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The hydroformylation of 1-hexene with 12 bar of 1 : 1 H2/CO in the presence of the

catalytic system [Rh(acac)(CO)2]/PPh3 was successfully studied by real-time

multinuclear high-resolution FlowNMR spectroscopy at 50 �C. Quantitative reaction

progress curves that yield rates as well as chemo- and regioselectivities have been

obtained with varying P/Rh loadings. Dissolved H2 can be monitored in solution to

ensure true operando conditions without gas limitation. 31P{1H} and selective excitation
1H pulse sequences have been periodically interleaved with 1H FlowNMR measurements

to detect Rh–phosphine intermediates during the catalysis. Stopped-flow experiments

in combination with diffusion measurements and 2D heteronuclear correlation

experiments showed the known tris-phosphine complex [RhH(CO)(PPh3)3] to generate

rapidly exchanging isomers of the bis-phosphine complex [Rh(CO)2(PPh3)2] under CO

pressure that directly enter the catalytic cycle. A new mono-phosphine acyl complex

has been identified as an in-cycle reaction intermediate.
Introduction

Hydroformylation, also known as the “oxo process”, reacts olens with a mixture
of CO and H2 (“syngas”) to yield aldehydes in the presence of a suitable catalyst.1

With terminal alkenes (a-olens), the proportions of linear n-aldehydes and
branched iso-aldehydes formed are a measure of the regioselectivity of the cata-
lyst (Fig. 1).
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Fig. 1 General chemical equation of a hydroformylation reaction.
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Chemoselectivity towards aldehyde formation is also important in the process
as many catalysts also produce internal olens (isomerization of a-olens),
paraffins (hydrogenation of olens) and alcohols (hydrogenation of aldehydes) to
various degrees.2

Otto (Roelen) discovered the hydroformylation of olens in 1938 following its
initial observation as a side reaction in Fischer–Tropsch chemistry.3 Hydro-
formylation has since undergone rapid development to become one of the largest
industrial homogeneously catalysed processes, as well as an important academic
research eld with a large number of papers and patents from all over the world.2

Although rarely used for chemical synthesis on small scale,4 hydroformylation is
frequently employed as a benchmark reaction for new ligands due the intricate
interplay of chemo-, regio- and enantio-selectivity of the reaction.5 Although Ir, Ru
and Fe based hydroformylation catalysts are known, Rh and Co complexes still
stand out due to their superior activity, especially on an industrial scale.6 Co-
based catalysts are tolerant toward trace impurities in the alkene feedstock, but
require relatively harsh reaction conditions (>150 �C and >100 bar syngas) and
display signicant hydrogenation activity. The latter is oen exploited to directly
produce alcohols,7 albeit accompanied by signicant paraffin co-production and
formation of heavy aldol condensation side-products. Rh-based catalysts are
generally more active and more selective than Co catalysts and operate under
milder conditions (<100 �C and <50 bar syngas) but Rh is decisively more
expensive due its rarity and widespread use in the automotive industry.8 Never-
theless, its higher efficiency explains why over 80% of all hydroformylation plants
built aer 1985 utilize Rh catalysts.9 In 2008, the global production of oxo
compounds was about 10.4 million metric tons, and many large-scale plants
manufacture several hundred thousand metric tons per year.10 Linear aldehydes
are the main product as they are target intermediates for subsequent bulk
chemical production of esters, alcohols and amines, while branched aldehydes
are mostly desired for ne chemical production, partly due to the generation of
Fig. 2 Industrial uses of aldehydes generated by olefin hydroformylation.2
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a stereogenic centre at the formylated secondary carbon (Fig. 2).11,12 Long chain a-
olen substrates are usually synthesised by oligomerization of ethylene,13 whereas
styrene and related molecules are preferred for asymmetric hydroformylation for
ne chemical production.14,15

Many organometallic Rh species have been investigated with a large variety of
mono- and bidentate phosphorus ligands such as phosphites and phos-
phines.16–19 The identity of the ligand is crucial as they can tune, through their
electronic and steric properties, the activity, regioselectivity, chemoselectivity and
enantioselectivity of the hydroformylation reaction.20,21 The rst mechanistic
study of this reaction using [RhH(CO)(PPh3)3] as the precursor was carried out
over 50 years ago by Wilkinson22 who proposed a mechanism for the olen
hydroformylation that is still accepted as conceptually correct. Since then many
studies with a variety of reaction conditions, ligands and metals have been per-
formed, both experimentally and computationally.16,23–26 Despite the large
number of publications in which different mechanisms are proposed, several of
the suggested intermediate species have never been observed. The difficulty of
studying this reaction under working conditions is due to the high syngas pres-
sure and temperatures employed, in addition to the O2 sensitivity of the Rh
catalyst.27 A combination of kinetic studies, in situ IR investigations and high-
pressure 31P NMR studies in static sapphire tubes have contributed much to
this eld.28,29 However, very few operando studies (in situ measurements during
catalytic turnover) have been performed to verify mechanistic hypotheses and
understand the electronic and steric parameters of the ligands and any other
conditions that may affect the catalytic performance. Van Leeuwen, Kamer and
co-workers have developed bespoke high-pressure infrared spectroscopy (HP-IR)
autoclaves that allow operando IR studies of fast catalytic reactions under real-
istic conditions,24 and other groups have used similar setups to follow Rh-
catalysed hydroformylation on different scales.30,31 IR spectroscopy offers high
sensitivity and fast measurements compared to NMR spectroscopy, but it requires
calibration to be quantitative and provides limited structural information on the
intermediates observed.32 On-line high resolution FlowNMR spectroscopy has
recently been shown to be a powerful operando reaction monitoring technique for
homogeneous catalytic systems under realistic conditions due to its quantitative
nature and high specicity in complex reaction mixtures.33 A recent report
includes an example of an operando investigation of Rh/phosphite-catalysed
hydroformylation using FlowNMR but with a limited amount of data and exper-
imental details.34 Landis recently reported a detailed kinetic study of Rh-catalysed
hydroformylation using a static 10 mm reactor within a high-eld magnet con-
nected to liquid dosing and gas recirculation.35

Here, we investigate the hydroformylation of 1-hexene in the presence of
[Rh(acac)(CO)2] and PPh3 by operando high-resolution FlowNMR spectroscopy
from an actively mixed pressure autoclave using periodic cycles of interleaved 1H
NMR, 31P{1H} NMR and selective excitation 1H NMR measurements to gain
insight into the speciation of the Rh/PPh3 catalyst under reaction conditions.

Results and discussion

The hydroformylation of 1-hexene in the presence of [Rh(acac)(CO)2] and PPh3

has been studied by FlowNMR spectroscopy under 12 bar of H2/CO at 50 �C. The
424 | Faraday Discuss., 2021, 229, 422–442 This journal is © The Royal Society of Chemistry 2021
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experiments have been carried out as described in the ESI,† with [Rh(acac)(CO)2]
catalyst loadings of 2.5 mM and 1-hexene concentration of 500 mM corre-
sponding to [S]/[Rh] ¼ 200 (or 0.5 mol% cat.) throughout all experiments. The
concentration of PPh3 has been varied from 0–50 mM resulting in a ratio of
[PPh3]/[Rh] ¼ 0–20. The autoclave was charged with 22.4 mL of non-deuterated
toluene containing 100 mM of 1,3,5-trimethoxybenzene as internal standard. H2

and CO were added separately in a 1 : 1 ratio.
The expected products from the reaction of 1-hexene with H2/CO in the pres-

ence of [Rh(acac)(CO)2] and PPh3 resulting from hydrogenation, isomerization
and hydroformylation are shown in Scheme 1. From previous investigations the
predominance of hydroformylation can be expected under these conditions,
along with some isomerization and possibly traces of hydrogenation.36

All reactions were carried out under batch conditions in a 100 mL thick-walled
glass autoclave, with an aliquot of the reaction mixture continuously recirculating
through the temperature-controlled FlowNMR tubing in a closed-loop (Fig. 3).
This setup ensures the sample within the spectrometer is continually refreshed
with access to the reagent gases in the headspace, making every solution fraction
representative of the mixture in the reaction vessel with a ca. 30 s delay to the
FlowNMR tube under typical reaction conditions (ow rate of 4 mL min�1). Our
modied setup enables working at temperatures of up to 140 �C and pressures of
up to 20 bar (for details see the ESI†).

The rst reaction was performed at 60 �C with 10 bar of H2/CO (1 : 1), where
the autoclave was initially pressurised with H2 for 1 h before adding CO to trigger
the hydroformylation reaction. Aer consideration of signicant ow correction
factors (see ESI†), reaction progress and chemoselectivity trends may be extracted
from the NMR data (Fig. 4).

This initial experiment showed that high-resolution FlowNMR with an air-
sensitive catalyst system is possible with a fully temperature-controlled and
pressurized setup, allowed the identication of relevant NMR signals, and gave an
indication of the reaction rate under the conditions applied. The identity of all of
the organic products observed by 1H NMR (n- and iso-heptanal, 2- and 3-hexene)
were conrmed by GC-MS (see ESI†), which also ruled out formation of any
signicant quantities of other side products under the conditions used. Thus,
Scheme 1 Possible primary reaction products from 1-hexene under hydroformylation
conditions.
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Fig. 3 Schematic of the FlowNMR apparatus (not to scale).
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quantitative product distribution proles may be plotted from the 1H FlowNMR
data (Fig. 5).

The observation of only isomerization of 1-hexene slowly occurring with kobs ¼
0.90 mM min�1 immediately aer adding H2 suggests catalyst activation to
a hydride complex to be fast, but without any appreciable hydrogenation activity (at
60 �C with 6 equiv. of PPh3). Consumption of CO proceeded without any signicant
lag phase and hydroformylation smoothly progressed with a stable 3 : 1 linear/
branched selectivity over the course of the reaction, alongside some continued
isomerisation at kobs ¼ 0.36 mM min�1 until the end of the reaction. Maximum
reaction rates were found in the rst 40 min aer the pressurisation with CO,
with substrate consumption k1-hexene(obs) ¼ 8.76 mM min�1, product formation
kn-heptanal(obs) ¼ 6.43 mM min�1 and k2-methylhexanal

(obs) ¼ 2.15 mM min�1. These values as
well as the observed aldehyde regioselectivity align well with previously reported
data16,36–40 and are consistent with previous kinetic studies.22

In the following studies the temperature was decreased to 50 �C and data
acquisition optimised to increase temporal resolution. The reactor was
Fig. 4 Substrate conversion and chemoselectivity to aldehydes of the [Rh(CO)2(acac)] +
6PPh3 catalysed hydroformylation of 1-hexene in toluene at 60 �C and 10 bar of H2/CO
(1 : 1) monitored using operando 1H FlowNMR spectroscopy. [Rh(CO)2(acac)] ¼ 2.5 mM,
[PPh3] ¼ 15 mM, [1-hexene] ¼ 500 mM. From t ¼ 5–55 min only 5 bar H2 were present,
after which another 5 bar CO were added.
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Fig. 5 Product formation and substrate consumption profiles of [Rh(CO)2(acac)] + 6PPh3
catalysed hydroformylation of 1-hexene in toluene at 60 �C and 10 bar of H2/CO (1 : 1)
monitored using operando 1H FlowNMR spectroscopy. [Rh(CO)2(acac)] ¼ 2.5 mM, [PPh3]
¼ 15 mM, [1-hexene] ¼ 500 mM.
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pressurized with both gases (12 bar 1 : 1 H2/CO) at the same time to immediately
start the hydroformylation. A series of experiments were conducted where the
amount of PPh3 was varied under otherwise identical conditions (Fig. 6).
Fig. 6 Substrate conversion profiles of [Rh(CO)2(acac)] + PPh3 catalysed hydroformylation
of 1-hexene in toluene at 50 �C and 12 bar of H2/CO (1 : 1) monitored using operando 1H
FlowNMR spectroscopy. [Rh(CO)2(acac)]¼ 2.5mM, [1-hexene]¼ 500mM, [PPh3] varied as
indicated.
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As expected, the amount of PPh3 added had a non-linear inuence on the
activity. With no phosphine present the Rh catalyst yielded some aldehyde
production with a moderate L/B ratio of 2.4 : 1 in the rst 30 min of the reaction,
but mostly produced 3-hexene that did not undergo hydroformylation (Fig. 7);
this behaviour is known for [RhH(CO)4] catalysed hydroformylation.39 With one
equivalent of PPh3 added the system afforded a similar rate (Fig. 6), but with
much higher chemoselectivity for aldehyde production with increased L/B ratios
(Fig. 7). Under these conditions some isomerisation still occurred alongside
hydroformylation, leading to decreasing L/B ratios over time as the 2-hexene
formed underwent hydroformylation to 2-methylhexanal (Fig. 7). With 3–6
Fig. 7 Aldehyde chemoselectivity (upper) and regioselectivity profiles (lower) of
[Rh(CO)2(acac)] + PPh3 catalysed hydroformylation of 1-hexene in toluene at 50 �C and
12 bar of H2/CO (1 : 1) monitored using operando 1H FlowNMR spectroscopy.
[Rh(CO)2(acac)] ¼ 2.5 mM, [1-hexene] ¼ 500 mM, [PPh3] varied as indicated.
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equivalents of PPh3/Rh the rate of 1-hexene consumption was about four times
higher, with >95% chemoselectivity to aldehyde formation at stable L/B ratios of
3 : 1 at 50 �C. When 10–20 equivalents of PPh3 were added high chemo- and regio-
selectivities were maintained, but at reduced overall reaction rates due to PPh3

competing with the olen substrates for coordination to the Rh centre. Again, this
behaviour is well documented in the literature,41 and the overall rates observed in
our FlowNMR studies (Table S4†) are in line with previous reports.37

As in some of our previous work,42 it was also possible to track the amount of
H2 dissolved in solution by 1H FlowNMR during the hydroformylation reaction
(Fig. 8) aer considering ow effects and the ortho/para ratio of H2 at 50 �C.43

Ensuring that the volume element analysed in the NMR (temporarily discon-
nected from the autoclave headspace) is still under turnover conditions and not
deprived of any reagent is important to ascertain that the results obtained are
truly operando and not just in situ. From the concentration plots shown in Fig. 9 it
can be seen that dissolution of H2 into solution was rapid under the conditions
applied, and because the reactor had been sealed aer the initial pressurisation,
its decreasing concentration over time tracked the amount of H2 consumption by
the reaction. Although we have not quantied the gas–liquid distribution of the
system, the lower H2 uptake by the reaction without PPh3 concurs with the
observation of mainly olen isomerisation occurring. Even for the faster reactions
with 3–6 equivalents of PPh3 that did consumeH2/CO in producing aldehydes, the
system never entered a gas-limited regime showing effective mixing.

Under the conditions applied, the reaction is believed to proceed via a disso-
ciative mechanism (Scheme 2)27,44,45 initially proposed by Wilkinson for ethylene
as the substrate,22 analogous to Heck’s mechanism for Co-catalysed
hydroformylation.46
Fig. 8 1H NMR spectra showing the appearance of dissolved H2 during [Rh(CO)2(acac)] +
6PPh3 catalysed hydroformylation of 1-hexene in toluene at 50 �C and 12 bar of H2/CO
(1 : 1) from operando 1H FlowNMR spectroscopy. [Rh(CO)2(acac)] ¼ 2.5 mM, [PPh3] ¼ 15
mM, [1-hexene] ¼ 500 mM.
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Fig. 9 Hydrogen concentration profiles during [Rh(CO)2(acac)] + PPh3 catalysed hydro-
formylation of 1-hexene in toluene at 50 �C and 12 bar of H2/CO (1 : 1) monitored using
operando 1H FlowNMR spectroscopy. [Rh(CO)2(acac)] ¼ 2.5 mM, [1-hexene] ¼ 500 mM,
[PPh3] varied as indicated.

Scheme 2 Simplified dissociative mechanism for the Rh-catalysed hydroformylation of
hexene (only heptanal formation shown). All in-cycle reaction intermediates are believed
to contain two PPh3 ligands per Rh.
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Themechanism starts with the formation of unsaturated complexes E and F by
dissociation of CO or ligand from stable ve-coordinate RhI hydrido-carbonyl
complexes. Thereaer, the olen coordinates to give the olen-hydrido-
carbonyl complexes G and H that can undergo intramolecular hydride migra-
tion to form the alkyl complexes I and J. Coordination of CO to I and J results in
the alkyl-carbonyl complexes K and L that can undergo a migratory CO insertion
to form acyl complexesM and N which may coordinate additional CO to form the
more stable ve-coordinate acyl complexes O or P. The last step to complete the
cycle is the hydrogenolysis to release the aldehyde and recover complexes E and F.
The latter is generally believed to be the only irreversible process and constitutes
the turnover limiting step in the cycle.22 Among the various intermediates
proposed throughout the catalytic cycle, only the penta-coordinated complex
[RhH(CO)(PPh3)3] C has been fully characterized by NMR and IR spectroscopy as
well as X-ray crystallography.44,47,48 The related [RhH(CO)2(PPh3)2] complexes A
and B have been characterized by NMR and IR spectroscopy in solution due to
their uxional behaviour caused by the rapid exchange of PPh3

ligands from equatorial to axial positions.49,50 The in-cycle acyl rhodium complex
[Rh{CO(CH2)5(CH3)}(CO)2(PPh3)2] P has been identied by NMR spectroscopy, in
addition to some off-cycle dinuclear Rh species such as [Rh2(CO)4(PPh3)4],
[Rh2(CO)5(PPh3)3] and [Rh2(CO)6(PPh3)2].27,51 For the PCy3 ligand the tetra-
coordinated complex [RhH(CO)(PCy3)2] has been synthesised and monitored
spectroscopically under hydroformylation conditions,52 although this catalyst is
very slow due to the bulky, strongly binding trialkylphosphine.

In order to gain some insight into the speciation of the [Rh(acac)(CO)2]/PPh3

catalyst system during catalysis we measured selectively excited 1H NMR spectra53

focussing on the negative shi region where Rh–H resonances are expected, and
also acquired 31P{1H} NMR spectra during the reaction in ow. With optimised
acquisition parameters using a 500 MHz spectrometer tted with a cryoprobe (see
ESI for details†) we were able to acquire these alongside the standard 1H
FlowNMR for monitoring reaction progress in a sequential manner throughout
the reaction in a single experiment at 2.5 mM [Rh] concentration in non-
deuterated solvent. The hydride FlowNMR spectra thus acquired at 50 �C showed
the smooth growth of a broad singlet peak centred at �9.18 ppm (12 Hz FWHM)
over the course of the reaction (Fig. 10).
Fig. 10 Rhodium–hydride formation during [Rh(CO)2(acac)] + 6PPh3 catalysed hydro-
formylation of 1-hexene in toluene at 50 �C and 12 bar of H2/CO (1 : 1) monitored using
selective excitation 1H FlowNMR spectroscopy. [Rh(CO)2(acac)] ¼ 2.5 mM, [1-hexene] ¼
500 mM, [PPh3] ¼ 15 mM.
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This hydride signal appeared immediately aer adding syngas to the reaction
mixture, but not with H2 alone. No other hydride resonances were detected, and
the same signal was observed for any P/Rh ratios >1. For 1 and 0 equivalents of
PPh3, no hydride signals were detected. The absence of any dened Rh–H
coupling patterns in the broad singlet at�9.18 ppm is expected due to the known
low magnitude of 1JRhH of <10 Hz.54

The corresponding 31P{1H} FlowNMR spectra of mixtures of [Rh(acac)(CO)2]
and PPh3 did not show any signals in the absence of syngas, likely due to rapid
chemical exchange between a number of unknown species (bubbling indicative of
CO release can be observed visually upon combining [Rh(acac)(CO)2] and PPh3).
Immediately aer pressurising the mixture with syngas the 31P{1H} FlowNMR
spectra regained shape and showed three major resonances: a large, broad singlet
peak at �4.9 ppm (68.5 Hz FWHM) originating from free PPh3, a small sharp
singlet at 25.1 ppm from traces of PPh3 oxide (as veried with an authentic
sample), and a well-dened doublet with a coupling constant of 139.2 Hz centred
at 37.3 ppm (Fig. 11).

The growth of the 31P{1H} doublet at 37.3 ppm tracked the appearance of the
broad 1H signal at �9.18 ppm. 31P DOSY and 1H DOSY spectra showed very
similar diffusion coefficients of 7.7 � 10�10 m2 s�1 and 7.1 � 10�10 m2 s�1 for
both (see Fig. S15 and S16†), but the apparent absence of any 2JPH coupling in the
1H signal initially seemed surprising. A 1H–31P HMBC spectrum did however
clearly establish both resonances to originate from the interchanging coordina-
tion isomers A 4 B of [RhH(CO)2(PPh3)2] (Fig. 12). The rapid intramolecular
exchange of the PPh3 between equatorial and apical positions, known to be facile
in trigonal-bipyramidal Rh(I) complexes by way of Berry pseudo-rotation, obscures
the observation of any 2JPH couplings in this complex under syngas at 50 �C.49,50

Additional intermolecular exchange with free PPh3 (A4 B4 C4D as indicated
by the slightly broadened 31P{1H} signal at �4.9 ppm) may contribute further to
the uxionality of this complex.
Fig. 11 31P{1H} FlowNMR spectrum recorded during [Rh(CO)2(acac)] + 6PPh3 catalysed
hydroformylation of 1-hexene in toluene at 50 �C and 12 bar of H2/CO (1 : 1) at t ¼
395 min. [Rh(CO)2(acac)] ¼ 2.5 mM, [1-hexene] ¼ 500 mM, [PPh3] ¼ 15 mM.
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Fig. 12 1H–31P HMBC NMR spectrum recorded during [Rh(CO)2(acac)] + 6PPh3 catalysed
hydroformylation of 1-hexene in toluene at 50 �C and 12 bar of H2/CO (1 : 1) at t¼ 325min.
[Rh(CO)2(acac)] ¼ 2.5 mM, [1-hexene] ¼ 500 mM, [PPh3] ¼ 15 mM.
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To test the connectivity of A/B to the catalytic cycle, one ow run was delib-
erately interrupted by stopping the pump to temporarily isolate the sample in the
magnet from the gas supply in the reactor headspace. From the 1H FlowNMR
spectra it could be seen that the reaction progressed for about 2 min until the H2

(and presumably CO) dissolved in solution had been consumed (Fig. 13). Once the
sample in the tip of the ow tube had run out of syngas, both the 31P and 1H
signals of the hydrido-carbonyl complexes A/B started to fade away from the
spectra (Fig. 13). As soon as ow was resumed and the sample fed back into the
reactor where it was brought into contact with syngas again, hydroformylation
activity resumed accompanied by re-appearance of [RhH(CO)2(PPh3)2]. This
experiment demonstrated this complex to be of direct relevance to the catalytic
cycle, representing the major reaction intermediate under the conditions applied.

When the excess H2/CO was vented at the end of the reaction (aer complete
consumption of hexene) and the sample analysed under an atmosphere of argon,
the only Rh–phosphine species detected by NMR was the known
[RhH(CO)(PPh3)3] complex C resulting from substitution of one CO by PPh3.
However, when the catalyst was deprived of syngas mid-reaction (i.e. in the
presence of hexene substrate) as described above, no hydride resonance could be
observed at all in the selectively excited 1H NMR, but a new signal was detected in
the 31P{1H} NMR. Interestingly, it was the same species that was the only Rh–
phosphine complex detected by FlowNMR throughout the reaction when PPh3/
Rh¼ 1 (Fig. 14). The doublet peak centred at 27.7 ppm had a relatively low 1JRhP of
71.8 Hz and no associated hydride signal.

The conditions under which this complex was observed together with its
spectroscopic signatures suggested that it may be an acyl intermediate prior to
This journal is © The Royal Society of Chemistry 2021 Faraday Discuss., 2021, 229, 422–442 | 433
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Fig. 13 1H and 31P{1H} FlowNMR spectra of [Rh(CO)2(acac)] + 6PPh3 catalysed hydro-
formylation of 1-hexene in toluene at 50 �C and 12 bar of H2/CO (1 : 1) during stop/start
cycling of flow. [Rh(CO)2(acac)] ¼ 2.5 mM, [1-hexene] ¼ 500 mM, [PPh3] ¼ 15 mM.
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Fig. 14 31P{1H} FlowNMR spectrum recorded during [Rh(CO)2(acac)] + 1PPh3 catalysed
hydroformylation of 1-hexene in toluene at 50 �C and 12 bar of H2/CO (1 : 1). The same
doublet at 27.7 ppm was also observed from mixtures with higher PPh3/Rh ratios when
deprived of syngas in the presence of 1-hexene. [Rh(CO)2(acac)] ¼ 2.5 mM, [1-hexene] ¼
500 mM, [PPh3] ¼ 2.5 mM.
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release of product via hydrogenolysis (O–N, Scheme 2). Indeed, a very similar 31P
{1H} NMR signal (doublet at 27.5 ppm with 1JRhP ¼ 78.0 Hz) had previously been
assigned to [Rh(CO(CH2)5CH3)(CO)2(PPh3)2] but not fully characterised.27 A 31P
DOSY spectrum gave a diffusion coefficient of 7.35 � 10�10 m2 s�1 for our signal
at 27.7 ppm (Fig. S17†), very similar to the monomeric [RhH(CO)2(PPh3)2]
complexes A/B analysed under the same conditions.

When the stable complex [RhH(CO)(PPh3)3] C was pressurised with CO in the
presence of 1-hexene but without H2 under otherwise identical reaction condi-
tions, C disappeared from the 1H spectra with a transient trace of A/B before all
hydride signals vanished (Fig. 15). The corresponding 31P{1H} NMR spectra
showed the same sequence of transformation, eventually yielding the doublet at
27.7 ppm along with one equivalent of OPPh3 at 24 ppm and one equivalent of
PPh3 at �4.9 ppm (Fig. 15). From this observation we can deduce that only one
PPh3 is coordinated to the Rh centre in this compound thus identied as the acyl
complex [Rh(CO(CH2)5CH3)(CO)3(PPh3)] (Q). As expected, no aldehyde formation
was observed in this experiment. Pressurising the mixture with CO and H2

immediately led to hydroformylation activity with the acyl complex Q dis-
appearing and A/B dominating the phosphorus and hydride FlowNMR spectra
just as when starting from [Rh(acac)(CO)2] + PPh3 (see Fig. 10 and 11).

The observation of a mono-phosphine acyl complex as the major catalyst
species prior to rate-limiting hydrogenolysis is surprising given the long-accepted
view that all in-cycle intermediates in Wilkinson's dissociative mechanism would
be bis-phosphine complexes (Scheme 2).27,45 In support of this notion, Brown
reported the NMR spectroscopic characterisation of bis-phosphine acyl complex P
obtained from [RhHCO(PPh3)3] (C) and 1-octene under atmospheric pressure of
13CO.44 However, the facile displacement of PPh3 by CO observed in the genera-
tion of A/B from C under 5 bar of CO (Fig. 15) suggests that a similar equilibrium
may generate mono-phosphine complexes from Brown's bis-phosphine complex
under catalytic reaction conditions of >1 bar CO.
This journal is © The Royal Society of Chemistry 2021 Faraday Discuss., 2021, 229, 422–442 | 435
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Fig. 15 Selective excitation 1H and 31P{1H} FlowNMR spectra of [RhH(CO)(PPh3)3] (2.5 mM)
and 1-hexene (500 mM) under 6 bar of CO in toluene at 50 �C.
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In order to conrm this hypothesis and ascertain the structural identity of Q as
a mono-phosphine acyl complex we reacted [RhHCO(PPh3)3] (C) and 1-hexene
with 5 bar of 99.9% enriched 13C carbonmonoxide in toluene. As seen before (Fig.
15), the hydride signal of C vanished within minutes aer pressurising C with
13CO in the presence of olen, transiently showing the formation of A/B (Fig. 16)
before all hydride signals disappeared aer 60 min at 25 �C. With two 13CO
ligands the 1H resonance of A/B was a triplet of doublets with a 2JCH¼ 30.2 Hz and
1JRhH¼ 3.9 Hz without any apparent 2JPH due to the uxionality of this complex (as
discussed above).

The corresponding 31P{1H} NMR spectra showed the same sequence of
transformations, eventually yielding a virtual triplet of quartets centred at 26.5
ppm along with some OPPh3 at 25 ppm and free PPh3 at �4 ppm (Fig. 17) as seen
before for Q (Fig. 15). The 31P resonance associated with the acyl complex coin-
cidentally showed identical 1JRhP ¼ 70.7 Hz and 2JPC ¼ 70.7 Hz couplings to the
trans acyl carbon, and a distinct cis 2JPC ¼ 17.6 Hz from coupling to three
436 | Faraday Discuss., 2021, 229, 422–442 This journal is © The Royal Society of Chemistry 2021
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Fig. 16 Selective excitation 1H NMR spectrum of [RhH(CO)(PPh3)3] (25 mM) and 1-hexene
(500mM) under 5 bar of 13CO in 0.5mL of toluene at 0 �C showing the transient formation
of A/B from C with 13CO.
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equivalent 13CO ligands. This multiplicity is only possible with a pentacoordinate
mono-phosphine tris-carbonyl acyl complex as drawn for Q.

The corresponding 13C{1H} NMR spectra showed a variety of distinct carbonyl
species in the range of 240–180 ppm (Fig. 18). Free 13CO dissolved in toluene was
Fig. 17 31P{1H} NMR spectrum of [RhH(CO)(PPh3)3] (25 mM) and 1-hexene (500 mM)
under 5 bar of 13CO in toluene at �40 �C, showing the formation of Q from C with 13CO.
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observed at 184.5 ppm (conrming excess conditions), and the quaternary
carbonyls of heptanal and 2-methylhexanal originating from stoichiometric 1-
hexene hydroformylation were observed at 200.5 ppm and 203.2 ppm in a 3 : 1
ratio, respectively. The terminal 13CO ligands of mono-phosphine complexQ were
observed as two overlapping doublets of doublets at 192.1 ppm with 1JRhC ¼ 74.5
Hz and 2JCP¼ 17.5 Hz as well as 1JRhC¼ 74.7 Hz and 2JCP¼ 17.3 Hz, conrming the
cis 2JPC observed in the 31P{1H} NMR spectra (Fig. 17). Interestingly, while only one
version of Q was detectable in the 31P{1H} NMR spectra, the two different acyl
regio-isomers QL and QB could just be distinguished in the 13C{1H} NMR spectra
in the expected 3 : 1 ratio (with similar chemical shis and cis 2JPC couplings),
consistent with the formation of linear and branched aldehydes.

Although not visible in the corresponding 31P{1H} NMR spectra due to very fast
exchange between axial and equatorial positions, the 13C{1H} doublet at 198.36
ppm with a 1JRhC ¼ 76.7 Hz could be assigned to the terminal 13CO ligands of the
bis-phosphine complex O/P previously reported by Brown.44 Upon cooling the
sample to �90 �C, coupling of 13CO with 31P could be resolved as a doublet of
triplets with a cis 2JCP¼ 20.9 Hz (Fig. S29†) but the corresponding 31P{1H} signal of
O/P could still not be detected. The ratio of Q to O/P in the 13C{1H} NMR spectra
was about 1.3 : 1 under 5 bar of 13CO in the presence of 3 equiv. of PPh3 per Rh,
similar to the formation of A/B from C in the presence of excess CO (Fig. 15).
Consistent with our assignments, the 13C resonances of the terminal acyls in both
regio-isomers of Q and O/P could be detected in in the range of 225–240 ppm (Fig.
18), showing characteristic C–Rh and C–P coupling constants despite partial
signal overlap (Fig. S30†). Similar to the difficulty of resolving P–H couplings in
Fig. 18 13C{1H} NMR spectrum of [RhH(CO)(PPh3)3] (25 mM) and 1-hexene (500 mM)
under 5 bar of 13CO in toluene at�40 �C showing the formation ofQ andO/P from Cwith
13CO.
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the rapidly interconverting isomers of A/B (Fig. 11), no C–C couplings between the
acyl and terminal carbonyls could be resolved in the 13C{1H} NMR spectra of Q
and O/P down to �40 �C due to their highly uxional nature (all 13C{1H} NMR
signals including free 13CO were very broad at room temperature; Fig. S31†).
Further conrmation of the assignment of Q as a mixture of two regio-isomers of
amono-phosphine acyl complex andO/P as amixture of isomers of bis-phosphine
acyl complexes came from 1H–13C HMBC and 1H–31P HMBC correlation experi-
ments (Fig. S32 and S33†) as well as a quantitative 13C{1H} 1D NMRmeasurement
showing a 2 : 1 CO/acyl ratio for O/P and 3 : 1 CO/acyl ratio for Q in their relative
peak integrals (Fig. S35†).

The dynamic equilibrium between Q and O/P was shown by a change in their
distribution from 1.3 : 1 under 5 bar CO to 1 : 2.5 aer the excess CO was vented
from the mixture (Fig. S34†). The different conditions used in Brown's experi-
ments44 and our own thus explain the different complexes detected. At higher
PPh3 loadings of >3 equiv. to Rh (as typically used in applied hydroformylation)
the excess phosphine might overcompensate for the higher CO pressures and
shi the equilibrium to the bis-phosphine acyl complex again. When a total of 6
equivalents of PPh3 to Rh were used under 5 bar of 13CO, the ratio of Q to O/P in
the 13C{1H} NMR spectra was found to be 1 : 3 as opposed to 1.3 : 1 with 3 equiv.
PPh3, clearly showing the coordination competition of CO and PPh3 in Q vs. O/P
just as in C vs. A/B (Scheme 3).

These observations provide evidence for several conclusions: (i) olen coor-
dination does not occur with the off-cycle tris-PPh3 complex C but requires
Scheme 3 Coordination equilibria between the mono- (Q) and bis-phosphine (O/P) acyl
complexes through dynamic PPh3 and CO exchange (unlabelled four-coordinate inter-
mediates not detected but believed to be the species reacting further with H2, see Scheme
2).
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dissociation of at least one PPh3, a process that is facilitated by excess CO; (ii)
once bis-phosphine hydrido–carbonyl complexes A/B have been generated they
lead into the catalytic cycle, where the sequence of olen coordination – hydride
migration – CO insertion proceeds rapidly through either bis- or mono-phosphine
intermediates; (iii) both mono- and bis-phosphine acyl complexes Q and O/P are
observable as in-cycle intermediates prior to rate-limiting hydrogenolysis, with
their ratios depending on the relative amounts of CO and PPh3 present; (iv) the
observation that hydroformylation rates are highest under conditions that see Q
dominating over O/P (PPh3/Rh ¼ 3 at 5 bar CO) at unchanged L/B selectivity
suggests that hydrogenolysis proceeds predominantly through mono-phosphine
acyl intermediates.

Conclusion

The results of this investigation of one of the most widely used homogeneous
catalytic systems extend multi-nuclear high-resolution FlowNMR spectroscopy to
high temperature systems operating under gas pressure. While not as sensitive as
gas chromatography andmass spectrometry or as fast as IR spectroscopy, FlowNMR
is inherently quantitative, non-invasive and highly informative and thus powerful
for following similar reaction intermediates with high specicity. Being able to
quantify dissolved H2 during the analysis is uniquely useful in ensuring true
operando conditions, and may be exploited to map out gas-limitation regimes to
guide process development and upscaling. The ability to temporarily isolate
a sample from the headspace by interruption of ow allows probing the behaviour
of the system under gas-limiting conditions and following associated changes in
catalyst speciation. Heteronuclear correlation experiments and diffusion
measurementsmay be used to characterise eeting reaction intermediates and gain
insights into their dynamics. In the case of Rh/PPh3 catalysed hydroformylation of
1-hexene, this approach has led to the successful characterisation of
[RhH(CO)(PPh3)3], [RhH(CO)2(PPh3)2] as well as bis- and mono-phosphine acyl
intermediates under reaction conditions for the rst time. Work to further extend
the utility of high-resolution FlowNMR spectroscopy to study hydroformylation and
other catalytic systems is currently ongoing in our laboratories.
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