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Ammonolytic transfer dehydrogenation of amines
and amides: a versatile method to valorize nitrogen
compounds to nitrilesT

Robin Coeck, 2 Margot Houbrechts 2 and Dirk E. De Vos {2 *

The dehydrogenation of amines has been identified as an efficient method for nitrile synthesis. At present,
this approach is restricted to (oxidative) dehydrogenations of primary amines, most often with specialized
homogeneous catalysts. In this work, amines were transfer dehydrogenated to nitriles using simple and
cheap alkenes (e.g. ethylene or propene) as hydrogen scavengers. The scope was expanded to
secondary amines, tertiary amines and even aldehydes. Additional nitrogen is built in from NHsz. The
versatility of the process was proven by coupling it to the ammonolysis of secondary amides. This
enabled us to recycle long-chain polyamides (LCPA) into monomeric compounds, i.e. a,w-amidonitriles
and dinitriles. Reactions were performed with a recyclable heterogeneous Pt catalyst, at 200 °C and with
limited addition of NHz and ethylene. High yields of up to 94% were obtained for the corresponding nitriles.

Introduction

Nitriles are an important class of nitrogen containing molecules
that are widely used in the chemical industry. The molecules’
cyano groups (-C=N) can be readily converted to or reacted
with other functional groups. This makes them very versatile
and desirable starting molecules for the synthesis of polymers,
pharmaceuticals and pesticides."™ For this reason, nitriles have
become a critical area of study in organic chemistry, and
contemporary research is focused on developing new synthesis
methods.>® In recent years, the dehydrogenation of amines was
identified as and proven to be a clean and efficient route for
nitrile synthesis.”*® A minority of these reports concern the
acceptorless dehydrogenation of amines. Although no addi-
tional chemicals are required, these methods often lead to low
nitrile yields and/or require a continuous removal of generated
H,.”® For this reason, most researchers studied the oxidative
synthesis of nitriles, often using oxygen as the hydrogen
acceptor.'*™® At first sight this appears as a very clean reaction,
generating only water as a side product, with reported yields of
over 80%. Nevertheless, this method has drawbacks. Firstly,
suppressing side reactions remains challenging, with common
side products such as aldimines, secondary and tertiary amines.
In addition, the formed water can hydrate the nitriles, leading
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to primary or even secondary amides.'**""** Secondly, while
oxygen is a green reagent, it is associated with serious fire
hazards, especially if the reaction would occur on a large
industrial scale.?” Thirdly, so far only primary amines can be
successfully converted to nitriles. To react secondary or tertiary
amines, additional nitrogen must be built in, ideally from
ammonia (NH;). The combination of O, and NHj is challenging
to work with and easily leads to the generation of NO,
compounds in the presence of a noble metal catalyst at elevated
temperatures.”** To our knowledge, only in the recent work of
Olivares et al., an effective autoxidation of primary amines to
nitriles was achieved with a specialized homogeneous Ru
catalyst in the presence of NH; and with high product yields (i.e.
>90%)."* Nevertheless, technology that is able to convert
secondary and tertiary amines to nitriles, would be a valuable
addition to current synthesis methods. The most common
amine synthesis methods (i.e. amination of alcohols, reductive
amination of carbonyl compounds and nitrile hydrogenation)
typically yield a mixture of primary, secondary and tertiary
amines. Unfortunately, in most cases only one or two of the
latter are truly desired.*-*®* A method to convert the by-products
back to nitriles can help to upgrade and reintegrate them into
the chemical industry. For this reason, we explored a fairly new
approach, viz. the dehydrogenation of amines to nitriles with
alkenes as hydrogen acceptors (Scheme 1). Over the years, such
(transfer) dehydrogenations have been proven to be a powerful
technique for activating seemingly unreactive molecules and/or
synthesizing a variety of pharmaceutically relevant
compounds.*** However the dehydrogenation of amines to
nitriles has quite often been overlooked. This approach was
previously explored solely in the work of Bernskoetter et al.®
Although successful, they only converted a small scope of
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Scheme 1 Dehydrogenation of amines to nitriles. Top: available technology. Bottom: approach in this work.

primary amines to the corresponding nitriles and used
a specialized homogeneous Ir catalyst with a liquid sacrificial
alkene (i.e. tert-butylethylene). In this work, we developed an
ammonolytic transfer dehydrogenation process with simple
alkenes, ie. ethylene and propene. These gases are cheap,
readily available, fire safe and compatible with NH;. Addition-
ally, no water is generated during the reaction, which benefits
the product yield. At present, ethylene is primarily sourced by
thermal cracking of fossil feedstock.** However, an increasing
number of renewable production methods are being developed,
e.g. dehydration of bio-ethanol or even electrochemical CO,-to-
ethylene conversion.**** Even well-designed ethane crackers,
e.g. with use of the H, produced for heating, have a significantly
reduced footprint.** Aside from using readily available reagents,
we report recyclable heterogeneous Pt catalysts as highly effi-
cient catalysts for the (ammonolytic) transfer dehydrogenation
of primary, secondary and tertiary amines. High yields of the
corresponding nitriles were achieved (i.e. up to 94%) under
fairly mild reaction conditions, i.e. limited addition of NH; and
ethylene. The versatility of our process was illustrated by
coupling it to the ammonolysis of secondary amides. This
enabled us to depolymerize long-chain polyamides (LCPA; PA11
and PA12) into monomers that can easily be reintegrated into
the chemical industry. To our knowledge, this is the first report
of such an ammonolytic transfer dehydrogenation process.

Results and discussion
Catalyst evaluation

The catalytic dehydrogenation of alkanes with supported noble
metals, especially platinum, is well described in literature.** We
therefore hypothesized that they might also be able to selec-
tively dehydrogenate amines to nitriles. Calculations revealed
that using an alkene as hydrogen scavenger, this reaction would
be highly exergonic, although this would not be the case if an
aromatic compound is used as a hydrogen acceptor (e.g.
benzene, see ESIT). Therefore, as a starting point of this
research, the catalytic activity of supported platinum (Pt),
palladium (Pd), ruthenium (Ru) and rhodium (Rh) was evalu-
ated for the transfer dehydrogenation of amines with ethylene
as hydrogen scavenger (Fig. 1). In these experiments, the
primary amine octylamine was selected as the model
compound; initial promising results were obtained for

© 2023 The Author(s). Published by the Royal Society of Chemistry

secondary and tertiary amine as well (i.e. dioctylamine and tri-
octylamine). Of the four noble metals, Ru and Rh showed the
least promise. Reactions with Ru/C and Rh/C only resulted in
approximately 12% octanenitrile yield, with di- and trioctyl-
amine as the main side products. Supported Pt appeared to be
the most performing catalyst, with already 70% octanenitrile
yield for Pt/C (Escat 2431) in this initial screening. A remarkable
side product, detectable in low quantities in nearly all samples,
is octanamide. Palladium had a mediocre catalytic perfor-
mance, with the best result for Pd/C, with 41% nitrile yield.
Nevertheless, these experiments were performed with 2.5 mol%
metal. For industrial applications it is usually not important
which metal is the most active, but which catalyst is the
cheapest. Pd is only half as heavy as Pt, and about 1.5 times as
expensive. For this reason, catalytic experiments were also
performed with the same weight content of metal (Fig. S21). In
these conditions, Pd and Pt have similar catalytic activities;
however, Pt/C is more selective. A reaction with Pd/C leads to
a higher content of 2-hexyldecanenitrile, which is a condensa-
tion dead-end product. The ability of Pt to more rapidly dehy-
drogenate intermediate products was already clear in Fig. 1;
nearly no intermediate products were observed for Pt/C whereas
for Pd/C a total yield of 9% N-octylideneoctylamine was ob-
tained. We therefore selected Pt/C as the best transfer dehy-
drogenation catalyst.

Simultaneously with the catalyst evaluation, we also explored
the most effective catalyst pretreatment method. In ambient air,
the outer surface of noble metal nanoparticles is partially
oxidized.*®* To remove this passive layer, the catalyst must be
treated with H, (Fig. 2). Without any pre-treatment, low octa-
nenitrile yields are obtained. After a short pre-activation of 15
minutes starting from a temperature of 150 °C at 10 bar H,, the
catalyst reaches its maximal catalytic activity. For the catalysts
with a carbon support, we also noticed a clear mass loss of more
than 10%, even if the catalyst wasn't properly activated. This
mass loss is more prominent if the dehydrogenation was per-
formed with a high catalyst loading over a short reaction time,
than with a low catalyst loading over a long reaction time
(Fig. S2%). It is therefore evident that this is the result of
a selective adsorption or, more likely, a chemical reaction with
the amine substrate. Activated carbon typically consists of 4% to
20% oxygen, trapped in various functional groups (e.g. ketones
and (aromatic) alcohols).*** At temperatures above 100 °C,
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Fig.1 Catalyst evaluation for the transfer dehydrogenation of n-octylamine. Reaction conditions: octylamine (1 mmol), 200 °C, 6 bar NHz, 2 bar
ethylene, 2.5 mol% PGM (commercial PGM/C catalysts contain 5 wt% PGM, all other catalysts contain 4 wt% PGM), dodecane (20 plL), CPME (10
mL), 16 h. Before reaction, the catalysts were pre-activated under 10 bar Hy, 1 bar NHz, at 160 °C for 15 minutes.
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Fig. 2 Evaluation of the optimal pre-activation procedure. The catalyst was pretreated under the specified conditions, after which a transfer
dehydrogenation reaction took place. Reaction conditions: octylamine (1 mmol), 200 °C, 6 bar NH3, 1.5 bar ethylene, 2.5 mol% Pt (commercial

Pt/C, 5 wt% Pt), dodecane (20 plL), CPME (10 mL), 16 h.

Maillard reactions start to occur spontaneously, trapping part of
the amine substrate in the process.”® We found two effective
methods to greatly improve the global mass balance. The first
method involves the replacement of old with fresh reaction
medium after the pre-activation (Fig. S2t). This way, the
majority of the amine chemisorption sites have been saturated.
Alternatively, the addition of 3 bar NH; during pre-activation

7946 | Chem. Sci, 2023, 14, 7944-7955

has a similar effect (Fig. 2). Due to the simplicity of this
method, the latter was selected.

Optimization of the reaction conditions

Starting with the variation of the gas mixture, the reaction
conditions were optimized (Fig. 3). Although no net NH; is
consumed during the dehydrogenation of octylamine, its

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Variation of the gas composition for the transfer dehydroge-
nation of n-octylamine. Reaction conditions: octylamine (1 mmol),
200 °C, 2.5 mol% Pt (commercial Pt/C, 5 wt% Pt), dodecane (20 ul),
CPME (10 mL), 16 h. Before reaction, the catalysts was pre-activated
under 10 bar Hj, 3 bar NHsz, at 160 °C for 15 minutes.

presence seems to be crucial for the reaction to succeed. It
appears that ammonia stabilizes the catalyst, possibly by
occupying part of the ethylene adsorption sites. Starting from
an ethylene pressure of 1.5 bar (with 6 bar NHj;), the final
octanenitrile yield decreases notably with increasing ethylene
pressure. This effect is particularly prominent when the NH;
content is low. After a dehydrogenation reaction at 6 bar
ethylene and 2 bar NH; (at 200 °C), a low yield of only 5%
octanenitrile is obtained. The catalyst was completely deacti-
vated and could not be reused afterwards. Most likely, the Pt
nanoparticles were completely coked up. As is known, on a Pt
surface at elevated temperature, ethylene is gradually converted
to ethylidyne species (i.e. Pt;=C-CH3) via a cascade of reaction
steps.”* These species are fairly stable and tend to coke up by
forming new C-C bonds, effectively deactivating the catalyst.>*
Under the optimal conditions of 6 bar NH; and 1 to 1.5 bar
ethylene, a yield of 90% octanenitrile is obtained with a nearly
perfect mass balance. Here, ethylene reacts more slowly, which
gives it more time to capture hydrides originating from the
dehydrogenation of an amine. An FTIR analysis of the final gas
mixture clearly shows the formation of ethane (Fig. S31). The
available data also indicate that some dimerization occurred,
leading to the formation of butene.”® While this dimerization
results in the loss of one unsaturation, the reaction seems to be
effective with various alkenes (e.g. propylene and butene).
Next, the reaction solvent was varied (Fig. 4). In general, the
reaction could be performed in a variety of solvents (i.e. ethers,
hydrocarbons and alcohols). Anisole and acetonitrile are the
least suitable reaction media. They dissolve a lot of NH; at an
equilibrium partial pressure of 6 bar, to the point where this
prevents other reactants from adsorbing on the catalytic
surface.** A reaction in acetonitrile also led to the formation of
multiple side products. In tertiary alcohol solvents such as tert-
amylalcohol and tert-butylalcohol, high conversions are

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Variation of the reaction solvent for the transfer dehydroge-
nation of n-octylamine. Reaction conditions: octylamine (1 mmol),
200 °C, 6 bar NHs, 1.5 bar ethylene, 2.5 mol% Pt (commercial Pt/C,
5 wt% Pt), dodecane (20 pL), CPME (10 mL), 16 h. Pre-activation as in
Fig. 3. tert-Amyl-OH: tert-amylalcohol. tert-But-OH: tert-
butylalcohol.

reached. However, the solvent is partially dehydrated, which
ultimately leads to the formation of hydrated products (i.e.
octanamide, corresponding yields of 23% and 9%). Reactions in
cyclopentyl methyl ether (CPME) and toluene resulted in the
highest octanenitrile yield of 90% and 93% respectively. As
a result, subsequent reactions were performed in one of those
solvents.

Lastly, the influence of the reaction temperature was studied
(Fig. 5). Ideally, the dehydrogenation is performed at 200 °C. At
lower temperatures, a high selectivity for the desired product
can still be obtained, but the reaction takes a long time to
complete (e.g. 44 h at 185 °C, with 89% nitrile yield). With
increasing temperature, the catalyst also deactivates more
easily, resulting in a low yield at 230 °C under the applied
conditions. This can be improved by gradually adding ethylene
over the course of the reaction. Using this method at a temper-
ature of 250 °C, the reaction time could be shortened drastically
and a final yield of 74% octanenitrile was obtained along with
26% octane. We did not further optimize this gradual addition,
but simply performed the experiment as a proof of concept.
Furthermore, it is worth noting that previous experiments were
conducted with a substrate concentration of 0.1 M. The reac-
tion, however, can be performed in an at least 5 times more
concentrated solution (Fig. S4f). Nonetheless, more concen-
trated reaction mixtures require frequent replenishments of the
reaction atmosphere in order not to run out of alkene reagent.
For simplicity, we therefore chose to maintain the substrate
concentration at 0.1 M in subsequent experiments.

Unravelling the reaction network

After obtaining the optimal reaction conditions (i.e. 200 °C, 1.5
bar ethylene, 6 bar NH; in CPME or toluene), a time profile was
made (Fig. 6). This helped us unravel the reaction network
(Scheme 2). In the early stages of the reaction, octylamine is

Chem. Sci., 2023, 14, 7944-7955 | 7947
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Fig. 5 Variation of the reaction temperature and time for the transfer dehydrogenation of n-octylamine. Reaction conditions: octylamine (1
mmol), 6 bar NHz, 1 bar ethylene, 2.5 mol% Pt (commercial Pt/C, 5 wt% Pt), dodecane (20 ulL), CPME (10 mL). Pre-activation as in Fig. 3. The
reaction at 250 °C was performed in toluene since CPME starts to drastically degrade above 230 °C. Over the course of this particular reaction,
every half hour the pressure inside the reactor was increased with approximately 1.5 bar, by adding a pulse of 15% ethylene in N,.
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Fig. 6 Time profile for the transfer dehydrogenation of n-octylamine. Reaction conditions: octylamine (1 mmol), 200 °C, 6 bar NHs, 1.5 bar
ethylene, 2.5 mol% Pt (commercial Pt/C, 5 wt% Pt), dodecane (20 puL), CPME (10 mL). Pre-activation as in Fig. 3.

directly converted to octanenitrile, while minor amounts of
several by-products are also formed. However, after their initial
formation, the concentrations of secondary amine, tertiary
amine and intermediate aldimine decrease rapidly over time.
Small concentrations of the permanent dead-end products 2-
hexyldecanenitrile and n-octane are also generated in the initial
phase of the reaction. Once the reaction reaches a complete
conversion, the nitrile product remains very stable over time.
Traces of water that were present in the reaction vessel led to the
hydration of small quantities of product. Ultimately, a product
mixture was obtained that comprised mainly octanenitrile (92%

7948 | Chem. Sci,, 2023, 14, 7944-7955

yield) and octanamide (4% yield; 65 hours reaction time). This
allowed us to construct a reaction scheme (Scheme 2). When
starting from a primary amine, such as octylamine (1), 2 alkene
molecules (e.g. ethylene) are needed in order to form octane-
nitrile (3). The intermediate imine (2) can, however, condensate
with leftover amines leading to N-octylideneoctylamine (7),
dioctylamine (6) or even trioctylamine (8). These amine
condensation reactions are reversible. As was hinted to earlier,
this enables us to also convert these secondary and tertiary
molecules to nitriles. Unfortunately, some condensation reac-
tions are non-reversible. The a-carbon of a nitrile is fairly acidic

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 2 Reaction network for the (ammonolytic) transfer dehydrogenation of amines and amides to nitriles.

and could behave as a nucleophile after deprotonation. A
condensation between octanenitrile (3) and octan-1-imine (2)
ultimately leads to the dead-end compound 2-hexyldecaneni-
trile (9). The formation of octane is another irreversible reaction
observed. Based on our findings, we believe that most of the
octane is generated during the (intramolecular) degradation of
N-octylidene-octylamine (7) into one molecule of octanenitrile
(3) and one molecule of octane. Such a degradation is unlikely
to occur with a tertiary enamine. As was clear from the time
profile (Fig. 6), once all octanenitrile (3) is formed and no left-
over substrate remains, the product is very stable. However, the
presence of small quantities of water leads to the formation of
octanamide (4). If the catalyst has significant (Lewis) acidic
properties as well, octanamide (4) can even be transaminated
with octylamine (1) to a secondary amide (i.e. N-octyloctana-
mide (5)). Like the condensation of amines, this reaction is also
reversible.

Ammonolytic transfer dehydrogenation of secondary amides

To illustrate the versatility of our process, we coupled the
dehydrogenation of amines with a preceding ammonolysis of
amides. In previous work, we demonstrated that niobia (i.e.
ortho-Nb,Os) is an excellent catalyst for the ammonolysis of
secondary amides.*® This ammonolysis is an equilibrium reac-
tion and to drive it to completion, it needs to be linked to

a subsequent irreversible reaction. Whereas in our
Ry e
R H/\R.. R/U\NHZ + R"///N
A7 N
p~-- TN
Hy H,0

Scheme 3 The ammonolytic transfer dehydrogenation of secondary
amides to nitriles (and primary amides).

© 2023 The Author(s). Published by the Royal Society of Chemistry

aforementioned report, we aimed to produce monomeric
compounds by hydrogenating the generated primary amide to
a primary amine, we now choose a different approach by
transforming the generated amine into a nitrile. In the case
where a secondary amide is split into two molecules with the
same carbon chain length, this could also lead to a convergent
upgrading of secondary amides to nitriles, if the primary
amides in the product mixture are (catalytically) dehydrated in
the same reaction (Scheme 3).

Upon switching from octylamine to N-octyloctanamide as
the model reactant, the ammonolytic dehydrogenation reac-
tions were initially performed by simply adding 0.2 g of niobia
as an ammonolysis catalyst (Fig. 7). After 16 h (5 mol% Pt), the
reaction reaches nearly full conversion (i.e. 96%). The resulting

53,54

carbon yields were 74% octanenitrile and 17% octanamide,
with 4% of unconverted N-octyloctanamide. Clearly, a signifi-
cant fraction of the in situ generated octanamide has been
dehydrated. Instead of combining the two catalysts (i.e. Pt/C
and Nb,O;s), Pt was also loaded directly on a ortho-Nb,Os
support. These catalysts were less active than the dual catalyst
system. However, a reaction with Pt/Nb,Os containing 1 wt% Pt
(reaction with 5 mol% Pt) led to virtually the same result (i.e.
75% octanenitrile, 16% octanamide and 4% N-octyloctana-
mide). Just like the dehydrogenation of octylamine, this
ammonolytic dehydrogenation of secondary amides was carried
out successfully at 250 °C with the gradual addition of ethylene
(Fig. S61). A final carbon yield of 87% octanenitrile was ob-
tained, with only small quantities of octanamide (i.e. 2%) and
octane (i.e. 5%).

Characterization and recyclability of the catalyst

ATR-FTIR was used to examine the surface of the Pt/C catalyst
(Fig. S87). The spectra of the fresh and used sample are essen-
tially the same, with no clear peaks that can be distinguished (as
is typical for activated carbon samples).>>>” Nevertheless, the

Chem. Sci., 2023, 14, 7944-7955 | 7949
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® Octanenitrile ®m Octylamine Octanamide m N-Octyloctanamide

100% r
90% | . - — 1
80%
70% |
)
T 60% |
Z s0% |
o
L 40% r
—
©
O 30% |
20%
10%
0%
0.1g 0.2g 5mol% 2.5 mol% 5 mol%
szos Nb,O, Pt Pt Pt
[\ ‘_Y_"—T—‘

+5 mol% Pt(Pt/C)  Pt/Nb,O,: 1wt%Pt  2wt% Pt

Fig. 7 Evaluation of the catalyst and catalyst composition for the ammonolytic transfer dehydrogenation of N-octyloctanamide. Reaction
conditions: N-octyloctanamide (0.5 mmol), 200 °C, 6 bar NH3, 2 bar ethylene, dodecane (20 pL), toluene (10 mL), 16 h. Pre-activation as in Fig. 3.

Table 1 CO chemisorption and N, physisorption results for Pt/C and  absence of an absorption band between 3000 and 3500 em ™t

Pt/Nb2Os illustrates that the catalysts contain very little water. The cata-
lysts increasingly absorb IR light with decreasing wavenumber,

Catalyst pt/C(Bseat 2431) Pt/Nb,O; nAet
indicating the presence of (unsaturated) C-C, C-O and/or C-N
Metal content 5 wt% 1 wt% bonds.
Average crystal size 3.9 nm 7.4 nm The dispersion of Pt was investigated for both Pt/C and Pt/
B]?;S]E)emfon éz‘;/" L, ;;;/" , _, Nb,Os (Table 1). The commercial Pt/C has the highest Pt
surtace area me me dispersion (29%); the dispersion of Pt is lower for Pt/Nb,Os (viz.
15%) than for Pt/C. This is most likely the reason why for Pt/
m Octanenitrile MW Octylamine Octanamide
B 2-Hexyldecanenitrile ® N-Octyloctanamide
100%
90% [N - . . =
80%
T 70% [
()
S, 60%
S 50%
Ko
& 40%
o
30%
20% |
10% |
0%

Fresh 1x used 2x used 3x used 4x used
(calc.)

Fig. 8 Recycling test of Pt/Nb,Os (1 wt% Pt) for the ammonolytic transfer dehydrogenation of N-octyloctanamide. Reaction conditions: N-
octyloctanamide (0.5 mmol), 200 °C, 6 bar NHz, 1.5 bar ethylene, dodecane (20 pl), toluene (10 mL), 16 h. Pre-activation as in Fig. 3. After reusing
the material 3 times, the material was recalcined at 400 °C.
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Table 2 Substrate scope investigation for the (ammonolytic) transfer dehydrogenation to nitriles®
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R"ONH, /| R0/ R70OH (1 mmol)

=0

5 mg Pt
200°C, 10 mL toluene

=
or R“>N"R | R ONR (0.5 mmol) — - > 7
H o H 1. Pre-activation (15 min)
)J\ 2. 6 bar NH; + 1.5 bar ethylene (16 h)
or R/\r‘t/\R | R“>N"R (0.33 mmol)
R R
Catalyst Substrate X2 [%] Nitrile product Y [%] Main side product Y [%]
NN, /\/\///N o]
1 Pt/C 9 91 /\/\)J\NHZ 3
NN, /\/\/\///N N
2 Pt/C 9% 93 /i\/i\/i)/ 1
NS N
3 PHC 5 NH 93 A 88 — —
5
=N _ —
4 Pt/C O\/NHz 88 <:>7 82
N
5 Pt/C \/Hz\/\u/\/Hz\/ 98 PN 81 ZNNONH, 8
NN
6 Pt/C \/H}/\H/\/H;/ >99 /\/\/\///N 90 NH, 5
\/H\/\N/\/H\/ /\/\H/\///N Q
7 Pt/C s~ N 8 >99 . 94 W 1
NH,
\/{Al\/\N/\/{"}\/ //N (o}
8 P/C \;\H) 2 >99 AN 93 /\/\)LNHZ 2
2
\/H4\/\N/\/H4\/ /\/\/\///N //N
9 Pt/C >99 92 2
\/\Hf
10  Pt/C" /\/\/\T/ 33 PO 6 e 'd 11
SN g Lk
11 Pt/C Nv(/\/ 31 18 10
0\/\ /\/0\/\ e O~ O~y O ~qr
12 PtC [ NK/O ° 80 0N 16 N ° 19
o~ ~ o o~
13 Pt/C AS"NoH 8 N 5 — —
3 P NN
14 Pt/C ~o >99 /\/\/\///N 77 /\/\/\/\NH2 10
//N o]
15 Pt/C @ >99 ©/ 89 @-4 4
NH, NH,
o ‘ Q
PR 9, 299 6 ) 13
F N 2N
17 PC \©\/NH2 >99 /©/ 90 ©/ 4
F
=N 0
18 PYC QHQ >99 ©/ 91 @—/( 2
NH,
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Table 2 (Contd.)
R"ONH, /| R0/ R70OH (1 mmol)
(0] 5 mg Pt
200°C, 10 mL toluene N
or R”ONR [ RJ\N/\R (0.5 mmol) — - > R///
H o H 1. Pre-activation (15 min)
)J\ 2. 6 bar NH; + 1.5 bar ethylene (16 h)
or R/\r‘t/\R | R“>N"R (0.33 mmol)
R R
Catalyst Substrate X [%] Nitrile product Y [%] Main side product Y° [%]
H _N NH,
19 pycd O/N\/Q 66 ©/ 63 @ 64
20  Pt/C 30 15 NH, 4
N [o]
21 PYC @o >99 ©/ 71 @—/( 9
= NH,
22 Ppyct HN T THI TN g S A 65 NSNS & 14
4 4
N N N
23 PYC Ci)NH 98 \\\/\Hz/\/// 65 \/\Hz/\/// 15
N N N
24 Pt/c? (X)NH >99 \\\/\/\/H}/// 88 /\/\Hs/\/// 3
[0} //N o
25 Pt/C + Nb,Os° \/H“\)J\N/\/H}/ 96 AN 74 /W\)LNHZ 17
H
o N o
26 Pt/Nb,Os \/H})J\N/\/H\/ 9% T 75 NN . 16
H 4 2
JOK/H\/ N i
P NN PPN
27 PHC+ NbyOs \/J(\}\;;N A 11 ~ 7 NH, 3
4
[0 ] it _N N\\\/\/\/H\///N
28  Pt/C + Nb,0;%*¢ J\/\/\/H;/\N >99 HzNJ\/\/\/Ha\// 54 3 39
H' n
I | i N N\\\/\/\/H\///N
29 Pt/Nb,05%¢ J\/\/\/H;/\N n.d. HZNW 22 4 30
H' n
o ) o
N N\\/\/\/H\//N
30 Pt/C + Nb,0 &€ J\/\/\/H;/\H >99 BN 52 = " 43

¢ Before each run, the catalysts were pre-activated under 10 bar H,, 3 bar NH;, at 160 °C for 15 minutes. In case of an aromatic molecule, the
substrate was added after the pre-activation step to prevent hydrogenation of the aromatic ring structure. © Conversion. ° Yield or carbon yield
in case of an amide substrate. ¢ Reaction performed in CPME instead of toluene. ¢ With 0.2 g Nb,O;, 5 mg Pt in the form of Pt/C (5 wt% Pt).
fWith 1 mmol instead of the above specified 0.5 mmol. ¢ Reaction time of 72 h. ” This reaction possibly generates (ammonium) cyanide.

Nb,Os5 additional Nb,O5 was required (in comparison with Pt/C
+ Nb,O0s), to compensate for the slower dehydrogenation of the
in situ generated amine (see 1 wt% Pt, Pt/Nb,Os, Fig. 7). A
recycling test was performed with Pt/Nb,O; for the ammonolytic

7952 | Chem. Sci, 2023, 14, 7944-7955

dehydrogenation of N-octyloctanamide (Fig. 8). Although the
catalytic activity slightly drops after each run, the catalyst can be
fully reactivated by recalcining the material. Thus, the catalyst
demonstrated outstanding recyclability.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Substrate scope

Lastly, a substrate scope investigation was performed to illustrate
the range of applicability (Tables 2 and S27). Nearly full conver-
sions and high yields were obtained for all linear primary amines
(up to 93% yield, entries 1-3). For hexahydrobenzylamine, the
conversion was slightly lower (i.e. 88%), but with a similar
selectivity (i.e. 93%, entry 4). Common side products are nitriles
that underwent alkylation at the a-carbon (e.g. 2-hexyldecaneni-
trile) and primary amides (due to traces of water). The scope was
successfully extended to most aliphatic secondary and tertiary
amines, with yields of up to 94% (entries 5-9). The catalytic
system, however, is not suitable for methyl-substituted amines
(entry 10). A reaction with N,N-dimethylhexylamine resulted in
a low conversion (i.e. 33%), with formation of only 6% hex-
anenitrile and some demethylated side products (e.g. N-methyl-
hexylamine and hexylamine). Since this reaction worked
flawlessly with mono-, di and trihexylamine (or even triethyl-
amine, see ESIt), it is most probable that the methylamines, as
logical splitting products, were dehydrogenated to hydrogen
cyanide, which adsorbs strongly on a Pt surface, effectively
poisoning the catalyst.*® While the quantities of cyanide were too
low for us to actually detect, precaution should be taken when
attempting a similar experiment. For a sterically hindered mole-
cule, like tris(2-ethylhexyl)amine, a considerably slower reaction
is observed (entry 11). Similarly, a reaction with an amine con-
taining alkoxy groups, resulted in a low nitrile yield (entry 12). For
instance, although tris[2-(2-methoxyethoxy)ethyllamine easily
undergoes ammonolysis to the corresponding primary and
secondary amine, the dehydrogenation to 2-(2-methoxyethoxy)
acetonitrile proceeded at a much slower rate (only 16% yield). An
ammonolytic dehydrogenation was also performed with a linear
alcohol and aldehyde (entry 13 and 14). While the catalyst
struggles to dehydrogenate octanol, resulting in a low conversion
of 8% (with 5% octanenitrile yield), octanal readily reacts with
NH; and is dehydrogenated to the nitrile. During this reaction,
one equivalent of water is formed, leading to an increased
amount of hydrated product (i.e. octanamide). Next, ammonolytic
transfer dehydrogenations were performed with several benzylic
amines (entries 15-21). High yields of the corresponding nitriles
were obtained for all tested primary amines, secondary amines
and aldehydes (entry 15-19, 21), ranging from 71% to 91% yield.
The dehydrogenation reaction was tolerant for halides, like
fluorine, and amino groups directly substituted on the aromatic
ring (entries 17 and 19). Polycyclic aromatic molecules, however,
tend to be defunctionalized more easily (e.g 1-naphthylmethyl-
amine, entry 16). A reaction with the tertiary amine tribenzyl-
amine was less successful (entry 20). Unlike many other amines,
this molecule cannot be easily cleaved since it cannot form an
enamine, leading to only 30% conversion and 15% benzonitrile
yield. Reactions with a,w-diamines and cyclic secondary amines
resulted in similar product distributions (entries 22-24).
Approximately 65% to 88% of the substrate is converted to the
corresponding o,w-dinitrile. However, some defunctionalization
is observed as well. We suspect that the cyclic aldimine inter-
mediate may be somewhat constrained, leading more often to the
splitting of the cyclic molecule into an aliphatic tail and a nitrile

© 2023 The Author(s). Published by the Royal Society of Chemistry
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group (see defunctionalization, Scheme 2). Nevertheless, our
process could valorize several side products during synthesis of
polymer building blocks into useful monomeric compounds.*
This reaction, however, was not successful with azepane (not in
the table). Finally, some amide substrates were ammonolytically
dehydrogenated (entries 25-30). Our method works excellently for
secondary amides, but not for tertiary amides (entry 27). A reac-
tion with N,N-dioctyloctanamide resulted in a conversion of only
11%. It is clear that the Nb,Os catalyst lacks activity for splitting
tertiary amides with NHj;. Long-chain polyamides (LCPAs), i.e.
nylon 11 and nylon 12, were successfully depolymerized into
monomeric compounds (entries 28-30). The reaction is ideally
performed with the dual catalyst system Pt/C & Nb,Os, leading to
full depolymerization. The Pt/Nb,Os lacked catalytic activity and
only resulted in a monomer yield of 57%. Although part of the
a,w-amidonitriles were dehydrated to a,w-dinitriles, virtually no
defunctionalization to monofunctionalized molecules was
observed (in contrast to entry 22-24). Thus, our process enables
the complete recycling of these high value LCPAs.

Conclusion

In conclusion, the ammonolytic transfer dehydrogenation is an
excellent method to convert primary, secondary and tertiary
amines into nitriles, with simple and cheap alkenes, e.g.
ethylene, as hydrogen scavengers. The process requires a recy-
clable heterogeneous Pt catalyst, is robust and can utilize a wide
range of alkenes. This would allow a possible industrial process
to always make use of the cheapest available option. In prin-
ciple, the generated alkane side product could be recycled to the
olefin in an (electrified) steam cracker, making it a very green
process with energy as the only input. The reaction conditions
were optimized to 200 °C with 6 bar NH; and 1.5 bar ethylene.
We also demonstrated that the reaction could be performed in
concentrated mixtures and with the continuous addition of
ethylene. The versatility of our process was proven in two ways.
Firstly, we coupled the dehydrogenation of amines to the
ammonolysis of amides. This required the addition of a Nb,Os
catalyst. Secondly, an extensive substrate scope investigation
was performed. Good yields for the corresponding nitriles, with
values up to 94%, were obtained for a wide variety of substrates.
We were even able to completely depolymerize the high-value
long-chain polyamides nylon 11 and nylon 12 into monomeric
building blocks that can easily be reintegrated into the chemical
industry. To our knowledge, this is the first report of an
ammonolytic transfer dehydrogenation process that is generally
applicable to amides and/or amides.
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