature given the

bond distances of 3.075(2) Å [Ru(1a)–Ru(3a)], 2.910(2)
Å [Ru(1a)–Ru(2a)], and 2.820(3) Å [Ru(2a)–Ru(3a)],

are in excellent agreement with values reported for other

Ru3 cluster compounds [20]. Despite the fact that the

positions of the two bridging hydride ligands were not

crystallographically found, we have assigned them to

the longer Ru(1a)–Ru(3a) and Ru(1a)–Ru(2a) bonds

in keeping with the generally recognized trend of hydr-

ido-bridged metal–metal bonds being longer than non-
hydrido-bridged metal–metal bonds [21]. The Ru–P

distances range from 2.312(5) Å [Ru(1a)–P(1a)] to

2.337(6) Å [Ru(1a)–P(2a)] with and average distance of

2.326 Å. The arrangement of the three phosphorus cen-

ters attached to Ru(1a) corroborate the 31P spectral



Fig. 1. ORTEP drawing of one of the two independent molecules of

H2Ru3(CO)7(bpcd)[l,r-PPh(C6H4)] showing the thermal ellipsoids at

the 50% probability level.
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assignments for cluster 3. The P(1a) atom is mutually cis

to the P(2a) and P(3a) centers, on the basis of P(1a)–

Ru(1a)–P(2a) and P(1a)–Ru(1a)–P(3a) angles of

85.2(2)� and 107.2(2)�, respectively, and is expected to

give a 31P triplet resonance with small P–P coupling.

The nearly trans orientation found for the P(2a)–
Ru(1a)–P(3a) linkage is verified by an angle of

167.3(2)�. The seven carbonyl groups found in 3 are lin-

ear and exhibit bond distances typical for ruthenium

carbonyl units. The C(11a)–C(15a) carbon–carbon dou-

ble bond length of 1.32(2) Å in the dione ring is in good

agreement with the C@C bond distance of simple alk-

enes and the analogous bond distance in bpcd-substi-

tuted complexes prepared by us [22]. The remaining
bond distances and angles are unexceptional and do

not require comment.

3.2. Thermal stability of H2Ru3(CO)7(bpcd)[l,r-PPh-
(C6H4)]: synthesis, spectroscopic data, and X-ray

diffraction structure for Ru3(CO)6(l-CO)(l-PPh2)
[l,g2,g1-PPhC@C(PPh2)C(O)CH2C(O)]

The thermal reactivity of H2Ru3(CO)7(bpcd)[l,r-
PPh(C6H4)] was next explored due to the less than

straightforward reaction between HRu3(CO)10(l-PPh2)
and bpcd (vide supra). Heating H2Ru3(CO)7(bpcd)-

[l,r-PPh(C6H4)] in DCE at 80 �C under argon led to

the rapid consumption of cluster 3 and the simulta-

neous formation of a purple spot and extensive decom-

position, as assessed by TLC examination of the
reaction solution. The purple compound, whose identity

was later determined as Ru3(CO)6(l-CO)(l-PPh2)-
[l,g2,g1-PPhC@C(PPh2)C(O)CH2C(O)] (4), was subse-

quently isolated by column chromatography over silica
gel and characterized in solution by IR and NMR spec-

troscopies. Eq. (1) shows the reaction between 3 and 4.

O

O

PPh2

Ru

Ru

Ru

P

Ph2P

Ph

O

Ru

Ru

Ru

H

P

Ph

O

O

Ph2P
PPh2

H

∆,-benzene

cluster 3 cluster 4

ð1Þ

Cluster 4 displays terminal m(CO) bands at 2049 (m),

2021 (vs), 1995 (s), and 1950 (sh) cm�1, along with a

bridging carbonyl stretching band at 1892 (m) cm�1.

The vibrationally coupled m(CO) bands of the dione

moiety appearing at 1716 (m) and 1684 (m) cm�1 are

shifted some 33 cm�1 to lower frequency relative to
the corresponding m(CO) bands in cluster 3 indicative

of bpcd p bond coordination to a ruthenium center.

The 1H NMR spectrum of 4 exhibited an AB quartet

centered at d 3.54 that is readily attributed to the meth-

ylene group of the bpcd ligand. No high-field hydride(s)

resonance(s) was found, and this when coupled with the

presence of only twenty-five aromatic hydrogens from d
8.00–6.60, supports the loss of a molecule of benzene in
the formation of cluster 4. The 31P NMR spectrum

showed the presence of three sets of resonances consist-

ing of doublet of doublets centered at d 249.97, 64.60,

and 6.14. The latter high-field resonance may be confi-

dently assigned to the Ph2P(dione) moiety, and the large

coupling constant of 171 Hz indicates that this

Ph2P(dione) moiety is situated trans to the lowest field

phosphido group at d 249.97. The unambiguous identity
for these 31P groups in cluster 4 and the phosphorus lo-

cus from which the benzene molecule originates were

established by X-ray crystallography.

The ORTEP diagram shown in Fig. 2 confirms the

molecular structure of cluster 4 and establishes the

course of the ancillary bpcd ligand activation upon ther-

molysis. Cluster 4 contains 48 valence electrons and is

isoelectronic relative to cluster 3. The original bridging
phosphido moiety, which is represented by the P(3)

atom, has been regenerated through a reductive coupling

of the C(312a) atom with one of the hydride ligands in

H2Ru3(CO)7(bpcd)[l,r-PPh(C6H4)], and the loss of a

phenyl group from the bpcd ligand gives rise to the

observed 7e-donor ligand l,g2,g1-PPhC@C(PPh2)-

C(O)CH2C(O) that face caps the triruthenium frame

via phosphido and phosphine moieties, and the C@C p
bond of the dione ring. The departed phenyl group leaves

as benzene presumably from a reductive elimination



Fig. 2. ORTEP drawing of Ru3(CO)6(l-CO)(l-PPh2)[l,g
2,g1-

PPhC@C(PPh2)C(O)CH2C(O)] showing the thermal ellipsoids at the

50% probability level.

3844 S.G. Bott et al. / Journal of Organometallic Chemistry 690 (2005) 3838–3845
process involving a putative Ru–Ph moiety and the

remaining hydride ligand [23]. The Ru–Ru bond lengths

range from 2.742(1) Å [Ru(2)–Ru(3)] to 2.981(1) Å
[Ru(1)–Ru(3)] and exhibit an average distance of

2.875 Å, consistent with their single-bond designation.

The five distinct Ru–P bond distances display a mean

distance of 2.347 Å and agree well with other reported

Ru–P distances in polynuclear ruthenium clusters. The

P(1)–Ru(1)–P(2), P(1)–Ru(1)–P(3), and P(2)–Ru(1)–

P(3) groups show angles of 84.67(8)�, 164.86(6)�, and
80.22(8)�, respectively, and support the assignments of
the 31P NMR resonances for cluster 4, namely, a tertiary

phosphine group [Ph2P(dione) moiety] that is cis to one

phosphido group and trans to a second phosphido

group. The bridging C(5)O(5) group that spans the

Ru(2)–Ru(3) vector appears symmetrically bound based

on Ru(2)–C(5) and Ru(3)–C(5) bond distances of

2.133(8) and 2.133(1) Å, respectively, and angles of

143.3(8)� and 136.0(8)� for the atoms Ru(2)–C(5)–O(5)
and Ru(3)–C(5)–O(5), respectively. Coordination of the

C(11)–C(15) bond to Ru(3) leads to a 0.08 Å elongation

relative to the free p bond found in cluster 3, consistent

with the Duncanson–Dewar–Chatt model for the bond-

ing between an alkene and a transition metal [24].
4. Conclusions

Coordination of the diphosphine ligand bpcd to the

activated cluster HRu3(CO)9(l-PPh2) (2) leads to the

replacement of two CO ligands and facile orthometala-
tion of one of the phenyl groups of the phosphido group
to furnish H2Ru3(CO)7(bpcd)[l,r-PPh(C6H4)]. The

same product is also obtained from the saturated cluster

HRu3(CO)10(l-PPh2) upon thermolysis and Me3NO

activation. H2Ru3(CO)7(bpcd)[l,r-PPh(C6H4)] is ther-

mally unstable and transforms to Ru3(CO)6(l-CO)(l-
PPh2)[l,g

2,g1-PPhC@C(PPh2)C(O)CH2C(O)], as the
net result of reversible orthometalation and P–Ph bond

cleavage of the ancillary bpcd, followed by loss of ben-

zene. Both product clusters have been isolated and fully

characterized in solution and their molecular structures

established by X-ray crystallography. Our future efforts

will concentrate on determining the generality associ-

ated with the phosphine ligand induced orthometalation

in the clusters HRu3(CO)10(l-PPh2) and HRu3(CO)9(l-
PPh2).
5. Supplementary materials

Crystallographic data for the structural analyses have

been deposited with the Cambridge Crystallographic

Data Center, CCDC No. 264527 for 3 and 264526 for
4. Copies of this information may be obtained free of

charge from the Director, CCDC, 12 Union Road,

Cambridge, CB2 1EZ UK [Fax: +44(1223)336-033;

email: deposit@ccdc.ac.uk or http://www:ccdc.cam.

ac.uk].
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