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Real-time reaction monitoring by ultrafast 2D NMR on a benchtop spectrometer

Reaction monitoring is widely used to follow chemical processes in a broad range of application fields. Recently, the development of robust benchtop NMR spectrometers has brought NMR under the fume hood, making it possible to monitor chemical reactions in a safe and accessible environment. However, these low-field NMR approaches suffer from a limited resolution leading to strong peak overlaps, which can limit their application range. Here, we propose an approach capable of recording ultrafast 2D NMR spectra on a compact spectrometer and to follow in real time a reaction in the synthetic chemistry laboratory. This approach -whose potential is shown here on a Heck-Matsuda reaction-is highly versatile; the duration of the measurement can be optimized to follow reactions whose timescale ranges between a few tens of seconds to a few hours. It makes it possible to monitor complex reactions in non-deuterated solvents, and to confirm in real time the molecular structure of the compounds involved in the reaction while giving access to relevant kinetic parameters.

Introduction

Reaction monitoring based on analytical spectroscopies provides essential kinetic and speciation information in a variety of application fields, from organic and inorganic synthesis to biochemistry and bioengineering. 1,2 It is therefore a determining tool to deeply understand reaction mechanisms. The development of accessible, powerful and robust analytical methods is highly important to characterize in real time the molecular compounds involved in such processes. Among spectroscopic technics, NMR has the great advantage of being non-specific, non-destructive; it does not require prior knowledge on the analyzed compounds and delivers both structural and quantitative information. High field NMR (HF NMR) has been widely used in organic and pharmaceutical applications for monitoring chemical processes, either directly inside the NMR tube [3][4][5] or by using flow cells. [6][7][8][9][10] Yet, the high analytical performance of HF NMR is associated with an expensive instrumentation, a high monetary and environmental cost, and the need for specific facilities which are barely compatible with the working environment of the synthetic chemistry laboratory, contrary to other techniques such as UV Vis, FTIR or Raman spectroscopy. However, low field NMR spectroscopy (LF NMR) has recently been brought under the hood through the development of a new generation of benchtop spectrometers relying on non-cryogenic magnets. These spectrometers have the advantage of being relatively inexpensive, practical, transportable and eco-friendly. During the last few years, the quality of the 1 H spectra recorded with these compact spectrometers has been greatly improved, particularly in terms of sensitivity and stability. These developments enabled the successful application of benchtop NMR to monitor reactions "on the fly". [11][12][13] However, LF NMR suffers from intrinsic drawbacks vis-à-vis its HF counterpart, particularly in terms of low spectral resolution. The low magnetic field inevitably leads to a reduced dispersion of frequencies, generating numerous peak overlaps. Moreover, the real-time identification of chemical compounds is further complicated by the strong couplings commonly encountered in LF NMR. So far, resolution losses and peak overlapping have limited the application range of LF NMR to the monitoring of relatively simple reactions where the peaks of interest are well isolated.

2D NMR experiments 14,[START_REF] Jeener | Lecture presented at Ampere International Summer School II[END_REF] are well-known to offer an efficient way of discriminating resonances while delivering invaluable structural information. A number of 2D pulsesequences have already been developed on some benchtop spectrometers to take advantage of this methodology at low field. 12 Unfortunately 2D NMR is affected by a long acquisition duration, arising from the need to sample the indirect dimension through the repetition of numerous experiments. As a fundamental consequence, conventional 2D NMR is not adapted to study samples whose composition evolves in the course of time, [START_REF] Boisseau | [END_REF] unless time-resolved schemes based on non- uniform sampling (NUS) are employed. 17 In this context, ultrafast (UF) NMR, which is capable of acquiring 2D spectra within a single scan, [START_REF] Frydman | Proc. Natl. Acad. Sci[END_REF] offers an attractive way to circumvent this drawback. Therefore, the implementation of UF NMR on a benchtop spectrometer would be a powerful analytical tool to monitor chemical reactions directly inside the synthetic chemistry laboratory and in real time. While UF NMR is now recognized as a powerful reaction monitoring tool at high field, [START_REF] Boisseau | [END_REF][START_REF] Giraudeau | [END_REF][20][21][22][23][24] it has never been reported on a benchtop spectrometer, as it requires a specific hardware. In fact, UF experiments rely on a spatial encoding scheme, which is also used in many other liquid-state NMR experiments, but has never been shown at low field.

In this article, we report the first spatially encoded NMR experiment on a compact benchtop spectrometer, using a permanent magnet based on a Hallbach design. 25,26 This spectrometer includes a gradient coil along the B 0 -axis which is efficient enough to meet the criteria to implement the UF methodology. Thanks to this device, the first UF spectra recorded on a benchtop spectrometer are shown, and the promising potential of this new analytical tool is demonstrated on the real-time monitoring of a Heck-Matsuda coupling reaction, 27 through UF COSY spectra recorded in real time during the chemical process.

Results and discussion

First UF spectra on a benchtop NMR spectrometer

The UF approach relies on the design of a spatially dependent evolution period. In order to perform this spatial encoding, a magnetic field gradient -applied together with frequency-swept pulses-is necessary to induce a positiondependent resonance frequency, and also to refocus spatiallyencoded magnetizations during a detection scheme based on echo-planar spectroscopic imaging (EPSI). [START_REF] Mansfield | NMR imaging in biomedicine[END_REF] The benchtop product (designed by Magritek, Aachen, Germany, a version of the commercial Spinsolve benchtop spectrometer) includes a gradient coil designed for pulsed-gradient spin echo diffusion measurements. By implementing an appropriate pulse sequence, this gradient coil provides a robust and strong enough magnetic field gradient to achieve these UF features. Here, we implemented and optimized a constant-time and phase-modulated spatial encoding pulse sequence based on a double spin echo scheme. [START_REF] Pelupessy | [END_REF] A combination of bipolar gradients based on EPSI was also implemented during the detection period. Further information about the pulse-sequence and detailed parameters are available in the ESI. (D-F). All the experimental spectra were recorded on a sample of ethanol in D 2 O (40/60: v/v). The "ultrafast" axis refers to the spatially-encoded dimension (without Fourier transformation) whereas the "conventional" axis represents the direct dimension. The simulations (C and F) were performed thanks to a simulation platform that we recently introduced. 30 Please do not adjust margins Please do not adjust margins As a proof of concept, we acquired an initial UF COSY spectrum in 400 ms on a model sample at 43 MHz (Fig. 1B). The quality of this spectrum and the good match with the expected spectrum (numerical simulation shown in Fig. 1C) highlight the suitability of UF experiments at low field and the technical performance of the benchtop prototype. As the value of coupling constants is not negligible compared to the resolution, the coupling-patterns are visible along the vertical dimension for the low-field spectrum (Fig. 1B andC), while they are not observed at 400 MHz (Fig. 1E andF). The comparison of 1D (Fig. 1A and1B) and 2D spectra (Fig. 1D and1E) at low and high field shows that field-induced resolution losses are far less important for UF COSY experiments than for 1D pulse-acquire 1 H spectra. This is mainly explained by the fact that the UF experiments used in the present study, which are based on a "constant-time" encoding, are intrinsically decoupled along the horizontal (or ultrafast) dimension, 31 i.e., they are "singly pure-shift" sequences. 32 Thanks to this feature, UF experiments provide a valuable discrimination of resonances at low field. The major drawback is the relatively low sensitivity, since the experimental limit of detection (LOD) decreases from typically 0.1 mol/L at 400 MHz 19 to 1 mol/L at 43 MHz for a one scan acquisition. However, this sensitivity loss is far less critical than what could be expected from the difference of one order of magnitude between magnetic fields. This is due in part to the probe design, but also to the fact that UF experiments are characterized by the need to compromise between resolution, sensitivity and spectral width. [START_REF] Giraudeau | [END_REF] At low field, the spectral widths are much smaller, which considerably alleviates this compromise. Still, the single-scan limit of detection is quite high, but when the timescale of the targeted reaction is compatible with an acquisition duration between a few seconds and a few minutes, the single-scan LOD can be increased by signal averaging while avoiding t 1 -noise. This hybrid approach has shown great potential at high field for a variety of applications. 33 A detailed evaluation of the analytical performance of UF experiments at low field will be carried out in further studies.

Real-time reaction monitoring by UF NMR

We evaluate here the potential of benchtop UF 2D NMR through the monitoring of a Pd-catalyzed Heck-Matsuda reaction 27 (Fig. 2A). This variant of the Heck coupling uses aryl diazonium salts as highly reactive aryl halide surrogates and allows reaction at room temperature under ligand-and basefree conditions. 34 The Heck-Matsuda reaction has recently found a growing interest among the synthetic community, [35][36][37][38][39] especially since their hazardous character was overcome by a bicatalytic strategy 40,41 or a continuous-flow approach. 42,43 Fig. 2. Scheme of the one pot Heck-Matsuda reaction in the multicomponent mode (A). The reaction was followed for 144 min with an initial concentration of 0.36 mol/L for the limiting starting material ( 1 The sequential diazonium formation-coupling reaction, depicted in Fig. 2A, is performed directly inside an NMR tube with an initial concentration of 0.36 mol/L for the limiting starting material: 4-methyl-2-nitroaniline (1). In this reaction, the aniline (1) dissolved in methanol first reacts with t-BuONO and MeSO 3 H to form a diazonium salt. The latter is then coupled with the olefin (2) in the presence of Pd(OAc) 2 as the catalyst, in order to produce the styrene (3). The experiment was designed to keep the mixture as homogenous as possible (the detailed procedure is available in the ESI). It is important to notice that thanks to an external lock system, our experiments were carried out in a non-deuterated solvent. This reduces the cost of the monitoring and allows to avoid unwanted potential isotopic effects that could affect reaction rates in deuterated solvents.

UF COSY spectra are well-suited to monitor in real time this chemical reaction, as they deliver well-resolved cross-peaks, both for the product (3) and for the limiting starting material (1) (Fig. 2C-E). The starting material in excess (2) is also visible. Note that the reaction could not be studied through 1D spectra because the reactant and product peaks were overlapped between them and with the strong non-deuterated solvent peak. In order to optimize the sensitivity of the targeted peaks relatively to the reaction timescale, the number of scans was set to 36 with a recovery time of 1.25•T 1 , 44 leading to the acquisition of a COSY spectrum every 2.6 min. In addition, J-modulation effects, arising from the constant-time nature of the spatial encoding, play a central role in the sensitivity and can be predicted thanks to numerical simulations. 30 These effects were therefore finely tuned for the cross-peaks of interest by adjusting the total time spent in the transverse plane. In this procedure, the sensitivity was optimized simultaneously for the limiting reactant (1) and the product (3). The reactant in excess was not considered in this optimization. The kinetic curves recorded from the time-evolution of 2D peak volumes are shown in Fig. 3A. These curves depict the two chemical processes involved in the reaction very well. The decreasing blue curve matches with the initial conversion of (1) into a diazonium salt. After the aniline is consumed (at ca. 20 min), the coupling reaction starts, leading to the final styrene (3) (increasing pink curve). Relevant kinetic parameters, namely the rate constants of the two consecutive processes, can be extracted thanks to a mono-exponential fitting of the corresponding time domains (Fig. 3B andC). The trend of the curves and the rate constants reveal that the coupling reaction is the rate-limiting step of the process with respect to the diazonium formation. From a qualitative point of view, this result is consistent with previous studies performed at highfield, 42 which highlight that the use of an electron-poor aniline leads to a quick conversion into a diazonium salt, thereby making the coupling process the rate-limiting step.

Conclusions

This paper demonstrates the potential of benchtop ultrafast 2D NMR. This new analytical approach extends the reaction monitoring toolkit for a broad community of synthetic chemists, making real-time 2D NMR directly available under the fume hood. When concentration allows it, the duration of the 2D measurement can be optimized to follow reactions whose timescale ranges between a few tens of seconds to a few hours. The ability of the UF 2D NMR to discriminate overlapping resonances is particularly valuable at low field where the frequency dispersion is significantly reduced. From the NMR point of view, this first report of spatially-encoded NMR experiments on a benchtop spectrometer could open the way to a number of developments for in-lab analysis of liquid-state samples, including other homo-or heteronuclear UF pulse sequences, pure-shift experiments or diffusion-based measurements. In particular, heteronuclear pulse sequences would give access to larger numbers of a correlation peaks, thus making more complex reactions accessible. The potential and the suitability of UF NMR on a benchtop spectrometer have been shown through the real-time monitoring of a Heck-Matsuda reaction, leading to kinetic results which are consistent with the literature. This first application could open
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 1 Fig 1. Comparison of low-field and high-field ultrafast 2D and 1D spectra on a model sample. Top line: 1D 1 H spectrum (A), experimental (B) and simulated (C) UF COSY spectra obtained at 43 MHz. Bottom line: same spectra obtained at high field (400 MHz)(D-F). All the experimental spectra were recorded on a sample of ethanol in D 2 O (40/60: v/v). The "ultrafast" axis refers to the spatially-encoded dimension (without Fourier transformation) whereas the "conventional" axis represents the direct dimension. The simulations (C and F) were performed thanks to a simulation platform that we recently introduced.30 

  Fig.2. Scheme of the one pot Heck-Matsuda reaction in the multicomponent mode (A). The reaction was followed for 144 min with an initial concentration of 0.36 mol/L for the limiting starting material (1), at 29°C directly inside the NMR tube. The reaction was monitored through 55 UF COSY spectra recorded with 36 scans every 2.6 minutes, for instance: at 2 min (B), 26 min (C) and 142 min (D). Peak assignments are also indicated.
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 3 Fig. 3. Kinetics from the reaction monitoring (A) showing the evolution of normalized 2D peak volumes as the reaction progresses. These volumes were calculated from the crosspeaks (1) a,b and (3) b,a indicated in Figure 2, corresponding to the starting material and the final product, respectively. Blue open circles show the consumption of aniline and the pink open squares show the formation of the final styrene. The curves were obtained thanks to 55 UF COSY spectra recorded every 2.6 min. Kinetic constants can be extracted through exponential fitting of the 2D peak volumes in the relevant time domains, i.e. from 0-to 40 min for the consumption of aniline (B) and from 20 to 140 min for the production of the final styrene (C)
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Please do not adjust margins the way to a broad range of applications in synthetic chemistry, including the on-flow monitoring of chemical processes, a research avenue that we will explore in the near future.