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Structural and dynamic properties of BiPhePhos modified rhodium complexes under hydroformylation
conditions have been investigated in detail by using high-pressure (HP) in situ transmission IR- and NMR-
spectroscopy. An experiment design approach which combines component/reagent perturbations, in situ-
FTIR measurements and chemometric peak group analysis (PGA) led to the identification of most relevant
components. The ligand coordination in the structures of the hydrido and acyl 18-VE resting state
complexes has been elucidated. The hydrido complex of the type e,e-[HRh(CO),(PNP)] represents the
dominant resting state after catalyst preformation and during the n-regioselective hydroformylation. Dimer
formation only takes place to a minor extent under severe reaction conditions under hydrogen depletion.
Mono- and dinuclear hydrido monocarbonyl complexes are formed at higher ligand-to-metal ratios and low
partial pressures of carbon monoxide. Both stereocisomeric forms of the bisphosphite modified acyl
complexes e,a-[RC(O)Rh(CO),(PNP)] and e,e-[RC(O)Rh(CO),(PNP)] are generated as an equilibrium mixture.
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1. Introduction

Hydroformylation of alkenes to aldehydes is one of the most
important homogeneously catalyzed processes in the
chemical industry." Mononuclear rhodium complexes
modified by chelating diphosphites represent a class of highly
active, chemo- and regioselective as well as stable catalysts.*®
Bidentate diphosphites generally tend to form catalyst
complexes for which a lower activity is obtained compared to
bulky monophosphites, but the n-regioselectivity is often
significantly enhanced.® Trivalent organic phosphite ligands
can undergo several decomposition reactions such as
hydrolysis, alcoholysis, trans-esterification, Arbuzov
rearrangement (alkyl phosphites), O-C bond cleavage, P-O
bond cleavage and reactions with aldehydes, depending on
the exact ligand structure and reaction conditions."”

In Scheme 1 a catalytic cycle based on the established
Wilkinson-type dissociative mechanism with a rhodium

“ Leibniz Institute for Catalysis e.V., Albert-Einstein Str. 29a, 18059 Rostock,
Germany. E-mail: christoph.kubis@catalysis.de

b Evonik Oxeno GmbH & Co. KG, Paul-Baumann-Str. 1, 45772 Marl, Germany

¢ Institute of Mathematics, University of Rostock, Ulmenstr. 59, 18057 Rostock,
Germany

9 Lehrstuhl fiir Theoretische Chemie, Ruhr-Universitit Bochum, 44780 Bochum,
Germany

t Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d4cy00481g

3966 | Catal Sci Technol., 2024, 14, 3966-3983

catalyst system modified by a bidentate phosphorus ligand is
displayed. Starting from a coordinatively and electronically
saturated trigona-bipyramidal 18-valence electron (VE) hydrido
complex [HRh(CO),(PNP)] 1, the dissociation of a carbonyl
ligand leads to the formation of a 16 VE hydrido complex 2,
which is planar and has a free coordination site. Complex 2
can activate the alkene substrate under the formation of the
n-complex 3. Two isomeric coordinatively unsaturated alkyl
complexes can result from complex 3 by insertion of the alkene
into the H-Rh bond. The a-alkyl complex 4 is formed in case of
a Rh-C1 bonding, whereas a f-alkyl complex results from a
Rh-C2 bonding (4'). Eventually the formation of the iso-
aldehyde takes place from the B-alkyl complex However, the
B-hydride elimination from the secondary alkyl complex might
lead to dissociation of the 1-alkene or 2-alkene, which might
coordinate again to the catalyst. The coordination of a CO
ligand to 4 lead to the coordinatively saturated alky complex 5.
Through the migration of the alkyl group into the Rh-CO bond
the planar 16-VE acyl complex 6 is generated. The coordination
of a CO ligand forms the 18-VE acyl complex 7. Product
formation might occur via oxidative addition of hydrogen to 6
followed by reductive elimination of the aldehyde and
regeneration of 2. This was observed for iridium -catalyst
systems.””® However, in the literature on rhodium catalyzed
hydroformylation the reaction of 6 with molecular hydrogen is
also frequently denoted as hydrogenolysis of 6.*'°™** The latter
is used in Scheme 1.

This journal is © The Royal Society of Chemistry 2024
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Scheme 1 Catalytic cycle of the chelate-ligand modified rhodium catalysed hydroformylation of alkenes based on a Wilkinson-type mechanism.

For the elucidation of structural and mechanistic aspects
in situ/operando spectroscopy is performed at real reaction
conditions. In situ HP FTIR and NMR spectroscopy are
powerful techniques which allow for a nearly complete
elucidation of molecular structures of catalyst complexes at
relevant conditions.”® FTIR spectroscopy provides distinct
spectral patterns for respective transition metal carbonyl
complexes. Infrared spectroscopy in the transmission mode
is very sensitive and allows for the acquisition of
quantitative data in the millimolar and submillimolar
concentration range. Complementary structural and
dynamic information on catalyst complexes and involved
equilibria can be obtained by NMR spectroscopy based on
H, ¥C, *'P and sometimes even '°*Rh measurements.
Generally higher molar concentrations (5-100 mM) of the
catalyst complexes and/or longer acquisition times are
needed for an acceptable quality of the NMR spectra.
However, higher catalyst concentrations might lead to shifts
in chemical equilibria between dissolved transition metal
complexes under compressed gases (e.g. CO, H,) because of
the varied [H,]/[M] and [CO]/[M] ratios.

Chemometric data processing tools can extract pure
component spectra and corresponding concentration profiles
from the collected data set."*'® In combination with an
experiment design approach based on perturbations,
respective algorithms allow for the identification of major,
minor and even trace components.*®

The interpretation of the infrared spectra for transition
metal carbonyl complexes can be improved by a vibrational
mode analysis based on DFT calculation. Thus, the
assignment of vibrational modes even of non-isolable
intermediates becomes possible.

This journal is © The Royal Society of Chemistry 2024

Time-resolved in situ spectroscopic methods coupled with
a simultaneous online-product analysis such as GC or MS
permit operando studies from which structure-performance
relationships can be derived.

The Rh/BiPhePhos system is a very prominent catalyst for
the isomerizing n-regioselective alkene hydroformylation
(Fig. 1). A hydrido complex of the type [HRh(CO),(PNP)] is
formed via an in situ formation step treating a solution of the
Rh-precursor and diphosphite ligand under synthesis gas
(CO/H, mixture). Investigations by Moasser, Gladfelter and
Roe revealed fundamental insights into the structural and
mechanistic aspects of this catalyst system.'” In succeeding
studies by several research groups additional facets such as
reaction kinetics as well as catalyst stability were explored in
detail.’®?* Novel separation techniques for molecular
catalysts such as TMS (thermomorphic solvent systems) and
organic solvent nanofiltration have been developed with the
Rh/BiPhePhos catalysts.>*>” The diphosphite ligand
BiPhePhos was also applied in heterogenized catalysts on

a)

o 4
-p-
o}
OCH; OCH;

Fig. 1 a) Lewis structural formula of BiPhePhos, b): molecular

structure of BiPhePhos (30% probability level, without H).**
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basis of the SILP (supported ionic liquid phase) and POL
(porous organic ligand) concepts.**™*

In this present research study new results on the in situ
spectroscopic  characterization ~ of  this  interesting
hydroformylation catalyst in solution based on in situ FTIR-
and NMR-spectroscopy are presented. After covering the
catalytic performance behaviour for selected alkenes, a
substantial component identification of the reaction system
based on the combination of experiment design by multiple
component/reagent perturbations and chemometric analysis
of IR-spectroscopic data was carried out. Further, novel
aspects on catalyst stability, the coordination of additional
ligands to the [HRh(CO),(PNP)] catalyst and the formation
and structure of the corresponding acyl complex [RC(O)
Rh(CO),(PNP)] will be discussed.

2. Results and discussion
2.1 Hydroformylation of alkenes

The hydroformylation of butenes is an industrially relevant
process. The formation of valeraldehyde from a mixture of
1-butene, E/Z-2-butene requires a rhodium catalyst which is
active in double bond isomerization as well as in
n-regioselective hydroformylation. The Rh/BiPhePhos catalyst
fulfils the needed properties. Several model reactions with
butenes, pentenes and neohexene (Scheme 2) have been
performed to demonstrate the potential of this catalyst
system at conditions suitable for in situ spectroscopic
reaction monitoring (Table 1). The reactions were conducted
at 90 °C and 2.0 MPa synthesis gas (CO/H, = 1:1), [Rh] = 1
mM (mmol L), [PNP] = 1 mM, [alkene] = 1 M, solvent:
cyclohexane. A transmission flow-through IR-cell with CaF,
windows and a fixed optical pathlengh of 400 um was used
for the collection of infrared spectra with good signal-to-
noise ratios for rhodium concentrations [Rh] < 1 mM.
Further details are given in the ESIf (ESI-A).

Prior to the reaction start by the addition of alkene
substrate, a preformation of the catalyst is carried out by
treating the transition metal precursor [Rh(acac)(CO),] with

a) b)
P avd OHC _~_~ NN
1-butene pentanal 1-pentene
= W
N CHO

E/Z-2-butene 2-Methylbutanal E/Z-2-pentene

S

Scheme 2
catalyst [HRh(CO),(PNP)] for clarity.
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Table 1 Overview of the results from alkene hydroformylation
experiments using the Rh/BiPhePhos catalyst

Substrate Conversion/%  Aldehyde/%  n-Regioselectivity®/%
1-Butene” >99 >99 >99
2-Butene® >99 >99 >99
1-Pentene” >99 >99 97.5
2-Pentene” >99 >99 97.7
Neohexene”? >99 >99 >99

Reaction conditions: p(H,) = 1.0 MPa, p(CO) = 1.0 MPa, 9 = 90 °C,
[Rh] = 1 mM, [PNP] = 1 mM, [substrate] = 1 M, solvent:
cyclohexane. “ t=8 h.? t =4 h. ¢ Via GC.

one equivalent of the diphosphite ligand at the same
conditions compared to the hydroformylation experiments.

1-Butene. The hydroformylation of 1-butene started directly
with the addition of alkene without the observation of any
induction period (Fig. 2a). The fraction of 1-butene rapidly
decreased in the first 10-15 min, after which the concentration
of this isomer was below the detection limit of the GC.
Corresponding to this the internal butene isomers (E and Z-2-
butene) increased in concentration within this initial interval.
This was followed by a succeeding conversion over the entire
investigated timespan of 480 min (8 h). Pentanal was the major
product with a constant n-regioselectivity of >99%. In Fig. 2b
the relative molar fraction of the butene isomers versus time is
displayed. After the addition of 1-butene the composition is
altered significantly due to double-bond isomerization.

The momentary content of each isomer is related to its
consumption via hydroformylation. Thus, the reactivity relation
is 1-butene > Z-2butene > E-2-butene, which is in accordance
with their steric properties. The composition of n-butenes
deviates from the thermodynamic equilibrium composition.*
The molar fraction of 1-butene after the initial conversion (10-
15 min) was below the detection limit and thus lower than the
equilibrium value of 0.04. Within the conversion range from
0.10-0.95 the value of Z-2-butene decreased from 0.4 to 0.2
(0.26 equilibrium), while the molar fraction of E-2-butene
increased from 0.6 to 0.8 (0.69 equilibrium). It is important to
note that the absolute molar concentrations of the butenes are

c)

OHC _~_~_
=

hexanal

CHO

2-Methylpentanal

OHC
\/\g

neohexene 4.4-

\ dimethylpentanal

2,3,3-
Trimethylbutanal

2-Ethylbutanal

Isomerization-hydroformylation of a) butene, b) pentene and c) neohexene. Co-substrates CO and H, have been left out as well as the
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Fig. 2 Concentration profiles of butene isomers and n-pentanal
obtained for the 1-butene hydroformylation experiment. a) Absolute
concentrations versus time and b) relative molar fractions of the
butene isomers over time. Conditions: [Rh] = 1 mM, [PNP] = 1 mM, [1-
butene] = 1 M, t = 8 h, p(H) = 1.0 MPa, p(CO) = 1.0 MPa, 9 = 90 °C,
solvent: cyclohexane.

very low at higher conversions. It can be concluded that the
isomerization activity is not high enough to equilibrate the
n-butenes. Formally such type of reaction system can be
classified as coupled parallel reaction.*®

Based on the in situ FTIR spectroscopic monitoring the
hydrido complex [HRh(CO),(PNP)] (v(CO) = 2017, 2073 cm™)
was the only detectable rhodium species over the entire
conversion range in accordance with other studies on
hydroformylation with diphosphite modified rhodium
catalysts (Fig. 3).%>"%7

2-Butenes. The hydroformylation of an equimolar mixture
of Z- and E-2-butene showed the formation of small portions of
1-butene within the first 45 min resulting in a molar fraction of
0.01 (equilibrium 0.04), see ESI-C. After this time period no
1-butene was detectable anymore via GC. Directly after addition
of the 2-butene mixture E-2-butene was accumulated up to 0.6
(equilibrium 0.69) and the fraction of Z-2-butene was
consumed to 0.39 (equilibrium 0.27). The composition of the
2-butene isomers remained almost unchanged over a large
conversion range but showed a significant alteration from 210
min onwards, with an enrichment of the less reactive E-2-

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 Insitu FTIR-spectra measured during 1-butene hydroformylation.
Conditions: [Rh] = 1 mM, [PNP] = 1 mM, [1-butene] = 1 M, t = 8 h, p(H,)
=1.0 MPa, p(CO) = 1.0 MPa, 3 = 90 °C, solvent: cyclohexane.

butene to 0.8. Depletion of Z-2-butene over the course of the
reaction time indicate the key role of this more reactive isomer
in the double bond isomerisation towards 1-butene followed by
the consecutive hydroformylation to n-pentanal. The hydrido
complex [HRh(CO),(PNP)] was the only observable species
during the reaction. Further details and graphical
representations of the data are given in the ESI-C.}

1-/2-Pentenes. The hydroformylation of 1-pentene and a
mixture of 2-pentenes (Z:E = 0.29:0.71) showed a similar
behavior regarding the composition of n-pentene molar
fractions during the reaction compared with the butene
experiments. In both cases the fraction of 1-pentene (0.02)
was only slightly lower than the value for the equilibrium
composition (0.03). The fraction of the less reactive E-2-
pentene increased to 0.8 (0.63 equilibrium) over the observed
time while for the more reactive Z-2-pentene dropped to a
value of 0.2 (equilibrium 0.33). Simultaneous in situ
spectroscopic monitoring revealed that only the hydrido
complex was detected over the entire conversion range.
Figures of the acquired experimental data are given in ESI-C.}

Neohexene. The substrate neohexene (3,3-dimethyl-1-butene)
was also chosen because it is incapable for double-bond
isomerization and is often used for kinetic and spectroscopic
studies. Hydroformylation of neohexene proceeds with an
apparent first order kinetics with respect to the substrate
concentration (k°** = 0.04 min™') (Fig. 4a). The reaction
reaches full conversion within 3 hours and is highly chemo-
and n-regioselective forming 4,4-dimethylpentanal as the only
product. Furthermore, the in situ FTIR-spectroscopy proves
the exclusive presence of [HRh(CO),(PNP)] as only observable
catalyst species during the hydroformylation (Fig. 4b).

2.2 Component identification based on experiment design
and peak group analysis (PGA) of spectroscopic data

In this section the results from a single in situ FTIR experiment
with stepwise additions of reactants aimed for the identification
of all relevant components of the reaction system consisting of

Catal. Sci. Technol., 2024, 14, 3966-3983 | 3969
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Fig. 4 Neohexene hydroformylation using Rh/BiPhePhos catalyst. a)
Concentration profile of 4,4-dimethyl-1-butene formation, b) in situ
FTIR-spectra of the carbonyl region. Conditions: [Rh] = 1 mM, [PNP] =
1 mM, [neohexene] =1 M, t = 3 h, p(H,) = 1.0 MPa, p(CO) = 1.0 MPa, $
= 90 °C, solvent: cyclohexane.

rhodium complexes and organic compounds are discussed. The
sequential dosage of reactants at distinct intervals under
continuous measurement of time-resolved infrared spectra can
lead to data sets suitable for the extraction of pure component
spectra using chemometric tools such as the peak group
analysis (PGA).***° Scheme 3 gives an overview about the dosage
sequence used in this experiment and in Fig. 5 the entire data
set of collected infrared spectra are displayed.

The solvent cyclohexane, stock solutions of diphenyl
carbonate as internal IR standard and BiPhePhos were injected

1) Solvent 2) IR-standard 3) Ligand 4) Gas 1
Cyclohexane Diphenyl carbonate BiPhePhos Syngas (CO/Hy)
7) Gas 13
8) Gas 4 6) Gas 2 5) Rh-precursor
Ethene <  Syngas(COMHp = Syngas (CO/D;) < Rh(acac)(CO),

—Carbon monoxide
Scheme 3 Sequence for the stepwise dosage experiment. Time
interval between the steps was 10 min. Further reaction conditions: $
= 50 °C, [Rh] = 1 mM, [PNP] = 1 mM, [DPC] = 1 mM, P(syngas) = 2.0
MPa, p(ethene) = 1.0 MPa.

3970 | Catal. Sci. Technol, 2024, 14, 3966-3983
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one after the other into the reactor system (ESI-Dt). Infrared
spectra were registered continuously in each step within a time
interval of 10 min. In the next step the reactor was charged
with 2.0 MPa synthesis gas (CO/H, = 1:1) after which the stock
solution of Rh precursor [Rh(acac)(CO),] was dosed using a
syringe pump. This initiated the preformation of the hydride
complex [HRh(CO),(PNP)] which was completed after ca. 60
min. Then, a gas-exchange for 1.0 MPa deuterium and 1.0 MPa
carbon monoxide was performed to form the corresponding
deuteride complex. After a repeated gas-exchange to hydrogen/
carbon monoxide and then pure CO, the system was
pressurized with 1.0 MPa ethene to generate acyl complexes.
Due to the small size of ethene the formation of observable acyl
complexes is favored under pure CO conditions.

The entire infrared spectroscopic data set was processed
by the peak group analysis tool (PGA) from the FACPACK
package.*®™*° Peak group analysis (PGA) is a chemometric
approach using Multivariate Curve Resolution (MCR)
techniques to extract pure component spectra from spectral
mixture data. PGA works incrementally, starting with a single
peak for which it constructs the associated pure component
spectrum that reproduces that peak. This process is repeated
for all dominant peaks in the measured data. The resulting
series of potential pure component spectra is subjected to
correlation analysis to identify groups of very similar spectra.
Ideally, the resulting distinct groups of spectra can be related
to the pure component spectra of the reactive species.

The extracted pure component spectra are presented in
Fig. 6a. There are only very minor artefacts present in the
spectrum. Due to the sequential dosage experiment design
linear dependencies in the data matrix related to spectra
and/or concentration profiles can often be removed to a
significant extent. In Fig. 6b the obtained spectra of the
different rhodium complexes in an enlarged size are
displayed showing detailed spectral features of the distinct
components. The interpretation of the vibrational patterns
and assignments to molecular structures are discussed in the
following sections.

1600

wavenumber/ cm™’

1800 2000 2200

Fig. 5 In situ spectroscopic IR-data of a sequential dosage
experiment. Conditions: [Rh] = 1 mM, [PNP] = 1 mM, [DPC] = 2 mM,
p(H>/D,) = 1.0 MPa, p(CO) = 1.0 MPa, p(C,H,4) = 1.0 MPa, 9 = 50 °C,
solvent: cyclohexane.

This journal is © The Royal Society of Chemistry 2024
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Fig. 6 a) Extracted pure component spectra from the PGA processing of collected in situ spectroscopic IR-data of a sequential dosage
experiment, b) selection of extracted spectra for rhodium carbonyl complexes (enlarged view). Conditions: [Rh] = 1 mM, [PNP] = 1 mM, [DPC] = 2
mM, p(H,/D,) = 1.0 MPa, p(CO) = 1.0 MPa, p(C,H,4) = 1.0 MPa, 9 = 50 °C, solvent: cyclohexane.

2.3 Spectroscopic characterization of [Rh(acac)(PNP)]

The treatment of the rhodium precursor [Rh(acac)(CO),] with
one equivalent of BiPhePhos ligand forms the respective
complex [Rh(acac)(PNP)] under the evolution of gaseous
carbon monoxide (Scheme 4). This is caused by the chelating
coordination of the phosphorus atoms of BiPhePhos and
substitution of the carbonyl ligands. Depending on the
conditions, e.g. rhodium concentration and ligand-to-metal
ratio, a certain amount of the monocarbonyl [Rh(acac)(CO)
(*-PNP)] can also be formed (see further below).

The infrared spectroscopic monitoring of this substitution
reaction at [Rh] = 1 mM and [PNP]/[Rh] = 1 shows the
complete vanishing of the vibrational bands for the carbonyl
ligands of [Rh(acac)(CO),] (v(CO) = 2012, 2082 cm ') (Fig. 7a).
Another observation is a slight shift of the positions for the
vibrational bands of the acetylacetonate ligand (acac’):
[Rh(acac)(CO),] (v(acac) = 1528, 1582 cm ') — [Rh(acac)(PNP)]
(v(acac) = 1520, 1584 cm™'). Such a shift is also in line with
DFT-based vibrational spectra (Fig. 7b) and is characteristic
for the coordination of phosphite ligands to the precursor.

At higher rhodium concentrations ([Rh] = 20 mM) a band
at v(CO) = 2008 cm ™" with low intensity was observed which
indicates the presence of [Rh(acac)(CO)(k'-PNP)] at
comparatively low concentrations (Fig. 7a and b).

Scheme 4 Formation of [Rh(acac)(PNP)] starting from [Rh(acac)(CO),]
and BiPhePhos (PNP). The monocarbonyl complex [Rh(acac)(CO)(x*-
PNP)] can be formed which highly depends on the reaction conditions.

This journal is © The Royal Society of Chemistry 2024

NMR spectroscopy on solutions with a rhodium
concentration of 20 mM ([PNP]/[Rh] = 1) allowed for the
detection of the characteristic *'P doublet signals at J(*'P) =
146.3 ppm (d, Jprn = 293 Hz) for [Rh(acac)(PNP)] as the

a)

[Rh(acac)(PNP)] (20 mM)

1519 J\1584 2008
"\
[Rh(acac)(PNP)] (1 mM)
1519 1584
[Rh(acac)(CO),] (1 mM) 2012 2082

1500 1550 1600 2000 2050 2100 2150

wavenumber/ cm™’

b)
2105

[Rh(acac)(CO)(x'-PNP)] (DFT)

1567l 1641

|

[Rh(acac)(PNP)] (DFT)

1 567| 1640
[Rh(acac)(CO),] (DFT)

1571l 1641 2116 2173
1550 1600 2100 2150 2200

wavenumber/ cm™”

Fig. 7 a) In situ IR-spectra of [Rh(acac)(CO),l and [Rh(acac)(PNP)] and
b) DFT-based vibrational spectra (ESI-If). Conditions: [Rh] = 1 mM,
[PNP] = 1 mM, p(Ar) = 0.1 MPa, & = 30 °C, solvent: cyclohexane.
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major complex and 6(*'P) = 140.3 Hz (d, Jprn = 283 Hz) for
the minor monocarbonyl complex [Rh(acac)(CO)(k'-PNP)]
with ca. 6% of the signal intensity (Fig. 8)."”*" The signal for
the uncoordinated phosphite unit is expected to resonate
between ca. 146-150 ppm which overlaps with the signal of
[Rh(acac)(PNP)]. The integral values for both parts of the
doublet signal centered at 146.3 ppm are not identical and
the difference compares approximately to the integral value
of the signal at 140.3 ppm (ESI-Bf). In addition, a
p{"H}-""Rh-HMBC spectrum was measured which gave a
single ®Rh-NMR signal at §(***Rh) = 140 ppm for [Rh(acac)
(PNP)] which indicates that only one rhodium atom is
coordinated in the complex. Further signals were observed at
5(***Rh) = 223 ppm for [Rh(acac)(CO)(x'-PNP)] and §(***Rh) =
215 ppm for a low amount of the precursor [Rh(acac)(CO),].

2.4 In situ formation of [HRh(CO),(PNP)]

The treatment of [Rh(acac)(PNP)] ([Rh] = 1 mM) with
synthesis gas (H,/CO, 2.0 MPa) at § = 50 °C to generate a
corresponding hydrido complex (Scheme 5) was investigated
by in situ FTIR spectroscopy. After the addition of synthesis
gas the bands assigned to the dicarbonyl complex [Rh(acac)

a) [Rh(acac)(PNP)]
8= 146.3 ppm
Jp.Rh? 293 Hz

[Rh(acac)CO(x'-PNP)]
8= 140.3 ppm
JF'-Rh: 283 Hz

157 154 151 148 145 142 139 136 133 130 127 124 121

ppm

e aal M

103Rh
90
' ‘ 110
: ' 130
<1 A 150
. 170
190 &
210
230
250
270

150 148 146 144 142 140 138 136 134 132 130
ppm

Fig. 8 a) S3'P{*H}-NMR-spectrum of [Rh(acac)(PNP)] and b)

31p{IH}-103Rh-NMR of [Rh(acac)(PNP)]. Conditions: [Rh] = 20 mM,

[PNP] = 20 mM, p(Ar) = 0.1 MPa, 9 = 25 °C, solvent: toluene-dg;

spectrum b) was acquired at 9 = 30 °C.

31P{1H}
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(CO),] (M(CO) = 2012, 2082 cm™) appeared immediately
followed by an ongoing increase of bands assigned to
[HRh(CO),(PNP)] (v(CO) = 2017, 2073 cm*) (Fig. 9). The
reaction was complete after ca. 50 min. A rapid partial
substitution of the phosphorus atoms of the coordinated
ligand by carbon monoxide at elevated pressures is a known
behaviour for many diphosphites. The generation of
acetylacetone in course of the hydrogenolysis of [Rh(acac)
(CO),] could not be observed clearly by IR-spectroscopy at
this concentration.

For the elucidation of the coordination mode of the
P-atoms in the hydrido dicarbonyl complex an in situ IR
experiment with isotopic labeling (H/D-exchange) was
performed (Fig. 10a). For further assignments of the IR-
bands to vibrational modes DFT -calculations based on
trigonal-bipyramidal hydrido complex structures in which the
hydride ligand is located in the axial position with bis-
equatorial and equatorial-axial coordination of the P-ligand
have been conducted (Fig. 10b and c). A shift of the
respective IR-bands in the experimental spectrum of the
deuterido complex to lower wavenumbers have been
observed: [DRh(CO),(PNP)] (v(CO) = 2009, 2058 cm™). Such a
band shift is in agreement with a bis-equatorial coordination
of the P-atoms.”**™* Since there is a H-Rh-CO
trans-arrangement in the e,e-[HRh(CO),(PNP)] complex the
isotopic labeling with deuterium affects the corresponding
combined vibrational modes (vibrational modes for an
idealized geometry e,e-[HM(CO),L,] ((Cs) — 2A"). This is
proven by the vibrational mode analysis based on DFT
calculations. In the stereoisomer e,a-[HRh(CO),(PNP)] there
are only H-Rh-CO cis-arrangements, therefore an H/D-
exchange does not lead to any shift of respective carbonyl
bands in the infrared spectrum (vibrational modes for an
idealized geometry e,a-[HM(CO),L,] ((Cs) — A" + A")). The
observed preferred formation of the e,e-[HRh(CO),(PNP)]
stereoisomer is also in agreement with relative energies
calculated by DFT computations (ESI-J{).

The results from an NMR-spectroscopic characterization
of the hydrido complex in solution are in good accordance
with the IR-spectroscopic data. Sample preparation was
conducted in a 10 mL stainless steel cylinder with following
conditions: [Rh] = 20 mM, [PNP] = 20 mM, p(syngas) = 2.0
MPa, 3 = 50 °C, t = 2 h in toluene-dg. The solution was
purged with Ar and transferred after the preformation into a
Young-NMR tube and measured at 4 = 25 °C. The stability of
the hydrido complex at one atmosphere of the mixture of
hydrogen and carbon monoxide has been tested in a previous
control experiment and is discussed further below. In the "H-
NMR spectrum a characteristic signal in the hydride region
at 5('"H) = -10.6 ppm (dd, “Jup = 8.3 Hz, Yurn = 3.5 Hz) is
observed (Fig. 11a). The small value of the coupling constant
Yap = 83 Hz indicates a cis-phosphorus-hydride
coordination with only a slight distortion of the tbp
complex,>'74144716 A TH 1%Rh-HMBC experiment was also
conducted giving a signal at 6('"°*Rh) = 1146 ppm and the
respective cross signals (Fig. 11b). The *'P{'"H}-NMR

This journal is © The Royal Society of Chemistry 2024
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Fig. 9 a) In situ IR-spectra from the catalyst formation in dependency of the time; b) concentration profiles and c) pure component spectra from
the peak group analysis (PGA) of IR-spectroscopic data. Conditions: [Rh] = 1 mM, [PNP] = 1 mmol, p(CO) = 1.0 MPa, p(H,) = 1.0 MPa, 9 = 50 °C,

solvent: cyclohexane.
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Fig. 10 a) IR spectroscopic data from H/D-exchange experiment on [H/DRh(CO),(PNP)] conditions: [Rh] = 1 mM, [PNP] = 1 mM, p(CO) = 1.0 MPa,
p(H>/D,) = 1.0 MPa and DFT-based IR-spectra (ESI-I1) of the H/D-exchange for b) e,e-complex and c) e,a-coordination of the ligand. Colours:

black: hydrido, blue: deuteride complex.
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Fig. 11 a) *H-NMR and *H{*'P}-NMR and b) *H-1°*Rh-HMBC spectrum of [HRh(CO),(PNP)]. Conditions: [Rh] = 20 mM, [PNP] = 20 mM, p(Ar) = 0.1

MPa, 9 = 25 °C, solvent: toluene-dg.

spectrum reveals a doublet signal at §(*'P) = 174.0 ppm (d,
Yprn = 237 Hz) and the *'P{'H}-'’Rh-HMBC spectrum
confirms the presence of a mononuclear Rh(i) complex

(Fig. 12). "C{'H}-NMR spectroscopy

was performed on a

This journal is © The Royal Society of Chemistry 2024

3CO-labeled (labeling degree '*CO:

dissolved hydrido complex with [Rh]

50%) sample of the
=20 mM, [Rh]/[PNP] =

1. We assigned the signals at room temperature (297 K) to an
averaged doublet of triplet resonance §(**C) = 194.6 ppm (dt,
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Fig. 12 a) 3'P{*H}-NMR of [HRh(CO),(PNP)] and b) 3!P{*H}-1°*Rh-HMBC spectrum (no decoupling) of [HRh(CO),(PNP)]. Conditions: [Rh] = 20 mM,
[PNP] = 20 mM, p(CO) = 0.05 MPa, p(H,) = 0.05 MPa, 3 = 25 °C, solvent: toluene-dg.

Yern = 58.8 Hz, >Jop = 15.9 Hz) which corresponds to both
carbonyl ligands (Fig. 13). Cooling to —-60 °C (213 K) led to
signal broadening. Thus, in the investigated temperature
range the positions of the two carbonyl ligands are not fixed
and their coordination modes could not be distinguished.
Isotope effects on the shifts of 'H, *'P and '**Rh due to the
BCO labelling were detected (ESI-Ef). Five-coordinate
trigonal bipyramidal complexes of the type [HRh(CO),(PNP)]
often show fluxional behavior. Intramolecular rearrangement
processes are described in the literature.*®>° With respect to
the carbonyl ligands also intermolecular exchange between
coordinated and uncoordinated carbon monoxide might be
involved.’™>* Based on the present data, no discrimination of
the exact exchange mechanism is possible. A series of
additional experiments would be required which go beyond
the framework of the present study.

2.5 Stability aspects of [HRh(CO),(PNP)]

Catalyst stability is a crucial issue with respect to industrial
applicability and economic efficiency of a catalytic

213K

233K

253 K
273 K
5= 194.6 ppm
297 K Jorn= 58.8 Hz, Jc.p= 15.9 Hz

196.5 196.0 195.5 195.0 194.5 194.0 193.5 193.0 192.5
ppm

Fig. 13 C{*H}-NMR spectra of [HRh(CO),(PNP)| after isotopic

labeling with 50% **CO under variation of the temperature.

Conditions: [Rh] = 20 mM, [PNP] = 20 mM, p(*3CO) = 0.025 MPa,

p(**CO) = 0.025 MPa, p(H,) = 0.05 MPa, solvent: toluene-ds.
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system.>>*>*** For diphosphite modified rhodium complexes
as hydroformylation catalysts the formation of dimers and
polynuclear clusters might take place at low partial pressures
of hydrogen and carbon monoxide.

To study the behaviour of [HRh(CO),(PNP)] in the
absence of hydrogen and carbon monoxide, we performed
an in situ IR experiment under pure inert gas at 90 °C for 9
h. The hydrido complex was generated at [Rh] = 1 mM and
[PNP]/[Rh] = 1 during the treatment with synthesis gas at 50
°C for 1 h. Then, the synthesis gas was thoroughly purged
with argon (5 times gas exchange from 1.0 MPa argon —
0.1 MPa). The solution was monitored by IR-spectroscopy at
90 °C and 1.0 MPa of argon. There were no alterations in
the infrared spectra within the timespan of 9 h (Fig. 14),
which indicates an intrinsically good stability of the hydrido
complex under inert atmospheres depleted of hydrogen and
carbon monoxide.

y /own

T T 1
2000 2050 2100

T
1950

T
1800 1850 1900

wavenumber/ cm™

Fig. 14 In situ IR-spectroscopic data from the stability test of
[HRh(CO),(PNP)] under an Ar atmosphere. Conditions: [Rh] = 1 mM,
[PNP] = 1 mM, p(Ar) = 1.0 MPa, 9 = 90 °C, solvent: cyclohexane.

This journal is © The Royal Society of Chemistry 2024
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Fig. 15 *'P{"H}-spectra of [HRh(CO),(PP)] under syngas, CO and Ar at
varying temperatures. Further conditions: [Rh] = 20 mM, [PNP] = 20
mM, p = 0.1 MPa, solvent: toluene-ds.

Further experiments have been performed on a solution of
the hydrido complex at higher rhodium concentrations ([Rh]
=20 mM and [PNP]/[Rh] = 1, solvent: toluene-dg) analyzed by
NMR-spectroscopy. After the formation of the hydrido
complex at 100 °C and 2.0 MPa of synthesis gas, we released
the pressure to 0.1 MPa and transferred the sample into the
NMR tube. The *'P{"H}-NMR spectrum displayed the doublet
signal characteristic for [HRh(CO),(PNP)] at 5(*'P) = 174.0
ppm (d, “prn = 237 Hz) without any additional signals
(Fig. 15).

The removal of dissolved hydrogen by pure CO did not
lead to any changes in the NMR spectrum. However, after the
treatment under 1.0 MPa of carbon monoxide at 100 °C tiny
signals at 5(*'P) = 170.0 ppm (m, “Jprn = 251 Hz) and 6(*'P) =
166.8 ppm (m, “Jprn = 259 Hz) appeared indicating the
formation of isomeric forms of a dinuclear complex of the
type [Rh,(CO)4(PNP),]."” The intensity of these signals further
increased after the solution was further treated in inert gas
(argon) at 125 °C for 2 h. In addition, a doublet signal at
O(*'P) = 146.2 ppm (d, Jprn = 293 Hz) was detected which
belongs to [Rh(acac)(PNP)]. In total, ca. 9% of the signal

View Article Online
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intensity in the *'P-NMR spectrum correspond to the
dinuclear complexes and ca. 6% to the precatalyst complex.

Catalyst decomposition in the presence of air. The lability
of transition metal complexes as catalysts towards oxygen
and oxidants is an important aspect.”> The impact of the
addition of air on the hydrido complex [HRh(CO),(PNP)] was
studied by in situ IR-spectroscopy. The catalyst complex was
generated by the preformation at standard conditions ([Rh] =
1 mM, [PNP] = 1 mM, p(CO/H,) = 2 MPa, § = 50 °C, t = 2 h).
In the next step 0.3 MPa of air was added at three
temperatures: ¢ = 30 °C, 50 °C and 90 °C. At 30 °C and 50 °C
no decomposition of the hydrido complex was observed
during the treatment for 90 min. In the course of treatment
with air at 90 °C a significant decrease of the bands assigned
to [HRh(CO),(PNP)] (W(CO) = 2017, 2070 cm™*) was detected
connected with an evolution of the bands attributed to
[Rh(acac)(CO),] (v(CO) = 2012, 2082 cm™') (Fig. 16). This
indicates indirectly also a degradation of the ligand
BiPhePhos because otherwise the formation of [Rh(acac)
(PNP)] would be expected.

Stability of BiPhePhos and [HRh(CO),(PNP)] against water.
Phosphites are known to be prone towards hydrolytic
decomposition.’>*” We performed test NMR-experiments to
investigate the lability of BiPhePhos and [HRh(CO),(PNP)] in
the presence of water. Formation of [HRh(CO),(PNP)] was
conducted at the following conditions: [Rh] = 20 mM, [PNP] =
20 mM, p(CO/H,) = 2 MPa, 4 = 50 °C, ¢t = 2 h, solvent:
1,4-dioxane. 1,4-Dioxane was chosen as a solvent due to its
miscibility with water. Afterwards, the
transferred into a 20 mL Schlenk tube, and 20 eq. of water
were added. A solution of BiPhePhos was prepared under the
same conditions ([PNP] = 20 mM, [H,O] = 400 mM). Both
solutions were heated up to ¢ = 90 °C and at distinct time-
points NMR-samples (0.6 mL) were taken out and
subsequently measured by NMR spectroscopy (ESI-ET).

Based on quantitative *'P-NMR spectroscopic data
(Fig. 17) both samples showed a slight decrease in the
fraction of the total *'P-integral of each component (0.97
initial value) directly after the addition of water: 0.87 (hydrido
complex) and 0.94 (BiPhePhos).

solution was

a) 2012 b) o
2082 104
100 2017
a [Rh(acac)(CO),]
2070 5 081 1
[HRh(CO),(PNP)] £
El w\"‘\« g 061
50 @ 2
3 2012 Eo4
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Fig. 16 In situ IR-spectra series of the reaction of [HRh(CO),(PNP)] with air, b) pure component spectra extracted from a), c) corresponding
relative absorbance profiles extracted with the peak group analysis. Conditions: [Rh] = 1 mM, [PNP] = 1 mM, p(air) = 0.3 MPa, 9 = 90 °C, t = 90

min, solvent: cyclohexane.
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Fig. 17 Hydrolysis control test. Integral fractions for [HRh(CO),(PNP)]
(black) and BiPhePhos (blue) based on quant. 3'P{*H}-spectra. Further
conditions: [Rh] = 20 mM, [PNP] = 20 mM, [H,O0l/[PNP] = 20, p = 0.1
MPa, solvent: 1,4-dioxane.

While the fraction of [HRh(CO),(PNP)] remained almost
constant throughout the course of the first 270 min, the
fraction of BiPhePhos sample showed a succeeding decrease
to 0.77 after 270 min. Longer treatments until 600 min led to
an accelerated decomposition of [HRh(CO),(PNP)] (0.60)
which might indicate an autocatalytic pathway.”®>” Such an
enhanced decay was not clearly observed for BiPhePhos
(0.71) within the examined time span.

2.6 Influence of the ligand-to-metal ratio on the composition
of hydrido complexes

The bulkiness of a chelating diphosphite such as BiPhePhos
has a tremendous impact on the molecular structure and
catalytic properties of the corresponding hydrido complex. As
it is outlined in this study, the P-atoms of the ligand
BiPhePhos coordinate in a bis-equatorial mode in e,e-
[HRh(CO),(PNP)] for ([PNPJ/[Rh] = 1). The coordination
chemistry at larger ligand-to-metal ratios has not been

a) b)
0,031

[PNP]:[Rh] [PNP]:[Rh]

2017

2072
1:1 1:4
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described in detail in the literature so far, thus we performed
comparative in situ infrared and NMR experiments for [PNP]/
[Rh] =1, 1.5 and 2.

A solution of [HRh(CO),(PNP)] ([Rh] = 1 mM) was prepared
in the presence of the respective amount of BiPhePhos at p(CO/
H,) = 2.0 MPa and 8= 90 °C. It is to be noticed that at elevated
pressures of synthesis gas (2.0 MPa) only the infrared bands
assigned to the hydrido complex were identified (Fig. 18a).
During repeated gas exchange cycles (up to 12 times) with pure
hydrogen, an additional band at v(CO) = 2045 cm™" increased
until its intensity reached a constant value (Fig. 18b). As
expected, the molar fraction of the putative monocarbonyl
complex seems to be higher for [PNP)/[Rh] = 2. The latter
experiment was repeated for [Rh] = 20 mM in toluene-dg
(Fig. 18c) which was also used for NMR-measurements. Based
on the IR-spectra the trends with respect to the population of
the mononuclear complex was similar when comparing the
two concentration levels of rhodium.

"H{*'P}- and *'P{'"H}-NMR spectra revealed that depending
on the ligand-to-metal ratio different types of hydrido
complexes were formed (Fig. 19). For [PNP]/[Rh] = 1.5 besides
the typical doublet signal for [HRh(CO),(PNP)] (§(*H) = -10.6
ppm) several additional resonances in the hydride region of
the "H{>'P}-NMR spectrum were present. In the *'P{'"H}-NMR
spectrum in addition to the doublet signal for the hydrido
dicarbonyl complex (J(*'P) = 174.0 ppm) very complex
coupled multiplet patterns for coordinated phosphite
moieties were observed. But the spectra were without any
signals in the region of uncoordinated P-atoms. Together
with the results from IR-spectroscopy in which the formation
of a monocarbonyl complex was observed, the spectroscopic
data would be in agreement with a ligand bridging dinuclear
complex of the type [HRh(CO)(PNP)],(PNP) (Scheme 6).>%>°
Interestingly, for [PNP]/Rh] = 2 new additional hydride
signals were detected in the proton NMR spectrum. In the
*IP-NMR spectrum also a complex multiplet pattern in the
region of coordinated P-atoms was seen with additional
signals in the regions of non-coordinated phosphite ligands.
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Impact of ligand-to-metal ratio on the composition of hydrido complexes. a) [Rh] = 1 mM, 9 = 90 °C, p(CO/H,) = 2.0 MPa, solvent:

cyclohexane; b) [Rh] = 1 mM, & = 90 °C, p(H,) = 1.0 MPa after repeated gas exchange cycles, solvent: cyclohexane; c) [Rh] = 20 mM, 9 = 25 °C,

p(H) = 0.1 MPa after repeated gas exchange cycles, solvent: toluene-dg.
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Fig. 19 a) *H{*'P}-NMR and b) 3'P{*H}-NMR spectra of rhodium hydride complexes in H, atmosphere under varation of the ligand concentration

(conditions: [Rh] = 20 mM, p(H,) = 0.1 MPa, 9 = 25 °C, solvent: toluene-dsg).

The normalized integral values of the signals in both
frequency regions are 2: 1. It was also observed in the 'H and
*'P-NMR spectra that the relative signal intensities for
[HRh(CO),(PNP)] decreased considerably. We conclude from
these findings the formation of a mononuclear complex of
the type [HRh(CO)(PNP)(x'-PNP)] with one non-coordinated
phosphorus atom (Scheme 6).°°® The coupled multiplets
result from magnetic inequivalent P-atoms and
atropisomerism.*>*"% A 'H{'P}-'Rh HMQC spectrum
(Fig. 20) of this sample illustrates the involvement of several
isomeric complexes. A conclusive structural assessment was
impossible, but the similarity of the rhodium shifts (Fig. 20)
makes a very similar coordination sphere likely.

In the next step, we conducted a H/D-isotope exchange
experiment and a respective vibrational mode analysis based
on DFT calculations for [HRh(CO)(PNP)(k'-PNP)] to confirm
the coordination mode of the phosphorus centers (Fig. 21) in
the hydrido complex. For the deuterido complex a shift
towards lower wavenumbers (W(CO) = 2027 cm™') was
observed, which is in accordance with a tris-equatorial
coordination of the three phosphite units.

The formation of e,e,e[HRh(CO)(PNP)(x'-PNP)] with all
three P-atoms coordinated in the equatorial position is likely
due to sterical reasons. There are examples of e,e,e-[HRh(CO)
(PNP)L] complexes ((PNP) = diphosphite, L = PPh;, PPh,R)
with this type of coordination behavior of the P-ligands in
the literature.”>® We prepared these type of complexes
within the framework of this work with (L = PPh; and
P(OPh);) and *'P{'H}- and the 'H-NMR spectra indicated a
trisequatorial P-coordination (ESI-Gt).

PO A M L +POP p H *POP _p H M
Rh=P P-Rh{" ) (_’Rn-co ‘Rh-P P
P ¢o ‘\oP~” +cO P'co +co “P'co
populated at populated at
1.5:1 (PNP:Rh) 2:1 (PNP:Rh)

Scheme 6 Reaction of [HRh(CO),(PNP)] with [PNP] (BiPhePhos) in CO
depleted atmosphere.

This journal is © The Royal Society of Chemistry 2024

2.7 Formation and characterization of acyl complexes of the
type [RC(O)Rh(CO),(PNP)]

For the Rh/BiPhePhos system under -catalytic reaction
conditions the only detectable resting state complex is the
hydrido complex [HRh(CO),(PNP)]. This observation can be
rationalized when considering the rate control in the catalytic
cycle. In the literature on hydroformylation catalysts modified
with bidentate diphosphites, kinetic and spectroscopic data
are reported which are in accordance with a rate control
located at steps early in the catalytic cycle (CO-dissociation,
alkene coordination and alkene insertion).*>®” Nevertheless,
based on the established catalytic cycle, the 16 VE acyl
complex is a crucial intermediate which is involved in the
hydrogenolytic product formation step. In the presence of
carbon monoxide, the equilibrium between the 16 and 18 VE
acyl complexes lies generally far on the side of the
electronically and coordinatively saturated complex.®®

H m 103Rh

-1350

PN i -1300

T -1250
- :i-' bl
: X e -1200

-

LR ]

-1150

+

‘' 1-1100

-1050

" 1-1000

1H{31P}
-10.6 -10.8 -11.0 -11.2 -11.4

Fig. 20 'H{*'P}-'°Rh-HMQC spectrum of stereoisomeric mixture of
[HRh(CO)(PNP)(k*-PNP)] type complex. Conditions: [Rh] = 20 mM,
[PNPI/[Rh] = 2, p(Hy) = 0.1 MPa, 4 = 25 °C, solvent: toluene-dg. Most
correlation signals appear quartet-like along F; as they represent RhP3
species, and the °3Rh-3'p coupling is observed in this dimension.
Note: the triplet signal at -1146 ppm is due to [HRh(CO),(PNP)].
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Fig. 21 a) Infrared spectra of the hydrido and deuterido

monocarbonyl complex of the type [HRh(CO)(PNP)(k*-PNP)] for [Rh] =
1 mM and [PNP] = 2 mM at p(H,/D;) = 0.1 MPa, 9 = 25 °C, solvent:
cyclohexane; b) calculated vibrational spectra via DFT methods (ESI-1})
based on the molecular structures with trisequatorial P-coordination.

Ethene as substrate. In this work we combined the
usage of ethene as the sterically least demanding alkene
and the depletion of hydrogen to suppress the
hydrogenolysis step to populate the 18 VE acyl complex(es)
(Scheme 7) wunder pure CO atmosphere for its
characterization via in situ IR- and high-pressure NMR-
spectroscopy.®’

In the first step the hydrido complex [HRh(CO),(PNP)]
was formed at catalytic conditions ([Rh] = 1 mM, [PNP] = 1
mM, p(CO/H,) = 2.0 MPa and 9 = 90 °C) in cyclohexane as
solvent. Then the temperature was adjusted to 9 = 30 °C

X\ +CO L L
N 0 C’O
2 P. oC,
“Rh-CO L—» (_‘Rh-co ~Rh-CO
o ¢

e,e-configuration e,a-configuration

Scheme 7 Simplified reaction scheme for the formation of

stereoisomeric acyl complexes with ethene as substrate.
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and the gas atmosphere was exchanged several times by
pure carbon monoxide. In the next step, 1.0 MPa of ethene
was added into the reactor. During this treatment new
carbonyl vibrational bands (v(CO) = 1670, 1995, 2061 cm™*)
(Fig. 22a and ESI-Hf) evolved while the bands ascribed to
the hydrido complex completely vanished. The band at 1670
em™ lies in the spectral region expected for rhodium-acyl
groups and the other bands at 1995 and 2061 cm™" indicate
two terminal carbonyl ligands.®®”® These spectral features
would be in agreement with an acyl complex of the type
[CH;CH,C(O)Rh(CO),(PNP)]. We conducted a similar
experiment at higher rhodium concentrations ([Rh] = 20
mM, [PNPJ/[Rh] = 1) in toluene-dg and the spectroscopic
characteristics are comparable (Fig. 22b). Minor differences
were observed such as the absence of smaller band
contributions at 1677, 1983 and 2048 cm ' observed in the
experiment at [Rh] = 1 mM which stems probably from the
solvent cyclohexane.

DFT calculations of infrared spectra have been performed
to elucidate the ligand coordination in stereoisomeric acyl
complexes. The relative band intensity patterns for the

stereoisomers ee- and  e,a-[CH;CH,C(O)Rh(CO),(PNP)]
obtained from vibrational mode analysis have been
compared to those of the experimental spectra. The

experimental spectrum for the acyl complex shows an
intensity ratio between both IR bands ([¥(1995 cm™))/
I[v(2061 cm™)]) of ~1.9:1 (1 mM). Based on the calculated
spectra via DFT methods an intensity ratio for
corresponding band contributions of ~1.6:1 for the e,a-
isomer and of =1.1:1 for the e,e-isomer was obtained. This
might indicate that the e,a-propionyl complexes has been
formed preferentially. The relative energies of e,e- and e,a-
propionyl complexes obtained from DFT computations give
rise to a mixture of both stereoisomers with strong
preference to the e,a-complex (ESIJf). However, both
stereoisomers have been formed which was investigated in
the next step by NMR-spectroscopy.

HP NMR-spectroscopy of a solution prepared in
toluene-dg ([Rh] = 20 mM, [PNP]/[Rh] = 1) was performed
for further investigations on the molecular structure of
this complex. The advantage of this method is, among
others, the possibility to measure the coupling constants
between '*C (acyl carbon) and *'P (phosphite ligand)
directly after an isotopic labeling with *CO (100%). A
coupling constant larger than */cp = >100 Hz indicates
an e,a-ligand arrangement.”® In contrast, the coupling
constant for an e,e-arrangement is significantly smaller or
in some cases not detectable.**"** The "C{'H}-NMR
spectrum of this sample showed two broad signals in the
spectral region of acyl groups (J(**C) = 210-235 ppm) at
room temperature, that became sharper when the
temperature was reduced (Fig. 23a).°>’>”® This points to
occurring intra- and intermolecular exchange processes.
The acyl signal at o(**C) = 224.5 ppm appeared as a
triplet of doublets at 273 K. When the temperature was
further decreased to 223 K the slow exchange region was

This journal is © The Royal Society of Chemistry 2024
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Fig. 22 Comparison between the in situ IR-spectra of [HRh(CO),(PNP)] and [CH3CH,C(O)Rh(CO),(PNP)] a) at lower Rh concentrations ([Rh] = 1
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Fig. 23 3C{*H}-NMR (a) and *H-*C-HMBC-NMR (b) spectra of stereoisomeric acyl complexes in a 5 mm sapphire tube after *CO labeling.
Conditions: [Rh] = 20 mM, [PNP] = 20 mM, p(**CO) = 1.0 MPa, p(C,H,4) = 1.0 MPa, solvent: toluene-ds.

achieved and the acyl signal appeared as a doublet of
doublets (Ycrn = 16 Hz, *Jcp = 106 Hz). The large C-P
coupling indicates an e,a-arrangement of the P-atoms. The
second signal at §(**C) = 229.7 ppm was characterized by
a complex multiplet patterns with a small C-P coupling.

This suggests a second acyl complex with an e,e-
arrangement.

Due to the different sterical properties the two
isomeric acyl complexes should show up different

chemical shifts for the propionyl group bonded to the
rhodium centre. A "H-"C{'"H}-HMBC spectrum measured
at 223 K allowed us to confirm this anticipation. The
HMBC-spectrum showed overall six correlation signals for
the two acyl complexes (Fig. 23b). The signal at §(*’C) =
229.7 ppm corresponding to the eee-acyl complex
correlates with a signal at J("H) = 0.4 ppm, which is
caused by a CHj-group. Other two cross-peaks for the
rhodium-acyl signal at §(**C) = 229.7 ppm and signals
at §(*H) = 1.7 and 2 ppm, reveal the two nonequivalent
protons of the o-CH, group due to the distorted
symmetry. The HMBC-spectrum showed also comparable
cross-peaks for the e,a-acyl complex. The signal at J(**C)
= 229.7 ppm correlates with the signal at 6('H) = 0.5

This journal is © The Royal Society of Chemistry 2024

ppm (CHj-group) as well as with 6(*H) = 1.9 and 2.5
ppm (nonequivalent protons of the a-CH, group). Based
on the correlation peaks between these CHj-groups and
the acyl signals in the '’C-spectrum we were able to
distinguish both complexes qualitatively.

The *'P{"H}-NMR spectra showed a very complex
fine splitting due to the coupling between the *'P, *C

and '’Rh atoms. Regarding the complex structure and
the molar ratios between the isomeric complexes of
this sample no information was derived but

clarification was achieved with a
neohexene as alkene.

Neohexene as substrate. We were interested to use a
sterically more demanding alkene for the formation of
an acyl complex under hydrogen depleted gas
atmosphere. A similar experimental protocol was followed
to form first the hydrido complex [HRh(CO),(PNP)] at
the bench-mark conditions ([Rh] = 1 mM, [PNP] = 1
mM, 9 = 90 °C, p(Hy) = 1.0 MPa and p(CO) = 1.0
MPa). After lowering the temperature to 30 °C, the gas
atmosphere was substituted by pure carbon monoxide
(1.0 MPa) and then neohexene was added via a syringe
pump. The infrared spectrum of the newly formed

sample based on

Catal Sci. Technol.,, 2024,14, 3966-3983 | 3979
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Fig. 24 'H-H-EXSY spectrum of the equilibrium between e,a- and
e,e-[RC(O)Rh(CO),(PNP)] complexes at 253 K. Further conditions:
[Rh] = 20 mM, [PNP] = 20 mM, [neohexene] = 80 mM, p(CO) =
0.1 MPa, solvent: toluene-dsg.

species showed identical spectral features found for the
propionyl complex with band contributions at v(CO) =
1670, 1995, 2061 cm ' assigned to an acyl complex of
the type [RC(O)Rh(CO),(PNP)] (ESI-HY).

For further NMR-spectroscopic characterizations a sample
with [Rh] = 20 mM and [PNP]/[Rh] = 1 was prepared in
toluene-dg and labeled with ®CO. It was found that the
spectroscopic characteristics did not change when the CO
pressure was adjusted to 0.1 MPa which made the NMR
analyses using a Young-NMR-tube possible with an
improved spectra quality. *C{'H}-NMR-measurements on
this sample under variation of the temperature (298 to 203
K) showed again the formation of the two stereoisomeric e,
e-/e,a-acyl complexes (ESI-Ht). Cooling to 223 K of the
sample lead to distinct signal patterns with a resolved
doublet of doublet shape for the e,a-acyl complex.
Corresponding CH-groups of the neohexyl moiety could be
determined via a "H-"*C-HMBC spectrum at 253 K (ESI-H{).
The tert-butyl groups for both complexes are located around
0.4 to 0.6 ppm in the '"H-NMR spectrum. To obtain further
information regarding a possible intramolecular equilibrium
of the acyl complexes in solution we conducted an
additional "H-"H-NOESY (EXSY) NMR experiment revealing
an exchange of the —-C(CHj);-groups (Fig. 24). This result is
in line with a dynamic interconversion of the
configurational isomeric acyl complexes.”” The NMR data
gave indications for a preferred formation of the e,a-isomer.
Based on DFT computations also the e,a-complex is
thermodynamically more stable for the investigated
temperatures (ESI-JT).

In addition, we investigated the *'P{'"H}-NMR spectrum
for further details (Fig. 25). The usage of a *CO labeled
sample revealed two doublet signals of which one doublet
shows a dddd fine splitting. This multiplet splitting is
caused by the coupling between the *'P, '®Rh and “C
atoms. The *'P{'H}-NMR spectrum of a non '*CO-labeled
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Fig. 25 3'P{'H}-NMR spectra of ea- and e.e-[RC(O)Rh(CO),(PNP)]
complexes at 253 K (bottom: without *C-labeling and top: after *CO
labeling). Further conditions: [Rh] = 20 mM, [PNP] = 20 mM,
[neohexene] = 80 mM, p(CO) = 0.1 MPa, solvent: toluene-ds.

sample and lower neohexene concentrations simplified the
study towards an assignment of the signals to the respective
stereoisomeric structures of the acyl complexes. The signal
set with the observed fine splitting J(*'P) = 154.8 ppm (“Jprn
= 262 Hz) and 171.5 ppm (Yprn = 255 Hz) with a P-P
coupling of ijyp = 147 Hz is in accordance with the e,a-
complex. The two broad signals showing no distinct fine
splitting at 5(*'P) = 164.9 and 172.0 ppm were assigned to
the e,e-acyl complex.

3. Conclusions

Rhodium complexes modified with the chelating diphosphite
BiPhePhos were characterized by in situ HP IR and NMR-
spectroscopy. The hydrido complex e,e-{HRh(CO),(PNP)] is
the only observable resting state complex at conditions
typical for hydroformylation. The hydrido complex is
relatively stable in solution in the absence of hydrogen or
synthesis gas and dinuclear complexes appear to form only
after prolonged treatments at higher temperatures. In the
presence of air the hydrido complex and the diphosphite are
decomposed at elevated temperatures. [HRh(CO),(PNP)] and
BiPhePhos show hydrolytic decomposition when exposed to
water. The increase of the [PNP]/[Rh] ratio to 1.5 and 2 leads
to the formation of monocarbonyl complexes in CO-depleted
atmospheres. One of these complexes is a ligand bridging
hydrido complex (e,e,e-[HRh(CO)(PNP)],(PNP)) and the other
is the corresponding monomer [HRh(CO)(PNP)(x'-PNP)] with
an uncoordinated phosphite moiety. The population of acyl
complexes of the type [RC(O)Rh(CO),(PNP)] is possible in H,
impoverished gas atmospheres with ethene and neohexene
as alkenes. Two stereoisomers with e,e- and e,a-coordinations
of both P-atoms are present in a chemical equilibrium. In
Fig. 26 an overview is presented on the various rhodium
carbonyl complexes being parts of a larger network of
interconvertible species.

This journal is © The Royal Society of Chemistry 2024
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Experimental and computational
section

Further supplementary data and details on the laboratory
experiments and computations are given in the ESL}
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