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forth have led to our interests in the chemical and physical properties ::
of hydrogen-rich amine borane complexes to develop new materials ™~ ;
for onboard storagéWe recently discovered that the kinetics for 208t
the thermal dehydropolymerization of ammonia borane;BHt, = i
are accelerated when the material is coated into mesoporous’silica. Rh'w‘os“\j; 1
These results piqued our interest in understanding catalytic processes ]
which accelerate the kinetics of hydrogen release from amine 0.4r -Rh=3. /‘/
boranes. Recent work from the Manners’ group suggested that a / 1 /
heterogeneous rhodium species catalyzed the formation of a cyclic -
dimer and molecular hydrogen from dimethylamine boranesj&H 0.0E257 ‘ ) Moy
NHBHj3, (DMAB) in solution at room temperatureThey reported 0 1 2 3 4 5 6
that the reaction most likely proceeded by a mechanism involving Distance R (A)
o N bond formation catalyzed by RNO) collids, Whie (e 0 o i wbene v o
evidence at hand segmed 1o suggest a heterogeneous catalyst, metal ((dashéd), without phasep correct)i/ons. The phase-cor’rected
homogeneous catalytic pathway could not be completely ruled out. gh—Rh distances, coordination numbers and Debyialler factors from

In this communication we present an in situ spectroscopic study a fit to the theoretical standard (FEFF8) are given. The Rh metal spectrum
utilizing X-ray absorption fine structure spectroscopy (XAFS) and is multiplied by Y/, to fit the graph.
11B NMR methods to evaluate the rhodium-catalyzed dehydroge-
nation of DMAB. XAFS provides chemical and structural informa-  Sector 20) at the Advanced Photon Source, Argonne National
tion of the local environment of the active rhodium species during Laboratory. Data were analyzed using AUTOBK and IFEFFIT
the reaction, while!’B NMR allows interrogation of the boron-  routines® The kinetics of DMAB disappearance were followed
containing species. In XAFS, the strong backscattering from a using'B{H} NMR spectroscopy run unlocked on a Varian VXR-
neighboring heavy atom such as Rh has characteristic amplitude300 NMR spectrometer operating at 96 MHz.
and phase shift functions that are uniquely different from those of  Analysis of the XAFS spectrum obtained from the solid Rh(cod)
adjoining B, N, or C atoms. Thus, XAFS provides a highly sensitive gives bond lengths that are in excellent agreement with the bond
method to detect and measure small atomic clusters of Rh atomslengths from the published X-ray diffraction dat&urthermore,
and may help to discriminate between homogeneous and heterowhen the Rh(cod) is dissolved in toluene, there is little change in
geneous mechanisms. In a complimentary experiment, the time-the XAFS spectra compared to those of the neat material, a strong
dependent progression of the boron-containing compounds can bendication that starting ligands are not significantly displaced by
monitored by solution-phaséB NMR to observe the disappearance toluene. On the other hand, when DMAB is added to the Rh(cod)
of DMAB and the formation of the cyclic dimer. Thus, we are toluene solution, new features begin to appear in the XAFS spectra
able to determine the status of both the catalyst and various B over the course of a few minutes with the concurrent observation
species at different stages of the reaction. We were quite surprisedof gas bubbles. The extended X-ray absorption fine structure
to find that the in situ XAFS results suggest that the active catalyst (EXAFS) radial structure plot (RSP) for the new rhodium complex
is a homogeneous six-atom Rh cluster. Furthermore, in situ NMR is shown in Figure 1, together with that for Rh(0) metal and Rh(cod)
results suggest that the primary catalytic step involves intramo- in toluene for comparison. The RSP is related to the probability of

There has been a recent concerted call from the scientific 1.6
community for intensive fundamental studies to develop new Rh-Rh = 2.684 | — Active Rh complex in toluene
approaches and novel materials for hydrogen fuel cells, hydrogen N=12, 0 = 0,0043A2 ,’\xz -------- [Rh(cod)Cl], in toluene
production and storage to move our energy economy from one based I RhC=2.1A 1 ~= Rhmetal
on fossil fuels to one based upon hydroderhe challenges put -~ i
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longer scattering paths
Rh-C=3.1A in bulk metal

lecular H, abstraction, not intermolecular-BN bond coupling. finding an atom at some radial distance from the central absorbing
In situ spectroscopy experiments were performed using toluene atom (Rh). This RSP for the active complex was acquired after 34
solutions containing the catalyst precursor, [Rh(1,5-ge@))], or min of reaction where all Rh was completely soluble in the toluene.

Rh(cod) (17 mM), ca. 1.5 mol % Rh, and DMAB (1.1M) prepared The bond distances and coordination numbers given in Figure 1
under inert atmosphere (see Supporting Information). The samplesare determined by fitting the EXAFS spectra to FEFF8 theoretical
began to release gas bubbles within seconds of mixing and werestandard$.As shown in Figure 1, the fitted RFRh distance for
immediately transferred into a 4-cm long glass sample holder having the bulk metal, 2.68 A, is the same as that determined from
Kapton windows for XAFS experiments or into a 5-mm quartz tube crystallographic data. In contrast, the -RRh distance in the active

for NMR experiment$.The in situ Rh K-edge (23 222 eV) XAFS  complex is significantly longer at 2.74 A. There are 12 Rh atoms
spectra were collected on the bending magnet beamline (PNC-CAT, in the first coordination shell for bulk Rh(0) metal, whereas we

3254 m J. AM. CHEM. SOC. 2005, 127, 3254—3255 10.1021/ja0437050 CCC: $30.25 © 2005 American Chemical Society



COMMUNICATIONS

catalytic material can be recovered, or alternatively more DMAB
can be added to bring the catalytic species back into solution.
Results from thé!B NMR experiments permit us to propose a
mechanism for the Rh-catalyzed dehydrogenation of DMAB.
Specifically, a new!B resonance att = 37 ppm that is not
observed in the thermal decomposition reaction grows in initially
and then decays over the course of the reaction. We assign the
new resonance to a transient dimethylaminoboranes(BHH;
species based upon the report#iresonance of monomericR=
BH, species? The resulting monomeric dimethylaminoborane
undergoes subsequent thermal dimerization to yield the observed
product. This assignment is supported by our observation that the
maximum percentage of thi2 = 37 ppm species in the reaction
mixture is inversely related to the initial DMAB concentration. This
Figure 2. Time-evolving formation of [MeNBH,], measured by in situ ~ ©Observation would be expected for a species that is consumed by

11B NMR (open circle) and the soluble Rh complex in toluene measured Ssecond-order pathways.
from in situ XAFS edge height (solid square).
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Rh complex shows that after reaction the chlorides and cycloocta-

diene (shown by C peaks) leave the Rh center, and other ligands |, sum, combining XAFS an#B NMR spectroscopies provides

and a few Rh atoms come into the first shell. In a recent paper the 5 unique set of experimental tools to study the Rh-catalyzed
XAFS spectra of a Rh(@)metal cluster and R(CO)¢ on alumina  genhydrogenation reaction of DMAB. Our results show that addition
showed that the RhRh distances are 2.68 and 2.75 A, respectiffely. ¢ Rh(cod) to a toluene solution containing DMAB generates a
The XAFS spectrum of the Rh(@netal cluster resembles that of  so|yple six-atom Rh species. These results suggest a homogeneous
the bulk metal except the amplitude is lower. However, the catalytic pathway. However, minor rhodium specie<¢% of the
absorption spectrum of the Rh carbonyl complex shows a significant gpserved Rh species) may also be present, and further efforts to
phase shift due to the longer RRh distance. The Rh complex  getermine kinetics and additional in situ spectroscopy of this system
observed in our EXAFS spectra also shows a significant phase shift 5o underway to help clarify the identity of the catalyst species.

(see Supporting Information). We find that the first-shell coordina-
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