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ABSTRACT 

      
Catalytic hydroformylation of olefins mediated by rhodium-phosphine 

complexes is one the largest and most important industrial applications of 

homogeneous catalysis. Worldwide aldehyde production by hydroformylation 

capacities has exceeded 10 million metric tonnes in 2008, and aldehydes 

markets have continued to grow since then. Nevertheless, there are still 

important mechanistic questions that remain unanswered due to experimental 

limitations, despite the extensive amount of research carried out over the past 

60 years in both academia and industry. In this project, hydroformylation 

processes are investigated by FlowNMR spectroscopy and related techniques 

in the Dynamic Reaction Monitoring Facility at the University of Bath to gain 

new insights into the mechanism of the reaction.  

The elevated temperatures and pressures needed for hydroformylation 

require an adaption of the setup of the facility to carry out reactions under 

optimal and safe conditions. For this, an autoclave reactor is interfaced into 

the apparatus while the tubing material, connections and positive 

displacement pumps are investigated under hydroformylation conditions to 

ensure the system can withstand the pressures and temperatures required.   

The hydroformylation of 1-hexene with 10 bar of 1:1 H2/CO in the 

presence of the catalytic system [Rh(acac)(CO)2]/PPh3 is then studied by real-

time multinuclear high-resolution 1H and 31P FlowNMR spectroscopy at 50 °C. 

Rates, chemo- and regioselectivities are monitored with varying P/Rh loadings 

by 1H experiments. 31P{1H} and selective excitation 1H pulses are used to 

characterise and quantify key hydrido-rhodium and acyl-rhodium 

intermediates formed during turnover as well as dormant dimeric carbonyl 

complexes.  

Sensitivity in FlowNMR spectroscopy for reaction monitoring is 

enhanced by the addition of [Cr(tmhd)3], as paramagnetic relaxation agent 

(PRA) which reduce spin-lattice relaxation times, improving the signal-to-noise 

ratio. [Cr(tmhd)3] significantly enhances 1H and 31P{1H} FlowNMR data quality 

in the Rh-catalysed hydroformylation without interfering in the reaction 
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The second-generation processes were still characterised by the use 

of the unmodified Co catalysts (there are a few examples using P-ligands),47 

at harsher conditions (120-190 °C and 40-300 bar), with the use of propene 

as the main feedstock, and an increase in aldehyde production up to 300 

kt/year. Cobalt recovery methods were implemented by the transformation of 

[HCo(CO)4] to water-soluble species that were later extracted.48,49 Large 

industrial companies such as BASF, Exxon,50 Sasol, and Shell51,52 built plants 

based on these catalysts, and in this area there remain some active patent 

activities from Shell53 which are currently in use for the production of highly 

branched olefins and long chain alcohols.5  

The third-generation began in the 1970s involving processes using P-

ligand modified Rh catalysts (Figure 1.3) using milder conditions involving 

lower temperatures and syngas pressure (85-130 °C and 18-60 bar).27 Use of 

excess P-ligand and Rh recovery methods were implemented, and the former 

became imperative for catalyst stability and selectivity during optimal running. 

Most current large scale hydroformylation plants are based on these catalysts; 

they are still state-of-the-art today and performed at international companies 

such as Dow Chemical, BASF, Mitsubishi, and Evonik.5 Due to financial issues 

caused by Rh loss it was indispensable to develop efficient catalyst recycling 

strategies.1 

The fourth generation emerged from this idea of recycling, and it is 

considered as the aqueous two-phase hydroformylation where Rh catalysts 

are immobilized in the aqueous phase. An example of this technology was 

demonstrated in 1984 at Ruhrchemie AG, where the Rh catalyst was formed 

by a sulfonated phosphine ligand (TPPTS) (Figure 1.4). This produces 

catalysts which are highly soluble in water and Rh losses through the organic 

product phase are in the range of ppb.27 This is a great improvement compared 

to the loss of 1 ppm Rh/kg product estimated to occur when using the third-

generation Rh-catalysts in organic media.54 
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such as Fe are a more recent development due to aspects of sustainability 

and cost (Scheme 1.3).73,74 However, most of them (Ru, Os, Pt, Pd) have 

remained industrially insignificant due to problems regarding narrowness of 

substrate range and low selectivities.31,75,76 Consequently, Co and Rh species 

still stand out due to their superior activity and selectivity, especially on an 

industrial scale.75 

 

 

 

Scheme 1.3. Proposed catalytic cycle for iron catalysed hydroformylation.74 

 

Some advantages of Co-based catalysts are their tolerance towards 

trace impurities in the alkene feedstock and their significant hydrogenation 

activity. The latter may be exploited to directly produce alcohols, albeit 

accompanied by significant paraffin co-production and formation of heavy 
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aldol condensation side-products. Furthermore, Co catalysts usually require 

harsh reaction conditions (>150 °C and >100 bar syngas) that limit their 

industrial application due to high capital and operational costs.77 Rh-based 

catalysts are generally much more active and more selective than Co catalysts 

and operate under milder conditions (<100 °C and <50 bar syngas). The main 

drawbacks are their high and volatile price; Rhodium is much more expensive 

than Co due to its scarcity and its widespread utilisation in the automotive 

industry in catalytic converters for vehicles.78 Notwithstanding, its higher 

efficiency reveals the reason why over 80% of all hydroformylation plants built 

after 1985 utilise Rh-based catalysts compared to less than 10% of 

hydroformylation factories using it before 1980.3 

For Co and Rh, a stable metal precursor known as pre-catalyst is added 

to the reaction vessel which in the presence of syngas is converted into a 

hydroformylation catalytic active species. The presence or absence of a ligand 

during this activation results in the formation of modified or unmodified 

catalysts. The modification of this initial metal precursor can be performed in 

a separate vessel before the hydroformylation or in situ, but it must always 

occur under an inert atmosphere, otherwise the precursor may contact with 

oxygen and moisture resulting in a loss of catalytic activity.1,5 Most Co 

catalysts are formed from [Co2(CO)8], both with and without ligands under 

syngas. Rh catalysts can be produced from many precursors including 

[Rh2O3], [RhCl3(H2O)n], [Rh(OAc)3], [Rh(acac)(CO)2], [Rh(acac)3], 

[Rh(acac)(cod)], [HRhCO(PPh3)3] and [Rh4(CO)12] (Figure 1.5).5 [Rh2O3] and 

[RhCl3(H2O)n] were commonly used in older hydroformylation experiments but 

have recently lost their use due to their low activity.79 [HRhCO(PPh3)3] is 

commercially available and may be used as a precursor but problems can be 

encountered if the ligand used is different from PPh3, due to the mixture of 

different ligands, causing long stabilisation times.80 [Rh(acac)(CO)2] is 

nowadays the compound of choice due to its ligand modification feasibility, its 

quick activation, and the formation of HAcac as a non-harmful by-product.81 
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hypotheses, understand the electronic and steric parameters of the ligands 

and other conditions that may affect the catalytic performance. Van Leeuwen, 

Kamer and co-workers developed a bespoke high-pressure infrared (HP-IR) 

autoclave that allows for operando IR studies of fast catalytic reactions, such 

as hydroformylation under realistic conditions (Figure 1.8).134 

 

 

Figure 1.8. Experimental setup for catalytic batches, high-pressure FTIR spectroscopic measurements 
collected in situ, and automated sampling for GC analyses.134 

 

Other groups have used similar setups to follow Rh-catalysed 

hydroformylation on different scales by IR to discover reactive catalytic 

species.135 IR spectroscopy is highly sensitive and has a fast response time 

compared to NMR spectroscopy, but it requires calibration to be quantitative 

and provides limited structural information of the intermediates observed, an 

aspect where NMR is clearly superior.136 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 specificity in complex 
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reaction mixtures.137 A recent publication includes an example of an operando 

investigation of Rh/phosphite catalysed hydroformylation using FlowNMR, but 

with limited amount of mechanistic data and experimental details provided.138 

Landis et al. have recently reported a detailed kinetic study of Rh-catalysed 

asymmetric hydroformylation using a static 10 mm reactor within a high-field 

magnet connected to a liquid dosing and gas system,139 which been followed 

up by other investigations in the same field using similar setups.8,140,141 

 

1.2 High-resolution FlowNMR spectroscopy 

1.2.1 Infrared spectroscopy 

 

There are many analytical techniques available for monitoring chemical 

reactions, but as previously mentioned IR and NMR spectroscopy have been 

the most used to study hydroformylation reactions. IR offers better 

perspectives than NMR regarding sensitivity and temporal resolution, and it is 

especially suitable for reactions such as hydroformylation where CO is 

present.142,143 Transition metal carbonyl complexes are formed as the active 

catalytic species whose CO vibrations have strong absorptions, facilitating the 

investigation of low concentration species under catalytic conditions. The 

development of IR cells capable of being used under elevated pressures and 

temperatures have opened up the ability to study hydroformylation reactions 

by this analytical technique.133 

 A high-pressure autoclave for in situ IR measurements was first 

mentioned in the 1960s by Noack and co-workers.144 In this setup the reaction 

was carried out in a high-pressure autoclave whereby the reaction was 

continuously mixed and pumped with a piston and valve trough a high-

pressure transmission cell. King et al. used an infrared cell mounted on the 

bottom of an autoclave where a mechanical agitator pushed the reaction 

mixture to the infrared cell. 145 Moser and co-workers designed a setup formed 

by a cylindrical internal reflection crystal (CIR) and an autoclave reactor.100 

They were able to acquire real in situ measurements despite several 
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1.2.5.     Dynamic Reaction Monitoring (DReaM) Facility 

 

In 2016, the Dynamic Reaction Monitoring (DReaM) Facility was 

established at the University of Bath (Figure 1.13). This allows real-time 

reaction monitoring of chemical changes within homogeneous reactions. The 

facility consists of six pieces of analytical equipment which are hyphenated 

along a closed-loop recirculating flow path and can be used individually or in 

conjunction with each other where the NMR spectrometer is the centrepiece. 

The apparatus is formed of: 

 - HPLC with manual injector and online sampling valve. 

 - 500 MHz NMR Spectrometer with nitrogen-cooled Prodigy cryoprobe and 
InsightMR flow tube. 

 - MicroTofQ Mass Spectrometer (MS) with electrospray ionisation. 

 - Hiden Mass Spectrometer for analysis of volatiles in the reaction headspace. 

 - OceanOptics UV Spectrometer. 

- Polarimeter.  

 

Figure 1.13. The DReaM Facility at the University of Bath was developed to monitor homogenous 

catalysed reactions. 
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Using the InsightMR flow tube and software, the homogenous reaction 

is pumped directly from the reaction vessel into the flow cell within the 

spectrometer, analysed in flow and then returned to the reaction vessel 

(Figure 1.14). This enables continuous sampling representative of the bulk 

solution with little perturbation. There are short delay times (ca. 30 s) between 

an aliquot leaving the reaction vessel and arriving in the spectrometer, 

generating high-density data that is useful for a deeper understanding of 

reaction insights. Furthermore, it provides real-time operando data quickly and 

easily due to the larger reaction volume, which makes it easier to control and 

modify reaction conditions, and also the possibility of adding reagents to the 

vessel after the NMR acquisition has begun. Finally, using the same loop, 

other analytical techniques can be coupled by flowing the same sample 

through each apparatus. This results in greater time and cost efficiency as well 

as better consistency of data, as the experiment does not have to be repeated 

multiple times for different apparatus.  

 

 
 

Figure 1.14. Simplified schematic of the FlowNMR setup of the DReaM facility at the University of Bath. 

Reproduced with permissions from A.Hall. 
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It is worth noting however that there are disadvantages to FlowNMR 

spectroscopy, for example, it is not well suited for fast kinetic reactions due to 

the time delay between the vessel and the spectrometer, resulting in a loss of 

catalytic activation data. Another issue is the flow effects and the quantitative 

calibrations that need to be performed, which are not always possible for 

intermediate species. This has been well studied, thus Hall et al.137 reported a 

study carried out using DReaM which investigated how flow effects affect NMR 

acquisition and how to ensure that the data collected by this technique remains 

quantitative. Two main effects were found when applying FlowNMR 

spectroscopy, in-flow and out-flow effects. Out-flow effects are caused by the 

fast decay in FID signal caused by reaction mixture flowing out of the detection 

region with fresh magnetised sample which results in a reduction in the 

apparent T2 relaxation time resulting in slightly broader peaks than static. In-

flow effects are caused by an incomplete polarisation (or pre-magnetisation) 

of the sample due to a residence time within the spectrometer which is shorter 

than five times the T1 relaxation time required to obtain full magnetisation of 

the spins (Figure 1.15). This effect increases when increasing the flow rate 

and affects the signal intensity, the integral and therefore the quantification. 

To correct this, a correction factor must be applied to the integral values 

obtained in flow. These correction factors are easily calculated by recording 

and comparing the integral values of a spectrum recorded in flow with short 

delay (D1) and the same spectrum at static conditions with long delay.137 

Figure 1.15. Schematic of how the flow rate affects the magnetisation of the sample in different parts of 

the spectrometer.137 Reproduced with permissions from A.Hall. 
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1.3 Aims and objectives 

 

In this project I have been exploring operando FlowNMR spectroscopy 

coupled with other techniques such UV-vis spectroscopy and mass 

spectrometry in the Dynamic Reaction Monitoring (DReaM) Facility at the 

University of Bath to carry out real-time high-pressure investigations of 

catalytic hydroformylation reactions. The objective of this work was to 

understand, improve and optimise the reactivity of relevant industrial 

hydroformylation systems. Operando kinetic and mechanistic studies have 

brought a clearer picture of the activation of catalytic precursors, the catalytic 

turnover, the intermediates involved, catalytic deactivation pathways, and the 

steric and electronic effects of the ligands in the active catalyst. 

Initially the existing apparatus was tested and developed to interface an 

autoclave reactor and allow the monitoring of reactions that need heat control 

and an overpressure of gaseous reagents. For this, pumps, flow, pressure and 

fluid dynamics were investigated by residence time distribution (RTD) 

experiments to analyse their effect on the data and their optimisation to ensure 

high NMR data quality as discussed in Chapter 2. Once the setup was 

modified for these conditions, the well-studied catalytic system formed by 

[Rh(acac)(CO)2] and PPh3 was chosen to study the hydroformylation of 1-

hexene. This simple system allowed the establishment of a work methodology 

of hydroformylation pressurised reactions in DReaM while investigating and 

identifying reaction intermediates as well as reaction selectivities (regio- and 

chemoselectivy) to benchmark the literature. To achieve this 1H, 31P{1H} NMR 

and selective excitation 1H NMR measurements were interleaved in operando 

continuous FlowNMR. These experiments allowed the investigation of product 

formation kinetics (from 1H NMR) and the catalyst speciation (by 31P NMR) at 

the same time to correlate the intermediate profile with the reaction network 

as discussed in Chapter 3. 

31P quantitative FlowNMR data have shown the whole behaviour of the 

Rh catalyst from the activation of the precursor to its deactivation passing 

through the catalytic turnover when hydroformylation is occurring. For this, the 
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2.1 Introduction to published work 

 

Since the establishment of DReaM in 2016, extensive instrument and 

methodology development has taken place, and many different homogeneous 

catalysed reactions have been studied. Initially, the monitoring of reactions 

was carried out using an older version of a Teflon FlowNMR tube and a 

peristaltic pump mounted on a trolley that could be transported from the 

laboratory to the NMR spectrometer. This setup was restricted to reactions 

that did not require heating or elevated pressures. Moreover, the use of air 

and moisture sensitive and harmful/toxic reagents was also not possible with 

this setup. Over the last six years the facility has seen great development as 

well as its own designated space in a laboratory. The space is equipped with 

an NMR spectrometer, designed exclusively for FlowNMR spectroscopy, 

together with an assigned fumehood and glovebox. These additional 

instruments allow a designated area for the FlowNMR tube which means it 

does not have be transported for each reaction. The reaction vessel can be 

placed either inside the glovebox or connected to a standard Schlenk line, 

dependent upon the extent of inertness required. The flow tube sits inside a 

heat-transfer liquid tube connected to a chiller or a heater which allows the 

study of reactions at controlled temperatures.  

The improvement of the facility was parallel to the development of 

methodologies to monitor different homogeneous catalysed reactions. The 

interest of knowing the catalytic insight of different systems favoured the 

improvement of the instrumentation and the addition of complementary 

analytical techniques such as UV-Vis spectroscopy, high performance liquid 

chromatography (HPLC) and mass spectrometry (MS) which are all connected 

to the same closed loop tube allowing simultaneous use. However, no 

reactions with gas reagents have been studied so far, an adaptation of the 

instrumentation and the methodology are required to interface an autoclave 

reactor to be used as a reaction vessel. Here, we investigated tube materials, 

connections, and pump behaviour to ensure the flow apparatus can withstand 

the pressure and temperature required for hydroformylation reactions. 
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2.3.1 Abstract  

 

Online analysis and monitoring of solution phase chemistry by way of 

nuclear magnetic resonance spectroscopy on a recirculating sample from an 

external reaction vessel (FlowNMR) has proven to be a valuable tool for 

understanding the dynamic behaviour of complex solution-phase systems in 

real time. A variety of flow cells and setups have been used at both low and 

high magnetic field strengths for various applications, and the choice of 

materials, dimensions and components can have a profound impact on the 

quality and relevance of the data obtained. Here we review some fundamental 

engineering aspects of FlowNMR setups to help avoid common pitfalls and 

work towards establishing good practice quality guidelines (GxP) for FlowNMR 

investigations in academia and industry. 
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2.4 Introduction 

 

High-resolution NMR spectroscopy is a powerful analytical technique 

due to its high specificity, rich information content, and quantitative, non-

invasive nature.1-3 These attributes make it particularly useful for the analysis 

of complex mixtures and dynamic molecular systems that are difficult to 

analyse by alternative methods.4, 5 Applications include virtually all fields of 

solution phase chemistry such as molecular organic and inorganic synthesis, 

homogeneous catalysis,6 supramolecular7 and polymer chemistry,8 soft 

materials,9 medicinal10-12  and food chemistry13, 14 as well as metabolomics15 

and biochemistry.16, 17 However, hardware restrictions imposed by the large 

magnets required to generate stable, homogeneous fields allowing NMR 

spectroscopy to be performed on carefully equilibrated aliquots of typically <1 

mL make it difficult to use NMR more widely for analysing solution phase 

processes in their native environments. Mimicking reaction conditions in a 

sealed sample tube inside the NMR spectrometer can give some insight into 

the processes in question, but the inaccessibility of the sample and lack of 

control over heat- and mass-transport mean that the information obtained from 

isolated tube experiments may not be truly representative of the system under 

native conditions.18 These deviations are particularly relevant to kinetic 

investigations reliant on obtaining accurate concentration profiles, and may 

even lead to a different speciation of the system under the restrictions of small, 

static sample tubes.18-20 The recent development and commercialisation of 

benchtop NMR spectrometers based on stable (non-cryogenic) perma-

magnets have made NMR spectroscopy more versatile for remote 

applications,21-24 but the aforementioned sampling restrictions apply all the 

same at lower field25 in addition to the inherent limitations of lower sensitivity 

and reduced spectral resolution compared to high-field instruments. 

FlowNMR spectroscopy is a simple adaption that alleviates the 

aforementioned sampling limitations by way of a closed-loop flow system that 

continuously circulates an aliquot from an external reaction vessel to the active 

region of an NMR spectrometer.4 In this way any changes in sample 
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The tube head is made of PTFE (Teflon) and PEEK (polyether ether 

ketone) and connects to a flexible umbilical that houses the inlet and outlet 

sample lines within two larger, concentric Teflon tubings. A heat transfer fluid 

may be circulated through the latter, and an insulating foam outer layer 

minimises heat losses to the environment and allows safe manipulation of the 

heated flow tube. 

The reaction vessel may be any container that suits the application, 

including simple glassware, multi-compartment cells, closed containers (e.g. 

Schlenk flasks), pressure reactors or even biological specimen. As the vessel 

is typically located beyond the stray field of the NMR magnet any ancillary kit 

required for process control such as overhead stirrers, heating elements, reflux 

condensers, dropping funnels, solid addition ports, membranes, electrodes, 

thermocouples, etc. may be used as usual. As long as appropriate mixing is 

provided to ensure that the sample withdrawn by the pump is representative 

of the mixture in the vessel at all times, the FlowNMR setup is also 

independent of scale and may be used with sample volumes from ~5 mL (see 

section 2.5.2) up to multi-litre processes. The inlets and outlets of the sample 

transfer lines inside the vessel should be positioned and secured such that no 

short-cut of sample flow is possible (i.e. at maximum distance to each other, 

ideally with the mixing element in between), which depending on the 

application and reaction vessel type may be effected by different means such 

as clips, rubber seals, glass flanges and polymer or metal fittings. 

 

2.5.1.1 Sample tubing 

 

In addition to the native reaction vessel, the main wetted materials that 

contact the sample in such a setup are glass in the tip of the flow tube and the 

tubing material used for the transfer lines. The use of ferromagnetic materials 

is not recommended for FlowNMR setups, so tubing materials of choice are 

polymers which come with the additional benefits of being lightweight and 

flexible.39, 40, 48, 66, 67 However, the correct choice of polymer tubing for a given 

application (i.e., sample composition and reaction conditions) is not trivial, and 
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safety aspects have to be considered in addition to chemical compatibility.68-

71 Table 2.1 lists some key physical properties of commercially available 

tubing materials in comparison with austenitic stainless steel as the standard 

for HPLC applications. While the latter is not recommended for parts of a 

FlowNMR setup that come close to the magnet it may be used in remote 

sections of the setup that are safely beyond the stray field of the NMR 

spectrometer. All of the materials listed are available in various diameters, wall 

thicknesses and lengths from a range of commercial HPLC suppliers. Titanium 

has been used for high-pressure NMR tubes72 and recirculating high-pressure 

NMR reactors73 but there are still not FlowNMR setups reported. 

As can be seen from Table 2.1, most polymers have high pH tolerance 

but notably different pressure and temperature ratings. Their mechanical 

strengths and elasticities may be viewed as less important once a FlowNMR 

system is installed, but experience shows that rigid materials like PEEK are 

noticeably easier to handle and connect securely than the more ductile 

materials such as Teflon. If the assembly is to be frequently dismantled or 

reconfigured for different applications, then mechanical stability becomes 

important for ease of use and prolonging material lifetime. 

An important consideration for applications with sensitive reagents and 

reactions under pressure is the gas permeability of tubing material (see also 

section 2.5.3), combined with an appreciation that these values may increase 

when used at elevated temperatures when in contact with organic solvents 

that may swell the polymer.84 We also caution that the manufacturer values 

shown in Table 2.1 only apply to pristine materials and do not take into account 

any weakening due to bending, compression, accidental denting or scarring, 

and fatigue due to prolonged use. Virtually all polymers wear in flow 

applications and degrade to some degree over time due to a combination of 

chemical interactions and mechanical stress,68-70 especially when frequently 

taken to their limits of temperature, pressure or pH. Unexpected failures can 

have severe consequences for the user and the valuable equipment, so 

careful inspection and safety tests are recommended prior to every use, 

especially when involving harmful or toxic substances or when working with 

high pressures.
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As mentioned in the introduction, chemical compatibility is a key 

consideration for choosing the correct tubing material. Stainless steel for 

instance has a high risk of stress corrosion cracking where in contact with 

chlorinated solvents and will be attacked by most inorganic and organic 

acids.85-86 PEEK is prone to significant solvent uptake and swelling with 

methylene chloride, tetrahydrofuran and dimethyl sulfoxide,84 and Vespel is 

known to be incompatible with amines, dimethyl formamide and dimethyl 

sulfoxide.87-89 Many polymer compatibility tables can be found online (Table 

9.1.1), and in case of doubt confirmation should always be sought from the 

manufacturer. For studying photochemically active substances by FlowNMR it 

is important to note that while PTFE and FEP transmit visible light >340 nm90 

Vespel, PEEK and stainless steel are non-transparent and protect the sample 

from unintentional exposure to UV-vis irradiation. 

Another consideration for choosing an appropriate tubing material is the 

potential carry-over of compounds between different applications. For 

instance, we have found PEEK to be particularly prone to uptake of small 

amounts of polar substances such as water, short chain alcohols and acetone 

(often used for cleaning) which may then leach back into subsequent 

applications. Finally, although rather rare, some tubing materials themselves 

can chemically alter the sample studied. Stainless steel for instance is known 

to be mildly oxidising and has been observed to trigger radical reactions with 

O2 and peroxides.86 Thorough control reactions checking the mutual 

compatibility of sample and flow system are thus recommended at the 

beginning of every FlowNMR investigation in order to generate meaningful 

data. 

 

2.5.1.2 Connections 

 

A particular focus during the assemblage of a FlowNMR setup should 

lie on any connection points throughout the system, as these often cause flow 

restrictions and/or turbulences that make them particularly prone to failure. 

The safety limits of any flow system are dictated by their weakest point, and 
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unions or connectors come with smaller internal diameters than the sample 

tubing these can easily be rebored to the required size with a set of microdrills, 

a quick operation that may save valuable experiment time by reducing the risk 

of pump failure or blockages during use. 

 

2.5.2 Volumes, internal diameters, and the importance of pressure 

drop 

 

For most applications, the user will seek to minimise the amount of 

sample held inside the flow setup (i.e., the flow tube plus any tubing and pump) 

to have maximum control over the bulk of the sample inside the reaction vessel 

where conditions may be purposely altered or reagents added at a specific 

point in time. This is especially true for precious analytes and in cases where 

tight process control is required. As a rule of thumb, we usually scale reactions 

such that at least 2/3 of the sample reside inside the reactor at any time, which 

in most cases proves effective to make the reaction amenable to study by 

FlowNMR spectroscopy without affecting the kinetics or the speciation of the 

system in flow. Specific limits for acceptable volume ratios will depend on 

whether any analyte may respond to potentially different conditions inside the 

flow system as compared to the reactor (for example an overhead pressure of 

reaction gas versus dissolved gas in solution only) on the time-scale of its 

journey from the reactor and back, so absolute recommendations can 

unfortunately not be given. For fast reactions where this is suspected to be an 

issue, we recommend varying the flow rate during the experiment2 to test if 

different species are observed as a function of the mean residence time of the 

sample in the flow system. 

Due to the size and geometry of high field NMR instruments (even those 

with shielded magnets) several metres of tubing are typically required for 

creating a closed loop FlowNMR setup connected to an external sample 

 
2 Note that changing the flow rate may also affect flow correction factors required for accurate signal 
quantification. 
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that these dimensions translate to for a tubing length of 10 m at a volumetric 

flow rate of 4 mL/min. 

 

Table 2.2. Key flow parameters calculated for sample tubing of different internal diameter. 

Tubing I.D. 

/ µm 

Flow 

velocitya  

/ m.sec-1 

Reynolds 

numberb 

Internal 

volumec / 

mL 

Residence 

timea,c,d / 

sec 

100 8.5 600 - 2000  0.1 1.5 

500 0.3 150 - 400 2.0 30 

1000 0.09 50 - 250 7.9 119 

a.For a volumetric flow rate of 4 mL/min. bRange for common organic solvents at room temperature.cFor 

a total tubing length of 10 m. dTheoretical values applying to the tubing only; see section 2.5.4 for 

residence time distribution analyses of complete FlowNMR setups. 

 

Reynolds numbers for typical organic solvents are in the laminar flow 

regime for all dimensions shown in Table 2.2, and even low viscosity liquids 

like acetone would not flow turbulently at 4 mL/min through 100 µm ID tubing 

at room temperature (Re <3000). It may thus seem that small tubing IDs would 

be best to minimise sample volumes and travel times. While this is true, we 

caution that the smaller the ID the higher the sensitivity of the setup to 

blockages from accumulation of solids which can cause loss of valuable 

experiment time. From our experience we recommend 500 µm as the 

minimum tubing ID that can be used efficiently with most liquids and commonly 

used pumps (see also section 2.5.4), but smaller IDs may be usable with 

appropriate precautions if required by the application. A practical limitation to 

minimising the tubing ID is the pressure drop (or flow resistance) generated by 

shear forces within the sample and with the tubing walls that need to be 

overcome by the pump. While such relatively low levels of hydrostatic pressure 

are unlikely to have a noticeable effect on sample composition or the NMR 
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than one measurement point throughout the flow path is that any restrictions 

may be more easily narrowed down to certain sections of the setup for quick, 

targeted maintenance and repair. 

When liquid phase reactions under a positive gas pressure are being 

investigated, an independent pressure sensor in the reactor headspace is 

recommended, as the total pressure in the setup will be the sum of any gas 

pressure applied to the reactor plus the pressure drop from the inherent flow 

resistance of the liquid travelling through the tubing (Figure 2.5).  

 

 

Figure 2.5 Representation of the additive nature of pressure along the flow path where the NMR tip 
experiences pressure equal to that applied to the reaction vessel plus the hydrostatic pressure drop 
caused by the action of flow through the small ID tubing. 

 

It is important to know and monitor the highest pressure throughout the 

system in order not to exceed the safety limits of any components used. 

Compact digital pressure transmitters such as the A-10 model from WIKA 

(made of stainless steel and available with a range of seal materials for various 

pressure and temperature ranges) allow monitoring reactor headspace 

pressure at the point of use via a small display while also logging the data on 

a computer. A very useful safety feature that we warmly recommend for any 

FlowNMR setup is to add a back pressure regulator (BPR) to a T piece in the 

flow path directly before the most vulnerable section (in most cases the flow 
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As can be seen from the results shown in Figure 2.6, PTFE has a four 

times higher hydrogen permeability than PEEK, and H2 passes more easily 

through PEEK than CO and CO2 do. Note that the initial pressure drops in 

Figure 2.6 reflect gas dissolution into the liquid phase and not diffusion 

through the tubing walls. The exact magnitudes of gas loss from a FlowNMR 

experiment will depend on the tubing wall thicknesses, solvent and 

temperature used, but the representative results in Figure 2.6 show that 

noticeable pressure loss may occur during a FlowNMR experiment by way of 

diffusion even in the absence of any leaks. A 40% pressure loss may have 

significant effects on the kinetics of a hydrogenation reaction for example, and 

potentially even change the speciation of the catalyst,46,103 so the choice of 

tubing material can be important in generating meaningful results from a 

FlowNMR investigation. As none of the polymer tubings we are aware of have 

negligible gas permeabilities like metal, headspace pressure drop curves 

measured during FlowNMR experiments do not necessarily correlate with the 

reaction progress seen in the liquid phase by NMR spectroscopy. Thus, 

reactions under gas pressure are best conducted with the reactor open to a 

gas cylinder or buffer vessel maintaining constant pressure throughout the 

experiment to simplify the kinetics. From a health and safety point of view, 

while most NMR laboratories are already equipped with oxygen depletion 

alarms for safeguarding against the risk of asphyxiation from He and N2 boil-

off, the addition of portable sensors for hazardous gases is recommended for 

any FlowNMR applications using H2, CO and other toxic or flammable gases. 

 

2.5.4 Selection of pumps 

 

A key component of an effective and reliable FlowNMR setup is a 

suitable liquid pump for circulating the sample through the system. Although 

perhaps deceptively simplistic to most molecular scientists and 

spectroscopists, the correct selection, installation, use and maintenance of 

pumps is an area of reaction engineering of appreciable technical complexity. 

Due to the importance of pumps for industrial manufacturing104 a wealth of 
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literature is available on applied aspects of large-scale pump installations,105-

107 however, much less guidance is available for small scale specialist 

applications. The preceding sections have already touched on some 

considerations relevant to pump selection (flow rates, pressure drop, 

temperature and pressure), and a more detailed analysis and discussion will 

be provided in this section. 

 

2.5.4.1 Pump types and working principles 

 

Key criteria of pump selection for FlowNMR applications include i) high 

accuracy and precision of flow rate, ii) the ability to work under moderate 

pressures of up to 20-30 bar, iii) temperature ranges of up to 100 °C, and iv) 

the ability to reliably pump a range of liquids of various densities and 

viscosities. As steady flow rates in the order of 0.5 to 5 mL/min are typically 

used for FlowNMR, precise metering, rapid start/stop capabilities, or 

generation of particularly low or high flow rates are less important. Pump 

efficiencies as often assessed in thermodynamic testing cycles for large-scale 

applications108 are also of less importance for FlowNMR, as long as pump 

performance and stability are not compromised by undue stress and wear. 

Of the three major pump types centrifugal (CF), axial flow (AF) and 

positive displacement (PD) the latter is most suitable for controlled liquid 

delivery on small scale in accordance with the considerations (i-iv) above. 

Unfortunately, PD pumps are also the most diverse and complex class of 

pumps, and their performance heavily depends on their individual design and 

proper installation and use.109 In general, all PD pumps operate by repeatedly 

enclosing a small volume of liquid and moving it mechanically from the suction 

side (inlet) to the discharge side (outlet), intercepting the liquid stream 

temporarily with each cycle. This repeating motion can be provided by vanes, 

gears, diaphragms or pistons, and the fluid delivery is often assisted by one-

way valves that ensure directionality of the flow against pressure differentials. 

The speed of the internal movement (stroke velocity) and the amount of liquid 

moved per cycle (displacement volume) determine the suction pressure on the 
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sample at the inlet as well as the pulsation of liquid flow delivered through the 

outlet. With non-compressible liquids the flow is theoretically independent of 

pressure, as long as the pump drive is powerful enough to sustain the cycle. 

As the displacement volume is constant, the volumetric flow rate is 

independent of sample density and viscosity. Reciprocating PD pumps using 

diaphragms or pistons moving backwards and forwards tend to have larger 

displacement volumes and higher stroke velocities than rotary PD pumps 

using vanes or gears. Hence, the latter often have lower pulsation and suction 

pressure than the former but are more susceptible to wear and have a higher 

tendency of slippage.110  

The PD pumps most commonly used for small scale laboratory 

applications include a) HPLC single or dual piston pumps, b) rotary multi-

piston pumps, c) annular gear pumps, d) diaphragm pumps, and e) peristaltic 

tube pumps. Their principal components and functioning are illustrated 

schematically in Figure 2.7. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.7. Schematic working principles of common positive displacement pumps used for small scale 
laboratory applications. Mechanical movements indicated by white arrows, fluid flow indicated by red 
arrows. 

(a) Dual piston HPLC pump (b) Totary tetra piston pump (c) Annular gear pump 

(d) Diaphragm pump (e) Peristaltic pump (f) Syringe pump 
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Note that linear PD pumps such as syringe pumps (f), which are ideal 

for metering applications and rapid injection devices as used in stopped-flow 

analyses, do not lend themselves for continuous sample recirculation in 

FlowNMR setups.111 However, as they deliver the smoothest flow of all PD 

pumps, a syringe pump is included in the following as a comparison. 

As the individual advantages and limitations of these different PD 

pumps for use in FlowNMR applications are not immediately obvious, we 

compare some key characteristics using commercially available examples for 

each type in the following (Table 2.3). 

Note that many of the models listed in Table 2.3 are available with 

different pump head materials that may be chosen to suit the chemical 

compatibility demands of the application. In some cases, these can easily be 

interchanged (like for the peristaltic pump (e)) whereas in most situations a 

separate pump head needs to be purchased. The larger annular gear pump 

(HNP-M mzr-6355) is equipped with a powerful magnetically coupled drive to 

limit exposure of the internal mechanics to the sample, whereas the simpler 

model has a smaller direct drive. HPLC pumps naturally have the largest 

pressure range, followed by annular gear pumps and rotary piston pumps. 

Peristaltic pumps often have very low-pressure ratings due to their flexible 

tubing and plastic rollers but are least sensitive to solids and mixtures and offer 

minimal contact to wetted materials. Electrical heating mantles are available 

for both gear pumps (c), and a fluid heat exchanger module (allowing both 

heating and cooling) is available for pump (a). All other pumps operate at room 

temperature and may only be passively insulated with foam to minimise 

sample heat loss. In the following we will test and compare some key 

performance characteristics of (a)-(f) relevant to FlowNMR applications. 
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2.5.4.3 Sample dispersion and tailing from residence time distribution 

measurements 

 

For FlowNMR analyses the internal volume of the pump used is ideally 

minimal and swept uniformly so that there is no sample hold-up or back-mixing 

(= ideal plug flow conditions). Not all PD pumps are necessarily designed for 

these conditions, however, and some insight into the fluid dynamics can be 

valuable information for deciding whether a certain pump is suitable for a given 

application. Total internal volumes are typically available from the supplier but 

do not give any information on the distribution of swept volume + dead volume 

under process conditions. Residence time distribution (RTD) 

measurements115,116 of the entire setup (including flow tube and pump) are 

thus useful experiments to quantify the actual swept volume of the system and 

determine any degree of broadening and sample tailing due to non-ideal plug 

flow. The use of an easily quantifiable, non-reactive marker solution, injected 

into a steady flow of pure solvent either as a sharp pulse or as a step change, 

measured with high temporal resolution at the exit of the setup yields RTD 

curves that characterise the fluid flow through the setup. Using fluorescein 

detected by a UV-vis spectroscopic flow cell (see Figure 2.16) we have thus 

investigated pumps (a-e) at flow rates of 1-6 mL/min. Figure 2.9 shows data 

for the peristaltic pump (e) as an example, and the results of all other pumps 

can be found in the supporting information (section 9.1.3).  

 

Figure 2.9. Left: RTD profiles of the FlowNMR apparatus shown in Figure 12 with peristaltic pump (e) 
as derived from FlowUV-vis spectroscopy at 334 nm using 12 mM fluorescein in acetone as the marker 
in a step change displacement experiment. Right: determination of mean residence time at 4 mL/min. 
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Figure 2.10. Left: Mean hydrodynamic residence times as derived from RTD measurements of the 
FlowNMR apparatus shown in Figure 12 with pumps (a-f). Right: comparison of RTD profiles of pumps 
(a-f) at 4 mL/min. 

 

RTD peak shapes may be analysed for their degree of symmetrical 

broadening that are caused by shearing and diffusion by fitting a Gaussian to 

the curve.118 The fit peak width is a measure for the degree of plug flow ideality, 

expressed by either the vessel number n of a theoretical cascade of 

infinitesimally small continuous stirred tank reactors (CSTRs) or the 

dimensionless Bodenstein number: the higher n or Bo, the more ideal the plug 

flow (for details see supporting information section 9.13). Figure 2.11 (left) 

shows a comparison of vessel numbers for pumps (a-e) at various flow rates. 

It can be seen that all pumps struggled a bit at low flow rates but delivered 

relatively constant flow qualities above 2 mL/min (using acetone at room 

temperature), and that the HPLC pump (a), the rotary multi-piston pump (b) 

and the small gear pump (c) produced the most ideal plug flows (i.e. sharpest 

RTDs). Their vessel and Bodenstein numbers being close to those obtained 

with the syringe pump (f) show that (a-c) do not add significant amounts of 

RTD dispersion to the system, and that the values seen are the limitations of 

the tubing and flow tip used. Further improvements, if desired, would require 

streamlining the sample flow into and out of the tip of the flow tube42 which has 

previously been shown to cause dispersion as the sample expands from the 

narrow injection capillary into the 5 mm glass tube and then squeezes back 

through a small hole at the top leading into the outlet tubing. The peristaltic 
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pump (e), the diaphragm pump (d) and the larger gear pump (c) added 

increasing amounts of back-mixing to the flow as shown by their significantly 

lower vessel and Bodenstein numbers. As a simple rule of thumb, the degree 

of sample back-mixing (or flow dispersion) induced by the various pumps 

broadly correlates with their swept internal volumes: the larger, the worse.  

 

 

Figure 2.11 CSTR cascade vessel numbers for the FlowNMR setup shown in Fig. 12 with pumps (a-f) 
as derived from Gaussian fits of their RTD profiles (left) and sample tailing from surface area differences 
(right). 

 

The single RTD in Figure 2.9 (right) shows some degree of 

unsymmetrical broadening towards longer residence times indicative of 

sample tailing, and the overlay of RTD curves from pumps (a-e) at 4 mL/min 

shown in Figure 2.10 (right) suggests that the different pumps may induce 

various amounts of sample hold-up in addition to flow dispersion. The 

difference in peak area between the symmetrical Gauss fit and the real RTD 

curve yields the amount of sample tailing as a percentage relative to the area 

covered by the symmetrical Gaussian. Figure 2.10 (right) shows that the 

degrees of tailing relative to dispersion caused by the pump internal volumes 

are actually quite small and similar for all pumps investigated. Sample hold-up 
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The mean hydrodynamic residence times show the internal volume of 

this section of the setup (in this case including pump (e)) to be in the order of 

2.2 mL, giving a sampling delay of 32 seconds under typical flow conditions of 

4 mL/min. The observation that a similar amount of tailing was seen in this 

data as for the round-trip RTD results shown above (~5%) confirms that most 

sample hold-up occurs within the flow tube tip itself. 

 

2.5.4.4 Flow pulsation and pump performance under gas pressure 

 

As all flow effects on NMR acquisition are directly flow rate dependent, 

a critical characteristic of a pump for use in FlowNMR is maximum stability of 

the selected flow rate. While pump calibrations (à accuracy) can periodically 

be performed with the help of flow meters or by other external means, any 

variations in the flow rate delivered (à precision) during a FlowNMR 

experiment are potentially problematic as they may distort compound 

quantification by peak integration. This does not only include gradual drifts to 

higher or lower average flow rates (for example, due to incomplete priming at 

the beginning or rising flow resistance from an increase in sample viscosity) 

but equally applies to any periodic or random oscillations of the average flow 

rate delivered. Due to their working principle flow pulsation is an inherent 

feature of all PD pumps (sometimes referred to as the heartbeat), but its extent 

varies significantly depending on the pump type.9 The higher the stroke 

velocity and displacement volume of the pump, the more pronounced the 

pressure pulse on the discharge side when delivering, causing a temporary 

spike in the flow rate that is followed by a drop when the pump refills from the 

suction side. Multi-piston pumps such as (a) and (b) limit periodic oscillations 

by anti-phasic piston movements similar to combustion engines, while 

diaphragm pumps try to minimise pulse intensities by using a large and 

flexible, slowly moving element. Gear pumps promise to produce the least 

 
9 Flow pulsation dampeners based on flexible diaphragms or bladders are available to smoothen out 
pump cycles, but due to their added internal volume and potential sample hold-up are not 
recommended for FlowNMR applications. 
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but still noticeable heartbeat from the large Teflon membrane. The dual piston 

pump (a) afforded lower pulsations of +/- 0.6 %, and the rotary tetra-piston 

pump (b) and the two annular gear pumps (c) produced the lowest flow rate 

variations of 0.3 % at irregular (but insignificant) frequencies. These results 

were expected for (c) as discussed above, but (b) and (a) were also 

surprisingly good at limiting pulsation from their small, reciprocating pistons. 

Lower flow rates yield lower pulsation frequencies in all cases, and for some 

pumps even larger flow rate variations (see supporting information section 

9.1.3 for details). 

In order to demonstrate how such oscillations in sample flow may affect 

FlowNMR data, quantitative fast pulse 1H NMR measurements were carried 

out on neat solvent circulated with pumps (c), (d) and (e) at the same nominal 

flow rate. Absolute integral values as measured over time (uncorrected) are 

shown in Figure 2.14.  

 

Figure 2.14. Absolute 1H NMR integral values of acetone flowing through the setup shown in Figure 12 
at a nominal flow rate of 2 mL/min at room temperature using different PD pumps. 

 

With an acquisition time of 0.25 seconds, the flow oscillations of the 

peristaltic pump (e) and the diaphragm pump (d) were clearly visible in the 1H 

FlowNMR integrals.40 Thus, if precise NMR data with a high acquisition rate is 

required, a high-precision pump with minimum pulsation must be used. 
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experiment despite all best efforts to prevent this (see section 2.5.4.2). The 

sudden increase in inlet pressure expelled remaining gas pockets in the pump, 

leading to much higher-than-calibrated flow rates. These data show the 

difficulty of priming some reciprocating PD pumps with check valves and 

demonstrate what consequences this may have in FlowNMR applications 

under variable pressure: a sudden >50% increase in flow rate will lead to 

significant quantification errors due to changes in flow correction factors.42 

Once fully primed both (a) and (d) did perform well under pressure though, so 

if this effect can be reliably excluded (either through pressurised priming 

procedures or an actively flow-regulated pump control loop) these pumps may 

be suitable for FlowNMR applications under variable pressure. The rotary 

piston pump (b) and the high pressure gear pump (c) did not show any sign of 

this behaviour (neither in the limited data shown here nor during any other 

applications for which we have used them), and delivered stable flow rates 

from ambient to 15 bar (Figure 2.15). Thus, such pumps are both easier to 

use and more reliable for pressure applications. However, all pumps showed 

a large drop of liquid flow rate delivered upon depressurisation from 15 bar to 

ambient as the autoclave was slowly vented over the course of 30-60 seconds. 

Such pressure decreases lead to solvent outgassing throughout the system 

(sometimes bubbles be even observed in the tip of the flow tube) and causes 

cavitation inside the pump head that leads to significantly reduced and rather 

erratic flow rates until the pump has managed to expel all gas and re-primed 

itself. Care should thus be taken when decreasing gas pressures during a 

FlowNMR experiment with any PD pump, especially with highly soluble gases 

such as CO2. 

 

2.6 Conclusions  

 

We hope that this review of some fundamental engineering aspects of 

small-scale flow setups and components of relevance to FlowNMR 

spectroscopy will be useful to other researchers for making informed choices 

on methods and materials to assemble effective and safe setups that quickly 
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2.9.2.2 Pump testing under pressure 

 

A Cori-flow Mini M13 (Bronkhorst) flow meter was inserted into the flow 

path and the FlowNMR apparatus was flushed and filled with toluene (4 

mL/min) for 20 minutes to remove residual solvent. Toluene (15 mL) and a 

Teflon-coated stirrer bar were charged to the pressure reactor, which was then 

sealed, checked for leaks and connected to the FlowNMR apparatus in a 

recirculating setup. Pressure and flow rate data acquisition was started, and 

the relevant pump (either the peristaltic, double-piston, annular gear, rotating-

tetra piston or diaphragm pump) was set to 4 mL/min, heat exchanger 1, 2, the 

probe and the hotplate were set to 50 °C and allowed to equilibrate. The 

reactor was increasingly pressurised to 5, 10 and 20 bar at 20 minute intervals. 

The reactor was then vented, re-pressurised to 10 bar and left for another 20 

minutes to check pressure performance after being pressurised and 

depressurised.  

 

2.9.2.3 RTD experiments for FlowNMR apparatus 

 

The UV flow cell (PEEK SMA-Z, Ocean Optics) was inserted at the end 

of the flow path (see Figure S1) and the deuterium-halogen light source (DH-

2000-BAL) was turned on and allowed to warm up for a minimum of 30 

minutes. The FlowNMR apparatus was flushed and filled with acetone (4 

mL/min) for 20 minutes to remove any residual solvent. A solution of 

fluorescein in acetone (500 mL, 12 mM) was charged to a round-bottomed 

flask and connected to the FlowNMR apparatus via a rubber septa with the 

outlet connected to a waste bottle. UV-vis data acquisition and the pump were 

turned on simultaneously and data was acquired until the flow path was 

uniformly filled with fluorescein solution (Fill). The pump was stopped, the inlet 

was placed in acetone and acquisition and flow were started simultaneously, 

data was recorded until the flow path was uniformly emptied of fluorescein 

solution (Empty). The change in the absorbance of fluorescein (334 nm) was 
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2.9.2.6 RTD experiments to FlowNMR tip 

 

The FlowNMR apparatus was flushed and filled with acetone (4 

mL/min) for 20 minutes to remove residual storage solvent. Hexane (15 mL) 

was added to a round-bottomed flask and connected to the inlet of the 

FlowNMR apparatus with the outlet in the waste bottle. The FlowNMR tube 

was placed in the spectrometer. NMR data acquisition and the pump were 

turned on simultaneously and data was acquired until the flow path was 

uniformly filled with hexane (Fill). The pump was stopped, the inlet tubing was 

placed in acetone and acquisition and flow were started simultaneously; data 

was recorded until the flow path was uniformly emptied of hexane (Empty). 

The change in acetone integral was used to determine whether the flow path 

(to the tip) had been uniformly filled/emptied. Residence time distribution 

profiles were obtained for the peristaltic pump at 2, 4 or 6 mL/min using the 

empty profile of acetone (see section S4.). 

NMR parameters: 1H, PULPROG (zg2d), ns = 1, d1 = 0.01 s, d20 = 0.4 s, O1p 

= 6.175, SW = 20, TD = 1024 
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3.1 Introduction to published work 

 

In Chapter 2, engineering aspects of FlowNMR spectroscopy for high-

pressure gas reactions were discussed, including selection of materials and 

equipment. In addition, their integration into the FlowNMR apparatus was 

performed. The system was tested and optimised for pressurised conditions 

in the absence of a chemical reaction demonstrating the ability of the 

apparatus to withstand elevated pressure and temperature.  

Following on from the successful results from the engineering work, this 

chapter addresses the first study of hydroformylation reactions by FlowNMR 

spectroscopy carried out at the Dynamic Reaction Monitoring Facility:the 

hydroformylation of 1-hexene. This reaction is well-known and has been widely 

studied, thus we will be able to benchmark our data with literature.  This study 

will ensure that FlowNMR spectroscopy is a suitable analytical tool to perform 

hydroformylation investigations under real operando conditions. The results 

produced must then be comparable to the ones obtained under batch 

conditions without mass transfer limitations or reagent depravation due to the 

system configuration. 

Here, therefore, 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 while 

monitoring the reaction progression under reaction conditions. Multi-

dimensional correlation spectroscopy, selective decoupling, hetero-nuclear 

diffusion analysis and polarisation transfer experiments in conjunction with 

selective excitation of low intensity signals give a comprehensive picture of 

catalyst speciation that may be directly correlated with the overall reaction 

progress. 
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phosphine intermediates during the catalysis. Stopped-flow experiments in 

combination with diffusion measurements and 2D heteronuclear correlation 

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

generate rapidly exchanging isomers of the bis-phosphine complex 

[HRh(CO)2(PPh3)2] under CO pressure that directly enter the catalytic cycle. A 

mono-phosphine acyl complex has been identified as an in-cycle reaction 

intermediate. 
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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 realistic 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.31  

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 specificity 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 experimental details.34 Landis recently reported a detailed 

kinetic study of Rh-catalysed hydroformylation using a static 10 mm reactor 

within a high-field magnet connected to liquid dosing and gas recirculation.35 

Here, we investigate the hydroformylation of 1-hexene in 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. 
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3.5 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 experiments have been carried out as described in the 

supporting information, with [Rh(acac)(CO)2] catalyst loadings of 2.5 mM and 

1-hexene concentration of 500 mM corresponding to [S]/[Rh] = 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] = 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 

presence of [Rh(acac)(CO)2] and PPh3 resulting from hydrogenation, 

isomerisation and hydroformylation are shown in Scheme 3.1. From previous 

investigations the predominance of hydroformylation can be expected under 

these conditions, along with some isomerisation and possibly traces of 

hydrogenation.36  

 

 
 

Scheme 3.1. Possible primary reaction products from 1-hexene under hydroformylation conditions 
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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 (Figure 3.1). 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 (flow rate of 4 mL/min). Our modified setup enables working at 

temperatures of up to 140 °C and pressures of up to 20 bar (for details see the 

supporting information). 

 

 

Figure 3.1. Schematic of the FlowNMR apparatus (not to scale). 

 

The first 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. After consideration of significant flow 

correction factors (see supporting information), reaction progress and 

chemoselectivity trends may be extracted from the NMR data (Figure 3.2). 
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Figure 3.2. Substrate conversion and chemoselectivity to aldehydes of the [Rh(CO)2(acac)] + 6 PPh3 
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)] = 2.5 mM, [PPh3] = 15 mM, [1-hexene ]= 500 
mM. From t = 5 - 55 min only 5 bar H2 were present, after which another 5 bar CO were added.  

 

This initial experiment showed that high-resolution FlowNMR with an 

air-sensitive catalyst system is possible with a fully temperature-controlled and 

pressurised setup, allowed the identification 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 confirmed by GC-MS (see supporting 

information), which also ruled out formation of any significant quantities of 

other side products under the conditions used. Thus, quantitative product 

distribution profiles may be plotted from the 1H FlowNMR data (Figure 3.3). 
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Figure 3.3. Product formation and substrate consumption profiles of [Rh(CO)2(acac)] + 6 PPh3 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)] = 2.5 mM, [PPh3] = 15 mM, [1-hexene] = 500 mM. 

 

The observation of only isomerisation of 1-hexene slowly occurring with 

kobs = 0.90 mM/min immediately after 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 significant lag phase and hydroformylation smoothly progressed with a 

stable 3:1 linear/branched selectivity over the course of the reaction, alongside 

with some continued isomerisation at kobs = 0.36 mM/min until the end of the 

reaction. Maximum reaction rates were found in the first 40 min after the 

pressurisation with CO, with substrate consumption k(obs)1-hexene = 8.76 

mM/min, product formation k(obs)n-heptanal = 6.43 mM/min and k(obs)2-methylhexanal = 

2.15 mM/min. 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 
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In the following studies the temperature was decreased to 50 °C and 

data acquisition optimised to increase temporal resolution. The reactor was 

pressurised 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 (Figure 3.4). 

 

Figure 3.4. 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)] = 2.5 mM, [1-hexene] = 500 mM, [PPh3] varied as indicated. 

 

As expected, the amount of PPh3 added had a non-linear influence 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 first 30 mins of the reaction, 

but mostly produced 3-hexene that did not undergo hydroformylation (Figure 

3.5 & 3.6); this behaviour is known for [HRh(CO)4] catalysed 

hydroformylation.39 With one equivalent of PPh3 added the system afforded a 
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PPh3 that did consume H2/CO in producing aldehydes, the system never 

entered a gas-limited regime showing effective mixing. 

 

 
 

Figure 3.7 1H NMR spectra showing the appearance of dissolved H2 during [Rh(CO)2(acac)] + 6PPh3 
catalysed 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)] = 2.5 mM, [PPh3] = 15 mM, [1-hexene] = 500 
mM. 

t = 0 min 

t = 2.7 min 

t = 10.2 min 

t = 17.7 min 
H2 
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Scheme 3.2. 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. 

  

The mechanism starts with the formation of unsaturated complexes E 

and F by dissociation of CO or ligand from stable five-coordinate RhI hydrido-

carbonyl complexes. Thereafter, the olefin coordinates to give the olefin-

hydrido-carbonyl complexes G and H that can undergo intramolecular hydride 

migration 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 complexes M and N which may coordinate additional 

CO to form the more stable five-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 rate determining step in the cycle.22  

Among the various intermediates proposed throughout the catalytic cycle, only 

the penta-coordinated complex [HRh(CO)(PPh3)3] has been fully 

characterised by NMR and IR spectroscopy as well as X-ray 
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crystallography.44,47,48 The related [HRh(CO)2(PPh3)2] complex A and B have 

been only been characterised by NMR and IR spectroscopy in solution due to 

its fluxional behaviour caused by the rapid exchange of PPh3 ligands from 

equatorial to axial position.49,50 The in-cycle acyl rhodium complex 

[Rh{CO(CH2)5(CH3)}(CO)2(PPh3)2] has been identified by 31P 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 [HRh(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 our 

[Rh(acac)(CO)2]/PPh3 catalyst system during catalysis we measured 

selectively excited 1H NMR spectra53 focussing on the negative shift region 

where Rh-H resonances are expected, and also acquired 31P{1H} NMR spectra 

of the reaction in flow. With optimised acquisition parameters using a 500 MHz 

spectrometer fitted with a cryoprobe (see supporting information 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 (Figure 3.9). 
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Figure 3.9. Rhodium-hydride formation during [Rh(CO)2(acac)] + 6 PPh3 catalysed hydroformylation 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)] = 2.5 mM, [1-hexene] = 500 mM, [PPh3]=15mM. 

 

This hydride signal appeared immediately after 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 ratio >1. For 1 and 

0 equivalents of PPh3, no hydride signals were detected. The absence of any 

defined 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 after 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 verified with an authentic sample), and a well-defined doublet 

with a coupling constant of 139.2 Hz centred at 37.3 ppm (Figure 3.10). 
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Figure 3.11. 1H-31P HMBC NMR spectrum recorded during [Rh(CO)2(acac)] + 6 PPh3 catalysed 
hydroformylation of 1-hexene in toluene at 50 °C and 12 bar of H2/CO (1:1) at t = 325 mins. 
[Rh(CO)2(acac)] = 2.5 mM, [1-hexene] = 500 mM, [PPh3]=15mM. 

 

To test the connectivity of A/B to the catalytic cycle, one flow run was 

deliberately 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 

mins until the H2 (and presumably CO) dissolved in solution had been 

consumed (Figure 3.12). Once the sample in the tip of the flow 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 (Figure 3.12). As soon as flow 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 [HRh(CO)2(PPh3)2]. This experiment demonstrated this 
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complex to be of direct relevance to the catalytic cycle, representing the major 

reaction intermediate under the conditions applied. 

 

 

 

 

4 mL/min recirculation flow 

3 mins after stopping pump 

38 mins after stopping pump 

3 mins after restarting flow 

H2 

A/B 

4 mL/min recirculation flow 

5 mins after stopping pump 

40 mins after stopping pump 

5 mins after restarting flow 

Rh-H 
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Figure 3.12. 1H and 31P{1H} FlowNMR spectra of [Rh(CO)2(acac)] + 6 PPh3 catalysed hydroformylation 
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)] = 2.5 mM, [1-hexene] = 500 mM, [PPh3]=15mM. 

 

When the excess H2/CO was vented at the end of the reaction (after 

complete consumption of hexene) and the sample analysed under an 

atmosphere of argon, the only Rh-phosphine species detected by NMR was 

the known [HRh(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/Rh = 1 (Figure 3.13). The doublet peak 

centred at 27.7 ppm had a relatively low 1JRhP of 70.4 Hz and no associated 

hydride signal.  

 

4 mL/min recirculation flow 

7 mins after stopping pump 

42 mins after stopping pump 

7 mins after restarting flow 
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When the stable complex [HRh(CO)(PPh3)3] C was pressurised with 

CO in the presence of 1-hexene but without H2 under otherwise identical 

reaction conditions, C disappeared from the 1H spectra with a transient trace 

of A/B before all hydride signals vanished (Figure 3.14). 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 (Figure 3.14). From this 

observation we can deduce that only one PPh3 is coordinated to the Rh centre 

in this compound thus identified as the acyl complex 

[Rh(CO(CH2)5CH3)(CO)3(PPh3)] (Q). As expected, no aldehyde formation was 

observed in this experiment. 

 

 

 

 

 

 

 

t = 12 min 

1-hexene + C  

1-hexene + C + CO (t = 2 min) 

1-hexene + C + CO (t = 7 min) 

A/B  C  

C  
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In order to confirm this hypothesis and ascertain the structural identity 

of Q as a mono-phosphine acyl complex we reacted [HRhCO(PPh3)3] (C) and 

1-hexene with 5 bar of 99.9% enriched 13C carbon monoxide in toluene. As 

seen before (Figure 3.14), the hydride signal of C vanished within minutes 

after pressurising C with 13CO in the presence of olefin, showing the formation 

of A/B (Figure 3.15) before all hydride signals disappeared after 60 mins at 

25 °C. With two 13CO ligands the 1H resonance of A/B was a triplet of doublets 

with a 2JCH = 30.2 Hz and 1JRhH = 3.9 Hz without any apparent 2JPH due to the 

fluxionality of this complex (as discussed above).  

 

 

 

 

 

 

 

 

 

 

Figure 3.15. 1H NMR spectrum of [HRh(CO)(PPh3)3] (25 mM) and 1-hexene (500 mM) under 5 bar of 
13CO in 0.5 mL of toluene at 0 °C showing the transient formation of A/B from C with 13CO. 

 

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 (Figure 

3.16) as seen before (Figure 3.14). The resonance associated with the acyl 

complex coincidentally showed identical 1JRhP = 70.7 Hz and 2JPC = 70.7 Hz 

couplings to the trans acyl carbon, and a distinct cis 2JPC = 17.6 Hz from 
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coupling to three equivalent CO ligands. This multiplicity is only possible with 

a pentacoordinate mono-phosphine tris-carbonyl acyl complex as drawn for Q. 

 

Figure 3.16. 31P{1H} NMR spectrum of [HRh(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. 

 

The corresponding 13C{1H} NMR spectra showed a variety of distinct 

carbonyl species in the range of 240-180 ppm (Figure 3.17). Free 13CO 

dissolved in toluene was observed at 184.5 ppm (confirming excess 

conditions), and the quaternary carbonyls of hexanal 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 complex Q were observed as two overlapping 

doublets of doublets at 192.1 ppm with 1JRhC = 74.5 Hz and 2JCP = 17.5 Hz as 

well as 1JRhC = 74.7 Hz and 2JCP = 17.3 Hz, confirming the cis 2JPC observed in 

the 31P{1H} NMR spectra (Figure 3.16). Interestingly, while only one version 

of Q was detectable in the 31P{1H} NMR spectra, the two different acyl regio-
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isomers QL and QB could be distinguished in the 13C{1H} NMR spectra in the 

expected 3:1 ratio (with similar chemical shifts and cis 2JPC couplings), 

consistent with the formation of linear and branched aldehydes.  

 

 

 

Figure 3.17. 13C{1H} NMR spectrum of [HRh(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 and O/P from C with 13CO. 

 

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 = 76.7 Hz could be assigned to the terminal 13CO 

ligands of the bis-phosphine complex O/P previously reported by Brown.43 

Upon cooling the sample to -90 °C, coupling of 13CO with 31P could be resolved 

as a doublet of triplets with a cis 2JCP = 20.9 Hz (Figure 3.18) but the 

corresponding 31P{1H} signal of O/P could still not be detected.  

 

Free 13CO in solution 

Terminal 13CO-

Rh of QL and QB 

Linear aldehyde 

Branched aldehyde 

Terminal acyl resonances 

 

Terminal 
13CO-Rh 

of O/P QL QB O/P 
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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 = 3 at 5 bar CO) 

at unchanged L/B selectivity suggests that hydrogenolysis proceeds 

predominantly through mono-phosphine acyl intermediates. 

 

3.6 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 and mass 

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 specificity. 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 flow allows probing the 

behaviour of the system under gas-limiting conditions and following associated 

changes in catalyst speciation. Heteronuclear correlation experiments and 

diffusion measurements may be used to characterise fleeting 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 a mono-phosphine tri-carbonyl acyl complex under reaction conditions for 

the first time. Work to further extend the utility of high-resolution FlowNMR 

spectroscopy to study hydroformylation and other catalytic systems are 

currently ongoing in our laboratories. 
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3.9 Experimental part  

 
3.9.1 Materials and methods 

 

Unless stated otherwise, all manipulations were carried out under an 

inert atmosphere of argon using standard Schlenk line techniques. 1-hexene 

was purchased from Acros Organics, stirred over potassium overnight 

followed by a fractional distillation under argon over the same metal. 

Triphenylphosphine, [Rh(acac)(CO)2] and 1,3,5-trimethoxybenzene were 

purchased in the highest purity available and used without further purification. 

Toluene was freshly distilled from sodium under argon before every use. 

Carbon monoxide (99.99 %) and hydrogen (99.95 %) gases were supplied by 

BOC. 

 

The hydroformylation of 1-hexene was carried out in a Büchi Miniclave 

pressure reactor made of glass and stainless-steel lid connected to the flow 
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waste bottle. Dry toluene was then pumped through the flow tube for 5 minutes 

to leave the transfer lines, pump and flow tube filled with dry solvent (6.4 mL). 

Thereafter, both flow tube ends were reconnected to the reactor which was 

topped up with dry toluene (15 mL) and 1-hexene (84.16 mg, 1.25 mL, 10 

mmol) against a flow of argon. The NMR tube and tip were then inserted into 

the spectrometer, stirring started and the reaction mixture was pumped 

through the system at 4 mL/min once all solids had fully dissolved. The reactor, 

heat exchanger and NMR probe were heated to 50 °C, and once the 

temperature had stabilised throughout the system the NMR spectrometer lock 

was turned off, shimmed on 1H peaks and tuned to proton and phosphorus. 

Spectra of the reagents were recorded both statically and at 4 mL/min. 

Acquisition parameters for interleaved 1H, selectively excited 1H and 31P{1H} 

NMR measurements were entered (details below) and the sequence 

commenced to start the FlowNMR reaction monitoring. After acquisition of at 

least one sequence of measurements the autoclave was firstly pressurised 

with 6 bar H2 followed by other 6 bar of CO to start the reaction. At the end of 

the reaction additional calibration spectra with and without flow were recorded 

before all heating was switched off, the flow stopped, and the reactor carefully 

vented into the fumehood. An aliquot of the reaction mixture was taken by 

syringe and analysed by GC-FID/MS to confirm 1H NMR spectral assignments. 

 

 

Table 3.1. Amounts of PP3 charged within the autoclave reactor for each flow run reaction with different 
number of ligand equivalents. 

 

 PPh3 loadings 
[PPh3]/[Rh] = 0 - 
[PPh3]/[Rh] = 1 13.12 mg, 0.05 mmol 
[PPh3]/[Rh] = 3 39.35 mg, 0.15 mmol 
[PPh3]/[Rh] = 6 78.69 mg, 0.3 mmol 
[PPh3]/[Rh] = 10 131.15 mg, 0.5 mmol 
[PPh3]/[Rh] = 20 262.30 mg, 1 mmol 
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Figure 3.20. Autoclave used for the Rh-catalysed hydroformylation of 1-hexene. CO, H2 and both flow 
tube parts are shown connected to the reactor lid. 
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4.1 Introduction to published work  

 

In Chapter 3, the first hydroformylation reactions catalysed by 

[Rh(acac)(CO)2] and PPh3 were carried out in FlowNMR apparatus to monitor 

reaction progression by means of the conversion and the regioselectivity using 

quantitative 1H FlowNMR experiments. This helped us to benchmark our data 

with literature to corroborate correct progression of the reaction in our system 

under our conditions without gas deprivation or mass transfer limitations, with 

reaction stirring and temperature control unlike experiments performed in 

NMR tubes. Additionally, 1H selective excitation and 31P NMR pulse 

sequences were also interleaved to observe the Rh catalyst speciation but 

without being quantitative.  

The aim of this follow-up work in the hydroformylation of 1-hexene 

catalysed by [Rh(acac)(CO)2] and PPh3 is to make the NMR measurements 

for the Rh complexes fully quantitative to gain information on concentrations 

which show how much and which state Rh is present throughout the catalytic 

reactions. This will provide deeper insights into the mechanism of the reaction 

and help to further understand the coordination of the ligand to the metal 

centre, the number of species present under catalytic conditions and the 

relation and/or equilibrium between them. Additionally, due to the observation 

of deactivation in previous experiments, a focus is given to the activation step 

and the deactivation after all substrate is consumed by using these quantitative 

NMR experiments.  

Here, we investigate the behaviour of the catalyst mixture (precursor 

and ligand) under argon and syngas by 31P VT NMR and inversion recovery 

experiments. Understanding how to improve the NMR signals by means of 

cooling down the fast exchange processes and fluxional behaviours while 

characterising the longitudinal relaxation times (T1) allowed us to produce 

accurate quantitative FlowNMR data of the catalyst speciation in 

hydroformylation. 
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Hydroformylation 

 

Alejandro Bara-Estaún,a,b Catherine L. Lyall,a,b John P. Lowe,a,b Paul G. 
Pringle,d Paul C. J. Kamer,e Robert Frankef,g and Ulrich Hintermaira,b,c* 

 
a. Department of Chemistry, University of Bath, Claverton Down, BA2 7AY Bath, United Kingdom. 

b. Dynamic Reaction Monitoring Facility, University of Bath, Claverton Down, BA2 7AY Bath, United Kingdom. 

c. Centre for Sustainable & Circular Technologies, University of Bath, Bath BA2 7AY, United Kingdom. 

d. School of Chemistry, University of Bristol, Cantock's Close, Bristol BS8 1TS, United Kingdom. 

e. Leibniz Institute for Catalysis, Albert-Einstein-Straße 29A, 18059 Rostock, Germany. 

f. Evonik Performance Materials GmbH, Paul-Baumann-Straße 1, 45772 Marl, Germany. 

g. Lehrstuhl für Theoretische Chemie, Ruhr-Universität Bochum, 44780 Bochum, Germany. 

 

*Corresponding author: uh213@bath.ac.uk   

Electronic Supplementary Information (ESI) available. 

 

 
4.3.1 Keywords 

  

Hydroformylation, Rhodium complexes, High-resolution FlowNMR 
spectroscopy, Mechanisms in Homogeneous catalysis 

 

 
4.3.2 Abstract  

 

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 

mailto:uh213@bath.ac.uk
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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 [HRh(CO)(PPh3)3] have 

been investigated, and the benefits of applying controlled temperature 

gradients for quantitative FlowNMR spectroscopic reaction monitoring of 

dynamic catalyst systems are demonstrated.  
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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 4.1). The isomeric e,a and e,e bis-phosphine complexes 

[HRh(CO)2(PPh3)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 [HRh(CO)(PPh3)3] (C/D) 

under CO pressure, or directly from [Rh(acac)(CO)2] with excess PPh3 under 

H2 and CO. The mono-phosphine trans-acyl complex 

[Rh(CO(CH2)5CH3)(CO)3(PPh3)] (Q), in equilibrium with the e,e and e,a bis-

phosphine acyl complexes [Rh(CO(CH2)5CH3)(CO)2(PPh3)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. 

 

 

Scheme 4.1. Phosphine Rh complexes detected and characterised by FlowNMR spectroscopy when 
monitoring the hydroformylation of 1-hexene in the presence of Rh(acac)(CO)2/PPh3 at 50 °C in 
toluene.28 
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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 sometimes 

broadened to the limit of detection and scalar P-H, Rh-H and C-P couplings 

obscured by 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. 
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free PPh3 via inversion recovery experiments in static, high-pressure NMR 

sample tubes (Figure 4.1).34 

 

 
Figure 4.1. Static 31P T1 values of mixtures of complexes A/B and C/D at 40 mM in toluene under 
different conditions as indicated. 

 

As can be seen from the data in Figure 4.1, T1 values of the bound 

PPh3 in both Rh complexes were relatively short (<3 sec) 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 
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ligand, highlighting the difficulty of accurate 31P NMR quantification of such 

dynamic mixtures (Scheme 4.2). 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.  

 

 

 

Scheme 4.2. 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). 

 

4.5.1.2 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.24,28 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 
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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 (Figure 4.1). The absolute integral data for the 

Rh complex C/D against the two internal standards at different temperatures 

are shown in Figure 4.2 The most obvious observation that all signal 

intensities increased with decreasing temperature (Figure S9.3.1) is due to 

the Maxwell-Boltzmann distribution of the I = ½ nuclei between the two 

magnetic states.35  
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Figure 4.2. Absolute integral of C/D and TMB obtained from selective excitation 1H NMR spectroscopy 
(top) and absolute integral of C/D and TPOP obtained from 31P{1H} NMR spectroscopy (bottom) of a 
non-deuterated toluene solution containing 45 mM [HRh(CO)(PPh3)3], 10 mM of trimethoxybenzene and 
10 mM of triphenylorthophosphate under argon. 

 

The fact that the signal intensities of both standards paralleled the 

signal intensities of the 1H and 31P NMR signals of the dynamic complex 

[HRh(CO)(PPh3)3] (Scheme 4.2) 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 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 (Figure 4.3). 
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Figure 4.3. Concentration of C/D quantified by selective excitation 1H and 31P{1H} NMR spectroscopy in 
the mixture containing 40 mM of [RhH(CO)(PPh3)3], 10 mM of TMB and 10 mM of TPOP in 0.8 mL of 
non-deuterated toluene under argon. 

 

As the data in Figure 4.3 show, 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 Boltzman distribution (visible in Figure 4.2). When the experiment was 

repeated under 5 bar of syngas, conditions that cause C/D to engage in 

additional exchange equilibria (Scheme 4.3), the quantification of C/D against 

either internal standard remained accurate although new (separate) signals 

for A/B were observed (Figure S9.3.2-S9.3.4). Dilution down to catalytic 

loadings of Rh did not affect the validity of the signal quantification either 

(Figure S9.3.5), showing the quantification method to extend robustly to 

process conditions. 
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4.5.2 Hydroformylation of 1-hexene catalysed by [Rh(acac)(CO)2] + 

PPh3 

 

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

and various amounts of PPh3 was studied by quantitative 1H, selective 

excitation 1H and 31P{1H} FlowNMR spectroscopy under 10-12 bar of H2/CO 

(various ratios) at 50 °C (Figure 4.4). These experiments were carried out as 

described in the supporting information, 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. 

 

 

 

Figure 4.4 Reaction conditions of the hydroformylation of 1-hexene (upper) and schematic of the 
FlowNMR apparatus (lower). 

 

4.5.2.1 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 
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C/D observed in the 31P{1H} and 1H FlowNMR spectra under the conditions 

applied (Figure S9.3.6 and S9.3.7). 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 mins) and then continued to grow more slowly throughout 

the reaction as the rate of product formation slowed down (Figure 4.5), 

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 

[Rh(acac)(CO)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 (Figure 4.5). 

 

 

Figure 4.5. 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 [Rh(acac)(CO)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. 

 

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 (Figure S9.3.8) 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 (Figure 4.6), reflecting the positive reaction order 
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in H2 which effects the turnover-limiting hydrogenolysis. CO is known to have 

a 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 (Figure 4.6), showing a 

stepwise profile consisting of a steady-state plateau around 60 % of all Rh 

while hydroformylation was rapid (15-75 mins) followed by a gradual increase 

to 90 % after the catalysis had ceased after 2.5 h (Figure S9.3.9 &S9.3.10). 

 

 

Figure 4.6. 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 [Rh(acac)(CO)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. 

 

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. 
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4.5.2.2 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 Boltzman distribution, 

as shown in section 4.5.3. We thus wondered whether a controlled 

temperature gradient between the reactor and the spectrometer could be 

applied, 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 mins 

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 (Figure 4.7).  
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Figure 4.7. Schematic of the FlowNMR apparatus (not in scale) showing different temperature zones 
throughout the flow path. 

 

The temperature of the sample arriving at the tip of the flow tube in the 

NMR probe under the conditions applied (4 mL/min flow rate) was shown to 

be 7 °C using the methanol NMR thermometer37 (Table S9.3.1). Gratifyingly, 

the NMR signals of complexes A/B flowing through the system under these 

conditions exhibited the decoalescence observed in VT-NMR experiments 

performed in NMR tubes (Figure S9.3.1 & S9.3.2 and S9.3.10 & S9.3.11), 

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 (Figure 4.7), the 

mono-phosphine acyl complex Q was the only Rh complex detected during 

turnover (Figure 4.8), 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 (Figure 4.9).  

 

T3 = 0 °C 

T4 = 0 °C 

T2 = 20 °C 

T1 = 50 °C 
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Figure 4.8. 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 [Rh(acac)(CO)2] = 2.5 mM and [PPh3] = 2.5 mM in 22.4 mL of 
non-deuterated toluene using the temperature gradients shown in Figure 4.7. 

 

As can be seen from the 31P{1H} NMR profiles shown in Figure 4.8 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 
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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 

(Figure 4.9 & S9.3.12) was identified as the carbonyl phosphine Rh dimer 

[Rh2(CO)6(PPh3)2] V (Scheme 4.3).  

 

 

Figure 4.9. 31P{1H} NMR spectrum recorded during the hydroformylation of 1-hexene under 10 bar of 
CO/H2 (1:1) at 0°C catalysed by [Rh(acac)(CO)2] = 2.5mM and PPh3 = 2.5 mM (1 eq.) in 22.4 mL of non-
deuterated toluene. 

31P{1H} NMR 

Q-linear 

Q-branched 
V 

OPPh3 
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decrease in A/B after full conversion produced more V via reductive coupling9 

(Scheme 4.3). 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. 

 

 

Figure 4.11. 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 [Rh(acac)(CO)2] = 2.5 mM and [PPh3] = 5 mM in 22.4 mL of 
non-deuterated toluene using the temperature gradients shown in Figure 4.7. 
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Figure 4.12. 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 [Rh(acac)(CO)2] = 2.5 mM and [PPh3] = 7.5 mM in 22.4 mL of 
non-deuterated toluene using the temperature gradients shown in Figure 4.7. 
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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 

(Figure 4.13) 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 and V 

were observed by 31P{1H} NMR after 16 hours under reaction conditions 

(Figure S9.3.15 & S9.3.16).  
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Figure 4.13. 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 (1:1) at 50 °C catalysed by [Rh(acac)(CO)2] = 2.5 mM and [PPh3] = 15 mM in 22.4 mL of 
non-deuterated toluene using the temperature gradients shown in Figure 4.7. 

 

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 (Figure 4.14). 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 (Figure S9.3.17). 

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. 
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Figure 4.14. 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 (1:3) at 50 °C catalysed by [Rh(acac)(CO)2] = 2.5 mM and [PPh3] = 15 mM in 22.4 mL of 
non-deuterated toluene using the temperature gradients shown in Figure 4.7. 

 

Using 10 equivalents of PPh3 per Rh with 1:1 syngas the catalysis was 

10 % slower than with 3-6 equivalents (see also Figure 4.5), and catalyst 

distribution was further pushed into the at-cycle complexes A/B with no traces 

of acyl intermediate Q detected (Figure 4.15). As when using 6 equivalents of 

PPh3 and 3:1 H2/CO (Figure 4.14), the phosphine hydrido complexes were 
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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. 

 

 

Figure 4.15. 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 [Rh(acac)(CO)2] = 2.5 mM and [PPh3] = 25 mM in 22.4 mL of 
non-deuterated toluene using the temperature gradients shown in Figure 4.7. 
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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 (Figures 4.16 

& 4.17). 

 

 

Figure 4.16. 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 [Rh(acac)(CO)2] = 2.5 mM and [PPh3] = 50 mM in 22.4 mL of 
non-deuterated toluene using the temperature gradients shown in Figure 4.7. 
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Figure 4.17. 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 [Rh(acac)(CO)2] = 2.5 mM and [PPh3] = 250 mM in 22.4 mL of 
non-deuterated toluene using the temperature gradients shown in Figure 4.7. 
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Taking all these data together, quantitative catalyst maps can be built 

that illustrate the shift in Rh speciation across different conditions. Figure 4.18 

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. 

 

 

Figure 4.18. 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 [Rh(acac)(CO)2] = 2.5 mM with varying amounts of PPh3 in 
toluene as derived from quantitative FlowNMR spectroscopy. 

 

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 
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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 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 Figure 4.14). 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. 

 

4.5.3 Precursor activation 

 

In all previous experiments the activation of the [Rh(acac)(CO)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 
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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 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 (Figure 4.19). 

 

 

 

Figure 4.19. Commercial Rh complexes commonly used as hydroformylation precursors investigated 
for their activation behaviour with PPh3 and syngas in toluene. 

  

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 (Figure 4.20). 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 
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centre (Figure S9.3.18), showing 2 to be an unsuitable precursor under these 

relatively mild reaction conditions.  

 

 
 

Figure 4.20. Activation of different Rh precursors (Figure 4.19) 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. 

 

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 4.4) 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) (Figure S9.3.19).9 All of these formed by 

PPh3/CO displacement and rearrangement, redox-neutral processes which 

are deemed fully reversible under the conditions applied (Scheme 4.4). 
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Scheme 4.4. Equilibria of Rh0 dimer formation from [Rh4(CO)12] with PPh3 and CO in toluene (covalent 
Rh-Rh interactions render these d9 centres diamagnetic and thus NMR active). 

 

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 (Figure 4.20). 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 (Figure S9.3.20-9.3.24). 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 (Figure S9.3.21), further evidencing their 

reversible interconversion (Scheme 4.4). 

 

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.10 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 

 
10 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 [RhH(CO)(PPh3)3]. 
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hydroformylation activity expected under these conditions (Figure 4.12) that 

saw A/B dropping sharply at the start of the catalysis and then building up 

again towards the end of the reaction (Figure 4.21) after which it started 

decaying to dimers U and V. 

 

Figure 4.21. 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. 

 

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 (Figure 4.8). 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 Figure 4.21. 

 

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 
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31P{1H} NMR spectra, but only 10 % of the Rh used was detected as A/B 

(Figure S9.3.25) alongside traces of dimers U and V (Figure S9.3.26 

&S9.3.28). 

 

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 mins (Figure 4.17). 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 4.3). The up to 70 % of undetected 

Rh presumably resided in 31P{1H} NMR-silent Rh-carbonyl clusters under 

these conditions (Figure S9.3.29). 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 (Figure S9.3.30). 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 (Figure S9.3.31 and 

Figure 4.11). However, although the reaction was 30 % slower (Figure 

S9.3.32), 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 

4.3). 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 (Figure S9.3.33 & S9.3.34). 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 (Figure 4.22). 
































































































































































































































































































































































































































































































































































































































































































































































































































































