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Abstract

Me3NO activation of the tetrairidium cluster Ir4(CO)12 (1) in presence of the diphosphine ligand 4,5-bis(diphenylphosphino)-4-
cyclopenten-1,3-dione (bpcd) furnishes the bpcd-substituted clusters Ir4(CO)10(bpcd) (3) and Ir4(CO)8(bpcd)2 (4) as the minor and major
products, respectively. Cluster 3 has been isolated as the sole observable product from the reaction of [Ir4(CO)11Br][Et4N] (2) with bpcd
in presence of AgBF4 at room temperature. Both 3 and 4 have been isolated and fully characterized in solution by spectroscopic methods.
The solid-state structure of 3 reveals that the ancillary bpcd ligand is bound to a single iridium center, with chelating and bridging bpcd
ligands found in the X-ray structure of cluster 4. Cluster 4 is unstable at room temperature and slowly loses CO to afford the hydride-
bridged cluster HIr4(CO)4(l-CO)3(bpcd)[l-PhP(C6H4)C@C(PPh2)C(O)CH2C(O)] (5). Cluster 5 has been fully characterized in solution
by IR and NMR spectroscopies, and the C–H bond activation attendant in the ortho metalation step is shown to occur regioselectively at
one of the aryl groups associated with the bridging bpcd ligand. The redox properties of clusters 3–5 have been explored and the elec-
trochemical behavior discussed with respect to extended Hückel MO calculations and related diphosphine-substituted cluster compounds
prepared by our groups.
� 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The ligand substitution chemistry of the tetrametal clus-
ters M4(CO)12 (where M = Co, Rh, Ir) and their phos-
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phine-substituted derivatives has been studied by many
different groups over the years with respect to the substitu-
tion kinetics and phosphine-ligand distribution about the
metal cluster [1]. The reaction between the parent cluster
and monodentate phosphines leads to clusters having the
general form M4(CO)12�xPx (where x = 1–4). The major
product observed in these reactions is dependent on the
concentration and nucleophilicity of the phosphine ligand
employed and the method employed to effect activation
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of the starting cluster. Thermal, electron-transfer catalysis,
reagent promoted oxidative-decarbonylation, and photo-
chemical activation sequences represent the most common
methods to facilitate the formal replacement of the CO
group by a phosphine ligand. In the case of diphosphine
ligands (P–P), the cluster compounds M4(CO)10(P–P) and
M4(CO)8(P–P)2 have been observed as the major products
[2–4]. The latter cluster typically accompanies the substitu-
tion reaction given the enhanced lability the initially
formed M4(CO)10(P–P) cluster.

Recently, we have explored the reactivity of the unsatu-
rated diphosphine 4,5-bis(diphenylphosphino)-4-cyclopen-
ten-1,3-dione (bpcd) with the family of M4(CO)12

tetrametallic clusters (where M = Co, Rh, Ir) and obtained
evidence for the sequential substitution of CO and the for-
mation of the corresponding clusters M4(CO)12�x(bpcd)n

(where x = 2, n = 1; x = 4, n = 2). While the Co4 and
Rh4 clusters have resisted crystallographic characteriza-
tion, we have been able to structurally characterize the
resulting iridium clusters Ir4(CO)10(bpcd) (3) and
Ir4(CO)8(bpcd)2 (4) clusters. Cluster 4 exhibits limited sta-
bility at room temperature and readily loses CO, followed
by ortho metalation of one phenyl groups to furnish the
hydride-bridged cluster HIr4(CO)4(l-CO)3(bpcd)[l-
PhP(C6H4)C@C(PPh2)C(O)CH2C(O)] (5). The X-ray
structures of clusters 3–5 have been determined, and the
solid-state structures discussed relative to the correspond-
ing clusters containing the archetypal ligand (Z)-
Ph2PCH@CHPPh2. The redox properties of clusters 3–5

have been examined by electrochemical methods and the
data contrasted with the MO results obtained from
extended Hückel calculations.

2. Experimental

2.1. General

The parent cluster Ir4(CO)12 (1) was prepared from
hydrated IrCl3 and CO in EtOH solvent according to the
published procedure [5], while [Ir4(CO)11Br][Et4N] (2) was
synthesized from 1 and Et4NBr [6]. The bpcd ligand was
synthesized from 4,5-dichloro-4-cyclopenten-1,3-dione
and Ph2PSiMe3 [7]. All reaction solvents (THF, CH2Cl2,
1,2-dichloroethane, and toluene) were distilled from an
appropriate drying agent under argon using Schlenk tech-
niques and stored in Schlenk storage vessels with Teflon
stopcocks [8]. The IR and NMR solvents were of reagent
grade and were degassed with argon prior to their use.
The tetra-n-butylammonium perchlorate (TBAP) electro-
lyte employed in the CV studies of clusters 3–5 was pur-
chased from Johnson Matthey Electronics and was
recrystallized from ethyl acetate/hexane, followed by dry-
ing under vacuum for at least 30 h. Combustion analyses
on clusters 3 and 5 were performed by Atlantic Microanal-
ysis, Norcross, GA.

The infrared spectrum was recorded on a Nicolet 20
SXB FT-IR spectrometer in a 0.1 mm NaCl cell, using
PC control and OMNIC software, while the 1H and 31P
NMR spectra were recorded at 200 MHz on a Varian
Gemini-200 spectrometer and 121 MHz on a Varian 300-
VXR spectrometer. The reported 31P chemical shifts, which
were recorded in the proton-decoupled mode, are refer-
enced to external H3PO4 (85%), taken to have d = 0.
2.1.1. Synthesis of Ir4(CO)7(l-CO)3(bpcd) (3) and

Ir4(CO)5(l-CO)3(bpcd)(l-bpcd) (4) from Ir4(CO)12 (1)

and bpcd

To a large Schlenk flask was added 0.55 g (0.50 mmol)
of Ir4(CO)12 (1) and 0.25 g (0.54 mmol) of bpcd, followed
by 150 mL of CH2Cl2 via cannula. The slurry was cooled
to 0 �C and then treated with 90 mg (1.2 mmol) of Me3NO
in one portion. The reaction was allowed to warm to room
temperature, with stirring continued overnight. TLC exam-
ination the following day revealed the presence of the mon-
osubstituted cluster Ir4(CO)7(l-CO)3(bpcd) (3), the
disubstituted cluster Ir4(CO)5(l-CO)3(bpcd)(l-bpcd) (4),
and unreacted 1. The solvent was removed under vacuum
and the clusters 3 and 4 were sequentially isolated by col-
umn chromatography over silica gel using CH2Cl2/hexane
(3:2) as the mobile phase. The resulting products were
recrystallized from a 1:1 mixture of CH2Cl2/hexane to
afford 0.26 g (35% yield) of cluster 3 and 0.58 g (60% yield
based on bpcd consumed) of cluster 4. Spectroscopic data
for 3: IR (CH2Cl2): m(CO) 2075 (s), 2044 (vs), 2006 (s),
1834 (m), 1796 (m), 1751 (w, sym dione), 1720 (m, antisym
dione) cm�1. 1H NMR (CDCl3): d 7.60–7.20 (m, 20 H,
aryl), 3.61 (s, 2 H, CH2). 31P NMR (CDCl3): d 6.90 (s).
Anal. Calc. for C39H22Ir4O12P2: C, 30.95; H, 1.47. Found:
C, 31.19; H, 1.56%. Spectroscopic data for 4: IR (CH2Cl2):
m(CO) 2069 (w), 2043 (m), 2021 (vs), 1996 (vs), 1962 (s),
1838 (w), 1789 (s), 1766 (m), 1752 (m, sym dione), 1721
(m, antisym, dione) cm�1. 1H NMR (CDCl3): d 7.75–7.03
(m, 40 H, aryl), 2.93 (AB quartet, 4H, CH2, 1J = 21 Hz).
31P NMR (CDCl3): d �22.00 (b), �38.60 (s).
2.1.2. Synthesis of Ir4(CO)7(l-CO)3(bpcd) (3) from

[Ir4(CO)11Br][Et4N] (2) and bpcd

The labile cluster [Ir4(CO)11Br][Et4N] (2) was prepared
in situ by refluxing 0.20 g (0.18 mmol) of Ir4(CO)12 and
40 mg (0.19 mmol) of Et4NBr in 100 mL of THF for 5 h.
The solution was concentrated to ca. 20 mL and cluster 2

was then collected by filtration and dried prior to its use
in the next step. Cluster 2 was transferred to a Schlenk tube
that was then charged with 0.10 g (0.22 mmol) of bpcd,
100 mL of CH2Cl2, and 56 mg of AgBF4 and allowed to
stir overnight at room temperature. TLC examination con-
firmed the presence of cluster 3 as the major product, which
was isolated by column chromatography and recrystalliza-
tion as described above. Yield of 3: 0.15 g (55% based on
the amount of cluster 1 employed). No sign of the disubsti-
tuted cluster 4 was observed.



Table 1
X-ray crystallographic data and processing parameters for the tetrairidium
clusters 3–5

Compound 3 4 5

CCDC entry
number

606246 606248 606247

Crystal system Monoclinic Monoclinic Triclinic
Space group P21/c P21/n P�1
a (Å) 10.670(1) 13.819(5) 11.270(1)
b (Å) 18.197(3) 24.868(8) 20.308(3)
c (Å) 21.154(4) 21.141(7) 31.588(4)
a (�) 99.606(3)
b (�) 96.600(3) 106.959(6) 91.989(3)
c (�) 93.367(2)
V (Å3) 4080(1) 6949(4) 7108(2)
Molecular formula C39H22Ir4O12P2 C66H44Ir4O12P4 C65H44Ir4O11P4

(+disordered
solvent)

Formula weight 1513.31 1921.69 1893.68
Formula units per

cell (Z)
4 4 4

Dcalc (Mg/m3) 2.464 1.837 1.769
k (Mo Ka) (Å) 0.71073 0.71073 0.71073
Absorption 13.144 7.783 7.606
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2.1.3. Synthesis of HIr4(CO)4(l-CO)3(bpcd)

[l-PhP(C6H4)C@C(PPh2)C(O)CH2C(O)] (5)

from Ir4(CO)5(l-CO)3(bpcd)(l-bpcd) (4)

To a Schlenk tube was added 0.13 g (0.086 mmol) of
cluster 4 and 50 mL of CH2Cl2 under argon flush. The ves-
sel was then gently heated at ca. 35 �C overnight and exam-
ined by TLC the following day to reveal the complete
consumption of cluster 4 and the formation of a new prod-
uct (Rf = 0.47 in CH2Cl2) ascribed to the hydrido cluster 5.
Cluster 5 was isolated by column chromatography over sil-
ica gel and recrystallized by from CH2Cl2/hexane (1:1) to
yield cluster 5 in 66% yield (0.11 g). IR (CH2Cl2): m(CO)
2012 (s), 1994 (vs), 1983 (vs), 1859 (w), 1807 (s), 1785 (s),
1749 (m, sym dione), 1718 (s, antisym dione) cm�1. 1H
NMR (CDCl3): d 7.70–5.95 (m, 39 H, aryl), 3.39 (s, 2 H,
CH2), 2.89 (AB quartet, 2H, CH2, 1J = 21 Hz), �21.00
(m, l2-hydride, 1H). 31P NMR (CDCl3): d 0.93 (d, 1P,
J = 83 Hz), �4.35 (d, 1P, J = 102 Hz), �47.80 (d, 1P,
J = 102 Hz), �79.79 (d, 1P, J = 83 Hz). Anal. Calc. for
C65H44Ir4O11P4: C, 41.19; H, 2.32 . Found: C, 41.48; H,
2.47%.
coefficient
(mm�1)

Rmerge 0.0957 0.2057 0.1534
Absorption

correction
SADABS SADABS SADABS

Abs correction
factor

0.8345/0.1753 0.6246/0.2712 0.7962/0.3842

Total reflections 23136 43732 36300
Independent

reflections
5342 10907 15271

Data/restraint/
parameters

5342/0/505 10907/0/445 15271/0/932

R 0.0329 0.0738 0.0607
Rw 0.0749 0.1848 0.1039
Goodness-of-fit on

F2
0.958 0.905 0.779

Dq(maximum),
Dq(minimum)
(e/Å3)

1.952, �1.811 4.111, �2.056 1.545, �1.024
2.2. X-ray diffraction data for clusters 3–5

Single crystals of the tetrairidium clusters 3–5 suitable
for X-ray crystallography were grown from a CH2Cl2 solu-
tion containing each cluster that had been layered with hex-
ane. Unfortunately, only small and poorly formed crystals
were found for clusters 4 and 5, leading to satisfactory but
less than ideal refinement. All X-ray data were collected on
a Bruker SMART� 1000 CCD-based diffractometer at
room temperature for clusters 3 and 5 and 213 K for cluster
4. The frames were integrated with the available SAINT soft-
ware package using a narrow-frame algorithm [9], and the
structures were solved and refined using the SHELXTL pro-
gram package [10]. The molecular structures were checked
by using PLATON [11], and all non-hydrogen atoms were
refined anisotropically except for the carbon atoms in 5,
which were refined isotropically. All carbon-bound hydro-
gen atoms were assigned calculated positions and allowed
to ride on the attached heavy atom, unless otherwise noted.
The presence of a disordered solvent molecule in cluster 5,
which could not be refined by using suitable models, was
noted and did not adversely affect the refinement of 5.
The bridging hydride that accompanies the ortho metala-
tion of the phenyl group in cluster 5, while not be located
during refinement, is assumed to be associated with the
Ir(3)–Ir(4) (molecule 1) and the Ir(5)–Ir(6) (molecule 2) vec-
tors. Refinement for 3 converged at R = 0.0329 and
Rw = 0.0749 for 3989 independent reflections with
I > 2r(I), while refinement for 4 converged at R = 0.0738
and Rw = 0.1848 for 4859 unique reflections with
I > 2r(I). Cluster 5 afforded convergence values of
R = 0.0607 and Rw = 0.1039 for 5989 unique reflections
with I > 2r(I) (see Tables 1 and 2).
2.3. Electrochemical data

All cyclic and differential pulse voltammograms were
recorded on a PAR Model 273 potentiostat/galvanostat,
equipped with positive feedback circuitry to compensate
for iR drop. An airtight, three-electrode design CV cell
was used, with a platinum disk (1.0 mm diameter) serving
as the working and auxiliary electrodes. The reference elec-
trode utilized a silver wire as a quasi-reference electrode,
and the reported potential data were referenced to the for-
mal potential of the Cp2Fe/Cp2Fe+ (internally added)
redox couple, taken to have E1/2 = 0.307 V [12].

2.4. Extended Hückel MO calculations

The extended Hückel calculations on clusters 3 and 4
were carried out using the original program developed by
Hoffmann [13], as modified by Mealli and Proserpio [14].



Table 2
Selected bond distances (Å) and angles (�) in the tetrairidium clusters 3–5

Ir4(CO)7(l-CO)3(bpcd) (3)
Bond distances (Å)

Ir(1)–Ir(4) 2.7452(7) Ir(1)–Ir(3) 2.7545(6)
Ir(1)–Ir(2) 2.7855(6) Ir(2)–Ir(3) 2.7022(7)
Ir(2)–Ir(4) 2.7126(7) Ir(3)–Ir(4) 2.7165(7)
Ir(1)–P(1) 2.314(3) Ir(1)–P(2) 2.284(3)
P(1)� � �P(2) 3.171(9)

Bond angles (�)

C(30)–Ir(1)–P(2) 98.7(3) C(31)–Ir(1)–P(2) 90.0(3)
C(30)–Ir(1)–P(1) 103.4(3) C(31)–Ir(1)–P(1) 91.5(3)
P(2)–Ir(1)–P(1) 87.20(9) Ir(1)–C(31)–Ir(2) 82.0(4)
Ir(1)–C(30)–Ir(4) 77.5(4) Ir(4)–C(34)–Ir(2) 80.8(5)

Ir4(CO)5(l-CO)3(bpcd)2 (4)
Bond distances (Å)

Ir(1)–Ir(2) 2.713(2) Ir(1)–Ir(4) 2.735(2)
Ir(1)–Ir(3) 2.745(2) Ir(2)–Ir(4) 2.720(2)
Ir(2)–Ir(3) 2.738(2) Ir(3)–Ir(4) 2.770(2)
Ir(1)–P(2) 2.284(7) Ir(2)–P(1) 2.313(7)
Ir(3)–P(3) 2.283(7) Ir(3)–P(4) 2.284(7)
P(1)� � �P(2) 3.72(1) P(3)� � �P(4) 3.14(1)

Bond angles (�)

C(59)–Ir(1)–P(2) 92.4(7) C(60)–Ir(1)–P(2) 104.1(8)
P(3)–Ir(3)–P(4) 87.0(3) C(1)–P(1)–Ir(2) 122.2(9)
C(2)–P(2)–Ir(1) 115.0(9) C(31)–P(3)–Ir(3) 105.3(9)
C(30)–P(4)–Ir(3) 104.7(8) C(2)–C(1)–P(1) 130(2)
C(1)–C(2)–P(2) 130(2) C(31)–C(30)–P(4) 123(2)
C(30)–C(31)–P(3) 117(2) Ir(3)–C(60)–Ir(1) 81(1)
Ir(3)–C(61)–Ir(4) 83(1)

HIr4(CO)4(l-CO)3(bpcd)[l-PhP(C6H4)C@C(PPh2)C(O)CH2C(O)] (5)
Bond distances (Å)

Molecule 1 Molecule 2
Ir(1)–Ir(3) 2.670(2) Ir(5)–Ir(8) 2.674(2)
Ir(1)–Ir(2) 2.699(2) Ir(5)–Ir(7) 2.753(2)
Ir(1)–Ir(4) 2.764(2) Ir(5)–Ir(6) 2.925(2)
Ir(2)–Ir(3) 2.744(2) Ir(6)–Ir(8) 2.751(2)
Ir(2)–Ir(4) 2.763(2) Ir(6)–Ir(7) 2.766(2)
Ir(3)–Ir(4) 2.914(2) Ir(7)–Ir(8) 2.705(2)
Ir(1)–P(4) 2.288(8) Ir(6)–P(5) 2.294(8)
Ir(2)–P(3) 2.319(8) Ir(6)–P(6) 2.312(8)
Ir(4)–P(1) 2.314(8) Ir(7)–P(7) 2.331(8)
Ir(4)–P(2) 2.324(8) Ir(8)–P(8) 2.281(8)
Ir(3)–C(55) 1.95(4) Ir(5)–C(120) 2.12(3)
P(1)� � �P(2) 3.18(1) P(5)� � �P(6) 3.19(1)
P(3)� � �P(4) 3.65(1) P(7)� � �P(8) 3.68(1)

Bond angles (�)

Molecule 1 Molecule 2
P(1)–Ir(4)–P(2) 86.7(3) P(5)–Ir(6)–P(6) 87.8(3)
C(8)–P(1)–Ir(4) 107(1) C(73)–P(5)–Ir(6) 104.7(9)
C(12)–P(2)–Ir(4) 103(1) C(77)–P(6)–Ir(6) 105.7(9)
C(37)–P(3)–Ir(2) 118(1) C(102)–P(7)–Ir(7) 114.1(9)
C(38)–P(4)–Ir(1) 112.9(9) C(106)–P(8)–Ir(8) 115.8(9)
C(55)–Ir(3)–C(6) 93(1) C(120)–Ir(5)–C(70) 88(1)
C(55)–Ir(3)–C(2) 88(1) C(120)–Ir(5)–C(67) 92(1)
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The weighted Hijs contained in the program were employed
in the calculations. The input Z-matrix for model com-
pounds Ir4(CO)7(l-CO)3(bpcd-H4) (3-H4) and Ir4(CO)5(l-
CO)3(bpcd-H4)(l-bpcd-H4) (4-H8) were constructed using
the X-ray data of clusters 3 and 4 with the phenyl groups
belonging to the ligand(s) replaced by hydrogen atoms.
Here the P–H bond distances were set at 1.41 Å [15].

3. Results and discussion

3.1. Synthesis, spectroscopic data, and molecular structures
of 3 and 4

The reaction between Ir4(CO)12 (1) and a slight excess of
bpcd was examined under controlled thermolysis in
CH2Cl2, 1,2-dichloroethane, and toluene solvents, with
the substituted clusters Ir4(CO)10(bpcd) (3) and
Ir4(CO)8(bpcd)2 (4) found as the minor and major prod-
ucts, respectively, in addition to unreacted 1 and trace
amounts of cluster 5 (vide infra). The amount of the latter
cluster, which derives from cluster 4, can be minimized by
monitoring the thermolysis reaction by TLC analysis and
terminating the reaction upon the consumption of the bpcd
ligand. Treatment of a mixture containing 1 and bpcd
(slight excess) with Me3NO (2 equiv. relative to 1) qualita-
tively gave the same product distribution of clusters 3 and 4

as found in the thermolysis reactions. No attempts were
made to optimize the yield of cluster 3 in these reactions
as mixtures of 3 and 4 were always obtained, paralleling
the reported reactivity of cluster 1 with the unsaturated
diphosphine ligand (Z)-Ph2PCH@CHPPh2 [4b,4c]. Cluster
3 could be isolated as the sole product from the reaction of
the halide-substituted cluster [Ir4(CO)11Br][Et4N] (2) with
added bpcd in the presence of AgBF4. Here the silver-pro-
moted abstraction of the bromide ligand from cluster 2
generates the unsaturated cluster ‘‘Ir4(CO)11’’, whose reac-
tion with bpcd gives cluster 3 free from cluster 4. This par-
ticular protocol has been effectively demonstrated by
numerous research groups and allows the degree of ligand
substitution in this genre of cluster to be carefully con-
trolled [4c–e,16]. Scheme 1 outlines the reactions leading
to clusters 3 and 4 starting from 1 [17]. Both product clus-
ters were conveniently isolated by column chromatography
over silica gel as mildly air-sensitive solids. While clusters 3

and 4 may be handled for short periods of time as solids in
the atmosphere, solutions containing these clusters appear
to be more oxygen sensitive, exhibiting noticeable decom-
position upon exposure to oxygen after only a few hours.
Cluster 4 was also found to be thermally sensitive and is
best stored under CO (vide infra).

Both 3 and 4 were characterized in solution by IR and
NMR spectroscopies. Terminal carbonyl stretching bands
were observed at 2075 (s), 2044 (vs), and 2006 (s) cm�1

for cluster 3 in CH2Cl2, along with two moderately intense
bridging m(CO) bands at 1834 and 1796 cm�1, whose collec-
tive frequencies are in close agreement with those IR data
reported for Ir4(CO)10[(Z)-Ph2PCH@CHPPh2] and related
Ir4 clusters possessing an ancillary diphosphine ligand [4c–
e]. The IR spectrum also displays two lower energy m(CO)
bands at 1751 (w) and 1720 cm�1 that are readily assigned
to the vibrationally coupled carbonyl groups associated
with the dione moiety [18]. The 1H NMR spectrum of 3
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recorded in CDCl3 reveals a multiplet for the aromatic
hydrogens at d 7.60–7.20 and singlet at d 3.61 for the meth-
ylene group of the dione ring. The 31P NMR spectrum
revealed the presence of single phosphorus resonance at d
6.90 that supports the presence of a chelating bpcd ligand
in 3. The thermal ellipsoid plot of 3 is depicted in Fig. 1,
where the bpcd ligand is shown to function as a chelating
ligand through coordination to the Ir(1) center. Cluster 3

consists of an Ir4 tetrahedral core in accordance with its
60-valence electron count. The Ir–Ir bond lengths range
from 2.7022(7) Å [Ir(2)–Ir(3)] to 2.7855(6) Å [Ir(1)–Ir(2)]
and display a mean length of 2.7361 Å in agreement with
those Ir–Ir bond distances found in related clusters [19].
The bpcd ligand is bound to one of the three basal iridium
atoms in a manner similar to the ligand-chelated clusters
Ir4(CO)7(l-CO)3(dppbz) and Ir4(CO)7(l-CO)3[1,2-Me2As-
(C6H4)] [4i,20], with the P(1) and P(2) moieties exhibiting
axial and equatorial dispositions, respectively. The basal
plane that is defined by the Ir(1)–Ir(2)–Ir(4) atoms in 3 dis-
plays three edge-bridging carbonyl groups, as is common
with this genre of Ir4 cluster. The Ir(1)–P(1) and Ir(2)–
P(2) distances of 2.314(3) Å and 2.284(3) Å, respectively,
and the P(1)–Ir(1)–P(2) bond angle of 87.20(9)� are in
agreement with those distances and angles found by us in
other cluster compounds possessing a chelating bpcd
ligand [21]. The remaining bond distances and angles are
unremarkable.

The IR spectrum of 4 revealed m(CO) bands at 2069 (w),
2043 (m), 2021 (vs), 1996 (vs), 1962 (s), 1838 (w), 1789 (s),
and 1766 (m) cm�1, of which the latter three m(CO) bands
belong to semi-bridging and bridging carbonyl groups.
The overall shift in the frequency of the carbonyl groups
in 4 relative to those in cluster 3 is consistent with the pres-
ence of two bpcd ligands in the coordination sphere of
cluster 4. Insufficient spectral resolution between the bridg-
ing and chelating bpcd ligands in 4 gives rise to broad
m(CO) bands at 1752 (m) and 1721 (m) cm�1 for the two
dione moieties. The 1H NMR spectrum exhibits a multi-
plet at d 7.75–7.03 for the aromatic hydrogens and an
AB quartet at d 2.93 for both bpcd ligands, while the
31P NMR spectrum displays one broad resonance at d
�22.00 and a sharp resonance at d �38.60. The NMR data
cannot be reconciled with the solid-state structure of 4 and
suggest that the ancillary CO groups are fluxional at room
temperature. Dynamic CO scrambling in the diphosphine-
substituted clusters Ir4(CO)10(P–P) and Ir4(CO)8[(Z)-
Ph2PCH@CHPPh2]2 is a phenomenon that is well docu-
mented, precluding the observation of the limiting 1H
and 31P NMR spectra of these clusters at room
temperature.



Fig. 1. Thermal ellipsoid plots of Ir4(CO)7(l-CO)3(bpcd) (3, left) and Ir4(CO)5(l-CO)3(bpcd)2 (4, right) showing the thermal ellipsoids at the 50%
probability level.
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The solid-state structure of 4 is depicted in Fig. 1, where
a tetrahedral core of iridium atoms that exhibits both
bridging and chelating bpcd ligands is confirmed. A check
of the recent Cambridge Structural Database confirms 4 as
the first Ir4 cluster to possess intact chelating and bridging
diphosphine ligands. Other than 4, all structurally charac-
terized Ir4(CO)8(P–P)2 clusters, to date, contain two bridg-
ing diphosphine ligands. Cluster 4 is electron precise and
contains 60 valence electrons. The bridging bpcd ligand
spans the Ir(1)–Ir(2) vector and the chelating bpcd ligand
is bound by the Ir(3) center. The Ir–Ir bond distances range
from 2.713(2) Å [Ir(1)–Ir(2)] to 2.770(2) Å [Ir(3)–Ir(4)] with
a mean length of 2.737 Å. The Ir(1)–Ir(3)–Ir(4) atoms give
rise to a basal triangle that includes three edge-bridging CO
groups. These l2-CO groups are asymmetrically bound to
the three basal Ir–Ir bonds based on distances that range
from 2.02(3) Å [Ir(3)–C(61)] to 2.18(3) Å [Ir(1)–C(60)]
and exhibit an average distance of 2.10 Å. The elongation
of the Ir(3)–Ir(4) vector relative to the other five iridium-
iridium bond distances is presumed to derive from a steric
perturbation imposed on the metal core by the bpcd that is
chelated to the Ir(3) center. Similar diphosphine-induced
metal–metal bond elongations have been observed in other
structurally characterized clusters from our groups [22].
The presence of different bpcd ligands in 4 facilitates a
ground-state structural comparison of the two ligands as
a function of their coordination mode. The bridging of
the Ir(1) and Ir(2) atoms by the P(2) and P(1) moieties,
respectively, is accompanied by a substantial structural
perturbation within the ligand frame due to a ‘‘stretching’’
of phosphines across the Ir(1)–Ir(2) vector. Here the inter-
nuclear P(1)� � �P(2) distance of 3.72(1) Å is 0.58 Å larger
than the analogous P(3)� � �P(4) distance [3.14(1) Å] in the
chelating bpcd ligand in 4 and the internuclear P� � �P dis-
tance in other bpcd-chelated clusters structurally character-
ized by us [21]. Unfavorable binding of the bpcd ligand
across the Ir(1)–Ir(2) vector manifests itself in significant
deviation in the bond angles associated with the C(1)–
P(1)–Ir(2) [122.2(9)�] and C(2)–P(2)–Ir(1) [115.0(9)�] link-
ages with respect to the anticipated bond angle of 109�
expected for a tetracoordinate phosphorus atom. The bond
angles of 105.3(9)� and 104.7(8)� found for the related
C(31)–P(3)–Ir(3) and C(30)–P(4)–Ir(3) linkages in the che-
lated-bpcd ligand provide a convenient basis for an internal
comparison of this structural perturbation as a function of
the ligand coordination mode. These latter two bond
angles support the notion that a chelating bpcd ligand is
thermodynamically more stable than its bridging counter-
part in third-row metal clusters, as has been demonstrated
by us for the isomerization of diphosphine ligands in the
triosmium clusters Os3(CO)10(P–P) (where P–P = various
diphosphine ligands) [23].

3.2. Synthesis, spectroscopic data, and molecular

structure of 5

The observation of minor amounts of cluster 5 in our
initial thermolysis reactions of Ir4(CO)12 with bpcd sup-
ported the involvement of cluster 4, with its two bpcd ligands,
as the direct precursor to 5. This fact was subsequently



Fig. 2. Thermal ellipsoid plot of one of the two independent molecules of
HIr4(CO)4(l-CO)3(bpcd)[l-PhP(C6H4)C@C(PPh2)C(O)CH2C(O)] (5) show-
ing the thermal ellipsoids at the 50% probability level.
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confirmed by control experiments employing cluster 4;
gently heating samples of 4 in CH2Cl2 furnished cluster 5

as the sole observed product based on TLC and 31P
NMR spectroscopy. Eq. (1) illustrates this particular reac-
tion. The rate for the conversion of 4! 5 at 50 �C in 1,2-
dichloroethane solvent has been determined by following
the optical changes of the 650 nm band of cluster 4 using
UV–Vis spectroscopy. The measured first-order rate con-
stant of 1.18(5) · 10�4 s�1 (t1/2 � 2 h) is consistent with
the general lability of cluster 4 in the absence of CO and
suggests a rate-limiting step involving a dissociative loss
of CO or an associative interchange process where a p
bond from one of the aryl groups serves to displace a CO
ligand. Of these two possible processes, we favor the for-
mer one since the conversion to 5 is retarded in the pres-
ence of CO (1 atm) [24]. Cluster 5 could be isolated from
preparative thermolysis reactions employing 4 via chro-
matographic separation, followed by recrystallization, in
good yields as a slightly air-sensitive green solid.
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The 1H NMR spectrum of 5 recorded in CDCl3 revealed
a singlet at d 3.39 and an AB quartet centered at d 2.89 for
the methylene groups belonging to the two bpcd ligands,
along with a high-field hydride at d �21.00 consistent with
an ortho metalation of one of the ancillary aryl rings and
the formulated structure for cluster 5. The observation of
four 31P resonances in the 31P NMR spectrum of 5 reveals
that the phosphine moieties associated with the two bpcd
ligands are statically bound and occupy distinct environ-
ments about the Ir4 frame. That these phosphine ligands
are not subject to a fluxional equilibration was corrobo-
rated by 31P NMR EXSY measurements. Fig. 2 shows
the thermal ellipsoid plot of one of the two crystallograph-
ically independent molecules of 5 found in the unit cell.
Apart from some minor differences between related bond
distances and angles, both molecules of 5 are structurally
identical. The presence of bridging and chelating bpcd
ligands and, more importantly, the loss of CO from cluster
4 and the regiospecific ortho metalation of an aryl group
from the bridging bpcd ligand are established. The Ir–Ir
bond distances range from 2.670(2) Å [Ir(1)–Ir(3)] to
2.914(2) Å [Ir(3)–Ir(4)] and exhibit a mean distance of
2.759 Å. While the hydride ligand was not directly located
in the difference maps during refinement, it has been
assigned to the Ir(3)–Ir(4) vector in keeping with
metal–metal bond distance trends found in other hydride-
bridged metal clusters [25]. The ortho metalation of one
of the aryl groups from the bridging bpcd ligand is verified
by the Ir(3)–C(55) vector, whose bond length of 1.95(3) Å
is in good agreement with those Ir–C bond distances found
in other polynuclear iridium clusters containing an ortho-
metalated aryl group [26]. The general molecular structure
and the capping of the axial face of the basal triangle that is
defined by the Ir(1)–Ir(2)–Ir(3) atoms by the five-electron
donor ligand l-[Ph2PC@C{PPh(C6H4)}C(O)CH2C(O)]
are identical to hydride-bridged cluster HIr4(CO)7-
[(Z)-Ph2CH@CHPPh2][l-(Z)-Ph2PCH@CH{PPh(C6H4)}]
reported by Albano et al. [4b] and Ros et al. [4c]. The
remaining bond distances and angles are unremarkable
and require no comment.

3.3. Electrochemical and molecular orbital properties of

clusters 3–5

The redox properties of clusters 3–5 were investigated by
a combination of cyclic and differential pulse voltamme-
tries due to the presence of the ancillary bpcd ligand(s).
This particular diphosphine ligand and related diphosphine
analogs have the ability to serve as well-defined electron
reservoirs due to the presence of a low-lying p* orbital that
is localized over the central carbocyclic platform of the
diphosphine ligand. All voltammetric data were collected
at a platinum disk electrode (area 0.0079 cm2) in CH2Cl2
containing 0.2 M TBAP as the supporting electrolyte. Cyc-
lic voltammetric investigation of cluster 3 at a scan rate of
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Fig. 3. Cathodic scan differential pulse voltammogram for cluster 4 in
CH2Cl2 in 0.2 M TBAP at room temperature. The DPV was run at a scan
rate of 20 mV/s and step time of 0.1 s.
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0.25 V/s over the potential range of 1.0 V to �1.0 V
revealed the presence of a reversible one-electron reduction
at E1/2 = �0.61 V [27]. The observation of single reduction
wave for 0/1� redox couple and its recorded potential are
consistent with the electrochemical behavior found by us
in other metal clusters containing a bpcd ligand [21]. The
site of electron accession and the nature of the LUMO in
3 were addressed by carrying out extended Hückel MO cal-
culations on the model cluster Ir4(CO)7(l-CO)3(bpcd-H4)
(3-H4). Here the phenyl groups were replaced by hydrogens
in order to simplify the calculations. The LUMO, which
occurs at an energy of �10.43 eV, is localized exclusively
on the dione ring and exhibits p* character that is readily
traced to the w4 MO of the related 6p-electron systems
maleic anhydride and hexatriene [28]. The experimentally
measured reduction potential for the 0/1� redox wave, cal-
culated energy, and parentage of the LUMO in 3 are unex-
ceptional with respect to those data reported by us in the
related clusters Ru3(CO)10(bpcd), PhCCo3(CO)2(bpcd)-
Cp2, and FeCo2(l3-S)(CO)7(bpcd), all of which contain a
chelating bpcd [21a,21b,21d,29].

The presence of two bpcd ligands in cluster 4 raises the
interesting possibility of a site-selective reduction that is
dependent on the coordination mode of the ancillary
diphosphine ligand. Alternatively, extensive electron delo-
calization between the p* repositories of these ligands could
furnish a mixed-valence compound with the Ir4 link modu-
lating the electron migration between the two reduction
sites. The CV of 4 recorded at room temperature exhibits
two reversible one-electron reductions at E1/2 = �0.68
and �0.87 V, corresponding to successive 0/1� reductions
at the bridging and chelating bpcd ligands, respectively
(vide infra). The differential pulse voltammogram of 4

recorded under analogous conditions is depicted in
Fig. 3, where the proposed one-electron stoichiometry
associated with these reductions is readily verified. The cal-
culated comproportionation constant (Kc) was determined
to on the order 1600, confirming only weak mixed-valence
character and minimal electron delocalization between the
two bpcd p* sites in cluster 4.

The orbital composition of the LUMO and LUMO + 1
that serve as the sequential reduction sites in cluster 4 was
determined by carrying out extended Hückel MO calcula-
tions. Here calculations on the model cluster Ir4(CO)5(l-
CO)3(bpcd-H4)(l-bpcd-H4) (4-H8) revealed two closely
lying empty orbitals at �10.43 eV and �10.18 eV having
p* parentage derived from the bridging and chelating bpcd
ligands, respectively, as shown below. The orbital composi-
tion of the LUMO and LUMO + 1 in 4 is similar to that
found in the vast majority of bpcd and bma compounds
reported and mimics that of w4 found in the 6p-electron
systems maleic anhydride and hexatriene. In the case of
the model cluster Ir4(CO)5(l-CO)3(bpcd-H4)(l-bpcd-H4)
(4-H8), these data indicate that the first reduction step is
site selective and occurs at the bridging bpcd ligand. This
is interesting because the triruthenium cluster Ru3(CO)5-
(l3-CO)(l3-NPh)(bpcd)2 that contains bridging and chelat-
ing bpcd ligands has revealed a preference for electron
accession at the chelating diphosphine ligand at the
extended Hückel level [30]. Due to concern over the validity
of the current calculations, vis-á-vis the site of electron
accession, we also investigated cluster 4 at the extended
Hückel level employing the X-ray fractional coordinates
of 4, as allowed by the CACAO program. Here two LUMO
levels were found at �10.31 eV (bridging) and �10.22 eV
(chelating) in excellent agreement with the data from the
model cluster without phenyl groups. The factors that con-
trol the reduction selectively in these clusters that possess
two distinct ligand acceptor sites are not clear and would
benefit from additional examples before gross generaliza-
tions may be made with certainty.
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The redox properties of the hydride cluster 5 parallel
those found in 4. Two closely spaced one-electron reduc-
tions at E1/2 = �0.65 and �0.79 V were observed when a
sample of 5 in CH2Cl2 containing 0.2 M TBAP was
scanned over the potential range of 1.0 V to �1.2 V. Given
the similarity of these redox data to those data found in
cluster 4, we assume that the two bpcd ligand ligands in
5 undergo sequential one-electron reductions in analogous
fashion to cluster 4. Here the bridging bpcd ligand in 5,
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which has also experienced an ortho metalation of one of
its aryl groups, serves as the site-selective reservoir in the
first electron accession.

4. Conclusions

Thermolysis of Ir4(CO)12 with the redox-active diphos-
phine ligand bpcd furnishes the mono- and disubstituted
clusters Ir4(CO)7(l-CO)3(bpcd) (3) and Ir4(CO)5-
(l-CO)3(bpcd)(l-bpcd) (4). The latter cluster is thermally
unstable and readily loses CO to afford the hydride-bridged
cluster HIr4(CO)4(l-CO)3(bpcd)[l-PhP(C6H4)C@C(PPh2)-
C(O)CH2C(O)] (5). All three products have been character-
ized in solution and their solid-states structures determined
by X-ray crystallography. The redox processes of clusters
3–5 have been explored, with the ancillary diphosphine
ligand(s) serving as the site for the observed reduction
chemistry. MO calculations corroborate the site-specific
reduction behavior in the case of clusters 3 and 4.
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Appendix A. Supplementary material

CCDC 606246, 606248 and 606247 contain the supple-
mentary crystallographic data for the tetrairidium clusters
3, 4 and 5. These data can be obtained free of charge via
http://www.ccdc.cam.ac.uk/conts/retrieving.html, or from
the Cambridge Crystallographic Data Centre, 12 Union
Road, Cambridge CB2 1EZ, UK; fax: (+44) 1223-336-
033; or e-mail: deposit@ccdc.cam.ac.uk. Supplementary
data associated with this article can be found, in the online
version, at doi:10.1016/j.jorganchem.2007.07.016.
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