
Hydrogen-Release Mechanisms
DOI: 10.1002/anie.200702886

Catalyzed Dehydrogenation of Ammonia–Borane by Iridium
Dihydrogen Pincer Complex Differs from Ethane Dehydrogenation**
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Onboard hydrogen storage will play a critical role in a
hydrogen-based fuel economy.[1] Ammonia–borane (AB,
NH3BH3) can potentially store a significant percent of
hydrogen chemically, motivating an intense effort to inves-
tigate its potential application as an onboard hydrogen-
storage system.[1] This approach involves low-temperature
release of hydrogen from ammonia–borane and subsequent
regeneration. Considerable progress has recently been made
in developing catalytic systems that can dehydrogenate
amine–boranes.[2–9] Goldberg et al. have shown that room-
temperature dehydrogenation of AB can be achieved at an
appreciable rate using the catalytic iridium pincer complex,
[(POCOPtBu)Ir(H)2] (1), where POCOPtBu= h3-1,3-
(OPtBu2)2C6H3.

[6] Compound 1 belongs to a class of tradi-
tional catalysts for alkane dehydrogenation and transfer
dehydrogenation.[10–16] The isoelectronic and structural sim-
ilarity of C2H6 to AB inspired the use of iridium pincer
complexes for the dehydrogenation of AB.

The dehydrogenation of alkanes by iridium pincer com-
plexes has been suggested to proceed through catalyst
dehydrogenation followed by oxidative C�H addi-
tion.[10–13, 17,18] Furthermore, pathways involving oxidative C�
H addition on the native hydrogenated form of the iridium
catalyst have also been suggested.[10–13] Because AB has a
heteroatomic backbone, additional pathways are possible, as
the reaction can proceed by B�H or N�H bond activation. It
is generally believed that transition-metal-catalyzed AB
dehydrogenation initiates through oxidative B�H activation
at the transition-metal center followed by b-H elimination
from the N�H bond. Herein, we report a theoretical study of
the mechanism of ammonia–borane dehydrogenation using a
prototype iridium pincer catalyst, [(POCOPMe)Ir(H)2] (2).

[7,8]

Molecular geometries were optimized using B3LYP
within GAUSSIAN 03 with basis set B1 (Ir: LANL2DZ,
other atoms: 6-31+G**).[19] Single-point energies were
computed using the CPCM[20] solvent model to account for
solvent effects from THF used in the actual reaction, with
basis sets B1 and B2 (Ir: LANL2DZ, with re-optimized 6p

functions, a set of f polarization functions, exponent= 0.938,
and diffuse d functions, exponent= 0.07).[10] Zero-point ener-
gies were computed in the gas phase at the B3LYP/B1 level of
theory. We report the solvent-phase energies including zero-
point energy contributions at the B3LYP(CPCM)/B2//
B3LYP/B1 level of theory. Additional calculational details
are provided in the Supporting Information.

Pathways by which ABmay be dehydrogenated were then
theoretically predicted. The THF solvent may directly
coordinate to the iridium catalyst; Brookhart et al. have
recently shown by NMR-spectroscopic proton–proton cou-
pling studies that a chlorine atom of CH2Cl2 used as solvent
can coordinate to the iridium center of complex 1.[21]

Alternatively, our computations predict that AB can coor-
dinate to the iridium center of both the original catalyst 1 or of
prototype 2 through a hydrogen atom with hydride character
on the boron end of AB. Intermediate 6 (shown in Scheme 1 is

thus formed from the adduct of AB and 2. Shimoi et al. have
reported analogous coordination by B�H bonds with hydride
character to transition-metal centers.[22] Formation of 6 is
energetically favored by 10.2 kcalmol�1. In contrast, the
adduct formed between 1 and THF will be less stable than
that of 1 and AB, as the bulky tert-butyl groups on phosphorus
atoms neighboring the iridium center hinder coordination of
larger molecules (such as THF compared to AB). Thus, we
consider intermediate 6 as a reference point for computing
our energetic barriers. Our computational investigations
uncovered two distinct pathways for AB dehydrogenation.
One path, the IrI path, involves dehydrogenation of AB by a
14e� iridium intermediate (Scheme 1) whereas the other, the

Scheme 1. Dehydrogenation pathways IrI-a (2–3–4–5–2) and IrI-b (2–6–
10–4–5–2) for AB dehydrogenation. R=methyl.
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IrIII path, proceeds through a 16e� iridium intermediate
(Scheme 2).

In the IrI path, prototype 2 transforms to the 14e�

intermediate 4 (pathways IrI-a and IrI-b, Scheme 1). In

pathway IrI-a for 2, we were unable to locate a transition
state (TS) corresponding to the dehydrogenation, indicating
that the reverse reaction, hydrogenation of the iridium center,
is barrierless. Krogh-Jespersen et al. reported similar findings
for dehydrogenation of analogous iridium catalysts.[10,11] The
dehydrogenation energy of 2 (Figure 1) is 15.7 kcalmol�1 in
THF (19.2 kcalmol�1 without zero-point correction) and
25.9 kcalmol�1 above intermediate 6. This value for 2 differs
substantially from the gas-phase dehydrogenation energy
(without zero-point correction) of 31.7 kcalmol�1 reported
earlier by Krogh-Jespersen et al.[10] Our calculated gas-phase
dehydrogenation energy for 2 (29.5 kcalmol�1) essentially
reproduces the reported value, and suggests that in the gas
phase, the energy of dehydrogenation is prohibitively high.

Polar solvents can have substantial effects on reaction
energies, and our computed dehydrogenation energies in
different solvents and in vacuum (see Supporting
Information) demonstrate that dehydrogenation energies of
2 are significantly lower in polar solvents compared to those
in nonpolar media and gas phase.

Though C�H activation of alkanes is widely known for IrI,
we were unable to identify an N�H- or a B�H-activation
transition state at the dehydrogenated iridium center of
species 3.[10–13,17,18] The dehydrogenated iridium complex can
however remove two hydrogen atoms in a concerted fashion
from the NH3BH3 Lewis acid–base adduct via a five-
membered TS 5 (see Scheme 1 and Figure 2a), which lies
18.1 kcalmol�1 above the starting reactants. We were unable
to locate an analogous TS for concerted ethane dehydrogen-
ation, suggesting that this pathway is not available for alkanes.

Transformation of 2 to intermediate 4 can also occur by
formation of intermediate 6 and subsequent dehydrogenation
through TS 10 (pathway IrI-b, Scheme 1). Since formation of
intermediate 6 is barrierless and significantly exothermic, it is
likely AB molecules will rapidly coordinate to the catalytic
species. Adduct 6 could transform to intermediate 4 through
TS 10, but this TS lies 31.7 kcalmol�1 above 6, making this
barrier prohibitively high at room temperature. Similarly,
dehydrogenation transition state 5 lies 28.3 kcalmol�1 above
intermediate 6. Consequently, pathways IrI-a and IrI-b are
predicted to be inactive at room temperature (Figure 1).
However, pathways involving TS 5 may be relevant to
recently reported work by Baker et al. on AB dehydrogen-
ation by nickel carbene catalysts.[7] This catalytic cycle is
currently under investigation.

An alterative route for dehydrogenation of 6 proceeds by
six-membered TS 7 (Figure 2b) on the IrIII pathway
(Scheme 2). This route corresponds to a concerted transfer
of hydride from boron to the iridium center (analogous to B�
H activation as in Reference [23]), and a simultaneous
transfer of a proton from the nitrogen end to a hydride
bound to the iridium center. The six-membered TS 7, which
leads to the formation of intermediate 8, [(POCOPMe)Ir(H)4],
lies 16.5 kcalmol�1 above intermediate 6 and 6.3 kcalmol�1

above the reactants. Species 8 subsequently undergoes further
dehydrogenation through TS 9 and regenerates 2 in the
process. Our computations indicate that intermediate 8 is the
most stable intermediate formed in the catalytic cycle.
Transition states 7 and 9 are predicted to lie 18.8 and

Scheme 2. IrIII pathway (2–6–7–8–9–2) for AB dehydrogenation.
R=methyl.

Figure 1. Total energy (DE) profiles in kcalmol�1 for pathways IrI-
a (circles, long dashes), IrI-b (squares, short dashes) and IrIII (triangles,
lines) of the catalytic dehydrogenation of ammonia–borane in THF.
Relative energies are calculated using B3LYP(CPCM)/B2//B3LYP/B1
with zero-point correction. Relative energies calculated with B3LYP-
(CPCM)/B1//B3LYP/B1 are shown in parentheses.

Figure 2. B3LYP-optimized molecular geometries of a) five-membered
(5) and b) six-membered transition states (7) for concerted dehydro-
genation of NH3BH3. Selected calculated bond lengths [F] are indi-
cated. Hydrogen atoms attached to carbon are omitted for clarity.
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20.7 kcalmol�1 above intermediate 8. TS 7 is slightly less
stable than TS 9, but the difference in stability falls within the
error range of the computational method used. Hence, it is
likely that this catalytic process has two barriers which
determine the rate of the reaction. The IrIII pathway is
predicted to be the catalytic pathway for AB dehydrogen-
ation, with a rate-limiting barrier of 20.7 kcalmol�1. The high
barrier to regeneration of 2 from the most stable intermediate
8 soundly explains the observation of the analogous
[(POCOPtBu)Ir(H)4] as the major intermediate immediately
after the reaction is started.[6] Figure 1 illustrates the potential
energy profiles of the catalytic pathways; additional pathways
with high-barrier N�H activation at 2 are provided in the
Supporting Information.

The contrasting electronic structure of C2H6 and AB is
emphasized by their differing low-barrier dehydrogenation
pathways by iridium pincer complexes. Both pathways for AB
involve concerted removal of hydrogen atoms, which is not
observed for its isoelectronic analogue ethane. This dichot-
omy arises from the dissimilar natures of the hydrogen atoms
of AB and C2H6. In AB the amine can act as a proton donor
and borane as a hydride donor, whereas the absence of
polarity in alkanes precludes this behavior. The Mulliken
charge on each hydrogen on the amine is + 0.19e, indicating
their protonic nature. The hydrogen atoms of the borane are
negatively charged (�0.25e) and hence the borane end
behaves like a hydride. The HOMO of intermediate 6 (see
Figure 3) has significant Ir dxz character and substantial
s character for the equatorial hydride bound to iridium, and
the LUMO has substantial Ir dz2 character. For ammonia–
borane dehydrogenation the proton of the amine is trans-
ferred to the hydride bound to iridium and LUMO dz2 orbital
accepts a hydride from the boron end. The frontier orbitals of
3 (see Supporting Information) play a similar role in the
dehydrogenation of AB along the alternative IrI pathway.

After NH2BH2 is formed, it is likely to polymerize in the
THF solvent. Preliminary studies show that a THF-catalyzed
linear dimerization has a barrier of only 8.9 kcalmol�1, which
may explain the rapid initiation of polymerization (see
Supporting Information). The polymerization pathways are
currently under investigation. Pentamer formation (as a
major product) has been reported in other processes.[24] It is
known that the trimer is soluble in ethers and so may be
formed in the reaction medium transiently, while the pen-
tamer is insoluble and precipitates out of the reaction medium
displacing the equilibrium towards more pentamer formation.
Goldberg et al. reported the formation of the pentamer on
analysis of the solid formed in the reaction media during
iridium pincer catalyzed dehydrogenation of AB.[6] It is not
likely that the catalyst plays a role in the assembly of the
pentameric cycloborazane as the iridium center of the catalyst
is sterically hindered owing to the presence of the bulky tert-
butyl groups on the neighboring phosphorus atoms.

In summary, we have shown that AB dehydrogenation
proceeds through a concerted removal of hydrogen by iridium
pincer catalysts. This process differs from the dehydrogen-
ation of ethane, which involves C�H oxidative addition,
despite AB being isoelectronic to ethane. The concerted
mechanism stands in contrast to the recently predicted

mechanism of titanocene dehydrogenation of amine–boranes
by Ohno and Luo which involves a stepwise mechanism which
is initiated by N�H activation.[25]
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Figure 3. Frontier molecular orbitals of intermediate 6.
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