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1. INTRODUCTION  

Primary amines are valuable intermediates in the pharmaceutical, herbicide and plastic 

industries. They can be prepared in several ways, for example by reduction of nitro compounds 

or amides, alkylation of ammonia, reductive amination of oxo substances, but one of the most 

commonly used methods in the pharmaceutical industry is the heterogeneous catalytic 

hydrogenation of nitriles or nitro compounds. Previously, a selective and technologically 

feasible liquid-phase heterogeneous catalytic hydrogenation process for converting nitriles to 

primary amines over supported Pd catalysts was developed, at our Department. In this method, 

nitriles can be converted to primary amines with complete conversion, as well as with high 

selectivity and isolated yield (>90%), in a mixture of two immiscible solvents (e.g. 

dichloromethane/water) and in the presence of a medium acidic additive. Furthermore, the 

product can be obtained with high purity (> 99%) without any special purification process (e.g. 

distillation). During my PhD work, I became involved in this research, in the framework of 

which I extended the process to the reduction of 3-phenylpropionitrile, which belongs to the 

homologous series of previously converted nitriles (benzonitrile1, benzyl cyanide2). By 

systematically modifying the reaction parameters (e.g. amount of catalyst, type and amount of 

solvents, acidic additives, temperature, pressure), the optimal conditions required to achieve the 

best isolated yield and selectivity to the desired primary amines were determined. Subsequently, 

the conversion of benzonitrile and its homologues over other supported percious metal catalysts 

(Pt/C, Rh/C, Ru/C, Ir/C, Rh/γ-Al2O3, Pt/γ-Al2O3) was investigated, and the reaction conditions 

were fine-tuned. In addition, the extensibility of the Pd-catalysed hydrogenation method to 

heteroaromatic nitriles (4-, 3- and 2-pyridinecarbonitriles) was also part of my research. To 

explain the differences in primary amine selectivity observed in these hydrogenations, I 

modeled the adsorption energy profiles associated with the interactions between nitrile starting 

materials, imine intermediates, or amine products and the catalytically active metal by quantum 

chemical calculations (DFT method). 

 

2. LITERATURE REVIEW 

As well known, conversion of the nitrile group to a primary amine takes place relatively 

easily, but the selectivity of the reaction can strongly decrease due to the side reactions. Due to 

the high reactivity of the imine intermediate formed during the hydrogenation of nitriles, a 

mixture of primary, secondary and tertiary amines is formed as a result of various consecutive 

and parallel reactions (Fig. 1). Because the difference in boiling point of the reaction products 

is small, the separation is usually an extremely complicated task, so the goal is to influence 

consciously the selectivity. In general, the composition of the product depends on the structure 

of the substrate, the type and amount of catalyst, and the reaction conditions. Of these factors, 

the chemical properties of the catalytically active metal play a prominent role in the product 

composition.3 However, there are some alternatives to reduce the possibility of by-product 

formation, for example, if the reduction is performed in the presence of excess ammonia or 

bases. However, at least five or six equivalents of ammonia are required to achieve good results, 

and only Raney® nickel or rhodium catalysts have been shown to be suitable.4 However, during 

 
1 Hegedűs, L., Máthé, T., Applied Catalysis A: General, 296, pp. 209–215, 2005. 
2 Hegedűs, L., Máthé, T., Kárpáti, T., Applied Catalysis A: General, 349, pp. 40–45, 2008. 
3 (a) Bagal, D. B., Bhanage, B. M., Advanced Synthesis & Catalysis, 357, pp. 883–900, 2015. (b) Krupka, J., Pasek, J., 

Current Organic Chemistry, 16, pp. 988–1004, 2012. 
4 (a) Gomez, S., Peters, J. A., Maschmeyer T. Advanced Synthesis & Catalysis, 344, pp. 1037–1057, 2002. (b) Kukula, P., 

Studer, M., Blaser, H.-U., Advanced Synthesis & Catalysis, 346, pp. 1487–1493, 2004. (c) Bawane, S.P.; Sawant, S.B., 

Chemical Engineering Journal, 103, pp. 13–29, 2004. 
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the hydrogenation of nitriles over supported precious metal catalysts (Pd or Pt), the formation 

of secondary and/or tertiary amines is dominant, even using five equivalents of ammonia.4c 

Similarly, the positive effect of the bases (aqueous solution of NaOH, LiOH, KOH or Na2CO3) 

on the product distribution was observed almost exclusively over cobalt or nickel catalysts. By 

avoiding the reaction between the primary amine (3) and the imine intermediate (2), the amount 

of secondary (4) or tertiary amines (5) can also be minimized. For example, if the primary 

amines are converted to a protected form by salt formation with acids5 or acylation of the amino 

group with acetic anhydride6. 

 

 
Figure 1. Catalytic hydrogenation of nitriles, reaction mechanism. 

 

Some recent reviews7 have provided comprehensive reports on the developments in the 

heterogeneous and/or homogeneous catalytic hydrogenation of nitriles to primary amines. The 

following examples focus on the results obtained in the the selective reduction of benzonitrile 

and its homologues and heteroaromatic pyridinecarbonitriles. 

Thus, for example, benzonitrile was converted over Raney nickel, in 2-propanol 

containing 6 v/v% liquor ammonia, at 15 bar and 85 C with 99% selectivity to benzylamine, 

but over 5% Pt/C and 5% Pd/C, respectively, only 40% or 54% primary amine selectivity was 

achieved under the same conditions.8 When Ni nanoparticles were applied in the hydrogenation 

of benzyl cyanide or 3-phenylpropionitrile, the conversions were complete after 16 h, in 

isopropyl alcohol, at 1 bar and 70 C, and the corresponding primary amines (2-phenylethyl-

amine and 3-phenylpropylamine) were obtained with 74% and 38% selectivity.9 In two-phase 

media (hexane/water or toluene/water) and also in the presence of scCO2 (p = 30 or 10 bar), the 

5% Pd/Al2O3-catalysed hydrogenation of benzyl cyanide or 3-phenylpropionitrile afforded 2-

 
5 (a) Johnson, T. A., Freyberger, D. P., Chemical Industries: Catalysis of Organic Reactions, 82, pp. 201–227, 2001. (b) 

Hartung, W. H., The Journal of the American Chemical Society, 50, pp. 3370–3374, 1928. (c) Miller, E., Sprague, J. M., 

Kissinger, L.W., McBurney, L. F., The Journal of the American Chemical Society, 62, pp. 2099–2103, 1940. 
6 (a) Schwartz, M. A., Zoda, M., Vishnuvajjala, B., Mami, J., The Journal of Organic Chemistry, 41, pp. 2502–2503, 1976. 

(b) Carothers, W. H., Jones, G. A., The Journal of the American Chemical Society, 47, pp. 3051–3057, 1925. (c) Overberger, 

C. G., Mulvaney, J. E., The Journal of the American Chemical Society, 81. pp. 4697–4701, 1959. 
7 (a) Werkmeister, S., Junge, K., Beller, M., Organic Process Research & Development, 18, pp. 289–302, 2014. (b) Bagal, D. 

B., Bhanage, B. M., Science of Synthesis: Catalytic Reduction in Organic Synthesis, Vol. 2; de Vries, J.G., Ed., Thieme Verlag: 

Stuttgart, pp. 375–401, 2018. (c) Lévay, K., Hegedűs, L., Periodica Polytechnica Chemical Engineering, 62, pp. 476–488, 

2018. (d) Allgeier, A. M., Sengupta, Hydrogenation: Catalysts and Processes, S.D. Jackson (Ed.), Walter de Gruyter, Berlin, 

Boston, pp. 107–154, 2018. (e) Lévay, K., Hegedűs, L., Current Organic Chemistry, 23, pp. 1881–1900, 2019. 
8 Kukula, P., Koprivova, K., Journal of Catalysis, 234, pp. 161–171, 2005. 
9 Mokhov, V. M., Popov, Yu. V., Shcherbakova, K. V., Russian Journal of General Chemistry, 86, pp. 273–280, 2016. 
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phenylethylamine or 3-phenylpropylamine with 93 and 82% selectivity, respectively, at 20–

40 bar and 50 C, after 1 h, but relatively low conversions (56 and 32%) were obtained.9 

In general, the preparation of (aminomethyl)piperidines by catalytic hydrogenation of 

pyridinecarbonitriles takes place in two steps. In the first one, (aminomethyl)pyridine is formed 

as an intermediate by the hydrogenation of the nitrile group to amine while the pyridine ring 

remains untouched. In a subsequent second hydrogenation step, the desired (aminomethyl)-

piperidine is formed by the saturation of the heteroaromatic ring. According to a patented 

process for the preparation of (aminomethyl)piperidines, the corresponding pyridinecarbo-

nitrile was firstly converted to 2-(aminomethyl)pyridine over Raney® nickel, in benzene, by 

addition of NH3, at 95 °C and 40 bar.10 The product was obtained in 88% yield and 99% purity 

after distillation.10a Subsequently, it was hydrogenated to 2-(aminomethyl)piperidine over a 

Rh/C catalyst, in water at 110 °C and 40 bar.10b Although this piperidine derivative was afforded 

in a very good yield (97%) and purity (99%) after distillation, the use of two different catalysts 

and the need to work in two different reaction media makes the process laborious and 

inexpedient. When a mesoporous Al2O3 supported Ni catalyst was used for the hydrogenation 

of 4-pyridinecarbonitrile under relatively mild conditions (60 °C and 2.5 bar), in the presence 

of ammonia, the corresponding primary amine was obtained in good yield (92%).11 The Pd-

catalysed transfer hydrogenation of 2-pyridinecarbonitrile or 3-pyridinecarbonitrile resulted in 

2-(aminomethyl)pyridine or 3-(aminomethyl)pyridine in 51 and 72% yields, respectively, over 

10% Pd/C, in the presence of formic acid and triethylamine (molar ratio = 3.7:1) as a hydrogen 

donor, in tetrahydrofuran, at room temperature.12 It was highlighted by the authors that the 

selective reduction of these types of substrates, especially 2-pyridinecarbonitrile, is known to 

be complicated. Using an N-doped hybrid Co catalyst made of chitin-derived carbon, the 

hydrogenation of 4-pyridinecarbonitrile achieved a relatively good selectivity to 4-

(aminomethyl)pyridine (82%) after 24 hours with complete conversion at 110 °C and 20 bar in 

isopropyl alcohol and in the presence of ammonia.13 Under the same conditions, 3-

(aminomethyl)pyridine was obtained with a lower selectivity (74%). In the case of 2-

(aminomethyl)pyridine, stronger conditions, higher temperature (130 °C) and pressure (40 bar) 

and an increase in the amount of catalyst were also required to achieve an acceptable primer 

selectivity (70%). In addition, in this case the reduction was carried out in the presence of 

triethylamine and water instead of ammonia. Moreover, the hydrogenation of this substrate 

under the same conditions over other precious metal catalysts (10% Pd/C, 10% Pt/C or 5% 

Ru/C) resulted in lower primary amine selectivities (<1%, 31% and 49%, respectively), and 

mainly overhydrogenated products were obtained. The particular problem of this reduction was 

explained by the more preferred hydrolysis to 2-pyridinecarboxamide due to an anchimeric 

assistance of the heterocyclic nitrogen atom adjacent to the nitrile group. 

However, these methods have some disadvantages: using strong mineral acids or a large 

excess of ammonia, prolonged reaction time and special reaction conditions (high pressure and 

temperature), and in some cases low primary amine selectivity. 

 

 

 

 
9Mokhov, V. M., Popov, Yu. V., Shcherbakova, K. V., Russian Journal of General Chemistry, 86, pp. 273–280, 2016. 
10(a) Toshinari, N., Yoshio, I., JP Pat., H06749, 1994. (b) Yoshio, I., Toshinari, N., JP Pat., H0670012, 1994. 
11 Wang, J., Tang, Q., Jin, S., Wang, Y., Yuan, Z., Chi, Q., Zhang, Z., New Journal of Chemistry, 44, pp. 549–555, 2020. 
12 Vilches-Herrera, M., Werkmeister, S., Junge, K., Börner, A., Beller, M., Catalysis Science & Technology, 4, pp. 629– 632, 

2014. 
13 Formenti, D., Mocci, R., Atia, H., Dastgir, S., Anwar, M., Bachmann, S., Scalone, M., Junge, K., Beller, M., Chemistry – A 

European Journal, 26, pp. 15589–15595, 2020. 
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3. EXPERIMENTAL AND CALCULATION METHODS 

The hydrogenation reactions were carried out in a 0.5 L BEP 280 (Büchi) glass autoclave 

equipped with a magnetically driven turbine stirrer (speed: 1800 rpm) and an automatic gas 

flow controlling and measuring unit (Büchi bpc 6010). 

GC–MS, 1H and 13C NMR spectroscopy, powder X-ray diffraction (XRD) and FT–IR 

spectroscopy were used to identify the products and any by-products. The metal content of the 

catalysts was characterized by X-ray fluorescence spectroscopy (XRF), while the dispersion of 

the catalyst was determined by O2-, H2- and CO-chemisorption measurements. 

To determine the adsorption geometries and energies, high-level quantum chemical 

calculations were performed on the BME High-Performance Computing (HPC) Cluster using 

a density functional theory (DFT) approach and the Quantum ESPRESSO software package. 

4. RESULTS  
 

4.1. Hydrogenation of 3-phenylpropionitrile 

The previously developed Pd-mediated, liquid-phase heterogeneous catalytic 

hydrogenation process was first extended to the reduction of 3-phenylpropionitrile (PPN), 

which belongs to the homologous series of previously converted nitriles (benzonitrile, benzyl 

cyanide), to 3-phenylpropylamine (PPA) (Fig. 2). I studied the effect of the reaction parameters 

(temperature, acidic additives, reaction time, solvents and amount of catalyst) to determine the 

optimal optimal reaction conditions, in terms of the conversion of PPN and the selectivity to 

PPA. 

 

 

Figure 2. Catalytic hydrogenation of 3-phenylpropionitrile (PPN) over Pd/C. 

 

The use of acidic additives is essential in the process. Their function is to form a salt with 

the basic 3-phenylpropylamine and to hold that in the aqueous phase, thereby decreasing the 

chance of by-product formation. First, I wanted to adapt the already well-tried reaction 

conditions during the hydrogenation of benzonitrile1 and benzyl cyanide.2 

As seen in Table 1, the use of 2.0 mol mol–1 NaH2PO4 resulted in low conversion of PPN 

and selectivity to PPA (24 and 27%, respectively) at 30 °C. Furthermore, the prepared yield 

(7%) and PPA-content (88.2%) of the product were found to be much lower than those 

previously observed during the hydrogenation of benzonitrile or benzyl cyanide. These results 

suggest that NaH2PO4 with moderate acidity (pH = 3.5) was not able to form a stable salt with 

3-phenylpropylamine resulting in moderate conversion and low primary amine selectivity. 

Since PPA is a stronger organic base (pKb = 3.95) than 2-phenylethylamine (pKb = 4.16) or 

benzylamine (pKb = 4.57) obtained previously by applying this process,1,2 the reduction of PPN 

was also examined under more acidic conditions (pH < 2). Typically, mineral acids (e.g. 

hydrochloric acid, sulfuric acid, ortho-phosphoric acid) can be the obvious choice for this 

purpose. Based on our previous experience in the hydrogenation of benzyl cyanide,2 where the 

use of HCl or H3PO4 proved to be unsuccessful, H2SO4 was chosen as another acidic additive. 

Accordingly, the half amount of sodium dihydrogen phosphate was replaced by sulfuric 

acid (1,0 NaH2PO4/1,0 H2SO4 mol mol–1). As seen, the combined presence of the two acids 
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resulted in better conversion (46%), isolated yield (22%) and primary amine selectivity (48%) 

at 30 °C compared to those values achieved with NaH2PO4 itself (Table 1).  

To improve the conversion of PPN, the reaction temperature was increased to 50 and 

80 C, respectively (Table 1). As expected, higher conversions (46 → 61 and 76%) were 

achieved at these higher temperatures, but the selectivity to PPA decreased (48 → 36–26%) 

and the purity of the product remained the same (99.1–99.5% PPA-content). 

 
Table 1. Influence of acidic additives and temperature in the hydrogenation of PPN. 

No. 

Acidic 

additive/substrate 

ratio (mol mol–1) 

Temperature 

(C) 

Conversion 

(%) 

Product Selectivity to 

PPA (%) 

v0
 

(nL H2 gPd
–1 h–1) isolated yield 

(%) 

PPA-content 

(%) 

1. 2.0 NaH2PO4 30 24 7 88.2 27 0.95 

2. 1.0 NaH2PO4/1,0 

H2SO4 

30 

50 

80 

46 

61 

76 

22 

22 

20 

99.5 

99.1 

99.3 

48 

36 

26 

1.98 

2.63 

3.19 

Conditions: 5.0 g (38.2 mmol) 3-phenylpropionitrile, 1.5 g 10% Pd/C (Selcat Q) catalyst, 250 mL water and 50 mL 

dichloromethane, 6 bar, reaction time: 7 h. 

 

By systematically varying the reaction parameters, the optimal reaction conditions were 

determined: over 10% Pd/C (Selcat Q), 0,30 gg–1 catalyst/substrate ratio, in dichloromethane/ 

water, in the presence of 1.0 NaH2PO4/1.0 H2SO4, at 80 °C and 6 bar, 7 h. With these reaction 

parameters, the product was resulted in moderate primary amine selectivity (26%) and isolated 

yield (20%), a relatively high conversion (76%). The purity of the product, however, was over 

99% without using any special purifying procedures. On the basis of the GC–MS 

measurements, these low primary amine selectivities were due to the formation of tertiary amine 

by-product in a higher amount (20.1%). Interestingly, no production of secondary amine was 

observed at any temperatures applied. Presumably, the more aliphatic 3-phenylpropylimine can 

easily react with the secondary amine to produce tertiary amine, as well. 

During the Pd-catalysed hydrogenation of the homologous series of benzonitrile, the 

following decreasing trend in the selectivity to the primary amines was observed after 

optimization of the reaction conditions: 

benzylamine (95%)> 2-phenylethylamine (45%)> 3-phenylpropylamine (26%), 

and in the prepared production values: 

benzylamine (90%)> 2-phenylethylamine (40%)> 3-phenylpropylamine (20%). 

 

4.2. Computed adsorption (DFT method) interaction between the imine intermediates and 

palladium 

To elucidate the dissimilarities in the observed primary amine selectivities, high-level 

quantum chemical calculations (DFT method) were performed. I extended the calculation and 

examined the modelling of the interactions between the imine intermediates [benzaldimine 

(BI), 2-phenylethylimine (PEI), 3-phenylethylimine (PPI)], the primary amines [benzylamine 

(BA), 2-phenylethylamine (PEA), 3-phenylpropylamine (PPA)], the starting nitriles 

[benzonitrile (BN), benzyl cyanide (BC), 3-phenylpropionitrile (PPN)] and palladium. The 

calculated most stable conformers of these substrates are located on a Pd48 three-layer slab 

with a (111) surface, according to the energetically favoured adsorption mode of benzene (the 

aromatic ring parallel to the surface) on Pd(111). To elucidate and confer these interactions, the 

energies of adsorption (ΔEads) of these compounds on palladium were also computed. 
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Based on the results, there were no appreciable differences in the calculated energy 

profiles of either the imines, amines, or nitriles, i.e. their reactivity was nearly the same. On the 

contrary, I found a significant difference in the adsorption interaction between the imine 

intermediates and palladium, i.e. in the calculated adsorption energies (ΔEads). 

As shown in Fig. 3, the computed most stable conformer of PPI, PEI or BI was placed 

on an Pd48 cluster with a (111) surface, according to the energetically favoured adsorption 

mode of benzene (the aromatic ring parallel to the surface) on Pd(111).14 

 

a) 

  
b) 

  
c) 

  
Figure 3. Computed adsorption modes of conformers with minimal energy of 3-phenylpropylimine (a), 2-

phenylethylimine (b) and benzaldimine (c) intermediates on a Pd48 three-layer slab with a (111) surface. 

 

To compare these interactions, the energy of adsorption (Eads) of these compounds on 

palladium was also calculated (Table 2). 

As seen in Fig. 3a, the benzene ring and the imino group in the BI molecule are in the 

same plane, so they are simultaneously adsorbed on the catalyst surface. Accordingly, a stronger 

interrelationship forms between BI and Pd (ΔEads = –120.50 kJ mol–1) and this intermediate can 

remain on the catalyst surface for a longer period of time, therefore there is a minimal chance 

 
14 Mittendorfer, F., Thomazeau, C., Raybaud, P., Toulhoat, H., The Journal of Physical Chemistry B, 107, pp. 12287–12295, 

2003. 
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of by-product formation. On the contrary, the imino group is above the plane of the phenyl ring 

in the PEI or PPI molecule (Figs.  3b and 3c), so these compounds can adsorb via their aromatic 

moiety only on palladium resulting in weaker adsorption energies (ΔEads = –95.41 and  

–87.38 kJ mol–1, respectively). Thus, their imino segment can react more easily with another 2-

phenylethylamine or 3-phenylpropylamine molecule to give secondary or tertiary amine in a 

higher amount. Besides, these intermediates can desorb easier from the surface of the catalyst 

and they can react with the primary amines in the reaction mixture, as well. 

 
Table 2. Energy of adsorption (Eads) of imine type intermediates on Pd(111) surface applied in the hydrogenation of the 

corresponding nitrilesa 

No. Imine type intermediates Eads (kJ mol–1) 

1 Benzaldimine (BI) –120.50 

2 2-Phenylethylimine (PEI) –95.41 

3 3-Phenylpropylimine (PPI) –87.38 
aCalculated by using density functional theory (DFT) method. 

 

Furthermore, the decreasing trend of the primary amine selectivities observed in the 

hydrogenation of benzonitrile and its homologues (BN, BC, PPN) [BA (95%)> PEA (45%)> 

PPA (26%)] was analogous to the calculated adsorption energies (ΔEads) of the corresponding 

imine intermediates on Pd(111) (Table 2), which decreased in the following order: 

 

benzaldimine > 2-phenylethylimine > 3-phenylpropylimine. 

 

4.3. Heterogeneous catalytic hydrogenation of benzonitrile and its homologues to primary 

amines over supported precious metal catalysts 

Furthermore, other supported percious metal catalysts (Pt/C, Rh/C, Ru/C, Ir/C, Rh/γ-

Al2O3, Pt/γ-Al2O3) were investigated in the liquid phase, heterogeneous catalytic hydrogenation 

of these substrates (BN, BC and PPN) to the corresponding primary amines (BA, PEA and 

PPA) (Fig. 4). 

Among the tested catalysts, 10% Pt/C afforded the best results regarding the conversion 

of nitriles, as well as the isolated yield and selectivity to primary amines in all cases. 

Comparatively high selectivity to benzylamine (68%), 2-phenylethylamine (57%) or 3-

phenylpropylamine (59%) was achieved at complete conversion of nitriles and by the 

systematic variation of the reaction parameters (Table 3). 

The purity of all products were over 98% without applying any special procedures. 

Moreover, higher primary amine selectivities were obtained in the hydrogenation of benzyl 

cyanide or 3-phenylpropionitrile with platinum than with palladium (45 → 57% and 

26 → 59%), but the reduction of benzonitrile gave a reverse outcome (95 → 68%). 

 

4.4. Computed adsorption (DFT method) interaction between the imine intermediates and 

platinum  

The adsorption of the imines (BI, PEI or PPI) was also modelled by quantum chemical 

calculations (DFT method) to receive an explanation of the dissimilarities in the observed 

selectivities to BA, PEA or PPA in the Pt-catalysed hydrogenation of the corresponding 

nitriles. In addition, a comparison between platinum and palladium was also made. 
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Figure 4. Possible reaction pathways in the hydrogenation of BN, BC and PPN. 

 

Table 3. Optimised reaction conditions for hydrogenation of BN, BC and FPN over Pt/C  

No. Substrate 
Reaction time 

(h) 

Conversion 

(%) 

Product 
Seletivity to 

primary amine 

(%) 

v0  

(nl H2 gmetal
–1 h–1) 

Isolated 

yield (%) 

Primary 

amine content 

(%) 

1. Benzonitrilea 7.0 100 70 97.1 68 7.4 

2. Benzyl cyanideb 4.0 100 58 98.3 57 7.5 

3. 3-Phenylpropionitrilc 5.5 100 59 98.5 59 14.0 

Conditions: a5.0 g (48.5 mmol) BN, 1.0 g 10% Pt/C, 250 mL water and 50 mL dichloromethane, 26.8 g NaH2PO4·H2O 

(194 mmol), 30 C, 6 bar b5.0 g (42.7 mmol) BC, 1.5 g 10% Pt/C, 250 mL water and 50 mL toluene, 22.3 g (NH4)H2PO4 

(194 mmol), 30 C, 6 bar c5.0 g (38.2 mmol) FPN, 1.0 g 10%-os Pt/C, 250 mL water and 50 mL dichloromethane, 5.27 g 

NaH2PO4·H2O (38.2 mmol) and 3.82 g cc. H2SO4 (38.2 mmol), 30 C, 6 bar. 

 

Fig. 5 shows the calculated most stable conformers of BI, PEI and PPI placed on a Pt48 

cluster with a (111) surface, according to the energetically favored adsorption mode of benzene 

(the aromatic ring parallel to the surface) on Pt(111).14 To elucidate and confer these 

interactions, the energy of adsorption (ΔEads) of these imine intermediates on platinum was also 

computed. 
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a) ΔEads = –129.30 kJ mol–1 b) ΔEads = –104.84 kJ mol–1 

  
c) ΔEads = –185.64 kJ mol–1 

 
Figure 5. Computed adsorption modes of conformers with minimal energy of BI (a) PEI (b) and PPI (c) 

intermediates on a Pt48 three-layer slab with a (111) surface. 

 

As seen in Figs. 5a–c, the phenyl ring and the imino group in the BI, PEI and PPI 

molecules are not in the same plane, so these compounds can adsorb via their aromatic moiety 

only on the surface of platinum. Although the strongest interaction was formed between PPI 

and Pt (ΔEads = −185.64 kJ mol−1), the highest primary amine selectivity (68%) was observed 

during the formation of BA, but the strength of adsorption of BI on Pt 

(ΔEads = −129.30 kJ mol−1) is lower. Presumably, the imino part of PPI can react more easily 

with another PPA molecule to afford secondary or tertiary amines in a higher ratio due to its 

longer and flexible side chain (–CH2–CH2–CH=NH) compared to BI (–CH=NH). The 

calculated adsorption energy of PEI on Pt (ΔEads = −104.84 kJ mol−1) is the lowest, which 

correlates with the lowest primary amine selectivity (57%) achieved in these Pt-catalysed 

hydrogenations. Probably, this intermediate can desorb easier from the surface of the catalyst, 

and it can react with further PEA in the reaction mixture, as well. 

Comparing the adsorption of BI, PEI and PPI on platinum (Fig. 5) and palladium 

(Table 2), it can be observed that stronger interrelationships were evolved between these imines 

and Pd than those of Pt except BI. These results could explain that higher primary selectivities 

were achieved over platinum than over palladium in the hydrogenation of BC (57 and 45%) or 

PPN (59 and 26%), namely PEI and PPI could remain on the surface of the Pt catalyst for a 

longer time and the possibility of by-product formation could be decreased. On the contrary, 

higher selectivity to BA was obtained with palladium (95%) than with platinum (68%), but the 

computed adsorption energies (ΔEads = −120.50 and −129.30 kJ mol−1, respectively) suggest 

rather the adverse outcome. As seen in Figs. 5a and 3a, there is a geometric difference between 

the adsorbed BI molecules on Pt and Pd. In the latter case, the benzene ring and the imino group 

of BI are in the same plane, so they are simultaneously adsorbed on the surface of palladium 

which could impede the participation of the imino moiety in the side reactions. In case of 

platinum, whereas, there is no interaction between the –CH=NH part of BI and the surface of 

catalyst resulting in a weaker selectivity to BA. 
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4.5. Pd-catalysed hydrogenation of 4-, 3- or 2-pyridinecarbonitrile 

Subsequently, the extendibility of our previously developed method to the heterogeneous 

catalytic hydrogenation of some heteroaromatic nitriles, more precisely to that of 4-, 3- or 2-

pyridinecarbonitrile (4PN, 3PN, 2PN) to the corresponding 4-, 3- or 2-(aminomethyl)pyridine 

(4PA, 3PA, 2PA) or 4-, 3- or 2-(aminomethyl)piperidine (4PIPA, 3PIPA, 2PIPA) over a 

readily available 10% Pd/C (Selcat Q) catalyst was examined (Figs. 6 and 7). 

 

 
Figure 6. Possible reaction pathways for the hydrogenation of the nitrile group of 4-, 3- or 2-pyridinecarbonitrile 

(4PN, 3PN, 2PN). 

 

 
Figure 7. Other products and by-products in the hydrogenation of 4PN, 3PN or 2PN. 
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In this case, the previously well-established work-up procedure was modified, because 

during the adaptation only low isolated yield and primary amine selectivity were achieved. The 

reason for the poor isolated yield was the high volatility and the relatively good water solubility 

of this piperidine compound, so it is advantageous to prepare the product as a salt. By 

systematically changing the reaction conditions, not only the desired pyridine derivatives with 

good primary amine selectivity were obtained, but also the meta- and para-substituted 

piperidine derivatives under mild reaction conditions (30−50 ° C, 6 bar). With the modified 

process, the desired product (pyridine or the corresponding piperidine derivative) can be 

selected simply by adjusting the amount of acidic additive (0.5 or 1.0 H2SO4/nitrile molar ratio). 

Presumably, the more basic methylamine moiety (–CH2NH2) coordinates mainly with 

sulphuric acid, by decreasing its amount from 1.0 to 0.5 mol∙mol–1, thus the nitrogen of the 

pyridine ring is not protonated, which decreases the rate of ring saturation. Due to the much 

weaker basicity of pyridine nitrogen (pKa = 5.2) than that of methylamine moiety (pKa = 8.30), 

the pyridine ring remains mainly intact and pyridine derivative is formed as a major product. 

On the contrary, in the presence of 1.0 mol∙mol–1 H2SO4, both basic nitrogen atoms are 

protonated resulting in the formation of fully saturated piperidine derivative with good 

chemoselectivity. 

Based on the results, the steric hindrances influenced the primary amine selectivity, 

because different selectivities were obtained depending on the type of substrate to be 

hydrogenated, i.e. which constitutional isomer, namely the ortho-, meta- or para-substituted 

isomer. In all cases, complete conversion was achieved, however, the following decreasing 

trend in the primary amine selectivities of the piperidine derivatives was obtained: 

para-substituted (98%) > meta-substituted (76%) > ortho-substituted (10%), 

which, in the case of pyridine derivatives, developed as follows: 

para-substituted (93%) > meta-substituted (72%) > ortho-substituted (58%). 

The purity of the ortho-substituted piperidine derivative was drastically low (10.9%), as 

in this case a complex mixture was obtained as the product, which consisted mainly of 2-

piperidinemethanol (24.7%), 2-(N-methylaminomethyl)piperidine (19.4%) and bis(2-piperidyl-

methyl)amine (16.9%) according to GC–MS analysis. 

 

4.6. Computed (DFT method) adsorption energy profiles of heteroaromatic substances 

(nitriles, imines, amines) on palladium 

To explain the selectivity differences in the Pd-catalysed hydrogenation of these 

constitutional isomers of pyridinecarbonitriles, adsorption energy profiles were computed to 

study the interactions between the nitrile starting materials, imine intermediates, amine products 

and other typical by-products and palladium. 

First, the decrease in primary amine selectivity observed in the hydrogenation of meta-

substituted pyridinecarbonitrile (3PN) was examined compared to the para-substituted 

compound (4PN). Fig. 8 shows the temperature-dependent by-product formation during the 

hydrogenation of 3PN. When the hydrogenation of 3PN to 3PA was carried out at 30 C, the 

decrease in selectivity to 3PA (72%) was caused by the formation of 1,4,5,6-tetrahydro-

pyridine-3-carbonitrile (THPCN), while at higher temperature (50 °C), during the reduction of 

3PN to 3PIPA, the lower selectivity to 3PIPA (76%) was due to the formation of 3-

methylpiperidine (3MPPD). 

The calculated most stable conformers of 3PN, 3-(iminomethyl)piridine (3PI), THPCN, 

3PA, 3PIPA and 3MPPD are located on a Pd48 three-layer slab with a (111) surface, according 

to the energetically favoured adsorption mode of pyridine or piperidine (the heteroaromatic ring 
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parallel to the surface) on Pd(111) (Fig. 8). To elucidate and confer these interactions, the 

energies of adsorption (ΔEads) of these compounds on palladium were also computed. 

 

 

 
Figure 8. Computed adsorption energy (ΔEads) profiles for the hydrogenation of 3-pyridinecarbonitrile 

(3PN) to 3-(aminomethyl)pyridine (3PA) and/or 3-(aminomethyl)piperidine (3PIPA) on a Pd48 three-layer slab 

with a (111) surface. 

 

As seen, the THPCN by-product formed at 30 C (Route B) is more strongly adsorbed 

on the surface of palladium than the imine intermediate (3PI, Route A) (ΔEads = −72.73 and 

−44.08 kJ mol−1, respectively), which could explain why this by-product can remain stable and 

exist for a longer time at this temperature, but it can further be converted to the corresponding 

fully saturated amine (3PIPA) at 50 °C, similarly to that of 3PA. However, 3PIPA is very 

strongly adsorbed (ΔEads = −127.11 kJ mol−1) on Pd, thus there is a higher chance for occurring 

a deamination process providing 3-methylpiperidine (3MPPD) as another typical by-product 

(Route A). 

To clarify the lower selectivities to 2PA and 2PIPA, respectively, the energies of 

adsorption (ΔEads) of all compounds on palladium were also computed and their adsorption 

energy (ΔEads) profiles were created. As seen in Fig. 8, the most significant differences can be 

found in the ΔEads values of imines (4PI, 3PI, 2PI), (aminomethyl)pyridines (4PA, 3PA, 2PA) 

and (aminomethyl)piperidines (4PIPA, 3PIPA, 2PIPA), while there is no appreciable variation 

in the adsorption strength of the starting materials (4PN, 3PN, 2PN) on Pd comparing them to 
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each other. Since 2PI and 2PA can adsorb very strongly on palladium (ΔEads = −124.02 and 

−121.18 kJ mol−1, respectively) due to the two adjacent nitrogen atoms and the pyridine ring 

positioned in the same plane, they could remain on the surface of Pd for a longer time, and thus 

the side reactions involving water (formation of aldehyde then alcohol derivatives) could take 

place more likely in the reaction mixture. Moreover, the adsorption of the fully saturated 2PIPA 

is weaker (ΔEads = −80.44 kJ mol−1) than that of its intermediates (2PI and 2PA), therefore its 

desorption is easier from the surface of the catalytically active metal and it can react with other 

by-products (e.g. aldehyde) in the reaction mixture, as well. 

 

5. THESES 

1 Applying a previously developed Pd-catalysed heterogeneous catalytic hydrogenation 

process to the conversion of 3-phenylpropionitrile, which belongs to the homologous series 

of previously converted nitriles (benzonitrile, benzyl cyanide), I have found that this 

reduction was associated with lower primary amine selectivity (26%) and isolated yield 

(20%). [LK1] 

2 During the hydrogenation of these nitriles over various supported precious metal catalysts 

(Pt/C, Rh/C, Ru/C, Ir/C, Rh/γ-Al2O3, Pt/γ-Al2O3) I have achieved significantly better 

primary amine selectivity and isolated yield using a 10% Pt/C than in the Pd-catalysed 

hydrogenation of benzyl cyanide or 3-phenylpropionitrile. Whereas, the hydrogenation of 

benzonitrile gave a reverse outcome. [LK2] 

3 I have made the significant differences in the primary amine selectivites both in the Pd- 

and Pt-catalysed nitrile hydrogenations probable by high-level quantum chemical (DFT) 

calculations, which were decisively due to the different adsorption strengths of the imine 

intermediates. I have determined that, in case of platinum, the diverse length of side chains 

attached to the phenyl group of imines, i.e. geometric factors, can also affect the formation 

of by-products. [LK1, LK2] 

4 I have developed a method for the chemoselective hydrogenation of 4-pyridinecarbonitrile 

to the corresponding 4-(aminomethyl)pyridine or 4-(aminomethyl)piperidine over a Pd/C 

catalyst. I have proved that, using this modified process, the desired primary amine can be 

selected simply by adjusting the amount of acidic additive (0.5 or 1.0 H2SO4/nitrile molar 

ratio). Due to the high volatility of the product, it is expedient to prepare it as a salt. [LK3] 

5 I have found during the hydrogenation of the ortho- and meta-substituted pyridine-

carbonitriles, that the primary amine selectivity was appreciably influenced by steric 

hindrances. Among each constitutional isomer, the following decreasing trend in the 

primary amine selectivities of both the piperidine and pyridine derivatives was found: para- 

> meta- > ortho-substituted compounds. [LK3] 

6 Although moderate primary amine selectivity to 2-(aminomethyl)pyridine (58%) was 

achieved over a 10% Pd/C (Selcat Q) catalyst, this result is much better than those obtained 

previously using precious metal catalysts, especially palladium. This can be attributed to 

the synergy of the type of catalyst and the reaction conditions. [LK3] 

7 I have also made the differences in the primary amine selectivities in the Pd-catalysed 

hydrogenation of these pyridinecarbonitriles probable by high-level DFT computations, 

which were mainly due to the diverse adsorption strengths of the imine intermediates, the 

amine products and other by-products (tetrahydropyridine-3-carbonitrile or 3-methyl-

piperidine) on palladium. These diversions can affect the by-product formation both on the 

surface of catalyst and in the reaction mixture. [LK3] 
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6. APPLICATIONS 

The isolated primary amines are valuable intermediates for the preparation of various 

chemicals (drugs, additives, herbicides). 

Comparing the developed hydrogenation method with the processes commonly used in 

the chemical industry, it has many advantages in terms of safety, environmental protection and 

economy, although there are some disadvantages. 

Since activated carbon supported noble metal catalysts are much less pyrophoric than 

Raney® nickel, they are much safer. In addition, the storage and handling of spent supported 

catalysts do not require special methods. Moreover, ammonia used in common processes can 

damage the copper components of equipment. 

Among the organic solvents studied, dichloromethane is the biggest problem, but its 

industrial use is not yet banned. Disposal of phosphate and sulfate salts as by-products is 

currently being addressed in pharmaceutical wastewater treatment plants. 

Although precious metal catalysts are significantly more expensive than Raney® nickel, 

their regeneration is economically feasible. The Pd/C or Pt/C catalysts can be used in glass-

lined autoclaves without any problems, while Ni-catalysed hydrogenation must be performed 

in the more expensive stainless steel ones. 
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