
T. Trégner et al., Reductive Amination of 1-Hydroxy-2-propanone Over Nickel…, Chem. Biochem. Eng. Q., 31 (4) 455–470 (2017) 455

Reductive Amination of 1-Hydroxy-2-propanone  
Over Nickel and Copper Catalysts 

T. Trégner, J. Trejbal,* N. Ruhswurmová, and M. Zapletal
Department of Organic Technology,  
University of Chemistry and Technology Prague,  
Technická 5, 166 28 Praha 6, Czech Republic

The one-step reductive amination of 1-hydroxy-2-propanone (acetol) with ammonia 
to 2-aminopropanol (2-APOL) over commercial nickel and copper catalysts has been 
studied in the continuous fixed-bed reactor at the temperature from 130 to 220 °C and 
different molar ratios of reactants. It was found that the optimal molar ratios of H2/acetol 
and H2/NH3 regarding the selectivity of 2-APOL were 25 and 1, respectively. The highest 
selectivity of approx. 45 % to desired 2-APOL at total conversion of acetol was achieved 
in the presence of the nickel catalyst. Major by-products of amination were cis and trans 
isomers of 2,5- and 2,6-dimethylpiperazines. Mechanism of the formation of these and 
other detected and/or potential by-products is discussed. So far, unpublished mass spectra 
of identified by-products, such as N-substituted dimethylpiperazines or various aminoal-
cohols, are reported in this paper.
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Introduction

Aliphatic amines are usually obtained by the 
reaction of carbonyl compounds with ammonia, pri-
mary or secondary amines in the presence of a re-
ducing agent and a hydrogenation-dehydrogenation 
metal catalyst (Cu, Ni, Co, Pd, Ru, Rh). This reac-
tion is generally known as reductive amination. 
From the economic point of view, the production of 
industrially important amino compounds usually 
starts from more available alcohols, the hydroxyl 
group of which is first converted to the more reac-
tive carbonyl group on the surface of the metallic 
catalyst. Nucleophilic addition of amination agents 
to the carbonyl group then provides imines  
(R–N=C–R) or enamines (R–C=C–N–R) that are 
subsequently easily hydrogenated to particular pri-
mary, secondary, or tertiary amines1–5.

Special group of amines is amino alcohols con-
taining both hydroxyl and amino group in their 
molecule. These polyfunctional compounds com-
bine characteristic properties of alcohols and amines 
and, therefore, they are important, particularly as 
starting substances of various chemical products 
(medicines, emulsifiers). The most important amino 
alcohols, ethanol amines and propanol amines, are 
produced by the reaction of ethylene oxide or pro-
pylene oxide with an amination agent. In the case  
of propylene oxide, isomers of 1-amino-2-propanol 

(1-APOL) are predominantly formed6. Other amino 
alcohols are usually produced by partial amination 
of particular polyols7,8 or α‑hydroxy carbonyl com-
pounds9–16.

The reductive amination of α‑hydroxy ketones 
to 2-amino-1-alcohols is usually a two-stage pro-
cess. First, α‑hydroxy carbonyl reacts with the ami-
nation agent to form a reaction adduct which is, in 
the second stage, reduced by hydrogen in the pres-
ence of the hydrogenation catalyst and amination 
agent to corresponding α‑amino alcohol9–12. In the 
case of amination of 1-hydroxy-2-propanone (ace-
tol), isomers of 2-aminopropanols, with various 
substitutions on the amino group, are predominantly 
formed13–16. These α‑amino alcohols can be used as 
solvents, emulsifiers, corrosion inhibitors, neutraliz-
ing agents in the scrubbing acidic components from 
natural and synthesis gases, reactive catalysts in 
production of polyurethane materials, intermediates 
in production of heterocyclic compounds (substitut-
ed piperazines), surface-active substances or medi-
cines.

Our work has been focused on the one-step re-
ductive amination of acetol with ammonia to 2-ami-
nopropanol (2-APOL) over commercial nickel and 
copper catalysts (Scheme 1). The experiments were 
carried out in gaseous phase in a continuous fixed-
bed catalytic reactor at atmospheric pressure. The 
amination was conducted to total conversion of ac-
etol. Reaction temperature was 130 or 210 °C, de-
pending on the type of catalyst (Ni and Cu/Cr). In 
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addition to the catalyst, the course of amination was 
also monitored at various molar ratios of acetol/hy-
drogen/ammonia.

Non-catalytic reaction of acetol with ammonia

α‑Hydroxy ketones react easily with ammonia 
even at moderate reaction conditions and without 
catalyst to corresponding substituted 3-oxazolines 
or 3,4-dihydro-2H-pyrrolenine-3,4-diols10,17–19. The 
non-catalytic reaction of acetol with ammonia that 
leads to 2,4-dimethyl-2-(hydroxy methyl)-3-oxazo-
line is shown in Scheme 219. The equilibrium of 
3-oxazoline formation is markedly shifted towards 
primarily formed α‑hydroxy imine that is converted 
to the more stable tautomeric form of α‑amino car-
bonyl. The auto-condensation of the tautomer with 
subsequent dehydration provides 2,5-dimethyl-2,5- 
dihydropyrazine that is stabilized by loss of hydro-
gen to form 2,5-dimethylpyrazine (2,5-DMPYR). 
At the beginning of the reaction, the major product 
is 3-oxazoline; its concentration decreases during 
the reaction at the expense of 2,5-DMPYR. The for-
mation of pyrazines is thermodynamically con-
trolled, while 3-oxazolines are kinetic products19. 
Nevertheless, under the reaction conditions of the 
reductive amination, the formed 3-oxazoline is un-
stable; it reacts with ammonia and hydrogen to form 
two molecules of 2-APOL10.

Hence, in the case of the single-stage reductive 
amination of acetol with ammonia, we can expect 
very fast reaction between non-reacted acetol and 
ammonia at the outlet from the catalytic bed. As a 
result of this undesirable non-catalytic reaction, 
by-products are formed that reduce selectivity of 
the amination with respect to 2-APOL. Therefore, 
the reductive amination of acetol with ammonia 
was conducted to total conversion of acetol.

Materials and methods

Chemicals and catalysts

Before use, acetol (technical grade, 90 %) pur-
chased from Sigma-Aldrich was purified by rectifi-
cation at reduced pressure (4 kPa) on the column 
with oriented packing (30 theoretical plates). Dis-
tilled acetol was immediately subjected to reaction 
with anhydrous ammonia (Air Products and Chem-
icals, Inc.) in the sense of the reductive amination. 
Chemical stability of acetol is actually very low; 
even during its storage at temperature of 2 °C, sev-
eral auto-condensation reactions occur.

The amination of acetol was catalyzed by com-
mercial metal catalysts based on nickel and copper. 
According to the manufacturer, the nickel catalyst 
(KL6527-CY; KataLeuna), in the form of profiled 

extrudates, contained 69 % NiO, the rest was Al2O3 
support. In addition, the copper-chromium catalyst 
(T-4466; Süd-Chemie) was used in the form of tab-
lets with size of 3x3 mm containing 53 % CuO and 
45 % Cr2O3. Before use, the catalysts were first re-
duced in a fixed-bed reactor (in-situ) at temperature 
of 230 °C in a nitrogen-hydrogen atmosphere with 
gradually increased hydrogen concentration. Final-
ly, the catalysts were kept at 260 °C in a hydrogen 
stream for an additional 18 hours.

Reaction apparatus

All experiments were carried out in the reac-
tion apparatus shown in Fig. 1. Acetol was dosed 
using a peristaltic pump into the upper part of sepa-
rate evaporator E (dinternal = 30 mm, h = 550 mm) 
where it was, on a layer of glass balls, evaporated in 
a counter-flow of hydrogen. The gaseous mixture of 
hydrogen and evaporated acetol flowed into glass 
continuous fixed-bed reactor R (dinternal = 30 mm, h = 
550 mm) where, just above the catalytic bed, it was 
mixed with ammonia. Height of the catalytic layer 
in the reactor was about 200 mm; a part of the re-
maining space was filled with glass balls (see Fig. 
1). The evaporator and the reactor were separately 
heated by electric heating jackets with PID regula-
tion. Temperature in the reaction zone was moni-
tored with a thermocouple installed in the centre of 

F i g .  1  – Reaction apparatus of the one-step reductive amina-
tion of acetol with ammonia in the gas phase. E: acetol evapo-
rator; R: fixed-bed reactor.
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the catalytic layer. In order to suppress the undesir-
able condensation of acetol, colder parts of the ap-
paratus, in particular the route between the evapora-
tor and reactor, were tempered. At the outlet from 
the reactor, the reaction mixture was condensed at 
temperature of about –30 °C (ethanol/CO2(s)).

Experiment

The reductive amination of acetol with ammo-
nia was carried out in the gaseous phase under con-
ditions of total conversion of acetol in the presence 
of the nickel or Adkins (Cu/Cr) catalyst. 107 g of 
the catalyst was always charged into reactor R. The 
dosing rate of acetol was 8.3 g h–1. The experiments 
were carried out at atmospheric pressure in the 
presence of hydrogen at temperature of 130 (Ni cat-
alyst) or 210 °C (Cu/Cr catalyst). The molar excess 
of hydrogen and ammonia with respect to acetol 
ranged between 2 and 100. The temperature in the 
evaporator E, necessary for total evaporation of the 
dosed acetol, was determined by the flow-rate of 
hydrogen.

Quantitative analysis

Concentrations of substances were monitored 
by chromatographic analysis of the reaction mix-
tures on a gas chromatograph SHIMADZU GC 
2010 equipped with FID detector and non-polar 
capillary column DB-5 (60 m x 0.32 mm; film 
thickness 1 μm). Linear velocity of the carrier gas, 
helium, was 35 cm s–1. The injection port was in 
split mode and split ratio was 60:1. The temperature 
program was isothermal for 5 min at 80 °C, then  
the temperature was raised to 105 °C at a rate of  
10 °C min–1 and then raised to 250 °C at a rate of  
5 °C min–1, where it was held for 15 min.

Qualitative analysis

The reaction products were identified by com-
paring their elution times with standards or by the 
GC/MS method on non-polar capillary column 
DB‑1 (35 m × 0.32 mm; film thickness 1 μm). So 
far unpublished mass spectra of some by-products 
of the reductive amination of acetol with ammonia 
(shown below) were obtained using a mass selec-
tive detector with 70 eV electronic impact, 1753 V 
multiplier voltage, 1 scan s–1 data collection rate 
over the m/z range of 15 to 350 u.m.a. Temperature 
of the ion source was 250 °C. Linear velocity of the 
carrier gas, helium, was 35 cm s–1. The injection 
port was in split mode and split ratio was 60:1. The 
temperature program was isothermal for 3 min at  
80 °C, then the temperature was raised to 250 °C at 
a rate of 5 °C min–1, where it was held for 15 min.

1-Ethyl-3,5-dimethylpiperazine
MS m/z (relative intensity, %): 142 (4; M+), 98 (1), 
84 (4), 83 (2), 73 (5), 72 (100), 71 (4), 70 (6), 58 
(3), 57 (6), 56 (7), 44 (16), 43 (5), 42 (24), 41 (9), 
28 (8).

1-Ethyl-2,5-dimethylpiperazine
MS m/z (relative intensity, %): 142 (0; M+), 114 (5), 
99 (26), 84 (4), 71 (3), 70 (19), 58 (100), 57 (12), 
56 (21), 44 (34), 43 (14), 42 (31), 41 (18), 40 (2), 
39 (6), 30 (23), 29 (4), 28 (16).

3,5-Dimethyl-1-propylpiperazine
MS m/z (relative intensity, %): 156 (4; M+), 127 
(4), 112 (3), 98 (1), 87 (6), 86 (100), 85 (6), 84 (10), 
72 (1), 71 (3), 70 (14), 58 (13), 56 (7), 44 (28), 43 
(13), 42 (26), 41 (14), 28 (6).

2,5-Dimethyl-1-propylpiperazine
MS m/z (relative intensity, %): 156 (5; M+), 127 
(6), 112 (3), 101 (7), 100 (100), 99 (4), 98 (8), 84 
(10), 72 (6), 71 (4), 70 (23), 58 (23), 57 (7), 56 (28), 
44 (10), 43 (10), 42 (22), 41 (20), 30 (8), 28 (6).

1-(3,5-Dimethyl-1-piperazinyl)-2-propanol
MS m/z (relative intensity, %): 172 (0,5; M+), 171 
(1), 157 (6), 128 (37), 127 (87), 112 (24), 102 (100), 
101 (6), 86 (18), 85 (7), 84 (94), 72 (11), 71 (5), 70 
(26), 68 (5), 59 (13), 58 (37), 57 (9), 56 (17), 45 (6), 
44 (54), 43 (31), 42 (51), 41 (29), 30 (6), 28 (12), 
15 (6).

1-(2,5-Dimethyl-1-piperazinyl)-2-propanol
MS m/z (relative intensity, %): 172 (0,5; M+), 171 
(1), 157 (7), 127 (100), 126 (34), 116 (48), 112 (27), 
98 (17), 86 (9), 84 (59), 72 (39), 71 (9), 70 (61), 58 
(64), 57 (19), 56 (58), 44 (26), 43 (21), 42 (53), 41 
(47), 30 (17), 28 (19).

2-(3,5-Dimethyl-1-piperazinyl)propanol
MS m/z (relative intensity, %): 172 (1; M+), 142 
(12), 141 (84), 126 (13), 102 (100), 98 (33), 84 
(35), 72 (28), 71 (6), 70 (30), 68 (6), 58 (14), 56 
(40), 44 (96), 43 (14), 42 (44), 41 (32), 31 (8), 30 
(8), 28 (16).

2-(2,5-Dimethyl-1-piperazinyl)propanol
MS m/z (relative intensity, %): 172 (2; M+), 157 
(2), 142 (15), 141 (100), 126 (12), 116 (56), 112 (8), 
98 (23), 86 (16), 84 (53), 72 (21), 71 (7), 70 (63), 
59 (9), 58 (82), 57 (19), 56 (53), 54 (6), 45 (2), 44 
(29), 43 (22), 42 (43), 41 (49), 31 (14), 30 (25), 28 
(27).

2-(2-Aminopropylamino)propanol
MS m/z (relative intensity, %): 132 (0; M+), 101 
(21), 88 (78), 84 (6), 71 (6), 70 (12), 59 (8), 58 (86), 
57 (9), 56 (10), 45 (3), 44 (100), 43 (10), 42 (18), 
41 (25), 31 (12), 30 (83), 28 (10), 18 (14).
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2-(2-Hydroxypropylamino)propanol
MS m/z (relative intensity, %): 133 (0; M+), 118 (3), 
102 (75), 88 (83), 87 (6), 86 (15), 84 (66), 72 (3), 
70 (13), 60 (13), 59 (10), 58 (11), 57 (10), 56 (27), 
45 (8), 44 (35), 43 (10), 42 (28), 41 (53), 31 (25), 
30 (100), 29 (15), 28 (19), 18 (11).

2-(2-Hydroxy-1-methylethylamino)propanol
MS m/z (relative intensity, %): 133 (0; M+), 102 
(49), 84 (10), 74 (2), 70 (3), 60 (4), 56 (11), 45 (3), 
44 (100), 43 (9), 42 (13), 41 (11), 31 (11), 30 (4), 28 
(7), 18 (8).

1-(3,5-Dimethyl-1-piperazinyl)-2-propanone
MS m/z (relative intensity, %): 170 (1; M+), 128 
(8), 127 (100), 112 (27), 110 (23), 86 (16), 85 (7), 
84 (96), 72 (6), 70 (37), 68 (6), 58 (14), 56 (20), 44 
(22), 43 (24), 42 (68), 41 (34), 39 (6), 28 (14), 15 
(9).

1-(2,5-Dimethyl-1-piperazinyl)-2-propanone
MS m/z (relative intensity, %): 170 (1; M+), 127 
(100), 114 (7), 112 (27), 98 (9), 84 (63), 70 (53), 58 
(29), 57 (9), 56 (43), 44 (22), 43 (19), 42 (51), 41 
(42), 39 (8), 30 (12), 28 (19), 15 (7).

1-(2-Amino-1-methylethylamino)-2-propanol
MS m/z (relative intensity, %): 132 (0; M+), 102 
(100), 87 (8), 84 (99), 58 (53), 57 (13), 56 (33), 45 
(3), 44 (33), 43 (9), 42 (23), 41 (64), 30 (25), 28 
(17), 18 (9).

2-Amino-1-(2-aminopropylamino)propane
MS m/z (relative intensity, %): 131 (0; M+), 87 (45), 
70 (13), 58 (53), 57 (21), 56 (11), 44 (100), 42 (17), 
41 (13), 30 (9), 28 (6).

2-(2-Amino-1-methylethylamino)propanamine
MS m/z (relative intensity, %): 131 (0; M+), 101 
(62), 84 (7), 70 (5), 58 (100), 57 (9), 56 (10), 44 
(48), 42 (12), 41 (32), 30 (18), 28 (10).

2-(2-Aminopropylamino)propanamine
MS m/z (relative intensity, %): 131 (0; M+), 101 
(48), 87 (12), 84 (9), 70 (3), 58 (100), 56 (9), 44 
(34), 42 (11), 41 (26), 30 (15), 28 (7).

1-(2-Aminopropylamino)-2-propanol
MS m/z (relative intensity, %): 132 (0; M+), 88 (41), 
87 (15), 71 (8), 70 (33), 58 (28), 45 (6), 44 (100), 
43 (13), 42 (28), 41 (19), 30 (12), 28 (6), 18 (3).

1-(2-Hydroxypropylamino)-2-propanol
MS m/z (relative intensity, %): 133 (0,2; M+), 118 
(3), 88 (100), 72 (4), 71 (3), 70 (72), 58 (4), 56 (4), 
45 (7), 44 (9), 43 (20), 42 (52), 41 (33), 31 (8), 30 
(21), 29 (5), 28 (8), 18 (3), 15 (3).

2-(2-Amino-1-methylethylamino)propanol
MS m/z (relative intensity, %): 132 (0; M+), 102 
(93), 101 (20), 89 (9), 88 (10), 85 (6), 84 (100), 71 
(3), 70 (12), 59 (7), 58 (88), 57 (13), 56 (35), 55 (6), 
45 (11), 44 (63), 43 (14), 42 (34), 41 (82), 31 (7), 
30 (33), 29 (9), 28 (27), 18 (14), 15 (4).

The conversion of acetol and the selectivity of 2-APOL are defined by the following equations.

 ( ) ( )moles of acetol in moles of unreacted acetol
Acetol conversion %  ·100

moles of acetol in
−

=

 ( ) ( )
moles of 2-APOL2-APOL selectivity % ·100

moles of acetol in moles of unreacted acetol
=

−

Results and discussion

Effect of reaction conditions

The distribution of amination products can, to a 
certain extent, be controlled by means of the reac-
tion conditions (temperature, excess of ammonia, 
residence time) or catalyst.

Effect of catalyst

The effect of the Cu/Cr or Ni catalysts on the 
reductive amination of acetol with ammonia was 
monitored at the molar ratio of acetol/H2/NH3 
1/50/50 and with a weight hourly space velocity 
(WHSV) of 0.078 h–1. It follows from the experi-

mental results shown in Fig. 2 that, during the reac-
tion on the Cu/Cr catalyst, the concentration of re-
quired 2-APOL was, in comparison with the nickel 
catalyst, more than 20 times lower; major by-prod-
ucts of the amination were cis/trans 2,5- and 2,6-di-
methylpiperazines (DMPIPs). When the Adkins cat-
alyst was present, 2,5- and 2,6-DMPYR (DMPYRs) 
and 1,2-propanediamine (1,2-PDA) were also de-
tected in a significant amount (15 respectively 8 %); 
whereas, in the case of the nickel catalyst, forma-
tion of these substances was almost undetectable. 
Nevertheless, contrary to the Cu/Cr catalyst, 
1,2-propanediol (1,2-PDOL) formed by the hydro-
genation of acetol (see Scheme 7) was one of the 
main products (22 %) of the studied reaction when 
the nickel catalyst was used.
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The product distribution of the reductive ami-
nation of acetol with ammonia can be influenced 
by: (1) different catalytic activity of the used metal 
catalysts. Compared with nickel, the catalysts based 
on copper show markedly lower catalytic activity in 
the hydrogenation of the C=C bond; however, they 
are very active in condensation reactions, for exam-
ple, in the condensation of imines with primary or 
secondary amines to form secondary and tertiary 
amines, respectively (Scheme 4). As a result, the 
presence of the copper catalyst favours formation of 
secondary and tertiary amines20. Moreover, the cop-
per catalysts show high dehydrogenation activity 
that is increased by addition of chromium as a pro-
moter. Chromium improves the dispersion of cop-
per on the surface of the catalyst21 and prevents its 
sintering. Consequently, primary products of amina-
tion of acetol (2-APOL) can be easily dehydroge-
nated to very reactive α‑amino carbonyl or α‑amino 
imine compounds that are considered precursors of 
nitrogenous heterocyclic compounds (see Schemes 
5 and 6). (2) The Cu/Cr catalyst was used in the 
form of tablets (3 x 3 mm) and, therefore, the nega-
tive effect of internal diffusion on selectivity of the 
amination of acetol and/or on concentration of 
2-APOL is not excluded. Hence, outside the cata-
lyst tablet, various side reactions of very reactive 
intermediate imines and amination products can 
proceed, for example, a bimolecular cycloamination 
of primary amino alcohols (1-APOL, 2-APOL) or 
1,2-PDA with formation of relevant pyrazines and/

or piperazines. (3) Different distribution of products 
can also be caused by process temperature of the 
catalysts used. In the case of the nickel catalyst, the 
reaction was conducted at a temperature of 130 °C. 
Generally, the Adkins catalysts show lower activi-
ty20 that was compensated by increasing the re action 
temperature to 210 °C. Higher reaction temperature 
results in the formation of thermodynamically more 
stable secondary, tertiary or cyclic amines with 
six-membered ring (pyrazines and/or piperazines). 
Actually, the formation of these substances is exo-
thermic, whereas the reaction leading to primary 
amines is nearly thermoneutral5,22.

The formed DMPIPs contain secondary nitro-
gen atoms in their molecules and, therefore, they 
can subsequently undergo the reductive amination 
to N-mono- or N,N-di-substituted dimethyl pipera-
zines (N-SubDMPIPs).

Effect of molar ratio of acetol/hydrogen/ammonia

The effect of the molar ratio of acetol/hydro-
gen/ammonia on the course of the reductive amina-
tion of acetol was monitored in the presence of the 
Ni catalyst at a temperature of 130 °C. Fig. 3 shows 
the dependence of concentrations of 2-APOL, DMPIPs 
and 1,2-PDOL on the molar ratio of H2/NH3 (0.4 to 
6) at varied molar excess of hydrogen with respect 
to acetol (n(H2)/n(acetol) = 14; 25 and 50).

The results presented in Fig. 3 show that the 
increasing excess of hydrogen with respect to acetol 

F i g .  2  – Effect of catalyst on the product distribution of the 
reductive amination of acetol by ammonia in the gas phase. 
Reaction conditions: 130 °C (Ni-based catalyst) or 210 °C (Cu/
Cr catalyst), molar ratio of acetol/H2/NH3 1/50/50, WHSV = 
0.078 h–1, total conversion of acetol.  Ni-based catalyst 
(KL6527-CY);  Cu/Cr catalyst (T-4466).

F i g .  3  – Concentration of 2-APOL (full points), 1,2-PDOL 
(half full points) and DMPIPs (empty points) as a function of 
the molar ratio of n(H2)/n(NH3) at varied molar excess of hy-
drogen with respect to acetol n(H2)/n(acetol) – 14 (circles), 25 
(squares) and 50 (triangles). Reaction conditions: 130 °C (Ni-
based catalyst), WHSV = 0.078 h–1, total conversion of acetol.

n(H2)/n(NH3) [1]
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has a positive influence on concentration of 2-APOL 
and markedly suppresses formation of the most im-
portant by-products of the reductive amination of 
acetol, i.e. DMPIPs. Based on the general mecha-
nism of the reductive amination, we assign this ef-
fect to the chemical equilibrium shift of the pro-
ceeding hydrogenation-dehydrogenation reactions 
with respect to saturated products. Hence, as a re-
sult of the hydrogen excess, the hydrogenation of 
the intermediate imine to 2-APOL is preferred 
(Scheme 1), and the dehydrogenation of the formed 
primary α‑amino propanols (1‑APOL, 2‑APOL) to 
α‑amino carbonyl compounds, as precursors of ni-
trogenous heterocyclic substances, is markedly sup-
pressed. Nevertheless, concerning concentration of 
2-APOL, the significant molar excess of hydrogen 
with respect to acetol is not higher than 25. With the 
molar ratio of hydrogen/acetol 25 and 50 (full 
squares or full triangles), almost the same content 
of 2-APOL was found in the organic phase, about 
45 %, at the most. In addition, with the 50 times 
molar excess of hydrogen, the extent of the compet-
itive hydrogenation of acetol to undesirable 1,2-
PDOL (half full points) was markedly increased. In 
this case, in comparison with other experiments, the 
concentration of 1,2-PDOL was by several orders of 
magnitude higher; and when the molar ratio of hy-
drogen/ammonia increased to 3, the hydrogenation 
was a dominant reaction of the studied reaction sys-
tem. This fact indicates a marked decrease in con-
centration of 2-APOL to as low as 30 %, whereas 
almost one third of the reaction mixture was 1,2-
PDOL.

It is generally known that the excess of ammo-
nia has a positive effect on selectivity of amination 
reactions to primary amines5,23–26. This method 
markedly suppressed formation of undesirable sec-
ondary and tertiary amines during the reductive am-
ination of acetol. As it is shown in Fig. 3, in exper-
iments less influenced by the hydrogenation of 
acetol (n(H2)/n(acetol) – 14 – empty circles and 25 
– empty squares), the concentration of DMPIPs was 
almost proportionally dependent on the increasing 
molar ratio of hydrogen/ammonia, whereas the con-
tent of 2-APOL showed a moderate decrease. In the 
course of amination with the fourteen times excess 
of hydrogen with respect to acetol and the molar 
ratio of hydrogen/ammonia higher than 3, DMPIPs 
were dominant products.

Increased selectivity of the amination to prima-
ry amine caused by the excess of ammonia can be 
explained by the addition of NH3 on intermediate 
primary imine with formation of gem-diamine that 
is subsequently hydrogenolyzed to primary amine 
(Scheme 3)27. Hence, the very reactive imine is pro-
tected against subsequent reactions to secondary 
and tertiary amines (Scheme 4). In compliance with 

this mechanism, the competitive reaction with am-
monia reduces the concentration of primary imine 
in the reaction system and, thus, also the rate of for-
mation of side secondary amines20.

The dependence of concentration of other iden-
tified by-products formed during the reductive ami-
nation of acetol with ammonia on the molar ratio of 
reactants is shown in Table 1. However, most of 
these compounds contain two or three stereogenic 
centres in their molecules and, therefore, they can 
theoretically form four or eight stereoisomers (two 
or four pairs of enantiomers). Nevertheless, chro-
matographic analysis identified just two or four di-
astereoisomers cis and trans in the reaction mixture. 
Concentrations of individual substances include all 
possible isomers in Table 1.

The experimental results presented above show 
that, concerning selectivity to required 2-APOL, the 
optimal molar ratio of H2/NH3 was 1. Hence, the 
reductive amination of acetol with ammonia should 
not be conducted with a higher amount of substance 
of hydrogen with respect to ammonia.

Side products

The presented results indicate that, in the course 
of the one-step reductive amination of acetol with 
ammonia, a large number of various by-products 
(primary, secondary and tertiary amines, amino al-
cohols, polyamines, heterocyclic compounds) are 
formed, the most important are C-dimethyl-pipera-
zines (2,5- and 2,6-DMPIP). Thus, this is a very 
complex reaction system including many subse-
quent, side, and condensation side reactions of in-
termediates (α‑amino carbonyl compounds, imines, 
enamines) or amination products (amines, amino 
alcohols). These substances are, compared with am-
monia, more nucleophilic and, therefore, more reac-
tive in the amination5,7.

Due to the α-hydroxy carbonyl group, acetol 
can, in the same way as reducing sugars28, easily 
react with ammonia to various heterocyclic sub-
stances through the so-called Maillard reaction29. 
This is a typical non-enzymatic reaction in the food 
chemistry between reducing sugars and substances 
containing primary amino group (proteins, amino 
acids, peptides) during thermal processing of foods. 
Products of this reaction are sensory active sub-
stances, like all alkylated pyrazines28–34. Precursors 
of these substances are very reactive α‑amino car-
bonyl compounds (R–CH(NH2)–C(=O)–R).

Compounds derived from 2-hydroxypropanal 
(2-HPAL), e.g. 1-APOL, 1-(3,5-dimethyl-1-piperaz-
inyl)-2-propanol and 1-(2,5-dimethyl-1-piperazinyl)- 
2-propanol (Table 1), were also detected in the reac-
tion mixtures. Therefore, we assume that, in the 
course of amination, acetol undergoes 1,2- and 
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Ta b l e  1  – Concentration of other identified by-products (without DMPIPs) formed during the reductive amination of acetol with 
ammonia in the gas phase over nickel catalyst. Conditions: 130 °C; WHSV = 0.078 h–1; total conversion of acetol.

n(acetol)/n(H2) 14 25 50

n(acetol)/n(NH3) 35 14 4.5 2.3 35 25 16 8.5 4.5 100 50 32 17

n(H2)/n(NH3) 0.4 1.0 3.1 6.1 0.7 1.0 1.6 2.9 5.6 0.5 1.0 1.6 2.9

Compound Concentration (%)

1,2-PDA 5.89 1.90 0.98 – 2.16 0.96 – – – 0.41 0.40 – –

1-APOL 1.92 2.31 2.18 1.76 2.24 2.19 2.30 1.61 1.79 2.54 2.46 2.26 1.26

Isopropenyl acetate 0.02 0.04 0.05 0.08 0.02 0.03 0.04 0.05 0.10 0.02 0.04 0.05 0.11

1-(Ethylamino)-2-(methylamino)ethane 0.12 0.52 1.08 1.70 0.33 0.34 0.37 0.51 0.74 0.30 0.31 0.35 0.31

N-Ethyl(2-methoxyethyl)amine 0.05 0.10 0.21 0.42 0.04 0.08 0.11 0.17 0.25 0.02 0.05 0.08 0.15

1-(Ethylamino)-2-propanol 0.05 0.17 0.29 0.35 0.12 0.18 0.18 0.19 0.23 0.03 0.05 0.08 0.14

2-(Ethylamino)propanol – 0.06 0.34 0.95 0.04 0.04 0.05 0.11 0.41 0.12 0.20 0.32 0.43

2,6-Dimethyl-1,4-dihydropyrazine 0.13 0.02 0.08 0.02 0.06 0.02 0.02 – – 0.02 0.03 0.02 –

2,5-Dimethyl-1,4-dihydropyrazine 0.22 0.08 0.16 0.01 0.10 0.05 0.05 0.01 – 0.08 0.09 0.06 0.02

2,6-DMPYR – 0.01 0.06 0.11 – – – – – – – – –

2,5-DMPYR 0.09 0.13 0.06 0.07 0.02 0.02 0.03 0.03 – 0.03 0.02 0.01 –

2,5-Dimethyl-1 H-pyrrole 0.01 0.04 0.08 0.13 – 0.02 0.03 0.03 0.02 0.01 0.01 0.02 0.02

2,4-Dimethyl-1 H-pyrrole 0.08 0.21 0.04 0.10 0.14 0.10 0.13 0.12 0.04 0.19 0.12 0.09 0.02

1-Ethyl-3,5-dimethylpiperazine 9.69 2.76 0.30 0.62 2.65 0.98 0.77 0.48 0.18 1.81 0.74 0.32 0.39

1-Ethyl-2,5-dimethylpiperazine 0.15 0.32 1.04 2.70 0.11 0.09 0.16 0.28 0.73 1.97 1.11 0.86 0.48

3,5-Dimethyl-1-propylpiperazine 0.02 0.02 0.03 0.03 0.03 0.02 0.02 0.03 0.02 0.16 0.08 0.09 0.12

2-(2-Aminopropylamino)-propanol 1.92 0.61 0.37 – 1.82 1.44 1.36 1.07 0.01 0.40 0.62 0.39 0.44

2-(2-Hydroxypropylamino)-propanol 0.40 0.13 0.18 0.06 0.54 1.45 0.68 0.47 0.22 1.28 1.29 1.17 1.83

2-(2-Hydroxy-1-methylethylamino)propanol 1.34 – 0.13 0.08 1.86 2.37 1.75 1.27 0.14 3.98 4.71 4.1 6.05

1-(3,5-Dimethyl-1-piperazinyl)-2-propanol 1.01 1.68 1.37 0.84 0.79 1.12 1.48 1.69 1.66 0.57 0.46 0.65 0.68

1-(2,5-Dimethyl-1-piperazinyl)-2-propanol 12.31 5.31 2.42 1.53 6.36 6.53 6.68 6.23 1.59 1.21 0.89 0.95 1.03

2-(3,5-Dimethyl-1-piperazinyl)propanol 1.92 6.06 2.42 2.61 3.83 4.14 4.14 3.83 3.35 1.34 0.91 1.13 1.39

2-(2,5-Dimethyl-1-piperazinyl)propanol 8.10 13.96 7.48 5.68 6.46 10.94 9.34 8.07 13.10 2.82 2.86 3.23 4.39
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2,3-enolization (1,2-E a 2,3-E) by means of acidic 
α-hydrogens with formation of enol (E1) and enedi-
ol (E2) that are in equilibrium with 2-HPAL35.

Scheme 5 shows potential reaction pathways of 
formation of by-products detected in the reaction 
mixture during the amination of acetol with ammo-
nia in the presence of the Ni catalyst, as a result of 
enolization of acetol and rearrangement of the pri-
marily formed labile α-hydroxy imines.

2-HPAL and acetol react with ammonia via the 
reductive amination, first to hemiaminals that are 
stabilized by the loss of one molecule of water to 
form the corresponding Schiff base 1-imino-2-pro-
panol (1-IPOL) or 2-iminopropanol (2-IPOL). Un-
der the reaction conditions, these labile α‑hydroxy 
imines are hydrogenated to 1-APOL and the desired 
2-APOL, or they are stabilized by the Amadori36 

and Heyns37,38 rearrangements to corresponding 
α‑amino carbonyl compounds, i.e. 1‑amino‑2‑pro-
panone (1-APON) or 2-aminopropionaldehyde (2-
APAL). The hydroxy group bound to α-carbon in 
the molecules of 2-IPOL and 1-APON facilitates 
the 1,3-hydrogen shift (imine-enamine tautomer-
ism39,40) and, simultaneously, stabilizes the formed 
enamines (EN1 and EN2)41,42 that subsequently un-
dergo keto-enol tautomerism43,44 with formation of 
2-APAL (Heyns product) or 1-APON (Amadori 
product). These intermediates can also be formed 
by dehydrogenation of the produced amino alcohols 
(1-APOL and 2-APOL) on the surface of the metal 
catalyst.

Intermediate α‑amino carbonyl compounds (1‑
APON and 2-APAL) can also react with ammonia 
to 2-iminopropanamine (2-IPA) or 1-imino-2-pro-
panamine (1-IPA) that subsequently react to form 
heterocyclic substances or are hydrogenated to 1,2-
PDA.

The bimolecular cycloamination of α‑amino 
carbonyl or α‑imino amine compounds produces 
corresponding C-dimethyl-1,4-dihydropyrazines 
that undergo dehydrogenation to 2,5- and/or 
2,6-DMPYR, or they are hydrogenated to 2,5- and 
2,6-DMPIP. C-Dimethylpiperazines form diastereo-
isomers cis and trans45–49 with similar physical prop-
erties (see Table 2). In order to separate them on 
capillary column DB-5, the isomers were first deri-

vatized with acetanhydride to corresponding acet-
amides46 and subsequently analyzed by GC. Reac-
tion Scheme 5 only shows the general position of 
the methyl groups (wavy bonds) with respect to the 
plane of the ring.

In the Maillard reaction, α‑amino carbonyls are 
considered precursors of not only pyrazines and/or 
piperazines but also of other unsaturated heterocy-
clic compounds, such as oxazolines17–19,30,50, oxaz-
oles29,30,50,51, imidazoles28–31,50, imidazolines50,52, or 
pyrroles29,30,51,53 (see Scheme 6). Nevertheless, under 
the reaction conditions of the reductive amination, 
oxazolines are unstable and react with the amina-
tion agent and hydrogen to form two molecules of 
corresponding α‑amino alcohols10. Similarly, vicinal 
diamines can be formed from imidazolines.

Nevertheless, most of the undesirable substanc-
es are apparently formed due to side reactions of 
amination products that contain reactive primary (1- 
and 2-APOL or 1,2-DAP) or secondary (2,5- and 
2,6-DMPIP) amino groups in their molecule. These 
“new” amination agents react subsequently with 
α‑hydroxy‑ and α‑amino carbonyl compounds or 
formed α‑amino alcohols to corresponding amino 
compounds with secondary or tertiary amino group.

Scheme 7 shows the side amination reactions 
of acetol and 2-HPAL with substances containing 
the primary amino group (the compounds identified 
in the reaction mixture are shown in bold). The am-
ination produces corresponding stereoisomers of 
secondary aliphatic dihydroxy amines, hydroxy di-
amines or triamines. The same substances can also 
be produced by condensation of formed α‑amino 
propanols (1- and 2-APOL) and 1,2-PDA by means 
of the primary amino groups with subsequent loss 
of one molecule of water or NH3 (the reactions of 
primary amines with imines are not shown in the 
scheme)23. Dihydroxy amines and hydroxy diamines 
react with ammonia to hydroxy diamines and tri-
amines that easily undergo intramolecular conden-
sation (amination) to 2,5- or 2,6-DMPIP. Actually, 
the position of primary functional groups (–NH2,  
–OH) in the molecule of hydroxy diamine and tri-
amine is favourable for formation of the thermody-
namically stable six-membered ring. 2,5- and 
2,6-DMPIP can also be formed through the bimo-
lecular cycloamination of 1-APOL, 2-APOL or 1,2-
DAP45–49. Similarly to Scheme 5, only the general 
position of methyl group is depicted in the stereo-
isomeric molecules (wavy bonds).

Another important side reaction is the competi-
tive hydrogenation of acetol to 1,2-PDOL. 1-(Ethyl-
amino)-2-propanol and 2-(ethylamino)propanol 
were also detected in the reaction mixture (see Ta-
ble 1). Formation of these substances can be ex-
plained by the reaction of acetaldehyde with both 
1-APOL and/or 2-APOL, and with ammonia to eth-

Ta b l e  2  – Boiling point (BP) and melting point (MP) of dias-
tereoisomers cis/trans 2,5- and 2,6-DMPIP

Piperazine isomer BP101,325 kPa (°C) MP (°C)

cis-2,5-DMPIP 16245,48 1845; 11448

trans-2,5-DMPIP 160 – 16545,48 115 – 11845,48

cis-2,6-DMPIP 161 – 16249 113 – 11447,49

trans-2,6-DMPIP 18049 105 – 10849
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yl amine that subsequently reacts with acetol or 
2-HPAL. Acetaldehyde is probably generated in the 
reaction phase by hydrogenolysis of acetol on the 
surface of the Ni catalyst.

Scheme 8 shows side reactions of α‑hydroxy 
carbonyl and carbonyl (acetaldehyde, propionalde-
hyde) compounds that can explain the formation of 
N-substituted 2,5- and 2,6-DMPIP identified (shown 
in bold) during the amination of acetol with NH3 in 
the presence of metal catalyst.

Acetol and 2-HPAL react with piperazines 
through the reductive amination, first to enamines 
that are hydrogenated to corresponding tertiary 
amines. As enamines contain the π‑bond between 
carbon atoms with hydroxy group (enol form) in 
their molecule, keto-enol tautomerization with the 
formation of amino carbonyl compounds (keto 
form) is also assumed43,44. However, these substanc-
es were not detected in the reaction mixture. In the 
molecule of 2,6-DMPIP, one of the nitrogen atoms 
is sterically hindered by methyl groups bound to 
neighbouring carbons; the amination reaction on 
such nitrogen is less probable. Thus, the nucleophil-
ic addition of 2,6-DMPIP to the carbonyl group is 
exclusively caused by the sterically less hindered 
nitrogen atom. In addition, substances (such as 
3,5-dimethyl-1-propylpiperazine) were identified in 
the reaction mixture that indicate dehydration of 
1,2-PDOL to propionaldehyde (PAL); formation of 
propanone (PON) is also possible.

The produced substances form diastereoiso-
mers cis/trans that are not distinguished in the reac-
tion scheme and only the general position of methyl 
groups is shown (wavy bonds).

N-monosubstituted DMPIPs contain one more 
secondary nitrogen atom and, therefore, they can 
subsequently react with α‑hydroxy carbonyl and 
carbonyl compounds to N,N-disubstituted DMPIPs. 
Nevertheless, in the molecule of N-monosubstituted 
2,6-DMPIP, the secondary nitrogen atom is sterical-
ly hindered by methyl groups in positions C2 and 
C6, and, therefore, another amination via such ni-
trogen is quite unlikely.

The produced secondary and tertiary amines 
contain also primary functional groups (–NH2 and  
–OH) that can undergo the hydrogenation amina-
tion. The result of the subsequent amination reac-
tions can then be brown to black high molecular 
weight polymeric nitrogen compounds (polyal-
kylene-polyamines and polyalkylene-polyhydroxy- 

polyamines), of often unknown structure, so-called 
melanoidines. Other types of potential side reac-
tions can be: (1) aldolization reaction of carbonyl 
compounds, (2) disproportionation of amines2,54–56, 
(3) deamination of amines, or (4) dehydrogenation 
of intermediate imines to corresponding nitriles1,57. 
These reactions are not shown in the simplified re-
action schemes.

Nevertheless, most of the potential by-products 
shown in Schemes 5 to 8 were not detected during 
the reductive amination of acetol with ammonia at 
all. In such complex reaction mixtures of substanc-
es with similar physical properties (boiling point), 
elution peaks of individual compounds are often 
overlapped in the chromatographic analysis on a 
non-polar column.

Conclusions

The one-step reductive amination of acetol 
with ammonia in the gaseous phase was catalysed 
by commercial catalysts based on Ni and Cu/Cr. 
With both catalysts, relatively low selectivity to the 
desired 2-APOL at total conversion of acetol was 
observed. In the case of the nickel catalyst, selectiv-
ity to 2-APOL was about 45 % at most, whereas it 
was only 8 % with the Cu/Cr catalyst. Nevertheless, 
concerning the selectivity to 2-APOL, the optimal 
molar ratio of H2/acetol is 25. Its further increase 
favours the competitive hydrogenation of acetol to 
1,2-PDOL and the selectivity to 2-APOL decreases 
sharply. Therefore, the reaction should not be led 
with a molar excess of hydrogen towards ammonia. 
The optimal molar ratio of H2/NH3was 1.

The reaction mixture contained predominantly 
aliphatic or cyclic secondary and tertiary amines, 
and other non-identified highly condensed by-prod-
ucts, the most important were cis/trans 2,5- and 
2,6-DMPIP. In the studied reaction system, various 
side reactions proceed, such as enolization of ace-
tol, deamination, aldolization, subsequent reactions 
of amination products, Heyns and Amadori rear-
rangements or Maillard reaction.
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S c h e m e  3  – Mechanism proposed by Schwoegler and Adkins explaining the 
effect of ammonia on the selectivity to primary amines in the reductive amina-
tion of aldehydes with ammonia27

S c h e m e  4  – Mechanism of the formation of secondary and tertiary amines 
from primary intermediate imine27

S c h e m e  1  – Reductive amination of acetol by ammonia to 2-APOL

S c h e m e  2  – Non-catalytic reaction of acetol by ammonia to form 
2,5-DMPYR and 2,4-dimethyl-2-(hydroxymethyl)-3-oxazoline and the reductive 
amination of the resulting 3-oxazoline to 2-APOL10,19
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S c h e m e  5  – Formation of 1-APOL, 1,2-DAP, 2,5- and 2,6-DMPYR and 2,5- and 2,6-DMPIP in the reductive amination of acetol 
by ammonia due to 2,3‑enolization of acetol and tautomerization of the primarily formed α‑hydroxy imines (2‑IPOL and 1‑IPOL). The 
compounds detected in the reaction mixtures are shown in bold.
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S c h e m e  6  – Formation of five‑membered heterocyclic compounds by the reaction of α‑amino carbonyl and carbonyl compounds
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S c h e m e  7  – Formation of secondary aliphatic (dihydroxy amines, hydroxy diamines and triamines) and heterocyclic (2,5- and 
2,6-DMPIP) amino compounds in the reductive amination of acetol with ammonia due to side amination reactions of formed primary 
α‑amino propanols (1‑ and 2‑APOL) and 1,2‑DAP
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S c h e m e  8  – Proposed reaction pathways for the formation of identified (bold) N-substituted 2,5- and 2,6-DMPIP during 

the amination of acetol with ammonia in the presence of Ni-based catalyst
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