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The compound{Ru3(CO)9[µ-P(NPri2)2]3}{Ru6(CO)15(µ6-C)[µ-P(NPri2)2]} (1), obtained via the addition of PCl-
(NPri2)2 to K2[Ru4(CO)13], crystallizes in the monoclinic space groupP21/c with a ) 15.537(8) Å,b ) 36.151-
(16) Å, c ) 19.407(5) Å,â ) 91.14(2)°, Z ) 4, andR ) 0.069 for 8006 observed reflections. The unit cell is
unusual in that it contains both a typical octahedral Ru6 cluster anion (1a), featuring an encapsulated carbide, and
a symmetrical phosphido bridge, in addition to a 50-electron trinuclear cluster cation{Ru3(CO)9[µ-P(NPri2)2]3}+

(1c). The latter, with approximateD3h symmetry, exhibits long Ru-Ru distances (g3.15 Å). Among the family
of clusters with M3(µ-PR2)3 cores and different numbers of both electrons (TEC) and terminal ligands (LxLyLz),
1c is unique in that it is a 333 stereotype with 50 valence electrons. MO calculations permit us to predict the
existence of redox congeners of1c clusters and related 48e Re3 clusters. This work also presents a summary of
the relationships between the electronic and the geometric structures for all known M3LxLyLz(µ-PR2)3 species.
The basic stereochemical features are influenced by the total-electron count and, hence, by the degree of M-M
bonding, as well as the remarkable flexibility of the phosphido bridging ligands. Theµ-PR2 ligands need not
necessarily lie in the M3 plane, and a wide range of M-P-M angles (as small as 72° or as large as 133°) have
been observed.

Introduction

Metal-cluster compounds give rise to a remarkably diverse
range of structures that continue to challenge synthetic and
theoretical chemists alike. Over the years, many elegant
theoretical approaches have been developed to provide order
to this vast structural array, ranging from simple semiempirical
models, such as the effective atomic number (EAN) and Wade-
Mingos rules, to extended Hu¨ckel molecular orbital (EHMO)
theory and ab initio methods.1

In any organometallic cluster, theMn core will be supported
by a variety of terminal and bridging ligands. A detailed
description of the MO architecture for these complexes re-
quires careful consideration of not only the number of cluster
valence electrons that are available for bonding but also the
stereochemistry and geometry of the supporting ligands. In
this context, clusters that contain phosphido ligands (PR2)
bridging M‚‚‚M vectors are particularly interesting because of
the great structural flexibility of this ligand. This structural

diversity is illustrated for the common framework M3(µ-PR2)3

(I) in Table 1.2 In addition to the phosphido bridges, these
complexes feature a variety of terminal ligands at each metal
center (Lx, Ly, Lz) and electron counts ranging from 42 to 54
valence electrons.

In this paper, we report the synthesis and characterization of
an unusual, discrete polymetallic salt{Ru3(CO)9[µ-P(NPri2)2]3}-
{Ru6(CO)15(µ6-C)[µ-P(NPri2)2]} 1. The cluster cation1c is the
first example of a 50-electron cluster cation with overallD3h

symmetry and three terminal ligands on each metal atom. We
have taken the opportunity to compare the structural and bonding
features not only between1c and the electron-precise Re3

analogues4 and5 but also across the entire range of M3LxLyLz-
(µ-PR2)3 clusters reported in Table 1. An analysis of the effects
of the different electron populations and framework geometries
on cluster bonding, based on qualitative MO theory, is presented
with the arguments highlighted through the usage of the MO
graphics package CACAO.28
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Experimental Section

General Procedure.Synthetic manipulations were performed in a
nitrogen-atmosphere glovebox. The solvents were dried and distilled

under nitrogen prior to use. The reagents were commercially supplied
and used without further purification. Infrared spectra were recorded
on a Nicolet 520 FTIR spectrometer. NMR spectra were recorded on
Bruker AC-200 (31P{1H} at 81.02 MHz) or Bruker AC-250 (1H at 250.0
MHz) instruments. Mass spectroscopy was performed on a JEOL JMS-
AX505H mass spectrometer, using FAB ionization techniques.

Preparation of {Ru3(CO)9[µ-P(NPri
2)2]3}{Ru6(CO)15(µ6-C)[µ-

P(NPri
2)2]} (1). A mixture of Ru3(CO)12 (562 mg, 0.879 mmol),

benzophenone, and potassium (molar ratio 1/1.5/1.5) was treated with
THF (20 mL) over a 10 min period. The solution was stirred for 24 h,
yielding a deep red solution. Subsequently, PCl(NPri

2)2 (353 mg, 1.32
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Table 1. Trinuclear Species with M3(µ-PR2)3 Coresa

complex type metals/T.E.C. phosph subst M1-M2 (Å) M2-M3 (Å) M3-M1 (Å) τ1-2 (deg) τ2-3(deg) τ3-1 (deg) ref

2 4,4,4 Mn3/54 H 4.30 4.30 4.36 104 104 cpl 3
3 3,3,3b Ni3/54 H 3.81 3.81 3.81 138 138 138 4
1c 3,3,3 Ru3/50 NPri2 3.17 3.17 3.15 cpl cpl cpl
4 3,3,3 Re3/48 phen 2.91 2.91 2.92 cpl cpl cpl 4
5 3,3,3 Re3/48 cychex 2.91 2.91 2.92 cpl cpl cpl 5
6 4,2,2c WCo2/48 Eth 3.00 2.71 2.68 170 cpl 102 6
7 3,3,2d Ir3/50 phen 3.03 3.22 3.29 cpl cpl 170 7
8 3,2,2 Ir3/50 phen 3.18 3.33 3.20 cpl 169 cpl 8
9 3,2,2 Rh3/50 phen 3.12 3.25 3.13 174 164 cpl 9

10 3,2,2 Rh3/50 phen 3.08 3.22 3.12 cpl 167 cpl 9
11 3,2,2e,f Ir3/48 phen 2.86 2.71 2.96 174 107 cpl 7
12 2,2,2 Co3/48 cychex 2.68 2.57 2.58 cpl 119 119 10
13 2,2,2 Co3/48 phen 2.66 2.57 2.57 168 114 120 11
14 2,2,2 Co3/48 meth 2.63 2.51 2.57 156 110 137 12
15 2,2,2g Ir3/48 phen 3.00 2.71 2.97 cpl 108 157 13
16 2,2,2 Pt3/48 spech 4.05 4.08 4.22 95 123 148 14
17 2,2,2i Zn3/54 phen 4.14 4.26 4.16 127 173 117 15
18 2,2,1f Ir3/46 phen 2.74 2.80 2.80 104 cpl cpl 8
19 2,2,1f Rh3/46 phen 2.76 2.80 2.80 103 172 172 8
20 2,2,1 Rh3/46 butt 2.81 2.79 2.73 116 cpl 151 16
21 2,2,1 Rh3/46 phen 2.70 2.81 2.79 97 171 171 9, 17
22 2,1,1i,l Zn3/50 cychex 4.15 4.05 4.16 152 144 152 18
23 1,1,1i Zn3/48 SiMe3 4.10 4.26 4.14 135 151 cpl 19
24 1,1,1i Zn3/48 SiMe3 3.86 4.28 4.07 110 156 173 19
25 1,1,1 Ag3/48 phen 4.15 4.16 4.17 cpl 119 127 20
26 1,1,1i Cd3/48 butt 4.43 4.54 4.55 150 143 cpl 21
27 1,1,1 Rh3/42 butt 2.67 2.67 2.64 cpl cpl 163 22
28 1,1,1j Pd3/44 phen 3.00 2.95 2.95 cpl cpl cpl 23
29 1,1,1 Pt3/42 speck 2.75 2.73 2.74 cpl 173 cpl 24
30 1,1,1m Pt3/44 phen 3.07 2.96 2.96 cpl 159 159 25, 26
31 1,1,1m Pt3/44 phen 3.59 2.76 2.76 cpl 174 174 26
32 1,1,1g,n Pt3/44 butt 3.60 2.71 2.72 cpl cpl cpl 27

a Extracted from the Cambridge Structural Database (April 1998).2 No additional atomic bridge between metals is allowed. Unless specified, the
terminal ligands are two-electron donors, such as CO, RCN, or phosphine. M-M distances are reported in the order for LxM-LyM, LyM-LzM, and
LzM-LxM (x, y, andz are the respective numbers of terminal ligands in the column labeled “type”). For each intermetallic vector, the dihedral
angle (τx-y) is calculated between the planes M3 and M2P. The two planes are indicated as coplanar (cpl) if 175° < |τx-y| < 180°. b All of the L3M
fragments are CpNi.c The fragment L4M is Cp(CO)W.d The unit is cationic. The second fragment L3M contains a methyl anion.e The fragment
L3M is (CO)(OH)(I)Ir. f One bidendate ligand, Ph2PCH2PPh2 (dppm), provides one terminal P donor to each L2M fragment.g The geometric parameters
are given as averages between two independent molecules.h A formally two-electron reduced P4S3 cage uses the P atoms of the broken P-P as
terminal and bridging ligands, respectively.i One alkyl terminal ligand at each metal atom.j The L2M fragment is completed by a tetrahydrofuran
ligand. k One terminal chloride ligand at M3. l R and R′ phosphido substituents aretert-butylimino- andtert-butyltrimethylsilyl-amino groups,
respectively m One terminal phenyl ligand at M3. n One terminal hydride ligand at M3.
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mmol, 2× 0.75 equiv to Ru3(CO)12) was added in dropwise fashion,
and the reaction was allowed to proceed for an additional 3 h. After
the solvent was removed, the residue was extracted into CH2Cl2 and
absorbed onto dried silica gel. The stained silica gel was dried in vacuo.
Column chromatography (silica gel, 70-230 mesh, oven dried, 150
°C, 48 h), with CH2Cl2 as the eluant, following an initial elution with
hexane and CH2Cl2/hexane (v/v) 1/1), led to the isolation of the
product1. Air-stable, dark red crystals of1 (10 mg,<2%) suitable for
X-ray analysis were obtained from CH2Cl2/toluene at-10 °C. IR
(CH2Cl2) ν (cm-1): (CO) 2078 (w), 2051 (m), 2004 (s), 1992 (vs),
1935 (w), 1802 (br,w).1H NMR (CDCl3): δ 4.29 (m, 3(CH)), 3.90
(m, 1(CH)), 1.49 (d,JHH ) 6.9 Hz, 6(CH3)), 1.35 (d,JHH ) 7.0 Hz,
2(CH3)). 31P{1H} NMR (CDCl3): δ 131.8 (s, 3P), 346.0 (s, 1P). MS:
(FAB+, m/z) 1250.3; (FAB-, m/z) 1270.5.

X-ray Analysis. Intensity data from a crystal of1 were collected
on a Siemens P4 diffractometer with the use of graphite-monochromated
Mo KR radiation (λ ) 0.710 73 Å). A total of 15 452 reflections were
collected at room temperature with a variable scan rate; for each
reflection, the background was measured (stationary crystal-stationary
counter) for 35% of the total scan time, at the beginning and end of
the scan. Two intensity standards, monitored every 50 reflections during
the data collection, showed a slight decay. No absorption correction
was applied.

The positions of the metal atoms were determined by direct methods.
Subsequent electron density difference maps revealed the remaining
nonhydrogen atoms. No hydrogen atoms were introduced because of
the thermal motion of the atoms bearing them; all of the nonhydrogen
atoms were given anisotropic thermal parameters. A molecule of toluene
appeared in the last Fourier-difference maps, and carbon atoms were
introduced into the refinement as rigid groups with an occupancy factor
of 0.5. All of the computations were carried out using SHELXTL PLUS
93 (PC version) software.29 Crystallographic data and intensity-
collection and -refinement parameters are summarized in Table 2,
whereas the selected bond lengths and angles are shown in Table 3.

EHMO Calculations. In the MO calculations of the extended Hu¨ckel
type,30 a weighted Wolfsberg-Helmholz formula,31 as implemented
within the CACAO package, was employed.28 Default parameters for
the Slater Type Orbitals of the various metal atoms were employed.
The molecular geometries were derived from the experimental structures
that were retrieved from the CSD files; these geometries best adapted
to the EHMO calculation through the Molecular Editor available in
CACAO98,28b which, among other features, allows the automatic
adaptation of a molecule to the nearest symmetry-point group.

The details of the DFT calculations are given in the Supporting
Information.

Results and Discussion

The reaction of PCl(NPri
2)2 with K2[Ru4(CO)13]32 predomi-

nantly yields Ru4(CO)13[P(NPri2)2)]2.33 Following extensive

chromatography and crystallization, a second, minor component
(1) was successfully isolated. This compound forms the subject
of the current report.

The 1H NMR spectrum of1 showed two sets of signals for
isopropyl groups with a ratio of∼3:1, suggesting the existence
of P(NiPr2)2 ligands in two different chemical environments.
The 31P{1H} NMR spectrum exhibited two singlets, at 131.8
and 346.0 ppm, with a ratio of 3:1, consistent with the1H NMR
spectrum. The solution IR spectrum indicated the presence of
both terminal and bridging carbonyl ligands. The FABMS of
1, in the positive mode, contained an ion withm/z ) 1250.3,
whereas the negative FABMS also gave a group of isotopic
peaks with the highest mass fragment atm/z 1270.5.

A single-crystal X-ray analysis of1 revealed the presence of
{Ru3(CO)9[µ-P(NPri2)2]3} cation (1c) and {Ru6(CO)15(µ6-C)-
[µ-P(NPri2)2]} anion (1a) in the asymmetric unit cell (Figures
1 and 2). Complexes consisting of an ion pair of organometallic
fragments are rare, especially when both of the fragments are
metal clusters.34

The X-ray analysis showed that anion1a consists of an
octahedral Ru6 skeleton with an encapsulatedµ6-carbide ligand,(29) Sheldrick, G. M. SHELXTL IRIS, Siemens Analytical X-ray Instru-

ments Inc., Madison, WI, 1990.
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Table 2. Crystallographic Data for 1

emp. form. C73N8O24P4Ru9‚C3.5 fw
2248.35
g/mol

a (Å) 15.537(8) space grp P21/c
b (Å) 36.15(2) T (K) 293
c (Å) 19.407(5) λ (Å) 0.710 73
â° 91.140(1) Fcalc(g cm-3) 1.492
V (Å3) 10 898(8) µ (Mo, KR) ( cm-1) 1.329
Z ) 4 R (Fo) 0.0689a,b

Rw2 (Fo) 0.192c

a Fo > 4σ(Fo). b R) ∑||Fo| - |Fc||/∑|Fo|. c wR2 ) [∑[w(Fo
2 - Fc

2)2]/
∑[w(Fo

2)2]] 1/2, w ) 1/[σ2(Fo)2 + (0.0999P)2 + 212.50P] whereP )
(max(Fo

2,0)+ 2Fc
2)/3.

Figure 1. ORTEP diagram (30% probability) of the cation{Ru3(CO)9-
[µ-P(NPri2)2]3}+ (1c).

Table 3. Selected Bond Lengths (Å) and Angles (deg) for 1

Bond Lengths ( Å)

Ru(1)-Ru(2) 3.171(3) Ru(1)-Ru(3) 3.167(3)
Ru(2)-Ru(3) 3.150(3) Ru(1)-P(12) 2.417(6)
Ru(1)-P(13) 2.408(6) Ru(2)-P(12) 2.421(5)
Ru(2)-P(23) 2.419(5) Ru(3)-P(13) 2.409(5)
Ru(3)-P(23) 2.395(5)
Ru(4)-Ru(5) 2.982(3) Ru(4)-Ru(7) 2.828(2)
Ru(4)-Ru(8) 2.909(2) Ru(4)-Ru(9) 2.852(2)
Ru(5)-Ru(6) 2.939(3) Ru(5)-Ru(8) 2.808(3)
Ru(5)-Ru(9) 2.936(2) Ru(6)-Ru(7) 2.831(3)
Ru(6)-Ru(8) 2.944(3) Ru(6)-Ru(9) 2.869(2)
Ru(7)-Ru(8) 2.946(2) Ru(7)-Ru(9) 2.872(3)
Ru(5)-P(58) 2.321(6) Ru(8)-P(58) 2.316(6)
Ru(4)-C(47) 2.03(3) Ru(7)-C(47) 2.17(2)
Ru(6)-C(67) 1.92(3) Ru(7)-C(67) 2.35(2)
Ru-C(0)av 2.05(2)

Bond Angles (deg)

P(13)-Ru(1)-P(12) 157.0(2) Ru(1)-P(12)-Ru(2) 81.9(2)
P(23)-Ru(2)-P(12) 157.7(2) Ru(1)-P(13)-Ru(3) 82.2(2)
P(23)-Ru(3)-P(13) 158.4(2) Ru(3)-P(23)-Ru(2) 81.7(2)
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similar to other well-characterized Ru6(µ6-C) clusters.35 The
presence of two bridging carbonyl ligands is consistent with
the solution IR data. With the exception of Ru(9), which bears
three carbonyl ligands, the metal vertices of the cluster anion
are coordinated by two terminal carbonyl ligands and one
bridging carbonyl or phosphido ligand. The phosphido ligand
symmetrically bridges Ru(5) and Ru(8).

The M-M bonds in the anion of1 vary from 2.808 to 2.982
Å (Table 3), with the shortest being bridged by the phosphido
ligand. The other bonds associated with Ru(5) or Ru(8) are
relatively long. Although there are many examples of metal
carbide clusters,35-37 and the gross features of the solid-state
structure of1aare quite similar to that of [Ru6(CO)16(µ6-C)]2-35d

and [Fe6(CO)16(µ6-C)]2-,36 1a is an unprecedented example of
a phosphido-substituted carbide cluster.

The Ru3 cation 1c possesses a virtually planar Ru3P3

framework with a phosphido ligand that symmetrically bridges
each edge of a Ru3 triangle. The Ru-Ru separations are long
(i.e., in the range 3.15-3.17 Å) but this fact alone does not
completely exclude the existence of fractional M-M bonds.
All six of the Ru-P bonds lie in the range of 2.395-2.421 Å
(Table 3), and the P-Ru-P angles are large (av P-Ru-P )
157.7°). The overall symmetry is approximatelyD3h, as long
as the geometric arrangement of the phosphido-ligand substit-
uents is ignored. The nitrogen atoms of the NPri

2 groups appear
to be sp2 hybridized. However, because all of the PNC2 planes
are orthogonal to the associated RuPRu planes, it seems unlikely
that the stability of the planar Ru3P3 skeleton is attributable to
conjugation between the nitrogen and phosphorus pπ orbitals.

The 50-electron cationic cluster1c is the only trinuclear Ru3
cluster with the bare planar skeletonI (Table 1), although there
are a few examples of Ru3(µ-PR2)3 clusters that feature
additional bridging ligands and nonplanar frameworks.38-42 For
example, in addition to the 322 arrangement of terminal CO
ligands, the 48-electron complex [Ru3(µ-PPh2)3(µ-H)(CO)7]38

and the 50-electron species [Ru3(µ-PPh2)3(µ-Cl)(CO)7]39 feature
a bridging hydride or chloride ligand spanning the unique
(CO)2Ru-Ru(CO)2 bond. In comparison to the structure of the
electron-precise hydride cluster, the metal framework of the
more electron-rich chloride-bridged cluster is significantly
expanded. However, in both of these examples, the doubly
bridged (CO)2Ru-Ru(CO)2 vector is considerably shorter than
the other two (2.80 vs 3.01 (av) Å and 2.93 vs 3.17 (av) Å, for
the hydride and chloride bridged species, respectively).

The 222 clusters [Ru3{1,2-(µ-PPh)2C6H4}2(CO)6]40 (48-
electron) and [Ru3(µ-PPh2)3(µ3-η2-PPhpy)(CO)6]42 (50-electron)
both feature a total of four phosphido bridges and approximately
equilateral Ru3 cores. Again, greater metal-metal separations
are observed in the case of the more electron-rich species (av
Ru-Ru distances of 3.10 vs. 2.83 Å), and a theoretical analysis
of the bonding in [Ru3{1,2-(µ-PPh)2C6H4}2(CO)6] has been
presented.40 The complicated 50-electron 322-species (CO)6Ru3-
(µ3-H)[µ2-P(C6H5)2]3[µ3-P(C6H5)(C6H4)]41 features a capping
hydride ligand in addition to its four phosphido bridges. In this
case, the Ru-Ru separations vary between 3.03 and 3.21 Å.

On the basis of the complexes structurally characterized to
date, it appears that the planar unsupported M3P3 frameworkI
(M ) Ru) is only stable in the case of 50-electron clusters. The
addition of bridging ligands, the reduction of the total number
of cluster-valence electrons, or both, is accompanied by the
displacement of the phosphido groups out of the Ru3 plane.
However, planar M3P3 skeletons,I , are known for 48-electron
clusters with M) Re. The geometries of the 48-electron Re3-
(CO)9(µ-PR2)3 clusters4 and5 (Table 1) are closely related to

(34) (a) Bruce, M. I.; Rodgers, J. R.; Snow, M. R.; Wong, F. S.J. Chem.
Soc., Chem. Commun. 1980, 1285. (b) Bruce, M. I.; Rodgers, J. R.;
Snow, M. R.; Wong, F. S.J. Organomet. Chem.1982, 240, 299. (c)
Gifuentes, M. P.; Humphrey, M. G.; Skelton, B. W.; White, A. H.J.
Organomet. Chem.1996, 507, 163. (d) Chan, S.; Lee, S.-M.; Lin, Z.;
Wong, W.-T.J. Organomet. Chem.1996, 510, 219. (e) Corrigan, J.
F.; Sun, Y.; Carty, A. J.New. J. Chem.1994, 18, 77 and references
therein.

(35) (a) Johnson, B. F. G.; Johnston, R. D.; Lewis, J.J. Chem. Soc., Chem.
Commun. 1967, 1057. (b) Mason, R.; Robinson, W. R.J. Chem. Soc.,
Chem. Commun. 1968, 468. (c) Sirigu, A.; Bianchi, M.; Benedetti, E.
J. Chem. Soc., Chem. Commun. 1969, 596. (d) Bradley, J. S.; Ansell,
G. B.; Hill, E. W. J. Organomet. Chem.1980, 184, C33.

(36) (a) Churchill, M. R.; Wormald, J.J. Chem. Soc., Dalton Trans.1974,
2410. (b) Churchill, M. R.; Wormald, J.; Knight, J.; Mays, M. J.J.
Am. Chem. Soc.1971, 93, 3073.

(37) (a) Albano, V. G.; Chini, P.; Martinengo, S.; McCaffrey, D. J. A.;
Strumolo, D.; Heaton, B. T.J. Am. Chem. Soc.1974, 96, 8106. (b)
Beringhelli, T.; D’Alfonso, G.; Molinari, H.; Sironi, A.J. Chem. Soc.,
Dalton Trans.1992, 689 and references therein. (c) Simerly, S. W.;
Wilson, S. R.; Shapley, J. R.Inorg. Chem., 1992, 31, 5146. (d) Gong,
J.-H.; Tsay, C.-W.; Tu, W.-C.; Chi, Y.; Peng, S.-M.; Lee, G. H.J.
Cluster Sci.1995, 6, 289. (e) Adatia, T.; Curtis, H.; Johnson, B. F.
G.; Lewis, J.; McPartlin, M.; Jill, M.J. Chem. Soc., Dalton Trans.
1994, 1109. (f) Johnston, D. H.; Stern, C. L.; Shriver, D. F.Inorg.
Chim. Acta1993, 213, 83. (g) Johnson, B. F. G.; Lewis, J.; Raithby,
P. R.; Saharan, V. P.; Wong, W. T.J. Organomet. Chem.1992, 434,
C10. (h) Chisholm, M. H.; Hammond, C. E.; Johnston, V. J.; Streib,
W. E.; Huffman, J. C.J. Am. Chem. Soc.1992, 114, 7055. (i)
Shaposhnikova, A. D.; Drab, M. V.; Kamalov, G. L.; Pasynskii, A.
A.; Eremenko, I. L.; Nefedov, S. E.; Struchkov, Y. T.; Yanovskii, A.
I. J. Organomet. Chem.1992, 429, 109. (j) Chihara, T.; Yamazaki,
H. J. Organomet. Chem.1992, 428, 169. (k) Davies, D. L.; Jeffery, J.
C.; Miguel, D.; Sherwood, P.; Stone, F. G. A.J. Organomet. Chem.
1990, 383, 463. (l) Jeffery, J. C.; Parrott, M. J.; Stone, F. G. A.J.
Organomet. Chem.1990, 382, 225. (m) Drake, S. R.; Johnson, B. F.
G.; Lewis, J.; Nelson, W. W. J. H.; Vargas, M. D.; Adatia, T.; Braga,
D.; Henrick, K.; McPartlin, M.; Sironi, A.J. Chem. Soc., Dalton Trans.
1989, 1455. (n) Albano, V. G.; Braga, D.; Grepioni, F.; Della Pergola
R.; Garlaschelli, L.; Fumagalli, A.J. Chem. Soc., Dalton Trans.1989,
879.
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2754.
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1120.
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Figure 2. ORTEP diagram (30% probability) of the anion{Ru6(CO)15-
(µ6-C)[µ-P(NPri2)2]}- (1a).
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1c, featuring 333 ligand sets and planar M3(µ-PR3)3 cores, but
significantly shorter M-M separations.

In the following section, we shall discuss the stability of1c
and the related, hypothetical 48-electron cluster [Ru3(CO)9(µ-
PH2)3]3+, in addition to providing an overview of the structural
features and M-M bonding found in some prototypal com-
pounds reported in Table 1.

Overview of the M3(µ-PR2)3 Frameworks in Terms of the
Qualitative MO Picture. The phosphido bridges play an
important role in stabilizing this array of cluster types. By
opening or closing the M-P-M angles and freely dislocating,
with respect to the M3 plane, the flexibleµ-PR2 bridges may
adopt the most appropriate geometry to minimize M-M
repulsion or to favor the metal-orbital hybridization necessary
for M-M bonding (vide infra). To arrive at a comprehensive
view of the bonding in clusters of structural typeI (Table 1),
we have employed EHMO methods and have chosen to illustrate
the electronic structures of the clusters M3LxLyLz(µ-PH2)3 via
the graphic capabilities of the CACAO package.

In the 54-electron species2, 3, and17with terminal sets 444,
333, and 222, respectively, the terminal ligands and phosphido
bridges satisfy the electronic requirements of the metal atoms.
Direct M-M bonding is therefore excluded, and the phosphido
bridges act as the only collating agents for the cluster. The
drawingsII -IV show that the metal centers have stable, local
d6-octahedral (2, II ), d8-five coordinated (3, III ), or d10-
tetrahedral (17, IV ) geometry, respectively. In general, to

minimize the repulsive forces between the metal lone pairs, the
framework I distorts from planarity and expands as much as
possible (Table 1).

For cases in which the metal centers maintain vacant axial
pz orbitals and reach stable 16-electron configurations, local-
planar coordination environments are observed at each metal,
as is the case for16, 22, and23-26. The 48-electron complex
16 (V) comprises three noninteracting square-planar Pt(II) ions,
each coordinated by one terminal-phosphine ligand and by P
atoms derived from two formally reduced P4S3 cages. Upon the

oxidative addition of one P-P bond, each of the latter ligands
contributes one terminal donor and one phosphido-like bridge
to the cluster. The uniquely mixed typology observed in the
211 complex22 results in an electron-precise 50-electron
system. In this case, one tetrahedral (18-electron) and two planar
(16-electron) Zn(II) centers coexist, with the whole assembly
supported by phosphido bridging groups. In the case of the 48-
electron species23-26, three-coordinated d10 Zn(II), Ag(I), or
Cd(II) centers are simply collated by three phosphido-bridging
ligands.

For the remaining systems of typeI , a degree of overlap
between the metal-based orbitals is evident. A planar-M3(µ-
PR3)3 frameworkI, featuring an equilateral disposition of metal
centers, requires the mutual mixing of radial and tangential or-
bitals. Although the overall MO pictureVI refers to the 48-
electron systems M3L9(µ-PH2)3 (e.g.,4 or 5), the pattern in the
dashed box showing three filled bonding orbitals (1e′ + a1′)
lying below three empty antibonding orbitals (a2′ + 2e′) is quite
general. The single components represent one high-lyingσ-hy-
brid and one lower dπ-orbital per metal. The bonding may also
be described in terms ofσ-aromaticity. This concept, introduced
by Dewar for cyclopropane,43 has previously been adapted to
42-electron triangular clusters such as the 111 Rh3 and Pt3 spe-
cies27 and29.44 These 42-electron species are related to4 and
5 in the same manner as mononuclear square planar 16-electron
complexes are related to 18-electron octahedral examples.

The critical MO a2′ is formed by the same unhybridized dπ
orbitals (t2g origin for the square pyramidal fragments) that are
responsible for theπ-back-donation from the metal framework
to the terminal CO ligands. The energy of a2′ is sensitive to the
M-M separations, and a sizable destabilization of this orbital
is reached with metals of the second or third transition row, for
which the dπ orbitals, being more expanded, interact to a greater
extent. Thus, in clusters of the heavier metals, this level may
be vacant, giving rise to a HOMO-LUMO gap sufficiently large
to ensure the system is thermodynamically stable. Significantly,
first row metal analogues of the electron precise clusters4, 5,
27, and29, which on the basis of the orbital argument presented
above would be predicted to feature smaller HOMO-LUMO
gaps, have not yet been observed.

The 50-electron cluster1c features the same set of six basic
MOs illustrated inVI . However, in the case of1c, the energy

of the a2′ orbital, which is now populated, is significantly

(43) Dewar, M. J. S.J. Am. Chem. Soc.1984, 106, 669.
(44) Mealli, C.J. Am. Chem. Soc.1985, 107, 2245.
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reduced, approaching that of the other filled frontier orbitals.
The possibility is then raised that population of this orbital will
result not in cleavage of an M-M bond but rather in expansion
of the M3 core. In terms of a simple valence bond model, we
would say that for1c and related 50-electron species the
population of one antibonding orbital, in addition to the three
bonding orbitals found in the 48-electron analogues, reduces
the M-M bond order by one-third. Similar descriptions involv-
ing two M-M bonds delocalized over three metal centers have
previously been applied to the comparable 44-electron systems
28 and30, which feature 111 ligand sets.44

The alternative structural motif, featuring two localized M-M
bonds, has been observed (31, 32), and preliminary theoretical
studies of this structural dichotomy underline the role played
by the nature of the terminal ligands in determining the extent
of M-M bonding within the frameworkI .26 In the specific cases
of 1c, 4, and5, theπ-acceptor capabilities of the in-plane CO
ligands could be an important factor for the preservation of the
D3h symmetry.

A descent fromD3h to C2V symmetry would be accompanied
by a reorientation of the two equivalent terminal ligands to
positions almost trans to the M-M bonds, resulting in a mixing
of some of the six critical MOs (VI ). As shown inVII , the

formerD3h levels a2′ and 1e′ (a) combine to give rise to a lone
pair (2b1, out-of-phase combination of dπ orbitals) and a bonding
MO (1b1). In the latter, the dπ lobes of the unique metal atom
overlap with the twoσ hybrids of the other metals. The other
bonding MO 1a1 is similar to the a1′ orbital in VI , whereas 2a1
represents the in-phase lone pair combination of dπ orbitals at
the symmetric metal atoms. It is worth mentioning that several
attempts have been made to optimize, at the DFT level, the
conformer of 1c with a broken Ru-Ru linkage (see the
Supporting Information). No matter how long the separation
imposed on the latter, theC2V model always converged to the
expandedD3h structure.

The Walsh diagramVIII illustrates the behavior of the
frontier MOs of the 48-electron M3(CO)9(µ-PH2)3 species along
the ideal contraction/expansion pathway underD3h symmetry
(EHMO method). On the left-hand side ofVIII , where the
structure resembles that observed for4 and 5, the empty
antibonding MO a2′ lies relatively high in energy, but it becomes
more stable as the cluster is allowed to expand, as illustrated
on the right-hand side ofVIII .

For M-M separations near 3.5 Å, the system appears to be
stable only if a2′ is populated. The 48- and 50-electron forms
of M3(CO)9(µ-PR2)3 therefore appear to be related by cluster
expansion, rather than by M-M bond cleavage. The electro-
chemical reduction of the 48-electron system, to give a stable
50-electron species featuring an expanded M3 framework, would

appear to be feasible. Also, it is likely that, in the absence of
a2′/a1′ interlevel crossing, the redox process may appear revers-
ible in cyclovoltammetry. However, it must be pointed out that
while these computations suggest thermodynamic stability of
the reduced form of4 and 5, and imply the stability of the
oxidized form of1c, the kinetic stability of these redox products
cannot be assessed.

With respect to the electrochemical properties of these M3L9-
(µ-PR2)3 systems, it is worth mentioning that the energy of the
a1′ MO in the Ru3 clusters is consistently higher than those found
for the Re3 analogues due to the larger contraction of Ru radial
σ-hybrid orbitals. In fact, the Ru-Ru overlap populations are
found to be consistently one-third that of the Re clusters. For
the same reason, the HOMO-LUMO gap of the 48-electron
Ru3

3+ species appears suspiciously small (∼0.7 eV) as the
cluster framework contracts. This small HOMO-LUMO gap
may be taken as an indication of limited thermodynamic
stability. Moreover, it cannot be excluded that, along the
contraction/expansion pathway, a2′ can become lower than a1′.
Such aforbidden leVel crossingwould also imply irreversibility
between the redox isomers. On the other hand, it must be
considered that the a2′ MO is related to the orbitals responsible
for back-bonding into the CO ligands, so that, when this level
is populated, the M-CO separations are shortened. In turn, these
cause a more pronounced hybridization of the metalσ compo-
nents in the MO a1′ and a constant stabilization below a2′. Our
DFT calculations fully confirm the latter point as the optimized
structures of all the possible species [M3(CO)9(µ-PH2)3]n (M )
Ru, n ) 1+, 3+; M ) Re, n ) 0, 2-) could be properly
compared. Besides the expected expansion, the reduced 50e
clusters show M-Ceq bonds that are∼0.1 Å shorter than those
found in the corresponding oxidized congeners. In addition, by
using a scanning technique, the behavior of the frontier MOs
along the contraction/expansion pathway (seeVIII ) was con-
firmed at the DFT level.

Following the completion of this work and during the
submission of the manuscript, we learned of a similar theoretical
study by Saillard and co-workers that describes the DFT-
optimized geometry of the 50-electron model complex [Ru3-
(CO)9(µ-PH2)3]+ and the corresponding two-electron oxidized
analogue [Ru3(CO)9(µ-PH2)]3+.45 These authors were unaware

(45) Garland, M. T.; Costuas, K.; Kahal, S.; Saillard, J.-Y.New J. Chem.
1999, 23, 509.
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that we had prepared and structurally characterized the “missing”
50-electron cation{Ru3(CO)9[µ-P(NPri2)2]3}+. In view of their
(now published) results, we decided to limit our report on the
DFT calculations and to mention only a few salient features.
Thus, besides the already introduced reproduction of the Walsh-
type diagramVIII , it is worth mentioning that our calculations
are the first of this type available for known and predictable
Re3 redox derivatives. In general, although we were able to
arrive at a satisfactory geometry for both Ru3 and Re3 48-
electron species, excessively long M-M distances within the
M3P3 frameworks of the 50-electron species were obtained (Ru-
Ru 3.31 Å; Re-Re 3.52 Å). The divergence between the
computational results obtained by the two groups for the M)
Ru cluster model provides an insightful illustration of how the
choice of the computational parameters is rather subtle and
subjective in the DFT approach, especially for cases in which
the potential energy curve is flat.

The MO picture established above for1c, 4, and5 may be
used to rationalize the structure and bonding properties of the
whole family of M3LxLyLz(µ-PR2)3 complexes (I ). The 50-
electron systems7-10 (Table 1) are closely related to1c and
feature quasi-planar M3(µ-PR2)3 skeletons with M-M bonds
involving rather elongated ML2 fragment(s). Clusters7 and
8-10are 332 and 322 types, respectively, and are derived from
the 333 structure by the removal of one or more axial ligands.
In place of the “missing” ligand, each ML2(PR2)2 metal center
now carries an axial hybrid orbital that hosts a nonbonding
electron pair (IXa ). In addition, each metal center hosts in-plane
x2-y2 andxy orbitals (IXb ,c) that have the appropriate radial
and tangential characteristics required for the reconstruction of
the basic MO scheme shown inVII .

The relatively high energyz2-based hybrid orbital(s),IXa ,
and indeed the system as a whole, is stabilized when the in-
plane ligands are bent out of the M3 plane∼45° and lie along
the nodal surface of thisz2-type orbital. Such a feature may be
observed at the unique metal center of the cationic cluster Ir3-
(CH3)(NCR)3(CO)4(µ-PPh2)3]+ (X) and at the equivalent metal
atoms in8-10.

For the sake of brevity, we do not present here a detailed
analysis of the orbital mixings that occur during the evolution
from the D3h precursor to the ultimateCs structure via aC2V
intermediate structure. However, molecular orbital overlap
population (MOOP) diagrams46 have been used to clearly
identify the cause of the weaker M-M bonds observed in the
clusters featuring ML2 fragments. The frontier dπ hybrids of
the ML2(PR2)2 fragments are not seriously affected by a rotation

of the ML2 units, and the orbital lobes remain almost sym-
metrically oriented with respect to the M3 triangle and are
directed toward the center of the cluster. For a 332 cluster (i.e.,
7) the unique dπ hybrid orbital of the ML2 fragment is directed
toward nonhybridized dπ orbitals of the ML3 fragments, resulting
in an elongation of both the ML3-ML2 bonds with respect to
the third. For a 322 model (XI ), the filled hybrid orbitals
associated with each ML2 fragment repel each other strongly
and elongate the associated ML2-ML2 bond. Therefore, the

geometry of these species is due to electronic repulsive forces
between ML2 metal-centered lone pairs rather than any innate
reduction in the attractive forces between the metal centers.

In comparison with the 50-electron 322 clusters8-10, the
unique, electron-precise (48-electron) 322 cluster11 (XII )
features a contracted M3 core, a nonplanar M3P3 skeleton, and
terminal hydroxo and iodo ligands. One of the MPM planes

has rotated such that the phosphido bridge sits above the M3

plane, whereas the donor atoms of a bridging dppm ligand
occupy the corresponding trans positions. A phosphido bridge
and a carbonyl ligand, both of which are slightly out of the M3

plane, complete the coordination environment of each metal.
Apparently, the Ir(CO)(η1-dppm)(µ-PPh2) pseudo-ML4 frag-
ments are not properly oriented to exploit their well-knownσ
and dπ hybrids in the basic network of radially and tangentially
interacting orbitals (VI ).

An EHMO analysis shows that thex2-y2 type orbitals, which
areσ with respect to the pseudo-C2 axis of the nonunique metal
centers, use the orthogonal lobes for the basic tangential
interactions. This is evident in the emptya2′-type MO shown
in XIII . This orbital lies relatively high in energy, close to the
CO π* levels. Population ofa2′ to give a 50-electron system,
and the resulting expansion of the M3 core, is probably
incompatible with the upright position of the phosphido bridge,
and rearrangement to a planar structure similar to that observed
for 8-10 would appear likely.

The mixed-metal cluster CpMo(CO)5Co2(µ-PEt2)3, 6 (XIV ),
is another 48-electron cluster somewhat related to11. Although
we did not attempt any specific MO analysis on this complicated
molecule, some of its stereochemical features have already been
described, such as the upright position of one phosphido bridge.
Notice that, although the two Co atoms are coordinated by the
same type and number of ligands, they adapt to different
stereotypes. The atom Co1, bound on one side to the phosphido
bridge uniquely out of the skeletal plane, adapts to the same

(46) MOOP) molecular orbital overlap population, that is, the contribution
of a given MO to the overlap population of any chosen pair of atoms.
This is a new feature available in the most recent version of the
package CACAO.28b
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butterfly-type ML4 already observed in11. Namely, one CO
ligand is trans to the apical phosphido bridge. The coordination
is completed in the plane by the second (quasi planar) CO and
by the other phosphido bridge. Contrastingly, the atom Co2 is
bound to two in-plane phosphido bridges; the unit ML2 presents
the same asymmetry with respect to the M3 plane as that
observed in the compounds7-10. Finally, the Cp(CO)Mo unit,
assembled together with two phosphido bridges, is a pseudo-
octahedron which can still use itst2g orbitals for the intermetallic
interactions.

The framework common to the 48-electron 222 structures
12-16 is depicted inXV . A detailed study of the bonding and

fluxional behavior has been performed for12,10 and according
to these authors, the symmetricD3h structure is always avoided.
Essentially, three equivalent L4M-d8 butterfly fragments (i.e.,

with axial phosphido bridges in the plane M3P3 and equatorial
CO ligands symmetrically displaced from the latter) are a source
of electronic repulsion. The bonding in this case is an extension
of the situation depicted inXI . The three filled dπ frontier
orbitals are directed toward each other, causing significant M-M
repulsion, while the tangentialπ-components necessary for the
mutual in-plane interactions (VI ) are derived from low-lying
and nonhybridized t2g levels. In no case does the MO a2′ rise to
a sufficiently high energy to be unoccupied. Rather, a distortion
of theXI geometry toXV , by displacing twoµ-PR2 ligands to
opposite sides of the M3 plane, occurs to yield the typical pattern
of three bonding MOs lying below three orbitals that are
antibonding with respect to the M-M bonds. Interestingly, a
50-electron dianion could be derived from12 by chemical or
electrochemical reduction.10 According to the available com-
putational data, the opening of one M-M bond would be
preferred over the symmetric M3 expansion.

The 221 46-electron systems18-21may be formally derived
from the 48-electronXII structure by the removal of both axial
ligands from the unique metal center. The unusual 46-electron
count is consistent with loss of the two electrons from thez2-
type orbital of the 48-electron precursor. Steric interactions
between theµ-PR2 ligands would appear to be responsible for
the additional distortions found in the structure of21.

Conclusions

This paper has presented the synthesis and characterization
of a previously missing example of an M3L9(µ-PR2)3 cluster
with 50 valence electrons. This finding has prompted us to
systematically analyze all of the known structures containing
the M3(µ-PR2)3 framework. Basic qualitative perturbation theory
concepts and EHMO calculations have been exploited in order
to correlate the various structural arrangements with the number
of terminal ligands and electron counts. For selected cases, DFT
calculations were also made, to corroborate the results. In
general, we point out conceptual continuity among the∼30
compounds in which the M3(µ-PR2)3 core adapts to a variety
of different electronic, bonding, and structural situations, and,
for some of these species, it has also been possible to make
predictions regarding the potential redox properties.

Acknowledgment. We thank the Natural Sciences and
Engineering Research Council of Canada, the National Research
Council of Canada and MURST (Italy) for financial support.
E. P.-C. is grateful to the Spanish Ministerio de Educacion y
Cultura for a Postdoctoral grant. P.J.L. held an NRC-NSERC
Canadian Government Laboratories Visiting Fellowship. Fi-
nancial support from EC Contract ERBIC15CT960746 is
gratefully acknowledged. We also thank the “Area della Ricerca
CNR di Firenze” (in particular, Dr. A. Tronconi and Mr. S.
Cerreti) for the providing computing time and facilities.

Supporting Information Available: Details of the DFT optimized
geometries of [M3(CO)9(µ-PH2)3]n (M ) Ru, n ) 1+, 3+; M ) Re,n
) 0, 2-) and an X-ray crystallographic file in CIF format for the
structure of{Ru3(CO)9[µ-P(NPri2)2]3}{Ru6(CO)15(µ6-C)[µ-P(NPri2)2]}.
This material is available free of charge via the Internet at http://
pubs.acs.org.

IC990195F

Theoretical Overview of M3(µ-PR2)3 Frameworks Inorganic Chemistry, Vol. 39, No. 5, 20001005




