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The mechanism for catalytic dehydrogenation of ammonia-borane (AB = H3N-BH3), a promising candi-
date for chemical hydrogen storage, by the Ni(NHC), complexes was studied by using density functional
theory at the non-empirical meta-GGA level, Tao-Perdew-Staroverov-Scuseria (TPSS) functional, with
all-electron correlation-consistent polarized valence double-zeta (cc-pVDZ) basis set. The mechanism
for both the first and the second H, release from AB was studied for the first time. Several unusual aspects
of this catalytic mechanism were revealed through our calculations. First, the first H, release begins with
proton transfer from nitrogen to the Ni bound carbene carbon, forming a new C-H bond, instead of the
previously hypothesized direct B-H or N-H bond activation. Second, this new C-H bond is activated by
the metal, transferring the H to Ni, then forming the H, molecule by transferring another H from B to Ni,
rather than B-H transfer. Third, the second H, release from H,N-BH, begins with the breaking of a 3-cen-
ter, 2-electron Ni-H-B bridging structure with the assistance of the unsaturated carbene carbon atom to
form a B-C bond. Fourth, a nearly rhombic N,B,Hg structure is formed to help the regeneration of the cat-
alyst Ni(NHC),. These reaction pathways explain the importance of NHC ligands in this catalytic process
and yield lower energy barriers than those mechanisms that begin with N-H or B-H activations catalyzed
by the metal atoms. The predicted reaction mechanism which features unexpected ligand participation
points the way to finding new catalysts with higher efficiency, as partial unsaturation of the M-L bond
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may be essential for low energy H transfers.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

The acceleration of global climate change and the energy crisis
caused by the wide use of fossil fuel has encouraged the develop-
ment of hydrogen as a clean secondary energy source that can re-
duce the emission of greenhouse gases. One of the challenges in
the development of the hydrogen economy is the storage of hydro-
gen with high reliability and safety, which requires for practical
reasons, high density, low cost, and fast release rate. As a promis-
ing chemical hydrogen storage material both in its commercial
availability and physical and chemical properties, ammonia-bor-
ane (AB = H3N-BHj3) has attracted increasing attention in very re-
cent years [1-22]. AB is a solid at room temperature, stable in air
and water and contains 19.6 wt.% H,, much higher than the target
of US Department of Energy (DOE) for an on-board hydrogen stor-
age system (9.0 wt.% H by 2015) [23]. Although neat AB can release
more than 2 equiv. of H, by heating to modest temperature, its di-
rect hydrogen release rate is too slow to be practical. Enhancing the
release rate and ratio of hydrogen released from AB is one of the
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foremost challenges in its practical use. In this regard, transition
metal catalyzed AB dehydrogenation reactions in solution have
been examined both experimentally and computationally in recent
years [11-22].

In a recently reported experimental study of transition metal
catalyzed dehydrogenation of AB, Baker and coworkers [17] de-
scribed a series of new catalysts based on N-heterocyclic carbene
(NHC) nickel complexes, which are the best of few examples of ac-
tive, low-cost, first-transition-row metal catalysts for the dehydro-
genation of AB reported to date. Although these Ni(NHC),
complexes do not catalyze the fastest release rate of hydrogen,
they extend the hydrogen release from AB to an unprecedented
18 wt.% for the first time with 20-fold increase in activity com-
pared to the uncatalyzed reaction at the temperature of 60 °C.
Lacking a detailed catalytic mechanism for the dehydrogenation
of AB on Ni(NHC),, Baker and coworkers hypothesized a requisite
mechanism, beginning with B-H bond activation through oxidative
addition and then B-H elimination from a N-H bond, for the steps
in the first cycle of AB dehydrogenation (H3N-BH3 — HN-
BH, + H). In our communication [20] of the first computational
study of the catalytic mechanism for the first H, release from AB
on the unsimplified experimental catalyst, 2,2’-bis(1,3,4-tri-
phenyl-4,5-dihydro-1H-1,2,4-triazol-5-ylidene)-Ni, we found that
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Scheme 1. Predicted reaction mechanism and gas-phase relative enthalpies of the first H, release from ammonia-borane catalyzed by Ni(NHC), showing four main steps: (1)
transfer of a proton from N to the unsaturated C in carbene, (2) transfer of H from this C to Ni, (3) transfer of H from B to Ni, and (4) release of H, and H,B-NHj, to regenerate

the catalyst Ni(NHC),.

the first H, release from AB has four main steps: (1) transfer of a
proton from N to the unsaturated C in carbene, (2) transfer of H
from this C to Ni, (3) transfer of H from B to Ni, and (4) release
of H, and H,B-NH, to regenerate the catalyst Ni(NHC), (Scheme
1). This mechanism explained the importance of the unsaturated
NHC ligands in this catalytic reaction. In this full paper, the mech-
anism for the first equivalent of H, release from AB is discussed in
more detail, including the evaluation of computational methods
and the previously hypothesized mechanism. Furthermore, a very
interesting mechanism for the second H; release from H,N-BH,
is shown to involve the unsaturated NHC ligand in B-C bond for-
mation. To our knowledge, this is the first theoretical study of
the catalytic mechanism for both the first and the second equiva-
lent of H; release from AB.

2. Computational details

All calculations were performed using the density functional
theory in the caussian 03 suite of ab initio programs [24]. To evalu-
ate the performance of DFT on this system, several different types
of generalized gradient approximation (GGA) density functionals
were examined for the relative electronic energies of the rate
determining steps: 2 — TS,3, 4 — TS45 and 7 — TS7;. These density
functionals include the straight GGA (PBE [25]), hybrid GGA (PBEO
[25], B3LYP [26,27] and B3PW91 [26,28]), meta-GGA (TPSS [29])
and hybrid meta-GGA (TPSSh [29] and BMK [30]). The basis sets
used for all of these calculations are at the all-electron correla-
tion-consistent polarized valence double-zeta [31] (cc-pVDZ) level
(including 895 basis functions and 2254 primitive Gaussians for
intermediate 2). The geometric structures were optimized at
TPSS/cc-pVDZ level and the energies of other functionals were cal-
culated at these geometries. According to the results listed in Table
1, these density functionals produce very similar relative electronic
energies for these key barriers except the result of the B3LYP calcu-

Table 1

Relative electronic energies calculated by using different density functional for the
rate determining steps: 2 — TS3, 4 — TS4s and 7 — TS7;. The geometric structures
are optimized by using TPSS. The energies of other functionals are calculated at these
geometries.

Density functional Relative electronic energies (kcal/mol)

E' (TSz3) —E°(2)  E* (TSs5) — E° (4)

E! (TS;1) — E° (7)

TPSS 12.83 11.27 10.79
TPSSh 13.92 11.54 10.35
PBE 10.45 12.35 11.59
PBEO 12.43 12.97 12.16
B3LYP 13.28 13.21 5.81
B3PW91 12.25 12.53 9.86
BMK 13.55 14.25 10.99

lation for 7 — TS,. Therefore, since TPSS is the only non-empirical
meta-GGA density functional among them and as it has a much
higher computational efficiency than hybrid functionals, we chose
TPSS for all the further calculations. Calculating the harmonic
vibrational frequencies and noting the number of imaginary fre-
quencies confirmed the nature of all intermediates (no imaginary
frequency) and transition-state structures (only one imaginary fre-
quency), which also were confirmed to connect reactants and
products by the intrinsic reaction coordinate (IRC) calculations.
The effect of solvent was taken into account by performing reac-
tion field calculations using integral equation formalism polariz-
able continuum models (IEF-PCM) for benzene. The zero-point
energy (ZPE) and entropic contribution have been estimated with-
in the harmonic potential approximation. The enthalpies, H, and
free energies, G, were calculated for T=298.15K. All relative
enthalpies and free energies are reported in kcal/mol and based
on the separated reagents Ni(NHC), and H3N-BHs3 are set equal
to 0.0 kcal/mol. The molecular structure figures are drawn by using
the jimp2 molecular visualization and manipulation program [32].
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3. Results and discussion
3.1. Catalytic mechanism for the first H, release from AB

Our predictions for the complete catalytic cycle of the first H,
release from AB, including relative gas-phase enthalpies, are dis-
played in Scheme 1. Corresponding structures are drawn in
Fig. 1. Calculated relative gas-phase enthalpies, gas-phase free
energies and free energies in solvent (benzene) in the reaction
pathway are listed in Table 1. At first, AB and the catalyst
Ni(NHC), bind directly to form a relatively stable intermediate
2, in which AB links to Ni through the electrons in B-H bonds
with one B-H-Ni interaction dominating. Our structure 2 does
not involve a k3-H3;B-NHj; interaction but has a geometry more
typical of a H-X c-complex [33]. From 2, a hydrogen atom bound
to the nitrogen of AB moves toward one NHC ligand and in par-
ticular the unsaturated carbon atom bonding with Ni, and forms
a C-H bond through transition state TS,3 with a gas-phase enthal-
pic barrier of only 9.03 kcal/mol (AGﬁOlv = 11.94 kcal/mol). In TS,3,
the H is migrating as a proton to the “sp?” electron pair on the
carbene, which rotates to donate this pair to the H" and to accept
a pair of electrons from Ni formally oxidizing it to Ni', or alterna-
tively a Ni° with a “reverse” metal-to-ligand dative bond [34]. The
N lone pair created in this H" transfer begins the formation of the
B-N multiple bond: shortening the B-N distance, lengthening a
B-H bond, and shortening the corresponding Ni-H distance.
Intermediate 3 is not very stable, and H,N-BH3 rotates about
the Ni-B vector through a rather low energy transition state
TS34 (AH* = 1.44 kcal/mol) to form a more stable intermediate 4.
These movements convert the tetrahedral structure at Ni in 3 to
the square-planar structure in 4; shorten the B-N and two Ni-H
bond lengths by about 0.1 A; and lead to an increase in stability
by 6.50 kcal/mol. As shown in Fig. 1, the C-Ni-B-N dihedral an-
gles of 3, TS34 and 4 are -16.17°, 12.37° and 87.80°, indicating
the movement of the B-N bond.

Then, the hydrogen atom that has just detached from nitrogen
and bonded to the carbon atom moves toward Ni through transi-
tion state TS4s with an enthalpic barrier of 8.65 kcal/mol
(AGiolv = 7.90 kcal/mol), and bonds to Ni forming intermediate 5.
Here, the transfer is formally H~ and Ni remains formally Ni" in
5. In addition to the formation of the Ni-H bond in 5, the H,N-
BH3 has rotated and one H has moved further from B to form a
3-center, 2-electron Ni-H-B bridging interaction. These two
hydrogen atoms then move together through transition state
TSse: breaking the B-H bond, creating the H-H bond, and forming
intermediate 6 over a rather low enthalpic barrier (AH* = 1.62 kcal/
mol). Finally, H; is easily released to form intermediate 7, which
has shorter Ni-C, Ni-H and Ni-B bonds and is more stable than 6
by about 9.7 kcal/mol. Loss of H,N-BH, first is somewhat less
favorable. The catalyst Ni(NHC), regenerates after release of
H,N-BH, through transition state TS;; (AH* =10.6 kcal/mol and
AG!,,, = 9.18 kcal/mol).

According to the results listed in Table 2, the free energy differ-
ences of the rate determining steps 2 — TS,3, 4 — TS4s and
7 - TS7, are 11.33, 8.56 and 8.52 kcal/mol in gas phase and
11.94, 7.90 and 9.18 kcal/mol in benzene solvent. Because of the
entropic penalty, especially in solvent model, 2 has higher relative
free energy than the separated Ni(NHC), and AB.

3.2. Evaluation of the mechanisms beginning with B-H and N-H bond
activations

In our effort to determine the most likely reaction pathway, we
also calculated structures proposed by Baker and coworkers in
their hypothesized catalytic mechanism, which begins with B-H
bond activation through oxidative addition and then B-H elimina-

tion from a N-H bond for the first H, release from AB [17].
Although the transition state for the cleavage of the B-H bond in
2 activated by Ni was not found, we optimized the possible stable
structure after the B-H bond cleavage, H-Ni(NHC),(H,BNH3),
which is displayed in Fig. 2. Its relative gas-phase enthalpy is al-
ready 6.8 kcal/mol higher than that of TS,3, indicating that the
AB dehydrogenation catalyzed by Ni(NHC), cannot begin with
B-H bond activation.

Besides the mechanism beginning with B-H bond activation,
Luo et al. [18] proposed a mechanism beginning with N-H bond
activation for the dehydrogenation of Me,NH-BH3 catalyzed by
Cp,Ti. Here, the corresponding mechanism beginning with Ni acti-
vated N-H bond cleavage was examined by optimizing the stable
structure (NHC),Ni-H3NBH; (Fig. 2) and the transition state
TSn_n-ni (Fig. 2). (NHC),Ni-H3NBH; is very close to 2 in energy.
However, TSn_y-ni activates the N-H bond of the (NHC),Ni-
HsNBH3 through an enthalpic barrier of 22.6 kcal/mol (gas phase).
These results indicate that both B-H and N-H bond activations cat-
alyzed directly by Ni have much higher energy barriers than proton
transfer from N to carbene carbon (2 — TS,3).

3.3. Catalytic mechanism for the second H, release from AB

One of the most important properties of these Ni(NHC), cata-
lysts is that they can release up to 18 wt.% of H, from AB, which
is more than 2 equiv. of H,. This release of a second equivalent of
H, allows this system to exceed the 2015 research target of DOE
for an on-board hydrogen storage system. Therefore, understand-
ing of the mechanism for the second H, release from AB is also very
important. Based on the above study of the mechanism for the first
H, release, a reaction pathway for the second H, release from AB
has been calculated and is shown in Scheme 2. The calculated rel-
ative gas-phase enthalpies, gas-phase free energies and free ener-
gies in solvent (benzene) for this reaction pathway are listed in
Table 3. Several important intermediate and transition-state struc-
tures in this reaction pathway are shown in Fig. 3.

Beginning from 7, the “product” following the release of the
first H,, Ni and the unsaturated carbene carbon atom can again
activate one of the 3-center, 2-electron Ni-H-B bridging bonds.
As shown in the figure of transition state TS;g (Fig. 3), the mecha-
nism is different in this case as B moves toward the unsaturated
carbon atom while that H atom moves to the Ni, and forms inter-
mediate 8 with a short Ni-H bond (1.53 A) and a new B-C bond.
The distance between Ni and the C bonding with B in 8 is 2.89 A,
indicating that one of the Ni-C bonds in the catalyst has been bro-
ken in this step. This is the rate determining step in this reaction
pathway with an enthalpic barrier of 26.8 kcal/mol (7 — TS7g). This
is much higher than the energy barriers for the first H, release and
explains why this catalytic reaction needs higher temperature
(60 °C) to release 18 wt.% of hydrogen from AB. We also explored
the N-H activation of 7, but the enthalpic barrier is 33.9 kcal/
mol. In the next intermediate, 9, a dihydrogen bound to Ni is
formed from 8 through transition state TSgg, in which a N-H bond
is activated and this H atom moves from N to the hydrogen already
bonding with Ni. Then, 9 can easily release this dihydrogen
through transition state TSq 10 With a very low energy barrier and
form intermediate 10. By now, the second equivalent of H, has
been released from AB. The following steps in this mechanism de-
scribe the regeneration of catalyst Ni(NHC), and possible further
reactions.

From 10, the NHC group bonding with B moves back to Ni easily
through transition state TSq¢,11 and regenerates the catalyst struc-
ture Ni(NHC), with HN-BH bound through Ni-B and Ni-N bonds
(intermediate 11). Due to the strong Ni-B and Ni-N interactions
(the calculated gas-phase enthalpy of binding for 1 and HN-BH is
25.3 kcal/mol), HN-BH cannot dissociate from Ni(NHC), directly.
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Fig. 1. Optimized geometric structures of complexes 2, 3, 4, 5, 6 and 7 and the transition states TS3 (—1193.1 cm™!), TS34 (—85.3 cm™'), TS45 (—389.9 cm™~!) and TSs¢
(~511.0 cm™"). Bond lengths are in angstrom. The phenyl groups are not shown for clarity. The C-Ni-B-N dihedral angles of 3, TS34 and 4 are —16.17°, 12.37° and 87.80°.

However, a previously released H,N-BH, molecule from the first bond interactions and a very stable intermediate 12 (3.9 kcal/mol
catalytic cycle can attach to the HN-BH structure in 11 easily lower than 7) with a nearly rhombic N,B,Hg structure bonding to
through transition state TSqq,12 simultaneously forming two N-B Ni. Then, as the N atom binding with Ni moves away from Ni, an-
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Table 2 Table 3
Calculated relative gas-phase enthalpies, gas-phase free energies and free energies in Calculated relative gas-phase enthalpies, gas-phase free energies and free energies in
solvent (benzene) of the structures in the reaction pathway of the first H, release solvent (benzene) of the structures in the reaction pathway of the second H, release.

from ammonia-borane catalyzed by Ni(NHC),.

Reaction steps AH (gas) AG (gas) AG (solvent)

Reaction steps AH (gas) AG (gas) AG (solvent) 7 1413 859 0.41
1 0.00 0.00 0.00 TS7s 12.67 19.66 28.56
2 —5.55 8.62 16.48 8 —6.61 -0.16 8.28
TSz3 3.48 19.95 28.42 TSso 12.50 18.43 27.45
3 —0.04 14.90 23.44 9 4.56 9.89 20.26
TS34 1.48 18.80 27.38 TSo.10 5.46 11.04 24.76
4 —6.54 8.55 16.99 10 3.09 1.52 12.41
TSss 2.11 17.11 24.89 TS1011 10.13 8.71 18.64
5 —1.44 14.04 21.17 11 2.58 0.57 12.32
TSs6 0.18 13.83 22.89 TS11.12 12.44 20.46 28.85
6 —4.43 10.58 19.36 12 —18.01 —-6.08 0.63
TSe7 -3.42 11.44 20.31 TS12.13 -9.48 1.31 9.56
7 +H, -14.13 —-8.59 0.41 13 -17.16 —6.61 0.93
TS71 + Ha -3.53 -0.07 9.59 1+ N,B,Hg -5.77 -9.67 -7.41
1+ H,NBH, + Hy —-4.92 -13.20 -8.32

H 1557( 2129

Fig. 2. The optimized stable structures of H-Ni(NHC),(H,BNHj3) (left) after the B-H bond cleavage of intermediate 2 and (NHC),Ni-H;NBH3 (middle) and transition state

TSn-n_ni (right, —935.5 cm™!) for Ni activated N-H bond splitting. Bond lengths are in angstrom. The phenyl groups are not shown for clarity.
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Scheme 2. Predicted reaction mechanism and relative gas-phase enthalpies of the second H; release from ammonia-borane catalyzed by Ni(NHC), showing six main steps:
(1) formation of B-C bond, (2) N-H bond activation for the formation of H,, (3) H, release, (4) B-C bond activation, (5) N;B,;Hg formation and (6) N,B,Hg release and

regeneration of Ni(NHC),.
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Fig. 3. Optimized geometric structures of complexes 8, 9, 12 and 13 and the transition states TS;g (—195.6 cm ™), TSgg (—1160.2 cm™'), TS1911 (—144.9 cm™') and TSy112
(—324.1 cm™!). Bond lengths are in angstrom. The phenyl groups are not shown for clarity.

other stable intermediate 13 is formed with a new 3-center, 2-elec-
tron Ni-H-B bridging structure. Finally, the cyclic N,B,Hg molecule
can leave 13 and the catalyst 1 can be regenerated easily
(AH =11.4 kcal/mol).

With the formation of N,B,Hg, this catalytic reaction releases
only 1.5 equiv. of H, from AB. This and other intermediate prod-
ucts generated through dehydrogenation will react further with

the catalyst 1, release more hydrogen from AB, and generate
other ByN,H, molecules including borazine. Baker and coworkers
observed further reactions between ByN,H, molecules after H,
was released from AB [22]. Because of the large variety of these
new complexes and the lack of additional experimental insight,
further computational predictions for possible reactions are
difficult.
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Table 4
Deuterated relative gas-phase free energies of the rate determining steps 2 — TS,3,
4 — TSy5, 7 - TS7; and 7 — TSyg in the AB dehydrogenation mechanism.

Steps Relative enthalpies (kcal/mol)
H3N-BHj3 H3N-BD3 D;sN-BH3 D;5N-BD3
G* (TSz3) — G° (2) 11.33 11.35 12.47 12.49
G (TSs5) — G° (4) 8.56 8.56 9.44 9.44
G (TS71) — G° (7) 8.52 8.47 8.49 8.44
G* (TS75) — G° (7) 28.25 28.94 28.43 29.18

3.4. Analysis of the kinetic isotope effect

The kinetic isotope effects (KIEs) of 1.7, 2.3 and 3.0 for deuter-
ations at boron, nitrogen and both of them in the dehydrogenation
of AB catalyzed by Ni(NHC), were obtained by Baker and cowork-
ers. These results suggest that both N-H and B-H bonds are being
broken in the rate determining steps. The calculated deuterated
relative gas-phase free energies of the rate determining steps
2 — TS3, 4 — TSy4s5, 7 — TS7; and 7 — TS7g at the optimized struc-
tures are given in Table 4. The atomic mass and nuclear spin of
the deuterium atom were set as 2.0141018 and 1 (spin parallel).
In the rate determining steps for the first H, release from AB, deu-
teration at boron does not change the barriers, but deuteration at
nitrogen increases the free energy barriers of the 2 — TS,3 and
4 - TS,5 steps by 1.1 and 0.9 kcal/mol, respectively. These in-
creases explain the observed larger KIE for deuteration at nitrogen.
In the rate determining step for the second H, release, 7 — TS7g,
deuteration at boron and nitrogen increases the free energy barri-
ers by 0.7 and 0.2 kcal/mol, respectively. These increases explain
the observed weaker KIE for deuteration at boron in the whole
reaction. Since the experimental KIEs were obtained in the cata-
lytic reaction for more than 2.5 equiv. of H, release, more than
one rate determining steps is being sampled. Furthermore, a KIE
for the deuteration at boron was not observed in the first 20 min
(Fig. 2 in Ref. [17]). Therefore, our current results match well with
the observed phenomena.

4. Conclusions

In summary, the mechanism for Ni(NHC), catalyzed dehydroge-
nation of ammonia-borane was studied theoretically by using DFT
method. This study proposes for the first time a possible mecha-
nism for the second equivalent of H; release from AB for the first
time. There are four main steps for the release of the first H, from
AB (Scheme 1): (1) transfer of a proton from N to the unsaturated C
in carbene, (2) transfer of H from this C to Ni, (3) transfer of H from
B to Ni, and (4) release of H, and H,B-NH, to regenerate the cata-
lyst Ni(NHC),. For the release of second H, from AB (Scheme 2), our
calculations predict six main steps: (1) the breaking of a 3-center,
2-electron Ni-H-B bridging structure with the formation of B-C
and Ni-H bonds, (2) N-H bond activation with the formation of
H,, (3) H, release, (4) B-C bond activation for the regeneration of
a Ni-C bond, (5) reaction with H,N-BH, for the formation of
N,B,;Hg and (6) N,B,Hg release and regeneration of Ni(NHC),.

Our calculations also demonstrate that (1) the first H, release
begins with proton transfer from nitrogen to the metal bound car-
bene carbon, instead of previously hypothesized B-H or N-H bond
activation, (2) this new C-H bond is activated by the metal, trans-
ferring the H to Ni, then forming the H, molecule by transferring
another H from B to Ni, rather than B-H transfer, (3) the second
H, release from H,N-BH, begins with the breaking of a 3-center,
2-electron Ni-H-B bridging structure with the assistance of the
unsaturated carbene carbon atom to form a B-C bond, (4) a nearly
rhombic N,B,Hg molecule must be formed to help the regeneration
of the catalyst Ni(NHC),, which also leads current catalytic mech-

anism releases only 1.5 equiv. of H, from AB. These points along
the reaction pathways explain the importance of the NHC ligands
in this catalytic process and yield lower energy barriers than mech-
anisms that begin with N-H or B-H activations catalyzed by the
metal atoms. The predicted reaction mechanism which features
unexpected ligand participation points the way to finding new cat-
alysts with higher efficiency, as partial unsaturation of the M-L
bond may be essential for low energy H atom transfers.
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