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Operando monitoring of mechanisms and
deactivation of molecular catalysts
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Observing and understanding the phenomena associated with the reaction mechanisms and catalyst de-
activation in molecular catalysis is a very challenging task in green chemistry. This knowledge is crucial for
applying and scaling catalyzed reactions as well as preventing misproduction at a very early point. Over
the years, experimental arrangements have evolved towards analysis of catalysts and reaction products in
the so-called operando setups. This contribution reflects on the potential of operando studies to eluci-
date reaction and deactivation mechanisms in homogeneous catalysis as well as the outstanding opportu-
nities that arise from the application of operando experimental setups. Such setups mostly rely on spec-
troscopic analysis, optionally coupled with chromatographic techniques that monitor the reaction system.
This in turn means that not only the evolution of the reaction substrates and products can be monitored,
but also changes of the molecular catalyst species that may affect the catalytic performance. Therefore,
this review focusses on techniques to monitor the catalyst under real conditions. In this review, different
spectroscopic techniques relevant for monitoring molecular transition metal catalysts in solution are
covered, followed by numerical methods used in the chemometrics literature to undertake the challenge
of untangling the complex raw signals and allocating them to individual chemical species. Finally, two
exemplary case studies of industrially relevant chemical reactions are presented, namely the hydroformy-
lation and the asymmetric hydrogenation. These examples illustrate the significance of the application of
both the experimental setups as well as data processing and signal resolution to have an insight into the
deactivation of catalytic systems. The operando approach shows high potential for the increased use in
future research to develop stable and more selective catalysts which can be applied in greener processes.

Concerning these types of studies, the classic approach is
to analyze the reaction kinetics and product mixtures ex situ in
order to draw conclusions on the evolution of chemical reac-

Unravelling the mysteries of chemical reaction mechanisms
and the deactivation of the catalytic species involved therein is
a topic that has attracted the interest of industrial practice and
research in catalysis." It is of paramount importance to under-
stand catalytic cycles and how catalysts become inactive
throughout the chemical reaction on a molecular level. In this
way, researchers will be able to develop catalyst species or
process designs that show optimal performance in terms of
activity and selectivity as well as stability when applied in pro-
cesses with adequate operating conditions. To detect a devi-
ation on the molecular catalyst level can prevent misproduc-
tion and make the process greener and safer.
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tions and deactivation mechanisms. The goal is to detect com-
pounds associated with a deactivation process, such as a de-
activated catalyst species.” Although this strategy is limited to
trace species which are stable at ex situ measuring conditions,
very important knowledge can be gained.’® In situ methods
have been applied for several decades, allowing to perform
spectroscopic measurements of the catalyst in a model setup
or reactor under idealized and controlled conditions, such as
an inert atmosphere. Later came the evolution to operando
techniques, a term coined by Bafiares and his collaborators.”®
These feature the characterization of the used catalyst as well
as the simultaneous detection and quantification of the sub-
strates, intermediates and products of the reaction by real-time
analytical techniques. Operando analytical methods run within
the real operating reaction medium and conditions, thereby
reducing sampling delay and avoiding air contacting, thus
allowing the detection of unstable reaction intermediates that
otherwise would deteriorate upon sample withdrawal and work
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up for analysis. In this way, a much more insightful relation-
ship between the state of the catalyst, the reaction kinetics and
the overall catalytic performance can be established.’

An ideal workflow of the operando analysis of catalytic
chemical reaction starts by using an operando experimental
setup featuring spectroscopic analytical methods to under-
stand the events inside a catalytic process with many unknown
elements. Depending on the complexity of the retrieved data,
more or less complex data processing curve resolution tech-
niques could be performed to identify individual chemical
species. Such multivariate curve resolution methods can lead
to the establishment of more accurate mechanisms by isolat-
ing the signals and identifying more species. Finally, with all
the knowledge derived from this experimental arrangement
and data analysis, catalytic and deactivation mechanisms can
be elucidated.’

Different articles have illustrated that the analysis of reac-
tion mechanisms and deactivation of the catalytic species is
mainly performed by spectroscopic techniques. These may
vary significantly depending on the type of catalysts being
investigated. Wachs et al. have portrayed a thorough historical
background on operando spectroscopic techniques with its
prime focus on heterogeneous catalysis.” More recently, a per-
spective article has described in situ and operando techniques
applied for the characterization of single atom catalysts sup-
ported on heterogeneous materials.'® For heterogeneous cata-
lysts, methods highlighting chemical and structural changes
of the solid materials are of special relevance. Furthermore,
recent work has used operando setups to conduct kinetic and
mechanistic studies of molecular catalysts supported on solid
materials."" All these reviews show that the understanding of
deactivation of active catalytic sites can lead to longer life time
of the catalyst alongside stable selectivity.

In molecular transition metal catalysis, thus far
research discussion has focused mostly on mechanistic
studies, leaving the study of deactivation phenomena
somewhat unattended, particularly under relevant reaction
conditions.” Molecular catalysis features milder reaction
conditions and unique selectivity and reactivity in comparison
to heterogeneous catalysis. The lack of operando studies of
molecular catalysis can be seen in literature searches: search-
ing the term “operando spectroscopy” together with “catalyst
deactivation”, “catalyst degradation”, “catalyst decomposition”
or “catalyst inhibition” in SciFinder® gives in total seven
results which can be assigned to the field of homogeneous
catalysis. In contrast, 116 references on heterogeneous
catalysis and 39 on electrocatalysis can be found with the
same search items. These results, without claiming complete-
ness, clearly show an underrepresentation of molecular cataly-
sis. Studies in this particular field of catalysis remain very chal-
lenging due to the sensitivity of the spectroscopic methods
in relation to the usually very low concentration of the catalytic
species. These studies would be of great importance in
industrially established reactions like the hydroformylation
of olefins,"” asymmetric hydrogenations,'® telomerizations'”
or carbonylations."®
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Anyhow, regardless of the type of catalysts to which the
aforementioned spectroscopic techniques are applied, the
complexity of the signals suggests that often times advanced
mathematical techniques can provide a powerful tool towards
a proper interpretation of the results. For this reason, several
studies in the chemometrics literature have used different
numerical approaches to face the challenging resolution of
curves and its ascription to each individual chemical species
involved.'*!

This review focusses on techniques which provide infor-
mation of the catalyst species on a molecular level during a
reaction. Emphasis is placed on metal organic compounds
used as catalyst, even though most of these methods can also
be applied to monitor organo-, photo- or electrocatalyzed reac-
tions if the catalyst is in solution. The main focus and motiv-
ation of the article is to find direct proof of catalytic reaction
and deactivation mechanisms.

Therefore, this work first describes the relevant operando
spectroscopic techniques applicable to molecular catalysis,
including their features and application in mechanistic
studies. Then, an overview of numeric methods for multi-
variate curve resolution for the interpretation of the spectro-
scopic signal is presented. Last, reaction mechanisms and
catalytic deactivation are explained in relation with operando
studies for two exemplary case studies of well-established reac-
tions in industry, namely hydroformylation and asymmetric
hydrogenation. Overall, this review intends to highlight the
importance of operando techniques and data treatment to shed
light on the correct interpretation of homogeneously catalyzed
reactions and especially their deactivation.

2. Operando techniques for
molecular catalysis

In this section operando techniques that have been used for
the study of molecular organometallic catalysts in solution,
namely nuclear magnetic resonance, electron paramagnetic
resonance, infrared spectroscopy, Raman spectroscopy, ultra-
violet-visible spectroscopy, X-ray absorption spectroscopy and
electrospray ionization mass spectrometry will be summarized.
The use of a particular technique depends on the nature of the
catalyst, the composition of the reaction medium, the charac-
teristics of the analytical instruments, and of course the ease
of device setting-up. The features of each technique and its
application in kinetic and mechanistic operando studies will
be discussed as well. Besides, chromatography techniques,
such as online GC or HPLC are useful tools to quantify the
conversion, selectivity, and kinetic study, which indirectly
reflects the catalyst activity but will not be discussed here.

2.1. Operando analytical techniques

Nuclear magnetic resonance spectroscopy (NMR), one of the
most widely applied spectroscopic techniques in chemical
research, provides detailed information about molecular struc-
ture as well as dynamic processes and allows the direct obser-
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vation of chemical reactions.>* Jagadeesh and coworkers have
investigated the reductive amination of carbonyl compounds
to a variety of primary amines with a [RuCl,(PPh;);] catalyst.
With the help of in situ "H and *'P NMR spectroscopy, an
appropriate reaction mechanism was proposed, clarifying the
formed ruthenium hydride species to be the active catalytic
species.”® In addition to the most common 'H NMR, multi-
nuclear spectra supply more information for catalytic inter-
mediates during reaction processing. Especially for transition
metal catalyzed reactions, "’C NMR (for metal carbonyls,
metal carbenes), *'P NMR (for phosphine ligands) and '°F
NMR (for fluorous catalysts) are very useful approaches to
observe the coordination mode and to identify the active inter-
mediates, which eventually improves the understanding of the
catalytic cycle.”* ¢

Many molecular reactions, such as hydrogenation and
hydroformylation, require high gas pressures. High pressure
NMR technology has been performed for over 60 years.>”
Limited by the volume of the NMR tube, in situ static NMR
often lacks mixing, which might lead to inaccurate kinetic
data for reactions involving gases.?® High pressure flow NMR
cells were developed to improve the mass transfer. There are
two typical designs. The first design keeps a constant stream
of gas bubbles through the solution in the NMR tube.***° In
order to reduce the degradation of spectral resolution caused
by the gas bubbles, the gas flow has to be adjusted to a moder-
ate rate and gas circulation has to be stopped during the exci-
tation and acquisition periods. More recently, Dusan’s group
has developed a pure-shift method by removing all heteronuc-
lear and homonuclear couplings of the selected signal, which
can improve in the signal-to-noise (S/N) ratio remarkably. This
method was then applied to monitor inhomogeneous reaction
with gas sparging, and the singlets can be improved 8-fold in
S/N.*! The other type of design continuously circulates the
reaction solution from the reactor to the NMR probe. The
liquid flow rate has to be optimized to allow enough residence
time for sample magnetization and acquisition. A correction
factor is necessary to quantify the integral data at flow con-
ditions vs. static conditions.** Recently, Hintermair’s group
reported a study using operando flow NMR spectroscopy to
monitor the Rh/PPh; catalyzed hydroformylation of 1-hexene
with multi-nuclear 'H and *'P{'H} NMR spectroscopy.”® The
reaction mixture was infused from high pressure vessels (up to
20 bar) to a high field NMR with a flow rate of 4 mL min™"
(about 30 s delay). To obtain quantitative data, correction
factors of different species (reactant, catalyst and product) in
the mixture were calculated with varied concentrations. The
flow NMR setup allowed to monitor all the species and the cor-
rected NMR data showed good agreement with the GC results,
which makes it a promising method for further study of other
catalytic hydroformylation systems.

High-field NMR instruments provide high sensitivity and
large chemical-shift dispersion. However, large size and high
cost prevent its wide application for operando studies. Instead,
compact NMR spectrometers are an economic and operable
alternative for real-time analysis on workbench.>*® Danieli
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et al. reported a study on the hydrogenation of acetophenone
with isopropanol catalyzed by iridium complexes in flow
conditions in a low field NMR with 60 MHz. They considered
that the field homogeneity and the kinetic rate could be
studied as a function of the catalyst concentration and
good agreement was found with the results obtained by gas
chromatography.’” Compact NMR spectrometers have become
an important analytical tool for both quality control and
process monitoring. However, low sensitivity for reaction
intermediate monitoring limits its application for chemical
analysis. It is to be expected that the accuracy of compact
NMR will be improved by device developments such as
increasing magnetic field strengths and increasing line shape
specifications.**

Electron paramagnetic resonance (EPR) is a magnetic reso-
nance technique similar to NMR, but instead of measuring the
nuclear transitions, it detects the transitions of unpaired elec-
trons in an applied magnetic field. In situ EPR is widely used
for studying transient radical-pairs in photo-excited systems,
for instance for monitoring the primary photochemistry in
reaction centers of photosystems I and I1.>%%° Besides, it is a
good tool for the characterization of catalysts involving para-
magnetic centers, e.g. iridium, iron and chromium co-
ordinated by N-heterocyclic carbene (NHC) or phosphine
ligands.*>*" Briickner’s group investigated photocatalyzed
water reduction using iridium and iron complex catalysts.*? In
situ EPR enabled to monitor the paramagnetic radical inter-
mediates. Coupled with Raman and IR spectroscopy, two
detailed catalytic cycles were proposed. In this study, the reac-
tion was carried out in a typical EPR tubing. The relaxation
properties of transition metals are highly sensitive to tempera-
ture, which further influences the signal intensity of paramag-
netic species.””> Hence operando EPR is preferably carried out
under harsh conditions, for instance the above cases were
measured below 200 K. However, Briickner et al. were able to
perform operando EPR measurements of Cr in ethylene tetra-
merization at 40 °C and up to 14 bar ethylene pressure.**
These results gave hints to a deactivation pathway forming Cr
(1) species.

Infrared spectroscopy (IR), concerns the study of molecular
structure and properties from their vibrational transitions
induced by infrared light. Compared to NMR, IR has a faster
time scale and is more sensitive. Especially in the case
where the catalytic species is a transition metal carbonyl
complex, the strong CO vibrations provide an excellent analyti-
cal tool for studying intermediate species.'” Typical catalytic
carbonylation reactions include alkene hydroformylation,
methanol  carbonylation @ and  methoxycarbonylation,
which employ high pressure and high temperature.**™*® In
order to increase the concentration of gases in solution for
faster reaction rates or beneficial shifts in chemical equilibria,
high-pressure IR spectroscopic techniques have been
developed.

Two main sampling setups are in common use: (1) trans-
mission and (2) attenuated total reflectance (ATR). Varied
types of high-pressure transmission IR cells have been devel-
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oped to facilitate real reaction conditions for operando
studies.”® Due to the limited mechanical strength of the obser-
vation windows and optimum pathlength for different com-
pounds, the volume of high-pressure transmission IR cells is
usually relatively small. Hence, one type of design consists of
an extra variable pathlength view-cell connected to an auto-
clave through which the reaction mixture is circulated. As the
reaction is carried out in a big vessel, this design avoids the
mass transfer issue but has to consider the delay time. A
second type is a high-pressure vessel with two IR transparent
windows wherein the reaction occurs. This realizes in situ
testing but lacks mixing and pathlength variation. To mini-
mize the delay time and mixing problem, van Leeuwen’s group
has developed a high-pressure IR autoclave with integrated IR
cell and reaction vessel (50 cm®) via two connected chambers.
A turbine rotor was employed to stir and circulate the reaction
mixture from reaction vessel to IR cell in 33 ms at the quickest.
This cell has been used to investigate the kinetics of CO ligand
exchange between the rhodium complex and H,, which proved
to be a key step in hydroformylation catalysis.>®

Different from the transmission IR, attenuated total reflec-
tion infrared spectroscopy (ATR-IR) measures the optical
absorption of evanescent waves at the interface between a
sample and a transparent sensing element rather than
through a very thin sample. The ATR setup can be mounted
onto a benchtop instrument or implemented in an immersion
probe, which is easier and more flexible than transmission IR
setups.”” It is already commercially available in systems
such as ReactIR> and Arcoptix FTIR-FC.>* The evanescent
wave of infrared radiation has a limited penetration depth
which is larger in the case of longer wavelengths, causing a
sensitivity change of the ATR spectrum in the different range
of wavelengths. This is the main difference between ATR and
transmission IR and also the reason for the low sensitivity of
ATR spectra in short wavelength regions, which has been
proved by our group in the study of the hydroformylation of
1-dodecene. It compared the ability of transmission and ATR
IR setups for monitoring the active catalyst species in batch
and continuous flow reactions. In the latter, transmission IR
enables the detection of organometallic intermediates at a
ppm level while ATR cannot.>® In conclusion, both trans-
mission and ATR IR are adequate tools for operando study, and
the individual choice certainly depends on the specific process
constraints and the required specificity.

Raman spectroscopy is IR complimentary, as it can access
IR inactive vibrations since Raman active vibrations cause a
polarizability change, differing from IR active vibrations which
change the dipole moment of a molecule.’® As a scattering
technique, Raman signals are weaker than the ones obtained
from IR spectroscopy. However, Raman spectra are generally
sharp with rare overlapping, which is convenient for spectral
analysis. Since water is a weak Raman scatterer, Raman spec-
troscopy is ideal for monitoring aqueous phase reactions. One
application of operando Raman spectroscopy in aqueous phase
was performed by Haumann et al., investigating ruthenium
catalyzed methanol dehydrogenation.”” The reaction inter-
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mediate formate was detectable by Raman spectroscopy, which
further proved the postulated mechanism.

UV-vis spectroscopy produces comparatively sensitive
spectra, which can show the d-d* and charge transfer tran-
sitions of transition metal complexes and the formation of
organic molecules via their n—-p* or p-p* transitions.’®*° Due
to the limited structural information UV-vis can provide
mainly qualitative data. However, for those compounds having
UV-vis chromophores, it is still a useful tool for supplementing
information gained from other spectroscopic techniques.
Schaub and coworkers investigated the chromium catalyzed
dehydroperoxidation of cyclohexyl hydroperoxide to cyclohexa-
none, using in situ UV-vis spectroscopy to monitor the inter-
mediate alkylperoxychromium(vi) complex formation and
decomposition. Coupled with NMR spectroscopy and DFT cal-
culations, a promising mechanism was proposed.®”

X-ray absorption spectroscopy (XAS), measuring the energy-
dependent fine structure of the X-ray absorption coefficient
near the absorption edge of a particular element, is a powerful
tool for probing the average local electronic and geometric
structures of catalysts in the working state.’®®" It is widely
used in heterogeneous operando studies, however, only few
cases have been presented on molecular catalysis in situ
analysis.®” ®® Among one of the first in situ XAS studies is a
study on the bromobenzene homocoupling with a [Ni(cod)
(bpy)] by Tanaka’s group.®”” Using time-resolved XANES and
EXAFS analysis they were able to monitor the reactant [Ni(cod)
(bpy)], the intermediate [Ni(bpy)(Ph)Br(DMF),] and the subpro-
duct [Ni(bpy)Br,(DMF)],. Recently, Bickvall’s group published
a work of operando XAS to study the activation of a ruthenium
racemization catalyst.®® X-ray absorption spectroscopy enabled
the inspection of the stereostructure coordination environ-
ment around ruthenium during activation, as well as the pro-
posed acyl intermediate and the activated alkoxide complexes
for different molecular ruthenium catalysts, providing a valu-
able foundation for efforts to further catalyst development.
Since XAS analysis requires structural models which hinder it
to discriminate elements from the same periodic row, a combi-
nation with other structural and analytical techniques, such as
NMR, can make it more effective.®®

Electrospray ionization mass spectrometry (ESI-MS) is a
soft ionization technique applicable particularly for solutions
containing charged species, which yields little fragmentation
products and proves to be an excellent tool for analyzing
organometallic complexes.””’" Compared to standard spec-
troscopy, it is relatively simple to analyze reaction mixtures
applying ESI-MS, as each species in solution usually can be
identified by a single peak in the mass spectrum. Therefore,
this technique has been widely used to investigate the mecha-
nisms of several classic and organocatalyzed reactions.”>”> In
2007, Santos et al. were able to detect three catalytically
involved species of the Stille reaction via direct infusion
ESI-MS, characterizing most of the major intermediates in the
cycle for the first time.”® The same group reviewed the appli-
cation of real-time ESI-MS analysis on the mechanistic study
of Morita-Baylis-Hillman (MBH) reactions.”” Some neutral
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intermediates were expected to be in equilibrium with their
protonated or cationized forms in methanolic solutions, and
could therefore be detected and analyzed via ESI-MS. After
testing several different catalysts, a dual mechanism was
observed by online ESI-MS. Additionally, ionic liquids acting
as additives as well as (thioJurea working as organocatalyst
were monitored.

The typical way of continuous infusion of reaction mixture
into a mass spectrometer is by using syringe pumps or HPCL
pumps. In order to realize in situ conditions, instead of apply-
ing a pump, McIndoe et al. have connected the reaction vessel
directly to a mass spectrometer via PEEK tubing. By slightly
pressurizing the reactor, the reaction mixture was infused into
the instrument. This simplified technique has been used for
the kinetic study of the rhodium catalyzed hydrogenation of a
charge-tagged alkyne, and the experimental data showed great
agreement with numerical modeling.”®

Chen combined in situ chemical synthesis and gas-phase
ion molecular reaction in a tandem ESI-MS.”® This technique
can achieve reaction, “purification”, and analysis in a single
device, which makes it an extremely fast method for the
assessment of catalytic activity relative to conventional studies.
Reactions such as olefin metathesis and Ziegler Natta polymer-
ization were screened using this setup. The results of the
in situ study showed good agreement with the analysis of the
separately conducted synthesis, which demonstrated that this
technique is an effective and reliable method.

View Article Online
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However, the use of ESI-MS for accurate quantification of
a species has its limitations because numerous minor
variations can affect the ionization efficiency of different
compounds.®® Accurate ESI-MS quantification can only be
achieved via repeatable sample preparation methods that
provide reliable recoveries, for example the use of internal
standards.®"

2.2. Combination of multiple techniques

Multiple operando and in situ techniques applied to investi-
gate the catalytic system from different perspectives allow
us to bring all the information together and gain a detailed
understanding of the catalyst performance. In Fig. 1, two
examples are presented to show the currently available
techniques for operando and in situ analysis of molecular
catalysts.

Example A shows the investigation on the impact of
different activators (MMAO and AIR;) on the in situ formation
of the depicted chromium complex and its performance in
ethylene oligomerization to 1-octene.®* After mixing the chro-
mium precursor (Cr(acac);) 1, ligand (PNP) 2 and activator
(MMAO or AlR;), operando EPR immediately detected the
reduction of EPR active Cr'™ to EPR silent Cr"", which indicates
the formation of the active species (PNP)Cr(CH;), 3.
However, when using AlR; activators, Cr' species were also
observed along with a reduced consumption of ethylene and
low selectivity for 1-octene. Raising the bulkiness of the alkyl

TN VAVAVAVAVAVAVAANGZER NS N

Wavelength 0.01 nm 10 nm 780 nm 1mm 10cm 10m
Radiation Gamma
XAS UV-Vis IR/Raman NMR
o0
; ~ PPh R
Example A: 2 N/
PPhy R
1 3
Pr O, 2 O iPr.
'efaZe!
o PaC o
Pro O Pr
5
Example B:

Br
4

6

Fig. 1 Examples for the application of multiple operando and in situ techniques. A: Investigation of the influence of activators on the performance
of a chromium complex in ethylene oligomerizaion;®? B: exploration on the photoreduction of aryl halides.>® Chemical bonds and atoms are colored
corresponding to the detecting spectroscopic technique listed in the leading entry.
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could promote the reduction to Cr'. However, the ethylene
consumption with AlEt; and AI'Bu, was the same and slightly
higher with AlOct;. In order to elucidate the reasons for the
decreased activity, in situ UV-vis, ATR-IR and XAS analysis
were applied. Firstly, with Al'Buj, the [acac]” ligand, which
could facilitate further reduction of Cr" to Cr', was detected
using UV-vis spectroscopy, consistent with the operando EPR
results. The ATR-IR results showed that in the case of AlR;
activators, a ligand exchange between Cr(acac); 1 and the
activator takes place followed by the formation of Al(acac)s
rather than the active Cr" species, which was also observed
by UV-vis. From the XAS results, it is evident that only with
MMAO a bidentate coordination by two phosphorous atoms
was observed, while with AIR; the larger alkyl groups
partially hindered the complete coordination of the PNP
ligand 2 to the chromium center. Hence, with the help of
operando EPR and in situ UV-vis, ATR-IR and XAS spec-
troscopy, the low conversion when using the AIR; activator is
found to be partially due to the formation of Cr' instead of the
active Cr'" species. However, the main influence on the
chromium complex performance in this reaction system was
proved to be the mode of PNP coordination rather than the
Ct' content.

It seems clear that approaches which integrate multiple
techniques together can provide a more complete picture of
the reaction system.®* Two or more techniques are applied
simultaneously to supplement or contrast each other, improv-
ing the quality of the obtained information. Gschwind’s group
developed a novel fully automated setup that skillfully inte-
grated illumination with operando NMR and UV-vis spec-
troscopy, which enables the simultaneous and time-resolved
detection of paramagnetic and diamagnetic species.”® This
setup was applied for the study of the photoreduction of aryl
halides 4 with PDI 5 as photocatalyst (Example B, Fig. 1).
During the illumination, operando UV-vis spectroscopy
enabled the detection of PDI and the stable PDI'™ radical,
while the proton NMR signals of the PDI core vanished com-
pletely. Therefore, the UV-vis data provided time-resolved
information about the photocatalyst that was invisible to NMR
spectroscopy. In the meantime, the operando NMR spectra sup-
plied full quantitative and structural insight into the diamag-
netic reactant and product 6.

In general, the selection of operando techniques is
determined by the nature of the targeted species, reaction
conditions and other specific issues caused by the particular
reaction. Therefore, it is crucial to investigate the catalyst,
reactants and reaction conditions by the optional techniques
considered in advance. The most common technique for reac-
tion monitoring is NMR, which can be applied under high
pressure, but it is not applicable for paramagnetic species.
Instead, EPR spectroscopy can only detect species with
unpaired electrons. Raman and IR spectroscopy provide
complementary information about the vibrational state of
molecules, in particular when metal complexes are participat-
ing in catalytic reactions. UV-vis spectroscopy gives limited
information about the molecular structure, but for those com-
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pounds having UV-vis chromophores, it is still a useful tool
for supplementing information for other spectroscopy.
XAS spectroscopy enables to inspect the stereo-structure
coordination environment around a working state, but low
sensitivity and discriminating elements from the same
periodic row limit its information content. ESI-MS, which
transfers ions directly from the solution to the gas phase
with efficiency and gentleness, can provide proper
snapshots of the ion composition of the reaction solutions.
Repeatable sample preparation is required for reliable
ESI-MS result.

2.3. Operando techniques for monitoring molecular
homogeneous electrocatalysis

With the rising relevance of the chemical conversion of renew-
able energy, the field of homogeneous electrocatalysis is
increasingly gaining in importance, especially with regard to
the activation of small molecules such as CO,, N,, O, and
H,O. Special analytical techniques are available to investigate
electrocatalytic systems. They are tailored to the specific fea-
tures of these reactions, such as the central role of electron
transfer processes or the fact that electrocatalytic events mostly
occur within a reaction diffusion layer at the vicinity of the
electrode rather than in the bulk. The most relevant methods
are shortly introduced below. For interested readers, recent
reviews®* % give a detailed overview about the potential of the
application of these techniques in the in situ/operando context
to help understand catalytic mechanisms and deactivation
processes.

Analytical voltammetries, among which cyclic voltammetry
(Cv) is the most popular, can be applied to investigate
mechanistic aspects of catalytic systems involving electron
transfer reactions. The energy needed to oxidize or reduce a
molecule is measured by recording the current passing
through an electrolyte containing the analyte as a function of
an applied potential. Even though no direct structural infor-
mation can be obtained from CV measurements, the resulting
voltammograms provide information namely about the redox
nature of the catalytic species, reaction kinetics regarding
chemical and electrochemical (electron transfers) steps or cata-
lyst deactivation.?*8%87:9°

The field of operando spectroelectrochemistry (SEC)**™*°
involves the utilization of the spectroscopic tools described
above, often in specific setups adapted to the needs of electro-
catalytic reactions. The most widespread are IR and UV-vis, as
they are easily accessible in most laboratories. The develop-
ment of dedicated cells and beamline setups have also made
Raman, fluorescence, EPR, NMR and XAS available. A special
technique within the SEC analysis of molecular catalyst is the
application of sum-frequency generation (SFG), where two
lasers operating at different frequencies generate a beam in a
nonlinear optical interaction of the involved photons. It is
extremely sensitive to molecular orientations near an electrode
surface and therefore a particularly informative method.®
Transient absorption spectroscopy (TAS), where a the for-
mation of an excited state is generated by a flash of light, trig-

This journal is © The Royal Society of Chemistry 2022
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gering for example an electron or proton transfer, can detect
short-lived intermediates and resolve reaction kinetics on pico-
second scales.®”

3. Mathematical methods for signal
resolution in spectroscopy

Whilst providing great insights into the behavior of chemical
systems, operando spectroscopic measurements retrieve
responses of challenging interpretation. The overlapping of
signals characteristic of spectroscopy requires chemometric
approaches for the resolution of the signals and allocation to
individual chemical species. Several authors have tackled the
challenge of processing the entangled sets of data obtained
from measurements, for which a number of advanced numeri-
cal approaches have been proposed.

In general, multivariate curve resolution (MCR) analysis is
based on the following matrix expression:

D=CS"+E (1)

where D contains the experimental spectra, C the pure concen-
tration profiles and S” the pure spectral profiles. E is an error
matrix including the deviations not explained by the resolved
components. It is worthwhile mentioning that in the case of
the signals generated in spectroscopic methods, the under-
lying analytical model for eqn (1) is formally bilinear account-
ing for pure signal contributions (the Beer-Lambert law).
Whilst bilinear models can also describe well chromatographic
and other analytical measurements like electrochemical data,
they are widely applied to spectral data sets.>>" To solve eqn
(1), the chemometrics literature has developed curve resolution
methods based on whether there is a specification of the
profile shapes within the signals or not. Table 1 presents a
number of selected methods commonly used.

A method is referred to as soft-model if there is no con-
straint to the profile shape. These models describe processes
empirically without prior knowledge of the underlying
phenomena, which avoids errors derived from wrong assump-
tions. Conversely, the drawback is the intensity and rotational
ambiguity of the profiles, which becomes relevant when
different chemical species show similar profiles.®’*!

In non-iterative soft models, the sequential structure of con-
centration profiles is obtained combining subsets of infor-
mation from the global and local ranks. Such subsets corres-
pond to certain concentration windows or regions of the orig-
inal data matrix with particular properties, such as the pres-
ence or absence of chemical species in the systems.'®*°
Examples of these models include window factor analysis
(WFA),”* subwindow factor analysis (SFA)** or heuristic evol-
ving latent projections (HELP).”* However, the use of these
algorithms is currently in decline owing to the difficulty of
setting the concentration or spectral windows in multicompo-
nent datasets and non-sequential orders or with unstructured
concentration directions.®*°

This journal is © The Royal Society of Chemistry 2022
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For their part, iterative approaches optimize initial
estimates of concentration values or the corresponding
spectra imposing a series of constraints until a convergence
tolerance is reached. Typically, these models are referred to as
multivariate curve resolution-alternating least squares
(MCR-ALS).>>'*> Among them are key set factor analysis
(KSFA),” simple-to-use interactive self-modelling mixture ana-
lysis (SIMPLISMA)®® or interactive principal component ana-
lysis (IPCA).”” They are preferred to non-iterative for not requir-
ing a structured concentration direction and, more signifi-
cantly, the fact that the implementation of constraints can be
made in the optimization process. These constraints can
contain chemical or mathematical information, such as non-
negativity of profiles, unimodality, closure of mass-balances,
correspondence of species, calibrations, etc. In turn, this
means that soft iterative models open the door to the appli-
cation of hybrid soft-hard models, particularly MCR-ALS.>*'°*
This is the case of the work by Cruz et al., who developed a
MCR-ALS method with multiple hard constraints to elucidate
kinetic paramaters of the homogenously catalyzed Heck
reaction between iodobenzene and n-butyl acrylate catalyzed
by Pd-based complexes measuring FTIR spectra.'®

Despite the overall good performance of the methods
addressed above, there are drawbacks to spectral resolution.
These include the weak signals displayed by minor species,
the presence of components with a high degree of spectral
overlap and the possible non-linearity of the spectra. A
different approach named band-target entropy minimization
(BTEM) was developed to face these issues, with implemen-
tation in in situ spectroscopic investigations.’®'°*1%> BTEM is
based on the subsequent reconstruction of pure component
spectra by singular value decomposition of the original data
set according to eqn (2):

D=uxvT (2)

U and V" are matrices containing the left and right singular
vectors of the data and X is a diagonal matrix of singular
values. The right singular vectors are searched for interesting
spectral features, whose relevant spectral channels are named
band targets (BTs). For each BT, the algorithm finds a linear
combination of the selected vectors that satisfy minimum
entropy, and non-negativity of the spectra.’” BTEM has the
additional advantage of not requiring initial estimates of the
number of species present, which helps the elucidation of
complex reaction mechanisms.>"'

Recently, a comparison between MCR-ALS and BTEM was
published, where the authors implement the use of these tech-
niques separately and jointly to mass and UV-Vis spectra as
well as Raman images. The conclusion reached is that the two
methods performed well in all cases, although MCR-ALS per-
formed better for UV-vis spectra and was more robust to noise.
On the other hand, BTEM led to more accurate profiles in
Raman and mass spectra data sets as well as being better at
reducing the rotational ambiguity of data.’® BTEM had pre-
viously been compared to MCR techniques to obtain the pure
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overlaps with the spectra of other components.

Advantageously, HMFA does not require initial guesses

for concentration profiles or pure spectra.
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FTIR spectra in a mixture of six organic compounds. In this
case, BTEM outperformed SIMPLISMA and IPCA not only in
the ease of use (not requiring initial estimates), but also
because the latter two methods resolved spectra including
negative values for certain components.'®® Nevertheless, there
are few pieces of work that compare data sets of similar nature
with these numerical methods, which makes it difficult to
establish a much desirable direct relationship or identification
between the suitable algorithms to be used depending on the
spectroscopic technique used.

MCR methods often provide non-unique solutions. This
in turn means that many authors have accepted the output of
these algorithms without pondering over the actual
significance of the results and whether there could be a range
of other possible results. Characterizing an area of feasible
solutions (AFS) for 2-component systems is relatively
simple, but for systems comprising more components this cal-
culation becomes far more complicated. For 3-component
systems, different algorithms based on the variation of the
area of polygons have been applied, including Borgen
plots, the triangle-boundary-enclosure algorithm or the
polygon-inflation methods.'®”"'°® For 4-component mixtures
the sliced-triangle-boundary-enclosure and the polyhedron-
inflation algorithms have been reported.'””'°® Finally,
for higher number of components, the so-called ray
casting method has been proposed.'®® In this context, it is rele-
vant to highlight the work by Sawall, Neymeyr and collabor-
ators, who have implemented methods into the software
FACPACK."”’

Contrary to soft models, hard models rely on physico-
chemical constraints, thereby retrieving parameters with fun-
damental significance. These methods provide very insightful
results if the proposed model is plausible, such as equilibrium
or kinetic rate constants. On the other hand, their main weak-
ness is precisely that prior knowledge of the chemical system
is expected; otherwise, data regression can evolve into cumber-
some trial and error. An additional disadvantage of these
models is that they cannot be applied with unmodelled noise
or spectral artifacts like a baseline drift.'***!

Marquardt et al. developed significant work on hard
models, first introducing what they called indirect hard model-
ing (IHM). This consisted of a nonlinear spectral model, using
the Voigt functions to describe the convolution of peaks, and a
linear calibration to predict the concentration from pure com-
ponent weights. IHM allows accounting for nonlinear effects
such as peak variations or spectral shifts.''® Within the IHM
methods, they developed complemental hard modeling
(CHM), especially indicated to obtain a single unidentified
pure component spectrum in a mixture where the rest of the
components is known. Additionally, hard modeling factor ana-
lysis (HMFA) has been proposed. In this method, all pure com-
ponent spectra can be deduced from unordered data with cor-
related concentration profiles if there is at least one peak per
component that does not occur in any other pure component
spectrum (although this distinctive peak can be highly over-
lapped with others).*%°

Green Chem., 2022, 24,1951-1972 | 1959


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1gc04383h

Open Access Article. Published on 16 February 2022. Downloaded on 6/18/2025 3:41:29 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Critical Review

4. Cases of operando deactivation
studies in hydroformylation and
asymmetric hydrogenation

Operando spectroscopic techniques, optionally assisted by
mathematical deconvolution of the complex spectral data,
have been applied to various molecularly catalyzed reactions.
As an example, the aerobic oxidation of alcohols can be men-
tioned. Multi-technique operando studies by the groups of
Stahl on the Pd-catalyzed''" and Briickner on the Cu-catalyzed
aerobic oxidation'®>™'* have contributed significantly to a
deeper mechanistic understanding of the reaction."* Other
reactions that are relevant in industrial application and for the
transformation towards a sustainable chemical economy, like
hydroformylation and asymmetric hydrogenation, were like-
wise subjected to extensive studies, also to investigate de-
activation mechanisms. In this section a comprehensive
description of the previously described operando spectroscopic
techniques used to unravel deactivation mechanisms in hydro-
formylation and asymmetric hydrogenation are given.

A lot of knowledge about deactivation processes in these
two reactions has been gained from experiments using classic
ex situ analysis. The systematic variation of reaction con-
ditions, the use of distinct substituents'" or isotope labelling
studies'*®'"” are helpful tools to deepen the insights gained
from this strategy.

Kinetic investigations of deactivation reactions can be per-
formed in the same manner, taking samples during the reac-
tion or repeating the same experiment with different reaction
times.""® Another possibility is the measurement of uptake of
a specific gas, e.g. 0,"'® or H,."'"""*" The observation of colour
changes during the reaction has also been used to draw con-
clusions about the time of formation of inactive species.**>**

In contrast, the in situ and operando technologies described
above allow for direct spectroscopic measurements while cata-
lyst species are forming or decomposing and therefore provide
particularly realistic insights to reaction and deactivation
mechanisms of molecular catalysts.”® Generally, these
measurements can be conducted by connecting a suitable
analytical device to a reactor'?® or by the performance of
chemical reactions directly in measuring cells such as NMR
tubes.'?*'?* Some relevant practical applications are presented
in the following sections.

4.1. Rh-Catalyzed hydroformylation

The hydroformylation of olefins (see Fig. 2) is one of the most
prominent examples for molecularly catalyzed reactions, yield-
ing more than 10 million tons of aliphatic aldehydes per year.
Phosphine modified Rh catalysts allow for high activities as
well as selectivities and operate under mild reaction con-
ditions. Other features of the reaction, such as high atom
efficiency, availability of efficient recycling concepts, applica-
bility to the conversion of sustainable resources and the suit-
ability to combine a hydroformylation step with other reac-
tions in a tandem catalysis to form tailormade value products,

1960 | Green Chem., 2022, 24,1951-1972
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make hydroformylation a highly interesting field of modern
research with regard to sustainable chemistry.®

Deactivation processes in hydroformylation reactions have
been extensively reviewed.> ®'*® It is noticeable that even in
very recent publications on the topic,® the majority of cited
works are from the years before 1990 and result from ex situ
analytical investigations.

The main focus of most operando spectroscopic studies in
hydroformylation catalysis has been on the investigation of
mechanistic and kinetic aspects. Some authors'**™'*% also
describe the observation of deactivation processes. The use of
operando technology for the targeted investigation of de-
activation mechanisms in hydroformylation catalysis is,
however, rare. Appropriate examples highlighting the potential
of such studies are illustrated below. A graphic summary of
most discussed deactivation products and their role in the
catalytic hydroformylation cycle (species 8 to 10) can be found
in Fig. 3. Infrared spectroscopy — being especially powerful
when it comes to monitoring metal carbonyls - is the most fre-
quently applied technology, but there are also examples for the
use of NMR spectroscopy.

One of the first studies using in situ spectroscopy to investi-
gate hydroformylation catalysts was published in 1968 by the
group of Wilkinson.'”> They were able to identify species
formed from RhH(CO)(PPh;); that are only stable under CO
atmosphere by connecting an IR cell to an autoclave contain-
ing stoichiometric concentrations of the catalyst under atmos-
pheric CO and/or H, pressure. Among these species was a car-
bonyl-bridged dimeric Rh carbonyl phosphine species, the so-
called “yellow dimer” (11)."*° The formation of this species
was reversible upon the addition of H,.

Moser placed a cylindrical internal reflection (CIR) crystal
into a stainless-steel autoclave, allowing for measurements
directly in the reactor."*® He was able to observe the formation
of an inactive dimer 12 under 1-hexene hydroformylation con-
ditions leading to deactivation of the system.'*® Moderately
high catalyst concentrations of 0.01 M rhodium were applied
in this setup. The formation of inactive dimers and clusters
has also been observed by other groups'®®'*“*? using oper-
ando transmission infrared spectroscopy.

Kiss and Horvath combined high-pressure IR and NMR
spectroscopy to study a Rh catalyst system modified with the
tripodal triphos ligand (CH;C(CH,PPh,);). At typical hydrofor-
mylation conditions, they showed a reversible dissociation of
one phosphine arm of the tripodal ligand in RhH(CO)[n’-
CH;C(CH,PPh,);] (7a) to form RhH(CO),[n*-CH;C(CH,PPh,);]
(7b) under high pressure of CO. This process can lead to a loss
of n:iso selectivity in triphos-modified hydroformylation
catalysis."*?

O

Fig. 2 Rh-Catalyzed Hydroformylation of a terminal olefin.

[Rh]

+ CO + Hy ——

R
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Fig. 3 Examples of deactivated catalyst species and their formation pathways in the Rh catalyzed alkene hydroformylation observed by operando/
in situ spectroscopic methods. The ligand L can be CO or different phosphines, in different ratios for every compound and varying for each system.

The group of Garland has greatly contributed to demon-
strate the power of chemometrics in the field of operando spec-
troscopic monitoring of molecular catalyst by the development
of the BTEM algorithm (cf. Section 3) and also the provision of
illustrative application examples thereof.'>**'3> With regard
to catalyst deactivation, the group investigated the influence of
alkynes'*® and dienes® on the unmodified Rh,(CO);,
hydroformylation catalyst. Being more reactive towards the
catalyst, these typical alkene feedstock impurities block the
catalytic activity for alkene hydroformylation. In a first
study,"*® Rh,(CO),, was reacted with 20 structurally varying
terminal and internal alkynes under CO pressure. The forming
catalyst species were monitored by connecting a high-pressure
infrared transmission cell to the autoclave. The deconvolution
of multicomponent spectra was achieved using Gauss-Lorenz
areas as basic functions. It showed only two repeating absor-
bance patterns for the different alkynes, which were assigned
to the dinuclear complexes 13 and 14 where R' and R” rep-
resent the substituents of the respective alkyne. Both com-
plexes showed high stability in the presence of H, gas, so that
the catalyst deactivation can be interpreted as irreversible
poisoning.*®

In a similar work, Rh,(CO);, was exposed to a series of con-
jugated dienes both in non-competitive situations and as
impurities under cis-oct-4-ene hydroformylation conditions.
Spectral deconvolution was carried out using a precursor
version of BTEM, suggesting the presence of at least three

This journal is © The Royal Society of Chemistry 2022

mononuclear species which do not occur in the hydroformyla-
tion of uncontaminated alkenes. The authors suggested to
assign them to an n’-allyl rhodium tricarbonyl species 15, a -
allyl rhodium tetracarbonyl species 16 and an acyl rhodium
tetracarbonyl species R’CORh(CO), (17, R’ = alkenyl and/or
formylalkyl)."*”

The group of van Leeuwen has developed a special
autoclave to conduct operando transmission infrared
spectroscopic measurements of fast catalytic reactions.”” In
2003, the group used this cell to investigate the deactivation of
a Rh(acac)(CO),/PPh; hydroformylation catalyst system by
alkynes, dienes (Fig. 4) and, in particular, enones.'** Just like
alkynes and dienes, enones have a higher affinity to the
rhodium catalyst than olefins, blocking its active hydroformy-
lation sites. In phosphine modified catalyst systems, the
aforementioned compounds undergo slow hydroformylation
themselves, so that the catalyst deactivation 1is only
temporary; it is reactivated as soon the impurity has been
completely converted. Besides the formation of the inactive
“vellow dimer”'*> mentioned earlier, the formation of
an inactive carboalkoxyrhodium species 19 formed from
the reaction of RhH(PPh;),(CO) (8) with 3-buten-2-one could
be shown.

Supplementary in situ 'H, "*C and *'P NMR experiments
conducted at low temperatures (80 °C to 20 °C) allowed for the
identification of several intermediates of the deactivation
process, also assisted by the simulation of spectra.'*?
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Fig. 4 Reversible inhibition of hydroformylation catalyst RnH(CO),(PPhs), (7c) in the presence of 1,3-pentadiene monitored by operando HP-IR.**?

Reproduced with permission from John Wiley & Sons, Ltd.**®

The monitoring of catalyst deactivation in continuous flow
was realized by our own group.”® A comparative study of
different setups implementing both high pressure trans-
mission and attenuated total reflection (ATR) IR spectroscopy
in a batch setup and a continuously operated miniplant was
presented. All four resulting setups were tested under auth-
entic reaction conditions for the hydroformylation of 1-dode-
cene with a Rh/BiPhePhos catalyst. A special challenge in the
continuous setup proved to be the realization of a very precise
dosing strategy which is necessary for the spectral deconvolu-
tion via BTEM (¢f Section 3). While the sensitivity of the
ATR-IR probe turned out not to be sensitive enough to monitor
catalyst in the continuous setup, a spectral estimate for a
metal organic species was detected with the other three
setups. The comparison with simulated spectra obtained from
DFT calculations suggested that it is actually caused by two or
more metal organic phosphine species. The decay of these
species can be connected with the simultaneous loss of regio-
selectivity of the hydroformylation reaction on the continu-
ously operated miniplant, as can be seen in Fig. 5.
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An illustrative example demonstrating the potential to
enhance catalyst performance by in-depth understanding of
the system’s deactivation pathways and corresponding rational
adaption was provided by the group of Bérner. Phosphites rep-
resent a particularly active class of ligands in the n-regio-
selective hydroformylation. Unfortunately, they are prone to
hydrolysis by nucleophilic cleavage of the P-O bond. To study
the hydrolysis reactions of hybrid bidentate phosphite ligand
21 (Fig. 6), in situ NMR spectroscopy was performed directly in
an NMR tube under elevated temperatures. The acylphosphite
unit (red) of the ligand proved very sensitive towards water,
while the phenolphosphite part (blue) is more stable. The
detailed understanding of the hydrolys