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The selective oxidation of amines for the benign synthesis of
nitriles under mild conditions is described. Key to success for this
transformation is the application of reusable cobalt oxide-based
nanocatalysts. The resulting nitriles constitute key precursors and
central intermediates in organic synthesis.

The development of selective oxidation processes continues to
be a major challenge for sustainable organic synthesis. In this
regard, the development of novel catalysts is crucial, which
should be based on abundant bio-relevant metals." Generally
for industrial processes, heterogeneous catalysts are preferred
due to their stability, separation and re-usability. In order to
achieve high activity and selectivity for redox reactions, nano-
structured metal oxides attracted significant interest.>® As an
example, recently we developed specific nano-scaled Fe- and
Co-oxides, which are modified with nitrogen-doped carbon
layers.® Based on their high activity and remarkable selectivity,
we became interested to apply them in the dehydrogenation of
amines.

Amines constitute key precursors and central intermediates
for many fine and bulk chemicals." Importantly, the amino
group is a versatile motif presented in numerous industrial
chemicals including agrochemicals and pharmaceuticals.*
Among the various chemical transformations of amines,’ the
selective oxidation to nitriles is of special interest.>” In
general, nitriles are synthesized by traditional cyanation pro-
cesses using toxic HCN and metal cyanides.® On industrial
scale, gas-phase ammoxidations are often used for the syn-
thesis of simple benzonitriles.” Alternatively, such nitriles have
been prepared by the oxidation of primary amines using ruthe-
nium-,"® copper-'* and manganese-'> based catalysts. However,
most of these catalyst systems are restricted to structurally
simple substrates and exhibit poor activities towards more
challenging and structurally diverse amines. More recently,
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we demonstrated that iron oxides activated by pyrolyzed N-ligands
allow for a broad substrate scope.”® Based on that work, here
we report a most general oxidation process for the synthesis of
nitriles from aliphatic and benzylic amines with oxygen in the
presence of a re-usable cobalt oxide nanocatalyst (Co3O4/
NGr@cC).

As previously described this Co;0,/NGr@C-catalyst was pre-
pared by pyrolysis of in situ-generated phenanthroline-cobalt
acetate complexes on commercial carbon support at 800 °C for
2 h under argon atmosphere.?” The resulting material was
systematically characterized by transmission electron
microscopy (TEM), X-ray photoelectron spectroscopy (XPS),
electron paramagnetic resonance (EPR) and X-ray diffraction
spectroscopy (XRD) (see ESIf). All these characterization data
reveals the formation of predominately nanoscale Co;0, of
size 2-10 nm (Fig. 1(a)) along with small quantities of CoO. All
these metal oxide particles are surrounded by nitrogen-doped
graphene layers (see ESIT).*”° The XPS analysis (Fig. 1(b); see
ESI}) showed three distinct peaks in the N 1s spectra with an
electron binding energy of 399.0 eV, 400.8 eV, and 402.3 eV
attributed to pyridine-type nitrogen, pyrrole-type nitrogen and
quaternary amine species (NR,"), respectively.

In exploratory catalytic experiments the reaction of benzyl
amine with molecular oxygen as a green oxidant was used as a
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Fig. 1 STEM-HAADF (a) and XPS spectra of Coz04/NGr@C-catalyst.
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bench mark (Table 1). Expectedly, the homogeneous Co-
phenanthroline complex, the non-pyrolyzed Co-phenanthroline/C
as well as the pyrolyzed cobalt acetate on carbon are all not
active for the model reaction. However, to our delight, signifi-
cant conversion was observed in the presence of Coz;0,/
NGr@C >60 °C demonstrating the high activity of the
nanostructured catalyst for C-N activation. Unfortunately, in
addition to the desired product (benzonitrile), we observed
mainly the formation of the corresponding secondary imine
and small amounts of additional benzaldehyde. In order to
suppress the formation of this secondary imine and allow for
further oxidation, aqueous ammonia was added to the reaction
mixture, which indeed led to a highly selective formation of
benzonitrile (96% yield). Hence, all further catalytic tests were
performed in the presence of aq. ammonia.

With respect to the mechanism, we propose an initial
cobalt oxide-catalyzed oxidation of the primary amine to the
corresponding imine.'* Interestingly, this reactive intermediate
undergoes fast dehydrogenation under optimized conditions
to give the desired nitrile. In the absence of aqueous ammonia
alternatively mainly the secondary imine is formed by addition
of benzyl amine and subsequent elimination of ammonia.
Notably, the formed NGr’s are crucial for the activity of the
cobalt oxide. This might be explained by the improved inter-
action with the substrate provided by N-doped graphitic
matrix.

Next, we were interested to demonstrate the general applica-
bility of the Co;0,/NGr@C-catalyst for the synthesis of structu-
rally diverse and challenging benzonitriles. As shown in
Scheme 1, substituted and functionalized aromatic nitriles, which
constitute sub-units of pharmaceuticals and agrochemicals,
were obtained in good to excellent yields. Noteworthy, haloge-
nated benzonitriles, which are precursors for agrochemicals,

Table 1 Oxidation of benzyl amine with cobalt catalysts®?

C0;0/NGr@C CN
0,,110°C
with ag. NH
©/\NH2 1 q 3
00304/NGr@C ©/°H° ©/°N
0, 110 gm0 o

without aq. NH;

Yield of

Entry Catalyst benzonitrile [%]
2¢ 0(OAc),-4H,0 <2
3¢ 0(OAc),-Phen <3
4P 0(OAc),@C 4
5P Co(OAc),-Phen@C 4
6" 0(OAc),@C-800 5
7° 0(OAc),-Phen@C-800 96
ghe 0(OAc),-Phen@C-800 10

Materials are pyrolyzed at 800 °C for 2 h under argon. C = carbon
support (Vulcan XC 72R). Phen = phenanthroline. “ Homogeneous
catalysis reaction conditions: 0.5 mmol benzylamine, 0.02 mmol
Co(OAc),-4H,0, 0.06 mmol ligand, 200 uL aq. NH; (28-30% NH; basis),
2 bar 0, 4 mL t-amyl alcohol. ”Heterogeneous catalysis reaction
conditions: 0.5 mmol benzylamine 40 mg catalyst (4 mol% Co), 200 pL
aq. NH; (28-30% NHj; basis), 3 bar O,, 4 mL ¢-amyl alcohol. © Same as
footnote b without aq. NH;. Yields were determined by GC.
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Scheme 1 Co3z04/NGr@C-catalyzed synthesis of substituted and func-
tionalized benzonitriles. Reaction conditions: 0.5 mmol amine, 40 mg
catalyst (4 mol% Co), 200 pL ag. NHs (28—-30% NHz basis), 2 bar O,,
4 mL t-amyl alcohol, 110 °C, 15-20 h, yields were determined by GC
using 100 pL n-hexadecane standard. ° For 24 h. Yields in parenthesis
refer to isolated yields.

pesticides and engineering materials, were prepared in
91-97% yields. In addition, numerous functionalized benzo-
nitriles, which are difficult to prepare by classical ammoxidation,
have been successfully synthesized in up to 96% yield.

In general, the oxidation of aliphatic amines is more chal-
lenging compared to benzyl amines and most of the known
catalytic systems applied for this transformation are less active
towards aliphatic substrates."®"* Notably, our cobalt oxide-
based catalyst is effective and selective for the oxidation of
such substrates. Thus, a variety of aliphatic nitriles, which con-
stitute precursors and key intermediates for polymeric and
electronic materials, were prepared (Scheme 2).
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Scheme 2 Co3z04/NGr@C-catalyzed synthesis of aliphatic nitriles.
Reaction conditions: 0.5 mmol amine, 40 mg catalyst (4 mol% Co),
200 pL ag. NHz (28—-30% NH3 basis), 2 bar O,, 4 mL n-heptane or t-amyl
alcohol, 110 °C, 20-24 h, yields were determined by GC 100 pL using
n-hexadecane as standard. ® 60 mg catalyst, 300-400 pL ag. NHz, 4 mL
n-heptane or t-amyl alcohol. ® Isolated yields.
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Scheme 3 Co30,4/NGr@C-catalyzed synthesis of heterocyclic nitriles.
Reaction conditions: 0.5 mmol amine, 40 mg catalyst (4 mol% Co),
200 pL aqg. NH3z (28-30% NHs3 basis), 2 bar O,, 4 mL t-amyl alcohol,
110 °C, 15 h, yields were determined by GC using n-hexadecane stan-
dard. ? Isolated yields.
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Fig. 2 Synthesis of benzonitrile: recycling of CozO4/NGr@C-catalysts.
Reaction conditions: 1 mmol benzylamine, 80 mg catalyst (4 mol% Co),
400 pL ag. NH3z (28—-30% NH3 basis), 2 bar O,, 4 mL t-amyl alcohol, 110 °C,
15-20 h, yields were determined by GC using n-hexadecane standard.

Finally, we showed the broad applicability of this method-
ology by synthesizing a number of heterocyclic nitriles. Hetero-
cycles including pyridines, oxazoles, thiazoles, indoles,
pyrazines and others were well tolerated and the corres-
ponding products are obtained in good to excellent yield
(Scheme 3). Several of these heterocyclic nitriles are valuable
precursors and intermediates for active life science products.

From a practical point of view the stability and recyclability
of our Co-based catalyst is noteworthy. Such recycling is an
important aspect for industry. Indeed, the catalyst is highly
stable in the bench mark reaction and can be conveniently re-
used up to 4 times (Fig. 2).

Conclusions

In summary, we developed a highly selective and general oxi-
dation process for the synthesis of nitriles from amines. This
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green methodology makes use of molecular oxygen and
aqueous ammonia and does not need any toxic cyanides. Key
to success for this reaction is the use of a nanostructured
cobalt oxide material, which is activated by nitrogen-doped
graphene layers. The general applicability of this methodology
is demonstrated by the synthesis of >40 structurally diverse
and interesting nitriles in good to excellent yields. Notably, the
heterogeneous catalyst is stable, easily recycled and can be
conveniently re-used.
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