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We report new insights into the fate of the precious metal during hydroformylation catalysis of 1-hexene

with Rh/PPh3 complexes using multi-nuclear operando FlowNMR spectroscopy. By applying selectively

excited 1H and 31P{1H} NMR pulse sequences we were able to characterise and quantify key hydrido-

rhodium and acyl-rhodium intermediates formed during turnover as well as dormant dimeric carbonyl

complexes. The quantitative catalyst distribution maps derived this way explain catalyst stability and activity

across a range of reaction conditions, including why CO-lean conditions give faster hydroformylation

catalysis through the suppression of dimer and cluster formation. The activation behaviour of five

commonly used precursors and the thermal stability of the phosphine-hydrido complex [RhHĲCO)ĲPPh3)3]

have been investigated, and the benefits of applying controlled temperature gradients for quantitative

FlowNMR spectroscopic reaction monitoring of dynamic catalyst systems are demonstrated.

1 Introduction

The reaction in which aldehydes are formed from olefins with
H2 and CO in the presence of a suitable catalyst is known as
hydroformylation or the “oxo” process.1 Originally discovered
by Otto Roelen in 1938,2 it has since been studied extensively
in both industrial and academic settings with a variety of
ligands and metals.3,4 Rh and Co stand out as
hydroformylation catalysts as, to date, they are still the only
ones used in industry due to their high selectivity and
activity.5 Nowadays, catalytic hydroformylation of olefins
mediated by cobalt or rhodium complexes is one of the
largest and most important industrial applications of
homogeneous catalysis with an annual production of over 10

million metric tonnes in 2008.6 A large proportion of
contemporary hydroformylation processes use the more active
rhodium catalysts with phosphine or phosphite ligands in
organic or aqueous/organic solution.7,8 New insights
regarding the structure and catalytic relevance of various
reaction intermediates have been discovered thanks to the
development of new spectroscopic and computational
techniques.6 Nevertheless, the elevated pressure and
temperature used in addition to the O2 sensitivity of the
catalysts still pose a challenge for true operando studies.9

Initial rate kinetic analyses and in situ IR and NMR studies
have shed some light on the reaction mechanism and
identified [RhHĲCO)2ĲPPh3)2] as the dominant catalyst state,10

but a quantitative picture of the catalyst speciation during
activation and turnover is still lacking. Furthermore, the fate
of dormant off-cycle species and catalyst decomposition
pathways, knowledge crucial to commercial processes using
an expensive noble metal such as rhodium, has received little
attention.6

IR spectroscopy has long been the technique of choice for
investigating hydroformylation catalysts due to the strong,
characteristic absorptions of carbonyl functionalities. Since
the development of high-pressure IR (HP-IR) cells, different
setups have been designed and used in carbonylation
chemistry.11–13 A recent example was reported by Selent et al.,
who designed a bespoke in situ HP-IR autoclave especially
suited for operando mechanistic studies.14 IR spectroscopy is
a fast and sensitive analytical technique, but it provides
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limited structural information and is often only used
qualitatively due to the need for individual peak calibration.
Despite being a slower and less sensitive technique than IR,
NMR spectroscopy provides inherently quantitative data,
offers wide applicability due to the number of NMR active
nuclei, and provides detailed information on molecular
structure and dynamics.15 Previously, in situ NMR studies on
Rh/PR3 hydroformylation systems have been carried out in
static high-pressure NMR tubes using 31P NMR
experiments.16 However, the absence of active mixing and
associated mass transfer limitations (in particular gas
depletion) mean that observations derived from such
experiments are of limited relevance to real-world process
conditions.17 Online multi-nuclear high resolution FlowNMR
spectroscopy has recently been shown to be a suitable
technique to perform operando studies of complex reaction
mixtures during catalytic turnover.18 When flow effects on
signal quantification are accounted for18 and engineering
aspects of the flow system considered,19 accurate data on the
reaction progress and catalyst speciation free from mass
transport limitations may be obtained even for highly air-
sensitive systems operating at elevated temperature and
pressure.20–23 FlowNMR has also been used to monitor the
amount of H2 dissolved in solution at low24 and high
pressures25 after consideration of flow effects and the ortho/
para ratio of H2.

Hydroformylation reactions have been studied by operando
FlowNMR spectroscopy as well. Burés et al. reported a kinetic
study of an Rh/phosphite-catalysed hydroformylation reaction
in 2019, but without any catalyst characterisation.26 In the
same year, Landis et al. published a detailed kinetic analysis
of an asymmetric Rh-catalysed hydroformylation studied
using a 10 mm high-pressure sample tube as a stationary
reactor in the NMR spectrometer with active gas and liquid

recirculation.27 They developed a microkinetic model for
RhĲbis-diazaphospholane)-catalysed hydroformylation that fit
catalytic and stoichiometric reaction data well. In 2020 we
reported an investigation of the Rh/PPh3 catalysed
hydroformylation of 1-hexene by multi-nuclear, high
pressure, operando FlowNMR spectroscopy.28 1H NMR
experiments together with selectively excited 1H NMR and
31P{1H} NMR pulse sequences were interleaved to monitor
the reaction. 1H NMR data allowed the quantification of
dissolved H2 while tracking substrate consumption and
product formation to obtain high-quality reaction progress
profiles. Selectively excited 1H and 31P{1H} NMR experiments
in combination with diffusion measurements and 2D NMR
experiments were used to detect Rh/PPh3 intermediates
during catalytic turnover (Scheme 1). The isomeric e,a and e,e
bis-phosphine complexes [RhHĲCO)2ĲPPh3)2] (A/B) were
observed as the predominant hydrido phosphine Rh complex
during turnover. They formed reversibly from the isomeric e,
e,e and e,e,a tris-phosphine complexes [RhHĲCO)ĲPPh3)3] (C/
D) under CO pressure, or directly from [RhĲacac)ĲCO)2] with
excess PPh3 under H2 and CO. The mono-phosphine
trans-acyl complex [RhĲCOĲCH2)5CH3)ĲCO)3ĲPPh3)] (Q), in
equilibrium with the e,e and e,a bis-phosphine acyl
complexes [RhĲCOĲCH2)5CH3)ĲCO)2ĲPPh3)2] (O/P), was
characterised as an in-cycle species prior to hydrogenolysis
that liberates the aldehyde product when using two or less
equivalents of PPh3 in the reaction. These acyl complexes
could also be obtained by mixing 1-hexene with C/D under
an atmosphere of CO without H2 present.

Initially, these Rh species have not been quantified due to
low signal-to-noise (S/N) caused by flow effects and their
fluxional behaviour as a result of various intra- and inter-
molecular exchange processes under the reaction conditions.
The 31P{1H} NMR signal for the excess free PPh3 was

Scheme 1 Phosphine Rh complexes detected and characterised by FlowNMR spectroscopy when monitoring the hydroformylation of 1-hexene in
the presence of RhĲacac)ĲCO)2/PPh3 at 50 °C in toluene.28
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sometimes broadened to the limit of detection and scalar P–
H, Rh–H and C–P couplings obscured by the fast
interconversion of multiple species. Here we report methods
to make 31P{1H} NMR and selective excitation 1H NMR
measurements robustly quantitative in flow in order to map
the distribution of catalytic intermediates before, during and
after turnover. Besides building a more comprehensive
picture of the mechanism of Rh/PR3-catalysed
hydroformylation, our results yield important insights into
unproductive off-cycle species relevant for efficient
application with optimum use of the precious metal.

2 Results and discussion
2.1 NMR signal quantification

The accurate quantification of NMR signals (qNMR) requires
careful selection of acquisition parameters, such as spectral
width (SW), transmitter excitation frequency (O1P), number
of scans (NS), digital resolution (sampling rate), and the
intercorrelated choice of flip angle (FA) and acquisition (AQ)
plus delay (D1) time.29–32 Once these settings have been
optimised, a critical parameter of the analyte(s) under
investigation are the longitudinal or spin–lattice relaxation
time constants (T1) of the nuclei of interest, as the D1 of the
NMR experiment must be at least five times the longest T1 to
give a quantitative NMR signal.30 T1 values for 1H and 31P in
medium-sized molecules may vary from 0.1 s to 20 s, a
considerable range that can greatly affect signal
quantification. These values are often not known a priori and
are difficult to tabulate as they vary with temperature,

solvent, matrix of reaction mixture and even gas
composition.33 In continuous flow, signal quantification is
further complicated by flow effects, making the absolute
quantification of FlowNMR data critically dependant on
careful calibration against static spectra (or precise
knowledge of all relevant T1 values) and the use of an
internal standard. In our previous work28 all 1H FlowNMR
data, including selective excitation experiments, had been
made quantitative in this way, but any 31P{1H} FlowNMR
observations remained qualitative due to the absence of a 31P
NMR standard, unknown range of T1* values and broadened
signals. In the following we address these limitations.

Fig. 1 Static 31P T1 values of mixtures of complexes A/B and C/D at 40
mM in toluene under different conditions as indicated.

Scheme 2 Exchange equilibria between A/B and C/D in the presence of syngas and excess PPh3 (dimers R and S will be discussed in more detail
below; F has not been observed experimentally).
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2.1.1 31P T1 characterisation and exchange effects. To get
an idea of the range of 31P T1 values in typical
hydroformylation intermediates under reaction conditions,
we measured the spin–lattice relaxation time constants of
[RhHĲCO)ĲPPh3)3] (C/D) and [RhHĲCO)2ĲPPh3)2] (A/B) at
different temperatures, under syngas and argon, and with
excess of free PPh3 via inversion recovery experiments in
static, high-pressure NMR sample tubes (Fig. 1).34

As can be seen from the data in Fig. 1, T1 values of the
bound PPh3 in both Rh complexes were relatively short (<3
s) but increased three-fold when increasing the temperature
from −30 °C to 50 °C. We found less than 15% difference
between the two complexes at any point, which is likely due
to their similar structure and comparable degree of
fluxionality. The effect of syngas versus argon was similarly
small, indicating a negligible effect of excess CO (causing
interconversion between A/B and C/D) on the quantification
of either complex. However, the addition of excess PPh3 to C/
D almost doubled the T1 value of Rh-bound PPh3 ligand. This
is likely a mixing effect that depends on the residence time
of the ligand on the metal as well as the respective relaxation
time constants of the bound and free state of the ligand,
highlighting the difficulty of accurate 31P NMR quantification
of such dynamic mixtures (Scheme 2). This impact of free
ligand on signal quantification is especially relevant to
hydroformylation chemistry where different amounts of
ligand excess are often compared. Nevertheless, measuring
the T1 values under the reaction conditions applied or using
appropriately long D1 times allows for precise signal
quantification.

2.1.2 Use of multiple internal standards. 1,3,5-
Trimethoxybenzene (TMB) has proven to be a useful internal
standard for 1H measurements in previous FlowNMR
studies.24 For 31P quantification we found
triphenylorthophosphate (TPOP) to be suitable, as it did not
interact with the catalytic system while providing a well-
resolved, separate 31P{1H} NMR signal without undue spectral
crowding of the 1H domain. Note that the static 31P{1H} NMR
calibration spectra should use inverse-gated decoupling to
prevent signal enhancement through NOEs (nuclear

overhauser effect).34 To test the validity and accuracy of the
two internal standards we compared the 1H and 31P signal
quantification of molecules which contained both
functionalities. Using the Wilkinson complex C/D in a high-
pressure NMR tube with known amounts of both TMB and
TPOP in non-deuterated toluene we carried out a series of
selectively excited 1H and quantitative 31P{1H} NMR
experiments at different temperatures using the above-
determined T1 values (Fig. 1). The absolute integral data for
the Rh complex C/D against the two internal standards at
different temperatures are shown in Fig. 2. The most obvious
observation that all signal intensities increased with
decreasing temperature (Fig. S1†) is due to the Maxwell–
Boltzmann distribution of the I = ½ nuclei between the two
magnetic states.35

The fact that the signal intensities of both standards
paralleled the signal intensities of the 1H and 31P NMR
signals of the dynamic complex [RhHĲCO)ĲPPh3)3] (Scheme 2)
over a range of 70 °C suggests that although the compound
engages in both intramolecular and intermolecular exchange
processes, it may be accurately quantified using either

Fig. 2 Absolute integral of C/D and TMB obtained from selective excitation 1H NMR spectroscopy (left) and absolute integral of C/D and TPOP
obtained from 31P{1H} NMR spectroscopy (right) of a non-deuterated toluene solution containing 45 mM [RhHĲCO)ĲPPh3)3], 10 mM of
trimethoxybenzene and 10 mM of triphenylorthophosphate under argon.

Fig. 3 Concentration of C/D quantified by selective excitation 1H and
31P{1H} NMR spectroscopy in the mixture containing 40 mM of
[RhHĲCO)ĲPPh3)3], 10 mM of TMB and 10 mM of TPOP in 0.8 mL of
non-deuterated toluene under argon.
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nucleus as long as their NMR signals do not decoalesce. This
assertion is further supported by the direct comparison of
both integral values against their respective internal
standards which do not engage in any dynamic exchanges
(Fig. 3).

As the data in Fig. 3 shows, with suitable acquisition
parameters both nuclei allow accurate quantification of the
same complex against either standard over a range of
temperatures, cancelling out the effect of a shift in the
Boltzmann distribution (visible in Fig. 2). When the
experiment was repeated under 5 bar of syngas, conditions
that cause C/D to engage in additional exchange equilibria
(Scheme 2), the quantification of C/D against either internal

standard remained accurate although new (separate) signals
for A/B were observed (Fig. S2–S4†). Dilution down to
catalytic loadings of Rh did not affect the validity of the
signal quantification either (Fig. S5†), showing the
quantification method to extend robustly to process
conditions.

2.2 Hydroformylation of 1-hexene catalysed by [RhĲacac)-
ĲCO)2] + PPh3

The hydroformylation of 1-hexene in the presence of
[RhĲacac)ĲCO)2] and various amounts of PPh3 was studied by
quantitative 1H, selective excitation 1H and 31P{1H} FlowNMR

Fig. 4 Reaction conditions of the hydroformylation of 1-hexene (upper) and schematic of the FlowNMR apparatus (lower).

Fig. 5 Amount of A/B detected by quantitative 1H FlowNMR spectroscopy during hydroformylation of 1-hexene under 12 bar of CO/H2 (1 : 1) at 50
°C catalysed by [RhĲacac)ĲCO)2] = 2.5 mM and [PPh3] = 7.5, 15, 25 and 50 mM in 22.4 mL of non-deuterated toluene versus conversion over time.
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spectroscopy under 10–12 bar of H2/CO (various ratios) at 50
°C (Fig. 4). These experiments were carried out as described
in the ESI,† using 25 mL of non-deuterated toluene with
rhodium concentrations of 2.5 mM and 1-hexene
concentrations of 500 mM corresponding to a [S]/[Rh] = 200
or 0.5 mol% catalyst loading in all cases. The concentration
of PPh3 was varied from 0–250 mM resulting in ratios of
[PPh3]/[Rh] = 0–100.

2.2.1 Quantitative FlowNMR analysis under isothermal
conditions. When two or more equivalents of PPh3 per Rh
were used, the only Rh–H species detected in the reaction
mixture during turnover were A/B with no C/D observed in
the 31P{1H} and 1H FlowNMR spectra under the conditions
applied (Fig. S6 and S7†). This observation reflects the
competitive binding of dissolved CO against PPh3

coordination even at higher ligand loadings. The amount of
A/B increased sharply at the beginning of the catalysis (first
20 min) and then continued to grow more slowly throughout

the reaction as the rate of product formation slowed down
(Fig. 6), suggesting the bis-PPh3 hydrido-carbonyl complexes
A/B to be an at-cycle resting state for the active
hydroformylation catalyst generated in situ from
[RhĲacac)ĲCO)2]. A quantitative comparison at different ligand
loadings showed a gradual shift of more Rh residing in A/B
during catalysis the more PPh3 was added, conditions that
lead to slower hydroformylation (Fig. 6).

Interestingly, when only one equivalent PPh3 was used in
the reaction no Rh–H species were observed during catalysis,
and the only catalyst intermediate detected by 31P{1H}
FlowNMR was the mono-phosphine acyl complex Q (Fig. S8†)
identified previously.28

When the syngas composition was changed from 1 : 1 to
3 : 1 H2/CO at the same total pressure in an experiment using
six equivalents of PPh3 the catalysis was ∼30% faster (Fig. 6),
reflecting the positive reaction order in H2 which effects the
turnover-limiting hydrogenolysis. CO is known to have a

Fig. 6 Amount of A/B detected by quantitative 1H FlowNMR spectroscopy during hydroformylation of 1-hexene under 12 bar of CO/H2 (1 : 1) at 50
°C catalysed by [RhĲacac)ĲCO)2] = 2.5 mM and [PPh3] = 7.5, 15, 25 and 50 mM in 22.4 mL of non-deuterated toluene versus conversion over time.

Fig. 7 Schematic of the FlowNMR apparatus (not in scale) showing different temperature zones throughout the flow path.
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negative effect on the reaction kinetics, partially due to the
formation of inactive dimers, trimers and other carbonyl
species without hydrido groups, reducing the amount of
active Rh–H complexes.36 The amount of A/B detected with
three times more H2 over CO was increased (Fig. 6), showing
a stepwise profile consisting of a steady-state plateau around
60% of all Rh while hydroformylation was rapid (15–75 min)
followed by a gradual increase to 90% after the catalysis had
ceased after 2.5 h (Fig. S9 and S10†).

While monitoring the amount of A/B delivered interesting
insights into the catalyst speciation during turnover, the
quantitative FlowNMR analysis was still missing a fraction of
the Rh loading used. In addition to the possible formation of
Rh-carbonyl clusters lacking any 1H and 31P NMR signature,
the 31P{1H} NMR spectra did contain several weak signals
with characteristic 1JRh–P coupling, but due to the low S/N
under the conditions applied (i.e. at sub-mM concentrations
and 50 °C) and unknown T1* values these could not be
reliably characterised and quantified.

2.2.2 Quantitative FlowNMR analysis using a controlled
temperature gradient. Typically, operando FlowNMR
investigations are based on the idea of maintaining reaction
conditions throughout the system (i.e. from reactor to
magnet and back) in order not to disrupt the reaction and
observe it in its true working state. The observation of
dissolved H2 in solution and detection of hydrido-carbonyl
complexes that are unstable in the absence of excess syngas
proved that this had been achieved in this case.28 However,
analysing the flowing sample by multi-nuclear FlowNMR
spectroscopy at reaction temperature (50 °C in this case)
means that only time-averages of all equilibria were detected
by the relatively slow NMR acquisition. In addition,
sensitivity is reduced at higher temperatures due to a less
favourable Boltzmann distribution, as shown in section 2.1.2.
We thus wondered whether a controlled temperature gradient
between the reactor and the spectrometer could be applied,

Fig. 8 Profiles of catalyst species from quantitative 31P{1H} FlowNMR
(upper) and 1-hexene concentration from quantitative 1H FlowNMR
(lower) during the hydroformylation of 1-hexene under 10 bar of CO/
H2 (1 : 1) at 50 °C catalysed by [RhĲacac)ĲCO)2] = 2.5 mM and [PPh3] =
2.5 mM in 22.4 mL of non-deuterated toluene using the temperature
gradients shown in Fig. 7.

Scheme 3 Equilibria forming dimeric Rh0 species from A/B via reductive coupling.
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where a lower NMR detection temperature would retain all
reactive intermediates but slow down their interconversion so
they could be detected separately, with increased S/N. Given a
reaction mass ratio of ∼3 : 1 in favour of the reactor versus
the flow system and average residence times of 1.6 min in
the latter, the thermal effect on the reaction rate would be
acceptable if a consistent temperature gradient was used
throughout all experiments. With separate heating circuits
for different sections of our FlowNMR setup19 we thus
applied a stepwise temperature gradient from 50 °C in the
reactor down to 0 °C in the tip of the flow tube in the NMR
spectrometer and back (Fig. 7).

The temperature of the sample arriving at the tip of the
flow tube in the NMR probe under the conditions applied (4
mL min−1 flow rate) was shown to be 7 °C using the
methanol NMR thermometer37 (Table S4†). Gratifyingly, the
NMR signals of complexes A/B flowing through the system
under these conditions exhibited the decoalescence observed

Fig. 9 Solid-state structure of [RhĲCO)6ĲPPh3)2] (V). Hydrogen atoms
have been omitted for clarity and thermal ellipsoids are shown at 50%
probability level.

Fig. 10 Profiles of catalyst species from quantitative 31P{1H} FlowNMR
(upper) and 1-hexene concentration from quantitative 1H FlowNMR
(lower) during the hydroformylation of 1-hexene under 10 bar of CO/
H2 (1 : 1) at 50 °C catalysed by [RhĲacac)ĲCO)2] = 2.5 mM and [PPh3] = 5
mM in 22.4 mL of non-deuterated toluene using the temperature
gradients shown in Fig. 7.

Fig. 11 Profiles of catalyst species from quantitative 31P{1H} FlowNMR
(upper) and 1-hexene concentration from quantitative 1H FlowNMR
(lower) during the hydroformylation of 1-hexene under 10 bar of CO/
H2 (1 : 1) at 50 °C catalysed by [RhĲacac)ĲCO)2] = 2.5 mM and [PPh3] =
7.5 mM in 22.4 mL of non-deuterated toluene using the temperature
gradients shown in Fig. 7.
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in VT-NMR experiments performed in NMR tubes (Fig. S1
and S2 and S10 and S11†), and the 31P{1H} S/N increased
almost nine-fold from 3.2 at 50 °C to 27.8 at 7 °C.

When hydroformylation catalysis with one equivalent of
PPh3 per Rh was monitored using this controlled
temperature gradient (Fig. 7), the mono-phosphine acyl
complex Q was the only Rh complex detected during turnover
(Fig. 8), as in the experiments at constant 50 °C. More
detailed analysis using a D1 of 35 seconds showed the
existence of both linear and branched acyl isomers of Q (Fig.
S12†).

As can be seen from the 31P{1H} NMR profiles shown in
Fig. 8 a noticeable amount of triphenylphosphine oxide was
also formed during the reaction, as also seen in all other
experiments with this catalytic system (see below). Control
reactions in thoroughly deoxygenated and sealed sample
tubes showed this to be an intrinsic feature of the catalysis,
and not due to traces of oxygen being present within or
penetrating the flow system over time. Furthermore, a
significant proportion of the Rh used was not detected by

quantitative 1H and 31P{1H} NMR spectroscopy under these
conditions, suggesting the formation of a significant
amount of Rh-carbonyl clusters when using one equivalent
of PPh3.

With the increased resolution and sensitivity at lower
sample temperature, a new Rh–P species was detected
towards the end of the reaction once substrate
concentration had fallen below 50 mM. A signal centred at
27.8 ppm with second order coupling including a 1JRh–P =
136 Hz (Fig. S12 and S13†) was identified as the carbonyl
phosphine Rh dimer [RhĲCO)6ĲPPh3)2] V (Scheme 3). This
compound has previously been reported by Bianchini et al.
who suggested the structure of the dimer to have two
μ(CO) groups bridging the metals without a formal metal–
metal bond.9 However, single crystal X-ray diffraction of a
sample of V synthesised through the reaction of
[RhĲacac)ĲCO)ĲPPh3)] with syngas showed it to possess three
terminal carbonyls on each metal in staggered arrangement
around a Rh–Rh single bond of 2.812 Å (Fig. 9).

Fig. 12 Profiles of catalyst species from quantitative 31P{1H} FlowNMR
(upper) and 1-hexene concentration from quantitative 1H FlowNMR
(lower) during the hydroformylation of 1-hexene under 10 bar of CO/
H2 (1 : 1) at 50 °C catalysed by [RhĲacac)ĲCO)2] = 2.5 mM and [PPh3] =
15 mM in 22.4 mL of non-deuterated toluene using the temperature
gradients shown in Fig. 7.

Fig. 13 Profiles of catalyst species from quantitative 31P{1H} FlowNMR
(upper) and 1-hexene concentration from quantitative 1H FlowNMR
(lower) during the hydroformylation of 1-hexene under 10 bar of CO/
H2 (1 : 3) at 50 °C catalysed by [RhĲacac)ĲCO)2] = 2.5 mM and [PPh3] =
15 mM in 22.4 mL of non-deuterated toluene using the temperature
gradients shown in Fig. 7.
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When two equivalents of PPh3 per Rh were used A/B
was still the only Rh–H complex detected throughout the
reaction, as seen at constant 50 °C (Fig. S7 and S8†), but
small amounts of the mono-phosphine acyl complex Q and
the carbonyl phosphine Rh dimer V (Fig. S14†) were also
detected using the low temperature flow acquisition
(Fig. 10). Comparing the catalyst distribution profile with
the reaction progress, two interesting observations can be
made: (i) the build-up of the hydrido-phosphine resting
state A/B mirrored substrate consumption (Fig. 10); and (ii)
the decay of the in-cycle acyl intermediate Q aligned with
the increase in dimer V at the end of the catalysis (from
∼400 min). The slow, gradual decrease in A/B after full
conversion produced more V via reductive coupling9

(Scheme 3). The still incomplete mass balance and
detection of free PPh3 suggests that even under these
conditions up to 70% of the Rh resided in phosphine-free
Rh-carbonyl clusters during the reaction.

When using three equivalents of PPh3 per Rh, Q and
A/B were again the main catalyst species observed
throughout the reaction, with the appearance dimer V at
the expense of in-cycle Q once the substrate had been
consumed (Fig. 11). The build-up of the at-cycle hydrido-
phosphine complexes A/B again mirrored substrate
consumption, but with three equivalents of PPh3 a small
amount of a new Rh species was detected at 23.7 ppm
(1JRh–P = 157 Hz) and 22.1 ppm (1JRh–P = 127 Hz) in the
31P{1H} NMR spectra (Fig. S15†) which was characterised
as the tris-PPh3 Rh-carbonyl dimer U (Scheme 3). The
solid-state structure of U was also confirmed by X-ray
crystallography on a post-reaction sample that confirmed
the dimer structure with two μ(CO) groups between the
metals as reported previously.38

Increasing the ligand loading to six equivalents under
otherwise identical reaction conditions caused a similar
profile of A/B during the catalysis, with increasing amounts
as the reaction progressed to completion (Fig. 12) to reach 1
mM (40% of all Rh) after 8 hours. With an excess of free
PPh3 present the bis-phosphine hydrido complex A/B was
stable without any detectable dimer formation during
turnover. Due to the excess CO still present in solution, no
tris-phosphine hydrido complex C/D was observed to form
either. As with lower ligand loadings, a transient trace of the
in-cycle acyl intermediate Q was present during turnover that
reached a maximum of 0.5 mM (20% of all Rh) when the rate
of the catalysis was highest, then decaying to A/B as the
reaction approached completion. Only traces of dimers U

‡ Although supplied at a nominal purity of >97%, we always detected various
amounts of PPh3 oxide and dimer R in toluene solutions of commercial C, even
when handled under strict air-free conditions. Although not directly observed,
we also suspect the presence of some PPh3-free Rh-carbonyl clusters in
commercial samples of [RhHĲCO)ĲPPh3)3].

Fig. 14 Profiles of catalyst species from quantitative 31P{1H} FlowNMR
(upper) and 1-hexene concentration from quantitative 1H FlowNMR
(lower) during the hydroformylation of 1-hexene under 10 bar of CO/
H2 (1 : 1) at 50 °C catalysed by [RhĲacac)ĲCO)2] = 2.5 mM and [PPh3] =
25 mM in 22.4 mL of non-deuterated toluene using the temperature
gradients shown in Fig. 7.

Fig. 15 Comparison of Rh speciation over time during the
hydroformylation of 1-hexene under 10 bar of CO/H2 (1 : 1) at 50 °C
catalysed by [RhĲacac)ĲCO)2] = 2.5 mM with varying amounts of PPh3 in
toluene as derived from quantitative FlowNMR spectroscopy.
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and V were observed by 31P{1H} NMR after 16 hours under
reaction conditions (Fig. S16 and S17†).

When changing the H2/CO ratio from 1 : 1 to 3 : 1 with six
equivalents of PPh3, hydroformylation catalysis was 40%
faster with qualitatively the same trace of A/B over time
(Fig. 13). With more H2 present no acyl intermediate Q was
observed during turnover, but a small amount of the tris-
phosphine hydrido complex C/D formed under these CO-lean
conditions. Both A/B and C/D were found to be stable under
these conditions with no detectable amounts of dimers U or
V in the 31P{1H} NMR spectra (Fig. S18†). Correspondingly,
the concentrations of the at-cycle resting states A/B + C/D
reached up to 2.4 mM (>95% of all Rh) towards the end of
the reaction, evidencing negligible Rh-carbonyl cluster
formation under these conditions.

Using 10 equivalents of PPh3 per Rh with 1 : 1 syngas the
catalysis was 10% slower than with 3–6 equivalents (see also
Fig. 5), and catalyst distribution was further pushed into the
at-cycle complexes A/B with no traces of acyl intermediate Q
detected (Fig. 14). As when using 6 equivalents of PPh3 and
3 : 1 H2/CO (Fig. 13), the phosphine hydrido complexes were
stable towards dimerization to U or V with 10 equivalents of
PPh3 but only made up 1.6 mM (65% of all Rh) indicating
the formation of some 1H and 31P NMR silent Rh-carbonyl
clusters.

All these trends continued when increasing the ligand
loading further to 20 and 100 equivalents of PPh3 per Rh: the
higher the excess of free ligand the slower the catalysis, and
more A/B was pushed into C/D with no acyl intermediate Q
or dimers U and V detected during the reaction (Fig. S19 and
S20†).

Taking all this data together, quantitative catalyst maps
can be built that illustrate the shift in Rh speciation
across different conditions. Fig. 15 illustrates the
evolution in speciation over reaction time using 1 : 1 H2/
CO at 50 °C for ligand loadings of 1–100 equivalents.
Any undetected Rh in this normalised plot either resides
in Rh-carbonyl clusters or metallic Rh nanoparticles or
deposits.

If the mechanistic relevance of at least the main catalyst
species observed is known, such maps can be used to
rationalise observations of catalyst activity and stability. In
this case, hydroformylation catalysis was fastest with 3–6
equivalents of PPh3, conditions that produced an
observable amount of mono-phosphine acyl intermediate Q
along with moderate quantities (<50% of all Rh) of the bis-
phosphine hydrido complexes A/B. Conditions with less
PPh3 gave rise to more phosphine-carbonyl dimer V and
large amounts of other, uncharacterised Rh-carbonyl
clusters, leading to lower hydroformylation activity. Using
>6 equivalents of PPh3 on the other hand decreased the
amount of carbonyl dimers and clusters to shift the Rh
distribution more into the bis-phosphine hydrido complex

Fig. 16 Commercial Rh complexes commonly used as hydroformylation precursors investigated for their activation behaviour with PPh3 and
syngas in toluene.

Fig. 17 Activation of different Rh precursors (Fig. 16) at 2.5 mM in
toluene with PPh3 and H2 and/or CO at 10 bar and 50 °C as derived
from quantitative FlowNMR spectroscopy.
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A/B, thereby also slowing down the rate of the catalysis.
The optimum performance with 3–6 equivalents of ligand
can thus be understood as the best compromise between
under- and over-coordination of Rh by PPh3 versus the
substrates CO, H2 and alkene. Increasing the H2/CO ratio
can increase catalyst activity further by lowering the
amount of competitive carbonyl binding that decreases the
rate (see Fig. 13). Changes in concentration, pressure,
temperature, ligand and substrate are all expected to shift
these effects due to the highly dynamic nature of the
catalyst system, but as long as the key intermediates can
be detected and reliably quantified the behaviour of the
catalytic system may be mapped out in the same way. In
the following we briefly investigate precursor activation and
catalyst stability in the absence of substrate with the same
approach.

2.2.3 Precursor activation. In all previous experiments the
activation of the [RhĲacac)ĲCO)2] precursor was carried out in

situ in the presence of 1-hexene, meaning that activation and
hydroformylation catalysis started simultaneously as soon as
H2 and CO were added to the autoclave. Although no
significant lag phases in product formation were observed
under these conditions, the rise in the formation of the
hydrido-phosphine complexes over the first 20–30 minutes of
the reaction indicated that precursor activation was perhaps
not instantaneous.

Various pre-activation protocols aimed at maximising
initial rates have been used in the hydroformylation
literature.39,40 Most studies adopt the common practice of
exposing the Rh precursor and ligand to syngas for
several hours with heating before the autoclave is vented,
substrate added and repressurised with syngas to start the
hydroformylation reaction. However, the different
precursors, solvents, ligands and conditions used in these

Fig. 18 Profiles of A/B and substrate during the hydroformylation of
1-hexene under 10 bar of CO/H2 (1 : 1) at 50 °C starting with [C] = 2.5
mM in 22.4 mL of non-deuterated toluene as derived from quantitative
FlowNMR.

Fig. 19 Concentration profiles of hydrido phosphine Rh complexes
for the reaction of [2] = 2.5 mM with various equivalents of PPh3 in
22.4 mL of non-deuterated toluene under 10 bar of CO and H2 at 50
°C as derived from quantitative FlowNMR spectroscopy.

Scheme 4 Equilibria of Rh0 dimer formation from [Rh4ĲCO)12] with PPh3 and CO in toluene (covalent Rh–Rh interactions render the d9 systems
diamagnetic and thus NMR active).
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pre-activation protocols make rationalisation of the
effectiveness of these procedures difficult. We thus
decided to map the activation and stability of some
commercial Rh precursors commonly used for
hydroformylation catalysis using quantitative FlowNMR
spectroscopy (Fig. 16).

Following the speciation of 1–4 under various activating
conditions over time with quantitative 1H and 31P{1H}
FlowNMR spectroscopy yielded insight into the effectiveness
of the different precursors and activation protocols. All
precursors except 2 reacted with PPh3 and syngas to give
hydrido-phosphine complexes for hydroformylation catalysis
(Fig. 17). Even after 12 hours with three equivalents of PPh3

under 10 bar H2/CO at 50 °C the tris-acac RhIII complex 2
had not formed any detectable Rh–P or Rh–H species, and
the sharp 31P{1H} NMR peak of free PPh3 indicated no
chemical exchange with the Rh centre (Fig. S21†), showing 2
to be an unsuitable precursor under these relatively mild
reaction conditions.

The reaction of 1 with 12 equivalents of PPh3 (three per
Rh atom) under Ar produced a mixture of the previously
detected dimer U (Scheme 4) as well as the known Rh
phosphine dimers R (37.5 ppm with 1JRh–P = 196 Hz) and S
(17.2 ppm with 1JRh–P = 155 Hz) (Fig. S22†).9 All of these
formed by PPh3/CO displacement and rearrangement, redox-
neutral processes which are deemed fully reversible under
the conditions applied (Scheme 4).

Adding 10 bar syngas to this mixture triggered the
formation of A/B to up to 40% of all Rh in solution
within 30 minutes at 50 °C, which were stable in
toluene over >10 hours (Fig. 17). Venting the syngas at
the end of the experiment showed traces of C/D and
reformation of some dimer U in the mixture under Ar
(Fig. S23–S27†). After re-pressurising the solution with
10 bar of CO C/D completely disappeared to only show
A/B together with the carbonyl-rich dimers U and V
(Fig. S24†), further evidencing their reversible
interconversion (Scheme 4).

To assess the stability of the preformed hydrido complex
C, it was pressurised with 10 bar 1:1 CO/H2 at 50 °C without
additional PPh3. Notably, even before applying syngas only
70% of the nominal Rh loading was detected as C/D in
toluene solution.‡ Immediately after adding 10 bar CO/H2

about 40% was transformed into A/B through PPh3

substitution by CO, and the mixture remained stable for at
least one hour at 50 °C in toluene. Addition of 1-hexene and
re-pressurisation with syngas gave rise to the
hydroformylation activity expected under these conditions
(Fig. 11) that saw A/B dropping sharply at the start of the
catalysis and then building up again towards the end of the
reaction (Fig. 18) after which it started decaying to dimers U
and V.

This behaviour showed that starting with precursor C or
even pre-activating it with syngas to A/B is not necessary,
as the same reactivity may be obtained starting from 3 or 4
with added PPh3 (Fig. 8). On the contrary, the latter

experiment even gave slightly higher rates (∼15%) than the
former, probably due to some decomposition of C during
the pre-activation process in the experiment shown in
Fig. 18.

Additional evidence for the formation of inactive Rh-
carbonyl clusters from A/B and/or C/D under CO-rich
and substrate-lean conditions came from an experiment
studying C under 10 bar of carbon monoxide.
Immediately after pressurising with the solution with
CO C completely disappeared from the 31P{1H} NMR
spectra, but only 10% of the Rh used was detected as
A/B (Fig. S28†) alongside traces of dimers U and V
(Fig. S29 and S30†).

The reaction of the widely used precursor 3 with three
equivalents of PPh3 under 10 bar of CO and H2 at 50 °C
(our typical hydroformylation conditions) quickly yielded
A/B in a maximum amount of 30% of all Rh added
within 30 min (Fig. 17). As previously observed during
catalysis, no C/D was detected under syngas due to the
excess of CO present. In the absence of substrate, the
amount of A/B formed from 3 under these conditions
started to fall to reach 10% of all Rh after 12 hours,
forming small amounts of dimer V by way of reductive
coupling (Scheme 3). The up to 70% of undetected Rh
presumably resided in 31P{1H} NMR-silent Rh-carbonyl
clusters under these conditions (Fig. S32†). When the
autoclave was vented at the end of the experiment and
repressurised with 10 bar of H2 the tetra-phosphine dimer
T was observed at the expense of the tris-phosphine
dimer V, confirming their interconversion via PPh3/CO
exchange (Fig. S33†). Although these H2-rich conditions
did not lead to the reformation of A/B from the Rh0

dimers, the addition of 1-hexene followed by 10 bar of
CO/H2 to this sample started hydroformylation catalysis
with the disappearance of all dimeric species and
formation of the acyl complex Q as observed previously
(Fig. S34† and 11). However, although the reaction was
30% slower (Fig. S35†), this observation clearly establishes
the reversibility of the formation of these Rh0 dimers,
meaning that they too are at-cycle catalyst resting states
that may liberate active species via A/B under favourable
conditions (Scheme 3). When the activation of 3 with
three equivalents of PPh3 was followed under 10 bar of
H2 the reaction proceeded more slowly to form the tris-
phosphine hydrido complexes C/D up to a maximum of
55% of all Rh after 12 hours due to the absence of
excess CO (Fig. S36 and S37†). Using two equivalents of
PPh3 with 3 under 10 bar of H2 yielded a mixture of A/B
and C/D that peaked at 20% of all Rh after 3.5 hours at
50 °C after which it decayed to <5% after 12 hours (Fig.
S38†).

Following the activation of 3 under 10 bar of CO and
H2 in the presence of various amounts of PPh3 (Fig. S39–
S45†) showed a shift in Rh speciation similar to catalytic
turnover conditions (Scheme 4): the less PPh3 was used
the more dimer V was formed, with more PPh3 leading
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to a gradual shift to A/B and eventually some C/D
(Fig. 19). With PPh3 loadings of <10 these pre-activated
mixtures slowly decomposed to uncharacterised Rh-
carbonyl clusters over the course of several hours at 50
°C, but using 20 or more equivalents of PPh3 yielded
stable mixtures that did not deteriorate over at least 10
hours. Comparing the stability of A/B in the absence
(Fig. 19) and presence (Fig. 15) of substrate showed
hydroformylation catalysis to delay the decay by engaging
more of the Rh in in-cycle species during turnover.

2.2.4 Catalyst stability. When analysing the 31P{1H} NMR
spectra of samples of C/D that had been heated to 50 °C in
toluene for multiple hours, characteristic resonances41 for
bridging Rh–PPh2–Rh phosphide units were detected at 190
ppm (Fig. S47†) alongside with the appearance of benzene in
the 1H NMR spectra. Heating the sample to 90 °C for 1 h
under Ar caused the appearance of multiple new 31P NMR
resonances with complicated, higher order coupling patterns
(Fig. S48†) as well as multiple new hydride peaks in the 1H
NMR spectra alongside a colour change from orange to dark
brown. 31P–1H HMBC NMR experiments showed cross peaks
between several of these signals indicating the formation of
various hydrido-phosphide clusters (Fig. S49†). These
observations clearly show even the relatively stable tris-
phosphine complex C to be prone to decomposition in dilute
solution under inert conditions at temperatures as low as 50
°C.

When the experiment was repeated under 5 bar of syngas
A/B was observed to form together with several peaks due to
decomposition (Fig. S50 and S51†) but different and less
abundant than those seen under argon. Characteristic
phosphorus resonances at 180 ppm correlating with hydride
signals at −9.9 ppm (Fig. S52†) indicated the formation of
Rh–PPh2–Rh hydrido clusters with different CO/PPh3 ratios
than those formed in the absence of syngas. Repeating the
experiment in the presence of a large excess of PPh3 (300
equivalents) showed no decomposition of C after heating to
90 °C (Fig. S53 and S54†), suggesting the decomposition to
occur via dissociation of PPh3 and formation of
tetracoordinated Rh complexes as those proposed to lead into
the catalytic hydroformylation cycle.

3 Conclusion

The results of this investigation have extended the use of
multi-nuclear high-resolution FlowNMR spectroscopy to
quantify catalytic intermediates in systems that engage in
multiple equilibria and where the chemical exchange
between different species is fast. Being able to quantify
catalytic intermediates during catalytic turnover (operando
conditions) allows to map out catalyst speciation over a range
of conditions which may be used to guide process
development and upscaling with optimal use of the precious
catalyst. Key to this was the ability to apply a controlled
temperature gradient that slowed down the fast

interconversion of catalytic reaction intermediates and thus
facilitated their characterisation and quantification by
FlowNMR spectroscopy due to refined coupling patterns and
increased signal-to-noise without disrupting the catalytic
cycle. In general terms, this work has shown that:

a) intramolecular interconversion of stereoisomers does
not affect NMR signal quantification;

b) intermolecular exchange between different species may
impact observed T1 values and thus potentially affect NMR
signal quantification;

c) lower temperatures give higher signal intensities as well
as shorter T1;

d) with suitable acquisition parameters (accounting for
the range of possible T1 values) and appropriate internal
standards, absolute 31P NMR spectroscopic quantification of
dynamic reaction intermediates is possible in continuous
flow.

In the case of the Rh/PPh3 catalysed hydroformylation of
1-hexene, this approach has led to the successful
investigation of the interconversion of [RhHĲCO)ĲPPh3)3] (C),
[RhHĲCO)2ĲPPh3)2] (A/B), [Rh{COĲCH2)5ĲCH3)}ĲCO)3ĲPPh3)] (Q),
[Rh2ĲCO)4ĲPPh3)4] (T), [Rh2ĲCO)5ĲPPh3)3] (U), [Rh2ĲCO)6ĲPPh3)2]
(V), and [Rh2ĲCO)2ĲPPh3)] (R/S) during precursor activation
and catalytic turnover to provide the following insights:

(i) the major Rh species in the presence of syngas and
PPh3 is the bis-phosphine hydrido complex A/B which is in
equilibrium with the tris-phosphine hydrido complex C;

(ii) both complexes are at-cycle resting states that liberate
active Rh species into the catalytic cycle under turnover
conditions, but both are prone to the formation of a series of
Rh0 dimers R/S/T/U/V by reductive coupling (Schemes 2 and
3);

(iii) the formation of these dimers from the phosphine–
hydrido RhI complexes is reversible but also connected to the
reversible formation of higher nuclearity Rh0-carbonyl
clusters such as [Rh4ĲCO)12] and [Rh6ĲCO)16] (Scheme 4)
which are all off-cycle species that can make up to 90% of
the Rh speciation under CO-rich conditions with low
amounts of PPh3;

(iv) CO-lean conditions disfavour these off-cycle dimers
and clusters to liberate more Rh into active states (such as
mono-nuclear hydrido complexes), in line with the negative
impact of CO on the reaction kinetics;

(v) with PPh3, ligand loadings of 3–6 equivalents provide
the highest rates by balancing catalyst inhibition by CO and
PPh3 saturation, respectively;

(vi) the monophosphine acyl complex Q observed with low
amounts of PPh3 (<3 equivalents) is the only in-cycle catalytic
intermediate detectable under turnover conditions by 1H and
31P NMR spectroscopy, suggesting the majority of product
formation proceeds via mono-PPh3 species within the
catalytic cycle;

(vii) [RhIIIĲacac)3] is an unsuitable precursor for
hydroformylation catalysis with 10 bar syngas at 50 °C but
RhI acac complexes activate quickly under these conditions
so that no pre-activation is necessary;
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(viii) irreversible catalyst deactivation proceeds via P–C
bond cleavage in low-coordinate Rh–PPh3 complexes to
irreversibly give carbonyl and hydrido Rh–PPh2–Rh
species.

We hope the above findings will prove useful in the
understanding and application of Rh/PR3 catalysed
hydroformylation chemistry, and that the methods developed
will help to unravel other dynamic catalytic systems in the
future.
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