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Operando characterization of rhodium catalyst
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For a comprehensive understanding of catalyst stability, knowledge of deactivation processes is an
important keystone in addition to activity and selectivity. The underlying mechanisms and kinetics of
deactivation help to understand and control the formation of undesired byproducts, thus preventing a loss
of selectivity. This work addresses catalyst deactivation in the homogeneously Rh/BiPhePhos-catalyzed
hydroformylation of a long-chain olefin by hydroperoxides. Using operando FTIR spectroscopy, kinetic
perturbation experiments with tert-butyl hydroperoxide were able to correlate the loss of regioselectivity in
hydroformylation with the structural changes of the catalyst, providing evidence for degradation.
Comparison of experimental and DFT calculated vibrational bands indicated the oxidative degradation of
the diphosphite ligand and the formation of Rh carbonyl clusters. To predict a critical degradation of the
ligand by hydroperoxides over time, which leads to a loss of regioselectivity, deactivation kinetics were
derived and parameterized. The developed kinetic model of deactivation predicts the critical degradation
of the ligand at different temperatures and concentrations of tert-butyl hydroperoxide well. It offers a
model-based approach for process stabilization and optimization e.g. using ligand dosing strategies in the

rsc.li/catalysis future.

1. Introduction

Homogeneous catalysis is the major route to produce valuable
intermediates and high-quality chemical products. In green
chemistry, feedstocks from sustainable sources and novel
solvents are used but the persistence of catalysts over time
determines strongly the overall process efficiency."

Catalyst deactivation is a less regarded aspect when
designing efficient homogeneous catalytic systems.” In this
regard, the overall yield and the micro-kinetics of the process
are affected by slowing down the catalytic turnover or by
creating deactivated catalyst species.>® Thus, they can
complicate the determination of intrinsic chemical processes
and limit kinetic models' predictive capability, scale-up or
transferability for reactor design and optimization.

Catalyst degradation may result from impurities in
feedstocks and affects key performance parameters like
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chemo- and regioselectivity of the reaction, conversion of
reactants and product yields. Those impurities that cause
catalyst degradation pose a significant challenge to the
control of catalytic activity on industrial scale and need to be
identified. For process stabilization, efforts to exclude these
impurities by pre-processing for industrial feedstocks depend
on their caused deactivation. In hydroformylation on
industrial scale, for example, rigorous exclusion of oxygen is
difficult to achieve and as the catalyst is also applied in low
concentrations traces of oxygen and peroxides may still
influence catalyst stability.” Aiming an optimal process
design, pre-processing of feedstocks may be complemented
by catalyst dosing strategies. Therefore, the time-dependent
impact of impurities on catalyst stability in correlation to key
performance parameters is needed to enable model-based
catalyst dosing strategies based on deactivation kinetics.
With respect to catalyst stability, spectroscopic methods
contribute significantly to the identification of inactive catalyst
species and thus to the understanding of catalyst degradation
mechanisms. An important spectroscopic method in this
context is Fourier-transform infrared spectroscopy (FTIR) for
the identification of catalytic species. If, for example, transition
metal-carbonyl complexes are formed, metal-CO stretching
vibrations can be used to obtain information on the
catalytically active or inactive intermediates involved and rate-
determining reaction steps.® In operando spectroscopic
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measurements, information about detected catalytic species
could be directly correlated with reaction products under
realistic conditions.” The use of operando approaches to
elucidate catalyst deactivation mechanisms leading to a robust
catalyst development was recently reviewed.®

Hydroformylation also known as “oxo-reaction” converts
olefins into aldehydes in the presence of syngas (CO/H,) and
a metal catalyst.'* The detailed reaction mechanism of
hydroformylation of long-chain olefins in Fig. 1 is based on
the proposed mechanism of Wilkinson and Evans.*?* Possible
side reactions include hydrogenation of the substrates
leading to alkanes and isomerization of the terminal olefins
into internal olefins. Therefore, a catalyst with high chemo-
and regioselectivity is required to suppress the formation of
undesired side products. Ligand-modified Rh-catalysts using
bulky phosphites are known to achieve high activity and
selectivity towards the desired linear aldehydes."**’
Deviations from this metal-ligand (catalyst) specific activity
and regioselectivity can be caused by structural changes of
the catalyst by degradation and deactivation, respectively.

In hydroformylation, transition metal carbonyl (M-CO)
and hydride (M-H) vibrational frequencies are fingerprints
for the state of the metal-ligand system since they are clearly
separate from other vibrations in the reaction medium.
Structural interpretations of changes in M-CO and M-H
vibrations are difficult and require a thorough understanding
of metal to ligand binding.

The quantum chemical calculation of carbonyl vibrational
frequencies from first principles provides a powerful tool to
identify such reactive intermediates. Scaling factors for
vibrational carbonyl stretching frequencies were derived from
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a training set of 45 Rh(i) carbonyl complexes with 69 CO
frequencies using the BP86 and B3LYP functionals.** The
BP86 functional was performing superior to B3LYP with a
RMSE of 18 em™ after scaling. For the resting state of the
hydroformylation catalyst, HRh(BPP)(CO), the agreement
between the experiment was very good with deviations of only
7 and 2 cm™.

Using both operando FTIR spectroscopic measurements>’
and quantum chemical calculations,” the mechanism of Rh/
BPP-catalyzed hydroformylation of 1-decene was investigated
in detail.>*>*°

Feed impurities, like intrinsic unsaturated hydroperoxides
formed by autoxidation,””° were recently shown to
negatively affect the regioselectivity of the Rh/BPP-catalyzed
hydroformylation of 1-dodecene.’® Here, hydroperoxide
concentrations of >0.01 to 0.26 mol% in different supplied
samples significantly decreased chemo- and regioselectivity
of hydroformylation during 90 min of the kinetic
experiments. With respect to Rh/BPP molar ratio of 1/3.3 and
a Rh concentration of 0.01 mol% (w.r.t. 1-dodecene) this
resulted in an excess of hydroperoxide/BPP molar ratio of up
to 8/1. Here, catalyst degradation with respect to ligand BPP
was assumed based on *'P NMR of the reaction solution after
the experiment.®® A time-dependent correlation of a
structural change of the catalyst with key performance
parameters of the reaction was missing in this study.

In another spectroscopic study of the same catalytic
system, in situ FTIR spectroscopy was used to identify reactive
species in the hydroformylation reaction for process
monitoring.>’ Deactivation processes could be detected but
degraded catalytic species could not unambiguously be
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Fig. 1 Rhodium/diphosphite-catalyzed hydroformylation of long chain olefins (green), side reactions hydrogenation to give alkanes (yellow) and

isomerization to internal olefins (blue).®°
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assigned by advanced chemometric analyses and quantum
chemical calculations.”®

This contribution should sensitize the interdisciplinary
catalyst community for influences of hydroperoxides not only
on key performance parameters but also on catalyst structure.
Therefore, operando FTIR spectroscopy is used to monitor
catalyst degradation in Rh/BPP-catalyzed hydroformylation of
long-chain olefin 1-dodecene (Fig. 2). In particular, by
perturbing the catalyzed reaction with hydroperoxides the
introduced, controlled loss of chemo- and regioselectivity
should be correlated with a structural change of catalyst
species. The advanced interpretation of changes of FTIR
bands is supported by quantum chemical calculations. These
suggest an oxidation of the phosphite ligand and the
formation of Rh—CO clusters. As purification of alkene feeds
is a less regarded aspect,’ this study should substantiate the
need for countermeasures against hydroperoxide-induced
catalyst degradation by process stabilization methods.

To support process stabilization and control a
methodological alternative to upstream processing is
prepared in this study. As purification of contaminated feeds
is limited to a remaining amount of harmful impurities,
catalyst dosing strategies are a complementary strategy to
stabilize the process. Therefore, deactivation kinetics are
required and will be derived to predict the timepoint of begin
of critical degradation of the selective catalyst. Here, kinetic
(deactivation) hydroformylation experiments are performed
under consideration of a model hydroperoxide to fit the
kinetic parameters. The loss of regioselectivity will be used as
fingerprint for critical catalyst degradation which was
validated before by operando FTIR.

2. Experimental details
2.1. Reactor setup

All experiments were performed in a stainless-steel reactor
(316 L, Parr Instrument) with a total volume of 75 mL. The
reactor was stirred via a magnetic drive with stirring fish.
The setup was modified with a
polytetrafluoroethylene (PTFE)-coated gas cylinder for
reactant dosing as well as intertization and pre-treatment.

reactor

The gas supply was realized using manually controlled
pressure reducers. The pressure was measured using a
pressure transducer (Ashcroft Instruments GmbH, model:
G2, +1% total error range). The temperature was controlled
via a heating jacket, whereby the recording and control of the

View Article Online

Catalysis Science & Technology

sample to

GC, GC/MS

N, CO H; CO/H, magnetic stirrer

Fig. 3 Experimental reactor
degradation in hydroformylation.

setup for investigation of catalyst

temperature was carried out with a jacket thermocouple (type
J, FeCuNi, +1.5 K) in the reactor via the process control
system. The reactor setup with operando FTIR is shown in
Fig. 3. More information is provided in Jorke et al.°

2.2. Operando FTIR perturbation experiments

The influences of impurities on catalyst's structure were
resolved with operando FTIR spectroscopy. This allows to
detect structural changes of the catalyst (degradation/
deactivation). The FTIR reactor system setup was described
previously.”> The system was equipped with a silicon ATR
(attenuated total reflection) probe and connected to an FTIR

spectrometer (ReactIR 10, Mettler Toledo). The FTIR
spectroscopic measurements were performed with a
resolution of 4 cm™ (512 scans, approx. 3 min per

measurement).

To study the degradation of Rh/BPP catalyst, the reactor
was initially filled with a solution consisting of Rh(acac)(CO),
(Umicore, 40.0% Rh) and ligand BiPhePhos (6,6'-[(3,3"-di-tert-
butyl-5,5"-dimethoxy-[1,1"-biphenyl]-2,2'-diyl)bis(oxy)]bis(6 H-
dibenzo[d,f][1,3,2]dioxaphosphepine), BPP, Molisa, >99%)
(Rh/BPP = 1/1.5 (molar)) in 24 mL toluene (Merck, 99.9%) at
room temperature (20 °C). The transfer was performed under
inert conditions using Schlenck technique and argon (Linde,
99.999%) as inert gas. Afterwards, the solution was evacuated
to 50 mbar and pressurized with 1 bar syngas three times at

linear branched
1-dodecene n-aldehyde iso-aldehyde dodecene isomers
[Rh]/BPP W
CHO
n—C1oH21/§ n_C1OH21/\/ + \)TT}
CO/H,, ROOH n-Cot2i”  "CHO .

n+m=8

Fig. 2 Rhodium/BiPhePhos-catalyzed hydroformylation of long chain olefin 1-dodecene perturbed with hydroperoxides (ROOH) to influence

chemo- and regioselectivity.
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a stirrer speed of 300 min~". Under 1 bar syngas pressure the
solution was heated within 40 min to 105 °C at a stirrer
speed of 1200 min . For catalyst pretreatment, the solution
was exposed to 5 bar syngas (CO/H, = 1/1, Linde, CO = (50.0
+1.0) %) at 105 °C, over 40 min.

To investigate the influence of hydroperoxides on Rh/
BPP-catalyzed hydroformylation, distilled 1-dodecene (Alfa
Aesar, 97.1%) with a low hydroperoxide content of <0.01
mol% was used as the reference standard. tert-Butyl
hydroperoxide (tBuOOH, Merck, 5 M solution in decane)
was used as model hydroperoxide as it is commercially
available in defined quality for this systematic study.
Intrinsic ~ unsaturated  hydroperoxides in 1-dodecene
supplied samples have varying composition of different
hydroperoxides.*® ¢BuOOH was added to distilled
1-dodecene in defined BPP/tBuOOH molar ratios prior to
the kinetic experiments. In subsequent perturbations
alternating pure, distilled 1-dodecene and tBuOOH were
injected into the reactor to study the degradation of Rh/
BPP catalyst. Therefore, the PTFE-coated gas cylinder was
filled at room temperature with distilled 1-dodecene (and
tBuOOH, according to perturbation). The gas cylinder was
alternately evacuated (50 mbar) and purged with 1 bar
syngas (CO/H, = 1/1) for three times. Finally, the gas
cylinder was pressurized with syngas at process pressure
(10 Dbar). After completion of the 40 min catalyst
pretreatment, the valve between reactor and gas cylinder
was opened immediately. By pressure difference the mixture
of 1-dodecene/tBUOOH was injected which initiated the
hydroformylation reaction. After injection the valve was
closed to prepare the gas cylinder for next perturbation and
assure enough gas consumption for the next injection. The
composition of the reaction solution for the various
perturbations is summarized in Table 1.

2.3. Kinetic deactivation experiments

The influence of hydroperoxide tBuOOH on the kinetics of
Rh/BiPhePhos-catalyzed hydroformylation of 1-dodecene was
investigated in distinct, dynamic and temperature-
dependent deactivation experiments. From operando FTIR
perturbation experiments key performance parameters as
indicators for catalyst deactivation will be derived. These
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indicators will be used to determine catalyst deactivation
kinetics.

A thermomorphic solvent system (TMS) with decane (TCI,
99.5%) as nonpolar and N,N-dimethylformamide (DMF, VWR,
99.99%) as polar component with a 60/40 (Wt%/wt%)
composition was used in all experiments. Rh(acac)(CO),
and the ligand BiPhePhos (Rh/BPP = 3.3/1) were dissolved
in 12.1 mL DMF. The solution was filled into the reactor
and 23.5 mL decane was added resulting in a two-phase
liquid system. All steps were performed at room
temperature. For inertization the two-phasic catalyst
solution was evacuated (50 mbar) and purged with 1 bar
syngas for three times in the reactor under stirring (300
min'). Finally, the solution was evacuated (50 mbar). To
pretreat the catalyst solution, the reactor was pressurized
with syngas (20 bar) and the valve to the gas cylinder was
closed. Under stirring (1200 min™"), the catalyst solution
was heated to the appropriate reaction temperature and
kept at this temperature for approx. 30 min. Meanwhile,
the PTFE-coated gas cylinder was filled at room
temperature with distilled 1-dodecene and tBuOOH and
alternately evacuated (50 mbar) and purged with 1 bar
syngas (CO/H, = 1/1) for three times. Finally, the gas
cylinder was pressurized with syngas at process pressure
(30 bar). After completion of the 30 min catalyst
pretreatment, the valve between reactor and gas cylinder
was opened immediately. By pressure difference the mixture
of 1-dodecene/tBuUOOH was injected which initiated the
hydroformylation reaction. The initial concentration of
1-dodecene at the beginning was 0.9 mol L™ with a ratio
of Rh/1-dodecene of 1/10000. The reaction conditions
especially the catalyst concentration of 0.01 mol% (w.r.t.
1-dodecene) used in all kinetic deactivation experiments is
comparable to current Rh-catalyzed hydroformylation
processes e.g. Union Carbide/Dow (0.01-0.1 mol%) and
Ruhrchemie/Rhone-Poulenc (0.001-0.1 mol%).** The total
liquid volume after injection was calculated to approx. 45
mL using component densities at 20 °C.*

The temperature was varied in a range from 95 °C to 115
°C. The pressure of the syngas (CO/H, = 1/1) was kept
constant at 30 bar for the duration of the experiment (semi-
batch operation). At all reaction temperatures above 85 °C
the TMS was one-phasic.**

Table 1 Composition of reaction solutions after 1-dodecene (1D)/tert-butyl hydroperoxide (tBuOOH) perturbations in two different experiments.
Concentration of Rh is given w.r.t. 1-dodecene. The gas/liquid volumetric ratio was calculated based on 75 mL empty reactor volume, the liquid phase
volume of 24 mL toluene and the added volumes of 1-dodecene and tBuOOH using densities at 20 °C (ref. 33)

Exp. Perturbation Added volume Composition (molar) Rh conc. Gas/liquid volum.
no. no. tBuOOH solution (uL) 1D (mL) Rh BPP tBUOOH 1D (mol%) ratio @ 20 °C
1 1 0 3 1 1.5 0 179 0.56 1.8
2 163 3 1 1.5 12 357 0.28 1.5
2 1 0 3 1 1.5 0 214 0.47 1.8
2 0 3 1 1.5 0 428 0.23 1.5
3 52 3 1 1.5 4.5 641 0.16 1.3
4 100 3 1 1.5 13.5 855 0.12 1.1
5 0 3 1 1.5 13.5 1068 0.09 0.9
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Table 2 Experimental design to investigate the influence of tert-butyl
hydroperoxide  (tBuOOH) on the Rh/BiPhePhos(BPP)-catalyzed
hydroformylation of 1-dodecene (molar composition Rh/BPP/1-dodecene
=1/3.3/10000)

Composition (molar)

Number

T/°C BPP tBuOOH of exp.
95 1 5 2
105 1 5 2

1 10 3

1 50 3

5 50 2
115 1 5 3

The experimental design to investigate the influence of
tBuOOH on the Rh/BPP-catalyzed hydroformylation of
1-dodecene is summarized in Table 2.

2.4. Gas chromatography

Samples of the reaction mixtures (0.5 mL) were diluted with
2-propanol (1.5 mL) and analyzed using a gas chromatograph
(GC, 6890 Series, Agilent) equipped with a flame ionization
detector, a polar polyethylene glycol stationary phase (HP-
INNOWax, 2 x 60 m, d = 250 um, film = 0.5 pm, Agilent) and
helium (Linde, 99.999%) as a carrier gas. The Inlet
temperature was 250 °C and the split ratio was set to 100: 1.
The average carrier gas velocity was set to 15 cm s in ramp
flow mode. When the sample was injected, the oven was kept
isothermal at 130 °C for 30 min, afterwards heated at 35 K
min™ to 200 °C for 30 min and finally heated at 35 K min™"
to 250 °C for 12 min. The samples were analyzed for the
concentrations of 1-dodecene, dodecene isomers, tridecanal,
aldehyde isomers and dodecane as well as for the solvents
decane and DMF. Decane was used as an internal standard.
Due to the lack of commercially available calibration
standards, response factors of 1-dodecene and tridecanal
were also used for dodecene isomers and aldehyde isomers,
respectively. Reference standards with a defined composition
of DMF, decane, 1-dodecene and tridecanal were analyzed
before and after a measurement series to validate the
analytical method. The relative standard deviation in the
concentration of all analytes was found to be <3%.

2.5. Computational details

Density functional theory (DFT) calculations were performed
using Turbomole V.7.5.%° All species were optimized using
the BP86 (ref. 36 and 37) density functional with D3
dispersion correction®® and Becke-Johnson damping.*® This
functional in combination with the Ahlrichs' triple zeta
valence polarization (def2-TZVP) basis set’® was shown to
provide reliable Rh-CO vibrational frequencies***' when
compared the expensive hybrid density functionals such as
B3LYP.*”*"™* All investigated chemical species
characterized as minima on the potential energy surface by
absence of any imaginary frequency. A scaling factor of
1.0074 was derived for BP86 and 0.9662 for B3LYP from the

were
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training set of 45 Rh-CO complexes for the typical Rh-CO
vibrational range between 1750 and 2150 cm “** After
scaling of the Rh-CO calculated vibrational frequencies,
hybrid DFT results were of the same quality but

computationally more expensive.**

3. Results and discussion
3.1. Reference spectrum prior to reaction

The degradation of the catalyst (metal/ligand complex) can
cause a reduction in intensity of Rh—CO vibrational bands. In
addition, the formation of new Rh-CO vibrational bands may
occur due to degradation reactions and the formation of new
catalyst complexes.

The used ATR-FTIR setup offers a limited sensitivity with
respect to the low concentrations of the catalyst (see Table 1)
and targeted Rh-CO vibrational bands. Thus, the time-
dependent spectral data presented in the following are of
qualitative nature and indicate changes of major catalyst
species. This qualitative information is correlated to
quantifiable concentrations of reactants and products to
identify easily accessible indicators of catalyst deactivation
like the regioselectivity of the hydroformylation reaction.

Prior to the degradation experiments, a reference
spectrum is recorded, which will be subtracted from the
subsequent spectra. In the resting state, the Rh/BPP catalyst
in toluene is present as hydrido dicarbonyl species e,e-
HRh(CO),(BPP) (see Fig. 1) with bis-equatorial coordination
of the ligand BiPhePhos.® Characteristic Rh—CO vibrational
bands in toluene ranging from 2013 em™ to 2017 cm ' and
2071 ecm™' to 2077 cm ' have been reported in the
literature.>>*®**™*° The agreement between experimental and
calculated peak positions by quantum mechanics is very
good.>*

toluene
1 |—— reference
.
~~
C
O
=
o
=
=
X
W ¥
S o
n G € p

2090 2070 2050 2030 2010 1990 1970 1950
v /cm™’
Fig. 4 FTIR spectra of toluene and the reaction solution prior to the
deactivation experiment. Composition and conditions: (toluene, blue
line) 24 mL toluene, pcom, = 10 bar, CO/H, = 1/1, T = 110 °C;
(reference, black line) 24 mL toluene, 19.58 mg (0.08 mmol) Rh(acac)

(CO)2, 89.56 mg (0.11 mmol) BPP, Rh/BPP = 1.5 (molar), pcosm, = 5 bar,
CO/H, = 1/1, T = 105 °C.
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The reference spectrum in Fig. 4 illustrates a total of seven
bands at ¥ = 1970 (a), 1991 (f), 1995 (y), 2019 (J), 2043 (&),
2067 ({), 2077 () em™ of different intensity. In this range,
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Rh-H bands were expected in addition to Rh-CO vibrational
bands. The bands ¢, f, 7, J, ¢ and { can be attributed to the
solvent toluene and signal artefacts of the FTIR.

26,44-46 T o
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Fig. 5 Perturbation experiments: time-dependent loss in catalytic selectivity after a single injection (a) and multiple injections (b) of tert-butyl
hydroperoxide (tBUOOH) as model hydroperoxide and distillated 1-dodecene (1-alkene) into the reaction mixture. Left: FTIR difference spectra
(2nd derivative w.r.t. Fig. 4). Right: Aldehyde regioselectivity. Composition after injections is given in Table 1.
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remaining very weak signal # indicates the presence of the
reported axial Rh—CO vibrational band of the resting state e,
e-HRh(CO),(BPP).”> This shows that under the -current
operating conditions, only the resting state can be
characterized by FTIR since CO dissociation and reaction of
the 16-electron active catalyst is fast.

In the following degradation experiments, difference
spectra with respect to the reference spectrum (resting state
e,e-HRh(CO),(BPP)) are reported.

3.2. Induced degradation experiments

In subsequent perturbations alternating pure, distilled
1-dodecene and tBuOOH were injected into the reactor to
study the degradation of Rh/BPP catalyst. The influence of
hydroperoxides on the catalyst structure were resolved with
operando FTIR spectroscopy and correlated with the loss of
n-aldehyde regioselectivity. The results are illustrated in
Fig. 5.

3.2.1. Loss of regioselectivity as a fingerprint for catalyst
degradation. In the first perturbation experiment, the
hydroformylation reaction is initiated by dosage of distillated
1-dodecene (¢ = 0 min) to the catalyst solution (see Table 1).
In Fig. 5a no change in FTIR difference spectra can be
observed which is in agreement to Jorke et al.>> A constant
and high regioselectivity of 97.5% can be achieved up to 60
min.

At t = 60 min, dosage of tBuOOH dissolved in distillated
1-dodecene shows a significant change in FTIR difference
spectra and, at the same time, a loss of regioselectivity. At ¢ =
66...72 min, an increase of intensity of bands at 2098, 2024
and 2015 cm™' can be observed. As time progresses (¢t > 72
min), these bands disappear and a significant new band at
2078 cm™" appears alongside other weak bands at 2045 and
2030 cm ", Regioselectivity is significantly reduced to 91.5%
after 180 min.

3.2.2. Consecutive addition of hydroperoxide. In another
investigation, tBuOOH was added in a sequence of five
perturbations (see Table 1 and Fig. 5b). Several consecutive
perturbations with lower hydroperoxide concentration were
carried out to validate the results. The injection of distillated
1-dodecene (at ¢ = 0 min and ¢ = 30 min) does not lead to
spectral changes and the hydroformylation catalyst is
performing with constant high regioselectivity.

Upon the first injection of ¢(BuOOH with distillated
1-dodecene (at t = 60 min), a significant decrease in
regioselectivity can be observed as described above. At the
same time, the vibrational band at 2078 cm™ increases in
intensity. The band at 2016 cm™" slightly diminishes. A
second addition of {BuOOH and 1-dodecene (¢ = 90 min)
enhances these spectral changes even more.

A final injection of distillated 1-dodecene (at ¢t = 150 min)
does not lead to further spectral changes and a recovery of
the regioselectivity. This demonstrates the irreversible
character of changes made to the catalyst upon
hydroperoxide addition.
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Fig. 6 Calculated IR-spectra of Rh/BPP catalyst in resting state and
candidates for degraded species such as oxidized one-arm ligands and
formation of rhodium clusters.

3.3. Spectral assignment of catalyst species

3.3.1. DFT calculations of IR spectra. To identify the
deactivated rhodium carbonyl (Rh-CO) species observed
during the experiments, a comparison of experimental and
calculated spectra will be discussed in the following. Fig. 6
reveals the calculated infrared (IR) spectra for
hydroformylation Rh(i) “catalyst resting state” (BPP)HRh(CO),
(see Fig. 1) (1) and candidates (“Catalyst deactivated”) for the
degraded species (2-7). When the BiPhePhos ligand is
introduced to the pre-cursor Rh(acac)(CO), in the presence of
syngas (CO/H,), the trigonal bipyramidal rhodium hydrido
dicarbonyl (1) is formed with the bidentate ligand and one
CO occupying equatorial positions while the second CO and
the hydride are in axial positions. For catalyst resting state
(1), in accordance with the previous studies,”*" the peak at
1968 cm™' corresponds to the Rh-H bond stretch. The peak
at 2001 cm " refers to the equatorial CO, and the peak at
2072 em™ " corresponds to the axial CO vibration.

For degraded species, the Rh/BPP catalyst with oxidized
BiPhePhos derivatives are conceivable.*®*” One-arm species
with a partially oxidized equatorial 2 and axial ligand 3 and
the ligand-dissociated Rh(CO),H (4) were calculated. External

This journal is © The Royal Society of Chemistry 2023
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CO could fill the free coordination site so that one-arm
complexes with equatorially or axially coordinated BiPhePhos
derivatives are formed (see Fig. 6). The formation of one-arm
complexes with a diphosphite ligand and Rh(acac)(CO), as
precursor was demonstrated by van Rooy et al. by FTIR and
nuclear magnetic resonance spectroscopy (NMR).* An
increase in the intensity of Rh-CO bands is due to the
number of equivalent CO ligands.

New vibrational peaks appear at 1987 cm ™ in 2 and 1988
em™" in complex 3. The trigonal bi-pyramidal species 2 has
two carbonyls and the one-armed BiPhePhos ligand in the
equatorial positions, plus the hydride and CO occupying axial
positions. The small peak at 1971 c¢cm ' corresponds to
stretching vibrations of the axial hydride, and the peaks at
1987, 2023, and 2081 cm ™" refer to rhodium-carbonyl bond
vibrations. Complex 3 is also a five-coordinated trigonal
bipyramidal with an axial coordinated partially oxidized one-
arm phosphite. Due to the change in configuration of the
mono-dentate ligand, the peak for hydride bond stretch
shifts to 2011 ecm™, and the peaks at 1971, 1988, and 2043
em " refer to rhodium carbonyl bond stretches.

Due to the partial ligand oxidation, the bidentate ligand
loses its characteristic PNP bite angle, thus reducing the
catalyst's selectivity towards the desired n-aldehydes.

When the BPP ligand is fully dissociated, complex 4
HRh(CO), may form which is a trigonal bipyramidal
tetracarbonyl rhodium(r) hydride species with the hydride in
axial position. The small peak corresponding to metal-
hydride stretch is at 1994 cm™, and the peaks referring to
metal carbonyl bond stretch are at 2023, 2030, and 2109
em™.

Finally, the formation of Rh carbonyl clusters as dimers,
tetramers or hexamers (5-7) with special focus on the
1800-2150 ¢cm™' wavenumber region was investigated. The
irreversible formation of Rhg(CO);¢ starting from Rh(acac)
(CO), was observed by Jiao et al. using FTIR under syngas
in absence of a ligand."® Here, vibrational bands at 2077
and 1816 cm™' were observed. The formation of these
rhodium clusters (complexes 5-7) is irreversible as
experimental studies have shown. No formation of (BPP)
HRh(CO), catalytic species could be obtained upon
injecting more ligand into the catalytic mixture.** In
contrast for a Rh/PPh;-catalyst, Bara-Estaun et al. were able
to prove that the formation of Rh°-carbonyl clusters is
reversible under H,-rich conditions.’® With the cluster
formation, new bands in the 1800-1915 cm™" range appear,
which correspond to the bridging carbonyl vibrations for
complexes 5 to 7. The peaks at 2033, 2056, and 2089 cm ™"
in complex 5 correspond to terminal metal carbonyl bond
vibrations. With the increase in the size of rhodium
carbonyl clusters, there is only a minor shift in vibrational
band positions but the signal at 2056 cm™" intensifies, and
the peak at 2033 cm™ almost disappears for complex 7
(RhgCO14).

3.3.2. Comparison to experimental IR spectra. For spectral
assignment of possible catalyst species due to hydroperoxide-

This journal is © The Royal Society of Chemistry 2023
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Fig. 7 Comparison of experimental (see Fig. 5) and calculated spectral

peak positions (see Fig. 6) and spacing (AV) for degraded catalyst
species.

induced degradation of Rh/BPP catalyst experimental and
theoretical IR spectra were compared.

Fig. 7 shows the spectral peak positions and the peak
differences from experiment and DFT calculations. Two sets
of peaks (S1 and S2) were found in the experimental results
(see Fig. 5). For experimental peak group S1 (Vs; = 2098, 2024,
2015 cm™Y), there is a difference of AV™? = 74 cm™ between
the first two peaks. For calculated spectra, the difference of
A€ = 72 em™ between the peaks in complex 3 (see Fig. 7)
is in good agreement with the experimental peak group
difference AV*® for S1.

It can also be seen that the peak at 2081 cm ™' (Rh-CO
stretch) for complex 2 corresponds to the experimental peak
at 2098 cm™" (see Fig. 5). The experimental peak at 2024 cm™
could be assigned to the peak at 2023 cm™" in complex 2 and
corresponds to another rhodium-carbonyl stretch. The peak
appearing at 2015 cm™* could be seen in complex 3 at 2011
em™, which corresponds to the rhodium axial-hydride
stretch.

Hence, by comparison with DFT-calculated peak
positions and peak differences it is possible that the
spectrum of S1 corresponds to a mixture of partially
oxidized one-arm BiPhePhos species 2 and 3. The DFT
calculations give only a difference of 4 k] mol™ in Gibbs
free energy between the mono-oxidized complexes 2 and 3.
Therefore, the inter-conversion between both one-arm
species is feasible.

For experimental peak group S2 (Vs, = 2078, 2045, 2030
em™), there is a difference of AV*P = 33 and AP = 15 cm™
between the first and second peak, as well as the second and
third peaks, respectively. For calculated spectra, differences
of 33 and 34 cm™ between the peaks in complexes 5-7
(A, see Fig. 7) are in good agreement with the experiment
peak group difference for S2. It is suggested that S2
represents rhodium carbonyl species without the presence of
the BiPhePhos ligand ie. complexes 4-7. The quantum
chemical studies suggest that the characteristic peak of S2 at
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2078 cm™' in the experimental spectra refers to a terminal
Rh-C=O0 stretch vibration which can be found at ~2060
em™ in complexes 4-7. This small difference of ~18 cm™ in
peak position is not unusual and very sensitive to the choice
of functional and basis set. The intensity of the peak
increases as the cluster size increases (see Fig. 6). The
difference between the second and third peaks stays almost
constant for all the rhodium carbonyl clusters 5-7. However,

View Article Online
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3.4. Kinetics of catalyst deactivation

3.4.1. General influence of hydroperoxides on key
performance parameters. The influence of model
hydroperoxide tBuOOH on the kinetics of Rh/BPP-catalyzed
hydroformylation of 1-dodecene was investigated for different
concentrations of tBuOOH and temperatures according to
the experimental design in Table 2. In the following, the time

the agreement of the peak spacings suggests that the S2  dependent influence on key performance parameters
mainly comprises of complex 6, i.e., Rh (CO);5. conversion of 1-dodecene (X)
a) 1-Alkene conversion b) n-Aldehyde selectivity
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Fig. 8 Negative, time-dependent influence of model hydroperoxide tert-BuOOH (tBuOOH) on key performance parameters of hydroformylation:
a) conversion (X), b) n-aldehyde regioselectivity (RS,nyro). ¢) n-aldehyde selectivity (S,nyro), d) isomerization selectivity (S;so). With respect to
experiments without hydroperoxide (grey lines) n-aldehyde selectivity and regioselectivity is significantly reduced. The selectivity is shifted towards

alkene isomerization.
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_an(t=0)~an(t)

X(t) = X 100% 1

(t) coE=0) 1)
, aldehyde regioselectivity (RS,yro)
t

RS,uyro(t) = Cnnla () x100% (2)

 cnald(t) + Cisontd ()

and  (chemo-)selectivity = towards  reactions j  for

hydroformylation (S,uyro) and isomerization (Siso)

S(6) = Y;(8)

X(t)

as deactivation indicators is analyzed and illustrated in
Fig. 8.

Upon increasing the concentration of hydroperoxide
tBuOOH in kinetic hydroformylation experiments, conversion
of 1-dodecene is reduced from 99% to 90% after 90 min. A
difference in conversion profiles is already overserved after
10 min reaction time.

The integral selectivity of hydroformylation catalyst is
significantly decreased after 90 min. A direct shift of
selectivity from hydroformylation towards isomerization to
internal olefins of 45% is observed for experiments
without  hydroperoxide in  comparison to  high
hydroperoxide concentration. For the latter, this shift of
selectivity is observed earlier. Here, a significant difference
in selectivity profiles is overserved after 6 min reaction
time.

A similar behavior is observed for n-aldehyde
regioselectivity which is reduced from 99% for experiments
without hydroperoxide to less than 94% for high
hydroperoxide concentrations. A significant difference in
regioselectivity profiles is already overserved after 2 min
reaction time.

The observed shift towards olefin isomerization may
cause an increase of internal aldehydes which explains the
decrease in regioselectivity. In contrast, hydroformylation of
internal olefins using an active Rh/BPP-catalyst was
successfully demonstrated with high regioselectivity.>*>°
Thus, supported by operando FTIR experiments, catalyst
degradation by hydroperoxides is evident, which is
associated with a significant impact on key performance
parameters.

In comparison of all
aldehyde regioselectivity

c ¢
x100% with Y;(t) :%
1D =

x100%  (3)

key performance parameters the
appears to be the most time
sensitive  deactivation indicator. In the following,
regioselectivity will be of key importance for kinetic
modelling of catalyst deactivation.

3.4.2. Kinetic model of catalyst deactivation. A kinetic
model to describe the kinetics of catalyst degradation was
developed. The main objective is to predict the time of
critical catalyst degradation and the associated negative
impact on key performance parameters. This modelling
can be used in future as basis for process stabilization
and optimization of Rh/BPP-catalyzed hydroformylation

This journal is © The Royal Society of Chemistry 2023
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under consideration of varying hydroperoxide
concentrations in the olefin feed and modulations of

process temperature.

As a reference of an active and selective catalyst,
experiments with distilled 1-dodecene were chosen, for which
a constant regioselectivity of 99% was attained throughout
the kinetic experiments.

Consequently, a decrease in regioselectivity below 99%
was assumed to indicate the time of critical catalyst
degradation, .. As diphosphites like BiPhePhos are known
to undergo hydroperoxide induced oxidation reactions a
ligand degradation approach was assumed.

Critical degradation was defined with respect to a BPP/Rh
molar ratio, agpp/rn:

cepp(t)
CrRh

QABpPP/Rh (t) = =<1 (4)

This assumption is based on kinetic studies on the

influence of BPP/Rh ratio in hydroformylation of
1-dodecene.”® A significant loss in  n-selective
hydroformylation, selectivity, and regioselectivity ~was

observed for agpprn = 1.

To quantify the degradation of ligand BPP, simplified
oxidations of diphosphite BPP by hydroperoxide tBuOOH
were assumed as model reactions (see Fig. 9). In the first
degradation reaction (D1) the non-coordinated excess ligand
BiPhePhos is degraded. In a second degradation reaction
(D2) the Rh-coordinated ligand BiPhePhos is degraded. Both
reactions lead to a decrease in total BPP ligand concentration
and thus ogpp/rn-

As possible degradation product, a partially oxidized BPP
derivative (see DFT calculations in Fig. 6) is formed due to
hydroperoxide induced oxidation. Intermediate steps, such as
the formation of alkyl peroxy and alkoxy radicals and derived
radical reactions, were not considered.”® In addition,
oxidations of the second diphosphite group of
monophosphate or the Rh center, which decrease the
concentration of hydroperoxides, were neglected.

Different reactions kinetics r; and rp, were assumed due
to the limited sterically availability of phosphite groups for
the Rh-coordinated BPP ligand with respect to the free excess
ligand.

'dpq //O

¢

p=°
( P/[Rh] +tBuOH

P
a) <P + tBuOOH + tBuOH

b2

P
b) (P>[Rh] + tBUOOH

Fig. 9 Model reactions for deactivation kinetics modelling of
hydroperoxide tert-BuOOH (tBuOOH) induced degradation of
diphosphite ligand BiPhePhos (PNP): a) oxidation of free/excess ligand

(cfrse, D1), b) oxidation of coordinated ligand (533", D2).
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Based on the model reactions for degradation, S1, and S2,

two simple kinetic models of 2nd order were derived to

explain the kinetics of the degradation of the free excess
free coordy,

ligand (cgpp) and of the coordinated ligand (cppp
'p1 = le(T)'CgSS'CtBuOOH (5)
'pp = kDZ(T)'C]CBCI)g)rd'CtBuOOH (6)

The temperature dependence of reaction rate constants kp;
and kp, is described wusing a modified Arrhenius

approach:*?
Tref
-] )

A

kj = eXp|:Aj + Bj (1 -

E*
_ f) _ o\ _ J
4= (k) = (k) - o (8)
EA
— J
Bj - R-Tref (9)

For both reactions (j = S1, S2) this approach reduces the
correlation between frequency factor k” and activation
energy E;. The total concentration of ligand BPP is the sum
of coordinated and the free ligand:

cee(t) = cipp(t) + R () (10)
Finally, the balances for ligand BPP, hydroperoxide tBuOOH
and Rh can be formulated:

dcgpp
= —I'p1 1 11
dt D1~ D2 ( )
demuoon
———— = —I'p1 I 12
o b1 =72 (12)
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dCRh

3 =0 (13)

To fit the kinetic model parameters 4; und B (see eqn (8) and
(9)), values of critical degradation agpprn Were derived from
experimental data of regioselectivity. The procedure is
illustrated in Fig. 10a.

At the time of critical degradation ., a significant loss of
regioselectivity is observed and agpp/rn is assumed to be unity.
Experimental uncertainties were considered to define .. For
example, for a ligand/hydroperoxide ratio of 1/5 at 105 °C, a
mean time of critical degradation of 7. (1/5, 105 °C) = (35 +
10) min was determined. The results of the determination of
critical degradation time are illustrated in Fig. 10b.

Modelling results for the time-dependent hydroperoxide-
induced ligand degradation are illustrated in Fig. 11. Estimated
kinetic parameters of deactivation are summarized in Table 3.
The kinetic model agrees well with experimental data for
varying ligand/hydroperoxide ratios as well as temperature. The
times of critical degradation ¢, of the ligand BiPhePhos are in
good agreement. However, for a ligand/hydroperoxide ratio of
5/50, the time of critical degradation is predicted to occur
significantly earlier. This indicates the strong simplification of
radical reactions underlying the degradation of the ligand. For
this reason, a detailed mechanistic discussion of the kinetic
parameters is omitted here, as the concept of frequency factors
and activation energies should only be applied to elementary
reactions.”

This simplified model provides the basis and offers the
possibility in future studies on catalyst deactivation to develop
and implement dosing strategies of the ligand in continuous
automatized processes. For an alkene feed with a known
hydroperoxide concentration, the ligand dosage rate can thus
be determined in order to maintain constant selectivity and
regioselectivity over the entire process duration.

b)
35 1 1 1 1 1 1
3.09 |f1%0 = (3+1) min K
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x
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Fig. 10 Determination of critical catalyst degradation time for different ligand/hydroperoxide ratios from experimental data: a) kinetic data of
n-aldehyde regioselectivity, b) determination of time for critical degradation t.;; of ligand BiPhePhos (BPP).
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Fig. 11 Results of experiments and modelling on hydroperoxide-induced degradation of ligand BiPhePhos (BPP). Prediction of the critical molar
BPP/Rh ratio agpp/rn leading to the loss of regioselectivity of hydroformylation: a) variation of ligand/hydroperoxide ratio for fixed temperature, b)
variation of temperature for fixed ligand/hydroperoxide ratio (symbols: experimental data, lines: simulation).

4. Summary and conclusions

Catalyst deactivation, a less regarded aspect when designing
efficient homogeneous catalytic systems, was investigated
experimentally and computationally in this contribution for
Rh/BiPhePhos-catalyzed hydroformylation of a long-chain
olefin.

tert-Butyl hydroperoxide as model representative for
common hydroperoxide impurities in often real industrial
olefin feeds was used in kinetic deactivation experiments via
instructive perturbations. To monitor catalyst degradation,
operando FTIR spectroscopy was applied and the
interpretation of convoluted spectra was supported by
quantum chemical calculations.

Applying defined hydroperoxide perturbations during
hydroformylation a loss of n-aldehyde regioselectivity was
accompanied by a change of the difference IR spectra.
Thus, the loss of regioselectivity was identified as
fingerprint for catalyst degradation. A comparison to DFT
calculated IR spectra of possible candidates for degraded
species revealed a good agreement with experimental
spectra to identify partially oxidized one-arm derivatives of
ligand BiPhePhos and rhodium carbonyl clusters. The loss
of regioselectivity can be accounted to these species as
result of catalyst degradation. To predict the critical
degradation of ligand BiPhePhos over time that leads to a
loss of regioselectivity, the kinetics of deactivation for that
system were modeled for the first time. Based on selected
model reactions of the oxidation of free as well as
coordinated ligand, a kinetic model of deactivation could
be derived and parameterized, which predicts, depending
on ligand und peroxide concentration, the time of critical
degradation of the ligand at different temperatures and
hydroperoxide concentrations.

This journal is © The Royal Society of Chemistry 2023

In conclusion, it was demonstrated that monitoring
catalyst deactivation by operando FTIR is possible. Here,
identification of degraded species was only feasible in
combination with quantum chemical calculations. Under
usual experimental conditions tracking of key performance
parameters of the reaction is also suitable to identify catalyst
degradation. The investigation of Rh/BiPhePhos-catalyzed
hydroformylation, the regioselectivity turned out to be the
most time-sensitive parameter for catalyst degradation. For a
continuous process considering fluctuating hydroperoxide
concentrations, a model-based dosing of the ligand
BiPhePhos for process control, stabilization and optimization
is possible on the basis of the derived kinetic model of
deactivation.

In future, different catalytic systems with real industrial
feeds in homogeneous phase should be investigated to add
important knowledge of deactivation to the catalyst library.
With a multi-method approach including coupled FTIR,
Raman and NMR spectroscopy for advanced structure
elucidation supported by quantum chemical calculations will
be used to validate and refine the kinetic deactivation model.
Ligand-dosing strategies should be studied in long-term
experiments.

Table 3 Kinetic parameters of the deactivation (oxidation) of the ligand
BiPhePhos by the model hydroperoxide tBuOOH

Reaction Parameter Value 95%-CI  Unit
Oxidation of free Apq 4.07 0.2%
ligand (D1) Bpy 545  11.0%

ED, 16.7 11.0% kJ mol™*
Oxidation of coordinated Ap, 1.68 11.3%
ligand (D1) Bp, 6.61 9.1%

EBy 20.2 9.1% kJ mol™
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5. List of symbols

List of symbols

Parameter Symbol Unit
Activation energy of reaction j B} kJ mol ™
BiPhePhos/Rh molar ratio OBPP/Rh —
Concentration c mol L™
Conversion X %
Frequency factor k” Lmol ™" s
Kinetic parameters of modified A, B

Arrhenius approach

n-Aldehyde regioselectivity RS, ayro %
Reaction index Jj —
Reaction rate r mol L™ s7"
Reaction rate constant k L mol™ s
Selectivity, (chemo-) S %

Time, mean time t, t min
Time of critical degradation terit min

of the ligand

Wavenumber ¥ em™
Yield Y %

6. Abbreviations

List of abbreviations

Term Abbreviation
Becke Perdew GGA functional BP86
Becke Lee-Yang-Parr hybrid functional B3LYP
1-Dodecene 1D
Ahlrichs' triple zeta valence polarization def2-TZVP
basis set

Attenuated total reflection ATR
BiPhePhos, 6,6'-[(3,3'-di-tert-butyl-5,5"-dimethoxy- BPP
[1,1-biphenyl]-2,2"-diyl)bis(oxy)bis-(6 H-dibenzo[d,f ]|
[1,3,2]dioxaphosphepine)

Density functional theory DFT
Diphosphite ligand PNP

First and second degradation reactions D1, D2
Fourier-transform infrared spectroscopy FTIR
Infrared IR
Isomerization ISO

Metal carbonyl M-CO
Metal hydride M-H
N,N-Dimethylformamide DMF
n-Aldehyde nAld
n-Selective hydroformylation nHYFO
Nuclear magnetic resonance spectroscopy NMR
Polytetrafluoroethylene PTFE
Root-mean-square error RMSE
tert-Butyl hydroperoxide tBuOOH
Thermomorphic solvent system T™S
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