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Ammonia borane (AB), which has a very high hydrogen content o
by wei . . . . Ry . Ro Ry -‘q@ (‘ PiPr,
y weight (19.6%), is attracting attention as a means of achieving P K?I/p P |
efficient chemical hydrogen storage.'> Heating AB in the solid [ Ry, j 1:R=iPr Ru, HNH_¢|r“C| d
state,? ionic liquids* or the presence of acid® has been shown to H Cl Hz g S = ﬁu cl Ez ) '; E;;EL PiPry

induce the release of >1.0 equiv of H, over the course of several
hours, and transition metal complexes of Rh,® Ni,” and Ir® have
been shown to catalyze H, release under mild conditions. Notably,
the Ni catalysts described by Baker release up to 2.8 equiv of H,,”
an observation that has prompted a more detailed evaluation of
their reaction mechanism.”® When considering strategies for de-
hydrogenation, AB is often compared to ethane.'® Computational
predictions provide little mechanistic support for this analogy,
however,>'" and in terms of local dipoles and reactivity AB may
better be compared to methanol. Drawing from this analogy, we
have discovered that ruthenium catalysts, originally developed for
alcohol redox processes,‘2 will induce the release of 1 equiv of H,
from AB (up to 1.0 system wt %) within 5 min at room temperature
with as little at 0.03 mol% Ru. Furthermore, 2 equiv of H, is rapidly
released from highly concentrated (11 M) MeAB solutions at 22
°C (ambient temperature), providing 3.0 system wt % hydrogen
release. We have also found that by using an AB/MeAB mixture
at 50 °C, up to 3.6 system wt % H, can be released with 0.1 mol
% Ru.

An evaluation of several alcohol oxidation/reduction catalysts
provided promising leads with complexes 1 to 6 (Figure 1)."* In
these studies, the precatalysts (0.1 mol%) were activated via
treatment with KO’Bu (3 mol%)'° in THF under inert atmosphere
to generate the active ruthenium amide species prior to the addition
of AB to the reaction vessel.'* Complexes 1 and 2 are particularly
reactive even at 0.03 mol% Ru.'* Optimal outcomes are observed
at high [AB] (5.0 M), an important parameter for maximal
gravimetric H, density. In reactions with AB, we note the formation
of an insoluble precipitate, which has been identified as the same
polymeric aminoborane species obtained by Goldberg® and Man-
ners.'>

The dehydrogenation of methylammonia-borane (MeAB) was
also evaluated.® Under conditions similar to those employed for
AB dehydrogenation, 0.5 mol% 1 induced the release of up to 2.0
equiv of H, from MeAB in ~10 min (Figure 2).'® These reactions
are characterized by a very rapid release of the first equivalent of
H, (occurring in less than 10 s), generating poly(N-methylami-
noborane).'® This is followed by a slower release of the second
equivalent over ~10 min."” Since no insoluble precipitate is
observed, more concentrated conditions (11 M [MeAB]) may be
employed, increasing the system % H, to 3% (1.9 equiv of H,
released). To further maximize the gravimetric H, density,
AB—MeAB mixtures were evaluated.'® Initial results using a 1:1
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Figure 1. H; release from AB with 0.1 mol % catalyst 1—6 after activation
with KO'Bu.

——
18 _J
16

=

o
LU

Equivalents of Hydrogen

A -

15 31
Time (min)

(Y -TY 1488

Figure 2. H, release from MeAB with 0.5 mol % 1 after activation with
KO'Bu.

AB/MeAB mixture at 50 °C indicate that 3.6 system wt % H,
release can be achieved with 0.1 mol% 1 under solvent-free
conditions.'®

As a preliminary probe into the reaction mechanism, the viability
of a reaction pathway similar to that involved in alcohol oxidation/
reduction was evaluated by density functional theory calculations
at the B3BLYP level (Scheme 1).'®'® Ru-catalyzed alcohol oxidation
has been shown to involve an outer sphere hydrogen transfer
mechanism between the alcohol and an amide ligand on the Ru
metal.'>'*2° Along a similar pathway, we determined that AB
binding to Ru-hydride 7 is energetically favored, giving 8 (a species
very close in structure to known ruthenium borohydride hydrogena-
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Scheme 1. Catalytic Cycle for Dehydrogenation of AB with the Ru Catalyst in THF and Gas Phase from DFT Calculations®'®
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“Black and blue lines indicate different conformers of the P,N ligands of the Ru species. Reported values are in kcal/mol.

Scheme 2. Reduction of Ketones and Imines Using PyrAB as the
Source of Hz
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tion precatalysts).>! AB dehydrogenation at 8 to form dihydride 9
is slightly endothermic; however, a reaction coordinate scan in
forward and reverse directions revealed that this step does not have
a kinetic barrier in gas phase calculations. The largest kinetic barrier
from these calculations involves the formation of dihydrogen
complex 11 via transition state 10 that can subsequently dissociate
H, to regenerate catalyst 7. The intermediacy of a species similar
to dihydride 9 is further supported through the successful coupling
of AB dehydrogenation with C=0, C=N hydrogenation (vide infra)
since Ru-dihydrides are known to mediate H, delivery to these
functional groups.

We have also determined that AB-ketone/imine transfer hydro-
genation may be achieved.?* Superior outcomes are observed with
precatalyst 3, which is less reactive than 1 in hydrogen release
processes. Use of pyrrolidine borane (PyrAB) in conjunction with
1.5 mol% precatalyst 3 and 3 mol% KO'Bu efficiently induces the
hydrogenation of several organic substrates (Scheme 2).'® In each
instance, no detectable background reduction was observed in the
absence of Ru catalyst over the same reaction time.

Significant challenges remain in the development of chemical
hydrogen storage. The full potential of AB will only be attained
by increasing the amount of H, released to well over 1.0 equiv
and by solving the important problem of regenerating AB from
the waste products;>®> however, the exceptionally low catalyst
loadings, mild reaction conditions, rapid release of H,, and high
concentration achievable by this system represent a new opportunity
for approaching hydrogen storage/release goals.**
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