
476|https://doi.org/10.3311/PPch.12787
Creative Commons Attribution b

Periodica Polytechnica Chemical Engineering, 62(4), pp. 476–488, 2018

Cite this article as: Lévay, K., Hegedűs, L. "Selective Heterogeneous Catalytic Hydrogenation of Nitriles to Primary Amines", Periodica Polytechnica 
Chemical Engineering, 62(4), pp. 476–488, 2018. https://doi.org/10.3311/PPch.12787

Selective Heterogeneous Catalytic Hydrogenation of Nitriles 
to Primary Amines

Krisztina Lévay1, László Hegedűs1*

1	Department of Organic Chemistry and Technology, Faculty of Chemical Technology and Biotechnology, Budapest University of 
Technology and Economics, H-1521 Budapest, P.O.B. 91, Hungary

*	Corresponding author, e-mail: lhegedus@mail.bme.hu

Received: 02 July 2018, Accepted: 30 August 2018, Published online: 01 October 2018

Abstract

Primary amines are important intermediates, especially in the area of pharmaceutical, plastic and agrochemical industry. 

The  heterogeneous catalytic hydrogenation of nitriles is one of the most frequently applied process for the synthesis of diverse 

amines. However, the control of the selectivity is a critical issue in this reaction. Over the past decade, many studies have been 

reported using heterogeneous transition metal catalysts for the selective reduction of nitriles to the corresponding primary amines. 

The type of the catalysts, especially, the chemical nature of metals in the catalysts is one of the most important factors to influence 

the selectivity, the reaction rate, and possibly also the reaction pathway and the deactivation of the catalyst. Thus, this review 

focuses on the heterogeneous transition metal catalysts and summarizes the recent developments achieved in the selective catalytic 

hydrogenation of nitriles to primary amines.
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1 Introduction
Primary amines are one of the most important intermedi-
ates, especially in the area of pharmaceutical, plastic and 
agrochemical industry. There are several methodologies 
for the synthesis of primary amines, including the reduc-
tion of nitro compounds, amides and the reductive amina-
tion of oxo compounds [1, 2].

The heterogeneous catalytic hydrogenation of nitriles 
is the most preferred synthetic method in the industrial 
production of primary amines. Although the conversion 
of the nitrile group to a primary amine one takes place 
relatively easily, but the selectivity of the reaction can 
be strongly decreased due to the formation of by-prod-
ucts [3–5]. The reaction mechanism of hydrogenation of 
nitriles was proposed for the first time by von Braun et 
al. [6] and later modified by Greenfield [7]. Due to the 
high reactivity of the imine intermediate 2, the hydroge-
nation of nitriles 1 leads to a set of consecutive and par-
allel reactions and results in a mixture of primary 3, sec-
ondary 4 and tertiary amines 5, as shown in Fig. 1. The 
separation of the reaction products is usually complicated 
due to the small differences in their boiling points. For 
this reason, one of the most critical issues is the control 

of the selectivity. Depending on the structure of the sub-
strate, the nature and amount of the catalyst and the reac-
tion conditions, one of the amine types mentioned above 
can predominate in the hydrogenation products.

Among these factors, the chemical nature of the cat-
alytic metal has a decisive influence on the composition 
of the products [8, 9]. Nevertheless, there are some pos-
sibilities to enhance the selectivity to primary amine. 
With  addition of ammonia [7, 10–15] or an appropriate 
base [7, 16–18] the formation of by-products could be sup-
pressed. Using ammonia, however, high primary amine 
selectivities were only reported with Raney® nickel [10–
14] or rhodium [15] catalysts, while over supported pal-
ladium or platinum catalysts, the main product remained 
the secondary / tertiary amine even in the presence of five 
equivalents of NH3 [7, 13]. Furthermore, the positive effect 
of the bases (e.g. aqueous solutions of NaOH, LiOH, KOH 
or Na2CO3) on the product distribution was also revealed 
for only cobalt and nickel catalysts [7, 16–18].

Avoiding the reaction between the primary amine (3) 
and the imine intermediate (2) also represents a possibil-
ity to effectively minimize the formation of secondary (4) 
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and/or tertiary amines (5). This can be obtained by form-
ing a salt with acids [19–21] or by acylating the amino 
group with acetic anhydride [22–24].

Taking into account all of these considerations, this 
review summarizes the recent developments achieved in 
the selective heterogeneous catalytic hydrogenation of 
nitriles to primary amines. The information gathered is 
discussed on the basis of the chemical nature of the cata-
lytic metals used in this hydrogenation.

2 Base metal catalysts
2.1 Nickel-catalyzed hydrogenations
Nickel is a typically applied catalyst in the hydrogena-
tion of nitriles in different forms, such as Raney-type one 
[10–14, 16–18, 24, 25], supported on silica [7, 26–30], alu-
mina [31–34] or sepiolite [35], as well as NiAl alloy [36], 
Ni nanoparticles [37–39] or Ni2P [40].

In 2009, Hoffer and Moulijn [25] investigated the hydro-
genation of aliphatic dinitriles (succinonitrile 6a, glutaroni-
trile 6b and adiponitrile 6c) to the corresponding aminoni-
triles (7a-c) at 77 °C and 50 bar over commercial Raney®-Ni 
catalyst (Fig. 2). Based on their results, the reactivity of the 
substrates and the mechanism of the hydrogenation were 
highly influenced by the hydrocarbon chain length. Short 
dinitriles, like compound 6a, exhibit stronger adsorption on 
the catalyst surface than longer dinitriles, such as compound 
6c. Furthermore, with increasing of the hydrocarbon chain 
length, a substantial decrease was achieved in the yields of 
the partial hydrogenated intermediates (7a-c), due to the 
enhanced competitiveness of dinitriles (6a-c) and amino-
nitriles (7a-c) for the same active sites. Moreover, a longer 
chain length had a negative effect on the reactivity of the 
first C≡N bond, because the destabilizing effect of the elec-
tron-withdrawing second C≡N bond was weakened. Thus, it 
was found that both the reaction rate and the adsorption 
strength decrease in the following order: succinonitrile (6a) 
> glutaronitrile (6b) > adiponitrile (6c) (Table 1).
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Fig. 1 Reaction pathways in the hydrogenation of nitriles
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Fig. 2 Mechanism of the catalytic hydrogenation of dinitriles, such as succinonitrile (6a), glutaronitrile (6b) and adiponitrile (6c)
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In 2012, Apesteguía et al. [27] studied the liquid-phase 
hydrogenation of butyronitrile to butylamine over silica 
supported transition metal (Ni, Co, Ru, Cu, Pd, Pt) cat-
alysts at 100 °C and 13 bar, in ethanol. The butylamine 
selectivity was in the following order: Ni > Co > Ru > Pt. 
However, the formation of the desired product was not 
observed over Cu/SiO2 and Pd/SiO2 catalysts due to the 
fast deactivation. Furthermore, Pt/SiO2 produced mainly 
dibutylamine and only minor amounts of butylamine and 
tributylamine. In an attempt to reduce the formation of 
by-products, Ni/SiO2, Co/SiO2, Ru/SiO2 (the latter two 
will be discussed in Sections 2.2 and 3.2) catalysts were 
tested to optimize the reaction conditions (solvents, tem-
perature, pressure). The highest selectivity to butylamine 
(84%) was achieved in ethanol (Table 2, entry 1), while 
using benzene, toluene or cyclohexane the primary amine 
selectivity significantly decreased to 63–39% (Table 2, 
entries 2–4) [28]. These results suggest that using a protic 
solvent influences the strength of the solvent–butylamine 
interaction in the liquid phase, which positively affects 
the selectivity of primary amine over Ni/SiO2. Ethanol, 
as a H-bond donor solvent, strongly interacts with the 
H-bond acceptor butylamine and solvates in the liquid 
phase. The butylamine molecules are then surrounded by 

alcohol ones that inhibit butylamine adsorption on the cat-
alyst and thereby, decrease the formation of by-products.

In 2016, Han et al. [29] also investigated the hydroge-
nation of adiponitrile (6c) to 6-aminocapronitrile (7c) and 
1,6-hexamethylenediamine (9c), which are very important 
monomers in some industrial processes for manufacturing 
synthetic fibers (nylon-6 and nylon-6,6), but his time over a 
Ni/SiO2 catalyst prepared by direct reduction of Ni(NO3)2/
SiO2. According to the previously described mechanism 
(Fig. 2), this catalyst system effectively inhibited the conden-
sation reactions by promoting the hydrogenation of adsorbed 
imine (8c). Good selectivity to primary amines (79% for 7c 
and 9c) was achieved, after 86% conversion of 6c, in metha-
nol, in the presence of NaOH, at 80 °C and 30 bar.

In 2014, Liu and Wang [31] reported the selective hydro-
genation of isophthalonitrile (11) to m-xylylenediamine 
(12) over Ni–Co on alumina catalysts modified by potas-
sium (Fig. 3). The reactions were carried out at 80 °C and 
60 bar, in the presence of basic additives. It was observed 
that the K-modification considerably decreased the cata-
lyst acidity. Besides, when KNiCo/Al2O3 (K: 3 wt%) was 
applied, the catalyst acidity was reduced by 82%, and the 
selectivity to 12 increased from 45.5% to 99.9% in com-
parison to the unmodified catalyst.

Table 1 Hydrogenation of dinitriles over Raney®-Ni catalyst

Entry Substrate Activity
(mol kgcat

–1 min–1)

Selectivity to the 
corresponding 

aminonitrile (7a-c)

1 6a 0.78 95

2 6b 0.44 90

3 6c 0.28 70
Conditions: 77 °C, 50 bar, ethylenediamine (solvent)

Table 2 Effect of solvents in the hydrogenation of butyronitrile

Entry Catalyst Solvent Conversion (%)
Selectivity (%)

Butylamine Dibutylamine Tributylamine Others

1

10.5% Ni/SiO2

Ethanol 100 84 16 – –

2 Benzene 100 63 34 2 1

3 Toluene 100 52 43 4 1

4 Cyclohexane 100 39 50 9 2

5 9.8% Co/SiO2
a Ethanol 100 97 3 – –

6

1.8% Ru/SiO2
b

Toluene 100 63 37 – 1

7 Butanol 100 55 45 – –

8 Cyclohexane 100 46 54 – –
Conditions: 3 cm3 butyronitrile, 1.0 g catalyst, 150 cm3 solvent, 100 °C, 13 bar
a70 °C, 25 bar 
b130 °C

H2, KNiCo/Al2O3

toluene/MeOH=4:1
NaOH 

80 °C, 60 bar
13 

                                                                    
14

CN

CN

NH2

NH2

Fig. 3 Hydrogenation of isophthalonitrile (11) to m-xylylenediamine 
(12) over a K-doped NiCo/Al2O3 catalyst
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2.2 Hydrogenations over cobalt
Cobalt is also a frequently used catalytic metal in the 
hydrogenation of nitriles in Raney-type [12, 14, 17, 24] or 
supported [7, 27, 30, 31, 41–43] forms.

In 2004, Ansmann and Benisch [41] developed an 
industrially feasible process for preparing primary amines 
by cobalt-catalyzed hydrogenation of both aliphatic and 
aromatic nitriles. Thus, homoveratrylamine, an important 
pharmaceutical intermediate in the synthesis of papaver-
ine (antispasmodic drug), could selectively be obtained by 
the reduction of 3,4-dimethoxybenzyl cyanide over 70% 
Co/SiO2, in the presence of NH3, at 80 °C and 80 bar.

In 2012, Apesteguía et al. [27] also investigated the liq-
uid-phase hydrogenation of butyronitrile to butylamine over 
a 9.8% Co/SiO2 catalyst, in ethanol, at 70 °C and 25 bar 
(Table 2, entry 5). Among the catalytic metals tested, this 
one provided the best selectivity to butylamine (97%).

In 2017, Shen et al. [42] developed an efficient metal-or-
ganic framework (MOF)-derived N-doped Co/C catalyst 
system for the transfer hydrogenation of nitriles to primary 
amines under base-free conditions. The first step in the prepa-
ration of the catalyst was the synthesis of Co-MOF, where 
a mixture of Co(NO)3 · 6H2O, terephthalic acid (13), trieth-
ylenediamine (14) and N,N-dimethylformamide were added 
to the autoclave and heated at 120 °C for 2 d. These stages 
were followed by the direct pyrolysis of the N-containing 
Co-MOF under inert atmosphere and at 900  °C, where 
the N-containing ligands were transformed into graphitic 
N-doped carbon to provide Lewis basic sites for the cata-
lysts, while the Co2+ ions were reduced to Co nanoparticles 
(NPs) which were dispersed on N-doped carbon (Fig.  4). 
The hydrogenation of different nitriles to primary amines 
were accomplished with high selectivity (> 90%) using this 
catalyst system, in the presence of isopropyl alcohol as pro-
ton-donor and solvent (Table 3). The catalytic reactions were 
carried out in N2 atmosphere at 80 °C. Furthermore, the cat-
alysts exhibited good recyclability even after four runs, and 
no loss of conversion and selectivity was observed.

In the same year, the Beller's group [43] prepared a het-
erogenous nanostructured cobalt catalyst by the pyrolysis 
of a cobalt complex [Co(OAc)2 · 4H2O] containing nitro-
gen-based ligand (1,10-phenanthroline) on α-Al2O3 sup-
port. The determination of the optimal pyrolysis tem-
perature (800 °C) played a crucial role in the catalytic 
performance. With this catalyst system synthesized, hep-
tanenitrile was selectively hydrogenated to 1-heptylamine 

Table 3 Hydrogenation of aromatic nitriles over N-doped Co/C catalyst

Entry X Reaction time for full 
conversion (h)

Selectivity to primary 
amine (%)

1 2-CH3 48 > 99

2 3-CH3 50 > 99

3 4-CH3 46 > 99

4 4-OCH3 40 > 99

5 4-Br 46a 95

6 4-Cl 48a 96

7 4-F 48a 97
Conditions: 0.5 mmol nitrile, 1 cm3 i-PrOH, 80 °C
a100 °C

Fig. 4 Schematic illustration of the process used for the preparation of 
the N-doped Co/C catalyst

Table 4 Hydrogenation of (hetero)aromatic nitriles over Co/α-Al2O3

X

NH3Cl

N

N

N
H

O

O

NH3Cl

NH3Cl

NH3Cl

NH3Cl

NH3Cl

Yield (%)

76

X Yield (%) 89

H 98

4-Br 86 (90a)

2-Cl 89 93

3-Cl 94

4-Cl 90

4-F 80 (90a) 97

4-CF3 96

4-CO(O)CH3 90

4-OCH3 90 90

4-CH3 75

4-NH2 99
Conditions: 0.5 mmol nitrile, 2 cm3 i-PrOH, 130 °C, 40 bar, 2 h
a85 °C, 5 bar
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with complete conversion (24 h), in 98% yield, and only 
2% of by-products were detected. The hydrogenation was 
performed at 5 bar and 85 °C in isopropyl alcohol and in 
the presence of an optional amount of ammonia. The recy-
clability of the catalyst was investigated, and no apparent 
loss was observed in the conversion and selectivity, even 
up to eight runs. By extending the hydrogenation process, 
under standard conditions, several aromatic nitriles were 
converted to the desired primary amines (HCl salts) with 
good to excellent yields (75–99%, Table 4). In general, the 
catalyst allowed wide functional group tolerance.

2.3 Cu-mediated reductions
Copper is a seldom used catalytic metal during the reduc-
tion of nitriles, and it is typically applied in supported 
form [30, 44, 45].

In 2013, Burri et al [44] reported the gas-phase hydro-
genation of benzonitrile to benzylamine over magnesia 
supported copper catalysts. High primary amine selectiv-
ity (near 100%) was achieved over 12% Cu/MgO, in the 
absence of any additives, at 240 °C and 1 bar, but no com-
plete conversion of benzonitrile was observed (50–60%). 
However, using the inexpensive copper could be an effi-
cient alternative for this hydrogenation.

In 2015, Apesteguía and his co-workers  [30] investi-
gated the copper-catalyzed hydrogenation of cinnamoni-
trile (15) to cinnamylamine (16), in liquid phase (Fig. 5). 
Over a highly-dispersed 11% Cu/SiO2 catalyst 74% selec-
tivity to 16 was achieved in toluene, after a complete con-
version of 15, at 100 °C and 40 bar. It was found that the rel-
atively high primary amine selectivity was due to a special 
catalyst preparation (chemisorption–hydrolysis) method.

3 Precious metal catalysts
3.1 Hydrogenations over palladium
Among the precious metals, palladium is the most fre-
quently used heterogeneous catalyst in the hydrogenation 
of nitriles, exclusively in supported form: on activated car-
bon [46–53], on alumina [51, 52, 54–62], on MCM-41 [63] 
or on silica [64].

In 2005, our research group [46] developed a pro-
cess for the selective liquid-phase heterogeneous cat-
alytic hydrogenation of nitriles to primary amines. 
Benzonitrile was hydrogenated to benzylamine under 
mild reaction conditions (30 °C, 6 bar), over 10% Pd/C 
(Selcat Q) catalyst, in a mixture of two immiscible sol-
vents (e.g. water / dichloromethane) and in the presence 
of a medium acidic additive (NaH2PO4). Full conversion, 

excellent selectivity (95%) and isolated yield (85–90%) 
could be achieved by applying this method. In addition, 
the purity of the product was over 99% without using any 
special purification procedures.

Later, in 2008, this method was extended to the selec-
tive catalytic hydrogenation of benzyl cyanide to 2-pheny-
lethylamine [47]. Although the conversion of benzyl 
cyanide was complete, lower isolated yield (40%) and 
selectivity (45%) to primary amine were achieved than 
in the reduction of benzonitrile reported previously [45]. 
Based on the molecular modelling calculations, there are 
no significant differences in the energy profiles of the 
side-reactions. The reactants have very similar reactiv-
ity, therefore, other effects must be responsible for the pri-
mary amine selectivity. The adsorption modes of these 
imine types on Pd(111) revealed that benzaldimine can 
adsorb on palladium stronger than 2-phenylethylimine. 
Therefore, and also due to the different structures of their 
minimal energy conformers, the chance of by-product for-
mation increased in case of 2-phenylethylimine.

In 2014, Beller et al. [49] reported the catalytic transfer 
hydrogenation of aromatic nitriles to the corresponding 
primary amines over a 10% palladium on carbon catalyst 
and applying ammonium formate as a hydrogen donor. 
Aromatic nitriles containing electron-donating, as well 
as electron-withdrawing groups were compatible with 
the catalytic system and good to excellent yields of the 
desired primary amines (51–98%) were obtained under 
mild reaction conditions (25–40 °C), as shown in Table 5.

In 2013, Arai and his co-workers [55] investigated the 
hydrogenation of benzonitrile to benzylamine over a Pd/
Al2O3 catalyst in a multiphase reaction media includ-
ing both pressurized CO2 and H2O. The catalytic trans-
formation was realized at 50 °C, 20 bar H2 and 50  bar 
CO2 and enabled full substrate conversion after 24 h and 
high selectivity to benzylamine (98%) (Table 6, entry 1). 
Furthermore, no catalyst deactivation occurred in this 
medium. The enhanced selectivity to the primary amine 
may result from a synergistic effect of CO2 and H2O. In the 
organic phase (benzonitrile) produced benzylamine mol-
ecules likely react with CO2 giving a carbamate salt and 

H2, 11% Cu/SiO2

toluene 
100 °C, 40 bar

15 
                                                                  

16

CN NH2

Fig. 5 Hydrogenation of cinnamonitrile (15) to cinnamylamine (16) 
over 11% Cu/SiO2
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this water-soluble species moves into the aqueous phase, 
reducing the chance for side-reactions.

Later, in 2015, the same group [56] also studied the 
hydrogenation of benzyl cyanide over a Pd/Al2O3 cata-
lyst, but this time in the presence of hexane, water and 
CO2. This reduction was carried out at 50 °C, 20 bar H2 
and 50 bar CO2. In this case, a partial substrate conversion 
(56%) and high selectivity (90% to 2-phenylethylamine) 
were obtained (Table 6, entry 2). However, the full con-
version of benzyl cyanide was accompanied with lower 
selectivity to 2-phenylethylamine.

In 2016 Arai et al. [57] also investigated the effective-
ness of the multiphase medium including toluene or hexane, 
water, and CO2 for the selective hydrogenation of different 

nitriles, such as propionitrile, hexanenitrile and 4-phen-
ylbenzonitrile over a Pd/Al2O3 catalyst. The  process was 
effective for the selective hydrogenation of propio-nitrile 
(Table 6, entry 3) and hexanenitrile (Table 6, entry 4), simi-
lar to benzonitrile and benzyl cyanide, but not for 4-phenyl-
benzonitrile. In the latter case, neither the desired products 
nor the secondary amine were detected in the toluene–CO2–
H2O mixture (Table 6, entry 5). Although 32% conversion 
was observed, the products were unable to be identified. 
However, very good selectivity (> 99) was achieved, when 
the hydrogenation of 4-phenylbenzonitrile was carried out 
in toluene and CO2 medium without water (Table 6, entry 6).

In 2018, Yoshimura et al. [61] studied the hydrogena-
tion of valeronitrile (17) to pentylamine (18a) over 10% 
Pd/C, 5% Pd/Al2O3, and 25% Pd–5% Au/Al2O3 catalysts 
(Table 7). The experiments were carried out in acetic acid, 
at 50 °C and 1.5 bar. According to their results, Pd/Al2O3 
produced a better selectivity to 18a (81%, Table 7, entry 2) 
compared to Pd/C (56%, Table 7, entry 1), probably due to 
differences in the number of acidic sites on the surface of 
activated carbon and alumina.

Even better primary amine selectivity (89%, Table 7, 
entry 3) was achieved when the reduction was catalyzed by 
active Pd-monomers released from alloyed Au-clusters in 
Pd–Au/Al2O3. The selectivity to 18a was enhanced to above 
99% by decreasing the temperature from 50 to 25 °C and 
increasing the pressure from 1.5 to 8 bar (Table 7, entry 4).

3.2 Ruthenium-catalyzed reductions
Ruthenium can also be used for the heterogeneous cata-
lytic hydrogenation of nitriles in supported form [65–67] 
or as nanoparticles [68].

Ionic liquid-based, multiphase reaction system was 
investigated in the hydrogenation of propionitrile over 
Ru/C by Wasserscheid and his co-workers [65]. Two dif-
ferent approaches (I and II) were introduced to improve the 

Table 5 Transfer hydrogenation of (hetero)aromatic nitriles

X

NH2

N

N

NMeO

N
H

NH2

NH2

NH2

NH2

Yield (%)

72a

X Yield (%)

H 98 51a

2-CH3 92

3-CH3 94

4-CH3 98 98a

3-OH 94

4-CF3 98

4-Ph 52 83

4-NHCOCH3 98

4-CO(O)CH3 98
Conditions: 0.38 mmol nitrile, 1 cm3 tetrahydrofuran, 1 cm3 HCOOH–
NEt3 (18.5:1), 25 °C, 1–12 h,
a40 °C

Table 6 Hydrogenation of nitriles in different reaction media

Entry Substrate Medium Reaction time (h) Conversion (%)
Selectivity (%)

Primary amine Secondary amine

1 Benzonitrilea CO2–H2O 24 > 99 98 2

2 Benzyl cyanide Hexane–CO2–H2O 1 56 90 10

3 Propionitrile Toluene–CO2–H2O 1 32 82 18

4 Hexanenitrile Hexane–CO2–H2O 5 32 > 99 0

5 4-Phenylbenzonitrile Toluene–CO2–H2O 1 32 0 0

6 4-Phenylbenzonitrile  Toluene–CO2 1 76 > 99 0
Conditions: 50 °C, 20 bar H2, 50 bar CO2
a50 °C, 40 bar H2, 10 bar CO2

Table 4b 
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selectivity to primary amines. Both methods were carried 
out at 100 °C and 100 bar. In method I, the application of 
Brønsted acidic ionic liquids [1-butylimidazolium hydrogen 
sulfate  (19) or N,N-dimethylcyclohexylammonium hydro-
gen sulfate (20), Fig. 6] resulted in high selectivity to propyl-
amine (85%) even in complete nitrile conversion. In the pres-
ence of a Brønsted acidic ionic liquid, the formed primary 
amine was protonated, thus preventing the primary amine 
reaction with the imine. In this case the Ru/C catalyst was 
dispersed in the ionic liquid phase, and both the hydrogena-
tion and protonation of the product took place in this phase. 
Thus, the role of the organic phase (1,2,4-trichlorobenzene) 
was only the dissolution of hydrogen and the propionitrile. 
However, the direct recycling the Ru/C–Brønsted acidic 
ionic liquid phase was not possible after a basic work-up, 
because it led to the complete deprotonation of the ionic liq-
uid cation to the corresponding amine.

In approach II (Fig. 7), the hydrogenation occurred in 
an aprotic ionic liquid [1-ethyl-3-methylimidazolium ethyl 
sulfate (21), Fig. 6] which included the suspended hetero-
geneous Ru-catalyst. The formed propylamine was not 
protected from a successive protonation step, but directly 
extracted into an organic solvent (1,2,4-trichlorobenzene) 
presenting better solubility for the amine compared to 
the nitrile. This resulted in the low concentration of pri-
mary amine, even when the nitrile conversion was high. 
Complete conversion and good selectivity (70%) could be 

achieved by using this method. Besides, one of its primary 
advantages is that the extraction from the reaction phase 
also means the product isolation step. Therefore, the recy-
cling of the ionic liquid catalyst phase can be performed 
without any additional steps for product separation. 
Moreover, the recyclability of the ionic liquid / catalyst 
phase by simple phase separation could be demonstrated.

In 2014, Apesteguía et al. [66] also investigated the effect 
of various solvents on the activity and selectivity for the 
liquid-phase hydrogenation of butyronitrile to butylamine 
(13 bar, 130 °C), but this time over a 1.8% Ru/SiO2 catalyst 
(Table 2, entries 6–8). Regarding the product distribution, 
Ru/SiO2 formed a mixture of butylamine and dibutylamine. 
The best selectivity to primary amine (63%) was achieved, 
when toluene was used as a solvent (Table 2, entry 6).

In 2015, Muratsugu et al. [67] reported a decarbonyla-
tion-promoted Ru nanoparticles formation from Ru3(CO)12 
precursor, wich were dispersed on a basic K-doped Al2O3 
support surface. This catalyst was active and selective for 
the hydrogenation of nitriles to the appropriate primary 
amines without using any basic additives (e.g. ammonia). 
For example, in the saturation of valeronitrile (17), the ruthe-
nium species supported on K-Alu C (K: 4 wt%, Ru: 2 wt%) 
formed pentylamine (18a) with high selectivity (97%) at 31% 
conversion of 17 after 1.5 h, in heptane, at 70 °C and 1 bar. 
Due to an increased reaction time (12 h), the conversion of 
17 raised to above 99%, and the selectivity to pentylamine 
(96%) remained a very similar value to the previous one.

3.3 Rh-mediated hydrogenations
Rhodium is also a rarely used heterogeneous catalyst in 
the hydrogenation of nitriles [15, 69].

In 2010, Chatterjee and her co-workers [69] studied the 
semi-hydrogenation of adiponitrile (6c) to 6-aminocap-
ronitrile (7c) over 5% Rh/Al2O3 avoiding the formation 
of 1,6-hexamethylenediamine (9c) (Fig. 2). The  desired 
product was effectively synthesized with complete 

Table 7 Hydrogenation of valeronitrile (17) over Pd on alumina catalysts

Entry Catalyst
Selectivitiy (%)

18a 18b 18c

1 10% Pd/C 56 29 7

2 5% Pd/Al2O3 81 4 0

3 25% Pd – 5% Au/Al2O3 89 7 0

4a 25% Pd – 5% Au/Al2O3 >99 0 0
Conditions: 1.7 g valeronitrile, 50 cm3 acetic acid, 50 °C, 1.5 bar, 5 h
a25 °C, 8 bar

Fig. 7 Approach II: the extraction of primary amine by an organic 
phase from the aprotic ionic liquid (21) containing  

the suspended Ru-catalyst
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selectivity to 7c, at 80 °C in supercritical carbon dioxide 
(scCO2) and without any additive or the use of any organic 
solvent. The  maximum conversion was 97% after 6 h. 
An attempt was made to achieve the complete conversion 
by increasing the reaction time to 24 h, but the conversion 
of 6c could not been improved any further. These results 
may be caused by the deactivation of the catalyst or the 
competitiveness of dinitriles (6) and aminonitriles (7) 
for the same active sites. Whereas, recycling the studied 
catalyst was opposed by the deactivation. However, this 
process proved to be suitable for the selective formation 
of other aminonitriles from the corresponding aromatic 
dinitriles (Table  8). The lowest catalyst activity was 
observed in the hydrogenation of ortho-compound 
(Table 8, entry 3) which was attributed to a steric effect.

3.4 Ir-catalyzed hydrogenations
Iridium is not a typical catalytic metal for the hydrogena-
tion of nitriles. However, when 0.9% Ir/γ-Al2O3 catalyst 
was applied in the reduction of benzonitrile in ethanol, at 
21 bar and 100 °C, 50% conversion and 15% selectivity to 
benzylamine were achieved after 4 h [70].

3.5 Reductions over platinum
Platinum-catalyzed hydrogenation of nitriles almost 
exclusively resulted in secondary [3, 4, 71–73] or tertiary 
amines [74], but in some cases moderate primary amine 
selectivities (51–56%) were achieved over supported plati-
num catalysts, in the gas-phase hydrogenation of acetoni-
trile [75, 76]. Thus, 51% or 56% selectivity to ethylamine 
was obtained over a 1% Pt/(Al2O3)0.25(MgO)0.75 [75] or a 1% 
Pt/CeO2 catalyst [76], at 20% conversion of acetonitrile, at 
atmospheric pressure and 70 °C.

4 Mechanistic considerations for the adsorption of 
nitriles on metals
The reasons for the differences in hydrogenation selec-
tivity can be related to the electronic properties of the 
d-bands of catalytic metals. Furthermore, it is gener-
ally accepted that the observed differences regarding the 
kinetic course of the hydrogenation (the shape of the con-
version curve, catalyst deactivation rate) could be caused 
by the different adsorption strengths of the reaction com-
ponents on several metals [3, 77–79].

The weak point in these conclusions, that the relative 
adsorption strengths are achieved indirectly from kinetic 
experiments. The different adsorption strengths may also 
be responsible for the differences in the selectivities of 
hydrogenations. However, it seems more probable, that the 
differences in the selectivities catalyzed by various metals 
could be caused by the diverse ways of the reactive inter-
mediates bound onto the metal surface.

Over the past decade, several mechanistic proposals 
were published suggesting surface reaction steps and sur-
face intermediates [16, 17, 80–86]. In 2010, an innovative 
and comprehensive model of heterogeneously catalyzed 
nitrile hydrogenation was introduced by Krupka  [87], 
which is based on the already existing concepts of the 
mechanism [16, 17, 80–86], and applied the already exist-
ing knowledge of the kinetics of the reaction and the latest 
conclusions on the adsorption of N-containing substances 
on metals. The suggested concept helps to understand the 
differences in the hydrogenation selectivity of the indi-
vidual metal catalysts. According to this proposal, under 
common reaction conditions (< 150 °C, elevated hydro-
gen pressure), nickel and cobalt prefer to form intermedi-
ates bound onto the surface of metal catalyst through the 
free electron pair on the nitrogen atom, while palladium 
and platinum prefer to form intermediates bound onto the 
surface through the α-carbon atom or the π-system of a 
C=N double bond (Fig. 8). Thus, the nitrile hydrogena-
tion on cobalt or nickel surfaces will lead to the formation 
of nitrene intermediates (22). Due to the saturated α-car-
bon atom, this species is inactive for condensation reac-
tions, thereby, it favors the formation of primary amines. 
Whereas, during the hydrogenation on palladium or plati-
num surfaces, aldimines (23) or aminocarbene complexes 
(24) coordinate to the metal. In this case, due to the pres-
ence of the unsaturated electrophilic α-carbon atom, both 
complexes are highly reactive, which leads to the forma-
tion of secondary and tertiary amines.

Table 8 Hydrogenation of aromatic dinitriles over 5% Rh/Al2O3

Entry Substrate Conversion (%) Yield (%)

1

CN

CN

CN

CN

CN

NC
96 94

2 60 53

3 51 33

Conditions: 1 g substrate, 0.1 g catalyst, 8 bar CO2, 4 bar H2, 80 °C, 6 h
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5 Influence of metallic particle size on selectivity 
and activity
Some researchers suggested that the heterogeneous cat-
alytic hydrogenation of nitriles is a structure sensitive 
reaction [71, 74, 88], while others found no correlation 
between the selectivity or activity, as well as the particle 
size of catalytic metal [76].

It was observed by Arai et al. that the gas-phase hydro-
genation of acetonitrile over Pt/SiO2 catalysts [74] or nickel 
on various oxide supports [88] was sensitive to the degree 
of metal dispersion. Whereas, the different particle sizes of 
these metals had effect on the initial specific activity only, 
namely it decreased by an increase in the degree of metal 
dispersion, while the product distribution was not depen-
dent on the particle size of Pt or Ni, because triethylamine 
(over platinum) or ethylamine (over nickel) was the main 
product. Thus, the selectivity have to depend on other attri-
butes of the heterogeneous catalysts (e.g. supports).

6 Effect of supports
Various materials, like activated carbon [42, 46–53, 65, 73], 
alumina [15, 31–34, 43, 45, 46, 51, 52, 54–62, 67, 69–71, 75, 
76, 88, 89], silica [7, 26–30, 41, 64, 66, 71, 72, 74, 76, 88, 89], 

titania [46, 71, 88], sepiolite [35], MCM-41  [63], hydrotal-
cite [81], ceria [76] or magnesia [44, 75, 76, 89], were used 
for as catalyst supports in the hydrogenation of nitriles.

These different supports, as usual, had significant influ-
ence on the catalyst activity, but their effects on the selec-
tivity of catalytic metals were less often observed in this 
reaction [76, 81, 88, 89].

Verhaak et al. [89] found that the acidity of the support led 
a bifunctional mechanism which favored the condensation 
side-reaction in the vapor-phase hydrogenation of acetoni-
trile, over nickel on different supports (Al2O3, SiO2, MgO). 
As a result, catalysts with acidic supports exhibited a low 
selectivity to primary amines, while basic nickel ones were 
highly selective to the formation of ethylamine.

In 2017, Pirault-Roy et al. [76] investigated the influ-
ence of acid-base properties of the support on the cata-
lytic performances of Pt-based catalysts in a gas-phase 
hydrogenation of acetonitrile, at atmospheric pressure and 
70  °C. Their results suggest that the activity and selec-
tivity to primary amines or condensation reactions seem 
to be independent from Brønsted acidity of the supports 
(Al2O3, MgO, SiO2 or CeO2). Furthermore, a clear correla-
tion was evidenced between the catalyst selectivity and 
the amount of basic sites: the higher the number of basic 
site was, the higher the formation of primary amines was. 
The best primary amine selectivity (56%) was achieved by 
using a 1% Pt/CeO2 catalyst, at 20% conversion.

7 Conclusion
Although the heterogeneous catalytic hydrogenation of 
nitriles to primary amines is a highly atom-efficient pro-
cess and results in important fine chemical intermedi-
ates, the formation of by-products, such as secondary / 
tertiary amines, decreases the selectivity of the reaction. 
However, some of the heterogeneous catalysts developed 
recently showed high activity and excellent selectivity to 
primary amines. Most  results suggest that the selectiv-
ity is affected by the chemical nature of the metal, while 
the support increases the metal dispersion and thus, the 
catalyst activity. Besides, it is still not clearly explained 
whether the side-reactions proceed in the liquid phase or 
on the surface of the catalytic metal.

Further investigations to develop more efficient hetero-
geneous hydrognation processes for the selective synthesis 
of primary amines (new catalyst recycling methods, exten-
sion of the well-functioning procedures) are still expected.

Fig. 8 Mechanistic proposal of surface reactions for heterogeneous 
nitrile hydrogenation suggested by Krupka [87] 

"M" is the active site (one or more surface atoms) of the catalytic metal
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