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Finding alternative and sustainable ways to produce, store and convert energy is key for reducing fossil
fuel-based CO, emissions. In this transformation, hydrogen for energy storage and hydrogen-powered fuel
cells for energy conversion can play important roles. However, storage of hydrogen itself is difficult and the
concept of reversible liquid organic hydrogen carriers (LOHCs) has been proposed given the advantages of
using liquid storage materials. A key part in the adaption of LOHCs is the catalyst design for efficient
dehydrogenation of these hydrogen-carrying species. In this study, the use of silica- and alumina-
supported POCOP-Ir systems for gas phase acceptorless dehydrogenation of 4-methylpiperidine (an LOHC
with 6.1 wt% hydrogen) is investigated in a continuous-flow system with a high TON. To increase stability
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DOI: 10.1039/d3cy00881a and reactivity, a new POCOP-Ir complex with two anchors was designed and found to be highly active in

the dehydrogenation of 4-methylpiperidine with ~91000 turnovers in 45 h. In addition, this catalyst
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Introduction

The problems associated with fossil fuels, particularly CO,
emissions, drive the world energy sector towards alternative
ways to produce, store and convert energy. In this process,
hydrogen-powered fuel cells are very promising, as they are
non-polluting (only water is formed wupon hydrogen
combustion in a fuel cell to make electricity) and hydrogen
possesses a high energy density by weight. However, hydrogen
containment is difficult as it is a gas under atmospheric
conditions and therefore has a very low volumetric energy
density. A suggested solution to store and transport hydrogen
is the use of liquid organic hydrogen carriers (LOHCs),
liquids with high H, wt% that replace the handling of
hydrogen gas with that of liquids that are compatible with
the current distribution system.>® LOHCs are covalently
bonded liquid organic compounds with a high wt% of
hydrogen storage capacity. These systems function by cycles
of catalysed hydrogenation and dehydrogenation, loading the
LOHC at some hydrogen source and unloading it when and
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showed a maintained activity with a TOF of 1684 h™* after 45 h.

where hydrogen gas is needed (Fig. 1).>” Therefore, a good
LOHC needs a high H, wt% as well as the ability to undergo
both dehydrogenation and regeneration selectively and easily.

Alkane/arene LOHC systems such as cyclohexane/benzene®
and methylcyclohexane/toluene® have been explored for these
purposes, as they generally have high hydrogen carrying
capacities and boiling points. However, their large enthalpies
of dehydrogenation require excessive temperatures for the
reaction to proceed. Recently, different short-chain alcohols
(such as methanol, ethanol, isopropanol, etc.) and formic
acid, glycerol, etc. were also employed for this purpose,’® but
they have disadvantages, such as low boiling point and low
hydrogen  content. Nitrogen-containing  heterocyclic
compounds have shown some promise as LOHCs, as they
tend to require less harsh conditions for their
dehydrogenation due to their lower reaction enthalpies.'>"?
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Fig. 1 Concept of LOHCs under continuous-flow conditions.
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The inclusion of the nitrogen atom weakens the adjacent
C-H bonds and replaces one C-H bond with a weaker N-H
analogue."® Carbazoles,"* pyridines,"® pyrazines,'® indoles,"”
phenazines'® and more, along with their hydrogen-rich
analogues, have been investigated for LOHC purposes with
some success. They have good gravimetric hydrogen-carrying
capacities similar to the corresponding hydrocarbons.

A key part in the adaption of LOHCs is the catalyst design
for efficient dehydrogenation of these hydrogen-carrying
species.  Transition  metal-mediated  dehydrogenation
reactions have been extensively explored using various
homogeneous catalytic  systems.'®>  Pincer iridium
complexes  exhibit high activity for acceptorless
dehydrogenation reactions.”>>® However, high temperature
decomposition and problems of recyclability of pincer
complexes in homogeneous systems are drawbacks
preventing any industrial implementation. In order for
LOHCs to be a practical part of existing and future
infrastructure, it is probably necessary for hydrogen loading
and unloading to occur in a continuous-flow-system, similar
to the use of traditional fuels. This requires developing
heterogeneous catalyst systems for maintaining the reactant
and catalyst in separate phases, such as a solid catalyst with
a liquid or gaseous reactant.>”>° A solid or solid-bound
catalyst allows for the flow of substrate through the catalyst,
continuously removing the formed products. In a
continuous-flow reactor system, LOHCs need to pass through
the catalytic reactor where hydrogen is released and directed
to a fuel cell; later at the refilling station, the oxidized LOHCs
can be converted back to a hydrogen-rich form. In such a
process, the energy requirement for the dehydrogenation
reactions will be fulfilled by a heat exchanger between the
engine and the dehydrogenation reactor.

Huang et al. reported transfer dehydrogenation of alkanes
using alumina-supported iridium pincer systems which
showed good reactivity compared to a batch process in
homogeneous medium.’® In 2018, Celik, Goldman and co-
workers developed a silica-supported iridium catalytic system
for continuous-flow acceptorless dehydrogenation of butane
(Scheme 1).>” Later, the same group reported gas-phase
butane transfer dehydrogenation by a silica-supported PCP-Ir

catalyst.®® Recently, our group explored a silica-supported
POCOP-Ir system for acceptorless isopropanol
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dehydrogenation with a high TON (Scheme 1),** and also
investigated mechanistic aspects of this reaction.>® Inspired
by these excellent result in alcohol dehydrogenation, we
targeted the use of N-heterocycles as LOHCs in a continuous-
flow system, choosing 4-methylpiperidine/4-methylpyridine
as the carrier with its substantially higher hydrogen loading
of 6.1 wt%. To the best of our knowledge, continuous-flow
acceptorless dehydrogenation of N-heterocycles as LOHCs
using supported pincer-ligated catalytic systems has not been
reported previously. Chakraborty et al reported a
homogeneous PNP-iron complex (5 mol%) which catalysed
dehydrogenation of N-heterocycles using toluene or xylene as
solvent,® and Fujita et al. described 2,5-dimethylpiperazine
dehydrogenation using a bidentate Ir catalytic system.'®
However, most of these homogeneous systems used solvent
in the dehydrogenation reaction lowering the overall loading.
The methylpiperidine/methylpyridine LOHC system is known
in the literature®® and was shown to be the most effective
N-heterocyclic system in one study by Biniwale and co-
They used 5 wt% Pt/ACC catalyst for the
dehydrogenation of 4-methylpiperidine with  23.7%
conversion after 200 min at 350 °C. Recently, Oh et al
synthesised 2-(N-methylbenzyl)pyridine (MBP) and found that
Pt/C or Pd/C catalyst are very effective for its dehydrogenation
at 230-270 °C with 60-90% conversion.* However, a three
step synthesis of MBP and its hydrogenation to get H;,-MBP
is a challenging. Here we present a new supported pincer
iridium catalyst that can dehydrogenate 4-methylpiperidine
with excellent activity and stability.

worker.”

Results and discussion

In pincer-chemistry, it is known that introducing backbone
substitution may be used as a tool to tune catalytic
reactivity.””*° In addition, this backbone substitution may
also act as an anchor for the metal complexes to bind with a
heterogeneous support.*> Thus, longer and potentially
multiple anchors can reduce any hydrophobic interactions
with the surface and increase bond strength to improve the
activity and stability of the catalytic system (Fig. 2). It was
previously reported by our research group that silica-
supported complex 1 and alumina supported complex 2 show
excellent reactivity for the dehydrogenation of isopropanol in
a continuous-flow system, but the alumina-based system was
less active.** However, there were problems with stability and
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Fig. 2 Design of new iridium pincer complex.
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this motivated us to develop a new iridium pincer complex
with multiple anchors (complex 3).

Complex 3 was synthesized by modifying the existing
protocol for complex 2. Ligand L3 was synthesized from the
benzyl ester of 4,6-dihydroxyisophthalic acid via
phosphorylation of the hydroxy group with di-tert-
butylchlorophosphine (Scheme 2).

Precatalyst 3a was then obtained by refluxing L3 with 0.5
equiv. [Ir(COD)Cl], in dry toluene for 18 h. The structure was
confirmed through an SXRD experiment, see ESI for details.
Finally, 3 was synthesized from 3a using Pd-C/H, in MeOH-
THF (1:1) mixture of solvents. 3a and 3 were fully
characterized by 'H, C and *'P NMR spectroscopy, IR
spectroscopy and microanalysis.

Catalyst 1 was supported on calcined silica using the
incipient wetness impregnation technique as described in
the literature,>”*> whereas catalysts 2 and 3 were supported
on alumina (calcined and uncalcined) by heating them for
2.5 h at 80 °C in isopropanol with KO'Bu and the support,
generating the active catalyst. After two hours, the solution
had turned from a deep orange colour to almost colourless
while the alumina changed colour from white to orange or
pale orange, indicating immobilization of the complex and
formation of catalysts 2@Al,O;-cal/uncal and 3@Al,0;-cal/
uncal (Scheme 3). The BET analysis of 1@SiO,-cal and
2@AlL,0;-cal has been reported previously by us.*’> The BET
surface area of the calcined alumina was 154 m* g, and
after supporting complex 3, the surface area of 3@Al,0;-cal
decreased to 137 m*> g™'. The pore volume also decreased
from 0.47 cm® g to 0.40 cm® g, which indicates the
presence of the catalyst also in the mesopores of the support.
The same trend was observed for 3@AIl,Oz-uncal, where the
BET surface area of the uncalcined alumina was 158 m* g*,
and after supporting complex 3, the surface area of 3@Al,O;-
uncal decreased slightly to 156 m> g™".

In a typical experiment, 5 mg of catalyst was supported on
150 mg of silica or 400 mg of alumina support, giving
approximately 3.3 wt% of catalyst present in the silica and
1.25 wt% in the alumina support. The theoretical Ir metal
content for 3@AIl,Oz-uncal is 0.34 wt% which matched the
actual iridium content of 0.33 wt% as measured with ICP-MS
analysis. 1@SiO,-cal and 2@Al,03-cal were previously
characterised.””*> The excellent agreement between
theoretical and measured iridium content suggests an
effective impregnation of complex 3 on the supports. After
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Scheme 2 Synthetic route to 3 including the molecular structure of 3a.
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formation of 3@Al,0;-cal/uncal, the carbonyl band at 1679
em™ in the IR spectrum of complex 3 undergoes a
bathochromic shift, suggesting an interaction with alumina.
The TEM and XEDS spectra of the prepared catalyst 3@Al,O5-
cal/uncal showed an even distribution of Ir over the support
and the high-resolution TEM images suggest that there is no
Ir cluster formation (Fig. 3a and b). The XEDS spectra in
Fig. 3c and d shows the presence of well dispersed Ir on the
catalyst support.

4-Methylpiperidine, with its high hydrogen loading and
fairly low endothermicity, was chosen as the substrate to
compare the activity and stability of the catalysts, as it had
shown promising results in preliminary experiments. Both
substrate and product species have high boiling points at
room temperature and normal pressure, making collection
easy as evaporation is Initially, acceptorless
dehydrogenation of 4-methylpiperidine was assessed in

low.

e oz ke [g 9 10 11 12 keV
Fig. 3 HRTEM images and XEDS spectra of 3@Al,Oz-uncal (a and ¢)
and of 3@Al,03-cal (b and d). The full spectrum is shown in c) and
expanded around the Ir-family L-peaks in d. The Cu peaks are from
the sample grid.
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continuous flow using the five different catalysts at 325 °C
and 0.09 mL min~" flow rate (Scheme 4 and Fig. 4).

Initially, 1@SiO, showed a good activity with a TOF of
~2500 h™'. However, it loses around 50% of its reactivity
within the 7 h duration of the experiment. 2@Al,0;-cal and
2@Al,03-uncal showed moderate but steady reactivity during
the initial 7 h reaction time. 3@Al,03-cal and 3@Al,O;-uncal
displayed both higher TOFs and higher total TONs after 7 h
under these reaction conditions compared to their
counterparts based on 2. The reactivity and stability of
3@Al,05-uncal overall outperformed the other catalysts in
the initial experiments. This supports the notion that the
introduction of multiple anchor group to the ligand
backbone is beneficial for improving catalytic performance.
The higher activity of 3@Al,0z-uncal compared to the
calcined alumina analogue may be due to the presence of
more hydroxy groups at the surface of the uncalcined
alumina material, binding the catalyst to the support in the
desired fashion.

Having shown the conversion of 4-methylpiperidine (S) to
mono-, di- and tri- dehydrogenated compounds (P1, P2, and
P3), the flow reactor was modified to capture the produced
hydrogen gas (Fig. S27). The boiling points of the substrate
and the three products are very high, and no additional
cooling was necessary to condense the organic contents. The
collected gas from the flow reaction was analysed by Raman
spectroscopy (Fig. S3 and S4t), showing that the gas is pure
hydrogen.*® In addition, the volume of gas produced was in
good agreement with the amount expected based on the
quantification of dehydrogenated products (see ESI} for
further details). Feeding the hydrogen produced in the flow
reaction directly to a small fuel cell showed no decrease in
power over 6 h (Fig. S5t1). These experiments confirm the
quantitative formation of hydrogen gas from the acceptorless
dehydrogenation reactions, and that the produced hydrogen
is sufficiently pure to power a small fuel cell over an extended
period of time.

It is expected that temperature has a substantial effect on
the performance, both in terms of reactivity and stability.
Using the same 0.09 mL min~" flow rate it was found that for
both 3@Al,03-cal and 3@Al,Oz-uncal the TOFs (h™") and
TONs (7 h) were improved by increasing the temperature
from 300 °C to 350 °C (Fig. 5). It is noteworthy that, at lower
temperature the reactivity of both catalysts is constant,
whereas at higher temperature the reactivity slowly declines.
This suggests that at higher temperature deactivation of the
catalyst is significant, which is also supported by ICP-MS data

CHs Hs CHg
ﬁj [L-IF@A1,04/Si0, fj

N T 1c ’

H  Flow Rate = 0.09 mL/min

S

Scheme 4 Dehydrogenation of 4-methylpiperidine with different
catalysts.
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Fig. 4 Reactivity of different catalysts at 325 °C at 0.09 mL min™?
flow rate.

for 3@Al,O5-uncal at different temperature after 8 h of flow
experiment. The ICP-MS analyses of the spent catalyst after 8
h revealed the Ir content to be 0.23 wt% at 300 °C, 0.14 wt%
at 325 °C and 0.10 wt% at 350 °C for the reaction with
3@Al,05-uncal. This indicates that at low temperature the
iridium leaching is minimized and thus the reactivity is more
or less constant. We know from previous work that there is
some initial leaching of physisorbed species probably
explaining the decrease in metal content also at the lowest
temperature.

Selectivity is one of the major the
dehydrogenation of 4-methylpiperidine (S) as it was found to
occur in three consecutive steps giving a product mixture of
three distinct species (P1, P2 and P3), two of which are
partially dehydrogenated intermediates (P1 and P2) with P3
being the fully aromatized 4-methylpyridine. P2 consistently
made up 1-2% of the reaction mixtures, with the higher
concentrations (around 2%) being observed only at lower
temperatures while at higher temperatures (350 °C and 325
°C) the concentration of P2 drops to <1%. The other two
species, P1 and P3, were observed to constitute comparatively
large fractions of the product mixtures, both increasing with
temperature and with P1 consistently being the major
product. This clearly indicates that the 1st dehydrogenation
of 4-methylpiperidine (S), occurring over an N-C bond to
produce P1, is relatively fast and followed by a comparatively
slow step. The product of this slow step (P2) is then quickly
dehydrogenated to form P3.

The selectivity of 2@Al,03-cal, 3@Al,0;3-cal and 3@AL,0;-
uncal towards the fully aromatized product P3 over P1 and
P2 were evaluated at three different temperatures and the
results are summarized in Fig. 6 and Scheme 4. As can be
seen, high temperatures drive the reaction towards P3 as
dehydrogenation rates increase. The temperature effect on

issues in

3000 A B

,m-—-\._.\._‘\:\“_—*\_.\'_'
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—-300°C -@-325°C —4=350°C N 3 3 2
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Fig. 5 Reactivity of 3@Al,0O3-uncal (A) and 3@Al,03-cal (B) at 300 °C,
325 °C and 350 °C.
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Fig. 6 Selectivity for P3 at different temperatures using various catalysts
(selectivity = [P3/(P1 + P2 + P3)] x 100), flow rate = 0.09 mL min™.

dehydrogenation of LOHCs is well explored in literature. The
dehydrogenation of H;,-MBP with Pt/C or Pd/C catalyst
increased with higher temperature which was observed by
Suh and co-workers."?

Selectivity for P3 over P1 and P2 also depended on the
flow rate of 4-methylpiperidine through the reactor. Lower
flow rates increase the contact time of 4-methylpiperidine
with the catalyst, leading to a higher degree of
dehydrogenation (Fig. 7). This phenomenon was observed for
2@Al,03-cal, 3@AIl,0;-cal and 3@AIl,0z-uncal at 325 °C using
flow rates between 0.02-0.2 mL min~". It can be seen from
Fig. 7A that at lower flow rates the selectivity for P3 is higher
for all three catalysts. This flow rate dependence was also
observed for 3@Al,0z-uncal at 350 °C (Fig. 7B).

Furthermore, it was observed that the initial TOF is
strongly dependent on the flow rates of 4-methylpiperidine.
As previously observed,®® the TOF is higher at higher flow
rates as more 4-methylpiperidine is passed through the
reactor, but the reverse is observed in case of conversion,
where this decreases with higher flow rates (Fig. 8). Thus, at
lower flow rates the conversion as well as the selectivity is
higher, and the opposite is true for the TOF.

In order to investigate the stability over longer periods
and obtain an accumulated TON for 3@Al,O5-uncal, a flow
reaction was performed for 45 h at 350 °C and 0.10 mL min™"
flow rate. The total TON for this experiment was ~91000,
while the TOF dropped from 2750 h™ (after 1 h) to 1684 h™*
(after 45 h) and the selectivity dropped by 37%. Nevertheless,
the catalyst showed substantial activity towards the end.

According to ICP-MS analysis, the supported catalyst
8 A &) B
16
E.u 2
2 £
E' g 10
" H
2 :
° 0.02 0.055 0.00 0.2 0
o o w

Flowrate (mL/min) Flowrate (mL/min)

Fig. 7 A) Selectivity for P3 at different flow rates, obtained using
2@Al;03-cal, 3@Al,03-cal and 3@Al;0z-uncal at 325 °C (left). B)
Selectivity for P3 at different flow rates obtained using 3@Al,Oz-uncal
at 350 °C (right).
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3@Al,03-uncal-350 °C (left). B) Initial conversion (%) at different flow
rates, obtained using 3@Al,03-cal-350 °C, 3@Al,03-uncal-325 °C and
3@Al,03-uncal-350 °C (right).

3@Al,03-uncal contained 0.07 wt% of iridium after 45 h,
whereas, after 8 h the iridium content was around 0.10 wt%
(compared to 0.33 wt% for the fresh catalyst). This indicates
that leaching of the catalyst primarily takes place in the
beginning, which is also suggested by the ICP-MS analysis of
the initial fraction of the liquid mixture (0.17 wt% of iridium)
obtained during the flow reaction (first hour fraction) and in
agreement with our previous findings.*> A blank experiment
using only calcined Al,O; at 0.10 mL min " at 350 °C showed
no conversion. We also obtained HRTEM images of the
3@AL0;3-uncal catalyst after 45 h on stream (Fig. 9). The
image suggests very little visible particle formation, meaning
that the catalyst is stable towards nanoparticle formation
under these conditions and the gradual loss of activity is
presumably due to leaching of molecular iridium from the
support. This is in contrast to 1@Si0,, which showed
substantial aggregation of nanoparticles after longer times
on stream.’> We also tested the dehydrogenation reaction
with the 3@AIl,0;z-uncal-nanoparticle catalyst. 3@Al,0;-uncal
was calcined at 550 °C for 24 h under N, atmosphere and it

[Full Scale 6S cts Cursor: 4.744 (1 cts) keV]|

Fig. 9 A and B. HRTEM images of 3@Al,03-uncal after 45 h reaction
at 350 °C with 0.10 mL min™* flow rate. A few particles, 2-3 nm in
diameter are visible at higher magnification. The lattice spacing
corresponds to metallic Ir. C. XEDS spectra of 3@Al,03-uncal after 45
h reaction.
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formed nanoparticles to as seen from the black colour of the
solid. This nanoparticle catalyst was tested for 4 h at 350 °C
(0.09 mL min™" flow rate) and it showed TOF 437 h™" for an
initial 1 h, which gradually decreased to TOF 193 h™" within
4 h. These experiments show that the molecular, supported
Ir catalysts are much more reactive than Ir nanoparticles.

Conclusions

A pincer complex with an aromatic backbone containing two
meta-substituted carboxylate groups (3) was successfully
synthesized and characterized. The complex was supported
on both calcined and uncalcined Al,O; giving an air stable
neutral catalyst. Dehydrogenation of 4-methylpiperidine
was performed in a continuous-flow reactor using five
different metal-oxide supported catalysts. The substrate
4-methylpiperidine was converted mainly into 4-methyl-
tetrahydropyridine and 4-methylpyridine, with the former
accumulating to a greater extent, indicating a fast initial
reaction followed by a rate-determining reaction step for the
aromatization to 4-methylpyridine. The hydrogen produced is
pure and can power a fuel cell for an extended period. Lower
flow rates promoted the formation of the aromatic product
as the contact time was increased. We found that 3@Al,O;-
uncal performed the best in terms of conversion, selectivity
and TOF at 325 °C and 350 °C, and the increased stability
could be attributed to the double anchor. The maximum TOF
for catalyst 3@ALO;-uncal was 9200 h™" (at 350 °C and 0.2
mL min'); over time the cumulative TON was ca 91000 over
45 h and the catalyst was at that time still active with only a
25% decrease of activity compared to the first hour. Most of
the existing literature report the use of Pt- or Pd-based
heterogeneous catalyst for this dehydrogenation reaction,
and the present system compares favourably to a supported
Pt catalyst, which gives a lower TOF at a higher flow rate and
in total a substantially lower TON. Thus, the findings of
the present study are promising for the application of
N-heterocycles as LOHCs.
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