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Abstract

The monitoring on the fly of chemical reactions conducted in flow through the use of benchtop
NMR spectroscopy is an emerging field of research allowing tremendous perspectives. In-line
benchtop NMR enables obtaining diversified structural and quantitative data on the chemical
composition and determining reaction conversions, kinetics and mechanisms. This review
provides an overview of the state-of-the-art of flow reactors integrating in-line monitoring with
benchtop NMR spectrometers. A brief discussion on the main characteristics of benchtop NMR

and the recent technological developments associated with, are provided in the opening section.

Introduction

Continuous flow chemistry has been one of the most influential technologies of the last decade
in creative processes impacting organic synthesis.' Micromixing, efficient heat transfer in
tubular reactors having a high surface-to-volume ratio and enhanced safety due to the small size
of reactors are some of the most salient benefits of continuous flow chemistry compared to
traditional batch processes.!!? As a result, flow approaches in synthetic chemistry rapidly

14-18

thrives in academic and industrial laboratories and affords considerable opportunities to

develop novel transformations and access new reactivities under unusual experimental



conditions.!®* Both, deep mechanistic understanding and optimization of complex synthetic
transformations conducted either in flow or in batch modes, require the use of suitable analytical
technologies. While in the traditional approach a combination of several off-line analyses are
frequently privileged, flow reactors are particularly suitable for the monitoring of chemical
reactions on the fly through the integration of in-line analytical tools.?>2® The acquisition of
analytical data in real time through in-line monitoring allows fast and efficient screening of the
reaction composition for the visualization of hazardous or air-sensitive intermediates and offers
the possibility of adapting one or more reaction parameters.

In the ideal situation, the in-line characterization must be fast (quasi real time), sensitive to
detect trace-amount of intermediates and non-invasive to prevent any modification or
destruction of the analyzed sample. In the recent years, several in-line characterization
techniques have been integrated to flow reactors and they can be regarded as chromatographic
spectrometric and spectroscopic detection methods; each analytical tool has its own strengths
and weaknesses. Chromatographic methods such as liquid chromatography (LC) and gas
chromatography (GC) are often privileged due to the facile separation of products but they
suffer from a weak time efficiency and do not allow structural identification.?’?° Mass
spectrometry (MS) used on its own?%32 or in association with chromatographic methods (LC-
MS and GC-MS)*** gives valuable information but with limited structural information.
Infrared spectroscopy (IR) allows the identification of structural elements in quasi-real time but
the analysis is often plagued by overlapping issues.*>-** High-field nuclear magnetic resonance
(HF-NMR) is certainly the most powerful and sophisticated spectroscopic technique at the
disposal of organic chemists but its integration to flow reactors is complicated by the cost and
the size of NMR machines which are, in addition, rarely installed close to a fume hood.**-+
Benchtop NMR equipped with a permanent magnet recently appeared as a powerful alternative
to HF-NMR as it does not require cryogenic liquid and can be installed under a fume hood. This
reviews aims at timely describing the early examples of flow reactors integrated with benchtop
NMR as in-line analytical tool, providing the main strengths and weaknesses of this emerging
technology. As introductory part, the main characteristics of benchtop NMR and the recent
technological developments will also be thoroughly discussed. It must be mentioned that the
use of in-line vs. on-line is a subject of debate leading to a certain degree of confusion.
Therefore, we decided to use “in-line NMR” in this review for any experimental setup
integrating into the flow reactor a NMR spectrometer directly into the stream without

interruption of the flow.



Benchtop NMR

NMR spectroscopy has been used for a long time to monitor chemical reactions in-line, thanks
to its ability to provide both unambiguous structural information and accurate quantitative data.
High-field (HF) NMR has been the tool of choice for most studies, either thanks to dedicated
flow probes* or more recently using flow tubes that can be adapted to a routine NMR hardware
configuration.** Although benefiting from a high sensitivity and resolution, HF NMR
spectrometers are barely compatible with flow chemistry on a routine basis, since these heavy
and expensive equipment are generally located in dedicated laboratories and operated by
specialized staff. Low-field (LF) NMR, based on small permanent magnets operating at a low
magnetic field, has the potential to circumvent many of these drawbacks thanks to a reduced
size that makes it compatible with a synthetic chemistry environment such as a fume hood.

LF NMR has been limited for decades to the field of relaxometry, with permanent magnets
operating at low magnetic field (typically 0.5 T) whose homogeneity was not sufficient to
provide NMR spectra with a decent resolution. In relaxometry experiments, the relevant
information consists in a distribution of relaxation times obtained by fitting the Free Induction
Decay (FID). While this approach was successfully applied to monitor chemical processes in

real time,*47

it is limited to certain classes of reactions where the reactants and products are
characterized by significantly different relaxation behaviors.

More recently (in the 2010s), a new generation of low-field NMR spectrometers has emerged
as a very promising alternative. These so-called “benchtop” spectrometers also rely on
permanent magnets, but the homogeneity of the latter has become sufficient to record
conventional NMR spectra with a reasonable resolution.*® Since 2015, benchtop spectrometers
have opened new markets for NMR, making it accessible to demanding environments such as
production sites or synthetic chemistry labs. Benchtop NMR spectrometers, which have become
commercially available from several companies, benefit from a reasonable cost (50 — 100 k€
versus 500 k€ to several millions for HF spectrometers) and from almost negligible working
costs. They do not require cryogenic fluids since they are based on rare earth permanent
magnets. The currently available equipment operate at magnetic fields between 1 and 2 T,
corresponding to a '"H Larmor frequency of ca. 40 to 80 MHz.

These new instruments have paved the way to applications of NMR in fields like reaction
monitoring,*” process control® but also in teaching labs,”! where the access to HF NMR was

previously limited. In addition, the limited volume and low cost of benchtop NMR

spectrometers make them ideal candidates as an in-line analytical technique (Fig. 1a). While



they can analyze samples in regular NMR tubes, they also come with a flow system consisting
of a flow-cell and a pump which are designed for in-line monitoring. Another advantage is that
benchtop spectrometers can operate without deuterated solvents, thanks to an integrated field-
frequency lock system. The obvious benefits are the reduced cost of the monitoring and the
suppression of potential isotopic effects that might occur in deuterated solvents. Finally, a broad
range of nuclei can be detected by benchtop NMR spectroscopy, although almost each nucleus
requires a different hardware (contrary to HF NMR, there is currently no tunable broadband
probe for benchtop NMR). Most common system can detect 'H, '°F, and sometimes a third
nuclei depending on the commercial model —typically *C or 3!P.

Obviously, decreasing the magnetic field comes at a price. The two main limitations of
benchtop NMR spectroscopy are sensitivity and resolution. The NMR sensitivity —which scales
with B¢*? where By is the static magnetic field— is significantly reduced, which means that
benchtop spectrometers are limited to the detection of relatively concentrated molecules,
typically several tens of mM (or less for the most recent 80 MHz spectrometers). This is
compensated by very sharp lines (less than 1 Hz) thanks to a high magnet homogeneity, but the
resolution (i.e., the ability to distinguish nearby peaks) is limited by the small frequency range,
proportional to Bo. For instance, 10 ppm correspond to only 430 Hz on a 43 MHz spectrometer,
which leads to ubiquitous overlap between multiplets, the coupling constants J being
independent on the field. As illustrated in Fig. 1b, strong peak overlaps occur on 'H spectra,
even for a simple small molecule such as ibuprofen 1. In addition to these sensitivity and
resolution issues, low-field NMR spectra are characterized by strong second order effects, since
the chemical shift difference between coupled spins often becomes comparable to the resonance
frequency. This leads to spectral patterns which are significantly distorted compared to their
HF counterpart (Fig. 1b-c). A last drawback, inherent to the technological design of the
permanent magnet, is their sensitivity to temperature variations outside the magnet. These rare-
earth magnets are optimally stable for a room temperature between 20 and 30 °C, and variations

outside of this range result in magnet instability.
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Fig. 1 (a) 43 MHz benchtop NMR spectrometer installed under a fume hood in in-line
monitoring conditions at the CEISAM research institute, University of Nantes, France. (b) 'H
NMR spectrum of ibuprofen 1 in acetone-ds recorded at 43 MHz on a benchtop spectrometer.
(¢) '"H NMR spectrum of the same sample recorded at 500 MHz on a high-field NMR

spectrometer.

The abovementioned limitations highlight the need for methodological developments
capable of improving the performance of benchtop NMR spectrometers. Current hardware
developments (mostly performed by manufacturers) aim at increasing the available magnetic
field to improve the sensitivity and resolution, while maintaining a strong magnet homogeneity
to ensure sharp NMR peaks. In parallel, NMR research groups are developing advanced NMR
methods to boost the performance of benchtop NMR for applications in chemistry. Pulse
programming has become possible on benchtop settings, and the implementation of modern
NMR pulse sequences —such as those developed at HF— has been boosted by the recent
implementation of gradient coils in commercial spectrometers. Gradient coils —present on all
modern HF NMR probes— induce a spatial variation of the resonance frequency which opens
up numerous possibilities for NMR pulse sequence designers, from the selection of a signal of
interest to modern solvent suppression techniques or to spatially-encoded experiments. Recent
pulse sequence developments at low-field are highlighted in Fig. 2. They include the
implementation of advanced flow-compatible solvent-suppression pulse sequences (Fig. 2a-b),
which are indispensable to reduce the strong signal of non-deuterated solvents and detect the

signals of interest in a reacting mixture.>”> An application example of this approach to flow



chemistry is described in the next section. Another recent methodological advance is the
development of ultrafast (UF) 2D NMR methods at low field. UF 2D NMR can record 2D NMR
correlation spectra in a fraction of a second,>® and has been developed for 15 years at HF,>*
leading to major applications in various areas of chemistry, from reaction monitoring to high-
throughput metabolomics.”> We have recently developed UF 2D NMR on a benchtop
spectrometer (Fig. 2 c-d), and a first application to real-time reaction monitoring has been

reported,® although this approach remains limited by sensitivity considerations.
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Fig. 2 Advanced gradient-based NMR methods implemented on a benchtop NMR
spectrometer. (a) WET-180-NOESY solvent suppression pulse sequence, and (b) associated 1D
NMR spectra obtained on a sample of lactate in H>O, without solvent suppression (top) and
with a WET-180-NOESY pulse sequence (bottom). Spectra reproduced from ref. 51 with
permission from John Wiley & Sons. (b) Ultrafast 2D COSY pulse sequence and (¢) associated
spectrum recorded in a single scan on a sample of ethanol. Spectrum reproduced from ref. 56

with permission from The Royal Society of Chemistry.

A last peculiarity to take into account —not specific to benchtop NMR- is the impact of
continuous flow on the sensitivity of the NMR detection, which translates into different
effects.>? First, the flow leads to a continuous refreshment of the spins in the sensitive coil

volume by freshly polarized spins. This “inflow effect” can help shortening the repetition time



between successive NMR scans, since it decreases the apparent longitudinal relaxation time.
However, the inflow effect enhances the sensitivity per unit time as long as the flow rate is
sufficiently low to allow the spins entering the magnet to be polarized before detection. If the
flow rate is too high, the sensitivity can dramatically decrease. Second, the continuous flow
also generates an “outflow effect” which consists in excited spins leaving the sensitive volume
before the end of the acquisition time. This outflow effect reduces the apparent transverse
relaxation times, leading to peak broadening. Typically, for small organic molecules, flow rates

between 0.5 to 2.0 mL/min give rise to the optimum sensitivity per unit time.

In-line monitoring of continuous flow processes with benchtop NMR

The non-invasive nature of the NMR detection is a salient advantage compared to traditional
chromatographic (LC, GC) or spectrometric methods (MS) for the monitoring of highly reactive
compounds such as organometallic reagents. This feature was highlighted by Duchateau et al.
through the development of a continuous flow process for the preparation of Grignard reagents
with an integrated benchtop NMR analysis.®’ Grignard reagents constitute an extremely popular
class of organometallic compounds widely used in both academic and industrial laboratories.
The preparation of organomagnesium compounds has been almost unchanged since their
discovery in 1900 by Victor Grignard. At both laboratory and industrial scales, Grignard
reagents are still mainly produced from solid magnesium (powder of turnings) and alkyl or aryl
halides in tank reactors, although efficient procedures have also been developed in flow
reactors,36-38:58-62

Classical issues associated with the preparation of Grignard reagents are the unreliable
reactivity of solid magnesium which highly depends on the hygrometry conditions, the level of
surface oxidation and the control of the exothermicity of the reaction. These irreproducibility
issues, leading to the formation of an unpredictable amount of Grignard reagents in the tank
reactor, justifies the need to quantify the concentration organomagnesium compounds by
titration. However, this extra step requires additional a hazardous handling with a potential
exposure of this highly sensitive compounds to air and moisture.

The approach reported by Duchateau et al. addressed most of the issues listed above as
thermodynamic parameters were precisely controlled in the flow reactor while the in-line
analysis facilitated the quantification of Grignard reagents without off-line hazardous handling.
The experimental setup, depicted in Fig. 3, consisted in a stainless steel vertical tube (75 mL)

covered by a heating/cooloing jacket and loaded with magnesium powder (10 g, 250 um



particles). The solution of halide substrates was pumped through the reactor with a HPLC pump
at a 5 mL/min flow rate. The tube was positioned vertically to keep magnesium particles as a
fluidized bed in the solvent flow, preventing the magnesium particles from settling. At the outlet
of the reactor, the stream was splitted in order to fill the NMR cell at a 1 mL/min flow rate
while the remaining stream was directed to the fraction collector at 4 mL/min. For the
continuous monitoring the evolution of the aromatic signals were followed through recording
of "H NMR spectra every 10-15 seconds at 42 MHz (Fig. 3). The in-line analysis provided
authors with important information in a short time frame since, for instance, they observed that
the synthesis of phenylmagnesium bromide 3 was best carried out at temperature ranging from
40 to 80 °C while a flow rate >5 mL/min led to an incomplete production of the Grignard
reagent. With the same flow setup other Grignard reagents were prepared starting from
iodobenzene, cyclopropylbromide, methylchloride, 4-bromo-tert-butylbenzene and 4-

bromobenzaldehyde dimethylacetal.
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Fig. 3 Flow setup for the preparation of Grignard reagents. In the frame, '"H NMR spectra of

bromobenzene 2 (1 M in THF) and phenylmagnesium bromide 3 (1 M in THF) recorded with
a benchtop NMR spectrometer at 42 MHz. The NMR spectra were reproduced from ref. 57

with permission from Elsevier Ltd.



The destruction of chemical warfare agents has become a severe concern for security forces
since conventional procedure involving the transfer of chemical weapon to highly secured and
dedicated sites is not well adapted to modern conflicts. Current conflicts, occurring in the
middle-east and in Africa, are exported in occidental countries in the form of terrorist attacks
in densely populated area, at the heart of large cities, where the handling of hazardous chemical
weapon and explosives for off-site destruction is perilous.

In order to address this concern, Legros and co-workers proposed an original strategy based
on an on-board flow device with an integrated in-line benchtop NMR analysis for the oxidative

neutralization of mustard compounds.®?

The proof-of-concept was validated for the
neutralization of the mustard-gas simulant 2-chloroethyl ethyl sulfide 4 (CEES). The portable
flow device consisted in a two-stream flow reactor connected to a benchtop low-field NMR
spectrometer (Fig. 4). Under optimal conditions, a solution of CEES 4 in MeOH (0.85 M) was
pumped at a 0.06 mL/min flow rate and met, through a stainless steel T-shaped mixer, a second
line containing a solution of hydrogen peroxide-urea (0.1 M) and methane sulfonic acid (0.2
M) in MeOH and pumped at 0.69 mL/min. The resulting mixture entered in a PFA tubbing (V
= (0.85 mL) where the oxidation occurred and the crude mixture was directly delivered to the
NMR flow cell connected at the outlet of the reactor. The crude composition and the reaction

conversion were analyzed in a quasi-real time by recording 'H NMR spectra at 43.62 MHz

every 13 seconds.

(0]
Me S~ I~ Me S
0.06 mL/min NMR OO 3
4,0.85M
| ] il c%‘ \ /
MeOH : -
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MeSO;H 0.2 M
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Fig. 4 Flow setup for the oxidation of CEES 4 into CEESO 5.

The oxidation of CEES 4 into the corresponding 2-chloroethyl ethyl sulfoxide 5 (CEESO)
was followed over a large range of residence time from ca. 17 to 100 seconds (Fig. 5). It was

not possible to assess lower residence times, corresponding to flow rates exceeding 3 mL/min

10



as the well-known outflow effect led to a strong line-broadening due to a reduction of the
effective transverse relaxation time (as mentioned in the previous section). The NMR device
used by Legros and co-workers featured an external fluorine lock system, allowing to carry out
experiment in non-deuterated solvent. As mentioned earlier, using non-deuterated solvents is
not without consequence for 'H NMR analyses since the strong solvent signal — usually in
excess with respect to the reagents — frequently overlap the resonances of interest, ultimately
precluding any assessment of conversion or yield. In their preliminary studies, Legros et al.
were faced with this issue since the strong peak of MeOH at 3.3 ppm overlapped the resonances
of CEES 4 and CEESO 5 at 2.5 and 3.8 ppm, respectively. This solvent signal was efficiently
saturated thanks to an advanced solvent suppression method, WET-180-NOESY, combined
with a continuous wave presaturation to suppress another strong signal from exchangeable
protons at 5.37 ppm. This highlights the need for advanced solvent suppression methods to
monitor reactions in flow at low field. In addition, the experimenter has to subtract the
contribution from a '3C satellite peak from the solvent by a deconvolution approach.

To assess the viability of such equipment in real situation, a scale-up experiment was
conducted with the neutralization of 25 g of the CEES 4 mustard-gas simulant within 46

minutes.
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Fig. 5 Neutralization of CEES 4 monitored by an in-line NMR system. Top and middle: Two

NMR spectra recorded at different residence times. Note that the peak with a * corresponds to
a 13C satellite line from the residual solvent signal at 3.3 ppm. Bottom: Percentage of CEESO
5 as a function of the residence time. Reproduced from ref. 63 with permission from John Wiley

& Sons.

When 'H NMR spectra show inextricable overlapped signal, '’F NMR experiments are
interesting alternatives since the large range of chemical shifts from -300 to 100 ppm limits
potential signal overlapping issues. '°F NMR measurements are fast and the '°F nucleus is 100%
naturally abundant, providing a sensitivity comparable to the 'H nucleus. The obvious benefits
of ”F NMR experiments were recognized by Rehm et al. who developed a continuous flow
synthesis of fluorine-containing compounds with an integrated low-field '°F NMR analysis.%*
The authors used a benchtop NMR spectrometer working at 55.17 MHz for the '°F nucleus.
The chemical reactions investigated in this study, i.e., Krapcho decarboxylation, Ruppert-
Prakash perfluoroalkylation and visible-light C-H arylation, were carried out in conventional

non-deuterated solvents and the NMR sequences were locked and shimmed on the 'H signal of
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the solvent. The commercially available benchtop spectrometer used in this study was initially
not designed to carry out analyses in flow as it required the use of standard glass NMR tubes.
Therefore, an NMR flow cell was designed to connect the NMR spectrometer at the outlet of
the reactor for an in-line analysis. A complex lab plant was designed to be compatible with
various chemical reactions, including photocatalyzed processes, and unsolicited functionalities
of the flow device were easily by-passed through the use of 3-way valves (Fig. 6). All
components of the integrated lab plant, including the NMR spectrometer, were fully computer-
controlled through a graphical interface created with LabView which automatically recovered
the spectral data for further automated data processing.

For instance, the visible-light-initiated eosin Y photocatalyzed arylation of furan 6 with 3-
fluoromethylbenzene diazonium tetrafluoroborate 7 the lab plant featured two-streams. In the
first inlet a solution of the diazonium salt 7 in DMSO (0.4 M) was mixed in a PEEK T-shaped
static micromixer with a solution of eosin Y (1 mol%) and furan 6 (2 M) in DMSO introduced
through a second line. The merged streams entered in a capillary photoreactor illuminated with
a green LED at ca. 525 nm. The nitrogen gas released during the reaction was evacuated through
a gas-liquid splitter placed at the outlet of the photoreactor. The conversion was easily followed
by the in-line NMR spectrometer with the evolution of two singlet resonances of the
trifluoromethyl group at -66.60 and -66.06 ppm for the diazonium salt and coupling product,
respectively. The tetrafluoroborate counterion, displaying a singlet resonance at 152.6 ppm,
was conveniently used as internal standard. The authors observed a complete conversion at flow
rates ranging from 0.5 to 1 mL/min. However, the volume of the capillary flow reactor being

not reported, it is not possible to comment on the residence time and productivity efficiency.
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Fig. 6. Representation of the lab plant with integrated benchtop NMR analysis. Reproduced

from ref. 64 with permission from The Royal Chemical Society.

Obviously, the use of "F NMR experiments is limited to the monitoring of compounds

bearing fluorine atoms and another strategy is required when peak identification and integration

of fluorine-free reaction mixtures are constrained by the resonances of protonated solvents. The

use of deuterated solvents as reaction media addresses this issue but this strategy is prevented

by the high associated cost. The group of Ley proposed an ingenious strategy consisting in

switching the protonated media used in the continuous flow process by a deuterated solvent,

using a solvent switching system placed at the outlet of the reactor. This enabling technology

allows to carry out uninterrupted reaction-to-analysis sequences and prevents the use of

expensive deuterated solvents as reaction media. The operating principle of the solvent

switching system, constructed from commercially available parts, is based on the exposure of

14



a high surface spray of solvent to a stream of air as desolvating gas.®> Such a prototype was
integrated in a continuous flow reactor equipped with an in-line benchtop NMR spectrometer
for the hypervalent iodine(Ill)-mediated cyclopropanation of 4-fert-butylstyrene 8 with
malononitrile 9 to 1,1-dicyanocyclopropane 10.° The solvent switching system was employed
to switch from CH>Cla, used as the reaction solvent, to CDCIs, used as media for NMR analysis.
The switch was required to follow the reaction progress by 'H NMR as the broad singlet of
CH»Cl: at ca. 5.30 ppm overlapped the resonances from vinylic protons of 8. In the optimized
flow setup, consisting of two streams, 4-tert-butylstyrene 8 (0.25 M) and malononitrile 9 (0.3
M) in CH>Cl> were loaded into a first 2 mL loop while PhI(OAc); (0.55 M) was charged in a
second 2 mL loop (Fig. 7). Each way were pumped at 0.05 mL/min and flowed simultaneously
through an Omnifit-glass column (4.5 mL) loaded with K2COj; and heated at 60 °C. The line
was pressurized at 40 psi with a back pressure regulator to prevent the volatilization of CH>Cl,.
The reaction stream output was connected to the solvent switch system and the crude mixture
diluted in CDCl; was delivered to the benchtop NMR device. Through the in-line monitoring,
authors extracted the integration values of selected resonances to plot the relative integration

intensity as a function of time and determine the steady-state profile.
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Fig. 7 Flow setup for the cyclopropanation of 4-fert-butylstyrene 8 with malononitrile 9.

While issues associated with signal overlaps resulting from the use of non-deuterated

reaction solvent can be efficiently addressed with the use of a solvent switcher, another strategy

15



is required when the overlapping concerns resonances from the reagents and products. This
problem is particularly significant at low field where the spectral windows is reduced. A
significant spectral resolution enhancement is provided by 2-dimensional (2D) NMR
spectroscopy where resonances are spread over a 2D map. The use of 2D experiments at low
field being particularly relevant, several homo- and heteronuclear 2D pulse-sequences,
including ultrafast methodologies, have been recently implemented on benchtop
spectrometers.>%¢7

In this framework, the group of Ley designed a flow reactor allowing reaction monitoring
with 2D pulse-sequences implemented on a benchtop NMR spectrometer.®® This flow device
was set for the continuous flow cyclopropanation of 4-fert-butylstyrene 8 with ethylnitroacetate
11 to cyclopropane 12 under Rha(esp). catalysis in CH2Cl. In the two stream flow setup, the
first loop was loaded with 4-tert-butylstyrene 8 (0.50 M) and ethylnitroacetate 11 (0.55 M) in
CH>Cl> while the second one was charged with PhI(OAc) (0.55 M) and Rha(esp)2 (0.5 mol%)
in CHCl; (Fig. 8). Both lines were pumped at 0.03 mL/min and delivered the reaction mixture
in a PTFE coil reactor (1.8 mL) heated at 50 °C and pressurized at 40 psi. Upon switching
CH»Cl: for CDCls, the crude mixture was analyzed by in-line NMR spectroscopy using a
custom-made loop sequence of 1D 'H NMR and 2D COSY, recorded every 13 minutes over 3

loops.
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CH,Cl, DCI
PhI(OAc), CDCls
0.55 M

Fig. 8 Flow setup for the cyclopropanation of 4-fert-butylstyrene 8 with ethylnitroacetate 11.
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Examination of the COSY spectrum at the steady-state between du 0.5-5 ppm provided a
number of useful insights (Figure 7). For instance, the formation of the cyclopropane ring of 12
was monitored through the correlation peaks p5 and p5’. Another interesting feature of 2D
NMR is the possibility to discriminate very similar electronic environments. For instance the
ethoxy groups of the ester functions from 11 and 12 were clearly identified with the correlation
peaks p3 and p3’ for 11 and p1 and p1’ for 12. An additional low field J-resolved 2D spectrum

was recorded off-line to refine the interpretation of overlapped area.
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Fig. 9 COSY spectrum at the steady-state between on 0.5-5 ppm. The NMR spectra were
reproduced from ref. 66 with permission from The American Chemical Society. Cyclopropane
10 was included for clarity. Protons 2 refer to #-Bu of 6 and 10, protons 3 refer to CHs of 6,
protons 4 refer to PhI(OAc),, protons 8 refer to CH of 6.

The in-line monitoring of chemical reactions is a powerful technology to assess in a quasi-
real-time kinetics and yields. NMR spectroscopy has a salient advantage compared to other
analytical tools such as mass spectrometry, gas and liquid chromatography as it also allows

deep structural investigations for the elucidation of selectivities. In this frame, the group of
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Cronin took advantage of in-line NMR monitoring for the simultaneous determination of yield
and stereoselectivity in a Diels-Alder cycloaddition between cyclopentadiene 13 and acrolein
14 in THF providing endo and exo adducts 15.% Three syringe pumps delivered
cyclopentadiene 13 (2 M in THF), acrolein 14 (2 M in THF) and Sc(OTf); (0.2 M in THF),
respectively, through a PTFE four-way mixer, to a coil reactor of 2.47 mL (Fig. 10). The in-
line benchtop NMR provided information on both the yield and the endo/exo selectivity through

the examination of the aldehyde resonances between 9 and 9.5 ppm.

13,0.4 M in THF ﬂb

CHO
R 7
@ Reactor CHO

V=247mL endo-15 exo-15

Sc(0Tf); i + m gl l_lmllm

0.05-0.065 mL/min
Z>CHo

14, 0.4 M in THF

Fig. 10 Flow setup for the cycloaddition of cyclopentadiene 13 with acrolein 15.

Both objectives were studied as a function of the catalyst loading (Fig. 11). While the
reaction yield substantially progressed upon increasing the catalyst loading, an opposite trend
was observed for the endo/exo ratio which was eroded at high catalyst loading. Authors
concluded from these observations that the endo adduct was the thermodynamic product while

the exo was the kinetic.

Sc(OTf)3 =
+ =0 — O
@ =/ r.t., THF g @/\

100- 0.3+
] . | 85:15 endo:exo
75- .
2 : .0.2-
=504 -
550 >
r 0.1
;25' - acrolein
o 0-0 = - - - N
00 05 1.0 15 2.0 25 30 96 94 92 9.0
catalyst / mol% ppm

Fig. 11 Determination of the reaction yield as a function of the catalyst loading (left).
Aldehyde resonances for cycloadduct 15 and acrolein 14. This figure was reproduced from ref.

68 - Published by The Royal Chemical Society.
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Multiple in-line monitoring of continuous flow processes including

benchtop NMR

Information collected from in-situ reaction monitoring of continuous flow processes are furtive
by nature and require a fast adaptation of the operator in charge of the data analysis. When the
inline analytical tool provides the operator with ambiguous or unclear data, the continuous flow
process has to be stopped to proceed with complementary off-line analyses for further
understanding. Another and much more appealing approach consists in collecting diversified
analytical data from two or more analytical tools connected in series to the flow reactor.

This strategy was studied by Farley and co-workers who reported on the use of both in-line
FTIR and low-field NMR spectrometers, connected in a series at the outlet of the flow reactor,
to follow the kinetic enzymatic resolution of racemic (cis)-2-methyloxan-4-ol 16 with vinyl
butyrate 17 leading to (cis)-methylpyranylbutyrate 18, unreacted (cis)-2-methyloxan-4-ol 16
and acetaldehyde 19 (Fig. 12).% In order to determine the viability of such a strategy to assess
reliable reaction conversions of a benchmark transformation, authors compared the results
obtained from the in-line FTIR and benchtop NMR tools and these data were further compared
to off-line data obtained from high-field NMR and GC analyses. An operationally simple flow
device was connected to a FTIR spectrometer equipped with a microflow cell, followed by a
benchtop NMR apparatus working at 42.5 MHz for the 'H nucleus. A solution of (cis)-2-
methyloxan-4-ol 16 (1 M) and vinyl butyrate 17 (0.45 M) in anhydrous THF was pumped
through packed Novozym® 435 and the conversion of the kinetic resolution was recorded by
the in-line analytical tools. As the volume of the flow cell of the benchtop NMR spectrometer
was completely replaced every 15 seconds, a 90 degree pulse was implemented in the NMR

sequence to increase the signal-to-noise ratio.

Novozym® 435

Fraction collector

0.5 mL/min OH OCOPr

THF
i )
o~ 0
* Z>0copr (2S,4S)-16 (2R,4R)-18
o)

(£)-16, 1M 17,0.45 M CH3CHO 19
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Fig. 12. Flow setup for the kinetic resolution of (+)-16 with Novozym® 435.

These studies revealed that single scan 'H spectra, recorded every 15 seconds in non-
deuterated THF, allowed to follow the progress of the reaction with flow rates ranging from
0.25 to 0.75 mL/min through the progressive appearance of the methyl resonance of (2R,4R)-
18 at 0.8 ppm together with the disappearance of vinylic protons at 4.3 and 7.0 ppm from vinyl
butyrate 17. In turn, the FTIR spectroscopy monitored the formation of the ester bond in
(2R,4R)-18 with the characteristic band at 1735 ¢m™ and the disappearance of the vibration
band v(C=C) at 1648 ¢cm™' from vinyl butyrate 17. The conversion data compiled from the
benchtop NMR and FTIR analyses allowed the determination of the optimum flow rate at 0.5
mL/min. Under optimal reaction conditions, the kinetic resolution of 27 g of racemic alcohol
was carried out over a 24 hours period, leading to the desired ester 18 with an enantiomeric
excess of 98.5%.

The group of Ley also exploited the complementarity of FT-IR and low-field NMR
spectroscopies for the valorization of HCF3; — a greenhouse gas produced from the
polytetrafluoroethylene manufacture — into fluorinated compounds.” To this end, the reactivity
of the trifluoromethyl carbanion was studied in flow with electrophiles such as diarylketones,
(hetero)aromatic aldehydes and chlorotriethylsilane 20. For instance, the trapping of the
trifluoromethyl carbanion with chlorotriethylsilane 20 in a continuous flow mode provided
trifluoromethyltriethylsilane 21. The process was conducted with a three-stream flow reactor
integrating in-line FT-IR and low field NMR analyses (Fig. 13). The first stream, managing the
HCFj3 solution (0.72 M in THF), consisted in a tube-in-tube device made from two concentric
tube in which the inner tube is permeable to gas (Teflon AF-2400).”7> The second line
contained a solution of KHDMS in THF (1 M in THF) while Et3SiCI 20 (2 M in THF) was
pumped in the third stream. The three streams met in a four-way valve and entered in a PTFE
coil reactor (14 mL) cooled at -40 °C. The reactor outlet was connected with the in-line FT-IR
device followed by the in-line benchtop NMR spectrometer. The line was pressurized at 75 psi
with a back-pressure regulator to prevent out-gassing of HCF3 from the solvent mixture. The
in-line monitoring allowed to both optimize the flow rate at 0.3 mL/min, corresponding to ca.
47 min of residence time, and fine-tune the stoichiometry of Et;SiCl 20, used in excess (2.7
equiv.) to suppress the formation of Et3SiF as side-product (-151.02 ppm in the '°F NMR). The
conversion was followed by IR spectroscopy through the disappearance of the band at 1132 cm"
' (HCF5) together with the growth of the band at 1251 cm™! (Et3SiCF3 20). Similarly, the
consumption of HCF3 was monitored by 'F NMR with the disappearance of the doublet at -
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79.49 ppm (HCF3) together with the appearance of the singlet resonance at -61.44 ppm
(EtsSiCF3 20).

tube-in-tube

[\
0.1 mL/min
Cooler
4-port  -40°C
0.1 mL/min
KHMDS, 1 M in THF

Reactor
0.1 mL/min

V=14mL
Et3SiCl, 2 M in THF

> Et;SiCF3 20

BPR
75 psi

(3
L
g

Fig. 13. Flow setup for the trapping of the trifluoromethyl carbanion with chlorotriethylsilane
20.

Mass spectrometry is another analytical tool that can be used in association with benchtop
NMR for quasi real-time monitoring of continuous flow processes. The group of Cronin
reported the design of a flow device allowing the sequential synthesis of Schiff bases followed
by their complexation with cationic Cu(I) salts.”® Both steps were monitored by in-line NMR
and mass spectrometry (MS). In-line analytics were not placed in a series on the same flow
device as it was preferred to use two different integrated flow devices with either a benchtop
NMR spectrometer or a portable MS working in parallel. Therefore, each transformation was
independently run two times in order to get structural information from both analytical tools.
As an example, copper complex 21 was prepared with the three-stream flow device depicted in
Fig. 14. The three stream delivered a solution of 2-pyridinecarboxaldehyde 22 in CH3CN (0.4
M), benzylamine 23 in CH3CN (0.4 M) and cationic Cu(CH3CN)4BF4 in CH3CN (0.1 M),
respectively. The two first sering pumps containing 22 and 23 worked at flow rates of (0.900

mL/min) and met in a 3-way connector. The Shiff base was formed in the reactor coil of 2.1
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mL with a residence time of about 1.2 minutes. Then, a third line containing Cu(CH3CN)4BF4
was connected to the system via a 3-way connector and the resulting mixture entered with a
total flow rate of 3.6 mL/min in a second reactor coil of 0.7 mL, corresponding to a residence

time of ca. 12 seconds only.

22, 0.4 M in CH5CN

©)
0.9 mL/min Reactor MS _l o
V=21mL V=0.7mL BF,4
- m s N
- U, =
N~ >CHO Z

Cu(CH,CN),BF
23,0.4 M in CH;CN o_li(M ir31 CH)‘;CN4

Syringe pumps

Fig. 14. Flow setup for the synthesis of copper complex 21.

The progress of the reaction was easily followed by 'H NMR through the benchtop NMR
spectrometer (43 MHz) connected at the outlet of the second coil reactor (Fig. 15). The
resonance of benzylic protons was closely monitored as the chemical shift shifted from 3.7 ppm
for benzylamine 22 to 4.82 ppm for ligand 24. Similarly, upon complexation with copper,
resonnances from aromatic rings shifted at higher field from ca. 7.30 ppm for ligand 24 to 7.09
ppm for complex 21. Similarly, the formation of complex 21 could also be observed by in-line
MS analysis (m/z = 455.4). Interestingly, complex 21, which was fully characterized through
the in-line analytical tools, was found to be a transient intermediate evolving towards the
dimeric structure 25 in the solid state upon oxidation in air and inclusion of a bridging carbonate
moiety (Fig. 16). This result attests for the powerfulness of in-line analyses which allow to
probe unstable intermediates that would be otherwise difficult or even impossible to detect

through off-line analyses after a standard work up.

22



1 10 9 8 7 6 5 4 3
Fig. 15. Low-field NMR spectra of 2-pyridinecarboxaldehyde 23 (A), benzylamine 22 (B),
ligand 24 (C) and complex 21 (D). The NMR spectra were reproduced from ref. 73 with

permission from The Royal Chemical Society. Chemical shifts were added for clarity.

Fig. 16. Dimeric complex 25 formed upon oxidation of complex 21 in air.

The group of Ley also contributed to the use of in-line MS and NMR monitoring techniques
with flow reactors. In this framework, they designed a flow reactor integrated with compact
mass and benchtop NMR spectrometers for the Rh(II)-catalyzed cyclopropanation of styrene 8
with phenyl iodonium ylide 26 in CH>Cl>. The flow reactor was elaborated with a single stream
delivering styrene 8 (0.90 M) and Rha(esp)2 (0.1 mol%) at 0.15 ml/min in a prepacked column
of phenyl iodonium ylide 26 (Fig. 17). A 4-port valve connected to the reactor outlet,
periodically sampled an aliquot of the flow stream to the compact mass spectrometer. The
remaining flow stream was enriched with CDCl3 through the solvent switcher and then analyzed
by '"H NMR. The formation of cyclopropane 27 was monitored by 'H NMR with the chemical
shift of methoxy groups from ester functions at higher field. While they appeared as a singlet
resonance at 3.5 ppm in 26, dimethoxy moieties from 27 gave two singlets at 3.0 and 3.4 ppm.

The monitoring by mass spectrometry appeared to be complementary as it proved that ylide 26
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leached from the prepacked column and partially dimerized; this observation was not possible

by '"H NMR due to signal overlap.

MeO,C_ CO,Me

X
8,0.90M MS
Condenser t-Bu

Rhy(esp), 0.1 mol%

valve Solvent

switcher
1
L — —

Peristaltic
pump

CH,Cl, 0.03 mL/min @
Ph [\

| CH3;CN/H,0 )
J\ 0.2 mL/min
MeO,C CO,Me
26

CDCl,

Fig. 17 Flow setup for the cyclopropanation of 4-tert-butylstyrene 8 with phenyl iodonium ylide
26.

Self-optimizing flow reactor integrated with benchtop NMR

In-line monitoring of chemical reaction in flow allows to adjust experimental parameters in
real-time to either maximize or minimize an objective which can be the yield, productivity,
cost... The development of self-optimizing flow reactors using optimization algorithms to
update in real-time reaction parameters toward a desired objective is an emerging area of
research’*78 pioneered by deMello and co-workers.” Only a few research groups in the world
harness this advanced technology at the frontier of chemical and computer science. While MS,*!
FT-IR,*® LC¥-% and GC3¢-% are privileged in-line analytical tools for self-optimizing flow
reactors, the group of Cronin demonstrated that benchtop NMR could be a powerful technology
for the optimization of an imine synthesis from 4-fluorobenzaldehyde 28 and aniline 29, using
trifluoroacetic as catalyst.®® The three-stream flow reactor allowed the formation of imine 30 in
a 3.75 mL coil reactor (Fig. 18). The optimization was carried out with a modified version of
the Nelder-Mead algorithm, using the residence time and reaction composition as the variables.

The reaction yield was calculated by integration of the singlet resonance from the imine and
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aldehyde functions of 30 and 28, respectively. The fitness function optimized, which is related
to the space-time yield, started from a randomly selected point, followed by successive
iterations. After 29 experiments the algorithm stopped as it reached a stopping criteria and the
J value reached a maximum. Results extracted from the 29 iterations revealed a very noisy
function suggesting that the algorithm used in this study was not well suited for such

constrained optimization.

I o

Reactor F 30

28,1 M in CH3CN V=375mL

TEA = e -+ - MR

0.05 M in CH3CN L
NH, A

@

29, 2 M in CH3CN

Results
Real-time

adaptation

/
&

Algorithm

Fig. 18 Flow setup for the self-optimization of an imine condensation.

Conclusion and outlook

The integration of in-line analysis into continuous flow reactors allows the monitoring of
chemical reactions on the fly without any specific handling and off-line work-up. Benchtop
NMR spectrometers, which recently emerged on the market, are certainly amongst the most
promising in-line analytical tools as they provide structural information and important insights
to the on-going processes in a matter of seconds. Low-field benchtop NMR spectrometers
feature a number of benefits for in-line monitoring in flow as they (i) can be placed under a
fume hood, (ii) do not require cryogenic liquids and (iii) can be used with non-deuterated
solvents. While most commercially available benchtop spectrometers can detect in routine 'H,
F, 13C and 3'P nuclei in one dimension, recent methodological developments allows the use
of 2D-NMR methods and flow-compatible solvent-suppression pulse sequences. The
perspectives of continuous flow chemistry is tremendous especially because of the numerous
interplay with physic, engineering, computer science and mathematics. For instance, the

monitoring of chemical reactions on the fly with Benchtop NMR spectrometers in association
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with feedback algorithms allow the control and adaptation of several parameters in real-time to
modify the reaction outcome. Such autonomous machines will certainly become a standard
technology in chemical laboratories for the next years to assist chemists on time-consuming
and reiterative optimization steps.

Perspectives from the NMR side include the development of pulse sequences capable of
simplifying further the NMR spectra of complex mixtures. These include, among others, the
acquisition of '*C-decoupled "H NMR spectra to avoid overlap of the peaks of interest with
potential solvent satellites (as discussed in section 3), the potential development of pure-shift

methodologies capable of collapsing multiplets into singlets,”

or the implementation of
diffusion-ordered spectroscopy to separate the sub-spectra of analytes in mixtures according to
their molecular weight.”! These methods have not yet been implemented on a benchtop
spectrometer, but hopefully this is just a question of time. Additional promising research
prospects include the coupling with hyperpolarization approaches such as Dynamic Nuclear
Polarization (DNP)*? or Para-Hydrogen Induced Polarization (PHIP)*® which have the potential
to boost the sensitivity of NMR by several orders of magnitude. While the coupling of these
approaches with flow chemistry is far from straightforward and will require major

developments, a first encouraging step was taken by Bliimich and co-workers who recently

reported an approach for continuous hyperpolarization in flow by para-hydrogen.*
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