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ABSTRACT  
 

FlowNMR has been presented as an invaluable technique for the acquisition of mechanistic 

insight into dynamic molecular processes in the last decade. While NMR analysis of flowing 

liquids (flow NMR) has existed for decades, FlowNMR has been coined in recent years for the 

specific online study of chemical systems using a removable umbilical that doesn’t require 

changes in instrumental configuration. The development of this apparatus has sparked a new 

surge in impactful research using online NMR analyses as part of modern mechanistic and 

process analysis. This thesis explores utilization of high-field FlowNMR for specialist and 

routine applications across an array of subject areas.  

The informed development and employment of flowing chemical systems requires a breadth 

of interdisciplinary knowledge. In this work, flow and heat transfer mechanic of the apparatus 

are explored and discussed critically with their effect on obtained analytical data. In addition, 

the use of flow facilitates the integration of multiple analytical techniques in series throughout 

a flow system. As such UV-Vis, high-performance liquid chromatography, mass spectrometry, 

and headspace mass spectrometry were successfully hyphenated with high field NMR. 

The direct observation of low concentration reagents in real-time under realistic conditions is 

a significant challenge for modern mechanistic analysis. Operando reaction monitoring is 

essential in catalysis for the elucidation of mechanistic processes, leading to their rational 

improvement. In this work the combination of instruments above was used to delve into the 

asymmetric transfer hydrogenation of acetophenone using a bifunctional ruthenium catalyst. 

Comparison of reaction profiles with catalyst speciation, reductant consumption, gas evolution 

and enantioselectivity painted a more comprehensive picture of this catalysis which led to an 

expanded reaction mechanism. The understanding afforded by this data led to rational reaction 

optimization whereby the excess formation of hydrogen gas was minimized, which has 

important safety implications on large scales.  

The triethylamine base, thought to be responsible for catalyst activation in this catalysis was 

observed to not activate catalyst precursor when added in the absence of formic acid. An 

investigation into the role of acid and base relative to their absolute loading was conducted. It 

was found that adding excess triethylamine to pre-activated catalyst precursor resulted in a 

change in co-ordination number indicated by a distinct colour change. This behaviour 

contradicts its proposed purpose in literature and was therefore investigated further. 

The observation of reliable and reproducible shifts in peak position during catalysis led to the 

suggestion of FlowNMR as an effective method for automated online titrations. To explore this 

application examples were taken from the fields of acid/base, supramolecular, and co-

ordination chemistry. High field FlowNMR proved to be an effective method, which when 
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combined with modern analytical techniques can quickly and efficiently produce data dense 

titration profiles composed of information rich data points. This led to the characterization of 

thermodynamic parameters in these equilibria and observation of hydrogen bonding 

behaviour that would not have been explored by routine offline analysis.  

Developments in analytical chemistry and computer science combined with the increasing 

need for process characterization in industry have triggered a rise in the publication of (and 

value placed on) the use of online analytical techniques as process analytical technologies. The 

final section of this work discusses real-time high field NMR data export and employment of a 

PID controller for automated process control. The combination of these components created a 

responsive online analysis system that was capable of accurately titrating reagents to a defined 

setpoint using chemical shift. This apparatus was also used to attempt regulation of a catalytic 

process based on chemical shift. Results showed that regulation was possible for the first half 

of the catalytic reaction profile, but after this point the chemical shift of the spectroscopic 

handle no longer correlated to catalytic activity. Computational elements (data export and PID 

controller) were developed for application with NMR integrals. While these were not used on 

real-time data analysis due to time constraints, they are expected to facilitate the responsive 

regulation of chemical concentration in real-time.  
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CHAPTER 1 
 

INTRODUCTION 
1.1 REACTION MONITORING 
The role of catalysis in the chemical industry cannot be overstated, it is the key to countless 

chemical transformations.1 Out of all manufactured products, 80% have encountered a catalyst 

at some point in their making.2 From this statistic alone it is not difficult to envision the 

importance of gaining greater insight into, and even optimizing, a catalytic process used on an 

industrial scale.3 Hence, catalyst development is a key area of study for improving the 

sustainability, efficiency, and costs of chemical transformations.4 

The analysis of homogeneous catalytic systems can be particularly problematic as alongside 

their high reactivity comes issues with efficiency, decomposition, and recycling as they react 

with atmospheric components rather than desired reagents.1, 5 To understand how these 

processes occur and minimize their negative impacts, the catalyst would be ideally observed 

under reaction conditions so that transformations can be effectively characterized, termed 

operando reaction monitoring.6-8  

Monitoring a reaction under a range of conditions by altering various parameters such as 

temperature, catalyst loading, and acid/base concentration allows us to develop our 

understanding of not only what limits reactions, but what facilitates them. Active catalytic 

compounds are often postulated or characterised, but the importance of these species and their 

behaviour under reaction conditions can only be determined through a comprehensive 

knowledge of the reaction kinetics.9-12 While this information is incredibly useful, it can be both 

costly and time consuming to acquire. 

Where the generation of a consistent quality product is required, being able to efficiently 

control reaction parameters is essential. From the control of temperature to the identification 

and removal of impurities, process monitoring is vital to ensure product quality.13-18 

Monitoring product quality is often done via periodic offline sampling, enabling mixture 

characterization by numerous analytical techniques. The most desirable techniques for online 

reaction monitoring in industry are cost effective, mobile, and capable of acquiring sufficient 

data quality.19 

Developments in all branches of chemistry are required to overcome these hurdles. Progress 

in ligand and transition metal complex synthesis must be partnered with mechanistic study 

and computational chemistry for sufficient understanding of reactivity. Each of these tasks are 

underpinned by the ability to characterize what is made and understand how it occurred.  
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Facilities have been developed to tackle the analytical challenges posed in the pursuit of 

process elucidation in academia and industry. It is important to critically discuss the 

advantages and disadvantages of techniques employed by these facilities, such that 

appropriate conclusions are drawn.19-24  

This body of work is dedicated to bridging a small section of interdisciplinary knowledge 

between chemical engineering, analytical chemistry, and catalysis. Balanced and thorough 

work in these areas is imperative for the broader understanding and adoption of advanced 

methodologies which appropriately characterize homogeneous chemical systems.  

1.1.1  Techniques for Solution-Phase Mixture Analysis 
Liquid state reaction monitoring is not limited to a single analytical technique, and many are 

used for this purpose.15, 25 They all vary fundamentally in the chemical information gained, how 

quickly it is acquired, and the sample manipulation required to get it.26 When considering the 

way kinetic information is obtained, analytical techniques are often divided into differential 

and integral methods.  

Differential methods such as calorimetry, electrochemistry, and gas uptake use direct sensor 

measurements (e.g. temperature, current, pressure, or mass flow) to monitor physical 

properties of a chemical process and discern reaction rates.27 The rate at which data is sampled 

by these methods is typically limited by electronic communication rather than time required 

to take the measurement itself.  As a result, high temporal resolution can be achieved at the 

cost of sample integrity and data quality. These techniques often irreversibly change a sample 

by decomposing or removing reagents from the reaction for analysis, as such they are deemed 

destructive techniques. The simplicity of these analyses also means that they yield less 

information relative to other analytical techniques which provide chemical information 

through variations in size, functional group, conformation, and chemical environment.  

Integral methods such as Nuclear Magnetic Resonance (NMR), UV-Visible (UV-Vis), IR, and 

Raman spectroscopies yield reagent concentration relative to the area beneath a curve.25 

Measuring the change of these concentrations over time facilitates kinetic profiling and rate 

determination. Many of these techniques are not used exclusively as analytical methods in their 

own right, but also as detectors for chromatographic techniques such as high-performance 

liquid chromatography (HPLC), gas chromatography (GC) and size exclusion chromatography 

(SEC).28 This use facilitates the controlled separation and identification of compounds under a 

range of conditions, with varying sampling methods and rates of data collection.   

While these integral techniques can be successfully utilized for direct concentration 

determination, the inherent timescales of these techniques differ greatly. UV-Vis, Infrared (IR) 
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and Raman spectroscopy can acquire data on the second to millisecond timescale, making them 

popular choices for sub-minute reactions. The molecular processes observed by NMR occur at 

a lower energy on the electromagnetic spectrum (in the radio waves region) and as a result, 

NMR data is acquired on the second to minute timescale.  

This energetic difference is also responsible for observed lack of sensitivity attributed to NMR 

analysis. As the transition between the upper and lower energy spin states is so small, relative 

to electronic transition states, so is the population difference. The signal in NMR arises from 

the population difference between these states when aligned by a magnetic field. This 

difference was calculated to be 0.0128% (128 nuclei in every 2,000,128) for an 800 MHz 

magnet at room temperature.29 This illustrates why the sensitivity limit of NMR is typically in 

the mM to μM range.30    

Mass Spectrometry (MS) is another conventional analytical technique used as both a detector 

and reaction monitoring tool.31-33 MS yields fragmentation and accurate mass data enabling 

compound identification and structural elucidation by mass, isotope pattern and 

fragmentation pattern. This, combined with its high sensitivity (nM), makes it a very desirable 

option for the identification of transient, low concentration catalytic intermediates. As with any 

analytical technique these advantages come at a cost. MS detectors are easily saturated by high 

concentration components and therefore crude reaction samples often require repeated 

dilution.  This, combined with the destructive nature of sample acquisition (ionization), makes 

the technique unsuitable for certain types of reaction analysis.  

From the above techniques, only NMR spectroscopy does not require external calibration for 

the quantitation of data.34, 35 The calibrations required by other techniques increase researcher 

time investment and make the quantification of transient species, which cannot be externally 

isolated, impossible. When using NMR however, provided that the concentration of one 

component is known (e.g. an internal standard), the concentration of all components can be 

calculated because of its quantitative nature.  

It is important to acknowledge that each analytical technique has its own specific role to play 

in chemical analyses and there is no one size that fits all when it comes to reaction monitoring. 

To this end the hyphenation of analytical techniques has been immensely successful for 

chemical investigation and identification.36 In fact, most analytical chromatographic systems 

exist as hyphenated analysis systems such as GC-MS and LC-UV-MS because of the extent to 

which analysis in enhanced by hyphenation.28 The way techniques are utilized in tandem can 

have a profound effect on the quality of data obtained. For this reason, is important to maintain 

awareness of a technique’s limitations, as well as its capabilities. 
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1.1.2  Monitoring Reactions with NMR Spectroscopy 
The aim of reaction monitoring is to gain insight and understanding of reactions which can 

guide chemical development.15, 37-39 This development typically takes the form of tuning 

material properties, rational catalyst development, improving process conditions, reaction 

prediction and optimization. 

NMR lends itself to this field of study due to the breadth of information rich data that can be 

acquired.17, 34, 40-43 Through the analysis of integrals, chemical shift, correlation, lineshape, and 

coupling, combined with the arsenal of multi-pulse experiments available, NMR can be used to 

directly observe and elucidate chemical structure, exchange, diffusion, relaxation, kinetics, and 

thermodynamics. This range far surpasses that of other techniques making it is essential for 

mechanistic study, despite its cost.   

Of the methods contained within the NMR toolbox, very few are unsuitable for reaction 

monitoring. The main restraint is the long acquisition times often involved because of the 

insensitivity of NMR, particularly for heteronuclear experiments. If the reaction is complete 

within an hour but suitable signal intensity can only be achieved every 30 minutes, then 

reaction monitoring becomes impossible. The main factors which impact the sensitivity of a 

given nucleus in an NMR experiment are isotopic abundance, spin (where spin splits the same 

integral area between multiple peaks), and gyromagnetic ratio (a constant specific to each 

nucleus which relates the dipole moment to angular momentum). While lower sensitivity 

nuclei such as 11B and 13C are occasionally used in reaction monitoring, monoisotopic, spin ½ 

nuclei such as 1H,* 19F and 31P are reported more frequently because of their sensitivity and 

spectral simplicity.44 Fortunately, they are also some of the most common nuclei in organic and 

organometallic synthesis. Present in ligand architectures for catalysts, they yield valuable 

insight into the presence of metallic species where direct observation of the metal is not 

possible. Monitoring multiple chemical perspectives (nuclei) during a reaction enables a more 

comprehensive view of chemical processes. This multifaceted view is essential for operando 

reaction monitoring, where mechanistic understanding is achieved by monitoring catalytic 

speciation and reaction progress simultaneously.6   

The key advantage of NMR which sees it universally used for structural elucidation is the ability 

to perform higher dimensional experiments. Experiments can be performed in four 

dimensions,45 however the most widely used and commonly accessible are two dimensional 

experiments (2D NMR). These correlation experiments can be used to determine the position 

 

* While hydrogen is not technically monoisotopic at 99.98% isotopic abundance, it is often referred to as 
such.  
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of nuclei relative to each other by observing through-bond homo- and hetero-nuclear coupling 

across short (COSY, HSQC) and long (HMBC) ranges. Correlation experiments also exist which 

can observe nuclear exchange (exchange spectroscopy, EXSY) and arrangement in space 

(Nuclear Overhauser Effect spectroscopy, NOESY).44  

While 2D NMR can be incredibly useful, its use in reaction monitoring has previously been 

hindered by long acquisition times (>10 minutes). Significant advances in multi-dimensional 

NMR have now made the hyphenated acquisition of 2D sequences possible, such that up to 10 

2D spectra can be acquired in a single measurement.46-48 While NMR by ordered acquisition 

using 1H detection (NOAH) super-sequences may prove useful for structural elucidation, they 

still operate on timescales which are unsuitable for reaction monitoring.  The combination of 

ultra-fast pulse sequences (UF 2DNMR) and non-uniform sampling (NUS), however, has 

enabled sufficient spectral resolution to be achieved in seconds.49, 50 This has allowed 2D NMR 

to be successfully utilised for reaction monitoring under flowing conditions.51 

NMR can also yield information through temporal and spatial resolution. Time resolved 

acquisitions such as diffusion ordered spectroscopy (DOSY) can be used to probe size, 

structure and chemical interaction.34 DOSY is often  used for the estimation of molecular weight 

(with calibration) and to distinguish between molecules that have differing hydrodynamic 

radii.52-54  

The use of expensive deuterated solvents can have a marked effect on the kinetics of a reaction 

due to isotopic exchange. It is therefore preferable to use protio solvents when doing reaction 

monitoring. Unfortunately, this leads to a reduction in the spectrometer’s signal amplification 

to prevent detector saturation and therefore lowers the intensity of low concentration 

resonances. To combat this, solvent suppression techniques have been developed which either 

selectively suppress the high intensity resonance (WET, Watergate)55-57 or selectively enhance 

a region of the spectrum (selective excitation).54, 58, 59  

1.2 SAMPLING METHODOLOGIES 
Whilst many NMR experiments can be used to gain information on a range of chemical 

interactions, processes, and states, there is also breadth in the ways reactions are sampled for 

analysis. As discussed previously, the sampling method can have a profound impact on both 

the quality and interpretation of experimental results. Despite its importance, the 

nomenclature used to describe methods of reaction monitoring has been historically 

inconsistent.60 An illustration of the various sampling methodologies is visualised in Figure 

1.2.1. 
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Figure 1.2.1: Comparison of different sampling methodologies used for the analysis of chemical processes. 

 

1.2.1 Offline  
Offline analysis is the process by which a sample is removed from the bulk reaction mixture 

and transported for analysis. Reactions sampled by this method often need to be scaled up to 

prevent repeated sample removal from affecting reaction kinetics. While this method does 

enable the entire reaction mixture to operate under realistic conditions and take a 

representative snapshot of reaction progress, reaction mixtures are not observed under 

operating conditions. This is especially true for pressure reactions, where each reaction can 

only be sampled once due to composition change caused by depressurization.  

To prevent uncontrolled reaction progress from occurring during transport, samples are often 

quenched through dilution, cooling, or reagent addition. This process often still leads to 

reproducibility issues where the extent of quenching is not consistent. Aside from 

reproducibility, the alteration of the reaction mixture could have a secondary impact (e.g 

change equilibrium positions) which may lead to erroneous mechanistic or kinetic conclusions.   

The value of offline analysis lies in its use as a routine analytical method, where data dense 

kinetic profiles or mechanistic insight are not desired.  
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1.2.2 Atline 
At line analysis addresses a few of the issues posed by offline analysis by locating the analytical 

technique and the process in close proximity. Samples are still permanently removed from the 

reaction mixture and often altered for analysis. Sampling is typically performed manually or in 

automation using aspiration61 or sample valves.62, 63 This process still suffers from mixture 

analysis at unrealistic conditions but benefits from reduced time between sampling and 

analysis which allows for the manual regulation of processes.  

Atline reaction monitoring is hence well suited to monitor processes which are performed 

under conditions that are outside the operating range of the analytical instrument or where 

samples require separation (e.g. chromatographic) prior to analysis.62  

In addition, atline monitoring has been utilized as a means of hyphenating complimentary 

techniques with inline/online analyses. This enables the correlation of information acquired 

by analytical techniques with different sample handling requirements. These correlations can 

be used to build a clearer picture of a process from multiple chemical perspectives or even 

cross-validate analytical techniques.16  

Fourier transform Infra-Red spectroscopy (FTIR),64 Raman,65 HPLC,66, 67 ultra-high-

performance liquid chromatography (UHPLC),62 GC,61 MS33 and Low field (LF) NMR,68 have all 

been demonstrated as effective techniques for atline analysis of chemical processes.  

1.2.3 In Situ  
Where high data density reaction profiles are required for kinetic profiling and mechanistic 

understanding, in situ analysis is often used. Rather than removing aliquots from the reaction 

mixture, the reaction is scaled down to fit inside an analytical instrument or a probe is inserted 

directly into the reaction mixture. This allows for the direct observation of the entire reaction 

mixture for a desired timeframe.  

Importantly, in situ reaction monitoring is not limited by the time required to take and 

condition a sample for analysis. Instead, the limitation is the temporal resolution of the 

technique itself. This makes it ideally suited to monitoring the kinetics of very fast reactions.  

While commercial in situ probes exist for pH, UV-Vis, IR and Raman, many analytical 

techniques cannot be acquired via a submersible probe. In situ analysis by NMR is done by 

scaling down the reaction to fit inside a tube suitable for insertion into the detector region. This 

often makes in situ analysis of fast (<5 min) reactions impossible as by the time reagents are 

added to the vessel and it is inserted into the instrument the reaction has already progressed 

significantly or reached completion. Even at longer timescales, activation and initiation events 

can be missed completely, impacting kinetic and mechanistic conclusions.   
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Where timescale is not an issue, the reduced scale makes in situ analysis favourable for the 

study of expensive compounds. This is particularly true in catalysis where stoichiometric 

experiments to observe the rate of catalyst activation or decomposition are performed.  

While in situ NMR offers superior data density and financial savings, chemical kinetics acquired 

by this method should be critically analyzed. Samples cannot be agitated within the detector 

region itself both because of logistical problems and the sensitivity of NMR to physical 

movement. Mass transfer is a critical factor in chemical kinetics and the rate at which a reaction 

is mixed can drastically change the rate of reaction, especially where multiple phases or viscous 

solvents are used.69  

1.2.4 Inline 
Inline reaction monitoring is the process of analyzing the bulk reaction mixture at a fixed 

physical point in a flow process, without separate sample transport or alteration. This enables 

the automated real-time analysis of reaction mixtures under realistic conditions, unlike 

offline/atline analyses. Inline reaction monitoring is used heavily in flow chemistry where 

sensors are placed at the end of or in between flow reactors to measure the presence of 

products and byproducts.  

Inline reaction monitoring is ideally suited for the regulation and optimization of flow 

processes. The information gained at this stage of a reactor can be used to inform changes to 

retention time, reagent dosing, temperature, and pressure to achieve a desired objective or 

explore chemical space.70-73  

HPLC, LF NMR, HF NMR IR, UV, MS and Raman, have all been successfully used for this 

purpose.73 NMR has recently been making its way to the forefront of inline analysis in industry 

with increasing resolution, mobility and decreasing cost.74-78 

Despite the widespread use of inline analysis and the shift of chemical processes from batch to 

flow,71 it is still only able to provide information about a single timepoint for a given set of 

reaction conditions.  

1.2.5 Online 
Online reaction monitoring combines the advantages of atline, inline and in situ 

methodologies.79 The bulk of the reaction mixture is kept in proximity to the analytical 

technique, flown through the detector region and returned to the reaction vessel in a closed-

loop flow system. This means that the reaction mixture is not diluted or quenched and can be 

efficiently stirred, heated, and pressurized along the entire transfer line to the detector with 

suitable equipment.39, 80-82   
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Like inline reaction monitoring, real-time data acquisition can be done under realistic reaction 

conditions. This is essential for operando reaction monitoring where small changes in process 

conditions can drastically change catalytic speciation and reactivity. It also enables the use of 

more developed kinetic analyses such as Reaction Progress Kinetic Analysis (RPKA) and 

Variable Time Normalization Analysis (VTNA), which can yield more mechanistic insight than 

initial rate analysis.  

 This juncture of batch and flow analysis has significant benefits for NMR analysis, facilitating 

reaction observation under realistic conditions and efficiently mixing. Analytical techniques 

can be hyphenated with great ease in online analysis, whether this is using flow cells for non-

destructive analyses such as spectrometry (Figure 1.2.2),63 or sample loops/aspiration for 

destructive techniques like chromatography.  

 

 

 

Figure 1.2.2: A range of flow cells employed for inline and online analysis. A - conventional flow cell, B - Z-path flow cell, 
C – Bruker InsightMR flow cell, D – Conventional NMR flow cell, E – FTIR-ATR style flow cell, F – Flow cuvette. The 
detection region of the NMR is highlighted in yellow. Red arrows indicate light path. Figure reproduced from reference 
63 with permissions, Copyright © 2021 Wiley-VCH GmbH63  

 

Data dense kinetic profiles can be acquired for initiation, inhibition, and decomposition 

processes, and, where appropriate, additional information can be gained through mid-
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acquisition reagent addition.9, 27 By spiking a reaction mixture with product, an excess of 

reagent, or contaminant, the effect of these on catalytic speciation and reactivity can be 

quantified. This information is vital for the development of sustainable industrial processes 

where minimizing side reactions and optimizing the efficiency of expensive reagents can yield 

significant environmental and financial benefits.83, 84  

Online reaction monitoring does require sufficient sample volume so that it fills the entire flow 

system whilst the bulk of it remains in the reaction flask. These volumes can be a serious 

problem where costly reagents are concerned.  

Online NMR analysis can have a large barrier to entry due to the cost and interdisciplinary 

nature of the experimental setup. First and foremost, there must be an area where the 

spectrometer and the reaction can be situated in proximity to one another. This is challenging 

for high-field NMR that has a large footprint and is not typically housed in or near synthetic 

laboratory equipment. To address this, facilities have been developed where full synthetic 

suites are housed in the vicinity of analytical equipment. Alternatively, flow apparatus can also 

be mounted on trolleys to transfer chemistry from a synthetic lab to an analytical lab, where it 

is safe to do so.  

Secondly, physically establishing online NMR setups (especially those at high field) and critical 

analysis of the data acquired by these setups requires a working knowledge of chemical 

engineering and fluid dynamics. This is not always possessed by chemists or spectroscopists 

which can lead to frustration where blockages, leaks and chemical incompatibility become 

common because of the size and composition of transfer lines. The preferable alternative is 

fruitful collaboration where a small amount of practical expertise can save a great deal of time 

and resources in creating an effective flow setup.  

Lastly, these experimental approaches can also require significant financial investment to 

procure equipment such as pumps, tubing, fittings, and the tools necessary to assemble/care 

for them. This can be a deterrent for many, making the technique inaccessible. Increasing 

interest, and publication of online analytical methods from academia and industry in the last 

decade, has prompted the development of commercially available equipment. This not only 

simplifies the process by removing the need to source custom engineering solutions, but with 

increased production could make it significantly more affordable.  

With the continuing development of technical solutions to spectroscopic, engineering, and 

chemical problems, it is expected that online analyses will become pervasive in industry as its 

value is both increased and realized.  
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1.3 FLOW NMR SPECTROSCOPY  
Flow NMR is not a new concept, with flowing NMR experiments having been recorded as early 

as 1951 by Suryan,85 in a study that established the relationship between flowrate, T1/T2 

relaxation, and signal intensity in a flowing sample. Flow NMR has been previously defined as 

the NMR analysis of a sample that was transported to the detector region of a spectrometer by 

flow, which may be either static or flowing at the time of acquisition.86 As such this term 

encompasses a wide range of techniques, each developed to probe solution state chemistry. 

Across this 70-year period a vast array of hardware configurations have been developed to 

tackle numerous chemical, biological and physical challenges. From this broad selection a few 

examples have stood out and the principles of these are still pervasive in modern flow NMR.42, 

86-88  

1.3.1 Early Flow Probes and Flow Cells  
The earliest example of a flow probe was from Suryan in 1951 in which flow was created by a 

reservoir 0.5 m above the detector that was allowed to flow through the magnet by gravity.85 

In the late 1960s more developed custom flow probes were designed and built, where the 

inclusion of a pump meant that liquids could be directly transferred from a flask to the 

spectrometer by narrow diameter tubing.  

An early design arranged these lines a U-bend shape such that the inlet and outlet both 

originated at the bottom of the probe. These transfer lines were connected either side of a large 

volume flow cell which sat within a typical saddle shaped coil (Figure 1.3.1). 

 

Figure 1.3.1: Graphical representation of a U-bend flow cell apparatus used for flow NMR. 
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Narrow diameter capillaries (> 1 mm) were also used as flow cells in conjunction with solenoid 

coils for increased sensitivity in a horizontal configuration. These coils were typically hand 

made for specific capillaries in a process both irreproducible and time consuming, so their use 

was limited and not commercially available until the 2000s.86 The design the U-bend flow cell 

facilitated the efficient purging of air bubbles through the top of the detector. This prevented 

deterioration of spectral quality caused by gas accumulation in the detector region.86 When 

using larger volume flow cells the design is particularly important to efficiently displace 

previous aliquots of reaction mixture. Tapered ends of the flow cell and narrower diameter 

tubing on the inlet relative to the outlet were used to ensure back-mixing was minimized in the 

flow cell.  

The commercialization of these flow-probes was driven by the popularization of hyphenating 

a HPLC outlet directly to an NMR flow probe for the structural elucidation of separated organic 

compounds (LC-NMR), first reported in 1978.89 These probes often were not designed for 

reagents to be recirculated as they were chromatographically separated, and the inclusion of 

the NMR flow cell deteriorated resolution and diluted the sample.  

To overcome sensitivity and resolution issues LC-NMR probes were often used in stopped-flow 

mode, where the flow was paused for data acquisition and restarted to move the next peak into 

the spectrometer. This methodology was not new to flow NMR and had in fact been used years 

before for the observation of transient species and fast reactions upon rapid mixing.86, 87, 90, 91  

The static analysis of previously flowing mixtures is typically achieved by two methods, 

injecting a reagent through the magnet bore and directly into a mixture already in the detector 

region,92, 93 or by injection of two flows simultaneously into a mixer which then enters the 

magnet via a flow probe assembly (Figure 1.3.2).90, 91 
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Figure 1.3.2: Graphical representations of two rapid-injection-NMR methods. A - injecting reagent 1 into reagent 2 
using a syringe located outside of the magnet. B - Simultaneously injecting two reagents through a mixer into the 
detector region of a flow probe. 

 

While these dilute and separated solutions were ideal for analysis with narrow diameter 

capillaries, the online analysis of crude reaction mixtures was not observed until 1986.94 This 

was because crude reaction mixtures often contained precipitate and other particulates which 

could cause blockages, overpressures, and equipment damage and so required reagent 

volumes on the order of hundreds of mL.94 Whilst flow cell cleanliness still poses an issue in 

flow analysis to this day, preventative measures such as pre-filtering and extensive cleaning 

procedures are used which can reduce the risk associated with flowing solutions containing 

multiple components.  

1.3.2 Modern Developments 
In the last two decades there has been a resurgence of interest in the use of flow and stopped-

flow NMR techniques. This has led to the development of more efficient and accessible flow 

apparatus to reduce the level of specialization required to use the equipment. Efficient inline 

reactor-analyzer flow cells have been developed for the effective inline analysis of continuous 

flow processes using benchtop NMR instruments.76 These allow mixtures to be homogeneously 

mixed in flow using a 3D printed static mixer directly before the detection region. This 

development addresses issues often observed in flow where sample inhomogeneity can lead 

to poor spectral resolution and data quality. Indeed, with flow apparatus it has been the case 
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that depending on the application an aliquot of mixture is mixed too much, or not mixed 

enough.  

Significant progress in LF NMR hardware such as increased field strength, multi-nuclear 

receiver coils, and gradient coils has led to a vast increase in their use over the last decade.22, 

56, 95-98 Their small size, relatively low cost, and cryogen free operation has resulted in the 

popularization of these instruments for reaction monitoring and process control. Despite the 

strides in LF NMR, the sensitivity and range of experiments is still limited in comparison to HF 

NMR, limiting its use for the observation, assignment, and quantification of low concentration 

components such as catalytic species.   

Until the early 2000s HF flow NMR was primarily performed with dedicated LC-NMR probes.86, 

99, 100 This posed issues where expensive equipment could be irreversibly damaged by 

blockages and difficult to clean. Combined with the need for probe changes, this meant that use 

was limited to spectroscopists or specifically trained personnel. In addition, LC-NMR flow cells 

often incorporate significant volume increases, making the study of expensive materials 

challenging. Custom-made flow-probes have been developed to overcome HF flow NMR 

volume requirements, where the microfluidic solutions such as stripline NMR have facilitated 

the study of microlitre sample volumes.101-104 While stripline flow NMR is an effective solution 

to sensitivity issues inherent within HF NMR, it requires manual probe customization and so is 

limited to specialist use.   

In the last decade particularly, great effort has gone into developing a suite of commercial 

equipment which can perform flow NMR experiments without changing the configuration of 

the spectrometer. This accessibility to instrumentation has facilitated the normalization of 

process development by chemical understanding, rather than screening.  

Bruker’s stopped-flow apparatus (Insight Express) was developed utilizing a series of high-

speed infusion pumps to flow reagents into thermostatted reservoirs housed within an 

umbilical inside the magnet. These pre-magnetized reservoirs are then efficiently mixed via 

high-speed injection into the detection region and immediately analyzed.  This has been used 

to great effect in the mechanistic analysis of reactions with half-lives as low as 0.1 s, typically 

considered too fast for real-time NMR analysis.105-107 The mechanical reproducibility of this 

setup is such that when reactions are repeated and acquired at staggered timepoints, high data 

density kinetic profiles can be achieved reliably for short reaction times. As reaction mixtures 

can’t be continually mixed post injection, this apparatus is inappropriate for the analysis of 

reactions on the multi-minute/hour timescale.  

Recent developments in commercially available NMR apparatus for online reaction analysis at 

the multi-minute/hour timescale was enabled by the development of an online NMR umbilical 
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design published by Foley et al in 2014.82 This umbilical was specifically designed to be easily 

inserted and removed from a standard 5 mm probe with no change in instrument 

configuration. By housing a glass tip and transfer lines in a cylindrical body made to replicate 

a spinner, the equipment would reliably sit at the correct depth when inserted into the 

instrument.  The transfer lines connecting this tip were encased in two layers of concentrically 

aligned tubing, through which heat transfer fluid could be circulated (Figure 1.3.3). This not 

only facilitated reliable control of sample temperature during transfer, but also moderate 

transfer line pressure (10 bar) using modern HPLC type fittings.   

 

 

Figure 1.3.3: Schematic of the InsightMR flow tube umbilical designed by Foley et al. Sample flow (blue) and heat 
transfer fluid flow (red) indicated by curved arrows.82  

 

This design was subsequently developed into a commercially available product (InsightMR) 

retaining many elements of the original 2014 design. The creation of InsightMR facilitated 

online analyses for those who did not have access to the workshop facilities or engineering 

expertise required to make custom flow apparatus. With a replaceable concentrically aligned 

capillary in the tip, solution could be flowed into and back out of the flow tip with sufficient 

sample flushing and homogeneity.108 This tip was made detachable so that accidents and 

breakages would not lead to significant apparatus down time and the glass could be cleaned 

like a standard 5 mm tube. The accessibility of these fixtures also meant that transfer lines 

could be replaced to be chemically compatible with different chemistries. While not a quick 

task, this flexibility is extremely valuable in analytical chemistry where there is an increasing 

need to adapt instrumentation to chemistry rather than the chemistry to the analytical 

technique. 
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1.3.3 Practical Considerations for FlowNMR 
With FlowNMR (which herein refers primarily to the use of a flow tube†), a reaction being 

performed metres away from the instrument could be recirculated through the spectrometer 

and observed. Having the bulk of the sample directly connected to the detector region from 

outside of the magnet brings numerous benefits to reaction analysis. 

Provided that such apparatus is within moderate vicinity of the spectrometer, the same 

reaction flasks can be used with the addition of tubing connections (e.g. rubber septum, HPLC 

type fitting or Swagelok connection). This means that the reaction mixture can be held under 

realistic process conditions (temperature and pressure) as well as with efficient mixing. 

Efficient agitation of reactions is essential to ensure that realistic kinetics unaffected by gas 

solubility and mass transfer are observed. This was highlighted by Foley et al where FlowNMR 

was compared to two different in situ NMR methods for the acquisition of kinetic profiles 

(Figure 1.3.4).69 

 

 

Figure 1.3.4: Kinetic profile comparison for a homogeneous coupling reaction using online, in situ with periodic 
inversion (P.I.), and in situ static tube (tube) analysis. Figure reproduced from reference 69 reproduced with 
permissions, Copyright © 2015 John Wiley & Sons, Ltd.69 

 

Mid-reaction reagent addition is also possible as the setup allows full control of the reaction 

flask. This can be extremely useful for more tailored kinetic studies which observe catalyst 

activation, decomposition, and product inhibition through the controlled addition of various 

reagents.  

 

† Where ‘flow NMR’ more broadly refers to all techniques which use NMR to analyse a mixture that was 
at some point flowing, ‘FlowNMR’ specifically refers to the use of a removable umbilical for high-field 
inline/online analysis.  
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While there is full control of the reaction vessel, it is important to acknowledge that there are 

still limits imposed on these studies. While thermal regulation of the vessel is not limited, the 

temperature limit of NMR spectrometer probes is typically limited to -150 - +150 °C (or even 

less in the case of cryoprobes). This means that when studying reactions outside of these 

temperatures, great care must be taken to ensure that the solution is gradually brought to 

spectrometer temperature for analysis. 

While FlowNMR still benefits from almost all advantages of static NMR such as multinuclear 

acquisition and solvent suppression, there are limitations with its use. The design of the 

InsightMR flow tube, while enabling facile insertion into the spectrometer, is not effective at 

flushing biphasic mixtures where one component can favourably accumulate. This is true for 

accumulations of solid (precipitate or particulate), liquid (e.g. water/organic mixture) or gas. 

These pose issues with sample homogeneity and cross-contamination which can lead to 

reagent and time losses. While pulse sequences have been developed which can partially tackle 

the sample inhomogeneity caused by bubbles, their total avoidance is preferable.107 It is 

therefore important to maintain sample homogeneity throughout the flow path, which has 

limited FlowNMR studies to homogeneous solutions thus far. 

System volume and residence time is also an important consideration for online analysis 

methods. As previously mentioned, larger internal volumes are undesirable. In FlowNMR these 

are minimised with the use of narrow diameter tubing and shorter flow paths. However, there 

is an important trade-off between path length, diameter, and pressure as a small change in 

tubing diameter can lead to a significant increase in pressure across the flow system.  

Pressure increases not only raise the chance of system overpressures which can cause leaks 

and instrument damage, but also change the pressure experienced by the reaction mixture 

while in the flow path. Pressure-reactivity relationships are well known and often used to 

facilitate chemical transformations.109 It is therefore important when carrying out FlowNMR 

investigations to critically assess how the pressure in the flow path may affect reaction rates 

and catalytic speciation. To minimize the impact of environment differences in the flow path it 

is recommended that more than half of the reaction mixture resides in the vessel. This trade-

off between scale and quality should be considered on a case-by-case basis with control 

experiments to confirm comparable rates between offline and online analyses.  

Tubing length and inner diameter (I.D.) also play a large factor in the quality of sampling from 

the vessel and likelihood of equipment failure. With enhanced flow path functionality through 

hyphenation and customizability comes an increase in the number of narrow diameter 

connections. The narrower these connections become, the greater the potential for blockages 

where particulates unavoidably enter the flow path. Where sample flows through a union, due 
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to imperfect connections between tubing and the union, small volumes exist which are not 

effectively swept through the flow path. These are referred to as dead volumes which can lead 

to inconsistent flow rates and sample mixing in flow. Where the solution sampled from the 

reaction mixture should be representative of the reaction at that point in time, back mixing is 

highly undesirable. For this reason, flow mechanics in these systems are characterised by 

residence time distribution (RTD) measurements, which will be discussed further in Chapter 

2.  

It is also important to account for the delay between a change occurring in the flask and its 

observation in the NMR spectrum. This delay typically falls between 30 and 60 seconds for 

apparatus using moderate lengths (5 - 15 m) and small internal diameters (1/32” - 1/16”). 

While this may be small relative to a reaction occurring over many hours or days, if a reaction 

goes to completion in <30 minutes, it can be quite significant.  

While many of the aforementioned factors are impacted by tubing diameter and length, they 

are also inherently impacted by flowrate which can generate pressure, change flow mechanics, 

and affect heat transfer. While high flow rates are desirable to minimise residence time, they 

are often kept low to avoid flow effects on pressure and data acquisition. 

1.3.4 Flow Effects and Quantification 
It is well known that flowing sample through an NMR spectrometer has an impact on data 

acquisition. In fact, the first flow study by Suryan in 1951 documented the effect of sample 

velocity on signal intensity relative to longitudinal relaxation (T1).  

The impact of flow on NMR data has previously been used to reduce relaxation delays required 

for analysis of samples with long T1 values and validate quantitation performed by other 

analytical techniques. Flow can also negatively impact spectra, if not corrected for, where there 

are observed reductions in signal intensity. These flow effects are dependent on many factors 

such as apparatus, acquisition parameters, and the compounds being studied. It is therefore 

essential that these flow effects are understood and accounted for when doing online NMR 

analyses.  

One flow effect occurs as a result of incomplete sample magnetisation on entry to the detector 

region, termed the ‘in-flow’ effect. This can be explained by discussing sample magnetisation 

relative to its position within the detector, divided into 3 levels (Figure 1.3.5).‡  

 

‡ Magnetisation gradually increases as the sample approaches the spectrometer in reality, but this has 
been divided into zones for simplicity.   
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Figure 1.3.5: Diagrammatic representation of sample magnetisation build-up in a flowing sample and the subsequent 
effect on signal intensity. B = magnetic field strength, B0 = the strength of the magnetic field when the sample is in the 
detection region, τB = sample residence time in zone B prior to entering the detector region. Stray fields are not 
accounted for. Reproduced from Ref. 102 with permission from the Royal Society of Chemistry.108  

 

When outside of the magnetic field (Zone A) the sample has random nuclear spin orientations 

resulting in no net magnetisation (B=0). As the sample enters the magnet (Zone B) spins start 

to align along the Z-axis under the influence of the magnetic field, yielding a magnetisation 

vector (0 < B < B0). Once inside the probe (Zone C) the application of a radio frequency pulse 

generates a free induction decay (FID), the size of which is dependent on the magnitude of the 

magnetisation vector of the sample. As the magnitude of the magnetisation vector is dependent 

on the T1 of the nucleus and its residence time within the magnetic field (τB), so is signal 

intensity.  

The T1 of an individual nucleus is dependent on its chemical environment so numerous unique 

T1 values will exist within a single molecule. This can make direct comparisons in signal 

intensity challenging at high flow rates. Nuclei with shorter T1 values will achieve larger 

magnetisation vectors much faster than those with longer T1 relaxation, resulting in greater 

signal intensity. While the sample could be flowed at a rate slow enough such that all nuclei 

within a sample have time to become fully magnetised, this could make the transfer time 

between vessel and spectrometer infeasibly large with some T1 values being on the order of 60 

seconds.  

The second flow effect occurs due to the replenishment of sample leaving the detector region 

with fresh sample of differing magnetisation, termed the ‘out-flow’ effect. Upon application of 
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a radio frequency (RF) pulse, the nuclei in the detector region (Zone C) will have detectable 

signal in the XY plane. Under flowing conditions, these nuclei leave zone C before they have 

fully relaxed and get replaced with sample that has fresh Z magnetisation. This process 

increases the rate of FID decay and reduces the observed T1 relaxation time (T1*) of a nucleus. 

While the T1 value of the nucleus itself does not actually decrease, it appears to in continuous 

flow. This effect is described by Hall et al and has been used to observe effective T1 values 66% 

lower than their static counterpart.108  

Equation 1 

1
𝑇𝑇1 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹

=  
1

𝑇𝑇1 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆
+

1
𝜏𝜏𝐵𝐵

 

 

This same effect also leads to a reduction in effective transverse relaxation values (T2) which 

results in increased linewidths at higher flowrates. However, the impact of flow on measured 

T2 relaxation value is minimal relative to the linewidth changes caused by the position and 

vibration of the capillary in the flow tip under flowing conditions.   

The signal intensity of 1H resonances can vary by as much as 25% between spectra acquired at 

0 mL/min and 4 mL/min.108 This can not only cause issues with signal quantification as the 

impact to signal intensity is different for each resonance, dependent on T1,  but it can also 

reduce the sensitivity for low concentration species to unsatisfactory levels.  

As previously mentioned, flow can be reduced to minimise flow effects at the cost of longer 

residence times in the flow path under potentially sub-optimal reaction conditions. A second 

solution is to include a coiled length of tubing inside the flow path which increases the 

residence time of the sample solely in the magnet, termed a pre-magnetisation loop.105, 106 

While this has a less detrimental effect on data compared to reduced flow, it still significantly 

increases time between sampling and acquisition in online setups.  

Flow effects in NMR are predictable and reproducible for a given resonance, provided the 

chemical environment of said resonance and flow rate do not change. Therefore, calibration 

spectra can be acquired to determine a correction factor which can be applied post acquisition. 

Calibration spectra consist of one spectrum acquired under flowing conditions and one in the 

absence of flow (static) with a single parameter change. The static spectrum must have 

identical parameters to the flowing spectrum (e.g. receiver gain, number of scans, acquisition 

time) except from the relaxation delay. The delay must be set to a minimum 4.6 times longer 

than the T1 value of the longest relaxing resonance to reach 99% spin relaxation.44 The 

difference in integrals between these two spectra for a given resonance yields a correction 
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factor which is directly proportional to the reduction in signal caused by flow effects. This 

correction is described by Equation 2 and Equation 3. 

 

Equation 2 

𝐶𝐶𝐶𝐶 =  
𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆
𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹

 

 

Equation 3 

𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐶𝐶𝐹𝐹𝐶𝐶𝐶𝐶𝐶𝐶𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶 = 𝐶𝐶𝐶𝐶 × 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆   

 

This is a simple process and preferable to alternative methods in many cases as calibration 

spectra can be acquired at the end of a reaction. If a reaction goes to true completion and 

starting material is not observed at the end, then quantification of starting material won’t be 

possible by acquiring calibrations post reaction. The same can be said of transient 

intermediates which do not persist throughout a reaction profile. This issue is easily rectified 

by the acquisition of calibration spectra at the start of, or during, an experiment if required, 

enabling quantification of all species present at the time.§ 

Another caveat to this correction method is that it relies on a consistent flow rate. Should the 

flow rate be altered by partial blockages, changes in pressure or sporadic pump pulsation, 

correction factors will not be accurate for all the data. This once again highlights the 

importance of cleaning practices and characterisation of flow mechanics and equipment in 

these systems for the acquisition of reliable kinetic data.  

1.3.5 Application of NMR Techniques to Flowing Samples 
While the impact of flow on signal intensity can be corrected for, some data is either 

unobtainable or challenging to obtain on a flowing sample. As previously mentioned in section 

1.1.2, NMR techniques which require long time periods may not be suitable for reaction 

monitoring based on the time taken relative to the half-life of the reaction. This still holds true 

for FlowNMR where sufficiently long acquisitions can result in time averaged kinetic data, 

rather than accurate kinetic profiles which show features such as induction periods. Pulse 

 

§ This is provided the intermediate is compatible with the employed reaction conditions and acquisition 
parameters 
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sequences which require mixing or diffusion delays such as 2D NMR and DOSY are 

disproportionately affected by flow due to the influx of sample with fresh Z-magnetisation.  

In diffusion spectroscopy, flow can distort the measured diffusion coefficients and reduce 

resolution. Combined with the typically long time periods required for achieving suitably 

resolved data (>20 minutes), this makes acquiring DOSY in flow a very challenging task.86 

Despite this, developments in convection compensation,54, 110 faster sequences,53 and improved 

flow cells111 make this a possible task for the future.  

2D NMR is typically acquired over long timescales with delays which allow for the evolution of 

spin states, the basis for through-bond correlation observation. Acquiring these spectra over a 

typical timeframe (>5-30 minutes) would result in extremely low data density and make them 

unsuitable for most reactions studied by flow NMR. Fortunately, developments in fast 

repetition,112, 113 ultra-fast,49, 51 and NUS50, 114 techniques mean that sufficiently resolved 2D  

spectra can be acquired in seconds. This facilitates their use in reaction monitoring and enables 

the structural characterisation of unknown components in flow. For low sensitivity nuclei such 

as 13C and 15N the signal enhancement (at the cost of resolution) afforded by correlation 

experiments with highly abundant nuclei such as 1H can generate data that would not be 

feasible in a 1D experiment.113  

Due to the increase in volume associated with flow experiments it is desirable to use protio 

solvents as opposed to their costly deuterated counterparts. This can cause problems with 

spectral resolution where large solvent signals make quantification of surrounding signals 

challenging. For high sensitivity nuclei such as 1H the receiver gain (the function that prevents 

detector overload) will be limited by these large peaks, reducing sensitivity of low intensity 

peaks of interest.115 

Solvent suppression techniques have been ubiquitously used for decades to remove unwanted 

large intensity resonances. This is typically done by selectively pre-saturating nuclei prior to 

detection or applying a chain of pulses to de-phase the signal.57  As any pre-saturated nuclei 

would be replaced by freshly magnetised sample by the time of detection, this method has been 

noted as particularly ineffective for flow applications.55 WET solvent suppression is therefore 

preferable as it does not involve lengthy pre-saturation and can therefore be applied easily in 

flow. WET can be adapted to suppress the corresponding 13C satellites of solvent resonances, 

which also have the potential to obscure low-intensity peaks of interest.  

Where only narrow regions of an NMR spectrum are desired then selective excitation can prove 

more beneficial than solvent suppression. Rather than selectively dephasing one resonance, 

selective excitation selectively de-phases the entirety of the spectrum apart from a small pre-

defined region of interest. This allows a maximum receiver gain to be used, achieving a much 
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higher sensitivity for abundant nuclei.44 This technique has been applied to spectral 

deconvolution, where its combination with DOSY54 and NOESY58 were used to produce spectra 

of single components from a mixture. Recent literature has also demonstrated the value of this 

technique to monitor catalytically active species, where selective excitation yielded a 

thousand-fold increase in signal intensity. As a result, catalytically active hydride species were 

quantified down to micromolar concentrations for an asymmetric transfer hydrogenation.59  

1.3.6 Applications of FlowNMR Spectroscopy 
Flow NMR techniques, particularly online and inline NMR, have been hyphenated with a wide 

range of analytical techniques to achieve mechanistic understanding, material 

characterisation, and process optimisation. The techniques that have been hyphenated with 

NMR include, but are not limited to, pH measurement, HPLC,36, 87, 116  size exclusion 

chromatography (SEC),117, 118 supercritical fluid chromatography (SFC),104, 119 near infra-red 

spectroscopy (NIR),118, 120 IR,121, 122 Raman,123 and rheometry.118, 124  Due to its mobility and 

price, low-field NMR is more frequently used in hyphenated analyses. High-resolution 

FlowNMR has seen less use in hyphenated analyses and has therefore been used more 

frequently for the in-depth analysis of low concentration species.  

Since the inception of the InsightMR flow tube it has been utilised within the pharmaceutical 

industry to acquire data dense kinetic profiles of imine formation,19, 69, 82 and 

transesterification69 reactions at ambient temperature and pressure. It has also seen use to 

maximise space-time yield of an exothermic reaction in continuous-flow, enabling safe 

operation and moderate scale up.77  

FlowNMR has also been employed to demonstrate the effectiveness of numerous techniques 

for kinetic analysis. Ultra-fast 2D NMR (UF2DNMR) was applied to acquire COSY spectra in less 

than 1 second at 3 mL/min, facilitating structural elucidation in flow.51  High temperature 

cryogen free superconducting magnets (400 MHz) have been used in conjunction with 

FlowNMR to demonstrate the potential of integrating high-field instruments into the synthetic 

laboratory.41 Subsequent literature has also commented on the application of this equipment 

for high throughput experimentation by NMR, a task that is typically challenging where LF 

NMR does not provide adequate sensitivity and online HF NMR is not accessible to a synthetic 

laboratory.125  

Due to the high level of process control afforded by FlowNMR the effect of sunlight and ozone 

treatment was explored on unconcentrated wastewater by Simpson et al.126 This group in 

parallel with others investigated the real-time analysis of living organisms, achieved through 

the adaptation of flow NMR apparatus for use as a bioreactor.127-129 Living organisms 

suspended in the InsightMR flow tip using hydrogels has facilitated in-vivo study where the 
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effect of food, dissolved gas, and pH on cell function can be determined with high sensitivity.129, 

130  This application has subsequently been made a commercial product termed ‘InsightCell’, 

which has been developed due to the ability of HF NMR to study the structure and dynamic 

behaviour of macromolecules.130 

While LEDNMR has become a more readily adopted technique for the observation of 

photochemical reactions,131 FlowNMR has been used to probe the mechanism of a photo-

catalytic oxidation132  and photo-biocatalytic one-pot cascade133 by analysing the illuminated 

bulk reaction mixture in real-time. This retains the advantage of observing actively illuminated 

mixtures, facilitating chopped illumination experiments, while enabling mid-acquisition 

reagent addition for mechanistic insight. Importantly, it also eliminates the need for specialised 

equipment to guide the light directly into the NMR tube.  

Online LF NMR has been used previously to analyse conversion in continuous-flow RAFT 

polymerisations.134 The benefits of HF FlowNMR for the study of polymerisations was 

illustrated by a study in which FlowNMR was hyphenated with automated atline size exclusion 

chromatography (SEC) analysis.135 In this study, calibrated DOSY measurements were shown 

to accurately monitor polymer weight distribution, an extremely important parameter in 

regulated polymer synthesis, rather than conversion.  

The operando investigation of catalytic processes has been a particular focus within the 

University of Bath. In particular relevance to the work described in this thesis, FlowNMR was 

used to acquire high quality kinetic data for the air-sensitive asymmetric transfer 

hydrogenation of acetophenone using a bifunctional ruthenium catalyst.59  Selective excitation 

was combined with modern kinetic analysis to directly observe catalytic speciation under 

reaction conditions which lead to the observation of two independent catalyst 

deactivation/inhibition pathways.  

Liquid-liquid biphasic reactions have been noted as particularly challenging to study by in-situ, 

inline and online analysis.136 Of multiphasic catalytic systems, those most commonly studied 

by NMR are gas-liquid (pressurised) and solid-liquid (heterogeneous) where one phase is 

selectively analysed. While inline HF NMR solution-phase analysis of heterogeneous processes 

has been achieved using stripline NMR, FlowNMR is yet to be used for this purpose.137 

FlowNMR has been employed for the study of chemistry uses gaseous reagents.138 

Hydroformylations at elevated temperature and pressure have been studied by multinuclear 

operando FlowNMR where the ability to temporarily isolate the reaction mixture from the 

reaction headspace allowed for reaction analysis under gas-limiting conditions, as well as 

typical online analysis.139 This methodology led to the direct observation and characterisation 

of catalytically relevant rhodium species for the first time. While other high field flow NMR 
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setups have achieved analysis at pressures of up to 69 bar,140, 141 the InsightMR flow tube has 

only been used reliably up to 20 bar.**139  

1.4 THE DYNAMIC REACTION MONITORING FACILITY (DREAM)  
The work presented herein was primarily carried out within the Dynamic Reaction Monitoring 

(DReaM) facility, established in 2016 at the University of Bath in conjunction with industrial 

partners. This facility was developed for the real-time multi-technique monitoring of solution 

phase chemistry. 

The facility is equipped with a wide range of analytical techniques including NMR, UV-Vis, 

HPLC, headspace MS, liquid-phase MS, and polarimetry.  The facility has been developed such 

that reaction mixtures can be analysed online or atline by these techniques using temperature 

regulated transfer lines. For online NMR analyses three InsightMR flow tubes containing 

polyether ether ketone (PEEK, O.D - 1/32”, I.D - 0.5 mm), or fluorinated ethylene propylene 

(FEP, O.D - 1/32”, I.D 0.5 mm) transfer lines are available for chemistry with different 

temperature and compatibility requirements. Transfer lines outside of the InsightMR flow 

tube, referred to as the flow path, are typically comprised of PEEK/FEP tubing (O.D - 1/16”, I.D 

- 0.75 mm). 

The facility houses synthetic equipment such as a glovebox and a fume hood with a Schlenk 

line in proximity to these analytical techniques so that even highly air- and moisture-sensitive 

chemical processes can be effectively reproduced and analysed.  While the specific equipment 

used in each chapter is specified, a schematic overview of the facility as configured in 2018 is 

presented below in Figure 1.4.1. 

 

** The commercial InsightMR flow tube is only rated to 10 bar but has been reliably used at pressures of 
up to 20 bar in house.  
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Figure 1.4.1: Full plumbing and instrumentation schematic for the Dynamic Reaction Monitoring (DReaM) facility at 
the University of Bath as configured in 2018. Reproduced with permission from A. Hall. 

 

As can be seen from the above figure, the NMR, UV-Vis polarimeter, pump and thermal 

regulation equipment all communicate directly with a master PC.†† This allows process control 

via an inhouse built ‘control centre’ in LabVIEW, which is currently used for operation of heat 

exchangers and the logging of temperature and pressure. This existing scaffold presents an 

ideal opportunity for the hyphenation and automation of real-time analyses to facilitate 

advanced mechanistic study and equilibrium measurements.  

1.5 AIMS AND OBJECTIVES  
FlowNMR spectroscopic analysis of homogeneous mixtures has become an attractive tool for 

the investigation of solution-phase chemistry in the last decade. Ongoing developments in 

engineering and NMR spectroscopy provide new analytical routes for the real-time analysis of 

complex chemical mixtures. The integration and hyphenation of multiple analytical techniques 

is invaluable for mechanistic research but is not widely adopted for non-destructive online 

high-field flow NMR analyses. The aim of this project was to further unify the existing analytical 

 

†† The HPLC, headspace MS and MS have dedicated PCs for data acquisition. 
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equipment held within the DReaM facility and broaden FlowNMR applications by overcoming 

challenges associated with real-time solution state analysis.  

Chapter 2 of this thesis introduces the engineering concepts associated with this work. Flow 

and heat transfer mechanics of the FlowNMR setup were characterised by residence time 

distribution (RTD) and a heat transfer model respectively. These are critically discussed 

relative to their effect on analytical techniques and the integrity of acquired data. Method 

development is essential when hyphenating analytical techniques to ensure high quality data 

from which meaningful conclusions can be drawn. As such the method development that 

facilitated the investigations carried out in chapters 3, 4, and 5 is also discussed.  

Chapter 3 investigates the asymmetric transfer hydrogenation of acetophenone using a 

bifunctional ruthenium catalyst and formic acid as the reductant by FlowNMR. This reaction 

posed a unique challenge as the first reaction analysed within the DReaM facility that evolved 

gas and required thermal regulation. The mechanism was probed simultaneously using 

numerous analytical techniques including NMR, UV-Vis, headspace MS, liquid-phase MS and 

HPLC such that product formation, selectivity, catalytic speciation, and gas evolution were 

quantified. The benefits of hyphenating high-resolution analytical techniques were highlighted 

by the identification of improved reaction conditions and an expanded reaction mechanism. 

The collaborative investigation of diastereomeric ruthenium hydrides observed during 

catalysis, which was carried out for two different catalyst precursors to establish their relative 

reactivity, is also presented.  

Chapter 4 describes the employment of FlowNMR spectroscopy as a chemical shift titration 

method. Several proof-of-concept studies were performed, in which systems containing 

multiple components, solvent participation, hydrogen bonding, metal-ligand binding and 

Lewis pairs of varying steric hinderance were studied by titrimetric analyses. This study 

demonstrated FlowNMR as a convenient and accurate method for routine titrations in acid-

base, supramolecular, and co-ordination chemistry.  

Chapter 5 explores the application of high-field FlowNMR as a tool for automated process 

regulation. The development of automated real-time data export scripts and their use are 

described. A proportional-integral-derivative (PID) controller was developed collaboratively 

in LabVIEW and applied to responsively automate a chemical shift titration to an accurate 

setpoint. A Labview virtual instrument (VI) and data export script was created for the analysis 

of relative integral data and tested on data sets post-acquisition, laying the foundation for 

automated high-field NMR process control using reagent concentration as the regulation 

parameter.  
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CHAPTER 2 
 

ENGINEERING ASPECTS OF FLOWNMR: 
APPARATUS CHARACTERISATION AND 
DEVELOPMENT  
 

The work presented in section 2.3 of this chapter has been published in the journal ‘Reaction 

Chemistry and Engineering’, volume 6, pages 1548-1573.1 Experimental conditions and figures 

originally submitted as part of Electronic Supplementary Information have been included in 

the main text where appropriate. Page, reference, and figure numbers have been changed 

accordingly. This publication was a collaborative effort, but the work reproduced within this 

chapter is entirely that carried out by the author unless otherwise stated. The introduction has 

been reproduced in 2.3.1 to contextualise the work and was not solely the work of this author. 

The residence time distribution work presented in section 2.4 of this chapter is not part of the 

publication.  

Automated at-line high performance liquid chromatography (section 2.6.3) and mass 

spectrometry (section 2.6.4) apparatus for hyphenation with FlowNMR was constructed 

initially by A. Hall with some input from the author.2 Further development of this system was 

carried out by the author for the completion of the work detailed in Chapter 3.  

 

Image courtesy of A. Saib. Reproduced from reference 1 with permission from the Royal Society 

of Chemistry.1 
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 INTRODUCTION 
Chapter 1 discussed the development of FlowNMR setups carried out by several groups for 

numerous applications, using both commercial and custom-made equipment.3-7 Despite the 

considerable effort and time invested in creating these setups, little is available to 

chemists/spectroscopists in the way of guidance for materials, equipment, and the engineering 

considerations inherent with using such small-scale flow setups. 

In both static NMR and FlowNMR spectroscopy, sample uniformity is crucial for the acquisition 

of high-quality data.8 Sample perturbations caused by convection9-11 and flow12-14 can be 

detrimental to the magnetic field homogeneity and therefore shim quality.8 A visual depiction 

for the effect of flow on magnetisation is shown in Figure 2.1.1. 

 

 

Figure 2.1.1: Predicted relative magnetization of water protons in a unidirectional flow cell at different flow rates 
(flow moving left to right). M0,z is the equilibrium magnetization. The white bars indicate the position of the active 
volume of the radio frequency coil. The corresponding center line velocities are: vmax/cm s−1 = 0.6, 2.5, 4.2, 5.9, 7.6, 
12.7, 17.0. Figure reproduced from Ref. 14, Copyright (2020), with permission from Elsevier.14 
 

To reduce inhomogeneity caused by disparate flow within the detector region of the 

spectrometer the type of recirculating pump can be changed to reduce pulsation, which causes 

inconsistent flow. In addition to this the inlet capillary housed in the tip of the flow tube (see 

Chapter 1) can cause a large source of sample inhomogeneity due to vibration and asymmetric 

positioning within the detector region. Part of the work in this chapter will discuss hardware 
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improvements that can be made to the flow tube design to make it more user-friendly for 

maintenance while also improving flow characteristics. 

Convection caused by thermal gradients across a sample can be difficult to correct, especially 

if the sample being introduced is at a drastically different temperature to the detector region. 

When performing static variable temperature (VT) NMR, samples are often left for prolonged 

periods of time (>10 minutes) to ensure adequate thermal equilibration to the spectrometer 

setpoint.15 Similarly, when flowing a sample at high flowrates (>3 mL/min) it is therefore 

imperative that the sample temperature be kept consistent throughout the flow path to ensure 

that a temperature gradient is not introduced to the detector region. This gradient can be 

caused by the inability of the VT unit to effectively regulate a sample volume with such a low 

residence time in the detector. To this end a heat transfer study has been carried out from basic 

principles to gauge the heat loss from materials and thermal regulation methods commonly 

used in this work.  

While the characterisation of flow setups is common practice amongst those in chemical 

engineering and process control5, 16, 17 it is not always considered for analytical setups 

assembled by chemists and spectroscopists. For this reason, it was important to characterize 

the system volume and flow characteristics such that data could be critically evaluated. If a 

large amount of back mixing was present then the spectra observed in flow may not be 

representative of the bulk mixture.13 Uniformity of flow throughout the flow path has therefore 

been characterised using residence time distribution (RTD) measurements.  

The DReaM facility and the InsightMR flow tube housed within have been subject to numerous 

developments since the facilities inception in 2016. Hardware developments discussed in this 

chapter were made to improve the temperature regulation and facilitate the integration of 

other analytical techniques with FlowNMR to study more demanding chemical reactions (such 

as the asymmetric transfer hydrogenation detailed in Chapter 3). Experimental procedures are 

detailed in section 6.1 and 6.2 (for methodologies used in Chapter 3, to avoid duplication). 
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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 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. 

2.3.1 Introduction 
High-resolution NMR spectroscopy is a powerful analytical technique due to its high specificity, 

rich information content, and quantitative, non-invasive nature.18-20 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, 21 Applications include virtually all fields of 

solution phase chemistry such as molecular organic and inorganic synthesis, homogeneous 

catalysis,22 supramolecular23 and polymer chemistry,24 soft materials,25 medicinal26-28  and food 

chemistry25, 29, 30 as well as metabolomics31 and biochemistry.31-33 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 <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.34 These deviations are particularly relevant to kinetic investigations reliant on 

obtaining accurate concentration profiles, and may even lead to a different speciation of the 
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system under the restrictions of small, static sample tubes.34-36 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,37-40 but the 

aforementioned sampling restrictions apply all the same at lower field41 in addition to the 

inherent limitations of lower sensitivity and reduced spectral resolution compared to high-

field instruments. 

FlowNMR spectroscopy (or online NMR spectroscopy as it sometimes referred to) is a simple 

adaption that alleviates the aforementioned sampling limitations by way of a 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 composition occurring in the external 

vessel, either as a result of a chemical reaction, biological process or physical change triggered 

by purposely altered conditions, can be followed and analysed by NMR spectroscopy in real 

time. Note that the term ‘flow’ in FlowNMR refers to the sample transport, and either batch or 

continuous flow processes may be investigated with the technique. In this article we shall focus 

on closed-loop FlowNMR setups for investigating batch processes, but many of the 

considerations discussed will be relevant to continuous flow application as well.42, 43 

A number of flow devices have been developed that allow a continuous stream of sample 

solution to be pumped through the NMR active region of the spectrometer,16, 44-51 developments 

that actually date back to early days of NMR spectroscopy in the 1950s.52 Recent examples 

include the use of FlowNMR coupled with oxygen probes in the elucidation of the mechanism 

of amination reactions,53 the development of low-volume flow system containing biological 

organisms within the flow tip for solution-state in vivo NMR,54  the use of ultra-fast single scan 

2D NMR in flow12 and the real-time monitoring of oxidative wastewater treatment.55 Whatever 

the application, key to obtaining NMR data relevant to the process occurring within the 

external vessel is an appropriately designed flow system (Figure 2.3.1) that fulfils the following 

criteria: 

a) Full chemical compatibility – the system must not interact with the sample or disturb 

the system to be studied, and not cause any cross-contamination. Conversely, the 

setup must withstand the conditions used and not be compromised by the 

application. 

b) Provide reaction conditions with appropriate control over key process parameters – all 

physical parameters of importance to the system studied (light, temperature, 

pressure, atmosphere, etc.) must be sustained throughout the flow path to make the 

sample inside the NMR representative of the bulk. 
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c) Deliver a smooth, controlled sample flow throughout the system – minimise sample 

dispersion and risk of failures and control any NMR flow effects13, 14 that may 

influence signal quantification. 

d) Safe to use – reliably safe to operate in a multi-user environment and without 

supervision with highly sensitive and expensive NMR equipment. 

With these considerations belonging more to the realm of chemical reaction engineering,56 

teams of molecular scientists and NMR spectroscopists seeking to use FlowNMR spectroscopy 

for a given application may lack the expertise and practical experience required for efficiently 

interfacing the reaction vessel with the spectrometer. Several groups have reported effective 

FlowNMR setups in the literature,4, 5, 39, 55, 57-63 but individual solutions differ depending on the 

specific requirements, and tribal knowledge is rarely shared with the wider community. A key 

difficulty is that the quality of the NMR spectra obtained are not always indicative of the 

effectiveness of the setup in fulfilling the above criteria (a-d). Most modern NMR spectrometers 

will produce high quality spectra even with an inappropriate flow setup that changes the 

sample on its way from the reaction vessel to the point of detection – the real question is how 

meaningful the data acquired are. 

In this paper we highlight and discuss some fundamental engineering aspects of relevance to 

FlowNMR spectroscopy, evaluate some commonly used hardware solutions, and make 

recommendations based on our experience to help others to quickly identify appropriate 

components for safe and effective setups. 

 

 

Figure 2.3.1: Schematic illustration of the engineering challenges associated with efficiently interfacing a reaction 
vessel with an NMR spectrometer. Reproduced from reference 1 with permission from the Royal Society of Chemistry.1 

 

Please note that all devices and components used and discussed in this study are commercially 

available examples that do not necessarily represent the only possible solution or best choice 

for a given application. Any recommendations made are our personal opinion and do not 
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guarantee safe operation or optimal performance. We invite interested readers to contact us 

with any questions, comments, or suggestions they may have. 

2.3.2 Temperature 
Even for room temperature FlowNMR applications accurate control over sample temperature 

is imperative, as the magnetic field homogeneity and thus spectral quality are sensitive to 

temperature gradients and convection within the sample.8 Reaction rates and equilibrium 

positions may also be affected by the heat of a reaction occurring in the sample, so ensuring 

isothermal conditions is important for virtually all FlowNMR applications. While the volume in 

the NMR-active region of a flow tube or probe may be thermostated by the gas flow of the 

spectrometer,10 and the sample vessel temperature would be controlled via application-typical 

means (heating bath, blocks or cartridges, cooling baths, Peltier elements, etc.), any sample 

travelling from the reactor to the NMR is more challenging to heat or cool accurately and 

uniformly.9 In order to illustrate temperature stability throughout a typical flow path we have 

modelled the heat loss from liquid samples flowing laminarly through 1/16” PEEK tubing in 

three different scenarios: (A) bare tubing in air, (B) with passive insulation, (C) with active 

regulation using a heat transfer fluid (Figure 2.3.2). Applying Equation 2.3.1 iteratively over 

1.0 cm increments of tubing length using the relevant heat capacities, thermal conductivities 

and heat transfer coefficients of all materials used yields an accurate prediction of any heat 

transfer occurring under these conditions (see section 6.1.1 and 6.1.2 for model validation and 

the excel spreadsheet used to generate data). 

Equation 2.3.1 

𝑇𝑇𝐹𝐹𝑜𝑜𝑆𝑆 = 𝑇𝑇𝑆𝑆𝑖𝑖 −  𝑘𝑘𝑘𝑘∆𝑇𝑇
𝐶𝐶𝑝𝑝𝜌𝜌�̇�𝑉

  

 

 

Figure 2.3.2: Cross-sectional diagrams of scenarios for no heat regulation (A), passive heat insulation (B), and active 
heat regulation (C). Models use 1/16” PEEK tubing, insulative foam and general-purpose silicone tubing filled with a 
50:50 ethylene glycol/water mixture (see appendix for details). Reproduced from reference 1 with permission from the 
Royal Society of Chemistry.1 
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Using water at 4 mL/min as an example, heat loss from bare 1/16” PEEK tubing is significant 

as shown by the temperature profiles over path length shown in Figure 2.3.3 (left), and is even 

more pronounced for samples with lower heat capacities such as organic solvents Figure 2.3.3 

(right). Note that the model was applied to tubing only and does not account for additional 

sample heat loss through other devices such as pump heads. The model also does not take 

convection into account, so any air flow over the tubing (e.g. from a fume hood or other active 

ventilation) will cause even more rapid cooling than what is calculated here.  

 

 

Figure 2.3.3 Left: Modelled temperature profile of water over tubing length at different starting temperatures. Right: 
Comparison of temperature profiles for different solvents starting at 40 °C. All at 4 mL/min flow rate through 1.6 mm 
OD / 0.76 mm ID PEEK tubing in air at 20 °C (blue dotted line) corresponding to scenario A in Figure 2.3.2. Reproduced 
from reference 1 with permission from the Royal Society of Chemistry.1 

 

The temperature profiles for uninsulated tubing in Figure 2.3.3 show that most samples would 

experience complete heat loss to reach room temperature within 2-4 m of travel under these 

conditions (less than half the path length of a typical FlowNMR setup!). Hence, if for example a 

sample aliquot left the reactor at 100 °C, with no insulation it will have cooled to room 

temperature before it reaches the NMR active region, causing significant convection and 

spectral distortion if the probe temperature is set to higher temperatures in anticipation of 

studying the reaction at 100 °C. Such temperature swings may also have negative effects on the 

sample itself, including a change of speciation, reaction rates or even homogeneity if any 

component is near their solubility limit under process conditions. As heat transfer between 

regions of different temperatures is a first-order process driven by ΔT, T1/2 values can be 

derived from the heat loss curves shown in Figure 2.3.3 which may be useful metrics to 

remember: uninsulated 1/16” tubing will cause losing half the initial temperature difference 

within 30-60 cm for organic solvents or water flowing at 4 mL/min. 
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The influence of tubing diameter, material type and wall thickness on heat transfer rates are 

relatively small (Figure 2.3.4). As expected, improved insulative properties are observed for 

thicker tubing (larger O.D/smaller I.D).  

 

Figure 2.3.4: Modelled temperature loss between water (40 °C) when actively cooled to 20 °C by a heat exchanger for 
PEEK and FEP tubing of varying outer and inner diameter. Modelled conditions: 4 mL/min, 7.5 mm O.D silicone tubing, 
50:50 ethylene glycol / water thermofluid. Reproduced from reference 1 with permission from the Royal Society of 
Chemistry.1 

 

Modelled heat loss is directly proportional to the residence time of the sample as determined 

by the flow rate applied (Figure 2.3.5, left). At 1 mL/min water will have lost half its initial 

temperature difference after 16 cm of travel and will have fully equilibrated with the 

environment after another metre (i.e. four times faster than at 4 mL/min). 
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Figure 2.3.5 Left: Modelled temperature profiles of water at 40 ⁰C flowing through 1.6 mm OD / 0.76 mm ID PEEK 
tubing in air at 20 °C (blue dotted line) at various flow rates, corresponding to scenario A in Figure 9. Right: Modelled 
temperature profiles of water at 40 ⁰C flowing through 1.6 mm OD / 0.76 mm ID PEEK tubing in air at 20 °C (blue 
dotted line) at 4 mL/min with different levels of insulation, comparing scenarios A, B and C from Figure 9. Reproduced 
from reference 1 with permission from the Royal Society of Chemistry.1 

 

Finally, Figure 2.3.5 (right) shows the effect of adding various thicknesses of insulating foam 

around the sample tubing (passive insulation, scenario B in Figure 2.3.2) compared to active 

heat regulation with a heat transfer fluid (C in Figure 2.3.2). From the profiles shown it can be 

seen that 1 cm thick insulating foam can help to limit sample heat loss to the environment 

relatively well, but only active heat regulation provides steady and uniform sample 

temperatures throughout the flow path. As mentioned above, the InsightMR™ flow tube is set 

up for the use of a heat transfer fluid as depicted in Figure 2.3.2 C, and we hope that the data 

shown here will convince users to make use of it and take appropriate heat management 

precautions for the rest of their FlowNMR setup as well. A large variety of recirculating heat 

exchangers with different bath volumes, pump capacities and temperature ranges are 

commercially available from suppliers such as Julabo, Huber, Lauda and Thermo Fisher. Simple 

water-ethylene glycol mixtures can be used from -50 to 100 °C,64 and synthetic oils based on 

polydimethylsiloxane offer wider temperature ranges of -100 to >250 °C if needed. Considering 

the relatively long tubing pathways of 10 m (or more) used in a typical FlowNMR setup, we 

recommend using several recirculating heat exchangers for different sections of the setup in 

order to minimise temperature gradients from heat loss of the thermofluid. Figure 2.3.6 

illustrates how we have used three independent circuits to regulate different sections of the 

setup: the sample vessel or reactor (red), the transfer tubing (yellow) and the flow tube (blue), 

in addition to the sample tip that is controlled by the NMR probe gas flow. Having independent 

temperature control over different sections of the flow setup also opens up possibilities for 

controlled temperature gradients that may be useful for resolving NMR spectral features that 

may be obscured by dynamic exchange phenomena at process temperature without causing 
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spectral distortions by uncontrolled temperature gradients.65 Figure 2.3.7 illustrates the NMR 

spectral changes resulting from non-uniform sample heating throughout the flow path at 500 

MHz. 

 

 

Figure 2.3.6: P&ID schematic of a closed-loop recirculating FlowNMR setup with exemplary length scales and tubing ID 
(indicated by line thickness), and indication of sequential temperature control by use of three independent heat 
exchangers (colour coding). Reproduced from reference 1 with permission from the Royal Society of Chemistry.1Image 
courtesy of O. Harper 
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Figure 2.3.7: 1H FlowNMR spectra of 1-hexene and 1,3,5-trimethoxybenzene at different heat regulation conditions. A) 
Entire FlowNMR setup at room temperature without heat regulation. B) Entire FlowNMR setup regulated to 25 °C with 
the three heat exchangers as shown in Figure 12. C) Reactor (heat exchanger 3) at 50 °C, flow tube (heat exchanger 2) 
at 60 °C and sample tubing (heat exchanger 1) at 60 °C. D) Reactor (heat exchanger 3) at 50 °C, flow tube (heat 
exchanger 2) at 50 °C and sample tubing (heat exchanger 1) at 50 °C. E) Reactor (heat exchanger 3) at 50 °C, flow tube 
(heat exchanger 2) at 0 °C and sample tubing (heat exchanger 1) at 25 °C. Reproduced from reference 1 with permission 
from the Royal Society of Chemistry.1Data courtesy of A. Bara-Estaún. 

 

Note that the perfect temperature stability of actively regulated sample tubing shown in Figure 

2.3.5 (right) is based on the assumption that any heat loss of the thermofluid to the 

environment is negligible during its residence time throughout the flow path. This is of course 

only true if the outer surface of the tubing is well insulated, and a sufficiently high flow rate of 

heat transfer fluid is applied to compensate for any loss. Quantitative heat transfer predictions 

become less accurate with increasing numbers of materials and interfaces, especially if some 

of the liquids flow in counter-current mode, so these scenarios become difficult to model 

accurately. However, due to the high mass ratio of heat exchange fluid versus sample used in 

the dimensions shown in Figure 2.3.2 (C), the heat exchange fluid temperature becomes a valid 

approximation for the sample temperature in its core. Thus, monitoring the heat exchange fluid 

temperature throughout the flow path using a series of thermal sensors is a useful feature for 

ensuring appropriate process conditions. Metallic K-type thermocouples using a Ni-Cr / Ni-Al 

alloy combination that translate a thermal junction at their tip to an electrical voltage are a 

cost-effective and easy to use solution that provide sufficient accuracy for most FlowNMR 

applications (+/- 1 °C after calibration). With their 1.5 mm OD and flexible nature they may be 

conveniently inserted into the thermofluid stream, sample flow and the reactor itself using 

1/16” HPLC fittings. More precise resistive thermal detectors such as a Pt100 (+/- 0.1 °C) may 

be used instead if needed, although they will require more careful fitting than thermocouples. 

A 

B 

C 

D 

E 
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We have found that active heat regulation with three thermofluidic circuits along all sections 

of accessible tubing as shown in Figure 2.3.6 combined with passive insulation using 1.5 cm 

thick foam on any exposed sections (such as connections to instruments or devices) works well 

to provide uniform sample temperatures with less than 10% variance throughout the fluid 

path. If available, thermal imaging with an infrared camera (nowadays available as add-ons for 

smartphones) is useful for locating any hot/cold spots, and help understanding any 

temperature changes the sample might experience on its journey through the setup for 

applications where accurate heat management may be important for reasons of reactivity, 

solubility or safety (see section 6.1.2 for examples). Absolute temperature differences between 

the values set on the heat exchangers and those measured in the circuit in the order of 5 – 20 

⁰C still prevail depending on how well insulated the heat transfer tubing is, but can easily be 

compensated for when known. Depending on whether high or low critical temperature limits 

apply to a given process (for reasons of exothermicity or solubility for example), heat 

regulation may be based on either the hottest or the coldest point of measurement throughout 

the flow path. From our experience, an absolute temperature accuracy of ±2 ⁰C is achievable 

with the precautions described in this section. 

2.3.3 Some notes on sample homogeneity 
With the sensitivity of solution phase NMR spectroscopy to sample inhomogeneities and the 

small internal dimensions of FlowNMR setups there comes a great emphasis on excluding any 

solids from the system. Blockages in the flow path during a run do not only ruin the experiment 

and endanger the expensive equipment but can be difficult to rectify and rather frustrating to 

deal with. Good maintenance and care of the setup (including thorough cleaning routines, 

pressure drop monitoring, and efficient heat regulation) help significantly in reducing the 

possibility of cross-contamination and build-up of solids between experiments. In our 

experience, the time and effort dedicated to proven cleaning and testing routines prior to every 

experiment pay off several-fold in the quantity and quality of data obtained in the long run, in 

addition to prolonging equipment lifetime. For any new applications, ascertaining the 

homogeneity of the sample under the exact conditions chosen for FlowNMR investigation is 

recommended good practice. As different users may have different perceptions of sample 

homogeneity, a useful objective test is to pass the reaction solution through disposable syringe 

filters with 0.2 µm membranes (available with a range of materials and capacities) both at the 

beginning and at the end of the reaction to see if any solids are present. While it is possible to 

investigate the liquid phase of slurries with FlowNMR using large surface area inlet filters on 

the sample tubing in the reactor, applications that form precipitates over the course of the 

investigation are very difficult to deal with, as solids may appear uncontrollably in different 

parts of the setup. For instance, the mechanical action of positive displacement pumps on the 
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sample can cause nucleation and initiate solid precipitation in a place where it is not 

particularly desirable. Inline filters in various forms (discs, cartridges and even miniature frit-

in-a-ferrule solutions) are available as HPLC consumables, however, we do not recommend 

their inclusion in a FlowNMR setup for the simple reason that they will add flow resistance and 

block more easily than a well-designed and maintained setup with no undue restrictions. Our 

recommended best practice includes the above precautions combined with a thorough 

filtration of all components through appropriate 0.2 µm syringe filters prior to use. The 

amounts of solids from traces of insoluble impurities (salts, desiccants, chromatography 

phases) and adventitious dust that can thus be removed from reagent solutions that look 

perfectly clear to the human eye can be astounding. 

End of publication  

The importance on sample homogeneity throughout a flowing system cannot be understated 

as it has a profound effect on the data obtained. It is hoped that this insight into the effect of 

temperature and capillary material on spectral quality will be useful to other researchers to 

make informed choices on materials and whether temperature regulation is necessary for a 

given application.  
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 RESIDENCE TIME DISTRIBUTION 
The act of flowing a sample through an NMR can have a marked effect on spectral quality as 

described previously.13 Residence time distribution profiles are a characteristic measure of the 

amount of mixing that occurs in a chemical reactor.66, 67 In the context of steady sample flow 

through a cylindrical pipe it describes the amount of back-mixing along the axis in the direction 

of flow. 

Step tracer measurements were performed using a dye solution (fluorescein, 0.1 mg/mL) 

which was quantified using a flow UV-Visible spectroscopy cell placed at the end of the flow 

path, the methodology can be found in section 6.1.3. This enabled the acquisition of residence 

time distribution profiles under different conditions and configurations such that the effect of  

‘add-ons’ on dead and swept volume could be determined.  

At 4 mL/min the standard FlowNMR setup used for reaction monitoring (Figure 2.4.1) has a 

mean residence time of t = 57 s with slight tailing. As such the internal volume of the system 

has been measured as 3.8 mL meaning that for a 10 mL reaction, 38% of the reaction mixture 

is in the flow system at any timepoint. Upon the addition of a fritted inlet filter (1/16”, stainless 

steel, 10 μm, IDEX) the residence time increases to t = 98.2 s with more pronounced tailing as 

seen in Figure 2.4.2. As the internal volume of the flow system (with respect to tubing) has not 

increased the addition of an inline filter must have increased the suction pressure required to 

draw solvent, resulting in reduced pump efficiency and flow rate due, to the extra suction 

pressure required to pull solvent through a large, fritted surface area. This fritted surface area 

also acts as a source of sample bleed, increasing back-mixing. This effect is important to bear 

in mind when taking effective cleaning‡‡ and sample transfer into account, especially for the 

attempted study of reactions that may require a filter such as heterogeneous or biphasic 

mixtures. In such cases the pump should be re-calibrated to compensate for the pressure 

change caused by the addition of narrow pore filters.  

 

‡‡ Flow path cleaning is usually done with the addition of an inline filter submerged in a reservoir of 
wash solvent.  
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Figure 2.4.1: FlowNMR schematic of the standard apparatus used for RTD measurements.  

 

 

Figure 2.4.2: Residence time distribution of standard set up vs standard set up with additional inlet filter. 

 

As can be seen by Figure 2.4.3 the addition of a flowmeter (Bronkhurst mini CORI-FLOW M13)    

to the bypass of the system resulted in a large increase in tailing and a residence time increase 

of 38 s. With the incorporation of more instrumentation and connections into the flow system 

there would be an inherent increase in dead volumes and back mixing occurring at imperfect 

junctures, leading to increased tailing. The difference in residence time with and without the 

flowmeter differed greatly. When the flowmeter and flow tube were connected individually the 

same residence time was observed for each (an increase of 16.3 s from the basic pump and 
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tubing), insinuating they were of the same internal volume. Yet when the two were both used 

in flow the difference of adding the flowmeter became 38 s, over double the previously 

observed 16.3 s.  

 

Figure 2.4.3: Residence time distribution of standard set up against the setup with an added flowmeter and where the 
flow tube has been replaced by the flowmeter.  

This suggested that increasing the length of the system had a non-linear impact on the flow 

behaviour. In fact, this increase in residence time distribution was caused by a decreased flow 

rate with equipment additions, as suggested for the inline filter. To test this, flow meter 

readings were taken with a length of tubing (3.71 m, O.D 1/16”, I.D 0.75 mm) added to the flow 

path to assess the effect this has on the actual flowrate exuded by the pump.  

The addition of extra tubing when the flow tube was included in the flow path didn’t affect the 

flowrate read by the flow meter (Table 2.4.1). When the flow tube was removed, the flow rate 

increased by 1.0 mL/min and the addition of extra tubing reduced this increase by 0.5 mL/min. 

This difference in flow is therefore rationalised by the difference in tubing diameter of the flow 

tube (O.D 1/32”, I.D 0.50 mm) relative to the rest of the flow path (O.D 1/16”, I.D 0.75 mm) 

which requires a significantly higher pressure to pump solvent at 4 mL/min. This allows us to 

say with a level of confidence that the internal volume associated with including the flow meter 

is 2.53 mL.  
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Table 2.4.1: Flow rates observed under different flow path arrangements where the pump is set to 4 mL/min 

Configuration Flowrate – standard 

(mL/min) 

Flowrate – extra tubing 

(mL/min)  

With flow tube 4.0 4.0 

Without flow tube 5.0 4.5  

 

Aside from determination of internal volume, the flow behaviour of the system can also be 

assessed using residence time distribution plots. For reaction monitoring ideal plug flow 

behaviour is preferable as this ensures that the sample being analysed is representative of the 

bulk for moment at which it was sampled.68§§ Signal averaging caused by back mixing (axial 

dispersion) or sample hold-up in dead volumes13 lead to reductions in temporal resolution and 

therefore the likelihood of observing transient species or short-lived kinetic events such as 

activation. If the system behaves as an ideal plug flow system a sharp, symmetrical response 

would be observed, the linewidth of which is proportional to the time associated with a block 

change in marker concentration.  

From the above plots it is evident that the responses are asymmetric. Tailing is indicative of 

response elongation due to non-uniform flow or dead volumes. Symmetrical broadening 

however is evidence of back-mixing in the system, caused by shear effects and diffusion. Some 

of these effects are unavoidable but it is still important to quantify them.  

The Reynolds number for the conditions used for this RTD investigation (20℃, Acetone, 4.0 

mL/min, 11.71 m, average diameter 0.56 mm) was calculated to be Re = 377, corresponding to 

laminar flow rather than ideal plug flow.56, 69 Characteristically laminar flow results in more 

shearing than turbulent flow and as such symmetrical broadening can be attributed to axial 

dispersion rather than diffusional broadening.  

 

§§ For FlowNMR it is important to note that the process being monitoring is still a continuously stirred 
batch process. As such reaction profiles are still produced as a function of time contrary to tubing length 
or flow rate which are the metrics of continuous flow processes.67  
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Figure 2.4.4: Flowing solution in a transfer line. A – ideal plug flow, B – Laminar flow caused by friction with the walls 
of the transfer lines with relative velocities indicated by Vuniform, Vmax, and Vmin. 

 

Additional tailing often observed in flow systems is because of dead volumes, the quantification 

of which is typically accomplished by modelling a cascade of ideal continuous stirred tank 

reactors (CSTR). The CSTR vessel number N is the typical measure of the efficiency of the 

system, when N=1 describes a completely back-mixed tank reactor and N=∞ describes a 

system with infinitesimally small amounts of back-mixing (i.e. an ideal plug flow reactor). 

While the larger the number the better, real flow systems described by N>10 are considered 

relatively ideal.56 The standard FlowNMR flow path is best reproduced by a cascade of 83 CSTR 

vessels as can be seen in Table 2.4.2.  

The mixing of flow systems can also be characterised using the Bodenstein number (Bo)70 and 

axial dispersion coefficient (Dax).71 Bo is a ratio relating the bulk mass transfer and axial 

dispersion behaviour, where Bo= ∞ describes an ideal plug flow system (similar to Nvessel).  Dax 

is a measure of the spread of a tracer along a tube’s longitudinal axis.  By changing flow rate, 

tubing length, and diameter, these values can be used to maximise or minimise back-mixing 

depending on the desired flow characteristic. This is especially important in advanced flow 

systems using multiple flows, velocities and tubing diameters.72 

Table 2.4.2: Table of chemical values that characterise backmixing in a flow system 

Fit Method Nvessel Dax (cm2min-1) B0 

CSTR Cascade 83 28.36 166 

 

𝑁𝑁𝑣𝑣𝐶𝐶𝑣𝑣𝑣𝑣𝐶𝐶𝐹𝐹 =
1
2

×
𝑢𝑢 × 𝐿𝐿
𝐷𝐷

 

Equation 2.4.1 
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𝐵𝐵0 =
𝑢𝑢 × 𝐿𝐿
𝐷𝐷𝑆𝑆𝑎𝑎

 

Equation 2.4.2 

Thus, the flow characteristic of this FlowNMR apparatus has been characterised under ambient 

conditions. The importance of pump calibration has been highlighted where alterations to 

equipment and tubing lengths can impact the observed flow rate. 

The unknowing incorporation of differences in flow rate and pressure can lead to suboptimal 

data acquisition where the magnitude of flow effects can change significantly, reducing 

correction factor reproducibility between reactions. Decreased flow rates will lead to increases 

in residence time, including in areas of the flow path where efficient thermal regulation is not 

effective, affecting reaction rates and kinetic profiles. Increases in flow rate result in increased 

Reynolds number, moving the flow characteristics closer to a turbulent flow regime, increasing 

back mixing, and reducing temporal resolution for FlowNMR analysis.  

As such it is important to consider tubing lengths, diameters, flow rates, and connections to 

facilitate a system which operates at a suitable balance of fast sample transfer in a laminar flow 

regime that can be considered relatively ideal using the metrics in Table 2.4.2.  
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 CHEMICAL COMPATIBILITY OF TUBING MATERIALS 
When studying chemistry under realistic conditions it is essential that the materials used are 

chemically compatible.73 Therefore, when investigating chemical titrations in Chapter 4 a short 

study was performed on the chemical compatibility of acids and bases with tubing materials 

typically used for FlowNMR (PEEK and PTFE) to ensure that they were suitable for this 

application.  

The pH of a solution has long been a vital parameter in studying the activity of chemical and 

biological species.74, 75 As such the determination of the acid dissociation constant (pKa) of acids 

and bases has played a vital role in organic synthesis, pharmaceutical chemistry, and food 

science. While techniques such as UV-visible spectroscopy, potentiometric measurements and 

capillary electrophoresis may be used for the determination of pKa, NMR spectroscopy has 

proven to be invaluable in recent years. Chemical shift values for acid and base resonances 

within an NMR spectrum can directly relate pH and to pKa (Equation 2.5.1).76 This data is 

generated by NMR titration where gradual composition (or pH) changes in a sample are 

correlated to chemical shift. Multiple NMR active nuclei such as 1H, 13C, 15N, and 31P have been 

utilised to determine the pKa of acids and bases including amino acids and proteins.75, 77, 78 

Equation 2.5.1 

𝑝𝑝𝑝𝑝𝑆𝑆 = 𝑝𝑝𝑝𝑝 + log [
𝛿𝛿𝑆𝑆 − 𝛿𝛿𝐹𝐹𝑜𝑜𝑣𝑣𝑣𝑣
𝛿𝛿𝑆𝑆 − 𝛿𝛿𝐻𝐻𝑘𝑘

] 

The typical method for NMR shift titrations involves either a succession of NMR samples, each 

of which has had their pH manually adjusted, or the repetitive adjustment of a single NMR 

sample ejecting and re-inserting it into the spectrometer.79 This method proves quite tedious 

and time intensive, usually requiring many samples to achieve sufficient accuracy. A viable 

alternate method would be to have a single sample constantly flowing where pH changes and 

chemical shift can be measured in real-time during the titration for pKa determination. A 

method such as this would also have the potential to discover the use of peak shifts as internal 

pH probes for reaction mixtures. During the exploration of FlowNMR as a viable titration 

method (Chapter 4) some unexpected chemical shift behaviour was observed. This needed to 

be investigated to ensure the compatibility of tubing materials under titration conditions (high 

acid/base concentrations). Experimental method can be found in section 6.1.4. 

2.5.1 Chemical Shift Observations  
A preliminary experiment in which acetic acid in THF was circulated around the flow path by 

itself showed the acidic 1H resonance experienced a continuous shift and peak broadening 

without the addition of base (Figure 2.5.1). This effect was confirmed not to occur at all in a 

static NMR tube over a 2-day period.  
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Figure 2.5.1: Overlaid 1H NMR spectra for a preliminary experiment in which acetic acid was recirculated in the flow 
path, focused on the acetic acid -OH resonance (1750 mM formic acid in THF at 23°C). 

 

Solvents and pumps were varied to confirm that the shift did not come to an equilibrium after 

a prolonged period. Chloroform and THF were tested as the solvents, combined with acetic or 

formic acid. All combinations showed constant acid peak shifts (>0.5 ppm) over a significant 

timescale (>9 hours). Acetic acid in THF was chosen to perform further testing as the most 

stable acid/solvent combination. Altering the pump from a peristaltic pump to a dual piston 

(HPLC) pump in these cases was found to have no effect on the rate of shift, allowing us to 

eliminate chemical compatibility of the pump tubing as a contributing factor. The three main 

spectroscopic variables measured were the chemical shift difference (Δppm), full width at half 

maximum (FWHM), and the integral value. To further probe this behaviour a solution of acetic 

acid was observed under different flowrates without the addition of base (Figure 2.5.2 and 

Figure 2.5.3). 
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Figure 2.5.2: Overlaid 1H NMR spectra for the acetic acid -OH resonance at various flowrates (2175 mM acetic acid, 
THF, 20°C)  

 

 

 

Figure 2.5.3: Measured spectroscopic variables (FWHM, Integral and Δppm) of the acetic acid -OH resonance at various 
flowrates (2175 mM acetic acid, THF, 20°C).  

 

From this data we were able to conclude that flow rate had no effect on the rate of the shift or 

the FWHM. Flow effects on peak integral were observed as described previously by Hall et al.13  

Subsequently a chopped-flow experiment was performed to see if the shift continued at the 

same rate when the pump was turned off and back on again (Figure 2.5.4 and Figure 2.5.5).  
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Figure 2.5.4: Overlaid 1H spectra for the acetic acid -OH resonance during a chopped-flow experiment (2175 mM acetic 
acid, THF, 20°C).  

 

 

 

Figure 2.5.5: Measured spectroscopic variables (FWHM, Integral and Δppm) of the acetic acid -OH resonance during a 
chopped-flow experiment (2175 mM acetic acid, THF, 20°C).  

 

This data clearly showed that once the pump has started flowing, the shift in this peak was 

constant, and continued at the same rate, regardless of whether the flow had been stopped and 

restarted. This implies that the solution has been irreversibly changed, however the peak 

integral itself didn’t change, which is unsurprising given it was a sealed system. The effect of 

absolute solution volume on the rate of chemical shift change was estimated by adding aliquots 

of stock (2175 mM acetic acid in THF) to the reaction vessel (Figure 2.5.6 and Figure 2.5.7). 
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Figure 2.5.6: Overlaid 1H spectra for the acetic acid -OH resonance with different total mixture volumes and with base 
addition (2175 mM acetic acid, 6 mM triethylamine, THF, 20°C).  

 

 

Figure 2.5.7: Measured spectroscopic variables (FWHM, Integral and Δppm) of the acetic acid -OH resonance at 
different total mixture volumes and with base addition (2175 mM acetic acid, 6 mM triethylamine, THF, 20°C).  

 

Increasing the volume of acid stock reduced the extent of peak shift and broadening. In addition 

to this, the peak became narrower upon stock and base addition. This data indicates that the 

effect on flowing acidic media around the system is lessened when the volume is greater. 

Therefore, the shift must happen as a result of a constant interaction of the acid with something 

in the flow path. 
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The tubing material was therefore investigated as a contributing factor. PEEK tubing’s chemical 

resistance is rated ‘B’ with formic acid and ‘A’ with acetic acid.80 Given these ratings, under the 

conditions used (2250 mM, 20℃) the integrity of the tubing should not have been affected. 

Regardless, tests were carried out using a flow tube/path comprised of a fluorinated polymer 

(PTFE) as this is established as a more chemically inert tubing.81 In summary, the same trends 

were observed in the PTFE flow system as in the PEEK system, but to a significantly lesser 

extent. A comparison of the peak shifts and broadening observed for both tubing types can be 

seen below in Table 2.5.1. 

 

Table 2.5.1: Shift and FWHM comparison between flow systems using different tubing materials. 

Tubing Δppm / h ΔFWHM / h 

PEEK 0.06 16 

PTFE 0.005 3 

 

 

Despite these findings it was shown that increasing the length of the flow path had no 

observable effect on the rate of the shift. Based on this data it was concluded that the most 

likely cause for these shifts was the leaching of compounds from the tubing material. Research 

within the group has found that PEEK in particular is susceptible to uptake of small amounts 

of polar compounds, primarily acetone which is typically used as a wash solvent.1 This solvent 

may then leach back into successive experiments, even with rigorous cleaning procedures. As 

such future titrimetric investigations should be carried out preferentially using PTFE transfer 

lines where possible to minimise the effect of acid shift behaviour.  

Despite the behaviour observed in the acid –OH peak, this is the most sensitive resonance to 

sensitive intermolecular interactions such as hydrogen bonding in these mixtures. When 

observing the peak shifts of the triethylamine during a catalytic transfer hydrogenation they 

were still sensitive to pH changes and protonation events (Figure 2.5.8).  

Importantly, base resonances were sensitive to chemical leaching like the acid as upon flowing 

through the flow path for prolonged periods of time (<5 hrs) no peak shift was observed. As 

such, it was concluded that the triethylamine resonances would be appropriate NMR handles 
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for FlowNMR titrations where the base is added first and titrated against the acid, even for use 

with PEEK tubing over moderate timescales (<5 hrs). 

 

 

Figure 2.5.8: Overlaid 1H spectra for the triethylamine CH2 and CH3 resonances during and asymmetric transfer 
hydrogenation (2 mM [(mesitylene)RuCl(R,R)-(TsDPEN)], 400 mM Acetophenone, 2250 mM formic acid, 900 mM 
triethylamine, THF, 40°C).  

 

2.5.2 4.2.2 Preliminary Organic Acid-Base Titrations 
This method was validated by manually adding 0.1 mL aliquots of acetic acid to a solution of 

NEt3 (1.25 mL) in THF (8.75 mL) which was monitored in real time by NMR (Figure 2.5.9). A 

plot of acid/base ratio (volume) against peak shift (ppm) gave the following curves for the NEt3 

CH2 (Figure 2.5.10). 

 

Figure 2.5.9: Overlaid 1H spectra for the triethylamine CH2 and CH3 resonances during titration with 0.1 mL aliquots of 
acetic acid (900 mM triethylamine, THF, 20°C).  

NEt3 (CH2) NEt3 (CH3) 

3.1 ppm 1.2 ppm 
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Figure 2.5.10: Plotted peak shift for the triethylamine CH2 resonance during titration with 0.1 mL aliquots of acetic acid 
(900 mM triethylamine, THF, 20°C).  

 

This titration curve offered promise that FlowNMR titrations could be executed accurately and 

reliably with the correct methodology. This methodology (described and discussed in Chapter 

4) included the incorporation of a syringe pump for reliable, automated reagent dosing.  
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 APPARATUS DEVELOPMENT  
NMR spectroscopy offers chemists a diverse toolbox of techniques and methods by which they 

can quantitatively investigate a sample.15 While in comparison to other analytical techniques 

NMR remains relatively insensitive, it offers unparalleled structural information.28 In addition 

to this the observation of multiple nuclei such as 1H, 13C, 19F, and 31P enables numerous 

chemical perspectives of the same transformation if desired.  

While NMR has these host of advantages it remains only one analytical technique among many. 

For the analysis of certain compounds or pursuit of non-structural information, other 

techniques may be more appropriate. For this reason, UV-Vis, HSMS and HPLC have been 

incorporated into the online FlowNMR apparatus to monitor properties that could not be 

observed by online NMR alone, such as enantioselectivity and gas evolution.  

The test reaction for this suite of hyphenated analytical equipment was the asymmetric 

transfer hydrogenation of acetophenone using a bifunctional ruthenium catalyst (Figure 2.6.1)  

from a formic acid triethylamine mixture (Figure 3.1.3).  

 

 

Figure 2.6.1: Ruthenium catalyst [(mesitylene)RuCl(R,R-TsDPEN)] used for the asymmetric transfer hydrogenation of 
acetophenone in Chapter 3.  

 

This reaction is known to form gaseous products (CO2, H2) and as such bubble formation has 

been observed during the reaction.82, 83. Whilst gas evolution offers us another handle by which 

to study the chemistry using headspace mass spectrometry, it complicates NMR acquisition 

due to gas accumulation in the flow tip. When reaction mixture is being flowed through an NMR 

spectrometer, this bubble formation negatively impacts spectral quality by causing sample 

inhomogeneity and reducing sample volume in the detector region.59, 84 This issue needed to 

be addressed prior to operando investigation of this catalysis in flow.  

As established in 2.3.2, flowing a heated mixture through uninsulated tubing can result in 

significant heat loss at these scales. Prior to this work, the DReaM facility had only been used 

for the study of chemistry at room temperature. While the commercially available InsightMR 
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flow tube (8 m, Bruker) was equipped for heat regulation, the remainder of the flow path (4 m) 

was completely uninsulated (Figure 2.6.2). This meant that for the suitable reproduction of 

heated systems the flow path would need to be thermally regulated (See 2.3.2).  

 

 

Figure 2.6.2: Basic schematic of FlowNMR apparatus. Adapted from A. Hall 2018. 

 

2.6.1 Suppression of Bubble Formation  
The first issue addressed was the bubble formation observed in batch under standard 

conditions as specified in chapter 3. Without a resolution to this issue online FlowNMR 

wouldn’t be feasible for the asymmetric transfer hydrogenation of acetophenone using formic 

acid as a reductant. Previous iterations of the FlowNMR apparatus had utilised dual piston 

HPLC pumps where solvent was continually being withdrawn and dispensed by two antiphase 

pistons. While good at delivering a consistent flow rate these pumps are notoriously poor at 

dealing with gases as a build-up of gas in the pump head can result in both an inconsistent 

flowrate and cessation of pump function.85  

A peristaltic pump was therefore incorporated into the flow path as it is capable of pumping 

fluids, slurries, and gases. The installation of this pump offered several advantages beyond the 

management of gas evolution. It was able to ‘pump dry’ (without solvent) – making it much 

easier to dry the flow path with inert gas. Due to the larger diameters associated with 

peristaltic pump tubing compared to the check valves of a HPLC pump it was also less 

susceptible to blockages.  

While updates were being made to the flow path the decision was made to incorporate a 250 

psi back-pressure regulator (BPR – Upchurch Scientific). This could be incorporated into the 
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flow system in two different ways. Primarily it was inserted via a T-piece to act as a spring-

loaded pressure relief valve, which prevents equipment damage upon system overpressures. 

Secondly, if the BPR is included inline such that reaction mixture is pumped through the BPR 

for recirculation it ensures a consistent overpressure in the system  (Figure 2.6.3).  

 

 

Figure 2.6.3: FlowNMR schematic with the inclusion of a back-pressure regulator (BPR). Adapted from A. Hall 2018 

 

Bubble formation was successfully suppressed by placing the BPR in the flow path after the 

flow tube. In this case the increase in back-pressure caused by the narrow diameter of the BPR 

t-piece suppressed gas bubble formation and maintained a pressure of 4 – 7 bar. A more 

consistent back pressure could be maintained by connecting the BPR inline to force the 

reaction mixture through the BPR at a consistently higher pressure, but this was not necessary 

here.   

2.6.2 Thermal Regulation  
Efficient control of the reaction temperature and pressure is essential for the reliable 

application and reproducibility of processes under flow conditions. A key benefit of using 

FlowNMR is the acquisition of high-quality kinetic profiles from which meaningful conclusions 

can be drawn.15, 86, 87 Creating a chemical environment that is representative of batch reactions 

for this purpose is essential to ensure that the same chemical process and catalytic 

intermediates are being observed.34  
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The InsightMR flow tube accounts for 8 m of the 12 m pathlength of the flow system*** and is 

insulated using a triple jacketed insulated hose as depicted in Figure 2.6.4 and described in 

2014 by Foley et al.4 

 

Figure 2.6.4: Longitudinal (A) and cross-sectional (B) view of thermal regulation employed in the InsightMR flow tube. 

 

The remaining 4 m of the flow path had no additional jacketing or heat regulation. Using the 

model presented in section 2.3.2 it can be assumed that any reaction mixture heated to 40 ℃ 

would fully cool to room temperature over these 4 meters.1 This drastic temperature loss is 

attributed not only to the tubing being fully exposed but a convection current of cool air that 

comes as a result of the flow path and reaction set up residing in a fume hood within an air-

conditioned NMR suite.  

To combat this, the exposed tubing was jacketed with insulative foam, and the temperature 

was regulated using a simpler parallel tubing method (Figure 2.6.5). In this design the tubing 

carrying heat exchange fluid ran parallel to the sample transfer lines with cable ties or electrical 

tape placed periodically to ensure the two tubes were in direct contact. This method is certainly 

less efficient for temperature control than the triple jacketed method. However, doing this is 

impractical at points in the flow path where access to numerous individual connections is 

required for maintenance technique hyphenation is impractical. 

 

*** subject to minor changes for tubing replacements and lengths for the incorporation of different 
equipment 
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Figure 2.6.5: Longitudinal (A) and cross-sectional (B) view of thermal regulation employed for the flow path of the 
DReaM facility. 

 

Initially this heat regulation was appended to that of the flow tube such that one heat exchanger 

regulated both the flow tube and flow path. While this was the configuration used for the earlier 

portion of this work, more efficient heat regulation was achieved by the addition of a second 

heat exchanger such that the flow tube and flow path could be regulated independently of each 

other. This allowed users to create a more uniform temperature profile by correcting the 

temperature of the flow path where the regulation is less efficient (Figure 2.6.6).   

Adjusting the temperature of heat exchanger connected to the flow path by 5-10 ℃ (relative to 

the temperature gradient) facilitated significantly improved thermal regulation. The effect this 

has on the temperature of a sample by the time it reaches the NMR spectrometer is evident in 

the quality of shim that can be achieved (Figure 2.3.7). 
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Figure 2.6.6: FlowNMR schematic with updated thermal regulation. Adapted from A. Hall 2018 

 

2.6.3 Enantioselectivity in Real-Time 
The FlowNMR setup described in this chapter was developed and tested using the transfer 

hydrogenation of acetophenone using the Noyori catalyst studied in Chapter 3. The following 

instrument integration and method development was a collaborative effort with Andrew Hall 

to look at the hydrogenation in both the IPA and formic acid driven catalysis.2  

Enantioselectivity is a crucial factor in the study of asymmetric catalysis, as without 

enantiopurity the applications of enantiomeric compounds can be significantly hindered. In 

addition to this the monitoring of %ee over time is important for the observation of catalyst 

deactivation and chiral poisoning.88 It is therefore especially important to monitor this where 

the study and optimisation of enantioselective reactions requires variation of process 

parameters or reagents can lead to alterations in both catalytic activity and selectivity.  

A shortfall of NMR is its inability to differentiate between enantiomers without the 

incorporation of a chiral derivatizing agent (CDA).89 As the addition of chiral agents could have 

undesired effects on the catalysis it is preferable to add a complementary analytical method 

such as chiral HPLC for the study of enantioselective reactions.   

A procedure has previously been developed for the offline HPLC analysis of asymmetric 

transfer hydrogenation reaction mixtures. In this procedure 0.1 mL reaction mixture was 

diluted in 1 mL hexane and the catalyst was removed via silica plug.2 The mixture was then 

analysed by HPLC (Eluent – 90:10 Hexane:IPA, Chiracel OD-H chiral column (5 μm particle size, 

4.6 mm diameter, 250 mm length). A sacrificial guard column (Chiracel OD-H - 5 μm particle 
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size, 4.6 mm diameter, 10 mm length) was used to thoroughly remove catalyst from the sample 

prior to analysis.90 

While this procedure is suitable for monitoring the %ee at the end of a reaction, similar to 

offline NMR sampling it does not offer any information about how it may change over the 

course of the reaction which can yield mechanistic insight. Monitoring the evolution of 

enantiomeric products over the course of the reaction in conjunction with operando 

spectroscopy facilitates the correlation of catalytic speciation to enantioselective product 

formation. From this information the reactivity and selectivity of catalytic intermediates under 

reaction conditions can be deduced. Previous work in the group has identified decays in 

enantioselectivity over time that arose from changing equilibria in a fully reversible catalytic 

cycle.87  

Inline, at-line and online HPLC are often employed for the monitoring and optimisation of 

reactions in flow chemistry.67, 91 Despite this, online HPLC analysis of transition metal (TM) 

catalysis is more problematic as the sample requires dilution and/or the removal of catalyst. It 

can therefore be considered a destructive technique as the sample cannot then be returned to 

the vessel. At-line HPLC monitoring has been considered the most suitable alternative, where 

small aliquots of reaction mixture are sampled periodically and transported to the HPLC in an 

automated fashion.  

This was achieved using a pair of HPLC valve drives connected in series between the flow path 

and the HPLC as shown in Figure 2.6.7. This configuration allowed for periodic sampling of 

reaction mixture into a 20 μL sample loop (SL 1) that is then subsequently pumped through 4 

m of stainless-steel tubing to a second valve drive with IPA. At this point the sample is then 

separated at the valve drive and sampled into a 50 μL sample loop (SL 2) that when triggered 

feeds into the HPLC (90:10 Hexane/IPA mobile phase). This second sample loop is installed to 

act as re-focusing loop to eliminate tailing and variation in sample concentration because of 

back mixing in the transfer line.2  
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Figure 2.6.7: FlowNMR schematic with the addition of automated HPLC sampling. Adapted from A. Hall 2018. 

 

It was decided that rather than flowing the reaction mixture directly through the first sample 

loop, a t-piece (Upchurch Scientific) would be incorporated to prevent any back mixing of wet 

or oxygenated solvents into the reaction mixture. Samples were acquired every 15 minutes for 

an asymmetric transfer hydrogenation (12-minute run time) in THF successfully, as shown in 

Figure 2.6.8. Data acquisition can occur much faster, but this is heavily dependent on the time 

required to elute all observed peaks with sufficient resolution for each sample. 

 

 

Figure 2.6.8: Stacked HPLC chromatograms automatically sampled at 30-minute intervals during an asymmetric 
transfer hydrogenation reaction. 
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The HPLC data from the preliminary run was poorly resolved, making it difficult to draw any 

conclusions or calculate %ee. This poor resolution was originally thought to have occurred as 

a result of insufficient mixing between the two sample valves.2 This would be problematic as it 

would mean the sample had a higher amount of THF than desirable (sufficient dilution was 

essential as the chiral column used was not compatible with more than trace amounts of THF).  

Fortunately, on further investigation it was found alteration of sample loop sizes drastically 

improved resolution. Reducing the sample size of SL 2 from 50 μL to 5 μL significantly 

improved resolution but reduced signal intensity (as expected). To rectify the loss of signal 

intensity the size of SL 1 was increased from 20 μL to 50 μL which increased signal intensity 5-

fold with a small reduction in resolution (Figure 2.6.9). This sample loop configuration was 

found to be the most appropriate compromise between resolution and signal intensity for 

studying reactions with high %ee. Further details on valve drive configurations and timings 

can be found in A. Hall 2018.2  

 

 

Figure 2.6.9: Overlaid HPLC spectra of an asymmetric transfer hydrogenation for different sampling methods and 
sample loop volumes. Sample loop sizes for each experiment: A -SL1 20 μL, SL2 50 μL, B - SL1 20 μL, SL2 5 μL, C - SL1 
50 μL, SL2 5 μL. Where configuration A saw a saturation in signal and poor resolution, B saw improved resolution but 
insufficient signal and C was found to be an appropriate compromise between signal intensity and resolution. 

 

Figure 2.6.9 also shows an increase in retention times between a manually injected sample and 

a flowing sample. This difference is attributed to slightly differing solvent systems, but despite 

this, retention times of automated acquisitions were reproducible. A stack plot of HPLC data 

acquired under the optimum determined configuration (S.L. 1 – 50 μL, S.L. 2 – 5 μL) can be seen 

below in Figure 2.6.10.   
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Figure 2.6.10: Stacked HPLC chromatograms automatically sampled at 30-minute intervals during the hydrogenation 
of acetophenone (0.4 M) catalysed by 1 (2 mM = 0.5 mol%) from formic acid / triethylamine (5:2, 2.5 M) in THF at 40 
°C. A single sample chromatogram can be found in Figure 3.5.1. 

 

2.6.4 Real-Time Mass Spectrometry 
Mass spectrometry (MS) is one of the most frequently used techniques for chemical 

characterisation. The high-resolution data acquired is information rich enabling confident 

mass assignment and structural elucidation of compounds based on fragmentation patterns. 

In addition, its high sensitivity relative to NMR allows for the study of compounds at extremely 

low concentrations. Despite this, MS is not inherently quantitative and requires calibration 

curves for concentration data of species. These traits make it perfectly suited as a 

complimentary technique to NMR as it can monitor low intensity charged or transient 

intermediates.92  

As mass spectrometry is a destructive analytical technique due to fragmentation and requires 

a similar level of dilution to HPLC, we can hyphenate these two techniques. When sampling for 

HPLC there are small amounts of the reaction sample that go to waste from second sample 

valve after refocusing. Feeding the solution from this outlet directly to a mass spectrometer via 

PEEK tubing allows us to acquire this data in conjunction with HPLC (Figure 2.6.11).  



ENGINEERING ASPECTS OF FLOWNMR  

 
 

74 

 

Figure 2.6.11: FlowNMR schematic with the addition of automated mass spectrometer sampling. Adapted from A. Hall 
2018. Photographs of this apparatus with transfer lines and sample loops highlighted can be found in the thesis of A. 
Hall.2 

By operating the secondary flow loop that transfers reaction mixture to the HPLC/MS with a 

separate HPLC pump (Figure 2.6.11) a different solvent system can be used for the acquisition 

of HPLC and MS data. MS can also be acquired independently of HPLC where required. The 

ability to use different solvent systems is vital when developing methodologies for techniques 

where solvents can have affect longevity of instrument hardware, or the quality of data 

obtained. Timed acquisition was achieved using a bespoke electronic configuration by which 

mass spectrometry acquisition could be triggered by the HPLC software. 

The use of IPA as the transfer solvent for the acquisition of MS data is unsuitable as an excess 

of protic solvent is likely to influence catalyst speciation.2 Hence, the transfer solvent was 

changed to THF which required disabling HPLC acquisition during the flow run as this would 

risk incorporating too much THF into the HPLC sample and potentially damaging the column. 

MS data was successfully acquired every 30 minutes in THF. Figure 2.6.12 shows a spectrum 

acquired using the at-line sampling of an asymmetric transfer hydrogenation reaction where a 

catalytic intermediate was observed (A) and compared to a predicted spectrum (B). Further 

discussion and analysis of the data acquired using this methodology is discussed in Section 3.6.  
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Figure 2.6.12: A mass spectrum acquired using at-line sampling during an asymmetric transfer hydrogenation (A) with 
the predicted spectrum of unsaturated intermediate (2) (B). 

 

2.6.5 Real-Time Headspace Mass Spectrometry 
When studying reactions that evolve volatile species, gaining insight into gas production at 

critical timepoints across a reaction profile can offer valuable insight that is difficult to derive 

from solution-phase analysis. Observation of gases produced by reagent decomposition, 

reaction progression or simply volatile compounds is not always possible by NMR unless they 

are particularly soluble or at elevated pressures. For the study of asymmetric transfer 

hydrogenation at atmospheric pressure a headspace mass spectrometer (HSMS, Hidden HPR-

20 R&D)) was integrated into the reaction monitoring setup.  

The HSMS samples a reaction via a length of PEEK tubing (20 cm, O.D. 1/16”, I.D 0.75 mm) 

inserted through a rubber septum and sealed with silicone grease. This tubing was connected 

to a sampler which feeds the time of flight (TOF) mass spectrometer (mass range 0-300) via a 

heated transfer line to prevent condensation. This sampling is usually aided by a constant flow 

of an inert carrier gas. To this end a mass flow meter (Bronkhorst MASS-STREAM D-6311-DR) 
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was used to deliver argon to the headspace of the reaction at 30 Ln/hr. This setup is detailed 

below in Figure 2.6.13.  

 

 

Figure 2.6.13: FlowNMR schematic with the addition of headspace mass spectrometer sampling. Adapted from A. Hall 
2018 

 

Quantification of the data from this instrument requires the determination of relative 

sensitivity (RS) values. The RS of each gas is a value associated with the signal intensity when 

the gas is present in a mixture, i.e. the RS of a 10% mixture of CO2 in nitrogen will be different 

to 10% in argon. These values can vary between instruments, so it is necessary to individually 

calibrate each instrument. Once acquired however these values are accurate to within an order 

of magnitude, for example a RS calculated for a 10% CO2 in Ar mixture would be valid between 

1-99% CO2 in Ar. For the study of formic acid driven asymmetric transfer hydrogenation, 

commercially certified gas mixtures of 10% CO2 in Ar, 10% H2 in Ar and 5% CO2 5% H2 in Ar 

were used for the calibrations. This was found to give satisfactory data quality under transfer 

hydrogenation conditions the results of which can be found below in Chapter 3. 
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 CONCLUSIONS  
For the acquisition of reliable and meaningful data in real-time, online apparatus must be 

robustly constructed in such a way that the reaction mixture remains under the intended 

reaction conditions throughout. The existing online apparatus in the dynamic reaction 

monitoring facility has been characterised and expanded upon.  

The accessibility of experience gained at the interface of chemical engineering and chemistry 

is of crucial importance for the rapid advancement of current reaction monitoring solutions 

and the enhanced chemical understanding gained therein. Having accessible recommendations 

and experience in the literature allows synthetic chemists and spectroscopists to make the 

most of the commercially available analytical solutions to further our chemical understanding 

and optimise chemical processes. This has been accomplished through the presentation of an 

ab initio heat transfer study in conjunction with data to show the effect of capillary material 

and heat transfer on sample homogeneity, and therefore, spectral quality.  

The combination of FlowNMR with UV-Visible spectroscopy enabled the characterisation of 

the residence time distribution (RTD) of the flow apparatus. The RTD of this apparatus is 

important when considering the uniformity of sample flow and ensuring that the data acquired 

in flow is representative of that in batch. The effect of adding and removing equipment on flow 

rate and therefore apparent residence time distribution measurements was established.  

It is important to consider material choices when assembling synthetic and analytical flow 

apparatus as the chemical and material properties can have a profound effect on reaction 

progress and setup longevity. Through the analysis of acidic O-H resonances, PEEK tubing 

typically used in the DReaM facility was found to interact with acids and cause undesirable 

peak drifts and broadening over time. This was attributed to chemical leaching from the tubing 

which was rectified for future FlowNMR titration studies by using more chemically inert PTFE 

tubing and titrating base with acid (rather than vice versa) which showed no observable shifts 

when in contact with these materials.  

In order to study more complex chemical systems, it is necessary to incorporate additional 

pieces of analytical equipment so that data can be acquired simultaneously and correlated to 

chemical events (e.g. protonation, gas evolution, product formation). In this work UV-Vis, 

HPLC, MS, and Headspace MS were all hyphenated with FlowNMR to enable the analysis of 

product formation, enantiopurity, gas formation and catalytic speciation during an asymmetric 

transfer hydrogenation reaction (Chapter 3).  

Thermal regulation was developed for the previously exposed flow path to facilitate 

appropriate reproduction of heated (or cooled) batch reactions for online analysis. Suitable 
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thermal regulation was achieved by the inclusion of a heat transfer system where the heat 

exchange tubing ran parallel to transfer lines jacketed in a suitable thermal insulation. 

To improve spectral quality during the analysis of processes which evolve gas, bubble 

formation was suppressed. Prevention of bubble formation in the FlowNMR tip was achieved 

by the inclusion of a back-pressure regulator which kept a section of the flow path under 

pressure when flowing, preventing outgassing on sample entry to the flow tip. It was noted 

that suppressing gas evolution did not have a marked effect of reaction rates at suitable flow 

rates where an aliquot of reaction mixture spends approximately 1 minute in the flow path.  

 FUTURE WORK 
While a great deal of method development has been conducted to enable the real-time analysis 

of more complex chemistry by FlowNMR, it still has limitations and improvements that could 

be made in the future to allow more pervasive use.  

The online study of multiphasic chemistry has long been a challenge in the understanding and 

improvement of many very prominent catalytic reactions.93 For this reason these reactions are 

usually subject to optimisation using high throughput screening methods which rely on 

advanced sampling methods. This limits mechanistic insight under reaction conditions and 

therefore process understanding and optimisation. Multiphasic analysis by FlowNMR is 

challenging as phase separation in dead-volumes or the detector region where efficient mixing 

isn’t possible leads of sample inhomogeneity, hardware malfunction and poor data quality. The 

incorporation of hardware such as selective filters to allow for online FlowNMR analysis of a 

single phase from a vigorously stirred biphasic reaction could revolutionise the study of these 

systems.  

 Thermal regulation has been achieved using a series of heat exchangers that has proven to be 

important for the investigation of the chemistry within moderate temperature ranges. The 

exploration of much lower (<-20°C) or higher (>100°C) temperatures is currently not possible 

without altering the instrument configuration (changing the cryoprobe for a room temperature 

probe). In addition to this the inability to heat part of the transfer lines such as pump tubing 

and flow cells means that these still exist as potential sources for precipitation of solids from 

the reaction mixture. As such there is certainly room for future work for a more sophisticated 

method of thermal regulation that could tackle these challenges. Future work could explore the 

use of an oven in which the flow path and flow cells could be housed. This could enable effective 

thermal regulation for a large portion of the flow path, where short connections to and from 

this oven could be passively insulated as discussed in section 2.3.2. Effective design could also 

allow facile access to fittings and configuration changes upon cooling. Challenges to this 
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approach include exceeding the operating temperatures of peripheral electronics for 

instrumentation such as pumps and UV-Vis flow cells.  

The use of more robust and chemically inert tubing would be a valued addition to these flow 

apparatuses. One such example would be silica lined PEEK (PEEKSil), which combines the 

mechanical robustness of PEEK with the chemical compatibility of deactivated silica. This 

would aid the investigation of reactions where solvent dilution of corrosive and hazardous 

reagents is not appropriate for realistic study.  

While recent work has explored high pressure FlowNMR using a custom flow tube which 

operated at pressures as high as 69 bar,58 the commercial FlowNMR system is only rated to 20 

bar. To make this commercial equipment suitable for the study of high-pressure chemistry 

(>20 bar) the pressure limiting part of the flow tube (the glass tip) should be improved or 

modified. Alternative options for flow tip materials include thicker glass walls, sapphire walls, 

or PTFE. All options would require a more robust mechanism for sealing the tip to the body of 

the flow tube than the current plastic twist nut. Option two would require the custom milling 

of a sapphire tip which would yield high quality spectra and facilitate background free 11B, 19F 

and 29Si analysis at great financial expense. PTFE NMR tube liners are commercially available 

products for applications which may react with borosilicate glass (e.g HF containing). Despite 

this, narrow diameter PTFE tubing can be connected to reliably withstand higher pressures 

with finger tight fittings. Provided a suitable tube concentricity could be achieved this could be 

an affordable solution at the cost of some chemical compatibility and increase in 19F 

background signal.   
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CHAPTER 3 
 

NOYORI-IKARIYA ASYMMETRIC TRANSFER 
HYDROGENATION OF KETONES: CATALYST 
SPECIATION AND HYDROGEN EVOLUTION 
 

The work presented in section 3.4 and 3.5 of this chapter has been published in the journal 

Faraday Discussions, volume 220, pages 45-57. Content originally submitted as part of 

Electronic Supplementary Information have been included in the main text where appropriate. 

Page, reference, and figure numbers have been changed accordingly. This work has been 

reproduced from reference 1 with permission from the Royal Society of Chemistry.1 The main 

body of the manuscript was written by U. Hintermair. The author is responsible for all data 

collection and the preparation of supplementary information. 

Work presented in section 3.6.4 has been published in part in the journal ACS Catalysis, volume 

11 (21), pages 13649-13659, https://pubs.acs.org/doi/10.1021/acscatal.1c03636.2 Further 

permission related to this material excerpted should be directed to the American Chemical 

Society. The manuscript was prepared by A. Hall and U. Hintermair. The DFT study and 

absolute stereochemical assignment was performed by A. Hall. The authors’ contribution was 

primarily data acquisition and experimental assessment of reactivity for the tethered catalysts.  
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3.1  INTRODUCTION 

3.1.1 Catalytic Transfer Hydrogenation 
As previously discussed in Chapter 1, the application of FlowNMR spectroscopy as a method 

for acquiring comprehensive kinetic data has emerged as a useful tool for the investigation of 

homogeneous catalytic systems. The ability to study the catalyst under realistic conditions 

offers a new mechanistic perspective of dynamic reaction systems by direct observation of 

catalyst speciation and decomposition pathways.3, 4 The work in this chapter uses multiple 

techniques integrated with FlowNMR to build a more comprehensive mechanistic picture of a 

catalytic system under more challenging conditions than previous studies.  

Transfer hydrogenation is the addition of a hydrogen equivalent to an unsaturated substrate 

from a hydrogen source that is not hydrogen gas itself. This method of hydrogenation is 

popular as it removes the need to use pressurised H2 gas and as well as the hazards associated 

with this. Hydrogen donors typically used for this chemistry are isopropanol (IPA) or formic 

acid as they are both cheap, benign, stable, and easy to handle.5-11 The combination of these 

factors has led to its widespread use in the pharmaceutical and fine chemical industries. 

The asymmetric transfer hydrogenation (ATH) of ketones has been referred to one of the most 

efficient methods of introducing chirality into a target compound (Figure 3.1.1).12 For this 

reason a number of transition metal catalysts have been developed for the transformation and 

numerous chiral transfer hydrogenation catalysts nowadays exist in the literature.5, 9, 11, 13-19 

There is no single catalyst that proves efficient for all substrates and as such trial and error is 

often used in the pursuit of high conversion and enantioselectivity with a new substrate. The 

most effective transfer hydrogenation catalysts consist of mononuclear Fe, Ir, Rh or Ru 

complexes with varying ligand architectures.7, 11, 20 

 

 

Figure 3.1.1: Simple schematic of catalytic transfer hydrogenation 

 

3.1.2 Noyori-Ikariya Asymmetric Transfer Hydrogenation 
Noyori’s [(arene)RuCl(TsDPEN)] catalysts and their derivatives have shown tremendous 

activity and selectivity since their synthesis in the late 1990’s. The success of these catalysts is 

evidenced by their wide use in industry as well as the share they earned Noyori in the 2001 

Nobel Prize in Chemistry.16, 17, 20-22 A previous FlowNMR study has focused on the mechanism 
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of asymmetric transfer hydrogenation of acetophenone (ACP) using [(mesitylene)RuCl(R,R-

TsDPEN)](1) using IPA as both the solvent and reductant at room temperature (Figure 3.1.2).3 

This work focuses on the same chemical transformation where the reaction is heated, and 

formic acid is used as the hydrogen donor in a different solvent (Figure 3.1.3). 

 

 

Figure 3.1.2: Catalytic asymmetric transfer hydrogenation of acetophenone to (R)-1-phenylethanol with 
[(mesitylene)RuCl(R,R-TsDPEN)](1) using isopropanol as the hydrogen donor. 

 

 

Figure 3.1.3: Catalytic asymmetric transfer hydrogenation of acetophenone to (R)-1-phenylethanol with 
[(mesitylene)RuCl(R,R-TsDPEN)](1) using formic acid as the hydrogen donor. 

 

This catalyst is typically used in reactions as the chloride precursor (1) due to its moderate 

stability under atmospheric conditions. The addition of base (typically hydroxide with IPA or 

a tertiary amine with formic acid) forms the more reactive 16e amido intermediate (2). This 

unsaturated intermediate readily forms the 18e hydride complex (4) in the presence of 

primary or secondary alcohols (in the alcohol driven system). This well-characterised 

intermediate asymmetrically reduces ketones to chiral alcohols, reforming the unsaturated 

intermediate (2) (Figure 3.1.4).23 
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Figure 3.1.4: Catalytic cycle for the asymmetric transfer hydrogenation of acetophenone to (R)-1-phenylethanol with 
[(mesitylene)RuCl(R,R-TsDPEN)](1) and isopropanol as reductant. 

Ikariya and Noyori in 2003 postulated a mechanism for the formic acid’s involvement in the 

catalytic cycle which included the addition of a formate species (3) that could irreversibly form 

the well-characterised hydride intermediate (Figure 3.1.5). The formate complex was only 

stipulated through the synthesis and characterisation of its acetate analogue as the formate 

species itself was noted as too thermally unstable and sensitive to moisture.23, 24 
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Figure 3.1.5: Catalytic cycle for the asymmetric transfer hydrogenation of acetophenone to (R)-1-phenylethanol with 
[(mesitylene)RuCl(R,R-TsDPEN)](1) and formic acid as reductant. 

 

Early experimental and theoretical work explored the ruthenium species present during 

catalysis and proposed mechanisms for the transfer of hydrogen to substrate in these 

transformations.11, 21, 23, 25-27 A C-H-π interaction between electron-rich substrates and the C-H 

protons of the arene ligand is considered a major interaction impacting selectivity (Figure 

3.1.6).28 Dub et al have extensively explored the enantioselectivity of these catalysts 

computationally in the last decade, establishing a secondary interaction between the lone pair 

of the ligand SO2 functional group and electron-rich substrates. 12, 29-32  This validated the 

observed differences in reactivity between protio and fluorinated substrates.29  

Consensus in the literature is that the mechanism of hydrogen transfer in this catalysis is 

proposed to occur via a concerted process where the ruthenium centre and the primary amine 

moiety of the TsDPEN ligand each supply a hydrogen atom to the substrate, with the ligand 

providing a proton to the oxygen and the metal formally delivering a hydride to the carbon 

(Figure 3.1.6).5, 12, 28, 29, 33, 34 The substrate has no direct coordination to the metal centre during 

hydrogen transfer in this outer-sphere mechanism proceeding through a six-membered 
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pericyclic transition state.20, 35 As the amine directly participates in catalysis it is crucial for 

reactivity in these catalysts. As such the effect of functionalising this amine group has been 

explored in research, where Wills  et al have successfully tethered the amine to the arene, some 

iterations of which have shown improved stability.12, 30, 36, 37 Functionalisation of the untethered 

TsDPEN ligand with a tethered amine moiety yielded stable, inactive, cationic tridentate  

species.38 

 

 

Figure 3.1.6: Mechanism of concerted hydrogen transfer from an RuTsDPEN catalyst to acetophenone. Reproduced with 
permission from reference 20. Copyright © 2016 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, 
Weinheim.20 

 

Product formation in this catalysis is fully reversible (Figure 3.1.2 and Figure 3.1.3) as 

depending on reaction conditions, all steps are in equilibrium. Where isopropanol is the 

reductant, it is applied in large excess as a solvent to act as the driving force for the reaction. 

The formic acid driven catalysis also employs a large excess of formic acid, but the cycle is also 

driven by the exclusion and removal of evolved CO2 (Figure 3.1.5). The exclusion of CO2 drives 

the reaction to higher conversions (99%) and causes consistently higher enantiomeric 

excesses (98%) as  by making one step of the catalysis irreversible, product oxidation is 

prevented under mild conditions using the same substrate to catalyst ratio (200:1 ACP : 

Catalyst, 2M formic acid/triethylamine 5:2 azeotropic mixture 28°C).11, 20 Asymmetric transfer 

hydrogenation under these conditions has been shown to be sensitive to pH and while the 5:2 

ratio of formic acid/triethylamine mixture is most commonly used other studies have 

suggested that using lower acid loads or slowly dosing in acid are more efficient.6-8 

There are many individual chemical transformations to monitor in this reaction including 

catalyst activation, speciation during turnover, product formation, and gas evolution. As such 

the use of a single analytical technique would not be capable of creating a comprehensive 

mechanistic picture. Therefore, a combination of online UV-visible spectroscopy (UV-Vis), 

headspace mass spectrometry (HSMS), high-performance liquid chromatography (HPLC) and 

high-resolution FlowNMR have been utilised.  
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The Noyori-Ikariya catalyst is known to decompose in solution, especially in the presence of 

air.21, 39 Recent work has combined FlowNMR and modern kinetic analyses to reveal two 

independent inhibition pathways. By monitoring the formation of free mesitylene it was 

postulated that catalyst deactivation occurred by formation of hydride-bridge dimers for the 

reservoir of hydride intermediate. The inclusion of alkyl tethers between the amine and arene, 

developed by Wills et al20, stabilise the unsaturated intermediate and hence have displayed 

resistance to this mechanism of deactivation.20, 40, 41 Analysis of catalyst distribution in 

conjunction with kinetic modelling revealed the inhibition of the unsaturated intermediate in 

the presence of excess base, caused by the formation of off-cycle species.3  To minimise catalyst 

decomposition during turnover all the online FlowNMR apparatus described is this chapter 

was flushed with inert gas and dry, degassed solvents prior to use.  
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3.2 ANALYSING TRANSFER HYDROGENATION IN FLOW 
NMR spectroscopy offers chemists a diverse toolbox of techniques and methods by which they 

can quantitatively investigate a sample. While in comparison to other analytical techniques 

NMR remains relatively insensitive, it offers unparalleled structural information. In addition to 

this the observation of multiple nuclei such as 1H, 13C, 19F and 31P can enable numerous chemical 

perspectives of the same transformation if desired.  

As previously mentioned, UV-Vis, HSMS, and HPLC have been incorporated into the online 

FlowNMR apparatus (see Chapter 2) to monitor properties that could not be observed by 

online NMR alone, such as enantioselectivity and gas evolution.  

Bubble formation was observed during the reaction, consistent with the formation of H2 and 

CO2.22 Whilst this offers us another chemical handle for study utilising headspace mass 

spectrometry, gas accumulation in the flow tip can create sample inhomogeneity resulting in 

both poor spectral quality and unreliable quantification.42 As discussed in Chapter 2 this was 

addressed with the inclusion of a back pressure regulator and use of a peristaltic pump. 

Flowing a heated mixture through uninsulated tubing can result in significant heat loss at these 

scales (see 2.3.2).43 Prior to this work, the DReaM facility had only been used for the study of 

chemistry at room temperature. While the commercially available InsightMR flow tube (8 m, 

Bruker) was equipped for heat regulation, the remainder of the flow path (4 m) was completely 

uninsulated (Figure 2.6.2) and so required further thermal regulation (discussed in section 

2.6.2). 

 

Figure 3.2.1: Basic schematic of FlowNMR apparatus. Adapted from A. Hall 2018. 
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Before this reaction could be studied by online FlowNMR it was important to define a set of 

conditions that could be reproducibly investigated such that meaningful conclusions could be 

drawn. Reaction optimisation was completed based upon conversion as the enantiomeric 

excess (%ee) for this reaction is well documented. 11, 17, 20  

This transfer hydrogenation is often carried out across a range of solvents and conditions 

which are typically tailored to the substrate being used.44 Neat formic acid/triethylamine 

(FA/NEt3) mixtures are sometimes used as reaction solvent for the tethered catalysts made by 

Wills et al.36 Unfortunately, concentrated FA/NEt3 mixtures (2250 mM/900 mM) are not only 

viscous but can deteriorate materials such as the peristaltic pump tubing with prolonged use.45  

Chlorinated solvents are a common choice for this chemistry and in initial batch tests 

dichloromethane (DCM) was used.25 Reaction rates at room temperature (400 mM substrate, 

2000 mM FA/NEt3 mixture, 2 mM [(mesitylene)RuCl(R,R-TsDPEN)], 10 mL DCM) were 

observed to be slow (<24 hours to full conversion). To study the reaction on a more reasonable 

timescale the temperature was increased to 40°C. While heating these reactions in batch isn’t 

unusal,20 under flowing conditions the solvent would likely evaporate before reaction 

completion on account of DCM’s low boiling point (BP = 39.6°C) and the need to purge CO2 from 

the reaction vessel. Batch tests confirmed that chloroform would be a suitable, higher boiling 

analogue in which to carry out the reaction. 

 

Figure 3.2.2: FlowNMR schematic with the inclusion of a back-pressure regulator (BPR). Adapted from A. Hall 2018 

 

Standard conditions were chosen to be 2 mM [(mesitylene)RuCl(R,R-TsDPEN)], 400 mM 

acetophenone, 2000 mM FA/NEt3 (5:2 azeotropic mixture) made up to 10 mL with reaction 
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solvent to be concordant with previous work carried out on the KOH/IPA system. Offline NMR  

experiments showed that active catalytic species would reform the catalyst precursor (1) in 

the presence of chlorinated solvent (section 3.6.1). As such the choice was made to use a non-

chlorinated solvent as a reaction medium. Other solvents were tested, and tetrahydrofuran 

(THF) was found to be a suitable replacement. The reaction was successfully observed in flow 

however a significant reduction in rate was observed between batch and flow conditions 

(Table 3.2.1).  

Table 3.2.1: Reaction conversion in CHCl3 and THF under batch and flowing conditions. (10 mL scale, 2 mM 
[(mesitylene)RuCl(R,R-TsDPEN)], 400 mM acetophenone, 2.1 mL FA/NEt3 5:2 azeotropic mixture). 

Solvent Temperature  

/ °C 

Reaction Time 

/ h 

Conditions Conversion 

/ % 

CHCl3 40 20 Batch 94 

CHCl3 40 21 Flow 84 

THF 40 10 Batch 93 

THF 40 10 Flow 80 

 

As shown in Figure 2.6.3 only the flow tube and reaction vessel were maintained at 40 °C in 

these preliminary experiments. As a result, the reaction mixture cooled to room temperature 

during its residence time in the flow path. As 40% of the reaction mixture (10 mL scale, 4 mL 

flow path internal volume) was in the flow path at any one time this led to an observable 

reduction in rate of product formation. Sufficient conversion (94%) and shim quality 

(deteriorates with convection) was achieved within 10 hours for a flow reaction in THF by 

setting the flow tube, flow path, and hotplate to 43 ℃, 45 ℃, and 40 ℃ respectively, which 

maintained an external tubing temperature of above 37℃.  

Increasing the amount of dissolved CO2 by increasing pressure to prevent bubble formation 

could also be expected to impact product formation.46 Given the short residence time of 57 

seconds at 4 mL/min (measured in Chapter 2) relative to the reaction timescale >8 hours 

meant that this effect was markedly less significant and not observed where effective thermal 

regulation was employed.  

Thus, a process and apparatus had been developed which could probe the mechanism of formic 

acid driven asymmetric transfer hydrogenation using 1 in a way that was representative of the 

batch process. A full schematic of the apparatus used during this investigation can be found in 

Figure 3.4.2. 
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3.4 INSIGHT INTO CATALYST SPECIATION AND HYDROGEN CO-

EVOLUTION DURING ENANTIOSELECTIVE FORMIC ACID-DRIVEN 

TRANSFER HYDROGENATION WITH BIFUNCTIONAL RUTHENIUM 

COMPLEXES FROM MULTI-TECHNIQUE OPERANDO REACTION 

MONITORING 
Daniel B. G. Berry,a Anna Codina,b Ian Clegg,b Catherine L. Lyall, a,c John P. Lowe, a,c and Ulrich 

Hintermair*a,c,d 

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

b) Bruker UK Ltd, Banner Lane, CV4 9GH Coventry, United Kingdom. 
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Bath, United Kingdom. 
d) Centre for Sustainable Chemical Technologies, University of Bath, Claverton Down, 

BA2 7AY Bath, United Kingdom. 

*Corresponding author: U.Hintermair@bath.ac.uk 

Transfer hydrogenation of acetophenone from formic acid / triethylamine mixtures catalysed 

by the Ikariya-Noyori complex [(mesitylene)RuCl(R,R-TsDPEN)] has been investigated by 

simultaneous high-resolution FlowNMR and FlowUV-Vis spectroscopies coupled with on-line 

sampling head-space mass spectrometry and chiral high-performance liquid chromatography 

using an integrated, fully automated recirculating flow setup. In line with previous 

observations, the combined results show a gradual switch from formic acid dehydrogenation 

to hydrogen transfer mediated by the same Ru-hydride complex, and point a Ru-formate 

species as the major catalyst intermediate. Hydrogen bonding in the formic acid / 

triethylamine mixture emerges as a sensitive 1H NMR probe for the transfer hydrogenation 

activity of the system and can be used to locate optimum reaction conditions. 

3.4.1 Introduction 
Real-time reaction monitoring under realistic conditions is a powerful approach to deciphering 

the workings of complex and dynamic catalytic systems in solution. Only when the various 

interactions between the different ingredients of a catalytic mixture can be kinetically 

correlated with catalyst speciation and product formation we have a chance to move from 

empirical optimisation and post-rationalisation to knowledge-based design.47 Amongst the 

various techniques available for operando reaction monitoring, on-line high resolution 

FlowNMR spectroscopy has emerged as particularly powerful due to its non-invasive and 

inherently quantitative nature, wide detection range and high information content.48 

Nevertheless, all techniques have their own limitations, so in many cases a combination of 

mailto:U.Hintermair@bath.ac.uk
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complementary techniques allows deeper insights into the reaction than separate use of any 

one of them.49 

Selective transfer hydrogenation of prochiral ketones and imines from liquid reductants such 

as propan-2-ol or formic acid catalysed by bifunctional ruthenium complexes has emerged as 

a powerful tool for synthesising chiral alcohols and amines under mild conditions.21 The 

Ikariya-Noyori complexes [(arene)RuCl(TsDPEN)] have proven particularly effective and 

versatile in this chemistry.26 We have recently revisited the kinetics of hydrogen transfer 

catalysis of aryl ketones from propan-2-ol using [(mesitylene)RuCl(R,R-TsDPEN)] by real-time 

high resolution 1H FlowNMR, where selective excitation pulse sequences allowed tracking of 

the key [Ru-H] intermediate during the reaction.3 Correlation of catalyst speciation with 

product formation kinetics thus showed catalyst deactivation caused by arene decoordination 

to be independent of competitive base inhibition.3 Here we investigate the same reaction using 

formic acid / triethylamine mixtures as the reductant, conditions which are sometimes 

preferred for application due to tolerating higher substrate loadings and giving higher 

conversions.22 To gain insight into the multiple interactions occurring in this system we have 

complemented the solution phase analysis via 1H and 13C FlowNMR and UV-vis with on-line 

HPLC and head-space MS. 

3.4.2 Results and Discussion 
The asymmetric transfer hydrogenation from formic acid has been shown to proceed via a 

mechanism similar to the original propan-2-ol system,23 only that in this case the formate 

complex 3 represents an additional reaction intermediate††† in the catalytic cycle (Figure 

3.4.1).24 

The oxygen-bound formate moiety in complex 3 is stabilised by an intramolecular hydrogen 

bond50 with one of the TsDPEN amine protons, as evidenced by characteristic IR and 1H NMR 

signatures.24 The terminal hydride complex 4 formed from the decarboxylation of 3 is the same 

as that formed from reaction of 2 with propan-2-ol, so that virtually identical chemo- and 

enantioselectivities are obtained with either reductant.21 The elimination of CO2 is thought to 

make the overall cycle irreversible and thereby allow for higher conversions than the 

equilibrium-limited propan-2-ol cycle producing acetone as the by-product.22 Reaction rates 

with formic acid tend to be lower than with propan-2-ol however, and induction periods are 

often observed when using FA/NEt3 mixtures.51 Both the length of the induction period and the 

initial rate of transfer hydrogenation have been found to be a function of pH,52, 53 the FA/base 

 

††† The analogous alkoxide intermediates have not yet been identified for the propan-2-ol system, 
although computational work has suggested their existence as off-cycle resting states.31 
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ratio,7 as well as the nature of the base.34 Similar observations have been made for catalytic 

imine reduction with related [(Cp)Rh(TsDPEN)] complexes in FA/NEt3 mixtures.6, 8 

 

 

Figure 3.4.1: Catalytic cycle for the asymmetric transfer hydrogenation of acetophenone to (R)-1-phenylethanol with 
[(mesitylene)RuCl(R,R)-TsDPEN)] 1 using formic acid / triethylamine mixtures. 

 

In situ spectroscopy of systems evolving gases during the reaction are often bedevilled by 

bubble formation degrading spectral quality. Quantitative NMR analysis of multiphase 

mixtures is particularly challenging, although methods for focussing selected peaks in 

inhomogeneous fields have recently been demonstrated.54 To circumvent the problem in this 

case, we fitted a back-pressure regulator to the outlet of the circulating flow loop (Figure 3.4.2). 

This way the pump would maintain the set pressure of 7 bar within the sample volume inside 

the FlowNMR and FlowUV-vis cells to give a homogeneous liquid phase for the analysis, but 

continuously release the pressurised aliquots into the reactor at ambient pressure. 
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Figure 3.4.2: Schematic of the operando analytical recirculating flow setup (for details see chapter 3.5.1.1) 

 

The reactor vessel as well as all transfer lines within the closed flow loop were temperature-

controlled, and only the 50 µL aliquots periodically sampled into the HPLC were subjected to 

different conditions. An argon flow meter coupled with a head-space interface carried gases 

from the headspace of the reactor into a calibrated gas-phase mass spectrometer. With this 

setup, high-quality FlowNMR spectra could be acquired during the reaction and quantitative 

reaction profiles generated after correction for flow effects48 (Figure 3.4.3). 

 The reaction progress measured in flow matched that from off-line sampling, but with more 

detailed information. Although not cleanly first order (see below), the shape of the profile 

showed the reaction rate to be dependent on substrate concentration, as expected for the 

relatively low substrate concentration of 0.4 M used here.41 The maximum rate observed after 

2 h at 40 °C of kobs = 1.1 mM/min was significantly lower than that found for the same reaction 

in propan-2-ol (kobs = 9.2 mM/min at 20 °C), but conversions of >95 % were reached after 10 h 

with FA/TEA, whereas a maximum of 82 % equilibrium conversion could be obtained in 

propan-2-ol under otherwise identical conditions.3 Enantioselectivity to (R)-1-phenylethanol 

was constant at 97±1 % over more than 18 h in FA/NEt3, whereas a gradual erosion of ~2 % 

ee per hour from the initial level of 98 % has been observed in propan-2-ol.3 
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Figure 3.4.3: Reaction progress and enantioselectivity of the hydrogenation of acetophenone (0.4 M) catalysed by 1 (2 
mM = 0.5 mol%) from formic acid / triethylamine (5:2, 2.5 M) in THF at 40 °C. 

Closer inspection of the reaction profile revealed an induction period of about 2 h during which 

product formation gradually sped up until it reached its maximum rate. When formic acid 

consumption was analysed by integration of its formyl proton at 8.3 ppm in the 1H NMR 

spectra, it became apparent that a large amount of reductant had been consumed during the 2-

hour induction period (Figure 3.4.4). 

 

Figure 3.4.4: Product formation and formic acid consumption during the hydrogenation of acetophenone (0.4 M) 
catalysed by 1 (2 mM = 0.5 mol%) from formic acid / triethylamine (5:2, 2.5 M) in THF at 40 °C. 
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The total consumption of formic acid over the course of the reaction exceeded the amount of 

1-phenylethanol product by a factor of 9, >50% of which had been consumed during the first 2 

h (where less than 10 % product had formed). Inspection of the 1H NMR data revealed a 

significant amount of H2 appearing at 4.56 ppm in early stages of the reaction (Figure 3.4.5 and 

Figure 3.4.6; the concentration of dissolved H2 is in agreement with previous 1H FlowNMR 

studies55). 

The dehydrogenation of formic acid is known to be easily accomplished with a variety of 

catalysts,13, 56 and H2 co-production during transfer hydrogenation from formic acid with these 

catalysts had been observed early on by Ikariya and Noyori.22 In line with the low efficiency of 

[(arene)Ru(TsDPEN)] complexes in H2 hydrogenation,21, 25 isotope labelling experiments have 

shown no deuterium incorporation from D2 during ketone reduction with HCO2H.22 Thus, the 

large amount of formic acid dehydrogenation occurring in the early stages of transfer 

hydrogenation with the Ikariya-Noyori catalyst (Figure 3.4.5) must originate from a parasitic 

side reaction. 

 

Figure 3.4.5: Hydrogen formation during the hydrogenation of acetophenone (0.4 M) catalysed by 1 (2 mM = 0.5 mol%) 
from formic acid / triethylamine (5:2, 2.5 M) in THF at 40 °C. 
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Figure 3.4.6: Fully assigned 1H FlowNMR spectrum of the hydrogenation of acetophenone (0.4 M) catalysed by 1 (2 mM 
= 0.5 mol%) from formic acid / triethylamine (5:2, 2.5 M) in THF at 40 °C showing the H2 resonance at 4.56 ppm. 

 

Alongside the appearance of H2 in solution it was observed that the 1H chemical shift value and 

peak width of the formic acid O-H noticeably changed throughout the reaction (Figure 3.4.7). 
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Figure 3.4.7: Changes in 1H chemical shift and peak width of formic acid during the hydrogenation of acetophenone 
(0.4 M) catalysed by 1 (2 mM = 0.5 mol%) from formic acid / triethylamine (5:2, 2.5 M) in THF at 40 °C. 

The highest chemical shift values and narrowest peak widths of the carboxylic acid proton 

were observed around the 2 h time point when the system switched from predominantly 

hydrogen evolution to more hydrogen transfer (Figure 3.4.7). At this point, the FA/TEA ratio 

had dropped from the initial 2.5:1 to 1.5:1. This value falls between the stable 3:1, 5:2 and 1:1 

H-bonded complexes commonly observed for mixtures of carboxylic acids and tertiary 

amines,57 and the 1H chemical shift evolution indicates the weakest H-bond interaction58 with 
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maximum acidity59 at this point. The triethylamine peaks were also shifting throughout the 

reaction, however, less pronounced and without an obvious maximum. Thus, although the 

exact distribution of H-bonding interactions in the mixture is not clear at present, the 

observation that the carboxylic acid proton chemical shift and peak width act as sensitive 

reporters of the hydrogen transfer activity might be of practical utility in optimising the 

performance of these systems (see below). 

Interleaved 13C NMR spectra acquired during the reaction showed the presence of CO2 at 124.8 

ppm (Figure 3.4.8). This chemical shift value is indicative of physisorbed CO2, which together 

with the observation of unchanged 13C NMR shifts for 1-phenylethanol and triethylamine ruled 

out chemisorption of CO2 by way of in-situ ammonium carbonate formation that is sometimes 

seen in alcohol/amine/CO2 mixtures.60 Due to the low intensity of the quaternary 13C signal of 

CO2, quantification during the reaction by 13C FlowNMR was not possible. However, coupling 

the head space of the reactor to a gas-phase mass spectrometer allowed quantitative tracking 

of both CO2 and H2 over time (Figure 3.4.9). 

 

 

Figure 3.4.8: Assigned 13C FlowNMR spectrum of the hydrogenation of acetophenone (0.4 M) catalysed by 1 (2 mM = 
0.5 mol%) from formic acid / triethylamine (5:2, 2.5 M) in THF at 40 °C.  
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Figure 3.4.9: Product formation and gas evolution profiles during the hydrogenation of acetophenone (0.4 M) catalysed 
by 1 (2 mM = 0.5 mol%) from formic acid / triethylamine (5:2, 2.5 M) in THF at 40 °C. 

 

From the relative gas intensities detected in the head space‡‡‡ it can be seen that H2 and CO2 

were evolved in a 1:1 ratio in the first two hours, with H2 evolution slowing down as hydrogen 

transfer took over later on. The sustained co-evolution of H2 until the end of the reaction 

showed formic acid dehydrogenation to continue in parallel to transfer hydrogenation, and 

explains the about ten-fold excess of formic acid required for quantitative reduction of the 

ketone substrate. No CO was detected during the reaction (Figure 3.4.10), showing 

dehydration of formic acid to be insignificant under the conditions applied. 

 

‡‡‡ The initial burst phase of H2 and CO2 evolution (Figure 3.4.5) would first saturate the liquid phase and 
is thus not seen as dramatically in the headspace MS data. 
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Figure 3.4.10: Headspace mass spectrometry data point taken at t = 4 hrs during the asymmetric transfer 
hydrogenation of acetophenone (0.4 M) catalysed by 1 (2 mM = 0.5 mol%) from formic acid / triethylamine (5:2, 2 M) 
in THF at 40 °C. Masses observed were confirmed to be unique to the gas analysed compound using Hiden QGA software 
(H2 = 2, CO = 12, Ar = 40, CO2 = 44) 

 

In order to gain insight into the catalyst speciation during these two inter-connected catalytic 

reactions we tried to detect ruthenium intermediates 2-4 (Figure 3.4.1) during the reaction. As 

in our previous studies on transfer hydrogenation from propan-2-ol with the same catalyst 

system,3 selective excitation of the negative shift region in the 1H FlowNMR allowed detection 

and quantitative tracking of the hydride intermediate 4 at -5.94 ppm during the reaction 

(Figure 3.4.11). 
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Figure 3.4.11: Product formation and amount of 4 during the hydrogenation of acetophenone (0.4 M) catalysed by 1 (2 
mM = 0.5 mol%) from formic acid / triethylamine (5:2, 2.5 M) in THF at 40 °C. 

 

Like in basic propan-2-ol, activation of the chloride complex 1 is rapid and quantitative with 

an excess of triethylamine.23 However, while in IPA precursor 1 formed the hydride complex 4 

quantitatively in the absence of ketone substrate and dropped to ~50% upon initiation of 

catalysis,3 in formic acid less than 2% of the catalyst existed as 4 before and after acetophenone 

was added (Figure 3.4.11). The amount of 4 slowly grew to ~5% of the overall Ru loading over 

the first 2 h as H2 evolution slowed down, and rose to ~20% between 2-4 h when the rate of 

hydrogen transfer was highest. It then continued to slowly build up to about 40% over the 

following 10 hours as both H2 evolution and hydrogen transfer slowed down and formic acid 

concentration fell below 1 M (Figure 3.4.4). This behaviour is similar to previous observations 

with tethered versions of the Ikariya-Noyori catalyst,41 and suggests that a ruthenium 

intermediate other than the hydride complex 4 dominates the catalyst speciation in formic acid 

/ triethylamine. 

The formate complex 3 could be detected in the 1H NMR spectra of the reaction but was difficult 

to quantify due to peak overlap from the large formic acid signals (see addendum, Figure 3.6.6). 

However, UV-vis spectroscopy allowed tracking the unsaturated intermediate 2 during the 

reaction based on its characteristic absorbance at 565 nm (Figure 3.4.12). 
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Figure 3.4.12: Amount of 2 during the hydrogenation of acetophenone (0.4 M) catalysed by 1 (2 mM = 0.5 mol%) from 
formic acid / triethylamine (5:2, 2.5 M) in THF at 40 °C. Inserts show the UV-vis spectrum of independently synthesised 
2 in THF (5 mM in THF, right) and sample spectrum of the reaction mixture after 15 h (left). 

 

The UV-vis data showed that less than 2% of the catalyst resided in the unsaturated 

intermediate 2 throughout the reaction, and closer inspection of the data shows even these 2% 

to be mostly tailing from other signals (Figure 3.4.13). This would imply an almost quantitative 

transformation of any 2 formed during the reaction, and the known stability of 3 is likely the 

key difference to the simpler IPA system that operates between 2 and 4 only. Our formulation 

of 3 as the major intermediate in the formic acid-driven cycle is consistent with previous 

(stoichiometric) test reactions that showed fast and quantitative formation of 3 from 2 and 

formic acid, but a kinetic barrier of 87 kJ/mol for the decarboxylation of 3 to 4.24 

reaction mixture 
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Figure 3.4.13: 3D plot of UV spectra acquired during hydrogenation of acetophenone (0.4 M) catalysed by 1 (2 mM = 
0.5 mol%) from formic acid / triethylamine (5:2, 2.5 M) in THF at 40 °C. 

As we did not observe any changes in enantioselectivity over the course of the reaction (as 

sometimes seen for low pH values / high FA loadings7, 37) we can interpret the variation in 

transfer hydrogenation rate as a shift of catalyst distribution within the same cycle. Indeed, the 

variation in FA/TEA ratio throughout the reaction mirrored the profile of ruthenium hydride 

4 observed (Figure 3.4.14). 

 

Figure 3.4.14: FA/TEA ratio and amount of 4 during the hydrogenation of acetophenone (0.4 M) catalysed by 1 (2 mM 
= 0.5 mol%) from formic acid / triethylamine (5:2, 2.5 M) in THF at 40 °C. 
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We can thus formulate an expanded mechanism for this reaction that includes the parasitic 

dehydrogenation loop, and accounts for the shift in catalyst distribution caused by the 

competition of substrate, formic acid, and CO2 for reaction with the hydride complex 4 (Figure 

3.4.15).§§§ 

 

Figure 3.4.15: Expanded catalytic cycle for the asymmetric transfer hydrogenation of acetophenone to (R)-1-
phenylethanol with [(mesitylene)RuCl(R,R)-(TsDPEN)] 1 using formic acid / triethylamine mixtures including co-
evolution of H2 from formic acid dehydrogenation.  

 

While the spontaneous, intramolecular elimination of H2 from complex 4 has a high kinetic 

barrier61 and is thus not observed in basic propan-2-ol, exogeneous protonation of the Ru-H by 

excess formic acid is likely the major pathway for H2 evolution at high FA concentrations. 

Indeed, treating an isolated sample of hydride complex 4 with formic acid led to the immediate 

formation of formate complex 3 accompanied by the production of H2 (Figure 3.4.16, Figure 

3.4.17, and Figure 3.4.18). 

 

 

§§§ Although a case for omitting intermediate 2 from the formic acid cycle could be made based on the 
UV-vis data (Figure 3.4.12) it is still included here to illustrate the product formation step. 
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Figure 3.4.16: Decarboxylation of formic acid by hydride complex 4 to form formate complex 3 and H2. 

 

Figure 3.4.17: 1H NMR (64 scans, 1.64 s acquisition time, 1 s delay time) data of the hydride complex 4 (20 mg, 0.032 
mmol) in 0.5 mL THF-D8 before (blue) and after (red) the addition of one equivalent of formic acid (1.2 µL, 0.032 mmol) 
showing the characteristic resonance of hydrogen (green arrow) at 4.56 ppm. 
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Figure 3.4.18: 1H NMR (64 scans, 1.64 s acquisition time, 1 s delay time) data of the hydride complex 4 (20 mg, 0.032 
mmol) in 0.5 mL THF-D8 before (blue) and after (red) the addition of one equivalent of formic acid (1.2 µL, 0.032 mmol) 
showing characteristic NH (8.67 ppm) and CH (7.97 ppm) peaks of the formate complex 324 (green arrows) as well as 
CH resonance for formic acid (8.17 ppm). 

 

This was further evidenced by the acquisition of a selective 1D EXSY, where excitation of the 

formic acid CH resonance showed an exchange peak with the Ru-H resonance of hydride 

intermediate 4 (Figure 3.4.19). 
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Figure 3.4.19: Selective 1D EXSY NMR data with excitation of the formic acid CH peak (8.43 ppm, red arrow) displaying 
an exchange signal (-5.57 ppm, red circle) to hydride intermediate 4. Negative peaks observed are NOESY interactions 
for formic acid and 1-phenyl ethanol. (20 mM (1), 0.8 M acetophenone, 2 M formic acid/triethylamine mixture (5:2), 
0.1 M 1,3,5 trimethoxy benzene, 0.5 mL dry THF-d8, 25℃). 1D NOESY using selective refocussing with a shaped pulse 
(128 scans, 1.64 s acquisition time, 2 s delay time, 0.5 s mixing time). 

 

The Ru-H complex 4 is also known to be able to react with CO2 to reform 3,24 as reflected in the 

inhibitory effect of CO2 on product formation reported earlier.37 Thus, hydride complex 4 

presents itself as the bifurcation point for three competing reactions: re-insertion of CO2, 

protonation to H2, or hydrogen transfer to ketone. The relative concentrations of CO2, formic 

acid, and ketone (and their evolution with time) therefore determine product formation and 

catalyst distribution between 3 and 4 over time. The fact that most of the catalyst resides in 

the relatively stable formate complex 3 during the reaction may also explain the lower levels 

of catalyst deactivation seen in FA/NEt3 mixtures (no signs of Ru black formation were 

observed) as opposed to using basic propan-2-ol.3 

As a demonstration of the utility of our findings for applied catalysis, a reaction started at the 

optimum FA concentration of 1.5 M under the conditions applied showed an immediate onset 

of transfer hydrogenation without any lag phase, and a steady 20-22% catalyst distribution of 

hydride complex 4 throughout the reaction (Figure 3.4.20). Some H2 co-production still 

occurred as seen by the FA concentration falling from 1.5 to 0.4 M during the production of 0.4 

M 1-phenylethanol, but to a much lower extent as compared to when using the commercial 5:2 
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azeotropic FA/TEA mixture where eight times more dehydrogenation than transfer 

hydrogenation occurred (Figure 3.4.4). 

 

Figure 3.4.20: Product formation and amount of 4 during the hydrogenation of acetophenone (0.4 M) catalysed by 1 (2 
mM = 0.5 mol%) from formic acid / triethylamine (3:2, 2.1 M) in THF at 40 °C. 

 

3.4.3 Conclusions 
Using a combination of high resolution FlowNMR techniques, UV-vis spectroscopy, chiral HPLC 

and head-space MS we have been able to follow multiple aspects of hydrogen transfer catalysis 

from formic acid with the Ikariya-Noyori catalyst [(mesitylene)RuCl(R,R)-(TsDPEN)]. Tracking 

consumption of reductant during product formation and correlation with gas evolution traces 

showed a significant amount of formic acid dehydrogenation to occur before (and during) 

transfer hydrogenation of acetophenone. Understanding and minimising unproductive formic 

acid dehydrogenation is important for efficient and safe application of these catalysts, 

especially on an industrial scale.62 The formic acid O-H chemical shift and peak width emerged 

as a sensitive reporter for H-bonding in the mixture that correlated with the catalyst switching 

from predominantly H2 evolution to hydrogen transfer. This point is likely to be a function not 

only of relative concentrations but also of substrate pKA. Indeed, H2 co-evolution is less 

pronounced with more basic imine substrates that require activation by protonation (and thus 

are less efficiently reduced with the same catalysts in basic propan-2-ol).17 Using a 

combination of selectively excited 1H FlowNMR and FlowUV-vis spectroscopies we were able 

to show that the dominant catalyst intermediates with formic acid are the formate complex 3 
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and hydride complex 4. As previously suggested, the supposed irreversibility of CO2 

elimination from 3 only applies if the gas is effectively removed from the reaction solution.46 

The fact that no appreciable amounts of 2 are present in FA/TEA mixtures appears to be the 

true reason why no erosion of enantioselectivity over time is seen with these systems, as 

otherwise 2 could still oxidise product back to starting material like in the fully reversible cycle 

with propan-2-ol. 
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3.5 EXPERIMENTAL 
All reagents and solvents were sourced from major commercial suppliers, and reactions were 

carried out in flame-dried glassware under an atmosphere of dry argon inside a glovebox or 

using Schlenk techniques.  

Stock solutions (200 mL) were prepared using THF freshly distilled from potassium and 1,3,5-

trimethoxybenzene (TMB, 3.36g, 20 mmol) dried in vacuo, and stored under argon for no 

longer than a week. Acetophenone was distilled, stored under argon, and kept in the dark at 

room temperature. 

Reagent grade triethylamine was dried over calcium hydride at 75 ℃ for 2 hours before being 

distilled at 105 ℃ under argon. Reagent grade formic acid was distilled under argon at 135 ℃ 

using a fractional distillation column, the first fraction of which was discarded. 

Distilled formic acid (92.5 mL, 2.45 mol) was charged to a distillation apparatus with a 

dropping funnel attached. The formic acid was cooled to 0 ℃ and distilled triethylamine (136.5 

mL, 0.98 mol) was charged to the dropping funnel and added to the formic acid dropwise over 

1 hour. The mixture was then distilled at 145 ℃ and 5 mbar, and the ratio of components in the 

azeotropic distillate was confirmed by 1H NMR to be 5:2. 

 

3.5.1 Analysis  

3.5.1.1 FlowNMR Spectroscopy 

Reactions were carried out in round-bottomed glass flasks with a magnetic stir bar under 

argon. A peristaltic pump (Vapourtec SF-10) was used to drive the reaction mixture around the 

flow path to a Bruker InsightMR flow tube inserted into a Bruker 500 MHz AvanceII+ 

Ultrashield with a Prodigy BBO Cryoprobe. Polyetheretherketone (PEEK) tubing was used for 

the flow path (O.D. 1/16”, I.D. = 0.75 mm) and the flow tube (O.D. = 1/32”, I.D. = 0.125 mm). 

This tubing was connected to the reaction flask via a standard rubber seal with connections 

sealed using silicone grease. The system was heat regulated by two heat exchangers, one which 

connected to the flow path and the flow tube and a second which was connected to the reactor 

jacket (DrySyn Snowstorm ONE).  

NMR spectra were acquired (number of scans: 8, acquisition time: 1.64 s, delay: 1 s, receiver 

gain: 4, lock: off) at 0 and 4 mL/min served to calculate integral correction factors accounting 

for flow effects using the following equations.4 

Equation 3.1:     I_Corrected = CF ×I 

Equation 3.2:     CF = I_static/I_flow 



ASYMMETRIC TRANSFER HYDROGENATION  

 
 

117 

 

 

Concentrations of species were then calculated by referencing peak integrals to the TMB 

internal standard.  

Selectively excited 1H spectra were acquired at a much higher receiver gains than ordinary 

proton spectra (number of scans: 8, acquisition time: 2 s, delay: 1 s, receiver gain: 203, lock: 

off, constant 21: -6, constant 55: 3, O1P: -5) and therefore require a correction factor to allow 

quantitative comparison between peaks on the two different spectra. This was carried out by 

calculating a Reduced Integral Value (RIV) for the selectively excited hydride peak and then 

multiplying this by the concentration of the internal standard as per the following equations:2,4  

 

Equation 3.3:    𝑹𝑹𝑹𝑹𝑹𝑹 =  𝑹𝑹𝒉𝒉𝒉𝒉𝒉𝒉𝒉𝒉𝒊𝒊𝒉𝒉𝒊𝒊×𝑹𝑹𝑹𝑹𝒏𝒏𝒏𝒏𝒉𝒉𝒏𝒏𝒏𝒏𝒏𝒏×𝑹𝑹𝑹𝑹𝑹𝑹𝑹𝑹
𝑹𝑹𝑹𝑹𝒉𝒉𝒉𝒉𝒉𝒉𝒉𝒉𝒊𝒊𝒉𝒉𝒊𝒊

 

 

Equation 3.4:  [𝑯𝑯𝒉𝒉𝒉𝒉𝒉𝒉𝒊𝒊𝒉𝒉𝒊𝒊] = 𝑹𝑹𝑹𝑹𝑹𝑹 × [𝑻𝑻𝑻𝑻𝑻𝑻]
𝑹𝑹𝑻𝑻𝑻𝑻𝑻𝑻/ 𝑵𝑵𝑵𝑵𝒏𝒏𝑵𝑵𝒊𝒊𝒉𝒉 𝒏𝒏𝒐𝒐 𝒑𝒑𝒉𝒉𝒏𝒏𝒑𝒑𝒏𝒏𝒏𝒏𝒑𝒑 𝒏𝒏𝒑𝒑𝒑𝒑𝒏𝒏𝒂𝒂𝒊𝒊𝒏𝒏𝒑𝒑𝒊𝒊𝒉𝒉 𝒘𝒘𝒊𝒊𝒑𝒑𝒉𝒉 𝑻𝑻𝑻𝑻𝑻𝑻 𝒑𝒑𝒊𝒊𝒏𝒏𝒑𝒑

 

 

Where Ihydride = Integral of the hydride peak, RGnormal = receiver gain for selective excitation of 

internal standard, RGhydride = receiver gain for selective excitation experiment of hydride, RGCF 

= Receiver gain correction factor calculated by plotting the integral of an internal standard of 

a range of receiver gains, ITMB = integral of internal standard (TMB). 

3.5.1.2 Chiral HPLC 

Inserted into the flow path was a valve drive connected to the HPLC. The valve, sample loops 

and intermediate tubing between the flowpath and the HPLC was connected via HPLC standard 

stainless-steel tubing (I.D. 180 µm) and fittings. A 50 µL aliquot of reaction mixture was taken 

by the sample valve every 30 minutes. The sample was flowed to a secondary valve drive using 

an external pump (IPA at 0.25 mL/min). The secondary valve drive then resampled 5 µL of the 

original aliquot for analysis. This configuration was found to offer the highest quality 

chromatograms as a result of ‘refocussing’ the sample (eliminating peak tailing from back 

mixing), while also allowing for full customisability of solvent composition and sample dilution. 

HPLC data was acquired using an Agilent 1260 Infinity II LC equipped with a Chiracell OD-H 

column (Daicell chiral, 250 mm length, 4.6 mm diameter, 5 µm particle size) which was 

preceded by a guard column (Chiracell OD-H 10 mm length, 4 mm diameter, 5 µm particle size) 

to prevent contamination. The eluent used was 9:1 hexane/IPA at 1 mL/min, and eluents were 

analysed using a UV detector at 254 nm. 
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Typical retention times (verified by injecting pure samples of each component) and peak 

separations were as shown in the example chromatogram below. 

 

 

Figure 3.5.1: Example HPLC chromatogram of transfer hydrogenation reaction mixture taken in automation (t = 8.3 
hours) 

 

Enantiomeric excess was calculated using the following equation: 

Equation 3.4:    %𝒊𝒊𝒊𝒊 =  [𝑹𝑹]−[𝑺𝑺]
[𝑹𝑹]+[𝑺𝑺]

 × 𝟏𝟏𝟏𝟏𝟏𝟏 

3.5.1.3 UV-Vis Spectroscopy 

UV-visible spectroscopic data was collected using an Ocean Optics fibre-optic setup consisting 

of a deuterium-halogen light source (DH-2000-BAL) connected to a 0.5 cm lensed PEEK SMA-

Z flow cell and a QEPro spectrometer (10 µm slit) via SMA-terminated 400 µm solarisation-

resistant light guides. OceanView 1.6.5 software was used for continuous spectral acquisition 

from 200 – 1000 nm resolution with an integration time of 10 ms and averaging 100 scans. 

The light source was allowed to warm up for a minimum of 30 minutes prior to data 

acquisition. Modules within the OceanView software were used to acquire light and dark 

references and convert transmission to absorbance using the following equation: 

Equation 3.5:   𝑨𝑨𝑵𝑵𝒑𝒑𝒏𝒏𝒉𝒉𝑵𝑵𝒏𝒏𝒏𝒏𝒂𝒂𝒊𝒊 =  𝒏𝒏𝒏𝒏𝒍𝒍𝟏𝟏𝟏𝟏 − 𝟏𝟏( 𝒑𝒑𝒏𝒏𝒏𝒏𝒑𝒑𝒏𝒏𝒊𝒊 − 𝒉𝒉𝒏𝒏𝒉𝒉𝒑𝒑 𝒉𝒉𝒊𝒊𝒐𝒐𝒊𝒊𝒉𝒉𝒊𝒊𝒏𝒏𝒂𝒂𝒊𝒊
𝒏𝒏𝒊𝒊𝒍𝒍𝒉𝒉𝒑𝒑 𝒉𝒉𝒊𝒊𝒐𝒐𝒊𝒊𝒉𝒉𝒊𝒊𝒏𝒏𝒂𝒂𝒊𝒊 − 𝒉𝒉𝒏𝒏𝒉𝒉𝒑𝒑 𝒉𝒉𝒊𝒊𝒐𝒐𝒊𝒊𝒉𝒉𝒊𝒊𝒏𝒏𝒂𝒂𝒊𝒊

) 

Once the references were taken data was set to save every minute and acquisition was started.  
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Figure 3.5.2: Sample UV spectrum taken at t = 15 hours during the hydrogenation of acetophenone (0.4 M) catalysed 
by 1 (2 mM = 0.5 mol%) from formic acid / triethylamine (5:2, 2.5 M) in THF at 40 °C. 

3.5.1.4 Headspace Mass Spectrometry  

Headspace mass spectrometry data was collected using a Hiden HPR-20 R&D quadrupole mass 

spectrometer with a detection mass range of 1-300 amu coupled to QIC (Quartz Inert Capillary) 

fast sampling inlet. Relative sensitivities of H2 and CO2 in Ar were calibrated using a multiple 

calibration method in the Hiden quantitative gas analysis (QGA) software. The calibration 

mixtures used were 5% H2, 5% CO2, and 5% H2 + 5% CO2 in argon, respectively. The relative 

sensitivities of these gases were measured to be 2.27 (H2), 1.08 (CO2) and 1.00 (Ar). Gases 

present within the reaction mixture were identified by the scout spectrum (Figure 3.5.3).  
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Figure 3.5.3: Headspace mass spectrometry scout spectrum taken at t = 4 hrs during the asymmetric transfer 
hydrogenation of acetophenone (Mass range 0-50, 2 mM 1, 400 mM acetophenone, 1.05 mL formic acid/triethylamine 
5:2 azeotrope, 3.71 mL 0.1 M TMB in THF at 40 ℃). 

The QIC heating at 145°C and MS were allowed to stabilise for at least 30 minutes prior to 

acquisition. A blank test was carried out sampling air before switching to a method designed 

in the QGA software (Start range: 5, settle speed: normal, dwell speed: normal, electron energy: 

70, emission current: 1). The PEEK sampler tubing was inserted through the rubber seal of the 

reaction flask, sealed with silicone grease and data acquisition was started. Argon was dosed 

to the reaction mixture at 30 Ln/hr and the QIC sampling inlet sampled at 16 cm3/min, data 

was acquired every 1.5 seconds for the masses of H2 (2), CO2 (44) and Ar (40). 

 

3.5.2 Intermediate Synthesis 

3.5.2.1 Unsaturated Complex 2  

 

Potassium tert-butoxide (2.2 mg, 0.020 mmol, 1 equivalent) was added to a solution of 

[(mesitylene)RuCl(R,R)-(TsDPEN)]) in dry THF (1 mL of 2 mM) to give a deep purple solution. 

The mixture was stirred for 5 minutes at room temperature. Passing through a 0.2 µm PTFE 
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syringe filter yielded a 2 mM solution of 21,2 which was immediately analysed by UV-vis 

spectroscopy under argon to give a molar absorptivity of ε = 1380 M-1cm-1 at λmax = 565 nm. 

 

 

Figure 3.5.4: UV-vis absorption spectrum of unsaturated complex 2 at 2 mM in THF (0.5 cm optical path length). 

 

3.5.2.2 Hydride Complex 4 

 

Isopropanol (5 µL, 0.065 mmol) was added to a solution (1 mL of 16 mM) of complex 2 in d8-

THF yielding a yellow-brown solution leading to immediate formation of 

[(mesitylene)RuH(R,R)-(TsDPEN)] (4)2,3 as confirmed by its characteristic 1H NMR resonances: 

1H NMR (500 MHz, 25℃, THF) δ = -5.59 (s, 1H, Ru-H), 2.03 (s, 3H, CH3 in Ts), 2.22 (s, 9H, CH3 in 

mesitylene), 4.03 (m, 1H, NHH), 4.37 (m, 1H, NHH), 4.83 (s, 3H, CH in mesitylene). 
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Figure 3.5.5: Partial 1H NMR spectrum for hydride complex 4 at 16 mM in THF (64 scans, 1.64 s acquisition time, 1 s 
delay time) with the characteristic Ru-H resonance highlighted in blue. 

 

3.5.2.3 Formate Complex 3 

 

 

[(mesitylene)RuH(R,R)-(TsDPEN)] (4) in d8-THF (1 mL of 16 mM) was charged to a pressure 

resistant NMR tube under argon and pressurised with 5 bar of CO2. Upon mixing the yellow-

brown solution turned bright yellow indicative of the formation of formate complex 3.3 

1H NMR (500 MHz, 25℃, THF) δ = 2.21 (s, 3H, CH3 in Ts), 2.28 (s, 9H, CH3 in mesitylene), 5.25 

(s, 3H, CH in mesitylene), 8.10 (s, 1H, OCHO), 9.06 (m, 1H, NHH). 
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Figure 3.5.6: Partial 1H NMR spectrum of formate complex 3 at 16 mM in d8-THF (4 scans, 1.64 s acquisition time, 1 s 
delay time) with characteristic N-H and C-H resonances highlighted in blue. 

 

3.5.3 Catalysis 

3.5.3.1 General procedure for bath reactions 

[(mesitylene)RuCl(R,R-TsDPEN)](12.4 mg, 0.020 mmol) was charged to a Schlenk flask and 

dissolved in 7.43 mL of a stock solution of THF containing 1, 3, 5-trimethoxybenzene as an 

internal reference (0.1 M) and heated to 40 °C. Subsequently a 5:2 mixture of formic 

acid/triethylamine (2.10 mL, 2.5 M) and acetophenone (0.467 mL, 4.0 mmol) were added to 

start the reaction. 0.3 mL aliquots of the reaction mixture were periodically withdrawn from 

the mixture to analyse reaction progress via 1H NMR using the 1-phenylethanol CH quartet at 

4.80 ppm and the acetophenone CH3 singlet at 2.55 ppm versus the 6.08 ppm signal of the TMB 

standard (Figure 3.4.6). 

3.5.3.2 General procedure for flow runs 

The flow tube and flow path (outlined in black and red respectively in Figure 3.4.2) was purged 

with argon for a minimum of 30 minutes to ensure a dry and inert atmosphere. The systems 

heat control was turned on at this stage to allow for equilibration. The heat exchanger 

controlling the flow path and flow tube was set to 50 ℃ (to account for heat loss over the length 
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of the system), the reaction vessel was heated to 40 ℃ and the NMR probe was set to 30 ℃ 

(improved shimming at this temperature). 

The system was subsequently primed with a stock solution of THF containing 1,3,5-

trimethoxybenzene as an internal reference (0.1 M) for 15 minutes at 4 mL/min. The PEEK 

tubing of the flow path (in and out) was then pushed through the rubber seal of a Schlenk flask 

containing THF/TMB stock solution (5.43 mL) and 5:2 mixture of formic acid/triethylamine 

(2.10 mL, 2.5 M). The solution was flowed through the apparatus for 10 minutes (4 mL/min) 

at 40 ℃ under an argon atmosphere to ensure homogeneity.  

After inserting the flow tube into the spectrometer, the flow was stopped. Frequency lock was 

disabled, and automated shimming and tuning routines were applied. Flow was then resumed, 

and data acquisition (number of scans: 8, acquisition time: 1.64 s, delay: 1 s, receiver gain: 4, 

lock: off) started using and automated kinetic routine on InsightMR reaction monitoring 

software. 

[(mesitylene)RuCl(R,R-TsDPEN)] 1 (12.4 mg, 0.020 mmol) dissolved in 2 mL of THF/TMB 

stock solution was added to the reaction vessel via syringe and the mixture was stirred for 15 

minutes. At this point acetophenone (0.467 mL, 4.0 mmol) was added to start the reaction. 

End of publication 
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3.6 ADDENDUM 
The observation of catalytic intermediates in real-time using operando spectroscopy as 

previously mentioned is vital for developing our understanding of both the kinetics and 

mechanism of a catalytic cycle. The three catalytic intermediates explored this work are the 

unsaturated 2, formate 3 and hydride 4. Something that is not always discussed other than for 

pure components is the colour of reaction mixtures. Despite being a qualitative and vague 

measure, these observations can yield useful information on the presence of reactive species 

with distinct colours.  

2, 3 and 4 are deemed to play an important role in the catalysis and depending on the 

conditions applied, the resting state is considered to vary. During the asymmetric transfer 

hydrogenation of ketones using Noyori-Ikariya type complexes the colour can often indicate 

which catalytic species is in high concentration. For example, the reaction mixture for the 

hydrogenation of acetophenone using IPA/KOH as the proton donor and base respectively with 

the catalyst precursor 1 described in this chapter results in an orange/yellow reaction mixture. 

Indeed, it is observed that the 18 e- hydride intermediate 4 is in high concentration relative to 

overall catalyst loading.3 In contrast when using a different catalyst (such as the tethered 

catalysts synthesised by Wills et al.63, 64) a deep purple indicative of the 16 e- unsaturated 

intermediate 2 is observed.24 While it is commonly stipulated in the literature that the formate 

is the resting state for the formic acid driven catalysis, prior to this study it had not been 

observed under reaction conditions due to signal overlap in the 1H NMR and similar colour 

(and therefore UV absorption) to that of the hydride (Figure 3.6.1). 

 

 

Figure 3.6.1: Sample of hydride 4 pressurised with 5 bar CO2 showing formation of formate 3 (left) and a reaction 
mixture containing tethered catalyst [(R,R)-C3teth-RuCl(TsDPEN)], Isopropanol, KOH and acetophenone (400 mM) 
(right). 

5 Bar CO2 

Formate (3) 

Formation 

Hydride (4) 
Unsaturated (2) 
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The remainder of this chapter will pertain to other insights gained into activated forms of 

Noyori-Ikariya type complexes focusing on their observation and structure-reactivity 

relationships. 

 

3.6.1 Monitoring the Formate Complex 3 by NMR spectroscopy 
As previously mentioned the observation of the formate intermediate 3 under catalytic 

conditions is challenging. It is difficult to distinguish by UV spectroscopy because the colour is 

very similar to that of the hydride complex 4. It is indistinguishable by 1H NMR spectroscopy 

under typical catalytic conditions because the diagnostic CH proton of the formate species 

(7.97 ppm) has a similar chemical shift to the CH proton of free formic acid (8.17 ppm).24 Over 

the course of this work attempts were made to observe unique NMR handles for the formate 

complex which could be employed for reaction monitoring under realistic conditions. 

The formate was synthesised by the abstraction of chloride with potassium tert-butoxide, 

filtration, protonation with isopropanol, washing with cold hexane and subsequent 

pressurisation with CO2. Performing this procedure in chloroform led to full sample 

decomposition within 24 hours even when kept at reduced temperatures.  Decomposition 

products of catalytic intermediates were still of interest hence the sample was set up for 

evaporative crystallisation under inert conditions. This yielded single crystals which were 

identified as a polymorph of the known chloride complex 1, which forms as a result of chloride 

abstraction from the solvent. (Figure 3.6.2).  

 

Figure 3.6.2: Crystal structure of catalyst precursor 1 obtained from crystallisation of a decomposed formate 3 sample 
in CHCl3. Two molecules of CHCl3 and hydrogen atoms have been omitted for clarity, except at stereocentres and 
heteroatoms. 
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Repetition of the synthetic protocol in THF resulted in a formate sample that was stable for up 

to 6 days with refrigeration, informing the solvent choice for FlowNMR studies. This 

interpretation is reinforced by the difference in conversion rates observed between reaction 

performed in chloroform and THF (Table 3.2.1).  

Lower sensitivity nuclei such as 13C or 17O were deemed unsuitable for reaction monitoring due 

to the low concentration of catalyst under operating conditions. Protons such as those of the 

mesitylene or TsDPEN backbone exist in the spectrum as potential handles for reaction 

monitoring (Figure 3.6.3). Unfortunately, similar to the diagnostic formate CH resonance, 

under reaction conditions spectral regions where these resonances might be seen are crowded 

and definitive assignments could not be made between the unsaturated, hydride and formate 

species during turnover (Figure 3.6.4 and Figure 3.6.5).  
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Figure 3.6.3: Generalised catalyst structure of all key in-cycle intermediates where XX = HCl (1), HH (4), OCOH (3) or 
nothing (2). Reproduced from reference 1 with permission from the Royal Society of Chemistry.1 
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Figure 3.6.4: 1H FlowNMR spectrum of reaction mixture prior to substrate addition with shift regions of catalyst 
signature highlighted. Reproduced from reference 1 with permission from the Royal Society of Chemistry.1 

 

 

Figure 3.6.5: 1H FlowNMR spectrum of reaction mixture at t = 4 hrs with shift regions of catalyst signatures highlighted. 
Reproduced from reference 1 with permission from the Royal Society of Chemistry.1 
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The characteristic resonances for the formate species 3 were successfully observed during 

turnover in reactions with low formic acid loadings (Figure 3.6.6 and Figure 3.6.7). 

Unfortunately, these resonances were not suitable for quantification due to signal overlap and 

the change of conditions required. To the best of our knowledge this is the first time that the 

formate species has been directly observed during turnover.  

 

 

Figure 3.6.6: Stacked 1H FlowNMR spectra showing formic acid and formate resonances during the hydrogenation of 
acetophenone (0.4 M) catalysed by 1 (2 mM = 0.5 mol%) from triethylamine (900 mM) with small manual doses of 
formic acid (0.02 mL) in THF at 40 °C. 
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Figure 3.6.7: 1H FlowNMR spectrum showing characteristic formic acid and formate 324 resonances during the 
hydrogenation of acetophenone (0.4 M) in THF at 40 °C with manual formic acid (0.02 mL) addition (Figure 3.6.6, Red). 
1H NMR data of the hydride complex 4 in THF-D8 after the addition of one equivalent of formic acid showing 
characteristic formate 324 resonances as well as CH resonance for formic acid(Figure 3.4.18, Blue). Both spectra were 
aligned to formic acid at 8.17 ppm for consistency.  

 

3.6.2 Introduction to Published Work  
The selectivity of Noyori’s [(arene)RuCl(TsDPEN)] catalysts is one of the key properties which 

has led to their widespread use and further development. The consistent achievement of <90% 

enantiomeric excess (%ee) is regularly correlated to the stereochemical configuration of the 

ligand.11, 16, 22, 65  

Reactivity relative to stereochemical configuration at the metal, however, has received 

significantly less attention. Two diastereomeric hydride species have been previously 

observed by 1H NMR during catalytic turnover for enantiomerically pure ruthenium 

precursors.23, 41, 46, 66, 67 While these observations have been made throughout the last 25 years, 

their structure has never been explicitly assigned and they are typically referred to as ‘major’ 

and ‘minor’ hydrides. This can have a profound effect on both the rate and selectivity of product 

formation in these reactions. The work in 3.6.4 presents the observation and reactivity of 

diastereomeric hydrides formed from the catalyst precursor [(mesitylene)Ru(R,R-TsDPEN)Cl] 

1 and its C3-tethered analogue [(Benzene-C3-R,R-TsDPEN)RuCl] 5 under reaction conditions. 

This is discussed relative to the absolute stereochemical assignment of the hydride complexes, 

performed by A. Hall.  
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3.6.4 Hydride Configuration and Reactivity 
The in-situ generation of the active hydride complex 4 from moderately air-stable chloride 

precursors such as [(mesitylene)Ru(R,R-TsDPEN)Cl] 1 has been shown to proceed in two steps. 

The addition of a moderately strong base (pKA >10) leads to rapid loss of the inner-sphere 

chloride and deprotonation of one of the amine protons, resulting in an unsaturated 16-

electron bis-amido complex 2 .23 Upon reaction with a primary or secondary alcohol such as 

propan-2-ol (typically used as the reaction solvent), the corresponding 18-electron hydride 

complex [(mesitylene)Ru(R,R-TsDPEN)H] 4 is formed by dehydrogenation of the alcohol to the 

corresponding carbonyl compound. Catalytic transfer hydrogenation of the substrate then 

occurs by repeated shuttling between intermediates 2 and 4 until the mixture reaches 

equilibrium. Due to the fully reversible nature of the interconversion of 2 and 4 via reaction 

with the 1-phenylethanol product, the high (but imperfect) initial enantioselectivity of the 

catalyst gradually diminishes the enantiomeric excess in the product over time. Replacing 

propan-2-ol with formic acid results in the formation of carbon dioxide as a by-product, which 

outgases from the reaction, suppressing the reverse reaction and preventing erosion of the 

initial high enantioselectivity.1, 22 Excess base can exert a competitive inhibition effect on 

intermediate 2, and irreversible deactivation processes occurring from intermediate 4 lead to 

a gradual reduction in reaction rate over time (not shown in simplified reaction scheme Figure 

3.6.8).3 

 

 

Figure 3.6.8: Simplified schematic of Noyori-Ikariya asymmetric transfer hydrogenation reaction showing catalyst 
precursor 1, and major in-cycle intermediates 2 and 3. Adapted from reference 2 with permissions, Copyright © 2021 
The Authors. Published by American Chemical Society.2 

 

Whilst the relationship between the stereochemistry of the chiral diamine ligand and the 

product is regularly correlated, the importance of the stereochemistry at the metal centre has 

received less consideration so far. For each of the enantiomers of the TsDPEN ligand there 
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exists a diastereotopic pair of Ru-H complexes 4 with different configurations at ruthenium 

(Figure 3.6.9).68,69, 70 

 

 
 

Figure 3.6.9: Structures and relationships between possible stereoisomers of [RuH(TsDPEN)(mesitylene)] transfer 
hydrogenation catalysts. Adapted from reference 2 with permissions, Copyright © 2021 The Authors. Published by 
American Chemical Society.2 

 

The experimental X-ray crystal structure for 16-electron amido complex 2 showed a distorted 

trigonal bipyramidal (dTBP) ligand field in which π contributions from both nitrogen lone pairs 

result in a coplanar [N⚍Ru⚍N] arrangement perpendicular to the arene in which the Ru atom 

is achiral.23 As the H+/H- addition from iso-propanol (or any other suitable reductant) across 

the Ru=NH moiety in 2 can occur from either diastereotopic face, the unsaturated amido 

intermediate 2 therefore acts as a natural crossing point in the catalytic cycle where the 

chirality at ruthenium may be inverted during the reaction in addition to direct epimerisation 

pathways by temporary ligand de-coordination (Figure 3.6.10). While the absolute 

configuration at Ru in isolated samples of 1 and 4 has been established by X-ray 

crystallography,23 their possible interconversion under reaction conditions, and the 

implication of this process for the rate and selectivity of the catalysis have not been clarified so 

far. 
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Figure 3.6.10: Simplified depiction of the interconversion of diastereomeric hydride complexes (R,R)S-4 and (R,R)R-4 
via the achiral-at-metal amido intermediate (R,R)-2 (direct epimerisation indicated by dashed lines). Adapted from 
reference 2 with permissions, Copyright © 2021 The Authors. Published by American Chemical Society.2 

 

Evidence for the possible formation of a diastereomeric Ru-H pair in solution has featured in 

several reports.23, 25, 34, 46, 71 Noyori and Haack first observed a minor second peak ~1% of the 

size of the major hydride in the 1H NMR spectrum of complex 4 in toluene at room 

temperature.23 Based on the configuration derived from XRD analysis of a sample crystallized 

from that mixture, they assigned the major diastereomer with a chemical shift of -5.47 ppm in 

toluene-d8 as (S,S)RRu-4.23 In subsequent computational studies by Noyori and co-workers and 

later Dub and Gordon, only the (S,S)RRu-4 configured Ru-H complex has been considered 

relevant to catalysis,12, 27 and the assumption that (S,S)RRu-4 forms from (S,S)-2 and alcohol 

with high diastereoselectivity has become accepted in the field ever since. 

Similar hydride diastereomers have been observed for tethered derivatives of Noyori’s 

catalyst,20, 40, 41, 66, 67 and for related rhodium and iridium complexes.31, 72-74 However, the 

reported ratios of the two stereoisomers varied considerably, with the concentration of minor 

hydride ranging from <1% up to 50% of the major hydride depending on reaction conditions 

and catalyst structure. Importantly, no configurational assignment of any of these hydride 

complexes in solution has been carried out so far, leaving an important gap in our 

understanding of the functioning of these widely used catalysts. 

We have previously reported how online FlowNMR spectroscopy may be used to study the 

speciation and kinetics of Noyori’s catalyst during ketone transfer hydrogenation from 

isopropanol3 and from formic acid / triethylamine mixtures.1  
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Figure 3.6.11: Standard conditions used for the catalytic asymmetric transfer hydrogenation of acetophenone to (R)-
1-phenylethanol with [(mesitylene)RuCl(R,R-TsDPEN)]1. Unless otherwise specified, catalysts with the (R,R)-TsDPEN 
ligand configuration were used in all experiments. Adapted from reference 2 with permissions, Copyright © 2021 The 
Authors. Published by American Chemical Society.2 

 

Using a gradient spin-echo selective excitation pulse sequence, hydride complex 4 could be 

observed as a singlet at -5.26 ppm under turnover conditions in non-deuterated isopropanol. 

In addition to this resonance a second, smaller singlet at -6.54 ppm was also detected during 

the course of the reaction (Figure 3.6.12a). Qualitatively these chemical shifts are similar to 

those Noyori reported for the two diastereoisomers of 4 under similar conditions,23 although 

others have reported much smaller chemical shift differences (<0.1 ppm) in solvent mixtures 

containing formic acid.46 In order to probe the identity of these two species observed at -5.26 

and -6.54 ppm during our operando FlowNMR studies we measured their 1H spin-lattice 

relaxation times and molecular diffusion coefficients in solution. The similar T1 values (663 

±8.2 and 469 ±26.1 ms respectively) and DOSY signatures (2.43 × 10-10 ±1.04 × 10-12 and 2.40 

× 10-10 ±5.19 × 10-12 m2/s in isopropanol-h8)75, 76 of these two species showed both to be 

monomeric Ru-H complexes with the same ligand set, ruling out association phenomena via 

hydrogen bonding or dimerization as a cause for the two different Ru-H environments.  
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Figure 3.6.12: a) 1H NMR spectrum of hydrides 4a (-5.26 ppm) and 4b (-6.54 ppm) and b) product conversion and 
concentration profiles of hydrides 4a and 4b during the course of catalytic transfer hydrogenation of acetophenone to 
R-1-phenylethanol in flow at 4 mL/min (400 mM acetophenone, 10 mM KOH, 2 mM complex 1, 9.5 mL dry isopropanol, 
20°C). Selective excitation using a gradient spin echo pulse sequence with a shaped 180° pulse centred at -5.5 ppm (8 
scans, 2 s acquisition time, 1 s delay time, 1600 μs Gaussian shaped pulse). Adapted from reference 2 with permissions, 
Copyright © 2021 The Authors. Published by American Chemical Society.2 

 

As can be seen from Figure 3.6.12b, hydride 4a was observed to form immediately when the 

chloride complex 1 was dissolved in 0.01 M KOH solution in isopropanol. Although 4a slowly 

deactivates,3 no other hydride species were observed until the addition of the acetophenone 

substrate, at which point hydride 4b started to form. Unlike 4a, the formation of 4b did not 

occur instantaneously but required around 30 minutes to reach equilibrium (kobs= 3.06 × 10-2 

mM/min). This behaviour supports the assignment of 4b as a diastereomer of 4a formed by an 

epimerisation pathway that requires passing through the achiral intermediate 2 (Figure 

3.6.10), a process that is facilitated by the presence of substrate to turn over the catalyst. 
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Each hydride resonance was selectively excited using 1D Nuclear Overhauser Effect (NOE) 

spectroscopy to observe of through-space interactions with other protons on the catalyst. 

Using density functional theory (DFT) to model low energy conformations the likely 

arrangement of the ligand backbone and arene in space was correlated to the observed 1D 

NOESY spectra. Together with their similar T1 values and diffusion coefficients, these 

assignments clearly established the two hydride resonances observed during hydrogen 

transfer catalysis with [(mesitylene)RuCl(TsDPEN)] as diastereoisomers of the key 

[(mesitylene)RuH(TsDPEN)] complex that differ in configuration at the metal, ruling out 

alternative explanations such as H-bonding, partial de-ligation or conformational changes 

within the same stereoisomer.77 Thus, the identity and configuration of the two hydride species 

formed during transfer hydrogenation catalysis with Noyori’s catalyst have been firmly 

established for the first time.**** 

The reactivity of the hydrides was further probed by correlation of transition state energies 

generated using DFT to reaction profiles and observed speciation. It was concluded that the 

results support a lock-and-key mechanism where the major catalyst intermediate is chiefly 

responsible for product formation. Our operando FlowNMR data of the system aligns with this 

conclusion, as product formation began immediately upon addition of acetophenone to 

(R,R)SRu-4a with no observable induction time. Major-minor control would require the 

establishment of a pre-equilibrium between the major and minor catalyst species prior to the 

rate-determining step,78 whereas in this case (R,R)RRu-4b was observed to only form after 

multiple turnovers (Figure 3.6.12b). The fact that interconversion of the diastereomeric 

hydrides appears to proceed exclusively through the unsaturated amido complex that is part 

of the catalytic product formation pathway further implies that the requirement for 

equilibration being significantly faster than product formation in a Curtin-Hammett type 

scenario is not met. 

Further experimental evidence for the predominant reactivity of the major hydride complex 

came from a competitive binding experiment with carbon dioxide. CO2 is known to react 

rapidly with hydride complex 4 to form a hydrogen-bond stabilised formate complex, which is 

the most abundant catalyst intermediate when transfer hydrogenation is carried out in 

triethylamine-formic acid solvent mixtures.46 Pressurising a mixture of (R,R)SRu-4a and 

(R,R)RRu-4b in THF with 5 bar CO2 lead to almost complete conversion of (R,R)SRu-4a to its 

corresponding formate complex within 30 minutes at room temperature. (R,R)RRu-4b on the 

other hand barely reacted at all, remaining virtually unchanged in solution (Figure 3.6.13). 

 

**** It should be noted that the study and assignment of the un-tethered hydride intermediates in the 
isopropanol driven catalysis was carried out entirely by A. Hall. The author claims no responsibility for 
this experimental work but feels its inclusion in part is necessary to contextualise his own. 
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Whilst not directly comparable to the reaction with an aryl-ketone in basic isopropanol, this 

observation nevertheless shows the higher reactivity of the major (R,R)SRu diastereomer of 4 

towards C=O functionalities. 

 

 

 

Figure 3.6.13: 1H NMR spectra of a) hydride complexes 4a and 4b b) hydride complexes 4a and 4b after pressurising 
with 5 bar CO2 (THF-h8, 20°C). Selective excitation using a gradient spin echo pulse sequence with a shaped 180° pulse 
centred at -9 ppm (12 scans, 1.33 s acquisition time, 1 s delay time, 1000 μs Gaussian shaped pulse). Adapted from 
reference 2 with permissions, Copyright © 2021 The Authors. Published by American Chemical Society.2 

 

3.6.4.1 Tethered Catalyst Derivatives  

As shown in Figure 3.6.12b, both hydride complexes (R,R)SRu-4a and (R,R)RRu-4b partially 

deactivated over the course of the reaction, limiting the ability to analyse product formation 

rates at different distributions of both species over longer time periods. Tethered versions of 

the original Noyori-Ikariya catalysts with ether or alkyl linkages between the π-bound arene 

and the chiral diamine ligand have been developed to increase catalyst stability by limiting 

deactivation through arene de-coordination.20, 41, 63, 67, 79-81 Due to the linker attachment on the 

nitrogen, the more strongly σ-donating secondary amine stabilises the unsaturated amido 

complex in these systems so that it dominates catalyst speciation, contrary to the non-tethered 

catalyst where hydride intermediate 4 comprises >90% of the catalyst speciation prior to 

entering turnover, and about 55% during turnover in steady state. One example of such a 

catalyst is Wills’ C3-tethered complex 5 (Figure 3.6.14).67  
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Figure 3.6.14: Structure of Wills’ C3-tethered complex, 5. Adapted from reference 2 with permissions, Copyright © 2021 
The Authors. Published by American Chemical Society.2 

 

As in the non-tethered version, two diastereomeric hydride complexes are possible, and as the 
npropyl tether is long enough to allow the formation of the amido complex 6 it should not 

prevent configurational interconversion at the ruthenium centre during catalysis (Figure 

3.6.15). Indeed, two hydride resonances have been observed for this complex, with the major 

hydride peak at -5.26 ppm and the minor hydride at -5.51 ppm in isopropanol. In benzene-d6 

the population changed to a 1:5 ratio of the two hydrides at -4.50 ppm and -5.10 ppm as “two 

diastereoisomers, the relative configurations of which have not yet been fully assigned”.67 

 

 

Figure 3.6.15: Interconversion of hydride complexes (R,R)SRu-7a and (R,R)RRu-7b via the achiral-at-metal 
intermediate (R,R)-6 (direct epimerisation indicated by dashed lines). Adapted from reference 2 with permissions, 
Copyright © 2021 The Authors. Published by American Chemical Society.2 

 

Nuclear Overhauser Effect (NOE) spectroscopy experiments with (R,R)-7 under the same 

conditions as for (R,R)-4 were completed to identify relative configurations. The equilibrium 

position for the tethered catalyst resulted in a very low equilibrium concentration of hydrides 

7a and 7b. As a result, the signal-to-noise ratio in the NMR spectra was much lower than for 

the non-tethered hydrides 4a and 4b. In C6D6 the equilibrium lay strongly towards hydride 7b, 

with only small amounts of 7a present in the sample. Adding an excess of propan-2-ol resulted 
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in a shift in equilibrium position, closer to that observed in the kinetic reactions with propan-

2-ol as reaction solvent (Figure 3.6.16).  

 

Figure 3.6.16: 1H NMR spectrum of a mixture containing complexes 7a and 7b: a) 15 min after preparation, b) 24 h 
after preparation, c) 14 days after preparation, d) after addition of 80 μL of propan-2-ol. Adapted from reference 2 
with permissions, Copyright © 2021 The Authors. Published by American Chemical Society.2 

 

No NOE peaks were observed for the hydride peak 7a at -4.59 ppm (the major species during 

the initial stages of the reaction, Figure 3.6.17. This is attributed to the low concentration of 

this species in solution. 
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Figure 3.6.17: 1H and selective NOE NMR spectra of hydride 7a (-4.59 ppm), showing the absence of NOE interactions 
of the hydride with other protons within the molecule, chemical shifts and assignment (66.7 mM (5), 97.5 mM NaOiPr, 
0.6 mL C6D6, 25 °C, Ar atmosphere, conventional NMR tube). 1H acquisition (64 scans, 1.64 s acquisition time, 1 s 
relaxation delay time, spectra processed with 0.3 Hz exponential line broadening). Selective NOE using a gradient spin 
echo pulse sequence with a shaped 180° pulse centred at -4.539 ppm (10240 scans, 2.18 s acquisition time, 2 s relaxation 
delay time, 80 ms Gaussian shaped pulse; spectra processed with 2.0 Hz exponential line broadening). Adapted from 
reference 2 with permissions, Copyright © 2021 The Authors. Published by American Chemical Society.2 

 

Hydride 7b (-5.19 ppm) exhibited NOE interactions with the protons on the tosyl group at 7.34 

ppm and to protons at 5.32 and 4.43 ppm on the Ru-arene ring. A NOE interaction was also 

observed between the hydride and a double-of-doublets peak at 3.88 ppm (JHH= 11.4, 9.0 Hz) 

(Figure 3.6.18).  

(R,R)R-7a 
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Figure 3.6.18: 1H and selective NOE NMR spectra of hydride 7b (-5.19 ppm), showing NOE interactions of the hydride 
with other protons within the molecule, chemical shifts and assignment (66.7 mM (5), 97.5 mM NaOiPr, 0.6 mL C6D6, 25 
°C, Ar atmosphere, conventional NMR tube). 1H acquisition (64 scans, 1.64 s acquisition time, 1 s relaxation delay time, 
spectra processed with 0.3 Hz exponential line broadening). Selective NOE using a gradient spin echo pulse sequence 
with a shaped 180° pulse centred at -5.26 ppm (10240 scans, 2.18 s acquisition time, 2 s relaxation delay time, 80 ms 
Gaussian shaped pulse; spectra processed with 1.0 Hz exponential line broadening). Adapted from reference 2 with 
permissions, Copyright © 2021 The Authors. Published by American Chemical Society.2 

 

The COSY spectrum shows that the peak at 3.88 ppm is coupled to a doublet at 5.09 ppm (1H, 

JHH= 9.0 Hz) and to the NH proton at 5.85 ppm (apparent triplet (broad), JHH= 11.5 Hz). COSY 

shows that the NH peak is also coupling to a CH2 group on the tether at 1.29 ppm (JHH= 11.7 

Hz). The peak at 3.88 ppm was therefore assigned to the CHNH proton and the peak at 5.09 

ppm to the CHNTs proton. 

(R,R)R-7b 
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Figure 3.6.19: Expansion of 3 – 6.5 ppm region of the 1H-1H COSY NMR spectrum of a mixture containing complexes 
7a and 7b. 3JHH coupling cross peaks between the CHNH proton at 3.88 ppm and the NH and CHNTs protons at 5.85 
and 5.09 ppm are indicated. Adapted from reference 2 with permissions, Copyright © 2021 The Authors. Published by 
American Chemical Society.2 

The NOE interaction between hydride 7b at -5.19 ppm and the CHNH proton indicates that 

hydride 6b is the (R,R)R diastereomer. It may therefore be inferred that the hydride of the 

tethered catalyst exhibits the same configuration as the non-tethered hydrides, with the major 

hydride 7a at -5.26 ppm corresponding to (R,R)SRu-7a in the λ (syn) configuration. Following 

hydrogen transfer catalysis with (R,R)-5 under the same conditions as for (R,R)-1 (4 mM cat., 

20 mM KOH, 400 mM acetophenone, 10 mL isopropanol, 20°C) with operando FlowNMR 

spectroscopy showed a similar reaction profile (Figure 3.6.20). Due to the catalyst speciation 

being dominated by (R,R)-6 as a result of the tether, lower reaction rates than for the non-

tethered catalyst were observed (Table 3.6.1).  

Table 3.6.1: Initial rates observed by FlowNMR (1st hour) for the hydrogenation of acetophenone (400 mM) catalysed 
by 1 or 4 (2 mM = 0.5 mol%) isopropanol at 20 °C.  

Catalyst kobs (mM min-1) Time to equilibrate (h) Conversion (%) 

1 18.7 1.3 86 

4 9.01 2.3 86 
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Two distinct regimes were found for the amount of (R,R)-7 present: immediately after adding 

substrate to the pre-activated catalyst (>99% (R,R)SRu-7a) the amount of hydride fell to zero, 

and then gradually recovered again to ~12% alongside build-up of product. This behaviour is 

consistent with the two-step kinetic model proposed by Wills41 in which the reaction of (R,R)-

7 with ketone is faster than the generation of (R,R)-7 from (R,R)-6, predicting that the amount 

of hydride would increase as substrate is depleted in the presence of excess reductant 

(isopropanol solvent in this case). Unlike with the non-tethered catalyst where hydride 4 

suffers irreversible deactivation due to gradual arene loss (with a kd = 6.35 ×10-3 mM/min)3 

(R,R)-7a was more stable but continued to progressively interconvert to (R,R)-7b over at least 

14 hours with a rate of ki = 10.3 ×10-3 mM/min. 

 

 

Figure 3.6.20: Concentration of hydride complexes (R,R)SRu-7a (-5.26 ppm) and (R,R)RRu-7b (-5.51 ppm), conversion 
and product enantioselectivity data for the asymmetric transfer hydrogenation of acetophenone to (S)-1-phenylethanol 
(2 mM (R,R)-5, 20 mM KOH, 400 mM acetophenone (additional 400 mM acetophenone added after 14.5 h), 9.5 mL 
isopropanol, 20°C). Selective excitation using a gradient spin echo pulse sequence with a shaped 180° pulse centred at 
-5.5 ppm (96 scans, 2 s acquisition time, 1 s delay time, 1600 μs Gaussian shaped pulse). Note: The minor increase in 
conversion after 20 h is due to evaporation of acetone (formed as a by-product of the reaction), leading to a shift in the 
equilibrium position. Adapted from reference 2 with permissions, Copyright © 2021 The Authors. Published by 
American Chemical Society.2 

 

When a second aliquot of acetophenone was added after the ratio of (R,R)-7a to (R,R)-7b had 

reached about 2:1, product formation resumed with a 2.5 times reduced rate of k’obs = 3.52 

mM/min. Product enantioselectivity in the mixture continued the slowly decreasing trend of 

the initial reaction due to continued catalyst cycling between alcohol and ketone. Crucially 
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however, when the second aliquot of acetophenone was added, only the major hydride 

(R,R)SRu-7a was observed to change in concentration with (R,R)RRu-7b remaining constant, 

demonstrating that the minor hydride complex (R,R)RRu-7b was not involved in catalytic 

product formation. 

 

3.6.4.2 Conclusions 

We have demonstrated how selective excitation NMR techniques combined with online 

FlowNMR spectroscopy can be used to detect low concentration hydride species during an 

asymmetric transfer hydrogenation reaction using Noyori’s TsDPEN catalyst. To the best of our 

knowledge, this is the first example where both major and minor hydride species involved in 

this widely used chemistry have been observed and their kinetics quantified under reaction 

conditions. Using Nuclear Overhauser Effect spectroscopy and DFT calculations we have 

shown the major species observed in the NMR spectra of the reaction mixture with 

[(mesitylene)RuCl((R,R)TsDPEN)] to be the SRu-configured diastereomer, with the RRu 

diastereomer representing a minor species. Interconversion of the two hydride complexes 

mainly occurs through the unsaturated 16-electron amido complex that is part of the catalytic 

cycle, explaining why isolated samples of [(mesitylene)RuH((R,R)TsDPEN)] show only one 

hydride resonance in the 1H NMR spectrum. The major hydride species (R,R)SRu-4a has the 

most favourable geometry with a syn-coplanar NH-RuH configuration for efficient hydrogen 

transfer to aryl ketones and also demonstrated a markedly higher reactivity with CO2 than 

(R,R)SRu-4b with the opposite configuration at ruthenium. DFT calculations support the 

spectroscopic assignments and showed the mechanism of asymmetric transfer hydrogenation 

catalysis to be dominated by the major hydride complex in a lock-and-key fashion. 

The same conclusions hold true for a tethered version of the original Noyori-Ikariya catalyst 

which is often preferred in industrial applications due to its increased robustness. Although 

the tether successfully prevents deactivation by way of ligand loss, progressive 

interconversion into an essentially inactive diastereomer still occurs in these systems, a 

process that emerges as the primary reason for reduced performance upon prolonged catalyst 

use and recycling. 

Although the minor hydride complexes have been shown to be orders of magnitude less 

reactive with acetophenone than the major hydride with opposite configuration at ruthenium 

(notably with the same ligand), the fact that they are predicted to favour the opposite product 

enantiomer shows that knowledge of and control over chirality at metal is an important factor 

in asymmetric homogeneous catalysis with enantiopure ligands. Although stereochemical 

lability in chiral-at-metal complexes has been well studied in organometallic chemistry82-85 this 
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phenomenon has received less attention in homogeneous catalysis where certain reaction 

intermediates may be chiral-at-metal (for example in metathesis86 or epoxidation,87 in addition 

to chiral-at-metal-only systems88-91). The lower enantioselectivities observed with some 

derivatives of the Noyori-Ikariya catalyst65, 79 and/or the use of substrates other than simple 

aryl-alkyl ketones66, 92 may in part be the result of less effective discrimination between the 

major and minor hydride complexes transforming the prochiral substrate with different 

degrees or even senses of stereoselectivity. As both rate and enantioselectivity in these 

bifunctional NH-RuH catalysts are strongly influenced by the relative orientation of key 

functionalities in the chiral pocket we believe our findings may also extend to analogous arene 

complexes with TsDPEN-like ligands based on rhodium and iridium, and hopefully offer useful 

insights for the development of new catalyst systems based on similar principles. 

End of publication  

 

3.6.4.3 Addendum  

Hydride intermediates (R,R)SRu-4a and (R,R)RRu-4b were observed at -5.57 ppm and -6.63 

ppm respectively during the formic acid driven catalysis. The concentration of both hydrides 

was monitored under a range of conditions such that the effect of triethylamine and formic acid 

loading on intermediate speciation could be ascertained (Figure 3.6.21).  
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Figure 3.6.21: Hydride 4 and 4b concentration during the hydrogenation of acetophenone (0.4 M) catalysed by 1 (2 
mM = 0.5 mol%) from different amounts of formic acid and triethylamine in THF at 40 °C. a dotted lines indicate the 
manual addition of 20 μL (50 mM) of formic acid, at 2.75 h 100 μL of formic was added, and at 3 hrs 800 μL of formic 
acid was added and catalysis ceased.†††† 

 

Minor hydride 4b concentration, like in the 2-propanol driven process, mirrors that of the 

major 4a and the ratio of the two remains consistent at ~10 during catalysis where large 

concentrations of acid are used (Figure 3.6.21 a, b, and c). However, when only 20μL (50 mM, 

0.125 equivalents relative to substrate) aliquots of acid were added the major and minor 

hydride were produced in a 1 : 0.8 ratio (see section 6.2.3.4). This ratio increased to 11:1 before 

the addition of 800 μL formic acid (at which point hydride was no longer observed and catalysis 

ceased (Figure 3.6.21d). This is attributed to the catalyst engaging entirely in formic acid 

dehydrogenation rather than product formation. The reaction progressed with a high 

enantioselectivity (98 %ee) even when the minor hydride was present in large concentrations. 

 

†††† During the experiment presented in plot D acid was dosed manually in small aliquots. Spectral 
alignment issues meant that selective excitation data was off centre and the minor hydride 4b was not 
observed for the first 45 minutes. The gap in data between 30 and 45 minutes is due to the time taken 
to alter acquisition parameters and restart acquisition.  
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This is further evidence that 4b is poorly active towards product formation, as evidenced in 

the 2-propanol driven system.  

Where large amounts of acid are present relative to base (Figure 3.6.21a, 0-0.5 hrs and Figure 

3.6.21d, 3-5 hrs) hydride concentration is low and product formation is minimal. This is 

typically observed as induction periods under standard operating conditions as discussed in 

Section 3.4.2. Hence, when hydride is not observed (or in low concentrations) the catalyst is 

engaging in (and more active towards) formic acid dehydrogenation. No induction period is 

observed under the same formic acid loading and a higher triethylamine loading (Figure 

3.6.21c). From this information is can be concluded that the ratio of these reagents is less 

relevant than their absolute loading for optimising catalytic activity. The potential to tune these 

reaction conditions to favour product formation over formic acid dehydrogenation can 

facilitate sustainable optimisation of this catalysis across a range of catalysts and substrates.  
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3.6.5 Effect of Acid and Base on Rate and Speciation 
The absolute loading of formic acid and triethylamine in these systems plays an important role 

in catalytic speciation. Utilising a different order of addition and charging triethylamine (1800 

mM, base : catalyst = 900 : 1) to an orange solution of 1 (THF, 0.1 M TMB) resulted in no 

observable colour change. This was unexpected given the postulated purpose of the base is to 

eliminate HCl to form the unsaturated intermediate (Figure 3.4.15), and adding 1 equivalent of 

KOtBu to 1 in C6H6 generates a deep purple solution of 2 within 2 minutes at room temperature 

(section 3.5.2.1). 

The effect of varying the nature of the amine34 and the ratio7 of the 5:2 FA/TEA mixture has 

been previously been explored in the literature. In these studies, the acid/base loading is 

typically discussed with respect to acid base ratio rather than the absolute concentration of 

reagents used in the reaction. This is in contrast to the 2-propanol driven system where KOH 

loading (relative to catalyst) has been found to inhibit catalytic reactivity by forming an off-

cycle species.3 

Xiao et al observed that excess amounts of formic acid resulted in significantly longer induction 

periods and concluded that a significantly lower concentration of acid relative to base (0.2:1) 

resulted in higher activity and eliminates induction periods.7 The difference in reactivity is 

rationalised by the proposal of two catalytic cycles which operate under neutral and acidic 

conditions, where amine ligand de-coordination is postulated to occur under acidic conditions 

(Figure 3.6.22). 

 

Figure 3.6.22: Catalytic cycles proposed by Xiao et al under neutral (I) and acidic (II) conditions in a FA/NEt3 mixture. 
Reprinted from Journal of Molecular Catalysis A: Chemical, 357, Xaiowei Zhou, Xiaofeng Wu, Bolun Yang, Jianliang Xiao, 
“Varying the ratio of formic acid to triethylamine impacts on asymmetric transfer hydrogenation of ketones", pages 
133-140, Copyright (2012) with permission from Elsevier.7 
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Kuzma et al concluded that differences in reactivity between different amine bases were 

related to their size and ability to associate with the ruthenium hydride intermediate 4.34 It 

was proposed that the base is protonated under reaction conditions and would hydrogen-bond 

with the SO2 group of the ligand. However, accounting for more recent pKa data for carboxylic 

acids and amines in anhydrous organic solvents it can be deemed unlikely that triethylamine 

(pKaMeCN = 18.63 , pKaTHF = 12.5) would be fully protonated by formic acid‡‡‡‡ (pKaMeCN = 20.5)93 

in the reaction mixture.94 

Automated at-line mass spectrometry during the asymmetric transfer hydrogenation of 

acetophenone (0.4 M) catalysed by 1 (2 mM = 0.5 mol%) from formic acid / triethylamine (3:2, 

2.5 M) in THF at 40 °C showed analogous peaks to those observed by Kuzma et al.34 The 

compounds, empirical formulae, experimental and theoretical masses from a single data point 

(T = 20 hours) can be found below in Table 3.6.2. Spectral comparisons between experimental 

and predicted can be found in Section 6.2.3.3.  

Table 3.6.2: Measured and theoretical monoisotopic masses (M+ nH adducts) observed by automatically sampled mass 
spectrometry for the hydrogenation of acetophenone (400 mM) catalysed by 1 (2 mM = 0.5 mol%) using a 5:2 
azeotropic formic acid/triethylamine mixture at 40 °C in THF (T= 20 hrs). a The error associated with this 
measurement is attributed to detector saturation. 

Compound 
Empirical 

Formula 

Measured 

(m/z) 

Theoretical 

(m/z) 

Error (ppm) 

NEt3 C5H15N 102.1366 102.1277 87.14a 

(NEt3)2HCl C12H31N2Cl 239.2261 239.2249 5.02 

1 + NEt3 C36H48N3O2RuSCl 724.2175 724.2278 -14.22 

2 C30H32N2O2RuS 587.1278 587.1308 -5.11 

3 + NEt3 C37H49N3O4RuS 734.2569 734.2497 -9.81 

4 + NEt3 C36H49N3O2RuS 690.259 690.2671 -11.73 

Decomp1 C61H65N4O6Ru2S2 1218.2527 1218.2529 -0.16 

Decomp2 C60H66N4O4Ru2S2 1175.2708 1175.258 -10.89 

 

Thus, we were able to identify monoisotopic masses correlating to the unsaturated 

intermediate 2 and triethylamine associates of 1, 3 and 4 (Figure 3.6.23). Monoisotopic masses 

(M + nH) which are proposed to be dimeric decomposition products correspond to 2 moieties 

of unsaturated intermediate 2 with HCO2 (Decomp1) and H2 (Decomp2). While there is 

 

‡‡‡‡ It has been previously noted that the pKa of formic acid in some organic solvents has not been 
reported. It has been estimated to be 20.9 based on the relationship of carboxylic acid acidities between 
acetonitrile and water.99  
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insufficient evidence to confidently assign structures to these associates, they correlate well 

with other species present in solution with a m/z ratio of similar magnitude to previously 

observed dimeric decomposition products.95 Despite not being quantitative, higher signal 

intensity was observed for these compounds at the end of catalysis, concurrent with the 

supposition that they are decomposition products. Further study of these compounds could 

provide insight into decomposition pathways for the catalyst under formic acid driven 

conditions.  

Even though wet oxygenated solvent was used to transfer the reaction sample to the mass 

spectrometer (which may have led to the formation of some of the decomposition products 

detected), we believe that the observed peaks offer some relevant insight into the species that 

are either present in the reaction mixture or formed during the ionisation process.  

 

 

Figure 3.6.23: Proton and triethylamine adducts of ruthenium species 1-4 observed by mass spectrometry during the 
hydrogenation of acetophenone (400 mM) catalysed by 1 (2 mM = 0.5 mol%) using a 5:2 azeotropic formic 
acid/triethylamine mixture at 40 °C in THF (T = 20 hrs). 

 

The unsaturated intermediate 2 is not seen visually or detected by UV-Vis spectroscopy post-

activation of the precursor 1, but is still observed during positive ionisation mass 

spectrometry. From this information it is postulated that excess amine forms an associate with 

2 post activation which dissociates upon ionisation for MS analysis. Kuzma et al had previously 

postulated 3 hypothetical triethylamine associates of the hydride complex for imine 

hydrogenations34 (Figure 3.6.24) and in a further study observed both free and bound 

piperidine in a labelled 15N experiment.96   
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Figure 3.6.24: Three hypothetical associates of triethylamine with hydride (4) where the amine co-ordinates to a) the 
ruthenium metal, b) hydrogen bonds with the ligand NH2 moiety or c) hydrogen bonds with the sulfonyl group.   

 

In these postulated associates, the coordination of triethylamine to the ruthenium hydride 4 

would require ring slippage in the arene ligands, which would be apparent in the 1H NMR 

resonance (and was not observed). Contrary to this, it is proposed that excess triethylamine 

can associate with the ruthenium centre of the unsaturated intermediate 2 (Figure 3.6.25). This 

complexation seems feasible when compared with the catalytically inert ruthenium species 

synthesised by Wills et al, for which stability is attributed to the amine being tethered to the 

NH moiety of the TsDPEN.36  

N

RuN
Ph

Ph

Ts

H
N

8  

Figure 3.6.25: Postulated association of triethylamine with the metal centre of unsaturated intermediate 2 (8).   

 

To test this hypothesis a preliminary experiment in which triethylamine was added in excess 

to an NMR sample containing a mixture of 1, 2 and the major hydride 4a in THF was carried 

out. The deep purple colour originating from 2 in the sample was quenched over the course of 
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5 minutes after the addition of 72 equivalents of base and an orange colour developed (Figure 

3.6.26). 

 

 

Figure 3.6.26: Pictures of a sample containing unsaturated intermediate 2 before (A) and after (B) the addition of 200 
μL NEt3 (72 equivalents) in 0.6 mL of THF. Sample B was deliberately not mixed homogeneously to demonstrate the 
gradual colour change. Upon mixing it became homogeneously yellow/orange.  

 

This distinct colour change, in the absence of formic acid is indicative of triethylamine 

association as well as a change in the co-ordination number of the metal centre, evidencing 

complex formation. While the precursor 1 is made synthetically by co-ordinating the TsDPEN 

ligand to the [RuCl2(arene)] complex with two equivalents of  triethylamine, 1H NMR analysis 

showed a small decline in precursor concentration and the appearance of mesityl resonances 

that did not correlate to 2, 4a, or 1 (B1 and B2, Figure 3.6.27).§§§§  

 

§§§§ The synthesis of 2 from 1 using IPrONa liberates small quantities of isopropanol upon HCl 
elimination, leading to the partial formation of 4a. 
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Figure 3.6.27: 1H NMR spectra of a sample containing complex 1 (12.4 mg) in THF with mesitylene CH resonances for 
1 (orange), 2 (purple) and 4a (green) highlighted.2 a) 1 dissolved in 0.6 mL THF, b) after addition of sodium 
isopropoxide (1.8 mg, 1.1 eq.), c) after addition of 40 μL NEt3 (14.5 eq.) , d) immediately after addition of a further 160 
μL of NEt3 (57.5 eq), e) after 8 days at 298 K.  

 

The 1H NMR resonances of free mesitylene, triethylamine and THF did not coincide with B1 or 

B2, so these peaks are attributed to the formation of (mesitylene)Ru(TsDPEN) complexes and 

not decomposition products formed by arene de-coordination. B1 formed alongside quenching 

of the purple colouration, where B2 grew over multiple days with a reduction in 4a 

concentration. Integral values combined with a COSY spectrum and prior literature enabled 

the identification and provisional assignment of ligand backbone resonances (See section 

6.2.3.4).  

Backbone resonances attributed to B1 based on relative signal growth bear similarity to 

characteristic resonances observed for the formate complex 3.24 Where there is a downfield 

shifted peak >9.5 ppm (dd, br, NHH) which couples to two resonances at ~4.5 ppm (d, br, NHH) 



ASYMMETRIC TRANSFER HYDROGENATION  

 
 

155 

 

 

and ~3.5 (CHNH2) (section 6.2.3.4). The appearance of this set of resonances suggests that the 

base may form an N---H-N hydrogen bond with the NH2 group of the TsDPEN ligand, which has 

been proposed previously as a NEt3 adduct of 4 (Figure 3.6.24).  

Formation of B2 however yields backbone resonances much more similar in shift and pattern 

to 2 and 42 where both CH resonances are similar in chemical shift at ~4 ppm (CHNTs, 

CHNH2/CHNH) and correlate to NH resonances from 2-5 ppm (section 6.2.3.4). 

This experiment led to the observation of base adducts and the proposal of present ligand 

moieties. Unfortunately, the presence of isopropanol in the sample creates an equilibrium 

between 1, 2, and 4a. As such 1H NMR analysis of 2 synthesised using a different base would 

yield more conclusive results about potential adduct formation. From the data obtained, base 

complexation with the unsaturated intermediate 2 (8, Figure 3.6.25) and hydrogen bonding 

with the TsDPEN backbone of 4a (Figure 3.6.24b, 9) are proposed.   

Interestingly, while 2 had been completely transformed, the concentration of precursor 1 

appeared largely unchanged in the presence of an excess of NEt3 in this sample (Figure 3.6.27). 

This raises questions about the ability of triethylamine to efficiently activate 1 by the 

commonly accepted way of HCl elimination that is spontaneous with inorganic bases such as 

KOH.23 

The formation of amine-catalyst adducts from 2 or 4 in an excess of base potentially introduces 

unknown in- or off-cycle intermediates which have either not been considered when analysing 

the role of base in the formation of product. The presence of these species introduces another 

kinetic equilibrium which could drastically affect the rate of product formation. To explore the 

effect of absolute acid and base loading relative to substrate/catalyst a series of batch tests 

were carried out, a summary of which can be found below in Table 3.6.3. 
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Table 3.6.3: Conversion and enantioselectivities for the batch hydrogenation of acetophenone (400 mM) catalysed by 1 
(2 mM = 0.5 mol%) at different formic acid and triethylamine loadings in THF at 40 °C. a Acid equivalent relative to 
substrate. b Total acid consumption.  

Entry Conditions 
Formic Acid 

(mM) 

Triethylamine 

(mM) 
A:B 

Conversion 

(%) %ee 

3 h 6 h 20 h 

1 Standard 2250 900 5:2 22 75 99 96.6 

2 2 x Base 2250 1800 5:4 77 95 99 96.4 

3 0.5 x Base 2250 450 5:1 <1 <1 <1 - 

4 0.25 x Base 2250 225 10:1 <1 <1 <1 - 

5 2 x A:B 4500 1800 5:2 <1 1 6 - 

6 0.5 x A:B 1125 450 5:2 2 6 78 97.8 

7 NEAT A:B 10400 4160 5:2 <1 <1 <1 - 

8 1 eq Acida 400 900 4:9 50 55b 55b 96.2 

9 2.5 eq Acida 900 900 1:1 63 87 99 97.8 

 

Entry 1 and 7 show that the ratio of acid to base is not the sole factor that underpins the 

reactivity of these systems. Rather, using too much or too little acid/base mixture (of the same 

ratio) stalls the chemistry (entry 5) or introduces long induction periods (entry 6).  

Similarly, higher formic acid loadings relative to base lead to induction periods (Entry 1) as 

previously observed, or cessation of product formation completely (entry 3, 4).7, 34 Reducing 

acid loading while keeping the base loading at 900 mM yielded product significantly faster 

(entry 8 and 9) by eliminating the induction period as evidenced by previously optimised 

conditions (Figure 3.4.20).  

Surprisingly, adding just one equivalent of formic acid relative to substrate proved sufficient 

to yield over 50% of product before full reductant consumption. Entry 8 and 9 demonstrate 

that provided sufficient base was present to drive catalyst activation and formic acid 

concentration was low enough, 4 would engage in product formation in parallel to formic acid 

decomposition. This reagent loading evidently pushes the equilibrium at the bifurcation point 

towards product formation, where only 45% of the formic acid present was decomposed 

relative to 65% decomposed under standard conditions (Figure 3.4.4).   
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It is hypothesised that by increasing base loading (relative to catalyst) and reducing acid 

loading (relative to substrate) catalytic activity can be tuned to further favour product 

formation over formic acid decomposition without compromising the rate at which these 

processes happen. To do this, enough base relative to catalyst is required to drive catalyst 

activation, and moderately low amounts of acid to facilitate product formation without forcing 

excessive formic acid decomposition. The steps which are hypothesized to be most affected by 

these concentrations are highlighted below in Figure 3.6.28. 
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Figure 3.6.28: Reaction mechanism for asymmetric transfer hydrogenation of acetophenone with 1 using a formic acid 
/ triethylamine mixture. Processes driven by excess base and acid are highlighted in blue and red respectively. 
Postulated base adducts have not been included as they have not been unambiguously assigned and their role in 
catalytic activity has not been explored.  

 

Deeper knowledge of these processes could be obtained from the FlowNMR study of catalysis 

under these conditions to acquire data on rate, reductant consumption, and catalyst speciation. 

This data allows for the differentiation between an increase in rate and the absence of an 

induction period, something not often distinguished in the literature.  

Increased base loadings and reduced acid loadings both resulted in higher initial rates of 

product formation irrespective of the acid : base ratio. For reactions where acid was dosed the 
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order of addition was changed, within the investigated limits this did not result in any 

reduction in enantioselectivity. FlowNMR profiles showed that an induction period was only 

observed with when using a standard formic acid / triethylamine loading (2250 / 900 mM) 

(Figure 3.6.29).  

 

 

Figure 3.6.29: Product formation during the hydrogenation of acetophenone (0.4 M) catalysed by 1 (2 mM = 0.5 mol%) 
from formic acid : triethylamine mixtures (Standard – 2250 : 900 mM, Double base – 2250 mM : 1800 mM, Optimised – 
1575 mM : 900 mM, Dosed 50 mM additions : 900 mM)  in THF at 40 °C. a Reaction initiated by manual addition of 20 
μL aliquots of formic acid, at 2.75 h 100 μL of formic was added, and at 3 hrs 800 μL of formic acid was added and 
catalysis ceased (as noted in Figure 3.6.21d). The initial rate for standard conditions was taken between 2 and 3 hrs, 
post induction period.  

 

As an induction period was not observed using 2250 mM formic acid with 1800 mM 

triethylamine we can suggest that under these basic conditions the catalyst is more active 

towards product formation than formic acid dehydrogenation. Indeed, formic acid 

consumption was lower with more basic conditions – irrespective of acid / base ratio (Figure 

3.6.30). It is also noted that when small aliquots of formic acid were added that product 

formation was both immediate and fast, suggesting that so long as there is formic acid available 

it can be used for productive catalysis and faster rates can be achieved at significantly lower 

formic acid loadings.  
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Figure 3.6.30: Formic acid consumption during the during the hydrogenation of acetophenone (0.4 M) catalysed by 1 
(2 mM = 0.5 mol%) from formic acid : triethylamine mixtures (Standard – 2250 : 900 mM, Double base – 2250 mM : 
1800 mM, Optimised – 1575 mM : 900 mM, Dosed 50 mM additions : 900 mM)  in THF at 40 °C. a Reaction initiated by 
manual addition of 20 μL (50 mM) aliquots of formic acid, at 2.75 h 100 μL of formic was added, and at 3 hrs 800 μL of 
formic acid was added and catalysis ceased (as noted in Figure 3.6.21d). 

 

The concentration of the hydride intermediate 4 was monitored under the same range of 

conditions such that the effect of base and acid loading on active catalytic intermediate 

speciation could be determined (Figure 3.6.31). 
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Figure 3.6.31: Hydride 4 concentration during the hydrogenation of acetophenone (0.4 M) catalysed by 1 (2 mM = 0.5 
mol%) from formic acid : triethylamine mixtures (Standard – 2250 : 900 mM, Double base – 2250 mM : 1800 mM, 
Optimised – 1575 mM : 900 mM, Dosed 50 mM additions : 900 mM)  in THF at 40 °C. a Reaction initiated by manual 
addition of 20 μL aliquots of formic acid, at 2.75 h 100 μL of formic was added, and at 3 hrs 800 μL of formic acid was 
added and catalysis ceased (as noted in Figure 3.6.21d).  

 

The difference in hydride 4 concentration between standard and optimised conditions has 

been previously discussed in section 3.4.2. Having twice as much base with the same acid 

loading results in almost twice as much 4 than the previously optimised conditions. Despite 

the initial rates being similar it can be seen from the reaction profiles in Figure 3.6.29 that 

higher hydride 4 concentrations do not necessarily correlate to faster product formation.  

To investigate the role of base, bases of different size and strength were used and changes in 

rate were observed. Using a weaker aromatic base (pyridine, pKaTHF = 5.5) and a stronger, non-

nucleophilic base (1,8-Diazabicyclo(5.4.0)undec-7-ene - DBU, pKaTHF = 16.9) drastically 

affected reactivity (Figure 3.6.32).97 
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Figure 3.6.32: Bar charts showing conversion data for reactions using different bases and base loadings for the 
asymmetric transfer hydrogenation of acetophenone (400 mM) catalysed by 1 (2 mM = 0.5 mol%) from formic acid 
(2250 mM) in THF at 40 °C. *HPLC sample too dilute to see s enantiomer. 

 

Contrary to previous observations by Kuzma et al,34 using a base larger (and stronger) than 

triethylamine resulted in an increase in reactivity whilst using a smaller (and weaker) base 

stunted reaction progress completely. Interestingly, reaction mixtures where NEt3 or DBU 

were used were different shades of orange, whereas the reaction using pyridine was a purple 

colour (Figure 3.6.33).  
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Figure 3.6.33: Pictures of NMR samples taken from asymmetric transfer hydrogenation reactions where pyridine and 
DBU were used as base. Pictures were taken before samples were mixed for clarity. 

 

It is evident that the use of a weaker base under these conditions results in the predominant 

formation of 2, rather than an adduct of 2, 3, or 4. This supports the hypothesis that stronger 

bases can form adducts with 2 which may act as a reservoir for catalytic speciation. As the use 

of weaker bases can activate the chloride precursor 2 but evidently do not promote hydride, 

formate, or product formation under these conditions.  

To further understand the affect this may have on catalysis, reactions were carried out with 

increased base loadings (same formic acid loading). As can be seen above in Figure 3.6.32 

doubling the base loading for NEt3 and DBU increased conversion. Across sampled batch 

reactions this increased conversion is likely to be the result of reduced induction periods, as 

observed with triethylamine in Figure 3.6.29.  
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3.7 CONCLUSIONS 
Numerous analytical methods were successfully integrated into an existing FlowNMR setup to 

study the formic acid driven asymmetric transfer hydrogenation of acetophenone using a bi-

functional Noyori-Ikariya ruthenium catalyst. This technological achievement enabled the 

study of product formation, reductant consumption, gaseous by-product formation, 

enantioselectivity, and catalyst speciation simultaneously under realistic conditions using a 

combination of 1H FlowNMR, HSMS, UV-Vis and HPLC (or MS) for the first time.  

The ability to quantitatively monitor a catalytic process from 5 different analytical perspectives 

under reaction conditions as shown here can provide unparalleled insight into the mechanism 

of already studied processes. This resulted in the expansion of the generally accepted reaction 

mechanism which introduced a parasitic dehydrogenation loop found to be responsible for 

induction periods observed during these reactions. 

The acquisition of information rich and data dense reaction profiles led to the identification of 

the formic acid O-H resonance as a sensitive reporter of reactivity. This was subsequently used 

to identify improved reaction conditions which eliminated induction periods and reduced the 

excessive formation of hydrogen gas. The reduction of hydrogen gas production has substantial 

safety implications when using these catalysts at an industrial scale. Applying these 

methodologies to other gas evolving reactions has vast potential to improve the safety of 

industrially relevant processes at scale. 

Previously unachievable insight into the presence and reactivity of diastereomeric hydrides 

(4a/4b) in the formic acid driven catalysis was investigated using a combination of operando 

spectroscopy and stoichiometric experiments. This was completed in parallel to a study on 

4a/4b and their tethered analogues 7a/7b in the 2-propanol driven catalysis. This 

computational and experimental study enabled the absolute stereochemical assignment 

(carried out by A. Hall) of 4a, 4b, 7a and 7b for the first time. 

This study concluded that the minor hydride 4b was significantly less active to carbonyl 

moieties than the major hydride 4a. As a reservoir of 2 is not present in the formic acid driven 

catalysis, the interconversion of these species is suggested to happen via the dehydrogenation 

loop. Hypotheses on reactivity and exchange were substantiated by the change in 

diastereomeric ratio when the acid is manually dosed in small aliquots, which did not alter the 

selectivity of the product.  

The reactivity of 7a and 7b in the 2-propanol driven catalysis was explored by substrate 

readdition, which consumed 7a while the concentration of 7b was unaffected. As 5 is higher in 
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concentration (relative to 2) under the same conditions the observed increase in rate of 

hydride exchange supported the postulated interconversion pathway (Figure 3.6.15). 

Visual and spectral observations lead to the suggestion that in large excesses, triethylamine 

can form an adduct with 2 via co-ordination with the ruthenium metal centre. This hypothesis 

was investigated by stoichiometric NMR experiments where the addition of triethylamine to a 

sample containing 1, 2 and 4 resulted in the fast consumption of 2 and slower consumption of 

4 to form two new mesityl CH resonances. COSY spectra of this sample correlated sets of back-

bone CH and NH resonances which aligned with the formation of a co-ordinated base adduct 8 

and hydrogen bonded base adduct (Figure 3.6.24b). Despite these postulations further work 

must be done to unambiguously assign the structure of these compounds and assess their role 

in catalysis (if they are formed during turnover).  

Following this observation, the role of base and acid in these reactions was explored. Absolute 

reagent loading was found to be the rate determining factor, as opposed to acid:base ratio 

which has been explored in previous studies.7, 34 Product was formed with no reduction in 

enantioselectivity at low acid loadings, and meagre or non-existent yields were achieved at low 

base loadings. Selectivity of hydride 4 towards product formation rather than formic acid 

decomposition was successfully improved by using higher base loadings, concurring with 

previous studies which have suggested that more basic reaction media results in an increased 

rate.7  

These observations mark a change in the way that this widely used catalysis is understood. 

While further work is required to ascertain the role of base more comprehensively, a clear 

direction for future experimentation has been established for this and analogous catalytic 

systems.  



ASYMMETRIC TRANSFER HYDROGENATION  

 
 

165 

 

 

3.8 FUTURE WORK  
While this work presents successful temperature regulation and operando study of 

homogeneous catalysis, a great deal of chemistry is either completed at higher temperature 

and pressures or not homogeneous. The existing DReaM facility at the University of Bath has 

been improved to tolerate temperatures of up to 140°C and pressures up to 20 bar, but even 

this falls short of the needs of many industrially relevant processes.98 As such there is great 

scope for ingenuity and engineering to push the boundaries of what can currently be studied 

using operando FlowNMR spectroscopy to increase its value and utility.  

Heterogeneously immobilised catalysts are becoming increasingly popular in the fine chemical 

and pharmaceutical industry as relative to homogeneous catalysts they have improved 

recyclability and don’t need to be separated downstream.9, 99, 100 The study of flow streams in 

heterogeneous asymmetric transfer hydrogenation using engineering solutions could prove 

useful in characterising waste stream contamination and optimising continuous flow 

processes.101 

This work has been highly focused in the specifics of asymmetric transfer hydrogenation using 

a model substrate to elucidate mechanistic information. Further work could study catalytic 

speciation across a range of commonly used solvents and substrates of varying pKa. Validation 

and correlation of the formic acid -OH resonance as a reporter of reactivity under varying 

conditions in an ideal case could be used for the rational estimation of optimal reaction 

parameters for newer substrates.  

Along the same vein, the extension of this work to analogous catalysts, in particular the 

tethered analogues synthesised by Wills et al would yield valuable insight. Existing work from 

the group has studied these in 2-propanol, but these catalysts are almost exclusively used in 

neat FA/NEt3 azeotropic mixture.20 During experimentation for 3.6.4.1 it was observed that the 

reaction mixture in propanol is purple, but in large volumes of neat FA/NEt3 (12.5 mL to 18 mg 

catalyst) it is a yellow/orange mixture and catalysis goes to completion.102 The investigation of 

catalyst speciation and acid/base loading during catalysis could shed light on areas for the 

rational development of robust catalysts in the future.  

Some preliminary work has been performed to investigate the role of base under this specific 

set of conditions. More in-depth screening of various bases (for 1 and 5) to study differences 

in reactivity and catalyst speciation relative to base size, strength, and electronic properties 

could prove valuable to future applications. Currently the 5:2 azeotrope is used as the 

commercially available standard for this catalysis, but this may well be sub-optimal for 

different catalysts and conditions. The screening of bases and catalyst speciation for different 
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catalysts and substrates could enable the exploration of chemical space which was previously 

not considered useful.  

The characterisation of complexes associated with mesityl peaks B1 and B2 and the 

confirmation (or denial) of their presence during catalysis could have a significant impact on 

the way we understand the formic acid driven catalysis. While areas of the spectrum are 

crowded more advanced NMR methods such as fast NOESY experiments like GEMSTONE could 

be used to identify catalytic species under reaction conditions where sensitivity and peak 

overlap are an issue for assignment.103 This author believes that a cleaner synthesis of 2 with 

subsequent base addition could yield both interesting NMR spectra and possibly single crystals 

with relatively little time investment in the future.  
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CHAPTER 4 
 

CONVENIENT AND ACCURATE INSIGHT 
INTO SOLUTION-PHASE EQUILIBRIA 
THROUGH FLOWNMR TITRATIONS 
 

The work presented in this chapter has been submitted for publication in the journal ‘Reaction 

Chemistry and Engineering’. Experimental conditions and figures originally submitted as part 

of Electronic Supplementary Information (ESI) have been included in the main text where 

appropriate. Page, reference, and figure numbers have been changed accordingly. 
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4.1 INTRODUCTION TO PUBLISHED WORK 
Chapter 3 investigated the mechanism of asymmetric transfer hydrogenation of acetophenone 

using a bifunctional ruthenium catalyst [(mesitylene)RuCl(TsDPEN)] with formic acid as the 

reductant. During this study the 1H NMR chemical shift of the formic acid hydroxyl resonance 

was observed to reproducibly shift over the course of the reaction (Figure 3.4.7).  

This highlighted the potential for high-field FlowNMR as a convenient titration method for the 

automated acquisition of information rich, data dense profiles for the characterisation of 

chemical equilibria. NMR hosts a range of benefits for structural characterisation and the direct 

observation of bonding interactions relative to other spectroscopic technique. Conventional 

NMR titration methods are performed by either repeatedly altering a single low volume (<0.7 

mL) sample or making numerous samples of varying concentration.1-3 Both methods require 

significant time investment, for a curve with 15 data points a sample must be manually made 

or altered 15 times inserted into the magnet, queued in automation,  locked, shimmed and 

acquired for each titration point. If making/altering, inserting, and starting data acquisition 

takes 5-10 minutes per sample then hours of researcher time is consumed before experiment 

time is even considered. FlowNMR can reduce this time investment and achieve higher quality 

data through the online analysis of a single, constantly changing mixture. Performing titrations 

in this way enables sample alteration, insertion, and queueing to be condensed into one action 

while significantly increasing the potential data density per experiment.  

 While previous work has used custom apparatus to perform continuous-flow3 or automated 

stopped-flow high-field NMR titrations,4-7 these techniques are highly specific and not 

currently available to the wider chemistry community. For this reason, the use of the 

commercially available and increasingly utilized InsightMR flow tube was explored. Its 

application in the study of acid-base, supramolecular and organometallic chemistry including 

multi-component and air-sensitive systems is discussed relative to existing titrimetric studies.   
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Chemical solution-phase equilibria such as acid/base reactions and complex formation are 

typically investigated by titration studies that either use in situ analysis of a continuously 

changing sample with techniques that measure single attributes (e.g. pH or UV-vis absorbance 

at a specific wavelength) or ex situ analysis of multiple samples with high-resolution 

techniques (e.g. high field NMR spectroscopy). Here we present multi-nuclear high resolution 

FlowNMR spectroscopy as an effective technique for online analysis of complex solution-phase 

equilibria that combines the accuracy and convenience of simple in situ measurements with 

the high specificity and information content of high-resolution NMR spectroscopy. With a 

closed-loop flow setup reagent addition can be automated using a simple syringe pump and 

complimentary sensors (such as pH probes and UV-vis flow cells) may be added to the setup. 

By conducting the titration inside a glovebox connected to the FlowNMR setup even highly air- 

and moisture-sensitive systems may be investigated. The effectiveness of this approach is 

demonstrated with examples of Brønsted acid/base titrations (incl. multi-component mixtures 

and systems with solvent participation), hydrogen bonding interactions, Lewis acid/base 

interactions, and dynamic metal-ligand binding. 
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4.3.1 Introduction 

Accurate thermodynamic data of reagent interactions in solution are the foundation of 

synthetic chemistry and key to reaction understanding and process design. While 

computational techniques may give useful information on the relative strengths of chemical 

interactions under idealised conditions, absolute equilibrium positions under real reaction 

conditions are still best measured experimentally, not least due to the significance of specific 

solvent effects which can be difficult to model. Amongst the most fundamental and widely used 

thermodynamic parameters are pKa values of acids and bases, which in aqueous solvents may 

easily be quantified via the hydronium ion concentration in mixtures of known composition 

using a proton-responsive electrode. In addition to the need for maintenance and calibration 

of pH meters, limitations are met in non-aqueous solvents and with mixtures of different acids 

and bases, or large molecules that possess multiple reactive sites. Similarly, other molecular 

association phenomena such as hydrogen bonding and ligand binding may be at least equally 

complex, solvent dependent, and difficult to measure accurately with simple techniques such 

as UV-vis or vibrational spectroscopies that quantify a selected attribute known (or assumed) 

to be indicative of the interaction in question. More specific and information-rich techniques 

such as multi-nuclear high-resolution NMR spectroscopy are thus required for investigations 

of complex solution phase equilibria. 

Although a relatively slow and insensitive technique (compared to electrochemical and optical 

methods), NMR chemical shift titrations have become an integral part of probing chemical 

interactions in acid/base, supramolecular 8, 9 and coordination10 chemistry due to their ability 

to  distinguish between different sites and species in solution. Hetero-nuclear NMR 

measurements using 13C, 15N, 19F and 31P and multi-dimensional correlation techniques allow 

for deeper insights into chemical interactions in solution.11-14 Dynamic exchange within 

equilibrated mixtures may be probed and quantified by variable-temperature measurements 

and magnetisation transfer (EXSY)15 or saturation transfer (CEST)16 experiments, while 

aggregation states are amenable to study by diffusion ordered spectroscopy (DOSY).17-19 

However, a practical limitation of NMR titrations is the fact that these investigations typically 

have to be carried out ex situ on a large number of individual samples of accurate 

concentrations, or by repeatedly altering a single sample to build a titration curve with a 

suitable number of data points.1, 20 Considering that in typical settings sample insertion, 

locking, shimming and ejection take about as much time as the actual data collection (at least 

for high receptivity nuclei such as 1H and 19F) NMR titration studies using individual tube 
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samples are thus time and resource demanding.*****21-24 In addition, the small scale of the 

individual samples containing milligrams or microlitres of analyte can introduce relatively 

large errors on each measurement. Simpler techniques such as pH meters or UV-vis 

spectrometers are adaptable and fast enough to be used in situ to quickly generate a large 

number of data points during the controlled, gradual composition change of a single sample 

(Figure 4.3.1). With simple feedback loops automated titration setups have even been realised, 

both on lab25, 26 and process scales.27, 28 

 

 

Figure 4.3.1: Graphical representation of differences in data quality between single sample chemical shift titrations 
(left) and online FlowNMR titrations (right; schematic not to scale).  

 

The use of a closed-loop flow system through a high-field NMR spectrometer may combine the 

advantages of the high specificity and information content of high-resolution NMR with the 

convenience and accuracy of simple in situ pH probes. Hägele et al pioneered this idea of NMR-

controlled titrations in the 1990ies and reported several examples of successful investigation 

of Brønsted acid/base behaviour and binding of organophosphorus compounds in aqueous 

media via 1H, 13C and 31P FlowNMR spectroscopic analysis using a combination of custom-built 

hardware and bespoke software controls with a high-field NMR spectrometer.5, 6, 13††††† Despite 

the appeal of this setup, due to the relatively large scales involved (reagent volumes of around 

100 mL) and need for specialist equipment their work has not been taken up and used more 

widely, however. With the recent commercial availability of versatile, small-scale FlowNMR 

hardware solutions that are compatible with standard high-field spectrometers, the use of 

 

***** Recent developments in NMR titrations have introduced the use of pH gradients along a single 
sample tube in combination with slice-selective acquisitions, however, these experiments require 
careful control of temperature and composition, and are based on the use of indicator compounds.21-24  
††††† The review of NMR-controlled titrations (reference 5) is found in the NMR guide as part of 
TopspinTM NMR processing software. It can be found in the tutorials section under the heading ‘Part V: 
NMR Titration’. 
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FlowNMR spectroscopy for titrations is becoming relevant again, especially when also 

considering the advances in NMR methodology over the past 30 years.29 Here we demonstrate 

the application of a simple FlowNMR setup for accurate and precise titrations of Brønsted 

acid/base systems in aqueous and organic media (including mixtures and examples of solvent 

participation), associations of Lewis acid/base pairs (including air- and moisture-sensitive 

frustrated Lewis pairs), hydrogen bonding interactions, and dynamic metal-ligand binding 

using 1H, 11B, 13C, 19F and 31P FlowNMR methods. The use of mid-acquisition variable 

temperature and diffusion analysis is demonstrated, and aspects of technique hyphenation and 

process automation are discussed. 

 

4.3.2 Results and Discussion 

Closed-loop recirculating batch titrations were carried out using a FlowNMR setup similar to 

those previously described in literature (Figure 4.3.2; section 4.3.6).30 These small-scale 

FlowNMR setups have proven effective for the precise control of both flow and temperature, 

which are essential for accurate equilibrium measurements.31-33 Transfer lines for the flow 

path (red, Figure 4.3.2) and flow tube (black, Figure 4.3.2) were composed of fluorinated 

polyethylene/propylene (FEP) tubing on account of its high chemical resistance relative to 

other tubing materials. A recirculation flow rate of 4 mL/min was achieved using a peristaltic 

pump, resulting in average residence times of 60 seconds (at 4 mL internal volume).‡‡‡‡‡ 32 

 

‡‡‡‡‡ A discussion of tubing materials, pumps, and thermal control in these FlowNMR setups and their 
effect on the acquisition of NMR data can be found in previous literature. 
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Figure 4.3.2: Schematic of the recirculating flow setup (see the supporting information for details). 

 

To give accurate results the titrand solution must be efficiently mixed within the reagent vessel 

(blue) but not back-mixed with the sample analysed in the flow path (red).34 Residence time 

distribution (RTD) measurements have previously been used to characterise the degree of 

back-mixing of the FlowNMR apparatus used in this work,32, 34 showing an RTD of ~50 s at an 

average RT of 73 s with a recirculation flow rate of 4 mL/min.§§§§§ Thus, with a steady titration 

rate of 0.11 mL/min using a high-precision syringe pump the setup will accurately analyse the 

equilibrated sample composition in each NMR spectrum without steps or oscillations in the 

titration curve. As depicted in Figure 4.3.1, the dosing tubing was submerged in the sample 

solution to ensure that titrant was released gradually and not added dropwise. A control 

experiment using triethylamine and pivalic acid with the dosing pump periodically paused 

showed no noticeable signal drifts and the time-adjusted plot perfectly matched that of a 

continuous titration curve (Figure 4.3.27), showing effective equilibration and sampling under 

the conditions applied. 

Flow effects can have a marked impact on NMR data acquisition,34 as moving a sample through 

the magnetic field during acquisition impacts the signal intensity of an NMR peak. Chemical 

 

§§§§§ A discussion of tubing materials, pumps, and thermal control in these FlowNMR setups and their 
effect on the acquisition of NMR data can be found in previous literature.32  
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shift positions remain unaffected by flow, however, so chemical shift titrations carried out with 

continuous sample flow do not require any correction factors and are accurate as recorded. 

4.3.2.1 Brønsted Acid-Base titrations 

To benchmark the accuracy of 1H FlowNMR titrations we first investigated simple Brønsted 

acid/base pairs in aqueous solvent and included a flow pH probe (see Figure 6.3.1 for details) 

to independently verify the results (Figure 4.3.3).  

 

 

Figure 4.3.3: Protonation of triethylamine (100 mM) with acetic acid (100 mM) at 293 K with 1H NMR resonances used 
for chemical shift titration highlighted. 
 

As can be seen in Figure 4.3.4, a straight titration curve was thus obtained from the titration 

experiment where both reagent addition and data acquisition were automated. Plotting of 

chemical shift evolution over pH (derived from pD according to literature methods35) gave a 

pKa value for triethylamine of 10.95 which is within 2% of the literature value of 10.74.36 

 

Figure 4.3.4: Chemical shift titration of triethylamine with acetic acid using the highlighted resonances in Figure 4.3.3. 
Left : 1H NMR over reagent ratio, right: 1H NMR over solution pH from flow probe.  
 

pKa values are highly solvent-dependent and require careful correlation if compared between 

different solvents.37, 38 While these empirical scales can be useful indicators, accurate 

experimental determination of reagent pKa under the reaction conditions applied is desirable 
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for the understanding of reactivity and solution speciation. While most pH probes are 

restricted to aqueous conditions32 NMR chemical shift titrations may in principle be performed 

in any solvent that produces a homogeneous solution of all species throughout the titration. 

To demonstrate this point and illustrate the importance of solvent, a simple Brønsted 

acid/base titration was compared in acetonitrile, tetrahydrofuran, and toluene. The aqueous 

pH probe was removed from the flow path and the titration curve obtained from 1H FlowNMR 

spectroscopy was plotted over reagent ratio as derived from the pump rate (and verified by 

relative peak integration) instead. Pivalic acid (pKa H2O 5.03) was used as opposed to acetic acid 

(pKa H2O 4.75) for this experiment (Figure 4.3.5) as its proton resonance was less likely to 

overlap with solvent or base during the titration. 

 

 

Figure 4.3.5: Protonation of triethylamine (100 mM) with pivalic acid (100 mM) at 293 K with 1H NMR resonances used 
for chemical shift titration highlighted. 
 

Unlike in aqueous media, in organic solvents there was no clear endpoint in the titration profile 

even after the addition of an excess of acid (Figure 4.3.7). This observation is consistent with 

the known influence of weakly basic, non-hydrogen bond donating solvents such as acetonitrile 

or THF hindering ionisation and proton transfer that is facile in polar, protic solvents such as 

water.39 For instance, the equilibrium constant for triethylamine protonation with acetic acid 

is known to change from logK = +5.9 in water to logK = -5.0 in MeCN.40 This is also due to the 

carboxylic acids existing as cyclic homodimers in organic media41-43 that may form solvated 

clusters if sufficient levels of water are present.44, 45 These collective solvent effects are 

reflected in the relative pKa values of for example acetic acid in different solvents which is 4.75 

for H2O but 22.48 for THF and 23.51 for MeCN, showing the same acid to be 17 pKa units weaker 

(1017times less acidic) in aprotic solvent. Triethylamine (pKa THF = 12.5, pKa MeCN = 18.6) is 

therefore no longer strong enough to deprotonate the carboxylic acid, resulting in hydrogen 

bonding in organic media as opposed to proton transfer in water (Figure 4.3.6).37, 46  
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Figure 4.3.6: Hydrogen bonding equilibria present in a mixture of triethylamine (100 mM) and pivalic acid (100 mM) 
in organic solvent at 293 K with 1H NMR resonances used for chemical shift titration highlighted. 

 

Figure 4.3.7: 1H NMR chemical shift of triethylamine titrated with pivalic acid using the highlighted resonances in 
Figure 4.3.5 and Figure 4.3.6 over reagent ratio. 

 

Hydrogen bonding in these mixtures was not only inferred by the lack of a clear endpoint in 

the titration curve but also directly observed as broad, low intensity signals around 12-16 ppm 

in the 1H NMR spectra. These resonances shifted downfield and increased in signal intensity 

with acid addition (Figure 4.3.8), providing an example of what additional information NMR 

spectroscopy may offer over simpler titration techniques such as UV-vis spectroscopy. 

Although the broad, weak signals of the shared proton are not immediately obvious in single 

NMR spectra they are readily identified in multi-spectra stack plots obtained from the 

FlowNMR titration experiment (See Figure 6.3.6, 6.3.8, and 6.3.10).****** 

 

****** OH peak shifts were apparent in the spectra of toluene and acetonitrile. Peak intensity in THF was 
too low for plotting but was observable and traceable in the stack plot (Figure 6.3.8). 
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Figure 4.3.8: 1H NMR chemical shift of RCOOH peaks observed during the titration of triethylamine with pivalic acid in 
acetonitrile and toluene using the highlighted resonances in Figure 4.3.6 over reagent ratio. 
 

Hydrogen bonding is a key interaction in Brønsted acid catalysis47-49 and organocatalysis,50, 51 

and analytical insight into their occurrence (for example using FlowNMR titration) is key to 

understanding their mode of action. More in-depth studies into their binding strengths, atomic 

distances52 and bond angles53 may be derived from systematic analysis of 1H and 15N NMR 

chemical shifts and their coupling constants across a series of analogous compounds if 

required. 

Brønsted acids dissolved in aprotic solvents of low polarity have low dissociation constants as 

ions are poorly solvated in these media.40 As such, acid-base equilibria in these solvents are 

biased towards ion pair formation and hydrogen-bond association rather than ionisation. The 

presence of residual water in such media can have a large impact on these equilibria by shifting 

the charge localisation due to specific solvation.54Indeed, repeating the titration of 

triethylamine with pivalic acid using laboratory-grade, non-dried THF showed the residual 

water peak in the 1H FlowNMR spectra to gradually shift by more than 1.5 ppm upon acid 

addition (Figure 4.3.9). This data indicates that the water participates in the hydrogen bonding 

equilibrium without affecting distinct protonation events.  
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Figure 4.3.9: 1H NMR chemical shift change of residual water and base during the titration of triethylamine with acetic 
acid in wet THF using the highlighted resonance in Figure 4.3.6 over reagent ratio. Some data was excluded due to 
solvent overlap with the water resonance (dashed line, see also Figure 6.3.11). 

 

While NMR spectroscopy is unique in its potential to directly observe such hydrogen bonding 

equilibria, exchanging resonances are observed as a time average of all species present. 

Therefore, proton signals can not only shift but also broaden and collapse depending on the 

rate of exchange relative to the frequency separation of the signals.55  The matrix dependant 

nature of these observations can become a hinderance to titrimetric investigations, especially 

where residual moisture is present in organic solvent.56 All titrations in non-aqueous media 

were thus carried out using dried reagents and performed under the exclusion of atmospheric 

moisture. 

In addition to the influences of solvent and residual moisture on acid/base equilibria, 

challenges may also arise when trying to analyse mixtures of multiple (potential) bases and 

acids. These cases can often only be addressed with NMR spectroscopy, as simple pH 

measurements or UV-vis spectral analysis do not allow deciphering the sites of protonation or 

hydrogen bonding with confidence. Using an equimolar mixture of triethylamine and pyridine 

titrated with p-toluene sulfonic acid (TsOH) in dry MeCN as a simple example (Figure 4.3.10), 

we investigated the effectiveness of an automated 1H FlowNMR titration in dealing with more 

complicated systems. As shown in Figure 4.3.11, the preferential protonation of triethylamine 

(pKa MeCN = 18.6) over pyridine (pKa MeCN = 12.5) upon steady addition of p-toluene sulfonic acid 

(pKa MeCN = 8.01) was clearly distinguishable as expected from their pKa values.46, 57  
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Figure 4.3.10: Protonation of triethylamine (100 mM) and pyridine (100 mM) with p-toluene sulfonic acid (200 mM) 
at 293 K, 1H NMR resonances used for chemical shift titration highlighted. 

 

 

Figure 4.3.11: 1H NMR chemical shift changes during the titration of triethylamine and pyridine with p-toluene sulfonic 
acid in MeCN using highlighted resonances from Figure 4.3.10 over reagent ratio. 

 

In addition to chemical shift evolution, characteristic 3JHH coupling between the methylene 

protons of triethylamine and the proton added to the nitrogen was observed (Figure 6.3.12), 

further confirming protonation at this site. Due to their distinct pKa difference of four units, 

pyridine protonation did not set in until all the triethylamine had been fully protonated with 

the strong acid TsOH. Additionally, throughout the protonation of the two bases, three broad 

hydrogen bonding resonances were also identified in the 1H FlowNMR spectra (Figure 6.3.13 

and 6.3.14).  

One of these resonances around 3–5 ppm was observed to reversibly shift throughout the 

titration in a typewriter-like fashion where it would reset to its original chemical shift position 

following full protonation of each of the bases and then continuing to shift and intensify after 
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both bases had been fully protonated (Figure 4.3.12). Correlation spectroscopy (COSY) 

identified this resonance as a hydrogen bonding interaction between protonated acetonitrile 

and the conjugate base of the acid  (Figure 6.3.15). The basic MeCN solvent thus mediates 

proton transfer from the acid to the bases akin to hydronium ion formation water. The fact that 

intermediate MeCNH+ formation may be observed during the titration of two moderately 

strong bases with a strong acid is due to the high concentration of the mildly basic MeCN 

solvent (aq. pKa = 25). 

 

 

 

Figure 4.3.12: 1H NMR chemical peak shift of an acetonitrile/p-toluene sulfonic acid hydrogen bonding interaction 
observed during the titration of triethylamine and pyridine with p-toluene sulfonic acid using the resonance highlighted 
in Figure 4.3.10 over reagent ratio. Dashed lines mark stoichiometric protonation of triethylamine (A) and pyridine (B) 
respectively.  
 

The other two broad resonances were only visible after the protonation of triethylamine and 

pyridine, respectively. COSY showed the first resonance at 8-10 ppm to be hydrogen bonding 

between triethylammonium and the conjugate base of the acid as Et3N-H---OTs (Figure 6.3.15 

and 6.3.16). The third broad resonance at 14-16 ppm, which resolved to a broad triplet with a 

60 Hz coupling constant after the addition of four equivalents of acid, showed no cross peaks 

in the COSY spectrum. A 1H{14N} NMR spectrum revealed this resonance to be pyridinium 

hydrogen bonding with the conjugate base of the acid as Et3N-H---OTs (Figure 6.3.17). Hence, 
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high-resolution FlowNMR allowed the observation of multiple hydrogen bonding interactions 

during the titration of mixtures that would not be observable by other methods.  

The differentiation of multiple acidic or basic sites within a single molecule can be even more 

challenging than analysing mixtures of acids and bases that have distinct NMR signatures, 

because (de)protonation at one site may induce chemical shift changes across the entire 

molecule during the titration experiment. Nevertheless, such information is often crucial for 

understanding the reactivity of large bioactive molecules.58, 59 We thus decided to investigate 

the acid/base chemistry of the amino acid L-Leucyl-L-alanine (Leu-Ala) via FlowNMR titration 

(Figure 4.3.13).  

 

 

Figure 4.3.13: Deprotonation of protonated Leu-Ala (63 mM) with NaOH (200 mM) at 293 K, 1H NMR resonances used 
for chemical shift titration are highlighted. CH-2 (purple) and CH-7 (green) are assigned according to the structure in 
Figure 6.3.18.  

 

Hägele et al have previously analysed this system using 13C{1H} NMR spectroscopy in a 

stepwise dose-mix-acquire experiment.5 Although successful in distinguishing NH from OH 

deprotonation of Leu-Ala in aqueous solvent, their apparatus required 4 hours of setup and 

took 8 hours to build a titration curve with 64 data points on a scale of 80 mL.†††††† 5 With our 

setup we carried out the continuous-flow titration and analysis of protonated Leu-Ala on a 20 

mL scale using an ASAP 1H-13C HMQC pulse sequence60 that allowed the collection of 64 2-

dimensional data points within 4 hours. Another advantage of using fast 2D techniques for 

complex FlowNMR titrations is that both 1H and 13C dimensions (including their connectivities) 

are collected throughout the experiment, and the evolution of changes in either may be 

matched and verified for maximum confidence in the differentiation of the various reactive 

sites in the analyte. In the case of Leu-Ala, the first deprotonation of the carboxylic acid was 

best seen in the 1H chemical shift evolution of H7 (Figure 4.3.14, 6.3.18 and 6.3.19). The pKa 

values thus obtained matched literature well within 0.6 % (pKa COOH/COO- = 3.44, pKa NH3+/NH2 = 

8.30).5 

 

 

†††††† Times and volumes were quoted for a 31P NMR titration on a 200 MHz installation, exact titration 
conditions were not given for the Leu-Ala example but are presumed to be of the same magnitude. 
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Figure 4.3.14: Titration curves for the deprotonation of protonated Leu-Ala with NaOH in H2O at 293 K using the 
highlighted resonances in Figure 4.3.13. 1H NMR (extracted from 1H-13C HMQC) over solution pH from static pH probe. 

 

4.3.2.2 Guest-Host Complexation 

Specific interactions such as hydrogen bonding not only relate to proton transfer in Brønsted 

acid/base pairs but also underpin supramolecular chemistry,61 molecular recognition and 

sensing,8, 62 and organocatalysis.50,2, 63 Substituted ureas have emerged as powerful reagents 

that bind and activate a variety of hydrogen bond acceptors, including simple halides.64-66 To 

test the utility of automated FlowNMR titrations for investigating such equilibria, we chose to 

study the urea-fluoride interaction previously investigated by Monzani et al9 using UV-visible 

spectroscopy by 1H and 19F FlowNMR (Figure 4.3.15).  

 

Figure 4.3.15: Titration of 1,3-bis(4-nitrophenyl) urea (5 mM) with tetra-n-butylammonium fluoride (10 mM) at 293 
K, resonances used for chemical shift titration are highlighted.  
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Upon gradual addition of anhydrous [NBu4]F to a DSMO solution of 1,3-bis(4-nitrophenyl) 

urea, the 1H NMR data showed a significant downfield shift and broadening of the Hb 

resonances in the urea indicative of hydrogen bonding with fluoride (Figure 4.3.16). Consistent 

with the UV-vis data reported by Monzani,9 an endpoint was observed upon addition of three 

equivalents of fluoride due to the need for an excess of [NBu4]F to convert all of the urea to a 

mixture of the two adduct forms of 1:1 (A) and 2:1 (B) stoichiometry. 

 

Figure 4.3.16: 1H NMR chemical shift of Hb during the titration of 1,3-bis(4-nitrophenyl) urea with tetra-n-butyl 
ammonium fluoride using the resonance highlighted in Figure 4.3.15 over reagent ratio. 

 

In addition to be able to conveniently collect an accurate titration curve from the 1H FlowNMR 

data, analysis of the 19F NMR spectra collected at the same time served to confirm the presence 

and structure of the adducts formed. [HF2]- could be clearly characterised by its distinct 19F 

NMR chemical shift and H-F coupling constant (Figure 4.3.17) which in the case of new systems 

would be a distinct advantage over UV-vis spectroscopy for example. 
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Figure 4.3.17: Representative 19F (left) and 1H (right) NMR spectra during the titration of 1,3-bis(4-nitrophenyl) urea 
(5 mM) with tetrabutylammonium fluoride (10 mM) in dimethyl sulfoxide at 293 K. 

 

4.3.2.3 Lewis Acid/Base association 

Lewis acid/base interactions have widespread applications in both synthesis and catalysis,67 

These strongly solvent-dependent and often highly air-sensitive interactions are routinely 

analysed by 1H, 11B, 19F and 31P NMR spectroscopy.11, 68 Due to the specific nature of Lewis 

acid/base interactions universal indicators such as pKa  values are difficult to define, although 

the Gutmann-Beckett method is an example of a useful Lewis acidity scale based on the  31P 

NMR chemical shift of triethylphosphine oxide.69-72 Specific interactions, as for example 

between sterically encumbered (electronically “frustrated”) Lewis acids and bases that exhibit 

unusual reactivity,73 are still best investigated with a combination of multi-dimensional, 

variable temperature (VT) and diffusion ordered NMR spectroscopy (DOSY) under strictly 

inert conditions. In this area, Lewis acidic boranes have emerged as powerful catalysts, co-

catalysts and stoichiometric reagents for numerous chemical transformations such as small 

molecule activation, cyclisation, and borylation.74, 75 Of these, tris(pentafluorophenyl) borane 

has been the most prolific on account of its high Lewis acidity paired with steric shielding.76-78 

The combination of tris(pentafluorophenyl) borane (BCF) and pyridine (Py) has been 

described as a classical Lewis acid/base pair in which complete adduct formation is observed 

(Figure 4.3.18),68 so we investigated this system as a test case of automated Lewis acid/base 
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titration with multi-nuclear FlowNMR spectroscopy. Due to the pronounced oxygen and 

moisture sensitivity of the Lewis acid, the titration experiments had to be carried out in an 

inert atmosphere. Whilst FlowNMR studies have been previously conducted under a variety of 

atmospheres,30, 79-84  to our knowledge this is the first report of a FlowNMR analysis being 

conducted directly from a glovebox (See section 4.3.6.4 for details).  

 

 

Figure 4.3.18: Titration of tris(pentafluorophenyl)borane (20 mM) with pyridine (40 mM) in toluene at 293 K, 
resonances used for titration are highlighted. 

 

When studying chemical associations in solution by NMR spectroscopy either peak integrals or 

chemical shift values may be used to determine the equilibrium position. If the exchange rate 

between the individual components and the formed complex is fast relative to the NMR 

timescale, an average signal of changing chemical shift will be observed as the equilibrium 

position changes. When this exchange rate is slow (or naught) individual peaks for bound and 

unbound states are observed, and their relative peak integrals reflect the equilibrium 

position.2, 85 Unlike the above examples of proton transfer and hydrogen bonding that exchange 

rapidly and are thus investigated via average chemical shift evolution, the titration of BCF with 

pyridine to form a strongly bound Lewis acid/base adduct is a case where exchange rate is slow 

on the NMR timescale, and separate signals for free and bound BCF and pyridine were thus 

observed in the 1H, 11B and 19F NMR spectra throughout the titration. As expected for a strong 

interaction leading to essentially complete adduct formation, all three data sets showed a linear 

titration curve ending sharply at one equivalent (Figure 4.3.19). 
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Figure 4.3.19:  19F NMR integrals (green), 11B NMR integrals (red) and 1H NMR integrals (pink) during the titration of 
tris(pentafluorophenyl)borane with pyridine using the resonances highlighted in Figure 4.3.18.   

 

To confirm the formation of a monomeric 1:1 adduct we applied diffusion ordered 

spectroscopy (DOSY) to quantify the hydrodynamic radius of the product formed.86 

Capitalising on the abundant signal intensity and large chemical shift dispersion, 19F DOSY 

spectra were acquired periodically throughout the titration (Figure 6.3.30). The data showed 

a 16% decrease in the molecular diffusion coefficient from 9.42 x 10-10 m2/s for BCF to 7.95 

x10-10 m2/s for BCF-Py which is consistent with a small increase in molecular weight when 

pyridine binds to BCF (511.98 g/mol to 591.98 g/mol). 

Both the rate of chemical exchange and the equilibrium position of adduct formation are 

affected by temperature. Heating the 1:1 BCF-Py complex to 348 K did not change the 

speciation in the 19F NMR spectra, consistent with the high stability of this classic Lewis acid-

base adduct. Cooling the sample to 248 K led to broadening of the meta and ortho 19F NMR 

resonances of the complex, attributable to a slowing of the ring rotation (Figure 4.3.20). The 

ease of carrying out DOSY and VT NMR investigations to gain insight into dynamics and 

aggregation states at any point during an air-sensitive, automated titration with FlowNMR 
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from a glovebox will prove useful in the study and understanding of more complex or unknown 

systems. 

 

Figure 4.3.20: 19F NMR spectra of the pyridine adduct of tris(pentafluorophenyl) borane at 20 mM in toluene at variable 
temperature as indicated. 

 

Lewis adduct formation can be hindered by steric congestion, a concept which has become 

known as frustrated Lewis pairs (FLP). The degree of this frustration has been found to lead to 

interesting reactivities and subsequently widespread use in small molecule activation and 

catalysis.11, 67, 86-92 An important metric for the reactivities and understanding of association in 

FLPs is their respective binding constant (hence their degree of frustration) in solution.68, 93 

Sterically hindered pyridines in particular and their association with BCF have been studied to 

determine their binding strength.92, 94 Of the sterically hindered pyridines previously studied, 

2,6-Lutidine (Lut) has received interest because of its moderate steric bulk resulting in so-

called borderline FLP reactivity (Figure 4.3.21).73 
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Figure 4.3.21: Titration of tris(pentafluorophenyl)borane (20 mM) with 2,6-lutidine (40 mM) at 293 K, resonances used 
for titration are highlighted. 

 

The binding of BCF with lutidine is notably weaker than with pyridine, and free and bound base 

exchange more rapidly. This difference in binding strength is attributed to steric hinderance as 

the bases have similar pKa  values in organic solvent (Lut pKa MeCN  = 14.16, Py pKa MeCN = 12.53).46  

While separate peaks for free and bound BCF were observed in the 11B and 19F NMR data during 

the titration, the 1H NMR signals of lutidine appeared as an average that evolved in chemical 

shift (Figure 4.3.22). This was due to the frequency separation between the two states being 

smaller in the 1H spectra than in the 19F spectra (1110 Hz vs 5170 Hz), so coalescence occurs 

at lower temperatures.55 Using this frequency separation in each of the spectra we can 

determine that the rate of exchange kex must be between 1110 s-1 and 5170 s-1 (see section 

4.3.6.5. Although the 11B NMR titration data was less clear than the 19F NMR data due to lower 

signal intensities and broader resonances (Figure 6.3.33), both agreed with the 1H data to show 

the gradual formation of a 1:1 adduct that was complete after addition of about four 

equivalents of lutidine. 
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Figure 4.3.22: 19F NMR integrals (green), 11B NMR integrals (red) and 1H NMR chemical shift (purple) during the 
titration of tris(pentafluorophenyl)borane with 2,6-lutidine using the resonance highlighted in Figure 4.3.21. 

 

The binding constant Keq of the adduct was measured independantly by two nuclei using 

different spectral information. Using 19F NMR peak integrals of bound vs. unbound BCF at 1:1 

stoichiometry,2 Keq in toluene was determined to be 195 ± 10 M-1 at 293 K (Figure 4.3.31). This 

was verified by the 1H NMR chemical shift of the lutidine CH3 resonance in the same 

experiment,93 where Keq was calculated to be 195 ± 26 M-1 (Figure 4.3.32). Previous reports 

have measured the Keq for this system at 55 ± 10 M-1 at 295 K in dichloromethane,93 suggesting 

adduct formation to be more favourable in toluene than in DCM. 

VT 19F NMR investigation of a 1:1 Lut/BCF mixture led to almost complete dissociation of the 

adduct at 373 K, and upon cooling to 248 K the equilibrium shifted to almost exclusively adduct 

with rotational isomers of each of the adduct peaks resolved (Figure 4.3.23).73  
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Figure 4.3.23: 19F NMR spectra of a 1:1 mixture of 2,6-lutidine and tris(pentafluorophenyl) borane at 20 mM in toluene 
at variable temperature as indicated. Vertical dashed lines indicate separations in chemical shift between resonances 
attributed to ortho, para, and meta sites.  

 

The VT data thus collected may be used to determine the thermodynamic stability of the FLP 

through a van’t Hoff plot (Figure 4.3.24). Comparing our results of this analysis with previously 

reported values in different solvents68, 73 gave good agreement (Table 4.3.2.1), showing the full 

range of advanced NMR spectroscopic analysis to be applicable to automated, inert FlowNMR 

titrations as needed. 
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Figure 4.3.24: Van’t Hoff plot for a 1:1 mixture of 2,6-lutidine and tris(pentafluorophenyl) borane at 20 mM in toluene.  

 

Table 4.3.2.1: Thermodynamic parameters derived for dissociation of the BCF-Lut adduct in solution. a DFT study using 
a continuum solvent model.  

Author Year Solvent 
ΔH 

(kJ/mol) 

ΔS 

(J/mol·K) 

ΔG° (298K, 

kJ/mol) 

Stephan73 2009 DCM -42 -131 -3.0 

Wu95 2010 Toluenea -79 -150 -15 

Autrey68 2013 Bromobenzene -75 -206 -13.4 

Autrey68 2013 Toluene -73 -213 -9.6 

This work 2021 Toluene -65 -169 -14.4 

 

4.3.2.4 Metal-Ligand Binding 

Binding equilibria also play a crucial role in the understanding of organometallic and structural 

biochemistry. The study and quantification of substrate complexation by a protein or ligand 

binding to a metal centre can be used to determine binding site location, complex structure and 

equilibrium constants.3, 10, 96-98 Binding constants of ligands to metal centres are important 

parameters for understanding complex stabilities and ligand exchange pathways that underpin 

applications in sensing and catalysis. Metal-ligand affinities are typically quantified in titration 

experiments where the ligand investigated displaces weakly bound solvent molecules. One 

prominent example is the consecutive binding of up to three equivalents of PPh3 to PdII in MeCN 

to give [Pd(PPh3)3(MeCN)][BF4]2 (Figure 4.3.25).99, 100 Due to the air-sensitivity of this system 
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the experiment was carried out from a glovebox in a similar manner to the above Lewis 

acid/base titrations. 

 

 

 

Figure 4.3.25: Titration of [Pd(NCCH3)4](BF4)2 (20 mM) with PPh3 (up to 160 mM) in MeCN at 293 K, resonances used 
for plotting are highlighted.  

 

Using 31P{1H} FlowNMR we were able to observe the progressive substitution of bound 

acetonitrile by PPh3 (Figure 4.3.26). Concurrent with literature99, 100 it was observed that the 

mono, trans-bis and tris PPh3 complexes were formed stoichiometrically with 1, 2 and 3 

equivalents of phosphine, respectively. Due to ligand exchange on PdII being slow relative to 

the NMR acquisition, separate signals were observed for all complexes and the titration was 

quantified from relative peak integrals. Two broad singlets were observed for the tris complex 

at room temperature which at 253 K resolved into a mutually coupling triplet and doublet 

integrating to 1 and 2 respectively (Figure 6.3.37) as expected for a square planar coordination 

geometry.  

 

Figure 4.3.26: Titration of [Pd(NCCH3)4](BF4)2  with PPh3 in MeCN using highlighted resonances from Figure 4.3.25.  
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Due to a relatively acute L-M-L angle of 90° no tetra substitution was observed even after 

addition of a large excess of PPh3 unlike in the case of Pd0 where steric congestion is reduced 

in a tetrahedral coordination geometry.100, 101 

 

4.3.3 Conclusions 

High-resolution FlowNMR spectroscopy with automated, continuous dosing of a titrant has 

been shown to be an effective technique for carrying out solution-phase titrations in an 

accurate and time-efficient manner. With reagent dosing rates of 6.6 mL/h and recirculation 

flow rates of 4 mL/min using a small-scale flow setup of 4.6 mL internal volume (~70 sec 

residence time), true equilibrium measurements are possible without the need for external 

calibration. Faster or more detailed analyses are easily possible, as unlike with kinetic 

measurements the user may alter the rates of titrant addition and sampling to either increase 

temporal resolution (number of spectra per time) or improve data quality (number of scans 

per spectrum). It is advisable however to conduct paused-flow control experiments to ensure 

effective sampling and equilibration under the conditions applied.  

Depending on the rate of exchange relative to the NMR signal acquisition, either chemical shift 

evolution or relative peak integrations may be used to quantify equilibrium positions. Multi-

nuclear NMR analysis can be applied in a continuous, interleaved manner such that 

complementary data is acquired in a single titration experiment. Fast 2D techniques such as 

ASAP 1H-13C HMQC pulse sequences may be used in flow to collect even more information per 

unit time, and mid-run VT analyses may be carried out on the static aliquot in the tip of the flow 

tube to derive thermodynamic parameters of the interactions titrated. DOSY analysis is 

possible in a similar manner to ascertain the degree of analyte association and, although not 

demonstrated here, NOESY and EXSY will be possible in the same way as required.15 

We have shown that a range of chemical equilibria may be investigated with high specificity 

under different conditions, including multi-component mixtures, non-aqueous solvents, and 

highly air-sensitive reagents. Previous studies have described methods for effective thermal 

regulation of such small scale FlowNMR setups, an important factor in the exploration of 

thermodynamic equilibria.30-32 Our results also demonstrate that even for deceptively simple 

systems, such as the interaction of a carboxylic acid with a tertiary amine in organic solvent, 

high-resolution NMR spectroscopy is superior to simpler techniques such as UV-vis 

spectroscopy due to extra information on solvent participation and coupling constants 

provided to provide detailed insights that may been missed otherwise. 

The analysis of high-value materials or use of reagents of low solubility may pose challenging 

where millimolar concentrations cannot be achieved in the ~10 mL of solvent required for the 
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FlowNMR apparatus used here. We believe that the combination of modern NMR techniques 

such as fast and ultra-fast (UF) 2D NMR102, 103 or spectral aliasing14 with low internal volume 

systems104 can be used to overcome many of these barriers. Similarly, modern pure shift 

techniques105 can be used to address challenges of spectral crowding resulting from peak 

overlap when dealing with large molecules or complex mixtures. Solvent suppression106 and 

selective excitation107, 108 techniques may be applied to tackle sensitivity issues as required.  

While this study has primarily explored the use of high-field NMR spectroscopy, the principles 

shown are equally valid for low-field NMR (where commercially available flow apparatus is 

becoming increasingly common109-111) if mobility or cost are valued over data quality. In 

addition, the hyphenation of several analytical techniques with FlowNMR, including UV-Vis 

and IR spectroscopies can be used to great effect for the enhanced analysis of solution phase 

equilibria.30, 81, 112 We hope that our report will be of use to the wider chemistry community to 

effectively carry out investigations at the frontiers of supramolecular, co-ordination and 

acid/base chemistry. 
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4.3.6 Experimental  
(Initially submitted as part of the electronic supplementary information) 

4.3.6.1 Titration Apparatus  

Titrations were performed in round-bottomed flasks with a magnetic stirrer bar. A peristaltic 

pump (Vapourtec SF-10) circulated reaction mixture through a Bruker InsightMR flow tube (5 

mm tube, glass tip internal volume = 0.5 mL) inserted into an NMR spectrometer (Bruker 

Ultrashield 500 MHz Avance II+ or Avance III HD equipped with either a room temperature 

broadband (BBO) probe or a nitrogen-cooled Prodigy Cryoprobe). All spectra were acquired 

under flow conditions except for variable temperature, DOSY, COSY, and reagent 

characterisation spectra, which were acquired either in a static sample tube, or with 

recirculation and dosing flow stopped. 

The flow path and transfer lines were composed of fluorinated polyethylene-propylene tubing 

(Teflon FEP, I.D = 0.76 mm, O.D = 1/16”) and were supported on a plastic trolley (Rubbermaid) 

which allowed the flow setup to be transported as required. Transfer lines were connected to 

the reaction vessel via a rubber septum. Reagent dosing under atmospheric conditions was 

done at 6.6 mL/hr with a Cole-Parmer 78-9100C single-syringe pump connected to a 20 cm 

length of FEP tubing (O.D 1/16”, I.D 0.51 mm) with PEEK fittings (Upchurch Scientific). 

Air-sensitive reactions were carried out from inside a glovebox with an argon atmosphere, 

connected to the flow tube via feed-through ports made from zero-volume 1/16” PEEK unions. 

Reagent dosing was done at 6.66 mL/hr with a Harvard Apparatus 22 dual syringe pump 

housed within the glovebox connected to a 20 cm length of FEP tubing (O.D 1/16”, I.D 0.76 mm) 

with PEEK fittings (Upchurch Scientific). 

Dosing tubing was connected to the titration vessel via a rubber septum and submerged in the 

analyte to ensure gradual dosing. Dosed reagent concentrations were calculated from the 

syringe pump dosing rate. Reagent dosing was confirmed to be uniform without leaching or 

inefficient mixing by periodically stopping the dosing and creating a time-adjusted titration 

profile to observe any tailing or inconsistencies (Figure 4.3.27). Performing an experiment 

without any acid addition confirmed that flowing base through the flow path without acid 

resulted in no background drift of chemical shift (Figure 4.3.28).  
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Figure 4.3.27: Chemical shift and pH of triethylamine (100 mM) titrated with pivalic acid (100 mM) in H2O at 293K 
with periodic pausing of acid dosing (A) and the time adjusted profile (B). 

 

 

Figure 4.3.28: Chemical shift evolution of triethylamine (100 mM) when flowed with and without the addition of pivalic 
acid (100 mM) in THF at 293K. 

 

 

 

B 
A 
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4.3.6.2 General  

All reagents and solvents were sourced from major commercial suppliers and used as received 

unless otherwise stated. Chemistry sensitive to atmospheric conditions was carried out in 

flame-dried glassware under an atmosphere of dry argon inside a glovebox or using Schlenk 

techniques.  

Tetrahydrofuran (THF) and Toluene (Tol) were freshly distilled from potassium and 

sodium/benzophenone, respectively. Dry stock solutions and solvents were vacuum degassed, 

stored over 3Å molecular sieves under argon and kept for no longer than a week. Acetonitrile 

(MeCN) 99.9% extra dry over molecular sieves was purchased from Acros Organics and further 

dried over freshly activated 3 Å molecular sieves prior to use.  

Reagent grade 2,6-lutidine (Lut) was refluxed over calcium hydride for 3 hours before being 

fractionally distilled from calcium hydride at 175 °C, with the first fraction being discarded. 

Anhydrous pyridine was purchased from Acros Organics, stored over CaH2 and syringe filtered 

before use. 

Bromopentafluorobenzene was pre-dried over phosphorous pentoxide for 2 hours before 

being fractionally distilled from fresh phosphorous pentoxide at 150 °C. 

 

4.3.6.3 Synthesis 

Tris(pentafluorophenyl) borane 

 

Tris(pentafluorophenyl)borane etherate was synthesised according to literature.113 The 

etherate (yellow cubic crystals) was thoroughly dried in vacuo and then purified by two-fold 

sublimation. The sublimate of the first sublimation (70-75 °C) was discarded and the remaining 

off-white solid was sublimed at 100 °C yielding B(C6F5)3 as an amorphous white powder as 

confirmed by NMR analysis.  

11B NMR (293 K, toluene) δ = 61.5. 

19F NMR (293 K, toluene) δ = -130.0 (o-F), -142.7 (p-F), -161.1 (m-F).  
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Figure 4.3.29: 19F NMR spectrum of doubly sublimed tris(pentafluorophenyl) borane in toluene-H8 at 293 K. 

1,3-bis(4-nitrophenyl)urea 

 

1,3-bis(4-nitrophenyl)urea was synthesised according to literature.9 4-nitrophenylisocyanate 

(0.32 g, 2 mmol) and 4-nitroaniline (0.27g, 2 mmol) were charged to a round bottom flask and 

the atmosphere exchanged for dry argon. Anhydrous dioxane (100 mL) was added and the 

mixture was heated at 100 °C for 18 hours. The reaction volume was reduced to about half by 

reduced pressure, and the yellow precipitate formed was filtered, washed with water, and 

dried in vacuo. 

1H NMR (500 MHz, 293 K, DMSO) δ = 8.22 (d, 2H, Hb), 7.73 (d, 2H, Ha), 9.66 (s, 2H, NH).  
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Figure 4.3.30: 1H NMR spectrum of 1,3-bis(4-nitrolphenyl) urea in DMSO-H6 at 293K. Red arrows indicate minor 
impurities: 1,4 dioxane, water, and 4-nitroaniline. 

 

4.3.6.4 Procedures 

Brønsted Acid/Base Titrations  

The flow tube and flow path were emptied of any residual solvent and thoroughly rinsed with 

titration solvent for a minimum of 20 minutes at 4 mL/min. Solvent miscibility was checked 

before changing solvents within the flow path to ensure that immiscible solvents were not 

mixed in the flow path. 

A base stock solution (10 mL) was charged to a 50 mL round bottom flask with a stirrer bar. 

Inlet and outlet of the flow setup were connected to the flask via a rubber septum, the stock 

solution was circulated around the flow path and acquisition was started. An acid stock 

solution (20 mL) was charged to a 24 mL Luer lock syringe, connected to fluoropolymer tubing 

(FEP, O.D 1/16”, I.D 0.51 mm) and mounted onto the syringe pump. The dosing tubing was 

inserted into the reaction vessel via rubber septum and submerged in the analyte to prevent 

stepwise additions caused by droplets. NMR (and pH where used) acquisition were started, 

titration progress was monitored by NMR and the reaction was stopped 10 minutes after 

complete reagent addition.  
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This methodology was used for all Brønsted acid-base titrations unless stated otherwise. 

Variables such as reagent concentration and acquisition parameters are noted in the captions 

of spectral plots. 

Guest-Host Titration 

The flow tube and flow path were emptied of storage solvent and thoroughly rinsed with 

dimethyl sulfoxide (DMSO) for a minimum of 20 minutes. Solvent miscibility was checked 

before changing solvents within the flow path to ensure that immiscible solvents were not 

mixed in the flow path.  

A host (1,3-bis(4-nitrophenyl) urea, 15.1 mg) stock solution in DMSO (10 mL, 5 mM) was 

charged to a 50 mL round bottom flask with a stirrer bar. The stock solution was circulated 

around the flow path and acquisition was started. A guest (tetrabutylammonium fluoride 

trihydrate (TBAF), 63.1 mg) stock solution in DMSO (20 mL, 10 mM) was charged to a 24 mL 

Luer lock syringe. The syringe was connected to fluoropolymer tubing (FEP, O.D 1/16”, I.D 0.51 

mm) and mounted onto a syringe pump. The tubing was inserted into the reaction vessel via 

rubber septum, the tubing was submerged in the analyte to prevent stepwise additions caused 

by droplets. NMR acquisition was started, titration progress was measured by 1H and 19F NMR 

and the reaction was stopped 10 minutes after complete reagent addition. Host-guest data was 

corrected post-run to account for starting material (4-nitroaniline) present in the urea 

(denoted by red arrows in Figure 4.3.30) as well as residual HF2 present in the TBAF. 

Lewis Acid/Base Titrations 

Titration apparatus (dosing pump, reaction vessel and required chemicals) were all handled 

housed in a glovebox under an argon atmosphere after purification as mentioned in section 

4.3.6.2. Toluene was thoroughly vacuum degassed before being introduced to the glovebox. 

The flow tube and flow path were emptied of any residual solvent and thoroughly rinsed with 

HPLC grade Toluene with at least two 15-minute washes at 4 mL/min. Solvent miscibility was 

checked before changing solvents within the flow path to ensure that immiscible solvents were 

not mixed in the flow path. The flow path inlet was connected to a Schlenk line and purged with 

argon for a minimum of 15 minutes to ensure an inert atmosphere, the pump was stopped and 

the inlet to the flow path was connected to a double feed-through port made of PEEK HPLC 

unions (1/16 “), the pump was turned on and the flow tube was flushed with argon for a further 

5 minutes. The inlet tubing housed within the glovebox was then pushed through the rubber 

seal of a Cajon flask containing dry toluene and the flow system was flushed with dry solvent 

for a minimum of 15 minutes at 4 mL/min (waste outside the glovebox). The flow tube was 

then emptied and dried with argon from the glovebox for 5 minutes, and the outlet of the flow 

path was reconnected to the glovebox. As the Lewis acid was the most sensitive compound 
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being used and the 19F/11B resonances were used for monitoring, a BCF solution (8 mM, 10 mL) 

was used as a wash solution to ensure no trace compounds that might react with the Lewis acid 

during the titration were present.‡‡‡‡‡‡ The wash solution was flowed around the apparatus 

and monitored by 19F NMR until no spectral change was observed. The flow apparatus was then 

emptied, rinsed with dry toluene inside the glovebox for 5 minutes and emptied with argon. 

Lewis acid (BCF) stock solution (20 mM, 10 mL) was charged to a 50 mL round bottom flask 

with a stirrer bar. The inlet and outlet of the flow apparatus were connected to the flask via 

rubber septum and the stock solution was circulated around the flow path and NMR acquisition 

was started. A base stock solution (40 mM, 20 mL) was charged to a 24 mL Luer lock syringe. 

The syringe was connected to fluoropolymer tubing (FEP, O.D 1/16”, I.D 0.51 mm) and 

mounted onto the syringe pump. The tubing was inserted into the reaction vessel via rubber 

septum, the tubing was submerged in the analyte to prevent stepwise additions caused by 

droplets. NMR acquisition was started, titration progress was measured by 1H, 19F and 11B NMR 

and the reaction was stopped 10 minutes after complete reagent addition. This methodology 

was used for all Lewis acid-base titrations unless stated otherwise. Variables such as reagent 

concentration and acquisition parameters are noted in the captions of spectral plots.  

Integral values termed "normalised" were corrected for dilution based on the volume of 

reagent dosed as measured by the syringe pump according to the following equation: 

Int(normalised) = Int(measured) x [(Vinitial + Vadded)/Vinitial)] 

Metal Ligand Binding Titration 

Titration apparatus (dosing pump, reaction vessel and required chemicals) were all handled 

housed in a glovebox under an argon atmosphere after purification as mentioned in section 

4.3.6.2. Acetonitrile was thoroughly vacuum degassed before being pumped into the glovebox. 

All reagent flow within the flow apparatus was done at 4 mL/min. Reagent dosing for these 

titrations was done at 5.00 mL/hr. 

The flow tube and flow path were emptied of any residual solvent and thoroughly rinsed with 

HPLC grade acetonitrile with at least two 15-minute washes at 4 mL/min. Solvent miscibility 

was checked before changing solvents within the flow path to ensure that immiscible solvents 

were not mixed in the flow path. The flow path inlet was connected to a Schlenk line and purged 

with argon for a minimum of 15 minutes to ensure an inert atmosphere, the pump was stopped 

and the inlet to the flow path was connected to a double feed-through port made of PEEK HPLC-

type unions (1/16 “), the pump was turned on and the flow tube was flushed with argon for a 

 

‡‡‡‡‡‡ It was observed that if polyetheretherketone (PEEK) tubing was used that residual acetone may 
leach from the tubing and form an adduct with the Lewis acid. 
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further 5 minutes. The inlet tubing housed within the glovebox was then pushed through the 

rubber seal of a Cajon flask containing dry acetonitrile and the flow system was flushed with 

dry solvent for a minimum of 15 minutes (waste outside the glovebox). The flow tube was then 

pumped dry with argon from the glovebox for 5 minutes and with argon flowing, the outlet of 

the flow path was connected to the second glovebox port.  

Complex (Pd(MeCN)4(BF4)2 stock solution (20 mM, 10 mL) was charged to a 50 mL round 

bottom flask with a stirrer bar. The inlet and outlet of the flow apparatus were connected to 

the flask via rubber septum and the stock solution was circulated around the flow path and 

NMR acquisition was started. A ligand stock solution (160 mM, 20 mL) was charged to a 24 mL 

Luer lock syringe. The syringe was connected to fluoropolymer tubing (FEP, O.D 1/16”, I.D 0.51 

mm) and mounted onto a syringe pump. The tubing was inserted into the reaction vessel via 

rubber septum, the tubing was submerged in the analyte to prevent large additions caused by 

droplets. NMR acquisition was started, titration progress was measured by 31P NMR and the 

reaction was stopped 10 minutes after complete reagent addition. Variables such as reagent 

concentration and acquisition parameters are noted in the captions of spectral plots.  

4.3.6.5 Rate of exchange (kex) and equilibrium constant (Keq) calculations 

The equilibrium constant (Keq) at a given time point during a titration was calculated from the 

integral of the adduct divided by the sum of the individual species (Equation 4.3.1). 

Concentration was determined by integrals as a fraction of total known 19F speciation and the 

concentration of 2,6-lutidine was calculated from dosing.  

 

𝑝𝑝𝐶𝐶𝑒𝑒 =  
[𝐴𝐴𝐴𝐴𝐴𝐴𝑢𝑢𝐴𝐴𝐼𝐼]
[𝐿𝐿𝐴𝐴][𝐿𝐿𝐵𝐵]

 

Equation 4.3.1:  Equation for the calculation of equilibrium constant for 1:1 binding equilibria.  
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Figure 4.3.31: A plot of the equilibrium (Keq) constant against equivalents of base for the titration of BCF (20 mM) with 
2,6-lutidine (40 mM). Values between 1 and two equivalents were deemed to be at equilibrium where appreciable 
concentrations of all species could be observed. 

Keq was also calculated using 1H chemical shift perturbation as previously described in 

literature.2, 93  As the titration started with Lewis acid the curve was extrapolated to give a zero 

point for chemical shift.  

 

Figure 4.3.32: A plot of lutidine methyl chemical shift (Δδ ppm) against base concentration for the titration of BCF (20 
mM) with 2,6-lutidine (40 mM). The value of x1 was allowed to vary in the equation as previously done in literature.93 
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The rate of exchange (kex) was estimated based on absolute peak shifts observed in 1H and 19F 

spectra according to Equation 4.3.2 below where kc is the rate of exchange at the coalescence 

point and ΔνAB is the frequency difference between two observed species, in this case the free 

Lewis acid/base and the adduct.  

 

𝑘𝑘𝑆𝑆 ≈ 2.22 ∆ν𝑘𝑘𝐵𝐵 

Equation 4.3.2: The equation relating the rate of exchange at the coalescence point (kc) to the frequency separation of 
two resonances (νAB).  

 

As we observe a sum of both species in the 1H NMR (a single consistently shifting peak) we can 

say that the rate of exchange must be faster than that observed at the coalescence point under 

these conditions, relative to the 1H NMR timescale. 19F NMR showed separate peaks for each 

species, therefore the rate of exchange must be slower than that at the coalescence point under 

these conditions relative to the 19F NMR timescale.  

In the 1H NMR spectrum the maximum shift is approximately 1 ppm (500 Hz) and this can be 

assumed to be the separation between the two peaks. Therefore, at coalescence kc = 1110 s-1, 

the reciprocal of which gives a lifetime of τ = 9.0 x 10-4 s.  

In the 19F spectrum the smallest peak separation observed is approximately 5 ppm for the 

ortho resonances. Multiplying this by the frequency of 19F acquisition (470 Hz) and the 2.2 

factor in Equation 4.3.2 gives kc = 5170 s-1, the reciprocal of which yields τ = 1.9 x 10-4 s.   
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CHAPTER 5 
 

PROCESS CONTROL WITH HIGH FIELD 
FLOWNMR 
 

All LabVIEW work presented in this chapter was completed collaboratively with Joe Mills, a 

member of technical staff from the Department of Physics at the University of Bath. All Labview 

code was developed and written by Joe primarily, with discussion and input from the author. 

The ‘multi_integ_add’ AUNMP script was developed collaboratively with Matteo Pennestri and 

Peter Gierth at Bruker Ltd. All further developments to data export scripts and their application 

were carried out by the author. 
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5.1 INTRODUCTION 
In an ever-competitive chemical market with varied products and synthetic methodologies, 

ensuring that resources are used efficiently to produce high quality products consistently and 

sustainably is essential for success.1, 2 Process analytical technologies (PAT) combine analytical 

techniques, reactor controls, and mathematical models to monitor and alter process variables 

in real-time, enabling a reactive knowledge-based approach to process development on an 

industrial scale (Figure 5.1.3).3 PAT tools have become well-established in industry and 

essential for achieving productivity under safe operating conditions.4, 5 More recently, these 

tools have become progressively employed at the lab scale for research and development 

(R&D) to accomplish understanding and control quality at all stages of a process.6, 7 This 

technology has already seen fruitful application in the pharmaceutical6, 8, food9 and 

petrochemical10 industries. 

Contrary to in-process control, which encompasses offline process analytics carried out at 

dedicated process analytical laboratories, modern PAT tools facilitate real-time process 

control through in situ, inline or online analyses.1, 2, 11, 12 Combining real-time PAT and 

networking capabilities yielded by cloud computing creates a unique opportunity for 

instrumental expertise to be consolidated at R&D facilities, but still have access to data 

generated from a process at plant scale.2 A graphical illustration of technique positioning 

within the industrial workflow is presented in Figure 5.1.1.  

 

 

Figure 5.1.1: Future real-life workflow for process industry highlighting the use of cloud-based computing at plant scale 
to inform early-stage R&D and create models for improved automation/production protocols. (digital twin). 
Reproduced from reference 2 with permissions from Springer Nature Switzerland AG, Copyright © 2020,  K Eisen, T 
Eifert, C Herwig and M Maiwald.2 
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5.1.1 Regulation and Process Control 
The system by which an analytical response is measured and employed in real-time to define 

an input or process variable change is called a feedback loop or closed-loop control.13 Feedback 

loops are essential for responsive process control in chemical14-17 and electrical18 processes. 

They are the fundamental building blocks in which algorithms become decision makers, 

enabling the regulation, automation, and optimisation of processes. 

In chemistry, feedback loops are built into laboratory equipment that regulate environmental 

variables to a set point, e.g. reactor temperature based on a voltage response from a 

thermocouple.19 While this is useful for ensuring safe and reproducible process conditions, 

their use typically offers very little in the way of chemical understanding that can be used for 

further process development.  

The ability to regulate chemical reactions using directly observable chemical interactions and 

speciation could significantly reduce process and product development times and identify 

chemical metrics for optimisation such as concentration of active catalyst intermediate. This 

work focuses on their use to automate routine processes or regulate chemical reactivity by 

controlling reagent concentration.  

 

5.1.1.1 PID Loops 

Proportional-integral-derivative (PID) controllers are a feedback loop control mechanism that 

measures a process variable and applies a correction based on the difference between a 

setpoint and a measured process variable.13, 20 

While the PID algorithm can effectively regulate process variables in many cases, it struggles 

under certain conditions, does not always provide optimal control, and when poorly tuned 

leads to oscillation around the setpoint (Figure 5.1.2).21 PID loops have constant parameters 

and no understanding of the system being regulated, so they can be unsuitable for processes in 

which the relationship between the control variable and the measured variable is non-linear.22 

They can also struggle if large dead times§§§§§§ (relative to the total process time) are 

incorporated between a corrective action and its observation in the response.13, 21, 23 It is 

possible to minimise the errors associated with these problems by using effective tuning, 

 

§§§§§§ The incorporation of dead time is often unavoidable as it is a combination of the time required for 
the set-point change to happen, be observed by the sensor, and the time required for the observation to 
go from the sensor to the PID. While this is usually acceptable across short timescales (<10 seconds), 
longer dead times (>1 minute) may require PID development. 
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process modelling or feed-forward control to moderate corrective action based on a measured 

disturbance.22 

 

Figure 5.1.2: Response profiles of a PID loop with varying tune quality. 

 

The main advantage of PID controllers as a regulation tool, is that the correction is made based 

on an error associated with the difference between the setpoint and measured response rather 

than a binary response. This means that the proportional gain of the controller (P, Kc - 

dimensionless), integral time (I, Ti – s or min) and derivative time (D, Td – s or min) terms can 

be tuned for individual processes to quickly but accurately reach a setpoint.13, 24 These tuning 

parameters are process dependant so descriptors such as ‘high’ and ‘low’ in their definition are 

used as relative terms.  

Kc determines the ratio of output response relative to the measure error (set point – measured 

value), as such Kc must be balanced between high and low values to avoid overshoot and 

undershoot respectively. High Kc values will also reduce PID stability and lead to increased 

oscillation around the setpoint.  

 Ti acts as a sum of the error across the time of the regulation, such that it will increase 

corrective action relative to both the magnitude of the error, and the time for which is has 

persisted. This behaviour facilitates a gradual approach to the set point as the error is corrected 

with increasing force over time. Increasing Ti can increase regulation stability and reduce 

overshoot and oscillation around the set point to a point after which it will increase the time 

taken to reach the setpoint.  
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   Td acts based on the rate of error change at any point using the slope of the error curve, 

anticipating the change in error in the immediate future. By doing this incorporation of a Td 

value (using a PID controller rather than a PI controller) can reduce oscillations in the response 

by reducing the rate of change in error. The main disadvantage of including Td is the noise 

associated with measuring a value is amplified due to noise acting as a rapidly changing 

gradient. An example of noisy data would be the measurement of integrals that have a low 

signal to noise ratio.  

Due to time restrictions caused by a combination of COVID-related disruptions and limited 

availability of Joe Mills’ time, this work focused on the implementation of a PID loop without 

tuning so that it was solely under proportional control (integral and derivative constants were 

set to zero). Reagent dosing was also limited by a ‘maximum output’ which enabled overshoot 

preventions such that the ability for the PID to reach the setpoint could be observed. While this 

is not representative of a true PID controlled process which is driven by P, I and D factors, it 

was deemed suitable for the proof of concept given the time constraints.  

 

5.1.1.2 Analytical Techniques 

Among the analytical techniques used for process monitoring, near-infrared10, 25 (NIR) and 

Raman3 spectroscopy systems are commonly used for real-time analytics as they are low cost, 

easy to use, non-destructive analytical techniques.6 NMR spectroscopy has garnered attention 

in recent years due to the commercial availability of flow NMR apparatus for low-field 

(benchtop) NMR spectrometers.7, 26-28 The increased quality and accessibility of this non-

invasive, quantitative technique has popularised its use for process monitoring and 

optimisation.28-41  

While high-field NMR has been used extensively on R&D scale to elucidate mechanisms, its 

expense and lack of mobility has limited its use as an industrial process monitoring tool.26 

Despite this, its ability to perform complex experiments with higher sensitivity (relative to low-

field) still makes it useful for the monitoring and understanding of complex mixtures beyond 

simple quantitation of high concentration components.41-48 To this end a great deal of work 

remains for the development of high-field NMR as a PAT for the automated regulation and 

optimisation of solution-phase chemistry.  

 

5.1.2 Automation and Optimisation 
The use of automation in chemical syntheses and analyses has become a central topic for the 

future of chemical development. Reducing the time spent on relatively simple but time-

consuming laboratory tasks where chemical intuition is not required allows more researcher 



PROCESS CONTROL WITH HIGH FIELD FLOWNMR  

 
221 

time to be dedicated to tackling chemical problems.18, 49-52 While automating chemistry is not a 

new concept, the establishment of high-level programming languages (e.g. Python) can 

condense hundreds of individual instrument commands into a single line of readable code. This 

has significantly reduced the barrier to expansion in this area.18  

The concept of automation in chemistry encompasses a broad spectrum of tasks. This can 

range from queuing an experiment in an autosampler, or having a robot perform full chemical 

synthesis.53-56 This is illustrated in Figure 5.1.3 where each stage in the control/optimisation 

process can employ automation differently.   

 

 

Figure 5.1.3: A graphical depiction of automated PAT function .  

 

Autosamplers in research and industrial labs alike enable automated queueing of offline 

samples as part of an analytical service. In the last decade high-throughput screening (HTS) 

has utilised these to effectively explore chemical space by automating the offline sampling and 

analysis of numerous small-scale reactions.57-59 This methodology is heavily used in the 

pharmaceutical industry to screen reaction conditions and empirically optimise processes at 

all stages of the drug discovery process.58 Automated reagent handling and statistical methods 

such as Design of Experiments (DoE) are often incorporated to facilitate the fast exploration of 

a wide range of parameters.60 HTS has become an essential tool for discovery and process 

optimisation through the broader exploration chemical space to develop robust industrial 

processes. Despite its many positives HTS still typically uses single point analysis meaning that 

often the outcome of the reaction is observed without any mechanistic insight. This insight can 
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be extremely important for the rational development of analogous processes and minimisation 

of hazardous byproducts.  

Data for this purpose is more appropriately acquired using online or inline flow analysis to 

probe a smaller subset of chemical space where kinetic profiles are generated under realistic 

reaction conditions. In tandem these two techniques can be used to great effect for the 

determination working conditions and subsequent rational optimisation guided by real-time 

(or operando) analysis.  

Developments in computer science combined with real-time PAT tools have been used to 

explore more refined chemical space in an automated fashion. Flow chemistry has had a surge 

in popularity in recent decades as a synthetic methodology and in many cases has become a 

replacement for batch chemistry.4, 61-63 This method has become attractive due to the level of 

process control that can be achieved.64 Heat transfer is significantly more efficient when using 

narrow diameter channels and the residence time of reaction mixtures can be finely tuned with 

flow rate. These properties make it much safer to operate at more challenging conditions with 

hazardous reagents where reaction conditions can be changed effectively along the flow 

path.64-66 As only small amounts of reaction mixture are exposed to reaction conditions at any 

given time, the accumulation of hazardous by-products or excess heat (thermal runaway) can 

be prevented.66 While this is important across any scale, at an industrial scale this reduction of 

risk is particularly important for both researcher safety and consistent facility operation.52, 67, 

68 

As reactivity can be tailored by varying reagent ratios and residence time, flow chemistry lends 

itself to the flexible monitoring, automation, and optimisation of chemical processes.62 HTS 

using flow chemistry can make it challenging to assess categorical variables such as solvent, 

catalyst type, and substrate because variables (e.g. concentration or catalyst loading) are 

typically altered by varying reagent flow rate from a reservoir. Despite this, breakthroughs in 

automated sample handling have enabled nanomole-scale reaction screening in a flowing 

setup capable of analysing over 1500 reactions in a 24-hour period.69  

What it lacks in breadth, flow chemistry makes up for in specificity. With the addition of an 

inline analytical technique post-reactor, reaction progress can be determined under varying 

temperatures, pressures, reagent concentrations and residence time for a given reaction.64 

Where HTS is typically used to determine information such as optimal catalyst/solvent 

combinations for a chemical process, flow can be used to reliably optimise and measure the 

effect of process variables (Figure 5.1.4). 
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Figure 5.1.4: Comparison of automated chemical analysis methods for reaction optimisation and their applications.  

 

The use of algorithms has become more prevalent as automated laboratory equipment has 

become widespread in modern chemistry.16, 49, 70, 71 Self-optimisation is the use of optimisation 

algorithms combined with real-time process analytics to improve a process. It takes the output 

of an analytical technology under a set of conditions and feeds this to an algorithm that 

determines the next set reaction parameters to be explored. This is iterated until either a 

defined maximum number of experiments, or an optimum output is reached.  

In recent years, most algorithms used for chemical self-optimisation were designed to achieve 

a maximum/minimum for a single objective (e.g. maximise concentration of X or minimise 

concentration of Y but not both). More recent exploits have sought to advance the use of multi-

objective optimisation algorithms.70, 72-75 These have the potential to map experimental space 

and define a maximum (or minimum) based on multiple objectives of varying weight (e.g. 

maximise concentration of X and minimise concentration of Y). This enables intelligent self-

optimisation, where important trade-offs such as hazardous by-product formation and 

selectivity play a crucial role in meeting industrial standards for safety and product quality. 

5.1.3 Project Aims 
Progress in electronics18 and chemical engineering6, 8, 52, 58, 64, 76 have enabled great strides in 

the areas of chemical automation and optimisation. Inline and online analyses remain at the 

forefront of enhanced reaction understanding and rational process development.10, 26 However, 

high field FlowNMR has found little use so far as it is expensive and rarely found in proximity 

to reaction mixtures outside of specialised facilities.8, 27, 77 
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To explore and demonstrate the utility of high field NMR spectroscopy as part of an advanced 

PAT toolbox, a basic feedback loop must first be established to reliably and reactively control 

chemical processes. Chemistry previously investigated in Chapters 3 and 4 of this thesis was 

chosen as a proof of concept for the automation and regulation of chemical processes by high 

field FlowNMR. 
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5.2 AUTOMATING HIGH FIELD NMR DATA EXPORT IN REAL TIME 
A pre-requisite to creating a responsive automated system is to have a parameter that can be 

accurately monitored and altered in near real time.14, 49, 51  In the case of NMR spectroscopy, the 

chemical information that can be discerned from a spectrum is vast but the two main spectral 

features that are of interest to process regulation are peak integral (proportional to 

concentration) and chemical shift (indicative of chemical environment). 

The use of these two parameters could allow us to control a reaction based on a concentration 

or chemical shift setpoint. To do this, however, this information needs to be automatically 

extracted and exported, accurately and reliably in real time in a format that may be used by a 

regulation algorithm. While commercially available reaction monitoring software (such as 

InsightMR or MNova RM plugin) was capable of processing and visualising data in real time it 

could not export and update an external file such that that the data could be read by an external 

software. 

When custom processing*******78 is required by an NMR user the following options are available 

to them:  

a) Use NMR processing solutions created with MATLAB,37, 79, 80 Python,81, 82 or UNIX83 to 

read raw data, process spectra, and append relevant values to a file.   

b) Use 3rd party software (Labview/Python) to interface with the instrument control to 

communicate with vendor software, process spectra, and extract data.59, 84 

c) Create custom processing scripts or macros in the vendor software to process spectra, 

extract data and create an export file (Bruker software uses C++ or Jython whereas 

MNova uses an ECMASCript-based language).  

As high-field NMR instrument vendors don’t usually enable instrument control via 3rd party 

software, option b was deemed unsuitable. While instrument control is technically possible 

using custom python applications,59 these did not address the projects processing needs. It was 

also desirable to minimise the number of software packages used in this project to make it both 

readable and easy to adapt for future users. Therefore, for this body of work we chose to 

employ (and create where necessary) processing scripts which could be utilised by anyone 

comfortable performing manual NMR using a Bruker spectrometer (option c).  

 

******* A distinction between processing and analysis is important here as many other custom software 

packages exist for the analysis of NMR spectra (particularly in molecular biology), rather than the simple 

export of data. 
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Topspin was the software of choice as the DReaM facility houses a Bruker spectrometer on 

which Topspin, Dynamics Centre, and InsightMR are the primary NMR data manipulation tools. 

In addition to this, Bruker accounts for 73% of the overall NMR market share85 and 90% of the 

high-field NMR market share86 according to recent reports, making it the most broadly used 

provider of NMR instrumentation at the time of writing.  

The use of MNova and Topspin processing scripts is relatively common amongst the NMR 

community, both in academia and industry, for the streamlining and automation of NMR 

services and routine acquisition. Despite their common use, a repository of developed scripts 

beyond the vendor standards is not available, only a repository of existing NMR software 

packages.87 In the following sections Topspin commands which can be operated from the 

command line are used to achieve data export, for clarity a glossary of these terms can be found 

in section 6.4.1. 

 

5.2.1 Exporting Selected Chemical Shift Values  
Chemical shift data across multiple 1D NMR spectra in Chapter 4 was extracted by using the 

command ‘peakw’ in conjunction with ‘multicmd’ that enabled the processing of multiple 

spectra using a single command in TopSpin. This opened a text box with the peak position and 

peak width data for a selected region of the spectrum (defined by the user zoom) that could 

then be copied and processed in another program. 

As this command was not capable of exporting the data displayed to a text file in an automated 

fashion, an existing AUNMP program (Bruker processing script) from the standard library 

(multi_integ3) was adapted. This AUNMP program was designed to automatically export 

integrals for a series of 1D spectra, with AI calibration (values normalised to the first spectrum) 

and as such contained most of the scaffold required for exporting a value to a readable file.  

By removing requested variables, creating a user defined parameter as the integral regions file 

(e.g ‘DBOH’ in section 6.4.2) and changing the integration command from LI (list integral) to 

LIPPF (list integrals picked peaks full), an AUNMP program capable of peak export was 

obtained. This AUNMP program (multi_peak_addINT) executes LIPPF, parses the file 

generated for the most downfield shifted peak and then appends an internal timestamp (Unix), 

the relative experiment number (Expno) and the chemical shift value (δ) of the most 

downfield shifted peak (within the integral region specified) to a .txt file (Figure 5.2.1) in a 

defined experiment directory (For full scripts see section 6.4.2 and 6.4.3 of the appendix).  
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Figure 5.2.1: Example text from a .txt file generated by a completed export script containing experiment number (left) 
Unix time (centre) and chemical shift of a selected peak in ppm (right). 

 

Peak export was then concatenated with other processes typically performed post-acquisition 

such as Fourier transform (EFP), phase correction (APK), baseline correction (ABS) and 

spectral alignment. To automate spectral alignment (which can be time consuming for large 

datasets) an AUNMP script called ‘align’ was developed within the group by Dr Andrew Hall. 

This script prompted user input for the number of spectra and a chemical shift, then (so long 

as the reference peak was within a defined range) it would align the highest intensity peak to 

the user defined shift. For the align function to work reliably in automation (without prompts) 

the reference peak would need to be the highest peak in the spectrum so that it is always picked 

(e.g. solvent) or at a consistent chemical shift post processing. It had been previously observed 

during work in Chapter 3 that when given solvents with multiple signals such as protio THF, 

the standard spectral referencing (SREF) would sometimes identify the wrong solvent peak 

(especially when significant pH changes occurred) shifting the spectrum by 1.86 ppm in the 

case of THF. To eliminate the error associated with this process ‘SREF’ was removed from the 

processing script as, provided the magnet was suitably shimmed, any slight variation in shift 

could be reliably corrected for by the created ‘alignND’ (align No Dialogue,  see section 6.4.2) 

script. On occasions where significant shifts from true values were observed, the spectrum was 

referenced, and an approximate spectrum reference frequency (SR) was inserted into the 

processing script (‘proc_1d_apk_nosref_SR’, see section 6.4.2) to ensure consistency.  

By combining processing, alignment, and peak export, a single script was produced that could 

reliably export peak position in an automated fashion post-acquisition. The workflow for the 

creation and use of this script is summarised below: 

1) Determine processing script (such as the existing proc_1d with SREF removed or 

create one with specific requirements, e.g. 19F NMR spectra may have more challenging 

phasing requirements in automation than 1H NMR spectra). 

2) Creation of an intrng file (‘wmisc’ on a spectrum with the peak range integrated).  

3) Set ‘alignND’ script parameters (peakpos = reference peak setpoint, f1p and f2p = 

downfield and upfield range for peak picking) 
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4) Check minimum intensity (MI) value in ‘alignND’ and ‘multi_peak_add’ to ensure that 

the baseline or satellite peaks are not picked and that the value is not higher than the 

intensity of the peak being picked. 

5) Create concatenated processing script of the format: 

XAU(“NameOfProcessingScript”,””) 

XAU(“NameOfAlignScript”,””) 

XAU(“NameOfProcessingScript”,””) 

XAU(“NameOfPeakExportScript”,“”) 

QUIT 

6) Pre-acquisition set processing parameters in Topspin (or InsightMR) Userp1= 

NameOfIntrngFile and AUNMP = NameOfConcatenatedProcessingScript.  

 

While this code fulfils its purpose and successfully achieves data export, there were caveats for 

its use. If the processing script was only used once at the beginning of the concatenated 

processing script, zero values were intermittently or constantly generated. This is thought to 

be a result of the peak picking performed by the alignment script and further development is 

required to rectify this.  

Peak picking is successful, but it is important to note that the LIPPF function does not recognise 

spectral multiplicity and the file it generates lists peaks in shift order. The line of code 

responsible for deleting excess lines of text from the beginning of the ‘integrals_lippf.txt’ file 

would then require changing.  For example, if a triplet is observed then the most downfield 

peak of this triplet would be appended to the file (Peak A, Figure 5.2.2). This can be altered by 

changing ‘for (iii=0; iii<9; iii++)’ in ‘multi_peak_addINT’ to delete more lines of 

the output file as necessary. For example, replacing ‘iii<9’ with ‘iii<10’ would delete the 

first  10 lines resulting in the middle peak (B) of the triplet would be appended to the export 

file. 
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Figure 5.2.2: An example triplet with the corresponding peak file created by the 'LIPPF' function, peak shift data is 
highlighted and labelled with corresponding letters for clarity.  

 

5.2.2 Exporting Selected Integral Values 
Integral data extracted from data acquired in Chapter 3 was exported and quantified post-run. 

While this data enabled a wealth of insights including mechanistic understanding, it was not 

suitable for the dynamic regulation or optimisation of a chemical system in real time.  

Using the export manifold constructed in 5.2.1, a modification was created which could 

integrate a peak within defined chemical shift boundaries and append the absolute integral to 

a text file in the data directory. Much like chemical shift, spectral alignment was crucial to 

ensure that selected integral regions were accurate and did not move or overlap with other 

peaks or satellites. The extra complication inherent with integral data is that multiple 

integrations are required from each spectrum to quantify components in a reaction mixture. 

For this reason, it was necessary to develop something robust enough to integrate multiple, 

potentially shifting peaks. 

This task was broken down into modules that were brought together into a single script that 

could be utilised by the Topspin acquisition software to facilitate troubleshooting and the 

isolation of individual processes. Each resonance requires individual alignment, integration, 

and export due to varying peak positions in reaction mixtures.  To illustrate this in a realistic 

setting the development of the workflow was created for the 1,3,5 trimethoxy benzene (TMB), 

formic acid CH, and triethylamine CH2 resonances seen in the asymmetric transfer 

hydrogenation discussed in Chapter 3.  
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Figure 5.2.3: 1H NMR spectrum of an asymmetric transfer hydrogenation reaction mixture with formic acid (purple), 
1,3,5 trimethoxy benzene (orange) and triethylamine (green) resonances being used for integration highlighted. 

 

It was decided that separate files would best be exported for each resonance rather than 

appending the values to the same file and parsing them later. This was to simplify the process 

for export at the cost of increasing both control and complexity of data handling. The script 

relies on a consistent reference alignment (and integral for an internal standard) first as this 

serves as a baseline from which the other peaks can be picked sequentially. In addition, the 

‘LIPP’ command was replaced simply with ‘LI’.††††††† When exporting integrals, the integral 

scale is typically normalised to a specific peak or the first spectrum in a set. To make this 

consistent the integral scale (‘intscl’) must be set to -1. This ensures that the integral values 

for one spectrum always relate to the previous spectrum, or in the case of the first spectrum, 

reads absolute integral values. This simple alteration generated absolute integral values for 

each spectrum, which were all on the same scale.  

By combining the individual parts into a single script, the following workflow (with TMB, FA 

and TEA inserted as examples) was developed:  

1) Determine processing script (e.g. proc_1d with ‘SREF’ removed) 

2) Create ‘intrng’ files for TMB, FA and TEA (‘wmisc’)  

 

††††††† This was done to avoid confusion as each individual peak was aligned to a defined shift for 
integration rather than its absolute shift relative to a standard. Removing peak shifts from these files 
ensures that incorrect shifts are not accidentally reported.  
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3) Create ‘alignND-TMB’, ‘alignND-FA’, ‘alignND-TEA’ scripts and set their parameters 

(peakpos = peak setpoint, f1p and f2p = downfield and upfield range for peak 

picking, see section 6.4.3) 

4) Check minimum intensity (MI) value in ‘alignND-TMB’ to ensure that the value is not 

higher than the intensity of the lowest peak being picked. 

5) Create ‘Integ_add_TMB’, ‘Integ_add_FA’, ‘Integ_add_TEA’ by changing the user 

parameter (‘USERPX’ and file name ‘integralX.txt’, see section 6.4.3) and saving as a 

new file.  

6) Create concatenated processing script of the format: 

XAU(“NameOfProcessingScript”,””) 

XAU(“alignND-TMB”,””) 

XAU(“Integ_add_TMB”,””) 

XAU(“alignND-TEA”,””) 

XAU(“Integ_add_TEA”,””) 

XAU(“alignND-FA”,””) 

XAU(“Integ_add_FA”,””) 

QUIT 

7) Pre-acquisition set processing parameters in Topspin (or InsightMR) Userp2 = 

intrngTMB, UserP3 = intrngFA, UserP4 = intrngTEA, and AUNMP = 

ConcatenatedProcessingScript  

 

This code successfully exported integrals‡‡‡‡‡‡‡ when given an integral region and appended 

them to a text file in the experiment directory when executed post-run on an acquired dataset. 

The internal standard was suggested as the first resonance in any application as it provides a 

consistent first alignment. Unfortunately, due to time constraints this script could not be tested 

with online data acquisition. This script was successfully tested with offline data to export 

integral files for 3 different regions which were calibrated to the same scale and is expected to 

function in real-time.  

 

‡‡‡‡‡‡‡ While up to 3 integrals were tested, theoretically the script should be able to handle as many 
integral regions as necessary. Users should however be aware that this could increase processing time 
relative (>3 seconds per integral). 
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5.3 REGULATING CHEMICAL PROCESSES 
Of the common feedback loop methods available, PIDs are ubiquitously used in electrical and 

chemical engineering for the regulation of temperature, pressure, and flow. This work aims to 

take advantage of this established technology for the regulation of a chemical process based on 

a spectral response. The parameters (chemical shift/integral) were altered by automated 

reagent dosing with a syringe pump (KDS Legato 110) controlled by the PID controller, as seen 

in Figure 5.3.1. 

 

 

Figure 5.3.1: Hybrid schematic of online FlowNMR analysis and a PID controller within a closed loop feedback system, 
showing data flow (solid arrows) and liquid flow (dashed arrows).  

 

Other available software packages (such as Matlab) can complete these tasks as instrument 

control is a core functionality for data acquisition in all the natural sciences. LabVIEW contains 

pre-built PID modules and has been previously used in the DReaM facility for process control 

and data logging of temperature and pressure respectively. Different virtual instruments (VI) 

were made for chemical shift and integral data so that values could be handled differently 

where necessary (e.g integral calibration) without altering functionalty of shift regulations.  

Chemical shift is an extremely sensitive and useful spectroscopic handle as demonstrated in 

Chapters 3 and 4, where it was used as a probe for hydrogen bonding and catalytic activity. The 

alteration of this parameter was controlled by a PID controller in LabVIEW as depicted in 

Figure 5.3.1.  

While spectral acquisition, automatic processing, data export and import worked as intended, 

the alignment of data import frequency versus PID regulation required some development. PID 

loops are typically designed to work over shorter timescales as they control responses 

measured by equipment such as thermocouples, where the sampling rate may be limited by 

the analogue to digital converter (ADC), operating on the microsecond to millisecond 
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timescale.18 In the case of 1H NMR spectroscopy data points are typically generated on the 

minute timescale, a frequency difference of more than four orders of magnitude. 

To prevent the PID from overshooting while waiting for the next input a data predictor was 

included. This function would take the currently assigned value and, when given a rate (i.e. 

shift/volume of reagent), would produce an approximate weighting and output expected 

values to the PID every 3 seconds. Using this method, we were able to interpolate the real data 

points acquired every minute to reduce the fluctuation in PID response inherent with long dead 

times.  

With these adjustments we were able to create a LabVIEW VI that could automatically regulate 

a process variable (chemical shift) to a set point using reagent addition via a syringe pump. A 

schematic summary of this process can be seen below in Figure 5.3.2. The user interface and 

wire diagram can be found in Figure 6.4.1 and 6.4.2. 

 

 

Figure 5.3.2: Graphical depiction of the reagent and data flows employed in this work to control a chemical process by 
regulating reagent dosing in response to a spectral parameter.  
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5.3.1 Automated FlowNMR Shift Titrations 
The chemical shift titrations explored using FlowNMR in Chapter 4 presented an ideal test case 

for feedback loop functionality. Using a PID loop to control reagent dosing retains all the 

flexibility of FlowNMR titrations with added control allowing chemical equilibria to be 

accurately regulated to a specific state. 

The competing protonation of two different amine bases (NEt3 and Py) with a strong acid 

(TsOH) was selected for this proof of concept (Scheme 5.3.1).  

 

 

Scheme 5.3.1: protonation of triethylamine (100 mM) and pyridine (100 mM) with p-toluene sulfonic acid (200 mM) at 
293 K as discussed in section 4.3.2.1. 

 

To test the PID in a preliminary experiment and compare the data to that collected previously 

(Figure 4.3.11), the parameter set point was set to the chemical shift at which triethylamine 

was fully protonated without protonation of pyridine (3.06 ppm, 0.63 Δδ ppm). By doing this 

overshoot could be sensitively observed by looking at the chemical shift of the pyridine (Figure 

5.3.3). 
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Figure 5.3.3: Chemical shift (ppm) and acid dosing (mL) against time (h) for the titration of NEt3 (100 mM) and 
Pyridine (100 mM) with TsOH (200 mM) in MeCN at 293 K. Automated acid dosing was controlled via Labview VI 
containing a PID loop. PID parameters: Setpoint = 3.06, Syringe = Normject 10 mL, Syringe Diameter (ID) = 15.9 mm, 
Units = Microlitres, Flowrate = 1 mL/min, Max output = 10 μL, Kc = 0.8, Ti = 0, Td = 0. 

 

Figure 5.3.3 shows that triethylamine was accurately titrated to its endpoint without overshoot 

as no shift was observed for the pyridine resonance. Thus, the PID loop developed has been 

successfully integrated with FlowNMR titration to selectively regulate a chemical equilibrium 

to a setpoint. This could have broader applications for use with other chemistries for which 

FlowNMR titration was shown to be applicable (Chapter 4). Extending this methodology to 

titrations with hyphenated analyses, or more complex chemical systems where shifts 

represent reporters of reactivity could facilitate responsive regulation and optimisation of 

reactions, as well as equilibria.    
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5.3.2 Catalytic Activity Regulation  
Acid-base equilibria are crucial to reactivity in many synthetic and more specifically catalytic 

processes.88-92 Chapter 3 discussed the impact of formic acid and triethylamine loading on the 

asymmetric transfer hydrogenation of acetophenone with a bifunctional ruthenium catalyst 1 

(Figure 5.3.4).  
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Figure 5.3.4:Catalytic asymmetric transfer hydrogenation of acetophenone to (R)-1-phenylethanol with RuCl[(R,R)-
TsDPEN](mesitylene) (1) using formic acid as the hydrogen donor. 

 

Triethylamine activates the precursor and formic acid acts as the reductant for the 

transformation, typically added in large excess. Section 3.4 showed that the catalyst 

decomposed >30% of the dosed formic acid before reaching a maximum rate of product 

formation. In parallel to this observation the formic acid -OH resonance was observed as a 

sensitive reporter of reactivity where it reached a maximum downfield shift at the point of 

maximum rate. This information was subsequently used to optimise acid loading and minimise 

induction periods based on acid loading at this point (1.75:1 acid/base ratio). Effective use of 

reagents to minimise the inadvertent evolution of hydrogen from formic acid decomposition is 

important for the safety of these process at scale.93  

Further experimentation showed that 55% product formation was still observed even when 

only 1 equivalent of acid relative to substrate was added (relative to 5.6 equivalents previously 

used). This highlights the potential to further reduce excessive reductant waste/hydrogen 

formation and suggests that the continuous dosing of formic acid may be preferable to single 

aliquots, which are currently added as part of an azeotropic mixture with the amine. This 

hypothesis is concordant with previous work by Blackmond et al that showed that slow acid 

dosing improved the rate of an analogous formic acid driven transfer hydrogenation reaction 

(Figure 5.3.5).89 
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Figure 5.3.5: Conversion vs time for the asymmetric transfer hydrogenation of 3,4-dihydro-6,7-dimethoxyisoquinoline 
with [(Cp)RhCl(TsDPEN)] and varied base loading. Formic acid was dosed slowly into the system over time (dashed 
pink line, right axis). [Catalyst] = 0.002 M [Substrate] = 0.25 M, total FA added = 1.00 M. Grey symbols show the 
conversion vs time curves for cases where FA was added in a single aliquot. Adapted with permission from D. G. 
Blackmond, M. Ropic and M. Stefinovic, Organic Process Research & Development, 2006, 10, 457-463. Copyright 2006 
American Chemical Society. 

By combining the insight gained from the operando investigation in Chapter 3 with the dosing 

protocols developed here, we attempted the active regulation of catalytic activity based on a 

spectral response. The formic acid -OH chemical shift was selected as the spectral response for 

regulating the asymmetric transfer hydrogenation of acetophenone. 

Preliminary experimentation started at the optimised 1.75:1 formic acid / triethylamine ratio 

(1575 mM / 900mM) and attempted to regulate the reaction by selecting the initial formic acid 

peak shift at 12.97 ppm as the setpoint. Upon dosing of formic acid, catalysis slowed down and 

ceased, halting the PID loop/dosing (2.5 – 14.5 h) saw reactivity slowly return after 4.5 hours 

with formic acid decomposition (Figure 5.3.6). This suggests that either the set point is too high 

therefore requiring more formic acid to reach, or the shift was not an accurate reporter of 

reactivity throughout the whole reaction profile.  

 

Figure 5.3.6: Product formation, volume of formic acid added (left), and formic acid concentration (right) during the 
hydrogenation of acetophenone (0.4 M) catalysed by 1 (2 mM = 0.5 mol%) from an formic acid (1.575 M) / 
triethylamine (0.9 M) in THF at 40 °C. PID parameters: Setpoint = 12.97, Syringe = SGE glass 1 mL, Syringe Diameter 
(ID) = 4.61 mm, Units = Microlitres, Flowrate = 1 mL/min, Max output = 0.5 μL, Kc = 0.8, Ti = 0, Td = 0. Enantiomeric 
excess measured by chiral HPLC post-run was 98.67 %. 
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To minimise excessive formic acid addition, the experiment was repeated with an increased 

base loading (1800 mM) and varied maximum outputs of 1.0 (0-1 hr) 0.1 (1-2 h), 0.01 (2-4.5 

h), and 0.5 μL (18-19 h) to explore the effect of limiting dosing. It was observed that product 

formation was more consistent even at moderate formic acid concentrations. Unfortunately, 

pump connection issues caused PID regulation to cease overnight at T = 4.5 h (Figure 5.3.7). 

 

 

Figure 5.3.7: Product formation, volume of formic acid added (left), and formic acid concentration (right) during the 
hydrogenation of acetophenone (0.4 M) catalysed by 1 (2 mM = 0.5 mol%) from formic acid (1.575 M) / triethylamine 
(1.8 M) in THF at 40 °C. PID parameters: Setpoint = 13.00 ppm, Syringe = Normject 5 mL, Syringe Diameter (ID) = 12.46 
mm, Units = Microlitres, Flowrate = 1 mL/min, Max output = 0.5, 0.1 or 0.01 μL, Kc = 0.8, Ti = 0, Td = 0. Enantiomeric 
excess was measured by HPLC post-run (98.58 %) 

 

Even with these measures the formic acid was still added in excess and reducing reaction rate. 

In fact, under these conditions it seemed that the formic acid -OH chemical shift was not a 

suitable response parameter correlating with catalytic transfer hydrogenation activity, as the 

addition of acid did not shift the peak back towards the setpoint until after complete product 

formation (Figure 5.3.8). 
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Figure 5.3.8: Formic acid -OH shift and volume of formic acid added during the transfer hydrogenation of acetophenone 
(0.4 M) catalysed by 1 (2 mM = 0.5 mol%) from formic acid (1.575 M) / triethylamine (1.8 M) in THF at 40 °C. PID 
parameters: Setpoint = 13.00, Syringe = Normject 5 mL, Syringe Diameter = 12.46 mm, Units = Microlitres, Flowrate = 
1 mL/min, Max output = 0.5, 0.1 or 0.01 μL, Kc = 0.8, Ti = 0, Td = 0. Enantiomeric excess was measured by HPLC post-run 
(98.58 %) 

 

To probe this behaviour further, an experiment was completed where the PID was started with 

an initial acid loading of 0 (relative to 1575 mM used in previous experiments). This would 

eliminate the possibility of overshooting early and be a more directly comparable experiment 

to that performed by Blackmond et al (Figure 5.3.9).89  

 

Figure 5.3.9: Product formation, volume of formic acid added (left), and formic acid concentration (right) during the 
hydrogenation of acetophenone (0.4 M) catalysed by 1 (2 mM = 0.5 mol%) from formic acid (dosed from 0 M) / 
triethylamine (0.9 M) in THF at 40 °C. PID parameters: Setpoint = 12.00, Syringe = SGE glass 1 mL, Syringe Diameter = 
4.69 mm, Units = Microlitres, Flowrate = 1 mL/min, Max output = 0.15 μL, Kc = 0.8, Ti = 0, Td = 0. Enantiomeric excess 
was measured by HPLC post-run (98.29 %). 
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By tracking the formic acid peak shift we can see that the peak shift was successfully regulated 

to the setpoint with the addition of acid (Figure 5.3.10). The regulation was stopped after 7.5 

hours when it became clear that the formic acid -OH resonance became unresponsive to dosing 

and rate of product formation was reduced. 

 

 

Figure 5.3.10: Formic acid -OH shift and volume of formic acid during the hydrogenation of acetophenone (0.4 M) 
catalysed by 1 (2 mM = 0.5 mol%) from formic acid (dosed from 0 M) / triethylamine (0.9 M) in THF at 40 °C. PID 
parameters: Setpoint = 12.00, Syringe = SGE glass 1 mL, Syringe Diameter = 4.69 mm, Units = Microlitres, Flowrate = 1 
mL/min, Max output = 0.15 μL, Kc = 0.8, Ti = 0, Td = 0. Enantiomeric excess was measured by HPLC post-run (98.29 %).  

 

These results showed that it is possible for the PID loop to regulate chemical shift within a 

reactive (i.e. chemically responding) system. Unfortunately, they also showed that the 

relationship between formic acid concentration and peak shift is not linear, and while suitably 

tuned PID loops can tolerate a level of non-linearity, in this case the acid seems to no longer 

reflect optimal reaction conditions after 3.5 hrs (50% conversion). While the diagnostic acid 

resonance is still effective for minimising induction periods in these reactions (as discussed in 

section 3.4.2), regulation must be controlled by another parameter. This change in acid-base 

behaviour can be justified by the large changes in organics. As acetophenone converts to 1-

phenylethanol and formic acid is consumed/decomposed, the pH of the solution will 

undoubtedly change. With this pH change the hydrogen bonding environment of the formic 

acid, as well as the optimum operating conditions for the catalyst will also change.  
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As chemical shift evolution was found not to be a suitable parameter for the regulation of 

ketone transfer hydrogenation catalysis from formic acid / triethylamine mixtures, attention 

was turned to the automated regulation of concentrations by observing peak integral values. 
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5.4 EMPLOYMENT OF INTEGRALS FOR REGULATION 
Where the regulation of a specific reagent concentration is required, peak integrals may be 

used directly as NMR signal intensity is directly proportional to the number of spins in the 

active volume (which with constant volume, relates to concentration). With the existing 

apparatus and data exports it was necessary to make modifications to the feedback loop to 

enable concentration control. Integrals had to be converted to concentration for PID input and 

concentration subsequently had to be converted to reagent volume for dosing. This meant that 

additional mathematical operations were required either side of the PID loop compared to 

chemical shift regulations that directly compared two numbers (shift setpoint versus shift 

measured). 

By creating user inputs for the number of nuclei [Nuc], flow correction factors [CF], and 

internal standard concentration [STD], measured integral values [Int] could be converted to 

reagent concentrations [R] using Equation 3.42 

 

Equation 3 

[𝑅𝑅] = [𝑆𝑆𝑇𝑇𝐷𝐷]�
(𝐼𝐼𝐼𝐼𝐼𝐼𝑅𝑅 𝑁𝑁𝑢𝑢𝐴𝐴𝑅𝑅 ) × 𝐶𝐶𝐶𝐶𝑅𝑅⁄

(𝐼𝐼𝐼𝐼𝐼𝐼𝑆𝑆𝑇𝑇𝑆𝑆 𝑁𝑁𝑢𝑢𝐴𝐴𝑆𝑆𝑇𝑇𝑆𝑆 ) × 𝐶𝐶𝐶𝐶𝑆𝑆𝑇𝑇𝑆𝑆⁄ � 

 

User inputs were also appended for total reaction volume, reagent density (for cases where 

pure liquid reagents were used for dosing), and molecular weight for the conversion of 

concentration to volume of reagent addition. 

When developing the interpolating predictor for chemical shift regulation (5.3) it was observed 

that even when the setpoint had been reached, the PID would sometimes continue to add small 

amounts (0.14 μL) in between data points. This behaviour was due to the predictor function 

assuming a steady consumption of the dosed reagent in a catalytic reaction, and would thus 

never predict a true plateau to let the PID stop dosing. While this behaviour is helpful during 

the evolution of a chemical reaction, it prevents accurately reaching a defined endpoint without 

overshoot. To resolve this, the predictor was replaced with a 3-point moving average that 

would allow a gradual approach to the setpoint without the generation of data that departs 

from observed values. This would also be more appropriate for regulating systems where the 

factor response changes over time, requiring an unbiased correction. 

With these adjustments a second LabVIEW VI was created with the potential to automatically 

regulate a process variable (reagent concentration) to a set point via reagent addition. The user 

interface for this VI can be found below in Figure 5.4.1 and the annotated wire diagram can be 
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found in Figure 6.4.4. Unfortunately, due to time constraints this PID could not be tested with 

real-time data acquisition from high field FlowNMR spectroscopy. Given the successful use of 

the PID loop previously in 5.3, the inclusion of more data files and mathematical functions is 

expected to not detrimentally affect the function of the LabVIEW VI.  

 

 

Figure 5.4.1: The graphical user interface for a LabVIEW VI created to regulate reagent dosing in response to 
concentration change. Created by Joe Mills with input from the author.   
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5.5 CONCLUSIONS 
Data export and processing is an essential but often time-consuming task for generating 

knowledge from data, which can be achieved in a multitude of ways by combining a variety of 

novel programming and existing software. The creation of custom data processing workflows 

can be especially time consuming for users not familiar with the functionality available in this 

software. In the pursuit of developing a physical and computational workflow for the 

automated regulation of chemical reactions using High Field FlowNMR, data exports were 

written to be applicable by anyone with manual NMR training on a Bruker spectrometer and 

reduce the perpetual time investment of researchers ‘reinventing the wheel’. Reducing barriers 

for the execution of simple tasks is an essential exercise for increasing accessibility to and 

development of advanced chemical study with automation and self-optimisation.  

Automated chemical investigations that respond to spectral/chromatographic changes can be 

a challenging amalgamation of chemical, engineering, and computing expertise. The challenge 

of automated regulation has been tackled before in literature using feedback loops, typically 

for titrimetric analyses.17, 94-97  By using a PID loop to regulate a chemical dosing relative to 

spectral response, an accurate titration and reactive reagent dosing in a catalytic reaction using 

high field FlowNMR were achieved. While it is important to acknowledge that regulation was 

achieved by choking PID loop outputs, rather than tuning, these examples demonstrate the 

potential of high field FlowNMR in the future of chemical regulation. We envisage that the 

groundwork laid here will expedite the application of high field FlowNMR as a tool for reaction 

optimisation studies based on parameters not easily accessible by other techniques such as the 

accurate quantitation of low concentration species (I.e., catalyst and byproducts).  
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5.6 FUTURE WORK 

5.6.1 Data Export and Labview VIs 
It is our firm belief that a repository of smaller scale NMR scripts (Bruker, MNova, Python, 

MATLAB and LabVIEW) could be uploaded and documented. This would benefit the 

community and increase research efficiency by preventing researchers ‘reinventing the wheel’ 

where simple data handling functionality already exists.  

High field NMR data was successfully exported with only a rudimentary knowledge of 

programming. With greater expertise the quality and efficiency of these scripts could be further 

improved. This section focuses on developments the author deems achievable and impactful 

with realistic time investment. 

First and foremost, the assignment of in script variables (reference peak position ‘peakpos’, 

peak picking range ‘f1p’/‘f2p’ and maximum peak intensity ‘MI’) to user defined parameters 

‘userpX’ is essential for version control and continued use. Without this, many versions of the 

same scripts will require creation for different applications leading to potential time and data 

loss where incorrect scripts/variables are used. For the peak picking of varying multiplicities, 

the inclusion of a parameter that dictates the number of lines to delete from the export file 

could make it more user friendly. The logic of this could take the form ‘If userpX = n, delete 

the first n + 10 lines of the LI/LIPPF output file’. While a framework for integral export has 

been constructed, it has not been tested on real-time data acquisition yet. More work is 

necessary to test and improve this data export to ensure it is both reliable and accurate. 

Scope also remains for the translation of these simple processes to other high field and low 

field spectrometer brands. While it would be ideal to do this in a cross-platform language such 

as python/C++ a great deal of the functionality relies on software specific commands. 

Therefore, this would be most effectively carried out by creating a cross-platform template, in 

which the vendor specific commands could be inserted. This would enable the export and 

manipulation of data in real-time, regardless of the brand or type of spectrometer used. 

Tuning of the described PID loops within the Labview Vis described would be essential in the 

development of more responsive and tailored regulation. This could significantly reduce the 

time required to reach a reaction setpoint and achieve regulation, reducing both instrument 

and researcher time investment.23, 24 The integral VI specifically could be developed further to 

enable the addition of diluted or dissolved reagents, rather than pure liquid addition. This 

development would be essential for its further use in automated studies.  
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5.6.2 Applications 
Further improvements to the regulation of asymmetric transfer hydrogenation could involve 

the use of much higher loadings of base to see if the tolerance for acid (or length of time which 

regulation is possible) increases. Regulation of the catalysis by maintaining either a 400 mM 

acid concentration or a 1:1 substrate to acid ratio throughout the reaction would make both a 

good test for integral regulation method and offer impactful insight into this catalysis.  

This concept could be further expanded to other areas of catalysis where ensuring that a 

sufficient amount of ligand is present in solution for catalysts formed in situ (where these may 

be consumed by oxidation or other processes) could make more efficient use of expensive and 

finite transition metal resources.  The responsive maximisation of active catalytic species in 

solution (or minimisation of dormant species) could also be a very impactful route for future 

work, especially in systems where dynamic reagent dosing rather than single point initiations 

can achieve a balance between catalyst activity and decomposition.  

While LF flow NMR suffers from low resolution (peak overlap) and sensitivity (field strength), 

great strides are being made in these areas, increasing its use as a PAT.7, 98, 99 Furthermore, the 

use of high field NMR as a lab scale tool for exploration (identification of spectral handles) or 

calibration (multivariate calibration models) for use at low field (and therefore plant scale) is 

and enticing area for further research.100 The importance of correlating substrate/reagent 

trends to catalyst speciation cannot be understated. By validating these correlations at high 

field, the regulation of higher concentration reagents (for example acid loading) could be 

accomplished effectively with techniques such as LF FlowNMR or flow UV-Vis at plant scale, 

where minimising reagent waste and catalyst decomposition has significant economic and 

environmental impact. 

While chemical regulation has been the focus of this chapter, future work aims to develop the 

same principles and further develop this proof of concept to use high-field FlowNMR for self-

optimisation studies. Reaction optimisation performed on parameters only achievable at 

higher fields such as catalytic speciation could prove invaluable for understanding optima in 

chemical space. This knowledge is often sacrificed in the name of progress where high-

throughput screening is the most efficient way to explore chemical space without gaining 

mechanistic insight. Performing online optimisations under realistic conditions has the 

potential for substantial impact where understanding can lead to rational catalyst 

development or reduced hazardous byproduct formation. To this end collaborations with the 

iPRD at the University of Leeds (initiated in parallel to this work) are hoped to be particularly 

fruitful by combining cutting edge developments in computer science and process analytics 

such as multi-objective optimisation, with innovative developments in the high field NMR 

reaction monitoring of challenging chemical systems within the DReaM facility.  
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5.7 EXPERIMENTAL 

5.7.1 Data Export and PID Usage Instructions  
To facilitate the benefits of automated data export, analysis, and process control there are 

preparatory steps that must be performed. The time invested in these tasks are essential in 

preventing wasted resources from experiments which have not been set up with a level of 

rigour. This section concisely lists these steps to facilitate adoption of this method in the 

future.§§§§§§§  

Process understanding is essential before performing process control. Indeed, Eva Sorenson 

referred to this concept as the second law of process control:  

“You must understand the process before you can control it. Ignorance about the process 

fundamentals cannot be overcome by sophisticated controllers.”13  

 This also translates to automated data processing. Previous knowledge about the processing 

parameters that generate reproducible, high-quality data are essential. As such the first steps 

advised are to make sure edited AUNMP scripts (processing scripts used in Bruker’s Topspin 

software) process data reliably:  

1) Create a processing script (e.g. variation on ‘proc_1d’) which suitably aligns, phases, 

and baseline corrects the data being acquired.  

2) Ensure the script works on freshly acquired data, this can be simulated, or 

generated in real time on a static sample.  

3) Create the ‘wmisc’ parameter file (e.g. integral range file, ‘intrng’)  

4) Input the appropriate user variables in the ‘multi_peak_addINT’ and ‘alignND’ 

scripts. 

5) Check each of the scripts individually perform the desired task successfully.  

6) Concatenate these into a single script and test these in a similar way to step 2.  

When starting a reaction, the relevant user parameters (UserP1, UserP2, AUNMP) can be set in 

the data acquisition software (in this case, InsightMR). Starting data acquisition on reaction 

mixture introduces a chance to check acquisition data (spectrum and export) on the reaction 

mixture prior to process or PID initiation. 

Other pre-acquisition tasks can prevent the waste of reagents by being certain that instrument 

control and PID operation in Labview are functioning correctly. The following checklist was 

developed as a working suggestion: 

 

§§§§§§§ These instructions operate on the assumption that reliable pump control and LabVIEW VI 
operation has been established.  
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1) Input all set variables into the PID in LabVIEW (using a blank .txt or previous 

experimental output as the data read file.  

2) Pay close attention to ensure that the syringe inner diameter, volume, flow rate  and 

max output are set correctly. 

3) Connect the syringe to the reservoir using the tubing attachment which will 

connect it to the reaction vessel and fill with reagent.  

4) Connect this syringe to the syringe pump, with the tubing still in the reagent 

reservoir or waste – not the reaction vessel.  

5) Start PID operation by starting the Labview VI and clicking ‘confirm settings’  

6) Monitor syringe pump operation to make sure that the volume being dosed is 

correct as would be calculated by volume per time.  

This prevents accidental overdosing or fouling by erroneous parameter setting, while also 

flushing the transfer tubing. As a final list, the following issues which can be easily prevented 

provided the user is aware of them:  

• The operation of other LabVIEW VI’s in parallel can cause timing issues with PID/VI 

operation. While this is not always a problem (very VI dependent), the isolated 

operation of this LabVIEW VI removes the potential for error.  

 

• The PID can be paused and restarted using the blue ‘Pause PID’ button in the bottom 

right corner. It should not be paused using the LabVIEW pause functionality on the GUI.  

 

• While many syringe pumps can digitally set the internal syringe diameter and LabVIEW 

can read this value, it is suggested that the user directly set this value and ensure it is 

correct in the VI.  

 

• When using a syringe with a volume of 10 mL, be aware of the safety blocks typically 

available on syringe pumps which if positioned incorrectly can result in premature 

dosing cessation.  



PROCESS CONTROL WITH HIGH FIELD FLOWNMR  

 
249 

5.7.2 Automated Titrations  

5.7.2.1 Apparatus 

Titrations were performed in round-bottomed flasks with a magnetic stirrer bar. A peristaltic 

pump (Vapourtec SF-10) circulated reaction mixture through a Bruker InsightMR flow tube 

inserted into an NMR spectrometer (Bruker Ultrashield 500 MHz Avance II+ or Avance III HD 

equipped with either a room temperature broadband (BBO) probe or a nitrogen-cooled 

Prodigy Cryoprobe). The flow path and transfer lines were composed of fluorinated 

polyethylene-propylene tubing (Teflon FEP, I.D = 0.76 mm, O.D = 1/16”) and were supported 

on a plastic trolley (Rubbermaid) which allowed the flow setup to be transported as required. 

Transfer lines were connected to the reaction vessel via a rubber septum. Reagent dosing 

under atmospheric conditions was done at 6.6 mL/hr with a KDS Legato 110 single syringe 

infuse withdraw syringe pump connected to a 20 cm length of FEP tubing (O.D 1/16”, I.D 0.51 

mm) with PEEK fittings (Upchurch Scientific). 

Dosing tubing was connected to the titration vessel via a rubber septum and submerged in the 

analyte to ensure gradual dosing. Dosed reagent concentrations were calculated from the 

syringe pump dosing rate and verified by a log file exported by LabVIEW.  

 

5.7.2.2 Procedure  

The flow tube and flow path were emptied of any residual solvent and thoroughly rinsed with 

titration solvent for a minimum of 20 minutes at 4 mL/min. Solvent miscibility was checked 

before changing solvents within the flow path to ensure that immiscible solvents were not 

mixed in the flow path. 

A stock solution (10 mL) containing triethylamine (139 μL, 0.1 M) and pyridine (81 μL, 0.1M) 

was charged to a round bottom flask with a stirrer bar. Inlet and outlet of the flow setup were 

connected to the flask via a rubber septum, the stock solution was circulated around the flow 

path and acquisition was started. A p-toluene sulfonic acid (TsOH) stock solution (0.2 M, 10 

mL) was charged to a 10 mL Luer lock syringe (NormJECT, I.D 15.9 mm), connected to a 20 cm 

length of fluoropolymer tubing (FEP, O.D 1/16”, I.D 0.51 mm) and mounted onto the syringe 

pump. NMR acquisition was started to ensure no errors occurred in data acquisition and 

export. The dosing tubing was then inserted into the reaction vessel via rubber septum and 

submerged in the analyte to prevent stepwise additions caused by droplets. PID control was 

triggered, and titration progress was monitored by response as displayed on the LabVIEW VI 

GUI.  
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5.7.3 Catalytic Experiments  

5.7.3.1 Apparatus 

Reactions were carried out in round-bottomed glass flasks with a magnetic stir bar under 

argon. A peristaltic pump (Vapourtec SF-10) was used to drive the reaction mixture around the 

flow path to a Bruker InsightMR flow tube inserted into a Bruker Ultrashield 500 MHz Avance 

II+ or Avance III HD equipped with either a room temperature broadband (BBO) probe or a 

nitrogen-cooled Prodigy Cryoprobe. Polyetheretherketone (PEEK) tubing was used for the 

flow path (O.D. 1/16”, I.D. = 0.75 mm) and the flow tube (O.D. = 1/32”, I.D. = 0.125 mm). This 

tubing was connected to the reaction flask via a standard rubber seal with connections sealed 

using silicone grease. The flow system was thermally regulated by two heat exchangers, one 

which connected to the flow tube and a second which connected to the flow path.  

Reagent dosing under inert conditions was done at 6.6 mL/hr with a KDS Legato 110 single 

syringe infuse withdraw syringe pump connected to a 20 cm length of FEP tubing (O.D 1/16”, 

I.D 0.51 mm) with PEEK fittings (Upchurch Scientific). 

 

5.7.3.2 General Procedure  

The flow tube and flow path (outlined in black and red respectively in Figure 5.3.2) was purged 

with argon for a minimum of 30 minutes to ensure a dry and inert atmosphere. The systems 

heat control was turned on at this stage to allow to equilibrate. The heat exchanger controlling 

the flow path and flow tube was set to 50 ℃ (to account for heat loss over the length of the 

system), the reaction vessel was heated to 40 ℃ and the NMR probe was set to 30 ℃ (improved 

shimming at this temperature). 

The system was subsequently primed with a THF stock solution containing 1,3,5-

trimethoxybenzene (TMB, 100 mM) as an internal reference for 15 minutes at 4 mL/min. The 

PEEK tubing of the flow path (in and out) was then pushed through the rubber seal of a Schlenk 

flask containing catalyst 1 (12.4 mg, 0.020 mmol) dissolved in THF/TMB stock solution heated 

to 40 ℃.******** This mixture was recirculated at 4 mL/min and allowed to equilibrate for 10 

minutes.  

After inserting the flow tube into the spectrometer, the flow was stopped. Frequency lock was 

disabled, and automated shimming and tuning routines were applied. Flow was then resumed, 

and data acquisition (number of scans: 16, acquisition time: 1.64 s, delay: 1 s, receiver gain: 4, 

 

******** Volume of THF stock solution was calculated to make up the total reagent volume to 10 mL, 
ensuring that only absolute volume of acid/base reagents were changing. The change in TMB 
concentration was accounted for in quantitation.  
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lock: off) was started using an automated kinetic routine on InsightMR reaction monitoring 

software. To this recirculating mixture triethylamine (varied concentration, mM) and 

acetophenone (400 mM) were added and allowed to homogenise for 5 minutes with data 

acquisition.  Formic acid (distilled as detailed in section 3.5) was withdrawn from a Schlenk 

flask under inert conditions using the dosing tubing. A head of argon was withdrawn, and this 

tubing was transferred to the reaction flask, where the head of argon was gently expelled 

immediately before insertion and the syringe was mounted to the syringe pump. The tubing 

was carefully inserted into the reaction mixture and PID control was triggered to initiate the 

catalysis.  
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CHAPTER 6  
 

APPENDIX 
 

6.1 APPENDIX TO CHAPTER 2   

6.1.1 Heat Transfer Model  
The excel spreadsheet used to produce data with the following model can be found in the 

University of Bath Research Data Archive (Berry, D., in press. Heat Transfer Calculations for 

"Engineering Aspects of FlowNMR Spectroscopy Setups for Online Analysis of Solution-phase 

Processes". Bath: University of Bath Research Data Archive., 

https://researchdata.bath.ac.uk/id/eprint/1155). Heat transfer in the system was modelled 

on conduction through a pipe wall combined with volumetric flow rate in a heating system 

(Figure 6.1.1).1-4 Equation 6.1.1 calculates heat conduction through a pipe wall where Q�  is heat 

flow (W), k is the overall heat transfer coefficient of the system (W/m2.K), A is the surface area 

of heat flow (outer tubing surface, m2) and ΔT is the temperature difference between the 

solvent temperature (Tsolv) and external temperature(Text) (K).  

 

Figure 6.1.1: Cross-sectional diagram of heat transfer modes for no heat regulation (A), passive heat regulation (B) and 
active heat regulation (C). Models use 1/16” PEEK tubing, insulative foam and general-purpose silicone tubing filled 
with a 50:50 ethylene glycol / water mixture. Material dimensions used in equations are labelled.  

�̇�𝑄 = 𝑘𝑘𝐴𝐴∆𝑇𝑇 

Equation 6.1.1 

Equation 6.1.2 is used for determining the surface area of a cylinder (outer tubing surface) 

where r is the radius of the pipe and L is the length of the tubing.  

𝐴𝐴 = 2𝜋𝜋𝐼𝐼𝐿𝐿 

Equation 6.1.2 

https://researchdata.bath.ac.uk/id/eprint/1155
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Equation 6.1.3 defines the overall heat transfer coefficient of the system which is a sum of the 

resistances to heat transfer where α is the heat transfer coefficient of a component (W/m2.K), 

λ is the thermal conductivity of a component (W/m.K), S is the wall thickness (m) and r1/r2 

are the radii of the inner and outer pipe walls respectively (m).  

 

𝑘𝑘 =  
1

1
𝛼𝛼1 + 𝑆𝑆

𝜆𝜆 𝐼𝐼𝐼𝐼
𝐼𝐼2
𝐼𝐼1 + 𝐼𝐼1

𝐼𝐼2𝐼𝐼2
 

 

 

Equation 6.1.3 

 

For model 2, which includes the addition of an insulative material, another term is added for 

the thermal resistance of the insulation material (Equation 6.1.4), where λins is the thermal 

conductivity of a component (W/m.K), Sins is the wall thickness of the insulation material (m) 

and r3 is the outer radius of the insulation material (m).  

𝑘𝑘 =  
1

1
𝛼𝛼1 + 𝑆𝑆𝑆𝑆𝑖𝑖𝑣𝑣

𝜆𝜆𝑆𝑆𝑖𝑖𝑣𝑣
𝐼𝐼𝐼𝐼 𝐼𝐼3
𝐼𝐼2 + 𝑆𝑆

𝜆𝜆 𝐼𝐼𝐼𝐼
𝐼𝐼2
𝐼𝐼1 + 𝐼𝐼1

𝐼𝐼2𝐼𝐼2
 

Equation 6.1.4 

Equation 6.1.5 calculates the heat transfer coefficient (α, W/m2.K) for a flowing liquid where 

Nu is the Nusselt number (assumed to be 3.66 in the case of laminar flow with a uniform outer 

wall temperature),3 λ is the thermal conductivity of the liquid (W/m.K) and D is the diameter 

of the tubing (inner wall, m2).  

𝛼𝛼 = 𝑁𝑁𝑢𝑢 ×  
𝜆𝜆
𝐷𝐷

 

Equation 6.1.5 

Equation 6.1.6 defines the volumetric flowrate for a heated system5 where V�  is the volumetric 

flowrate (m3/s), Q�  is the heat flow (kW), Cp is the heat capacity of the solvent (kJ/kg.K), ρ is the 

density of the solvent (kg/m3), Tin and Tout are the inlet and outlet temperature of the tubing 

respectively (K).  

�̇�𝑉 =  
�̇�𝑄

𝐶𝐶𝑝𝑝𝜌𝜌(𝑇𝑇𝑆𝑆𝑖𝑖 − 𝑇𝑇𝐹𝐹𝑜𝑜𝑆𝑆)
 

Equation 6.1.6 

Resistance term for 
solvent inside tubing 

Resistance term for 
tubing material   

Resistance term for 
surrounding liquid 
or gas    
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Equation 6.1.7 is then rearranged to make the outlet temperature the subject in Equation S12.  

𝑇𝑇𝐹𝐹𝑜𝑜𝑆𝑆 = 𝑇𝑇𝑆𝑆𝑖𝑖 −  
�̇�𝑄

𝐶𝐶𝑝𝑝𝜌𝜌�̇�𝑉
 

Equation 6.1.7 

By substituting kAΔT for Q�  we achieve a single calculation for the outlet temperature including 

all variables, in Equation 6.1.8. A summary of all of these terms and their units can be found 

beneath in  

Table 6.1.1. 

𝑇𝑇𝐹𝐹𝑜𝑜𝑆𝑆 = 𝑇𝑇𝑆𝑆𝑖𝑖 −  
𝑘𝑘𝐴𝐴∆𝑇𝑇
𝐶𝐶𝑝𝑝𝜌𝜌�̇�𝑉

 

Equation 6.1.8 

 

Table 6.1.1: Summary of terms and units used.  

Symbol Name Unit 

Q�  Heat flow W 

k Overall heat transfer coefficient W/m2.K 

A outer surface of tubing m2 

ΔT Temperature difference (Tsolv – Text) K 

λ Thermal conductivity (component) W/m.K 

L Length m 

r Radius m 

α Heat transfer coefficient (component) W/m2.K 

Nu Nusselt Number None 

D Diameter m2 

S Wall thickness m 

Cp Heat capacity of solvent kJ/kg.K 

V�  Volumetric flowrate m3/s 

ρ Density kg/m3 
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Now we have achieved the outlet temperature for a length of tubing we must define the length 

of tubing we want to study. In order to achieve a temperature profile that asymptotically 

approaches the target temperature we must perform the calculation over short lengths, with 

the Tin of an increment being equal to the Tout of the previous increment. This is then iterated 

to the desired length to create a temperature profile. Varying the size of the length increment 

had little effect on the magnitude of heat loss observed in the temperature profile (Figure 

6.1.1). Length values for plots throughout the study use 1.0 cm increments.  

 

Figure 6.1.2: Modelled temperature gradient between water (313 K) and room temperature (293 K) using different 
sized increments of length in Equation 2. Modelled conditions: 4 mL/min, 1/16” PEEK tubing, αair = 35. 

 

It is noted that the heat transfer coefficient for air (αair) can vary greatly due to many factors 

and its flow is not always easily characterizable. From Table 6.1.2 we can estimate that the 

alpha will be between 10 and 100 W/m2.K. The effect of this value on the overall temperature 

gradient can be seen in Figure 6.1.3.  
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Table 6.1.2: Typical values of heat transfer coefficient (α) under different conditions.1 

 

 

 

 

 

 

 

Figure 6.1.3: Modelled temperature gradient between water (313 K) and room temperature (293 K) using different 
heat transfer coefficients for air (αair). Modelled conditions: 4 mL/min, 1/16” PEEK tubing. 

 

To determine the most appropriate αair for the system studied an experiment was carried out 

under the same conditions at different tubing length to achieve a temperature gradient over 

length. This curve was then compared to calculation and the optimal heat transfer coefficient 

was selected.  

Figure 6.1.4 below shows a plot comparing active heat regulation and no heat regulation when 

the temperature gradients are the same (40 °C to 20°C). Active heat regulation as expected 

would more efficiently cool a reaction mixture than just exposing it to a low flow of air. If 

cooling a reaction mixture down for analysis (or to prevent thermal runaway) the reaction 

solution without regulation might not fully cool down prior to detection if using a 4 m long flow 

tube.  

Flow Type Α / Wm-2K-1 

Low speed of air over a surface  10 

Moderate speed flow of air over a surface (>50 m/s) 100 

Moderate speed cross-flow of air over a cylinder 200 

Moderate flow of water in a pipe 3000 

Boiling water in a pipe 50000 

Free convection of air over a plate with a 30°C temperature 

difference 

5 
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Figure 6.1.4: Modelled temperature loss between water (40 °C) when actively cooled to 20 °C by a heat exchanger 
(black) or passively cooled by ambient temperature (red). Dotted line indicates room temperature (blue). Modelled 
conditions: 4 mL/min, 1/16” PEEK, 7.5 mm O.D silicone tubing, 50:50 ethylene glycol: water thermofluid. 

 

In all the heat transfer models in this study the following assumptions are made:  

• The flow within the transfer line is classified as laminar. 

• The outside temperature is uniform (room temperature or uniformly heated transfer 

fluid). 

• Insulative foam used for passive insulation has the same heat transfer properties as 

ArmaflexTM insulation.6 

• The heat transfer coefficient of air (αair) is 35 as estimated by experiment (SX.X)  

A summary of all tubing and solvents studied and their physical properties used in the model 

can be found below in Table 6.1.3: Table of physical properties of the tubing materials and 

solvents used in the heat transfer model. a – 50:50 mixture, values at 40°C.  
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Table 6.1.3: Table of physical properties of the tubing materials and solvents used in the heat transfer model. a – 50:50 
mixture, values at 40°C 

Material 
Thermal Conductivity 

/ λ @ 25 °C 

Inner diameter / 

mm 
Outer diameter / mm 

PEEK 1/16”7 0.25 0.75 1.59 

PEEK 1/32” 0.25 0.50 0.79 

FEP 1/16”8 0.21 0.75 1.59 

FEP 1/32” 0.21 0.50 0.79 

Armaflex6 0.042 1.59 2.59 

Solvent9 
Thermal Conductivity 

/ λ @ 25 °C 

Density / g.mL-1 

 

Heat Capacity J.g-1.K-1 

 

Water 0.598 0.997 4.18 

Methanol 0.200 0.791 2.53 

Acetone 0.161 0.790 2.17 

Dichloromethane 0.122 1.327 1.19 

Toluene 0.131 0.867 1.71 

Hexane 0.120 0.655 2.27 

Ethylene glycol: 

Watera 10, 11 
0.398 1.069 3.34 

 

6.1.2 Model Validation 
A stirred 1 L reservoir of water was heated to 40 °C by a hotplate, 1.42 m of 

polyetheretherketone tubing (PEEK, OD 1/16”, ID 0.76 mm) connected to a Vapourtec SF-10 

peristaltic pump was inserted into the reservoir, secured with a rubber septum. 

Thermocouples were positioned in the heating block, reservoir, and tubing exit. The water was 

flowed directly onto the thermocouple and was allowed to come to thermal equilibrium for 20 

minutes. Single point readings were taken and the tubing was progressively cut to shorten the 

total path length (Table 6.1.1, Figure 6.1.5). 10 cm was added to the overall length to account 

for the tubing within the peristaltic pump. For simplicity this was assumed to have similar heat 

transfer properties to the PEEK tubing (Figure 6.1.6 – Thermal Image).  
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Table 6.1.4: Table of exit thermocouple reading (K) against total tubing length (m) of water (313 K) being flowed at 4 
mL/min by a Vapourtec SF-10 peristaltic pump through 1/16” OD PEEK tubing. 

 

 

 

Figure 6.1.5: Calculated (black) versus experimental (red) data for the temperature loss between water (313 K) and 
room temperature (293K). Conditions: 4 mL/min, 1/16” tubing. 

Using a heat transfer coefficient (αair) of 35 resulted in the best fit with experimental data and 

as such this was used as a standard condition for the plots within this study.  

 

Tubing Length / m 
Measured Exit 

Temperature / K 

1.420 295.83 

1.335 296.13 

1.135 297.03 

1.050 297.53 

0.940 298.43 

0.865 298.93 

0.730 300.13 

0.635 301.03 
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Figure 6.1.6: Thermal image of the FlowNMR setup (reactor to pump) during a flow run with the reaction vessel, flow 
path and flow tube heated to 50°C. Crosshairs indicate the surface temperature of the hotplate, Armaflex insulation 
and heat exchanger tubing.  

 

 

 

Figure 6.1.7: Thermal image of the FlowNMR setup at the inlet and outlet of the HNP-M Mzr-2921X1-hs-vb pump (A) 
and the interface between the flow path and the flow tube (B), during a flow run with the reaction vessel, flow path and 
flow tube heated to 50°C. Crosshairs indicate the surface temperature of the pump inlet, pump outlet and heat 
exchanger tubing (A) and the flow tube inlet, flow tube outlet (B).  
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Figure 6.1.8: Thermal image of the FlowNMR setup at the inlet and outlet of the HNP-M Mzr-2921X1-hs-vb pump during 
a flow run with the reaction vessel, flow path and flow tube heated to 50°C. Crosshairs indicate the surface temperature 
of the heat exchanger tubing and Armaflex insulation. 

6.1.3 Residence Time Distribution Experiments 
Residence time distribution measurements were done with a flow path as described in section 

3.5.1. For measurements which included a flow meter (Bronkhorst mini CORI-FLOW M13), this 

was fitted on a bypass loop.  

For each RTD measurement the flow path was flushed with acetone for a minimum of 10 

minutes prior to acquisition. A 1% (0.1 mg/mL) fluorescein in acetone mixture was flowed 

through the flow path at 4 mL/min until the flow path was uniformly filled with solution, 

indicated by a maximum in absorbance (Fill). The flow path inlet was inserted into a reservoir 

of clean acetone and the pump was switched on. The time was measured from when the pump 

was started to when the flow path was uniformly clean, indicated by a minimum in absorbance 

(Empty). The acquisition of UV data was started simultaneously to the pump so that the time 

take for the system to fill or empty could be accurately measured. UV data was measured at 

334 nm using an Ocean Optics spectrometer (25 μm slit size) with a PEEK 10 mm flow cell at 

the end of the flow path (Figure 2.4.1).  

6.1.4 Chemical Compatibility Data Experimental 
The FlowNMR apparatus (as discussed in 4.3.6.1) was purged with acetone, air and then 

solvent (CHCl3 or THF) at 4 mL/min, for a minimum of 10 minutes each. The flow tube was 

then emptied and washed twice more with solvent for 10 minutes. The titre solvent (8.75 mL) 

and triethylamine (1.25 mL) were charged to the flask and flowed through the apparatus to 

ensure homogeneity. The acid was then dosed manually, or automatically by syringe pump. For 

manual dosing chemical shift and integral were monitored using Bruker’s InsightMR software 

and another aliquot was added upon peak stabilisation. Alterations to flow rate and pump 

function were made manually. 
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6.2  APPENDIX TO CHAPTER 3  

6.2.1 Crystal data for [(mesitylene)RuCl(R,R)-(TsDPEN)] 1 

Table 1.  Crystal data and structure refinement for [(mesitylene)RuCl(R,R)-(TsDPEN)] . 

Identification code  e18uh3 

Empirical formula  C31 H34 Cl4 N2 O2 Ru S 

Formula weight  741.53 

Temperature  150.00(10) K 

Wavelength  0.71073 Å 

Crystal system  Monoclinic 

Space group  P21 

Unit cell dimensions a = 8.0171(3) Å a= 90°. 

 b = 17.1859(6) Å b= 101.308(4)°. 

 c = 12.0210(7) Å g = 90°. 

Volume 1624.11(13) Å3 

Z 2 

Density (calculated) 1.516 Mg/m3 

Absorption coefficient 0.907 mm-1 

F(000) 756 

Crystal size 0.280 x 0.200 x 0.040 mm3 

Theta range for data collection 3.385 to 28.948°. 

Index ranges -10<=h<=10, -19<=k<=23, -14<=l<=12 

Reflections collected 13400 

Independent reflections 6563 [R(int) = 0.0359] 

Completeness to theta = 25.242° 99.7 %  

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 1.00000 and 0.97300 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 6563 / 3 / 419 

Goodness-of-fit on F2 1.023 

Final R indices [I>2sigma(I)] R1 = 0.0427, wR2 = 0.0655 

R indices (all data) R1 = 0.0559, wR2 = 0.0691 

Absolute structure parameter -0.04(2) 

Extinction coefficient n/a 

Largest diff. peak and hole 0.700 and -0.647 e.Å-3 
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6.2.2 Experimental for Published work in Section 3.6.4 
Experimental originally submitted as electronic supplementary information 

reproduced from ref. 12 with permissions, Copyright © 2021 The Authors. Published by 

American Chemical Society.12 https://pubs.acs.org/doi/10.1021/acscatal.1c03636. 

Further permission related to this material excerpted should be directed to the 

American Chemical Society. 

Experimental from section 3.6.4.3 (addendum) is described in section 6.2.31.  

6.2.2.1 FlowNMR Experiments  

Reactions were carried out at room temperature (approximately 20°C) in a standard glass 

round-bottomed flask, with a peristaltic pump (Vapourtec SF-10) used to circulate the mixture 

around the system to an InsightMR flow tube (Bruker) located within the spectrometer 

(Bruker 500 MHz Avance III Ultrashield equipped with a nitrogen cooled Prodigy 5 mm 

broadband observed (BBO) Prodigy CryoProbe). The flow tube was connected to the reaction 

flask using narrow diameter polyetheretherketone (PEEK) tubing (0.762 mm i.d., Upchurch 

Scientific) using standard rubber seals to connect the tubing to the flask. All other connections 

were made using standard HPLC-type PEEK connectors (Upchurch Scientific), allowing the 

apparatus to be purged with inert or reactive gases as required. For further details, see 

reference 13. 

The total volume of the flow apparatus was 3.7 mL, and the volume of the NMR flow cell was 

approximately 0.5 mL, corresponding to a mean residence time within the detection region of 

8 s at a flow rate of 4 mLmin-1.13  

Data acquisition was performed without lock and with shimming performed using automated 
1H shimming routines, followed by manual fine tuning. Data processing was performed using 

commercially available software. 

 

6.2.2.2 General Procedure  

The FlowNMR apparatus was purged with dry argon for 30 min to remove any traces or air or 

moisture prior to use. The apparatus was filled with 7.53 mL of a stock solution of potassium 

hydroxide (anhydrous, 0.112 g, 2 mmol) and 1,3,5-trimethoxybenzene (3.364 g, 0.02 mol) in 

dry, degassed isopropanol (200 mL).  

The flow tube was then inserted into the spectrometer and automated shimming and tuning 

routines were performed. Frequency lock was switched off when using non-deuterated 

solvents, and shimming performed on proton peaks.  

https://pubs.acs.org/doi/10.1021/acscatal.1c03636
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With the sample flowing, data acquisition was started using an automated kinetic routine or 

dedicated reaction monitoring software, with spectra recorded at specified time intervals. A 

concentrated solution of the catalyst in 2 mL of the stock solution was added. Spectra were 

acquired for 15 min to allow initial catalyst speciation to be observed. To start the reaction, 

acetophenone (0.47 mL, 4 mmol) was added. 

Unless specified, the following parameters were used for the acquisition of all NMR kinetic 

data: 

1H selective excitation and 1H (non-selective) spectra acquisition were interleaved with 

selective excitation spectra acquired every 30 s and non-selective spectra acquired every 60 s. 

 

1H (without selective excitation) 

1H spectra for the determination 1-phenylethanol, acetophenone, acetone and 1,3,5-

trimethoxybenzene concentration were acquired using a standard 30° pulse sequence, with a 

1.64 s acquisition time and 1 s relaxation delay time, using a single transient. 

 

1H selective excitation 

1H selective excitation spectra for the determination of the concentration of catalyst species 3 

were acquired using a 1D double spin echo pulse sequence with gradient refocusing. A Q3 

gaussian 180° pulse with a pulse length of 2272 μs (approximately 3 ppm width), centred on -

5.5 ppm was used for selective refocusing with a 200 μs gradient recovery time. 8 transients 

were acquired with a 2 s acquisition time and 1 s relaxation delay time. 

At the end of the reaction, additional spectra were recorded with and without flow, and 

correction factors were calculated for the intermediate or product peaks, which were applied 

to each spectrum to give the final peak areas for calculation of species concentration and 

plotting of kinetic data. (I = peak integral, CF = correction factor).13 

𝐼𝐼𝐶𝐶𝐹𝐹𝐶𝐶𝐶𝐶𝐶𝐶𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶 = 𝐶𝐶𝐶𝐶 × 𝐼𝐼 

𝐶𝐶𝐶𝐶 =  
𝐼𝐼𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆
𝐼𝐼𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹

 

Concentrations of species were determined by peak integrals and referenced to 1,3,5-

trimethoxybenzene internal standard.  
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Receiver Gain calibration  

Since selective excitation experiments are recorded at significantly higher receiver gain than 

standard proton spectra, it is necessary to determine a compensation factor to allow 

quantitative comparison between peaks on the two different spectra.14  

Relative integral areas of the methyl peak of 1,3,5-trimethoxybenzene (0.1 M) in a standard 

reaction mixture sample in isopropanol (see General Procedure above) were recorded at a 

range of receiver gains, resulting in a calibration factor of 0.9896 to transform integral values 

recorded at different receiver gains. 

 

Figure S3: Receiver gain calibration for Bruker 500 MHz Avance III Ultrashield spectrometer equipped with a 5 mm 
broadband observed (BBO) Prodigy CryoProbe. 0.1 M 1,3,5-trimethoxybenzene in isopropanol reaction sample. 
Selective excitation using spin echo shaped pulse sequence (8 scans, 2 s acquisition time, 1 s relaxation delay time, 1600 
μs Gaussian excitation peak, 20°C). Acquired by A. Hall reproduced from reference 12 with permissions, Copyright © 
2021 The Authors. Published by American Chemical Society.12 

 

In order to allow comparison between the integral of the hydride peak recorded using selective 

excitation and the 1,3,5-trimethoxybenzene concentration reference, the integral of the 

hydride peak is reduced to give a Reduced Integral Value (RIV) according to the following 

equation: 

𝑅𝑅𝐼𝐼𝑉𝑉 =  
𝐼𝐼ℎ𝑦𝑦𝐶𝐶𝐶𝐶𝑆𝑆𝐶𝐶𝐶𝐶 × 𝑅𝑅𝑅𝑅𝑖𝑖𝐹𝐹𝐶𝐶𝑛𝑛𝑆𝑆𝐹𝐹 × 0.9896

𝑅𝑅𝑅𝑅ℎ𝑦𝑦𝐶𝐶𝐶𝐶𝑆𝑆𝐶𝐶𝐶𝐶
 

Where Ihydride = Integral area of hydride peak, RGnormal = receiver gain for selective excitation 

experiment of internal standard (e.g. TMB), RGhydride = receiver gain for selective excitation 

experiment of hydride. 
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The concentration of the hydride species can then be calculated by comparison to a selective 

excitation experiment of the internal reference (such as 1,3,5-trimethoxybenzene (TMB)) of 

known concentration: 

[𝑝𝑝𝐻𝐻𝐴𝐴𝐼𝐼𝐻𝐻𝐴𝐴𝐼𝐼] = 𝑅𝑅𝐼𝐼𝑉𝑉 ×
[𝑇𝑇𝑇𝑇𝐵𝐵] 

𝐼𝐼𝑇𝑇𝑇𝑇𝐵𝐵/𝑁𝑁𝑢𝑢𝑁𝑁𝑁𝑁𝐼𝐼𝐼𝐼 𝑜𝑜𝑜𝑜 𝑝𝑝𝐼𝐼𝑜𝑜𝐼𝐼𝑜𝑜𝐼𝐼𝑝𝑝 𝐼𝐼𝑝𝑝𝑝𝑝𝑜𝑜𝐴𝐴𝐻𝐻𝐼𝐼𝐼𝐼𝐼𝐼𝐴𝐴 𝑤𝑤𝐻𝐻𝐼𝐼ℎ 𝑇𝑇𝑇𝑇𝐵𝐵 𝑝𝑝𝐼𝐼𝐼𝐼𝑘𝑘
 

This calculation process was tested on a standard sample containing known concentrations of 

acetophenone and 1,3,5-trimethoxybenzene in isopropanol solvent and the accuracy of 

component concentrations calculated with this method compared to actual concentrations of 

components was found to have an error 3.6%. 

 

Tethered catalyst (Figure 3.6.20) 

The reaction was carried out as described above with a 4 mM concentration of complex 1, 400 

mM acetophenone and 20 mM KOH. An additional 400 mM of acetophenone was added after 

17 h. 1H spectra were acquired every 300 s using the parameters described above. 1H selective 

excitation experiments were acquired every 300 s with 96 transients. All other acquisition 

parameters were as described above. 

 

Online monitoring with HPLC (Figure 3.6.20) 

Online monitoring with HPLC was performed using an automated sample collection valve 

positioned on the flow loop after the NMR flow probe as described in (Berry 2019).15 HPLC 

aliquots were sampled every 30 min for the duration of the experiment. Analysis was 

performed using an Agilent 1260 Infinity II LC equipped with a Chiracell OD-H column (Daicell 

chiral, 250 mm length, 4.6 mm diameter, 5 μm particle size), with the sample eluted with a 9:1 

hexane/IPA mixture at 1 mL/min. R-1-phenylethanol was observed to elute at 7.56 min and S-1-

phenylethanol at 8.15 min. 

Enantiomeric excess was calculated using the formula: 

%𝐼𝐼𝐼𝐼 =  
[𝑅𝑅] − [𝑆𝑆]
[𝑅𝑅] + [𝑆𝑆]

× 100 

 

Reaction with CO2 (Figure 3.6.13) 

Sodium isopropoxide (2.0 mg, 0.025 mmol) and [(mesitylene)RuCl(R,R)-(TsDPEN)] (10 mg, 

0.016 mmol) were dissolved in THF-d8 (0.5 mL) to give a deep purple solution of 2. The mixture 
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was stirred for 5 min at room temperature and passed through a 0.2 µm PTFE syringe filter. 

The solution was charged to a pressure resistant NMR tube and iso-propanol (8 µL, 0.104 

mmol) was added under inert atmosphere yielding a yellow brown solution of hydrides 4a and 

4b. The sample was pressurised with 5 bar CO2  and upon mixing the solution turned bright 

yellow indicative of the formation of the formate complex. 

Nuclear Overhauser Effect Spectra - Tethered catalyst 7 (Figures 3.6.17 & 3.6.18) 

Complex 5 (24.8 mg, 66.7 mM) and NaOiPr (4.8 mg, 97.5 mM) were dissolved in dissolved in 

35 mL propan-2-ol under argon atmosphere, forming a pale purple mixture. The solvent was 

removed under vacuum to isolate a brown solid which was redissolved in 0.6 mL C6D6 to give 

a purple solution containing a mixture of 6 and 7. The sample was filtered through a 0.2 μm 

syringe filter. 1H NMR spectra were acquired immediately after preparation and again after 24 

h after equilibrium of hydrides 7a and 7b was reached.  

1H spectra were acquired with 64 transients, 1.64 s acquisition time and 1 s relaxation delay 

time. Spectra were processed with 0.3 Hz exponential line broadening. Selective NOE spectra 

were acquired using a gradient spin echo pulse sequence with a shaped 180° pulse centred at 

either -4.539 or -5.26 ppm. 10240 transients were acquired with 2.18 s acquisition time, 2 s 

relaxation delay time and using a 80 ms Gaussian shaped pulse. Spectra were processed with 

2.0 Hz exponential line broadening. 

6.2.2.3 NMR Spectra  

 

Figure 6.2.1: 1H NMR spectrum of a mixture containing complexes 7a and 7b. Reproduced from reference 12 with 
permissions, Copyright © 2021 The Authors. Published by American Chemical Society.12 
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Figure 6.2.2: Expansion of 3-6 ppm region of the 1H NMR spectrum of a mixture containing complexes 7a and 7b. 
Reproduced from reference 12 with permissions, Copyright © 2021 The Authors. Published by American Chemical 
Society.12 

 

Figure 6.2.3: a) 1H decoupled 13C and b) 13C DEPT-135 NMR spectrum of a mixture containing complexes 7a and 7b. 
Reproduced from reference 12 with permissions, Copyright © 2021 The Authors. Published by American Chemical 
Society.12 
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Figure 6.2.4: 1H-1H COSY NMR spectrum of a mixture containing complexes 7a and 7b. Reproduced from reference 12 
with permissions, Copyright © 2021 The Authors. Published by American Chemical Society.12 
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Figure 6.2.5: 1H-13C HSQC NMR spectrum of a mixture containing complexes 7a and 7b. Reproduced from reference 12 
with permissions, Copyright © 2021 The Authors. Published by American Chemical Society.12 
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Figure 6.2.6: 1H-13C HMBC NMR spectrum of a mixture containing complexes 7a and 7b. Reproduced from reference 12 
with permissions, Copyright © 2021 The Authors. Published by American Chemical Society.12 
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6.2.3 Effect of Acid and Base on Rate and Speciation  
General Procedure for FlowNMR Experiments is identical to section 6.2.2.1 except for 

temperature.  

6.2.3.1 Batch 

To facilitate faster, more reliable catalyst distribution on smaller scales, catalyst (12.4 mg, 

0.020 mmol) was dissolved in a THF/substrate stock solution (7.9 mL, 400 mM acetophenone, 

100 mM TMB) and distributed evenly between 4 Schlenk flasks under inert atmosphere (1.98 

mL per reaction). To each Schlenk flask triethylamine (varied loading, mM) was charged and 

these mixtures were allowed to equilibrate to 40 °C in an oil bath (5 min). Post equilibration 

formic acid (varied loading, mM) was added to initiate catalysis.  

0.2 mL aliquots of the reaction mixture were periodically withdrawn from the reaction and 

diluted with 0.4 mL of CDCl3 for 1H NMR analysis. 1-phenylethanol CH quartet at 4.80 ppm, 

acetophenone CH3 singlet at 2.55 ppm, and 6.08 ppm singlet of the TMB standard were used 

for quantitation.  

6.2.3.2 FlowNMR at Different Acid/Base Loadings 

The flow tube and flow path were purged with argon for a minimum of 30 minutes to ensure a 

dry and inert atmosphere. The systems heat control was turned on at this stage to allow to 

equilibrate. The heat exchanger controlling the flow path and flow tube was set to 50 ℃ (to 

account for heat loss over the length of the system), the reaction vessel was heated to 40 ℃ and 

the NMR probe was set to 30 ℃ (improved shimming at this temperature). 

The system was subsequently primed with a THF stock solution containing 1,3,5-

trimethoxybenzene (TMB, 100 mM) as an internal reference for 15 minutes at 4 mL/min. The 

PEEK tubing of the flow path (in and out) was then pushed through the rubber seal of a Schlenk 

flask containing catalyst 1 (12.4 mg, 0.020 mmol) dissolved in THF/TMB stock solution heated 

to 40 ℃.†††††††† This mixture was recirculated at 4 mL/min and allowed to equilibrate for 10 

minutes.  

After inserting the flow tube into the spectrometer, the flow was stopped. Frequency lock was 

disabled, and automated shimming and tuning routines were applied. Flow was then resumed, 

and data acquisition (number of scans: 16, acquisition time: 1.64 s, delay: 1 s, receiver gain: 4, 

lock: off) was started using an automated kinetic routine on InsightMR reaction monitoring 

software. 

 

†††††††† Volume of THF stock solution was calculated to make up the total reagent volume to 10 mL, 
ensuring that only absolute volume of acid/base reagents were changing. The change in TMB 
concentration was accounted for in quantitation.  
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To this recirculating mixture triethylamine (varied concentration, mM) and acetophenone 

(400 mM) were added and allowed to homogenise for 5 minutes with data acquisition. Formic 

acid (varied concentration, mM) was then added to initiate catalysis.  

6.2.3.3 Mass spectrometry 

Mass spectral data was acquired a reaction acquired using the same order of addition 

and reagent loading as described in section 3.5.3. 

At-line ESI-TOF analysis was conducted using an electrospray time-of-flight (MicrOTOF-Q) 

mass spectrometer (Bruker Daltonik GmbH, Bremen, Germany). Sampling was carried out 

using sequential valve drives triggered by Agilent OpenLab CDS software as described in 

Chapter 2 and THF under atmospheric conditions was used to transfer reaction mixture from 

the flow path to the mass spectrometer. Analyses were performed in ESI positive mode. The 

capillary voltage was set to 4500 V, nebulizing gas at 1.0 bar, drying gas at 5 L/min at 180 °C 

in each case. The TOF scan range was from 100-1500 mass-to-charge ratio (m/z). The TOF was 

calibrated with a 10 μL sodium formate calibrant solution injection prior to the flow run. The 

calibrant solution consisted of 3 parts 1 M NaOH to 97 parts of 50:50 water : isopropanol with 

2% formic acid.  

Zoom regions of mass spectra displayed in this section are taken from spectrum 38 acquired 

at T = 20 hrs during the hydrogenation of acetophenone (400 mM) catalysed by 1 (2 mM = 0.5 

mol%) using a 5:2 azeotropic formic acid/triethylamine mixture at 40 °C in THF. 
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Figure 6.2.7: Zoom region for an experimental (top) and predicted (bottom) mass spectrum acquired using at line 
sampling of an asymmetric transfer hydrogenation reaction. Monoisotopic mass correlates to NEt3 as presented in 
Table 3.6.2.  
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Figure 6.2.8: Zoom region for an experimental (top) and predicted (bottom) mass spectrum acquired using at line 
sampling of an asymmetric transfer hydrogenation reaction. Monoisotopic mass correlates to (NEt3)2.HCl as presented 
in Table 3.6.2. 
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Figure 6.2.9: Zoom region for an experimental (top) and predicted (bottom) mass spectrum acquired using at line 
sampling of an asymmetric transfer hydrogenation reaction. Monoisotopic mass correlates to ruthenium complex (2)  
as presented in Table 3.6.2. 
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Figure 6.2.10: Zoom region for an experimental (top) and predicted (bottom) mass spectrum acquired using at line 
sampling of an asymmetric transfer hydrogenation reaction. Monoisotopic mass correlates to ruthenium complex 
associate (4).NEt3  as presented in Table 3.6.2. 
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Figure 6.2.11: Zoom region for an experimental (top) and predicted (bottom) mass spectrum acquired using at line 
sampling of an asymmetric transfer hydrogenation reaction. Monoisotopic masses correlate to ruthenium complex 
associates (3).NEt3 (left) and  (1).NEt3 as presented in Table 3.6.2.  
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Figure 6.2.12: Two zoom regions for an experimental mass spectrum acquired using at line sampling of an asymmetric 
transfer hydrogenation reaction. Monoisotopic masses correlate to ‘Decomp1’ (top) and ‘Decomp2’ (bottom) as 
discussed in table 3.6.2. 
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6.2.3.4 NMR Spectra  

Selective excitation spectrum from T = 1 h (Figure 3.6.21) 

 

Figure 6.2.13: -4.5 to -8.5 zoom region of a 1H selective excitation NMR experiment during the manual dosing of formic 
acid aliquots to the reaction mixture described in Figure 3.6.21.  
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Figure 6.2.14: 3.5 – 10.5 ppm region of a 1H-1H COSY spectrum of a mixture containing 1, 2 and 4a in 0.6 mL THF after 
the addition of 200 μL of NEt3 and 8 days equilibration time (spectrum e in 3.6.27). Proposed correlations between 
backbone CH peaks at 3.49 and 4.93 ppm and NH peaks at 4.50 and 10.02 ppm for B1 are highlighted in blue.  
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Figure 6.2.15: 2.0 – 6.0 ppm region of a 1H-1H COSY spectrum of a mixture containing 1, 2 and 4a in 0.6 mL THF after 
the addition of 200 μL of NEt3 and 8 days equilibration time (spectrum e in Figure 3.6.27). Proposed correlations 
between backbone CH peaks at 3.91 (d, J = 10.5 Hz) and 4.22 ppm (ddd, J = 13.2, 10.5, 2.2 Hz) and NH peaks at 2.52 and 
3.52 ppm for B2 are highlighted in red. 

 



APPENDIX   

 
288 

6.3 APPENDIX TO CHAPTER 4  
Experimental originally submitted as electronic supplementary information. 

6.3.1 pH Titration Apparatus  
pH data in the flow path was acquired using Unisense flow pH probes (pH 500 and ref-100 

mounted in stainless steel flow cells) inserted sequentially at the end of the flow path using a 

combination of PEEK HPLC-type fittings and 1/8” Swagelok connections (section 4.3.6.1). 

pH data in the vessel vessel was acquired using a Metrohm Unitrode pH probe (6.0258.000) 

which was  submerged in the bulk analyte. This setup was used for the acquisition of pH data 

for the titration of triethylamine (100 mM) with pivalic acid (100 mM) in H2O (Figure 4.3.27) 

and the titration of protonated Leu-Ala (63 mM) with NaOH (200 mM) in H2O (Figure 4.3.14).  

All data was recorded using a Metrohm 913 pH meter at time intervals of 10 or 60 seconds. All 

probes were thoroughly rinsed with deionised water prior to and after use and stored in 

appropriate buffer solutions. Data acquisition was completed within a month of a three-point 

probe calibration using standardised solutions from the manufacturer.  

 

Figure 6.3.1: A labelled image of the FlowNMR titration apparatus with the inclusion of Unisense flow pH probes. A – 
dosing pump, B – reaction vessel inlet, C – reaction vessel outlet, D – pH meter, E – recirculation pump, F – flow pH 
probe. 
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Figure 6.3.2: A labelled image of the FlowNMR titration apparatus with the inclusion of a Metrohm Unitrode pH probe. 
A – dosing pump, B – reaction vessel inlet, C – reaction vessel outlet, D – pH meter, E – recirculation pump, F – pH probe. 
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6.3.2 Brønsted Acid/Base Titrations  
Triethylamine vs Acetic acid in D2O 

 

Figure 6.3.3: Stacked 1H NMR spectra from the titration of triethylamine (100 mM) with acetic acid (100 mM) in D2O 
at 293 K. Data density was reduced by a factor of 10 for clarity. Acquisition parameters: PULPROG zg30, 8 scans, 1s 
delay. 
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 Triethylamine vs Pivalic acid in H2O 

 

Figure 6.3.4: Stacked 1H NMR spectra from the titration of triethylamine (100 mM) with pivalic acid (100 mM) in D2O 
at 293 K. Data density was reduced by a factor of 10 for clarity. Acquisition parameters: PULPROG wet, 2 scans, 3s 
delay. 

Triethylamine vs Pivalic acid in MeCN 

 

Figure 6.3.5: Stacked 1H NMR spectra from the titration of triethylamine (100 mM) with pivalic acid (100 mM) in 
acetonitrile at 293 K. Data density was reduced by a factor of 10 for clarity. Acquisition parameters: PULPROG zg30, 8 
scans, 1s delay. 
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Figure 6.3.6: Stacked 1H NMR spectra from the titration of triethylamine (100 mM) with pivalic acid (100 mM) in 
acetonitrile at 293 K focused ona broad resonance at 8-12 ppm. Data density was reduced by a factor of 10 for clarity. 
Acquisition parameters: PULPROG zg30, 8 scans, 1s delay. 

Triethylamine vs Pivalic acid in THF 

 

Figure 6.3.7: Stacked 1H NMR spectra from the titration of triethylamine (100 mM) with pivalic acid (100 mM) in 
tetrahydrofuran at 293 K. Data density was reduced by a factor of 10 for clarity. Acquisition parameters: PULPROG 
zg30, 8 scans, 1s delay. 
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Figure 6.3.8: Superimposed 1H NMR spectra from the titration of triethylamine (100 mM) with pivalic acid (100 mM) 
in acetonitrile at 293 K with added line broadening (top) to highlight the broad resonance  at 9-10 ppm. Data density 
was reduced by a factor of 10 for clarity. Acquisition parameters: PULPROG zg30, 8 scans, 1s delay. 

Triethylamine vs Pivalic acid in Toluene 

 

Figure 6.3.9: Stacked 1H NMR spectra from the titration of triethylamine (100 mM) with pivalic acid (100 mM) in 
toluene at 293 K. Data density was reduced by a factor of 10 for clarity. Acquisition parameters: PULPROG zg30, 8 
scans, 1s delay. 
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Figure 6.3.10: Stacked 1H NMR spectra from the titration of triethylamine (100 mM) with pivalic acid (100 mM) in 
toluene at 293 K focused on the broad resonance at 10-13 ppm. Data density was reduced by a factor of 10 for clarity. 
Acquisition parameters: PULPROG zg30, 8 scans, 1s delay. 

Triethylamine vs Acetic acid in wet THF  

 

Figure 6.3.11: Stacked 1H NMR spectra from the titration of triethylamine (100 mM) with acetic acid (100 mM) in wet 
THF at 293 K. Data density was reduced by a factor of 10 for clarity. Acquisition parameters: PULPROG zg30, 8 scans, 
1s delay. 
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Triethylamine and Pyridine vs p-Toluene sulfonic acid in MeCN 

 

Figure 6.3.12: 1H NMR spectra of triethylamine methylene resonance taken at 0 equivalents (quartet, 3JHH = 7.2 Hz, 
blue) and 4 equivalents (doublet of quartets, 3JHH = 7.2, 5 Hz, red) of p-toluene sulfonic acid. Chemical shift difference 
observed because of protonation. Acquisition parameters: PULPROG zg30, 32 scans, 1s delay 

 

 

Figure 6.3.13: Stacked 1H NMR spectra from the titration of triethylamine (100 mM) and pyridine (100 mM) with p-
toluene sulfonic acid (200 mM, 2 x 20 mL) in dry acetonitrile at 293 K. Data density was reduced by a factor of 2 for 
clarity. Acquisition parameters: PULPROG zg30, 32 scans, 1s delay 
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Figure 6.3.14: Stacked 1H NMR spectra from the titration of triethylamine (100 mM) and pyridine (100 mM) with p-
toluene sulfonic acid (200 mM, 2 x 20 mL) in dry acetonitrile at 293 K with a focus on 6-17 ppm. Data density was 
reduced by a factor of 2 for clarity. Acquisition parameters: PULPROG zg30, 32 scans, 1s delay. 
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Figure 6.3.15: 1H COSY NMR spectrum of triethylamine (100 mM), pyridine (100 mM) and p-toluene sulfonic acid (400 
mM) with cross peaks for acetonitrile (blue) and triethylamine (orange). Acquisition parameters: PULPROG 
cosygpmfqf, 16 dummy scans, 4 scans, 1.88s delay 
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Figure 6.3.16: 1H COSY NMR spectrum triethylamine (100 mM), pyridine (100 mM) and p-toluene sulfonic acid (400 
mM) with focus on cross peak between a broad resonance (8.9 ppm) and triethylamine (3.8 ppm, orange). Acquisition 
parameters: PULPROG cosygpmfqf, 16 dummy scans, 4 scans, 1.88s delay 

 

Figure 6.3.17: 1H (top, blue) and 1H{14N} (bottom, red) NMR spectra of pyridine (200 mM) and p-toluene sulfonic acid 
(1000 mM) in acetonitrile focused on the observed H-bonding peak. 14N coupling to the broad singlet is observed. 
Acquisition parameters: 1H - PULPROG zg30, 16 scans, 1s delay. 1H{14N} – PULPROG zgig30, 16 scans, 1s delay. 
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L-Leucyl-L-alanine (protonated) vs Sodium Hydroxide in H2O  

 

Figure 6.3.18: 1D 1H NMR projection stack plot from the deprotonation of protonated Leu-Ala (63 mM) with NaOH (200 
mM) in H2O at 293 K. Acquisition parameters: PULPROG asaphmqc_dipsi.be, 16 dummy scans, 4 scans, 0.25 s delay. 

 

Figure 6.3.19: 1D 13C NMR projection stack plot from the deprotonation of protonated Leu-Ala (63 mM) with NaOH 
(200 mM) in H2O at 293 K. Acquisition parameters: PULPROG asaphmqc_dipsi.be, 16 dummy scans, 4 scans, 0.25 s delay. 
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Figure 6.3.20: 2D ASAP HMBC NMR stack plot from the deprotonation of protonated Leu-Ala (63 mM) with NaOH (200 
mM) in H2O at 293 K. Start point (protonated Leu-Ala) indicated by red/green, end point (deprotonated Leu-Ala) 
indicated by blue. Acquisition parameters: PULPROG asaphmqc_dipsi.be, 16 dummy scans, 4 scans, 0.25 s delay 

 

Figure 6.3.21: pH data over time for the deprotonation of protonated Leu-Ala (63 mM) with NaOH (200 mM) in H2O at 
293 K. Data acquired every 60 seconds using a Metrohm Unitrode pH probe. 
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6.3.3 Guest-Host Titration 
1,3-Bis(4-nitrophenyl) urea vs Tetra-n-butylammonium fluoride in DMSO 

 

Figure 6.3.22: Stacked 1H NMR spectra from the titration of 1,3-bis(4-nitrophenyl) urea (5 mM) with 
tetrabutylammonium fluoride (10 mM) in dimethyl sulfoxide at 293 K. 1,3,5 trimethoxy benzene (TMB) was added to 
the reaction mixture as an internal standard. Residual toluene (#) and 4-nitroaniline (*) were observed as impurities 
which remained unaffected by the titration. Acquisition parameters : PULPROG zg30, 32 scans, 1 s delay. 

 

Figure 6.3.23: Stacked 1H NMR spectra from the titration of 1,3-bis(4-nitrophenyl) urea (5 mM) with 
tetrabutylammonium fluoride (10 mM) in dimethyl sulfoxide at 293 K. Plot focused on 9-17 ppm where the NH 
resonance for the urea and the [HF2]- resonance (J = 120.4 Hz) are observed. Acquisition parameters: PULPROG zg30, 
32 scans, 1 s delay.   
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Figure 6.3.24: Stacked 19F NMR spectra from the titration of 1,3-bis(4-nitrophenyl) urea (5 mM) with 
tetrabutylammonium fluoride (10 mM) in dimethyl sulfoxide at 293 K. Excess TBAF and [HF2]- (J = 120.4 Hz) are 
observed. Acquistion parameters: PULPROG zgflqn, 4 dummy scans, 32 scans, 1 s delay. 

6.3.4 Lewis Acid/Base Titrations  
Tris(pentafluorophenyl)borane vs Pyridine in Toluene 

 

Figure 6.3.25: Stacked 1H spectra for the titration of BCF (20 mM) with pyridine (40 mM) in toluene at 293 K. 
Parameters: PULPROG zg30, 16 scans, 1 s delay. 
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Figure 6.3.26: Stacked 19F spectra for the titration of BCF (20 mM) with pyridine (40 mM) in toluene at 293 K. 
Parameters: PULPROG zgflqn, 4 dummy scans, 32 scans, 1 s delay. Processed using linear prediction to remove 
background 19F signals: ME_mod – LPbc, NCOEF – 32, TDoff – 16. # is attributed to B(C6F5)2OH as a trace impurity from 
the BCF synthesis..16 * is attributed to the pyridine adduct of the B(C6F5)2OH impurity.  

 

Figure 6.3.27:Variable temperature spectra of BCF (10.2 mg) in toluene (0.55 mL). The resolution of B(C6F5)3(OH2) 
(noted as *) at lower temperature is observed with shifts concurrent with literature.17 Parameters: PULPROG zgflqn, 4 
dummy scans, 32 scans, 1 s delay.  
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Figure 6.3.28: Stacked 11B spectra for the titration of BCF (20 mM) with pyridine (40 mM) in toluene at 293 K. 
Parameters: PULPROG zg, 4 dummy scans, 128 scans, 0.5 s delay. Processed using linear prediction to remove 
background 19F signals: ME_mod – LPbc, NCOEF – 32, TDoff – 32. 
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Figure 6.3.29: Stacked 11B spectra for the titration of BCF (20 mM) with pyridine (40 mM) in toluene at 293 K. Spectra 
with (A) and without (B) background removal using topspin command adsu/‘accumulate’. Both plots are matched in 
scale. Parameters: PULPROG zg, 4 dummy scans, 128 scans, 0.5 s delay 
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Figure 6.3.30: DOSY spectra at 0 (A), 0.5 (B) and 3 (C) equivalents of pyridine for the titration of BCF (20 mM) with 
pyridine (40 mM) in toluene at 293 K. Parameters PULPROG dstebpgp3s, 16 dummy scans, 16 scans, 2 s delay, 0.025 s 
d20, 1250 μs p30.  
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Tris(pentafluorophenyl)borane vs 2,6-Lutidine in Toluene 

 

 

Figure 6.3.31: Stacked 1H spectra for the titration of BCF (20 mM) with 2,6-lutidine (40 mM) in toluene at 293 K. 
Parameters: PULPROG zg30, 16 scans, 1 s delay 
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Figure 6.3.32: Stacked 19F spectra for the titration of BCF (20 mM) with Lutidine (40 mM) in toluene at 293 K. 
Parameters: PULPROG zgflqn, 4 dummy scans, 32 scans, 1 s delay. Processed using linear prediction to remove 
background 19F signals: ME_mod – LPbc, NCOEF – 32, TDoff – 16. # is attributed to B(C6F5)2OH as a trace impurity from 
the BCF synthesis.16 * is attributed to the lutidine adduct of B(C6F5)3(OH2) which is an observable impurity in the BCF 
at low temperature (See Figure 6.3.27). 

 

Figure 6.3.33: Stacked 19F spectra for the titration of BCF (20 mM) with Lutidine (40 mM) in toluene at 293 K. 
Parameters: PULPROG zg, 4 dummy scans, 128 scans, 0.5 s delay. Processed using linear prediction to remove 
background 19F signals: ME_mod – LPbc, NCOEF – 32, TDoff – 32, LB – 20 Hz. * is attributed to the lutidine adduct of 
B(C6F5)3(OH2) which is an observable impurity in the BCF at low temperature (See Figure 6.3.27). 
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Figure 6.3.34: DOSY spectra at 0 (A), 0.25 (B) and 2 (C) equivalents of 2,6 Lutidine for the titration of BCF (20 mM) with 
pyridine (40 mM) in toluene at 293 K. Parameters PULPROG dstebpgp3s, 16 dummy scans, 16 scans, 2 s delay, 0.025 s 
d20, 1250 μs p30. 
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6.3.5 Metal-Ligand Binding Titration 
Tetrakis(acetonitrile)palladium(II) tetrafluoroborate vs triphenylphosphine in 

acetonitrile 

 

Figure 6.3.35: Stacked 1H NMR spectra from the titration of Pd(MeCN)4(BF4)2 (20 mM) with triphenylphosphine (160 
mM) in acetonitrile at 293 K. Acquisition parameters: PULPROG zg30, 16 scans, 1 s delay.  
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Figure 6.3.36: Stacked 31P NMR spectra from the titration of Pd(MeCN)4(BF4)2 (20 mM) with triphenylphosphine (160 
mM) in acetonitrile at 293 K. Acquisition parameters: PULPROG zgpg60, 128 scans, 0.5 s delay. 

 

Figure 6.3.37: Variable temperature 31P spectra of a sample of Pd(MeCN)4(BF4)2 (20 mM) with triphenylphosphine (100 
mM) in acetonitrile. Parameters: PULPROG zgpg60, 128 scans, 0.5 s delay. Peak integrals were 1.0 (34.5 ppm) and 2.0 
(27.3 ppm) for both spectra.  



APPENDIX   

 
312 

 

Figure 6.3.38: 31P DOSY NMR spectrum of a sample of Pd(MeCN)4(BF4)2 (20 mM) with triphenylphosphine (100 mM) in 
acetonitrile at 293 K. Acquisition parameters: PULPROG ledbpgp2s, 16 dummy scans, 128 scans, 1 s d1, 0.06 s d20, 1250 
μs p30.  
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6.4 APPENDIX TO CHAPTER 5  

6.4.1 Glossary of Bruker Commands and Parameters  
The following glossaries are separated by their function as a command which performs a task 

when called by the command line/script, or a parameter which can be set pre-acquisition.  

Table 6.4.1: List of Bruker commands used in Chapter 5 

Command Function 

peakw Calculates the width of the highest peak in the displayed 
region and opens in a text prompt. 

multicmd Prompts the user for the number of experiments and list 
commands which it then iteratively performs 

LI List Integrals and creates a file called ‘integrals.txt’ 

LIPPF Lists peak picked integrals from the full spectrum and creates 
a file called ‘integrals_lippf.txt’ 

EFP Performs Fourier transform and phase correction (1D) 

APK Automatic phase correction (1D) 

ABS Automatic baseline correction 

SREF Calibrates spectrum to TMS signal at 0 ppm 

wmisc Write misc list (integrals, baseline, peaks, levels) 

rmisc Read misc list (integrals, baseline, peaks, levels) 

XAU Executes an au program 

 

Table 6.4.2: List of processing parameters used in Chapter 5 

Parameter Definition 

intrng Misc file containing integral regions specified by the user 

SR Spectrum reference frequency (Hz) 

F1P Left limit for peak picking (ppm) 

F2P Right limit for peak picking (ppm) 

MI Minimum intensity for peak picking in relative intensity (rel) 

UserP1 User defined processing parameter 1 

UserP2 User defined processing parameter 2 

UserP3 User defined processing parameter 3 

UserP4 User defined processing parameter 4 

intscl 
Integral scale relative to a reference dataset. If set to -1, this 
references to the previous spectrum. If first spectrum in a 

dataset then it uses absolute integrals. 
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6.4.2 Export of Chemical Shift Data  
‘DBOH’ Intrng File  

A 1.0 #regions in PPM 
# low field   high field  bias        slope 
  16  9  0.0  0.0  # for region 1 
 

‘multi_peak_addINT’ AUNMP script  

//multi_peak_addINT 
//Like multi_integ3 but works on a single dataset within one 
experiment  
//name and adds to a file  
//named after the experiment name, stored in the <name> directory 
//Intrng file name is taken from userp1 
//Format of each line is  
//<expno> <date> <peak1> 
//Where date is in ms from 1970 
//Uses LIPPF and takes the ppm value from the first line (single 
peak) 
 
 
//PTG 2018/12/07 
//Daniel Berry Edit 12/03/2020 
 
char intrngfile[256], newline[256], printname[256]; 
char peakresult[256], peakallresult[256], dummystr[256]; 
double intval=0.0; 
double F1P, F2P, F1PORIG, F2PORIG, MI, MIORIG; 
FILE *fpnt, *fpnt2; 
int iii, date; 
 
/**********************************/ 
/*Read selected peakrng file*/ 
FETCHPAR("USERP1", intrngfile) 
RMISC("intrng", intrngfile) 
ERRORABORT 
/*Change pp boundaries*/ 
FETCHPAR("F1P",&F1PORIG) 
FETCHPAR("F2P",&F2PORIG) 
F1P = 16; 
F2P = 9; 
STOREPAR("F1P",F1P) 
STOREPAR("F2P",F2P) 
/*Change Minimum Peak pick range*/ 
FETCHPAR("MI",&MIORIG) 
MI = 5.0; 
STOREPAR("MI",MI) 
PP 
FETCHPAR("CURPRIN", printname) 
STOREPAR("CURPRIN", "peaks2.txt") 
LIPPF 
STOREPAR("CURPRIN", printname) 
 
strcpy (peakresult,PROCPATH("peaks2.txt")); 
fpnt=fopen(peakresult, "r"); 
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if(fpnt==NULL) 
{ 
  Proc_err(DEF_ERR_OPT, "No peak result file :\n%s\n\ 
Maybe CURPRIN is not a filename ?", peakresult); 
  ABORT 
} 
(void) sprintf 
(peakallresult,"%s/%s/%s_peaks2.txt",disk,name,name); 
fpnt2=fopen(peakallresult, "at"); 
if(fpnt2==NULL) 
{ 
  Proc_err(DEF_ERR_OPT, "No all-peaks result file :\n%s", 
        peakallresult); 
  ABORT 
} 
 
/* Discard first ten lines of peak result file */ 
 
for (iii = 0; iii < 9; iii++) 
  fgets(dummystr, sizeof(dummystr), fpnt); 
 
sprintf (newline,"%d ",expno); 
 
FETCHPARS("DATE", &date); 
sprintf (dummystr, "%d ", date); 
strcat(newline, dummystr); 
 
fgets(dummystr, sizeof(dummystr), fpnt) != NULL; 
sscanf (dummystr,"%*d %*f %lf",&intval); 
sprintf (dummystr,"%lf ",intval); 
strcat (newline,dummystr); 
 
strcat (newline,"\n"); 
fputs (newline, fpnt2); 
 
fclose (fpnt); 
fclose (fpnt2); 
 
QUIT 
 
 

‘AlignND’ AUNMP Script (edited from ‘Align’ created by A. Hall) 

float peakpos, f1p, f2p; 
double curpos,sf,srnew; 
float oldf1p, oldf2p; 
int maxPeakNo = 0; 
float sr; 
int numExpt, ii;     
char pppath[PATH_MAX]; 
    double upwidth, lowwidth, halfwidth, hw2, upl, upr, lowl, 
lowr; 
    double confidfact; 
    int fd, posx, upthr, upval, lowval, minpoints, intens, si, i; 
    int byteorder, numPeaks; 
    int ret; 
    double oldcy; 
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    float oldmi, oldmaxi, oldpc; 
 
/*Ask user for reference peak position*/ 
 
peakpos=6.08; 
 
numExpt = 1; 
 
TIMES(numExpt)  
maxPeakNo = 0; 
/* Save some original parameters */ 
 
    FETCHPAR("F1P",&oldf1p) 
    FETCHPAR("F2P",&oldf2p)  
 
/* Find peak of interest */  
  
  f1p=peakpos+0.4; 
  f2p=peakpos-0.4; 
 
    STOREPAR("F1P",f1p) 
    STOREPAR("F2P",f2p) 
  PP 
 
    STOREPAR("F1P", oldf1p) 
    STOREPAR("F2P", oldf2p)  
 
/* read result of peak picking */ 
    numPeaks = readPeakList(PROCPATH(0)); 
 
    if (numPeaks == -1) 
    { 
 Proc_err(DEF_ERR_OPT, "%s", getPeakError()); 
 ABORT; 
    } 
    if (numPeaks == 0) 
    { 
 Proc_err(DEF_ERR_OPT, "No peak found!\n" 
         "Please do peak picking (pps) first"); 
 ABORT; 
    } 
    if (numPeaks > 1) 
    { 
 double maxIntensity = 0.0; 
 
 Proc_err(INFO_OPT, "More than one peak in this region, using 
the maximum peak"); 
 for (i = 0; i < numPeaks; i++) 
 { 
     double intensity = getPeakIntensity(i); 
     if (maxIntensity < intensity) 
     { 
  maxIntensity = intensity; 
  maxPeakNo = i; 
     } 
 } 
    } 
    curpos = getPeakFreqHz(maxPeakNo); 
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    freePeakList(); 
 
/*Align peak position to reference position*/ 
    FETCHPAR("SF",&sf); 
    FETCHPAR("SR",&sr); 
    srnew=sr+(curpos-(peakpos*sf)); 
    STOREPAR("SR",srnew); 
EFP 
END 
 
QUIT 
 
 

‘proc_1d_apk_nosref_SR’ AUNMP File  

float sr; 
 
EFP 
ERRORABORT 
 
XCMD("sendgui APKF") 
XCMD("sendgui ABSF N") 
 
XCMD("sendgui sr -26.0") 
 
QUIT 
 
 

6.4.3 Export of Integral Data  
‘DBFA’ Intrng File  

A 1.0 #regions in PPM 
# low field   high field  bias        slope 
  8.454197890670265  8.136128286277545  0.0  0.0  # for region 1 
 

‘AlignND-TMB’ AUNMP Script  

float peakpos, f1p, f2p, MI; 
double curpos,sf,srnew; 
float oldf1p, oldf2p, MIORIG; 
int maxPeakNo = 0; 
float sr; 
int numExpt, ii;     
char pppath[PATH_MAX]; 
    double upwidth, lowwidth, halfwidth, hw2, upl, upr, lowl, 
lowr; 
    double confidfact; 
    int fd, posx, upthr, upval, lowval, minpoints, intens, si, i; 
    int byteorder, numPeaks, pscal; 
    int ret; 
    double oldcy; 
    float oldmi, oldmaxi, oldpc; 
 
peakpos=6.08; 
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numExpt = 1; 
  
     
TIMES(numExpt)  
maxPeakNo = 0; 
/* Save some original parameters */ 
 
  FETCHPAR("F1P",&oldf1p) 
    FETCHPAR("F2P",&oldf2p)  
 
/* Find peak of interest */  
  
  f1p=peakpos+0.4; 
  f2p=peakpos-0.4; 
 
    STOREPAR("F1P",f1p) 
    STOREPAR("F2P",f2p)  
    FETCHPAR("MI",&MIORIG) 
  MI = 0.06; 
  STOREPAR("MI",MI) 
  PP 
 
    STOREPAR("F1P", oldf1p) 
    STOREPAR("F2P", oldf2p)  
 
/* read result of peak picking */ 
    numPeaks = readPeakList(PROCPATH(0)); 
 
    if (numPeaks == -1) 
    { 
 Proc_err(DEF_ERR_OPT, "%s", getPeakError()); 
 ABORT; 
    } 
    if (numPeaks == 0) 
    { 
 Proc_err(DEF_ERR_OPT, "No peak found!\n" 
         "Please do peak picking (pps) first"); 
 ABORT; 
    } 
    if (numPeaks > 1) 
    { 
 double maxIntensity = 0.0; 
 
 Proc_err(INFO_OPT, "More than one peak in this region, using 
the maximum peak"); 
 for (i = 0; i < numPeaks; i++) 
 { 
     double intensity = getPeakIntensity(i); 
     if (maxIntensity < intensity) 
     { 
  maxIntensity = intensity; 
  maxPeakNo = i; 
     } 
 } 
    } 
    curpos = getPeakFreqHz(maxPeakNo); 
    freePeakList(); 
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/*Align peak position to reference position*/ 
    FETCHPAR("SF",&sf); 
    FETCHPAR("SR",&sr); 
    srnew=sr+(curpos-(peakpos*sf)); 
    STOREPAR("SR",srnew); 
EFP 
 
/*baseline correct area*/ 
ABSN 
END 
 
QUIT 

 

‘AlignND-FA’ AUNMP Script  

 
float peakpos, f1p, f2p; 
double curpos,sf,srnew; 
float oldf1p, oldf2p; 
int maxPeakNo = 0; 
float sr; 
int numExpt, ii;     
char pppath[PATH_MAX]; 
    double upwidth, lowwidth, halfwidth, hw2, upl, upr, lowl, 
lowr; 
    double confidfact; 
    int fd, posx, upthr, upval, lowval, minpoints, intens, si, i; 
    int byteorder, numPeaks; 
    int ret; 
    double oldcy; 
    float oldmi, oldmaxi, oldpc; 
 
/*Input reference peak position*/ 
 
peakpos=8.30; 
 
numExpt = 1; 
  
     
TIMES(numExpt)  
maxPeakNo = 0; 
/* Save some original parameters */ 
 
 
    FETCHPAR("F1P",&oldf1p) 
    FETCHPAR("F2P",&oldf2p)  
 
/* Find peak of interest - input suitable width surrounding peak 
position */  
  
  f1p=peakpos+0.4; 
  f2p=peakpos-0.4; 
 
    STOREPAR("F1P",f1p) 
    STOREPAR("F2P",f2p) 
  PP 
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    STOREPAR("F1P", oldf1p) 
    STOREPAR("F2P", oldf2p)  
 
/* read result of peak picking */ 
    numPeaks = readPeakList(PROCPATH(0)); 
 
    if (numPeaks == -1) 
    { 
 Proc_err(DEF_ERR_OPT, "%s", getPeakError()); 
 ABORT; 
    } 
    if (numPeaks == 0) 
    { 
 Proc_err(DEF_ERR_OPT, "No peak found!\n" 
         "Please do peak picking (pps) first"); 
 ABORT; 
    } 
    if (numPeaks > 1) 
    { 
 double maxIntensity = 0.0; 
 
 Proc_err(INFO_OPT, "More than one peak in this region, using 
the maximum peak"); 
 for (i = 0; i < numPeaks; i++) 
 { 
     double intensity = getPeakIntensity(i); 
     if (maxIntensity < intensity) 
     { 
  maxIntensity = intensity; 
  maxPeakNo = i; 
     } 
 } 
    } 
    curpos = getPeakFreqHz(maxPeakNo); 
    freePeakList(); 
 
/*Align peak position to reference position*/ 
    FETCHPAR("SF",&sf); 
    FETCHPAR("SR",&sr); 
    srnew=sr+(curpos-(peakpos*sf)); 
    STOREPAR("SR",srnew); 
EFP 
ABSN 
END 
 
QUIT 
 

‘AlignND-TEA’ AUNMP Script  

 
float peakpos, f1p, f2p; 
double curpos,sf,srnew; 
float oldf1p, oldf2p; 
int maxPeakNo = 0; 
float sr; 
int numExpt, ii;     
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char pppath[PATH_MAX]; 
    double upwidth, lowwidth, halfwidth, hw2, upl, upr, lowl, 
lowr; 
    double confidfact; 
    int fd, posx, upthr, upval, lowval, minpoints, intens, si, i; 
    int byteorder, numPeaks; 
    int ret; 
    double oldcy; 
    float oldmi, oldmaxi, oldpc; 
 
/*Input reference peak position*/ 
 
peakpos=3.10; 
 
numExpt = 1; 
  
     
TIMES(numExpt)  
maxPeakNo = 0; 
/* Save some original parameters */ 
 
 
    FETCHPAR("F1P",&oldf1p) 
    FETCHPAR("F2P",&oldf2p)  
 
/* Find peak of interest - input suitable width surrounding peak 
position */  
  
  f1p=peakpos+0.4; 
  f2p=peakpos-0.4; 
 
    STOREPAR("F1P",f1p) 
    STOREPAR("F2P",f2p) 
  PP 
 
    STOREPAR("F1P", oldf1p) 
    STOREPAR("F2P", oldf2p)  
 
/* read result of peak picking */ 
    numPeaks = readPeakList(PROCPATH(0)); 
 
    if (numPeaks == -1) 
    { 
 Proc_err(DEF_ERR_OPT, "%s", getPeakError()); 
 ABORT; 
    } 
    if (numPeaks == 0) 
    { 
 Proc_err(DEF_ERR_OPT, "No peak found!\n" 
         "Please do peak picking (pps) first"); 
 ABORT; 
    } 
    if (numPeaks > 1) 
    { 
 double maxIntensity = 0.0; 
 
 Proc_err(INFO_OPT, "More than one peak in this region, using 
the maximum peak"); 
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 for (i = 0; i < numPeaks; i++) 
 { 
     double intensity = getPeakIntensity(i); 
     if (maxIntensity < intensity) 
     { 
  maxIntensity = intensity; 
  maxPeakNo = i; 
     } 
 } 
    } 
    curpos = getPeakFreqHz(maxPeakNo); 
    freePeakList(); 
 
/*Align peak position to reference position*/ 
    FETCHPAR("SF",&sf); 
    FETCHPAR("SR",&sr); 
    srnew=sr+(curpos-(peakpos*sf)); 
    STOREPAR("SR",srnew); 
EFP 
ABSN 
END 
 
QUIT 
 

‘Integ_add_TMB’ AUNMP Script  

//integ_add_XXX 
//Like multi_integ3 but works on a single dataset within one 
experiment name and adds to a file  
//named after the experiment name, stored in the <name> directory 
//Intrng file name is taken from userpX (changed by user)  
//Format of each line is  
//<expno> <date> <integral1>  
//where date is in ms from 1970 and the integral scale is copied 
from the previous experiment 
//Edited by DBerry 02/09/2021 
 
//PTG 2018/12/07 
 
char intrngfile[256],newline[256], printname[256] ; 
char intresult[256], intallresult[256], dummystr[256]; 
double intval=0.0; 
FILE *fpnt, *fpnt2; 
int iii, date; 
 
FETCHPAR("USERP2", intrngfile) 
RMISC("intrng", intrngfile) 
ERRORABORT 
STOREPAR("INTSCL",-1.0) 
FETCHPAR("CURPRIN",printname) 
STOREPAR("CURPRIN","integral1.txt") 
LI 
STOREPAR("CURPRIN",printname) 
 
strcpy (intresult,PROCPATH("integral1.txt")); 
fpnt=fopen(intresult, "r"); 
if(fpnt==NULL) 
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{ 
  Proc_err(DEF_ERR_OPT, "No integral result file :\n%s\n\ 
Maybe CURPRIN is not a filename ?", intresult); 
  ABORT 
} 
(void) sprintf 
(intallresult,"%s/%s/%s_integral1.txt",disk,name,name); 
fpnt2=fopen(intallresult, "at"); 
if(fpnt2==NULL) 
{ 
  Proc_err(DEF_ERR_OPT, "No all-integral result file :\n%s", 
        intallresult); 
  ABORT 
} 
 
/* Discard first five lines of integral result file */ 
 
for (iii = 0; iii < 5; iii++) 
  fgets(dummystr, sizeof(dummystr), fpnt); 
 
sprintf (newline,"%d ",expno); 
 
FETCHPARS("DATE", &date); 
sprintf (dummystr, "%d ", date); 
strcat(newline, dummystr); 
 
while (fgets(dummystr, sizeof(dummystr), fpnt) != NULL) 
{ 
  sscanf (dummystr,"%*d %*f %*f %lf",&intval); 
  sprintf (dummystr,"%f ",intval); 
  strcat (newline,dummystr); 
} 
 
 
strcat (newline,"\n"); 
fputs (newline, fpnt2); 
 
fclose (fpnt); 
fclose (fpnt2); 
 
QUIT 
 

‘Integ_add_TEA’ AUNMP Script  

//integ_add_XXX 
//Like multi_integ3 but works on a single dataset within one 
experiment name and adds to a file  
//named after the experiment name, stored in the <name> directory 
//Intrng file name is taken from userpX (changed by user)  
//Format of each line is  
//<expno> <date> <integral1>  
//where date is in ms from 1970 and the integral scale is copied 
from the previous experiment 
//Edited by DBerry 02/09/2021 
 
//PTG 2018/12/07 
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char intrngfile[256],newline[256], printname[256] ; 
char intresult[256], intallresult[256], dummystr[256]; 
double intval=0.0; 
FILE *fpnt, *fpnt2; 
int iii, date; 
 
FETCHPAR("USERP3", intrngfile) 
RMISC("intrng", intrngfile) 
ERRORABORT 
STOREPAR("INTSCL",-1.0) 
FETCHPAR("CURPRIN",printname) 
STOREPAR("CURPRIN","integral2.txt") 
LI 
STOREPAR("CURPRIN",printname) 
 
strcpy (intresult,PROCPATH("integral2.txt")); 
fpnt=fopen(intresult, "r"); 
if(fpnt==NULL) 
{ 
  Proc_err(DEF_ERR_OPT, "No integral result file :\n%s\n\ 
Maybe CURPRIN is not a filename ?", intresult); 
  ABORT 
} 
(void) sprintf 
(intallresult,"%s/%s/%s_integral2.txt",disk,name,name); 
fpnt2=fopen(intallresult, "at"); 
if(fpnt2==NULL) 
{ 
  Proc_err(DEF_ERR_OPT, "No all-integral result file :\n%s", 
        intallresult); 
  ABORT 
} 
 
/* Discard first five lines of integral result file */ 
 
for (iii = 0; iii < 5; iii++) 
  fgets(dummystr, sizeof(dummystr), fpnt); 
 
sprintf (newline,"%d ",expno); 
 
FETCHPARS("DATE", &date); 
sprintf (dummystr, "%d ", date); 
strcat(newline, dummystr); 
 
while (fgets(dummystr, sizeof(dummystr), fpnt) != NULL) 
{ 
  sscanf (dummystr,"%*d %*f %*f %lf",&intval); 
  sprintf (dummystr,"%f ",intval); 
  strcat (newline,dummystr); 
} 
 
 
strcat (newline,"\n"); 
fputs (newline, fpnt2); 
 
fclose (fpnt); 
fclose (fpnt2); 
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QUIT 

 

‘Integ_add_FA’ AUNMP Script  

//integ_add_XXX 
//Like multi_integ3 but works on a single dataset within one 
experiment name and adds to a file  
//named after the experiment name, stored in the <name> directory 
//Intrng file name is taken from userpX (changed by user)  
//Format of each line is  
//<expno> <date> <integral1>  
//where date is in ms from 1970 and the integral scale is copied 
from the previous experiment 
//Edited by DBerry 02/09/2021 
 
//PTG 2018/12/07 
 
char intrngfile[256],newline[256], printname[256] ; 
char intresult[256], intallresult[256], dummystr[256]; 
double intval=0.0; 
FILE *fpnt, *fpnt2; 
int iii, date; 
 
FETCHPAR("USERP4", intrngfile) 
RMISC("intrng", intrngfile) 
ERRORABORT 
STOREPAR("INTSCL",-1.0) 
FETCHPAR("CURPRIN",printname) 
STOREPAR("CURPRIN","integral3.txt") 
LI 
STOREPAR("CURPRIN",printname) 
 
strcpy (intresult,PROCPATH("integral3.txt")); 
fpnt=fopen(intresult, "r"); 
if(fpnt==NULL) 
{ 
  Proc_err(DEF_ERR_OPT, "No integral result file :\n%s\n\ 
Maybe CURPRIN is not a filename ?", intresult); 
  ABORT 
} 
(void) sprintf 
(intallresult,"%s/%s/%s_integral3.txt",disk,name,name); 
fpnt2=fopen(intallresult, "at"); 
if(fpnt2==NULL) 
{ 
  Proc_err(DEF_ERR_OPT, "No all-integral result file :\n%s", 
        intallresult); 
  ABORT 
} 
 
/* Discard first five lines of integral result file */ 
 
for (iii = 0; iii < 5; iii++) 
  fgets(dummystr, sizeof(dummystr), fpnt); 
 
sprintf (newline,"%d ",expno); 
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FETCHPARS("DATE", &date); 
sprintf (dummystr, "%d ", date); 
strcat(newline, dummystr); 
 
while (fgets(dummystr, sizeof(dummystr), fpnt) != NULL) 
{ 
  sscanf (dummystr,"%*d %*f %*f %lf",&intval); 
  sprintf (dummystr,"%f ",intval); 
  strcat (newline,dummystr); 
} 
 
 
strcat (newline,"\n"); 
fputs (newline, fpnt2); 
 
fclose (fpnt); 
fclose (fpnt2); 
 
QUIT 
 
 

6.4.4 Labview PID – Regulation by Shift  
 

 

Figure 6.4.1: Graphical user interface for the Labview VI used for PID control of chemical shift. Created by Joe Mills with 
input from the author.  
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6.4.5 Labview PID – Regulation by Integral  
 

 

Figure 6.4.3: Graphical user interface for the Labview VI used for PID control of chemical shift. Created by Joe Mills with 
input from the author.  
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