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Efficient Catalysis of Ammonia Borane Dehydrogenation
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There are considerable challenges to be met in creating a
“Hydrogen Economy™.? A key obstacle delaying the widespread
use of hydrogen fuel cells to power automobiles is the development
of a safe and practical method for storing hydrogen on board a
vehicle. Chemical hydrogen storage, wherein hydrogen is stored
in a chemical compound and released via a reversible chemical
reaction, is a promising strated$.Ammonia borane (sNBH3)
and related amineborane compounds have emerged as particularly
attractive candidates for hydrogen-storage materials due to their
high percentage by weight of available hydrogand the potential
reversibility of hydrogen-release reactidridowever, catalysts are Time (min)
needed to effect the release of hydrogen from amineborane Figure 1. Amount of hydrogen gas evolved per mole ofNBH3 using
compounds at efficient rates. 0.25 mol % @), 0.5 mol % @), and 1.0 mol % &) of 1 as catalyst.
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n |_|3N|3|.|3—[%tl [H,NBH,],, + nH, concentration, a 0.25 mol % catalyst loading increases the time

required to consume the substrate to at least 30 min, while a 1.0
Catalysis of the dehydrogenation of ammonia borane and relatedmol % catalyst loading reduces the time to ca. 4 min.
substituted compounds (e.g. MHBH3) by rhodium complexes The catalytic activity of complex in the dehydrogenation of
was recently reporteiThe nature of the active catalytic species ammonia borane is substantially higher than the current best
(heterogeneous rhodium colloids or rhodium clustérgyesents reported catalyst. The rhodium-catalyzed reaction reported by
a challenge for further optimization, as these systems are not Manners and co-workers requireet2 days at 453C with a catalyst
sufficiently active to allow for efficient hydrogen release, particu- loading of 0.6 mol % to produce 2 equiv of hydrogen gas and
larly when HiNBHj3 is the substrate. borazine. By contrast, the reaction catalyzed by a comparable
Effective homogeneous catalysts for alkane dehydrogenation haveloading of the iridium catalyst (0.5 mol %) is complete within
been reported?-12 Since amineboranes are isoelectronic with 14 min at room temperature.
alkanes, we considered the application of such complexes to the The dehydrogenation of NIBH; catalyzed by 0.5 mol % of
problem of amineborane dehydrogenation. Herein we report that occurred at the same rate in the presence or absence of elemental
(POCOP)Ir(H) (POCOP= [#5-1,3-(OPBU,),CeH3]) (1),22is an mercury. This observation strongly suggests that the iridium catalyst
exceptionally active catalyst for the dehydrogenation of;BlH;. remains homogeneous throughout the reaction. In comparison,
When1 was added to a THF solution of ammonia borane, under elemental mercury completely inhibited a similar reaction that used
an atmosphere of argon, vigorous evolution of gas was observed.the rhodium catalyst system, suggesting a heterogeneous environ-
Concurrent with this, the red color df instantly faded to pale ment for that catalyst.
yellow, and a white solid precipitated. The progress of the reaction  To investigate the fate df in the dehydrogenation of fNIBH3,
can be followed by monitoring the amount of hydrogen evolved. the reaction was monitored by NMR spectroscopy. Signals for
With an initial ammonia borane concentration of 0.5 M and a 0.5 complexl disappeared immediately upon addition agNBH3. The
mol % catalyst loading, quantitative conversion of ammonia borane iridium species initially observed is the tetrahydride complex
and the release of one equivalent of hydrogen gas was observedPOCOP)Ir(H) (2),'® resulting from the reaction ot with H,
within 14 min (Figure 1). After complete consumption of the generated by the reaction. At long reaction times, a new iridium
substrate, gas evolution was immediately renewed upon additionhydride species 3) was observed. In addition to the phenyl
of more ammonia borane. resonances, th&H NMR spectrum for complexd exhibits two
During the course of the reaction, a white solid was deposited. distinct virtual triplets for theeert-butyl groups, indicative of a low-
The precipitate was insoluble in water and most common organic symmetry structure. A sharp hydride resonance (1H) is observed
solvents. Solid-stat?B NMR spectroscopy of this product gave a at —20.7 ppm (t,Jup = 12 Hz), along with two broad hydride
broad, symmetric resonance at eal8 ppm. The negative shift  resonances at5.4 and—6.6 ppm (each 1H). Also observed is a
and approximately Gaussian appearance of this signal is characbroad resonance (2H) at 7.0 ppm. TH&{'H} NMR spectrum
teristic of a species containing tetracoordinate boron atoms with consists of a single resonance at 171.3 pgBINMR spectroscopy
near cubic symmetr{# supporting a dehydrogenated product of revealed a single broad signal at 13.6 ppm. No signals foHN
the form [HLNBH],. The IR spectrum and X-ray powder diffraction  protons were observed Bi#t NMR spectroscopy. CompleXwas
(XRD) pattern of the precipitate agree closely with data reported also prepared by reaction dfin THF with an excess of BH
for the known cyclic pentamer, BMBH,]s.1* The pentamer is THF, which affords comple® in good yield. In this reaction, no
formed in near quantitative yield. H, is evolved, consistent with formulation 8fas a BH adduct of
The rate of the reaction is dependent on catalyst loading (Table 1. When this preparation was carried out with BDHF and1-d,,
S1). As shown in Figure 1, with the same initial ammonia borane the resulting sample &-ds gave alH NMR spectrum lacking the
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regenerated in the presence of hydrogen. The dormant form of the
catalyst apparently results from a novel reaction oiBlth an Ir
hydride. The impressive rates and clean catalyst regeneration
observed in this Ir pincer system undeg pressure represent a
promising initial step toward the development of ammonia borane
as a viable on-board hydrogen-storage medium.

Figure 2. (A) ORTEP diagram for comple8, 50% thermal ellipsoids.
Hydrogen atoms omitted. (B) Proposed structure.of
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signals at—20.7,—6.6, —5.4, and 7.0 ppm. CompleX was also
prepared by the reaction of NaBkith (POCOP)IrHCI. Similarly,
deuterium-enriched samples of compl8xwere prepared from
NaBD;. A 2H NMR spectrum of3-ds exhibited signals at20.7,
—6.6,—5.4, and 7.0 ppm. The infrared spectrunBaxhibits bands
at 2466(s), 2441(s), 2285(s), and 2219 ¢m) attributed to B-H
stretches. A band assigned to the i stretch is observed at 1930
cmi(m). All of these data suggest thatis best formulated as a
bidentate borohydride complex or as a B&tlduct of the electron
deficient iridium dihydride complex.

The structure of comple8 was determined by single-crystal
X-ray diffraction, which confirmed that BN bond cleavage had
indeed occurred (Figure 2A). The POCOP ligand to metal interac-
tions closely resemble the bond distances and angles reportedReferences
previously for this ligand® A boron atom is coordinated to the (1) Coontz, R.. Hanson, BScience2004 305, 957.
metal center with an #B bond distance of 2.185(9) A. This is 2) Crabtree G. W.; Dresselhaus, M. S.; Buchanan, MPNs. Todayp004
somewhat longer than-+B bond lengths in other iridium boryl
species, which are typically between 2.023 and 2.098 % but
is very similar to the value of 2.214(4) A reported for a dimeric Ir
borohydride comple%®

Although the hydrogen atoms attached to boron and iridium could
not be reliably located in the X-ray structufé{ NMR data for3
indicate a low-symmetry structure. A structure such as the one
depicted in Figure 2B is consistent with the NMR and IR data.
However, the data do not distinguish between a bidentate borohy-
dride complex and a complex of BH, or a structure in between
these two extremes where an-H donates some electron density
to the electron deficient boron atoth.

A recent report by Manners and co-workers indicated that the
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presence of excess Blgoisoned their colloidal Rh catalyst, leading
to complete inhibition of the dehydrocoupling reaction of Me
NHBHz.2! This result prompted us to investigate the catalytic
activity of 3 with respect to HNBH; dehydrogenation. Negligible
reactivity was observed betwe@&nand HbNBHs. In independent
experiments we determined thatin THF reacts with hydrogen

gas (30 psi) to regenerate the catalytically active tetrahydride

species,2, along with BH-THF. Degassing this solution df
producesl.
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