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Abstract: A systematically varied series of tetrahedral clusters involving ligand and core metal variation
has been examined using crystallography, Raman spectroscopy, cyclic voltammetry, UV-vis-NIR and IR
spectroelectrochemistry, and approximate density functional theory, to assess cluster rearrangement to
accommodate steric crowding, the utility of metal-metal stretching vibrations in mixed-metal cluster
characterization, and the possibility of tuning cluster electronic structure by systematic modification of
composition, and to identify cluster species resultant upon electrochemical oxidation or reduction. The
60-electron tetrahedral clusters MIr3(CO)11-x(PMe3)x(η5-Cp) [M ) Mo, x ) 0, Cp ) C5H4Me (5), C5HMe4

(6), C5Me5 (7); M ) W, Cp ) C5H4Me, x ) 1 (13), x ) 2 (14)] and M2Ir2(CO)10-x(PMe3)x(η5-Cp) [M ) Mo,
x ) 0, Cp ) C5H4Me (8), C5HMe4 (9), C5Me5 (10); M ) W, Cp ) C5H4Me, x ) 1 (15), x ) 2 (16)] have been
prepared. Structural studies of 7, 10, and 13 have been undertaken; these clusters are among the most
sterically encumbered, compensating by core bond lengthening and unsymmetrical carbonyl dispositions
(semi-bridging, semi-face-capping). Raman spectra for 5, 8, WIr3(CO)11(η5-C5H4Me) (11), and W2Ir2(CO)10-
(η5-C5H4Me)2 (12), together with the spectrum of Ir4(CO)12, have been obtained, the first Raman spectra
for mixed-metal clusters. Minimal mode-mixing permits correlation between A1 frequencies and cluster
core bond strength, frequencies for the A1 breathing mode decreasing on progressive group 6 metal
incorporation, and consistent with the trend in metal-metal distances [Ir-Ir < M-Ir < M-M]. Cyclic
voltammetric scans for 5-15, MoIr3(CO)11(η5-C5H5) (1), and Mo2Ir2(CO)10(η5-C5H5)2 (3) have been collected.
The [MIr3] clusters show irreversible one-electron reduction at potentials which become negative on
cyclopentadienyl alkyl introduction, replacement of molybdenum by tungsten, and replacement of carbonyl
by phosphine. These clusters show two irreversible one-electron oxidation processes, the easier of which
tracks with the above structural modifications; a third irreversible oxidation process is accessible for the
bis-phosphine cluster 14. The [M2Ir2] clusters show irreversible two-electron reduction processes; the
tungsten-containing clusters and phosphine-containing clusters are again more difficult to reduce than their
molybdenum-containing or carbonyl-containing analogues. These clusters show two one-electron oxidation
processes, the easier of which is reversible/quasi-reversible, and the more difficult of which is irreversible;
the former occur at potentials which increase on cyclopentadienyl alkyl removal, replacement of tungsten
by molybdenum, and replacement of phosphine by carbonyl. The reversible one-electron oxidation of 12
has been probed by UV-vis-NIR and IR spectroelectrochemistry. The former reveals that 12+ has a low-
energy band at 8000 cm-1, a spectrally transparent region for 12, and the latter reveals that 12+ exists in
solution with an all-terminal carbonyl geometry, in contrast to 12 for which an isomer with bridging carbonyls
is apparent in solution. Approximate density functional calculations (including ZORA scalar relativistic
corrections) have been undertaken on the various charge states of W2Ir2(CO)10(η5-C5H5)2 (4). The
calculations suggest that two-electron reduction is accompanied by W-W cleavage, whereas one-electron
oxidation proceeds with retention of the tetrahedral core geometry. The calculations also suggest that the
low-energy NIR band of 12+ arises from a σ(W-W) f σ*(W-W) transition.

Introduction

Transition metal carbonyl cluster compounds have attracted
significant interest for a variety of reasons including, inter alia,

the transition from molecular to bulk metallic properties which
should ensue upon increasing cluster size,1-3 as models for metal
surfaces in chemisorption and catalysis,4-12 and as precursors
for metal particles active in heterogeneous catalysis.6,7,9,10,12The
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electronic structure of clusters has been examined from several
perspectives to facilitate detailed understanding. Studies of
cluster electrochemistry,13-19 carried out frequently in concert
with electronic structure calculations,20-39 have afforded infor-
mation about the highest occupied molecular orbitals (HOMOs)
and lowest unoccupied molecular orbitals (LUMOs). Calcula-
tions using density functional theory have been promulgated to
enhance understanding of spectroscopic properties, charge
distributions, and reactivities.3,37-52 Cluster electrochemistry, in

combination with IR and UV-visible spectroelectrochemistry
and frequently EPR, has afforded insight into the electronic and
molecular structure of clusters in varying oxidation states.28,53-69

The great majority of studies probing electronic structure of
transition metal carbonyl clusters have focused on homometallic
clusters. Mixed-metal clusters (particularly those with disparate
metals) are of interest for a number of reasons: for example,
cooperative effects between adjacent metal centers could be
enhanced by the presence of a polar metal-metal bond,
sufficiently different metals should “select” for particular types
of reagents,70 bimetallic clusters may be precursors for catalyti-
cally active species with well-defined metal:metal stoichiometry,
and the differing metals in such clusters provide effective labels
for ligand fluxionality studies.71 While efficient synthetic routes
to “very mixed”-metal clusters (those containing metals which
differ by three or mored-block groups)72 have been documented,
reactivity studies are significantly less extensive, and reports
of physical properties comparatively scarce. Specifically, the
possibility of controlling and tuning the electronic properties
of clusters by sequential introduction of heterometals is of part-
icular interest, but is thus far little-investigated. We present here-
in a detailed electrochemical, spectroelectrochemical, and theo-
retical study of the group 6-iridium clusters MnIr4-n(CO)12-nCpn
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(M ) Mo, W; n ) 1, 2; Cp) C5H5, C5H4Me, C5HMe4, C5-
Me5; not all combinations) and some of their phosphine
substitution products. These clusters are derived from the
extensively studied73 tetrahedral cluster Ir4(CO)12 by conceptual
replacement of Ir(CO)3 vertices by isolobal M(CO)2Cp units.
This systematically varied series provides the opportunity to
assess trends in oxidation/reduction potentials by cyclic volta-
mmetry, and thereby test ligand-additivity74 ideas and previously
unexplored metal-additivity possibilities; this will therefore
afford a glimpse of the prospects of controlling cluster electronic
properties by core metal and peripheral ligand variation.
Increasing the steric bulk of ligands inclosopolyhedral clusters
may potentially result in disruption of metal-metal connectivity
or drastic changes in ligand coordination modes. For the present
series, structural studies of the pentamethylcyclopentadienyl-
containing clusters afford the opportunity to assess this for some
of the most sterically crowded tetranuclear clusters thus far.
Raman spectroscopy is particularly useful for examining metal-
metal bonding, and has been applied to a range of transition
metal carbonyl clusters.75-83 Thus far, however, all studies have

involved examining homometallic clusters, one reason being
the increased complication in Raman spectra resulting from the
decrease in symmetry on proceeding from homometallic cluster
to isostructural heterometallic cluster. The first Raman spec-
troscopic data for mixed-metal clusters are reported herein, and
have been assigned utilizing the systematic variation inherent
in this system. Although electrochemically induced oxidation/
reduction processes in many clusters have been reported, few
reports detail structural assignment of the oxidized/reduced
species. The reduction in molecular symmetry in proceeding
from homometallic to heterometallic cluster may facilitate such
identification. We also report herein the first combined IR- and
UV-vis spectroelectrochemical study of oxidation and reduction
processes in very-mixed-metal clusters, rationalized with the
aid of density functional theory (DFT) calculations, permitting
structural suggestions for the oxidized and reduced species, and
spectral assignment of the important electronic transitions.

Results and Discussion

Syntheses and Characterization of MoIr3(CO)11(η5-
C5H5-nMen) and Mo2Ir 2(CO)10(η5-C5H5-nMen)2 Clusters (n
) 1, 4, 5).The air-sensitive hydrides MoH(CO)3(η5-C5H5-n-
Men) (n ) 1, 4, 5) were prepared by the facile reaction of the
commercially available methyl-substituted cyclopentadienes
C5H6-nMen with Mo(CO)3(η6-xylene) at room temperature
(Scheme 1), a modification on a literature procedure.84 An
excess of the crude hydride MoH(CO)3(η5-C5H5-nMen) was
combined with IrCl(CO)2(p-toluidine) in the presence of zinc
(as reducing agent), and the mixture heated under a carbon
monoxide atmosphere to afford MoIr3(CO)11(η5-C5H4Me) (69%)
(5), MoIr3(CO)11(η5-C5HMe4) (76%) (6), and MoIr3(CO)11(η5-
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Scheme 1 . Syntheses of MoIr3(CO)11(η5-C5H5-nMen), n ) 1 (5), 4 (6), and 5 (7)
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C5Me5) (73%) (7), respectively (Scheme 1). The cyclopenta-
dienyl analogue of these clusters, MoIr3(CO)11(η5-C5H5) (1),
has been prepared in 60% yield by a similar procedure.85

Workup is simplified by the addition of a small quantity of CCl4

to the reaction mixture after reaction, but before exposure to
air. This converts unreacted MoH(CO)3(η5-C5H5-nMen) to
MoCl(CO)3(η5-C5H5-nMen) before oxidation of the former
occurs to afford the{Mo(CO)3(η5-C5H5-nMen)}2 dimer, as the
dimer was found to be difficult to chromatographically separate
from the products.

The anions [Mo(CO)3(η5-C5H5-nMen)]- (n ) 1, 4, 5) were
generated by reaction of Mo(CO)6 with the corresponding
sodium or lithium cyclopentadienide salts, the latter prepared
in situ from commercially available methyl-substituted cyclo-
pentadienes C5H6-nMen.86 Reaction of IrCl(CO)2(p-toluidine)
with an excess of the anion [Mo(CO)3(η-C5H5-nMen)]- afforded
Mo2Ir2(CO)10(η5-C5H4Me)2 (81%) (8), Mo2Ir2(CO)10(η5-C5-
HMe4)2 (61%) (9), and Mo2Ir2(CO)10(η5-C5Me5)2 (35%) (10),
respectively (Scheme 2), with the respective molybdenum-
triiridium clusters5-7 being isolated as minor products. The
synthetic methodology used to prepare8-10 is based on the
procedure described for the preparation of the related cyclo-
pentadienyl analogue Mo2Ir2(CO)10(η5-C5H5)2 (3) in 78%
yield,87 and tungsten-iridium analogues W2Ir2(CO)10(η5-
C5H5)2

88 (4) and W2Ir2(CO)10(η5-C5H4Me)289 in 81-85% yield.
One modification to the literature method was to convert the
excess anion to the related hydride MoH(CO)3(η5-C5H5-nMen)
by addition of acetic acid, which was then converted to MoCl-
(CO)3(η5-C5H5-nMen) by addition of CCl4 as described above.

The products5-10 have all been characterized by a
combination of IR,1H NMR, and UV-vis spectroscopies, SI
mass spectrometry, and satisfactory microanalysis. The solution

IR spectra in cyclohexane indicate the presence of terminal and
bridging carbonyl ligands, in contrast to the tungsten-containing
analogues WIr3(CO)11(η5-C5H5)85 (2) and WIr3(CO)11(η5-C5H4-
Me),90 which show only terminal carbonyl groups. The number
of bands in theν(CO) region is indicative of the presence of
isomers; the less-sterically hindered8 has two extra bands in
its IR spectrum which are not present in the spectra of9 and
10. In general theν(CO) bands move to lower energy on
progressing to the more substituted cyclopentadienyl groups,
most evident in the bridging carbonyl region because the
bridging coordination modes are more effective at removing
electron density from the metal core. The1H NMR signals move
to higher field as the number of methyl groups increases, most
markedly for the ring proton resonances of5-7. The SI mass
spectra contain peaks corresponding to the molecular ion and
successive loss of carbonyl ligands, competitive with loss of
methyl groups for6-10. The UV-vis spectra are featureless,
with no distinct maxima, merely shoulders observed in the range
240-1000 nm.

Crystal Structures of 7 and 10.The molecular structures
of 7 and10 as determined by single-crystal X-ray studies are
consistent with the formulations given above and, together with
the previously reported structures of185 and 3,91 provide the
opportunity to assess the effect of steric crowding on metrical
parameters and ligand coordination modes. Selected bond
lengths and angles are listed in Tables 1 and 2, and a summary
of crystal and refinement data is shown in Table 3. ORTEP
plots showing the molecular geometry and atomic numbering
schemes are shown in Figures 1 (7) and 2 (10).

The complex7 has the MoIr3 pseudotetrahedral core geometry
of the analogue MoIr3(µ-CO)3(CO)8(η5-C5H5) (1),85 with a η5-
C5Me5 group ligating the molybdenum atom. Bridging carbonyls
span the edges of a MoIr2 face, and the remaining eight
carbonyls bond in a terminal fashion, with two terminal
carbonyls on each of Ir1 and Ir2, three terminal carbonyls on

(85) Churchill, M. R.; Li, Y.-J.; Shapley, J. R.; Foose, D. S.; Uchiyama, W. S.
J. Organomet. Chem.1986, 312, 121.

(86) King, R. B.; Stone, F. G. A.Inorg. Synth.1963, 7, 107.
(87) Lucas, N. T.; Humphrey, M. G.; Hockless, D. C. R.J. Organomet. Chem.

1997, 535, 175.
(88) Shapley, J. R.; Hardwick, S. J.; Foose, D. S.; Stucky, G. D.J. Am. Chem.

Soc.1981, 103, 7383.
(89) Lucas, N. T.; Notaras, E. G. A.; Humphrey, M. G.Acta Crystallogr.2001,

E57, m132.

(90) Notaras, E. G. A.; Lucas, N. T.; Blitz, J. P.; Humphrey, M. G.J. Organomet.
Chem.2001, 631, 143.

(91) Lucas, N. T.; Humphrey, M. G.; Healy, P. C.; Williams, M. L.J.
Organomet. Chem.1997, 545-546, 519.

Scheme 2 . Syntheses of Mo2Ir2(CO)10(η5-C5H5-nMen)2, n ) 1 (8), 4 (9), and 5 (10)
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Ir3, and one terminal carbonyl on the molybenum. The metal
core bond distances of7 (Ir-Irav ) 2.703 Å, Ir-Moav ) 2.881
Å) are slightly longer than those of1 (Ir-Irav ) 2.700 Å, Ir-
Moav ) 2.859 Å); the nonbridged Ir3-Mo4 bond [2.910(2) Å]
is significantly longer than the other two carbonyl-bridged Ir-
Mo bonds [2.865(2)/2.869(2) Å]. Proceeding from1 to 7 thus
results in core expansion. The pentamethylcyclopentadienyl
group of 7 is inclined toward the MoIr2 face spanned by the
bridging carbonyl ligands, and is trans to the long Ir3-Mo4
bond. The carbonyls bridging the Ir-Mo bonds of7 are more
unsymmetrically disposed than are those of1, moving closer
to the molybdenums, suggesting that electronic factors dominate
over steric considerations for this ligand disposition. The Mo4-
bound carbonyl CO41 has a semi-bridging interaction92 with
Ir3 [Mo4-C41-O41 ) 170(2)°, Ir3‚‚‚C41 ) 2.83(2) Å,
asymmetry parameter93,94 R ) 0.44].

Complex10 has the dimolybdenum-diiridium pseudotetra-
hedral core geometry of the cyclopentadienyl-containing ana-
logue Mo2Ir2(CO)10(η5-C5H5)2 (3),87 with η5-C5Me5 groups
ligating both molybdenum atoms. Bridging carbonyls span the

edges of a MoIr2 face, and the remaining seven carbonyls bond
in a terminal fashion: two terminal carbonyls on each of Ir1
and Ir2, one terminal carbonyl on Mo3, and two terminal
carbonyls on Mo4 complete the coordination. As above,
introduction of sterically demanding, and more electron-
donating, ligands results in core expansion: the metal core bond
distances of10 [Ir-Ir ) 2.7087(8) Å, Ir-Moav ) 2.874 Å, Mo-
Mo ) 3.141(2) Å] are significantly longer than those of3 [Ir-
Ir ) 2.6972(9) Å, Ir-Moav ) 2.856 Å, Mo-Mo ) 3.111(1)
Å], with the Mo-Mo bond showing the greatest difference as
would be expected on steric grounds. The longest Mo-Ir bond
is trans to theη5-C5Me5 group on Mo4 [Mo4-Ir2 ) 2.895(1)
Å]; the shortest Mo-Ir bond is the other nonbridged Ir-Mo4
vector [Mo4-Ir1 ) 2.853(1) Å]. The pentamethylcyclopenta-
dienyl group on Mo3 is inclined toward the MoIr2 face spanned
by the bridging carbonyl ligands. As was seen for7, the
carbonyls bridging Ir-Mo bonds of10 (Rav ) 0.05) are more
unsymmetrically disposed than are those of the cyclopentadi-
enyl-ligated analogue (Rav ) 0.01). The same electronic factors
probably explain the presence of semi-bridging interactions for
the three molybdenum-bound carbonyl groups CO31 (R ) 0.54),
CO41 (R ) 0.45), and CO42 (R ) 0.54), which likely help
distribute electron density to the other metals. In addition, CO13
is tilted toward Mo4 with Mo4‚‚‚C13 ) 2.99(1) Å (Ir1-C13‚
‚‚Mo4, R ) 0.40; Mo3-C13‚‚‚Mo4, R ) 0.40) affording an
unusual “semi-face-capping” carbonyl ligand, also observed for
3.87

Reactions of WIr3(CO)11(η5-C5H4Me) (11) and W2Ir 2-
(CO)10(η5-C5H4Me)2 (12) with PMe3. The reactions of WIr3-
(CO)11(η5-C5H4Me) (11) or W2Ir2(CO)10(η5-C5H4Me)2 (12) with

(92) Cotton, F. A.; Kruczynski, L.; Frenz, B. A.J. Organomet. Chem.1978,
160, 93.

(93) Klingler, R. J.; Butler, W. M.; Curtis, M. D.J. Am. Chem. Soc.1978, 100,
5034.

(94) Curtis, M. D.; Han, K. R.; Butler, W. M.Inorg. Chem.1980, 19, 2096.

Table 1. Selected Bond Lengths and Angles for
MoIr3(µ-CO)3(CO)8(η5-C5Me5) (7)

Ir1-Ir2 2.701(1) Mo4-C24 2.16(2)
Ir1-Ir3 2.705(1) Ir1-C11 1.86(2)
Ir2-Ir3 2.704(1) Ir1-C15 1.84(2)
Ir1-Mo4 2.869(2) Ir2-C21 1.90(2)
Ir2-Mo4 2.865(2) Ir2-C22 1.87(3)
Ir3-Mo4 2.910(2) Ir3-C31 1.93(2)
Ir1-C12 2.10(2) Ir3-C32 1.92(2)
Ir1-C14 2.15(2) Ir3-C33 1.87(3)
Ir2-C12 2.10(2) Ir3‚‚‚C41 2.83(2)
Ir2-C24 2.21(2) Mo4-C41 1.96(2)
Mo4-C14 2.09(2) Mo4-Cpa 2.016

Ir2-Ir1-Ir3 60.03(3) Ir1-Ir3-Ir2 59.92(3)
Ir2-Ir1-Mo4 61.82(4) Ir1-Ir3-Mo4 61.31(4)
Ir3-Ir1-Mo4 62.87(4) Ir2-Ir3-Mo4 61.23(3)
Ir1-Ir2-Ir3 60.05(3) Ir1-Mo4-Ir2 56.22(4)
Ir1-Ir2-Mo4 61.96(4) Ir1-Mo4-Ir3 55.82(4)
Ir3-Ir2-Mo4 62.93(4) Ir2-Mo4-Ir3 55.84(3)

a Cp ) centroid of the pentamethylcyclopentadienyl ring.

Table 2. Selected Bond Lengths and Angles for
Mo2Ir2(µ-CO)3(CO)7(η5-C5Me5)2 (10)

Ir1-Ir2 2.7087(8) Ir1-C11 1.88(1)
Ir1-Mo3 2.889(1) Ir1-C14 1.91(2)
Ir1-Mo4 2.853(1) Ir2-C21 1.79(2)
Ir2-Mo3 2.858(1) Ir2-C22 1.91(2)
Ir2-Mo4 2.895(1) Ir2‚‚‚C41 2.86(2)
Mo3-Mo4 3.141(2) Ir2‚‚‚C42 3.01(1)
Ir1-C12 2.08(2) Mo3-C31 1.92(1)
Ir1-C13 2.13(2) Mo4‚‚‚C31 2.95(1)
Ir2-C12 2.10(2) Mo4-C41 1.97(2)
Ir2-C23 2.24(1) Mo4-C42 1.95(1)
Mo3-C13 2.14(1) Mo3-Cpa 2.021
Mo3-C23 2.05(1) Mo4-Cpa 2.049

Ir2-Ir1-Mo3 61.31(3) Ir1-Mo3-Ir2 56.24(3)
Ir2-Ir1-Mo4 62.66(3) Ir1-Mo3-Mo4 56.29(3)
Mo3-Ir1-Mo4 66.33(3) Ir2-Mo3-Mo4 57.46(3)
Ir1-Ir2-Mo3 62.45(3) Ir1-Mo4-Ir2 56.22(3)
Ir1-Ir2-Mo4 61.11(3) Ir1-Mo4-Mo3 57.38(3)
Mo3-Ir2-Mo4 66.19(3) Ir2-Mo4-Mo3 56.35(3)

aCp ) centroid of the pentamethylcyclopentadienyl ring.

Table 3. Crystal Data for 7, 10, and 13

7 10 13

formula C21H15Ir3MoO11 C30H30Ir2Mo2O10 C19H16Ir3O10PW
fw 1115.94 1126.88 1195.81
crystal size (mm3) 0.40× 0.08× 0.06 0.70× 0.50× 0.50 0.35× 0.29× 0.18
color, habit orange, needle red-brown, block orange, fragment
T (K) 296 296 200
diffractometer Rigaku AFC6S Rigaku AFC6S Nonius KappaCCD
crystal system monoclinic tetragonal triclinic
space group P21/c (#14) P41212 (#92) P1h (#2)
a (Å) 8.523(4) 16.332(2) 9.2819(1)
b (Å) 19.434(3) 9.6886(1)
c (Å) 15.469(3) 24.696(5) 14.9537(2)
R (deg) 81.7838(5)
â (deg) 91.84(2) 72.8327(5)
γ (deg) 68.1183(8)
V (Å3) 2561(1) 6587(2) 1191.46(3)
Z 4 8 2
Dcalc (g cm-3) 2.89 2.272 3.33
F(000) 2008 4224 1060
µMo (mm-1) 16.012 8.873 21.684
θmax (deg) 25.05 25.05 30.05
index ranges 0e h e 10 -19 e h e 19 -13 e h e 12

0 e k e 23 -19 e k e 19 -13 e k e 13
-18 e l e 18 -29 e l e 29 -21 e l e 21

Nmeasured 5026 3396 28946
Nunique 4695 3366 6967
Nobs(I > 2σ(I)) 3229 2835 6038
absorp corr ψ-scan ψ-scan integration
Tmin, Tmax 0.14, 0.38 0.007, 0.012 0.039, 0.11
Nparam 326 398 308
R (I > 2σ(I))a 0.044 0.033 0.048
Rw (I > 2σ(I))b 0.051 0.034 0.057
GOF 2.17 1.59 1.41
largest diff peak,

hole (e Å-3)
2.22,-2.51 1.25,-1.66 6.07,-5.56

a R ) ∑||Fo| - |Fc||/∑|Fo|. b Rw ) [(∑w(|Fo| - |Fc|)2/∑wFo
2]1/2, w )

[σc
2(Fo) + 0.0001(Fo

2)]-1.
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1-1.5 equiv of PMe3 proceed in dichloromethane at room
temperature to afford monosubstitution products WIr3(CO)10-
(PMe3)(η5-C5H4Me) (13) and W2Ir2(CO)9(PMe3)(η5-C5H4Me)2
(15) as major products in good yield (Scheme 3). In addition,
the bis-substitution products WIr3(CO)9(PMe3)2(η5-C5H4Me)
(14) and W2Ir2(CO)8(PMe3)2(η5-C5H4Me)2 (16) were isolated
in lower yield from the respective reactions; neither was
sufficiently stable to afford acceptable analytical data, and16
was insufficiently stable to be used in further studies. The
clusters13-15 have been characterized by a combination of
IR and 1H NMR spectroscopies, SI mass spectrometry, and
satisfactory microanalysis (13 and15 only), while the unstable
product 16 has been characterized by IR and1H NMR
spectroscopies only. The spectroscopic features of13-16 are
similar to those of their cyclopentadienyl analogues,95,96but extra
bands are observed in the solution IR spectra of some examples.

Crystal Structure of 13. The molecular structure of13 as
determined by single-crystal X-ray studies is consistent with
the formulation given above and defines the substitution site of
the phosphine. A summary of crystal and refinement data is
shown in Table 3, and selected bond lengths and angles are
listed in Table 4. An ORTEP plot showing the molecular
geometry and atomic numbering scheme is shown in Figure 3.

The complex13 has the WIr3 pseudotetrahedral framework
of the precursor cluster WIr3(CO)11(η5-C5H4Me) (11).89 The
tungsten atom is ligated by a methylcyclopentadienyl group, a
trimethylphosphine ligates Ir1, three bridging carbonyls span
the Ir1-Ir2-W3 face, and seven terminal carbonyl ligands
complete the coordination sphere. The core distances fall into
the ranges Ir-Ir [2.6804(5)-2.7395(4); Ir-Irav ) 2.708 Å] and
Ir-W [2.8013(4)-2.9013(5); Ir-Wav ) 2.851 Å], and are on
average shorter than those of the cyclopentadienyl analogue
WIr3(µ-CO)3(CO)7(PMe3)(η5-C5H5) [Ir-Irav ) 2.745 Å, Ir-
Wav ) 2.858 Å].95 Comparison with the structure of the
precursor cluster11 [Ir-Irav ) 2.700 Å, Ir-Wav ) 2.823 Å]89

indicates a slight lengthening of the core bonds, a trend
consistent with previously studied substituted tungsten-iridium
clusters.70,95,97Note that the precursor cluster has an all-terminal

carbonyl configuration; this change in carbonyl bonding fol-
lowing phosphine substitution is not unprecedented, having also
been observed for the analogous cyclopentadienyl cluster WIr3-
(µ-CO)3(CO)7(PMe3)(η5-C5H5).95 However, in the cyclopenta-
dienyl-containing example the carbonyls bridge an Ir3 plane,
whereas in13 the bridging occurs around a WIr2 plane. Relative
to the plane of bridging carbonyls, the phosphine in13
coordinates in a radial site (η5-C5H4Me axial), whereas the
phosphine ligates axially (η5-C5H5 apical) in WIr3(µ-CO)3(CO)7-
(PMe3)(η5-C5H5). Both of these coordination geometries have
been suggested for isomers present in solution observed in NMR
fluxionality studies of WIr3(µ-CO)3(CO)7(PMe3)(η5-C5H5),98 but
the present study provides the first solid-state evidence for this
configuration. The tungsten-bound carbonyl CO31 has a semi-
bridging interaction with Ir4 [∠W3-C31-O31 ) 172.8(9)°,
Ir4‚‚‚C31 ) 2.914(9)°, R ) 0.48].

Raman Spectroscopy.Low-frequency Raman spectra for
clusters5, 8, 11, and 12 are displayed in Figure 4, together
with that of the homometallic tetrahedral cluster Ir4(CO)12, the
data from which has been reported in an earlier study;76 the
observed Raman frequencies are presented in Table 5 together
with symmetries of these vibrational modes. Three intense bands
at 207, 161, and 131 cm-1 have been assigned previously to

(95) Waterman, S. M.; Humphrey, M. G.; Tolhurst, V.-A.; Skelton, B. W.; White,
A. H.; Hockless, D. C. R.Organometallics1996, 15, 934.

(96) Waterman, S. M.; Humphrey, M. G.; Lee, J.; Ball, G. E.; Hockless, D. C.
R. Organometallics1999, 18, 2440.

(97) Waterman, S. M.; Humphrey, M. G.; Hockless, D. C. R.J. Organomet.
Chem.1998, 565, 81. (98) Waterman, S. M.; Humphrey, M. G.Organometallics1999, 18, 3116.

Scheme 3 . Syntheses of WIr3(CO)10(PMe3)(η5-C5H4Me) (13), WIr3(CO)9(PMe3)2(η5-C5H4Me) (14), W2Ir2(CO)9(PMe3)(η5-C5H4Me)2 (15), and
W2Ir2(CO)8(PMe3)2(η5-C5H4Me)2 (16)

Table 4. Selected Bond Lengths and Angles for
WIr3(µ-CO)3(CO)7(PMe3)(η5-C5H4Me) (13)

Ir1-Ir2 2.6804(5) W3-C2 2.085(9)
Ir1-Ir4 2.7395(4) W3-C3 2.172(9)
Ir2-Ir4 2.7043(5) Ir1-C11 1.876(9)
Ir1-W3 2.8013(4) Ir2-C21 1.89(1)
Ir2-W3 2.8517(5) Ir2-C22 1.883(9)
Ir4-W3 2.9013(5) Ir4-C41 1.920(9)
Ir1-P1 2.317(2) Ir4-C42 1.882(9)
Ir1-C1 2.057(9) Ir4-C43 1.95(1)
Ir1-C3 2.092(9) W3-C31 1.967(9)
Ir2-C1 2.170(9) W3-Cpa 1.989
Ir2-C2 2.190(9)

Ir2-Ir1-Ir4 59.85(1) Ir1-Ir4-Ir2 58.99(1)
Ir2-Ir1-W3 62.65(1) Ir1-Ir4-W3 59.47(1)
Ir4-Ir1-W3 63.14(1) Ir2-Ir4-W3 61.04(1)
Ir1-Ir2-Ir4 61.16(1) Ir1-W3-Ir2 56.60(1)
Ir1-Ir2-W3 60.75(1) Ir1-W3-Ir4 57.39(1)
Ir4-Ir2-W3 62.89(1) Ir2-W3-Ir4 56.07(1)

a Cp ) centroid of the pentamethylcyclopentadienyl ring.
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the anticipated cluster modes of A1, T2, and E symmetries,
respectively.76 The idealized symmetry of Ir4(CO)12 (Td) is
reduced toCs on proceeding to the cyclopentadienyl-containing
clusters1-4, and the methylcyclopentadienyl-containing clusters
5, 11, 8, and12. The metal cores of the [MIr3] (1, 2, 5, 11) and
[M2Ir2] (3, 4, 8, 12) clusters haveC3V or C2V symmetry,
respectively. Instrumental limitations have precluded examina-
tion of the low-energy E mode for Ir4(CO)12, but the frequencies
of the A1 and T2 modes are reproduced in the current study.
The T2 mode ofTd transforms to A1 and E modes in theC3V

point group and A1 + B1 + B2 modes in theC2V point group;
in C2V, 4 M-M modes are possible. The low-frequency region
of the Raman spectra for carbonyl clusters typically contain
bands corresponding to metal-metal stretching and metal-
carbon deformation modes, but previous studies have found
limited mode-mixing,75,76 justifying a correlation between the

tabulated frequencies and average cluster core bond strengths.
Specifically, frequencies for the A1 breathing mode decrease
on proceeding from Ir4(CO)12 to 5, 11 and then to8, 12,
corresponding to increasing incorporation of group 6 metal into
the cluster core, and consistent with the trend in metal-metal
distances [Ir-Ir < M-Ir < M-M]. Proceeding from11 to 5
results in significant broadening of the 194 cm-1 band, and
proceeding from12 to 8 results in some broadening of the 176/
183 cm-1 band. As replacing tungsten by molybdenum in these
clusters results in the solid-state cluster structure changing from
an all-terminal carbonyl geometry to one in which there is a
plane of bridging carbonyls, it seems likely that this broadening
reflects this molecular modification rather than intermolecular
factor group splitting.

Redox Behavior of [MIr 3] Clusters (M ) Mo, W). All
clusters considered in the present study are electron precise (60
CVE) in the resting state. The cyclic voltammetric scans of the
tetrahedral complexes MoIr3(CO)11(η5-C5H5-nMen) [n ) 0 (1),
1 (5), 4 (6), and 5 (7)], WIr3(CO)11(η5-C5H4Me) (11), and WIr3-
(CO)10(PMe3)(η5-C5H4Me) (13), using a switching potential of
1.7 V, show two successive irreversible oxidative waves of equal
peak current height [Table 6: a representative CV (that of6) is
displayed in Figure 5]. The bis-phosphine substitution product
WIr3(CO)9(PMe3)2(η5-C5H4Me) (14) exhibits a third irreversible
oxidative wave in this region. Replacement of the cyclopenta-
dienyl group of 1 with methyl-substituted cyclopentadienyl
groups (5-7) results in a decrease in first oxidation potential,
as would be expected for the introduction of electron-donating
methyl groups. Likewise, the substitution of CO in11 by the
strongly electron-donating PMe3 ligand (clusters13 and 14)
results in a decrease in the oxidation potentials. No significant
increases in reversibility were noted for these [MIr3] clusters,
even when the scan rate was increased (up to 1600 mV s-1)
and the solution was cooled to-20 °C. Small daughter peaks
arising from decomposition products are seen at G and H.

Figure 1. Molecular structure and atomic numbering scheme for MoIr3-
(µ-CO)3(CO)8(η5-C5Me5) (7). Displacement ellipsoids are shown at the 30%
probability level; hydrogens have an arbitrary radius.

Figure 2. Molecular structure and atomic numbering scheme for Mo2Ir2-
(µ-CO)3(CO)7(η5-C5Me5)2 (10). Displacement ellipsoids are shown at the
30% probability level; hydrogens have an arbitrary radius.

Figure 3. Molecular structure and atomic numbering scheme for WIr3(µ-
CO)3(CO)7(PMe3)(η5-C5H4Me) (13). Displacement ellipsoids are shown at
the 30% probability level; hydrogens have an arbitrary radius.
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Attempts to quantify the electron transfer stoichiometry for the
first oxidation process using controlled potential coulometry
were inconclusive; this oxidation has tentatively been assigned
as a one-electron process.

A single irreversible one-electron reduction process (A) is
observed for all seven clusters1, 5-7, 11, 13, and14 (Figure
5, Table 6) for a switching potential of-1.7 V. No increases
in reversibility were detected on increasing the scan rate or

cooling the solution. Peaks corresponding to oxidation of the
species arising from the irreversible reductive process are present
in the reverse sweep (B-E). The relative ordering of reduction
potentials for these clusters is identical with that seen for the
oxidation processes; the most easily oxidized cluster is also the
most difficult to reduce (and the most difficult to oxidize is the
easiest to reduce). The tungsten-containing cluster11 is easier
to oxidize (and harder to reduce) than its molybdenum-
containing analogue5 (a difference of 230 mV between first
oxidation potentials and 40 mV between reduction potentials).

Redox Behavior of [M2Ir 2] Clusters (M ) Mo, W). The
cyclic voltammetric scans of the tetrahedral complexes Mo2-
Ir2(CO)10(η5-C5H5-nMen)2 [n ) 0 (3), 1 (8), 4 (9), and 5 (10)],
W2Ir2(CO)10(η5-C5H4Me)2 (12), and W2Ir2(CO)9(PMe3)(η5-
C5H4Me)2 (15), using a switching potential of 1.7 V, show two
successive one-electron oxidation waves [Table 6: a representa-
tive CV (that of8) is displayed in Figure 6]. The first process
(D/d) is reversible or quasireversible, while the second process
(E) is irreversible except in the case of15, for which the
electron-donating PMe3 group appears to stabilize the dicationic
species and a partially reversible process is observed (Figure
7). Replacement of the cyclopentadienyl groups of3 with
methyl-substituted cyclopentadienyl groups (8-10) results in
a decrease in both oxidation potentials, the same trend that is
seen for the related [MoIr3] clusters discussed above; the
presence of two (η5-C5H5-nMen) groups in3, 8-10 makes the
effect more pronounced. The substitution of one CO on12 by
PMe3 to give15 results in an increase in the ease of oxidation
by 190 mV, approximately twice that seen for the corresponding
[WIr3] clusters 11 and 13 (∆E ) 90 mV). No significant
increases in reversibility for the second oxidation process of
the molybdenum-containing clusters were noted when the scan
rate was increased and the solution was cooled to-20 °C. The
electron-transfer stoichiometry for the reversible, first oxidation
of 12 has been quantified as a one-electron process using
controlled potential coulometry.

The first reduction process (A) observed for clusters3, 8-10,
12, and 15 is irreversible and involves the transfer of two
electrons by peak height comparison (Figure 6). When the
switching potential was increased to-2.0 V, a second irrevers-
ible process was detected for9 and10. Increasing the scan rate
or cooling the solution had no effect on the reversibility of either
reduction process. At higher scan rates the largest daughter peak
(C) in the reverse scan increased in size relative to the forward
peaks, indicative of a lifetime of the order of seconds for this
decomposition intermediate.

As was seen for the [MIr3] clusters above, the tungsten-
containing cluster12 is more easily oxidized (or more difficult
to reduce) than its molybdenum-containing analogue8, although

Figure 4. Low-frequency Raman spectra (cm-1) for solid samples of Ir4-
(CO)12, MoIr3(µ-CO)3(CO)8(η5-C5H4Me) (5), Mo2Ir2(µ-CO)3(CO)7(η5-C5H4-
Me)2 (8), WIr3(CO)11(η5-C5H4Me) (11), and W2Ir2(CO)10(η5-C5H4Me)2 (12).

Table 5. Observed Low-Frequency Raman Bands (cm-1) and
Assignments for Ir4(CO)12, MoIr3(µ-CO)3(CO)8(η5-C5H4Me) (5),
Mo2Ir2(µ-CO)3(CO)7(η5-C5H4Me)2 (8), WIr3(CO)11(η5-C5H4Me) (11),
and W2Ir2(CO)10(η5-C5H4Me)2 (12)

Raman bands (cm-1)

cluster A1

T2 (or lower symmetry
components)

Ir4(CO)12 209 162
WIr3(CO)11(η5-C5H4Me) (11) 194 147
MoIr3(µ-CO)3(CO)8(η5-C5H4Me) (5) 194 164, 147
W2Ir2(CO)10(η5-C5H4Me)2 (12) 176 155, 144
Mo2Ir2(µ-CO)3(CO)7(η5-C5H4Me)2 (8) 183 159, 146
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in this case the greatest difference is seen in the reductive (∆E
) 270 mV) rather than oxidative (∆E ) 120 mV) behavior.
The clusters Mo2Ir2(CO)10(η5-C5H5-nMen)2 (3, 8-10) are more
easily oxidized than the respective clusters MoIr3(CO)11(η5-
C5H5-nMen) (1, 5-7).

Spectroelectrochemical Studies.The reversible one-electron
oxidation of the [M2Ir2] clusters has been probed. A typical
example, W2Ir2(CO)10(η5-C5H4Me)2 (12), was examined by
UV-vis-NIR and IR spectroelectrochemistry. Electronic ab-
sorption spectra of the oxidation of12 in an OTTLE cell are
shown in Figure 8. Oxidation results in the isosbestic disap-

pearance of bands centered at 21 500 and 35 000 cm-1 and
simultaneous appearance of similar intensity bands at 18 000
and 37 000 cm-1, together with a low-energy low-intensity band
at 8 000 cm-1. Few reports of UV-vis(-NIR) spectroelectro-
chemistry of transition metal carbonyl clusters are extant,54,60,63

and no similar NIR transitions have been reported. Changes in
the IRν(CO) region on one-electron oxidation of12are shown
in the difference spectra of Figure 9, obtained in a thin-layer
reflectance cell. While the single-crystal X-ray structural study
of 1299 reveals all-terminal carbonyl coordination, the solution
IR spectrum is consistent with the presence of an isomer with
bridging carbonyls [ν(CO) 1750-1900 cm-1], possibly isos-
tructural with the solid-state structure of Mo2Ir2(µ-CO)3(CO)7-
(η5-C5H5)2 (3).87 Oxidation results in progressive disappearance
of the bridging carbonyl bands, accompanied by appearance of
several strong bands in the terminal carbonylν(CO) region [ν-
(CO) 1950-2150 cm-1]. Several transition metal carbonyl
clusters have been examined byν(CO) IR spectroelectro-

(99) Lucas, N. T.; Notaras, E. G. A.; Humphrey, M. G.Acta Crystallogr.2001,
E57, m132.

Table 6. Cyclic Voltammetric Data (V) for 1, 3, and 5-15

oxidationsa reductionsa

MoIr3(CO)11(η5-C5H5) (1) 1.55 1.32 (1e) -1.15 (1e)
MoIr3(CO)11(η5-C5H4Me) (5) 1.54 1.29 (1e) -1.27 (1e)
MoIr3(CO)11(η5-C5HMe4) (6) 1.58 1.24 (1e) -1.30 (1e)
MoIr3(CO)11(η5-C5Me5) (7) 1.49 1.23 (1e) -1.33 (1e)
WIr3(CO)11(η5-C5H4Me) (11) 1.27 1.06 (1e) -1.31 (1e)
WIr3(CO)10(PMe3)(η5-C5H4Me) (13) 1.38 0.97 (1e) -1.50 (1e)
WIr3(CO)9(PMe3)2(η5-C5H4Me) (14) 1.23 0.75 0.65 (1e) -1.81 (1e)
Mo2Ir2(CO)10(η5-C5H5)2 (3) 1.07 0.84 [160]b (1e) -1.24 (2e)
Mo2Ir2(CO)10(η5-C5H4Me)2 (8) 1.05 0.82 [80]b (1e) -1.23 (2e) (-1.70)
Mo2Ir2(CO)10(η5-C5HMe4)2 (9) 1.00 0.71 [130]b (1e) -1.37 (2e) -1.86
Mo2Ir2(CO)10(η5-C5Me5)2 (10) 1.02 0.71 [120]b (1e) -1.33 (2e) -1.85
W2Ir2(CO)10(η5-C5H4Me)2 (12) 1.00 0.70 [70]b (1e) -1.50 (2e)
W2Ir2(CO)9(PMe3)(η5-C5H4Me)2 (15) 0.74 [70]b (1e) 0.51 [60]b (1e) -1.68 (2e)

a All clusters exhibit irreversible processes except where indicated.b Partially reversibleE1/2 [Epf - Epr (mV)].

Figure 5. Cyclic voltammogram of 5.1× 10-3 M MoIr3(CO)11(η5-C5-
HMe4) (6) in CH2Cl2 with 0.25 M (NBun

4)PF6 as supporting electrolyte
(scan rate: 200 mV s-1).

Figure 6. Cyclic voltammogram of 1.7× 10-3 M Mo2Ir2(CO)10(η5-C5H4-
Me)2 (8) in CH2Cl2 with 0.25 M (NBun

4)PF6 as supporting electrolyte (scan
rate: 200 mV s-1).

Figure 7. Cyclic voltammograms of (i) 2.0× 10-3 M W2Ir2(CO)10(η5-
C5H4Me)2 (12) showing the effect of scan rate variation and (ii) 1.8× 10-3

M W2Ir2(CO)9(PMe3)(η5-C5H4Me)2 (15) in CH2Cl2 with 0.25 M (NBun
4)-

PF6 as supporting electrolyte.
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chemistry,28,53,55-59,61-69 including an example of cluster reduc-
tion rearranging an all-terminal carbonyl coordination to one
involving bridging ligands.66 In the present studies, the isomer
distribution in the resting state of all-terminal (crystallographi-
cally verified) and bridging-carbonyl (spectroscopically as-
signed) forms is displaced to purely all-terminal on cluster
oxidation. This results from the decrease indπ(M)f2π*(CO)
back-bonding because of the decrease of electron density from
cluster oxidation;57 a similar example of an all-bridging isomer
rearranging to an isomeric form with a terminal carbonyl on
one-electron oxidation has been noted recently with tricobalt
clusters.67

Computational Studies. Approximate density functional
theory calculations have been carried out on the archetypal W2-
Ir2(CO)10(η5-C5H5)2 (4), to rationalize observations from the
electrochemical and spectroelectrochemical studies. Relative
energies of the pertinent stationary points located for the+1,
0, and-2 charge states, calculated at the LDA/II and (B-LYP,
ZORA)/IV//LDA/II 100 levels of theory, are summarized in Table

7. In analyzing first the optimized geometries of the uncharged
species, we find that the LDA/II calculations indicate that the
tetrahedral structure is thermodynamically unstable relative to
a butterfly structure corresponding to cleavage of the W-W
bond, with a difference in energy of almost 2 eV between these
two structures. Calculations at the LDA/IV level yield a similar
result, clearly at variance with the experimentally determined
tetrahedral core structure for the neutral cluster. Inclusion of
nonlocal and of scalar relativistic corrections (particularly the
latter) reverses the relative energies, with the tetrahedral
geometry now being favored by ca. 0.5 eV (though the barrier
to interconversion between these two structures is expected to
be significantly larger than this).

Comparison of the various levels of theory with experiment
is instructive. Spontaneous formation of the tetrahedral core of
W2Ir2(CO)10(η5-C5H5)2 under experimental synthesis condi-
tions88 suggests that this is the preferred, and therefore lowest
energy, mode of [W2Ir2] connectivity for this species: compu-
tationally, inclusion of relativistic corrections is required to
reproduce this result. However, the inclusion of relativistic
corrections also gives a somewhatpoorer result in terms of
optimized metal-metal bond lengths: when compared with the
crystallographic data (W-W ) 2.99 Å, Ir-Ir ) 2.72 Å, and
W-Ir ) 2.80-2.86 Å), the B-LYP+ZORA/IV values are
systematically too high, especially the W-W distance for which
this technique yields 3.39 Å. Geometries obtained using only
the local density approximation fare better, although even
with LDA/II (which shows the best agreement overall with
experiment for the tetrahedral geometry) there remains a
tendency to overestimate the W-W distance. In examining the
performance of the different levels of theory for the various
neutral and doubly negatively charged stationary points on the
C2V W2Ir2(CO)10(η5-C5H5)2 potential energy surface, it is ap-
parent that LDA/II yields systematically shorter metal-metal
bond lengths than LDA/IV (by between 0.02 and 0.07 Å), while
B-LYP+ZORA/IV tends to give larger metal-metal separations
than either implementation of LDA. The sole exception to this
trend is for the butterfly dianion, for which B-LYP+ZORA/IV
gives a somewhat diminished, albeit still nonbonded, W-W
separation (4.79 Å), although even this is probably a conse-
quence of the general tendency toward longer bonds with

(100) Levels of theory are denoted by the syntax (single-point calculation
functional/basis set type)//geometry optimization functional/basis set type,
where these functionals and basis set types are as described in the
Theoretical Methods section.

Figure 8. UV-vis-NIR spectra of W2Ir2(CO)10(η5-C5H4Me)2 (12) [CH2-
Cl2, 0.25 M (NBun

4)PF6] during exhaustive oxidation (0f 1+) at Eappl ≈
0.90 V at 233 K.

Figure 9. Changes in the IR difference spectrum of W2Ir2(CO)10(η5-C5H4-
Me)2 (12) accompanying the oxidation (0f 1+) at Eappl ≈ 0.90 V at 233
K [CH2Cl2, 0.25 M (NBun

4)PF6].

Table 7. Calculated Relative Energies for
[W2Ir2(CO)10(η5-C5H5)2]n( (4n()

Erel (eV)a

r(M−M′) (Å)b

charge state VWN/II
B-LYP+ZORA/

IV//VWN/II W−W W−Ir Ir−Ir

+1 8.03 6.57 3.41 2.79 2.83

0 0 0 3.21 2.83 2.74
-1.88 +0.49 5.05 2.98 2.88

-2 -2.88 +0.07 2.97 2.88 2.86
-4.54 +0.08 5.02 2.95 2.72
-5.82 -1.31 4.93 2.96 3.28

-2 (-CO) -0.84 +1.47 3.01 2.78 2.95

a Bold entries are the most stable species.b Obtained using VWN/II.
Underlined entries are nonbonding distances, italicized entries are borderline
bonding/nonbonding.
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B-LYP+ZORA: the Ir-Ir vector is markedly elongated in this
structure (3.75 Å, cf. 3.28 Å at LDA/II), and contraction of
W-W can be viewed as a geometric reaction to the Ir-Ir
elongation. Overall, nonbonded metal-metal separations show
a much larger dependence on level of theory than do bonding
distances, and this result (that the more structurally rigid
interactions are largely insensitive to level of theory) is a further
factor supporting our use of the LDA/II geometries in subse-
quent single-point calculations.

The calculations show that the dianionic surface has a clear
energetic preference for formation of a butterfly core structure
lacking a W-W bond and possessing only a weak Ir-Ir
interaction, in comparison with alternative tetrahedral core
geometries with 10 or 9 carbonyl ligands. Note that, while the
calculations suggest that it is the W-W and Ir-Ir bonds which
are most sensitive to rupture, this is very probably a consequence
of the imposition ofC2V symmetry (in the interests of compu-
tational expediency): it is much easier to cleave one W-W or
Ir-Ir bond than to break all four W-Ir bonds simultaneously,
but this symmetric constraint will obviously not apply in the
real system. A more accurate perception of comparative bond
strengths could be gained by performing further calculations in
the absence of any symmetry constraints, but such calculations
are computationally very demanding and we have not pursued
this notion further at the present time. The removal of symmetry
constraints would permit the sampling of alternative carbonyl
ligand dispositions. However, the energetic differences between
carbonyls adopting terminal or bridging coordination modes are
known to be small compared to the energetic differences
resultant upon core geometry variation;101-103 it is therefore
justifiable to maintain symmetry constraints in the interest of
computational expediency. In contrast to the geometry change
suggested by the calculations which results upon two-electron
reduction, one-electron oxidation results in retention of the
tetrahedral core geometry with some modification of metal-
metal bond lengths (shortening of the heterometallic bonds,
lengthening of the homometallic bonds).

We have identified a spin-allowed and symmetry-allowed
transition, with an excitation energy of 8000 cm-1 according
to the raw orbital energies obtained from the B-LYP+ZORA/
IV//LDA/II calculation on the monocation. This transition, from
the second-highest-occupiedâ-spin-orbital to theâ-spin LUMO,
is associated with orbitals which in each case show a preponder-
ance of W (and less so, Ir)d-orbital character. Other possible
transitions fromâ-spin-orbitals to the LUMO might feasibly
be responsible for the observed feature, although in all these
cases the agreement with the observed feature is at least 1600
cm-1 poorer. The low-energy transition in the UV-vis-NIR
spectrum of12 (Figure 8) is therefore likely to be largelyσ-
(W-W) f σ*(W-W) in character.

Discussion. The syntheses of the molybdenum-iridium
clusters MoIr3(CO)11(η5-C5H5-nMen) [n ) 1 (5), 4 (6), 5 (7)]
and Mo2Ir2(CO)10(η5-C5H5-nMen)2 [n ) 1 (8), 4 (9), 5 (10)],
which involve coordinating a range of methyl-substituted
cyclopentadienyl groups of increasing bulk, have been shown

to proceed similarly to those of the cyclopentadienyl-containing
analogues MoIr3(CO)11(η5-C5H5) (1) and Mo2Ir2(CO)10(η5-
C5H5)2 (3), although in lower yields for9 and10, probably a
result of steric effects. The structural studies reveal core
expansion on proceeding to the more sterically encumbered7
and10, but the extent to which this reflects relief of steric strain
is difficult to quantify; introduction of electron-releasing phos-
phine in proceeding to13 also results in core expansion, and it
is not possible to deconvolute electronic and steric contributions
in the present system. Raman spectra of mixed-metal clusters
may be a useful indication of average cluster core bond strength;
for the present series, the frequency for the A1 breathing mode
correlates with the M-M′ bond lengths, the trendsν(Ir-Ir) >
ν(Ir-M) > ν(M-M) and d(Ir-Ir) < d(Ir-M) < d(M-M) being
observed. The [MIr3] and [M2Ir2] clusters have accessible
oxidation and reduction processes, the potentials for which
correlate with expectations from systematic structural modifica-
tion, suggesting that the electronic structure of this series can
be controlled by appropriate change in cluster composition. The
one-electron oxidation of the [M2Ir2] clusters was examined by
UV-vis-NIR and IR spectroelectrochemistry studies of12, and
supported by approximate local density functional theory
calculations. Proceeding from12 to 12+ involves retention of
tetrahedral core geometry, but rearrangement to a selectively
all-terminal carbonyl disposition. Oxidation also results in a low-
energy band in the electronic spectrum assigned primarily to
σ(M-M) f σ*(M -M), despite the presence of two different
metals and three different bonds (M-M, M-Ir, Ir-Ir); this
example of metal-specific redox processes in mixed-metal
clusters complements previous demonstrations of metal-selective
reactivity. This NIR transition is unprecedented in studies of
clusters, to the best of our knowledge, but may have implica-
tions, for example, in switching of optical limiting, as clusters
have been suggested as candidates for optical limiting applica-
tions.104,105The different reduction stoichiometry for the [MoIr3]
and [Mo2Ir2] clusters (one- and two-electron processes, respec-
tively) suggests that the transferred electrons are possibly
localized on the molybdenum atoms, perhaps concomitant with
irreversible cleavage of the Mo-Mo bond. Calculations for the
[M2Ir2]2- dianion support this suggestion, a butterfly geometry
resulting from M-M cleavage being preferred. Calculations at
various levels of theory have reiterated the caution one must
apply in approaching a large system with heavy metal atoms,
experimental geometries being reproduced only with inclusion
of nonlocal and scalar relativistic corrections.

Experimental Section

General Conditions. Reactions were carried out under an atmo-
sphere of argon or nitrogen using standard Schlenk techniques.106

Glassware used in reactions involving sodium hydride was flame-dried
under vacuum before use. All cluster complexes proved to be
indefinitely stable in air as solids and for at least short periods of time
in solution, and thus no precautions were taken to exclude air in their
manipulation. Tetrahydrofuran was laboratory reagent (LR) grade. All
other solvents used were analytical reagent (AR) grade. Unless stated
otherwise, the following reaction solvents were dried and distilled under
argon using standard methods: CH2Cl2 over CaH2; THF over sodium

(101) Jang, J. H.; Lee, J. G.; Lee, H.; Xie, Y.; Schaefer, H. F., III.J. Phys.
Chem. A1998, 102, 5298.

(102) Hunstock, E.; Mealli, C.; Calhorda, M. J.; Reinhold, J.Inorg. Chem.1999,
38, 5053.

(103) Hunstock, E.; Calhorda, M. J.; Hirva, P.; Pakkanen, T. A.Organometallics
2000, 19, 4624.

(104) Dagani, R.Chem. Eng. News1996, January 1, 24.
(105) Whittall, I. R.; McDonagh, A. M.; Humphrey, M. G.; Samoc, M.AdV.

Organomet. Chem.1999, 43, 349.
(106) Shriver, D. F.; Drezdzon, M. A.The Manipulation of Air-sensitiVe

Compounds, 2nd ed.; Wiley: New York, 1986.
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benzophenone ketyl. Acetic acid and CCl4 were used without drying
but were purged with nitrogen prior to use. Solvents used in the workup
(including chromatography and crystallizations) were used as received.
Petroleum spirit refers to a petroleum fraction of boiling range 60-80
°C. The cluster products were purified by thin-layer chromatography
(TLC) on 20× 20 cm2 glass plates coated with Merck silica gel 60
PF254 (0.5 mm). Analytical TLC, used for monitoring the extent of
reactions, was carried out on Merck aluminum sheets coated with 0.25
mm silica gel 60 PF254.

Starting Materials and Reagents.The reagents tetramethylcyclo-
pentadiene (mixture of isomers), pentamethylcyclopentadiene, sodium
hydride (60% dispersion in oil), Mo(CO)6, n-butyllithium solution (1.6
M in hexanes), PMe3 (1 M in THF) (Aldrich), and granular zinc
(Unilab), were purchased commercially and used as received. Meth-
ylcyclopentadiene was freshly distilled from methylcyclopentadiene
dimer (Aldrich). The carbon monoxide used was high purity (Mathe-
son), purchased from BOC gases. Literature procedures (or minor varia-
tions thereof) were used to synthesize Mo(CO)3(η6-xylene) (mixture
of xylene isomers),107 IrCl(CO)2(p-toluidine),108 Ir4(CO)12,109 WIr3-
(CO)11(η5-C5H4Me),90 and W2Ir2(CO)10(η5-C5H4Me)2.89 The n-butyl-
lithium (nominally 1.6 M in hexanes) was titrated with diphenylacetic
acid in THF prior to use to determine its exact concentration.110

Instruments. Infrared spectra were recorded on a Perkin-Elmer
System 2000 FT-IR spectrometer in a solution cell with CaF2 windows;
spectral frequencies are recorded in cm-1. All analytical spectra were
recorded as solutions in either cyclohexane or CH2Cl2 (both AR grade).
UV-vis spectra were recorded using a Cary 5G spectrophotometer as
solutions in THF in 1 cm quartz cells, recorded over the range 240-
1000 nm, and are reported in the form:λmax (ε). 1H NMR spectra were
recorded in CDCl3 (Cambridge Isotope Laboratories) using a Varian
Gemini-300 spectrometer (at 300 MHz); spectra are referenced to
residual CHCl3 at 7.24 ppm. Secondary ion mass spectrometry (SIMS)
spectra were recorded using a VG ZAB 2SEQ instrument (30 kV Cs+

ions, current 1 mA, accelerating potential 8 kV, 3-nitrobenzyl alcohol
matrix, solutions in CH2Cl2) at the Research School of Chemistry,
Australian National University. All MS were calculated with them/z
based on96Mo, 183W, and 192Ir assignments, and are reported in the
form: m/z (assignment, relative intensity). Elemental microanalyses
were carried out by the Microanalysis Service Unit in the Research
School of Chemistry, Australian National University. The Raman
spectra were recorded using a Renishaw Ramascope 2000 with a HeNe
(632.8 nm) laser, located at the Raman Imaging Microscopy Facility,
University of Canberra, Australia.

Synthesis of MoIr3(CO)11(η5-C5H4Me) (5). Reaction of freshly
distilled methylcyclopentadiene (0.50 mL, 5.0 mmol) with a THF
solution of Mo(CO)3(η6-xylene) (600 mg, 2.10 mmol) at room
temperature over 1 h gave the air-sensitive hydride MoH(CO)3(η5-C5H4-
Me), a modification on a literature procedure.84 The crude hydride may
be used without purification in the cluster synthesis without decrease
in yield, but purification may be effected (if desired) by sublimation at
60 °C at reduced pressure (ca. 0.1 mmHg). The MoH(CO)3(η5-C5H4-
Me) prepared above was dissolved in CH2Cl2 (100 mL) and transferred
to a 250 mL glass pressure bottle containing IrCl(CO)2(p-toluidine)
(118 mg, 0.302 mmol) and granular zinc (ca. 0.5 g). The bottle was
first flushed with carbon monoxide, then pressurized to 40 psi and
heated (with stirring) in an oil bath at 60°C for 16 h. After being
cooled to room temperature, the bottle was carefully vented and 2 mL
of CCl4 was added and the mixture stirred for 10 min. The orange
solution was decanted or filtered into a flask, and the solution taken to
dryness on a rotary evaporator. The residue was extracted into a small
volume (ca. 3 mL) of CH2Cl2 and applied to preparative TLC plates.
Elution with CH2Cl2/petroleum spirit (2/5) gave three bands:

The contents of the first band (Rf ) 0.64) were extracted with CH2-
Cl2 and taken to dryness on a rotary evaporator to give a red powder
identified as Mo2(CO)6(η5-C5H4Me)2 (52 mg).111 IR (c-C6H12): ν(CO)
1957 vs, 1916 s, 1906 m cm-1.

The contents of the second and major band (Rf ) 0.47) were extracted
with CH2Cl2 and recrystallized from CH2Cl2/methanol at 3°C to afford
orange crystals of MoIr3(CO)11(η5-C5H4Me) (5) (74 mg, 0.070 mmol,
69%). IR (c-C6H12): ν(CO) 2092 s, 2069 w, 2053 vs, 2046 vs, 2029 s,
2012 w, 1996 m, 1982 w, 1958 w, 1923 vw, 1870 w, 1819 vw, 1794
w cm-1. UV-vis (THF): 271 sh (17.4), 318 sh (10.6), 353 sh (6.7),
492 sh (0.6) nm (103 L mol-1 cm-1). 1H NMR (CDCl3): δ 5.05-5.00
(m, 4H, C5H4Me), 2.22 (s, 3H, C5H4Me). MS (SI): 1060 ([M]+, 15),
1032 ([M - CO]+, 30), 1004 ([M- 2CO]+, 57), 976 ([M- 3CO]+,
100), 948 ([M - 4CO]+, 51), 920 ([M - 5CO]+, 40), 892 ([M -
6CO]+, 41), 864 ([M - 7CO]+, 36), 836 ([M - 8CO]+, 30). Anal.
Calcd for C17H7Ir3MoO11 (1059.78): C, 19.27; H, 0.67. Found: C,
19.56; H, 0.54.

The contents of the third band (Rf ) 0.25) were extracted with CH2-
Cl2 and taken to dryness on a rotary evaporator to give an orange
powder identified as MoCl(CO)3(η5-C5H4Me) (52 mg).111 IR (c-
C6H12): ν(CO) 2054 s, 1982 vs, 1959 s cm-1.

Synthesis of MoIr3(CO)11(η5-C5HMe4) (6). Following the procedure
described above for the synthesis of5, tetramethylcyclopentadiene (0.50
mL, 3.3 mmol) was reacted with a THF solution of Mo(CO)3(η6-xylene)
(600 mg, 2.10 mmol) at room temperature over 1 h to give MoH-
(CO)3(η5-C5HMe4). The crude hydride, IrCl(CO)2(p-toluidine) (149 mg,
0.382 mmol), and granular zinc (ca. 0.5 g) were reacted at 60°C under
a 40 psi carbon monoxide atmosphere for 16 h. The cooled and vented
solution was stirred with CCl4, filtered, and taken to dryness, and the
residue was extracted into CH2Cl2 and applied to preparative TLC
plates. Elution with CH2Cl2/petroleum spirit (1/4) gave three bands:

The contents of the first band (Rf ) 0.59, red), probably Mo2(CO)6-
(η5-C5HMe4)2, appeared to be in trace amounts and were not isolated.

The contents of the second and major band (Rf ) 0.51) were extracted
with CH2Cl2 and recrystallized from CH2Cl2/ethanol at 3°C to afford
orange crystals of MoIr3(CO)11(η5-C5HMe4) (6) (107 mg, 0.097 mmol,
76%). IR (c-C6H12): ν(CO) 2090 s, 2069 vw, 2057 s, 2049 vs, 2027
m, 2008 s, 1916 w, 1865 m, 1811 w, 1785 m cm-1. UV-vis (THF):
267 sh (16.2), 317 sh (10.1), 370 sh (5.9), 474 sh (0.6) nm (103 L
mol-1 cm-1). 1H NMR (CDCl3): δ 4.23 (s, 1H, C5HMe4), 2.13, 1.92
(2 × s, 2 × 6H, C5HMe4). MS (SI): 1101 ([M]+, 9), 1073 ([M -
CO]+, 17), 1045 ([M- 2CO]+, 42), 1017 ([M- 3CO]+, 100), 989
([M - 4CO]+, 31), 961 ([M- 5CO]+, 43), 933 ([M- 6CO]+, 35),
918 ([M - 6CO - Me]+, 14), 905 ([M - 7CO]+, 37), 890 ([M -
7CO - Me]+, 16), 877 ([M- 8CO]+, 26), 862 ([M- 8CO - Me]+,
15), 849 ([M- 9CO]+, 20), 834 ([M- 9CO- Me]+, 15), 821 ([M-
10CO]+, 10). Anal. Calcd for C20H13Ir3MoO11 (1101.86): C, 21.80;
H, 1.19. Found: C, 21.87; H, 1.13.

The contents of the third band (Rf ) 0.12) were extracted with CH2-
Cl2 and taken to dryness on a rotary evaporator to give an orange
powder identified as MoCl(CO)3(η5-C5HMe4) (58 mg). IR (c-C6H12):
ν(CO) 2044 s, 1970 vs, 1946 s cm-1. 1H NMR (CDCl3): δ 5.13 (s,
1H, C5HMe4), 1.93, 1.90 (2× s, 2 × 6H, C5HMe4). MS (SI): 336
([M] +, 16), 308 ([M- CO]+, 38), 301 ([M- Cl]+, 47), 280 ([M-
2CO]+, 43), 252 ([M- 3CO]+, 100).

Synthesis of MoIr3(CO)11(η5-C5Me5) (7). Following the procedure
described above for the synthesis of5, pentamethylcyclopentadiene
(0.14 mL, 0.89 mmol) was reacted with a THF solution of Mo(CO)3-
(η6-xylene) (253 mg, 0.88 mmol) at room temperature over 2 h togive
MoH(CO)3(η5-C5Me5). The crude hydride, IrCl(CO)2(p-toluidine) (74
mg, 0.189 mmol), and granular zinc (ca. 0.3 g) were reacted at 65°C
under a 40 psi carbon monoxide atmosphere for 16 h. The cooled and
vented solution was stirred with CCl4, filtered, and taken to dryness,
and the residue was extracted into CH2Cl2 and applied to preparative
TLC plates. Elution with CH2Cl2/petroleum spirit (2/7) gave three bands:

(107) Pidock, A.; Smith, J. D.; Taylor, B. W.J. Chem. Soc. (A)1967, 872.
(108) Klabunde, U.Inorg. Synth.1974, 15, 82.
(109) Della Pergola, R.; Garlaschelli, L.; Martinengo, S.Inorg. Synth.1990,

28, 245.
(110) Kofron, W. G.; Baclowski, L. M.J. Org. Chem.1976, 41, 1879. (111) Goldman, A. S.; Tyler, D. R.Organometallics1984, 3, 449.
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The contents of the first band (Rf ) 0.57, red), probably Mo2(CO)6-
(η5-C5Me5)2, appeared to be in trace amounts and were not isolated.

The contents of the second and major band (Rf ) 0.35) were extracted
with CH2Cl2 and recrystallized from CH2Cl2/ethanol at 3°C to afford
orange crystals of MoIr3(CO)11(η5-C5Me5) (7) (51 mg, 0.046 mmol,
73%). A crystal grown by this method was selected for a single-crystal
X-ray structural study. IR (c-C6H12): ν(CO) 2089 s, 2069 vw, 2056 s,
2049 vs, 2027 m, 2005 s, 1908 w, 1864 m, 1810 w, 1783 m cm-1. 1H
NMR (CDCl3): δ 1.92 (s, 15H, C5Me5). MS (SI): 1115 ([M]+, 8),
1087 ([M - CO]+, 9), 1059 ([M- 2CO]+, 30), 1031 ([M- 3CO]+,
100), 1003 ([M- 4CO]+, 16), 975 ([M - 5CO]+, 43), 947 ([M -
6CO]+, 27), 932 ([M- 6CO- Me]+, 7), 919 ([M- 7CO]+, 44), 904
([M - 7CO - Me]+, 8), 891 ([M - 8CO]+, 22), 876 ([M- 8CO -
Me]+, 8), 863 ([M - 9CO]+, 16), 848 ([M- 9CO - Me]+, 8), 835
([M - 10CO]+, 8), 820 ([M- 10CO- Me]+, 5), 807 ([M- 11CO]+,
4). Anal. Calcd for C21H15Ir3MoO11 (1115.88): C, 22.60; H, 1.35.
Found: C, 22.36; H, 1.02.

The contents of the third band (Rf ) 0.13) were extracted with CH2-
Cl2 and taken to dryness on a rotary evaporator to give an orange
powder identified as MoCl(CO)3(η5-C5Me5) (44 mg).112 IR (c-C6H12):
ν(CO) 2041 s, 1967 vs, 1940 s cm-1.1H NMR (CDCl3): δ 1.91 (s,
15H, C5Me5).

Synthesis of Mo2Ir 2(CO)10(η5-C5H4Me)2 (8). Sodium hydride
dispersion (257 mg, 6.43 mmol) was added to a solution of methyl-
cyclopentadiene (0.75 mL, 7.5 mmol) in THF (50 mL) and the mixture
was stirred at room temperature for 6 h (or until the sodium hydride is
completely consumed and evolution of gas ceases). Mo(CO)6 (1.00 g,
3.79 mmol) was added and the solution heated at reflux for 17 h. After
the mixture was cooled to room temperature, the THF was removed in
vacuo and replaced with CH2Cl2 (50 mL) (the Na[Mo(CO)3(η5-C5H4-
Me)] usually does not completely dissolve in the CH2Cl2). The pale
pink suspension was stirred vigorously as IrCl(CO)2(p-toluidine) (460
mg, 1.18 mmol) was added. The dark red-brown solution was stirred
at room temperature for 30 min, before it was decanted away from
any solid. The solid residue was rinsed with CH2Cl2, and the combined
solutions were taken to dryness in vacuo. The brown residue was
extracted into a small volume (ca. 3 mL) of CH2Cl2 and applied to
preparative TLC plates. Elution with CH2Cl2/petroleum spirit (1/2) gave
four bands:

The contents of the first band (Rf ) 0.69, red), probably Mo2(CO)6-
(η5-C5H4Me)2, appeared to be in trace amounts and were not isolated.

The contents of the second band (Rf ) 0.62) were extracted with
CH2Cl2 and taken to dryness on a rotary evaporator to give an orange
solid identified by solution IR as MoIr3(CO)11(η5-C5H4Me) (5) (ca. 1
mg).

The contents of the third and major band (Rf ) 0.44) were extracted
with CH2Cl2 and recrystallized from CH2Cl2/methanol at 3°C to afford
red-brown crystals of Mo2Ir2(CO)10(η5-C5H4Me)2 (8) (485 mg, 0.478
mmol, 81%). IR (c-C6H12): ν(CO) 2061 m, 2054 m, 2031 vs, 2007 s,
1995 w, 1982 vs, 1958 m, 1933 m, 1884 w, 1863 m, 1811 w, 1764 m
cm-1; (CH2Cl2): ν(CO) 2060 s, 2031 vs, 2005 vs, 1986 sh, 1968 m,
1925 s, 1883 m, 1847 m, 1799 w, 1759m cm-1. UV-vis (THF): 315
sh (12.7), 348 sh (9.7), 406 sh (5.0), 570 sh (1.2) nm (103 L mol-1

cm-1). 1H NMR (CDCl3): δ 4.83 (m, 4H, C5H4Me), 4.79 (m, 4H, C5H4-
Me), 2.02 (s, 6H, C5H4Me). MS (SI): 1014 ([M]+, 4), 986 ([M- CO]+,
6), 958 ([M- 2CO]+, 45), 930 ([M- 3CO]+, 53), 902 ([M- 4CO]+,
36), 874 ([M- 5CO]+, 81), 846 ([M- 6CO]+, 56), 818 ([M- 7CO]+,
87), 803 ([M- 7CO- Me]+, 28), 790 ([M- 8CO]+, 66), 775 ([M-
8CO - Me]+, 47), 762 ([M- 9CO]+, 77), 747 ([M- 9CO - Me]+,
88), 734 ([M - 10CO]+, 34). Anal. Calcd for C22H14Ir2Mo2O10

(1014.63): C, 26.04; H, 1.39. Found: C, 25.97; H, 1.17.
The contents of the fourth band (Rf ) 0.38) were extracted with

CH2Cl2 and taken to dryness on a rotary evaporator to give an orange
powder identified by solution IR as MoCl(CO)3(η5-C5H4Me) (88 mg).111

Synthesis of Mo2Ir 2(CO)10(η5-C5HMe4)2 (9). A solution of n-
butyllithium (1.50 mL, 1.31 M, 1.97 mmol) was added to tetrameth-
ylcyclopentadiene (0.3 mL, 1.98 mmol) in THF (20 mL) at-77 °C. A
pale yellow suspension formed immediately, and the mixture was
allowed to warm to room temperature over 18 h. Mo(CO)6 (0.526 g,
1.99 mmol) was added and the solution heated at reflux for 20 h. After
the mixture was cooled to room temperature, the THF was removed in
vacuo and replaced with CH2Cl2 (50 mL). The pale pink suspension
was stirred vigorously as IrCl(CO)2(p-toluidine) (98 mg, 0.25 mmol)
was added, and the dark red-brown solution was stirred at room
temperature for 30 min. Acetic acid (0.5 mL) then CCl4 (0.5 mL) were
added and the mixture was stirred for a further 5 min before all volatile
materials were removed in vacuo. The brown residue was extracted
into a small volume (ca. 3 mL) of CH2Cl2 and applied to preparative
TLC plates. Elution with CH2Cl2/petroleum spirit (1/2) gave three bands:

The contents of the first band (Rf ) 0.78) were extracted with CH2-
Cl2 and taken to dryness on a rotary evaporator to give a red solid
identified as Mo2(CO)6(η5-C5HMe4)2 (ca. 1 mg). IR (c-C6H12): ν(CO)
1970 m, 1941 vs, 1905 s cm-1.

The contents of the second band (Rf ) 0.62) were extracted with
CH2Cl2 and taken to dryness on a rotary evaporator to give an orange
solid identified by solution IR as MoIr3(CO)11(η5-C5HMe4) (6) (ca. 2
mg).

The contents of the third band (Rf ) 0.50) were extracted with CH2-
Cl2 and recrystallized from CH2Cl2/ethanol at-18 °C to afford red-
brown needle crystals of Mo2Ir2(CO)10(η5-C5HMe4)2 (9) (84 mg, 0.076
mmol, 61%). IR (c-C6H12): ν(CO) 2057 s, 2027 vs, 2003 s, 1981 m,
1968 m, 1913 m, 1853 m, 1793 w, 1752 m cm-1. UV-vis (THF):
320 sh (13.3), 351 sh (11.8), 408 sh (6.4), 548 sh (1.0) nm (103 L
mol-1 cm-1). 1H NMR (CDCl3): δ 5.28 (s, 1H, CH2Cl2), 4.53 (s, 2H,
C5HMe4), 1.85, 1.83 (2× s, 2× 12H, C5HMe4). MS (SI): 1098 ([M]+,
3), 1070 ([M- CO]+, 5), 1042 ([M- 2CO]+, 48), 1014 ([M- 3CO]+,
46), 986 ([M- 4CO]+, 27), 958 ([M- 5CO]+, 83), 930 ([M- 6CO]+,
34), 902 ([M- 7CO]+, 76), 874 ([M- 8CO]+, 100), 859 ([M- 8CO
- Me]+, 24), 846 ([M- 9CO]+, 67), 831 ([M- 9CO - Me]+, 38),
818 ([M - 10CO]+, 52). Anal. Calcd for C28H26Ir2Mo2O10‚0.5CH2Cl2
(1098.79+ 52.47): C, 29.73; H, 2.36. Found: C, 29.92; H, 2.13.

The contents of the fourth band (Rf ) 0.32) were extracted with
CH2Cl2 and taken to dryness on a rotary evaporator to give an orange
powder identified by solution IR as MoCl(CO)3(η5-C5HMe4) (237 mg).

Synthesis of Mo2Ir 2(CO)10(η5-C5Me5)2 (10). Following the proce-
dure described above for the synthesis of9, n-butyllithium (1.2 mL,
1.31 M, 1.57 mmol) was added to pentamethylcyclopentadiene (0.25
mL, 1.60 mmol) in THF (25 mL), Mo(CO)6 (0.433 g, 1.64 mmol) was
added, and the mixture was refluxed for 20 h. The THF was replaced
with CH2Cl2 (40 mL), then IrCl(CO)2(p-toluidine) (102 mg, 0.261
mmol) was added, and the dark red-brown solution was stirred at room
temperature for 30 min. Acetic acid (0.5 mL) then CCl4 (0.8 mL) were
added and the mixture was stirred for a further 5 min before all volatile
materials were removed in vacuo. The brown residue was extracted
into a small volume of CH2Cl2 and applied to preparative TLC plates.
Elution with CH2Cl2/petroleum spirit (1/2) gave four bands:

The contents of the first band (Rf ) 0.66, red), probably Mo2(CO)6-
(η5-C5Me5)2, appeared to be in trace amounts and were not isolated.

The contents of the second band (Rf ) 0.59) were extracted with
CH2Cl2 and taken to dryness on a rotary evaporator to give an orange
solid identified by solution IR as MoIr3(CO)11(η5-C5Me5) (7) (ca. 1
mg).

The contents of the third band (Rf ) 0.51) were extracted with CH2-
Cl2 and recrystallized from CH2Cl2/methanol at 3°C to afford orange
crystals of Mo2Ir2(CO)10(η5-C5Me5)2 (10) (52 mg, 0.046 mmol, 35%).
A crystal grown by this method was selected for a single-crystal X-ray
structural study. IR (c-C6H12): ν(CO) 2056 s, 2023 vs, 2000 s, 1978
m, 1958 m, 1914 m, 1850 m, 1797 w, 1744 m cm-1. 1H NMR
(CDCl3): δ 1.78 (s, C5Me5). MS (SI): 1126 ([M]+, 8), 1098 ([M -
CO]+, 19), 1070 ([M- 2CO]+, 100), 1042 ([M- 3CO]+, 67), 1014

(112) Ginley, D. S.; Bock, C. R.; Wrighton, M. S.Inorg. Chim. Acta1977, 23,
85.
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([M - 4CO]+, 21), 986 ([M- 5CO]+, 58), 958 ([M- 6CO]+, 25),
930 ([M - 7CO]+, 32), 902 ([M- 8CO]+, 48), 887 ([M- 8CO -
Me]+, 13), 874 ([M- 9CO]+, 36). Anal. Calcd for C30H30Ir2Mo2O10

(1126.84): C, 31.98; H, 2.68. Found: C, 31.34; H, 2.34.

The contents of the fourth band (Rf ) 0.42) were extracted with
CH2Cl2 and taken to dryness on a rotary evaporator to give an orange
powder identified by solution IR as MoCl(CO)3(η5-C5Me5) (160 mg,
0.51 mmol).112 IR (c-C6H12): ν(CO) 2041 s, 1967 vs, 1940 s cm-1.

Reaction of WIr3(CO)11(η5-C5H4Me) (11) with PMe3. An orange
solution of WIr3(CO)11(η5-C5H4Me) (54.3 mg, 0.0473 mmol) and PMe3

(70 µL, 1 M solution in THF, 0.070 mmol) in CH2Cl2 (15 mL) was
stirred at room temperature for 17 h. The dark orange solution was
taken to dryness in vacuo, then the residue was extracted into a small
volume (ca. 2 mL) of CH2Cl2 and applied to preparative TLC plates.
Elution with CH2Cl2/petroleum spirit (3/2) gave four bands:

The contents of the first band (Rf ) 0.93) were extracted with CH2-
Cl2 and taken to dryness on a rotary evaporator to give an orange
powder identified as unreacted WIr3(CO)11(η5-C5H4Me) (11) (13.3 mg,
0.0116 mmol).90 IR (c-C6H12): ν(CO) 2091 m, 2053 s, 2046 vs, 2028
m, 1994 m, 1967 w cm-1.

The contents of the second and major band (Rf ) 0.71) were extracted
with CH2Cl2 and recrystallized from CH2Cl2/methanol at 3°C to afford
orange crystals of WIr3(CO)10(PMe3)(η5-C5H4Me) (13) (29.3 mg, 0.0245
mmol, 52%). A crystal grown by this method was selected for a single-
crystal X-ray structural study. IR (c-C6H12): ν(CO) 2070 s, 2040 vs,
2031 w, 2022 m, 2013 s, 2004 m, 1992 vs, 1984 sh, 1956 w, 1916 m,
1839 m, 1825 m, 1799 m, 1746 m cm-1. 1H NMR (CDCl3): δ 4.91
(br s, 2H, C5H4Me), 4.82 (m, 2H, C5H4Me), 2.35 (s, 3H, C5H4Me),
1.94 (d,JPH ) 11 Hz, 9H, PMe3). 31P NMR (CDCl3): δ -30.3 (br s,
PMe3). MS (SI): 1194 ([M]+, 17), 1166 ([M- CO]+, 13), 1138 ([M
- 2CO]+, 50), 1110 ([M- 3CO]+, 100), 1082 ([M- 4CO]+, 42),
1054 ([M - 5CO]+, 11), 1024 ([M- 6CO - 2H]+, 25), 996 ([M-
7CO - 2H]+, 18), 968 ([M- 8CO - 2H]+, 8), 956 ([M - 8CO -
CH2]+, 5), 940 ([M- 9CO- 2H]+, 6), 928 ([M- 9CO- CH2]+, 7),
912 ([M - 10CO - 2H]+, 6). Anal. Calcd for C19H16Ir3O10PW
(1195.76): C, 19.08; H, 1.35. Found: C, 19.02; H, 1.30.

The contents of the third band (Rf ) 0.61) were extracted with CH2-
Cl2 and taken to dryness on a rotary evaporator to give an orange
powder identified as WIr3(CO)9(PMe3)2(η5-C5H4Me) (14) (17.0 mg,
0.0137 mmol, 29%). IR (c-C6H12): ν(CO) 2044 s, 2027 w, 2005 s,
1994 sh, 1987 vs, 1977 s, 1964 m, 1954 m, 1897 m, 1807 m, 1759 m,
1733 s cm-1. 1H NMR (CDCl3): δ 4.93 (m, 2H, C5H4Me), 4.74 (br s,
2H, C5H4Me), 2.42 (s, 3H, C5H4Me), 1.97 (d,JPH ) 10 Hz, 18H, PMe3).
31P NMR (CDCl3): no distinct resonances. MS (SI): 1214 ([M- CO]+,
8), 1186 ([M - 2CO]+, 26), 1158 ([M- 3CO]+, 100), 1130 ([M-
4CO]+, 39), 1102 ([M- 5CO]+, 13), 1072 ([M- 6CO - 2H]+, 44),
1058 ([M - 6CO- CH4]+, 8), 1042 ([M- 6CO- 2CH4]+, 18), 1030
([M - 7CO - CH4]+, 10), 1014 ([M- 7CO - 2CH4]+, 9), 998 ([M
- 6CO - PMe3]+, 13), 986 ([M - 8CO - 2CH4]+, 9), 970 ([M -
7CO- PMe3]+, 12), 958 ([M- 9CO- 2CH4]+, 12), 942 ([M- 8CO
- PMe3]+, 10).

The contents of the fourth band (Rf ) 0.25) contained a trace amount
of an unidentified solid.

Reaction of W2Ir 2(CO)10(η5-C5H4Me)2 (12) with PMe3. A red-
brown solution of W2Ir2(CO)10(η5-C5H4Me)2 (53.9 mg, 0.0453 mmol)
and PMe3 (45 µL, 1 M solution in THF, 0.045 mmol) in CH2Cl2 (15
mL) was stirred at room temperature for 18 h. The solution was taken
to dryness in vacuo, then the residue was extracted into a small volume
(ca. 2 mL) of CH2Cl2 and applied to preparative TLC plates. Elution
with CH2Cl2/petroleum spirit (3/2) gave three bands:

The contents of the first band (Rf ) 0.79) were extracted with CH2-
Cl2 and taken to dryness on a rotary evaporator to give a red-brown
powder identified as unreacted W2Ir2(CO)10(η5-C5H4Me)2 (12) (10.1
mg, 0.0085 mmol).89 IR (c-C6H12): ν(CO) 2063 m, 2028 s, 2006 m,
1995 m, 1982 m, 1965 w, 1948 w, 1921 w, 1890 w, 1827 w cm-1.

The contents of the second and major band (Rf ) 0.50) were extracted
with CH2Cl2 and recrystallized from CH2Cl2/methanol at 3°C to afford
red-brown crystals of W2Ir2(CO)9(PMe3)(η5-C5H4Me)2 (15) (34.5 mg,
0.0278 mmol, 61%). IR (c-C6H12): ν(CO) 2024 s, 1999 m, 1984 vs,
1970 s, 1953 m, 1915 w, 1890 m, 1864 m, 1831 m, 1767 w, 1739 m
cm-1. 1H NMR (CDCl3): δ 4.84 (m, 4H, C5H4Me), 4.62 (m, 4H, C5H4-
Me), 2.16 (s, 6H, C5H4Me), 1.89 (d,JPH ) 11 Hz, 9H, PMe3). 31P NMR
(CDCl3): no distinct resonances. MS (SI): 1208 ([M- CO]+, 8), 1180
([M - 2CO]+, 28), 1152 ([M- 3CO]+, 65), 1124 ([M- 4CO]+, 57),
1096 ([M - 5CO]+, 100), 1068 ([M- 6CO]+, 42), 1038 ([M- 7CO
- 2H]+, 41), 1010 ([M - 8CO - 2H]+, 31), 992 ([M - 6CO -
PMe3]+, 26), 980 ([M - 8CO - 2CH4]+, 40), 964 ([M - 7CO -
PMe3]+, 44), 952 ([M- 9CO- 2CH4]+, 19). Anal. Calcd for C24H23-
Ir2O9PW2 (1238.52): C, 23.27; H, 1.87. Found: C, 23.83; H, 2.10.

The contents of the third band (Rf ) 0.21) were extracted with CH2-
Cl2 and taken to dryness on a rotary evaporator to give a brown powder
identified as W2Ir2(CO)8(PMe3)2(η5-C5H4Me)2 (16) (ca. 1 mg). This
product was found to have limited stability, decomposing slowly over
days. IR (CH2Cl2): ν(CO) 1978 sh, 1956 vs, 1925 s, 1862 m, 1824 sh,
1789 m, 1708 s cm-1. 1H NMR (CDCl3): δ 4.61 (m, 8H, C5H4Me),
2.16 (s, 6H, C5H4Me), 1.81 (d,JPH ) 10 Hz, 18H, PMe3).

Electrochemical Studies.The cyclic voltammograms were recorded
using a MacLab 400 interface and MacLab potentiostat from ADIn-
struments. The supporting electrolyte was 0.25 M (NBun

4)PF6 in
distilled, deoxygenated CH2Cl2. Solutions containing ca. 2× 10-3 mol
L-1 complex were maintained under argon. Measurements were carried
out using a platinum disk working (1 mm diameter), platinum auxiliary,
and Ag/AgCl reference electrodes, using the ferrocene/ferrocenium
redox couple as an internal reference (0.56 V). The controlled potential
coulometry experiments were carried out using a PAR 273A potentiostat
connected to platinum gauze working and auxiliary electrodes, and Ag/
AgCl reference electrode in a two compartment (5 mL) electrolytic
cell. The UV-vis spectroelectrochemical spectra were recorded on a
Cary 5E spectrophotometer over the range 4000-45000 cm-1 (2500-
222 nm). Solution spectra of the oxidized species at 233 K were
obtained by electrogeneration (Thompson 401E potentiostat) at a Pt
gauze working electrode within a cryostatted optically transparent thin-
layer electrochemical (OTTLE) cell, path length 0.5 mm, mounted
within the spectrophotometer.113 The IR spectroelectrochemical spec-
trum was recorded on a Perkin-Elmer System 2000 spectrometer over
the range 600-8000 cm-1 using a mid-IR TGS detector. Solution
spectra of the oxidized species at ca. 233 K were obtained by
electrogeneration (PAR 170 potentiostat) at a cryostatted Pt disk
working electrode (10 mm diameter) that also acted as a mirror within
a 5 mL infrared reflection-absorption spectroscopic (IRRAS) cell.114

A NaCl cell window was used and the solution beam path length was
ca. 0.5 mm. The cell was mounted within the spectrometer on a Specac
attachment containing beam-steering optics, and the sample and detector
compartments were purged with dry nitrogen gas over the course of
the experiment to avoid fogging of the optics.

X-ray Crystallographic Studies. Crystals suitable for X-ray
structural studies were grown by liquid diffusion techniques, as
described above. A single crystal was glued to a glass fiber and mounted
on either a Rigaku AFC6S diffractometer (7, 10) or Nonius KappaCCD
diffractometer (13) located at the Research School of Chemistry,
Australian National University. The data collection and structural
refinement details for compounds7, 10, and13are summarized in Table
4. All aspects of the solution and refinement were handled within the
teXsan software package.115 The structures were solved by direct (7,
10)116 or Patterson (13)117 methods, and expanded using difference

(113) Duff, C. M.; Heath, G. A.Inorg. Chem.1991, 30, 2528.
(114) Best, S. P.; Clark, R. J. H.; McQueen, R. C. S.; Cooney, R. P.ReV. Sci.

Instrum.1987, 58, 2071.
(115) teXsan: Single-Crystal Structure Analysis Software, Version 1.8; Molec-

ular Structure Corporation: The Woodlands, TX 77381, 1997.
(116) Altomare, A.; Cascarano, M.; Giacovazzo, C.; Guagliardi, A.; Burla, M.

C.; Polidori, G.; Camalli, M.J. Appl. Crystallogr.1994, 27, 425.
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Fouriertechniques.118 Non-hydrogen atoms were refined anisotropically;
hydrogen atoms were included in idealized positions which were
frequently recalculated. The final cycle of full-matrix least-squares
refinement onF was based onNobsreflections (I > 2σ(I)) and converged
to R andRw.

Theoretical Methods. Approximate density functional theory
calculations were performed on Linux-based Pentium III 600 MHz
computers using the Amsterdam Density Functional (ADF) program,
version ADF 2000.01,119 developed by Baerends et al.120-125 Calcula-
tions on W2Ir2(CO)10(η5-C5H5)2 structures, in various charge states, were
performed inC2V symmetry, with the implicit assumption that the two
cyclopentadienyl rings were superimposable on each other by reflection
in a mirror plane (which contained the Ir-Ir axis and which was
perpendicular to the W-W axis). All carbonyls were initially assumed
to be terminally coordinated, but bridging interactions were permitted
within the imposed symmetry constraints. Electrons in orbitals up to
and including 1s {C, O} and 4f (but excluding 5s and 5p) {W, Ir}
were treated in accordance with the frozen-core approximation.
Geometry optimizations on structures containing a quasitetrahedral W2-
Ir2 core (all W and Ir atoms bonded to each other) were attempted for
the 2+, 1+, 0, 1-, and 2- charge states, using the local density
approximation (LDA) to the exchange potential,126,127and the correlation
potential of Vosko, Wilk, and Nusair,128 with a double-ú quality Slater-
type orbital (Type II) basis set for each atom. Calculations were spin-
restricted unless considerations of electronic configuration (i.e., a spin-
doublet or spin-triplet electronic state) dictated an unrestricted calculation.

Nonlocal and relativistic corrections to the local density approxima-
tion were effected through single-point calculations on the LDA/Type
II optimized geometries, employing the B-LYP nonlocal exchange and
correlation functionals and the ZORA scalar relativistic correction129

in conjunction with triple-ú (Type IV) basis sets for each atom. To
test the reliability of the LDA/Type II optimized geometries, some
additional optimizations were performed (for the spin-restricted ex-
amples among the range of W2Ir2(CO)10(η5-C5H5)2

n( structures) using
the Type IV basis set, either with LDA and the VWN local correlation
functional, or with the B-LYP and ZORA corrections. In all of these
results it was apparent that the relative energies obtained merely by
application of the local density approximation were very different from
those obtained after correction for relativistic effects: nevertheless,
changes in optimized geometry between the LDA/Type II and LDA/
Type IV optimizations were only minor, suggesting that basis set
truncation in the smaller Type II basis is not a significant source of
error. Likewise, the relative energies of different structures obtained
after implementation of the B-LYP and ZORA corrections were
essentially unaffected by the method of geometry optimization (i.e.,
whether optimization was performed at the LDA/Type II or at the more
rigorous B-LYP+ZORA/Type IV level of theory). We concluded, from
this analysis, that the LDA/Type II optimizations are sufficiently reliable
that they can satisfactorily be used in subsequent single-point calcula-
tions, and followed this strategy in determining relative energies of
different structures and/or different charge states, the results from which
are tabulated in Table 7.
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