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Production of Dihydrogen Using Ammonia Borane as
Reagent and Pyrazole as Catalyst
Marta Delgado Gómez,[a] Marco Marazzi,*[a, b] José Elguero,[c] Maxime Ferrer,[c, d] and
Ibon Alkorta*[c]

Theoretical chemistry (DLPNO-CCSD(T)/def2-TZVP//M06-2x/aug-
cc-pVDZ) was used to design a system based on ammonia
boranes catalyzed by pyrazoles with the aim of producing
dihydrogen, nowadays of high interest as clean fuel. The
reactivity of ammonia borane and cyclotriborazane were
investigated, including catalytic activation through 1H-pyrazole,
4-methoxy-1H-pyrazole, and 4-nitro-1H-pyrazole. The results
point toward a catalytic cycle by which, at the same time,

ammonia borane can initially store and then, through catalysis,
produce dihydrogen and amino borane. Subsequently, amino
borane can trimerize to form cyclotriborazane that, in presence
of the same catalyst, can also produce dihydrogen. This study
proposes therefore a consistent progress in using environ-
mentally sustainable (metal free) catalysts to efficiently extract
dihydrogen from small B� N bonded molecules.

Introduction

Materials capable of storing hydrogen are a possible alternative
to hydrocarbon-based fuels, since they are more environ-
mentally friendly sources of energy and could help improving
the environmental situation.[1] According to the literature,
molecules with B� N bonds are interesting systems for hydrogen
storage,[2] and that is why we have computationally studied the
reaction involving ammonia borane 1 (BNH6) and cyclotribor-
azane 4 (B3N3H12) as reagents with pyrazole 6 acting as catalyst.
These and related molecules are shown in Figure 1.

Especially, on one hand, ammonia borane 1 and amino
borane 2 are single and double B� N bonded molecules,
isoelectronic with ethane and ethene, respectively, while cyclo-
triborazane 4 and borazine 5 are isoelectronic with cyclohexane
and benzene, respectively. Imido borane 3 (BNH2), on the other
hand, contains a triple B� N bond being isoelectronic with
acetylene and, even though it has been characterized by laser

spectroscopy,[3] it is highly reactive and it spontaneously
trimerizes to form borazine 5.[4]

Boron, with electronic configuration [He] 2s2 2p1, has empty
p orbitals making it a potential electron acceptor when trying
to complete its valence shell. Nitrogen, with electronic config-
uration [He] 2s2 2p3, has three unpaired electrons in three p
orbitals and usually acts as electron donor.

As a result, 1 is a neutral system in which both boron and
nitrogen are sp3 hybridized, with the B� N dative bond
originated by the nitrogen atom sharing a pair of electrons
(N:!B).[5] 1 is considered an important material in hydrogen
storage thanks to its high stability, even at high temperatures
(melting point 102 °C), and its important hydrogen storage
capacity, 19.6% by weight of H2.

[6] At temperatures up to 100 °C,
solid 1 is capable of providing a single equivalent of H2 and, as
byproducts, amino borane oligomers, [� H2B� NH2� ]n.

[6] It has
been found that the main characteristic of ammonia borane
crystals are their polar N� Hδ+ ···� δH� B dihydrogen bonds[7]

between monomers. Furthermore, it has been shown that the
presence of these polar dihydrogen bonds between monomers,
as well as other non-covalent interactions, not only results in
chemical stability but can also facilitate various dehydrogen-
ation steps.[8]

The dehydrogenation steps require, nevertheless, a catalytic
activation to finally release H2 from 1, as described in the
literature, usually by the use of metal complexes: Guan et al.[9]

and Agapie et al.[10] in 2014 attempted to catalyze the reaction
by iron and molybdenum complexes, then Williams et al.[11] in
2016 used a ruthenium complex, while Shubina et al.[12] in 2018
employed an iridium complex (7 in Scheme 1) transforming 1
into compounds 8 and 4 with concomitant production of
dihydrogen.

More recently, in 2021, Garralda et al. proved that (acylqui-
noline)(� norbornenyl)(pyrazole) Rh(III) complexes are efficient
catalysts for the hydrolysis of 1 while reacting with PPh2(O) in
air to release dihydrogen.[13]
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Although such transition metal-based catalysts have there-
fore shown encouraging results, it has to be noted their high
cost production and relatively poor sustainability for the
environment. Metal-free organic-based compounds would, on
the other hand, largely solve both problems, if they could act as
efficient dehydrogenation catalysts. Indeed, Baker et al.[14] first
in 2007, and Wegner et al.[15] later in 2015 proposed fully
organic catalysts that can release ca. 2.5 equivalents of H2,
similarly to some metal-based counterparts. More recently
(2020), Gellrich et al. described that 6-t-butyl-2-thiopyridone,
thanks to the catalytic activity of the basic pyridone ring and
the steric requirement of the t-butyl group, could be potentially
used as a catalyst for 1 dehydrogenation.[16]

Inspired by this idea, here we propose pyrazole 6 as a
catalyst (Scheme 2). In addition, the reaction of cyclotribora-
zane, 4, to yield borazine and three H2 molecules has also been
considered. The potential influence of the substituents in the
pyrazoles has been taken into account by studying the
reactions with the 4-nitro and 4-methoxypyrazole derivatives.
Finally, the solvent effect has been analyzed. In all these cases,
all the stationary points (minima and transition states, TSs)
connecting the reactants and final products have been
characterized using M06-2X/aug-cc-pVDZ DFT methods. Based
on these results, the kinetic of the reactions have been
calculated through transition state theory.

Computational Details
Geometry optimizations were carried out with Density Functional
Theory (DFT) by using the M06-2X DFT functional[17] with the aug-
cc-pVDZ basis set,[18] as implemented in the scientific software
Gaussian16.[19] This specific hybrid functional was chosen since,
among the Minnesota ones, it was developed to perform better for
weakly correlated systems. Moreover, the use of the M06-2X
functional together with a highly converged basis set was

Figure 1. B� N bonded systems (1–5) suggested for hydrogen storage. In this study, 1 and 4 are proposed as reactants, catalyzed by 6, to produce dihydrogen.

Scheme 1. Iridium complex 7 shown to act as a catalyst to dehydrogenate ammonia borane, while forming cyclotriborazane 4 and its derivative 8 as
byproducts.

Scheme 2. Catalytic reaction proposed to produce H2 using ammonia borane
as reagent and pyrazole as catalyst. Amino borane is also obtained as
byproduct.
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demonstrated to be a suitable computational strategy to study
different ammonia borane reactivities.[20] Frequency calculations of
all optimized geometries were carried out at the M06-2X/aug-cc-
pVDZ level of theory, confirming the nature of the located
stationary points: energy minima (no imaginary frequencies) or TSs
(only one imaginary frequency). In order to improve the energetic
description of the stationary points, the domain-based local pair
natural orbital coupled-cluster theory (DLPNO-CCSD(T))[21] method
was used by single point DLPNO-CCSD(T)/def2-TZVP calculations
on top of the DFT optimized geometries, using the Resolution of
Identity (RI) approximation for Coulomb (J) and HF exchange (K)
integrals (resulting in the RI-JK approximation), along with the def2-
TZVP/C and def2/JK auxiliary basis sets, using the tightPNO option
as implemented in the Orca5 program.[22] This methodology
provides similar results to those obtained with the standard
CCSD(T) method, but significantly decreasing the computational
cost.[23] The resulting energies incorporate the DLPNO electronic
energy and the thermal corrections at M06-2X level.

The geometries of the stationary points (minima and TSs) have
been gathered in Table S1 of the Supporting Information Material.

The solvent effect on the reaction profile has been calculated by
means of Integral Equation Formalism-Polarizable Continuum
Model (IEF-PCM).[24] Especially, tetrahydrofuran (THF) was selected
as solvent, as it was used for previous experiments.[16]

The electron density has been analyzed with the Quantum Theory
of Atoms In Molecules (QTAIM),[25] using the AIMAll program.[26] The
presence of (3,–1) critical points, known as bond critical points
(bcp), associated to interatomic interactions and its properties
allows to classify such contacts as covalent or non-covalent.[27]

Covalent interactions are characterized by large values of the
electron density at the bcp with negative values of the Laplacian
and total energy density. Weak interactions show small values of
the electron density at the bcp, with positive values of the
Laplacian and the energy density. Medium interactions show
positive values of the Laplacian but negative values of the energy
density and strong non-covalent interactions present similar
electron density properties to the ones found in covalent bonds
(negative Laplacian and energy density).

Results and Discussion

The mechanism proposed in this work to produce hydrogen is
based on the dehydrogenating of borazanes (compounds
already suggested for hydrogen storage purposes) catalyzed by
pyrazole (Scheme 2). It should be noted that pyrazole presents
acid-base properties due to a basic center (N moiety with a lone
pair capable of accepting a proton) and an acid center (NH
moiety capable of donating a proton).[28]

Due to these pyrazole properties, we propose a mechanism
composed of two initial simultaneous steps: the proton of the
NH group of the pyrazole interacts with the hydride B� H of 1,
allowing H2 release and, at the same time, one of the NH groups

of 1 interacts with the N moiety of the catalyst, producing a
proton transfer that forms 2 (BNH4) as byproduct. Finally, the
catalyst can be recovered after a prototropic tautomerism
between the nitrogen atoms of the pyrazole.

Once the feasibility of the mechanism was verified, we
studied the effect of the substituents in position 4 of the
pyrazole (4-NO2 and 4-OCH3) and the effect of the solvent, to
analyze how these variables affected the proposed reaction.

In the nomenclature used along the article, the “+ ” sign
indicates the sum of the energies of the isolated reactant and
catalyst, while “:” corresponds to their energy when forming a
complex. For instance, “6+1” corresponds to the sum of the
energy of the isolated pyrazole and ammonia borane in their
minimum energy configuration, while “6 :1” refers to the
formed complex between 6 and 1.

Main reaction

The main reaction is represented in Scheme 3. The energetic
profiles of Figure 2 and the geometries of the stationary points
shown in Figure 3, correspond to this Scheme.

The energetic profiles presented in Figure 2 show important
differences between the ones of free energy and the ones of
the electronic and enthalpy energies. This is due to the large
entropic contribution when the number of molecules changes
during the reaction. In the first step, i. e., 6+1 (two molecules)
to 6 :1 (one supramolecular assembly, or supermolecule), the
reduction in the number of isolated particles causes a change
of � 51.5 kJ ·mol� 1 in relative enthalpy, and of � 9.1 kJ ·mol� 1 in
relative free energy: a � 42.2 kJ ·mol� 1 difference. In the last step
(the fourth one), i. e., 6 :2:H2 (one supermolecule) to 6+2+H2

(three separated molecules), H2 is finally released and the
catalyst is regenerated, hence resulting in an increase of the
number of isolated particles that causes the enthalpy to
decrease by � 2.8 kJ ·mol� 1, while the free energy decrease by
� 57.3 kJ ·mol� 1: a +60.1 kJ ·mol� 1 difference. Concerning the
transition state formation (TS, second step) there is no change
in the number of particles, kept to one, with ΔH= +

117.8 kJ ·mol� 1 and ΔG= +123.6 kJ ·mol� 1: a much lower
+5.8 kJ ·mol� 1 difference, compared to the aforementioned
steps.

It has to be noted that the global reaction is, in the
thermodynamic point of view, largely exergonic, i. e. sponta-
neous (ΔG <0), although a relatively significant energy barrier
should make it kinetically slow. In the technological point of
view, this could be actually positive, since dihydrogen could be
released in a controlled fashion, possibly at demand. Especially,
according to transition state theory,[29] at room temperature the

Scheme 3. Overall chemical reaction indicating the production of dihydrogen from 1 catalyzed by pyrazole.
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velocity constant k for this reaction is estimated to be
1.38 ·10� 9 s� 1, resulting in an expected high lifetime τ(r.t.)=
8.36 ·103 days. By properly heating the reaction mixture, we can
ad hoc favor the dihydrogen release: at mild conditions,
τ(70 °C)=10.5 days, and increasing more the temperature we
could reach almost immediate H2 release: τ(150 °C)=3.40 mi-
nutes.

The molecular graph representations (including bond paths,
bond and ring critical points, belonging to QTAIM) of the most
interesting stationary points (6 :1, TS, and 6 :2:H2) involved in
the reaction are shown in Figure 3. The pre-reactive complex,
6 :1, shows two simultaneous interactions of the acid and basic

moieties of the pyrazole with the complementary ones of 1.
The analysis of the electron density shows the presence of
intermolecular bond critical points (bcp). Its properties are
typical of weak non-covalent interactions:[27] small values of ρbcp

(0.030 and 0.015 a.u. for the N···H and H···B contacts) and
positive values of the Laplacian, r2ρbcp, in both cases (Table S1).
These two simultaneous interactions explain the stabilization
found in the 6 :1 complex (� 57.5 kJ ·mol� 1) with respect to 6+

1. In the TS structure, the proton from the NH group of 1 is
already transferred to the pyrazole. The formation of an
incipient H2 molecule with an interatomic distance of 0.94 Å is
due to an elongation of the pyrazoles N� H and 1’s B� H bonds

Figure 2. Electronic (left), enthalpy (center) and free energy (right, at 298 K) profiles, in kJ ·mol� 1, including DLPNO corrections following Scheme 3.

Figure 3. Molecular graph of the stationary points from Figure 2. Green and red small spheres identify the location of the bond and ring critical points,
respectively.
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(1.41 and 1.34 Å, respectively). Both such bonds involved in the
formation of H2 show smaller values of the ρbcp (0.115 and
0.100 a.u., respectively) than in the complex, while H2 shows
increasing characteristics of covalent bond with a value of ρbcp

of 0.155 a.u. and a negative value of the Laplacian. The resulting
6 :1:H2 product complex shows a H2 molecule with an
interatomic distance slightly larger (0.80 Å) than when isolated
(0.76 Å) due to the simultaneous interaction with one of the
nitrogen atoms of the pyrazole and the boron atom of 1. The
ρbcp of the H2 molecule increases up to 0.235 a.u., very close to
the one found in the isolated molecule (0.253 a.u.).

Effect of pyrazole substitution patterns on the main reaction

To estimate how the acidity and basicity of the substituents on
the pyrazole ring can influence H2 production, we have selected
the electron donor 4-methoxy group and the electron acceptor
4-nitro group (9 and 10 in Figure 4), with the goal of decreasing

and increasing the acidity, respectively. Acid/base properties of
pyrazoles have been shown in the literature to be linearly
related, following the empiric relation: pKa=11.04+

0.916 pKb.
[30]

Figure 5 shows the energetic profile of the reaction to
produce H2 for the parent pyrazole and for the two (4-methoxy
and 4-nitro) derivatives considered.

The effect of the substitution on the position 4 of the
pyrazole has little consequences on the energetics of the
reaction: the formation of the initial complex with 1 is obtained
in all cases, with a difference of less than 1.7 kJ ·mol� 1 with
respect to 6 :1. Concerning the energy barrier determined by
the transition state, the path determined by 9 results in a slight
barrier reduction (� 1.2 kJ ·mol� 1) with an according slight
decrease of the reactants lifetime (τ(r.t.)=5.15 ·103 days), and
the path involving 10 in a minimal barrier raise (+0.7 kJ ·mol� 1)
with an according increase in lifetime (τ(r.t.)=1.11 ·104 days),
compared to un-substituted 6.

In any case, the geometries of the stationary points are
affected by the pyrazole substituents (Table S2): in the pre-
reactive complex the pyrazoles intermolecular N···H distance is
elongated by 0.08 Å in the 4-nitro derivative with respect to the
parent system, while the BH···H distance is shortened by 0.06 Å.
In the TS, the interatomic distance in the incipient H2 molecule
of the parent pyrazole is 0.94 Å while in the 4-nitro derivative
this distance is shorter (0.89 Å), hence indicating that the TS is
closer to the products. These parameters are almost identical
when considering the parent (6) and the 4-OCH3 derivatives (9).

Figure 4. Pyrazole (6) and its two derivatives studied in this work.

Figure 5. Free energy (at 298 K) profile of the H2 production reaction, including the effect of the substituent on the pyrazole 6 (black), resulting in the
derivatives 4-methoxypyrazole 9 (red) and 4-nitropyrazole 10 (blue). The corresponding electronic energy profile is given in Figure S1.

ChemPhysChem
Research Article
doi.org/10.1002/cphc.202300214

ChemPhysChem 2023, 24, e202300214 (5 of 10) © 2023 The Authors. ChemPhysChem published by Wiley-VCH GmbH

Wiley VCH Dienstag, 22.08.2023

2317 / 309932 [S. 29/34] 1

 14397641, 2023, 17, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/cphc.202300214 by C
sic O

rganización C
entral O

m
 (O

ficialia M
ayor) (U

rici), W
iley O

nline L
ibrary on [15/12/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Reaction using cyclotriborazane 4

As shown in Scheme 2, during the catalytic dehydrogenation of
1, 2 is obtained as a byproduct. In this section, we will show
how 2 can also lead to H2 production: as mentioned in the
introduction, it is feasible to obtain a trimeric structure of 2,
cyclotriborazane 4.[31] Once 4 is formed, by using again pyrazole
as catalyst, dehydrogenation can be accomplished, in principle
doubling the H2 production yield. When comparing the X-ray
structure of 4 with the one computationally optimized, we note
their resemblance due to a chair conformation[32] and a dipole
moment of 3.8 Debye (experimental: 3.2 Debye).[33]

The dehydrogenation reaction path of 4 to yield 5 and three
molecules of dihydrogen, catalyzed by pyrazole 6, is shown in
Scheme 4 and, more in detail, in Scheme 5.

The proposed mechanism corresponds to a cascade reac-
tion. The corresponding energy profile is depicted in Figure 6
and those involving 9 and 10 are gathered in Figure S1. Due to
the similarity of the three profiles, only the one of the parent
pyrazole, 6, will be discussed here. The release of the first H2

molecule, through TS1, is the less energetically favorable, due
to a larger barrier compared to H2 extraction from 1 (178.9
compared to 123.6 kJ ·mol� 1) and being an endergonic process
(6 :11:H2 is 22.0 kJ ·mol� 1 higher in energy than 6+4). Never-
theless, the release of the second H2 molecule, through TS2,

shows an almost identical barrier (123.3 kJ ·mol� 1) compared to
H2 extraction from 1 together with a slightly exergonic process.
Even better, the release of the third H2 molecule is highly
favorable from both kinetic (57.4 kJ ·mol� 1) and especially
thermodynamic (ΔG= � 188.8 kJ ·mol� 1) points of view and
could be the driving force for the reaction to evolve. This last
step corresponds to the formation of borazine 5, i. e., an
aromatic compound,[34] thanks to three subsequent dehydro-
genation steps transforming saturated 4 into unsaturated 11,
then 12, and finally 5. Experimentally, 4 can be regenerated by
reduction of 5.[35]

The estimation of the kinetic parameters helps in under-
standing the proposed three consecutive steps, in terms of
lifetime of the different species: τ(r.t.) goes from 4.08 ·1013 days,
calculated for the first step (i. e., the bottleneck), to
7.41 ·103 days for the second step (of the same order of
magnitude as for the main reaction involving 1), finally reaching
1.82 ·10� 3 seconds for the last step, hence corresponding to a
barrier that can be almost instantaneously overcome. As when
discussing the main reaction, also here heating the reaction
flask can result in proper decrease of the reaction lifetimes.
Nevertheless, in this case the relatively high barrier of the first
step would require heating until 250 °C to obtain a lifetime
below one day (τ(250 °C)=18.5 hours), reaching the sub-second
scale also for the second step (see Figure S2 in the Supporting

Scheme 4. Reaction of pyrazole with 4 (B3N3H12).

Scheme 5. Proposed mechanism for the dehydrogenation reaction of 4 using pyrazole as a catalyst.
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Information). Accordingly, such temperature increase would
affect significantly also the expected time corresponding to the
maximum concentration of the first intermediate (6 :11:H2),
which is calculated to be 1.66 ·105 days at r.t., while only 23.9 s
at 250 °C (see Supporting Information).

The molecular representations of the stationary points
belonging to the elementary reactions of Figure 6, are shown in
Figure 7. In the 6 :4 and 6 :11 complexes acting as reactants,
bifurcated hydrogen bonds are observed, acting the N� sp2 of
the pyrazole as multiple HB acceptor stabilizing the geometries
of the structures found as minima. In addition, dihydrogen
bonds are noticed here as contributors of the complex’s
stability. In 6 :12, two H···N hydrogen bonds are obtained. The
geometry of the corresponding TS3 shows a similar arrange-
ment to the one obtained in the 6+1 reaction, with an
elongation of the B� H and N(pyrazole)-H bonds and the
formation of an incipient H2 molecule with intermolecular
distances of 0.94, 0.92 and 0.94 Å in the TS1, TS2 and TS3,
respectively.

The H2 formed in the product of each elementary reaction is
involved in hydrogen bonds as donor, along the H� H axis,
where the electron density is depleted and as acceptor with the
σ electrons of the H� H bond.[36]

Solvent effect

To determine the effect of the solvent on the proposed
mechanism, a study was carried out selecting tetrahydrofuran
(THF) as implicit solvent in the 1!2+H2 reaction catalyzed by
6, as it was previously used for this type of experiments.[16] By
comparing the results obtained in gas phase and through the
solvation model (Figure 8), we can observe that each step of

the reaction profile in THF is higher in energy than the
corresponding in gas phase. Of particular relevance is the first
step, corresponding to complex formation between the reac-
tant and the catalyst, since it becomes unfavorable when
including THF, therefore already suggesting that the following
steps are less likely to take place. In any case, since this first
aggregation step requires 23.3 kJ ·mol� 1 it should be mainly
driven in solution by effective collisions in order the reaction to
proceed. Then, an only slightly higher energy barrier (143.2
compared to 123.6 kJ ·mol� 1) separates the reactant from
dihydrogen production, that is finally also exergonic in THF,
although to a lesser extent than in gas phase (� 20.3 compared
to � 57.6 kJ ·mol� 1). These differences could be explained based
on the polar character of 1, that shows a high dipolar moment
(5.3 Debye) that decreases along the reaction up to 1.8 Debye
in 2.

From the thermodynamic point of view, we should highlight
that the shown energy profiles do include the formation of the
light H2 gas molecule, that is expected to rapidly leave the
liquid reaction medium, thus favoring reaction evolution
towards the products.

From the kinetic point of view, the increased energy barrier
results in a ca. 104 days raise of τ(r.t.) compared to gas phase,
hence requiring a temperature increase until 220 °C to reach a
comparable τ(r.t.)=2.38 minutes (see Figure S3).

The solvent effect in the rest of the reactions studied
(modifying the catalyst, 9+1 and 10+1, or modifying the
reactant, 6+4) also shows that they are less favorable than in
gas phase, although only slightly. Their energy profiles are
provided in Figure S2.

The comparison of the TS structures shows that the
interatomic distance between the H atoms that will finally form
H2 are slightly longer in THF than in gas phase, while the

Figure 6. Free energy profile for the study of the reaction 4!5+3H2 catalyzed by 6. The electronic energy profile is shown in Figure S2.

ChemPhysChem
Research Article
doi.org/10.1002/cphc.202300214

ChemPhysChem 2023, 24, e202300214 (7 of 10) © 2023 The Authors. ChemPhysChem published by Wiley-VCH GmbH

Wiley VCH Dienstag, 22.08.2023

2317 / 309932 [S. 31/34] 1

 14397641, 2023, 17, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/cphc.202300214 by C
sic O

rganización C
entral O

m
 (O

ficialia M
ayor) (U

rici), W
iley O

nline L
ibrary on [15/12/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



opposite happens in the formed N� H bond in the pyrazole, that
is shortened in THF than in gas phase, in this way structurally
explaining the higher energy requirements when using THF.

Conclusions

We have studied a possible catalytic process involving an
organic catalyst (pyrazole) for dihydrogen production from
ammonia borane, already proposed to potentially store hydro-
gen as a physico-chemical stable compound. Interestingly, the
reaction produces a single byproduct (amino borane), that is
expected to trimerize spontaneously forming cyclotriborazane
which, in turn, can be also catalytically activated by the same
pyrazole to release dihydrogen. This could increase the
dihydrogen release efficiency compared to nowadays studies,
by using a metal-free sustainable compound instead of metal-
based catalysts mainly proposed up to date.

In the thermodynamic point of view, all the reactions
studied here are exergonic, ΔG<0. Moreover, the reaction of
cyclotriborazane to release three molecules of H2, in the

presence of pyrazole as catalyst, is very exothermic due to the
concomitant production of the aromatic borazine.

In the kinetic point of view, the energy barriers responsible
for both 1 and 4 dehydrogenations are expected to be
significantly high, resulting in high lifetimes. Nevertheless,
proper heating can decrease such barriers leading to a
convenient release strategy.

The substitution of pyrazole yielding a more acidic catalyst
(4-nitro derivative) or a more a basic one (4-methoxy derivative)
does not significantly change the energy profile of the main
reaction involving ammonia borane, i. e., the first catalytic step.

Concerning solvent effects, tetrahydrofuran was selected
due to solubility issues experimentally studied. The results point
toward a higher energy barrier (ca. +20 kJ ·mol� 1) for ammonia
borane to react, compared to gas phase, although the reaction
remains still feasible, also thanks to less remarkable but still
evident exergonic conditions (ca. � 20 kJ ·mol� 1), that should
drive the reaction. Thus, tetrahydrofuran or similar solvents can
be considered reliable candidates to carry out experimentally
the reactions explored in the present work.

Figure 7. Molecular graph of the stationary points in the elementary reaction for the transformation of 6+4 in 6+5+3H2. The location of the bond, ring, and
cage critical points are indicated with green, red, and blue small spheres, respectively.
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