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Shvo’s cyclopentadienone-ligated ruthenium complex is an efficient
catalyst for the liberation of exactly two molar equivalents of
hydrogen from ammonia-borane, a prospective hydrogen storage
medium. The mechanism for the dehydrogenation features a
ruthenium hydride resting state from which dihydrogen loss is
the rate-determining step.

The utility of hydrogen as a transportation fuel is limited by
safety and practicality concerns involving pressurized gas in a
mobile vehicle.! Thus, a practical hydrogen storage system
paired with an efficient fuel cell can enable hydrogen as an
alternative to liquid transportation fuels. One conceptual solu-
tion is to store hydrogen in a small molecule like MgH,,
methanol, a hydrocarbon,* or a boron-nitrogen compound.’
Particularly, ammonia-borane (AB, NH3;BH3) is a promising
material due to its high hydrogen content (19.6 wt%) and
capacity to dehydrogenate under mild conditions. Accordingly,
several reports of transition metal catalyzed AB dehydrogena-
tion have recently appeared. These involve rhodium,® iridium,’
ruthenium,® and nickel’ catalysts, among others. Among homo-
geneous systems, only Baker’s Ni(NHC), catalysts’ have
achieved both high productivity (>2.5 equivalents H,) and a
useful rate (>1073 s~! at 60 °C)."°

Studies of these systems indicate that coordination of
aminoborane (NH,BH,), the first dehydrogenation product
of AB, to the catalyst limits productivity to 1 equivalent of
H, because NH,BH, coordination promotes formation of
insoluble oligomers, [NH,BH,],, that leave the reaction
solution.!" We believe that AB’s dual functionality (hydride
plus proton) enables a bifunctional catalytic mechanism for its
dehydrogenation® that complements the polar nature of
Shvo’s cyclopentadienone-ligated catalyst (1).!2 This approach
is similar to Noyori-type bifunctional catalysts studied previously
by Schneider and Fagnou®!?® as well as “frustrated Lewis-pair”
chemistry reported by Zou and Bercaw while this manuscript
was in preparation.'* We believe an added benefit of 1 is its
coordinative saturation, which might force solely outer-sphere
oxidation mechanisms'® and disfavor NH,BH, coordination to
the catalyst, thus enabling further dehydrogenation of resulting
intermediates in solution.

We report here that Shvo’s catalyst (1, Scheme 1) enables
liberation of 2.0 equivalents of H, from AB. Under certain
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Scheme 1 Dehydrogenation of AB with Shvo’s catalyst, 1.

conditions, this reaction is complete in 2 hours at 70 °C.
Equally interesting as this reactivity are the mechanistic data
for the reaction. These indicate a kinetic regime previously
unseen for 1 and are consistent with a bifunctional mechanism
featuring release of NH,BH, and dehydrogenation of the
resulting intermediate(s).

Catalytic reactivity of 1 with ABin a2 : 1 diglyme/benzene

solution in a sealed reactor proceeds at 70 °C. The solution
changes color from bright orange to yellow/brown and evolves
hydrogen pressure in the reaction vessel. Hydrogen gas evolu-
tion (quantified by eudiometer) and 'H or ''B NMR are effective
tools to monitor the reaction. Under optimized conditions the
reaction of 5.0 mol% 1 and 2.0 mol% ethanol (vide infra) with
AB (0.42 M) liberated 1.0 equivalent hydrogen in 30 minutes
and reached full conversion after 120 min to yield 2.0 equivalents
hydrogen gas (Fig. 1, top) when run in a reaction vessel open
to a eudiometer. The presence of elemental mercury did not
influence conversion for the reaction. The ''B NMR spectrum
of this solution at completion revealed borazine as the exclusive
boron product. This indicates that cross-linking to form poly-
borazylene is not efficient under these conditions.

We investigated the mechanisms involved in AB dehydro-

genation using 'H and ''"B NMR spectroscopy. We began
by studying the reaction of 5.0 mol% 1 with AB in diglyme/
benzene-dg. Surprisingly, over several hours at room tempera-
ture we observed disappearance of the metal p-hydride resonance
of 1 (—18 ppm) and appearance of a signal at —10 ppm, which
is consistent with the formation of ruthenium hydride 2.'®
This rapid rate of dimer dissociation is notable, given the
reported barrier to dissociation of 28.8 kcal mol ™! in toluene.
Analysis of the "B spectrum several hours after the dis-
appearance of 1 was complete did not reveal catalytic conversion
of AB. However, upon heating to 70 °C, the disappearance
of AB is observed along with formation of several boron-
containing species, including cyclic trimer 5'7 and borazine in
the ''B spectrum. Notably, ''B NMR analysis at early times
(through ca. 30% conversion) reveals that the most prominent
boron containing species is borazine. At the same time, we also
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Fig. 1 (top) Eudiometer data showing production of hydrogen gas in
the presence of 5.0 mol% 1 and 2.0 mol% ethanol in 2 : 1 diglyme/
benzene at 70 °C. (bottom) ''B NMR data showing consumption of
AB in the presence of 2.5 mol% 1 in a sealed J. Young NMR tube.

observed a smaller resonance at —11 ppm. This overlaps with
the —BH, group of 5 as it grows into solution and is most likely
5°s unbranched isomer, cyclotriborazane.'®

A kinetic profile for AB consumption was generated by
plotting [AB] against time (Fig. 1, bottom). The data feature
three rate regimes: 1. a brief initiation period (ca. 2% conversion),
2. a fast linear regime (through ca. 30% conversion), and 3. a
slower regime that fits to first order exponential decay.'t

The kinetics of the initiation period (regime 1) were studied
by '"H NMR and are consistent with dissociation of 1 to 2 and
3 followed by rapid reduction of 3 to 2 by AB. Interestingly,
there is zero order in [AB] for this process while [1] is first
order, which suggests that dissociation of the dimer is rate
limiting in catalyst initiation and that AB is uninvolved in the
rate determining step.

Regime 2 was of particular interest because the plot of [AB]
vs. time was linear with a sharp slope and eudiometer measure-
ments at corresponding times showed rapid H, evolution.

Indeed, our calculations suggest that the rate of hydrogen
production in regime 2 (eudiometry) is comparable to AB loss
(*'B NMR integration) with rates of 6.1 x 107 mol s~' and
7.9 x 107® mol s~ respectively. Varying the catalyst con-
centration allowed for the comparison of regime 2 rate values
determined from the slope of this linear region. A In (rate)/In
[1] plot reveals a linear relationship with a slope of 0.96, which
indicates a first order dependence on [Ru].f This contrasts
cases of 1-catalyzed aldehyde hydrogenation'? and alcohol
oxidation'>!” which have half-order dependence on [Ru].?’ In
AB dehydrogenation, this regime is changed by the very rapid
reduction of 3 to 2, which makes dehydrogenation of 2 rate-
determining. Our kinetics and NMR data support the presence
of a persistent ruthenium hydride throughout the reaction and
indicate that a monomeric hydride (such as 2 or a closely
related species) is the resting state of the catalyst. Interestingly,
as the reaction proceeds into regime 3, the hydride region
of the '"H NMR spectrum contains at least three distinct
resonances within 0.5 ppm of the originally derived hydride
compound at —10 ppm. This indicates conversion of 2 to
related compounds as the concentration of dehydrogenated
products increases, potentially accounting for the observed loss
in rate.

We observed that the reaction was significantly faster in
deoxygenated, benchtop grade diglyme than under anhydrous
conditions. Along these lines, we found that adding ethanol to
anhydrous diglyme/benzene increased the reaction rate: we
repeated our kinetics experiment in the presence of various
catalytic quantities of ethanol in rigorously anhydrous reac-
tion solutions containing AB and 5.0 mol% 1. We observed a
linear dependence of ks on concentration from 0 to 17.0 mole
percent,i which is consistent with Casey’s finding that added
alcohol catalyzes the release of hydrogen from a tolyl-analogue
of 2 by shuttling the ligand hydroxyl proton to the Ru-H to
form a labile dihydrogen complex (4, Scheme 2).>!

Although we cannot exclude the possibility of stepwise
mechanisms involving oxidative addition of the B-H bond
to 3 or successive deprotonation/hydride transfer, we currently
favor a concerted, outer sphere pathway for proton and
hydride transfer to 3. Unfortunately, the rapid rate of k3
relative to dihydrogen loss from 2 (k) precludes measurement
of kinetic isotope effects for k5 under catalytic conditions.??

We believe that the third regime in the "B NMR kinetics
arises due to the buildup of products other than H, that slow
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Scheme 2 Proposed mechanism for catalysis in regime 2. Rate =
2k, [1][EtOH].+
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catalysis. In a reaction run under D, pressure (50 psig, 3.4 atm)
deuterium is not incorporated into AB or the dehydrogenated
products as monitored by ’H NMR. Further, the kinetic
profile of this reaction matches the reaction run under 1 atm N,.
These observations indicate that dehydrogenation is irrever-
sible under these conditions and that rate inhibition is not
related to increased H, pressure. However, a reaction run with
1 equivalent added borazine shows significant differences in its
kinetic profile. Under these conditions, there is also a short
initiation period followed by slow catalysis that fits a first
order exponential decay model.f Thus, we propose that the
catalysis slows gradually in the presence of borazine. However,
when more AB is added to spent reaction solutions, we
observed an increase in rate of AB loss through 3 successive
catalytic runs, even as the borazine concentration builds in
the sealed NMR tube. The increased rate coincides with a
change in product distribution. We are currently investigating
the extent of reusability for this system and identifying the
nature of the active catalytic species as well as the boron
intermediates.

In sum, we have described an efficient system for catalytic
dehydrogenation of ammonia-borane that liberates two
equivalents of hydrogen and gives borazine as the by-product.
This is the second example of a homogeneous transition metal
catalyst that liberates more than one equivalent of hydrogen
gas from AB itself.?* Our data and literature precedent lead us
to the mechanistic proposal in Scheme 2 for regime 2, the
initial mechanism of ammonia-borane dehydrogenation with
1. Precatalyst 1 undergoes first order dissociation (kiui, [AB]
order is zero) to give 2 and 3; the latter is rapidly reduced to 2
by AB. 2 is the resting state of the cycle; ethanol-catalyzed
dihydrogen loss from 2 (k;) is rate determining, where k; is
first order in [Ru] and dependent on [ROH]. This presumably
proceeds through the intermediacy of a ruthenium dihydrogen
complex (4) to give the postulated oxidizing species 3 as Casey
has shown.'® The situation that k, is rate-determining in a
catalytic system is a previously unobserved regime for 1. We
predict a concerted, bifunctional transition state for B-H and
N-H transfer in the conversion of 3 to 2, but this remains
speculative. Ongoing studies in our laboratory are focusing on
the mechanism of regime 3, N-H and B—H bond cleavage steps
for AB and its intermediate oxidation products, conditions
for cross-linking borazine, reversibility of AB dehydrogena-
tion, and extension of bifunctional dehydrogenation to Shvo
congeners and other motifs.?*
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