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The homogenously rhodium-catalyzed reductive amination of 1-undecanal was performed in two different thermomorphic solvent systems with the ligand Xantphos. The influences of partial pressure, temperature, methanol and catalyst
concentration on the reaction were investigated. Based on a network analysis a kinetic model was derived and successfully
parametrized for all studied solvent systems. Simulation results were found to be in good agreement with the experiments
and allow a further process development and optimization.
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Introduction

Amines are a sufficient and irreplaceable basic chemical
which have great importance in the production of bulk and
fine chemicals such as polymers, dyes, pigments, agrochemicals, pharmaceuticals, and solvents [1–3]. Besides other
processes, the reductive amination (RA) of aldehydes or
ketones offers a direct and efficient way to form carbonnitrogen bonds without toxic waste. In industrial scale the
RA reaction is performed with heterogeneous catalysts,
although they generally display poor chemoselectivity or
toxic by-products [4–6]. As a result, more research work is
being invested in providing a sustainable homogeneously
catalyzed RA. As reported by Kalck et. al. [3] the addition
of a primary, secondary or tertiary amine leads to a condensation of the carbonyl compound and formation of an
imine/enamine-intermediate with elimination of water. In a
second step the imine/enamine-intermediate is reduced to
the desired amine (Fig. 1).
The RA by the so-called transfer hydrogenation enables the
hydrogenation without adding hydrogen gas, however specially designed, costly and often non-recyclable homogeneous
transition metal catalysts (Ru, Ir) and hydrogen donor molecules are needed [7–12]. For a sustainable and economic catalytic process, the reuse of the catalyst plays a key role, so to enable the reusability of the catalysts, Au or Rh nanoparticles
[3, 13] or homogeneous catalysts based on Rh, Ir, and Ru complexes [14–19] can be used. Moreover, to increase the effectiveness of the RA reaction pure hydrogen gas should be applied
and solved in an innovative solvent system, respectively.
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One versatile and elegant strategy for the recovery and the
recycling of homogeneous transition metal catalysts is the
application of thermomorphic multiphase systems (TMS).
As reported by [20], the TMS will be applied to a wide variety
of reactions as they allow both, a homogeneous reaction at
reaction temperature and a common liquid-liquid separation
at room temperature. This can be achieved by two solvents of
different polarity, which have a temperature-controlled miscibility gap [20, 21].
In terms of process development, control and optimization, knowledge about the reaction kinetics is of crucial
importance. In this contribution, reaction kinetics of the
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lyzed aldol reaction. Because of the wide variety
of aldol products, they were categorized as a pseudo-component, namely aldols.
For the kinetic description of the reductive
amination the influences of the temperature T
and the partial pressure pH2 was investigated
ranging from 85–115 C and 10–30 bar,
Figure 1. Exemplary reaction equation of a reductive amination of an aldehyde
respectively. In addition, the influence of the
with a secondary amine [2].
diethylamine content aD:U and the catalyst concentration related to the substrate xcat was examined. In
Rh/Xantphos-catalyzed reductive amination of 1-undecanal
order to increase the sensitivity of the parameter for the
in a TMS consisting of MeOH/dodecane with different
following estimation, perturbation experiments with high
compositions is being experimentally and model-based
information content were performed. The process parameinvestigated.
ters T and pH2 were changed during these experiments
dynamically. Overall more than 24 experiments were done
2 Experimental
and the yields of the amine Yamine were summarized in Tab. 1.
The solvent composition of MeOH/Dod was changed
Reductive amination experiments were conducted in a
between 50:50 and 99:01.
high-pressure, stainless-steel batch Parr reactor equipped
Tab. 1 reveals the influence of the methanol content is
with a glass stirrer, a gas supply system, a pressure regulator
negligible, so that the experiments with the TML consisting
and a temperature controller [22, 23]. For the standard
of MeOH/Dod = 50:50 are comparable to the experiments
experiments the composition of MeOH/dodecane =
in the homogeneous system. By increasing the amount of
99:1 wt %/wt % was chosen. The catalyst solution was
the DEA in the homogeneous system, a significant increase
prepared by dissolving Rh(acac)COD (0.009 mmol) and
in the amine yield Yamine can be achieved. Moreover, the
Xantphos (0.018 mmol) in the solvent methanol
reduction of the catalyst concentration did not lead to sig(1151 mmol, 99.8 %). Subsequently, the reactor was filled
nificant changes in the amine yields in the parameter range
with diethylamine (9.060 mmol, 99.5 %) and dodecane
considered. Only by changing temperature and pressure
(2.186 mmol, 99 %). The solution was heated to the reaction
dynamically during the experiments, an increase in the
temperature and the catalyst preparation was initialized
amine yield could be achieved (Tab. 1, Exp. 7).
after pressurizing with H2 (99.9 %). The kinetic experiment
began with the controlled injection of 1-undecanal
3 Kinetic Description
(Sub, 9.060 mmol, 97 %), thus, the starting input
were Rh/P/Sub = 1:2:1000 mol/mol/mol and DEA/Sub =
A literature study revealed, there is no reliable reaction
1:1 mol/mol. Liquid samples were taken and analyzed with
kinetics for the homogenous catalyzed RA available. For a
standard gas chromatography. Each run was repeated at
first kinetic model a simplified description of the reaction
least twice to ensure reproducibility of the results. The
network was used. In that the aldehyde/enamine equilibrireproducibility of the kinetic experiments in terms of the
variation coefficient of the desired amine after
120 min was always < 3 %. Details to the experimental procedure and the quantitative analysis
can be found in the Supporting Information
(SI).

2.1 Reaction Network and Experimental
Results
In preliminary investigations, four reaction products of the reductive amination were identified.
In addition to the expected enamine intermediate
and the desired amine, alcohols and aldols could
be detected as minor by-products. Thus, a more
precise reaction network could be postulated
(Fig. 2). Alcohols were formed by the catalytic
hydrogenation of the substrate 1-undecanal,
whereas the aldols are formed by the organocata-
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Figure 2. Proposed reaction network of the reductive amination of 1-undecanal.
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Table 1. Experimental results for the reductive amination of 1-undecanal after 120 min.

Experiment

a)

1

MeOH/Dod 99:01

a),b)

a),b)

3

4

5

6

7

99:01

99:01

99:01

99:01,

99:01

99:01

50:50

50:50

50:50

aD:U [–]

1

4

1

1

1

1

1

xcat [mol %]

0.1

0.1

0.05

0.025

0.1

0.1

0.1

PH2 [bar]

20

20

20

20

10-30

20

10-30

q [C]

100

100

100

100

100

85-115

85-115

Yamine [%]

92.3 ± 1.3

95.8 ± 0.5c) 86.5 ± 5.6

88.8 ± 1.2

93.5 ± 0.2

93.3 ± 1.2

95.6 ± 0.1

95.5 ± 1.0

91.3 ± 1.9

95.4 ± 1.2

92.4 ± 1.1

Fixed reaction conditions: aRh:P = 1:2, wsub = 4 wt %. a) In each case individual experiments were
carried out for the respective solvent systems. b) Perturbation experiment (temperature/pressure profiles in Fig. 4 and the SI). c) Maximum yield reached after t = 20 min.

um is shifted completely to the product side. The elimination of water is neglected due to the small amount of < 1 %
(Fig. 2, dotted lines) measured during the experiments. The
material balance of a well-mixed batch reactor was applied
for each component i (Eq. (1)) in the liquid phase.
M

 X
dci
¼ beff cH2 *  cH2 þ
vij rj
dt
j¼1

(1)

Henry’s law (Eq. (3)) was used to describe the gas solubility of H2 to the liquid phase. In preliminary gas solubility
experiments the Henry coefficient HH2 and the mass transfer coefficient beff could be determined. Details to the experimental procedure can be found in the SI. A significant temperature dependence of the Henry coefficient in the
investigated temperature range could not be determined, so
mean values were used in the parameter range studied
(Tab. 2).
Table 2. Gas solubility and mass transfer parameters for H2 in
the TMS MeOH/Dod.

MeOH/Dod

99:1 [%]

50:50 [%]

HH2 [bar Lmol–1]

239 ± 2.6

298 ± 5

beff [s–1]

0.0309 ± 3.0

0.0365 ± 9.4

4

d

(4)

a),b)

2

50:50

g

EQ
EQ
rEQ ¼ kEQ ðT ÞcSub
cDEA

g

dHYDa
rHYDa ¼ kHYDa ðT Þccat cEnHYDa cH
2

(5)
g

HYDb dHYDb
cH2
rHYDb ¼ kHYDb ðT Þccat cSub

(6)
g

ADD dADD
cEn
rADD ¼ kADD ðT ÞcSub

(7)

The dependence of the reaction
rate constant k on the temperature was determined by Arrhenius (Eq. 8).
 
EA;j
(8)
kj ¼ k0;j exp
RT

Parameter Estimation and Simulation

By adapting four reaction pathways with four free parameters (italic) each (Eq. (9)), the complexity of the model
increases significantly. For this reason, the free parameters
were reduced by supposing the reaction orders as one
(Eq. (10)). This assumption is in good agreement with
existing hydrogenation models for imines [24–27] and
mechanistic model approaches [28].
The parameters in Eq. (10) were estimated with using the
lsqnonlin solver. Based on the nonlinear least-square algorithm the absolute difference of model and experimental
values was minimized by the objective function (OF)
(Eq. (11)).
2
3
k0;EQ ; k0;HYDa ; k0;HYDb ; k0;EQ ;
6
7
 ¼ 6 EA;EQ ; EA;HYDa ; EA;HYDb ; EA;ADD ; 7
(9)
Q
4 gEQ ;
gHYDa
gHYDb ;
gADD ; 5
dEQ ;
dHYDa ;
dHYDb ;
dADD

 red ¼ k0;EQ ; k0;HYDa ;
Q
EA;EQ ; EA;HYDa ;

k0;HYDb ;
EA;HYDb ;

k0;ADD ;
EA;ADD


(10)

OF ¼ min
RSS
red

q

dpi
¼ beff ðpi *  pi Þ
dt
cH2 * ¼

pH2
HH2

(2)

Nexp X
Nsp h
N X
i2
X
 mod  

exp
ci;n tm ; q  ci;n ðtm Þ

(11)

i¼1 n¼1 m¼1

(3)

To describe the experimental results a power-law
approach was applied for the hydrogenations rHYDa and
rHYDb as well as the condensation rEQ and the organocatalytic addition rADD (Eqs. (4)–(7)).
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¼

In Figs. 3 and 4 selected simulation results are summarized. More information and the related parity plots can be
found in the SI. It can be recognized, that a reduced kinetic
model and the experimental profiles are in good agreement.
The finally used parameters and their 95 % confidence
intervals (CI) are given in Tab. 3.
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Figure 3. Experimental (symbols) and simulation results (lines) for two different solvent systems: undecanal (£,–), enamine
(~,K) and amine (夹, __). Subfigure a and c are related to table 1/exp. 1, subfigure b to table1/exp. 2 and subfigure d to
table 1/exp. 3. For reasons of clarity results for the alcohol and the aldols are not shown.
Table 3. Estimated Parameters.

Parameter
EQ

Estimated values

k0,EQ [L mol–1min–1]
–1

EA,EQ [kJ mol ]
HYDa

HYDb

ADD

–1

39.608
10.911

k0,HYDa [L mol min ]

2.528  107

EA,HYDa [kJ mol–1]

20.344

–1

–1

k0,HYDb [L mol min ]

2.249  108

EA,HYDb [kJ mol–1]

46.696

–1

–1

–1

k0,ADD [L mol min ]
–1

EA,ADD [kJ mol ]

612.483
28.123

All confidence intervals < 1 %.

All parameters in Tab. 3 have small confidence intervals,
emphasizing the statistical significance of the estimated
parameters. Although less H2 dissolves in the liquid phase

Chem. Ing. Tech. 2020, 92, No. 5, 582–588

due to the lower MeOH content in the TML MeOH/Dod =
50:50 (Tab. 2), the H2 content in the solvent is not a limiting
factor (Fig. 3a)/b)/d)). Thus, the model is able to reproduce
both the TML MeOH/Dod = 50:50 (Fig. 3c)) and the homogeneous solvent MeOH/Dod = 99:01 (Fig. 3a)). The perturbation experiment in the TMS could be described better in
comparison to the homogeneous solvent (Fig. 4). Due to the
temperature-independent Henry-coefficient the maximum
yield of the amine is not exactly match by the simulation.
Nevertheless, the estimated parameters and the model were
also able to describe dynamic experiments by perturbations
very well. The deviation between model and experiment at
the enamine intermediate are due limitations in the analytics.
The activation energy for the hydrogenation of the
enamine to the desired amine was estimated to be around
20 kJ mol–1. A quite similar value about 22.59 kJ mol–1 was
found by Landaeta [18] for the hydration of N-(b-naphthylmethylene)aniline (NbNA) in THF with a Rh catalyst in a
temperature range from 31–50 C.

ª 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Discussion

The Rh/Xantphos homogeneously catalyzed reductive amination of 1-undecanal was investigated in two different
temperature-controlled solvent systems, a temperature and
a pressure range from 85–115 C and 10–30 bar, respectively. Moreover, the influences of the diethylamine content
and the catalyst concentration were studied. A successful kinetic adaptation to the experimental data was achieved by a
reduced kinetic approach. Both, the main reaction pathway
and the minor by-products could be described well in static
and dynamic experiments based on the kinetic model.
For a more detailed description with regard to continuous
reaction processes including recycle streams, the aldehyde/
enamine equilibrium must be considered in the kinetic estimation. In particular, the influence of the formed and accumulated water cannot be neglected, since it influences both,
hydrogen solubility and equilibrium. By consideration of
the equilibrium, similar to the n-alkene/iso-alkene equilibrium in the hydroformylation [29], in the mathematical
description, the reversibility of the aldehyde-enamine equilibrium may be described. The experimental analysis and
developed model provide a good basis to perform a first
feasibility study and process design of a promising homogenous way of the RA.
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Symbols used
Figure 4. Perturbation experiments for two different TMS:
Experimental (symbols) and simulation results (lines) for undecanal (£,–), enamine (~,K) and amine (夹, __). The results related to table 1/exp. 7. For reasons of clarity results for the
alcohol and the aldols are not shown.
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k0,j
c
EA
H
j
jH2

[Lnmol–nmin–1]
[mol L–1]
[J mol–1]
[bar L mol–1]
[mol L–1min–1]
[bar min–1]
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collision factor of reaction j
concentration
activation energy
Henry coefficient
flux
flux of hydrogen partial pressure
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k
M
N
Nexp
Nsp
p
r
T
t
w
x
Yamine
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[L mol–1min–1]
[–]
[–]
[–]
[–]
[bar]
[mol L–1min–1]
[K]
[min]
[wt %]
[mol %]
[%]

reaction rate constant
number of reactions
number of components
number of experiments
number of sample points
pressure
reaction rate
temperature
time
substrate concentration
catalyst concentration
yield of the amine

Greek symbols
a
beff
g,d
Q
q
n

[mol mol–1]
[s–1]
[–]
[–]
[C]
[–]

molar ratio
effective mass transfer
reaction order
parameter vector
temperature
stoichiometric coefficient

Sub- and Superscripts
*
ADD
cat
EQ
exp
HYDa
HYDb
i
j
m
mod
n
red

equilibrium
addition
catalyst
equilibrium
experiment
hydrogenation a
hydrogenation b
component indicator
reaction indicator
sample point indicator
model
number of experiment indicator
reduced

Abbreviations
DEA
Dod
En
MeOH
NMPA
NbNA
OF
RA
RSS
Sub
THF

diethylamine
dodecane
enamine
methanol
naphthalene-2-ylmethylpjhenylamine
N-(b-naphthylmethylene)aniline
objective function
reductive amination
residual sum of square
substrate
tetrahydrofuran
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