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Abstract: The mechanism of the solvolysis/hydrolysis of ammonia borane by iridium (Ir), cobalt (Co),
iron (Fe) and ruthenium (Ru) complexes with various PNP ligands has been revisited using density
functional theory (DFT). The approach of ammonia borane (NH3;BHj3) to the metal center has been
tested on three different possible mechanisms, namely, the stepwise, concerted and proton transfer
mechanism. It was found that the theoretical analyses correlate with the experimental results
very well, with the activities of the iridium complexes with different PNP ligands following the
order: (tBu),P > (iPr),P > (Ph),P through the concerted mechanism. The reaction barriers of the
rate-determining steps for the dehydrogenation of ammonia borane catalyzed by the active species
[(*Bu),PNP-IrH] (Complex I-8), are found to be 19.3 kcal/mol (stepwise), 15.2 kcal/mol (concerted) and
26.8 kcal/mol (proton transfer), respectively. Thus, the concerted mechanism is the more kinetically
favorable pathway. It is interesting to find that stable (*Bu),PNP Co-H,O and (*Bu),PNP Co-NHj
chelation products exist, which could stabilize the active I-8 species during the hydrolysis reaction
cycle. The use of more sterically hindered and electron-donating PNP ligands such as (adamantyl),P-
provides similar activity as the t-butyl analogue. This research provides insights into the design
of efficient cobalt catalysts instead of using precious and noble metal, which could benefit the
development of a more sustainable hydrogen economy.

Keywords: iridium PNP complexes; cobalt PNP complexes; ammonia borane hydrolysis; density
functional theory; hydrogen production

1. Introduction

On-demand hydrogen production from stable chemical hydrides has been the subject of hydrogen
energy research, as it ensures a safe and sustainable way for the development of hydrogen and fuel-cell
based economy. Ever since the launch of the Hydrogen Fuel Initiative in 2004 by the US government,
the hydrogen infrastructure and fuel cell technologies has been put on an accelerated schedule.
Various aspects of research related to hydrogen have been advancing, including the production and
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delivery of hydrogen, hydrogen storage and release, fuel cell technologies, hydrogen safety, etc. The US
Department of Energy has just announced a new investment in funding research specifically in the
(a) development of non-platinum catalyst in fuel cell; (b) advanced water splitting materials and
technology and (c) unsolved challenges in the development of solid Hj storage materials [1]. Over the
past few decades, numerous research studies have been conducted, searching for the most effective Hj
storage materials and their H, release methods. Among the many Hj solid storage materials, namely,
MOF-5 adsorbent [2], BN-methyl cyclopentane [3], and complex hydride NaAlH, [4], ammonia-borane
(AB) remains as the most promising solid H, storage materials, due to the high gravimetric hydrogen
density of 19.6 wt%, low molecular mass, modest stability under ambient conditions and therefore
suitable for both light-weight transportation and stationary applications [5,6]. Numerous new and
high-performing molecular homogeneous catalysts with good stability and recyclability for releasing
Hj from ammonia-borane have been reported, and these technologies have been the focus of a number
of reviews [7-11]. Two critical issues, which are yet to be solved, are determining whether such a
catalytic technology could be part of the “hydrogen economy” in the near future, namely, (1) stable
and highly efficient catalysts which are capable of releasing H, from ammonia-borane quantitatively
with excellent recyclability and (2) the facile and economic way of the whole hydrogen production
process, including both the cost of catalyst and the on-site regeneration of spent ammonia-borane [12].
In terms of stability and selectivity, homogeneous catalysts are more attractive than the heterogeneous
counterparts due to their potential of exhibiting high selectivity through the design of intimate
substrate-metal interactions, which could allow for controllable and reversible processes [13].

Iridium-based homogeneous catalysts are particularly efficient in releasing H, from ammonia-borane.
Since the discovery of ammonia-borane dehydrogenation using iridium PCP pincer complexes by
Goldbergetal. (1) [14], and the solvolysis of ammonia-borane using the air- and moisture- stable iridium
PNP pincer complexes by Graham et al. (2) [15], several efficient iridium complexes have been reported,
which are [IrH,(n?-Hy),(PCy3)21" (3) [16,17], the [IrHy(I'Bu),]* [I'Bu = 1,3-bis(tert-butyl)imidazol-
2-ylidene] (4) [18,19], the NHC-based Ir(IMes), H,Cl1 (5) [20], the [Cp*Ir(6,6’—(OH)2—bpy)(OH2)]ZJr (6) [21],
[Ir(dppm);]* (7) [22] and the IrHCI[(PPh;(0-CsH4CO)),H] (8) [23], as shown in Figure 1. Among these,
catalysts (2), (4), (6) and (8) are extremely air- and moisture- stable and are capable of releasing three,
or almost three, equivalents of H; from ammonia-borane, under solvolytic and hydrolytic conditions.

On the other hand, being the close analogue of Ir complexes, Co complexes are becoming
increasingly important on base metal catalysis development, since they are more sustainable,
cheap (Co: € 26.6/kg [24] Vs Ir: € 52,750/kg [25]) and non-toxic. Numerous cobalt catalysts, especially
those complexes with PNP pincer, PCP pincer and PBP pincer ligands, have been found to be
highly efficient towards olefin hydrogenation [26], carbon dioxide hydrogenation [27], olefin transfer
hydrogenation [28], etc. The unique activity of these systems is due to the m-interaction between the
cobalt metal and the donor atoms N and B. Nonetheless, the reports on the efficient dehydrogenation
of ammonia borane under solvolytic/hydrolytic conditions using homogeneous Co-PNP catalysts are
very rare, giving the relatively large amount of heterogeneous Co catalysts towards ammonia borane
hydrolysis reaction [29]. Above all, the global warming potential of Co from cradle to gate is estimated
to be ca. 8.3 kg CO,-eq/kg, as compared with 8860 kg CO,-eq/kg for Ir metal [30]. The search for Co
catalysts with comparable activity similar to those of Ir is thus a vital need for the development of a
more sustainable hydrogen economy.

It is interesting to note that catalyst (2) catalyzed a much faster hydrogen release process but
with much slower release rate under normal water- and air-free catalytic dehydrogenation condition.
While it has been proven that for (4), one equivalent of H; is from the water solvent and the Ir-NHj
adduct is involved in the mechanism, the mechanism for the solvolysis of ammonia-borane by (2)
remains elusive. Unlike t-butyl group of catalyst (4) and the hydroxyl group of catalyst (6), the t-butyl
group of (2) remains intact, and oxidative addition was not involved during the hydrogen release
mechanism. In addition, ammonia molecules were detected in the ammonia borane hydrolysis by
catalyst (2) [15], and it was unclear whether this will have a promoting or detrimental effect to the
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stability of the catalyst. This paper aims at elucidating this mechanism to complete the picture for the
family of organometallic Ir complexes and exploring the possibility of further improving the catalytic
activity of PNP-based catalysts for future hydrogen release applications.

+
=
O LT m%

o -P'Bu, H
& A P L
{0 T e F
O—FP'Bu P'Bu, PCy3 /
M @ @ @
2+
-
| N OH
T pn Ph
NYN \ / Cp <P//j/, \\\\\P .
L ] Z |N/ ’,///OHZ Phg th
H H
cl IMes \ OH
®) © ?

Figure 1. Various homogeneous iridium catalysts that are capable of releasing H, from ammonia borane:
(1) 1-1,3-(OP'Buy)2CeHs, (2) NH[(CHz)2P(‘Bu)2 ] IrClH, (3) [IrHa (n2-H)2(PCy3)2]*, (4) [IrHa (I'Bu)a |+
[I'Bu = 1,3-bis(tert-butyl)imidazol-2-ylidene], (5) Ir(IMes),H,Cl, (6) [Cp*Ir(6,6’-(OH),-bpy) (OHL)J*,
(7) [Ir(dppm)2]*, (8) IrHCI[(PPhy (0-CsH4CO))2 H].

2. Results and Discussion

Effective and efficient homogeneous catalysts for the catalytic dehydrogenation of ammonia
borane and their applications in hydrogen release reactions have been extensively studied and
reviewed [7,11]. The first efficient dehydrogenation of ammonia borane was reported by Goldberg
on using a type of pincer iridium POCOP complex (1) [n3-1,3-(OP'Bu,),CeHs] [14]. Maximally one
equivalent of H, was produced per monomer, and an oligomeric B-N byproduct was observed
and was proved to be a cyclic pentamer (NH,-BH,)5 [31]. It was also found that a resting piece
(POCOP)IrH(n2-BHy) (9) (Figure 2) was responsible for preventing the further activation of the
ammonia borane molecule. Such a phenomenon was also observed for the Rh complex by excess
BHj poisoning, leading to the ceasing of the dehydro-coupling of dimethyl ammonia borane [14].
Concerted H* and H™ removal from the ammonia borane monomer was suggested through the
boron end hydrogen atom [32]. A similar mechanism was observed for the bis-phosphine complex
(10) [17] and (11) (Figure 2) [20], in which methyl ammonia borane and dimethyl ammonia borane
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were observed to coordinate to the iridium centers through the bis-hydride/alkyl tethered manners.
Oligomerization was also observed when ammonia borane and methyl ammonia borane were used.
However, with bis-diphosphine ligand dppm, complex (7) underwent an oxidative addition mechanism
to form the complex [Ir(H)(BH,-NH3)(dppm),]*, followed by the release of one equivalent of H.
Thus, the dehydrogenation of ammonia borane by homogeneous iridium catalysts was quite catalyst-
and substrate-specific.
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Figure 2. Intermediates detected during the dehydrocoupling of ammonia borane by catalyst (1), (3)
and (5) respectively.

Under solvolytic or hydrolytic conditions, the mechanism of ammonia borane activation can be
totally different and may involve the coordination of small molecules, such as NH3 and H,O, to the
metal centers. Almost at the same time, three very robust and active catalysts, (2) [15], (4) [18] and
(8) [33], were found to release three, or almost three, equivalents of H, within 30 mins, with excellent
recyclability. The H; release mechanism of (4) was first proposed by Nolan et al., through the Ir-mediated
cleavage of the B-N bond of the ammonia borane. Two cationic Ir-NH3; complexes had been isolated
and were proposed to be resting states of the active catalyst. The bis-ortho—metalated catalyst shows
rapid and quantitative evolution of hydrogen from ammonia borane at room temperature. It was later
suggested by Wong et al. that the activation of ammonia borane actually proceeded through the proton
transfer pathway, which is kinetically most favorable among other proposed pathways. Thus, it is
quite different from the concerted B-H/N-H bond activation mechanism for catalyst (1). Under base
addition such as methylamine and aromatic amine, amine-iridium adducts were found for complex
(8) under solvolytic/hydrolytic conditions [33,34]. Moreover, the reactions between the catalyst and
the ammonia-borane were always found to generate ammonia gas [18,35]. According to equation (1),
one possible borate product was suggested, concomitant with the release of 4/5 ammonia molecule.
NHj; (g) may then have interacted with the catalyst, as shown in Scheme 1. If NH; molecules were
not observed in the hydrolysis of ammonia borane, in general, equation (2) follows [36]. In this study,
we aimed to investigate the mechanism of the hydrolysis of ammonia borane using (2) on the base
effect, metal effect, ligand effect, and finally, the adduct effect.

Catalyst (4)
NHSBH()+2HO(1)—P- 3H, 1/5 [NH,][B,O,,H, 4/5 NH. 1
’ THE/H,O (1:1) (8) +1/5 [NH,][B5O,,H,] (s)+ 4/5 NHy(g) (1)
Catalyst
NH5BH; (5) +2H,00) ————— 3H, () + NH," (aq) + BO, (aq) (2)

Scheme 1. Different fate of ammonia borane hydrolysis.
2.1. When Base is Involved in the Reaction Mechanism—Formation of Cationic Iridium Species

Experimentally, the catalytic release of H, by (2) can be facilitated, both with and without
base [37,38]. As shown in Figure 3, two possible geometries can be found after the extraction of the
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chloride ion with sodium f-butoxide, i.e., complex I-Cat A and complex I-Cat B cations. The ammonia
borane molecule then approaches to the cationic iridium metal center through a stepwise mechanism
through the hydridic hydrogen on boron. To simplify the calculation, we first use PHj as the phosphine
ligand model. Using the B3LYP calculation method, the reaction energy barrier of Pathway I-A and I-B
is determined to be 47.0 kcal/mol (Figure 4) and 31.6 kcal /mol (Figure 5) respectively. Thus, under the
experimental conditions, pathway I-B and the respective geometry are most likely to occur.
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Figure 3. Possible geometries of the products from the reaction of catalyst precursor (2) with strong base.
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Figure 4. Reaction potential energy surface (kcal/mol) of Pathway I-A. Energies are calculated at
B3LYP/LanL2DZ-6-311++G(d,p), in the solvent THF and HO (in brackets).
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Figure 5. Reaction potential energy surface (kcal/mol) of Pathway I-B. Energies are calculated at
B3LYP/LanL2DZ-6-311++G(d,p) in the solvent THF and H,O (in brackets).
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Metal Effects

When the substituent on the phosphine of the PNP ligand is ‘Bu group, the optimal path with
different metals participating in the reaction is calculated (as shown in Figure S2). It can be estimated
that when the metals are Ir, Ru and Co, the reaction energy barriers are 21.5, 31.5 and 37.4 kcal/mol,
based on the B3LYP geometry, respectively. So, the calculated reaction order is Ir > Ru > Co, which is
in accordance with the experimental results reported earlier [37,38]. The solvent effects and effects of
different PNP ligands for the cationic species were also performed using M06 method, and the results
were shown on P.5 in the Supplementary Materials for comparison (Figure S3a,b). The highest activity
with using PNP ligands with P(*Bu) group was also in close agreement with the experiment studies.

2.2. When Base is Not Involved in the Reaction Mechanism—Neutral Iridium Species

Since B3LYP was proved to be a suitable modeling method, we have extended the method to the
comprehensive studies of neutral iridium species, where a base is not involved. When a base is not used
in the reaction, the Hj release mechanism may follow the reaction scheme, as shown in Figure 6. This is
proposed according to a similar reaction between the pre-catalyst [Ru(p-Cym)(bipy)Cl]Cl and excess
ammonia borane in HyO/THF mixed solvent system [39]. In addition, the existence of structure of
the catalyst (2)—monohydride dichloride [15] and monochloride dihydride—has been unequivocally
proven by X-ray crystallography and spectroscopic data [37,38]. According to the literature, we attempt
to investigate the three most plausible mechanism for the H, release mechanism by complex I-§,
without the addition of a base.

( P'Bu, P'BU, (P'Buz
H
v NGBy ( o

N——Ir—ClI N——Ir
Wl S 2O/THF w L S
Cl H H
P'Bu, P'Bu, PBu,
Catalyst (2) Catalyst (2) - trihydride Complex I-8

Figure 6. Formation of the coordinatively unsaturated complex I-8 which is capable of releasing H,
from ammonia borane.

2.2.1. Stepwise Mechanism (Path 1)

To simplify the structural optimization, a total of four pathways with different geometries for
the stepwise B-H and N-H activation of the dehydrogenation of ammonia borane have been found
computationally, in which the most feasible one was shown in Path 1a (blue path, Figure 7). All the
intermediates and transition states species are fully optimized at the B3LYP/6-31G** (LANL2DZ) level.
Ammonia borane first coordinated to complex I-8 through a B-H-Ir single bridge, to form the o-complex
9-1a, which is higher than complex I-8 in energy by 3.3 kcal/mol. Further B-H activation (TS9-1a),
followed by the formation of the Ir-H bond, led to the formation of complex 10-1a. Subsequent N-H
activation led to the transition state TS10-1a, in which it has the highest barrier and could be the
rate-determining step for stepwise mechanism. After the transition state TS10-1a, NH;BH, was released,
and finally, the catalyst was regenerated through the release of Hy from TS11, with an activation barrier
of 32.4 kcal/mol and the catalytic cycle completed. The H; release barrier was considered to be much
higher than the reported value for the [Ir(I'Bu’),]* catalyst complex (2.39 kcal/mol) [19]. The transition
states involved in this path are TS9-1a (7.0 kcal/mol, relative to complex I-8) and TS10-1a (8.8 kcal/mol,
relative to complex I-8). The remaining three other pathways with different geometries were presented
in the supporting materials for reference (Figure S4).
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Figure 7. Stepwise reaction potential surface starting from intermediate I-8.

2.2.2. Concerted Mechanism (Path 2)

A total of

only two pathways with different geometries were found computationally for concerted

B-H/N-H activation. In contrast to the reported literature [19], it was found that the concerted B-H/N-H
activation could begin with both the o-complex formed by both N-H-Ir (9-2a) and B-H-Ir (9-2b) bridges.
Afterwards, the proton from both the B and N atoms transfer to the iridium center in a concerted
manner, to form the iridium trihydride complex 11. Comparing the energy barriers, the activation
barrier for TS9-1a is somewhere between those for TS9-2a and TS9-2b, where the N-H activation
pathway leading to the intermediate TS9-2a is the most feasible pathway, i.e. 5.2 kcal/mol. The pathway
Path 2a via the transition state TS9-2a (5.2 kcal/mol) is thus found to be the most feasible, as shown in
Figure 8. For the five member ring transition state complex TS9-2a, the B-H, N-H, Ir-H(B) and Ir-H(N)

interatomic di

stances are found to be 1.339 A, 1.343 A, 1.839 A and 1.775 A, respectively (imaginary

frequency = 999i), which were shorter than those reported values [19]. This is because the ligand and
the electric charge of the transition states are both different from the literature model, leading to the
difference in the bond length. The TS11 of both the stepwise and concerted mechanism have the same

activation barriers.
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Figure 8. Concerted reaction potential surface starting from intermediate.
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2.2.3. Proton Transfer Mechanism

Regarding the calculations previously reported [19], we have designed a new path (as shown in
Figure Sb) for the proton transfer pathway. In this model, ammonia borane first coordinated to complex
I-8 through the boron atom, followed by the migration of B-H to iridium to form a three-member ring
transition state. Another possibility is that the ammonia borane can also coordinate to complex I-8
through the nitrogen atom, followed by the migration of N-H to iridium, however, this leads to a
four-member ring transition state which could have even high energy barrier than the B-H-Ir transition
state. The energy of the transition state involved in the process is rather high (TS9-3, 89.0 kcal/mol),
rendering this pathway less feasible. The extreme high energy barrier of TS9-3 is probably due to the
steric strain exerted by the Ir-B-H three-member ring. The reaction barrier of the specific transition states
based on both a simplified (H,P-) and complete model (‘Bu,P-) are listed in Table 1 for comparison.

Table 1. Summary of the reaction energy barrier of the rate-determining steps of Path 1a, Path 2a,
Path 2b and Path 3, based on simplified and complete model (kcal/mol).

Path 1a Path 2a Path 2b Path 3
10-1a —» TS10-1a  I-8 —» TS9-2a  I-8 — TS9-2b I-8 — TS9-3
Simplified model (H,P-) 213 5.2 29 386
Complete model (‘Bu,P-) 19.3 15.2 34.5 26.8

Comparing the energy of the transition states involved in the above three mechanisms,
the concerted mechanism is the most probable pathway. For the most feasible pathway—Path 2a,
we have tested the effect of substituents and different metals, in an attempt to get the full picture of the
energy level distributions.

2.2.4. Metal Effects

The test results for different metal centers for the most feasible path (I-8 — 9-2a — TS9-2a — 11 —
TS11(TS(11')) — 12(12")), i.e. the concerted mechanism, were computationally investigated. Using the
complete model (‘Bu,P-), the most feasible pathway with the catalyst having the Co, Fe and Ru centers
were tested and were compared to Ir. In order to make the figure clearer, the energy profile from I-8 —
9-2a — TS9-2a — 11 — TS11 — 12 was shown in Figure S6a, while from I-8 — 9-2a — TS§9-2a — 11
— TS11" — 12/, the reaction energy profile was given in Figure S6b. It can be seen from the potential
energy map that:

(1) except for the Ir center, the 11 — TS11’ — 12’ pathways for all the other metal centers have lower
activation barriers than the 11 — TS11 — 12 pathway;

(2) in Figure S6a, for the reaction of the first step (I-8 — TS9-2a) and the second step (11 — TS11),
the energy barriers are calculated as follows: the energy barrier of Ir is 15.2 and 30.5 kcal/mol;
the energy barrier of Co is 18.2 and 12.6 kcal/mol; the energy barrier of Fe is 44.7 and 1.8 kcal/mol;
the energy barrier of Ru is 43.7 and 2.4 kcal/mol. The order of energy barrier is Co < Ir < Fe < Ru,
so the reaction rate is Co > Ir > Fe > Ru;

(3) in Figure S6b, for the reaction of the first step (8 — TS9-2a) and the second step (11’ — TS11’),
the energy barriers are calculated as follows: the energy barrier of Ir is 15.2 and 28.6 kcal/mol;
the energy barrier of Co is 18.2 and 21.0 kcal/mol; the energy barrier of Fe is 44.7 and 19.6 kcal/mol;
and the energy barrier of Ru energy barrier is 43.7 and 25.4 kcal/mol. The order of energy barrier
is Co < Ir < Fe < Ru, so the reaction rate is Co > Ir > Fe > Ru. It contradicts with the experimental
results that the Co complex with 'Bu,P-substitutents did have lower reactivity towards ammonia
borane; this can be explained by the finding of a much lower water molecules chelated Co-1-8
complex as a resting form (vide infra Section 2.2.6).

At the final stage of the reaction, the intermediate 11 evolving hydrogen to form 12 has two
different possible outcomes. The difference lies between the structure of the intermediate 12 and the
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structure of the intermediate 12/, mainly at the position of H attachment to the metal. The transition
state of this process is TS11 (32.4 kcal/mol), as shown in Figure S7.

2.2.5. Ligand Effects

In our observed experiment, PNP-Ir pincer complex with ‘Bu,P- substituent is more reactive than
the IPr,P- analogue. This may be due to the instability of ‘Pr-PNP-Ir complexes under solvolytic or
hydrolytic conditions, such as a metal leaching problem, instead of PNP ligand effects (both electronic
and steric effects). Thus, the four ligands with different phosphine substituents, tBu, Me, Ph and 'Pr,
were computationally investigated for the complete model structure (geometric optimization and single
point energy) of all species from intermediates I-8 to 12. The results concluded that the 'Bu ligand works
best. The energy barrier is significantly lower than the energy barrier among those of other ligands.
As can be seen from the figures shown in the Supplementary Materials (Figure S8a—d, corresponding
to the substituents ‘Bu, Me, Ph and 'Pr respectively), the energy barriers of TS11 transition states
of the four ligands follow the order: 30.5 kcal/mol (‘Bu) < 31.7 kcal/mol (Ph) < 32.0 kcal/mol (\Pr) <
35.5 kcal/mol (Me). For the TS11’ transition state complexes, the order of the energy barriers of the four
ligands are: 28.6 kcal/mol (‘Bu) < 31.7 kcal/mol (iPr) < 32.7 kcal/mol (Ph) < 34.5 kcal/mol (Me). It can
be seen that the energy barrier of the 'Bu ligand is always lower than that of the other three ligands,
regardless of the TS11 or TS11’ states. Moreover, the reaction exergon of generating the 12’ state is
42.2 kcal/mol, which is much greater than the exergon of other ligands. In addition, the energy barrier
of 28.6 kcal/mol indicated that the reaction can be completed under such very mild experimental
conditions, i.e. 40 °C.

It is thus very interesting to know if more sterically hindered and electron donating phosphine
substituents could have a significant impact on the activity of the iridium complexes. Similar computational
test was thus performed for the PNP ligand with (adamantly),P- substituents. We have tested this
hypothesis for the most feasible path I-8 — 9-2a — TS9-2a — 11 — TS11 (TS(11")) — 12(12’), as shown
in Figure S9, and the metal center being investigated is Ir. As can be seen, the rate determining step
of the process is 11 — TS11 (TS(11’), and the corresponding energy barrier is 30.0 and 29.1 kcal/mol
respectively for the two different products, which is very close to the energy barrier of the 'Bu ligand
(30.5 and 28.6 kcal/mol). In accordance with the experimental observed results, the PNP ligand with
(adamantly),P- substituents of the Ir complexes does have similar experimental activity.

2.2.6. Effects of NH3 and H,O Adduct

Since a very small amount of NHj3(g) was liberated during the reaction [15], it would be interesting
to know whether these small molecules could have either stabilization or detrimental effects to the metal
center. As well, it was also observed that HyO-iridium could be one resting form during the hydrolysis
reaction [21]. Therefore, in this section, we aim to investigate the possibility of adduct formation for
(2). Using the simplified model, i.e. with PHy— as the ligand substituent, density functional theory
(DFT) results showed that only one complex of NH3 molecules can barely lower the energy barrier
of Intermediate I-8; the corresponding stabilizers are 8-1nh3-1 and 8-1nh3-2, as shown in Table S2.
Compared with Intermediate I-8 (0.0 kcal/mol), 8-1nh3-1 (-1.7 kcal/mol) and 8-1nh3-2 (-1.0 kcal/mol)
were reduced by 1.7 and 1.0 kcal/mol, respectively.

Thus, using the complete model 'Bu-PNP-Ir, the stabilization of structure I-8 using the potential
energy surface by small molecules H,O, NH; and THF was investigated, as shown in Table S3a.
In addition, Ir, Fe, Ru and Co metal centers were also investigated, where the results of Co were shown
in Table 2. (The data for Fe and Ru were shown in Table S3b and Table S3c in Supplementary Materials,
respectively). It can be seen, from Table S3a, that for the Ir center, none of the three small molecules
can stabilize the intermediate structure I-8. It was also proven that the involvement of H,O chelation
does not favor the activation of NH3BHj3; molecule, as shown in Figure S10 and Table S4. Interestingly,
it was found that, for the Co center, although THF cannot stabilize the structure I-8, but H,O and NHj3
can stabilize the structure I-8, namely, the Co-8-h20-4 and the Co-8-nh3-4, so the system 8 mainly exists
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in the form of Co-8-H,O and Co-8-NHj. Taking these species into consideration for the whole reaction
process, the starting point became Co-8-HpO or Co-8-NHj3. Thus, the entire reaction path, taking H,O
adduct as an example, is described in Scheme 2.

After taking the H,O chelation into account, the total reaction energy barrier of the reaction
pathway is 35.4 kcal/mol (Co-8-H,O — TS9-2a), as shown in Figure 9. The energy barrier is significantly
higher than the total reaction energy barrier when the reaction center is Ir (30.5 and 28.6 kcal/mol
corresponds to the path of 12 and 12’, respectively). This explained why Co is less reactive than Ir
from the perspective of energy barrier. Because the experimental results are similar for the activity
of the catalyst with 'Bu substituted phosphine ligand and substituted phosphine adamantyl ligand
(Ada), in order to further verify that our conclusions also apply to adamantyl ligand, we tested small
molecules H,O, NHj3 and THF for the Co-adamantyl-PNP complex. The results of the stabilization
effects were shown in Tables 3 and 4.

TS9-2a TS11

Co-8-H,0 — > § — > 9-2a 11 12

H,0

Scheme 2. Proposed reaction pathway for reaction between NH3BHj3 and Bu-PNP-Co.

Table 2. The effect of H,O, NH3 and THF to the stabilization of complex I-8 (Bu-PNP-Co).

Chelation Species Relative Energy (kcal/mol)
No chelation Co-8 0.0
Co-8-h20-1 13.6
Co-8-h20-2 13.7
Co0-8-h20-3 13.6
H0 Co-8-h20-4 ~175
Co-8-h20-5 12.7
Co-8-h20-6 13.3
Co-8nh3-1 7.3
Co-8-nh3-2 7.4
Co0-8-nh3-3 74
NH; Co-8-nh3-4 ~17.2
Co-8-nh3-5 7.1
Co-8-nh3-6 7.1
Co-8-thf-1 18.6
Co-8-thf-2 17.5
Co-8-thf-3 19.1
THE Co-8-thf-4 83
Co-8-thf-5 18.4
Co-8-thf-6 18.4

Table 3. The effect of HyO, NH3 and THF to the stabilization of complex I-8 (Ada-PNP-Ir).

Chelation Species Relative Energy (kcal/mol)

Ir-8 0.0

Ir-8-h20-1 18.8

Ir-8-h20-2 8.7

H0 Ir-8-h20-3 74
Ir-8-h20-4 3.8

Ir-8-h20-5 8.1

Ir-8-h20-6 18.5
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Table 3. Cont.
Chelation Species Relative Energy (kcal/mol)
Ir-8-nh3-1 13.0
Ir-8-nh3-2 13.0
Ir-8-nh3-3 11.8
NH
3 Ir-8-nh3-4 9.2
Ir-8-nh3-5 12.0
Ir-8-nh3-6 124
Ir-8-thf-1 23.0
Ir-8-thf-2 23.5
THF Ir-8-thf-3 13.0
Ir-8-thf-4 22.5
Ir-8-thf-5 22.0
AG
kcal/mol S92 oy
9-2a I R Ir
A _15.7':} —————————— Co
JZ2 T S SRR
8 "I:N\
— H,BNH, AG =354 I\\':ll/mnl'.ll'\ll
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Figure 9. Potential energy profile for reaction between iridium/cobalt PNP complex with (*Bu),P-

substituents and ammonia borane.

Table 4. The effect of HO, NH; and THF on the stabilization of complex I-8 (Ada-PNP-Co).

Chelation Species Relative Energy (kcal/mol)
Co-8 0.0
Co-8-h20-1 15.5
Co-8-h20-2 14.3
H,O Co-8-h20-3 13.8
Co-8-h20-4 -16.6
Co-8-h20-5 17.3
Co-8-h20-6 16.4
Co-8-nh3-1 8.6
Co-8-nh3-2 8.4
NH; Co-8-nh3-3 -16.5
Co-8-nh3-4 18.5
Co-8-nh3-5 9.0
Co-8-thf-1 19.3
Co-8-thf-2 19.3
THF Co-8-thf-3 11.1
Co-8-thf-4 11.7
Co-8-thf-5 19.9
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It can be seen from Tables 3 and 4 that the three small molecules cannot stabilize the Ir-adamantyl-PNP;
however, H,O and NHj can stabilize the adamantyl-PNP-Co (relative energy of -16.6 kcal/mol for H,O
and —16.5 kcal/mol for NH3) at the I-8 stage. Thus, it is expected that if the adamantyl-PNP-Co(I)
complex could be synthesized, it would be more stable than adamantyl-PNP-Ir towards the solvolysis of
ammonia borane, as shown in Figure 10. Yet, the reactivity of these two species need to be investigated
and compared experimentally, in order to confirm these computational results.

AG TS9-2
| kcal/mol  9-2a 182 : B :
20.0 o "
15.0 81
e - A0
N el N Ada
B /139 N
10.0 A Y
y \
a \
/ \
0.0 — !
: 0.0 N
TS11
VY -10.3
-10.0 —_—
| \ “\ | —
-20.0 I ;18,87
L \A314 5
-30.0  — \-34.
\ ; o33 N-36.3
s Y | =
— — 12 N
-40.0 B e
12'

Figure 10. Potential energy profile for reaction between cobalt PNP complex with (‘Bu),P- and
(adamantly), P- substituents and ammonia borane.

3. Materials and Methods

All the density functional theory (DFT) calculations were performed with the Gaussian 09
software package (Gaussian 09 (Revision D.01), Gaussian, Inc.; Wallingford, CT, USA, 2013) [40].
Geometries of all the stationary points, such as reactants, intermediates, transition states and products,
were optimized using the B3LYP method [41,42]. To verify that our chosen computational method is
reliable, other functionals and basis sets, such as method M06/TZVP, were also used to optimize the
geometry of the pre-cat species. It was found that the theoretical values do not differ much from the
experimental values [15]. (For a comparison of the results by various methods using B3LYP and M06,
please refer to Figure S1 and Table S1 in the Supporting Materials). Note: the M06 [43] calculations were
used to calculate the most energy favorable pathway for the cationic Ir species involved (i.e., Pathway
I-B Figure S3(a) and S3(b) for the cationic Ir species), since the results using the B3LYP method were not
consistent with the experimental results. In DFT computations, the LanL2DZ [44] basis set, including a
double-( valence basis set with the Hay and Wadt effective core potential, was used to described Ir,
Co, Re, Ru, Fe. The 6-31G (d,p) basis set was used for all other atoms. Frequency calculations were
performed, in order to verify that (1) all minima have zero imaginary frequency and (2) all transition
states have only one imaginary frequency, as well as to obtain thermodynamic corrections at 313.15 K
and 1 atm. Intrinsic reaction coordinate (IRC) calculations [45,46] were carried out to confirm that
the transition states indeed connect two relevant minima. The solvent effects of THF and water were
considered by performing single point energy calculations for the optimized structures using the
SMD solvation model [47]. Single point energy calculations were carried out for the B3LYP and M06
(only for Pathway I-B, Figure S3a,b) levels, together with a larger basis set, in which the basis set for
metal centers were kept unchanged and that for the other atoms were enlarged to 6-311++G (d,p).
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The methodology is similar to other research groups to calculate single point energies in the solvent
phase modeled by the solvation model SMD, using the gas phase optimized structures for reactions
between organic substrates and organometallic catalysts [48-54].

4. Conclusions

The mechanism of the hydrolytic dehydrogenation of ammonia borane (NH3;BH3) by different
homogeneous catalysts with different metal centers (both cationic Ir and neutral Ir species, Co,
Fe, Ru) complexing with various PNP ligands have been elucidated on three different possible
pathways, namely, the stepwise, concerted and proton transfer pathways. This process resembles the
non-hydrolytic dehydrogenation of ammonia borane by the Ir pincer complex (1), but is different
from the hydrolytic dehydrogenation of ammonia borane by Ir carbene complex (4) [32], where a
proton transfer mechanism was adopted [19]. The theoretical analyses correlate with the experimental
results very well, with the activities of the iridium complexes with different PNP ligands following
the order: (‘Bu),P > (\Pr),P > (Ph),P, through the concerted mechanism, where the reaction barriers
of the rate-determining steps catalyzed by the active species [(*Bu),PNP-IrH] (Complex I-8) were
found to be 15.2 kcal/mol. Interestingly, significantly higher reaction energy barriers were found
for a Co-H,O chelation species (AG = 35.4 kcal/mol), which explained the lesser reactivity of Co
pincer complexes towards ammonia borane hydrolysis from the perspective of the energy barrier.
Nevertheless, the stabilized resting form of I-8-Co-H,O could indicate a more stable catalyst which can
exhibit better recyclability. Besides, the use of even more electron-donating and sterically hindered
PNP ligands could provide hints toward the development of metal pincer complexes, with even better
performance towards the hydrolytic dehydrogenation of ammonia borane.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4344/10/7/723/s1,
Figure S1: Optimized structures for the Pre-Cat, Figure S2: Reaction potential energy surface of Pathway I-B with
different metal centers involved in the Hj release reaction, Figure S3: (a) When the solvent is THF, the potential
energy surface of Pathway I-B of using phosphine ligands with various substituents optimized at the M06 level;
(b): The potential energy surface of Pathway I-B with different PNP ligands when the reaction was carried out in
pure HyO optimized at the M06 level, Figure S4: The other three pathway for the Stepwise Mechanism, Figure
S5: Potential energy transfer surface of proton transfer reaction starting from intermediate 8, Figure S6: (a) 'Bu
being the substituent, the potential energy surface corresponding to the intermediates 8 — 12; (b): 'Bu being the
substituent, the potential energy surface corresponding to the intermediates 8 — 12’, Figure S7: Difference in the
energy profile between intermediate complex 12 and complex 12/, Figure S8: (a) The potential energy surface
corresponding to the intermediates 8 — 12(12’) with 'Bu- being the phosphine substituent; (b): The potential
energy surface corresponding to the intermediates 8 — 12(12’) with Me- being the phosphine substituent;
(c): The potential energy surface corresponding to the intermediates 8 — 12(12’) with Ph- being the phosphine
substituent; (d): The potential energy surface corresponding to the intermediates 8 — 12(12’) with 'Pr- being
the phosphine substituent, Figure S9: Potential energy profile for reaction between iridium PNP complex with
(adamantly), P- substituents and ammonia borane, Figure S10: The energy profile (kcal/mol) of the NH3BHj3
activation reaction with and without the chelation of H,O to the Ir metal center, Table S1: Major bond lengths
calculated at different calculation levels, and the last column is the experimental values, Table S2: Preliminary test
on the chelation of NHj to intermediate I-8 (simplified PH, P— model). For 8-Xnh3-Y, X denotes the number of NHj
molecules; Y denotes the chelation of NHj at different orientation to the metal, Table S3: (a): The effect of H,O,
NHj3 and THF chelation to the stabilization of complex I-8 (‘Bu-PNP-Ir); (b): The effect of H,O, NH3 and THF to
the stabilization of complex I-8 (*Bu-PNP-Fe), (c): The effect of H,O, NH; and THF to the stabilization of complex
I-8 (Bu-PNP-Ru), Table S4: Testing the stability of H,O chelation to the Ir complexes, Table S5: (a): Energies of
each compounds for the simplified model (H,P-) with NHj chelation. G_corr = Thermal correction to Gibbs
Free Energy; E = Absolute single-point energies; G = Gibbs free energies; (b): Energies of each compounds for
the complete model (*Bu,P-) with H,O, NH3 and THF chelation. G_corr = Thermal correction to Gibbs Free
Energy; E = Absolute single-point energies; G = Gibbs free energies; (c): Energies of each compounds for the
complete model (Ada,P-) with H,O, NH3 and THF chelation. G_corr = Thermal correction to Gibbs Free Energy;
E = Absolute single-point energies; G = Gibbs free energies. Table S6: Cartesian coordinates for the molecules
involved in Pathway I-B and Pathway 2a.
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