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ABSTRACT: Complex OsH2(CO)(PiPr3)2, generated from
OsH2(CO)(η

2-CH2CHEt)(PiPr3)2 by dissociation of the olefin,
promotes the release of 1 equiv of H2 from ammonia-borane and the
formation of polyaminoborane. The dehydrogenation rate law is of the
form d[H2]/dt = k[Os] with activation parameters of ΔH‡ = 19.6 ± 2.5
kcal·mol−1 and ΔS‡ = 6 ± 9 cal·mol−1·K−1. On the basis of kinetic
results, spectroscopic NMR observations, and DFT calculations, the
dihydride-dihydrogen derivative OsH2(η

2-H2)(CO)(P
iPr3)2 is proposed

as a key intermediate for the dehydrogenation. Its formation involves
the concerted BH- and NH-hydrogen transfers from the amine-borane
to the metal center and to a hydride ligand, respectively.

KEYWORDS: ammonia-borane dehydrogenation, osmium, dihydride, dihydrogen, kinetic, DFT, mechanism

Hydrogen has an energy content per mass that is about
three times that of the carbon-based fossil fuels.

Furthermore, its oxidation with O2 gives water instead of the
undesirable greenhouse gas CO2. However, unfortunately, the
energy content per volume is very low at standard temperature
and pressure. The concept of chemical storage is a particularly
attractive strategy to adjust the storage size.1 In this context,
ammonia-borane is a promising material due to its high
hydrogen content and the fact that a variety of transition metal
compounds,2 including carbonyl derivatives of group 6,3 as well
as Fe,4 Ru,5 Rh,6 Ir,7 Ni,8 and Pd9 species, have the ability of
promoting its kinetically controlled dehydrogenation.10

Two general mechanisms are being considered in order to
rationalize the dehydrogenation process (Scheme 1), on the
basis of computational studies and a few experimental
observations:11 inner-sphere (a) and outer-sphere (b). The
first of them is characterized by a cyclic change of two units in
the metal center oxidation state of the involved species. The
concerted or stepwise BH and NH hydrogen transfers from
ammonia-borane to the catalyst metal center give aminoborane
and generate a dihydride intermediate, which subsequently
undergoes an intramolecular reduction to form a dihydrogen
intermediate. The release of the coordinate H2 molecule from
the latter affords the catalyst again. In contrast to the inner-
sphere process, the oxidation state of the catalyst metal center
does not change during the outer-sphere catalysis and the
dihydrogen formation is ligand assisted. Such a mechanism
requires the catalyst to possess a group in the coordination
sphere of the metal center with sufficiently basic free electron
pairs (X). Thus, because the substrate contains hydridic BH
and protic NH bonds, the simultaneous or nearly simultaneous

BH hydride transfer to the metal center and NH proton
transfer to the coordinated ligand X are possible. The
subsequent H+ transfer from the XH group to the hydride
ligand in the resulting species yields the key dihydrogen
intermediate. A third mechanism is observed when the catalyst
contains a hydride ligand (c, in Scheme 1); the direct NH
transfer to the latter affords the dihydrogen intermediate
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Scheme 1. Mechanistic Proposals for the Catalytic
Ammonia-Borane Dehydrogenation
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without any change in the metal oxidation state nor ligand
assistance.12

We have recently shown that osmium should be included
among the relevant metals in amine-borane dehydrocoupling.13

Now, we report an osmium-promoted ammonia-borane
dehydrogenation via a c type mechanism, on the basis of a
kinetic investigation and DFT calculations.
The known five-coordinate complex OsHCl(CO)(PiPr3)2

14

reacts with nBuLi to give the dihydride-1-butene derivative
OsH2(CO)(η

2-CH2CHEt)(PiPr3)2 (1), as a result of the
replacement of the chloride ligand of the starting compound by
a butyl group and a subsequent β-hydrogen elimination
reaction at the latter.15 In tetrahydrofuran, complex 1
dissociates the coordinated olefin, and the resulting dihydride
OsH2(CO)(P

iPr3)2 (2) promotes the release of 1 equiv of
molecular hydrogen from ammonia-borane, with a turnover
frequency value at 50% conversion (TOF50%) of 46 h−1, at 31
°C and constant atmospheric pressure. Figure 1 shows the
course of the dehydrogenation (eq 1), which yields
polyaminoborane, according to the IR of the formed white
insoluble material16 (Figure S2).

→ ↑ + ↓n nBH NH H [BH NH ]n
1

3 3 2 2 2 (1)

The amount of H2 formed was measured by displacing
vaseline oil from a gas buret (Figure S1). In an effort to shed
light into the mechanism of the dehydrogenation, the kinetics
of the process was studied. Initial rates were determined from
the gas evolution experiments (Figure 2) by using eq 2, where
dV/dt is the initial rate measured from the gas evolution
experiments corrected to 1 atm, R is the molar gas constant, T
is the temperature (K) and Vsol is the total volume of the
reaction solution.

=t V t RTVd[H ]/d (d /d )/2 sol (2)

A simple rate law for the dehydrogenation of ammonia-
borane catalyzed by 1 is

=t k 1d[H ]/d [BH NH ] [ ]a b
2 3 3 (3)

The rate dependence on ammonia-borane concentration was
determined by measuring the initial rates with variable
[BH3NH3]0 from 0.17 to 0.5 M but a fixed concentration of
osmium precursor of 1.67 × 10−2 M (Table 1). Under these
conditions, the value for the rate is constant within the
experimental error (Figure S3), indicating that the dehydrogen-
ation has no dependence on the concentration of ammonia-

borane (i.e., a = 0 in eq 3). Similarity, to determine the reaction
order for the osmium precursor, initial rates were measured by
varying the precursor loading from 1.33 × 10−2 to 4.20 × 10−2

M with a fixed [BH3NH3]0 of 0.33 M. The plot of ln(d[H2]/dt)
versus ln[1] yields a straight line of slope 1.03 ± 0.04 (Figure
S4), demonstrating that the reaction is first order in osmium
concentration (i.e., b = 1 in eq 3). Therefore, the catalytic rate
law is

=t k 1d[H ]/d [ ]2 (4)

A plot of d[H2]/dt versus [1] (Figure 3) provides a value of
1.11 ± 0.03 min−1 for k at 304 K.
The lack of dependence on the concentration of ammonia-

borane suggests that the unsaturated dihydride 2, resulting from
the dissociation of the olefin from 1, rapidly reacts with
ammonia-borane to be fully converted to the key intermediate
of the catalysis prior to the rate-determining step. In agreement
with this, different 31P{1H} NMR spectra of the catalytic
solutions, during the dehydrogenation and at the end of the
reaction, show only one singlet at 49.9 ppm (Figure S5)
corresponding to the dihydride-dihydrogen derivative OsH2(η

2-
H2)(CO)(P

iPr3)2 (4).17 The activation parameters calculated
from the Eyring analysis (Figure 4) are ΔH‡ = 19.6 ± 2.5 kcal·
mol−1 and ΔS‡ = 6 ± 9 cal·mol−1·K−1. The slightly positive
value of the activation entropy suggests an increase of the
degrees of freedom of the system at the transition state of the

Figure 1. H2 gas evolution in the catalytic dehydrogenation of
BH3NH3 (0.33 M) with 1 (1.67 × 10−2 M) in THF at 304 K.

Figure 2. Plots of H2 evolved for the catalytic dehydrogenation of
BH3NH3 (0.33 M) at different [1] in THF at 304 K. [1]: 0.0133 M
(blue ◆), 0.0167 M (red ■), 0.025 M (green ▲), 0.033 M (purple
●), 0.042 M (orange △).

Table 1. Kinetic Data for the Dehydrogenation of Ammonia-
Borane Promoted by 1

T (K) 102[1] (M) [BH3NH3] (M) 102d[H2]/dt (M·min−1) k (min−1)

304 1.33 0.33 1.39 1.04
304 1.67 0.33 1.90 1.14
304 2.50 0.33 2.86 1.14
304 3.33 0.33 3.76 1.14
304 4.20 0.33 4.59 1.09
304 1.67 0.17 2.09 1.25
304 1.67 0.21 1.97 1.18
304 1.67 0.25 2.06 1.23
304 1.67 0.42 1.83 1.10
304 1.67 0.50 1.74 1.04
293 1.67 0.33 0.51 0.31
298 1.67 0.33 1.09 0.65
308 1.67 0.33 3.42 2.05
313 1.67 0.33 4.62 2.77
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determining step, which is consistent with a separation of the
dihydrogen ligand from the osmium atom and subsequent
dissociation to regenerate the dihydride 2.
To gain insight into the formation of the dihydride-

dihydrogen intermediate OsH2(η
2-H2)(CO)(P

iPr3)2 (4), we
have carried out DFT calculations (M06, 6-31G**/LanL2dz)
on the reaction of 2 with ammonia-borane, using PMe3 as
phosphine model. The changes in free energy (ΔG) have been
computed in gas phase, at 298.15 K and P = 1 atm. Figure 5
shows the energy profile.
Complex 2 is an unsaturated square pyramidal cis-dihydride

species with one of the hydride ligands (Ha) disposed trans to
the vacancy. The coordination of ammonia-borane at the latter,
in a Shimoi manner,18 gives the intermediate OsH2(η

1-
H3BNH3)(CO)(P

iPr3)2 (3) with the coordinated BH-hydrogen
situated trans to a hydride (Ha) and one of the NH-hydrogens
pointing out the other one (Hb). The coordination is exergonic
by 15.5 kcal·mol−1. Intermediate 3 releases BH2NH2 after
transferring the coordinated HB-hydrogen to the metal center
and a NH-hydrogen to the hydride Hb, through a concerted
process via TS1, which only lies 14.4 kcal·mol−1 above 3. This
transition state can be described as a η1-Hb−HN species where
the asymmetric dihydrogen ligand (Hb−HN = 0.865 Å) is
stabilized by interaction with the NH2 group of the boron
ligand (HN−N = 1.698 Å). The hydrogen transfer from
ammonia-borane leads to the dihydride-dihydrogen derivative
4a. Its dihydrogen ligand (H−H = 0.868 Å) lies in the
perpendicular plane to the P−Os−P direction, between the
hydride ligands, trans disposed to the carbonyl group.

Complex 4a isomerizes via the tetrahydride 4b into the cis-
dihydride isomer 4c (Figure 6). Tetrahydride 4b is 4.6 kcal

mol−1 more stable than 4a and 1.5 kcal mol−1 less stable than
4c. In the latter, the dihydrogen ligand is disposed almost
parallel to the P−Os−P direction. The transformation from 4a
to 4c occurs through the transition states TS2 and TS3 and is
barrierless. In agreement with this, in solution, the hydride and
dihydrogen ligands of OsH2(η

2-H2)(CO)(P
iPr3)2 (4) rapidly

exchange their positions (i.e., 4a and its isomers 4b and 4c are
living in a fast equilibrium). The coplanar cis disposition of the
dihydrogen ligand with regard to both hydrides in 4a and the

Figure 3. Plot of initial rate of the dehydrogenation of BH3NH3 (0.33
M) versus [1] in THF at 304 K.

Figure 4. Eyring plot for the dehydrogenation of BH3NH3 (0.33·M)
with 1 (1.67 × 10−2·M) in THF.

Figure 5. Energy profile (ΔG in kcal·mol−1) for BH3NH3
dehydrogenation, showing the optimized structures of 2, 3, TS1 and
4a. The energy of 2 + BH3NH3 has been taken as reference.

Figure 6. Energy profile (ΔG in kcal·mol−1) for the hydride/
dihydrogen site exchange in 4 and H2 dissociation, showing the
optimized structures of intermediates 4b and 4c. The Gibbs energy of
BH2NH2 was added to compare with Gibbs energy values of Figure 5
(see the Supporting Information).
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protic nature of one of the hydrogen atoms of the dihydrogen
ligand19 could also facilitate the isomerization without the
participation of 4b. The DFT calculated energy for the
dissociation of molecular hydrogen from 4c of 19.4 kcal
mol−1 agrees well with that obtained from Figure 4. Caulton
and co-workers have estimated by 1H NMR spectroscopy a
ΔG‡ (95 °C) value of 19.6 ± 0.5 kcal·mol−1 for the dihydrogen
dissociation from the equilibrium mixture,20 which is also in
agreement with that calculated from the Eyring plot (17.3 ± 3
kcal·mol−1).
The cycle shown in Scheme 2,21 which is consistent with the

kinetic results, introduces the results of the DFT calculations in

the catalytic context. The 11B{1H} NMR spectra of the catalytic
solutions do not contain any different signal as that of
ammonia-boraneneither do the spectra at the end of the
reaction. This and the rate law shown in eq 4 suggest that the
aminoborane polymerization is an off-metal process22 of low
activation energy, which probably occurs by nucleophilic
solvent assistance.23

In conclusion, the unsaturated dihydride OsH2(CO)(P
iPr3)2

promotes the release of 1 equiv of H2 from ammonia-borane.
The dehydrogenation takes place via the dihydride-dihydrogen
complex OsH2(η

2-H2)(CO)(PiPr3)2, which is formed by
concerted BH- and NH-hydrogen transfers from the amine-
borane to the metal center and to a hydride ligand, respectively,
without any change in the metal oxidation state nor ligand
assistance.
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