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Herein, we report an air-stable, phosphine-free nickel catalyst sup-
ported by an NNN-based functionalized terpyridine ligand that
enables the selective dehydrogenation of ammonia borane (AB).
Operating under mild reaction conditions with low catalyst
loading, achieves up to 2.58 equiv. of hydrogen evolution, while
directing the reaction pathway toward borazine (BZ) formation.

1. Introduction

Developing safe, efficient, and high-capacity hydrogen storage
materials remains a key challenge in the pursuit of clean
energy technologies. Among the available candidates,
ammonia borane (AB) is an attractive candidate owing to its
high hydrogen content (19.6 wt%), air stability, low cost, and
commercial availability, making it particularly promising for
proton exchange membrane (PEM) fuel cells and hydrogen-
powered transportation."> However, in the presence of the
strong N-H---H-B dihydrogen bonding in AB, thermal
decomposition occurs at around 90 °C, limiting its direct
applicability.”> To overcome this limitation, extensive efforts
have focused on homogeneous transition metal catalysts that
enable AB dehydrogenation under mild reaction conditions,
with improved hydrogen release efficiency and selective for-
mation of oligomeric species such as borazine (BZ), alongside
two equiv. of hydrogen evolution. It can further convert into
polyborazine (PBZ, a B-N coupled adduct), accompanied by
the release of H, (Scheme 1a).* The released BZ serves as a ver-
satile synthon for B-N-based oligomers and polymers with
applications in ceramics, gas storage and separation, and
supramolecular systems.’

In this regard, homogeneous transition metal complexes
based on noble metals such as Ir, Ru, Pd, Rh, and Re have
shown excellent performance, delivering high rates and selec-
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tive formation of BZ or PBZ under optimised reaction
conditions.”® "> More recently, attention has shifted toward
base-metal catalysts and organocatalysts’*'* as cost-effective
and sustainable alternatives. In line with this, iron-based com-
plexes with diverse ligand architectures have been widely inves-
tigated, with a range of 1 to 2.5 equiv. of H, gas production,
while cobalt-based catalysts have also demonstrated efficient
AB dehydrogenation, producing 1 to 2 equiv. of H, gas along-
side boron-containing oligomeric products such as B-(cyclodi-
borazanyl)-amine borane (BCDB)/B-(cyclotriborazanyl)amine-
borane (BCTB), cyclotriborazine (CTB), BZ, and PBZ.>?
Notably, among the nickel-based systems, Baker and coworkers
introduced the only report of the combination of Ni(cod), pre-
cursors with an NHC carbene ligand, which achieved more
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Scheme 1 (a) Transition metal catalysed AB dehydrogenation pathway;

(b) reported base metal complexes for AB dehydrogenation; and (c) this
work.
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than 2.5 equiv. of H, release with BZ and PBZ as end products
from AB dehydrogenation (Scheme 1b).>*

Despite the effectiveness of base-metal catalysts, their use is
limited by BN polymer formation, unquantified BZ formation,
the need for external base-additives, and instability from nano-
particle formation. To overcome these challenges, robust NNN
ligands might offer a more sustainable alternative by replacing
air- and moisture-sensitive ligands. In this work, we report an
air-stable, homogeneous, designed molecular Ni-based
complex supported by a functionalized terpyridine NNN
ligand, which efficiently catalyses AB dehydrogenation. The
catalytic protocol delivers up to 2.58 equiv. of H, and selecti-
vity toward BZ, while maintaining durability up to eight cata-
lytic cycles with a high catalytic TON (Scheme 1c).

(a) Series of NNN-based Ni complexes

Mo,

-9 o<

Scheme 2 (a) Series of NNN-based Ni complexes and (b) molecular
structures of complexes 2 and 3.
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2. Results and discussion

Building on our previous work, Ni complexes 1, the chloro ana-
logue, and 2, the bromo analogue, both featuring a piperidine-
functionalized terpyridine ligand (L1),>* were synthesised and
fully characterised.?® In a similar way, a pyrrolidine functiona-
lized terpyridine ligand L2 was synthesised, and the corres-
ponding Ni complex 3 was prepared using NiCl,(PPh;), in
THF, and spectroscopically characterised (Scheme 2a). Both
complexes 2 and 3 displayed a distorted square pyramidal geo-
metry around the Ni centre with the rigid binding of the func-
tionalized NNN ligand backbone, observed from single crystal
X-ray analysis (Scheme 2b, see SI, sections 9.1 and 9.2).
Inspired by the excellent catalytic reactivity of Ni complexes
1 and 2 in the transfer hydrogenation of azoarenes using AB in
ethanol as the hydrogenating source,*® we intended to study
the dehydrogenation of AB as a hydrogen-rich substrate
directly to monitor the hydrogen evolution using these
designed Ni complexes (Table 1). Initially using AB (1 mmol)
in the presence of complex 1 (1 mol%) at 60 °C for 12 h as
optimal conditions resulted in 42 mL (1.86 equiv.) of H, gas
with 29% of BZ formation, detected from the ''B spectroscopy
at 31.03 ppm (d) using NaBPh, (0.01 mmol) as an internal
standard (entry 1). Along with the BZ, other oligomeric species
such as BCTB, p-amidodiborane (u-ADB) and PBZ were also
observed in the "B spectra (see SI, Fig. $24).'® The liberated
H, gas was collected using an inverted water burette, and its
purity was verified by gas chromatography and further con-
firmed through a chemical technique by performing Pd/
C-catalyzed hydrogenation of styrene to ethylbenzene (see SI,
section 7, Fig. S11).”” However, instead of AB, utilising
dimethyl ammonia borane (NMe,H-BH3;), only 6 mL of H, or

Table 1 Optimization of the catalytic dehydrogenation of AB using Ni complexes?

5
— @ HN”"SNH
(NHgBH; ) —=——> 13 1l 1|
v HB ~BH

NP

Borazine BZ H

+2H2+_>—>

Polyborazine + (1 4
pPBZ

Entry Ni catalyst Solvent Temp. (°C) Time (h) H, volume in mL (equiv.) BZ (%)
1 1 THF 60 12 42 (1.86) 29
2 2 THF 60 12 42 (1.86) 28
3 3 THF 60 12 36 (1.60) 20
4 — THF 60 12 28 (1.24) 10
5 NiCl,(PPhs), THF 60 12 22 (0.98) 6
6 NiCl, THF 60 12 33 (1.46) 20
7° 1 THF 60 12 40 (1.78) 20
8 1 THF 25 12 4(0.18) nd
9 1 THF 60 6 26 (1.16) 13
10° 1 THF 60 12 40 (1.78) 26
11 1 Dioxane 60 12 41 (1.83) 23
12 1 DME 60 12 22 (0.98) 10
13 1 THF 60 48 48 (2.14) 58
14 1 THF 80 12 54 (2.40) 61
15 1 THF 80 48 58 (2.58) 52
16 1 THF 80 72 458 (2.04) 51

“Reaction conditions: AB (1 mmol), Ni complex (1 mol%), and solvent (1 mL); the yield of borazine was determined by ''B NMR with NaBPh,
(0.01 mmol) as an internal standard. ?1 (0.5 mol%). ° Hg (100 equiv. w.r.t 1). “AB (10 mmol) and 1 (0.005 mol%).
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trimethyl ammonia borane (NMe;-BH;), no H, gas was gener-
ated under the mentioned reaction conditions (see SI, Fig. S42
and $43). Similarly, under the same conditions, complex 2
showed similar catalytic H, yield, whereas complex 3 exhibited
lower catalytic activity, producing 36 mL of H, (1.6 equiv.) with
20% yield of BZ (entries 2 and 3). The significance of the mole-
cular Ni complex was underscored by the low H, evolution and
poor BZ selectivity obtained without a catalyst or with Ni pre-
cursors (NiCl,(PPhjy), and NiCl,), leading us to pursue further
study with complex 1 (entries 4-6). Notably, decreasing the
loading of complex 1 to 0.5 mol% delivered 40 mL H, with
only 20% BZ yield under the optimised conditions, indicating
that although lower catalyst loading sustains gas evolution, it
compromises with product selectivity (entry 7). Furthermore,
decreasing the reaction temperature to 25 °C or shortening the
reaction time to 6 h resulted in considerably lower H, pro-
duction and poor BZ yield (entries 8 and 9). To further
confirm the homogeneity of complex 1, a mercury drop test
was carried out under the standard conditions, resulting in no
loss of catalytic activity (40 mL of H,, 26% yield of BZ) (entry
10). However, when PPh; was introduced as an additive, the
catalytic activity dropped sharply, comparable to that of the
blank reaction in entry 4, Table 1 (see SI, Fig. S39). Screening
various solvents, such as dioxane, DME, diethyl ether, or
toluene, shows lower catalytic activity compared to THF under
the optimised reaction conditions (entries 11 and 12, see SI,
Table S1). When the reaction time was extended to 48 h,
48 mL of H, evolution was recorded along with 58% BZ yield
(entry 13). To improve further selectivity, when performing the
reaction at a higher temperature, 80 °C, 54 mL of H, (2.4
equiv.) with the highest yield of BZ (61%), along with PBZ for-
mation, was achieved, as confirmed by 'B NMR (27 ppm) and
IR spectroscopy (see SI, section 5.5).' To witness the
maximum H, evolution, under the Ni-based catalytic system,
increasing both the reaction temperature and time to 80 °C
and 48 h, respectively, leads to generating 58 mL of H, (2.58
equiv.), although lowering the BZ yield to 52% (entry 15).
Importantly, to demonstrate the practical applicability, the
catalyst loading of 1 was reduced to 0.005 mol%, under which
10 mmol of AB underwent efficient dehydrogenation to
produce 458 mL of H, with a 51% yield of BZ, achieving the
highest TON of 40 738 (entry 16, see SI, section 5.6).
Encouraged by the promising catalytic activity of complex 1,
we next evaluated its durability for H, production under the
optimised conditions. Utilising only 1 mol% of complex 1
loading, the catalytic activity of producing H, remained active
over eight consecutive cycles, generating a total of 414 mL H,
with an overall TON of 1843 (Scheme 3a, see SI, section 5.1).
Further monitoring the reaction progress through H, gas evol-
ution revealed a fast initial rate, corresponding to an initial
TOF of 298 h™", highlighting the high catalytic efficiency
during the initial period of dehydrogenation (see SI, section
5.2). To understand the role of catalysts and aminoborane, a
cyclohexene trapping experiment was carried out. During the
catalytic dehydrogenation of AB to BZ, cyclohexene was
employed as a trapping agent, and after chemical entrapment,
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Si_ s 5 5 S o

“ ‘ | ‘ - - ol g =

50 >

“

2"’ | ‘ ‘ | | ‘ |
12 3 4 5 6 71 8 9

10

Complex 1 loading = 1 mol%

Total gas volume (in mL) = 414 mL

Volume in mL

Overall catalytic TON = 1843

Number of cycles
(b) Chemical entrapment technique during dehydrogenation of AB
@
NH3BH; o ez + 2 @}

AB

Successful trapping of NH,BH, using cyclohexene

1N S [;ﬁ"\f;r:t"”ﬁ

1 1 o~

1B NMR: -4.95 ppm 113 NMR: 47.8 ppm

(c) Detection of the resulting boron intermediates in BZ formation

H, H H
E‘z H B"N\‘E"N%BH d HN SR
NHsBHy = HNT e 2 ° e
NH3BH,CI B’ HN_ NH, 2 HB.__ Bl
AB H, B
H, H Bz
1B NMR: -8.60 ppm  -26.2 ppm 11.33 ppm 31.03 ppm
u-ADB BCTB
L]
(viii) Complex 1 with AB at 80°C M .
forsh il * * © AB (-22 ppm) :
(vii) Complex 1 with AB at 80°C 'J‘ . ©NH;BH,CI(-8.60 ppm)
forah | 7
J\ © U-ADB (-26.2 ppm)

(vi) Complex 1 with AB at 80°C

for3h I “ ©BCTB (-11.3 ppm) 6
(U 0y

BZ (31.03 ppm
(v) Complex 1 with AB at 80°C \ ¢ ( ppm)
for2h m Al :

(iv) Complex 1 with AB at 80°C
for1h it 4

(iii) Complex 1 with AB at 80°C i
for 30 min

(ii) Complex 1 with AB at 80°C
for 15 min A 2

(i) Complex 1 with AB at rt

o 0 o
1 (ppm)

Scheme 3 (a) Catalyst 1 durability test; (b) chemical entrapment tech-
nique during dehydrogenation of AB; and (c) detection of the resulting
boron intermediates in BZ formation. * Unidentified species.

it afforded H,NB(C¢H14),, confirmed by a 'B NMR peak at
47.8 ppm. This observation demonstrates that aminoborane
(NH,BH,) is released as a reactive intermediate, which under-
goes entrapment in solution rather than coordinating to the
metal centre, thereby supporting an off-metal dehydrogenation
pathway (Scheme 3b, see SI, section 5.3). In a metal-centred
(on-metal) pathway, the aminoborane intermediate is expected
to remain coordinated to the metal or proceed through sub-
sequent metal-mediated transformation. As a result, its avail-
ability to react with an external alkene would be significantly
reduced."®

Furthermore, the progress of the dehydrogenation reaction
was monitored by "B NMR analysis by treating complex 1
(0.01 mmol) with AB (0.1 mmol) in THF/Cg¢Dg (1:1). At room
temperature, a transient intermediate NH;BH,Cl was initially
detected at § = —8.60 ppm, along with the unreacted AB.*®
However, upon heating to 80 °C for 15 min to 4 h, the signal
for NH;BH,Cl disappeared, and new signals emerged at § =
0.16 ppm (quartet) and § = —11.33 ppm (triplet), attributable

This journal is © The Royal Society of Chemistry 2026
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(a) Catalytic reactivity of complex 4
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Scheme 4 (a) Catalytic reactivity of complex 4 and (b) proposed reac-
tion mechanism.

to BCTB.*’ Simultaneously, a signal at § = -26.2 ppm
appeared, assigned to p-ADB, along with a peak at ¢ =
31.03 ppm corresponding to the formation of BZ. Prolonging
the reaction time up to 8 h at 80 °C resulted in the predomi-
nant formation of BZ with the consumption of AB, u-ADB and
BCTB (Scheme 3c, see SI, section 5.4).

To further examine the influence of the coordinated Lewis
basic piperidine unit in the ligand framework of complex 1, a
piperidine-free terpyridine-Ni(u) dichloro analogue, complex
4, was synthesised and confirmed by ESI-HRMS and single-
crystal X-ray analyses. Upon utilizing complex 4 for the dehy-
drogenation of AB, 44 mL of H, (1.95 equiv.) and 44% yield of
BZ were obtained at 80 °C over 12 h which indicates a signifi-
cantly lower performance than that of complex 1 (Table 1,
entry 14), indicating the pivotal role of the piperidine moiety
in enhancing catalytic efficiency (Scheme 4a). Based on experi-
mental observations and previous precedent literature, a
mechanistic pathway has been proposed (Scheme 4b).*°** The
reactivity of deuterated AB isotopologues (ND;BH; and
NH;BD;) was examined, which revealed a significantly slower
formation of the corresponding deuterated BZ derivatives in
comparison with AB (see SI, section 5.4). This highlights an
efficient dehydrogenation of AB, which may occur through the
outer-sphere cooperative activation of AB with the Ni centre
and the piperidine N atom, as shown in a,?%**** followed by a
rapid hydride/proton recombination to liberate one equiv. of
hydrogen gas with aminoborane. The transient aminoborane
formed in this process is unstable and further undergoes self-
condensation and isomerisation through intermediates such
as BCTB and p-ADB, ultimately affording BZ and PBZ as the
thermodynamic end products with liberation of H, in the pres-
ence of an active catalyst.

3. Conclusions

In conclusion, this study demonstrates a Ni-NNN catalytic system
1 incorporating a piperidine-functionalized terpyridine backbone,
which shows high efficiency for AB dehydrogenation, delivering
up to 2.58 equiv. of H, with selectivity toward BZ. The catalysts

This journal is © The Royal Society of Chemistry 2026
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operate under mild conditions with minimal catalyst loading and
exhibit excellent reusability over eight consecutive cycles, main-
taining their catalytic activity. Notably, a remarkable TON of
40738 was achieved, representing the highest reported value
among base-metal catalysts for this transformation. Further
studies are in progress to obtain definitive experimental evidence
supporting the cooperative role of the piperidine arm in complex
1 during the AB dehydrogenation process.
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