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ABSTRACT: Reported herein is the synthesis of the
previously unknown [Ir(1,5-COD)(μ-H)]4 (where 1,5-COD
= 1,5-cyclooctadiene), from commercially available [Ir(1,5-
COD)Cl]2 and LiBEt3H in the presence of excess 1,5-COD in
78% initial, and 55% recrystallized, yield plus its unequivocal
characterization via single-crystal X-ray diffraction (XRD),
X-ray absorption fine structure (XAFS) spectroscopy, electro-
spray/atmospheric pressure chemical ionization mass spec-
trometry (ESI-MS), and UV−vis, IR, and nuclear magnetic
resonance (NMR) spectroscopies. The resultant product
parallelsbut the successful synthesis is different from, vide
infrathat of the known and valuable Rh congener precatalyst and synthon, [Rh(1,5-COD)(μ-H)]4. Extensive characterization
reveals that a black crystal of [Ir(1,5-COD)(μ-H)]4 is composed of a distorted tetrahedral, D2d symmetry Ir4 core with two long
[2.90728(17) and 2.91138(17) Å] and four short Ir−Ir [2.78680 (12)−2.78798(12) Å] bond distances. One 1,5-COD and two
edge-bridging hydrides are bound to each Ir atom; the Ir−H−Ir span the shorter Ir−Ir bond distances. XAFS provides excellent
agreement with the XRD-obtained Ir4-core structure, results which provide both considerable confidence in the XAFS
methodology and set the stage for future XAFS in applications employing this Ir4H4 and related tetranuclear clusters. The [Ir(1,5-
COD)(μ-H)]4 complex is of interest for at least five reasons, as detailed in the Conclusions section.

■ INTRODUCTION
Molecular metal clusters1 containing four metal atoms, M4, are
an interesting, increasingly important, and evolving area of
inorganic, organometallic, catalytic, and related sciences.
Tetrametallic clusters of Ru, Os, Rh, or Ir have been
synthesized, fully characterized, and used as precatalysts for
the catalytic hydrogenation of alkenes, arenes, CO, aldehydes,
and ketones as well as in hydroformylation, cyclooligomeriza-
tion, cyclization, and polymerization reactions.2 Known
tetrametallic complexes of group 9 metals including Rh, Ir,
and Co, and which contain a [M(μ-H)]4 core, include [Rh(1,5-
COD)(μ-H)]4 (where 1,5-COD = 1,5-cyclooctadiene),3 [Ir-
(CO)(μ-H)H(PPh3)]4,

4 [Ir(η5-C5Me5)(μ-H)]4(BF4)2,
5 [Co-

(η5-C5H5)(μ-H)]4,
6 and [Co(η5-C5Me4Et)(μ-H)]4.

7

From the above known [M(μ-H)]4-core complexes, the
tetrarhodium complex [Rh(1,5-COD)(μ-H)]4 is particularly
relevant to the present work. This [Rh(1,5-COD)(μ-H)]4
complex was first synthesized by Muetterties and co-workers
starting with the commercially available [Rh(1,5-COD)(μ-
Cl)]2 complex and K[HB(O-i-Pr)3], as detailed in Scheme 1.3

A single-crystal structural investigation revealed the Rh4 core,
with two long and four short Rh−Rh distances. In that

publication, hydrides were located using difference Fourier
techniques between two Rh atoms connected by short Rh−Rh
distances.3 The assignment of four short bonds to the Rh−H−
Rh groups is consistent in a general way with the prior
literature.8 [Rh(1,5-COD)(μ-H)]4 proved to be a good
precatalyst for hydrogenation of toluene in cyclohexane-d12

9

and hydrogenation of carbon dioxide.9 The active catalyst
species is believed to be Rh metal under toluene hydrogenation
conditions. Kinetic studies performed on a catalytic carbon
dioxide hydrogenation system suggested a neutral rhodium(I)
hydride species ([Rh(H)(Ph2P(CH2)4PPh2)]x, where x = 1 or
2−4) as the active catalyst.9c

Somewhat surprisingly, the Ir analogue of the above Rh
complex, [Ir(1,5-COD)(μ-H)]4, has not been previously
described, most likely because attempted syntheses, analogous
to that of the Rh congener, fail (yields ≤ 1%, vide infra). The
56-total-electron [Ir(1,5-COD)(μ-H)]4 complex has a formal
17 electron count at each Ir and thus is coordinatively
unsaturated.
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Our recent work on Ir-based models of a Ziegler-type
industrial hydrogenation catalyst prepared from [Ir(1,5-COD)-
(μ-O2C8H15)]2 plus AlEt3 revealed that Ir4 species are a
dominant, initial form of the Ir present.10 Hence, [Ir(1,5-
COD)(μ-H)]4 with its Ir4H4 core (vide infra) is of interest as a
new precursor for testing the formation and stabilization
mechanisms of such Ziegler-type hydrogenation catalysts.10,11

More specifically, the new complex [Ir(1,5-COD)(μ-H)]4 is of
value as a fully compositionally and structurally characterized
Ir4 analogue of the, on average, Co4-based, subnanometer
clusters identified by X-ray absorption fine structure (XAFS)
spectroscopy as a dominant species in Co-based Ziegler-type
industrial hydrogenation catalysts. Such Ziegler-type industrial
hydrogenation catalysts12 are used industrially to produce
styrenic block copolymers at a level of ∼1.7 × 105 metric tons/
year.13 In addition, [Ir(1,5-COD)(μ-H)]4 is of considerable
interest as a possible Ir−H-containing, tetrametallic Ir4H4
intermediate in the nucleation and growth of Ir0n nanoclusters
starting with (COD)Ir+ precatalysts14 and with stabilizers such
as [P2W15Nb3O62]

9−, HPO4
2−, and AlEt3.

10,11,12,15 Whether or
not such polynuclear metal hydride (M−H)n species are key
intermediates in M0

n nanoparticle formationrather than the
presently assumed M0 intermediatesremains controversial.
The availability of precatalysts and possible intermediates
derivable from [Ir(1,5-COD)(μ-H)]4 opens up the possibility
of QEXAFS and other direct-method tests with such discrete,
fully characterized, Ir4H4-core complexes.14

Herein, we report (i) the 78% initial, and 55% recrystallized,
yield synthesis of the previously unknown [Ir(1,5-COD)(μ-
H)]4 starting from commercially available precursor [Ir(1,5-
COD)(μ-Cl)]2 and LiBEt3H in which added, excess 1,5-COD is
one key to the improved yield (vs <1% by the literature routes
for the Rh congener, vide infra), and then (ii) the complete
characterization of the resultant pure, crystalline product by
single-crystal X-ray diffraction (XRD), XAFS, electrospray/
atmospheric pressure chemical ionization mass spectrometry
(ESI-MS), UV−vis, IR, and NMR. There are at least five
reasons (a couple of which are given above) as to why the
present complex is of interest, a full list of which is given as part
of the Summary and Possible Future Directions section.

■ EXPERIMENTAL SECTION
Materials. All manipulations were performed under N2 in a

Vacuum Atmospheres drybox (≤5 ppm O2 as monitored by a Vacuum
Atmospheres O2-level monitor) or, where noted, using a Schlenk line.
All glassware was dried overnight in an oven at 160 °C, cooled under
vacuum in a desiccator, and then transferred into the drybox while still
in the desiccator and under vacuum. [Ir(1,5-COD)(μ-Cl)]2 (an orange
powder, Strem Chemicals, 99%), LiBEt3H [as a colorless solution in
1.0 M tetrahydrofuran (THF), Aldrich], toluene (Aldrich, 99.8%,
anhydrous), and benzene-d6 [Cambridge Isotope Laboratories, Inc.,
99.5%, w/o tetramethylsilane (TMS)] were used as received. THF
(Mallinckrodt Chemicals AR ACS, 500 mL), n-hexane (Sigma-Aldrich,
Reagent Plus, ≥99%, 500 mL), and cyclohexane (Sigma-Aldrich,

99.5%, H2O < 0.001%) were distilled over sodium/benzophenone
under N2(g) and transferred into the drybox under air-free conditions.
Acetone (Burdick and Jackson, >99.9% purity, 0.44% water) and H2O
(Nanopure ultrapure H2O system, D4754) were degassed by
connecting to a Schlenk line and then passing Ar for 5 min through
the solution.

Synthesis of [Ir(1,5-COD)(μ-H)]4. In the drybox, the orange
powdered [Ir(1,5-COD)(μ-Cl)]2 (1.3434 g, 2 mmol) was weighed out
and then transferred into a 100 mL round-bottomed Schlenk flask
equipped with a side arm and a 5/8 ×

5/16 in. Teflon-coated magnetic
stirbar. The flask was sealed, removed from the drybox, and placed on
a Schlenk line under Ar via its side arm. Next, 70 mL of room
temperature THF was added to the flask using a cannula, forming an
orange solution with some undissolved orange powder. The flask
containing the orange solution of [Ir(1,5-COD)(μ-Cl)]2 was placed in
an acetone/dry ice bath at −78 °C and stirred for 15 min. A 2.5 mL
gastight syringe was purged three times with Ar using a Schlenk line
and then used to measure out 4 mL (4 mmol) of LiBEt3H. LiBEt3H
was then added dropwise to the orange [Ir(1,5-COD)(μ-Cl)]2
solution under an Ar atmosphere with vigorous stirring. The original
orange color of the solution changed to dark brown upon the dropwise
addition of LiBEt3H. The resulting solution was stirred at −78 °C for
an additional 10 min and then warmed to room temperature. The
solution slowly turned from dark brown to dark green within 10 min
of additional stirring at room temperature. 1,5-COD (12.3 mL, 25
equiv per Ir) was measured out with a 20 mL gastight syringe purged
with Ar and then added over 5−10 min to the dark-green solution.
The resulting bright-green solution was stirred at room temperature
for 24 h and then concentrated to ∼5 mL under vacuum at room
temperature using a Schlenk line. A visually apparent black powder was
formed in the bright-green solution. The black powder was separated
from the bright-green solution under Ar using a Schlenk-ware
medium-porosity glass frit of ca. 16 μm pore size. The open end of
the Schlenk glass frit was sealed by a rubber septum. The black powder
collected on top of the glass frit was washed with degassed H2O (5 mL
× 2) and then degassed acetone (5 mL × 3) using a gastight syringe
that was previously purged with Ar. The black powder was then dried
overnight under vacuum at room temperature, resulting in a black
powder (0.471 g, 78% yield) that was transported to the drybox and
stored in the glass frit sealed from the drybox atmosphere via a rubber
septum.

Crystallization was accomplished by weighing out 92 mg of the
black, powdered [Ir(1,5-COD)(μ-H)]4 in the drybox and transferring
it into a 15 mL Schlenk tube. The Schlenk tube was then sealed,
removed from the drybox, and placed on a Schlenk line under Ar.
Next, 2.0 mL of a room temperature n-pentane/THF (20:1) mixture
was measured out using a gastight syringe and then added to the tube.
The stopper in the Schlenk tube containing the black powder and
THF was black-electrical-taped to secure it. The contents of the
Schlenk tube were heated to approximately 66 °C using a heat gun,
while the taped stopper was held manually to secure it during minimal
boiling. The resulting solution was clear, bright-green, and
homogeneous with no observable solid or particulate mass. The
Schlenk tube was then placed in a −20 °C freezer. Black crystals of
[Ir(1,5-COD)(μ-H)]4 were obtained in the tube after 4 h at −20 °C.
At the end of 4 h, the Schlenk tube containing the crystals was
connected to a Schlenk line, and the liquid portion was removed using
a cannula. The tube containing black [Ir(1,5-COD)(μ-H)]4 crystals

Scheme 1. Balanced Reaction Stoichiometry and the Reaction Conditions for the Synthesis of [Rh(1,5-COD)(μ-H)]4 (Adapted
from Reference 3a)
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(64 mg, 55% overall yield) was kept under vacuum overnight. The
crystalline material was then transported back into the drybox and
stored in a 2 mL vial. The [Ir(1,5-COD)(μ-H)]4 complex is air-stable
in crystalline form. Anal. Calcd for C32H52Ir4 (mol wt 1205.64 g/mol):
C, 31.88; H, 4.35. Found: C, 31.74; H, 4.28. ESI-MS peaks (m/z in
Da, assigned ion): 1205.2478 ([C32H51Ir4]

+), 1507.3229
([C40H66Ir5]

+). UV−vis peaks (nm) in THF: 476, 626. IR bands
(cm−1) as a KBr pellet: 697.90, 766.66, 815.67, 859.46, 866.74, 994.42,
1072.04, 1146.95, 1167.72, 1203.64, 1233.36, 1295.73, 1320.87,
1423.13, 1437.37, 1469.38, 2818.14, 2867.42, 2907.91, 2936.42,
2985.69. 1H NMR in benzene-d6 [δ in ppm (multiplicity, number of
H)]: −2.89 (s, 1), 1.37 (m, 4), 2.09 (m, 4), 4.14 (m, 4). 13C NMR in
benzene-d6 (δ in ppm): 68.64, 33.29.
Instrumentation and Sample Preparation. XRD. Single

crystals of [(1,5-COD)Ir(μ-H)]4 suitable for XRD analysis were
grown by recrystallization from 20:1 n-pentane/THF using
the crystallization procedure detailed above. Diffraction data were
collected at 120 K on a Bruker Kappa Apex II diffractometer
equipped with graphite-monochromatic Mo Kα (λ = 0.710 73
Å) radiation. A suitable single crystal of [Ir(1,5-COD)(μ-H)]4
was mounted on a Cryoloop in Paratone-N oil. Initial lattice
parameters were determined from 452 reflections harvested
from 36 frames. Cell constants and other pertinent crystallo-
graphic information are reported in Tables S3−S7 in the
Supporting Information. The raw intensity data were integrated
and corrected for Lorentz and polarization effects; an
absorption correction was applied to the data using the
program SADABS from the Apex II16 software package. The
structure was solved by direct methods and refined using the
SHELXTL17 software package. The non-H atoms were refined
with anisotropic atomic displacement parameters. H atoms
bound to C atoms were included in their idealized positions
and were refined with a riding model using isotropic thermal
parameters 1.2 times larger than the Ueq value of the atom to
which they were bonded. The two unique hydride atoms of the
molecular core were located straightforwardly in the difference
electron-density map and were refined with isotropic atomic
displacement parameters.
XAFS Spectroscopy. XAFS experiments were performed at

Beamline X-19A at the National Synchrotron Light Source (NSLS)
at Brookhaven National Laboratory. Energy was swept from 150 eV
below to 1528 eV above the Ir L3-edge (edge energy = 11 215 eV) for
the [Ir(1,5-COD)(μ-H)]4 sample. The X-ray absorption coefficient
was measured in transmission mode by positioning the sample
between the incident and transmission beam detectors. Ir0 black was
used as a reference for the X-ray energy calibration and data alignment.
The Ir0 sample was positioned between the transmission and reference
beam detectors and measured simultaneously with the main sample.
The X-ray detectors were gas-filled ionization chambers. A sample
solution of initially crystalline [Ir(1,5-COD)(μ-H)]4 was freshly
synthesized at Colorado State University. The black crystal was
transferred into a 5 mL glass vial in a N2-filled Vacuum Atmospheres
drybox (≤5 ppm O2). The glass vial was then double-sealed under N2
gas and transported to the NSLS. At the NSLS, the vial was opened in
a N2-filled MBraun glovebox and the sample was prepared by brushing
a fine powder uniformly onto an adhesive tape, which was then folded
several times to achieve a suitable total thickness for the measurement.
Within less than 3 min from removing taple sample from the glovebox,
the tape sample was transferred into an airtight cell purged with N2 for
XAFS measurements.

The data processing and analysis was performed using the IFEFFIT
package.18 The EXAFS analysis was done by fitting the theoretical
FEFF6 signals to the experimental data in r space. Theoretical
contributions included only the first (Ir−C) and second (Ir−Ir)
nearest neighbors (1NN). The passive electron factor, S0

2, was found
to be 0.84 by fits to the standard Ir0 black and then fixed for further
analysis of [Ir(1,5-COD)(μ-H)]4. The parameters describing the
electronic properties (correction to the photoelectron energy origin)
and local structure environment (coordination numbers N, bond
lengths R, and their mean-squared disorder parameters σ2) around the
absorbing atoms were varied during the fitting. There were a total of
13 relevant independent data points and 7 variables in the fit.

■ RESULTS AND DISCUSSION

Initial Controls and Attempted Syntheses Based on
the Literature. Initially, to calibrate our hands, the known
tetrametallic hydride [Rh(1,5-COD)(μ-H)]4 was synthesized
by two different researchers using Muetterties’ original
procedure,3a or Bönnemann’s slightly revised version3c of
Muetterties’ original procedure (see the Supporting Informa-
tion for details).19 Pleasingly, dark-red crystals of the [Rh(1,5-
COD)(μ-H)]4 complex were obtained in a 50% yield using
both procedures in our hands.20

Next, the obvious experiments were performed in which we
attempted to prepare [Ir(1,5-COD)(μ-H)]4 using each of three
slightly different procedures published for the [Rh(1,5-
COD)(μ-H)]4 analogue by Bönnemann,3c Hampden-Smith,3b

and Muetterties3a (see the Supporting Information for the
details of these failed syntheses).21 A tiny amount of dark-green
powder was obtained in all three trials. The trace, dark-green,
Ir-product powder, from adapting Muetterties’ Rh-congener
procedure to the Ir case, was characterized using ESI-MS,
NMR, IR, UV−vis, and X-ray photoelectron (XPS) spectros-
copies (as detailed in the Supporting Information), results that
encouraged us to pursue the superior synthesis reported herein.
However, the yield in each case using the adapted literature
procedures was extremely low (∼1%)even though we were
able to prepare the [Rh(1,5-COD)(μ-H)]4 congener in 50%
yield (that matched the literature 50−60% yields, vide supra)
prior to the attempted Ir-congener syntheses and as control
experiments. Moreover, crystallization attempts failed using the
small amounts of dark-green, Ir-product powder obtained from
each of the three Muetterties, Bönnemann, and Hampden-
Smith adapted syntheses. Specifically, solutions cooled slowly
from room temperature to −76 °C in hexane, acetone, or
ethanol or cooled from room temperature to 10 °C in
cyclohexane/dichloromethane (1:1) failed to produce single
crystals. In addition, dissolving the complex (0.4 mg) in
pentane (0.5 mL), adding acetone (pentane:acetone = 1:1 by
volume), and keeping the resultant slightly cloudy solution at
−78 °C for 10 h failed to provide single crystals. (The reverse
order of the solvent addition was also tried.) These initial
crystallization studies were undoubtedly limited by the small
amounts of Ir product available from the initial, ∼1% yield

Scheme 2. Balanced Reaction Stoichiometry and Reaction Conditions of the Successful Synthesis of [Ir(1,5-COD)(μ-H)]4
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syntheses. Hence, the development of a higher yield synthesis
became the next order of business.
Successful Synthesis and Stoichiometry of Formation

of [(1,5-COD)Ir(μ-H)]4. After some trial and error, the
successful synthesis of [Ir(1,5-COD)(μ-H)]4 was discovered,
a key of which is the use of excess 1,5-COD that was added based
on the hypothesis that it might stabilize the product. The
successful synthesis is carried out starting with THF solutions
of LiBEt3H

22 and [Ir(1,5-COD)(μ-Cl)]2 at −78 °C (Scheme
2). Excess 1,5-COD23 (25 equivs/1 equiv of Ir) is added slowly
over 5−10 min after the main reaction and at room
temperature, resulting in a solution color change from dark
green to bright green (the latter being the characteristic color of
solutions when the black-appearing crystals of [Ir(1,5-COD)(μ-
H)]4 are dissolved in THF, for example, vide infra). The
resulting black powder is obtained in 78% yield. Following
crystallization with a n-pentane/THF (20:1) solution at
−20 °C, 55% yield of black, crystalline [Ir(1,5-COD)(μ-H)]4
was obtained. The black, crystalline [Ir(1,5-COD)(μ-H)]4
complex dissolves in THF and benzene and is also slightly
soluble in diethyl ether, n-pentane, n-hexane, acetone, methanol,
and acetonitrile.
Single-Crystal X-ray Crystallography Structure. The

single-crystal XRD structure of [Ir(1,5-COD)(μ-H)]4 and the
resulting atomic numbering scheme are shown in Figure 1. The

space group is Pbcn, and the lattice constants are a =
12.5628(3) Å, b = 18.4647(5) Å, and c = 12.3963(3) Å. The
[Ir(1,5-COD)(μ-H)]4 molecule is a diamagnetic, 56-total-
electron cluster, with formally 17 electrons at each Ir atom (i.e.,
unless one would choose to count the two longer Ir−Ir bonds as
IrIr double bonds as one way to achieve 18 electron counts
at each Ir). The [Ir(1,5-COD)(μ-H)]4 molecule is composed of
a distorted tetrahedral Ir4 core of D2d geometry. Each Ir center
is bonded to two olefinic groups of one 1,5-COD moiety plus
two edge-bridging (vide infra) hydrides. The resulting Ir4H4

core exhibits S4 geometry. The molecule possesses a crystallo-
graphic 2-fold symmetry (i.e., the molecule resides on a
crystallographic 2-fold axis that connects the halves of the
molecule, Ir1 and Ir1A, for example). Selected bond lengths
and angles are given in Tables 1 and 2, respectively. Two Ir−Ir
distances are long [2.90728(17) and 2.91138(17) Å] and four
Ir−Ir distances are short [2.78680(12)−2.78798(12) Å].24 A

residual electron-density analysis strongly suggests that the
hydrides are located between two Ir atoms (i.e., are edge-
bridging hydrides) connected by short Ir−Ir distances. The
hydride positions, from refinement of the hydride atoms using
the procedure detailed in the Experimental Section, appear
reasonable but may be influenced by Fourier termination errors
emanating in the Ir atoms. Hence, a neutron-dif f raction
experiment is needed to reveal the true positions of the hydrides
and is planned. That said, the observed short Ir−Ir distances are
within the range of those of Ir−Ir bonds containing edge-
bridging hydrides.4,25 The longer Ir−Ir distances correspond to
Ir−Ir bonds without bridging hydrides (Ir1−Ir1A and Ir2−Ir2A
in Figure 1). These long Ir−Ir distances are slightly longer than
the literature values for singly bonded Ir−Ir distances (2.65−
2.73 Å).4,2j The observed Ir−H, Ir−C, and C−C bond
distances in [Ir(1,5-COD)(μ-H)]4 [1.67(3) and 1.82(3) Å,
2.116(2)−2.182(2) Å, and 1.407(3)−1.424(3) Å, respectively]
are consistent with earlier literature.4,11,26 The Ir−Ir−Ir angles
vary between 58.50 and 62.86°, confirming the distorted
tetrahedral shape of the Ir4 core.

27 The H−Ir−H [108.2(16)−
108.5(15)°] and C−Ir−C [88.85(9)−96.88(9)°] angles are
consistent with those previously reported for similar com-
plexes.4

XAFS Characterization. EXAFS and XANES were
collected for two reasons: first, to test whether a minor Ir5
species, detected by ESI-MS early in the characterization of the
crystalline complex (Figure S5 of the Supporting Information),
was present in the bulk sample of the crystalline material (i.e., in
addition to the most abundant peak expected for the Ir4 species,
vide infra). Or, as we suspected, is the ESI-MS-observed Ir5
species actually formed during the ESI-MS process and thus an
artifact of the ESI-MS? Second, EXAFS and XANES were
collected on the parent [Ir(1,5-COD)(μ-H)]4 complex because
these spectroscopiesand, hence, the present studyare
expected to be valuable in providing a baseline/background

Figure 1. Single-crystal X-ray structure and atomic numbering scheme
for [Ir(1,5-COD)(μ-H)]4 at 50% probability.

Table 1. Selected Bond Lengths (Å) in a [Ir(1,5-COD)(μ-
H)]4 Crystal Obtained by XRD Structural Refinement

bond bond length bond bond length

Ir1−Ir2 2.78680(12) Ir1−C7 2.116(2)
Ir1−Ir2A 2.78798(12) Ir1−C8 2.156(2)
Ir2−Ir1A 2.78797(12) Ir2−C11 2.155(2)
Ir1−Ir1A 2.90728(17) Ir2−C12 2.186(2)
Ir2−Ir2A 2.91138(17) Ir2−C15 2.128(2)
Ir1A−Ir2A 2.78680(12) Ir2−C16 2.158(2)
Ir1−H1 1.71(3) C3−C4 1.407(3)
Ir1−H2 1.82(3) C7−C8 1.424(3)
Ir2−H2 1.67(3) C11−C12 1.405(3)
Ir1−C3 2.156(2) C15−C16 1.419(3)
Ir1−C4 2.187(2)

Table 2. Selected Bond Angles (deg) in a [Ir(1,5-COD)(μ-
H)]4 Crystal

bond bond angle bond bond angle

Ir1−Ir2−Ir2A 58.537(3) H1−Ir1−H2 108.5(15)
Ir2−Ir1−Ir1A 58.586(3) H2−Ir2−H1A 108.2(16)
Ir2−Ir1−Ir2A 62.966(4) C3−Ir1−C7 96.88(9)
Ir2A−Ir1−Ir1A 58.547(3) C4−Ir1−C8 88.85(9)
Ir1−Ir2−Ir1A 62.867(4) C11−Ir2−C15 96.77(9)
Ir1A−Ir2−Ir2A 58.497(3) C12−Ir2−C16 87.98(9)
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study for XAFS characterization of this previously unknown
complex in future applications in catalysis and other areas.
Hence, a bulk sample of crystalline [Ir(1,5-COD)(μ-H)]4 was

examined by EXAFS and XANES spectroscopies. The EXAFS
spectrum was analyzed only in the first nearest-neighbor range.
Fourier transform (FT) magnitudes of k3-weighted Ir L3-edge
EXAFS data of the [(1,5-COD)Ir(μ-H)]4 complex, and its fit
using Ir−Ir and Ir−C first nearest-neighbor contributions, are
shown in Figure 2. Two distinct peaks (uncorrected for the

photoelectron phase shift) at around 2.5 and 1.7 Å are due to
the Ir−Ir and Ir−C scattering contributions, respectively. Their
real-space distances are 2.80 ± 0.01 and 2.15 ± 0.01 Å for Ir−Ir
and Ir−C, respectively. The Ir−Ir coordination number (NIr−Ir)
of the [(1,5-COD)Ir(μ-H)]4 complex is 3.0 ± 1.2, as expected
for an Ir4 core. The Ir−C coordination number (NIr−C) in the
[(1,5-COD)Ir(μ-H)]4 crystal is 4.2 ± 0.7, as expected from one
COD attachment to each Ir center. The Ir−Ir and Ir−C bond
distances obtained using EXAFS (2.80 ± 0.01 and 2.15 ± 0.01
Å, respectively) are consistent with those determined using
XRD [2.78680(12)−2.91138(17) and 2.116(2)−2.182(2) Å,
respectively]. The lack of a higher order contribution beyond
the Ir−Ir scatterer at 2.80 Å attests to the homogeneity of the
samples and the lack of larger Ir clusters.
The XANES spectrum of [Ir(1,5-COD)(μ-H)]4 was

obtained and compared to the XANES of both Ir0 black and
crystallographically and EXAFS-characterized10,12 [Ir(1,5-
COD)(μ-O2C8H15)]2 (Figure 3). The position and height of
the main absorption peak (white line) at the Ir L3-edge are
similar for [Ir(1,5-COD)(μ-H)]4 and Ir0 black samples. On the
other hand, the Ir L3-edge white line is shifted to higher energy
and reaches higher normalized absorption coefficient values in
[Ir(1,5-COD)(μ-O2C8H15)]2 compared to [Ir(1,5-COD)(μ-
H)]4, both of which contain formally IrI. This observation
indicates a higher positive charge on Ir atoms in the [Ir(1,5-
COD)(μ-O2C8H15)]2 complex compared to [Ir(1,5-COD)(μ-
H)]4. Restated, the XANES-determined, “effective” oxidation
state of [(1,5-COD)Ir(μ-H)]4 is arguably closer to that of bulk
Ir0 than the formally IrI in [Ir(1,5-COD)(μ-O2C8H15)]2.
However, the overall shape of the XANES spectrum (past the
white line) of [Ir(1,5-COD)(μ-H)]4 is quite similar to that of
[Ir(1,5-COD)(μ-O2C8H15)]2. Both [Ir(1,5-COD)(μ-H)]4 and
[Ir(1,5-COD)(μ-O2C8H15)]2 spectra lack the post-edge oscil-
latory behavior seen in the bulk Ir0 consistent with the small
coordination numbers of Ir atoms in both complexes.
Additional Characterization Using ESI-MS, UV−vis, IR,

and NMR. ESI-MS28 of the black [Ir(1,5-COD)(μ-H)]4

crystals dissolved in dichloromethane exhibits a most abundant
peak located at 1205.2478 Da (Figures S3−S5 in the
Supporting Information). The experimentally observed isotopic
peak distribution pattern matches the simulated isotopic
distribution for [C32H51Ir4]

+, formulated as [Ir4(1,5-
COD)4(μ-H)3]

+. The UV−vis spectrum of the dark-green
powder of [Ir(1,5-COD)(μ-H)]4 dissolved in THF shows
absorption bands at 476 and 626 nm (Figure S6 in the
Supporting Information). Of interest is that the experimental
observation of two absorption maxima at 476 and 626 nm for
[Ir(1,5-COD)(μ-H)]4 differ significantly from the UV−vis
spectra of formally Ir0-containing tetrairidium complexes such
as Ir4(CO)11[tert-butyl-calix[4]arene(OPr)3(OCH2PPh2)] (278
and 326 nm),2d or various Ir4(CO)12 clusters (278, 326, and
430 nm).29 Furthermore, the UV−vis spectrum of [Ir(1,5-
COD)(μ-H)]4 is different from that of formally IrI-containing
[Ir(1,5-COD)(μ-O2C8H15)]2 (486 nm), [(1,5-COD)Ir(μ-pyr-
azole)]2 (498 and 585 nm), and [(1,5-COD)Ir(μ-6-methyl-2-
hydroxypyridine)]2 (484 nm).11,30 In short, computational
assistance will be required before the observed bands at 476
and 626 nm in the UV−vis spectrum of [Ir(1,5-COD)(μ-H)]4
in THF can be assigned with confidence.
The IR spectrum of the [Ir(1,5-COD)(μ-H)]4 complex as

a KBr pellet is, as expected, similar to that of the well-
characterized Rh analogue (Figure S7 in the Supporting
Information).3 The 1H NMR spectrum of crystalline [Ir(1,5-
COD)(μ-H)]4 dissolved in benzene-d6 (Figure S8 in the
Supporting Information) shows a signal at −2.89 ppm and has
the proper integration for the four Ir−H hydrides.31 The signals
at 4.14, 2.09, and 1.37 ppm are assignable to the olefinic and
methylene H atoms, respectively. The 13C NMR spectrum of
crystalline [(1,5-COD)Ir(μ-H)]4 dissolved in benzene-d6 shows
signals at 68.64 and 33.29 ppm for the COD ligands (Figure S9
in the Supporting Information), consistent with the literature
values for similar Ir(1,5-COD) complexes (i.e., within the
ranges of 52.6−92.6 and 27.0−33.4 ppm, respectively).32

Summary and Possible Future Directions. The syn-
thesis of the previously unavailable [Ir(1,5-COD)(μ-H)]4
complex in 78% initial, and 55% recrystallized, yield was
accomplished starting with commercially available LiBEt3H and
[Ir(1,5-COD)(μ-Cl)]2 in the presence of excess 1,5-COD in
THF. The resultant [Ir(1,5-COD)(μ-H)]4 was fully charac-
terized by single-crystal XRD, XAFS, ESI-MS, UV−vis, IR, and
NMR. The [Ir(1,5-COD)(μ-H)]4 crystal structure shows a

Figure 2. FT magnitudes of Ir L3-edge EXAFS data for the [(1,5-
COD)Ir(μ-H)]4 complex (black) and its associated fit using Ir−C and
Ir−Ir contributions (red).

Figure 3. XANES of the [Ir(1,5-COD)(μ-H)]4 complex and reference
compounds used of formally Ir0 black and formally IrI in [(1,5-
COD)Ir(μ-O2C8H15)]2.
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distorted tetrahedral, D2d Ir4 core with one 1,5-COD and what
appear to be two edge-bridging hydrides bound to each Ir
center. The Ir−Ir, Ir−H, and Ir−C distances and Ir−Ir−Ir, H−
Ir−H, and C−Ir−C bond angles are within the range of those
for similar complexes from the extant literature. The EXAFS-
determined Ir−Ir and Ir−C bond distances are in good
agreement with the XRD results and validate and benchmark
EXAFS as a useful method for characterization of the [Ir(1,5-
COD)(μ-H)]4 complex in future applications. The EXAFS
results also are of value in that they demonstrate a high degree
of homogeneity of the bulk [Ir(1,5-COD)(μ-H)]4 sample.
As alluded to in the Introduction, there are at least five

reasons why the previously unknown, tetranuclear, coordina-
tively unsaturated [Ir(1,5-COD)(μ-H)]4 cluster is of interest,
the first of which is (i) that [Ir(1,5-COD)(μ-H)]4 holds the
promise of serving as a multipurpose, coordinatively unsatu-
rated, Ir4-based precatalyst and organometallic synthon, analo-
gous to its Rh congener [Rh(1,5-COD)(μ-H)]4. Our own
efforts are focused on employing [Ir(1,5-COD)(μ-H)]4 (ii) as a
XAFS model/standard and possible Ir4H4 intermediate in
nucleation and growth studies of Ir0n nanoclusters starting from
(1,5-COD)Ir+-based precatalyststhe role of polynuclear
MaHb species (M metal), as opposed to just polynuclear M0

n
species, in nanocluster nucleation and growth being an
important but controversial point at present.14,15 This new,
tetrametallic cluster is also of interest (iii) as a discrete, precise
composition tetrametallic Ir4H4 complex for possible use in the
preparation of both homogeneous and supported, heteroge-
neous subnanometer Ir4H4-based catalysts, (iv) as a new
precursor for testing the formation and stabilization mecha-
nisms of Ir-based, so-called Ziegler-type industrial hydro-
genation model catalysts prepared from (1,5-COD)Ir+-based
precatalysts and AlEt3,

10 and (v) as a fully compositionally and
structurally characterized Ir4 analogue of the, on average, Co4-
based, subnanometer clusters identified by XAFS as a dominant
species in Co-based, Ziegler-type industrial polymer hydro-
genation catalysts.15 Also noteworthy in conclusion is that the
Co member of this class of tetranuclear clusters, [M(1,5-
COD)(μ-H)]4 (M = Ir, Rh, Co), may be preparable as well,
although it remains to be synthesized, isolated, and
unequivocally characterized. Hence, it is hoped that the present
synthesis and characterization, of the previously unavailable
[Ir(1,5-COD)(μ-H)]4, will be of value for the above, as well as
other, future studies.
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M−H−M (M: Ir−Rh or Re) face- or edge-bridging hydrides contain
hydride peaks between −4.30 and −24.00 ppm.31a−e,25a,b Hence,
although one could speculate on the origins of this downfield, the
hydride chemical shift (using, for example, the Ramsey shielding/
deshielding equation31f or trying to take into account the increased
electron density on Ir suggested by XANES), we choose not to
speculate in the absence of a good wave function and subsequent
molecular orbital calculation for [Ir(1,5-COD)(μ-H)]4. Note here that
the needed computations would best come af ter definitive location of
the hydrides by neutron diffraction, studies that are planned.
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