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The need for sustainable hydrogen production has driven the search for efficient, earth-abundant catalysts.
We report a breakthrough in photocatalytic acceptorless alcohol dehydrogenation (AAD) using a well-
defined, air-stable nickel(n) complex, [Ni(2,6-{Ph,PNH},>(NCsH3))Brl* (1*) which represents the first fully
characterized nickel complex to catalyze photocatalytic AAD. This catalyst operates at room temperature
under visible light irradiation to selectively produce hydrogen from various aliphatic alcohols. Catalyst
performance is significantly enhanced by introducing dimethylethanolamine (DMEA) as an efficient electron
donor, an electron donor previously unexplored in photoredox reactions. Mechanistic studies, supported
by computational analysis, reveal the crucial role of the flexible pincer ligand in facilitating the catalytic
cycle. The proposed transformation of the “PNP” ligand to a bidentate PN configuration, supported by
DFT optimization, creates an open coordination environment at the nickel centre, key for B-hydrogen
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DOI: 10.1039/d5cy00647c elimination. This work addresses challenges in hydrogen production and bridges the gap between
traditional catalysis and photoredox chemistry and represents a significant step towards more economical

rsc.li/catalysis and environmentally friendly hydrogen generation.
catalyzed aqueous dehydrogenation of methanol and the

direct catalytic acceptorless dehydrogenation of alcohols

Introduction

The global energy landscape must shift towards sustainable
and renewable technologies to meet future demands.
Hydrogen, as a promising renewable energy source, has
gained significant attention due to its potential to reduce
dependence on fossil fuels and address environmental
challenges."™ However, current hydrogen production
methods are predominantly fossil fuel-based, resulting in
substantial CO, emissions.> Additional obstacles to
implementation of hydrogen as a clean energy source are
connected to safety issues with the transport and storage of
hydrogen. To overcome these limitations, direct
dehydrogenation of alcohols has emerged as a promising
avenue for clean hydrogen production. This approach offers
the potential for reversible hydrogen storage using stable
organic compound such as methanol and other alcohols as
hydrogen carriers. Particularly attractive are alcohols derived
from biomass, such as ethanol and polyols, which can serve
as renewable, stable, and high-density hydrogen storage
compounds.®

Recent advances in the application of homogeneous
molecular complexes in this field include the ruthenium-
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(AAD), which generates hydrogen alongside corresponding
aldehydes or ketones.””® The potential of homogeneous
molecular catalysts for AAD has been reviewed and
reveals the dominance of Ru and Ir complexes in this
field.>™"3

There has been recent increased focus on the use of 3d
metal complexes in such processes."*™'® Since the
dehydrogenation of alcohols is endothermic, the reported
reaction conditions generally involve elevated temperatures
(>90 °C) which favor the entropic term in the free
energy.'’

Sustainability for this transformation demands
switch to 3d metal complexes as AAD catalysts.
Examples of such complexes shown as I and II in

the
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Scheme 1. The “PN°P” pincer ligand-supported Mn
Tp' = tris(3,5-
H, To @ dimethylpyrazolyl)borate
z N-|—<PR
g AFR2
qLMn—C \ /N\Ni—Tp'
H,N\E( | o
? co
R =iPr 1 ]

Scheme 1 Characterized 3d metal complexes for thermally activated
AAD.
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complex I was primarily employed in hydrogenation of
carbonyl compounds and was also noted to promote
dehydrogenation at 110 °C in toluene with ‘BuOK base.**
A nickel(nr) complex, II, bearing a tris(3,5-dimethylpyrazolyl)
borate ligand and a 2-hydroxyquinoline ancillary ligand,
catalyzed the acceptorless dehydrogenation of alcohols in
refluxing toluene, although the H, was not measured.”
Efforts in electrochemically promoting the oxidation of
alcohols is an alternative option employing more uses of
3d metal complexes.?®2®

The application of visible light to activate AAD is
appealing regarding cleanliness and sustainability. Light-
driven alcohol splitting into H,, and a carbonyl product
remains still an important challenge. The literature has
focused primarily on heterogeneous catalyst and molecular
complexes remain rare."*?** Among the noble metals, a
Ru(n) NHC complex was reported to catalyze the
photodehydration of benzylic alcohols wunder basic
conditions,® and Rh(m) polypyridyl complexes®® and
binuclear Pt(n) diphosphite complexes®’ are reported
visible-light-driven = alcohol  dehydrogenation  catalysts.
Molecular photocatalysts with 3d metal centers are limited
to the report of a mixture of Ni(OAc),, mercaptopropionic
acid and Eosin Y for photocatalytic dehydrogenation of
benzylic alcohols® and the AAD of aliphatic secondary
alcohols with a ternary hybrid catalyst system comprising a
photoredox catalyst, a thiophosphate organocatalyst, and a
nickel(n) salt.>®

Neutral chelating N,N'-bis(diorganophosphino)-2,6-
diaminopyridine (2,6-{R,PNR’},(NCsH;) = PN°P) pincer
ligands offer kinetic stability, coordination flexibility,
tunablity of sterics and electronic properties and are known
to support catalysts for variety of reactions."”?**® Our
previous work using complexes of PN®P for electrocatalytic
hydrogen production led to our postulating that the non-
innocent behavior of the pincer ligand could be exploited for
a pioneering photoredox promoted AAD reactions. For
example, PN’P-supported Co(u) catalysts demonstrated
efficient electrocatalytic production of hydrogen from water
with a 96% Faradaic efficiency.***° Furthermore, PN’P-
supported Ni(n) complexes are active catalyst for water
reduction, boasting excellent Faradaic efficiency.*’ The
proposed mechanisms for these reactions rely on the non-
innocent role of these ligands.

We now report the discovery that air-stable, pseudo-
square-planar Ni(u) complexes, [Ni(2,6-{Ph,PNR},(NC;H3))Br]"
(R = H, 1"; R = Me, 2"), serve as an exceptional visible-light
photoredox catalysts for the selective production of
hydrogen. These novel complexes not only demonstrate
remarkable AAD reactivity but also represents a
breakthrough as the first fully characterized Ni complexes
to catalyze acceptorless alcohol dehydrogenation via
photocatalysis. The unique structure and reactivity of these
complexes present new opportunities in sustainable
hydrogen generation, bridging traditional catalysis and
photoredox chemistry.
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Results and discussion

Ready access to the PN’P complex of Ni(u), 17, was provided
by direct reaction of the ligand and a suspension of
anhydrous NiBr,. The orange complex yielded an X-ray crystal
structure consisted of the distorted square-planar Ni(u)
cationic complex [Ni(2,6-{Ph,PNH},(NC;H;)Br]" (1') with a
charge balancing bromide anion as represented in
Scheme 2.**

The exploration of the photocatalytic AAD ability of 1°
began with methanol as a substrate and employed a typical
multicomponent system consisting of a photosensitizer (PS),
an electron donor (ED) and 1" in acetonitrile as solvent.
Specifically, the PS, Ru(bpy);*'PFs~, and 1Br were combined
with triethanol amine (TEOA), as the ED, in a glass vial with
4 ml of CH;CN and 1 ml of methanol which was purged with
N,. The reaction mixture was irradiated with visible blue light
LED for 24 h at room temperature. Gas chromatographic
analysis revealed the exclusive formation of H,, with no other
gaseous products detected, demonstrating that 1" functioned
as an excellent visible-light photoredox catalyst for selective
hydrogen production (Table 1). The requirements for each of
the reaction components were demonstrated by a series of
control experiments. Specifically, no hydrogen was generated
by catalyst systems that were not irradiated with blue light.
The requirement for the presence of both the Ni complex 1"
and the Ru(bpy);>" photosensitizer was demonstrated by
background experiments carried out in the absence of one of
these species and resulted in only traces of H, (Table 1,
entries 5-7). Finally, no hydrogen was generated in the
absence of an ED.

The important role of reaction solvent was demonstrated
by comparing this reaction in two solvents commonly
employed in photocatalytic investigations: CH;CN and
dimethylacetamide (DMA). For this catalyst system, using
DMA as the reaction solvent led to increased hydrogen
production by a factor greater than 2.5 as shown in Table 1
(entries 1, 2).

Tertiary aliphatic amines represent the most employed
electron donors in photochemical reductions with triethanol
amine (TEOA), despite the difficulty in handling this viscous
liquid, being exemplar.**> Our initial attempts with TEOA gave
encouraging results (Tables 1 and S1). During these
experiments we considered the role of adventitious water
arising from the TEOA. The role of trace water in related
heterogeneous photocatalytic reactions is of current active
interest.”* A comparison as-received TEOA with TEOA that

m
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Scheme 2 Preparation and structural representation of complex 1.
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Table 1 Summary of the photocatalytic acceptorless dehydrogenation of methanol using [Ni(2,6-(Ph,PNH),(NCsHz))Br]Br, 1Br. Irradiation of 4 mL
solutions of 1Br with 2 mM Ru(bpy)s(PFe), with electron donor (ED) and 1 mL added MeOH under N, for 24 h

Entry [1Br] (mM) Solvent ED MeOH H, (umol) TON @° (%)
1 2 CH,CN TEOA® 1 101 10 0.7
2 2 DMA? TEOA 1 261 26 1.6
3 2 CH,CN DMEA? 1 192 19 1.2
4 2 DMA DMEA 1 459 46 2.9
5 0 DMA TEOA 1 16 — —
6 0 DMA DMEA 1 17 — —
7 2 DMA DMEA 1 0 — —
8 3 DMA DMEA 1 518 52 3.5

“ No added Ru(bpy);(PFe),. © DMA = dimethylacetamide. ° Triethanolamine. ¢ Dimethylethanolamine. ¢ 1.84 x 10”7 mol photons per s.

had been dried using 4A molecular sieves for the
photocatalytic hydrogen generation catalyzed by 1Br revealed
the deleterious effect of water on this reaction. Furthermore,
the ability of simpler triethylamine (TEA) to serve as an
electron donor in this reaction was examined (Table S1) and
found to be successful but inferior to TEOA.

In our quest for a more accessible and cost-effective
electron donor (ED), we identified dimethylethanolamine
(DMEA) as a promising candidate for catalytic photoredox
AAD. DMEA, an industrially produced compound, finds
widespread use in applications ranging from polyurethane
production catalysis to CO, capture.*”*® Its lower viscosity
compared to TEOA offers practical advantages in handling
and application. Surprisingly, despite its potential, DMEA has
not been previously reported as an electron donor in
photoredox reactions. This oversight presented an
opportunity to explore its efficacy in our system. As seen in
Table 1, DMEA offered superior performance to TEOA in the
1" catalyzed photoredox activated AAD in both CH;CN and
DMA (entries 3 and 4) with significantly greater H,
production in DMA.

It is also noteworthy that an increase in [1'] (entry 8) led
to increase in the level of hydrogen production. This is
further evidence of the catalytic role of 1'.

Other aliphatic alcohols were also determined to be
effective substrates for this photocatalyzed transformation.
Successful AAD was carried out with ethanol, isopropanol,
neopentyl alcohol and methanol-d® using the optimized
conditions obtained with methanol (Table 2). Specifically,

Table 2 Summary of the photocatalytic dehydrogenation of alcohols
with  [Ni(2,6-(Ph,PNH)>(NCsH3))Br]Br, 1Br. Irradiation of 4 mL DMA
solutions of 1Br and 2 mM Ru(bpy)s(PFg), with DMEA as the electron
donor (ED) and 1 mL of added ROH. Irradiated with a visible blue light
LED under N, for 24 h

Entry [1Br] (mM) ROH H, (umol) TON
1 2 ‘PrOH 342 34
2 2 EtOH 369 37
3 2 NpOH 272 27
4 2 CD;OH 456% 46

“ Observed HD and D, by mass spectrometry.

This journal is © The Royal Society of Chemistry 2025

with Ru(bpy);>’PFs- and DMEA in DMA and blue light
irradiation, 1" generated H, with a trend in production of
MeOH=—CD;OH > EtOH = NpOH > ‘PrOH. This data
suggests that increased substitution on the a-C center led to
slower reaction. This may be a steric effect or due to
modulation of the OH bond strength.*® Furthermore,
application of this photocatalyst system to phenol, an alcohol
lacking an a-hydrogen, resulted in no hydrogen generation
and supported the need for these active H centers.

Employing isopropanol (iPrOH) as a substrate in this 1Br
photocatalyzed AAD provided a straightforward method for
analyzing both hydrogen production and the ketone
byproduct and confirming mass balance. Our results showed
that 340 pmol of H, was generated, while 330 pmol of
acetone (97% of theoretical) was produced (Fig. S3). Similar
smaller scale NMR tube experiments using ethanol and
methanol as substrates yielded proportional amounts of
acetaldehyde and formalydehyde respectively (Table S2).

The kinetics of the AAD reaction of methanol to
formaldehyde were studied using time-resolved NMR
spectroscopy. An NMR tube containing catalyst 1Br,
photosensitizer, DMEA, and methanol in CD;CN was
irradiated, and spectra were acquired over several hours. This
allowed for real-time monitoring of the reaction without
disturbing the system. The reduction in the concentration of
methanol was quantified, enabling the construction of a time

22
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Fig. 1 Time-dependent photocatalytic conversion of methanol to
formaldehyde and H, (AAD) catalyzed by 1Br with Ru(bpy)s(PFs), and
DMEA conducted in CD3CN. Data points represent concentrations of
In[MeOH] over time, demonstrating first-order kinetics. The equation
represents a linear fit to the data.
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Scheme 3 Preparation and structural representation of complex 2*.

profile for the transformation (Fig. 1). The data analysis
revealed a first-order rate dependence on [MeOH] with a rate
constant of 9.4(107°) h™".

In an effort to to reveal the general features of this process
and to explore potential mechanisms we prepared our
previously reported the analogous complex 2Br. When
dissolved, this complex dissociates a bromo ligand to yield 2*
(Scheme 3).*'

We were pleased to observe successful photocatalytic AAD
with the same set of alcohols and similar performance using
the optimized conditions observed with 1" with this data
presented in Table 2. These results broaden the reaction
scope and suggest the lack of direct involvement of ligand
NH groups in the catalytic process (Table 3).

Based on our experimental data and previous work with
these complexes, we propose a mechanism for
photocatalyzed AAD shown in Scheme 4. Our previous studies
demonstrated that 1" undergoes a reversible reduction at Ey,,
=-0.93 V and two irreversible reductions at -1.4 V and -2.49
V (all potentials referenced to the ferrocene/ferrocenium
couple).”” When converted to SCE reference, these potentials
correspond to approximately —0.62 V, -1.1 V, and —2.18 V vs.
SCE, respectively. Considering that the Ru(u)/(1) couple for
Ru(bpy);>* has a reported reduction potential of —1.33 V vs.
SCE, only the first two reductions of 1" are accessible in this
photoredox system.

We propose a catalytic cycle initiating with the double
reduction of 1%, followed by bromide anion loss, yielding
compound A. The reducing equivalents are supplied by
Ru(bpy);*, which is generated through photoexcitation of
Ru(bpy);>* and subsequent reductive quenching by DMEA.
This 16-electron Ni(0) complex is primed for oxidative
addition of the alcohol O-H bond.

Computational optimization of the oxidative addition
product of A with methanol revealed dissociation of one
aminophosphine group, with a new hydride ligand occupying

Table 3 Summary of the photocatalytic dehydrogenation of alcohols
with [Ni(2,6-(Ph,PNMe),(NCsH3))Brl*, 2*. Irradiation of 4 mL DMA
solutions of 2* and 2 mM Ru(bpy)s(PF¢)> with DMEA as the electron
donor (ED) and 1 mL of added ROH. Irradiated with a visible blue light
LED under N, for 24 h

Entry 2] (mM) ROH H, (umol) TON
1 2 CH;0H 433 43
2 2 'PrOH 356 35
3 2 EtOH 368 37
4 2 NpOH 265 27
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Scheme 4 Proposed mechanism for the photocatalytic molecular
acceptorless dehydrogenation of alcohols  with [Ni(2,6-
(Ph,PNH),(NCsH3))Brl*. PS = Ru(bpy)s>*, ED = DMEA.

the vacated coordination site, resulting in complex B (Fig. 2).
The transformation of the PN°P ligand to a bidentate PN
configuration exploits a crucial feature of the pincer
framework: it creates the necessary open coordination
environment at the Ni center, a key prerequisite for
B-hydrogen elimination.*” This structural change facilitates
B-hydrogen elimination from B, resulting in a Ni(II) dihydride
(NiH,) intermediate. Our previous work demonstrated that
analogous pincer-stabilized dihydrides readily convert to
dihydrogen complexes, followed by H, elimination.*®
Importantly, an alternative outer-sphere mechanism could
also be proposed. In general, such mechanisms involve either
an anionic ligand or hydrogen bonding between the substrate
and a ligand that orient the substrate and metal center for
reaction."*® In the case of complex 1" the neutral nature of
the ligand and the spatial orientation of the N-H moieties,
planar and directed away from the metal center, do not favor
an outer-sphere mechanism. An alternative outer-sphere
mechanism involving deprotonation of an N-H function in
species A to produce species X (along with its resonance
structures) was also considered. Both A and X were
computationally optimized wusing DFT with a B3LYP
functional and def2TZVP basis set employing a polarized
continuum model with parameters for acetonitrile. The
resultant optimizations indicated that proposed compound X
was higher in energy than A by more than 200 kcal and
further discourage an alternative outer-sphere mechanism.
Finally, the observation of similar catalytic reactivity for
photocatalytic AAD using 2" also disfavor this option.

Fig. 2 Computationally optimized oxidative addition product of A and
the methanol. Obtained using the B3LYP functional, def2TZVP basis set
and PCM model for solvation in acetonitrile.

This journal is © The Royal Society of Chemistry 2025
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The computed AG for this proposed reaction cycle using
species A was found to be 26.1 kcal mol™ (Table S3). This
can be directly compared with the free energy calculation
using the AG; values of for gaseous methanol (-38.8 keal
mol™") and gaseous formaldehyde (-24.5 kcal mol™)
yielding a AG of 14.3 kcal mol™.*° The discrepancy in the
required energy for this conversion corresponds well with
the energy available by the Ru(u)/(1) redox couple for the
photosensitizer Ru(bpy)s;*>" (Erea = —1.33 V vs. SCE) which is
equivalent to about 25.1 kcal mol'. Attempts to observe
intermediates in this mechanism by examining a reacting
system by *'P NMR gave 1" as the only significant and
clear NMR signal suggesting that this is the resting state of
the catalyst system.

Conclusions

In this report, we have demonstrated the first examples of a
well-characterized, air-stable nickel complexes [Ni(2,6-{Ph,-
PNR},(NCsH;))Br]" (R = H, 17; R = Me, 2') that function as
exceptional homogeneous visible-light photoredox catalysts
for acceptorless alcohol dehydrogenation (AAD). This system
operates under mild conditions, including room temperature
and visible light irradiation, to selectively produce hydrogen
from various aliphatic alcohols. The introduction of
dimethylethanolamine (DMEA) as a novel, efficient electron
donor further enhances the system's performance and
practicality.

Our work addresses key challenges in sustainable
hydrogen production, offering a promising approach that
aligns with the urgent need for clean energy solutions. The
use of a 3d metal catalyst represents a significant step
towards more economical and environmentally friendly
hydrogen generation. Furthermore, the mechanistic insights
gained from this study, including the crucial role of the
flexible pincer ligand, open new avenues for designing
improved catalysts for photoredox AAD.

This research not only advances our understanding of
photocatalytic hydrogen production but also bridges the
gap between traditional catalysis and photoredox chemistry.
As we continue to face global energy challenges, such
innovative approaches to hydrogen generation from
renewable resources will play a vital role in shaping a
sustainable energy future.
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