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With greenhouse gas emissions affecting political and environ- Ph
mental climates, the need for alternative fuels has become abun- MN~n 10 NH3BH,
dantly clear. Hydrogen has emerged as a clean-burning option, and N(eod); + 2 :C\NJ\ T4 hrsal60°C
the U.S. Department of Energy (DOE) has set aggressive goals for B Ph diglyme: C4Dq

development of on-board storage systems. Current technology
(pressurized B) has safety, efficiency, and density shortcomings,
requiring further research into hydrogen storage methodologies if
a hydrogen economy is to become a reality.
Chemical hydrogen storage, in which (catalytic) chemical
reactions release gaseousftdm hydrogen atoms covalently bound " 4 20 0 20  -40 PPM
in a molecule, provides a promising future for hydrogen. To meet Figure 1. B—{*H} NMR spectrum in @Dg/diglyme from the reaction

the DOE targets for overall system weight (9.0% H by 2015); of 10 equiv of NHBH3 with 1 and 2 equiv, respectively, of Ni(cadand
practical hydrogen storage materials must be of low molecular Enders’ NHC afte4 h at 60°C. The signal at-36 ppm is attributable to

weight and high chemical weight percent hydrogen. Given these the NHC-BH3 adduct (ca. 2% of total B).
criteria, the adduct ammonigorane (HNBH;, AB) is a leading combined with a slurry of 10 equiv of AB in¢Ds or a solution in
candidate as a storage medium, with a molecular weight of diglyme [bis(2-methoxyethyl)ether] at €. The resulting homo-

30.9 g/mol and a potential capacity of 19.6 wt %. i€ontaining geneou¥ dark maroon solution evolved Hmmediately.
both protic N-H and hydridic B-H hydrogens within the same Inspection of thé'B—{1H} NMR spectrum of a 10 mol % Ni
molecule, AB appears ripe for dehydrogenation. NHC-catalyzed AB dehydrogenation experimentiadté at 60°C

While solutiort? and solid state® thermal dehydrogenation of  (Figure 1) shows that all of the AB starting material22 ppm)
amine-boranes has been reported, as well as acid-catalyzedhas been consumed. The spectrum contains minor amounts of singly
dehydrocoupling, only recently have transition-metal-catalyzed dehydrogenated four-coordinate boron atoms from 620 ppm
dehydrogenation reactions been described in the literature. Mannersand two broad resonances due te 8 cross-linked borazine units
reported that precious metal Rh, Ir, Pd, and Ru catalysts are activefrom 40 to 18 ppni® Notably, formation of the latter species
for amine-borane dehydrocoupling at room temperature with requires that more than 2 equiv of,Hbe released from AB.
catalyst loadings as low as 0.5 mol ®#Vhile the nature of the  Quantification of the hydrogen evolved showed that 29 mL ef H
active species has been disput¢de Rh-catalyzed reaction affords  was produced of a maximum 31 mL for 3 equiv of, ldquating to
black solutions, with commensurate precipitate formation, and slow 18 wt % H,. For the Ni-NHC catalyst systems, borazine (30 ppm)
AB dehydrogenation at 4%C to give a mixture of cyclotriborazane is evident in the!’B NMR (Figure S4) but does not build up in
(H2NBH_)s, borazine (HNBHj, and poly(iminoborane) (HNBH) significant amounts because it is rapidly consumed by subsequent
A subsequent paper by Manners details an early metal catalystcross-linking. This is important because the rate of dehydrogenation
(presumably a Ti(ll) species) for dehydrocoupling of dialkylamine  of borazine, a volatile compound and potential poison of fuel cell
boranes but makes no mention of ABinally, an Ir-pincer catalyst ~ catalysts, is at least on the order of consumption of the AB starting
rapidly dehydrocouples AB to yield 1 equiv okldnd the insoluble material for this Ni-NHC system.
cyclic amino-borane pentamer, @NBH,)s.1° To gauge which NirNHC-based system was the most active,

Our research has focused on development of additional metalthe rate of AB dehydrogenation was studied with three different
complexes which are competent for the dehydrogenation of amine NHCs using!'B NMR spectroscopy. Using the NHCs IdipM,{'-
boranes, with attention paid to greater catalyst stability and bis(2,6-diisopropylphenyl)imidazol-2-ylidene), Imé¢N'-bis(2,4,6-
extension to cheaper and more abundant first row metals. With the trimethylphenyl)imidazol-2-ylidene), and Enders’ (1,3,4-triphenyl-
knowledge that strongly donating ligands promote-HB bond 4,5-dihydro-H-1,2,4-triazol-5-ylidene)é first-order rate constants
activation!! trialkylphosphine and N-heterocyclic carbene (NHC) for the disappearance of AB with 5 mol % of catalyst at°€Dof
metal complexes were tested for their potential to enhance catalyst5.6, 7.3, and 64.6x 1073 min~! were obtained, respectively,
solubility, stability, and activity. We report here the first examples illustrating the greater activity of the Enders’ NHC system. Control
of AB dehydrogenation catalysts based on-NiHC complexes experiments show that the free NHCs exhibited similar rates at 60
which afford long-lived catalysts with unprecedented extent of °C to the uncatalyzed reaction, while Ni(cedhowed lower activity
hydrogen release>(2.5 equiv or 18 chemical wt %). (vs Ni—NHC systems) and nonlinear kinetics indicative of catalyst

To avoid significant decomposition of both the amirf®rane deactivation. To assess AB dehydrogenation rates with different
starting material and the catalyst, NHC ligands were explored as metals, we compared the NEnders’ system to newly generated
alternatives to phosphinésAn active dehydrogenation catalyst catalysts formed by addition of 2 equiv of Enders’ NHC per metal
was generated in situ by reaction of Ni(ced)ith 2 equiv of a to [RuCh(p-cymene)}*” and [RhCl(coe), (coe= cis-cyclooctene}?
suitable NHC ligand in gDe.*® This dark solution was then  With 5 mol % catalyst loading, the Ni
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Figure 3. Proposed initial steps of metal-catalyzed AB dehydrogenation.

Deuteration Effects

=30
To our knowledge, this is the first example of active first row

transition metal catalysts for the dehydrogenation of AB, a
promising chemical hydrogen storage material. The-INIHC

S system exhibits an unprecedented extent of dehydrogenation to a
soluble cross-linked borazine structure at°@0 Further work on
mechanistic studies of dehydrogenation of substituted amine
boranes, cyclotriborazane, and borazine, as well as isolation and
identification of subsequent products, is underway.
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Figure 2. Dehydrogenation kinetics of 25 wt % AB or borazine solutions
in diglyme at 60°C with 1 mol % of Ni-Enders’ NHC catalyst. Inset:
Kinetics of dehydrogenation at 6C with 20:1 AB/Ni ratio for AB (black),
NH3BDs3 (blue), NDsBH3 (orange), and NEBDs (red).

Supporting Information Available: Details of dehydrogenation
Enders’ catalyst system consumed AB twice as fast as Ru and fourexperiments. This material is available free of charge via the Internet
times faster than Rh. at http://pubs.acs.org.

In a dehydrogenation using high monomer concentrations, a

25 wt % solution of AB in diglyme was prepared and mixed with References
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(1) Dresselhaus, M., Crabtree, G., Buchanan, M., Bdsic Energy Needs
for the Hydrogen EconomyBasic Energy Sciences, Office of Science,
U.S. Department of Energy: Washington, DC, 2003.

(2) Wang, J. S.; Geanangel, R. lorg. Chim. Actal988 148 185.

(3) Bluhm, M. E.; Bradley, M. G.; Butterick, R.; Kusari, U.; Sneddon, L. G.
J. Am. Chem. So@006 128 7748.

(4) Wolf, G.; Baumann, J.; Baitalow, F.; Hoffmann, F. Fhermochim. Acta
200Q 343 19.

(5) Baitalow, F.; Baumann, J.; Wolf, G.; JaenickésRler, K.; Leitner, G.
Thermochim. Act2002 391, 159.

(6) Jaska, C. A.; Temple, K.; Lough, A. J.; Manners)Jl.Am. Chem. Soc.
2003 125 9424.

(7) Stephens, F. H.; Baker, R. Angew. Chem., Int. EQ00§ in press.

(8) Chen, Y.; Fulton, J. L.; Linehan, J. L.; Autrey, J. Am. Chem. Soc.
2005 127, 3254.

(9) Clark, T. J.; Russell, C. A.; Manners,J. Am. Chem. SoQ006 128

582

(10) Denney, M. C.; Pons, V.; Hebden, T. J.; Heinekey, D. M.; Goldberg, K.
I. J. Am. Chem. So2006 128 12048.

(11) Baker, R. T.; Ovenall, D. W.; Calabrese, J. C.; Westcott, S. A.; Taylor,
N. J.; Williams, I. D.; Marder, T. BJ. Am. Chem. S0d.99Q 112, 9399.

(12) Investigation of AB dehydrogenation activity with Fe and Ni phosphine
complexes shows extensive precipitation of black inactive solids and
formation of phosphineborane (see Figures S1 and S2).

(13) Arduengo, A. J., Il; Gamper, S. F.; Calabrese, J. C.; Davidsah, &An.
Chem. Soc1994 116 4391. While NMR spectroscopic evidence was
obtained for Ni(NHC) using Enders’ carbene, isolated solid was only
ca. 90% pure and very air sensitive so catalysts were generated in situ.

drogenation has not been discussed previously, a notable charac-(14) In parallel experiments with and without added mercury, no difference in

teristic of metal-catalyzed dehydrogenation of substituted amine
boranes, such as Me@NBH; or t-BuH,NBHj, is initial production

of the reactive amineborane monomer, RRBH,.681%Although
we have been unable to observe any-Niresonances bfH NMR
during AB dehydrogenation nor any irreversible reaction of Ni-
(NHC), with Me3NBH3, the most logical reaction pathway involves
initial formation of ao-complex?%21 B—H bond activation, and
pB-H elimination from the N-H bond (Figure 3). The implication

rate, selectivity, or extent of AB dehydrogenation was observed.

(15) Fazen, P. J.; Remsen, E. E.; Beck, J. S.; Carroll, P. J.; McGhie, A. R;;
Sneddon, L. GChem. Mater1995 7, 1942.

(16) Enders, D.; Breuer, K.; Raabe, G.; Runsink, J.; Teles, J. H.; Melder, J.-
P.; Ebel, K.; Brode, SAngew. Chem., Int. Ed. Engl995 34, 1021.

(17) Poyatos, M.; Mas-Mafz&.; SanauM.; Peris, E.Inorg. Chem2004 43,
1793.

(18) Huang, J.; Stevens, E. D.; Nolan, S@ganometallic200Q 19, 1194.

(19) See example of MEINBH; using a Cu-NHC catalyst in Supporting
Information (Figure S3).

(20) Crestani, M. G.; Munoz-Hernandez, M.; Arevalo, A.; Acosta-Ramirez,
A.; Garcia, J. JJ. Am. Chem. SoQ005 127, 18066.

from the observed isotope effects, then, is that the latter two steps (21) Kawano, Y.; Haskiva, M.; Shimoi, MOrganometallics2006 25, 4420.

have competitive rates (.6 = k).

JA066860I

J. AM. CHEM. SOC. = VOL. 129, NO. 7, 2007 1845





