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Chapter 10. Fast 2D NMR for reaction and process monitoring

Real-time monitoring methods are essential to the understanding and control of chemical reactions. NMR spectroscopy is particularly well suited for this purpose. It can provide quantitative information, and offers great versatility in the analytical setup, making it possible to monitor reactions in chemically relevant conditions and to access sub-second timescales.

2D NMR experiments can play a crucial role in cases of peak overlap in the spectra, or when structural information is sought for species transiently formed during the reaction. However, in their conventional form, 2D experiments typically require several minutes or more to acquire a full data set. In this chapter, we show how fast 2D NMR methods make it possible to push the limits of what can be monitored with NMR spectroscopy. First, we describe the motivation to use fast 2D NMR methods for reaction monitoring. Several methods for fast 2D NMR experiments have been exploited for reaction monitoring, and in particular non-uniform sampling (NUS), and ultrafast 2D NMR. We also describe and compare key features of experimental setups for reaction monitoring, such as benchtop spectrometers, flow-NMR setups, and fast-mixing apparatus. We then discuss applications in chemical synthesis and catalysis, that illustrate the potential of fast 2D NMR methods.

Introduction

The monitoring of chemical and biological reactions and processes is important for a broad range of applications in fields such as chemical synthesis, biotechnology, and food science.

Monitoring refers to the use of analytical methods to follow a sample as a function of time. It is essential to describe, understand and eventually control reactions and processes. Reaction and process monitoring can be used to measure progress, kinetics, and to identify intermediate species. In chemical synthesis, monitoring makes it possible to optimize reaction conditions and gain knowledges on mechanisms. In manufacturing processes, monitoring can be applied to continuously check the outcome of a process allowing, e.g., to act quickly in case of undesired output and optimise costs.

A variety of analytical techniques, among which UV-visible, Raman, infrared, NMR spectroscopies and mass spectrometry, are available for reaction and process monitoring. 1 Samples usually consist of complex chemical mixtures in solution, that can either be directly analysed, or submitted to a separation and/or preparation step such as liquid chromatography, which allows to simplify the analysis and facilitate spectra interpretations. 2,3 The direct real time analysis of mixtures offers some important advantages: it is more time and cost effective and has a smaller impact on the mixture composition, so it can provide more reliable and complete information. All of the detection methods listed above can be used to some extent for direct, separation-free analysis, each with its own advantages and limitations.

Nuclear Magnetic Resonance spectroscopy (NMR) is a powerful technique for process and reaction monitoring. It is non-invasive and non-destructive, which makes it convenient for real-time monitoring. It also provides access to a wealth of structural information, important for compound identification, and to quantitative information on the composition of the analysed mixture. Real-time reaction monitoring by NMR spectroscopy has been at the heart of mechanistic studies in organic chemical synthesis for several decades. 1,4 A plainer but still essential use of NMR is also to check the progress of a chemical reaction over time. More recently, the advent of benchtop spectrometers with high magnetic field homogeneity [5][6][7] has made it possible to exploit NMR monitoring in a broader range of contexts for which it would be difficult or irrelevant to bring the sample to a high-field NMR system, including process applications. The developments of flow NMR and miniaturised instrumentation have also provided access to faster, automated, and more informative monitoring. 8,9 The majority of NMR monitoring studies rely on 1D spectroscopy. This is because 1D experiments are fast, easy to use, and can provide an identical response factor for all the observed nuclei in the samples, making quantification straightforward when resolved peaks are present. However, the analysis of complex mixtures often leads to complex 1D NMR spectra, on which signal assignments might be not possible, and characterised by important peak overlap, that can prevent reliable identification and quantification. A vast range of NMR methods have been designed or adapted to address the complexity of mixtures at equilibrium.

Most of these methods consist of 2D NMR experiments. In their conventional form, 2D experiments rely on the step-wise incrementation of a parameter across a series of consecutive scans, and last several minutes at least. In addition, changes in sample composition during acquisition can result in artefacts and strong noise in 2D spectra. For these reasons, conventional 2D experiments are hardly compatible with reaction and process that occur on a timescale shorter than a few hours.

The relevance of information obtained by 2D NMR for monitoring is well illustrated by examples of reactions that occur on a timescale that is long enough to collect conventional experiments. This is for example the case of the binding of 15 N-labelled cisplatin to a substrate containing both nucleic acid and protein binding sites that has been monitored through 1 H- 15 N HSQC. The monitored reaction was slow enough so that negligible changes were expected during the acquisition of a single 2D experiment. 10 Conventional 2D NMR has also been used for in-line analysis of flow chemical reactions, in which sample composition does not change as a function of time. 11,12 Another example of analysis of a mixture evolving in time, is the use of NMR spectroscopy as a detection method hyphenated with liquid chromatography. 13 In this case there is no chemical reaction involved, but the composition of the observed sample changes over time based on the achieved chromatographic separation. While 2D experiments would be interesting to help identification, the duration of conventional 2D experiments is often not compatible with the throughput required for continuous flow LC-NMR.

Fast 2D methods provide the possibility to increase the information that can be obtained from time-evolving samples by NMR spectroscopy. As the first part of this book illustrates, a variety of fast 2D NMR methods have been described, which can reduce experiment durations to one or a few seconds, and/or account for changes in concentration during the experiment. For monitoring applications, fast methods that have been used the most are non-uniform sampling (NUS), 14,15 ultrafast (UF) 2D NMR, 16 and fast-pulsing methods such as acceleration by sharing adjacent polarisation (ASAP). 17 In this chapter, we describe the applications of fast 2D NMR methods to the monitoring of chemical reactions and processes. In order to set the stage and motivate the use of fast 2D methods, we describe in sections 10.2 several possible implementations of NMR monitoring, including static and flow methods, on high-field and benchtop instruments. In section 10.3 we discuss several general features of NMR monitoring. In sections 10.4 to 10.7 of the chapter, we describe examples of applications of fast 2D NMR to the monitoring of chemical reactions, with a focus on non-uniform sampling, fast-sampling methods, and ultrafast 2D NMR.

2 Implementations of NMR reaction monitoring

Several approaches are available to monitor a reaction with NMR spectroscopy, as illustrated in Figure 10.1. These approaches can be classified according to different criteria:

• Is the reaction carried out in a standard NMR tube, in an external reactor, or in an integrated microreactor?

• Is the sample prepared and transported manually or by automated flow?

• does one use a high-field superconducting magnet or a medium-field benchtop spectrometer?

For example, Bernstein et al. 18 exposed various reactions followed in flow with an external reactor or in a static manner directly into an NMR tube. Scheithauer et al. 19 described a micro reactor NMR probe, used with a high field spectrometer, where the reaction occurred. Silva Elipe and Milburn 5 showed that an external reactor connected to a benchtop NMR spectrometer allows to follow various reactions.

NMR analysis is near-universally used to learn about the outcome of a reaction, often across several runs, as illustrated in Figure 10.1f. A straightforward way to monitor the progress of a reaction through NMR is to collect aliquots at increasing reaction time, prepare suitable NMR sample and analyse them, as illustrated in Figure 10.1d. This method is called at-line or offline monitoring. In this case it is possible to use the desired reaction conditions, but the sampling process can impact the reaction. Real-time monitoring, on the other hand, is most often achieved by carrying out the reaction into an NMR tube in a deuterated solvent, and following its evolution directly in the magnet by acquiring spectra at different time intervals.

More sophisticated monitoring methods have been developed to improve time resolution, move towards automation and reduce the impact of the analysis on the proceeding of the reaction. and they are described in the following.

[Insert Figure 10.1 here]

2. 1. Reaction monitoring in a standard NMR tube with manual mixing and insertion

The most common approach to real-time reaction monitoring by NMR consists of carrying out the reaction directly in a standard NMR tube, usually of 5 mm OD, 18 by mixing the reactants outside the magnet, then inserting the mixture sample tube inside the magnet. We refer to this method, schematically represented in Figure 10.1a, as in-situ "static" NMR since the sample is not flown at any stage of the process and the reaction takes place into the spectrometer. In this case the kinetic follow up only requires the acquisition of a time-series of experiments on the same sample. This method allows to obtain high quality NMR data and precision for quantification. Indeed, working on a standard NMR tube allows to have the best possible line shapes and the deuterated solvent guarantees the maximum SNR achievable based on the chosen sample and concentration. Moreover, this approach is simple to use and does not require specific devices. It can help understand a reaction mechanism in a quick way and with a small amount of compound and solvent. 18 The main drawback of this approach is that it may not represent truly the system under the conditions of interest. Also, there is a dead time of several minutes corresponding to the mixing of the reactants, the insertion of the sample and the set-up of the experiment. In addition, the control over reaction conditions is limited. 20 Without a homogeneous mixing, even if the temperature control is possible, and it takes time to reach a stable and homogeneous temperature in all the sample tube. Moreover, at high temperature, evaporation/condensation of volatile solvents can occur and increase the non-homogeneity of the sample.

A method allowing to reduce the effect of poor mixing affecting reactions carried out in an NMR tube, referred to as "periodic inversion" has been described. 20 During the kinetic follow up the sample tube is periodically taken out of the magnet and inverted 3 times to mix the solution before each spectrum. Neither temperature control nor automation are possible with this approach.

Monitoring carried out statically into an NMR tube has also been coupled with electrochemical cells (EC-NMR). 21 An in-situ electrochemical cell is introduced into the NMR tube, and the analysis is done in real-time by NMR (see section 10.6.2 for more details).

2. 2. Online monitoring by flow NMR

Online monitoring through flow NMR consists of circulating continuously a fraction of a reaction mixture between the spectrometer and the reaction vessel, 8,[START_REF] Keifer | Annual Reports on NMR Spectroscopy[END_REF] a schematic representation of this approach is shown in Figure 10.1e. It allows to follow in real-time the evolution of the recirculating mixture and it is particularly suitable to obtain kinetic and mechanistic information. For example, Hintermair and co-workers exploited this approach to monitor a hydrogenation reaction by 1D 1 H spectroscopy. [START_REF] Hall | [END_REF] Flow NMR makes it possible to control key parameters such as temperature, mixing, and reagent addition rate addressing some of the limitations of static in-situ analysis. It also permits to exploit reaction conditions which are not compatible with the analysis in an NMR spectrometer. An interesting example is the heterogenous L-proline-catalysed aldol condensation, where a not efficient stirring directly impacts the reaction progression. 20 The comparison done by Foley et al. 20 between the reaction carried out in an NMR tube and the batch reaction analysed through flow NMR shows that the absence of mixing for the reaction in the tube has an important impact on the reaction kinetics. Flow NMR requires specific devices, which are commercially available, and exist for high-field and benchtop NMR.

One drawback of online monitoring is the distance between the reaction vessel and the spectrometer, because the transfer time limits the kinetic timescale that can be monitored.

A specific arrangement is needed to have reaction vessel as close as possible to the spectrometer without reducing the spectrometer's performances. With benchtop NMR, it is easier to have the reaction vessel close to the spectrometer. Some practical aspects need to be considered in the set-up of flow NMR. [START_REF] Keifer | Annual Reports on NMR Spectroscopy[END_REF]24,25 A first consideration is the chemical compatibility of all wetted materials, to avoid corrosion and cracking. 25 Commonly, PEEK or fluorinated polymer are used for the tubing. Flow monitoring is typically done in the absence of deuterated solvent because of the large amount of solvent required, and because deuteration of the solvent can impact the outcome of the reaction.

Effective and flow-compatible solvent suppression is then mandatory, using, e.g., WET solvent suppression. 24 Moreover, flow can impact quantification through NMR due to the so-called inflow and out-flow effects. [START_REF] Hall | [END_REF] Despite all these conditions and optimization needed, flow NMR monitoring is a really useful technique since it allows automation and monitoring in realistic conditions.

Flow NMR monitoring is also relevant for in-line detection, meaning cases in which the NMR spectrometer is connected in "series" to a flow system and the mixture is analysed at a single time point -as opposed to online detection, in which the reactor and the spectrometer are connected in "parallel" and the mixture is continuously looped between the two. In-line detection is illustrated in Figure 10.1c It is used in LC-NMR and for the monitoring and control of flow synthesis. 26 

2. 3. Rapid injection and stopped-flow monitoring

A powerful method to investigate fast kinetics is the so-called rapid injection method, illustrated in Figure 10.1b, which makes it possible to reduce the time between reagent mixing and monitoring with respect to static and online monitoring. 27,28 This approach is based on the rapid, automated injection of a reagent into a sample mixture that already resides in the detection region, often in a standard 5 mm tube. With this approach, the dead time between the start of the reaction and that of NMR detection can be as short as 6 to 8 seconds (shorter dead times are possible when the sample is prepolarised). Rapid-injection NMR has been used, for example, to transfer rapidly a hyperpolarized sample to the spectrometer 29 or to study fast kinetic reactions. 27,30 This technique often needs an operator to clean the device after each reaction, so automation may be not possible depending on the configuration.

Another approach for the monitoring of reactions with fast kinetics is stopped-flow NMR. In this approach, reagents are flown separately into a mixing chamber, where the reaction starts then the mixture is further flown into the detection region and the flow is stopped. Stopped-flow NMR can either be applied with a conventional probe using a standard NMR tube as flow cell or with customized probes such as flow-probes. Hasse and coworkers 19 have used this approach to study the kinetic of an oligomerization reaction with 1D proton spectroscopy. Landis and co-workers worked with a flow tube device in stopped-flow mode to study the kinetics of 1-hexene polymerization and were able to extract reaction rate constants thanks to a single set of 1D 1 H experiments 31 while Lloyd-Jones and co-workers studied kinetic of protodeboronation of boronate with 19 F NMR spectroscopy. 32 With stopped-flow NMR, reactions with half-lives as short as 100 ms have been studied. Interestingly, when the timescale of the reaction uis comparable to the one of the NMR acquisition the peak lines hape is affected and its analysis can yield information on the reaction. 33 Both rapid-injection and stopped-flow NMR make it possible to monitor fast kinetic thanks to the short dead-time between the mixing and the analysis.

Note that the phrase "stopped-flow acquisition" is also used for online monitoring by flow NMR (section 10.2.2), in cases when the flow is stopped during acquisition. This may generate some confusion with "stopped flow NMR" as described in this section.

2. 4. High-field vs benchtop systems

High-field NMR is used in a wide range of applications, thanks to its high resolution and sensitivity. It allows the monitoring of complex reacting mixtures and a variety of monitoring set ups, in a standard sample tube or with specific devices. A superconducting magnet offers these good performances but needs cryogenic fluids which lead to an expensive equipment, significant operating costs and the need for specialized staff. Due to these constraints, high field NMR spectroscopy is not available for every research group and industry. In addition, the bulk of high-field NMR equipment often makes it difficult to bring reaction vessels close to the spectrometer.

A new generation of spectrometers, called "benchtop NMR", has increased the accessibility of NMR spectroscopy for a variety of applications. Medium field spectrometers (1 -2 T), [34][35][START_REF] Castaing-Cordier | Annual Reports on NMR Spectroscopy[END_REF] which can be put under a fume hood, allow an easier implementation of flow NMR for monitoring applications. Benchtop spectrometers are based on non-cryogenic magnets (permanent magnets) which make the equipment transportable. The main drawbacks of benchtop NMR are its modest sensitivity and resolution arising from the relatively low magnetic field (<100 MHz 1 H Larmor frequency). The smaller frequency dispersion obtained in these conditions leads to more overlapped signals and strong scalar couplings which degrade the quality of the spectra. The use of 2D experiments can partially alleviate problems of peaks overlap. Nevertheless, these spectrometers are cheaper than high field spectrometers, transportable and have zero maintenance costs, which make them more accessible.

2. 5. Integrated reactors and microcoils

A variety of probes with custom miniaturised coils have been designed for reaction monitoring applications. Such microcoils make it possible to work with a small sample volume, and to maximize mass sensitivity. 24,[START_REF] Zalesskiy | [END_REF] Various coil geometries are described in the literature 24 such as solenoidal, planar, microslot and stripline microcoils. Inductive coupling to a conventional 5 mm probe can also be used. 38,39 Such microcoils are often used in combination with flow methods. To the best of our knowledge, this instrumentation has not been combined with fast 2D NMR methods yet.

3. Features of reaction and process monitoring by NMR 3. 1. Timescales and sensitivity

Real-time monitoring refers to cases when the reaction or process of interest occurs on a timescale that is longer than the duration of a single measurement. In high-resolution NMR spectroscopy, the minimum acquisition time is of the order of a few tens of milliseconds, as the acquisition time governs the spectral resolution. Changes that occur on much faster timescales are out of the scope of real-time NMR monitoring, although they may still be studied indirectly, usually at equilibrium, with relaxation and exchange measurements. 40,41 The duration tR that elapses between two consecutive scans is also an important parameter for real-time monitoring. While it may be shorter than 1 s, when small-tip-angle excitation is used for 1D experiments, this is not the case for most 2D NMR experiments. Conventional 2D NMR experiments have a minimum sampling step 𝜏 of

𝜏 = 𝑡 ! × 𝑁 " × 𝑁𝑆
where N1 is the number of increments in the indirect dimension and NS is the number of scans per increment. Fast 2D NMR methods make is possible to alleviate this constraint, as we will see in section 10.4 to 10.7.

The modest sensitivity of NMR spectroscopy is an important consideration for reaction monitoring. When signal averaging is necessary, the minimum timescale that can be accessed is increased accordingly. Fast 2D NMR is usually relevant in "sampling limited" rather than "sensitivity limited" regimes, and applications have been reported mostly for chemical reactions that have large initial concentrations of the reactants, typically of more than 100 mM.

As the number and diversity of examples demonstrate, this corresponds to a large and relevant range of reactions and processes.

Note that hyperpolarisation methods make it possible to increase significantly the sensitivity of NMR spectroscopy. The use of hyperpolarisation together with fast 2D NMR for reaction monitoring raises specific challenges, which will however not be covered here. 42 While there is no upper limit to the timescale of reactions and processes that can be studied by NMR, in this chapter we will focus on applications for which fast 2D methods have an added value, because changes are too fast to be monitored with conventional 2D methods.

3. 2. Quantification

For 1D NMR measurements the integrated area A of a well-resolved peak corresponding to n nuclei (e.g., 𝑛 = 2 for 1 H in a CH2 group) is proportional to the concentration c of the species generating the peak and to the number of protons contributing to it. This proportionality is expressed by

𝐴 = 𝑘 × 𝑐 × 𝑛,
where k is a constant that depends on the system used for the measurement but is independent of the chemical species, provided that partial saturation is avoided by setting a sufficiently long recovery delay. 43 In such conditions, the response factor is virtually the same for all the peaks in a sample. Therefore, relative peak areas reflect relative concentrations, and absolute concentrations can be obtained from a reference signal.

In the case of 2D spectra, quantification is more complicated. The response factor k becomes peak-specific because it depends on parameters like coupling constants and relaxation times. In order to obtain analyte concentrations from 2D spectra, it is either possible to calibrate the response of each signal of interest (which requires commercial standards), or to make the modulation of the 2D signal by the couplings similar for each site via specific methods. 44 In the case of reaction monitoring, the evolution of a peak volume over the course of a given reaction still reflects the evolution of the corresponding concentration for this specific peak, assuming that the response factor does not change over time. In that case, calibration at a single time point (i.e., in the initial or final state) is sufficient to obtain concentration data.

It may be achieved, e.g., for starting materials when the initial concentration is known accurately. In the case of flow measurements, it is also necessary to account for the impact of flow on 2D peak volumes. Note that some kinetic information, such as the rate of first order processes, can be derived also from uncalibrated data.

4. Non-uniform sampling for reaction monitoring 4. 1. NUS methods that do not account for non-stationarity

Among the methods developed to accelerate the acquisition of 2D NMR data, NUS (nonuniform sampling) is probably the most widely used. In this approach, only a fraction of the t1 increments classically needed for the acquisition of a 2D spectrum are acquired, and the spectrum is reconstructed thanks to prior assumptions on its properties, e.g., its sparsity. NUS makes it possible to reach the same resolution as with conventional 2D NMR, but in a reduced time. Conversely, it can be used to increase the resolution of an experiment acquired in a given time.

In NUS, the acquired points are selected pseudo-randomly and do not form a Cartesian grid. The data cannot be processed using standard FT, and various reconstruction algorithms have been developed, based on different assumptions on the final spectrum. Among the most common reconstruction algorithms we can mention compressed sensing (CS), 45 which assumes that the spectrum is sparse, and maximum entropy (MaxEnt), 46 which looks for the solution that maximizes the entropy of the spectrum (see definition in chapter 3). In all cases, the number of points that need to be sampled depends on the number and shape of peaks present in the final spectrum and CS theory can guide the setup of the NUS experiment. 47 In the application of NUS for reaction monitoring, it is important that the reconstruction yields reliable peak positions and peak volumes. For suitably chosen sampling schedules (fraction and distribution of acquired points), CS reconstruction has been reported to not distort peak shapes or intensities. 45 The error on peak positions is smaller than the spectral resolution and the intensity varies linearly with the sampling amount for the whole dynamic range of signals. 14 A work exploiting 2D NUS COSY with CS reconstruction to follow a MPV (Meerwein-Ponndorf-Verley) reaction shows that a 30% of NUS sampling allowed to obtain good spectra, with an error on the intensity smaller than 5% for most peaks. A higher peak intensity gave a higher accuracy in the reconstructed intensity, while uncertainty increased to 12% for the weakest peaks, due to both, signal to noise ratio and NUS reconstruction errors. The estimated kinetics are showed to be in good agreement with data obtained through 1D NMR and GC, as shown in Figure 10.2. 15 Interestingly, the use of 2D NMR allowed to identify the hemiacetal present as intermediate, which was not identifiable through GC analysis or in the 1 H spectrum strongly affected by signals overlap. Cross-peaks and diagonal peaks belonging to the same species had, after normalisation, the same temporal evolution, showing that crosspeaks can be used to perform the kinetic follow-up of a chemical reaction. The data from the different methods were fitted assuming a reversible pseudo-first order kinetic and the obtained kinetic parameters were in excellent agreement.

[Insert Figure 10.2 here] While having a reconstruction algorithm providing reliable signal intensities allows to follow the kinetic evolution of a signal in time, for the absolute quantification through 2D experiments, the specific response factor of the different signals plays an important role. An interesting example showing the importance of calibration for quantification is the monitoring by 2D HSQC NUS of the reaction between glycerol and acetic acid, which forms 5 similar products. 47 The kinetic data obtained through 2D HSQC NUS at high field were compared to those obtained from standard 1D NMR spectra at high field . The comparison highlighted the importance of normalization or calibration in the case of HSQC data, as visible comparing Figure 10.3b and 10.3c. In this work the calibration, that needs to account for the polarization transfer and relaxation effects, was based for each species on corresponding signals in the 1 H NMR spectra. The calibrated HSQC data were in good agreement with those obtained through 1D NMR. To directly obtain quantitative information from the 2D HSQC the use of a standard would be required, and the chemicals used as reference should have the same properties as the compounds of interest. As an alternative, the 2D HSQC data could be calibrated based on independent measurements of the mixture composition (HPLC or wet chemistry). In this work the acquisition of the 12.5% of the t1 increments was shown to be sufficient to have reliable quantitative NMR data.

The obtained data were also compared to 1D NMR data acquired on a 43 MHz benchtop spectrometer and processed using model fitting techniques to overcome the problem of peak overlap. The two methods tested in the work are: i) a model-based approach based on a QM formulation (in this model the computed spectra are independent from the magnetic field and it was thus possible to train the model base on a single, calibrated dataset acquired at high-field), ii) PLS-R (Partial least-squares regression) a multivariate statistical method. The two methods gave results in good agreement with those from the 1D spectra acquired at high field, but PLS-R was found more dependent on the quality of the training dataset and could appear as less robust to variations in reaction conditions.

[Insert Figure 10. experiments, the FID is often stationary in the direct dimension (for which the timescale is of the order of one second) and non-stationary in the indirect dimension (for which the timescale is of the order of several minutes). The impact of non-stationarity on the final spectrum depends on the acquisition scheme chosen for the t1 increments, in particular the effect is different if they are acquired in a shuffled or unshuffled order. When only the intensity of signals is changing, unshuffled acquisition gives rise to peak distortion and shuffled acquisition to t1 noise. If the frequencies of signals vary during the acquisition, acquiring shuffled t1 increments is preferred. 48 The first example of TR-NUS was reported by Mayzel in 2014 to study the kinetic of the in vitro phosphorylation of tyrosine residues of the protein CD79b. Due to the important signal overlap present also in the 2D experiments, 3D time-resolved experiments were used.

In this work, a global set of increments following a randomized NUS schedule was acquired during the proceeding of the reaction, and then divided into subsets for the processing. 49 The smaller the subsets, the higher the noise from NUS reconstruction, the bigger the subsets, the higher the noise from non-stationarity of signals. In this way the same set of acquired data can be processed multiple times with different subset dimensions in order to find the best compromise. In the classical approach to TR-NMR all the subsets have the same dimension.

An alternative approach is to increase exponentially the dimension of the subsets as a function of time, this allows to maintain good temporal resolution for the first kinetic points, while reducing the number of subsets and adjustable parameters in the reconstruction. Peak overlap in TR data manifests itself as erratic time-dependent behaviour of the peaks. When setting up TR-NUS experiments, it is important to consider that non-stationarity of signals has an important impact on the data processing. When line shapes are broad, the sparsity of the spectra is reduced thus more points are required for CS reconstruction. The distorted line shapes prevent the use of reconstruction algorithms assuming Lorentzian line shapes, such as low rank reconstruction and recursive MDD. Note that the linearity of peak intensity as a function of concentration in NUS reconstructed spectra has been shown for most of the reconstruction algorithms. This makes it possible to exploit TR-NUS as -potential tool for the analysis of reactions kinetic.

When more experiments need to be acquired on an evolving sample, a good practice is to interleave the acquisition of 1 H 1D spectra and 2D NUS points, which may be from multiple experiments (e.g., COSY and HSQC) to reduce risks of erroneous assignments due to nonstationarity. The acquisition of 1 H 1D spectra interleaved into NUS points might allow to correct for peak shifts. The interleaved acquisition of the 1D and 2D data sets is particularly useful since it allows to obtain coherent data among the different 2D experiments also when the process under study cannot be exactly reproduced. 50 TR-NUS 2D NMR has been applied to the analysis of challenging samples of fermenting wheat flour and milk. 51 In TR-CS NMR overlapping subsets of data are processed giving rise to a series/stack of 2D spectra, the variation among which follows the proceeding of the reaction, as illustrated in Figure 10.4a.

An interesting feature in TR-CS NUS data is that peaks from a same molecule will evolve similarly as a function of time. This makes it possible to separate the peaks in different groups when reconstructing the 2D spectra from different molecules. TR-NMR produces a large number of 2D datasets. It is thus important to have an automated procedure for peak-peaking and integration. The authors used the Sparky script that, given the peak list established on the first spectrum, performs the analysis of the full set of 2D experiments automatically by opening all the following spectra, moving the integration region to the nearest maximum, and performing the integration. This allows to follow peaks already present in the first spectrum, and should be repeated starting from the end of the reaction, to follow the formation of products.

[Insert Figure 10. 4 

here]

In a recent work, Kazimierczuk and co-workers presented a new software that, by making the analysis and acquisition of TR-NUS data more user-friendly, is likely to expand the scope of this technique. The TReNDS 50 software is written in python and compatible with various spectrometers for acquisition, processing and display of TR-NUS data. NUS reconstruction is based on a CS algorithm so it allows also the processing of datasets in which the signal frequency is varying. TReNDS makes it possible to use sampling schedules for relaxation-matched NUS, which lead to spectra with higher sensitivity. Macros are available for Agilent and Bruker spectrometers, and, with appropriate modification of the pulse sequences, for Magritek benchtop instruments. Gołowicz et al. showed the potential of TR-NUS monitoring with the TReNDS software by studying the aza-Michael reaction between benzylamine and acrylamide, performed in an NMR tube and monitored inside a 700 MHz spectrometer. 52 Comparison of the data with conventionally acquired 2D experiments showed that while the identification of products was possible with both methods, kinetic monitoring required the TR-NUS acquisition. Error! Reference source not found. shows how the integration on TR-NUS HSQC was more reliable compared to the integration performed on conventional HSQC. Indeed, the distortions in peak line shapes were more important in the case of conventional 2D experiments since the time required for the acquisition was not negligible compared to the reaction time-scale.

With the optimal subset size identified for this study, the TR-NUS duration for each subset was four time shorter than those of conventional 2D experiments. Each subset contained 64 t1 increments with 62 overlap points, this gave a temporal resolution of 66.5 s. The better accuracy on peak integrals obtained with TR-NUS experiments made it possible to determine the kinetic constant of the process with an error of about 3% while those obtained from conventional HSQC data were overestimated of more than 90%. The authors also suggested that when the timescale of the reaction to monitor in the scale of seconds/minutes, the resolution provided by TR-NUS might be insufficient, the coupling with fast pulsing techniques like ASAP and SMART would be beneficial.

[Insert Figure 10.5 here] The potentiality of TR-NUS has also been illustrated for reaction monitoring with a 43 MHz benchtop spectrometer equipped with a flow cell. Ratajczyk and co-workers monitored a hydrogenation reaction, using para-hydrogen for sensitivity enhancement. 53 The hydrogenation of two substrates was carried out in a batch reactor through the bubbling of gaseous parahydrogen. The reaction mixture was continuously flowed through the benchtop spectrometer and back to the reactor. TR-NUS DQF-COSY spectra were acquired using a shuffled acquisition scheme and interleaving the acquisition with 1 H spectra. The signals of the hyperpolarized protons quickly reached their maximum after the starting of the hydrogenation, and then they decreased with time as result of the decreasing of the reaction rate as the conversion progressed. The comparison between the TR-NUS data and the 1 H spectra highlights the importance to use small datasets for reconstruction when following fast changing signals. Another important point is the role of rapid change in signal intensities that leads to the presence of t1 noise in the 2D spectra. The use of weighting functions, based on the changes in intensity measured by 1D NMR, allows to reduce this problem.

5. Monitoring by EXACT-ASAP-HSQC

A complementary approach to reduce the duration of 2D experiments is to shorten or remove the recovery delay between consecutive scans. In the acceleration by sharing adjacent polarisation (ASAP) method, protons bound to carbon-13 are selectively excited and observed, and the inter-scan delay is substituted by a homonuclear cross-polarization transfer (<60 ms), to replenish the polarisation of the active proton with that of protons linked to carbon-12. The possibility to obtain quantitative data from EXACT ASAP HSQC was evaluated on a strychnine sample showing that the relative integrals were comparable with those obtained with a standard HSQC. Importantly, while EXACT ASAP HSQC allowed to monitor changes in concentration on a seconds-minutes timescale, standard HSQC would only be efficient for kinetics of minutes/hours.

[Insert Figure 10.6 here] EXACT ASAP HSQC was used to follow a proton deboronation reaction. 17 As shown in Figure 10.6, the authors followed the decrease of reactant concentration as a function of time, through both 1 H 1D and EXACT ASAP HSQC. The data for the two experiments were in good agreement with each other and with previous literature data. Each heteronuclear dataset was acquired in 37 s, the acquisition was alternated with 1 H 1D experiments that lasted 32 s each, and the reaction was monitored for 1.5 h.

6. Monitoring by UF 2D NMR

Ultrafast 2D NMR is the only method that makes it possible to acquire a complete 2D data set in less than one second. In UF 2D NMR, the sequential acquisition of t1 increments is replaced by a spatial parallelisation scheme, in which all the increments are obtained at the same time. [54][55][START_REF] Gouilleux | Annual Reports on NMR Spectroscopy[END_REF][START_REF] Lhoste | [END_REF] In terms of timescales, any reaction that can be monitored by 1D NMR can also be monitored by UF 2D NMR, within the limits of the gradient coil of the probe. The speed of UF 2D NMR, when combined with, e.g., fast-injection devices, is notably relevant for the analysis of reaction with species that have lifetimes of just a few seconds. 58 UF 2D NMR is also a powerful general way to increase the time resolution for reaction monitoring by a factor of 10 or more compared to conventional 2D NMR. UF 2D NMR experiments require the use of an oscillating acquisition gradient that maps the spatial and spectroscopic dimensions in a single readout. The use of such strong gradient induces strong current through gradient coils, which may cause thermal instability. In addition, a repetition of the acquisition gradient faster than every 5 seconds and/or for longer than 30 minutes may damage the gradient coil of high-resolution NMR probes. For this reason, attention should be paid so that the overall duty cycle remains manageable for the gradient coil. In addition, the large acquisition bandwidth used in UF 2D NMR results in a sensitivity penalty. The signal to noise ratio per square root or total experimental time it typically 5 to 10 times lower for UF 2D NMR.

Note that UF NMR pulse sequences are not yet available in standard libraries from manufacturers, but pulse sequences and implementation procedures can be found in the literature either for high or for medium-field spectroscopy. [START_REF] Gouilleux | Annual Reports on NMR Spectroscopy[END_REF]59,60 

6. 1. Organic reactions in an NMR tube

Several studies exploited UF 2D NMR to monitor a reaction carried out in an NMR tube using either manual mixing or fast mixing devices. A representative example of the potentiality of UF methods for the follow-up in real-time of chemical processes is the study from Gal et al.. 16 A first part of this work focused on the monitoring of H/D exchanges on Ubiquitin. The kinetics determined through the acquisition of UF 2D HSQC data were in good agreement with those determined by Bougault et al. 61 in a previous study using Hadamard spectroscopy. Furthermore, the use of UF HSQC experiments allowed to determine the exchange rate also for sites whose rates were too fast to be studied by Hadamard spectroscopy. The sample preparation that required inserting the reagents in the NMR tube and to subsequently place it into the magnet, led to a kinetic dead time of about 30 -40 s, during which the fastest exchanging sites lost their 1 H-15 N resonances, highlighting the need for rapid mixing devices. 16 A homemade rapid-mixing device able to shorten the sample preparation delay down to 1 -2 s was reported by the same team. 16 To highlight the potentiality of this new setup, the formation of transient intermediates during the reaction of a methoxide ion onto 1-cyano-3,5dinitrobenzene was monitored by single-scan 2D TOCSY. UF 2D spectra were acquired every 2.3 s while the reaction took place inside the NMR tube. Results showed the identification of two short lifetime derivatives that could not be identified without such mixing assembly since their signals disappeared in less than 40 s.

The potentiality of UF NMR applied to the real-time monitoring of multi-step reactions is a wealthy field of study, and interesting examples are gathered in the review from Herrera et al. 62 . Pardo et al. 63 developed a tailored UF HSQC pulse sequence that allowed to confirm hypothesized mechanisms for the synthesis of pyrimidines and to uncover the presence of previously unobserved transient intermediate species. The reaction involved acetophenone with trifluoromethanesulfonic (triflic) anhydride (Tf2O) in the presence of acetonitrile-d3 to form pyrimidines. In a first study, the acquisition of UF TOCSY spectra allowed the observation of the evolution of the reactants and the generation of reaction products, plus the characterization of some intermediates. 64 Following these results, a UF-HMBC sequence was employed with labelled 13 C-carbonyl-acetophenone in order to ensure the detection of short lifetime derivatives, the reactants were added through a fast mixing device. Resulting data allowed to identify different intermediates such as 2 that was observed for the first time, plus 7 and 8 (Figure 10.7a). In agreement with that, the work of Pardo et al. 63 with ultrafast HSQC experiments at natural abundance on non-labelled samples helped to confirm intermediates reported earlier, and went even further to detect derivatives (4-6) that had a concentration under the LOD of HMBC on labelled samples. A total of 500 HSQC spectra (Figure 10.7b) were acquired over the 432 minutes of reaction, using a triply tuned HCN single-gradient probe on a 600 MHz spectrometer and a fast-mixing device (a syringe feeding into the NMR tube inside the magnet). Graphs showing the interconversion of the ketone 2 to intermediates and product are reported in Figure 10.7b. 65 The evolution of the cross-peaks intensity of the reactant, product, plus the newly-identified intermediates over the time is represented on Another application involving the mixing of the reactants into the NMR tube prior to its insertion in the magnet is the study of the mutarotation equilibrium of D-glucose in water reported by Giraudeau et al. 66 In this study 16-scan UF HSQC experiments were used. The acquisition of multiple scans UF experiments is still much faster than conventional acquisition and gives a SNR sufficient to extract relative concentrations of both the studied anomers and to follow their kinetics over the time. Intersetingly, folding was employed in both dimensions in this study, to bypass the spectral width limitations of UF 2D NMR.

Diffusion ordered spectroscopy (DOSY) is a powerful tool for the analysis of mixtures.

The work from Hamdoun et al. 67 shows how spatially-encoded (SPEN) DOSY allows to obtain diffusion information from reaction intermediates. They conducted a proof-of-concept experiment on the reaction monitoring of the di-amination reaction (isobutyraldehyde with 1,4diaminobenzene in acetonitrile-d3 at 10°C), and made an analytical comparison between a series of UF DOSY experiment recorded every 1 second to those of a 16-step phase cycle conventional DSTE (double stimulated echo) DOSY experiment that lasted 20 min, which is the same order of magnitude as the reaction time completion. The resulting spectra are shown in Figure 10.8. The diffusion coefficients estimated through UF DOSY were less affected by the variation of concentration of the chemical species involved in the reaction, as the acquisition duration was shorter. The resulting molecular weights estimated from the diffusion coefficients were more accurate, and the DOSY data plot shows well separated chemical species.

[Insert Figure 10.8 here]

6. 2. Electrochemical reactions

The coupling of electrochemical devices and NMR (EC-NMR) is a powerful tool that makes it possible to elucidate reaction pathways of electrochemical reactions involving unstable species, and can also provide structural information about intermediates. 68,69 As electrochemical transformations are occurring directly in the detection region, the time between the formation and the detection of chemical species is minimized. Applications using 1D and 2D NMR have shown the incompatibility of most classical 2D NMR pulse sequences to be able to identify short-lived chemical species. The use of ultrafast techniques should then be considered for both batch reaction and reaction in the magnet, as stated in the review from Bussy and coworkers. 69 In this context, Boisseau et al. 21 exploited ultrafast 2D experiments for EC-NMR to monitor redox reactions in real-time with a good time resolution. The reduction of a 25 mM solution of 9-chloroanthracene carried out into an NMR tube was monitored during 80 minutes.

The redox reaction was induced by a custom three-electrode system designed to fit within a 5-mm NMR tube. The monitoring was performed through the acquisition of UFCOSY data, the acquisition of each 32 scans spectrum required 3 minutes. The acquired UF COSY allowed to follow the decrease in time of the peaks belonging to the reactant, as well as the increase of the intermediate peak and its conversion into two reaction products. Figure 10.9 shows the insitu EC-NMR experimental setup, together with real-time UF 2D COSY NMR spectra recorded at different times during the electrochemical reaction.

[Insert Figure 10.9 here] 10. 6.

Batch organic reactions with online monitoring

The online monitoring of batch reactions offers important advantages, as detailed in the introduction of this chapter. Fast acquisition is needed to be able to follow reactions happening on a short timescale. In this context, the implementation of UF experiments on benchtop spectrometers 56 is a promising tool, and the combination of the time resolution of ultrafast techniques with the versatility of a benchtop spectrometer paves the way to a wide range of applications. As proof of concept Gouilleux et al. 70 monitored in real-time a palladium catalytic Heck-Matsuda reaction with the use of UF COSY spectra collected on a 43 MHz benchtop spectrometer. 70,71 Two different set-ups were exploited for the monitoring, in a first example the reaction was performed in a NMR tube 72 while in a second work a batch reaction, equipped with mechanical stirring, was followed through online monitoring thanks a bypass loop. 70 [Insert Figure 10.10 here]

In both cases the reaction was performed on a 0.36 M solution of aniline in MeOH. The evolution of 2D peak volumes reported in Figure 10.10e shows that a plateau is reached at about 140 min concerning the "in tube" monitoring, while Figure 10.10f shows that only 40 min are needed for the batch reaction analysed through flow NMR. This study illustrates the different kinetics of reactions carried out in an NMR tube or in a regular flask with stirring. Note that the low sensitivity of benchtop NMR, combined to the sensitivity penalty of UF 2D NMR, means that this approach is limited to the monitoring of highly concentrated species.

The recent introduction of commercial NMR flow tubes has resulted in an increasing use of high-field NMR for online reaction monitoring. 8 A common use of such devices is the analysis of batch chemical reactions with typical reaction times ranging from a few minutes to a few hours. The potential of ultrafast 2D NMR in this context was highlighted by the work of Jacquemmoz et al., 73 who monitored, as a model reaction, the saponification of ethyl acetate.

The authors first highlighted the important interferences between flow fluctuations and peak volumes in UF 2D experiments in flow conditions, when the spatial encoding is parallel to the flow direction. This is illustrated in Figure 10.11b, which shows strong signal oscillations that do not reflect the chemical evolution within the sample. This is despite the fact that, as shown in Figure 10.11a, good-quality spectra are obtained. The use of a triple axis probe made it possible to perform spatial encoding orthogonally to the flow axis, and to avoid interferences.

As shown in Figure 10.11d, the time evolution of the peak volume then reflects accurately the chemical kinetics. The use of transverse encoding leads to a loss of resolution in the UF dimension (because of a limited gradient strength available, plus a shorter length of the sample), as shown in Figure 10.11c, but allows a more reliable quantification minimizing the impact of flow fluctuations. The resulting time resolution is significantly higher than what could be achieved with a conventional COSY experiment that typically requires 10 minutes (or more) of experiment time.

[Insert Figure 10.11 here] 10. 6. 4. LC-NMR Hyphenated HPLC-NMR is a powerful application of flow NMR, which combines the physical separation of chromatography with the structural resolving power of NMR, allowing to simplify the analysis of complex mixtures. This combination is powerful to solve overlap issues that are often present in 2D spectra of complex mixtures. Keifer et al. reviewed many aspects of LC-NMR tools and its potential sources of errors. [START_REF] Keifer | Annual Reports on NMR Spectroscopy[END_REF] In some cases, conventional 2D NMR experiments are not compatible with on-flow analyses of eluting samples as the experiment time is too long. The "stopped-flow" setup can be an efficient solution, but the real-time visualization of the chromatographic separation wouldn't be possible anymore, plus it would negatively affect the chromatographic separation itself. In this context, the use of fast 2D NMR methods may be particularly relevant. 58,74 A pioneering work by Shapira et al. was made on the real-time monitoring of analytes undergoing chromatographic elution. 58 They used a home-made LC-NMR setup that was specially dedicated for the study, with a classical silica-based glass column, applied to simple mixtures of model organic compounds in a non-protonated solvent. Queiroz Júnior et al.

presented the first ultrafast 2D NMR experiment recorded on a commercial HPLC-NMR setup, thus increasing the application scope of the approach initially proposed. 74 

7. Real-time monitoring by 2D spectrotemporal correlations

A promising approach to investigate chemical kinetics in real-time is reported in the recent work from Jaroszewicz et al. 75 that combines fast mixing techniques and single-scan spectroscopic imaging acquisition for a inline monitoring in which the NMR tube is exploited as flow reactor. A spatially resolved acquisition along z dimension of the NMR tube/flow reactor provides a 2D dataset in which a first dimension is represented by the chemical shift in conventional 1 H experiment and the second dimension is the position along the reactor, and thus the advancement of the reaction in time, as schematized in Figure 10.12a. Different positions along the flow reactor correspond to different residence times and thus different reaction times. The spatially resolved acquisition is carried out using a EPSI acquisition scheme. This approach has been applied to the monitoring of the enzymatically-catalyzed hydrolysis of a N-α-benzoyl arginine ethyl ester, reported in Figure 10.12d. The reactant has been pre-polarized in a dedicated channel of the mixer, then rapidly mixed with the catalyst (enzyme trypsin) and continuously flown to the NMR tube in the detection region. The constant flow was provided by a syringe pump. The spatio-temporal resolution, for a fixed flowrate, depends on the strength of the gradients used for the EPSI block. Coupling rapid-mixing and continuous-flow methodologies, with single-scan spectroscopic imaging principles, can deliver precious information about reaction coordinates with high kinetic resolution.

[Insert Figure 10.12 here]

8. Conclusion

Fast 2D NMR methods are a powerful tool for reaction monitoring. They increase the range of timescales for which monitoring applications can benefit from the extra resolution and information that 2D experiments yield, by bringing their duration closer to that of 1D experiments. They have been shown to be compatible with a variety of hardware implementations, including monitoring in a "static" standard NMR tube, and flow methods. For reaction time of a few seconds to a few minutes, fast-mixing methods are required, and UF 2D NMR is the only general method available to obtain a time-series of 2D spectra. For reaction times of a few tens of minutes to a few hours, methods based on nun-uniform sampling also become relevant. Fast-pulsing strategies can be used with either UF 2D NMR or NUS to further improve the sampling time resolution, paying attention not to damage the hardware. A systematic comparison of fast 2D NMR methods for reaction monitoring has not been reported so far, and it would be interesting to compare the relative merits of spatial parallelization and non-uniform sampling, when both are applicable. As the first section of this book illustrates, fast 2D NMR methods is an active area of developments. Novel pulse sequences, and their implementation with new monitoring hardware will undoubtedly lead to exciting methods and applications in the coming years. 
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 108 Figure 10.8 NMR monitoring of the reaction of isobutyraldehyde with 1,4-diaminobenzene in acetonitrile-d3. a) Conventional DSTE DOSY spectrum recorded over 22 min from the beginning of the reaction. b). Concatenation of 3 spectrally selective SPEN DSTE DOSY spectra recorded at t =3.5 min. 67 Adapted from Ref. 67 with permission from The Royal Society Chemistry, Copyright 2018.
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