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The continuous catalytic transfer hydrogenation of benzonitrile
to benzylamine is demonstrated using a palladium on carbon
catalyst with triethylammonium formate as reducing agent.
Solvent choice was critical in overcoming rapid catalyst
deactivation. A 15-fold increase in catalyst productivity was
observed in flow compared to batch, which was achieved using
an ethanol-water solvent in combination with intermittent
catalyst regeneration by washing with water.

Catalytic hydrogenation is a mature technology applied across
a range of industries, from large scale continuous processing
in the petrochemicals industry, to smaller scale active
pharmaceutical ingredient (API) production for which multi-
functional batch reactors are widely used." The benefits of
continuous processing for fine chemical production are
widely recognised and increased investment in development
of processes and technologies has seen rapid growth of the
field.>*

Primary amines are key synthetic intermediates and final
products in the fine chemicals industry. Catalytic
hydrogenation of nitriles is a useful route for the synthesis of
primary amines due to the availability and relative stability of
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nitrile substrates and the high atom efficiency which can be
achieved. Catalytic transfer hydrogenation (CTH) offers a
useful alternative to processes which use H, gas as reductant.
CTH reactions make use of reducing agents, which are often
stable liquids or solids at room temperature and present
significantly less safety risks during storage and handling
compared to H, gas. CTH reactions can be employed as
useful alternatives to high-pressure hydrogenations on an
industrial scale as they do not require the use of high-
pressure equipment. Formic acid and related formates have
gained interest as reducing agents, due to their relative
stability and high hydrogen density." HCOOH can also be
renewably sourced as it is a by-product of biomass
refineries.’

Although there are several examples of homogeneously
catalysed CTH of nitriles,®® the work reported herein focuses
on the use of heterogeneous metal catalysts, which have the
advantage of easier post-reaction separation. A range of
catalytic methods have previously been reported, including
batch reactions utilising RANEY® nickel and highly toxic and
reactive hydrazines or hydrazine formates which demonstrate
good to moderate yields of primary amine.”'® Mebane et al.
reported hydrogenation of aliphatic nitriles using isopropanol
as both solvent and reducing agent over RANEY® nickel in
the presence of potassium hydroxide.'" Isolation of the amine
salts was only achieved after acid hydrolysis and basic workup
of secondary imine intermediates, which form from
condensation of the amine product and acetone generated in
the reaction. In 2014, Vilches-Herrera et al. reported an
attractive method for aromatic nitrile reduction using a
palladium on carbon (Pd/C) catalyst and HCOOH-NEt; as the
reducing agent in THF."> This method delivered good to
excellent yields of primary amines without requiring
additional post-reaction modifications and employs formate
as reducing agent.

Reports on CTH of nitriles in continuous-flow are more
limited, with one example using a homogenous catalyst,"
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but currently there are no known examples employing
heterogeneous metal catalysts. Continuous-flow processes are
advantageous for heterogeneously catalysed hydrogenation
reactions, offering easier catalyst separation and reduced
risks associated with handling potentially pyrophoric catalyst
slurries. Moreover, improved control of contact time between
the reaction mixture and catalyst can benefit selectivity for
sequential reactions. Therefore, this work sets out to develop
a continuous-flow process for the selective CTH of aromatic
nitriles, using HCOOH and related formates as reducing
agents.

The batch method reported by Vilches-Herrera et al. for
the CTH of aromatic nitriles using HCOOH-NEt; and Pd/C
was chosen as a starting point to develop a continuous
process.'> The CTH of benzonitrile was selected as a model
reaction to demonstrate this chemistry. A screen of
commercially available Pd catalysts in batch showed that Pd
was active for the CTH of benzonitrile and that carbon was a
particularly good support, giving complete conversion and
97% selectivity to benzylamine in less than 5 min (section S2,
ESIT). This was in good agreement with the findings of
vilches-Herrera et al.,'> however, a small amount of toluene
was also observed during our reactions (3-6% selectivity), a
side product formed as a result of benzylamine
hydrogenolysis (Scheme 1).'* Hydrogenolysis products have
been previously reported during the reaction of aromatic
nitriles with formate reducing agents over Pd catalysts."®> In
addition, no formation of dibenzylamine was observed,
another common side product often formed during
benzonitrile hydrogenation as a result of the trans-imination
reaction between the reactive imine intermediate (benzylimine)
and benzylamine, and subsequent hydrogenation.'®

To avoid build-up of pressure, reduce the risk of
channelling and lessen the transfer of catalyst particles into
the product stream, a commercially available granular form
of 5 wt% Pd/C (particle size range of 700-900 um) was
selected as the catalyst for continuous-flow studies. Batch
tests showed this granular catalyst produced benzylamine
with 94% selectivity, although, a lower conversion of 56%
was observed compared to the powdered form which gave
100% conversion after 30 min (Table S17). Fig. 1 shows the
experimental setup utilised for continuous-flow studies, with
further experimental details provided in the ESIt (section S1).
To avoid any limitations of mixing between the benzonitrile
substrate in THF and HCOOH-NEt; (section S3, ESIf), a
single pump inlet configuration was employed.
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Fig. 1 Continuous-flow setup for benzonitrile transfer hydrogenation.

The conditions selected for initial application of the
model reaction in continuous-flow were based on those used
in preliminary batch experiments. Samples were collected
periodically from the reactor outlet and offline GC analysis
was used to determine conversion and product yields. Fig. 2
shows the change in reaction composition over time, with
complete conversion of benzonitrile initially observed. This
was accompanied by high selectivity to benzylamine of 95%,
which is consistent with batch studies. However, a rapid drop
in activity is observed after just 30 minutes on stream, with
the conversion of benzonitrile falling to 10% within 150 min,
indicating rapid deactivation of the catalyst bed. Although a
back pressure of 6 bar was used to control the flow from the
outlet of the reactor, it should be noted that the time on
stream data for a reaction at ~1 bar back pressure (BPR
removed) resulted in a comparable profile (section 4, ESIt).

ICP-OES analysis was carried out on both fresh and spent
catalysts to determine the Pd content of the samples (5.56
wt% and 5.24 wt% respectively). This loss of Pd does not
explain the near complete loss in activity observed after 150
min under continuous operation.

Deactivation during nitrile hydrogenation using H, gas
has been attributed to strong adsorption of intermediates
and products.”” To investigate this, the catalyst bed was pre-
treated with either benzonitrile or HCOOH-NEt;. Analysis of
the reaction after pre-treatment with benzonitrile resulted in
complete initial conversion and selectivity of 96% to
benzylamine (Fig. S5-A, ESIT), suggesting that benzonitrile is
not the poisoning species. In contrast, pre-treatment with
HCOOH-NEt; (Fig. S5-B, ESIf) resulted in little to no
benzonitrile conversion, even at the beginning of the
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Fig. 2 Time on stream data for the continuous-flow CTH of
benzonitrile. Reaction conditions: benzonitrile (0.1 M) and HCOOH-
NEt; (HCOOH (10.0 M), NEtz (0.55 M), 18:1 molar ratio) in THF was
passed over 5 wt% Pd/C (granular, 1.0 g) at 40 °C, flow rate of 0.5 mL
min~* and 6 bar back pressure.
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reaction, with no product formation observed. This suggests
that HCOOH-NEt; or one of the intermediates or products
formed during its decomposition over the Pd catalyst is the
primary poisoning species.

In the HCOOH-NEt; mixture used, HCOOH is present in
large excess of NEt; (18:1 molar equivalents). HCOOH is
known to decompose over heterogenous metal catalysts via
two competing pathways:*

HCOOH — H, + CO, 1)
HCOOH — H,0 + CO )

The dehydrogenation pathway (eqn (1)) is required for
CTH reactions, however strong adsorption of CO from the
undesired dehydration pathway (eqn (2)) has previously been
suggested as a primary mechanism of deactivation of Pd
catalysts at mild temperatures.'®'® In contrast, Caiti et al.,
presented evidence of formate ions being a primary
contributor to deactivation in their studies of hydrogen
production from formic acid over a Pd catalyst.”® This was
confirmed by demonstrating that in a continuous reactor, a
deactivated Pd/C catalyst bed could be regenerated by
washing with water, whereas in contrast, one poisoned by CO
could not be regenerated in this manner.

Similarly, it was found that catalyst regeneration could be
achieved for this CTH process by simply washing the spent 5
wt% Pd/C catalyst with deionised water (Fig. 3-A). Washing
the spent catalyst bed for 2 hours at 2.5 mL min™" (totalling
300 mL of deionised water) partially restored catalyst activity
back to 60% benzonitrile conversion. After completion of run
2, washing the bed for a further 16 hours (totalling 2400 mL
of deionised water) resulted in nearly complete regeneration
of the catalyst back to its original activity, with 91% initial
conversion observed for run 3, compared to 98% for run 1.
The catalyst productivity was in fact higher for run 3
compared to run 1, since some catalyst had been removed
during the experiment for ex situ characterisation. These data
suggest that CO poisoning is not the primary contributor to
deactivation as regeneration via water washing would not
overcome this type of poisoning.

Samples of fresh, spent, and regenerated catalyst were
analysed by ATR-FTIR (Fig. 3-B). Distinct C-H stretching
mode bands at 2916 and 2848 cm ', indicative of adsorbed
formate,*"**> were observed in the spectrum for the spent but
not the fresh catalyst, consistent with deactivation brought
about by strongly adsorbed formate species. These bands
were visible in the spectra of both regenerated catalyst
samples. The band intensity is significantly reduced when
compared to the spent catalyst and decreases with increasing
wash time, showing that the water wash helps to remove
formate from the catalyst surface. This is consistent with a 16
hour wash leading to a higher increase in activity for the
CTH reaction compared to a 2 hour wash.

To minimise the deactivation caused by HCOOH-NEt;,
the concentration of HCOOH was decreased from 10 M to 5

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 (A) Time on stream data for the continuous-flow CTH of

benzonitrile demonstrating catalyst regeneration by washing with
deionised water in terms of benzonitrile conversion and catalyst
productivity. Reaction conditions: benzonitrile (0.1 M) and HCOOH-
NEts; (HCOOH (10.0 M), NEtz (0.55 M), 18:1 molar ratio) in THF was
passed over 5 wt% Pd/C (granular, 1.0 g for run 1, 0.8 g for run 2 and
0.6 g for run 3) at 40 °C, liquid flow rate of 0.5 mL min™* and 6 bar
back pressure. Wash procedure: deionised water at 2.5 mL min™ for 2
or 16 h at 40 °C (denoted by blue, vertical, dashed lines). (B)
Comparison of ATR-FTIR spectra of fresh, spent, and regenerated
catalysts.

M, and then to 1 M, whilst maintaining an 18-fold excess
with respect to NEt; (Fig. S6, ESIT). The time on stream data
shows that although the initial benzonitrile conversion
decreases from 100% to 84% with a 10-fold decrease in
HCOOH concentration (10 M to 1 M), the rate of catalyst
deactivation is lower, with a drop in conversion of 19% per
hour using the lower concentration of HCOOH compared to
42% per hour using the higher concentration. A decrease in
benzylamine selectivity, from 96% to 76%, is also observed
but it was decided to keep the concentration of HCOOH as
low as possible to minimise deactivation and consider other
parameters to help improve selectivity.

Previous work showed that the molar ratio of HCOOH-
NEt; does not influence the activity or selectivity of the
reaction in batch when using a large excess of HCOOH-NEt;
(more than 100 equivalents of HCOOH with respect to
benzonitrile)."> Other studies have found the ratio of

React. Chem. Eng.
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HCOOH-NEt; can influence the activity of Pd catalysts during
CTH reactions, for example in the reduction of alkenes.>® To
investigate the influence of the HCOOH-NEt; molar ratio on
this continuous process, reactions were carried out with
varying concentrations of NEt;, while the concentration of
HCOOH was kept at 1 M (Fig. S7, ESIt). When the molar
concentration of NEt; was increased from 0.055 M (18:1
molar ratio) to 0.1 M (10:1 molar ratio) a decrease in initial
benzonitrile conversion was observed from 86% to 59%, with
an even further decrease to 39% observed when 0.4 M NEt;
(5:2 azeotropic molar ratio) was used. Although, increasing
the molar concentration of NEt; does have a negative effect
on initial conversion, the selectivity to benzylamine increases.
Interestingly, the reaction also proceeds with no NEt;
present, but similar deactivation is observed, thus confirming
NEt; is not the cause of deactivation. From these studies it
was decided that a feed solution containing HCOOH (1 M)
and NEt; (0.1 M) giving a molar ratio of 10:1 was optimal to
achieve high selectivity to benzylamine, while still
maintaining moderate conversion of substrate.

Solvent choice is known to influence CTH reactions
involving HCOOH and related formates. For example, a
previous study found that for the CTH of nitrobenzene using
HCOOH as reducing agent over a Pd catalyst on a graphitic
carbon nitride support, the catalyst activity was much higher
in protic solvents such as water and ethanol when compared
to non-protic solvents.>* Hence, a solvent screen was carried
out for this continuous process with benzonitrile conversion
monitored over time, as shown in Fig. 4. Using ethanol as
solvent led to a higher initial benzonitrile conversion of 99%
when compared to aprotic solvents such as THF or ethyl
acetate, for which initial conversions were 59% and 66%
respectively. In addition, the rate of deactivation also
decreased from 11% and 7.7% per hour for THF and ethyl
acetate, to 2.3% per hour in ethanol, suggesting that the use
of protic solvents enhances both the activity and lifetime of
the catalyst. Further improvement was observed using mixed
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Fig. 4 The effect of reaction solvent on benzonitrile conversion as a
function of time on stream for the continuous-flow CTH of
benzonitrile. Reaction conditions: benzonitrile (0.1 M) and HCOOH-
NEt; (HCOOH (1.0 M), NEt; (0.1 M), 10:1 molar ratio) in various
solvents was passed over 5 wt% Pd/C (granular, 1.0 g) at 40 °C, flow
rate of 0.5 mL min™* and 6 bar back pressure.
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solvent systems consisting of water and organic solvents,
with the addition of 50 vol% of water to ethanol and THF
resulting in longer catalyst lifetimes compared to the
corresponding pure organic solvent.

The significant improvements observed in catalyst lifetime
using protic solvents and in particular on addition of water
further supports that the formate anion is the primary
poisoning species in this process. The increased solubility of
the formate anion in water compared to other solvents,
especially aprotic, disfavours its strong adsorption to catalyst
active sites. This was also observed during regeneration
studies, in which water removed the formate poison from the
active sites and regenerated catalyst activity.

The choice of solvent was also found to influence the
selectivity, with protic solvents showing increased selectivity
to benzylamine compared to aprotic solvents (Fig. S8, ESIT).
Using ethanol-water (50 vol%) resulted in the highest
selectivity to benzylamine, at 97%, further demonstrating the
suitability of the solvent system for this CTH reaction. It is
likely that the benzylamine product, once formed, is
protonated in the liquid phase, and improved solubility of
this species is achieved in polar, protic solvents such as water
and ethanol. Therefore, adsorption of the product onto the
catalyst surface is disfavoured, preventing hydrogenolysis to
form unwanted toluene. Moreover, from a green chemistry
perspective, ethanol-water is a more sustainable choice of
solvent than THF for chemical processes.>’

To determine the best solvent composition, the volume of
water in the ethanol-water mixed solvent system was varied
to investigate if further improvements in catalyst lifetime
could be achieved (Fig. S9, ESI). Reactions were run over
fresh catalyst beds containing a reduced amount of Pd/C
catalyst (0.5 g compared to 1 g used for previous studies).
Ethanol-water (33 vol% H,0) was found to maintain the
highest activity after 4 hours on stream.

With increased solubility of ammonium formate and
sodium formate in the selected ethanol-water mixed solvent
system, these were tested, along with HCOOH, as alternative
reducing agents. However, no improvement in conversion or
selectivity was observed over that achieved by HCOOH-NEt;
(10:1) (Fig. S10, ESI}).

With the longevity of the catalyst substantially improved
using the newly developed process conditions, a continuous
reaction was carried out for an extended reaction time over a
catalyst bed containing half the amount of catalyst used for
initial deactivation studies. This was accomplished by
intermittent regeneration of the catalyst bed by simply
washing with deionised water at 2.5 mL min™". It was shown
that higher flow rates during water washes led to more
efficient catalyst regeneration (Fig. S11, ESIT). The results for
the extended run are shown in Fig. 5, with high initial
benzonitrile conversion of 99% achieved and a small
decrease observed over the first 5 hours to 85%. After
regeneration of the catalyst, the initial activity was completely
restored, and an identical rate of deactivation was observed
between 5 and 10 hours. This was repeated for three more

This journal is © The Royal Society of Chemistry 2023
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Fig. 5 Time on stream data for the continuous-flow CTH of
benzonitrile over an extended period using newly developed process
conditions and intermittent washing of the catalyst bed. Reaction
conditions: benzonitrile (0.1 M) and HCOOH-NEt; (HCOOH (1.0 M),
NEtsz (0.1 M), 10:1 molar ratio) in ethanol-water (33 vol% H,O) was
passed over 5 wt% Pd/C (granular, 0.5 g) at 40 °C, liquid flow rate of
0.5 mL min™* and 6 bar back pressure. Wash procedure: EtOH at 1 mL
min™* for 1 h, H,O at 2.5 mL min™ for 16 h (denoted by blue, vertical,
dashed lines).

cycles, with regeneration of the catalyst carried out every 5
hours. In this manner, material was processed for a total 25
hours, with high yields of benzylamine maintained
throughout. This experiment also demonstrated that the
catalyst can be regenerated successfully four times with little
to no compromise in activity, In terms of catalyst
productivity, or moles of benzonitrile converted per gram of
catalyst, a 15-fold increase was achieved using the developed
continuous-flow process (0.14 mol g') compared to batch
reactions using 5 mol% catalyst loading (0.009 mol g™*), with
even further increases in productivity possible with
additional regeneration cycles.

A safe and selective continuous-flow method for the
transfer hydrogenation of benzonitrile to benzylamine has
been developed utilising HCOOH-NEt; as the reducing agent
and a commercially available 5 wt% Pd/C catalyst. Analysis of
the spent catalyst by ATR, provided strong evidence that the
formate anion is the primary cause of catalyst deactivation.
Through consideration of some key process parameters, the
catalyst lifetime was considerably enhanced, and a much-
improved catalyst productivity was achieved for this
continuous CTH process. In considering scale-up, this
process would benefit from running two or more fixed beds
in parallel, with the CTH reaction continuously being
performed on at least one fixed bed, while regeneration
through washing is performed on others. This would ensure
a constant stream of product and introduces the possibility
of an automated process which could be incorporated into
telescoped reaction sequences. The inclusion of in-line
monitoring could also enable a self-optimising process to
further enhance reaction productivity.
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