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For a more resource-efficient production of amines the homogeneously catalyzed tandem hydro-
aminomethylation reaction is of large relevance. The kinetics of the sulfoxantphos-rhodium-catalyzed hydro-
aminomethylation of 1-decene were studied exploiting a thermomorphic solvent system. Focus was a
mechanistic kinetic description of the enamine hydrogenation as the final step in the tandem reaction. Based on
proposing a catalytic cycle and applying the Christiansen mathematics, a mechanistic rate model was derived
and parameterized. The mechanistic model was able to describe the experimental observations in a broad range

of operation conditions including pressure and temperature perturbations providing the basis for process design

and optimization.

1. Introduction

Homogeneous catalysis offers large potential to develop new
resource-efficient processes. The usage of transition metals like rhodium
in combination with bidentate ligands enables the design of highly
active and selective catalysts [1,2]. The advantage of homogeneously
catalyzed reactions such as the hydroaminomethylation (HAM) is the
absence of resistances of the mass transfer in the fluid phase to the
dissolved catalyst. This advantage is connected with the often chal-
lenging need to separate the catalyst from the reaction mixture in order
to recycle it. This is especially the case when costly metals like rhodium
are used. The collaborative research center “Integrated Chemical Pro-
cesses in Liquid Multiphase Systems” (InPROMPT) explored several
catalyst recycling strategies with a focus on switchable solvent systems,
recently summarized in Kraume et al. [3]. One of the attractive options
is the application of mixtures of solvents, which form a thermomorphic
solvent system (TMS) [4-7]. The temperature dependency of the
miscibility of the constituents is used to switch between a reaction mode
(one phase) and a separation mode (two phases). The operation prin-
ciple is illustrated in Fig. S1 in the supporting information. To apply the
concept, at least one polar and one unpolar solvent are needed which are
characterized by a miscibility gap at a lower temperature level. At
higher temperatures a homogeneous phase is formed and the reaction
can take place without mass transfer limitations in the fluid phase. To

recover the catalyst, the mixture is cooled down to trigger the phase
separation. Catalyst and product are present in different phases to allow
for separation. The functionality of TMS can be further increased by
adding components that act as solvent mediators [4-7].

On the way to a more sustainable economy the utilization of
renewable resources for established processes in the chemical industry is
a major goal. The concept of TMS can be a helpful tool for harnessing
those feedstocks [3,8-10]. In addition to catalyst recycling strategies
new reactor concepts [11,12] and real process influences like impurities
[13] were explored within INPROMPT. First, the synthesis of molecules
with oxygen containing functionalities from alkenes were investigated
[3]. Afterwards, the implementation of a nitrogen functionality was
studied in a second consecutive step.

Amines have broad applications. They are used e.g. as agrochemi-
cals, pharmaceuticals, dyes and detergents. Classic amine synthesis is
performed through multiple reaction and separation steps in between
several process steps. The application of a tandem reaction could
decrease significantly the apparative effort. In addition, there is poten-
tial that byproduct formation from intermediates, being very sensitive to
side reactions, is decreased due to their lower concentration compared
to multi-pot synthesis [14,15]. The HAM, performed in a TMS, is char-
acterized as a homogeneously catalyzed tandem reaction converting
alkenes in a one-pot synthesis to amines [6]. The first reaction step is the
hydroformylation (Hyfo) to aldehydes (terminal, branched) with
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synthesis gas. Afterwards a reductive amination (RA) takes place. It
comprises an equilibrium-limited condensation reaction with a co-
substrate amine to form the enamine followed by its hydrogenation to
the product amine (Fig. 1). Hyfo and enamine hydrogenation are cata-
lyzed reactions. Side reactions occur, but water is the only co-product
formed in the condensation reaction step. This is a major advantage of
this reaction pathway compared to other ones generating unwanted
toxic or environmentally dangerous co-products [16,17]. The rhodium-
sulfoxantphos-catalyzed HAM of the model substrate 1-decene in a TMS
consisting of methanol (MeOH) and n-dodecane (Dod) is investigated
experimentally by instructive perturbation experiments in particular to
study the influence of water on the chemical equilibrium. This data
forms the basis for a detailed mechanistic kinetic modeling of the re-
actions involved.

For process design and optimization reliable mathematical models
are required. Thus, the description of the reaction kinetics is a key issue.
Simple power law kinetics are often valid in a very limited operation
window. Including knowledge about the reaction mechanism can in-
crease the extrapolability and transferability of the model. In this
contribution a mechanistic model description of the reaction rate of the
enamine hydrogenation is derived and an existing kinetic approach for
the HAM [15] with the Hyfo [10] as initial reaction step is adjusted
accordingly.

2. Experimental

A description of the experimental setup, the reaction network with
all side reactions and its reduction to the components and reactions with
significance as illustrated in Fig. 2 can be found in preliminary studies
[15]. The used chemicals and their purities can be found in Table S1 in
the supporting information. New instructive perturbation experiments
including the analytics follow the procedure and methodology described
in [15]. Table S2 in the supporting information summarizes results of
these experiments with respect to the conversion of the substrate X;_gec
and the yield of the target product n-amine Y,p,. All experiments were
conducted as semi-batch experiments in a stirred, stainless steel tank
reactor with dosing of the gaseous reactants via a pressure regulator. 1-
decene is used as model substrate in combination with diethylamine
(DEA) as co-substrate for the enamine formation. The catalyst in resting
state is formed during the preforming with synthesis gas from the pre-
catalyst Rh(acac)(COD) and the ligand sulfoxantphos. The TMS is
composed of 50 wt% MeOH and 50 wt% Dod.

The HAM consists of the Hyfo followed by the RA and their side
reactions [10,14,18,19]. The most dominant side reaction is the isom-
erization (Iso) of the terminal alkene to linear isomers with an internal
double bond. These are lumped together as a pseudo-component iso-
decene [18,20,21]. The hydrogenation of 1-decene to n-decane (Hyd,1-
dec) is the second relevant side reaction considered in the modeling.
Alcohol and aldol formation classically decreasing the amine selectivity
in RA processes are negligible in the tandem reaction due to the low
concentration of the aldehyde and the enamine observed in the exper-
iments. The reaction network including the isomerization (rj,) and
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hydrogenation of 1-decene (rzyq,1-dec) depicted in Fig. 2 contains 10
components, 2 reversible and 3 irreversible reactions.

3. Kinetic description and modeling of the tandem
hydroaminomethylation

For a mechanistic kinetic description and modeling of the homoge-
neously catalyzed tandem reaction HAM detailed knowledge about the
underlying reaction mechanisms in particular of the catalytic cycles is
required. With this knowledge Christiansen mathematics can be applied
to derive rate equations. This was done in preliminary work for the Hyfo
and its side reactions [10,18,21] and will be done in this contribution for
the hydrogenation of the enamine as the final reaction step of the tan-
dem HAM to improve a previously used power law based kinetic model
[15].

3.1. Subnetwork hydroformylation, isomerization and hydrogenation of
1-decene

The proposed elementary reaction sequences including assumptions
about irreversible steps and the abundance of catalytic species of the
catalyzed reactions were adopted according to Jorke et al. for the Hyfo
subnetwork including isomerization and hydrogenation of 1-decene.
Thus, these rate equations (Egs. (1-3)) were applied as published
before, even though another bidentate ligand (BiPhePhos) and TMS
(DMF, n-decane) were used [10,15,21]. Jameel et al. found only minor
differences of the Gibbs free energies for the Hyfo going from DMF to
MeOH and no change in the elementary reaction sequence using DFT
calculations [22].

kHyﬂ)'Cl—dee *Cco*CH, *Cear

THyfo = ] 1T M
1+ Kyyyorch, + Khy-CeoCh,
kHyd, I—dec*Cl—dec*CH, *Ccar
THyd,1~dec = (2
’ 1+ Kuyg,1—dec*CH,
Kiso® (C I—dec — C}{fdzf‘ ) “Cear
Tiso = - 3)

1+ K-

3.2. Subnetwork condensation

The condensation reaction to form the enamine from the aldehyde
with DEA is equilibrium-limited. It connects the Hyfo subnetwork and
the subsequent enamine hydrogenation. This reaction is the only one in
the modeled network (Fig. 2) which proceeds at reaction conditions
without rhodium catalyst as observed in preliminary experiments. An
influence of the catalyst on the reaction kinetics of the condensation
reaction is not assumed [17,23]. The following rate equation (Eq. (4)) is
adopted from Kirschtowski et al. [14,15].

—k Cen*CH,0
Tconda = Kcond* | Cund*CDEA — K%
Cond

4
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Fig. 1. Main reaction pathway of the HAM consisting of Hyfo and RA.
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Fig. 2. Reaction network and catalytic cycles of the HAM of a n-olefin (Hyfo + RA) with major side reactions (isomerization and substrate hydrogenation).

3.3. Subnetwork hydrogenation of the enamine

The usage of operando FTIR for analyzing the catalytic species is not
possible due to the presence of DEA in the HAM system which would

corrode the silica probe in short time. Therefore, the underlying cata-
lytic cycle for the enamine hydrogenation could not be determined in
own experimental studies in contrast to the Hyfo before. Several authors
deviate in their assumptions about the active catalyst species, the
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sequence of the elementary reaction steps and which of them being rate-
determining for the enamine or imine hydrogenation in the RA and
within the tandem reaction HAM using different substrates, solvents and
catalytic systems [17,24-27]. The elementary reaction sequence con-
tains the coordination of the enamine to the metal center, insertion to
the Rh-H-bond, the oxidative addition of dihydrogen and the reductive
elimination of the amine [23,28]. Crozet et al. suggest this sequence
according to their DFT calculations of Gibbs free energy profiles for the
HAM of styrene with piperidine in THF using a rhodium catalyst in
combination with a diphosphine ligand [28]. Jameel et al. determine the
same order of the elementary steps for the hydrogenation of the enamine
in the RA of undecanal with DEA in a TMS consisting of MeOH/Dod with
pure hydrogen in the gas phase [26]. In the Hyfo a monocarbonyl hydrid
complex acts as active catalytic species which is gained when the
dicarbonyl hydrid species resting state frees a coordination site by
releasing a carbonyl group. Crozet et al. assume according to their
findings in NMR experiments that this complex is the active species for
the enamine hydrogenation during HAM conditions with CO present
[28]. This assumption leads to the catalytic cycle postulated in Fig. 2
[28]. For the hydrogenation of the enamine no significant back reaction
can be observed experimentally. Thus, at least one of the elementary
steps of the catalytic cycle is irreversible, which is the final product
elimination assumed to be according to the Hyfo [10]. An important
commonality between the system investigated by Crozet et al. and this
contribution is the presence of CO which can have a crucial influence on
the active catalytic species of a hydrogenation [29,30]. CO is a strong
binding ligand at the rhodium center [28]. Therefore, the active cata-
lytic species is probably not the same when synthesis gas is applied as
gas phase compared to pure hydrogen. The RA expires also in the
presence of CO. Therefore, it is assumed according to Crozet et al. that
the active catalytic species during HAM is the same for Hyfo and RA
[28]. Assumptions are based on literature where similar but different
systems regarding the applied substrate, catalyst ligands and solvents
were investigated. These differences are assumed to influence the acti-
vation energies of the elementary reaction steps but not the mechanism
itself.

On the basis of the catalytic cycle rate equations can be derived using
Christiansen mathematics [31-33]. This approach is an algorithm
applying Bodenstein's quasi-steady-state assumption for all catalytic
species and elementary steps. Therefore, requirements need to be ful-
filled. Consequently, all concentrations of the catalytic species have to
stay at trace level ensuring that no accumulation occurs neglecting a
short initial period which justifies the quasi-steady-state assumption.
Furthermore, no intermediate of the catalytic cycle is allowed to react
with another one enabling a pseudo-first order description of all
elementary reactions which leads to the advantage that only linear
algebra is necessary. Of course, the catalytic species are allowed to react
with educts which are not catalytic intermediates themselves. The
concentration of these co-reactants ¢; and the actual reaction rate coef-
ficient k are combined to a pseudo-first order rate coefficient 4 (Eq. (5)).

Neom
At = ki [ [ 7 ®)
i=1

Several authors already described how to construct the Christiansen
matrix C depending on the number of intermediates in the catalytic cycle
and how to reduce it considering irreversible and rate-determining
elementary reaction steps or most/low abundant species
[3,10,18,31,32]. Every row of the matrix C corresponds to the concen-
tration of one intermediate of the catalytic cycle. A general formulation
of the rate approach rp contains all forward and backward pseudo-first
order rate coefficients combined with the active catalyst concentration
Ccqt in the numerator and the sum of all entries of the reduced Chris-
tiansen matrix CS in the denominator (Eq. (6)).
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If at least one elementary step of the catalytic cycle is irreversible the
whole reaction sequence is irreversible and the product of the backward
pseudo-first order rate coefficients in the numerator becomes zero.

The catalytic cycle of the enamine hydrogenation contains four in-
termediates (0, 1, 2, 3) starting with the monohydride monocarbonyl
catalyst species as illustrated in Fig. 2. The Christiansen matrix is a
square matrix. The number of rows equals the number of intermediates
of the catalytic cycle. For this case the Christiansen matrix (Eq. (7)) can
be formulated as follows.

Aidzdzo  Awdsdzo  Aodadz Adadan
Azhzdor  Aaidzodor  Aaidzndo Aaidzndes
C= ()
Aodotdiz Andoidiz Andedin Andetio
Aoidizdzs Aosdinds Aosdiodas Aosdioda

The first row of the Christiansen matrix is obtained from another
square matrix D (Eq. (8)) with ones at the diagonal and the forward
pseudo-first order rate coefficients above and the backward pseudo-first
order rate coefficients below the diagonal. Each column corresponds to
one elementary step of the catalytic cycle.

1 A2 Az Ao

Ao 1 A Aso
D= ®
Ao Ao 1 A30

Ao Ay A3 1

The product of the entries of each row of this matrix D is one element
in the first row of the Christiansen matrix C. The following rows are
derived from the previous one. Every index increases by one and the
highest index becomes zero. From the last row the first one can be
constructed in the same way.

According to the Hyfo reaction network it was assumed that the
monohydride monocarbonyl catalyst species is the only one present in
significant amounts. Therefore, it is called the most abundant catalyst
containing species (macs). When only this species is dominant, the other
rows of the Christiansen matrix corresponding with the minor species
become negligible. This allows an impactful reduction of the Chris-
tiansen matrix and number of kinetic parameters, respectively.

Andsdzo  Aodsdzo  Awdadso  Aodaids
0 0 0 0
=l 0 0 0 ®
0 0 0 0

By applying Egs. (6,9) and considering the assumption of irrevers-
ibility of the enamine hydrogenation coinciding with the experimental
observations the following rate approach (Eq. (10)) is obtained.

Ao1A12423230" Cear
A12A23A30 + Ai0d23Az0 + Aiodaidso + Aiodaidsz

YHyd,en = (10)
It still contains the pseudo-first order rate coefficients which will be

substituted in the next steps.

Aot = Koy +Ceny A1z = k23 Aoz = koz-chy; Aso = kaos

an
Ao = kio3 Aa1r = ka1 Asz = ksa; Aos = Koz *Cam

korkiakazkso Con®Ciy Cear
kiokaskso-cu, + kiokaskso-cr, + kiokaikso + kiokzikaz

12)

YHyd,en =

Lumping the constants together the following expression is derived.

kHyd.en *Cen*CH, *Cear
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korki2kazkso an
kiokay (k3o + k32)
Kipon = kyskso (k12 + kyo)

- kioka (k3o + k32)

kHyd,en -

(14)

The new mechanistic rate approach for the enamine hydrogenation
(Eq. (13)) has only one more parameter than a simple power law
approach with simultaneously improved validity [15].

The reaction between the resting state and the active catalyst species
is assumed to be in equilibrium proceeding significantly faster than the
other reactions [10,18]. The rate effecting concentration of the active
catalyst cqr is dependent on the total amount of catalyst and the solu-
bilized concentration of CO.

Ceat,tot
o = i 15
o T K cco as)

3.4. Reactor model

As described in chapter 2 the experiments were performed applying
semi-batch operation. The change of the concentrations for the liquid
components over time is due to the reactions j.

N

dc;
G = 2 wn) (16)

J=1

An additional mass transport term from the gas into the liquid phase
is necessary for the description of the gaseous substances. It includes an
effective mass transfer coefficient fg and the saturation concentration
c*.

N

dc;

o ﬂeﬂ.i'(cj —¢)+ /

J=1

(vs) a7

The Arrhenius approach is used to model the temperature de-
pendency of the reaction rate constant.

Epj
ks — ko 18)

3.5. Results and discussion of the parameter estimation

For the collision factor, the activation energy and the new mecha-
nistic constant Kyygen (Eq. (13)) of the final hydrogenation step a new
parameter estimation was done. The kinetic parameters of the other
reactions (T'gyfo; THyd,1-dec; T1so; Tcond) did not change significantly when
all parameters were estimated together indicating that they are already
sufficient to describe these reactions. This is why those parameters were
kept constant in a second step and only the parameters of the enamine
hydrogenation were estimated newly. This leads to a number of three
free parameters shown in Eq. (19).

Ktyaen ] 19

As objective function (OF) the sum of the absolute differences be-
tween the experimental and simulated concentration values for all
components, experiments and samples was used. It was minimized by
the Isqnonlin solver integrated in MATLAB®.

Neom Nex Nsam
OF = E
i=1 ex=1 sam=1

The experimental basis for the parameter estimation is the same as
for the not fully mechanistic model published in [15]. The new pertur-
bation experiments of this contribution are used for evaluation only. The
estimated activation energy of the enamine hydrogenation Ea pyqen is
18.32 kJ/mol being in the same order of magnitude compared to the
previously published activation energy with a power law model of
24.82 kJ/mol [15]. This is in accordance with the fact that the tem-
perature dependency which is expressed by the activation energy does

O = [kopyaen  Entiyden

cmod e (20)

iex,sam iex,sam
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not change when going from a power law model to a mechanistic
description. For the mechanistic constant Kpyg,e, in the denominator of
Eq. (13) a value of 6.49 L/mol is obtained allowing a better consider-
ation of the hydrogen influence on the reaction rate. The collision factor
is with 1.5487-10° L2/mol?/min as well in the same range as the one
from the power law model [15]. The supporting information contains
the estimated values with their confidence intervals in Table S3 and the
constant parameters during parameter estimation summarized in
Table S4.

3.6. Model evaluation including perturbation experiments

The influence of the temperature on the reaction kinetics is depicted
in Fig. 3a for the substrate and the product n-amine as well as for the side
products isodecene and n-decane in Fig. 3b. The new model is able to
describe the performed semi-batch experiments successfully.

Water as co-product promotes the backward reaction of the
equilibrium-limited condensation reaction as illustrated in Fig. 2. After
the phase separation of the TMS most of the water will be in the polar
phase which will be recycled [6]. Therefore, an accumulation of water is
a realistic scenario in a continuous production process and thus its ki-
netic influence is of special interest [34]. The trend of the influence of
the initial water amount on the HAM reaction kinetics can be described
by the new model sufficiently (Fig. 3c) even though the effect is very
small in the investigated range realizing a homogeneous condition. The
presence of water has a significant influence on the phase behavior of
the TMS and increases the required temperature to achieve one homo-
geneous liquid phase [34,35]. Therefore, only experiments up to 1 vol%
of initial water were conducted to ensure that only one liquid phase is
present at reaction conditions. Otherwise, the model would not be
applicable to cover the distribution of all components in two different
liquid phases. Phase calculations to ensure monophasic liquid conditions
would be beneficial. The results shown in Fig. 3c indicate that a higher
initial water amount has no effect on the reaction kinetics of the Hyfo,
but the condensation reaction step affects the n-amine formation. The
deviation of the experimental results for the substrate 1-decene is in the
range of the experimental error (Fig. 3c). The same holds for the not
depicted concentration profiles of the side products isodecene and n-
decane. Thus, a promotional effect of water on the Hyfo as described in
Chen et al. is not observed in the investigated operation regime [36].
From the absence of an influence of water on the Hyfo it is concluded
that water does not significantly interferes with the rhodium catalytic
species like reported for the hydroxycarbonylation supporting the pro-
posed reaction mechanism in Fig. 2 [37].

To evaluate the new mechanistic kinetic model a dynamic experi-
ment with a temperature and pressure perturbation has been conducted
(see Fig. 4). The concentration profiles can be predicted with good ac-
curacy for the substrate 1-decene, the main product n-amine and the side
products isodecene and n-decane revealing the broad application range
of the model.

4. Conclusions and outlook

This contribution focuses on kinetic modeling of the homogeneously
sulfoxantphos-rhodium- catalyzed hydroaminomethylation of 1-decene
performed experimentally in a thermomorphic solvent system. On the
basis of a postulated catalytic cycle for the enamine hydrogenation a
new mechanistic rate model was derived and combined with previously
suggested mechanistic rate equations for the hydroformylation step
including isomerization and hydrogenation of the olefin. With the help
of the Christiansen approach a mathematical kinetic description was
constructed taking the intermediate catalyst species and elementary
reactions into account. Based on this mechanistic information and
experimental observations, a model reduction was performed. An esti-
mation of the kinetic parameters of the enamine hydrogenation led to an
overall mechanistic model capable to describe in a broad range the
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influence of pressure and temperature perturbations for the total
network of the tandem HAM reaction. Hereby, previously reported ki-
netic parameters of the hydroformylation subnetwork and the conden-
sation reaction could be kept constant indicating their quality. The
overall model provides a reliable basis for process modeling, design and
optimization. The transfer of this model structure to similar systems
with other substrates, catalyst ligands and solvents is possible, if the
reaction mechanism does not change. The kinetic parameters must be re-
evaluated critically and adjusted if necessary.

The impact of the gas composition at low partial pressures on the
reaction kinetics is still challenging. For a sufficient description of the
complex interaction between the catalyst pre-equilibrium and gas
transfer effects an improved model on a mechanistic basis which was
developed in this contribution as well as an optimal experimental design
are required. The latter is part of ongoing work. Due to uncertainties
concerning the phase behavior increasing the initial water amount ex-
periments on the water influence were only done in a limited range.
Thus, reliable phase calculations should be embedded in a future

experimental design.

Symbols

(g}

CI
CS

Ea
ko

K

OF

molar concentration [mol L]

Christiansen matrix [min'™]

confidence interval [variable]

sum of all entries of the Christiansen matrix [min®"
matrix for first row of C

activation energy [J mol!]

reaction rate constant [LY! mol @ min™]
collision factor [LY! mol@ min™]
mechanistic constant [variable]

equilibrium constant [-]

total number of species in catalytic cycle [-]
total number [-]

objective function [mol L

pressure [bar]

M)
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q reaction order [-]

r reaction rate [mol Lt rnin'l]

R universal gas constant [J mol ! K]
Rh/L molar rhodium ligand ratio [mol mol’l]
t time [min]

T temperature [°C] or [K]

w mass fraction [wt%)]

X molar fraction [mol%]

Greek letters

Betr effective mass transfer coefficient [min™]
(€] parameter vector

A pseudo-first order rate coefficient [min'l]
v stoichiometric coefficient [-]

[} volume fraction [vol%]

Sub- and superscripts

* saturation

LI numbering of constants
0 initial condition
1-dec 1-decene

am n-amine

cat catalyst

Cco carbon monoxide
com component

Cond condensation
DEA diethylamine

en n-enamine

ex experiment index
exp experimental data
Hy hydrogen

H,0 water

Hyd,1-dec hydrogenation of 1-decene
Hyd,en hydrogenation of n-enamine

i component index
i-dec isodecene

Iso isomerization

j reaction index

m catalytic species index
mod modeled data

P product

preforming before reaction
reaction after substrate is added
sam sample index

tot total

und undecanal (aldehyde)

Abbreviations
acac acetylacetonato

COD 1,5-cyclooctadiene
DEA diethylamine

DFG German Science Foundation

DFT density functional theory

DMF dimethylformamide

Dod n-dodecane

FTIR Fourier-transform infrared spectroscopy

HAM hydroaminomethylation

Hyfo hydroformylation

InPROMPT Integrated Chemical Processes in Liquid Multiphase
Systems

macs most abundant catalyst containing species

MeOH  methanol

NMR nuclear magnetic resonance
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OF objective function

RA reductive amination

THF tetrahydrofuran

TMS thermomorphic multiphase solvent system
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