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ble Ni-based nanoparticles for
general and selective hydrogenation of nitriles to
amines†
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Nils Rockstroh, a Stephan Bartling, a Matthias Beller *a

and Rajenahally V. Jagadeesh *a

Silica supported ultrasmall Ni-nanoparticles allow for general and selective hydrogenation of all kinds of

nitriles to primary amines under mild conditions. By calcination of a template material generated from

Ni(II)nitrate and colloidal silica under air and subsequent reduction in the presence of molecular

hydrogen the optimal catalyst is prepared. The prepared supported nanoparticles are stable, can be

conveniently used and easily recycled. The applicability of the optimal catalyst material is shown by

hydrogenation of >110 diverse aliphatic and aromatic nitriles including functionalized and industrially

relevant substrates. Challenging heterocyclic nitriles, specifically cyanopyridines, provided the

corresponding primary amines in good to excellent yields. The resulting amines serve as important

precursors and intermediates for the preparation of numerous life science products and polymers.
Introduction

Catalytic hydrogenations are a perfect toolbox of chemical
reactions with respect to sustainability.1–5 Besides their 100%-
atom economy, the potential use of green hydrogen makes such
transformations highly attractive for the future.1–5 Today,
hydrogenations are extensively applied in both research labo-
ratories and industry to provide a variety of ne and bulk
chemicals which are used in our daily life.1–5 As an example, the
preparation of the majority of aromatic and many aliphatic
amines includes at least one catalytic hydrogenation step.6–10

The resulting amines are privileged compounds in organic
chemistry and nd wide-spread applications in synthesis, drug
discovery, and agrochemicals as well as for material and energy
technologies.11–13 Among the different kinds of amines, primary
ones are particularly interesting, which are commonly prepared
by reduction of nitroarenes6–8 and nitriles,9,10,14 reductive ami-
nation,15–21 amination of alcohols22–25 or classic nucleophilic
substitution reactions.26,27

In the chemical industry, hydrogenation of nitriles are
frequently applied to prepare primary benzylic and aliphatic
amines on a bulk scale.9,10,14,28–41 Since the rst nitrile hydroge-
nation of benzonitrile using heterogeneous Ni-catalysts
t-Einstein-Str. 29a, Rostock, D-18059,

.de; jagadeesh.rajenahally@catalysis.de

Jouf University, P.O. Box: 2014, Sakaka,
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reported already in 1905,28 a plethora of materials and molec-
ularly dened complexes based on precious and non-precious
metals were developed for this transformation.9,10,14,29–41

Despite the many applications, most of these catalysts cannot
be applied with high activity and selectivity for the hydrogena-
tion of functionalized and structurally complex nitriles, specif-
ically heterocyclic nitriles, which are valuable intermediates for
agrochemicals and pharmaceuticals. In such cases, different
synthetic steps must be performed to achieve the desired
transformation. Hence, there is a continuing interest to
improve this methodology by developing new generally appli-
cable catalysts. Ideally, such catalytic materials should be based
on 3d-metals due to their availability and price advantages as
well as lower toxicity.

In the past decade, we reported Fe-, Co-, and Ni-based sup-
ported nanoparticles encapsulated in carbon shells for indus-
trially relevant hydrogenations,8,38,42 reductive aminations,15,16

and oxidation processes43 as well as borrowing hydrogen
methodologies.44 In general, we prepared these materials by
pyrolysis of metal complexes or metal–organic frameworks
(MOFs) as precursors on heterogeneous supports
(Fig. 1).8,15,16,38,42–44 Compared to these more sophisticated
precursors, the use of simple and stable metal salts is more
economic and practical (Fig. 1). However, creation of active and
selective supported nanoparticles for advanced organic
synthesis using simple non-noble metal salts without ligands or
additives is very difficult.

Here, we report Ni-nanoparticles generated by calcination of
nickel(II) nitrate on silica and subsequent reduction with
hydrogen (Fig. 1). The optimal, stable, and reusable catalyst
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Different approaches for the synthesis of supported
nanoparticles.
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allows for the synthesis of functionalized and structurally
complex benzylic, heterocyclic, and aliphatic amines starting
from all kinds of nitriles. In particular, we demonstrate the
applicability of our catalyst for the hydrogenation of demanding
heterocyclic nitriles to the corresponding primary amines.
Results and discussion
Preparation and catalytic evaluation

Initially, we prepared a small library of silica-supported nano-
particles based on 3d-metal nitrates using Fe(NO3)3$9H2O,
Mn(NO3)2$4H2O, Co(NO3)2$6H2O, Ni(NO3)2$6H2O, and
Cu(NO3)2$3H2O. Colloidal silica (LUDOX® HS-40; 40 wt%
suspension in H2O) was used as the precursor for the SiO2

support. In a typical procedure, we mixed the respective metal
nitrate and colloidal silica in water and stirred the mixture for
5 h at 65 �C (Fig. 2).

Then, the water was removed and the remaining solid was
dried over night at 110 �C. Aer calcinations of the metal–SiO2
Fig. 2 Preparation of Ni-nanoparticles supported on SiO2.

© 2022 The Author(s). Published by the Royal Society of Chemistry
templated material under air at 600 �C for 6 h, the respective
metal oxides were reduced in presence of molecular hydrogen at
300–700 �C to produce stable silica-supported metallic nano-
particles. The resulting materials are represented as M-
NPs@SiO2-T, where M and T denotes metal and reduction
temperature. The details of the synthetic procedure are described
in ESI.† Activities and selectivities of all the prepared nano-
particles were evaluated for the hydrogenation of 5-chlor-
opicolinonitrile 1 to (5-chloropyridin-2-yl)methanamine 2 at
80 �C for 24 h (Table 1). This challenging benchmark reaction
was chosen due to the importance of halogenated pyridine
nitriles for agrochemicals. Notably, traditional hydrogenation
catalysts suffer from severe selectivity problems in case of such
substrates. Indeed, testing commercially available catalysts such
as Ru/C, Pd/C, Pt/C, Rh/C, and RANEY® nickel showed in most
cases signicant amounts of unwanted dehalogenation reactions
and all materials gave only low yield of the desired product 2
(Table 1, entries 1–5). Similarly, our recently reported SiO2-sup-
ported Fe/Fe–O catalyst14 did not show any activity under these
conditions (Table 1, entry 6). Likewise, in the presence of Fe-
NPs@SiO2-500 and Mn-NPs@SiO2-500 no conversion of 1 was
observed (Table 1, entries 7 and 8). Although Co- and Cu-
NPs@SiO2-500 displayed some activity in the model reaction,
product yields and selectivities were low (Table 1, entries 9 and
11). However, applying Ni-NPs@SiO2-500 dramatically improved
the reaction and gave 88% yield of (5-chloropyridin-2-yl)
methanamine 2 (Table 1, entry 10). Based on these results,
several supported Ni-nanoparticles were prepared and tested. As
shown in Table 1, catalysts supported on Al2O3, TiO2, and ZnO
gave low conversion (<50%), and only traces of (5-chloropyridin-
2-yl)methanamine 2 was detected (Table 1, entries 12, 13 and 16).

Using CeO2 or ZrO2 supported materials, improved activity
was observed, but the selectivity was poor owing to the forma-
tion of product 3 and other byproducts (Table 1, entries 14 and
15). Improved conversion for the model reaction was enabled by
catalysts immobilized on carbon (Table 1, entry 17). Overall, the
silica-supported catalyst outperformed all other materials in
terms of selectivity and yield. To evaluate the optimal temper-
ature for the reduction of the nanoparticles, Ni@SiO2 materials
prepared at 400, 500, 600 and 700 �C were compared next (Table
1, entries 18–21). Optimal results were obtained using 500 �C.
The material prepared without reduction as well as the non-
pyrolyzed one and the precursors exhibited no activity at all
(Table 1, entries 22–24). Further, the effect of different solvents,
temperature, and other reaction parameters such as hydrogen
pressure, amount of catalyst and reaction time were evaluated
(Table S1 and Fig. S11, ESI†). Finally, the best result for the
benchmark hydrogenation was achieved using 30 mg of Ni-
NPs@SiO2-500 (9 mol% Ni), 35 bar H2, 5 bar NH3, at 80 �C in
methanol as solvent.
Characterization of Ni-based materials

The prepared Ni-materials were characterized by X-ray powder
diffraction (XRD), scanning transmission electron microscopy
(STEM), electron energy loss spectroscopy (EELS), and X-ray
photoelectron spectroscopy (XPS). XRD patterns of the sample
Chem. Sci., 2022, 13, 10914–10922 | 10915
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Table 1 Hydrogenation of 5-chloropicolinonitrile to (5-chloropyridin-2-yl)methanamine: activity of different catalystsa

Entry Catalyst
Conv. of 1
(%)

Yield of 2
(%)

Yield of 3
(%)

Yield of 4
(%)

1 5% Ru/C 99 44 10 11
2 5% Rh/C 99 46 9 9
3 10% Pd/C 99 34 17 16
4 5% Pt/C 99 39 13 13
5 RANEY® Ni <2 — <1 —
6b Fe–Fe–O@SiO2 <2 — <1 —
7 Fe-NPs@SiO2-500 <2 — <1 —
8 Mn-NPs@SiO2-500 <2 — <1 —
9 Co-NPs@SiO2-500 50 35 15 —
10 Ni-NPs@SiO2-500 >99 88 11 —
11 Cu-NPs@SiO2-500 41 24 16 —
12 Ni-NPs@Al2O3-500 30 12 17 —
13 Ni-NPs@TiO2-500 32 19 12 —
14 Ni-NPs@CeO2-500 74 47 26 —
15 Ni-NPs@ZrO2-500 65 39 25 —
16 Ni-NPs@ZnO-500 41 22 19 —
17 Ni-NPs@carbon-500 77 61 16 —
18 Ni-NPs@SiO2-300 87 61 26 —
19 Ni-NPs@SiO2-400 91 73 18 —
20 Ni-NPs@SiO2-600 95 80 15 —
21 Ni-NPs@SiO2-700 89 71 18 —
22 NiO@SiO2 calcined under air without reduction <2 — <1 —
23c Ni(NO3)2 + SiO2 <2 — <1 —
24d Ni(NO3)2$6H2O <2 — <1 —

a Reaction conditions: 0.5 mmol 5-chloropicolinonitrile, 30 mg catalyst (9.0–10 mol% metal), 35 bar H2, 5 bar NH3, 2 mL MeOH, 80 �C, 24 h. b Fe-
catalyst.14 c Same as ‘a’ with 9 mol% Ni(NO3)2$6H2O and 15 mg silica. d Same as ‘a’ with 9 mol% Ni(NO3)2$6H2O. Conversion and yield were
determined by GC using n-hexadecane standard.
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View Article Online
calcined at 600 �C (NiO@SiO2 calcined under air) showed the
presence of only NiO particles (Fig. S1†).

The patterns for the subsequently reduced materials (Ni-
NPs@SiO2-300 Ni-NPs@SiO2-400) displayed the presence of
both metallic and oxidic Ni particles, while the ones reduced at
500–700 contained mainly metallic Ni-particles (Fig. S2–S6†).
Scanning transmission electron microscopy (STEM) analysis of
the materials conrmed the structural changes with increasing
temperature (Fig. 3). In all materials, small particles down to
1 nm (Ni-NPs@SiO2-400, Ni-NPs@SiO2-700) or 0.5 nm (Ni-
NPs@SiO2-500, Ni-NPs@SiO2-500R (aer one run), and Ni-
NPs@SiO2-600) are observed. In the case of Ni-NPs@SiO2-600,
even single metal atoms were found (Fig. 3E). The larger parti-
cles in Ni-NPs@SiO2-400 form irregularly shaped agglomerates
up to 250 nm (Fig. 3B). The shape of these agglomerates already
changed in Ni-NPs@SiO2-500, where also some spherical Ni
containing particles are present (Fig. 3D). Further increase in
the reduction temperature led to the formation of exclusively
spherical nanoparticles in Ni-NPs@SiO2-700 with sizes of up to
50 nm (Fig. 3H). In addition, some of the Ni containing particles
exhibit an oxidic shell around a metallic core (see Fig. 3C top,
and S8†). This is most pronounced in sample Ni-NPs@SiO2-500.
The combination of all these properties seem to give the most
preferable catalytic performance in Ni-NPs@SiO2-500. To proof
10916 | Chem. Sci., 2022, 13, 10914–10922
the stability (i.e., shape and order of Ni with respect to the
support) of the catalytic material, Ni-NPs@SiO2-500 was inves-
tigated aer one run (Fig. 3I and J). As can be seen, a consider-
able reorganization of the metal nanoparticles took place under
catalytic conditions. The bigger Ni containing entities seem less
compact here and additionally, smaller Ni containing particles
are formed with considerable amounts of Ni located at the
interfaces of the support particles (see Fig. S9†). This is also
reected by the higher surface concentration of Ni observed by
XPS (see below). With respect to the oxidation state of Ni, EELS
and the contrast of the images suggest an increasing share of
metallic nickel with increasing temperature. The difference to
the observations from XPS below can be explained by the
method itself as XPS probes almost exclusively the surface of the
catalysts.

Next, XPS was used to further analyze the catalyst surface. In
Table 2 the surface composition of three fresh (pyrolysis
temperature 300 �C, 500 �C and 700 �C) and one recycled
catalyst are shown in detail. Beside Si and O atoms as main
components (as SiO2) small amounts of Ni and C as well as Na
and F can be detected. The latter two are probably originated in
the catalyst preparation procedure and/or sample handling.
However, the Ni concentration is quite similar in the fresh
catalysts (between 0.5 to 0.7 at%), whereas the recycled catalyst
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 STEM-HAADF (high-angle annular dark-field) images of Ni-
NPs@SiO2-400 (A and B), Ni-NPs@SiO2-500 (C and D), Ni-NPs@SiO2-
600 (E and F), Ni-NPs@SiO2-700 (G and H), and Ni-NPs@SiO2-500R
(after one run) (I and J).

Table 2 Surface composition of the catalysts obtained by XPS. All
values are given in at%

Catalyst Si O Ni C Na F

Ni-NPs@SiO2-300 35.0 61.5 0.7 0.9 1.1 0.8
Ni-NPs@SiO2-500 33.9 61.3 0.5 2.7 1.4 —
Ni-NPs@SiO2-700 35.9 61.1 0.5 1.43 1.1 —
Ni-NPs@SiO2-500R 29.3 51.9 1.8 8.4 — 8

Fig. 4 XPS spectra of the Ni 2p region of Ni@SiO2-300 (A), Ni@SiO2-
700 (B), Ni@SiO2-500 (C), and Ni@SiO2-500R (D).
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shows a higher Ni concentration of 1.8 at% which might be
correlated to the reorganization of the Ni particles observed by
TEM. The Ni 2p spectra of these four catalysts are shown in
Fig. 4 and reveal a main doublet around �855 eV and �873 eV
© 2022 The Author(s). Published by the Royal Society of Chemistry
which is characteristic for Ni 2p3/2 and Ni 2p5/2 in the oxidation
state +2 together with strong satellite features at slightly higher
binding energies.45,46 At the lower binding energy side around
852.5 eV a signal corresponding to metallic Ni can be
observed.46 Whereas Ni-NPs@SiO2-300 and Ni-NPs@SiO2-700
(Fig. 4A and B) show a mainly oxidic Ni surface (relative metal
concentration 3.3 at% and 9.9 at%, respectively), the highest
relative metal concentration of about 13% can be observed for
Ni-NPs@SiO2-500 (see Fig. 4C). For the recycled catalyst Ni-
NPs@SiO2-500R almost no metallic Ni is observed which goes
hand in hand with the structural changes seen by TEM. It is
worth mentioning that the Ni 2p binding energies for Ni-
NPs@SiO2-500 and Ni-NPs@SiO2-500R are shied to signi-
cantly higher values by about 2 eV. This indicates a much
stronger interaction of nickel with the support which can also
result in the formation of nickel silicate at the surface with
similar binding energies as found here.47,48 STEM and XRD
results show no evidence for the formation of nickel silicate.
However, the observed binding energy shi might be a conse-
quence of the pyrolysis temperature of 500 �C, which also leads
to the highest activity in the catalytic experiments. Concluding
from the analysis by STEM and XPS, a signicant amount of
metallic nickel as well as a sufficiently high interaction between
the support and Ni seem to be an important prerequisite for the
synthesis of a well-performing catalyst. Moreover, the reorga-
nization of the material aer one run implies that the presence
of interfaces between SiO2 crystallites is crucial for the forma-
tion and deposition of small Ni containing entities. This
formation may be linked both to the Ni containing particle's
size, shape, and composition, as well as to the size of the SiO2

crystallites of the freshly prepared materials.
Chem. Sci., 2022, 13, 10914–10922 | 10917
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Synthetic applications

With a most active catalyst (Ni@SiO2-500) for the selective
hydrogenation of 5-chloropicolinonitrile in hand, we explored
its general applicability for the synthesis of primary amines
from all kinds of aromatic and aliphatic nitriles. First, we per-
formed the hydrogenation of heteroarene nitriles.

Hydrogenation of heteroarene nitriles and nitriles with
heterocyclic substituents. The resulting amines are an impor-
tant class of compounds, which are used as intermediates in the
pharmaceutical and agrochemical industries. As a result,
pyridyl-based nitriles containing different additional substitu-
ents including F-, Cl-, Br-, CF3-, and NH2- were smoothly
reduced (Scheme 1, products 5–13). Similarly, other cyano-
substituted heterocycles including pyrimidines, thiazoles,
furans, and thiophenes gave the corresponding products in
good to very good yield without further optimizations (Scheme
1, products 14–22).
Scheme 1 Ni-NPs@SiO2-500 catalyzed hydrogenation of heterocy-
clic nitriles.a Reaction conditions: a 0.5 mmol nitrile, 30 mg Ni-
NPs@SiO2-500 (9 mol% Ni), 35 bar H2, 5 bar NH3, 2 mL MeOH, 80 �C,
24 h. Isolated as free amines and converted to hydrochloride salts for
measuring NMR. b GC yields using n-hexadecane standard.

10918 | Chem. Sci., 2022, 13, 10914–10922
In addition, other nitriles with heterocyclic substituents such as
quinoline, indole, pyrrole, thiazine, benzodioxol, benzodioxane,
morpholine, tetrahydrofuran, as well as imidazole and triazole
were selectively hydrogenated and produced the corresponding
heterocyclic amines in up to 90% (Scheme 1, products 23–34).

Hydrogenation of aromatic nitriles. As shown in Scheme 2,
common benzonitriles including ones bearing additional
aromatic or alkyl groups gave the desired benzylic amines in up
to 94% yield (Scheme 2, products 35–39).

To demonstrate the chemoselectivity of this novel Ni-based
catalyst system more clearly, the hydrogenation of nitriles
Scheme 2 Ni-NPs@SiO2-500 catalyzed hydrogenation of aromatic
nitriles.a Reaction conditions: a 0.5 mmol nitrile, 15 mg Ni-NPs@SiO2-
500 (4.5 mol% Ni), 35 bar H2, 5 bar NH3, 2 mL MeOH, 60 �C, 18 h,
isolated yields. Isolated as free amines and converted to hydrochloride
salts for measuring NMR. b Same as ‘a’ at 80 �C. c GC yields using n-
hexadecane standard.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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with sensitive functional groups was investigated in detail. In
consequence several halogenated benzylic amines as well as
amino- and triuoromethyl-substituted ones (Scheme 2, prod-
ucts 40–50) were prepared, which are known to be versatile
intermediates in organic synthesis. No dehalogenation prod-
ucts were detected for uoro-, chloro-, and bromide-substituted
substrates, whereas a small amount of dehalogenation product
was observed for the iodine-containing substrates. In addition,
aromatic nitriles with triuoromethoxy, hydroxyl, amide, ester
Scheme 3 Ni-NPs@SiO2-500 catalyzed hydrogenation of aliphatic
and fatty nitriles.a Reaction conditions: a 0.5 mmol nitrile, 20 mg Ni-
NPs@SiO2-500 (6.0mol%Ni), 35 bar H2, 5 bar NH3, 2mLMeOH, 80 �C,
24 h, isolated yield. Isolated as free amines and converted to hydro-
chloride salts for measuring NMR. b Same as ‘a’ with 30 mg Ni-
NPs@SiO2-500 (9.0 mol% Ni).

© 2022 The Author(s). Published by the Royal Society of Chemistry
as well as boronic ester and ether groups were also selectively
hydrogenated and gave smoothly the corresponding primary
amines (Scheme 2, products 51–63). Finally, a range of multi-
substituted benzylic amines were prepared using Ni-
NPs@SiO2-500 in up to 91% yield from the corresponding
nitriles (Scheme 2, products 64–77).

Hydrogenation of aliphatic nitriles. Compared to aromatic
nitriles, the hydrogenation of araliphatic and aliphatic nitriles,
especially in the presence of non-noble metal catalysts, typically
needs high temperature and pressure. However, performing the
hydrogenation of a range of aliphatic nitriles in the presence of Ni-
NPs@SiO2-500 the corresponding primary amines are obtained in
good to excellent yield already at 80 �C (Scheme 3). Apart from
high activity at low temperature, our catalyst material also
exhibited for this type of substrates high selectivity towards the
desired primary amines even for industrially important di-nitriles
(Scheme 3, products 86–88). More specically, hexamethylenedi-
amine, a key feedstock to produce nylon 66, is prepared in 78%
yield by direct hydrogenation of adiponitrile. Other substituted
nitriles were also smoothly hydrogenated and offered the corre-
sponding uoro-, methoxy-, hydroxyl-, cyclopropyl-, cyclobutyl-, as
well as triuoromethyl- and amino-substituted primary amines in
up to 89% yield (Scheme 3, products 97–115).
Demonstrating practicability

Further to showcase the synthetic utility and practicality of our
Ni catalyst, we performed six scale-up experiments with selected
nitriles up to 10 g scale. As shown in Scheme 4, all hydrogena-
tions proceeded smoothly, and in all cases yields similar to mg-
scale reactions were obtained.

Finally, to demonstrate the stability and reusability of the
optimal catalyst material, recycling experiments were conducted
for the model reaction under two different conditions (20 h,
complete conversion and 7 h, about 50% conversion). Gratifyingly,
Ni-NPs@SiO2-500 exhibited good stability and could be recycled
and reused for eight times with only slight deactivation (Fig. 5).

The general reaction pathway for catalytic hydrogenations of
nitriles to amines is shown in Fig. S11a.†
Scheme 4 Ni-NPs@SiO2-500 catalyst for upscale reaction. Reaction
conditions: a 780mg Ni-NPs@SiO2-500 (9.0 mol% Ni), 35 bar H2, 5 bar
NH3, 30 mL MeOH, 80 �C, 24 h; b 1.4 g Ni-NPs@SiO2-500 (4.5 mol%
Ni), 35 bar H2, 5 bar NH3, 30 mL MeOH, 60 �C, 24 h; c same as ‘b’ with
500mg Ni-NPs@SiO2-500 (4.5 mol% Ni); d same as ‘b’with 615mgNi-
NPs@SiO2-500 (4.5 mol% Ni); e same as ‘a’with 580mgNi-NPs@SiO2-
500 (6.0 mol% Ni); f same as ‘a’with 1.5 g Ni-NPs@SiO2-500 (6.0 mol%
Ni). Isolated yields.
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Fig. 5 Stability and recycling of Ni-NPs@SiO2-500 catalyst for the
hydrogenation of benzonitrile to benzylamine. Reaction conditions:
10 mmol benzonitrile, 320mg Ni-NPs@SiO2-500 (4.8 mol% Ni), 35 bar
H2, 5 bar NH3, 40 mL MeOH, 60 �C, 20 h and 7 h, GC yields using n-
hexadecane standard.
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Conclusions

In conclusion, we report the use of ultrasmall nickel nano-
particles supported on silica as a most general heterogeneous
catalyst for the selective hydrogenation of all kinds of nitriles to
primary amines under mild conditions. This catalyst can be
easily handled and allows for selective hydrogenation of
demanding substrates, thereby offering an efficient straight-
forward route towards heterocyclic primary amines, which
represent valuable building blocks, especially for the synthesis
of agrochemicals and other bio-active compounds. The optimal
catalyst material is conveniently prepared by calcination of an
inexpensive template material generated from Ni-nitrate and
colloidal silica under air. Aer subsequent reduction in pres-
ence of molecular hydrogen the resulting supported ultrasmall
Ni nanoparticles are highly stable and recyclable.
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